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Abstract

Selective targeting of m alignancies over healthy cells is an im portan t goal in  cancer 

therapies. Know ledge of environm ental and  biological differences betw een tum ours and healthy 

tissue can present suitable targets for designing novel chem otherapeutic agents. Breast cancer is 

often horm one dependent in its early stage of developm ent. In this study, the m ain objectives are 

to design, synthesise and biochemically evaluate dual-acting, estrogen-receptor targeting, 

conjugated com pounds. The conjugate prototype structure  com prises of an estrogen-receptor (ER) 

ligand com ponent chem ically-bound via a linker to another bioactive agent. The aim  is to 

synthesise conjugates that can selectively target ER-dependent breast cancers and  exert a potent 

anticancer activity though ER-antagonism and other cytotoxic effects.

The thesis is d iv ided into a num ber of sections. In chapter one, an introduction to the thesis 

incorporating a literature review and including an outline of the project objectives is presented. In 

the chapter two, the synthesis of a num ber of ER-ligands based on endoxifen, a m etabolite of 

tamoxifen, is reported. C om bretastatin A-4 (CA4) is a potent antim itotic agent and  attractive lead 

com pound for developm ent; in chapter three, the synthesis of CA4 and a num ber of analogues is 

discussed. The fourth chapter covers the synthesis of ER-targeting conjugate prototypes containing 

a variety of different cytotoxic agents coupled w ith selected ER-ligands. C om pounds in the thesis 

w ere fully characterised using infra-red spectroscopy (IR), nuclear m agnetic resonance (NMR) 

spectroscopy and high-resolution m ass spectroscopy (HR-MS).

In the fifth chapter, the biochemical evaluation of the com pounds is reported. A selection 

of the various synthesised com pounds w ere tested in the MCF-7 and  MDA hum an  cancer cell lines 

for antiproliferative effects using the MTT assay and  for cytotoxic effects using the LDH assay. 

C om petitive b inding assays w ere perform ed in both  the ERa and  ER(3 isoform s to investigate any 

ER-subtype selectivity. In the sixth chapter, a m olecular m odelling study  relates the biochemical 

results w ith predicted b inding conform ations of different ER-ligands and  conjugates. A project 

sum m ary including suggestions of fu ture areas for developm ent is presented  in the seventh 

chapter.
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Introduction

]



1.1 Cancer

1.1.1 Cancer Statistics

In 2004, an estimated 2.9 million incident cases of cancer were diagnosed in Europe with 

over half the cases resulting in deaths. The most common types diagnosed are lung cancer, 

colorectal cancer and breast cancer'. In June 2006, figures were published by the National Cancer 

Registry Ireland demonstrating that the number of cancers diagnosed in Ireland between 1994-2002 

has been increasing steadily by almost 3% annually^. This increase in cancer numbers is due to two 

main factors: population ageing - with an increasing num ber of people over 65 years (demographic 

factors) and an increase in underlying cancer rates -  independent of demographic factors. For 

women, there was a significant increase in cancers of the breast and other gynaecological cancers. 

The report also projects cancer numbers for 2005-2020 and forecasts the number of incidences of 

breast cancer to more than double over this period. While primarily considered a female disease, 

approximately 1 % of diagnosed breast cancers occur in males^.

1.1.2 Cancer Overview^ ^

Cancer is a disease in which the control of growth is lost in one or more cells leading to a 

solid mass of cells known as a tumour. A tum our (or neoplasm) is an abnormal tissue mass which 

results from neoplasia, a state in which the control mechanisms governing cell growth become 

deficient, leading to cell proliferation. Cancers can affect different tissue types: mesodermal tissue 

(bone, muscle, connective tissue), epithelial tissue (including breast, ovary and lung) and 

hemopoietic tissue (blood and lymph).

Metastasis is the ability of solid tumours to spread to new sites in the body, enabling 

secondary cancer growths. Tumour cells can easily penetrate the cell walls of blood and lymph 

vessels allowing access to distant sites in the body. Death is often a result of metastatic spread to 

vital organs. Primary and secondary tumours can expand in size and infiltrate surrounding tissue. 

When nerve-endings are affected, pain and discomfort occur.

Cancer is due to dynamic changes in the genome caused by possible internal and external 

factors. Internal factors include mutations in the DNA sequences, addition or loss of genetic 

material and uncontrolled gene expression or amplification. External factors include viruses, 

bacterial infections, carcinogenic chemicals, exposure to radiation (UV light, gamma rays. X-rays, 

radioactive particles) and hereditary factors (certain inherited genes can predispose individuals to 

certain types of cancer).

The cancer treatment strategy employed is dependent on the type of cancer and the degree
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of tum our progression. Treatment often involves more than one approach and the main methods 

involve surgery, radiotherapy and chemotherapy. Other newer approaches are being developed 

involving photodynamic therapy, immunotherapy and gene therapy. With surgery, a tum our is 

physically removed and often healthy tissue is also removed to ensure complete removal of cancer 

cells. Radiotherapy and/or chemotherapy are often utilised after surgery to ensure any remaining 

cancer, either left behind after surgery or metastasised, are eradicated. Radiotherapy uses X-rays or 

radiopharmaceuticals (radionucleotides) which act as sources of y-rays. X-ray can be delivered 

locally to avoid damage to healthy tissue. Chemotherapy is the use of small low-molecular weight 

drugs to selectively destroy a tumour or to limit its growth. Photodynamic therapy involves the 

systematic administration of a photosensitiser which is retained by the malignant cells'. After the 

agent is localised, the tum our is then irradiated resulting in the catalytic generation of singlet 

oxygen which reacts vigorously with cellular components. Immuno- and gene therapy are so called 

'biological' therapies. Several tumour types have been found to produce specific antigens which 

has led to the development of monoclonal antibodies specific to these tum ours (e.g. Herceptin).

In this project, the objective is to investigate, synthesis and evaluate new chemotherapeutic 

agents which are specifically designed to target tum our breast cancer cells.

1.2 Chemotherapy 

1.2.1 Outline

Accessibility of anti-cancer drugs to tum our cells varies greatly. Small tum ours are 

relatively well supplied and therefore more susceptible to drug action when compared with larger 

tumours which can be hypoxic and necrotic®. This highlights the importance of early detection and 

treatment of cancers where the action of chemotherapeutic agents is more effective.

Exploitable biochemical differences between normal and tum our cells increase the efficacy 

and reduce the undesirable side effects or toxicity of chemotherapeutic agents. It is hoped that 

total selectivity will be achieved through gene-targeting methods, exploiting genetic differences 

between tum our and healthy cells. Often, a 'cocktail' of drugs are employed in chemotherapy to 

ensure greater efficacy of treatment. This combined therapies approach is often synergistic or 

superior to a single drug therapy. Adjuvant chemotherapy is also often employed, where other 

agents are co-administered to enhance the activity of the anti-cancer agent or to reduce the side 

effects produced.

Drug resistance has been observed in tum our cells. While tum ours can be initially 

susceptible to specific chemotherapeutic agents, subsequent repeated drug administration can
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become ineffective. The discovery of a m ultidrug resistance (MDR) gene has led to an 

understanding on how tum ours can become resistant to a wide variety of drugs'”.

1.2.2 Mechanisms of action of chemotherapeutic agents

Different chemotherapeutic agents have various targets in the body and therefore exert 

their effects by utilising different mechanistic p a t h w a y s . ^

1.2.2.1 Antimetabolites''

Antimetabolites are inhibitory agents which masquerade as metabolites required by 

different biochemical pathways involved in DNA synthesis, principally purine and pyrimidine 

biosynthesis. Selectivity is obtained due to the fact that tum our cells often grow more quickly 

compared to surrounding normal cells. Antimetabolites include the purine analogues 

(cladribine)[l], dihydrofolate reductase inhibitors (Methotrexate)[2], pyrimidine analogues (5- 

fluorouracil)[3], thymidylate synthase inhibitors and adenosine deaminase inhibitors (see Fig. 1.1).

Figure 1.1 Cladribine [1], Methotrexate [2] and 5-Fluorouracil [3]

1.2.2.2 DNA-Interaction Com pounds

A large portion of anticancer drugs exert their effect by interacting with DNA both 

covalently and non-covalently. Interactions can occur between base pairs of DNA, within the 

minor or major grooves of DNA, by crosslinking, and by cleavage of DNA strands. Agents which 

involve alkylating pathways include aziridines’"'*’", alkylsulfonate esters'^ nitroureas'^ 

carbinolamines'"*, cyclopropanes’̂  and mitomycin C’̂ .

Methylating agents (i.e. dacarbazine, temozolomide, procarbazine) work by methylating 

guanine bases within the major and (less predominantly) minor, grooves of DNA. Many of these 

types of drugs produce a transient methyldiazonium ion which is the DNA-methylating species.

Crosslinking agents (i.e. chlorambucil) possess two alkylating moieties separated by 

various distances. When two nucleophilic functional groups are alkylated either on the same or 

opposite DNA strands, intra-strand or inter-strand cross-link adducts are formed, respectively. 

Many platinum complexes are alkylated-like agents. ds-Diamminedichloroplatinum (cisplatin) 

produces intra-strand cross-links in the major groove of DNA.
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The pyrrolobenzodiazepine family of antitum our agents is based on the natural product 

anthramycin. The pyrrolobenzodiazepine structure possesses an electrophilic carbinolamine 

moiety which can exist, under some conditions, in equilibrium with the highly electrophilic imine 

species. The pyrrolobenzodiazepines are perfectly shaped to fit into the minor groove of DNA 

where they covalently attach to the guanine base. While many alkylating compounds are relatively 

small in size, larger sequence-selective alkylating agents have been reported (see Fig. 1.2). SJG-136 

[4] comprises of two pyrrolobenzodiazepine subunits tethered through their C8 positions via an 

inert propanedioxy-linker. This symmetric dimer molecule is a highly efficient minor groove 

interstrand DNA cross-linking agent and is 440-fold more potent than m elphalan‘̂  Bizelesin [5] is 

a bifunctional cyclopropylpyrroloindole, with two reactive chloromethyl moieties that can convert 

to cyclopropyl alkylating species, allowing the formation of both noncovalent and covalent 

(alkylated) bonds in the minor groove with adenines on opposite DNA strands. Bizelesin, inhibits 

both cellular and viral (SV40) DNA replication in whole cells and has exhibited activity against 

colorectal cancer'®.

Anthracyclines, anthracenes and phenoxazines are widely used intercalating antitumour

Doxorubicin [6] is a successful anthracycline-based anticancer drug with a wide spectrum of 

activity (see Fig. 1.3). It is used to treat a variety of solid tum ours including carcinoma of the breast, 

lung, thyroid and ovary as well as soft tissue carcinomas. Mitoxantrone is an anthracene-based 

agent used for metastatic breast cancer.

Cl ,ci

H H

Figure 1.2 SJG-136 [4] and Bizelesin [5]

agents. They consist of three or four fused aromatic rings and are therefore planar in shape. Their 

mechanism of action involves insertion between the base pairs of DNA perpendicular to the axis of 

the helix. Once in place they are held there through hydrogen bonding and van der Waals forces.

OH
O  OH O  OH H

[6]

Figure 1.3 Doxorubicin [6], camptothecin [7] and podophyllotoxin [8]
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Topoisom erase inhibitors affect the family of enzym es which are responsible for the 

cleavage, annealing and topological state of D N A ’’. There are tw o types of DNA topoisom erases, 

know n as I and II. C am ptothecin [7] is a topo I inhibitor w hich stabilises a covalent reaction 

interm ediate form ed by the topoisom erase I w hich ultim ately leads to tum our cell death  (see Fig. 

1.3). Podophyllotoxin [8], a p lant alkaloid, is a lead structure in the developm ent of topo II 

inhibitors (see Fig. 1.3). Podophyllotoxin is discussed in m ore detail in a later chapter.

D NA-cleavage agents w ork by b inding to the DNA helix, usually in a sequence selective 

m anner, and then by cleaving the double strand th rough radical production. The family of 

glycopeptide antibiotics know n as Bleomycins display this type of an titum our activity^®. 

Bleomycins bind transition m etals (Fe(II) or Cu(I)) and  oxygen and, in the presence of a one- 

electron reductant, can catalyse form ation of single-stranded and  double-stranded DNA lesions, 

the proposed source of its cytotoxicity. Bleomycin is used  clinically to treat tum ours of the head, 

neck and genitalia as well as H odgkin’s disease and testicular cancer.

1.2.2.3 A n titu b u lin  ag en ts”

A ntitubulin  agents exert their activity by interfering w ith spindle form ation although by 

different m echanism s. Binding of the vinca alkaloids to tubulins interferes w ith the m icrotubule 

assem bly resulting in dam age to the mitotic spindle appara tus and preventing chrom osom es from 

travelling out to form  daughter cell nuclei. Paclitaxel (a taxane) interferes w ith cell division by 

prom oting m icrotubule assembly, inhibiting the tubulin  disassem bly process and preventing the 

spindles from being broken dow n. Vinca alkaloids such as vinblastine and  vincristine and their 

sem isynthetic analogues vindesine and vinorelbine are used to treat leukem ias, lym phom as and 

solid breast and lung tum ours.
S ynthetic  e s te r  fragm en t B accatin

I-------------------------------------1 I-------------------------------------1

OH

NH

HCi

Figure 1.4 Semi-synthetic antitubulin  agent, Paclitaxel (Taxol®) [9]

Paclitaxel (Taxol®) [9] is a highly complex teracyclic diterpene found in the bark  and needles of the 

Pacific yew tree Taxus brevifolia (see Fig. 1.4). Paclitaxel is produced  in a sem isynthetic process.
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Baccatin, presen t in large am ounts in the leaves of a related species Taxus baccata, is extracted and 

the ester side chain is subsequently  covalently attached to form paclitaxel. Paclitaxel in 

com bination w ith  cisplatin or carboplatin is the treatm ent of choice for ovarian cancer.

1.2.2.4 V ascular targeting  agen ts’^

V ascular targeting agents (VTAs) are a new  class of com pounds developed for pathologies 

such as cancer w here abnorm al grow th of blood vessels is an essential com ponent of the disease. 

VTAs differ from  anti-angiogenic agents in that they are designed to cause the rap id  and  selective 

vascular shu tdow n  in tum ours rather than preventing new  blood vessels forming. 0xi4503 [10] is a 

d iphosphate  p ro d ru g  of com bretastatin A-4 (CA4) currently  in clinical trials w hich has superior in 

vivo activity com pared to CA4 (see Fig 1.5). C om bretastatins are discussed in m ore dep th  later in 

this chapter.

O N a

O N a

■ Q - P - D N a
I

O N a
[10]

Figure 1.5 0xi4503 [10]

1.2.2.5 S ignal in h ib itio n

Signal transduction  or secondary m essage inhibitors are a new  class of anticancer agents 

w hich target intra- and intercellular signal m echanism s for processes such as grow th and 

apoptosis. D ue to up-regulation of certain cellular pathw 'ays in cancer cells, inhibition can lead to 

an anticancer effect. Im atinib (Glivec®) [11] is an exam ple of a signal inhibition d rug  used  for 

treating chronic m yelogenous leukaem ia (CML)^' (See Fig. 1.6). Im atinib acts by inhibiting 

particular tyrosine kinases (TK) enzym es instead of non-specifically inhibiting rapidly  div id ing 

cells. Im atinib is specific for the TK dom ain in abl (the A belson proto-oncogene), PDGF-R (platelet- 

derived g row th  factor receptor) and  c-kit (cytokine receptor CD117). In CML, abl w ith  breakpoint 

cluster region bcr, w as identified as a target. Im atinib w orks by b inding to the adenosine- 

triphosphate b inding site of abl-bcr and  inhibiting the enzym e activity of the protein 

competitively^^

NH

NH

■= N

[11]

Figure 1.6 Im atinib [11]
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1.2.2.6 Hormonal therapies

In hormone-dependent tissue such as the breast, endometrium and testes, tumours can 

arise which are themselves dependent on the same hormones. Depriving hormone-dependent 

tumours of hormone stimulation can cause tum our regression. Prostate cancer is usually androgen- 

dependent and can be treated with estrogens and/or antiandrogens (i.e. cyproterone acetate). 

Antiestrogens (i.e. tamoxifen) can reduce cell growth in breast cancer. Aromatase inhibitors (i.e. 

anastrozole) can be used to treat advanced post-menopausal breast cancer. Breast cancer and 

therapies are discussed in more detail later in this chapter.

1.2.2.7 Biologicals

Tumour-target therapy involves the administration of a cytotoxic agent attached to an 

antibody. In principal the antibody should guide the drug selectively to the tum our cells. ADEPT 

and GDEPT are examples of tumour-target approaches. Biological response modifiers (BRMs) are 

antibodies, interferons, interleukins or other immune system substances which can be produced in 

the laboratory for clinical use in cancer treatment. Interferons are cytokines that occur naturally in 

the body and can improve the way the immune system can tackle cancer cells. Interleukins are 

proteins that occur in the body and have a role in immunomodulatory and the inflammatory 

process. Trastuzumab (Herceptin®) is a humanized monoclonal antibody that acts on the 

HER2/neu (erbB2) receptor^^. Amplification of HER2/neu (ErbB2) occurs in 25-30% of early-stage 

breast cancers therefore trastuzumab is principally used in the treatment of breast cancer tumours 

where the receptor is overexpressed. Trastuzumab induces HER2 receptor downmodulation and, 

as a result, inhibits critical signalling pathways and blocks cell cycle progression. Trastuzumab also 

inhibits angiogenesis and induces antibody-dependent cellular cytotoxicity^"'. Drug-resistance and 

heart conditions can develop through treatment. Some phytochemicals have also recently been 

shown to act as chemopreventive agents reversing chemoresistance and radioresistance in patients 

undergoing cancer treatments^

1.3 Breast cancer 

1.3.1 Overview

The vast majority (95%) of breast cancers in their early stage, in both pre- and 

postmenopausal women, are hormone-dependent. The remaining 5%, relating to the BRCA-1 and 

BRCA-2 genes, are considered hereditary^^ The hum an hormone estradiol (E2) [12] plays an 

important role in the development and progression of the tumour. The hormone and estrogen



receptor complex can mediate activation of proto-oncogenes, oncogenes, nuclear proteins, as well 

as other target genes.

The majority of breast cancers occur during the postmenopausal period when the ovaries 

have ceased to function. Despite resulting low levels of circulating estrogens, the concentrations of 

estrone (El) [13], estradiol (E2) [12] and their sulfates (EIS [13], E2S [14]) in the breast cancer tissue 

are several times higher than those found in the plasma or in the area of the breast considered as 

normal tissue, suggesting a specific tumoral biosynthesis and accumulation of these hormones

OH

o=s=o
OH

0 = 3 = 0
OH Estradiol sulfate

Estrone sulfate
SULFATASE [15][14]

SULFOTRANSFERASESULFOTRANSFERASE

0

AROMATASE

HO

Estrone [13]Androstenedlone

17B-HSD-1

AROMATASE

Testosterone [17] Estradiol [12]

Figure 1.7 Summary of main enzymatic pathways for biosynthesis of estradiol

The etiology of the disease can be affected by the binding of different ER-ligands (e.g. 

antiestrogens), which mimic the binding of estradiol, in the estrogen receptor (ER) or by gaining 

control over intracellular concentrations of estradiol. H um an breast cancer tissue contains enzymes 

involved in the last steps of E2 bioformation: estrone sulfatase, 17(3-hydroxysteroid dehydrogenase 

and aromatase^. Sulfotransferases, which convert estrogens into the biologically inactive estrogen 

sulfates, are also present in this tissue. Targeting processes involved in these enzymatic pathways
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can lead to successful therapies to treat the disease (e.g. aromatase and sulfatase inhibitors)(see Fig. 

1.7).

Quantitative data show that the sulfatase pathway, which transforms estrogen sulfates into 

the bioactive unconjugated E2 [12], is 100-500 times higher than the aromatase pathway, which 

converts androgens into estrogens^^. While the treatment of breast cancer patients with anti- 

aromatases is largely developed with very positive results, the formation of E2 [12] via the 

'sulfatase pathway' is very important in the breast cancer tissue. In recent years, it was found that 

antiestrogens (e.g. tamoxifen), various progestins, tibolone and its metabolites, as well as other 

steroidal (e.g. sulfamates) and non-steroidal compounds, are potent sulfatase inhibitors^*.

Evolution of the breast cancer cell causes mutations, deletions and truncations to appear in 

the receptor gene^'’. The estrogen receptor (ER) becomes 'non-functional' and the cell fails to 

respond to estradiol, despite the estrogen binding. The progression of normal mammary cells 

towards a hormone-independent carcinoma is described in Fig. 1.8. Prognosis of the disease 

evolution is very good in the period when the breast cancer is hormone-dependent (I), but very 

poor when the cancer becomes hormone-independent (II). ER+ refers to estrogen receptor positive 

(detectable and functional); ER mutants refer to estrogen receptors which are detectable but non

functional; ER- refers to estrogen receptor negative which are not detectable. A 'non-functional' 

estrogen receptor may explain why almost half of patients with ER-positive tumours fail to 

respond to tamoxifen therapy in spite of having ER-immunoreactive ER present in the cancer 

cells“ ” .

NORMAL Hyperplasia 

D y^lasia  — [NEOPLASIA

E stradiol 
Receptor sta tu s : ER + - ER + -
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Dependent
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Hormone-
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Cell
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Proto-oncogenes Growth Factors 
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ER m utants 
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Figure 1.8 Evolution of the breast cell from normal to carcinogen^'

10



1.4 Estrogen

1.4.1 Estrogens

Estrogens (oestrogens) are a group of steroid com pounds w hich play a role in reproductive 

endocrinology and in supporting physiological hom eostasis in the fem ale body^’. The major 

estrogens produced by w om en are estradiol (estradiol-17p, E2), estrone (Ej), and estriol (E3). 

Estradiol appears to be the major secretory product of the ovary. A lthough som e estrone is 

produced in the ovary, m ost of it (and estriol) form s in the liver from estradiol or in peripheral 

tissues from androstenedione and other androgens. N orm ally in w om en, the rate of estradiol 

production varies during the m enstrual cycle w ith  plasm a levels of estradiol from as low  as 50 pg / 

mL to as h igh as 350 -  850 pg / mL®' Estrogens exert their effects by entering target cells and 

binding to specific cytoplasm ic proteins know n as estrogen receptors (ERs). In the 1950s, it w as  

show n that radiolabelled estradiol-17p w as bound and retained by estrogen target tissues (uterus, 

vagina, pituitary gland) but not retained by non-target tissues (m uscles, lung)^°. It was 

h ypothesised  that there m ust be a receptor m olecule for estrogen in target tissues w hich initiates 

estrogen-activated biochem ical events. Later, it w as sh ow n  that ERs w ere present in breast cancer 

tumours^. This provided a rationale for the d evelopm ent of antiestrogens for the treatm ent of 

breast cancer.

1.4.2 Antiestrogens

Tam oxifen [18] em erged from late 1950s research aim ed at d evelop in g  antiestrogen oral 

contraceptives. The finding that 4-hydroxytam oxifen (4-OHT) [19], a m etabolite of tam oxifen, w as  

a potent antiestrogen w ith binding affinity for the ER equivalent to that of estradiol sim ulated a 

search for n ovel antitum our agents w hich w ou ld  have negligible estrogen agonist activity and be a 

potent antagonist w ith  high binding affinity for the ER.

Figure 1.9 Tam oxifen (Ri = CH3, R2 = H) [18]; 4-H ydroxytam oxifen (Ri = CH3, R2 = OH) [19]; 

Endoxifen (Rj = H, R2 = OH) [20].

Tam oxifen has a low  binding affinity for the ER, but the com pound acts like a prodrug that 

accum ulates by constantly being converted to the active m etabolites, 4-OHT and endoxifen^'" [20] 

(see Fig. 1.9). The recognition of selective estrogen receptor m odulation and the possib ility  of
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developing multifunctional medicines has resulted in the successful development of selective 

estrogen receptor modulators (SERMs) to treat and prevent ER-related diseases

1.4.3 Model of estrogenic action

Ascenzi, Bocedi and M arino^ recently provided a substantial review of the structural and 

molecular aspects of the ER. The steroid hormone (i.e. estradiol) diffuses through the cell 

membrane and cytoplasm before entering the nucleus (see Fig 1.10). Then, specifically in estrogen 

target tissue (i.e. uterus, vagina, breast), the estrogen can attach to the ligand binding domain 

(LBD) of the ER. Upon binding to its receptor(s), estrogen triggers expression of multiple genes 

involved in regulation of cell proliferation and differentiation. The steroid-receptor complex 

undergoes a conformational change, induces the dissociation of heat-shock proteins (Hsp) 

associated with the inactive receptor and dimerises before binding to an estrogen response element 

(ERE) in the promoter region of the estrogen-responsive gene. A transcription unit is formed by 

interaction with co-activator (CoA) peptides to initiate RNA synthesis and ultimately, the estrogen- 

specific cellular response. Co-repressor (CoR) peptides are believed to prevent transcription by 

interacting with antiestrogen ER complexes. However, this aspect of pharmacology is not well 

understood. There is increasing evidence to suggest that the recruitment of the cofactor (CoA and 

CoR) entities have a key role in defining the action of specific selective estrogen receptor 

modulators (SERMs)^^.

LBD hormone

Nucleus ER

Transcription

mRNA Pldotropic response

Translation
Cofactors
mtegrators

Figure 1.10 Subcellular outline of estrogenic action
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1.4.4 Structural b io lo g y  o f estrogen receptors

The biological effects of estrogens are m ediated  by tw o receptors, ERa and  ER(3. There is a 

third set of nuclear receptors know n as estrogen-related receptors (ERRs). These ERRs w ere the 

first o rphan  nuclear receptors to be discovered and to date three m em bers have been identified 

(ERRa, ERR(3 and  ERRy)^- The ERR subfam ily is closely related to the estrogen receptors ERa and 

ER(3, sharing significant and  close hom ology, how ever, the ERRs do not b ind estrogens^^.

Following cloning of the ERa in the 1980s, subsequent research w ork focused on the 

existence of only one ER protein (ERa) in all target tissues^”. Three decades later, ER(3 w as 

identified in rat, hum an  and  mouse. To date, hum an  ERa and ERp have been identified in a 

num ber of form s (including splice variants) show n in Fig 1.11“ .

ERa L l A/B 1 E 1 F 67kDa
AF-I ’ DBD ’ I.BD/AF-2 •

IE3 1“ MB E 1 F 1 S2 kDa

IE4 L_ A/B 1 e 1 E 1 F 153 kOa

Z E 3 -4  I A/B a q  E I f  U skPa

E R p  I MB I- e I b  1 E ( F | 59kDa

I E 3  I A/B I C 1 D I E I F I 54 kPa

1 A/B 1 e  1 E 1 F 1 49 kOa

1 A/B ...m E 1 F |44kDa

Figure 1.11 D om ain structure  and regions w ith in  ERa and ER(3, including splice variants

Both ERa and  ERp share a functionally conserved structure consisting of a variable am ino 

term inal region that is involved in transactivation (A/B), a DNA binding  dom ain (C), a region 

involved in d im erisation  and  in b inding to Hsp90 (D), a ligand-binding dom ain  (E) -  w hich 

synergises w ith  the transactivation functions in the A/B region, and a carboxyl-term inal region (F) 

-  w hich appears to play  a role in m odulating transcriptional activation by ERa. ER|3 is hom ologous 

to ERa at the ligand-binding dom ain (LBD) (58%) and  DNA binding  dom ains (DBD) (95%), 

w hereas the A/B region, hinge dom ain and F region are not well c o n s e r v e d ^ 'T h e  ER isoform has 

two regions called activation functions (AFs) that contribute to transcriptional activity. A Fl is
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located on the am ino-term inal region w ithin the A/B region and  is believed to be ligand- 

independent. AF2 is present at the carboxy term inus and  is ligand dependent. The A Fl and  AF2 of 

ERa can activate transcription independently , how ever, in m ost cases they synergise w ith one 

another. In the classical m odel, the ER activated gene expression by binding to estrogen responsive 

elem ents (EREs) in responsive genes th rough the synergistic action of A Fl and  AF2^°'^^.

The highly conserved, central D N A -binding dom ain  com prises of tw o Cys4-zinc finger 

m otifs that recognise the receptor's cognate DNA response elem ent. The LBD contains the site for 

horm one recognition as well as the ER's prim ary d im erisation function and  the ligand-dependent 

AF2. AF2 is localised in a conform ationally flexible region of the LBD and  is involved in the 

recruitm ent of co-activators and  co-repressors’°' These co-activators and  co-repressors are a 

variety of nuclear peptides w hich serve as interm ediaries betw een ligand-bound nuclear receptors 

and the transcription machinery. M uch crystallographic w ork has been carried out over the last 

num ber of decades in order to gain a detailed view  of the natu re  of ER-ligand binding as reported 

by Pike^^ and Ascenzi et The m ajority of ER interacting factors have been identified by using 

LBD of the nuclear receptor as bait. This, therefore, explains w hy the AF-2 dom ain  is believed to be 

the m ost im portant site for the recruitm ent of co-activators^^.

1.4.5 Overall structure of ER

It w as found through X-ray crystallography work, in the presence of a bound-ligand, that 

the ER LBD adopts a classical helical sandw ich fold, com m on to all nuclear receptor LBDs^^' At 

present, three-dim ensional structure  of isolated LDBs and  DBDs are available^^. Twelve helices 

(H1-H12) are arranged  into three layers; tw o parallel ou ter layers sandw ich a central orthogonal 

layer w hich occupies the 'top h a lf  of the LBD fold. The helical arrangem ent acts as a m olecular 

scaffold to m aintain an appropriately-sized cavity in the 'low er h a lf of the m olecule into w hich the 

horm one binds. The cavity is com pletely buried  w ithin the core of the LBD and  flanked by a small 

(3-hairpin (S1/S2) and  the C-term inal helix (H12). ER m onom ers form  head-to-head dim ers w ith an 

interface form ed by the H8/H11 layer of the LBD fold. LBD dim erisation is the sam e and 

independen t of the ER subtype or nature of the bound-ligand  (i.e. agonist-bound dim ers are 

sim ilar to antagonist bound dim ers). The ER|3 quaternary  structure appears to be slightly m ore 

flexiblê ®-̂ ^

1.4.6 Molecular mechanism^'

The presence of tw o ERs indicates that the m echanism  of action of estrogen and 

antiestrogens is considerably complex. The em erging view  is one in w hich the ER LBD is capable of 

existing in m ultiple response states depending on the natu re  of the bound-ligand^^'^®. The LBD
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conformation reflects the size and shape of the ligand and determines what type of coregulator 

proteins are recruited. Due to the orientation of Helix-12, when agonists are bound to the receptor, 

co-activators (CoA) are favoured; while when antagonists - both full (i.e. AF1/AF2) and AF2 -  are 

bound co-repressors (CoR) are favoured” ' Currently, it is viewed that the relative expression of 

co-activators and co-repressors with a cell influence the ability of a SERM to regulate gene 

expression. While ERs bind a variety of ligands with similar affinity and interact with the same 

ERE, the transcription activity of ERs is distinct

Overall ER structure with E2 bound in LBD

A G O N  I S T S A N T A G O N I S T S
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Figure 1.13 Schematic of observed ER LBD conformational states and activation role^^

The known conformational states observed for the ER LBD are shown in Figure 1.13. The 

position of helix-12 (green) is shown with respect to ER LBD (grey). Agonists (light blue) stabilise a 

transcriptionally active ('on') LBD conformation (1) which can recruit a co-activator (CoA; yellow)
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to the AF2 groove (2). Partial agonists have a less stabilising effect on the LBD conformation (3) but 

are still able to induce CoA binding, albeit to a lesser extent. Antagonists (red) alter the agonist- 

induced positioning of H12 either sterically (full/SERM side-chain, (4), (6)) or in a passive mode (5) 

due to failure to complete appropriate contacts within the binding cavity. SERMs and passive 

antagonists redirect H12 so that it occludes AF2, whereas full antagonists prevent H12 from 

associating with the LBD (6). co-repressor (CoR; blue) recruitment to antagonised ER (8) probably 

requires exposure of the AF2 groove by H12 (7). All the discrete states depicted in Figure 1.13 have 

been observed experimentally apart from the CoR-bound ERs (8)

1.4.7 Receptor agonism

ER's ligand-dependent transcription function (AF2) is formed by helices H3, H4, H5 and 

H12 (see Fig 1.12). The peptide conformation is stabilized by a so-called 'charge clamp' with N- 

and C-capping interactions provided by Glu542 from H12 and Lys362 located at the C-terminal 

end of H3, respectively, in ERa. The residues form a shallow hydrophobic groove which serves as 

the docking site for coregulators. Agonist binding stabilises a receptor conformation in which the 

H12 is aligned across the LBD fold and seals the ligand within the buried cavity. In this 

conformation, H12 completes the AF2 region and represents the most favourable geometry for co

activator recruitment. Stabilisation of H12 in this agonist orientation does not rely on direct contact 

between the ligand and H12 but is dependent on the interactions made by the ligand within the 

cavity. Co-activators bind to the ER|3 LBD in a manner similar to that described for the ERa LBD^ '̂ 

The basis of co-activator recruitment was revealed by co-crystallisation of ER with short 

peptides. These Leu-Xxx-Xxx-Leu-Leu, Leu-Xxx-Xxx-Tyr-Leu or Leu-Xxx-Xxx-Met-Leu motifs 

(where Xxx is any amino acid) adopt a helical conformation and bind along the hydrophobic AF2 

groove^. The key event in the formation of the AF2 site and subsequent stabilisation of the Leu 

motif binding is the correct positioning of H12. For this reason, H12 is often referred to as the 

'molecular switch’, as its orientation with respect to the LBD determines whether the ER is ’on' or 

'off.

1.4.8 Receptor antagonism

To date, no three-dimensional structures of ER- and ERR-co-repressor complexes have 

been solved” . Antagonists of ER are characterised by a hydrophobic core that mimics the steroid 

core of E2 with an extended side-chain moiety of varying lengths that is orientated roughly 

perpendicular to the core. These ligands bind in a similar fashion due to their shared structural 

characteristics. The phenolic core binds within the ligand cavity in a similar manner to the natural 

hormone. However, the basic side chain is too large to be contained within the cavity and
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protrudes between H3 and H ll . As a result, H12 is unable to bind across the LBD in an agonist 

orientation and instead binds along the hydrophobic groove between H3 and H5. AF2 is 

incorrectly formed thus preventing co-activator recruitment. Antagonist basic side chain moieties 

can participate in a strong interaction with the Asp351 carboxylate group with the cavity, 

anchoring the ligand in the LBD and precisely redirecting the H12 into the AF2 groove.

Passive antagonism can occur without the need for bulky substituents - particularly with 

ER(3. In this case, the ligand fails to make appropriate contacts with the binding cavity so the 

antagonist rather than agonist orientation of H12 is preferred. Full antagonist ligands, such as ICl 

182,780 and ICI 164,384, are able to inactivate AFl and AF2. H12 is prevented from either lying 

over the LBD or from occluding the Leu motif binding groove. Full antagonists appear to induce a 

distinct conformation of the receptor in which H12 is not stably associated with the LBD. As a 

result, in a fully antagonised state, AF2 is highly accessible and may favour efficient co-repressor 

recruitment.

Similar to the co-activators in the case of agonists, the AF2 groove serves as a docking site 

for co-repressors. The CoR-bound ER LBD remains the most structurally ill-defined of all the 

conformational states outlined above. Accessibility of the H3 and H5 groove appears to be a 

prerequisite for co-repressor docking, while the removal of H12 favours co-repressor binding. 

There is increasing evidence that the occlusion of the AF2 groove may contribute to the tissue- 

selective action of selective estrogen receptor modulators (SERMs)̂ '̂̂ ®.

1.4.9 Key aspects of an ER pharmacophore

A summary of key structural aspects of ER pharmacophores is presented below, while a 

more detailed discussion of the molecular binding of selected ligands is discussed in Chapter 6.

Through examination of the available crystal structure determinations of ER ligands bound 

to both ERa and ERp, key structural aspects of ER pharmacophores can be elucidated. The classical 

ER pharmacophore consists of an A-ring phenol linked by a hydrophobic core to a second 

hydroxyl group placed approximately 11 A from the A-ring phenolic OH to mimic the 17-hydroxy 

group of estradiol [12] The phenol group appears to be the key pharmacophoric group needed to 

achieve ligand recognition and high affinity for ER. The phenol moiety can interact with the 

Glu353 and Arg394 residues of the ER through hydrogen bonding. The second phenol group of 

estradiol interacts with a His524 residue through further hydrogen bonding, thus explaining the 

reason for its high affinity to the ER. In the case of antagonists, an extended side-chain moiety is a 

prominent structural feature causing displacement of the helix-12 which leads to the antagonistic 

effect. The basic side chain can interact with the Asp351 residue present in the ER. In Fig 1.14, some
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ER ligands utilised in structural studies are presented: estradiol (E2) [12], diethylstilbestrol (DES) 

[21], 4-hydroxytamoxifen (OHT) [19], 4-(2-|[3-(4-chlorophenyl)propyl]sulphanyl)-6-(l-piperazinyl)- 

l,3,5-triazin-2-tl]amino)ethyI)phenol (TRZ) [22], genistein (GEN) [23], cis-R,R-diethyl- 

tetrahydrochrysene-2,8-diol (THC) [24], 2-(3-fluoro-4-hydroxyphenyl)-7-vinyl-l,3-benzoxazol-5-ol 

(ERB041) [25], ICI 164,384 [26], the raloxifen core (RAL core) [27] and raloxifene (RAL) [28].

Figure 1.14 ER ligands found in many structural studies. Phenolic A-ring of E2 and other 'A-

The similarity of ERa and ERp is very high among the residues surrounding the ligand, 

with only two conservative changes among the approximately 20 residues that line the cavity. In 

ERa where Leu384 resides, Met336 is present in ER|3. Also, in ERa where Met421 resides, Ile373 is 

present in ER|3. Due to this high level of ligand cavity homology, both ER subtypes tend to bind 

compounds with similar affinities. However, the two subtle changes with the cavity combined with 

differences in distant regions of the LBD allow for ligand selectivity. In terms of the design of 

selective subtype ligands, directing favourable/unfavourable chemical moieties to the residues 

hydrophobic Leu384 and non-polar Met421 in ERa and the residues non-polar Met336 and 

hydrophobic Ile373 in ER(3 should, in theory, influence the ER subtype-selectivity of the ligands.

ERB041 |C H ,|„C O N (C H j)C ,H ,

ring mimics' of ligands are in green. The 17(3-OH and mimics are shown in blue 

while the side chain moieties of active AF2 antagonists are coloured in purple. Key 

functional group on the side chain which interacts with Asp351 is circled^®.
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1.5 Selective Estrogen Receptor Modulators (SERMs)

1.5.1 Overview

ERa is predominantly expressed in reproductive tissue (uterus, breast, ovaries), liver and 

central nervous system whereas ERp is expressed in other tissues such as bone, endothelium, 

lungs, urogenital tract, ovaries, central nervous system and prostate^". The acronym SERM 

describes the multiplicity of effects exerted by certain ER ligands at different sites. SERMs can 

produce selective agonist and antagonist actions at different target tissues.

1.5.2 SERM chemical groups

To date, a large number of steroidal and non-steroidal compounds have been described 

which exhibit selective estrogen receptor modulation (SERM) activity (see Fig. 1.15 and Fig. 1.17) 

and in some cases selective estrogen receptor subtype modulation (SERSM) activity -  displaying 

selectivity towards either ERa or ER(3. These compounds can be subdivided into a number of 

distinct chemical groups^'

Figure 1.15 Selection of SERM and SERSM ligands [28], [31] -  [41]
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1.5.2.1 T riary lethy lenes

The com m on structural feature of the triarylethylenes is a central ethylene double bond 

attached to three aryl rings and an ethyl g roup  (i.e. tamoxifen). A basic tertiary nitrogen m oiety is 

also a com m on m otif am ongst this SERM subgroup, w hich has a key role in the antagonistic 

activities of m em bers in this set of com pounds. While tam oxifen displays antagonistic activity in 

breast tissue, it has additional benefits including prevention of bone density  loss in the lum bar 

spine and reducing the risk of cardiovascular disease by low ering lipids and fibrinogen in 

postm enopausal w om en^' H ow ever, tam oxifen does suffer w ith problem s of estrogenicity in 

endom etrial tissue. O ther exam ples of triarylethylenes include torem ifene, iodoxifene, clom iphene 

and droloxifene.

Triarylethylene carboxylic acids have been reported  as a new  class of SERMs. The acrylic 

acid, GW5638 w as reported  as an estrogen agonist by W illson et w ith  selectivity in bone over 

uterine tissue in rats. Both GW5638 [29] and GW7604 [30] were paten ted  for possible use as SERMs 

in tamoxifen resistant cancers (see Fig. 1.16). It is p roposed that the carboxylic acid group of 

GW7604 alters the charge environm ent associated w ith the Asp351 residue in the ER, thus 

resulting in a reduction in estrogenic activity w hen com pared to 4-hydroxytam oxifen. Discussion 

of the relevant X-ray crystallography data is discussed in a later m olecular m odelling chapter.

HOHO

OH

Figure 1.16 GW5638 [29] (left) and  m ost probable m etabolite GW7604 [30] (right).

1.5.2.2 B enzoth iophenes

Due to the problem s associated w ith the isom erisation of the triarylethylene double bond, 

conform ationally restricted analogues of tam oxifen w ere investigated as potentially effective 

antiestrogens. Raloxifene [28] is the m ain m olecule of the restricted structure-type, benzothiophene 

class and is currently the m ost w idely used  for osteoporosis treatm ent and prevention (see Fig. 

1.16). This class of SERMS is antiresorptive on bone. There is no stim ulatory effect on the 

endom etrium  and  an estrogen-like effect on lipids, while raloxifene [28] has an inhibitory effect on 

ER-positive breast cancer cells^°. M any structural m odifications of raloxifene have been exam ined 

leading to com prehensive SAR of this group. Arzoxifene [31] is another SERM of this group
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currently  in a phase III trial (see Fig. 1.16). In breast cancer cells lines, Arzoxifene ( I C 5 0  = 0.05 nM; 

MCF-7) has a m ore potent effect than raloxifene ( I C 5 0  = 0.2 nM; MCF-7) bu t is sim ilar or more 

potent in skeletal system s^' Replacem ent of the carbonyl group  in raloxifene w ith  an oxygen 

group  resulted in a 10-fold increase in in vitro estrogen antagonism  potency relative to raloxifene. 

The X-ray crystallography data of raloxifene is discussed in  a later m olecular m odelling chapter.

1.5.2.3 T etrahydronaph thalenes

Lasofoxifene [32] displays great affinity for ERa. In ovariectom ized (OVX) rat m odels, 

these m olecules prevent bone loss and  exhibit positive changes in lipid profile. Lasofoxifene is 

currently  in advanced states of developm ent (phase III clinical trials) for the prevention and 

treatm ent of osteoporosis and for the treatm ent of vaginal atrophy. The com pound dem onstrated  

excellent SERM activity and potent antagonist activity w ith  an I C 5 0  = 0.05 nM  in the MCF-7 cancer 

cell line“ '^‘'^’. The X-ray determ ination of [32] co-crystallised in ERa is available (20U Z.pdb).

1.5.2.4 Indoles

Bazedoxifene [33] and pipendoxifene are the tw o m ain m olecules of the indole group, both 

developed by W yeth (see Fig. 1.16). In a phase III clinical trial, Bazedoxifene dem onstrated  bone 

protective, cholesterol low ering and no uterine effects in OVX and intact rat m odels. This class of 

SERMS antagonizes C3 gene and  counteracts naloxone-induced vasom otor responses in rats. In 

addition, m echanical strength of bone is im proved in treated  animals^”'

Ji et al. m odified the benzothiopene scaffold and  synthesised a series of benzothieno[3,2- 

b jindole ER ligands'". By altering the benzothiopene core, it w as anticipated that the tetracycle 

core-m otif restricts rotation of the tw o phenolic g roups so that the core is m ore coplanar and  may 

better mimic a steroidal ligand. The group  evaluated the benzothieno-indoles in com petitive ERa 

and  ER(3 binding assays and  investigated their agonist/antagonist activity using uterine w eight 

assays and bone m ineral density. W hile the novel ligands d id  not display im proved  binding 

affinities com pared to raloxifene (ERa I C 5 0  value = 0.9 nM; ERp I C 5 0  value = 11.6 nM), they did 

dem onstrate good binding values (ERa I C 5 0  values = 3 - 6 0  nM; ER(3 I C 5 0  values = 11 - 54 nM) and 

som e derivatives show ed stim ulation of bone density.

A series of 2-arylindene-l-ones w ere also synthesised w hich d isplayed good binding 

affinities (ERa I C 5 0  values = 2 - 9  nM; ER(3 I C 5 0  value = 2 - 1 2  nM) com parable to estradiol and  had 

at best 4-fold selectivity tow ards ERa

Expanding on this series the team  developed a series of 2-phenyl-isoindole-l,3-diones in an 

attem pt to design ERp selective ligands. M olecular m odelling w as used extensively to predict
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optim isation points on the scaffold by docking a phthalim ide ligand in the ERf3/genistein binding  

site. In the study, the 7-position of the indole six-m em bered ring appeared as a viable optim isation  

target to produce a favourable interaction w ith  the discrim inating residue Ile373 in the ERp thus 

im proving binding affinity. The group introduced a brom o m oiety to the indole core at the 7- 

position and im proved ER(3 binding two-fold. In a com petitive binding assay, the synthesised  

com pound [34] d isp layed  a 45-fold selectivity towards the ERp (IC50 = 36 nM)

U tilising a hit d iscovered in a high-throughput screen (HTS), Merck successfu lly  m odified  

the bazedoxifene scaffold to produce a novel ligand [35] w ith  h igh binding affinity and selectivity  

towards ERa (ERa binding IC50 = 2 nM (130-fold selectivity)). The com pound [35] also displayed  76 

% antagonism  in a uterine w eight assay and good  antiproliferative results in MCF-7 (IC50 = 30 nM). 

A ttem pting to introduce an orthogonal conform ation betw een the basic sid e chain of the HTS hit 

and the Asp351 residue in ERa, the introduction of the tether fragm ent of the hit com pound at the 

2-position of a bazedoxifene afforded the novel ERa selective ligand

1.5.2.5 Im idazole, Im id azo lin e and P iperazines

Im idazole, im idazoline and piperazine hetrocycles have been evaluated  for their ER- 

binding properties. A series o f benzim idazole com pounds were synthesised  and evaluated for ER(3 

selectivity by Pfizer researchers''®. D uring the course of h igh-throughput screening, a 2,3-diphenyl 

indole com pound d isp layed  reasonable selectivity for ER(3 (41-fold) w ith  m odest potency (IC50 

value = 171 nM). SAR work found that the introduction of a phenolic group into the para position  

of each of the pendant phenyl rings gave a com pound w hich dem onstrated im proved potency at 

ER(3 by an order of m agnitude, how ever, its selectivity for ERp w as slightly d im inished. Further 

investigations led to isoxazole, im idazole and the benzim idazoles derivatives. The benzim idazole  

[36] dem onstrated a ERp binding affinity IC50 value of 28 nM w hich represented a 105-fold 

selectivity towards ER(3. The com pound appears to be a potent full agonist in the granulosa cells 

(ERp), w h ile  d isplaying little activity in the MCF-7 cells presum ably d ue to its w eak binding  

activity at ERa. The group have yet to obtain an X-ray crystal structure containing a 

benzim idazole ligand bound in the ERp LBD.

1.5.2.6 Benzopyrans

A num ber of com pounds belong to the benzopyran group. O rm eloxifene is u sed  as 

contraceptive. The d evelopm ent of levorm eloxifene w as stopped because of uterine safety issues. 

Other benzopyrans in active developm ent are SP500263, EM-800 and EM-652 [37] am ong others*'
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Data from  X-ray crystal structures (2QTU and 2POG) indicate that the general benzopyran  

scaffold b inds to both ERa and ER|3 w ith  the D-ring phenol interacting w ith  Glu353, Arg394 and  

water residues through hydrogen  bonding. The A-ring phenol interacts w ith  H is524 in ERa or the 

corresponding His475 in ERp. A lthough the A- and D-ring phenols bind in the sam e places w ithin  

the binding pocket, the orientation of the benzopyran scaffold is rotated by 180° on the bisphenol 

axis. In addition  the A-ring phenol is found to the left of His-524 in ERa, w hile  in ERp the A-ring 

phenol is found on the right of the corresponding His-475. In all cases the C-ring is pointed toward  

Leu-384 in ERa, but in ERp this ring is pointed toward Ile-373 on  the other side of the pocket. 

Therefore, com m only A -ring m odifications place functional groups in the vicinity of Met-421 in 

ERa, w hile in ERp these functional groups end up on the opposite sid e of the binding pocket near 

Met-336

Researchers at Lilly attem pted to com bine C-ring and A-ring m odifications of the 

benzopyran scaffold to investigate their ER selectivity, thus provid ing a SAR of this com pound  

group. U sing a lead benzopyran, the addition of a m ethoxym ethyl group to the A-ring gave a 

com pound w ith  increased selectivity (43-fold com pared to 14-fold). A lso, the addition of a 

difluorom ethylene group in the C-ring of com pound increased selectively by a slight am ount (19- 

fold com pared to 14-fold). The tw o m odifications w ere incorporated into one ligand [38] resulting  

in a 83-fold increase in ERp selectivity. A nalysis o f the crystal structure dem onstrated that the 

difluorom ethylene group of the C-ring is pointed toward He 373, w hile the m ethym ethoxy group is 

pointed toward Met-336. The crystal structure, 2QTU, is available from the Protein Databank"'^'

1.5.2.7 C hrom ans /  isochrom an s /  C hrom aq uinolines

Follow ing ev idence that genistein  p ossesses 40-fold ERp selectivity, Merck research  

laboratories investigated  a w id e spectrum  of flavanoids. The best flavanone analogue [39] w as  

found to be 6 6 -fold ERa selective (IC50 valu e = 31 nM ) and sh ow ed  50 % inhibition in a uterine 

w eigh t assay dem onstrating estradiol antagonism ‘s.

N ovel chrom ane analogues w ith  variations of the antagonist side chain w ere synthesised  

and evaluated. The m ost prom ising derivative [40] d isp layed  h igh affinity binding (ERa IC50 value  

= 0.7 nM; ERp IC50 value = 4.1 nM), potent inhibition in the MCF-7 cell line (IC50 valu e = 70 pM) and 

im pressive antagonistic properties in a uterine w eight assay w ith  calculated va lu es of 124 % 

antagonism  and -13 % agonism^*’. The research group also synthesised  m odified oxygen  and sulfur 

analogues of lasofoxifene resulting in isochrom an and isothiochrom an scaffold derivatives  

respectively. These analogues w ere equipotent in relation to inhibition of the MCF-7 cell line (IC50

23



valu es = 0.15 -  0.25 nM), how ever, in a uterine w eigh t assay the derivatives sh ow ed  increased  

agonism  (43 % isochroman; 49 % isothiochrom an) w hen  com pared to lasofoxifene (26 % 

agonism )” .

Researchers at W yeth reported on a series of 2-phenylquinoline ER(3 selective ligands

ERp. Docking studies of in the ERp LBD placed a brom o group in close proxim ity to the ER(3 Ile373 

(ERa Met421) residue substitution, suggesting that the observed ER isoform  selectivity m ay be due  

to a differential interaction of the brom o group w ith  these am ino acid residues. The docking  

stud ies also revealed a 16° dihedral angle betw een  the pendant phenyl ring and the quinoline core. 

The group anticipated that locking this dihedral angle by introducing a ring w ou ld  restrict the 

rotational freedom  about the bond connecting the tw o aryl planes, and generate a rigid quinoline 

fram ework that w ou ld  m im ic the docked conform ation of their lead com pound. This led  to the 

investigation of the 6H-chromeno[4,3-f;] quinoline scaffold. The C 7-position chloro and brom o  

derivatives d isplayed  com parable b inding affinities to estradiol in ER|3 (1C50 values = 4.3 -  4.6 nM) 

with 46- to 50-fold ER(3 selectivities^’'̂ .̂

F igure 1.17 Selection of SERM and SERSM ligands [42] -  [50]

1.5.2.8 D ih yd rob en zoxath iin s /  D ih yd rob en zod ith iin s

The Merck research laboratories also group synthesised  novel ER ligands containing

p ossess selectivity tow ards ERa and developed  a thorough SAR of this chem ical group. The cis- 

[2S,3R] [42] enantiom er w as found to be 50-fold selective tow ards the ERa in a com petitive binding  

assay w ith  IC50 values of 0.8 nM (ERa) and 45 nM (ER(3) w hereas the racemic m ixture of the

w here the best analogue [41] exhibited ER (3 binding I C 50 value of 3.4 nM and 83-fold selectivity for

o

OH
F Cl [48]

[50]

dihydrobenzoxathiin^^ and d ihydrobenzodithiin^ ring isosteres of the flavanone scaffolds w hich

24



corresponding ligand had IC5 0  values of 3.0 nM  (ERa) and 143 nM (ER(3). The d ihydrobenzodithiin  

com pounds displayed  16- to 40-fold ERa selectivity w ith  a range of b inding affinity betw een  4 and 

20 nM  (ERa) and w ere deem ed less active w hen  com pared w ith  the d ihydrobenzoxathiin  group. 

The researchers conducted m olecular m odelling of the ligands and concluded that the carbonyl 

group present in flavanoid ligands and the sulfur group in the d ihydrobenzoxathiin  and 

dihydrobenzodithiin  rings are directed towards the tw o selectivity regions in the ER resulting in a 

favourable residue contact w ith  the Leu384 w hen  bound in ERa and an unfavourable contact with  

the Met354 w hen  bound in ER(3, thus, explaining the ER-subtype selectivity.

The Merck research laboratories also discovered, through the research in volv in g  the 

benzoxathiin com pounds, tw o significantly im proved antagonist basic sid e chains w hich were 

com bined to create an optim ised  side chain (see Fig. 1.18).

Figure 1.18 O ptim ised side chains

W hen the optim ised  sid e chain w as incorporated into the benzoxathiin  analogues, the 

novel ERa selective SERMs sh ow ed  exceptional estrogen antagonist activity in uterine tissue 

(values calculated at >100 % antagonism  and < 0 % agonism ). Tw o analogues had IC 50 values of 30 

pM in MCF-7 breast cancer cell proliferation assays. The com pound [43] had b inding affinity IC50 

values of 0.7 nM (ERa) and 9.1 nM (ER|3). The com pounds seem  to w ork in a m ode sim ilar to the 

know n selective estrogen receptor dow n-regulator (SERD) fulvestrant^^ producing a full 

antagonistic affect. H ow ever, the optim isation of a sid e chain appears to be platform -dependent 

and non-transferable to other scaffold structures®'’.

1.5.2.9 N o v e l flex ib le  ligan d s

The tolerance of the estrogen receptor to triarylethylene structures w ith  an added  degree of 

flexibility w as investigated  by previous research w ithin  our ow n  group. A series of n ovel flexible 

estrogen receptor ligands w ere synthesised  and evaluated  for ER b inding and antiproliferative 

effects in the M C F - 7  hum an breast cancer cell-line. The series contained a m ethylene (benzylic) 

spacing group betw een  one o f the aryl rings and the ethylene bond. The com pounds displayed  

good  antiproliferative potency, low  cytotoxicity and h igh binding affinity (ERa binding IC 5 0  values
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in the range of 157 -  508 nM ), with the flexible ligand [44] shown in Fig, 1.16 being the most potent 

in a series (IC50 value of 3.57 |aM in MCF-7)^’.

1.5.2.10 Pyrazoles, Indazoles and Furans

A study of tetrasubstituted pyrazole compounds led to the discovery of one of the first ER 

sub-type specific agonists. Further molecular modelling studies indicated that the binding 

interactions occur with the C3 phenol occupying the position normally occupied by the estradiol 

phenol. In the case of compound [45] in Fig. 1.16, the introduction of a basic side chain to the 

scaffold structure converted the sub-type specific agonist to a full antagonist in both ERa and ER|3 

while displaying preferential binding to the ERa. This discovery led to much research into 

Selective Estrogen Receptor Subtype Modulators (SERSMs)^’. Tetrasubstituted furans proved to be 

quite potent SERSMs with binding selectivity ERa/ER(3 of 50-70% and one analogue [46] displayed 

selective ERa agonist activity with no agonist or antagonist activity on ER|3 ’̂.

1.5.2.11 Tetrahydrofluorenone

The tetrahydrofluorenone derivatives were identified as an ER|3-selective ligand during a 

high-throughput screen. The ER(3 binding ( I C 5 0  218 nM) and |3-selectivity (12-fold) of lead 

compound led to an investigation into the SAR of this compound class and resulted in a number of 

(3-selective ligands with binding affinities in the low nanomolar region. Further investigations led 

to the discovery of the compound [47] which had an ER(3 binding IC50 value of 1 nM representing 

97-fold |3-selectivity. The group also reported on a series of fused pyrazole tetrahydrofluorenone 

analogs which are potent, ER(3 subtype selective ligands; many possessing subnanomolar ER(3 

binding, greater than 100-fold ERp-selectivity, and oral bioavailability. Attempts to improve the 

pharmacokinetic properties of the initial series of tetrahydrofluorenone derivatives was 

undertaken. A series of 6 - and 8 -substituted analogues were synthesised in an attempt to sterically 

minimize glucuronidation of the phenol, phenol prodrug derivatives were synthesised and 

replacement of the phenol by a fused pyrazole ring was carried out. Compound [48] demonstrated 

an ERp binding affinity IC50 value of 5 nM with 400-fold ERp selectivity® '̂

1.5.2.12 Benzofuran / Indazoles

Researchers at Wyeth synthesised and evaluated a series of 2-(4-hydroxy-phenyl)- 

benzofuran-5-ols with relatively lipophilic groups in the 7-position of the benzofuran. Many of the 

analogues were potent and selective ERp ligands while subsequent modifications at the
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benzofuran 4-position as well as at the 30-position of the 2-phenyl group were further increased 

selectivity. The study resulted in a number of compounds with <10nM potency and >100-fold

evaluated a series of indazole ER|3-selective ligands. The lead compound [50] from the study had a 

relative binding affinity (RBA) of 30% when compared to estradiol and a 100-fold ER(3-selectivity*‘.

1.5.2.13 Benzoxazoles

Novel diphenolic azoles which are highly selective ER(3 agonists were reported by Wyeth 

researchers. The more potent and selective analogues of the series demonstrated comparable 

binding affinities for ER|3 as the natural ligand 17p-estradiol but are also >100-fold selective over 

ERp. The strategies aimed to take advantage of a single conservative residue substitution in the 

ligand-binding pocket, Met421 in ERa and Ile373 in ER(3. Benzoxazoles varied at the 7-position 

were the most selective ligands of the azole series, with ERB-041 [25] (see Fig. 1.14) being >200-fold 

selective for ERp. The study also concluded that the ER^-selective agonists were devoid of classic 

estrogenic effects and may offer a novel therapy treatment. The lead compound ERB-041 was 

tested for binding affinity in full length ERa and ERp and demonstrated IC 50 values of 2572 nM  

and 2.8 nM respectively resulting in a 920-fold ERp selectivity^.

1.5.2.14 Steroidal Ligands

A number of estradiol-based compounds were studied as possible 'pure' antiestrogens 

(possessing only estrogen antagonistic activity). While the compounds in this class demonstrated 

effective antiproliferative effects, they did not protect against bone density loss or promote serum 

lipid reduction commonly associated with SERMs. Fulvestrant (ICI-182,780) [51] is effective in 

clinical use for the treatment of ER-dependent breast tumours which are resistant to tamoxifen [18], 

and for metastatic breast and uterine tumours. It has been suggested that the hydrophobic chain 

can possibly disrupt coregulator interactions required by the ER thus resulting in the antiestrogenic 

effect^' More in-depth discussion of relevant X-ray crystallography data (IHJl.pdb) is

discussed in a later molecular modelling chapter relating to the steroidal ligand ICI-164,384 [26].

selectivity for ERp such as compound [49] shown in Figure 1.17 De Angelis et al. synthesised and

o o F

Figure 1.19 ICI-164,384 [26] and ICI-182,780 (Fulvestrant) [51]
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1.6 Tamoxifen Metabolism  

1.6.1 Overview

Tam oxifen m etabolism  is complex involving N -dem ethylation, arom atic a-hydroxylation, 

side chain hydroxylation and  N-oxidation®^. The cytochrom e P450 enzym es and a flavin-containing 

m onooxygenase are involved in the m etabolism  of tam oxifen [18], A com prehensive evaluation of 

the sequential b iotransform ation of tam oxifen has been carried out^^. H um an liver microsom es 

and  experim ents w ith specifically expressed hum an  cytochrom e P450's w ere used to identify the 

prom inent enzym es involved in phase 1 m etabolism . The proposed metabolic pathw ay is show n in 

Fig. 1.20 w ith the relevant CYP genes indicated for the metabolic transform ations. A strong case 

w as pu t forw ard  that N -desm ethyltam oxifen [52], the principal m etabolite of tam oxifen that 

accum ulates in the body, is converted to endoxifen [20] by the enzym atic product of CYP2D6^^, The 

CYP2D6 p roduc t is also im portant to produce the potent prim ary m etabolite 4-hydroxytam oxifen 

[19] but the m etabolite can also be form ed by the enzym atic products: CYP2B6, CYP2C9, CY2C19 

and CYP3A4. O ther key m etabolites include N -desdim ethyltam oxifen [53] and tamoxifen-N-oxide

[51].

CYP3A4/5
CYP3A4
CYP2C19
CYP2C9
CYP2B6

CYP1A2
CYP2C19
CYP2C9
CYP2D6

CYP2D6

CYP3A4 CYP3A4/5

OH

Figure 1.20 Tamoxifen m etabolites and relevant CYP genes*^

28



The m olecular pharm acology of endoxifen  has recently been reported^^' Endoxifen and 

4-hydroxytam oxifen w ere equally potent at inhibiting estrogen-stim ulated grow th of ER positive  

breast cancer cells MCF-7, T47D and BT474. Both m etabolites are significantly superior in vitro  to 

tam oxifen, the parent drug. A dditionally, the estrogen  responsive genes pS2 and progesterone  

receptor w ere both blocked to an equivalent degree by endoxifen  and 4-hydroxytamoxifen^^. Lim et 

al. ^ have extended the com parison of endoxifen  and 4-hydroxytam oxifen in MCF-7 cells by 

com paring and contrasting global gene regulation u sing  a G ene Chip Array. They concluded  that 

the global effects of endoxifen and 4-hydroxytam oxifen w ere similar. Other groups^' “  have  

confirm ed and significantly extended Lien's original identification of endoxifen  and observation  

that there are usually higher circulating levels of endoxifen  than 4-hydroxytam oxifen in patients 

receiving adjuvant tam oxifen therapy.

Enzym e variants of CYP2D6 do not prom ote the m etabolism  of tam oxifen to endoxifen  and  

this m eans that significant num bers of w om en  m ight not receive optim al benefit from tam oxifen  

treatment^^' The m etabolism  of tam oxifen to hydroxylated  m etabolites and the m etabolism  of 

SSRIs both occur via the CYP2D6 gene product. Stearns et al. “  show ed  that the SSRl inhibitor 

paroxetine reduced the levels of endoxifen during adjuvant tam oxifen therapy and endoxifen  

levels decrease by 64% in w om en  with w ild  type CYP2D6 enzym e. A recent study^^ con tinu es to 

expand understanding of the detrim ental effect o f CYP2D6 variants p lus concom itant 

adm inistration of SSRIs on endoxifen levels.

Clinical correlations w ith  tum our responses and sid e effects are starting to p rovide clues  

about the im portance of pharm acogenom ics for tam oxifen to be optim ally effective as a breast 

cancer drug.

1.7 Aromatase Inhibitors 

1.7.1 Aromatase

Tam oxifen has been the drug of choice for horm one-sensitive breast cancer treatm ent for 

m ore than tw o decades. H ow ever, in particular for postm enopausal w om en  w ith  early or 

advanced ER-positive breast cancer, arom atase inhibitors are set to replace tam oxifen based  on  

better efficacy and a delay in the em ergence of endocrine resistance found through clinical trials*^.

A rom atase is a cytochrom e P450 en zym e com plex that catalyses the last step in a series of 

reactions required for estrogen biosynthesis. Arom atase facilitates the conversion of steroidal C-19 

androgens to estrone and estradiol (see Fig. 1.7) Arom atase activity in peripheral tissu es and  

local m alignant and norm al breast tissue su pp lies breast cancer cells w ith the estrogen  that
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stimulates cell growth. The molecular control of this process in the breast appears to involve 

increased COX2 expression. Also, high plasma estradiol levels are nov\  ̂ known to be associated 

with an increased risk of breast cancer in postmenopausal women^^.

Aromatase inhibitors act through pure estrogen deprivation to achieve the endocrine 

response in ER-positive breast cancers. The postulated interaction between breast cancer cells, 

associated fibroblasts and inflammatory cells is shown In Fig. 1.21. Modern aromatase inhibitors 

cause large drops in intratumoral estrogen. Knowledge of the intratumoral molecular controls 

involved provide possible targets for local tissue-specific suppression of aromatase, leading to the 

development of possible selective aromatase modulators (SAMs). To date, the most advanced of 

this SAM group are COX2 inhibitor-type compounds, which are under investigation for their 

potential use in breast cancer prevention are discussed later in this section.

6reasi cancer cgB

add

C0X2
(C0X1)

SAMs

PGE2

Aromatase
Androgens Oestrogans

Inflammatory
cel

PGE2

C0X2 !• SAMs
IL6
IL11
TNFa

Figure 1.21 Postulated control of aromatase expression in breast carcinomas

1.7.2 Aromatase Inhibitors

Aromatase inhibitors (Als) can be classified by their mechanism of action: Type 1 (steroidal) 

or Type II (non-steroidal) inhibitors, and are also often classified into first-, second-, third- and 

fourth-generation subgroups in chronological order to their clinical development

Type I steroidal inhibitors are analogues of androstenedione [16] and act initially as
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com petitive-substrate m im ics. Som e can be converted to interm ediates w hich  bind covalently to 

the enzym e resulting in arom atase inactivators. A ll these Type 11 com pounds act by binding  

through the basic nitrogen atom to the iron atom of the haem  group of the enzym e. A full 

understanding of the m olecular interactions is h indered by the absence of a crystal structure for 

aromatase. H ow ever, a h om ology m odel (PDB code: ITQA) is utilised  in m olecular m odelling  

stud ies in its absence

Recent clinical data has dem onstrated that the third-generation com p oun ds have 

sufficiently high specificity to be used  at d oses that inhibit arom atase in postm enopausal breast 

cancer patients by greater than 95% and d isplay no other horm onal effects beyond those resulting  

from estrogen deprivation. These trials also dem onstrated that these arom atase inhibitors w ere  

m ore effective that tam oxifen. Anastrazole [58] and letrozole [59] have been approved as a first-line 

endocrine therapy for post-m enopausal ER-positive breast cancer patients. A lso, patients w ho have  

a relapse after a previous tam oxifen response have a good  chance of a subsequent response to 

arom atase inhibitors and vice-versa, although to a lesser extent.

Figure 1.22 Selection of first-, second- and third-generation arom atase inhibitors

1.7.2.1 First generation  arom atase inh ib itors

The first arom atase inhibitor to be d iscovered  w as am inoglutethim ide [54](see Fig. 1.22). It 

w as found to inhibit several cytochrom e P450 en zym es in volved  in adrenal steroidogenesis and 

w as re-developed  for use against advanced breast cancer. Other groups attem pted to develop  m ore 

potent and selective arom atase inhibitors based on steroidal analogues or naturally occurring 

com pounds such as flavone and flavonone structures w hich  d isplay w eak arom atase inhibition^".

1.7.2.2 Second generation  arom atase in h ib itors

4-H ydroxyandrostenedione (4-OHA) [55] b inds irreversibly to the en zym e active site and  

acts as a suicide inhibitor w ith  prolonged action on the enzym e. The drug w as developed  as

OH
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form estane [56]. Fadrozole [57] is an exam ple of an non-steroidal second generation arom atase 

inhibitor Cepa et al. recently carried out SAR w ork on new  A,D ring m odified steroid

analogues of form estane and  testolactone, evaluating their suitability as arom atase inhibitors^'. 

Most of the analogues synthesised w ere less active than form estane [56], how ever, an epoxide 

derivative d isp layed  strong in vitro arom atase inhibition w ith an ICm value of 145 nM  (formestane: 

42 nM). From the results, the g roup  concluded that the b inding pocket of the active site of 

arom atase requires p lanarity  in the region of the steroid A,B-rings and  the D -ring structure is 

critical for binding.

1.7.2.3 T h ird  and  fourth  generation  arom atase inh ib ito rs

A num ber of non-steroidal arom atase inhibitors w ere developed based on the structure of 

antifungal agents that inhibit P-450 enzym es. This developm ent led to a th ird  generation of 

inhibitors com prising of m ostly im idazole and triazole derivatives.. Two of the m ost successful 

drugs, anastrozole (Arimidex) [58] and letrozole (Femara) [59], are potent (high affinity for the 

enzym e, in the nM range), selective and well tolerated in patients^^. The inhibition m echanism  with 

non-steroidal inhibitors appears to be different from the m echanism  w ith steroidal ones and this 

m ay involve a covalent bond betw een a nitrogen of im idazole/triazole derivatives and the heme 

iron of CYP-450arom.

The structural characterization of m am m alian cytochrom es P450 (CYP) enzym es is 

extrem ely difficult due  to their m em brane-bound nature. C om putational techniques, such as 

com parative m odeling, help obtain reliable structures of m em bers of this family. An im portant 

feature of CYP is the presence of an iron-containing porphyrin  g roup  at the enzym e active site. 

Pavia et al. carried quan tum  chemical calculations to derive suitable charges for the Fe^^-containing 

hem e group  of P450 enzymes*’. Then, by m eans of hom ology m odeling techniques, and  taking 

advantage of the published crystal structure of the hum an  CYP2C9 bound to w arfarin, this group 

built a new  m odel of the hum an arom atase (CYP19) enzym e. The group  docked a non-steroidal 

arom atase inhibitor, vorozole, into the the active site m odel and determ ined key b inding  residue 

features. The prim ary interaction was the coordination bond betw een the im idazole of vorozole 

and  the hem e group  of the porphyrin. The ligand interacted directly, th rough an H -bond, w ith 

Ser478 and  w as positioned into a hydrophobic b inding cleft defined by V370, V373, and  L477. The 

group detected  30 different am ino acid residues form ing the active site.

3D-QSAR studies have been applied  to the discovery of novel po ten t and  selective 

arom atase inhibitors^. A series of com pounds w ere synthesised by covalently attaching an 

im idazole or triazole ring to a fluorene, indenodiazine or coum arin scaffold. O verall, the coum arin-
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based analogues displayed  the highest potency and CYP17/CYP19 selectivity. CYP19 and CYP17 

are related P450 enzym es w hich  are responsible for catalysing the final step in estrogen  and  

androgen b iosynthesis respectively. A lead com pound [60] from the study is sh ow n  in Fig 1.23.
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Figure 1.23
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Selection of recently d iscovered  AIs

Su et al. synthesised  and evaluated a series o f su lfonanilide analogues for their effects on 

arom atase activity and COX-2 inhibition as arom atase levels in breast cancer are enhanced  by 

prostaglandins and reduced by COX inhibitors'^. SAR analysis found no correlation betw een  

arom atase and COX-2 inhibition in SK-BR-3 breast cancer cells and the analogues w ere found  to 

decrease arom atase gene expression independently to COX-2 inhibition. The su lfonanilide [61] 

sh ow ed  the m ost suppression of arom atase activity in SK-BR-3 cells w ith an ICw valu e of 230 nM.

More recently, Gobbi and co-workers synthesised  and evaluated a num ber of flavone  

analogues^'' and more interestingly a n ovel series of im idazolylm ethyibenzophenones^^. From the 

relatively sim ple, synthetically accessible, benzophenone scaffold a n ew  class o f potent arom atase 

inhibitors w ere found. These com pounds d isplay selectivity tow ards CYP19 and tw o  of the 

analogues [62] and [63] are am ongst the m ost potent inhibitors described to date w ith  CYP19 IC50 

values of 7.3 nM and 5.3 nM respectively. The com p oun ds w ere docked using the h om ology  m odel 

assum ing that the coordination of the haem  iron by the im idazole m oiety w ou ld  be the primary 

interaction. The m olecular study dem onstrated that the ligands could  possibly interact through  

hydrogen bonding betw een  the carbonyl oxygen  atom s and the carboxyl group of A sp309  

and the hydroxyl group of Ser478. In addition, [63] could  establish further favourable interactions 

through a n -n  interaction w ith  His475 and His480 and a hydrophobic interaction w ith  Ala223 and  

Ala 226.

Saberi et al. reported a further series of potent and CYP19-selective arom atase inhibitors 

based on previously reported benzofuran-im idazole and -triazole analogues^^. The m ost prom ising  

com pound [64] in the series com pared favourably (IC50 value of 44 nM and LC50 value > 100 |.iM)
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with the reference compound, anastrazole (IC50 value of 600 nM and LC50 value > 200 pM)^.

In conclusion, aromatase inhibitors have undergone great improvements from the initial 

first-generation treatment to current, selective aromatase inhibitors through COX-2 inhibition 

pathvifays, thus providing impressive lead compounds which can undergo development for better 

therapies in the treatment of breast cancer.

1.8 Sulfatase Inhibitors

1.8.1 Estrogen sulfate and estrone sulfatase

Studies indicate that estrogen sulfates and estrone (steroid) sulfatase are important in 

breast cancer for a num ber of reasons^^. Estrone sulfate [14], the main substrate for estrone sulfatase 

is the most abundant circulating estrogen in the plasma of postmenopausal women with a half-life 

of 10-12 h. Estrogen sulfates do not bind to estrogen receptor (ER), only estrogen-3-sulfate is 

hydrolysed by estrone (steroid) sulfatase to elicit a biological response, whereas estrogen-17- 

sulfates, which are not hydrolysed by sulfatase, have no biological response.

The tissular concentration of estrone sulfate is higher in tumoral than in normal breast 

tissue while the levels of estradiol and estrone sulfate are 7-11 times higher in breast tum our tissue 

than in plasma of postmenopausal women. Estrone sulfatase activity is very intense in malignant 

breast tum ours compared to the normal breast tissue. Also, quantitative determinations indicate 

that estrone sulfatase activity is 40-500 times higher than that of aromatase in breast tumour.

These studies demonstrate that estrone (steroid) sulfatase could be implicated in the 

growth of hormone-dependent breast cancer, and could be an important target for hormonal 

therapy in addition to aromatase inhibitors.

1.8.2 Sulfatase Inhibitors

1.8.2 .1 Antiestrogens, progestins and tibolone metabolites

The antiestrogens ICI 164,384 [26], tamoxifen [18] and its more active metabolite, 4-OHT 

[19] have been reported to be inhibitors of sulfatase activity in hormone-dependent breast cancer 

cells and homogenates of breast tumour tissues^*” Chu e t al. found that in the rat liver (£)- and 

(Z)-4-hydroxytamoxifen sulfamates are also sulfatase inhibitors*". Tibolone [65] (see Fig. 1.24) and 

its more active metabolites Org 4094, Org 30,126 (3a- and 3|3-hydroxyderivatives) and its 4-en 

isomer (Org OM-38) are potent sulfatase inhibitors at low concentrations (5><10”̂  M) in MCF-7 and 

T-47D hormone-dependent breast cancer cells^'’ ®'.
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1 .8 .2 . 2  S teroidal com p oun ds

Potter and co-workers p ioneered the synthesis of sulfam ated esters of estrogens and 

derivatives. Estrone-3-O-sulfam ate (EMATE) [6 6 ] is a potent synthesised  sulfatase inhibitor 

d isp laying 99% inhibition of estrone sulfatase at a concentration of 10'  ̂M in MCF-7 cells® '̂ A 

n ovel 2-substituted analogue of EMATE: 2-difluorom ethylestrone 3-O -sulfam ate has an I C 5 0  of 100 

pM and is 90-tim es m ore potent sulfatase inhibitor than EMATE in placental m icrosom al 

preparations. In other studies, attem pts to develop  sulfatase inhibitors w ithout residue estrogenic 

activity w ere undertaken^®. The m ost potent inhibitor w as a 17-benzyl substituted E2 derivative  

w ith an IC50 value of 22 nM. W hen these 17a-substituents w ere added to the 3-O-sulfam ate 

estradiol structures, the com bined inhibitory effect w as m ore potent w ith  an IC50 valu e of O.lSnM® .̂

Estradiol-17-O-sulfam ates and estradiol 3 ,17-0 ,0 -b is-su lfam ates (E2bisMATEs) were  

reported as steroid sulfatase (STS) inhibitors and antiproliferative agents®^. Estradiol 3 ,1 7 -0 ,0 -b is-  

sulfam ate derivatives proved to be excellent STS inhibitors in contrast to the 17-O-m onosulfam ate. 

The 2-Substituted E2bisMATE [67] had a STS inhibitory IC50 value of 18 nM. The com pound [67] 

sh ow ed  potent antiproliferative activity in the NCI 60-cell-line panel and exhibited antiangiogenic 

in vitro and in vivo activity in an early-stage Lewis lung m odel. [67] w as also co-crystallized with  

carbonic anhydrase 11, and X-ray crystallography revealed unexpected  coordination of the 17-0-  

sulfam ate of [67] to the active site zinc and a probable additional low er affinity b inding site. These 

2-substituted E2bisMATEs are attractive lead candidates for further d evelopm ent as m ulti-targeted  

anticancer agents.

0 0
0

[69]

Figure 1.24 Sulfatase inhibitors [65]-[73]

1.8.2.3 N on-stero idal com p oun ds
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A nderson et al. show ed that the basic structure for the b inding of inhibitors does not 

require the steroid  nucleus^. A new  interesting series of com pounds w ith a tricyclic coum arin 

sulfam ate structure  have been synthesized by Potter et al. These non-steroidal sulfatase 

inhibitors are active in vitro  and in vivo, are non-estrogenic and  possess, in vitro, an  IC50 value of 

around 1 nM. H ow ever, the m ost potent inhibitor in vivo  does not correspond to the better 

com pound in vitro. The inhibitor, 667 COUMATE (STX-64) [68], entered a Phase I trial in 

postm enopausal w om en w ith breast cancer.

A nother new  class of non-steroidal irreversible inhibitors w ith substitu ted  chrom enone 

sulfam ates w as reported  by Billich et al.̂ .̂ These com pounds are exem pt of estrogenic activity and 

can block estrone sulfate and  dehydroepiandrosterone sulfate stim ulated grow th of MCF-7 cells. 

The com pound [69] had an inhibition IC50 value of 89 pM  in MCF-7 cells.

Recently, new  potent reversible sulfatase inhibitors based on 2-(l-adam antyl)-4- 

(thio)chrom enone-6-carboxylic acids and  6-[2-(adam antylidene)-hydroxybenzoxazole]-0 - 

sulfam ate, w ere reported®’. C om pound [70] d isplayed an inhibition IC50 value of 260 nM  in Chinese 

ham ster ovary cells. New non-steroidal com pounds, corresponding to a l-(p-sulfam oyloxyphenyl)- 

5-(f>-f-butylbenzyl)-5 alkanols series have been proposed by C iobanu et The best inhibitors are 

the undecanol derivatives [71] in the sulfam ates series (IC50 value, 0.4 nM). Sulfamoyloxy- 

substitu ted  2-phenylindoles [72] and sulfam oyloxy-substitued stilbenes are an in teresting  new 

class of sulfatase inhibitors w hich show  a dual m ode of action as they block gene expression by 

inhibition of estrone sulfatase and by antiestrogenic action^'. Recently, tw o new  po ten t classes of 

non-steroidal steroid sulfatase inhibitors, w ithout estrogenicity, have been reported: BENZOMATE 

(benzophenone-4,4-0,0-bissulfam ate) [73] and related analogues and som e biphenyl-4-O- 

sulfam ate derivatives (e.g. 2,4-dicyanobiphenyl-4-0-sulfam ate)’^

1.8.2.4 D ual arom atase-su lfatase  in h ib ito rs

In 2003, the first dual arom atase-steroid sulfatase inhibitors w ere synthesised and 

evaluated by Potter and  coworkers. Sulfam oylated derivatives of arom atase inhibitors displayed 

low nanom olar sulfatase and  arom atase inhibition w hile one dual inhibitor in the study  w as tested 

in vivo and dem onstrated  potency against both enzym es’ '̂ The strategy involves the introduction 

of the required  pharm acophore for po ten t irreversible steroid sulfatase inhibition -  the phenol 

sulfam ate ester -  onto a potent arom atase inhibitor, YM511 [74] (see Fig. 1.25). As part of a SAR 

study, com pound [75] w as found to inhibit both steroid sulfatase (IC50 = 39 nM) and  arom atase 

(IC50 = 0.82 nM ) w ith high potency causing alm ost com plete inhibition of both enzym es in vivo
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within 3 h of dosing in rats. The proposed mechanism of action of the dual-inhibitor is shown in 

Fig. 1.26. Compound [75] causes irreversible inhibition of steroid sulfatase, while both the 

sulfamate [75] and its hydrolysed form [76] can inhibit aromatase reversibly.

H 2 N - S - 0

[74 ] [75]

Figure 1.25 YM511 [74] and dual aromatase-sulfatase inhibitor [75]

When analysing the molecular docking of [74] and [75] in the aromatase homology model, one key 

difference occurs at the Ser478 residue, a hydrogen-bonding donating residue. The p-cyano group 

of [74] which can potentially act as a hydrogen-bond acceptor is positioned 3.59 A away. In [75], 

the sulfamate group resides more closely to Ser478, where as its p-cyano group is now positioned 

6.22 A away’ .̂

Br.

? II
H 2 N - S - 0  n 

0

AROMATASE
(Inhibited)
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CN

S T S
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Irreversible In h ib itio n ^^^
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Reverisible Inhibition
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T ra n sfe ra se
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Hydrolysis
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CN

Figure 1.26 Proposed mechanism of dual aromatase-sulfatase inhibitors ”

To conclude, the phenolic sulfamate ester functional group is a potent moiety to be utilised in the 

development of novel agents.

1.9 Antimitotic agents 

1.9.1 Tubulin and microtubules
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D uring mitosis, in  the final stages of the cell cycle, chrom osom es segregate and  cell 

replication occurs. The involvem ent of a dynam ic pipe-like protein  fibre, know n as m icrotubule, is 

essential in this process. M icrotubules determ ine cell shape and  play im portan t roles in diverse 

processes such as cell division, cell m otility and  m igration, cellular transport, and  signal 

transduction. They are cylindrical organelles of varying length com prising of a|3 tubulin  

heterodim ers (see Fig. 1.27). The 55 kDa proteins, a  and (3 tubulin, are found in v irtually  all 

nucleated cells and  possess a high degree of hom ology (40 -  50 %) to each other. U pon binding to 

GTP, an energy-rich guanosine triphosphate, and  th rough  a sequence of events that are still not 

fully understood, tubulins polym erise into m icrotubules. Throughout mitosis, the dynam ic 

instability of m icrotubule polym erisation and depolym erisation are finely controlled. Any 

variation in the rate of polym erisation can greatly affect cellular replication. Affected cells becom e 

locked in m itosis phase and subsequently  enter apoptosis’ .̂

|i-tubulin

tubulin  h e te rod im er  
(= m icro tubule  subunit)

p ro tofilam ent lum en

50 nm

: m in u s  
end

o-tubulin m icro tubule

(C)

10 nm

50 nm
(A) (B)

Figure 1.27 M icrotubule formation: a(3 tubulin  heterodim ers (A) form protofilam ents (B)

w hich create m icrotubule structures (C) .

Ligands w hich d isrup t the dynam ic instability iiiherent to this system  have been 

developed as antim itotic anticancer agents. Three distinct sm all-m olecule b ind ing  sites are well 

characterised for these ligands; the colchicine site, vinca alkaloid dom ain  (both located on 

m onom eric unpolym erised  a/(3 tubulin) and  the taxoid dom ain on polym erised m icrotubule. 

Ligands w hich bind at the vinca dom ain (i.e. vinblastine, vincristine) or colchicine b inding site (i.e.
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colchicine, com bretastatin A-4) d isrup t the polym erisation of tubulin  into m icrotubule while 

ligands w hich bind at the taxoid region (i.e. paclitaxel, epothilone) stabilise m icrotubule. These 

ligands affect the dynam ic instability of the m icrotubule system  and lead to cellular division 

ar^est’̂

1.9.2 Combretastatins

1.9.2.1 D iscovery and  in itia l w ork

The Com bretaceae family of shrubs and  trees is found in the traditional m edical practices 

of Africa and  India. In-depth study  of cancer cell grow th inhibitory constituents of the South 

African w illow  tree Combretum cajfrum began w ith  Petitt et al. in 1979 Later, the bibenzyl 

com bretastatin [77] (see Fig 1.28) w as isolated, a crystal structure determ ined and  tested through 

the U.S. N ational Cancer Institute (NCI) screen” . In 1987, further com bretastatins (A-1, A-2, A-3, B- 

1 and B-2) w ere isolated and  structurally  determ ined by the g ro u p '” ' In 1989, the group 

successfully isolated com bretastatin A-4 (CA4) [78]. Both com bretastatin  A-4 and  com bretastatin  A- 

1 proved to be strong inhibitors of colchicine b inding to tubulin  and to be exceptionally strong 

inhibitors of tubulin  polym erisation‘s . For these reasons, com bretastatins, in particular CA4, have 

become interesting lead com pounds for d ru g  design and developm ent s tu d ies '”̂ ' The main 

developm ents or m odifications of the lead com pound [78] can be subdivided into groups.

1.9.2.2 M odifications of com bretastatin  ring  su b stitu en ts

Following on from Pettit's work, C ushm an et al. synthesised an array of cis-ltrans- stilbene, 

dihydrostilbenes and  some N -arylbenzylam ines and  evaluated their cytotoxicity against a num ber 

of cancer cell lines'”̂ ' '°*. C om pound [79] w as found to be alm ost as po ten t as CA4 as a tubulin  

polym erisation inhibitor, 140 tim es m ore cytotoxic against HT-29 colon adenocarcinom a cells and 

alm ost 10 tim es m ore cytotoxic against MCF-7 breast carcinom a cells w hen com pared to CA4. The 

study  provided  im portant structure-activity data and  in particular dem onstrated  the im portance of 

the CIS configuration'°^' A num ber of aryl azide derivatives of CA4, such as [80], were 

synthesised and  evaluated in an effort to p roduce candidates for photoaffinity labelling stud ies’”̂ . 

Lawrence et al. as part of their research in developing novel antim itotic agents synthesised a set of 

fluorinated analogues of com bretastatins, such as [81], in o rder to test the effect fluorine 

substitu tion  had  upon  their in vitro  activity and  in vivo  d rug  distribution, clearance and the rate 

route and  extend of d ru g  m etabolism '”®. Petitt et al. synthesised a series of cis- and  Jrans-stilbenes 

related to CA4 w ith  a variety of substituents (halides, am ines and  O-alkylamines) and side chains 

at the 3’-position of the aryl B-ring'*”. The brom o cis-stilbene [82] displayed results approaching
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that of CA4.
•OHHO. OH

[78]

OMe OMe OMe

MeO OMe MeO' OMe MeO' OMe
OMe OMe OMe

[81] [82][80]

OMeOMe OMe

MeO' OMeMeO' OMe MeO' OMe
OMeOMe OMe

Figure 1.28 Selection of combretastatin analogues with modified ring substituents

1.9.2.3 M odifications of the double-bond bridge in combretastatins

A large number of analogues with a modified bridge have been reported to date'“ . 

Conversion of the bridge between the A- and B-rings from the cis-  configuration to t r a n s -  generally 

reduces the cytotoxicity of the analogues. The t ra n s -  version of CA4, for example, is inactive in both 

tubulin polymerisation and colchicine binding while its cytotoxicity is decreased by approximately 

five orders of magnitude compared to CA4'“ ' The aminomethylene regio-isomer [83]

shown in Figure 1.29 is a potent tubulin inhibitor and displays strong cytotoxicity with an IC50 

value of 1.5 n M T h e  introduction of larger groups, such as COOH [84], to the bridge 

position C-a (the bridge carbon adjacent to the A-ring) appear to detrimentally affects the tubulin 

polymerisation inhibitory activity, however, maintains moderate cytotoxicity (low |aM) while 

introduction to C-p (the bridge carbon adjacent to the B-ring) bioactivity is greatly hindered'®*. The 

presence of smaller groups such as CHO, CN and OH at the bridge position seem to be more 

tolerated, however, cytotoxicity and antitubulin activity is still reduced compared to C A 4 ' ° ^ ' T h e  

bridge-length is key to optimal antitubulin activity. While some compounds with the A- and fi

rings separated by only an -O- or -NH- group displayed some significant antitubulin activity, the 

two-carbon bridge displays optimal activity. Increasing the bridge length reduces bioactivity"^. 

Borrel e t  al. synthesised series of CA4 derivatives (acrylic acids, acrylamides [85], 

methylcarbamates) in order to improve aqueous solubility and to stabilise the c!s-configuration of 

the ethene bridge"”.

HOOC

OMe OMe

MeO' OMe MeO' OMe
[85][84]OMe OMe[83]

Figure 1.29 Selection of combretastatin analogues with modified bridges 

1.9.2.4 Fused ring combretastatin analogues
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A num ber of groups synthesised  diarylindole, diarylfuran and d iarylthiophene analogues  

to test as rigid surrogates for the ethene bridge of CA4 The potent benzo[b]th iophene [8 6 ]

prepared by Pinney (see Fig. 1.30) d isplayed  inhibition of tubulin polym erisation IC50 valu e of 3.4 

|.iM (CA4 IC5 0  = 2.1 |jM). An observation w as m ade that by replacing either the A- or B-ring w ith a 

naphthalene ring, but not both together, resulted in com p oun ds w ith  a potency com parable to that 

of CA4"^. Perez-M elero et noted that the naphthalene surrogate produces m ore potent 

com bretastatin derivatives w hen  replacing the 3-hydroxy-4-m ethoxyphenyl m oiety  than the 

trim ethoxyphenyl motif. C om pound [87] d isp layed  the best cytotoxic activity but very weak  

inhibition of tubulin polym erisation. A nother group dem onstrated that a d ioxolane cis-(S,S) 

analogue of CA4 w as the sole active com pound o f tw elve chiral stereoisom ers and d isplayed  

com parable biological activity'^. It w as found that the analogue [8 8 ] (dioxostatin) w as tw ice m ore 

potent than CA4 as a tubulin polym erisation inhibitor. In general, w henever the spacial 

arrangem ent of both ring system s and the substitution pattern are in high agreem ent w ith  that of 

CA4, h ighly potent antim itotic agents are produced"'*'

[86] S 'A
^ O M e  I '  [ I  J

' N '
 ̂ x ^ O M e

MeO OMe
OMe

OMe

OMe

Figure 1.30 Selection of com bretastatin analogues w ith  fused ring m odifications

1.9.2.5 Prodrug and conjugated  com bretastatin  d erivatives

D espite its initial prom ise as an anticancer drug Combretastatin A-4 (CA4) [78] w as  

prevented from entering phase I clinical trials phase ow in g  to its lim ited solubility  in 

pharm aceutically accepted solvents"^. Pre-clinical d evelopm ent w as carried out and derivatives at 

the 3'-phenol o f CA4 w ere synthesised  for evaluation as possib le w ater-soluble prodrugs"^. The 

m ost soluble derivatives included am m onium , potassium  and sod ium  phosphate salts, w here the 

sod ium  salt w as selected for drug form ulation and further pre-clinical developm ent. Later, a group  

synthesised  w ater-soluble g lycosides of CA4, tw o of w hich  d isp layed  potent cytotoxic properties”®. 

A series o f com bretastatin CA4 analogues w ere d esign ed  by O hsum i et al. containing a nitrogen- 

containing group in order to im prove solubility"’. The com pound [89] sh ow ed  potent antitum our  

activity against C olon 38 and 3LL m urine tum our m odels in mice, d isplayed  antitum our activity  

against HCT-15 hum an xenographs in n ud e mice; w as superior to cisplatin in C olon 38, 3LL and 

HCT-15 tum our m odels, and d isp layed  im proved solubility"’.
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Figure 1.31 Selection of com bretastatin analogues and  conjugates 

Pettit et al. synthesised and evaluated a num ber of CA-2 analogues containing the amine

com pounds produced, the 3'-am ino CA-2 derivative, derived glycine am ide [90] d isplayed high 

levels of inhibition against a m ini-panel of cancer cell lines. In addition, a potent cancer cell grow th 

inhibitor [91] w as synthesised by m arrying a com bretastatin A-2 am ino derivative w ith another 

pow erful tubulin  assem bly inhibitor, dolastatin  10 [92]; thus producing potentially m ulti-targeting

nitrogen m ustard  cores'^^. C om bretastatin A-4 w as joined w ith chloram bucil via an ester linkage 

and the resultant com pound [93] proved to be m ore cytotoxic than the two com pounds evaluated 

together.

1.9.2.6 O th er tu b u lin  in h ib itio n  agents

A num ber of g roups noted that sim ple benzophenones (i.e. [94]) show ed potent activities 

against tubulin  polym erisation and tum our cell g r o w th '® 'F o l lo w in g  SAR investigations of the 

phenstatin  group, a novel am inophenstatin  [95] (see Fig 1.32) w as reported  w ith potent cytotoxicity 

and tubulin  polym erisation inhibition activity '^.

m oiety at the 3'-position of the B-ring and also derived am ino acid am ides'^”. From the set of

com pounds'^ '. Coggiola and coworkers synthesised a series of com bretastatins incorporating

o

OMe OMe OMe
[94] [95] [96]

o. ,o

Figure 1.32 Related analogues of com bretastatins
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A potent polyoxygenated chalcone with a similar CA4 substitution pattern has also been 

r e p o r t e d D u c k i  and coworkers prepared an analogue with a methyl group at the a-position  

(reported to enhance antimitotic activity in chalcones) and found [96] to have an IC50 value of 0.21 

nM against the K562 cell line, A number of CA4 sulfonate analogues were synthesised by placing 

the sulfonate functional group between two aryl rings mimicking the cis-olefin bridge of CA4. In 

general, the sulfonates display excellent cell growth inhibition and anti-tubulin polymerisation. 

One of the most potent analogues [97] had comparable activity to CA4. However, many sulfonate 

analogues display low aqueous solubility, short half lives and low bioavailability. Replacement of 

the sulfonate with a sulfonamide moiety would tackle some of these issues as seen in the 

sulfonamide antimitotic agent E-7010 [98] under clinical trials at present.

The vast library of reported combretastatin analogues and derivative demonstrates the 

huge interest and potential of CA4 as a lead compound in medicinal chemistry'®'

1.10 Tumour-targeting conjugates of cytotoxic agents 

1.10.1 Overview

Traditional cancer chemotherapy relies on the premise that rapidly proliferating cancer 

cells are more likely to be killed by a cytotoxic agent. In reality, however, cytotoxic agents have 

little or no specificity, which leads to systemic toxicity. Attempts to nullify these side effects, 

various drug delivery protocols and systems have been explored. There are a number of different 

approaches designed to target tumour tissue (through tumour overexpressed enzymes, tumour 

overexpressed receptors, hypoxia, ADEPT, photo-responsive prodrugs, docohexaenoic acid 

conjugates), or as polymer conjugates (via hyaluronic acid, poly(ethylene glycol), 

carboxymethylcyclodextran, poly(L-glutamic acid), N-(2-hydroxypropyl)methacrylamide), protein 

conjugates, dendrimers)'^' Depending on their size, conjugates can behave in entirely

different ways to low-molecular weight cytotoxic drugs with their actions governed by their 

physicochemical properties, physiology and anatomy of the body at both a tissue and cellular level. 

In some cases, this can give rises to drug delivery barriers which must be overcome; while in other 

cases, these barriers can be exploited and enhance specificity'^^.

To achieve effective tumour-specific drug delivery, morphological and physiological 

differences between normal and malignant tissues must be recognised. Tumour cells often 

overexpress many receptors and biomarkers, which can be used as targets to deliver cytotoxic 

agents into the tumours. Rapidly growing cancer cells also require quick formation of new blood 

vessels and the resulting tumour vasculature has many defects allowing large molecules and lipids
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to enter the extravascular space in tumours. In contrast, the lymphatic system is underdeveloped in 

tumours, preventing large molecules and lipids being released from the tum our thus leading to an 

accumulation of macromolecules. This phenomenon is termed 'enhanced permeability and 

retention’ (EPR) effect'^^. Cancer cells also have a higher metabolic rate which leads to hypoxia®. 

This induces anaerobic metabolism, resulting in the formation of lactate thus lowering the 

intracellular pH. For this reason, often conjugates are designed to release the cytotoxic agent upon 

acidification'^^.

In general, a tumour-targeting drug delivery system consists of a tum our recognition 

moiety and a cytotoxic 'warhead' connected directly or through a suitable linker to form a 

conjugate. The conjugate, which can be regarded as 'prodrug', should be systemically non-toxic. 

This means that the linker must be stable in circulation. Upon internalization into the cancer cell 

the conjugate should be readily cleaved to regenerate the active cytotoxic agent. Tumour-targeting 

conjugates bearing cytotoxic agents can be classified into several groups based on the type of
• • • • 127cancer recognition moieties .

1.10.2 Monoclonal antibody-based tumour targeting

Antigens that are overexpressed on the surface of cancer cells can be used by specific 

antibodies to selectively target tumour cells. The efficacy of antibody-drug immunoconjugates as 

chemotherapeutic drugs heavily depends on the tum our specificity of antibody, the potency of the 

cytotoxic agent, and the efficiency of the linker, which connects an antibody to a 'warhead'

The cytotoxic agents used in the immunoconjugates should be highly potent because only a 

limited number of molecules can be loaded on each antibody without diminishing the binding 

affinity of the antibody moiety and increasing the immunogenicity of the conjugate. Also, there is 

only a limited amount of antigens overexpressed on the tum our cell surface.

Doxorubicin (DOX), with moderate cytotoxicity, is still widely used in antibody-drug 

conjugates. A conjugate containing a hydrazone linker (BR96-DOX) entered phase II clinical trial. 

An N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-based conjugate bearing DOX and 

hum an immunoglobulin (Hulg) through a biodegradable Gly-Phe-Leu-Gly linker has been 

developed and clinically studied. The HPMA-DOX conjugate alone is also used. Use of the HPMA 

polymer could add the EPR effect to the conjugate and also increase the drug-loading without 

diminishing the binding affinity of the antibody moiety'^^. Mylotarg® (gemtuzumab ozogamicin), 

for the treatment of AML, is an antibody-targeted chemotherapy agent composed of a humanized 

antibody conjugated with a potent cytotoxic antitumor antibiotic, calicheamicin. The antibody
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portion of M ylotarg b inds specifically to the CD33 antigen, a glycoprotein  found on  the surface of 

leukem ic cells. This antibody is linked to N -acetyl-gam m a calicheam icin via a b ifunctional linker'^'.

1.10.3 Tum our-targeting w ith  polyunsaturated  fatty acids (PUFAs)

It has b een  sh ow n  that PUFAs are taken up extensively  by tum our cells, incorporating  

them selves into the lipid bilayer of cells, d isrupting m em brane structure and fluidity, possib ly  

influencing the chem osensitiv ity  of tum our cells'^^. A num ber of PUFAs conjugates of daunom ycin, 

podophyllotoxin  derivatives and paclitaxel have dem onstrated both increased antitum our activity  

and reduced system atic toxicity against different cancer cell lines'^^. A group noted that paclitaxel 

rem ains above 2 |j M in tum ours for only 16 h after 20 m g/kg of i.v. paclitaxel, w hereas paclitaxel 

derived from 120 m g/kg of an i.v. docosahexaenoic(D H A [99])-paclitaxel conjugate rem ains above 2 

|aM for 240 h. The D H A -paclitaxel conjugate is currently undergoing clinical trials’’^

1.10.4 Tum our-targeting w ith  fo lic  acid

There are tw o m em brane-bound folic acid receptors, FR-a and FR-p. Both isoform s bind  

folic acid [100] (Fig. 1.33) w ith a high affinity (KD < 1 nM). FRs are overexpressed in several 

tum ours, particularly in ovarian and endom etrial cancers. A reported FR-targeting paclitaxel 

em ulsion  form ulation d isp layed  a 78-fold selectivity in vitro towards FR-positive KB tum our cells 

w ith an IC50 valu e of 18 nM. In the absence of the em ulsion  form ulation, the IC50 value w as 3.6 |aM 

against the sam e FR-positive cell line, representing a 200-fold decrease in activity'^^'

Figure 1.33 D H A  [99] Folic acid [100] and hyaluronic acid m onom er unit [101]

1.10.5 T um our-targeting w ith  hyaluronic acid

H yaluronic acid (HA) [101] has a function in cell grow th, differentiation, and m igration  

w ithin  the extracellular matrix. Various tum ours, such as epithelial, ovarian, colon, stom ach, and  

acute leukaem ia, overexpress H A -binding receptors CD44 and RHAMM'^^. H A can be directly 

coupled w ith  an active cytotoxic agent to form a non-toxic prodrug or be covalently attached to a

o

[99]

O COOH

HOOCCOOH
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suitable polymer to act as a carrier. The cytotoxicity of a HPMA-HA-DOX targeted bioconjugate 

was found to be an order of magnitude higher against hum an breast cancer (HBL-100), ovarian 

cancer (SKOV-3), and colon cancer (HCT-116) cells when compared to the non-targeted HPMA- 

DOX conjugate. Fluorescence microscopy revealed that the targeted HPMA-HA-DOX conjugates 

were internalized more efficiently by cancer cells relative to the non-targeted HPMA-DOX 

conjugate .

1.10.6 Tumour-targeting with peptides

Peptide-based targeting of tumour-associated receptors is an attractive approach as high- 

affinity sequences can be now discovered through screening of combinatorial libraries. Two active 

forms of somatostatin (SST), a hormonal neuropeptide, interact with cells through a minimum of 

five membrane receptors (SSTR1.5). The SST isoforms possess high binding affinity to the receptors. 

SSTR1.5 are expressed in a significantly high level in GI tum our cells. The binding affinities of the 

carrier peptides and their cytotoxic analogues containing DOX or 2-pyrrolino-DOX to rat pituitary 

membrane were found to inhibit the binding in the nanomolar concentration range (IC50 < 80 nM), 

demonstrating high specific affinity to these receptors'” .

1.10.7 Tumour-targeting with receptor ligands

Targeting ligand receptors overexpressed in tumours can lead to selective conjugates with 

improved biological activity. Ligand receptor interactions can be between steroid hormones and 

their cytoplasmic or nuclear receptors, other interactions can occur between secreted polypeptide 

ligands and transmembrane receptors. A review of the many estrogen-receptor tumour-targeting 

conjugates which have been investigated are presented in the next section.

1.11 ER-targeting conjugates

The estrogen receptor is a suitable target of selective treatment of ER-positive breast cancer 

tumours as there are between 1000 and 10000 molecules per cell'“ . Calculations on the basis of the 

number of receptors per cell and the possible drug concentration show that the relative binding 

affinity (RBA) value should be at least 1% of that of estradiol.

1.11.1 Conjugates of cytotoxic agents

Investigations involving the coupling of cytotoxic agents to steroidal skeletons in order to 

affect hormone-dependent tum our cells has been studied as far back as the late 1960s when many
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groups w ere synthesising steroidal alkylating agents such as phenestriene [102] (Fig. 1.34) and 

estram ustine phosphate sodium[103]

Figure 1.36

cu

[103]

OHs
Cl

[105]

OH

Selection of early reported  ER-conjugates 

By the end of the late 1980s, m any steroidal conjugates based on estradiol (E2), hexestrols 

(HEX), diethylstilbestrols (DES) and tam oxifen had been reported '^’' K r o h n  et al. synthesised a 

num ber of DES and HEX analogues w ith a C4 side chain at the double bond attached to a num ber 

of functional and potential alkylated groups such as carboxylic acids, hydroxy groups, esters, 

nitrogen m ustards and varied haloalkyl groups'^’' The group  concluded that the coupling of the 

cytotoxic agents tended to have a detrim ental effect of their bioactivity. M any of the synthesised 

conjugates coupled w ith alkylating agents had a RBA of 1.0 w hile two HEX-derivatives [104] and 

[105] displayed RBA values of 2.0 and 2.5 respectively.

A num ber of estradiol-G eldanam ycin conjugates have been synthesised 

Geldanam ycin (GDM) binds to the highly conserved N -term inal ATP b inding pocket of Hsp90. 

Hsp90 is a chaperone protein that plays a role in protein  refolding and  in the conform ational 

m aturation of several signalling molecules, including steroid receptors (such as the ER), Raf 

protein kinase, and  several transm em brane tyrosine kinases. GDM causes g row th  arrest and 

subsequent apoptosis of cancer cells. GDM has a broad spectrum  of activity, hence the interest in 

form ing selective conjugates. Danishefsky's g roup  synthesised different GDM -conjugates to target 

the estrogen and  androgen receptor. The strategy involved the a-stereoselective addition of 

various 3- and  4-carbon linker com ponents to the C-16 of estradiol. A n allyl-precursor w as used to 

synthesise the butane, butene, butyne and a propyl linkers w ith the desired C-16a configuration as 

the halides w ere poor electrophiles. The g roup  noted  that the conjugates retained good bioactivity. 

The group m onitored the steady state levels of HER2, ER and  Raf-1 in MCF-7 cells after dosing 

w ith the com pounds and the IC50 values w ere calculated as 50% inhibition of protein  expression. 

GDM had  an ER IC 50 value of 60 nM while [106] had a value of 80 nM. M ore im portantly , the group
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dem onstrated that their lead hybrid [106] w as targeting the ER-Hsp90 interaction exclusively, 

unaffecting other H sp90 proteins. The group concluded that the tether/linker played a pivotal role 

in the conjugate b ioactivity w here unsaturated four carbon linkers d isplayed  the best b inding  

affinities and that the activity w as a consequence of ER-binding otherw ise the role of the linker 

w ou ld  not be so  influential.
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Figure 1.35 Selection of ER-targeting conjugates [106] -  [111]

Devraj et al. synthesised  estradiol-ellipticine conjugates'"*^. Ellipticine is a naturally 

occurring indole alkaloid w hich  exhibits its cytotoxicity through both inhibition of topoisom erase  

II and intercalation into D N A . The group prepared three conjugates, extending a linker group from  

the 17a-O H  o f estradiol to the N-2, N -6 and C-9 position  of ellipticine. The conjugates d isplayed  

little or no b inding to the ER (RBA < 0.3) and no selectivity tow ards ER-positive cell lines. The three 

conjugates w ere tested against 55 cell lines as part of the N ational Cancer Institute (NCI) in vitro 

drug d iscovery screen. O ne conjugate [107] (Fig. 1.35) dem onstrated m oderate topoisom erase  

inhibition (IC50 24.1 |aM), w here ellipiticine has an IC50 value of 1.2 |jM.

M itom ycin C has been conjugated to estradiol via glutaric acid to form [108] The
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conjugate acts as p ro d ru g s of m itom ycin C. The conjugate exhibited the strong an titum or activity 

against sarcom a 180 solid tum our. H owever, it show ed low b inding affinity for the estrogen 

receptor and  there w as also a considerable toxic effect noticeable w hen tested in vivo. Overall, the 

conjugate d id  not su rpass m itom ycin in activity.

Initially, H artm an  et al. reported and  paten ted  estrogen-anthracycline (daunorubicin  and 

doxorubicin) conjugates [109]. Further expansions on the idea led to the developm ent of 

daunorubicin-estrogen conjugates w ith both steroidal [110] and non-steroidal [111] ER ligand 

components'"*®. Estrone was derivatised at the 17a position by reacting w ith propargy l alcohol, 

followed by a brom ination  step to produce a brom o alkyne derivative. A non-steroidal 

triarylethylene ligand w as synthesised via a five step route incorporating a G rignard  reaction and 

the reaction of a phenol w ith chloroacetylchloride to generate an halo ester g roup  on the 

triarylethylene scaffold. The halogen m oieties on the respective steroidal and non-steroidal ligands 

react w ith the am ine group  of daunorubicin  form ing the conjugates. The conjugates d isplayed 

weak binding affinity for the ER (RBA values of 0.079 and  0.851) w hen contrasted w ith their 

respective ER ligands (RBA values of 23 and  6 ). The group  concluded that the bulk  of the cytotoxic 

agents reduced the b inding affinity of the conjugates w hich suggested that linker length had a 

pivotal role in determ ining the binding affinity of the com pounds. The conjugate [111] show ed 4- 

fold selectivity tow ards the ER w hen tested in ER-positive MCF-7 cells and  ER-negative MDA-MB- 

231 cells. Overall, the conjugation of the daunorubicin  com ponent led to a reduction in its cytotoxic 

activity, from an IC50 value of 0.22 fĵ M in MCF-7 to 1.2 |aM [110] and 1.6 |aM [111].

A nalogues of doxorubicin and daunorubicin  containing a form aldehyde moiety, term ed 

Doxoform and D aunoform , w ere synthesised as it had  been reported  that both doxorubicin and 

daunorubicin  alkylated DNA via a catalytic production  of f o r m a l d e h y d e W h i l e  both  novel 

analogues are hydrolytically unstable, they dem onstrated  im proved  cytotoxicity against the MCF-7 

cancer cell line and a resistant strain, MCF-7/ADR. Doxoform  w as 150-fold m ore cytotoxic to MCF- 

7 cells and 10000-fold m ore cytotoxic to MCF-7/ADR cells. Burke et al. reported  the synthesis of a 

doxorubicin-form aldehyde conjugates bound  to the antiestrogen ligand, 4-OHT It was

hypothesised that the coupling of a grow th-stim ulating  horm one (i.e. estradiol) to a cytotoxic agent 

m ay not be optim al and  a w iser choice w ould  be an antiestrogen w hich still targets tissue w here 

ER is over-expressed bu t w ithout the grow th-stim ulation. The synthesised conjugates possess a 

form aldehyde incorporated in a m asked form  as a base-labile N -M annich linkage betw een 

doxorubicin and salicylam ide. The salicylam ide triggering molecule, previously developed  to 

release the doxorubicinform aldehyde active m etabolite, is tethered via derivatised ethylene glycols
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to an £- and Z- m ixture of 4-hydroxytam oxifen (see Scheme 1.1). The targeting group, £/Z-4- 

hydroxytam oxifen, w as selected for its ability to tightly b ind the estrogen receptor and 

antiestrogen binding sites.

The antiestrogen binding site (AEBS) refers to the presence of a secondary receptor binding 

site w here b inding of triarylethylene antiestrogens has been dem onstrated  w hich is not in 

com petition w ith the b inding of steroid horm ones, such as estrad io l’’’’. The AEBS is a high affinity 

binding site specifically for tamoxifen and its hydroxy derivatives. Using affinity chrom atography, 

the AEBS detected in rat u terus and in MCF-7 cytosol w as separated  from the ER and the binding 

of ligands to the AEBS w as investigated using radiolabelled ligands. In the AEBS the affinity for 

tam oxifen [18] and 4-hydroxytam oxifen [19] are the sam e (Kj: 1-2 nM) in contrast to the ER w here 

4-OHT [19] displays m uch tighter affinity. The cellular d istribution of AEBS is quite uncertain. 

H owever, there is evidence for the presence of AEBS in MCF-7 and MDA-MB-231 cell lines w here 

the expression level has been reported as 140000 sites/cell and  82000 sites/cell for MCF-7 (ER+) and 

MDA-MB-231 (ER-), respectively"*"'''’.

In Burke's study, the targeted doxorubidn-form aldehyde conjugates' estrogen receptor 

b inding and in vitro  grow th inhibition w ere evaluated as a function of tether length. The lead

H

HO

(iii)

O OH

^ 0  O OH 6

[112]
Formaldehyde linkage

Salicylamide linkage

Schem e 1.1 O utline of synthesis steps to obtain [112] (i) DIPEA, THF, sealed tube, 

60 °C; (ii) hydrazine, EtOH, 60 °C; (iii) TFA, EtOH, water.
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com pound, DOX-TEG-TAM [112], doxsaliform  connected to hydroxytam oxifen bearing a 

triethylene glycol (TEG) tether, binds the estrogen receptor (IC50 = 200 nM) w ith  a b inding affinity  

of 2.5% relative to £/Z -4-hydroxytam oxifen (4-OHT) and inhibits the grow th of four breast cancer 

cell lines w ith  4-fold up to 140-fold enhanced activity relative to doxorubicin. The hydrolysis and 

stability stud ies of [112] d isplayed  half-lives of 76 m in (pH 7.4), 6 8  m in (pH 7.6), 180 h (pH 7.4) and  

119 h (pH 7.6). The group concluded that the tether or salicylam ide m oiety w as the reason for the 

low er b inding affinity of the conjugates w hen  com pared to 4-OHT and the results seem ed to 

indicate that longer tether groups produced better b inding affinities (i.e. the TEG linker of [112] 

w as the longest linker utilised in the study). A s the conjugate [112] d isplayed  activity against the 

ER-negative M CF-7/ADR cell line, further investigations on anti-estrogen binding site (AEBS) 

positive cell lines: MCF-7, MCF-7/Adr, MDA-M B-231, and M DA-M B-435 w ere undertaken. The 

group dem onstrated that the targeting ability of [1 1 2 ] w as m ediated through the antiestrogen  

binding site as w ell as the ER. The conjugate [112] retained roughly 60% of the AEBS binding  

affinity relative to 4-OHT.

A selection of 17(3-estradiol-taxol conjugates have been reported. The various conjugates 

which were synthesised  by reaction of the 11- or 16-position of estradiol to the 2'-, 7-, or 10-position  

of taxol'^°. A num ber of the conjugates w ere linked via a succinic diacid linker group w hich should  

hydrolyse in vivo. TTie conjugates w ere evaluated and w ere all found to be cytotoxic to the A2870 

ovarian cancer cell line (IC50 values in the range 0.2 -  15 |aM) although to a lesser degree than taxol 

itself (IC50 = 25 nM). The 10-substituted derivative [113] (Fig. 1.36) gave the m ost interesting results. 

It had com parable lo w  activity to taxol in both the tubulin-assem bly and PC-3 assays (IC50 = 77 nM  

(taxol); 6 8  nM [113]), and sh ow ed  a 3-fold greater selectivity tow ards the ER-positive MCF-7 cancer 

cell line w hen  also tested  against the ER-negative M DA cell line.

A num ber o f 17(3-estradiol platinum  (II) com plexes have been synthesised  and evaluated'^’. 

The novel conjugates bear a 16(3-hydroxymethyl side chain and a platinum(II) com plex locked in 

position  16a of the steroid core [114]. The conjugates w ere evaluated  in ER-positive and ER- 

negative cell lines to assess their selectivity. A num ber of conjugates d isplayed  enhanced activity  

(approxim ately three-fold) w hen  com pared to cisplatin in all four cell lines in the study. H ow ever, 

overall there w as not a great degree of selectivity show n. A nother group carried out a QSAR study  

in order to investigate the optim al coordinating arm linking the platinum  unit to carrier agents 

(such as ER-ligands)'“ . A suitable arm consists of a spacer that en d s in, or contains, a chelating  

diam ine functionality (e.g., ethylenediam ine or piperazine). Ideally the spacer should  preferentially  

hydrolyse in tum our tissue, where the pH  is low er, and release the cytotoxic agent. The study
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concluded that the presence of NH3 or (lR,2R)-l,2-diaminocyclohexane (DACH) as carrier groups 

yielded the highest cytotoxic effects and that chloride and oxalato were the best leaving groups.

Ali e t  al. (2006) synthesised and evaluated a number of uradl-derivatives coupled to 

estradiol via a 17a ethynyl spacer moiety'”  The group had shown that the attachment of a long 

chain to the 17a position increases the ER binding affinity. The best conjugate had a RBA value ~3 

while none of the conjugates displayed any cytotoxicity against the MCF-7 or MDA human cancer 

cell lines demonstrating the reduced activity of the conjugated nucleoside agent and no selectivity 

towards ER due to the low binding affinity of the conjugates.

Flavone-, indole- and furan-estradiol conjugates were synthesised and evaluated as 

possible selective agents for ER-dependent treatments'^. The conjugates were linked via C2 or C8 

alkyl spacer chains from the 17a-position of the estradiol moiety. The best binding affinities were 

reported with the conjugates using a C2 tether spacer with compound [115] demonstrating a RBA 

value of 9.2 and an ERa Kj value of 37 nM (estradiol 12 nM).

HO
''t)H

[113]

Ph

-NH OH
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HO
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OH OH
[114]
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[116]

HO

OC O Ph s
Figure 1.36 Selection of ER-targeting conjugates [113] - [116]

Sharma e t  al .  synthesised a number of conjugates of 17(3-estradiol linked to DNA-alkylating 

agents in an attempt to determine the characteristics of the linker component which allows for both 

the reaction with the DNA material and the binding of the resulting DNA adducts to the estrogen 

receptor'®^ The 17p-estradiol was connected at the 7a-position to the linker group, while N,N-bfs- 

(2-chloroethyl)aniline was utilised as the alkylating agent [116]. Earlier work within the group 

determined that a six-carbon alkyl chain was essential for the ligand to fit into the ER binding site, 

therefore this was retained in their linker modifications. The binding affinities were determined 

through radiometric competitive binding assays while the reactivity of the conjugates with DNA  

was determined by electrophoretic gel mobility shift assay where the covalent DNA adducts 

formed by the conjugates with the portion of the estrogen receptor ligand binding domain (ER-
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LBD) w ere observed. The conjugates d isplayed  a range binding affinities and and D N A -alkylating  

abilities. A num ber of the conjugates sh ow ed  som e selectivity towards ER-positive MCF-7 cancer 

cell line w hen  tested against ER-negative M DA cancer cell line (approxim ately tw o-fold  increase in 

bioactivity).

1.11.2 C onjugates o f rad io ligand s

D etection of estrogen  receptors in breast tum ours u sing radioligands can help select the 

appropriate treatment therapy as ER is not a lw ays overexpressed in breast tum ours. Top et al. 

d eveloped  a rhenium -based estradiol conjugate [117] (Fig. 1.37) w ith  a RBA value of 172 % The 

im pressive b inding w as d u e to the presence of a chlorom ethyl substituent on the ll|3 -p osition  and 

a favourable interactions w ith Cys381 and Cys530 residues in the ligand binding site. Recently, 

Banerjee et al. successfu lly  prepared a ER-targeting radiotherapeutic agent [118] incorporating  

'^Lutetium, u sing a bifunctional chelating agent to sequester the radioisotope'®^ The '^Lu 

conjugate w as successfu lly  taken up by MCF-7 cells. The breast cancer im aging agent [119] was 

synthesised  by coupling an am ino derivative of tam oxifen to an N 2S2 bifunctional chelator to both 

rhenium and technetium-99m'®*. H ow ever, [119] sh ow ed  very low  ER binding affinities in vitro  and 

in vivo  w ith a RBA value of 0.009 %.
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[119]

Figure 1.37 Selection of ER-targeting radioligands

1.11.3 C onjugates o f p h otodyn am ic therapeutic agents

Photodynam ic therapy (PDT) is m inim ally invasive a llow in g  for repeated treatm ents at a 

diseased area. PDT agents, such as porphyrins, upon  irradiation w ith  red light (630-700 nm) enter 

an excited state w here they can generate a singlet oxygen  leading to cytotoxic effects in the area of 

irradiation. By coupling the porphyrins w ith  estradiol it is hypothesised  that the conjugate w ould  

be significantly taken up  by ER-positive breast tum our cells, m ore so than the unconjugated  

porphyrins alone and could  be utilised  in PDT of breast tum ours. Estradiol conjugates of 

photodynam ic therapeutic agents w ere first reported by James et al. w hen the group successfully  

synthesised a tetraphenylporphyrin-Cn-|3-estradiol‘®’. The n ovel conjugate w as sh ow n  to bind
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specifically to the ER w ith high affinity. In other investigations, a conjugate of a C lip -d e riv a tiv e  of 

estradiol w ith  an asym m etrical te traphenylporphyrin  w as synthesised'®. C om petitive radioligand 

b inding assays calculated the IC5 0 value for the conjugate [120] (Fig. 1.38) as 274 nM  (IC50 estradiol = 

1 nM). C ellular up take studies show ed the conjugate w as taken up, although in low  concentrations, 

by MCF-7 cells (w here the ER is over-expressed) and not significantly taken up  by HS578t (ER- 

independent) cells. The unconjugated porphyrin  show ed very low uptake by either cell line. The 

group noted  that the photo-sensitisation by the conjugate w as insufficient to kill the cells.

Similarly, Khan et al. coupled a phthalocyanine-based photosensitiser via a 17a-ethynyl 

g roup  to estradiol'^'. Phthalocyanines have strong red-shift absorption bands at 680 nm  w hich is 

the w avelength  w here optim al tissue transparency occurs. The conjugates w ere evaluated for their 

ER-binding affinity and in vitro photocytotoxicity. The conjugates w ith the best b inding affinities 

such as [121] (RBA -12 %) w ere photo-inactive at 1 |^M. O ther conjugates exhibited good 

photoactivities bu t had  a low  range of RBA in the ER betw een 0.30 -  1.64 %.

[121]

OH

OH

[120]NH

HNHN

OH

HQ-

Figure 1.38 Selection of ER-targeting PDT conjugates

1.11.4 C onjugates w ith  im proved  pharm aceutical p roperties

Fulvestrant (ICl 182,780) [51] is a 7a-substitu ted  estradiol derivative and  a pu re  antagonist 

of the estrogen receptor. It is an effective treatm ent for advanced postm enopausal ER-positive 

breast cancer, how ever, it is an injectable product and has low  oral bioavailability. A ttem pts to 

im prove the w ater solubility and oral bioavailability of fu lvestrant [51] w ere carried out through 

the synthesis of sugar conjugates of the com pound via glycosylation reactions at the phenolic 3- 

and h indered  hydroxyl 17-positions of the structure, such as [122] (see Fig. 1.39)

A n vitamin-E estradiol hybrid  conjugate [123] w as also recently reported  as a possible 

brain-selective SERM'*^. The group discovered that fu lvestrant [51] functioned as an  estrogenic 

agonist in prim ary neurons. This type of agonism  is be desirable in order to counteract the effects 

of A lzheim er's disease w hich is a neurodegenerative condition. The g roup  hypothesised  that a
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hybrid conjugate comprising of estradiol and the long alkyl chain fragment of vitamin E [124], 

which are both brain-permeable, could mimic fulvestrant's agonistic properties. The compound 

[123] was found to be agonistic in primary hippocampal neurons and a potent neuroprotective 

agent. The compound was found to activate signalling cascades consistent with agonist function. In 

competitive binding assays, the I C 5 0  value of estradiol and fulvestrant to the ERa was found to be 5 

nM and in ERp is 17 nM and 44 nM respectively. Compound [123] had an I C 5 0  values of 193 nM 

(ERa) and 267 nM (ER(3). The hybrid conjugate is a promising lead for development of brain- 

selective SERMs to promote neurological function.

A polymer-estradiol conjugate was synthesised which could act as a hydro-soluble 

estradiol prodrug which could be developed and adapted as a improved means of drug delivery 

Estradiol-3-benzoate was covalently bound via a carbamate linkage to the polymer PAHA 

(poly(a,|3-(N-2-hydroxyethyl-DL-aspartamide))-poly(a,(3-(N-2-aminoethyl-DL-aspartamide)) 

copolymer). Attachment of the estrogen derivative to the polymer limits its cellular uptake to the 

endocytic route.

An endoxifen-macromolecular conjugate was synthesised which displayed good binding 

affinity for both the ERa and ERp will retaining antagonistic properties'^^. The endoxifen analogue 

was conjugated to a diaminoalkyl linker and then conjugated to activated esters of a 

poly(methacrylic acid) polymer synthesized by atom transfer radical polymerization. Using a 

radiolabeled estradiol competition assay, the conjugate I C 5 0  values were 11 ± 9 nM for ERa and 35 ± 

10 nM for ER(3. In the same assay, the unconjugated ligand [125] had I C 5 0  values of 15 ± 5 nM for 

ERa and 9 ± 5 nM for ERp'*’̂ .

1.12 Project Objectives

The ER is an attractive target for hormonal-dependent diseases. Currently, there is an 

unm et need for good ER-ligands for many therapeutic applications. The main overall objective is to

"(CH2)9S(0)(CH2)3C2F5

Figure 1.42 Selection of ER-targeting conjugates [122] - [125]
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design, synthesise and evaluate novel ER-targeting com pounds and investigate their possible 

application as usehil therapies. The specific objectives of the thesis are:-

To utilise m olecular m odelling techniques in order to aid the design of novel estrogen 

receptor (ER) ligands and associated conjugates.

To synthesise a library of suitable ER ligands and conjugates, w hich will exert a selective 

antagonistic effect in breast cancer cells while dem onstrating  good ER-binding affinity.

To biochem ically evaluate a num ber of the com pounds synthesised for anti-proliferative 

activity and  cytoxicity in MCF-7 and  MDA hum an breast cancer cell lines.

To assess both ERa and  ER|3 b inding affinity properties of a selection of the com pounds 

synthesised in order to determ ine ligand ER-subtype selectivity.

To determ ine in vitro stability of the conjugate p roducts synthesised.
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Chapter 2

Estrogen receptor ligands

57



2.1 Overview

Tam oxifen [18] is an effective drug for the treatment and prevention of breast cancer™'^’. It 

has often been described as p ossessing prodrug-like qualities since it is extensively m etabolised by 

the hum an cytochrom e P450 enzym e system , producing several com pounds w hich  are m ore potent 

antiestrogens than the parent compound^^. Lim et al.^ dem onstrated that the m etabolites 4- 

hydroxytam oxifen and endoxifen  (Fig 2.1) are equipotent inhibitors of estrogen action, w ith  respect 

to ER binding, proliferation and inhibition of progesterone receptor (PR) gene expression. The PR 

m RNA expression is com m only studied as a marker of estrogenic action in breast cancer cells. The 

group tested the effects o f both m etabolites on gen om e-w ide profiling in ER-positive MCF-7 cancer 

cell line by cD N A  microarray analysis. The group sh ow ed  that both of these m etabolites had a 

sim ilar binding affinity for the ERa and ER(3, w ith  IC50 values -50  nM. Since hum an plasm a

concentrations of endoxifen  are 7-fold higher than 4-hydroxytam oxifen fo llow in g therapeutic

d oses of tam oxifen in breast cancer patients, it is suggested  that endoxifen is the major active 

m etabolite o f tam oxifen in vivo  and is as im portant as, if not m ore than, 4-hydroxytam oxifen [19] to 

the antiestrogenic activity of tamoxifen'**.

Rj

H Tamoxifen

OH 4-Hydroxytamoxifen

OH Endoxifen

Figure 2.1 Tam oxifen and major m etabolites

The su ggestion  that endoxifen p lays a m ore prom inent role in the activity of tam oxifen led  

to our interest in synthesising a num ber of endoxifen analogues in order to perform a structure- 

activity relationship (SAR) study. Secondly, the endoxifen  scaffold contains a secondary am ine 

functional group w hich can undergo further reactions -  w hich is o f interest w ithin  the project for 

the d evelopm ent of prototype conjugated com pounds.

The synthesis of tam oxifen and various analogues has been extensively studied. D ifferent 

routes, strategies and optim isations have been reported for the synthesis of the tam oxifen core 

structure. A s endoxifen  is structurally nearly identical to tam oxifen, reported tam oxifen synthetic 

routes are easily  adaptable for the synthesis of endoxifen analogues. In this chapter, a short review  

of som e of reported synthetic routes to triarylethylene structures w ill be d iscussed, fo llow ed  by a 

discussion  of the reactions carried out in this project to generate a fam ily of endoxifen analogues  

and other ER-ligands of interest.

Me

Me

H
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2.2 Synthesis of triarylethylene analogues

Stereochemistry is a key factor when synthesising tamoxifen analogues and a reaction 

route which produces predominantly more of the Z-isomer is desirable. Robertson e t noted 

that Z-tamoxifen, which is the tra n s isomer, was an antagonist in rat uterus while the £-tamoxifen, 

the cis isomer, was agonistic in the same tissue. The group also noted that for tamoxifen, 4- 

hydroxytamoxifen and other metabolites the relative binding affinity (RBA) in the rat uterine ER of 

the Z-isomers were much greater than those values for the £-isomers. Where the RBA of estradiol 

is taken as 100, Z-4-hydroxytamoxifen had a RBA of 285, while the £-isomer had a value of 5.

Current clinical applications of SERM compounds have given rise to a revived interest in 

developing new selective routes to different structures within this compound class. The 

development of concise regio- and stereo-selective routes remains challenging. A large number of 

previously reported selective routes utilise either carbometalation reactions or palladium-mediated 

cross coupling reactions, or a combination of both, to construct the tetrasubstituted olefin backbone 

of tamoxifen and triarylethylene analogues'^.

Classically, the synthesis of tamoxifen and its derivatives involves the addition of an aryl 

Grignard reagent to a 1,2-diarylbutanone'^’. Potter and McCague'^^ and McCague'^" synthesised a 

number of analogues utilising a Grignard reaction to form the triarylethylene scaffold (Scheme 2.1). 

In one method, a ketone compound reacted with 4-(tetrahydropyranyloxy)phenyl-lithium followed 

by an acid treatment produced a equal ratio mixture of isomeric triarylethylene phenols.

Br

(i)

(ii)
O(THP)

HO

Scheme 2.1 4-Hydroxytamoxifen synthesis route by McCague (i) nBuLi, THF (ii) HCl, EtOH

Minato e t al. and Liron e t al. reported on the palladium-catalysed stereoselective 

synthesis of arylated olefins. Both groups utilised arylstannane derivatives to sequentially arylate 

1,1-dihaloalkenes to afford a number of coupled products, including tamoxifen derivatives in good 

yields.

Miller's group‘d exploited a carbometalation of phenyl(trimethylsilyl)acetylene with 

diethylaluminum chloride/titanocene dichloride to yield an organometallic intermediate, which 

reacted with N-bromosuccinimide (NBS) to generate 1,2-diphenyl-but-l-enyl-trimethyl-silane. This 

was subsequently converted in two steps to analogues of tamoxifen [18] (Scheme 2.2).
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( i )  E t  B r

p h ^ ^ s i(C H 3 > 3  ------------------- --  ; = <
P h  S i(C H 3 )3

( iv )  E t P h  (iii)  Et P h

[18]  -------------  >=K
P h  B r  P h  S i ( C H 3 )3

Scheme 2.2 Tamoxifen synthesis route by M iller’^ (i) (a) Et2AlCl Cp2TiCl2 (b) NBS; (ii) 

PhZnCl, Pd(PPh3)4; (iii) B ti ,  NaOMe (iv) ArZnCl, Pd(PPh3)4

Stiidemann and Knochel'^*' used Ni-catalyzed carbozincation of 1-phenyl-l-butyne, 

followed by addition of iodine to generate the (Z)-iodoalkene, which could be converted to 

tamoxifen by a Pd catalysed cross-coupling reaction with an arylzinc bromide (Scheme 2.3).

( ')  E t  P h  (ii)
E t ^ ^ P h  ---------------► ; t = (   ► (18]

P h  I

Scheme 2.3 Tamoxifen synthesis route by Stiidemann and Knochel'^"': (i)(a) PhzZn, Ni(acac) 2  

(b) I2; (ii) ArZnBr, Pd(dba)2, PPhj

An alkynyl(2-pyridyl)silane (derived from but-l-ynyl-chloro-dimethyl-silane) has been 

utilized by Itami et to effect a regio- and stereo-selective carbomagnesation/cross-coupling 

sequence to generate the l,2-diaryl-l-butenyl(2-pyridyl)silane. Subsequent conversion to an 

alkenylboronate ester and Suzuki-Miyaura coupling yielded tamoxifen (Scheme 2.4).

(iv ) E t B -p in  ( '" )

[181     -------------------------------------
P h  A r

Scheme 2.4 Tamoxifen synthesis route by Itami'*^ : (i) o-C5 H 4 NMgBr; (ii)(a) PhMgl, Cul (b) 

Arl, Pd[P(t-Bu)3]2; (iii) (a) BCI3; (b) pinacol; (iv) Phi, Pd[P(t-Bu)3]2-

Zhou et al. reported the three-component coupling of 1-phenyl-l-butyne with

iodobenzene and an arylboronic acid has provided a direct manner to obtain tamoxifen (Scheme 2. 

5).
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Et =  Ph ---------------------------------►  [18]

Scheme 2.5 Tamoxifen synthesis route by Zhou'^*' (i) Phi, A rB (O H )2 , PdCl2 (PhCN ) 2

Shim izu et al.' '^ exploited a geminal d ibory la tion  of 2,2-dibrom o-l-e thyl-vinyl-benzene 

w ith  bis-(pinacolato)diboron generating the 1,1-diboryl-l-alkene, w hich underwent successive 

cross-couplings w ith  tw o d ifferent ary l iodides to afford tamoxifen (Scheme 2.6).

Et Br Et Bpin

>=<  ^ M
Ph Br Ph Bpin

(ii)

Et Ph
[1«]    ^

Ph Bpin

Scheme 2.6 Tamoxifen synthesis route by Shim izu’ *̂ (i)(a) BuLi (b) Bpin-Bpin; (ii) Phi, 

Pd2 d ba i, P(f-Bu)3; (iii) A r l, Pd2dba 2 , P(f-Bu ) 3

Shiina et a l . ' ^  developed a three component coup ling reaction among aromatic aldehydes, 

c innam yltrim ethylsilane and anisole using a Lewis acid catalyst to afford tetra-substituted 

ethylenes. A fte r m igration of a double bond functiona lity  using potassium fert-butoxide and the 

add ition  o f a basic side chain, tamoxifen derivatives are afforded.

M cK in ley and O ’Shea'^ recently reported a route to synthesis Z-tamoxifen through the 

carbolithation of diphenylacetylene generating (£ )-l- lith io -l,2 -d ipheny la lky l-l-enes w hich can be 

reacted in s itu  w ith  triisopropylborate to stereoselectively p rovide (£ )-!,2 -d iphenyl-l-a lky lene 

boronic acids. The tetrasubstituted v iny lboron ic acids served as versatile intermediates fo r the 

generation of tetrasubstituted olefins w h ile  retaining the stereochemistry (Scheme 2.7).

Scheme 2.7 Tamoxifen synthesis route by M cK in ley and O ’Shea'*’® (i) EtLi (ii) (a)

Br(CHj)2Br (b) H C l ( iii) Pd(PPh3)4, Na2C03, DME, H 2O

Coe and Scriven‘®° firs t reported the stereoselective synthesis of tamoxifen using the
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McMurry reaction - a low valent titanium-mediated crossed coupling of substituted 

benzophenones. The route tends to favour the synthesis of the desired Z-isomer for a number of 

analogues. Due to the impressive stereoselectivity and relative ease of reaction, the McMurry route 

has been utilised by many groups'®'' to synthesis different tamoxifen analogues as the desired 

isomer in high yields.

Within the research group, the McMurry reaction has been the route of choice for the synthesis of 

the triarylethylene scaffold as it commonly leads to good Z:E  isomer ratios and optimisation of the 

reaction has been investigated by previous researchers'®^' '®̂

2.3 McMurry Reaction

2.3.1 Background

In the 1970s, McMurry'®^, Mukaiyama'®^ and Tyrlik'®® independently and simultaneously 

discovered that ketones and aldehydes undergo reductive dimerisation to yield olefins on 

treatment with low-valency titanium reagents. McMurry's reagent system was prepared by 

reduction of TiCls with LiAlH4 in THF, while that of Mukaiyama was prepared from TiC^/Zn and 

that of Tyrlik from TiCb/Mg. The reactivity of the low valent titanium reagent was strongly 

dependent on the method of preparation. McMurry noted, in subsequent work, that the most 

active and reproducible reagent system could be prepared from TiCU/Zn-Cu'®’ and from the 

stoichiometry of the reductions and work carried out by Geise, it was evident that the Ti(0) is the 

active species of the reagent systems. To date, the use of the McMurry reaction has been reported 

for key carbonyl coupling steps in the synthesis of a large variety of compounds. The titanium- 

induced carbonyl coupling reaction has a wide application in the synthesis of highly strained 

olefins, unusual aromatic compounds and even complex natural products'^.

2.3.2 Mechanism of carbonyl coupling

The carbonyl coupling reaction takes place in two steps: (i) reductive dimerisation of the 

starting ketone or aldehyde to form a carbon-carbon bond and (ii) deoxygenation of the 1,2-diolate 

intermediate to yield the alkene (see Fig. 2.2 and Fig 2.3).

The first step is a pinacol reaction and is not unique to low-valent titanium reactions. 

Reducing metals are capable of adding an electron to a ketone or aldehyde carbonyl group, 

yielding an anion radical that dimerises. In fact, low-valent titanium at 0 °C is the reagent of choice 

for carrying out pinacol reactions as it is high yielding.
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Step (i) Carbon-carbon bond formation

Step (ii) Deoxygenation

R2 Ri R2

Figure 2.2 Carbon coupling reaction outline

The second step of the m echanism  is m ore interesting as it w as m echanistically 

unprecedented  at the time of its discovery and is uniquely  carried out by low -valent titanium . The 

details of the pinacol deoxygenation are difficult to study  due  to the heterogeneous n a tu re  of the 

reaction mixtures. It has been show n that the tw o C-O bonds do not break at the sam e tim e and 

that a m ixture of d s -  and fwns-isomers is produced  starting  from a diol w ith know n 

stereochem istry. Evidence also show s that the reaction is very close to being concerted.

0 0

r3 ^ r.

0 0

R f ^ R i  R j ^ R t

0 0

T i
T i11 R ,

/
Rj Rj

R ,  R . ^’' r, hP'

Figure 2.3 M echanism  of M cM urry reaction''

The m echanism  of M cM urry reaction w as confirm ed through extensive electron spin 

resonance (ESR) spectroscopy'^' in w hich signals attributable to the titanium -bound pinacolate 

interm ediate and to the Ti-bonded olefin product are observed. T itanium -induced deoxygenation 

of pinacolates take place at the surface of a small, zero-valent titanium  particle, followed by
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stepw ise cleavage of the C-O bonds w ith form ation of a n-bonded  olefin and an oxide-coated 

titanium  surface. The tw o oxygens m ust be able sterically to reach the same surface, bu t not the 

sam e titanium  atom.

2.4 Synthesis of endoxifen analogues 

2.4.1 General reaction scheme

In the presen t w ork, endoxifen [20] w as chosen as a suitable ER-ligand scaffold due to its 

high affinity ER-binding properties and  also because the secondary am ine group present on the 

basic side chain can undergo  further reaction to synthesise pro to type conjugated com pounds, 

discussed in the fourth chapter. In this chapter, the synthesis of a selection of different endoxifen- 

based analogues is discussed.

The general reaction strategy for the synthesis of selected endoxifen analogues is show n in 

Scheme 2.8. The endoxifen analogues w hich w ere synthesised can be subdivided into two 

subgroups; firstly, analogues [20], [168] - [174] com prising of one hydroxy functionality present on 

one aryl ring of the triarylethylene scaffold and secondly, analogues [175] - [182] w ith two hydroxy 

functionalities present on the aryl rings of the triarylethylene scaffold in a pflra-position in relation 

to each another. The form er subgroup w ere term ed m onohydroxy-endoxifen analogues ([20], [168] 

- [174]) w hile the latter subgroup  w ere term ed dihydroxy-endoxifen analogues ([175] - [182]). The 

d ihydroxy- analogues are closely related to com pounds such as estradiol [12] and raloxifene [28] 

w hich also have tw o hydroxy moieties in sim ilar spacial configurations w ithin their structures.

The m ain steps involve (including conditions):-

(i) the protection of specific phenol groups present on starting m aterials {tert- 

butyldim ethylsilylchloride. Im idazole, DMF)

(ii) the M cM urry reaction, w hereby tw o ketones are coupled to form a carbon-carbon double

bond  resulting in the required triarylethylene backbone structure  (TiCU, THF, Zn, reflux)

(iii) an  ethylbrom ination  reaction of the the phenolic product via phase-transfer catalysis 

(D ibrom oethane, N aO H  (aq.), (nBu)4NHS0 3 )

(iv) A n am ination reaction w hereby the brom ide product is reacted w ith different prim ary 

am ines to form a set of analogues (R-NH 2, sealed tube at 60 °C)

(v) the deprotection of the protecting group(s) to afford the desired analogues. (TBAF, THF)
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P ro tec tio n

(TBDMS)O'

(TBDMS)O'

M cM urry R eac tio n
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Amination
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[139]

[140]

[141]

[142]

[143]

[144]

[145]

CH3
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CH2CH2CH3

CH(CH3)2

(CH2)3CH3

(CH2>4CH3

(CH2)sCH3
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(V)
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[132] H H

[133] H O(TBDMS)
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H

OH

[53], [146] - [151] H H

[152]-[159] H O(TBDMS)

[160] - [167] O(TBDMS) O(TBDMS)

R3

[138] - [144] 

[138] - [145] 

[138] - [145]

[20], [168] - [174] H [138]-[145]

[175]-[182] OH [138]-[145]

Scheme 2.8 Synthesis strategy for endoxifen analogues
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2.4.2 Silyl-ether protecting group reaction

The first step in m any of the synthetic routes involved in the project involved the 

protection of phenolic g roups present on the starting  m aterials; [127] w as m ono-protected to give 

[128] and [129] w as m ono-protected to give [130], T hroughout the project, the protection of 

hydroxyl functional g roups w as crucial. Phenol protection w as principally carried out via the 

form ation of fert-butyldim ethylsilyl (TBDMS) ethers. This silyl ether w as chosen as a suitable 

protecting g roup  as it is tolerant to a w ide variety of reaction conditions due  to its steric bulk. The 

reaction rou te  chosen to synthesise the endoxifen analogues involves a num ber of harsh  and  basic 

reaction conditions in w hich the TBDMS ether is generally stable.

In general, one equivalent of the hydroxylated  benzophenone, or hydroxylated 

propiophenone w here applicable, is treated w ith one equivalent of ferf-butyldim ethylsilyl chloride 

w ith 10 % equivalent excess of im idazole in DMF solvent (Scheme 2.8). As im idazole is a pow erful 

nucleophile, it is likely that N-TBDMS-imidazole is form ed during  the reaction and is the m ain 

silylating species. The silylation reaction occurs presum ably via an Sn2 type m echanism . The excess 

im idazole helps scavenge hydrochloric acid by-product as it is produced in the reaction while also 

recycling itself for further prom otion of phenolic anion formation.

In the case the dihydroxylated  starting m aterial [127], the sequence and rate of addition  of 

the starting  m aterials is im portant. Firstly, a m ixture of benzophenone [127] and  excess im idazole 

are stirred for sufficient time to allow for the form ation of phenolic anions. The addition  of the silyl 

chloride is then carried ou t slowly -  this ensures that the concentration ratio of phenolic anions to 

silyl chloride is large and  that a greater proportion  of m ono-protected m aterial [128] is generated in 

the early stages of the reaction. As the reaction proceeds, there is less non-protected benzophenone 

rem aining in solution and  a greater am ount of di-protected product will be form ed. U pon reaction 

com pletion, a m ixture of mono- ([128] 45 % yield) and  di-protected (37 % yield) p roducts are 

afforded w hich are separated  by flash chrom atography. In the case of the m ono-hydroxylated 

starting m aterial [129], the rate of addition of the silyl starting m aterial is non-critical. The resulting 

silyl-protected product [130] was characterised by 'H-NM R, '^C-NMR, IR and high resolution mass 

spectroscopy.

As the protecting group  is extensively used in this study  a com prehensive discussion on 

the NM R is given here. The TBDMS protecting group  has distinctive and  characteristic signals 

observed in its NMR spectrum . Both m ethyl g roups present on the silicon atom  are highly 

shielded, therefore are positioned upheld  in the NMR spectrum . These m ethyl g roups are 

chemically and  m agnetically equivalent. In the case of [128], the protons and carbons of these
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m ethyl groups are observed as a singlet at 0.25 ppm  in the 'H-NM R spectrum  and at -4.78 ppm  in 

the ' t N M R  spectrum  respectively. The ferf-butyl m oiety of the TBDMS group is also quite 

sh ielded  d ue to the proxim ity to the silicon atom  w hile the proton and carbon atom s of the m ethyl 

groups are also chem ically and m agnetically equivalent. Therefore, the protons of the m ethyl 

groups of the tert-buty\ m oiety are found as a singlet at 1.00 ppm  in the 'H-NM R spectrum  w hile  

the carbons appear at 25.16 ppm  in the '^C-NMR spectrum . The quaternary carbon of the tert-butyl 

m oiety is observed at 17.80 ppm  in the '^C-NMR spectrum .

For com pleteness, the deprotection reaction step of the silyl protecting group utilised  

throughout the project is d iscussed  here. This d iscussion  relates to the reaction of [152] - [159] to 

g ive [20], [168] - [174] and the reactions of [160] - [167] to g ive [175] -  [182] in Schem e 2.8. The 

cleavage of the TBDMS group is slow  under hydrolytic conditions. W hen required, the silyl ether 

group w as rem oved by stirring in a solution of tetra-n-butylam m onium fluoride (TBAF). 

M ethanolic N H4F, aqueous HF, BF3  or SiF4  can also be used  to cleave the various silyl groups. 

Bulkier silyl groups can be utilised  where m ore stability of the protecting group is required. 

Triisopropyl (TIPS), triphenylsilyl (TPS) and f-butyld iphenylsilyl (TBDPS) are exam ples of 

protecting groups with increasing steric bulk. All these groups are susceptible to TBAF cleavage, 

how ever, TPS and TBDPS groups are cleaved m uch m ore slow ly . TBAF produces a source of 

fluoride ions that can react w ith silicon to form a pentacovalent interm ediate w hich cleaves to free 

the hydroxyl group (Scheme 2.9). The reaction is h igh-yield ing and the by-products can be 

rem oved by an acidic aqueous w ash, often affording a relatively clean, crude product.

71  -4/
*" 'S i  + R ------ OH

I / -  \  ®
° ' R  ( > 0 — R ^

S chem e 2.9 TBAF deprotection step

O ne d isadvantage of u sin g  the TBDMS protecting group in this project w as that often  

undesired deprotections occurred in volvin g reactions in basic conditions taking place over 16 -  48 

h periods. This reduced the overall y ields in m any of the reactions. H ow ever, serendipitously, 

these unplanned deprotections also w ere occasionally a source of tw o  desirable com p oun ds via one  

reaction -  firstly, a protected version (i.e. [152]) required for characterisation and p ossib le further 

reactions, and secondly, a deprotected product required for characterisation and biochem ical 

testing (i.e. [20]). In the case of di-protected structures [137] and [160] -  [167], this unplanned  

deprotection often led to m ulti-com ponent and com plex crude reaction m ixtures w hich  led to
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difficult purification steps by flash colum n chrom atography.

2.4.3 M cM urry reaction

The next step involved the form ation of the triarylethylene backbone. The M cM urry 

reaction w as chosen as a suitable pathw ay to form the olefins [132], [133] and [134] from the 

relevant benzophenone [126] or [128] and  appropriate  propiophenone, [130] or [131] (Scheme 2.8).

The difference in behaviour of different low -valent titanium  reagent system s is m ost likely 

due  to variations in the particle size, surface area, physical nature  of the surface and  the solvent. 

The solvent appears to stabilise the zero-valent particles during  the initial form ation of the reagent 

system. The presence of functional g roups in the reaction m ixture w hich are easily reducible is not 

com patible d u e  to the strong reducing pow er of Ti(0). There has not been a full study  of functional 

g roup  com patibility reported  to date, how ever, th rough the literature it appears that three groups 

of categories exist: com patible (i.e. alcohol, amine, alkyl silane, ether), sem icom patible (i.e. amide, 

ester, alkyne) and  incom patible (i.e. nitro, allylic alcohol, oxim e)’’”. All of the functional g roups in 

the incom patible category undergo  rapid reduction upon treatm ent w ith low -valent titanium  to 

such a degree that they cannot survive carbonyl coupling. The variety of low valent titanium  

carbonyl coupling reagent system s have undergone m uch study  and optim isation of their reaction 

conditions. The key variables w hen optim ising the reaction conditions include: the choice of 

reducing agent, the choice of solvent, the m olar ratio of titanium  to reducing agent and  the m olar 

ratio of titanium  to ketone '” .

The M cM urry reaction system  em ployed in this project for the carbonyl-coupling reactions 

com prises of titanium  (IV) tetrachloride and  zinc in THF'®®. The optim al conditions for this specific 

M cM urry reaction system  w ere investigated by previous researchers at Trinity College Dublin. 

D eterm ined chem om etrically through experim ental design'*^, it was concluded that the optim al 

conditions required  titanium  tetrachloride (4.5 equivalents) and  zinc (9 equivalents) boiled under 

reflux for 2 hours in darkness, to allow for adequate form ation of the titanium  reactive species, 

p rior to the add ition  of the benzophenone [126] or [128] (1 equivalent) and  the propiophenone 

[130] or [131] (3 equivalents) starting m aterials. The reaction m ixture undergoes fu rther reflux for 

four hours u n d er nitrogen and  in com plete darkness. Following w ork-up procedures, the m aterial 

is purified via flash chrom atography on silica gel to afford a cis and  trans m ixture of the required 

olefin [132], [133] and  [134] (see Table 2.1). The reaction was high yielding for [132] (98%), [133] 

(93%) and [134] (95%).
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P
Ri

C om pound  ID Ri R 2 Yield (%) E;Z ratio

[132] H H 98 1 :2.3

[133] * TBDMSO H 93 1 .2 : 1

[134] * TBDMSO TBDMSO 95 1.4: 1

T able 2.1 M cM urry reaction yields and E:Z isom er ratio (* = novel com pound)

The reaction products are clearly visible on TLC. In the 'H -N M R spectrum , the presence of 

both isom ers can be observed by the overlap of the silyl protecting group signals resulting in 

com plex spectrum  peaks. The signal for CH 3 of the ethyl side chain is overlapped w ith  signal peaks 

from the silyl protecting group also. In the 'H -N M R spectrum  for [134] (Fig. 2.4), the C H 2 g roup  of 

both isom ers overlaps and is observed as a quartet betw een 2.45 -  2.51 ppm  w ith a coupling 

constant, / = 7.5 Hz. The arom atic region is complex due  to the presence of both isom ers resulting 

in m ultip let signal peaks betw een 6.47 -  7.13 ppm .

Phenolic benzophenone-derived ketones used in the coupling reaction tend  to favour the 

form ation products which have a trans arrangem ent of the ethyl side chain relative to the original 

phenolic system  across the double bond'®'’ ’*' The ratio of E- to Z-isom ers is de term ined  from the 

‘H-NM R spectrum  through the com parison of the peak integrals. As m any of the NMR signals 

overlap, it is difficult to determ ine the E/Z  isom eric ratio at this stage of the reaction pathw ay. 

Therefore, the ratio w as determ ined in a later reaction step w here the E- and Z- p ro ton  signals are 

m ore defined. This is discussed later in this chapter.
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Figure 2.4 'H-NM R spectrum  for [134]

2.4.4 Phase transfer catalysis reaction

The triarylethylenes [132], [133] and [134] produced via the M cM urry reaction have a single 

free phenolic hydroxyl g roup  w hereas any additional hydroxyl moieties are silyl-protected. The 

triarylethylenes undergo  an ethyl-brom ination step via a phase-transfer catalysis m ethod '“̂  to give 

[135], [136] and  [137]. A phase transfer catalyst’’  ̂ is an ionic substance in w hich the hydrocarbon 

groups in the cation are large enough to convey good solubility of the salt in the organic solvent i.e. 

cation m ust be highly lipophilic. Phase-transfer catalysis is usually carried out in a tw o-phase 

system  (Scheme 2.10). The organic reactant(s) are dissolved in a w ater-im m iscible solvent (i.e. 

dichlorom ethane). The salt containing the nucleophile is dissolved in aqueous solvent. The 

lipophilic cations are transferred  to the non-polar phase and  in order to m aintain electrical 

neu trality  in this phase, anions are transferred from the w ater to the organic phase. The anions are 

only w eakly solvated in the organic phase and therefore exhibit enhanced nucleophilicity. As a 

result, the substitu tion  reaction occurs u n d er m ild conditions.

In this project, the aqueous phase, consisting of sodium  hydroxide, acts as a reservoir of 

reacting base for generation of the triarylethylene anions. The organic phase com prises of an  excess



of d ibrom oethane starting m aterial (and solvent) w herein the triarylethylene and  phase-transfer 

catalyst, n-tetrabutylam m onium  hydrogensulfate reside. The reaction undergoes v igorous stirring 

for a long reaction time (24 h) to ensure m axim um  contact betw een the tw o phases is achieved. 

Following w ork-up procedures and  purification via flash chrom atography, the £ /Z  isomeric 

m ixture of brom ide products [135], [136] and [137] w ere afforded (see Table 2.2).

R2

V
Ri

Compound ID R, R2 Yield {%)

[135] H H 54

[136] * TBDMSO H 52

[137] * TBDMSO TBDMSO 54

Table 2.2 Ethylbrom ination reaction yields (* = novel com pounds)

As highlighted earlier, som e unp lanned  deprotections of the silyl-ether protecting group of 

[135], [136] and  [137] occurred at this stage of the reaction scheme. The undesired  deprotected 

com pounds w ere visible on TLC as entities w ith low er retention factor values w hen  com pared to 

their related silyl-protected counterpart. A crude 'H -N M R analysis of the depro tected  products 

show ed the absence of the characteristic signals associated w ith  the ferf-butyldim ethylsilyl 

protecting group while d isplayed the presence of the ethyl side chain of the triarylethylene scaffold 

and brom oethyl branch also. This unp lanned  deprotection  is probably due to the fact that the 

hydroxide anions form ed by the phase-transfer catalyst have increased nucleophilic character 

w ith in  the organic phase and lead to the cleavage of the silyl-protecting group. W hile the cleavage 

of the TBDMS group is slow under hydrolytic conditions, the reaction takes place over a 16-24 h 

period. There is some conflict in relation to the long reaction time, w hich is required  to allow 

sufficient am ounts of solvated anions to en ter the organic phase but as a result, leads to some 

undesired  cleavage of the protecting group.
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Scheme 2.10 Phase-transfer catalysed ethylbromination mechanism
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Figure 2.5 'H-NMR Spectrum for [135]

Bedford and Richardson’’  ̂ reported that the Z-isomer basic side chain peaks of tamoxifen 

are shifted further downfield compared to the £-isomer. With many tamoxifen derivatives, spectral 

isomeric assignment interpretations can be made based on the relative positions of those aryl 

proton signals arising from the A 2 B2 p a r a  system of the 4-substituted phenyl ring and/or on the 

relative chemical shifts observed for the OCH 2 signal arising from protons in the basic side chain'^ .̂

In conjunction v̂ îth any reported spectral assignments from the literature, in the project, 

most of the E / Z  isomeric mixture ratios of the analogues synthesised were calculated based on the 

basic side chain OCH2 or NCH 2 signals. For example, following the McMurry reaction where the 

isomeric ratios of [132], [133] and [134] can be difficult to determine, the reaction product mixtures 

were carried through to the ethylbromination reaction step whereby the E / Z  isomeric ratio can be 

more easily confirmed through the observation of the peak integrals of either the basic side chain 

OCH 2 or NCH 2 signals. These ethyl side chain signals of [135], [136] and [137] are more clearly 

defined with no overlapping of signals therefore provided a more accurate ratio value. 

Unambiguous assignment of E / Z  stereochemistry of [161] was carried out using through Nuclear 

Overhauser Effect (NOE) NMR work which is discussed later in the chapter.

In the ’H-NMR of [135] (Fig 2.5), the £-isomer CH 2N signals are observed as a triplet at 3.59
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ppm  w hile the Z-isom er CH 2N signals are observed as a triplet further dow nfield  at 3.70 ppm . The 

£-isom er C H 2O signals are observed as a triplet at 4.19 ppm  w hile the Z-isom er CH 2O signals are 

observed as a triplet further dow nfield  at 4.36 ppm . This pattern is observed in the other brom ide  

analogues: CH 2 signals o f the ethylbrom ide side chain are observed as triplets, w here the £-isom er  

CH 2 signals are further upfield  w hen com pared w ith  the Z-isom er and w here the C H 2O are 

observed above 4.1 ppm . A s these signals are m ore clearly defined  than the signal peaks in the 'H- 

NM R of the phenol £ /Z  isom eric m ixture, they are used  to assign  the Z.E isom eric ratio of 

products. For the com pound [135], the Z : E  isom eric ratio is calculated as 2.3:1 based on the 

integrals o f the signal peaks show n in Figure 2.6.

VsT V\T "7 / " \1?

"T “
4.04 2 3 8 3 64 4

(ppm )

Figure 2.6 Ethylbrom ide chain CH 2  peaks for ’H-NM R spectrum  of [135]

2.4.5 A m in ation  reaction

The am ination reaction is an im portant reaction in this study as it a llow s the synthesis of 

endoxifen  analogues w ith  a variety of basic side chains onto the triarylethylene core structure. The 

basic sid e chain residue has an im portant role in the binding of ligands to the estrogen receptor 

site. W e are interested in studying the effects the different basic side chains h ave on binding  

affinities and antiproliferative activities o f the analogues synthesised.

The basic sid e chains were introduced onto the brom ide com pounds [135], [136] and [137] 

through a h igh  pressure reaction'"*  ̂ (see Schem e 2.8) to afford des-alkyltam oxifen analogues ([53], 

[146] - [151]), m onohydroxyendoxifen  analogues ([152] - [159]) and dihydroxyendoxifen  analogues
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([160] - [167]). The alkyl am ine com ponents [138] - [145] are in excess during  the appropria te  

reactions. A pplying pressure  to the reaction helps drive the reaction'^''. Through the heating of the 

reaction a dual-effect is obtained - increasing the rate of reaction and  also increasing the pressure of 

the closed reaction system . The boiling points of the various alkyl am ine com ponents [138] -  [145] 

are show n in Table 2.3.

P rim ary A m ine B oiling P o in t (°C)

[138] - M ethylam ine -6

[139] - Ethylam ine 17

[140] - Propylam ine 44

[141] - Isopropylam ine 32

[142] - Butylam ine 77

[143] - Pentylam ine 103

[144] - Hexylam ine 131

[145] - Cyclohexylam ine 135

T ab le  2.3 Boiling point data of prim ary am ines [138] -  [145

H

Schem e 2.11 General am ination reaction m echanism

For the am ination reaction, the appropriate  prim ary am ine [138] - [145], in excess, is 

dissolved in te trahydrofu ran  along w ith the relevant brom ide [135] - [137] and sealed in  a high 

pressure  tube and  the reaction is heated  w ith stirring for 48 -  72 h. The product is then purified via 

flash chrom atography affording the des-alkyltam oxifen analogues ([53], [146] - [151]), silyl- 

protected m onohydroxyendoxifen analogues ([152] - [159]) and  silyl-protected dihydroxyendoxifen 

analogues ([160] - [167]). (Scheme 2.8). A m ination reaction yields are d isplayed in Table 2.4. The 

m echanistic details are show n in Scheme 2.11.

Some unp lanned  deprotection of the silyl-ether protecting g roup  of [152] -  [167] can occur 

at this stage of the reaction scheme. The unp lanned  deprotected com pounds w ere visible on TLC 

as entities w ith low er retention factor values w hen com pared to their related silyl-protected 

counterpart. A crude 'H -N M R analysis of the deprotected  products show ed the absence of the
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characteristic signals associated w ith the ferf-butyldim ethylsilyl protecting group w hile displayed 

the presence of the ethyl side chain of the triarylethylene scaffold and  basic side chain branch. The 

only additional reactant in the system  w as the am ine com pound suggesting, as before during  the 

ethylbrom ination reaction, that the presence of a strong basic nucleophile over a long reaction time 

can lead to som e cleavage of the TBDMS silyl ether group  on the endoxifen analogue structures. 

This reduces the overall yield of the protected products [152] -  [167] but m eans that often the 

sequential deprotection  step is unnecessary as protected ([152] -  [167]) and deprotected  products 

([20], [168] -  [182]) are obtained via one reaction step.
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Figure 2.7 'H -N M R  and '^C-NMR spectra for desmethyltamoxifen [53]
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R2

Ri

Compound ID Ri R2 R3 Yield %

[53] “ H H CH3 77

[146] » H H C2H 5 66

[147] * H H C3H 7 82

[148] * H H (CH3)2CH 78

[149] H H C4H, 71

[150] * H H C5H 11 65

[151] * H H C6H]3 83

(Not synthesised) H H QH„ -

[152] * TBDMSO H CH3 78

[153] » TBDMSO H C2H5 72

[154] » TBDMSO H C,H7 93

[155] * TBDMSO H (CH3)2CH 83

[156] » TBDMSO H C4H9 84

[157] » TBDMSO H C5H,, 59

[158] » TBDMSO H CeHu 62

[159] * TBDMSO H QH „ 63

[160] * TBDMSO TBDMSO CH, 76

[161] * TBDMSO TBDMSO C2H5 75

[162] * TBDMSO TBDMSO C3H7 80

[163] » TBDMSO TBDMSO (CH3)2CH 62

[164] TBDMSO TBDMSO C4H9 6 8

[165] » TBDMSO TBDMSO C5H,, 65

[166] * TBDMSO TBDMSO QH.3 55

[167] * TBDMSO TBDMSO C6H 1) 78
Table 2.4 Amination reaction yields (%) ( * = novel compound)

The 'H-NMR and '^C-NMR spectra for the E/Z isomeric mixture of desmethyltamoxifen 

[53] is shown in Figure 2.7. The ethyl side chain proton signals are observed between 0.96 -  1.02 

ppm as a multiplet, while the CH2 of the ethyl branch and the amine CH3 proton signals overlap
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and are observed betw een 2.49 -  2.58 ppm . The basic side chain pro ton  signals are observed at 2.98 

-  3.08 ppm  (CH 2N) and  3.99 -  4.23 (CH2O) although there is also overlap of the am ine proton in 

this region. The arom atic protons are observed betw een 6.59 - 7.40 (m, 28H, ArH). In the '^C-NMR 

NMR the £/Z  m ethyl carbons adjacent to the nitrogen are identified at 35.16 and  35.28 ppm .

2.4.6 D epro tection  reaction of sily l-protected  analogues

The silyl-protected analogues [152] -  [167] w ere deprotected  using TBAF. The TBAF 

reaction w as discussed earlier. In the study, the silyl-protected analogues w ere treated  w ith  TBAF 

and then purified  I’ia flash chrom atography to afford the products [20], [168] -  [182]. The yields are 

d isplayed in Table 2.5. The deprotection reaction w as high yielding. All novel com pounds were 

fully characterised by IR, NMR and HRMS.

H 1

Ri

OH

C om pound  ID Ri R2 Y ield %

[2 0 ] H C H 3 93

[168] * H C 2 H 5 90

[169] * H C 3 H 7 87

[170] * H ( C H 3 ) 2 C H 91

[171] * H C 4 H 9 80

[172] * H C 5 H , , 90

[173] * H C 6H ,3 84

[174] * H Q H „ 93

[175] * OH C H 3 92

[176] » OH C 2 H 5 91

[177] * OH C 3 H 7 89

[178] * OH ( C H 3 ) 2 C H 92

[179] * OH C 4 H 9 85

[180] * OH C 5 H . , 91

[181] * OH Q H ,3 87

[182] * OH Q H „ 89

Table 2.5 TBAF deprotection reaction yields ( * = novel com pound)
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2.5 Confirmation of cis- and frans-isomer assignm ent through NMR study

In o rder to confirm  the assignm ents of the NMR spectra for the endoxifen analogues, a 

m ore detailed NMR investigation was carried out on pu re  sam ples of a cis- and fra«s-isomer of one 

of the endoxifen analogues. The difficulty involved in purification and separation of E /Z  isomeric 

m ixtures of tam oxifen derivatives and analogues into pure  isom ers has been well docum ented. 

Luckily, sufficient quantities of one endoxifen analogue, [161], w as purified affording pure  sam ples 

of both the cis- and  frans-isomers. Each isom er w as analysed using 1-D ’H-NMR, 1-D '^C-NMR, 

COSY, Long-range COSY and  NOESY (Nuclear O verhauser Effect spectroscopy) techniques. NOE 

is used to assign w hether the isom er is cis or trans. The data obtained w ere tabulated  below.

The NMR assignm ent data for the trans- or £-isom er is found in Table 2.6, the NMR 

assignm ent data for the cis- or Z-isomer is found  in Table 2.7 and  the E- and Z-isomers of [161] 

w ith num bering  configuration are show n in Fig 2.8.

Figure 2.8 N um bering configuration for E- and Z-isom ers of [161]
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Vxx
O(TBDMS)

Position 6 'H Jhh Integral HH COSY LR CH COSY NOE
1..... -4.42 0.19 s 6 - - 0.99, 6.67

Si(CHj)2 -4.40 0.24 s 6 - - 1.02, 6.82

4 13.7 0.95 t 3 2.47 - -

2... 15.0 1.16 t 3 2.74 - -
•J 1H1H 18.17 - - - - 1.02 -

SiC(CH)3 18.22 - - - - 0.99 -

25.66 1.02 s 9 - - 0.24

SiC(Oi,)3 25.70 0.99 s 9 - - 0.18

3 28.9 2.47 q 2 0.95 0.98 7.09, 6.96

1... 43.9 2.74 q 2 1.16 1.17,2.48 2.98

1"" 48.5 2.98 t 2 3.99 2.74, 3.98 -

2’"' 66.7 3.99 t 2 2.98 2.97 6.57, 2.98

3'", 5’" 113.2 6.57 d 2 6.77 - -

3', 5' 119.47 6.82 d 2 7.09 - -

3", 5" 119.55 6.67 d 2 6.96 - -

2’, 6' 130.54 7.09 d 2 6.82 - 6.82, 6.77*, 2.47*

2", 6" 130.64 6.97 d 2 6.67 - 7.09, 6.82, 2.47*

2"', 6"’ 132.0 6.77 d 2 6.56 - -

1" 135.6 - - - - 2.47, 6.66 -
1 „ , 136.2 - - - - 6.56 -

r 137.0 - - - - 6.81 -

1 137.3 - - - - 2.47, 7.09, 6.77 -

2 140.6 - - - - 2.47, 0.95, 6.96 -

4" 153.7 - - - - 6.96, 6.67 -

4’ 154.1 - - - - 7.09, 6.82 -
4 „ . 156.5 - - - - 6.77, 6.57, 3.99 -

(N) 2.2 s 1 - - -

Table 2.6 NM R assignment of Z-[161] ( * = denotes weak NOE effect observed)
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H

O(TBDMS)

o i

P
O(TBDMS)

Position 6 ' H J hh Integral HH COSY LR CH COSY NOE

S K C H .I, -4.50 0.14 s 6 - - 0.95, 6.50

2 ..... -4.47 0.19 s 6 - - 0.99, 6.66

4 13.7 0.96 t 3 2.47 2.47 -

2 "" 14.9 1.21 t 3 2.81 - -

SiC(CH)3 18.11 - - - - 0.95 -

tntM 18.18 - - - - 0.99 -

SiC(CH3)3 25.61 0.95 s 9 - - -

1......... 25.66 0.99 s 9 - - -

3 28.7 2.47 q 2 0.96 0.96 7.16, 6.96

1... 43.9 2.81 q 2 1.21 1.21 3.07

1"" 48.5 3.07 t 2 4.15 2.82, 4.15 4.15, 2.81

2"" 66.8 4.15 t 2 3.07 - 6.91, 3.07

3"', 5"' 113.9 6.91 d 2 7.16 - 7.16, 4.15

3", 5" 118.78 6.50 d 2 6.72 - 7.16*, 6.96*

3', 5’ 119.40 6.66 d 2 6.96 - 6.50, 6.97, 6.71*

2"', 6"' 130.59 7.16 d 2 6.91 - 6.91, 6.71, 2.47

2', 6' 130.63 6.97 d 2 6.66 - 2.47, 6.66

2", 6" 131.9 6.71 d 2 6.50 - -

1' 135.4 - - - - 2.47, 6.66 -

1" 136.57 - - - - 6.50 -

1'" 136.61 - - - - 6.91 -

1 137.3 - - - - 2.47, 7.16, 6.72 -

2 140.6 - - - - 2.47, 0.96, 6.96 -

4" 153.3 - - - - 6.72, 6.50 -

4' 153.7 - - - - 6.96, 6.66 -
4 „ , 157.3 - - - - 7.16, 6.91,4.15 -

(N) 2.7 s 1 - - -

Table 2.7 NMR assignment of E-[161] ( * = denotes weak NOE effect observed)
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Using NOESY, the £-configuration was confirmed. As NOE manifests itself as a 'through 

space' interaction, it was found that when the carbon (at 130.64 ppm) associated with the proton at 

6.97 ppm is irradiated an enhancement of the signals occur with those protons observed at 7.09 

ppm and 6.82 ppm (see Fig. 2,9). This confirms the ds-configuration of the associated isomer.

u

Oo

7.0 9 1| /

6.82

O(TBDMS)

0(TBDMS)PosittveNOE effect

o

Irradiation

oo
I

8 7 6 5 4 3

Figure 2.9 Observed positive NOE effect confirming cis-configuration

The relative chemical shifts for the OCH 2 (and NCH 2) signals for the protons in the basic 

side chain for the isomers are in agreement with previous observations in the literature” .̂ The 

spectral data confirm that the frans-isomer OCH 2 (and NCH 2) signals are found further downfield 

when compared with the c/s-isomer.
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2.6 Synthesis of cyclofenil-based anaIogues[2.32]

Cyclofenil diphenol (F6060) [183] is a weak, non-steroidal estrogen. F6060 and analogues 

have been shown to inhibit [35S]proteoglycan synthesis’’̂  and to induce fragmentation of the Golgi 

apparatus into small vesicles’’* in cultures of Swarm chondrosarcoma chondrocytes. Tamoxifen is 

also a potent inhibitor of [35S]proteoglycan synthesis. A recent study by Seo et al. reported good 

ER-subtype binding and selectivity in a num ber of cyclofenil analogues’’̂  The best reported ER- 

binding results were for the three cyclofenil analogues [183], [184] and [185] shown in Table 2.8.

OH OH OH

[183] [184] [185]

RBA 
(Ej = 100)

ERa 124 110 66.5

ERp 285 354 274

p/a 2.3 3.2 4.1

Table 2.8 Cyclofenil analogues

In the present study, the corresponding endoxifen-cyclofenil analogues [198] -  [200] were 

synthesised and later tested for ER-subtype selectivity through binding assays, for antiproliferative 

activity and for cytotoxicity in the MCF-7 hum an cancer cell line. The endoxifen-cyclofenil 

analogues retain the cycloalkyl group of the cyclofenil parent structure, while in addition, include 

the basic side chain moiety of the endoxifen parent structure [20]. From a synthetic standpoint, the 

use of closed ring systems (i.e. cyclohexyl, cycloheptyl and 4-methylcyclohexyl groups) eliminates 

any issues with E- and Z-isomerisation familiar to triarylethylene chemistry, thus often simplifying 

purification steps and resulting in less complex NMR spectra. The reaction strategy is similar to the 

one employed for the synthesis of the endoxifen analogues [20], [168] -  [182] (see Scheme 2.12).

The benzophenone [128] was treated with the relevant cyclic ketone (cyclohexanone [186], 

cycloheptanone [187] or 4-methylcyclohexanone [188]) in the McMurry reaction to give the 

com pounds [189] - [191] respectively. Compounds [189] -  [191] underwent an ethylbromination 

reaction to give [192] -  [194]. Compounds [192] -  [194] then underwent the amination step 

affording analogues [195] - [197]. Compounds [195] -  [197] were deprotected to afford the 

endoxifen-cyclofenil analogues [198] -  [200]. Yields for the all the reactions are displayed in Table
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2.9. The compounds in the reaction sequence are unreported and fully characterised.
Br

[128]

M cM urry  Reaction

(i)

[186]

[187]

[188]

[198] 1

[199]

[200]

R

H

H

CH3

R

H

H

C H 3

(TB D M S )O

HO'

n R

[189] 1 H

[190] 2 H

[191] 1 C H 3

D eprotection

( iv )

B rom ination

( ii)

<TB DM S)0

A m ination (Hi)

[192]

[193]

[194]

R

H

H

C H 3

(TB D M S )O

Scheme 2.12 Synthesis of cyclofenil-endoxifen analogues [198] -  [200]

(i) Zn, TiCU, THF; (ii) Br2(CH 2)2 , NaOH (aq.), (nBu)4NHS0 3 ; (iii) M eN H j , sealed 

tube, 60 °C; (iv) TBAF, THF

Starting Material
Yield (%) + Compound ID

M cM urry Ethylbromination Amination Deprotection

Cyclohexanone 80% 68% 94% 86%

[186] [189] * [192] * [195] * [198] *

Cycloheptanone 86% 50% 68% 83%

[187] [190] * [193] * [196] * [199] *

Methylcyclohexanone 89% 50% 54% 82%

[188] [191] * [194]* [197] * [200] »

Table 2.9 Endoxifen-cyclofenil analogue reaction yields ( * = novel compound)

In general, the reaction yields compared well to those yields obtained for the previous 

endoxifen analogues discussed in Section 2.4. The ethylbromination reaction was the least efficient
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reaction overall w ith yields betw een 50 -  68 %. Again, som e unp lanned  deprotection of the silyl 

g roup  occurred during  this reaction w hich contributed to the low ering of the overall reaction 

yields. The 'H  NMR spectra for this series of in term ediates and analogues [189] -  [200] w ere more 

defined due  to the absence of overlapping E /Z  isom eric proton signals. In the 'H -N M R spectrum  

for the final p roduct [198], the cyclohexyl C H 2 p ro ton  signals are identified as a m ultiplet at 1.55 

ppm  w hich integrates for 6 protons and  betw een 2.10 -  2.22 ppm  as a m ultiplet, w here there is 

overlap w ith  the am ine m ethyl protons also, in tegrating for 7 protons. The basic side chain protons 

are observed as singlets at 2.49 and 4.03 ppm , in tegrating  for 4 protons while the secondary am ine 

p ro ton  is identified at 2.95 ppm . The arom atic protons are observed as doublets at 6.69, 6.74, 6.88 

and  6.96 ppm , all w ith /-coupling values of 8.5 Hz and integrating for 2 protons each. In the 

NMR spectra, the various C H 2 peaks of the cyclohexyl ring and  the m ethyl carbon signals are 

observed betw een 26.38 -  30.42 ppm . The basic side chain carbons are identified at 31.99 (N CH 2) 

and  52.99 ppm  (OCH 2). The arom atic carbons are observed betw een 113.20 -  137.45 ppm  while the 

carbons adjacent to the oxygen are found at 154.55 and 154.33 ppm . In the IR spectrum , the 

hydroxy g roup  is observed as a broad band  at 3436.1 cm ’ while the double bond is identified at

1608.1 c m '. The characterisation of [198] w as confirm ed through HRMS w here a m ass of 338.2115 

(M+H)*was found for the m olecular ion C22H 28N O 2.

2.7 Synthesis of GW7604 analogues

2.7.1 N ovel syn thesis  of GW7604

A nother ER-ligand of interest w ith in  the scope of the project for the form ation of 

conjugates is the triarylethylene ER antagonist com pound know n as GW7604 [30]. The structure 

contains a carboxylic acid m oiety w here typically, in o ther com pounds w ithin the triaryethylene 

family, an  am ine basic side chain is found. A n outline of the general reaction schem e used in the 

presen t w ork  for the synthesis of these GW7604 analogues is show n in Scheme 2.13. The form ation 

of GW7604 [30] via this p roposed  route is novel”®. Stereoselective control of £- and  Z-isom er 

form ation at the M cM urry reaction step is also desirable. In the reported  synthetic route, W illson et 

al.*° form ed the triarylethylene backbone structure by coupling the appropria te  vinyl brom ide 

com pound w ith arylboronic acid under palladium  catalysis to afford an aldehyde as a single 

isom er in the desired configuration. A H om er-Em m ons reaction of the aldehyde follow ed by 

saponification afforded the tam oxifen analogue, GW5638 [29] w hich contains an  acrylic acid side 

chain (see Scheme 2.14).
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Fhedel-C rafts A cylatton

(206] O(TBDMS)

McMurry Reaction

O(TBDMS) [208] O(TBDMS)

Heck Reaction

O(TBDMS)

D eprotection

Sch em e 2.13 Synthesis o f GW7604 [30] analogues (i) TBDMS-Cl, Im idazole, DMF; (ii) AICI3 , 

DCM, reflux; (iii) Propiophenone, Zn, TiCU, THF, reflux; (iv) N aH C O s, 

(nBu)4N H S0 3 , Pd(OAc)2 , DMF; (v) BBrj, DCM (vi) N aO H  (aq.), EtOH, reflux
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CHO
Honr

(i) (ii)

•CHO

HO.
B
OH

S chem e 2.14 GW5638 [29] synthesis route by W illson et n/,“°

(i) Pd(PPh3)4, NazCOs, DME; (ii) (M e0)2P(0)CH2C02M e, NaN(TM S)2 , THF

2.7.2 Friedel-C rafts acylation  reaction

In the present work, where the required iodo b en zophenone is not com m ercially available, 

often it is accessible via a Friedel-Crafts acylation reaction. A m ixture of iodobenzoyl chloride [202] 

and an isole [205] in the presence of the Lew is acid alum inium  trichloride reacted to afford the 

product [207] as an off-w hite solid  in a high yield (94%). The product w as fully characterised by 

spectroscopic m eans.

In the 'H-NM R spectrum  of [207], the m ethoxy protons are observed at 3.91 ppm  and the 

arom atic protons betw een  6.97 -  7.87 ppm . H ow ever, the '^C-NMR spectra provide the m ost 

valuable information. The m ethoxy carbon is identified  at 55.11 ppm; the aromatic carbon adjacent 

to the iod in e atom at 98.92 ppm  w hile the aromatic carbon adjacent to the m ethoxy group is 

identified  at 162.98 ppm; the rem aining aromatic carbons are found betw een 113.24 -  137.04 ppm; 

the carbonyl group is found at 194.26 ppm.

A ttem pts to synthesise the starting material, 4-hydroxy-4'-iodo-benzophenone [203], from  

4-iodob en zoyl chloride [202] and phenol [201] via the Friedal-Crafts reaction w ere futile.

Similarly, the dem ethylation  of the iodo-m ethoxy-benzophenone [207] w as also attem pted  

u sing boron tribromide. H ow ever, the desired product w as not isolated [203]. The dem ethylation  

reaction m echanism  is d iscussed  later in the chapter w hen  referring to the deprotection step to 

produce the final G W 7604-analogue com pounds. By rem oving the m ethoxy group prior to the 

M cM urry reaction step, the £/Z -isom eric ratio m ay be influenced. The presence of a hydroxy group  

on the b en zophenone starting materials can direct m ore of the desired trans- or £-isom er, in the 

case of GW 7604 analogues, to be produced during the McMurry reaction, as has been  previously  

observed during the synthesis of trans- or Z-isom er tam oxifen analogues'®'.

In addition to the proposed m ethoxy-protected GW 7604 analogue [213], the synthesis of a 

silyl-protected GW 7604 analogue [212] w as also investigated. It w as hoped, firstly, that the silyl
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group m ay exert steric bulk im proving the yield  of the desired £-isom er configuration in the 

McMurry reaction and secondly, act as an alternative protecting group on the GW 7604 analogue  

for use in the synthesis of conjugates w here the deprotection of m ethoxy groups could be 

detrim ental to the overall conjugate structure (i.e. rem oving required m ethoxy grou p s w ithout 

selectivity).

Firstly, p henol w as successfully protected em p loyin g  the general silylation  m ethodology  

used  throughout the project: ferf-butyldim ethylsilyl chloride w ith  im idazole in DMF. The product 

[204] w as afforded (70 %) fo llow in g purification by flash chrom atography. The characteristic 

signals of the TBDMS ether protecting group are observed in the ‘H-NM R spectrum  at 0.30 ppm  

(Si(CH 3 )2 ) and 1.10 ppm  (SiC(CH 3 )3 ), w hile in the ' t N M R  spectra the signals are found at -4.81 

ppm  (Si(CH 3 )2 ) and 17.82 ppm  (SiC(CH 3 )3 ).

The Friedel-Crafts acylation reaction of [204] w as carried out, how ever, w h ile  the desired  

benzophenone [206] w as synthesised  and visible on TLC, purification of the material proved to be 

difficult as the iod obenzoyl chloride [202] had similar properties -  the Rf values w ere very similar 

in many different solvent system s (i.e. difficult to separate using colum n chrom atography  

techniques). A distillation w as attem pted as 4-iodobenzoyl chloride has a reported boiling point (at 

1 Torr) of 120-121 °C‘’’ w hile the benzophenone [206] is expected to have a higher boiling point 

(>190 °C), how ever, traces of iodobenzoyl chloride rem ained in the product. Characterisation of 

both the crude product (containing traces of starting material) and 4-iodobenzoyl chloride w ere  

carried out and by subtractive com parison of the spectroscopic data, the characterisation of the 

benzophenone product [206] can be confirm ed.

In the 'H-NM R spectrum , the silyl group signals of the product [206] are observed  at 0.28 

ppm  (Si(CH 3 )2 ) and 1.03 ppm  (SiC(CH 3 )3 ) w hile the aromatic protons are observed betw een  6.92 

ppm  and 7.95 ppm  - there is overlap in this region w ith the arom atic region of the 4-iodobenzoyl 

chloride im purity. In the ”C-NM R spectra, there are distinct peaks present w hich  can be assigned  

to the product and not the starting material. The silyl group carbons are identified  at -4.75 ppm , 

17.83ppm and 25.17 ppm . The carbon adjacent to the iod ine atom is observed at 98.95 ppm , w hile  

the single carbon-oxygen bond is observed at 159.77 ppm  and the carbonyl carbon at 194.32 ppm. 

For the other carbons present in the spectra of the crude product m ixture w hich  b elong to the 

iodobenzoyl chloride, they can be elim inated by com parison w ith  the 4-iodob en zoyl chloride 

spectra.

2.7.3 M cM urry reaction
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The next step involved the form ation of a carbon-carbon double-bond using  tw o carbonyl 

com pounds [206] or [207] and  propiophenone via the M cM urry reaction to give [208] and  [209]. 

The m echanism  of this reaction is outlined earlier in Section 2.3.2. The product [209] w as afforded 

in a 48 % yield. From the 'H -N M R spectra, the ratio of E/Z  isom ers can be determ ined by studying 

the ratio of the m ethoxy singlets at 3.75 ppm  and 3.91 ppm . The ratio of the peaks relates to the 

ratio of the E/Z  isom ers in  the E/Z isom eric m ixture. The reaction w as selective 3.5:1 in favour of 

the trans- or £-isomer. The isomeric ratio w as determ ined based on com parison of reported  'H - 

NMR data assigned for a product [30] later in the reaction sequence. Introducing bulkier ether 

g roups on the benzophenone m ay im prove the E/Z  stereoselectivity.

The crude silyl-product [206] w as taken forw ard to the M cM urry reaction w ith 

propiophenone as the iodobenzoyl chloride im purity  w ould  not be expected to react in the 

M cM urry Reaction'^. The iodobenzoyl chloride w as successfully rem oved at this stage and the 

desired product [209] w as purified by flash chrom atography to afford a E/Z  isom eric m ixture E:Z = 

2.2:1. However, the reaction w as quite low yielding (21 %) w hen com pared to previous M cM urry 

yields for different analogues [132] -  [134](> 90 % yields).

2.7.4 H eck reaction

The next step in the synthesis route utilised the Heck reaction to attach acrylic acid 

derivatives w ith the iodo-triarylethylene products [208] and  [209]. The palladium -catalysed 

carbon-carbon coupling betw een aryl halides or vinyl halides and activated alkenes in the presence 

of a base is referred to as the Heck reaction” '*. One key benefit of the Heck reaction is its 

ou tstand ing  trans selectivity. The m ost com m on catalyst used is palladium (ll) acetate; how ever 

m any other palladium (II) catalysts are available and utilised for the Heck reaction. Phosphine 

ligands are often used  in o rder to prevent deposition of Pd(0) m irror. Solvents are typically aprotic 

w ith a range of

polarities (i.e. toluene, THF, DMF), w hile the bases can be either soluble (i.e triethylam ine) or 

insoluble (i.e. K2CO3). Recent developm ents in the catalysts and  reaction conditions have resulted 

in a broader range of donors and  acceptors being am enable to the Heck reaction. The proposed 

m echanism  involving neutral palladium  is show n in Scheme 2.15. The sequence of events in the 

Heck reaction involve oxidative addition, si/n addition, internal rotation, si/n elim ination and  

reductive elim ination. M any com binations and  variations of reaction conditions (i.e. 

catalysts/ligands/bases/solvents) exist for the Heck reaction.
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KHCOj + KBr m
reductive elimination JL_

K^CO;

Ph— I

.PddDLj

Oxidative addition

Ph,
.Pd(ll)L2

syn elimination

" ' P h

PddDLjl 
, 0 ^  ^  ^Ph

O

syn addition

internal rotation

Scheme 2.15 Proposed sequence o f events invo lved in  the Heck reaction'’ .̂

In the present w ork, from  review of the available literature, the reaction conditions chosen 

for the form ation o f the GW7604 analogues were those reported by Jeffery^*’. Jeffery noted that the 

in troduction  o f tetraalkylam m onium  salts (phase-transfer catalysts) and insoluble bases, such as 

N aH C O j accelerated the rate of reaction to the extent that lower reaction temperatures are possible. 

Jeffery's conditions d id  not require elusive and expensive ligands or catalysts, u tilised inexpensive 

reagents, had a short reaction time, m ild  reaction temperature requirements and afforded high 

yields -  fo r these reasons it  was chosen as the best route.

The iodo starting materials [208] and [209] reacted w ith  «-butyltetraam m onium  

hydrogensulfate, NaHCOs, pallad ium  (II) acetate and the acrylic acids, [210] or [211], to afford the 

products [213], [214] but not product [212].

The Heck reaction w orked successfully for both acrylic acid [210] and the corresponding 

ester, m ethyl acrylate [211]. Both a fford ing h igh yields of the desired products: 94 % [210] and 93 % 

[211]. The tmns- or E- configuration of the acrylic acid fragment can be confirmed by 'H -N M R . For 

example, in  the ’H -N M R  spectrum of [30], the tw o protons present on the double bond observed 

between 6.42 -  6.48 ppm and 7.56 and 7.60 ppm  have a /-coupling constant value o f 16 H z which 

demonstrates that they are positioned tmns- to each other.

As a further extension, attempts to couple the iodo-triarylethylene [209] w ith  other acrylic



acids such as tiglic acid, 2-m ethylacrylic acid and  crotonic acid, using the same reaction conditions, 

w ere unsuccessful. N one of the desired products w ere form ed and only the starting  m aterials were 

reclaim ed from the reaction m ixtures. The presence of the m ethyl group on the various positions of 

the double-bond in the acrylic acids appears to affect the reactivity w ith  the palladium  

interm ediate species using the conditions outlined by Jeffery^™.

2.7.5 D em ethy lation

The m ethoxy ether present on [213] and [214] can be cleaved by boron tribrom ide to afford 

the phenolic com pound [30] (and [193])^°'. Boron tribrom ide acts as a Lewis acid w hich form s a 

complex w ith the m ethoxy g roup  (Scheme 2.16). H ydrolysis is carried out using excess m ethanol to 

cleave the boron complex and  quench any excess boron tribrom ide present in the reaction mixture.

Br Br

C H , B r B r CH3

K C - B r

Br

B r '^ 'O
CH3

+

Br H

u  I  I

Br CH.

. I Q
B -------O

Schem e 2.16 Proposed m echanism  of dem ethylation

The m ethoxy-protected com pound [213] w as treated w ith boron tribrom ide and purified 

via flash chrom atography to afford the hydroxyl product, GW7604 [30] (60 % yield). In the 'H - 

NMR, the m ethoxy peak singlet at 3.71 ppm  is no longer visible and the phenolic proton is 

identified at 3.02 ppm  as a broad singlet while hydroxy proton of the carboxylate group  is 

observed at 10.84 ppm  also as a broad singlet. In the '^C-NMR spectra, the phenolic carbon is found 

at 157.25 ppm .

In the case of the product [211] containing an acrylic ester, im m ediately after the 

dem ethylation step the non-isolated p roduct [215] w as heated in aqueous sodium  hydroxide in 

o rder to cleave the ester via base hydrolysis and afford the desired free carboxylic acid group 

product [30]. The m echanism  for the hydrolysis of esters has been studied  extensively^”̂  and the 

use of '®0 isotopic labelling experim ents helped establish the m echanistic details. It is found  to be
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kinetically second order. The rate-lim iting step involves alm ost certainly the attack of the hydroxy 

nucleophile on the ester. The overall reaction is essentially irreversible as the m ethoxide anion 

produced  w ould  rem ove a pro ton  rather than attack the carbonyl group as a nucleophile.

The M cM urry and Heck reactions w ere utilised successfully for the synthesis of GW7604 

and a num ber of m ethoxy and  silyl triarylethylene derivatives. H ow ever, the use of TBDMS as a 

protecting g roup  for the synthesis of the GW7604 analogue proved to be problem atic in a num ber 

of steps. It w as dism issed as a viable candidate for synthesis. O ther protecting g roups such as 

benzyl or o ther silyl g roups m ay be suitable possibilities as protective groups. H ow ever, the 

m ethoxy g roup  w as the chosen g roup  for the project.

2.8 Synthesis of flexible endoxifen ligand

Investigations of estrogen receptor ligands w ith added  flexibility w ere carried out by 

H u g h es '^  and S m ith '“  at Trinity College Dublin. A num ber of m odifications w ere m ade to the 

tam oxifen core scaffold to im part m ore flexibility and  plasticity to the ligand structure, essentially 

by varying the spacing betw een the various aryl g roups and the ethylene group. A flexible 

analogue of endoxifen [220] w as synthesised based on the findings of these stud ies w hereby an 

additional C H 2 m oiety is present spacing the aryl g roup  and  the carbon of the double bond w hich 

is gem inal to the ethyl side chain on the tam oxifen core structure (see Scheme 2.17). The analogue 

w as accessible th rough  the sam e strategy em ployed for the analogues outlined in Section 2.4.

The starting  m aterial used  in the M cM urry reaction w hich incorporates the CH 2 spacing 

into the structure  is l-phenyl-2-butanone [216]. The reaction yields for each step are show n in Table 

2.10. The M cM urry reaction to give [217] w as a high yielding (94 %) while the ethylbrom ination 

step to give [218], am ination step to give [219] and deprotection reaction to afford [220] provided 

m oderate to good yields. The isom eric ratio (Z:E = 2.2:1) of the products w as determ ined relative to 

the aryl p ro ton  signals of [217].

Reaction Product (Reaction Step) Yield %

[217] (McMurry) 94 % (Z:£ = 2.2:1)

[218] (Ethylbrom ination) * 50%

[219] (Amination) 63%

[220] (Deprotection) * 74%

T able 2.10 Flexible ligand reaction yields (* = novel com pound)
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H
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S chem e 2.17 Synthesis o f [220] (i) Zn,  TiCL), THF; (ii) Br2(CH 2)2 , NaOH (aq.), (nBu)4N H S 0 3 ; (iii) 

MeNHz, sealed  tube, 60 °C; (iv) TBAF, THF; (v) (CH3)3C02C1, TEA.

In the 'H-NM R of [2201, the ethyl side CH 2 signal is observed as a m ultiplet betw een 2.06 -  

2.14 ppm  w h ile  the benzylic CH 2 signals are identified  as a m ultiplet betw een  3.58 - 3.60 ppm . In 

the '^C-NMR spectra the benzylic carbon is identified  at 37.21 ppm . In addition to the synthesis of 

[220] and as an extension of previous findings w ithin  the research grou p ‘d  the synthesis of [221] - 

an analogue containing a p ivaloyl group present on the phenol m oiety of the endoxifen core 

structure -  w as attem pted. A nalogues containing this group dem onstrated good  binding affinities 

in the ER. U nfortunately, the am ide derivative [221a] w as afforded, instead of the ester [221].

2.9 Summary

A selection of ER ligands w ere successfu lly  synthesised  in the investigation. These ER 

ligands are evaluated in the MCF-7 hum an cancer cell line to determ ine cytotoxicity and  

antiproliferative activity. The ligands w ere also evaluated for their binding affinity to both ERa 

and ER(3 through com petitive binding assays. D etails of the biochem ical evaluation of these ligands  

is d iscussed  in Chapter 5. A select num ber of the synthesised  ER ligands w ere then further 

d evelop ed  to generate ER-targeting conjugate com pounds.
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Chapter 3

Combretastatin analogues
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3.1 Introduction

Tubulin, a globular protein, form s the m ain constituent of m icrotubules. M icrotubules are 

involved in several basic cellular processes such as segregation of genetic m aterial, intracellular 

transport, m aintenance of cell shape, positioning of cell organelles, extracellular transport by 

m eans of cilia, and  m ovem ent of cells by m eans of flagella and cilia. Irreversible elim ination of 

m icrotubules causes cell d ea th ’” . Tubulin  is an  im portan t target in current anticancer drug 

discovery and  antim itotic agents are a m ajor class of anticancer com pounds. A num ber of active 

com pounds know n as com bretastatins w ere isolated from the South African tree, Combreturn 

cnffnim. These different com bretastatin analogues, in particular com bretastatin A-4 (CA4) [78], are 

som e of the m ost po ten t antim itotic agents know n to date and provide a palette of interesting lead 

structures for developm ent by m edicinal chemists. C om bretastatin b inds to  the p-subunit of 

tubulin  a t w hat is called the colchicine site. Inhibition of tubulin  polym erisation prevent cancer 

cells from producing m icrotubules w hich are essential for the carrying out of the different cell 

functions. C om bretastatin  A-4 [78] show s strong cytotoxicity against a variety of cancer cell lines, 

including m ulti-drug  resistant strains. It has been dem onstrated  to exert highly selective effects in 

proliferating endothelial cells. Consequently, to date, a large num ber of CA4 [78] analogues and 

other com bretastatin  analogues have been synthesised and evaluated, resulting in detailed 

structure-activity  relationship (SAR) information"^.

3.2 Synthesis plan

D ue to its high potency and  effects on tum our vasculature, CA4 [78] w as chosen as a 

suitable cytotoxic agent for the synthesis of novel ER-conjugates designed to target ER-positive 

breast tum ours. From a chem istry standpoint, CA4 [78] has an available phenol functionality 

w hich allow s for the form ation of ester linkages w ith the envisioned conjugate ER-ligand 

substructure. Also, bearing in m ind Lipinski's Rule of Five for the 'drugability ' of a chemical 

com pound w hich suggests that the m olecular w eight of an orally active d ru g  should be less that 

500 g/m ol, CA4 [78] has a low m olecular w eight (M.W. = 316.35). A num ber of different 

com bretastatin  A-4 synthesis routes have been reported  in the literature and  m any of these routes 

have associated com plications. It is an ongoing challenge to optim ise the synthesis of this attractive 

lead com pound and  its derivatives. In this chapter a short review  of reported  synthetic pathw ays 

to CA4 [78] is presented, followed by a detailed discussion on the tw o m ain synthetic routes 

chosen in the  project to obtain com bretastatin A-4 [78] and related derivatives: namely, the W ittig 

reaction and  the Perkin reaction.

96



3.3 Synthetic routes of (Z)-combretastatin A-4 [78]

M ost of the early synthesis m ethods utilised  a W ittig reaction to produce CA4 [78], Pettit^“̂  

and Cushman'°^ both em ployed  this reaction successfu lly  to produce CA4 [78] and a large num ber 

of derivatives. This w as a route chosen for the synthesis of CA4 [78] w ithin the project and w ill be 

discussed  in m ore detail later in the chapter.

PPhjBr

OMe OMe OMe

S chem e 3.1

[781

MeO OMe
OMe

(iv)
OMe

MeO OMe
OMe

CA4 [78] synthetic route via W ittig w ith  ort/zo-effects^“ : (i) Br2 ; (ii) P P h s, Toluene, 

80 °C; (iii) f-BuOK, THF, 0 °C; (iv) (a) 3-4 eq. BuLi at 0 °C (b) THF then H 2O.

Researchers reported cooperative ortho-effects  in the W ittig reaction im proving on the yield  

and stereoselectivity towards the desired Z-isom er (see Schem e 3.1). hiitially, orf/iu-halogenation of 

selected starting m aterials w as carried out, fo llow ed  by a W ittig reaction. The reductive rem oval of 

the aryl halides afforded CA4 [78] in high yie lds (78 % Z : 9 % £)̂ °̂ .

Gaukroger et reported the Suzuki reaction of a (Zj-vinyl brom ide w ith  a boronic acid 

u sing tetrakis(triphenylphosphine)-palladium (0) catalyst in 1,2-dim ethoxyethane (DME) and 

aqueous sod ium  carbonate, based on a m ethod by Strachan’s group^°^. Flash colum n  

chrom atography, fo llow ed  by recrystallization, afforded CA4 [78] in -70% yields w ith  a Z:E ratio of 

99:1 (see Schem e 3.2).
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Br

B{0H)2

Schem e 3.2 CA4 [78] synthetic route via Suzuki reaction^”*’' (i) CBr4 , PPhs; (ii) BusSnH, 

Pd(PPh3)4; (iii) Pd(PPh3)4, NajCOj, DME.

Fiirstner's g roup  developed a stereoselective m ethod for CA4 [78] synthesis based on the 

(Z)-selective Lindlar-type sem ihydrogenation of an alkyne precursor (see Schem e 3.3)̂ °®. The 

alkyne is assem bled by a Suzuki-type cross-coupling reaction. The m odified Suzuki reaction 

utilises 9-m ethoxy-9-borabicyclo[3.3,l]nonane (9-MeO-9-BNN) in the presence of a catalytic 

am ount of palladium (II) chloride w ith l,l'-b is(d iphenylphosphino)ferrocene (PdCl2 [dppf|). The 

sem ihydrogenation w ith w ith Lindlar's catalyst (5 % pallidium  on carbon, ethylenediam ine) was Z 

selective w ith a small am ount of the corresponding alkane also isolated ((Z)-CA4:alkane = 86:14),

O(TBDMS)
.O(TBDMS)

(ii)

[78]
MeOMeO

MeOMeO

MeOMeO

MeO OHMeO OH

(iii) MeO

MeO—

MeO

OH

Ax

Schem e 3.3 CA4 [78] synthetic route using Lindlar's catalyst^®®: (i) 9-MeO-9-BNN, PdC l2 [dppf]; 

(ii) TBAF; (iii) H 2 / Pd, ethylenediam ine, MeOH.

Lawerence and coworkers^'” using a similar approach to Fiirstner et al. synthesised  fZj-CA4 

[78] w ith a greater stereoselectivity (see Scheme 3.4). U tilising Sonogashira conditions, an aryl 

iodide w as successfully coupled w ith an alkyne to produce a diarylalkyne. Follow ing treatm ent
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with dicyclohexylborane and acetic acid, ('Zj-CA4 [78] was afforded in 82 % yield with a Z.E  ratio > 

99:1. Odlo et also utilised Sonogashira reaction conditions to synthesise combretastatin A-1 

and B-1.

(i)

MeO OMe
OMe

(ii)

MeO OMe
OMe

MeO OMe
OMe

MeO OH
(iv)

MeO OMe
OMe

MeO 

MeO

(iii)

OMe

OMe

Scheme 3.4 CA4 [78] synthetic route via Sonogashira reaction^'’’ : (i) CBr4 , PPha; (ii) BuLi; (iii) 

Pd(PPh3 )4 , Cul, piperidine; (iv)(a) CbHjiBH, (b) AcOH.

Recently, Lara-Ochoa et al.^" synthesised (Z)-CA4 [78] and a number of derivatives in good 

yields and high purity utilising titanium complexes (see Scheme 3.5). Due to the high purity of the 

compounds obtained through this method, the group successfully performed the first single-crystal 

X-ray determination of CA4 [78], The starting materials were obtained through Sonogashira 

reaction conditions affording diarylalkynes in good yields. The Ti(Il)-diarylalkynes complexes are 

generated using Ti(0-rPr)4 and /zBuLi under low temperature conditions. The resulting complexes 

are hydrolysed obtained the desired isomer in high yield (94 %).

MeO OH

(ii)

OMe OMe OMe

Scheme 3.5 CA4 [78] synthetic route via Ti(II)-complex^” : (i) Pd(OAc)2/ PPha, 

pyrrolidine,reflux; (ii) T i(0-iPr)4, nBuLi, -78 °C to 50 °C; (iii) H 2O.
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3.4 Wittig reaction route

In the present work, the W ittig reaction is a useful and com m only em p loyed  route for the 

synthesis of alkenes. It in vo lves the addition of a phosphonium  ylid, also know n as a phosphorane, 

to the carbonyl group of an aldehyde or a ketone. The ylid  acts as a carbanion, having an adjacent 

heteroatom . Such species are generated by the reaction of an alkyl halide on a triaikyl- or triphenyl- 

phosphine, com m only triphenylphosphine (TPP), to yield  a phosphonium  salt w hich then 

undergoes an abstraction of a proton using a strong base^° .̂ In this thesis, the W ittig reaction route 

for the synthesis of CA4 [78] is show n in Schem e 3.6.

CHO CH2 OH CHsBr

r S  II ■ (iii)

OH P rotection
O(TBDMS)

OMe

[222]

MeO

\\ 1
/O H

"^OMe

'OMe
OMe 2  - CA4 [78]

OMe

[223]

D eprotection

( V i )

O(TBDMS)

^O(TBDMS) 
OMe

[224]

Wittig Reaction

( V )

O(TBDMS)
B rom ination OMe

[225]

CHO

(iv)

CH2 (TPP)Br

MeO OMe
OMe

MeO OMe
OMe

[227]

O(TBDMS)
OMe

[226]EJZ - [229]

S chem e 3.6 General reaction schem e of CA4 [78] synthesis via Wittig reaction: (i) TBDMS-Cl, 

im idazole, DMF; (ii) NaBH 4, EtOH; (iii) PBrs, DCM; (iv) TPP, toluene; (v) NaH, 

toluene, 0 °C; (vi) TBAF, THF.

3.4.1 Phenol protection reaction

In the first step, the phenolic hydroxy of the starting b enzaldehyde [222]’  ̂w as protected as 

a silyl ether (TBDMS) u sing  ferf-butyldim ethylsilyl chloride and im idazole in DMF - sim ilar to the 

protection step outlined in the endoxifen synthesis schem e. The material w as purified by flash  

chrom atography on silica gel to afford the product [223]’’ (91% yield).

In the ‘H-NM R spectrum  of [223], the signal peaks of the Si(CH 3 ) 2  protons are observed at 

0.12 ppm  as a singlet w hile  the C(CH 3 ) 3  protons are observed at 0.96 ppm  also as a singlet. The 

aldehyde carbonyl group is also clearly visible on the IK spectrum  as a strong band at 1693 cm ’. In 

the 'H-NM R spectra, the proton of the aldehyde group present on the 1-position arom atic carbon is 

observed as a singlet at 9.76 ppm .

3.4.2 A ld eh yd e reduction  reaction
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The aldehyde m oiety of the protected b en zald eh yde [223] w as efficiently reduced w ith  

sod ium  borohydride to form the benzyl alcohol [224]'” . Sodium  borohydride provides nucleophilic  

hydride anions w hich can attack the carbonyl group of the aldehyde group. The protic solvent 

present (i.e. ethanol or water) can provide a hydrogen  to the electronegative oxygen  interm ediate 

w hich results in the reduced alcohol group. The ben zyl alcohol [224] w as afforded in h igh purity, 

as judged by NMR, w ithout additional purification steps (87% yield).

The carbonyl group signal is no longer visible on  the IR spectrum  at at 1693 c m ' and the 

hydroxy functionality is n ow  visib le as a broad band at 3350 cm ’. In the 'H-NM R spectrum  of 

[224], the a ldehyde proton is clearly no longer visible w hile the m ethylene protons of the C H 2OH  

m oiety are identified as a singlet at 4.57 ppm , integrating for tw o protons. The hydroxyl proton is 

observed as a broad singlet at 1.80 ppm.

3.4.3 Brom ination reaction

The benzyl alcohol [224[ w as brom inated u sing phosphorus tribromide, form ing the benzyl 

brom ide [225]’ '̂ (see Schem e 3.7). Phosphorus tribrom ide acts as a Lewis acid. The nucleophilic  

oxygen atom of the hydroxy group attacks the electrophilic phosphorus w hich is flanked by 

electron-w ithdraw ing brom ine atoms. The unstable interm ediates rearrange to produce the 

alkylbrom ide product [225].

O(TBDMS) 
OMe

CH2

■O(TBDMS)
OMe

B r^ p ,B r

OH

Br 

CH2 #>r®Br

B r\ Br 
P

y CH2

'O (TBDM S)
OMe

'O(TBDM S)
OMe

S chem e 3.7 Proposed m echanism  for brom ination step of [225]

The product [225] is unstable and is stored under a nitrogen atm osphere at -18 °C 

overnight w hen necessary, how ever, the succeeding reaction is carried out as soon  as possib le after 

synthesis of the brom ide to ensure a high purity of starting material.
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The h ydroxy  signal is no  longer visible in the IR spectrum  of [225] an d  the carbon-brom ine 

signal ap p ears  as a b an d  at 1209 cm  '. The 'H -N M R  spectrum  for the b ro m id e  [225] rem ains largely  

u n ch an g ed  w hen  co m p ared  to the spec trum  of the alcohol starting  m ateria l - the key difference 

being  the  hydroxy  p ro to n  is no  longer observed  at 1.80 ppm . H ow ever, m ore refined stru c tu ra l 

in fo rm ation  is found  w h en  a com parison  of the ’̂ C-NMR spectra of p ro d u c t and  starting  m ateria l 

is ca rried  out. The carbon  adjacent to the alcohol an d  b ro m id e  functionalities u n d erg o es a 

sign ifican t change in  chem ical shift. The '^C-NMR of the alcohol an d  b rom ide are show n  in F igure 

3.1, the  carbon adjacent to the  b rom ine is iden tified  at 33.70 p p m  w hile the carbon  adjacent to  the 

h y d ro x y  g ro u p  is iden tified  at 64.61 ppm .

CHjBr

100 60 20160 140 120 80 40 0

1 40 12 0 100 80 60 40 20 01 6 0
(ppm)

F ig u re  3.1 C om parison  of '^C-NMR spectra d em o n stra tin g  m ethy lene carbon shift

3.4.4 P h o sp h o n iu m  sa lt fo rm a tio n

The requ ired  p h o sp h o n iu m  salt [226] w as syn thesised  v ia the reaction  of 

trip h en y lp h o sp h in e  (TPP) refluxed w ith  the benzyl b rom ide in to luene u sing  a D ean-S tark trap  (74 

% y ield) (see Schem e 3.6). In the 'H -N M R  spectrum , the m ethy lene (C H 2) p ro to n  signals are 

id en tified  as a d o u b le t a t 5.35 ppm , w hile the arom atic  p ro to n s of the TPP g ro u p  are observed  as a 

m u ltip le t betw een  7.75 — 7.87 ppm .
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3.4.5 Wittig reaction

3.4.5.1 Optimal conditions for cis-selectivity

The W ittig reaction betw een aldehydes and  a -halo  substitu ted  ylids derived from 

triphenylphosphine is know n to lack stereoselectivity^'^. In the reaction, the required  product has a 

cis stereochem istry, therefore, optim ising the reaction conditions to favour cis form ation is 

desirable. Schlosser and  co-workers noted  that ds-selectivity can be greatly im proved in the W ittig 

reactions by paying close attention to a num ber of variables, m ost notably the base/salts, solvent 

and tem perature profile of the reaction^'^'^'"'.

Ether-soluble lithium  salts or, in liquid am m onia, sodium  salts can affect the 

stereochemical outcom e in the W ittig reaction. They can dim inish the erythro- or cis-selectivity of 

the adduct form ing step and they can catalyze an epim erization process w hich increases the 

proportion of threo- or frans-component. Hence, for high cis-selectivity, lithium  salts and ethereal 

solvents are best avoided.

Com m on solvent choices for W ittig reactions include toluene, tetrahydrofuran, ethylene 

gycol dim ethyl ether (EGME), diethyl ether (DEE) and  terf-butylm ethyl ether (tBME). The latter 

two solvents often lead to good yields and selectivities. D im ethyl sulfoxide (DMSO) and protic 

solvents, such as alcohols, should be avoided as they are detrim ental for both yield and selectivity.

The cis-selectivities also depend  greatly on the tem perature a t w hich the ylid and aldehyde 

com bine to afford the adduct. The oxaphosphetane-form ing step is highly exotherm ic and efficient 

cooling is essential for optim al conditions. The aldehyde should  be added  dropw ise slowly, paying 

close attention to the tem perature inside the reaction vessel. O ptim al tem perature  for cisltmns- 

ratios are found to be around -78 °C to -  100 °C.

As a result of the above observations, a W ittig reaction system  com prising of sodium  

hydride in anhydrous toluene w as chosen. W hile this system  ensures particularly  pure  ylids to 

form, a longer reaction tim e is required  (24 h). The addition  of the aldehyde w as carried out slowly 

in an ice-m ethanol bath  (-10 °C) and  allow ed to come to room  tem perature un d er am bient 

conditions.

3.4.5.2 Synthesis of silyl-protected CA4 analogue

The phosphonium  salt w as treated w ith  sodium  hydride to create the ylid w hich reacts 

w ith the carbonyl group of 3,4,5-trim ethoxybenzaldehyde to form  the oxaphosphetane 

interm ediate. This oxaphosphetane in term ediate [228] decom poses to the alkene p roducts as the 

tem perature is increased above 0 °C. The driv ing  force underly ing  this rearrangem ent is the large
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am ount of energy that is evo lved  through form ing the very strong P = 0  bond (535 kj m ol ’). The 

proposed m echanism  is sh ow n  in Schem e 3.8.

©
Br

M eO -
H ,

(T B D M S)O  f II

N aH
M e O — ^  

(T B D M S)O

C = P M eO

(T B D M S)O

O M eM eO

O M e

C — P(C 6H 5>3

O (T B D M S)

M eO  O M e

O M e

[ 2 2 8 ]  M e O — < ^ ^ ^ ^ ^ C - P ( C 6 H5>3

  (T B D M S)O

M eO ^^i^^^O M e
O M e

0=P(C6H5)3

S chem e 3.8 Proposed m echanism  for the W ittig reaction to g ive [229]

From this W ittig reaction pathway, an £/Z  isom eric m ixture of silyl-protected  

com bretastatin A-4 E/Z-[229]™ is afforded fo llow in g purification via flash chrom atography. The 

isom ers w ere separated in a 1:1.3 cis.trans ratio. The exact route outlined above for the synthesis of 

CA4 [78] in volv in g  the TBDM S-silyl ether protecting group w as reported by Pettit et including  

the full NM R characterisation of both the cis- and frans-isomers of the silyl-protected [229] and  

deprotected CA4 com pounds [78]. These reported values w ere used  to confirm  the correct 

assignm ent of each isom er. Investigation of the /-cou p ling  va lu es for protons present on the 

double-bond confirm  the isom eric assignm ent: the cis-isomer ethylene protons are observed as 

doublets ( 7 = 1 2  Hz) w h ile  the trans-isom ei ethylene protons are observed as doublets (/ = 16 Hz). 

The larger /  value indicates the fraws-configuration.

The cis-isom er of [229] is know n to inter-convert to the trans-isom er in the presence of light 

w hile the converse has not been reported. Therefore, w henever possible, light is restricted and 

exposure is kept to a m inim um  w hen the c/s-isom er is present; the colum n is covered in alum inium  

foil w hile  carrying out the chrom atography and the collected fractions are sheltered from light. The 

cis-isom er is stored in a vessel in com plete darkness.
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The 'H -N M R spectrum  for the silyl-protected CA4 cis isom er [229] is show n in Figure 3.2. 

The p ro tons of Si(CH3)2 appear as a singlet at 0.059 ppm  while the protons of SiC(CHa)3 appear as a 

singlet at 0.93 ppm . The 3 -OCH 3 and  5 -OCH 3 pro tons both appear as a singlet at 3.70 ppm , the 

4'-0CH3 pro tons appear as a singlet at 3.78 ppm  and  the 4 -OCH 3 pro tons appear as a singlet at 3.83 

ppm . The pro tons present on the double bond bridge appear as tw o doublets at 6.42 ppm  (H -la ') 

and at 6.47 ppm  (H -la), both w ith a vicinal coupling constant /  = 12 Hz, w hich is w ith in  the range 

for cis configuration. The pro tons present on the A -ring or trim ethoxy-ring (H-2 and  H-6) appear as 

a singlet at 6.50 ppm . The B-ring protons appear as a doublet at 6.73 ppm  w ith /  = 8 H z (H-5'), as a 

doublet at 6.79 ppm  w ith /  = 2 Hz (H-2') and  as a double-doublet at 6.85 ppm  w ith /  = 8 Hz, 2 Hz 

(H-6').

IrV

7 6 3 2 0g 4 1
(ppm)

Figure 3.2 'H -N M R spectrum  of cis-[229]; the silyl-protected CA4 ds-isom er

The '^C-NMR spectra are show n in Figure 3.3. The carbons of Si(CH3)2 appear at -5.22 ppm  

while the m ethyl g roup  carbons of SiC(CH 3)3 appear at 25.18 ppm  and  the quaternary-like carbon 

appears at 17.91 ppm . The 3 -O CH 3 and 5 -OCH 3 carbons appear at 55.43 ppm , the 4'-OCH3 carbons 

appear at 55.05 ppm  and the 4 -OCH 3 carbons appear at 60.45 ppm . The double-bond bridge 

carbons appear at 128.29 ppm  (C-la') and  129.25 ppm  (C-la). The arom atic carbons of the A -ring 

appear at 105.33 ppm  (C-2 and  C-6), 132.66 ppm  (C-1), 136.46 (C-4) and  152.82 ppm  (C-3 and  C-5) .

105



The B-ring aromatic carbons appear at 111.13 ppm  (C-5'), 120.81 ppm  (C-2'), 122.42 ppm  (C-6'), 

129.55 ppm  (C-1'), 144.14 ppm  (C-4') and 149.82 ppm  (C-3').

  iLJ
160______________140______________120______________100______________ 80_______________60_______________ £0_______________20_______________ 0

l . J i  [..I_________ U............ ............I.
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160 140 120 100 80 60 40 20 0
(ppm)

Figure 3.3 '^C-NMR DEPT spectra of c(s-[229]

3.4.6 D eprotection  o f  s ily l ether

The silyl-ether group of [229] w as deprotected u sing tetrabutylam m onium fluoride (TBAF), 

sim ilar to the deprotection step d iscussed  in the second chapter. The material w as purified via 

flash chrom atography to afford isom erically pure CA-4 (cis-isomer) [78] in a 91 % yield, w hile  no 

trans-isom er w as isolated.

The NM R spectra obtained for CA4 [78] w ere in agreem ent w ith  the data reported by Pettit 

et The 'H-NM R spectrum  for CA4 {cis isom er) is sh ow n  in Figure 3.4. The S-OCHs and 5- 

OCH3 protons both appear as a singlet at 3.70 ppm , the 4'-OCH3 protons appear as a singlet at 3.85 

ppm  and the 4 -OCH3 protons appear as a singlet at 3.86 ppm . The protons present on the double 

bond bridge appear as tw o doublets at 6.41 ppm  (H -la') and at 6.47 ppm  (H -la), both w ith  a vicinal 

coupling constant /  = 12 H z, w hich  is w ithin  the range for cis configuration. The protons present on 

the A-ring or trim ethoxy-ring (H-2 and H-6) appear as a singlet at 6.53 ppm . The B-ring protons 

appear as a doublet at 6.73 ppm  w ith /  = 8.5 H z (H -5’), as a doublet at 6.93 ppm  w ith  /  = 2 H z (H-2’) 

and as a double-doublet at 6.80 ppm  w ith  /  = 8.5 H z, 2 H z (H-6').
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Figure 3.4 'H-NMR and '^C-NMR spectra for CA4 [78] (ds-isomer)
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The ” C-NMR spectra are show n in Figure 3.13. The 3 -OCH 3, 4'-OCH3 and  5 -OCH 3 carbons 

appear at 55.89 ppm  and the 4 -OCH 3 carbon appears at 60.91 ppm . The double-bond bridge 

carbons appear at 128.94 ppm  (C-la') and  129.52 ppm  (C-la). The arom atic carbons of the A -ring 

appear at 105.96 ppm  (C-2 and  C-6), 132.672ppm (C-1), 137.01 (C-4) and  152.81 ppm  (C-3 and  C-5). 

The B-ring arom atic carbons appear at 110.33 p p m  (C-5'), 115.09 ppm  (C-2'), 121.02 ppm  (C-6'), 

130.53 ppm  (C-1'), 145.27 ppm  (C-4') and  145.80 ppm  (C-3').

3.4.7 A lternative W ittig  reaction route

The synthetic route to CA4, via the W ittig reaction, w as also carried out using 3,4,5- 

trim ethoxybenzaldehyde [227] as the initial starting  m aterial. The purpose of carrying ou t this 

alternative synthesis route w as to assess any possible optim isation of yields and ratio of isom ers 

relative to the other original W ittig reaction route. The overall reaction steps are identical to the 

previously outlined route; involving a reduction  ([230] '̂® 71 % yield), brom ination ([231] 98 % 

yield), form ation of the phosphonium  salt ([232] 95 % yield), followed by the W ittig reaction to 

give [229] (20% (c/s) and 24% (trans) yield). Overall, it w as found that both routes provide sim ilar 

yields and consistent diastereom eric ratios: (1:1.2 cis-.trans) by the alternative route, (1:1.3 cis-.trans) 

by the original route. The yields w ere slightly h igher for the alternative route show n in Scheme 3.9. 

H ow ever, there appears to be no significant advan tage in choosing one route over the other.
B rom inationR eduction

OMe OMe

(iii)

T T (iv)
j l " ^  ^ '- " '^ O M e  ^ -------

OMe

Schem e 3.9 A lternative reaction schem e of CA4 [78] synthesis via W ittig reaction: (i) NaBH4, 

EtOH; (ii) PBrs, DCM; (iii) TPP, toluene; (iv) NaH , toluene, 0 °C.

CH2(TPP)Br

OMe

3.5 Photochemistry of combretastatin

A characteristic photochem ical reaction of alkenes, including stilbenes, of which 

com bretastatins are classed, is the interconversion of cis and trans isomers. Usually, the trans 

isom er is therm odynam ically m ore stable, and  photolysis establishes a m ixture that is richer in cis
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isomer^'*. After a certain extent of irradiation the cisltmns ratio no longer changes -  this is called the 

photostationary  state. The com position of the photostationary  state is a function of the absorption 

spectra of the isom eric alkenes. The relative am ount of light absorbed by the cis and  trans isomers 

at any w avelength is proportional to their extinction coefficients, £c and £,, at that v^^avelength.

SaltieP'''^'® carried out detailed studies on the m echanism  of photochem ical configurational 

isom erism  using £- and  Z-stilbene. The isom erisation of alkenes is believed to take place via an 

excited state in w hich tw o carbons are tw isted 90° w ith respect to one another. This state is 

referred to as the p (perpendicular) state (Fig. 3.5). This geom etry is believed to be the m inim um - 

energy geom etry for both the singlet and  trip let excited states. The perpendicu lar geom etry for the 

excited state perm its the possibility for re tu rn ing  to either the cis or trans configuration of the 

ground state.

Y

d  a..'"’' ___ - VO Q,..'"''
v < r i> v

p  state

Figure 3.5 Perpendicular p state

In the literature, a num ber of g roups have perform ed UV photochem ical reactions on both 

trans com bretastatin analogues and  cisltrans m ixtures of com bretastatin analogues in order to 

obtain predom inantly  m ore cis isomer. M ore often than not, the c/s-isomers of com bretastatin 

analogues are far superior in bioactivity'*’̂ . Petitt et u tilised UV light at 254 nM  in o rder to 

irradiate an approxim ately 1:1 cisltrans m ixture of a silyl ether-protected com bretastatin  A-4 

analogue [229] and  obtain > 98% conversion to the cis isomer. Similiarly, O hsum i et n/."’ irradiated 

a isomerically pure trans com bretastatin acrylonitrile analogue [233] and  form ed approxim ately a 

1:1 cisltrans m ixture, w hich w as then colum ned to separate the different isomers.

3.5.1 UV photochem ical reaction of CA4 sily l e th er [229]

In order to increase the yields of c/s-isomers in reaction products and m ixtures, a num ber 

of ultraviolet (UV) reactions w ere perform ed The UV reactions w ere carried out using  a N orm ag 

photoreactor w ith forced liquid circulation and a 150 W m edium  pressure m ercury im m ersion 

lamp.

A pure quantity  of the frans-isomer of the com bretastatin  A-4 silyl ether analogue [229] in 

ethanol w as irradiated w ith UV light. The reaction successfully produced  a 50:50 m ixture of cis-
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and  frans-isomers [229], calculated from the 'H -N M R spectrum . The cis and trans isom ers are 

visible on TLC and can be separated  by colum n chrom atography.

3.5.2 UV photochem ical reaction of acry lonitrile  com bretastatin  analogue

An acrylonitrile am ine analogue of com bretastatin w as chosen for synthesis due  to its 

im pressive cytotoxicity reported  against against m urine Colon 26 adenocarcinom a in vitro (IC50 = 

5.9 nM) and  antitubulin  activity (IC50 = 10 |aM )"’. In addition, the com pound has a free am ine 

g roup  which could allow for the synthesis of pro to type conjugates of the com pound. Initially, the 

acrylonitrile nitro analogue [233] w as synthesised via a base-catalysed condensation reaction 

betw een 3,4,5-trim ethoxyphenylacetonitrile and  4-m ethoxy-3-nitrobenzaldehyde using the phase 

transfer catalyst, m ethyltrioctylam m onium  chloride. The proposed m echanism  is show n in Scheme 

3.10. The product w as afforded as the pu re  trans-isom er [233] (69% yield) -  referring to the spectral 

data reported by O hsum i's group. The E- or Z-geom etries of these com pounds w ere determ ined  by 

com parison of the chemical shifts of B-ring protons adjacent to the olefin site. The protons on the fi

ring of the Z-form derivative resonate 0.5-1.0 ppm  dow nfield from the corresponding protons of 

the £-form  by the anisotropic effect of the nitrile group. In the '^C-NMR spectra, the nitrile carbon 

w as clearly visible at 117.24 ppm ; while in the IR spectrum , the nitrile signal is observed at 2206.6

NaOH
OMe

OMe

OMe

Condensation

OMe
trans - [233]

Zn / AcOH

OMe

OMe
OMe

Schem e 3.10 Proposed reaction m echanism  of acrylonitrile analogue
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A solution of the fmns-acrylonitrile com bretastatin  analogue [233] w as irrad iated  w ith UV 

lig h t , successfully producing a 1:1.14 m ixture of cis- and  frans-isomers of [233], calculated from 'H- 

NMR spectrum  (i.e. expected 6 protons integrates for a value of 5.25)(see Fig. 3.6). The m aterial was 

purified  by flash chrom atography on silica gel then recrystallised from acetic acid to afford the 

pure  ds-isom er [233] (25 % recovered as pure  isomer).

trans

410 4 0& 3 9S 3 90 3.BG 3 90 3.7S

Figure 3.6 A crylonitrile m ixture after 90 m inutes of UV irradiation

The nitro functionality w as reduced to an am ine using zinc in acetic acid affording the ds- 

isom er acrylonitrile am ine com pound [234] (90 %) reported  by O h su m i"’ (see Scheme 3.11).

"a.
NO,

+ 2 Zn + 7  AcOH

[233] °

X ^ ^ ^ N H j O A c

+ 2 Zn(OAc)j +  2 H ^ O
0
1

NaOH

O
[234] ^

Schem e 3.11 Reduction of nitro-substituent analogue [233] to am ine analogue [234]
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3.6 Perkin reaction route 

3.6.1 O u tline

The synthesis of CA4 [78] via the W ittig reaction is problem atic due to the lack of 

stereoselectivity and  difficult separation procedures required. Through investigatations of novel 

m ethods of stereoselective syntheses, G aukroger et reported  a high-yielding, stereoselective 

route to CA4 [78] using the Perkin reaction. A condensation of an arom atic aldehyde w ith  an  acid 

anhydride in the presence of the sodium  or potassium  salt of the acid corresponding to the 

anhydride is know n as the Perkin reaction. The m echanism  involves a form  of aldol condensation. 

In this project, a m odified Perkin reaction procedure is used to form  acrylic acid type com pounds 

of com bretastatins and  derivatives.

The synthesis of CA4 [78] via the Perkin reaction is a shorter, tw o-step process w ith 

sim plified purification procedures. In the first step, trim ethoxyphenylacetic acid [235], isovanillin 

[222], triethylam ine and acetic anhydride w ere boiled under reflux together and  then w orked up  to 

form an acrylic acid, w hich is in essence the CA4 [78] structure w ith an additional carboxylate 

group  attached at the double bond bridge. The products crystallise out as one isom er in the 

desired  CA4 [78] cis configuration. The m echanism  for the synthesis of com bretastatin  A-4 

cinnam ic acid analogue [236] via the Perkin reaction is show n in Scheme 3.12.

In the second step, the acrylic acid is refluxed in the presence of copper pow der and 

quinoline in order to rem ove the carboxylate group. This is a com m on reaction m ethod em ployed 

for the rem oval of carboxylic groups. The decarboxylation step produces a m ixture of cis and trans 

isom ers of CA4 [78].
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o o 
^ 0 ^

OH

[235]

MeO OMe
OMe

HCOO-fi^O

MeO OMe
OMe

MeO OMe
OMe

MeO' OMe
OMe

H +

OHMeO' OMe
OMeOMe

•OH

OMe

MeO OMe
OMe

•OH

OMe

MeO' OMe
OMe

BfZ - [236]

Schem e 3.12 Perkin reaction m echanism  to give [236]

3.6.2 Syn thesis of acrylic acid CA4 analogue [236]

The benzaldehyde, phenylacetic acid, acetic anhydride and triethylam ine w ere boiled 

u n d er reflux for three to four hours. D uring the reaction the phenylacetic acid is probably  present 

as both  the anion and the m ixed anhydride form. At the end  of the reaction the cinnam ic acids are 

presen t in  part as the neutral m ixed anhydrides. H ow ever, upon  cooling, concentrated 

hydrochloric acid is added  to the m ixture in o rder to hydrolyse these com pounds and  afford the E -  

isom er product.

W here the Z-stilbene (i.e. CA4 [78]) is less stable and  low er-m elting than the £-isom er, the 

reverse is true w ith regard to the cinnamic acids^'’. Therefore, the higher-m elting £-acid is the 

p redom inan t product in this reaction (see Fig. 3.7). The steric interference betw een the carboxyl 

and phenyl groups in the Z-acid is greater then that betw een the tw o phenyl g roups in the £-acid. 

Steric h indrance is evident from the fact that the Z-acid is not subject to Fischer esterfication

113



(ethanol and an acid catalyst) w hereas the £-acid  undergoes reaction^'’. A CA4 acrylic acid

The 'H-NM R for the acrylic acid analogue of CA4 [236] is sh ow n  in Figure 3.8. The 3 -OCH3 

and 5 -OCH 3 protons are both observed as a singlet at 3.70 ppm , the 4'-OCH3 protons are observed  

as a singlet at 3.72 ppm  and the 4 -O CH 3 protons observed as a singlet at 3.74 ppm . The protons 

present on the A-ring or trim ethoxy-ring (H-2' and H-6') are present as a singlet at 6.45 ppm . The fi

ring protons are observed as a doublet at 6.54 ppm  w ith /  = 2 H z (H-2"), as a doublet at 6.81 ppm  

w ith /  = 8.5 H z (H-5') and as a double-doublet at 6.62 ppm  w ith  J  =  8.5 Hz, 2 H z (H-6'). The proton  

present on the double bond bridge is observed as a singlet at 7.59 ppm  (H-3). The proton of the 

carboxylic group is identified  as a broad singlet at 12.52 ppm.

The '^C-NMR spectra of [236] are also show n in Figure 3.8. The 3'-OCH3 and 5'-OCH3 

carbons are observed at 56.26 ppm , 4"-OCH3 at 55.80 ppm  and the 4'-OCH3 carbon at 60.47 ppm. 

The double-bond bridge carbons are observed at 127.37 ppm  (C-2) and 139.48 ppm  (C-3). The 

arom atic carbons of the A-ring are identified  at 107.00 ppm  (C-2' and C-6'), 132.53 ppm  (C-1'), 

137.25 (C-4') and 153.44 ppm  (C-3' and C-5'). The B-ring arom atic carbons are identified at 111.84 

ppm  (C-5"), 117.54 ppm  (C-2"), 123.34 ppm  (C-6"), 130.66 ppm  (C-1"), 146.19 ppm  (C-4") and 149,24 

ppm  (C-3"). The carbon of the carboxylic group is present at 168.96 ppm  (C-1).

analogue (IC50 = 1.9 |aM) reported by C ushm an'“  w as -3000 tim es less active than corresponding

CA4 derivative (IC50 = 0.62 nM) in the MCF-7 hum an cancer cell line.

OMe

H O O C ^

H O O C , ^

OMe

Figure 3.7 £-acid  [236] (left), Z-acid [236] (right)
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Figure 3.8 'H-NMR and '^C-NMR spectra for [236]
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3.6.3 Decarboxylation

The decarboxylation step was carried out fo llow ing  the method reported by Gaukroger et 

al. To remove the carboxylate group, the acrylic acid [236] was boiled under reflux (-230 °C) in 

the presence o f copper powder in  quinoline - a w ide ly  employed method fo r decarboxylation 

reactions (see Scheme 3.13). Metal ions such as Cu2+ have been found to be catalytically active in 

the decarboxylation o f acids. The metal ions function by w ithd raw ing  electrons from  the reaction 

site thus facilita ting the reaction. The decarboxylation step produced a m ixture  o f cis and trans 

isomers of CA4 [78] in  an approximate ratio of 1:1, found from  NM R  analysis.

OH
HO

OMe

MeO OMe
OMe

[236]

O

I
H

OH

OMe

MeO OMe
OMe

MeO OMe
OMe

Scheme 3.13 Proposed Cu-Quinoline decarboxylation reaction mechanism to afford E/Z-[78]

The ind iv idua l cis- and frans-isomers from  the decarboxylation reaction were d iffic u lt to 

p u rify  via flash chromatography and the overall recovered yields were low . Also, quinoline is a
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high boiling solvent and while it is only slightly soluble in cold water, even after a num ber of water 

washes, trace amounts were visible in the NMR spectra even after repeated purification via 

chromatography. From these reasons, the Perkin route for the synthesis of CA4 [78] was not 

deemed a viable and efficient route over the Wittig route.

3.7 Acrylic acid analogues 

3.7.1 Overview

While the Perkin reaction was a much less time-consuming route, when compared with the 

Wittig reaction, to access CA4 [78], it was found to also be prone to purification difficulties and lack 

of stereoselectivity. However, the Perkin reaction route was considered a viable and efficient 

synthetic route to an array of novel combretastatin acrylic acid analogues. The ability to vary the 

phenylacetic acid and/or benzaldehyde components of the Perkin reaction was investigated. The 

number of possible acrylic acid analogues is only limited by the number of different starting 

materials available, assuming the different components can undergo reaction. To date, a significant 

amount of SAR information exists for various combretastatin analogues™. From the available 

literature, a selection of the most active and interesting combretastatin analogues were short-listed 

and novel acrylic acid analogues of these short-listed compounds were synthesised for evaluation 

of antiproliferative activity and subsequent selection for inclusion in the ER conjugate study.

When selecting a short-list of combretastatin analogues to synthesise as acrylic acids, a 

number of conditions were used to rank the candidates: their antiproliferative/cytotoxicity values, 

their tubulin depolymerisation values, and the availability of phenylacetic acid and benzaldehyde 

starting materials. Also, in some cases, constitutional (structural) isomers of high-ranking 

candidates were synthesised, which could help probe mechanistic details, aid molecular-modelling 

studies and provide information on binding conformations of the novel com pounds i.e. by 

comparing the different molecular shapes and conformations of the compounds, differences in 

antiproliferation, cytotoxicity and binding assays may be explained.

While the novel acrylic acid analogues can undergo a decarboxylation step, providing a 

short synthetic route to the parent combretastatin analogues; within the scope of the project, the 

presence of the carboxylic acid moiety on these acrylic acid analogues also allows for the formation 

of an amide bond with the amine moiety present on the endoxifen analogues synthesised in the 

project -  thus, providing a synthetic route to novel conjugates. These novel conjugates, discussed 

in a later chapter, essentially comprise of the ER ligand linked directly to the combretastatin 

analogue via a simple amide functional group.
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3.7.2 Short-listed acrylic acid analogues

The different short-listed analogues synthesised are divided into subgroups. Each 

subgroup member is tabulated according to their compound reference number, molecular 

structure, reaction yield and characteristic IR absorption values. The more complete 

characterisation of the analogues can be found in the experimental chapter.

Analogues of [79] (see Fig. 1.28) were synthesised in an effort to probe the structural 

features associated with their anti-tubulin and anti-cancer activity'^' The group synthesised a 

number of conformationally restricted analogues and with varied B-ring methoxy groups and a 

selection of other substituents. The group also attempted to determine the effect of double bond 

isomerisation and added substituents onto the double bond in order to enhance aqueous solubility. 

The study provided rich data regarding the important aspects of stilbene and combretastatin 

structure as it relates to biological activity, most notably the importance of the trimethoxy motif on 

the A-ring and the importance of the substituent on the 4-position of the B-ring'“ ' I n  general, 

altering the degree of saturation on the bridge weakens the biological effect of the analogues. The 

introduction of single- and triple-bonds at the bridge results in loss in cytotoxicity and antitubulin 

activities when compared to CA4 [78]. However, a number of bridge-modifications resulted in 

compounds that retained a high degree of biological activities comparable to CA4 [78]. The 

introduction of larger groups, such as COOH, to the bridge position C-a (the bridge carbon 

adjacent to the A-ring) appear to detrimentally affects the tubulin polymerisation inhibitory 

activity, however, maintains moderate cytotoxicity (low |.iM) while introduction to C-|3 (the bridge 

carbon adjacent to the B-ring) bioactivity is greatly h i n d e r e d T h e  presence of smaller groups 

such as CHO, CN and OH at the bridge position seem to be more tolerated, however, cytotoxicity 

and antitubulin activity is still reduced compared to CA4 [78]'“  The bridge-length is key to 

optimal antitubulin activity. While some compounds with the A- and B-rings separated by only an 

-O- or -NH- group displayed some significant antitubulin activity, the two-carbon bridge displays 

optimal activity. Increasing the bridge length reduces bioactivity'“ .

In the present work, the first group of compounds synthesised (Table 3.1) contains the CA4 

acrylic acid analogue [236], an acrylic methyl ester of CA4 [237] and two structural isomers, [238] 

and [239], of another highly potently CA4 analogue [79] - where the acrylic acid carboxylic acid 

moiety is positioned on the alternate carbons of the double bond. Compound [238] was synthesised 

from 3,4,5-trimethoxyphenylacetic acid and anisaldehyde, while compound [239] was synthesised 

from 3,4,5-trimethoxybenzaldehyde and 4-methoxyphenylacetic acid. The methyl ester acrylic ester 

was synthesised by refluxing [237] in concentrated sulfuric acid and methanol. The material was

118



recrystallised to afford the pure product (77% yield).

Compound ID Structure Yield (%) IR (cm ')

[236]

Xo 
o— 

o 
o—

X

63

3423.9 (OH) 

1671.3 (C=0) 

1585.2,1509.6 (C=C) 

1268.3, 1126.2 (C-O)

[237]

Xo 
o—

o 
o

/ 
/ 77

1709.5 (COOMe) 

3429.5 (OH) 

1611.1,1506.9 (C=C) 

1246.4, 1127.7(C-0)

[238]

0

O j ^ O H  

0^ '

71

3435.3 (OH)

1664.3 (C=0) 

1603.6, 1511.8 (C=C) 

1253.0, 1126.9 (C-O)

[239] 64

3435.9 (OH) 

1680.1 (C=0)

1614.0, 1502.2 (C=C)

1279.0, 1122.3 (C-O)

Table 3.1 Acrylic acids [236] -  [239]

The second group of compounds synthesised [240] -  [245] (Table 3.2), comprises of 

structures which contain possible trimethoxyphenyl ring substitutes (the benzo[l,3]dioxole ring, 

the naphthalene and phenanthracene ring systems). The synthesis of anthracene derivatives were 

unsuccessful. Again, a number of structural isomers were synthesised.

An observation was made that by replacing either the A- or B-ring with a naphthalene ring, 

but not both together, resulted in compounds with a potency comparable to that of CA4 [78]. This 

discovery demonstrated that neither the trimethoxyphenyl nor the 3-hydroxy-4-methoxyphenyl 

rings were essential for biological activity and that the naphthalene ring is a good surrogate for 

both motifs"^ Perez-Melero and Maya"^ noted that the naphthalene surrogate produces more 

potent combretastatin derivatives when replacing the 3-hydroxy-4-methoxyphenyl moiety than the 

trimethoxyphenyl motif. While the naphthalene system maintains the potency of combretastatins
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and increases their lipophilicity (an im portan t feature in ligand binding), their low  aqueous 

solubility is undesired. Expanding on the idea of suitable B-ring surrogates, the g roup  replaced the 

naphthalene m oiety w ith  quinoline and  quinoxaline systems; thus im proving solubility, 

m aintaining similar steric factors and  by varying the position of the nitrogen atom s providing 

fu rther SAR inform ation on these com pounds from biological activity results.

C om pound ID Structure Yield (%) IR v„ax (cm ’)

[240]

O \

41

3414,7 (OH) 

1666.6 (C=0) 

1599.5 (C=C) 

1241.2 (C-O)

[241]

O ^ O H

0 1̂
V-0

36

3436.3 (OH)

1666.2 (C=0)

1611.2 (C=C) 

1240.8 (C-O)

[242] »

0^ '

40

3436.5 (OH) 

1675.9 (C=0) 

1582.1 (C=C) 

1236.9,1128.1(C-0)

[243] *

0

0^ '

51

3435.5 (OH) 

1664.3 (C=0) 

1581.9.0 (C=C) 

1239.2, 1127,4 (C-O)

[244] *

1 
 ̂

^ 
o 

o

47

3435.8 (OH) 

1678.0 (C=0)

1582.8 (C=C) 

1239.2, 1129.7 (C-O)

[245] *

X o

47

3435.6 (OH) 

1670.3 (C=0) 

1608.1 (C=C) 

1248.9, 1175.3 (C-O)

Table 3.2 Acrylic acids [240] -  [245] (* = novel com pound)
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The third group of compounds consist of acrylic acid compounds with a variety of B-ring 

substituents. All the compounds were synthesised from 3,4,5-trimethoxyphenylacetic acid and the 

relevant benzaldehyde, with the exception of the amine compound [251], which was synthesised 

by the reduction of the corresponding nitro analogue [252] using zinc in acetic acid.

Compound ID Structure Yield (%) IR v„ax (cm ’)

[246] * / 
I

o 
o

37

3436.5 (OH) 

1671.0 (C=0) 

1581.0,1505.3 (C=C) 

1241.5, 1127.6(00)

[247] *

0

0^ *
48

3435.9 (OH) 

1667.3 (C=0) 

1587.8, 1506.2 (C=C) 

1286.0, 1125.3 (C-O) 

2939.7, 1410.7 (S-CHj)

[248] » / 
I

o 
o

41

3435.9 (OH) 

1667.1 (C=0) 

1582.8, 1506.0 (C=C) 

1240.4, 1132.4 (C-O) 

1008.4 (Br)

[249]

0

f t  ^ ^ 0  

0^ '
55

3435.8 (OH) 

1666.3 (C=0) 

1583.9, 1515.9 (C=C) 

1277.3,1128.6 (C-O) 

1242.4 (F)

[250] *

0

'
59

3436.1 (OH) 

1665.9 (C=0) 

1583.0, 1507.7 (C=C) 

1240.3,1130.4 (C-O) 

1219,3 (F)
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0
3437.1 (OH)

[251] 67

1672.4 (C=0) 

1587,2, 1506.0 (C=C) 

1239.0, 1123.3 (C-O) 

3357.5, 1268.9 (N H 2 )

0
3435.9 (OH)

[252] / 
I

o 
o

—
O 

Z p
71

1667.0 (C=0) 

1613.3, 1536.8 (C=C) 

1266.0, 1128.0 (C-O) 

1357.9 (NO 2 )

T able 3.3 Acrylic acids [246] -  [252] (* = novel com pound)

The Perkin reaction proved a useful route to obtain com bretastatin acrylic acid derivatives. 

The short-list of acrylic acid com pounds for synthesis w as selected based on the com bretastatin- 

related literature study  discussed in the first chapter. All of the com pounds [236] - [252] were 

obtained in high purity  via recrystallisation and  did  not require purification via colum n 

chrom atography procedures. Overall, the product yields w ere m oderate to good.

3.8 Summary

The W ittig reaction is a useful route to synthesise com bretastatin A-4 from arom atic 

aldehydes. H ow ever, the purification step required to separate the £/Z  isom ers is laborious and 

difficult. Using the Perkin reaction to synthesise CA4 [78] also led to difficulties w ith purification 

steps.

H owever, the Perkin reaction proved  a useful m eans of synthesising com bretastatin acrylic 

acid derivatives in a rap id  and  efficient m anner. All the acrylic acid analogues w ere characterised 

using  IR, NMR and h igh resolution m ass spectroscopy analytical m ethods and the m elting points 

w ere found for all solid derivatives.

The final com pounds in this chapter w ere tested in the MCF-7 hum an  cancer cell line using 

an MTT (antiproliferative) assay and the LDH (cytotoxicity) assay. The biochem ical results of these 

analogues are discussed in C hapter 5. In addition, a num ber of the com bretastatin analogues w ere 

fu rther developed as conjugate prototypes discussed in the next chapter.
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Chapter 4

Conjugates
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4.1 Overview

The m ain objective of the project w as to synthesise dual-acting, estrogen-receptor targeting 

conjugate products. In the preceding chapters, the synthesis of ER ligand and com bretastatin 

analogues w ere discussed. W hile these com pounds are of interest as new  'stand-alone' active 

agents i.e. as possible ER ligands/SERM s and antim itotic agents respectively, their intended 

application involved the synthesis of conjugated com pounds w hich possessed the com bined and 

possibly enhanced (i.e. dual-action) effects of the individual conjugate moieties. By incorporating 

an ER-ligand moiety such as endoxifen into the conjugate scaffold, it is envisioned that the 

conjugate could target breast cancer cells that over-express ER, exerting their antagonist effect 

w hile also acting as a carrier to selectively bring the covalently-bound cytotoxic agent to the area of 

the tum our. D epending on the chem istry and stability of the conjugate linker, the conjugated 

cytotoxic agent m ay then exert its ow n anticancer activity. Therefore, by utilising this conjugate 

strategy, the selective delivery of cytotoxic agents to ER-positive cancer cells m ay be achieved.

This specific ER-targeting conjugate strategy has been previously investigated for a 

num ber of different goals as discussed in the introduction chapter. Burke et al. reported  an 

approach sim ilar to the objectives of the project w hereby conjugates w ere synthesised which 

contained the antagonist ER-ligand, 4-hydroxytam oxifen, bound via a linker group to the broad 

spectrum  anticancer agent, doxorubicin. The conjugate dem onstrated  prom ising results and 

show ed im proved efficacy w hen com pared w ith the individual conjugate com ponents; 4-fold up  to 

140-fold enhanced activity relative to doxorubicin and  a b inding affinity of 2.5% relative to E/Z-4- 

hydroxytamoxifen''*^'

The aims of the project are to expand upon  this concept of ER-targeting conjugates by 

attem pting to optim ise the antagonistic ER-ligand com ponent for both antagonist activity and 

binding  affinity to the ER w hile also investigating an array  of possible anticancer agents that may 

be utilised in this strategy and prom ote enhanced an titum or activity. In this chapter, a brief 

discussion is carried ou t regarding the strategy behind the design of the conjugates/prodrugs, 

followed by a detailed discussion of the synthesis of the various conjugates and the background 

and  reasoning for the choice of the specific conjugate com ponents.

4.2 Conjugate Strategy 

4.2.1 Prototype framework

A general p ro to type structure of the conjugates synthesised in the study  is show n in Figure 

4.1. The prototype triad  contains an ER-ligand, a linker and a cytotoxic agent. The ER-ligand is the
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core element of the scaffold as it is the key to the proposed ER-targeting abilities of the conjugates. 

The main ER-Iigand type used in the conjugate structure were triarylethylene-based analogues; 

principally endoxifen [20], the endoxifen derivative [175] and GW7604 [30]. These ligands were 

chosen due to their antagonist nature and/or impressive ER binding affinities^^. The linker element 

acts as an interface between the ER-ligand and the chosen cytotoxic agent. The choice of linker 

moiety greatly determines the conjugates behaviour and proposed ability to cleave the cytotoxic 

agents (i.e. prodrugs) or to act as stand-alone antiproliferative agents. The various cytotoxic agents 

were investigated based on literature evidence reporting activity against breast cancer and 

assessed for suitability as agents to couple to different ER-ligands. The agents chosen in the present 

study to undergo conjugation reactions were combretastatin A-4 [78], combretastatin derivatives 

[236], [238], [239], [241], [243], [246], [247], [248], [249], [251] and [234], chlorambucil [309], 

indomethacin [305], a sulfatase inhibitor [300], an aromatase inhibitor [296], curcumin [325], a 

podophyllotoxin derivative [315].

LinkerCytotoxic Agent

Figure 4.1 General prototype structure

4.2.2 Factors affecting conjugate behaviour

The behaviour of the proposed conjugate prototypes is fundamentally related to the linker 

moiety. The conjugates are chemical derivatives that require one or two chemical or enzymatic 

transformation steps to yield the active parent drug. Better understanding of underlying biological 

phenomena have led to better agents and drugs which have improved bioavailibity, aqueous 

solubility, lipophilicity, enhanced active transport and site-selective delivery™. In prodrug design, 

certain functional groups are suitable for derivatisation such as carboxylic, hydroxyl, thiol, amine, 

phosphate/phosphonate and carbonyl groups. Modifications of these groups can generate prodrug 

esters, thioesters, carbonates, carbamates, amides, phosphates imines, oximes and N-Mannich 

bases^ ‘̂.

In this study, the key groups present on the ER-ligands are phenolic ([20], [175], [30]) and 

either carboxylic (i.e. [30]) or amine functionalities (i.e. [20] and [175]). ER-ligand phenol functional 

groups play a key role in ligand binding. Modifications at this position have been shown to lead to
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reduced ER-binding affinities. Therefore, the phenol g roup  w as not utilised as an point for 

conjugate/prodrug developm ent in the current scope and objectives of this investigation. The 

rem aining am ine (i.e endoxifen [20]) and  carboxylic g roups (i.e. GW7604 [30]) lead to the 

possibility of synthesising ester and  am ide covalent bonds w ith carboxylic and  hydroxyl functional 

g roups present on the other conjugate linker fragm ent and/or cytotoxic agents.

Esters are the m ost com m on form  of prodrug; typically used to increase lipophilicity by 

m asking charged g roups such as carboxylic acids and phosphates thus im proving passive 

m em brane perm eability of w ater soluble drugs^^'. There are a large num ber of enzym es in the body 

w hich are involved in the bioconversion of ester prodrugs: the hydrolytic enzym es com m on to the 

blood and  plasm a (paraoxonase, carboxylesterase, acetylcholinesterase and  cholinesterase) and the 

oxidative enzym es (cytochrom e P450s) principally found in the liver^“ . Esterases are found in 

m any other tissue (i.e. brain, kidney and  muscle) w hile carboxylesterases, in particular, found 

w idespread  th roughout the body. Due to the extensive presence of esterases, ester p rodrugs are 

readily cleaved in vivo. Selectivity can be achieved by the targeting specific esterases in tum ours as 

is dem onstrated  by the m arketed 5-flurouracil p rodrug  capecitabine [253] (see Figure 4.2). Cytidine 

deam inase and thym idine phophorylase can be found in greater concentrations in tum our tissue. 

Capecitabine [253] undergoes a three-enzym e cascade generating inactive m etabolites until it forms 

the active cytotoxic agent, 5-fluorouracil [3]
o

dThdPaseCarboxylesterase

(tumours)(liver, tumours)

Figure 4.2 C apecitabine [253] three-enzym e cascade

While m any esters increase lipophilicity, phosphate esters often lead to im proved aqueous 

solubility. A phosphate ester of m iproxifene [254], an anticancer drug, is converted by alkaline 

phosphatases (see Fig. 4.3). The aqueous solubility at pH  7.4 of the parent d ru g  w as increased by 

three orders of m agnitude  resulting in -25 % enhanced bioavailbility in rat and dog models. 

Similiarly, estram ustine phosphate [81], w hich is also converted by alkaline phosphatases, has 

im proved aqueous solubililty w hen com pared to the parent drug^^'.

Am ides form m uch stronger bonds com pared to esters and  are used only to a slight extent 

as p rodrugs due to their relatively high enzym atic stability in vivo. W hile chemically quite stable, 

the am ide bond can be hydrolysed by carboxylesterases, peptidases or proteases. An exam ple of a
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p rod rug  [233] containing an am ide linkage is show n in Figure 4.3. The p rodrug  [255] is effechvely 

excluded from cells due  to the presence of a diacid side chain. C leavage of the glutam ate-like 

am ide by am idases releases a m ore lipophilic agent w hich also activates the m ustard  by electron 

release through the arom atic rin g '“ .

O . ^N H

1255]

[254]

HO OH

Figure 4.3

0S02Me

Example of ester and  am ide prodrugs

The tum our environm ent also has un ique characteristics w hich should be considered w hen 

designing conjugates^^^. Due to im perfect vasculature as a result of rapid cellular grow th w ithin 

tum ours, blood flow is often chaotic and restricted leading to a hypoxic state. The poor vasculature 

can result in a bu ild -up  of metabolic acids thus decreasing extracellular pH . These two 

characteristics of tum ours can be chemically exploited w hen  designing prodrugs. C om m on 

prodrug  triggers for targeting hypoxic regions include arom atic and  aliphatic N-oxides, quinones, 

arom atic nitro groups, and cobalt com plexes^. A com m on feature of hypoxia-targeting agents 

involves the initial reduction of the trigger to a transient in term ediate able to be efficiently back- 

oxidised by m olecular oxygen. In norm al tissue w here there is sufficient oxygen present, the 

cytotoxic agent is not preferentially generated w hile in hypoxic tum our tissue the lack of oxygen 

allow s for the form ation of the cytotoxin. Thus, a degree of selectivity is achieved. The pH  can 

affect the stability of p rod rug  m oieties such as esters w hich can undergo  acid base h y d ro ly sis^ .

Therefore, in this study, ER-targeting conjugates containing ester linkages in the scaffold 

structure, we hypothesise, w ould  m ore likely act as carrier com pounds of cytotoxic agents possibly 

cleaved in vivo by esterases w hile am ide conjugates w ould  be less susceptible to enzym atic 

hydrolysis and m ay act m ore as stand-alone antiproliferative agents.

4.2.3 Goals of the conjugate strategy

Some of desired goals of the conjugate design in this investigation are:

1. To produce hydrolysable com pounds capable of the delivery of cytotoxic agents to the 

tum our cell.
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2. To increase the selectivity of the cytotoxic agents which should result in less toxicity and 

increased efficacy.

3. To augment the inherent activity of the component fragments through possible synergistic 

effects.

4. To produce pure ER antagonists through the additional, bulky linker-cytotoxic agent 

moiety of the conjugate structure.

5. To achieve a dual-action activity (i.e. ER antagonism and antimitotic activity in unison).

4.3 Coupling Reactions

With all of the conjugate prototypes investigated in this project, the main reaction involved 

in the synthesis of the conjugates was a coupling reaction between a carboxylic acid group with 

either an amine or phenolic group, forming an amide or an ester covalent-bond linkage 

respectively. In this project, DCC was successfully used to couple secondary amines with the 

carboxylic acid functionality (on acrylic acid combretastatin analogues, on GW7604 analogues and 

certain specific cytotoxic compounds, and on diacid linker groups) in order to form amide 

linkages. This approach was also successfully utilised in this project in reactions coupling the 

phenol functionality of combretastatin A-4 with the free carboxylic acid group of the diacid linker 

compounds, forming ester linkages^"*.

The conjugate compounds in the project were all synthesised using a common method of 

coupling. Carbodiimides, containing a (N=C=N) hmctionality are dehydration condensing agents 

and are often used to activate carboxylic acids towards amide or ester formation^^. DCC (acronym 

for N,N’-dicyclohexylcarbodiimide) was one of the first developed and is very useful due to its 

high yielding reactions and relative low cost. DIC (N,N'-diisopropylcarbodiimide) and EDC (1- 

ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) are two other popular 

carbodiimides, the latter being a water-soluble coupling agent. In order to reduce side reactions 

(such as intramolecular formation of N-acylureas) and help increase yields, hydroxybenzotriazole 

(HOBt) or dimethylaminopyridine (DMAP) were added in conjunction with the DCC. HOBt was 

used as the default reagent. However, for some esterification reactions, especially those involving 

diacid linker compounds, DMAP was chosen as it often afforded higher yields“ ^ Typically, DMAP 

is used more often for the synthesis of esters while HOBt is more common in amide (or peptide) 

synthesis. The use of solvents with low-dielectric constants such as DCM or chloroform can also 

minimise possible side reactions, therefore anhydrous DCM was used for the majority of coupling 

reactions in the project. The mechanistic details of the amide and ester formation reactions
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involving DCC, HOBt and DMAP are similar. A general mechanism is shown in Scheme 4.1. Both 

HOBt and DMAP act as bases (represented in either case by It must be noted that one major

disadvantage associated with DCC usage is that it is a skin sensitiser and potent allergen.

N=C=N

H -b ’

\ ---- /  0+-H
0=(O

R

R H

- B - H  ^

-0 -1 — 0 - R '

Scheme 4.1 DCC coupling reaction mechanism^^^

4.4 Synthesis of diacid linker analogues

A selection of diacid linkers were chosen that would allow for the formation of ester and/or 

amide bonds with any available phenol and/or amine groups present on the conjugate component- 

fragments. The chosen diacids are low molecular weight compounds. Many are common FDA- 

approved food additives (succinic acid, fumaric acid)“ ® and also found in the Krebs cycle 

(succinate and fumarate ion)^’. Therefore, it is envisioned that these diacid fragments can be 

metabolised easily by enzymes, thus releasing the conjugate component ligands and possibly 

exerting a dual action effect. Also, the various diacid linkers utilised possess different 

flexible/restricted conformations and geometries. By synthesising a library of conjugates which 

vary only by the linker fragment, some important structure-activity relationship information may 

be elucidated.
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In  the in itia l stages o f the project, des-methyl-tamoxifen [53] was used as the prototype ER- 

ligand starting material for the DCC coupling reaction w ith  the various diacid compounds (see 

Scheme 4.2). The reasoning being that the amine m oiety of des-methyl-tamoxifen is the only 

reactive site for the DCC coupling w ith  the carboxylic acid group of the linke r compounds and 

both the TLC and column chromatography w ou ld  be sim plified. This was merely a precautionary 

step to prevent the case where a phenol-protected endoxifen analogue was unintentionally 

deprotected during  the reaction -  w hich w ou ld  lead to the form ation of undesired by-products.

[256] o
HO,

HN

[53]

OH

( i )  o r  (ii)

[257]

O

HN

[152]

O(TBDMS)

( i )  o r  ( i i)  o r  (iii)

O
HO.

N
I

R

[262] H

[263] O(TBDMS)

[264] OH

[261] O

'OH
HO.

HO.

[267]

Scheme 4.2 Synthesis scheme o f diacid linkers [262] -  [267]

(i) DCC, HOBt, DCM  (ii) D C M  (iii) (a) DCM  (b) TBAF, THF
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Initially, succinic acid [256], DCC and HOBt w ere a llow ed  to react w ith [53] until no starting 

material w as visible by TLC. Follow ing purification via flash chrom atography, an isom eric m ixture 

(£;Z = 1;2.3) of the product [262] w as afforded as a light brow n oil (90 % yield) (see Schem e 4.2).

I ir r^

0 '

2  31

10 2 08 S 4
(ppm)

Figure 4.4 'H-NM R spectrum  of isom eric m ixture of [262]

A s w ith  all the tam oxifen and endoxifen  analogues synthesised  in the project, the 

desm ethyltam oxifen analogue [53] w as afforded as a isom eric m ixture of E- and Z-isom ers. Upon  

reaction w ith  succinic acid [256], the resulting isom eric m ixture of the the linker-com pound [262] 

leads to com plex NM R spectra. In the ’H -NM R spectrum  (Figure 4.4), m any signals o f each E- and 

Z-isom er overlap and m ask each other, thus generally observed as m ultiplets. In the 'H-NM R  

spectrum , the ethyl branch CH 3  proton signals are observed b etw een  0.95 -  1.00 ppm  w hile the 

ethyl branch CH 2 proton signals are observed betw een  2.47 -  2.57 ppm . The succinic branch CH 2 

proton signals are identified  betw een  2.61 - 2.86 ppm . The m ethyl group protons attached to the 

nitrogen are observed betw een  2.99 - 3.21 ppm  and the basic sid e sid e CH 2 protons in the range 

3.65 -  4.18 ppm. The arom atic protons are observed betw een  6.54 -  7.40 ppm . The carboxylic acid 

protons are identified as a broad signal at 9.81 ppm.

In the '^C-NMR spectra, both isom er am ide carbons are identified at 176.78, 176.85 ppm
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while the carboxylic acid carbons are identified at 172.32 and 172.69 ppm. In the IR spectrum, the 

amide C=0 bond is found at 1732.2 cm ’.

Using the same method outlined for the succinic-linker compound [262], des-methyl- 

tamoxifen [53] was also successfully coupled in good yields with maleic acid (Z-butenedioic acid) 

[258], fumaric acid (£-butenedioic acid) [260] and terephthalic acid [261] to form amide-linked 

compounds [265] (91% yield), [266] (85% yield), and [267] (72% yield) respectively (see Scheme 4.1). 

Full characterisation of these analogues is reported in the experimental chapter.

It was found that the reactions involving the formation of the diacid linker compounds 

from secondary amine triarylethylenes and acid anhydrides were successful without the need for 

any additional reagents such as DCC, HOBt or DMAP. Generally, anhydrides are more reactive 

than carboxylic acids but less reactive than acid chlorides. The diacid coupling reactions had 

sufficiently low enough activation energies for the formation of the desired products in high yields 

at ambient conditions. The lack of other reagents also led to clean reactions as judged from NMR 

spectra, often not requiring elaborate purification steps i.e. flash chromatography procedures. 

Succinic [257] and maleic anhydride [259] reacted successfully with des-methyl-tamoxifen [53] to 

synthesise the diacid-linker compounds [262] and [265], in 97 % and 96 % yields respectively.

In addition to the preliminary diacid reactions carried out on des-methyl-tamoxifen [53], 

succinic anhydride [257] reacted with the silyl-protected endoxifen analogue [152]. The phenol 

group present on the endoxifen ligand plays an important role in ER-binding^^ and is a desirable 

functionality on the proposed conjugate structures for improved ER-binding and overall 

bioactivity. Initially, it was decided to carry out the conjugate prototype reactions using a single 

linker-ligand [263]. The succinic linker was chosen as it is a flexible fragment and allows the 

conjugate some plasticity. Therefore, the prototype succinic-conjugates would not be overly 

restricted and are more able to adopt a configuration for optimal binding. Also, the use of the 

succinic linker moiety with combretastatin A-4, one of the bioactive agents intended to be coupled 

with the project ER-ligands, has been previously reported in the literature"^. Initial evaluation of 

the succinic-moiety as a linker in conjugates was carried out prior to the synthesis of any other 

novel diacid linker-endoxifen compounds, due to initial difficulties encountered during the 

synthesis of novel ester-linked combretastatin conjugates, discussed later.

4.5 Synthesis of combretastatin conjugates 

4.5.1 Linker-conjugates

The pairing of DCC with HOBt was successful for the majority of the coupling reactions in
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the project, how ever, in the case of the coupling of com bretastatin  A-4 [78] w ith the diacid linker 

com pound [262] to afford the conjugate [268], it w as not (see Scheme 4.3).

[262] (i)
- V -

[78] OMe

.0 .

OMe

[268]MeO OMe
OMe

MeO y  OMe 
OMe

Schem e 4.3 A ttem pted synthesis of [268] (i) DCC, HOBt, DCM

W hile the desired conjugate [268] appeared  to have been form ed w hen m onitored  via TLC, 

the reaction appeared  to be very low yielding -  judging  from  the intensity of the TLC spots of the 

product and  the starting  m aterials. W hen purification w as attem pted  via flash chrom atography, the 

product com ponent visible on TLC appears to degrade to starting  m aterials and no conjugate was 

isolated. Various attem pts to im prove the yield of the conjugate synthesis w ere carried out by 

varying experim ental param eters of the reaction: m olar equivalent ratios, reaction tim es and 

reaction tem peratures. H ow ever, adjusting these variables d id  not lead to a significant 

im provem ent.

In an attem pt to probe the difficulties w ith this esterification step, the strategic approach 

w as changed (see Scheme 4.4) by attem pting to firstly add  the diacid linker com ponent to the CA4 

structure and  then to react the resulting CA4-linker product [269] w ith the desm ethyltam oxifen 

analogue [53] form ing the am ide linkage of the conjugate [268]. Initial attem pts to couple the diacid 

linkers directly to CA4 w ere unsuccessful. A nhydride reactions (w ith /w ithout refluxing and/or 

triethylam ine), the DCC/HOBt coupling reaction using  anhydrides and diacids (w ith /w ithout 

refluxing), the M itsunobu reaction using TPP and  DIAD w ith the diacids w ere all disappointing 

endeavours. W hile m onitoring via TLC show ed som e slight p roduct form ation for the reactions, 

after com pleting colum n chrom atography purification steps no products w ere isolated, suggesting 

that degradation w as occurring.

As the purification steps involved in these a ttem pted  reactions led to the loss of som e of 

the CA4 product each time, in order to conserve CA4 stocks, the reactions w ere carried out on 

isovanillin, w hich is a fragm ent contained in the structure of CA4. It is assum ed that the isovanillin 

and the related CA4 fragm ent w ould  behave similarly, in chemical terms. Again, the above
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reactions were repeated: anhydride reactions (with/without refluxing and/or

triethylamine/imidazole), the DCC/HOBt coupling reaction and the Mitsunobu reaction using TPP 

and DIAD with the diacids. From the isovanillin reactions no desired products were isolated. At 

which point, it was considered that the desired diacid linker esters are not very stable.

Scheme 4.4 Attempted synthesis of [269] and [270]. (i) DCM; (ii) DCC, HOBt, DCM;

(iii) DCC, HOBt, DCM, reflux; (iv) DCC, HOBt, DCM, TEA, reflux; (v) 

TPP, DIAD

From the literature, it was found that Pettit e t al. reported the synthesis of succinic acid 

derivatives of combretastatin analogues as part of their work synthesising CA4 [78] prodrugs and 

water soluble derivatives"^. The succinic derivatives were successfully synthesised by the group by 

refluxing a slight excess of succinic anhydride in pyridine which acts as a base promoting the 

reaction. The purification of the succinic derivative proved difficult as succinic acid traces were 

found in the product material after purification steps.

Based on this new information, in this study CA4 [78] was treated with [263] using DCC 

coupling conditions, however, in place of pyridine, DMAP was used as a base. On this occasion, 

the reaction was successful (see Scheme 4.5). Following the DCC coupling reaction, the 

intermediate protected conjugate was not purified and was carried through to the next stage where 

it was treated with TBAF in order to deprotect the silyl protecting group to give [271]. Following 

work-up procedures and purification by flash chromatography, the product was afforded as an 

isomeric mixture (£:Z = 1:1) in a high yield (88 %). Similarly, [268] was obtained in high yield (83 

% ).
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S chem e 4.5 Synthesis of [268] and [271]. (i) DCC, DM AP, DCM; (ii) (a) D C Q  DM AP, 

DCM  (b) TBAF, THF

The isom eric m ixture of the conjugate [271] leads to com plex NM R spectra (see Figure 4.5). 

In the 'H-NM R, the characteristic signals of the ethyl branch on  the endoxifen  m oiety are identified  

as m ultip lets at 0.92 -0.96 ppm  (CH3) and 2.46-2.54 ppm  (CHj). The characteristic signals of the 

m ethoxy groups of the com bretastatin m oiety are observed in the range 3.67 -  3.88 ppm . In the ’^C- 

NM R spectra, the carbonyl ester and am ide carbons are identified  at 171.20 and 173.27 ppm  

respectively. In the IR spectrum , a strong signal at 1627.6 c m ' identifies the am ide group w h ile  a 

signal at 1735.7 cm ' identifies the ester group. A h igh  resolution m ass spectroscopy analysis 

confirm ed the identity of the conjugate, w here a m ass of 794.3306 (M+Na)* w as found  for the 

m olecular ion  C47H 49N 0 9 Na.

W hen dealing w ith the issues and varying the experim ental param eters o f the conjugate 

esterification (see Schem es 4.2 and 4.3), changing the base u sed  in the DCC reaction w as  

overlooked -  as in previous reactions (see Schem e 4.1) in volv in g  am ide coupling reactions the use  

of HOBt w as largely successful. In Schem e 4.4, w hen  the reagent HOBt w as substituted  w ith
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DMAP, the esterification reaction w orked and the desired conjugates [268] and  [271] w ere 

afforded, purified via flash chrom atography and  characterised. DMAP w as used  as the base of 

choice w hen carrying out DCC coupling reactions, particularly  of ester conjugates, from that point 

onw ards in the study.

HO

i P P m)

‘H-NM R spectrum  for [271]Figure 4.5

T hroughout the project it was found that the CA4-conjugate ester linkage is quite labile. On 

num erous occasions, the ester conjugates degrade on silica gel colum ns during  purifications steps. 

The appearance of CA4 and endoxifen-linker derivatives can be observed on TLC. It appears that 

the CA4 ester-conjugates are quite sensitive and  should be stored under nitrogen, below +4 °C and 

aw ay from light as a precautionary  step. The successfully synthesised conjugates [268] and [271] 

underw en t further biochem ical evaluation and stability studies to determ ine their suitability as ER- 

conjugates, w hich is d iscussed in the fifth chapter.
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4.5.2 D irect am ide conjugates

D uring the period of difficulties involving the ester-linker conjugate, the synthesis of the 

com bretastatin  acrylic acid com pounds via the Perkin reaction offered an alternative strategy for 

the form ation of novel conjugates. C oncurrently to the a ttem pted  ester reaction steps described 

above, a selection of acrylic acid com bretastatin  analogues w ere directly coupled to the silyl- 

protected endoxifen analogues [152] (see Scheme 4.6) and  [160] (see Scheme 4.7). The novel 

conjugates w ere referred as 'direct am ide conjugates’ as there is no additional linker m oiety 

required and the carboxylic acid g roup  reacts directly w ith the secondary am ine functionality of 

the endoxifen analogue to form the am ide linkage via a DCC/HOBt coupling (condensation) 

reaction. From the library of com bretastatin acrylic acids synthesised [236] -  [252], a subset of 

specific, high ranking analogues w ere deem ed suitable for the synthesis of the initial set of novel 

direct am ide conjugates. For each acrylic acid chosen, a direct am ide conjugate w as synthesised 

w ith the endoxifen analogues [152] and [160]. Following biochemical evaluation, optim isation 

could be carried out based on the m ost potent conjugates.

For the synthesis of this series of conjugates, equim olar am ounts of the acrylic acid, amine, 

DCC and HOBt w ere reacted, then m onitored via TLC. The silyl-protected conjugate w as not 

purified and the crude product w as carried directly to the next step w here an equim olar am ount of 

1.0 M TBAF solution (in THF) w as added  to deprotect the silyl-protecting g roup  (note: for the 

conjugates of [160] tw o m olar equivalents of 1.0 M TBAF solution w ere used). U pon reaction 

com pletion and following w ork-up procedures, the m ixture w as purified via flash chrom atography 

to afford the direct am ide conjugates in high yields as -1:1 (£/Zj-isom eric m ixtures (see Table 4.1). 

The isomeric ratios w ere calculated based on the endoxifen starting  m aterial ratios.
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[236] OMe OMe OMe H OMe OH [272]

[238] OMe OMe OMe H OMe H [273]

[239] H OMe H OMe OMe OMe [274]

[241] H OMe H H 0 (CH 2 ) 0 [275]

[243] OMe OMe OMe H C4 H 4 [276]

[246] OMe OMe OMe H Me H [277]

[247] OMe OMe OMe H SMe H [278]

[248] OMe OMe OMe H Br H [279]

[249] OMe OMe OMe H OMe F [280]

[251] OMe OMe OMe H OMe N H 2 [281]

Scheme 4.6 Synthesis of m onohydroxy-endoxifen direct-amide conjugates [272] -  [281]

(i) (a) D C Q  HOBt, DCM  (b) TBAF, THF
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[160]
O(TBDMS)

Acrylic
acid

R1 R2 R3 R4 R5 R 6
Direct

Conjugate

[236] OMe OM e OMe H OMe OH [282]

[238] OMe OMe OMe H OMe H [283]

[239] H OMe H OMe OMe OMe [284]

[241] H OMe H H 0 (CH 2 ) 0 [285]

[243] OMe OMe OMe H C4 H 4 [286]

[246] OMe OMe OMe H Me H [287]

[247] OMe OMe OMe H SMe H [288]

[248] OMe OMe OMe H Br H [289]

[249] OMe OMe OMe H OMe F [290]

[251] OMe OMe OMe H OMe N H 2 [291]

Schem e 4.7 Synthesis of dihydroxy-endoxifen d irect-am ide conjugates [282] - [291]

(i) (a) D C Q  HOBt, DCM (b) TBAF, THF
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As an example, the ’H-NMR spectrum of [282] is shown in Figure 4.6. As the product is 

afforded as an isomeric mixture many of the peaks overlap and appear as multiplets. The protons 

of the ethyl chain are observed between 0.90 -  0.96 ppm (CH3) and 2.40 -  2.50 ppm (CH2 ). The 

amine methyl group is observed between 3.04 -  3.25 ppm. The proton signals of the methoxy 

groups and basic side chain is found between 3.53 -  4.30 ppm and the region between 6.40 -  7.20 

signals relating to the aromatic protons and ethylene bridge protons are observed. In the '^C-NMR 

spectra, ethyl side chain signals are observed at 13.28 ppm (CH3) and 25.11 ppm (CH 2). The methyl 

amine carbon is identified at 33.42 ppm. The basic side chain carbons are identified at 48.67 ppm  

(NCH 2 ) and 66.29 ppm (OCH2). The methoxy peaks are observed at 55.46, 55.68 and 60.55 ppm. 

The remaining aromatic carbons and ethylene bridge carbons are observed between 105.32 and 

154.66 ppm. The carbonyl carbon is identified at 156.88 ppm. In the IR spectrum, the hydroxy 

groups are identified as a broad band at 3428.6 cm‘‘ while the carbonyl group is observed as a 

strong band at 1607.9 c m ’. The characterisation is confirmed through high resolution mass 

spectroscopy where a mass of 732.3162 (M+H)*,was found for the molecular ion C4 4 H4 6NO 9 .

Direct amide conjugates

Compound ID Yield (%) Compound ID Yield (%)

[272] 94 [282] 92

[273] 90 [283] 94

[274] 92 [284] 90

[275] 93 [285] 92

[276] 91 [286] 87

[277] 93 [287] 92

[278] 90 [288] 91

[279] 91 [289] 90

[280] 93 [290] 8 8

[281] 91 [291] 94

Table 4.1 Direct amide conjugate reaction yields
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Figure 4.6 'H-NMR spectrum for [282]

4.6 Arom atase inh ib itor conjugate  

4.6.1 Background

The aromatase enzyme and its inhibitors were discussed in detail in the introduction 

chapter. In summary, through the inhibition of the aromatase enzyme, the production of estrogen 

is reduced, thus, in effect decreasing the stimulation of breast cancer tissue and tumours^^.

The aromatase inhibitor (AI) agent chosen for the synthesis of a conjugate prototype was a 

compound reported by Bayer et a l.^ . Initial in vitro biochemical studies demonstrated that the 

compound had a reasonable potency. Unfortunately, further in vivo assay results were 

disappointing. However, this candidate remained the chosen aromatase inhibitor for the project 

over other compounds primarily due to the presence of a phenol group on the molecule which can 

undergo further reactions. The candidate was also accessible by a short, three step pathway. Other 

more interesting lead aromatase inhibitor compounds, such as anastrozole [58], do not have a 

functionality present which could easily undergo further reactions to form a conjugate. Therefore, 

this compound is more a proof-of-concept than an optimised ER-AI conjugate which could be 

further extended to include azole-type AIs at a future stage.
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4.6.2 Synthesis of aromatase inhibitor

The general scheme fo r the synthesis o f the aromatase inh ib ito r [296] compound is outlined 

in  Scheme 4.8; the m ain steps invo lve an aldol condensation, a hydrogenation of an alkene and a 

dem ethylation step.

Aldol Condensation

Hydrogenation

(iii)

Demethylation

[296] '  [295]

Scheme 4.8 General scheme fo r the synthesis of A1 [296] (i) p iperid ine, acetic acid (ii) 

Hz /  Pd, EtOH (iii) B B rj, DCM

The prototypica l aldol reaction involves the acid- or base-catalysed reaction of a ketone 

w ith  an a-hydrogen. Under certain conditions, the reaction product may undergo dehydration 

leading to an a,|3-unsaturated aldehyde or ketone'^'*. In this study, the firs t step o f the aromatase 

inh ib ito r synthesis invo lved the base-catalysed a ldol condensation between 4- 

pyridinecarboxaldehyde [293] and 5-m ethoxy-l-tetra lone [292], where the catalysts used were 

p iperid ine and acetic acid, leading to the form ation of the a,(3-unsaturated ketone product [294] 

(see Scheme 4.9). The reaction m ixture was purified  by recrystallisation from  methanol to afford 

the product [294] (89 % yield). In the ’H -N M R  spectrum, the single ethylene pro ton signal o f the 

product is clearly observed at 7.70 ppm  as a singlet.
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S chem e 4.9 A ldol condensation reaction m echanism

The unsaturated com pound [294] w as hydrogenated u sing 10 % palladium  on  carbon as a 

catalyst. The reaction w as m onitored via TLC and the hydrogenation continued until after 

depletion  of the starting material and before over-reduction of the ketone occurred. The product 

[295] w as recrystallised from hexane (72 % yield). In the ’H-NM R spectrum , the double bond  

proton signals are no longer observed as the alkene group is reduced to an alkane functionality; 

w ith the corresponding signals of the CH proton signal of the product clearly observed at 3.37 ppm  

as a double-doublet w ith  coupling constants o f /  = 14 H z and 4.5 H z and the C H 2 proton signals  

observed as a m ultip let at 2.61 ppm . The n ew ly  reduced alkane C H 2  signal is observed  in the '^C- 

NM R spectra at 34.61 ppm .

The m ethoxy ether of [295] w as cleaved using boron tribromide. Follow ing recrystallisation  

from ethanol the phenolic product [296] w as afforded (57 %). The dem ethylation  reaction is 

confirm ed in the '^C-NMR spectra as the phenolic carbon is clearly visible at 162.39 ppm . A lso, in 

the IR spectrum , the hydroxy functionality is observed as a broad signal at 3435.69 cm  '.

4.6.3 S yn th esis  o f en d ox ifen -A I conjugate prototype

The conjugate [297] w as synthesised  by reaction of the arom atase inhibitor [296] and the 

endoxifen  ligand  [263] via a DCC/HOBt coupling reaction, im m ediately fo llow ed  by the TBAF 

deprotecton step (see Schem e 4.10). The reaction w as m onitored via TLC -  confirm ing the 

form ation of the products. The reaction m ixture w as purified by flash chrom atography to afford a 

1:1 £/Z  isom eric m ixture of the desired product [297] as a brow n oil (63 % yield).
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[296]

OH

\

(TBDMS)O

(TBDMS)O
HO'

[297]

[263]

Scheme 4.10 Synthesis of endoxifen-AI conjugate prototype [297] 

(i) (a) DCC, HOBt, DCM (b) TBAF, THF (c) 10 % HCl

The main diagnostic signal of the coupled conjugate is observed in the ‘̂ C-NMR spectra, 

where the ester carbon is observed at 171.45 ppm, the amide carbon at 172.00 ppm and the 

carbonyl group of the aromatase inhibitor fragment at 198.52 ppm. In the IR spectrum, the ester 

signal is observed at 1738.0 cm ', the amide signal at 1631.2 cm ’ and the broad hydroxyl signal at 

3435.0 c m '. The conjugate contains an ester linkage between the AI and the linker fragment which 

we hypothesise would be enzymatically hydrolysable in vivo, thus, releasing the AI cytotoxic agent. 

The conjugate may possibly exert a dual-effect through aromatase inhibition and ER-antagonism.

4.7 Sulfatase inh ib itor conjugate 

4.7.1 Overview

Estrone sulfate is the most abundant estrogen in the plasma of postmenopausal women. 

The levels of estradiol and estrone sulfate are 7-11 times higher in breast tumoral tissue than in 

plasma of postmenopausal women. Estrogen sulfates do not bind to the ER and need to be 

hydrolysed by estrone (steroid) sulfatase to elicit a biological response. Thus, presenting another 

target for ER-positive cancers and leading to the development of various sulfatase inhibitors (SIs)̂ ®.

There is increasing interest in compounds containing phenolic sulfamate ester groups as 

agents possessing this group moiety have demonstrated potent irreversible sulfatase inhibition 

abilities®^ such as [67] (see Fig 4.7), To date, many compounds have been synthesised and evaluated
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incorporating the sulfam ate m oiety as discussed in a preceding chapter. The 4-hydroxytam oxifen 

structure has also been sulfam ated at the phenol position by Chu et al. and the com pound [298] 

w as investigated for sulfatase inhibitory activity” '. The cis- or (E)-isomer of [298] com petitively 

inhibited estrone sulfatase d isplaying a K; value of 35.9 |uM w hich w as a higher affinity than 

estrone sulfate w here the Km of the substrate w as 90.2 |.iM. The Irans- or (Z)-isom er of [298] 

com petitively inhibited estrone sulfatase w eakly d isplaying a Ki value of > 500 |jM.

0 - S - N H

H2 N -S - O

H2N.'' _NH

[73]

[298]

H o N -S = 0

Figure 4.7 Sulfam ated agents w hich act as sulfatase inhibitors

In this study, a sulfam ated benzophenone agent reported  in the literature w as chosen as a 

suitable sulfatase inhibitor to conjugate w ith an ER-ligand“ .̂ The reported  benzophenone sulfatase 

inhibitors are accessible via a short synthetic pathw ay. The bis-sulfam ate benzophenone [73] 

displayed prom ising biochem ical assay results (hum an steroid sulfatase inhibition IC50 value of 190 

nM). In general the bis-sulfam ated benzophenones d isp layed  an o rder of m agnitude increase in 

activity^^^. H ow ever, a literature review highlighted the lim ited experim ental s tudy  on the 

reactivity of the sulfam ate group to undergo  further chemical synthesis steps. For this reason, the 

m ono-sulfam ate com pounds w ould be a m ore desirable choice of SI agent as the free hydroxyl 

group can undergo  an esterification reaction to afford a Sl-conjugated com pound.

To obtain the sulfatase inhibitors outlined, the m ain reaction step involves the synthesis of 

the sulfam oyl chloride starting m aterial w hich is used to form  the sulfam ate functional g roup  (see 

Scheme 4.11).

4.7.2 Su lfam oylation  reaction

Sulfamoyl chloride [299] w as not available from any supplier. It is a highly  reactive 

com pound and  undergoes degradation easily, for this reason, it is m ost often freshly prepared.

Two m ethods of synthesising sulfam oyl chloride w ere attem pted. In the first attem pt 

sulfamic acid (com m ercially available) w as reacted w ith phosphorus pentachloride. This m ethod 

w as reported  to w ork  for alkyl and  aryl sulfam ic acids^^^ how ever, in this study, the m ethod did
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not afford the desired sulfam oyl chloride. The second attem pt of the p reparation  of sulfam oyl 

chloride w as successful. The m ethod used  w as adapted  from  a patent application filed by Geisler 

et alP* reporting an industrial-scale process for the sulfam oylation of alcohols and  phenols. The 

proposed m echanism  of the sulfam oylation of the dihydroxybenzophenone [127] is show n in 

Scheme 4.11.

SO2CI
N
C
I Io

HCOOH

o=s=o

HN
SO2CI

T
CO

HN

HO

SO2CI

C O ,

H 2 N ' \ 0

173] [127] [299]

Schem e 4.11 Proposed m echanism  for sulfam ate group synthesis

Initially, formic acid reacts w ith the chlorosulfonyl isocyanate to form the anhydride 

interm ediate. This in term ediate undergoes a reaction cascade w ith the loss of carbon m onoxide 

form ing the carbam ic acid interm ediate followed by the loss of carbon dioxide affording the 

sulfam oyl chloride [299]. The reaction is highly exotherm ic and m uch gas evolution occurs. 

Catalytic am ounts of N ,N -dim ethyl acetam ide (DMA) are added  in order to reduce the form ation 

of by-products. DMA has also been reported  to accelerate the sulfam oylation reaction^^^. The 

solution of sulfam oyl chloride [299] in DCM is im m ediately added  to a solution of the 

4,4 '-dihydroxybenzophenone [127] in DMA. The nucleophilic oxygen of the benzophenone reacts 

w ith the electrophilic sulfur atom  displacing the chlorine leaving g roup  and  resulting in a 

sulfam ate group. Following w ork-up procedures, the m aterial w as purified via flash 

chrom atography on to yield only the bis-sulfam ated product [299] (50 %).

In the 'H-NM R spectrum , the arom atic protons (H-2, H-6, H-2', H-6') appear as a m ultiplet 

betw een 7.47 -  7.51 ppm  w hile the arom atic protons (H-3, H-5, H-3’, H-5') adjacent to the oxygen of 

the sulfam oylated phenol appear as a m ultip let betw een 7.85 -  7.89 ppm . In the ‘̂ C-NMR spectra 

the arom atic carbons (C-3, C-5, C-3', C-5') are found at 121.91 ppm , (C-2, C-6, C-2', C-6’) found at
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131.54 ppm, (C-1, C-1') found at 135.24 ppm, the sulfamoylated phenolic carbons (C-4, C-4') are 

found at 153.97 ppm while the carbonyl carbon is found at 194.76 ppm. In the IR spectrum, the N H 2 

group appears at 3377.8 cm ' and 3252.1 cm ', the carbonyl group is found at 1644.7 cm ' and the 

SO2 peaks are found at 1392.5 cm ' and 1378.4 cm '. The characterisation is confirmed through high 

resolution mass spectroscopy where a mass of 373.0181 (M+H)* was found for the molecular ion 

C 1 3 H 1 3 N 2 O 3 S 2 .

Unfortunately, the mono-sulfamated benzophenone [300] (see Scheme 4.12) was not 

afforded in this study. The sulfamoylation reaction was also attempted using a silyl-protected 

benzophenone [128]. However, neither the mono-sulfamated deprotected [300] nor protected 

sulfamated product [301] were isolated from the reaction mixture. The sulfamoylation reactions 

were also repeated unsuccessfully using sodium hydride.

V ,NH

[300]

[301] (TBDMS)

(i) o r (ii)

R

[127] H

[128] (TBDMS)

H^N

[299]

Scheme 4.12 Attempted mono-sulfamoylation synthesis (i) DMA (ii) NaH, DMA

4.7.3 Investigative synthesis of endoxifen-SI conjugate prototype

As the mono-sulfamated benzophenone was not isolated at this time, the proposed ester- 

linked Sl-conjugate [302] could not be realised (see Scheme 4.13).

[300] [263]

0
HO.

O(TBDMS)

0
[302]

HO'

Scheme 4.13 Proposed synthesis of endoxifen-SI conjugate prototype [302] 

(i) (a) DCQ DMAP, DCM (b) TBAF, THF (c) 10 % HCl
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However, the synthesis of a prototype conjugate [303] was attempted utilising the bis- 

sulfamate product [299] (see Scheme 4.14). The proposed conjugate was envisioned to mimic the 

combretastatin direct-amide conjugates discussed earlier [272] -  [291]; where the amide carbonyl 

group would be replaced by the bioisosteric sulfur dioxide fragment contained in the sulfamate 

group and the combretastatin derivative would be mimicked by the benzophenone fragment, 

which closely resembles the phenastatin group of antimitotic agents which are related to the 

combretastatin family of compounds. Comparison of this proposed Sl-conjugate [303] with the 

direct amide group could help elucidate the mechanistic features of both conjugate prototypes.

[299]

, nh2
[136]

o-s=o

O(TBDMS)

Scheme 4.14 Proposed synthesis of endoxifen-SI conjugate prototype [303]

(i) (a) K2CO3 , (nBu)4 NHS0 3 , DCM, reflux (b) TBAF, THF (c) 10 % HCl

The alkylation of sulfamic esters of general type R-O-SO2 -NH 2  has been reported through a 

num ber of solid-liquid and liquid-liquid phase transfer catalysis and non-catalysis conditions^^. In 

this study, a protected bromide derivative [136] was reacted with the bis-sulfamate benzophenone 

[299] in the presence of potassium carbonate base and a phase transfer catalyst. The reaction was 

monitored via TLC and showed no product formation after 24 h reaction.

While a SI was successfully synthesised in a short and efficient manner, unfortunately the 

synthesis of the desired mono-sulfamated benzophenone and proposed ester-linked Sl-conjugate 

was not achieved.

4.8 Indomethacin conjugate 

4.8.1 Prostaglandins

In recent years, there has been considerable evidence showing that prostaglandins (PCs) 

play an important role in cancer development and growth^^' PCs are found in virtually all 

tissues and organs, possessing a variety of physiological roles. PCs are important mediators of
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signal transduction pathways; involved in cell adhesion, growth and differentiation. The enzyme 

cyclo-oxygenase (COX) catalyses the conversion of arachidonic acid to PCs and there has been 

interest in a possible role of COX inhibitors in the prevention of malignancy. Cyclo-oxygenase-2 

(COX-2) is overexpressed in several epithelial tumours, including breast cancer.

4.8.2 Non-steroidal anti-inflammatory

Non-steroidal anti-inflammatory drugs (NSAIDS) are a group of widely available and 

inexpensive COX enzyme inhibitors, most commonly known drugs include aspirin and ibuprofen. 

NSAIDS inhibit COX-1 and COX-2 enzymes, where both COX isoforms have distinct tissue 

distribution and physiological function. COX-1 is expressed in many tissues and cell types, 

whereas COX-2 is pro-inflammatory in nature and expressed only in response to certain stimuli, 

such as mitogens, cytokines, growth factors, or hormones. Specific COX-2 inhibitors have been 

developed, largely avoiding the gastrointestinal side effects which are thought to be associated 

with COX-1 inhibition.

4.8.3 COX-2 and breast cancer

It was noted that there is a relationship between tissue PGs in human breast tumours, the 

development of metastases and patient survival rates” .̂ Prostaglandin E2, the main product of 

COX-2, is synthesised by many human breast cancer cell lines and can be found in high 

concentration in tumour cells. COX-2 is over-expressed in breast cancer cell lines such as M DA - 

MB-231. COX-2 may directly stimulate mitogenesis and also indirectly affect mutagenesis, 

angiogenesis, and increased cell migration and apoptosis. One group noted that Celecoxib [304] 

inhibited proliferation of human breast cancer cell lines”  ̂ (see Fig. 4.8). Another NSAID, 

Indomethacin [305], has been shown to induce apoptosis and reduce the proliferation rate of HT-29 

colon cancer^’’, and MCF-7 cancer cell lineŝ °̂.

The design of novel selective COX-2 inhibitors has been greatly improved due to the

COOH

[305] [304] [306] [307]

Figure 4.8 COX-2 inhibitors
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determ ination of a celecoxib analogue SC-558 [306] in the active site of m urine COX-2 (Protein Data 

Bank code: 1CX2)^‘". The selectivity of celecoxib and related com pounds is d ue to the presence of 

either a para-S0 2 N H 2 or a para-SOzMe substituent on one of the phenyl rings w hich  can insert into  

a secondary pocket that is present in the COX-2, but not COX-1, active site. A  group recently  

synthesised  a triarylethylene com pound [307] w hich d isplayed  large (>7000-fold) COX-2 

selectivity. The com pound had an COX-2 inhibition IC50 value of 140 nM w h ile celecoxib sh ow ed  a 

value of 570 nM. M olecular m odelling stud ies carried out on [307] sh ow ed  good  com parison and  

overlap of structure w ith  [306]. In both structural cases, their sulfonyl groups lie in a com m on  

plane. In the case of [306] , the CF3 group at the 3-position of the central pyrazole ring binds to a 

hydrophobic pocket consisting of M e tll3 , V a l l l6 , Val349, Tyr355, Leu359 and Leu531. In the case 

of [307], a phenyl ring and the n-butyl sid e chain occupy the sam e pocket w ith  the phenyl ring 

p ossib ly undergoing a cation-tt interaction w ith the N H 2 of a guanid ino side chain of A rgl20

4.8.4 Synergy

A num ber of stud ies have noted that certain NSAIDS exert a synergistic effect w hen  

com bined with other chem otherapeutic drugs. D uffy e t  found that a specific group of NSAIDS  

(indom ethacin, sulindac, tolm etin, acem etacin, zom epirac and m efenam ic acid) all at non-toxic 

levels, significantly increased the cytotoxicity of the anthracyclines (doxorubicin, daunorubicin and  

epirubicin), ten iposide and vincristine. A substantial num ber of other anticancer drugs (including  

m ethotrexate, 5-fluorouracil, chlorambucil, cisplatin, carboplatin, paclitaxel and cam ptothecin) 

w ere also tested but d isp layed  no synergism . The synergistic effect w as concentration dependent 

and appeared independent of the COX inhibitory ability of the NSAIDS.

4.8.5 Indom ethacin

Based on the inform ation outlined  above, indom ethacin  w as chosen as a suitable 

NSAID/COX-inhibitor to form a n ovel conjugate w ith  ER antagonist ligands. Indom ethacin  

p ossesses a carboxylic acid functional group, a llow ing for a direct coupling w ith the am ine position  

of the endoxifen-type structure, form ing an am ide. Kalgutkar e t  found that derivatisation of 

the carboxylate m oiety in com pounds such as indom ethacin, resulted in im proved efficacy and  

selective COX-2 inhibition w ith  IC50 values as low  as 40 nM  w hile not inhibiting ovine COX-1 

activity at concentrations as high as 6 6  |aM in certain cases. Primary and secondary am ide 

analogues of indom ethacin  w ere found to be m ore potent COX-2 inhibitors than the corresponding  

tertiary am ides. Inhibition kinetics sh ow ed  that indom ethacin am ides behave as slow , tight-
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binding inhibitors of COX-2 and  the selectivity is a function of the tim e-dependent step. It is hoped 

that the coupled indom ethacin-ER ligand conjugate m ay exert a synergistic effect w hile also acting 

as a selective COX-2 inhibitor. This strategy of coupling a COX-2 inhibitor to an ER antagonist 

ligand appears to be a novel approach.

4.8.6 Syn thesis of endox ifen-indom ethacin  conjugate  pro to type

Indom ethacin [305] is available com m ercially and  the agent used in the synthesis of 

pro to type conjugates w as purchased from Sigma-Aldrich. The conjugate w as synthesised by 

reaction of indom ethacin [305], the silyl-protected endoxifen ligand [152] via a DCC/DMAP 

coupling reaction, im m ediately followed by the TBAF deprotecton step (see Scheme 4.15). The 

reaction w as m onitored via TLC -  confirm ing the form ation of the products. The reaction m ixture 

w as purified by flash chrom atography to afford a 1:1 £ /Z  isom eric m ixture of the desired  product 

[308] as a brow n oil (73 % yield). The isom eric ratio w as calculated based on the initial isomeric 

ratio of the ER-ligand starting m aterial [152],

The m ain diagnostic signal of the coupled conjugate is observed in the '^C-NMR spectra, 

w here three am ide carbons (due to the E- and Z-isomers of conjugate and also the indom ethacin 

moiety) are observed at 171.82 ppm , 171.88ppm, 172.22 ppm . In the IR spectrum , the am ide signal 

is observed at 1724.5 cm 'and  the broad hydroxyl signal at 3327.2 cm '.
[305]

GOGH

■q

+ (ii)

[308]

GHG(TBDMS)

H

[152]
O(TBDMS)

Schem e 4.15 Synthesis of endoxifen-indom ethacin conjugate [308]

(i) (a) DCC, DMAP, DCM (b) TBAF, THF (c) 10 % HCl

We w ished to determ ine if the indom ethacin-fragm ent, covalently bound as an am ide 

linkage on the conjugate, w ould  act as a bulky side chain to displace the helix-12 in the ER binding
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site resulting in increased (or pure) antagonist activity. Also, we wished to investigate if the 

presence of the indomethacin moiety would enhance the effects of the endoxifen ligand and/or 

conjugate through the reported synergistic effect.

4.9 Chlorambucil 

4.9.1 Background^^

Chlorambucil [309] is a nitrogen m ustard alkylating agent first synthesised in 1953 by 

Everett et and is used in the treatment of select hum an neoplastic diseases such as chronic 

lymphocytic leukaemia and advanced ovarian and breast carcinomas. Chlorambucil undergoes 

rapid metabolism in the liver primarily to produce the major metabolite phenylacetic acid mustard 

which has antineoplastic activity. Chlorambucil and its metabolites are extensively bound to 

plasma and tissue proteins. A number of conjugated compounds have been reported which contain 

alkylating agent moieties in their structures such as [93], [102], [103], [105] and [116] discussed in 

the introductory chapter (see Figure 4.9). Generally, alkylating agents have limited selectivity 

towards malignant cells over normal tissue and as a result can be quite toxic. In addition, the active 

species of alkylating agents, an aziridinium cation, reacts with any nucleophile including water 

resulting in the loss of drug due to hydrolysis. By coupling alkylating agents, such as chlorambucil, 

to carrier agents which target tum our cells the selectivity of the agents would be increased, their

toxicity diminished and their efficacy improved.

Cl 0
[309] J

HO

[103] [102]

OH

[105]

MeO.

MeO
OMe ^

OMe
[93]

Figure 4.9 Conjugates containing alkylating agent fragments 

4.9.2 Synthesis of endoxifen-chloram bucil conjugate prototype
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C hloram bucil is available com m ercially and  the m aterial used  in the synthesis of prototype 

conjugates w as purchased from  Sigma-Aldrich. The conjugate [310] w as synthesised by the 

reaction of chloram bucil [309] w ith the silyl-protected endoxifen ligand [152] via a DCC/DMAP 

coupling reaction, im m ediately followed by the TBAF deprotecton step (see Scheme 4.16). The 

reaction w as m onitored via TLC -  confirm ing the form ation of the products. The reaction m ixture 

w as purified by flash chrom atography on silica gel to afford a 1:1 E/Z  isom eric m ixture of the 

desired p roduct [310] as a brow n oil (60 % yield). The isom eric ratio w as calculated based on the 

initial isom eric ratio of the ER-ligand starting  m aterial [152].
Cl

H

[152]
O(TBDM S)

(TBDM S)O'

(ii)

HO'

[310]

Schem e 4.16 Endoxifen-chloram bucil conjugate [310]

(i) (a) DCC, DMAP, DCM (b) TBAF, THE (c) 10 % HCl

The m ain diagnostic signal of the coupled conjugate is observed in the '^C-NMR spectra, 

w here the am ide carbon is observed at 173.23 ppm . In the IR spectrum , the am ide signal is 

observed at 1723.9 cm 'an d  the broad  hydroxyl signal at 3401.5 cm '.

Erom structural biology evidence, it is know n that the ligand binding dom ain  is in close 

proxim ity to the DNA binding dom ain w ith in  the ER w hich has a role in estrogenic action w ithin 

cells. The coupling of ER-ligands to D N A -alkylating agents is therefore a in teresting strategy and 

can result in a m ore selective and  targeted delivery of non-specific agents such as chloram bucil.

4.10 P o d o p h y llo to x in  c o n ju g a te  

4.10.1 B ackground

Podophyllotoxin [311] (see Figure 4.10) is present in the extracts of p lants of the genus
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Podophyllum. Two com pounds etoposide [312] and teniposide [314] are sem i-synthetic derivatives 

of podophyllotoxin and  have been used  as antineoplastic agents for treating against H odgkin 's 

disease and small-cell carcinom as of the lung. These drugs bind to tubulin, how ever, at a different 

site w hen com pared to the vinca alkaloids and do not appear to alter norm al m icrotubule 

structure. Etoposide and teniposide seem to exert their effects by inhibiting topoisom erase II, 

causing protein-D N A  links and  DNA strand  breaks. Topoisom erases are isom erase enzym es which 

act on the topology of DNA and  can fix topological problem s as they arise. There are tw o types: 

type I topoisom erases cut one strand, pass the o ther th rough it, then reanneal the cut strand; type II 

topoisom erases cut both strands, and pass an unbroken double strand  through it, then reanneal the 

cut strand='"“''- '̂".

OH

MeO OM e
OM e

[311] 

Figure 4.10

Rl R2
[312] Me H

[313] Me PO 3 H2

[314] H

Podophyllotoxin, etoposide, teniposide structures

Podophyllotoxin [311], etoposide [312] and teniposide [314] have sim ilar structural 

features. The key difference betw een different analogues involves the stereochem istry of the 1,4- 

position substituents (highlighted in Figure 4.10). Podophyllotoxin [311] has a cis stereochem istry 

w hile the active drugs [312] and  [314] possess a tmns configuration. A phosphate ester of etoposide 

has also been synthesised in o rder to im prove the aqueous solubility of the agent

Podophyllotoxin [311] is an attractive lead com pound for the developm ent of novel 

com pounds. H ow ever, d u e  to the structural com plexity of [311], arising from the presence of four 

stereogenic carbons, m ost SAR w ork has concentrated on derivatisation of the paren t natural 

product^"*® rather than de novo synthesis. Such approaches are lim ited by the type of chem istry 

podophyllotoxin can undergo  and  for this reason, m uch research interest lies in synthesising 

analogues w ith greatly sim plified structures via short reaction pathw ays. A llowing for a reduction 

in cytotoxic potency and  by synthesising a library of sim plified analogues, valuable SAR 

inform ation can be achieved^^®. Inspection of the SAR data of analogues dem onstrated  that the A- 

ring is not essential and  hydroxyl at C-4 can be repositioned to C-5 (see Fig. 4.10). Phenolic 

hydroxyl groups often reduce d ru g  bioavailability by m aking com pounds susceptible to oxidation
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and glucuronidation, and this problem is often addressed with bioisosteric replacement of the 

phenolic ring with nitrogen-containing heterocycles, such as pyrazoles and triazoles [316]

Hitotsuyanagi^“’ made an important discovery by synthesising simplified analogues such 

as [315] (see Fig 4.11) which retained a large fraction of cytotoxic potency. Importantly, the removal 

of stereocentres in these analogues reduced the complexity of synthesis and later Tratrat^^ 

prepared analogues, such as [315], in an efficient one-step synthesis.

Rj H

R,. R2, R3 = H, Aik, Ar, HetAr

[315] [316]

Figure 4.11 Podophyllotoxin analogues

In the present work, three heterocyclic podophyllotoxin analogues [315], [317] and [318] 

(see Scheme 4.17) were selected from the literature for synthesis, based on their impressive 

reported biochemical datâ '*®' In particular, the two compounds [315] and [317] both displayed 

potent cytotoxicity against the P-338 leukemia cell line with IC 50 values of ~ 5 nM. These analogues 

were chosen as suitable cytotoxic agents for the development of conjugates as they are accessible 

via the one-step method outlined above and also contain an available amine group which can 

undergo further reaction to form a conjugate prototype. The analogue [315] was chosen as the 

initial agent to investigate as it displayed potent activity and is the closest structural analogue to 

podophyllotoxin [311]. The analogue [318] was not selected for further development as a conjugate 

component as it was thought the presence of the second amine group would lead to additional 

products in the reaction mixture and complicate purification steps.
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Schem e 4.17 O ne-pot synthesis of podophyllotoxin analogues [315], [317] and [318]

4.10.2 Synthesis of podophy llo tox in  analogues

The one-step procedure involves reacting together 3,4,5-trim ethoxybenzaldehyde [227], 

tetronic acid [319], triethylam ine and the relevant am ines [320], [321] and [322] as show n in the 

Scheme 4.17) to produce the com pounds [315] (70 %), [317] (50 % )and [318] (43 %) respectively, 

w hich w ere deem ed pure, as judged by NMR.

The proposed m echanism  involved in the one-pot synthesis is show n in Scheme 4.18. The 

triethylam ine rem oves an  a -hydrogen  present on tetronic acid. These a-hydrogens w ould  be 

readily rem oved due  to the presence of the tw o adjacent carbonyl groups. The carbanion 

nucleophile w ould  attack the carbonyl group of the aldehyde via an aldol-type reaction. The 

in term ediate form ed undergoes a dehydration  step resulting in the form ation of the double bond 

adduct. This K noevenagel adduct in term ediate undergoes a cyclisation reaction to produce the 

podophyllotoxin product. The reaction is also applicable to other arom atic aldehyde starting 

m aterials as was dem onstrated  by M agedov et al.



''0

[227]

[319]

0

''0

Scheme 4.18 Proposed mechanism for the synthesis of podophyllotoxin analogues^'*^

4.10.3 Investigative synthesis of podophyllotoxin-endoxifen conjugate prototype

In this project, the synthesis of this conjugate prototype proved to be difficult due to low 

solubility of the podophyllotoxin analogue [315] in the DCM resulting in low yielding coupling 

reactions and also due to problematic purification of the product as the refractive indices of the 

conjugated compound [324] (see Scheme 4.19) and the podophyllotoxin analogue were close to 

each other over different solvent systems. The coupling reaction was repeated and carried out in 

DMF to increase the solubility of the podophyllotoxin derivative. However, this led to more 

difficult purification as other by-products (i.e. DHU) and impurities were also more easily 

dissolved. Clean NMR spectra were not achieved.

The reaction mixture was purified by flash chromatography to afford a crude protected- 

conjugate product [324] (27 %) containing some podophyllotoxin starting material [315] but not the 

endoxifen ligand [263] as an impurity judging by comparison of retention factors of starting
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materials. In the crude 'H -N M R  spectrum, characteristic signals of the endoxifen fragment are 

clearly observed. The silyl protecting group proton signals are observed betw^een 0.12 -  0.24 ppm 

(Si(CH 3 )2 ) and 0.93 -  1.02 ppm (SiC(CH3 )3). Additionally, the ethyl chain C H 2 protons of [263] are 

observed between 2.47 -  2.52ppm. The methoxy proton signals of [315] are observed between 3.48 

-4 .1 8  ppm as singlets. However, for many of proton signals there is considerable overlapping of 

peaks and the integration of signals is not fully correct over the complete range of chemical shifts. 

Hence, characterisation is not complete due to insufficient amount of pure sample.

The crude product [324] was reacted with TBAF to afford a deprotected conjugate [323], 

however, the yield was very low (15 mg) and a full characterisation was hampered due to the 

presence of trace impurities (such as TBAF) observed in the NM R  spectra. Many regions in the 

N M R  spectrum are ill-defined and do not integrate correctly. However, in the crude ’H -N M R  

spectrum, the characteristic silyl protecting group protons were not observed and this crude 

material was still evaluated in the antiproliferative and cytotoxic biochemical assays.
MeO OMe

MeO

N
/

HO,

+

[263]

O(TBDMS)

0
<

0

MeO' OMe
OMe

[323]  ►  [324] [324] O(TBDMS)

Scheme 4.19 Synthesis of podophyllotoxin-endoxifen conjugate

(i) (a) DCC, DMAP, D C M  (ii) (a) TBAF, THF (b) 10 % HCl

4.11 Conjugate of curcumin and combretastatin 

4.11.1 Background

The medicinal properties of turmeric, Curcumina longa L. (Zingiberaceca family) rhizomes, 

have mainly been attributed to the cuminoids and its main component, a polyphenol called 

curcumin[325] (see Fig 4.12). Over the last three decades curcumin has been extensively studied 

and has been shown to possess a wide range of pharmacological activities including anti

inflammatory, anti-oxidant, neuroprotection, anti-angiogenic, wound-healing, anti-microbial 

effects, chemopreventative and potentially chemotherapeutic properties^ '̂"
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C urcum in has a low potency and  lacks toxicity. It is relatively insoluble in w ater and has a 

low systemic bioavailability after oral dosing w hich may lim it access of sufficient concentrations 

for pharm acological effect in certain tissues. H ow ever, sufficient biological active levels have been 

dem onstrated  in the gastrointestinal tract in both anim als and hum ans. Also, stud ies in preclinical 

m odels have show n that com m ercial grade curcum in (usually < 10 % other cum inoids) has the 

sam e inhibitory effects as pure  curcum in. C urcum in is an interesting lead com pound for the 

developm ent of analogues w ith a sim ilar safety profile bu t w ith increased activity and  solubility^^.

OH

Figure 4.12 C urcum in [325] {left) in bis-keto form w hich predom inates u n d er acidic and 

neutral conditions w hereas the enolate form  {right) is found above pH  8.

4.11.2 Synthesis of curcum in-conjugate

In this project, curcum in w as investigated as another different type of linker chain. 

Curcum in is available com m ercially from Sigm a-Aldrich as a m ixture of curcum in (>95 %) [325], 

desm ethoxycurcum in [326] and bisdesm ethoxycurcum in [327] (see Figure 4.13).

G O  0 0

Figure 4.13 D esm ethoxycurcum in and bisdesm ethoxycurcum in

A com pound [328] (see Scheme 4.20) w as synthesised using  tw o com bretastatin  acrylic acid 

analogues linked together as esters w ith  a curcum in molecule. C urcum in [325] w as reacted w ith 

the com bretastatin acrylic acid [238] using DCC and DM AP coupling conditions. The reaction w as 

m onitored via TLC and following w ork-up procedures, the m ixture w as purified  via flash 

chrom atography on silica gel to afford the products [328] as an orange solid (91 % yield). The 

product also contained traces of desm ethoxycurcum in and  bisdesm ethoxycurcum in com bretastatin 

esters [329] and [330] w hich w ere visible on TLC and difficult to remove.
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(i) , [238]

(i) , [238]

Sch em e 4.20 Synthesis o f curcum in-com bretastatin conjugate [328]

(i) DCC, DM AP, DCM

In the ’H-NM R spectrum , the m ethoxy group signals of the com bretastatin fragm ent and 

the curcum in fragm ent overlap in the conjugate [328] and are observed as a m ultiplet of peaks 

betw een  3.81 -  3.94 ppm . The product contains traces of [329] and [330] w hich are visible on TLC 

and also leads to the deviations in  the integration of signals in the aromatic region of the spectrum. 

H igh resolution m ass spectroscopy analysis found [328] to have a m ass of 1043.3436 (M+Na)* for 

the m olecular ion C59Hs6 0 i6Na.

The synthesis of conjugate [328] w as investigated as a possible com bretastatin-curcum in  

prodrug. W hile the d eveloped  conjugate does not im prove the aqueous solubility issues of 

curcum in, as h ighlighted  above, sufficient biological active levels of curcum in have been  

dem onstrated in the gastrointestinal tract in hum ans and the conjugate m ay serve as a prodrug  

agent for treating gastrointestinal tum ours.

4.12 Synthesis of GW7604 -  Endoxifen conjugate

In addition to synthesising ER-conjugates bearing different cytotoxic agents, a prototype 

dual ER-ligand conjugate w as also synthesised  com prising of endoxifen and GW 7604 fragments. A
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secondary binding site exists, also known as the antiestrogen binding site (AEBS)'‘‘̂  that 

demonstrates high affinity binding of triarylethylene antiestrogens (i.e. specifically tamoxifen and 

its hydroxy derivatives) which is not in competition with the binding of estrogens. By synthesising 

a dual ER-ligand conjugate we wish to probe the possibility of binding in both the ER and ABBS 

sites concurrently. Also, we would like to investigate any antagonistic effect the presence of one 

ER-ligand covalently linked to another ER-ligand would have on antiproliferative activity through 

the displacement of helix-12 in the ER binding site.

N
H

[152]
O(TBDMS)

HO

[213]

(i)

^ O  OH

[331]

■Q(TBDMS)

[332]

OH

Scheme 4.21 Synthesis of GW7604-endoxifen conjugate [328]

(i) DCC, DMAP, DCM (ii) (a) BBrj, DCM (b) MeOH (c) TBAF, THF (d) 10 % HCl

The methoxy-protected GW7604 analogue [213] was coupled with [152] using a 

DCC/DMAP reaction (see Scheme 4.21) and purified via flash chromatography to afford the 

protected-conjugate product [331] (76 %). Following serial deprotection steps and purification via 

flash chromatography, the product [332] was afforded in a 1:1 £/Z isomeric mixture (88 % yield). 

In the 'H-NMR spectrum, the ethyl branch and aromatic region of both ER-ligand fragments 

overlap considerably. The basic side chain of the endoxifen fragment is observed in distinct regions 

of the spectrum. The methyl group present on the basic side of the endoxifen ligand is observed as
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a m ultiplet betw een 2.91 -  3.22 ppm  w hile the CH 2 and hydroxyl proton signals are observed in the 

region 3.65 -  4.41 ppm . In the ^^C-NMR spectra, the am ide carbon of the conjugate is observed at 

162.10 ppm . In the IR spectrum , the hydroxyl peak is observed as a broad band at 3326.6 cm ‘ w h ile  

the carbonyl group is found at 1626.2 c m \  A s the conjugate [332] contains an am ide linkage in the 

scaffold, it is hypothesised  that [332] w ould  not be easily hydrolysed  by enzym es in vivo and  

w ou ld  act as a possib le pure ER antagonist due to the large bulky side chain group.

4.13 Synthesis of acrylonitrile -  endoxifen conjugate

As a further extension  to this work, a conjugate w as synthesised  covalently linking the 

com bretastatin c/s-acrylonitrile com pound [234] synthesised  in the third chapter which  

dem onstrated potent activity against m urine tum ours. The acrylonitrile [234] has an am ine m oiety  

on the 3-position of the B-ring and a nitrile m oiety on the a-carbon of the double bond of the CA4 

[78] core structure. The conjugate [333] can be seen  as a d iam ide version of the CA4-succinic- 

endoxifen  conjugate [268] (see Schem e 4.5). The czs-acrylonitrile [234] w as reacted w ith  endoxifen  

analogue [263] via a DCC/DM AP coupling reaction, im m ediately fo llow ed  by the TBAF 

deprotecton step (see Schem e 4.22). The reaction w as m onitored via TLC -  confirm ing the 

form ation of the products. The reaction m ixture w as purified by flash chrom atography on silica gel 

to afford a 1:1 E/Z  isom eric m ixture of the product [333] (26 % yield).
NC. NH2

'OMe

M e0‘ 'OMe
OMe

[234]

CNMeO,

MeO

MeO

NH
MeO

(TBDMS)O

MeO

MeO

NH
MeO

(TBDMS)O'

HO

[333]
[263]

Schem e 4.22 Synthesis of acrylonitrile-endoxifen conjugate [333]

(i) DCC, DM AP, DCM (ii) (a) TBAF, THF (b) 10 % HCl
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The main diagnostic signals of the coupled conjugate of [333] are observed in the '^C-NMR 

spectra, where the two amide carbons of the linker fragment are observed at 171.48 and 173.27 

ppm. In the IR spectrum, the nitrile signal is observed at 2208.6 cm ' and the amide signal at 1734.8 

cm ' and the broad hydroxyl signal at 3401.5 cm '.

4.14 Summary

A number of conjugates with a variety of cytotoxic and bioactive agents were successfully 

coupled by a relatively straightforward synthetic means. The coupling methodology utilised 

appears to be applicable to a wide spectrum of agents. The choice of base used in the DCC 

coupling reaction appears to be an important factor in the synthesis of certain (ester) conjugates. 

All the conjugates, with the exception of the curcumin-conjugate, contain an ER-ligand derivative 

which should selectively target tumours where the ER is overexpressed. A num ber of these 

prototype-conjugates may be interesting entities for further development and optimisation. A 

representative selection of the conjugates were biochemically evaluated for antiproliferative 

activity, cytotoxicity and binding affinity to both the ERa and ER|3. These results are discussed in 

the next chapter.
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Chapter 5

Biochemical Studies
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5.1 O verview

The biochem ical evaluation of com pounds synthesised in the project w as carried out 

routinely th roughou t the study. The m ain assays utilised to evaluate the com pounds w ere a MTT 

(antiproliferative) assay, a LDH (cytotoxicity) assay and an estrogen receptor com petitor b inding 

assay. C om pounds w ere tested for antiproliferative and  cytotoxic activity in prim arily  the MCF-7 

hum an breast cancer cell-line and  occasionally the MDA-MB-231 hum an breast cancer cell-line. 

MCF-7 is a w ell-characterized estrogen receptor (ER) positive control cell line (i.e. cells are positive 

for cytoplasm ic estrogen receptors) while MDA-MB-231 is an ER-negative control cell line^^. 

U tilising both  cell lines together provides a useful in vitro m odel of breast cancer to study the 

effects of the estrogen receptor ligands and  conjugates un d er investigation. The ER com petitor 

b inding assay w as carried out in both ERa and  ER(3 to determ ine the b inding affinity and possible 

ER-isoform selectivity of ligands and conjugates synthesised in this study. U sing the results 

obtained from the biochemical evaluations in conjunction w ith m olecular m odelling techniques, a 

structure-activity  relationship (SAR) of the ligands and conjugates can be assem bled. In this 

chapter, the m aterials and  m ethods utilised in the different assays is presented followed by a 

discussion of the biochemical results obtained for the com pounds under investigation.

5.2 Materials for biochemical analysis 

5.2.1 Materials

Full nam es and  addresses of sources and suppliers are detailed below  at the end of the list. 

Black-plates, 96-well G reiner

DMSO Sigma

Eagles m inim um  essential m edium Sigma

ERa com petitor assay. Beacon kit Panvera

ERp com petitor assay. Beacon kit Panvera

Estradiol Sigma

Foetal bovine serum Sigma

G lutam ine Gibco

4-H ydroxy tamoxifen Sigma
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L-glutamine Sigma

LDH assay kit Promega

MCF-7 cells E.C.A.C.C.

MDA-MB-231 cells E.C.A.C.C.

MTT Sigma

Non-essential amino acid medium Sigma

Penicillin/Streptomycin Sigma

Pipettes (sterile) Greiner

Tamoxifen Sigma

Tissue culture flasks Greiner

Trypsin Sigma

The tested experimental compounds are from this thesis. All other reagents were analytical grade 

and obtained from Sigma whenever possible.

5.2.2 Addresses of suppliers

European Collection of Animal Cell Cultures (E.C.A.C.C.), PHLS, Centre for Applied 

British Drug House (BDH) Chemicals Ltd., c/o Lennox Laboratory Supplies Ltd. John F. 

Kennedy Drive, Naas Road, Dublin 12, Ireland.

Gibco, Life Technologies Ltd., 3 Fountain Drive, Inchinnan Business Park, Paisley, PA49RF, 

UK.

Greiner GMBH, Maybachstrasse 2, 72636, Frickenhausen, Germany.

Panvera, 501 Charmany Drive, Madison, WI 53719, USA.

Promega Corporation, c/o Medical Supply Co., Santry Hall Industrial Estate, Santry, 

Dublin 9, Ireland.

Sigma Chemical Co. Ltd., Fancy Road, Poole, Dorset, BH12 4QH, UK.

Riedal de Haen AG, c/o R.B. Chemicals Ltd., Hoecht House, Cookstown Industrial Estate, 

Tallaght, Dublin 24, Ireland.
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5.3 Methods for biochemical analysis

5.3.1 G row th and m aintenance o f  the hum an breast carcinom a MCF-7 and M D A  cell lin es

The hum an breast carcinom a cell line, MCF-7, w as purchased from the European  

C ollection of A nim al Cell Cultures (E.C.A.C.C.). The cells w ere m aintained in MCF-7 com plete  

m edium ; consisting of Eagle's M inim um  Essential M edium  (MEM) supplem ented  w ith  10% (v/v) 

Foetal Bovine Serum (FBS), 2 m M  L-glutam ine, 100 ^g/m L penicillin /streptom ycin and 1% (v/v) 

non-essential am ino acids. Cell cultures w ere m aintained at 37°C under a hum idified  atm osphere  

of 5% C02/95% O 2 .

The hum an breast carcinoma cell line, M DA, w as purchased from the European C ollection  

of A nim al Cell Cultures (E.C.A.C.C.). The cells w ere m aintained in M DA com plete m edium ; 

consisting of D ulbecco's M odified Eagle's M edium  (D-MEM) supplem ented  w ith  10% (v /v) Foetal 

Bovine Serum (FBS), 2 mM  L-glutam ine, 100 |ag/mL penicillin/streptom ycin. Cell cultures w ere  

m aintained at 37°C under a hum idified  atm osphere of 5% C02/95% O 2 .

Stock cultures w ere grow n in 75 cm^ flasks in 20 m l of com plete m edium  and were 

passaged w eekly. Rem oval o f the cells adhered to the surface of the flask w as achieved  by 

incubation w ith  1 ml of trysin-EDTA (0.05 m g/m l) for 2-3 m inutes depending on the adherence of 

the cells. To facilitate the action of trypsin, the cells w ere w ashed  w ith  either MEM (for MCF7 cells) 

or DMEM (for M DA cells) prior to trypsinisation, to rem ove rem aining com plete m edium , w hich  

contains trypsin inhibitor present in the FBS. The rem oved cells, in 10 ml com plete m edium  w ere  

centrifuged at 2500 rpm for 5 m inutes. The supernatant w as discarded. The pellet of cells w as re

su spend ed  in 1 ml of com plete m edium . Cells w ere counted u sin g  a haem ocytom eter and seeded  

at a density of approxim ated 2 x 10  ̂cells/75 cm^ flask.

5.3.2 C ryo-preservation o f ce lls

The cells w ere grow n to approxim ately 80% confluency. Follow ing trypsinisation and  

centrifugation, the pellet w as re-suspended in 90% (v/v) FPS and 10% (v/v) d im eth ylsu lp hoxid e  

(DMSO). The cells were transferred to a 1.5 m l cryotube and placed at -20°C for 2 hours then at -80°

C for 3 hours before storing them  in a liquid nitrogen container.

A s required, a cryotube w as rem oved from the liquid nitrogen, rapidly thaw ed and re-suspended  

in 10 ml of com plete m edium . Cells w ere centrifuged at 2500 rpm for 5 m inutes, the supernatant 

containing DM SO w as discarded and the pellet w as re-suspended in com plete m edium . The cells

w ere seeded  in 75 cm^ flasks as described above.
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5.3.3 Antiproliferation studies

The tetrazolium  salt, 3-(4,5-dim ethylthiazol-2-yl)-2,5-diphenyltetrazolium  brom ide (MTT) 

is taken up  only by m etabolically active cells and cleaved to form  a form azan dye by m itochondrial 

dehydrogenases” .̂ The form azan dye is initially localised w ithin the m itochondria as small purp le  

crystals, how ever upon  addition  of a solubilisation solution, the cells lyse and the purp le  colour 

diffuses th roughou t the solution and can be read spectrophotom etrically at 570 nm. The colour 

form ed is directly proportional to the am ount of viable cells present. MTT (50 mg) w as dissolved in 

50 ml phosphate-buffered saline (PBS) to prepare a MTT solution.

Cells are seeded at a density of 1 x 10‘* cells per well containing 200 |al com plete m edium  in 

a 96-well p late and incubated for 24 hours. The cells w ere then dosed w ith 2 pi volum es of the test 

com pounds, w hich had previously been prepared  as stock solutions in ethanol w hich allow for a 

concentration range of study  of 1 nM  -  50 ^M . After dosing, the plates are incubated for 72 hours. 

Control wells contained the equivalent volum e of the vehicle, ethanol (1% v/v).

Following incubation, the culture m edium  w as rem oved and the cells w ashed w ith 100 pi 

PBS then 50 pi MTT solution was added  to reach a final concentration of 1 mg/ml. The cells were 

incubated for 2-4 hours in darkness, to allow the form azan dye to be taken up by viable cells. The 

form ed pu rp le  form azan crystals w ere then solubilised by the addition  of 200 pi DMSO and the 

cells m aintained at room  tem perature in darkness for 20 m inutes to ensure thorough colour 

diffusion before reading the absorbance. The absorbance of each well w as m easured 

spectrophotom etrically at a w avelength of 570 nm  using an autom ated Molecular Devices m icro

plate reader. The absorbance value of the control wells was set to 100% cell viability and  from this, 

viability of the treated wells w ere determ ined. Assays w here repeated in three experim ents 

perform ed in triplicate (unless otherw ise stated) and reported  results represent the m ean value ± 

standard  error mean. G raphs of percentage cell viability versus concentration of the subject 

com pound w ere processed using Gmphpad Prism  software.

5.3.4 Cytotoxic studies

In this assay, the release of cytoplasm ic lactate dehydrogenase (LDH) is used  as a m easure 

of cell lysis^"^. Cells w ere seeded at a density  of 1 x 10“* cells/well in a 96-well plate and  incubated 

for 24 hours. The cells w ere then dosed w ith 2 pi volum es of the test com pounds, over the 

concentration range 1 nM  -  50 pM. A fter dosing, the plates are incubated for 72 hours. Control 

wells contained the equivalent volum e of the vehicle, ethanol (1% v/v). After incubation, 30 pi of 

m edium  is rem oved from  each well and  transferred  to a fresh 96-well plate. To this, 30 pi of 

substrate mix from  the Prom ega cytotoxicity assay kit w as added. The plate w as left in darkness
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for 20 m inutes at room  tem perature. Stop solution (30 |j1) w as added  to the wells. The plates w ere 

read at a w avelength of 490 nm  using an au tom ated  M olecular Devices m icro-plate reader. A 

positive control of 100% lysis w as determ ined for a set of un treated  cells, w hich w ere lysed by the 

add ition  of lysis solution to the m edium  45 m inutes prior to harvesting. The percentage cell lysis 

w as calculated for the treated  cells relative to the control data. Assays w here repeated  in three 

experim ents perform ed in triplicate (unless otherw ise stated) and  reported  results represen t the 

m ean value ± standard  error mean. The data w as processed using  Graphpad Prism  software.

The norm alised data w ere analysed using a sigm oidal dose-response (variable slope) non 

linear fit regression function. The graph  allow s for the determ ination of IC50 values using  the MTT 

curve and  % cell death  using the LDH curve. G raphs of percentage cytotoxicity versus 

concentration of the subject com pound w ere processed using Graphpad Prism softw are, an exam ple 

for tam oxifen [18] of a typical graphical ou tp u t is show n in Figure 5.1.

55
TJ
< uw

120
110
100
90
80
70
60
50
40
30
20
10
0

-101
-12 -11 -10 .9 ^  .7 •« -5 -4

MTT
LDH

log[concentration]

Figure 5.1 Sigm oidal dose-response curve for tam oxifen [18], displaying inhibited 

proliferation (in red) and induced cytotoxicity (in blue) of MCF-7 cells.

5.3.5 Estrogen receptor com petito r assay

Estrogen receptor b inding ability of a selection of the com pounds synthesised was 

investigated using fluorescence polarisation-based estrogen receptor com petitive assay kits 

supplied  by PanVera. The assay allow s for high th roughpu t screening of potential ER-subtype 

ligands. The selected com pounds w ere screened using both the ERa and ERp com petitive assay 

kits. The protocol for carrying out the assay is similar for both  ER subtypes; the m ain difference 

betw een the kits principally being the functional receptor concentration and the specific activity of 

the different ERs“ ''^^.
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Both ER-competitive assay kits contain insect cell-expressed, full-length, untagged, hum an 

estrogen receptors and a novel tight-binding, fluorescent estrogen ligand, Fluormone’̂  ̂ ES2. The 

ER is added to a fluorescent estrogen ligand, forming an ER/Fluormone™ ES2 complex. The 

complex is then added to individual test compounds. If the test ligand does not compete with the 

Fluormone™ ES2 for binding, the complex remains intact. Therefore, the Fluormone™ ES2 will 

tumble slowly during its fluorescence lifetime leading to a high polarisation value. If the test ligand 

competes for binding in the ER, then the Fluormone™ ES2 will be displaced and will tumble 

rapidly resulting in a low polarisation value. The change in polarisation values can determine 

relative binding affinity of the ligand for the ER-subtype.

The ER is sensitive in nature and repeated freeze-thaw cycles are best avoided in order to 

maintain receptor activity. Therefore, the ER is initially split into smaller aliquots. When 

performing an assay, the required amount of ER needed is calculated and the necessary aliquot(s) 

removed from the -  80 °C freezer and allowed thaw for at least 1 hour prior to use.

Previously prepared serial dilutions of the test compounds, consisting of the concentration 

range: 0.1 mM, 10 |aM, 1 |aM, 100 nM and 10 nM, are pipetted (1 |al) into a 96-well Greiner black- 

bottomed multiwell plate. The final concentration in the well is diluted by two orders of 

magnitude. TTie concentration range of test compounds can be adjusted accordingly to best suit 

the assay. Each compound is repeated in duplicate. The ES2 screening buffer (100 mM potassium 

phosphate (pH 7.4), 100 |ag/ml bovine gamma-globulin and 0.02 % sodium azide) is pipetted (49 

|.il) into each well containing the test compounds.

The amount of ER/Fluormone™ ES2 complex is calculated based on a final reaction volume 

of 100 |al per well, thus 50 fal of complex is required per well. The complex is made up with ES2 

screening buffer and is then pipetted (50 (a1) to the required wells.

The controls used in the assay consist of a well containing 100 |al of screening buffer (no 

fluorescence expected), 50:50 complex/buffer (maximum polarisation), 1:49:50 ethanol(test sample 

diluent)/complex/buffer (~ maximum polarisation = negative control) and 1:49:50 Estradiol(10 

^M)/complex/buffer (~ minimum polarisation = positive control). The plate is read on a BMG 

Pherastar fluorescence polarisation instrument with 485 nm excitation and 530 nm emission 

interference filters and processed using the Pherastar software. The plate is read over a 20 minutes 

period with polarisation readings taken every 2 mins. The average of the polarisation readings is 

reported.

Curve-fitting of the polarisation results were carried out using GraphPad Prism® software. 

The concentration of the test compound that results in a half-maximum shift in polarisation equals
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the I C 5 0  of the test compound. The I C 5 0  value is a measure of the relative binding affinity of the test 

compound for the ER.

5.4 A n tip ro lifera tiv e  and  cy to tox ic ity  a ssa y  resu lts

5.4.1 Biochemical data of reference com pounds

Tamoxifen [18] and combretastatin A-4 [78] were used as reference com pounds as the IC50 

values are in the low micromolar (|-iM) and low nanomolar range (4 -  10 nM) respectively in the 

MCF-7 human cancer cell line (see Table 5.1). These two com pounds were tested intermittently and 

regularly. The compounds synthesised in this thesis have expected values within this range.

Com pound ID Structure Name

MCF-7

IC50
% Cell Death  

at 1 0  ^M

[18] Tamoxifen
0.92 ± 0.09 |j M 
(0.19-11.3 pM)

jjj.1% 203,269

20.0 ± 5 
(24 % lit” )

[78]
O M e

O M e

Combretastatin A-4
8.0 ±1.5 nM 

(3.2 -  6.9 nM)
jjjl05 ,106 ,l 10,204

13 ±9.9

Table 5.1 Biochemical data for reference com pounds [18] and [78]

5.4.2 Biochemical data of des-alkyl-tam oxifens

The des-alkyl-tamoxifen analogues [53], [146] -  [151] are most closely related to the parent 

structure tamoxifen [18]. The characteristic feature of this group is the absence of a hydroxy moiety 

at the 4-position of the aryl ring (which is present on 4-hydroxytamoxifen [19] and endoxifen [20]) 

and the presence of a secondary amine functionality on the basic side chain. This group of 

analogues can be viewed as possible metabolites of tamoxifen analogues with the same relevant 

side chain. Reported IC50 and % cell death at 10 |aM values of tamoxifen are in the low  micromolar 

range and -20 % respectively. The values obtained for this subset of analogues are comparable to 

these values with a range of IC50 values between 0.36 -  3.53 pM (see Table 5.2). The analysed data
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for the best analogue in this series [147] is show n in Fig. 5.2.

H o2
0

R-group C om pound ID
MCF-7

I C 5 o ( a/ M ) % C ell D eath  at 10 ;/M

M ethyl [53] 2.72 ± 0.84 29.7 ± 5 .3

Ethyl [146] 0.64 ± 0 .26 11.9 ±8 .3

Propyl [147]* 1.18 ±0.08 4.3 ± 1 .7

Isopropyl [148]* 0.36 ±0.06 18.6 ±3 .9

Butyl [149] 2.62 ±0.81 21.37 ±10.1 '

Pentyl [150]* 3.53 ±0.88 20.7 ±4 .6

H exyl [151]* 3.15 ±0.40 29.9 ± 19.9"

T able 5.2 Biochem ical data for des-alkyl-tam oxifen analogues. The IC50 values refer to

inhibition of proliferation in the MTT assay and the % cell death at 10 |aM values 

refer to cytotoxicity in the LDH assay.

C = based on one assay carried out in triplicate)(* = novel)
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Figure 5.2 Sigm oidal dose-response curve for [147], d isp laying inhibited proliferation (red) 

and induced  cytotoxicity (blue) of MCF-7 cells.
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5.4.3 Biochemical data of monohydroxy-endoxifen analogues

Endoxifen [20] and the monohydroxy endoxifen analogues [168] - [174] are closely related 

to the parent structure 4-hydroxytamoxifen. These analogues can be viewed as possible 

metabolites of 4-hydroxytamoxifen analogues with the same relevant side chain. The reported IC 50 

for endoxifen [20] is 50 while the % cell death at 10 f.iM value would probably be similar to 

that of 4-hydroxytamoxifen [19] which is -20 %‘®®. The values obtained for the subset of analogues 

(see Table 5.3) are comparable to these values and demonstrate high antiproliferative activity. The 

analogues [169], [171] and [174] have impressive antiproliferative IC50 values ranging between 13.5 

-  17.1 nM, however, the compounds also display quite a high cytotoxicity with 26.0 -  31.8 % cell 

death observed at 10 |jM . The presence of the hydroxy moiety on the aryl ring is a key functionality 

which improves the binding affinity of ligands in the estrogen receptor ligand binding domain 

through hydrogen-bonding with the Arg394, Glu353 and water residues. The improved binding 

capability of the ligands in this series leads to approximately a 1 0 0 -fold increase in antiproliferative 

activity when compared with the corresponding ligands in the des-alkyl series of compounds 

outlined in section 5.4.2. The data for the analogues [20], [168] - [174] are shown in Fig. 5.3.

H

OH

R-group Compound ID
MCF-7

IC5o(nM) % Cell Death at 10 /jM

Methyl (Endoxifen) [2 0 ]"' 29.0 ±3.1 22.8 ±3.5

Ethyl [168]* 45.1 ±20.4 19.3 ±4.9

Propyl [169]* 13.5 ± 6 .6 26.0 ±3.9

Isopropyl [170]* 85.1 ±6.2 31.5 ±3.3

Butyl [171]* 17.1 ±7.3 31.8±1.8

Pentyl [172]* 39.1 ±10.6 30.7 ±1.2

Hexyl [173]* 34.9 ±11.2 27.7 ±2.1

Cyclohexyl [174]* 14.8 + 8.0 26.3 ± 8 .6

Table 5.3 Biochemical data of monohydroxy-endoxifen analogues (* = novel). The I C 5 0  values
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refer to inhibition of proliferation in the M TT assay and the % cell death at 10 |j M  

values refer to cytotoxicity in the LD H  assay.
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Figure 5.3 Sigmoidal dose-response curve for [168], displaying inhibited proliferation (red) 

and induced cytotoxicity (blue) of MCF-7 cells.

5.4.4 Biochemical data of dihydroxy-endoxifen analogues

The dihydroxy-endoxifen analogues [175] - [182] are closely related to the parent structure 

4-hydroxytamoxifen [19]. The addition of a secondary hydroxy moiety in a b/s-configuration is 

thought to improve the binding abilities of the ligands though an interaction with the His524 

residue in the ER binding pocket. These analogues can be viewed as possible metabolites of 4- 

hydroxytamoxifen and 4,4’-b/s-dihydroxytamoxifen analogues with the same relevant side chain. 

The reported IC 50 for endoxifen [20] is 50 nM*’ while the % cell death at 10 (.iM value would 

probably be similar to that of 4-hydroxytamoxifen [19] which is -20 %'* .̂ The values obtained for 

the subset of analogues (see Table 5.4) are comparable to these values and demonstrate high 

antiproliferative activity. When compared with the monohydroxy-endoxifen analogues outlined in 

section 5.4.3, the dihydroxy-analogues are approximately 10 % less cytotoxic at 10 |aM. 

Interestingly, in the monohydroxy-analogue series the propyl [169] and butyl [171] displayed the 

highest antiproliferative activity in their subgroup while in the dihydroxy-series the propyl [177] 

and butyl [179] display the lowest potency. This is probably due to subtle variations in the binding 

orientation of the different ligands in the ER. The basic side has a key role in displacing helix-12 

which is intricately linked to antagonist functionality therefore subtle differences in the spacial 

geometry of binding-ligands can have an exaggerated effect. In both series, the cyclohexyl R-group 

leads to analogues [174] and [182] with potent antiproliferative activity.
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H

OH

o i
Q

OH

MCF-7
R-group Compound ID

ICso(nM) % C ell D eath  at 10

M ethyl [175]* 28.4 ± 0 .8 11.1 ± 2 .2

Ethyl [176]» 4 1 .9 + 3 .8 19.2 ± 3 .0

Propyl 1177]* 62.6 ± 40.0 21.8 ± 0 .7

Isopropyl [178]* 13.1 ± 5 .6 14.5 ±2.1

Butyl [179]» 100 ± 6.3 18.7 ± 1.9

Pentyl [180]* 44.5 ± 17.5 21.0 ±1 .0

H exyl [181]* 38.4 ± 10.7 23.7 ±3 .2

Cyclohexyl [182]* 25.1 ±7.1 19.9 ±1.1

T able 5.4 Biochem ical data for d ihydroxyendoxifen  analogues (* = novel). The IC50 values  

refer to inhibition of proliferation in the MTT assay and the % cell death at 10 |aM 

valu es refer to cytotoxicity in the LDH assay.

5.4.5 C om parison  o f  des-a lk yltam oxifen  and h yd roxy-end oxifen  an alogue su b sets

The IC50 va lu es for the endoxifen  [20], m ono- and d i-hydroxyendoxifens [168] -  [182] and 

des-alkyl-tam oxifen analogues [53], [146] -  [151] are graphically represented b elow  in order to 

determ ine any patterns w hich m ay exist betw een  the side chain variations across the subsets. 

Pattern sim ilarities w ou ld  su ggest that the analogues p ossess sim ilar properties and adopt similar 

binding conform ations, w hile differences su ggest that there are possib ly m ore m arked changes 

betw een  the different ligands p ossessing the sam e side chain.

The endoxifen  analogues d isplay nanom olar activity (13.1 -  100 nM). These values are in 

good  agreem ent w ith  the reported values for 4-hydroxytam oxifen -  its closest analogue. As seen  in 

Figure 5.4, there is good  pattern sim ilarity betw een  the m ono- and d i-hydroxy endoxifen  

analogues. H ow ever, there is a discrepancy in the pattern betw een  the isopropyl and butyl 

analogues. In the dihydroxy analogue subset, there is a m ore pronounced decrease in activity 

m oving  from the ethyl to the isopropyl side chain, w hile  there is a pronounced increase in activity
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w hen  m oving  from the isopropyl to the butyl side chain.
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Figure 5.4 Com parison of IC50 antiproliferative values of m onohydroxy- ([20], [168] -  [174]) 

and dihydroxy- endoxifens ([175] -  [182]) analogues

This is possib ly due to the spacial configuration of the analogues in question; w here the butyl 

analogue adopts a m ore optim al configuration in the binding pocket to that of the isopropyl 

analogue, thus leading to im proved bioactivity. A lso, other physical and chem ical properties such  

as pKa, polarity and m olar volu m e are key factors in optim al b inding and ultim ately, play an 

im portant role in determ ining hgand bioactivity.

The des-alkyl-tam oxifen analogues display m icrom olar activity (0.36 -  3.53 |.iM) as show n  

in Figure 5.5. These va lu es are in good  agreem ent w ith  the reported values for tam oxifen -  its 

closest analogue. The pattern is dissim ilar w hen  com pared to the patterns of m ono- and di

hydroxy endoxifen analogues. This pattern discrepancy is probably due to the different spacial 

conform ation adopted  by the analogues in the binding pocket and differences in the ligands  

physical and chem ical properties (i.e. polarity, m olar volum e, pKa). H ydroxy functionalities play a 

key role in ligand b inding of triarylethylene scaffolds like endoxifen. The des-alkyl-tam oxifen  

analogues are lacking this m oiety and this explains the reduction in their bioactivity.
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Figure 5.5 Comparison of IC 50 antiproliferative values of des-alkyl-tamoxifens ([53], [146] -

[151]) analogues

5.4.6 Biochemical data of cyclofenil-endoxifen analogues

The cyclofenil-endoxifen analogues [198] -  [200] v̂ êre synthesised based on the reported 

cyclofenil structures which demonstrated impressive and selective ERa and ER(3 binding affinities. 

It was hypothesised that by incorporating a basic side chain to the cyclofenil structures that high 

affinity ER ligands with potent antagonist activity may be achieved.
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Figure 5.6 Sigmoidal dose-response curve for [198], displaying inhibited proliferation (red) 

and induced cytotoxicity (blue) of MCF-7 cells.
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The compounds (see Table 5.5) displayed sub-micromolar antiproliferative activity and 

low cytotoxicity w ith  less than 4 % cell death at 10 |j M  (see Figure 5.6).

OH

R-group Compound ID
MCF-7

ICso (.^M) % Cell Death at 10 #/M

0 [198]* 0.59 ± 0.24 2.0 ±1.9

o [199]* 0.82 ± 0.32 0 % '

■cr [200]* 0.78 ± 0.40 4.1 ± 1.8

Table 5.5 Biochemical data for cyclofenil-endoxifen analogues. The ICm values refer to

inhibition of proliferation in the MTT assay and the % cell death at 10 |j M  values 

refer to cytotoxicity in the LDH assay.

(* = based on one assay carried out in triplicate)(* = novel)

5.4.7 Biochemical data o f GW7604 and flexible-endoxifen analogues

A flexible endoxifen analogue [220] and GW7604 [30] were also synthesised in the project 

as alternative ER-ligands for possible further development as conjugates. The compounds 

displayed low micromolar antiproliferative activity (see Table 5.6). Both compounds [220] and [30] 

have a reduced antiproliferative activity compared to the monohydroxy- and dihydroxy-endoxifen 

analogues outlined in Section 5.4.3 and 5.4.4.
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Structure C om pound  ID
MCF-7

ICso (m) % C ell D eath  at 10 ;/M

OH

[30] 1.28 ± 0 .24 n/a

OH

[2 2 0 ]* 0.51 ± 0.54 26.9 ± 6 . 8

T able 5.6 Biochem ical data for endoxifen analogues [30] and [220] { *  = novel). The IC50 values  

refer to inhibition of proliferation in the MTT assay and the % cell death at 10 |aM 

values refer to cytotoxicity in the LDH assay.

5.4.8 B iochem ical data o f com bretastatin acrylic acid an a logu es

The combretastatin acrylic acid analogues synthesised  [236] -  [252] w ere chosen  based on 

literature inform ation available for the relevant 'parent' com bretastatin analogues (i.e. those 

com p oun ds displaying good biochem ical activity h ow ever w ith  the carboxylic acid m oiety absent). 

The objectives were to determ ine a short-list of the best com bretastatin acrylic acids to synthesise. 

The subset (see Table 5.7) had a w id e range of antiproliferative activities ranging from 0.12 to 

greater than 50 m icromolar w hile all p ossessed  virtually no cytotoxicity at 10 f^M. These 

com p oun ds are less potent w hen com pared w ith  'parent' analogues'”̂ ' H ow ever, the

com bretastatin A-4 acrylic acid [236] sh ow s a 30-fold decrease in activity and is less cytotoxic w hen  

com pared w ith  CA4 [78]. W ithin the range of com pound concentrations assayed, the upper 

boundary lim it for testing is 50 Therefore IC50 values w hich  w ere greater than 50 |aM cannot be 

recorded accurately (i.e. they are extrapolated values). A s a IC50 value greater than 50 is seen as 

a large valu e com pared to m any of the other com pounds synthesised , the assay param eters (i.e. 

com pound  concentrations) were not altered to accurately record the IC 50 value and is m erely  

reported as a value greater than 50 f^M. In general, com pared to the literature va lu es for the 

com bretastatins in w hich these acrylic acid analogues w ere based, the addition of the carboxylic 

acid m oiety at the double-bond position of the bridge led  to an overall detrim ental effect on  

antiproliferative activity in the M C F - 7  line, often by three orders of m agnitude or greater.
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R2

( [
R4

Compound
ID R, R2 Rs R4 R5 R6 R7

MCF-7

1C50 (m)
% C ell D eath  

at 1 0  pM

[236] COOH H OM e OM e OM e OM e OH 0 . 1 2  ± 0 .06 0

[238] COOH H OM e OM e OM e OM e H 7.8 ± 3 .0 0

[249] COOH H OMe OM e OM e OM e F 55.1 ±31.6 0

[251] COOH H OMe OM e OM e OM e N H 2 6.7 ± 6.6 0

[248] COOH H OMe OM e OMe Br H > 50 0

[250] COOH H OMe OM e OM e F H > 5 0 0

[246] COOH H OMe OM e OM e Me H 26.1 ± 7 .8 0

[247] COOH H OM e OM e OM e SMe H 10.2 ±0 .3 0

[252] COOH H OMe OM e OM e OM e N O 2 2.5 ±1 .2 0

[243] COOH H OMe OM e OM e -C4H4- 15.3 ± 7 .5 0

[239] H COOH OMe OM e OM e OM e H > 50 0

[237] COzMe H OMe OM e OM e OM e OH 2.8±0.8 0

[241] H COOH -OCH 2O- H OM e H > 50 0

[78] (CA4) H H OMe OM e OM e OM e OH 8.0 ± 1 .5  nM 13 ± 9 .9

T able 5.7 Biochem ical data for com bretastatin acrylic acid analogues

5.4.9 B iochem ical data o f com bretastatin direct -am ide conjugates

The majority of conjugates synthesised  in this series w ere tested in both the MCF-7 (ER- 

positive) and M DA (ER-negative) hum an cancer cell line w here ER is overexpressed and 

underexpressed respectively. A ny difference in biochem ical activity betw een  the cell lines can help  

indicate w hether the ER plays an im portant role in the com pounds activity. The collection of data 

obtained for the conjugates dem onstrates that the ER does appear have a key role in determ ining  

the activity of the com pounds as the activities are m uch better in  the ER-positive cell-line w hen  

com pared to the ER-negative cell line (see Table 5.8). This dem onstrates that the conjugates are 

indeed  acting as antagonistic ER-ligands. A num ber of the conjugates are quite potent w ith  low  

nanom olar antiproliferative activity team ed w ith  a low  % cell death at 10 |aM.

180



R2
° (T̂V

OH

Com pound
ID Ri R2

MCF-7 MDA

ICso(nM) % Cell Death 

at 10 pM

ICso ( ^M) % Cell Death 

at 10 n M

[272]

OMe

H 33.4 ±7.1 10.0 ±2.6 2.67 ±1.11 16.6 ±2.0

[282] OH 5.1 ±0.3 17.4 ±9.8 2.48 ±1.62 14.5 ±2.8

[273]
T rS
OMe

OMe

H 87.7 ± 36.3 12.4 ±10.9 30.6 ±13.1 0

[283]
OH 43.2 ±26.0 19.2 ±7.9 6.29± 0.28 6.9 ±2.9

[280]
T
OMe

OMe

H 180 ± 160 2.2 ±2.1 30.3 ±5.4 0

[290]
OH 194 ±66 9.7 ±5.3 1.85 ±0.71 13.9 ±6.5

[281]

OMe

H 959 ± 626 7.9 ±1.7 7.11 ±4.32 0

[291]
OH 6190 ±3510 5.6 ±3.6 49.7' 0

[274] „„xyx
MeO OMe 

OMe

H 2080 ± 795 1.36 ±1.02 51.0* 0

[284]
OH 40.8 ±31.9 15.8 ±7.4 4.09' 0

[276]
OMe

H 1510 ±137 0,4 ± 0.4 2.16" 0

[286] OH 3620 ± 351 2.8 ±1.8 4.32 ± 0.92 0

[275] „.oJCT'̂
Q - J

H 1470 ± 863 1.2 ±0.9 5.23" 0

[285] OH 49.4 ±5.8 10.1 ±9.4 0.68" 16.4 ±4.8
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R2

0. 0

OH

[279]

OMe

Hr

H 1030 ± 615 4.5 ±3.0 >50 0

[289] OH 2350 ±2180 6.5 ±2.1 >50 9.1 ±7.1

[277] T
OMe

Me

H 1750 ±874 2.2 ± 1.8 .  t .  *

[287]
OH 372 ± 233 11.6 ± 1.8 . i . t

[278]
OMe

SMe

H 790 ± 682 2.8 ± 2.8 .  t . }

[288]
OH 63.9 ±49.1 2.4 ±2.3 .  ♦

T able 5.8 Biochemical data for novel com bretastatin am ide linker conjugates. The IC50 values

refer to inhibition of proliferation in the MTT assay and  the % cell death  at 10 |.tM 

values refer to cytotoxicity in the LDH assay.

(*= based on one assay result perform ed in triplicate) (’ = not tested)

In general, the conjugates containing the dihydroxy-endoxifen ligand [175] display 

increased potency. The additional hydroxy m oiety presum ably  increases the b inding of the ligand 

and increases aqueous solubility. The conjugates [272], [273], [282], [283], [284], [285] and  [288] 

dem onstrate  low  nanom olar antiproliferative activity in ER-positive MCF-7 breast cancer cells 

w hile have low m icrom olar activity in ER-negative MDA breast cancer cells. From this study, the 

lead conjugate [282] displays approxim ately a 500-fold increase in antiproliferative activity in the 

ER-positive cells (see Table 5.8). The am ide linkage utilised in this series of conjugates is know n to 

be m ore stable to hydrolysis, therefore w e hypothesise that the bulky com bretastatin  side group 

m ay not cleave releasing the com bretastatin m oiety bu t possibly rem ains intact on the conjugate 

scaffold displacing the helix-12 of the ER and resulting in potent antiproliferative activity. This 

structure-activity  relationship will be discussed in m ore detail in  the next chapter.
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Figure 5.7 Sigm oidal dose-response curve for [282], d isplaying inhibited proliferation 

and induced cytotoxicity (blue) of MCF-7 and  MDA cells.

5.4.10 Biochem ical data of possib le  ER -targeting conjugates

The conjugates in this series contain an ER-ligand com ponent (i.e. endoxifen) linked via 

am ide and /o r ester linkages, w ith or w ithout a succinic acid linker group, to another com pound 

w ith bioactivity tow ards cancers and tum ours. The subset of bioactive com pounds com prise of 

vascular-targeting agents (i.e. com bretastatin A-4 [78]), an arom atase inhibitor [296], a possible 

topoisom erase II inhibitor [315], an alkylating agent (chloram bucil [309]) and  a NSAID 

(indom ethacin [305] - show n to have synergistic properties w hen  used in com bination w ith 

tam oxifen [18]). The selection of conjugates evaluated  have a variety  of sim ilarities and  differences 

w ith  each other. Therefore, some structural com parison m ay highlight possible m echanistic 

features regard ing  the functionality of the conjugates. The bioactive com pounds w hich w ere 

coupled to the endoxifen scaffolds w ere also tested to allow for com parison and  to assess if the 

conjugated versions lead to any advantages such as im proved  efficacy and reduced toxicity. The 

antiproliferative and  cytotoxicity data for the conjugates w ith  their corresponding bioactive agents 

are show n in Table 5.9.
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Com pound
ID

Structure

MCF-7

ICso
% Cell Death 

at 10

[268] 1 ° 90.8 ± 2.6 nM 13.2 ±12.7

[271] X I  1°

OH

5.7 ± 0.05 nM 4.1 ±3.4

[309]

_̂__ ^C1

HOOC^ y — ^ ~ ~ ^ N

Cl > 50 |aM 0

[310]

HO

30.3 ± 7.0 nM 0

[305]

____ ^ C O O H

OrL
N

c , - 0 ^ °
>50 f^M 0

[308] Cl 0

HO

11.6 ±10.9 |.iM 0

[296]

0

OH
17.5 ± 7.0 ^M 0
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[297]

OH

12.6 ±3.7 laM 0

[315]

H

/ O

35.1 ±12.1 nM 4.8 ±5.6

[323]

Xo°N
/0

>50 laM 0

[234]

0.83 ± 0.30 |.iM 

(5.9 nM  colon) 

l i t " ’

4.5 ±3.5

[333]

0 /  r>
H N ^  ^ 0 -{y -^

Q
V _ / ° \

0 0\ /

1.64 ±2.06 |j M 1.7 ±2 .0%

[332]

Q p

OH OH

>50 pM 0

[334]

P \  / ~ ~ \

0̂  0—

HO

>50 laM 0
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[262]
0 '

>50 laM 0

T able 5.9 Biochem ical data for n ovel ER-conjugates and bioactive agents. The IC50 values

refer to inhibition of proliferation in the MTT assay and the % cell death at 10 (aM 

values refer to cytotoxicity in the LDH assay.

The data obtained for this series o f conjugates w ere w ide-ranging from low  nanom olar 

antiproliferative IC50 va lu es to values greater than 50 |aM. O ne observation is that all the conjugates 

disp layed  low  cytotoxicity levels at 1 0  |aM.

The com bretastatin agents [268] and [271] w ere the best conjugates in this series. The 

conjugate [271] differs from [268] on ly by a hydroxy functionality w hich w ould  im prove the 

binding of the ER-ligand fragm ent and is presum ably the major factor in the 18-fold difference in 

antiproliferative potency. This fact also appears to dem onstrate that the conjugates have an affinity 

for the ER. It rem ains unclear the exact role the com bretastatin m oiety has in the antiproliferative 

effect. These tw o conjugates [268] and [271] are covalently bound to the CA4 fragm ent by ester 

linkages which should  be readily hydrolysed  in vivo thus releasing the CA4. The IC50 value of CA4 

in MCF-7 w as determ ined to be 8  nM (3.2 -  6.9 The com pound [262] represents the

cleaved endoxifen-linker com ponent of conjugate [268] and d isplays very low  antiproliferative 

activity. The intact conjugate m ay be exerting antiproliferative activity through binding in the ER 

resulting in the displacem ent of helix-12 and ER-antagonism. H ow ever, if the conjugate is cleaved  

the combretastatin m ay be exerting its antim itotic activity. A dditionally, the conjugate m ay be 

w orking through both an ER-antagonistic pathw ay and antim itotic pathw ay i.e. through dual

action.

The endoxifen conjugates of chloram bucil [310], indom ethacin  [308] and the arom atase 

inhibitor [297] d isplayed  im proved antiproliferative activity in  the MCF-7 cell line w hen  com pared  

to the agents alone. The IC50 values for these conjugates w ere in the range of 11.6 - 30.3 |aM and 

disp layed  no cytotoxicity at 10 |aM. The acrylonitrile conjugate [333] and podophyllotoxin  

analogue conjugate [323] sh ow ed  reductions in antiproliferative activity w hen  com pared w ith  the 

unconjugated agents alone. The acrylonitrile conjugate [333] had a 2-fold reduction in activity. The 

podophyllotoxin  analogue [315] had an observed IC50 value of 35 nM as a stand alone agent w hile  

in its conjugated form, [323], resulted in a ~1400-fold decrease in  activity w ith  an IC50 value greater 

than 50 |aM. Interestingly, both of these conjugates are coupled to endoxifen [20] via a succinic acid
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fragm ent resulting in a d iam ide linkage. A m ides are m ore rigid than esters d ue to resonance 

stabilisation effects and p ossess ~ 40 % d ouble bond characteristics. The presence of tw o am ide  

linkages m ay restrict the conform ation of these conjugates unfavourably.

The dual ER-ligand conjugate [332] did not d isplay significant antiproliferative activity  

w ith an IC50 value greater than 50 |aM, resulting in negligible cytotoxicity. This su ggests that 

presence of the bulky ligand side chain in this case has a detrim ental effect on the antiproliferative 

activity of either the endoxifen [20] or GW 7604 [30] ER-ligand fragm ent at the ER site. Variations of 

the distance b etw een  the ligands m ay result in im proved activity. The conjugate [334] w as 

synthesised  to investigate the hypothesis that by coupling the m ost potent com bretastatin analogue 

[236] w ith  the m ost potent endoxifen ligand [171] (based on antiproliferative data determ ined at 

that time) an optim ised direct-am ide conjugate m ay be generated. U nfortunately, the 

antiproliferative activity of the conjugate is negligible in MCF-7 cancer cells. The additional butyl 

side chain w ou ld  alter the conform ation of the conjugate and this presum ably leads to the decrease 

activity perhaps through a decrease in ER-binding affinity.

5 .5  E str o g en  r e c e p to r  c o m p e t ito r  b in d in g  a s sa y  r e su lts

5.5.1 R eference ER com petitors

Reported reference values for w ell-k now n  ER com petitors are show n in Table 5.10^'’̂ '̂ ®̂. As 

a calibration exercise, 4-hydroxytam oxifen w as assayed  in ERa resulting in an IC50 value of 26.3 

nM w hich is in agreem ent w ith the reported value in Table 5.10.

C om petitors
IC50 (nM )

E R a ER p

D iethylstilbestrol 5.4 3.5

Tam oxifen 60.9 188

4-H ydroxytam oxifen 29.6 26.1

Estradiol 5.7 5.6

T able 5.10 Relative b inding affinity of w ell-k now n  ER com petitors

5.5.1 E R -binding data of m on oh ydroxy-end oxifen  an alogues

Endoxifen [20] and the m onohydroxy endoxifen  analogues [168] - [174] are m ost closely  

related to the parent structure 4-hydroxytam oxifen. These analogues can be v iew ed  as possible 

m etabolites of 4-hydroxytam oxifen analogues w ith the sam e relevant side chain. The I C 5 0  values 

obtained for the subset of analogues (see Table 5.11) are com parable to reported values for 

endoxifen  [20] in both ERa and ER|3 (22 -  50 nM)^  ̂ w hich dem onstrates the h igh b inding affinity
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of this series. The ethyl [168] and  cyclohexyl [174] analogues display potent ERa and  ER(3 binding 

affinities com parable to estradiol and diethylstilbestrol.

n9H

OH

R-group C om pound  ID
ER a ERP

ICso(nM) IC5o(nM)

M ethyl 46.9 ± 26.2 118±51.S

Ethyl [168]* 4.1 ± 0.3 8.4 ± 0.9

Propyl [169]* 36.6 ± 4.3 74.9 ± 26.7

Isopropyl [170]* 20.7 ± 8 . 6 45.2 ±17.8

Butyl [171]* 77.5 ±2.1 49.3 ± 49.5

Pentyl [172]* 44.7 + 53.1 49.1 ± 38.2

Hexyl [173]* 101± 129 68.5 ± 83.4

Cyclohexyl [174]* 5.3 ± 5.9 3.4 ± 1.4

T able 5.11 ER binding data for m onohydroxy-endoxifen analogues

5.5.2 ER -binding data of d ihydroxy-endoxifen  analogues

The dihydroxy endoxifen analogues [175] - [182] are m ost closely related to the parent 

structure 4-hydroxytam oxifen [19] and endoxifen [20]. These analogues can be view ed as possible 

m etabolites of 4-hydroxytam oxifen analogues w ith the sam e relevant side chain. The IC50 values 

obtained for the subset of analogues (see Table 5.12) are com parable to the reported  range of values 

for endoxifen [20] in both  ERa and ERp (22 -  50 nM)*^ '^  w hich dem onstrates the high binding 

affinity of this series. The propyl [177] and  cyclohexyl [182] analogues d isplay the m ost potent ERa 

and  ER|3 b inding affinities in this series.
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OH

(TS
H

OH

R-group C om pound ID
ER a ERp

ICs„(nM) IC5o(nM )

M ethyl [175]* 4 5 .1 + 6 .6 3 9 .7 1 1 3 .6

Ethyl [176]* 3 1 .2 1 2 8 .0 1 0 .1  1 1 2 . 8

Propyl [177]* 22.0 ± 20.7 5 .2 1 5 .1

Isopropyl [178]* 24.4 ± 15.3 85.5 + 75.4

Butyl [179]* 69.3 + 33.1 40.4 1 2 3 .6

Pentyl [180]* 5 3 .6135 .1 20.9 120 .2

H exyl [181]* 1 7 0 1 2 0 .0 724 1251

C yclohexyl [182]* 1 8 .8 1 2 3 .6 39.9 138 .3

T able 5.12 ER binding data for d ihydroxy-endoxifen  analogues

5.5.3 E R -binding data o f cyc lo fen il-en d ox ifen  an alogues

The cyclofenil-endoxifen analogues [198] -  [200] are related to the parent structure 

endoxifen  [20] and reported cyclofenil ligands [183] - [185]. The IC50 values obtained for the subset 

of analogues (see Table 5.13) are com parable to the reported range of values for endoxifen  [20] in 

both ERa and ERp (22 -  50 nM )“  '“  w hich dem onstrates the high binding affinity of this series. The 

cyclohexyl [198] and cycloheptyl [199] analogues d isplay the m ost potent ERa and ER|3 binding  

affinities in this series.

5.5.4 E R -binding data of GW 7604 and flex ib le  en d ox ifen  an alogue

The flexible analogue [220] and GW 7604 [30] d isp layed  are closely related to endoxifen  

[20]. The IC50 va lu es obtained for the flexible ligand [220] and the know n GW 7604 [30] (see Table 

5.14) are com parable to reported values for endoxifen  [20] and estradiol [12] respectively. Both 

analogues display binding I C 5 0  values in the low  nanom olar range w hich  dem onstrates the high  

binding affinity of these ligands. In particular, ti’.e GW 7604 [30] analogue d isp lays potent ERa and  

ER(3 binding affinities. GW 7604 [30] has a reported Ki value of 27 ± 10 nM ‘“’.
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H

n
OH

R -group C om pound  ID
E R a

IQ o(nM )

ERp

IC5o(nM)

0 [198]* 18.1 ±3.7 34.4 ± 11.3

o 1199]* 20.1 ± 9.0 20.6 ± 25.9

a [200]» 61.3 ±33.2 155.0 ± 126

T able 5.13 ER binding data for cyclofenil-endoxifen analogues

S tructure C om pound  ID
E R a ERp

ICso(nM) ICsfllnM)

OH

O

o 4.4 ±3.8 6.8 ±1.0

OH

[ 2 2 0 ] * 24.8 ± 20.9 90.0 ±3.7

T ab le  5.14 ER binding data  for GW7604 and flexible-endoxifen analogues

5.5.5 E R -b ind ing  data of selected conjugates



A selection of conjugates synthesised in the project were investigated for their ERa and 

ER(3 binding abilities. In order to function as ER-targeting agents, the conjugates should display 

some binding affinity towards the receptor target. As not all conjugates synthesised could be 

evaluated due to time-constraints and the cost of the assay, a representative selection of conjugates 

were investigated. The ER-binding data for these selected conjugates is reported in Table 5.15. All 

the conjugates display binding affinities for the ERa and ER(3 confirming their ability to act as ER- 

targeting agents.

Structure Com pound ID
ERa ERp

ICso(nM) ICsoCnM)

9

OH

[264] 11.3 ±10.9 6.7 ±3.6

"^ 0  OH

OH LJl 
OH

[282] 0.9 ±0.7 4.7 ± 1.0

OH OH

[332] 35.6 ±13.3 19.5 ± 8.4

r i  1 °

OH

[271] 52.1 ±54.0 115.1 ±1.9

V Vv V
P Q Q O

Cl 0

HO

[308] 78.9 ± 35.2 200 ± 46

m



HO

[3 1 0 ] 4 9 0  ±  3 4 7 4 1 5  ± 1 7 8

I0

\ 
^

0

[3 2 3 ] 9 6 .0  ± 2 . 1 6 1 .6  ± 5 . 7

0  /

Q
w  °

0  0
\  /

[3 3 3 ] 5 2 4  ± 2 1 8 2 6 9  ± 1 6 3

II 1

OH

[2 9 7 ] 5 1 .4  ± 3 2 . 0 5 1 .6  ± 2 1 . 4

Table 5.15 ER binding data for selected novel conjugates

The acrylonitrile conjugate [3 2 3 ]  and chlorambucil conjugate [3 1 0 ]  showed the least affinity 

for either ER isoform yet still demonstrated sub-micromolar competitive binding IC50 values 

towards ERa and ER(3. The indomethacin conjugate [3 0 8 ] , podophyllotoxin conjugate [3 2 3 ]  and 

aromatase inhibitor [2 9 7 ]  conjugates, which did not demonstrate potent antiproliferative activity, 

display impressive binding affinities towards ERa and ER(3 with competitive binding I C 5 0  values 

between 50 -  100 nM. The dual ER-ligand [3 3 2 ]  conjugate which also did not display significant 

antiproliferative activity, has competitive binding I C 5 0  values of 35.6 nM (ERa) and 19.5 nM (ER(3). 

This may suggest that the conjugates bind in orientations or sites which as a result do not displace 

helix-12 in the ER, hence, do not display a significant antagonistic activity in vitro. These conjugates 

[2 9 7 ] , [ 3 0 8 ] , [3 2 3 ] and [3 3 2 ]  may exert some agonistic activity within the ER-isoforms and/or may
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be binding at a different, possibly unreported, binding site.

The CA4 conjugate [271] displays potent ER binding affinities which help explain the 

antiproliferative activity of the conjugate. Interestingly the succinic-endoxifen linker compound 

[264] displays potent binding affinities in both ERa and ERp with competitive binding IC50 values 

of 11.3 nM (ERa) and 6.7 nM (ER(3). These values represent an approximately 3-fold increase in 

binding affinity in both ER isoforms when compared to 4-hydroxytamoxifen [19]. The carboxylic 

acid group may interact favourably with a residue in the binding site. Antiproliferative assays 

were not carried out on [264], however, [262] (see Table 5.9) is closely related (differing only in the 

hydroxy moiety on the triarylethylene aryl ring scaffold) and displayed no significant 

antiproliferative activity.

As in the antiproliferative assays, the conjugate [282] demonstrated impressive results and 

suitability as a possible lead compound for further development. The conjugate displays sub- 

nanomolar binding to the ERa and low nanomolar binding to the ERp. This represents a binding 

affinity in ERa greater than estradiol [12]. The hydroxy functionalities present on the endoxifen 

fragment can interact favourably with the residues Glu353, Arg394 and His524 in the ER binding 

site through hydrogen bonding which can explain the high binding affinity. The combretastatin 

fragment must also form favourable interactions in the binding site as there is 50-fold increase in 

ERa binding affinity compared to the corresponding endoxifen ligand [175]. Presumably, the 

hydroxy functionality present on the combretastatin fragment is involved in hydrogen bonding. 

Unfortunately, the reasons for the potent binding ability of the lead conjugate will remain 

speculative without an X-ray determined crystal structure for the particular conjugate contained in 

the ligand binding site. Chapter six contains a more detailed discussion on the structure-activity 

relationship and possible ligand-binding orientations for [282].

Often the relative binding affinity (RBA) of estrogen receptor ligands is reported. Estradiol 

is typically used as the reference ligand and is taken as the 100 % binding value. Using the 

reference IC5 0 values obtained from the literature for estradiol in the ERtx (5.7 nM) and ERp (5.6 

nM), the relative binding affinities of the selected conjugates were calculated (see Table 5.16).
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C om pound ID
RBA va lu es (%) @ 25 °C

ER a ERp

Estradiol (reference ligand) 1 0 0 1 0 0

[264] 50 84

[282] 633 119

[332] 16 29

[271] 1 1 5

[308] 7 3

[310] 1 1

[323] 6 9

[333] 1 2

[297] 1 1 1 1

T able 5.16 Relative b inding affinities for selected conjugates (The RBA value (in %) is

calculated as the ratio of the binding IC50 value for the reference ligand (estradiol) 

div id ed  by the binding IC50 value for the selected ligand, m ultip lied  by 100.).

As h ighlighted in the introduction chapter, the estrogen receptor has betw een  1000 and 

1 0 0 0 0  m olecules per cell'^ and calculations on the basis of the num ber of receptors per cell and the 

possible drug concentration show  that the relative binding affinity (RBA) value should  be at least 

1% of that o f estradiol. A ll of the conjugates investigated in the ER com petitor b inding assays had 

RBA values greater than or equal to 1%. The RBA values betw een  of 5 -  16 % w ould  be considered  

m oderate binding w hile the RBA value for [264] dem onstrates strong binding. The lead conjugate 

[282] d isplays a very im pressive RBA value w hich is uncom m on to m any conjugates reported in 

the literature and d iscussed  in the introduction chapter.

5.5.6 ER-subtype se lec tiv ity  o f com p oun ds

Specific SERM ligands can have a variety of effects on different tissues, as the ERa and ER|3 

isoform s can be over-expressed at different sites. ER selectivity is desirable in order to enhance the 

specificity of SERM ligands for use as possible therapies. For exam ple, in bone tissue, an ER^- 

agonistic ligand could im prove bone density in a patient, how ever, ERa agon ism  m ay be 

undesirable (i.e. increased risk of certain horm one-dependent cancers). Therefore, im proving the 

agonist ligand's selectivity towards ER(3 w ould  lead to a better agent to treat bone diseases, such as 

osteoporosis.
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The selectivity value is reported as the ratio of the RBA values or binding affinities, ERp 

relative to ERa, for each of the compounds (see Table 5.17). For selectivity values greater than 1, 

the compounds have a more pronounced affinity for the ERa binding site, while for values less 

than 1, the compounds have a more pronounced affinity for the ER(3 binding site. The greater the 

selectivity value deviates from a value of 1, the more selective the compound is for either the ERa 

or ER|3 binding site. For example, a selectivity value of 2 demonstrates that a compound has a two

fold selectivity towards ERa while a selectivity value of 0.5 demonstrates that a compound has a 

two-fold selectivity towards ER|3 (i.e. its reciprocal value).

Com pound ID ER Selectivity C om pound ID ER Selectivity

[20] 2.51 [182] 2.12

[168] 2.05 [198] 1.90

[169] 2.05 [199] 1.02

[170] 2.18 [200] 2.50

[171] 0.63 [30] 1.55

[172] 1.10 [220] 3.63

[173] 0.68 [264] 0.59

[174] 0.64 [282] 5.22

[175] 0.88 [332] 0.55

[176] 0.32 [271] 2.2

[177] 0.24 [308] 2.5

[178] 3.5 [310] 0.85

[179] 0.58 [323] 0.64

[180] 0.39 [333] 0.51

[181] 4.25 [297] 1.00

Table 5.17 ER|3/ ERa selectivity values

In general, the compounds show only slight preferential binding to either the ERa or ER(3. 

The compounds [181], [220] and [282] display some ERa selectivity with between 3.6- and 5.2-fold 

selectivity. The lead compound [282] demonstrates the most impressive selectivity value. The 

compounds [176], [177] and [180] display some ER|3 selectivity with between 2.5- and 4.2-fold 

selectivity. In general, the monohydroxy-endoxifen analogues ([20], [168] -  [174]) tend to be 

slightly more ERa selective while the dihydroxy-endoxifen analogues ([175] -  [182]) display more 

ER(3 selectivity.
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5.6 N C I Screen

5.6.1 Overview

Four of the compounds synthesised in the project [171], [268], [282] and [328] (see Fig. 5.8) 

were sent forward for evaluation by the National Cancer Institute (NCI). The NCI is a United 

States, federally-funded research and development centre. The Developmental Therapeutics 

Program (DTP) operates a tiered anti-cancer compound screening program for the benefit of the 

general research community with the goal of identifying novel chemical leads and biological 

mechanisms. The program, which includes the NCI 60-ceIl line screen, operates at no cost to 

suppliers of compounds and encourages the submission of synthetic compounds and purified 

natural products from academic, public and private sources worldwide^’.

0  0  OMe

OMe

[171]

MeO

MeO

MeO

OH

OMe
MeO^f o  ? 1
MeO""

i J
u

(Tt
OMe

MeO^

OMe

OMe

OMe

[268]
OMe OH

[282]

OH

Figure 5.8 Compounds sent for NCI screening

5.6.2 NCI 60-ceIl line screen

The In Vitro Cell Line Screening Project (IVCLSP) is a dedicated service utilising 60 

different hum an tum our cell lines; representing leukaemia, melanoma and cancers of the lung, 

colon, brain, ovary, breast, prostate, and kidney. The aim is to prioritize for further evaluation, 

agents showing selective growth inhibition or cell killing of particular tum our cell lines. The 

screening process is carried out in two-stages. Initially the compound is evaluated against the 60 

cell lines at a single dose of 10 pM. Compounds which exhibit significant growth inhibition are 

evaluated against the 60 cell panel at a further five lower concentration levels.

5.6.3 One-dose and five-dose screen outputs

The one-dose screen output is reported as a mean graph of the percent growth of treated 

cells and is similar in appearance to mean graphs generated in the 5-dose assay. The value reported
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for the one-dose assay is growth relative to the no-drug control, and relative to the time zero 

num ber of cells. The one-dose assay allows detection of growth inhibition (values between 0 and 

100) and lethality (values less than 0). For example, a value of 100 means no growth inhibition. A 

value of 40 would mean 60% growth inhibition. A value of zero means no net growth over the 

course of the experiment. A value of -40 would mean 40% lethality. A value of -100 means all cells 

are dead.

5.6.4 Screened compounds 

5.6.4.1 One-dose screen

Four compounds were submitted and accepted for evaluation in the one-dose 60 cell line 

screen. To date, three of these compounds have been tested in the one-dose screen ([268], [282] and 

[328]) and two of these have been selected for the five-dose 60 cell line screen: [268] and [282], The 

remaining compound [171] is has yet to undergo the one-dose screen. The output from the one- 

dose screen for each of the three compounds can be located in the Appendix (NSC 747002 ([282]), 

NSC 7472004 ([271]) and NSC 7472005 ([328])).

The curcumin-combretastatin conjugate [328] showed poor bioactivity in almost all of the 

cell lines (with a mean growth percentage of 100.14 %), hence it was not selected for further 

screening. This information correlates to the biochemical assays carried out in-house, where the 

compound was tested using the MTT and LDH assays in the MCF-7 cancer cell line, and was 

deemed inactive in the MCF-7 cancer cell line. However, with knowledge of this information, the 

compound was still selected by the NCI for the one-dose screening evaluation.

Both of the compounds accepted for further testing showed promising results; displaying 

good growth inhibition and low lethality in a variety of the cell lines with mean growth inhibition 

values of 98.73 % for [282] and 85.26 % for [268],

Com pound [282] displayed very high growth inhibition in the cell lines of non-small cell 

lung cancer NC1-H23 (97 %) and NCI-H460 (98 %); colon cancer HCT-116 (98 %); breast cancer 

MCF-7 (94 %) and MDA-MB-435 (91 %); ovarian cancer OVCAR-8 (97 %) and SK-OV-3 (95 %); 

leukemia RPMI-8226 (91 %); renal cancer ACHN (96 %), CAKI-1 (91 %), RXF 393 (95 %) and SN12C 

(90 %); melanoma SK-MEL-2 (97 %) and CNS cancer U251 (93 %). The compound caused between 

80 -  89 % growth inhibition in a further 14 cell lines. The compound was found to have a 1 - 36 % 

lethality range in another 19 cell lines and was very toxic to the non-small cell lung cancer NCI- 

H226 (73 % lethality) and melanoma SK-MEL-5 (60 % lethality) cell lines.
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Com pound [268] displayed very high growth inhibition in the cell lines of colon cancer 

HCC-2998 (95 %), HCT-116 (98 %), HCT-15 (99 %) and HT29 (93 %); breast cancer BT-549 (94 %), 

MCF-7 (90 %) and MDA-MB-468 (99 %); melanoma M14 (99 %); CNS cancer SF-295 (94 %) and 

U251 (90 %). The compound caused between 80 -  89 % growth inhibition in a further 10 cell lines. 

The com pound was found to have a 7 - 37 % lethality range in another 19 cell lines and was quite 

toxic to the colon cancer COLO 205 (55 % lethality), breast cancer NCI/ADR-RES (41 %) and 

ovarian cancer OVCAR-3 (58 % lethality) cell lines.

5.6.4.1 Five-dose screen

To date, two of the compounds, [282] and [268], have undergone a complete five dose 60- 

cell line screen. Dose response curves can be determined from the range of concentrations tested in 

the screen allowing for the calculation of GI50 and LC50 values. The complete reports for the 

compounds [282] and [268] are presented in the Appendix. The dose response curves are grouped 

according to their cancer type (i.e. leukaemia, breast cancer, lung cancer, etc.).

The compound [282] displayed low micromolar GI50 (IC50) values for most of the 60 cancer 

cell lines. However, compound [282] demonstrated a high selectivity towards MCF-7 breast cancer 

with an GI50 (IC50) value of 9.5 nM and a LC50 value greater than 50 .̂iM. As [282] has been shown to 

be a high-affinity ER-binding ligand, the high specificity towards MCF-7 cells is most probably due 

to the presence of the over-expressed ER within the cell-line. This is an impressive and promising 

result as it firstly, confirms the suitability of the selected prototypes and project strategy, while 

secondly, highlights the possible therapeutic applications for the ER-conjugates synthesised in the 

project.

The compound [268] displayed GI50 (IC50) values within the range 1 0 - 7 2  nM for most of 

the 60 cancer cell lines. Compound [268] displayed an GI50 (IC5 0) value of 36 nM and a LC50 value 

greater than 100 |aM in the MCF-7 breast cancer cell line. As [268] does not display the same 

selectivity and enhanced activity towards the ER-positive cell line, it suggests that [268] may be 

exerting its potent activity by other biological mechanisms (i.e. tubulin depolymerisation) other 

than through the ER alone. Again, this is a promising result and highlights the possible therapeutic 

applications for the prototype ER-conjugates.

5.6.5 COMPARE analysis

The unique complexity of a 60-cell line dose response produced by a given compound 

results in a biological response pattern which can be utilized in pattern recognition algorithms. The
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NCI provide a pattern  recognition algorithm  called COMPARE^^’. Using algorithm s, it is possible 

to assign a putative m echanism  of action for the screened com pound, or to determ ine that the 

response pattern  is unique and  not sim ilar to that of any of the standard  pro to type com pounds 

included in the NCI database. In addition, following characterization of various cellular m olecular 

targets in the 60-cell lines, it may be possible to select com pounds m ost likely to interact w ith a 

specific m olecular target. Inform ation from  the one-dose m ean graph  m ay be utilised  for 

COMPARE analysis^“ . In general, a correlation coefficient greater than  0.6 is considered a positive 

correlation®^.

5.6.5.1 COM PARE analysis on one-dose data

The results from  the one-dose screen for [282] w ere m anually  entered into the COMPARE 

analysis softw are via an on-line subm ission form^^’. The results from  the COMPARE analysis are 

retrievable on-line^*' by searching using the relevant JobID reference num ber. The COMPARE 

analysis w as run on a database of com m on anti-cancer agents (JoblD; 37472) and the larger m ore 

com prehensive database including natural p roducts and other subm itted agents (JobID: 37473). For 

the form er COMPARE analysis, the highest correlation coefficient achieved w as 0.430 in relation to 

the agent, Rhizoxin [335]; while in the later analysis, one agent [336] re turned  a correlation 

coefficient value of 0.611. The structures and relevant NCI reference num bers are show n in Figure 

5.9. The w as no literature available regarding [336]. Rhizoxin [335] is an antim itotic agent w ith  anti

tum or activity^^^. The low correlation coefficients suggest that the com pound [282] has a unique 

response pattern.

[335]

[336]
Rhizoxin
NSC 332598 S694233

HQ.

-=N

Figure 5.9 H ighest correlations from COMPARE analysis

5.6.5.1 COM PARE analysis on five-dose data

The results from  the five-dose screen for [282] and  [268] w ere also m anually  en tered  into 

the COMPARE analysis softw are via an on-line subm ission form “ ' and the results are retrievable 

on-line^*’' by searching using the relevant JobID reference num ber.
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Figure 5.10 COMPARE analysis highest ranking hits using five-dose screen data

For [282], the COMPARE analysis was run on a database of common anti-cancer agents 

(JobID: 37885) and the larger more comprehensive database including natural products and other 

submitted agents (JobID: 37886). For the both the former and later COMPARE analyses, the highest 

correlation coefficient achieved was 0.934 in relation to the potent antiviral and anticancer agent, 

Didemnin [337] and a correlation coefficient of 0.879 for antileukemic agent and protein 

synthesis inhibitor, Bruceantin^*® [338] (see Fig. 5.10). These correlation values demonstrate a high 

similarity of activity and suggest a common mechanism of action between the agents. Interestingly, 

both [337] and [338] were also high-ranking correlated compounds found in the initial COMPARE 

analysis of [282] using the one-dose assay, demonstrating the good prediction abilities of the 

COMPARE analysis routine.

For [268], the COMPARE analysis was run on a database of common anti-cancer agents 

(JobID: 37888) and the larger more comprehensive database including natural products and other 

submitted agents (JobID: 37889). For former COMPARE analysis, the highest correlation coefficient 

achieved was 0.629 in relation to the antitumour, DNA and RNA synthesis inhibitor, Tiazofurin^*’ 

[339], while for the latter COMPARE analysis the highest correlation was for compound [340] 

which has limited information available. Combretastatin A-4 [78] was listed as a high-ranking hit 

with a correlation coefficient of 0.658. This adds weight to the argument that the combretastatin 

moiety plays an important role in the activity profile of this ester-conjugate as it has a similar 

pattern or mechanism of action.

5.7 Ishil<awa cell line study

The Ishikawa assay provides a measure of the agonist activity of compounds. The Ishikawa 

assay is used to measure estrogen stimulation of alkaline phosphatase enzyme activity (AlkP) by
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the Ishikaw a cell line of hum an endom etrial adenocarcinom a cells. The assay w as kindly carried 

out by Dr. M iriam Carr at the School of Pharm acy, Trinity College Dublin on the lead conjugate, 

[282]. The assay w as carried out follow ing the m ethod of Jordan et The batch of Ishikaw a cells 

w ere obtained as a gift from Professor R. H ochberg w ho developed the alkaline phosphatase assay 

in Yale U niversity Connecticut. Tam oxifen w as used as a reference com pound in the assay. The 

concentrations of test com pound (i.e. conjugate) and  tam oxifen are dosed individually  and  also in a 

m ixture including 1 nM estradiol (an estrogen stim ulant). The conjugate w as dosed in duplicate. In 

the m ixture doses, at low com pound concentrations estradiol has a stronger effect w hile as the 

concentration of the other antagonistic com pounds increase, estrogen stim ulation is decreased. In 

the individual doses, having no estrogenic stim ulation is desired.

InM Estradiol + Conj a 
Conj a

—̂  1 nM Estradiol + Conj b 
Conj b
1nM Estradiol + tarn 

- • —tamoxifen

I
5

Figure 5.11 Ishikaw a assay of conjugate [282]

In this study, using the graph  obtained from Gmphpad Prism, the effect of the com pounds 

on estrogen stim ulation w ith in  the Ishikaw a cells can be seen (see Fig. 5.11). Tam oxifen is know n to 

display som e estrogenic activity at higher concentrations and  this is visible in the graph. W hen 

tam oxifen is dosed w ith the 1 nM  estradiol spike, there is estrogen stim ulation at low  concentration 

while a reduction occurs as the concentration of tam oxifen is increased.

The conjugate [282] is sim ilar to tam oxifen w hen dosed individually. H ow ever, the 

conjugate appears not to display any estrogenic activity at higher concentrations, w hich is 

desirable. This m ay suggest that the conjugate is acting as a full antagonist. W hen [282] is dosed  as 

a m ixture w ith estradiol, there is a reduction in estrogenic stim ulation  at low concentrations and  a 

m ore pronounced reduction in estrogen stim ulation over the range of concentrations w hen
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com pared w ith  the tam oxifen m ixture. This prelim inary result is prom ising as it dem onstrates that 

the conjugate [282] does not display estrogenic stim ulation in the cell line and show s m arked 

im provem ent in reducing estrogenic stim ulation com pared to tam oxifen over the com plete 

concentration range under investigation.

5.8 Stability studies

The stability investigations of a num ber of conjugates, including the corresponding ER- 

ligands and  coupled agents, are currently  being carried out by Mr. Bassem Yassin as part of a 

research project. Prelim inary results indicate that the direct-am ide conjugate [282] w as stable at pH  

4.0, 7.0 and  9.0 over 48 h  w ithout significant degradation  of the conjugate; suggesting that the 

com bretastatin  fragm ent rem ains intact and displaces helix - 1 2  resulting in the potent (and possibly 

pure) antagonistic activity. The com bretastatin ester-linked conjugate [268] is less stable w ith half- 

lives of 18.8 h (pH 7.0), 21.6 h (pH 4.0) and  21.2 h (pH 9.0) suggesting the conjugate is capable of 

releasing the potent com bretastatin A-4 agent in vivo. Studies involving the stability of the 

com pounds in plasm a are currently under way.

5.9 Summary

The results obtained for the MTT (antiproliferativity), LDH (cytotoxicity) and ER 

com petitor b inding assays com plim ent well w ith each other. The com bination of assays are useful 

in the process of designing and  synthesising new  agents th rough a structure-activity relationship 

(SAR) strategy. Also, utilising both MCF-7 and MDA-MB-231 cancer cell-lines is a helpful in vitro 

m odel of hum an  breast cancer. Through com parison of antiproliferative IC 50 values betw een cell- 

lines, ER-selectivity of specific conjugates w as determ ined. Ability to b ind to the ER w as confirm ed 

through com petitor b ind ing  assays for a selection of com pounds including conjugates. W hile the 

vast m ajority of com pounds synthesised show ed antiproliferative activity in the MCF-7 cell line, in 

particular a num ber of endoxifen analogues synthesised in the study  dem onstrated  potent 

antiproliferative activity w ith  IC50 values in the low nanom olar region w hile also m aintaining high 

affinity for the ER. In addition, a num ber of conjugates dem onstrated  po ten t antiproliferative 

activity and  im pressive b inding affinity to ER. The direct am ide conjugates proved  to be an 

interesting series of com pounds w hich w arran t further investigation. A representative selection of 

agents w ere chosen to undergo  NCI screening assay against 60 cancer cell lines. Prelim inary results 

are prom ising; dem onstrating  that some com pound activity profiles are im pressive across a w ider 

range of cancers while [282] displayed high selectivity tow ards the ER-positive cell line, MCF-7.
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Chapter 6

Molecular modelling studies
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6.1 Overview

Molecular modelling studies were an integral part of the project from preliminary design 

work to retrospective study, post-synthesis of ligands. Fortunately, much crystallography work has 

been carried out involving estrogen receptors, providing a wide variety of crystal determinations 

of both agonists and antagonists bound to both ERa and ER|3 for study^^ Unfortunately, the 

variety of different conformations solved to date also demonstrate the complexity of the agonistic 

and antagonistic activity of ligands within the ER. The action of SERMs within the ER is highly 

intricate. Research involving molecular modelling studies help approach a solution to the 'puzzle' 

of SERM (and SERM subtype) mode of action^^. This chapter outlines some of the modelling 

techniques used to obtain structural information on a molecular level and allow for some 

correlation and explanation of the relationship between structure and activity of the compounds 

studied in this thesis.

6.2 Ligand binding site

A num ber of groups have published rich and detailed reports on the molecular basis of 

estrogen receptor agonism and antagonism^^' Within the binding site of ERa and ERp, ligand 

recognition is achieved through a combination of specific hydrogen bonds and the 

complementarity of the binding cavity with the relevant ligands non-polar character. To date, 

different agonists and antagonists have been co-crystallised with 34 hum an ERa isoforms, 15 

hum an ERp isoforms and 2 rat ER(3 isoforms^ '̂^ .̂

Estradiol [12] (see Fig. 6.1), the main endogenous, agonistic ligand possesses a phenolic 

hydroxyl on the A-ring of its structure which interacts in the hum an ERa isoform through direct 

hydrogen bonds to the carboxylate of Glu 353, the guanidinium  group of Arg 394, and a water 

molecule. The 17-(3 hydroxyl of the D ring makes a single hydrogen bond with His 524 in the LBD. 

The remainder of the molecule participates in hydrophobic contacts that are concentrated over the 

A, A/B interface and D-rings. A combination of the specific polar and non-polar interactions within 

the LBD account for the ability of ER to selectively recognize and bind estradiol with 

subnanomolar affinity over the large and varied range of endogenous steroids^^. The ER's ability to 

bind an array of ligands can be attributed to the size of the cavity, which has a probe accessible 

volume of 450 A°^ which is nearly twice that of estradiol's molecular volume (245A°^). Ligands 

which mimic these characteristic attributes of estradiol tend to bind favourably to the ER.

Antagonistic ligands, such as 4-hydroxytamoxifen [19] and raloxifene, have molecular 

characteristics similar to estradiol such as phenolic groups which partake in direct hydrogen
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bonding with the same key residues in the ER (i.e. Glu353, Arg 394 and His524 in hum an ERa). In 

addition, a structural characteristic common to antagonists is a side chain group which is too large

forming an anchor and resulting in tighter binding of the ligands (see Fig 6.1).

The positioning of Helix-12 is key to determining the overall nature of the ligand effect. In 

the case of estradiol, the Helix-12 sits snugly over the LBD. While it does not form any contact with 

the estradiol ligand, it forms a complete AF-2 region that allows for the recruitment of coactivators 

and proceeds to transcriptional activation and resulting in ER agonism. In the case of antagonists, 

the side chain displaces the Helix-12 and disrupts this coactivator recruitment and appears to lead 

to corepressor recruitment resulting in ER antagonism.

The key binding residues are shown, rendered using DS Visualiser (Accelnjs)^^ ,̂ for an 

agonist (estradiol: ERE.pdb) and antagonist (4-hydroxytamoxifen [19]; 3ERT.pdb) in their 

respective hum an ERa binding pockets, showing principle binding residues with hydrogen bonds 

shown as dashed green lines.

to be accommodated in the binding cavity and results in the displacement of the Helix-12 in the ER 

protein structure. A num ber of the side chains can interact with the Asp351 residue in hum an ERa

[12] [19]
OH

HIS524

ASP3S1

4  J.
GLU353 V

HISS24

WATER

ARG394

Figure 6.1 Estradiol [12] agonist (left) and 4-hydroxytamoxifen [19] antagonist (right) in the 

hum an ERa ligand binding domain.
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The interaction of the antagonist side chain with the Asp351 residue varies amongst 

ligands. Raloxifene [28] displays a tight interaction between the Asp351 residue and piperidine 

ring nitrogen through hydrogen bonding (distance = 2.66 A). The interaction between the nitrogen 

of 4-hydroxytamoxifen [19] and Asp 351 is weaker as the distance between the groups is 4.45 A 

(see Fig. 6.2).

I \  A«p351

f ... 7 -^ .,

' S
^  « iii<

s
Figure 6.2 Antagonistic side chain interactions of raloxifene [28] (left) and 4-OHT [19] (right) 

with Asp351 residue within the hum an ERa LBD.

HO

[29]

Figure 6.3 Antagonistic side chain hydrogen-bond interactions of GW5638 [29] with Asp351 

residue within the hum an ERa LBD (lR5K.pdb)^^^.

The GW5638 [29] and GW7604 [30] ligands differ from most antagonists as then possess a 

shorter carboxylic acid group in place of a basic side chain. This results in a slightly different 

mechanism of antagonism. At crystallisation pH of 5.6, sufficient amounts of the protonated
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carboxylic acid group interacts with the Asp351 residue to form hydrogen bonds with the amide 

backbone of Leu536 and Tyr537, tethering that region of helix 12 closer to the ligand binding 

pocket and distorting the positioning of the other hydrophobic residues of helix 12̂ *’*. The 

relocation of the Asp351 residue on the surface alters the surface charge and prevents coactivator 

binding occurring (see Fig. 6.3).

The ligand binding domains (LBDs) of ERa and ERf3 exhibit a high degree of sequence 

identity (56%) and adopt very similar 3D structures^^' The similarity is very high among the 

residues surrounding the ligand, with only two conservative changes among the approximately 20 

residues that line the cavity. In ERa where Leu384 resides, Met336 is present in ER|3. Also, in ERa 

where Met421 resides, Ile373 is present in ERp. Due to this high level of ligand cavity homology, 

both ER subtypes tend to bind compounds with similar affinities. However, the two subtle changes 

with the cavity combined with differences in distant regions of the LBD allow for ligand selectivity.

In terms of the design of selective subtype ligands, directing favourable/unfavourable 

chemical moieties to the residues Leu384 and Met421 in ERa and the residues Met336 and Ile373 in 

ERp should, in theory, influence the ER subtype-selectivity of the ligands.

Compared with agonists, there is a lack of antagonistic ligands co-crystallised in any 

human, rat or any other type of the ER(3 ligand binding site. To date, two antagonists - raloxifene 

(IQKN.pdb)^^^ and ICI-164,384 (lH Jl.pdb)“  ̂ have been co-crystallised in the rat ER|3 LBD. The 

LBD of the rat and the hum an ERp isoforms are highly conserved. Five key ERp residues of the 

hum an isoform are m apped with the same key residues found in the rat isoform (see Table 6.1).

Residue in human Residue in rat

Glu305 Glu260

Arg346 Arg301

His475 His430

Met336 Met291

Ile373 Ile328

Table 6.1 Correlation of key binding residues in hum an and rat ER(3 isoforms
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6.3 Superimposed ERa and ERp agonists

While crystallography studies provide a highly detailed view of the structural aspects of 

receptor ligand-binding, the main weakness is that this is also a highly static view^^. However, as in 

the case of ER, a variety of crystal structures containing ligands bound to the receptor can help 

build an ensemble of conformational states which are accessible to the LBD, thus building 

structural knowledge about the target receptor. Defining the key areas involved in binding can 

highlight areas which remain rigid and are possibly sensitive to changes in their molecular 

chemistry environment. Areas which possess some degree of plasticity may suggest areas which 

can allow for chemical alterations in ligands leading to possible improvements in binding abilities. 

Receptor conformation plays a role in the activation/signalling process and ligands alter receptor 

behaviour, therefore fully understanding ligand behaviour is crucial in their development and 

optimisation.

In an attempt to generalise the important binding positions of ligands and chemical space 

within the ERa ligand binding domain, a selection of ERa agonists were superimposed via 

sequence alignment of the ERa amino acid chain using DS Visualizer {Accelrys)^̂ .̂ The following 

pdb files“ , with ERa agonistic ligands shown in brackets, were chosen: lERE (E2), 3ERD (DES), 

IGWQ (RAL core), 1X7R (GEN) and 1X7E (WAY-244). The important key ERa residues, including 

those which have a role in ligand binding, are shown in Figure 6.4 with a legend provided in Table 

6.2. Glutamic acid (Glu353) and arginine (Arg394) play a role in forming hydrogen bonds with 

phenolic group moieties while histidine (His524) can also form hydrogen bonds with phenolic 

groups on the ligands^^.

Similarly, in order to generalise the important binding positions of ligands and chemical 

space of the ER(3 ligand binding domain, a selection of ER|3 agonists were superimposed via 

sequence alignment of the ER(3 amino acid chain using DS Visualizer (Accelrysf^^ program. The 

following pdb files^^^, with ERp agonistic ligands shown in brackets, were chosen: 1X7B (ERB041), 

1U9E (WAY-397), 1X76 (WAY-697), 1X78 (WAY-244), 1U3R (WAY-338) and 1U3S (WAY-797). The 

im portant key ERa residues, including those which have a role in ligand binding, are shown in 

Figure 6.3. Glutamic acid (Glu305) and arginine (Arg346) play a role in forming hydrogen bonds 

with phenolic group moieties while histidine (His475) can also form hydrogen bonds with phenolic 

groups on the ligands^^. The important key ER[3 residues, including those which have a role in 

ligand binding, are shown in Figure 6.5 with a legend provided in Table 6.3.

The two conservative changes of the binding sites are also highlighted; Leu384 and Met421 

(ERa) and Met336 and Ile373 (ER|3).
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Figure 6.4 Superimposed human ERa agonists

Protein L igand C olour R M SD

^ E R e 33-263

OH

Yellow
Reference

Protein

SERD^^^*’̂ Green 0.43

Turquoise 0.37

j X7R33,263
OH 0 X A oh Blue 0.40

1X7E“ '̂ “

NC

Pink 0.41

Table 6.2 Legend fo r superimposed hum an ERa agonists
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Ile373

HIS475Arg346

Met336GIU305

Figure 6.5 Superim posed hum an ER(3 agonists

Protein Ligand Colour RM SD

1X7633,263 Yellow Reference Protein

1U9E33.263 Turquoise 0.28

1X7633-2W Io

01 Blue 0.27

1X7833,263

NC.

\—/
Green 0.30

1 U 3 r 33,263 Pink 0.29

1US333,263

0 -N

O range 0.36

T able 6.3 Legend for superim posed hum an  ERp agonists
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The RMSD (Root M ean Square Deviation) is a calculation used to m easure the structural 

sim ilarity betw een proteins structures. W hen com paring different protein structures, an alignm ent 

betw een am ino acids is necessary. This can be carried ou t via sequence alignm ent or structural 

alignm ent. As the ER crystal structures are quite sim ilar, a sequence alignm ent w as carried out. A 

RMSD closer to zero translates to a tighter fitting overlap am ongst protein structures. Both ER- 

subtype ligand superim positions dem onstrate tight fitting (RMSD < 0.43). Often, the upper 

accepted limit of RMSD w hen superim posing proteins in such a m anner is set arbitrary value 

(typically RMSD < 3). The further the RMSD value deviates from  zero, the less overlap of the 

protein C a  backbone occurs.

N ote that agonists w ere chosen for this m apping  of b inding space as antagonist crystal 

structures tend to be less sim ilar and m ore sporadic i.e. often the basic side chain displaces Helix- 

12 in different orientations. Thus, good overlap of the ER (i.e. lower RMSD) is achieved.

6.4 M od elling  m ethods

In this study, w hen m odelling the com pounds synthesised in the project, tw o m olecular 

m odelling strategies w ere used. The first m ethod determ ined the low est energy conform er of a 

com pound w hich w as then pre-positioned into the 4-hydroxytam oxifen [19] docking site and 

com putationally docked to determ ine the ligands b inding interactions. In the second m ethod, a set 

of com pound conform ers w ere generated and then this set of conform ers w as docked and scored 

to determ ine the highest ranking docked solution.

6.4.1 Lowest-energy conformer strategy

A ligand is chosen based on literature and/or experim ental evidence of suitability as an ER 

antagonist. The protonation state of the ligand at physiological pH  of 7.4 is determ ined  using 

M arvin (Chemaxon)^^. The ligand, in its correct p rotonation state, is d raw n in 2-D and  m inim ised 

u nder MM3* forcefield using M acrom odel (Tripos In c . f^  to produce the low est energy 

conformation. Initial energy m inim isation w as perform ed through sequential m inim isation steps 

using steepest descent (SD), Polak-Ribier C onjugate G radient (PRCG) and Full M atrix N ew ton- 

Raphson (FNMR). A global energy m inim isation protocol utilised a M onte Carlo conform ational 

search technique w ith a PRCG m ethod. MM3* forcefield is applied in all cases. This m ethod w as 

previously evaluated by M eegan et al. th rough the com parison of geom etries of receptor bound 4- 

OHT and its energy m inim ised counterpart from M acrom odel -  RMS structural deviation w as 

0.061 The three-dim ensional conform er generated  is saved as a .pdb file. The protocol w as
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applied  to all com pounds ensuring standard ised  initial geom etries for the docking simulations.

The conform er is docked using Sybyl v6.91 (Tripos I n c . f ^  in a chosen ligand-bound ER 

.pdb file (i.e. 3ERT.pdb; 4-hydroxytam oxifen [19] (antagonist ligand) bound to ERa LBD). All .pdb 

files w ere obtained from the RCSB Protein Data Bank^“ . In the MCF-7 cancer cell line it is almost 

exclusively ERa^*^, therefore it is the chosen ER in w hich to perform  the docking of the project 

ligands. The docking procedure involves initially m anually  pre-positioning the ligand's lowest 

energy conform er into the b inding site, overlapping any key functional mimics (i.e. triarylethylene 

core of 4 0 H T  [19] or the A -ring phenolic O H  of E2). The experim entally determ ined bound-ligand 

(i.e. 4-hydroxytam oxifen [19]) is extracted and  the ligand under study  is com putationally docked 

or 'flexi-docked' in order to determ ine it's possible orientation w ith the b inding pocket. The 

docking procedure used is the Biopolymer Flexi-dock routing in Sybyl 6.91™, w here the protein 

(i.e. ER) rem ains rigid and the ligand is allow ed flexibility. The default Flexidock param eters are 

used w hen carrying out the docking, how ever, the num ber of iterations is increased to 30,000 to 

im prove accuracy. The resulting estim ated ligand-bound receptor docked solution is saved as a 

.pdb file.

An algorithm  called LPC (Ligand Protein Contacts) created by Sobolev et al. extracts 

data form the generated .pdb file and  produces inform ation such as key binding residues, 

distances, interactions (H-bonds, hydrophillic and lipophilic contacts, etc.), surface area and the 

ligand 's goodness-of-fit. This inform ation can be used to evaluate the differences and  similarities 

betw een know n and novel ligands.

6.4.2 M ulti-conform er screen strategy

This strategy involved using the lowest-energy conform er solution obtained by 

MacromodeP®^ in order to generate a file using OMEGA (OpenEye S o f t w a r e w hich contains a set 

of low-energy conform ers. The O M EGA-produced file is then used by FRED (OpenEye Software 

to dock the m ultiple conform ers into the ER, determ ining a rank or score for each of the ligands 

thus allowing for the best conform ation(s) to be found. This m ethod ensures that other possible 

conform ations of the ligands are assessed and not solely the lowest-energy conform ation derived 

using the M acrom odel-Sybyl m ethod.

6.5 Endoxifen Analogues

The subset of endoxifen analogues [20], [168] - [182] w hich w ere synthesised in the project 

w here m odelled in silico in order to gain an insight into the m ost probable b inding orientation
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w ithin  the hum an ERa isoform and  to correlate w ith  the findings from the biochem ical assays. By 

noting  the surround ing  chemical space w ithin the b inding  pocket and  how  the various am ino acid 

residues relate to the various ligands, useful inform ation is achieved w hich can aid design and  help 

optim ise ER ligand structural requirem ents. The various docked structures w ere superim posed 

using the sequence alignm ent function in the (Accelnjs) DS V isualizer program^®^. All of the 

endoxifen analogue ligands w ere docked using the 3ERT pdb file (containing 4-hydroxytam oxifen 

[19] bound in hum an  ERa). Therefore, each docked solution for the endoxifen ligands contains the 

sam e protein sequence, thus a good com parison of ligand-binding orientation is achieved (i.e. low 

RMSD values w hen perform ing the protein sequence alignm ent).

In the Figure 6.6, eight endoxifen analogues [20], [168] - [174], each possessing only one 

hydroxy group  on the triarylethylene core are overlaid to assess sim ilarities and /o r differences. In 

the Figure 6.7, eight endoxifen analogues [175] - [182], each possessing tw o hydroxy g roups on the 

triarylethylene core are overlaid to assess sim ilarities and /o r differences. In both figures, the eight 

different secondary am ine side chains are m ethyl, ethyl, propyl, isopropyl, butyl, pentyl, hexyl and 

cyclohexyl. Various representations were rendered to help the visualisation of the ligands.

From the docked solutions, the triarylethylene backbone show s high sim ilarity and overlap 

am ongst all ligands. This dem onstrates that the backbone core displays a high level of rigidity 

betw een the different ligands. The side chain varies am ongst the ligands -  im plying that any 

differences in biochemical activity are m ost probably due  to the different positions and/or chemical 

properties of the side chains. From the superim posed solutions in Fig. 6.6, the m ethyl, ethyl and 

isopropyl g roups have a sim ilar orientation w hile the rem aining side chain orientations in Figure 

6.6 and  all the side chains in Figure 6.6 have a different yet sim ilar orientation. The different 

ligands are colour-coded w ith their corresponding reference found in Table 6.4.
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OH

(175] - [ 182)

OH

[20], [168] - ( 174]

OH

Colour code for amine R-groups

■ Methyl n Butyl

■ Ethyl ■ Pentyl

■ Isopropyl Hexyl

■ Propyl Cyclohexyl

Table 6.4 Colour codes for R-groups
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Figure 6.6 Superimposed mono-hydroxy endoxifen analogues [20], [168] - [174]

Figure 6.7 Superimposed dihydroxy endoxifen analogues [175] -  [182]
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6.6 Secondary amine basicity

It has been show n that the antagonist side chains of raloxifene and  4-hydroxytam oxifen 

[19] can form  an additional m olecular interaction w ith the Asp351 residue in the receptor LBD 

through hydrogen  bonding^'’̂  By varying the side chain substituents, the basicity of the set of 

endoxifen analogues is altered^”̂ . In general, the greater the availability of the lone pair electrons on 

nitrogen, the greater the basic properties. A nother key factor to bear in m ind involves steric 

inhibition of solvation of w ater molecules. Through hydrogen-bonding, w ater molecules can help 

stabilise am ine cations w hich help increase basicity. Bulky substituents can interfere w ith these 

stabilising hydrogen-bonds and  led to a decrease in basicity. U sing Marvin^*', the calculated pKa 

values for the tertiary am ines, tam oxifen [18] and  4-hydroxytam oxifen [19], w ere 8.46 and 8.36 

respectively. The pKa values for the subset of endoxifen analogues [20], [168] -  [182] w ere also 

calculated, show n in Table 6.5 and Table 6.6.

The secondary am ine analogues are stronger bases due  to the presence of the free 

hydrogen  an d  show  a proportionate increase in basicity as the alkyl chain length grow s larger 

while there is an increase cut-off after a four-carbon chain sequence length. However, the 

cyclohexyl analogues show ed a m arked increase in basicity due  to the presence of m ore alkyl 

g roups w hich are electron-donating and leading to increased electron density. It is hypothesised 

that varying the side chain basicity affects the hydrogen bonding interaction w ith the Asp351 

residue in the ER-LBD resulting in variations in the antagonist activity and ER-binding affinity of 

the tw o subsets of ligands w hich differ only at this basic side chain position.

There is no clear correlation betw een the calculated pKa values and  the antiproliferative 

(-antagonistic) activity or the ER-binding affinities. However, the cyclohexyl com pounds [174] and  

[182], w hich are also the com pounds w ith  the largest calculated pKa values (i.e. strongest basicity) 

in their respective series, display both po ten t antiproliferative activities and  high binding affinity in 

both ERa and  ERp. In fact, [174] and [182] are probably the tw o best com pounds synthesised in the 

tw o series judg ing  by the antiproliferative activity and  ER-binding affinity both combined.

W hen studying  the binding of ligands, the presence of w ater m olecules in the b inding site 

can lead to hydrogen  bonding  betw een protein residues and the ligands under study  -  this is 

difficult to predict w ithou t an actual determ ined crystal structure for the ligand under study.
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H

OH

R-group
Calculated

pKa

Antiproliferative 
activity in MCF-7 

cells 
MTT ICso (nM)

ICso bind ing  (nM)

ERa ERp

[20] Methyl 9.40 29.0 ±3.1 46.9 ± 26.2 118±51.8

[168] Ethyl 9.45 45.1 ±20.4 4.1 ±0.3 8.4 ± 0.9

[169] Propyl 9.53 13.5 ± 6.6 36.6 ±4.3 74.9 ± 26.7

[170] Isopropyl 9.50 85.1 ±6.2 20.7 ±8.6 45.2 ±17.8

[171] Butyl 9.54 17.1 ±7.3 77.5 ±2.1 49.3 ± 49.5

[172] Pentyl 9.54 39.1 ±10.6 44.7 ±53.1 49.1 ±38.2

[173] Hexyl 9.54 34.9 ±11.2 101 ± 129 68.5 ± 83.4

[174] Cyclohexyl 9.68 14.8 ±8.0 5.3 ±5.9 3.4 ±1.4

Table 6.5 Relationship of pKa to monohydroxy-endoxifen analogues biochemical data

OH

H

OH

R-group
Calculated

pKa

Antiproliferative 
activity in MCF-7 

cells 
MTT ICso (nM)

ICso b inding  (nM)

ERa ERp

[175] Methyl 9.55 28.4 ±0.8 45.1 ±6.6 39.7 ± 13.6

[176] Ethyl 9.59 41.9 ±3.8 31.2 ±28.0 10.1 ±12.8

[177] Propyl 9.65 62.6 ±40.0 22.0 ±20.7 5.2 ±5.1

[178] Isopropyl 9.63 13.1 ±5.6 24.4 ± 15.3 85.5 ± 75.4

[179] Butyl 9.66 100 ±6.3 69.3 ±33.1 40.4 ± 23.6

[180] Pentyl 9.66 44.5 ±17.5 53.6 ±35.1 20.9 ± 20.2

[181] Hexyl 9.66 38.4 ± 10.7 170 ± 20 724 ± 251

[182] Cyclohexyl 9.76 25.1 ±7.1 18.8 ±23.6 39.9 ±38.3

Table 6.6 Relationship of pKa to dihydroxy-endoxifen analogues biochemical data

217



6.7 Ligand-Protein Contacts (LPC)

U sing the docked solutions obtained from  the SybyP®^ Flexidock routine, a softw are 

algorithm , called LPC, can generate inform ation for analysis such as key b inding residues, 

distances, interactions, surface area and the ligand 's goodness-of-fit. The algorithm  greatly speeds 

the process of analysing docked structures and key residues interacting w ith  the ligand structure. 

The rational for the LPC m ethod is to provide a good approxim ation or initial screen into possible 

residue interactions, both  favourable and  unfavourable, in the ER-LBD. The key residues and 

interactions are obtained for the m onohydroxy- and  dihydroxy- endoxifen subset series are 

sum m arised below. The legend detailing the interaction types is given in Figure 6.8, w hile the 

ligand inform ation for the m onohydroxy-endoxifen subset [20], [168] - [174] is presented in  Table

6.7 and  the dihydroxy-endoxifen subset [175] - [182] is presented  in Table 6.8.

The results dem onstrate that all the com pounds interact w ith the key b inding  residues of 

Glu353 and  Arg394 through hydrogen-bonding w hich help explain the ligands low nanom olar 

b inding affinity in the ER. in the case of com pounds [20], [168] and [169], the ligands form 

favourable residue contacts w ith Asp 351 through  hydrogen bonding. The distances of the nitrogen 

of the basic side chain and  the Asp351 residue are betw een 1.7 -  3.3 A and are closer than the 4- 

OHT basic side chain nitrogen. H ow ever, all the other ligands do not display any favourable 

hydrogen-bonding interaction w ith the Asp35L This is due  to the orientations of the basic side 

chain in the low -energy conform ations w hich w ere calculated in Macromodel^®^. W hile the 

m olecular m odelling procedure is sound, these conform ational results for the ligands m ay be 

incorrect determ inations of the true conform ations the ligands actually adopt w ithin the ER LBD. 

There appears to be poor correlation betw een the assay results obtained in vitro and  som e of the in 

silico docked solutions. M ore refined m olecular m odelling m ethods m ay need to be used to obtain 

m ore accurate inform ation on the conform ation of these ligands^®*. O ther possible m ethods are 

discussed later in the chapter sum m ary.

H ydrogen bonding  

Hj|droj(hobiC;̂ h|Fdroghô ^̂ ^

Somatic-Aromatic contact

H ydrophobic-hydrophobic contact & (destabilizing) hydrophobic-hydrophilic contact 

b estab ilis ing  contact

= includes H ydrogen bonding

Figure 6.8 Legend of LPC interaction types
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OH

[175] - [ 182]

OH

[20], [168] - [ 174]

OH

Com pound R esidue Distances (A)

ID # Asp351 Glu353 Arg394 His524 Leu384 Met421

4-OHT 4.45 2.4 2.9 4.1 3.4 3.5

[20] 2.8 2.9 3.5 3.9 3.2 4.2

[168] 3.3 2.4 2.9 3.7 3.2 2.5

[169] 1.7 2.7 2.6 3.8 3.6 3.1

[170] - 2.0 2.9 3.7 3.1 3.9

[171] 5.2 2.5 2.8 1.8 3.5 4.1

[172] 5.7 2.1 3.0 0.6 3.2 3.7

[173] 4.8 3.4 4.5 0.6 2.7 3.4

[174] 5.7 2.3 2.9 1.5 2.9 3.5

Table 6.7 Monohydroxy-endoxifen LPC-generated information

Compound Residue Distances (A)

ID # Asp351 Glu353 Arg394 His524 Leu384 Met421

[175] 5.2 2.4 2.7 2.9 ‘ 3.3 3.2

[176] 5.5 2.4 2.9 2.6* 3.2 3.3

[177] 5.7 2.1 3.0 2.8* 3.1 3.7

[178] 5.5 2.4 2.9 2.5* 3.2 3.7

[179] 5.7 2.5 2.9 1.3* 3.1 3.9

[180] 6.1 2.5 3.6 2.9* 2.0 2.4

[181] - 2.5 3.0 1.8* 3.8 3.8

[182] 5.4 2.5 2.8 2.2* 3.0 3.5

Table 6.8 Dihydroxy-endoxifen LPC-generated information
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6.8 Comparison of direct amide conjugate and full antagonist binding

In the absence of crystal structure determ inations for any of the direct conjugates [272] -  

[291] synthesised  in the project and in order to study the m ost probable binding p ositions of the 

'direct am ide conjugates', crystal structure determ inations of ER-ligands w ith  large side chains (i.e. 

fulvestrant-type steroidal ligands) w ere u sed  in an attem pt to elucidate m ore ER-ligand binding  

inform ation w hich m ay com plim ent the biochem ical results obtained for these conjugated  

com pounds. For exam ple, conjugate [282] d isplayed  excellent ER binding affinities (IC50 values: 

(ERa) 0.9 ± 0.7 nM and (ER|3) 4.7 ± 1 . 0  nM) and determ ination of the binding site and ligand  

interactions is desirable.

All project com p oun ds w ere principally m odeled  and studied  for binding ability in the 

ERa isoform  -  as the focus is on the d esign  of antagonistic ligands and conjugates for the treatment 

of breast cancer, w here ERa is overexpressed. A s previously  h ighlighted, ERa and ERp exhibit a 

high degree of sequence identity (56%) and adopt very sim ilar 3D  structures. A m ongst the residues 

surrounding the ligand, on ly tw o conservative changes am ong the approxim ately 20 residues that 

line the cavity, w hich translates to a very high sim ilarity in the area under investigation  (i.e. the 

ligand binding cavity). A s the ligands exam ined in this project do not dem onstrate a large 

selectivity (i.e. selectivity w as at best 5-fold), they w ere not generally m odeled  in the ER(3 isoform.

6 .8.1 ERp b in d in g

Fulvestrant (previously ICI-182,780) [51] is w ell know n as a full ER antagonist and 

p ossesses a large side chain m oiety w hich  plays an im portant role in its m echanism  of action -  by 

sterically blocking the A F l and AF2 sites on the ER̂ .̂ A s the am ide conjugates synth esised  in the 

project also have a large bulky side chain, som e com parative study w ith  this exam ple of a full ER 

antagonist is desirable. Unfortunately, no crystal structure exists to date for the fulvestrant ligand  

bound in any of the ER isoform s. H ow ever, a crystal structure for the fulvestrant analogue ICI- 

164,384 [26] bound to rat ERp has been determ ined. Similarly, a crystal structure for raloxifene [28] 

bound to rat ER|3 has been found. The LBD in ER|3 com pared to ERa of these different ER proteins 

is h ighly  conserved w ith  56 % (human) and 54 % (rat) hom ology. Thus, by com paring the binding  

conform ation of raloxifene [28] and ICI-164,384 [26] (see Fig 6.10) bound in rat ER and by assum ing  

that the binding conform ation of raloxifene rem ains reasonably constant betw een  the different ER 

hum an and rat isoform s, som e com parison of m olecular shape could  provide insight into the 

am ide conjugates m ode of antagonism .
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Met291

Glu260

He328

Figure 6.9 ICI-164,384 [261 (orange) and raloxifene 128] (pink) bound in rat ER(3
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The two available .pdb files IH Jl and IQKN (containing ICl-164,384 [26] ligand and the 

raloxifene [28] ligand, respectively, bound in rat ER(3) were superimposed by sequence alignment. 

From Figure 6.9, it can be seen that there is a strong similarity in the ligand conformations and 

positioning in the binding pocket of the ER and that the large side chain of lCI-164,384 [26] 

correlates well with the raloxifene [28] amine side chain. The ICI-164,384 [26] side chain extends 

further than the raloxifene [28] side chain and appears to arc over the planar 'steroidal' structure of 

ICI-164,384 [26],

'(CH2)ioCON(CH3)(CH2)3CH3

M eO
OH

HO
MeO

MeO OM e

[282]
HO

Figure 6.9 ICI-164,384 [26], raloxifene [28] and direct conjugate [282]

Figure 6.11 Superimposed images of ICI-164,384 [26] (yellow) and conjugate [282] (ball-and- 

stick coloured by element type) bound in rat ERp (IHJl.pdb).

The docked structure determined for [282] was then superimposed in IHJl^^^ (containing 

ICI-164,384 [26] co-crystallised in rat ER(3) for comparison (see Fig. 6.11). The ligand [26] is shown 

in yellow while the conjugate [282] is displayed by element type in as a ball-and-stick 

representation. Hydrogen-bond interactions between the important residues and water molecules 

present in the determined crystal structure are depicted with broken lines. There is reasonable 

overlap of the planar steroidal backbone of ICI-164,384 [26] and the triarylethylene backbone of 

[282]. The side chain of [282], containing the combretastatin moiety, does not extend the same
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distance as the side chain of ICI-164,384 [26] and appears to curve over itself within the LBD - this 

may produce a different mode of antagonism to ligands investigated to date. More details of the 

binding residue interactions of [282] in the ER|3 LBD are discussed later in this chapter.

6.8.1 ERa b inding

Similarly, the .pdb file containing the amide conjugate [282] and raloxifene [28] (lERR.pdb) 

bound to ERa hum an isoform were superimposed. Also, it must be noted that a substantial 

amount of visual information is lost from transferring the three-dimensional structural images to 

two-dimensional media, therefore different perspectives of the superimposed images are used in 

aid in the visualisation of the conjugates.

W  A rg3M
^  Met421

Figure 6.12 Perspective views of raloxifene [28] (blue/navy) and conjugate [282] (orange -

triarylethylene core; yellow -  combretastatin core) bound in hum an ERa.

From Figure 6.12, there is good agreement between the raloxifene core and the 

triarylethylene core of the conjugate, particularly between some of the phenolic groups which bind
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at Glu353 and Arg394. The raloxifene and conjugate side chains show some agreement. When 

compared with the ICI-164,384 [26] / raloxifene [28] superimposition (Fig. 6.10), the conjugate 

appears to have a much more 'compressed' conformation and does not possess the same range or 

distance of the side chain of ICI-164,384 [26].

It is not clear from this information whether the conjugate may act in a similar action to the 

full antagonist, ICI-164,384 [26]. However, possessing such a large bulky side chain on the 

conjugate structure could have a pronounced effect, disrupting the position of Helix-12 in the ER 

and leading to an antagonistic effect.

One of the constraints applied when modelling the ligands using Macromodel and Sybyl 

was that the ligand was allowed to flex in the LDB while the ER remained rigid. It was found that 

the conjugates bulky side groups (i.e. combretastatin fragment), occasionally overlapped the rigid 

protein structure creating a destabilising contact. In the case of [282], there was a overlap of the 

combretastatin fragment with helix-11 and helix-6 when the ligand was modelled using 3ERT.pdb. 

Therefore, it is not accurate in this region. The endoxifen-derivative fragment of the conjugate 

followed a similar binding pattern of the native ligand (4-OHT [19]), displaying favourable 

hydrogen bonding with Glu353, Arg394 and His524 and the phenolic groups present on the 

endoxifen analogue. The Asp351 residue was a distance of 4.0 A away and did not form hydrogen- 

bonds with the amide nitrogen. A number of hydrogen-bonds were formed between the 

combretastatin fragment and residues with the binding cavity. However, due to the overlapping, 

the results are tentative. From these modelling results it would appear that the conjugate [282] may 

alter the conformation of the helices 6 and 11 slightly, in addition to the displacement of Helix-12 

within the binding cavity of ERa. This could explain the improved antiproliferative activity 

through further disruption of the ER surface required for coactivator recruitment or favourable 

surface changes to improve corepressor recruitment. Also, hydrogen-bonding of the 

combretastatin fragment may increase the ligands binding within the LBD.

6.9 Multi-conformer screen using OMEGA and FRED

Due to the issues of overlapping of ligand fragments when using the rigid ER model with a 

single low-energy conformer, another docking procedure was utilised to investigate the conjugates 

binding within the LBD. The lowest energy conformer produced using Macromodel, described 

previously, is used to generate an ensemble of low energy conformations of the compound in 

OMEGA. Fifty conformers were generated for two lead conjugate compounds [271] and [282] 

studied using default parameters and saved as a .pdb file (see Fig. 6.13 and 6.14).
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Figure 6.13 Ensemble of [282] conformers generated in OMEGA

Figure 6.14 Ensemble of [271] conformers generated in OMEGA
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The resulting .pdb file generated by OMEGA was then utilised by FRED to dock and score 

the different compound conformers. The protein used to dock the conformers was 3ERT 

(containing 4-hydroxy tamoxifen [19] bound in the hum an ERa LBD) and IQKN (containing 

raloxifene bound in rat ER(3 LBD). The active site was defined by a three-dimensional box 

incorporating the 4-OHT or raloxifene bound ligands. This box was also extended by 5 angstroms 

in each dimension to create additional space to allow for the docking procedure. Each conformer 

was docked and scored using three functions: Piecewise Linear Potential (PLP), Chemgauss and an 

updated version, Chemgauss2^“ .

PLP is a heavy atom scoring function; all potentials are based on distances from heavy 

atom centers {i.e. hydrogen position is irrelevant, although the presence or absence of hydrogen is 

not, as it can affect the atom typing). PLP recognises atom types such as hydrogen bond donors 

(i.e. primary and secondary amines), hydrogen bond acceptors (i.e. oxygen and nitrogen atoms 

with no bound hydrogens), hydroxyl groups (treated as both acceptors and donors) and non-polar 

entities (i.e. carbon, halogens and nitrogen or sulfur with more than two attached hydrogens).

The Chemgauss scoring function combines the Shapegauss scoring function with 

additional potentials near specific functional groups. The Shapegauss scoring function represents 

all atoms as smooth Gaussian functions. A pairwise potential between ligand and protein atoms is 

applied that attempts to maximize their surface contact and minimize their volume overlap. 

Therefore, the potential is most favourable when the atoms are touching but not overlapping. A 

correction term is then applied to further penalize atoms which significantly overlap the protein. A 

consensus of the separate scoring functions is determined and the conformers are ranked 

accordingly.

The various ligands used in the conformer-based studies in the hum an ERa and rat ER|3 

are shown in Figure 6.15. The rat ER(3 isoform was used due in this study due to the lack of 

reported determined co-crystallised antagonist ligands in the hum an ER(3 isoform.

Top-ranking docking solutions in ERa for compounds [282] and [271] are shown in Fig. 

6.16 and Fig. 6.17 respectively. For comparison, the 4-OHT [19] bound ligand is displayed in yellow 

while the docked confirmations are coloured by element type (carbon = grey, hydrogen = white, 

oxygen = red, nitrogen = blue). In both Fig. 6.16 and Fig. 6.17, the combretastatin moiety of the 

conjugates occupies the space left vacant by the displaced Helix-12 due to the antagonist side chain 

of the 4-OHT [19] ligand. This would explain the antagonist activity of the compounds and in the 

case of the direct amide conjugate [282] the increased bulk of the ligands side chain may displace 

Helix-12 to a greater extent.
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Top-ranking docking solutions in ERp for compounds [282] and [271] are shown in Fig. 

6.18 and Fig. 6.19 respectively. For comparison, the raloxifene bound ligand is displayed in yellow 

while the docked confirmations are coloured by element type (carbon = grey, hydrogen = white, 

oxygen = red, nitrogen = blue).

[191 MeO' OMe
OMe

[271]OH OHo
HO.

■OH

OMe OH
MeO,

MeO

MeO

OH

[28] [282]

Figure 6.15 Ligands utilised in conformer-modelling techniques: 4-OHT [19], raloxifene [28], 

conjugates [271] and [282]
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Figure 6.16 Top-ranking [282] docked conformation in 3ERT. The 4-OHT [19] bound ligand is 

displayed in yellow while the docked confirmations are coloured by element type 

(carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)

In Figure 6.16, the Glu353 and Arg394 residues form hydrogen bond interactions with the 

phenolic group of the similar to 4-OHT [19]. In this docked solution the additional phenol group of 

[282] is found 3.9 A away from the His524 residue and does not form a strong H-bond. TTie Asp351 

residue is located 3.7 A away from the amide nitrogen of [282] which would translate to a weak 

interaction. The combretastatin fragment occupies the vacant space left by the displaced Helix-12 

snugly. The Cys530 residue forms a H-bond with a 4-position methoxy group on the A-ring of the 

combretastatin fragment. The combretastatin phenol group is located 4.0 A away from the Tyr526 

residue which could form a weak favourable interaction. Also, the double bond moiety of the 

combretastatin fragment is close to the hydrophobic Leu536 which may form a favourable 

interaction. Within the space occupied by the combretastatin fragment there are a number of 

nitrogen containing residues, the presence of water molecules could allow for a network of H- 

bonding to extend with this area and led to favourable binding. This could explain the impressive 

binding affinity of this lead compound [282] (0.9 ± 0.7 nM in ERa; 4.7 ±1.0 nM in ERp).



Figure 6.17 Top-ranking [271] docked conformation in 3ERT. The 4-OHT bound ligand is

displayed in yellow while the docked confirmations are coloured by element type 

(carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue).

In Fig 6.17, the top-ranked docked conformation adopts an unusual position in relation to 

the endoxifen fragment when compared to the 4-OHT [19] ligand (in yellow). Whereas the hydroxy 

moiety on 4-OHT [19] interacts with the Glu353 and Arg394 residues forming H-bond interactions, 

[271] adopts an almost perpendicular arrangement relative to the double bond of 4-OHT [19] and 

the phenol residue of [271] resides a distance 3.4 A away from the His524. The nitrogen of the basic 

side chain of the conjugate resides a distance of 3.6 A away from the Asp351 which would translate 

to a weak interaction. The carboxylic acid of Asp351 resides a distance of 3.3 A away from the 

amide carbonyl group of the conjugate which could cause a repulsive interaction, similar to that 

found in the GW5638/GW7604 ligands, contributing to the antiproliferative effect through 

displacement of Helix-12. There is a noticeable lack of strong H-bond interactions between the 

conjugate [271] and any of the key LBD residues in this docked conformation which would cast 

doubt on the validity of this particular docked model as the conjugate [271] displays good binding 

affinity for the ER (51.1 ± 54.0 nM in ERa; 115 ± 1.9 nM in ER(3).
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Asp258

Met291

Glu260 His430

ArgSOI tle328

Figure 6.18 Top-ranking [282] docked conformation in rat ERp (IQKN). The raloxifene bound 

ligand is displayed in yellow while the docked confirmations are coloured by 

element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue).

In Fig. 6.18, the residues Glu260 and ArgSOl form favourable hydrogen bond interactions with the 

phenolic group similar to that of 4-OHT [19]. The additional group present on [282] forms an 

additional hydrogen bond interaction with the His430 residue. There is good agreement/overlap of 

the raloxifene core and the endoxifen moiety of [282]. A methoxy group present on the 

combretastatin moiety of [282] forms another favourable hydrogen bond through a water with the 

Asp258 residue within the LBD. This interaction could help 'lock in' the ligand within the cavity 

site, resulting in the good binding affinity. As this crystal structure representation is a static one, 

additional waters unaccounted for in this determined crystal structure may introduce further 

favourable hydrogen bond interactions with the other methoxy groups of the combretastatin 

moiety through a network of water molecules. The alkyl groups of Ile328 are in close proximity to a 

phenyl group present on the endoxifen moiety which could produce a lipophillic-lipophillic 

interaction. The bulky side chain of [282] would have a greater degree of rigidity due to the 

presence of the amide linkage and could displace Helix-12 significantly to produce 

antiproliferative effects in ER(3.
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Glu260

Arg301

His430

Ile328

Figure 6.19 Top-ranking [271] docked conformation in rat ERp (IQKN). The raloxifene bound 

ligand is displayed in yellow while the docked confirmations are coloured by 

element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue).

In Fig. 6.19, the residues Glu260 and Arg301 form favourable hydrogen bond interactions 

with the phenolic group similar to that of 4-OHT [19]. The additional group present on [271] forms 

an additional hydrogen bond interaction with the His430 residue. There is reasonable 

agreement/overlap of the raloxifene core and the endoxifen moiety of [271]. The hydroxy group 

present on the combretastatin moiety of [271] forms another favourable hydrogen bond through a 

water with the Asp258 residue within the LBD. This interaction could help 'lock in’ the ligand 

within the cavity site, resulting in the good binding affinity. Again as this crystal structure 

representation is a static one, additional waters unaccounted for in this determined crystal 

structure may introduce further favourable hydrogen bond interactions with the other methoxy 

groups of the combretastatin moiety through a network of water molecules. The bulky side chain 

of the conjugate [271] is more flexible when compared with [282] due to the presence of the 

succinic-linker fragment and ester linkage and can adopt more conformations. The large side chain 

of [271] could displace Helix-12 significantly to produce antiproliferative effects in ER(3.
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6.10 Summary

M olecular m odelling studies w ere carried out w ith  the objective of rationalising the 

observed structure-activity  relationship (SAR) data for the products investigated. The inform ation 

obtained from  m olecular m odelling stud ies on the com pounds w ith  high b inding  affinities for ER 

can provide useful insights and  direction for fu ture design of im proved  ER-ligands.

Regarding the series of endoxifen analogues investigated, the core triarylethylene scaffold 

dem onstrated  a high degree of consistency betw een the pred icted  LBD binding conformations. 

How ever, the predicted conform ation of the am ine side chains d id  not correlate well w ith the 

biochem ical assay results. From the studies carried out on the conjugated structures, it appears that 

the large bulky side g roups m ay have a m ore pronounced displacem ent effect on Helix-12 (and 

possibly o ther helices) w ithin the ER LBD. The protein  m odels used  in the docking routines may 

not represent accurately the actual adop ted  conform ation of the LBD w ith the conjugates bound. 

Hence, form ing predictions based on these m odels is tentative. W hile m olecular m odelling is a 

useful tool in the prediction of ligand conform ations and  their docking in the receptor b inding site, 

it is still speculative until an actual crystal structure is determ ined containing the specific ligand 

bound in the specific receptor b inding site(s). In addition, com plete know ledge and understanding 

of the roles of any other coactivator/corepressor entities w ould  be required  before a complete 

theory is bu ilt on the m echanism  of action on a m olecular level for the ligands and  conjugates 

discussed. Through these com putational investigations, strong correlations betw een the in silico 

results and in vitro assays w ere not clear. M ore refined and  intensive m olecular m odeling m ethods 

m ay be necessary to accurately correlate the in silico and in vitro results^®*’. Ideally, solvent effects, 

including w ater participation, w ithin the LBD and protein flexibility should be taken into account 

w hen  perform ing m odelling studies. However, the inclusion of these variables can require 

extensive (and often unavailable) com putational resources and  time. Also, the scoring functions 

used in m odelling is often the bottleneck in the process flow “ ^ M ore rigorous scoring algorithm s 

able to recognise true  b inding m odes effectively and  efficiently require extensive resources. 

A ssum ptions and  sim plifications are utilised to reduce the dem and  on these resources, allowing 

the tasks becom e m ore m anageable and  successful determ inations can be obtained at the expense 

of m ore accurate results.

In relation to the project com pounds, a num ber of strategies could im prove on a better 

structure-activity  relationship prediction model: taking m ore receptor flexibility into account and 

com bining results from  m ore than one docking and  scoring routine (i.e. MolDock, AutoDock, 

GOLD and  FlexX)^“  could im prove the accuracy of the study  results.
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Chapter 7

Summary and future work
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The objective of the project was to design, synthesis and evaluate estrogen-receptor 

targeting conjugates. From the literature, it is evident that there is a need for effective ER-ligands 

and ER-targeting conjugates for the treatment of a wide variety of diseases. The presence of two 

major ER isoforms, a  and p, increases the complexity of ER-dependent diseases and their 

treatment, as ER-isoform selectivity is another variable that needs to be considered when designing 

and synthesising novel ER-ligands.

A substantial number of novel ER-ligands and conjugates synthesised in this work 

demonstrated potent ER-binding affinities and antiproliferative activities in ER-positive MCF-7 

hum an breast cancer cells. In relation to the family of endoxifen ligand analogues synthesised, the 

ligands demonstrated comparable activity profiles in relation to antiproliferative, cytoxicity and 

ER-binding affinity to the active metabolites of tamoxifen, a drug currently used in clinical therapy 

for the treatment of hormone-dependent breast cancer.

All the conjugates synthesised in this work are novel compounds. The conjugates showed a 

wide range of antiproliferative and cytotoxic activity in MCF-7 cells, while all the conjugates 

selected for ER-binding studies showed some binding affinity towards both ERa and ER|3. A large 

number of the conjugates demonstrated relative binding affinity (RBA) values greater than 1 %, 

which is above average compared to RBA values of conjugates reported throughout the literature 

(discussed in the introductory chapter). The results indicate that the ER can accommodate large 

bulky groups on the endoxifen-scaffold. However, there is still a degree of specificity determining 

the optimal ligands as the varied binding affinity results demonstrate for the set of conjugates 

tested in this work. A wide variety of agents were utilised in the conjugate prototype structure, 

suggesting that the ER-targeting strategy used in the project could be a viable route for the 

selective delivery of suitable agents to ER-dependent tum our cells.

One of the the novel direct-amide conjugates [282] synthesised displayed superb ER- 

binding affinity (RBA values of 633 % in ERa and 119% in ERp (estradiol (100%)). This impressive 

binding result was mirrored by excellent antiproliferativity results in MCF-7 cells and low 

estrogenicity results in Ishikawa cells. The 60-cell line, five-dose screening results by NCI show 

that [282] has excellent antiproliferative activity and very high specificity towards MCF-7 human 

breast cancer cells. This direct-amide conjugate is a very attractive lead compound for further 

development as a possible pure antagonist ligand in the treatment of human breast cancer and 

perhaps other ER-dependent diseases.

While several novel conjugates have been developed in this work, there lies scope for 

further investigation. From a design standpoint, the conjugate prototype paradigm is open to
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optimisation at three different points:- the targeting ER-ligand, the linker or trigger and the 

delivered 'warhead' agent, leading to many possible structural permutations.

Future investigations could incorporate different antagonistic ER-ligands, such as known 

fixed-ring SERM analogues, into the conjugate prototype structure. As Z-isomers of tamoxifen 

derivatives typically show higher ER-binding affinity, using fixed-ring ligands, that lock in the 

desired stereochemistry, should improve on the binding affinity of the conjugates. In general, the 

endoxifen ligands synthesised in this study were equal ratio mixtures of Z/£ isomers. Optimisation 

of the synthetic route may improve on the yields of the desired isomer which should also improve 

on the conjugates binding affinities. Also, the cyclohexyl basic side chain optimisation of the 

endoxifen core structure led to improved antiproliferative activity and increased binding affinity. It 

may be worthwhile to synthesis conjugates bearing this ER-ligand fragment. In addition, the 

selection of conjugates could be expanded to include more dihydroxy-endoxifen ligands as they 

often displayed improved activities in the direct amide series when compared to their 

monohydroxy analogue counterparts.

Further synthesis of conjugates bearing different linkers and/or trigger fragments would be 

informative. Variation of the linker length, for example, could provide more structure-activity 

relationship and determine the optimal tether length for specific conjugates. Similarly, by using 

'probing' linkers which are more constrained/flexible, hydrophilic/lipophilic, polar/non-polar etc. 

more structural information would be gained. Also, different prodrug triggers could be 

incorporated into the prototype framework to cleave the conjugated agents at tum our sites such as 

hypoxic-triggers or tumour-homing peptide fragments .

The various possibilities of anti-tumour agents to couple to the synthesised ER-targeting 

fragments is limited by the available functional groups present on the component parts and the 

relevance of the drugs for delivery to breast tum our cells. Derivatisation of potent agents (i.e. 

azole-type aromatase inhibitors) which do not contain suitable functional groups to analogues 

which can be utilised in our conjugate strategy may result in more potent conjugates.

The preliminary evaluation of the ligands, agents and conjugates synthesised in the project 

has provided interesting results. However, certain mechanistic details regarding the possible 

mode(s) of action of the combretastatin conjugates remains uncertain and it is unclear whether the 

different conjugates are exerting solely (pure) ER antagonism, apoptotic activity, antimitotic 

behaviour or possibly dual effects. The effect of the combretastatin fragment in the conjugates 

needs to be clarified. From the differential MDA and MCF-7 cell line activities it is clear that [282] 

acts on ER-positive cells, however, a tubulin polymerisation assay could determine any antimitotic
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activity of the com pounds. The agonist/antagonistic activity of the various ligands and  conjugates 

could be also be determ ined th rough further Ishikaw a cell assays for example.

Upon com pletion of the HPLC stability studies, m ore inform ation regarding the different 

conjugates predicted in vivo profiles will be determ ined. In the case of the hydrolysis of the ester 

conjugates, carbam ate derivatives could be synthesised w hich should correspond to an 

interm ediate-level linker betw een an ester and  an am ide linkage, less susceptible to hydrolysis 

com pared to esters bu t m ore easily hydrolysed com pared to amides. Also, the current lead 

conjugates could undergo  optim isation to im part m ore aqueous solubility i.e. converting phenolic 

g roups to phosphate esters.

A m ore detailed m olecular m odelling study  could provide better in silico SAR profile 

predictions. H ow ever, ideally, a crystal structure of the conjugates bound in an ER ligand binding 

dom ain w ould  be the m ost inform ative. A ttem pts to obtain a suitable co-crystal for X-ray 

determ ination of structure  could be undertaken  in the future.
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Experimental
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8.1 General experimental details

Uncorrected melting points were measured on a Stuart SM Pll apparatus. Infra-red spectra 

were recorded on a Perkin Elmer Paragon 100 Spectrometer. Band positions are given as cm '. Solid 

and resin samples were analysed by KBr disc, while oils were analysed as neat films on NaCl 

plates. 'H, '^C and '̂ F Nuclear magnetic resonance (NMR) spectra were recorded at 20°C on a 

Bruker DPX 400 spectrometer (400.13 MHz, 'H; 100.61 MHz, '^C) in deuteriated chloroform 

(internal standard trimethylsilane (TMS), deuteriated acetone, deuteriated methanol, deuteriated 

ethanol, deuteriated acetonitrile and deuteriated dimethylsulfoxide). 'H-NMR spectra were 

assigned relative to the TMS peak at 0.00. '̂ C NMR spectra were assigned relative to the centre 

peak of the CDCI3 triplet at 77.00 ppm. ’’F NMR spectra were not calibrated. Coupling constants 

are reported in Hertz (Hz). For 'H NMR assignment, chemical shifts are reported: shift value 

(number of protons, description of absorption (s = singlet, d = doublet, t = triplet, q -  quartet, m = 

multiplet), coupling constant (J), where applicable, proton assignment). NOE NMR was recorded 

on a Bruker Avance II 600 NMR (600 MHz, 'H; 150 MHz, '^C). High resolution molecular ion 

determinations (HRMS) were acquired on a Micro mass spectrometer (E.I. Mode) at the 

Department of Chemistry, Trinity College Dublin and a Micro mass spectrometer (E.I. Mode) by 

Dr. Dilip Rai at the Centre for Synthesis and Chemical Biology, University College Dublin. UV 

reactions were carried out on a Normag forced-liquid circulation reactor containing a 150 W 

medium pressure mercury lamp. Thin layer chromatography (TLC) was carried out using Merck F- 

254 silica plates. Flash chromatography was carried out on Merck Kieselgel 60F254 silica. 

Compounds were visually detected with UV at 254 nm and 366 nm. Starting materials were 

purchased from Sigma Aldrich, Alfa chemicals and Fischer. Solvents were dried according to the 

literature^. Nomenclature of synthesised compounds was determined using Chemdraw Ultra 8.0.
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8.2 Chapter 2 experimental

8 .2 . 1  [4-(ferf-B utyldim ethylsilanyloxy)phenyl](4-hydroxyphenyI)m ethanone [128]^** 

4,4 '-D ihydroxybenzophenone [127] (6.00 g, 28.0 mmol) and  im idazole (2.09 g, 31.0 m m ol) w ere 

dissolved in d im ethylform am ide (20 mL) w ith  stirring. A solution of fert-butyldim ethylsilyl 

chloride (4.22 g, 28.0 mmol) in d im ethylform am ide (20 mL) w as added  to the m ixture slow ly over 

the course of 1 h. Reaction m ixture was allow ed stir at room  tem perature  for 16 h. The reaction was 

w orked u p  ina the addition of ethyl acetate (100 mL) and  10% hydrochloric acid (50 mL). The 

organic phase w as w ashed w ith w ater (100 mL), brine (100 mL), dried  over sodium  sulfate and 

evaporated  to dryness in vacuo to yield crude product as green oil. The m aterial w as purified  via 

flash chrom atography on silica gel (hexane : diethyl ether = 6  : 1) to yield the product [128] (4.14 g, 

45 %) as a green/yellow  oil. (In addition, the d iprotected protected product, bis-[4-(teri-butyl- 

dim ethyl-silanyloxy)-phenyl]-m ethanone, w as afforded as a light green oil (3.34 g , 27 %)).

M ono-protected p roduct [128]:

'H -N M R  (400 MHz, CDCI3 ); 6  0.27 (s, 6 H, C H 3 ), 1.02 (s, 9H, CHj), 6.93 (d, 2H, /  = 8.5 Hz, ArH), 6.99 

(d, 2H, I = 8.5 Hz, ArH), 7.75 (dd, 4H, /  = 8.5 Hz, 3 Hz, ArH). "C -N M R  (100 MHz, CDCI3 ): 6  -4.78 

(SiC), 17.78, 25.16 (CH 3 ), 114.90, 119.30, 129.37, 130.50, 132.02, 132.41, 159.47(ArC-OR), 160.25 (ArC- 

OH), 195.66 (C=0) IR: v„,ax (KBr) c m 3362.6, 2951.9, 2930.0, 2856.9, 1641.6, 1602.3, 1580.3, 1508.1, 

1470.5, 1313.0, 1278.1, 1161.1, 913.4, 839.1, 771.9. H RM S (El): Found 351.1390 (M+Na)", 

Cj9 H 2 4 0 3 NaSi requires 351.1392.

D iprotected product:

’H -N M R (400 M Hz, CDCI3 ): 6  0,26 (s, 12H, CH 3 ), 1.02 (s, 18H, C H 3 ), 6.91 (d, 4H, /  = 8.5 Hz, ArH), 

7.75 (d, 4H, /  = 8.5 Hz, ArH). ’’C-NM R (100 MHz, CDCI3): 6  -4.79 (SiC), 17.79, 25.18 (CH 3), 119.16, 

119.21, 130.80, 131.72, 159.04, 194.11 (C=0). IR: v„,ax (Neat) cm ': 2956.0, 2930.8, 2886.7, 2858.8, 

1653.1,1599.2, 1508.0, 1267.5,1161.2, 1006.4, 909.2.

8.2.2 l-[4 -(tert-B u ty ld im ethy lsilany loxy)phenyI]p ropan-l-one  [130]̂ *®

4 '-H ydroxypropiophenone [129] (6.00 g, 40.0 m mol) and  im idazole (2.99 g, 44.0 m m ol) w ere 

d issolved in dim ethylform am ide (20 mL) w ith  stirring. A solution of ferf-butyldim ethylsilyl 

chloride (6.03 g, 40.0 m mol) in d im ethylform am ide (20 mL) w as ad d ed  to the m ixture slow ly over 

the course of 1 h. Reaction m ixture w as allow ed stir at room  tem perature  for 16 h. The reaction was 

w orked up  via the addition  of ethyl acetate (100 mL) and 10% hydrochloric acid (50 mL). The
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organic phase w as w ashed w ith w ater (100 mL), brine (100 mL), dried  over sodium  sulfate and 

evaporated  to dryness in vacuo to yield crude product as a green oil. The m aterial w as purified via 

flash chrom atography on silica gel (hexane : diethyl ether = 6  : 1) to yield the product [130] (8.04 g, 

76 %) as a clear oil.

’H-NMR (400 M Hz, CDCI3): 6 0.02 (s, 6 H, C H 3), 0.79 (s, 9H, C H 3), 0.97 (t, 2H, /  = 7.0 Hz, CHz), 2.67 

(q, 2H, /  = 7.0 Hz, C H 2 ), 6.65 (d, 2H, /  = 9.0 Hz, ArH), 6.67 (d, 2H, /  = 8.5 Hz, ArH). '’C-NMR (100 

M Hz, CDCI3): 6 -5.15 (CH 3), 7.61, 17.46, 24.90, 30.54 , 119.12, 129.35, 129.39, 159.19, 197.79 (C=0). 

IR: v„,,, (KBr) cm ': 2930.7, 2859.1, 1679.7, 1601.6, 1506.3, 1411.2, 1360.3, 1256.1, 1226.8, 1167.9, 908.9, 

859.9, 840.5, 803.0, 777.7. HRMS (El): Found 265.1624 (M +Hf, CisHjsOzSi requires 265.1618.

8.2.3 4-(l,2-D iphenylbut-l-enyl)phenol [132]'*“

Zinc dust (6 . 8 8  g, 106 m mol) w as w eighed ou t and  transferred to a three-necked round bottom ed 

flask containing dry  THF (100 mL). Titanium  tetrachloride w as added  (10.1 g, 5.82 mL, 53.0 mmol) 

via syringe to the m ixture and then refluxed for 2 h under darkness and a N 2 environm ent. 4- 

hydroxybenzophenone [126] (3.00 g, 15.1 m mol) and propiophenone [131] (6.09 g, 6.04 mL, 45.4 

mmol) w ere dissolved in d ry  THF (40 mL). This m ixture w as added  to the m ixture in the round- 

bottom ed flask carefully via syringe. The m ixture w as then refluxed for a further 3 h. Afterwards, 

the m ixture was allow ed to cool then d ilu ted  w ith ethyl acetate (150 mL) and w ashed w ith 10 % 

potassium  carbonate solution (60 mL). After filtration, the organic layer w as separated  out and the 

aqueous layer w as extracted w ith ethyl acetate (100 mL x 3). The com bined organic layers were 

w ashed w ith 10 % potassium  carbonate solution (40 mL), w ater (50 mL) and brine (50 mL) then 

dried  over anhydrous sodium  sulfate, filtered and  evaporated  to dryness in vacuo to yield crude 

product as an am ber oil. The m aterial w as purified via flash chrom atography on silica gel (hexane : 

diethyl ether = 6  : 1) to afford an isomeric product m ixture [132] (4.45 g, 98%, E/Z = 1:2.3) as a 

brow n oil.

’H-NMR (400 MHz, CDCI3 ): b 0.67 (t, 3H, /  = 7.6 Hz, C H 3), 1.00 (m, 4H, /  = 7.5 Hz, C H 2), 5.60 (bs, 

IH , OH), 5.93 (bs, IH , OH), 6.78-7.41 (m, 28H, ArH). "C-NMR (100 MHz, CDCI3): 6  7.17 (CH 3), 7.37 

(CH 3 ), 13.23 (CH 2 ), 113.95, 114.62, 125.25, 125.64, 126.52, 126.77, 126.90, 126.99, 127.25, 127.38, 

127.47, 127.70, 127.90, 129.07, 129.31, 130.36, 130.44, 131.66, 135.06, 135.51, 137.96, 139.74, 140.73, 

140.89, 141.48, 142.02, 142.96, 143.39, 153.21, 154.08. IR: (KBr) cm ': 3413.0, 2963.1, 2869.0,
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1720.8, 1608.9, 1509.5, 1442.9, 1369.8, 1221.3, 1168.9, 1101.6, 1078.5, 1030.5, 818.8, 770.1, 753.5, 703.6. 

HRM S (El): Found 301.1591 (M+H)", CjzHjiO requires 301.1587.

8.2.4 4-{l-[4-(tert-Butyldim ethylsiIanyloxy)phenyl]-2-phenylbut-l-enyl}phenol [133]

Zinc dust (5.85 g, 90.0 mmol) w as w eighed out and  transferred to a three-necked round  bottom ed 

flask containing dry  THF (50 mL). Titanium  tetrachloride w as added  (8.55 g, 4.94 mL, 45 mmol) via 

syringe to the m ixture and  then refluxed for 2 h  u n d er darkness and  a N 2 environm ent. [128] (3.285 

g, 10 mmol) and  propiophenone [131] (4.03 g, 4.00 mL, 30 mmol) w ere dissolved in dry  THF (40 

mL). This m ixture w as added  to the m ixture in the round-bottom ed flask carefully via syringe. The 

m ixture w as then refluxed for a further 3 h. A fterw ards, the m ixture w as allow ed to cool then 

d ilu ted  w ith  ethyl acetate (150 mL) and w ashed w ith 10 % potassium  carbonate solution (60 mL). 

After filtration, the organic layer w as separated  out and  the aqueous layer w as extracted w ith ethyl 

acetate (100 mL x 3). The com bined organic layers w ere w ashed w ith 10 % potassium  carbonate 

solution (40 mL), w ater (50 mL) and brine (50 mL) then dried  over anhydrous sodium  sulfate, 

filtered and evaporated  to dryness in vacuo to yield crude product as an  am ber oil. The m aterial 

w as purified via flash chrom atography on silica gel (hexane : diethyl ether = 6  : 1 ) to afford an 

isomeric p roduct m ixture [133] (4.01 g, 93%, Z/E = 1:1.2) as a brow n oil.

’H -N M R (400 MHz, CDCI3): 6  0.13 (s, 0.51 x 12H, SiCHj), 0.25 (s, 0.49 x 12H, SiCHj), 0.94 -  1.03 (m, 

24H, SiC(CH3)3, C H 3), 2.49 -  2.54 (q, 4H, /  = 7.6 Hz, C H 2), 4.78 (bs, IH , OH), 5.05 (bs, IH , OH), 6.49 -  

6.52 (m, 4H, ArH), 6 . 6 8  (t, 4H, /  = 8.5 Hz, ArH), 6.83 -  6.85 (m, 4H, ArH), 7.11 -  7.19 (m, 14H, ArH). 

’’C-NM R (100 M Hz, CDCI3): 6 -4.92, -4.82, -4.80, 13.17, 13.20, 17.74, 25.23, 27.21, 113.74, 114.44, 

118.50, 119.08, 125.40, 126.21, 126.41, 126.68, 126.93, 127.19, 127.29, 127.37, 127.37, 129.26, 130.08, 

130.35, 131.38, 131.70, 135.62, 135.94, 140.64, 142.11, 152.84, 153.05, 153.68. IR: v^ax (KBr) cm ’: 

3560.4, 2967.6, 1738.9, 1598.4, 1463.1, 1445.1, 1251.1, 1115.8, 1072.3, 896.1, 739.1, 703.2, 655.0. HRM S 

(El): Found 453.2220 (M+Na)*, C2sH3 4 0 2 NaSi requires 453.2226.

8.2.5 4-{l,2-Bis-[4-(fcrt-butyldim ethylsilanyloxy)phenyl]but-l-enyl)phenol [134]

Zinc dust (4.91 g, 75.1 mmol) w as w eighed ou t and transferred to a three-necked round  bottom ed 

flask containing dry  THF (50 mL). Titanium  tetrachloride w as added  (7.12 g, 4.12 mL, 37.5 mmol) 

via syringe to the m ixture and then refluxed for 2  h  under darkness and a N 2 environm ent. [128] 

(2.74 g, 8.34 mmol) and  [130] (6.62 g, 25.0 mmol) w ere dissolved in dry  THF (40 mL). This m ixture 

w as added  to the m ixture in the roim d-bottom ed flask carefully via syringe. The m ixture w as then
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refluxed for a further 3 h. A fterw ards, the m ixture w as allow ed to cool then d ilu ted  w ith ethyl 

acetate (150 mL) and  w ashed  w ith 10 % potassium  carbonate solution (60 mL). After filtration, the 

organic layer was separated  out and  the aqueous layer w as extracted w ith ethyl acetate (100 mL x 

3). The com bined organic layers were w ashed w ith 10 % potassium  carbonate solution (40 mL), 

w ater (50 mL) and brine (50 mL) then dried over anhydrous sodium  sulfate, filtered and 

evaporated  to dryness in vacuo to yield crude product as an am ber oil. The m aterial w as purified 

via flash chrom atography on silica gel (hexane : diethyl ether = 6  : 1 ) to afford an isom eric product 

m ixture [134] (4.44 g, 95%, Z/E  = 1:1.4) as a brow n oil.

’H-NMR (400 MHz, CDCI3 ): 6  0.15 (s, 6 H, CH 3 ), 0.20 (s, 12H, C H 3 ), 0.26 (s, 6 H, CH 3 ), 0.96 -  1.04 (m, 

42H, C H 3), 2.48 (q, 4H, /  = 7.5 Hz, C H 2), 6.50 (dd, 4H, /  = 12.6 Hz, 8 . 6  Hz, ArH), 6 . 6 8  (t, 4H, /  = 8.5 

Hz, ArH), 6.74 (dd, 4H, /  = 8.5 Hz, 5.0 Hz, ArH), 6.83 (dd, 4H, /  = 11.5 Hz, 8.5 Hz, ArH), 6.98 (dd, 

4H, /  = 8.5 Hz, 4.0 Hz, ArH), 7.12 (dd, 4H, /  = 8 . 6  Hz, 4.5 Hz, ArH), ’’C-NMR (100 M Hz, CDCI3 ): 6  

-4.88 (CH 3 ), -4.88, -4.84, -4.80, 13.26, 17.75, 17.77, 17.81, 17.84, 25.23, 25.26, 25.29. 25.40, 28.34, 28.46,

113.72, 114.46, 118.43, 119.05, 119.10, 119.16, 130.15, 130.25, 130.37, 131.49, 131.73, 135.11, 135.21,

135.72, 136.08, 136.23, 136.54, 136.87, 140.19, 140.22, 152.82, 152.92, 153.27, 153.69, 153.72. IR: v.„ax 

(KBr) cm ': 3400.3, 2957.5, 2930.6, 2858.5, 1604.3, 1507.6, 1255.2, 1167.5, 914.9, 838.6, 804.1, 780.6. 

HRMS (El): Found 583.3015 (M+Na)*, C 34H 4s0 3 NaSi2 requires 583.3040.

8.2.6 {2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}brom ide [135]^ ’̂

The phenol [132] (2.99 g, 10.0 mmol) w as dissolved in 1,2-dibrom oethane (93.9 g, 47.0 mL, 500 

m mol) w ith stirring. T etrabutylam m onium  hydrogen sulfate (3.06 g, 9.00 mmol) w as added, 

followed by 1 M sodium  hydroxide solution (40 mL). The biphasic m ixture was stirred  vigorously 

at room  tem perature for 16 h. The reaction m ixture w as w orked up  via the addition of 

dichlorom ethane (100 mL) and sodium  bicarbonate solution (100 mL). The aqueous layer was 

extracted w ith d ichlorom ethane (100 mL). The organic layers w ere combined, d ried  over sodium  

sulfate and concentrated under in vacuo to yield crude product as a brow n oil. The m aterial was 

purified via flash chrom atography on silica gel (hexane : diethyl ether = 40 : 1) to yield product 

[135] (2.28 g, 56%, E/Z = 1:1.1) as a yellow oil.

'H-NMR (400 MHz, CDCI3 ): 6  0.91 -  1.00 (m, 6 H, C H 3 ), 2.46 - 2.56 (m, 4H, CHz), 3.58 (t, (0.47 x 4H), 

/  = 6.0 Hz, CHjBr), 3.69 (t, (0.53 x 4H), /  = 6.0 Hz, CHjBr), 4.18 (t, (0.53 x 4H), /  = 6.0 Hz, C H 2O), 4.34 

(t, (0.47 x 4H), /  = 6.0 Hz, C H 2O), 6.58 (d, 2H, /  = 9.0 Hz, ArH), 6.81 (d, 2H, /  = 9.0 Hz, ArH), 6 . 8 8  -
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7.03 (m, 6H, ArH), 7.12 -  7.31 (m, 16H, ArH), 7.36 -  7.39 (m, 2H, ArH). “ C-NM R (100 MHz, CDCb): 

13.16, 28.57, 28.59, 28.71, 28.77, 67.12, 67.36, 113.10, 113.84, 125.25, 125.64, 126.13, 126.87, 127.34, 

127.45, 127.68, 129.01, 129.24, 130.27, 130.34, 131.55, 135.81, 136.34, 137.75, 141.15, 141.64, 141.83, 

141,87, 142.76, 143.24, 155.52, 156.35. IR; (KBr) cm ': 3435.3, 2959.2, 2926.4, 2868.2, 1608.2,

1509.2, 1454.9, 1441.0, 1287.8, 1244.6, 1175.0, 1077.9, 1013.6, 812.3, 768.1, 698.1. H RM S (El): Found 

428.0844 (M+Na)^ C24H230BrNa requires 428.0831.

8.2.7 (4-{l-[4-(2-Brom oethoxy)phenyl]-2-phenylbut-l-enyl}phenoxy)-tgrt-butyldiniethylsiIane 

[136]

The phenol [133] (3.16 g, 7.34 mmol) w as dissolved in 1,2-dibrom oethane (69.0 g, 32.0 mL, 367 

mmol)) w ith stirring. Tetrabutylam m onium  hydrogen sulfate (2.24 g, 6.61 m m ol) w as added, 

followed by 1 M sodium  hydroxide solution (30 mL). The biphasic m ixture w as stirred  vigorously 

at room tem peratu re  for 16 h. The reaction m ixture w as w orked u p  via the addition  of 

dichlorom ethane (100 mL) and sodium  bicarbonate solution (100 mL). The aqueous layer was 

extracted w ith d ichlorom ethane (100 mL). The organic layers w ere com bined, d ried  over sodium  

sulfate and concentrated under in vacuo to yield crude product as a brow n oil. The m aterial was 

purified via flash chrom atography on silica gel (hexane : diethyl ether = 40 : 1) to yield product

[136] (2.05 g, 52%, Z/E = 1:1.2) as a yellow oil.

'H -N M R  (400 M Hz, CDCI3): 6 0.12 (s, 0.55 x 12H, SiCHj), 0.25 (s, 0.45 x 12H, SiCHj), 0.94 -  1.02 (m, 

24H, SiC(CH 3 )3, CH3), 2.47 -  2.53 (m, 4H, CH 2 ), 3.58 (t, 0.45 x 4H, /  = 6.0 Hz, N C H 2 ), 3.69 (t, 0.55 x 

4H, /  = 6.5 Hz, N C H 2 ), 4.18 (t, 0.45 x 4H, /  = 6.5 Hz, O C H 2 ), 4.34 (t, 0.55 x 4H, /  = 6.0 Hz, O CH 2 ), 6.49 

-  6.58 (m, 4H, ArH), 6.71 - 6.93 (m, 8H, ArH), 7.09 -  7.21 (m, 14H, ArH). '^C-NMR (100 MHz, 

CDCI3): 6 -4.92, -4.81, 13.16, 13.21, 13.70, 25.21, 25.23, 28.45, 28.73, 28.79, 31.15, 67.35, 113.00, 113.76, 

118.52, 119.10, 125.48, 127.30, 127.40, 129.25, 130.09, 130.26, 131.37, 131.61, 135.88, 136.56, 140.74, 

142.04, 155.45, 155.45, 156.28. IR: (KBr) cm ': 3436.4, 2957.9, 2930.4, 2858.5, 1604.9, 1507.3,

1472.3, 1254.7, 1168.3, 916.2, 838.8, 804.2, 780.3. H RM S (El): Found 559.1630 (M+Na)*, 

C 3oH3 7 0 2 BrSiNa requires 559.1644.

8.2.8 [2-(4-{l,2-Bis-[4-(fert-butyldim ethylsilanyloxy)phenyl]but-l-enyl}phenoxy)ethyl]brom ide

[137]

The phenol [134] (4.78 g, 8.51 mmol) w as dissolved in 1,2-dibrom oethane (80.0 g, 37.0 mL, 426 

mmol) w ith  stirring. Tetrabutylam m onium  hydrogen sulfate (2.60 g, 7.66 m m ol) w as added.

243



followed by 1 M sodium  hydroxide solution (30 mL). The biphasic m ixture w as stirred  vigorously 

at room  tem perature  for 16 h. The reaction m ixture was w orked up  via the addition  of 

dichlorom ethane (100 mL) and  sodium  bicarbonate solution (100 mL). The aqueous layer w as 

extracted w ith  d ichlorom ethane (100 mL). The organic layers w ere combined, d ried  over sodium  

sulfate and concentrated u n d er in vacuo to yield crude product as a brow n oil. The m aterial was 

purified  via flash chrom atography on silica gel (hexane : diethyl ether = 40 : 1) to yield product 

[137] (3.07 g, 54%, Z/E = 1:1.4) as a yellow oil.

'H-NMR (400 MHz, CDCI3 ): 6  0.20 -  0.30 (m, 24H, CH.,), 0.99 -  1.08 (m, 42H, CH 3 ), 2.52 -  2.54 (m, 

4H, CHz), 3.60 (t, (0.41) x 4H, /  = 6.3 Hz, CH 2 ), 3.68 (t, (0.59) x 4H, /  = 6.0 Hz, CHj), 4.21 (t, (0.41) x 

4H, /  = 6.5 Hz, CH 2 ), 4.34 (t, (0.59) x 4H, /  = 6.3 Hz, C H 2 ), 6.55 - 7.24 (m, 24H, ArH). “C-NMR (100 

MHz, CDCI3): 6 -4.80, -4.77, 13.33, 13.36, 17.79, 17.85, 17.88, 25.31, 25.33, 25.36, 28.41, 28.54, 28.76, 

28.83, 67.19, 67.37, 76.36, 76.68, 77.00, 130.19, 130.29, 130.35, 131.53, 131.70, 135.05, 135.15, 136.16, 

136.41, 136.46, 136.78, 136.88, 140.38, 140.46, 153.03, 153.39, 153.82, 155.43, 156.28. IR: (KBr) cm '

: 3436.4, 2957.9, 2930.4, 2858.5, 1604.9, 1507.3, 1472.3, 1254.7, 1168.3, 916.2, 838.8, 804.2, 780.3. HRMS 

(El): Found 689.2450 (M+Na)*, CjsHjiOjBrSijNa requires 689.2458.

8.2.9 General amination reaction

The appropria te  prim ary amine([138] -  [145]), in a 20 m olar equivalent excess, was 

dissolved in anhydrous tetrahydrofuran  (20 mL) along w ith the relevant brom ide com pound and 

sealed in a h igh pressure tube. The reaction is heated to 60 °C w hile stirring for 48 -  72 h. A fter this 

time the reaction container is allow ed sufficient time to cool, allow ing any internal p ressure to 

decrease p rio r to opening the reaction tube. The reaction is w orked up  via the addition  of a sodium  

carbonate/sodium  hydrogencarbonate pH  10 buffer solution (50 mL) and the organics are extracted 

w ith DCM (3 x 50 mL). The organic phases are com bined, dried  over sodium  sulfate and  the 

solvent evaporated  in vacuo to afford a crude product w hich is then purified via flash 

chrom atography (DCM:MeOH) to afford the product.

8.2.9.1 {2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}m ethylam ine [53]“

As per general am ination m ethod 8.2.9, the brom ide [135] (0.41 g, 1.00 mmol) reacted w ith 

m ethylam ine [138]. Following purification, an isom eric m ixture of the desired product [53] w as 

afforded as a brow n oil (0.28 g, 77 %, E/Z = 1:1.1).
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'H-NM R (400 MHz, CDCI3): 6  0.96 -  1.02 (m, 6 H, CH 3), 2.49 - 2.58 (m, lOH, CH 2, CHS), 2.98 -  3.08 

(m, 4H, CH 2N), 3.99 -  4.23 (m, 6 H, NH, CHjO), 6.59-7.40 (m, 28H, ArH) “ C-NMR (100 MHz, 

CDCI3): 13.25, 28.62, 28.64, 35.16, 35.28, 49.76, 49.89, 65.45, 65.78, 112.96, 113.70, 125.28, 125.67,

126.17, 126.92, 127,39, 127.50, 127.72, 129.03, 129.28, 130.23, 130.40, 131.53, 135.44, 135.94, 137.74,

137.89, 141.03, 141.56, 141.89, 142.88, 143.33, 156.06, 156.92. IR: (KBr) cm ' : 3431.2, 1606.0,

1508.0, 1241.3, 1173.2, 1099.5, 1078.8, 1036.9, 938.9, 846.8. HRMS (El): Found 358.2173 (M+H)", 

C2 5H 2 8NO requires 358.2171.

8.2.9.2 {2-[4-(l,2-Diphenylbut-l-enyl)phenoxyiethyl}ethylamine [146]̂ '̂’

As per general amination method 8.2.9, the bromide [135] (0.41 g, 1.00 mmol) reacted with 

ethylamine [139]. Following purification, an isomeric mixture of the desired product [146] was 

afforded as a brown oil (0.25 g, 6 6  %, £/Z = 1:1.1).

'H-NM R (400 MHz, CDCI3): 6  0.95 -  1.01 (m, 6 H, CH 3), 1.17 -  1.25 (m, 6 H, CH 3), 2.47 - 2.58 (m, 4H, 

CH 2), 2.75 - 2.86 (m, 4H, CH), 3.00 (t, 0.48 x 4H, /  = 4.9 Hz, CH 2), 3.10 (t, 0.52 x 4H, /  = 4.9 Hz, CH 2), 

3.49 (s, 2H, NH), 4.01 (t, 0.48 x 4H, / = 4.9 Hz, CH 2 ), 4.17 (t, 0.48 x 4H, / = 4.9 Hz, CHj), 6.59 (d, 2H, / 

= 8.3 Hz, ArH), 6.82 (d, 2H, / = 8.3 Hz, ArH), 6.91 -  6.95 (m, 4H, ArH), 7.00 -  7.04 (m, 3H, ArH), 7.13 

-  7.21 (m, 12H, ArH), 7.27 -7.31 (m, 3H, ArH), 7.36 -  7.40 (m, 2H, ArH). '’C-NMR (100 MHz, 

CDCI3): 6  13.22, 14.14, 14.25, 28.60, 43.38, 43.44, 47.76, 47.88, 65.88, 66.18, 112.94, 113.68, 125.25,

125.64, 126.13, 126.88, 127.36, 127.47, 127.69, 129.02, 129.27, 130.20, 130.38, 131.49, 135.37, 135.89,

137.74, 137.89, 140.99, 141.53, 141.90, 141.94, 142.87, 143.33, 156.11, 156.95. IR: v„ax (KBr) cm ': 

3319.3, 3076.9, 3054.2, 3021.0, 2966.5, 2931.2, 2871.7, 1606.2, 1573.8, 1507.1, 1461.8, 1442.5, 1373.6, 

1302.7, 1283.7, 1242.8, 1173.7, 1039.2, 824.5, 768.7, 751.2, 700.2. HRMS (El): Found 372.2330 (M+H)*, 

C26H 3 0NO requires 372.2327.

5.2.9.3 {2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}propylamine [147]

As per general amination method 8.2.9, the bromide [135] (0.41 g, 1.00 mmol) reacted with 

propylamine [140]. Following purification, an isomeric mixture of the desired product [147] was 

afforded as a brown oil (0.32 g, 82 %, £/Z = 1:1.3).

'H-NM R (400 MHz, CDCI3): 6  0.96 -  1.05 (m, 12H, CH 3), 1.54 -  1.68 (m, 4H, CH 2), 2.18 (s, 2H, NH), 

2.52 -  2.75 (m, 8 H, CH 2 ), 2.98 (s, 0.56 x 4H, NCH 2 ), 3.08 (s, 0.44 x 4H, NCH 2), 4.00 (t, 0.56 x 4H, /  = 

5.0 Hz, OCH 2), 4.16 (t, 0.44 x 4H, /  = 5.0 Hz, OCH 2 ), 6.63 (d, 2H, / = 9.0 Hz, ArH), 6.87 (d, 2H, /  = 9.0

245



H z, ArH), 6.96 -  7.08 (m, 6 H, ArH), 7.15 -  7.26 (m, 12H, ArH), 7.32 -  7.42 (m, 6 H, ArH). “ C-NM R  

(100 M H z, CDCI3): 6  11.40, 11.44, 13.28, 22.73, 22.80, 28.66, 48.36, 48.45, 51.30, 66.57, 66.82, 112.97, 

113.70, 125.30, 125.68, 126.17, 126.93, 127.41, 127.53, 127.73, 129.09, 129.31, 130.23, 130.45, 131.54, 

135.23, 135.78, 137.86, 138.01, 140.93, 141.50, 141.97, 142,00, 142.94, 143.42, 156.40, 157.23. IR: v„,ax 

(KBr) cm ': 3325.0, 3077.1, 3054.6, 3026.2, 2960.3, 2931.1, 2872.8, 1606.6, 1573.5, 1506.2, 1461.8, 1442.7, 

1374.0, 1302.0, 1284.7, 1243.0, 1173.7, 1048.3, 824.3, 768.4, 751.0, 700.7. H R M S (El): Found 386.2495 

(M+H)*, C27H 3 2N O  requires 386.2484.

5.2.9.4 {2 -[4 -(l,2 -D ip h en ylb u t-l-en y l)p h en oxy]eth y l}isop rop ylam in e [148]

A s per general am ination m ethod 8.2.9, the brom ide [135] (0.41 g, 1.00 m m ol) reacted w ith  

isopropylam ine [141]. Follow ing purification, an isom eric m ixture of the desired product [148] w as  

afforded as a brow n oil (0.30 g, 78 %, E/Z = 1:1.3).

’H -N M R  (400 M Hz, CDCI3 ): 6 0.99 -  1.04 (m, 6 H, CH 3 ), 1.13 (d, 0.56 x 6 H, /  = 6.0 Hz, CH 3 ), 1.18 (d, 

0.44 X 6 H, /  = 6.0 Hz, CH 3 ), 1.98 (s, 2H, N H ), 2.51 - 2.62 (m, 4H , CH 2), 2.86 -  2.98 (m, 4H, CH, CH 2), 

3.07 (t, 0.44 X 4H, /  = 5.0 H z, CH 2 ), 3.99 (t, 0.56 x 4H, /  = 5.0 Hz, OCH 2 ), 4.15 (t, 0.44 x 4H, /  = 5.0 Hz, 

O CH 2 ), 6.62 (d, 2H, /  = 8 . 6  Hz, ArH), 6 . 8 6  (d, 2H, /  = 8.5 Hz, ArH), 6.95 -  7.07 (m, 6 H, ArH), 7.14 -  

7.25 (m, 12H, ArH), 7.31 -  7.42 (m, 6 H, ArH). ’̂ C-NMR (100 MHz, CDCI3): 6  13.25, 22.45, 22.50, 

28.63, 45.94, 46.04, 48.14, 48.17, 53.07, 6 6 .8 8 , 67.13, 112.99, 113.72, 125.28, 125.66, 126.16, 126.92, 

127.40, 127.50, 127.72, 129.07, 129.30, 130.21, 130.43, 131.50, 135.22, 135.75, 137.86, 138.00, 140.92, 

141.49, 141.97, 141.99, 142.94, 143.40, 156.41, 157.24. IR: v„,ax (KBr) cm ’: 3325.4, 3077.2, 3054.7, 

3026.6, 2965.3, 2931.2, 2871.7, 1606.5, 1573.8, 1505.7, 1462.9, 1442.4, 1379.6, 1302.6, 1283.6, 1243.3, 

1173.4, 1050.7, 824.2, 768.3, 751.0, 700.9. H R M S (El): Found 386.2493 (M+H)", C27H 3 2N O  requires 

386.2484.

8 .2.9.5 B u tyl{2-[4-(l,2 -d ip henyIbu t-l-en yl)ph en oxy]eth yl}am in e [149]^ '̂

A s per general am ination m ethod 8.2.9, the brom ide [135] (0.41 g, 1.00 m m ol) reacted w ith  

butylam ine [142]. Follow ing purification, an isom eric m ixture of the desired product [149] w as  

afforded as a brow n oil (0.28 g, 71 %, £ /Z  = 1:1.1).

'H -N M R  (400 M H z, CDCI3 ): 6  0.91 -  0.99 (m, 12H, CH 3), 1.31 - 1.58 (m, 8 H, CHj), 1.71 (s, 2H, NH ), 

2.45 -  2.56 (m, 4H, CH 2), 2.65 (t, (0.53 x 4H ), /  = 7.3 Hz, CHjN), 2.72 (t, (0.47 x 4H), /  = 7.3 Hz, CH 2 N), 

2.94 (t, (0.53 X  4H), /  = 5.0 Hz, CH 2N), 3.04 (t, (0.47 x 4H), /  = 5.0 Hz, CH 2N), 3.96 (t, (0.53 x 4H), /  =
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5.5 Hz, C H 2O), 4.12 (t, (0.47 x 4H), /  = 5.5 Hz, CH jO ), 6.57 (d, 2H, /  = 8.5 Hz, A rH ), 6.79 (d, 2H, /  =

8.5 Hz, A rH ), 6 . 8 8  -  7.04 (m, 6 H, A rH ), 7.11 -  7.31 (m, 16H, A rH ), 7.35 -  7.39 (m, 2H, A rH ). '^C- 

N M R  (100 M Hz, CDCI3 ): 6  13.16, 13.56, 13.60, 20.01, 20.04, 28.57, 31.73, 31.80, 48.42, 48.49, 49.12, 

49.16, 66.55, 66.79, 112.88, 113.60, 125.19, 125.57, 126.06, 126.83, 127.31, 127.41, 127.65, 129.01, 129,25,

130.15, 130.36, 131.43, 135.16, 135.70, 137.74, 140.88, 141.46, 141.92, 142.88, 143.35, 156.32, 156.32,

157.15. IR: (KBr) cm ': 3322.4, 3054.8, 2956.5, 2928.9, 1674.3, 1606.2, 1573.4, 1506,2, 1462,7,

1243,5, 1173,4, 1047,9, 823,7, 768,2, 699,7, H RM S (El): Found 400,2631 (M+H)", C2 8H 3 4N O  requires 

400,2640,

8.2.9. 6  {2 -[4 -(l,2 -D ipheny lbu t-l-eny l)phenoxy]e thy l}pen ty lan iine  [150]

As per general am ination method 8.2,9, the brom ide [135] (0.41 g, 1.00 mmol) reacted w ith  

pentylam ine [143]. Follow ing  purification, an isomeric m ixture of the desired product [150] was 

afforded as a b row n o il (0.27 g, 65 %, £ /Z  = 1:1.1).

’H -N M R  (400 M Hz, CDCI3 ): 6  0.90 -  0.99 (m, 12H, C H 3), 1.32 -  1.37 (m, lOH, CH 2 ), 1.51 -  1.59 (m, 

4H, CH 2 ), 1.91 (s, 2H, N H ), 2.45 -  2.56 (m, 4H, C H 2), 2.66 (t, (0.53 x 4H), /  = 7.5 Hz, C H 2 N), 2.72 (t, 

(0.47 X 4H), /  = 7.5 Hz, C H 2N), 2.95 (t, (0.53 x 4H), /  = 5.5 Hz, C H 2N), 3.05 (t, (0.47 x 4H), /  = 5.5 Hz, 

CH 2 N), 3.97 (t, (0.53 X 4H), /  = 5.0 Hz, CH 2O), 4.13 (t, (0.47 x 4H), }  = 5.0 Hz, CH 2O), 6.57 (d, 2H, /  =

8.5 Hz, A rH ), 6.79 (d, 2H, /  = 8.5 Hz, A rH ), 6 . 8 8  -  7.03 (m, 6 H, A rH ), 7.11 -  7.31 (m, 16H, A rH ), 7.35 

-  7.39 (m, 2H, A rH ). “ C -N M R  (100 M Hz, CDCI3 ): 6  13.17, 13.63, 22.14, 22.17, 28.57, 29.05, 29.08, 

29.20, 29.27, 43.61, 48.35, 4843, 49.38, 49.43, 66.45, 66.70, 112.89, 113.61, 125.19, 125.57, 126.07, 126.83, 

127.31, 127.42, 127.65, 129.01, 129.25, 130.15, 130.36, 131.43, 135.19, 135.72. IR: (KBr) cm‘‘:

3320.4, 3054.8, 3026.2, 2957.2, 2928.9, 2871.1, 1674.6, 1606.4, 1507.5, 1461.4, 1374.4, 1284.0, 1243.1,

1173.5, 1133.9, 1030.4, 824.1, 768.6, 751.4, 700.6. H R M S (El): Found 414.2789 (M+H)", C2 9H 36NO  

requires 414.2797.

8.2.9.7 {2-[4 -(l,2 -D iphenylbu t-l-eny l)phenoxy]e thy l}hexyIam ine  [151]

As per general am ination method 8.2.9, the brom ide [135] (0.41 g, 1.00 m m ol) reacted w ith  

hexylamine [144]. Follow ing  purification, an isomeric m ixture  o f the desired product [151] was 

afforded as a b row n o il (0.36 g, 83 %, E/Z = 1:1.1).

’H -N M R  (400 M Hz, CDCI3 ): 6  0.88 -  0.98 (m, 12H, C H 3 ), 1.29 -  1.36 (m, 12H, CH 2 ), 1.47 -  1.57 (m, 

4H, CH 2 ), 1.86 -  1.92 (m, 2H, NH), 2.45 -  2.55 (m, 4H, C H 2), 2,64 (t, (0,53 x 4H), /  = 5 Hz, C H 2N), 2,71
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(t, (0.47 X  4H), /  =  7.3 Hz, CHzN), 2.94 (t, (0.53 x 4H), /  =  5.0 Hz, CHjN), 3.04 (t, (0.47 x 4H), /  =  5.0 

Hz, CHzN), 3.96 (t, (0.53 x 4H), /  = 5 Hz, CH 2O), 4.12 (t, (0.47 x 4H), /  = 5.0 Hz, CH 2O), 6.55 -  6.58 (m, 

2H, ArH), 6.77 -  6.80 (m, 2H, ArH), 6 . 8 8  -  7.04 (m, 6 H, ArH), 7.10 -  7.21 (m, 12H, ArH), 7.25 -  7.30 

(m, 4H, ArH), 7.34 -  7.38 (m, 2H, ArH). “ C-NMR (100 MHz, CDCI3): 6  13.21, 13.66, 22.19, 22.21, 

26.56, 26.58, 28.59, 29.40, 29.46, 31.32, 31.34, 48.27, 48.35, 49.34, 49.38, 66.34, 66.59, 112.91, 113.64, 

125.23, 125.61, 126.10, 126.87, 127.34, 127.45, 127.67, 129.04, 129.27, 130.18, 130.39, 131.47, 135.23, 

135.76, 137.77, 137.92, 140.92, 141.49, 141.93, 141.96, 142.89, 143.36, 156.29, 157.11. IR: v„,ax (KBr) cm' 

3317.3, 3055.4, 2951.7, 2926.8, 2856.7, 1673.9, 1606.6, 1506.3, 1462.6, 1375.2, 1284.4, 1242.6, 1173.6,

1031.0, 824.0, 768.4, 751.4, 699.5. HRMS (El): Found 428.2965 (M+H)", CjoHjgNO requires 428.2953.

8 .2.9.8 [2-(4-{l-[4-(tert-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]methylamine [152]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

methylamine [138]. Following purification, an isomeric mixture of the desired product [152] was 

afforded as a brown oil (0.38 g, 78 %, Z/£ = 1:1.3).

’H-NMR (400 MHz, CDCI3 ): 6  0.13 (s, 0.57 x 12H, Si(CH3 )2), 0.26 (s, 0.43 x 12H, Si(CH3)2), 0.95 -  1.03 

(m, 24H, (CH3)3), 2.45 -  2.53 (m, lOH, NCH 3, CH 2), 2.89 (s, 0.43 x 4H, CH 2), 2.99 (s, 0.57 x 4H, CHj), 

3.36 (s, 2H, NH), 3.95 (t, 0.43 x 4H, /  = 5.0 Hz, CH 2), 4.11 (t, 0.43 x 4H, /  = 5.0 Hz, CH 2), 6.50 -  7.20 

(m, 26H, ArH). “ C-NMR (100 MHz, CDCI3): 6  -4.91, -4.80, 13.21, 13.24, 17.75, 25.24, 25.26, 28,47, 

28.60, 35.39, 35.26, 49.47, 50.03, 50.12, 65.73, 65.99, 112.80, 113.54, 118.54, 119.12, 125.44, 125.48, 

127.33, 127.41, 129.25, 130.12, 130.20, 131.43, 131.57, 135.68, 136.02, 136.06, 136.35, 137.44, 137.53, 

140.59, 140.65, 142.11, 142.19, 153.06, 153.84, 156.10, 156.94. IR: (KBr) cm ': 3340.9, 2956.9,

2930.0, 2857.0, 1605.5, 1507.3, 1462.7, 1253.0, 1170.6, 1100.7, 1044.8, 914.4, 836.2, 805.0, 779.9, 700.0. 

HRMS (El): Found 488.2980 (M+H)" ,̂ C3iH42N02Si requires 488.2985.

8.2.9.9 [2-(4-{l-[4-(tcrf-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l-enyl}phenoxy)ethyl] 

ethylam ine [153]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

ethylamine [139]. Following purification, an isomeric mixture of the desired product [153] was 

afforded as a brown oil (0.36 g, 72 %, Z/E = 1:1.3).

’H-NMR (400 MHz, CDCI3): 6  0.14 (s, 0.57 x 12H, Si(CH3)2), 0.26 (s, 0.43 x 12H, Si(CH3)2 ), 0.95 -  1.04
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(m, 24H, CH 3, SiC(CH3)3), 1.14 -  1.23 (m, 6 H, CH 3), 2.53 (q, 4H, CHj), 2.63 (bs, 2H, NH), 2.73 -  2.81 

(m, 4H, CH 2), 2.97 -  2.98 (m, 4H, NCH 2 ), 3.99 (t, 0.43 x 4H, /  = 5.0 Hz, OCH 2), 4.15 (t, 0.57 x 4H, /  = 

5.0 Hz, OCH 2), 6.51 -  6.60 (m, 4H, ArH), 6.74 -  6.94 (m, 8 H, ArH), 7.12 -  7.21 (m, 14H, ArH). ” C- 

NMR (100 MHz, CDCI3 ): 6  -4.89, 4.78, 13.23, 13.25, 14.55, 14.63, 25.25, 28.48, 28.60, 43.49, 43.54, 

48.07, 48.17, 66.30, 66.56, 112.83, 113.57, 118.53, 119.10, 125.42, 125.46, 127.32, 127.41, 129.28, 130.12, 

130.18, 131.43, 131.54, 135.59, 136.00, 136.36, 137.46, 137.55, 140.54, 140.61, 142.14, 142.22, 153.06, 

153.84, 156.20, 157.04. IR; v„ax (KBr) cm ': 3436.0, 2959.1, 2930.2, 2857.7, 1605.7, 1507.1, 1462.4, 

1252.8, 1170.4, 1039.1, 915.1, 836.4, 804.9, 779.7, 700.2. HRMS (El); Found 502.3155 (M+H)*, 

C32H44N02Si requires 502.3141.

8.2.9.10 [2-(4-{l-[4-(fert-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]propylamine [154]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

propylamine [140]. Following purification, an isomeric mixture of the desired product [154] was 

afforded as a brown oil (0.48 g, 93 %, Z/£ = 1:1.2).

’H-NMR (400 MHz, CDCI3): 6  0.14 -  0.26 (m, 12H, CH 3), 0.93 -  1.05 (m, 30H, CH 3), 1.53 -  1.63 (m, 

4H, CH 2), 2.10 (s, 2H, NH), 2.50 -  2.55 (m, 4H, CH 2), 2.63 -  2.73 (m, 4H, CH 2), 2.95 -  2.97 (m, (0.45) x 

4H, NCH 2), 3.05 -  3.07 (m, (0.55) x 4H, NCH 2), 3.97 -  3.99 (m, (0.45) x 4H, OCH 2), 4.13 -  4.15 (m, 

(0.55) x 12H, OCH 2), 6.51 -  7.51 (m, 26H, ArH). ^'C-NMR (100 MHz, CDCI3); 6  -4.90, -4.79, 11.33, 

11.36, 13.23, 13.25, 17.76, 22.67, 22.73, 25.25, 28.48, 28.60, 48.34, 48.43, 51.26, 51.30, 53.01, 66.49, 66.73, 

76.35, 76.67, 76.99, 112.83, 113.56, 118.52,119.10, 125.42, 125.45, 127.32, 127.41, 129.28, 130.12, 130.17, 

131.43, 131.53, 135.53, 135.94, 136.02, 136.37, 137.48, 137.56, 140.51, 140.60, 142,15, 142.23, 153.06, 

153.83, 156.28, 157.11. IR: (KBr) cm ': 3435.9, 2958.6, 2855.07, 1606.3, 1507.1, 1462.2, 1243.1,

1170.2, 914.3, 835.8, 780.2, 700.0. HRMS (El): Found 516.3286 (M+H)", C3 3H,6N 0 2 Si requires 

516.3298.

8.2.9.11 [2-(4-{l-[4-(terf-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]isopropylamine [155]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

isopropylamine [141]. Following purification, an isomeric mixture of the desired product [155] was 

afforded as a brown oil (0.43 g, 83 %, Z/£ = 1:1.2).
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'H-NM R (400 MHz, CDCI3): 6 0.14 -  0.26 (m, 12H, CH3), 0.95 -  1.04 (m, 24H, CHj), 1.11 (d, (0.46) x 

12H, OCH 2), 1.16 (d, (0.54) X 12H, OCH 2 ), 2.50 -  2.55 (m, 6 H, CH 2 ,NH), 2.86 -  2.99 (m, 4H, NCH 2 

,CH), 3.05 (t, (0.55) X 4H, /  = 5.3 Hz, CH2 ), 3.99 (t, (0.45) x 4H, /  = 5.0 Hz, CH 2 ), 4.14 (t, (0.55) x 4H, /  = 

5.0 Hz, CHz), 6.51 -  7.51 (m, 26H, ArH). “ C-NMR (100 MHz, CDCI3): 6 -4.90, -4.79, 13.22, 13.24, 

17.76, 22.21, 22.28, 25.25, 28.48, 28.59, 45.78, 45.89, 48.17, 48.19, 49.59, 53.00, 66.58, 66.83, 76.37, 76.69, 

77.01, 112.86, 113.60, 118.52, 119.10, 125.42, 125.45, 127.32, 127.40, 129.27, 130.12, 130.16, 131.42, 

131.53, 135.58, 135.98, 136.01, 136.36, 137.48, 137.55, 140.53, 140.60, 142.15, 142.21, 153.06, 153.83, 

156.22, 157.06. IR: v^ax (KBr) cm ’: 3435.8, 2960.2, 2930.4, 2858.2, 1605.6, 1507.2, 1471.6, 1253.3, 

1170.9, 1051.9, 915.0, 837.2, 804.9, 780.4, 700.0. HRMS (El): Found 516.3288 (M+H)*, CjjHisNOzSi 

requires 516.3298.

8.2.9.12 Butyl[2-(4-{l-[4-(tert-butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]amine [156]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

butylamine [142]. Following purification, an isomeric mixture of the desired product [156] was 

afforded as a brown oil (0.45 g, 84 %, Z/£ = 1:1.2).

'H-NM R (400 MHz, CDCI3): 6  0.13 -  0.25 (m, 12H, CH 3), 0.92 -  1.03 (m, 30H, CH 3), 1.29 -  1.60 (m, 

8 H, CH 2), 2.20 (s, 2H, NH), 2.48 -  2.54 (m, 4H, CH 2), 2.65 -  2.75 (m, 4H, CH 2), 2.95 (t, (0.46) x 4H, /  = 

5.3 Hz, NCH 2), 3.06 (t, (0.54) x 4H, /  = 5.0 Hz, NCH 2 ), 3.98 (t, (0.46) x 4H, / = 5.0 Hz, OCH 2), 4.14 (t, 

(0.54) X 4H, /  = 5.0 Hz, OCH 2), 6.49 -  7.20 (m, 26H, ArH). ‘̂ C-NMR (100 MHz, CDCI3): 6  -4.91, -4.80, 

13.21, 13.24, 13.57, 13.60, 17.75, 20.01, 20.05, 25.25, 28.46, 28.59, 31.61, 31.68, 48.35, 48.44, 49.07, 49.12, 

66.39, 66.64, 76.29, 76.61, 76.93, 112.81, 113.54, 118.51, 119.08, 125.40, 127.30, 127.39, 129.27, 130.10, 

130.16, 131.40, 131.52, 135.54, 135.96, 135.99, 136.35, 137.45, 137.53, 140.51, 140.59, 142.13, 142.21, 

153.04, 153.81, 156.23, 157.05. IR: (KBr) cm ’: 3436.2, 2930.2, 2855.1, 1606.04, 1507.3, 1462.6,

1243.2, 1170.4, 914.1, 835.7, 770.5, 700.2. HRMS (El); Found 530.3466 (M+H)", C34H4sN02Si requires 

530.3454.

8.2.9.13 [2-(4-{l-[4-(tert-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]pentyIamine [157]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

pentylamine [143]. Following purification, an isomeric mixture of the desired product [157] was
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afforded as a brown oil (0.32 g, 59 %, Z/£ = 1:1.3).

’H-NMR (400 MHz, CDCI3): 6 0.12 (s, (0.57 x 12H), SiCHj), 0.24 (m, (0.43 x 12H), SiCHj), 0.93 -  1.01 

(m, 30H, CH 3, CCH3), 1.32 -  1.37 (m, 8 H, CH 2 ), 1.50 -  1.58 (m, 4H, CHj), 1.91 (s, 2H, NH), 2.50 (q, 

4H, CH 2 ), 2.65 (t, (0.43 x 4H), /  = 7.5 Hz, CHjN), 2.71 (t, (0.57 x 4H), /  = 7.5 Hz, CHzN), 2.95 (t, (0.43 x 

4H), /  = 5.0 Hz, CHzN), 3.05 (t, (0.57 x 4H), / = 5. Hz, CH 2N), 3.97 (t, (0.43 x 4H), /  = 5.3 Hz, CH 2O), 

4.13 (t, (0.57 X 4H), /  = 5.3 Hz, CH 2O), 6.49 (d, 2H, /  = 8.5 Hz, ArH), 6.57 (d, 2H, /  = 9.0 Hz, ArH), 6.71 

-  6.92 (m, 8 H, ArH), 7,09 -  7.19 (m, 14H, ArH). ’"C-NMR (100 MHz, CDCI3): 6 -4.92, -4.82, 13.21, 

13.63, 17.74, 22.18, 25.21, 28.45, 28.57, 29.06, 29.10, 29.26, 29.33, 48.40, 48.47, 49.40, 49.44, 66.73, 

112.79, 113.53, 118.49, 119.07, 125.38, 127.28, 127.38, 129.26, 130.09, 130.15, 131.39, 131.50, 135.51, 

135.93, 137.53, 140.49, 140.58, 142.14, 153.03, 156.25, 157.07. IR: (KBr) cm ' : 2957.21, 2930.0,

2858.4, 1682.6, 1605.1, 1505.3, 1462.9, 1253.3, 1171.4, 1050.0, 915.3, 838.1, 805.0, 780.0, 700.0. HRMS 

(El): Found 544.3607 (M+H)^ C3 5H 5oN0 2 Si requires 544.3611.

8.2.9.14 [2-(4-{l-[4-(tert-Butyldimethylsilanyloxy)phenyl]-2-phenylbut-l- 

enyl}phenoxy)ethyl]hexylamine [158]

As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

hexylamine [144]. Following purification, an isomeric mixture of the desired product [158] was 

afforded as a brown oil (0.35 g, 62 %, Z/E = 1:1.3).

'H-NMR (400 MHz, CDCI3): 6 0.12 (s, (0.57 x 12H), SiCHj), 0.24 (m, (0.43 x 12H), SiCH3 ), 0.93 -  1.01 

(m, 30H, CH 3, CCH 3), 1.33 -  1.35 (m, 12H, CH 2), 1.52 -  1.58 (m, 4H, CH 2), 2.47 -  2.58 (m, 4H, CH 2), 

2 .65-3.08 (m, lOH, CH 2 , NH), 3.98 (t, (0.53) x 4H, /  = 5.3 Hz, OCH 2 ), 4.14 (t, (0.47) x 4H, /  = 5.0 Hz, 

OCH 2 ), 6.58 -  7.40 (m, 26H, ArH). "C-NMR (100 MHz, CDCI3): 6  -4.92, -4.82, 13.21, 13.66, 17.74, 

22.19, 22.21, 26.56, 26.58, 28.59, 29.40, 29.46, 31.32, 31.34, 48.27, 48.35, 49.34, 49.38, 66.34, 66.59, 

112.91, 113.64, 125.23, 125.61, 126.10, 126.87, 127.34, 127.45, 127.67, 129.04, 129.27, 130.18, 130.39, 

131.47, 135.23, 135.76, 137.77, 137.92, 140.92, 141.49, 141.93, 141.96, 142.89, 143.36, 156.29, 157.11. IR: 

(KBr) cm ': 3303.9, 3032.7, 2956.52, 2857.9, 1747.5, 1668.2, 1605.2, 1505.3, 1463.3, 1381.5, 1253.6, 

1171.1, 1036.6, 914.9, 838.2, 780.9, 700.0. HRMS (El): Found 558.3765 (M+H)^ C36H52N02Si requires 

558.3767.

8.2.9.15 [2-(4-{l-[4-(te»'t-Butyldimethylsilanyloxy)phenyI]-2-phenylbut-l-enyl}- 

phenoxy)ethyl]cyclohexyIamine [159]
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As per general amination method 8.2.9, the bromide [136] (0.54 g, 1.00 mmol) reacted with 

cyclohexylamine [145]. Following purification, an isomeric mixture of the desired product [159] 

was afforded as a brown oil (0.35 g, 63 %, Z/£ = 1:1.4).

’H-NMR (400 MHz, CDCI3): 6  0.14 -  0.27 (m, 12H, CH 3), 0.96 -  1.05 (m, 24H, CH 3), 1.10 -  1.34 (m, 

lOH, CH 2), 1.62 -  1.99 (m, 12H, CHj), 2.46 -  2.59 (m, 6 H, CH 2 ,NH), 2.98 (t, (0.42) x 4H, /  = 5.3 Hz, 

CH 2 ), 3.08 (t, (0.58) X 4H, /  = 5.3 Hz, CH 2 ), 3.98 (t, (0.42) x 4H, /  = 5.0 Hz, CH 2 ), 4.13 (t, (0.58) x 4H, / 

= 5.0 Hz, CH 2 ), 6.51 -  7.21 (m, 26H, ArH). ' ’C-NMR (100 MHz, CDCI3); 6 -4.89, -4.77, 13.24, 13.26, 

17.77, 24.60, 24.62, 25.26, 25.71, 25.74, 28.49, 28.60, 33.03, 33.08, 45.42, 45.51, 53.21, 56.24, 66.91, 67.15, 

76.36, 76.68, 77.00, 112.87, 113.60, 118.52, 119.09, 125.41, 125.45, 127.32, 127.40, 129.28, 130.13, 130.16, 

131.44, 131.52, 135.49, 135.91, 136.02, 136.38, 137.51, 137.59, 140.48, 140.57, 142.16, 142.23, 153.06, 

153.83, 156.32, 157.17. IR: v„,ax (KBr) cm ' : 3426.0, 2929.4, 28.55.4, 1605.3, 1506.9, 1462.4, 1253.2, 

1170.5, 1044.0, 915.2, 837.2, 804.6, 780.3, 699.6, HRMS (El): Found 556.3615 (M+H)*, CjeHjoNOzSi 

requires 556.3611.

8.2.9.16 [2-(4-{l,2-Bis-[4-(f?rf-butyldimethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]melhylamine [160]

As per general amination method 8.2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with 

methylamine [138]. Following purification, an isomeric mixture of the desired product [160] was 

afforded as a brown oil (0.47 g, 76 %, Z / E  = 1:1.4).

'H-NMR (400 MHz, CDCI3): 6  0.14 (s, 6 H, CH 3), 0.19 (s, 6 H, CH 3), 0.95 -  1.00 (m, 21H, CH3), 2.48 (q, 

2H, / = 7.0 Hz, CH 2), 2.55 (s, 3H, CH 3), 2.80 (s, IH, NH), 3.03 (s, 2H, NCH 2 ), 4.13 (s, 2H, OCH 2), 6.50 

(d, 2H, /  = 8.0 Hz, ArH), 6 . 6 6  (d, 2H, /  = 6.5 Hz, ArH), 6.72 (d, 2H, /  = 8.0 Hz, ArH), 6,90 (d, 2H, / = 

7.0 Hz, ArH), 6.97 (d, 2H, /  = 8.0 Hz, ArH), 7.17 (d, 2H, /  = 7.0 Hz, ArH). '"C-NMR (100 MHz, 

CDCI3): 6 -4.88, -4.84,13.29, 17.74,17.80, 25.24, 25.29, 28.35, 35.61, 50.22, 66.18, 113.51,118.40, 119.03, 

130.22, 130.25, 131.48, 135.06, 136.19, 136.24, 136.94, 140.22, 152.94, 153.30,156.91. IR: v™, (KBr) cm ’

: 3401.3, 2956.7, 2930.4, 2857.6,1606.1,1508.0,1471.8, 1253.9,1169.7, 915.2, 835.6, 804.7, 779.5. HRMS 

(El): Found 618.3785 (M+H)*, C3 7H 5 6N 0 3 Si2 requires 618.3799.

8.2.9.17 [2-(4-{l,2-Bis-[4-(tert-butyIdimethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]ethyIamine [161]

As per general amination method 8.2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with
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ethylam ine [139], Following purification, an isom eric m ixture of the desired p roduct [161] was 

afforded as a brow n oil (0.47 g, 75 %, Z/£ = 1:1.4).

’H-NMR (400 M Hz, CDCI3): Full assignm ent discussed in C hapter 2.

'^C-NMR (100 M Hz, CDCI3): Full assignm ent discussed in C hapter 2.

IR: v„ax (KBr) cm ': 3418.8, 3033.1, 2957.8, 2930.6, 2857.8, 1605.9, 1507.6, 1471,8, 1254.0, 1168.5, 

1041.8, 915.0, 836.3, 803.2, 780.0. HRM S (El): Found 632.3964 (M+H)", C 3sH 5 7N 0 3 Si2 requires 

632.3950.

8.2.9.18 [2-(4-{l,2-Bis-[4-(fcrf-butyldim ethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]propylam ine [162]

As per general am ination m ethod 8.2.9, the brom ide [137] (0.67 g, 1.00 m mol) reacted w ith 

propylam ine. Following purification, an isom eric m ixture of the desired product w as afforded as a 

brow n oil (0.52 g, 80 %, Z/E = 1:1.4).

’H-NM R (400 M Hz, CDCI3 ): 6  0.12 -  0.23 (m, 24H, Si(CH 3)2 ), 0.92 -  1.01 (m, 33H, C((CH 3 )3 ), CH 3 ), 

1.28 (m, 3H, CH 3 ), 1.59 -  1.70 (m, 4H, CHj), 2.44 -  2.47 (m, 4H, CH 2 ), 2.71 -  2.76 (m, 4H, C H 2), 3.02 

(m, 2H, CHz), 3.10 (m, 2H, CH 2 ), 3.99 (m, 2H, C H 2), 4.15 (m, 2H, C H 2), 6.44 -  7.15 (m, 24H, ArH). 

“C-NMR (100 M Hz, CDCI3 ): 6  -4.90, -4.86, -4.82, -0.44, 11.14, 13.25, 17.74, 17.80, 21.78, 25.23, 25.26, 

28.44, 28.51, 29.26, 47.84, 112.77, 112.88, 113.57, 113.90, 114.33, 114.66, 118.51, 119.11, 119.15, 130.08, 

130.20, 130.29, 130.39, 131.41, 131.54, 131.65, 135.09, 136.04. IR: v„ax (KBr) cm ': 3429.2, 3033.3, 

2958.1, 2930.9, 1605.8, 1507.6, 1471.9, 1253.8, 1169.4, 915.4, 837.0, 804.7, 780.2. HRMS (El): Found 

646.4092 (M+H)", CjsHeoNOaSiz requires 646.4112.

8.2.9.19 [2-(4-{l,2-Bis-[4-(tert-butyldim ethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]isopropylam ine [163]

As per general am ination m ethod 8.2.9, the brom ide [137] (0.67 g, 1.00 m m ol) reacted w ith 

isopropylam ine [141]. Following purification, an isom eric m ixture of the desired  p roduct [163] w as 

afforded as a brow n oil (0.40 g, 62 %, Z/E = 1:2.1).

’H-NM R (400 MHz, CD3OD): 6 0.14 -  0.25 (m, 24H, Si(CH 3)2 ), 0.93 -  1.02 (m, 42H, C((CHj)3), CH 3), 

1.10 -  1.16 (m, 12H, CH 3 ), 2.05 (s, 2H, NH), 2.47 (q, 4H, J = 7.3 Hz, C H 2), 2.88 (m, 2H, CH), 2.96 (t, 

0.70 X 4H, /= 5.5 Hz, C H 2), 3.04 (t, 0.30 x  4H, /= 5.0 Hz, C H 2 ), 3.98 (t, 0.67 x  4H, /= 5.5 Hz, C H 2 ), 4.13
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(t, 0.33 X 4H, /= 5.0 Hz, CH 2), 6.49 -  7.17 (m, 24H, ArH). '’C-NMR (100 MHz, CD3OD): 6 -4.89, -4.83, 

-4.81, 13.25, 17.75, 17.81, 22.35, 25.25, 25.29, 28.35, 28.45, 45.90, 45.97, 48.08, 48.14, 66.70, 66.94, 76.29, 

76.61, 76.93, 112.78, 113.55, 118.38, 119.02, 119.06, 119.14, 130.14, 130.19, 130.23, 131.48, 131.54, 

135.15, 135.74, 136.19, 136.54, 136.89, 140.14, 140.17, 153.27, 153.72, 156.14. IR: (KBr) cm ':

3435.7, 3033.4, 2958,9, 2930.8, 2858.7, 1605.5, 1507.6, 1472.1, 1253.8, 1169.3, 1052.4, 915.5, 837.7, 803.7, 

780.1. HRMS (El): Found 646.4128 (M+H)*, CasHsoNOjSiz requires 646.4112..

8.2.9.20 [2-(4-{l,2-Bis-[4-(fert-butyldimethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]butyIamine [164]

As per general amination method 8.2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with 

butylamine [142]. Following purification, an isomeric mixture of the desired product [164] was 

afforded as a brown oil (0.45 g, 6 8  %, Z/E = 1:1.4).

'H-NMR (400 MHz, CDCI3): 6  0.14 -  0.25 (m, 24H, Si(CH3)2), 0.96 -  1.03 (m, 48H, C((CH3)3), CH 3), 

1.35 -  1.59 (m, 8 H, CHj), 2.45 -  2.50 (m, 4H, CH 2 ), 2.67 -  2.76 (m, 4H, CHj), 2.98 (m, 0.42 x 4H, CHz), 

3.06 (m, 0.58 x 4H, CH 2 ), 3.99 (m, 0.42 x 4H, CH 2), 4.13 (m, 0.58 x 4H, CH 2), 6.49 -  7.17 (m, 24H, 

ArH). '^C-NMR (100 MHz, CDCI3): 6  -4.89, -4.85, -4.80, 13.28, 13.59, 17.73, 17.80, 20.00, 25.23, 25.25, 

25.28, 25.40, 25.42, 28.35, 28.47, 31.53, 48.28, 48.33, 48.97, 49.03, 66.24, 66.47, 76.30, 76.62, 76.94, 

112.75, 113.53, 118.39, 119.02, 119.07, 119.15, 130.14, 130.20, 130.24, 130.80, 131.47, 131.56, 135.07, 

135.17, 135.77, 136.21, 136.53, 136.89, 136,93, 140.17, 140.19, 152.94, 153.28, 153.73, 156.09, 156.92. IR: 

v„,ax (KBr) cm ': 3429,9, 2957.7, 2930.7, 2858.2, 1606.6, 1508.0, 1463.3, 1253.6, 1169.3, 915.4, 836.1, 

779,8, HRMS (El): Found 660.4246 (M+H)*, C4oH6 2N 0 3 Si2 requires 660.4268.

8.2.9.21 [2-(4-{l,2-Bis-[4-(tcj't-butyldimethylsilanyIoxy)phenyl]but-l- 

enyI}phenoxy)ethyI]pentylamine [165]

As per general amination method 8.2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with 

pentylamine [143]. Following purification, an isomeric mixture of the desired product [165] was 

afforded as a brown oil (0.44 g, 65 %, Z/£ = 1:1.4).

’H-NMR (400 MHz, CDCI3): 6  0.13 -  0.24 (m, 12H, Si(CH3)2 ), 0.89 -  1.01 (m, 48H, CH 3, SiC(CH3)3), 

1.32 -  1.59 (m, 12H, CH 2), 2.44 -  2.46 (m, 4H, CH 2), 2.71 -  2.76 (m, 4H, CH 2), 2.99 -  3.08 (m, 4H, 

CH 2), 3.98 - 4.13 (m, 4H, CH 2), 6.45 -  7.13 (m, 24H, ArH). "^C-NMR (100 MHz, CDCI3): 6  -4.90, -4.85, 

4.81, 13.26, 13.56, 17.72, 17.79, 21.89, 22.01, 22.05, 25.24, 25.27, 27.73, 28.50, 28.60, 28.72, 28.87, 28,93,
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33.46, 47.49, 61.51, 65.32, 65.81, 112.73, 112.82, 113.54, 114.05, 114.54, 114.72, 114.80, 118.49, 119.06, 

119.11, 119.15, 130.12, 130.24, 130.36, 131.45, 131.58, 131.64, 133.31, 134.88, 135.29, 136.52, 136.56, 

136.62, 136.92, 136.98, 139.77, 153.23, 153.68, 154.51, 155.10, 155.68, 155.77. IR: v^x (KBr) cm ': 

3421.8, 2930.5, 2858.4, 1697.4,1508.3, 1463.0, 1253.2, 1169.3, 1099.8, 1052.8, 913.8, 835.2, 780.6. HRMS 

(El): Found 674.4439 (M+H)*, C4 iH6 4N 0 3 Si requires 674.4419.

8.2.9.22 [2-(4-{l,2-Bis-[4-(terf-butyldimethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyI]hexylamine [166]

As per general amination method 8.2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with 

hexylamine [144]. Following purification, an isomeric mixture of the desired product [166] was 

afforded as a brown oil (0.38 g, 55 %, Z/£ = 1:1.4).

'H-NM R (400 MHz, CDCI3): & 0.17 (d, 12H, /  = 20 Hz, 2.5 Hz, CH 3), 0.91 -  1.02 (m, 24H, CH 3), 1.33 

(m, 16H, CHz), 2.40 -  2.52 (m, 4H, CHj), 2.64 -  2.79 (m, 2H, /  = 7.25 Hz, NCH 2), 2.93 - 3.02 (m, 2H, 

NCH 2), 3.96 (m, 2H, OCH 2), 4.11 (t, 2H, / = 5 Hz, OCH 2), 6.42 -  6.50 (m, 2H, ArH), 6.56 -  6.82 (m, 

12H, ArH), 6.89 -  7.07 (m, 8 H, ArH), 7.12 (dd, 2H, / = 2 Hz, 8.5 Hz, ArH). '^C-NMR (100 MHz, 

CDCI3): 6  -5.58, -5.55, 12.72, 12.74, 13.07, 17.78, 22.28, 14.85, 24.90, 26.31, 26.61, 26.64, 28.50, 28.70, 

28.76, 29.00, 31.29, 31.45, 31.48, 32.30, 39.04, 48.99, 49.07, 60.90, 65.87, 66.13, 112.96, 113.05, 113.73, 

113.77, 113.83, 114.32, 114.36, 114.50, 118.61, 119.23, 119.25, 130.26, 130.29, 130.31, 130.53, 131.63,

131.71, 131.73, 133.30, 133.37, 134.68, 134.96, 135.83, 136.49, 136.70, 136.78, 137.02, 137.18, 137.23,

137.87, 137.94, 139.99, 140.24, 140.80, 140.85, 153.35, 153.76, 154.19, 154.96, 155.35, 155.89, 156.57,

157.43. IR: (KBr) cm ‘: 3305.4, 2950.3, 2920.7, 2858.6, 1642.3, 1607.4, 1508.5, 1463.6, 1383.7,

1254.3, 1170.2, 1100.2, 1060.0, 914.3, 836.0, 804.8, 781.51. HRMS (El): Found 688.4597 (M+H)*, 

C4 iH 6 4N 0 3 Si requires 688.4575.

8.2.9.23 [2-(4-{l,2-Bis-[4-(tert-butyldimethylsiIanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyI]cyclohexylamine [167]

As per general amination method 8,2.9, the bromide [137] (0.67 g, 1.00 mmol) reacted with 

cyclohexylamine [145]. Following purification, an isomeric mixture of the desired product [167] 

was afforded as a brown oil (0.54 g, 78 %, Z/£ = 1:1.2).

'H-NM R (400 MHz, CDCI3): b 0.13 - 0.24 (m, 24H, CH 3 ), 0.92 -  1.02 (m, 42H, CH 3 ), 1.14 -  2.02 (m, 

20H, CH 2), 2.43 -  2.49 (m, 4H, CH 2), 2.54 -  2.68 (m, 2H, CH), 3.02 (t, (0.45) x 4H, /  = 5,0 Hz, NCH 2),
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3.10 (t, (0.55) X 4H, /  = 5.0 Hz, N CH 2), 4.01 (t, (0.45) x 4H, /  = 5.0 Hz, O CH 2), 4.16 (t, (0.55) x 4H, /  = 

5.0 Hz, 0CH2),6.48 - 7.14 (m, 24H, ArH). “C-NMR (100 MHz, CDCI3): 6  -4.89, -4.86, -4.84, -4.81, 

13.27, 17.72, 17.79, 24.32, 24.51, 24.98, 25.22, 25.24, 25.27, 25.31, 25.45, 28.33, 28.47, 32.21, 32.56, 44.91, 

46.63, 56.26, 56.35, 66.06, 66.24, 76.36, 76.67, 76.99, 112.80, 113.57, 118.38, 119.01, 119.05, 119.14, 

130.12, 130.18, 130.23, 131.46, 131.54, 135.05, 135.13, 135.83, 136.17, 136.26, 136.52, 136.86, 136.92, 

140.16, 140.19, 152.93, 153.27, 153.72, 155.94, 156.78, 160.00. IR; v,„ax (KBr) cm ': 3435.1, 2929.9, 

2856.5, 1651.5, 1605.1, 1507.5, 1472.0, 1389.9, 1362.0, 1253.4, 1170, 1101.1, 1044.7, 916.0, 838.8, 804.7, 

779.6. HRMS (El): Found 686.4439 (M+H)", C42He4 N 0 3 Si2 requires 686.4425.

8.2.10 General method for deprotection of tert-butyldim ethylsilyl (TBDMS) ether group

The silyl ether is dissolved in a m inim um  am ount (~5 mL) of THF w hile stirred  under 

nitrogen. An equim olar quantity  of TBAF is added , relative to the num ber of silyl protecting 

groups present, and  the m ixture is allow ed stir for 16-24 h. The reaction is m onitored via TLC 

(DCM:MeOH). The solvent is evaporated to dryness. The residue is redissolved in DCM (-30 mL) 

and then w ashed w ith a quantity  of 10 % HCl solution (-20 mL). The organic phase is d ried  over 

sodium  sulphate and  evaporated  to dryness in vacuo. The residue is purified via flash 

chrom atography on silica gel (DCM:MeOH) to afford the product as a m ixture of £/Z-isom ers.

8.2.10.1 4-{l-[4-(2-M ethylam inoethoxy)phenyl]-2-phenylbut-l-enyl}phenol [20] (Endoxifen)^^^'“  

As per general deprotection  m ethod 8.2.10, the am ine [152] (0.12 g, 0.25 mmol) upon  reaction 

afforded an isomeric m ixture of p roduct [20] as a brow n oil (85 mg, 93 %, E/Z  = 1.1:1).

'H-NMR (400 MHz, CDCI3): 6  0.95 (t, 6 H, /  = 7.5 Hz, C H 3), 2.48 -  2.56 (m, lOH, N C H 3, C H 3), 2.94 (s, 

0.52 X  4H, CH 2), 3.04 (s, 0.48 x 4H, C H 2), 3.96 (t, 0.52 x 4H, /  = 4.8 Hz, CH 2), 4.12 (t, 0.48 x 4H, /  = 4.8 

Hz, CH 2), 4.92 (s, 4H, NH, OH), 6.43 -  7.20 (m, 26H, ArH). "’C-NMR (100 M Hz, CDCI3): 6  13.25, 

28.56, 28,63, 49.42, 57.90, 64.66, 112.81, 113.58, 114.12, 114.82, 125.42, 127.36, 127.39, 129.27, 130.17, 

130.20, 131.54, 131.58, 134.32, 134.67, 136.07, 136.52, 137.48, 140.20, 140.41, 142.23, 142.26, 154.29, 

155.22, 155.62, 156.49. IR: (KBr) cm ': 3391.6, 3188.4, 2956.7, 2929.8, 2870.4, 1606.2, 1507.7 (C=C),

1462.0, 1238.8, 1170.4, 1036.6, 835.9, 770.8, 699.9. HRMS (El): Found 374.2116 (M+H)", C 25H 28N O 2 

requires 374.2120.

8.2.10.2 4-{l-[4-(2-Ethylaminoethoxy)phenyl]-2-phenyIbut-l-enyI}phenol [168]

As per general deprotection m ethod 8.2.10, the am ine [153] (0.12 g, 0.24 m mol) upon  reaction
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afforded an isomeric mixture of product [168] as a brown oil (83 mg, 90 %, £/Z = 1.1:1).

’H-NMR (400 MHz, CDCI3): 6  0.92 (t, 6 H, /  = 7.25 Hz, CH 3), 1.19 (m, 6 H, ]  = 7.5 Hz, CH 3), 2.54 (q, 

4H, /  = 7.52 Hz, CH 2 ), 2.78 (m, 4H, CHz), 2.99 (t, 2H, /  = 5.25 Hz, NCH 2), 3.07 (t, 2H, /  = 5.25 Hz, 

NCH 2), 2.99 (q, 2H, /  = 1.5 Hz, NH), 3.99 (t, 2H, /  = 5.25 Hz, OCH 2), 4.13 (t, 2H, ]  = 5.0 Hz, OCH 2), 

6.45 (d, 2H, /  = 8.5 Hz, ArH), 6.60 (t, 6 H, /  = 9.0 Hz, ArH), 6.67 (d, 2H, / = 8.5 Hz, ArH), 6.76 -  6.78 

(m, 4H, ArH), 6.92 (t, 6 H, / = 8.5 Hz, / = 6.5 Hz, ArH), 7.01 (d, 2H, }  = 8.0 Hz, ArH), 7.12 (d, 2H, /  = 

8.5 Hz, ArH). “ C-NMR (100 MHz, CDCI3): 6  12.24, 12.38, 27.92, 42.69, 42.75, 46.55, 46.76, 46.98, 

47.11, 47.19, 47.40, 47.61, 47.83, 65.13, 65.44, 112.50, 113.27, 113.84, 113.99, 129.77, 129.83, 130.07, 

131.23, 133.09, 134.50, 134.77, 136.31, 136.60, 136.90, 139.76, 140.03, 154.36, 154.75, 155.29, 156.86. IR: 

v„,ax (KBr) cm ': 3432.0, 2966.1, 2927.5, 2864.7, 1608.2, 1509.6, 1462.0, 1238.9, 1169.7, 831.4. HRMS 

(El): Found 388.2278 (M+H)", C2 6H 3 0NO2 requires 388.2277.

8.2.10.3 4-{2-Phenyl-l-[4-(2-propylaminoethoxy)phenyl]but-l-enyl}phenol [169]

As per general deprotection method 8.2.10, the amine [154] (0.12 g, 0.23 mmol) upon reaction 

afforded an isomeric mixture of product [169] as a brown oil (81 mg, 87 %, £/Z = 1:1.2),

'H-NM R (400 MHz, CDCI3): 6  0.90 -  0.99 (m, 12H, CH 3), 1.57 (m, 4H, CH 2), 2.40 -  2.48 (m, 4H, CH 2 )

, 2.61 (t, 2H, /  = 7.5 Hz, CH 2), 2.66 (t, 2H, / = 7.5 Hz, CH 2), 2.92 (t, 2H, / = 5.0 Hz, CHz), 3.01 (t, 2H, /  =

5.0 Hz, CH 2), 3.32 -  3.33 (m, 2H, CH 2), 3.37 (s, 2H, CH 2), 3.96 (t, 2H, /  = 5.0 Hz, CH 2), 4.10 (t, 2H, / =

5.0 Hz, CH 2), 6.44 (d, 2H, /  = 8.5 Hz, ArH), 6.58 -  6.62 (m, 6 H, ArH), 6.77 (dd, 4H, /  = 3.5 Hz, 5 Hz, 

ArH), 6.90 -  6.94 (m, 6 H, ArH), 7.01 (d, 2H, /  = 8.5 Hz, ArH), 7.10 (d, 2H, /  = 8.5 Hz, ArH). ''C - 

NMR (100 MHz, CDCI3 ): 6  10.12, 10.16, 12.26, 12.54, 19.91, 21.42, 21.50, 26.27, 27.22, 27.98, 46.54, 

46.76, 46.98, 47.19, 47.40, 47.61, 47.83, 50.44, 50.50, 52.82, 65.49, 65.76, 112.50, 113.28, 113.86, 114.00, 

129.79, 129.83, 130.09, 131.25, 133.10, 134.50, 134.78, 136.20, 136.51, 136.93, 136.98, 139.73, 139.97, 

154.37, 154.77, 154.79, 156.94. IR: v„,ax (KBr) cm ': 3400.4, 2961.3, 2931.0, 2871.7, 1607.9, 1509.6, 

1460.1,1238.8, 1169.9, 831.4. HRMS (El): Found 402.2440 (M+H)*, C2 7H 3 2NO 2 requires 402.2433.

8.2.10.4 4-{l-[4-(2-Isopropylaminoethoxy)phenyI]-2-phenylbut-l-enyl}phenol [170]

As per general deprotection method 8.2.10, the amine [155] (0.12 g, 0.23 mmol) upon reaction 

afforded an isomeric mixture of product [170] as a brown oil (91 mg, 85 %, E/Z = 1:1.2).

’H-NMR (400 MHz, CDCI3): 6 0.93 (t, 6 H, /  = 7.0 Hz, CH 3), 1.17 (dd, 12H, /  = 6.5 Hz, /  = 8.5 Hz,
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CHj), 2.54 (m, 4H, CHz), 3.01 (m, 4H, NCH 2), 3.09 (s, 2H, CH), 3.35 (d, 4H, /  = 17.0 Hz, NCH 2), 4.01 

(s, 2H, OCH 2), 4.15 (s, 2H, OCH 2), 6.45 (d, 2H, /  = 8.5 Hz, ArH), 6.58 -  6.63 (m, 6 H, ArH), 6.67 (d, 

IH , /  = 8.5 Hz, ArH), 6.78 (t, 4H, /  = 8.75 Hz, ArH), 6.91 -  6.95 (m, 6 H, ArH), 7.01 (d, IH , /  = 8.5 Hz, 

ArH), 7.12 (d, 2H, /  = 8.0 Hz, ArH). ' ’C-NMR (100 MHz, CDCI3): 6  12.22, 19.85, 20.00, 27.95, 42.69, 

44.72, 44.85, 46.52, 46.74, 46.95, 47.16, 47.37, 47.59, 47.80, 65.20, 65.53, 112.51, 113.26, 113.82, 113.98, 

129.76, 129.83, 130.07, 131.21, 133.08, 134.49, 134.75, 136.36, 136.64, 136.90, 139.77, 140.05, 154.36, 

154.78, 155.94, 156.84. IR: v„,ax (KBr) cm ’ : 3435.7, 2968.2, 2932.6, 1608.0, 1508.1, 1466.2, 1440.4, 

1278.4, 1236.2, 1174.3, 1056.3, 834.1, 770.07, 704.2. HRMS (El): Found 402.2414 (M+H)", C2 7H 3 2NO 2 

requires 402.2433.

8.2.10.5 4-{l-[4-(2-Butylaminoethoxy)phenyl]-2-phenylbut-l-enyl}phenol [171]

As per general deprotection method 8.2.10, the amine [156] (0.12 g, 0.23 mmol) upon reaction 

afforded an isomeric mixture of product [171] as a brown oil (75 mg, 80 %, £/Z = 1:1.1).

’H -NM R (400 MHz, CDCI3 ): 6  0.90 -  0.97 (m, 12H, CH,), 1.31 -  1.42 (m, 4H, CH 2), 1.56 -  1.68 (m, 

4H, CH 2 ), 2.46 -  2.53 (m, 4H, CH 2), 2.74 -  2.84 (m, 4H, CHj), 3.02 (t, (0.52) x 4H, /  = 5.0 Hz, NCHj), 

3.11 (t, (0.48) X 4H, /  = 5.0 Hz, CH 2), 3.99 (t, (0.52) x 4H, /  = 4.5 Hz, CH 2), 4.16 (t, (0.48) x 4H, /  = 5.0 

Hz, CH 2), 5.14 (s, 4H, NH, OH), 6.45 - 7.20 (m, 26H, ArH). '^C-NMR (100 MHz, CDCI3); 6  13.22, 

13.26, 13.48, 13.51, 19.93, 19.97, 28.56, 28.66, 30.84, 30.93, 47.94, 48.03, 48.80, 48.84, 65.54, 65.85, 76.29, 

76,60, 76.92, 112.79, 113.56, 114.18, 114.85, 125.41, 127.36, 127.40, 129.29, 130.18, 130.26, 131.55, 

131.65, 134.41, 134.72, 135.88, 136.39, 137.50, 140.18, 140.34, 142.25, 142.31, 154.19, 155.16, 155.83, 

156.70. IR: (KBr) cm ' : 3436.6, 2956.5, 2929.2, 1631.2,1608.2, 1508.3, 1457.6, 1239.4, 1170.8, 833.8,

700.9. HRMS (El): Found 416.2572 (M+H)", C2 8H 3 4NO 2 requires 416.2590.

8.2.10.6 4-{l-[4-(2-Pentylaminoethoxy)phenyl]-2-phenylbut-l-enyl}phenoI [172]

As per general deprotection method 8.2.10, the amine [157] (0.12 g, 0.22 mmol) upon reaction 

afforded an isomeric mixture of product [172] as a brown oil (85 mg, 90 %, £/Z = 1.1:1).

'H -N M R  (400 MHz, CDCI3): 6  0.88 - 0.96 (m, 12H, CH 3), 1.28 -  1.36 (m, 8 H, CHj), 1.57 -  1.61 (m, 4H, 

CH 2 ), 2.46 -  2.54 (m, 4H, CH 2 ), 2.70 (t, (0.53 x 4H), /  = 7.5 Hz, CH 2N), 2.76 (t, (0.47 x 4H), /  = 7.5 Hz, 

CH 2 N), 2.98 (s, (0.53 x 4H), CH 2N), 3.08 (t, (0.47 x 4H), CH 2N), 3.84 -  4.20 (m, 8 H, CH 2O, NH, OH), 

6.44 - 6.51 (m, 4H, ArH), 6.67 -  6 . 8 6  (m, 8 H, ArH), 7.02 -  7.20 (m, 14H, ArH). *’C-NMR (100 MHz, 

CDCI3): 6  13.20, 13.26, 13.56, 22.03, 22.05, 28.55, 28.64, 28.89, 28.93, 48.01, 49.05, 112.79, 113.56,
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114.09, 114.79, 118.75, 124.27, 125.40, 127.36, 127.39, 129.27, 130.16, 130.24, 131.52, 131.63, 137.45, 

140.38, 142.28, 154.95, 156.70. IR: (KBr) cm*': 3294.7, 2956.52, 2930.3, 1606.8, 1505.5, 1370.8,

1239.1.1171.3.1028.9, 833.5, 733.68, 700.74. HRMS (El): Found 430.2741 (M+H)", C2 9H 36NO 2 requires 

430.2746.

8.2.10.7 4-{l-[4-(2-Hexylaminoethoxy)phenyl]-2-phenylbut-l-enyl}phenol [173]

As per general deprotection method 8.2.10, the amine [158] (0.12 g, 0.22 mmol) upon reaction 

afforded an isomeric mixture of product [173] as a brown oil (80 mg, 84 %, £/Z = 1.2:1).

'H-NMR (400 MHz, CDCI3): 6  0.85 - 0.94 (m, 12H, CH 3), 1.26 -  1.34 (m, 12H, CH 2 ), 1.44 -  1.54 (m, 

4H, CH 2), 2.44 -  2.54 (m, 4H, CH 2 ), 2.63 (t, (0.54 x 4H), /  = 7.3 Hz, CH 2 N), 2.69 (t, (0.46 x 4H), /  = 7.3 

Hz, CH 2N), 2.92 (s, (0.54 x 4H), CH 2N), 3.02 (t, (0.46 x 4H), CH 2N), 3.76 (s, 4H, NH, OH), 3.93 (t, 

(0.54 X  4H), J = 5.0 Hz CH 2O), 4.09 (t, (0.46 x 4H), J = 5.0 Hz CH 2O), 6.41 - 6.52 (m, 4H, ArH), 6.65 -  

6.87 (m, 8 H, ArH), 7.02 -  7.17 (m, 14H, ArH). “C-NMR (100 MHz, CDCI3): 6  13.64, 13.65, 14.01, 

22.03, 22.55, 22.60, 26.50, 26.58, 26.90, 26.95, 26.98, 28.31, 28.99, 29.03, 29.48, 29.72, 29.79, 31.46, 31.60, 

31.69, 31.71, 33.87, 39.69, 41.71, 48.64, 48.72, 49.69, 49.73, 53.45, 61,74, 66.59, 66.84, 113.19, 113.95, 

114.58, 114.26, 115.26, 125.74, 125.78, 127.76, 127.79, 129.73, 130.60, 130.63, 131.98, 132.02, 134.33, 

134.77, 136.27, 136.76, 138.12, 140.37, 140.62, 142.79, 155.31, 156.18, 156.52, 157.35. IR: v„,ax (KBr) cm ' 

: 3275.4, 2956.52, 2928.4, 2857.4, 1644.6, 1607.3, 1505.9, 1463.2, 1377.4, 1238.2, 1171.3, 1039.3, 833.6, 

700.5. HRMS (El): Found 444.2911 (M+H)*, C3 0H 3 8NO 2 requires 444.2903.

8.2.10.8 4-{l-[4-(2-Cyclohexylaminoethoxy)phenyl]-2-phenylbut-l-enyl}phenol [174]

As per general deprotection method 8.2.10, the amine [159] (0.12 g, 0.22 mmol) upon reaction 

afforded an isomeric mixture of product [174] as a brown oil (89 mg, 93 %, £/Z = 1.3:1).

'H-NMR (400 MHz, CDCI3): 6  0.92 -  0.97 (m, 6 H, CH 3), 1.15 -  1.31 (m, lOH, CH 2), 1.64 -  2.02 (m, 

12H, CH 2), 2.47 -  2.64 (m, 6 H, CH 2, CH), 3.01 (t, (0.57) x 4H, /  = 5.0 Hz, CH 2), 3.11 (t, (0.43) x 4H, / = 

5.0 Hz, CH 2), 3.96 (t, (0.57) x 4H, /  = 5.0 Hz, CH 2 ), 4.13 (t, (0.43) x 4H, /  = 5.0 Hz, CH 2), 6.44 -  7.20 (m, 

26H, ArH). '^C-NMR (100 MHz, CDCI3): 6  13.23, 13.26, 24.53, 24.55, 25.33, 25.37, 28.56, 28.67, 32.12, 

44.95, 45.03, 56.53, 65.75, 66.04, 76.29, 76.61, 76.93, 112.83, 113.61, 114.27, 114.91, 125.40, 127.36, 

127.40, 129.29, 130.17, 130.23, 131.53, 131,63, 134.34, 134.62, 135.87, 136.40, 137.54, 140.13, 140.29, 

142.27, 127.34, 154.20, 155.18, 155.82, 156.69. IR: v„ax (KBr) cm ': 3435.7, 3279.2, 2927.4, 2853.8, 

1608.2, 1508.0, 1466.0, 1267.5, 1239.7, 1171.2, 1058.7, 1043.7, 826.3, 761.0, 699.9. HRMS (El): Found
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442.2759 (M+H)", C3 0H 3 6NO 2 requires 442.2746.

8.2.10.9 4-(l-(4-(2-(methylamino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-enyI)phenol [175]

As per general deprotection method 8.2.10, the amine [160] (0.15 g, 0.24 mmol) upon reaction 

afforded an isomeric mixture of product [175] as a brown oil (87 mg, 92 %, £/Z =1:1.2).

'H-NMR (400 MHz, CDCI3): 6  0.89 -  0.94 (m, 6 H, CH 3 ), 2.39 -  2.49 (m, 4H, CH 2), 2.65 -  2.70 (m, 6 H, 

NCH 3), 3.21 -  3.34 (m, 6 H, OH, NCH 2), 4.08 -  4.25 (m, 4H, OCH 2), 6.42 -  7.14 (m, 24H, ArH). '^C- 

NMR (100 MHz, CDCI3): 6  12.21, 27.90, 27.97, 32.65, 32.71, 48.23, 48.30, 63.28, 63.62, 112.60, 113.17, 

113.26, 113.30, 113.41, 113.85, 113.98, 114.01, 129.75, 129.87, 130.07, 130.23, 131.19, 131.22, 131.28,

133.06, 134.71, 136.76, 136.90, 137.01, 139.88, 140.22, 154.75, 154.78, 155.29, 155.51. IR: (KBr) cm'

3391.3, 3289.9, 2960.8, 2927.5, 2870.1, 1607.7, 1509.4, 1461.6, 1371.3, 1236.1, 1169.8, 1102.2, 1035.4,

832.0. HRMS (El): Found 390.2057 (M+H)", C2 5H 2 8NO 3 requires 386.2069.

8.2.10.10 4-(l-(4-(2-(ethylamino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-enyl)phenol [176]

As per general deprotection method 8.2.10, the amine [161] (0.15 g, 0.24 mmol) upon reaction 

afforded an isomeric mixture of product [176] as a brown oil (87 mg, 91 %, E/Z  =1:1.2).

’H-NMR (400 MHz, CD3OD): 6 0.90 -  0.94 (m, 6 H, CH,), 1.15 -  1.22 (m, 6 H, CH 3), 2.42 - 2.48 (m, 4H, 

CH 2), 2.73 - 2,83 (m, 4H, CH), 2.97 -  3.00 (m, 0.46 x 4H, CH 2 ), 3.05 -  3.08 (m, 0.54 x 4H, CH 2), 3.32 

-3.34 (m , 2H, NH), 3.98 -  4.01 (m, 0.54 x 4H, CH 2), 4.12 -  4,14 (m, 0.54 x 4H, CH 2), 4.97 (s, 4H, OH), 

6.44 -  7.13 (m, 24H, ArH). '^C-NMR (100 MHz, CD3OD): 6 12.24, 12.38, 27.92, 42.69, 42.75, 46.55, 

46.76, 46.98, 47.19, 47.40, 47.61, 47.83, 65.13, 65.47, 112.50, 113.27, 113.84, 113.99, 129.77, 129.83,

130.07, 131.23, 133.09, 134.50, 140.77, 136.31, 136.60, 136.90, 139.76, 140.03, 154.36, 154.75, 155.29, 

155.97, 156.86. IR: (KBr) cm ': 3432.0, 2966.1, 1608.2, 1509.6, 1238.9, 1169.7, 831.4. HRMS (El):

Found 404.2234 (M+H)", C2 6H 3 0NO3 requires 404.2226. 1.2 : 1 ratio

8.2.10.11 4-(l-(4-(2-(propylamino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-enyl)phenol [177]

As per general deprotection method 8.2.10, the amine [162] (0.15 g, 0.23 mmol) upon reaction 

afforded an isomeric mixture of product [177] as a brown oil (0.86 mg, 89 %, E/Z  =1:1.2).

'H-NMR (400 MHz, CDCI3 ): 6  0.90 -  0.99 (m, 12H, CH 3), 1.52 -  1.62 (m, 4H, CHz), 2.40 -  2.48 (m, 

4H, CH 2), 2.59 -  2.68 (m, 4H, CH 2), 2.92 (t, 2H, /= 5.0 Hz, CH 2), 3.01 (t, 2H, /= 5.0 Hz, CH 2), 3.32 -  

3.34 (m, 2H, CH 2), 3.37 (s, 2H, CH 2), 3.96 (t, 2H, /= 5.0 Hz, CH 2 ), 4.10 (t, 2H, /= 5.0 Hz, CH 2), 4.98 (s.
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4H, OH), 6.44 (d, 2H, J = 8 . 6  H z, ArH), 6.58 -  6.62 (m, 6 H, ArH), 6.67 (d, 2H, J = 8.5 H z, ArH), 6.77 

(dd, 4H, J = 8.5 Hz, 3.5 Hz, ArH), 6.90 -  6.94 (m, 6 H, ArH), 7.01 (d, 2H, J = 8.0 Hz, ArH), 7.11 (d, 2H, 

J = 8.5 Hz, ArH). “ C-NM R (100 M Hz, CDCI3); 6 10.11, 10.16, 12.26, 12.54, 21.42, 21.50, 27.22, 27.98, 

45.54, 46.76, 46.98, 47.19, 47.40, 47.61, 47.83, 50.43, 52.82, 65.49, 65.76, 112.50, 113.28, 113.86, 114.01, 

129.79, 129.83, 130.09, 131.25, 133.10, 134.50, 134.78, 136.20, 136.51, 136.93, 136.98, 139.73. IR: v„ax 

(KBr) cm ': 3400.4, 2961.3, 2931.0, 2871.7, 1607.9, 1509.6, 1460.1, 1238.8, 1169.9, 831.4. H R M S (El): 

Found 418.2366 (M+H)*, C27H 32N O 3 requires 418.2382.

8 .2 .1 0 . 1 2  4-(l-(4-(2-(isopropylam in o)eth oxy)ph en yl)-2-(4-hyd roxyp h en yI)b ut-l-  

en y l)p h en o l [178]

As per general deprotection m ethod 8.2.10, the am ine [163] (0.15 g, 0.23 m m ol) upon  reaction 

afforded an isom eric m ixture of product [178] as a brown oil (89 mg, 92 %, £/Z  = 1.2:1).

'H -N M R  (400 M H z, CD3OD): 6 0.91 -  0.94 (m, 6 H, CH3), 1.14 -  1.20 (m, 12H, CH3), 2.43 -  2.47 (m, 

4H, CHz), 3.01 -  3.09 (m, 6 H, CH2), 3.33 -  3.37 (m, 4H, CH2), 4.01 (s, 0.55 x 4H, CH2), 4.15 (s, 0.45 x 

4H, CH2), 4.96 (s, 4H, OH), 6.44 -  7.13 (m, 24H, ArH).'^C-NMR (100 M Hz, CDCI3): 6 12.22, 19.85, 

20.00, 27.95, 44.72, 44,85, 46.52, 46.74, 46.95, 47.16, 47.37, 47.59, 47.80, 48.30, 65.20, 65.53, 112.51, 

113.26, 113.82, 113.98, 129.76, 129.83, 130.07, 131.21, 131.25, 133.08, 134.49, 134.75, 136.36, 136.64, 

136.90, 136.96, 139.77, 140.05, 154.36, 154.78, 155.30, 155.94, 156.84. IR: (KBr) cm ': 3429.0,

2957.45, 2927.5, 2855.1, 1609.1, 1510.6, 1470.8,1242.4, 1170.6, 1053.1, 834.4, 775.6. H R M S (El): Found  

418.2378 (M+H)", C27H32NO3 requires 418.2382. 1.2 : 1 ratio

8.2.10.13 4 -(l-(4-(2-(b uty lam ino)eth oxy)p henyI)-2-(4-hyd roxyp henyl)b ut-l-enyl)p henol 

[179]

A s per general deprotection m ethod 8.2.10, the am ine [164] (0.15 g, 0.23 m m ol) upon  reaction 

afforded an isom eric m ixture of product [179] as a brow n oil (0.83 m g, 85 %, £ /Z  = 1.1:1).

'H -N M R  (400 M H z, CDCI3): 6 0.88 -  0.95 (m, 12H, CH3), 1.27 -  1.59 (m, 8 H, CH 2), 2.40 -  2.74 (m, 

lOH, CHj), 2.93 (t, 0.53 x 4H, /= 4.8 Hz, CHz), 3.03 (t, 0.47 x 4H, /= 4.8 H z, CH 2), 3.49 (s, 4H, OH), 

3.92 (t, 0.53 X 4H, /=  4.8 Hz, CH 2), 4.09 (t, 0.47 x 4H, /= 4.8 H z, CH 2), 6.46 -  7.12 (m, 24H, ArH). "’C- 

N M R  (100 M H z, CDCI3): 6 13.17, 13.25, 13.47, 13.51, 19.18, 19.92, 19.98, 28.45, 29.25, 30.97, 31.17, 

47.93, 48.13, 48.77, 48.91, 50.29, 63.22, 65.68, 66.09, 76.27, 76.58, 76.90, 112.81, 113.51, 114.00, 114.47, 

114.53, 114.64, 130.18, 130.24, 130.38, 131.55, 131.64, 133.70, 135.01, 135.32, 136.20, 136.55, 136.69,
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140.16, 153.70, 154.01, 154.06, 154.61, 155.73. IR: v„,ax (KBr) cm ': 3428.8, 2959.91, 2927.5, 2864.7,

1608.4, 1509.8, 1462.3, 1238.3, 1170.3, 831.9. HRMS (El): Found 432.2535 (M+H)", C2 8H 3 4O3 N requires 

432.2539.

8.2.10.14 4-(l-(4-(2-(pentyIamino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-enyl)phenoI [180]

As per general deprotection method 8.2.10, the amine [165] (0.15 g, 0.22 mmol) upon reaction 

afforded an isomeric mixture of product [180] as a brown oil (91 mg, 90 %, £/Z =1:1.4).

'H-NM R (400 MHz, CDCI3): 6  0.90 -  0.95 (m, 12H, CH 3), 1.30 -  1.37 (m, lOH, NH, CHj), 1.61 -  1.64 

(m, 4H, CH 2), 2.42 -  2.46 (m, 4H, CH 2), 2.77 -  2.85 (m, 4H, CH 2 ), 3.10 -  3.17 (m, 4H, CHz), 4.02 -  4.18 

(m, 4H, CH 2), 6.44 -  7.14 (m, 24H, ArH). '"C-NMR (100 MHz, CDCI3): 6 12.29, 12.32, 12.51, 12.53, 

21.62, 21.66, 26.85, 27.02, 27.96, 28.01, 28.36, 28.43, 48.10, 48.19, 64.30, 64.65, 112.56, 113.31, 113.35, 

113.87, 114.04, 129.79, 129.88, 130.09, 131.24, 131.30, 133.08, 134.48, 134.75, 136.52, 136.79, 136.86, 

136.92, 139.82, 140.13, 154.36, 154.75, 154.78, 155.30, 155.74, 156.63. IR: (KBr) cm ': 3369.2,

2957.4, 2929.6, 2869.8, 1608.1, 1509.9, 1462.6, 1371.8, 1238.5, 1170.1, 1100.4, 1060.5, 1013.2, 832.2. 

HRMS (El): Found 446.2700 (M+H)", C2 9H 3<,N0 3  requires 446.2695.

8.2.10.15 4-(l-(4-(2-(hexylamino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-enyl)phenol [181]

As per general deprotection method 8.2.10, the amine [166] (0.15 g, 0.22 mmol) upon reaction 

afforded an isomeric mixture of product [181] as a brown oil (87 mg, 87 %, £/Z =1:1.4).

’H-NMR (400 MHz, CDCI3); 6  0.90 -  0.93 (m, 12H, CH 3), 1.29 -  1.41 (m, 16H, CHj), 2.44 (m, 4H, /  = 

7.5 Hz, CH 2), 2.69 -  2.77 (m, 4H, NCHj), 3.00 (t, 2H, /  = 5 Hz, NCH 2 ), 3.08 (t, 2H, /  = 5 Hz, NCH 2), 

3.99 (t, 2H, /  = 5.25 Hz, OCH 2), 4.13 (t, 2H, /  = 5.3 Hz, OCH 2), 6.44 (d, 2H, /  = 3.0, 8 . 8  Hz, ArH), 6.57 - 

6.62 (m, 6 H, /  = 8.5 Hz, ArH), 6.67 (d, 2H, /  = 8.5 Hz, ArH), 6.78 (dd, 4H, /  = 1.75 Hz, 7 Hz, ArH), 

6.92 (m, 6 H, / = 8.5 Hz, ArH), 7.01 (d, 2H, /  = 8.75 Hz, ArH), 7.11 (d, 2H, / = 8.5 Hz, ArH). ’"C-NMR 

(100 MHz, CDCI3 ): 6  12.74, 12.77, 12.98, 13.04, 22.13, 22.23, 22.26, 26.08, 26.46, 26.52, 28.13, 28.27, 

28.42, 28.46, 31.13, 31.36, 31.40, 48.80, 48.88, 65.32, 65.65, 113.01, 113.78, 114.35, 114.50, 130.26, 

130.33, 130.55, 131.71, 131.73, 133.56, 134.95, 135.22, 136.85, 137.13, 137.36, 137.42, 140.25, 140.52, 

154.84, 155.22, 155.26, 155.77, 156.34, 157.24. IR: v„ax (KBr) cm ': 3369.2, 3032.3, 2956.6, 2929.8, 

2857.7, 1608.09, 1510.0, 1462.4, 1371.8, 1238.5, 1170.2, 1101.0, 1061.0, 832.2. HRMS (El): Found 

460.2850 (M+H)", C3 0H 3 8NO 3 requires 446.2852.
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8.2.10.16 4-(l-(4-(2-(cyclohexylam ino)ethoxy)phenyl)-2-(4-hydroxyphenyl)but-l-

enyDphenoI [182]

As per general deprotection m ethod 8.2.10, the am ine [167] (0.15 g, 0.22 mmol) upon  reaction 

afforded an isom eric m ixture of p roduct [182] as a brow n oil (89 mg, 89 %).

'H -N M R  (400 M Hz, CDCI3): 6 0.91 - 0.94 (m, 6 H, CH3),1.16 -  1.99 (m, 20H, CHj), 2.45 (d, 2H, /  = 7.5 

Hz, C H 2), 2.98 (t, 2H, /  = 4.75 Hz, NCHj), 3.08 (t, 2H, /  = 4.75 Hz, N C H 2), 3.91 (t, 2H, /  = 4.75 Hz, 

O CH 2), 4.09 (t, 2H, /  = 4.75 Hz, O C H 2), 5.32 (s, 4H, OH), 6.46 (dd, 4H, /  = 3.0, 5.25 Hz, ArH), 6.62 (d, 

2H, /  = 8.5 Hz, ArH), 6 . 6 8  (d, 2H, /  = 8.5 Hz, ArH), 6,76 (t, 4H, /  = 9.25 Hz, ArH), 6.81 (d, 2H, /  = 9 

Hz, ArH), 6.92 (dd, 4H, /  = 2 Hz, 8.5 Hz, ArH), 7.02 (d, 2H, /  = 8.5 Hz, ArH), 7.11 (d, 2H, /  = 8.5 Hz, 

ArH). ‘̂ C-NMR (100 MHz, CDCI3): 6  13.27, 13.31, 24.56, 24.60, 25.39, 25.46, 28.47, 28.57, 29.26, 32.23, 

32.42, 45.09, 45.23, 53.00, 56.51, 63.20, 65.92, 66.35, 112.87, 113.60, 114.15, 114.56, 114.68, 114.79, 

130.18, 130.29, 130.40, 131.53, 131.68, 133.90, 135.07, 135.38, 136.08, 136.53, 136.69, 136.74, 139.88, 

140.04, 153.54, 153.73, 153.83, 154.51, 155.74, 156.68. IR: (KBr) cm ’: 3338.6, 2927.3, 2851.9,

1607.3, 1509.3, 1462.3, 1240.3, 1170.7, 1060.0, 831.2. H RM S (El): Found 458.2710 (M+H)", C 30H 36O 3N 

requires 458.2695.

8.2.11 4-{[4-(tert-Butyldimethylsilanyloxy)phenyl]cyclohexylidenemethyl}phenoI [189]

Zinc dust (1.78 g, 27.4 mmol) w as w eighed ou t and transferred  to a three-necked round  bottom ed 

flask containing 30 mL of dry THF. Titanium  tetrachloride w as added  (2.60 g, 1.50 mL, 13.7 mmol) 

via syringe to the m ixture and then refluxed for 2  h under darkness and a Nz environm ent. [128] 

(1.00 g, 3.04 m mol) and  cyclohexanone [186] (0.90 g, 9.13 m m ol) w ere dissolved in 30 mL of dry 

THF. This m ixture w as added  to the m ixture in  the round-bottom ed flask carefully via syringe. The 

m ixture w as then refluxed for a further 3 h. A fterw ards, the m ixture w as allow ed to cool then 

d ilu ted  w ith  100 rnL ethyl acetate and w ashed w ith 10 % potassium  carbonate solution (50 mL). 

After filtration, the organic layer w as separated  out and  the aqueous layer w as extracted w ith  ethyl 

acetate (100 mL x 3). The com bined organic layers w ere w ashed  w ith 10 % potassium  carbonate 

solution (50 mL), w ater (50 mL) and  brine solution (50 mL) then dried  over anhydrous sodium  

sulfate, filtered and evaporated  to dryness in vacuo to yield crude product as an am ber oil. The 

m aterial w as purified  via flash chrom atography on silica gel (hexane : diethyl e ther = 6  : 1 ) to yield 

product [189] ( 0.96 g, 80%) as a brow n oil.

’H -N M R  (400 MHz, CDCI3): 6 0.26 (s, 6 H, CH3), 1.04 (s, 9H, CH3), 1.64 (s, 6 H, CH2), 2.99 (s, 4H,
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CHz), 6.27 (s, IH , OH), 6.79 (dd, 4H, /  = 8.5 Hz, 6  Hz, ArH), 7.02 (dd, 2H, /  = 8.0 H z, 1.5 H z, ArH). 

*’C -NM R (100 M H z, CDCI3): 6  -4.80, 13.75, 17.75, 25.23, 25.26, 25.29. 25.40, 28.34, 28.46, 113.72, 

114.32, 118.85,118.89, 130.44, 130.64, 133.19, 135.34, 136.07, 137.37, 153.27, 153.55. IR: v„ax (KBr) cm  ' 

: 3390.8, 2928.4, 2855.8, 1698.7, 1604.9, 1505.7, 1471.7, 1463.2, 1447.1, 1258.7, 1167.1, 1099.0, 915.8, 

802.1. HRM S (El): Found 394.2412 (M+H)", CzsHjsOzSi requires 394.2401.

8.2.12 4 -{[4-(tert-B ufy ld im eth ylsilanyloxy)p henyl]cycloh ep ty lidenem ethyI}p henol [190]

Zinc dust (1.78 g, 27.4 m m ol) w as w eigh ed  out and transferred to a three-necked round bottom ed  

flask containing 30 mL of dry THF. Titanium  tetrachloride w as added (2.60 g, 1.5 mL, 13.7 m m ol) 

via syringe to the m ixture and then refluxed for 2  h under darkness and a N 2 environm ent. [128] 

(1.00 g, 3.04 m m ol) and cycloheptanone [187] (1.02 g, 9.13 m m ol) w ere d issolved  in 30 mL of dry 

THF. This mixture w as added to the m ixture in the round-bottom ed flask carefully via syringe. The 

m ixture w as then refluxed for a further 3 h. Afterwards, the m ixture w as a llow ed  to cool then  

diluted w ith  100 mL ethyl acetate and w ashed  w ith  10 % potassium  carbonate solution  (50 mL). 

After filtration, the organic layer w as separated out and the aqueous layer w as extracted w ith  ethyl 

acetate (100 mL x 3). The com bined organic layers w ere w ashed  w ith 10 % potassium  carbonate 

solution (50 mL), water (50 mL) and brine solution (50 mL) then dried over anhydrous sodium  

sulfate, filtered and evaporated to dryness in vacuo to yield  crude product as an amber oil. The 

material w as purified via flash chrom atography on silica gel (hexane : d iethyl ether = 6  : 1 ) to yield  

product [190] (1 .07  g, 8 6 %) as a brow n oil.

’H -N M R  (400 M H z, CDCI3): 6  0.23 (s, 6 H, CH 3), 1.02 (s, 9H, CH 3), 1.61 (s, 8 H, CH 2), 2.35 (s, 4H, 

CH 2), 6.77 -6.82 (m, 4H, ArH), 7.02 -  7.05 (m, 4H, ArH). '^C-NMR (100 M Hz, CDCI3): 6  -4.84, 13.73, 

17.71, 22.25, 23.84, 25.24, 26.49, 27.73, 29.00, 29.93, 31.18, 32.99, 33.02, 43.43, 114.42, 118.86, 129.89, 

130.03, 135.41, 136.15, 136.59, 138.79, 153.10, 153.88. IR: (KBr) cm ': 3401.2, 2929.5, 2857.5,

1647.7, 1599.7, 1507.2, 1462.9, 1268.2, 1163.6, 1013.5, 912.9, 840.0, 805.4, 781.4. H R M S (El): Found  

466.3152 (M+H)", C29H44N02Si requires 466.3141.

8.2.13 4-[[4-(fert-B u ty ld im eth yIsilan yIoxy)ph en yl](4-m ethylcycloh exylidene)m eth yl]ph en ol 

[191]

Zinc dust (1.78 g, 27.4 m m ol) w as w eigh ed  out and transferred to a three-necked round bottom ed  

flask containing 30 mL of dry THF. Titanium  tetrachloride w as added (2.60 g, 1.5 mL, 13.7 m m ol) 

via syringe to the m ixture and then refluxed for 2  h under darkness and a N 2 environm ent. [128]
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(1.00 g, 3.04 m mol) and  m ethylcyclohexanone [188] (1.02 g, 9.13 mmol) w ere dissolved in 30 mL of 

dry THF. This m ixture w as added  to the m ixture in the round-bottom ed flask carefully via syringe. 

The m ixture w as then refluxed for a further 3 h. A fterw ards, the m ixture was allow ed to cool then 

d ilu ted  w ith  100 mL ethyl acetate and w ashed  w ith 10 % potassium  carbonate solution (50 mL). 

After filtration, the organic layer w as separated  out and  the aqueous layer w as extracted w ith ethyl 

acetate (100 mL x 3). The com bined organic layers w ere w ashed w ith 10 % potassium  carbonate 

solution (50 mL), w ater (50 mL) and  brine solution (50 mL) then dried  over anhydrous sodium  

sulfate, filtered and  evaporated  to dryness in vacuo to yield crude product as an  am ber oil. The 

m aterial w as purified I’ia flash chrom atography on silica gel (hexane : diethyl e ther = 6 : 1 ) to yield 

product [191] (1.11 g, 89 %) as a brow n oil.

'H-NM R (400 MHz, CDCI3 ): 6  0.30 (s, 6 H, C H 3 ), 1.02 (d, 3H, /  = 6.5 Hz C H 3 ), 1.09 (s, 9H, C H 3), 1.15 -  

2.05 (m, 7H, CH, C H 2), 2.69 (d, 2H, /  = 13.1 Hz, C H 2 ), 6.80 -  6 , 8 6  (m, 4H, ArH), 7.04 -  7.08 (m, 4H, 

ArH). “C-NMR (100 MHz, CDCI3 ): 6  -4.74, 13.81, 17.79, 21.75, 22.32, 25.28, 26.49, 26.56, 28.98, 31.25, 

31.45, 32.45, 36.52, 44.41, 69.73, 114.40, 118.94, 130.52, 130.72, 133.35, 135.57, 136.19, 137.41, 153.30, 

153.39. IR: Vn,,, (KBr) cm ': 3369.1, 3031.2, 2919.0, 2855.1, 1704.1, 1603.2, 1505.4, 1471.7, 1362.1, 

1253.0, 1167.5, 1099.6, 1007.4, 916.0839.3, 780.7, 734.2. HRMS (El): Found 409.2570 (M+H)", 

C 2 6H 3 7 0 2 Si requires 409.2563.

8.2.14 (4-{[4-(2-Bromoethoxy)phenyl]cyclohexylidenemethyl}phenoxy)-tert- 

butyldim ethylsilane [192]

The phenol [189] (0.30 g, 0.76 mmol) w as dissolved in 1,2-dibrom oethane (7.14 g, 3.30 mL, 38.0 

m m ol) w ith  stirring. T etrabutylam m onium  hydrogen sulfate (0.232 g, 0.684 m m ol) w as added, 

follow ed by 1 M sodium  hydroxide solution (5 mL). The biphasic m ixture was stirred  vigorously at 

room  tem peratu re  for 16 h. The reaction m ixture w as w orked up via the addition  of 

d ichlorom ethane (100 mL) and sodium  bicarbonate solution (100 mL). The aqueous layer was 

extracted w ith  dichlorom ethane (100 mL). The organic layers w ere com bined, d ried  over sodium  

sulfate and concentrated un d er in vacuo to yield crude product as a brow n oil. The m aterial was 

purified  via flash chrom atography on silica gel (hexane : ethyl acetate = 1 0  : 1 ) to yield product 

[192] (0.26 g, 6 8  %) as a brow n oil.

’H-NM R (400 M Hz, CDCI3 ): 6  0.25 (s, 6 H, C H 3 ), 1.03 (s, 9H, C H 3 ), 1.64 (s, 6 H, CH 2 ), 2.28 (d, 4H, /  = 5 

H z, C H 2 ), 3.64 -  3.69 (m, 2H, C H 2 ), 4.30 (t, 2H, /  = 6.5 Hz, C H 2 ), 6.79 (d, 2H, /  = 8.5 Hz, ArH), 6 . 8 6
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(d, /  = 9.0 Hz, ArH), 7.00 (d, 2H, /  = 8.5 Hz, ArH), 7.08 (d, 2H, /  = 8.5 Hz, ArH). “ C-NM R (100 MHz, 

CDCI3): b -4.79, 17.74, 25.26, 25.31, 26.46 (CH 2 ), 28.28 (CHz), 28.86 (CH 2 ), 29.13 (CHz), 32.06 (CH 2 ), 

67.33 (CH 2 ), 113.57, 118.76, 118.85, 130.41, 130,60, 133.04, 135.83, 136.27, 137.98, 153.37, 155.85. IR: 

(KBr) cm ': 3436.3, 2930.1, 2857.5, 1654.4, 1600.6, 1508.2, 1471.9, 1254.5, 1168.0, 913.85, 838.9, 

804.6, 781.1. HRM S (El): Found 501.1827 (M+H)*, CzzHjgBrOzSi requires 501.1819.

8.2.15 (4-{[4-(2-Bromoethoxy)phenyl]cycloheptylidenemethyl}phenoxy)-terf- 

butyldim ethylsilane [193]

The phenol [190] (0.31 g, 0.76 mmol) w as dissolved in 1,2-dibrom oethane (7.14 g, 3.30 mL, 38.0 

mmol) w ith stirring. T etrabutylam m onium  hydrogen sulfate (0.23 g, 0.68 mmol) w as added , 

followed by 1 M sodium  hydroxide solution (5 mL). The biphasic m ixture w as stirred vigorously at 

room  tem perature for 16 h. The reaction m ixture w as w orked up  via the add ition  of 

dichlorom ethane (100 mL) and sodium  bicarbonate solution (100 mL). The aqueous layer w as 

extracted w ith d ichlorom ethane (100 mL). The organic layers w ere com bined, d ried  over sodium  

sulfate and concentrated under in imcuo to yield crude product as a brow n oil. The m aterial w as 

purified via flash chrom atography on silica gel (hexane : ethyl acetate = 10 : 1) to yield product 

[193] (0.20 g, 50 %) as a brow n oil.

'H -N M R  (400 MHz, CDCI3): b 0.21 (s, 6H, CH3), 0.99 (s, 9H, CHj), 1.60 (s, 8H, C H 2 ), 2.33 (s, 4H, 

C H 2), 3.65 (t, 2H, /  = 6.0 Hz, CH 2 ), 4.29 (t, 2H, /  = 5.0 Hz, CH 2 ), 6.75 (d, 2H, /  = 8.5 Hz, ArH), 6.84 (d, 

2H, I = 9.0 Hz, ArH), 7.01 (d, 2H, /  = 8.5 Hz, ArH), 7.10 (d, 2H, /  = 7.0 Hz, ArH). '^C-NMR (100 

MHz, CDCI3): 6 -4.83, -4.77, 17.71, 25.09, 25.23, 27.67, 27.69, 28.84, 28.99, 32.96, 33.01, 67.31, 113.27, 

113.63, 118.80, 118.89, 128.11, 129.86, 129.90, 130.08, 131.65, 135.79, 136.28, 136.75, 139.23, 153.31, 

155.71. IR: v^ax (KBr) cm ': 3436.2, 2929.0, 2856.8, 1602.8, 1507.6, 1471.7, 1254.1, 1168.0, 1016.7, 913.9, 

839.4, 781.0. HRM S (El): Found 515.2004 (M+H)", C2sH4o02SiBr requires 515.1981.

8.2.16 {4-[[4-(2-Bromoethoxy)phenyl](4-methylcyclohexylidene)methyl]phenoxy}-tert- 

butyldim ethylsilane [194]

The phenol [191] (0.31 g, 0.76 mmol) w as dissolved in 1,2-dibrom oethane (7.14 g, 3.30 mL, 38.0 

m mol) w ith stirring. T etrabutylam m onium  hydrogen sulfate (0.23 g, 0.68 mmol) w as added, 

followed by 1 M sodium  hydroxide solution (5 mL). The biphasic m ixture w as stirred vigorously at 

room  tem perature for 16 h. The reaction m ixture w as w orked up  via the addition  of 

dichlorom ethane (100 mL) and sodium  bicarbonate solution (100 mL). The aqueous layer was
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extracted w ith  d ichlorom ethane (100 mL). The organic layers w ere com bined, dried  over sodium  

sulfate and  concentrated under in vacuo to yield crude product as a brow n oil. The m aterial was 

purified via flash chrom atography on silica gel (hexane : ethyl acetate = 10 : 1) to yield product 

[194] (0.20 g, 50 %) as a brow n oil.

’H -N M R  (400 M Hz, CDCI3): 6  0.26 (s, 6 H, CH,), 0.98 (d, 3H, /  = 6.5 Hz, C H 3), 1.04 (s, 9H, C H 3 ), 1.08 

-  1.18 (m, 2H, C H 2 ), 1.61 -  1.72 (m, IH , CH), 1.82 (d, 2H, J = 12.0 Hz, CHz), 1.96 -  2.03 (m, 2H, C H 2 ), 

2.64 (t, 2H, J = 11.5 Hz, C H 2 ), 3.67 (t, 2H, /  = 6.3 Hz, C H 2 ), 4.31 (t, 2H, /  = 6.3 Hz, CHj), 6.80 (d, 2H, J = 

8.0 Hz, ArH), 6.87 (d, 2H, J = 8.5 Hz, ArH), 7.02 (d, 2H, /  = 8.0 Hz, ArH), 7.09 (d, 2H, /  = 8.5 Hz, 

ArH). '^C-NMR (100 M Hz, CDCI3 ): 6  -4.77, 17.76, 21.71, 25.29, 25.33, 25.35, 25.37, 28.85, 31.39, 31.42, 

32.40, 36.47, 69.35, 113.58, 118.77, 118.86, 130.43, 130.62, 133.19, 135.90, 136.33, 137.59, 153.40, 155.88. 

IR: (KBr) cm 3458.9, 2951.7, 2927.8, 2857.0, 1604.5, 1507.3, 1472.0, 1457.4, 1254.1, 1168.2,

1017.15, 914.7, 839.7, 804.7, 780.5. HRM S (El): Found 515.2006 (M +Hf, C 2sH4o0 2 SiBr requires 

515.1981.

8.2.17 l2-(4-{[4-(tert-

Butyldim ethylsilanyloxy)phenyl]cyclohexylidenem ethyI}phenoxy)ethyl]m ethylam ine [195]

As per general am ination m ethod 8.2.9, the brom ide [192] (0.15 g, 0.30 m mol) reacted w ith 

m ethylam ine [138]. Following purification, the desired p roduct [195] w as afforded as a brow n oil 

(0.13 g, 94 %).

’H -N M R (400 M Hz, CDCI3): 6  0.21 (s, 6 H, C H 3 ), 0.99 (s, 9H, C H 3 ), 1.60 (s, 6 H, C H 2 ), 2.24 (d, 4H, /  = 5 

H z, C H 2 ), 2.58 (s, 3H, C H 3 ), 3.08 (s, 2H, /  = 6.5 Hz, C H 2 ), 4.14 (s, 2H, CH 2 ), 6.74 (d, 2H, /  = 8.5 Hz, 

A rH), 6.84 (d, /  = 8.5 Hz, ArH), 6.96 (d, 2H, /  = 8.5 Hz, ArH), 7.03 (d, 2H, /  = 8.5 Hz, ArH). '^C-NMR 

(100 M Hz, CDCI3): 6  -4.83, 17.71, 26.41 (CH 2), 28.23 (CHj), 32.01 (CH 2 ), 32.04 (CH 2 ), 34.74 (CH 2 ), 

49.49, 65.09 (CHj), 113.38, 118.80, 130.35, 130.50, 133.02, 135.84, 136.00, 137.90, 153.32, 156.14. IR: 

v™x (KBr) cm ': 3435.1, 2928.5, 2854.3, 1606.2, 1507.9, 1471.3, 1255.0, 1168.75, 915.1, 835.8, 778.9. 

H R M S (El): Found 452.2982 (M+H)", C28H,2N02Si requires 452.2985.

8.2.18 [2-(4-{[4-(terf-

Butyldim ethylsilanyIoxy)phenyl]cycloheptylidenem ethyl)phenoxy)ethyl]m ethylam ine [196]

A s per general am ination m ethod 8.2.9, the brom ide [193] (0.16 g, 0.30 m m ol) reacted w ith 

m ethylam ine [138]. Following purification, the desired  product [196] was afforded as a brow n oil
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(0.10 g, 68%).

'H-NM R (400 MHz, CDCI3): 6  0.20 (s, 6 H, CH 3), 0.99 (s, 9H, CH 3), 1.58 (s, 8 H, CH 2), 2.32 (s, 4H, 

CHz), 2.52 (s, 3H, CH 3), 2.99 (s, IH, NH), 3.61 (s, 2H, CH 2), 4.08 (s, 2H, CH 2), 6.74 (d, 2H, /  = 8.3 Hz, 

ArH), 6.83 (d, 2H, /  = 8.3 Hz, ArH), 7.00 (d, 2H, /  = 8.3 Hz, ArH), 7.07 (d, 2H, /  = 8 . 8  Hz, ArH). “ C- 

NMR (100 MHz, CDCI3): 6  -4.38, -4.35, 18.15, 25.68, 28.13, 28.15, 29.42, 33.40, 33.46, 113.61, 113.86, 

119.33, 120.06, 128,57, 130.30, 130.42, 132.02, 136.37, 136.74, 136.83, 139.54, 153.63, 156.74. IR: v™, 

(KBr) cm ': 3436.1, 2928.1, 2855.9, 1604.3, 1507.1, 1471.7, 1253,4, 1171.7, 1045.2, 914.6, 839.2, 805.0, 

780.6. HRMS (El): Found 446,3152 (M+H)", C29H44N02Si requires 446.3141.

8.2.19 (2-{4-[[4-(tert-Butyldiinethylsilanyloxy)phenyl](4- 

methylcyclohexylidene)methyl]phenoxy}ethyl)methylamine [197]

As per general amination method 8.2.9, the bromide [194] (0.16 g, 0.30 mmol) reacted with 

methylamine [138]. Following purification, the desired product [197] was afforded as a brown oil 

(0.08 g, 54 %).

’H-NMR (400 MHz, CDCI3): 6  0.22 (s, 6 H, CH 3 ), 0.94 (d, 3H, J = 6 . 6  Hz, CH 3), 1.00 (s, 9H, CH 3), 1,09 

(q, 2H , /  = 12 Hz), 1.62 (s, IH, CH), 1.78 (d, 2H, CH 2), 1.95 (t, 2H, /  = 12.5 Hz), 2.54 -  2.62 (m, 5H, 

CH 2), 2.75 (s, IH, NH), 3,01 (s, 2H, NCH 2 ), 4,09 (t, 2H, J = 4,5 Hz, OCH 2), 6,75 (d, 2H, /  = 8,5 Hz, 

ArH), 6,84 (d, 2H, /  = 8,5 Hz, ArH), 6,97 (d, 2H, /  = 8,5 Hz, ArH), 7,04 (d, 2H, /  = 7.0 Hz, ArH). ’"C- 

NMR (100 MHz, CDCI3 ): 6  -4.82, 17.72, 21.66, 25.19, 25.24, 31.35, 31.38, 32.37, 35,61, 36,43, 50,20, 

66,15, 113,28, 118,79, 130,39, 130,45, 130,50, 133,24, 135,77, 135,95, 137,39, 153.32, 156,54, IR: 

(KBr) cm ': 3435.6, 2946.9, 2927,7, 2856,3, 1605.4, 1507.9, 1457.6, 1471.9, 1253.3, 1168.5, 1045.1, 915.2, 

838.1, 805.0, 780.0. HRMS (El): Found 466.3156 (M+H)", C29H44N02Si requires 466.3141,

8.2.20 4-{CycIohexylidene-[4-(2-methyIaminoethoxy)phenyI]methyI}phenoI [198]

As per general deprotection method 8,2,10, the amine [195] (0,72 g, 0,15 mmol) upon reaction 

afforded the product [198] as a brown oil (47 mg, 8 6  %),

'H-NM R (400 MHz, CDCI3): 6  1,55 (s, 6 H, CH 2), 2.10 -  2,22 (m, 7H, NCH 3, CH 2), 2,49 (s, 2H, CH 2), 

2,95 (s, IH, NH), 4.03 (s, 2H, CH 2 ), 6.69 (d, 2H, /  = 8.5 Hz, ArH), 6.74 (d, 2H, /  = 8.5 Hz, ArH), 6 . 8 8  

(d, 2H, /  = 8.5 Hz, ArH), 6.96 (d, 2H, /  = 8.5 Hz, ArH). “ C-NMR (100 MHz, CDCI3): 6  26.38, 28.19, 

29.27, 29.46, 29.66, 29.85, 30.04, 30.42, 31.99, 52.99, 113.20, 114.27, 130.39, 130.45, 133.12, 134.30,
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135.85, 137.45, 154.55, 156.33. IR: (KBr) cm ': 3436.1, 2929.0, 28.49.6, 1608.1, 1509.1, 1465.5,

1302.3, 1273.1, 1241.7, 1168.7, 1113.13, 1042.0, 833.8. HRMS (El); Found 338.2115 (M+H)", C2 2H 28NO 2 

requires 338.2120.

8.2.21 4-{Cycloheptylidene-l4-(2-m ethylam inoethoxy)phenyl]m ethyl}phenol [199]

As per general deprotection method 8.2.10, the amine [196] (68 mg, 0.14 mmol) upon reaction 

afforded the product [199] as a brown oil (43 mg, 83 %).

'H-NMR (400 MHz, CDCI3): 6  1.59 (s, 8 H, CHz), 2.33 (s, 4H, CH2 ), 2.53 (s, 3H, NCH 3 ), 3.01 (s, 2H, 

NCH 2 ), 4.07 (s, 2H, OCH 2), 5.86 (s, 2H, OH, NH), 6.71 (d, 2H, /  = 8.5 Hz, ArH), 6.78 (d, 2H, /  = 8.5 

Hz, ArH), 6.95 (d, 2H, /  = 8.5 Hz, ArH), 7.05 (d, 2H, /  = 8 . 8  Hz, ArH). '^C-NMR (100 MHz, CDCI3): 6  

27.71, 27.73, 29.00, 29.03, 33.01, 33.17, 34.93, 49.71, 65.21, 113.40, 114.64, 129.96, 130.01, 134.76, 

135.93, 136.61, 138.87, 154.63, 156.99. IR: (KBr) cm '; 3436.2, 2923.9, 2850.2, 1608.3, 1509.0,

1464.4, 1273.8, 1242.0 1169.2, 1042.4, 830.8. HRMS (El); Found 352.2293 (M+H)", C2 3H 3 0NO 2 requires 

352.2277.

8.2.22 4-[[4-(2-M ethylam inoethoxy)phenyl](4-m ethylcyclohexyIidene)m ethyl]phenol [200]

As per general deprotection method 8.2.10, the amine [197] (58 mg, 0.12 mmol) upon reaction 

afforded the product [200] as a brown oil (36 mg, 82 %).

'H-NMR (400 MHz, CDCI3 ); 6  0.93 (d, 3H, J = 6 . 6  Hz, CH 3 ), 1.09 (q, 2H , /  = 12.5 Hz), 1.61 (s, IH, 

CH), 1.76 (d, 2H, CH 2 ), 1.91 -  1.97 (M, 2H, CH 2), 2.55 -  2.63 (m, 5H, CH 2), 3.01 (s, 2H, NCH 2 ), 3.76 

(s, IH, NH, OH), 4.08 (t, 2H, J = 4.5 Hz, OCH2 ), 6.69 (d, 2H, /  = 8.0 Hz, ArH), 6.77 (d, 2H, /  = 8.5 Hz, 

ArH), 6.91 (d, 2H, /  = 8.5 Hz, ArH), 7.00 (d, 2H, /  = 7.0 Hz, ArH). “ C-NMR (100 MHz, CDCI3): 6  

21.64, 31.36, 32.36, 35.43, 36.41, 49.91, 50.14, 66.83, 113.25, 113.37, 114.45, 114.94, 130.46, 130.56, 

131.76, 132.20, 133.18, 134.57, 135.98, 137.24, 154.49, 156.29. IR: v„ax (KBr) cm'; 3436.3, 2923.1, 

2840.6, 1607.1, 1585.4, 1509.1, 1466.9, 1385.3, 1274.8, 1241.5, 1228.6, 1167.3, 1042.0, 830.0, 775.9. 

HRMS (El); Found 352.2269 (M+H)", C2 3H 3 0NO 2 requires 352.2277.

8.2.23 Attempted synthesis o f (4-Hydroxyphenyl)(4-iodophenyl)m ethanone [203]

A solution of 4-iodobenzoyl chloride [202] (2.66 g, 10.0 mmol, 1 eq.) and phenol (0.94 g, 10.0 mmol, 

1 eq.) in 30 mL of anhydrous DCM was added dropwise to a solution of aluminium trichloride 

(2.67 g, 20.0 mmol, 2 eq.) in 40 mL of anhydrous DCM. The mixture was refluxed for 2 h and then
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allow ed  to cool. Ice-water w as carefully added to the stirred mixture. The organic solvent w as  

evaporated off in vacuo. The precipitate w as filtered, w ashed  w ith  2 x 50 mL water, then a llow ed  to 

air dry. The desired product w as not isolated  and only starting m aterials w ere recovered form  the 

reaction.

8.2.24 P h en oxy-(l,l,2 ,2 -tetram eth y lp rop yl)silan e [204]^^

A m ixture of phenol [201] (9.41 g, 100 m m ol, 1 eq.), ferf-butyldim ethylsilyl chloride ( 15.1 g, 100 

m m ol, l.eq ), im idazole (7.48 g, 110 m m ol, 1.1 eq) in 50 mL DMF w as stirred for 16 h under 

nitrogen. The reaction w as w orked up via the addition of 200 mL ethyl acetate and 100 mL of 10% 

hydrochloric acid. The organic phase w as w ashed  w ith water (200 mL), brine (200 mL), dried over 

sod ium  sulfate and evaporated to dryness in vacuo to yield  the crude m aterial as an oil. The 

material w as purified via flash chrom atography on silica gel (hexane : diethyl ether = 6 : 1) to yield  

the product (14.5 g, 70 %) as a clear oil w ith  characteristic odour, (lit (solid) m.p. = 108 -  109 °C)^’^

’H -N M R  (400 M H z, CDClj): 6 0.30 (s, 6H, CH3), 1.10 (s, 9H, CH.,), 6.94 (d, 2H, /  = 8.5 H z, ArH), 7.04 

(t, IH , /  = 7.5 Hz, ArH), 7.32 (d, 2H, /  = 7.5 Hz, ArH). '^C-NMR (100 MHz, CDCI3): 6 -4.81, 17.82, 

119.73, 120.90, 129.0, 155.24. IR: (KBr) cm ': 3063.2, 3039.5, 2957.3, 2930.4, 2887.0, 2859.0, 1596.8,

1492.5, 1390.4, 1362.3, 1255.0, 1163.8,1069.8, 1024.1, 916.3, 839.0.

8.2.25 [4-(fert-B u ty ld im eth y lsilan y loxy)p h en yl](4 -iod op h en yl)m eth an on e [206]

A solu tion  of 4-iodobenzoyl chloride [202] (2.66 g, 10.0 m m ol, 1 eq.) and [204] (1.08 g, 10.0 m m ol, 1 

eq.) in 30 mL of anhydrous DCM  w as added  dropw ise to a solution  of alum inium  trichloride (2.67, 

20.0 m m ol, 2 eq.) in 40 mL of anhydrous DCM. The m ixture w as refluxed for 2 h and then allow ed  

to cool. Ice-water w as carefully added to the stirred mixture. The organic solvent w as evaporated  

off in vacuo. The precipitate w as filtered, w ashed w ith  2 x 50 mL water, then a llow ed  to air dry 

affording an off-w hite solid  m ixture (3.18 g) containing the product [206] and iod obenzoyl chloride 

[202], determ ined from  TLC. A ttem pts to rem ove the iodobenzoyl chloride via flash 

chrom atography proved  difficult as both com pounds have sim ilar properties (i.e. refractive indices 

w ere sim ilar in  a num ber of solvent system s). Traces of iodobenzoyl chloride (120-121°C (lit.)) were 

also found in the product after d istillation attempts. Therefore the reaction product w as treated as 

a crude m ixture and further reactions w ere carried out using the crude product.

’H -N M R  (400 M H z, CDCI3): 6 0.28 (s, 6H, Si(CH3)2), 1.03 (s, 9H, SiC(CH3)3), 6.92 -  7.95 (m, 

am biguous d ue to crude mixture, ArH). '^C-NMR (100 M Hz, CDCI3): 6 -4.75, 17.83, 25.17, 98.95 (C-
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I), 119.41, 121.17, 125.63, 130.80, 131.06, 131.10, 131.96, 137.06, 137.20, 137.53, 150.30, 159.77 (C-O), 

194.32 (C=0). IR: v™, (KBr) c m 3443.52, 2929.6, 2857.7, 1731.5, 1655.3, 1597.5, 1583.0, 1507.7, 

1390.6, 1276.5, 1165.6, 1074.8, 1006.6, 911.7, 847.5, 750.2. H RM S (El): Found 439.0595 (M+H)", 

Ci9H 2 4 0 2 SiI requires 439.0590.

8.2.26 (4-Iodophenyl)(4-m ethoxyphenyl)m ethanone [207]^^

A solution of 4-iodobenzoyl chloride [202] (2.66 g, 10.0 mmol, 1 eq.) and  anisole [205] (1.08 g, 10.0 

mmol, 1 eq.) in 30 mL of anhydrous DCM w as added  dropw ise to a solution of alum inium  

trichloride (2.67, 20.0 m m ol, 2 eq.) in 40 mL of anhydrous DCM. The m ixture w as refluxed for 2 h 

and then allow ed to cool. Ice-water w as carefully added  to the stirred  m ixture. The organic solvent 

was evaporated  off in vacuo. The precipitate w as filtered, w ashed w ith 2 x 50 mL w ater, then 

allow ed to air d ry  affording an off-white solid [207] (3.18 g, 94 % yield), (lit m .p = 188 -  189 °C)^”

'H -N M R  (400 M Hz, CDCI3 ): 6  3.91 (s, 3H, O CH 3 ), 6.98 (d, 2H, /  = 8.0 Hz, ArH), 7.49 -  7.51 (m, 2H, 

ArH), 7.80 -  7.87 (m, 4H, ArH). “ C-NM R (100 MHz, CDCl,): 6  55.11 (OCH 3 ), 98.92 (C-I), 113.24, 

129.21, 130.78, 132.05, 137.04, 137.07, 137.09, 162.98 (C-O), 194.26 (C=0). IR: (KBr) c m 3437.0,

3004.8, 2927.5, 2967.8, 1639.6, 1603.4, 1578.0, 1505.9, 1306.0, 1288.5, 1249.4, 1173.8, 1146.3, 1025.9, 

1006.0, 927.6, 854.5, 829.4, 755.9.

8.2.27 fert-B utyl-{4-[(E /Z )-l-(4-iodophenyI)-2-phenylbut-l-enyl]phenoxy}dim ethylsilane [208]

Zinc d u st (2.93 g, 45.0 m m ol) w as w eighed out and  transferred  to a three-necked round  bottom ed 

flask containing 30 mL of dry THF. T itanium  tetrachloride w as added  (4.28 g, 22.5 mmol) via 

syringe to the m ixture and  then refluxed for 2 h un d er darkness and  a N 2  environm ent. A m ixture 

of the crude [206] (2.19 g, 5.00 mmol, leq .) and  propiophenone [131] (2.01 g, 15.0 mmol, 3 eq.) in 40 

mL of anhydrous THF w as added  to the Zn/TiCL m ixture via syringe. The m ixture w as then 

refluxed for a fu rther 3 h. A fterw ards, the m ixture w as allow ed to cool then d ilu ted  w ith  100 mL 

ethyl acetate and  w ashed  w ith 10 % potassium  carbonate solution (50 mL). A fter filtration, the 

organic layer w as separated  out and  the aqueous layer w as extracted w ith ethyl acetate (100 mL x 

3). The com bined organic layers w ere w ashed w ith 10 % potassium  carbonate solution (50 mL), 

w ater (50 mL) and  brine solution (50 mL) then dried  over anhydrous sodium  sulfate, filtered and 

evaporated  to d ryness in vacuo to yield crude product as an am ber oil. The m aterial w as purified 

via flash chrom atography (hexane:diethyl ether) to afford an isom eric m ixture of the product [208] 

as a yellow oil (0.57 g, 21%).
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'H-NMR (400 M Hz, CDCI3): 6  0.18 -  0.30 (m, 12H, Si(CH 3)2), 0.99 - 1.08 (m, 24H, C H 3, SiC(CH 3 )3), 

2.50 -  2.59 (m, 4H, C H 2), 6.55 -  7.75 (m, 26H, ArH). “ C-NMR (100 MHz, CDCI3 ): 6  -4.82, -4.71, 

13.14, 13.25, 17.80, 25.30, 28.51, 28.78, 90.98 (C-I), 91.73 (C-I), 118.73, 119.30, 125.77, 125.93, 127.45,

127.63, 129.20, 129.32, 130.21, 131.12, 131.43, 132.43, 135.15, 135.54, 136.02, 136.84, 136.97, 141.55,

141.63, 142.23, 142.51, 142.88, 153.36, 154.13 (C-O), 159.77 (C-O). IR: v™, (KBr) cm 3436.62, 2957.1, 

2929.2, 2857.1, 1603.9, 1506.3, 1387.8, 1255.0, 1168.8, 1006.5, 915.3, 837.6, 804.2, 780.3, 699.9. HRMS 

(El): Found 541.1434 (M+H)^ C 2sH3 4 0 Si requires 541.1424.

8.2.28 l-iodo-4-(l-(4-m ethoxyphenyl)-2-phenylbut-l-enyI)benzene [209]^^“

Zinc d ust (2.93 g, 45.0 mmol) w as w eighed out and  transferred to a three-necked round  bottom ed 

flask containing 30 mL of dry  THF. Titanium  tetrachloride w as added  (4.28 g, 22.5 m m ol) via 

syringe to the m ixture and  then refluxed for 2 h  under darkness and  a N 2 environm ent. A m ixture 

of the iodom ethanone [207] (1.69 g, 5.00 mmol, 1 eq.) and propiophenone [131] (2.01 g, 15.0 mmol, 3 

eq.) in 40 mL of anhydrous THF was added  to the Zn/TiCU m ixture via syringe. The m ixture was 

then refluxed for a further 3 h. A fterw ards, the m ixture w as allow ed to cool then d ilu ted  w ith  100 

mL ethyl acetate and  w ashed w ith 10 % potassium  carbonate solution (50 mL). A fter filtration, the 

organic layer w as separated  out and  the aqueous layer w as extracted w ith ethyl acetate (100 mL x 

3). The com bined organic layers were w ashed w ith 10 % potassium  carbonate solution (50 mL), 

w ater (50 mL) and brine solution (50 mL) then dried  over anhydrous sodium  sulfate, filtered and 

evaporated  to dryness in vacuo to yield crude product as an am ber oil. The m aterial w as purified 

via flash chrom atography (Hexane:Diethyl ether) to afford the product [209] as a light green oil 

w hich later crystallised into an off-white waxy resin (1.05 g, 48 %, £/Z = 3.5/1).

’H-NMR (400 M Hz, CDCI3 ): 6 1.01 -  1.13 (m, 6 H, CH3), 2.58 -  2.66 (m, 4H, CH 2 ), 3.75 (s, 0.78 x 6 H, 

O CH 3 ), 3.91 (s, 0.22 X 6 H, O C H 3 ), 6 . 6 8  -  7.81 (m, 26H, ArH). "C-NMR (100 MHz, CDCI3): 6 13.38, 

13.41, 28.79, 54.62, 54.65, 54.88, 112.47, 112.59, 113.32, 125.76, 125.95, 127.62, 127.67, 127.75, 127.83, 

129.17, 129.29, 129.40, 130.34, 131.23, 131.63, 132.53, 134.51, 136.15, 136.88, 136,96, 141.54, 141.76, 

143.05, 157.34. IR: v„,ax (KBr) cm ’: 3436.2, 2965.8, 1605.5, 1508.0, 1480.5, 1460.8, 1441.3, 1288.2, 

1245.9,1171.8, 1029.8,1006.0, 829.7, 811.0, 769.0, 699.4. HRMS (El): (undeterm ined).

8.2.29 General method for Heck reaction

A suspension of sodium  hydrogen carbonate (0.11 g, 1.25 mmol, 2.5 eq.), n-butylam m onium  

hydrogensulfate (0.17 g , 0.50 mmol, 1 eq.) and crushed 4A m olecular sieves (0.200 g) in DMF (2.00
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mL) w as stirred for 15 m in under a nitrogen atm osphere. The 'iodo-triarylethylene' (0.5 m m ol, 1 

eq.) and 'acrylic acid' (1.00 m m ol, 2 eq.) starting m aterials w ere added and stirred for a further 15 

m in before the addition  of palladium  (II) acetate (5.60 m g, 0.03 m m ol, 0.05 eq.). The m ixture w as  

stirred at 60 °C for 4 h, then allow ed to cool. Water (20 mL) w as added, fo llow ed  by 30 mL of ethyl 

acetate. The palladium  and insolubles w ere filtered off. The aqueous phase w as extracted w ith  3 x 

30 mL ethyl acetate. The com bined organic phases w ere dried over anhydrous sod ium  sulfate and 

evaporated to dryness in vacuo. The crude m ixture w as purified via flash chrom atography (ethyl 

acetate).

8.2.29.1 A ttem pted  syn th esis  o f (E)-3-(4-{(E)-l-[4-(ferf-Butyldim ethylsiIanyloxy)phenyI]-2- 

p h en y lb u t-l-en y l}p h en y l)acry lic  acid [2 1 2 ]

A s per general Heck reaction m ethod; lod o  triarylethylene [208] (0.27 g, 0.50 m m ol, 1 eq.) and 

acrylic acid [210] (0.07 g, 1.00 m m ol, 2 eq.) reacted. The reaction w as m onitored via TLC (ethyl 

acetate), how ever, sh ow ed  no synthesis o f products. Follow ing purification via flash 

chrom atography (ethyl acetate), only the initial starting m aterials were recovered and the desired  

product [2 1 2 ] w as not isolated.

8.2.29.2 (E )-3-(4-[(£ /Z )-l-(4-M ethoxyp henyl)-2-p h en yIbu t-l-en yl]ph en yl)acrylic acid [213]̂ ^®

As per general H eck reaction m ethod; lodo triarylethylene [209] (0.22 g, 0.50 m m ol, 1 eq.) and  

acrylic acid [210] (0.07 g, 1.00 m m ol, 2 eq.) reacted. Follow ing the workup, the crude m ixture w as  

purified via flash chrom atography (ethyl acetate) to afford the product [213] as a off-w hite resin 

(0.18 g, 94 %).

’H -N M R  (400 M H z, CDCI3); 6  0.92 (t, 6 H, /  = 7.6 H z, CH 3 ), 2.43 -  2.52 (m, 4H, CHz), 3.65 (s, 0.78 x 

6 H, OCH3), 3.85 (s, 0.22 x 6 H, OCH3), 6.26 -  7.56 (m, 30H, ArH). “ C-NM R  (100 M H z, CDCI3): 6

13.08, 13.13, 28.57, 54.52, 54.75, 112.39, 113.15, 116.73, 117.26, 125.74, 125.92, 126.86, 127.45, 127.51, 

127.61, 128.35, 129.14, 129.61, 130.17, 130.86, 131.45, 132.17, 134.49, 137.07, 141.56, 141.64, 144.95, 

145.07, 145.76, 157.15, 162.55, 169.80. IR: v„,ax (KBr) cm  ': 3396.1, 2928.9, 1702.3, 1631.1, 1508.5,

1438.8, 1375.1, 1287.3, 1250.0, 1173.7, 1102.0, 1029.2, 985.3, 956.9, 829.4, 814.5, 766.2, 701.6, 670.8. 

H R M S (El); Found 407.1634 (M+H)", C2 6H 2 4 0 3 N a requires 407.1623.

8.2.29.3 (E )-3-{4-[(E /Z )-l-(4-M ethoxyphenyI)-2-phenyIbut-l-enyI]phenyl}acrylic acid  m ethyl ester 

[214]
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As per general Heck reaction m ethod; lodo triarylethylene [209] (0.22 g, 0.50 m m ol, 1 eq.) and 

m ethyl acrylate [211] (0.09 g, 1.00 mmol, 2 eq.) reacted. Following the w orkup, the crude m ixture 

w as purified via flash chrom atography (ethyl acetate) to afford the product [214] as a off-white 

resin (0.19 g, 93 %).

*H-NMR (400 MHz, CDCI3): 6  0.98 (t, 3H, /  = 7.5 Hz, CHj), 2.51 (q, 2H, /  = 7.0 Hz, C H 2), 3.71 (s, 3H, 

O CH 3 ), 3.85 (s, 3H, O C H 3 ), 6.46 -  7.56 (m, 15H, ArH). '^C-NMR (100 MHz, CDCI3 ): 6  13.17, 28.60, 

51.28, 54.56, 112.44, 116.87, 125.78, 127.49, 127.53, 129.18, 129.66, 131.50, 132.20, 134.54, 137.09, 

141.63, 141.70, 144.23, 145.77, 157.20, 167.12. IR: (KBr) cm ': 34.42, 2960.7, 1721.0, 1640.0, 1606.2,

1510.3, 1442.8, 1323.8, 1252.7, 1188.6, 1169.4, 1027.6, 977.6, 828.6, 814.4, 766.2, 697.1. HRMS (El): 

Found 421.1784, C 2 7H 2 6 0 3 Na requires 421.1780.

8.2.30.1 (E)-3-{4-[(£/Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenyl}acrylic acid [30]

The product [213] (0.14 g, 0.35 mmol, 1 eq.) was stirred in 5 mL of anhydrous DCM. The reaction 

m ixture was cooled to -78 °C and 1.0 M boron tribrom ide solution (1.40 mL, 1.40 m m ol, 4 eq.) w as 

added  slowly to the reaction mixture. The reaction w as allow ed stir at -78 °C for 45 m inutes then 

allow return  to room tem perature w hile stirred for three hours. The reaction w as quenched 

through the addition of 5 mL of m ethanol. The m ixture w as evaporated  to dryness in vacuo and  the 

residue w as purified via flash chrom atography (DCM:MeOH) to afford the p roduct [30] as a resin 

(0.08 g, yield = 60 %).

'H-NMR (400 MHz, CDCI3): 6  0.96 -  1.00 (m, 6 H, C H 3), 2.53 -  2.59 (m, 4H, CHj), 3.02 (bs, 2H, OH), 

6.42 -  6.48 (d, 2H, /  = 16 Hz, HC=CH), 6.56 -  7.38 (m, 26H, ArH), 7.56 and  7.60 (d, 2H, /  = 16 Hz, 

HC=CH), 10.84 (bs, 2H, COOH). “ C-NMR (100 MHz, CDCI3 ): 6  13.68 (CH 3 ), 13.73 (CH 3), 29.65 

(CH 2 ), 30.34 (CH 2), 115.17, 115.88, 118.34, 118.80, 126.92, 127.10, 128.03, 128.63, 128.71, 128.85, 

130.42, 130.73, 132.00, 132.61, 132.67, 134.98, 139.07, 143.00, 143.38, 145.10, 146.75, 157.25 (C-O), 

167.70 (C=0). IR: v™, (KBr) cm ': 3396.1, 3189.6, 2964.9, 1685.4, 1635.7, 1603.6, 1510.6, 1441.3, 1413.6, 

1203.6, 1169.9, 984.6, 832.4.

8.2.30.2 Alternative synthesis o f (E)-3-{4-[(E/Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l- 

enyl]phenyl}acrylic acid [30]

[214] (0.15 g, 0.38 mmol) w as was stirred in 5.00 mL of anhydrous DCM. The reaction m ixture was 

cooled to -78 °C and  1.0 M boron tribrom ide solution (1.52 mL, 1.52 mmol, 4 eq.) w as added  slowly 

to the reaction m ixture. The reaction w as allow ed stir at -78 °C for 45 m inutes then allow return  to
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room  tem perature  w hile stirred for three hours. The reaction w as quenched through the addition 

of 5.00 mL of m ethanol. The m ixture was evaporated  to dryness in vacuo. The residue (containing 

[215]) w as dissolved in THF (10.0 mL) and  0.10 M N aO H  solution w as added. The m ixture w as 

refluxed for 1 h. The m ixture w as d ilu ted  w ith  ethyl acetate and  the solution w as acidified w ith 10 

% HCl solution. The aqueous phases w as extracted w ith 3 x 50 mL ethyl acetate. The com bined 

organic phases w ere dried  over sodium  sulfate and  evaporated  to dryness in vacuo. The residue 

w as purified via flash chrom atography (DCM:MeOH) to afford the product [30] as a resin (0.07 g, 

50 %).

8.2.31 4-{2-Benzyl-l-[4-(tcrf-butyldim ethylsiIanyloxy)phenyl]but-l-enyl}phenol [217]^“

Zinc dust (1.55 g, 23.9 m mol) w as w eighed out and  transferred  to a three-necked round  bottom ed 

flask containing 40 mL of dry  THF. Titanium  tetrachloride w as added  (2.27 g, 1.31 mL, 11.9 mmol) 

via syringe to the m ixture and  then refluxed for 2  h under darkness and a N 2 environm ent. [128] 

(1.12 g, 3.41 m m ol) and  l-phenyl-2-butanone [216] (1.52 g, 1.52 mL, 10.2 mmol) w ere dissolved in 

40 mL of dry  THF. This m ixture w as added  to the m ixture in the round-bottom ed flask carefully 

via syringe. The m ixture w as then refluxed for a further 4 h. A fterw ards, the m ixture w as allowed 

to cool then dilu ted  w ith 150 mL ethyl acetate and  w ashed w ith 10 % potassium  carbonate solution 

(60 mL). After filtration, the organic layer w as separated  ou t and  the aqueous layer w as extracted 

w ith ethyl acetate (100 mL x 3). The com bined organic layers w ere w ashed w ith 10 % potassium  

carbonate solution (40 mL), w ater (50 mL) and brine (50 mL) then dried  over anhydrous sodium  

sulfate, filtered and  evaporated  to dryness in vacuo to yield crude product as an  am ber oil. The 

m aterial w as purified via flash chrom atography on silica gel (hexane : diethyl ether) to afford an 

isom eric m ixture of the product [217] (1.43 g, 94%, Z/£ = 2.2:1) as a yellow  oil.

'H-NMR (400 M Hz, CDCI3): 6  0.36 -  0.39 (m, 12H, SiCHj), 1.16 -  1.18 (m, 24H, SiC(CHj)3, CHj), 2.24 

-  2.26 (m, 4H, CHj), 3.74 (s, 4H, CH 2), 6.37 (bs, 2H, OH), 6.84 -  6.99 (m, 4H, ArH), 7.22 -  7.28 (m, 

4H, ArH), 7.33 -  7.47 (m, 18H, ArH). '"C-NMR (100 M Hz, CDCI3): & -4.45, 13.26, 18.09, 24.64, 25.62, 

37.16, 114.88, 114.92, 119.44, 119.49, 125.69, 128.22, 128.58, 128.60, 130.24, 130.28, 130.39, 130.44, 

130.74, 130.81, 135.66, 136.46, 137.93, 138.50, 140.71, 153.76, 153.90. IR: V n , a .  (KBr) cm '; 3372.0, 

2955.9, 2930.1, 2858.1, 1603.7, 1505.0, 1462.1, 1376.4, 1255.3, 1167.7, 914.4, 839.5. HRMS (El): Found 

445.2557 (M+H)*, C29H 3 7 0 2 Si requires 445.2563.

8.2.32 (4-{2-Benzyl-l-[4-(2-brom oethoxy)phenyl]but-l-enyl}phenoxy)-tcrt-butyldim ethylsilane
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[218]

The phenol [217] (1.20 g, 2.70 mmol) w as dissolved in 1,2-dibrom oethane (25.4 g, 11.6 mL, 135 

mmol)) w ith stirring. T etrabutylam m onium  hydrogen  sulfate (0.83 g, 2.43 mmol) w as added , 

followed by 1.00 M sodium  hydroxide solution (12.0 mL). The biphasic m ixture w as stirred 

vigorously at room tem perature  for 16 h. The reaction m ixture w as w orked up  via the addition  of 

dichlorom ethane (50 mL) and sodium  bicarbonate solution (50 mL). The aqueous layer w as 

extracted w ith d ichlorom ethane (50 mL). The organic layers w ere com bined, dried  over sodium  

sulfate and concentrated u n d er in vacuo to yield crude product as a brow n oil. The m aterial w as 

purified via flash chrom atography on silica gel (hexane : diethyl ether = 40 : 1) to afford an isom eric 

m ixture of p roduct [218] (0.75 g, 50%, Z/£ = 2.2;1) as a brow n oil.

'H -N M R  (400 M Hz, CDCI3 ); 6  0.20 -  0.23 (m, 12H, SiCHj), 1.00 -  1.02 (m, 24H, SiC(CH 3 )3, C H 3 ), 2.04

-  2.11 (m, 4H, C H 2 ), 3.58 -  3.69 (m, 8 H, C H 2, N CH 2 ), 4.26 -  4.32 (m, 4H, O C H 2), 6.75 -  6.89 (m, 8 H, 

ArH), 7,07 -  7.34 (m, 18H, ArH). “ C-NM R (100 MHz, CDCI3 ): 6  -4.84, -4.82, 12.88, 17.71, 24.28,

25.23, 28.77, 28.81, 29.11, 36.78, 67.32, 113.75, 113.82, 118.94, 119.04, 119.12, 125.34, 127.86, 128.22, 

128.26, 129.83, 129.87, 130.01, 130.07, 135.78, 135.84, 136.23, 137.81, 137.86, 138.03, 140.29, 140.37, 

153.53, 156.03. IR: v™, (KBr) cm ': 2958.0, 2930.3, 2858.2, 1603.9, 1505.3, 1254.1, 1169.2, 1016.8, 913.1, 

839.0. HRM S (El): Found 573.1789 (M+H)", C 3 ,H 3 9 0 2 NaSiBr requires 573.1800.

8.2.33 [2-(4-{2-Benzyl-l-[4-(fert-butyldim ethylsilanyloxy)phenyl]but-l- 

enyl}phenoxy)ethyl]m ethylam ine [219]

As per general am ination m ethod 8.2.9, the brom ide [218] (0.55 g, 1.00 mmol) reacted w ith 

m ethylam ine [138]. Following purification, an isom eric m ixture of the desired product [219] was 

afforded as a brow n oil (0.32 g, 63 %, Z/E = 2.2:1).

'H -N M R  (400 M Hz, CDCI3): 6 0.22 -  0.25 (m, 12H, SiCHj), 0.99 -  1.03 (m, 24H, SiC(CH 3 )3, CH 3 ), 2.08

-  2.13 (m, 4H, C H 2 ), 2.54 (bs, 5H), 2.78 (bs, 2H), 3.01 (bs, 3H), 4.07 -  4.11 (m, 4H, C H 2 ), 6.77 -  6.91 

(m, 8 H, ArH), 7.10 -  7.35 (m, 18H, ArH). *’C-NM R (100 MHz, CDCI3): 6  -4.00, 12.89, 17.56, 24.25,

25.23, 34.36, 36.76, 49.16, 64.49, 113.59, 113.66, 114.74, 114.80, 119.04, 125.34, 127.86, 128.20, 129.87, 

129.95, 134.53, 136.21, 138.06, 140.29, 154.62, 156.07. IR: v„ax (KBr) cm ': 3419.5, 2956.3, 2930.0, 

2855.7, 1606.6, 1508.3, 1462.9, 1239.8, 1169.6, 1046.0, 833.6. H RM S (El): Found 502.3150 (M-H)', 

C32H44N02Si requires 502.3141.
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8.2.34 4-{2-Benzyl-l-[4-(2-m ethyIam inoethoxy)phenyl]but-l-enyl}phenol [220]

As per general deprotection m ethod 8.2.10, the am ine [219] (0.25 g, 0.50 mmol), upon  reaction 

afford an isom eric m ixture of p roduct [220] as a b row n oil (0.14 g, 74 %, Z/£ = 2.2:1).

’H-NMR (400 M Hz, CDCI3 ): 6  0.97 -  1.03 (m, 6 H, C H 3 ), 2.06 -  2.14 (m, 4H, C H 2), 3.24 -  3.26 (m, 6 H, 

N CH 3 ), 3.58 -3.60 (m, 4H, CH 2 ), 3.73 -  3.78 (m, 4H, N C H 2), 4.13 -  4.19 (m, 4H, O C H 2), 6.82 -  6 . 8 8  

(m, 4H, ArH), 7.00 -  7.05 (m, 4H, ArH), 7.14 -  7.34 (m, 18H, ArH). ' ’C-NM R (100 M Hz, CDCI3 ): 6  

13.25, 24.71, 34.60, 37.21, 49.35, 64.91, 113.96, 114.02, 115.21, 115.28, 125.77, 128.30, 128.66, 128.70, 

130.34, 130.38, 134.59, 136.73, 137.87, 138.64, 140.80, 155.55, 156.53. IR: (KBr) cm ': 3431.1,

2931.0, 1643.2, 1608.8, 1508.5, 1452.2, 1237.4, 1168.4, 830.7. HRMS (El): Found 388.2296 (M+H)", 

C 2 6H 3 0N O 2 requires 388.2277.

8.2.35 N-(2-{4-[2-Benzyl-l-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-2,2,N- 

trim ethylpropionam ide [221a]

The phenol [220] (0.20 g, 0.52 mmol) w as dissolved in anhydrous THF (20 mL) at 0 °C. 

Triethylam ine (0.08 g, 0.77 mmol) w as added , followed by trim ethylacetyl chloride (0.07 g, 0.57 

mmol). The reaction m ixture w hich w as allow ed re tu rn  to room tem perature and stirred for 16 h. 

The reaction m ixture w as d ilu ted  w ith w ater (25 mL) then extracted w ith ethyl acetate (3 x 30 mL). 

C om bined organic phases w ere dried over sodiun  su lphate  then evaporated to dryness in vacuo. 

The residue w as purified by flash chrom atography on silica gel (Hexane:EtOAc) to afford the 

p roduct [221a] as a brow n oil (0.16 g, 77 %, Z/E = 2.2:1).

*H-NMR (400 M Hz, CDCI3): 6  0.96 -  0.99 (m, 6 H, C H 3 ), 1.30 -  1.31 (m, 18H, C(CH 3)3 ), 2.05 -  2.11 (m, 

4H, C H 2), 3.24 -  3.27 (m, 6 H, N C H 3), 3.57 -3.59 (m, 4H, C H 2), 3.74 -  3.75 (m, 4H, N C H 2), 4.10 -  4.14 

(m, 4H, O C H 2 ), 6.77 -  6.83 (m, 8 H, ArH), 7.05 -  7.33 (m, 18H, ArH). *^C-NMR (100 M Hz, CDCI3): 6  

12.89, 24.26, 27.73, 36.78, 38.39, 49,88, 65.97, 113.48, 113.53, 114.53, 114.59, 125.31, 127.84, 128.22, 

128.24, 129.94, 129.98, 134.83, 137.60, 138.10, 140.36, 154.31, 156.53, 177,72, IR: v„ax (KBr) cm ': 

3429,9, 2966,9, 2922,7, 1604,4, 1508,9, 1365,8, 1237,9, 1114,1, 831,5, 729,0, 699,6, HRMS (El): Found 

494,2687 (M+Na)*, C 3 iH 3 7N 0 2 Na requires 494,2671,

8.3 Chapter 3 experimental

8.3.1 3-[(tert-Butyldim ethylsilyI)oxy]-4-m ethoxybenzyl aldehyde [223] ^

3-H ydroxy-4-m ethoxybenzaldehyde [222] (7,50 g, 49,3 m mol) and  im idazole (3,69 g, 54.2 mmol)
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were dissolved in 30 mL of dimethylformamide with stirring. A solution of fert-butyldimethylsilyl 

chloride (7.43 g, 49.3 mmol) in dimethylformamide (30 mL) was added to the mixture slow ly over 

the course of 1 h. Reaction mixture was allowed stir at room temperature for 16 h. The reaction was 

worked up via the addition of 100 mL ethyl acetate and 50 mL of 10% hydrochloric acid. The 

organic phase was washed with water (100 mL), brine (100 mL), dried over sodium sulfate and 

evaporated to dryness in vacuo to yield crude product as green oil. The material was purified via 

flash chromatography on silica gel (hexane : diethyl ether = 6  : 1) to yield the product [223] (6.77 g, 

52 %) as a green/yellow oil.

’H-NMR (400 MHz, CDCI3 ): 6 0.16 (s, 6 H, Si(CH3)2), 0.99 (s, 9H, C(CH3)3), 3.87 (s, 3H, CH 3), 6.94 (d, 

IH, /  = 8.5 Hz, ArH), 7.36 (d, IH, J = 1.5 Hz, ArH), 7.45 (dd, IH, /  = 8.0 Hz, 2.0 Hz, ArH), 9.80 (s, IH, 

CHO) "C-NMR (100 MHz, CDCI3): 6  -5.12, 25.17, 55.07, 110.69, 119.46,125.96, 129.68, 145.06, 156.14, 

190.44 IR: v„,ax (KBr) cm 2955.7, 2931.1, 2858.3, 1693.5, 1595.7, 1509.7, 1442.9, 1434.6, 1392.0, 1281.5, 

1133.1,851.4.

8.3.2 3-[(ferf-Butyldim ethylsilyl)oxy]-4-m ethoxybenzyl alcohol [224]

To a solution of the aldehyde [223] (6.75 g, 25.4 mmol) in ethanol (30 mL) was added sodium  

borohydride (1.06g, 27.9 mmol) and the mixture was stirred at room temperature for 45 mins. 

Water (10 mL) was added to quench the reaction. The solution was concentrated in vacuo. The 

concentrate was extracted with 2 N sodium  hydroxide solution (10 mL) and the organic phase was 

extracted with ether (3 x 50 mL). The ether solution was washed with water (2 x 20 mL). The 

organic phase was dried over sodium sulfate and concentrated in vacuo to yield the benzyl alcohol 

[224] (6.11 g, 91 %) as a colourless oil.

'H-NMR (400 MHz, CDCI3): 6 0.18 (s, 6 H, Si(CH3)2), 1.02 (s, 9H, € (^3 )3 ), 1.80 (s, IH, OH), 3.82 (s, 

3H, CH 3 ), 4.57 (s, 2H, CH2), 6.84 (d, IH, /  = 8  Hz, ArH), 6.91 (m, 2H, ArH) ’"C-NMR (100 MHz, 

CDCI3 ): b -5.07 (Si(CH3 )2 ), 18.01 (C(CH3 )3 ), 25.20 (CH3), 25.28 (CH3 ), 55.07 (CH3O), 76.60 ((CH2OH)), 

111.50 (ArC), 119.66 (ArC), 120.05 (ArC), 133.20 (ArC), 144.59 (ArC), 150.10 (ArC) IR: v„,,, (KBr) 

cm ': 3349.7, 2954.7, 2930.6, 2858.1,1586.3,1512.2,1426.6,1287.4,1229.3,1135.1, 840.7.

8.3.3 3-[(tert-ButyldimethylsiIyl)oxy]-4-methoxybenzyl bromide [225] ”

To a cooled solution (0 °C) of the benzyl alcohol [224] (6.11 g, 22.8 mmol) in anhydrous 

dichloromethane (40 mL) was added, dropwise, a solution of phosphorous tribromide (3.08 g, 11.4
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mmol) in dichlorom ethane (20 mL). The m ixture w as allow ed stir at 0 °C for 15 m ins. The solution 

w as then w ashed w ith  a saturated  sodium  bicarbonate solution (50 mL), w ater (50 mL) and  then 

dried  to give the benzyl brom ide [225] (6.74 g, 89 %) as a therm ally unstable oil.

'H-NMR (400 M Hz, CDCI3 ): 6 0.21 (s, 6 H, Si(CH3)2), 1.06 (s, 9H, C(CH3)3), 3.82 (s, 3H, C H 3 ), 4.47 (s, 

2H, CH 2 ), 6.80 -  6.98 (m, 3H, ArH) "C-NMR (100 MHz, CDCI3): 6 -5.01 (Si(CH3)2), 18.02 (C(CH3)3), 

25.31 (CH 3 ), 33.67 (CHjBr), 55.01 (CH3O), 76.73 ((CHjOH)), 111.40 (ArC), 121.37 (ArC), 122.12 

(ArC), 129.87 (ArC), 144.58 (ArC), 150.78 (ArC) IR: v„,ax (KBr) c m 2955.3, 2930.6, 2857.7, 1512.2, 

1443.0,1291.4,1272.0, 1209.9, 1140.4, 989.4, 847.8.

8.3.4 [3-[(tert-B uty ld im ethylsily l)oxy]-4-m ethoxybenzyl]triphenylphosphonium  brom ide 

[2261

To a solution of the benzyl brom ide [225] (6.73 g, 20.3 mmol) in anhydrous toluene (50 mL) w as 

added triphenylphosphine (5.33g, 20.3 mmol). The m ixture w as stirred for 15 m ins and  heated at 

reflux for 2 h. After 27 mL of toluene w as rem oved, heating w as d iscontinued and the m ixture was 

allowed to return  to room tem perature slowly. The resulting precipitate w as stirred  for 24 h, 

collected by filtration, w ashed with toluene (3 x 30 mL) and  dried  at 110 °C for 8  h to yield 

phosphonium  salt [226] (8.98 g, 74 %) as a w hite crystalline pow der (m.p. 202 -  206 °C). (lit m p = 

209 -  214 °C)'”.

'H-NMR (400 MHz, CDCI3 ): 6  -0.05 (s, 6 H, Si(CH 3 )2), 0.84 (s, 9H, C(CH 3 )3), 3.71 (s, 3H, C H 3 ), 5.11 (d, 

2H, CHj), 6.50 (t, IH , /  = 2.0 Hz, ArH), 6.59 (dt, IH , /  = 8.0 Hz, 2.0 Hz, ArH), 6 . 8 6  (d, IH , /  = 8.5 Hz, 

ArH), 7.64 -  7.93 (m, 15H, TPP ArH) “ C-NMR (100 M Hz, CDCI3 ): 6  -4.93,18.00, 25.47, 55.43,112.49, 

117.60, 118.45, 118.53, 119.58, 119.67, 122.62, 122.68, 124.63, 124.69, 130.03, 130.15, 133.97, 134.07, 

135.05, 144.17, 150.64, 150.67 (C-O-CH 3). IR: v„ax (KBr) cm ': 3419.8, 2848.5, 1584.3, 1514.0, 1436.0, 

1275.2, 1110.2, 990.5, 841.5.

8.3.5 tert-B utyl-{2-m ethoxy-5-[2-(3,4,5-trim ethoxyphenyl)vinyI]phenoxy}dim ethylsilane 

(W ittig reaction  rou te  1) [E/Z-229]

Sodium  hydride, a 60% dispersion in oil, (0.41 g [0.24 g active NaH ], 10.1 m m ol) w as added  in 

portions to a well stirred suspension of the phosphonium  brom ide [226] (4.00 g, 6.74 mmol) and 

3,4,5-trim ethoxybenzaldehyde [227] (1.32 g, 6.74 m m ol) in anhydrous toluene (20 mL) u n d er a 

n itrogen atm osphere at 0-5 °C. The m ixture w as allow ed to re tu rn  to room  tem perature. After an
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additional 18 h stirring, excess sodium  hydride w as quenched by the addition  of m ethanol (1 mL). 

The solvents from the reaction m ixture w ere evaporated  u n d er reduced pressure and  the residue 

w as purified via flash chrom atography on silica gel (hexane : diethyl ether = 20 : 1) to yield E- 

C om bretastatin A-4 silyl ether (cis) [E-229] as a resin (0.49 g, 17 %) and  Z-C om bretastatin A-4 silyl 

ether (trans) [Z-229] as a resin (0.65 g, 22 %). (lit m p £-[229] = 128-130 °C™)

Cis isomer

'H -N M R  (400 MHz, CDCI3): 6  0.06 (s, 6 H, SiC(CH3)3), 0.93 (s, 9H, SiC(CH3)3), 3.70 (s, 6 H, 3 -OCH 3, 

5 -OCH 3), 3.78 (s, 3H, 4'-0CH3), 3.83 (s, 3H, 4 -OCH 3), 6.42 (d, IH , /  = 12 Hz, H -la '), 6.47 (d, IH , /  = 12 

Hz, H -la), 6.50 (s, 2H, H-2, H-6), 6.73 (d, IH , /  = 8 Hz, H-5'), 6.79 (d, IH , /  = 2 Hz, H-2'), 6.85 (dd, 

IH , /  = 8 Hz, 2 Hz, H-6'). '^C-NMR (100 MHz, CDCI3): -5.22 (Si(CH3)2), 17.91 (SiC(CH3)3), 25.18 

(SiC(CH3)3), 55.05 (4'-OCH3), 55.43 (3 -OCH 3, S-OCHj), 60.45 (4 -O CH 3), 105.33 (C-2, C-6), 111.13 (C- 

5'), 120.81 (C-2'), 122.42 (C-6'), 128.29 (C-la'), 129.25 (C-la), 130.53 (C-1'), 132.66 (C-1), 136.46 (C-4), 

152.82 (C-3, C-5), 144.14 (C-4'), 149.82 (C-3'). IR: v^ax (KBr) cm 2955, 2931, 1580, 1464, 1281, 1249, 

1236,1128, 841.

Trans isomer

’H-N M R (400 MHz, CDCI3): 6 0.19 (s, 6H, SiC(CH3)3), 1.03 (s, 9H, SiC(CH3)3), 3.80 (s, 6H, 4'-OCH3), 

3.86 (s, 3H, 4 -OCH 3), 3.90 (s, 6H, 3 -OCH 3, 5 -OCH 3), 6.70 (s, 2H, H-2, H-6), 6.80 -  6.89 (m, 3H, H -la , 

H -la ', H-5'), 7.04 -  7.06 (m, 2H, H-2', H-6'). *’C-NM R (100 M Hz, CDCI3): -4.54 (Si(CH3)z), 18.52 

(Si£(CH 3)3), 25.81 (SiC(£H 3)3), 55.46 (4’-OCH3), 56.09 (3 -OCH 3, 5 -OCH 3), 60.97 (4 -OCH 3), 103.28 (C- 

2, C-6), 112.00 (C-5'), 118.62 (C-2'), 120.58 (C-6'), 126.60 (C-la'), 127.92 (C-la), 130.42 (C-1'), 133.46 

(C-1), 137.58 (C-4), 145.15 (C-3, C-5), 150.88 (C-4'), 153.38 (C-3'). IR: (KBr) cm ': 2955.0, 2928.7,

2851.1, 1583.2, 1510.6,1461.8,1426.5,1350.5,1275.8, 1248.6,1130.2, 997.6, 857.5, 838.5, 783.8.

8.3.6 2-M ethoxy-5-[2-(3,4,5-trimethoxyphenyI)vinyl]phenol [78] (CA4)

The silyl-protected cis-com bretastatin [E-229] (0.49 g, 1.14 m mol) w as dissolved in d ry  THF (5.00 

mL) w ith stirring. TBAF (2.30 mL, 2.28 m mol) w as added  dropw ise to the m ixture. Reaction was 

allow ed stir for 2 h at room  tem perature under a N 2 environm ent. The m ixture w as evaporated  to 

dryness in vacuo. The residue w as dissolved via the addition  of ethyl acetate (25 mL). W ater (25 mL) 

was added  and the organic layer separated. A queous phase w as extracted w ith ethyl acetate (25 

mL x 2). The com bined organic layers w ere dried over sodium  sulfate then evaporated  to dryness 

in vacuo. The m aterial w as purified via flash chrom atography on silica gel (DCM:MeOH = 20:1) to
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yield product [78] (0.33 g, 91%) as the pure cis-isomer as a light brown oil.

Cis isom er

'H -N M R  (400 M Hz, CDCI3): 6  3.70 (s, 6 H, 3 -O CH 3, S -O C H ,), 3.85 (s, 3H, 4'-OCH3), 3.86 (s, 3H, 4- 

OCH3), 6.41 (d, IH , ] = 12 Hz, H -la '), 6.47 (d, IH , /  = 12 Hz, H -la), 6.53 (s, 2H, H-2, H-6), 6.73 (d, IH , 

/  = 8.5 Hz, H-5'), 6.93 (d, IH , /  = 2 Hz, H-2'), 6.80 (dd, IH , j  = 8.5 Hz, 2 Hz, H-6'). “ C-NM R (100 

MHz, CDCI3): 55.89 (3 -OCH 3, 4'-0CH3 and 5 -OCH 3), 60.91 (4 -OCH 3), 105.96 (C-2, C-6), 110.33 (C-5'), 

115.09 (C-2’), 121.02 (C-6’), 128.94 (C-la'), 129.52 (C-la), 130.53 (C-1'), 132.672 (C-1), 137.01 (C-4), 

152.81 (C-3, C-5), 145.27 (C-4’), 145.80 (C-3'). IR: (KBr) cm ': 3395, 1580, 1508, 1462, 1456, 1420,

1274,1237, 1221, 773.

Trans isom er

Trans-isomer w as not synthesised; full characterisation w as previously reported  by Petitt et a l}^

8.3.7 (3,4,5-TrimethoxyphenyDmethanol [230]̂ '®

To a solution of the aldehyde [227] (5.00 g, 25.5 m mol) in ethanol (30 mL) w as ad d ed  sodium  

borohydride (1.06g, 28.0 mmol) and the m ixture w as stirred at room  tem perature for 45 mins. 

W ater (10 mL) w as added  to quench the reaction. The solution w as concentrated in vacuo. The 

concentrate w as extracted w ith  2 N sodium  hydroxide solution (10 mL) and the organic phase was 

extracted w ith  ether (3 x 50 mL). The ether solution w as w ashed  w ith  w ater (2 x 20 mL). The 

organic phase w as dried  over sodium  sulfate and  concentrated in vacuo to yield the benzyl alcohol 

[230] (3.57 g, 71 %) as a colourless oil. (lit m p = 36 -38 °C)^'^

’H-N M R (400 M Hz, CDCI3): 6 3.82 (s, 9H, O C H 3), 4.59 (s, 2H, C H 2O), 6.57 (s, 2H, ArH).^'C-NM R 

(100 M Hz, CDCI3): 6 55.56 (OCH 3), 60.38 (OCH 3), 64.79 (CH 2), 103.20 (ArC), 136.40 (ArC), 152.76 

(ArC). IR: v„^x (KBr) cm ': 3419.8, 2941.1, 1593.5, 1506.4, 1462.9, 1422.6, 1331.2, 1236.5, 1126.7, 1006.3.

8.3.8 5-Brom om ethyl-l,2,3-trim ethoxybenzene [231]^’^

To a cooled solution (0 °C) of the benzyl alcohol [230] (3.57 g, 18.0 m mol) in anhydrous 

d ichlorom ethane (40 mL) w as added, dropw ise, a solution of phosphorous tribrom ide (2.44 g, 9.02 

m m ol) in  d ichlorom ethane (20 mL). The m ixture w as allow ed stir at 0 °C for 15 mins. The solution 

w as then w ashed  w ith  a saturated  sodium  bicarbonate solution (50 mL), w ater (50 mL) and  then 

d ried  to give the benzyl brom ide [231] (4.60 g, 98 %) as a therm ally unstable oil. (lit m p = 71 -72 °C)
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’H-N M R (400 M Hz, CDCI3): 6  3.85 (s, 9H, C H 3O), 4.47 (s, 2H, CHjBr), 6.62 (s, 2H, ArH). '^C-NMR 

(100 MHz, CDCI3): 6  33.89 (CHj), 55.66 (OCH 3 ), 60.40 (OCH 3 ), 105.59 (ArC), 132.75 (ArC), 137.60 

(ArC), 152.80 (ArC), IR; v„,ax (KBr) cm ': 2940.8, 1589.1,1466.5, 1423.7,1330.8, 1246.4, 1127.2, 995.0.

8.3.9 T riphenyI-(3 ,4 ,5-T rim ethoxybenzyl)phosphonium  brom ide [232]^’*

To a solution of the benzyl brom ide [231] (1.89 g, 7.23 mmol) in anhydrous toluene (50 mL) w as 

added  triphenylphosphine (1.90 g, 7.23 mmol). The m ixture w as stirred  for 15 m ins and  heated at 

reflux for 2 h. After 27 mL of toluene w as rem oved, heating w as d iscontinued and  the m ixture w as 

allow ed to return  to room  tem perature slowly. The resulting precipitate w as stirred  for 24 h, 

collected by filtration, w ashed  w ith toluene (3 x 30 mL) and dried  at 110 °C for 8  h to yield 

phosphonium  salt [232] (3.62 g, 95 %) as a w hite crystalline pow der ( m.p. 205 -  211 °C).

’H-N M R (400 MHz, CDCI3): & 3.41 (s, 6 H, OCH 3 ), 3.62 (s, 3H, O C H 3), 5.15 (d, 2H, /  = 15.6 Hz, CHz), 

6.30 (s, 2H, ArH), 7.69 7.94 (m, 15H, TPP ArH).'^C-NM R (100 MHz, CDCI3): 6  55.57, 60.20, 60.22, 

108.38, 108.43, 117.43, 118.28, 122.97, 123.06, 130.00, 130.12, 134.14, 134.23, 135.07, 137.34, 152.64, 

152.67. IR: (KBr) cm ': 3425.2, 3005.1, 2836.6, 1592.1, 1507.8, 1466.3, 1438.5, 1332.5, 1249.4,

1126.3, 996.2, 753.1, 723.2, 695.0.

8.3.10 tcrt-Butyl-{2-m ethoxy-5-[2-(3,4,5-trim ethoxyphenyl)vinyl]phenoxy}dim ethylsiIane 

(W ittig reaction rou te  2) [E/Z-229]^“̂

Sodium  hydride, a 60% dispersion in oil, (0.23 g [0.14 g active NaH], 5.73 mmol) w as added  in 

portions to a well stirred suspension of the phosphonium  brom ide [232] (2.00 g, 3.82 mmol) and 3- 

[(terf-Butyldim ethylsilyl)oxy]-4-m ethoxy-benzaldehyde [223] (1.02 g, 3.82 m mol) in anhydrous 

toluene (20 mL) under a nitrogen atm osphere at 0-5 °C. The m ixture w as allow ed to re tu rn  to room 

tem perature. After an additional 18 h stirring, excess sodium  hydride w as quenched by the 

addition  of m ethanol (1 mL). The solvents from the reaction m ixture w ere evaporated  under 

reduced pressure and the residue w as purified via flash chrom atography on silica gel (hexane : 

diethyl ether = 20 : 1) to yield £-com bretastatin A-4 silyl ether (cis-) [229] (0.33 g, 20 %) and Z- 

com bretastatin A-4 silyl e ther (trans-) [229] (0.39 g, 24 %). C haracterisation as above in 8.3.5.

8.3.11 3-(4-M ethoxy-3-nitrophenyl)-2-(3,4,5-trim ethoxyphenyl)acrylonitrile [233]

To a solution of 3,4,5-trim ethoxyphenylacetonitrile (1.82 g, 8.80 m m ol, 1 eq.), 4-methoxy-3- 

n itrobenzaldehyde (1.59 g, 8.80 mmol, 1 eq.) and m ethyltrioctylam m onium  chloride (0.49 g, 1.20
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mmol, 0.14 eq.) in DCM (15 mL) w as added  1 N sodium  hydroxide solution (7.5 mL). The m ixture 

was stirred for 4 h  at room  tem perature after w hich tim e the solution w as poured  into brine and 

extracted w ith  DCM. The com bined organic phases w ere com bined, d ried  over sodium  sulfate and 

evaporated  to yield the crude product w hich w as then recrystallised from ethyl acetate to afford 

the trans-isomer p roduct [233] as bright yellow crystals (2.25g, 69%, m.p. = 176 -  179 °C)(lit m p = 

191-192 °C)"^

’H-N M R  (400 MHz, CDCI3 ); 6  3.90 (s, 3H, O CH 3), 3.94 (s, 6 H, O CH 3 ), 4.04 (s, 3H, O CH 3 ), 6 . 8 6  (s, 

2H, ArH), 7.20 (d, IH , /  = 9.0 Hz, ArH), 7.41 (s, IH , ArH), 8.22 (d, IH , /  = 2.5 Hz, ArH), 8.28 (dd, IH , 

C=CH). “ C-NM R (100 M Hz, CDCI3 ): 6  55.85 (OCH 3), 56.40 (OCH 3 ), 60.57 (OCH 3), 102.78, 111.62, 

113.55, 117.24 (CN), 125.78, 126.92, 128.92, 133.35, 137.81, 138.97, 153.17, 153.54. IR: (KBr) cm ';

2206.6 (CN), 1618.6,1587.5, 1535.1, 1514.4,1453.1, 1339.9, 1292.2, 1252.0, 1132.0, 1009.8, 832.3.

8.3.12 E-3-(3-A m ino-4-m ethoxyphenyl)-2-(3,4,5-trim ethoxyphenyl)acrylonitrile [234]

Zinc d ust (0.90 g) was added  to a solution of C£)-acrylonitrile com bretastatin analogue [233] (0.20 g, 

0.55 m mol) in 8  mL of glacial acetic acid. The reaction w as stirred for 2 h at room  tem perature then 

the m ixture w as filtered through Celite. The filtrate w as evaportated  to dryness in vacuo. The 

residue w as purified by silica gel flash colum n chrom atography (DCM) to afford a the c(s-isomer of 

the am ine product as a resin [234] (0.17 g, 90 %) (lit m p = 144 -145 °C)"’.

’H-N M R  (400 MHz, CDCI3 ): 6  3.78 (s, 6 H, O CH 3 ), 3.95 (s, 3H, O C H 3 ), 3.89 (s, 3H, O C H 3 ), 6.58 (s, 

IH , ArH), 6.65 - 6 . 6 6  (m, 4H, ArH), 7.17 (s, IH , C=CH). "C -N M R  (100 MHz, CDCI3 ): 6  55.54, 56.18, 

56.20, 61.03,105.91,109.82,110.78,115.47,120.82,121.90,126.31, 128.44, 144.35, 153.58. IR: (KBr)

cm ': 3453.1, 3367.8, 2937.3, 2200.3,1662.2, 1582.3, 1507.6, 1411.2,1238.0, 1127.5, 1024.7, 1002.3.

8.3.13 P ho tochem istry  Reactions

The UV reactions w ere carried out using a N orm ag photoreactor w ith  forced liquid 

circulation and  a 150 W m edium  pressure m ercury im m ersion lam p. A schem atic diagram  is 

show n in Figure 7.1 for clarity w hile detailing the procedure.

The solvents to be used are first placed in an ultrasonic bath  to rem ove dissolved gases. 

The analogue isom er (or isomeric m ixture) is dissolved in the degassed solvent. The reaction 

solution is filled to the low er point of the cooling tube of the reaction vessel. The p u m p  is sw itched 

on and  off several tim es to evacuate air bubbles from the pum p  cham ber. Once the pum p  is fully
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ventilated, the reaction space is filled to the m iddle of the overflow  tube.

N itrogen gas is led th rough  an opened glass stopcock to the gassing frit, w hich is used  to 

purge the reaction solution and  vessel. The UV lam p cham ber itself is also p u rged  w ith  nitrogen. 

These purg ing  steps are essential in order to avoid possible reactions of any oxygen presen t in the 

reaction solution or vessel, under UV-radiation, into strongly oxidising ozone.

The lam p is sw itched on only after the cooling of the im m ersion tube is checked and  flow 

ensured. There is a short ignition time (<20 seconds) after sw itching on the m ain pow er and  the 

lam p reaches uniform  UV-radiation after 2-5 m inutes. Once the lam p has reached uniform  light, 

the reaction is carried out for 30 -  60 m inutes, after w hich time the m ains is sw itched off and  the 

lam p is allowed cool completely.

During the reaction, the m ixture can be sam pled at the overflow stopcock. O n reaction 

com pletion, the reaction solution can be drained from  the PTFE spindle valve at the base of the 

reactor. The reaction solution is evaporated  to dryness under reduced pressure and the residue is 

colum ned via flash chrom atography to afford the pure isomer(s).

I-------------------------------  1

1. UV lam p

2. Cooling connections

3. O verflow  tube

4. G assing frit

5. Glass stopcock

6. Spindle valve

7. Forced liquid pum p

8. Vent and feed connection

9. Cooling tube

Figure 7.1 N orm ag UV photoreactor w ith forced liquid circulation 

8.3.13.1 C om bretastatin  A-4 sily l ether: cts-[229]

The fra«s-com bretastatin A-4 silyl ether analogue [229] (1.00 mmol, 430 m g) w as dissolved in 300 

mL of degassed ethanol. The reaction solution w as placed in the photoreactor and  irrad iated  w ith 

UV light for 2 X 30 m inute sessions. The reaction produced a 50:50 m ixture of E- and  Z-isomers,
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calculated from ‘H-NMR spectrum.

8.3.13.2 Acrylonitrile combretastatin analogue [234]

A solution of (Z)-acrylonitrile combretastatin analogue [233] (1.00 g, 2.70 mmol) in 300 mL of 

degassed acetonitrile was placed in the photoreactor and irradiated with UV light for 3 x 30 minute 

sessions. The reaction produced a 1:1.14 mixture of £- and Z-isomers, calculated from 'H-NMR 

spectrum. The mixture was evaporated to dryness under reduced pressure. The residue was 

purified by silica gel column chromatography (5:25:70 DCM/EtOAc/hexane) to afford the pure ds- 

isomer czs-[234] (0.25 g, 25 % recovery).

'H-NMR (400 MHz, CDCl,): 6 3.78 (s, 6 H, OCH 3 ), 3.89 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 6.60 (s, 

2H, ArH), 6.99 (d, IH, / = 9.0 Hz, ArH), 7.22 (s, IH, ArH), 7.37 -  7.40 (m, IH, ArH), 7.74 (d, IH, / = 

2.0 Hz, C=CH). ”C-NMR (100 MHz, CDCI3): 6 55.81, 56.30, 60.57, 105.19, 113.01, 114.08, 125.37, 

126.67, 126.71, 135.03, 140.25, 153.14, 153.52. IR: v„,ax (KBr) cm ': 2207.7 (CN), 1635.6, 1532.0, 1506.0, 

1452.7,1384.4, 1292.2, 1243.1,1128.0, 1004.0.

8.3.14 General method for synthesis of acrylic acids via the Perkin reaction

A mixture of the necessary benzaldehyde (1 equivalent), the necessary phenylacetic acid (-0.50 g, 1 

equivalent), acetic anhydride (2 mL) and triethylamine (1 mL) were heated under reflux for 3 h. 

After acidification with concentrated hydrochloric acid (~ 5 mL), the resulting solid was filtered off 

and recrystallised to yield the appropriate acrylic acid.

8.3.14.1 (E)-3-(3-Hydroxy-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyI)acryIic acid [236]̂ °̂

As per the general method 8.3.14, 3-hydroxy-4-methoxybenzaldehyde (0.67 g, 4.42 mmol), 3,4,5- 

trimethoxyphenylacetic acid (1.00 g, 4.42 mmol) reacted. Recrystallisation from ethanol afforded 

the acrylic acid [236] as fine yellow needles (0.85 g, 53 %, m.p. 237 -  239 °C )(lit mp 237-239 °C)̂ °*

'H-NMR (400 MHz, CDCI3 ): 6  3.74 (m, 12H, OCH 3 ), 6.45 -  7.00 (m, 5H, ArH), 12.52 (s, IH , COOH). 

'’C-NMR (100 MHz, CDCI3 ): 6  55.45 (OCH3 ), 55.91 (OCH3 ), 60.12 (OCH 3 ), 106.65, 111.49, 117.19, 

122.99, 127.02, 130.31, 132.18, 136,90, 139.13, 145.84, 148.89, 153.09, 168.61 (COOH). IR: v„ax (KBr) 

cm ': 3423.9 (w), 2939.8, 1671.3,1585.2, 1509.6, 1455.3, 1411.1, 1268.3, 1239.3,1126.2.

8.3.14.2 (E>-3-(3-Hydroxy-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid methyl ester
[237]206
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Acrylic acid [236] (0.68 g, 1.88 mmol) was suspended in methanol (10 mL). Concentrated sulfuric 

acid (1.2 mL) was slowly added dropwise. The mixture was refluxed for 1 h then allowed to cool. 

The solid was filtered affording the yellow product [237] (0.54 g, 77 % yield, m.p. 139 - 140 °C )(mp 

lit 177-179 °C)^“ .

'H-NM R (400 MHz, CDCI3): 6  3.80 (s, 6 H, OCH 3), 3.82 (s, 3H, OCH 3), 3.87 (s, 3H, OCH 3), 3.92 (s, 

3H, OCH 3), 6.45 (s, 2H, ArH), 6.62 -  6.69 (m, 3H, ArH) 7.73 (s, IH, C=CH). “ C-NMR (100 MHz, 

CDCI3): 6  51.92 (OCH3), 55.41 (OCH3), 55.67 (OCH3), 60.54 (OCH3), 106.15, 109.70, 116.21, 123.34, 

127.36, 129.74, 130.98, 137.18, 139.89, 144.63, 147.10, 153.10, 153.21, 168.02 (COOH). IR: (KBr)

cm 3429.50, 1709.54,1611.10, 1584.18, 1506.91,1408.46, 1246.40,1127.71, 1060.70, 1027.12.

8.3.14.3 (£)-3-(4-MethoxyphenyI)-2-(3,4,5-trimethoxyphenyl)acrylic acid [238]^^^

As per general method 8.3.14, 4-methoxybenzaldehyde (0.30 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic ad d  [238] as fine yellow needles (0.540 g, 71 %, m.p. 170 -  172 °C ).

’H-NMR (400 MHz, CDCI3 ); 6  3.80 -  3.81 (m, 9H, OCH 3 ), 3.93 (s, 3H, OCH 3), 6.49 (s, 2H, ArH), 6.75 

(d, 2H, /  = 9.0 Hz, ArH), 7.08 (d, 2H, /  = 9.0 Hz, ArH), 7.28 (s, IH, ArH), 7.91 (s, IH, C=CH). “ C- 

NMR (100 MHz, CDCI3): 6  54.85 (OCH3), 55.64 (OCH3), 60.53 (OCH3), 106.05, 113.42, 126.24, 128.18, 

130.67, 132.43, 137.16, 141.93, 153.25, 160.39, 172.59 (COOH). IR: v^ax (KBr) cm 3435.32 (w), 

2941.81, 1664.28, 1603.55, 1582.40, 1511.84, 1464.43, 1414.37, 1310.51, 1252.99, 1180.34, 1126.19, 

1029.24.

8.3.14.4 (E)-2-(4-Methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)acrylic acid [239]^^

As per the general method 8.3.14, 3,4,5-trimethoxybenzaldehyde (0.59 g, 3.01 mmol), 4- 

methoxyphenylacetic acid (0.50 g, 3.01 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [239] as fine yellow needles (0.67 g, 64 %, m.p. 199 -  202 °C )(lit m p 198-202

'H-NM R (400 MHz, CDCI3 ): 6  3.74 (s, 6 H, OCH 3), 3.84 (s, 6 H, OCH 3), 6.40 (s, 2H, ArH), 6.98 (d, 2H, 

J= 8.5 Hz), 7.23 (d, 2H, /= 9 Hz), 7.85 (s, IH, C=CH). “ C-NMR (100 MHz, CDCI3): 6  54.91 (OCH 3), 

55.24 (OCH3), 60.41 (OCH 3), 107.85, 113.90, 127.26, 129.18, 129.86, 130.73, 138.76, 141.70, 152.18, 

158.95, 172.66 (COOH). IR: (KBr) cm ': 3435.85 (w), 2941.28, 1680.10, 1613.96, 1578.99, 1502.20,

1418.94, 1279.01,1243.22, 1122.34,1006.34, 843.04.
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8.3.14.5 (E)-2-Benzo[l,3]dioxol-5-yl-3-(4-methoxyphenyl)acrylic acid [240]^^

As per the general method 8.3.14, p-anisaldehyde (0.38 g, 2.78 mmol), 3,4- 

(methylenedioxy)phenylacetic acid (0.50 g, 2.78 mmol) reacted. Recrystallisation from ethanol 

yielded the acrylic acid [240] as fine yellow needles (0.34 g, 41 %, m.p. 227 -  229 °C )(lit mp 199-200
0 C )2 9 8

'H-NMR (400 MHz, CDCI3): 6  3.70 (s, 3H, OCH 3), 6.04 (s, 2H, CH 2), 6.59 -  7.09 (m, 9H, ArH), 6.76 (s, 

IH, C=CH). “C-NMR (100 MHz, CDCI3): b 55.15 (OCH3 ), 101.02 (0 (CH2)0 ), 108.62, 109.92, 113.86, 

114.49, 122.79, 126.83, 130.20, 130.26, 131.83, 131.99, 138.89, 146.53, 147.42, 159.88, 168.58 (COOH). 

IR: Vn,ax (KBr) cm ': 3414.7, 2976.8, 1666.6, 1599.5, 1510.9, 1490.0, 1441.6, 1241.2, 1172.5, 1037.1, 935,8 

HRMS (El): Found 299.0916 (M)*, C,7H , 5 0 5  requires 299.0919.

8.3.14.6 (E)-3-Benzo[l,3]dioxol-5-yl-2-(4-methoxyphenyl)acrylic acid [241]̂ '®

As per the general method 8.3.14, piperonal (0.45 g, 3.01 mmol), 4-methoxyphenylacetic acid (0.50 

g, 3.01 mmol) reacted. Recrystallisation from ethanol yielded the acrylic acid [241] as fine yellow 

needles (0.32 g, 36 %, m.p. 232 -  233 °C )(lit mp 252 °C)” ’.

'H-NMR (400 MHz, CDCI3): 6 3.79 (s, 3H, OCH3), 5.97 (s, 2H, OCH2O), 6.39 (s, IH , ArH), 6.79 -6.84 

(m, 2H, ArH), 6.97 (d, IH, /  = 8 . 8  Hz, ArH), 7.08 (d, IH, /  = 8.2 Hz, ArH), 7.65 (s, IH , ArH), 12.52 (s, 

IH, COOH). '’C-NMR (100 MHz, CDCI3); b 55.06 (OCH3), 101.36 (0 (CH2)0 ), 108.28, 108.77, 114.07, 

126.39, 128.42, 128.65, 130.68, 130.79, 138.59, 147.08, 148.98, 158.63, 168.73 (COOH). IR: (KBr)

c m ': 3436.26, 2937.78, 1666.21, 1611.23, 1506.29, 1482.99, 1424.59, 1348.60, 1288.40, 1272.55, 1240.78, 

1179.56, 1030.93, 921.74. HRMS (El): Found 321.0727 (M+Na)", CiyH^OsNa requires 321.0739.

8.3.14.7 (E)-3-Naphthalen-l-yI-2-(3,4,5-trimethoxyphenyI)acryIic acid [242]

As per the general method 8.3.14, a-naphthaldehyde (0.35 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [242] as fine yellow needles (0.32 g, 40 %, m.p. 168 -  172 °C ).

'H-NM R (400 MHz, CDCI3): 6 3.45 (s, 6 H, OCH3), 3.59 (s, 3H, OCH3), 6.37 (s, 2H, ArH), 7.12 (d, IH, 

/ = 7.0 Hz, ArH), 7.32 (t, IH , /  = 7.5 Hz, ArH), 7.56 (m, 2H, ArH), 7.83 (d, IH, /  = 8.5 Hz, ArH), 7.93 

(d, IH, /  = 7.5 Hz, ArH), 8.04 (d, IH, / = 8.0 Hz, ArH), 8.32 (s, IH , C=CH), 12,84 (s, IH , COOH). “C-
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NMR (100 MHz, CDCI3): 6 55.61 (OCH3), 59.97 (OCH3), 107.47,124.06, 125.20,126.14, 126.71,127.02, 

128.48, 128.51, 131.02, 131.11, 132.42, 132.90, 136.05, 136.78, 137.06, 152.25, 168.13 (COOH). IR: v„,ax 

(KBr) cm ’: 3436.46, 2932.36, 1675.86, 1582.11, 1504.80, 1409.27, 1339.14, 1236.94, 1128.08, 1007.63. 

HRMS (El): Found 387.1192 (M+Na)*, C22H 2o0 5 Na requires 387.1208.

8.3.14.8 (E)-3-Naphthalen-2-yI-2-(3,4,5-trimethoxyphenyI)acrylic add  [243]

As per the general method 8.3.14, p-naphthaldehyde (0.35 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2,21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [243] as fine yellow needles (0.41 g, 51 %, m.p. 238 -  240 °C ).

'H-NMR (400 MHz, CDCI3): 6  3.65 (s, 6 H, OCH3), 3.73 (s, 3H, OCH3), 6.52 (s, 2H, ArH), 7.02 (dd, 

IH, /= 1.5 Hz, 8.5 Hz), 7.50 (d, 2H, /= 2 Hz), 7.52 -  7.90 (m, 5H), 12.73 (s, IH, COOH). '’C-NMR (100 

MHz, CDCI3): & 55.97 (OCH3), 60.20 (OCH3), 106.99, 126.18, 126.56, 127.18, 127.40, 127.46, 128.25, 

131.36, 131.75, 132.16, 132.58, 132.80, 133.43, 137.20, 138.88, 153.08, 168.34 (COOH). IR: (KBr)

cm ': 3435.50, 2937.78, 1664.26, 1581.88, 1504.78, 1454.14, 1411.09, 1287.35, 1239.16, 1127.39, 1005.19. 

HRMS (El): Found 387.1222 (M+Na)", C22H2oOsNa requires 387.1208.

8.3.14.9 (E>-3-Phenanthren-9-yl-2-(3,4,5-trimethoxyphenyl)acrylic acid [244]

As per the general method 8.3.14, phenanthrene-9-carbaldehyde (0.46 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [244] as brown crystals (0.43 g, 47 %, m.p. 232 -  234 °C ).

'H-NMR (400 MHz, CDCI3): 6 3.42 (s, 6 H, OCH3), 3.54 (s, 3H, OCH3), 6.45 (s, 2H, "A" ring ArH), 

7.49 (s, IH, ArH), 7.55 (t, IH, /  = 7.3 Hz, ArH), 7.62 -  7.74 (m, 4H, ArH), 8.07 -  8.09 (m, IH, 

ArH),8.32 (s, IH, ArH), 8.76 (d, IH, /  = 8 . 6  Hz), 8.82 -  8.85 (m, IH, ArH), 12.99 (s, IH, COOH). '^C- 

NMR (100 MHz, CDCI3): 6 55.61 (OCH3), 59.91 (OCH3), 107.45,122.79, 123.37,125.09, 127.02,127.10, 

127.22, 127.36, 127.74, 128.60, 129.47, 129.55, 129.98, 130.53, 130.98, 131.37, 136.73, 136.75, 137.64, 

152.14, 168.07 (COOH). IR: (KBr) cm ': 3435.75, 2937.82, 1678.03, 1582.84, 1508.17, 1452.06,

1411.63, 1239.17, 1129.71, 1009.19, 752.41, 724.47. HRMS (El): Found 437.1369 (M+Na)*, CzsHzjOsNa 

requires 437.1365.

8.3.14.10 (E)-2-(4-Methoxyphenyl)-3-phenanthren-9-ylacryIic acid [245]

As per the general method 8.3.14, phenanthrene-9-carbaldehyde (0.50 g, 2.41 mmol), 4-
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methoxyphenylacetic ad d  (0.40 g, 2.41 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [245] as fine yellow needles (0.40 g, 47 %, m.p. 225 -  228 °C ).

’H-NMR (400 MHz, CDCI3): 6  3.61 (s, 3H, OCH 3), 6.71 (d, 2H, /  = 8 , 6  Hz, "A" ring ArH), 7.06 (d, 

2H, / = 8.5 Hz, "A" ring ArH), 7.36 (s, IH, ArH), 7.53 (t, IH , /  = 7.5 Hz, ArH), 7.62 -  7.75 (m, 4H, 

ArH), 8.08 -  8.11 (m, IH, ArH), 8.26 (s, IH, C=CH), 8.77 (d, IH, /  = 8.5 Hz, ArH), 8.85 (d, IH, /  = 8.5 

Hz, ArH), 12.94 (s, IH, COOH). '^C-NMR (100 MHz, CDCI3): 6  54.86 (OCH3), 113.23, 122.79, 123.43, 

124.98, 127.07, 127.11, 127.31, 127.33, 127.58, 128.05, 128.65, 129.49, 129.66, 130.08, 130.57, 131.06, 

131.57, 136.18, 137.01, 158.32, 168.46 (COOH). IR: v„ax (KBr) cm ‘: 3435.62, 2932.48, 1670.33, 1608.10, 

1512.83, 1415.00, 1284.27, 1248.89, 1175.30, 1032.37, 749.29, 722.99. HRMS (El): Found 377.1142 

(M+Na)*, C2 4Hi8 0 3 Na requires 377.1154.

8.3.14.11 (E)-3-p-Tolyl-2-(3,4,5-trimethoxyphenyl)acrylic acid [246]

As per the general method 8.3.14, p-tolualdehyde (0.27 g, 2.21 mmol), 3,4,5-trimethoxyphenylacetic 

acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the acrylic acid [246] as fine 

yellow needles (0.27 g, 37 %, m.p. 190 -  193 °C ).

'H-NMR (400 MHz, CDCI3): 6  2.24 (s, 3H, CH 3), 3.67 (s, 6 H, OCH 3 ), 3.71 (s, 3H, OCH 3), 6.45 (s, 2H, 

ArH), 7.03 (dd, IH, /  = 22 Hz, 8  Hz, ArH), 7.69 (s, IH, C=CH), 12.61 (s, IH , COOH). ’̂C-NMR (100 

MHz, CDCI3): 6  20.87 (CH3), 55.92 (OCH3), 60.14 (OCH3), 106.63, 128.96, 130.26, 131.56, 132.01, 

132.22, 136.95, 138.91, 139.04, 153.09, 168.40 (COOH). IR: v^x (KBr) cm ': 3436.54 (w), 2939.20, 

1670.98 (s), 1581.01, 1505.34, 1412.52, 1294.34, 1241.50, 1185.30, 1127.19 (s), 1000.57. HRMS (El): 

Found 351.1198 (M+Na)*, Ci9H 2o0 5 Na requires 351.1208.

8.3.14.12 (E)-3-(4-Methylsulfanylphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [247]

As per the general method 8.3.14, 4-methylthiobenzaldehyde (0.34 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [247] as fine yellow needles (0.38 g, 48 %, m.p. 194 -  196 °C ).

’H-NMR (400 MHz, CDCI3): 6  2.43 (s, 3H, SCH3), 3.68 (s, 6 H, OCH 3), 3.72 (s, 3H, OCH 3), 6.47 (s, 2H, 

ArH), 7.08 (dd, 4H, /  = 27.6 Hz, 8.5 Hz, ArH), 7.68 (s, IH, C=CH), 12.64 (s, IH, COOH). *’C-NMR 

(100 MHz, CDCI3): 6  14.01 (SCH3), 55.93 (OCH3 ), 60.15 (OCH3), 106.50, 125.02,130.56,130.71, 132.01, 

132.13, 136.95, 138.43, 140.36, 153.17, 168.36 (COOH). IR: v„,ax (KBr) cm ': 3435.88 (w), 2939.66,
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1667.30, 1587.76, 1506.19, 1410.67, 1286.01, 1240.91, 1125.30, 1087.58, 1001.09. HRMS (El): Found 

383.0940 (M+Na)", CjsHzoOsNaS requires 383.0929.

8.3.14.13 (E)-3-(4-Bromophenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [248]

As per the general method 8.3.14, 4-bromobenzaldehyde (0.41 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [248] as fine yellow needles (0.36 g, 41 %, m.p. 227 -  230 °C ).

'H-NMR (400 MHz, CDCI3): 6  3.67 (s, 6 H, OCH 3), 3.71 (s, 3H, OCH 3), 6.45 (s, 2H, ArH), 7.06 (d, 2H, 

/= 8.5Hz), 7.46 (d, 2H, /= 8.5 Hz), 7.69 (s, IH, C=CH), 12.76 (s, IH , COOH). "C-NM R (100 MHz, 

CDCI3): 6  55.94 (OCH3), 60.15 (OCH3), 106.60, 122.46 (C-Br), 131.32, 133.73, 134.07, 137.13, 137.54, 

153.11, 168.15 (COOH). IR: (KBr) cm ': 3435.94 (w), 2936.34, 1667.10, 1582.78, 1505.97, 1465.88,

1453.56, 1411.97, 1309.07, 1287.21, 1240.39, 1132.43, 1008.37. HRMS (El): Found 415.0170 (M+Na)*, 

CigHiTOsNaBr requires 415.0157.

8.3.14.14 (E)-3-(3-Fluoro-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [249]"°

As per the general method 8.3.14, 3-fluoro-4-methoxybenzaldehyde (0.34 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [249] as fine yellow needles (0.437 g, 55 %, m.p. 208 -  211 °C )(lit mp 203-205 “C)"".

*H-NMR (400 MHz, CDCI3): b 3.72 (s, 9H, OCH 3), 3.81 (s, 3H, OCH3), 6.47 (s, 2H, ArH), 6.83 (dd, 

IH, /= 1.75 Hz, 13 Hz), 6.99 (d, IH, /= 9 Hz), 7.08 (t, IH, /= 8.75 Hz), 7.66 (s, IH), 12.52 (s, IH, 

COOH). *^C-NMR (100 MHz, CDCI3): 6 56.00 (OCH3), 60.18 (OCH3), 106.49, 113.44, 116.88, 117.07, 

127.23, 127.30, 127.82, 131.79, 131.95, 137.09, 137.61, 147.96, 149.49, 151.91, 153.29, 168.26 (COOH). 

IR: (KBr) cm ': 3435.76 (w), 2937.19, 1666.33 (s), 1515.89, 1413.44, 1277.26, 1242.41, 1128.64 (s),

1023.94. HRMS (El): Found 385.1052 (M+Na)", C,9H „ 0 6 NaF requires 385.1063.

8.3.14.15 (E)-3-(4-FluorophenyI)-2-(3,4,5-trimethoxyphenyl)acrylic acid [250]

As per the general method 8.3.14, 4-fluorobenzaldehyde (0.27 g, 2.21 mmol), 3,4,5- 

trimethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [250] as fine yellow needles (0.43 g, 59 %, m.p. 211 -  213 °C ).

’H-NMR (400 MHz, CDCI3): 6  3.67 (s, 6H, OCH3), 3.71 (s, 3H, OCH3), 6.46 (s, 2H, ArH), 7.08 -  7.19
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(m, 4H, ArH), 7.73 (s, IH , C=CH), 12.52 (s, IH , COOH). “ C-NM R (100 MHz, CDCI3 ): 6  55.91 

(OCH 3 ), 60.13 (OCH 3 ), 106.59, 115.24, 115.46, 131.01, 131.53, 132.39, 132.48, 132.98, 137.02, 137.64, 

153.16, 168.27 (COOH). ' ’F-NM R (100 MHz, CDCI3 ): 6  -111.64 IR: v^ax (KBr) cm ’: 3436.06 (w), 

2942.89, 2832.08, 1665.92, 1597.65, 1582.99, 1507.68, 1458.71, 1411.77, 1306.89, 1294.76, 1240.29, 

1219.25, 1130.42, 1005.88, 837.04. H RM S (El): Found 355.0989 (M+Na)*, CisHiyOsFNa requires 

355.0958.

8.3.14.16 (E)-3-(4-Methoxy-3-nitrophenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [252]"°

As per the general m ethod 8.3.14, 4-m ethoxy-3-nitro-benzaldehyde (0.41 g, 2.21 mmol), 3,4,5- 

trim ethoxyphenylacetic acid (0.50 g, 2.21 mmol) reacted. Recrystallisation from ethanol yielded the 

acrylic acid [252] as fine yellow needles (0.62 g, 71 %, m .p. 220 -  222 °C )(lit m p 223 °C)"°.

’H -N M R (400 M Hz, CDCI3): b 3.71 (s, 9H, OCH3), 3.71 (s, 3H, OCH3), 6.49 (s, 2H), 7.27 (d, IH , /= 9 

Hz), 7.41 (dd, IH , J= 2,25 Hz, 8.5 Hz), 7.56 (d, IH , /= 2.5 Hz), 7.72 (s, IH), 12.76 (s, IH , COOH). “ C- 

N M R (100 MHz, CDCI3): 6 56.04 (OCH3), 56.86 (OCH3), 60.15 (OCH3), 106.47, 114.26, 126.54, 127.80, 

131.32, 133.39, 136.19, 136.37, 137.34, 138.74, 152.29, 153.42, 168.03 (COOH). IR: (KBr) cm ':

3435.90 (w), 2941.68, 1666.97 (s), 1613.30, 1583.52, 1536.82, 1503.01, 1412.93, 1290.72, 1265.98, 

1242.35, 1127.96 (s), 1015.19, 997.24. H RM S (El): Found 412.1010 (M+Na)*, C.^HicNOgNa requires 

412.1008.

8.3.14.17 (E)-3-(3-Amino-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [251]'”

N itro com pound [252] (0.40 g, 1.02 m mol) w as dissolved in 19.0 mL glacial acetic acid while zinc 

pow der (3.84 g, 0.06 m mol) w as added  to the m ixture. The reaction w as stirred at room  

tem perature  for 3 hours, then filtered th rough Celite. The filtrate w as diluted w ith  DCM (50 mL) 

and  w ashed w ith  1 M sodium  hydroxide solution (3 x 250 mL). The organic layer w as dried over 

sodium  sulfate and evaporated  to dryness to afford yellow crystals [251] (0.25 g, 67%, m.p. 199 -  

202 °C).

'H -N M R  (400 MHz, CDCI3 ): 6  3.69 -  3.72 (m, 12H, O CH 3 ), 3.78 (t, 2H, N H 2, ]= 9.3 Hz), 6.28 (d, IH , 

/= 8,5 Hz), 6,44 (s, 2H), 6.51 (s, IH), 6 . 6 6  (d, IH , /= 8.5 Hz), 6.75 -  6.79 (m, IH), 7.54 (s, IH , C=CH). 

“ C-NM R (100 M Hz, CDCI3): & 55.27 (OCH 3 ), 55.91 (OCH 3 ), 60.10 (OCH 3), 103.11, 106.77, 110.09, 

116.20, 119.19, 126.87, 129.94, 132.38, 136.85, 137.17, 139.72, 147.39, 152.87, 152.99 (COOH). IR: 

(KBr) cm ': 3437.06 (w), 3357.48, 2939.23, 1672.37, 1587.20, 1505.99, 1439.78, 1411.72, 1268.86,
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1238.95, 1171.02, 1123.26 (s), 1028.15. HRM S (El): Found 360.1394 (M+H)*, C^HzzNOs requires 

360.1369.

8.4 C hapter 4 exp er im en ta l

8.4.1 N-{2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}-N-m ethylsuccinam ic acid [262]

A nhydride route

The am ine [53] (0.10 g, 0.28 mmol, £/Z  = 1:1) and succinic anhydride [257] (0.03 g, 0.28 m mol) w ere 

d issolved in 5ml of d ry  DCM. The reaction w as allow ed stir at room tem perature for 16 h. Reaction 

w as m onitored via TLC (DCM:MeOH = 4:1). Reaction m ixture w as w orked u p  via the addition  of 

DCM (10 mL), w ashed w ith IM  N aO H  solution (10 mL). The aqueous phase was extracted with 

DCM (10 mL x3). The com bined organic layers w ere acidified w ith d ilu te HCl dropw ise, w ashed 

w ith w ater (10 mL) and brine (10 mL), dried  over sodium  sulfate and then evaporated to dryness 

in vacuo to afford an isom eric m ixture (£;Z = 1:1) of the product [262] (0.13 g, 97%) as a light brow n 

oil.

Diacid coupling route

Succinic acid [256] (0.05 g, 0,42 mmol), dicyclohexylcarbodiim ide (DCC) (0.09 g, 0.42 m mol) and  1- 

hydroxybenzotriazole hydra te  (HOBt) w ere dissolved in dry DCM (5 mL) under a N 2 environm ent. 

The m ixture w as allow ed to stir for 20 m inutes before adding  a solution of [53] (0.15 g, 0.42 mmol) 

in d ry  DCM (3 mL). The reaction w as allow ed stir at room  tem perature for 24 h until no starting 

m aterial w as visible by TLC (DCM:MeOH =4:1). The reaction m ixture w as filtered to rem ove the 

dicyclohexylurea byproduct. The m ixture w as evaporated  to dryness in vacuo and the m aterial w as 

purified  via flash chrom atography on silica gel (DCM:MeOH = 20:1) to afford an isomeric m ixture 

(£;Z = 1:1) of the product [262] as a light brow n oil (0.17 g, 90 % y ie ld ) .

'H -N M R  (400 MHz, CDCI3): 5 0.95 -  1.00 (m, 6H, CH3), 2.47 -  2.57 (m, 4H, CH2), 2.61 - 2.86 (m, 8H, 

succinic CHz), 2.99 - 3.21 (m, 6H, NCH3), 3.65 -  4.18 (m, 8H, CHjN, CH^O), 6.54 -  7.40 (m, 28 H, 

ArH), 8.72 (s, 2H, COOH). '’C-NM R (100 MHz, CDCI3): b 13.65, 28.08, 28.46, 28.50, 29.06, 29.58, 

29.88, 34.19, 34.26, 37.48, 37.55, 48.29, 48.33, 49.17, 49.26, 64.71, 65.04, 66.25, 66.59, 113.22, 113.97, 

114.00, 125.71, 125.75, 126.09, 126.14, 126.59, 127.34, 127.81, 127.91, 127.95, 128.15, 129.47, 129.71,

130.68, 130.77, 131.98, 132.06, 135.86, 136.32, 136.37, 136.83, 138.14, 138.29, 141.50, 141.69, 142.02,

142.14, 142.26, 142.32, 142.42, 143.21, 143.29, 143.75, 155.98, 156.36, 156.86, 157.21, 172.32, 172.69,

176.78, 176.85. IR: (KBr) cm ': 3054.8, 2969.2, 1732.2, 1606.5, 1507.4, 1463.1, 1442.2, 1407.6,
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1283.3, 1241.3, 1174.0, 1138.9, 1074.1, 1054.4, 1030.3, 909.8, 732.1. HRM S (El): Found 480.2162 

(M+Na)*, C 2 9H 3 iN 0 4 Na requires 480.2152.

8.4.2 N-[2-(4-{l-[4-(tei-t-ButyldimethylsiIanyIoxy)phenyl]-2-phenylbut-l-enyl}phenoxy)ethyl]- 

N-m ethylsuccinam ic acid [263]

The am ine [53] (0.20 g, 0.41 mmol, £/Z  = 1:1) and succinic anhydride (0.04 g, 0.41 m mol) w ere 

dissolved in 5ml of dry DCM. The reaction w as allow ed stir at room  tem perature for 16 h. Reaction 

w as m onitored via TLC (DCM:MeOH = 4:1). Reaction m ixture w as w orked up  via the add ition  of 

DCM (10 mL), w ashed w ith IM  NaO H  solution (10 mL). The aqueous phase w as extracted w ith 

DCM (10 mL x3). The com bined organic layers w ere acidified w ith d ilute HCl dropw ise, w ashed 

w ith w ater (10 mL) and brine (10 mL), d ried  over sodium  sulfate and then evaporated  to dryness 

in vacuo to afford an isomeric m ixture (£;Z = 1:1) of the product (222 mg, 92%) as a light brow n oil.

’H-NM R (400 MHz, CDCI3 ): 6  0.12 -  0.25 (m, 12H, Si(CH 3 )2 ), 0.94 -  1.02 (m, 24H, SiC(CH 3 )3 ), 2.48 -  

2.52 (m, 4H, CHj), 2.65 - 2.87 (m, 8 H, succinic CHz), 3.00 - 3.22 (m, 6 H, N C H 3 ), 3.70 -  4.17 (m, 8 H, 

C H 2 N, CH 2O), 6.49 -  7.20 (m, 26 H, ArH). '^C-NMR (100 MHz, CDCI3): 6  -4,92, -4.80, 13,18, 13,22, 

17.75, 25,22, 25,24, 28.46, 28.60, 37.04, 37.10, 47.91, 65.78, 66.12, 112.65, 113.42, 118.53, 119.10, 125.46, 

127.31, 127.39, 127,43, 129,26, 130,09, 130,22, 130,30, 131,38, 131,57, 131,65, 135,73, 136,20, 136,27, 

137,37, 137,44, 140,65, 142,08,153,06, 156,68, 172,69, 176,78 IR: (KBr) cm ': 3435,7, 2927,5, 1696,5,

1624.0, 1603.6, 1509.3, 1417.2, 1248.5, 1202.1, 1167.1, 928.4, 837.0. HRMS (El): Found 610.2972 

(M+Na)*, C 3 5H 4 5NOsSiNa requires 610,2965,

8.4.3 N-(2-{4-[l,2-Bis-(4-hydroxyphenyl)but-l-enyI]phenoxy}ethyI)-N-methylsuccinamic acid 

[264]

As per general deprotection m ethod 8,2,10, [263] (0,09 g, 0,15 m mol) upon  reaction w ith TBAF 

afforded an  isomeric m ixture of p roduct [264] as a brow n oil (0,06 g, 82 %),

'H-NM R (400 M Hz, CDCI3): 6  0,92 -  0,96 (m, 6 H, C H 3), 2,47 -  2,70 (m, 12H, C H 2, succinic CHj), 2,95 

-  3,16 (m, 6 H, N CH 3 ), 3,61 -  3,76 (m, 4H, C H 2 N), 3,96 -  3,97 (m, 2H, C H 2O), 4,11 -  4,12 (m, 2H, 

C H 2O), 6.49 -  7.17 (m, 26 H, ArH). “C-NMR (100 MHz, CDCI3): 6  13,48, 13,52, 28,76, 28,90, 37,34, 

37,40, 48,21, 66,08, 66,42, 112,95, 113,72, 118,83, 119,40, 125,86, 127,61, 127,69, 127,73, 129,56, 130,39, 

130,52, 130,60, 131,68, 131,87, 131,95, 136,03, 136,50, 136,57, 137,67, 137,74, 140,95, 142,38, 153,36, 

156,98, 172,99, 177,08, IR: v„,ax (KBr) cm ': 3435,7, 2930.6, 1713.4, 1604.6, 1505.6, 1408.2, 1254.2,
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1171.6, 912.1, 838.3. H RM S (El): Found 496.2115 (M+Na)", C29H3,N05Na requires 496.2100.

8.4.4 3-({2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}m ethylcarbam oyl)acrylic acid [265]

A nhydride route

[53] (0.15 g, 0.42 mmol, £/Z = 1:1.7) and maleic anhydride [259] (0.04 g, 0.42 mmol) w ere dissolved 

in 5ml of dry DCM. The reaction w as allow ed stir at room  tem perature  for 16 h. Reaction w as 

m onitored  via TLC (DCM:MeOH = 4:1). Reaction m ixture w as w orked u p  via the addition  of DCM 

(10 mL), w ashed w ith IM  N aO H  solution (10 mL). The aqueous phase w as extracted w ith  DCM (10 

mL x3). The com bined organic layers w ere acidified w ith  d ilu te HCl dropw ise, w ashed w ith  w ater 

(10 mL) and brine (10 mL), d ried  over sodium  sulfate and then evaporated  to dryness in vacuo to 

afford an isomeric m ixture (£;Z = 1:1.7) the p roduct [265] (184 mg, 96%) as a light b row n oil.

Diacid coupling route

Maleic acid [258] (0.05 g, 0.42 m mol), dicyclohexylcarbodiim ide (DCC) (0.09 g, 0.42 m mol) and 1- 

hydroxybenzotriazole hydra te  (HOBt) w ere dissolved in dry DCM (5 mL) under a N 2 environm ent. 

The m ixture w as allow ed to stir for 20 m inutes before adding  a solution of [53] (0.150 g, 0.42 mmol) 

in dry  DCM (3 mL). The reaction w as allow ed stir at room tem perature for 24 h until no starting 

m aterial was visible by TLC (DCM:MeOH = 4:1). The reaction m ixture w as filtered to rem ove the 

dicyclohexylurea byproduct. The m ixture w as evaporated  to dryness in vacuo and the m aterial was 

purified via flash chrom atography on silica gel (DCM:MeOH = 15:1) to afford an isom eric m ixture 

(£;Z = 1:1.7) of the product [265] as a light brow n oil (175 mg, 91 % y ie ld ) .

'H -N M R  (400 MHz, CDCI3 ): 6  0,92 -  0.97 (m, 6 H, C H 3 ), 2.44 -  2.53 (m, 4H, CHj), 2.75 -  2.82 (m, 6 H, 

N CH 3 ), 3,35 (t, 0,37 X 4H, /  = 4,8 Hz, C H 2N), 3.46 (t, 0.63 x 4H, /  = 4.8 Hz, C H 2N), 4.09 (t, 0.37 x 4H, /  

= 4.8 Hz, CH 2O), 4.27 (t, 0.63 x 4H, /  = 4.8 Hz, C H 2O), 6.53 (d, 2H, /  = 8 . 8  Hz, ArH), 6.78 -  7.38 (m, 28 

H, ArH), 13.27 (s, 2H, COOH). '^C-NMR (100 MHz, CDCI3): 6  13.60, 13.65, 29.00, 29.10, 33.27, 33.35, 

48.14, 48.27, 62.68, 62.97, 113.41, 114,18, 125.77, 126.17, 126.65, 127.39, 127.83, 127.96, 128.21, 129.68, 

130.72, 130.77, 131.02, 132.00, 135.72, 136.65, 137.12, 137.92, 138.07, 141.83, 142,16, 142,22, 142.25, 

143.18, 143.62, 155.45, 156.30, 169.90. IR: v„ax (KBr) c m ’: 3436.4, 3033.8, 1708.3, 1619.1, 1508.2, 

1382.9, 1358.8, 1241.8, 1168.4, 1076.7, 1033.4, 865.2, 753.7, 695.0, HRM S (El): Found 478.2014 

(M+Na)^ C 2 9H 2 9N 0 4 Na requires 478.1994.

8.4.5 3-({2-[4-(l,2-Diphenylbut-l-enyI)phenoxy]ethyl}m ethylcarbam oyl)acrylic acid

Fum aric acid [260] (0.05 g, 0,42 mmol), dicyclohexylcarbodiim ide (DCC) (0,09 g, 0,42 m mol) and 1 -
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hydroxybenzotriazole hydrate (HOBt) w ere dissolved in dry  DCM (5 mL) u n d er a N 2  environm ent. 

The m ixture w as allow ed to stir for 20 m inutes before adding  a solution of [53] (0.15 g, 0.42 mmol, 

£/Z  = 1:1) Ln dry  DCM (3 mL). The reaction w as allow ed stir at room  tem perature for 24 h  until no 

starting m aterial w as visible by TLC (DCM:MeOH = 4:1). The reaction m ixture w as filtered to 

rem ove the dicyclohexylurea byproduct. The m ixture w as evaporated to dryness in vacuo and the 

m aterial w as purified  via flash chrom atography on silica gel (DCM:MeOH = 15:1) to afford an 

isomeric m ixture (E:Z = 1:1) of the product [266] as a light brow n oil (163 mg, 85 % y ie ld ) .

'H -N M R  (400 M Hz, CDCI3): 6  0.93 -  0.99 (m, 6H, CH3), 2.46 -  2.55 (m, 4H, CH2), 3.09 - 3.34 (m, 6H, 

NCHj), 3.73 -  4.32 (m, 8H, C H 2 N, CH^O), 6.52 -  7.60 (m, 32 H, ArH). “ C-NM R (100 M Hz, CDCI3): 6  

13.66, 29.07, 35.12, 35.18, 37.80, 37.86, 48.43, 48.52, 49,49, 66.04, 66.45, 113.24, 113.99, 125.72, 126.12, 

126.59, 127.35, 127.83, 127.93, 127.97, 128.16, 129.50, 129.72, 130.72, 130.84, 132.01, 135.88, 136.42, 

136.72, 138.14, 138.25, 138.30, 141.49, 142.03, 142.08, 142.33, 142.35, 142,39, 143.24, 143.29, 143.77, 

156,10, 156,38, 156,95, 157,24, 165.36, 165,72, 168.52, 173.54. IR: (KBr) cm ': 3437,0, 2930,7,

2870.5, 1701.7, 1626.7, 1507.9, 1441.5, 1401.1, 1240.0, 1173.3, 1116.0, 1054.5, 907.9, 824.0, 700.0, 599,4, 

HRM S (El): Found 478.2010 (M+Na)*, C 2 9 H 2 ,N 0 4 Na requires 478,1994.

8.4.6 N-{2-[4-(l,2-Diphenylbut-l-enyl)phenoxy]ethyl}-N-m ethylterephthalam ic acid [267]

Terephthalic acid (0,07 g, 0.42 mmol), dicyclohexylcarbodiim ide (DCC) (0.09 g, 0.42 mmol) and 1- 

hydroxybenzotriazole hydrate (HOBt) w ere dissolved in dry DCM (5 mL) u n d er a N 2  environm ent. 

The m ixture w as allow ed to stir for 20 m inutes before adding  a solution of [53] (0.15 g, 0.42 mmol) 

in dry  DCM (3 mL). The reaction w as allow ed stir at room tem perature for 24 h un til no starting 

m aterial w as visible by TLC (DCM:MeOH = 4:1). The reaction m ixture w as filtered to rem ove the 

dicyclohexylurea byproduct. The m ixture w as evaporated  to dryness in vacuo and  the m aterial was 

purified via flash chrom atography on silica gel (DCM:MeOH = 15:1) to afford an isom eric m ixture 

(E:Z = 1:2) of the p roduct [267] as a light yellow oil (152 mg, 72 % y ie ld ) .

'H -N M R  (400 MHz, CDCI3 ): 6  0,95 -  1,00 (m, 6 H, CH,), 2,47 -  2,56 (m, 4H, CHz), 3,06 -  3.24 (m, 6 H, 

NCHj), 3,60 -  4.35 (m, 8 H, C H 2 N, C H 2O), 6.51 -  7.55 (m, 36 H, ArH). ''C -N M R  (100 M Hz, CDCI3 ): 6  

13.65, 13.67, 29.07, 39.64, 39.73, 47.74, 47.84, 66.26, 66.50, 113.31, 114.03, 125.74, 126.13, 126.62, 

127.17, 127,37, 127,83, 127,94, 128.18, 129.48, 129.72, 130.74, 130.83, 131.14, 132.03, 135.92, 136.45, 

137.42, 138.28, 141.55, 142.07, 142.31, 142.38, 143.30, 143.74, 156.47, 157.32, 170.97, 171.72. IR: 

(KBr) cm ': 3436.1, 2929.2, 1635.5, 1507.8, 1400.8, 1238.9, 1173.1, 1073.3, 1052.6, 846.3, 823.6, 769.5,
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750.0, 699.8. H RM S (El): Found 528.2170 (M+Na)", C 3 3 H 3 ,N 0 4 N a requires 528.2151.

8.4.7 N -{2-[4-((Z )-l,2-D iphenylbut-l-enyl)phenoxy]ethyl}-N -m ethylsuccinam ic acid 2- 

m ethoxy-5-[(Z)-2-(3,4,5-trim ethoxyphenyl)vinyl]phenyl ester [268]

[262] (0.11 g, 0.24 mmol), dicyclohexylcarbodiim ide (0.05 g, 0.24 m mol) and  1-

hydroxybenzotriazole hydra te  (0.03 g, 0.24 mmol) w ere dissolved in dry  DCM (5 mL) u n d er a N 2 

environm ent. The m ixture w as allow ed to stir for 20 m inutes before add ing  a solution of 

com bretastatin  A-4 [cis-78] (0.15 g, 0.42 mmol) in dry  DCM (3 mL). The reaction w as allow ed stir at 

room  tem perature  for 24 h until no starting m aterial w as visible by TLC (DCM:MeOH = 4;1). The 

reaction m ixture w as filtered to rem ove the dicyclohexylurea byproduct. The m ixture w as 

evaporated  to dryness in vacuo and the m aterial w as purified via flash chrom atography on silica gel 

(DCM :M eOH = 20:1) to afford an isomeric m ixture (£.Z = 1:1) of the product [268] as a light yellow 

oil (150 mg, 83 % y ie ld ) .

‘H -N M R (400 MHz, CDCI3 ): 6  0.92 -0.98 (m, 6 H, C H 3 ), 2.45 - 2.55 (m, 4H, CH 2 ), 2.67 -  3.24 (m, 14H, 

succinic CHj, N C H 3), 3.69 -  4.26 (m, 32H, OCH 3 , O C H 3, N C H 3 ), 6.47 -  7.39 (m, 42H, ArH).'^C-NM R 

(100 M Hz, CDCI3 ): 6  13.17, 24.53, 25.18, 25.68, 28.58, 33.51, 36.95, 47.67, 48.63, 55.47, 55.47, 55.64, 

60.46, 60.53, 102.86, 105.39, 106.08, 111.50, 111.92, 112.76, 113.50, 122.89, 124.82, 125.21, 125.61, 

125.99, 126.52, 126.85, 127.09, 127.33, 127.43, 127.67, 128.19, 129.00, 129.24, 129.65, 130.20, 130.35, 

131.49, 132.01, 135.82, 139.55, 149.78, 152.48, 152.92, 170.91, 174.44. IR: (KBr) cm ': 3434.8,

3326.8, 2929.3, 2850.8, 1764.3, 1626.5, 1578.1, 1508.5, 1243.5, 1127.1, 701.3. H RM S (El): Found 

778.3353 (M+Na)*, C4 7 H 4 9 N 0 8 N a requires 778.3356.

8.4.8 N -{2-[4-((Z)-l,2-D iphenyIbut-l-enyl)phenoxy]ethyl}-N -m ethylsuccinam ic acid 2-

m ethoxy-5-[(E)-2-m ethoxycarbonyl-2-(3,4,5-trim ethoxyphenyl)vinyI]phenyl ester [335]

[262] (0.06 g, 0.14 mmol), dicyclohexylcarbodiim ide (0.03 g, 0.14 m mol) and  1-

hydroxybenzotriazole hydra te  (0.017 g, 0.136 m mol) w ere dissolved in dry  DCM (5 mL) u n d er a N 2  

environm ent. The m ixture w as allow ed to stir for 20 m inutes before adding  a solution of the 

com bretastatin  analogue [237] (0.05 g, 0.14 mmol) in dry  DCM (3 mL). The reaction w as allow ed 

stir at room  tem peratu re  for 24 h until no starting m aterial w as visible by TLC (DCM:MeOH = 4:1). 

The reaction m ixture w as filtered to rem ove the dicyclohexylurea byproduct. The m ixture w as 

evaporated  to dryness in vacuo and the m aterial w as purified via flash chrom atography on silica gel 

(DCM :M eOH = 20:1) to afford an isom eric m ixture (£;Z = 1:1) of the product [335] as a light yellow
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oil (108 m g, 97 % yield).

’H -N M R  (400 M H z, CDCI3): 6 0.92 -0.98 (m, 6 H, CH 3 ), 2.44-2.55 (m, 4H, CH 2), 2.65 -  3.22 (m, 14H, 

succinic CH 2, N C H 3 ), 3.74 -  4.18 (m, 38H, O C H 3, N C H 3, CH 2O), 6.45 -  7.38 (m, 40H, ArH). '^C- 

N M R  (100 M H z, CDCI3): 6 13.16, 24.51, 25.17, 28.58, 33.50, 48.70, 51.95, 52.01, 55.45, 55.51, 55.65, 

55.74, 60.48, 65.99, 66.31, 103.35, 106.00, 106.18, 109.71, 111.40, 111.71, 112.74, 113.48, 116.24, 122.66, 

125.08, 125.21, 125.59, 126.30, 126.84, 127.14, 127.32, 128.99, 129.99, 130.12, 130.20, 130.26, 130.34, 

130.73, 131.48, 133.08, 138.94, 141.87, 152.83, 153.19, 167.81, 170.63, 170.70. IR: (KBr) cm ':

3430.0, 3326.7, 2929.2, 2850.5, 1765.4, 1710.4, 1626.6, 1579.5, 1509.0, 1274.4, 1243.7, 1126.3, 1025.2, 

771.1, 701.4. H R M S (El): Found 836.3388 (M+Na)*, C4 9H 5 iNOioNa requires 836.3411.

8.4.9 A ttem pted  sy n th esis  o f su ccin ic acid m ono-(5-form yl-2-m ethoxyphenyl) ester [270]

Succinic acid (0.31 g, 2.63 m m ol), isovanillin  (0.10 g, 0.66 m m ol) and TPP (0.69 g, 2.63 m m ol) were 

stirred in dry DCM  (5 mL) for 15 min in an ice-bath under a nitrogen atm osphere. DIAD  (0.53 g, 

2.63 m m ol) w as ad ded  dropw ise over 45 m ins to the m ixture. The m ixture w as stirred at room  

tem perature for 16 h. Reaction w as m onitored via TLC. For w ork-up, the reaction w as diluted with  

50 mL DCM  and quenched w ith  saturated NH4CI soultion (20 mL). The organic layer w as w ashed  

w ith brine (30 mL) then dried over sodium  sulphate. The solution  w as dried under vacuum  to 

rem ove solvents. The residue w as purified by flash chrom atography (DCM :M eOH). H ow ever, the 

product [270] w as not isolated.

8.4.10 N -(2-{4-[(Z )-l-(4-H yd roxyp henyl)-2-p h en ylbu t-l-en yl]ph en oxy}eth yl)-N - 

m eth ylsu ccin am ic acid 2-m ethoxy-5-[(Z )-2-(3 ,4 ,5-trim ethoxyphenyl)vinyl]phenyl ester [271]

[263] (0.10 g, 0.17 m m ol), d icyclohexylcarbodiim ide (0.04 g, 0.17 m m ol) and 1-

h ydroxybenzotriazole hydrate (0.02 g, 0.17 m m ol) w ere d isso lved  in dry DCM (5 mL) under a N 2 

environm ent. The m ixture w as allow ed to stir for 20 m inutes before adding a solution of 

com bretastatin A-4 [cis-78] (0.05 g, 0.17 m m ol) in dry DCM  (3 mL). The reaction w as a llow ed  stir at 

room  tem perature for 24 h until no starting m aterial w as visib le by TLC (DCM :M eOH = 4:1). The 

reaction m ixture w as filtered to rem ove the d icyclohexylurea byproduct. The m ixture w as 

evaporated to dryness in vacuo. The residue w as d issolved  in 3 mL anhydrous THF and stirred 

under a n itrogen atm osphere. A quantity of 0.1 M TBAF (0.20 mL, 0.02 m m ol) w as added to the 

m ixture and a llow ed  stir for 24 h. The m ixture w as evaporated to dryness under reduced pressure. 

The residue w as d isso lved  in DCM and w ashed  w ith  10 % HCl solution. The resulting organic
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phase was dried over sodium sulfate and evaporated to drjmess under vacuum. The residue was 

purified via flash chromatography on silica gel (DCM:MeOH, 20:1) to yield an isomeric mixture 

(E:Z = 1:1) of the product [271] (115 mg, 8 8 %).

'H-NMR (400 MHz, CDCI3 ): 6  0.92 -0.96 (m, 6 H, CH 3), 2.46-2.54 (m, 4H, CH2 ), 2.61 -  3.20 (m, 14H, 

succinic CH2, NCH 3 ), 3.67 -  3.88 (m, 28H, OCH3, NCH 3), 3.97 (t, 0.48 x 4H, / = 5.0 Hz, CH2O), 4.13 (t, 

0.52 X 4H, /  = 5.0 Hz, CH 2O), 6.42 -  6.56 (m, lOH, ArH), 6.42 -  6.56 (m, 14H, ArH), 7.07 -  7.18 (m, 

16H, ArH). “ C-NMR (100 MHz, CDCI3 ): b 13.22, 24.46, 25.13, 27.95, 28.58, 28.82, 33.43, 36.91, 36.98, 

47.73, 48.68, 51.40, 53.02, 55.47, 55.50, 60.49, 64.37, 65.91, 66.24, 105.41, 105.55, 109.91, 111.51, 112.65, 

113.42, 113.91, 114.63, 120.65, 122.87, 125.41, 127.38, 128.53, 129.09, 129.28, 129.63, 130.11, 130.19, 

130.28, 131.57, 132.31, 134.68, 135.79, 136.26, 136.57, 137.48, 142.21, 142.29, 144.81, 145.38, 149.74, 

152.38, 152.45, 153.87, 154.84, 155.87, 156.72, 171.20, 173.27. IR: v,„ax (KBr) cm ‘: 3429.3, 2930.5, 

2347.8, 1735.7, 1627.6, 1580.6, 1508.3, 1264.8, 1240.1, 1171.1, 1127.2, 834,6, 732.1. HRMS (El): Found 

794.3306 (M+Na)*, C4 7H4 9N 0 9 Na requires 794.3305.

8.4.11 General method for synthesis of endoxifen-acrylic acid conjugates

A mixture of the required acrylic acid (1 eq., 0.15 mmol), DCC (1 eq., 0.15 mmol, 0.03 g) and HOBt 

(1 eq., 0.15 mmol, 0.02 g) were suspended in 3 mL of anhydrous DCM and stirred for 10 minutes 

under a nitrogen atmosphere. The required silyl-protected endoxifen analogue, [152] (0.08 g, 0.15 

mmol, 1 eq.) or [160] (0.10 g, 0.15 mmol, 1 eq.), was dissolved in 3 mL of anhydrous DCM and 

slowly added to the mixture via syringe. Reaction was allowed stir for 24 -  48 h. Reaction was 

monitored via TLC (DCM:MeOH, 4:1). The reaction mixture was diluted to 15 mL with anhydrous 

DCM and filtered to remove DCU. The filtrate was evaporated to dryness under reduced pressure. 

The residue was dissolved in 3 mL anhydrous THF and stirred under a nitrogen atmosphere. A 

solution of 0.1 M TBAF (2 equivalents) was added to the mixture and allowed stir for 24 h. The 

mixture was evaporated to dryness under reduced pressure. The residue was dissolved in DCM 

and washed with 10 % HCl solution. The resulting organic phase was dried over sodium sulfate 

and evaporated to dryness under vacuum. The residue was purified via flash chromatography on 

silica gel (DCM:MeOH, 20:1) to yield a 1:1 diastereomeric mixture of the products.

8.4.11.1 (E)-3-(3-Hydroxy-4-methoxyphenyl)-N-(2-{4-[(E/Z)-l-(4-hydroxyphenyl)-2-phenylbut-l- 

enyl]phenoxy}ethyI)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [272]

As per the general method 8.4.11, the acrylic acid analogue [236] reacted with the endoxifen
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derivative [152]. The product [272] was afforded as a brown oil (103mg, 94 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3): 6 0,90 -  0.96 (m, 6 H, CH 3), 2.47 -  2.52 (m, 4H, CH 3), 3.04 -  3.24 (m, 6H,  

NCHa), 3.44 -  4.35 (m, 32H, OCH3, CH 2,, NCH2, OCH 2), 6.40 -  7.20 (m, 38H, ArH). “C-NMR (100 

MHz, CDCI3): 6  13.17, 13.20, 24.45, 25.12, 28.62, 33.44, 48.72, 55.44, 55.57, 55.67, 60.50, 65.71, 105.58, 

109.76, 112.65, 113.40, 113.93, 114.64, 115.01, 121.52, 125.46, 127.37, 127.39, 128.07, 129.25, 129.58,

130.17, 130.23, 131.55, 131.59, 135.20, 137.33, 140.44, 142.12, 144.68, 145.96, 145.98, 152.83, 153.72,

154.66, 156.62. IR: (KBr) cm ': 3420.3, 3376.8, 3270.5, 2930.8, 2850.2, 1626.4, 1606.8, 1580.6,

1507.9, 1462.9, 1410.8, 1274.7, 1238.4, 1169.3, 1126.3, 1026.8, 901.1, 834.9, 762.8, 701.4. HRMS (El):

Found 738.3043 (M+Na)*, C4 4H4 5N 0 8 Na requires 738.3043.

8.4.11.2 (E)-N-(2-{4-[(E/Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]-phenoxy}ethyl)-3-(3-hydroxy-4- 

methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylaixiide [282]

As per the general method 8.4.11, the acrylic acid analogue [236] reacted with the endoxifen 

derivative [160]. The product [282] was afforded as a brown oil (104 mg, 92 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3): b 0.90 -  0.96 (m, 6 H, CH 3), 2.40 -  2.50 (m, 4H, CH 3), 3.04 -  3.25 (m, 6 H, 

NCH 3), 3.53 -  4.30 (m, 32H, OCH 3 , CHz,, NCH 2, OCH 2), 6.40 -  7.20 (m, 36H, ArH). ’’C-NMR (100 

MHz, CDCI3 ): 6  13.28, 25.11, 33.42, 48.67, 55.46, 55.68, 60.55, 66.29, 105.32, 105.47, 112.61, 113.37,

113.99, 114.49, 114.53, 114.65, 128.44, 128.73, 128,88, 130.15, 130.29, 130.48, 131.52, 131.59, 133.59,

134.94, 137.49, 140.06, 152.72, 152.81, 153.12, 153.74, 154.17, 154.66, 156.88. IR: (KBr) cm ':

3428.6, 3376.8, 3270.5, 2932.4, 2869.6, 1607.9, 1580.6, 1509.6, 1462.9, 1410.0, 1272.0, 1238.1, 1169.2,

1125.6, 1050.2, 1023.7, 901.0, 833.5. HRMS (El): Found 732.3162 (M+H)*, C4 4H 4 .N 0 9  requires 

732,3173.

8.4.11.3 (E)-N-(2-{4-[(E/Z)-l-(4-Hydroxyphenyl)-2-phenyIbut-l-enyI]phenoxy}-ethyl)-3-(4- 

methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acryIamide [273]

As per the general method 8,4,11, the acrylic acid analogue [238] reacted with the endoxifen 

derivative [152], The product [273] was afforded as a brown oil (97.0 mg, 90 %), then changes to a 

semi-solid resin.
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'H-NMR (400 MHz, CDCI3): 6 0.91 -  0.95 (m, 6 H, CH 3), 2.48 -  2.50 (m, 4H, CH 2), 3.06 -  3.21 (m, 6 H, 

NCH3), 3.50 -  3.91 (m, 28H, OCH 3 , CH 2,), 4.10 (m, 0.30 x 4H, OCH 2), 4.26 - 4.33 (m, 0.70 x 4H, 

OCH 2 ), 5.68 (s, 2H, OH), 6.51 -  7.17 (m, 38H, ArH). "C-NMR (100 MHz, CDCI3); 6  13.17, 13.20, 

24.45, 25.12, 28.55, 28.62, 33.44, 48.72, 53.00, 55.44, 55.57, 55.67, 60.50, 105.58, 109.76, 112.65, 113.40, 

113.93, 114.64, 115.01, 121.52, 125.46, 127.37, 127.39, 128.07, 129.25, 129.58, 130.17, 130.23, 131.55, 

131.59, 134.78, 135.20, 137.33, 140.44, 142.12, 144.68, 145.96, 145.98, 152.83, 153.72, 154.66, 156.62. IR: 

(KBr) c m 3468.6, 3372.0, 3327.3, 2929.7, 2850.8, 1626.3, 1606.0, 1579.0, 1509.4, 1463.2, 1411.3, 

1310.6, 1243.3, 1174.1, 1127.6, 1030.3, 829.4. HRMS (El); Found 722.3073 (M+Na)*, C44H4sN0 7 Na 

requires 722.3094.

8.4.11.4 (E>-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-3-(4- 

methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [283]

As per the general method 8.4,11, the acrylic acid analogue [238] reacted with the endoxifen 

derivative [160]. The product [283] was afforded as a brown oil (104 mg, 94 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3): 6 0.91 -  0.94 (m, 6 H, CH3), 2.42 -  2.46 (m, 4H, CH 2), 3.06 -  3.22 (m, 6 H, 

NCH3), 3.53 -  4.24 (m, 32H, OCH3, CH 2,), 5.74 -  5.80 (m, 2H, OH), 6.42 -  7.12 (m, 36H, ArH). "C- 

NMR (100 MHz, CDCI3): 6  13.26, 28.30, 28.40, 38.75, 47.38, 55.45, 55.50, 55.56, 60.54, 60.58, 65.87,

105.36, 105.54, 109.80, 112.63, 113.41, 113.93, 114.40, 114.57, 115.08, 121.54, 127.92, 129.84, 130.21,

130.37, 131.55, 133.78, 134.78, 135.11, 136.66, 144.54, 144.62, 146.05, 152.77, 152.87, 153.46, 153.79, 

153.92, 154.24. IR: (KBr) cm ': 3327.3, 2929.5, 2850.8, 1626.3, 1607.1, 1579.7, 1510.3, 1449.5, 

1310.9, 1243.3, 1172.5, 1127.2, 1046.6, 892.6, 829.4. HRMS (El): Found 738.3076 (M+Na)", 

C4 4H4 5NOgNa requires 738.3043.

8.4.11.5 (E)-N-(2-{4-[(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-2-(4- 

methoxyphenyl)-N-methyl-3-(3,4,5-trimethoxyphenyl)acrylamide [274]

As per the general method 8.4.11, the acrylic acid analogue [239] reacted with the endoxifen 

derivative [152]. The product [274] was afforded as a brown oil (99.0 mg, 92 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3): 6  0.91 -  0.95 (m, 6 H, CH 3 ), 2.49 -  2.51 (m, 4H, CH 2), 3.08 (s, 3H, NCH 3 ), 

3.17 (s, 3H, NCH 3), 3.57 -  3.88 (m, 28H, OCH 3 , NCH 2,), 4.09 (m, 0.35 x 4H, OCH 2), 4.25 (m, 0.33 x
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4H, OCHz), 4.39 (d, 0.32 x 4H, /  = 8.0 Hz, OCH 2), 6.39 -  7.31 (m, 40H, ArH). ”C-NMR (100 MHz, 

CDCI3): 6  13.15, 13.19, 24.45, 25.14, 33.44, 54.84, 55.33, 60.42, 106.20, 106.23, 113.72, 113.98, 114.69, 

125.43, 127.36, 129.23, 129.91, 129.94, 130.12, 130.19, 130.41, 131.49, 131.52, 152.27, 152.30. IR: 

(KBr) cm ': 3430.0, 3327.5, 2929.6, 2850.8, 1626.4, 1579.1, 1509,0, 1462.7, 1244.2, 1174.2, 1127.0, 835.5,

641.0. HRMS (El): Found 722.3099 (M+Na)", C4 4H 4sN0 7 Na requires 722.3094.

8.4.11.6 (E)-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-2-(4- 

methoxyphenyl)-N-methyl-3-(3,4,5-trimethoxyphenyl)acrylamide [284]

As per the general method 8.4.11, the acrylic acid analogue [239] reacted with the endoxifen 

derivative [160]. The product [284] was afforded as a brown oil (99.0 mg, 90 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3): & 0.90 -  0.93 (m, 6 H, CH 3 ), 2.44 -  2.45 (m, 4H, CHj), 3.09 (s, 3H, NCH 3), 

3.16 (s, 3H, NCH 3), 3.57 -  3.86 (m, 28H, OCH 3 , NCHj,), 4.08 (m, 0.31 x 4H, OCH 2), 4.24 (m, 0.28 x 

4H, OCH 2), 4.39 (d, 0.41 x 4H, /  = 8.0 Hz, OCH 2), 6.39 -  7.28 (m, 38H, ArH). *’C-NMR (100 MHz, 

CDCI3): 6  13.22, 24.43, 25.12, 25.20, 33.41, 55.34, 60.42, 106.25, 112.79, 113.51, 113.76, 113.98, 114.47, 

114.66, 129.92, 130.14, 130.20, 130.29, 130.39, 130.78, 130.89, 131.54, 137.18, 152.27, 154.61, 156.82, 

158.97. IR: v„,,, (KBr) cm ': 3327.7, 2929.5, 2850.7, 1625.8, 1579.3, 1510.5, 1449.9, 1244.1, 1171.7,

1126.7.1033.0, 834.6, 641.1. HRMS (El): Found 738.3065 (M+Na)*, C4 4 H4 5 NOsNa requires 738.3043.

8.4.11.7 (E)-3-Benzo[l,3]dioxol-5-yl-N-(2-{4-[(Z)-l-(4-hydroxyphenyl)-2-phenylbut-l- 

enyl]phenoxy}ethyl)-2-(4-methoxyphenyl)-N-methylacrylamide [275]

As per the general method 8.4.11, the acrylic acid analogue [241] reacted with the endoxifen 

derivative [152]. The product [275] was afforded as a brown oil (94.0 mg, 93 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3 ): 6  0.92 -  0.96 (m, 6 H, CH 3), 2.49 -  2.51 (m, 4H, CH 2), 3.04 -  3.13 (m, 6 H, 

NCH 3), 3.47 -  4.24 (m, 14H, OCH 3 , CH 2,), 5.91 (s, 4H, O 2CH 2 ), 6.46 -  7.23 (m, 42H, ArH). '^C-NMR 

(100 MHz, CDCI3 ): 6  13.16, 13.19, 24.37, 25.05, 28.54, 28.60, 33.24, 48.97, 54.75, 100.57, 107.69, 108.61, 

112.77, 113.52, 113.83, 113.96, 114.68, 123.61, 125.43, 127.36, 129.06, 129.25, 129.69, 129.73, 130.15, 

130.20, 131.54, 140.42, 142.25, 146.71, 146.86, 146.89, 153.75, 154.71. IR: (KBr) cm ': 3435.8,

3323.7, 2929.1, 2850.7, 1626.2,1575.7,1509.7, 1243.6,1036.2, 835.0, 630.8. HRMS (El): Found 676.2667 

(M+Na)", C4 2H 3 9N 0 6 Na requires 676.2675.
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8.4.11.8 f£)-3-Benzo[l,3]dioxol-5-yl-N-(2-{4-[(Z)-l,2-bis-(4-hydroxyphenyl)but-l- 

enyl]phenoxy}ethyl)-2-(4-methoxyphenyl)-N-methylacrylamide [285]

As per the general method 8.4.11, the acrylic acid analogue [241] reacted with the endoxifen 

derivative [160]. The product [285] was afforded as a brown oil (95.0 mg, 92 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3 ): 6  0.91 -  0.94 (m, 6 H, CH 3), 2.44 -  2.46 (m, 6 H, CH 2), 3.05 -  3.12 (m, 6 H, 

NCH 3), 3.48 -  4.53 (m, 14H, OCH3, CHj,), 5.90 (m, 4H, O 2CH 2), 6.45 -  7.26 (m, 40H, ArH). '®C-NMR 

(100 MHz, CDCI3): 6  13.26, 13.25, 24.42, 25.10, 28.42, 33.38, 48.76, 54.76, 54.80, 100.57, 107.73, 108.62, 

109.21, 112.79, 113.52, 113.84, 113.99, 114.50, 114.66, 128.99, 129.73, 130.17, 130.22, 130.33, 130.51, 

131.56, 140.04, 146.74, 146.84, 146.87, 154.53, 156.93. IR: (KBr) cm ': 3412.2, 2929.5, 2850.2,

1606.9, 1510.6, 1488.3, 1444.2, 1242.9, 1172.0, 1035.9, 930.8, 833.3. HRMS (El): Found 692.2648 

(M+Na)*, C42H39N07Na requires 692.2624.

8.4.11.9 (£>-N-(2-{4-[(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-N-methyl-3- 

naphthalen-2-yl-2-(3,4,5-trimethoxyphenyl)acrylamide [276]

As per the general method 8.4.11, the acrylic acid analogue [243] reacted with the endoxifen 

derivative [152]. The product [276] was afforded as a brown oil (101 mg, 91 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3 ): 6  0.91 -  0.95 (m, 6 H, CH 3), 2.48 -  2.50 (m, 4H, CH 2), 3.11 -  3.27 (m, 6 H, 

NCH3), 3.50 -  4.35 (m, 20H, OCH 3 , CH 2,), 6.45 -  7.77 (m, 46H, ArH). *®C-NMR (100 MHz, CDCI3): 6 

13.18, 13.23, 24.45, 25.13, 33.45, 48.72, 53.01, 55.48, 55.61, 60.52, 105.32, 112.65, 113.41, 113.95, 114.66, 

125.46, 125.78, 125.80, 125.97, 126.27, 126.93, 126.95, 127.17, 127.37, 127.39, 127.57, 128.87, 129.24, 

130.16, 130.27, 131.55, 131.62, 132.34, 132.73, 134.75, 135.09, 136.93, 137.33, 140.44, 140.59, 142.08, 

152.85, 153.80, 154.75, 156.63, 171.43, 171.50. IR: v ^ a x  (KBr) cm ':  3425.1, 3327.0, 2929.1, 2850.6,

1625.9, 1579.0, 1507.3, 1449.4, 1410.0, 1310.4, 1242.0, 1170.2, 1127.2, 905.1, 833.8, 701.1, 641.0. HRMS 

(El); Found 742.3143 (M+Na)", C4 7H 4sN0 6 Na requires 742.3145.

8.4.11.10 (E)-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-N-methyl- 

3-naphthalen-2-yl-2-(3,4,5-trimethoxyphenyl)acrylamide [286]

As per the general method 8.4.11, the acrylic acid analogue [243] reacted with the endoxifen
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derivative [160]. The product [286] was afforded as a brown oil (98.0 mg, 87 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3): b 0.90 -  0.92 (m, 6 H, CH 3), 2.42 -  2.44 (m, 4H, CH 2), 3.11 -  3.26 (m, 6 H, 

NCH 3), 3.44 -  4.54 (m, 20H, OCH 3 , CH2.), 6.45 -  7.77 (m, 44H, ArH). ’"C-NMR (100 MHz, CDCI3): 6  

13.26, 24.43, 25.09, 33.39, 48.75, 55.41, 55.47, 55.56, 60.53, 60.57, 105.43, 105.57, 106.40, 112.62, 113.38, 

114.00, 114.49, 114.54, 114.65, 125.82, 126.01, 126.24, 126.52, 126.97, 127.08, 127.17, 127.58, 128.03, 

128.83, 128.89, 129.59, 129.85, 130.17, 130.27, 130.32, 131.17, 131.54, 132.37, 132.73, 133.63, 136.52, 

140.07, 152.79, 152.88, 152.96, 153.71, 154.06, 154.14, 154.61, 155.67, 156.93, 171.69. IR: v„,ax (KBr) cm 

3430.0, 3327.7, 2929.5, 2850.7, 1626.0, 1578.4, 1507.4, 1311.2, 1243.1, 1126.8, 641.0. HRMS (El): 

Found 758.3123 (M+Na)*, C47H 45N 0 7 Na requires 758.3094.

8.4.11.11 (E)-N-(2-{4-[(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-N- 

methyl-3-p-tolyI-2-(3,4,5-trimethoxyphenyl)acrylamide [277]

As per the general method 8.4.11, the acrylic acid analogue [246] reacted with the endoxifen 

derivative [152]. The product [277] was afforded as a brown oil (98.0 mg, 93 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3): 6 0.91 -  0.94 (m, 6 H, CH3), 2.31 (s, 6 H, CH3), 2.49 -  2.51 (m, 4H, CHz), 

3.08 -  3.24 (m, 6 H, NCH3), 3.56 -  3.91 (m, 24H, OCH3, CH 2,), 4.11 (m, 0.35 x 4H, OCH 2), 4.27 (m, 0.30 

X 4H, OCH 2), 4.47 (d, 0.35 x  4H, / = 8.0 Hz, OCH 2), 6.43 -  7.20 (m, 40H, ArH). *'C-NMR (100 MHz, 

CDCI3): 6 13.19, 13.23, 20.83, 24.45, 25.12, 25.22, 33.43, 33.60, 38.59, 48.65, 55.47, 55.60, 60.50, 105.49, 

112.62, 113.37, 113.98, 114.68, 125.45, 127.37, 127.39, 128.42, 128.44, 128.91, 129.26, 130.14, 130.25, 

131.53, 131.62, 131.87, 135.79, 137.43, 142.25, 152.79, 153.99, 154.93, 156.78. IR: v„ax (KBr) cm ': 

3425.1, 3327.1, 2929.2, 2850.7, 1626.1, 1579.8, 1507.5, 1449.4, 1411.5, 1310.5, 1242.3, 1170.2, 1127.5, 

892.5, 834.3, 641.0. HRMS (El): Found 706.3118 (M+Na)*, C44H45N 0 6 Na requires 706.3145.

8.4.11.12 (E)-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-N-methyl- 

3-p-tolyl-2-(3,4,5-trimethoxyphenyl)acrylamide [287]

As per the general method 8.4.11, the acrylic acid analogue [246] reacted with the endoxifen 

derivative [160]. The product [287] was afforded as a brown oil (99.0 mg, 92 %), then changes to a 

semi-solid resin.
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'H-NMR (400 MHz, CDCI3): 6  0.90 -  0.93 (m, 6 H, CH 3), 2.32 (s, 6 H, CH 3), 2.44 -  2.46 (m, 4H, CH 2), 

3.08 -  3.23 (m, 6 H, NCH3), 3.49 -  3.92 (m, 24H, OCH3, C H J, 4.08 (m, 0.31 x 4H, OCH 2), 4.25 (m, 0.27 

X 4H, OCH 2), 4.51 (d, 0.42 x 4H, /  = 8.0 Hz, OCH 2 ), 6.42 -  7.14 (m, 38H, ArH). “C-NMR (100 MHz, 

CDCI3 ): 6  13.28, 20.83, 24.44, 25,11, 33.42, 48.67, 55.46, 55.68, 60.55, 105.32, 105.47, 112.61, 113.37, 

113.99, 114.49, 114.53, 114.65, 128.44, 128.73, 128.88, 130.15, 130.29, 130.48, 131.52, 131.59, 133.59, 

134.94, 137.49, 140.06, 152.72, 152.81, 153.12, 153.74, 154.17, 154.66, 156.88. IR: v„,„ (KBr) cm ’: 

3428.8, 3328.5, 2929.5, 2850.8, 1625.9, 1580.6, 1509.4, 1449.8, 1411.3, 1310.5, 1241.6, 1169.9, 1127.4, 

832.9. HRMS (El): Found 722.3099 (M+Na)*, C4 4H 4 5N 0 7 Na requires 722.3094.

8.4.11.13 (E)-N-(2-{4-[(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-N- 

methyI-3-(4-methylsulfanylphenyl)-2-(3,4,5-trimethoxyphenyi)acryIamide [278]

As per the general method 8.4.11, the acrylic acid analogue [247] reacted with the endoxifen 

derivative [152]. The product [278] was afforded as a brown oil (99.0 mg, 90 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3 ); b 0.91 -  0.93 (m, 6 H, CH 3), 2.45 -  2.50 (m, lOH, CHj), 3.07 -  3.22 (m, 

6 H, NCH 3), 3.57 -  3.89 (m, 22H, OCH 3 , CH 2,), 4.10 (m, 0.33 x 4H, OCH 2), 4.26 (m, 0.35 x 4H, OCH 2), 

4.48 (d, 0.32 x 4H, /  = 8.0 Hz, OCH 2), 6.50 -  7.18 (m, 40H, ArH). '"C-NMR (100 MHz, CDCI3): 6  

13.20, 13.24, 14.95, 24..45, 25.13, 25.23, 33.43, 48.64, 55.53, 55.82, 60.51, 105.40, 112.64, 113.38, 113.98, 

114.69, 125.21, 125.45, 127.37, 129.24, 129.39, 130.13, 130.25, 131.52, 131.62, 136.16, 137.38, 138.18, 

138.24, 152.92, 154.02, 154.95, 156.79. IR: v ^ , (KBr) cm ': 3326.9, 2929.2, 2850.8, 1626.1, 1579.2, 

1507.6, 1449.4, 1409.1, 1312.0, 1242.1, 1170.1, 1127.3, 1050.0, 1005.7, 892.5, 834.0, 701.8. HRMS (El): 

Found 738.2897 (M+Na)*, C4 4H4 5 N 0 6 NaS requires 738.2865.

8.4.11.14 (£)-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-N-methyl- 

3-(4-methyIsulfanylphenyI)-2-(3,4,5-trimethoxyphenyl)acryIamide [288]

As per the general method 8.4.11, the acrylic acid analogue [247] reacted with the endoxifen 

derivative [160]. The product [288] was afforded as a brown oil (103 mg, 91 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3 ): 6  0.90 -  0.93 (m, 6 H, CH 3 ), 2.42 -  2.45 (m, lOH, CH 2), 3.07 -  3.22 (m, 

6 H, NCH 3), 3.52 -  3.89 (m, 22H, OCH 3 , CH 2,), 4.08 (m, 0.27 x 4H, OCH 2), 4.25 (m, 0.28 x 4H, OCH 2),
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4.50 (d, 0.45 X 4H, /  = 8.0 Hz, OCH 2), 6.48 -  7.11 (m , 38H, ArH). "’C-NMR (100 MHz, CDCI3 ): 6

13.28, 14.91, 24..43, 25.10, 33.40, 48.68, 55.52, 60.56, 105.23, 105.37, 112.61, 113.37, 113.99, 114.52, 

114.65, 125.20, 129.41, 130.15, 130.30, 131.53, 133.58, 152.92, 153.74, 154.09, 154.17, 154.65, 156.89. IR: 

v„,ax (KBr) cm ': 3376.8, 3327.7, 2929.4, 2850.9, 1626.0, 1607,1, 1580.3, 1509.0, 1449.7, 1409.1, 1312,3, 

1241,6, 1170.0, 1127.3, 892.8, 833.2. HRMS (El): Found 754.2819 (M+Na)*, C4 4H 4 5N 0 7 NaS requires 

754.2814.

8.4.11.15 (E)-3-(4-Bromophenyl)-N-(2-{4-[(Z)-l-(4-hydroxyphenyl)-2-phenyIbut-l- 

enyI]phenoxy)ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [279]

As per the general method 8.4.11, the acrylic acid analogue [248] reacted with the endoxifen 

derivative [152]. The product [279] was afforded as a brown oil (105 mg, 91 %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3): 6 0.91 -  0.94 (m, 6 K, CH3), 2.47 -  2.50 (m, 4H, CH 2), 3.05 -  3.21 (m, 6 H, 

NCH 3), 3.56 -  4.47 (m, 26H, OCH 3 , CH 2,), 6.42 -  7.35 (m, 40H, ArH). *’C-NMR (100 MHz, CDCl,): 6  

13.18, 13.26, 24.44, 25.12, 25.22, 33,43, 48,66, 55,52, 60.52, 105.35, 112.63, 113.38, 113.98, 114.68,

121.42, 121.44, 125.46, 127.38, 129,24, 129.26, 130.13, 130.27, 130.53, 130.89, 130.91, 131.52, 131.62,

133.81, 137.35, 137.59, 140.37, 142.10, 142.25, 152.96, 154.02, 154.94, 156.78, 162.19. IR: (KBr) cm

': 3327.0, 2929.3, 2850.8, 1626.2, 1579.0, 1507.5, 1449.4, 1409.0, 1311.9, 1242.4, 1170.5, 1127.9, 1009.7, 

892.5, 834,3, HRMS (El): Found 770,2120 (M+Na)", C4 3H 4 2BrNO(,Na requires 770,2094,

8.4.11.16 (E>-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyI]phenoxy}ethyl)-3-(4- 

bromophenyl)-N-methyl-2-(3,4,5-trimethoxyphenyI)acrylamide [289]

As per the general method 8.4.11, the acrylic acid analogue [248] reacted with the endoxifen 

derivative [160]. The product [289] was afforded as a brown oil (106 mg, 90 %), then changes to a 

semi-solid resin.

'H-NM R (400 MHz, CDCI3): 6  0.90 -  0.93 (m, 6 H, CH 3 ), 2.38 -  2.48 (m, 4H, CH 2), 3.08 -  3.20 (m, 6 H, 

NCH3), 3.51 -  4.51 (m, 26H, OCH3, CH 2,), 6.41 -  7.35 (m, 38H, ArH). *'C-NMR (100 MHz, CDCI3): 6

13.28, 24.43, 25.10, 33.41, 48.70, 55.46, 55.51, 55.62, 60.57, 105.19, 105.32, 112.59, 113.36, 114.00,

114.47, 114.52, 114.66, 121.48, 129.41, 129.79, 129.95, 130.15, 130.30, 130.53, 130.91, 131.52, 131.60,

133.59, 133.73, 135.29, 136.55, 137.15, 137.49, 152.88, 152.96, 153.02, 153.73, 154.08, 154.15, 154.64,

156.89, 171.26. IR: v„,ax (KBr) cm': 3327.2, 2929.2, 2850,8, 1626,4, 1508,9, 1508,9, 1449.3, 1409,2,
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1311.9, 1242.9, 1169.9, 1127.9, 1009.9, 892.5, 833.9, 641.2. HRMS (El): Found 786.2071 (M+Na)", 

C4 3H4 2BrN0 7 Na requires 786.2043.

8.4.11.17 (E>-3-(3-Fluoro-4-methoxyphenyl)-N-(2-{4-[(Z)-l-(4-hydroxyphenyl)-2-phenylbut- 

l-enyl]phenoxy}ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyI)acrylamide [280]

As per the general method 8.4.11, the acrylic acid analogue [249] reacted with the endoxifen 

derivative [152]. The product [280] was afforded as a brown oil (103 mg, 93 %), then changes to a 

semi-solid resin.

'H-NM R (400 MHz, CDCI3 ): 6  0.91 -  0.93 (m, 6 H, CH 3), 2.47 -  2.50 (m, 4H, CH 2), 3.06 -  3.21 (m, 6 H, 

NCH 3), 3.60 -  3.86 (m, 28H, OCH 3 , CH 2,), 4.10 (m, 0.34 x 4H, OCH 2), 4.25 (m, 0.27 x 4H, OCH 2), 4.43 

(d, 0.35 X 4H, /  = 8.0 Hz, OCH 2), 6.43 -  7.19 (m, 38H, ArH). '"C-NMR (100 MHz, CDCI3): 6  13.17, 

13.21, 24.44, 25.11, 28.55, 28.63, 33.42, 48.66, 53.02, 55.58, 55.69, 60.53, 105.41, 112.26, 112.59, 113.37, 

113.95, 114.66, 116.19, 116.38, 125.45, 125.55, 127.36, 129.23, 130.13, 130.24, 131.52, 131.60, 134.58, 

135.94, 137.29, 140.39, 142.10, 146.82, 146.93, 150.04, 152.46, 152.97, 153.94, 154.88, 156.75, 171.31. IR: 

v„,ax (KBr) cm ': 3327.6, 2929.2, 2850.8, 1626.4, 1578.4, 1509.0, 1437.1, 1311.2, 1272.5, 1242.7, 1127.2, 

892.8, 834.9. HRMS (El): Found 740.2983 (M+Na)*, C4 4H 4 4N 0 7 NaF requires 740.3000.

8.4.11.18 (E)-N-(2-{4-[(Z)-l,2-Bis-(4-hydroxyphenyl)but-l-enyl]phenoxy}ethyl)-3-(3-fluoro- 

4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [290]

As per the general method 8.4.11, the acrylic acid analogue [249] reacted with the endoxifen 

derivative [160]. The product [290] was afforded as a brown oil (99.0 mg, 8 8  %), then changes to a 

semi-solid resin.

’H-NMR (400 MHz, CDCI3 ): 6  0.90 -  0.93 (m, 6 H, CH 3), 2.41 -  2.45 (m, 4H, CH 2), 3.07 -  3.21 (m, 6 H, 

NCH 3), 3 .48-4 .48 (m, 32H, OCH 3 , CH 2,), 6.44 -  7.14 (m, 38H, ArH). ' ’C-NMR (100 MHz, CDCI3): 6  

13.26, 24.43, 25.10, 33.41, 48.69, 55.58, 55.71, 60.56, 60.59, 105.24, 105.38, 112.29, 112.60, 113.36,

113.98, 114.51, 114.65, 116.21, 116.34, 125.59, 127.66, 129.70, 130.15, 130.26, 131.52, 133.61, 146.87,

146.98, 150.03, 152.93, 153.02, 153.71, 154.07, 154.14, 154.63, 156.85. IR: (KBr) cm ': 3376.8, 

3328.3, 2930.5, 2850.8, 1608.1, 1581.4, 1511.1, 1463.1, 1410.9, 1302.2, 1274.2, 1239.5, 1169.9, 1126.8,

1050.7.1025.9, 902.0, 832.9. HRMS (El): Found 756.2915 (M+Na)", C4 4H 4 4NOgNaF requires 756.2949.
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8.4.11.19 (E)-3-(3-Amino-4-methoxyphenyl)-N-(2-{4-[(Z)-l-(4-hydroxyphenyl)-2- 

phenylbut-l-enyl]phenoxy}ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [281]

As per the general method 8.4.11, the acrylic acid analogue [251] reacted with the endoxifen 

derivative [152]. The product [281] was afforded as a brown oil (100 mg, 91 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3): 6 0.91 -  0.95 (m, 6 H, CH3), 2.47 -  2.50 (m, 4H, CH 2), 3.06 -  3.22 (m, 6 H, 

NCH3), 3.51 -  3.88 (m, 32H, O C H 3, CH2,, NHz), 4.10 (m, 0.32 x 4H, OCH 2 ), 4.26 (m, 0.29 x 4H, 

OCH2), 4.51 (d, 0.39 x 4H, /  = 8.0 Hz, OCH2), 6.39 -  7.18 (m, 38H, ArH). '^C-NMR (100 MHz, CDCI3): 

& 13.19, 13.23, 24.46, 25.13, 25.21, 28.64, 33.44, 48.65, 55.01, 55.57, 60.50, 105.53, 109.39, 112.64, 113.40, 

113.97, 114.67, 115.18, 120.17, 125.44, 127.37, 129.09, 129.26, 130.14, 130.24, 131.53, 131.60, 135.09,

142.14, 142.24, 146.81, 152.82, 153.95, 154.90, 156.67. IR: v,,,, (KBr) cm ': 3327.2, 2929.4, 2850.7,

1625.9, 1579.2, 1508.9, 1449.3, 1411.2, 1310.6, 1242.1, 1169.5, 1126.1, 1046.3, 892.7, 833.9. HRMS (El): 

Found 737.3238 (M+Naf, C4 4H4 6 N 2 0 7 Na requires 737.3203.

8.4.11.20 (E>-3-(3-Amino-4-methoxyphenyl)-N-(2-{4-[(Z)-l,2-bis-(4-hydroxyphenyl)but-l- 

enyl]phenoxy}ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [291]

As per the general method 8.4.11, the acrylic acid analogue [251] reacted with the endoxifen 

derivative [160]. The product [291] was afforded as a brown oil (106 mg, 94 %), then changes to a 

semi-solid resin.

'H-NMR (400 MHz, CDCI3): 6  0.91 -  0.94 (m, 6 H, CH 3), 2.44 -  2.46 (m, 4H, CH 2), 3.08 -  3.22 (m, 6 H, 

NCH3), 3.51 -  4.34 (m, 36H, OCH 3 , CHj,, NH 2), 6.49 -  7.12 (m, 36H, ArH). “C-NMR (100 MHz, 

CDCI3): 6  13.27, 24.46, 25.13, 29.26, 33.44, 48.70, 55.03, 55.26, 55.56, 55.82, 60.55, 105.42, 106.23, 

109.40, 113.39, 113.93, 114.36, 114.44, 114.51, 114.61, 130.17, 130.24, 130.31, 131.53, 133.62, 152.82, 

153.85, 154.57, 156.61. IR: v„ax (KBr) cm ': 3327.3, 2929.2, 2850.7, 1625.8, 1578.6, 1510.6, 1436.5,

1311.1, 1242.9, 1169.1, 1126.2, 892.6, 833.8. HRMS (El): Found 753.3172 (M+Na)*, C44H46N20gNa

requires 753.3152.

8.4.11.21 N-Butyl-N-(2-{4-[l-(4-hydroxyphenyl)-2-phenylbut-l-enyI]phenoxy}ethyl)-3-(4- 

methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acryIamide [334]

The combretastatin acrylic acid [238] (35 mg, 0.1 mmol), DCC (21 mg, 0.1 mmol) and DMAP (12 

mg, 0.1 mmol) were suspended in 3 mL of anhydrous DCM and stirred for 10 minutes under a
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nitrogen atm osphere. The am ine [156] (53 mg, 0.1 m mol) w as then dissolved in 3 mL of anhydrous 

DCM and slowly ad d ed  to the m ixture via syringe. Reaction w as allow ed stir for 24 h. Reaction was 

m onitored via TLC (DCM:MeOH, 4:1) until no m ore starting m aterials w ere visible. The reaction 

m ixture w as dilu ted  to 15 mL w ith anhydrous DCM and filtered to rem ove DCU. The filtrate was 

evaporated  to dryness un d er reduced pressure. The residue w as dissolved in 3 mL anhydrous THF 

and  stirred under a nitrogen atm osphere. A solution of 0.1 M TBAF (0.1 mL, 0.1 mmol) w as added  

to the m ixture and allow ed stir for 24 h. The m ixture w as evaporated  to dryness u n d er reduced 

pressure. The residue w as dissolved in DCM and w ashed w ith  10 % HCl solution. The resulting 

organic phase w as dried  over sodium  sulfate and  evaporated  to dryness under vacuum . The 

residue w as purified via flash chrom atography (DCM:MeOH, 20:1) to yield an isomeric m ixture of 

the product [334] as a brow n oil (50 mg, 67%).

'H -N M R  (400 MHz, CDClj): 6  0.91 -  0.93 (m, 12H, CHj), 1.08 -  1.94 (m, 8 H, CHj) 2.48 -  2.50 (m, 4H, 

C H 2 ), 3.44 -  4.38 (m, 36H, O CH 3, OCH 2, N CH 2), 6,47 -  7.18 (m, 40H, ArH). “ C-NM R (100 MHz, 

CDCI3): 6  13.19, 13.22, 13.44, 19.61, 24.46, 25.12, 28.56, 28.63, 33.44, 48.71, 54.80, 55.50, 60.52, 105.37, 

105.41, 112.62, 113.13, 113.93, 114.63, 125,45, 127.38, 129.25, 130.16, 130.23, 130.41, 131.55, 131.59, 

135.14, 137.26, 138.39, 152.84, 153.77, 154.70, 158.78, 171.91. IR: v„,ax (KBr) cm ': 3421.9, 2931.8, 

1605.6, 1581.3, 1509.0, 1463.6, 1413.3, 1240.9, 1175.2, 1128.0, 1031.2, 830.3. HRM S (El): Found 

764.3573 (M+Na)", C4 7 H 5 ,N 0 7 Na requires 764.3563.

8.4.12 5-M ethoxy-2-[l-pyrid in-4-ylm eth-(E )-ylidene]-3 ,4-dihydro-2H -naphthalen-l-one [294]™

Piperidine (0,11 g, 1.34 mmol), acetic acid (0.11 g, 1.90 mmol), 4-pyridinecarboxaldehyde [292] (0.91 

g, 8.52 mmol) and 5-m ethoxy-l-tetralone [293] (1.00 g, 5.68 mmol) w ere placed in a round- 

bottom ed flask and refluxed at 130 °C for 2 h. The low er boiling m aterials were rem oved by 

evaporation  under reduced pressure (with care taken not to exceed 130 °C). The residue was 

treated  w ith  40 mL dichlorom ethane and extracted w ith 2 x 40 mL 2 N HCl solution. The aqueous 

phase w as cooled allow ing the hydrochloride salt to crystallise out of solution. The solid was 

filtered and  w ashed w ith 2 N HCl solution. The hydrochloride was dissolved in  water. The 

solution w as neutralised  by the addition  of saturated  sodium  bicarbonate solution. The solid was 

filtered and w ashed w ith  w ater, then oven-dried. The solid w as recrystallised from m ethanol to 

afford the product [294] as tan coloured needle-like crystals (1.36g, 89% yield, m p = 142-144 °C)(lit 

m p  = 143-144 °C).

’H-N M R (400 MHz, CDCI3 ): 6  2.97 (t, 2H, CH 2, J = 6.5 Hz), 3.07 (t, 2H, C H 2, J = 7.0 Hz), 3.90 (s, 3H,
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OCHj), 7.09 (d, IH , ArH, J = 8 Hz), 7.31 (d, 2H, ArH, J = 5.5 Hz), 7.36 (t, IH , ArH, J = 8 Hz), 7.70 (s, 

IH , C=CH), 7.78 (d, IH , ArH, J = 8 Hz), 8.69 (d, 2H, N -A rH , J = 5 Hz). ” C-NMR (100 M Hz, CDCI3): 

6 21.08, 26.06, 55.31, 114.18, 119.47, 123.41, 126.98, 131.91, 132.34, 133.55, 138.52, 143.08, 149.61, 

155.93, 187.16. IR: v„,ax (KBr) cm ’: 3436.02, 2963,46, 1664.29, 1590.48, 1475.31, 1291.24, 1265.88, 

1068.23, 1027.12, 969.21, 749.71

8.4.13 5-M ethoxy-2-pyridin-4-ylmethyl-3,4-dihydro-2H-naphthalen-l-one [295]“°

A suspension of [294] (0.53 g, 2.00 m mol) and  10% pallad ium  on charcoal (10.0 mg) in ethanol (10 

mL) w as stirred u n d er an atm osphere of hydrogen. The reaction w as m onitored via TLC until the 

depletion of the starting m aterial was complete. The catalyst w as rem oved by filtration while the 

filtrate w as evaporated to dryness. The crude product w as recrystallised from  hexane in the 

absence of light to yield the pure  product [295] as crystals (0.39 g, 72%, m p = 100-103 °C)(lit m p = 

101-102 °C).

'H-NMR (400 MHz, CDCI3); 6 1.70 (dq, IH , /  = 12 Hz, 5 Hz), 2.06 (m, IH ), 2.61 (m, 2H), 2.73 (m, 

IH ), 3.05 (dt, IH , J = 17.6 Hz, 4.3 Hz) 3.37 (dd, IH , /  = 14 Hz, 4.5 Hz), 3.81 (s, 3H, OCH3), 6.98 (d, IH , 

ArH, /  = 8 Hz), 7.14 (d, 2H, ArH, /  = 6 Hz), 7.24 (t, IH , ArH, /  = 8 Hz), 7.62 (d, IH , ArH, /  = 7 Hz), 

8.48 (d, 2H, N-ArH, /  = 5.5 Hz). '’C-NMR (100 MHz, CDCI3): & 21.72, 26.78, 34.61, 47.56, 55.17, 

113.77, 118.49, 124.23, 126.53, 132.29, 132.76, 148.87, 149.25, 156.93, 198.35. IR: (KBr) cm ':

3435.89, 2932.36, 1672.29, 1599.06, 1474.36,1416.40, 1261.60, 1047.80, 797.84.

8.4.14 5-Hydroxy-2-pyridin-4-yImethyl-3,4-dihydro-2H-naphthalen-l-one [296]^

A solution of [295] (0.27 g, 1.00 m mol) in d ry  d ichlorom ethane (10 mL) w as cooled to -78 °C and 

stirred  u n d er a nitrogen atm osphere. Boron tribrom ide (as 1.0 M in dichlorom ethane) (3.00 mL, 

3.00 m mol) w as added  to the solution. After 30 min, the cooling bath  w as rem oved and  stirring 

continued for 4 h. H ydrolysis w as carried out via the add ition  of 5 mL m ethanol and was 

com pleted by stirring for 30 min. In the case of a precipitating hydrobrom ide the m ixture w as 

concentrated to half the volum e. After cooling, the solid w as filtered and  w ashed w ith 

dichlorom ethane. If no or small am ounts of solid precip itated  after hydrolysis, the reaction m ixture 

w as evaporated  to dryness. The residue or the filtered product w as taken up  in w ater and filtered 

from  insoluble parts, and  the product w as precip itated  by the addition of sa tu ra ted  sodium  

hydrogencarbonate solution. The solid w as collected, w ashed  w ith water, and dried  in vacuo. 

Further purification w as perform ed by recrystallisation from  ethanol to afford [296] (0.14 g, 57 %,
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mp = 195-197 °C)(lit mp = 194-196 °C).

'H-NMR (400 MHz, rf-DMSO): 6  1.75 -  1.81 (m, IH ), 2.04 -  2.08 (m, IH), 2.64 -  2.71 (m, IH), 2.96 -  

3.03 (m, 2H), 3.41 -  3.47 (m, 2H), 7.07 -  7.09 (m, IH), 7.14 -  7.18 (m, IH), 7.32 -  7.34 (m, IH ), 8.05 (d, 

2H, /  = 6.5 Hz, ArH), 8 . 8 8  (d, 2H, /  = 7.0 Hz, ArH). '"C-NMR (100 MHz, CDCI3 ): 6  18.58, 22.24, 

27.51, 35.66, 46.77, 117.00, 119.26, 126.80, 127.56, 130.88, 132.97, 141.00, 154.86, 162.39, 198.38. IR: 

(KBr) cm ': 3435.69, 3211.8, 2765.5, 1673.5, 1635.0, 1607.7, 1583.8, 1507.0, 1304.3, 1278.9, 1220.3, 

1068.5, 913.5, 833.0, 806.5, 797.0, 744.6.

8.4.15 N-(2-{4-[l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy)ethyI)-N-m ethyl-succinam ic 

acid 5-oxo-6-pyridin-4-ylmethyl-5,6,7,8-tetrahydronaphthalen-l-yl ester [297]

[263] (1 equivalent, 0.25 mmol), DCC (1 equivalent, 0.25 mmol, 0.05 g) and HOBt (1 equivalent, 0.25 

mmol, 0.03 g) wfere suspended  in 3 mL of anhydrous DCM and stirred for 10 m inutes un d er a 

nitrogen atm osphere. The phenol [296] w as then dissolved in 3 mL of anhydrous DCM and slowly 

added  to the m ixture via syringe. Reaction w as allow ed stir for 24 h. Reaction w as m onitored via 

TLC (DCM:MeOH, 4:1) until no m ore starting m aterials w ere visible. The reaction m ixture was 

d ilu ted  to 15 mL w ith anhydrous DCM and filtered to rem ove DCU. The filtrate w as evaporated  to 

dryness under reduced pressure. The residue was dissolved in 3 mL anhydrous THF and stirred 

under a nitrogen atm osphere. A solution of 0.1 M TBAF (2 equivalents) was added  to the m ixture 

and  allow ed stir for 24 h. The m ixture w as evaporated  to dryness under reduced pressure. The 

residue w as dissolved in DCM and w ashed w ith 10 % HCl solution. The resulting organic phase 

w as dried  over sodium  sulfate and evaporated  to dryness under vacuum . The residue w as purified 

via flash chrom atography (DCM:MeOH, 20:1) to yield an isom eric m ixture of the product as a 

brow n oil (112 mg, 63%).

'H-NMR (400 MHz, CDC13): 6  0.99 (t, 6 H, CH3),1.27 - 1.74 (m, 4H, CH 2 ), 2.50 (m, 4H, CH 2 ), 2.64 -  

2.87 (m, 4H), 3.17 -  3.03 (m, 9H), 3.45 (dd, 2H, /  = 4 Hz, 13.5 Hz), 3.66 (m, 2H, C H 2N), 3.77 (m, 2H, 

CH 2 N), 3.97 (m, 2H, C H 2O), 4.12 (m, 2H, CHjO), 6.51 (m, 3H, ArH), 6.70 (m, 2H, ArH), 6.77 (d, 2H, 

ArH, /  = 8  Hz), 6.85 (m, 3H, ArH), 7.12 (m, 2H, ArH), 7.17 (s, 6 H, ArH), 7.36 (s, 2H, ArH), 7.62 (d, 

2H, ArH, /  = 8  Hz), 7.71 (t, 2H, ArH, /  = 5 Hz), 8.63 (d, 4H, N-ArH, /  = 52 Hz). “C-NMR (100 MHz, 

CDC13): 6  13.09, 19.53, 21.24, 21.89, 24.26, 24.89, 25.03, 26.17, 26.96, 28.57, 28.86, 29.25, 32.45, 34.81, 

47.66, 47.84, 52.38, 112.64, 113.36, 113.43, 113.96, 114.66, 118.40, 119.20,119.30, 119.55, 125.42, 125.54, 

126,91, 127.37, 129.25, 130.04, 130.20, 130.40, 131.59, 132.01, 133.02, 133.71, 139.04, 148.43, 149,02, 

153.49, 153.80, 171.45, 172.00, 198.52. IR: (KBr) cm ': 3435.0, 2930.7, 1738.0, 1631,2, 1605.9,
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1509.1,1463.7,1281.1,1235.8,1067.0. H R M S (El): (undetermined).

8.4.16 Benzophenone-4,4 '-0,0-bis-suIfam ate [73]’ ^

A  m ixture o f fo rm ic acid (1.30 g, 28.5 m m ol) and N ,N -d im ethyl acetamide (0.03 g, 0.30 mmol) was 

added to a stirred solution of chlorosulfonyl isocyanate (3.93 g, 27.8 mmol) in  dichloromethane (8 

mL) at 42 °C under a n itrogen atmosphere w ith  in term itten t venting over a period of 30 minutes. 

The m ixture was heated to reflux fo r 20 m inutes and then allowed cool to room temperature. The 

resulting m ixture  was carefully added to a stirred solution of 4,4'-dihydroxybenzophenone (1.98 g, 

9.25 mmol) in  N ,N -d im ethyl acetamide (60 mL). The m ixture  was stirred at ambient temperature 

for 16 hours after w hich time brine (100 m L) was added and the m ixture was a llowed stir for a 

further 30 mins. The organics were extracted w ith  D C M  (3 x 50 mL). The organic phases were 

combined, washed w ith  water (100 mL), brine (100 mL), dried over sodium sulfate and evaporated 

to dryness in vacuo to y ie ld  crude product as a green oil. The material was purified  via flash 

chromatography on silica gel (DCM  : acetone = 20 : 1) to y ie ld  the bis-sulfamate product [73] (1.73 

g, 50 %) as w hite  crystals. M p = 183-186 °C ( lit mp = 182-184 °C ’ )̂.

’H -N M R  (400 M H z, MeOD); 6 7.47 -  7.51 (m, 4H, H-2, H-6, H-2', H-6'), 7.85 -  7.89 (d, 4H, H-3, H-5, 

H-3', H-5'). "C -N M R  (100 M Hz, MeOD): 6 121.91 (C-3, C-5, C-3', C-5'), 131.54 (C-2, C-6, C-2’, C-6'), 

135.24 (C-1, C-1'), 153.97 (C-4, C-4'), 194.76 (C=0). IR: (KBr) c m 3377.8, 3252.1, 3104.4, 1954.7,

1644.7, 1598.3, 1503.7, 1392.5, 1378.4, 1310.7, 1278.1, 1208.6, 1179.0, 1154.3, 1015.4, 930.6, 879.6, 785.9, 

739.6, 682.7. H R M S (El): Found 373.0181 (M+H)", CuHnNzOjSz requires 373.0164.

8.4.17 A ttem pted  synthesis o f Su lfam ic acid 4-(4-{[2-(4-{l-[4-(tcrt- 

b u ty ld im e thy ls ilan y loxy )ph en y l]-2 -ph en y lbu t- l-  

eny l}phenoxy)e thyl]su lfam oyloxy}benzoyl)phenyl ester [303]

A  m ixture of [73] (0.37 g, 1.00 mmol, 2 eq.), [136] (0.28 g, 0.50 m mol, 1 eq.), potassium carbonate 

(0.069 g, 0.5 m mol, 1 eq.) and tetrabutylam m onium  hydrogensulfate (0.02 g, 0.05 m mol, 0.1 eq.) 

was stirred in  anhydrous dichloromethane (30 m L) at r.t. under a nitrogen atmosphere fo r 24 h. 

The m ixture was m onitored by TLC. Due to the lack o f reaction o f starting materials after 24 h 

stirring, the m ixture  was then refluxed for a further 8 h w ith  stirring. No reaction products were 

visible by TLC. No w ork-up  or purifica tion  was carried out.
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8.4.18 2-[l-(4-Chlorobenzoyl)-5-m ethoxy-2-m ethyl-lH -indol-3-yI]-N -(2-{4-[(Z)-l-(4- 

hydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-N -m ethylacetam ide [308]

Indom ethacin [305] (0.33 g, 0.91 mmol), DCC (0.19 g, 0.91 mmol) and  DMAP (0.11, 0.91 mmol) w ere 

stirred  for 10 mins in anhydryous DCM (7 mL). A solution of the am ine [152] (0.45 g, 0.91 mmol) in 

dry DCM ( 8  mL) w as added  to the reaction m ixture and then allow ed stir for 24 h  u n d er nitrogen 

at room  tem perature. Reaction w as m onitored  via TLC (DCM:MeOH, 4:1) until no m ore starting  

m aterials were visible. The reaction m ixture w as d ilu ted  to 15 mL w ith anhydrous DCM and 

filtered to rem ove DCU. The filtrate w as evaporated  to dryness under reduced pressure. The 

residue w as dissolved in 3 mL anhydrous THF and  stirred u n d er a nitrogen atm osphere. A 

solution of 0.1 M TBAF (0.91 mL, 0,91 mmol) w as added  to the m ixture and  allow ed stir for 24 h. 

The m ixture was evaporated  to dryness under reduced pressure. The residue w as dissolved in 

DCM and w ashed w ith  10 % HCl solution. The resulting organic phase w as dried  over sodium  

sulfate and  evaporated  to dryness under vacuum .The residue w as purified via flash 

chrom atography (DCM:MeOH, 20:1) to yield an isom eric m ixture of the product [308] as a brow n 

oil (472 mg, 73 %).

’H -N M R (400 MHz, CDCI3 ): 6  0.93 - 0,97 (rn, 6 H, endoxifen C H 3), 2.21 -  2.29 (m, 6 H, indom ethacin 

CH 3 ), 2.48 - 2.53 (m, 4H, C H 2 ), 2.97 - 3.18 (m, 6 H, N C H 3), 3.69 - 4.16 (m, 18H, O CH 3, CH 2 N, CH 2O), 

6.44 -  7.19 (m, 40H, ArH). ‘"C-NMR (100 MHz, CDCI3): b 11.42, 11.46, 13.14, 13.25, 28.63, 29.28, 

30.53, 30.58, 33.89, 36.07, 37.54, 48.12, 48.82, 55.36, 55.43, 64.50, 64.92, 65.96, 66.21, 99.73, 99.82, 99.89, 

103.67, 103.73, 104.20, 110.28, 110.33, 112.77, 113.49, 113.94, 114.62, 125.43, 127.40, 128.37, 129.33,

129.73, 129.80, 130.15, 130.26, 131.51, 131.59, 132.54, 132.69, 132.76, 134.68, 135.08, 136.23, 137.40,

137.51, 140.27, 140.45, 142.29. 142.32, 153,49, 153,51, 153,86, 154,75, 155,61, 155,93, 156,74, 171,82,

171,88, 172,22, IR: v,,,, (KBr) cm*': 3327,2, 2929,2, 2851,9, 1724,5, 1626,2, 1508,5, 1487,8, 1436,1,

1276,5,1242.2, 1171.9, 1091.8, 834.3, 761.5. HRM S (El): (undeterm ined).

8.4.19 4-{4-[Bis-(2-chloroethyl)am ino]phenyl}-N -(2-{4-[(Z)-l-(4-hydroxyphenyl)-2-phenylbut-l- 

enyl]phenoxy}ethyl)-N -m ethylbutyram ide [310]

Chloram bucil [309] (0.06 g, 0.21 mmol), DCC (0.04 g, 0.21 m mol) and DMAP (0.03, 0.21 mmol) were 

stirred  for 10 m ins in anhydryous DCM (4 mL), A solution of the am ine [152] (0,10 g, 0.21 mmol) in 

dry  DCM (4 mL) w as added  to the reaction m ixture and then allow ed stir for 24 h un d er nitrogen 

at room  tem perature. Reaction was m onitored via TLC (DCM:MeOH, 4:1) until no m ore starting 

m aterials were visible. The reaction m ixture w as dilu ted  to 15 mL w ith anhydrous DCM and
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filtered to rem ove DCU. The filtrate w as evaporated to dryness under reduced pressure. The 

residue w as d isso lved  in 3 mL anhydrous THF and stirred under a nitrogen atm osphere. A 

solution of 0.1 M TBAF (0.21 mL, 0.21 m m ol) w as added to the m ixture and a llow ed  stir for 24 h. 

The mixture w as evaporated to dryness under reduced pressure. The residue w as d issolved  in 

DCM and w ashed  w ith 10 % HCl solution. The resulting organic phase w as dried over sodium  

sulfate and evaporated to dryness under vacuum . The residue w as purified via flash  

chrom atography (DCM :M eOH, 20:1) to yield  an isom eric m ixture of the product [310] as a brown  

oil (81.0 m g, 60%).

’H -N M R  (400 M H z, CDCI3): & 0.91- 0.96 (m, 6H, CH3), 1.29 - 2.63 (m, 16H, CH2), 2.97 - 3.15 (m, 6H, 

NCH3), 3.60 -  4.16 (m, 24H, CH2N, CH2O), 6.45 -  7.18 (m, 34H, ArH). '’C-NM R (100 M H z, CDCI3): 

6 13.30, 24.45, 25.12, 25.22, 16.15, 26.49, 28.48, 29.26, 29.26, 29.88, 32.27, 32.76, 33.42, 33.66, 37.25, 

40.13, 44.94, 47.61, 48.73, 53.12, 111.68, 112.69, 113.37, 113.99, 114.51, 114.65, 118.16, 128.65, 129.24, 

130.21, 130.34, 131.59, 133.71, 136.64, 133.71, 136.64, 143.81, 154.11, 154.67, 156.85, 173.23. IR: 

(KBr) cm ': 3401.5, 2929.6, 2850.2, 1723.9, 1609.5, 1508.6, 1457.6, 1438.3, 1355.9, 1238.9, 1172.0, 1052.7, 

833.0, 762.4, 701.6. H R M S (El): Found 659.2803 (M+H)*, C39H45N2O3CI2 requires 659.2807.

8.4.20 4,9-D ihydro-6,7-m ethyIenedioxy-9-(3,4,5-trim ethoxyphenyl)furo-[3,4-t»]-quinoIin-l(3H )- 

on e [315]

A m ixture of tetronic acid [319] (0.20 g, 2 m m ol, 1 eq.), 3 ,4,5-trim ethoxybenzaldehyde [227] (0.39 g, 

2.00 m m ol, 1 eq.) and 3,4-(m ethylenedioxy)-aniline [320] (0.27 g, 2.00 m m ol, 1 eq.) in 3 mL of 

ethanol w as refluxed for 15 m ins then a llow ed  to cool. The resulting precipitate w as filtered off and 

w ashed w ith  hot ethanol to afford the product [315] as an off-w hite solid  (0.56 g, 70 %).

'H -N M R  (400 M H z, d-DMSO): 6 3.62 (s, 3H, OCH3), 3.72 (s, 6H, OCH3), 4.87 -  5.02 (m, 3H, CH, 

OCH2), 5.92 -  5.97 (m, 2H, ArH), 6.50 -  6.69 (m, 4H, ArH, 0 2 (CH2)), 9.87 (s, IH , N H ). '’C-NM R (100 

M H z, d-DMSO): 6 40.18, 56.28, 60.34, 65.42, 94.58, 97.78, 101.64, 105.24, 110.02, 117.01, 130.76, 

136.47, 143.22, 143.70, 146.95, 153.24, 158.92, 172.60. IR: (KBr) c m ': 3446.9 (NH ), 1727.9 (lactone

C =0), 1646.7 (C=C), 1478.5 (C-O), 1127.1 (C-O). m .p. 271 -  274 °C (lit)

8.4.21 ll-(3 ,4 ,5-T rim ethoxyphenyl)-4 ,7 ,8 ,ll-tetrahydro-3H -2,6 ,9-trioxa-4- 

azacyclopenta[ij]anthracen-l-one [317]

A m ixture of tetronic acid [319] (0.20 g, 2.00 m m ol, 1 eq.), 3 ,4 ,5-trim ethoxybenzaldehyde [227] (0.39
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g, 2.00 mmol, 1 eq.) and  l,4-benzodioxan-6-am ine [321] (0.30 g, 2.00 mmol, 1 eq.) in  3 mL of ethanol 

w as refluxed for 15 m ins then allow ed to cool. The resulting precipitate w as filtered off and 

w ashed w ith hot ethanol to afford the product [317] as an off-white solid (0.41 g, 50 %).

’H -N M R (400 MHz, d-DMSO): 6 3.59 (s, 3H, OCH3), 3.69 (s, 6 H, OCH3), 4.12 -  4.16 (m, 4H, 

OCH2CH2O), 4 .8 1 -4 .9 9  (m, 3H, CH, OCH2), 6.41 (s, IH , ArH), 6.47 (s, IH , ArH), 6.59 (s, IH , ArH), 

9.80 (s, IH , NH). “ C-NM R (100 M Hz, d-DMSO): 6  56.56, 60.34, 64.34, 64.73, 65.45, 94.33, 104.46, 

105.22, 117.86, 130.20, 136.43, 139.72, 142.88, 143.22, 153.24, 159.04, 172.64. IR: (KBr) cm ':

3436.6 (NH), 1727.3 (lactone C=0), 1642.8 (C=C), 1499.2 (C-O), 1129.5 (C-O).

8.4.22 3-M ethyl-4-(3,4,5-trim ethoxyphenyl)-l,4,7,8-tetrahydro-5H -furo[3,4-f;]pyrazolo[4,3- 

e]pyridin-5-one [318]

A m ixture of tetronic acid [319] (0.20 g, 2.00 mmol, 1 eq.), 3,4,5-trim ethoxybenzaldehyde [227] (0.39 

g, 2.00 mmol, 1 eq.) and  3-am ino-5-m ethylpyrazole [322] (0.19 g, 2.00 mmol, 1 eq.) in 3 mL of 

ethanol w as refluxed for 15 m ins then allow ed to cool. The resulting precipitate w as filtered off and 

w ashed w ith hot ethanol to afford the product [318] as an off-white solid (0.31 g, 43 %).

'H -N M R  (400 MHz, d-DMSO): 6  1.89 (s, 3H, C H 3), 2.48 (t, 2H, /  = 1.8 Hz, CH), 3.59 (s, 3H, O CH 3 ), 

3.67 (s, 6 H, OCH 3), 4.75 -  4.89 (m, 3H, CH, O CH 2), 6.46 (s, 2H, ArH), 10.08 (s, IH , NH), 11.89 (s, IH , 

NH). “ C-NM R (100 M Hz, d-DMSO): 6  10.24, 35.17, 56.24, 60.37, 65.28, 95.97, 102.69, 105.35, 136.22, 

136.63, 141.46, 147.47, 153.00, 160.48, 172.60. IR: (KBr) cm ': 3371.6 (NH), 1744.7 (lactone C=0),

1651.4,1606.2 (C=C), 1423.2 (C-O), 1133.7 (C-O).

8.4.23 N -[2-(4-{l-[4-(tcrt-Butyldim ethylsilanyloxy)phenyl]-2-phenylbut-l-enyI}phenoxy)ethyI]- 

N -m ethyI-4-oxo-4-[8-oxo-9-(3,4,5-trim ethoxyphenyl)-6,9-dihydro-8H-l,3,7-trioxa-5- 

azad icyclopenta[b ,g]naphthalen-5-y l]bu tyram ide [323]

The protected endoxifen succinic acid linker com pound [263] (0.11 g, 0.19 mmol), DCC (0.04 g, 0.19 

m mol) and DMAP (0.02 g, 0.19 mmol) w ere dissolved in dry  DCM (5 mL) under a N 2 environm ent. 

The m ixture w as allow ed to stir for 20 m inutes before add ing  a m ixture of the podophyllotoxin 

analogue [315] (0.08 g, 0.19 mmol) in dry  DCM (3 mL). The reaction w as allow ed stir at room 

tem perature for 24 h. The reaction m ixture w as then filtered to rem ove the dicyclohexylurea 

byproduct and  other insolubles. The m ixture w as evaporated  to dryness in vacuo. The residue was 

purified via flash chrom atography on silica gel (DCM:MeOH, 20:1) to yield an isomeric m ixture
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(£.Z = 1:1) of the product [323] (50 mg, 27 %).

’H-NMR (crude) (400 M Hz, d-DMSO): 6  0.12 -  0.24 (m, 12H, Si(CH 3)2 ), 0.93 -  1.02 (m, 24H, 

SiC(CH 3)3, CH 3 ), 2.47 -  2.52 (m, 4H, ethyl C H 2), 2.66 -  3.24 (m, 16H, succinic C H 2, im purities), 3.48 -  

4.18 (m, 54H, O CH 3, NCH 3, N CH 2, OCH 2. im purities), 5.40 (s, 4H, O CH 2 ), 6.20 -  7.48 (m, 48H, ArH, 

0 2 (CH 2 ), im purities). '^C-NMR (crude) (100 MHz, d-DMSO); 6  -4.47, -4.35, 13.63, 13.66, 24.97, 25.63, 

25.68, 26.20, 29.72, 33.98, 49.16, 56.13, 56.27, 61.06, 69.32, 101.45, 102.63, 102.76, 105.59, 107.06, 

113.12, 113.92, 118.97, 119.56, 127.47, 127.75, 127.84, 129.71, 130.54, 130.66, 131.85, 132.02, 140.16, 

149.01, 149.06, 153.15, 153.35, 167.60, 167.89. IR: v,„ax (KBr) cm ‘: 3327.0 (CONH), 2928.6 (CONH), 

2850.6, 2346.4 (Si), 1626.1 (C=0), 1576.5 (C-O), 1311.7, 1244.1, 1088.3, 892.4, 641.1. HRMS (El): 

(undeterm ined).

8.4.24 N-(2-{4-[l-(4-HydroxyphenyI)-2-phenylbut-l-enyl]phenoxy}ethyl)-N-methyl-4-oxo-4-[8- 

oxo-9-(3,4,5-trimethoxyphenyl)-6,9-dihydro-8H-l,3,7-trioxa-5-azadicyclopenta[b,g]naphthalen-5- 

yUbutyramide [324]

The com pound [323] (0.05 g, 0.05 mmol) w as dissolved in 3 mL anhydrous THF and stirred under 

a nitrogen atm osphere. A quantity  of 0.1 M TBAF (0.20 mL, 0.02 mmol) w as added  to the m ixture 

and  allowed stir for 24 h. The m ixture w as evaporated  to dryness under reduced pressure. The 

residue w as dissolved in DCM and w ashed w ith 10 % HCl solution. The resulting organic phase 

w as dried over sodium  sulfate and  evaporated  to dryness un d er vacuum . The residue w as purified 

via flash chrom atography on silica gel (DCM:MeOH, 20:1) to yield an isomeric m ixture (£;Z = 1:1) 

of the product [324] (15 mg, 35 %).

'H-NMR (crude) (400 MHz, d-DMSO): 6  0.91 -  0.96 (m, 6 H, CH 3 ), 2.46 -  2.52 (m, 4H, ethyl CHj), 

2.96 -  3.92 (m, ill-defined, succinic C H 2, N CH 3, N CH 2, O C H 3), 3.99 -  4.23 (m, 4H, O C H 2 ), 5.29 -  5.86 

(m, ill-defined, O CH 2 ), 6.220 -  7.24 (m, ill-defined, ArH, 0 2 (CH 2 )). IR: V m a x  (KBr) c m ' :  3467.6, 

2930.1,1783.8,1761.4, 1626.7,1602.3, 14.65.2 (C-O), 1384.5,1245.1, 1127.8.

8.4.25 (£)-3-(4-MethoxyphenyI)-2-(3,4,5-trimethoxyphenyl)acrylic acid 2-methoxy-4-((lE,6E)-7- 

{3-methoxy-4-[(E)-3-(4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acryloyloxy]phenyl}-3,5- 

dioxohepta-l,6-dienyl)phenyl ester [328] (including [329] and [330] as impurities)

C urcum in [325] (88.0 mg, 0.24 mmol, 1 eq.), acrylic acid [238] (165 mg, 0.48 mmol, 2 eq.), DCC (100 

mg, 0.48 mmol, 2 eq.) and DMAP (59.0 mg, 0.48 mmol, 2 eq.) w ere dissolved in 5 mL of anhydrous
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DCM and stirred u n d er a nitrogen atm osphere for 24 hours. M onitoring via TLC (DCM:MeOH 4:1) 

show ed com plete reaction of starting m aterials. Reaction m ixture w as bulked u p  w ith 25 mL of 

DCM, filtered to rem ove insoluble side products and the filtrate w as evaporated  to dryness. The 

residue was purified by flash chrom atography to yield an orange solid [328] (including [329] and 

[330] as im purities) (231 mg, 91%, 200 -  205 °C).

'H-NMR (400 MHz, CDCI3): 6  3.81 -  3.94 (m, 30H, O CH 3), 5.82 -  5.88 (m, 2H, CH 2 ), 6.47 -  6.62 (m, 

6 H, ArH), 6.76 -  6.78 (d, 4H, ArH, /  = 9.0 Hz), 6.93 -  6.95 (d, 2H, ArH, /  = 8.0 Hz), 7.13 -  7.29 (m, 

lOH, ArH), 7.58 -  7.66 (m, 4H, ArH), 8.00 (s, 2H). “ C-NMR (100 MHz, CDCI3): 6  48.71, 54.85, 55.49, 

55.56, 55.65, 55.71, 60.54, 100.79, 101.14, 106.26, 106.46, 109.21, 111.03, 113.38, 113.47, 114.43, 120.57, 

120.68, 121.24, 122.44, 122.60, 123.00, 123.66, 126.40, 127.05, 127.16, 128.05, 130.64, 132.36, 132.44, 

133.43, 137.24, 139.06, 139.63, 140.14, 140.72, 141.34, 141.48, 141.68, 146.41, 147.48, 147.62, 151.06, 

153.00, 153.12, 153.27, 156.47, 160.30, 165.63, 181.42, 182.69, 182.83, 184.05, 228.64. IR: (CHC13)

c m 3431.2, 2932.9, 1716.6, 1628.3, 1601.7, 1509.1, 1462.0, 1239.0, 1170.9, 1128.4, 1030.0. HRMS (El): 

Found 1043.3436 (M+Na)*, QsgHs^OibNa requires 1043.3466.

8.4.26 (E)-N-[2-(4-{(E/Z)-l-[4-(fert-Butyldimethylsilanyloxy)-phenyl]-2-phenylbut-l-enyl)- 

phenoxy)ethyl]-3-{4-[(E/Z)-l-(4-methoxyphenyI)-2-phenylbut-l-enyl]phenyI}-N- 

methylacrylamide [331]

[213] (0.13 g, 0.34 mmol, 1 eq.), DCC (0.07 g, 0.34 mmol, 1 eq.), DMAP (0.04 g, 0.34 mmol, 1 eq.) was 

stirred in 5 mL of anhydrous DCM for 10 mins. [152] (0.166 g, 0.34 mmol, 1 eq.) w as added  to the 

reaction m ixture and  allow ed stir at room  tem perature for 24 h under nitrogen atm osphere. After 

which tim e the reaction w as bulked up  w ith 20 mL DCM and filtered to rem ove insolubles. The 

solvent w as rem oved in vacuo and the residue w as purified via flash chrom atography to afford the 

product [331] as a resin (220 mg, yield = 76 %).

’H-NMR (400 MHz, CDCI3 ): 6  0.12 -  0.25 (m, 12H, Si(CH 3 )2 ), 0.94 -  1.02 (m, 30H, C H 3 ,SiC(CH 3)3 ), 

2.49 -  2.53 (m, 8 H, C H 2 ), 3.04 -  4.33 (m, 20H, NCH ,, N C H 2, O CH 2, OCH 3), 6.49 -  7.77 (m, 56H, 

ArH). '^C-NMR (100 M Hz, CDCI3 ): 6  -4.91, -4.80, 13.19, 17.76, 25.25, 28.61, 33.54, 36.06, 48.56, 54.57, 

112.39, 112.69, 113.14, 113.47, 116.41, 118.52, 119.10, 125.42, 125.73, 125.86, 126.55, 127.30, 127,48, 

129.20, 129.26, 129.54, 130.80, 131.39, 131.51, 134.64, 136.23, 142.12, 145.03, 156.44, 157.16, 162.10. IR: 

(KBr) cm ': 3430.0, 3326.2, 2928.7, 2850.8, 1625.3, 1575.8, 1507.2, 1311.8, 1244.4, 1088.8, 892.7, 

836.2, 641.3. HRMS (El): Found 876.4424, C 57H 6 3N 0 4 SiNa requires 876.4424.
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8.4.27 (E )-N -(2-{4-[(E /Z )-l-(4-H ydroxyphenyl)-2-phenylbut-l-enyl]phenoxy}ethyl)-3-{4-[(E /Z )-l- 

(4 -h ydroxyph en yl)-2-ph en ylb ut-l-enyl]p henyl}-N -m eth ylacrylam id e [332]

[331] (0.18 g, 0.21 m m ol, 1 eq.) w as stirred in 5 mL of anhydrous DCM. The reaction m ixture w as  

cooled to -78 °C and 1.0 M boron tribromide solu tion  (0.84 mL, 0.84 m m ol, 4 eq.) w as added slow ly  

to the reaction m ixture. The reaction w as a llow ed  stir at -78 °C for 45 m inutes then allow  return to 

room  tem perature w hile  stirred for three hours. The reaction w as quenched through the addition  

of 3 mL of m ethanol. The m ixture w as evaporated to dryness in vacuo and the residue w as 

dissolved  in 5 mL of anhydrous THF. To the solution, l.OM TBAF in THF (0.50 mL, 0.50 mm ol, 

2.5eq.) w as added. The reaction w as a llow ed  stir overnight. The reaction w as bulked up  w ith 20 

mL of THF and w ashed  w ith  10 % HCl solution. The organic layer w as separated, dried over 

sod ium  sulfate and evaporated to dryness in vacuo. The residue w as purified via flash  

chrom atography (DCM :M eOH) to afford the product [332] as a resin (135 mg, yield  = 88 %).

’H -N M R  (400 M Hz, CDCU): 6 0.91 -  0.96 (m, 12H, CHj), 2.44 - 2.55 (m, 8H, CHj), 2.91 -  3.22 (m, 6H, 

NCHj), 3.65 -  4.41 (12H, NCHz, OCH 2, OH), 6.51 -  7.35 (m, 56H, ArH). '"C-NMR (100 M Hz, CDCI3): 

b 13.60, 13.68, 24.90, 25.57, 28.93, 29.03, 30.99, 33.88, 49.26, 65.92, 68.11, 113.98, 114.33, 114.94, 115.06, 

115.31, 116.56, 125.82, 126.99, 127.28, 127.81, 127.90, 128.04, 129.52, 129.67, 129.76, 130.02, 130.70, 

130.85, 131.31, 132.06, 132.10, 135.54, 135.89, 138.06, 140.63, 142.79, 153.99, 154.95, 157.13. IR: Vn,„ 

(KBr) cm ’: 3326.6, 2928.9, 2850.8, 1626.2, 1575.2, 1509.2, 1436.8, 1311.5, 1243.4, 1170.4, 1088.2, 832.8, 

641.2. HRM S (El): (undeterm ined).

8.4.28 N -{5-[2-C yano-2-(3,4,5-trim ethoxyphenyl)vinyl]-2-m ethoxyphenyl}-N '-(2-{4-[l-(4- 

h yd roxyp h en yl)-2 -p h en y lb u t-l-en y l]p h en oxy}eth y l)-N ’-m eth ylsu ccinam id e [333]

The protected endoxifen  succinic acid linker com pound [263] (0.10 g, 0.17 m m ol, E:Z = 1:1), 

dicyclohexylcarbodiim ide (0.04 g, 0.17 m m ol) and 1-hydroxybenzotriazole hydrate (0.02 g, 0.17 

m m ol) were d isso lved  in dry DCM (5 mL) under a N 2 environm ent. The m ixture w as allow ed to 

stir for 20 m inutes before adding a solution  of the c/s-acrylonitrile [cis-234] (0.06 g, 0.17 m m ol) in 

dry DCM (3 mL). The reaction w as allow ed stir at room  tem perature for 24 h until no starting 

m aterial w as visible by TLC (DCM ;M eOH = 4:1). The reaction m ixture w as filtered to rem ove the 

dicyclohexylurea byproduct. The m ixture w as evaporated to dryness in vacuo. The residue w as 

d isso lved  in 3 mL anhydrous THF and stirred under a n itrogen atm osphere. A quantity of 0.1 M 

TBAF (0.20 mL, 0.02 m m ol) w as added to the m ixture and a llow ed  stir for 24 h. The mixture w as  

evaporated to dryness under reduced pressure. The residue w as d issolved  in DCM  and w ashed
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with 10 % HCl solution. The resulting organic phase was dried over sodium sulfate and 

evaporated to dryness under vacuum. The residue was purified via flash chromatography on silica 

gel (DCM:MeOH, 20:1) to yield an isomeric mixture (£;Z = 1:1) of the product [333] (35 mg, 26 %).

'H-NM R (400 MHz, CDClj): 6  0.87 -  0.95 (m, 6 H, CH3), 2.44 -  3.23 (m, 18H, NCH 3, succ-CH^), 3.65 -  

4.28 (m, 32H, NCH 2, OCH 3, OCH2), 6.33 -  7.80 (m, 40H, ArH, C=CH, NH). '®C-NMR (100 MHz, 

CDCI3): 6  13.18, 14.24, 17.93, 27.87, 27.92, 28.55, 28.80, 29.25, 31.14, 36.20, 36.96, 47.62, 51.43, 55.70,

58.03, 66.26, 105.43, 106.13, 112.79, 113.40, 114.06, 114.57, 114.73, 115.03, 127.12, 127.37, 128.13, 

128.52, 128.66, 129.25, 129.54, 130.21, 130.57, 130.64, 131.24, 131.56, 131.83, 132.14, 134.85, 162.32, 

171.48, 173.27. IR: (KBr) cm ': 3467.8, 2208.6, 1734.8, 1636.3, 1508.9, 1399.8, 1384.5, 1243.4,

1165.3, 1125.0. HRMS (El): (undetermined).
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Appendix I NCI 60-cell line one-dose assay results

-  NSC 747002 /1  ........ [282]

-  NSC 747004 / I  [271]

-  NSC 747005 /1  ........ [328]

Appendix II NCI 60-cell line five-dose assay results

-  NSC D-747002 / I  [282]

-  NSC D-747004 / I  [271]
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Developmental Therapeutics Program 

One Dose Mean Graph

NSC: 747002/1 Cone: 1.00E-5 Molar

Experiment ID: 08020S19

Test Date: Feb 11, 2008

Report Date: Sep 23, 2008

Panel/Cell Line Growth Percent Mean Growth Percent Growth Percent

Non-Small Cell Lung Cancer
A549/ATCC 13.03
EKVX 14.89
HOP-62 18.01
HOP-92 13.81
NCI-H226 -72.63
NCI-H23 3.34 1
NCI-H322M 18.30
NCI-H460 1.62
NCI-H522 -22.04

Colon Cancer
COLO 205 -41.64
HCC-2998 -16.22
HCT-116 2.43
HCT-15 -15.41
HT29 -32.94
KM 12 -51.93
SW-620 18.68

. Breast Cancer
' BT-549 -23.96

HS 578T 35.20
MCF7 5.70 ■
MDA-MB-231/ATCC 26.45
MDA-MB-435 9.02 ■
MDA-MB-468

DCTC*
-34.28

N LI/A uK -K to 78.69
T-47D -9.09

Ovarian Cancer
IGR0V1 -35.74
OVCAR-3 -30.95
OVCAR-4 18.53
OVCAR-5 17.25
OVCAR-8 2.79
SK-OV-3 4.92 I

Leukemia
CCRF-CEM 27.52
HL-60(TB) -13.32
K-562 13.90
MOLT-4 35.69
RPMl-8226 9.35 ■
SR 30.97

f Renal Cancer
786-0 -26.91
A498 19.63
ACHN 3.57 1
CAKI-1 8.54 ■
RXF 393 4.98 I
SN12C 9.70 ■
TK-10 -29.83
UO-31 10.23

Melanoma
LOX IMVI 12.43 ■■
M14 -20.28
MALME-3M 23.74
SK-MEL-2 2.58
SK-MEL-28
O U '  H A O  C

23.81
or\-lvibL-o -59.57
UACC-257 -0.60

1 UACC-62 -19.77
Prostate Cancer

1 DU-145 -19.73
< PC-3 13.68

CNS Cancer
SF-268 15.78
SF-295 26.60
SF-539 -6.56 ■
SNB-19 18.51 mmm
SNB-75 39.35
U251 6.63 ■

Mean 1.27
Delta
Range

73.90
151.32

150 100 50 -50 -100 -150



Developmental Therapeutics Program 

One Dose Mean Graph

NSC: 747003/1 Cone: 1.00E-5 Molar Test Date: Mar 03, 2008

Experiment ID: 08030S30 Report Date: Sep 23, 2008

Panel/Cell Line Growth Percent Mean Growth Percent ■Growth Percent

Non-Small Cell Lung Cancer
A549/ATCC -89.21 I
EKVX -79.25 ■
HOP-62 -93.02 ■
HOP-92 -78.16 ■
NCI-H226 -75.23 ■ I
NCI-H23 -80.69 ■
NCI-H322M -91.78 ■
NCI-H460 -86.30
NCI-H522 -69.27 ^ ■ 1

Colon Cancer
COLO 205 -83.03 1
HCC-2998 -95.50
HCT-116 -100.00
HCT-15 -100.00 mm
HT29 -71.58
KM12 -98.14 I M
SW-620 -100.00 ■■■

Breast Cancer
• BT-549 -84.19

HS 578T -74.34
MCF7 -93.06 ■
MDA-MB-231/ATCC -92.23 ■
MDA-MB-435 -85.23
MDA-MB-468 -74.60
NCI/ADR-RES -94.81
T-47D -73.35

Ovarian Cancer
IGR0V1 -76.30
OVCAR-3 -100.00
OVCAR-4 -88.37 1
OVCAR-5 -99.34 mm
OVCAR-8 -76.73 m
SK-OV-3 -91.61 ■

Leukemia
■1 C  C C iUL/r\r-UtlVl - ib .o y

HL-60(TB) -69.71
K-562 -100.00 ^■ 1
MOLT-4
□ QOOR

-73.42
7  A AKrMI-O^^D - / .4 4

SR -87.37
Renal Cancer

786-0 -90.44 ■
A498 -93.16 ■
ACHN -100.00 ^m
CAKI-1 -91.81 ■
RXF 393 -82.73 1
SN12C -99.37
TK-10 -87.19
UO-31 -81.54 I

Melanoma
LOX IMVI -96.13
M14 -95.80
MALME-3M -88.09 1
SK-MEL-2 -76.80 m
SK-MEL-28 -100.00 mm
SK-MEL-5 -100.00 w/m
UACC-257 -80.84 ■
UACC-62 -97.14

Prostate Cancer
DU-145 -100.00

> PC-3 -65.93
CNS Cancer

SF-268 -84.06
SF-295 -84.30
SF-539 -96.30
SNB-19 -91.52 ■
SNB-75 -97.92
U251 -100.00

Mean -85.52
Delta 14.48

CiO c cRange yz.oo

150 100 50 -50 -100 -150



Developmental Therapeutics Program 

One Dose Mean Graph

NSC: 747004/1 Cone: 1.00E-5 Molar

Experiment ID: 08020S19

Test Date: Feb 11, 2008

Report Date: Sep 23, 2008

Panel/Cell Line

Non-Small Cell Lung Cancer

Growth Percent Mean Growth Percent - Growth Percent

A549/ATCC 18.56
EKVX 22.72
HOP-62 35.29
HOP-92 58.55
NCI-H226 11.59
NCI-H23 12.25
NCI-H322M 57.18
NCI-H460 -6.77
NCI-H522 -30.85

Colon Cancer
COLO 205 -55.00
HCC-2998 4.72
HCT-116 1.61
HCT-15 0.71
HT29 6.79
KM12 -37.00
SW-620 28.17

Breast Cancer
BT-549 7.07
HS 578T 17.57
MCF7 10.06
MDA-MB-231/ATCC 23.19
MDA-MB-435 -16.61
MDA-MB-468 0.68
NCI/ADR-RES -41.32
T-47D 59.73

Ovarian Cancer
IGR0V1 -26.34
OVCAR-3 -57.79
OVCAR-4 30.96
OVCAR-5 34.65
OVCAR-8 12.79
SK-OV-3 17.23

Leukemia
CCRF-CEM 20.38
HL-60(TB) 28.19
K-562 41.70
IV10LT-4 36.20
RPMI-8226 -18.51
SR 29.68

Renal Cancer
786-0 11.54
A498 29.47
ACHN 22.73
CAKI-1 23.40
RXF 393 12.08
SN12C 31.84
TK-10 33.77
UO-31 31.52

Melanoma
LOX IIVIVI 28.97
M14 1.39
MALME-3M 74.86
SK-MEL-2 37.97
SK-MEL-28 89.31
SK-MEL-5 -34.34
UACC-257 48.73
UACC-62 25.13

Prostate Cancer
DU-145 -36.33
PC-3 19.10

CNS Cancer
SF-268 18.51
SF-295 6.21
SF-539 -7.31
SNB-19 28.03
SNB-75 39.46
U251 10.13

Mean 14.74
Delta 72.53
Range 147.10

150 100 50 -50 -100 -150



Developmental Therapeutics Program 

One Dose Mean Graph

NSC: 747005/ 1 Cone: 1.00E-5 Molar

Experiment ID: 08020S19

Test Date: Feb 11, 2008

Report Date: Sep 23, 2008

Panel/Cell Line

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
HT29 
KM12 
SW-620 

Breast Cancer 
BT-549 
HS 578T 
MCF7
MDA-MB-231/ATCC 
MDA-MB-435 
MDA-MB-468 
NCI/ADR-RES 
T-47D 

Ovarian Cancer 
IGR0V1 
OVCAR-3 
OVCAR-4 
OVCAR-5 
OVCAR-8 
SK-OV-3 

Leukemia 
CCRF-CEM 
HL-60(TB)
K-562
MOLT-4
RPMI-8226
SR

4  Renal Cancer 
786-0 
A498 
ACHN 
CAKI-1 
RXF 393 
SN12C 
TK-10 
UO-31 

Melanoma 
LOX IMVI 
M14
MALME-3M 
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Prostate Cancer 
DU-145 
PC-3 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251

Mean
Delta
Range

Growth Percent

95.52
111.59 
95.67
90.97 

101.16
94.07

100.47
105.80 
84.64

91.52
58.57
95.99

111.47
101.46
95.94

104.37

115.82
99.16

107.11
114.47
97.74
81.95

100.80
95.99

61.84 
140.54
105.90 
84.70 
95.94

100.11

86.79 
95.73

101.67 
103.26
90.63
94.16

95.79 
86.31

102.42
95.25
93.78
89.85 

134.93
95.75

108.82 
107.39
116.59 
103.97 
117.50 
101.81
91.98 
95.23

130.92
100.03

142.90 
95.82 
94.36

108.38 
79.42

105.67

100.14
41.57 
84.33

Mean Growth Percent - Growth Percent

150 100 50 -50 -100 -150
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Report Date: September 23, 2008 Test Date: March 17, 2008

Leukemia Non-Small Cell Lung Cancer Colon Cancer
100 100 100

50

-50 -50 -50

-100 -100 -100

Log^Q of Sample Concentration (Molar) 

HL-60(TB 
RPMI-822(

Log^Q of Sample Concentration (Molar)

HOP-62 — -e^-  
NCI-H23—

N CI-H522—  ■  -

Log^^ of Sample Concentration (Molar)

HCC-2998 —  -e^ — 
HT29— —

CCRF-CEM  e -----
M 0 L T -4 -- -O -- -

K-562 — A  
S R — ♦

— ■e— A549/ATC C  ©-----
NCI-H226 — •B -■  
N CI-H460— -A —

HOP-92 — A —  
NCI-H322M —

COLO 205  e -----
HCT-15 — € }  —  
SW-620 — -A —

HCT-116 — A  —  
KM 12— ♦  —

CNS Cancer Melanoma Ovarian Cancer
100 100 100

50

-50 -50 -50

-100 -100 -100

Log^Q of Sample Concentration (Molar)

SF-295 —  •©—  
S N B -75—

Log^^ of Sample Concentration (Molar)

MALME-3M —  ■6>- 
SK-M EL-28—

U A C C -62- ■  •

Log^jj of Sample Concentration (Molar) 

OVCAR-3 —  ̂  —  
O VC AR -8—

SF-268 e -----
SNB-19— -e  —

SF-539
U251

LOX IM VI e -----
S K-M EL-2— -e  —  
U A C C -257- - A -  ■

M14 — A -  
SK-M EL-5— ♦ -

IGROV1— e -----
OVCAR-5 — -B  —

O V C A R ^ — 
S K -O V -3 -

Renal Cancer Prostate Cancer Breast Cancer
100 100 100

A -------------- A . . . ,
 ____

-50 -50 -50

- o
-100 -100 -100

Log^Q of Sample Concentration (Molar)

—  A498 —  ̂  —
R X F 3 9 3 - -  

U O - 3 1 - B -

Lo^io Sample Concentration (Molar) 
—  DU-145 —  ̂  —

Lo^lO Concentration (Molar)
NCI/ADR-RES—  
M DA-M B-435—  

T - 4 7 D - - A - -  MDA-MB-468 —

786-0-----©-
CAKI-1 — -D- 
TK-10— -A

ACHN — A  —  
SN12C— ♦  —

PC-3 MCF7 O 
HS 578T — - O -

• MDA-MB-231/ 
BT-549



National Cancer Institute Developmental Therapeutics Program 
In-Vitro Testing Results

NSC : D - 747002 1 1 Experiment ID : 0803NS38 Test Type: 08 Units: Molar

Report Date ; September 23, 2008 Test Date : March 17, 2008 QNS: MG :

COMI: NCI-MJM-NK5 (71121) Stain Reagent: SRB Dual-Pass Related SSPL: OXOS

Time

LoglO Concentration 

Mean Optical Densities Percent Growth
Panel/Cell Line Zero Ctrl -8.3 -7.3 -6.3 -5.3 -4.3 -8.3 -7.3 -6.3 -5.3 -4.3 GI50 TGI LC50

Leultemia
CCRF-CEM 0.160 1.016 1.295 1.007 0.870 0.595 0.293 133 99 83 51 16 5.26E-6 > 5.00E-5 > 5.00E-5
HL-60(TB) 0.254 1.522 1.533 1.434 1.203 0.569 0.396 101 93 75 25 11 1.57E-6 > 5.00E-5 > 5.00E-5
K-562 0.085 0.923 0.868 0.880 0.758 0.327 0.246 93 95 80 29 19 1.94E-6 > 5.00E-5 > 5.00E-5
MOLT-4 0.209 1,409 1.556 1.318 1.169 0.642 0.435 112 92 80 36 19 2.41 E-6 > 5.00E-5 > 5.00E-5
RPMI-8226 0.341 1.139 0.903 0.679 0752 0.408 0.298 70 42 52 8 -13 1.26E-5 > 5.00E-5
SR

Non-Small Cell Lung

0.230

Cancer

1.334 1.297 1.426 0.982 0.524 0.316 97 108 68 27 8 1.37E-6 > 5.00E-5 > 5.00E-5

A549/ATCC 0.217 1.283 1.364 1.356 1.292 0.376 0.233 108 107 101 15 1 1.95E-6 > 5.00E-5 > 5.00E-5
HOP-62 0642 1.540 1.554 1.617 1.714 0.984 0.555 102 109 119 38 -14 3.56E-6 2.73E-5 > 5.00E-5
HOP-92 0.500 0.996 0.948 0.925 0.837 0.533 0.430 90 86 68 7 -14 9.77E-7 1.04E-5 > 5.00E-5
NCI-H226 0.792 1.898 1.958 1.978 1.906 0.379 0.410 105 107 101 -52 -48 1.07E-6 2.28E-6
NCI-H23 0.473 1.321 1.301 1.313 1.302 0.808 0.385 98 99 98 16 -19 1.91E-6 1.44E-5 > 5.00E-5

.NCI-H322M 0.576 1.681 1.750 1.714 1.622 0.769 0.531 106 103 95 17 -8 1.89E-6 2.44E-5 > 5.00E-5
'NCI-H460 0.228 1.979 2.118 2.122 1.963 0.156 0.181 108 108 99 -32 -21 1.19E-6 2.86E-6 > 5.00E-5
NCI-H522 0.428 1.177 1.193 1.157 1.061 0.423 0.369 102 97 84 -1 -14 1.26E-6 4.85E-6 > 5.00E-5

Colon Cancer
COLO 205 0.237 0.915 0.967 0.970 0.978 0.227 0.170 108 108 109 -4 -28 1.67E-6 4.59E-6 > 5.00E-5
HCC-2998 0.700 1.529 1.509 1.576 1.520 0.423 0.346 98 106 99 -40 -51 1.13E-6 2.59E-6 4.44E-5
HCT-116 0.137 1.108 1.091 1.108 1.043 0.204 0.126 98 100 93 7 -8 1.59E-6 1.45E-5 > 5.00E-5
HCT-15 0.207 1.440 1.448 1.347 1.387 0.280 0.268 101 92 96 6 5 1.61E-6 > 5.00E-5 > 5.00E-5
HT29 0.159 1.047 1.063 1.073 1.040 0.087 0.042 102 103 99 -45 -74 1.10E-6 2.43E-6 7.31 E-6
KM12 0.273 1.104 1.158 1.152 1.024 0.184 0.152 106 106 90 -33 -45 1.06E-6 271 E-6 > 5.00E-5
SW-620 0.168 0.883 0.908 0.926 0.902 0.255 0.147 103 106 103 12 -13 1.91 E-6 1.55E-5 > 5.00E-5

CNS Cancer
SF-268 0.359 1.110 1.112 1.125 1.072 0.413 0.260 100 102 95 7 -28 1.63E-6 8.04E-6 > 5.00E-5
SF-295 0.540 1.784 1.851 1.750 1.784 0.697 0.504 105 97 100 13 -7 1.87E-6 2.24E-5 > 5.00E-5
SF-539 0.674 1.958 1.968 1.970 1.940 0.537 0.375 101 101 99 -20 -44 1.28E-6 3.37E-6 > 5.00E-5
SNB-19 0.425 1.308 1.273 1.310 1.260 0.684 0.333 96 100 95 29 -22 2.41E-6 1.88E-5 > 5.00E-5
SNB-75 0.507 1.010 0.961 0.922 0.859 0.603 0.289 90 82 70 19 -43 1.24E-6 1.01E-5 > 5.00E-5
U251 0.223 1.070 1.058 1.095 0.997 0.356 0.212 99 103 91 16 -5 1.76E-6 2.88E-5 > 5.00E-5

Melanoma
LOX IMVI 0.268 1.630 1.610 1.508 1.444 0.557 0.308 99 91 86 21 3 1.81E-6 > 5.00E-5 > 5.00E-5
MALME-3M 0.540 1.174 1.203 1.134 1.095 0.608 0.424 105 94 88 11 -21 1.54E-6 1.07E-5 > 5.00E-5
M14 0.378 1.418 1.467 1.420 1.429 0.425 0.238 105 100 101 5 -37 1.69E-6 6.42E-6 > 5.00E-5
■SK-MEL-2 0.532 1.377 1.399 1.422 1.351 0.788 0.348 103 105 97 30 -35 2.53E-6 1 46E-5 > 5.00E-5
'SK-MEL-28 0.323 0.810 0.858 0.828 0.778 0.392 0.218 110 104 93 14 -33 1.76E-6 1.01E-5 > 5.00E-5
SK-MEL-5 0.458 1.706 1.778 1.708 1.556 0.187 0.061 106 100 88 -59 -87 9.06E-7 1.98E-6 4.33E-6
UACC-257 0.858 1.787 1.798 1.837 1.837 1.241 0.699 101 105 105 41 -19 3.65E-6 2.45E-5 > 5.00E-5
UACC-62 0.683 2.101 2.135 2.058 1.922 0.705 0.366 102 97 87 2 -46 1.36E-6 5.39E-6 > 5.00E-5

Varian Cancer
K3R0V1 0.181 0.698 0.669 0.701 0.590 0.212 0.162 94 101 79 6 -11 1.25E-6 1.14E-5 > 5.00E-5
OVCAR-3 0.311 0.813 0.862 0.847 0.751 0.224 0.200 110 107 88 -28 -36 1.06E-6 2.86E-6 > 5.00E-5
OVCAR-4 0.414 0.954 0.958 0.942 0.884 0578 0.376 101 98 87 30 -9 2.25E-6 2.93E-5 > 5.00E-5
OVCAR-5 0.377 0.975 0.946 0.933 0.951 0.564 0.338 95 93 96 31 -10 2.56E-6 2.82E-5 > 5.00E-5
OVCAR-8 0.431 1.766 1.794 1.811 1.764 0.569 0.449 102 103 100 10 1 1.80E-6 > 5.00E-5 > 5.00E-5
SK-OV-3 0.524 1.178 1.177 1.186 1.239 0.729 0.523 100 101 109 31 2.88E-6 4.93E-5 > 5.00E-5

fenal Cancer
786-0 0.664 2.165 2.267 2.295 2.286 0.736 0.491 107 109 108 5 -26 1.82E-6 7.15E-6 > 5.00E-5
A498 0.479 0.874 0.844 0.833 0.826 0.138 0.076 92 90 88 -71 -84 8.65E-7 1.78E-6 3.68E-6
/iCHN 0.417 1.621 1.604 1.617 1.493 0.551 0.448 99 100 89 11 3 1.59E-6 > 5.00E-5 > 5.00E-5
CAKI-1 0.574 1.836 1.692 1.701 1.721 0.935 0.540 89 89 91 29 -6 2.27E-6 3.35E-5 > 5.00E-5
RXF393 0.352 0681 0.700 0.725 0.635 0.372 0.125 106 113 86 6 -65 1.41 E-6 6.07E-6 3.10E-5
SN12C 0.473 1.529 1.561 1.580 1.497 0.593 0.480 103 105 97 11 1 1.77E-6 > 5.00E-5 > 5.00E-5
IK-10 0.572 1.297 1.262 1.259 1.271 0.681 0.533 95 95 96 15 -7 1.86E-6 2.42E-5 > 5.00E-5
1)0-31 0.258 0.986 0.976 1.029 0.922 0.380 0.260 99 106 91 17 1.79E-6 > 5.00E-5 > 5.00E-5

lostate Cancer
>C-3 0.226 0.661 0.617 0.593 0.552 0.259 0.198 90 84 75 7 -13 1.17E-6 1.18E-5 > 5.00E-5
DU-145 
least Cancer

0.187 0.647 0.656 0.653 0.656 0.139 0.179 102 101 102 -26 -5 1.27E-6 3.14E-6 > 5.00E-5

(CF7 0.244 1.258 0.777 0.684 0.690 0.308 0.204 53 43 44 6 -17 9.52E-9 9.40E-6 > 5.00E-5
CI/ADR-RES 0.689 1.907 1.969 1.931 1.920 1.415 1.094 105 102 101 60 33 1.15E-5 > 5.00E-5 > 5.00E-5
(0A-MB-231/ATCC 0.514 1.075 1.110 1.152 1.086 0.434 0.486 106 114 102 -16 -5 1.38E-6 3.68E-6 > 5.00E-5
B578T 0.437 0.793 0.847 0.855 0.764 0.493 0.320 115 117 92 16 -27 1.77E-6 1.17E-5 > 5.00E-5
IDA-MB-435 0.644 2.483 2.507 2.410 2.053 0.654 0.480 101 96 77 1 -25 1.12E-6 5.25E-6 > 5.00E-5
[T-549 1.187 2.015 2.018 1.918 1.775 0.949 0.607 100 88 71 -20 -49 8.49E-7 3.01 E-6 > 5.00E-5
47D 0.395 0.842 0.719 0.701 0.662 0.363 0.337 72 68 60 -8 -15 6.94E-7 3.78E-6 > 5.00E-5
CA-MB-468 0.326 0.745 0.706 0.713 0.635 0.176 0.135 91 92 74 -46 -59 7.89E-7 2.06E-6 1.03E-5
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Report Date : September 23, 2008 Test Date : March 17, 2008

PaneUCell Line Log^^GISO GISO Log.^TGI TGI Log^^LCSO LCSO

Leukemia
CCRF-CEM -5.28 > -4.30 -4.30
HL-60(TB) -5.80 > -4.30 -4.30
K-562 -5.71 > -4.30 -4.30
MOLT-4 -5.62 > -4.30 -4.30
RPMI-8226 •4.90 -4.30
SR -5.86 > -4.30 -4.30

Non-Small Cell Luna Cancer
A549/ATCC -5.71 > -4.30 -4.30
HOP-62 -5.45 -4.56 -4.30
HOP-92 •6.01 B -4.98 -4.30
NCI-H226 •5.97 , -5.64
NCI-H23 -5.72 -4.84 -4.30
NCI-H322M -5.72 -4.61 -4.30
NCI-H460 -5.93 -5.54 -4.30
NCI-H522 -5.90 -5.31 -4.30

Colon Cancer
COLO 205 -5.78 -5.34 -4.30
HCC-2998 -5.95 , -5.59 -4.35
HCT-116 -5.80 -4.84 -4.30
HCT-15 -5.79 > -4.30 ■ IH -4.30
HT29 -5.96 1 -5.61 -5.14
KM12 -5.97 1 -5.57 -4.30
SW-620 -5.72 -4.81 -4.30

CNS Cancer
SF-268 -5.79 -5.09 . -4.30
SF-295 -5.73 -4.65 -4.30
SF-539 -5.89 -5.47 -4.30
SNB-19 •5.62 m -4.73 ■ -4.30
SNB-75 -5.91 -4.99 -4.30
U251 •5.76 -4.54 mm -4.30

Melanoma
LOX IMVI -5.74 > -4.30 -4.30
MALME-3M -5.81 -4.97 -4.30
M14 -5.77 -5.19 -4.30
SK-MEL-2 -5.60 m -4.83 -4.30
SK-MEL-28 -5.75 •5.00 -4.30
SK-MEL-5 -6.04 ■ -5.70 -5.36
UACC-257 -5.44 -4.61 -4.30
UACC-62 -5.87 -5.27 -4.30

Ovarian Cancer
IGROV1 -5.90 -4.94 -4.30
OVCAR-3 -5.98 1 -5.54 -4.30
OVCAR-4 -5.65 ■ -4.53 -4.30
OVCAR-5 -5.59 -4.55 -4.30
OVCAR-8 -5.74 > -4.30 -4.30
SK-OV-3 -5.54 -4.31 -4.30

Renal Cancer
786-0 -5.74 -5.15 . -4.30
A498 •6.06 ■ -5.75 -5.43
ACHN -5.80 > -4.30 tmmm -4.30
CAKI-1 -5.64 ■ -4.47 -4.30
RXF 393 -5.85 -5.22 -4.51 1
SN12C -5.75 > -4.30 -4.30
TK-10 -5.73 -4.62 -4.30
UO-31 -5.75 > -4.30 -4.30

Prostate Cancer
PC-3 -5.93 -4.93 -4.30
DU-145 -5.89 -5.50 -4.30

Breast Cancer
MCF7 -8.02 -5.03 -4.30
NCI/ADR-RES -4.94 > -4.30 -4.30
MDA-MB-231/ATCC -5.86 -5.43 -4.30
HS 578T -5.75 -4.93 -4.30
MDA-MB-435 -5.95 ■ -5.28 -4.30
BT-549 -6.07 -5.52 -4.30
T-47D -6.16 -5.42 ■ ■ s -4.30
MDA-MB-468 -6.10 -5.69 -4.99

MID -5.82 -4.91 -4.37
Delta 2.2 0.84 1.06

Range 3.08 1.45 1 13

+3 *2  *1  0 -1 -2 -3 ♦3 +2 +1 c -1 -2 -3 +3 +2 +1 0 -1 -2 -3
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National Cancer Institute Developmental Therapeutics Program
In-Vitro Testing Results

NSC : D - 747004 /1 Experiment ID : 0803NS38 Test Type: 08 Units: Molar

Report Date : September 23, 2008 Test Date : March 17, 2008 QNS: MC :

COMI : NCI-MJM-NK48 (71123) Stain Reagent: SRB Dual-Pass Related S S P L ; OXOS

Log 10 Concentration

Time Mean Optical Densities Percent Growth
Panel/Cell Line Zero Ctrl -8.0 -7.0 -6.0 -5.0 -4.0 -8.0 -7.0 -6.0 5.0 -4.0 GI50 TGI LC50

Leukemia
CCRF-CEM 0.160 1.109 0.863 0.667 0.525 0.448 0.470 74 53 38 30 33 1.69E-7 > 1.00E-4 > 1.OOE-4
HL-60(TB) 0.254 2.262 1.940 0.619 0.994 0.535 0.215 84 18 37 14 -15 3.28E-8 2.99E-5 > 1.OOE-4
K-562 0.085 1.249 0.767 0.361 0.319 0.337 0.140 59 24 20 22 5 1.76E-8 > 1.00E-4 > 1.OOE-4
MOLT-4 0.209 1.783 1.375 0.898 1.005 0.902 0.538 74 44 51 44 21 > 1.00E-4 > 1.OOE-4
RPMI-8226 0.341 0.957 0.916 0.367 0.432 0.265 0.363 93 4 15 -22 3 3.07E-8 > 1.OOE-4
SR 0.230 1.548 1.023 0.693 0.464 0.348 0.287 60 35 18 9 4 2.54E-8 > 1.00E-4 > 1.OOE-4

Kon-Small Cell Lung Cancer
A549/ATCC 0.217 1.259 1.207 0.565 0.396 0.387 0.407 95 33 17 16 18 5.37E-8 > 1.00E-4 > 1.OOE-4
HOP-62 0.642 1.486 1.337 1.010 0.950 0.938 0.749 82 44 36 35 13 6.84E-8 > 1.00E-4 > 1.OOE-4
HOP-92 0.500 1.012 0.963 0.805 0.727 0.712 0.709 90 60 44 41 41 4.24E-7 > 1 OOE-4 > 1.OOE-4
NCI-H226 0.792 1.876 1.789 0.908 0.803 0.811 0.685 92 11 1 2 -14 3.28E-8 1 30E-5 > 1.OOE-4
NCI-H23 0.473 1.378 1.166 0.502 0.509 0.523 0.579 77 3 4 5 12 2.30E-8 > 1.OOE-4 > 1.OOE-4
NCI-H322M 0.576 1.676 1.645 0.820 0.790 0.737 0.748 97 22 19 15 16 4.25E-8 > 1.OOE-4 > 1.OOE-4
NCI-H460 0.228 1.963 1.865 0.225 0.212 0.183 0.194 94 -1 -7 -20 -15 2.91E-8 9.69E-8 > 1.OOE-4
NCI-H522 0.428 1.183 0.992 0.431 0.427 0.410 0.471 75 -4 6 2.15E-8 > 1.OOE-4

i)lon Cancer
COLO 205 0.237 0.898 0.953 0.873 0.187 0.149 0.066 108 96 -21 -37 -72 2.48E-7 6.61E-7 2.33E-5
HCC-2998 0.700 1.090 1.110 0.338 0.480 0.535 0.400 105 -52 -32 -24 -43 2.25E-8 4.68E-8
HCT-116 0.137 1.013 0.724 0.133 0.122 0.102 0.064 67 -3 -11 -26 -54 1.75E-8 9.08E-8 7.42E-5
HCT-15 0.207 1.359 1.079 0.376 0.273 0.275 0.324 76 15 6 6 10 2.64E-8 > 1.OOE-4 > 1.OOE-4
HT29 0.159 1.047 1.049 1.023 0.208 0.129 0.120 100 97 6 -19 -25 3.27E-7 1.68E-6 > 1.OOE-4
KM12 0.273 1.132 0.748 0.320 0.317 0.297 0.390 55 5 5 3 14 1.27E-8 > 1.OOE-4 > 1.OOE-4
5W-620 0.168 0.851 0.585 0.268 0.313 0.275 0.298 61 15 21 16 19 1.73E-8 > 1.OOE-4 > 1.OOE-4

Cancer
SF-268 0.359 1.082 0.879 0.503 0.482 0.456 0.506 72 20 17 13 20 2.64E-8 > 1.OOE-4 > 1.OOE-4
SF-295 0.540 1.958 1.860 0.630 0.473 0.483 0.420 93 6 -12 -11 -22 3.14E-8 2.18E-7 > 1.OOE-4
SF-539 0.674 2.015 1.692 0.544 0.523 0.532 0.600 76 -19 -22 -21 -11 1.87E-8 6.26E-8 > 1.OOE-4
SNB-19 0.425 1.319 1.262 0.634 0.604 0.652 0.445 94 23 20 25 2 4.17E-8 > 1.OOE-4 > 1.OOE-4
SNB-75 0.507 0.952 0.792 0.510 0.510 0.488 0.473 64 1 1 -4 -7 1.66E-8 1.42E-6 > 1.OOE-4
U251 0.223 1.091 0.960 0.401 0.373 0.375 0.326 85 21 17 17 12 3.48E-8 > 1.OOE-4 > 1.OOE-4

Helanoma
LOXIMVI 0.268 1.683 1.529 0.744 0.600 0.710 0.646 89 34 23 31 27 5.07E-8 > 1.OOE-4 > 1.OOE-4
MALME-3M 0.540 1.145 0.979 0.910 0.867 0.772 0.747 73 61 54 38 34 1.82E-6 > 1.OOE-4 > 1.OOE-4
M14 0.378 1.354 0.868 0.296 0.326 0.308 0.231 50 -22 -14 -19 -39 1.01 E-8 4.99E-8 > 1.OOE-4
SK-MEL-2 0.532 1.457 1.247 1.114 1.126 1.076 1.114 77 63 64 59 63 > 1.00E-4 > 1.OOE-4 > 1.OOE-4
SK-MEL-28 0.323 0.799 0.588 0.538 0.554 0.524 0.509 56 45 48 42 39 3.39E-8 > 1.OOE-4 > 1.OOE-4
SK-MEL-5 0.458 1.865 1.348 0.368 0.325 0.306 0.271 63 -20 -29 -33 -41 1.44E-8 5.79E-8 > 1.OOE-4
UACC-257 0.858 1.750 1.494 1.494 1.450 1,469 1.502 71 71 66 68 72 > 1.00E-4 > I.OOE^ > 1.OOE-4
UACC-62 0.683 2.024 1.282 0.831 0.916 0.896 0.793 45 11 17 16 8 < 1.00E-8 > 1.OOE-4 > 1.OOE-4

harian Cancer
IGR0V1 0.181 0.675 0.654 0.257 0.236 0.237 0.222 96 15 11 11 8 3.71 E-8 > 1.OOE-4 > 1.OOE-4
OVCAR-3 0.311 0.794 0.653 0.241 0.255 0.213 0.321 71 -23 -18 -32 2 1.67E-8 > 1.OOE-4
OVCAR^ 0.414 0.951 0.891 0.642 0.586 0.578 0.565 89 42 32 30 28 6.87E-8 > 1.OOE-4 > 1.OOE-4
OVCAR-5 0.377 0.951 0.924 0.622 0.600 0.612 0.559 95 43 39 41 32 7.24E-8 > 1.OOE-4 > 1.OOE-4
OVCAR-8 0.431 1.791 1.753 0.714 0.627 0.677 0.708 97 21 14 18 20 4.15E-8 > 1.OOE-4 > 1.OOE-4
SK-OV-3 0.524 1.214 1.247 0.722 0.573 0.652 0.645 105 29 7 18 17 5.24E-8 > I.OOE^ > 1.OOE-4

lenal Cancer
786-0 0.664 2.143 2.109 1.452 0.868 0.803 0.770 98 53 14 9 7 1.2 IE-7 > 1.OOE-4 > 1.OOE-4
A498 0.479 0.904 0.811 0.429 0.418 0.366 0.399 78 -10 -13 -24 -17 2.07E-8 7.62E-8 > 1.OOE-4
ACHN 0.417 1.612 1.568 0.794 0.698 0.685 0.683 96 31 23 22 22 5.18E-8 > 1.OOE-4 > 1.OOE-4
CAKI-1 0.574 1.847 1.577 1.106 0.989 0.870 0.594 79 42 33 23 2 5.99E-8 > 1 .OOE-4 > 1.OOE-4
RXF 393 0.352 0.661 0.638 0.386 0.350 0.331 0.377 93 11 -1 -6 8 3.32E-8 > 1.OOE-4
SN12C 0.473 1.477 1.319 0.694 0.652 0.638 0.481 84 22 18 16 1 3.55E-8 > 1 .OOE-4 > 1.OOE-4
TK-10 0.572 1.204 1.211 1.231 0.831 0.847 0.726 101 104 41 43 24 7.21 E-7 > 1 .OOE-4 > 1.OOE-4
U0-31_ 0.258 0.989 0.900 0.541 0.475 0.445 0.459 88 39 30 26 27 5.88E-8 > 1.OOE-4 > 1.OOE-4

'  'restate Cancer
PC-3 0.226 0.687 0.636 0.402 0.356 0.337 0.378 89 38 28 24 33 5.86E-8 > 1 OOE^ > 1.OOE-4
DU-145 0.187 0.621 0.626 0.155 0.145 0.141 0.200 101 -17 -22 -25 3 2.70E-8 > 1.OOE-4
teast Cancer
MCF7 0.244 1.250 1.199 0.385 0.340 0.315 0.335 95 14 9 7 9 3.59E-8 > 1.OOE-4 > 1.OOE-4
NCI/ADR-RES 0.689 1.896 1.524 0.332 0.337 0.535 0.492 69 -52 -51 -22 -29 1.44E-8 3.73E-8
HDA-MB-231/ATCC 0.514 1.013 0.855 0.388 0.338 0.340 0.237 68 -25 -34 -34 -54 1.57E-8 5.43E-8 6.34E-5
HS 578T 0.437 0.820 0.762 0.482 0.461 0.432 0.456 85 12 6 -1 5 2.99E-8 > 1.OOE-4
KDA-MB-435 0.644 2.454 0.764 0.444 0.324 0.347 0.224 7 -31 -50 -46 -65 < 1.00E-8 1.50E-8 1.60E-5
!T-549 1 187 2.053 1.938 1.219 1.105 0.964 0.934 87 4 -7 -19 -21 2.77E-8 2.21 E-7 > 1.OOE-4
M7D 0.395 0.814 0.811 0.662 0.620 0.658 0.677 99 64 54 63 67 > 1.00E-4 > 1.OOE-4 > 1.00E-4
«DA-MB^68 0.326 0.719 0.672 0.275 0.185 0.146 0.150 88 -16 -43 -55 -54 2.33E-8 7.06E-8 3.62E-6
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Test Date : March 17. 2008

Panel/Cell Line Log ,.LC 50

Leukemia
CCRF-CEM
HL-60(TB)
K-562
MOLT-4
RPMI-8226
SR

Non-Small Cell Lung Cancer 
A549/ATCC 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
HT29 
KM12 
SW-620 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 

Melanoma 
LOX IMVI 
MALME-3M 
M14
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Ovarian Cancer 
IGR0V1 
OVCAR-3 
OVCAR-4 
OVCAR-5 
OVCAR-8 
SK-OV-3 

Renal Cancer 
786-0 
A498 
ACHN 
CAKI-1 
RXF 393 
SN12C 
TK-IO 
UO-31 

Prostate Cancer 
PC-3 
DU-145 

Breast Cancer 
MCF7
NCI/ADR-RES
MDA-MB-231/ATCC
MS 578T
MDA-MB-435
BT-549
T-47D
MDA-MB-468

-6.77
-7.48
-7.75

-7.51
-7.60

-7.27
-7.16
-6.37
-7.48
-7.64
-7.37
-7.54
•7.67

-6.61
-7.65
-7.76
-7.58
-6.49
-7.90
-7.76

-7.58
-7.50
-7.73
-7.38
-7.78
-7.46

-7.29
-5.74
- 8.00
-4.00
-7.47
-7.84
-4.00
-8.00

-7.43
-7.78
-7.16
-7.14
-7.38
-7.28

-6.92
-7.68
-7.29
-7.22
-7.48
-7.45
-6.14
-7.23

-7.23
-7.57

-7.44
•7.84
-7.80
-7.52
- 8.00
-7.56
-4.00
-7.63

MID
Delta

Range

-7.23
0.77

4.0

-4.00
-4.52
-4.00
-4.00

-4.00

-4.00
-4.00
-4.00
-4.89
-4.00
-4.00
-7.01

-6.18
-7.33
-7.04
-4.00
-5.77
-4.00
-4.00

-4.00
-6.66
-7.20
-4.00
-5.85
-4,00

-4.00
-4.00
-7.30
-4.00
-4,00
-7.24
-4.00
-4.00

-4.00

-4.00
-4.00
-4.00
-4.00

-4.00
-7.12
-4.00
-4.00

-4.00
-4.00
-4.00

-4.00

-4.00
-7.43
-7.27

-7.82
-6.66
-4.00
-7.15

-4 91 
2.91 
3.82

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.63

-4.13
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4,00
-4.00
-4.00
-4.00

-4.00
-4.00

-4.00

-4.20
-4.00
-4.80
-4.00
-4.00
-5.44

-4.06
1.38
1.44
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National Cancer Institute Developmental Tlierapeutics Program
In-Vitro Testing Results

NSC : D - 747004 /1 Experiment ID : 0804RS83 Test T yp e: 08 Units Molar

Report Date ; September 23, 2008 Test Date April 28, 2008 QNS : MG :

COMI : NCI-MJM-NK48 (71123) Stain Reagent: SRB Dual-Pass Related SSPL :OXOS

LoglO Concentration

Time Mean Optical Densities Percent Growth
’anel/Cell Line Zero Ctrl -8.0 -7,0 -6.0 -5.0 -4.0 -8.0 -7.0 -6.0 -5.0 -4.0 GI50 TGI LC50

tukemia
CCRF-CEM 0.190 1.018 0.888 0,412 0.408 0.418 0.375 84 27 26 28 22 3.94E-8 > 1.00E-4 > 1.OOE-4
HL-eO(TB) 0.371 1.549 1.132 0,274 0.272 0.257 0.245 65 -26 -27 -31 -34 1.45E-8 5.14E-8 > 1.OOE-4
K-562 0.105 0.933 0.495 0.192 0.245 0.221 0.297 47 10 17 14 23 < 1.00E-8 > 1 OOE-4 > 1.OOE-4
MOLT-4 0.212 1.025 0.982 0.376 0.371 0.383 0.389 95 20 19 21 22 3.98E-8 > 1.00E-4 > 1.OOE-4
RPMI-8226 0.337 1.004 0.850 0.437 0.447 0.403 0.406 77 15 16 10 10 2 7 1 E-8 > 1 .OOE-4 > 1.OOE-4
SR 0.169 0.568 0.404 0.277 0.261 0.274 0.291 59 27 23 26 31 1.89E-8 > 1 OOE-4 > 1.OOE-4

km-Small Cell Lung Cancer
A549/ATCC 0.253 1.213 1.209 0.592 0.585 0.506 0.482 100 35 35 26 24 5.90E-8 > 1.OOE-4 > 1.OOE-4
EKVX 0.679 1.564 1.524 0.992 0.992 0.978 1.001 95 35 35 34 36 5.69E-8 > 1.OOE-4 > 1.OOE-4
HOP-62 0.469 1.394 1.286 0.774 0.745 0.786 0.600 88 33 30 34 14 4.92E-8 > 1.OOE-4 > 1.OOE-4
HOP-92 0.592 1.164 0.876 0.754 0.770 0.729 0.683 50 28 31 24 16 < 1.00E-8 > 1.OOE-4 > 1.OOE-4
NCI-H226 0.801 1.417 1.401 0.967 0.829 0.828 0.836 97 27 5 4 6 4.71 E-8 > 1.OOE-4 > 1.OOE-4
NCI-H23 0.497 1.346 1.205 0.776 0.788 0.801 0.788 83 33 34 36 34 4.59E-8 > I.OOE^ > 1.OOE-4
NCI-H322M 0.548 1.238 1.217 0.826 0.749 0.831 0,880 97 40 29 41 48 6.72E-8 > 1.OOE-4 > 1.OOE-4
NCI-H460 0.290 2.339 2.189 0.351 0.364 0.338 0.348 93 3 4 2 3 2.99E-8 > 1.OOE-4 > 1.OOE-4
NCI-H522 0.462 1.038 0.906 0.394 0.363 0.445 0.401 77 -15 -22 -4 -13 1.97E-8 6.89E-8 > 1.OOE-4

Won Cancer
COLO 205 0.319 1.027 1.045 1.074 0.379 0.119 0.051 103 107 8 -63 -84 3.78E-7 1.31E-6 6.60E-6
HCC-2998 0.401 1.100 1.029 0.473 0,462 0.544 0.523 90 10 9 20 17 3.17E-8 > 1.OOE-4 > 1.OOE-4
HCT-116 0.178 1.290 0.833 0.322 0,270 0.278 0.204 59 13 8 9 2 1.56E-8 > 1.OOE-4 > 1.00E-4
HCT-15 0.315 1.572 1.269 0.433 0,398 0.411 0.459 76 9 7 8 11 2.45E-8 > 1.OOE-4 > 1.OOE-4
HT29 0.202 1.281 1.292 1.243 0.516 0.272 0.316 101 97 29 6 11 4.89E-7 > 1.OOE-4 > 1.OOE-4
(M12 0.238 0.902 0418 0.219 0.216 0.232 0.238 27 -8 -9 -3 < 1.00E-8 5.92E-8 > 1.OOE-4
SW-620 0.183 0.782 0.415 0.285 0.236 0.274 0.260 39 17 9 15 13 < lOOE-8 > 1.OOE-4 > 1.OOE-4

NS Cancer
iF-268 0.443 1.180 0.953 0.602 0.551 0.577 0.588 69 22 15 18 20 2.53E-8 > 1.OOE-4 > 1.OOE-4
>F-295 0,431 1.396 1.147 0.424 0.445 0.457 0.487 74 -2 1 3 6 2.08E-8 > 1.OOE-4
iF-539 0.361 1.033 0.912 0.305 0,296 0.333 0.350 82 -16 -18 -8 -3 2.13E-8 6.91 E-8 > 1.OOE-4
SNB-19 0.512 1.414 1.367 0,649 0.665 0.675 0.455 95 15 17 18 -11 3.65E-8 4.16E-5 > 1.OOE-4
SNB-75 0.403 0.874 0.833 0,598 0.598 0.626 0.658 91 41 41 47 54 > 1.OOE-4 > 1.OOE-4
1)251 0.230 1.101 1.011 0,324 0.340 0.348 0.321 90 11 13 13 10 3.18E-8 > 1.OOE-4 > 1.OOE-4

lelanoma
lOX IMVI 0.252 1.456 1.312 0.485 0.453 0.511 0.514 88 19 17 21 22 3.58E-8 > 1.OOE-4 > 1.OOE-4
MALME-3M 0.491 0.763 0.695 0.643 0.683 0.660 0.691 75 56 71 62 73 > 1.00E-4 > 1.OOE-4 > 1.OOE-4
M14 0.316 1.103 0.751 0.378 0.439 0.390 0.267 55 8 16 9 -16 1.29E-8 2.37E-5 > 1.OOE-4
SK-MEL-2 0.391 0.765 0.713 0.614 0.635 0.631 0.587 86 60 65 64 52 > 1.00E-4 > 1.OOE-4 > 1.OOE-4
SK-MEL-28 0.219 0.512 0.350 0.314 0.334 0.352 0.305 45 32 39 45 29 < 1.00E-8 > 1.OOE-4 > 1.OOE-4
SK-MEL-5 0.674 2.763 2.353 0.543 0.397 0.401 0.274 80 -19 -41 -41 -59 2.01E-8 6.39E-8 3.18E-5
yACC-257 0.595 1.088 0.956 1,014 0.980 0.998 0.975 73 85 78 82 77 > 1.00E-4 > 1 .OOE-4 > 1.OOE-4
UACC-62 0.585 1.739 1.219 0,998 0.997 0.990 0.843 55 36 36 35 22 1,81 E-8 > 1.OOE-4 > 1.OOE-4

terian Cancer
GR0V1 0.183 0.491 0.524 0.247 0,232 0.240 0.217 111 21 16 19 11 4,73E-8 > 1.OOE-4 > 1.OOE-4
)VCAR-3 0.279 0.684 0.392 0.182 0,182 0.191 0.188 28 -35 -35 -32 -33 < lOOE-8 2.79E-8 > 1.OOE-4
WCAR-4 0.543 1.542 1.514 0.923 0,935 0.919 0.893 97 38 39 38 35 6.28E-8 > 1.OOE-4 > 1.OOE-4
)VCAR-5 0.379 0.995 0.955 0.673 0.666 0.680 0.634 94 48 47 49 41 8.94E-8 > 1.OOE-4 > 1.OOE-4
)VCAR-8 0.276 0.917 0.929 0.447 0.409 0.457 0.474 102 27 21 28 31 4.90E-8 > 1.OOE-4 > 1.OOE-4
IK-OV-3 0.458 1.084 1.106 0.514 0.506 0.494 0.493 104 9 8 6 6 3.68E-8 > 1.OOE-4 > 1.OOE-4

enal Cancer
TO-O 0.391 1.493 1.502 1.045 0.659 0.623 0,552 101 59 24 21 15 1.85E-7 > 1.OOE-4 > 1.OOE-4
M98 0.555 1.374 1.379 0.837 0.811 0.819 0.721 101 34 31 32 20 5.81E-8 > 1.OOE-4 > 1.OOE-4
UCHN 0.273 1.118 1.052 0,511 0.489 0.467 0.472 92 28 25 23 24 4.55E-8 > 1.OOE-4 > 1.OOE-4
|CAKI-1 0.281 0.475 0.450 0.302 0.300 0,289 0.369 87 11 10 4 45 3.07E-8 > 1.OOE-4 > 1.OOE-4
WF 393 0.806 1.465 1.433 0.937 0.929 0.923 0.884 95 20 19 18 12 3.98E-8 > 1.OOE-4 > 1.OOE-4
SN12C 0.422 1.469 1.413 0.798 0.701 0.685 0.569 95 36 27 25 14 5.76E-8 > 1 OOE-4 > 1.OOE-4

> 1 0 0.484 0.940 0.928 0.894 0.658 0.645 0.644 97 90 38 35 35 5.89E-7 > 1 OOE-4 > 1.OOE-4
^ ■ 3 1 0.578 1.410 1.343 0.974 0.898 0.895 0.831 92 48 38 38 30 8.84E-8 > 1.OOE-4 > 1.OOE-4

telate Cancer
fC-3 0.237 1.030 0.651 0.433 0.420 0.418 0.423 52 25 23 23 23 1.20E-8 > 1 .OOE-4 > 1.OOE-4
JU-145 0.220 0.731 0,512 0.186 0.168 0.181 0.195 57 -15 -24 -18 -12 1.25E-8 6.12E-8 > 1.OOE-4
^ast Cancer
CF7 0.289 1.332 1.293 0.396 0.378 0,380 0.425 96 10 8 9 13 3.45E-8 > 1.OOE-4 > 1.OOE-4
CI/ADR-RES 0.480 1.444 0.994 0.393 0.506 0,559 0.477 53 -18 3 8 -1 1.11E-8 > 1.OOE-4
«DA-MB-231/ATCC 0.472 1.135 1.069 0.488 0.512 0.469 0.393 90 2 6 -1 -17 2.86E-8 8.03E-6 > 1.OOE-4
6 578T 0.325 0.659 0.607 0.324 0.323 0.319 0,354 84 -1 -2 9 2.55E-8 > 1.OOE-4
®A-MB-435 0.512 1.962 0.533 0.440 0.420 0.481 0,512 1 -14 -18 -6 < 1.00E-8 1.23E-8 > 1.OOE-4
IT-549 0.847 1.634 1.564 1.060 1.016 0.978 0.999 91 27 21 17 19 4.38E-8 > 1.00E-4 > 1.OOE-4
([47D 0.786 1.726 1.721 1.310 1.453 1.505 1.408 99 56 71 76 66 > 1.00E-4 > 1.OOE-4 > 1.OOE-4
fflA-MB^68 0.303 0.723 0.712 0.341 0.341 0.310 0.362 97 9 9 2 14 3.43E-8 > 1.00E-4 > 1.OOE-4



N a tio n a l C a n c e r  Institu te  D e v e lo p m e n ta l T h e ra p e u tic s  P ro g ra m

Mean Graphs
NSC : D - 747004 / 1 U n its  : M o la r

Report Date : September 23, 2008

SSPL: oxos EXP. ID : 0804RS83

Test Date : April 28, 2008

Panel/Cell Line Log,.TG I

Leukemia
CCRF-CEM
HL-60(TB)
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Non-Small Cell Lung Cancer 
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National Cancer Institute Developmental Therapeutics Program
In-Vitro Testing Results

NSC : D - 747003/1 Experinnent ID : 0805NS99 Test Type : 08 Units : Molar

Report Date : September 23, 2008 Test Date : May 05, 2008 QNS : MC;

COMI : NC1-MJM-NK26 (71122) Stain Reagent; SRB Dual-Pass Related S S P L: OXOS

Log 10 Concentration

Panel/Cell Line
Time
Zero Ctrl -8.0

Mean
-7.0

Optical Densities 
-6.0 -5.0 -4.0 -8.0

Percent 
-7.0 -6.0

Growth
-5.0 -4.0 GI50 TGI LC50

Leukemia
CCRF-CEM 0.246 0.737 0.741 0.788 0.323 0.177 0.151 101 110 16 -28 -39 4.34E-7 2.28E-6 > 1.00E-4
HL-60(TB) 0.415 1.158 1.069 1.013 1.018 0.390 0.264 88 81 81 -6 -36 2.28E-6 8.53E-6 > 1.00E-4
K-562 0.147 0.948 1.051 1.017 0.321 0.318 0.136 113 109 22 21 -7 4.73E-7 5.50E-5 > 1.00E-4
MOLT-4 0.193 0.650 0.661 0.874 0.344 0.390 0.177 102 149 33 43 -8 7.15E-7 6.89E-5 > 1.00E-4
RPMI-8226 0.269 0.477 0.428 0.563 0.230 0.246 0.173 76 142 -15 -9 -36 3.85E-7 8.05E-7 > 1.00E-4

Non-Small Cell Lung 
A549/ATCC

Cancer
0.217 1.149 1.176 1.205 1.016 0.057 0.118 103 106 86 -74 -46 1.68E-6 3.45E-6

EKVX 0.731 1.686 1.597 1.622 1.490 0.043 0.181 91 93 79 -94 -75 1.48E-6 2.87E-6 5.57E-6
HOP-62 0.637 1.754 1.837 1.834 1.741 0.159 0.309 107 107 99 -75 -52 1.91E-6 3.70E-6 7.17E-6
HOP-92 0.650 1.085 1.045 1.048 0.911 0.277 0.325 91 91 60 -57 -50 1.22E-6 3.24E-6 1.00E-4
NCI-H226 0.752 1.227 1.206 1.228 1.224 0.056 0.313 96 100 99 -93 -58 1.81E-6 3.29E-6 6.00E-6
NCI-H23 0.420 1.324 1.298 1.326 1.241 0.100 0.128 97 100 91 -76 -70 1.76E-6 3.50E-6 6.97E-6
NCI-H322M 0.460 1.014 1.015 0.929 0.916 0.016 0.014 100 85 82 -97 -97 1.51E-6 2.88E-6 5.49E-6
NCI-H460 0.238 2.005 2.143 2.012 0.809 0.035 0.044 108 100 32 -86 -82 5.50E-7 1.88E-6 5.00E-6
NCI-H522 1.113 2.248 2.261 2.251 2.146 0.410 0.620 101 100 91 -63 -44 1.84E-6 3.89E-6

Colon Cancer
COLO 205 0.171 0.519 0.576 0.524 0.022 0.020 0.026 117 101 -87 -88 -85 1.87E-7 3.44E-7 6.34E-7
HCC-2998 0.706 1.566 1.567 1.597 0.914 0.104 0.166 100 104 24 -85 -76 4.73E-7 1.66E-6 4.76E-6
HCT-116 0.162 1.334 1.425 1.375 0.299 0.081 0.141 108 103 12 -50 -13 3,83E-7 1.55E-6 > 1.00E-4
HCT-15 0.303 1.618 1.600 1.598 1.109 0.029 0.019 99 98 61 -90 -94 119E-6 2.53E-6 5.41 E-6
KM12 0.470 1.875 1.837 1.875 1.226 0.096 0.108 97 100 54 -80 -77 1,07E-6 2.53E-6 5.99E-6
SW-620 0.236 1.465 1.477 1.400 0.262 0.049 0.092 101 95 2 -79 -61 3,04E-7 1.06E-6 4.35E-6

CNS Cancer
: SF-268 1.045 2.619 2.687 2.726 2.598 0.254 0.346 104 107 99 -76 -67 1.90E-6 3.68E-6 7.12E-6

SF-295 0.548 1.143 1.058 1.042 0.990 0.016 0.111 86 83 74 -97 -80 1.38E-6 2.71E-6 5.31E-6
SF-539 0.574 1.890 1.854 1.762 1.749 0.006 0.147 97 90 89 -99 -74 1.62E-6 2.98E-6 5.49E-6
SNB-19 0.302 1.023 1.036 1.056 0.963 0.005 0.070 102 105 92 -99 -77 1.65E-6 3.03E-6 5.56E-6
SNB-75 0.581 1.353 1.302 1.194 1.175 0.192 0.360 93 79 77 -67 -38 1.54E-6 3.42E-6
U251 0.290 1.361 1.389 1.342 0.989 0.037 0.064 103 98 65 -87 -78 1.26E-6 2.68E-6 5.70E-6

Melanoma
LOX IMVI 0.311 1.903 1.875 1.843 1.321 0.031 0.121 98 96 63 -90 -61 1.22E-6 2.59E-6 5.48E-6
MALME-3M 0.620 0.929 0.913 0.894 0.860 0.094 0.186 95 89 78 -85 -70 1.48E-6 3.00E-6 6.10E-6
MU 0.332 1.442 1.396 1.462 1.277 0.135 0.225 96 102 85 -59 -32 1.75E-6 3.88E-6
SK-MEL-2 0.475 0.924 0.956 0.981 1.003 0.151 0.346 107 113 118 -68 -27 2.31 E-6 4.29E-6
SK-MEL-28 0.433 1.097 1.171 1.126 0.852 0.045 0.131 111 104 63 -90 -70 1.22E-6 2.59E-6 5.50E-6

' SK-MEL-5 0.429 2.135 2.178 1.896 1.823 0.005 0.157 103 86 82 -99 -64 1.50E-6 2.83E-6 5.36E-6
UACC-257 0.897 1.837 1.844 1.888 1.887 0.191 0.370 101 105 105 -79 -59 2.00E-6 3.74E-6 6.98E-6
UACC-62 0.506 1.559 1.580 1.588 1.608 0.013 0.128 102 103 105 -98 -75 1.86E-6 3.29E-6 5.82E-6

Ovarian Cancer
IGR0V1 0.454 1.471 1.515 1.453 1.394 0.190 0.298 104 98 92 -58 -34 1.91 E-6 4.1 IE-6
OVCAR-4 0.522 1.820 1.873 1.783 1.615 0.161 0.395 104 97 84 -69 -24 1.67E-6 3.54E-6
OVCAR-5 0.514 1.304 1.301 1.333 1,278 0.082 0.127 100 104 97 -84 -75 1.81 E-6 3.43E-6 6.48E-6
OVCAR-8 0.433 1.629 1.705 1.775 1,654 0.194 0.175 106 112 102 -55 -60 2.14E-6 4.46E-6 9.27E-6
SK-OV-3 0.509 1.202 1.281 1.248 1,216 0.004 0.084 111 107 102 -99 -84 1,81E-6 3.21 E-6 5.69E-6

Renal Cancer
786-0 0.765 2.481 2.586 2.622 2,475 0.212 0.383 106 108 100 -72 -50 1,94E-6 3.80E-6 1.00E-4
A498 0.944 1.662 1.682 1.699 1.508 0.127 0.348 103 105 79 -87 -63 149E-6 2.99E-6 6.01E-6
ACHN 0.392 1.652 1.619 1.665 1.470 0.035 0.109 97 101 86 -91 -72 1.59E-6 3.05E-6 5.85E-6
RXF393 0.535 1.086 1.136 1.134 0.937 0.140 0.188 109 109 73 -74 -65 1.43E-6 3.14E-6 6.87E-6
SN12C 0.319 1.125 1.137 1.151 1.008 0.025 0.036 102 103 86 -92 -89 1.58E-6 3.03E-6 5.78E-6
TK-10 0.497 1.016 0.943 0.953 0.876 0.041 0.097 86 88 73 -92 -80 1.38E-6 2.77E-6 5.57E-6
UO-31 0.426 1.339 1.318 1,281 1.138 0.163 0.228 98 94 78 -62 -46 1.58E-6 3.61 E-6

Prostate Cancer
PC-3 0.217 0.694 0.696 0.720 0.563 0.141 0.150 100 106 73 -35 -31 1.62E-6 4.73E-6 > 1.00E-4
DU-145 0.145 0.520 0.560 0,567 0,286 0.004 0.016 111 112 38 ■97 -89 6.83E-7 1 90E-6 4.46E-6

Breast Cancer 
MCF7 0.266 1.181 1.205 1.022 0.382 0.042 0.078 103 83 13 -84 -71 2.93E-7 1.35E-6 4.42E-6
NCI/ADR-RES 0.497 1.678 1.667 1.728 1.593 0.094 0.124 99 104 93 -81 -75 1.76E-6 3.42E-6 8.63E-6
MDA-MB-231/ATCC 0.346 0.794 0.834 0.841 0.735 0.012 109 110 87 -97 -100 1.59E-6 2.97E-6 5.57E-6
MDA-MB-435 0.439 1.525 1.454 1.421 1.174 0.018 0.128 94 90 68 -96 -71 1.28E-6 2.59E-6 5.24E-6
BT-549 0.865 1.600 1.593 1.551 1.474 0.035 0.248 99 93 83 -96 -71 1.53E-6 2.90E-6 5.53E-6
T-47D 0.310 0.724 0.759 0.669 0.581 0.076 0.111 109 87 66 -75 -64 1.29E-6 2.92E-6 6.60E-6
MDA-MB-468 0.239 1.015 1.014 0.880 0.656 0.143 0.218 100 83 54 -40 -9 1.10E-6 3.72E-6 > 1.00E-4
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Panel/Ce<l Line Log.^TGI Log,-LC 50

Leukemia
CCRF-CEM
HL-60(TB)
K-562 
MOLT-4 
RPMI-8226 

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
KM12 
SW-620 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 

Melanoma 
LOX IMVI 
MALME-3M 
M14
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Ovarian Cancer 
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SK-OV-3 

Renal Cancer 
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Breast Cancer 
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-6.36
-5.64
-6.33
-6.15
-6.41

-5.78
-5.83
•5.72
-5.91
-5.74
-5.76
-5.82
-6.26
-5.73

-6.73
-6.33
-6.42
-5.93
-5.97
-6.52

-5.72
-5.86
-5.79
-5.78
-5.81
-5.90

-5.91
-5.83
-5.76
-5.64
-5.91
-5.82
-5.70
-5.73

-5.72
-5.78
-5.74
-5.67
-5.74

-5.71
-5.83
-5.80
-5.84
-5.80
-5.86
-5.80

-5.79
-6.17

-6.53
-5.75
-5.80
-5.89
-5.82
-5.89
-5.96

MID
Delta

Range

-5.92
0.81
1.09

-5.64
-5.07
-4.26
-4.16
-6.09

-5.46
-5.54
-5.43
-5.49
-5.48
-5.46
-5.54
-5.73
-5.41

-6.46
-5.78
-5.81
-5.60
-5.60
-5.97

-5.43
-5.57
-5.53
-5.52
-5 4 7
-5.57

-5.59
-5.52
-5.41
-5.37
-5.59
-5.55
-5 4 3
-5.48

-5.39
-5 4 5
-5.47
-5.35
-5.49

-5.42
-5.52
-5.52
-5.50
-5.52
-5.56
-5.44

-5.33
-5.72

-5.87
-5.47
-5.53
-5.59
-5.54
-5.54
-5.43

-5.5
0.96

2.3

-4.00
-4.00
-4.00
-4.00
-4.00

-5.25
-5.14
-4.00
-5.22
-5.16
-5.26
-5.30

-6.20
-5.32
-4.00
-5.27
-5.22
-5.36

-5.15
-5.28
-5.26
-5.26

-5.24

-5.26
-5.21

-5.26
-5.27
-5.16
-5.24

-5.19
-5.03
-5.24

-4.00
-5.22
•5.23
-5.16
-5.24
-5.25

-4.00
-5.35

-5.35
-5.18
-5.25
-5.28
-5.26
-5.18
-4.00

-4.99
1.21
2.2



________JQk.------
D o s e  R e s p o n s e  C u rves Report Date: September 23, 2008 Test Date: April 28, 2008

All Cell Lines
100

r~ 50

Q )
0

Q_

-50

-100

-4-6 •5■7•9 •8

Log^o of Sample Concentration (Molar)



^ntai I rv«»r apoutica

Dose Response Curves I  Ret
" C :  0 - ^ 4  r u r j

Report Date: S eptem ber 23 . 20 08
TS = *T  -  H ' - c 5 5 * r c r » — 1 113. OBO'̂ KSe

Test Date: April 28 , 2 0 0 8

Leukemia
100

50

-50

-100

CCRF-CEM-
MOLT-4 —  -a  —

HL-60(TB) —  -e—  
RPMI-8226—

K-562 — A -  
SR—

Non-Small Cell Lung Cancer
100

j= 50

-50

-100

Log _ of Sample Concentration (Molar)

A549/ATCC e —
HOP-92 — -Q - 

NCI-H322M— - A -

E K V X -- 
NCI-H226 — 
NCI-H460 —

HOP-62 — A - 
N C I-H 2 3 --»  ■ 

NCI-H522- -O -

Colon Cancer

o - —
100

-50

-100

COLO 205-
H C T-15----B -- 
SW-620 — -A —

HCC-2998 —  -e—  
HT29— • - - -

HCT-116 — A -  
K M 1 2 - - » -

CNS Cancer Melanoma Ovarian Cancer
100

-50

-100

SF-268---- © -
SNB-19 — -Q-

SF-295 —  
SNB-75—

SF-539 — A -  
U251— ♦ -

100

I
o

50

-50

-100
-8
Log^

LOXIMVI O 
S K-M E L-2--€) — 
UACC-257 — -A —

-

—

-

-

■> \
\  ■

-

>

' ■

1 1 1

-7 -6 -5 -4

j of Sample Concentration (Molar)

MALME-3M —  ■ M14 — A -
SK-MEL-28— SK-MEL-5 — ♦  - 

UACC-62- ■  -

100

50

__
-50

-100

IGROV1-
OVCAR-5-—B -

OVCAR-3 —  
OVCAR-8 —

OVCAR^ — A -  
S K -O V -3 --» -

Renal Cancer
100

□-

0

-50

-100
•9 -8 7 -6 •5 -4

Log^Q of Sample Concentration (Molar)

786-0 e  A498 —  ACHN — A  —
CAKI-1— - B - -  R X F 3 9 3 - - • —  SN12C — ♦  —
TK-10- -A - UO-31- ■  -

Prostate Cancer
100

50

0

-50

-100
-9 -8 •7 •6 -5

Log^Q of Sample Concentration (Molar) 

PC-3 e  DU-145 —  -e—

Breast Cancer
100

50

-50

-100
-9 -8 -7 -6 -5 -4

Log^Q of Sample Concentration (Molar)

MCF7 e  NCI/ADR-RES —  MDA-MB-231/ — A  —
HS578T— - B - -  M DA-M B-435---«—  BT-549— ♦  —

T-47D — - A -  MDA-MB-468- ■  -



National Cancer Institute Developmental Therapeutics Program
In-Vitro Testing Results

NSC : D - 747002 /1 Experiment ID : 0804RS83 Test Type; 08 Units: Molar

Report Date ; September 23, 2008 Test Date : April 28, 2008 QNS : M G :

COMI ; NCI-MJM-NK5 (71121) Stain Reagent; SRB Dual-Pass Related S S P L; OXOS

Log ic  Concentration

Time Mean Optical Densities Percent Growth
Panel/Cell Line Zero Ctrl -8.3 -7,3 -6.3 -5.3 -4.3 -8.3 -7.3 -6.3 -5.3 -4.3 GI50 TGI LC50

Leukemia
CCRF-CEM 0.190 1.110 1.082 1,060 0.985 0.375 0.312 97 94 86 20 13 1.77E-6 > 5.00E-5 > 5.00E-5
HL-60(TB) 0.371 1.827 1.772 1,791 1.588 0.492 0.478 96 97 84 8 7 1.40E-6 > 5.00E-5 > 5.00E-5
K-562 0.105 1.171 1.192 1.238 1.170 0.422 0.301 102 106 100 30 18 2.57E-6 > 5.00E-5 > 5.00E-5
MOLT-4 0.212 1.282 1.257 1.190 1.047 0.425 0.399 98 91 78 20 17 1.52E-6 > 5.00E-5 > 5.00E-5
RPMI-8226 0.337 1.088 1.047 0.963 0,832 0.359 0.389 95 83 66 3 7 8.96E-7 > 5.00E-5 > 5.00E-5
SR 0.169 

Non-Small Cell Lung Cancer

0.751 0.812 0.700 0,701 0.342 0.342 110 91 91 30 30 2.35E-6 > 5.00E-5 > 5.00E-5

A549/ATCC 0.253 1.009 1.028 1.111 1,083 0.488 0.307 102 114 110 31 7 2.88E-6 > 5.00E-5 > 5.00E-5
EKVX 0.679 1.513 1.504 1.469 1,508 0.827 0.736 99 95 99 18 7 2.01E-6 > 5.00E-5 > 5.00E-5
HOP-62 0.469 1.415 1.439 1.436 1,476 0.771 0.579 102 102 106 32 12 2.86E-6 > 5.00E-5 > 5.00E-5
HOP-92 0.592 1.209 1.075 1.054 0,972 0.585 0.590 78 75 62 -1 7.64E-7 4.79E-6 > 5.00E-5
NCI-H226 0.801 1.437 1.441 1.452 1,402 0.605 0.399 101 102 95 -24 -50 1.18E-6 3.1 IE-6 4.89E-5

, NCI-H23 0.497 1.329 1.275 1.225 1,247 0.726 0.482 94 87 90 27 -3 2.19E-6 3.95E-5 > 5.00E-5
NCI-H322M 0,548 1.195 1.165 1.124 1,095 0.727 0.483 95 89 85 28 -12 2.02E-6 2.50E-5 > 5.00E-5
NCI-H460 0.290 2.297 2.305 2.260 2.183 0.280 0.280 100 98 94 -3 -4 1.42E-6 4.61 E-6 > 5.00E-5
NCI-H522 0.462 1.015 1.017 1.063 0.991 0.428 0.362 100 109 96 -7 -22 1.39E-6 4.24E-6 > 5.00E-5

Colon Cancer
COLO 205 0.319 0.978 1.022 1.086 1.059 0.411 0.080 107 116 112 14 -75 2.15E-6 7.18E-6 2.62E-5
HCC-2998 0.401 1.065 0.927 0.916 0.929 0.437 0.374 79 77 79 5 -7 1.25E-6 1.38E-5 > 5.00E-5
HCT-118 0.178 1.235 1.267 1.210 1.193 0.320 0.237 103 98 96 13 6 1.80E-6 > 5.00E-5 > 5.00E-5
HCT-15 0.315 1718 1.682 1.696 1.553 0.449 0.452 97 98 88 10 10 1.53E-6 > 5.00E-5 > 5.00E-5
HT29 0.202 1.445 1.382 1.351 1.375 0.149 0.165 95 92 94 -26 -18 1.16E-6 3.02E-6 > 5.00E-5
KM12 0.238 0.903 0.931 0.975 0.872 0.196 0.177 104 111 95 -18 -26 1.26E-6 3.48E-6 > 5.00E-5
SW-620 0.183 0.702 0.684 0.688 0.583 0.217 0.125 97 97 77 7 -32 1.21E-6 7.42E-6 > 5.00E-5

CNS Cancer
SF-268 0.443 1.175 1.223 1.200 1.152 0.504 0.374 107 103 97 8 -16 1.69E-6 1.1 IE-5 > 5.00E-5
SF-295 0.431 1.470 1.370 1.389 1.373 0.594 0.431 90 92 91 16 1.74E-6 4.92E-5 > 5.00E-5
SF-539 0.361 1,062 1.034 1.057 1.007 0.286 0.259 96 99 92 -21 -28 1.18E-6 3.27E-6 > 5.00E-5
SNB-19 0.512 1.387 1.422 1.393 1.359 0.595 0.284 104 101 97 9 -45 1.72E-6 7.49E-6 > 5.00E-5
SNB-75 0.403 0.960 0.916 0.934 0.914 0.705 0.400 92 95 92 54 -1 5.96E-6 4.82E-5 > 5.00E-5
U251 0.230 1.162 1.165 1.166 1.136 0.322 0.272 100 100 97 10 4 1.74E-6 > 5.00E-5 > 5.00E-5

Melanoma
LOXIMVI 0.252 1.565 1.485 1.386 1.396 0.403 0.266 94 86 87 11 1 1.55E-6 > 5.00E-5 > 5.00E-5
MALME-3M 0.491 0719 0.736 0711 0.724 0.507 0.403 108 96 102 7 -18 1.76E-6 9.40E-6 > 5.00E-5

^M14 0.316 1.131 1.114 1.101 1.086 0.398 0.332 98 96 94 10 2 1.68E-6 > 5.00E-5 > 5.00E-5
^SK-MEL-2 0.391 0.740 0.781 0.770 0.802 0.639 0,324 112 109 118 71 -17 8.67E-6 3.19E-5 > 5.00E-5

SK-MEL-28 0,219 0.477 0.528 0.492 0.447 0.256 0.132 120 106 88 14 -40 1.65E-6 9.16E-6 > 5.00E-5
SK-MEL-5 0.674 2.655 2.702 2.623 2.385 0.161 0.036 102 98 86 -76 -95 8.37E-7 1.70E-6 3.45E-6
UACC-257 0.595 1.025 0.982 1.082 0.983 0.753 0.505 90 113 90 37 -15 2.83E-6 2.55E-5 > 5.00E-5
UACC-62 0.585 1.908 1.863 1.897 1.581 0.470 0.209 97 99 75 -20 -64 9.22E-7 3.10E-6 2.38E-5

Ovarian Cancer
IGR0V1 0.183 0.551 0.530 0.571 0.547 0.275 0.196 94 106 99 25 4 2.30E-6 > 5.00E-5 > 5.00E-5
OVCAR-3 0.279 0.688 0.736 0.717 0.665 0.134 0.165 112 107 94 -52 -41 1.00E-6 2.21 E-6
OVCAR-4 0,543 1.643 1.661 1.608 1.564 0.905 0.626 102 97 93 33 8 2.59E-6 > 5.00E-5 > 5.00E-5
OVCAR-5 0,379 1.099 1,054 1.037 1.096 0.654 0.509 94 91 100 38 18 3.21E-6 > 5.00E-5 > 5.00E-5
OVCAR-8 0,276 0.988 1,025 1.016 0.986 0.403 0.368 105 104 100 18 13 2.02E-6 > 5.00E-5 > 5.00E-5
SK-OV-3 0,458 1.046 1,060 1.087 1.120 0.424 0.264 102 107 113 -8 -42 1.66E-6 4.33E-6 > 5.00E-5

Renal Cancer
786-0 0,391 1.512 1,498 1.517 1.519 0.543 0.367 99 100 101 14 -6 1.91 E-6 2.41 E-5 > 5.00E-5
A498 0,555 1.227 1.254 1.257 1.269 0.777 0.173 104 105 106 33 -69 2.94E-6 1.05E-5 3.26E-5
ACHN 0,273 1.188 1.201 1.164 1.163 0.424 0.289 101 97 97 16 2 1.92E-6 > 5.00E-5 > 5.00E-5
CAKI-1 0,281 0.426 0.394 0.391 0.401 0.211 0.166 78 76 83 -25 -41 1.00E-6 2.92E-6 > 5.00E-5
RXF393 0.806 1.222 1.318 1.302 1.306 0.796 0.633 123 119 120 -1 -22 1.89E-6 4.88E-6 > 5.00E-5
SN12C 0.422 1.584 1.576 1.550 1.537 0.577 0.452 99 97 96 13 3 1.80E-6 > 5.00E-5 > 5.00E-5
TK-10 0,484 0.963 0.930 0.930 0.987 0.480 0.367 93 93 105 -1 -24 1.65E-6 4.90E-6 > 5.00E-5

fUO-31 0,578 1.347 1.301 1.334 1.347 0.817 0.586 94 98 100 31 1 2.66E-6 > 5.00E-5 > 5.00E-5

Prostate Cancer
PC-3 0.237 1.056 0.951 0.904 0.933 0.402 0.329 87 81 85 20 11 1.73E-6 > 5.00E-5 > 5.00E-5
DU-145 
Breast Cancer

0.220 0.785 0.847 0.863 0.810 0.221 0.238 111 114 104 3 1.66E-6 > 5.00E-5 > 5.00E-5

MCF7 0,289 1,343 0.854 0.727 0.708 0.305 0.248 54 42 40 1 -14 9.98E-9 6.19E-6 > 5.00E-5
NCI/ADR-RES 0,480 1.511 1.481 1.469 1.462 1.014 0.786 97 96 95 52 30 6.02E-6 > 5.00E-5 > 5.00E-5
MDA-MB-231/ATCC 0.472 1.187 1.205 1.220 1.162 0.509 0.544 102 105 96 5 10 1.61 E-6 > 5.00E-5 > 5.00E-5
HS 578T 0,325 0.630 0.645 0.692 0.621 0.387 0.291 105 120 97 20 -11 2.04E-6 2.26E-5 > 5.00E-5
MDA-MB-435 0.512 1.872 1.897 1.792 1.421 0.361 0.354 102 94 67 -29 -31 7.47E-7 2.47E-6 > 5.00E-5
BT-549 0.847 1.542 1.528 1.453 1.369 0.872 0.615 98 87 75 4 -27 1.12E-6 6.53E-6 > 5.00E-5
T47D 0.786 1.693 1.436 1.229 1.298 0.804 0.620 72 49 56 2 -21 6.09E-6 > 5.00E-5
MDA-MB-468 0.303 0.793 0.734 0.779 0.705 0.274 0.221 88 97 82 -10 -27 1.12E-6 3.93E-6 > 5.00E-5



National Cancer institute Developmental Therapeutics Program

Mean Graphs
NSC : D - 747002 / 1 Units : Molar

Report Date : September 23. 2008

SSPL: oxos EXP. ID : 0804RS83

Test Date : April 28. 2008

Panel/Cell Line Log^pGISO GI50 Log,^TG I TGI Log^^LCSO LC50

Leukemia
CCRF-CEM -5.75 > -4.30 J > -4.30
HL-60(TB) -5.85 > -4.30 — i > -4.30
K-562 -5.59 > ^ .3 0  — > -4.30
MOLT-4 -5.82 > -4.30 — > -4.30
RPMI-8226 -6.05 m >  ^ .3 0  — > -4.30
SR

lu r\n  Q m a ll ^ o l l  1 i i rm
-5.63 > -4.30 — > -4.30

INUn O lF ldll UUIIm  w o I
A549/ATCC -5.54 > -4.30 — > -4.30
EKVX -5.70 > -4.30 — > -4.30
HOP-62 -5.54 > -4.30 — > -4.30
HOP-92 -6.12 HI -5.32 > -4.30
NCI-H226 -5.93 ■ -5.51 ^ .3 1
NCI-H23 -5.66 -4.40 — > -4.30
NCI-H322M -5.69 -4.60 > -4.30
NCI-H460 -5.85 -5.34 > -4.30
NCI-H522 -5.86 -5.37 W > -4.30

Colon Cancer
COLO 205 -5.67 -5.14 -4.58
HCC-2998 -5.90 -4.86 > -4.30
HCT-116 -5.74 > -4.30 — > -4.30
HCT-15 -5.82 > -4.30 — > -4.30
HT29 -5.93 B -5.52 > -4.30
KM12 -5.90 -5.46 > -4.30
SW-620 -5.92 ■ -5.13 > -4.30

CNS Cancer
SF-268 -5.77 -4.95 ■ > -4.30
SF-295 -5.76 -4.31 — >  ^ .3 0
SF-539 -5.93 I -5.49 > -4.30
SNB-19 -5.76 -5.13 > -4.30
SNB-75 -5.22 — -4.32 — > -4.30
U251 

Meld noma
-5.76 > -4.30 — i > -4.30

LOX IMVI -5.81 > -4.30 — > -4.30
MALME-3M -5.75 •5.03 m > -4.30
M14 -5.77 > -4.30 — > -4.30
SK-MEL-2 -5.06 -4.50 > -4.30
SK-MEL-28 -5.78 -5.04 m > -4.30
SK-MEL-5 -6.08 -5.77 -5.46
UACC-257 -5.55 -4.59 > -4.30
UACC-62 -6.04 ■ -5.51 -4.62

Ovarian Cancer
IGR0V1 -5.64 ■ > -4.30 — > -4.30
OVCAR-3 -6.00 m -5.66
OVCAR-4 -5.59 > -4.30 — > -4.30
OVCAR-5 -5.49 > -4.30 — > -4.30
OVCAR-8 -5.69 > -4.30 — > -4.30
SK-OV-3 -5.78 -5.36 mmm > -4.30

Renal Cancer
786-0 -5.72 -4.62 > -4.30
A498 -5.53 -4.98 ■ -4.49 ■
ACHN -5.72 > -4.30 — > -4.30
CAKI-1 -6.00 m -5.53 > -4.30
RXF 393 -5.72 -5.31 mmm > -4.30
SN12C -5.75 > -4.30 — > -4.30
TK-10 -5.78 -5.31 tmm > -4.30
UO-31 -5,58 > -4.30 — > -4.30

Prostate Cancer
PC-3 -5.76 >  -4.30 — > -4.30
DU-145 -5.78 > -4.30 — > -4.30

Breast Cancer
MCF7 -8.00 -5.21 > -4.30
NCI/ADR-RES -5.22 — > -4.30 — > -4.30
MDA-MB-231/ATCC -5.79 > -4.30 — > -4.30
HS 578T -5.69 -4.65 > -4.30
MDA-MB-435 -6.13 mm -5.61 > -4.30
BT-549 -5.95 m - 5 .1 8 > -4.30
T-47D -5 .2 2 mam > -4.30
MDA-MB-468 - 5 .9 5 ■ -5 .4 1 mmam > -4.30

MID -5.79 -4 .7 8 -4 .3 3
Delta 2 .2 1 0.99 1 .1 3

Range 2 .9 4 1 .1 6
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