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Abstract

Breast cancer has become the second most common cancer worldwide a fter lung cancer, 

the fifth most common cause of cancer death, and the foremost cause of cancer death in women. 

W orldwide, breast cancer exceeds all other cancers and the incidence rates o f breast cancer are 

increasing steadily. The vast majority of early stage breast cancers, in both pre- and postmenopausal 

women, are horm one-dependent. The human hormone estradiol (E2) plays an im portant role in the  

progression and developm ent of the tum our. One of the major therapeutic advances in clinical 

treatm ent of breast cancer has been the introduction of selective estrogen receptor modulators 

(SERMs). The key feature of the SERMs, which are chemically diverse compounds, is that they 

contain a tertiary structure that enables them to bind to the estrogen receptor. Another im portant 

chemotherapy class are vascular targeting agents such as antim itotic drugs which target the  

microtubules and their dynamics. They interact with various tubulin binding sites and disrupt the  

role that microtubuies play in the tum our cell cycle. Microtubuies play a major part in mitosis and 

cell division, and for this reason they are an important target for anticancer drugs.

This thesis describes the design and synthesis of novel conjugates that contain both SERM 

type ligands and a 'warhead' cytotoxic agent. The SERM pharmacophore will selectively target the  

estrogen receptor in hormone dependent breast cancers. The cytotoxic agent will be selectively 

delivered to the site of the tum our and should reduce indiscriminate damage to perishable tissue. In 

chapter 1, a comprehensive overview of cancer is presented and the chemotherapy agents used to 

fight the disease with particular interest to breast cancer and breast cancer therapies are discussed. 

Chapter 2 describes the synthesis of SERM type ligands that would be incorporated into the  

conjugate scaffolds required. The cytotoxic agents which are based on com bretastatin A4 (CA4) are 

synthesised in chapter 3. A novel approach for the synthesis of the cytotoxic agents which utilized 

microwave assisted organic synthesis (MAOS), and a series of piperazine derivatives of the CA4 are 

also discussed in this chapter. Chapter 4 describes a series of routes for the synthesis of two  

aromatase inhibitor type ligands that would be incorporated into the conjugate scaffold. The 

chemistry o f the aromatase inhibitor type ligands led to the synthesis of a novel hybrid molecule 

based on CA4 and the aromatase inhibitor letrozole. The synthesis of the SERM type conjugates with 

cytotoxic agents is described in chapter 5, and the incorporation of aromatase inhibitors type ligands 

as part of the conjugate scaffold is also presented. The conjugate compounds synthesised within this 

project were evaluated for antiproliferative activity in MCF-7 (ER overexpressing breast cancer cell 

line) and for ER binding activity and the results are discussed in chapter 6 with the observations from  

the biochemical analysis rationalized using molecular modelling studies.
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AF2 Activation Function 2 MAPs Microtubule associated proteins
Al Aromatase inhibitor MCF-7 ER-positive human breast cancer 

cell line
AML Acute myeloid leukaemia MDA ER-negative human breast cancer 

cell line

AR Androgen receptor MeOH Methanol

B: Base MMPs M atrix metalloproteinases
CA4 Combretastatin A-4 MTT 3-(4,5-Dim ethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide

CML Chronic myelogenous leukaemia NBS W-bromo succinimide

CoA Co-activator fiBuLi n-Butyllithium
CoR Co-repressor NF-kB Nuclear factor kappa-light-chain- 

enhancer of activated B cells

COX Cyclooxygenase NMR Nuclear magnetic resonance

CYP Cytochrome P450 enzyme NOE Nuclear Overhauser Effect

DASIs Dual aromatase-sulfatase inhibitors PBD Pyrrolobenzodiazepine

DBD DNA-binding domain Pd/C Palladium on carbon

DCC /V,/\/'-Dicyclohexylcarbodiimide pdb Protein databank file

DCM Dichloromethane ppm Part per million

DHA Docosahexaenoic acid PUFAs Polyunsaturated fatty acids

DHU Dicyclohexylurea RBA Relative binding affinity

DMAP Dimethylaminepyridine Rf Retention Factor

DMEM Dulbecco's modified eagles medium SAR
S.E.M.

Structure-activity relationship 

Standard error of the mean
DMF Dimethylformamide SERD Selective estrogen receptor 

down-regulator
DMSO Dimethylsulfoxide SERM Selective estrogen receptor 

m odulator
DNA Deoxyribonucleic acid SERSM Selective estrogen receptor 

subtype modulator

DOX Doxorubicin SI Sulfatase inhibitor

El Estrone SSRI Serotonin-specific reuptake 
inhibitor

E2 Estradiol STS Steroid sulfatase

E3 Estriol TAM Tamoxifen
EDC l-Ethyl-3-(3-dim ethylam inopropyl) 

carbodiimide hydrochloride
TBAF Tetrabutylam m onium  fluoride

EPR Enhanced permeability and retention TBDMS tert-Butyldimethylsilyl

ER Estrogen receptor TBDPS f-butyldiphenylsilyl

ERE Estrogen receptor elem ent T -D M l Trastuzum abDM l
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ERR Estrogen receptor-related THF Tetrahydrofuran

EtOAc Ethyl acetate TIPS Triisopropyl silane

EtOH Ethanol TLC Thin layer chromatography

GISTS Gastrointestinal stromal tumours TPS Triphenylsilyl
HER2 Human Epidermal Growth Factor

Receptor 2 TTP Time to progression

HOBt Hydroxbenzotriazole UV Ultra-violet

HRMS High resolution mass spectrometry VDAs Vascular disrupting agents
I C 5 0 Maxim al concentration of drug to 

cause 50% inhibition
G I 5 0 Concentration of drug to cause 50%  

reduction in proliferation
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Chapter 1 
Int roduc t ion



1.1 Cancer

1.1.1 Cancer Statistics
The objective of this project is to investigate, synthesize and evaluate new

chennotherapeutic agents which are specifically designed to target breast cancer cells.

Over the three year (2007-2009) period in Ireland, an average of 29,745 cancer cases was 

diagnosed annually.^ Over this three year period, a 12% average increase in the incidence of cancer 

cases was shown when compared to that of the years 2004-2006. Furthermore, this statistic shows a 

50% increase when compared to the annual average in the mid 1990s. The incidence of cancer was 

higher in men than in women: cumulative lifetime risk for invasive cancer (excluding Non-Melanoma 

Skin Cancer NMSC) was approximately 1 in 3 for men and 1 in 4 for women.
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\  3% ^  2% /

Corpus uteri 
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Chart 1-1 Relative frequency of the main invasive cancers diagnosed in females (2007-2009)
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Chart 1-2 Relative frequency of the main invasive cancers diagnosed in females (2007-2009)
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Incidents of  ca n c e r  in a popu la t ion  a re  usually ca tegor ized  firstly by ge nde r ;  ma le  and  female .  

Excluding NMSC, t h e  female  b r ea s t  c an c e r  a nd  p r o s ta te  ca nce rs  in ma le s  a c c o u n t  for  nearly a third 

of  t h e  all cance rs  d iagnosed  ( see Char t  1-1 and Chart  1-2).

Three  fac tors  a re  bel ieved to  co n t r ib u t e  to  th e  increase  in ca n c e r  incidence^:

•  Demographic  fac tor

Ageing Populat ion -  with th e  a d v an ces  in medic ine  and  t r e a t m e n t s ,  t h e r e  is an  increas ing n u m b e r  of  

th e  popula t ion  n o w  living beyond  t he i r  65*^ bir thday.

•  I n d e p e n d e n t  of  de m o g ra p h ic  fac tor

Increase  in under lying ca nce r  ra tes  -  b r ea s t  an d  gynaecological  cancer s  have  s e e n  a significant 

increase in w o m e n  an d  p r o s ta te  ca n ce r  has also s een  a significant increase  in males.

•  I m p r o v e m e n t s  in sc reen ing  te ch n iq u es  and  ca nc er  a w a r e n e s s

1.1.2 Cancer overview
Cancer  is a d i s ea se  in which  a b n o rm a l  cells divide w i th o u t  cont rol  and  a r e  able  t o  invade

o t h e r  t i ssues,  which can lead to  a solid mass  of  cells known as a tumour .^  Cancer  is no t  jus t  o n e  

d i sease  bu t  m any  diseases ,  charac te r i sed  by similar uncon t ro l led  cell g row th .  The re  a r e  m o r e  t h a n  

100 d if fe ren t  types  of  ca nce r  and  t h e  major i ty  a re  n a m e d  accord ing to  t h e  orga n  o r  ty p e  of  cell in 

which th e y  or igina te ,  i.e. b r ea s t  cancer.  A t u m o u r  (or ne op la sm )  is an  a b n o r m a l  t i ssue  m ass  which 

resu lt s  f rom neoplasia ,  a s t a te  in which  t h e  cont rol  m e c h a n is m  gove rn ing  cell g ro w th  b e c o m e s  

d a m a g e d ,  leading t o  cell prol iferat ion.  The cells can expe r ie nce  an a b n o r m a l  g ro w th  p a t t e r n  prior  to  

neoplasia ,  such as me tap las ia  or  dysplasia.'* Cells which  un d e rg o  m e tap la s ia  or  dysplasia do  not  

a lways  resu lt  in neoplasia .  The t u m o u r  (or neop lasm )  ma y be  benign,  p r e -m al ignant  (carcinoma in 

situ) o r  mal ignant  (cancer).

The ca nc e r  genera l ly or igina tes  in a single cell in a t issue,  which is gene tica lly d a m a g e d  to 

p r o d u c e  a ca nce r  s t e m  cell conta in ing a mal ignant  p h e n o ty p e .  This cell t h e n  u n d e r g o e s  a b n o r m a l  

mitosi s which  is uncont ro l led ,  eventua l ly  leading to  t h e  fo rm a t io n  of  a ne o p la s m  a t  t h a t  location;  

this  is know n as t h e  primary tu m o u r .  Meta s tas i s  en ab le s  t h e  t u m o u r  to  sp r e a d  to  n e w  si tes within 

t h a t  t is sue  or  o t h e r  si tes a ro u n d  t h e  body.  So m e  t u m o u r  cells can easily p e n e t r a t e  to  t h e  circulatory 

s ys te m  which al lows access  to  d i s ta n t  s i tes in t h e  body.  The  m e ta s t a t i c  sp re a d  of  can c e r  cells in t h e  

b lood  or  lymph vesse ls  will o f ten  form se conda ry  t u m o u r  in org ans  which have  a large blood supply.  

Cancers  can of ten  resul t  in d ea th ,  as t h e  t u m o u r  g ro w th  in an orga n  can inhibit  t h e  na tural  func tion  

of  this  organ.
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Dynamic changes in the genome caused by possible internal and external factors are often  

associated with the initiation of cancer. Internal factors include mutations in DNA sequences, 

addition or loss of genetic material and uncontrolled gene expression or amplification. External 

factors include bacterial infections, viruses, carcinogenic chemicals, exposure to radiation (UV light, 

gamma rays. X-rays, radioactive particles) and hereditary factors (inherited genes can predispose 

individuals to develop certain forms of cancer).

As cancer is not just one disease but many diseases that have similar uncontrolled cell 

growth, so too are there many treatm ents. The treatm ent often depends on the type of cancer and 

the degree of tum our progression. Often a patient may receive more than one course of treatm ent 

such as a combination of the following: surgery, radiotherapy, chemotherapy. M ore recent advances 

in the treatm ent such as cancer genomics, gene therapy, immunotherapy and photodynamic 

therapies are becoming more widely used in the clinical environment. Surgery can often be the only 

treatm ent a patient may require. The surgery can remove the tum our completely and the cancer is 

contained in one area and has not spread to the surrounding tissue or organs. Non-localised cancer 

requires treatm ents such as chemotherapy, biological or hormone therapy.

Radiotherapy is a treatm ent used for the treatm ent of localised cancer. Like surgery it is 

often used in conjunction with other treatm ents. A patient may be prescribed radiotherapy pre/post 

surgery to decrease the size of the tumour. Some radiotherapy utilize X-rays or 

radiopharmaceuticals (radionuclides) which emit y-rays. As the radiation can kill healthy cell along 

with cancer cells, the radiotherapy can be given locally to limit damage to healthy tissue.

Chemotherapy is the use of cytotoxic anti-neoplastic drugs to selectively target the cancer 

cells or limit growth. The use of non-toxic light-sensitive drugs that when exposed selectivity to light 

can become toxic to selectively target the malignant cells is known as photodynamic therapy.^ 

Immuno- and gene therapy are called biological therapies. It has been found that a number of 

neoplasms produce specific antigens and has led to the development of monoclonal antibodies 

specific to those tumours. There are two types of monoclonal antibodies are used in cancer 

treatm ents "Naked mAbs" which are antibodies are effective (no drug or radioactive material 

attached) and "Conjugated mAbs" which contain either a chemotherapy drug, radioactive particle, 

or a toxin as conjugate. These act as homing devices which can selectively deliver the substances 

directly to the cancer cells.®

1.2 Chemotherapy
The available anticancer drugs have distinct mechanisms of action which can vary the effect they

have on different types of normal and cancer cells. A single "cure" for cancer has proved elusive

4



since there is not a single type of cancer but as many as 100 different types of cancer. In addition, 

there are very few demonstrable biochemical differences between cancerous cells and normal ce lls / 

A final problem is that cancerous cells which are initially suppressed by a specific drug may develop a 

resistance to that drug. For this reason cancer chemotherapy may consist of using several drugs in 

combination for varying lengths of time.

Small tumours which are relatively well supplied by the circulatory system are more 

susceptible to drug treatm ent when compared with larger tumours which can be hypoxic and 

necrotic which can make the cancers much more difficult to trea t as they can be less responsive to 

the available cancer drugs.® Hence the importance of early detection of tumours when they are 

smaller and the chemotherapeutic agents are much more effective.

As with treatm ents of other diseases, drug resistance in cancer chemotherapy is becoming 

more and more of a problem. The resistance of anticancer drugs in the treatm ent of cancer tumours 

may be caused by a variety of factors including individual variations in patients and somatic cell 

genetic differences in tumours, even those from the same tissue of origin.® In recent years, the 

treatm ents of cancers has become more aimed towards molecular targets of the oncogenes and 

tum our suppressors as compared to that of the general cytotoxic agents, such as nitrogen mustard 

(1940's) to Vinca alkaloids (1970's) and anthracyclines (1960's) used in the early days of cancer 

t r e a t m e n t s . “  The early treatm ents work by being more cytotoxic to cancer cells than healthy cells 

but cause many side effects. In recent times treatm ents have tended in the direction of specific 

monoclonal antibodies^ and immunotoxins^^ targeted to cell surface receptors and specific agents 

that inactivate specific enzyme such as kinases in growth promoting pathways This move to more 

modern treatm ents has seen the improved response rate of the active drug and a decrease in side 

effects but yet has yielded no cure for the majority of patients. As these more modern treatm ents  

fail, research has been following the mechanism by which the cancers elude treatm ents and this has 

given a wealth of knowledge -  investigation and research into why treatm ents fail and how to tackle 

the drug resistance issue aids in the design of new anti-cancer agent which do not become inhibited 

by traditional resistance mechanism.®

1.2.1 Mechanism of action of chemotherapeutic agents
Chemotherapy drugs can be divided into several groups based on factors such as how they

work, their chemical structure, and their relationship to another drug. Some chemotherapy drugs 

are grouped together because they were derived from the same plants. Some drugs act by 

modulating more than one biochemical pathway and they may belong to more than one category.
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The cancer chemotherapy agents generally act by disrupting the cancer cell cycle. Disrupting 

this cell cycle can be done in many ways such as targeting one or more of a different series of 

molecular and biochemical signalling pathways. Chart 1-3 shows the four main phases in a cancer 

cell life-cycle and illustrate where pharmaceutically produced inhibitors target the different phases 

to stop the reproduction in the cell.

The first phase in the cycle is known as the G1 phase or gap and here the cell grows and 

prepares to synthesize DNA. This is followed by the S phase or synthesis; this is where the cell 

synthesises DNA. The G2 phase or second gap is where the cell prepares to divide. Then finally the 

M phase or mitosis, this is responsible for cell division. The cell cycle involves a complex series of 

molecular and biochemical signalling pathways which are controlled by a variety of enzymes and 

receptors.

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

their different effects by utilising different mechanistic pathways (see Chart 1-3).

Xeloda
5-FUC0K4/D

Apoptosis 
(Cell Death)

'Apoptosis 
(Cell Death)

CDK2/A
Camptosar 
.  Vepesid Gemzar

Cisplatin

Chart 1-3 M olecular and biochemical signalling pathways which can be targeted by cancer chem otherapeutic drugs'^

1.2.1.1 Antimetabolites^^
Antimetabolites were among the first effective chemotherapy agents discovered. This type

of chemotherapy agent works by inhibiting the use of metabolites^® by mimicking naturally occurring

molecules required in nucleic acid (DNA and RNA) synthesis such as folic acid, pyrimidine or purine

analogues. These antimetabolities slightly differ from the natural nucleic acids and their
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c o m p o n e n ts , so th a t  th e y  can o b s tru c t th e  n o rm a l cell fu n c tio n . G en era lly , a n tim e ta b o lite s  induce  

cell d e a th  d uring  th e  S phase o f  cell g ro w th  w h e n  in c o rp o ra te d  in to  RNA and D N A  o r  th e y  in h ib it 

en zy m e s  n eed e d  fo r  nucleic acid p ro d u c tio n .“  S e le c tiv ity  is o b ta in e d  d u e  to  th e  fa c t th a t  can cer cells  

o fte n  g ro w  m o re  rap id ly  th a n  th e  su rrou n d in g  h e a lth y  cells. A n tim e ta b o lite  drugs inc lu d e p u rin e  

an a lo g u es  (F lu d ara b in e ) [1], d ih y d ro fo la te  re d u c ta se  in h ib ito rs  (M e th o tre x a te )  [2 ], p y rim id in e  

an a lo g u es  (5 -F lu o ro u rac il) [3 ], th y m id y la te  synthesis in h ib ito rs  and  ad en o s in e  d e a m in a s e  in h ib ito rs  

(see  F igure 1 -1 ).

NH2 

■N
A  F

H O - P - O ^  O Q lJ  N H 2

O
II

O H

O H

[1]

O H

[3]

Figure 1-1 Fludarabine [1], Methotrexate [2], 5-Fluorouracil [3],

1,2.1.2 Drugs which interact with DNA
D N A  b ind ing  co m p o u n d s  have b eco m e v e ry  usefu l fo r  th e  v isu a liza tio n  o f  D N A  b o th  in v itro

an d  inside th e  cell. N o t o n ly  are  D N A  b ind ing  drugs used  as a v is u a liza tio n  to o l b u t have  served  as a 

v e ry  im p o r ta n t c lassification  o f a n tic a n c e r ag en ts  w h ich  binds a n d /o r  m o d ify  DNA.^^ D ru g -D N A  

in te ra c tio n s  can be classified in to  tw o  m a jo r ca teg o ries : in te rc a la tio n  and g ro o v e  b ind ing. 

In te rc a la tio n  involves th e  insertio n  o f  a p la n a r m o le c u le  b e tw e e n  D N A  base pairs, w h ich  resu lts  in a 

d e crea se  in th e  D N A  helical tw is t and  len g th en in g  o f  th e  DNA.^^ G ro o v e  b ind ing  ag en ts  w ill n o t bring  

a b o u t large c o n fo rm a tio n a l changes in D N A  and m a y  be co n s id ered  s im ilar to  m a c ro m o le c u la r  

b in d in g .C h e m o th e r a p y  agen ts  w h ich  in vo lve  D N A  a lk y la tin g  p a th w a y s  inc lu d e n itro g en  m u sta rd s  

(aziridines)^'*'^®, a lk y lsu lfo n a te  esters^^ nitroureas^®, c a rb in o la m in e s ”  and m ito m yc in  C^°.

M e th y la tin g  ag ents (d aca rb azin e  [4 ], p ro c a rb a z in e  [5 ], te m o z o lo m id e  [6 ], e tc .) sh o w n  in 

Figure 1 -2 , w o rk  by m e th y la tin g  g u a n in e  bases w ith in  th e  m a jo r  and  (less p re d o m in a n tly ) m in o r, 

g ro o v es  o f  D N A . M a n y  o f  th ese  typ es  o f  drugs p ro d u ce  a tra n s ie n t m e th y ld ia z o n iu m  ion w h ich  is a 

D N A -m e th y la tin g  species.
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Figure 1-2. Dacarbazine [4], Procarbazine [5], Tem ozolom ide [6]

Crosslinking agents (nitrogen mustard (Chlorambucil [7]), mitomycin C [8], cisplatin [9], 

psoralens [10], etc.) work as antitum or drugs that react with DNA by inducing DNA inter- and intra

strand cross-links, which can block DNA transcription and replication. Figure 1-3.

Cl

ClJ

OH

HoN

HjN 'O  [8]

Ci<p^>CI 

H2N' NH,

[9] [10]

Figure 1-3. Chlorambucil [7]), Mitomycin C [8], Cisplatin [9], Psoralens [10]

The pyrrolobenzodiazepine (PBD) family of antitum our agents are based on anthramycin [11] 

(natural product). They exert their antitumour activity by covalently binding to DNA in the minor 

grooves where they covalently attach to the guanine base, and due to their shape, cause minimal 

disruption to the DNA helix. Figure 1-4.

OH OH

NH

[11 ]

Figure 1-4 Anthramycin [11]

It is believed that the formation of the DNA-PBD adduct inhibits nucleic acid synthesis and causes 

excision-dependent single and double stranded breaks in the DNA h e l i x . W h i l e  many alkylating 

compounds are relatively small in size, larger sequence-selective alkylating agents have been 

r e p o r t e d . T h e  PBD dimer enables the molecule to retain its natural properties but due to its 

greater length improves the sequence selectivity (compound [12]). Two covalent adducts to guanine



base s  can be  fo rm ed th u s  increasing t h e  ability for crosslinking t h e  DNA. An ex am pl e  of  a PBD d im e r  

has  b e e n  r e p o r t e d  t h a t  inc orpo ra ted  t w o  DC-81 m o n o m e r s  (DSB-120 [12]) t h r ough th e i r  a ro m a t i c  A- 

ring phe n o l  C8-posit ions via a flexible propyldioxy linker and was  fou nd  to  be highly cytotoxic in vitro  

and  to  p r o d u c e  DNA in t e rs t rand  crosslinks with high e f f i c i e n c y . B i z e l e s i n  [13] is a bifunctional  

cyclopropylpyr roloindole containing tw o  react ive ch loromethyl  mo ie t ies  t h a t  can be  co n v e r te d  to  

cyclopropyl  alkylating species,  al lowing for  noncova len t  and  cova len t  (alkylated) b o n d s  in t h e  mino r  

g ro o v e s  with ad e n in e s  on  o pp os i t e  DNA s t rands .  Bizelesin inhibits b o th  cellular and  viral (SV40) DNA 

repl icat ion in whole  cells and has exhib i ted  activity aga ins t  co lorectal  cancer .  Figure 1-5.^^

Inte rcalat ing drugs  a re  widely used  as a n t i t u m o u r  a g e n t s  (anthracycl ine,  a n t h r a c e n e s  and  

phenoxaz ines) .  Their scaffold genera lly consis t s  o f  t h r e e  or  four  fused  a ro m a t i c  rings and  a r e  p lanar  

in shape .  Thei r m ech an i sm  of  act ion r equi r es  t h e  inte rcala ting a g e n t  to  be inser ted  b e t w e e n  base  

pairs o f  t h e  DNA perpend icu la r  to  t h e  axis o f  th e  helix. Hydrogen  bonding  and  Van d e r  Waals  forces  

k e e p  t h e  intercalat ing a g e n t  in place, which  t h e n  a ffec ts  th e  s t ruc ture  of  t h e  DNA, prevent ing  

p o ly m e ra s e  and  o t h e r  DNA binding p ro te in s  f rom func tion ing correctly.  The  result  is inhibition of 

DNA synthes is ,  p revent i on  of  t ranscrip t ion  and  facil i tating th e  g e n e ra t i o n  of mutat ions .^ Doxorubicin 

[14] (anthracyc l ine-based  an t ic anc er  drug) is used to  t r e a t  a wide  varie ty of  solid t u m o u r s  including 

ca rc in om a  of  th e  breas t ,  lung, thyroid a nd  ovary as well as soft  t i s sue  carc inomas .  M i to xant ron e  [15] 

( a n t h r a c e n e  based  an t ic ancer  drug) has b e e n  used in t h e  t r e a t m e n t  of  me ta s t a t i c  b r e a s t  cancers ,  

a c u t e  myeloid leukaemia  and non-Hodgkin ' s  ly m phom a .  Figure 1-6.^®

[12]

H H
[13]

Figure 1-5 DSB-120 [12] and Bizelesin [13]
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Figure 1-6 Doxorubicin[14] and Mitoxantrone[15]

Topoisom erases in recent tim es have becom e popular targets fo r cancer chem otherapy  

trea tm en ts . It is believed that topoisom erase inhibitors have the  ability to  kill all cells undergoing  

DNA replication, reading o f the  DNA fo r protein production or experiencing repair o f DNA dam age by 

generating  single and double stranded breaks that harm  the integrity o f the  genom e. Introduction of 

these breaks consequently lead to  apoptosis and cell death . Topoisom erase inhibitors are classified 

according to  which type o f enzym e is inhibited, know n as I and II. Topotecan [16] is a to p o  I inhibitor 

which is a w ater-so lub le derivative o f cam ptothecin . It is used as the  hydrochloride (h ycam tin )to  

tre a t ovarian cancer and lung cancer, as well as o th er types o f cancers. Topotecan intercalates  

b etw een  DNA bases. This intercalation disrupts the DNA duplication m echanism  w hen  it reaches a 

site w h ere  topotecan  is in tercalated . The type II topoisom erase inhibitors are fu rth e rm o re  broken  

into tw o  sub categories - topoisom erase poisons (Etoposide [17])^^ which ta rg e t the topoisom erase- 

DNA com plex, and topoisom erase inhibitors (ICRF 193[18])^®, which disrupts catalytic turnover. 

Figure 1-7.

Figure 1-7 Topotecan [16], Etoposide [17]) and ICRF 193 [18]

DNA-cleaving anti-cancer agents act by binding tightly  to  guanine bases in DNA, 

p redom inantly  in G-T and G-C-rich sequences. W hen  th e  ternary  com plex o f Fe(ii), DNA-cleaving  

anti-cancer agent and oxygen attacks DNA, it rem oves hydrogen atom s. The resultant radicals react



w ith  oxygen to  form  peroxy-species which then  undergo degradation , resulting in chain cleavage.^® 

Bleom ycin is a glycopeptide antib iotic isolated from  the  bacterium  Streptom yces verticillus and is a 

classical exam ple o f DNA-cleaving anti-cancer agent which is used fo r the tre a tm e n t o f Hodgkin's 

lym phom a, squam ous cell carcinomas, and testicular cancer.'’® Bleomycin is isolated as a m ixture o f 

re la ted  antibiotics but the m ajor com ponent o f which is Bleomycin A i [19], Figure 1-8.

H2N H
H2NOC

|_| CONH2
HN

"OH
OH O^q o NH, f''®!

Figure 1-8 Bleomycin A2 [19]

1.2.1.3 Antitubulin agents
A nticancer agents th a t exert th e ir activity by in terfering  w ith  m icrotubulin function are in

com m on use in the  tre a tm e n t o f cancer."*^ These antitubulin  agents have shown a broad spectrum  of 

activ ity  against both hem atological m alignancies and solid tumours.''^' The tubulin dim ers and 

m icrotubule-associated proteins com prise th e  main backbone o f microtubules.'*'' The cell division 

and cell function o f eukaryotic cells requires the  m icrotubule system which is a highly dynam ic  

structure  and plays an essential role.'*^ '*® Thus tubulin is an attractive  ta rge t fo r the  d eve lo p m en t of 

new  com pounds th a t im pede cell function . Tubulin-binding agents constitu te a large fam ily  o f 

natura l occurring and sem i-synthetic agents th a t inhibit cell division through th e ir inhibition of 

m icro tubu le  dynamics. In general the  tubulin -b ind ing  agents can be classified by the  m echanism  o f 

tubulin  in teraction . The agents are classified into one o f th ree  groups although exceptions do exist, 

m icro tubu le  stabilizing com pounds (paclitaxel [20] and docetaxel), vinca alkaloid site interacting  

agents (vincristine, v inb lastine[21], and v inorelb ine) and colchicine site binders (C om bretastatin  A- 

4 [2 2 ], ZD 6126), Figure 1-9.''^
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Figure 1-9 Paclitaxel [20], Vinblastine [21] and Combretastatin A-4 [22]

1.2.1.4 Vascular disrupting agents
Vascular disrupting agents (VDAs) are a relatively new class o f anticancer drugs tha t show/

encouraging results in treating an array o f solid tumours.'** VDAs can selectively target the existing 

tum our vasculature which differs from  antiangiogenic therapies which hinder the outg row th  o f new 

blood vessels. There are a few  small VDAs tha t are currently in clinical trials or undergoing preclinical 

testing which have achieved promising results (ZD6126 [23], CA4P [24], NPi-2358 [25] and 

vadimezan [26]), Figure 1-10.''®

1.2.1.5 Signal transduction inhibitors
In recent years, the knowledge o f grow th factor signalling pathways and the study o f how these 

pathways are often altered in human cancers have led to the development o f highly specific 

inhib itors fo r these p a th w a y s .D u e  to  the up-regulation o f certain cellular pathways in cancer cells, 

inh ib ition can lead to  an anticancer effect. It was discovered tha t a viral oncogene was also a 

m utated receptor tyrosine kinase in human cancer and this has implicated receptor tyrosine kinase 

in cancer p a th o g e n e s is .A  number o f inhibitors o f receptor tyrosine kinase signalling pathways 

have been discovered. Receptor tyrosine kinases have been blocked via d iffe ren t mechanisms in 

vitro such as blocking ligand binding, inhibiting receptor tyrosine kinase expression and inhibiting 

receptor tyrosine kinase activity. Imatinib [27] is an example o f signal inhib ition drug (tyrosine kinase

[24] [25]

Figure 1-10 ZD6126 [23], CA4P [24], NPI-2358 [25] and Vadimezan [26]
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inhibitor) used  to  t r e a t  t e n  di ffe rent  cancers  including chronic  m y e lo g en o u s  leukaemia  (CML) 

a nd  gas t ro intest inal  s t romal  t u m o u r s  (GISTs), Figure 1-11.

1.2.1.6 Hormonal therapies
Hormonal  t h e r a p y  involves t h e  manipula t ion  of  th e  end oc r in e  s ys te m  t h ro u g h  e x o g e n o u s  

adminis t r a t i on  of specific h o r m o n e s ,  p re domi na n t ly  s teroid h o r m o n e s ,  o r  d rugs  w/hich inhibit t h e  

m a n u f a c t u r e  or  act ion of  such h o r m o n e s  (h o r m o n e  antagonis ts ) .  In h o r m o n e - d e p e n d e n t  t i ssue  such 

as t h e  breas t ,  e n d o m e t r i u m  and  tes te s ,  t u m o u r s  can arise w/hich a re  th e m s e lv e s  d e p e n d e n t  on  t h e  

s a m e  h o r m o n e .  Depriving h o r m o n e - d e p e n d e n t  t u m o u r s  of  h o r m o n e  s t imulat ion  can  cause  t u m o u r  

regression .  Pros ta te  ca nce r  is usually a n d r o g e n - d e p e n d e n t  and  can be t r e a t e d  v /̂ith e s t r o g e n s  a n d / o r  

a n t i a n d r o g e n s  (i.e. cy p ro te ro n e  ace ta te ) .  Ani tes t rogens  (i.e. Raloxifene a nd  Tamoxifen)  can also 

r e d u c e  cell g r ow th  in b re as t  cancer .  A ro m at a se  inhibitors (i.e. anas t roz ole  and  letrozole)  can  be  used  

to  t r e a t  ad v an ced  po s t -m e n o p a u sa l  b re as t  cancer.

1.2.1.7 Biologicals
Tum our - ta rge t ing  t h e ra p y  t h a t  involves use of  monoc lona l  an t ib od ie s  which can a t t a c h  to  

t h e  ca nc e r  cell. In doing so th ey  can exp ose  t h e  c anc e r  cell to  be  m o r e  visible t o  t h e  i m m u n e  sys tem,  

block g row th  signals, s t o p  fo rm at io n  of  ne w  blood  vesse ls  a n d / o r  del iver a radiat ion 

( lb r i tumo mab) /cy to tox ic  drug  to  ca nc e r  c e l l s . T h e  use of  a n t i bod ies  to  del iver  cytotoxic drugs  will 

be  d i sused  in m ore  detai l  in Section 1.11.1.1.  In principle t h e  an t ib ody  should  select ively del iver  th e  

drug  t o  t h e  t u m o u r  cells. Examples of  t u m o u r - t a r g e t  a p p r o a c h e s  a re  an t ib od y- d i re c ted  en zy m e  

p ro d rug  t h e ra p y  (ADEPT) and  g en e-d i rec ted  en zym e  pro dr ug  t h e r a p y  (GDEPT). T ra s t u z u m a b  is a 

h u m a n iz e d  monoclona l  an t i bod y  t h a t  in te r fe res  with t h e  HER2/neu (erbB2) r e c e p to r .”  The cell 

p ro li fe ra t ion is s t imula ted  by th e  HER prote ins .  In s o m e  cancers,  notab ly  cer ta in ty pes  of  b r eas t  

cancer ,  HER2 is over -expressed ,  and  causes  c ance r  cells t o  r e p ro d u c e  uncontrollably.^^ Amplificat ion 

of  t h e  HER2/neu (erbB2) occurs  in 20-30% of ear ly-stage  b reas t  cancer .  T ra s tu z u m a b  induces  HER2 

r e c e p t o r  d o w n m o d u l a t i o n  and,  as a result,  inhibits critical signalling p a th w a y s  and  blocks cell 

p rogress ion.  It also inhibits angiogenes i s  and  induces a n t i b o d y - d e p e n d e n t  cel lular  cytotoxicity.^'*

Figure 1-11 Im atin ib  [27]
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1.3 Breast Cancer 

1.3.1 Overview
Breast cancer has becom e th e  second most com m on cancer worldwide after lung cancer, 

the  fifth most com m on cause of cancer death , and the forem ost cause of cancer dea th  in wom en. 

Worldwide, breast cancer exceeds all o the r  cancers and the incidence rates of breast cancer are 

increasing steadily.”  The vast majority (95%) of breast cancer in early stage, in both pre- and 

postm enopausal wom en, are horm one-dependen t.  The remaining 5% of breast cancer, deno ted  

BRCA-1 and BRCA-2, are considered hereditary.^® The human horm one estradiol (E2)[28] plays an 

im portan t role in the  progression and developm ent of the tum our. The horm one and estrogen 

recep to r complex can control activation of proto-oncogenes, oncogenes, nuclear proteins, as well as 

o th e r  target genes. In contrast to  the  horm one-dependen t tumours, triple-negative breast cancers 

(in which this tum our subgroup lacks expression of HER2), the  estrogen receptor and progesterone 

recep to r do not respond to hormonal therapies or HER2-targeted therap ies and these  tum ours  are 

associated with a poor prognosis.^^

During the  postmenopausal period when the ovaries have ceased to  function, the majority 

of breast cancers occur. Despite resulting low levels of circulating estrogens, the concentration  of 

es trone  (El) [29], estradiol (E2) [28] and their sulfates (EIS [30], E2S [31]) 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 specific tumoral biosynthesis and accumulation of these  hormones.^®'

Human breast cancer tissue contains enzymes involved in the last steps of E2 biosynthesis: 

e s trone  sulfatase, 17p-hydroxysteroid dehydrogenase and arom atase  (Figure 1-12).”  The tum ours  

can be affected by the  binding of different ER-ligands (e.g. antiestrogens) which mimic the  role of 

estradiol a t the estrogen receptor (ER) or by gaining control over intracellular concentrations of 

estradiol. The estrogens, which are converted by sulfotransferases to the  biologically inactive 

estrogen sulfate, are present in this tissue. To target the enzymatic pathways in the biosynthesis of 

estradiol could lead to  successful therapy. Quantitative determ inations have shown th a t  the 

sulfatase pathway , which converts the  estrogens sulfates to  the  unconjugated bioactive derivate E2 

[28], has shown an increase to  betw een  40 -500  times higher than  th a t  of a rom atase  pathway.”  

Antiestrogens (i.e. Tamoxifen), progestins, tibolone and its metabolites, as well as o ther  steroids (i.e. 

sulfamates) and non-steroidal com pounds have being investigated as possible inhibitors for the 

sulfatase enzyme and this has lead to  the  identification of m ore potent, selective, metabolically 

stable and less estrogenic agents.”  Quantitative data show tha t  the  sulfatase pathway, which
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transforms estrogen sulfates into the bioactive unconjugated E2, is 1 00 -500  times more effective 

than the aromatase pathway.

HO

SULFATASE
Estrone sulfate [30]

SULFOTRANSFERASE

O

AROMATASE

Androstenedione [32]

OH

Testosterone [33]

AROMATASE

OH

HO

Estradiol sulfate [31]

SFERASESULFOTRAhJ

HO
Estrone [29]

17Beta-HSD-1

OH

HO
Estradiol [28]

Figure 1-12. Summary of main enzymatic pathways for biosynthesis of estradiol 

The ER receptor gene is prone to truncations, mutations and deletions as the cancer cell 

e v o l v e s . T h e r e f o r e  the ER becomes 'non-functional', and the hormone fails to stimulate the cells 

despite binding in the ER pocket. This 'non-functional' ER possibly explains why a relativity high 

num ber of patients with ER positive tumours do not respond to antiestrogen therapy.®^' Shown in 

Figure 1-13 is the transition to the hormone-independent carcinoma as a direct m utation from the 

horm one-dependent carcinoma that itself is a mutation of the normal mammary tissue.

Prognosis of the disease evolution is at two stages; when the breast cancer is hormone- 

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

independent (II) phase then it becomes very poor. ER+ refer to estrogen receptor positive 

(detectable and functional); ER mutants refers to estrogen receptor detectable but non-functional; 

ER- refers to estrogen receptor negative (not detectable).^®
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Figure 1-13. Evolutive transformation of the breast cell from  normal to  carcinogen”

1.4 Estrogens
Estrogens (oestrogen) are a group of compounds named for their importance in the estrous 

cycle of humans. Estrogens have extensive biologic actions, and there are naturally occurring 

phytoestrogens that mimic some o f the actions of endogenously produced estrogens.They are the 

primary female sex hormones. The naturally occurring estrogens 17p-estradiol (E2) [28], estrone (El) 

[29], and estriol (E3) are Cis steroids derived from cholesterol (Figure 1-14). After cholesterol is 

bound to the lipoprotein receptor it taken up by the steroidogenic cells, stored and moved to the 

sites of steroid synthesis. The cytoskeleton and the intracellular carrier proteins such as the sterol 

carrier protein-2 can facilitate the intercellular movement.®® Different steroids are formed by 

reducing the number of carbons atoms from 27 to 18. Cholesterol is transferred from the cytosol to 

the inner membrane of the mitochondrion, w/here the cytochrome P450 enzymes that catalyze the 

cleavage of the side chain of cholesterol are identified as the rate limiting step in the steroid 

production.®^ The last step in the estrogen formation is aromatization. This reaction is catalyzed by 

the P450 aromatase monooxygenase enzyme complex. In three consecutive hydroxylating reactions, 

estrone and estradiol are produced from their obligatory precursor's androstenedione and 

testosterone, respectively. The final hydroxylating step in aromatization does not require enzymatic

action.
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Figure 1-14. Ovarian Synthesis, Transport, and Metabolism of Estrogens.

Normally in women, the rate of estradiol production varies during the menstrual cycle with  

plasma levels varying from 50 -  850 pg/mL.^^' Estrogens exert their effects by entering target cells 

and binding to specific cytoplasmic proteins known as estrogen receptors (ERs). McGuire et at. 

showed that the ERs were present in breast cancer t u m o u r s . T h i s  provided rationale for the  

developm ent of antiestrogens for the treatm ent of breast cancer.

In premenopausal non pregnant women the ovaries are the principal source of systemic 

estrogen. The synthesis, transport and metabolism of estrogen is quite complex and is demonstrated  

in Figure 1-14. Other sites of estrogen biosynthesis are present throughout the body and these 

become main sources of estrogen after menopause. These sites include the mesenchymal cells of 

the adipose tissue and skin®®, osteoblasts®® and possibly chondrocytes in bone, vascular end o th e lia l” 

and aortic smooth muscle cells^  ̂ as well as various sites in the brain^^. These extragonadal sites of 

estrogen biosynthesis have a number of fundamental characteristics that differ from those of the
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ovaries. The e s t ro g e n  synthes ised  within th e se  localised site is a lm os t  certainly biologically active 

only a t  local t issue  level.”  The to ta l  a m o u n t  of e s t ro g en  p ro d u ced  by th e s e  ex tragonada l  sites m ay 

be miniscule, bu t  th e  local t issue  c o n cen tra t io n s  ach ieved  a re  probab ly  qu ite  high and  exe r t  

significant biological influence within th a t  site. Thus, th e s e  sou rces  o f  o e s t ro g e n  play an im p o r ta n t  

physiological and  pathophysiological role a f te r  m e n o p a u s e  and  ad ipose  t issue  b e c o m e s  th e  main 

sou rce  of  es tro g en .

1.4.1 Antiestrogens
This is a class of su b s tan ce  th a t  blocks th e  produc tion  or  utilization o f  e s tro g e n s  o r  inhibits

th e ir  effects . In th e  la te  1950s tam oxifen  [34] e m e rg e d  from resea rch  a im ed  a t  deve lop ing  an 

a n t ie s t ro g e n  oral con tracep tive .  The finding th a t  a m e tab o l i te  of tam oxifen , 4 -hydroxytam oxifen  (4- 

OHT) [35], w as  a p o te n t  a n t ie s tro g en  w ith  th e  binding affinity for th e  ER equ iva len t  to  t h a t  of 

es trad io l  s t im u la ted  research  for novel an t ican cer  a g en ts  with high binding affinity for th e  ER th a t  

w ould  ac t  as  po ten tia l  an tag o n is ts  o f  th e  ER. The m e tab o l i te s  o f  tam oxifen  acts  as an t ie s t ro g e n s  

which can p ro m o te  an  invasive p h e n o ty p e  in ER+ b reas t  cance r  cells with  defic ient intercellular 

adhes ion .

Ri

R2

Figure 1-15. Tam oxifen (R j  = CH3= R3 = CHj, R2 = H) [34]; 4-H ydroxytam oxifen (R j  = R, =, CH3, .Rz = OH) [35];

Endoxifen (R j  = CH3, R2 = OH, R3 = H) [36]; N orendoxifen (R1/R3 = H, R2 = OH) [36a]

The active m e tabo li te s ,  4-OHT [35], endoxifen  [36] and n o rendox ifen  [36a] (Figure 1-15), all 

b o a s t  a m uch  g re a te r  binding affinity for th e  ER th a n  th a t  o f  th e  p a re n t  d rug  tam oxifen , and  b ecau se  

o f  th is  fact tam ox ifen  can be classified as  an  a n t ie s tro g en  p r o d r u g . T h e  identification of  selective 

e s t ro g e n  r e c e p to r  m o d u la to rs  and  th e  o p p o r tu n i ty  of developing  m ultifunctional m ed ic ines  have 

resu lted  in th e  successful d e v e lo p m e n t  o f  selective e s t ro g e n  r e c e p to r  m o d u la to rs  (SERMs) to  t r e a t  

and  p re v e n t  ER-related diseases.^®' ”  Although a ro m a ta s e  inhibitors could be conside red  

an t ie s t ro g e n s ,  th ey  a re  o f ten  conside red  to  be a distinct class. A ro m a ta se  inhibitors reduce  

th e  'p ro d u c t io n '  o f  e s t ro g en ,  while th e  t e r m  "an tie s trogen"  is typically re ta in ed  for  a g e n ts  th a t  

red u ce  th e  'r e s p o n s e '  to  e s trogen .
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1,4.2 Mode of estrogenic action
In recent years, new information regarding the ER structures, intra- and intermolecular

interactions, post translational modifications, and several other factors pertaining to the ER actions 

has emerged/®'®”. In Figure 1-16, shows the proposed mechanisms of ER stimulation (stabilization of 

the preinitiation complex), chromatin remodelling, and interaction with other transcription factors.^®
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Figure 1-16. Classic Pathway of Estrogen Signal Transduction
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W hen an estrogen molecule binds to  an estrogen receptor (ER), th e  receptor can then  

breaks from its cytoplasmic chaperones (receptor-associated proteins). The h o rm o n e-recep to r  

complex then moves to the nucleus, w/here it binds to DNA and initiates transcription. Transcription 

is catalyzed by RNA polymerase II (POL II) and requires the assembly of various proteins and o ther  

transcription factors join thereafter ,  completing the preinitiation complex. Activated, 

phosphorylated (P) estrogen receptors interact w/ith several proteins. This complex binds to the 

estrogen-response e lem ent (ERE) through the  DNA-binding domain (DBD) of the  receptor and 

stimulates transcription.®^ A transcription species is produced by interaction with co-activator (CoA) 

peptide to initiate RNA synthesis and ultimately, the  estrogen-specific cellular response. Co

repressor (CoR) peptides are believed to prevent transcription by interacting w/ith antiestrogen ER 

complex. There is increasing evidence to suggest th a t  the  recruitm ent of the  cofactor (CoA and CoR) 

entities have a key role in defining the action of SERMs.®^

1.4.3 Structural biology of estrogen receptors
There are tw o subtypes of estrogen receptor each with several isoforms and splice variants

of each subtype. The first subtype, the  classic estrogen receptor a  (ERa)®  ̂ and the  second subtype, 

estrogen  receptor p (ERP)®̂ . The structure of the a and 3 subtypes differs and their encoding genes 

are on different chromosom es. Although the a  and |3 estrogen recep to r have very similar DNA 

binding domains, th e  overall degree of homology of the receptors is low. This is particularly true  for 

the  ligand-binding domain, of which, only 55 percent of the amino acid sequence is shared.®'* The 

distributions of ERa and ERP differ depending on tissue type, but som e overlap does occur. ERa is 

mostly present in the  endom etrium , breast-cancer cells, and ovarian stroma. In contrast,  ERp is 

mainly found in several non-classic target tissues (kidney, intestinal mucosa, lung parenchyma, bone 

marrow, bone, brain, endothelial cells, and prostate  gland).®^

Figure 1-17 illustrates the sequence organization of both isoforms of th e  estrogen receptor. 

The amino acid sequence is given for the  different domains. NTD (amino terminal domain) which is 

involved in transactivation (A/B) and is highlighted in red; DBD (DNA binding domain), (C) are 

highlighted in green; hinge region involved in dimerisation and Hsp90 binding (D) are highlighted in 

blue, LBD (ligand binding domain) which synergises with transactivation function in the  NTD region 

are  highlighted in yellow and the  F region located towards the  C-terminal end is highlighted in grey.

The ER isoforms contain two regions called activation functions (AFs) domains, AFl and AF2 

which are  located within NTD and LBD, and are responsible for regulating transcriptional activity.®® 

AFl is known to  function independent of estrogen whereas  AF2 requires th e  presence of estrogen.®®' 

It is believed tha t  the  two AFs act in synergy to achieve transcription activity. Their activity is also 

believed to be p rom oter  and cell specific.®® The DBD in both ERa and ER3, show m ore than 95 %
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s e q u e n c e  homology.®^ The  r e sp o n se  e l e m e n t  (associated wi th t h e  DNA-binding doma in)  can e i th e r  

re s ide  proximally to  th e  p r o m o t e r  or  e n h a n c e r  regions which  a r e  loca ted  d i s ta n t  f rom t h e  

t r ansc r ip t io n  site.*® The DBD of  b o t h  ERa and  ER(3 i soforms sh a re s  t h e  identical  DNA r e spon se  

e l e m e n t s .  The ERE s e q u e n c e  plays an im por ta n t  regula tory role as it d ic ta tes  t h e  binding affinity of  

t h e  ER a n d  also m o d u la t e  t h e  r ec ru i tm ent  of  c o a c t i v a to r s .® ° ' E R E  t ranscr ip t ional  regula t ion  can be 

cont r o l led  via t w o  s e p a r a t e  m e c h a n i sm s  of  ER action.  Ligand b o u n d  ER can direct ly assoc ia te  with 

specific re s p o n s e  e l e m e n t  s e q u e n c e s  or  t h e  ER ma y c on t r ib u t e  in a mul t ip ro te in ,  pre-ini t iat ion
92 94co m p lex  and  regula te  g e n e  t ranscript ion w i th ou t  direc t in te rac t ion  with any  DNA se q u e n c e .  

Collectively, t h e s e  m e c h a n is m s  highlight t h e  complex  role of  coac t iva tors  a nd  r e s p o n s e  e l e m e n t s  in

eliciting specificity in t ranscript iona l  o u tp u t . 95

ER,
NH 2 N T D (A /B ) I DBD(C) | (D) LBD (E) (F) -  COOH

.̂ Fl
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Figure 1-17. Sequence organization of th e  tw o isoform s, ERa and ERP

1.4.4 Overall structure of the ER
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Figure 1-18 (A) Empty LBD of th e  ERa and (B) w ith E2 docked into th e  em pty  ligand binding cavity of ERa 

X-ray crysta llography of  ligand b o un d  ER has  s h o w n  t h a t  t h e  ER LBD a d o p t s  a classical helical 

sandw ic h  fold, c o m m o n  to all nuclear  r ecep to r s  LDBs.^^ The t h r e e  d im ens iona l  s t ru c tu re  of  i solated 

LDBs a nd  DBDs ar e  known.®® The m o lec ula r  scaffold has  a ' w e d g e - s h a p e '  wi th a cons i de rab le  ligand- 

binding cavity a t  t h e  n a r ro w e r  end  o f  t h e  domain .  The  molecu la r  scaffold com pr i se s  of  t h r e e  a -  

he lices (H5-6, H9, and HIO) as a cen t ra l  core  layer sandwich ed  b e t w e e n  t w o  f u r th e r  a -he l ices  layers 

(Hl -4,  H7, H8, and  Nil).®* The cavity is comple te ly  bur ied wi thin t h e  core of  t h e  LDB and  f lanked by 

a small  (3-hairpin (SI and  S2) and  t h e  C-terminal  helix (H12).®® The H8/H11 layer of  t h e  LBD fold
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c re a te s  h e a d - to -h e ad  d im ers  form ing an in terface with th e  ER m o n o m e rs .  LBD d im erisa t ion  is 

identical for bo th  ER su b ty p es  and  in d e p e n d e n t  o f  th e  n a tu re  o f  th e  b o u n d  ligand (i.e. 

ag o n is t /an tag o n is t-d im ers  a re  similar). The ER(3 q u a te rn a ry  s t ru c tu re  a p p e a r s  to  be slightly m ore  

flexible.^® The ability of  a SERM to  regula te  expression is influenced by th e  relative exp ress ion  of  CoA 

and  CoR w/ith a cell.

1.4.5 Molecular mechanism
The com plexity  of  th e  m echan ism  of action  of  e s tro g e n  and  a n t ie s t ro g e n s  is d u e  to  th e

p re se n c e  of tw/o ERs (ERa and ER|3). The belief is th a t  th e  ER LBD is capab le  o f  existing in multiple 

re s p o n s e  s ta te s  d ep en d in g  on  th e  n a tu re  of th e  bound-ligand.®^' The sh a p e  o f  th e  ligands th a t  bind 

to  b o th  ERa and  ERP, p ro g ra m m e s  th e  com plex to  p roduce  es trogen ic  o r  an t i -e s trogen ic  signals. The 

co n te x t  o f  th e  ER com plex  influences expression  of  th e  re sp o n se  th ro u g h  th e  n u m b e rs  o f  co 

re p re sso rs  (CoR) o r  coactivato rs  (CoA). Binding of  re c e p to r  agonis ts  favours  CoA rec ru i tm en t ,  

w h e re a s  binding of  an tag o n is ts  - bo th  full (i.e. AF1/AF2) and  AF2 - favours  CoR interaction.®^ The 

rela tive expression  o f  CoA and CoR within a cell influences th e  ability o f  a SERM to  regu la te  g en e  

expression . While ERs bind a varie ty  o f  ligands with similar affinity and  in te rac t  with  th e  sam e  ERE, 

th e i r  t ranscr ip tion  activity is different.®® The expression  of  e s trogen ic  action  is no t  simply th e  binding 

o f th e  r e c e p to r  com plex  to  th e  p ro m o te r  of th e  e s t ro g en -resp o n s iv e  g en e ,  bu t  a dynam ic  process  o f  

CoA com plex  assem bly  and  d es truc tion .  Figure 1-19.

»
SERM

Agofiuts

ERE

Figure 1-19. Schematic of observed ER LDB conform ational s ta te s  and activation role
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Upon binding an agonist or an antagonist, the ER undergoes a conformational change that 

permits its spontaneous dimerization and facilitates the subsequent interaction of the dim er with  

ERE located within target genes. The functional consequences of different ligand-induced 

conformational changes were revealed with the discovery of receptor (CoA) and (CoR). Coactivators 

(CoAX = coactivator “X") interact with agonist-activated ER and facilitate transcriptional activation, 

whereas corepressors interact with the antagonist-activated receptor and help to maintain it in a 

quiescent state. SERMs permit the receptor to adopt a structure that is interm ediate between that 

observed following the binding of agonists or antagonists.®® The target tissue is programmed to 

express a spectrum of responses between full oestrogen action and anti-oestrogen action on the  

basis of the shape of the ligand and the complexity of the tissue-modulating network such as N F k B, 

nuclear factor k B.

1.4.6 Receptor agonism
ER's ligand-dependent transactivation function (AF2) is form ed by helices H3, H4, H5 and

H12. Shallow hydrophobic grooves are formed by the residues that serve as the docking site of the  

co-regulators. The agonist, when binding, stabilises a receptor conformation in which H12 is aligned 

across the LBD fold and seals the ligand within the buried cavity (Figure 1-20A). In this arrangement, 

H12 completes the AF2 region and represents the most favourable geometry for co-activator 

recruitment.

LxxLL

+ AGONIST + AGONIST 
+ NR Box

+ AF2 
ANTAGONIST

Figure 1-20. Structural basis of estrogen receptor (ER) activation: major conformations induced by ER agonists

Helix-12 Stabilization in this agonist bound orientation does not rely on direct contacts 

between the ligand and Helix-12 but is dependent on the interactions made by the ligand within the  

cavity. Co-activators bind to ERp in a manner similar to that described for the ERa LDB.® '̂ The 

structural basis of coactivator recruitment has been exposed by cocrystallisation of ER with short 

peptides. These Leu-Xxx-Xxx-Leu-Leu, Leu-Xxx-Xxx-Met-Leu and Leu-Xxx-Xxx-Try-Leu peptide motifs
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(Xxx= any amino acid) adopt a helical conformation and bind along the hydrophobic AF2 coactivator 

g r o o v e . T h e  helical nature of the LxxLL m otif presents the first and third leucine residues on the 

same face so that they can bind in shallow depressions in the AF2 groove (Figure 1-20B). The key 

event in the creation of the AF2 interaction site and subsequent stabilization of LxxLL binding is the 

correct positioning of Helix-12, as it bears the conserved glutamate residue of the 'charge clamp' 

that interacts with the N-terminal end of the short LxxLL helical motif. Therefore, Helix-12 is often  

referred to as the 'molecular switch', as its orientation with respect to the rest of the LBD 

determines whether ER is 'on' or 'o ff .

1.4.7 Receptor Antagonism
The molecular basis of antagonist effects is not well understood. It is believed to derive from

a total blockage of the AF2 activity together with tissue specific activation mediated by other regions 

of ER, including A Fl. ER antagonists are characterised by a hydrophobic core that mimics the steroid 

nucleus of E2 with an extended moiety of varying length that is oriented approximately 

perpendicular to the core. The ER LBD allows the phenolic core to bind in a similar manner in the 

cavity, due to shared characteristics mimicked between that of the antagonist ligands and that of 

natural hormones. As a direct result of the mimicked binding, the basic side-chain moiety is too large 

to be contained within the cavity and protrudes between H3 and H l l .  This then inhibits H12 to bind 

across the LBD in the agonist orientation and alternatively binds along the hydrophobic grove 

between H3 and H5.^°°' AF2 is incorrectly formed thus preventing co-activation recruitment 

(Figure 1-20C). Antagonist basic moieties can strongly interact with the Asp351 carboxylate group 

within the LBD cavity, anchoring the ligand in the LBD and precisely redirecting the H12 into the AF2 

g r o o v e . I n  ERP particularly, passive antagonism can occur without the need for the bulky 

s u b s t i t u e n t . I n  this case, the ligand fails to make appropriate contact with the binding cavity so the 

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

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

over the LBD or occluding the Leu m otif binding g r o o v e . F u l l  antagonists appear to induce a 

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

fully antagonised state, AF2 is highly accessible and may favour efficient co-repressor recruitment.

Similar to the Co-activator (CoA) in the case of agonists, the AF2 grooves serves as a docking 

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

the conformation states outlined above. Accessibility of H3 and H5 grooves appears to be a 

requirem ent for CoR docking, while the elimination of H12 favours co-repressor binding. There is 

increased evidence that the occlusion of AF2 groove may contribute to the tissue selective action of 

SERMs.® '̂
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1.4.8 Key aspects of an ER pharmacophore and its steroid ligands
A more detailed discussion of ligand molecular binding is discussed in Chapter 6. A synopsis

of the key structural aspects of the ER pharmacophore is presented here. The characteristics for the 

ER binding site E2, are based on the collection of relative binding affinity (RBA) values, data from 

affinity-labelling and site directed mutagenesis studies. These data establish the binding site as 

hydrophobic, apart from at the termini, and practically envelops the native ligand. The specific sites 

do shoŵ  some flexibility, although these receptor regions do not act independently.
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Figure 1-21 Orientation of estradiol [28] in the ligand binding pocket of the estrogen receptor ligand binding domain‘ °° 

The ER binding site can be divided into 4 ring regions based on estradiol [28], A, B, C and D -  

rings (Figure 1-21). The A-ring (position 1) is believed to be in close contact with the receptor as 

estradiol is intolerant of both hydrophobic and polar substituents. The hydroxyl group of position-3 

donates a hydrogen bond to a weakly charged receptor residue, and this bond is donated syn to the 

C2-C3 bond. Position 4 may be in close proximity to a cysteine residue, based on the inactivation of 

the receptor by 4-mercuri-E2^°®. The A-ring electron cloud may be engaged in a weak polar 

interaction with a slightly positively charged receptor residue, situated on the 13-face of the 

s t e r o i d . T h e  B-ring at position 6 again suggests close approximation of this area to the receptor 

essential volume as it seems to be intolerant of both polar and nonpolar substituents, however the 

a-substituents at position-7 are well tolerated and a hydrophobic pocket at the 7a-position with
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minimum volume of 17 is suggested. It has being shown that a pentenyl group, with a volume of 

85 A^ can be accommodated at 7a-position with high RBA. The 9a-position has low steric tolerance, 

indicating close approach to the receptor essential volume. The 7(3 and 8a-positions are 

u n e x p lo re d .F in a lly , the C- and D-rings require a hydrophobic pocket (45 A )̂ at the lip -s ite . This 

pocket has shown a high steric tolerance that could accommodate aromatic substituents but at the 

same tim e retain good RBA, it is however, intolerant of polar groups. The 12(3-site can accommodate 

small nonpolar groups (e.g. methyl). The 14a/3-position can accept small, nonpolar groups w ithout 

noticeable loss of RBA. The 15-position is intolerant of small hydrophobic substituents such as 

methyl or replacement with oxygen. The 16a-position accommodates large nonpolar groups such as 

iodine but the (3-position is sterically less accommodating. The receptor accepts only small 

nonpolar groups in the 17a- location such as ethynyl or groups with chains directed in an endo- 

m anner.“  ̂ The 17(3-hydroxyl group probably acts as a H-bond acceptor from the receptor residue 

either directly or via a w ater molecule.

1.5 Selective Estrogen Receptors Modulators (SERMs)
One of the major therapeutic advances in clinical treatm ent of breast cancer has been the

introduction of selective estrogen receptor modulators (SERMs). Contrasting these with estrogens, 

which are uniformly agonists, and antiestrogens, which are uniformly antagonists, the SERMs exert 

selective agonist or antagonist effects on various estrogen target tissues. The key feature of the 

SERMs which are chemically diverse compounds is that they contain a tertiary structure that enables 

them  to bind to the estrogen receptor. It is also worth noticing that SERMs do not have the same 

steroid structure found in estrogens.

1.5.1 The evolution of SERMs
Since the first clinical use of tamoxifen (as it was known, ICI-46474) as a SERM in 1971 there

has been substantial interest in this area. There are now multiple 'generations' of SERMs developed. 

Tamoxifen belongs to the first-generation of SERMs. It has been shown to maintain bone mineral 

density in postmenopausal women, decrease low-density lipoprotein cholesterol levels (LDL) and 

antagonise estradiol-stimulated tum our growth in the breast. It is an endocrine therapy standard for 

ER-positive breast cancers in both the neoadjuvant and postoperative adjuvant settings and a first- 

line therapy for the treatm ent of pre/postmenopausal women with estrogen-responsive advanced 

(stage IV) breast cancer. Tamoxifen has been a prototype for other SERMs with improved 

therapeutic profiles.^®'

Second-generation SERMs were developed with the intention of obtaining ER targeted 

pharmaceuticals that do not have the uterotrophic effects of tamoxifen. The best known second-
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g e n e r a t i o n  SERM is raloxifene [45]. This c o m p o u n d  func t ions  as  an agonist  in b o n e  and  t h e  

card iovascular  sys tem bu t  ac ts  as a pure  an ta gonis t  in t h e  b re a s t  and  u te r ine  t issue.  Raloxifene has  

h igher  efficacy in main ta ining  bo n e  mineral  dens i ty  c o m p a r e d  wi th  first gene ra t i o n  SERMs, which is 

likely d u e  to  t h e  un ique  m a n n e r  in which it a l te rs  t h e  ER s t ru c ture .  Raloxifene w a s  fou nd  to  d e c r e a s e  

t h e  risk of  all ER positive b reas t  cancers  by 90% and  invasive br eas t  cancers  by 72%.^^° The general ly  

posi t ive e f fec t s  o f  raloxifene in t h e  u te rus  a re  likely to  m ake  it t h e  a g e n t  o f  choice  for  use  as a 

c h e m o - p r e v e n t a t i v e  in p o s t m e n o p a u s a l  w o m e n  a t  high risk of  b r e a s t  cancer .

Th i rd-genera t ion  SERMs should retain t h e  favourable qual i t ies o f  raloxifene including t h e  

su p e r io r  e n h a n c e m e n t  of  b o n e  minera l  densi ty while dec reas ing  t h e  s e r u m  low-densi ty  l ipoprotein 

chole s te r o l  levels but ,  with a re d u c e d  t e n d e n c y  to  induce  hot  f lushes.  Two of  t h e  m o s t  a d v anced  

th i rd -g e n e ra t i o n  SERMs are  bazedoxi fene  and  lasofoxifene.  Both of  t h e s e  drugs  have  improv ed  

ph a rm aceu t i ca l  p roper t ies .  Their  m e c h a n is m s  of  act ion differ slightly f rom ea ch  o t h e r  and  to  t h a t  of  

exist ing SERMs. Bazedoxi fene  exhib i ted  an improved v a s o m o t o r  profile in ph a se  III clinical trials 

c o m p a r e d  with tam ox i fe n  or  raloxifene.

Future  d e v e l o p m e n t  of  fo u r th- ge ne ra t io n  SERMs are  focussed  on  primarily t h e  fol lowing 

des i r ed  character is tics :  1) Estrogen an tagonis t  act ion in t h e  breas t ,  2) No u te ro t rop hi c  activity, 3) 

Pro te c t ion  of  b o n e  to  t h e  full e x t e n t  o f  es t rogen ,  4) Bet te r  card iovascular  and cen tra l  ne rv ous  

s ys te m  side e ffect  profiles t h a n  c u r r e n t  SERMs, 5) Possess ion of  su pe r io r  bioavailability t h a n  c u r r e n t  

SERMs, 6) Potent ia l  benef i t s  for  m e n  in protec t ion  against  age- r e l a ted  bo n e  loss and  7) increase in 

cho les te ro l  levels, w i t h o u t  displaying e s t rogenic  proliferat ive e ffec ts  in t h e  pros ta te .

1.5.2 SERMs chemical groups
To da te ,  a large n u m b e r  of  s te roida l  and  non-s te roidal  molecul es  a r e  known which exhibit

SERM activity and  in s o m e  cases  select ive e s t roge n  re c e p t o r  s ub type  m odu la t io n  (SERSM) activity, 

a n d  which  display select ivi ty t o w a r d s  e i th e r  ERa or  ERp.^^'’ These  c o m p o u n d s  can be  subdivided in t o  

a n u m b e r  of  dist inct  chemical  g roups.
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1.5.2.1 Triarylethylenes

Figure 1-22. Selection of Triphenylethylenes [34], [37]-[40]

The triary le thy lene  group all contain a central e thylene double bond linked to  th ree  aryl 

rings and an ethyl group (i.e. tannoxifen [34]). A basic te rtia ry  nitrogen m oiety is also a com m on  

m o tif am ongst this SERM subgroup. M em bers o f this set o f com pounds have antagonistic activity. 

W hile  tam oxifen  displays antagonistic activity in breast tissue it can induce positive effects on bone 

density w/hereas to rem ifene  [40] use is accompanied by slight reductions in bone density^^®. Both 

to rem ifen e  and tam oxifen  have an estrogen-agonistic e ffect on the  endometrium^^^' O ther  

com pounds o f the group o f the triphenylethylenes also induce uterine stim ulation and, fo r this 

reason, the ir deve lopm ent has been lim ited and the ir use restricted to cases o f advanced breast 

cancer. O thers are still in the early phases o f developm ent ([49]-[52]).^^® Also shown on Figure 1-22  

are D roloxifene [37], Idoxifene [38] and C lom iphene [39] as fu rth e r exam ples o f com pounds in this 

class.

Am ong the structural class o f triary lethylene ligands th ere  are m any exam ples o f ligands in 

which rigidity and in som e cases bulk has been introduced by inclusion o f an additional ring 

structure. This ring, how ever, has always linked carbon atom s o f the ethyl group back to  the  

proxim al phenyl ring, which in tam oxifen  would prevent c/s-trons isomerism, a process th a t affects  

the  antagonist character o f this a n tie s tro g e n .C y c lo fe n il [41] and its derivatives are non steroidal 

biphenol variants o f the  triarylethylene structure w ith  high affin ity  fo r ER and partial antagonist 

a c t i v i t y . T h e  structure o f the  molecules retains th e  ethylene double bond and also a 

cyclohexylidine ring m aking the  com pound sym m etrical and thus preventing cis-trans  isom erism .
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Figure 1-23. Cyclofenil [41], GW5638 [42] and GW7604 [43]

Triarylethylene carboxylic acids have also been reported as a new class of SERMs. Willson et 

al}^^ reported GW5638 [42] as an estrogen agonist containing an acrylic acid moiety with selectivity 

in bone over unterine tissue in rats. Both GW5638 [42] and GW7604 [43] were patented for possible 

use in tamoxifen resistant cancers. It is proposed that the carboxylic acid group could alter the 

environment associated with the Asp351 residue in the ER thus reducing estrogenic activity when 

compared with 4-OHT [35] (Figure 1-23).

1.5.2.2 Benzothiophenes
Benzothiophenes constitute an important chemical class in the treatment of ER dependent

breast cancer (Figure 1-24). Conformationally restricted analogues of tamoxifen were investigated as 

potential antiestrogens because of problems associated with the isomerisation of the triarylethylene 

double bond. Raloxifene [45] is the main example of the restricted structure-type, benzothiophene 

class and is currently the most widely used drug for osteoporosis treatment and as a preventative 

agent. Raloxifene therapy has been associated with improvement in the levels of serum lipoprotein 

cholesterol, fibrinogen and homocysteine. This class of SERMS is antiresorptive on bone. It has 

shown no stimulatory effect on the endometrium^^^ and an estrogen-like effect on lipids^^ '̂ It has 

also shown an inhibitory effect on ER(+) breast cancer cellŝ ^ .̂ Since the discovery of raloxifene, 

many structural modifications have been examined leading to a comprehensive SAR of this group. 

Arzoxifene [46] is another SERM of this group. In breast cancer cells lines, arzoxifene has a more 

potent effect than raloxifene but is similar or more potent in the skeletal system. However 

arzoxifene failed to meet secondary endpoints of reduction in non-vertebral fractures and 

cardiovascular events and improvements in cognitive function. Based on these results, further 

development of the drug has been discontinued and regulatory approval was not sought.

29



N N

OH

HO HO

O

[45]

Figure 1-24. Raloxifene [45] and Arzoxifene [46]

1.5.2.3 Tetrahydronaphthalenes

[46]
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O "
,N

OH

[47] [48] [49]

Figure 1-25. Lasofoxifene [47], Nafoxidine [48] and Trioxifene [49]

Lasofoxifene [47] is the main representative o f the  te trahydronaphthalenes SERM group. 

Lasofoxifene is a desm ethyl dihydro analogue o f nafoxidine [48]. It was shown to have a high affin ity  

tow ards ERa, in vivo anim al e x p e r im e n ts .L a s o fo x ife n e  is approved as a SERM fo r the  prevention  

o f osteoporosis. Trioxifene [49], another m em ber o f the  te trahydronaphthalenes SERM group, was 

abandoned due to adverse side effects (Figure 1-25).^^®

1.5.2.4 Indoles
Both bazedoxifene [50] and pipendoxifene [51] w ere  developed by W yeth  and are the tw o  

m ain exam ples o f th e  indole group o f SERMs. Bazedoxifene dem onstrated  bone protective and 

cholesterol low ering effects w ith  no adverse uterine effects in OVX and in tact rat m odels. This class 

o f SERMS antagonizes th e  C3 gene and counteracts naloxone-induced vasom otor responses in rats. 

In addition, m echanical strength o f bone is im proved in trea ted  animals. Figure 1-26.^^ ” '^ '̂'
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Figure 1-26. Bazedoxifene [50] and Pipendoxifene [51]

Ji et al. m odified the  benzothiophene scaffold and synthesised a series o f benzo th ieno [3 ,2 - 

bjindo le  ER ligands/^® By altering the benzothiophene core to  a tetracycle core-m otif, ro tation  o f 

th e  tw o  phenolic groups is sim ultaneously restricted, so that the  core is m ore coplanar and perhaps

binding affin ities com pared to raloxifene (ERa IC5 0  value = 0 .9  nM ; ERP IC5 0  value = 11.6 n M ) 

how ever, they did dem onstra te  good binding values (ERa IC5 0  value = 3 -60  nM ; ER(3 IC5 0  value = 11- 

54 n M ) and som e derivatives showed stim ulation o f bone density.

A series of 2 -a ry lin d en e -l-o n es  based on genistein, an ER agonist, w ere  also synthesised 

which displayed good binding affin ities (ERa IC5 0  value = 1-9 nM ; ER3 IC5 0  value = 2 -12 n M ) which are  

com parable to  estradiol and had nearly a 4-fold  selectivity tow ards ERa.^^° In an a tte m p t to  design 

ERP selective ligands, the  team  developed a series o f 2 -phenyliso indo le -l,3 -d iones. M o lecu lar 

m odelling was used extensively to  predict the optim isation point on the  scaffold. The C -7-position o f 

th e  indole six-m em bered ring appeared as a viable optim isation target. In doing so, it was hoped to  

im prove binding affin ity  by producing favourab le interaction w ith  the discrim inating residue Ile373. 

A brom o substituent was introduced to the indole core at 7-position and resulted in im proved ER3 

binding tw o -fo ld  w ith  com pound [52] displaying a 45-fo ld  selectivity tow ards ERp (ICso=36 nM).^^^

b e tte r mimics th e  endogenous steroidal ligand. W hile  these novel ligands did not display im proved

HO

[52] [53]

Figure 1-27. Manipulation of the indole to increase selectivity and RBA, [52] and [53]



Merck successfully modified the bazedoxifene scaffold to produce a novel ligand [53] with  

high binding affinity and selectivity towards ERa (ERa binding IC50 value = 2 nM (130-fold  

selectivity)). This compound [53] displayed 76 % antagonism in a uterine weight assay and good 

antiproliferative results in MCF-7 (IC50 value = 30 nM), Figure 1-27.^^^

1.5.2.5 Benzopyrans
A number of benzopyran containing SERMs have been reported. Ormeloxifene [54] is used

as a contraceptive (Figure 1-29). The development of levormeioxifene [55] was stopped because of 

uterine safety i s s u e s . O t h e r  molecules in active development include are SP500263 [56]^ '̂*, EM- 

800 [57] and EM-652 [58]“ '̂ Benzopyrans can bind to both ERa and ER|3 with the D-ring phenol 

interacting with hydrogen bond networl< (Glu353 -Arg394-H20 triad). This can be seen with the X-ray 

crystal structures, (2QTU.pdb, ER-benzopyran ligand)^^^ and (2P0G.pdb, benzopyran SAR studies)^^® 

(Figure 1-28).

The A-ring phenol on the benzopyran core [54] interacts with H is524/ His475 in ERa/ER(3 

respectively. The two rings (A and D) both bind in the same place in the LBD. The benzopyran 

scaffold is orientated 180 ° to the bisphenol axis with the A-ring phenol to the left of the residue 

(His524) in ERa or shifted to the right in ERp. It was also seen that the C-ring in ERa pointed at 

Leu384 but pointed at Ile373 in ERp. As expected any A-ring modification will place functional groups 

in the vicinity of M et421 and M et336 in ERa and ER|3 respectively, Figure 1-29.^^®'

Arg394A-

A la302A

Leu476A
Leu296A H(S524A

Hl$47SA

Leu 3 39A 
P he 356 A Ala350A

Leu384A

lle424A

B

Figure 1-28 X-ray crystal structure interation A) 2QTU.pdb and B) 2POG.pdb
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R=H [54] 
R=CH3 [55]

[56] X=C0C(CH3)3 [57] 
X=H [58]

Figure 1-29. O rm eloxifene [54], levorm eloxifene [55], SP500263 [56], EM-800 [57] and EM-652 [58]

The re se a rc h e rs  a t  Lilly w e re  ab le  m ake  a com bina tion  of m odifications to  th e  C and  A rings 

to  inc rease  th e  ER selectivity of  th e  b enzopyran  scaffold. Fluorination o f  th e  C-ring could increase  

t h e  selectivity  o f  th e  co m p o u n d .  M ethoxym ethy l  g ro u p  add it ion  to  th e  A-ring in co m b in a t io n  with 

f luor ina tion  on  th e  C-ring [55] gave an 83-fold increase  in selectivity for ER(3 [59]^^®. The analysis of 

crystal s t ru c tu re  (2QTU.pdb) sh o w e d  th a t  th e  C-ring add it ion  (d if luo rom ethy lene  g roup) w as  

o r ie n ta te d  to w a rd s  th e  res idue  Me373 and  th e  A-ring add it ion  (m ethoxy  group) w as  o r ie n ta te d  

to w a rd s  t h e  res idue  M et336 , to  explain ER selectivity o b se rv ed ,  Figure 1-30.^^® ’̂ ®̂

1.5.2.6 Chromans/isochromans/Chromaquinolines
P heny lbenzopyran  ER ligands can  be  s e p a ra te d  into 4 distinct classes based  on  th e  position

o f  th e  a ro m a tic  B-ring on  th e  b enzopyran  o r  c h ro m e n e  m oiety; 2 -pheny lbenzopyrans  (flavonoids), 3- 

p h e n y lb en zo p y ran s  (isoflavonoids), 4 -p h en y lb en zo p y ran s  (neoflavonoids) and  m isce llaneous  

flavonoids generally  w ith o u t  th e  pyran C-ring (chalcones and  phenyl benzofurans).^‘'° The discovery  

th a t  8 -p reny la tion  of  naringenin  led to  o n e  of  th e  m o s t  p o te n t  p h y to e s t ro g e n s  with p re fe ren tia l  

binding to  th e  ERa, sugges ted  th a t  p reny la t ion  of  f lavonoids m ight increase  th e i r  e s t ro g en ic  

activity.^'*'

F

Figure 1-30. Compound [59]
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Several studies with nonprenylated and various prenylated genistein and daidzein 

derivatives reported for both isoflavones a major decrease in agonistic activity, or a decrease in 

binding affinity, towards both ERa and ER3 upon prenylation/"’ '̂̂ '’® The non-prenylated glycinol 

(pterocarpan) is a very potent agonist, whereas the pyran ring-substituted analogue of glycinol, 

glyceollin I, appeared to be a potent ERa antagonist. The use of molecular modelling, showed that 

glyceollin I docks in the ERa cavity occupying the same position as the side chain of ERa antagonists 

such as 4-0HT.^''° The investigation into isoflavonoids is still relatively new and no SERM based 

isoflavonoid is known. The ability of some prenylated isoflavonoids to act both as agonists and 

antagonists, strongly suggests that they might be classified as phytoSERMs.^'*°

side chain with one of the derivatives [60] displaying potent inhibition in the MCF-7 cell line (ICso  ̂70 

pM) and with high binding affinity in ERa (ICbo= 0.7 nM) and ERP (IC5o= 4.1 nM), Figure 1-31. This 

compound also exhibited impressive antagonistic properties in uterine weight assay of 124 % 

antagonism and -13 % agonism. '̂*  ̂ Novel "chromane" type analogues were also synthesised by this 

group with the carbon para to the oxygen in the ring exchanged with the larger sulphur atom. They 

believed that an interaction between the sulphur atom and the discriminating residues in the 

binding pocket of both ER isoforms (Leu384 for ERa, Met354 for ERP) was responsible for the 

increase in selectivity. The sulphur containing compound [61] also showed increased selectivity 

which supported the hypothesis, i.e. replacement of the sulphur atom by the smaller carbon atom 

resulted in a complete loss of a-selectivity. Based on SARs, it was hoped that either oxygen or 

sulphur substitution in the ring might offer the same discrimination between the ERa and ER(3 as is 

seen in [61]. Isochroman and isothiochroman scaffold derivatives were synthesised by modifying the 

lasofoxifene core using oxygen [62] and sulphur [63] respectively. These analogues showed similar

X =0 [62] 
X=S [63]

Figure 1-31. Novel chromane analogues, [60]-[63]

Tan et al. synthesised a series of novel chromane analogues with variations of the antagonist
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inhibition IC5 0  values in M CF-7 cell line (0 .15 -0 .25  n M ), but exh ib ited  higher agonism w hen  com pared  

w ith  lasofoxifene.^'*®

A series o f 6 -phenylnaphthalenes w ere  developed as a sim plified structure which could 

m im ic genistein fram ew ork . Docking studies suggested th a t th e  6 -phenylnaphthalene scaffold could 

explo it several binding orientations to  achieve selectivity. The appropriate  substituents placed at 

various positions w ere  shown to  be essential to  gain ERp selectivity by interacting favourab ly w ith  

ER(3 He373 an d /o r repulsively w ith  ERa M e t4 2 1  using tw o  d iffe ren t binding orientations.^''® 

Investigation into the 2-phenylquinoline scaffold which had a sim ilar m o tif to  6 -phenylnaphthalenes  

resulted in the  synthesis o f a series o f 2-phenylquinoline derivatives w ith  the  best analogue [64] 

exhibiting ERP binding (IC 5 o= 3 .4  n M ) and selectivity fo r ERP (83-fold).^''® Docking studies o f the  ERP 

LBD placed the brom ine in close proxim ity to the ERP Ne373 (ERa M e t4 2 1 ) residue. Locking the  

dihedral angle seen in docking studies, by introducing a ring system, w ould generate  a m ore rigid 

quinoline fram ew o rk  to  m im ic the  docking o f the lead com pound. This inclusion led to  the  synthesis 

o f 6/-/-chrom eno[4,3-b]quinoline derivatives. The C l-  chloro [65] and brom o [6 6 ] derivatives  

displayed good ERP binding affin ities (IC 5o= 4 .3 -4 . 6  n M ), w ith  ERp 46  to 50  fold selectivity, Figure 

1- 32 .^ ^ °

HO

OH

HO

OH
Br X

[64] X= Cl [65]
X= Br [66]

Figure 1-32. 2-Phenvlquinoline derivative [64] and 6H-chromeno[4,3-b]quinorme derivatives [65],[66]

1.5.2.7 Dihydrobenzoxathiins /  Dihydrobenzodithiins
OH

Br
[67] [68]

Figure 1-33. Dihydrobenzoxathiins [67] /  Dihydrobenzodithiins [68]

A group o f novel dihydrobenzoxathiins^^^ and dihydrobenzodithiins^^^ ring isoteres o f the  

flavanone scaffold was developed through SAR studies based on the flavanone scaffold which
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demonstrated selectivity towards ERa. The c/s-[2S,3/?] enantiomer [67] was found to have 50-fold 

selectivity towards ERa, exhibiting ER a binding (ICso= 0.8 nM). The racennic mixture of the 

corresponding ligand displayed an IC5 0  at ER a of 3 nM and 143 nM at ER3, Figure 1-33. It has been 

shown that dihydrobenzoxathiin, with different alkyl substitutions at the pyrrolidine ring or at the 

side chain resulted in diastereomeric m i x t u r e s . T h e s e  diastereomers showed different effects 

in their agonist or antagonist activities in uterine tissues, resulting in full antagonism and mixed- 

functional agonism/antagonism.^^' The crystal structure of ER a in complex with four 

dihydrobenzoxathiin derivatives is reported, in human ERa. It was found that the uterine 

antagonism/ agonism profile of the dihydrobenzoxathiin S E R M s is highly dependent on the size and 

location of side chain s u b s titu e n ts .T h e  dihydrobenzodithiin compounds displayed 16- to 40- fold 

ER a selectivity with a binding affinity between 4-20 nM (ER a) and are less active compared with the 

dihydrobenzoxathiin group.

1.5.2.8 Tetrahydrofluorenone, Hexahydrochrysene and Tetrahydrobenzofluorene
The tetrahydrofluorenone derivatives were identified in a high throughput screen as ER|3

selective ligands. Compound [69] was identified as an ER(3 selective ligand. Figure 1-34. The ERp 

binding of [69] gave an IC5 0  of 218 nM with 12 fold selectivity towards ERp.^ '̂* A number of related 

derivatives with selectivity towards ER(3 and binding affinity in the low nanomolar region were 

developed. Further investigation into the structure of the tetrahydrofluorenone was carried out and 

it was then postulated that if a constrained ring system could be included it would conformationally 

restrict this key binding elem ent thus increasing the selectivity. This led to the discovery of [70] 

which had ER3 binding of IC5 0  of 1 nM with 97-fold selectivity.^®^ A series of fused pyrazole- 

tetrahydrofluorenone analogs which are potent, ERP selective ligands, some with picomolar ERP 

binding with >100-fold selectivity have been reported. Compound [71] demonstrated binding affinity 

in ERP (IC50 = 5 nM) with a 400-fold se lectiv ity .T e trah ydro flu o reno n e  derivatives perform well in 

vitro in ER binding and cell based tranactivation assays but display poor pharmacokinetic properties, 

(rapid clearance and low oral bioavailability). One approach to counteract this was to add 7-hydroxy 

functionality to heterocycles which act as phenol bioisosteres. The triazole tetrahydrofluorenone  

analogs displayed improved oral bioavailability with excellent and selective ERP affinity, while 

retaining full ERP agonism. The lead compound [72] combined potent affinity for ERP (IC50 = 5.7 nM) 

and excellent selectivity versus ER a (333-fold) with a substantially improved pharmacokinetic 

profile.
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Figure 1-34. Tetrahydrofluorenone derivatives [69]-[72]

Tetrahydrochrysenes (THCs) were first developed as fluorescent ER ligands^^® but the cis- 

isomers display remarkable ER subtype selectivity with agonist activity on ERa and antagonist 

activity on ERp.̂ ^® Tedesco et at. reported the synthesis of hexahydrochrysenes which are saturated 

analogues of the THCs and tetrahydrobenzo[o]fluorenes which are saturated analogues of the 

related benzo[o]fluorene core but these analogues proved to be u n s t a b l e . T h e  lead compound in 

both series contained the tetrahydrobenzo[o]fluorene or hexahydrochrysene core, with a 

piperidinyl-ethoxyphenyl substituent attached, [73] and [74] respectively. Figure 1-35. The lead 

compounds from each group were quite similar but had considerably different 3D 

conformation/shape (confirmed by X-ray crystallography) resulting in a different topological display 

of substituents around the rigid ligand core. Compounds [73] and [74] behaved as antagonists on 

both ERa and ER3, but [74] displayed a more complete antagonism and higher potency. This was 

rationalised using molecular modelling which demonstrated that changes in this orientation could 

preclude the basic side chain of [73] interacting with the Asp354 residue.

HO

OH

[73] [74]

Figure 1-35. Tetrahydrobenzo[a]f1uorenes and Hexahydrochrysenes analogues, [73] and [74] respectively
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1.5.2.9 Pyrazoles, 
OH

Indazoles and Furans 
OH OH

HO

[75] OH [76] OH [77] OH [78]

Figure 1-36. Pyrazoles, Indazoles and Furans derivatives [75]-[78]

It has been reported that ER binding selectivity and transcription-regulating potency can be 

changed by substitution on the phenolic pyrazoles. l,3,5-Triphenolic-4-propyl pyrazole [75] acts as 

selective ER3 agonist, while the l,3-diphenolic-4-nnethyl pyrazole [76] with a extended moiety at C5 

(MPP), behaves as a selective ERa antagonist. Figure 1-36.^® '̂ Other pyrazole derivatives have 

been shown to be full ERa/ER(3 agonist/antagonists. Compound [77] is a full ERa agonist and ER(3 

antagonist. Molecular modelling studies have shown that two different binding orientations, 

providing for ligand interactions with Met421 in ERa and Thr299 in ERP, could explain this ERa 

agonism and ER(3 antagonism respectively.^®^ Tetrasubstituted furans proved to be potent SERMs 

with binding selectivity ERa /ER(3 of 50-70 % with one analogue [78] displaying selective ER agonist 

activity with no agonist or antagonist activity on ERp.“ ‘’ The phenyl-2H-indazole core structure was 

investigated as this heterocyclic system would allow the introduction o f different steric and polar 

groups at an internal position o f the heterocyclic system. This led to two lead compounds [79] and 

[80] with RBA for ERa between 18 and 32% and affinity selectivity over 100-fold and were found to 

be agonists. Figure 1-37.^®  ̂Researchers at Pfizer synthesised and evaluated a series of benzimidazole 

derivatives, the lead compound [81] in the series exhibited 105-fold selectivity for ERP and also acts 

as a functional agonist in whole cells.

X=CI [79] 
X=Br [80] [81]

Figure 1-37. Phenyl-2H-indazole analogues [79] and [80], and benzimidazole derivative [81]

38



1.5.2.10 Benzisoxazole and Benzoxazole
Novel diphenolic benzisoxazoles and benzoxazoles with good potency and selectivity

towards ER3 were reported with the most potent and selective analogues of this series have binding 

affinities o f 1-5 nM at ER(3 and selectivities relative to ERa of greater than 100-fold. The use of X-ray 

cocrystal structures (in ERa) along with docking calculations made it possible to obtain a single 

conservative residue substitution in the LBD, Met421 and Ile373, in ERa and ER(3 respectively. 

Benzoxazole with a variation at the 7-position was the most selective of the azole series, with its lead 

compound ERB-041 [82] being 920-fold more selective for ERP (human full length ERP), Figure 

1- 38 .^®^

HO.
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[82] [83]

Figure 1-38.ERB-041 [82] and C-3 monophenolic variation [83]

1.5.2.11 Pyrimidines
The synthesis of pyrazolo[l,5-o]pyrim idine core analogues have been shown to have unique 

profiles when binding to the ER.̂ ®® These analogues showed relatively low binding affinities but 

selectivity for ER(3. The analogues were seen to act as passive antagonists on both ERa and ER(3, with 

some obvious selective antagonism on ER3. These were the first series of compounds found to act as 

passive antagonists on ERa. The modelling studies provide no definitive answer to the mechanism of 

antagonism, but it is believed that the antagonistic character is due to the analogues presenting 

themselves differently in ERa and ERp. The lead compound in the series was the C-3 monophenolic 

variation [83] with 36-fold selectivity fo r ER(3, and it was effective as an ER(3 antagonist while 

showing no considerable agonism on ERa or ERp/®®

1.5.2.12 Novel Flexible Ligands
Reports have suggested that incorporating flexibility into the rigid backbone o f antiestrogens

could enhance the desired effects o f that ligand at the estrogen receptor. The tolerance of estrogen 

receptors to triarylethylene structures with added flexibility was investigated by previous research 

within the Meegan research group.^®^' ®̂* The compounds synthesised were related structurally to 

tamoxifen but incorporated a spacing methylene group between the aryl and vinylic systems into the 

traditional triarylethylene structure, which gave novel flexibility to this rigid class of antagonist. The 

spacing methylene group was moved around the vinylic system to generate a series of novel flexible 

ligands. These compounds have demonstrated high antiestrogenic potency, low cytotoxicity profiles
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and high ER b ind ing  a ff in ity  (ERa b ind ing  a ffin ity  in th e  range o f  1 5 7 -5 0 8  n M ), w ith  th e  m o st p o te n t  

c o m p o u n d  [84 ] in th e  series having an IC5 0  va lue  o f  3 .5 7  | iM  in M C F -7  cell line.^ '*' F u rth e r  

o p tim iz a tio n  o f  [84 ] w as also p e rfo rm e d  to  investig ate  th e  e ffe c t o f su b s titu e n t a d d itio n  to  th e  n o w  

fle x ib le  b enzylic  s u b s titu e n t. O n e  o f th e  co m p o un d s [85] w ith  a p -m e th o x y  s u b s titu e n t on  th e  aryl 

ring d e m o n s tra te d  17 -fo ld  ERa se lectiv ity  w ith  a high ERa b ind ing  a ffin ity  IC5 0  va lu e  o f  72  n M , Figure  

1 39  168

R= H [84]
R= 0CH3[85]

OH

Figure 1-39. Novel Flexible Ligands, [84] and [85]

1.5.2.13 Steroidal Ligands
A n u m b e r o f es tra d io l-b as ed  co m p o un d s w e re  stu d ied  as possible 'p u re ' an tie s tro g e n s

(possessing o n ly  es tro gen  an tag o n is tic  ac tiv ity ). W h ile  th e  co m p o u n d s  in th is  class d e m o n s tra te d  

e ffe c tiv e  a n tip ro life ra tiv e  ch arac te r, th e y  did not p ro te c t against b one d en sity  loss o r p ro m o te  lipid  

re d u c tio n  c o m m o n ly  associated  w ith  SERMs. Research in to  ste ro id a l ligands fo u n d  th a t  th e  

a tta c h m e n t o f  a m o tif  a t  th e  C-7 a to m  o f es trad io l, p ro v ided  th e  o p tim u m  site on th e  s te ro id  nucleus  

fo r  su b stitu e n ts  to  re ta in  a high a ffin ity  fo r  ER.^^° The synthesis o f  7 a lp h a -a lk y la m id e  an a lo gu es  o f  

es tra d io l ( IC I-1 8 2 ,7 8 0 , fu lv e s tra n t) [8 6 ] led to  th e  d iscovery o f  a p ure  novel a n tie s tro g e n  th a t  

c o m p e titiv e ly  binds to  ER and blocks re c e p to r d im erisa tio n , Figure 1-40.^^^ F u lves tran t c o m p e titiv e ly  

binds to  th e  ER b u t w ith  a m uch  g re a te r  a ffin ity  th an  ta m o x ife n , a p p ro x im a te ly  89 %  th a t  o f  es tra d io l, 

co m p a re d  w ith  2 .5 %  fo r  t a m o x if e n .F u lv e s t r a n t  fo rm s an u nstab le  co m p lex  w ith  th e  ER w h ich  th en  

und ergo es  a c c e le ra te d  d e g ra d a tio n , resu lting  in d o w n re g u la tio n  o f  th e  ER w ith  s u b se q u en t  

in h ib itio n  o f  ER-D NA b ind ing  and  ab ro g a tio n  o f  th e  expression  o f g enes associated  w ith  tu m o u r  

progress ion , m etas tas is , and  angiogenesis It has also b een  sho w n  to  redu ce dose d e p e n d e n c e  

a t th e  c e llu la r level o f  ERs and  p ro g e s te ro n e  recepto rs , resu lting  in m o re  p ro fo u n d  e ffe c ts  in 

tu m o u rs  th a t  express b o th  h o rm o n a l r e c e p t o r s . A n  ad d itio n a l b e n e fit o f  fu lv e s tra n t is th a t  it 

has a d is tin ct m ech an ism  o f ac tio n  a llo w in g  it to  bypass tu m o u r resistance fo u n d  w ith  o th e r  

h o rm o n a l ag en ts . T h e re  is also no kno w n  es tro gen  ag o nist e ffe c ts  associated  w ith  its use. 

F u lvestran t is classified as SERM but it is m o re  co rrec tly  classified as a S e lective  Estrogen R e ce p to r  

D o w n re g u la te r  (SERD).
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Figure 1-40. Fulvestrant [86]

1.6 Tamoxifen Metabolism
The metabolism and elimination may determine the safety and efficacy for a particular drug.

The metabolism of a drug may be performed by one or more enzymes, and its activity could 

therefore be influenced by genetic variants and drug interactions which could lead to an enzyme 

with reduced or no activity.

Tamoxifen [34] itself has a relatively poor affinity to the ER and simultaneously is 

metabolized to several compounds; some exhibit estrogen-like activity whereas others are strong 

antiestrogens with high ER affinity. The metabolism of tamoxifen is complex involving N- 

dem ethylation, aromatic a-hydroxylation, side chain hydroxylation and /V-oxidation, Figure 1-41.^^^ 

/V-Demethylation is predominantly performed by cytochrome (CYP) P450 isoenzymes CYP3A4 and 

CYP3A5. /V-Desmethyltamoxifen [87] is less effective in its ability to bind to the ER when compared 

to 4-OH-tamoxifen [35] and endoxifen [36] (highly potent metabolite), and to subsequently suppress 

the estrogen-dependent cell growth and gene expression^^*. A/-Desmethyltamoxifen may be 

transformed to endoxifen via 4 hydroxylation which is nearly exclusively accomplished via 

CYP2D6.^^®. The form ation of 4-OHT represents a minor route of the metabolism to endoxifen and is 

achieved by various CVP450 e n z y m e s . T h e  most prevalent route for metabolizing tamoxifen to 

endoxifen is mostly dependent on the function of one enzyme, CYP2D6.

41



[34]

CYP3A4/5

[87]

CYP3A4

[88]

CYP2D6 SSRIs CYP2D6

CYP3A4/5

H
N

HO HO [89]

Figure 1-41. Tamoxifen metabolites and relevant CYP genes

Although CYP2D6 represents less than 2% of the total CYP450, it is believed to account for 

25% of the metabolism of commonly used drugs/®° 4-OHT and endoxifen are thought to exist as an 

equilibrium of cis and trans isomers, which are known to differ in their ability to operate either as an 

agonist or an antagonist towards the ER. The final steps in the metabolism of tamoxifen are sulphate 

conjugation and glucuronidation, resulting in an increase in solubility in order to facilitate the  

excretion of the drug. N-Desmethyltamoxifen is further demethylated to N-desdimethyltamoxifen 

[88] and then deaminated to metabolite Y [89], a glycol derivative. Levels of endoxifen are twice 

those seen for 4-hydroxytamoxifen, which in turn are about 5% of those observed for tamoxifen. 

4-OHT and endoxifen have increased affinity for the ER and both metabolites have been shown to be 

equipotent with respect to ER binding and inhibition of 17P-estradiol induced cell proliferation of 

T47D and BT474 human breast tum our cell lines. Both metabolites are significantly superior/n vitro 

to the pro-drug tamoxifen.

Enzyme variants of CYP2D6 do not promote the metabolism of tamoxifen to endoxifen and 

this means that a significant number of women might not receive optimal benefit from tamoxifen 

treatm ent. Specific selective serotonin reuptake inhibitors (SSRIs) have been reported to bind to 

CYP2D6 and prevent the hydroxylation of tamoxifen and N-desmethyltamoxifen. This prevents the 

metabolic activation of tamoxifen. It was found that some of the prescribed SSRIs (fluoxetine and 

paroxetine) are potent inhibitors of the CYP2D6. Ongoing studies show that potent inhibitors of



CYP2D6 in the  SSRI fam ily significantly decrease levels o f the tam oxifen  m etabo lite  endoxifen/®^  

A nother SSRI, Venlafaxine, has a low affin ity fo r the CYP2D6 enzym e and is th e re fo re  recom m ended  

as an a ltern ative  to  am elio rate  m enopausal sym ptom s during endocrine therapy.

1.7 Aromatase Inhibitors

1.7.1 Role of Aromatase
A rom atase is an enzym e required fo r the  biosynthesis o f estradiol. In w om en , the incidence

o f the precursor C19 steroids fo r arom atisation to estrogen in extragonadal sites is m ore prevalent 

than in th e  male.^®^ The prim ary source o f C19 steroids production is the  adrenal cortex through  

androstened ione, dehydroepiandrosterone (DHEA) and DHEA sulphate (DHEAS) but the  secretion o f 

these steroids and th e ir plasma concentrations reduces significantly w ith  age.^®^ Preceding  

arom atisation , DHEA must first be converted to  androstenedione. A nother im po rtan t step is the  

reduction o f th e  17-keto  group to 17-hydroxyl, catalysed by 17-hydroxysteroid dehydrogenase type  

I, which is essential fo r form ation  o f the active estrogen, estradiol. This enzym e is known to  be 

distributed in a num ber o f extragonadal sites o f arom atisation around the  body, although it is 

expressed in tum ourous breast epithelium^®'' and in bone^\

1.7.2 Aromatase in breast cancer tissue
The m echanism  o f arom atisation which gives rise to  am plified local concentration of

estrogen in breast cancer via arom atase overexpression w ithin th e  tu m o u r tissue has been well 

r e p o r t e d . A l a r m i n g  findings from  these studies showed noticeably increased local levels o f 

estrone, estrone sulfate, and estradiol in breast tu m our tissue com pared w ith  circulating estrogen  

l e v e l s . In-vivo  studies on mice w here MCF7 breast cancer cells (stably transfected to  express a 

mouse m am m ary  tu m o u r virus prom oter-driven  hum an arom atase cDNA and inoculated into  

oophorectom ized nude mice) rem ained dependent on circulating androstenedione fo r th e ir rapid 

grow th.

1.7.3 Aromatase Inhibitors
A rom atase inhibitors (Als) can be classified by th e ir m echanism o f action: Type I

inhibitors which are steroidal com pounds th a t may be purely com petitive  inhibitors, o r m ore  

com m only in the  case o f those com pounds th a t are used clinically, irreversible 'suicide substrates'^®® 

Type II inhibitors are nonsteroidal compounds and bind to  the haem  group o f the  arom atase enzym e  

by co-ord ination  through a basic nitrogen atom^*®. They are also o ften  classified into first-, second-, 

th ird - and fo u rth -g en era tion  subgroups in chronological o rder to  th e ir clinical developm ent.^ '

Als have a d iffe re n t toxicity profile to  o ther endocrine therapies, although som e th a t m im ic  

m enopausal sym ptom s due to  depletion o f estrogen are the same, such as hot flushes and sweating.
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Although type I and type II Als interfere with the final step in estrogens biosynthesis, they do so by 

different mechanisms.

Type I inhibitors have an androgen structure and compete with the natural aromatase 

substrate androstenedione. At the catalytic site of aromatase, the Type I inhibitors bind covalently to  

the enzyme inducing aromatase inactivation, and more aromatase enzyme must be produced before 

estrogen biosynthesis can resume, hence the term suicide inhibitors. Exemestane [90] is one such 

example of a Type I inhibitor; exemestane and its 17-hydroexemestane metabolite have the  

potential for androgenic effects. The binding of exemestane to the androgen receptor (AR) is about 

0.2%  of that of dihydrotestosterone^®\ but when exemestane becomes metabolised to 17- 

hydroexemestane, the affinity for the AR becomes enhanced by about 100-fold that of pre

metabolised parent compound^®^.

Type II inhibitors lack a steroidal core (nonsteroidal), and interact with the CYP450 moiety of 

the enzyme, by binding through the basic nitrogen atom to the iron atom of the haem group of the  

enzyme^” . Estrogen biosynthesis is prevented but activity is dependent on the continued presence 

of the nonsteroidal agent.

1.7.4 Early Aromatase Inhibitors
The first generation aromatase inhibitor, aminoglutethimide [91], has been available for

therapeutic use for breast cancer for over four decades. In clinical studies, aminoglutethimide was as 

effective as tamoxifen in advanced disease, as its mechanism of action inhibited several CYP450 

enzymes involved in adrenal steroidogenesis. However the toxicity, lack of selectivity and 

inconvenient dosing regimen posed serious problems for its use. Figure 1-42.^® '̂

Second-generation aromatase inhibitors include formestane/4-hydroxyandrostenedione (4- 

OHA) [92]^®  ̂ (a type I inhibitor), fadrozole [93]̂ ®® and rogletimide [94], both type II inhibitors. 4-OHA  

binds irreversibly to the enzyme active site and acts as a suicide inhibitor with prolonged action on 

the enzyme. While fadrozole is a CYP19 inhibitor, effectively inhibiting brain aromatase activity.

O
X=C-NH2 [91] 
X=N [94][90] [92] [93]

Figure 1-42 First- and Second- generation of Aromatase Inhibitors [90]-[94]
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estradiol biosynthesis and vitellogenin production.^®® Similar to the first generation Al's they were  

not w ithout their disadvantages. 4-OHA required intramuscular injection, and fadrozole causes 

aldosterone suppression which limited the quantity of the doses which only produced about 90%  

i n h i b i t i o n . O t h e r  second-generation aromatase inhibitors have been investigated clinically but 

have never been approved for clinical use. Research on novel A,D ring modified steroid analogues of 

form estane and testolactone was relatively unsuccessful as the new analogues were less active than 

the parent compound. This research discovered that the binding pocket of the active site of 

aromatase required planarity in the region of the steroid A,B-rings and the D-ring structure was 

critical for binding.

1.7.5 Third generation Aromatase Inhibitors
A number of non-steroidal aromatase inhibitors were developed based on the structure of

antifungal agents that inhibit the CYP450 enzyme. This developm ent led to a third generation of 

inhibitors comprising of mostly imidazole and triazole derivatives. Third-generation Als are highly 

selective for enzyme aromatase and are fairly well tolerated. Three third generation Als are 

approved for clinical use, one type I (Exemestane [90]); and two type II (anastrozole [96] and 

letrozole [97]). Both of the type II Als contain the triazole motif. Another Al in this class was vorozole 

[98] contains a triazole and benzotriazole rings but was withdrawn from testing when no difference 

was detected in the duration of median survival as compared to the progestational agent megestrol 

acetate. Figure 1-43.^°^ It has been shown that all three Als reduce systemic estrogen levels by as 

much as 98%.

N N
[96] [97] [98]

Figure 1-43 Third generation Aromatase Inhibitors [96]-[98]

Prior to the developm ent of the third generation compounds, trials showed tamoxifen was better 

than first and second generation aromatase inhibitors. The developm ent of third generation drugs, 

letrozole and anastrozole have been demonstrated in trials to be superior to tamoxifen as first line 

treatm ent for advanced breast cancer.

The use of experimental and molecular modelling data has given a footprint which the  

ligands should contain for the selective inhibition of aromatase enzyme. The structure should
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incorporate a moiety that is able to interact strongly with the iron atom of the heme group 

(imidazole/triazole ring, etc)^°^ a hydrophobic spacer group between heme coordinating groups and 

hydrogen bond acceptor moiety^°®, and a ligand that is able to accept a H-bond from S478 present in 

active site (CN group)^°^.

1.7.5.1 Anastrozole
Anastrozole [96] is a potent, orally active, selective, non-steroidal A! that markedly reduces 

the levels o f circulating oestrogens in postmenopausal women with breast cancer.^”® ' I t  has been 

used for adjuvant therapy in postmenopausal women with advanced breast cancer, and has 

exhibited significant benefits over tamoxifen with respect to time to progression (TTP)^“ ' when 

given as first line treatment of postmenopausal women with hormone dependent breast cancer. 

Anastrozole is highly effective in reducing tumour volume in the neoadjuvant therapy o f breast 

cancer in postmenopausal w o m e n . B o n e  weakness has been associated with anastrozole. Women 

who switched to anastrozole after two years on tamoxifen reported twice as many fractures as those 

who continued to take tamoxifen.^^^

1.7.5.2 Letrozole
Letrozole [97] is a highly potent and selective Al that inhibits the enzyme activity of 

intracellular aromatase at the major sites where it is found, resulting in almost complete suppression 

of whole body aromatization.^^'' Letrozole is highly selective for aromatase and unlike previous 

generation Als and does not drastically affect cortisol, aldosterone, or t hy r ox i ne . S t ud i es  have 

shown that it is over three orders of magnitude more selective than aminoglutethimide in its effects 

on progesterone and corticosterone production, and greater than 300-fold more selective against 

aldosterone than fadrozole.^^®' Letrozole has been shown in vivo to inhibit the growth or induces 

the regression of hormone-responsive breast tumours. Letrozole was evaluated using in vitro and in 

vivo models and was shown to be the most potent of the third-generation Als. The superiority of 

letrozole over tamoxifen has been consistently demonstrated in advanced and early breast
 218, 219cancer.

1.7.5.3 Fourth generation Aromatase Inhibitors
Although third generation aromatase inhibitors are viable substitute for tamoxifen, but

there is scope for enhancement. The fourth generation of Als will require more specific inhibition 

and lower toxicity profiles especially for addressing musculoskeletal disorders. The development of 

the new generation of Als will lead to multipotent compounds that can deal with complexity and 

multiplicity of factors involved in the development of hormone-dependent breast cancer.^^'^^^
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Recanatini et al. have reported the use of different oxygenated heterocycles such as flavone, 

chromone, and xanthone as aromatase inhibitors.^^^ This group synthesised a library of compounds 

with several concerted structural modifications on these scaffolds which were shown to be very 

potent and selective for CYP enzymes, mainly 17R-hydroxylase/17,20-lyase (CYP17), a cytochrome 

P450 enzyme^^^. The early appropriately substituted xanthones synthesised showed that the  

heterocyles were essential for inhibitory effects previously observed^”®. Further developm ent on the 

xanthone core showed that substitution of the oxygen by a sulphur atom always enhanced the 

potency (increase in lipophilicity) and that the presence of either a ketone or nitro group was 

essential for H-bond interaction, with compound [99] exhibiting a slight increase in potency (CYP19 

IC5 0  3.98 nM ), Figure 1-44.

O ^  O 

[99] ^ n' [100]

Figure 1-44 Xanthone derivative [99] and chromone analogue [100]

The use of 3D-QSAR studies has been applied to the discovery of novel potent and selective 

Als.^ '̂' A series of compounds were synthesised by covalently linking a hetrocycle ring to a flourene, 

indenodiazine or coumarin scaffold. Overall the coumarin based analogues displayed the highest 

potency and CYP17/CYP19 selectivity as was seen in compound [100], Figure 1-44.

Nonsteroidal anti-inflammatory drugs (NSAIDs) have been shown to have beneficial effects 

in breast cancer t r e a t m e n t . I t  was reported that in rats the use of the COX-2 inhibitor nimesulide 

could suppress the development of 2-am ino-l-m ethyl-6-phenylim idazo [4,5-b] pyridine (PhlP)- 

induced m am m ary gland carcinogenesis.^^® Further studies has shown that nimesulide could reduce 

the aromatase activity and expression in several breast cancer cell lines^” . Several new nimesulide 

analogues showed selectivity to inhibit cell proliferation in Her2 overexpressing breast cancer^^® and 

these compounds could induce long term  estrogen deprived (LTEDaro) cell apoptosis^^®. These 

characteristics suggests that nimeslide analogues may potentially overcome Al resistant breast 

cancer cell growth and overcome Al resistance for hormone-dependent breast cancer 

respectively.^^®' Nimesulide derivatives which do not have COX-2 inhibitory activity were more

active than nimesulide to target aromatase. 229, 230
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Position A

o=s=o o=s=o

Nimesulide [101]
R i =R2= Cl [102] 
R i = R 2 = C H 3 [ 1 0 3 ]

Figure 1-45 COX-2 inhibitors derivatives as Aromatase Inhibitors, Nimesulide and [101]-[103]

Su e t al. evaluated a series o f sulfonanilide analogues of nim esulide fo r th e ir 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^^°. One com pound [101] from  the sulfonanilide series 

showed the  most suppression o f arom atase activity in SK-BR-3 cells w ith  an IC50 o f 230  nM , Figure 

1-45. The SAR study found no link betw een arom atase and COX-2 inhibition in SK-BR-3 breast cancer 

cells but did show th a t the decrease in arom atase gene expression was independent to COX-2 

inhibition. Further w ork perform ed by Su e t al. optim ized the  nimesulide structure and developed  

several m ore potent analogues; the  lead com pound [102] inhibited LTEDaro cell grow th w ith  IC50 of 

1 The SAR study suggests that position A needs 2,5-d im ethyl [103] or dichloro [102] benzyl

subsistent to  increase the  biological activity.

1.7.6 Tamoxifen metabolites and Aromatase Inhibition

Tw o tam oxifen  m etabolites have been recently docum ented as Als, norendoxifen and 4 ,4 - 

dihydroxy-tamoxifen.^^^ Norendoxifen (the dem ethylated  m etabo lite ) is potent and selective 

inh ib itor o f hum an arom atase, m ore so than 4,4 '-d ihydroxy-tam oxifen. Norendoxifen was shown to  

inhibit recom binant arom atase via a com petitive mechanism w ith  a Ki o f 35 n M . N orendoxifen  

inhibited placental arom atase w ith  an IC50 o f 90  nM , while it inhibited hum an liver CYP2C9 and 

CYP3A w ith  IC50 values o f 990  and 908 nM , respectively. Inhibition o f hum an liver CYP2C19 by

OH

[36a]

Figure 1-46 Tamoxifen metabolite - norendoxifen
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n o re n d o x ife n  a p p e a re d  even  w e a k e r. The ta m o x ife n  m e ta b o lite  (n o re n d o x ife n ) exists a t n o ta b ly  

lo w e r co n ce n tra tio n s  th a n  th e  p a re n t drug  o r its m a jo r m e ta b o lite s , e n d o x ife n  and  N -  

d e s m e th y lta m o x ife n , b u t it is a m o re  p o te n t in h ib ito r o f  a ro m a ta s e  th a n  th e  m a jo r  m etabolites .^^'’' 

235.236 N o re n d o x ife n  m e rits  fu r th e r  investig ation  as a clinical a ro m a ta s e  in h ib ito r and  m a y  be ab le  to  

serve as a lead c o m p o u n d  fo r  th e  ra tio n a l design o f  novel Als.

1.8 Sulfatase Inhibitors

1.8.1 Estrogen sulfate and estrone sulfatase
S tudies have sho w n  th a t  th e  m a in  source o f  es tro gen  in b rea s t tu m o u rs  cells is th ro u g h  th e

co n vers io n  o f  es tro n e  su lfa te  to  es tro n e  w h ich  is ca ta lyzed  by a specific su lfo h yd ro lase  (e s tro n e  

su lfa tase) o r, in g en era l, s te ry lsu lfa tase  [STS]). Estrone su lfa te , th e  m a in  su b s tra te  fo r  e s tro n e  

su lfa tase  is th e  m o st a b u n d a n t c ircu la tin g  es tro gen  in th e  plasm a o f  p o s tm en o p a u s a l w o m e n .

T h e  significance o f  e s tro n e  su lfa te  in b reast carc in o m as w as in ves tig a ted  using a tu m o u r  

m o d e l. The  chosen tu m o u r  m o d e l w as n itro s o m e th y lu re a  induced  m a m m a ry  tu m o u rs  in rats w h ich  

c o n ta in  es tro n e  su lfa tase  ac tiv ity . It w as seen th a t  th e  e s tro n e  su lfa te  could  s tim u la te  tu m o u r  cell 

g ro w th  and  n o t o n ly  th is , b u t th e  e s tro n e  su lfa te  could  also be c o n v e rte d  to  e s tro n e  and  es tra d io l. 

This in d ica te d  th e  s ignificance o f  e s tro n e  su lfa te  as a p ro b a b le  source o f  es tro g en  to  s u p p o rt th e  

g ro w th  o f  e s tro g e n -d e p e n d e n t b reast c a n c e r . I n h i b i t o r s  o f  es tro n e  su lfa tase  m a y  be p o te n tia l 

ag en ts  fo r  b reast can cer t re a tm e n t.

1.8.2 Sulfatase Inhibitors
T hese in h ib ito rs  are  d iv id ed  in to  fo u r  ca teg ories: th ose  w h ich  a re  s u lfa m o y la te d  o r  n o t o r

th o s e  having  a s te ro id  nucleus o r n ot. STS in h ib itio n  has b een  re p o rte d  since th e  1 9 7 0 's  b u t th e  

d e v e lo p m e n t o f STS in h ib ito rs  s ta rte d  m uch  m o re  re c e n tly  in th e  e a rly  1990's.^^®'^'’  ̂ This research  

in to  e a rly  STS in h ib ito rs  d e m o n s tra te d  th a t  a m o d ifie d  ve rs io n  o f  th e  n a tu ra l su b s tra te  E IS  

g e n e ra te d  e s tro n e -O -s u lfa m a te  (E M A TE ) [1 0 4 ], a p o te n t STS in h ib ito r . Figure 1-47.^'*^ It w as  

d isco vered  th a t  if th e  O H o f th e  su lfa te  g ro u p  w as re p la ced  w ith  N H 2 , g e n e ra tin g  a s te ro id a l- o r n o n 

s te ro id a l aryl s u lfa m a te  g ro up  (O SO 2 N H 2 ), th ese  p ro du cts  could  e ffic ie n tly  in a c tiv a te  th e  e n zy m e .
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[105] Ri=H, Me or Et
R2 =Me, (CH2 )nCH3  (n=1-4)

[104] i-Pr, t-Bu, CHMeEt, OEt 
or (CH2 )2 i-Pr 

[106] Ri=R2= CH(CH3)2

Figure 1-47 STS Steroid inhibitors [104]-[106]

Modifications to the steroid core have been reported as steroid sulfamate based inhibitors

and representative of this class are shov̂ ^n in Figure 1-47, Figure 1-48 and Figure 1-49. 

group exhibited good potency with [112] and [113] displaying sub nanomolar activity.

O

244-251 This

[107] Ri= C2 -C5  R2 =H X=C =0
[108]R i=M e R2 =H X= C(OH)Ph
[109]Ri=Me R2 =C H 2 F X=C=0

[110] R= i-Pr
[111]R= (CH2)2CF3

Figure 1-48 Steroid sulfamate based inhibitors of STS [107]-[111]

OH

R

[112] R= H
[113] R= t-Bu

Figure 1-49 Steroid sulfamate based inhibitors of STS [112]-[113]

Another class o f STS inhibitors reported in the literature are non-steroid sulfamate based 

inhibitors. This group differ from the previous STS inhibitors mentioned previously as they do not 

contain a steroidal core. In Figure 1-50, shows representatives of the non-steroid sulfamate based

inhibitors reported. 256-265
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Figure 1-50 Non steroid sulfamate based inhibitors of STS [114]-[117]

The previous tw o  types o f steroid and non steroid inhibitors o f STS w ere based upon  

su lfam ate, w hile  the next type STS inhib itor contains a steroid core how ever are not based on 

su lfam ate. SAR exam ination on 17a-subsistuted estradiol derivatives as possible STS inhibitors led to  

th e  synthesis o f com pounds containing e ither linear or ram ified alkyl m oieties. O f these com pounds  

evaluated  as STS inhibitors, it was clear th a t the  addition o f a hydrophobic substituent on the  

estradiol scaffold brings about a reversible potent inhibition.^®® A num ber o f this type o f STS 

inhibitors have been reported and representatives o f this class are shown in Figure 1-51.^®^ 

Sim ilar to  tw o  types o f steroid and non steroid type inhibitors o f STS based upon su lfam ate, a fu rth er  

type o f inh ib itor not based on sulfam ate and not containing the  steroidal core have been reported  

and representative  o f this class is shown in Figure 1-52.^®®

OH
[118] [119]

Figure 1-51 Steroid non sulfamate based inhibitors of STS [118]-(119]
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Figure 1-52 Non steroid non sulfamate based inhibitors of STS [120]-[122]



1.8.3 Dual aromatase-sulfatase inhibitors (DASIs)
Designing hybrid molecules that target m ultip le biological targets is an em erging and

attractive  strategy in drug design and discovery. The com bined therapeu tic  potentia l o f 

sulfatase(STS) inhibitors and arom atase inhibitors (Als) could lead to a m ore com prehensive  

estrogen deprivation to target horm one dependent breast cancer.

A com m on approach has been used in the  design o f DASIs. The STS inhibitory  

pharm acophore could be incorporated into an established or experim ental A! w ith  m inim al 

structural change incurred to the original scaffold in order to  retain and m axim ize arom atase  

inhibition. M o re  recently, the opposite approach has been exam ined, one w/hich introduces an 

arom atase inhibitory pharm acophore into a tem p la te  th a t has been designed prim arily fo r STS 

inhibition. Okada e t al. reported a series o f biphenyl STS inhibitors w/hich incorporated the  

arom atase inhibitory p h a r m a c o p h o re .T h e  lead com pound [123] w/as shown to  be a highly p o tent 

STS inhibitor. A nother sim ilar approach used the  biphenyl m otif to  successfully design a new  class of 

nonsteroidal arom atase inhibitor. The most potent com pound [124] was shown to  have an IC5 0  o f 

0 .22  nM  against arom atase in JEG-3 cells and was shown to  be a highly potent STS inhibitor, Figure

In designing new  DASIs, W oo e t al. developed a m odified derivative o f [123] which  

potentia lly  could introduce the arom atase inhibitory pharm acophore to  the  series.^^^ A large library  

of biphenyl com pounds was designed w ith  d ifferen t substitution patterns on the  A and B rings. The 

use o f SAR studies identified that the most potent com pounds would require a specific substitution  

pattern  on the  A ring (CN group at 2-position and tr iazo l-l-y lm eth y l at 5-position) and B ring contain  

a chlorine atom  in the m eta position [124]. Com pound [124] was evaluated and exhibited very  

promising arom atase inhibition results ICso= 2 .0  nM  and STS inhibition ICso= 35 n M . The addition of 

a chlorine at the  3-position on the B-ring lead to  the most potent com pound [125] o f this series w ith  

arom atase inhibition ICso= 0 .5  nM  and STS inhibition IC5o= 5.5 n M . Both com pounds w ere  shown in

N C '
[124] R[123]

[125] R i=  Cl, R2= O S O 2 N H 2

Figure 1-53 Biphenyl derivatives [123]-[125]
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vivo to  inhibit arom atase strongly 3 h a fte r dosing, rendering a reduction in estradiol plasma levels 

by 63%  and 60%.

1.9 Antim itotic agents

1.9.1 Tubulin and microtubules
During mitosis, the  final stage o f the cell cycle, chrom osom es segregate and cell replication

occurs. The involvem ent o f a dynam ic pipe-like protein fibre, know/n as m icrotubule, is essential in 

this process. The m icrotubules are built from  a basic a /3 -tu b u lin  building block, yet subpopulations  

of m icrotubules can be d ifferentia lly  m arked by a num ber o f post-translational modifications.^^'' 

These m odifications are believed to  act individually or in com bination to control specific 

m icrotubule-based functions such as cell signalling, division, m igration, cellular transport, signal 

transduction  and mitosis. The a-tubu lin  and P-tubulin heterod im ers are found in v irtually all 

nucleated cells and posses a high degree of hom ology (40 -50  %) to  each o ther. The functional 

diversity o f m icrotubules is achieved in several ways: through the  binding o f various regulatory  

proteins, including m icrotubule associated proteins (M APs), to  soluble tubulin  and to  the  

m icro tubu le  surfaces and ends; by expression of d ifferen t tubulin isotypes, which have d ifferen t 

functions; and through several post-translational m odifications o f t u b u l i n . U p o n  binding to  GTP, 

an energy rich guanosine triphosphate, and through a succession o f events th a t are still not fully  

understood, tubulin  polymerises into m icrotubules. Any discrepancy in the  pace of polym erisation  

can greatly  influence cellular replication. A ffected cells becom e locked in mitosis phase and 

subsequently en te r apoptosis. There are a variety o f MAPs involved, including the dynein and kinesin 

m o to r proteins, as well m icrotubule-regulatory proteins, such as survivin, stathm in, TOG, MCAK, 

M A P4, E B l, dynactin 1, RACl and FHIT.^^^

M icrotubules play a m ajor part o f mitosis and cell division, and for this reason they  are an 

im p o rtan t target fo r anticancer drugs. The ligands th a t target the m icrotubules and th e ir dynam ics 

are know n as an tim ito tic  drugs which in teract w ith  various tubulin binding sites. Three distinct small 

m olecule binding sites are know n and characterised fo r these ligands: the  colchicine site, vinca 

alkaloid dom ain and the taxoid dom ain .”  ̂The colchicine site and vinca alkaloid dom ains are located  

on m onom eric  unpolym erised a /p -tu b u lin  and the  taxoid dom ain is located on polym erised  

m icrotubules. Ligands which bind at the vinca dom ain (i.e. vinblastine, vincristine) or colchicine 

binding site (i.e. colchicine, com bretastatin  A -4) d isrupt the polym erisation o f tubulin  into  

m icrotubule w hile  ligands which bind at the taxoid dom ain (i.e. paclitaxel, epoth ilone) stabilise 

m icrotubule. These ligands affect the  dynam ic instability o f m icrotubules system and lead to  cellu lar 

division arrest.
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1.10 Combretastatins

1.10.1 Discovery and initial work
The C om bretaceae  fam ily o f shrubs and trees are well exploited in trad ition  medical

practices in India and Africa. The plants are used in the tre a tm e n t o f a variety o f illness such as 

respiratory infection, hepatitis, m alaria, uterine cancer, anthelm inic trea tm en t, leprosy, dysentery  

and verm ifuge. From the exam ination o f prim itive medical treatm ents  o f cancer in Africa and Asia, 

eight species have been identified fo r the ir anticancer p r o p e r t i e s . I n  1979, a thorough study o f the  

constituents o f the South African w illow  tree  fo r anticancer properties was reported by P ettit e t  

. This lead to  the  discovery o f several natural products w ith extraordinary activity as inhibitors  

of tubulin  polym erization (phenanthrenes, d ihydrophenanthrene, stilbenes, and bibenzyls), 

exhibiting p o tent in vitro  inhibition against hum an cancer cell lines, and in vivo efficacy as vascular 

targeting agents (VTAs) and antiangiogensis agents. The com bretastatins showed ex trem e promise 

due to  the  rem arkably simple structures and the ir robust activity in biological systems. The bibenzyl 

com bretastatin  [126] was isolated, the crystal structure was determ ined  and it was screened as a 

possible anticancer agent in the National Cancer Institute (NCI).^^® C ontinuation o f this w ork  lead to  

fu rth e r com bretastatins being discovered and structurally determ ined  (A-1 [127], A-2 [128], A-3 

[129], B-1 [130], and B-2 [131]), Figure 1-54.^” ' In 1989, Pettit et al. successfully isolated and 

structurally determ ined  the structure o f com bretastatin  A-4 (CA4) [22].^®° W hen  the  com bretastatins  

A-1 & A -4 w ere  evaluated, they w ere both shown to  be extrem ely prolific inhibitors o f tubulin  

polym erisation w ith  strong binding affin ity to  the colchicine binding site.^®° Structure activity  

relationship analysis showed that the c/s-configuration o f the stilbene m oiety  was a very im portant 

fac tor fo r inhibition o f cancer cell growth.^®^ The E-stilbenes show a considerable decrease in the ir  

biological activity com pared to  the Z-stilbenes. Com bretastatins, in particular CA4, have becom e lead 

com pounds fo r drug design and developm ent studies o f tubulin targeting agents.^®^'
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Figure 1-54 Isolated natural products with anticancer properties [22], [126]-[131]

1.10.2 Combretastatins mode of action
CA4 is believed to  induce apoptosis in cancer cells but the in vitro  studies have not yet

signalling pathw/ay. In vivo studies support the suggestion th a t CA4 induces a rapid vascular collapse 

by increasing tum our-vessel permeability.^®^ The antim etastatic  potentia l o f CA4 has also been  

exam ined w ith  evidence o f significant shrinkage (up to  30%) o f the  m etastatic  mass in mice w ith  

vascularised liver metastases.^®^ O ther studies have shown th a t tu m o u r vessels are m ore susceptible

CA4 is said to  be tum our specific but studies have shown it can cause side effects in cancer 

tre a tm e n t.

1.10.3 Modifications of combretastatin ring substituent’s
Since the discovery o f its anticancer properties, the com bretastatin  m o tif has becom e the

focus o f considerable research in o rder to increase its biological activity. A w ide variety  o f 

com bretastatin  analogues w ith  varying substitutions pattern  on the A and B ring, w h ile  retaining the  

ethy lene  linker, have been reported e.g. 3 -n itro  [133]^®*' 3-am ino [134]^®*' 3 -am ino  acid salts 

[135]^®®' 2-n itrogen substituted derivatives^®\ 3-azido [136]^®*, 3 ,4 -m ethy lened ioxy-3 -am ino  

derivatives [137]^®^ 3 -fluoro  [138]^®^ 4 -m ethy l [139]^®'’ and 3,4,5-trimethyl^®^ com bretastatin  

analogues. Figure 1-55.

explained the mechanism^®^, which suggests th a t it m ay activate at least one specific in tracellu lar

to  the disruptive effects o f CA4 than norm al vasculature and it is relatively inactive in norm al tissues.
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R= N 0 2 [1 3 3 ], N H 2  [134]
N 3  [136], F [138] 
N H 2 -serinam ide salt [135]

R = N H 2  [137] [139]

Figure 1-55 Function modification of the Combretastatin structure [133]-[139]

In addition to  the  functional m odification, connbretastatins w ith  significant structural 

variation from  the  basic stilbenoid m otif have also been reported, e.g. phenstatin  [140]^®^ 

hydrophenstatin  [141]^®^ hetercom bretastatins [142]^®*, com bretatropones [143]^®®, aza- 

com bretastatin  [144]^°°, bridge-m odified vicinal diols [145 ]^°\ com bretadioxolane analogues  

[1 4 6 ]“ ,̂ chalcone derivatives [147]^°^ disubstituted im idazole analogues [148]^°^ pyridone  

analogues [149]^°^ acrylic acid analogues [150]^°® and sulfonam ide analogues [151]^°^ Figure 1-56.

O R O

R = H [140] 
OH [141]

[142]

[147]

[148]

R = OH [145] 
-0-CH2-0- [146]

[149]

HN

OH[151]

OH

OH

[150]
O.

Figure 1-56 Combretastatin with significant structural variation [140]-[150]

M any novel compounds based on the com bretastatin  structure incorporating the  

substitution pattern  o f the  A a n d /o r B ring on the  new  scaffold core structures have been reported  

e.g. 3-aroyl-2-arylindoles [152]^°®, 2 ,3-d iaryl indoles [153]^°®, 3-form yl indoles [154]^“ ,
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benzo[b]thiophene [155]^^°, benzofuran analogues [156]^°®, dihydronaphthalenes [157]^“ , 

dihydroindolo[2,l-a]isoquinolines [158]^^^ indolyoxazoline analogues [159]^^^ and P-Lactam 

analogues [160]^^^ Figure 1-57.

1.10.4 Prodrug combretastatin derivatives
The CA4 stilbene compound initially showed great promise as an antitum our agent but due

to its lack of solubility in pharmaceutical accepted solvents, it was prevented from entering phase I 

clinical t r ia ls .P re -c lin ic a l developm ent was performed to increase the water-solubility; salts of the

synthesis yielded three derivatives, ammonium, potassium and sodium phosphate salts which 

exhibited the best enhanced solubility. The sodium salt was selected for drug formulation and 

further pre-clinical development. Other attempts to increase the solubility have been reported; 

Brown et al. reported the synthesis of water-soluble glycosides of CA4, two of which displayed 

potent cytotoxic properties^^^; Ohsumi et al. reported the synthesis of a series of CA4 analogues 

containing an amino group in order to increase solubility^^®, with the lead compound [161] showing 

potent antitum our activity against Colon 38 and 3LL murine tum our models in mice. It also displayed

OH OH [153]
[155]

O
/

[152]

OH [156]
HO

\

Figure 1-57 Novel compounds based on the combretastatin structure [1S2]-[160]

3'-phenol of CA4 were synthesised for evaluation as possible water-soluble derivatives.^^® The
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an titum ou r activity against HCT-15 hum an xenographs in nude mice, was superior to cisplatin in 

Colon 38, 3LL and HCT-15 tu m our models, and displayed im proved solubility. Figure 1-58.

N H 2 . H C I

r
0 ^

0.

O  " Q
g^ONa ^

'O ^ " o n  a

[161 ] [24]
N H 2 . H C I

[163 ]

Figure 1-58 Increased solubility Combretastatin [161] & VTA in clinical trials [24] and [163]

Currently there  are tw o  small VTA compounds in hum an clinical developm ent which function  

through a biological mechanism ultim ately targeting tubulin. These drugs include CA4P [162] which  

has shown to  stop rapid and selective blood flow  w ithin the tissue (synthesised by P ettit et  

and AVE8062 [163]^^°' which is a m ore soluble and active analogue o f com bretastatin  A-4  

(discovered by A jinom oto). Another VTA drug, ZD -6126 [23], which is based on the natural 

com pound colchicine, was in trials but these w ere stopped as it becam e apparent that Z D 6 1 2 6  was  

too cardiotoxic at the required doses.

1.11 Tumour-Targeting conjugates of cytotoxic agents 

1.11.1 Overview
To circum vent the problem s associated w ith non specific cytotoxic agents, m any delivery  

protocols and systems designed to selectivity target the tu m our tissue have been reported . 

Examples include utilising tu m o u r overexpressed enzymes, tum our overexpressed receptors, ADEPT, 

photo-responsive prodrugs, conjugates w ith docohexaenoic acid and polym er conjugates (via 

hyaluronic acid, poly(ethylene glycol), carboxym ethylcyclodextran, po ly(i-g lu tam ic acid), N-{2-  

hydroxypropyl)m ethacrylam ide), protein conjugates and dendrimers).^^^'^^® Enhancing the  tim e  fo r 

which tu m o u r is exposed to  therapeutic  agent by increasing the am ount o f drug at th e  tu m o u r site 

a n d /o r local delivery, could im prove trea tm en t e ither by increasing efficacy or reducing side effects. 

It is foreseen th a t new  conjugate delivery systems th a t can target the tu m our tissue could allow  the  

use o f anticancer agents which would otherw ise not be useable fo r cancer therapy due toxicity or 

side effects. The pharmacological properties o f the conjugate com pounds can d iffer drastically to  

th a t o f the  low w eight cytotoxic drugs whose actions are governed by the physicochemical 

properties, physiology and anatom y o f the body at both tissue and cellular level. These d iffe ren t 

properties can bring about drug delivery barriers which must be overcom e or exploited to enhance  

specificity.
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The m orphological and physiological differences betw een  m alignant and norm al tissues play 

an essential role in developm ent o f effective tum our-specific drug delivery. In some cases, tu m o u r  

cells overexpress m any receptors and biom arkers, which can be used to  deliver cytotoxic agents 

selectively to  the site o f the tum ours. The rapid cell pro liferation o f cancer cells necessitates rapid 

creation o f new  blood vessels and the tu m our vasculature has num erous deficiencies allowing large 

m olecules and lipids to  penetra te  the extravascular space in tum ours. In contrast, the lym phatic  

system is underdeveloped in tum ours, preventing large molecules and lipid being released from  the  

tu m o u r thus leading to  an accum ulation o f m acrom olecules. This phenom enon is term ed  'enhanced  

perm eab ility  and re ten tion ' (EPR) e f f e c t s . T h e  cancer cells can induce hypoxicity due to the ir  

enhanced m etabolic rate, instigating anaerobic m etabolism  that generates lactate and consequently  

low ering the  intracellu lar Therefore , m any tu m our targeting conjugates contain a m o tif th a t 

upon acidification, the cytotoxic agent becom es released into the  tu m o u r site.

In general, drug delivery systems for tum our-targeting  consist o f a tu m o u r recognition  

m oiety  and a cytotoxic 'w arhead ' connected directly or through an appropria te  linker to fo rm  a 

conjugate. The conjugate, which can be regarded as 'prodrug', should be systemically non-toxic. This 

means th a t the  linker must be stable in circulation. Upon internalization  into the  cancer cell the  

conjugate should be readily cleaved to rejuvenate the active cytotoxic agent. Tum our-targeting  

conjugates bearing cytotoxic agents can be classified into several groups based on the  type o f cancer 

recognition m oieties.

The use o f conjugate drugs as tum our-targeting  delivery systems can o ffe r m any advantages  

over delivery o f physical m ixture o f m ultip le drugs; prolonged drug circulation half-life m ediated  by 

the  carrier, reduced nonspecific uptake, increased accum ulation at the tu m o u r site through passive 

EPR effec t an d /o r active targeting by incorporation o f targeting  ligands^^°, predom inantly  

endocytotic  uptake w ith  the potentia l to  bypass mechanisms o f m ultidrug resistance, and 

ra tiom etric  dosing, i.e. ability to  ta ilo r the relative ratios o f each agent based on its pharm acological 

disposition.

1.11.1.1 Monoclonal antibody-based tumour targeting
U nique or overexpressed tum our-specific antigens can found in a w ide range of hum an

tu m o u r cells.^^^ Antibody-drug conjugates (ADCs) have becom e very promising candidates fo r 

tu m o u r-targeting  delivery systems. This approach incorporates a cytotoxic drug linked to  

m onoclonal antibodies (mAbs), which have high binding specificity fo r tum our-specific antigens, 

hence mAbs can be used as vehicles to target cytotoxic agents to tu m o u r cells. Several mAbs have 

the ab ility  to  distinguish and specifically bind to  these tum our-associated antigens. The use o f mAbs

59



as single agents for the treatnnent o f cancer have been reported, through specific binding to  the  

cancer-cell antigen can stim ulate the im m unological response against the target cancer cell.^^^ The 

insufficient efficiency o f most mAbs in cancer therapy has been circum vented by conjugating the  

im m unoglobulin w ith  radioactive isotopes^^'' o r cytotoxic drugs^^” ^̂ , yielding highly specific ADCs.^^®

OH

■""OH

OH

OH

Figure 1-59 BR96-DOX [164]

Doxorubicin (DOX), an intercalating agent th a t blocks DNA replication, was covalently linked 

via (6-m aleim idocaproyl)hydrazone linker to  cysteine residues to  hum anized mAb BR96.^^® The pre- 

clinical data fo r BR96-DOX [164] (Figure 1-59) was rem arkable, but despite the use o f eight DOX per 

mAb m olecule, the dose required in vivo was high presum ably due to  the relatively low potency o f 

doxorubicin (IC50 = 0 .1 -0 .2  A nother problem  was that the half-life o f the drug in the  blood

was approxim ately 43  h, which was considerably shorter than th a t o f naked BR96 mAb, which has 

the half-life  o f several days to weeks in hum ans. The compound later failed to show sufficient clinical 

efficacy.

The first mAb linked to a cytotoxic agent th a t received regulatory approval was gem tuzum ab  

ozogamicin (M ylotarg®) [165] (Figure 1-60)^'’ '̂̂ '’  ̂ fo r the tre a tm e n t o f relapsed acute m yelocytic  

leukaem ia (AML). G em tuzum ab ozogamicin consists o f N-acetyl-y-calicheam icin (an enediyne  

antib iotic th a t binds to the m inor groove o f DNA and causes double-strand breaks leading to  

apoptosis) covalently attached to hum anized anti-CD33 lgG4 k antibody (hP67.6) via a bifunctional 

linker. The 4-(4-acetylphenoxy)butanoic acid m oiety allows fo r a ttachm ent to  surface-exposed  

lysines o f th e  antibody over an am ide bond and form s an acyl hydrazone linkage w ith  N -acetyl-y- 

calicheamicin dim ethyl hydrazide. Upon internalization o f the ADC, the  calicheamicin prodrug is 

released by hydrolysis o f the hydrazone in lysosomes of the CD33-positive target cells. The enediyne  

drug is then  activated by reductive cleavage o f the disulfide bond. This disulfide linkage has been  

stabilized by tw o  m ethyl groups to  prevent prem ature release o f calicheamicin by circulating  

reduced thiols, such as glutathione.

60



HN

— N

NHCOoMe

HOHO

HO
OH

Figure 1-60 G em tuzum ab Ozogamicin (Mylotarg*) [165]

In February  2013,  t h e  im m un o-c on ju ga te  T ra s tu z u m a b D M l (T-DMl) (Figure 1-61) which was  

des igned  to  co m bi ne  th e  biological activity of  t r a s t u z u m a b  (Herceptin) wi th t h e  ta r g e t e d  del ivery of 

a highly p o t e n t  an t im icro tubule  agent ,  DM1, a m ay tan s in e  derivat ive,  to  HER2-expressing br ea s t  

ca nc e r  cells w as  app ro ved  for  th e  t r e a t m e n t  of  adva nced  HER2-expressing br ea s t  cancer .  

T ra s tu z u m a b  is a monoc lona l  an t i body  t h a t  specifically ta rge ts  th e  HER2 tyrosine  kinase r e c e p t o r  

qu i te  successfully.  However,  t h e  major ity of  pa t ien ts  wi th me ta s t a t ic  HER2 overexpress ing  b re as t  

ca n c e r  w h o  initially respo nd  to  t r a s tu z u m a b  deve lop  res is tance  within on e  year  of  init iation of  

t r e a t m e n t ,  and  in t h e  ad juv an t  set t ing,  p rogress  desp i te  t r a s tu z u m a b - b a s ed  t he rapy .  The an t imi to t ic  

drug,  m a y ta ns in e  w as  chosen  for  use in t h e  conjuga te  as  exhibi ted high potency  in vitro, binds to  

tubul in compet i t ive ly  with vinca alkaloids and  is approximate ly  100 t im es  m o r e  p o t e n t  t han  

v i n c r i s t i n e . T o  link maytans ino ids  to  an t ibo die s  t h ro ugh  disulfide bonds ,  a thiol containing  

maytans ino id ,  DM1 (A/-methyl-/V-[3-mercapto-l-oxopropyl]-/ . -alanine e s t e r  o f  maytansinol ) ,  an 

an a lo g u e  of  t h e  clinically-studied drug  may tans ine)  was  used.^' '^ The im m un o -c o n ju g a te  T- DM l has 

d isplayed significant in vitro  and  in vivo  potency.^' '® Each an t ibody  conta ins  an ave rage  of 3.5 drugs,  

h o w e v e r  t h e  produc t  conta ins  a di st r ibut ion f rom 0 t o  8 drugs  per  a n t i b o d y . T h e  T-DMl w as  found  

to  effect ively ta rge t  HER2 overexpress ing  br eas t  cancer ,  even  a f te r  t r a s t u z u m a b  was  ineffective du e  

to  resi stance.
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Figure 1-61 Trastuzumab DM1 (T-DM l)

1.11.1.2 Tumour-targeting with polyunsaturated fatty acids (PUFAs)

NH
OH

Figure 1-62 OHA-paclitaxel (Taxoprexin*) [166]

Many of the polyunsaturated fatty acids (PUFAs) can be found in vegetable oils, coldwater 

fish, and meat. The use of the PUFAs and their metabolites are considered to be safe to humans.^” ' 

It has been shown that PUFAs are extensively metabolised by tum our cells, incorporating into the 

lipid bilayer of cells, disrupting membrane structure and fluidity and possibly influencing the 

chemosensitivity of tum our cells.^^  ̂ Bradley et al. synthesised a DHA-paclitaxel (Taxoprexin®) [166] 

(Figure 1-62) linking docosahexaenoic acid (DHA) to the C-2' position of paclitaxel.^^^ This D H A- 

paclitaxel conjugate was shown to be much more stable in plasma that paclitaxel on its own and 

could slowly release paclitaxel. The DHA-paclitaxel achieved complete tum our regression in mice 

when paclitaxel caused neither complete nor partial regression. Although DHA-paclitaxel exhibits an 

impressive antitum or activity against drug sensitive tumours, this conjugate would not be effective 

against multidrug-resistant (MDR) tumours. DHA-paclitaxel was found to be a weak substrate of P- 

glycoprotein (Pgp) as compared to paclitaxel. Paclitaxel molecules released slowly were still caught
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by the Pgp efflux pump and eliminated from the cancer cell.^ '̂* The DHA-paclitaxel conjugate in 

currently undergoing clinical trials.

1.11.1.3 Tumour-targeting with folic acid
Folate receptors (FR-a & FR-P) are highly expressed in a range o f solid tumours, particularly

in ovarian and endometrial cancer.^”  The reported frequency of folate receptor overexpression in 

these forms of cancer compared to other cancer cells is 40-80%. Both isoforms bind folic acid [167] 

w ith high affinity (KD < 1 nM), Figure 1-63.^^® The expression o f FR in normal tissues is low and 

restricted to various epithelial cells/^^' while they are overexpressed in many epithelial cancer 

ce lls .T u m o u r-s e le c tiv e  targeting has been achieved by an FR-targeted PEG-gemcitabine 

prodrug^^®, an FR-conjugated multiarm-block copolymer-doxorubicin^“  FR-conjugated liposomes 

encapsulating an antineoplastic drug^®  ̂ or antisense olignucleotides^“ , an FR-conjugated protein 

toxin^®^ and FR-derivatized antibodies or their Fab/scFv fragments binding to the T-cell receptor^®^. 

Hong et al. reported dendrimer-methotrexate conjugates that exhibited significantly lower toxicity 

and a 10 fold enhancement in efficacy compared to free methotrexate.^®®

1.11.1.4 Tumour-targeting with hyaluronic acid
Hyaluronic acid (HA) [168] has a function in cell growth, differentiation, and migration within

the cellular matrix. Figure 1-63. HA is also closely associated with angiogenesis in many types of 

tumours, in which HA receptors (CD44 & RHAMM) are overexpressed on the surface. Thus, 

malignant cells with high metastatic activities often exhibit enhanced binding and uptake o f HA.̂ ®̂  

Lee et al. reported the synthesis and evaluation of HA-paclitaxel conjugates which in an aqueous 

solution would form nanosized spherical micelles.^®® HA-paclitaxel conjugate micelles exhibited 

greater cytotoxicity to HA recognizable CD44 overexpressing cells than the conventional paclitaxel 

formulation, suggesting that they could be efficiently delivered to cancer cells that overexpress HA 

receptors.

1.11.1.5 Tumour-targeting with peptides
Angiogenesis plays an essential role in tumour growth because it enriches the tumour with

nutrients and oxygen, and removes waste products. Matrix metalloproteinases (MMPs) are secreted

[167]

O COOH

COOH

COOH OH OH

Figure 1-63 Folic acid [167] & hyaluronic acid monomer unit [168]
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in excess from cancer cells during tumour angiogenesis. The MMPs degrade the extracellular matrix 

(ECM) which consists of primarily collagen which aids in tumour progression, invasion and 

metastasis.^®®' Two MMPs (MMP-2 and MMP-9) have been reported to play important roles in 

this process^^\ as they are observed in several different types of solid tumours, such as stomach, 

colorectal, breast, prostate, lung, and ovarian cancers.^”  The use of MMP-2 or MMP-9 as targets for 

cancer diagnosis and therapy has also been reported recently. MMP-2 peptides have been used for 

an MMP-2-sensitive tumour imaging probe^” ; albumin-binding doxorubicin (specificity for MMP-2 

and MMP-9)^^'' and an MMP-2 cleavable melittin/avidin conjugate^^^ have been found useful. A 

peptide-doxorubicin conjugate, Gly-Pro-Leu-Gly-Val (GPLGV)-DOX were found to be cleaved by 

MMPs secreted by cancer cells and was shown to have significantly lower cytotoxicity compared 

with doxorubicin. In an in vivo study, GPLGV- DOX was found to suppress tumour growth as much as 

doxorubicin and showed reduced to x ic ity .B u rk h a r t et al. reported the use of cyclic-(N-Me-VRGDf) 

(Cilengitide), an avps targeting peptide conjugate linked to 5"-formyldoxsaliform tethered through a 

hydroxylamine ether.^”  This was found to have low nM activity in MDA-MB-435 cell lines and it was 

shown that while the prodrug was unable to penetrate through the plasma membrane, the active 

metabolite can however be released from the targeting group, with reduced toxicity.

1.11.1.6 Tumour-targeting with polymers
The use of biodegradable polymeric nanoparticles has been extensively employed as an

effective drug delivery system to  enhance the efficacy and safety o f encapsulated drugs. 

Nanoparticle carriers provide a better accumulation in tum our tissues through an EPR effect^^^ 

ability to  overcome multidrug resistance^^®, and better pharmacokinetics o f drug in vivo^^°. 

Nanoparticles composed o f poly(e-caprolactone) (PCL) and poly(ethylene glycol) (PEG) have 

been shown as suitable carriers fo r the delivery o f anti-cancer agents. It has been reported that 

amphiphilic trib lock copolymers consisting o f PEG as hydrophilic segment, and PCL as 

hydrophobic block, have been used as drug delivery systems, e.g. fo r 4'-demethyl-
381 382 383 384 385 386epipodophyllotoxin , honokiol , folic acid , nimodipine and doxorubicin '

1.11.1.7 Tumour-targeting with receptor ligands
The use of receptor ligands as a delivery device for anticancer agents has been investigated

in the past few decades. Targeting ligand receptors overexpressed in tumours can lead to selective 

conjugates with enhanced biological activity. The target receptor should have a high density on the 

surface of the target cells, e.g. a receptor density of 10^ ERBB2 receptors per cell was required for an 

improved therapeutic effect of anti-ERBB2-targeted liposomal doxorubicin over non-targeted 

liposomal doxorubicin in a metastatic breast cancer m o d e l . A  review of the many estrogen- 

receptor tumour-targeting conjugates which been investigated are presented in the next section.
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1.12 ER-targeting conjugates

The ER is a suitable targe t for selective t rea tm en t  of ER-positive breast cancer tum ours  as 

the re  are 10^ ERBB2 ER molecules per celi.^®* The ER targeting ligands should retain high affinity for 

ER, with a relative binding affinity (RBA) > 10% com pared to th a t  of estradiol. The conjugate should 

be capable of achieving an intracellular concentration, e ither by active uptake or passive diffusion, 

sufficient to prom ote  the anticancer effect. The conjugate should provide a mechanism by w/hich the 

therapeu tic  com ponen t is effectively available to its site of action (Figure 1-64). That effect should 

occur at levels below those a t which toxicity is generated  in normal cells, or non ER selective cells. 

389, 390 Katzenellenbogen e t  al. described the  characteristics th a t  novel ER-targeting conjugates 

should dem onstra te ,  such as effectiveness as a ligand with high binding affinity for ER, po ten t 

efficacy in an appropriate assay and selective activity in ER-dependent but not ER-negative breast 

cancer cells tha t  is reversible by exposure to estradiol.

1.12.1 Conjugates of cytotoxic agents

1.12.1.1 Steroid conjugates
Delbarre e t  al. synthesised estradiol-ellipticine c o n j u g a t e s .E l l i p t i c i n e  is a DNA

intercalating agent tha t  has been evaluated as a breast cancer chem otherapeutic  agent but it has 

shown lack of selectivity and severe side effects which negated its clinical utility. The conjugates 

comprised of a 17a-substitu ted  estradiol linked through a moiety to the  ellipicine drug. The first 

conjugate contained a propionic acid residue to conjugate ellipticine as its quaternary  salt. 

Conjugation of the  estradiol and ellipticine exhibited no enhancem en t of cytotoxicity in the  MCF-7 

breast cancer cell line when com pared to untargeted ellipticine. This lack of significant effect was 

explained by the  low binding affinity of the  conjugate to  the  ER receptors. It can be seen from the 

crystal s tructure of 17a substituted estradiol-ER-LBD complexes th a t  the  binding pocket was unable 

to  accom m odate  the large bulky group hence reducing th e  binding affinity. The interactions of the 

conjugate with DNA dem onstra ted  tha t  the steroidal group did not significantly interfere with DNA 

intercalation.^®^ The estradiol-ellipticine conjugate was shown to exert both cytostatic and cytotoxic 

effects, which was primarily due to the  pyridocarbazole moiety. The use of SAR of the  estrogen 

indicated tha t  the  most crucial units required for binding w ere  the  free 3-OH and 17P-0H groups. 

Devraj e t  al. synthesized a series of E2-ellipticine conjugates with longer linkers and neutral 

ellipticine derivatives (linked a t various positions). Figure 1-65.^®^ The longer linker was used so tha t  

the  position of the ellipticine nucleus was further from the 17P-hydroxyl group of estradiol. The 

evaluation of the conjugates showed tha t  the longer chain lengths had the  g reatest  effect and the  

highest RBA. It was also seen tha t  attaching estradiol to the 2-position of ellipticine prom oted  the  

enhancem en t of potency and DNA binding affinity when com pared  to the  6- and the 9- [169]
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positional derivatives of the ellipticine. However, the E2-2-ellipticine conjugate displayed no 

selectivity toward the ER+ breast cancer cells, suggesting that conjugation did not impart significant 

ER recognition properties.
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Figure 1-64 Targets of chemotherapeutic agents 

The 2-chloroethylnitrosourea (CNU) is highly reactive component found in many 

antineoplastic chemotherapeutic agents.^®^ The clinical use of CNU is limited by the nonselective 

mechanism of cytotoxicity. Eisenbrand et al. prepared a series of 2-chloroethylnitrosourea-alanyl 

(CNU-ala)-estradiol conjugates [170], which is linked through a 3 /1 7 -0  ether linkage, or at 6a- 

position.^®^ When the conjugates were evaluated they showed a 3-fold longer terminal plasma half- 

life when compared to CNU-Ala and E2-CNU conjugates possibly due to their higher lipophilicity. The 

E2-CNU-17-ester conjugate exhibited enhanced cytotoxicity and antineoplastic potency. The 

experimental evidence suggested the CNU-estradiol conjugates may have played a role in its

anticancer activity in hormone-dependent tumours but possibly not through the ER as the RBA 

values were relatively low for all CNU-E2 conjugates (0.05 - 4.7 %).

Geldanamycin (GDA) is an ansamycin benzoquinone antibiotic that is well known for its

cancer chemotherapy properties, including breast c an ce r.G e ld a n am y c in  exerts its antineoplastic
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effect by binding to  chaperone-heat shock proteins (HSPs) o f cancer cells, leading to  degradation o f 

the  Hsp90 com plex. Its uses are lim ited as it shows poor selectivity and systemic toxicity.^®* Kuduk e t 

at. p repared a series o f 7-/V-geldanam ycin conjugates linked through the  16a  position o f estradiol.^®® 

The linkers w ere  alkyl groups th a t varied in length, some o f which contained an em bedded  alkene 

group. The lead com pound 2-butynyl-linked estradiol-geldanam ycin conjugate [171] displayed the  

highest RBA but it was very low w hen com pared to  estradiol. Figure 1-66. The evaluation o f the  

conjugate w ith  the  butanyl linkage showed significant inhibition in ER+ cancer cells. The estradiol- 

GDA conjugate showed no effect on IG FIR  and reduced activity against Raf-1, signifying some 

degree o f selectivity fo r ER vs non ER responses. The cytotoxic activity o f th e  estradiol-GDA  

conjugate was less than th a t o f GDA alone, and the biological effects w ere  not blocked by 

coadm inistration o f estradiol.

Chloram bucil is a m em ber o f the nitrogen mustard fam ily and is used fo r the  tre a tm e n t of 

chronic lym phocytic leukaem ia. Its m echanism o f reaction involves cross-linking DNA, leading  

u ltim ate ly  to  cell death. Chlorambucil has been shown to  be effective against certain cancers but the  

nonselectivity o f its m echanism of action renders it useless against breast cancer.''°° Sharma e t al. 

synthesised a series o f chlorambucil analogues attached to  estradiol at the 7a-position  via a series o f 

linkers.'’”  ̂ The biological evaluation o f the series indicated th a t the  carbam ate group [172] and 

am ino conjugate [172a] retained the highest ER affinity, RBA = 46%  and 40% , respectively. The high 

ER affin ity  was credited to the  conjugate which could adopt a binding m ode sim ilar to  th a t observed  

fo r ICI 164 ,384  [173], Figure 1-66.'*“  This conform ation would allow th e  term inal chloram bucil group  

to  be available fo r reaction w ith  the  DNA. It was shown th a t the lead conjugate interacted w ith  DNA  

in itially and recru itm ent o f ER was happening later. The result was th a t the  trea ted  cells w ere  less

HO

(H2C)6̂

Figure 1-65 Estradiol-Ellipticine Conjugate [169] & CNU-estradiol conjugates [170]
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likely to  repair the  defects caused by alkylation w ith the chlorambucil m oiety in the presence o f ER, 

leading to  enhanced cell death.'*®^

OH

'"(CH2)5'^NHHO

[172]
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HO'
[171]

MeO"
OMe

N
H
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Y
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Figure 1-66 Geldanamycin conjugate [171], Chlorambucil conjugate [172] & ICI 164,384 [173] 

Daunorubicin is a m em ber o f the anthracycline antibiotics fam ily and is often  used fo r the

tre a tm e n t o f advanced breast cancer.'’^  Daunorubicin is known to cause cardiotoxicity at high doses, 

but it is still p referred  due to is beneficial effects in m etastatic breast cancer.''®'* H artm an e t al. 

reported the  synthesis o f an estradiol-anthracycline conjugate which was linked via a 17-oxim e  

m oiety but this com pound displayed negligible ER binding affin ity and no ER-responsive cancer 

selectivity.'*”  ̂ In an other approach, Kasiotis e t al. synthesised estradiol which was conjugated  

through an 17a-am inopropynyl group [174] to  the sugar m oiety o f the anthracycline.'*°® The  

conjugate had an RBA value o f <1% that o f E2 and was significantly less active than daunorubicin in 

both ER+ and ER- breast cancer cell lines. Figure 1-67.

Paclitaxel (Taxol) is a potent antim ito tic  cancer drug, and because the mechanism of action is

d ifferen t from  th a t o f o ther chemical agents, it has becom e a valuable com ponent in com bination  

therapy. In particular, it has established a m ajor role in the trea tm en t o f recurrent, m etastatic breast 

cancer.'*”  ̂ Paclitaxel has poor solubility characteristics and its inherent toxicity reduces its clinical 

application in th e  trea tm en t o f cancer patients. Liu e t al.'*°^ reported a series o f estradio l-paclitaxel 

conjugates which w ere linked via a m oiety at position 11(3 or 16a  o f the estradiol and at the 2', 7', or

68



10-hydroxyls o f paclitaxel/®  The use of the 2'-hem isuccinate or 7-hem isuccinate ester group was  

in tended  to  im prove the conjugate solubility but w hen they w ere  evaluated w ith  the m oiety  at 

position l i p  or 16a  o f the  estradiol they w ere  less active than Taxol and established no significant 

selectivity fo r ER+ M CF-7 cells w hen com pared to the  ER- M D A -M B -231  cells. All conjugates had low  

ER binding affin ity  and w ere  less active in vitro  than paclitaxel, (16a-estrad io l e th er linkage at 7 '-0 -  

Taxol [175 ]), Figure 1-67.

OHOH
HO

'OH
OH

OH O NH

[174]

HO
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NH
Pt-C I

[176]

Figure 1-67 Examples of Estradiol-Anthracycline conjugate [174], Estradiol-Paclitaxel conjugates [175] and
Estradiol-cisplatin conjugate [176]

Cisplatin and its derivatives comprise a m ajor com ponent in the tre a tm e n t regim ens for 

m any form s of cancer, including breast cancer. Cisplatin's usefulness is lim ited, as w ith  m any  

anticancer drugs, by its lack o f tissue selectivity and systemic toxicity. W ith  estradiol-cisplatin  

conjugates, it would be desired th a t cisplatin would retain its anticancer activity and at th e  same 

tim e  display the  ER-selectivity o f estradiol. A substantial num ber o f estradiol-cisplatin conjugates  

have been reported and evaluated as potentia l therapeutic  agents. As w ith  the previous exam ple o f 

conjugates w here the substituent was ligated at the 3- or 173-position, the estradiol-cisplatin  

conjugates exhibited low ER-binding activity but significant cytotoxic activity was retained. Barnes e t  

al. reported  novel Pt(IV) com plex but was unable to acquire significant ER-i- selectivity.'*”® Kim e t al. 

synthesised a series o f (Est-en)PtCl2, a bifunctional cisplatin conjugate consisting of e thylendiam ine  

dich loridoplatinum  (II) te thered  to  the 7a-position o f estradiol [176], Figure 1-67.'*^° This 

es trad io l-p la tin  conjugate reserved significant ER-binding affin ity and dem onstrated  enhanced  

cytotoxicity in ER+ breast cancer cell lines as com pared to  cisplatin alone. H ow ever the  conjugate  

efficacy in ER- breast cancer cells was not reported so the cell selectivity was indeterm inate .
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Mitomycin C belongs to the class of compounds that require metabolic activation, i.e., 

quinone reduction, prior to alkylation of the DNA'‘“ , and it also displays a degree of sequence 

selectivity based upon its molecular structure'*^^. Dao et al. reported the synthesis of an 

antiestrogen-mitomycin conjugate [177] that incorporated structural features in an attem pt to 

improve selectivity and cytotoxicity, the antiestrogenic 1113-(4-alkoxyaryl) estradiol for ER binding, 

the alkylamino mitomycin C for DNA binding, and the hydrophilic, biologically compatible 

tri(ethylene glycol) linker to the two functional groups. Figure 1 - 6 8 . The conjugate 

competitively displaced estradiol from ERa-LBD with RBA value of 7 %. The conjugate did not 

stimulate the production of alkaline phosphatase, an efficacy assay, at any dose level but the 

compound potently inhibited the stimulation caused by 1 nM estradiol. It was also shown on ER+ 

MCF-7 and ER- MDA-231 breast cancer cell lines that the cytotoxicity activity was comparable to that 

of mytomicin C alone. The conjugate showed that it retained the high ER affinity of estradiol and 

antiestrogen efficacy, but it was unable to improve the cytotoxicity effect and demonstrate 

selectivity for ER-expressing cells.
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Figure 1-68 Antiestrogen-Mitomycin conjugate [177] and AE-Dox conjugate [178]

Doxorubicin is widely used for treatm ent of advanced breast cancer and is a favourite 

scaffold in conjugation studies. Dao et al. designed the antiestrogen (AE)-doxorubicin (Dox) 

conjugate [178] connected through a pH-sensitive hydrazone moiety. Figure 1-68.^^“' The 

antiestrogen was a steroidal antagonist RU39411 as the ER targeting component. The AE-Dox 

conjugate showed a significant improvement of cytotoxicity (approximately 70-fold, IC5 0  = 11 nM ) in
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ER+ M CF-7 cells com pared to  doxorubicin (IC50 = 0 .602  |iM ) alone or th e  doxorubicin -hydrazone (IC50 

= 0 .5 9 7  |iM ). Studies showed the participation o f ER-m ediated events in the  cytotoxicity process in 

the ER+ cell line. W hen  the AE-Dox cytotoxicity was evaluated in ER- M D A -M B -231  cell lines, it 

exhibited no differences am ong the  th ree doxorubicin form ulations. It was also dem onstrated  that 

the  AE-Dox cytotoxicity in this cell line was an ER-independent process.

1.12.1.2 Non-Steroid conjugates
Krohn e t at. synthesised a num ber o f ER targeting conjugates based on d iethylstilbestrol

(DES) and hexestrol (HEX) analogues w ith  a C4 side chain at the double bond attached to a num ber 

of functional a n d /o r potentia l alkylating groups such as carboxylic acids, hydroxyl groups, esters, 

nitrogen m ustards and varied haloalkyl groups.''^'*' The group concluded th a t the  coupling o f the  

cytotoxic agents tended to have a detrim enta l effect o f th e ir bioactivity.

The use o f tam oxifen  and its m etabolites in conjugate developm ent has been reported . It is 

envisioned th a t the  known ER binding ligand will increase the conjugate's selectivity to  the tu m our 

tissue and reduce indiscrim inate tissue dam age and this has been well docum ented.'*’̂ ® Both 

doxorubicin and daunorubicin w ere  reported to be activated through the catalytic production o f 

fo rm aldehyde and fo r this reason analogues o f doxorubicin and daunorubicin containing a masked  

fo rm aldehyde m oiety, te rm ed  Doxoform  and D aunoform , w ere  synthesised.'*^® The induction o f 

oxidative stress culm inating in the production o f form aldehyde gives rise to  m any drug side effects, 

the  m ost serious o f which is chronic cardiotoxicity. W hile  both novel analogues w ere hydrolytically  

unstable, they both dem onstrated  im proved cytotoxicity against th e  M CF-7 cancer cell line and a 

resistant strain, M C F-7/A DR  cells. Doxoform  was 150-fold  m ore cytotoxic to  MCF-7 cancer cells and 

1000-fo ld  m ore cytotoxic to M C F-7/ADR. Burke e t al. reported the synthesis o f a third generation  of 

doxorubicin-form aldehyde conjugate th a t bears the  doxsaliform m oiety te thered  to  4- 

hydroxytam oxifen as a targeting group in an a ttem p t to  circum vent the resistance mechanisms  

(Scheme 1 - 1 ) . The use o f the non-steroidal ligand was preferred  to a g row th -stim ulation  

horm one ligand (estradiol) as it would target the  tissue w here the ER is overexpressed but w ith o u t 

the  g row th -stim ulation . The masked form aldehyde was integrated in the form  o f an /V-M annich  

base betw een  the  am ide function o f the salicylamide m oiety and the  am ine o f doxorubicin. The 

salicylam ide triggering m olecule, previously developed to  release the  doxorubicin-form aldehyde  

m etabo lite , is te thered  via derivatised ethylene glycols fo r enhanced solubility to  an equim olar  

m ixture o f E- and Z- 4-hydroxytam oxifen.

The antiestrogen binding site (AEBS) is a know n secondary binding site w h ere  non 

com petitive  binding o f triary lethylene antiestrogens has been demonstrated.'*^* Antiestrogen binding
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sites are cytosolic, membrane-bound protein complexes that tightly bind tamoxifen and 4-OHT but 

exhibit virtually no affinity for estradiol but in contrast 4-OHT shows a much tighter affinity in the ER. 

The cellular distribution of AEBS is quite uncertain. However, there is evidence for the presence of 

AEBS in MCF-7 and MDA-MB-231 cell lines where the expression levels have been reported as 

140000 sites/cell and 82000 sites/cell for ER+ MCF-7 and ER- MDA-MB-231, respectively.''^®
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Scheme 1-1 Outline of the synthesis of steps to obtain [179] (i) DIPEA, THF sealed tube, 60 °C; hydrazine, EtOH, 60 “C;
(iii) TFA, EtOH, water.

In Burke's study, the target doxorubicin-formaldehyde conjugates estrogen receptor binding 

and in vitro growth inhibition was evaluated as a function of tether length. The lead compound, 

DOX-TEG-TAM [179] (doxsaliform moiety tethered to 4-hydroxytamoxifen bearing a triethlene glycol 

(TEG) tether), was synthesised as shown in Scheme 1-1. It binds the ER (IC50 = 200 nM ) with a binding 

affinity of 2.5 % relative to 4-OHT and inhibits the growth of four breast cancer cell lines with 4-fold 

up to 140-fold enhanced activity relative to doxorubicin. Scheme 1-1. The hydrolysis and stability 

studies of [179] displayed half-lives of 76 min (pH 7.4), 68 min (pH 7.6) at 37 °C and 180 h (pH 7.4), 

119 h (pH 7.6) at 4 °C. The group concluded that the longer the tether the better the binding 

affinities. As the conjugate [179] exhibited activity in both ER+ and ER- cell line, further investigation 

was undertaken on the AEBS affinity. It was demonstrated that the conjugate targeting ability was
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m ediated  through the AEBS as well as the ER, w ith  [179] dem onstrating approxim ately 60%  o f the  

AEBS binding affin ity  relative to  4-OHT.'*^®

The d eve lo p m en t o f novel ER targeting conjugates was perform ed w ith in  the  M eegan  

research group in TCD. Keely e t al. reported the  design, synthesis and evaluation o f a series o f dual 

acting estrogen receptor binding conjugates.'*^'’ The conjugates contained the  ER-ligand endoxifen , a 

tam oxifen  m etabo lite , te thered  through an am ide bond to com ponents w ith  known anticancer 

activity; chloram bucil [180], indom ethacin [182], G W 7604  [182], te tra lo n e  Al [183] and a CA4 

analogue [184], The conjugates showed promising an tipro liferative activity in MCF-7 cell line and 

good ER binding activity w ith  th e  one com pound [181] exhibiting IC5 0  values o f 35 .6  nM  (ERa), 19.5  

nM  (ERP) and RBA values o f 16 (ERa) and 29 (ERP). In fu rther research perform ed by Keely'^^^ a 

series o f conjugates containing the ER-ligands endoxifen and dihydroxyendoxifen covalently bonded  

to  a low w eight VTA based on the com bretastatin  A-4 w ere  synthesised. The lead com pound [185] 

exhibited p o tent ER binding affin ity  [(IC50 values o f 0.9 nM  (ERa), 4 .7  nM  (ER3)] and exhibited very  

potent an tip ro lifera tive  activity o f IC5 0  = 5.1 nM  in MCF-7 cell line. The conjugate was shown to  be 

stable at physiological conditions, therefore  is believed not to  act as a prodrug. The use o f SAR and

OH OH

OH

OH

.0
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Figure 1-69 Novel ER targeting conjugates [180]-[184]
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m o le c u la r m o d e llin g  studies show ed  th a t  th e  cyto toxic  d rug  w as e ffe c tiv e  as an ex ten s io n  o f th e  

en d o x ife n  m o ie ty  and w as ab le  to  in h ib it th e  action  o f  H e lix -12  in th e  LBD o f th e  ER.

1.12.1.3 Conjugates of radioligands
T he use o f se lective  radio ligands could help  in d istinguishing b e tw e e n  ER p os itive  o r ER

n eg ative  b reast cancer tu m o u rs  and could aid in th e  se lection  o f a p p ro p ria te  th e ra p y . T o p  e t  al. 

re p o rte d  a rh en iu m -b a se d  es trad io l co n ju g ate  [18 6 ] w ith  a RBA o f 172  T he high RBA a ffin ity  

w as a ttr ib u te d  to  th e  p resence o f a ch lo ro m eth y l su b s titu e n t located  on th e  l ip -p o s it io n  o f  th e  

es tra d io l. T h e  use o f SAR ra tio n a lized  th a t  th e  ch lo ro m eth y l su b s titu e n t could in te ra c t w ith  C ys381  

and C ys530 residues in th e  LBD. A n o th e r ER -targeting  rad io ligand  co n ju g ate  [18 7 ] re p o rte d  

in c o rp o ra te d  a ^ ^ L u te tiu m , using a b ifu n ctio n a l ch e la tin g  ag en t to  seq u ester th e  radioisotope.''^^ T he  

”̂ Lu c o n ju g a te  w as successfully tak en  up by M C F-7 cells. T he  b reast cancer im aging ag en t [1 8 8 ] w as  

synthesised by coupling  an am in o  d eriv a tive  o f ta m o x ife n  to  an N 2 S2 b ifu n c tio n a l c h e la to r fo r b o th  

rh en iu m  and tec h n etiu m -99 m .''^ '' H o w e v e r, [18 8 ] sh o w ed  very  p o o r ER b ind ing  a ffin itie s  in vivo  and  

in v itro  w ith  RBA va lu e  o f  0 .0 0 9  %, F igure 1 -71 .

1.12.1.4 Conjugates with improved pharmaceutical properties
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Figure 1-70 Potent conjugate containing an dihydroxyendoxifen coupled to CA4 [185]
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Figure 1-71 Conjugates of radioligands, [186]-[188]
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Fulvestrant (ICl 182 ,780) [8 6 ], is a 7 a  substituted estradiol derivative and pure antagonist of 

the ER. It is an effective trea tm en t for advanced postm enopausal ER positive breast cancer, 

how ever, its low oral bioavailability and the requ irem ent o f intram uscular adm inistration has led to  

various attem pts  to  increase the  w a te r solubility and bioavailability. One such approach is the  

synthesis o f sugar conjugates via glycosylation reactions at the phenolic 3-and hindered 17-positions  

of the  steroid structure, e.g. [189]''^^ Figure 1-72.

A polym er-estradio l conjugate was reported th a t could act as a hydro-soluble estradiol 

prodrug which could be fu rther investigated as means o f drug delivery.'’ ®̂ Using a carbam ate linkage 

estrad io l-3 -benzoate  [190] was covalently bonded to the  polym er PAHA (poly(a,P-(W -2- 

hydroxyethyll-D t-aspartam ide))-po ly(a,(3-(/\/-2-am inoethyl-D /.-aspartam ide)) copolym er. It was noted  

th a t a ttachm ent o f estrogen derivatives to the polym er will reduce the  cellular uptake to  the  

endocytic route.

Figure 1-72 Conjugates with Improved pharmaceutical properties, [186]-[188]

An endoxifen-m acrom olecular conjugate [191] was synthesised which displayed good 

binding affin ity  fo r both the ERa and ERp. The antagonistic properties o f this conjugate w ere  shown

polym erization . The evaluation o f the conjugate in an estradiol com petition assay showed IC5 0  values  

w ere  11 ± 9 nM  o f ERa and 33 ± 10 nM  o f ER[3, w hile the endoxifen exhibited IC5 0  values w ere  15 ± 5 

n M  o f ERa and 9 ± 5 nM  o f ERp.'*”

O

'(CH2)9S(0)(CH2)3C2Fs

to  be sim ilar to  th a t o f endoxifen.''^^ The endoxifen analogue was conjugated to  a diam inoalkyl linker 

and then conjugated to  activated esters o f a poly(m ethacrylic acid) polym er by atom  transfer radical
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1.13 Project Objectives
The ER is an attractive target fo r the  design o f drugs to trea t horm onal-dependent diseases.

Currently, there  is an unm et need fo r good ER-ligands fo r many therapeutic  applications. The main 

overall objectives are to design, synthesise and evaluate novel ER-targeting com pounds and 

investigate th e ir possible application as useful therapies. The specific objectives o f the thesis are:-

•  To utilise m olecular m odelling techniques in order to  aid the design o f novel estrogen

receptor (ER) ligands and associated conjugates.

•  To synthesise a library o f suitable ER ligands and conjugates, based on endoxifen [36], 

cyclofenil [198] and bazedoxifene [50] which w/ill exert a selective antagonistic effect in 

breast cancer cells w hile dem onstrating good ER-binding affinity.

•  To biochemically evaluate a num ber o f compounds synthesised fo r an ti-proliferative activity  

and cytotoxicity in M CF-7 and M D A  hum an breast cancer cell line

•  To assess both ERa and ER|3 binding affin ity properties o f a selection o f the  compounds

synthesised in order to determ ine  ligand ER-subtype selectivity.

•  To select suitable candidate com pounds for fu rther evaluation and developm ent as potential 

anticancer drugs.
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Chapter 2 

Estrogen receptor ligands



2.1 Overview
Many studies have been reported which demonstrate that 4-hydroxytamoxifen, endoxifen 

and norendoxifen (the major metabolites of tamoxifen), also possess potent antiestrogen activity 

(Figure 2-1).''^^ The endoxifen molecule will provide the conjugates to be synthesised with the 

selectivity to target the estrogen receptor expressed in ER positive breast cancer cells, such as MCF-7 

cells. Endoxifen is an ER antagonist and binds at the estrogen receptor with the IC5 0  value of 29.0 nM  

in ERa. The use of the endoxifen scaffold in the novel conjugate design should allow the selectivity to 

deliver a cytotoxic agent directly to the tumour site. Previous studies by Burke''^® and Keely"*̂  ̂ have 

demonstrated the use of the antiestrogen endoxifen for the delivery of cytotoxic drugs such as 

doxorubicin. Estradiol has also been used as the ER targeting ligand in related studies.'*^®

NH

OHOH OH

Tamoxifen [34] 4-Hydroxytamoxifen [35] Endoxifen [36] Norendoxifen [36a]

Figure 2-1 Tamoxifen [34] and metabolites: 4-hydroxytamoxifen [35], endoxifen [36] and norendoxifen [36a]

2.1.1 Synthesis of triarylethylene analogues

Stereochemistry is a key factor when synthesising tamoxifen analogues, and a reaction that 

produces predominantly the Z-isomer is desirable. Studies performed by Robertson et al.'’^̂  found 

that the two isomers exerted different effects on the same tissue. Using rat uterus, Z-tamoxifen (cis- 

isomer), was shown to express an antagonist effect while the f-tam oxifen (trons-isomer), exhibited 

an agonistic effect in the same tissue.'*^  ̂The study also demonstrated that for tamoxifen and related 

metabolites, the relative binding affinity (RBA) was significantly higher for the Z-isomer in rat uterine 

ER. Where the RBA of estradiol is taken to be as 100, Z-4-hydroxytamoxifen had a RBA of 285, while 

the E-isomer had a value of 5.

A large number of synthetic routes utilising either carbometalation reactions or palladium- 

mediated cross coupling reactions, or a combination of the both, were reported to construct the 

tetrasubstituted olefin backbone of tamoxifen and related triarylethylene analogues.'*^^
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T am o x ife n  and  its d e riv a tives  w e re  in itia lly  synthesised by re ac tio n  o f  aryl G rignard  reag en ts  

w ith  1 ,2 -d ia ry lb u ta n o n e . Potter'*^^ and M cC ag u e ''^ \ la te r  re p o rte d  th e  synthesis o f  an eq u al ra tio  

m ix tu re  o f  isom eric  tr ia ry le th y le n e  phenols. T he synthesis invo lved  th e  use o f  a k e to n e  co m p o u n d , 

w h ich  w as reac ted  w ith  4 -(te tra h y d ro p y ra n lo x y )p h e n y l-lith iu m  fo llo w e d  by an acid t re a tm e n t,  

(S chem e 2 -1 ).

M ille r 's  group'*^^ e x p lo ite d  a c a rb o m e ta la tio n  o f  p h e n y l(tr im e th y ls ily l)a c e ty le n e  w ith  

d ie th y la lu m in u m  c h lo r id e /t ita n o c e n e  d ich lo ride  to  y ie ld  an o rg a n o m e ta llic  in te rm e d ia te , w h ich  w as  

re ac ted  w ith  /V -b rom osuccin im id e  (NBS) and is su b se q u en tly  re ac ted  to  g e n e ra te  d ip h e n y lb u t-1 -  

en y ltr im e th y ls ila n e . This w as su b seq u en tly  co n ve rted  in tw o  steps to  ana lo gu es o f  ta m o x ife n  [34 ], 

S ch em e 2 -2 .

M in a to  e t al."*̂ ® and Liron e t al.''^^ inves tig ated  th e  p a lla d iu m -ca ta lys ed  s te re o s e lec tiv e  

synthesis o f  a ry la te d  o le fins. Both groups w e re  ab le  to  u tilise a ry ls ta n n an e  d e riv a tiv e s  to  

se q u e n tia lly  a ry la te  1 ,1 -d ih a lo a lk en es  th a t  gave rise to  a n u m b e r o f co u p led  p ro du cts , inc lud ing  

ta m o x ife n  d eriv a tives  in good yields.

O R O R

C O (T H P )

(i)

H O

(i) nBuLi, T H F  (ii) HC I, E tO H

Scheme 2-1 4-Hydroxytamoxifen synthesis route by McCague et

Br Ph
Si(C H 3)3 (i)

Si(CH3)3Si(CH3)3
Ph Ph

(i) (a ) EtzAICI C pzT iC lz (b) NB S; (ii) P hZnC I, P d (P P h 3 )4 ; 
(ill) B r2 , N a O M e  (iv) A rZnC I, P d (P P h 3 ) 4 (ill)

Br

[34]

Et

Scheme 2-2 Tamoxifen synthesis route by Miller” ^
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Shimizu e t exploited a geminal diboryiation o f 2 ,2-d ib rom o-l-e thy lv iny lbenzene w ith  

fe/s-(pinacoiato)diboron (Bpin-Bpin) generating the 1 ,1 -d ibory l-l-a lkene, which underw ent successive 

cross couplings w ith tw o  d ifferen t aryl iodidies to afford tam oxifen (Scheme 2-3).

Et Et Et

.B r n u / ^ / B p i n  J ^ . P h  ('")

Br Bpin Bpin

(i) (a) nBuLi (b) Bpin-Bpin; (ii) Phi, Pd2 dba2 , P (f-Bu)3 ; (iii) Ar-I, Pd2 dba 2 , P (f-B u ) 3  

Scheme 2-3 Tamoxifen synthesis route by Shimizu^^

Studem ann e t al.'*̂ ® used Ni-catalyzed carbozincation o f 1 -p h eny l-l-b u tyne , fo llow ed by 

addition o f iodine to  generate the (Z)-iodoalkene, which could be converted to  tam oxifen  by Pd 

catalysed cross-coupling reaction w ith  an arylzinc brom ide (Scheme 2-4).

^ E t (i) ?  , (ii)
^  Ph

Ph

I --------   [34]

(i) (a ) Ph2Zn, N i(acac)2 (b) I2; (ii) A rZnB r, P d (db a)2 ,P P h 3

Scheme 2-4 Tamoxifen synthesis route by Studemann^^*

Zhou et al.^‘’°' described the three-com ponent coupling o f 1 -p h eny l-l-b u tyne  w ith  

iodobenzene and an arylboronic acid to provide a direct synthesis o f tam oxifen (Scheme 2-5).

^  [34]
P h ^

(i) Phi, A rB (0 H )2, P d C l2(P h C N )2

Scheme 2-5 Tamoxifen synthesis by Zhou” °

Itam i et al.'*'’  ̂ reported  the utilisation o f an alkynyl(2-pyridyl)silane (derived from  b u t-l-y n y l-  

chlorodim ethylsilane) to effect a regio- and stereo-selective carbom agnesation/cross-coupling  

sequence to generate the  l,2 -d iary l-l-bu teny l(2 -pyridy l)s ilane . Subsequent conversion to  an 

alkenylboronate ester and Suzuki-M iyaura coupling yielded tam oxifen (Scheme 2-6).

, 9 ^  ^  —  p V  ^  p X b p : „  ^  , 3 . ,

P h ^ v  I,
Ar

(i) o-C5 H4 NMgBr; (ii) (a) PhMgl, Cul (b) Arl, Pd[P(f-Bu)3 ]2 ; (iii) (a) BCI3  (b) pinacol; (iv) Phi, Pd[P(NBu)3 l2

Scheme 2-6 Tamoxifen synthesis by Itam i” ^
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Shiina e t al.'’'’  ̂developed a th ree  com ponent coupling reaction betw een  arom atic aldehydes, 

cinnam yltrim ethylsilane and anisole using a Lewis acids catalyst to  afford tetra-substitu ted  

ethylenes. A fte r m igration o f the double bond functionality using potassium tert-butoxide and the  

addition o f a basic side chain, tam oxifen derivatives are afforded.

M cKinley and O'Shea'’^̂  reported  a route to  synthesis Z -tam oxifen through the  carbolithation  

o f d iphenylacetylene generating (f)-l- lith io -l,2 -d ip h e n y la lk y l-l-e n e s  which can be reacted in situ 

w ith  triisopropylborate to stereoselectively provide (f)-l,2 -d ip h e n y l-la lk y le n e  boronic acids. The 

te trasubstitu ted  vinylboronic acids served as versatile in term ediates fo r the generation of 

te trasubstitu ted  olefins w hile retaining the stereochem istry (Scheme 2-7).

(i) EtLi; (ii) (a) B r(C H 2 )2 Br (b) HCI; (iii) Pd(PPh 3 ) 4  NazCOg, DM E, H 2 O

Scheme 2-7 Tamoxifen synthesis route by McKinley and O'Shea*^^

Coe et al.'’'’ '̂ first reported the use o f the  M cM urry  reaction fo r the stereoselective synthesis 

of tam oxifen . The M cM u rry  reaction is a low valent titan ium  m ediated crossed coupling o f 

substituted benzophenones. The route tended to favour the  synthesis o f the desired Z-isom er fo r a 

num ber o f analogues. The reaction has becom e very popular because o f the impressive 

stereoselectivity and relative ease o f reaction, and has been utilised by m any groups to  propose 

d iffe ren t tam oxifen  analogues as the desired isomer in high yields.'*'*^’ W ith in  the  M eegan  

research group, the  M cM u rry  reaction has been the route o f choice fo r the synthesis o f the  

triary le thy lene  scaffold as it com m only leads to good E:Z isomer ratios and optim isation o f the  

reaction has been investigated by previous researchers.'’'’  ̂''''®

2.1.2 McMurry Reaction

2.1.2.1 Background

In the 1970's, tw o  research groups discovered that carbonyl com pounds could be 

reductively coupled to produce alkenes upon tre a tm e n t w ith  low -valent titan ium  reagents.''^  Tyrlik 

and W olochow icz described the coupling o f aliphatic and arom atic aldehydes and ketones by means  

o f th e  TiCls-Mg system ''^\ and suggested th a t te traary lethylene was obtained via the  carbene
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species M e 2 C. Mukaiyama et used the TiCl4 -Zn combination in the reductive coupling of 

aromatic aldehydes and ketones. This combination showed that the benzaldehyde and 

acetophenone were selectively transformed into the corresponding pinacols and alkenes, 

respectively, when the reaction was performed in appropriate solvent at either low tem perature or 

under reflux, and proposed the intermediary of a metallopinacolate species. The latter was 

envisaged as being formed either by dimerisation of ketyl radical resulting from one electron 

transfer from the low-valent metal species to the carbonyl and/or, in the case of the more easily 

reducible and reactive aromatic ketones, by nucleophilic attack of a ketone dianion on the C=0 

bond. McMurry and Fleming reported on the reductive coupling of carbonyls to form olefins using 

TiCIa and U A IH 4  and came to a similar conclusion that the mechanism of the reaction went through 

the metallopinacol intermediates.'*^^ The reductive coupling of carbonyls to give pinacols and 

alkenes by means of low-valent titanium compounds was called the McMurry reaction. The very 

broad scope of the McMurry reaction allows a large array of ketones, aldehydes, acylsilanes, keto 

esters, and oxamides to be efficiently coupled, in a inter- and intramolecular fashion, to produce a 

variety of products, including strained or sterically hindered olefins, macrocycles, polymers and 

heterocycles.''^'*' The application of the McMurry reaction has been well utilized in organic and 

organometallic chemistry, biochemistry and material science.

2.1.2.2 Mechanism o f carbonyl coupling
The M cM urry reaction is of particular importance as a synthetic method in this thesis as it

permits the reductive coupling of ketones to yield alkenes by reaction with low-valent titanium as 

the reducing agent. The initial step of the coupling reaction is the binding of the carbonyl substrate 

to the titanium surface, and the transfer of an electron to the carbonyl group. The carbonyl group is 

reduced to a radical species, and the titanium is oxidized. Two such ketyl radicals can dimerize to 

form a pinacolate-like intermediate that is coordinated to titanium. Cleavage of the C-0 bonds leads 

to formation of an alkene and a titanium oxide (Scheme 2-8). The low-valent titanium reagents used 

are not soluble under the reaction conditions, thus heterogenous reaction conditions apply. Low- 

valent titanium such as TiCU is used as the reducing agent in the presence of Zinc. Depending on 

molar ratio and the reductive agent used, a reagent is obtained that contains titanium of different 

oxidation states; however Ti(0) appears to be the active species. The coupling of unsymmetrical 

ketones leads to formation of stereoisomeric alkenes; the ratio depending mainly on steric demand 

of substituents.'*^®
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Ti(l)
O

Ti(0) OH
OH

HO[192]

Ti(l)

+ Ti(0)

HO
[193]

Scheme 2-8 Mechanism of the McMurry reaction for the formation of the triarviethylene 

2.1.3 Synthesis of endoxifen analogues

2.1.3.1 General reaction scheme
Endoxifen was chosen as a suitable ER-ligand scaffold due to its high affinity ER-binding

properties. Additionally, the secondary amine group present on the basic side chain can undergo

acid coupling reactions to synthesise the prototype conjugated compounds. The general strategy for

the synthesis of endoxifen is shown in Scheme 2-9

The main steps involve (including conditions):-

(i) The single protection of specific phenols groups present on the starting materials (tert- 

butyldimethylsilylchloride, imidazole, DMF)

(ii) The McMurry reaction, whereby two ketones are coupled to form a alkene bridge resulting 

in the desired triarylethylene backbone structure (TiCU, THF, Zn, reflux)

(iii) An alkylation reaction of the phenolic product via phase-transfer catalysis (1,2- 

dibromoethane, NaOH (aq.), (nBu)4 NHS0 3 ))

(iv) An amination reaction whereby the bromide product is reacted with different primary 

amines to form a set of analogues (R-NH2, sealed tube at 60 °C)
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O H

O H

[192]

O R
R
H [194]
S i(C H 3 )2 C (C H 3 ) 3  [194a]

[195]

(ii)

H O

[193]

(iii)

N '
H

O

[197]

B r '

(iv)

O

[196]

(i) T B D M S C I, im idazole , D M F; (ii) Zn, TiCU; (iii) Br2 (C H 2 )2 , N a O H  (aq .), (n B u )4 N H S 0 3 , D C M ;

(iv) M e N H 2 , sealed  tube, 6 0  °C

Scheme 2-9 Synthetic strategy of endoxifen analogue

2.1.4 Silyl-ether protection group reaction
The in itia l step  in th e  syn th etic  ro u te  involved th e  m o n o  p ro tec tio n  o f one th e  p heno lic

g ro u p  p res en t on th e  s tarting  m a te r ia l, 4 ,4 -d ih y d ro x y b e n zo p h o n e  [1 9 3 ]. T h ro u g h o u t th e  p ro jec t, th e  

p ro te c tio n  o f  th e  hydroxyl fu n c tio n a l g ro u p  w as essentia l and w as ach ieved  by fo rm a tio n  o f th e  te rt- 

b u ty ld im eth ys ily l (TB D M S ) e th e r . The  silyl e th e r  w as chosen as a su itab le  p ro tec tin g  g ro up  as it is 

to le ra n t to  a w id e  a rray  o f  reac tio n  conditions. The reac tio n  ro u te  chosen to  synthesise th e  

en d o x ife n  an a lo g u e  involved  a n u m b e r o f  harsh and basic reactions co n d ition s  in w hich  th e  T B D M S  

e th e r  is g e n era lly  stab le . T B D M S  e th e r  is m o re  stable to  hydrolysis th an  trim e th y ls ily l e th e r , b u t is 

still read ily  c leaved  by a v a rie ty  o f  se lective  conditions.

The silyl e th e r  p ro tec tio n  w as p e rfo rm e d  by th e  ad d itio n  o f one e q u iv a le n t o f th e  

h y d ro xy la ted  b en zo p h en o n e  w ith  o n e  eq u iv a le n t o f th e  te rt-b u ty ld im e th y ls ily l ch lo rid e  in th e  

p resen ce o f  10  % e q u iv a le n t excess o f  im id a zo le  in D M F  so lvent. The  im idazo le  acts as a base and  

p ro m o te s  th e  fo rm a tio n  o f pheno lic  an ions. This p heno lic  an ion  can reac t w ith  th e  silyl ch lo rid e  

p res u m ab ly  via Sn2 ty p e  m echan ism  to  fo rm  th e  silyl e th e r  p ro du ct. The  excess im id azo le  helps
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scavenge hydrochloric acid by-product as it is produced in the reaction while also recycling itself for 

further promotion of phenolic anion formation.

The sequence and rate of addition of the starting material was important for the 

dihydroxylated starting material. Firstly, a mixture of benzophenone [192] and excess imidazole are 

stirred for sufficient time to allow for the formation of phenolic anions. The addition of the silyl 

chloride is then carried out slowly to ensure that the concentration ratio of phenolic anions to 

chloride is large and that a greater proportion of mono-protected material [194] is generated in the 

early stages of the reaction. When the reaction had gone to completion (monitored via TLC), two  

new distinct products appeared on TLC; a mixture mono- ([194] 27 % yield) and di-protected ([194a] 

34 % yield) products were afforded (Scheme 2-9).

The TBDMS protecting group has distinctive and characteristic signals observed in the ^H- 

NMR spectrum. Both methyl groups present on the silicon atom are highly shielded, therefore are 

positioned upfield in the NMR spectrum. These methyl groups are chemically and magnetically 

equivalent. For compound [194], the protons and carbons of these methyl groups are observed at 

0.27 ppm in the ^H-NMR spectrum and at -4.78 ppm in the ^^C-NMR spectrum respectively. The tert- 

butyl moiety of the TBDMS group is also shielded due to the proximity to the silicon atom while the 

proton and carbon atoms of the methyl groups are also chemically and magnetically equivalent. 

Therefore, the protons of the methyl groups of the tert-butyl moiety are found as a singlet at 1.02 

ppm in the ^H-NMR spectrum while the carbons appear at 25.16 ppm in the ^^C-NMR spectrum. The 

quaternary carbon of the tert-butyl moiety is observed at 17.80 ppm in the ^^C-NMR spectrum.

The cleavage (deprotection) step of the silyl protecting group utilised throughout the project 

is discussed here. The cleavage of the TBDMS group is slow under hydrolytic conditions. When 

required, the silyl ether group was removed by treatm ent with tetro-n-butylammoniumfluoride  

(TBAF). Other reagents have been used for the cleavage of the silyl ether such as methanolic NH4F, 

aqueous HF, BF3 , or SiF4 . Bulkier silyl group can be utilised where more stability of the protecting 

group is required. Triisopropyl (TIPS), triphenylsilyl (TPS) and ferf-butyldiphenylsiiyi (TBDPS) are 

example of other silyl ether protecting groups with increased steric bulk. All these groups are 

susceptible to TBAF cleavage, however, TPS and TBDPS groups are cleaved much more slowly. TBAF 

produces a source of fluoride ions that can react with the silicon to form a pentavalent intermediate  

which cleaves to free the hydroxyl group (Scheme 2-10). The reaction is high yielding and the by

products can be removed by an acidic aqueous wash, often affording a relatively clean, crude 

product. Direct column chromatography over silica gel could be achieved without the acidic workup 

to yield the pure product.

85



Scheme 2-10 TBAF deprotection step

2.1.5 McMurry reaction
The next step involved the form ation  o f the triarylethylene backbone. The M cM u rry  reaction

was chosen as a suitable pathw/ay to form  the olefin [193] from  the monosilyl protected  

benzophenone [194] and propiophenone [195] (Scheme 2-11).

The diversity in behaviour o f d ifferent low/-valent titan ium  reagent systems is likely due to  

variations in the particle size, surface area, physical nature o f the surface and the solvent. The 

solvent is believed to stabilise the zero-valent particles during the  initial fo rm ation  o f the reagent 

system. The presence o f functional groups in the reaction m ixture which are easily reducible is not 

com patible due to  the strong reducing pow er of Ti(0). There has not been a full study o f functional 

group com patibility reported to  date, however, it appears that th ree categories exist: com patible  

(i.e. alcohol, am ine, alkyl silane, e ther), sem icom patible (i.e. amides, ester, alkyne) and incom patible  

(i.e. n itro, allylic alcohol, oxime).''^'' All functional groups in the incom patible category undergo rapid 

reduction upon trea tm en t w ith  low -valent titanium  to such a degree th a t they cannot survive the  

carbonyl coupling. O ptim ization of reaction conditions w ith  a variety o f low valent titan ium  carbonyl 

coupling reagent systems has been perform ed. The main variables w hen optim ising the  reaction  

conditions include: the selection o f reducing agent and solvent, the  m olar ratio o f titan ium  to  

reducing agent and the m olar ratio o f titanium  to ketone.''^^

HO

[194] [195] Z-[193] E-[193]

(i) Zinc. TiCU, THF, 4h Reflux

Scheme 2-11 Formation of [193] via the M cM urry reaction, (ii) TICI4, Zn, THF, 4 h reflux

The M cM urry  reaction system em ployed in this project fo r the carbonyl-coupling reactions 

comprises o f titan ium  (IV) tetrachloride and zinc in THF.'*'''* The optim al condition fo r this specific



M c M u rry  reaction system was investigated by previous research at Trinity College Dublin.'*^^ 

D eterm ined  chem om etrically through experim ental design'*^®, the optim um  conditions required  

titan iu m (IV ) te trach loride (4 .5eq.) and zinc dust (9eq.) to be refluxed in the dark prior to  the  addition  

o f the  re levant benzophenone ( le q .)  and propiophenone ( le q .)  to  allow for the fo rm ation  o f the  

reactive titan ium  species. The reaction m ixture was fu rther refluxed for 3 h under nitrogen and in 

com plete  darkness. Following w ork-up procedures, the m ateria l is purified via flash chrom atography  

on silica gel to  afford a cis (33 %) and trans (66 %) as a m ixture o f the  required olefin [193] in a 88 % 

yield. The reaction sequence is illustrated in Scheme 2-11.

In the ^H-NMR spectrum  o f [193] shown in Figure 2-2, the presence of both f -  and Z- isomers 

can be observed by the overlap o f the  silyl protecting group signals resulting in a com plex spectrum  

peaks. The signal fo r the m ethyl group on the ethyl side chain is overlapped w ith  the  signal peaks 

from  ferf-bu ty l m oiety  o f the silyl protecting group also. Further signal overlapping occurred w ith  the  

CH2 group o f both isomers overlapping and are observed as a quarte t at 2 .50  ppm w ith  a coupling 

constant o f 7.5 Hz. The arom atic region is complex due to the presence o f both isomers and resulting 

in m u itip ie t signals peaks betw een  6 .49  - 7 .19  ppm . Figure 2-2.

HO

—Si

I .i.i.
WL
9

Ippml

Figure 2-2 ‘ h -NMR  spectrum for [193]
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It has b een  rep o r ted  th a t  phenolic benzophenone-der ived  k e tones  used in coupling 

reac tions  have b een  show/n to  favour the  configuration of produc t which has a trans a rrangennent of

w as n o t  possible to  s e p a ra te  th e  isomeric com pounds  using colum n ch rom atography , th e  use of  ^H- 

NMR w as used to  d e te rm in e  th e  ratio of E- to  Z-isomers th rough  th e  com parison  of th e  peak  

integrals  b e tw e e n  th e  tw o  CH3 subs t i tuen ts  on th e  silane a tom , 1 to  1.2 respectively.

2.1.6 Phase transfer catalysis reaction
The syn thesised  olefin [193] contains th e  triarylethylene s truc tu re  required  for th e

endoxifen  scaffold. The next s tep  in th e  synthesis of  endoxifen is th e  addition of  a b rom oe thy l  

m oiety. The free  phenolic hydroxyl g roup on [193] undergoes  an e thy l-brom ination  s te p  via a phase- 

t ra n s fe r  catalysis method'*^^ to  afford [196]. The phase  t ransfe r  catalyst facilitates th e  migration of 

th e  re a c ta n ts  in a h e te ro g e n e o u s  system from one  phase  into a n o th e r  phase  w h e re  reac tion  can 

take  place (Scheme 2-13). Ionic reac tan ts  are of ten  soluble in an a q u e o u s  phase  bu t insoluble in an 

organic  phase  unless th e  p h ase  transfe r  catalyst is present."^® The ionic su bs tance  (ph ase - t ran sfe r  

catalyst) con ta ins  hydrocarbon  groups in th e  cation which a re  large enough  to  convey good solubility 

of salt in th e  organic solvent (highly lipophilic). The organic reac tan ts  are  dissolved in th e  w a te r -  

immiscible so lvent in this case DCM. The salt containing th e  nucleophile is dissolved in th e  a q u e o u s  

phase . The lipophilic cations are  transfe rred  to  th e  non-polar  phase  and th e  anions are  t ransfe rred  

from  th e  w a te r  to  th e  organic phase , which en h an ces  th e  nucleophilicity (Scheme 2-13), allowing th e  

substi tu t ion  reaction to  occur a t  mild conditions to  afford produc t [196] (Scheme 2-12).

In th is  p ro jec t th e  organic phase  consisted of excess of d ib ro m o e th a n e  s tarting  m ateria l  and 

so lven t w here in  th e  triarylethylene and phase- transfe r  catalyst, te t ra -n -b u ty lam m o n iu m  hydrogen 

su lfate  reside and th e  a q u e o u s  phase, consisting of sodium hydroxide and ac ts  as a reservoir of 

reacting  base  for gene ra t io n  o f  th e  triarylethylene anions. To en su re  th e  m axim um  in terac tion  is

th e  e thyl side chain relative to  th e  original phenolic system  across th e  doub le  bond. 444 , 445 , 457

(i) tetra-n-butyl am m onium  hydrogen sulfate, 1M NaOH, 1,2-dibromoethane, 16h RT

Scheme 2-12 Synthesis of the brom oethyl triarylethylene product [196]
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achieved between the two phases the mixture is stirred vigorously for 16 h. Following work-up  

procedure and purification via flash chromatography over silica gel, the E/Z isomeric mixture of [196] 

was afforded in a 78 % yield.
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Scheme 2-13 Phase-transfer catalysed ethylbromination reaction mechanism 

Bedford and Richardson determined that the Z-isomer basic side chain methylene proton 

signals of tamoxifen are shifted further downfield compared to that of the E-isomer.'*®° W ith many
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ta m o x ife n  derivatives , spectra l isom eric  assignm ent in te rp re ta tio n s  can be m a d e  based on th e  

re la tive  positions o f  th e  aryl p ro to n  signal arising fro m  th e  A 2 B2 para system  o f th e  4 -s u b s titu te d  

phenyl ring a n d /o r  on th e  re la tive  ch em ica l sh ift observed  fo r th e  O CH 2 signal arising fro m  p ro to n s  in 

th e  basic side chain/®® T h ro u g h o u t th is p ro je c t, th e  calcu la tion  o f th e  E /Z  isom eric ra tios w e re  based  

on th e  in te rg ra tio n  o f th e  side chain O C H 2 and  NCH 2 signals.

T
0

IPpm)

Figure 2-3 ‘H-NMR spectrum of [196]

In th e  ^H -N M R  spectru m  o f [1 9 6 ] as illu stra ted  in Figure 2 -3 , th e  E -isom er C H 2 N signals are  

observed  as a tr ip le t  (7= 6 .5  Hz) a t 3 .5 6  ppm  w h ile  th e  Z -iso m er CH 2 N signals are  o bserved  as a tr ip le t  

(J= 6 .5  Hz) fu r th e r  d o w n fie ld  a t 3 .6 6 p p m . T he CH 2 O signals are  observed  as a tr ip le t  (J= 6 .5  Hz) a t 

4 .1 8  ppm  w h ile  th e  Z -is o m er CH 2 O signal are  observed  as a tr ip le t (J-  6 .5  Hz) fu r th e r  d o w n fie ld  a t 

4 .3 4  ppm . The O CH 2  and th e  NC H 2 signals are  m o re  clearly  d e fin ed  th an  o th e r  signals in Figure 2 -3 , 

hence th e y  a re  used to  assign th e  E:Z  ra tio  o f  th e  p ro du ct. For co m p o un d  [1 9 6 ], th e  E:Z  isom eric  

ra tio  is ca lcu la ted  as 1 :1 .3  based on  th e  in tegra l o f th e  signal peaks show n in Figure 2 -4
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Figure 2 -4  B rom oethyl CH2 signals fo r 'h -N M R  spectrum  o f [196]

2.1.7 Amination reaction
The am ination reaction is a i<eY reaction in this study as it allows the synthesis o f endoxifen

analogue w ith  the basic side chain on the triarylethylene core structure. The am ine is required fo r 

effective binding o f endoxifen to  the estrogen receptor site. The basic side chain plays a key role in 

ensuring ER antagonist mechanism o f action. The am ine was introduced onto  the brom ide  

com pound [196] through a high pressure am ination reaction'*^^ to afford the  silyl protected  

endoxifen analogue [197], There is a solid and gaseous com ponent on each side o f the generalised  

balanced chemical equation fo r the am ination reaction involved m ethylam ine and [196] shown  

below  (Scheme 2 -14). W hen  examining this reaction it is im portant to  understand the  principles th a t 

required the use o f pressure fo r the form ation the desired product.

Bromide (s) + M e N H j (g) <-> Am ine (s) + HBr (g)

Following Le Chatelier's principle which states that if a chemical system at equilibrium  

experiences a change in concentration, tem peratu re , volum e, or partial pressure, then the  

equilibrium  shifts to counteract the imposed change and a new  equilibrium  is established.'*®^ This 

principle is relevant in the context o f pressure. M ethylam ine is in excess and has a slightly higher 

m olar volum e com pared w ith  hydrobrom ic acid. If the  reaction is carried out under increased
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pressure it should  drive th e  shift in equilibrium to  form th e  low er vo lu m e gas  in this ca s e  th e  

hydrobromic acid, th ere fore  leading to an equilibrium shift that will favour th e  form ation  o f  am ine  

co m p o u n d  (silyl-protected en doxifen)  [197], For th e  am ination reaction, e x c e s s  m eth y lam in e  is 

disso lved  in THF t o g e th e r  with the  brom ide [196] and sea led  in a high pressure tu b e  and th e  reaction  

mixture is h ea ted  with stirring for 24 -48  h at 60  °C. The use o f  th e  pressure tu b e  in this reaction w a s  

successfu l in producing the  silyl-protected endoxifen  [197] with a high yield (94%) o f  th e  E/Z 

isom eric mixture, 1 to  1 .15  respectively.

,CH3

[197] O -S i[196] O -S i

(i) NHzMe. THF, 65 °C, 48 h

Scheme 2-14 Amination reaction to  afford [197]
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Figure 2-5 ' h -NMR spectrum  of [197]

The ^H-NMR and ^^C-NMR spectra for th e  E /Z  isomeric mixture o f  [197] are sh o w n  in Figure 2-5  and  

Figure 2-6. The CH3  group protons o f  th e  ethyl side chain and th e  m ethy ls  o f  th e  t-butyl group  

located  on th e  silyl m oiety  are ob served  b e tw e e n  0 .9 2  - 1 .01 ppm as a m ultip let as th e  peaks  

overlap, w hile  th e  CH2  o f  th e  ethyl branch and the  am ine  CH3  protons  signals overlap and are 

ob served  b e t w e e n  2 .4 6  -  2 .5 4  ppm. The basic side chain proton signals are o b serv ed  at 2 .9 0  - 3 .02
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ppm (CH 2 N) and 3 .94  - 4 .13  ppm (CH2O). The arom atic protons are observed betw een  6 .47  -  7 .18  

ppm . In the  ^^C-NMR spectrum  the m ethyl carbon adjacent to  the nitrogen are identified at 35 .26  

and 35 .39  ppm.

IS2 <44 1M  128 120 112 104 96 M  72 64
ChemctI S»A (ppm)

32 24 16 8 C

050 

I  02S

I '
I  -0 2S 

-OM
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152 144 I3e I2e  120 112 104 96 8S 80 72 $4 <« 4S 40 32 24 16 8 0 
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'  OEPT_02

128 120
Chenicai Sn>fl fpptn)

Figure 2-6 C, DEPT 135 and DEPT 90 NMR spectrums of [197]

2.1.7.1 Isomeric mixture of the silyl-E/Z -protected endoxifen.
The form ation  o f an isomeric m ixture occurs as the  carbonyl coupling step (ii) in the

synthesis o f endoxifen result In e ither E or Z  configurations. This E /Z  m ixture was insepararable at all 

stages during the synthesis. The difficulty o f purifying and separation o f E/Z  isomeric m ixtures o f 

tam oxifen  derivatives and analogues into pure isomers have been well documented.'*®^

The Z  (c/s)-isomer o f 4-hydroxytam oxifen is well known to be a m ore p o tent anti-estrogen  

than the  E (trons)-isomer^^°' Although E-isomer o f 4-hydroxytam oxifen is known to  be 

estrogenic'*®'' o r w eakly antiestrogenic'’®'*' ''®̂ , there  are several reports^^”' th a t £-isom ers could 

be converted readily to m ore potent anti-estrogenic Z-isomers in an in vitro  cell system and Z- 

isomers are bound preferentia lly  to the nuclear estrogen receptors, despite the possible conversion  

o f Z- to  f-iso m er. This could explain why E/Z-4-hydroxytam oxifen has sim ilar anti-estrogenic action  

to  th e  pure Z-isomers analogues. For 4-hydroxytam oxifen, the E/Z  isomers interconvert in vivo, and 

so can be progressed as an isomertic m ixture w ithout effect on the  anti-estrogenic actions o f 

compounds.'*®® Therefore , the E/Z  isom er m ixture o f [197] obtained in the  present w ork w ill be used 

w ith o u t fu rth e r separation in the form ation  o f the subsequent conjugates (Figure 2 -7). Deprotection  

of [197] w ould afford the endoxifen com pound [36]; how ever the subsequent coupling/ conjugation  

reactions required the  TBDMS protecting group to be retained (see C hapter 5).
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E-[197] I \  Z-[197]

Figure 2-7 f-and Z- isomers of [197]

2.2 Synthesis of cyclofenil-based analogues
The anti-estrogen cyclofenil diphenol (F6060) is generally used as a stim ulant o f ovarian

function. Cyclofenil and its derivatives have high binding affin ity fo r ER, o ften  com parable to /o r  

g reater than th a t o f estradiol, and 4,4 '-((4-m ethylcyclohexylidene)m ethylene)diphenol [200] showed  

the highest ER(3 to ERa ratio.''®^ Notably, it has mixed agonist-antagonist activity typical fo r a 

nonsteroidal selective ER m odulator such as tam oxifen or raloxifene.'*®^' F6060 and analogues 

have been shown to inhibit [35S]proteoglycan synthesis'’’” and induce fragm entation  of the Golgi 

apparatus into small vesicles'*’  ̂ in cultures o f Swarm chondrosarcoma chondrocutes. Tam oxifen is 

also a potent inhibitor o f [35S]proteoglycan synthesis. Seo e t al. reported good ER-subtype binding 

and selectivity in a num ber o f cyclofenil analogues.'*®® The best reported ER-binding results w ere for 

the th ree  cyclofenil analogues [198], [199] and [200] shown in Table 1.

IO01 IO01

[198] [199] [200]

RBA

(E2=100)

ERa 124 110 66.5

ERP 285 354 274

P /a 2.3 3.2 4.1

In the  present study, the cyclofenil analogues chosen for synthesis retain the  cycloalkyl 

group o f the  cyclofenil parent structure, while in addition, include the basic side chain m oiety o f the  

endoxifen parent structure [36]. Unlike the previous synthesis o f the triarylethylene scaffold fo r the  

endoxifen analogues, the use o f closed ring systems elim inates any issue o f E- and Z- isomers. It was 

envisioned th a t the elim ination o f the E/Z  isomers could lead to a sim pler purification step and
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w ould result in a less complex N M R spectra. The synthetic route is sim ilar to that em ployed fo r the  

synthesis o f the endoxifen analogue [197] (see Scheme 2 -15). The benzophenone [194] was reacted  

w ith  the  appropriate cyclic ketone (cyclopentanone [201], cyclohexanone [202], cycloheptanone  

[203], cyclooctanone [204] and 4-m ethylcyclohexanone [205]) in the M cM u rry  reaction to give the  

com pounds [206 ]-[210 ] respectively. Com pounds [206 ]-[210] then undergo an ethylbrom ination  

reaction to give [211 ]-[215 ]. Following an am ination reaction step, analogues [216 ]-[220 ] are  

afforded. Com pounds [216 ]-[220] will be used in the  fo rm ation  o f novel conjugates la ter in C hapter 

5. Com pounds [216 ]-[220] are also deprotected to  afford the endoxifen-type cyclofenil analogues  

[221 ]-[225 ] (Table 2).

OH

OH

[192]

(CH,n

R
n R

[201] 1 H
[202] 2
[203] 3
[204] 4
[205] 2

H
H
H
CH3

HO

(ii),

[207] 2 H
[208] 3 H
[209] 4 H
[210] 2 CH;

[223] 3 H
[224] 4 H
[225] 2 CH 3

'(CH2),

OH

[212] 2 H[222] 2 H [217] 2 H
[218] 3 H
[219] 4 H
[220] 2 CH3

[213] 3 H
[214] 4 H
[215] 2 CH3

(I) TBDMSCI, imidazole, DMF; (II) Zn, TiC^; (iii) Br2 (CH2 )2 , NaOH (aq ), (nBu)4 NHS0 3 , DCM; (iv) MeNH 2 , sealed tube,
60 °C: (V )  TBAF, THF

Scheme 2-15 Synthesis of cyclofenil-endoxifen analogues [216] - [225]

In general, the reaction yields com pared well to  those yields obtained fo r the previous  

endoxifen analogues discussed in Section 2 .1 .3 . The ^H-NMR spectra fo r this series o f in term ediates  

and analogues [221 ]-[225] w ere m ore defined due to  the absence o f overlapping f / Z  isomeric  

proton signals. In the  ^H-NMR spectrum o f [222] (Figure 2-8), the CH2 protons from  the cycloalkane 

ring appears as tw o  m ultip lets at 1.54 and 2 .16  ppm which integrate fo r 6 and 4 hydrogens 

respectively. The CH2 protons from  the basic side chain appear as tw o  trip lets at 2 .80  and 3 .97  ppm
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with 5.5 and 5.6 Hz respectively. The amine methyl protons appear as a multiplet which integrates 

for 3 hydrogens between 3.15-3.19 ppm. The aromatic protons appear between 6.66-6.83 ppm. The 

secondary amine proton is not visible in this spectrum.

Starting Material Yields (%) + Compound ID
McMurry Ethylbromination Amination Deprotection

Cyclopentanone 97% 93 % 82% 73%
[201] [206]* [211]* [216]* [221]*

Cyclohexanone 87% 91% 86% 78%
[202] [207]* [212]* [217]* [222]*

Cycloheptanone 84% 94% 90% 81%
[203] [208]* [213]* [218]* [223]*

Cyclooctanone 89% 94% 84% 7 8%
[204] [209]* [214]* [219]* [224]*

Methylcyclohexanone 86% 90% 80% 82 %
[205] [210]* [215]* [220]* [225]*

Table 2 Endoxifen-cyclofenil analogue reaction yeilds (*=novel compound)

In the ^^C-NMR spectrum (Figure 2-9), the various CH2 peaks of the cyclohexyl ring and the 

methyl carbon signal are observed between 23.5-36.6 ppm. The basic side chain carbons are 

identified at 50.8 (NCH2 ) and 67.5 ppm (OCH2 ). The aromatic carbons are observed between 114.3- 

137.0 ppm while the carbons adjacent to the oxygen are found at 157.0 and 157.3 ppm. In the IR 

spectrum, the hydroxyl group is observed as a broad band at 3438.2 cm'^. The characterisation of 

[122] was confirmed through HRMS where a mass of 338.2104 (M+H)* was found for the required 

molecular ion C2 2 H2 8 NO2 .
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Figure 2-8 ^H-NMR spectrum of [222]
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Figure 2-9 C and DEPT135 NMR spectras of [222]
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2.3 Synthesis of 2-phenylindole-based analogues
A nother ER-ligand o f interest w ithin the scope o f the project is conjugate fo rm ation  w ith the

2-phenylindole based SERM bazedoxifene acetate [50] (W A Y-140424, TSE-424).'’^̂  This indole-based  

ER ligand has unique structural characteristics w ith respect to tam oxifen [34] and raloxifene [45], 

and was specifically selected to ensure an improved profile w hen com pared to the o lder classes of 

S E R Ms / “ ' B a z e d o x i f e n e  exerts significant estrogenic and antiestrogenic activity, both in vitro  

and in vivo, targeting any tissues th a t possess ERs, such as bone, uterus, breast, blood vessels, and 

liver. This SERM binds to  both ERa and ER(3, w ith a slight higher affin ity fo r ERa.'*^^ The m olecule was 

designed by using raloxifene as a tem plate  and substituting an indole ring fo r the benzothiophene  

core.''^^ M any related 2-phenylindoles have shown pharmacological activity and the covalent 

attachm ent o f various aminoalkyl substituents provided products w ith good ER binding. The 2- 

phenylindoles have been evaluated as inhibitors o f m am m ary tum our grow th. Selected 2- 

phenylindoles (see Figure 2-10) have been discovered to bind selectively to  ERa over ERp. 

Com pound [226] for exam ple has a relative binding affin ity (RBA) o f 2 .17 in ERa and 0 .24  in ER(3. 

Com pound [227] has a RBA value o f 0 .314  in ERa and ERp. RBA values are given w ith  respect to  

estradiol which is given a RBA value o f 100.

It has been found th a t various 2-phenylindoles w ith  an n- alkyl substituent show m oderate  to strong  

affin ity  for the  ER."*̂ ® It was also reported that a m ethyl or ethyl substituent at position 3 o f the  

indole nucleus and an ethyl or propyl substituent on the indole nitrogen is the most favourable  

structure fo r estrogen binding. W hen the n-alkyl chain was increased to m ore than 3 carbons in 

length a decrease in affin ity was observed. The phenylindoles also displayed estrogenic and 

antiestrogenic affects. These phenylindoles w ere found to be w eak estrogen receptor agonists w ith

HO

NH(CH2)2NHAc

[226] [227]
[50]

Figure 2-10 2-Phenylindoles with biological activity
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antagonistic activity due to prevention o f endogenous estradiol binding to the receptor. M am m ary  

tu m o u r grow th was also shown to be inhibited as shown by studies in rats.''^® The introduction o f a 

te rm in a l am ino group was discovered to possess anti-estrogen activity. The introduction of an am ino  

alkyl group also leads to increased binding affin ity and loss o f agonist activity in som e cases."*^  ̂ The  

use o f phenylindole conjugate to deliver the  cytotoxic agents to breast cancer tum ours was 

developed as far back as 1988 w hen Von Angerer et al developed phenylindole-p latinum  conjugates. 

They found binding affin ity  was only slightly decreased using a conjugate w hen com pared to  the  

phenyl-indole itself.''^® The position o f hydroxyl groups is an im po rtan t feature  w ith  respect to  SAR of 

the  2-phenylindoles. These tw o  phenolic groups are shown to  overlap w ith  the tw o  phenols o f 

estradiol w hen exam ined using flexible alignm ent (see Figure 2 -11). Structure activity relationships 

fo r estradiol have been extensively studied. The arom atic A ring and C3  hydroxy group are essential 

fo r estrogenic activity. The 17P-hydroxyl and the  distance betw een  the C3  and C1 7  groups are also 

im po rtan t for activity. Ideally the distance betw een  the oxygen atom s o f C3  and C1 7  should be 

b etw een  10.3 and 12.1 angstroms The distance betw een  the  2-phenylindole hydroxyl groups 

was shown to be 11.54 A which is w ith in  the range o f 10 .3 -12 .1  A required fo r estrogen receptor 

activity. The 2-phenylindole also possesses an arom atic A ring sim ilar to that seen in estradiol. 

Therefo re  the 2-phenylindole combines all the  key structural requirem ents fo r binding to  the  

estrogen receptor.

Figure 2-11 Flexible alignment of 2-(4-hydroxvphenyl)-3-methyl-lH-indol-5-ol [228] (green) and estradiol [28] (yellow) 

In the  present study, the corresponding 2-phenylindole analogues synthesised will contain  

the indole core from  bazedoxifene but the basic side chain will be sim ilar to th a t o f tam oxifen . The 2- 

phenylindole analogues also contain the tw o  phenols essential fo r binding to  the ER but are initially  

protected  as m ethoxy ethers which can be cleaved at a later stage to afford the free  phenols. The 

synthetic route fo r the  synthesis o f the 2-phenylindoles analogue is shown in Scheme 2-16.
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2.3.1 Synthesis of the indole core
The first step  in th e  synthesis o f th e  requ ired  2 -p h en y lin d o le  analogues w as th e  p re p a ra tio n

o f th e  ind o le  scaffold via  th e  Fischer indo le synthesis using 4 -m e th o x y p h e n y lh y d ra z in e  

h yd ro ch lo rid e  [23 0 ] and  4 -m e th o x y p ro p io p h e n o n e  [229] (Schem e 2 -1 6 ). The Fischer ind o le  synthesis

p h e n y lh yd ra z in e  in acid w ith  an a ld eh yd e o r ke ton e. The first step proposed  in th e  m echan ism  is th e  

fo rm a tio n  o f  p h e n y lh yd ra zo n e  (an im ine), w h e n  p heny lh yd razine  attacks a carbonyl group . T he  

h yd razo n e th e n  ta u to m e ris e s  to  an en am in e , w hich th en  u nd ergoes a cyclic re a rra n g e m e n t w ith  th e  

fo rm a tio n  o f  a C-C b ond . R e -aro m a tiza tio n  o f th e  ben zen e ring crea tes  an a ro m a tic  am in e  w hich  

im m e d ia te ly  attacks th e  ava ilab le  im ine. This gives an am in a l, th e  n itrog en  eq u iv a le n t o f  a 

h e m ia c e ta l. F inally ac id -cata lysed  e lim in a tio n  o f am m o n ia  gives th e  a ro m atic  indole.'*®”' The  

reac tio n  m echan ism  is illu s tra ted  in Schem e 2 -1 7 . The 2 -p h en y lin d o le  synthesised w as ch arac terised  

using N M R , ^̂ C N M R , ch ro m a to g ra p h y , IR spectroscopy and H R M S (75 %  yie ld ).

is th e  m ost w id e ly  used ro u te  fo r th e  fo rm a tio n  o f indoles. The reac tio n  involves th e  tre a tm e n t  o f

[229]

(CH2)n 2  [232]
^ B r  6  [233]

10 [234]

[230] [231]

(i) H C I, Eton, Reflux;

(ii) N a H , T H F , 0  °C;

(iii) M e N H 2 , sea led  tube, 6 0  °C;

(iv) B B f3 , D C M , - 7 8 °C
) n

n(H2C) 2 [235] 
6  [236] 
10 [237]

(iii)

n n(H2C)
2 [241] 
6  [242] 
10 [243]

H N
\ \  10  [240]

Scheme 2-16 Synthesis of 2-phenylindole analogues [229] - [243]
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In th e  ^H-NMR spec trum  for [231] show n in Schem e 2-12, th e  large singlet a t  2.44 

ppm  co r re sp o n d s  to  th e  C-3 methyl g roup  o f th e  indole. The tw o  singlet signals a t  3.89 and 3.93 ppm 

re la te  to  th e  tw o  m ethoxy g roup  pro tons. The signals in th e  a rom atic  region of  th e  sp ec tru m  

in teg ra te  for th e  7 a rom atic  p ro to n s  in th e  a rom atic  region. The signal fu r th e s t  downfieid  a t  7 .88 

ppm  is ass igned  to  th e  N-H p ro to n  in th e  indole ring. The NMR spec trum  for [231] is sh o w n  in 

Figure 2-13. The first signal a t  9 .27ppm  co rresp o n d s  to  th e  m ethyl g roup  a t  C-3 of  th e  indole. The 

tw o  m e th o x y  g roups  signals a re  obse rved  a t  54.92 and 55.54 ppm  respectively. The signals in th e  

region 100 .28  - 134.55 ppm  re p re se n t  th e  arom atic  carbons .  The tw o  signals fu r th e s t  downfie id  at 

153.63 and  158.48 ppm  rep re sen t  th e  carbons  bearing th e  m ethoxy  group.

OH

OH

NH
NH

Tautomerism

Cyclic
Rearrangement

NHNucleophilic attack 
of amine onto imine

OH

[2311-75%

Elimination of 
Ammonia

-NH,

Scheme 2-17 Mechanism for Fischer indole synthesis of [231]
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Figure 2-12 *H NMR spectrum of [231]
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Figure 2-13 NMR spectrum of [231]
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2.3.2 Bromoalkylation
The se co n d  s te p  in th e  syn th esis  w a s  th e  addition o f  a bromoaikyl chain to  t h e  indole

n itrogen  to  afford th e  product [235]-[237] ( see  S ch em e  2-18). This reaction requires th e  u se  of  

sod iu m  hydride (60 % in mineral oil) in tetrahydrofuran (THF). Sodium  hydride d e p r o to n a te s  the  

indole  nitrogen. The anion  attacks th e  positive d ipole in th e  dibromoalkyl c o m p o u n d  displacing  

b rom ine w hich  acts  as a g o o d  leaving group. The p rop osed  m echanism  for this reaction  is illustrated  

in S c h e m e  2-19 .

Br

(CH2)n 2 [232]
^ B r  6 [233]

10 [234]

(ii) NaH, THF, 0 °C;

n(H2C)

Br
; n

2 [ 2 3 5 ] - 5 8 %  
6  [236] - 52%  
10 [237] - 56%

O

H

Scheme 2-18 Bromination of [231]

/  / O
o  ------------------►

Scheme 2-19 M echanism for brom ination of [231]

The NMR sp ectrum  o f  [235] is sh ow n  in Figure 2-14. The major d ifferen ce  in structure to  

[231] is th e  addition o f  th e  alkyl chain leading to  4  extra signals. The first t w o  CH2 signals ap p ea r  as  

q u in te ts  at 1 .63  and 1 .76  ppm  respectively. The CH2 protons adjacent to  th e  brom ine are o b serv ed  

as a triplet at 3 .2 0  ppm. The CH2 adjacent to  indole nitrogen is observed  in this sp ectrum  as a triplet  

at 4 .0 2  ppm  ( J =  6 .5  Hz). The NMR spectrum  for co m p ou n d  [235] is sh o w n  in Figure 2 -15 .  The
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additional signals corresponding to the  CH2 o f the alkyl chain are clearly seen in the DEPT 135 and 

appear at 28 .09 , 29 .32 , 32 .61  and 42 .42  ppm.

iPpm)

Figure 2-14 NMR spectrum of [235]

rryr^l 8086.013.001 Ir.esp
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Chemcal Shift (ppm)

rTvn1d066.014X)01.1r.e«p

0 5

-0.5
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Chetncai Shill (pptn)

56 40160 144

Figure 2-15 NMR spectrum of [235]

104



2.3.3 Amination reaction
The third s tep  is th e  am ination  of  th e  alkyl b rom ide  using m ethy lam ine . This reac tion  is

similar to  th e  o n e  em ployed  for th e  synthesis  of th e  endoxifen  ana logue  [197], This reac tion  is 

ach ieved  by t r e a tm e n t  o f  th e  brom ides  [235]-[237] with m e thy lam ine  u n d e r  p ressure  in a sea led  

tu b e  to  afford p roduc ts  [238]-[240] respectively in good yield (Schem e 2-20).

Br

n
2 [235] 
6 [236] 
10 [237]

n(H2C)

HN

(i) NHgMe, THF, 65 °C, 48  h

2 [2 3 8 ] -7 5 %  
6 [2 3 9 ] -6 6 %  
10 [240] - 78%

Scheme Z-20 Amination reaction to  afford products [238]-[240]

The NMR spec trum  for [238] is show n in Figure 2-16. The NMR sp ec tru m  of [238] is 

similar to  it p recu rso r  (the b ro m in a ted  2-phenyiindole [235]) excep t  th e  p ro to n s  a d jacen t  to  th e  

alkyl n i trogen , which w e re  ad jacen t  to  th e  b rom o  group  in [235] now  has an  upfield shift (2.42 ppm  

c o m p a re d  to  3 .20 ppm). The m ethyl g roup  ad jacen t  to  th e  secondary  am ine  ap p e a rs  as a singlet a t  

2.35 ppm . In th e  NMR spec trum  7 a rom atic  p ro tons  are  o b se rved  as befo re  to g e th e r  w ith  th e  

s inglet signals for th e  m ethoxy  and methyl g roup  p ro tons.  The NMR spec trum  for co m p o u n d  

[238] is sho w n  in Figure 2-17. The NMR sp ec tru m  of [238] again is very similar to  th e  sp ec tru m  

for th e  b ro m in a ted  2-phenylindole  [235]. The only main d ifference  is th a t  th e  chemical shift fo r  th e  

m e th y le n e  carbon  next to  th e  alkylated nitrogen is o bse rved  a t  43.17 ppm  co m p ared  to  32.61 ppm  

for t h e  carbon  next to  brom ine  in [235]. There is also a signal a t  35.68 ppm for th e  m ethyl group .

2.3.4 Demethylation
It is possible to  cleave th e  m ethoxy  e th e r  of  [238]-[240] to  afford th e  phenols  [241]-[243]

using b o ro n  tr ib rom ide . Since co m p o u n d s  [238]-[240] con ta in  tw o  m ethoxy  groups, o n e  on each  of 

th e  phenyl rings, it w as  des ired  to  perform  such a reac tion  o n  th e se  c o m p o u n d s .  This is b e c a u se  th e  

f ree  hydroxyl g roups  a re  essen tia l  for ER ligand binding. Boron tr ib rom ide  ac ts  as a Lewis acid which 

fo rm s a com plex with th e  m ethoxy  g roup  (Scheme 2-21). Hydrolysis is carried o u t  using excess 

m e th a n o l  to  c leave th e  boron  com plex and quench  any excess boron  tr ib rom ide  p re se n t  in th e  

reac tion  mixture.
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Figure 2-16 NMR sp ec tru m  of [238]

In th e  ca se  o f  th e  m ethoxy  e th er  containing com p ou n d , [238] th e  c leavage  o f  th e  m eth o x y  

e th e r  group w a s  successfu l but only in trace am ou n ts  o f  th e  desired product [241]. W h en  the  

reaction mixture w a s  m onitored  via TLC and the  starting material rem ained con stan t  excep t  for the  

form ation  o f  a faint product with a low er R.F. Following chrom atography th e  isolated material w as  

exam in ed  by m ass  spectrom etry  which confirmed th e  form ation  o f  th e  d em eth y la te d  com p ou n d  

[241] (Found 3 2 5 .1 9 1 6  (M+H)^ C2 0 H2 5 N2 O2 requires 3 2 5 .1911 ) .  This reaction w as rep ea ted  for [239]  

and [240], similar results w er e  observed . It w as then  decided  to  protect  th e  hydroxyl group using  

benzyl protecting group as it could be rem oved  with a hydrogenation  to  afford th e  free  hydroxyl 

grou p s required for th e  binding to  the  ER. Miller e t  reported  the  synthesis  o f  b azed ox ifen e  [50] 

had b e e n  ach ieved  with th e  utilization o f  benzyl e th er  protection, for this reason it w as  d ec id ed  that  

t h e  n e w  approach  could incorporate th e  benzyl e th ers  required for novel indo les  in th e  p resent  

work. The synthetic  route  is similar to  that em p loyed  for th e  synthes is  o f  th e  2 'p henylind o le  

an a lo g u e  [238]-[240] ( se e  Sch em e 2-22).
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Scheme 2-21 Proposed mechanism of demethylation
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OBn

[244] V (ii)

HCI 
NH2 

[245]

OBn OBn

+

HCI

NH

(iii)
BnO

[247]

(I) K2 C O 3 , RT, A CN

(ii) HCI, NaNOz, S nC lj, 0 °C
(iii) HCI, EtOH, Reflux;
(iv) NaH, TH F, 0 °C ;
(v) M eN H 2 , sealed tube, 60  °C; 
(V i) P d(0H )2, H 2 , RT

(CH2)n 
Br

n(H2C)

(V )

n
2 [232]
3 [249]
4  [250] 
6  [233] 
10 [234]

10 [255]

n
2 [241]
3 [261]
4 [262] 
6  [242] 
10 [243]

— (\ OH
(V )

> " ---------

B n O ^

C C >
)

n(H2C)

>
HN

\

n(H2C)

HN
\

-OBn

n
2 [256]
3 [257]
4 [258] 
6  [259] 
1 0  [260]

Scheme 2-22  Synthesis o f 2-phenylindo le analogues [2 41 ]-[24 3 ] and [2 61 ]-[26 2 ]

2.3.5 Benzyiation of 4-Benzoxyprophenone [244]
The first step o f the  synthetic route involved is the benzyiation o f the 4-hydroxypropiophenone

[244] to  form  the 4-benzyloxyprophenone [246]. In this W illiam son e ther synthesis, the  phenoxide  

ion is generated first following deprotonation of the phenol using a base and subsequent reaction  

w ith  benzyl brom ide delivers the protected alcohol (Scheme 2-22).
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2.3.6 Synthesis of 4-Benzoxyphenylhydrazine
The second step required the  preparation o f 4-benzyloxyphenylhydrazine [247] from  4-

benzyloxyaniline hydrochloride [245]. The preparation o f the [247] starts w ith  a 4-benzyloxyaniline  

hydrochloride [245] which is converted into the corresponding phenylhydrazine by diazotization  

w ith  N aN 02 in concentrated HCI solution at low tem peratu re  and subsequently reduced w ith  SnCl2 

(Schem e 2-23).

N aN 02 , HCI

[245] [247]

Scheme 2-23 Synthesis of 4-Benzoxyphenylhydrazine

2.3.7 2-Phenylindole derivatives with the benzyl ether protecting group
The 4-benzoxyprophenone [246] was reacted with the 4-benzyloxyphenylhydrazine [247] in

a Fisher indole synthesis reaction to  give the compound [248] w ith  a yield o f 84  % (Scheme 2-22). 

Com pound [248] then undergoes the addition o f the bromoalkyl reagent o f varying chain length  

(1 ,4 -d ib rom obutane  [232], 1 ,5 -d ibrom opentane [249], 1 ,6-dibrom ohexane [250], 1,8-

d ibrom ooctane [233] and 1,12-dibrom ododecane [234]) to  give the  products [251 ]-[255 ]. A t this 

step tw o  side products o f interest w ere isolated and they will be discussed la ter in this chapter. 

Following the  usual am ination reaction step w ith  m ethyl am ine, analogues [256 ]-[260 ] are afforded. 

Com pounds [256 ]-[260] will be used in the form ation o f novel conjugates later in C hapter 5.

2.3.8 Debenzylation of 2-phenylindoles
The synthesis required rem oval o f the benzyl protecting groups from  com pounds [256 ]-[260 ]

to  afford ER targeting phenolic products. Com pounds [256]-[260] w ill also be used in the fo rm ation  

o f novel conjugates later in C hapter 5. Com pounds [256]-[260] are deprotected  to  afford th e  2- 

phenylindole analogues [261 ]-[265 ]. The most frequently  used procedure fo r rem oval o f the  benzyl 

protecting group required a hydrogenation over Pd/C catalyst.'*®^ This reaction was a ttem p ted  

initially fo r 3 h and m onitored via TLC. H ow ever a fter 3 h all starting m ateria l still rem ained. This 

reaction was subsequently repeated w ith  the use o f a higher surface area Pd/C catalyst (Palladium  

black) fo r the duration o f a w eek constantly m onitoring via TLC. The TLC showed th a t the m ajority  o f 

starting m ateria l rem ained. It was clear th a t this was not going to be a feasible deprotection m ethod  

under these conditions. A fter a substantial review  on the deprotection o f benzyl group, it was
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unclear why this reaction was not successful as this is the preferred route for the rem oval o f the  

benzyl group. It was decided to  try a pressurised hydrogenation (Parr reactor) over Pd/C.'*®^ The 

benzyl protected compound [256] was dissolved in the m inim um  quantity o f ethyl acetate and to  

this solution palladium black (high surface area Pd/C, 40 -60  mVg) was added. The reaction vessel 

was place under 3bar o f hydrogen gas and was allowed to react for 24h. A fter the 24h the  m ixture  

was analysed via TLC, it showed the form ation o f a product identified as the deprotected com pound  

[241] w ith  a yield o f 80%. Further investigation into the deprotection reaction lead to  the use o f 

an other platinum  based catalyst, 20 % palladium hydroxide (Pearlman's catalyst) also effective for 

hydrogenation and debenzylation.'*®''The benzyl protected compounds [256]-[260] w ere dissolved in 

M eO HiEtO A c (1:4) (20  mL) and to this palladium hydroxide (20 %) was added. The m ixture was 

placed under a hydrogen at 1 atm osphere and the reaction was m onitored via TLC. A fter 30  min, 

reaction com plete was achieved to afford the 2-phenylindoie analogues [241 ]-[243] and [261 ]-[262 ] 

(Scheme 2-22, Table 3). In general, the reaction yields com pared well to those yields obtained for 

the previous m ethoxy 2-phenylindoles analogues discussed in Section 2.3 .2 . The yields fo r the alkyl 

brom ination step w ere low er and this was due to the form ation  o f side products and this will be 

discussed later in this chapter.

Starting M ateria l Yields + Compound ID
Alkylbrom ination Am ination Deprotection

1,4-d ibrom obutane 6 3 % 92 % 8 0 %
[232] [251] [256] [241]

1 ,5-d ibrom opentane 6 5 % 9 3 % 7 1 %
[2 4 9 ]* [252] [257] [261]

1,6-dibrom ohexane 6 6 % 9 5 % 7 6 %
[250] [253] [258] [262]

1,8-d ibrom ooctane 6 0 % 91 % 91 %
[233 ]* [254] [259] [242]

1,12- 5 9 % 8 7 % 8 8 %
dibrom ododecane

[2 3 4 ]*
[255] [260] [243]

Table 3 2-Phenyrmdole analogue reaction yields (*=novel compound)

In the ^H-NMR spectrum for [241] is shown in Figure 2-18, the tw o  CH2 signals (2 and 

3) from  the alkyl chain appear as m ultiplets at 1 .39-1 .40  ppm and 1 .54-1 .65  ppm, the large singlet at 

2.13 ppm corresponds to the  m ethyl group at C-3 o f the indole. The am ine m ethyl protons appear as 

a singlet which integrates fo r 3 hydrogens at 2 .54  ppm. The tw o  trip le t signals at 2 .70  and 4 .12  ppm  

re late to  the  CH2 adjacent to  the m ethylam ine and the CH2 adjacent to the indole nitrogen, 

respectively. The arom atic region o f the spectrum contains signals which integrate fo r the  7 protons. 

The am ine (NH) and the phenol (OH) signals w ere not observed in this spectrum . The NM R  

spectrum  fo r [241] is shown in Figure 2-19. The signal at 7 .6  ppm corresponds to  the m ethyl
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substituent in C-3 o f the indole. The signals assigned to  the CH2 groups o f the alkyl chain appear at 

22 .6 , 26 .0 , 41 .9  and 4 8 .0  ppnn, and these are observed as negative signal in the DEPT-135. The signal 

at 31 .5  ppm relates to the am ine m ethyl. The signals in the region 102 .0  - 137.6  ppm represent the  

arom atic  te rtia ry  and quaternary carbons. The tw o  signals fu rthest dow nfield at 149.7 and 156.7  

ppm represent the chemical shift fo r the phenolic carbons C-5 and C-4'.

JJ l

2* 3

jjLjuL-i-i.
i j  i  i .  ^

Ippml

Figure 2-18 *H NMR spectrum of [241] (MeOD-d4 )

2.3.8.1 Further products isolated from the bromoalkylation reaction
W h en  the crude product from  each o f the previous brom oalkylation reactions was isolated

and purified using colum n chrom atography over silica gel the alkyl brom ine products [251 ]-[255 ] 

w ere  afforded in yields ranging from  59 -66  %. W hen the TLC plate w ere  exam ined (n -H exane:DC M , 

gradient 4:1 to 2:1) it showed th a t all o f the starting m ateria l 2-phenylindole [248] had reacted and 

hence it w ould have been correct to assume th a t the yields would be higher (60% ). Further 

developm ent o f the TLC on the crude m ixtures using d ifferen t m obile phases showed the presence 

o f tw o  additional products. One o f the products (S I) w ith  an Rf= 0 .65  was present in m oderate  

quantity  and the second product (S2) which rem ained on the  base line o f the TLC until a strong polar 

m obile phase was used. A nother notable characteristic o f S2 was th a t it gave a bright blue 

florescence at 366 nm which was not a ttribu ted  to the o ther indole products. In each case, isolation
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an d  p urif ica tion  o f  S I  and S2 a f fo r d e d  t w o  in d o le  b a s e d  c o m p o u n d s ,  a b is - in d o le  S I  an d  a 

rea rran g ed  in d o le  S2.
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E
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0.005
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Cheincal Shifl (ppfTi)
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Chemcal Shift (ppm)

Figure 2 -19  NMR and DEPT-135 sp ectras o f  [241] (M eO D -d 4 )

The i s o la te d  b y -p r o d u c ts  S I  w a s  id en t if ied  as  t h e  b is -2 -p h e n y l in d o le  s e r ie s  [2 6 3 ] - [2 6 7 ] .  

T h e s e  p r o d u c ts  are  fo r m e d  w h e n  fu r th er  r e a c t io n  o f  t h e  initially fo r m e d  b r o m o  a lk y la ted  in d o le  and  

a s e c o n d  2 - p h e n y in d o le  m o le c u le  o c c u r s  in th e  r ea c t io n  c o n d it io n s  to  p r o d u c e  t h e  b is-2-  

p h e n y l in d o le .  The id en t if ica t io n  o f  t h e s e  c o m p o u n d s  w a s  p e r fo r m e d  by an d  NMR, a n d  HRMS.

" (CH2)n

OBn

[248]

n
2 [232]
3 [249]
4  [250] 
6 [233] 
10 [234]

OBn
BnO BnO

2 [251]
3 [252]
4 [253] 
6  [254] 
10 [255]

(CH2),

+

OBn
OBn BnO'

2 [263]
3 [264]BnO

(i) NaH. THF, 0  °C

4 [265]
6 [266] 
10 [267]

S I  products

S ch em e 2 -24  S y n th esis  o f b y-products S I  [2 6 3 ]-[267]

T he p r o to n  s ign a ls  are  eas i ly  d e f in e d  in t h e  ^H-NMR sp e c tr u m  o f  [2 6 3 ] ,  s h o w n  in Figure 2 -2 0 .  

T h e signal a t  1 .2 4  - 1 .3 7  p p m  a p p e a r s  as  a m u lt ip le t ,  c o r r e s p o n d in g  to  t h e  t w o  c e n t r e  CH2 g r o u p s  in
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th e  alkyl chain. The large singlet at 2.17 ppm corresponds to  th e  m ethyl groups at C-3 o f the indoles. 

The rem aning tw o  CH2 S from  the alkyl chain appear as a m ultip let a t 3 .70  - 3 .86  ppm . The signals for 

the  four CH 2 S of the benzyl aryl ethers are found as tw o  singlets a t 5.13 and 5.16 ppm . The arom atic  

signals appear betw een  6.93 -  7 .39 ppm. The NM R spectrum fo r [263] is shown in Figure 2 -21, 

the signal a t 8 .9  ppm corresponds to the m ethyl group carbons at C-3 o f the  indoles. The signals 

correspond w ith  the CH2 o f the alkyl chain appear at 26 .5  and 4 2 .6  ppm inverted in the  DEPT 135  

spectrum . The benzyl CH 2 groups give rise to the signals at 69 .9  and 70.6  ppm . The signals in the  

range 101.9  - 137.4  ppm represent the arom atic te rtia ry  carbons and quaternary  carbons. The tw o  

signals fu rthest dow nfield at 152.6  and 157.9 ppm represent the  chemical shift fo r the  carbons 

attached to  the benzyl ethers, C-5 and C-4' o f the  indole rings.

These b/s-2-phenylindole compounds have an interesting structure as e ith e r o f th e  2- 

phenylindole term in i could potentially bind in the estrogen receptor. The second 2-phenylindole  

could in teract w ith in  the ER binding pocket and may exhibit enhanced ER binding activity. It has 

been reported that bis-indole type compounds have dem onstrated  cytotoxic activity in cultures of 

PC-3 (prostate), U251 (CNS), K562 (leukaem ia), Hep-2 (Liver), HeLa (cervix), and HCT-15 (colon) 

ce l l s . ' * ®^ ' The  isolated [263]-[267] compounds w ere  deprotected , to  rem ove the benzyl protecting  

ethers, and affording the free phenolics which are essential fo r ER binding.

(Ppmj

Figure 2-20 ' h NMR spectrum of [263]
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Figure 2-21 C NMR and DEPT-135 spectras of [263]

BnO

BnO

(i)

OBn 

n
2 [263]
3 [264]
4 [265]
6 [266]
10 [267]

(i) Pd(0 H)2. H2, RT

HO

n
2 [268]
3 [269]
4 [270] 
6 [271] 
10 [272]

Scheme 2-25 Synthesis of [268]-[272]

Compounds [263]-[267] are deprotected, affording the bis-2-phenylindole analogues [267]- 

[271]. The benzyl protected compounds [263]-[267] were dissolved in MeOH:EtOAc (1:4) and to this 

palladium hydroxide (20 %) was added. The reaction vessel was place under a hydrogen atmosphere 

and the reaction monitored via TLC. A fter 30 min all traces o f starting material had reacted. The use 

o f palladium hydroxide as the hydrogenation catalyst afforded the bis-2-phenylindole analogues 

[268]-[272] in moderate yields (Table 4).
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Compound ID & yield (%)
Linking alkyl chain Side product isolated Deprotection

20 67
-(CH2)4- [263] [268]

22 53
-(CH2)r [264] [269]

26 74
-(CH2)e- [265] [270]

22 61
-(CH2)s- [266] [271]

30 58
■(CH2)i 2- [267] [272]

Table 4 Bis-2-phenylindole analogue reaction yields 

The ^H-NMR spectrum o f [269] shown in Figure 2-22, is sim ilar to  that o f the  

protected com pound [263] as shown in Figure 2-20. The key differences are the  presence o f an 

additional CH2 signal at 0 .39  ppm due to the increase in chain length w hen com pared to [263]. The 

tw o  signals corresponding to  the CH2 's o f the benzyl ethers are no longer present and the integral 

fo r the arom atic region has been decreased to 14 hydrogens. Similarly, in the NM R spectrum  of 

[269] shown in Figure 2 -23, the  additional CH2  from  the alkyl chain appears at 23.7  ppm , and the  

benzyl CH2 signals appearing at 69 .9  and 70.6 ppm are no longer present. The tw o  signals fu rthest 

dow nfield  at 151.3 and 158.2 ppm represent the chemical shift for the C-4' and C-5 carbons having 

the  phenolic hydroxyl groups.

NH

[248]

OBn
Br

(
(CH2)n

Br
2 [232]
3 [249]
4 [250]
6 [233]
10 [234]

(i) BnO

OBn

n
2 [273]
3 [274]
4 [275] 
6 [276] 
10 [277]

(i) NaH, TH F, 0 ° C

Scheme 2-26 2-Phenyl-3H-indole analogue synthesis 

The isolation of a second byproduct in the  brom oalkylation o f indole [248] reaction 52 was 

identified as an unexpected product [273]. D eterm ination o f the  structure was achieved using and

13C NM R spectra, and it is possible to confirm that the brom o alkyl chain was present but not as
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expected. The ^H-NMR spectrum showed the required num ber of signals but the pattern of the 

signals appears different compared to the ^H-NMR spectrum of the expected product [251] (see 

Figure 2-24).

I*

HO
•OH

HO-

Figure 2-22 NMR sp ec tru m  of [269]
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Figure 2-23 NMR sp ec tru m  of [269]
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W hen the tw o  spectra for [251] and [273] are exam ined it is possible to see th a t the  

m olecules are significantly d iffe ren t (Figure 2-24). The signal a ttribu ted  to  the m ethyl group attached  

to  th e  indole core has changed its chemical shift significantly from  2.24 to 1.58 ppm. In the  

rearranged product the m ethyl signal appear much m ore upfield at 1.58 ppm . The alkyl chain also 

displayed d ifferen t signal p a ttern  w hen com pared to the ^H-NMR spectrum o f [251], The N M R  

spectrum  (Figure 2-25) also confirm ed the presence o f the alkyl chain. In the spectrum  of the [273], 

tw o  signals w ere  difficult to  characterise; the signal appearing fu rther dow nfield at 179.3 ppm and 

the  quaternary  carbon at 57 .5  ppm. This side product was also found to  have the  same HRMS  

m olecular ion peak as com pound [251] which was surprising. From the  elem ental analysis it was 

determ ined  th a t the  isolated product was a structural isom er o f [251], w ith  m olecular form ula

C 3 3 H 3 2 B r N 0 2 .

mim18862.001.001 1r esp BnO

0.50

CD ®

BnO

0 9 6 9  87 2011 07 095 400 1 05 1 03 5 161 84 3.34

8 5 8.0 7.5 70 85 8.0 55 5.0 4.0 3.5 3.0 2S 0.52.0

rT*n18790.001.001 Ir.esp
BnO

050

025 5  S

BnO

3.87 7 91 1 23 3 00 0 97 401 1 97 2 93 1 95 1 94
U U U

8 5 8.0 7.5 7.0 8.0 5.5 5.0 4.5
Chemical Shit! (ppot)

3.54.0 3.0 25 2.0 0.5 -0

Figure 2-24 NMR spectrum comparison (above, rearranged product 52 [273], below [251])

In the N M R spectrum  fo r [273] is shown in Figure 2-24, the m ethyl signal appears m ore  

upfield at 1.58 ppm w hen com pare to the spectrum fo r [251], The alkyl CH2 signals appear very  

d iffe ren t to th a t o f [251]. The CH2 signals appear as a m ultip let betw een 0 .84 -1 .03  ppm , as a 

m ultip le t betw een 1 .53 -170  ppm  and as 2 double trip lets which correspond to one CH2 at 2 .03  and 

2.26  ppm . The benzyl CH 2 signals appear in the  same region as [252] at 5 .15  and 5 .17 ppm . The 

arom atic  hydrogen adjacent to  the  im ine carbon on the 3H -indole core appears m ore dow nfield  and 

appears as a doublet at 8 .11  ppm . Similarly in the NM R spectrum for [273] shown in Figure 2 -25, 

the  m ethyl group on the 3H -indole core has moved much m ore dow nfield to 24 .6  ppm . The signal at 

57.6  ppm  is assigned to quaternary  carbon C-3 on which the  m ethyl and the alkyl chain are located.
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The imine carbon on the 3/-/-indole core appears more upfield at 179.1 ppm. Similar products [273]- 

[277] were isolated on reaction of indole [248] with the dibromoalkenes [232]-[234]. See Scheme 

2-26 and Table 5.

BnOr r^ 1 8862.013.001.1 r esp
0.75-

>-

O.SO

s
8

BnO0.25
z

168 160 152 128 120 112 104 96 88 30
Chemical Shift (ppm)

176 136144

BnO
r r^ 1 8239.013.001 I n

0.75

0.50

BnO
0.25

mm
120 112 104 80 56 40 16168 160 152 136 128176

Figure 2-25 NMR spectrum comparison (above rearranged product S2 [273], below [251])

Linking alkyl chain
Compound ID & yield (%)

Side product isolated, S2

17
-(CH2)4- [273]

9
-(CH2)5- [274]

12

[275]

13
-(CH2)s- [276]

11
-(CH2)i 2- [277]

Table 5 2-Phenyl-3H-indole analogues
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BnO
OBn

BnO.
OBn

BnO
OBn

[273]

B:= b ase

Scheme 2-27 Proposed reaction m echanism  for the  form ation of the 2-phenyl-3H-indole [273]

A plausible rnechanisnn for th e  d ea ro m a tiv e  alkylation reac tion  to  fo rm  th e  2-phenyl-3H- 

indole [273] is dep ic ted  in Schem e 2-27. The base  d e p ro to n a te s  th e  indole n itrogen. Assisted by 

base ,  th e  indole ac ts  as nucleophile th ro u g h  C-3 position to  a ttack  th e  dibromoalkyl co m p o u n d  

displacing b rom ine . This p ro p o sed  m echan ism  is similar to  th a t  d o c u m e n te d  by Ke-Jia e t  al for th e  

palladium (0)-catalyzed d ea ro m a tiv e  arylation of  indoles.''®^

2.3.9 Potential selective inhibitors of NF-kB
17P-Estradiol (E2) is known to  have anti- inflam m atory  activity w/hich is believed to  be a

resu lt  o f  in te r fe ren ce  with NF-kB activity.''®^ Binding of  estradiol to  th e  es tro g en  re c e p to r  induces 

inhibition of  NF-kB and  previous s tud ies  have show n th a t  NF-kB activation is only p re se n t  in ER- 

negative  cancers.''®^ In ER-positive b reas t  cancers, NF-kB activation is a b se n t  and  this could be d u e  to  

inhibitory crosstalk b e tw e e n  NF-kB and ER signalling.^®” The m echan ism  for this in terac tion  has no t 

b een  fully e luc ida ted  bu t is believed to  be th rough  e i th e r  direct p ro te in -p ro te in  in terac tions, th e  

inhibition of  NF-kB binding to  DNA, increased NF-kB expression o r  th ro u g h  a co-activator. The 

identification of  pa thw ay-se lective  es tro g en  recep to r  ligands th a t  inhibit NF-kB transcrip tional 

activity is likely to  have po ten tia l  application as p o te n t  an ti- in flam m atory  a g en ts  th a t  do  no t induce 

th e  classic effec ts  o f  estradiol and es trogen  ligands including ER-mediated g en e  expression  and 

proliferation  of  u te r ine  cells.

The aim of this section  of th e  project w as to  e lucidate  if novel indole contain ing ER ligands 

acting as pa thw ay-se lective  inhibitors of NF-kB can display an ti- in flam m atory  effects. NF-kB can 

function as a tu m o u r  p ro m o te r  in inflam m ation associa ted  cancer and is th e re fo re  a po ten tia l  ta rg e t  

fo r  cance r  p reven tion  in chronic inflam m atory  diseases. The inhibition of  NF-kB t ranscrip tional 

activity by estrad io l (E2) bound  to  th e  es tro g en  re c e p to r  (ERa or ER(3) has b een  know n for several
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years  and  is well documented.'*®* Som e ER ligands have also show n effects  on selective expression  of 

NF-kB.'*®̂ ' As an additional aim of this project, a selec ted  n u m b er  o f  novel ER ligands with varying 

effec ts  on th e  ER (both agonistic and antagonistic) have been  synthesised  and eva lua ted , so m e  of 

which also w ere  previously d e m o n s t ra te d  to  have p o te n t  anti-proliferative effects  on th e  hum an  

b reas t  carcinom a MCF-7 cell line. The identification of  m ore  selective ligands for th e  ER has been  

sough t d ue  to  th e  associa ted  risks of endom etr ia l  cancer and venous  th rom bos is  with th e  use of 

e s trogens .  M ore selective ligands a re  th o se  which would retain th e  beneficial o u tc o m e s  of e s trogen  

th e rap y ,  while eliminating th e  unw an ted  side effects.

The novel ER ligands se lected  for evaluation all contain th e  2-phenylindole core  th a t  w as 

syn thesised  previously (Section 2.3.7). For th e  synthesis of novel SERMs, this scaffold w as required  

for successful binding of  th e  molecule to  th e  ER. Bazedoxifene [50] binds to  bo th  ER re c e p to r  a  and 

P, and  displays low binding IC5 0  values of 23 nM and 89 nM respectively, with a g re a te r  affinity for 

ERa. The addition  of  a basic side groups  is then  required  to  give th e  molecule  po ten tia l  an ti

proliferative activity. It is also a p o te n t  inhibitor of cell proliferation, with an IC5 0  value of  3.7 nM in 

MCF-7 cells. This drug acts  as an an tagonis t  in m am m ary  t issue and p reven ts  th e  binding of estradiol.

2.3.9.1 Potential selective inhibitors o f NF-kB
A series o f  indole com pounds  was p repa red  for evaluation as dual ER/NF-kB ligands.

The synthetic  rou te  is outlined in Schem e 2-31. C om pounds designed  with a 2-phenylindoie-3-

m ethlyindole  with a variety of alkyl and benzyl su bs t i tuen ts  located on th e  N-1 position. These

c o m p o u n d s  will be used as novel su b s tra tes  for ER/NF-kB activity. The synthesis  of 2-phenylindole

[248] w as discussed previously in (Section 2.3.7) from th e  ap p rop r ia te  4-benzyloxyphenylhydrazine

[247] and 4 -benzyloxypropiophenone [246]. The variety of b rom ina ted  precursors  used for th e

synthesis  of [284]-[289], w h ere  possible w ere  ob ta ined  from commercial sources  how ever,  so m e  of

th e  p roposed  alkyl b rom ides  w ere  no t available and required  synthesis  from th e  a ldehyde or

alcohol. This synthesis  o f  th e se  p recursors  is discussed in (Section 2.3.9.2). The alkyl b rom ides  [232]-

[234] and [249]-[250], and benzyl b rom ides [279]-[283] w ere  reac ted  with th e  indole [248] to  afford

p ro d u c ts  [253]'[254] and  [284]-[289]. The dep ro tec tion  of th e  benzyl e th e r s  was pe rfo rm ed  using

Pd(0 H) 2  un d er  an hydrogen  a tm o sp h e re  affording th e  phenolic co m p o u n d s  [290]-[297], (see Scheme

2-31).
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Z.3.9.2 Synthesis of alkylbromide and benzylbromides.
O . HO Br

Ri R2 R3 Ri R2 R3  Ri R2 R3
H OBn H [302] H OBn H [303] - 95%  H OBn H [279] - 92%
OM e OM e OMe [304] OM e OMe OM e [305] - 98% OM e OMe O M e [ 2 8 2 ] - 9 1 %

R2
Ri R2 R3
H OBn H [279] - 92%

(i) NaBH 4 , MeOH, RT; (ii) PBrg, DCM, 0 °C

Scheme 2-28 Synthesis of [279] and [282]

The preparation o f  l - (b en zyloxy)-4-(brom onnethyl)benzene [297] and 5 -(b rom om eth y l) -  

1 ,2 ,3 - tr im eth o x y b en ze n e  [282] fo llowing th e  synthetic  route sh o w n  in S ch em e  2-28. l - (b en zy loxy)-  

4 - (b r o m o m e th y l)b e n z e n e  [279] w a s  first prepared. The free  p -p h en o l  on th e  benzyl s ide chain w a s  

required for th e  preparation o f  th e  final co m p o u n d  [293]. To inhibit any side reaction th a t  m ay occur  

during th e  synthesis ,  th e  phenol w a s  protected  as the  benzyl e ther .  As this c o m p o u n d  w a s  not  

availab le from a com m ercia l source it w a s  syn th es ised  from th e  appropriate  4- 

(b en zy loxy)b en za ldehyd e [302] sh o w n  in S c h e m e  2-28, which w as  reduced  using NaBH4 to  afford the  

benzyl a lcohol [303] in g o o d  yield (95%). The secon d  s tep  required th e  brom ination  o f  th e  benzyl 

alcoho l [303] using PBrs to  afford th e  l - ( (4 - (b ro m o m eth y l)p h e n o x y )m e th y l)b e n z en e  [279].

The m ech an ism  involves initial activation o f  th e  a lcohol oxygen  by th e  electrophilic  

p h osp h oru s ,  fo llow ed  by an Sn2 substitution  at the  benzylic carbon. The syn th es is  for th e  5- 

(b r o m o m e th y l ) - l ,2 ,3 - tr im e th o x y b e n z e n e  [282] w a s  carried ou t  via  th e  sa m e  procedure as for [279].  

The 3 ,4 ,5 - tr im eth oxyb en za ld eh yd e  w as reduced with NaBH4 fo l low ed  by th e  brom ination  o f  the  

benzyl a lcohol to  afford [282].

Then th e  syn th es is  o f  l - ( (2 -b r o m o e th o x y )m e th y l)b e n z en e  [281] w a s  prepared from  the  

b rom ination  o f  th e  a lcohol [306] w as ach ieved  using PPhs and NBS at -78  °C in th e  dark (S c h e m e  

2-29). This reaction afforded  the  desired  product [281] with a g o o d  yield (8 8 %). A ttem p te d  

b rom ination  o f  [306] using PBrj in DCM w as  not successful.

(i) NBS, PPhg, DCM, -78  °C

Scheme 2-29 Synthesis of [281]
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The m echan ism  fo r  th is b ro m in a tio n  reaction  is show n in S chem e 2 -3 0 . F o rm atio n  o f  

th e  p ho sp h on iu m  salt is fo llo w e d  by d e p ro to n a tio n  o f th e  alcohol, to  yie ld  an alkox ide ion pair.

The su b stituen ts  used in th e  fo rm a tio n  o f th e  dual ER/NF-kB ligands w e re  se lected  due to  

th e  d ivers ity  o f  s truc tura l typ e . The p roposed screen was to  incorpo ra te  a w id e  range o f  side chains  

to  investig ate  th e  d iffe ren ce s  in ac tiv ity  observed . This a llo w ed  fo r use o f  a lk y lb ro m id e  and  

b en zy lb ro m id es  and d ib en zy lb ro m id e s  a ffo rd ing  a d iverse array  o f 2 -p h en y lin d o le  d eriva tives  [2 8 2 ]-  

[2 9 7 ] to  be e v a lu a te d  fo r d ua l ER /NF-kB  activ ity .

2.3.10 Synthesis of potential selective inhibitors of NF-kB
The p o te n tia l se lective  inh ib itors  o f N F -kB w e re  synthesised via th e  ro u te  show n in Schem e

2 -3 1 . As seen w ith  th e  alkyl b ro m in a tio n  step in (Section 2 .3 .7 ), th e  ad d itio n  reac tio n  leads to  th e  

fo rm a tio n  o f  S2 ty p e  2 -p h e n y l-3 H -in d o le  side products. T he synthesis o f  [2 8 5 ], [2 8 6 ],[2 8 8 ] and  [289] 

(Schem e 2 -3 1 ) w e re  also acco m p an ied  by th e  fo rm a tio n  o f th e  co rresponding  2 -p h e n y l-3 H -in d o le  

side products , [2 9 8 ]-[2 9 9 ]  and  [3 0 0 ],[3 0 1 ], T ab le  7. The fo rm a tio n  o f th e  2 -p h e n y l-3 H -in d o le  side 

p roducts w as also o bserved  w ith  th e  b en zylbrom ides used during  th e  synthesis o f th e  p o te n tia l 

se lective  inh ib ito rs  o f  N F -k B and this suggests th a t th is re a rra n g e m e n t reac tio n  could be seen fo r  any  

a lk ya tio n  u n d e r th ese  conditions.

N u cleo p hilic  d is p lac em en t o f  th e  b ro m id e  by th e  alkoxide yields an in te rm e d ia te . T he  h alide reacts  

in a Sim2 process fo rm in g  th e  alkyl halide and trip heny lp h osph ine  oxide.

Scheme 2-30 Bromination of [281]
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OBn

OHOBn OBn

Pd(0H)2, H2 , 
EtOAc/MeOHNaH, THF

NH RBr 0 °C to reflux, 
30 min

0.5-1 h
'R

BnO' HOBnOBnO[248]

N=-

Scheme 2-31 Synthetic route for the potential selective inhibitors of NF-kB [292]-[297] and S2 product [298],[299],[301],
[302], RBr= [2781-[283]

RBr Alkyl bromide Alkylation

(i)

Deprotection

(ii)

[278] [284] -  50% [292] -  70%

OBn

[279] [285] -  68% [293]-82%

■ i .
F

[280] [286] -  68% [294] -  78%

[281] [287] -  43% [295]-71%

— 
0

[282] [288] -  51% [296] -  88%

B r^

Br

[283] [289]-63% [297] -  71%

Table 6 Various chains utilized for the synthesis of potential selective inhibitors of NF-kB [292]-[297]
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Starting
material

Compound ID & yield (%)
Alkylation Deprotection Side product

[278]

OBn

OBn
[284]-43%

OH

OH
[292] - 71%

Side product not isolated

[279]

OBn

w

OBn
[285] -  68%

OH

"ToiV
OH

[293] -  82%

BnO

iT^—
BnO-'Xss^

BnO 
[298] -  30%

[280]

OBn

w

OBn
[286] -  68%

OH

OH
[294] -  78%

BnO

BnO 
[299] -  23%

[281]

OBn

BnO^ Q
OBn 

[287] -  43%

OH

iC/

OH 
[295]-71%

Side product not isolated
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[282]

OBn

OBn
[288 ]-51%

OH

OH
[296] -  88%

BnO

^ 0 ^ ^ ___

BnO 
[300] -1 7 %

[283]

BnO

OBn

BnO

OBn
bis-[289] - 63%

HO

OH

Q ^ X
HO

OH
bis-[297]-71%

BnO

o

BnO 
[3 0 1 ]-2 2 %

Table 7 Potential selective inhibitors of NF-kB [292]-[297]

BnO

111̂ -<L_ J L i
Ippm)

Figure 2-26 NMR spectrum of [285]
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Figure 2-27 NMR and DEPT-135 spectras of [285]

The N M R  spectra for [285] is shown in Figure 2-26, and is similar to  that o f the previous 2- 

phenylindole compounds exam ined. The signal appearing a singlet at 2 .28 ppm corresponds to the  

m ethyl substituent on the C-3 o f indole core. The benzyl CH2 signals are seen at 5.13 and 5 .18  ppm. 

The region betw een 6 .92 and 7 .40  ppm shows the arom atic protons signals which integrate fo r 21 

hydrogens. The N M R and DEPT-135 spectra for [285] is shown in Figure 2-27. The C-3 m ethyl o f 

the indole core appears at 9 .5  ppm. The benzyl CH2 signals are observed at 46 .9 , 70 .0  and 71 .0  ppm. 

The carbon (C-4') C-F can be seen at 162.6. The carbons arom atic C -0  benzyl e ther signals can be 

seen at 161 .0  and 158.6 ppm . The rem aining signals correspond to the arom atic tertiary  carbons and 

quaternary carbons.

The isolation o f the isomeric 2-phenyl-3H-indole side product was achieved in the m ajority  

of the alkylation and benzylation reactions investigated using NaH as a base. This side product 

reaction occur readily under these conditions but until now was unreported. The and NM R  

spectra o f both the  desired and side product d iffer significantly (as discussed later in this chapter) 

and can be seen from  Figure 2-24 and Figure 2-25. The spectrum  for [299] is shown in Figure 2-28, 

the  C-3 m ethyl signal appears as a singlet more upfield w hen com pared to the C-3 m ethyl signal in 

the  ^H-NMR spectrum for [280] (Figure 2-28). The benzyl CH2  located on C-3 carbon appears as a 

m ultip let as a double doublet at 3 .26-3 .40  ppm, this splitting is due to long range coupling of the  

m ethyl substituent located on the C-3 carbon. The benzyl e ther signals appear as a m ultip let 

betw een 5 .03 - 5 .26. The arom atic hydrogen adjacent to the im ine carbon (C-7) on the 3H-indole

126



c o r e  a p p e a r s  d o w n f ie ld  a s  a s ing le t  a t  8 .15  p p m .  In t h e  NMR s p e c t r u m  fo r  [299] s h o w n  in Figure 

2 -29 ,  t h e  C-3 m e th y l  g r o u p  o n  t h e  3H -indo le  c o re  is sh if te d  d o w n f ie ld  t o  24 .3  p p m  c o m p a r e d  w ith  

c o m p o u n d  [285]. T he  signal a t  57 .8  p p m  is a s s ig n ed  to  t h e  q u a t e r n a r y  c a r b o n  (C-3) o n  w h ich  t h e  

m e th y l  a n d  t h e  benzy l g r o u p  a r e  lo c a te d .  T he  im ine  c a r b o n  o f  (C-2) t h e  3H -indo le  c o r e  a p p e a r s  m o r e  

upf ie ld  a s  a s ing le t  a t  1 7 8 .6  p p m .

BnO

i Wiii I
H m ' | i |  | f |  I I i  ^ ....................................................... I M

(ppml

Figure 2-28 ‘h NMR sp ec tru m  of [299]

T h e  2 -p h en y l-3 H -in d o le  p r o d u c t s  [298], [299], [301] a n d  [302] w e r e  iden t if ied .  It w a s  th e n  

p r o p o s e d  t h a t  t h e s e  c o m p o u n d s  co u ld  be  e v a lu a te d  a s  p o te n t ia l  se lec t iv e  in h ib i to rs  o f  NF-kB 

h o w e v e r  t h e s e  c o m p o u n d s  w o u ld  r e q u i r e  d e b e n z y la t io n .  The d e b e n z y la t io n  r e a c t io n  w a s  p e r f o r m e d  

in a s im ila r  m e t h o d  a s  d e b e n z y la t i o n  o f  t h e  2 -p h e n y l in d o le  d isc u sse d  ea r l ie r  in th is  c h a p te r .  This 

r e a c t io n  w a s  u n su c ce ss fu l  a s  t h e  d e s i re d  c o m p o u n d  w a s  n o t  o b ta in e d  b u t  t h e  d e p r o t e c t e d  2 - 

p h e n y i in d o le  [290] w a s  o b ta in e d  (S c h e m e  2-32), w h ich  w a s  verif ied  wo m a s s  s p e c t r o m e t r y :  fo u n d  

ion 2 4 0 .0 9 4 6  [M+l-l]^ 2 4 0 .0 9 4 0  r e q u i r e d  fo r  C1 5 H1 4NO2 . T he  a t t e m p t e d  d e b e n z y la t io n  o f  [298], [299], 

[301] a n d  [302] w a s  d is c o n t in u e d .  U n d e r  h y d ra t io n  c o n d i t io n s  t h e  p - f lou ro  benzyl s u b s t i t u e n t  [299] 

u n d e r g o e s  r e a r r a n g e m e n t  t o  lo c a te  o n  t h e  n i t ro g e n  an d  s u b s e q u e n t l y  d e b e n z y la te s  t o  a f fo rd  [228].
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Scheme 2-32 A ttem pted debenzylation of [299]
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Figure 2-29 C NMR and DEPT 135 spectras of [299]

The es tro g en  recep to r  ligands th a t  w ere  synthesised  in this c h a p te r  w e re  fu n d am en ta l  

d e v e lo p m e n t  for use in th e  con jugates  scaffolds (Chapter 5). The ER ligands a re  required  to  give th e  

novel con juga tes  th e  selectivity tow ard s  th e  ER overexpressing b reas t  cancer cells. The vast array  of 

ER binding ty p e  ligands t h a t  w ere  synthesised  contain struc tura l similarities and a re  m odelled  on 

endoxifen , cyclofenil and bazedoxifene which a re  all known p o te n t  binding ligands in th e  ER. The bis- 

indoles will be eva lua ted  for antiproliferative and ER binding activity. The novel bis-2-phenylindole 

[297] could potentially  bind via one  o f  th e  2-phenylindole within th e  ER binding site and  th e  o th e r
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u n b o u n d  indole has th e  poten tial  to  interact  with or  inter fe re  with th e  H-12 and  potent ial ly act  as  an 

ER antagonis t .  The isolation of  th e  2-phenyl-3H-indoles was  unex pec te d  and  previously un re p o r t ed  

using this m e th o d .  Further  opt imisa t ion could potential ly allow for th e  novel and  inexpensive 

m e t h o d  for  th e  fo rmat ion  of  various 2-phenyl-3H-indoles of  interest .
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3 Chapter 3
Combretastat in  analogues
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3.1 Introduction
Tubulin is connposed o f a hetero d im er o f tw o  closely re lated 55 kDa proteins designated as a

and p tubulin. Tubulin polym erises to form  structures called m icrotubules. M icrotubules consist of 

13 protofilam ents and are 25 nm in d iam eter, each |im  o f m icrotubule length is composed o f 1650  

heterodimers.^®^ M icrotubules are highly ordered fibres th a t have an intrinsic polarity. Tubulin can 

polym erise from  both ends in vitro, how ever the rate o f polym erisation is not equal. It has therefore  

becom e the convention to  re fer to  the  rapidly polymerising end, as the plus-end o f a m icrotubule, 

and the  slowly polymerizing end as the  m inus-end. In vivo the plus end o f a m icrotubule is distal to  

the  m icrotubule organizing centre. M icrotubules are involved in several basic cellular processes such 

as segregation o f genetic m ateria l, in tracellular transport, m aintenance o f cell m orphology, cell 

organelle localisation, extracellu lar transport by cilia, and m ovem ent o f cells be means o f flagella 

and c i l ia .M ic r o t u b u le s  are essential for the replication o f cells. Hence, if fo rm ation  o f the  

m icrotubules in a tu m our cell can be inhibited, the chromosom es cannot separate, the cell cannot 

divide and hence the tu m our cannot grow.''®'' Thus, agents w ho can in terfere w ith  the dynam ics of 

tubulin  may also act as inhibitors o f cell division.

A num ber o f active com pounds known as com bretastatin  w ere isolated from  the  South 

African W illow , Com bretum  C aff rum  These d ifferent com bretastatin  analogues, in particular 

com bretastatin  A-4 [22] is one o f th e  sim pler compounds to  show antim ito tic  effects by interaction  

w ith  the colchicine binding site o f tubulin . Com bretastatin  A4 is one o f the m ost potent inhibitors o f 

colchicine binding presently known.''®® Com bretastatin A-4 [22] exhibits an impressive spectrum  of 

activity as it is also not recognized by the  m ultidrug resistance (M DR) pum p, a cellular pum p which  

rapidly ejects foreign molecules, including m any anticancer drugs from  the cell. It has also been  

docum ented  th a t com bretastatin  A -4 [22] can inhibit angiogenesis, a process essential fo r tu m our  

growth.''®^ Consequently, to  date, a large num ber o f com bretastatin  A-4 [22] analogues and o ther  

com bretastatin  analogues have been synthesised and analysed, resulting in detailed structure- 

activity relationship (SAR) information.^®^

3.2 Synthesis plan
Due to  its high potency and effects on tum our vasculature, com bretastatin  CA4 [22] was

chosen as a suitable cytotoxic agent fo r the  synthesis o f th e  novel ER-conjugates designed to  target 

ER-positive breast tum ours. The developm ent o f novel ER targeting conjugates had been reported by 

Keeiy w ho synthesised a series o f ER-ligand conjugates consisting o f endoxifen, a tam oxifen  

m etabo lite , te thered  to CA4 via an ester linkage. Direct am ide linkage via the acid functional group  

of th e  acrylic acid analogue o f CA4 [150] was also achieved (Figure 3-1) and the direct am ide  

conjugates resulted in interesting biological activity.''^^ Therefore , in present work, the  use o f acrylic
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acid analogue of combretastatin will be employed as the cytotoxic agent in the novel ER-conjugates 

designed to target ER-positive breast tumours.

3.3 Combretastatin analogues
The combretastatin acrylic acid analogues are to be included as structural components of

the proposed endoxifen conjugates. It is proposed that the endoxifen will selectivity target the ER- 

positive cancer cells, while the combretastatin analogue acts as the cytotoxic agent in the conjugate 

and will cause vascular disruption in the tumour resulting in apoptosis. Synthesis of a group of 

structural analogues of combretastatin containing acrylic acid variation is now presented as this 

functional group is required for the construction of the designed conjugate structure.

3.3.1 Synthetic route for combretastatin analogues.
The synthesis of combretastatin type compounds has been widely reported in literature.

Some of the routes of synthesis include use of Wittig react ions'*®*, Ramberg-Backlund reaction'*®® 

Suzuki reactions™”, Lindlar's catalysts reduction of the corresponding alkyne“ \  Sonogashira reaction 

and reduction with Ti(ll)-complexes“ .̂ However many of these routes have associated 

complications, such as lack of stereoselectivity, and require difficult separation procedures.

O O

Gaukroger et al reported a stereoselective route to CA4 [22] in high yields using the Perkin 

reaction followed by a decarboxylation at high temperature, as illustrated in Scheme 3-1.^®  ̂ The 

condensation of an aromatic aldehyde with an acid anhydride in the presence of the sodium or

OH

O

OH

[22 ] [150]

Figure 3-1 Combretastatin A4 [22] and Combretastatin A4 acrylic acid [150]

O

[307] [308] [150] [22 ]

(i) acetic anhydride, triethylamine, reflux (ii) copper powder, quinoline, 220 °C 

Scheme 3-1 Synthesis combretastatin A4 [22]
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potassium salt of the acid corresponding to the anhydride to yield an a,(3-unsaturated acid is known 

as the Perkin r e a c t i o n . T h e  mechanism involves a form of aldol condensation (Scheme 3-2).

O - _  V

OH

p H

[307]

HO

HO HO

OH

HO

[310]

H ^

HO

/
O

Scheme 3-2 Perkin reaction mechanism (form ation of [310])
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Modification to the Perl<in reaction allows form ation o f acrylic acid compounds related in 

structure to  the combretastatins. The classical Perkin reaction o f the acrylic acids consists o f 

prolonged heating o f the phenylacetic acid, benzaldehyde, acetic anhydride and the triethylam ine at 

reflux. In the present work an efficient Perkin reaction was achieved in the microwave synthesiser.

3.3.2 Investigation of microwave irradiation for preparation of the acrylic acid
combretastatin analogues.
The objective o f this investigation was to successfully synthesise a range o f acrylic acids 

efficiently in a microwave reactor, to obtain a relatively high yield in a reasonably short reaction 

time. If the reaction tim e and yield recovered after the microwave synthesis was similar to  that o f 

the conventional reflux synthesis, then this method would not have been favourable as a new 

method fo r the synthesis o f the acrylic acid combretastatin analogues. The Perkin reaction was 

conventionally carried out under reflux fo r a minimum 3 h. It was decided to investigate if the Perkin 

reaction could be achieved via microwave irradiation as a feasible option fo r the synthesis o f the 

acrylic acid combretastatin analogues. A specific Perkin reaction performed previously via the reflux 

method to  afford [310] in 40% yield was repeated using the microwave synthesiser (Scheme 3-3). 

The reactants and equivalents used in the reflux method did not change. The p-anisaldehyde (1 eq.) 

[309] and 3,4,5-trimethoxyphenylacetic acid (1 eq) [307] w ith acetic anhydride and triethylam ine 

were placed in a 5 mL microwave sealed tube and reacted in the microwave under various 

conditions. Two parameters in the microwave synthesiser can be easily altered, reaction tim e and 

temperature. Therefore it was decided to investigate the effect that changing one or both o f these 

would have on the reaction.

O

(il
HO

O.

[307] [309] [310]

(i) acetic anhydride, triethylamine, microwave

Scheme 3-3 Synthesis of the acrylic acid combretastatin analogue [310]

Initially it was decided that if one parameter was kept constant then it would be possible to 

alter the other parameter to see if there was any correlation w ith  reaction yield w ith  the altered 

condition. Therefore, the investigation into the effect that reaction time had on the reaction yield 

was undertaken. In doing this it was possible to maintain a constant temperature fo r the duration of
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the reaction. As this was a new  reaction m ethod, an initial reaction tem peratu re  program sequence 

would be required. The tem peratu re  o f 100 °C was decided upon because it was just above boiling 

point o f th e  low er boiling solvent (acetic anhydride (bp 138 -140  °C) and triethylam ine (bp 88 .8  °C)) 

to ensure the reaction could be controlled. The investigation began by altering the  reaction tim e  

from  a short tim e of 1 m inute to a m axim um  reaction tim e o f 3 h, which corresponded to  the tim e  

required fo r the reflux m ethod, keeping the tem peratu re  constant at 100°C. The results o f the  

investigation are presented in Table 8. All yields are isolated yields on com pletion o f reaction tim e. 

Products w ere  isolated by filtration  and purified via recrystallisation from  m ethanol.

Tem p

(”C)

Tim e

(m in)

Yield

(m g)

Yield

%

100 1 50 4.7

100 5 200 18.81

100 10 320 30.1

100 30 378 35.56

100 60 467 43 .93

100 90 440 41.3

100 120 420 39.5

100 180 0 0

Reflux 240 433 40

Table 8 Effect of reaction time on the isolated yields of compound [310]

W h en  the reaction tim es w ere analysed, it was clear that the  duration o f the reaction had an 

effect on the  isolated yield. A fter 1 m inute, the product had fo rm ed, but in a very low yield (4.7% ). 

As the reaction tim e increased a steady increase in the isolated yield recovered was observed up to 1 

h o f reaction tim e. As tim e increased above 1 hour, a decrease in the isolated yield was observed. It 

is unclear exactly the reason fo r this, but energy supplied from  m icrowave irradiation may have 

caused com pound degradation. The TLC plate showed the form ation  o f the product [310] w ith  a 

R etention Factor (Rf) o f 0 .35 , both p-anisaldehyde [309] and 3,4,5-trim ethoxyphenylacetic  acid [307] 

starting m aterials w ere also visible at Rf o f 0 .21 and 0 .46  respectively. TLC analysis o f the reaction  

m ixture w ith  duration o f g reater than 1 h showed the form ation o f possible degradation products. 

A fter 180 m inutes no product was recovered. This analysis was perform ed via TLC for com pound  

[310] w ith  an Rf o f 0 .35 . Only isolated precipitated crystalline product yield was recorded, how ever it 

was possible th a t some fu rther product rem ained in the  m other-iiquor. W hen  all th e  results w ere  

com piled (see Table 8) it was apparent that an optim um  reaction tim e was e ither 30 or 60 m inutes.
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The yield after 30 minutes was 35.56 % which was lower than that of the 60 minutes (43.93 %). 

When comparing the yield (mg) per unit time it was clear that the the 30 minute microwave reaction 

(12.6 m g/m in) was more efficient that the 60 minute microwave reaction (7.78 mg/min). It was 

decided that the reaction time of 30 minutes would be the optimum time from the initial screening 

of reaction conditions over a range of temperatures.

The second parameter that was examined was the effect of increasing the tem perature on 

the isolated yield with a constant reaction time. A range of temperatures from 100-200 °C was 

initially screened to determine the impact of increasing temperature on the isolated yield, Table 9.

Time (min) Temp (°C) Yield (mg) Yield %

30 100 378 35.56

30 110 454 42.62

30 120 460 43.19

30 130 285 26.7

30 140 0 0

30 150 0 0

30 200 0 0

240 Reflux N/A 40

Table 9 Effect of reaction tem perature on the isolated yields of [310] in microwave reaction synthesis

Reaction temperature in excess of 120 °C showed degradation occurring. Reactions where 

the temperatures were in excess of 140 °C did not afford any isolated yield. When the results were 

compiled it demonstrated that increasing the reaction temperature had a positive effect on the 

isolated yield. The reaction was increased in 10 °C increments while the reaction time remained 

constant (30 min). On inspection increasing the temperature to 110 °C gave a significant increase in 

the isolated yield (~ 1 %) and further more increasing the temperature to 120 °C only improved this 

yield slightly.

The results (see Table 8 and Table 9) demonstrated that the microwave synthesiser could be 

used as an efficient method for the preparation of acrylic acid combretastatin analogues via the 

Perkin reaction. After optimising the conditions of the microwave Perkin reaction it was possible to 

produce a relatively high yielding reaction (43 %) compared to that of the conventional reflux 

method (40 %). The optimisation of the reaction, gave a 30 minute reaction time although the yield 

after 60 minutes was greater (44 %) but changing a second parameter (temperature) of the reaction 

allowed for the increase in isolated yield for the reaction. By increasing the temperature to 120 °C,
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this allowed for the isolated yield recovered (43 %) after 30 minutes to be almost identical to that for 

the 60 minute reaction but in half the reaction time.

This microwave reaction was then used to synthesise a range of acrylic acid combretastatin 

analogues ([150] and [310]-[327]) via the optimum conditions previously found. This new technique 

was very successful in the synthesis of the desired compounds (Table 10). The isolated product yields 

for compounds [150] and [310]-[327] from this method were greater than that of the reflux method. 

The microwave methods also allowed the use of a range of various aldehydes for the formation of 

the acrylic acid. This enabled the B-ring of the acrylic acids to be changed from the aryl ring to other 

ring type structures such as thiophene [325], furan [326], etc. In some cases where a phenol was 

present on the aromatic ring, it was observed that the phenol reacted with the acetic anhydride to 

form an acetate ester, [318]. Acetylation can occur due to the presence of the acetic anhydride in 

the presence of an amine base (triethylamine). The acetylation reaction for compound [323] is 

illustrated in Scheme 3-4. The cleavage of the acetate ester is performed on [323] by stirring in 

base/MeOH overnight to form the acid salt and acidified to pH4 to from the phenol [318] in an 88% 

yield (Scheme 3-5).

(i) acetic anhydride,

HO^ / O O

(i) acetic anhydride, triethylamine, microwave

[323] ^

Scheme 3-4 Formation of the acetate ester [323].
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OH

O

o —[323]

HO

HO
[318]

(i) NaOH, MeOH

Scheme 3-5 Cleavage of the acetate ester [318]

3.3.3 Synthesised acrylic acid combretastatin analogues
A wide range of novel and previously reported  acrylic acid co m b re ta s ta t in  ana logues  w ere

synthesised  via th e  Perkin reaction  using bo th  th e  reflux and m icrow ave m ethods ,  se e  Table 10., 

p roduc ts  [150] and [310]-[327]. The Perkin reaction was a viable and efficient synthetic  rou te  to  an 

array  of novel co m b re ta s ta t in  acrylic acid analogues using a variety of a ldehyde  starting  materials.

Compound ID 

(* novel)

Structure Yield % 

(Reflux)

Yield % 

(Microwave)

Yield for th e  cleavage of the  

aceta te  ester reaction

[150]'“̂

OH

o ^ f ^ o
' / O  1

51 64

[311 ]'°'

o 
o 

oX

39 47

[312 ]'°"

O ^ ^ f ^ O

' /O  ‘

50 65

138



[313]“® o 
o—

X 43 65

[310]“^ X
—o 

o

o /

40 45

[314]* /o

o 
o— 

o

o/

25 35

[315]* /o 
o— 

o 
o—

33 96

[316]“® ho-V-'Q^°^

1 1

7 N/A

[317]“®
0

O'^-f^O' / O  1

N/A 36
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[318]*

' j '

N/A 00 00

[319]* I
—o 

o

—o 
o / N/A 45

[320]*
o

1 / O  1

0 30

[321]* / 
\ 

o 
o

->0°v
o 

oX
N/A 38

[322]* / 
X

o 
o 

o 
o—

N/A 48

[323]*
o

hô ^y y v
°

' / - O  '

N/A 56
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[324]*

H O ^ O

N/A 36

[325]*

o
V O H  

\  0^ ^0

N/A 36

[326]* oo 
o

—

N/A 49

[327]*

o

' / O  '

N/A 50

Table 10 Structure and yields of acrylic acids synthesised (* novel com pounds)

C om pounds  [150], [310]-[315] w ere  synthesised  via th e  n ew  m icrow ave tech n iq u e  and  th e  

conven tiona l  reflux m e th o d s .  C om pound  [316] w as  only syn thesised  via th e  reflux te c h n iq u e  d u e  to  

only having a limited supply of  s tarting  material. C om pounds  [317]-[327] w ere  only synthes ised  via 

th e  n e w  m icrow ave m e th o d  as this te ch n iq u e  w as optim ised  and b e c a m e  th e  p re fe r red  ro u te  for th e  

effic ient synthesis  o f  th e  acrylic acids. In all cases  stud ied  th e  yields for th e  m icrow ave  m e th o d  w e re  

su p e r io r  to  th o se  of  th e  conventional te chn ique  m e th o d  (Figure 3-2). Not only did th e  m icrowave 

inc rease  th e  yield b u t  it also reduced  th e  reac tion  t im e  to  1 /6  of  th e  original 3h reaction. The 

m icrow ave  m e th o d  w as  a new  m ore  productive ro u te  in th e  synthesis  of  th e  c o m b re ta s ta t in  acrylic 

acid analogues.  It is also useful to  n o te  th a t  com p o u n d  [320] w as successfully syn thes ised  via th e  

m icrow ave  m e th o d  bu t  unsuccessful using th e  reflux techn ique .
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Figure 3-2 Yield comparisons of Microwave and Reflux methods for the acrylic acids synthesised (microwave -  0.5 h, 120
°C; reflux -  3 h, 100 °C)

3.3.3.1 Characterisation o f Acrylic acids

COOH

212 10 8 6 4
(ppm)

Figure 3-3 ^H-NMR spectrum of [310]

The ^H-NMR spectrum for the acrylic acid analogue [310] is shown in Figure 3-3. The B-OCH^ 

and the 5 -OCH3 protons are both observed as a singlet at 3.70 ppm, the 4 -OCH3 signals are observed 

as a singlet at 3.72 ppm and the A'-OCHs protons are observed as singlet at 3.81 ppm. The aryl

142



pro tons  of the  trimethoxy-ring (H2 and He) occur as a singlet at 6.45 ppm. The B-ring protons are 

observed  as two doublet  a t  6.83 ppm [J= 2  Hz) and 6.98 ppm ( J -  7 Hz). The alkene bridge proton 

occurs as a singlet a t 7.66 ppm. The proton of th e  carboxylic group is identified as a broad singlet a t 

12.65 ppm.

The ^^C-NMR spectrum  of [310] is shown in Figure 3-4. The 3 -OCH3 and th e  5 -OCH3 carbon 

signals are observed a t 56.45 ppm, 4 '-OCH3 (B-ring) carbon a t 60.64 and th e  4 -OCH3 (A-ring) carbon 

at 65.40 ppm. The alkene carbon signals are observed at 127.77 ppm and 138.06 ppm. The aromatic 

carbons of the  A-ring are identified at 106.92 ppm (C2 and Cg), 132.28 ppm (Ci), 137.52 ppm (C4) and 

153.75 ppm (C3 and C5) The B-ring aromatic carbons are identified a t  113.92 ppm (C5), 117.34 ppm 

(C 2),  128.28ppm (C e),  132.44 ppm (C i ) ,  148.31 ppm (C4) and 148.31 ppm(C3). The carboxylic acid 

carbon is p resen t a t 168.73 ppm.

COOH
1/ ^

■1—
140 »0

■I—
80100

Figure 3-4 '^C-NMR spectrum of [310]

3.3.4 Combretastatin A-4
The synthetic m ethodologies for preparation  of com bre tasta tin  A4 [22] are mainly based on

Wittig reaction"®®' Perkin reaction^®®, Suzuki-type reaction®°\ Ramberg-Backlund reaction'*®®, 

etc. The utilization by our group of the  Perkin condensation reaction allowed for the  synthesis of a 

series of acrylic acids [150], [311]-[327] (c/s-selective) th a t  were required for the  synthesis of the
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novel conjugates com pounds (discussed in C hapter 5). Gaukroger et al. reported  th e  synthesis o f 

CA4 via decarboxylation o f th e  Perkin reaction product in term ediate  [150] shown Figure 3 -5 .“ °' 

The CA4 was required  as a reference com pound in this project and was prepared by reaction o f 

com pound [150] w ith  copper pow der and quinoline at 200  °C fo r a duration  o f 2 h to afford the  

decarboxylated product, CA4 [22], a fte r column chrom atography over silica gel and recrystallisation  

from  h e x a n e /e th e r mix to  afford the  product [22] in 47%  yield as a w h ite  crystalline m ateria l.

OH

[22]

OH

[150]

Figure 3-5 Combretastatin A-4 and [150]

3.3.5 Phenylacetic acids

3.3.5.1 Synthetic route fo r specific phenylacetic acids.
A fu rth e r extension of this project required the synthesis o f specific acrylic acids fo r

conjugation reaction, which w ere  to  be obtained via the  Perkin reaction requiring availability o f 

phenylacetic acids. Some phenylacetic acids required w ere  not com m ercially available and w ere  

synthesised from  the corresponding benzaldehyde in a m ultip le step synthesis illustrated in Scheme  

3-6.

Ri R2 R3 Ri R2 R3 ^ 2  ^3
[3281 O M e H OM e [339] H OM e OH [334] O M e H OM e
[329] H O M e OH [338] H O M e OBn

(i) KOH, benzyl bromide, EtOH, 6h, Reflux; (ii) NaBH 4 , THF, 3h, RT; (iii) PBfs. DCM, 1h, RT; (iv) Sodium 
cyanide, DMF, 1h, RT; (v) Pd/C black, EtOAc, H 2 , 24 h, Pressure reaction; (vi) conc HCI, 2.5h, Reflux

Scheme 3-6 Synthetic route for the preparation of phenylacetic acid [328] and [329]
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The synthetic route for the phenylacetic acids [328] and [329] also required multistep 

reaction conditions however the  compound [329] required tw o  addition steps  i.e. the protection of

[335] with a benzyl e th e r  to afford [330] and subsequen t depro tection  to afford [339]. The first s tep  

of this synthesis required the reaction of the  benzaldehydes [331] and [332] with sodium 

borohydride to  form the  corresponding benzylic alcohol. This reduction reaction afforded the  benzyl 

alcohols, [332] and [336] with yields in excess of 95 % and it was possible to  proceed  to  th e  next s tep  

w ithou t fu r ther purification. The next s tep  in the process was th e  preparation of the  benzylic 

brom ide com pounds [333] and [337], and was achieved by th e  reaction of the  alcohols [332] and

[336] with phosphorus tribromide at 0 °C. The mechanism involves initial activation of th e  alcohol 

oxygen by th e  electrophilic phosphorus, followed by an Sn2 substitution at the  alcohol carbon.

The nitrile com pounds [334] and [338] were obtained by reaction of [333] and [337] with 

sodium cyanide. The cyanide ion acts as a nucleophile and reacts  with benzylic bromide to  form the 

nitrile. This Sn2 mechanism involves an initial ionisation of th e  bromide, followed by a very rapid 

attack  by th e  cyanide ion on the carbocation formed. At this stage of the synthesis, removal of the 

benzyl protecting group was required. The conventional procedure  for removal of the  benzyl 

protecting  group required a hydrogenation over Pd/C catalyst (as discussed in Section 2.3.5).'*®  ̂This 

reaction for th e  debenzylation of [338] was tried initially for 3 hours and m onitored via TLC; af te r  the 

3 hours all starting material still remained. This was subsequently  repea ted  with th e  use of a larger 

surface area Pd/C catalyst (Palladium black) for the duration of a w eek constantly monitoring via 

TLC. The TLC showed tha t  all the starting material remained. It was unclear why this reaction w as not 

successful as this is the  preferred route for the  removal of the  benzyl group. It was decided to 

a t te m p t  a pressurised hydrogenation (Parr reactor) over Pd/C.'*®  ̂ The benzyl p ro tec ted  com pound 

[338] was dissolved in the minimum quantity of ethyl ace ta te  and to  this palladium black (large 

surface area) was added. The reaction vessel was placed under 3 bar of hydrogen gas and was 

allowed to  react for 24 h. After the  24 h the mixture was analysed via TLC, it showed th e  formation 

of a new  product which was subsequently  shown to be the  d ep ro tec ted  com pound [339]. After 

purification, the  yield of the  phenol com pound [339] recovered was 77%. (Scheme 3-7).
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CN

[338]

O

a ) ^  b)
— X -

OH

sP)
[329]

/ O

[339]

a) HCI, Reflux; b) a n d  c) Pd/C  black, EtOAc, H2 , 24 h, 3 barr

Schem e 3-7 Synthesis of benzylic nitrile [339]

It w as  also investiga ted  w h e th e r  t h e  d e p ro te c t io n  w ould occu r  if th e  p ro te c te d  pheny lace tic  

acid c o m p o u n d  [340] w as  sy n thes ised  initially. This reac tion  w as  p e r fo rm e d  u n d e r  t h e  s a m e  

cond it ion  as for th e  fo rm atio n  of  [339] bu t  th e  TLC did n o t  show  th e  fo rm a tio n  of  any n e w  m ate r ia ls  

indicating th e  p re fe r red  ro u te  for  th e  syn thesis  o f  th e  pheny lace tic  acid [329] w as  via  th e  

d e p ro te c te d  benzylic nitrile [339], The final s te p  in th e  syn thes is  o f  th e  pheny lace tic  acids w as  th e  

hydrolysis o f  th e  nitrile c o m p o u n d s  [334] and  [339] to  afford  th e  acid p ro d u c ts  [328] a n d  [329]. The 

m ech an ism  of nitrile hydrolysis requ ired  th e  p ro to n a t io n  of  t h e  a m id e  carbonyl which m ak es  th is  

m o re  electrophilic . The w a te r  m olecule  acts  as th e  nucleophile , a ttack ing  th e  e lectrophilic  carbonyl 

c rea t ing  th e  te t r a h e d ra l  in te rm ed ia te .  The a t ta c h e d  w a te r  m olecule  t h a t  loses a p ro to n .  Then  th e  

NH2 g ro u p  b e c o m e s  p ro to n a te d  and  fo rm s  a good leaving group . D ep ro to n a t io n  o f  th e  oxon ium  ion 

gives t h e  carbonyl in th e  carboxylic acid p ro d u c t  and  r e g e n e ra te s  t h e  acid catalyst, (Schem e 3-7).

Starting Yields

material Benzylation Benzyl

Alcohol

Benzyl

Bromide

Benzyl

Nitrile

Deprotection Phenylacetic

Acid

[331] - [3 3 2 ] -9 8 % [333]- 80% [334]- 74% - [328]-61%

[335] [330]- 53% [336]- 95% [337]- 93% [338]- 87% [339]- 77% [329]- 21%

Table 11 Synthesis of th e  phenylacetic acids [328] and [329]

The tw o  reac tion  s e q u e n c e s  w e re  successful in produc ing  th e  des ired  pheny lace tic  acid 

[328] and  [329]. The yields th ro u g h o u t  w e re  sufficiently high (53-98%) e x c e p t  for  th e  last s te p  in th e
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fo irm ation o f th e  acidic com pound [329] which was low (21% ) w hen  com pared w ith  th a t o f the  

eq u iva len t step in th e  fo rm ation  o f [328] (61% ), Table 11.

In th e  ^H-NMR fo r the  phenylacetic acid [329], the CH2 protons are observed as a singlet at 

3 .3 8  ppm and th e  m ethoxy protons was found as a singlet at 3 .73  ppm . The arom atic  protons are  

seen as a singlet at 6 .69  ppm and a doub let a t 6 .62  ppm , J~ 2  Hz. The rem aining arom atic  proton was 

observed at 6 .62  ppm  w hile the  carboxylic acid proton was observed at 12 .09  ppm . In ^^C-NMR 

spectrum  o f [329], the  CH2 carbon signal is identified at 55 .61  ppm . The m ethoxy carbon signal is 

fo u nd  a t 5 9 .7 0  ppm . The carboxylic acid carbon is observed at 172 .99  ppm . The rem aining signals 

correspond to  the  arom atic  carbons which are identified in the  region, 1 1 2 -146  ppm .

3.3.6 Cinnamic acids and related 3-phenylpropanoic acid
A fu rth e r objective o f this project was to prepare conjugates o f endoxifen w ith  cinnam ic and

phenylpropano ic  acids related in structure to A and B rings o f CA4. For this m odified  structure the  

substituent ring w ould  now  be e ith e r the 3 ,4 ,5 -trim ethoxy ring (A ring) o r the 3 -hydroxy-4-m ethoxy- 

ring (B ring). Both rings (A and B) have been shown to  be essential fo r the antitubulin  com bretastatin  

CA4 activity [22].'*®^ The investigation was carried out to  establish if th e  dual ring structure an d /o r  

th e  ethy lene  bridge was essential fo r biological activity. For this it w ould be required th a t all o th e r  

com ponents  o f the  conjugate m olecule to  be retained. The appropriate  3 ,4 - and 3 ,4 ,5 - cinnam ic and 

3-phenylpropano ic  acids w ere  required to afford  the desired conjugates fo r this investigation. The  

synthesis o f com pounds [342] and [344] (Scheme 3-8) w ere  perform ed using m icrow ave  

m ethodology. The reaction tim e  was short (8 m in). The appropriate  a ldehyde was reacted w ith  

m alonic acid in th e  presence o f acetic acid and piperidine. The reaction m echanism  is illustrated in 

Schem e 3-9.

O O .

OH

R1 R 2 R3  
[335] H O M e  O H  
[335a] O M e  O M e  O M e

[341] Ri R2 R3 
[342] H O M e O H  
[344] O M e  O M e O M e

Ri R2 R3 
[343] H O M e  OH  
[345] O M e O M e O M e

(i) piperidine, acetic acid, 8 min, MW; (ii) 12%  KOH, Pd/C, H 2 , 1h, RT

Scheme 3-8 Synthesis of cinnamic acids and 3-phenylpropanoic acids
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Compound Structure Yield (%)

[342]®“
O ^ O H

/O

72

[343]®“
0 ^ 0  H 

^ O H

/O

80

[344]®“
O ^ O H  

1 1

65

[345]®“

—
o

—
o 

o I

84

Table 12 Synthesised cinnamic acids [342] and [344], and 3-phenylpropanoic acids [343] and [345]

The form ation of these single aryl cinnamic acids is achieved via the Knoevenagel 

condensation reaction w ith the Doebner modification. Conventionally, the Knoevenagel 

condensation reaction is a reflux reaction of aldehydes/ketones and acids in the presence of pyridine 

with reaction times of hours, Sinha et al, reported that the single cinnamic acids could be form ed  

using microwave irradiation with a short reaction time and higher yields from the corresponding 

a l d e h y d e . A  Knoevenagel condensation is a nucleophilic addition of an active hydrogen compound 

to a carbonyl group followed by a dehydration reaction in which a molecule of w ater is elim inated. 

W ith malonic acid type compounds the reaction product can lose a molecule of carbon dioxide in a 

subsequent decarboxylation step in the presence of refluxing pyridine and this is known as the  

Doebner modification

The condensation of carboxylic acid compounds with aldehydes to afford a,P-unsaturated  

compounds is known as the Perkin reaction. The Doebner modification, which is possible in the
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presence of carboxylic acid groups, includes a piperdine/pyridine-induced decarboxylation. The 

reaction nnechanism of the Knoevenagel condensation can be seen below Scheme 3-9. Firstly the 

form ation of an enol interm ediate occurs. This enol reacts with the aldehyde, resulting with an aldol 

that undergoes subsequent base-induced elimination. The Doebner-modification in refluxing 

piperidine effects concerted decarboxylation and elimination of CO2.

O O 

HO OH

HO OH

O —

[335a]

O O

H^N

Scheme 3-9 M echanism for the form ation of cinnamic acids [342] and [344] via the  Doebner modification of the
Knoevenagel condensation

3.3.6.1 Spectroscopic characterisation of cinnamic acids

The ^H-NMR spectrum of [342] is shown in Figure 3-6. The methoxy protons are observed as 

a singlet at 3 .80 ppm. The two alkene protons on the ethylene bridge are observed as doublets at 

6.25 ppm, J =  16Hz and 7.45 ppm, J =  16Hz. The aromatic protons are observed as a doublet at 6.94  

ppm, J =  8Hz and the two remaining aromatic protons appear as a m ultiplet at 7.08 ppm. The 

phenolic proton was observed as a broad singlet at 9.19ppm, while the carboxylic acid proton occurs 

as a broad singlet at 12.20 ppm. The ^^C-NMR spectrum of [342] is shown in Figure 3-7. The methoxy 

carbon signal is observed at 55.59 ppm and the two alkene carbons are observed at 114.06 and 

144.2 ppm. The quaternary aromatic carbon were identified at 149.8 (COCH3), 146.6 (C-OH) and 

127.0 (ArC-CHa) ppm. The remaining aromatic carbon signals were observed at 121.0, 116.2 and 

111.9 ppm. The carbon of the carboxylic acid group is present at 167.79 ppm.
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Figure 3-6 *H-NMR spectrum  of [342]
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Figure 3-7 ’̂c-NMR spectrum  of [342]

3.3.6.2 Reduction of cinnamic acids

The cinnamic acids [342] and [344] were reduced via a palladiunri/C hydrogenation to 

produce the  corresponding 3-phenylpropanoic acids [343] and [345], with yields in excess of 80 %
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(Scheme 3-10). The ^H-NMR spectrum of [343] is shown in Figure 3-8. The CHz protons are identified 

as triplets at 2.44 ppm, J= 7.5 Hz and 2.67 ppm, J =  7.5 Hz. The methoxy protons are found as a 

singlet at 3.72 ppm. The aromatic protons are seen as a doublet at 6.58 ppm, J =  9 Hz, as a singlet at 

6.63 ppm and as a doublet at 6.79 ppm, J -  8 Hz. The phenolic proton was noted as a broad singlet at 

8.82 ppm. The carboxylic acid proton was observed as a broad singlet at 12.08 ppm. The ^^C-NMR 

spectrum of [343] is shown in Figure 3-9. The two CH2 carbons are identified at 29.72 and 35.54ppm . 

The m ethoxy carbon is seen at 55.64 ppm. The quaternary aromatic carbon were identified at 146.3  

(COCH3), 145.9 (C-OH) and 133.5 (ArC-CH2) ppm. The remaining aromatic carbon signals were  

observed at 118.6, 115.5 and 112.2 ppm. The carbon of the carboxylic acid group is present at 

173.86ppm .

O

OH

O

(i)
OH

R1 R2 R3 
[342] H OM e OH  
[344] OM e OM e OMe

R1 R2 R3 
[343] H OM e OH 
[345] O M e OM e OMe

(i) 12% KOH, Pd/C, H 2 , 1h. RT

Scheme 3-10 Reduction of the cinnamic acids

OH

OH

11
T

Figure 3-8 ^H-NMR spectrum of [343]
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Figure 3-9 '^C-NMR and DEPT-135 spectrum s of [343]

3.3.7 Attempted synthesis of Hydroxamic acid derivatives
Hydroxamic acids have  received m uch  a t te n t io n  in re c e n t  yea rs  d u e  to  th e ir  ex tens ive  range  

o f  biological activities and  low toxicities.^^^ Much of  th e  activities o f  th e s e  c o m p o u n d s  a re  d u e  to  

th e i r  che la ting  p ro p e r t ie s  with m eta l  ions.^^'* The utilization of  hydroxam ic  acids is extensively 

r e p o r te d ;  hydroxam ic  acids and  th e ir  deriva tives  a re  re p o r te d  as  effective an tibac te r ia l  and  

an tifungal agents^^^. Their ability to  c o o rd in a te  to  m eta l  ions is responsib le  for  th e i r  antim icrobial 

ac tion . Som e hydroxam ic  acids a re  po ten t ia l  antimalarials^^®. The d rug  “ D esfera l"  is u sed  for  th e  

e l im ination  o f  iron from  th e  body.^^^ Derivatives of  3 ,4 ,5 - t r im e th o x y b en zo h y d ro x am ic  acid ac t  as 

m e n ta l  tonic. “ B ufexm ac" is u sed  as  an an ti- in f lam m atory  a g e n t . H y d r o x a m i c  acids  have also

s h o w n  possible th e ra p e u t ic  applica tions as anticancer^^^ antibiotic^^" an d  a n t i tu m o r  ag en ts^^ \

A syn the tic  ro u te  to  hydroxam ic acid an a lo g u es  o f  th e  CA4 acid [150] w as  a t t e m p t e d  via  t h e  

m ethy l e s te r  o f  t h e  acrylic acid, (Schem e 3-11). The esterif ica tion  reac tion  w as  carr ied  o u t  using 

m ic row ave  irradiation  for  30 min a t  120 °C. These cond itions  w e re  n o t  op tim ized  b u t  w e r e  successful 

in t h e  fo rm a tio n  o f  th e  acrylic e s te rs .  O ne  benefi t  o f  using th is  m e th o d  w as  th a t  t h e  acrylic e s te r ,  

p rec ip i ta ted  o u t  of  so lu tion  and  w as  filtered . This iso la ted  p ro d u c t  requ ired  s o m e  fu r th e r  

purification using co lum n  c h ro m a to g ra p h y  o v e r  silica gel. The syn thes is  o f  th e  hyd roxam ic  acid from

th e  co rre sp o n d in g  e s te r  is well d o c u m e n te d  in th e  lite ra ture . 522-524
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U n fo r tuna te ly  t r e a tm e n t  of th e  acrylic acid e s te r  [363] and  [364] with  hydroxylam ine  in th e  

p re s e n c e  o f  KOH o r  sod ium  m e th o x id e  did no t  afford th e  d es ired  hydroxam ic  acid de r iva tives  of 

c o m b r e ta s ta t in  acrylic acid (Schem e 3-11).

O^^OH 0 ^ / 0
H

O ^ N .

OMe H [310]
OMe F [313]
OMe OH [150]
OH OMe [346]

Ri R2
OMe H [363 ]-4 9 %
OMe F [364 ]-4 6 %
OMe OH [3 61]-42%
OH OMe [365] - 36%

RiRi R2
Ri

Ri R2
OMe OH [362]

(i) NaOH, MeOH, MW; (ii) a) Hydroxylamine.HCI, NaOMe, MeOH; / b) Hydroxylamine.HCI, KOH, 80 °C, MW

3.3.7.1 Piperazine derivatives of the acrylic acid scaffold

A se r ie s  o f  p iperaz ine  am id e  deriva tives  of  th e  CA4 acid [22] w e re  p re p a re d  for  b iochem ical 

investigation. P iperazines c o n s t i tu te  an a t trac t iv e  pharm acological scaffold and  have  b e e n  exp lo ited  

for  th e i r  biological activity. The p iperazine  ring is found  in m an y  drugs, including an tianginals ,  

a n t id e p re s s a n ts ,  a n t ih is tam in es  and  an tipsychotics. This small and  rigid heterocyclic  b a c k b o n e  ac ts  

on a var ious  pharm acological t a r g e t s . T h e  piperazine  ring sys tem  has  b e e n  utilized in 

app ro x im a te ly  7 % of all small m olecu les  t h a t  w e re  a w a rd e d  FDA approva l  b e tw e e n  1998 an d  2009  

and is fo u n d  as pheny lp iperaz ine, benzylp iperazine , d iphen y lm e th y lp ip e raz in e  

(benzhydry lp iperazine),  pyridinylpiperazine and  pyrimidinylpiperazine.^^® The p iperaz ine  ring is u sed  

as bo th  a rigid th r e e  d im ensiona l d iam ine  core  s t ru c tu re  and  as  well as  modifying g ro u p  to  in tro d u ce  

an  am ine  re s id u e  in m olecules . This a p p ro a c h  is o f ten  ta k e n  in o rd e r  to  im prove solubility, in c rease  

m olecu la r  w e ig h t  o r  ach ieve  ch an g es  in th e  ionization s t a te  o f  novel d rug  su b s tan ces .

The req u ired  p iperaz ine  am id e  derivatives [347]-[360] w e re  sy n thes ised  from  th e  acrylic acid 

derivative o f  c o m b re ta s ta t in  an a lo g u e  m olecu les  [150],[310],[313] and  [346]. The use  o f  t h e  

p iperazine  deriva tive  w as  in te res t ing  as a small m olecu le  and  also h ad  th e  po ten tia l  fo r  con ju g a t io n  

to  th e  ER ligand (Schem e 3-12). The novel p ro d u c ts  [347]-[360] a re  i l lustra ted  in Table 13, t o g e th e r  

with yields which  w e re  in th e  range  4 - 37%.

Scheme 3-11 Attempted synthesis of the hydroxamic acid [362] via the methyl ester
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(i) DCC, HOBt, DCM, 16 h, RT

Scheme 3-12 Synthesis of the piperazine derivatives [347]-[360]

DCC (A/,/\/'-dicyclohexylcarbodiimide) was successfully used to couple the various piperazine 

secondary amines with carboxylic functionally on the acrylic acid combretastatin analogues ([150], 

[310], [313] and [346]) in order to form amide linkages. The DCC acts as a dehydrating condensing 

agent to activate carboxylic acids for amide f o r m a t i o n . W h e n  HOBt (Hydroxybenzotriazole) is 

added to with DCC, it reduces side reactions (intramolecular formations) and increases the yield of 

coupled product. HOBt reacts with activated acyl groups (carboxylic acid + DCC) to form the 

activated ester. This ester reacts with amines at ambient temperatures to afford the amide product. 

The mechanistic detail of the amide formation reaction involving DCC and HOBt is shown in Scheme 

3-13. The piperazine analogues have distinctive and characteristic signals observed in the ^H-NMR 

spectrum (Figure 3-10).

The ^H-NMR spectrum for the piperazine analogue [349] is shown in Figure 3-10. The proton 

signals for the two CH2 groups appear as two multiplets at 2.70 - 2.92 ppm and 3.70 -3.80 ppm 

however they overlap with the methoxy signal at 3.72 ppm having a combined integral of 10 protons 

( 6  H for two methoxy and 4 H for the two CH2). The 3 -OCH3 and the 5 -OCH3 protons are identified as 

a singlet at 3.72 ppm. The 4 -OCH3 protons are found as a singlet at 3.78 ppm. The A-ring (or 

trimethoxy-ring) aromatic protons appear as a singlet at 6.54 ppm. The B-ring protons are observed 

as a doublet at 6.75 ppm with J= 2  Hz and as a doublet at 7.11 ppm with J=  7 Hz. The alkene proton 

appears as a singlet at 6.65 ppm. The ^^C-NMR spectrum of [349] is shown in Figure 3-11 . The 

assignment of the acrylic acid portion of the analogue similar to that of [150]. The significant region 

to note is between 35 -  50 ppm. In this region it was expected to observe the signals for the carbons 

for the N(CH2)2 (Figure 3-11). These signals are not observed for both sets carbons of the N(CH2)2, 

but with the use of Ĥ NMR and HRMS (429.2041 required for C23H29N2O6), and in consultation with 

Dr. John O'Brien (TCD NMR specialist) it is concluded that [349] was obtained even with the absence 

of the piperazine CH2 signals from the ^̂ C NMR spectrum.^^^ The carbon signal for the N(CH2>2
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carbons was not present in the NMR spectra for some of the related piperazine analogues 

synthesised.

HOBt -  B-H = base

R H

H O 

HN

Scheme 3-13 DCC coupling reaction mechanism for amide synthesis

The novel combretastatin-piperazine amide derivatives [347]-[360] will be interesting as a 

smjil molecule and also have the potential for conjugation to an ER ligand such as endoxifen. The 

piperazine amide derivative [347]-[360] will be evaluated as potential small molecule anticancer 

ageits (C hapters) and compounds [347]-[340] would potentially be incorporated into the conjugate 

scafold.
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Starting

material

Compound 

(Novel = *)

Structure Yield %

[310] [347]*

H

C'DN

A
‘

37

[313] [348]*

H

CDN
X a

' Ov.

32

[150] [349]*

H

N

X a

16

[346] [350]*

H

Ĉ )
V 1 

Q / k A o -

4
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[310] [351]*

0  y l o -

Ox

16

[313] [352]*
X O

0

o-^

19

[310] [353]*

'o

0
\ = /  \ — /  o o —

29

[313] [354]*

\
F O

P  ''o

\—/ o o —

31

[150] [355]* 06 28
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[346] [356]*

/
O OH

P Jo

^ /  0 o —

31

[310] [357]*
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o

P ''o

o  ^
N -A  ^ = {

/  \ — /  o  o —

12

[313] [358]*

\
F O

P
/ — \

N - ^  ^ = \
/  — /  o o —

23

[150] [359]*

\
HO O

P ^O

° \  / — \  / —

/  ^---- /  o o —

15

[346] [360]*

/
O OH

P ^O

o  ^J—N ^ = {
/  /  o o —

11

Table 13 Piperazine derivatives [347] - [360] (*novel compounds)
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The syn thes is  o f  a se ries  o f  novel c o m b re ta s ta t in  based  a n a lo g u e s  w as  successful.  The 

investiga tion  o f  th e  m icrow ave  irradiation induced  Perkin reaction  for  th e  fo rm a tio n  o f  th e  acrylic 

acids fo u n d  an im proved  m e th o d  for  th e  syn thesis  of th e s e  acids w ith  g r e a te r  yields an d  re d u c e d
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reac tion  tim es. The syn thes ised  acrylic acids will be  in co rp o ra ted  into th e  co n ju g a te  scaffold as 

po ten t ia l  cytotoxic ag en ts  (C hapter  5). The investigation o f  th e  necessity  o f  t h e  bi-aryl 

p h a rm a c o p h o re  o f  th e  c o m b re ta s ta t in  a n a lo g u e s  will be  investiga ted  by incorpora ting  th e  cinnamic 

an d  p ro p an o ic  acid of  [150] derivatives into  th e  con juga te  scaffold and  could give valuable  

in fo rm ation  o n  th e  role of  th e  acrylic acids bulk within th e  ER binding pocket. The syn thes is  of th e  

novel p iperaz ine  de r iva tes  of  t h e  CA4 acrylic acids will be  ev a lu a ted  for an tip ro lifera tive  activity.
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Chapter 4 
A r o m a t a s e  Inhibitors
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4.1 Overview
Aromatase inhibiting drugs such as anastrozole and letrozole used in the treatm ent of 

hormone dependent breast cancer and have recently replaced tamoxifen as the accepted standard 

of care in many post menopausal breast cancer patients. The American Society of Clinical Oncology 

(ASCO) documented that the optimum adjuvant therapy for postmenopausal women should now 

include the use of an aromatase inhibitor, either as initial treatm ent or after 2-5 years treatm ent 

with tamoxifen, to reduce the risk of tumour recurrence.^^® Aromatase inhibiting drugs act by a 

different mechanism to than that of tamoxifen. The estrogen in menopausal women is 

biosynthesised in the adrenal glands rather than the ovaries. The adrenal glands secrete 

androstenedione which is then converted in fatty areas of the body into estrogen by the enzyme, 

aromatase. Blocking aromatase activity provides a route to inhibiting estrogen production. Drugs 

which act as aromatase inhibitors can reduce estrogen production by 90 to 95%.

In the present work, it is proposed that if an aromatase inhibitor pharmacophore could be 

incorporated into the ER-antagonist conjugate scaffold, the beneficial biological activity of both 

drugs could be observed. Consequently, the synthesis of a tamoxifen conjugate with an aromatase 

inhibitor is an interesting target for conjugate drug design. Two design routes are proposed for 

incorporating the Als into the conjugate (Scheme 4-1); the first route is to synthesize an anastrozole 

derivative that could be covalently linked through an amide bond to endoxifen to produce the 

conjugate [463], Scheme 4-1. The second route is to synthesize a letrozole derivative that would 

replace the endoxifen ligand and would be linked to the cytotoxic drug to afford the conjugate [464]. 

It was believed that the second route would lose the ER binding capability of the conjugate however 

it could show activity v/o restricting the availability of estrogens by interfering with the steroid 

biosynthetic pathway. The fragments identified for synthesis of [463] and [464] will contain the 

required structural features of anastrozole and letrozole for aromatase inhibitory activity.

4.2 Synthesis of the anastrozole pharmacophore
Anastrozole [96] is third generation aromatase inhibitors that can selectively binds to, and

reversibly inhibit aromatase and has been shown to inhibit tumour growth. An anastrozole 

pharmacophore was proposed as a novel conjugate ligand. The synthesis of anastrozole has been 

documented only in the patent l i t e r a t u r e . T h e  synthetic route proposed in this work is based 

on a previous route reported to anastrozole-like compounds by Jackson et  in which the 

synthesis of a series of novel dual aromatase-sulfatase inhibitors (DASIs) incorporated anastrozole 

derivatives synthesised from 3,5-dimethylbenzoic acid [368], This route was suitable for the 

synthesis of anastrozole derivative for the proposed ER-AI conjugate compound but required some 

modifications as illustrated in Scheme 4-2 for the preparation of [376].
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Scheme 4-1 Aromatase inhibitors [96]-[97] and target conjugates [463]-[464]
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(I) HCI, M eO H, 3 h, reflux; (ii) NBS, BzjOz, CCI4, reflux; (iii) NaCN, MeOH, H jO , 16 h, RT; (iv) NaH, Mel, DMF, 16 h, 
RT; (v) NBS, BZ2O2, CCI4, reflux; (vi) 1,2,4-triazole, K2CO3, Kl, acetone, 1 h, MW, 120 °C;

(vii) NaOH, MeOH, 1 h, reflux.

Scheme 4-2 Route to the anastrozole derivative [376]

The first step in the synthesis o f the anastrozole derivate was the esterification o f the 

benzoic acid. The 3,5-dimethylbenzoic acid [368] was refluxed in the presence o f concentrated HCI in 

MeOH for 3 h to afford [396], Scheme 4-2. Following the esterification reaction, mono bromination 

of one of the methyl substituents was essential for the controlled construction o f the desired 

anastrozole derivative. The bromination method used by Jackson et to afford the mono- 

bromination product (instead of the di- bromination required for Anastrozole) was initially described 

by Kikuchi et to afford the benzyl bromide. This method was primary investigated to form the
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desired mono-bromination product [370], however using the conditions describe by Jackson et 

afforded a nnixture of mono- (30 %) [370] and di- (29 %) [371] brominated compounds after 4 h. The 

yield of the mono brominated compound was far inferior to the 85 % previously reported. 

However, it was possible to perform this bromination using NBS. This reaction was subsequently 

performed using NBS in the presence of a radical initiator (benzoyl peroxide). The ester [396] was 

reacted with NBS in the presence of a catalytic amount of benzoyl peroxide in carbon tetrachloride 

(CCI4). Examination of the previously reported method verified that mono- and di- bromination had 

again occurred. Following the work up of the reaction, the crude mixture required column 

chromatography over silica gel. However due to the structural similarity between the mono- and di- 

brominated compound (the Rf of the compounds were 0.35 (di-) and 0.3 (mono-)) they were quite 

difficult to isolate cleanly. It was found that a minimum of 200:1 ratio of silica gel to crude mixture 

was required to isolate both products without contamination. The isolated mono-brominated 

compound [370] afforded a yield of 54 %. This product was reported as a clear oil by Jackson et 

which was initially the case however when the oil was left stand, it formed a clear crystalline solid.

In the Ĥ NMR spectrum for [370], the methyl signal appears as a singlet at 2.41 ppm. The 

ester methyl signal appears as a singlet more downfield at 3.93 ppm. The benzyl bromide CH2 signal 

appears as a singlet at 4.49 ppm. The three aromatic protons all appear as singlets and integrate for 

one proton each at 7.41 (proton on C-4), 7.80 (proton on C-2) and 7.88 ppm (proton on C-6). In the 

NMR spectrum for [370], the methyl carbon appears at 20.7 ppm. The benzyl CH2 can be seen at 

32.3 ppm and the methyl ester signal appears at 51.8 ppm. The corresponding carbonyl signal for 

the ester group is located at 166.2 ppm. The three aromatic carbons appear at 126.8 (C-2), 129.8 (C- 

6) and 133.8 (C-4) ppm. The Ĥ NMR spectrum for [371] (dibromo compound), the ester methyl 

signal appears as a singlet more downfield at 3.96 ppm. The two benzyl bromide CH2 signal appeared 

as a singlet at 4.53 ppm. The three aromatic protons all appear with two overlapping as singlets at 

8.02 ppm and the remaining aromatic proton is observed at 7.46 ppm.

The next step in the synthesis of the anastrozole derivative is the preparation of the 

phenylacetonitrile [372], The reaction reported by Jackson et used potassium cyanide as the 

source of the nitrile ion. In the present synthesis of the phenylacetonitrile derivative [372] sodium 

cyanide was used. The benzyl bromide compound was reacted with sodium cyanide in a MeOH : 

water mixture (3 : 1). Following the work up of the reaction, the crude mixture required column 

chromatography over silica gel to afford the phenylacetonitrile derivative [372] with a yield of 86 %. 

The ^H NMR spectrum for [372] is similar to the Ĥ NMR spectrum for [370]. The key variance to note 

is that CH2 signal appears more upfield at 3.78 ppm. In the ^̂ C NMR spectrum, the CH2 signal appears
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m ore upfield at 2 2 .8  ppm and the presence o f the  nitrile carbon signal which occurs at 117 .1  ppm . 

The IR spectroscopy also verified the  presence o f the nitrile group at 2 2 3 6 .7  cm^.

G em -d im ethy la tion  o f the  phenylacetonitrile  [372] w as perfo rm ed  w ith  m ethyl iodide and  

NaH in D M F  to  afford  [373] in 54  % yield. Jackson et al.^^  ̂ reported  the  d im ethy la tion  reaction in THF 

w ith  a 78  % yield. H ow ever w hen these condition w ere  p erfo rm ed, it was found th a t the  reaction  

yield was much low er (54% ). Following num erous a ttem p ts  w ith  THF it was not possible to  obtain  

higher yields. The solvent was then  changed to  DM F, keeping th e  o th er conditions constant to  afford  

th e  desired com pound [373] w ith  a 54 % yield.

The ^H N M R  spectrum  o f [373], shown in Figure 4 -1 , is sim ilar to  th a t fo r the  ^H N M R  

spectrum  o f [372]. The m ost im portan t fea tu re  is the  disappearance o f the  benzyl CH 2  signal and its 

rep lacem ent w ith  th e  d im ethyl signal which integrates fo r 6  protons and appears as a singlet a t 1 .76  

ppm . The N M R  spectrum , shown in Figure 4 -2 , confirm s the  fo rm ation  o f the dem ethy la tion  

product. The observed quaternary  carbon (36 .6  ppm ) and m ethyl carbons (28 .6  ppm ) confirm  th a t  

th e  desired com pound [373] was obtained.

C om pound [373] afforded the desired m oiety fo r the  anastrozole sidechain how ever  

incorporation o f th e  haem -ligating heteroaryl unit (1 ,2 ,4 -triazo le ) onto  th e  anastrozole derivative  

was still required . This was achieved via b rom ination o f th e  rem aining tolyl functionality  o f [373] 

through a sim ilar NBS reaction as previously em ployed fo r [370] and then  reaction w ith  1 ,2 ,4 -triazo le  

to  com plete  th e  anastrozole type structure [375]. The benzyl b rom ide [374] was obta ined  in 54%  

yield (Schem e 4 -2 ). Following the  procedure set out by Jackson e t  it was a tte m p te d  to

substitute the  1 ,2 ,4 -triazo le  into the  anastrozole scaffold o f [375]. H ow ever, this procedure required  

a 22 h reflux, undertaken over the  course o f tw o  days (2 x 11 h refluxes). H ow ever only trace  

am ounts o f the  starting m ateria l had reacted to afford th e  desired product [375]. It was decided to  

use the  sam e conditions how ever this tim e  incorporating the  e ffic ien t heating o f the m icrow ave. The  

m icrow ave reaction o f [374] w ith  K2 CO 3  and Kl, using acetone (5 mL) as the  solvent was a ttem p ted . 

This m ixture was placed in a sealed m icrow ave reaction vessel and was heated  using m icrow ave  

energy (1 2 0  °C) fo r Ih  (m ax energy o u tpu t o f 150  W ). The substituted triazo le com pound [375] was  

successfully isolated in 89  % yield. This reaction was not optim ised as the  yield was sufficient to  

m ove to  th e  next step.
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The m echanism  o f the reaction is a variation o f the Finkelstein reaction in which potassium  

iod ide prom otes  an Sn2 reaction th a t results in the exchange o f the benzyl brom ide to form  the  

benzyl iodide product. The halide exchange is an equilibrium  reaction, but the reaction can be driven  

to  com pletion  by taking advantage o f the  d ifferen tia l solubility o f the  halide salts. The reaction  

involves th e  conversion o f the  benzyl brom ide to the  benzyl iodide by the addition  o f potassium  

iod ide in acetone. Potassium iodide is soluble in acetone and potassium brom ide is not. The reaction  

is driven  to w ard  products by mass action due to the precip itation  o f the  insoluble salt, which  

rem oves it fro m  th e  equilibrium  reaction. The potassium carbonate can depro ton ate  the  triazole  

n itrogen. The triazo le n itrogen then possesses a negative charge and the electrons attacks the  

positive d ipo le in th e  benzyl iodide com pound displacing iodide which acts as a good leaving group. 

The reaction  m echanism  fo r this reaction is illustrated in Scheme 4-3.

COOMe COOMe

" K '

KBr

COOMe

[375]

Scheme 4-3 Mechanism for the 1,2,4-triazole substitution

The N M R  spectrum  o f [375] (Figure 4 -3 ) confirm s the synthesis o f the  triazo le product. 

The signal a t 1 .76  ppm  corresponds to th e  d im ethyl protons on th e  phenylacetonitrile  m oiety . The  

m ethyl ester is seen at 3 .94  ppm and the  CH2  in the triazo le  m oiety  is identified at 5 .44  ppm . The  

arom atic  protons are observed as singlets at 7 .66 , 7 .90  and 8 .03  ppm . The triazo le protons occur as 

the  tw o  fu rth es t dow nfie ld  signals which in tegrate fo r one proton each at 8 .11  and 8 .22  ppm . The 

N M R  spectrum  o f [375] is shown in Figure 4 -4  shows the  d im ethyl carbons on the  

phenylacetonitrile  m o iety  at 28 .6  ppm . The quaternary  carbon in the  phenylacetonitrile  m oiety  can 

be observed at 3 6 .7  ppm . The m ethyl ester corresponds to  the  signal a t 52 .1  ppm . The CH 2  carbon in 

th e  triazo le  m o ie ty  is seen at 53 .4  ppm , w hile the n itrile carbon is identified  at 123 .3  ppm . The  

signals fo r th e  arom atic  carbons are found at 125 .9 , 128 .0  and 128.9 ppm . The tw o  pronated triazo le  

carbons can be observed as the  tw o  dow nfield  signals at 142 .9  and 152 .0  ppm . The signal fo r the  

m ethyl ester carbonyl occur at 165 .4  ppm.
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The final step in the preparation of the anastrozole ligand for conjugation was hydrolysis of 

[375] to afford the benzoic acid derivative [376], Scheme 4-2. The acid functional group was 

essential for the conjugate synthesis as it was required for the amide form ation via a DCC coupling
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reaction  w ith  endoxifen (discussed later in C hapter 5). The hydrolysis reaction was perform ed by 

refluxing [375] in M eO H  in the  presence o f NaOH for 1 h a fte r which all th e  starting m ateria l had 

reacted . Following an acid w orkup the product [376] was isolated as a pale ye llow  solid th a t did not 

requ ire  fu rth e r purification.

The hydrolysis o f the  ester could have also been perform ed using an acid to afford the  

benzoic acid product [376]. How ever, due to  the presence of the  nitrile functional group, the base 

m etho d  was p re fe rred , to  avoid hydrolysis o f the nitrile in acid.

A fte r th e  successful synthesis o f [376], it was proposed to  a tte m p t the  synthesis o f a fu rth e r  

anastrozo le derivative but replacing the 1 ,2 ,4 -triazo le  heterocycle w ith  im idazole to  d e term in e  if this 

had any e ffect on th e  conjugate's activity (Scheme 4 -4 ). The synthesis o f the im idazole ester 

derivative  from  [374] was perform ed as per the 1 ,2 ,4 -triazo le  substitution m ethod  outlined (Scheme 

4 -4 ) to  afforded  [377] as a yellow  solid w ith  a yield o f 67% a fte r w orkup (Scheme 4-4 ). The 

subsequent step required  hydrolysis o f the ester to  afford [378], M on itoring  o f the  hydrolysis 

reaction  via  TLC indicated th a t all the starting m ateria l was reacted. H ow ever, on w orkup of the  

crude m ixture, no product was isolated. It is believed th a t the w a te r soluble im idazole product was 

extracted  into the w a te r layer during w orkup. And fu rther a ttem pts  to afford [378] w ere  

discontinued.

[374] [377] - 67%

O H

[378]

(i) im idazole, K2 C O 3 , Kl, acetone, 1 h, M W @  120 °C;
(ii) N aO H , M eO H , 1 h, reflux.

Scheme 4-4 Attempted synthesis of [378]

4.3 Letrozole derivative as a conjugate ligand.
Letrozole [97] acts through th e  arom atase pathw ay to tre a t estrogen-sensitive breast

cancers by preventing the  initial production o f estrogen. Unlike tam oxifen , w ith  m ixed estrogen  

agonist and antagonist properties, th e  arom atase inhibitors have no estrogenic agonist activity.^^^ 

There is now  a strong evidence to  support the  selective inhibition o f arom atase to achieve a m ore  

effective  and selective endocrine therapy  for horm one dependent breast cancer. The target
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structure fo r conjugation w ith  a cytotoxic drug was identified as [387], (see Scheme 4 -5  and Scheme 

4-6 )

4.3.1 Synthesis of letrozole derivatives
The synthesis o f letrozole [97] has been docum ented in the paten t l i t e r a t u r e . T h e

predom inan t route fo r th e  synthesis o f letrozole is shown in Schem e 4 -5 . The synthetic route  

fo llow ed  in th e  present w ork  to produce the required arom atase inh ib itor pharm acophore [387] 

fo llow s related chem istry and is illustrated in Scheme 4-6.

[379] [380] [381] Letrozole [97]

(i) K2 C O 3 , Kl, Acetone, Reflux; (ii) f-BuOK, D M F

Scheme 4-5 Synthesis of letrozole [97]

The first step involves the  alkylation o f triazole to  fo rm  [380], fo llow ed by nucleophilic  

arom atic  substitution a fte r carbanion generation. This m ethod fo r the  synthesis o f letrozole seem ed  

ideal fo r th e  synthesis o f the  letrozole derivatives designed in this project (Schem e 4 -5 ). The  

required  letrozole derivative [387] was intended to becom e the  Al ligand o f a conjugate. This 

conjugate w ould require th a t the  letrozole derivative contain a m oiety  which could be used to  form  

a linker to  the  cytotoxic drug. As the cytotoxic drug th a t was incorporated in our o th er conjugate  

com pounds was th e  acrylic acid derivative o f CA4, it was intended th a t this conjugate also 

incorporate a sim ilar functional groups. It was proposed th a t if one o f the  benzyl nitriles in letrozole  

was replaced w ith  a phenol this would allow for the addition o f an alkyl am ine e th e r m oiety  sim ilar 

to  th a t seen in endoxifen . This basic m oiety could subsequently be used to  generate  a d irect am ide  

bond w ith  the acrylic acid to  produce the  novel conjugate. It was proposed th a t th e  synthesis o f the  

required  letrozole derivative [387] w ould fo llow  the  p redom inant synthetic route show n in Scheme  

4 -5 . If the n itrile  substituent was exchanged fo r a benzyl protected  phenol then  this w ould allow  fo r  

th e  subsequent a lkylation w ith  alkyl halides fo r the  construction o f  the  basic side chain. The overall 

synthetic route planned fo r the  letrozole derivate [387] is shown Scheme 4-6 .
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(iii)

Br'
,Br NHjMe

[385] [386]

(V )

[387]

(i) K2 CO 3 , Kl, Acetone, Reflux; (ii) f-BuOK, DMF; (iii) Pd(OH)2 , H2 , EtOAc/MeOH;
(iv) NaOH (aq.), (nBu)4 NHS0 3 ; (v) MeNH2 , sealed tube, 60 °C;

Schem e 4-6 Proposed synthesis of th e  letrozole derivative [387]

The benzyl b ro m id e  [382] requ ired  w as  o b ta in e d  by sod ium  b orohydride  red u c t io n  of  [388] 

to  afford  t h e  benzyl alcohol [389] as  a w h ite  solid in 99% yield. B rom ination o f  th e  benzylic alcohol 

with p h o sp h o ru s  t r ib ro m id e  a ffo rded  th e  des ired  benzyl b ro m id e  [382] in 98% yield, S ch em e  4-7.

(i) (ii)

OBn
[382]

(i) NaBH 4 , MeOH, 1 h, 0 °C; (ii) PBrg, DCM, 1 h, 0 °C

Scheme 4-7 Synthesis of [382]

Alkylation o f  triazole  with th e  benzyl b rom ide  [382] a f fo rd ed  [383] as a w hite  solid in 45% 

yield. The nex t  s te p  w as  th e  addition  of  th e  p-cyanoaryl f luoride [381] to  afford th e  le trozole  scaffold 

[384], C o m p o u n d s  [383] an d  [381] w e re  reac ted  in DMF in th e  p re se n c e  of  f-BuOK a t  room
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tem perature for 2.5 h. After work up of the reaction mixture TLC analysis showed that both starting 

materials remained. This was unanticipated due to the literature reporting yields of 26 - 66% under 

the same conditions. Further literature investigation found that for this reaction the substituent on 

the ring can affect the outcome. In the case of letrozole, the cyano group has an electron  

withdrawing effect which activates the ring towards nucleophilic attack and the reaction takes place. 

As this reaction was a nucleophilic aromatic substitution reaction it was possible to rationalise that 

in this case that the electron donating nature of the benzyl substituent deactivates the ring and the  

reaction does not proceed. Therefore, this meant that the synthetic route (Scheme 4-6) was not 

longer possible.

An alternative route proposed for the synthesis of [385] is shown in Scheme 4-8. This route 

involved the construction of a benzophenone derivative with the desired substituents on each of the  

aromatic rings. Kim et  documented the preparation of aryl ketones from the aromatic bromide 

and acid chloride. Ni-catalyzed Negishi-coupling reaction was employed which afforded the required 

aryl ketones with excellent yields.

O . ^Cl

(i) (ii)

[393] [394]

OH
(iv)

BnO
BnO [396][395]

N

(vii)

OHOBnO
[386][385]N[384]

(i)&(ii) CoBr2 , ZnBr, bromobenzene, Zn, TFA, ACN, Ni(acac)2 , 1 h; (iii) Py.HCI, 20 min, 210 °C; (iv) BnBr, K2 C O 3 , ACN, 
16 h; (v) NaBH 4 , MeOH, 15 min; (vi) p-TSA, toluene, MW; (vii) Pd(0 H)2 , EtOAc/MeOH, 30 min; (viii) Br2 C H 2 , NaOH (aq ),

(nBu)4NHS0 3 ,

Scheme 4-8 Proposed synthesis of the letrozole derivative [385]

Im plem entation of the Kim et method first required the form ation of the aryl zinc 

bromide interm ediate from the aryl bromide. 4-Bromoanisole [390] was used as the starting 

material for the formation of the aryl zinc bromide. It was not the preferred starting material for this
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reaction as previous problems had been encounte red  in the  re lated subsequen t dem ethylation  step, 

see  Chapter 2. Despite this it was still seen as a viable option for this synthesis due to  the lack of 

availability of  synthesised benzylated starting material. However, the  dem ethylation s tep  would be 

perform ed directly after the  aryl ketone formation to ensure  th a t  similar difficulties in 

dem ethy la tion  would not be encounte red  in th e  final steps of this synthesis.

The aryl zinc bromide [391] was prepared by following a m ethod  reported  by Pillion e t  

This m ethod  allowed for the  formation of [391] from the  commercially available [390]. The 

p rocedure  required pre-stirring a mixture of CoBr2 , ZnBr2 , b rom obenzene, Zn dust and TFA, to  which 

[390] w as added  after 15 min. It must be noted tha t  in the Fillon e t  al.™ procedure, th e  reaction was 

m onitored via GC for the  consum ption of aryl bromide. However in our case GC was not used for the  

de term ina tion  of starting material present. Fiilion e t  reported  tha t  the  reaction time was 

approximately 15 min, therefore  it was decided that  a reaction time of 30 min should be ad eq u a te  

to  allow th e  formation of [391], Compound [391] was not isolated due to its instability but the 

species was directly used for the  Ni-catalyzed Negishi-coupling reaction. The general m echanism  of 

formation for th e  aryl zinc bromide species is shown in Scheme 4-9.

1/2 Zn

1/2 Zn*
ArBr

Co'Br.

CoBr-
(1/2 + 1/2) ZnBn

ArZnBr

ArCo"Br

1/2 Zn*

S chem e 4-9 G enera l  m echan ism  of fo rm at io n  o f  t h e  aryl zinc b ro m id e

The mechanism was reported also by Fiilion e t  which was based on a mechanism 

described recently for the  electrochemical conversion of aryl halides to aryl zinc com pounds by 

cobalt catalysis in DMF/pyridine.^'*° The catalytic cycle is initiated by the  reduction of CoBr2 by zinc 

dust, which needs  to  be activated previously by acid traces. The resulting Co(l)Br undergoes an 

oxidative addition with aryl halides to  afford the  trivalent cobalt complex ArCo(lll)Br2 . That la tter 

species is reduced  into ArCo(ll)Br by the excess of zinc dust. The cycle is com pleted  by a
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transmetalation reaction between ArCo(ll)Br and ZnBr2 formed in the previous steps, leading to the 

aryl zinc compound and regenerating divalent cobalt. Compound [391] was not isolated but the 

species was directly used for the Ni-catalyzed Negishi-coupling reaction. Therefore, it was not 

possible determ ine exact molar equivalents to be taken in the next step, however, working on the 

assumption that 50% conversion of [390] to [391] was sufficient to move directly to the next step. 

This Ni-catalyzed Negishi-coupling reaction was performed by directly adding Ni(acas ) 2  to [392] pre

dissolved in THF. The mixture was stirred at RT for 30 min before being filtered through celite. Work 

up and purification over silica gel afforded the product [393], a yellow solid with overall yield of 25%.

O

Ni— L,

ZnBrj R '-Z n B r

Scheme 4-10 General mechanism of transition metal-catalysed crosscoupling reaction 

The general mechanism of transition metal-catalysed cross-coupling reaction involves three 

key steps (Scheme 4-10). The first consists of oxidative addition of the organohalide to a low valent 

metal complex to give an organometallic derivative with a higher formal oxidation state on the metal 

centre. This is followed by transmetalation of the nucleophilic carbon from the nucleophile to the  

transition metal complex to afford a diorganometal species. Subsequent reductive elimination 

affords a new C-C bond and generates the catalytically-active species.

The subsequent step in the synthetic scheme involves the dem ethylation of the methoxy 

group in [393] to afford the phenol. It was proposed to perform this dem ethylation step early in the  

synthesis due to problems encountered in similar demethylation with BBra in the indole synthesis. 

The free phenol was essential for the construction of the letrozole derivative, in facilitating the  

addition of the basic side chain moiety. The use of pyridine hydrochloride had been quite successful 

for similar dem ethylation of methoxy e t h e r s . T h i s  reaction was performed by heating [393] and 

pyridine hydrochloride at 210 °C for 20 min. Following work up and purification over silica gel the  

product [394] was isolated as a pale yellow solid with a 53% yield, Scheme 4-8.
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The free  phenol now  contained in com pound [394] required protection in subsequent 

reaction steps. The protection was carried out using a benzyl e th e r protecting group and afforded  

[395] in 88%  yield, Scheme 4-8 . The next step was the  reduction o f the ketone w ith  sodium  

borohydride to  afford the  secondary alcohol [396] w ith  a 95%  yield. This secondary alcohol was 

required  fo r th e  introduction o f th e  1 ,2 ,4 -triazo le  ring to  give the ietrozole scaffold. The 1 ,2 ,4 - 

triazo le  substitution reaction was perform ed in to luene using a Dean stark apparatus. The apparatus  

allows th e  w a te r  to  be separated from  the  condensed azeotrope preventing it from  returning  to  the  

reaction m ixture. The m echanism  fo r the  dehydration reaction fo llow ed  by the addition  o f the  

triazo le  reaction shown in Scheme 4 -11 . The p -to luene sulfonic acid acts as a strong acid and 

protonates th e  oxygen atom  o f the  alcohol, converting it in to  a good leaving group (H 2O). The 

heterolysis o f the  C -0  bond form s a carbocation. The p -to luene sulfonic acid regenerates itse lf via 

d epro ton atin g  the  1 ,2 ,4-triazo le  proton which in turn  reacts w ith  the carbocation to  afford  [384 ] in 

11%  yield.

[384]

Scheme 4-11 Mechanism for the formation of [384]

Due to  the  low  yield in the synthesis o f [393] and feasibility o f synthesising [386] because o f 

this low  yield it was determ ined  th a t an a lternative  route fo r the synthesis o f the  Ietrozole derivative

[396]

CN

H2O
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[396] should be investigated. The synthesis of related secondary alcohols was reported by Misawa et 

via the aryllithium reagents (generated from aryl bromide by treatm ent with n-butyllithium). 

Misawa e t  documented the synthesis of a series of secondary alcohols through the use o f n- 

butyllithium. The advantage of this method was that variation of either the aldehyde or the aryl 

bromide would allow the preparation of a series of structurally varied secondary alcohols. This new  

route is shown in Scheme 4-12.

(i)

CN  

[398]
(i) n-BuLi, THF, -78 °C, 2.5 h

OBn

[396]

Scheme 4-12 Alternative synthesis route for [396] 

n-BuLi is required to convert the aryl bromide to the alkyl lithium reagent. The subsequent 

step in the reaction is the nucleophilic addition of lithium reagent to the polar multiple bond to give 

an adduct which upon hydrolytic workup afford the secondary alcohol (Scheme 4-13).

BnO
CN

H 0 -L IB r
H .̂ H2O

BnO

H OH

BnO
[396]

Scheme 4-13 General mechanism for preparation of [396]

The n-BuLi reaction was performed by the addition of the aryl-bromide [398] in dry THF at - 

78 °C. To this stirring mixture was added n-BuLi dropwise and the resulting solution was left to stir 

for 1 h to allow the formation of the alkyl lithium reagent; at which point the aldehyde was added 

and the reaction mixture was allowed to stir for a further 1.5 h THF at -78 °C. Following work up, the  

crude mixture was purified via column chromatography over silica gel to afford [396] as a yellow  

solid with a good yield of 88 %. This yield was a considerable improvement when compared to the  

Ni-catalyzed Negishi-coupling reaction route (25% yield). This method was now a viable route to  

continue with the synthesis of required letrozole derivative which required reaction with triazole.

The previous attem pt at synthesising [384] was hampered by poor reaction yield (Scheme 

4-11) and limited starting material. When considering the previous attem pt, it was noted that the  

yield was not sufficient to continue to the next step. One method to increase this yield was to
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increase the reaction time. When examining the literature for opportunities to increase the yield for 

the Dean-Stark method, an interesting paper was found by Veillet e t  on microwave accelerated 

Dean-Stark. The Dean-Stark method was utilised for the removal of water. This method was 

interesting because of the benefits of microwave heating over conventional heating, and it was also 

a potentially promising method to increase the yield. This method was different to conventional 

microwave reactions (sealed tube) performed throughout the previous research as this required an 

open vessel microwave chamber (Figure 4-5).

■p' \

WWerojt-------

y Condenser

Water in

» Dean Stark

Mrcrowave oven

Weflon s tr  bar

Figure 4-5 Open vessel microwave chamber - Dean-Stark” ’

The CEM microwave reactor had the capability of performing this open vessel microwave 

chamber reaction. The reaction was performed using toluene as the solvent, compound [396], 1,2,4- 

triazole and p-TSA were added. As the microwave heating has been shown to be more efficient and 

can reduce reaction times, a reaction time of 4 h was initially decided, with a constant supply of 95 

W which was sufficient to allow controlled refiuxing. The reaction mixture was worked up, and 

purification via column chromatography over silica gel to afford [384] a yellow solid with a good  

yield of 67 %. This method was not optimized further as the yield was sufficient to continue to the 

next step.

The NMR spectrum of [384] (Figure 4-6) confirms the synthesis of the letrozole scaffold. 

The signal at 5.09 ppm corresponds to the benzyl CH2 and the proton on the tertiary carbon can be 

seen at 6.75 ppm. The pair of triazole protons are observed at 7.98 and 8.07 ppm. The remaining 

signals correspond to the aromatic protons and integrate for 13 protons. The NMR spectrum of 

[384] is shown in Figure 4-7. The tertiary carbon can be seen at 66.4 ppm and the benzyl CH2 is
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observed at 69.7 ppm. The two tertiary triazole carbons can be observed as the tw o downfield 

signals at 143.4 and 152.2 ppm. The carbon of the benzyl e th e r  appears  at 159.0 ppm.

,S

BnO' CN

Figure 4-6 NMR spectrum  of [384]
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Figure 4-7 NMR and DEPT-135 spectrum s of [384]
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W ith th e  construc tion  o f  th e  letrozoie scaffold co m p le te d ,  th e  basic side chain  could be 

in tro d u ced .  The next s tep  in this syn thesis  w as  th e  debenzy la t ion  o f  [384] (Schem e 4-8). The 

h y d ro g e n a t io n  using Pd( 0 H> 2  o f  [384] w as  successful and  a ffo rded  [385] with a yield o f  6 6  %. The 

s u b s e q u e n t  p lan n ed  s te p  w as  th e  addition  of  th e  1 ,2 -d ib ro m o e th a n e  via th e  s a m e  conditions  

e m p lo y e d  fo r  th e  endoxifen  syn thes is  chem istry . H owever, th is  reac tion  w as  unsuccessful.  It w as 

p o s tu la te d  t h a t  if th e  b ro m o  chain w as  ad d e d  a t  t h e  beginning  of t h e  syn thes is  s e q u e n c e  th e n  it 

w ould  be possib le  to  c ircum vent this p roblem .

The a l te re d  ro u te  involves th e  p re se n c e  of ethyl b rom ine  chain a t  th e  beginning of th e  

syn the tic  s c h e m e  as illustrated in S chem e 4-14. The syn thes is  o f  [400] w as  ach ieved  with 1,2- 

d ib ro m o e th a n e  an d  K2 CO3  in DMF and  reac ted  a t  RT for 16 h. This s te p  a ffo rded  [400] with a 63 % 

yield. C o m p o u n d  [398] w as t r e a te d  with n-BuLi a t  -78 °C to  p ro d u ce  th e  alkyl lithium re a g e n t  a t  

which po in t  c o m p o u n d  [400] w as  ad d ed .  After work up, purification o v e r  silica gel a ffo rded  [401] as 

a yellow solid w ith  81 % yield. The next s te p  w as  critical b e c a u se  in th e  p rev ious  sy n the tic  m e th o d  it 

w as no t possib le  to  ob ta in  [386]. Following similar cond it ions  for th e  p rev ious addition  o f  th e  1,2,4- 

tr iazole  he te ro cy c ie ,  it w as  possible to  ob ta in  th e  desired  p ro d u c t  [386] in 51 % yield. The cond it ions

Br

[399] [400]
CN
[398]

[402]

(i) 1 ,2-dibrom oethane, K2 C O 3 , DMF, 16 h, RT; (ii) n-BuLi, THF, -78 °C, 2 .5 h; 
(iii) 1,2,4-Triazole, p-TSA, toluene, MW, 4 h, 90 W

Scheme 4-14 Altered route for the synthesis of [386]
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w ere  sim ilar how ever the  m icrow ave w attage  th a t aNowed for safe and controlled refluxing fo r this 

reaction was 90 W .

The TLC o f [386] crude m ixture showed the  presence o f a second product. Isolation of this 

unknow n m ateria l a fforded a potentia lly  interesting side product [402] (Scheme 4 -14 ). Com pound  

[402] could be interesting as it contains the letrozole scaffold but it also contains an additional basic 

triazo le  m oiety  and could show potentia l biochem ical activity.

The final step in the  synthesis o f the  letrozole derivative was the am ination  reaction to  

afford  [387]. N ot only was this step im po rtan t fo r the synthesis o f the  proposed letrozole derivate , 

but it was also key fo r the  synthesis o f th e  conjugate com pound discussed later in C hapter 5. The 

am ination  reaction was sim ilar to  that im plem ented  fo r the synthesis o f all the ER ligands. 

Com pound [386] was added to  a sealed pressure tube w ith  an excess o f m ethylam ine (1 M  in THF) 

and was stirred at 65 °C fo r 48 h. Following the w orkup and purification, com pound [387] was 

obtained as a brow n resin w ith  a yield o f 88  % (see Scheme 4 -15).

[386] [387]

Scheme 4-15 Synthesis of the letrozole derivative [387]

The N M R  spectrum  o f [387] is shown in Figure 4-8. The signal a t 2 .26  ppm corresponds to  

th e  am ine proton. The signal at 2 .53  ppm corresponds to  the m ethyl group on the am ine. The broad  

singlet a t 3 .01  ppm is assigned to  the  CHz ad jacent to  the  m ethyl am ine. The signal corresponding to  

th e  OCH 2 can be seen as a tr ip le t a t 4 .1 0  ppm , J= 5 Hz. The proton on the  te rtia ry  carbon can be seen 

at 6 .74  ppm . The pair o f triazo le protons are observed at 7 .95  and 8 .05  ppm . The rem aining signals 

correspond to the  arom atic  protons and in tegrate for 8 protons. The ^̂ C N M R  spectrum  o f [387] is 

shown in Figure 4 -9 . The m ethyl group attached to  the am ine is not seen but confirm ed in the 2D  

N M R  experim ent (Figure 4 -1 0 ) to  be present at 35.7  ppm. This signal is observed a t 35.7 ppm on th e  

^̂ C N M R section o f the  spectrum  w ith  interacts w ith 2 .53 ppm on the N M R  portion o f th e  

experim ent, it was possible deduce from  this experim ent that the  m ethyl am ine signal was located  

at 35.7 ppm even w hen it was not observed in the  ^̂ C N M R spectrum . The tw o  CH2 groups on th e  

side chain are observed at 50 .0  and 6 6 .6  ppm . The te rtia ry  carbon can be seen at 66 .3  ppm . The tw o  

p rotonated  triazo le carbons can be observed as the tw o  dow nfield  signals a t 143.1  and 152.2  ppm . 

The signal fo r the carbon attached  to the benzyl e th e r appears at 159 .0  ppm.
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The syn thes is  o f  th e  letrozole derivative w as  now  com ple te .  This derivative [387] will n o w  be 

u sed  in th e  syn thes is  o f  th e  novel con juga te  c o m p o u n d  discussed la ter  in c h a p te r  5.

CN

1

i p p m )

Figure 4-8 NMR spectrum  of [387]
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Figure 4-9 NMR and DEPT-135 spectrum  of [387]
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Figure 4-10 COSY experiment of compound [387]

4.4 Aromatase Inhibitor -  Combretastatin CA4 hybrid compounds
W hen synthesising the letrozole scaffold [387] it was proposed that a series of novel

molecules that contain the letrozole core, but with modified aryl substituents, be also investigated. 

The plan was to incorporate the A and/or B ring of CA4 [150] on to the letrozole scaffold. It was 

proposed that the letrozole scaffold which is essential of Al activity, could be modified to potentially  

introduce other/dual targets, e.g. Al and tubulin pharmacophore. A series of small molecules were  

designed and synthesised which contained an aryl ring from letrozole and an aryl ring (A or B) from  

CA4. The final compound synthesised with the letrozole scaffold contained both type of CA4 aryl 

rings (rings A and B of CA4) (see Scheme 4-16).

The route for the synthesis of the letrozole derivatives is shown in Scheme 4-16. The 

synthesis follows the route previously described for the synthesis of the letrozole derivative [387]. 

The target compounds were obtained via the secondary alcohol (Table 14) then further reacted with  

1,2,4-triazole to afford the required products. Compounds [409]-[410] and [394] required 

debenzylation to afford the free phenol compounds. A total of 4 compounds were synthesised that 

could potentially still retain the Al activity but also could potentially show some cytotoxicity by 

incorporating the CA4 pharmacophore (Table 14).

182



OM e  
CA4 [22] Letrozole [97]

OH

(i)

R-̂ R2 R3
O M e O M e OM e [403]
OBn O M e H [404]
H OBn H [405]

R 4  R 5

H CN [406] 
OM e OBn [407]

R2
O M e O M e O M e H
OBn OM e H H
O M e O M e OM e OM e OBn [4 1 0 ]-8 5 %
H OBn H H CN [396] - 8 8 %

CN [408] - 92%  
CN [4 0 9 ]-8 1 %

(ii)
^  R (iii)

K2 “ 5

R 2^R3 R5

Ri R 2 R3 R 4 Rs (ii)
R3

OM e OM e OM e H CN [411] -6 3 % Ri R2 R3 R4 Rs (iii)
OBn OM e H H CN [409a] - 74% OH OM e H H CN [412] - 82%
O M e O M e OM e OM e OBn [410a] - 64% OM e O M e OM e OM e OH [4 1 3 ]-7 6 %
H OBn H H CN [384] -6 7 % H OH H H CN [3 9 4 ]- 6 6 %

(i) n-BuLi, THF, -78 °C, 2.5 h; (ii) 1,2,4-Triazole, p-TSA, toluene, MW, 4 h, 90-200 W;
(iii) Pd(0 H)2 , H2 , EtOAc/MeOH, 0.5 h, RT

Scheme 4-16 Synthetic route for the AI-CA4-hybrid compounds 

The N M R spectrum  o f [413] is shown in Figure 4 -11 . The m ethoxy group signals occur at 

3.76 , 3 .85 , 3 .90  ppm . The proton on the te rtia ry  carbon can be seen at 6 .60  ppm . The pair o f triazo le  

protons was observed at 7 .97  and 8 .04  ppm . The rem aining signals correspond to  the  arom atic  

protons and in tegrate  fo r 5 protons. The N M R  spectrum  o f [413] is shown in Figure 4 -1 2 . The 

m ethoxy group carbons correspond to the signals at 55 .5 , 55 .7  and 60 .4  ppm . The te rtia ry  carbon  

can be seen a t 6 7 .1  ppm . The tw o  protonated  triazole carbons can be observed as the tw o  dow nfie ld  

signals at 1 4 3 .0  and 151.6  ppm . The signal fo r the carbon adjacent to  the  phenol appears at 153.1  

ppm . The com pounds synthesised in Table 14 will undergo biochem ical evaluation fo r an ti

pro liferative  activity and as potentia l dual Al and cytotoxic agents, see chapter 6 .
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Compound Structure Debenzylation 

Yield %

[411]

OMe

N/A

[412] N 82

[413] N

M e O '' '^ !^  ^ '^ ^ ^ O M e  
OMe

76

[394] 66

[402]

N X j l X
N/A

Table 14 Aromatase inhibitor -  combretastatin CA4 hybrid [394], [411]-[413] and [402]

The Utilization of the aromatase inhibitor type ligands in the conjugate scaffold should allow  

for the formation of novel conjugate pharmacophores. The Al ligands will be conjugated to an ER 

binding ligand and CA-4 type cytotoxic agent for the formation of two prototype/novel conjugates 

for the treatm ent of hormone dependent breast cancers. The formation of a series of aromatase 

inh ib ito r-co m b re tastatin  CA4 hybrid compounds will be evaluated for antiproliferative activity. The 

hybrid compounds potential mode of action is unknown but it is proposed that due to the structural 

similarities between letrozole and CA4 that a potential dual action of cytotoxicity on cancer cells and 

aromatase inhibition may be observed. The hybrid compounds will be initially screened for 

antiproliferative activity and the lead compound/s will be evaluated for tubulin inhibition.

184



S I

•OH

Figure 4-11 NMR spectrum  of [413]
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Figure 4-12 C NMR spectrum  of [413]
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Chapter 5 

Conjugates



5.1 Overview
The centra l  ob ject ive of  this re search  w a s  to  synthes i se  dual-act ing,  e s t r o g e n  r ecep to r  

ta rge t ing  c o n ju ga te  produc ts .  In t h e  preceding  chapte rs ,  th e  s yn th ese s  of  e s t rog en  r e c e p to r  (ER) 

ligands,  a r o m a t a s e  inhibi tor  (Al) l igands and c o m b re t a s t a t in  ana lo gu es  w e r e  discussed.  Whi le t h e s e  

c o m p o u n d s  a r e  in te res t ing as n e w  s ta nd -a lo ne  active agents ,  the i r  in te nd ed  appl icat ion was  

d i rec ted  t o w a r d s  t h e  pr ep a ra t i o n  of  conjuga ted  c o m p o u n d s  which poss es sed  th e  co m b in e d  and 

possibly e n h a n c e d  (i.e. dual -ac t ion)  e ffec ts  o f  th e  individual con juga te  moie ties.  By incorporat ing an 

ER-ligand such as  endoxi fen  into t h e  conjuga te  scaffold,  it is envis ioned t h a t  t h e  co n ju ga te  could 

ta r g e t  b r ea s t  c an c e r  cells t h a t  ov er -exp re ss  ER, exer t ing the i r  an ta gon is t  e ffect  while also act ing as a 

car r ie r  to  select ively t r a n s p o r t  t h e  cova len t ly-bound cytotoxic a ge n t  to  th e  a r ea  of  t h e  t u m our .

This specific ER-targeting con juga te  s t ra tegy  has  b e e n  previously invest igated for  a n u m b e r  

of  d i f fe ren t  appl ica t ions as discussed  in t h e  Ch ap te r  1. Burke e t  al. r e p o r te d  t h e  design and  synthes is  

o f  c on ju ga te s  which con ta in e d  t h e  an ta go n is t  ER-ligand, 4 -hydroxytamoxi fen ,  b o und  via a linker 

gr ou p  t o  t h e  in te rca lat ing  an t i cancer  a g e n t  doxorubicin.  The  conjuga te  d e m o n s t r a t e d  in teres t ing 

resul t s a nd  s h o w e d  im proved  efficacy w h e n  c o m p a r e d  with t h e  individual con jug a t e  c o m p o n e n t s ;  4- 

fold up  to 140-fold e n h a n c e d  ant iprol i ferat ive activity relat ive to  doxorubicin and  a ER binding 

affinity of  2.5% relat ive to  f /Z-4-hydroxytamoxifen. ' '^^’ Keely e t  al. d o c u m e n t e d  t h a t  uti lization of  

endoxi fen  as an  ER-ligand cova lent ly b o n d e d  to  a modif ied c o m b r e ta s ta t i n  cytotoxic a g e n t  exhibi ted 

p o t e n t  ER binding affinity wi th  IC5 0  values of  0 .9 nM (ERa), 4.7 nM (ER(3) and  very p o t e n t  

ant iprol i ferat ive activity of  IC5 0  = 5.1 nM in MCF-7 cell line.'*^^

The a ims  of  thi s p ro jec t  a re  to  expand  up o n  this c once pt  o f  ER-targeting co n ju ga te s  by 

a t t e m p t i n g  to  op t i mi se  t h e  an tagonis t ic  act ion and  binding affinity of  t h e  ER-ligands while 

co n ju ga te d  to  t h e  cytotoxic agent .  The endoxi fen  ER-ligand conjuga tes  a r e  invest igated to opt imise  

t h e  posi t ion  of  a t t a c h m e n t  of  t h e  cytotoxic ligand linking func tiona l g roup  and  t o  identify 

a p p ro p r ia te  cytotoxic a g e n ts  t o  be incorpor a t ed  into th e  conjuga te  scaffold.' '^^ In this p roject ,  a 

se lect ion of  cytotoxic a g e n t s  a r e  inc or po ra ted  into t h e  co nj uga t e  scaffold.  Alternat ive ER-ligands will 

be eva lu a te d  for  specific ER-targeting a nd  an a r o m a t a s e  inhibi tor  will also be inco rpo ra ted  into th e  

co n ju ga te  scaffold.

5.2 Conjugate Strategy
A gene ra l  p ro to ty p e  s t ruc tu re  of  t h e  conjuga tes  synthes i sed  in t h e  s tudy  is sh ow n  in Figure 5-1.

The p ro to ty p e  conta ins  an ER-ligand, a linker and  a cytotoxic agent .  The ER-ligand is t h e  core  

e l e m e n t  of  t h e  scaffold as it is key to t h e  p ro p o se d  ER-targeting abilities o f  t h e  conjugate .  The ER- 

ligands ident i fied for  t h e  co n ju ga te  s tudy w e re  endoxi fen,  cyclofenil and  2 -phenyl indole  derivat ives
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(see  C h a p te r  2). These  ligands w e re  chosen  d u e  to  the ir  an tagon is t  n a tu re  a n d /o r  impressive ER 

binding a f f i n i t i e s . N o n  ER-targeting Al ligands letrozole and an as trozo le  derivatives, w a s  also 

investiga ted . These  w e re  no t  envisioned to  ta rg e t  th e  ER bu t  could potentia lly  inhibit e s t ro g e n  

b iosynthesis . The linker e le m e n t  ac ts  as an in terface  b e tw e e n  th e  ER-ligand an d  th e  cytotoxic  agen t.  

The choice  o f  linker e le m e n t  w as  previously optim ised  by Keely in which a d irec t am id e  linkage 

d isplayed th e  o p t im u m  anti-proliferative activity.''^^ The various cytotoxic a g e n ts  w e re  initially 

c h o se n  b ased  on  l i te ra tu re  ev idence  of activity against b reas t  cance r  and  a ssessed  fo r  suitability as 

a g e n ts  to  couple  to  various ER-ligands. The cytotoxic a g en ts  chosen  in th e  p re se n t  s tudy  to  undergo  

con juga tion  reac tion  with endoxifen , cyclofenil and  2-phenylindole  w e re  c o m b re ta s ta t in  derivatives 

[150], [311]-[326], C h a p te r s .

Cytotoxic Agent ER-LigandLinker

OH

^ O

OH

[150]

HO

Figure 5-1 General p ro to type structure and exam ple of CA type cytotoxic agent [150] and ER-ligand endoxifen [36]

Am ides a re  m o re  s tab le  to  hydrolysis w h en  co m p ared  to  e s te rs  and  a re  u sed  only to  a slight 

e x te n t  as p rod rugs  d u e  to  th e ir  relatively high enzym atic  stability to  hydrolysis in vivo. While 

chemically  q u ite  s tab le ,  th e  am ide  bond  can be hydrolysed by am idase ,  p ep t id a se s  o r  proteases.^"'*' 

It is p ro p o sed  th a t  th e  p re sen ce  of  th e  am ide  linkage within th e  tu m o u r  co n ju g a te s  w ould  be less 

suscep tib le  to  enzym atic  hydrolysis and  may d e m o n s t ra te  intrinsic antip ro lifera tive  action  targeting  

ER/tubulin, Al-tubulin or  AI-ER.

5.2.1 Coupling Reactions
The syn thes is  o f  th e  co n juga te  requ ired  a coupling reac tion  b e tw e e n  th e  carboxylic acid and

th e  am in e  form ing  an  am id e  cova len t-bond  linkage. In this p roject,  t h e  use  of  DCC (N,N'- 

d icyclohexylcarbodiimide) and EDC ( l-e thy l-3 -(3-d im ethylam inopropyl)carbodiim ide))  w as successful
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in coupling secondary amines of the ER ligand with the carboxylic acid functionality on the acrylic 

acid combretastatin analogues in order to form amide linkages.

The conjugate compounds in the project were all synthesised using either DCC or EDC. 

Carbodiimides, containing a (N=C=N) functionality are dehydration condensing agents often used to 

activate carboxylic acids towards amide or ester f o r m a t i o n . D C C  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 are two other popular carbodiimides, the latter forming water- 

soluble by-products. In order to reduce side reactions (such as intramolecular A/-acylureas) and help 

increase yields, hydrobenzotrizole (HOBt) was added to the coupling reactions performed using DCC 

and EDC. The use of solvents with low-dielectric constants such as DCM or chloroform can minimise 

possible side reactions, therefore anhydrous DCM was used for the coupling reactions in this project.

The DCC coupling reagent was successfully used for the formation of the conjugate 

compounds, however the by-product formed, A/,A/'-dicyclohexylurea, was difficult to remove from  

the synthesised compound. In the case of EDC on the other hand, the by-product is water soluble 

and is quite easily removed by an aqueous wash. The coupling reactions discussed later in this 

chapter were successful using DCC but the NMR spectra showed the presence of N,N'- 

dicyclohexylurea by-product which could not be successfully removed via column chromatography. 

Therefore, it was decided that if the coupling reagent was changed to EDC it could potentially afford 

a cleaner product. In some cases both reagents were investigated for the formation of the conjugate 

products. This will be discussed later in this chapter. The mechanism of amide formation reaction via 

the DCC reagent was previously discussed in Section 3.3.7.1 and illustrated for the EDC reagent in 

Scheme 5-1.

5.3 Direct amide conjugates

5.3.1 Endoxifen conjugates
The combretastatin acrylic acid analogues prepared via the Perkin reaction contain the

carboxylic acid functional group and allow the formation of the conjugate products. The acrylic acid 

combretastatin analogues [150], [311]-[327] were directly coupled to the silyl-protected endoxifen 

analogue [197] (Scheme 5-2). The conjugates were referred to as 'direct amide conjugates' as there  

is no additional linker moiety required and the carboxylic acid group reacts directly with the 

secondary amine functionality of the endoxifen analogue to form the amide linkage via a DCC/EDC & 

HOBt coupling (condensation) reaction.
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HOBt = B-H = base

H O

N-
/

Scheme S-1 General mechanism for amide synthesis w ith  EDC 

The initial procedure investigated DCC as the coupling agent (Scheme 5-2). For the synthesis 

of this series of conjugates [414]-[430], equimolar amounts of the acrylic acid, amine [197], DCC and 

HOBt were reacted and the reaction was monitored via TLC. The resulting silyl-protected conjugate 

was not purified and the crude product was carried directly to the next step where an equivalent of 

1 M TBAF solution (in THF) was added to deprotect the silyl-protecting group. Upon reaction to 

afford the direct amide conjugate and following work-up procedure, the mixture was purified via 

flash chromatography to afford the direct amide conjugates [414]-[430] in high yields as -1:1 (E/Z)- 

isomeric mixtures. The isomeric ratios were calculated based on those of the endoxifen starting 

material and confirmed by integration of appropriate signals in the NMR spectra.

190



OH

[414]-[430]

OH

[150], [311H326]

(i) DCC/EDC, HOBt, DCM, 24 h, RT; (ii) TBAF, THF, 0.5 h, RT

Acrylic Acid X Ri R2 Ra R4 Rs Re R7 Direct Conjugate
[150] a OMe OMe OMe H OMe OH H [414]
[311] a H OMe H H 0(CHj)0 H [415]
[312] a OMe OMe OMe H OMe ^1

0z

H [416]
[313] a OMe OMe OMe H OMe F H [417]
[310] a OMe OMe OMe H OMe H H [418]
[314] a OMe H OMe OMe OMe OMe H [419]
[315] a OMe OMe OMe OMe OMe OMe H [420]
[316] a OMe H OMe H OMe OH H [421]
[317] a OMe OMe OMe H OH OH H [422]
[318] a OMe OMe OMe H H OH H [423]
[319] a OMe OMe OMe H OMe OMe H [424]
[320] a OMe OMe OMe H OMe OMe OMe [425]
[321] a H OMe OH OMe OMe OMe H [426]
[322] a OMe OMe OMe OMe OH OMe H [427]
[324] a OMe OMe OMe H C4 H4 H [428]
[325] b OMe OMe OMe [429]
[326] c OMe OMe OMe [430]

Scheme 5-2 Endoxifen direct-amide conjugates

The second procedure employed EDC as the coupling reagent. For the synthesis of this 

series of conjugates [414]-[430], the equivalencies were varied to ensure a slight excess of activated 

ester form ed so that when the amine was added a greater yield of amide product was isolated. The 

ratio of reactants was 1.2 eq of acrylic acid, 1.4 eq EDC, 1.4 eq HOBt and 1 eq of amine and the
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reaction was m onitored  via  TLC. The silyl-protected conjugate was purified in this procedure but was 

not fully characterised at this step, but was verified by HRMS. The isolated silyl-protected conjugate  

was then  reacted w ith  an equivalent o f 1 M  TBAF solution (in THF) to  deprotect th e  silyl-protecting  

group. Upon reaction to afford the  direct am ide conjugate and follow ing w ork-up procedure, the  

m ixture was purified via  flash chrom atography to afford the direct am ide conjugates in high yields as 

~1:1 (E /Z)-isom eric m ixtures. The isomeric ratios w ere again calculated based on the endoxifen  

starting m ateria l.

The use o f both  coupling reagent agents afforded the desired conjugate com pounds Table  

15. H ow ever com pounds [419], [421], [423] and [425] w ere only successfully produced using the  

DCC coupling reagent owing to  lack o f starting m aterial. W hen DCC was used as a coupling reagent, 

the  /V,A/'-dicyclohexylurea byproduct was found in the isolated products. The products w ere  afforded  

as brow n resins w ith  yields ranging betw een  7 and 91% . W hen EDC was used as the coupling  

reagent, the  isolated coupled products w ere afforded cleanly. The urea by-product which was w ater  

soluble and rem oved by w orkup and the ^H-NMR product spectra w ere much cleaner in the  1 - 2 

ppm region (region in which the /V,A/'-dicyciohexylurea signal w ould be observed). It was found that 

the final deprotection  and purification steps w ere sim plified w hen the clean silyl-protected  

conjugate was put forw ard  to  the next step when com pared to  the crude m ixture. The final 

deprotected  products from  the EDC m ethod w ere isolated as w h ite /o ff-w h ite  solids. The yields for 

the  conjugation-coupling reactions are listed in Table 15.

As an exam ple, the ^H-NMR spectrum of [418] is shown in Figure 5-2. As the  product is 

afforded as an f / Z  isomeric m ixture, many o f the  signals overlap and appear as m ultip lets. The 

protons o f the  ethyl chain are observed betw een 0 .87 -0 .92  ppm (CH3) and 2 .4 0 -2 .5 0  ppm (CH2). The 

protons for the am ine m ethyl are observed betw een 3 .0 0 -3 .2 0  ppm . This signal p a ttern  which is 

classified as a m u ltip le t but th ree  overlapping signals are observed suggesting th e  presence o f 

rotam ers which was confirm ed from  exam ination o f the Variable Tem perature  N M R  Experim ents  

which will be discussed later in this chapter. The proton signals o f the m ethoxy group and the  basic 

side chain m ethylene (CHj) are found betw een 3 .55 -4 .30  ppm and the region b e tw een  6 .40 -7 .20  

ppm  contains signals fo r the arom atic  protons and the ethylene bridge m ethlyene proton. In th e  ^^C- 

N M R  spectrum  of [418] shown in Figure 5-3, ethyl side chain signals are observed at 13 .61  ppm  (CH3) 

and 25 .63  ppm (CH2). The m ethyl am ine carbon is identified as a w eak signal at 39 .09  ppm , which  

was confirm ed from  the  COSY spectrum . The basic side chain carbons are identified  at 50 .78

ppm (NCH2) and 6 0 .4 0  ppm (OCH2). The m ethoxy signals are observed at 55 .22 , 55 .9  and 6 0 .91  ppm. 

The rem aining arom atic  carbons and ethylene carbons are observed betw een  105 .98  and 159 .30
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ppm . The carbonyl carbon was identified at 173.4  ppm . In the  IR spectrum , the  hydroxyl group was 

identified as a broad band at 3426 .3  cm ‘  ̂ w hile  the  am ide carbonyl group is observed as a strong  

band at 1605 .7  cm \  The characterisation is confirm ed through high resolution mass spectrom etry  

w here  a mass o f 722 .3102  (M+Na)"^ was found fo r the  m olecular ion, C44H4sN0 7 Na.

The possible explanation fo r the com plex signal pattern  observed fo r m any conjugates in the  

and N M R  spectra is presented bellow.

Compound no.

DCC 

coupling 

Crude yield 

{%)

Overall 

DCC coupling & 

Deprotection 

yield {%)

EDC coupling 

Yield 

(%)

Deprotection 

yield following 

EDC coupling 

(%)

Overall 

EDC coupling 

&

Deprotection 

yield (%)

[414] 122 82 85 97 82

1415] 131 91 83 91 76

[416] 93 54 88 93 82

[417] 102 53 77 90 69

[418] 97 55 91 93 84

[419] 84 33 - - -

[420] 93 43 88 94 83

[421] 89 54 - - -

[422] 77 37 71 84 60

[423] 79 45 - - -

[424] 81 31 87 91 79

[425] 63 26 - - -

[426] 72 21 85 90 77

[427] 66 35 76 94 71

[428] 61 23 66 84 55

[429] 74 34 56 81 45

[430] 53 7 32 50 16

Table 15 Yields for amide conjugate reaction (DCC and EDO as coupling agent)

193



PROTON.Ol _specOl dx

0.8

0.7

0.6

0.3

0.2

LR
5.97 6 3231 34 4.063.7040.i

2.5 2.04 5 3.5 3.05.5 50 4X1
ChefTncai Shift (ppm)

7 0

Figure 5-2 ^H-NMR spectrum for [418]
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Figure 5-3 ^^C-NMR spectrum for [418]

Certain types of bonds, in particular amides, whilst normally considered as 'single', have in 

fact, sufficient 'double bond character', to render rotation about their axis, 'restricted'. A partial 

double bond character exists between the carbonyl, and the nitrogen, and may be demonstrated in 

its resonance structures shown in Scheme 5-3 (amide resonance). The presence of rotamers caused 

by the hindered rotation around the partial double bond can be witnessed throughout this chapter. 

Therefore the conjugates in this chapter demonstrated more complicated NMR spectra caused by
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peak multiplication. The magnitude of the energy barrier to the rotation determines what the effect 

on the spectrum. The lower the energy barrier is, then the rotation will be relatively fast on the NMR 

tim e scale, causing only slight broadening of signals. Conversely, when the energy barrier is high, 

rotation will be slow and two distinct sets of signals may be observed.®'*®

R NI
R

O
R ^ N f ^

I +

Ri

Scheme 5-3 Amide resonance: partial double bond character
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Figure 5-4 NMR spectrum for [418], A - DCC method, B - EDO method

The advantage offered by EDC in isolation of pure product is illustrated for compound [418] 

(Figure 5-4). The ^H-NMR spectra for [418] are shown in Figure 5-4. Spectrum A shows the NMR  

spectrum for the isolated DCC coupling synthetic method. Spectrum B is the NMR spectrum for 

the EDC synthetic method. The signals in spectrum 'A' between 1-2 ppm correspond to the signals 

expected for the N,N'-dicyclohexylurea by-product (Figure 5-5). This by-product is mostly insoluble 

but may be present in small quantities and is difficult to observe under UV lamp and separate. 

Examination of both compounds by TLC shows the presence of a single product and for that reason it 

was not possible to separate the bi-product from product A via column chromatography over silica 

gel. In spectrum B it should be noted that no urea byproduct is present. Not all the DCC coupled 

products showed this extent of contamination with the byproduct, in most cases it was possible to 

detect the presence of this impurity by NMR spectroscopy.

195



rtim i 5258.001.001 Ir.e

0.7

0.5

0 4

0.3

01

1 5  14
CheoMcal Shift (ppm)

21 2.0

Figure 5-5 Enlarged ' h NMR spectrum between 1-2 ppm for [418], A - DCC method

5.4 Conjugate synthesis with cinnamic and 3-phenylpropanoic acids
A further objective of this project was to prepare conjugates of endoxifen with cinnamic and

phenylpropanoic acids related in structure to A and B rings of CA4. For this modified structure the 

substituent ring would now be either the 3,4,5-trimethoxy-ring (A ring) or the S-hydroxy-A-methoxy- 

ring (B ring). Both rings (A and B) have been shown to be essential for the combretastatin CA4 

activity [22].'*®  ̂This investigation was designed to test if the dual ring structure and/or the ethylene 

bridge was essential for biological activity. Therefore all other structural features of the conjugate 

molecule must remain the unchanged. If the other entire ER-ligand component remained 

structurally identical then it may be possible to deduce that any variation in biological activity could 

be related to structural modifications. The direct amide linkage required the appropriate cinnamic 

and 3-phenylpropanoic acids as starting material affording the desired conjugates for this 

investigation (see Scheme 5-4).

The compounds [342]-[345] prepared in Chapter 3 were used to synthesise the required 

endoxifen direct-amide conjugates via  EDC/DCC and HOBt coupling reaction. As with the previous 

endoxifen conjugates, the first procedure employed DCC as the coupling agent. To synthesise this 

series of conjugates [431]-[434], equimolar amounts of the acrylic acid, amine [197], DCC and HOBt 

were reacted and monitored the reaction via TLC. The silyl-protected conjugate was not purified and 

the crude product was used directly in the next reaction step, where an equimolar amount of 1 M  

TBAF solution (in THF) was added, deprotecting the silyl-protecting group. Upon reaction, the direct 

amide conjugate, was purified via flash column chromatography affording the desired amide
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conjugates in high yields as -1:1  (£/Z)-isom eric  mixtures. The isomeric ratios w ere calculated based 

on th e  endoxifen  starting m ateria l and verified  by inspection o f the integration ratio o f the ^H-NMR  

spectra.

The second procedure em ployed EDC as the coupling reagent. For the synthesis o f this series 

o f conjugates [431 ]-[434 ], the  m olar equivalents w ere  varied to  produce a slight excess o f active 

ester, so th a t w hen the am ine was added it w ould afford a g rea ter yield o f am ide product. The ratio  

o f reactan t used was; 1.2 eq o f acrylic acid, 1.4 eq DCC, 1.4 eq HOBt and 1 eq o f am ine w ere reacted  

and th e  reaction  was m onitored  via TLC. The silyl-protected conjugate was purified during this 

reaction procedure but was not characterised at this step, how ever the  presence o f the  coupled  

product was verified  by HRMS. The isolated silyl-protected conjugate was then reacted w ith  an 

equim oiar o f 1 M  TBAF solution (in THF) to deprotect the silyl-protecting group. Following the  w o rk 

up procedure and purification via flash column chrom atography over silica gel, the  direct am ide  

conjugates w ere  obtained in high yields (90-95% ) as -1:1 (f/Z )-iso m eric  m ixtures. The isomeric ratios 

w ere  calculated based on the endoxifen starting m ateria l [197] and from  the integrated signals in 

the  ^H-NMR spectrum . The products obtained [435 ]-[438] are illustrated in Table 16 to g eth er w ith  % 

yields obtained.

As observed w ith  the previous endoxifen conjugates, w hen EDC was em ployed as the  

coupling reagent, the  overall yields w ere  significantly increased and the  isolated final conjugates  

[4 3 5 ]-[4 3 8 ] did not contain any urea byproduct (verified via ^H-NMR). The final conjugates w ere  

afforded as o ff-w h ite  solids follow ing the EDC coupling reaction and as brown resins a fte r the  DCC 

coupling reaction.

As an exam ple, the  ^H-NMR spectrum  o f [436] shown in Figure 5-6. As the product is 

afforded as an isomeric m ixture m any o f th e  signals overlap and appear as m ultip lets and are quite  

com plex. The protons o f the ethyl chain are observed as a tr ip le t a t 0 .91  ppm w ith  a coupling  

constant o f 6 .5  Hz (CH3) and the  CH2 is observed in a com plex region o f the  spectrum  betw een  2 .44 - 

3.07 ppm . In this region the  NCH3 and tw o  CH2 signals are also observed. The region betw een  3 .62 - 

4 .12  ppm shows the m ethoxy signals and the tw o  CH2 from  the endoxifen basic side chain. The  

region b etw een  5 .60 -7 .13  ppm certain signals relating to  the arom atic protons. The ^^C-NMR 

spectrum  o f [436] (Figure 5 -7) shows a com plex pattern  o f signals. The carbon signals are present as 

m ultip le  overlapping signals due to the presence o f the isomeric m ixture and rotam ers. This is 

noticeable in the  case o f the CH2 signals which are observed and also w ith  conjugates discussed later 

in this chapter.
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O H

H

(i)

Ri R2 R3 bond
O H  O M e H d [342] 
O H  O M e H s [343] 
O M e O M e O M e d [344] 
O M e O M e O M e s [345]

O

[197]

(ii)

O

note- d = double 
s = single

R2 R3 bond
OH O M e H d [431] 
O H  O M e H s [432] 
O M e O M e O M e d [433] 
O M e O M e O M e s [434]

Ri R2 R3 bond
O H  O M e H d [43  
O H  O M e H s [43  
O M e O M e O M e  d [43 
O M e O M e O M e  s [43i

(i) D C C /E D C , HOBt, DCM , 24 h. RT; (ii) TBAF, THF, 24  h/0 .5  h R T

Scheme 5-4 Synthesis of endoxifen conjugates [435]-[438]

In the N M R spectrunn o f [436] (Figure 5-7), the ethyl side chain signals are observed at 

13.61 ppm (CH 3 ) and 28 .98  ppm and at 28 .9  ppm (CH2 ). The m ethyl am ine carbon is identified as tw/o 

signals at 37 .5  and 37 .6  ppm. The additional CH2 signals in the  conjugate w ere seen at 30.6 , 30.7, 

31.0, 35 .1 , 35 .3 , 35 .6 , 48 .1 , 48 .2 , 49 .1 , 60.4 , 64.9, 66.3 and 6 6 . 6  ppm and verified in the DEPT 135 

spectrum . The single m ethoxy carbon was observed as a signal 37.5  ppm . The rem aining arom atic  

carbons and ethylene bridge are observed betw een 110.7 and 157.2 ppm . The carbonyl carbon was 

identified at 172.85 and 172.91 ppm . In the IR spectrum , the  hydroxyl group was identified as a 

broad band at 3444 .1  cm ^ while the am ide carbonyl group is observed as a strong band at 1607 .4  

cm^. The characterisation is confirm ed by high resolution mass spectrom etry w here 574 .2569  

(M +Na)^ was found for the  m olecular ion CBsHayNOsNa.
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Com pound
no.

S tructure

DCC coupling 

&

D eprotection 

yield (%)

EDC

coupling

Yield

{%)

D eprotection 

yield 

following 

EDC coupling 

(%)

Overall 

EDC coupling 

&

D epro tection  

yield (%)

OH

1

I ° 0
[435] 56 87 95 83

[436] ':xx. 60 86 90 77

[437]

/ 
\ 

o 
o

f
r

.

»

36 89 95 85

[438]
«

o 
o

\ 
/

29 92 93 86

Table 16 D irect am id e  co n ju g a te  reac tio n  yields (DCC and  EDC as coupling ag en t)
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Figure 5-6 'H-NMR sp ec tru m  of [436]
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Figure 5-7 “ C-NMR and DEPT-135 spectrums of [436]

5.5 Cyclofenil-based conjugates
The previous section described the preparation of CA4 conjugates w ith  the  ER ligand

endoxifen as potentia l anticancer agents. It was now proposed to change the ER ligand from  

endoxifen to  cyclofenil how ever keeping the cytotoxic agent unchanged.''^^ To facilitate direct 

com parison betw een  the  exchanged ER ligands, it is proposed that the linkage should also rem ain  

unchanged. The cyclofenil-based ER ligands [216]-[220] w ere synthesised previously in Section 2.2. 

Cyclofenil and its derivatives have high binding affin ity fo r ER, often  com parable to  or g reater than  

th a t o f estradiol and it has mixed agonist-antagonist activity typical fo r a nonsteroidal selective ER 

m odulator such as tam oxifen or raloxifene.''®® ''®® For this reason it was proposed to  be a viable ER- 

ligand fo r the  conjugate scaffold. These novel ER ligands containing a basic side chain e th er sim ilar to  

th a t o f endoxifen, and was now used fo r the  novel linkage to the CA4-type cytotoxic agent.

The fo rm ation  o f the novel conjugates would follow  the  endoxifen conjugate chemistry  

(section 5.3) as the secondary am ine and the carboxylic acid will be coupled using the EDC & HOBt 

m ediated  coupling reaction. This tim e  only EDC was em ployed as the  coupling agent. The EDC 

coupled products from  the endoxifen conjugates w ere found to  be easier to  purify and did not 

contain  traces o f the urea by-product. The acrylic acid com bretastatin  analogue [150] was directly  

coupled to  the  silyl-protected cyclofenil-based analogues [216]-[220] (Scheme 5-5). The acrylic acid 

com bretastatin  analogue [150] showed the best activity w hen incorporated into the  conjugate  

scaffold'*^\ th ere fo re  fo r the cyclofenil-based prototype conjugate, [150] was the only cytotoxic 

agent used in the  evaluation o f the conjugates. Once again the  conjugates w ere  referred as 'd irect
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amide conjugate' as there is no additional linl<er moiety required and the carboxylic acid group 

reacts directly with the secondary amine functionality of the cyclofenil-based analogues to form the 

amide linkage via an EDC & HOBt coupling (condensation) reaction (Scheme 5-5).

OMe
OMe

MeO

MeO OH

MeO
[150]

OH

(i)

MeO

MeO

MeO
OH

O

R
H
H
H
H

[216] 1
[217] 2
[218] 3
[219] 4

(CHo)n

OMe

[220] 2 CHg

MeO

MeO

MeO
OH

n R
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[444] 1 H
[445] 2 H
[446] 3 H
[447] 4 H
[448] 2 CH

(i) EDC, HOBt, DCM, 24 h, RT; (ii) TBAF, THF, 0.5 h, RT

Scheme 5-5 Cyclofenil-based conjugates 

This procedure employed EDC as the coupling reagent. For the synthesis of this series of 

silyl-protected conjugates [439]-[443], similar to that for the endoxifen conjugates synthesis [414]- 

[430], the reagent ratio was optimised to allow formation of the activated ester. 1.2 eq of acrylic 

acid, 1.4 eq. DCC, 1.4 eq. HOBt and 1 eq of amine were reacted and the reaction was monitored via 

TLC. The silyl-protected conjugates were purified in this procedure and was fully characterised at this 

step. The isolated silyl-protected conjugate was then reacted with an equimolar solution o f 1 M 

TBAF solution (in THF) to deprotect the silyl-protecting group. Upon reaction to afford the direct 

amide conjugate and following work-up procedure, the mixture was purified via flash 

chromatography to afford the direct amide conjugates [444]-[448] in high yields as yellow solids. 

Table 17.
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Compound no. EDC coupling Yield 

(%)

Compound no.

Deprotection yield 

following EDC coupling 

{%)

[439] 81 [444] 91

[440] 78 [445] 93

[441] 81 [446] 98

[442] 71 [447] 79

[443] 85 [448] 86
Table 17 Direct amide conjugate reaction yields and deprotection yields

As an exam ple, the ^H-NMR spectrum o f [443] is shown in Figure 5-8. Contrasting w ith  the  

endoxifen conjugates no f / Z  isomeric m ixture is present due to the sym m etrical nature o f the cycio 

alkane rings on the ethylene bridge. How ever, the presence o f rotam ers due to  the am ide bond 

reduces the  resolution o f the signals, therefore  many signals appear to be duplicated. The m ethyl 

protons from  the silyl-protecting group are observed at 0 .21  ppm (Si(CH3 )2 ) and at 1 .00 ppm  

(ClCHsja). The m ethyl substituent located on the cycloalkane appears as a m ultip let betw een  0 .91  - 

0 .97  ppm . The CH2 signals from  the cycloalkane ring are observed betw een  1 .05 -1 .14 , 1 .72-1 .78 , 

1 .79 -2 .00  and 2 .50 -2 .64  ppm. Protons fo r the am ine m ethyl are observed betw een  3 .07 -3 .24  ppm; 

this signal pattern  is classified as a m ultip let how ever the overlapping signals are observed which  

signifies rotam ers. The m ethoxy signals and the NCH2 overlap along w ith  the  0 .5  x 0 CH2 signals are  

observed in the region betw een  3 .57-3 .92  ppm, the rem aining 0 .5  x OCH2 signal is seen at 4 .23  ppm . 

The hydroxyl proton is observed as a broad singlet at 5 .70 ppm and the  signals in the region 

betw een  6 .57 -7 .02  ppm relate to  the arom atic protons and the ethylene bridge protons.

10
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Figure S-8 ‘ h -NMR spectrum of [443]
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The deprotection o f [439 ]-[443 ] afforded the novel conjugates [444 ]-[448 ]. An exam ple o f 

th e  ^H-NMR spectrum  o f [448] is shown in Figure 5-9. The ^H-NMR spectrum  for [448] is quite similar 

to  th a t seen in fo r [443] in Figure 5-8. The m ajor difference betw een  both is the  loss o f the silyl 

protecting m ethyl substituents which w ere seen at 0 .21  ppm (Si(CH3 )2 ) and at 1 .00  ppm (CfCHsja). 

The ’^^C-NMR spectrum  for [448] is shown in Figure 5-10. The m ethyl substituent on the cycio alkane 

ring can be seen at 21 .6  ppm , w ith  the CH signal observed at 32.3  ppm. The CH2 from  the  

cycloalkane ring is identified at 31.3 and 36.4  ppm . The am ine m ethyl signal is seen at 38 .7  ppm . The 

m ethoxy signals are observed at 55 .4 , 55.5, 60.1 and 60.5  ppm . The CH2 fo r the basic chain are 

identified at 47 .4  and 65.9  ppm . The rem aining arom atic carbons and ethylene bridge are observed  

betw een  105.5  and 154.1 ppm . The carbonyl carbon was identified  at 172.2 ppm . In the  IR spectrum , 

th e  hydroxyl group was identified as a broad band at 3421 .5  cm'^ w hile  the  am ide group is observed  

as a strong band at 1605 .5  cm \  The characterisation is confirm ed through high resolution mass 

spectrometry- w here a mass o f 694 .3359  (M + H ) \ was found corresponding to the m olecular ion

^ 42^ 48^ 0 8 -

cTfn18957 001.001 Ir.esp

OH

0.8
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4 03 1015 2.01 2002061.13 1 21 206 3.26

7.0 6.5 5.5 5 0 4.0
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3.5 3.0 2.5 2.0

Figure 5-9 ^H-NMR spectrum for [448]
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Figure 5-10 ^^C-NMR spectrum for [448]

5.6 2-Phenylindoie conjugates
The 2-phenylindole core is another known scaffold with excellent ER binding activity.'*^® The

2-phenylindole core can be found in bazedoxifene [50], a third generation selective estrogen 

receptor modulator (SERM). This 2-phenylindole core could now be incorporated into the novel 

conjugate as the ER-ligand. The new conjugate containing this new ER-ligand should have the 

potential to bind similarly to that of the endoxifen and cyclofenil conjugates. The novel ER ligand 

again would contain a basic side chain like that of endoxifen, and would be utilised for the linkage to 

the cytotoxic agent.

The formation of the novel 2-phenylindole conjugates would follow the endoxifen conjugate 

chemistry as the secondary amine and the carboxylic acid would be coupled using the EDC and HOBt 

coupling reaction. Similar to the cyclofenil conjugate synthesis, only EDC was employed as the 

coupling agent. Once again the acrylic acid combretastatin analogue [150] was directly coupled to 

the benzyl-protected 2-phenylindole analogues [256]-[260] (Scheme 5-6). As with the cyclofenil 

conjugates, [150] was the only CA4-type cytotoxic agent used in the evaluation of the conjugates. 

The conjugates are classified as 'direct amide conjugate' as there is no additional linker moiety 

required and the carboxylic acid group reacts directly with the secondary amine functionality of the 

cyclofenil-based analogue to form the amide linkage via an EDC and HOBt coupling (condensation) 

reaction (Scheme 5-6).

This procedure employed EDC as the coupling reagent. For the synthesis of this series of 

benzyl-protected conjugates [449]-[453], as with the previous conjugates, the equivalents of
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reactants w ere  varied to ensure a slight excess of activated ester, so th a t w hen the  am ine was 

reacted, a g reater yield o f am ide product would be obtained. The ratio o f reactants w ere  1.2 eq o f  

acrylic acid, 1.4 eq DCC, 1.4 eq HOBt and 1 eq o f am ine. The benzyl-protected conjugates [4 49 ]-[453 ]  

w ere  purified in this procedure and was fully characterised at this step. The isolated benzyl- 

protected  conjugate was then hydrogenated w ith Pd(0H)2 under an H2 a tm osphere (in 

E tO A c/M eO H ) to deprotect the benzyl-protecting group. Following w ork-up, the  m ixture was 

purified via flash chrom atography to  afford the direct am ide conjugates [454 ]-[458] in high yields as 

yellow  solids (Table 18).

BnO

n
2 [256]
3 [257]
4 [258]
6 [259]
10 [260]

(CH2)n
N
H

y

OBn

C O O H
O

O

[150]

(i)

OBn
BnO

OH

2 [449]
3 [450]
4 [451]
6 [452]
10 [453] — O O  —

(ii)

OH
HO

OH

2 [454]
3 [455]
4 [456]
6 [457]
10 [458] — O

(i) EDC, HOBt, DCM, RT; (ii) Pd(0H)2, H2 . EtO Ac/M eO H, 30 min, RT

Scheme 5-6 2-Phenylindole based direct-amide conjugates

As an exam ple o f this series o f conjugates, the ^H-NMR spectrum  o f [454] is shown in Figure 

5-11. Sim ilar to  the cyclofenil based conjugates, no isomeric m ixture is present fo r the 2- 

phenylindole. How ever, the presence o f 2 rotam eric centres (one at the  am ide bond and at the  

indole n itrogen) reduces the resolution o f the signals significantly, th ere fore  m any signals appear as 

m ultip iets. The tw o  CHj signals from  the centre of the basic side chain are observed as m ultip lets at 

1 .14 -1 .51  ppm . The m ethyl substituent from  the indole core can be seen as a singlet at 2 .1 0  ppm.
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The signal fo r the  CH2 located next to the nnethyl am ine appears as 2 m ultip lets w ith  one visible at 

3 .1 0 -3 .2 0  ppm and the o ther masked by the CD3OD solvent peak at 3.32 ppm . The region betw een  

3 .54 -4 .01  ppm  contains the signals for the four m ethoxy groups and the CH2 d irectly attached to  the  

indole nitrogen. The region betw een 6 .41 -6 .89  ppm, contains signals which relate to the arom atic  

protons and the ethylene bridge proton.

Compound no. EDC coupling Yield 

(%)

Compound no.

Deprotection yield 

following EDC coupling 

(%)

[449] 85 [454] 89

[450] 91 [455] 79

[451] 8 8 [456] 83

[452] 85 [457] 94

[453] 91 [458] 90

Table 18 Direct amide conjugate reaction yields and deprotection yields 

The corresponding ^^C-NMR spectrum  for [454] (Figure 5-12) is quite complex. The

presence o f the  tw o  rotam eric centres gives rise to m ultip let o f signals fo r some carbons. The 

corresponding signal for the m ethyl substituent on the indole ring is observed at 8 .5  ppm. The 

signals fo r the basic side chain CH2 (x4) are observed as m ultip let signals at 24 .0 , 24.2, 25.3 , 25.5, 

26.9, 27 .0 , 27 .1 , 27.2 , 40 .6 , 40 .9 , 43 .3 , 46 .3 , 49 .3 , 50.6, 51.1, 51.3  and 53.8  ppm . The m ethyl am ine  

signal is seen as four distinct signals at 31.8, 32,9, 34.4 and 35.7 ppm. The m ethoxy carbons are  

observed also as a m ultip let o f signals at 55 .5 , 55.6, 55.7, 60.1 , 60.2 and 60.3  ppm . The rem aining  

te rtia ry  and quaternary arom atic carbons and ethylene bridge carbon are observed betw een 1 0 2 . 8  

and 169 .5  ppm . The carbonyl carbon was identified as a m ultip let o f signals located at 172.9, 173.0, 

173.7 and 173.8  ppm . In the IR spectrum, the  hydroxyl group was identified as a broad band at 

3423.2  cm ^ w hile the  am ide group is observed as a strong band at 1614.1 cm \  The characterisation  

is confirm ed through high resolution mass spectrom etry w here a mass of 667 .3016  (M +H )^  was 

assigned fo r the m olecular ion C3 9 H4 3 N2O 8 .

The irregularity o f signals seen in the  spectra fo r the conjugates com pounds was believed  

to  due to  th e  presence o f a rotam eric centre(s). This hypothesis o f the presence o f these rotam eric  

centre(s) can be investigated and verified w ith  the use o f high tem pera tu re  variable Nuclear 

M agnetic  Resonance spectroscopy (VT N M R). At higher tem peratures the  splitting pattern  o f the  

com pound changes greatly showing the rotam eric behaviour o f the  com pound which was  

responsible fo r such complex splitting. Conform ational isomerism is a form  o f stereoisom erism  in
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which the isomers can be interconverted exclusively by rotations. The verification of rotameric 

property of compounds can be revealed through VT NMR, although other techniques are also 

available like Liquid chromatography-mass spectrometry (LCMS) can also be employed. The 

investigation of the conformation conjugates within the scope of this project were verified by VT 

NMR.

Jilin- ------- -
 ...........................................................  il1g|g.............1| , I ?il ............h ..............i f1 ) .................................

7 6 5 4 3 2 1
(ppm)

Figure 5-11 *H-NMR spectrum of (454] - (CD3OD)

The conjugates synthesised throughout this project all contain a tertiary amide bond which 

linked the two components (ER ligands, cytotoxic agents and Al ligands) together. Both the and 

NMR spectra displayed a complex signal pattern that was explained by the presence of a 

rotameric centre. The verification of the presence of this rotameric centre was investigated and 

through the use of VT NMR for the examination of compound [458], Figure 5-13. In Figure 5-14 

shows the variation of the proton signal with an increase in temperature from 20 °C through to 90 

°C, the spectrum was recorded in DMSO-de- An important observation shown in Figure 5-14 is the 

shifting of ppm values at the higher temperature conditions; this is due to the increase in the 

frequency of rotation on the increase of the temperature. The spectral studies confirm the nature of 

compound to be rotameric. The region of particular interest is between 2.8-3.0 ppm. In this region 

we see the N-methyl signal, which at 20 °C appears as two broad singlets. As the temperature is
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increased  th e  tw o  broad  signals coalesce to g e th e r  and form  a b ro ad e r  singlet a t  40  °C, and  b e tw e e n  

60 "C to  90  °C th e  signal b eco m es  less broad and  m ore  defined as singlet. This migration of th e  tw o  

initial b ro a d e n  signal a t 40  °C to  th e  quite defined  singlet a t  90 °C is a characteristic  behaviour of 

ro ta m e rs  a t  higher t e m p e ra tu re s .  The pro ton  signal p a t te rn  for th e  con jugates  co m p o u n d s  display 

poo r  reso lu tion  d u e  to  th e  ro ta t ion  of this am ide  bond but a t higher te m p e ra tu re  it is possible to  see 

th a t  th e  resolu tion  of  th e  spec tra  increase significantly which also can signify th e  p resence  of 

ro tam ers .  This exp e r im en t  verified th e  form ation  of th e  am ide  bond ro tam ers  in th e  conjugate  

scaffold.
,0 H

0 02Q

HO-
,0 H0 018

0 010

Figure 5-12 ‘^C-NMR and DEPT-135 spectrum s of [454] (CD3OD)

OH OH

[458]
HO

CH

Figure 5-13 Compound [458]

The 2-phenylindole  con juga tes  displayed this ro tam eric  effect h o w ev er  it w as  pos tu la ted  

th a t  th e  n itrogen  (indole core)-carbon  (moiety) could potentially be displaying an  addition  ro tam eric  

cen tre .  In Figure 5-15, show s for com pound  [458] th e  C-3 methyl position on th e  indole, th e  signal 

p rocessed  u n d e r  th e  s tan d a rd  W indow Functions (above) and  processed  u n d e r  th e  W indow 

Functions of  Gaussian multiplication (below). The Gaussian multiplication p rocessesed  spec trum
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treated in this manner tends to show enhanced resolution, at the expense of the signal to noise 

ratio. The spectra in blue shows an apparent singlet for the methyl however upon closer inspection it 

is possible to see that this is more likely two overlapping signals than the previously assigned as a 

singlet. W hen the processing parameters were changed (in red) it confirmed the presence of two 

signals. The two signals correspond to two conformational isomers of the methyl substituent. This 

signifies the presence of another rotameric centre at the indole end of the conjugate. The 

observation formation of this rotameric centre was not as prevalent as seen for the amide bond (CO- 

N-CH3) and was only detected to lesser extent, but provides a rationalisation of the complex signal 

pattern observed in the and NMR spectra of the indole-acrylic acid conjugate compounds.

.>JLJU
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Figure 5-14 *H-NMR spectrum of [458] as part of VT NMR experim ent (blue = 20 °C, red = 40 °C, green = 60 °C, purple = 80
°C, yellow = 90 °C) (DMSO-dg)

The synthesis of the 5-methoxy-2-phenylindole conjugates with CA4 was also performed. 

This reaction was carried out as described for the synthesis of [449]-[453]. However, DCC was used 

as the coupling reagent as this was performed before the benefits of EDC in these reactions were  

investigated. Figure 5-15. For the synthesis of this series of conjugates [459]-[461], equilmolar 

amounts of the acrylic acid [150], the appropriate amine [238]-[240], DCC and HOBt were reacted, 

then monitored via TLC. The methoxy conjugate was purified over silica gel to afford the direct 

amide conjugate in relatively good yields (41-68%). Characterisation of the conjugates was achieved 

as previously described for conjugate [449]-[453].
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C om pound  [459]-[461] would no t  be expec ted  to  bind in th e  ER dom ain  as th e  free hydroxyl 

g roups  essentia l  for binding a re  no t p resen t ,  however, th e se  c o m p o u n d s  w e re  eva lua ted  for 

an tiproliferative activity as a d irect com parison  to  th e  free  hydroxyl con juga tes  synthesised  

previously.

■ 1B 19264  5 01  i ~ /u a e r s /D u n k A /D r o p b o x /J o h n /G R C  d a ta /H M K "I _
S C a I«  : L 3 0 .2 2 4 3  ^

A ^ B i9 2 6 4  5 0 1  1 " /u s e r i /B U jn J c a /u r o p b o x /J o h n /G R C
s c a l e  : 3 .5 2 1 1

_ q

Ippml1.982.02 2.002.06 2.042.08

Figure 5-15 Expanded regions of the *H-NMR spectra of [458], above and th e  *H-NMR spectra of [458] processed via
Gaussian multiplication, below
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Figure 5-16 Synthesis of the  methoxy-2-phenylindole conjugates
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5.7 Synthesis of aromatase inhibitor containing conjugate prototype
As a fu r th e r  d e v e lo p m e n t  of th is  p ro jec t it w as  p ro p o sed  th a t  incorpora ting  know n

a ro m a ta s e  inhibitors (Al) ana logues  into th e  con juga te  scaffold could potentially  afford useful 

a n t ican ce r  m olecules  for th e  t r e a tm e n t  o f  ER positive b reas t  cancers. Two distinct con ju g a tes  w e re  

p ro p o sed .  The first con juga te  w ould  inco rpo ra te  an Al scaffold t h a t  w ould  be  linked to  an  ER-ligand 

and  th e  second  con juga te  would  replace th e  ER-ligand with th e  Al derivative to  design an  Al- 

cytotoxic ag e n t  conjugate .

5.7.1 Synthesis of endoxifen-anastrozole conjugate
The con juga te  [463] w as synthesised  by th e  reaction of th e  anas trozo le  f rag m en t  [376] with

th e  s ilyl-protected endoxifen  ligand [197] via a DCC/HOBt coupling reaction, im m edia te ly  followed 

by th e  TBAF d e p ro tec t io n  s tep  (see Schem e 5-7). The reaction  w as  m o n ito red  via TLC - confirming 

th e  fo rm ation  of  th e  p roduc t  [463], The reaction m ixture w as purified by colum n ch ro m a to g rap h y  

over  silica gel to  afford a 1:1 E/Z isomeric ratio, which w as  calculated  based  on th e  isomeric ratio of  

th e  ER-ligand starting  m ateria l [197] from  th e  in teg ra ted  signals in th e  ^H-NMR spec trum . The 

in te rm e d ia te  [462] w as not charac ter ised  a t  this point, how ever,  th e  p resence  of [462] w as verified 

using high reso lu tion  m ass spec trom etry ,  w h e re  a m ass o f  762.3811 (M+Na)* confirm ed th e  requ ired  

m olecular  ion CAsHssNsNaO^Si. The tw o  s tep  reac tion  successfully affo rded  th e  con juga te  [463] with 

an overall yield of  49%.
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(i) DCC, HOBt, DCM, 24 h, RT; (ii) TBAF, THF, 24 h, RT

Scheme 5-7 Endoxifen-anastrozole conjugate [463]

The ^H-NMR spectrum o f [463] is shown in Figure 5-17. As the product is afforded as an 

isomeric m ixture, many o f the signals overlap and appear as m ultiplets. The protons of the ethyl 

chain are observed betw een 0 .89 -0 .98  ppm (CH3) and 2 .42 -2 .56  ppm (CH2). The tw o  m ethyl groups 

located on the anastrozole side chain are seen betw een 1.64 - 1.77 ppm. The protons fo r the  am ine  

m ethyl are observed in the region 3 .00-3 .23  ppm . This signal pattern  appears as a m ultip let, 

how ever th ree  overlapping signals are observed suggesting the presence of rotam ers. The proton  

signal o f the  basic side chain CH2 S are found betw een 3 .60-4 .37  ppm and the protons fo r th e  CH2 

linked to  the  triazole ring appear betw een 5 .28-5 .44  ppm. The region betw een 6 .43 -7 .62  ppm shows 

signals relating to  the arom atic protons. The triazole protons can be observed as a m u ltip le t 

betw een 7 .85 -8 .38  ppm.
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Figure 5-17 'h-NMR spectrum of [463] (CDCI3 )

The corresponding ^^C-NMR spectrum for [463] is shown in Figure 5-18. The ethyl side chain 

signals are observed at 13.2 ppm (CH3 ) and 28.6 ppm (CH2 ). The quaternary carbon on the 

anastrozole side chain is observed at 36.7 ppm and the methyl group attached to this carbon is seen 

at 28.5. The /V-methyl signal is observed at 39.3 ppm. The CH2  signals for the linking motif are seen at 

47.7 (CH2 N) and 65.9 (CH2 O) ppm. The methylene carbon linking the triazole ring appears at 52.2 

ppm. The nitrile carbon signal can be observed at 123.3 ppm. The signals in the region between 

112.7-142.2 ppm correspond to the aromatic and ethylene bridge carbons. The triazole carbons are 

found at 142.5 and 153.9 ppm. The carbonyl carbon signal from the amide is observed at 169.9 ppm. 

In the IR spectrum, the hydroxyl group was identified as a broad band at 3436.9 cm \  while the 

carbonyl group is observed as a strong band at 1628.9 cm \  The nitrile band is also observed a 

2231.5 cm'^. The characterisation is confirmed through high resolution mass spectrometry, where a 

mass of 648.2921 (M + N a )\ confirmed the required molecular ion CsgHsgNsNaOa.
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Figure 5-18 “ C-NMR and DEPT-135 spectrums for [463]

This ER-ligand-AI prototype conjugate [463] would be predicted to bind at the ER w here the  

anastrozole ligand m oiety would not be expected to have an effect at the  ER. The anastrozole ligand 

m oiety itself could still potentially inhibit the production o f estrogen, but not w hen the conjugate is 

potentially bound to the ER. As the tw o com ponents are connected via a direct am ide bond, it is not 

expected to act as a prodrug and release both agents w ithin the cell. How ever, this prototype was 

developed as a potential novel dual-acting conjugate. It will require biochemical evaluation to 

determ ine if the concept has any fu ture potential. Also fu rther investigation into the conjugate  

scaffold, e.g. linking groups, linking position and ER-ligand optim isation will also be required.

5.7.2 Synthesis of letrozole-cytotoxic agent conjugate

The conjugate [464] was synthesised by the reaction of the letrozole fragm ent [387] w ith  the  

acrylic acid analogue [150] via a EDC/HOBt coupling reaction shown in Scheme 5-8. The reaction was 

m onitored via TLC - confirm ing the  form ation  o f the desired product [464]. The reaction m ixture was 

purified by column chrom atography over silica gel to afford a yellow  solid. This product [464], unlike 

the previous conjugates, did not require any deprotection a fte r coupling reaction. The coupling  

reaction successfully afforded [464] w ith  a 78%  yield.

The ^H-NMR spectrum o f [464] is shown in Figure 5-19. As the product is afforded as a 

rotam eric m ixture many of the signals overlap and appear as m ultiplets. The protons fo r the  /di

methyl am ine are observed as a broad signal betw een 3 .09-3 .20  ppm. The m ethoxy signals appear at 

3.67 ppm and betw een 3 .80 -3 .94  ppm w here m ethoxy signal overlaps w ith NCH2 signal. The 

additional CH2 from  the basic side chain is observed as broad singlet at 4 .28  ppm . The proton signal 

that corresponds to the tertia ry  CH is observed 6.77 ppm. The signals found in the region, 6 .5 4 -7 .7 0
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ppm are assigned to the aromatic protons and the alkene bridge proton. The triazole protons can be 

observed as a two singlets at 8.01 and 8.08 ppm.

[387]

COOH

+

OH

[150]

O

(i)

OH

[464]NC

(i) EDC, HOBt, DCM, RT;

Scheme 5-8 Synthesis of letrozole conjugate [464]

OH

NC

(ppm)

Figure 5-19 ' h -NMR  spectrum of [464] (CDCIj)
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T h e  ^^C-NMR spectrum  o f [46 4 ] is shown in Figure 5 -2 0 . The N-CH3 signal is observed  as 38 .9  

ppnn. T he C H 2 signals fo r  th e  linking m o tif a re  seen a t 5 3 .4  and 6 5 .9  ppm . The m e th o xy  carbons are  

seen a t 5 5 .9 , 5 6 .1 , 6 1 .0  and 6 6 .9  ppm . The CH signal is id e n tified  a t 7 7 .2  ppm . The tria zo le  carbons  

a re  seen a t 1 4 3 .6  and  1 5 2 .1  ppm . All o th e r signals in th e  region b e tw e e n  1 0 6 .1 -1 5 3 .4  ppm  

correspond  to  th e  n itrile , a ro m a tic  and e th y le n e  bridge carbons. The carbonyl carbon  signal o f th e  

am id e  is o b served  a t 1 6 4 .0  ppm . In th e  IR spectrum , th e  hydroxyl g roup  w as id e n tifie d  as a broad  

band a t 3 4 3 4 .8  cm'^ w h ile  th e  carbonyl g roup is observed as a strong band a t 1 6 1 0 .5  cm ‘\  The  n itrile  

band is also observed  a 2 2 3 0 .4  cm ‘ .̂ The ch aracterisation  is co n firm ed  by high reso lu tion  mass 

s p e c tro m e try  w h e re  a mass o f 6 9 8 .2 5 9 2  (M +N a)^  w as found  fo r th e  m o lec u la r ion CBgHayNsNaO?.

OH
rr^18750.013.001 Ir.esp

0.15 NC"

010

0J35

128 112 104 80 64176 160 152 136 120

trynl 8750.014.001 A r t
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-0 05

136 128 120 112 104176 166 160 152

Figure 5-20 ^^C-NMR and DEPT-135 spectrums of [464] (CDCI3)

T h e  a ro m a ta s e  in h ib ito r-cy to to x ic  ag en t co n jugate  [4 6 4 ] could p o te n tia lly  act as an  

a ro m a ta s e  in h ib ito r and in h ib it th e  biosynthesis o f es trad io l but could also act as a p o te n tia l tu b u lin  

ta rg e tin g  cy to to x ic  ag en t. C o m p o un d  [46 4 ] w ill be ev a lu a ted  in itia lly  fo r  b io ch em ica l ac tiv ity  as an 

a n tip ro life ra tiv e  ag en t and if th e  results show  p o te n tia l th is p ro to ty p e  could be fu r th e r  exp lo red  as a 

novel d u a l-a c tin g  co n ju g ate . O p tim isa tio n  o f th e  co n ju g ate  scaffo ld , e.g . linking m o ie ty , linking  

p osition  and  Al ac tiv ity  w ill also be requ ired .

T h e  o b jec tiv e  o f  th is p ro ject w as to  synthesise a series o f  co n ju g ates  th a t  w o u ld  exert 

se lective an tag o n istic  e ffe c t in breast cancer cells w hile  d em o n stra tin g  good ER-binding a ffin ity . T he  

in c o rp o ra tio n  o f  es tro gen  re ce p to r b inding ligands in to  th e  co n ju g ate  scaffolds, a ffo rd e d  products  

w hich  w o u ld  ex h ib it se lectiv ity  fo r th e  ER overexpressing b reast cancer cells. T h e  co n jugates

216



syn thes ised  in this chap te r ,  utilize an array  of e s trogen  recep to r  type ligands con juga ted  to  cytotoxic 

agen ts .  The novel con juga tes  synthesised  in th is  c h a p te r  will be eva lua ted  b iochemical for 

antiproliferative activity and es trogen  recep to r  binding.
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Chapter 6

Biochemical evaluation and molecular modelling
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6.1 Biochemical evaluation

6.1.1 Overview
The biochemical evaluation of co m p o u n d s  synthesised  in th e  projec t w as carried  o u t  

routinely  th ro u g h o u t  th e  s tudy. The main assays utilised to  eva lua te  th e  co m p o u n d s  w ere  an  

AlamarBlue® (viability) assay and a Lanthascreen® ER FRET assay. C om pounds  w ere  eva lua ted  for 

an tiproliferative activity in th e  MCF-7 hum an  b reas t  cancer  cell-line. MCF-7 is a w ell-characterized 

e s tro g en  recep to r  (ER) positive control cell line (i.e. cells a re  positive for  cytoplasmic es tro g en  

receptors) .  The ER co m p e ti to r  binding assay was carried ou t  in bo th  ERa and  ERp to  d e te rm in e  th e  

binding affinity and possible ER-isoform selectivity o f  ligands and con ju g a tes  syn thes ised  in th is  

study. Using th e  results o b ta ined  from th e  biochemical evaluations in conjunction with m olecular  

modelling techn iques ,  a structure-activ ity  re lationship (SAR) o f th e  ligands and  con juga tes  can be 

assem bled .  In this chap te r ,  th e  details o f  materials  and  m e th o d s  utilised in th e  d ifferen t assays is 

p re se n te d  followed by a discussion of th e  biochemical results o b ta ined  for th e  c o m p o u n d s  un d er  

investigation.

6.1.2 Materials for Biochemical analysis 

Materials
Full n a m e s  and ad d re sse s  of sources  and suppliers are  deta iled  below a t  th e  en d  of th e  list

AlamarBlue® Invitrogen

Black-plates, 364-well, low volum e Greiner

DMSO Sigma

Eagles m inim um  essen tia l  m edium Sigma

Estradiol Sigma

Foetal bovine serum Sigma

Lanthascreen® ERa FRET assay Invitrogen

Lanthascreen® ERP FRET assay Invitrogen

L-glutamine Sigma

Lipofectamine 2000 Invitrogen

Lym phoprep Axis-shieid

MCF-7 cells E.C.A.C.C

NF-kB iuciferase re p o r te r  assay Sabiosciences
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N o n -e sse n t ia l  a m in o  acid m e d iu m Sigma

P h o s p h a te  b u f fe re d  sa l ine Sigma

P en ic il l in /S t rep tom yc in Sigma

P ip e t t e s  (sterile) G re in e r

RPMI Gibco

Tam oxifen Sigma

Tissue c u l tu re  flasks G re ine r

Trypsin Sigma

The t e s t e d  e x p e r im e n ta l  c o m p o u n d s  a re  o b ta in e d  f rom  t h e  sy n th e t ic  s tu d ie s  in th is  th e s is .  All o th e r  

r e g e n t s  w e r e  ana ly tica l g r a d e  a n d  o b ta in e d  f ro m  Sigma w h e n e v e r  possib le .

Address o f  suppliers
Axis-Shield PoC: PO Box 68 6 3  R ode l0kka  N 0504 Oslo N orw ay

B iosciences  (Inv it rogen /G ibco) ,  3 C h a r le m o n t  T errace ,  C rof ton  Road, Dun Laoghaire,  Co. 

Dublin, Ireland.

Cruinn D iagnostics  Ltd., 5 b /6 b  H u m e  C en tre ,  Park W e s t  Industr ia l  Es ta te ,  N avan Road, 

Dublin 12, Ire land.

E u ro p e a n  Collection  o f  Animal Cell C u l tu re s  (E.C.A.C.C.), PHLS, C e n tre  fo r  Applied  British 

Drug H ouse  (BDH) C hem ica ls  Ltd., c /o  Lennox L abo ra to ry  S upp lies  Ltd. John  F. K ennedy  

drive, N aas  Road, Dublin 12, Ire land.

G re in e r  GMBH, M a y b a c h s t r a s s e  2, 7 2 6 3 6 ,  F r ickenhausen ,  G erm a n y .

P an v era ,  501  C h a rm a n y  Drive, M a d iso n ,  Wl 53719 ,  USA.

P ro m e g a  C o rp o ra t io n ,  c /o  M edica l  Supply  Co., S an try  Hall Industr ia l  Es ta te ,  San try ,  Dublin 9, 

Ire land

S a b io sc ie n ces  c /o  QIAGEN Ltd., QIAGEN H ouse,  Fleming W ay, Crawley, W e s t  Sussex, RHIO 

9 N a  UK

Sigma-Aldrich Ire land Ltd., V ales  Road, Arklow, W icklow, Ireland.

Riedal d e  H aen, c / o  R.B. C hem ica ls  Ltd., H o ec h s t  H ouse,  C o o k s to w n  Industr ia l  Es ta te ,  

Tallaght,  Dublin 24, Ireland.
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6.1.3 Methods for Biochemical analysis

6.1.3.1 Growth and maintenance of human breast carcinoma MCF-7 cell line.
T he h um an  b reast carc inom a cell line, M C F -7 , w as purchased fro m  th e  E uropean C o llection

o f  A n im a l Cell C u ltures (E.C.A.C.C.). M C F -7  cells w e re  g ro w n  a t 37  °C + 5%  CO 2 in Eagles M o d ifie d  

Essential M e d iu m  (E M E M ) con ta in in g  10%  Foetal Bovine Serum  (FBS), 1% N on Essential A m in o  Acids 

(N E A A ), 2 m M  L -g lu tam in e and su p p lem en ted  w ith  1 0 0  U /m L  pen ic illin  and 1 0 0  p g /m L  s trep to m yc in . 

All cell cu ltu re  reag en ts  w e re  supplied  by Sigm a unless o th e rw is e  s ta ted . Cells w e re  passaged a fte r  

reach ing  co n flu en cy (tw ic e  p e r w ee k ). Cells w e re  w ashed  w ith  serum  fre e  E M E M  (5 mL) and  

re m o v e d  fro m  th e  flask surface by incubating  th e  cells fo r  2 m in u tes  in IX  tryps in  d ilu ted  in PBS (2 .5  

m L). T he trypsin  w as n eu tra lised  w ith  5 mL E M E M  and cells w e re  s e d im e n te d  by c e n trifu g a tio n  a t 

1 2 0 0  rpm  fo r  5 m in u tes . T h e  p e lle t w as resuspended  in 10  mL c o m p le te  m e d iu m . Cell n u m b e r w as  

ca lcu la ted  by tak in g  a 10 p.L a liq u o t o f cell suspension and  co u n ted  using a h a e m o c y to m e te r . Cells 

w e re  reseed ed  a t a den sity  o f  2 x 10'* ce lls /m L  in c o m p le te  m ed iu m .

6.1.3.2 Cryo-preservation of cells
M C F -7  cells w e re  harvested  and co u n ted  as described  prev iously . The  cells w e re  ce n trifu g ed

and resu spended  in a m ix tu re  o f 60%  E M E M /3 0 %  FB S/10%  D M S O  a t a den sity  o f 5 x 10® ce lls /m L . 1 

m L a liq u o ts  w e re  tra n s fe rre d  to  a 1 .5  mL c ryo tu b e  and p laced  a t -2 0  °C fo r  2 4  hours, tra n s fe rre d  to  - 

7 0  °C fo r  2 hours b e fo re  being placed in liquid n itrog en  a t -1 8 0  °C. If re q u ire d , an a liq u o t o f cells w as  

re m o v e d  fro m  liquid n itrog en  and rapid ly  th a w e d  and resuspended  in 10  mL c o m p le te  m e d iu m . The  

cell suspension w as cen trifu g ed  a t 1 2 0 0  rpm  fo r 5 m in u te s  and m ed ia  d iscarded . The p e lle t was  

resu sp en d ed  in co m p le te  m e d iu m  and cells w e re  seeded  in tissue c u ltu re  flasks (T -25  cm^).

6.1.3.3 AlamarBlue® Cell viability assay

A lam arB lue®  (In v itro g en ) is a n on -tox ic , so luble, REDOX in d ica to r used to  q u a n tita tiv e ly  

m e as u re  th e  p ro life ra tio n  o f cells in response to  toxic agents . Cell v ia b ility  is assessed by m easurin g  

th e  in te rn a l e n v iro n m e n t o f th e  cell. As p ro life ra tin g  cells have a g re a te r  reducing  e n v iro n m e n t th e n  

n o n -p ro life ra tin g  cells, th e  REDOX ind ica to r A lam arB lue®  q u an tifies  v ia b ility . It w orks by accepting  

e le c tro n s  fro m  reducing  co m pounds such as FADH and N A D H . The in itia l oxidised, n o n -flu o re sce n t 

ind igo b lu e  is m e tab o lised  to  a reduced pink flu o rescen t s ta te . The o b served  change is m easu red  by 

a s p e c tro flu o rim e tric  m ic ro tite r  w e ll p la te  re a d e r a t ex c ita tio n  and em ission  w av e len g th s  o f 5 4 4  and  

5 9 0  n m . The purpose o f  an A lam arB lue®  v iab ility  assay fo r  th is p ro je c t w as to  assess th e  e ffe c t o f  

ta m o x ife n  and  co m b re tas ta tin  re la ted  co m pounds on  th e  p ro life ra tio n  o f  M C F -7  cells and  to  

ca lcu la te  th e  re la tive  IC5 0  values fo r  each co m p o un d .
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MCF-7 cells were seeded in triplicate in 96-well plates at a density of 2.5 x 10'' cells/mL in a 

total volume of 200 nL per well. Cells were treated with varying concentrations of the appropriate 

compounds to yield the desired final concentration. Ethanol was used as a vehicle and cells were 

treated with 1% ethanol (v/v) in all experiments. Plates were incubated for 72 hours at 37 °C + 5% 

CO2 after which AlamarBlue® was added to each well. The plates were incubated for a further 4 

hours without exposure to light. EMEM medium with the addition of AlamarBlue was used as a 

blank. Vehicle treated cells were considered to be 100% viable and the viabilities of each compound 

was calculated accordingly. Results were calculated using transformed data [Final Concentration = 

Log (Final Concentration)] to plot a non-linear, sigmoidal dose response curve from which the 

relative IC50 values were determined.

6.1.3.4 Flow cytometry
MCF-7 cells were seeded at a density of 5 x lO'* cells/well in a 12-well plate and treated with the

indicated compounds for 72 h. Samples were then centrifuged at 650 xg for 5 min and resuspended 

in 100 nL ice-cold PBS. Ice-cold 70% (v/v) ethanol (Im L) was then added to fix the samples overnight 

at 4 °C. Samples were subsequently centrifuged at 800 xg for 10 min and resuspended in 200 nL PBS. 

RNase A (12.5 jiL of 10 mg/mL) and propidium iodide (37.5 |iL of 1 mg/ mL) were added to samples 

which were then incubated for 30 min at 37°C. Cell cycle analysis was performed at 488 nm using a 

Becton Dickinson FACS Calibur flow cytometer. The Macintosh-based application CellQuest was then 

used to analyse the data of 10,000 gated cells once cell debris had been excluded. Data points 

represent the mean ± S.E.M. of three independent experiments.

6.1.3.4.1 Generation of human peripheral blood mononuclear cells
Fresh peripheral blood was collected from healthy donors (n = 2) and diluted 1:3 with RPMI medium 

and added to half the equivalent volume of Lymphoprep. Samples were centrifuged at 750 xg for 30 

min to form a Ficoll gradient. The white buffy layer containing the peripheral blood mononuclear 

cells was removed, diluted to a volume of 50 mL with medium and centrifuged again for 10 min at 

650 xg. Cells were then seeded at a density of 1 x 10® cells in Im L of RPMI medium supplemented 

with 10% FBS, 2 m M L-glutamine and 100 U/mL penicillin and 100 pg/mL streptomycin.

6.1.3.5 ER FRET ligand binding assay
The Lanthascreen® ER FRET assays were purchased from invitrogen. The protocol follows the

suggested method for preparation of buffers and compounds. Nuclear receptor buffer K was 

prepared by adding DTT to make a final concentration of DTT 5m M. This buffer was used for all 

other dilutions. A 'no ligand' control was used to show minimum binding. DMSO was added to make 

a final concentration of 2%. A positive control was also used, in this case estradiol. This served as the 

'maximum ligand' control, where estradiol was at a final concentration of 2 nM in each well.
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2X dilutions of each ligand were made in buffer. A stock solution of ligand was dissolved in 

DMSO. From this, 1 of 10 m M stock was added to 49 |iL buffer. 10 |aL of the 2X dilution was added 

into each well. To make a 4X (12 nM) dilution of Fluoromone ES2 using a stock concentration of 1800 

nM, 6.7 nL of fluoromone was added to 993 nL of buffer. 5 nL of this mixture was added to each 

well.

6.1.3.6 NF-kB luciferase reporter assay
Experiment carried out by Ms Jade Pollock, School of Biochemistry and Immunology, TCD.

MCF-7 cells were cultured as previously described. Cells were harvested and re-seeded at a density

of 4 X lO^cells/mL. 100 |iL of the cell suspension was seeded in each well in a 96 well plate in

complete medium. Cells were left to adhere for 24 hours before being washed with PBS and 100 |iL

of medium added (Opti-MEM + 5% FBS). The transfection was carried out using the Cignal NF-kB

luciferase reporter assay (Sabiosciences).

Tube

No.

Cignal 

reporter 

(100 ng) 

(HL)

Negative 

control 

(100 ng)

Positive 

control 

construct 

(100 ng) 

(HL)

Organic

compound

Opti-MEM

DNA

(HL)

Transfection

Reagent

(UL)

Opti-MEM

+

transfection

reagent

(HL)

Time

(hours)

1 0.1 25 0.6 25 30-42

2 0.1 IX 25 0.6 25 30-42

3 0.1 lOX 25 0.6 25 30-42

4 0.1 lOOX 25 0.6 25 30-42

5 0.1 25 0.6 25 30-42

6 0.1 IX 25 0.6 25 30-42

7 0.1 lOX 25 0.6 25 30-42

8 0.1 lOOX 25 0.6 25 30-42

9 0.1 25 0.6 25 30-42

Table 19 Volume of reagents required per well for the NF-kB study

Table 19 represents the volume of reagent in each well. Tubes were prepared as for 

experimental transfection by diluting 4 piL (400 ng) of reporter in 100 Opti-MEM. For control 

transfections, 4 nL (400 ng) of negative control was diluted in 100 pL Opti-MEM. For the positive 

control, 1 pL (100 ng) was diluted in 25 nL of Opti-MEM. The transfection cocktails were mixed 

gently. Specific wells were transfected with 0.6 pL MyD88 (20 ng) to drive NF-kB production.
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The transfection reagent dilution was prepared by dispensing 5.4 pL o f Lipofectamine 2000 

(Invitrogen) in 225 pL Opti-MEM. A fter 5 minutes incubation period, 100 pL o f diluted transfection 

reagent was added to the reporter and negative control solutions and left fo r 20 m inutes at room 

tem perature to allow the complex to form.

To each well, 50 pL o f the specific complexes were aliquoted into the appropriate wells to 

give a final volume o f 150 pL. The plate was incubated at 37 °C + 5% CO2 fo r 16 hours. A fter 16 hours 

o f transfection, the medium was changed to assay medium (Opti-MEM + 0.5% FBS, 1% NEAA, 

lOOU/mL penicillin and 100 pg/mL streptomycin). After 24 hours transfection, the cells were treated 

w ith compound, tamoxifen or/and l?P-estradiol.

6.1.4 Antiproliferative assay results

6.1.4.1 Biochemical data for reference compounds
Tamoxifen [34] and combretastatin A-4 [22] were used as reference compounds as the IC50

values are in the low m icromolar (pM) and low nanomolar range (1-10 nM) range respectively in 

MCF-7 human cancer cell line consistent w ith literature values reported.^®®' These two

compounds were tested interm ittently and regularly. The compounds synthesised in the thesis have 

expected values w ithin this range. Endoxifen (potent metabolite o f tamoxifen) was included in the 

table below however was not used as a control in this work. The endoxifen ligand was incorporated 

in many o f synthesised conjugates throughout the thesis it was included fo r inform ation. Figure 6-1 

shows the antiproliferative effects o f tamoxifen, endoxifen and combretastatin A4 on MCF-7 cell 

line. Table 20.

Compound ID Structure Name MCF- 7

IC50

[34]

/
—

z

Tamoxifen

2.13 pM 

(0.19-11.3 pM) lit̂ ®®'
547, 548

[36]

OH

Endoxifen 1.4 nM^“
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[22]

0 ^

Combretastatin A-4

3.57 nM 

(3.2-6.9 nM) lit'*®®'
549-551

Table 20 Antiproliferative data for reference compounds [22], [34] and 36]

100-

re
* > 50-
(Uu

n P

Log^o [concentration] (M)

Tam
CA4

Figure 6-1 Antiproliferative  
effects of tamoxifen and 
combretastatin A4 in the  
MCF-7 human breast 
cancer cell line. The values 
represent the mean ± 
S.E.M. for three  
independent experiments 
performed in triplicate

6.1.4.2 Biochemical data o f com bretastatin direct am ide endoxifen conjugates
The antiproliferative activity of this series o f conjugates was evaluated using the MCF-7

human breast cancer cell-line. AlamarBlue dye was used to quantify antiproliferative activity. 

AlamarBlue dye is used to measure cell viability post treatm ent w ith  a chemotherapeutic agent. 

Previous research by Keely et which initially screened a series o f combretastatin direct amide 

conjugates w ith structural changes on the combretastatin analogue were shown to have good 

antiproliferative activity. As part o f this screen the conjugate compounds were also evaluated in the 

MDA (ER-negative) human cancer cell line where the ER is underexpressed. Any difference between 

the biochemical activity between the cell lines could indicate whether the ER plays an im portant role 

in the compounds activity. The conjugates demonstrated that the ER does appear to  have a key role 

in determ ining the activity o f the compounds as the activity was more potent in the ER-positive cell- 

line when compared to the ER-negative cell line. In this study, the viability assay was carried out on 

MCF-7 cells only as activity is greater in the cells expressing the ER.

The lead compound from  previous research was found to be [414] which was the direct 

amide coupling o f endoxifen to  the acrylic acid analogue o f CA4 [150]. The evaluation o f [414] was 

found to  be in the low nanomolar region (33 nM) in the ER-expressing cell line, MCF-7 and low
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m icrom olar region (2.67)'*^^ in the ER-negative cell line, MDA. This 80-fold difference in activity was 

rationalised as the conjugate compound working via the ER.

In this project, the exploration o f d ifferent substituents on the acrylic acid analogue was 

investigated to enhance the activity seen fo r [414], A range o f acrylic acids w ere evaluated in the ER 

expressing cell line, MCF-7. The biochemical data observed is presented in Table 21. Compound

[414] w hen evaluated and was found to  have an IC5 0  o f 8 .51 ^M , which a significantly higher value 

than the IC50 value o f 33 nM  dem onstrated by Keely. However, Compound [414] was previously 

evaluated by an M TT assay in an older MCF-7 cell line and may have been analysed d ifferently  which 

may account for this discrepancy in activity. The most active compound from  the present series was

[415]. The activity fo r [415] was in the low m icrom olar range ( I C 5 0  = 1.47 piM). A nother interesting  

compound was [426]; this was the opposite substitution pattern on the acrylic acid portion o f the  

conjugate when compared to  [414]. Compound [426] showed low m icrom olar IC5 0  activity o f 4 .2  nM . 

Compounds [427] and [430] also displayed low m icrom olar IC5 0  activity values, 11.75 and 36.5 piM 

respectively. How ever, the m ajority o f compounds ([416], [419]-[425] and [428]-[429] did not exhibit 

any activity below IC5 0  of 100 piM. Therefore, this indicates that the substituent on the acrylic acid 

analogues play a key role in the activity o f these conjugates. The lead compound [414] which 

incorporated the  acrylic acid analogue of CA4 [150] remains the key compound from  this series, 

Table 21. A representative illustration of the antiproliferative effects of compound [427] on MCF-7 

cell line is shown in Figure 6-2. Compounds [414]-[430] all have CLogP values greater than 5 and are 

predicted to have poor oral absorption. (All ClogP values calculated from  Chem Draw Ultra, version 

12.0)

Compound MCF- 7  

IC50 (HM) CLogP

[414]''

M eO

M eO
O M e

OH

8.51

0 .033±2 .6 ’

O M e

7.69
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[415]

0 - ^

1.47±0.86 9.09

[416]

OMe

>100 8.19

[419]

MeO
MeO [ ^ O M e  

MeO

>100 8.02

[420]

MeO ^  J .
MeO OMe

MeO

>100 7.61

[421] ‘VX
MeO ^

^ ] r  ^OH
MeO

>100 8.40

[422] “m
MeO t  J s .

OH
HO

>100 7.24

[423] rm
MeO 11 ^

OH

>100 7.84

[424] "°XT'l
MeO ^

OMe
MeO

>100 7.62
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% 
Ce

ll 
vi

ab
ili

ty
[425] M e O - ^  As/OM e  

MeO I
OMe

MeO

>100 7.63

[426] " r r i

M eO "'^Y^^OM e
MeO

4.2±1.4 7.69

[427]
T ( | S

OMe/llAoMe
MeO Q,^

11.75±1.7 7.33

[428]
MeO^'^=j^

OMe

>100 6.82

[429]
M e O ^ ^ j^

OMe

>100 8.65

[430]

OMe ^ 0

36.5±2.33 7.68

Table 21 Antipro liferative data fo r novel endoxifen-combretastatin conjugates

Figure 6-2 The 
antipro liferative effects of 
an endoxifen-
combretastatin conjugate 
in the MCF-7 human 
breast cancer cell line 
(compound [427]). The 
values represent the 
mean ± S.E.M. fo r three 
independent experiments 
performed in trip licate

100-1

80-

60-

40-

20 -

5 37 6 -48

•  [427]

Log^o [concentration] (M)
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6.1.4.3 Biochemical data fo r the structurally modified combretastatin-endoxifen 
conjugates

Compounds [435]-[438] synthesised in this section were investigated to determine the effect 

of the core structure of the conjugate scaffold on the antiproliferative activity. The lead compound 

from previous work was identified as [414]. It was decided to determine if the two aryl rings of 

combretastatin structure were required for optimum antiproliferative activity. The four compounds 

[342]-[345] synthesised in chapter 3 were single aryl ring cinnamic acids and 3-phenylpropanoic 

acids which were subsequently coupled to form the desired conjugates [435]-[438], Chapter 5.

0

OH

Compound ID R MCF-7 

ICso (HM) CLogP

[435]

OMe

51.3±2.3 7.04

[436]

OMe

46.77±1.65 6.82

[437]

M e O '" ^ ^ ^ O M e
OMe

>100 7.16

[438] A
M e O ^ Y ^ O M e

OMe

>100 6.94

Table 22 Antiproliferative data for the structurally modified combretastatin-endoxifen conjugates

The biochemical data for compounds [435]-[438] is presented in Table 22. The four 

compounds evaluated for this investigation showed reduced activity compared with [414].
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C om pounds [43 5 ] and [436] w hich  have th e  p -m e th o x y  and 3-O H  su b stituen t show ed  th e  g rea tes t 

activ ity , w ith  IC5 0  values o f 51 .3  and 4 6 .7  n M  respectively. C om pound  [43 6 ] exh ib ited  slightly g rea te r  

activ ity  th an  [4 3 5 ] and  th is p o te n tia lly  w as due to  th e  lack o f  th e  d oub le  bond w hich w o u ld  a llo w  the  

aryl su b stitu en t m o re  fre e d o m  to  in te rac t w ith in  th e  b ind ing  site. Com pounds [4 3 7 ]-[4 3 8 ] w hich  

co ntain  th e  3 ,4 ,5 -tr im e th o x y  su b stituen t did n o t show  any a n tip ro life ra tiv e  ac tiv ity  b e lo w  an IC5 0  

va lue  o f  10 0  n M . T h e re fo re  fro m  th e  b iochem ical data  fo r  th is series it is a p p a re n t th a t th e  tw o  aryl

rings, A and B, o f th e  c o m b re tas ta tin  structure  w ith  th e  CA4 typ e  substituents  w e re  essential fo r

o p tiu m  a n tip ro life ra tiv e  activ ity  o f th e  com pound . Figure 6 -3  displays a re p res en ta tive  illu stra tio n  o f  

th e  a n tip ro life ra tiv e  effects  o f  [43 5 ] and [43 6 ] on M C F-7 cells. In this series, th e  com p o un d s [4 3 5 ]-  

[4 3 8 ] are  p red ic ted  to  have p o o r oral absorp tion  w ith  CLogP g re a te r th an  5.

Figure 6-3 Antiproliferative 
effects of endoxifen- 

M T f i l  modified combretastatin
 ̂ '■ conjugates [435] and [436]

A [435] in the MCF-7 human breast
cancer cell line 
(compounds [435] and 
[436]). The values 
represent the mean ±
S.E.M. for three
independent experiments 
performed in triplicate

1
-8 -7 -6 -5 -4 -3

LoQio [concentration] (M)

6.1.4.4 Biochemical data for cyclofenil-based analogues as potential ER-ligand
T he cyclo fen il-based  analogues [2 2 1 ]-[2 2 5 ] w e re  synthesised based on th e  re p o rte d

cyclofenil s tru c tu re  w hich  d em o n stra ted  im pressive ERa and ER3 b inding affinities.'*®® It w as  

hypothesised  th a t by incorpo ra tin g  a basic side chain o n to  th e  cyclofenil structures th a t  high a ffin ity  

ER ligands w ith  p o te n tia l an tag o nist activ ity  m ay be ach ieved . The cyclo fen il-based  analogues w e re  

designed to  be used as th e  p o te n tia l ER ta rg e tin g  ligands fo r th is series o f con jugates . As th ese  

cyclo fen il-based  analogues w e re  novel com pounds it w as decided th a t  th e y  should be ev a lu a ted  

ind iv idually  fo r  a n tip ro life ra tiv e  activ ity . This data  w o u ld  be b en efic ia l as it w o u ld  a llo w  th e  

conjugates [4 4 4 ]-[4 4 8 ] to  be com p ared  d irec tly  to  ER-ligands [2 2 1 ]-[2 2 5 ] fo r re d u c e d /e n h a n c e d  

activ ity .

The b iochem ical d ata  fo r [2 2 1 ]-[2 2 5 ] is p resen ted  in T ab le  23 . The cyclo fen il-based  

analogues [2 2 1 ]-[2 2 5 ] all show ed low  m icrom ola r a n tip ro life ra tiv e  activ ity  in M C F -7 . The  

a n tip ro life ra tiv e  ac tiv ity  fo r  th ese  cyclofenil-based analogues [2 2 1 ]-[2 2 5 ] ranged fro m  IC5 0  values
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ranging from 1.38 to 4.78 This activity would allow for the rationalization of the next series of

conjugates that incorporated the cyclofenil-based analogues. Figure 6-4 shows the antiproliferative 

effects o f compound [223] on MCF-7 breast cancer cells. In this series only [221] had a CLogP less 

than 5, and this compound would be expected to demonstrate reasonable oral absorption 

properties.

' U C r

OH

Compound ID R MCF-7 

ICso (^M ) CLogP

[221] ■o 3.09±0.84 4.62

[222] 0 4.78±1.3 5.18

[223] o 1.38±0.3 5.74

[224] o 3.2311.2 6.30

[225] a 1.77±0.5 5.70

Table 23 Antiproliferative data for cyclofenil-based analogues as potential ER-ligand

fo o -i

>  80- 

60-

—  40-<Uû
 20-

[223]

-9 -8 -7 -6

Log^o [concentration] (M)
-5

Figure 6-4 A representative 
graph of the antiproliferative  
effects of a cyclofenil-based 
analogue in the MCF-7 human 
breast cancer cell line 
(compound [223]). The values 
represent the mean + S.E.M. 
for three independent 
experiments performed in 
triplicate
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6.1.4.5 Biochemical data of combretastatin-cyclofenil-based conjugates
The conjugates [444]-[448] contained the novel ER-ligands [221]-[225] and w ere obtained

via a direct annide linkage to  the acrylic acid analogue [150], Chapter 5. The acrylic acid analogue 

[150] was not varied due to the beneficial enhanced activity seen by the lead compound [414],

O M e  

MeO.J^  Q

' Uy”"
OH

OH

Compound ID R MCF-7 

IC50 (HM) CLogP

[444] 0 1.38±0.21 6.75

[445] 0 2 .0 1 1 1 . 1 7.31

[446] 0 2.5010.19 7.87

[447] 0 0.34610.5 7.83

[448] a 0.18210.3 7.83

Table 24 Antiproliferative data of combretastatin-cyclofenil based conjugates

The biochemical data for conjugates [444]-[448] is presented in Table 24. The series was 

evaluated in the ER-positive breast cancer cell line, MCF-7. This series o f conjugates [444 j-[448 ] 

showed mostly low m icrom olar activity (IC50 range of 1.38-2.5  n M ) w ith tw o  compounds exhibiting 

sub-m icrom olar activity (IC50 values of 0 .182 nM  [448] and 0 .346 [447]). The activity o f the

conjugates varies depending on the structure o f the cycloalkane ring attached. How ever, the  

biochemical data did not fo llow  any particular trend. How ever the tw o most active conjugates, [447] 

and [448], contain the largest cycloalkane rings which could potentially rationalise the  enhanced  

activity but fu rther investigation o f bulkier cycloalkane rings than [447]-[448] would be required to  

see if this in fact is a trend. In this series, the compounds [444]-[448] are predicted to have poor oral
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ab so rp tio n  w ith  CLogP g re a te r  th an  5. The a n tip ro life ra tiv e  e ffec ts  o f con jugates [4 4 7 ] and [448] in 

M C F -7  cells are  d isplayed in Figure 6-5 .

Figure 6-5 A representative 
graph of the
antiproliferative effects of 

cyclofenil-combretastatin 
conjugates in the MCF-7 
human breast cancer cell 
line (compounds [447] and 
[448]). The values represent 
the mean ± S.E.M. for three  
independent experiments 
performed in triplicate

Log^o [concentration] (M)

6.1.4.6 Biochemical data fo r 2-phenylindole-based analogues as potential ER-ligands
The 2 -p h en y lin d o le -b as ed  analogues [2 4 1 ]-[2 4 3 ]  and  [2 6 1 ]-[2 6 2 ] in c o rp o ra ted  th e  ER-

bind ing  indo le  m o ie ty  o f th e  SERM b azed o xifen e  w ith  vario us length  alkyl am in e  pos itio ned  a t th e  

ind o le  n itrog en . The basic side chain substituents w e re  designed to  m im ic th e  en d o x ife n  basic side 

chain te rm in u s . It w as hypothesised  th a t by incorpo ra tin g  a basic side chain o n to  th e  2 -p h en y lin d o le  

stru c tu re  th a t high a ffin ity  ER ligands w ith  p o te n tia l an tag o n ist ac tiv ity  m ay be ach ieved . The  

p o te n tia l ER b inding ligands w o u ld  th e n  be in c o rp o ra ted  in to  th e  co n ju g ate  scaffold w hich  could  

p o te n tia lly  give th e  novel co n jugates [4 5 4 ]-[4 5 9 ] a ffin ity  fo r  th e  ER w h ile  ex ertin g  en h an ced  a n ti

p ro life ra tiv e  ac tiv ity  in th e  ER positive M C F -7  cancer cell line. The 2 -p h en y lin d o le -b as ed  analogues  

are  designed to  be used as th e  p o te n tia l ER ta rg e tin g  ligand fo r  th is series o f  con jugates . As th ese  2 - 

p h en y lin d o le -b ased  analogues w e re  novel com p o un d s it w as dec id ed  th a t th e y  should  be ev a lu a ted  

ind iv idually  fo r  ac tiv ity . This w o u ld  a ffo rd  useful data  as it w o u ld  a llo w  th e  sub sequ en t con jugates  

[4 5 4 ]-[4 5 9 ] to  be co m p ared  d irec tly  to  th e  ER-ligands [2 4 1 ]-[2 4 3 ] and [2 6 1 ]-[2 6 2 ]  fo r  

re d u c e d /e n h a n c e d  a n tip ro life ra tiv e  activ ity .

The b iochem ical d ata  o b ta in ed  fo r  indoles [2 4 1 ]-[2 4 3 ] and [2 6 1 ]-[2 6 2 ] is p resen ted  in Tab le  

25. The 2 -p h en y lin d o le -b as ed  analogues [2 4 1 ]-[2 4 3 ] and  [2 6 1 ]-[2 6 2 ] all show ed m ic ro m o la r IC5 0  

activ ity . In te res ting ly , th e  2 -p h en y lin d o les  g en era lly  sh o w ed  a n tip ro life ra tiv e  ac tiv ity  ranging fro m  

IC5 0  va lue  o f  3 8 -4 9  |iM ; h o w e v e r w h e n  th e  basic side chain length  w as increased to  12 carbons, th e re  

w as a significant > 2 4 0 -fo ld  e n h a n c e m e n t o f  ac tiv ity  (IC50 = 15 8  n M ). This ac tiv ity  w o u ld  a llo w  fo r th e  

ra tio n a liza tio n  o f th e  su bsequent series o f co n jugates th a t in co rp o ra ted  th e  cyclo fen il-based

U  50-

[447]
[448]
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analogues. Figure 6-6 shows the antiproliferative effects of compound [243] on MCF-7 breast cancer 

cells. The ER ligands w îth an alkyl chain length <6 carbons would be expected to have good oral 

bioavailability as the CLogP values are less than 5 but the longer non-polar chain length >6 carbons 

would be expected be more lipophilic and display poorer oral absorption properties.

)
n(H2C)

;
HN

\

IO

Compound n MCF-7

ICso (tiM ) CLogP

[241] 2 40.7±1.5 3.66

[261] 3 48.97±8.1 4.19

[262] 4 41.68±4.8 4.72

[242] 6 38.90±1.8 5.78

[243] 10 0.158±0.14 7.89

Table 25 Antiproliferative data for 2-phenylindole-based analogues as potential ER-ligands

80-1

■ [243] Figure 6-6 The
antiproliferative effects of a 
2-phenylindole analogue in 
the MCF-7 human breast 
cancer cell line (compound 
[243]). The values represent 
the mean ± S.E.M. for three 
independent experiments 
performed in triplicate
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6.1.4.7 Biochemical data of combretastatin-2-phenylindole-based conjugates
T he  novel ER-ligands [241]-[243] a n d  [261]-[262] e v a lu a te d  s h o w e d  m ic ro m o la r  activ ity  w ith

t h e  12 c a r b o n  a n a lo g u e  [243] exhib iting  s u b -m ic ro m o la r  IC5 0  an t ip ro l i fe ra t iv e  activity. T h e se  novel 

ER-ligands [241]-[243] a n d  [261]-[262] w e r e  in c o rp o r a te d  in to  t h e  c o n ju g a te s  scaffold  as  t h e  ER- 

ta r g e t in g  ligand. T he  c o n ju g a te  [454]-[459] c o n ta in e d  t h e  nove l ER-ligands [241]-[243] a n d  [261]- 

[262] via  a d i r e c t  a m id e  linkage to  t h e  acrylic acid CA4 a n a lo g u e  [150]. The acrylic acid CA4 a n a lo g u e  

[150] w a s  n o t  va r ied  d u e  to  t h e  beneficia l e n h a n c e d  activ ity  e s ta b l i s h e d  in t h e  lead  c o m p o u n d  [414].

^  A
OH

(̂CH2)n/ / = <  

— 0  0 —

C o m p o u n d  ID R n

M C F - 7  

IC50 (H M ) C LogP

[454] H 2 1 .9911 .1 5.81

[455] H 3 2 .93±1 .2 6 .24

[456] H 4 2 .3 4 ± 0 .4 4 6 .87

[457] H 6 2 .9 5 ± 0 .9 1 7 .86

[458] H 1 0 1 .8610 .8 9 .27

[459] M e 4 8 1 .28+7 .3 6 .91

T able 26 A ntiprolifera tive  d a ta  o f co m b re tasta tin -2 -p h en y lin d o le-b ased  con jugates

T he b io c h em ica l  d a ta  fo r  c o n ju g a te s  [454]-[459] is p r e s e n te d  in T ab le  26. The se r ie s  w a s  

e v a lu a te d  in t h e  ER-positive b r e a s t  c a n c e r  cell line, MCF-7. This se r ie s  o f  c o n ju g a te s  [454]-[458] 

s h o w e d  m ost ly  low  m ic ro m o la r  activity ( I C 5 0  in t h e  r a n g e  o f  1 .86 -2 .95  |iM ) w ith  t h e  m e th o x y  

s u b s t i t u t e d  c o m p o u n d  [459] exhib iting  r e d u c e d  activ ity  (IC5Q = 81 nM ) w hich  w a s  a 27-fold  

r e d u c t io n .  W h e n  t h e  resu lts  o f  f ree  hydroxyl c o m p o u n d s  [454]-[458] a r e  c o m p a r e d  w i th  t h e
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methoxy compound [459] it was clear that the presence o f the hydroxyl groups was essential fo r the 

enhanced activity o f the conjugate compounds. However, the biochemical data fo r the series 

showed that the 12 carbon conjugate compound [458] exhibited the highest potency (IC5 0  = 1.86 

HM) as was seen w ith the ER-ligand analogue [243] itself when compared w ith the other analogues 

in this series. However all the compounds [454]-[458] exhibited activity in the range o f IC5 0  = 1.86- 

2.95 |iM . Figure 6-7 displays a representative illustration o f the antiproliferative effects o f [458] on 

MCF'7 cells. In this series, the compounds [4541-[458] and [459] are predicted to have poor oral 

absorption w ith CLogP greater than 5. The antiproliferative effect o f conjugate [458] is displayed in 

Figure 6-7.

150-1

s  100-
re

■ >

u  50-

Log^o [concentration] (M)

•  [458]
Figure 6-7 A representative 
graph of the antiproliferative  
effects of a 2-phenylindole- 
combretastatin conjugate in 
the MCF-7 human breast 
cancer cell line (compound 
[458]). The values represent 
the mean ± S.E.M. for three  
independent experiments 
performed in triplicate

6.1.4.8 Biochemical data for bis-2-phenylindole-based analogues as potential ER- 
ligands

The 2-phenylindole-based analogues [241]-[243] and [261]-[262] containing the ER-binding 

2-phenylindole component of the SERM bazedoxifene where shown to have moderate m icromolar 

antiproliferative activity. During the synthesis o f the 2-phenylindole-based analogues [241]-[243] 

and [261]-[262] at the bromoalkylation step, the form ation o f the t»/s-2 -phenylindoles by-products 

[268]-[272] was observed. It was postulated that these by-product which contained tw o o f the ER- 

ligands separated via the alkyl chain as they could potentially show ER related activity. As they 

contain two ER-targeting ligands and could potentially bind to the ER-LBD at either end o f the 

analogue.

The biochemical data of compounds [268]-[272] is presented in Table 27. The bis-2- 

phenylindole-based analogues [268]-[272] showed low micromolar activity (IC5 0  = 2.75-8.16 |jM ). 

However, the biochemical data did not follow any particular trend. The tw o most active conjugates.
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[468] and [472], contained the shortest (4 carbon) and the longest (12 carbon) chains respectively. 

The antiproliferative effects of connpound [268] are displayed in Figure 6-8. The oral absorption of 

this series is predicted to be very poor as the CLogP value increases fronn 8.00 to 12.23 as the chain 

length is increased from n=2 [268] to n=10 [272].

Jv ^

(CH2)n

MCF-7

Compound ID n ICbo (hM) CLogP

[268] 2 2.75+1.2 8.00

[269] 3 4.16±2.1 8.53

[270] 4 8.16+1.3 9.06

[271] 6 6.6±4.4 10.11

[272] 10 5.24±2.1 12.23

Table 27 Antiproliferative data of for bis-2-phenylindole-based analogues as potential ER-ligand

150-1

100-
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0 - 1-

-8

■ [268]
Figure 6-8 A representative 
graph of the antiproliferative  
effects of a bis-2-phenylindole 
analogue in the MCF-7 human 
breast cancer cell line 
(compound [268]). The values 
represent the mean ± S.E.M. for 
three independent experiments 
performed in triplicate
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6.1.4.9 Biochemical data of the aroma tase inhibitor (Al) containing conjugates
The tw o aromatase inhibitor containing conjugates, [463] and [464], evaluated in this

section d iffer from the general conjugate prototype that w/as employed previously fo r conjugate 

design. The previously synthesised products incorporated a range o f ER-ligands conjugated with 

cytotoxic agents. The two Al containing compounds tha t were evaluated in this section either 

contain an ER-ligand or a cytotoxic agent covalently bonded via a direct amide linkage to an 

aromatase inhibitor. As these types o f compounds had not been reported in the literature, it was

decided to validate the concept that a conjugate consisting o f (i) an ER-ligand w ith an Al [463] and

(ii) a cytotoxic agent w ith an Al [464], could be successfully synthesised and evaluated.

The first Al containing compound to be evaluated was [463] which was the anastrozole 

derivative linked via a direct amide linkage to endoxifen. It was proposed that compound [463] 

would still exhibit selectivity for the ER but potentially in terrupt the biosynthesis o f estradiol due to 

the presence o f the Al part o f the conjugate. The novel conjugate [463] was evaluated in the ER- 

positive breast cancer cell line, MCF-7, and exhibited sub-micromolar activity (IC50 = 316 nM). This 

result shown in Table 28, validates the concept of ER-AI conjugates and would justify further 

investigation o f these type conjugates. However, similarly w ith the endoxifen-cytotoxic conjugates, 

the sub-micromolar activity o f [463] could potentially be attributed to the Al portion o f the molecule 

acting as a bulky substituent on the basic side chain which inhibited the ER mediated action o f Helix- 

12 and may not exert any Al action. Figure 6-9 shows the antiproliferative effects o f compound [463] 

on MCF-7 breast cancer cells. This ER ligand-AI conjugate was predicted to have decreased oral

absorption as it CLogP was calculated in excess of 5. Further biochemical evaluation o f the Al activity

o f [463] is required.

The Al containing compound [464] contains the letrozole derivative [387] linked via a direct 

amide linkage to [150]. As this conjugate did not contain any ER-ligand it was not expected to show 

any selectivity towards the ER. The concept o f this design was to determine for a conjugate [464] 

lacking ER targeting selectivity, would show any effects on the ER-positive breast cancer cell line, 

MCF-7. The conjugate [464] exhibited low micromolar activity (IC50 = 1.14 pM) (Table 28) which was 

surprising as this conjugate would not be expected to show selectivity fo r the ER containing tum our 

cells. This conjugate exhibited an interesting result and should be evaluated in a tubulin  binding 

assay and aromatase inhibition assay to obtain a greater understanding o f compound [464] mode of 

action. Figure 6-9 displays a representative o f the antiproliferative effects o f [464] on MCF-7 cells. 

Unlike compound [463] this Al containing conjugate [464] would be predicted to  have good oral 

absorption (CLogP = 3.66).
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MCF-7

Compound Compound CLogP

OH

[464] 1.14±0.41 3.66

NC

Table 28 Antiproliferative data of for the Aromatase inhibitor containing conjugates

• [464]
Figure 6-9 Antiproliferative  

■  l 4 6 o j  effects of the aromatase 
inhibitor containing
conjugates ([464] & [463]) 
in the MCF-7 human breast 
cancer cell line. The values 
represent the mean ± 
S.E.M. for three  
independent experiments 
performed in triplicate

-5
Loqio [concentration] (M)

6.1.4.10 Biochemical data fo r the letrozole analogues
The letrozoie-CA4 hybrid type compounds derivatives [394] and [411]-[413] w ere

synthesised to investigate the effects o f introducing CA4 type substitution on the letrozole scaffold. 

This investigation led to the developm ent o f 4 compounds based on the b enzh yd ry l-lH -l,2 ,4 -triazo le  

scaffold. It was  postulated that by modifying o ne /both  rings o f the letrozole scaffold th a t it was 

potentially possible to design a dual acting arom atase inhibitor and VTA compound. In addition, 

compound [402] was screened in this class as it was an interesting by-product in the synthesis of 

[387]. Compound [402] contained the scaffold o f letrozole but also contained a basic e ther side
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chain in place of the nitrile substituent on one of the rings. This type of substitution is commonly 

associated with ER antagonist activity.

Compound ID Structure

MCF-7 

IC50 (nM) CLogP

[411]

OMe

>100 1.58

[412] >100 1.13

[413]
1/^ i  ,N 

N

M e O " ''^ [^  ^ '" ^ ^ O M e  
OMe

0.295 0.85

[394] N >100 0.98

[402]

<'■ N ^  X J  X A
>100 0.817

Table 29 Antiproliferative data for the letrozole derivatives 

The letrozole derivatives [394], [402] and [411]-[413] were evaluated on ER-positive breast 

cancer cell line, MCF-7. The evaluation showed that replacing one of the nitrile substituents with 

either A/B ring of CA4, phenol [394] or the basic side chain [402] did not result in any significant 

antiproliferative activity below 100 nM. However, when both rings of the letrozole compound were 

exchanged with the A and B ring of CA4, sub-micromolar activity (IC50 = 295 nM) was observed in 

compound [413]. The antiproliferative effects o f compound [413] are displayed in Figure 6-10. This 

result was very interesting and for a greater understanding [413] mode of action it was subsequently
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evaluated in a tubulin binding assay. The compound o f interest [413] show a low CLogP value (0.85) 

which predicts it to have good oral bioavailability and the  CLogP values for this series are less than 5. 

Com pound [413] has structural features o f both letrozole and CA4 and also shows much low er CLogP 

value w hen com pared to the tw o  individual compounds, calculated as 3.31 [150] and 1.23 [97] 

respectively.

150-1

100-

re
■>

5  50-
' 'P

Log^o [concentration] (M)

A [413]
Figure 6-10 Antiproliferative 
effects of the letrozole 
derivative [413] in the MCF-7 
human breast cancer cell 
line. The values represent 
the mean ± S.E.M. for three 
independent experiments 
performed in triplicate

6.1.4.11 Evaluation of tubulin binding activity of compound [413]
Com pound [413] was chosen to  be investigated fo r tubulin binding activity due to  its notable

antipro liferative activity (IC50 = 295 nM ). It was proposed th a t compound [413] would exert its 

activity on tubulin because o f the sim ilarity in structure (A and B rings) to CA4. In addition it could 

also exert arom atase inhibition activity due to its structural sim ilarity w ith letrozole. The tubulin  

binding activity o f [413] was determ ined by Dr. Seema N athw ani (School o f Biochemistry and 

im m unology, Trinity College Dublin) using a tubulin polym erization assay kit from  Cytoskeleton  

(BK006P)^” . This assay is based on an adaptation o f the original m ethod o f Shelanski et  and Lee 

et  which dem onstrated that light is scattered by m icrotubules to an extent that is proportional 

to  the concentration o f m icrotubule polym er. Final concentration o f porcine tubulin was 3m g/m L  

and glycerol was 10%. The tested compounds at 10 pM  concentration w ere first mixed w ith  purified  

bovine tubulin in 96-w ell plate on ice. A fter placing the plate into a 37 °C incubator, the effects on 

tubulin assembly w ere m onitored in a spectrom eter at 340  nm at 30 s intervals fo r 30 or 60 min at 

37 °C. Percentage inhibition of polym erization was recorded fo r each reaction. Tim e-optical density 

curves at 340 nm o f compound [413] are illustrated in Figure 6 -11. The Vmax is the m axim um  velocity  

or rate at which the enzym e catalysed a reaction, which is obtained via the softw are softM ax. This 

will be reduced in the presence of an inhibitor o f the enzyme^^^. The V^ax for [413] was calculated to

241



be 3.582 mOD/min. This V„,ax for [413] can be compared to the vehicle Vma* which in this case is EtOH 

that has a V^ax of 7.378 mOD/min. At 10 nM final concentration, [413] causes a twofold reduction in 

polymer mass.

0.30-1
■ EtOH
A (4 U )OHMeO

0.25-

OMeMeO
OMe

0.20- [413]

0.10-

0.05-

0.00

Time (mins)

Figure 6-11 Tubulin polymerization assay for compound [413] (10 (xM) w ith EtOH

EtOH
A  CA-40.30-1

0.25-

MeO.

0 .20-

MeO
OMe

OH

0 . 10-

0.05-

0.00
45 50

Time (mins)

Figure 6-12 Tubulin polymerization assay for CA4 (10 |xM) with EtOH 

In Figure 6-12, the tubulin polymerization of the control compound CA4 with EtOH is displayed. 

The Vmax for CA4 was calculated to be 3.245 mOD/min. This Vma* for CA4 can be compared to the
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vehicle V^ax which in this case is EtOH that has a Vmax of 10.996 mOD/min. At 10 pM final 

concentration, CA4 causes a 3.4-fold reduction in polymer mass. However compound [413] 

demonstrated a twofold reduction in polymer mass and is shown to exhibit the characteristic action 

of a tubulin binding agent such as CA4. Compound [413] a novel hybrid CA4-AI type scaffold 

displayed the desired tubulin polymerisation inhibitory activity.

6.1.4.12 Biochemical data fo r piperazine derivative o f the acrylic acid scaffold
This piperazine derivatives of the acrylic acid scaffold [349] were synthesised to produce a

range of piperazine containing amide derivatives of the acrylic acids. The antiproliferative evaluation 

was performed on one of the derivatives, [349] (shown in Table 30). This derivative exhibited low 

micromolar activity (4.57 piM) in MCF-7 cells and was chosen as it contained the CA4 scaffold with 

the covalently bonded piperazine ring substituent. Figure 6-13 displays a representative of the 

antiproliferative effects of [349] on MCF-7 cells. The piperazine derivative of [150] was predicted to 

have good oral absorption as it CLogP value was 1.58. The piperazine are sometimes used to 

increase the solubility of a drug; in this case the piperazine decreased the CLogP value from 2.07 for 

[150] hence decreasing the lipophilicity of the drug.

Compound ID Structure

MCF-7 

ICso (^M) CLogP

[349]
rr

0 ^

4.57±3.1 1.58

Table 30 Antiproliferative data for selected piperazine acrylic acid derivative

150n

[349]

5  loo- 
■>

50A

Figure 6-13 Antiproliferative effects 
of the selected piperazine acrylic acid 
derivative [349] in the MCF-7 human 
breast cancer cell line. The values 
represent the mean ± S.E.M. for 
three independent experiments 
performed in triplicate
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6.1.4.13 ER binding assay o f selective active compounds
It is necessary to test the binding efficiency of each compound for both estrogen receptor (ER) 

isoforms (ERa and ERP), to determine how effectively the ligand binds to the receptor and whether 

the compound is acting as an antagonist or agonist. The Lanthascreen® FRET kit contains a terbium 

labelled antibody which is attached to the nuclear receptor, in this case the ERa and ER3, and a 

fluoromone which is found in the binding site of the receptor. If the ligand displaces the fluoromone, 

fluorescence decreases, determining the efficiency of the ligand to bind to the receptor.

The most active SERM type compounds and conjugate from the antiproliferative assay were 

now selected for ER binding study. In Table 31, the ER binding IC50 values for both ER isoforms are 

displayed for the selected compounds for the most active ER type ligands and conjugate compounds 

incorporating an ER type in the conjugate scaffold. The selectivity value is reported as the ratio of 

RBA values or binding affinities, ERa relative to ERP, for each of the compounds (see Table 31) 

(single experiment carried out in triplicate). For selectivity values greater than 1, the compounds 

have a more pronounced affinity for ERa binding site, while for values less than 1, the compounds 

have a more pronounced affinity for the ER(3 binding site.

Compound
no.

ERa 
IC50 (nM)

ERP
ICso(nM)

ERa/ERP
Selectivity

[426] 182 436 2.40

[223] 1738 199 0.11

[447] 170 112 0.66

[225] 3162 67 0.02

[448] 19 229 12.05

[463] 2239 245 0.11

[458] 574 155 0.27

[243] 380 1660 4.37

[268] 436 41 0.09

Estradiol 1.7 3 -

Table 31 ERa and ERp binding data for the most active novel compounds

The cohort of compounds evaluated for both estrogen receptor (ER) isoforms (ERa and ERp) 

exhibit good binding activity (see Figure 6-14). Compounds [426], [447], [448], [458] and [268] 

display ER binding activity in the nanomolar region for both ER isoforms, while compounds [223], 

[225] and [468] display nanomolar activity in ERP and low micromolar activity in ERa and compound 

[243] exhibits nanomolar activity in ERa and low micromolar activity in ERp. The selective of ERP 

binding was exhibited by compounds [223], [447], [225], [468], [458] and [268] with selectivity in the
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range of 0.02-0.66. Compound [225] which was a cyclofenil type ligand exhibited the greatest 

selectivity (0.02) towards the ERP isoform while compound [448] which was a direct conjugate of 

[225] displayed the greatest selectivity (12.05) towards ERa. Low nanomolar binding activity was 

seen for [448] in ERa and, [225] and [268] in ERp.

6 .1.4.1 Effects o f selective active compounds on cell cycle and cell death.
Based on the cell viability assay results, a selected cohort of the most active compounds

from each set synthesised series of compounds (IC5 0 values 0.182 -  4.57 nM) shown in Figure 6-14 

were subjected to cell cycle analysis. Flow cytometry using with propidium iodide stained cells was 

carried out to analyse the percentage of cells in each stage of the cell cycle and the number of 

apoptotic or dead cells. Samples were treated for 72h at 10|jM. Experiments carried out by Dr. 

Sandra Bright, School of Biochemistry and Immunology, TCD. Results showed that all compounds 

tested increased apoptosis when compared to vehicle-treated cells, with the exception of 

compounds [464] and [243]. Of the active compounds, the cyclofenil based analogues [223] and 

[225] proved significantly more active than the positive control tamoxifen (p value < 0.001). The 

most potent compound tested, [223], induced 79.7 ± 5.2% apoptosis at lO^M and should be 

selected as a lead compound for future biological studies (Figure 6-15A).

Interestingly, in addition to inducing apoptosis, the CA4-AI compounds [349] and [413] (p 

value < 0.001) and the CA4 direct amide cyclofenil based conjugate [447] (p value < 0.01) also 

induced a significant G2/M-arrest in MCF-7 cells when compared to vehicle-treated cells. A G2/M 

arrest typically, though not necessarily always, precedes apoptosis. Future studies at earlier time- 

points (24h and 48h) could be undertaken to establish if the other active compounds in this cohort 

also induce a G2/M arrest preceding apoptosis. A G2/M arrest is commonly observed with tubulin- 

targeting compounds and so this data suggests that the tubulin-targeting ability of combretastatins 

is maintained when complexed to various ligands.

Next, the same cohort of compounds (Figure 6-14) was tested on peripheral blood 

mononuclear cells isolated from the blood of healthy donors. Cells were treated with lO^M of each 

compound for 72 hrs and subjected to flow cytometry. Results showed that only two of the 

compounds, ([223] and [225], the most active compounds in the MCF-7 cells), induced apoptosis in 

these normal blood cells, with no toxic effects observed with the other compounds (Figure 6-16). 

None of the compounds caused a G2/M arrest in the normal blood cells (Figure 6-16). The potent 

activity of several members of this cohort of compounds in MCF-7 breast cancer cells and their lack 

of toxicity in normal blood cells make them ideal candidates for further anti-cancer studies.
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Figure 6-14 Selected cohort of the most active compounds from each set of synthesised compounds. Conjugate (Red), ER
type ligands (orange) and VTA/ letrozole-CA4 (blue)
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[Compound, 10|iM] [Compound, 10^M]

Figure 6-15 Compounds potently induce apoptosis in MCF-7 cells. MCF-7 cells were treated fo r 72 h w ith a vehicle or the 
indicated compounds. After the required incubation period, cells were fixed in 1 mL ethanol and 100 nL PBS and stained 

w ith propidium iodide. Cells were subsequently analysed by flow cytometry to determine the percentage of (A.) apoptosis, 
as assessed by quantification of the pre-G l peak and (B.) G2/M-arrested cells. Values represent the mean ± S.E.M. of three

independent experiments.
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Figure 6-16 The majority of tested compounds do not induce apoptosis in blood cells from healthy donors. Peripheral 
blood mononuclear cells from healthy donors (n=2) were treated fo r 72 h w ith a vehicle or the indicated compounds. After 

the required incubation period, cells were fixed in 1 mL ethanol and 100 |iL PBS and stained w ith propidium iodide. Cells 
were subsequently analysed by flow  cytometry to determine the percentage of (A.) apoptosis, as assessed by 

quantification of the pre-Gl peak and (B.) G2/M-arrested cells.
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6.1.5 Biochemical data for the NF-kB study
In the antiproliferative assay for indole based compounds, the compounds synthesised for

this study all contained the 2-phenylindole ER type structure ligand. However, as these novel ligands 

were designed as anti-inflammatory compounds, it was not expected that they would display high 

levels of anti-proliferative activity. An addition compound [271] which was evaluated in previous 

section (IC50 = 6.6 piM) was also used for this study. The antiproliferative activity for the compounds 

tested in this series were generally in the low to moderate micromolar region (IC50 = 3.5 -  41.0 |iM) 

with the exception of [296] which displayed much lower antiproliferative activity (IC50 = 332 pM). 

From the compounds screened, the two /b/s-indoie compounds displayed the greatest activity {[271] 

with an IC50 = 6.6 pM, and [297] with an IC50 = 3.5 pM) in MCF-7 cell line with the most active 

compound, [297], exhibiting slightly lower potency than tamoxifen (IC50 = 2.13 pM). Overall, the 

compounds had a varying effect on cell viability although none of the compounds displayed high 

levels of cyctoxicity, this is not unexpected as the compounds are designed as potential anti

inflammatory agents and are not required to be highly cytotoxic to cells.

Compound Structure MCF-7 IC50 (tiM) CLogP

[292]

I0

0X

34.0 5.40

[293] X XV a

HO

38.9 4.91

[294] TXVX )-0H

o ’
F

41.0 5.73
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[295]
/ = \T X V a

/
OH

17.7 2.98

[296]

X0

/ 
0

 
0 

\
X

332 4.88

[297]

1  OH

3.5 9.03

Table 32 Antiproliferative data for the selected compounds synthesised for the NF-kB study

6.1.5.1 ER-binding assay
In Table 33, the ER binding IC50 values for both ER isoforms (ERa and ER3) are displayed for

the selected compounds for the NF-kB study. The selectivity value is reported as the ratio of RBA

values or binding affinities, ERa relative to ER(3, for each of the compounds (see Table 33). For

selectivity values greater than 1, the compounds have a more pronounced affinity for ERa binding

site, v^hiie for values less than 1 , the compounds have a more pronounced affinity for the ERP

binding site.

All the compounds screened exhibited low nanomolar binding activity in both ER isoforms 

with the exception of [296] and [297] which displayed strong selectivity towards ER|3. Compound 

[294] exhibited the highest affinity for binding to both ERa (IC50 = 15 nM) and ERP (IC50 = 58 nM) with 

slight selectivity towards ERa. Compound [297] displayed the most pronounced selectivity towards 

ER(3 (RBA = 0.01) between the two ER isoforms.
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Compound
ERa 

ICso (nM)
ERp

ICsolnM)
ERa/ERp

Selectivity

[292] 18 44
2.44

[293] 24 35
1.46

[294] 15
58

3.86

[295]
19 50

2.63

[296] 1224 40
0.03

[297] 8900 115
0.01

[271] 65 302
4.65

Estradiol 1.7 3 1.76

Table 33 ERa and ERP binding data for the novel compounds selected for the NF-kB study

6.1.6 NF-k B assay
Experiments w ere carried out by Jade Pollock, School o f Biochemistry and Immunology, TCD. 

Chronic inflam m ation is linked to the progression o f many diseases including IBD and cancer. Cellular 

events associated w ith this inflam m ation include the infiltration of im m une cells which increases the 

inflam m atory response. The transcription factor NF-kB is a key player in m ediating the inflam m atory  

response. Genes encoding cytokines, chemokines and acute phase proteins are regulated by NF-kB. 

This im portant transcription factor can be activated in the cell by a variety o f extracellular signals 

such as oxidative stress and cytokines. NF-kB is composed of hom odim eric and heterodim eric  

complexes o f the Rel fam ily o f proteins p65 (Rel A), p50 /105 , c-Rel, p 5 2 /1 0 0  and Rel B. It is found in 

a non-active state in the cytoplasm o f the cell, w here is it bound by IkB. IkB is degraded in response 

to  extracellular inflam m atory signals, allowing the translocation o f NF-kB to  the nucleus o f the cell. 

Non-selective estrogens such as E2 are known to have anti-in flam m atory activity, which has been 

linked to the inhibition of NF-kB activity.

To explore a potential role fo r these novel ER ligands in the inhibition of NF-kB MCF-7 breast 

cancer cells w ere transfected w ith an NFkB reporter gene. Following transfection cells w ere treated  

w ith a range o f concentrations o f [297] for 6 hours at 37°C. A fter treatm ent, cells w ere lysed fo r 15 

minutes and the resulting supernatants were analysed for renilla (a control to  show cell viability) and 

luciferase (showing NF-kB activity) levels.

Figure 6-17 shows that after treatm ent with the novel ER ligand [297], there was a decrease in 

NF-kB activity above 10 |iM . This decrease can be attributed to the trea tm en t w ith the ligand as
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renilla values remained the same for all treatments, showing cell viability was not affected. The 

increase in concentration from 1 to 100 piM shows an 87% decrease in the NF-kB activity. It would be 

necessary to extend the range of concentrations of ER ligand to investigate the effect of lower 

concentrations of the ligand on NF-kB activity. This result seems promising but there is still much to 

investigate.

The other compounds [271] and [292]-[296] that  were also evaluated for inhibition of NF-kB 

activity however the results from this assay exhibited conflicting results and did not give a clear 

indication of the activity of the compounds. These compounds are to be re-evaluated to get a true 

determination to what extent these compounds are affecting the NF-kB activity.

1.6

0 1 10 100 0 1 10

—

100

NF-kB (^M) Negative (^iM) Positive
(HM)

NF-kB r e p o r te r -A  m ix tu re  o f  in d u c ib le  N FK B -responsive fire fly  lu c ife ra se  c o n s tru c t  a n d  c o n s t i tu t iv e ly  e x p re s s in g  
R enilla lu c ife ra se  c o n s t ru c t  (40 :1 ). N e g a tiv e  c o n tro l  -A m ix tu re  o f  n o n -in d u c ib le  fire fly  lu c ife ra s e  c o n s t ru c t  a n d  
c o n s titu tiv e ly  e x p re s s in g  R

Figure 6-17 Inhibition of NF-kB activity  a f te r  t re a tm e n t w ith  novel ER ligand [297]. MCF-7 b re as t cancer cells cu ltu red  as 
previously  described  and  tran s fec te d  w ith  NF-kB re p o rte r  fo r 24 hours, a f te r  w hich th e  cells w e re  t r e a te d  w ith  
co m p o u n d  [297] fo r a fu r th e r  6 hours. Cells w e re  tre a te d  in trip lica te  w ith  th re e  co n cen tra tio n s of th e  co m p o u n d  (1, 10 
and 100 ^M ). n = l.

The inhibition of NF-kB transcriptional activity by estradiol bound to the nuclear receptors 

ERa or ERp has been well documented. Effects on selective expression of NF-kB have been reported 

for some ER ligands. NF-kB can function as a tum our prom oter in inflammation associated cancer. 

Therefore the identification of selective ligands for the ER has been sought, which would retain the 

beneficial outcomes of estrogen therapy, while eliminating the unwanted side effects. This 

nonclassical anti-inflammatory activity of estrogen has been attributed to interference of NF-kB 

activity. Chadwick et  al. reported that  a known pathway-selective estrogen receptor (ER) ligand, 

WAY-169916 [465] does not promote the classic actions of estrogens such as stimulation of uterine 

proliferation or ER-mediated gene expression, but is a potent anti-inflammatory a g e n t . T h e
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selective inhibition of NF-kB activity by th e  [297] may have potentia l the rap eu t ic  uses in the  

t r e a tm e n t  of inflammatory d iseases.

OH

HO

[465]

Figure 6-18 WAY-169916 [465]

6.2 Molecular modelling studies

6.2.1 Modelling method
Molecular modelling studies w/ere a fundam enta l part of th e  project from preliminary design

work to re trospective study. In recen t  years, research on the  e s trogen  receptor, has provided a 

diverse variety of crystal s truc tu re  dete rm ina tions  of both  agonists and an tagon is ts  bound to  both 

ERa and ERp.®  ̂ The in teraction  of SERMs within th e  es trogen  recep to r  is highly complex. Research 

involving molecular modelling studies  help approach  a solution to  the  'puzzle' of th e  SERMs (and 

SERM subtype) molecular m ode  of action.®^ This section outlines som e of th e  modelling techn iques  

used to  obtain structural inform ation a t  a molecular level and allow for correla tion and explanation 

of th e  relationship b e tw een  s truc tu re  and activity of th e  com pounds  s tudied  in this thesis.

In this study, w hen  modelling th e  com pounds  synthesised in th e  project, consistent 

molecular modelling s tra teg ies  w e re  used. The lowest energy conform er of a com p o u n d  w as crea ted  

and a se t  of conform ers  w ere  g en e ra ted  and th en  this set of conform ers  was docked and scored to 

d e te rm in e  th e  highest ranking docked solution. The softw are package MOE (Molecular Operating 

Environment)^^® is used for docking. MOE is a softw are system designed by th e  Chemical Computing 

Group to  support  Cheminformatics, Molecular Modelling, Bioinformatics, Virtual Screening and 

S tructure-based-design.

6.2.2 Ligand binding site
The molecular basis o f  e s trogen  recep to r  agonism and an tagonism  has b een  well reported.*^'

Within th e  binding site of ERa and ERp, ligand recognition is achieved th rough  a com bination  of 

specific hydrogen bonds and Van d e r  Waals interaction to g e th e r  with th e  com plem entarily  non polar 

cha rac te r  of th e  binding cavity am ino acid residues with th e  re levant ligand. To d a te ,  different 

agonists  and an tagonis ts  have been  co-crystallised with 34 hum an ERa isoforms, 15 hum an  ERP 

isoforms and 2 rat ER isoforms^^'^^ (see table Table 34).
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Estradiol, the main endogenous ER ligand, possesses a phenolic hydrogen on the A-ring o f its 

structure which interacts in the human ERa isoform through direct hydrogen bonds to  the  

carboxylate o f Glu 353, the guanidinium group of Arg394, and a w a te r m olecule. The 17-(5 hydroxyl 

of the D-ring makes a single hydrogen bond interaction w ith His 524  in the LBD. The rem ainder of 

the m olecule participates in hydrophobic contacts that are concentrated over the A, A /B interface  

and D-rings. A m ixture o f the specific polar and non-polar interactions w ith in  the  LBD allow the  ER to  

selectively recognize and bind estradiol with sub-nanom olar affin ity over the large and varied range 

o f endogenous s t e r o i d s . T h e  ER's ability to bind an array o f ligands can be attributed  to the  size of 

the cavity, which has a probe accessible volum e of 450A°^ which is nearly tw ice th a t of estradiol's  

m olecular volum e (245 A°^). O ther ligands that can mimic these characteristic attributes o f estradiol 

tend to bind favourably to the ER (Figure 6-19).

PDB code Ligand Protein

lERE.pdb^“° Estradiol hERa

3ERT.pdb“ ^ 4-hydroxytam oxifen hERa

IQ K N .pdb” ® Raloxifene rERp

IH Jl.pdb^ '* ICI 164,384 hERP

lERR.pdb^°° Raloxifene hERa

ISAO.pdb^^® Colchicine Tubulin

3EQM.pdb^“ 4-A ndrostene-3-17-dione Arom atase

Table 34 Crystal structure codes with corresponding ligand and protein

Antagonistic ligands, such as 4-hydroxytam oxifen and raloxifene, have m olecular 

characteristics similar to estradiol such as the phenolic groups which partake in direct hydrogen  

bonding w ith  the same key residues in the ER (i.e. 6 lu 3 5 3 , Arg394 and His524 in hum an ERa). In 

addition, antagonists commonly contain a side chain am ine e ther which is too  large to  be 

accom m odated in the binding cavity which causes a displacem ent o f the Helix-12 in the protein  

structure. The nature o f the ligand effects can be determ ined by the  ability to  displace the  Helix-12  

positioning. W hen the estradiol ligand is bound w ithin the LBD, the Helix-12 sits snugly over the LBD. 

The estradiol does not interact w ith  the Helix-12 allowing for form ation o f a com plete AF-2 region 

th a t facilitates the recruitm ent o f coactivators and precedes to transcriptional activation which  

results in ER agonism. However, in the case o f the antagonists, the Helix-12 is displaced by the  am ine  

side chain, stopping the form ation o f a com plete AF-2 region, hence disrupting the coactivator 

recruitm ent and leading to  corepressor recruitm ent resulting in ER antagonism.
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In Figure 6-19 and Figure 6-20, the im portant binding residues are shown for agonist 

(estradiol: lERE.pdb)^°° and antagonist (4-hydroxytam oxifen: 3ERT.pdb)^“  ligands in their respective 

hum an ERa binding pocket.
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Figure 6-19 Estradiol agonist in the human ERa ligand binding domain, lERE.pdb. Images rendered using Discovery
Studio* visualizer software

Figure 6-20 4-Hydroxytamoxifen antagonist in the human ERa ligand binding domain, SERT.pdb. Images rendered using
Discovery Studio* visualizer software
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The interaction of the antagonist side chain with Asp351 residue varies amongst ligands. 

Raloxifene displays (Figure 6-21) a tight interaction betw een the AspBSl residue and piperidine ring 

nitrogen through hydrogen bonding (2.66 A) (lER R .pdb“ ° and IQKN.pdb^^®) The interaction  

betw een the nitrogen o f 4-hydroxytam oxifen and AspBSl is not direct but can be facilitated through 

a salt bridge betw een the dinnethylamino group of the side chain and the p-carboxylate o f Asp-351, 

which lies at a distance of 3.8 A aw ay.“  ̂The ICI 164,384 side chain, unlike the corresponding regions 

of raloxifene and 4-hydroxytam oxifen, is not te thered  to the LBD through an interaction w ith Asp258 

(lHJl.pdb^°^, Figure 6-22). W ith  ICI 164,384, the increased length and resultant positioning of the 

bulky side chain extension compared to AF2 antagonists such as raloxifene, is probably responsible 

fo r the displacem ent o f H12.^°^ Co-crystallised ICI 164,384 and ERP have been produced with rat 

ER(3-LBD (rERp-LBD) how ever no crystal structure has been solved in hERp-LBD. The Asp258 residue 

in rERp corresponds w ith Asp351 in hERp-LBD, this is discussed later in this chapter. A crystal 

structure o f rat ERP-LBD (rERP-LBD) complexed with ICI 164,384 is shown to represent the  

interaction expected with the hERp.

LEU
A:259

AAG
A:30l

HO

HIS
^  *  A:430

ILE
A331

Figure 6-21 Antagonistic side chain interaction of raloxifene in rERp (IQKN.pdb)
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Figure 6-22 Antagonistic side chain interaction of ICI 164,384 (B) within the rERf) LBD (IHJl.pdb)

ERa and ER(3 exhibit a high degree o f sequence identity (56% ) in the LBD and adopt very  

sim ilar 3D s tru c tu res .® ^ 'T h e  residues that directly surround the ligand are quite similar w ith only 

tw o  conservative changes among the approxim ately 20 residues. In ERa w here Leu384 and M et421  

resides, M e t3 3 6  and Ile373 are present in ER3 respectively. As the ligand cavity homologies are very 

similar, both ERa and ERp have a tendency to  bind compounds w ith similar affinities. However, 

these tw o slight changes w ith the cavity together w ith  differences in distant regions o f the LBD allow  

for ligand selectivity.

Com pared w ith agonists, there is a lack o f antagonistic ligands co-crystallised in any hum an, 

rat or any o ther species o f the ERP ligand binding site. Two antagonists -  raloxifene (IQKN.pdb)^^® 

and IC I-164,384 (IH J l.p d b)^”'* have been co-crystallised in rat ERP LBD. The LBD o f the rat and 

hum an ERP are highly conserved. Five key ERp residues of the hum an ERP isoform found in the rat 

isoform (see Table 35).

Residue in human Residue in rat

Glu305 Glu260

Arg346 Arg301

His475 His430

M et336 M et291

Ile373 He328

Table 35 Correlation of key binding residues In human and rat ERP Isoforms
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6.2.3 Docking studies
An e x a m p le  o f  e a c h  o f  t h e  a n a lo g u e s  s y n t h e s is e d  in th is  p roject  w e r e  m o d e l le d  in silico  in

ord er  t o  gain  an ins ight into  th e  m o s t  p rob ab le  binding o r ie n ta t io n  w ith in  t h e  h u m a n  ERa and  

h u m a n /r a t  ERp is o fo r m s  and to  ra t ion a lise  f ind ings from  t h e  b io ch e m is tr y  a ssa y s .  All o f  t h e  a n a lo g u e  

l igands w e r e  d o c k e d  in o n e  o f  t h e  fo l lo w in g  crystal s tru ctu res ,  SERT.pdb (4-OHT b o u n d  in hERa),  

lERR.pdb (RAL b o u n d  in hERa), IH J l .p d b  (ICI 1 6 4 ,3 6 8  b o u n d  in rER(3) or IQ K N .pdb  (RAL b o u n d  in 

rERP). The crystal s tru ctu re  th a t  w a s  u se d  d e p e n d e d  o n  t h e  c o n ju g a te  th a t  w a s  b e e n  m o d e l le d .  For 

e x a m p le ,  t h e  e n d o x i f e n  a n a lo g u e  l igands w e r e  d o c k ed  using  3ERT.pdb a s  t h e  4-OHT ligand w o u ld  

a llow  for  t h e  a c c u r a te  c o m p a r iso n  in dock ing  study.

T h e  d o ck in gs  w a s  p er fo r m e d  using MOE 2 0 1 2 .1 0  software.^^® All p a r a m e t e r s  w e r e  k ep t  at  

d e fa u l t  u n le s s  s ta te d  o t h e r w is e .  The initial and final e n e r g y  o f  p ro te in  w e r e  ca lc u la ted  (in k ca l/m ol)  

by GizMOE using MMFF94X fo r ce  field w ith  co n ju g a n t  g ra d ien t  m e t h o d .  T h e  d o c k e d  ligands w e r e  

d raw n  in MOE an d  c o n fo r m e r s  w e r e  n o t  c re a te d  a s  th e  l igands w e r e  n o t  d o c k e d  a s  rigid m o le c u le s .  

The d o ck in g  p ro to co l  w a s  s e t  as  'Rigid R ecep tor ' and a p h a r m a c o p h o r e  w a s  u se d  in m o s t  c a s e s .  The  

p la c e m e n t  m e t h o d  u s e d  w a s  Triangle M a tch er  w ith  th e  rescor in g  fu n c t io n  o f  L ondon dG. This w a s  

s u b s e q u e n t ly  ref ined  using t h e  r e f in e m e n t  o f  Forcefie ld  w ith  a rescor ing  fu n c t io n  o f  GBVI/WSA dG. 

The d ock in g  p r o to c o l  w a s  s e t  to  k e e p  3 0  dock in g  p o s e s  on ly .  T he resu lt ing  d o c k e d  c o m p o u n d s  w e r e  

th e n  v isu a lised  using  D iscovery  S tu d io  Visulizer.^®^

6.2.3.1 Molecular docking results fo r the com bretastatin -endoxifen conjugate [414]
C o m p o u n d  [414]  w a s  d o c k e d  in 3ERT.pdb^“  and t h e  to p  ranking d o c k e d  c o n fo r m a t io n  is

s h o w n  in Figure 6 -2 3 .  The G lu 35 3  and A rg394  r e s id u e s  form  h yd r o g en  b o n d  in terac t ion  via  a w a te r  

bridge to  t h e  p h e n o l  o n  t h e  e n d o x i f e n  ligand part o f  th e  c o n ju g a te s .  This in tera c t ion  is key  to  t h e  

binding in t h e  e s t r o g e n  r e c e p to r  and is s e e n  w ith  4-OHT and estrad io l .  T h e  o r ie n ta t io n  o f  th e  ER 

ligand part o f  t h e  m o le c u le  [414]  o v er la p s  very  w e l l  th e  4-OHT ligand in ERa LBD (Figure 6 -2 4 )  w h ich  

in d ica tes  th a t  t h e  c o n ju g a t e s  still p o s s e s  th e  ability to  bind in t h e  ER. T he c o m b r e t a s ta t in  fr a g m e n t  

o c c u p ie s  t h e  v a c a n t  sp a c e  left  by t h e  d isp laced  Helix-12 snugly , h o w e v e r ,  n o  in ter a c t io n  is o b s e r v e d  

w ith  A sp 3 5 1 .  W ithin th e  s p a c e  o c c u p ie d  by t h e  c o m b r e t a s ta t in  f r a g m e n t  t h e r e  are  a n e tw o r k  o f  

n itrog en  c o n ta in in g  res id u es .  T he p r e s e n c e  o f  w a te r  m o le c u le s  co u ld  a l lo w  for  a n e tw o r k  o f  H- 

b o n d in g  t o  e x te n d  w ith in  th is  LBD area and lead  to  fa v o u ra b le  in tera c t io n .  W h e n  th is  d ock in g  is u sed  

to  ra tion a lise  th e  ER binding activ ity  (ERa IC50 = 2 8 2  nM and  ERP IC50 = 4 3 6  nM ) s e e n  by a n o th e r  

c o m p o u n d  [426]  w ith in  th is  fam ily  it is p o ss ib le  to  s e e  th a t  th is  ty p e  c o m p o u n d  can  c o m fo r ta b ly  

o c c u p y  t h e  ER b inding s i te .  The in tera c t io n s  o b s e r v e d  fro m  th e  m o le c u la r  m o d e l l in g  c ou ld  

p o ten t ia l ly  ra t ion a lise  th e  lo w  n a n o m o la r  ER b inding activity.
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Figure 6-23 Top-ranking docked conformation of [414] in ERa, 3ERT.pdb. The docked confirm ation is coloured by 
element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)

Figure 6-24 Superposition of 
4-OHT (pink) and [414] (grey) 
docked conformations in ERa 
(BERT.pdb)
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6.Z.3.2 Molecular docking results for the structurally modified combretastatin- 
endoxifen conjugate [436]

C om pound [436] w as  docked  in th e  LBD o f  ERa, 3ERT.pdb^°^ and th e  to p  ranking docked

con form ation  is sh o w n  in Figure 6-25, th e  Glu353 and Arg394 ER residues form hydrogen bond  

interactions to  th e  phenol on th e  en d o x ifen  ligand part o f  th e  conjugate. C om pound [436] w a s  observed  

to  dock  in a similar orientation  to  that  for [414]. The structurally modified com bretastatin  fra gm en t  

occu p ies  th e  vacant sp a ce  left by th e  displaced Helix-12 and d u e  to  th e  lack o f  steric hindrance has th e  

potentia l  to  reorient itself  so  that th e  phenol can form a hydrogen bond with th e  A sp351. This interaction  

could rationalise w hy [435] and [436] exhibited m ore p oten t  antiproliferative activity w h e n  com p a red  to  

th e  t w o  tr im ethoxy  conjugates [437] and [438]. C ompound [436] can be s e e n  in Figure 6 -2 6  to  bind in a 

similar m anner  to  that o f  4-OHT in th e  LBD of th e  ERa. The structurally modified com bretastatin  fragm en t  

s e e m  to  act as an ex ten s ion  o f  th e  s ide chain and potentially inhibits th e  Helix-12 from com p le t in g  th e  

AF-2 region, disrupting th e  coactivator  recruitment and appears to  lead to  co-repressor  recruitm ent  

resulting in ER antagonism  effect.  H ow ever  for this series o f  co m p o u n d s  th e  antiproliferative activity (IC50 

= 4 6  - > 10 0  |iM) w as inferior than that  s e e n  by lead com p o u n d  [414] ( I C 5 0  = 8 .5 1  nM) and it su gg es ts  that  

th e  large CA4 ty p e  structure is required for th e  greater  antiproliferative activity.

* V*

• • 'A

ASP
A.3JI

Figure 6-25 Top-ranking docked confo rm ation  of [435] in th e  LBD of ERa, SERT.pdb. The docked confirm ation  is co lou red  
by e le m en t ty p e  (carbon  = grey, hydrogen = w hite, oxygen = red , n itrogen  = blue)



Figure 6-26 Superim position  of 
4-OHT (pink) and [436] (grey) 
docked co n fo rm atio n s in ERa, 
3ERT.pdb

6.2.3.3 Molecular docking for the combretastatUi-cyclofenil-based conjugates
The cyclofenil-CA4 conjugate  [448] was docked in th e  ERa-LBD using 3ERT.pdb“ ,̂ as  the

o r ien ta t ion  of  its binding with th e  LBD of th e  ER was expec ted  to  be quite  similar to  th a t  of 4-OHT. In 

Figure 6-27, th e  conjugate  [448] shows hydrogen bond interaction  with th e  Arg394 and Glu353 

residues  which are  key for binding with the  LBD of th e  ER. There is also additional in terac tion  seen 

b e tw e e n  th e  Asp351 via a w a te r  bridge to  th e  carbonyl of th e  am ide bond. This interaction with the  

Asp351 is known to  disrupt th e  Helix-12 and could explain th e  antiproliferative activity of 182 nM 

seen  for this conjugate . The m ost po ten t  com pounds  [447] and [448] in this series both  con ta ined  

th e  bulkiest cycloalkane group. W hen examining th e  orien ta tion  of th e  docked [448], th e  cycloalkane 

is o r ie n ta te d  to  fill th e  free space close to  th e  residues of Gly531, M et421, Ile424 and M et338  as 

show n in Figure 6-28. In this case th e  larger/bulkier th e  cycloalkane group, a re  th e  t igh te r  it can bind 

within th e  a rea  of free space  and this could be why th e  tw o  bulkier su bs t i tuen ts  exhibits m ore  

p o te n t  antiproliferative activity. The cyclofenil conjugates  [447] and [448] exhibited very impressive 

ER binding activity with ERa IC5 0  =170 nM and ERP IC5 0  = 112 nM for [447] and ERa IC5 0  =19 nM and 

ER3 IC5 0  = 229 nM) for [448], The ER binding results observed  would co m p le m e n t  with th e  m olecular 

modelling study. That this type  of  conjugate  could occupy th e  binding of site and in te rac t with the  

key res idues  essential for ER binding activity.
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Figure 6-27 Top-ranking docked conformation of [448] in 3ERT (ERa). The docked confirmation is coloured by element 
type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)
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Figure 6-28 Orientation of [448] cyclofenil ligand fragment 
docked w ith in  the ERa
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6.2.3A Molecular docking for the 2-phenylindole-based analogues

* #

Figure 6-29 Top-ranl<ing docked confo rm ation  of [243] in lERR, (ERa). The docked confirm ation  Is co loured  by e le m en t 
ty p e  (carbon = grey, hydrogen = w h ite , oxygen = red , n itrogen  = blue)

The ER ligand [243] co n ta in ing  t h e  2 -p h en y lin d o le  c o re  w a s  docl<ed using in hERa 

coc rys ta l l ised  w ith  ra lox ifene  (lERR.pdb^°°). The 2 -p h en y l in d o le s  h av e  m o r e  s t ru c tu ra l  s im ilarity  w ith  

ra lox ifene  t h a t  4-OHT. It w a s  also  p r o p o s e d  t h a t  c o m p o u n d  [243] sh o u ld  exhib it  s im ilar  in te rac t io n  

s e e n  fo r  ra lox ifene.  In Figure 6-29, t h e  tw o  p h e n o ls  o n  t h e  2 -p h en y lin d o le  c o re  fo rm  h y d ro g e n  b o n d  

in te ra c t io n ,  o n e  p h e n o l  in te rac t in g  w ith  A rg394 d irec tly  an d  to  Glu353 via  a w a t e r  b r idge  

in te ra c t io n ,  a n d  t h e  o t h e r  p h e n o l  s e e n  to  d irec tly  in te ra c t  w ith  t h e  His524. T h ese  t h r e e  in te ra c t io n s  

a r e  a lso  s e e n  fo r  ra lox ifene  so it is p r o p o s e d  t h a t  [243] shou ld  bind w ith in  t h e  LBD o f  t h e  ER 

similarly. H ow ever ,  ra lox ifene  also  in te ra c ts  w ith  Asp351 w hich  d isp laces  t h e  Helix-12, b u t  th is  is n o t  

o b s e r v e d  w ith  [243]. T he  long cha in  o f  [243] shou ld  r e m a in  rela tively  s t ra ig h t  w ith  t h e  LBD a n d  t h e  

n i t ro g e n  is p o te n t ia l ly  to o  far  a w a y  to  a l low  th is  in te rac t io n .  For th is  r e a s o n  it w a s  p r o p o s e d  t h a t  t h e  

s ide  cha in  cou ld  p o te n t ia l ly  b e  ac ting  similarly to  t h a t  o f  ICI 1 64 ,384  w hich  is a kn o w n  full a n t a g o n i s t  

o f  t h e  ER. C o m p o u n d  [243] w a s  also  d o c k e d  w ith  t h e  coc rys ta l ised  ICI 16 4 ,3 8 4  w ith  rER|3 ( I H J l .p d b )  

to  e x a m in e  if t h e  tw o  long s ide cha in s  w o u ld  h av e  s im ilar pos it ion ing  in t h e  LBD. In Figure 6-30 ,  t h e  

tw o  l igands o v e r la p  v ery  well an d  m o s t  im p o r ta n t ly  t h e  tw o  side ch a in s  a r e  p o s i t io n ed  in t h e  s a m e
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region  o f th e  LBD. The long side chain o f [24 3 ] could act in a sim ilar m o d e  to  th a t o f ICI 1 6 4 ,3 8 4  and 

d is to rt th e  H ellx -12. The sim ilar bind and  p o te n tia l m o d e  o f action  o f  [24 3 ] and ICI 1 6 4 ,3 8 4  m ay  

expla in  th e  large d iffe ren ce  in ac tiv ity  b e tw ee n  th e  12 chain analogue [24 3 ] (IC 5 0  = 15 8  n M ) and th e  

s h o rte r chains analogues [2 4 1 ]-[2 4 2 ] and [2 6 1 ]-[2 6 2 ] (IC50 = 3 8 -4 8  | iM )  o f  th is series. The 2- 

p h en y lin d o le  typ e  ligands exh ib ited  good ER binding ac tiv ity  w ith  ERa IC5 0  = 3 8 0  n M  and ER|3 IC50  = 

1 6 6 0  n M  fo r [24 3 ]. The 2 -p h en y lin d o le  core th a t is part o f th e  ER typ e  ligand scaffold and w hich  is 

also co n ta ined  w ith in  th e  b azed o xifen e  core structure can show  selectiv ity  to w a rd s  th e  ER. The  

m o lec u la r m odelling  shows th a t th e  2 -p heny lin do le  core in te rac ts  w ith  th e  key residues req u ired  fo r  

bind ing  and  this could ra tionalise th e  good ER binding ac tiv ity  observed fo r [243 ].

H O

,0 H

Figure 6-30 Superposition of ICI 
164,384 (pink) and [243] (grey) docked 
conformations in ERP IHJl.pdb

6.2.3.5 Molecular docking fo r the combretastatm-2-phenylindole-based conjugates 
The to p -ra n k e d  docked co n fo rm atio n  fo r [458] exhibits th e  sam e characteris tic  b inding in th e  LBD o f

ER as w as seen fo r th e  co m pound  [243] in 1ERR^“  and is show n in Figure 6 -3 1 . The 2 -p h en y lin d o le

core displays th e  sam e hydrogen bond in te rac tion  seen fo r  ra lox ifene and [243] w ith  th e  H is524,

A rg 3 9 4  and G lu 353  residues. In th is case, th e  c o m b re tas ta tin  fra g m e n t o f th e  con jugates exhib its

tw o  ad d itio n  n  bond in te rac tion s w ith  T yr5 26  and P ro535. The hydrogen bond in te rac tio n  can also

be seen  in th e  rERP (IQKN.pdb^^®, Figure 6 -3 0 ) h o w ev er in th e  ERP LBD, no n -b o n d  in te rac tio n s  w e re

observed  but an ad d itio n  hydrogen bond in te rac tion  w ith  A sp444 can be seen in Figure 6 -3 2 . The

ad d itio n a l in teractions seen w ith  th e  co m b re tas ta tin  fra g m e n t in both  ER isoform s suggests th a t th e

long chain w ith  th e  bulky su b stituen t w ou ld  a llow  fo r strong binding in te rac tio n  in th e  LBD. The ER

bind ing  results fo r [458] support th is hypothesis w ith  ERa IC50 = 5 7 4  n M  and ER|3 IC50 = 15 5  n M
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observed. The good ER binding observed suggests that the 2-phenylindole core can interact with the 

required residues for strong ER binding activity.

OlVIe
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Figure 6-31 Top-ranking docked conformation of [458] in ERa, lERR.pdb. The docked confirm ation is coloured by 
element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)

Figure 6-32 Top-ranking 
docked conformation of 
[458] in IQKN (rERp). The 
docked confirm ation is 
coloured by element type 
(carbon = grey, hydrogen 
= white, oxygen = red, 
nitrogen = blue)
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6.2.3.6 Molecular docking fo r bis-2-phenylindole-based analogues

N
HO

OH

Figure 6-33 Top-ranl<ing docked conformation of [268] in ERa, lERR.pdb. The docked confirmation is coloured by 
element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)

For th e  docking studies o f th e  b is -2-pheny lindo le  analogue [2 6 8 ], th e  X -ray s tru c tu re  o f th e  

ERa (lE R R .pdb)^°° cocrystallised w ith  th e  ra lox ifene w as used. It w as proposed th a t  th e  bis-2- 

p heny lin do le  analogues w ou ld  bind w ith  one o f th e  2 -p heny iin do le  w ith  sinnilar in te rac tio n  as seen  

w ith  ra lo x ifene , anchoring  th e  bis-connpound in place w ith  th e  linking chain having a close  

o rie n ta tio n  to  th a t seen by ra lox ifene . The o th e r 2 -p h en ylin d o le  p art o f th e  m o lecu le  th a t  w as not 

invo lved  in th e  binding to  th e  G lu 353 , A rg394 and H is524 was expected  to  p o te n tia lly  act as a large  

bulky g roup th a t could d isrupt th e  H elix -12. W h e n  [268] was docked w ith  ra lo x ifene  (sh o w n  in Figure 

6 -3 3 ), key binding in te rac tion s w ere  observed w ith  th e  G lu 353, A rg 394  and H is524 residue. In 

ad d itio n  in te rac tio n , to  th is th e  analogue w as seen to  fo rm  tw o  ad d itio n a l hydrogen bonds w ith  

M e t3 4 3  and T h r3 4 7  to  th e  phenol on th e  second 2 -p h en yind o le  fra g m en t. The ad d itio n a l hydrogen  

bonds should stabilise th e  analogue in th e  LBD o f th e  ER. The co m p o un d  w as ev a lu a ted  and was  

fo u n d  to  bind in th e  n a n o m o la r  region  (ERa IC5 0  = 4 3 6  n M  and ERP IC5 0  = 41  n M ) and th e  low  

m icro m o la r a n tip ro life ra tiv e  activ ity ( I C 5 0  = 2 .7 5  p M ) observed.
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6.2.3.7 Molecular docking for the aromatase inhibitor (A!) containing conjugates

[463] in ERa, 3ERT.pdb. The docked confirmation is coloured by element type (carbon = grey, hydrogen = white, oxygen

T he co n jugate  [46 3 ] w as docked in ERa LBD using th e  3ERT.pdb^°^ as th e  o rie n ta tio n  o f  its 

binding w ith  th e  LBD o f th e  ER w as expected  to  be q u ite  sim ilar to  th a t o f 4 -O H T  (Figure 6 -3 4 ). As 

seen w ith  th e  previous en d ox ifen  contain ing  con jugates, th e  key in terac tion s are  also observed  w ith  

[4 6 3 ]. The h ydrogen  bond in te rac tio n  w ith  th e  G lu 35 3  and A rg 3 94  are  essentia l o f th e  b ind ing  w ith in  

th e  LBD o f th e  ER. The an astro zo le  fra g m e n t does n o t exh ib it any ad d itio n  in te rac tio n  w ith in  th e  LBD 

h o w e v e r and m ay act as a bulky g roup  at th e  end  o f th e  side chain w hich  p ro tru des o u t o f  th e  LBD 

and d isrupts th e  H e lix -12  and inhibits th e  cell p ro life ra tio n . C o m p o un d  [46 3 ] exh ib ited  good ER 

binding ac tiv ity  w ith  ERa IC5 0  = 2 2 3 9  n M  and ER(3 IC5 0  = 2 4 5  n M  and show ed  se lectiv ity  fo r  ER(3 o f 

0 .1 1 . T he ER b ind ing  resu lt could be rationalised  w ith  th e  m o lec u la r m o d ellin g  study and confirm s  

th e  m o lec u la r basis fo r th e  strong ER binding capability .

O H

O
Figure 6-34 Top-ranking docked conformation of

= red, nitrogen = blue)
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6.2.3.B Molecular docking results for the piperazine-acrylic acid scaffold

ALA
• 3 5 4

VAI.
B.31S

MeO,

MeO

OMe

Figure 6-35 Top-ranking docked conformation of [349] in colchicine binding site of tubulin (ISAO.pdb). The docked 
confirmation is coloured by element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)

In Figure 6-35, the binding orientation of [349] in the colchicine binding site of tubulin is 

illustrated. The 2D image displays the two phenyl ring in trans orientation but from the 3D structure 

on the left shows [349] docked in the c/s orientation from which the 2D image was created. 

Compound [349] shows an interaction with the Cys241 residue which is a key hydrogen bond 

interaction for binding within the LBD. The hydrogen bond interaction was possible due to the near 

perfect overlap of the A-ring of colchicine and the A-ring of [349] shown in Figure 6-36. The B-ring of 

[349] can be seen to sit quite well where the methoxy and phenol substituents overlap with the 

methoxy and carbonyl substituents on the C-ring of colchicine. The piperazine rings is positioned in 

the free space between the Leu248, AsnlOl and Serl78. The similarity of the docking pose of [349] 

to colchicine could rationalize the inhibition of tubulin polymerisation and the low micromolar 

activity seen for the antiproliferative activity of this compound.
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Figure 6-36 Superposition o f DAMA Colchicine (green) and [349] (grey) docked conformations in tubulin (ISAO)

6.2.3.9 Molecular docking for the letrozole analogue
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Figure 6-37 Top-ranking docked conformation of [413] in colchicine binding site of tubulin (lSAO,pdb). The docked 
confirm ation is coloured by element type (carbon = grey, hydrogen = white, oxygen = red, nitrogen = blue)
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For the docking studies o f the letrozole analogue, the X-ray structure o f the tubulin protein  

(ISAO.pdb)^®^ cocrystallised w ith the ligand DAMA-colchicine was used. In Figure 6-37, compound  

[413] can be observed in the colchicine binding site of tubulin. The orientation o f [413] gives good 

overlap with the trim ethoxy ring 'A' but the trinnethoxy substituents do not directly overlap but are 

in the same region o f space (Figure 6-38). Compound [413] has similar orientation to the docked 

colchicine but no interaction was observed between the Cys241B residue and the m ethoxy 

substituent o f [413] which is a known interaction that is seen w ith colchicine. There is a hydrogen 

bond interaction observed betw een one of the methoxy substituent o f the A ring and S e rl7 8 . The 

similarity o f the binding orientation o f [413] and colchicine along w ith the com m on overlap in the 

structural features potentially could rationalise the potent antiproliferative activity ( I C 5 0  = 295 nM ) 

and the tw o-fold reduction in tubulin polymerization exhibited by [413].

O M eMeO

O M e

O M eHO

M eO

[413]

M eO

MeO'

HN

M eO

DAMA-colchicine

Figure 6-38 Superposition of DAMA Colchicine (green) and [413] (grey) docked conformations in ISAO 

Compound [413] is structurally similar to CA4 and letrozole, therefore  it is proposed that this 

molecule could potentially act as a hybrid compound in tubulin (discussed earlier) and arom atase. 

However, compound [413] was not evaluated in a tubulin binding assay, but not fo r in arom atase  

activity. In the absence of biochemical evaluation, the use o f molecular modelling was em ployed to  

substantiate the claim that compound [413] could infact inhibit arom atase. In Figure 6 -39  illustrates 

compound [413] docked w ith androstenedione (arom atase converts androstenedione to estrone). 

The key interaction that is observed is a hydrogen bond interaction betw een the M e t l7 4  and the  

phenol from  [413] a similar interaction is seen with the ketone at l? p  position o f androstenedione.



An additional interaction is observed  b e tw e e n  th e  triazole ring and A rgl35  which should increase 

th e  binding affinity of  com pound  [413] within th e  LBD of a rom atase .

The docking s tudy perform ed on com pound  [413] d o e s  no t prove th a t  it can inhibit 

a ro m a ta se  how ever  does  suggest th a t  it has th e  required structura l fea tu re s  to  bind and potentially  

act as an a ro m a ta se  inhibitor type  com pound . This would suggest th a t  com pound  [413] has th e  

po ten tia l  o f  being a CA4-AI hybrid.

'al373

ifgllS

o —Cn

Figure 6-39 Top-ranking [413] docked con fo rm atio n  in 3EQM w ith  a n d ro s ten e d io n e  (ligand). The docked co n firm ation  is 
co loured  by e le m en t ty p e  (carbon = grey , hydrogen  = w h ite , oxygen = red , n itrogen  = blue)

[466]

Figure 6-40 A n d ro sten ed io n e  [466]
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Chapter 7

Conclusion



7.1 Summary and Conclusion
M any app ro ach es  have b een  repo r ted  for th e  design and evaluation  of novel m olecules which ta rge t  

th e  proliferation of hum an  b reas t  cancer cells. The objective of  this project w as to  synthesise  a 

range of novel conjugate  com p o u n d s  for th e  t r e a tm e n t  o f  e s t ro g en  recep to r  positive b reas t  cancer. 

The s tra tegy  required  th e  selection of ER binding ligands which could be incorpora ted  into the  

con jugate  scaffold comprising ER ligand - cytotoxic a g en t  con juga te  s tructure .  The cytotoxic agen t 

chosen  w as th e  acrylic acid derivative of th e  co m b re ta s ta t in  CA4 com pound  [22]. A fu r the r  s tra tegy  

w as to  incorpora te  a ro m a ta se  inhibitor type  com pounds  into t h e  conjugate  scaffold in th e  design ER 

ligand -  a ro m a ta se  inhibitor and a ro m a ta se  inhibitor - cytotoxic agent.

The convergen t synthesis of th e  conjugate  co m p o u n d s  required  th e  p repara tion  of th e  

c o m p o n e n t  parts  of th e  conjugate  separa te ly  and th e n  th e  ap p rop r ia te  chem istry  to  link th em  

to g e th e r  to  afford th e  novel conjugate  com pounds . This convergen t app roach  required  the  

successful synthesis of th e  ER type  ligands endoxifen [36], cyclofenil [198] and th e  bazedoxifene 

rela ted  2-phenylindole [50]. The synthesis o f  th e  endoxifen  and cyclofenil ligands required  a 

McMurry coupling reaction to  afford th e  triarylene/tricyclic core in good yield (88%/86-97%), 

followed by aikylation and su b se q u e n t  am ination  reaction to  give th e  endoxifen and cyclofenil 

ligands. The modification to  th e  cycloalkane group on th e  cyclofenil core  was possible by 

in troduction of a variety of  cycloketones in th e  M cMurry reaction. The synthesis  of th e  2- 

phenylindole ligand provided so m e  difficulties and  also resu lted  in th e  isolation in teresting  of side 

products. The initial synthesis  of th e  4 ',5-d im ethoxy 2-phenylindole  via th e  Fisher indole synthesis  

reaction w as very successful (75%). S u b sequen t  /V-alkylation of th e  indole with various 

d ibrom oalkanes, followed by am ination  reaction all afforded  a series of  4 ' ,5 -d im ethoxy  2- 

phenylindole products. However th e  4 ',5-dihydroxy-2-phenylindole scaffold was required  for th e  

conjugate  produc ts  as th e  phenolic hydroxyl g roups w ere  essentia l for op tim um  ER binding activity. 

Initial dem ethy la t ion  reaction of th e  4 ',5-d im ethoxy  2-phenylindole scaffold w as unsuccessful, and 

afforded th e  required  products  in trace  am oun ts .  Alternative p ro tec tion  of th e  phenolic g roup  was 

required. This led to  th e  use of benzyl e th e r  p rotecting  groups which on selection of  th e  correc t 

catalyst (palladium hydroxide) w ere  easily rem oved . Interestingly, th e  aikylation s tep  in th e  synthesis  

o f  th e  required  /V-alkyl-2-phenylindole ligands afforded an  unexpec ted  by-product. In each case, this 

by-product w as found to  be a rearranged  alkylated p roduc t  (e.g. th e  2-phenyl-3H-indole [273]) and 

was isolated in m o d e ra te  yield. This re a r ra n g em e n t  for th e  aikylation reaction w as previously 

un rep o r ted  un d e r  th e se  conditions. The successful synthesis  of  th e  ER ligands provided 12 ER 

targeting  com p o u n d  ligands ([197], [221]-[225] and [241]-[243],[261]-[262]) for screening
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ind iv idually  fo r a n tip ro life ra tiv e  activ ity  in M C F-7 breast cancer cell line, ER binding ac tiv ity  and for  

in c o rp o ra tio n  in to  th e  con jugate  scaffold.

The connponents o f th e  con jugate  com pounds w ou ld  be synthesised individually  and  

su b sequ en tly  com bined  to  a ffo rd  th e  ta rg e t con jugate products. The next step w as th e  p rep ara tio n  

o f th e  cytotoxic agents th a t w e re  to  be incorpo ra ted  in to  th e  co n jugate  com pounds. The cytotoxic  

agents th a t w e re  used w ith in  th is p ro ject w e re  th e  acrylic acid d erivatives  o f co m b re tas ta tin  CA4. 

The successful synthesis o f th e  acrylic acids [15 0 ], [3 1 1 ]-[3 2 7 ] w as p erfo rm ed  using th e  Perkin  

reac tio n  w hich affo rds th e  desired com pounds in good yields. An investigation  in to  th e  use o f 

m icro w a ve  assisted organic synthesis (M A O S) on th e  Perkin reaction  a ffo rd ed  th e  desired  acrylic  

acids w ith  im proved  yields w ith  a 1 /6  reduction  in tim e . This M AO S m e th o d  gave a viab le and m o re  

p ro d u ctive  m e th o d  fo r th e  synthesis o f acrylic acids. The 21 synthesised acrylic acid [1 5 0 ], [3 1 1 ]-  

[32 7 ] w e re  to  be incorpo ra ted  in to  th e  con jugate  scaffold. A n o th e r investigation  on th e  im p o rtan ce  

o f th e  acrylic acid structure  on an tip ro life ra tiv e  activ ity led to  th e  p rep ara tio n  o f a series o f cinnam ic  

( [3 4 2 ] ,[3 4 4 ])  and propanoic ([3 4 3 ],[3 4 5 ])  acids. The synthesis o f a series o f p iperiz ine d eriva tives  o f  

th e  acrylic acid co m b re tas ta tin  CA4 led to  th e  isolation o f am id e com pounds [3 4 7 ]-[3 6 0 ] th a t have  

th e  p o te n tia l to  act as p o te n t cytotoxic agents.

The inclusion o f  a ro m atase  in h ib ito r (A!) ligands into  th e  co n ju g ate  scaffold was next 

exp lo red . The synthesis o f tw o  Al type com pounds contain ing  th e  requ ired  le tro zo le  and  

an as tro zo le  pharm aco p ho res  w as designed. The an astrozo le  based ligand w hich w as th e  benzoic  

acid d eriv a tive , w as successfully p repared  in a 6 step p ro ced u re . The synthesis o f le tro zo le  ligand  

[38 7 ] w as less th an  s tra ig h tfo rw ard . A va rie ty  o f routes w h e re  em p lo yed  in designing a successful 

synthesis o f th e  desired  [3 8 7 ]. In th e  initial approach to  th e  synthesis o f [38 7 ], th e  m o d ified  

su b stituents requ ired  on th e  aryl rings (including th e  n itr ile  and pheno l) inh ib ited  th e  p -cyanoaryl 

f lu o rid e  [381] reacting  w ith  [38 3 ] (Schem e 4 -6 ) due to  increased e lec tro n  density (reac tio n  req u ired  

e le c tro n  w ith d ra w in g  group and th e  phenol w hich w as an e lec tro n  don atin g  group). A n o th e r  

ap p ro ach  exp lo red  fo r th e  synthesise th e  le tro zo le  ty p e  ligand [387] w as wo th e  N i-ca ta lyzed  

Negish i-coupling  reaction , h o w e v e r because o f low  yield th is ro u te  w as d iscontinued. The le tro zo le  

ligand w as successfully synthesised wo th e  n-BuLi m e d ia te d  reaction  o f [39 7 ] w ith  [39 8 ] w hich  a ffo rd  

th e  desired  secondary alcohol in good yield . S ubsequent ad d itio n  o f 1 ,2 ,4 -tria zo le  gave th e  le tro zo le  

scaffo ld . This n-BuLi m e d ia te d  reaction  p rovided  access to  a series o f novel a ro m atase  in h ib ito r -  CA4  

hybrid  typ e  com pounds [39 4 ], [402] and [4 1 1 ]-[4 1 3 ].

Follow ing th e  synthesis o f th e  com p o nents  o f th e  con jugates , th e  next step w as to  co m b ine  

th e  estrogen  re ce p to r (ER) an tagonist ligands and th e  a rom atase  inh ib ito r(A I) ligands w ith  th e
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required cytotoxic agents or Al ligand as appropriate. The synthesis o f conjugates was facilitated by 

a carbodiim ide coupling reaction betw een the carboxylic acid functional groups of the acrylic acid 

a n d /o r anastrozole (Al) ligand w ith the secondary am ine o f the ER ligands an d /o r the letrozole (Al) 

ligand. The carbodiim ide m ediated coupling reaction was investigated and for the purpose o f this 

project. EDC was preferred to DCC based on ease o f removal o f the urea byproduct and increased 

yields. This EDC coupling reaction led to the successful synthesis o f 33 novel conjugates (16  

endoxifen-cytotoxic agent conjugates [414]-[430], 4 endoxifen-m odified cytotoxic agent conjugates 

[435 ]-[438 ], 5 cyclofenil-cytotoxic agent conjugates [444]-[448], 6  of the 2-phenylindole-cytotoxic  

agent conjugates [454]-[459], together w ith  the endoxifen-Ai conjugate [463] and the  Al-cytotoxic  

agent [464]). These products w ere to be exam ined for antiproliferative activity in MCF-7 horm one  

dependent breast cancer cells and also examined for ER binding activity.

The ER ligands and the novel conjugate compounds synthesised w ere tested  for 

antipro liferative activity in M C F -7 ER-overexpressing cell line. The cyclofenil ER ligands w ere  

evaluated and exhibited low m icrom olar activity (IC50 values 1-5 p M ) in the M C F -7 cell line. The 2- 

phenylindole ER ligands displayed m icrom olar activity w ith one compound [243] in the series 

exhibiting sub nanom olar activity (IC50 = 0 .158  p M ). The potent activity o f [243] could be attribu ted  

to  the length o f the aliphatic chain located at the N-1 position. In the m olecular modelling studies it 

is apparent th a t this lipophilic aliphatic substituent has the potential to  mimic the lipophilic 

substituent o f the ER steroid ligand fulvestrant, and possibly exhibits a mechanism of action similar 

to fulvestrant. These results indicate that the direct conjugate form ed from  tw o  ER targeting ligands 

could exhibit similar activity.

The endoxifen-cytotoxic agents [414]-[430] w ere evaluated for antiproliferative activity and 

the results varied considerably. The most potent compound from  this series was [415] w ith  an IC5 0  

value o f 1 n M , w ith  tw o  other compound ([414] and [426]) exhibiting similar activity. The m ajority  o f 

rest o f this series had an IC50 of >100 p M . Further conjugates w ere synthesized to investigate the  

contribution of each elem ent of the CA4 structure for antiproliferative activity, and it was concluded  

that the  biaryl structure was essential fo r the desired low m icrom olar activity. The cyclofenil- 

cytotoxic agent conjugates [444]-[448] dem onstrated low er antiproliferative activity when com pared  

to  the ER ligand alone, w ith tw o o f the novel conjugate compounds ([447] and [448]) exhibiting sub - 

m icrom olar activity. From m olecular m odelling studies it was rationalized that the m ore potent 

activity observed for [447] and [448] could be attributed to the fact that they both contained the  

bulkiest cycloalkane ring substituents which could occupy the free space in the LBD and form  

interactions to a greater extent than the  other conjugates in this series. The 2-phenylindole-

275



cytotoxic agent conjugates [454]-[459] also displayed very potent antiproliferative activity w ith the  

longest chain derivative [458] exhibiting an IC50 value o f 1.86 p M . Sinnilar to  the direct ER ligand 

conjugate [243], from  the m olecular modelling study is believed to follow  a similar m ode o f action to 

fu lvestrant. The aromatase inhibitor conjugates w ere o f particular interest due to their novel nature. 

The endoxifen-Al conjugate [463] exhibited potent activity (IC50 = 0 .316  p M ) in MCF-7 and similarly 

too did the Al-cytotoxic agent conjugate [464] (IC50 = 1.14 p M ). The exact mechanism o f action is not 

clear as they potentially have tw o  modes of action possible in each case:, compound [463] can act 

via both estrogen receptor antagonism and aromatase inhibition, while it is possible fo r compound  

[464] to  act by e ither arom atase inhibition or tubulin polymerization inhibition mechanisms.

The lead compounds ([223], [225], [243], [268], [468], [464], [458], [426], [447] and [448]) 

w ere identified from  each series and evaluated for ER binding activity via a Lanthascreen® FRET kit. 

The compounds exhibited low m icrom olar to low nanom olar activity for binding to  ERa and ERp. 

Com pound [448] exhibited the highest activity for ERa w ith IC50 of 19 nm and a selectivity for 

ERa/ER(3. o f 12 fold. Compound [268] exhibited the highest activity for ER3 when com pared to ERa 

of IC50 o f 41 nm and a selectivity for ERa/ERP of 0.09.

To investigate the mechanism o f action o f the compound in m ore detail, the lead 

compounds ([223], [225], [243], [268], [349], [413], [468], [464], [458], [426], [447] and [448]) from  

each series w ere subjected to cell cycle analysis. All compounds tested increased apoptosis w hen  

com pared to vehicle-treated cells, with the exception of compounds [464] and [243] which was not 

expected due to  the ir in vitro activity. The cyclofenil based analogues [223] and [225] proved 

significantly m ore active than the positive control tam oxifen. The potent activity o f several m em bers  

of this cohort o f compounds in MCF-7 breast cancer cells and their lack o f toxicity in normal blood 

cells make them  ideal candidates for fu rther anti-cancer studies.

The synthesis of the A1-CA4 hybrid compounds [394], [402] and [411]-[413] w ere interesting  

as it was the first tim e such compounds had been reported. This series o f compounds [394], [402] 

and [411]-[413] exhibited no antiproliferative activity below 100 pM  in MCF-7 cells, except fo r the  

com pound [413] which exhibited a sub m icrom olar activity (IC50 = 0 .295  p M ). This result was 

extrem ely interesting and it was then evaluated for tubulin inhibition. Compound [413] induced a 

tw ofold  reduction in polymer mass. This result proved that the hybrid compound was targeting  

tubulin  but it was not possible to evaluate [413] on arom atase to determ ine if the  m olecule  

exhibited tw o  modes o f action, or was functioning solely as a tubulin polym erisation inhibitor. 

Com pound [413] was also shown to cause G 2M  arrest which is expected for tubulin binding agents 

and was dem onstrated to be non toxic in peripheral blood m ononuclear cells.
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In summary, a library o f novel estrogen receptor (ER) ligands, com bretastatin  analogues, 

arom atase inhibitor (Al) ligands, conjugates [444] and [458] and arom atase inhibitor-com bretastatin  

CA4 hybrid compound [413] have been successfully synthesised and biochemically evaluated for 

antipro liferative activity, tubulin inhibition ([413]), cell cycle analysis, ER binding and toxicity. The 

potent activity o f several m em bers o f this cohort o f compounds in IVICF-7 breast cancer cells and 

th e ir lack o f toxicity in norm al blood cells make them  ideal candidates fo r fu rther anti-cancer studies 

and drug developm ent. Figure 7-1.

M eO

M eO

MeO'

M eO [448]
A ntip ro lifera tive  activity  

IC 5o=182 nM (M C F-7) 
E R  binding a ffin ity  

IC 5 0  — 19 nM (ERgipha) 
IC 5 0  = 229 nM (ERbeta)

O M e
[413]

A ntip ro life ra tive  activ ity  
IC 5 0  =295  nM (M C F-7) 

Tubulin inhibition  
2 -fold reduction in 

tubulin polymerization

[458]
A ntip ro lifera tive  activ ity  
IC 5o=1860 nM (M C F-7) 

E R  binding a ffin ity  

IC 5 0  = 574 nM (ERaipha) 
IC 5 o = 1 5 5  nM (ERpeta)

M eO

O M e

Figure 7-1 Example of synthesised compounds which would be ideal candidates for further anti-cancer studies
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Chapter 8 

Experimental



8.1 General experimental details

Uncorrected m elting points w ere measured on a Gallenkamp apparatus. Infra-red (IR) spectra w ere  

recorded on a Perkin Elmer FT-IR Paragon 1000 spectrom eter. ^H, and nuclear magnetic  

resonance (N M R ) spectra w ere recorded at 27 °C on a Brucker DPX 400  spectrom eter (400 .13  MHz, 

^H; 100 .61  M H z, 376.47 MHz, in e ither CDCI3 (internal standard tetram ethylsilane (TMS)) or 

CD3OD. For CDCI3, ^H-NMR spectra w ere assigned relative to the TMS peak at 0 .00  8 and ^^C-NMR 

spectra w ere  assigned relative to the middle CDCI3 trip let at 77 .00  ppm. For CD3OD, ^H and ^^C-NMR 

spectra w ere assigned relative to  the center peaks o f the CD3OD m ultiplets at 3 .30  5 and 4 9 .00  ppm  

respectively. ^®F-NMR spectra w ere not calibrated. Coupling constants are reported in Hertz. For 

^H-NMR assignments, chemical shifts are reported; shift value (num ber o f protons, description of 

absorption, coupling constant(s) w here applicable). Electrospray ionisation mass spectrom etry (ESI- 

MS) was perform ed in the positive ion mode on a liquid chrom atography tim e-o f-fligh t mass 

spectrom eter (M icrom ass LCT, W aters Ltd., M anchester, UK). The samples w ere introduced into the 

ion source by an LC system (W aters Alliance 2795, W aters Corporation, USA) in acetonitrile : w ater  

(60 :40  % v/v) at 200  piL/min. The capillary voltage of the mass spectrom eter was at 3 kV. The sample 

cone (de-clustering) voltage was set at 40  V. For exact mass determ ination, the instrum ent was 

externally calibrated for the mass range m /z  100 to m /z  1000. A lock (reference) mass (m /z  

556 .2771) was used. Mass m easurem ent accuracies o f < +5 ppm w ere obtained. Low resolution  

mass spectra (LRMS) w ere acquired on a Hewlett-Packard 5973 MSD GC-MS system in electron  

im pact (El) m ode. Elemental analyses w ere perform ed on an Exetor Analytical CE4400 CHN analyser 

in the  microanalysis laboratory, D epartm ent o f Chemistry, University College Dublin. Rf values are 

quoted fo r th in layer chrom atography on silica gel M erck F-254 plates, unless otherw ise stated. 

Flash column chrom atography was carried out on M erck Kieselgel 60 (particle size 0 .0 4 0 -0 .063m m ), 

Aldrich alum inium  oxide, (activated, neutral, Brockmann I, 50 mesh) or Aldrich alum inium  oxide, 

(activated, acidic, Brockmann I, 50 mesh). Chromatograpic separations w ere also carried out on 

Biotage SP4 instrum ent. M icrowave experim ents w ere carried out w ith  in the Biotage in itia tor and 

Discover CEM m icrowave synthesisers.
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8.1.1 Combretastatin A-4 [2 2 ]2bi
To a suspension of Cu powder (0.915 g, 14.4 mmol) in quinoline (10 mL) was added [150] (1.0 g, 2.78 

mmol) and the resulting mixture was stirred under N2 at 200 °C for 3 h. Upon cooling, the mixture 

was diluted with EtOAc (50 mL), and the Cu was filtered off. The filtrate was washed with aq. 1 M 

HCI (3 X 20 mL), and the aqueous layer was separated and extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed with brine (2 x 10 mL), dried (MgS0 4 ), and concentrated 

under reduced pressure to afford a brown viscous solid. The material was purified via flash 

chromatography on silica gel (n-Hexane:DCM, 2:1) to afford the product as a light yellow oil and 

subsequent recrystallization from n-Hexane-diethyl ether to give [22] as colorless crystals (413 mg, 
47%).

'H-NMR 400MHz (CDCI3): 5 3.68 (s, 6 H, OCH3), 3.84 (s, 3 H, OCH3), 3.89 (s, 3 H, OCH3), 5.49 (br. s, 1 
H, O H ), 6.42 (d, IH , J = 12.4 Hz, C=CH), 6.45 (d, 1 H, J = 12.4 Hz, C=CH), 6.51 (s, 2 H, Ar-H), 6.71 (d, 1 

H, J =8.0 Hz, Ar-H), 6.79 (dd, 1 H, J= 8.0, 2.0 Hz, Ar-H), 6.91 (d, 1 H, J= 2.0 Hz, Ar-H) ^*C-NMR lOOMHz 

(CDCI3): 5 152.85 (C-OCH3), 145.78 (C-OCH3), 145.26 (C-OCH3), 137.17 (C -O H), 132.68, 130.63, 
129.47, 129.01, 121.08, 115.04, 110.32, 106.07, 60.90 (OCH3), 55.93 (OCH3), 55.92 (OCH3) IR: v^a* 
(KBr) cm ^ 3424.2, 3002.0, 2938.8, 2836.5, 1610.4, 1579.2, 1508.9, 1459.1, 1419.4, 1328.0, 1182.3, 
1025.3, 1004.1, 944.8, 881.1, 854.7, 796.6 HRMS (El): Found 339.1220 (M +Na)\ CigHjoOsNa requires 

339.1208. M.P. 116-117 °C

8.2 Synthesis of protected endoxifen

8.2.1 (4-((£/Z)-l-{4-(2-H ydroxy)phenyl)-2-phenylbut-l-enyl)phenoxy)(tef't- 
butyl)dimethylsilane [193]‘‘2i

Zinc dust (5.254 g, 80.37 mmol) was weighed out and transferred to a three-necked round bottomed 

flask containing 50 mL of dry THF. Titanium tetrachloride was added (7.623 g, 4.4 mL, 40.185 mmol) 
via syringe to the mixture and then refluxed for 2 h under darkness and a N2 environment. [194] 
(2.93 g, 8.93 mmol) and propiophenone [195] (3.59 g, 3.6 mL, 26.79 mmol) were dissolved in 40 mL 

of dry THF. This mixture was added to the mixture in the round-bottomed flask carefully via syringe. 
The mixture was then refluxed for a further 3 h. Afterwards, the mixture was allowed to cool then 
diluted with 150 mL ethyl acetate and washed with 10 % potassium carbonate solution (60 mL). 
After filtration, the organic layer was separated out and the aqueous layer was extracted with ethyl 
acetate (100 mL x 3). The combined organic layers were dried over anhydrous sodium sulfate, 
filtered and evaporated to dryness in vacuo to yield crude product. The material was purified via 

flash chromatography on silica gel (n-Hexane:EtOAc, 4:1) to afford the product as a brown resin. (3.4 

g, 88 %)

^H-NMR 400MHz (CDCI3): 8  0.13 (s, 0.25 x 12 H, SiCH3), 0.25 (s, 0.75 x 12 H, SiCH3), 0.94-1.03 (m, 24 

H, SiC(CH3 )3 ,CH3 ), 2.48-2.53 (q, 4H, 7.5 Hz, CH2 ) 6.49-6.52 (m, 4 H, Ar-H), 6.68 (t, 4 H, J= 8.5 Hz, Ar-

H), 6.83-6.85 (m, 4 H, Ar-H), 7.11-7.19 (m, 14 H, Ar-H) “ C-NMR lOOMHz (CDCI3): 6  153.68, 153.05, 
152.84, 142.11, 140.64, 135.94, 135.62, 131.70, 131.38, 130.35, 130.08, 129.26, 127.37, 127.29, 
127.19, 126.93, 126.68, 126.41, 126.21, 125.40, 119.08, 118.15, 114.44, 113.74, 27.21, 25.23, 17.74, 
13.20, 13.17, -4.80, -4.82, -4.92 IR: v „ a x  (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 HRMS (El): Found 453.2220 (M+Na)^ 

C28H3402NaSi requires 453.2226.
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8.2.2 [4 -(fe rt-B u ty ld im ethyls ilanyloxy)pheny l]-(4 -hydroxyphenyl)m ethanone [194-]*^^
4,4'-Dihydroxybenzophenone [192] (6.00 g, 28 mmol) and imidazole (2.094 g, 31 mmol) were 

dissolved in DMF (20 mL) with stirring. A solution of terf-butyldimethylsilyl chloride (4.22 g, 28 

mmol) in DMF (20 mL) was added to the mixture slowly over the course of 1 h. Reaction mixture was 

allowed to stir at room temperature for 16 h. The reaction was worked up via the addition of ethyl 
acetate (100 mL) and 10% hydrochloric acid (50 mL). The organic layer was washed with water (100 

mL), brine (100 mL), dried over sodium sulphate and evaporated to dryness in vacuo to yield crude 

product. The material was purified via flash chromatography on silica gel (/i-Hexane:DCM, 5:1) to 

afford the product as a light yellow oil. (3.34 g, 27 %)
Mono-protected protected [194]

^H-NMR 400MHz (CDCI3): 6 7.76 (dd, 4H, J= 6.5Hz, Ar-H), 6.94 (dd, 4H, J= 7.5Hz, Ar-H), 1.02 (s, 9H, 

CH3), 0.27 (s, 6 H, CH3) “ C-NMR lOOMHz (CDCI3): 5 195.66(C=0), 160.25, 159.47, 132.41, 132.02, 
130.50, 129.37, 119.30, 114.90, 25.16 (CH3), 17.80, -4.78 (SiC) IR: v^,* (KBr) cm ^ 3362.6, 295.9,
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 

HRMS (El): Found 329.1579 Ci9 H2 s0 3 Si requires 329.1595.

8.2.2.1 (4-((tert-Butyld im ethylsiIy I)oxy)phenyl)(4-((ethyId im ethyls ily l)oxy)phenyl) 
m ethanone [1 9 4 a ]

The material was purified via flash chromatography on silica gel (n-Hexane:DCM, 5:1) to afford the 

product as a colourless oil. (34 %)

^H-NMR 400MHz {CDCI3): 5 7.75 (d, 4 H, J= 8.5 Hz, Ar-H), 6.91 (d, 4H, J= 8.5 Hz, Ar-H), 1.02 (s, 18 H, 
CH3), 0.26 (s, 12 H, CH3) “ C-NMR lOOMHz (CDCI3): 6 194.1 (C=0 ), 159.0, 131.7, 130.8, 119.2, 119.1,
25.2 (CHz), 17.8, -4.79 (SiC) IR: v„,,, (Neat) cm ^ 2956.0, 2930.8, 2886.7, 2858.8, 1653.1, 1599.1,
1508.0, 1267.5, 1161.2, 1006.4, 909.2 HRMS (El): Found 437.1937 (M +Na)\ C2 3 H3 4 0 3 Si2 Na requires 
437.1944.

8.2,3 (4 -((E /Z )-l-(4 -(2 -B ro m o e th o x y )p h e n y l)-2 -p h e n y lb u t-l-e n y I)p h e n o x y )(te rf-  
buty l)d im ethyls ilane

(4-((f/Z)-l-(4-(2-Hydroxy)phenyl)-2-phenylbut-l-enyl)phenoxy)(tert-butyl)dimethylsilane [193] (3.28
g, 7.63 mmol) was dissolved in 1,2-dibromoethane (71.69 g, 33 mL, 381.6 mmol) with stirring. 
Tetrabutylammonium hydrogen sulfate (2.59 g, 7.63 mmol) was added, followed by 1 M sodium 

hydroxide solution (35 mL). The biphasic mixture was stirred vigorously at room temperature for 16
h. The reaction mixture was worked up via the addition of dichloromethane (100 mL) and sodium 

bicarbonate solution (100 mL). The aqueous layer was extracted with dichloromethane (100 mL). 
The organic layers were combined, dried over sodium sulfate and concentrated in vacuo to yield 

crude product. The material was purified via flash chromatography on silica gel (n-Hexane:EtOAc, 
6:1) to afford the product as a brown resin. (3.2 g, 78 %)

^H-NMR 400MHz (CDCI3 ): 5 0.12 (s, 0.54 x 12H, SiCH3 ), 0.24 (s, 0.46 x 12 H, SiCHj), 0.92-1.03 (m, 24 

H, SiC(CH3 )3 ), 2.50 (q, 4 H, J- 7.5 Hz, CH2 ), 3.58 (t, 0.54 x 4H, J= 6.5 Hz, CHj), 3.69 (t, 0.46 x 4 H, J=6.5 

Hz, CH2 ), 4.18 (t, 0.46 X 4H, J= 6.5 Hz, CH2 ), 4.34 (t, 0.54 x 4 H, J= 6.5 Hz, CHj), 6.45-6.6 (m, 4 H, Ar-H), 
6.7-6.95 (m, 8  H, Ar-H), 7.08-7.22 (m, 14 H, Ar-H) ^^C-NMR lOOMHz (CDCI3 ): 5 156.28, 155.45, 
142.04, 140.74, 136.56, 135.88, 131.61, 131.37, 130.26, 130.09, 129,25, 127.40, 127.30, 125.48, 
119,10, 118.52, 113.78, 113.00, 67.35, 31.15, 28.79, 28.73, 28.45, 25.23, 25.21, 13.70, 13.21, 13.16, - 
4.81, -4.92 IR: v „ a ,  (KBr) cm ^ 3436.4 (OH), 2957.9, 2930.4, 2858.5, 1604.9, 1507.3, 1472.3, 1254.7,
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1168.3, 916.2, 838.8, 804.2, 780.3 HRMS (El): Found 559.1630 (M+Na)", CaoHsyOzBrSiNa requires 

559.1644.

8.2.4 (4-((£/Z)-l-(4-(2-m ethylam inoethoxy)phenyl)-2-phenylbut-l- 
enyl)phenoxy)(terf-butyl)dimethylsiIane [1 9 7 ]‘‘2i

(4-((f/Z)-l-(4-{2-Bromoethoxy)phenyl)-2-phenylbut-l-enyl)phenoxy)(ferf-butyl)dimethylsilane [196] 
(1.457 g, 2.69 mmol) was dissolved in a 2 M solution of methylamine in THF (1.678 g, 26.99 mL, 54 

mmol). The reaction mixture was stirred in a sealed pressure tube for 48 h at 60 °C. The reaction was 

worked up via the addition of 100 mL of dichloromethane. The organic phase was washed with a 

sodium bicarbonate /  sodium carbonate ~pH 10 aqueous buffer (50 mL). The aqueous phase was 

then extracted with 3 x 50 mL dichloromethane. The organic layers were combined, dried over 
sodium sulfate and concentrated in vacuo to yield crude product. The material was purified via flash 

chromatography on silica gel (DCM:EtOAc 3:1) to afford the product as a brown resin. (1.24 g, 94 %) 

‘H-NMR 400MHz (CDCI3): 5 7.20-6.50 (m, 26H, Ar-H), 4.11 (t, 0.43 x 4H, J= 5.0 Hz, CH2 ), 3.95 (t, 0.43 x 

4H J= 5.0 Hz, CH2 ), 3.36 (s, 2H, NH), 2.99 (s, 0.57 x 4H, CH2 ), 2.89 (s, 0.43 x 4H, CH2 ) 2.53 (m, lOH, 
NCH3, CH2 ), 1.01-0.92 (m, 24H, CH3, (CHjjj), 0.26 (s, 0.43 x 12H, Si(CH3)2)), 0.13 (s, 0.57 x 12H, 

Si(CH3)2> “ C-NMR lOOMHz (CDCI3): 6 156.94, 156.10, 153.84, 153.06, 142.19, 142.11, 140.65,140.59, 
137.53, 137.44, 136.35, 136.06, 136.02, 135.68, 131.57, 131.43, 130.20, 130.12, 129.25, 127.41, 
127.33, 125.48, 125.44, 119.12, 118.54, 113.54, 112.80, 65.99, 65.73, 50.12, 50.03, 49.47, 35.39, 
35.26, 28.60, 28.47, 25.26, 25.24, 17.75, 13.24, 13.21, -4.80, -4.91 IR: v ^ a x  (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 488.3088 (M+H)*, 
C3 iH4 iN 0 2 Si requires 488.2907.

8.3 Synthesis of cyclofenil derivatives

8.3.1 General method for the synthesis of Cyclofenil derivatives via McMurry coupling.
Zinc dust (9 eq., 3.58 g, 54.81 mmol) was transferred to a three neck round bottom flask containing 
dry THF (50 mL). Titanium tetrachloride (4.5 eq., 5.2 g, 37.4 mmol, 3 mL) was added via a syringe 

dropwise to the mixture and refluxed for 2 h in darkness and under a N2 atmosphere. The 

appropriate phenolic ketone [194] (1 eq.) and relevant cyclic-ketone [201]-[205] (3 eq.) were 

dissolved in dry THF (40 mL). This mixture was added to the three-neck round bottom flask carefully 
via syringe dropwise. The mixture was then refluxed for a further 3 h. The mixture was allowed to 

cool and then diluted with EtOAc (75 mL) and 10 % K2 CO3 solution. The mixture was filtered under 
vacuum to remove the dark blue metal complex. The filtrate was then separated and the aq. layer 
was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with 10 % K2 CO3 

solution (20 mL), water (50 mL) and brine (50 mL) then dried over Na2 S0 4 , filtered and the solvent 
was evaporated under reduced pressure to afford the crude product. The material was purified via 

flash chromatography over silica gel to afford the product.

8.3.2 4-((4-((fert-Butyldim ethylsilyl)oxy)phenyl)(cyclopentylidene)m ethyl)phenol 
[206]

As per general method 8.3.1, TiCl4  (4.5 eq., 5.2 g, 27.4 mmol, 3 mL), Zn dust (9 eq., 3.58 g, 54.81 

mmol), [194] (1 eq., 2 g, 6.09 mmol) and cyclopentanone [201] (3 eq., 1.54 g, 18.26 mmol, 1.88 mL) 
were reacted. The crude material was purified via flash chromatography over silica gel (n- 
Hexane:DCM, 3:1) to afford the product as an orange resin (2.25 g, 97%)
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NMR (CDCI3, 400 MHz) 5 7.01 - 7.11 (m, 4H, (Ar-H)), 6.74 - 6.82 (m, 4H, (Ar-H)), 2.40 (t, J = 7.00 Hz, 

4H, (2 X CH2 )), 1.69 (quin, J = 3.50 Hz, 4H, (2 x CH2 )), 1.01 (s, 9H, (3 x CH3 )), 0.22 (s, 6 H, (2 x CH3 )) 

NMR (CDCIj, 100 MHz) 5 153.4 (C-OH), 153.1 (C-O-Si), 141.6 (C=C), 136.4 (C=C), 135.7 (C,), 131.5 

(Cq), 130.0 (ArC), 129.7 (ArC), 118.9 (ArC), 114.3 (ArC), 32.8 (CH2 ), 26.5 (CHj), 25.2 (CH3 ), 17.7 

(C{CH3 )3 ), -4.8 (CH3 ) HRMS (El): Found 379.2101 (M-H)', C24H3i02Si requires 379.2099. IR : (KBr)

cm 3400.5 (br.), 2955.5, 2930.6, 2358.3, 1635.33, 1598.3, 1507.4, 1270.0 (br.), 1163.4, 911.7

8.3.3 4-((4-((tert-Butyldimethylsilyl)oxy)phenyl)(cyclon-hexaneylidene)methyl)phenol
[207]

As per general method 8.3.1, TiCU (4.5 eq., 5.2 g, 27.4 mmol, 3 mL), Zn dust (9 eq., 3.58 g, 54.81 

mmol), [194] (1 eq., 2 g, 6.09 mmol) and cyclohexaneanone [202] (3 eq., 1.79 g, 18.26 mmol, 1.9 mL) 

were reacted. The crude material was purified via flash chromatography over silica gel (n-

Hexane:DCM, 3:1) to afford the product as an orange resin (2.1 g, 87%)

Ĥ NMR (CDCI3 , 400 MHz) 6  6.95 - 7.04 (m, 4H, Ar-H), 6.74 - 6.79 (m, 4H, Ar-H), 2.23 - 2.31 (m, 4H, 2

x CH2 ), 1.55 - 1.69 (m, 6 H, 3 x CH2), 1.02 (s, 9H, 3 x CH3), 0.24 (s, 6 H, 2 x CH3) ” C NMR {CDCI3 , 100 

MHz) 6  153.3 (C-OH), 153.2 (C-O-Si), 137.8 (C=C), 136.0 (C=C), 135.6 (Cq), 133.1 (Cp), 130.7 (ArC),

130.4 (ArC), 118.8 (ArC), 114.2 (ArC), 32.1 (CHj), 28.2 (CHj), 26.4 (CH2), 25.2 (CH3 ), 17.7 (C(CH3)3>, -4.8 

(CH3 ) HRMS (El): Found 395.2405 (M +H )\ C25H3s02Si requires 395.2406. IR : i/„ax (KBr) cm ^:3390.8,

2928.4, 2855.8, 1698.7, 1604.9, 1505.7, 1471,1463.2, 1447.1, 1258.7, 1167.1, 1099.0, 915.8, 802.1

8.3.4 4-((4-((ferf-ButyldimethylsiIyl)oxy)phenyl)(cycloheptylidene)methyl)phenol
[208]

As per general method 8.3.1, TiCU (4.5 eq., 5.2 g, 27.4 mmol, 3 mL), Zn dust (9 eq., 3.58 g, 54.81 

mmol), [194] (1 eq., 2 g, 6.09 mmol) and cycloheptanone [203] (3 eq., 2.04 g, 18.26 mmol, 2.15 mL) 

were reacted. The crude material was purified via flash chromatography over silica gel (n-

Hexane:DCM, 3:1) to afford the product as an orange resin (2.1 g, 84%)

‘H NMR {CDCI3, 400 MHz) 5 6.99 - 7.06 (m, 4H, Ar-H), 6.73 - 6.79 (m, 4H, Ar-H), 2.33 (s, 4H, 2 x CHj), 

1.59 (s, 8 H, 4 X CH2), 1.00 (s, 9H, 3 x CH3), 0.21 (s, 6 H, 2 x CH3) “ C NMR (CDCI3, 100 MHz) 5 153.1 (C- 

OH, C-O-Si), 139.1 (C=C), 136.4 (C=C), 136.1 (Cq), 135.8 (Cq), 130.1 (ArC), 129.9 (ArC), 118.9 (ArC), 

114.3 (ArC), 33.0 (CH2 ), 32.96 (CH2 ), 29.0 (CHj), 27.7 (CH2 ), 25.2 (CH3), 17.7 (C(CH3)3), -4.8 (CH3) HRMS 

(El): Found 409.2574 (M +H )\ C2 6 H 3 7 0 2 Si requires 409.2563. IR : v„,^ (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

8.3.5 4-((4-((ferf-ButyIdimethylsilyl)oxy)phenyl)(cyclooctylidene)methyI)phenol [209]
As per general method 8.3.1, TiCU (4.5 eq., 5.2 g, 27.4 mmol, 3 mL), Zn dust (9 eq., 3.58 g, 54.81 

mmol), [194] (1 eq., 2 g, 6.09 mmol) and cyclooctanone [204] (3 eq., 2.30 g, 18.26 mmol, 2.4 mL) 
were reacted. The crude material was purified via flash chromatography over silica gel (n- 

Hexane:DCM, 3:1) to afford the product as an orange resign (2.3 g, 89%)

Ĥ NMR (CDCI3, 400 MHz) 5 6.99 - 7.11 (m, 4H, Ar-H), 6.73 - 6.80 (m, 4H, Ar-H), 2.28 (t, J = 6.50 Hz, 

4H, 2 X CH2 ), 1.63 -1 .71  (m, 2H, CH2 ), 1.47 - 1.62 (m, 8 H, 4 x CH2 ), 0.99 (s, 9H, 3 x CH3), 0.21 (s, 6 H, 2 

x CH3) NMR (CDCI3, 100 MHz) 5  153.1 (C-OH, C-O-Si), 139.4 (C=C), 136.7 (C=C), 136.3 (Cq), 135.8 

(Cq), 129.8 (ArC), 129.5 (ArC), 119.1 (ArC), 114.4 (ArC), 32.0 (CH2 ), 26.1 (CH2 ), 25.9 (CH2 ), 25.8 (CH2 ), 

25.2 (CH3), 17.7 (C(CH3)3), -4.9 (CH3) HRMS (El): Found 445.2519 (M +Na)\ C27H3gNa0 2 Si requires 

455.2539. IR: i/^ax (KBr) cm ^ 3345.2 (br.), 2928.7, 2856.5, 1603.4, 1503.5, 1253.8 (br.), 1166.7, 917.0
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8.3.6 4-((4-((terf-Butyldim ethylsiIyl)oxy)phenyl)(4-m ethylcyclon- 
hexaneylidene)methyI)phenol [210]

As per general method 8.3.1, TiCU (4.5 eq., 5.2 g, 27.4 mmol, 3 mL), Zn dust (9 eq., 3.58 g, 54.81 

mmol), [194] (1 eq., 2 g, 6.09 mmol) and 4-methylcyclon-hexaneanone [205] (3 eq., 2.05 g, 18.27 

mmol, 2.24 mL) were reacted. The crude material was purified via flash chromatography over silica 

gel (/7 -Hexane:DCM, 3:1) to afford the product as an orange resin (2.15 g, 8 6 %)

NMR (CDCU, 400 MHz) 5 7.04 -7.08 (m, 4H, Ar-H), 6.80 -  6 . 8 6  (m, 4H, Ar-H), 2.69 (d, J = 13.1 Hz, 
4H, 2 X CHz), 2.05 (m, 5H, CH, 2 x CH2 ), 1.09 (s, 9H, 3 x CH3), 1.02 (d, 3H, J=6.5 Hz, CH3), 0.30 (s, 6 H, 2 

X CH3) “ C NMR (CDCI3, 100 MHz) 5 153.4 (C-OH), 153.3 (C-OSi), 137.4 (Cp), 136.2 ( Q ,  135.6 (Cq), 
133.3 (Cq), 130.7, 130.5, 118.9, 114.4, 32.4 (CH), 29.0 (CHj), 26.6 (CH2 ), 25.2 (CH3 ), 17.8 (C(CH3 )3 ), -4.7 

(CH3 ) HRMS (El): Found 409.2570 (M +H)\ C2 6 H 3 7 0 2 Si requires 409.2563. IR : i/̂ ax (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, 780.7, 734.2

8.3.7 General method for the bromoalkylation of phenol
The appropriate phenol [206]-[210] (1 eq.) was dissolved in 1,2-dibromoethane (~50 eq.) with 
stirring. Tetrabutylammonium hydrogen sulfate (5 mmol) was added followed by 1 M NaOH solution 

(50 mL). The biphasic mixture was stirred vigorously at RT for 16 h. The reaction mixture was worked 

up via the addition of DCM (100 mL) and NaHC0 3  solution (100 mL). The aq. layer was extracted with 

DCM (100 mL) and the organic layer were combined and washed with water (50 mL), brine (50 mL) 
and dried over Na2 S0 4  after filtration the solvent was evaporated under reduced pressure. The 
material was purified via flash chromatography over silica gel to afford the product. (DCM : n- 

Hexane)

8.3.8 (4-((4-(2-Brom oethoxy)phenyl)(cyclopentylidene)methyl)phenoxy)(fert- 
butyl)dimethylsilane [211]

As per general method 8.3.7, phenol [206] (1 eq., 2.1 g, 5.52 mmol), 1,2-dibromoethane (~50 eq.
52.29 g, 275.8 mmol, 24 mL) and tetrabutylammonium hydrogen sulfate (1.7 g, 5 mmol) were 

reacted together. The crude product was purified via flash chromatography over silica gel (n- 

Hexane:DCM, 4:1) to afford the product as a clear resin (2.5 g, 93%)

Ĥ NMR {CDCI3, 400 MHz) 5 6.67 - 7.46 (m, 8 H, Ar-H), 4.23 - 4.39 (m, 2H, CH2 ), 3.59 - 3.75 (m, 2H, 
CHj), 1.46 - 1.78 (m, 4H, 2 x CHj), 1.01 (s, 9H, 3 x CH3 ), 0.23 (s, 6 H, 2 x CH3 ) NMR {CDCI3, 100 
MHz) 5 156.9 (C-OSi), 154.6 (C-OCH2 ), 130.0, 129.7, 128.9, 128.8, 128.6, 120.1, 118.9, 113.6, 113.6, 
113.5, 67.3 (CH2 ), 32.8 (CH2 ), 28.7 (CH2 ), 26.6 (CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) HRMS (El): 
Found 487.1666 (M+H)*, C26H36Br02Si requires 487.1662 IR : i/̂ ax (KBr) cm ^ 2955.0, 2858.7, 1651.1, 
1597.8, 1508.3, 1255.3 (br.), 1169.7, 913.6

8.3.9 (4-((4-(2-Bromoethoxy)phenyi)(cyclon-hexaneylidene)methyl)phenoxy)(fert- 
butyl)dimethylsilane [212]

As per general method 8.3.7, phenol [207] (1 eq., 2.1 g, 5.32 mmol), 1,2-dibromoethane (~50 eq.
52.29 g, 275.8 mmol, 24 mL) and tetrabutylammonium hydrogen sulfate (1.7 g, 5 mmol) were 

reacted together. The crude product was purified via flash chromatography over silica gel (n- 

Hexane:DCM, 4:1) to afford the product as a clear resin (2.44 g, 91%)
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NMR (CDCI3, 400 MHz) 6 7.06 (d, J = 8.53 Hz, 2H, Ar-H), 6.98 (d, J = 8.28 Hz, 2H, Ar-H), 6.85 (d, J = 

8.78 Hz, 2H, Ar-H), 6.76 (d, J = 8.78 Hz, 2H, Ar-H), 4.30 (t, J = 6.27 Hz, 2H, CH2 ), 3.66 (t, J = 6.27 Hz, 

2H, CHj), 2.23 - 2.31 (m, 4H, 2 x CHj), 1.59 - 1.68 (m, 6H, 3 x CHj), 1.01 (s, 9H, 3 x CH3), 0.23 (s, 6H, 2 

X CH3) NMR {CDCI3, 100 MHz) 8 156.3 (C-O-CH2 ), 153.8 (C-O-Si), 138.4 (C=C), 136.8 (C=C), 136.3 

(Cq), 133.5 (Cq), 131.0 (ArC), 130.8 (ArC), 119.3 (ArC), 114.1 (ArC), 67.8 (CH2 ), 32.5 (CH2 ), 29.2 (CH2 ),

28.7 (CH2 ), 26.9 (CH2 ), 25.7 (CH3 ), 18.2 (C(CH3 )3 ), -4.4 (CH3 ) HRMS (El): Found 501.1827 (M+H)", 

C27H3gBr02Si requires 501.1819. IR : i/^ax (KBr) cm ^  2930.1, 2857.5, 1654.4, 1600.6, 1508.2, 1471.9, 

1254.5, 1168.0, 913.8, 838.9, 804.6, 781.1

8.3.10 (4-((4-(2-Bromoethoxy)phenyl)(cycloheptylidene)methyl)phenoxy)(fert- 
butyl)dimethylsilane [213]

As per general method 8.3.7, phenol [208] (1 eq., 2.35 g, 5.70 mmol), 1,2-dibromoethane (~50 eq.

56.64 g, 298.8 mmol, 26 mL) and tetrabutylammonium hydrogen sulfate (1.7 g, 5 mmol) were 
reacted together. The crude product was purified via  flash chromatography over silica gel (n- 

Hexane:DCM, 4:1) to afford the product as a clear resin (2.76 g, 94%)

NMR (CDCI3, 400 MHz) 5 7.09 (d, J = 8.53 Hz, 2H, Ar-H), 7.00 (d, J = 8.53 Hz, 2H, Ar-H), 6.84 (d, J =

8.53 Hz, 2H, Ar-H), 6.75 (d, J = 8.53 Hz, 2H, Ar-H), 4.29 (t, J = 6.27 Hz, 2H, CH2 ), 3.65 (t, J = 6.27 Hz, 

2H, CH2 ), 2.32 (s, 4H, 2 x CH2 ), 1.59 (s, 8 H, 4 x CH2 ), 0.99 {s, 9H, 3 x CH3 ), 0.20 (s, 6 H, 2 x CH3 ) ” C 

NMR (CDCI3 , 100 MHz) 5 155.7 (C-O-CH2 ), 153.2 (C-O-Si), 139.2 (C=C), 136.7 (C=C), 136.3 (Cq), 135.8 

(Cq), 130.1 (ArC), 129.8 (ArC), 118.9 (ArC), 113.6 (ArC), 67.3 (CH2 ), 32.9 (CH2 ), 29.0 (CH2 ), 28.8 (CH2 ),

27.7 (CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.9 (CH3 ) HRMS (TOF-MS): Found 514.1895 (M+H)^ 
CjgHjgOjBrSi requires 514.1903. IR : v/„a, (KBr) cm ^ 2929.0, 2856.8, 1602.8, 1507.6, 1471.7, 1254.1, 

1168.0, 1016.7, 913.9, 839.4, 781.0

8.3.11 (4-((4-(2-Bromoethoxy)phenyI)(cyclooctylidene)methyl)phenoxy)(ferf- 
butyl)dimethylsilane [214]

As per general method 8.3.7, phenol [209] (1 eq., 2.33 g, 5.70 mmol), 1,2-dibromoethane (~50 eq.

56.64 g, 298.8 mmol, 26 mL) and tetrabutylammonium hydrogen sulfate (1.7 g, 5 mmol) were 

reacted together. The crude product was purified via  flash chromatography over silica gel (n- 

HexanetDCM, 4:1) to afford the product as a clear resin (2.83 g, 94%)

Ĥ NMR (CDCI3, 400 MHz) 5 7.12 (d, J = 8.53 Hz, 2H, Ar-H), 7.03 (d, J = 8.03 Hz, 2H, Ar-H), 6.85 (d, J =

8.53 Hz, 2H, Ar-H), 6.76 (d, J = 8.53 Hz, 2H, Ar-H), 4.28 (t, J = 6.27 Hz, 2H, CH2 ), 3.65 (t, J = 6.27 Hz, 

2H, CH2 ), 2.24 - 2.32 (m, 4H, 2 x CH2 ), 1.63 - 1.71 (m, 2H, CH2 ), 1.48 - 1.63 (m, 8 H, 4 x CH2 ), 0.99 (s, 

9H, 3 X CH3 ), 0.20 (s, 6 H, 2 x CH3 ) “ c  NMR (CDCI3,100 MHz) 8  155.6 (C-O-CH2 ), 153.1 (C-O-Si), 139.6 

(C=C), 137.0 (C-C), 136.5 (Cq), 135.7 (Cq), 129.7 (ArC), 129.5 (ArC), 119.1 (ArC), 113.8 (ArC), 67.3 

(CH2 ), 32.0 (CH2 ), 28.8 (CH2 ), 26.1 (CH2 ), 26.0 (CH2 ), 25.8 (CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) 

HRMS (El): Found 529.2139 (M +H )\ C29H42Br02Si requires 529.2132 IR : (KBr) cm'^ 2929.6,

2857.7, 1651.2, 1598.9, 1508.5, 1255.3 (br.), 1168.2, 912.8

8.3.12 (4-((4-(2-Bromoethoxy)phenyl)(4-methylcyclon- 
hexaneylidene)methyl)phenoxy)(ferf-butyl)diniethylsilane [215]

As per general method 8.3.7, phenol [210] (1 eq., 2.3 g, 5.63 mmol), 1,2-dibromoethane (~50 eq.
56.64 g, 298.8 mmol, 26 mL) and tetrabutylamm onium hydrogen sulfate (1.7 g, 5 mmol) were 

reacted together. The crude product was purified via flash chromatography over silica gel (n- 

Hexane:DCM, 4:1) to afford the product as a clear resin (2.61 g, 90%)
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‘H NMR (CDCIj, 400 MHz) 5 7.09 (d, J = 8.5 Hz, 2H, Ar-H), 7.02 (d, J = 8.0 Hz, 2H, Ar-H), 6.87 (d, J = 8.5 
Hz, 2H, Ar-H), 6.80 (d, J = 8.0 Hz, 2H, Ar-H), 4.31 (t, J = 6.3 Hz, 2H, CH2 ), 3.67 (t, J = 6.3 Hz, 2H, CHj), 
2.64 (t, J = 11.5 Hz, 2H, CHj), 1.96 -  2.03 (m, 2H, CHj), 1.82 (d, J = 12.0 Hz, 2H, CHj), 1.61 -  1.72 {m, 
IH, CH), 1.08 -  1.18 (m, 2H, CH2 ), 1.04 (s, 9H, CH3 ), 0.98 (d, J = 6.5 Hz, 3H, CH3 ), 0.21 (s, 6 H, 2 x CH3 ) 

NMR (CDCI3 , 100 MHz) 6  155.9 (C-OC), 153.4 (C-OSi), 137.6 (Cp), 136.3 (Cq), 135.9 (Cq), 133.2 (Cq), 
130.6 (Cq), 130.4, 118.8, 118.8, 113.6, 69.3 (CH2 ), 36.5 (CH2 ), 32.4 (CH), 31.4 (CH2 ), 28.8 (CH2 ), 25.3 
(CH3 ), 17.77 (C(CH3)3>, -4.8 (CH3 ) HRMS (El): Found 515.2006 (M+H)^ C2sH4o0 2 SiBr requires 515.1981. 
IR : (KBr) cm ^ 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

8.3.13 General method for the amination of bromoalkyl ketones.
Methylamine (2 M in THF) (~20 eq.) was added to the alkyl bromide compound [211]-[215] and 
sealed in a high pressure tube. The reaction mixture was heated to 60 °C while stirring for 48 h. The 
reaction mixture was allowed sufficient time to cool, allowing the internal pressure to decrease prior 
to opening the pressure tube. The solvent was evaporated under reduced pressure. The oil was 
dissolved in DCM (30 mL) and was washed with a pHlO aq. Solution* (30 mL). The pH 10 aq. 
Solution* was extracted with DCM (2 x 30 mL). The organic layers were combined and washed with 
water (50 mL), brine (50 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced 
pressure to obtain a brown oil. The crude material was purified via  flash chromatography on silica 
gel. (DCM : EtOAc)

* pHlO aq. Solution = 6  g of NaHCOs and 6  g of Na2C0 3  per 100 mL of water

8.3.14 2-(4-((4-({terf-Butyldim ethyIsilyl)oxy)phenyl)(cyclopentylidene)m ethyI) 
phenoxy)-N-methylethanamine [216]

As per general method 8.3.13, [211] (1 g, 2.05 mmol) and methylamine ("'20 eq, 41.02 mmol, 20 mL) 
were reacted together. The crude material was purified via flash chromatography on silica gel 
(DCM:EtOAc, 2:1) to afford a brown resin (737 mg, 82%)

Ĥ NMR {CDCI3 , 400 MHz) 5 7.10 (d, J = 8.53 Hz, 2H, Ar-H), 7.03 (d, J = 8.53 Hz, 2H, Ar-H), 6 . 8 6  (d, J = 
8.53 Hz, 2H, Ar-H), 6.76 (d, J = 8.03 Hz, 2H, Ar-H), 4.12 - 4.19 (m, 2H, CH2 ), 3.03 - 3.16 (m, 2H, CH2 ), 
2.58 (s, 3H, CH3 ), 2.34 - 2.44 (m, 4H, 2 x CH2 ), 1.63 - 1.73 (m, 4H, 2 x CH2 ), 1.00 (s, 9H, 3 x CH3 ), 0.20 

(s, 6 H, 2 X CH3 ) “ C NMR {CDCI3, 100 MHz) 8  156.0 (C-O-CH2 ), 153.2 (C-O-Si), 141.8 (C=C), 136.4 (C-C), 
136.3(Cq), 131.4 (Cq), 129.9 (ArC), 129.7 (ArC), 118.9 (ArC), 113.4 (ArC), 65.1 (CH2 ), 49.5 (CH2 ), 32.8 
(CH3 ), 26.49 (CH2 ), 26.47 (CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) HRMS (El): Found 438.2838 
(M+H)\ C27H4oN02Si requires 438.2823. IR : (KBr) cm ^ 3343.1 (br.), 2955.1, 2930.6, 2857.7,
1660.9, 1604.1, 1508.4, 1254.1 (br.), 1168.9, 915.4

8.3.15 2-(4-((4-((terf-Butyldim ethylsilyl)oxy)phenyl)(cyclon-hexaneyIidene)m ethyl) 
phenoxy)-N-methylethanamine [217]

As per general method 8.3.13, [212] (1 g, 2.0 mmol) and methylamine (~20 eq, 41.02 mmol, 20 mL) 
were reacted together. The crude material was purified via flash chromatography on silica gel 
(DCM:EtOAc, 2:1) to afford a brown resin (781 mg, 8 6 %)

Ĥ NMR (CDCI3 , 400 MHz) 5 7.03 (d, J = 8.5 Hz, 2H, Ar-H), 6.96 (d, J = 8.5 Hz, 2H, Ar-H), 6.84 (d, J  = 8.5 
Hz, 2H, Ar-H), 6.74 (d, J = 8.5 Hz, 2H, Ar-H), 4.13-4.17 (m, 2H, CH2 ), 3.08 (d, J = 6.5 Hz, 2H, CHj), 2.58 
(s, 3H, CH3 ), 2.24 (d, J = 5.0 Hz, 4H, 2 x CH2 ), 1.56-1.63 (m, 6 H, 3 x CH2 ), 0.99 (s, 9H, CH3 ), 0.21 (s, 6 H,
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CHb) NMR (CDCIj, 100 Hz) 5 156.1 (C-O-CHa), 153.3 (C-OSi), 137.9 ( Q ,  136.0 (Cq), 135.8 (CJ,

133.0 (Cp), 130.5, 130.3, 118.8, 113.4, 65.1 (CHj), 49.5 (CHj), 34.7 (NCH3 ), 32.1 (CHj), 32.0 {CH2 ), 28.2 

(CH2 ), 26.4 (CH3 ), 17.71 (CICHjIa), -4.83 (CH3 ) HRMS (El): Found 452.2982 (M +H )\ C2gH42N02Si 

requires 452.2985. IR : (KBr) cm^; 3435.1, 2928.5, 2854.3, 1606.2, 1507.9, 1471.3, 1255.0,

1168.7, 915.1, 835.8, 778.9

8.3.16 2-(4-((4-((terf-ButyldimethyIsilyl)oxy)phenyl)(cycloheptylidene)methyl) 
phenoxy)-N-methylethanamine [218]

As per general method 8.3.13, [213] (1 g, 1.94 mmol) and methylamine (~20 eq, 41.02 mmol, 20 mL) 

were reacted together. The crude material was purified via flash chromatography over silica gel 

(DCM:EtOAc, 2:1) to  afford a brown resin (813 mg, 90%)

‘H NMR (CDCI3 , 400 MHz) 5 7.07 (d, J -  8 . 8  Hz, 2H, Ar-H), 7.00 (d, J = 8.3 Hz, 2H, Ar-H), 6.83 (d, J = 8.3 

Hz, 2H, Ar-H), 6.74 (d, J = 8.3 Hz, 2H, Ar-H), 4.08 (d, J = 6.5 Hz, 2H, CH2 ), 3.61 (d, J = 6.5 Hz, 2H, CHj), 

2.99 (s, IH , NH), 2.52 (s, 3H, CH3 ), 2.29-2.33 (m, 4H, 2 x CH2 ), 1.55-1.64 (m, 8 H, 4 x CH2 ), 0.99 (s, 9H, 

CH3 ), 0.20 (s, 6 H, CH3 ) “ C NMR (CDCI3 , 100 MHz) 8  156.7 {C-O-CH2 ), 153.6 (C-OSi), 139.5 (Cp), 136.8 

(Cp), 136.7 (Cq), 136.4 ( Q ,  132.0 (Cq), 130.4, 130.3, 128.5, 120.0, 119.3, 113.8, 113.6, 65.1 (CHj), 49.5 

(CH2 ), 33.5 (NCH3 ), 33.4 (CH2 ), 29.4 (CHj), 28.2 (CHj), 28.1 (CH2 ), 25.7 (CH3 ), 18,1 (ClCHjjs), -4.8 (CH3 ) 
HRMS (El): Found 446.3152 (M+H)*, C29H44N02Si requires 446.3141 . IR : (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

8.3.17 2-(4-((4-((ferf-ButyIdimethylsilyl)oxy)phenyl)(cyclooctylidene)methyl)phenoxy)- 
N-methylethanamine [219]

As per general method 8.3.13, [214] (1 g, 1.89 mmol) and methylamine (~20 eq, 41.02 mmol, 20 mL) 

were reacted together. The crude material was purified via flash chromatography over silica gel 
(DCM:EtOAc, 2:1) to  afford a brown resin (761 mg, 84%).

‘h NMR (CDCI3, 400 MHz) 6  7.06 - 7.15 (m, 2H, Ar-H), 6.98 - 7.06 (m, 2H, Ar-H), 6.85 - 6.93 (m, 2H, 

Ar-H), 6.71 - 6.79 (m, 2H, Ar-H), 4.16 - 4.26 (m, 2H, CH2 ), 3.10 - 3.24 (m, 2H, CH2 ), 2.60 (s, 3H, CH3 ), 

2.20 - 2.32 (m, 4H, 2 x CH2 ), 1.62 - 1.73 (m, 2H, CH2 ), 1.45 - 1.62 (m, 8 H, 4 x CH2 ), 0.99 (s, 9H, 3 x 

CH3 ), 0.19 (s, 6 H, 2 X CH3 ) NMR (CDCI3, 100 MHz) 5 155.4 (C-O-CH2 ), 153.1 (C-O-Si), 139.6 (C=C),

137.1 (C=C), 136.5 (Cq), 135.6 (Cq), 129.6 (ArC), 129.4 (ArC), 119.1 (ArC), 113.8 (ArC), 63.3 (CHj), 48.5 

(CH2 ), 33.6 (CH3 ), 32.0 (CH2 ), 26.0 (CH2 ), 25.9 (CHj), 25.7 (CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) 
HRMS (El): Found 480,3301 (M +H )\ C3oH46N02Si requires 480.3292. IR : (KBr) cm^: 3413.8 (br.),

2927.7, 2856.0, 1643.2, 1605.9, 1506.7, 1241.1 (br.), 1168.5, 835.8

8.3.18 2-(4-((4-((tert-Butyldimethylsilyl)oxy)phenyl)(4-methyicyclon- 
hexaneylidene)methyl)phenoxy)-N-inethylethanamine [220]

As per general method 8.3.13, [215] (1 g, 1.94 mmol) and methylamine (~20 eq, 41.02 mmol, 20 mL) 

were reacted together. The crude material was purified via flash chromatography on silica gel 

(DCM:EtOAc, 2:1) to  afford brown resin (722 mg, 80%)

Ĥ NMR {CDCI3, 400 MHz) 5 7.04 (d, J = 7.0 Hz, 2H, Ar-H), 6.97 (d, J = 8.5 Hz, 2H, Ar-H), 6.84 (d, J = 8.5 

Hz, 2H, Ar-H), 6.75 (d, J = 8.5 Hz, 2H, Ar-H), 4.09 (t, J = 4.5 Hz, 2H, CH2 ), 3.01 (s, 2H, CH2 ), 2.75 (s, IH , 

NH), 2.54 -  2.62 (m, 5H, CH3 , CH2 ), 1.95 (t, J = 12.5 Hz, 2H, CH2 ), 1.78 (d, 2H, CH2 ), 1.60-1.64 (m, IN , 

CH), 1.09 (q, J = 12.0 Hz, 2H, CH2 ), 1.00 (s, 9H, CH3 ), 0.94 (d, J = 6 . 6  Hz, 3H, CH3 ), 0.22 (s, 6 H, CH3 ) 

NMR {CDCI3, 100 MHz) 5 156.5 (C-O-CH2 ), 153.3 (C-OSi), 137.4 (C,), 135.9 (Cq), 135.8 (Cq), 133.2 (Cp),
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130.5, 130.4, 130.4, 118.8, 113.3, 66.1 (CHj), 50.2 (CH2 ), 36.4 (CH2), 35.6 (NCH3 ), 32.4 (CH), 31.3 

(CH2 ), 25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) HRMS (El): Found 466.3156 (M+H^, C2gH4 4 N0 2 Si requires 
466.3141. 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

8.3.19 General method for deprotection of fm-butyldimethylsilyl (TBDMS) ether group
The appropriate silyl ether [216]-[220] was dissolved in a minimum amount of THF (~3 mL) while 
stirring under N2 . An equimolar quantity of TBAF (1 M in THF) was added and the mixture was 

allowed to stir for 30 min. The reaction was monitored via TLC. The solvent was evaporated to 

dryness. The residue was redissolved in DCM (20 mL) and washed with a 10% HCI solution (10 mL). 
The organic  phase was dried over N3 2 S0 4  and evaporated to dryness in vacuo. The residue is purified 

via flash chromatography on silica gel to afford the products.

8.3.20 4-(Cyclopentylidene(4-(2-(methylamino)ethoxy)phenyl)methyl)phenol [221]
As per general deprotection method 8.3.19, protected cyclofenil derivative [216] (200 mg, 0.457 
mmol) and TBAF (1 M in THF) (0.457 mmol, 0.457 ml) were reacted together in THF (3 mL). The 

residue was purified via flash chromatography on silica gel (DCM:MeOH, gradient 50:1 to 40:1) to 

afford the product as a pale pink solid (107 mg, 73%).

NMR (CDCI3, 400 MHz) 8  9.23 - 9.42 (m, IH , OH), 7.03 (d, J = 8.53 Hz, 2H, Ar-H), 6.92 (d, J = 8.53 

Hz, 2H, Ar-H), 6 . 8 6  (d, J = 8.53 Hz, 2H, Ar-H), 6 . 6 8  (d, J = 8.53 Hz, 2H, Ar-H), 4.00 (t, J = 5.52 Hz, 2H, 
CH2 ), 2.84 (t, J = 5.27 Hz, 2H, CH2 ), 2.35 (s, 3H, NCH3 ), 2.26 - 2.34 (m, 4H, 2 x CH2 ), 1.54 - 1.69 (m, 4H, 
2 XCH2 ) “ C NMR (CDCI3, 100 MHz) 8  157.1 (C-OH), 155.9 (C-O-CH2 ), 140.9 (C=C), 136.3 (C=C), 134.5 
(Cp), 132.4 (C„), 130.3 (ArC), 115.2 (ArC), 114.3 (ArC), 67.2 (CH2), 50.6 (CH2), 36.4 (NCH3 ), 33.2 (CH2 ), 
26.9 (CH2) HRMS (El): Found 324.1950 (M +H)\ C2 1H2 6NO2 requires 324.1958. IR : (KBr) cm ^
3438.3 (br.), 2952.55, 2864.3, 2591.1, 1608.2, 1507.1, 1268.9, 1235.6, 1053.8, 834.8 MP: 160-163 °C

8.3.21 4-(CycIonhexaneylidene(4-(2-(methylamino)ethoxy)phenyl)methyl)phenol [222]
As per general deprotection method 8.3.19, protected cyclofenil derivative [217] (200 mg, 0.442 

mmol) and TBAF (1 M in THF) (0.442 mmol, 0.442 ml) were reacted together in THF (3 mL). The 

residue was purified via flash chromatography on silica gel (DCM:MeOH, gradient 50:1 to 40:1) to 

afford the product as a white solid (116 mg, 78%).

‘H NMR (DMSO-de, 400 MHz) 8  6.95 (d, J = 8.53 Hz, 2H, Ar-H), 6.77 - 6 . 8 8  (m, 4H, Ar-H), 6.67 (d, J = 

8.53 Hz, 2H, Ar-H), 3.98 (t, J = 5.52 Hz, 2H, CH2 ), 2.80 (t, J = 5.65 Hz, 2H, CHj), 2.33 (s, 3H, NCHj), 2.09 

- 2.23 (m, 4H, 2 X CH2 ), 1.46 -1 .64  (m, 6 H, 3 x CH2 ) (OH not present) NMR (DMSO-de, 100 MHz) 8

157.3 (C-OH), 157.0 (C-OCH2), 137.0 (C,,), 135.9 (Cq), 134.2 (C J, 133.2 (Cq), 130.9, 130.8, 115.3, 114.3, 
67.5 (CH2), 50.8 (CH2), 36.6 (NCH3), 32.4 (CH2), 28.6 (CH2), 23.5 (CH2) HRMS (El): Found 338.2104 

(M^-H)^ C2 2H2 8NO2 requires 338.2115 IR : i/„ax (KBr) cm' :̂ 3438.2 (br.), 2930.0, 2847.3, 2660.1, 
2591.11, 1607.8, 1508.4, 1465.7, 1302.6, 1273.0, 1168.4, 1041.8, 833.7 MP: 169-170 X

8.3.22 4-(Cycloheptyiidene(4-(2-(methylamino)ethoxy)phenyl)methyl)phenol [223]
As per general deprotection method 8.3.19, protected cyclofenil derivative [218] (200 mg, 0.429 

mmol) and TBAF (1 M in THF) (0.429 mmol, 0.429 ml) were reacted together in THF (3 mL). The 

residue was purified via flash chromatography on silica gel (DCM:MeOH, gradient 50:1 to 40:1) to 

afford the product as a pale pink solid ( 1 2 2  mg, 81%).
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NMR (DMSO-de, 400 MHz) 8  7.00 (d, J = 8.78 Hz, 2H, Ar-H), 6.80 - 6.95 (m, 4H, Ar-H), 6.67 (d, J =

8.53 Hz, 2H, Ar-H), 3.97 (t, J = 5.65 Hz, 2H, CHj), 2.80 (t, J = 5.52 Hz, 2H, CH2 ), 2.33 (s, 3H, NCH3 ), 2.18

- 2.27 (m, 4H, 2 X CH2 ), 1.46 - 1.63 (m, 8 H, 4 x CH2 ) ” C NMR (DMSO-dg, 100 MHz) 8  157.2 (C-OH),

156.0 (C-OCH2 ), 138.4 (Cg), 137.1 (Cq), 136.4 (Cq), 134.5 (Cq), 130.3, 130.3, 115.2, 114.3, 67.5 (CH2 ),

50.8 (CH2 ), 36.6 (NCH3 ), 33.3 (CH2 ), 29.2 (CH2 ), 28.0 (CH2 ), 23.5 (CH2 ) HRMS (El): Found 352.2261 
(M +H )\ C2 3 H3 0 NO2 requires 352.2271 IR : i/^a* (KBr) cnn ^  3440.6 (br.), 2929.7, 2849.4, 2575.8,

1607.4, 1505.9, 1463.3, 1274.6, 1240.8, 1168.6, 1045.2, 828.8 MP: 169-171 °C

8.3.23 4-(Cyclooctylidene(4-(2-(methylamino)ethoxy)phenyl)methyI)phenol [224]
As per general deprotection method 8.3.19, protected cyclofenil derivative [219] (200 mg, 0.417 

mmol) and TBAF (1 M in THF) (0.417 mmol, 0.417 ml) were reacted together in THF (3 mL). The 

residue was purified via flash chromatography on silica gel (DCM:MeOH, gradient 50:1 to  40:1) to 

afford the product as a clear oil (119 mg, 78%).

‘H NMR (DMSO-de, 400 MHz) 8  7.02 (d, J = 8.53 Hz, 2H, Ar-H), 6.80 - 6.93 (m, 4H, Ar-H), 6 . 6 8  (d, J =

8.53 Hz, 2H, Ar-H), 3.96 (t, J = 5.65 Hz, 2H, CH2 ), 2.80 (t, J = 5.77 Hz, 2H, CHj), 2.32 (s, 3H, NCH3 ), 2.13

- 2.26 (m, 4H, 2 x CH2 ), 1.40 - 1.68 (m, lOH, 5 x CHj) NMR {DMSO-dg, 100 MHz) 8  157.1 (C-OH),

156.8 (C-OCH2 ), 138.5 (Cq), 137.2 (Cq), 136.8 (Cq), 134.1 (Cq), 130.0, 129.8, 115.5, 114.5, 67.5 (CH2 ),
50.8 (CH2 ), 36.6 (NCH3 ), 32.4 (CHj), 26.4 (CH2 ), 26.2 (CHj), 23.5 (CH2 ) HRMS (El): Found 366.2414 

(M +H )\ C2 4 H3 2 NO2 requires 366.2428 IR : i/^a* (KBr) cm '^ 3438.1 (br.), 2932.3, 2871.9, 2852.2,

2640.4, 2566.5, 1607.9, 1587.1, 1505.9, 1455.8, 1274.9, 1239.5, 1168.1, 1046.6, 838.9

8.3.24 4-((4-(2-(Methylamino)ethoxy)phenyl)(4-methylcyclon- 
hexaneylidene)methyl)phenol [225]

As per general deprotection method 8.3.19, protected cyclofenil derivative [220] (200 mg, 0.429 
mmol) and TBAF (1 M in THF) (0.429 mmol, 0.429 ml) were reacted together in THF (3 mL). The 

residue was purified via flash chromatography on silica gel (DCM:MeOH, gradient 50:1 to 40:1) to 

afford the product as a pale pink solid (124 mg, 82%).

Ĥ NMR (DMSO-dg, 400 MHz) 8  6.94 (d, J = 8.50 Hz, 2H, Ar-H), 6.78 - 6 . 8 8  (m, 4H, Ar-H), 6 . 6 8  (d, J =

8.53 Hz, 2H, Ar-H), 3.98 (t, J = 5.52 Hz, 2H, CH2 ), 2.80 (t, J = 5.40 Hz, 2H, CH2 ), 2.48 (t, J = 16.10 Hz, 2H, 
CH2 ), 2.33 (s, 3H, NCH3 ), 1.90 (dt, J = 3.14, 12.86 Hz, 2H, CH2 ), 1.72 (d, J = 11.80 Hz, 2H, CH2 ), 1.51 - 
1.63 (m, 3H, CH2 , CH), 0.90 (d, J = 6.27 Hz, 3H, CH3 ) NMR (DMSO-ds, 100 MHz) 8  157.3 (C-OH), 
156.6 (C-OCH2 ), 136.7 (Cq), 135.9 (Cq), 134.3 (Cq), 133.6 (Cq), 130.9, 130.8, 115.2, 114.3, 67.5 (CH2 ),
50.8 (CH2 ), 36.6 (NCH3 ), 32.7 (CH), 31.7 (CH2 ), 23.5 (CHj), 22.4 (CH3 ) HRMS (El): Found 352.2264 

(M +H )\ C2 3 H3 0 NO2 requires 352.2271 IR : (KBr) cm'^: 3439.7 (br.), 2945.8, 2913.1, 2887.4,

2866.9, 1607.06, 1505.9, 1456.2, 1270.3, 1234.5, 1168.2, 1043.6, 830.4 MP: 74-76 °C

8 . 4  S y n th e s is  o f  2 - p h e n y l in d o le  d e r iv a t iv e s

8.4.1 5-Methoxy-2-(4-methoxyphenyl)-3-methyl-l//-indole [231]®*3
A m ixture o f 4-methoxyphenylhydrazine [230] (2g, 11.44 mmol) and 4-methoxypropiophenone [229] 

(2.06 g, 12.58 mmol) was dissolved in EtOH (50 mL). To this solution, 10 drops o f concentrated HCI 

was added. The solution was heated at reflux at 80 °C fo r 6  hrs. The resulting solution was allowed to 

cool and a precipitate formed. This solution was filtered using vacuum filtra tion. The filtra te  was 

washed w ith cold EtOH (5 mL) to afford the product as a pale pink solid (2.3 g, 75.3 %), which was 
recrystallised from EtOH.
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NMR (CDCI3, 400 MHz) 6  7.88 (br s, IH , NH), 7.53 (d, J= 8 . 8  Hz, 2H, Ar-H), 7.26 (d, 8.5Hz, IH , Ar-
H), 7.04 (s, 2H, Ar-H), 7.02 (s, IH , Ar-H), 6 . 8 8  (dd, J=8.5Hz, J=2Hz, IH , Ar-H), 3.92 (s, 3H, OCH3), 3.89 

(s, 3H, OCH3), 2.44 (s, 3H, CH3 ) NMR (CDCI3, 400 MHz) 5 158.47 (C-OCH3), 153.63 (C-OCH3), 

134.55 (Cq), 130.37 (Cq), 130.03 (Cq), 128.48 (C =C ), 113.80 (Ar-C), 111.48 (Ar-C), 110.88 (Ar-C), 107.09 

(C-C), 100.27 (Ar-C), 55.53 (OCH3 ), 54.91 (OCH3 ), 9.26 (CH3 ) HRMS (El): Found 268.1335 (M +H)\ 

Ci7 HigN0 2  requires 268.1338 IR: (KBr) cm‘^ 3382.0 (NH), 2933.2, 2833.0 (C-H), 1610.3, 1572.1,
1557.5, 1509.6, 1487.1, 1451.6, 1435.5, 1409.2, 1287.8, 1247.8, 1179.8, 1111.0, 1063.4, 1031.9, 
1012.0, 995.9, 933.1, 840.4, 826.7, 803.9, 622.7, 570.7, 520.1, 503.2 MP: 142-146 °C

8.4.2 General method for alkylation of 5-IVIethoxy-2-(4-methoxyphenyl)-3-inethyl-l//- 
indole

To a round bottomed flask was added sodium hydride (60 % in mineral oil, lOeq). The sodium 

hydride was washed 3 times with n-hexane (5 ml) to remove the mineral oil. The sodium hydride 
was then placed under nitrogen and to this was added dry THF (5 m l) at 0 °C. To this was added the 

phenylindole [231] (1 eq) and the mixture was allowed to stir for 15 min at 0 °C. The dibromoalkane 

[232]-[234] (5 eq) was then added and the mixture was allowed to stir for 15 min at 0 °C. The 

reaction was then put to reflux for 2 hours. To the resulting mixture was added water dropwise (5 

ml) and then evaporated to dryness to afford a crude oil. The resulting crude mixture was re
dissolved in DCM (30 mL) and washed with water (3 x 30 m l), brine (30 m l) and dried over Na2 S0 4 . 
The solvent was evaporated to dryness to yield crude product. The residue was purified via flash 

chromatography over silica gel (n-hexane; DCM) to afford the product.

8.4.3 l-(4-Brom obutyl)-5-m ethoxy-2-(4-m ethoxyphenyI)-3-m ethyI-lW -indole [235J
As per general method 8.4.2, indole [231] (0.5g, 1.5 mmol) and 1,4-dibromobutane [232] (1.87 

mmol, 0.4g, 0.22 m l) were reacted together in dry THF (5 mL). The resulting oil was purified using 

flash chromatography over silicia gel to (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as 

a yellow oil (0.35 g, 47%).

NMR (CDCI3, 400 MHz) 5 7.32 (d, J=8 .8 Hz, 2H, Ar-H), 7.26 (t, J= 8 .8 Hz, IH , Ar-H), 7.07 (s, 2H, Ar-H),
7.04 (s, IH , Ar-H), 6.92 (dd, J= 8 .8 Hz, IH , Ar-H), 4.05 (t, 6.5 Hz, 2H, CHa^N), 3.92 (s, 6 H, OCH3 ), 3.20
(t, 2H, J= 6 .8 , CH2 -Br), 2.23 (s, 3H, CH3 ), 1.76 (quin, J= 1 Hz, 2H, CH2 ), 1.63 (quin, J= 7 Hz, 2H, CH2 ) 
NMR (CDCI3, 400 MHz) 5 158.83 ( C-OCH3 ), 153.47 (C-OCH3 ), 137.49, 131.27 (Ar-C), 130.94 (Ar-C), 
128.48, 124.10, 113.49 (Ar-C), 111.09 (Ar-C), 109.81( Ar-C), 107.93 (C=C), 100.33 (Ar-C), 55.57 

(OCH3 ), 54.89 (OCH3 ), 42.42 (CH2 N), 32.61 (CH2 ), 29.33 (CHj), 28.09 (CH2 ), 8.90 (CH3 ), HRMS (El): 
Found 402.1081 (M+H) ^ CjiHzs^^BrNOz requires 402.1069 IR: v„ax (KBr) cm ^ 2934.18 (N-C),
2067.46, 1613.94,1560.12, 1507.89, 1482.65, 1459.30, 1438.68,1417.92, 1383.68, 1353.06, 1289.79,
1248.47, 1228.33, 1209.44, 1174.27, 1152.85, 1107.69, 1036.51, 906.03, 836.53, 795.70, 737.85, 

708.46, 632.56, 608.89.

8.4.4 l-(8-Brom ooctyl)-5-m ethoxy-2-(4-m ethoxyphenyl)-3-m ethyl-l//-indole [236]
As per general method 8.4.2, indole [231] (1.5 g, 5.61 mmol) and 1,8-dibromooctane [233] (28.05 

mmol, 7.63 g, 5.17 ml) were reacted together in THF (5 m l). The resulting oil was purified by flash 

chromatography over silica gel (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as a yellow 

oil (1.34 g, 52%).

NMR (CDCI3, 400 MHz) 5 7.33 (d, J= 8.2 Hz, 2H, Ar-H), 7.27 (d, 8 . 8  Hz, IH , Ar-H), 7.06 (s, 2H, Ar-
H), 7.04 (s, IH , Ar-H), 6.90 (dd, J= 2 Hz, J= 8 . 8  Hz, IH , Ar-H), 4.00 (t, 6 . 8  Hz, 2H, CH2 N), 3.93 (s, 3H,
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OCHa), 3.92 (s, 3H, OCH3), 3.40 (t, J= 6.8 Hz, 2H, CH2), 2.24 (s, 3H, CH3), 1.82(t, J= 8 Hz, 2H, CH2), 1.60 

(t, J= 7 Hz, 2H, CH2 ), 1.36 (t, 1 Hz, 2H, CH2 ), 1.17 (s, 4H, 2 x CHj) NMR (CDCI3, 400 MHz) 5
158.73 (COCH3), 153.35 (COCH3), 137.57, 131.29 (Ar-C), 131.01 (Ar-C), 128.34, 124.36, 113.35 (Ar-C), 
110.93 (Ar-C), 109,90 (Ar-C), 107.55, 100.21 (Ar-C), 55.39 (OCH3), 54.89 (OCH3), 43.38 (CH2-N), 33.60 

(CH2 -Br), 32.26 (CH2 ), 29.51 (CHj), 28.43 (CH2 ), 28.04 (CH2 ), 27.55 (CHj), 26.17 (CH2 ), 8.93 (CH3) HRMS 

(El): Found 458.1711 (M +H )\ C2sH33̂ ®BrN02 requires 458.1695 IR: (KBr) cm ^ 2931.06, 2855.84,
1614.40, 1560.01, 1507.91, 1483.03, 1460.31, 1438.57, 1383.12, 1353.00, 1289.51, 1247.72, 
1217.84, 1173.91, 1107.09, 1076.80, 1037.71, 906.34, 834.86, 794.32, 723.88, 708.45, 632.84, 
609.01

8.4.5 B ro m ododecy l)-5 -m ethoxy-2 -(4 -m ethoxypheny l)-3 -m ethy l-l//-indo le  
[237]

As per general method 8.4.2, indole [231] (1 g, 3.74 mmol) and 1,12-dibromododecanane [234] (1.84 

g, 5.61 mmol, 1.5 eq) were reacted together in THF (5 mL). The resulting oil was purified by flash 

chromatography over silica gel (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as a yellow 

oil (1.08 g, 56%).

NMR (CDCIj, 400 MHz) 6 7.34 (d, 7- 9 Hz, 2H, Ar-H), 7.27 (d, 7= 9 Hz, IH , Ar-H), 7.07 (s, 2H, Ar-H),
7.05 (s, IH , Ar-H), 6.92 (dd, J= 7.5 Hz, J= 2.5 Hz, IH, Ar-H), 4.01 (t, 2H, J=6.8Hz, CH2 -N), 3.94 (s, 3H, 
OCH3), 3.92 (s, 3H, OCH3), 3.45 (t, J= 6.8 Hz, 2H, CH2-Br), 2.25 (s, 3H, CH3), 1.89 (quin, J= 7.5 Hz, 2H, 
CH2 ), 1.62 (d, J=6.5Hz, 2H, CH2 ), 1.42 -1.45 (m, 2H, CH2 ), 1.26 (m, 14H, CH2 ) NMR (CDCI3, 400 

MHz) 6 158.74 (COCH3), 153.35 (COCH3), 137.59, 131.30 (Ar-C), 131.05, 128.34, 124.40, 113.34 (Ar- 
C), 110.92 (Ar-C), 109.92 (Ar-C), 107.51, 100.21 (Ar-C), 55.59 (OCH3), 54.86 (OCH3), 43.48 (CH2 -N), 
34.26 (CH2-Br), 32.41 (CH2 ), 29.65 (CH2 ), 29.25 (CH2 ), 29.00 (CH2 ), 28.97 (CHj), 28.68 (CHj), 28.33 
(CH2 ), 27.74 (CH2 ), 26.50 (CH2 ), 26.35 (CH2 ), 8.94 (CH3) HRMS (El): Found 514.2333 (M+H)* 

C2gH4i^®BrN02 requires 514.2321. IR: (KBr) cm ^ 2926.84, 2853.74, 1614.47, 1560.15, 1507.91, 
1483.01, 1459.86, 1438.38, 1383.02, 1353.33, 1289.46, 1219.21, 1173.66, 1106.96, 1079.48, 
1038.29, 906.66, 834.06, 793.86

8.4 .6  General m ethod for synthesis o f am inated derivatives o f phenylindoles
The methylamine solution (2 M solution in THF, 20 eq) was added to the bromoalkyl phenylindole 

[235]-[237] and sealed in a high pressure tube. The reaction was heated to 65 °C while stirring for 48 
hours. The reaction mixture was allowed sufficient time to cool, allowing any internal pressure to 

clear prior to carefully opening the reaction tube. The reaction was worked up via the addition of pH 

10 buffer solution* (50 mL). The organic layers were combined, dried over sodium sulphate and the 

solvent evaporated in vacuo to afford a crude product which was then purified via flash 

chromatography over silica gel to afford product.

* pHlO aq. Solution = 6 g of NaHCOs and 6 g of Na2 C0 3  per 100 mL of water

8.4.7 4 -(5 -M e th o x y -2 -(4 -m e th o x y p h e n y l)-3 -m e th y l-l//- in d o l-l-y l)-/V -m e th y lb u ta n -l-  
am ine [238]

As per general method 8.4.6, [235] (500 mg, 1.25 mmol) and methylamine (20 eq, 25 mmol, 12.5 mL) 
were reacted in THF (12 mL). The material was purified via flash chromatography on silica gel 
(DCM:EtOAc, gradient 4:1 to 2:1) to afford the product as a light brown oil (330 mg, 75 %)
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NMR {CDCI3, 400 MHz) 5 7.32 (d, J= 8.5 Hz, 2H, Ar-H), 7.27 (d, 8.5 Hz, IH , Ar-H), 7.05 (s, 2H, Ar-
H), 7.03 (s, IH , Ar-H), 6.90 (d, 9 Hz, IH  Ar-H), 4.03 (t, J= 7.5Hz, 2H, CHj-N), 3.91 (s, 3H, OCH3), 3.90
(s, 3H, OCH3), 2.42 (t, 2H, CH2 ), 2.35 (s, 3H, NCH3), 2.22 (s, 3H, CH3), 1.62 (quin, 2H, 7Hz, CH2), 1.31 

(quin, 2H, J= 7.5Hz, CH2) NMR (CDCI3, 400 MHz) 5 158.78 (C-OCH3), 153.40 (C-OCH3), 137.49, 
131.26 (Ar-C), 130.99, 128.43, 124.22, 113.44 (Ar-C), 110.99 (Ar-C), 109.85 (Ar-C), 107.78, 100.29 

(Ar-C), 55.60 (OCH3) 54.87 (OCH3), 50.53 (OCH2 ), 43.08 (CH2-N), 35.30 (NCH3), 27.23 (CH2), 25.91 

(CH2), 8.89 (CH3) HRMS: Found 353.2232 (M+H) + C22H29N2O2 requires 353.2229 IR: (KBr) cm \
2932.54, 2834.91, 2791.39, 1613.87, 1507.83, 1482.73, 1460.05, 1439.60, 1355.29, 1289.37, 
1216.53, 1174.35, 1037.04, 906.62, 835.00, 794.08.

8.4.8 8-(5-Methoxy-2-(4-methoxyphenyl)-3-methyl-l//-indol-l-yl)-^-methyloctan-l- 
amine [239]

As per general method 8.4.6, [236] (750 mg, 1.63 mmol) and methylamine (20 eq, 32.6 mmol, 16.3 

mL) were reacted in THF (12 mL). The material was purified v/o flash chromatography over silica gel 
(DCMiEtOAc, gradient 4:1 to 2:1) to afford the product as a light brown oil (440 mg, 6 6  %)

‘H NMR (CDCIj, 400 MHz) 8  7.31 (d, 8.5 Hz, 2H, Ar-H), 7.27 (d, J= 8.5 Hz, IH , Ar-H), 7.05 (s, 2H, Ar-
H), 7.03 (s, IH , Ar-H), 6.90 (d, J= 8.5Hz, IH , Ar-H), 3.98 (t, 2H, J= 7.5 Hz, CH2-N), 3.92 (s, 3H, OCH3),

3.91 (s, 3H, OCH3), 2.58 (t, 7.5 Hz, 2H, CH2-N), 2.46 (s, 3H, NCH3), 2.22 (s, 3H, CH3 ), 1.59 (quin, 7
Hz, 2H, CH2 ), 1.47 (quin, 7 Hz, 2H, CH2 ), 1.15 (m, 8 H, 4 x CH2 ) “ C NMR (CDCI3, 400 MHz) 
5158.71(C-0CH3), 153.32 (C-OCH3 ), 137.57 (Ar-C), 131.27 (Ar-C), 131.01, 128.32, 124.36, 113.34 (Ar- 
C), 110.91 (Ar-C), 109.90 (Ar-C), 107.51, 100.20 (Ar-C), 55.58 (OCH3 ), 54.86 (OCH3 ), 51.52 (CHj), 43.42 

(CH2 ), 35.52 (NCH3 ), 29.59 (CH2 ), 28.81 (CHj), 28.58 (CH2 ), 26.66(CH2), 26.26 (CH2 ), 8.92 (CH3 ) HRMS 

(El): Found 409.2866 (M+H)*, C2 6 H3 7 N2 O2 requires 409.2855 IR: v̂ ax (KBr) cm 2929.02, 2855.08, 
1614.09, 1558.24, 1507.71, 1482.90, 1460.78, 1383.03, 1289.47, 1247.27, 1173.77, 1107.03, 
1077.98, 1036.73, 906.51, 834.95, 793.94, 708.11

8.4.9 12-(5-Methoxy-2-(4-methoxyphenyl)-3-methyl-l//-indol-l-yl)-yV-methyIdodec-l- 
amine [240]

As per general method 8.4.6, [237] (500 mg, 0.97 mmol) and methylamine (20 eq, 19.4 mmol, 9.7 

mL) were reacted in THF (12 mL). The material was purified wo flash chromatography on silica gel 
(DCM:EtOAc, gradient 4:1 to 2:1) to afford the product as a light brown oil (350 mg, 78 %)

‘H NMR (CDCI3, 400 MHz) 6  7.31 (d, J= 8.5 Hz, 2H, Ar-H), 7.27 (d, 8.5 Hz, IH , Ar-H), 7.05 (s, 2H, Ar-

H), 7.02 (s, IH , Ar-H), 6.90, (dd, J=2.5Hz, 7= 9 Hz, IH , Ar-H), 3.98 (t, J= 7.5 Hz, 2H, CH2-N), 3.92 (s, 3H, 
OCH3), 3.91 (s, 3H, OCH3), 2.62 (t, J= 7.5 Hz, 2H, CH2-NCH3), 2.49 (s, 3H, NCH3) 2.22 (s, 3H, CH3), 1.56 

(quin, J= 1 Hz, 4H, 2 x CH2), 1.05-1.25 (m, 16H, 8 CH2 )“ C NMR (CDCI3, 400 MHz) 5 158.71 (C-OCH3), 

153.31 (COCH3), 137.58, 131.27 (Ar-C), 131.01, 128.30, 124.37, 113.31 (Ar-C), 110.89 (Ar-C), 109.90 

(Ar-C), 107.47, 100.19 (Ar-C), 55.58 (OCH3), 54.85 (OCH3), 51.19 (CH2), 43.47 (CH2), 35.33 (NCH3), 

29.64 (CH2), 29.11 (CH2), 29.09 (CH2), 29.03 (CH2), 28.97 (CH2), 28.67 (CH2), 26.67 (CH2), 26.34 (CH2),

8.91 (CH3) HRMS (El): Found 465.3501 (M+H) " C30H45N2O2 requires 465.3481 IR: v^ax (KBr) cm ^ 

2927.36, 2853.06, 1614.12, 1507.99, 1482.90, 1459.47, 1353.85, 1289.30, 1247.27, 1173.46, 
1037.73, 906.25, 833.82, 793.27
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8.4.10 l-(4-(Benzyloxy)phenyl)propan-l-one [246]
4-Hydroxypropiophenone [244] (5 g, 33.3 mmol) was dissolved in ACN (50 mL) under N2 , to the 
solution was added K2CO3 (3 g, 21.64 mmol) and benzyl bromide (5.7 g, 3.95 mL, 33.3 mmol). The 
mixture was stirred at RT for 16 h. The mixture was filtered and the solvent was evaporated under 
reduced pressure. The resulting oil was dissolved in DCM (100 mL) and the mixture was extracted 
with IM  HCL (50 mL), water (2 x 50 mL), brine (50 mL) and dried over Na2 S0 4 . The solvent was 
evaporated under reduced pressure to obtain a pale yellow resin. The material was purified via  flash 
chromatography on silica gel (DCM) to afford the product as a white solid. (7.5 g, 93%)

NMR (CDCI3 , 400 MHz) 6  7.97 (d, J = 9.35 Hz, 2H, Ar-H), 7.34 - 7.51 (m, 5H, Ar-H), 7.04 (d, J = 9.35 
Hz, 2H, Ar-H), 5.15 (s, 2H, CHj), 2.98 (q, J -  7.02 Hz, 2H, CH2 ), 1.24 (t, J = 7.31 Hz, 3H, CH3 ) NMR 
{CDCI3 , 100 MHz) 6  199.0 (C=0), 162.0 (ArC), 135.8 (ArC), 129.8 (ArC), 129.8 (ArC), 128.3 (ArC), 127.8 
(ArC), 127.1 (ArC), 114.1 (ArC), 69.7 (CH2 ), 31.0 (CH2 ), 8.0 (CH3 ) HRMS (El): Found 263.1052 (M+Na)\ 
CieHieNaOj requires 152.1048 IR : v̂ ax (KBr) cm ^ 2938, 1680 (C=0), 1599, 1224, 1012 MP: 100-102 
°C

8.4.11 l-(4-(Benzyloxy)phenyl)hydrazine hydrochloride [247]
Note: The reaction mixture and all added solutions were maintained at 0 °C during this procedure. 4- 
Benzyloxyaniline hydrochloride [245] (3 g, 12.5 mmol) was added to conc. aq. HCI (25 mL) and stirred 
for 10 min at 0 °C, followed by dropwise addition of NaN0 2  (852 mg, 12.3 mmol) in water ( 6  mL) 
over the course of 15 min. The mixture was stirred for additional 15 min and then a solution of SnCl2 

(6.4 g, 33.1 mmol) in conc. aq. HCI (7.5 mL) was added dropwise. The reaction mixture was stirred 
for 1  h and filtered to yield an off-white precipitate, which was washed with water and triturated 
with Et2 0 , to afford an off-white solid (2.9 g, 92.5 %).

Ĥ NMR (DMSO-dfi, 400 MHz) 5 10.14 (br s, 3H, NH-NHj), 7.35 - 7.48 (m, 4H, Ar-H), 7.27 - 7.35 (m, 
IH, Ar-H), 6.92 - 7.05 (m, 4H, Ar-H), 5.06 (s, 2H, CH2 ) NMR (DMSO-ds, 100 MHz) 6  153.7 (ArC-0), 
139.1 (ArC-N), 137.3 (ArC), 128.5 (ArC), 128.4 (ArC), 128.3 (ArC), 127.9 (ArC), 127.7 (ArC), 117.1 
(ArC), 116.9 (ArC), 115.5 (ArC), 115.3 (ArC), 69.5 (CH2 ) HRMS (El): Found 215.1180 (M-i-H)*, 
Ci3 Hi5 N2 0  requires 215.1179. IR : vmax (KBr) cm ^ 3232, 2907 (br), 1638, 1618, 1511, 1246, 1178 
MP: 179-181 °C

8.4.12 5-(Benzyloxy)-2-{4-(benzyloxy)phenyl)-3-m ethyl-l//-indole [248]
l-(4-(Benzyloxy)phenyl)propan-l-one [246] (1.91 g, 7.97 mmol) and l-(4-(benzyloxy)phenyl) 
hydrazine hydrochloride [247] (2 g, 7.97 mmol) were dissolved in EtOH (50 mL) and 5 drops of conc. 
HCI was added and the mixture was refluxed for 2 h. The reaction mixture was then allowed to cool 
and was stirred for 1 h. The mixture was filtered to afford an pale pink solid. The solid was washed 
with cold EtOH (10 mL) followed by n-hexane (20 mL). (2.8 g, 84%)

‘H NMR {CDCI3 , 400 MHz) 5 7.86 (br s, IH, NH), 7.48 - 7.58 (m, 6 H, Ar-H), 7.33 - 7.47 (m, 6 H, Ar-H), 
7.25 - 7.31 (m, IH, Ar-H), 7.14 - 7.18 (m, IH, Ar-H), 7.07 - 7.13 (m, 2H, Ar-H), 6.97 (d, J = 7.53 Hz, IH, 
Ar-H), 5.18 (s, 2H, CH2 ), 5.15 (s, 2H CH2 ), 2.43 (s, 3H, CH3 ) “ C NMR (CDCI3 , 100 MHz) 6  157.7 (BnO-C), 
157.3 (BnO-C), 143.6 (Ar-C-CHz), 137.3 ( Q ,  136.3 (CJ, 136.0 (C q), 129.9 (ArC), 128.5 (ArC), 128.2 
(ArC), 128.2 (ArC), 127.7 (ArC), 127.6 (Ar-C), 127.1 (ArC), 120.4 (ArC), 114.7 (ArC), 114.6 (ArC), 114.3 
(ArC), 112.2 (C q ), 110.8 (C=C), 108.8 (ArC), 102.0 (ArC), 70.0 (CH2 ), 69.6 (CH2 ), 9.3 (CH3 ) HRMS (El): 
Found 442.1797 (M+Na)*, C29H2sNNa02 requires 442.1783 IR : v^ax (KBr) cm'^ 3470 (N-H), 2880, 
2820, 1620 (C=C) MP : 149-152 °C
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8.4.13 General m ethod fo r the a lky la tio n  o f Indoles.
The indole [248] dissolved in THF (10 mL) was added dropwise to a stirring mixture of NaH in THF (10 
mL) at 0 °C under N2 atmosphere. The mixture was stirred for 10 min, at which point the appropriate 
dibromoalkane [232]-[234] and [249]-[250] was added and the mixture was stirred for 30 min at 0 
°C. The reaction was refluxed for a further 30 min under N2 atmosphere, the mixture was allowed to 
cool at which point water was added dropwise until the solution became clear. The solvent was then 
evaporated under reduced pressure to obtain a brown oil. The resin was dissolved in DCM (50 mL) 
and washed with water (3 x 50 mL), brine (50 mL) and dried over Na2S0 4 . The solvent was 
evaporated under reduced pressure to obtain a brown oil. The material was purified via flash 
chromatography over silica gel.

8.4.14 5 -(B e n zy lo xy )-2 -(4 -(b e n zy lo xy )p h e n y l)- l-(4 -b ro m o b u ty l)-3 -m e th y l- l/f- in d o le
[251]

As per general method 8,4.13, indole [248] (800 mg, 1.9 mmol), NaH (5 eq, 228 mg, 9.5 mmol) and
1.4-dibromobutane [232] (1 eq, 1.9 mmol, 411 mg, 0.227 mL) were reacted. The material was 
purified via flash chromatography over silica gel (r?-Hexane:DCM, gradient 4:1 to 2:1) to afford the 
product as a white solid (658 mg, 63%).

NMR (CDCI3 , 400 MHz) 5 7.50 - 7.57 (m, 4H, Ar-H), 7.39 - 7.50 (m, 5H, Ar-H), 7.36 - 7.39 (m, IH, 
Ar-H), 7.33 (d, J = 8.18 Hz, 2H, Ar-H), 7.27 (d, J = 9.35 Hz, IH, Ar-H), 7.17 (d, J = 2.34 Hz, IH, Ar-H), 
7.10 - 7.15 (m, 2H, Ar-H), 7.01 (dd, J = 2.34, 8.77 Hz, IH, Ar-H), 5.19 (s, 2H, CH2 ), 5.17 (s, 2H, CH2 ),
4.07 (t, J = 7.02 Hz, 2H, CH2 ), 3.21 (t, J -  6.43 Hz, 2H, CH2 ), 2.23 (s, 3H, CH3 ), 1.77 (quin, J = 7.02 Hz, 
2H, CH2 ), 1.65 (quin, J = 6.40 Hz, 2H, CH2 ) NMR (CDCI3 , 100 MHz) 5 158.1 (BnO-C), 152.7 (BnO-C), 
137.5 (Ar-C-CHi), 137.4 (CJ, 136.3 ( Q ,  131.3 (ArC), 131.2 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 
(ArC), 127.3 (ArC), 127.2 (ArC), 124.4 (C=C), 115.3 (C,,), 114.4 (ArC), 111.8 (ArC), 109.8 (ArC), 108.0 
(C=C), 102.0 (ArC), 69.7 (CHj), 43.2 (CH2 ), 42.4 (CHj), 32.6 (CH2 ), 29.3 (CHj), 28.1 (CH2 ), 8.9 (CH3 ) 
HRMS (El): Found 554.1688 (M+H)*, C3 3 H3 3 ” BrN0 2  requires 554.1689 IR : Vmax (KBr) cm ^ 3062.1, 
3232.52, 3086.0, 2927. 50, 1613.8, 1506.0, 1478.9, 1454.2, 1242.7, 1223.6, 1026.0, 736.1, 696.7 MP 
: 101-102“C

8.4.15 5 -(B e nzy lo xy )-2 -(4 -(b e n zy Io xy )p h e n y l)- l-(5 -b ro m o p e n ty l)-3 -m e th y l- l//- in d o le
[252]

As per general method 8.4.13, indole [248] (800 mg, 1.9 mmol), NaH (5 eq, 228 mg, 9.5 mmol) and
1.5-dibromopentane [249] (1 eq, 1.9 mmol, 437 mg, 0.260 mL) were reacted. The material was 
purified via flash chromatography over silica gel (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the 
product as a white solid (701 mg, 65%)

^H NMR {CDCI3 , 400 MHz) 5 7.50 - 7.58 (m, 4H, Ar-H), 7.36 - 7.50 (m, 6 H, Ar-H), 7.33 (d, J = 8.77 Hz, 
2H, Ar-H), 7.24 - 7.28 (m, IH, Ar-H), 7.11 - 7.19 (m, 3H, Ar-H), 7.01 (dd, J = 2.34, 8.77 Hz, IH, Ar-H), 
5.19 (s, 2H, CH2 ), 5.18 (s, 2H, CH2 ), 4.04 (t, J = 7.31 Hz, 2H, CH2 ), 3.28 (t, J = 6.72 Hz, 2H, CH2 ), 2.23 (s, 
3H, CH3 ), 1.58 - 1.75 (m, 4H, 2 x CHj), 1.27 (quin, J = 7.60 Hz, 2H, CH2 ) NMR (CDCI3 , 100 MHz) 6  

158.1 (BnO-C), 152.7 (BnO-C), 137.5 (Ar-C-CHz), 137.4 (C„), 136.4 ( Q ,  131.3 (ArC), 131.2 (ArC), 128.4 
(ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.5 (C=C), 114.3 (ArC), 111.7 
(ArC), 109.8 (Arc), 107.8 (C-C), 102.0 (ArC), 70.6 (CH2 ), 69.7 (CHj), 43.1 (CH2 ), 33.0 (CHj), 31.7 (CH2 ),
28.7 (CH2 ), 24,9 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 568.1848 (M+H)\ C3 4 H3 s” BrN0 2  requires 568.1848
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IR : Vmax (KBr) cm \  3031.0, 2947.5, 2911.3, 2866.2, 1610.6, 1480.6, 1455.0, 1378.5, ml230.7, 1020.6, 
704.6 MP : 98-101 °C

8.4.16 5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-l-(6-broinohexanoyl)-3-m ethyl-l//- 
indole [253]

As per general method 8.4.13, Indole [248] (800 mg, 1.9 mmol), NaH (5 eq, 228 mg, 9.5 mmol) and 
1,6-dlbromohexaneane [250] (1 eq, 1.9 mmol, 460 mg, 0.290 mL) were reacted. The material was 
purified via flash chromatography on silica gel (n-Hexane;DCM, gradient 4:1 to 2:1) to afford the 
product as a white solid (730 mg, 6 6 %)

NMR (CDCI3 , 400 MHz) 5 7.51 - 7.58 (m, 4H, Ar-H), 7.40 - 7.50 (m, 5H, Ar-H), 7.36 - 7.39 (m, IH, 
Ar-H), 7.30 - 7.35 (m, 2H, Ar-H), 7.24 - 7.30 (m, IH, Ar-H), 7.10 - 7.18 (m, 3H, Ar-H), 7.01 (dd, J = 2.01, 
8.53 Hz, IH, Ar-H), 5.19 (s, 2H, CH2 ), 5.18 (s, 2H, CHj), 4.03 (t, J = 7.28 Hz, 2H, CH2 ), 3.33 (t, J = 6.78 
Hz, 2H, CH2 ), 2.23 (s, 3H, CH3), 1.74 (quin, J = 7.15 Hz, 2H, CH2 ), 1.56 - 1.67 (m, 2H, CH2 ), 1.24 - 1.35 
(m, 2H, CH2 ), 1.10 - 1.21 (m, 2H, CH2 ) NMR {CDCI3 , 100 MHz) 6  158.1 (BnO-C), 152.6 (BnO-C), 
137.5 (Ar-C-CH2 ), 137.4 (CJ, 136.4 (Cp), 131.3 (ArC), 131.2 (ArC), 128.4 (ArC), 128.2 (ArC), 128.1 
(ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.6 (C=C), 114.3 (ArC), 111.7 (ArC), 109.8 (ArC), 107.7 
(C=C), 102.0 (ArC), 70.6 (CH2 ), 69.7 (CHj), 43.2 (CH2 ), 33.3 (CH2 ), 32.1 (CH2 ), 29.3 (CH2 ), 27.2 (CH2 ), 
25.4 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 582.1999 (M+H)*, C3 5 H3 7 ” BrN0 2  requires 582.2002 IR : v̂ ax 
(KBr) cm^: 3063.1, 3032.7, 1932.3, 1931.4, 1612.9, 1506.0, 1479.6, 1454.9, 1238.2, 1174.5, 1026.18, 
735.94, 696.79 MP ; 101-102 °C

8.4.17 5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-l-(8-brom ooctyl)-3-m ethyl-lH -indole  
[254]

As per general method 8.4.13, indole [248] (800 mg, 1.9 mmol), NaH (5 eq, 228 mg, 9.5 mmol) and 
1,8- dibromooctane [233] (1 eq, 1.9 mmol, 516 mg, 0.35 mL) were reacted. The material was 
purified via flash chromatography on silica gel (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the 
product as a white solid (700 mg, 60%)

Ĥ NMR (CDCI3 , 400 MHz) 6  7.50 - 7.59 (m, 4H, Ar-H), 7.39 - 7.50 (m, 5H, Ar-H), 7.35 - 7.39 (m, IH, 
Ar-H), 7.31 - 7.35 (m, 2H, Ar-H), 7.24 - 7.28 (m, IH, Ar-H), 7.15 - 7.19 (m, IH, Ar-H), 7.10 - 7.15 (m, 
2H, Ar-H), 7.00 (dd, J = 2.26, 8.78 Hz, IH, Ar-H), 5.18 (s, 2H, CH2 ), 5.17 (s, 2H, CHj), 4.00 (t, J = 7.53 
Hz, 2H, CH2 ), 3.40 (t, J = 7.03 Hz, 2H, CHj), 2.23 (s, 3H, CH3 ), 1.82 (quin, J = 7.15 Hz, 2H, CHj), 1.56 - 
1.66 (m, 2H, CH2 ), 1.36 (quin, J = 7.15 Hz, 2H, CH2 ), 1.09 - 1.26 (m, 6 H, 3 x CH2 ) NMR (CDCI3 , 100 
MHz) 6  158.0 (BnO-C), 152.6 (BnO-C), 137.6 (Ar-C-CHj), 137.4 (C<,), 136.4 (C„), 131.3 (ArC), 131.2 
(ArC), 128.4 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.6 (C=C), 114.2 
(ArC), 111.6 (ArC), 109.9 (ArC), 107.6 (C=C), 101.9 (ArC), 70.6 (CHj), 69.7 (CH2 ), 43.4 (CH2 ), 33.6 (CH2 ), 
32.3 (CH2 ), 29.5 (CH2 ), 28.4 (CHj), 28.1 (CH2 ), 27.5 (CH2 ), 26.2 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 
610.2301 (M+H)+, C3 7 H4 i” BrN0 2  requires 610.2321 IR : v̂ ax (KBr) cm^: 3062.9, 3032.5, 2929.4, 
1612.8, 1505.9, 1476.9, 1454.1, 1287.4, 1241.7,1025.8, 735.6, 696.3 MP : 104-106 °C

8.4.18 5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-l-(12-brom ododecyl)-3-m ethyl-l//- 
indole [255]

As per general method 8.4.13, indole [248] (800 mg, 1.9 mmol), NaH (5 eq, 228 mg, 9.5 mmol) and 
1,12- dibromododecane [234] (1 eq, 1.9 mmol, 623 mg) were reacted. The material was purified via 

flash chromatography on silica gel (n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as a 
white solid (750 mg, 59%)
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‘H NMR {CDCI3 , 400 MHz) 5 7.50 - 7.57 (m, 4H, Ar-H), 7.30 - 7.49 (m, 8 H, Ar-H), 7.24 - 7.28 (m, IH , 

Ar-H), 7.14 - 7.17 (m, IH , Ar-H), 7.12 (s, 2H, Ar-H), 6.99 (dd, J = 2.51, 9.03 Hz, IH , Ar-H), 5.18 (s, 2H, 

CHj), 5.16 (s, 2H, CH2 ), 3.99 (t, J = 7.53 Hz, 2H, CH2 ), 3.44 (t, J = 7.03 Hz, 2H, CHj), 2.22 (s, 3H, CH3 ), 

1.59 (m, 4H, 2 x CH2 ), 1.39 -1 .51  (m, 8 H, 4 x CH2 ), 1.09 - 1.37 (m, 8 H, 4 x CH2 ) “ C NMR (CDCI3 , 100 

MHz) 6  158.0 (BnO-C), 152.6 (BnO-C), 137.6 (Ar-C-CH2 ), 137.4 (Cq), 136.4 (Cq), 131.3 (ArC), 128.3 (Ar- 

C), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.1 (ArC), 124.6 (C=C), 114.2 (ArC), 111.6 

(ArC), 109.9 (ArC), 107.6 (C=C), 101.9 (ArC), 70.6 (CH2 ), 69.6 (CHj), 43.5 (CH2 ), 33.7 (CH2 ), 32.4 (CH2 ), 

29.6 (CH2 ), 29.3 (CH2 ), 29.04 (CH2 ), 29.01 (CH2 ), 28.7 (CH2 ), 28.5 (CH2 ), 28.4 (CHj), 28.3 (CH2 ), 27.7 

(CH2 ), 26.3 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 666.2941 (M+H)^ C4 iH 4 9 ” BrN0 2  requires 666.2941 IR : 

Vmax (KBr) c m '\  3062.8, 3032.8, 2922.7, 2853.7, 1613.0, 1505.9, 1479.6, 1287.2, 1241.7, 1025.9, 

735.8, 696.12 M P : 71-73 °C

8.4.19 General method for the amination of bromoalkyl indoles
The appropriate brominated indole was dissolved in dry THF (10 mL) and transferred to a pressure 

tube. To this solution was added a solution o f methylamine (2 M in THF) and the m ixture was 

flushed w ith N2 before sealing the tube. The tube was left stir at 65 °C for 48 h. The tube was then 

allowed to cool to reduce the internal pressure, then opened carefully and the solvent was 

evaporated under reduced pressure to obtain a brown oil. The oil was dissolved in DCM (30 mL) and 

was washed w ith an pH 10 aq. solution* (30 mL); the pH 10 aq. solution* was extracted w ith DCM (2 

X 30 mL). The organic layers were combined and washed w ith water (50 mL), brine (50 mL) and dried 

over Na2 S0 4 . The solvent was evaporated under reduced pressure to obtain a brown oil. The 

material was purified via flash chromatography over silica gel (DCM ; MeOH).

* pHlO aq. Solution = 6  g of NaHCOa and 6  g o f Na2C0 3  per 100 mL o f water

8.4.20 4-(5-(Benzyloxy)-2-(4-(benzyIoxy)phenyI)-3-methyl-l//-indol-l-yl)-N- 
methylbutan-l-amine [256]

As per general method 8.4.19, [251] (440 mg, 0.79 mmol) and methylamine (20 eq, 15.86 mmol, 8  

mL) were reacted. The material was purified via flash chromatography on silica gel (DCMrEtOAc, 

gradient 4:1 to 2:1) to afford the product as a brown resin (365 mg, 92 %)

NMR (CDCI3 , 400 MHz) 6  7.49 - 7.58 (m, 4H, Ar-H), 7.38 - 7.49 (m, 5H, Ar-H), 7.35 - 7.38 (m, IH , 

Ar-H), 7.30 - 7.34 (m, 2H, Ar-H), 7.26 (d, J = 8.53 Hz, IH , Ar-H), 7.08 - 7.18 (m, 3H, Ar-H), 6.99 (dd, J = 

2.26, 8.78 Hz, IH , Ar-H), 5.17 (s, 2H, CH2 ), 5.16 (s, 2H, CH2 ), 4.03 (t, J = 7.28 Hz, 2H, CH2 ), 2.39-2.51 

(m, 3H, N-H, CH2 ), 2.36 (s, 3H, CH3 ), 2.21 (s, 3H, CH3 ), 1.57 -1.69 (m, 2H, CH2 ), 1.31 -1.42 (m, 2H, CH2 ) 

“ C NMR (CDCI3 , 100 MHz) 6  158.1 (BnO-C), 152.6 (BnO-C), 137.5 (Ar-C-CH2 ), 137.4 (Cq), 136.4 (Cq), 

131.3 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.5 (C=C), 114.3 (ArC), 

111.7 (ArC), 109.8 (ArC), 107.9 (C=C), 102.0 (ArC), 70.6 (CH2 ), 69.7 (CH2 ), 50.5 (CH2 ), 43.1 (CH2 ), 35.2 

(CH3 ), 27.2 (CH2 ), 25.8 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 505.2852 (M +H )\ C3 4 H3 7 N2O2 requires 

505.2855 IR : v^ax (KBr) cm ^  3333.3, 3032,7, 2928.0, 2860.2, 2790.8, 1612.4, 1505.8, 1476.9, 1454.3, 

1287.0, 1241.2, 1025.8, 736.2, 696.7 MP : 79-82 °C

8.4.21 5-(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l-yl)-N- 
methylpentan-l-amine [257]

As per general method 8.4.19, [252] (450 mg, 0.791 mmol)and methylamine (20 eq, 15.86 mmol, 8  

mL) were reacted. The material was purified via flash chromatography on silica gel (DCM:EtOAc, 

gradient 4:1 to 2:1) to afford the product as a brown resin (381 mg, 93%).

296



NMR (CDCI3 , 400 MHz) 6  7.49 - 7.57 (m, 4H, Ar-H), 7.38 - 7.49 (m, 5H, Ar-H), 7.34 - 7.38 (m, IH, 
Ar-H), 7.29 - 7.34 (m, 2H, Ar-H), 7.23 - 7.27 (m, IH, Ar-H), 7.08 - 7.17 (m, 3H, Ar-H), 6.99 (dd, J = 2.26, 
8.78 Hz, IH, Ar-H), 5.17 (s, 2H, CH2 ), 5.16 (s, 2H, CH2 ), 4.01 (t, J = 7.28 Hz, 2H, CHj), 2.45 - 2.54 (m, 2H, 
CH2 ), 2.41 (s, 3H, CH3 ), 2.21 (s, 4H, N-H, CH3 ), 1.60 (quin, J = 7.30 Hz, 2H, CH2 ), 1.40 (quin, J = 7.28 Hz, 
2H, CH2 ), 1.16 (quin, J = 7.40 Hz, 2H, CH2 ) NMR {CDCI3 , 100 MHz) 6  158.0 (BnO-C), 152.6 (BnO-C),
137.5 (Ar-C-CHj), 137,4 (Cp), 136.4 (Cp), 131.3 (ArC), 128.4 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 
(ArC), 127.3 (ArC), 127.2 (ArC), 124.5 (C=C), 114.3 (ArC), 111.7 (ArC), 109.8 (ArC), 107.8 (C=C), 102.0 
(ArC), 70.6 (CH2 ), 69.7 (CH2 ), 50.9 (CHj), 50.3 (CH2 ), 43.3 (CH2 ), 35.4 (CH3 ), 29.4 (CH2 ), 28.3 (CHj), 8.9 
(CH3 ) HRMS (El): Found 519.3033 (M+H)\ C3 5 H3 9 N2O2 requires 519.3012 IR : v„,ax (KBr) cm' :̂ 3327.0, 
3032.7, 2930.2, 2859.8, 2790.5, 1612.6, 1505.9, 1476.9, 1454.3, 1287.58, 1243.51, 1174.9, 1025.9, 
736.25, 696.8 MP : 81-83 °C

8.4.22 6-(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l-yl)-N-niethyl 
hexan-l-amine [258]

As per general method 8.4.19, [253] (540 mg, 0.927 mmol)and methylamine (20 eq, 18.54 mmol, 10 
mL) were reacted. The material was purified via  flash chromatography on silica gel (DCM:EtOAc, 
gradient 4:1 to 2:1) to afford the product as a brown resin (470 mg, 95%)

NMR (CDCI3 , 400 MHz) 5 7.49 - 7.58 (m, 4H, Ar-H), 7.39 - 7.49 (m, 5H, Ar-H), 7.35 - 7.39 (m, IH, 
Ar-H), 7.30 - 7.35 (m, 2H, Ar-H), 7.23 - 7.28 (m, IH, Ar-H), 7.09 - 7.18 (m, 3H, Ar-H), 7.00 (dd, J = 2.01, 
8.53 Hz, IH, Ar-H), 5.18 (s, 2H, CH2 ), 5.16 (s, 2H, CHj), 4.00 (t, J = 7.28 Hz, 2H, CHj), 2.61 (br s, IH, N- 
H) 2.49 - 2.58 (m, 2H, CH2 ), 2.45 (s, 3H, CH3 ), 2.22 (s, 3H, CH3 ), 1.55 - 1.67 (m, 2H, CH2 ), 1.38 - 1.49 
(m, 2H, CH2 ), 1.09 - 1.25 (m, 4H, 2 x CHj) ” C NMR (CDCI3 , 100 MHz) 6  158.0 (BnO-C), 152.6 (BnO-C),
137.6 (Ar-C-CH2 ), 137.4 (Cq), 136.4 (Cp), 131.3 (ArC), 131.2 (ArC), 128.4 (ArC), 128.2 (ArC), 128.1 
(ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.6 (C-C), 114.2 (ArC), 111.6 (ArC), 109.9 (ArC), 107.7 
(C=C), 101.9 (ArC), 70.6 (CHj), 69.7 (CH2 ), 51.0 (CH2 ), 43.3 (CH2 ), 35.4 (CH3 ), 29.5 (CH2 ), 28.6 (CH2 ), 
26.3 (CH2 ), 26.2 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 533.3162 (M+H)", C36H4jN202 requires 533.3168 IR 
: Vmax (KBr) cm  ̂ 3324.6, 3033.3, 2929.5, 2858.1, 2790.9, 1613.49, 1515.8, 1479.3, 1454.23, 1380.7, 
1287.2, 1241.3, 1174.7, 1025.9, 735.5, 696.8 MP : 79-82 °C

8.4.23 Synthesis of 8-(5-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l-yl)- 
N-methyloctan-l-amine [259]

As per general method 8.4.19, [254] (400 mg, 0.686 mmol)and methylamine (20 eq, 13.73 mmol, 7 
ml) were reacted. The material was purified via  flash chromatography on silica gel (DCM:EtOAc, 
gradient 4:1 to 2:1) to afford the product as a brown resin (351 mg, 91%)

Ĥ NMR (CDCI3 , 400 MHz) 6  7.49 - 7.58 (m, 4H, Ar-H), 7.39 - 7.49 (m, 5H, Ar-H), 7.35 - 7.38 (m, IH, 
Ar-H), 7.30 - 7.34 (m, 2H, Ar-H), 7.23 - 7.28 (m, IH, Ar-H), 7.09 - 7.17 (m, 3H, Ar-H), 6.99 (d, J = 8.53 
Hz, IH, Ar-H), 5.18 (s, 2H, CH2 ), 5.16 (s, 2H, CH2 ), 3.99 (t, J = 7.28 Hz, 2H, CH2 ), 2.58 (t, J = 7.03 Hz, 2H, 
CH2 ), 2.45 (s, 3H, CH3 ), 2.22 (s, 3H, CH3 ), 2.09 (br s, IH, N-H), 1.61 (d, J = 6.53 Hz, 2H, CH2 ), 1.43 -1.52 
(m, 2H, CH2 ), 1.07 - 1.30 (m, 8 H, 4 x CH2 ) NMR (CDCI3 , 100 MHz) 6  158.0 (BnO-C), 152.6 (BnO-^,
137.6 (Ar-C-CH2 ), 137.4 (Cp), 136.4 (Cp), 131.3 (ArC), 128.3 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 
(ArC), 127.3 (ArC), 127.2 (ArC), 124.6 (C=C), 114.2 (ArC), 111.6 (ArC), 109.9 (ArC), 107.6 (C=C), 101.9 
(ArC), 70.6 (CH2 ), 69.7 (CH2 ), 51.3 (CH2 ), 43.5 (CH2 ), 35.6 (CH3 ), 29.6 (CH2 ), 28.8 (CH2 ), 28.6 (CH2 ), 26.7 
{CH2 ), 26.3 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 561.3469 (M+H)\ C3gH4 5 N2 0 2  requires 561.3481 IR ;
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(KBr) cm ^ 3327.5, 3062.7, 3032.9, 2927.5, 2855.2, 2790.0, 1612.9, 1506.1, 1479.3, 1454.3, 

1380.6, 1287.5, 1241.8, 1174.3, 1025.9, 735.9, 696.6 MP : 81-84 °C

8.4.24 12-(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l-yl)-N- 
methyldodecan-l-amine [260]

As per general method 8.4.19, [255] (357 mg, 0.535 mmol) and methylamine (20 eq, 13.73 mmol, 7 

mL) were reacted. The material was purified via flash chromatography on silica gel (DCM:EtOAc, 

gradient 4:1 to 2:1) to afford the product as a brown resin (287 mg, 87%)

‘ h NMR (CDCI3 , 400 MHz) 6  7.49 - 7.58 (m, 4H, Ar-H), 7.39 - 7.49 (m, 5H, Ar-H), 7.35 - 7.38 (m, IH , 

Ar-H), 7.30 - 7.34 (m, 2H, Ar-H), 7.24 - 7.28 (m, IH , Ar-H), 7.08 - 7.18 (m, 3H, Ar-H), 6.99 (dd, J = 2.01, 

8.53 Hz, IH , Ar-H), 5.18 (s, 2H, CH2 ), 5.16 (s, 2H, CH2 ), 3.99 (t, J = 7.28 Hz, 2H, CHj), 2.60 (t, J = 7.03 

Hz, 2H, CH2 ), 2.46 (s, 3H, CH3 ), 2.22 (s, 3H, CH3 ), 2.02 (br. s., IH , N-H), 1.56 - 1.66 (m, 2H, CHj), 1.51 

(s, 2H, CH2 ), 1.08 - 1.36 (m, 16H, 8  x CH2 ) NMR {CDCI3 , 100 MHz) 6  158.4 (BnO-C), 153.0 (BnO-C),

138.0 (Ar-C-CH2 ), 137.8 ( Q ,  136.8(Cq), 131.7 (ArC), 131.6 (ArC), 128.7 (ArC), 128.6 (ArC), 128.5 (ArC),

128.1 (ArC), 127.7 (ArC), 127.6 (ArC), 125.0 (C=C), 114.6 (ArC), 112.0 (ArC), 110.3 (ArC), 108.0 (C=C), 

102.3 (ArC), 71.0 (CH2 ), 70.0 (CH2 ), 51.9 (CHj), 43.9 (CHj), 36.1 (CH3 ), 30.1 (CH^), 29.5 (CHj), 29.4 

{CH2 ), 29.1 (CH2 ), 28.8 (CH2 ), 28.6 (CHj), 27.6 (CH2 ), 27.3 {CH2 ), 26.8 (CH2 ), 26.6 (CHj), 9.3 (CH3 ) HRMS 

(El): Found 617.4100 (M + H )\ C4 2 H5 3 N2 O2 requires 617.4107 IR : v^ax (KBr) cm'^: 3326.9, 3063.3,

3033.2, 2927.5, 2853.4, 2790.1, 1613.5, 1506.1, 1479.5, 1454.7, 1287.2, 1242.0, 1174.2, 1026.4,

735.2, 696.4 MP : 66-69 °C

8.4.2 5 General method for the debenzylation of indoles
The protected aminated indole [256]-[260] was dissolved in MeOH:EtOAc (1:4) (20 m l) and 

transferred to a 3-neck flask. To the flask was added 20% Pd(0 H)2 and the mixture was placed under 

a H2 atmosphere. The hydrogenation reaction was monitored via TLC until the starting material had 

disappeared (10 -  60 min). The reaction mixture was filtered through celite and the solvent was 

evaporated under reduced pressure to obtain a brown oil. The material was purified via flash 

chromatography.

8.4.26 2-(4-Hydroxyphenyl)-3-methyI-l-(4-(methyIamino)butyl)-l/f-indol-5-ol [241]
As per general method 8.4.25, the protected aminated indole [256] (150 mg, 0.297 mmol) and a 

small tipful of spatula of Pd(0 H ) 2  (~20 mg) were reacted under a hydrogenation atmosphere for 30 

min. The material was purified via flash chromatography on silica gel (DCM:MeOH, gradient 40:1 to 

30:1) to afford the product as an o ff  white solid (77 mg, 80%)

^H NMR (CD3 OD, 400 MHz) 6  7.20 - 7.27 (m, 3H, Ar-H), 6.91 - 6.97 (m, 2H, Ar-H), 6.89 (s, IH , Ar-H), 

6.74 (dd, J = 2.51, 8.53 Hz, IH , Ar-H), 4.12 (t, J = 6.53 Hz, 2H, CH2 ), 2.70 (t, J = 7.53 Hz, 2H, CH2 ), 2.54 

(s, 3H, NCH3 ), 2.13 (s, 3H, CH3 ), 1.54 - 1.65 (m, 2H, CH2 ), 1.29 - 1.40 (m, 2H, CH2 ), (N-H and OH - not 

seen) “ C NMR (CD3 OD, 100 MHz) 5 156.7 (C-OH), 149.7 (C-OH), 137.6 (Cq), 131.0 (CJ, 130.9 (ArC), 

130.8 (ArC), 129.1 (C,,), 122.8 (C=C), 114.6 (ArC), 110.3 (ArC), 109.2 (ArC), 106.8 (C=C), 102.0 (ArC), 

48.0 (CH2 ) 41.9 (CH2 ), 31.5 (CH3 ), 26.0 (CHj), 22.6 (CHj), 7.6 (CH3 ) HRMS (El): Found 325.1916 (M+H)*, 

C2 0 H2 5 N 2 O2 requires 325.1911 IR : v âx (KBr) cm'^ 3433.5 (br), 3246.3, 2931.6, 2852.2, 1613.1,

1508.2, 1462.8, 1361.2, 1262.7, 1268.0, 1098.0, 841.4 MP : 61-63 °C
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8.4 .27  2 -(4 -H y d ro x y p h e n y l)-3 -m e th y l-l-(8 -(m e th y la m in o )o c ty l)-l//-in d o l-5 -o l [242 ]
As per general method 8.4.25, the protected aminated indole [259] (150 mg, 0.267 mmol) and a 

small tipful of spatula of Pd(0 H) 2  (~20 mg) were reacted under a hydrogen atmosphere for 30 min. 
The material was purified via flash chromatography over silica gel (DCM:MeOH, gradient 40:1 to 

30:1) to afford the product as an off white solid (92 mg, 91%)

NMR (CD3OD, 400 MHz) 6  7.12 - 7.24 (m, 3H, Ar-H), 6.90 - 6.98 (m, 2H, Ar-H), 6.89 (s, IH , Ar-H), 
6 . 6 8  - 6.75 (m, IH , Ar-H), 4.01 (t, J = 7.03 Hz, 2H, CH2 ), 2.91 (t, J = 7.53 Hz, 2H, CHj), 2.68 (s, 3H, CH3 ), 
2.13 (s, 3H, CH3 ), 1.44 -1 .64  (m, 4H, 2 x CH2 ), 1.01 - 1.28 (m, 8 H, 4 x CH2 ) NMR (CD3OD, 100 MHz) 
5 158.6 (C-OH), 151.4 (C-OH), 139.8 (CJ, 133.0 (ArC), 130.9 (Cq), 125.1 (C=C), 116.4 (ArC), 112.0 

(ArC), 111.2 (ArC), 108.2 (C=C), 103.9 (ArC), 50.6 (CH2 ), 44.5 (CH2 ), 33.8 (CH3 ), 30.7 (CH2 ), 30.0 (CH2 ), 
29.9 (CH2 ), 27.5 (CH2 ), 27.4 (CH2 ), 27.3 (CH2 ), 9.6 (CH3 ) HRMS (El): Found 381.2557 (M +H )\ 
C2 4 H3 3 N2 O2 requires 381.2537 IR : v„,ax (KBr) cm ^ 3428.6 (br.), 3241.4, 2931.0, 2852.2, 1614.2,
1508.4, 1462.8, 1380.6, 1260.2, 1147.4, 1093.0, 839.0 MP : 71-72 °C

8.4 .28  2 -(4 -H y d ro x y p h e n y l)-3 -m e th y l-l-(1 2 -(m e th y la m in o )d o d e c y l)-l//- in d o l-5 -o l [243]
As per general method 8.4.25, the protected aminated indole [260] (150 mg, 0.243 mmol) and a 

small tipful of spatula of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. 
The material was purified via flash chromatography over silica gel (DCM:MeOH, gradient 40:1 to 

30:1) to afford the product as an off white solid (93 mg, 8 8 %)

^H NMR (CD3OD, 400 MHz) 6  7.09 - 7.22 (m, 3H, Ar-H), 6.87 - 6.96 (m, 3H, Ar-H), 6.67 - 6.74 (m, IH , 
Ar-H), 3.94 - 4.03 (m, 2H, CH2 ), 2.25 - 2.33 (m, 2H, CH2 ), 2.13 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.61 -1.76  
(m, 4H, 2 X CH2 ), 1.44 - 1.55 (m, 4H, 2 x CH2 ), 0.98 - 1.41 (m, 12H, 6  x CH )̂ ” C NMR (CD3OD, 100 

MHz) 5 158.9 (C-OH), 151.8 (C-OH), 140.1 (C,,), 133.7 (ArC), 133.3, 131.3, 125.4 (C=C), 116.8 (ArC), 
116.7 (ArC), 112.3 (ArC), 111.5 (ArC), 108.5 (C=C), 104.3 (ArC), 51.0 (CHj), 44.9 (CH2 ), 34.1 (NCH3), 

31.2 (CH2 ), 31.1 (CH2 ), 31.0 (CH2 ), 30.9 (CH2 ), 30.8 (CH2 ), 30.7 (CH2 ), 30.5 (CH2 ), 28.3 (CH2 ), 28.0 (CH2 ), 
27.8 (CH2 ), 10.0 (CH3) HRMS (El): Found 437.3170 (M+H)\  C2 8 H4 1 N2O2 requires 437.3163 IR : v„,ax 
(KBr) cm 3433.5 (br.), 3251.2, 2922.1, 2847.3, 1639.5, 1616.5, 1505.9, 1437.2, 1380.6, 1267.5, 
1148.6, 1088.1, 839.1 MP : 91-93 °C

8 .4 .29  2 -(4 -H y d ro x y p h e n y l)-3 -m e th y l'l-(5 -(m e th y la n iin o )p e n ty l)-l//- in d o l-5 -o l [261]
As per general method 8.4.25, the protected aminated indole [257] (150 mg, 0.289 mmol) and a 

small tipful of spatula of Pd(0 H) 2  (~20 mg) were reacted under a hydrogen atmosphere for 30 min. 
The material was purified via flash chromatography over silica gel (DCM:MeOH, gradient 40:1 to 

30:1) to afford the product as an off white solid (69 mg, 71%)

Ĥ NMR (CD3OD, 400 MHz) 6  7.17 - 7.26 (m, 3H, Ar-H), 6.85 - 6.97 (m, 3H, Ar-H), 6.69 - 6.75 (m, IH, 
Ar-H), 4.06 (t, J = 7.00 Hz, 2H, CH2 ), 2.79 (t, J = 7.00 Hz, 2H, CH2 ), 2.61 (s, 3H, NCH3), 2.13 (s, 3H, CH3), 

1.52 - 1.62 (m, 2H, CH2 ), 1.41 - 1.51 (m, 2H, CH2 ), 1.09 - 1.17 (m, 2H, CHj), (N-H and 0-H - not seen) 
NMR (CD3OD, 100 MHz) 6  156.6 (C-OH), 149.6 (C-OH), 137.6, 131.0 (ArC), 128.9(Cq), 123.0 (C=C), 

114.5 (ArC), 110.1 (ArC), 109.1 (ArC), 106.5 (C=C), 102.0 (ArC), 65.0 (CH2 ), 31.6 (CH3), 28.9 (CH2 ), 28.5 

(CH2 ), 24.8 (CH2 ), 22.6 (CH2 ), 7.6 (CH3) HRMS (El): Found 339.2069 (M+H)", C2 1 H2 7 N2 O2 requires 

339.2067 IR : v„ax (KBr) cm ^ 3433.5 (br.), 2925.5, 2852.2, 1615.6, 1507.5, 1461.9, 1365.9, 1199.8,
1695.5, 838.29 MP : 63-65 °C
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8.4.30 2-(4-Hydroxyphenyl)-3-m ethyl-l-(6-(inethylam ino)n-hexanoyl)-l//-indol-5-oI 
[262]

As per general method 8.4.25, the protected aminated indole [258] (150 nng, 0.281 mmol) and a 
small tipful of spatula of Pd(0 H) 2  (~20 mg) were reacted under a hydrogen atmosphere for 30 min. 
The material was purified via flash chromatography over silica gel (DCM:MeOH, gradient 40:1 to 
30:1) to afford the product as an off white solid (75 mg, 76%).

‘H NMR {CD3OD, 400 MHz) 6  7.13 - 7.22 (m, 3H, Ar-H), 6.89 - 6.96 (m, 2H, Ar-H), 6.87 (s, IH, Ar-H), 
6.67 - 6.73 (m, IH, Ar-H), 4.03 (t, J = 6.78 Hz, 2H, CH2 ), 2.79 (t, J = 7.53 Hz, 2H, CHj), 2.62 (s, 3H, CH3 ), 
2.11 (s, 3H, CH3 ), 1.42 - 1.58 (m, 4H, 2 x CHj), 1.01 -1.21 (m, 4H, 2 x CH2 ) NMR {CD3OD, ICO MHz) 
5 158.6 (C-OH), 151.5 (C-OH), 139.7 (C,,), 133.0 (ArC), 130.9 ( Q ,  125.1 (C=C), 116.4 (ArC), 112.1 
(Arc), 111.3 (ArC), 108.4 (C=C), 104.0 (ArC), 50.4 (CHj), 44.4 (CH2 ), 33.7 (CH3 ), 30.7 (CH2 ), 27.2 (CH2 ),
27.1 (CH2 ), 27.0 (CH2 ), 9.6 (CH3 ) HRMS (El): Found 353.3327 (M+H)\ C2 2 H2 9 N2 O2 requires 353.3334 
IR ; Vmax (KBr) cm ^ 3433.5 (br), 2927.1, 2852.2, 1613.8, 1560.0, 1508.1, 1461.4, 1366.7, 1168.8,
1100.4, 840.8 MP : 75-76 °C

8.4.31 l,4-bis(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-m ethyl-l//-indol-l-yl)butane
[263]

Column chromatography of [251] afforded a by-product as a white solid (169 mg, 20%).

‘H NMR (CDCI3, 400 MHz) 5 7.51 (m, 8 H, Ar-H), 7.38 - 7.45 (m, 8 H, Ar-H), 7.32 - 7.38 (m, 4H, Ar-H), 
7.06 - 7.16 (m, 7H, Ar-H), 7.03 (m, 5H, Ar-H), 6.95 (dd, J = 1.76, 8.78 Hz, 2H, Ar-H), 5.17 (s, 4H, 2 x 
CH2 ), 5.13 (s, 4H, 2 X CHj), 3.70- 3.86 (m, 4H, 2 x CH2 ), 2.18 (s, 6 H, 2 x CH3 ), 1.24 - 1.37 (m, 4H, 2 x 

CH2 ) NMR (CDCI3, 100 MHz) 6  157.9 (BnO-C), 152.6 (BnO-C), 137.4 (Cq), 137.3 (Cq), 136.3 (Cq),
131.2 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 127.1 (ArC), 124.4 (C=C),
114.2 (ArC), 111.6 (ArC), 109.8 (ArC), 107.8 (C=C), 101.9 (ArC), 70.6 (CH2 ), 69.6 (CH2 ), 42.6 (CH2 ), 26,5 
(CH2 ), 8.9 (CH3 ) HRMS (El): Found 893.4332 (M+H)\ C6 2H5 7 N2O4 requires 893.4313 IR : (KBr) cm^;
3021.8, 2922.9, 2858.2, 1610.6, 1504.4, 1478.9, 1454.4, 1378.3, 1289.8, 1241.9, 1198.7, 1167.7,
1025.4, 833.3 MP : 201-203 °C

8.4.32 l,5-b is(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-m ethyl-l//-indoi-l-yl)pentane
[264]

Column chromatography of [252] afforded a by-product as a white solid (192 mg, 22%)

Ĥ NMR (CDCI3, 400 MHz) 5 7.32 - 7.57 (m, 18H, Ar-H), 7.06 - 7.20 (m, 8 H, Ar-H), 6.94 - 7.06 (m, 8 H, 
Ar-H), 5.17 (s, 4H, CH2 ), 5.10 (s, 4H, CH2 ), 3.79 - 3.94 (m, 4H, CHj), 2.18 (s, 6 H, CH3 ), 1.53 - 1.68 (m, 
2H, CH2 ), 1.34 - 1.46 (m, 2H, CHj), 0.74 - 0.89 (m, 2H, CHj) “ C NMR (CDCI3, 100 MHz) 5 158.0 (C- 
OBn), 152.6 (C-OBn), 137.5 ( Q ,  137.4 (Cq), 136.3 (Cq), 131.2, 128.2, 128.1, 127.7, 127.3, 127.2, 124.5 
(C q), 114.2, 111.6, 109.8, 107.7 (C q), 103.2, 101.9, 97.4, 70.6 (CH2 ), 69.6 (CH2 ), 43.1 (CH2 ), 29.1 (CHj),
23.1 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 929.4296 (M+Na)\ Ce3 H5 8 N2 Na0 4  requires 929.4296 IR : v^ax 
(KBr) cm ^ 3059,1, 3032,8, 2910,2, 2857,3, 1609.9, 1476.5, 1452.9, 1382,5, 1234,7, 1174.3, 1018,5, 
837,8 MP : 169-171 °C

8.4.33 l,6-bis(5-{Benzyloxy)-2-(4-(benzyIoxy)phenyl)-3-m ethyl-l//-indol-l-yl)hexane
[265]

Column chromatography of [253] afforded a by-product as a white solid (224 mg, 26%)
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‘H NMR (CDCI3, 400 MHz) 6  7.48 - 7.58 (m, 8 H, Ar-H), 7.33 - 7.47 (m, 8 H, Ar-H), 7.24 - 7.30 (m, 4H, 

Ar-H), 7.18 - 7.23 (m, 2H, Ar-H), 7.16 (s, 2H, Ar-H), 7.05 - 7.11 (m, 6 H, Ar-H), 7.00 (dd, J = 1.76, 8.78 

Hz, 2H, Ar-H), 5.18 (s, 4H, 2 x CH2 ), 5.13 (s, 4H, 2 x CH2 ), 3.92 (t, J = 7.03 Hz, 4H, 2 x CH2 ), 2.21 (s, 6 H, 

2 X CH3 ), 1.45 - 1.56 (m, 4H, 2 x CH2 ), 0.94 - 1.05 (m, 4H, 2 x CHj) NMR (CDCI3, 100 MHz) 6  158,0 

(BnO-C), 152.6 (BnO-C), 137.5 { Q ,  137.4 (Cq), 136.3 (Cq), 131.3 (ArC), 131.2 (ArC), 128.4 (ArC), 128.2 

(ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 124.5 (C-C), 114.2 (ArC), 111.7 (ArC), 109.9 

(ArC), 107.7 (C-C), 101.9 (ArC), 70.6 (CH2 ), 69.6 (CH2 ), 43.3 (CH2 ), 29.5 (CH2 ), 26.0 (CH2 ), 8.9 (CH3 ) 

HRMS (MALDI): Found 920.4589 (M), C6 4 H6 0 N2 O4 requires 920.4553 IR : v^ax (KBr) cm '^ 3032.9,
2925.3, 2858.4, 1612.1, 1505.2, 1478.9, 1453.9, 1379.2, 1283.0, 1173.8, 1022.5, 736.3 MP : 213-214 
“ C

8.4 .34  l,8 -b is (5 -(B e n zy lo x y )-2 -(4 -(b e n zy lo x y )p h e n y l)-3 -m e th y l-l//- in d o l-l-y l)o c ta n e  
[266]

Colunnn chromatography o f [254] afforded a by-product as a white Solid (198 nng, 22%)

Ĥ NMR (CDCI3, 400 MHz) 6  7.34 - 7.57 (m, 20H, Ar-H), 7.27 - 7.32 (m, 4H, Ar-H), 7.21 - 7.26 (m, 2H, 

Ar-H), 7.15 (s, 2H, Ar-H), 7.05 - 7.12 (m, 4H, Ar-H), 6.99 (m, 2H, Ar-H), 5.17 (s, 4H, 2 x CHj), 5.11 (s, 

4H, 2 X CH2 ), 3.95 (t, J = 7.03 Hz, 4H, 2 x CH2 ), 2.21 (s, 6 H, 2 x CH3 ), 1.43 - 1.65 (m, 4H, 2 x CH2 ), 1.21 - 

1.41 (m, 4H, 2 X CH2 ), 0.81 - 0.96 (m, 4H, 2 x CH2 ) NMR {CDCI3, 100 MHz) 6  158.0 (BnO-C), 152.6 

(BnO-C), 137.5 { Q ,  137.4 (Cq), 136.3 (Cp), 131.3 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 

(ArC), 127.2 (ArC), 127.1 (ArC), 124.6 (C=C), 114.2 (ArC), 111.6 (ArC), 109.8 (ArC), 107.6 (C=C), 101.9 

(ArC), 70.6 (CH2 ), 69.6 (CH2 ), 43.4 (CH2 ), 29.3 (CH2 ), 28.4 (CH2 ), 26.2 (CH2 ), 8.9 (CH3 ) HRMS (El): Found 

949.4931 (M +H )\ C6 6 H6 5 N2 O4 requires 949.4939 IR : (KBr) cm ^ 3063.67, 3033.1, 2926.1, 2855.9,
1613.9, 1505.7, 1479.7, 1455.6, 1379.8, 1288.2, 1242.0, 1025.9, 735.5 MP : 136-139 °C

8.4 .35 l,1 2 -b is (5 -(B e n zy lo x y )-2 -(4 -(b e n zy lo x y )p h e n y l)-3 -m e th y I-l//- in d o l-l-  
yI)dodectane [267]

Column chromatography o f [255] afforded a by-product as a white Solid (280 mg, 30%)

‘H NMR (CDCI3, 400 MHz) 6  7.48 - 7.57 (m, 7H, Ar-H), 7.23 - 7.47 (m, 19H, Ar-H), 7.15 (s, 2H, Ar-H), 

7.08 - 7.13 (m, 4H, Ar-H), 6.95 - 7.02 (m, 2H, Ar-H), 5.18 (s, 4H, 2 x CH2 ), 5.14 (s, 4H, 2 x CHj), 3.98 (t, 
J = 7.28 Hz, 4H, 2 x CH2 ), 2.22 (s, 6 H, 2 x CH3 ), 1.53 - 1.69 (m, 4H, 2 x CH2 ), 1.07 - 1.20 (m, 16H, 8  x 

CH2 ) “ C NMR (CDCI3, 100 MHz) 6  158.0 (BnO-C), 152.6 (BnO-C), 137.6 (Cq), 137.4 (Cq), 136.4 (Cq), 

131.3 (ArC), 128.3 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 127.1 (ArC), 

124.6 (C=C), 114.2 (ArC), 111.6 (ArC), 109.9 (ArC), 107.6 (C=C), 101.9 (ArC), 70.6 (CHa), 69.6 (CH2 ), 

43.5 (CH2 ), 29.7 (CH2 ), 29.1 (CH2 ), 29.0 (CHj), 28.7 (CH2 ), 26.4 (CHj), 8.9 (CH3 ) HRMS (El): Found 

1005.5560 (M-i-H)*, C7 0 H7 3 N2O4  requires 1005.5565 IR : (KBr) cm'^: 3063.4, 3033.1, 2926.0, 2854,

1613.4, 1506.0, 1478.9, 1454.6, 1386.5, 1287.4, 1242.3, 1174.4, 1026.2, 734.9 MP : 132-135 °C

8.4 .36  General m ethod for the debenzylation o f the d i-indole conjugates
The appropriate di-indole [263]-[267] (200 mg) was dissolved in MeOH:EtOAc (1:4) (20 mL) and 

transferred to a 3-neck flask. To the flask was added a small spatula tip fu l o f Pd(0 H) 2  (~20 mg) and 

placed under a H2 atmosphere. The reaction was monitored via TLC until the starting material had 

disappeared (10 -  60 min). The reaction m ixture was filtered through celite and the solvent was 

evaporated under reduced pressure to obtain a brown oil. The material was purified via flash 

chromatography on silica gel to  afford the product.
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8.4.37 l , l ’-(Butane-l,4-diyl)bis(2-(4-hydroxyphenyl)-3-methyl-l//-indol-5-ol) [268]
As per general method 8.4.36, the protected indole conjugate [263] (200 mg, 0.224 mmol) and a 

small spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 
material was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 2:1 to 1:1) to 

afford the product as a yellow solid (79 mg, 67%)

NMR (CD3 OD, 400 MHz) 5 6 . 8 6  - 6.96 (m, 6 H, Ar-H), 6.78 - 6.85 (m, 6 H, Ar-H), 6 . 6 6  (d, J = 8.53 Hz, 
2H, Ar-H), 3.69 - 3.80 (m, 4H, 2 x CH2), 2.06 (s, 6 H, 2 x CH3), 1.20 - 1.38 (m, 6 H, 2 x CH2, 2 x O H ), 1.08 

-1 .18  (m, 4H, 2 X CH2 ), 0.91 (br s, 2H, 2 x OH) NMR (CD3 OD, 100 MHz) 6  158.4 (C-OH), 151.3 (C- 
OH), 139.6 (Cp), 133.2 (Cq), 132.9 (ArC), 130.8 (C,), 124.9 (C=C), 116.3 (ArC), 112.0 (ArC), 111.2 (ArC), 
108.5 (C=C), 103.9 (ArC), 44.0 (CH2 ), 28.0 (CH2 ), 9.6 (CH3 ) HRMS (El): Found 533.2421 

C3 4 H3 5 N2O4 requires 533.2435 IR : v„ax (KBr) cm ^ 3428.5 (br), 2921.2, 2857.1, 1614.5, 1560.0, 
1508.1, 1457.2, 1359.7, 1229.3, 1201.0, 1168.1, 836.9 MP : 128-129 °C

8.4.38 l,l'-(Pentane-l,5-diyl)bis(2-(4-hydroxyphenyl)-3-methyl-l//-indol-5-ol) [269]
As per general method 8.4.36, the protected indole conjugate [264] (200 mg, 0.220 mmol) and a 

small spatula tipful of Pd(0 H) 2  (~20 mg) were reacted under a hydrogen atmosphere for 30 min. The 

material was purified via flash chromatography over silica gel (DCM:Et0Ac, gradient 2:1 to 1:1) to 

afford the product as a yellow solid (63 mg, 53%)

Ĥ NMR (CD3 OD, 400 MHz) 5 7.03 (d, J = 9.03 Hz, 2H, Ar-H), 6.93 (s, 2H, Ar-H), 6.71 - 6.82 (m, lOH, 
Ar-H), 3.80 (t, J = 6.27 Hz, 4H, 2 x CH2 ), 3.34 (br. s., 2H, 2 x OH), 2.06 (s, 6 H, 2 x CH3 ), 1.11 - 1.22 (m, 
4H, 2 X CH2), 0.34 - 0.45 (m, 2H, CH2) “ C NMR (CD3 OD, 100 MHz) 6  158.2 (C-OH), 151.3 (C-OH), 139.9 
(Cq), 133.0 (Cq), 132.9 (ArC), 130.8 (Cq), 125.1 (C=C), 116.3 (ArC), 111.9 (ArC), 111.4 (ArC), 108.1 

(C < ), 104.0 (ArC), 44.1 (CHj), 30.4 (CHj), 23.7 (CHj), 9.6 (CH3) HRMS (El): Found 547.2579 (M +H )\ 
C3 5 H3 5 N2 O4 requires 547.2591 IR : v„,a. (KBr) cm' :̂ 3429.9, 2928.1, 2859.9, 1614.9, 1508.3, 1461.8, 
1353.3, 1231.0, 1168.9, 837.58 MP : 131-133 °C

8.4.39 l,l'-(Hexane-l,6-diyl)bis(2-(4-hydroxyphenyl)-3-methyl-l//-indoI-5-ol) [270]
As per general method 8.4.36, the protected indole conjugate [265] (200 mg, 0.217 mmol) and a 

small spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 
material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 2:1 to 1:1) to 

afford the product as a yellow solid (90 mg, 74%)

‘h NMR {CDCI3 , 400 MHz) 5 7.00 - 7.14 (m, 6 H, Ar-H), 6.81 - 6.95 (m, 6 H, Ar-H), 6.72 (d, J = 8.53 Hz, 
2H, Ar-H), 3.85 (t, J = 6.27 Hz, 4 H, 2 x CH2), 2.10 (s, 6 H, 2 x CH3), 1.24 - 1.40 (m, 6 H, 2 x CH2, 2 x OH), 

0.71 - 0.84 (m, 4 H, 2 x CH2) “ C NMR (CD3 OD, 100 MHz) 6  158.5 (C-OH), 151.3 (C-OH), 139.7 (Cq), 

133.0 (ArC), 130.8 (Cq), 125.1 (C=C), 116.4 (ArC), 112.0 (ArC), 111.2 (ArC), 108.2 (C=C), 103.9 (ArC), 

44.4 (CH2), 30.8 (CH2), 27.2 (CH2), 9.6 (CH3) HRMS (El): Found 561.2731 (M+H)^ C36H37N2O4 requires 

561.2748 IR : v„ax (KBr) cm 3425.1 (br.), 2925.8, 2850.2, 1614.5, 1508.15, 1460.8, 1354.9, 1231.62, 
1168.7, 837.0 MP : 123-124 °C

8.4.40 l,l'-(Octane-l,8-diyl)bis(2-(4-hydroxyphenyl)-3-methyl-l//-indol-5-ol) [271]
As per general method 8.4.36, the protected indole conjugate [266] (200 mg, 0.210 mmol) and a 

small spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 

material was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 2:1 to 1:1) to 

afford the product as a yellow solid (75 mg, 61%)
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‘ H NMR (CD3 OD, 400 MHz) 6  7.06 - 7.22 (m, 6 H, Ar-H), 6.81 - 6.96 (m, 6 H, Ar-H), 6.72 (d, J = 8.53 Hz, 
2H, Ar-H), 3.86 - 4.00 (m, 4H, 2 x CH2 ), 2.11 (s, 6 H, 2 x CHj), 1.07 - 1.52 (m, 12H, 4 x CHj, OH), 0.79 - 
1.00 (m, 4H, 2 X CH2 ) “ C NMR (CD3 OD, 100 MHz) 5 158.5 (C-OH), 151.4 (C-OH), 139.7 (Cq), 133.0 
(ArC), 130.9 (Cq), 125.1 (C=C), 116.4 (ArC), 112.0 (ArC), 111.2 (ArC), 108.2 (C=C), 103.9 (ArC), 44.6 
(CHj), 34.1 (CH2 ), 29.8 (CH2 ), 27.5 (CH2 ), 9.7 (CH3 ) HRMS (El); Found 589.3090 (M +H)\ C3 8 H4 1 N2O4 

requires 589.3061 IR : v^ax (KBr) c m 3438.5 (br), 2922.7, 2854.3, 1638.4, 1614.5, 1508.2, 1456.9, 
1384.1, 1239.9, 1168.9, 838.3 MP : 83-86 °C

8.4.41 l,l'-(Dodecane-l,12-diyl)bis(2-(4-hydroxyphenyl)-3-methyl-l//-indol-5-ol) [272]
As per general method 8.4.36, the protected indole conjugate [267] (200 mg, 0.199 mmol) and a 
small spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 
material was purified v ia  flash chromatography on silica gel (DCM:EtOAc, gradient 2:1 to 1:1) to 
afford the product as a yellow solid (74 mg, 58%)

^H NMR (CD3 OD, 400 MHz) 6  7.09 - 7.26 (m, 6 H, Ar-H), 6.82 - 6.98 (m, 6 H, Ar-H), 6.71 (d, J = 7.03 Hz, 
2H, Ar-H), 3.92 - 4.06 (m, 4H, 2 x CH2 ), 2.12 (s, 6 H, 2 x CH3 ), 1.42 - 1.60 (m, 4H, 2 x CH2 ), 1.24 - 1.40 
(m, 8 H, 4 X CH2 ), 0.99 - 1.16 (m, 8 H, 4 x CH2 ) (OH not observed) “ C NMR (CD3 OD, 100 MHz) 6  158.5 
(C-OH), 151.4 (C-OH), 139.8 (Cp), 133.0 (ArC), 130.9 (Cq), 125.1 (C=C), 116.4 (ArC), 112.0 (ArC), 111.2 
(ArC), 108.2 (C=C), 103.9 (ArC), 44.6 (CH2 ), 30.9 (CH2 ), 30.57 (CH2 ), 30.56 (CH2 ), 30.2 (CH2 ), 27.7 (CH2 ),
9.6 (CH3 ) HRMS (El): Found 645.3661 (M-i-H)", C4 2 H4 9 N2 O4 requires 645.3687 IR : v„ax (KBr) cm ^
3401.6 (br), 2922.7, 2853.0, 1614.6, 1508.2, 1463.7, 1372.5, 1234.0, 1165.5, 834.6 MP : 139-140 °C

8.4.42 6-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(4-bromobutyI)-3-methyl-3f/-indoIe
[273]

Column chromatography of [251] afforded a by-product as a yellow solid (179 mg, 17%)

^H NMR (CDCIj, 400 MHz) 6  8.11 (d, J = 8.53 Hz, 2H, Ar-H), 7.61 (d, J = 8.03 Hz, IH, Ar-H), 7.34 - 7.54 
(m, lOH, Ar-H), 7.10 (d, J = 8.53 Hz, 2H, Ar-H), 6.98 - 7.04 (m, IH, Ar-H), 6.95 (d, J = 2.01 Hz, IH, Ar- 
H), 5.17 (s, 2H, CH2 ), 5.15 (s, 2H, CH2 ), 3.15 (t, J = 7.03 Hz, 2H, CH2 ), 2.26 (dt, J = 4,52, 12.80 Hz, IH, 
0.5 X CH2 ), 2.03 (dt, J = 4.02, 12.80 Hz, IH, 0.5 x CH2 ), 1.53 - 1.70 (m, 5H, CH2 , CH3 ), 0.84 - 1.03 (m, 
2H, CH2 ) NMR (CDCI3 , 100 MHz) 6  179.1 (C=N), 160.2 (C-OBn), 157.0 (C-OBn), 147.3 (Cq), 146.7 
(Cq), 136.5 (Cq), 136.0 (Cq), 129.0, 128.2, 128.2, 127.8, 127.7, 127.6, 127.2, 127.1, 126.0 (Cq), 120.3, 
114.5, 113.1, 108.2, 70.2 (CH2 ), 69.6 (CH2 ), 57.3 (C(CH3 )), 38.0 (CH2 ), 32.4 (CH2 ), 32.3 (CH2 ), 24.6 
(CH3 ), 22.6 (CH2 ) HRMS (El): Found 554.1714 (M+H)\ C3 3 H3 sBrN0 2  requires 554.1689 IR : v^ax (KBr) 
cm ^ 3064.6, 3032.6, 2930.3, 2858.6, 1604.3, 1505.8, 1454.1, 1379.8, 1247.9, 1174.0, 1023.7, 831.8 
MP : 84-86 °C

8.4.43 6-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(5-bromopentyl)-3-methyl-3//-indole
[274]

Column chromatography of [252] afforded a by-product as a yellow solid (97 mg, 9%)

^H NMR (CDCI3 , 400 MHz) 5 8.12 (d, J = 8.53 Hz, 2H, Ar-H), 7.60 (d, J = 8.03 Hz, IH, Ar-H), 7.35 - 7.54 
(m, lOH, Ar-H), 7.10 (d, J = 8.53 Hz, 2H, Ar-H), 6.99 (d, J = 8.53 Hz, IH, Ar-H), 6.94 (d, J = 2.01 Hz, IH, 
Ar-H), 5.17 (s, 2H, CH2 ), 5.14 (s, 2H, CH2 ), 3.22 (t, J = 6.78 Hz, 2H, CH2 ), 2.25 (dt, J = 3.51, 4.52 Hz, IH, 
0.5 X CH2 ), 2.02 (dt, J = 4.02, 12.80 Hz, IN , 0.5 x CH2 ), 1.54 - 1.66 (m, 5H, CH2 , CH3 ), 1.17 - 1.27 (m, 
2H, CH2 ), 0.76 - 0.95 (m, 2H, CH2 ) NMR (CDCI3 , 100 MHz) 5 179.3 (C=N), 160.2 (C-OBn), 157.0 (C- 
OBn), 146.8 (Cq), 136.5 (Cq), 136.0 (Cq), 129.1, 128.2, 128.2, 127.7, 127.6, 127.2, 127.1, 120.2, 114.5,
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112.9, 108.2, 70.2 (CHj), 69.7 (CHj), 57.5 (CiCHj)), 38.8 (CH2 ), 33.3 (CH2 ), 31.7 (CH2 ), 27.7 (CH2 ), 24.6 

(CHj), 22.9 (CH2 ) HRMS (El): Found 590.1688 (M+H)*, C3 4 H3 4 BrNNa0 2  requires 590.1671 IR : (KBr)
cm'^: 3064.3, 3032.5, 2928.7, 2859.5, 1604.6, 1505.8, 1454.4, 1379.9, 1249.8, 1023.9, 836.8 MP : 81- 

84 °C

8.4.44 6-(BenzyIoxy)-2-(4-(benzyloxy)phenyl)-3-(6-bromo-/i-hexanoyl)-3-methyl-3//- 
indole [275]

Column chromatography o f [253] afforded a by-product as a yellow solid (133 mg, 12%)

NMR {CDCI3 , 400 MHz) 5 8.13 (d, J =  8.53 Hz, 2H, Ar-H), 7.61 (d, J = 8.53 Hz, IH , Ar-H), 7.33 - 7.54 

(m, lOH, Ar-H), 7.10 (d, J = 9.03 Hz, 2H, Ar-H), 7.00 (dd, J = 2.26, 8.28 Hz, IH , Ar-H), 6.94 (d, J =  2.01 

Hz, IH , Ar-H), 5.17 (s, 2H, CH2 ), 5.07 - 5.15 (m, 2H, CH2 ), 3.28 (t, J =  6.78 Hz, 2H, CH2 ), 2.20 (dt, J = 

3.76, 12.92 Hz, IH , 0.5 x CH2 ), 2.01 (dt, J =  3.76, 12.92 Hz, IH , 0.5 x CH2 ), 1.54 - 1.70 (m, 5H, CH2 , 

CH3 ), 1.03 - 1.23 (m, 4H, 2 x CH2 ), 0.73 - 0.95 (m, 2H, CH2 ) NMR (CDCI3 , 400 MHz) 6  179.4 (C=N),

160.3 (C-OBn), 157.0 (C-OBn), 146.9 (C,,), 136.5 (C,), 136.0 (Cp), 129.2, 128.2, 128.2, 127.7, 127.6, 

127.2, 127.1, 120.1, 114.5, 112.9, 108.2, 70.2 (CH2 ), 69.7 (CH2 ), 57.5 (C(CH3 )), 38.8 (CH2 ), 33.4 (CH2 ), 

32.0 (CHj), 28.2 (CHj), 27.1 (CH2 ), 24.6 (CH3 ), 23.4 (CH2 ) HRMS (El): Found 584.2000 (M-i-H)", 

C3sH27BrN02 requires 582.2002 IR : v^ax (KBr) cm ^ 3064.8, 3032.8, 2928.9, 2864.9, 1604.9, 1505.8, 

1462.7, 1380.2, 1248.7, 1173.5, 1023.6, 836.7 MP : 79-82 °C

8.4.45 6-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(8-bromooctyI)-3-methyI-3//-indole 
[276]

Column chromatography o f [254] afforded a by-product as a yellow solid (156 mg, 13%)

*H NMR {CDCI3 , 400 MHz) 6  8.13 (d, J = 8.53 Hz, 2H, Ar-H), 7.61 (d, J = 8.03 Hz, IH , Ar-H), 7.34 - 7.54 

(m, lOH, Ar-H), 7.10 (d, J = 8.53 Hz, 2H, Ar-H), 6.99 (d, J =  8.03 Hz, IH , Ar-H), 6.94 (s, IH , Ar-H), 5.17 

(s, 2H, CH2 ), 5.13 (s, 2H, CH2 ), 3.35 (t, J =  6.78 Hz, 2H, CH2 ), 2.16 - 2.28 (m, IH , 0.5 x CH2 ), 1.95 - 2.05 

(m, IH , 0.5 X CH2 ), 1.69 - 1.86 (m, 2H, CH2 ), 1.56 (s, 3H, CH3 ), 1.21 - 1.41 (m, 5H, 3 x CH2 ), 1.03 -1 .16  
(m, 6 H, 3 X CH2 ) NMR (CDCI3 , 100 MHz) 6  179.5 (C=N), 159.6 (C-OBn), 155.4 (C-OBn), 147.6 (Cq),

136.4 (Cq), 136.0 (Cq), 129.3, 128,2, 128.2,127.7,127.6, 127.2, 127.1, 120.0, 114.5, 112.8, 108.3, 70.2 

(CH2 ), 69.7 (CH2 ), 57.6 (C(CH3 )), 39.0 (CH2 ), 33.6 (CH2 ), 32.2 (CH2 ), 29.0 (CH2 ), 28.3 (CH2 ), 28.0 (CH2 ), 
27.5 (CH2 ), 24.7 (CH3 ), 23.5 (CH2 ) HRMS (El): Found 610.2339 (M+H)", C3 7 H4 iBrN 0 2  requires 610.2315 

IR ; Vmax (KBr) cm ^ 3064.7, 3032.9, 2928.2, 2855.8, 1604.1, 1505.8, 1454.3, 1379.6, 1241.9, 1174.4, 

1023.6, 827.1 M P : 79-82 °C

8.4.46 6-(BenzyIoxy)-2-(4-(benzyloxy)phenyl)-3-(12-bromododecyl)-3-methyl-3//- 
indole [277]

Column chromatography of [255] afforded a by-product as a yellow solid yellow solid (140 mg, 11%)

^H NMR {CDCI3 , 400 MHz) 5 8.14 (d, J = 8.03 Hz, 2H, Ar-H), 7.62 (d, J =  7.53 Hz, IH , Ar-H), 7.34 - 7.54 

(m, lOH, Ar-H), 7.10 (d, J =  8.53 Hz, 2H, Ar-H), 6.99 (d, J =  8.53 Hz, IH , Ar-H), 6.94 (s, IH , Ar-H), 5.17 

(s, 2H, CH2 ), 5.13 (s, 2H, CH2 ), 3.41 (t, J =  6.78 Hz, 2H, CH2 ), 2.17 - 2.28 (m, IH , 0.5 x CH2 ), 1.96 - 2.07 

(m, IH , 0.5 X CH2 ), 1.84 (quin, J = 14.30 Hz, 2H, CH2 ), 1.56 (s, 3H, CH3 ), 1.35 - 1.45 (m, 2H, CH2 ), 1.00 - 

1.34 (m, 14H, 7 x CH2 ), 0.73 - 0.94 (m, 2H, CH2 ) NMR (CDCI3 , 100 MHz) 6  179.6 (C=N), 160.0 (C- 
OBn), 152.2 (C-OBn), 144.4 (Cq), 136.4 (Cq), 136.0 (Cq), 129.3, 128.2, 128.2, 127.7, 127.6, 127.2, 

127.1, 126.8, 125.4, 120.0, 114.5, 112.8, 108.3, 70.2 (CH2 ), 69.7 (CH2 ), 57.6 (C(CH3 )), 39.1 (CH2 ), 34.5 

(CH2 ), 33.7 (CH2 ), 32.4 (CH2 ), 29.2 (CH2 ), 29.0 (CH2 ), 28.9 (CH2 ), 28.6 (CH2 ), 28.3 (CH2 ), 27.7 (CH2 ), 24.7
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(CHz), 24.2 (CH3 ), 23.7 (CH2 ) HRMS (El): Found 666.2943 (M+H)*, C4 iH4 9 BrN0 2  requires 666.2941 IR : 
Vniax (KBr) cm ^ 3064.8, 3022.9, 2922.7, 2853.9, 1604.1, 1507.0, 1462.8, 1379.3, 1249.2, 1173.9, 
1024.1, 836.8 MP : 85-88 °C

8 .4 .47  l-(b en zy lo xy )-4 -(b ro m o m eth y l)b en zen e  [279]
To a solution of benzylalcohol [302] (2.5 g, 11.67 mmol) in DCM (30 mL) was placed under a nitrogen 

atomosphere and was cooled to 0°C at which time PBrs (1.1 mi, 11.67 mmol) was added dropwise. 
The mixture was left to stir for 1 hour at RT after which NaHCOa was added dropwise. The resulting 

solution was washed with water (30 mL). The aqueous layer extracted with DCM (20 mL x 2). The 

organic layers were combined and washed with brine (50 mL) and dried over Na2S0 4 . The solvent 
was evaporated to yield an orange oil. The crude mixture was then purified using column 

chromatography over silica gel (DCM) to afford the product as an off-white solid (2.97 g, 92 %).

^H-NMR 400MHz (CDCI3): 6  7.41 - 7.50 (m, 4H, Ar-H), 7.32 - 7.40 (m, 3H, Ar-H), 6.98 (d, J = 8.53 Hz, 
2H, Ar-H), 5.10 (s, 2H, C H j), 4.54 (s, 2H, CH2) ^^C-NMR lOOMHz (CDCI3): 6 158.4, 136.2, 128.6, 114.7, 
69.6 (CH2), 34.2 (CH2) IR: v^a* (KBr) cm'^:3467.5, 1639.7, 1614.2, 1515.4, 1454.4, 1383.6, 1252.5, 
1006.9, 737.4, 698.9 HRMS (El): Found 197.0958 (M-Br), C^HisO'requires 197.0972; M.P.: 83-85 °C

8 .4 .48  l-((2 -B ro m o eth o xy)n ie th y l)b en zen e  [281]
To a suspension of NBS (0.68 g, 3.84 mmol) in dry DCM (7 ml) was added PPha (Ig, 3.83 mmol) in 5 

ml DCM in the dark at -78 °C. The mixture was stirred until all the NBS was dissolved. A solution of 2- 
(benzyloxy)ethanol [306] (0.5 g, 0.46 mL, 3.28 mmol) in DCM (4 ml) was added dropwise. The cooling 

bath was removed and the reaction was stirred for 1 hour at RT until the solution turned orange. The 

reaction was quenched with the addition of methanol (4 ml) and toulene (5 ml). The mixture was 

then evaporated under reduced pressure till ail the MeOH had been removed. The brown oil was 
dissolved in EtOAc (20 mL) and washed with water (20 mL x 2), brine (40 mL) and dried over Na2S0 4 . 
The solvent was evaporated in vacuo to afford a brown oil. Column chromatography over silica gel 
(DCM:n-Hexane, 1:4) eluted the product as a white solid. (620 mg, 8 8  %).

‘H-NMR 400MHz (CDCI3): 6  6.51 -  6.83 (m, 5H, Ar-H), 5.11 (s, 2H, CH2 ), 3.91 (t, J = 7.5 Hz, 2H, CHj), 
3.50 (t, J = 7.5 Hz, 2H, CHj) ^^C-NMR lOOMHz (CDCI3): 6  137.5 (Cq), 128.6 (ArC), 127.8 (ArC), 127.4 

(ArC), 72.0 (CH2 ), 69.2 (CH2 ), 31.0 (CH2 ) IR: v„a, (KBr) cm 3489.3, 3089.2, 2891.3, 1501.8, 14431, 
1089.4, 693.4 HRMS (El): Found 458.1747 (M+Na)^ C2 9 H2 5 NNa0 3  requires 458.1732; M.P.: 100-101 

°C

8 .4 .49  5 -(B ro m o m eth y l)-l,2 ,3 -trim eth o xyb en ze ne  [282]
To a solution of benzylalcohol [305] (2 g, 10 mmol) in DCM (30 mL) was placed under a nitrogen 

atomosphere and was cooled to 0°C at which time PBrs (1.045 mL, 11 mmol) was added dropwise. 
The mixture was left to stir for 1 hour at RT after which NaHC0 3  was added dropwise. The resulting 

solution was washed with water (30 mL). The aqueous layer extracted with DCM (20 mL x 2). The 

organic layers were combined and washed with brine (50 mL) and dried over Na2 S0 4 . The solvent 
was evaporated to yield an orange oil. The crude mixture was then purified using column 

chromatography over silica gel (DCM:EtOAc, gradient 5:1 to 3:1) to afford the product as an off- 
white solid (2.37 g, 91 %).

^H-NMR 400MHz (CDCI3): 6  6.64 (s, 2H, Ar-H), 4.49 (s, 2H, CH2), 3.89 (s, 6 H, 2 x OCH3), 3.87 (s, 3H, 
OCH3) ^^C-NMR lOOMHz (CDCI3): 6  152.8, 132.7, 105.6 (Ar-C), 60.4 (OCH3), 55.7 (OCH3), 33.9 (CH2) IR:
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V m a x  (KBr) cm ^  2997.9, 2938.7, 2837.6, 1591.1, 1506.7, 1459.5, 1420.9, 13314.6, 1242.0, 1125.0,

1005.9, 833.0, 666.5 HRMS (El): Found 261.0118 (M+Na)", CioHiaBrNaOj requires 261.0121 M.P.: 71- 

73 "C

8.4 .50 5 -(B en zy lo xy )-2 -(4 -(b en zy lo xy )p h en y l)-l-b u ty l-3 -m eth y l-l//-in d o le  [284]
To a round bottomed flask was added NaH (0.19 g, 4.76 mmol) and THF (20 mL) at 0°C under a 

nitrogen atmosphere. To the flask was added indole [248] (0.5 g, 1.19 mmol) in THF (10 mL) and the 

mixture was allowed to stir fo r 10 minutes at 0°C. To the reaction mixture was then added 1- 

bromobutane [278] (0.179 g, 0.14 mL, 1.307 mmol) and left to  stir fo r a fu rther 30 minutes. The 

reaction was then refluxed fo r 2 hours. To the reaction mixture was added water dropwise till the 

fizzing ceased. The mixture was then evaporated under reduced pressure till all the THF had been 

removed. The brown oil was dissolved in EtOAc (20 mL) and washed w ith water (20 mL x 2), brine 

(40 mL) and dried over Na2 S0 4 . The solvent was evaporated in vacuo to  afford a brown resin. 

Column chromatography over silica gel (/i-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as 

a pink solid (284 g, 50 %).

‘H-NMR 400MHz (CDCU); 5 7.50 - 7.58 (m, 4H, Ar-H), 7.31 - 7.49 (m, 8H, Ar-H), 7.25 - 7.31 (m, IH, Ar- 

H), 7.09 - 7.18 (m, 3H, Ar-H), 7.01 (d, J = 9.03 Hz, IH , Ar-H), 5.19 (s, 2H, CH2 ), 5.17 (s, 2H, CH2 ), 4.01 (t, 

J = 7.28 Hz, 2H, CH2 ), 2.23 (s, 3H, CH3 ), 1.61 (quin, J = 7.40 Hz, 2H, CH2 ), 1.18 (sxt, J = 7.33 Hz, 2H, 

CH2 ), 0.81 (t, J = 7.28 Hz, 3H, CH3 ) ‘^C-NMR lOOMHz (CDCI3 ): 158.0 (COBn), 152.6 (COBn), 137.6 ( Q ,  

137.4 (Cq), 136.4 (ArC), 131.3 (ArC), 131.3 (ArC), 128.3 (ArC), 128.2 (ArC), 128.1 (ArC), 127.7 (ArC), 
127.3 (ArC), 127.2 (ArC), 124.6 (C-C), 114.2 (ArC), 111.6 (ArC), 109.9 (ArC), 107.6 (C=C), 101.9 (ArC), 

70.6 (CH2 ), 69.7 (CH2 ), 43.3 (CH2 ), 31.8 (CH2 ), 19.6 (CH2 ), 13.3 (CH3 ), 8.9 (CH3 ) IR: v „ 3 , (KBr) cm^: 

3418.7, 2956.3, 2933.3, 2871.5, 1609.5, 1480.3, 1461.3, 1379.6, 1204.9, 1017.5, 829.8, 698.6 HRMS 

(El): Found 476.2585 (M +H )\ C3 3 H3 4 NO2 requires 475.2584 M.P.: 148 -150 °C

8.4.51 l-(4 -(B en zy Io xy )b en zy l)-5 -(b en zy lo xy )-2 -(4 -(b en zy lo xy )p h e n y l)-3 -m eth y l-l//-  
indole [285]

To a round bottomed flask was added NaH (0.250 g, 6.2 mmol) dissolved in THF (20 mL) and was 
allowed to stir fo r 10 min at 0°C under a nitrogen atmosphere. To the reaction m ixture was added 

indole [248] (1 g, 2.38 mmol) dissolved in THF (10 mL) The mixture was stirred at 0°C fo r 10 minutes 

after which benzylbromide compound [279] (0.989 g, 3.57 mmol) was added dropwise. The mixture 

was left to  stir at 0°C fo r a fu rther 30 minutes before being refluxed for 2 hours. The mixture was 

then evaporated under reduced pressure till all the THF had been removed. The brown oil was 

dissolved in EtOAc (20 mL) and washed w ith water (20 mL x 2), brine (40 mL) and dried over Na2 S0 4 . 

The solvent was evaporated in vacuo to afford a brown resin. Column chromatography over silica gel 

(n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as a yellow solid (0.99 g, 6 8  %).

^H-NMR 400MHz (CDCI3): 6 7.31 - 7.57 (m, 12H, Ar-H), 7.22 - 7.31 (m, 3H, Ar-H), 7.20 (d, J = 2.01 Hz, 

IH , Ar-H), 7.13 (d, J = 9.03 Hz, 2H, Ar-H), 7.01 - 7.09 (m, 2H, Ar-H), 6.83 - 7.01 (m, 6 H, Ar-H), 5.09 - 

5.21 (m, 6 H, 3 X CH2 ), 5.01 - 5.08 (m, 3H, 3 x CH2 ), 2.30 (s, 3H, CH3) '^C-NMR lOOMHz (CDCIs): 6 158.5 

(COBn), 157.8 (COBn), 153.3 (COBn), 138.3, 137.8, 137.0, 136.8, 132.1, 131.7, 131.0, 130.4, 129.1, 

128.6, 128.5, 128.5, 128.0, 127.9, 127.7, 127.6, 127.5, 127.5, 127.3, 124.6 (C=C), 115.1, 114.9, 114.7, 

112.3, 110.8, 108.4 (C=C), 102.4, 71.0 (CH2 ), 70.0 (CH2 ), 4 7 .1 (CH2 ), 9.5 (CH3) IR: v̂ âx (KBr) cm ’ :̂

3062.9, 3032.7, 2916.4, 1610.4, 1509.0, 1454.7, 1240.5, 1174.6, 1024.9, 1024.9, 835.0, 736.7, 696.3 

HRMS (El): Found 458.1747 (M+Na)*, C2 9 H2 5 NNa0 3  requires 458.1732 M.P.: 65-68°C
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8.4.52 l-(4-Fluorobenzyl)-5-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-lH-indole 
[286]

To a round bottom ed flask was added NaH (0.114 g, 4.76 mmol) suspended in THF (20 mL) and was 

allowed to stir fo r 10 min at 0°C under a nitrogen atmosphere. To the reaction m ixture was added 

indole [248] (1 g, 2.38 mmol) dissolved in THF (10 mL) The mixture was stirred at 0°C fo r 10 minutes 

after which benzylbromide compound [280] (0.45 g, 0.29 mL, 2.38 mmol) was added dropwise. The 

m ixture was le ft to stir at 0°C for a fu rther 30 minutes before being refluxed fo r 2 hours. The m ixture 

was then evaporated under reduced pressure till all the THF had been removed. The brown oil was 

dissolved in EtOAc (20 mL) and washed w ith water (20 mL x 2), brine (40 mL) and dried over Na2 S0 4 . 

The solvent was evaporated in vacuo to  afford a brown resin. Column chromatography over silica gel 

(n-Hexane:DCM, gradient 4:1 to 2:1) to afford the product as a yellow solid (0.72 g, 6 8  %).

^H-NMR 400MHz (CDCIj): 5 7.33 - 7.59 (m, lOH, Ar-H), 7.17 - 7.32 (m, 3H, Ar-H), 7.02 - 7.13 (m, 3H, 

Ar-H), 6.87 - 6.99 (m, 5H, Ar-H), 5.07 - 5.24 (m, 6 H, 3 x CHj), 2.29 (s, 3H, CH3 ) ^C-NMR lOOMHz 

(CDCI3 ): 6  162.6 (C-F), 161.0 (COH), 158.6 (COH), 153.4, 138.2, 137.8, 136.8, 134.3, 132.0, 131.6, 

129.2, 128.6, 128.5, 128.1, 127.7, 127.6, 127.6, 127.6, 127.5, 124.5 (C=C), 115.4, 115.3, 114.7, 112.4, 

110.6, 108.7 (C=C), 102.5, 71.0 (CH2 ), 70.0 (CH2 ), 46.9 (CHj), 9.5 (CH3 ) !R: v„ax (KBr) cm ^  3380.3, 

2923.7, 1613.4, 1505.9, 1462.3, 1220.2, 1171.9, 1016.0, 837.9, 735.0 HRMS (El): Found 528.2329 

(M +H )\ C3 6 H3 1 FNO2 requires 528.2333 M.P.: 60-62 °C

8.4.53 5-(Benzyloxy)-l-(2-(benzyloxy)ethyl)-2-(4-(benzyloxy)phenyl)-3-methyl-l//- 
indole [287]

To a round bottom ed flask was added NaH (0.06 g, 2.4 mmol) suspended in THF (20 mL) and was the 

suspention was allowed to stir fo r 10 min at 0 °C under a nitrogen atmosphere. To the reaction 

mixture was added indole [248] (0.5 g, 1.2 mmol) dissolved in THF (10 mL) The mixture was stirred at 
0°C fo r 10 minutes after which alkylbromide compound [281] (0.24 g, 1.2 mmol) was added 

dropwise. The m ixture was left to  stir at 0°C for a further 30 minutes before being refluxed fo r 2 
hours. The m ixture was then evaporated under reduced pressure till all the THF had been removed. 

The brown oil was dissolved in EtOAc (20 mL) and washed w ith  water (20 mL x 2 ), brine (40 mL) and 

dried over Na2S0 4 . The solvent was evaporated in vacuo to afford a brown resin. Column 

chromatography over silica gel (DCM:EtOAc, gradient 4:1 to 2:1) eluted the product as a yellow solid 

(0.285 g, 43 %).

‘H-NMR 400MHz (CDCI3 ): 6  7.24 - 7.57 (m, lOH, Ar-H), 7.13 - 7.19 (m, 4H, Ar-H), 7.07 (d, J = 8.53 Hz, 

2H, Ar-H), 6.99 (dd, J = 2.26, 8.78 Hz, IH , Ar-H), 6.51 - 6.80 (m, 5H, Ar-H), 5.17 (d, J = 12.05 Hz, 4H, 2 

X CH2 ), 4.76 (s, 2H, CH2 ) 4.22 (t, J = 6.27 Hz, 2H, CH2 ), 3.82 (t, J = 6.27 Hz, 2H, CH2 ), 2.20 (s, 3H, CH3 ) 

^^C-NMR lOOMHz (CDCI3 ): 6 ; 158.1 (COH), 152.7 (COH), 137.5, 137.4, 136.4, 131.5, 128.5, 128.2, 

128.1, 127.9, 127.8, 127.7, 127.4, 127.3, 127.2, 127.1, 124.2 (C=C), 114.2, 111.7, 110.0, 108.1 (C=C), 

102.0, 72.6 (CH2 ), 70.6 (CH2 ), 69.6 (CH2 ), 68.3 (CH2 ), 43.3 (CH2 ), 8.9 (CH3 ) IR: v^ax (KBr) cm^: 2935.8, 

1614.5, 1594.6, 1508.3, 1450.4, 1331.6, 1236.2, 1125.0, 998.4, 839.9 HRMS (El): Found 554.2683 

(M+H)", C3 8 H3 5 NO3 requires 554.2690; M.P.: 69-71 “C

8.4.54 l-(3,4,5-Trimethoxybenzyl)-5-(benzyloxy)-2-(4-(benzyloxy)phenyI)-3-methyl-l//- 
indole [288]

To a round bottom  flask was added NaH (0.084 g, 3.6 mmol) suspended in THF (20 mL) and the 

mixture was allowed to stir fo r 10 min at 0 °C under a nitrogen atmosphere. To the reaction mixture
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was added indole [248] (0.5 g, 1.2 mmol) dissolved in THF (10 mL) The mixture was stirred at 0 °C for 
10 minutes after which 3,4,5-trimethoxybenzylbromide [282] (0.6 g, 2.38 mmol) was added 

dropwise. The mixture was left to stir at 0°C for a further 30 minutes before being refluxed for 2 

hours. The mixture was then evaporated under reduced pressure till all the THF had been removed. 
The brown oil was dissolved in EtOAc (20 mL) and washed with water (20 mL x 2), brine (40 mL) and 

dried over Na2S0 4 . The solvent was evaporated in vacuo to afford a brown resin. Column 

chromatography over silica gel (DCM.EtOAc, gradient 5:1 to 3.1) eluted the product as a yellow solid 

(0.367 g, 51 %).

^H-NMR 400MHz (CDCI3): 6  7.33 - 7.57 (m, lOH, A r-H ), 7.27 - 7.32 (m, 2H, A r-H ), 7.15 - 7.20 (m, 2H, 

A r-H ), 7.07 (d, J = 8.53 Hz, 2H, A r-H ), 6.95 (dd, J = 2.51, 8.53 Hz, IH , A r-H ), 6.21 (s, 2H, A r-H ), 5.17 (s, 
2H, CH2), 5.13 (s, 4 H, 2 x CH2 ), 3.82 (s, 3H, OCH3), 3.70 (s, 6 H, OCH3), 2.29 (s, 3H, CH3) ^^C-NMR 

lOOMHz (C DCI3): 5 158.1 (COBn), 152.9 (COBn), 152.8 (COBn), 137.9 (Cq), 137.3 (C,,), 136.3 (C,), 133.9 

(Cq), 131.9 ( Q ,  131.3 (Cq), 128.8 (Cq), 128.2 (Cq), 128.1 (ArC), 127.7 (ArC), 127.3 (ArC), 127.2 (ArC), 

127.1 (ArC), 124.2 (C=C), 114.3 (ArC), 111.9 (ArC), 110.3 (ArC), 108.2 (C=C), 102.7 (ArC), 102.0 (ArC), 

70.5 (CH2), 69.6 (CH2), 60.4 (OCH3), 55.6 (OCH3), 47.4 (CH2), 9.1 (CH3) IR: v̂ ax (KBr) cm^:3420.7,
2935.8, 1614.5, 1594.6, 1508.3, 1450.4, 1331.6, 1236.2, 1125.0, 998.4, 839.9 HRMS (El): Found 

622.2588 (M+Na)*, C2 5 H2 sNNa0 5  requires 622.2569; M.P.:73-76°C

8.4.55 l,4-B is((5-(B enzyloxy)-2-(4-(benzyloxy)phenyI)-3-m ethyI-l//-indoM - 
yl)methyl)benzene [289]

Indole [248] (1 g, 2.38 mmol) pre-dissolved in THF (10 mL) was added dropwise to a stirring mixture 

of NaH (10 eq., 571 mg, 23.8 mmol) in THF (10 mL) at 0 °C under N2 atmosphere. The mixture was 
stirred for 10 min, at which point the a,a-dibromo-p-xylene [283] (0.5 eq., 310 mg, 1.19 mmol) was 

added and the mixture was stirred for 30 min at 0 °C. The reaction was refluxed for a further 30 min 

under N2 atmosphere, the mixture was allowed to cool at which point water was added dropwise 
until the solution became clear. The solvent was evaporated under reduced pressure to obtain a 

brown oil. The resin was dissolved in DCM (50 mL) and the extract was washed with water (3 x 50 
mL), brine (50 mL) and dried over Na2 S0 4 . The solvent was evaporated under reduced pressure to 

obtain a brown oil. The material was purified via flash chromatography on silica gel (DCM;EtOAc, 
gradient 4:1 to 3:1) to afford the product as a yellow solid. (1.4 g, 63%)

NMR {CDCI3, 400 MHz) 6  8.01 - 8.16 (m, 4H, Ar-H), 7.30 - 7.52 (m, 22H, Ar-H), 7.02 - 7.13 (m, 4H, 
Ar-H), 6.85 - 6.94 (m, 2H, Ar-H), 6.74 - 6.84 (m, 2H, Ar-H), 5.99 - 6.10 (m, 4H, Ar-H), 5.15 (s, 4H, 2 x 

CH2 ), 5.12 (s, 2H, CH2 ), 5.09 (s, 2H, CH2 ), 3.05 - 3.22 (m, 4H, 2 x CH2 ), 1.61 (s, 6 H, 2 x CH3 ) NMR 
{CDCI3, 100 MHz) 6  160.1 (C-OBn), 151.8 (C-OBn), 145.8 (Cq), 136.5 (Cq), 136.0 (Cq), 133.3 (Cq), 129.4, 
128.2, 128.1, 127.9, 127.7, 127.6, 127.2, 127.1, 127.1, 120.1, 114.4, 113.6, 108.9, 108.7, 70.0 (CHj), 
69.7 (CH2 ), 23.9 (CH3 ) HRMS (El): Found 941.4326 (M+H)", C6 6 H5 7 N2 O4  requires 941.4313 IR : v̂ ax 

(KBr) cm^: 3438.9 (br.), 3032.0, 2925.9, 2862.0, 1605.5, 1505.3, 1453.1, 1277.5, 1245.5, 1189.5,
1003.8, 839.9, 695.8 MP : 130-133 °C

8.4.56 l-Butyl-2-(4-hydroxyphenyl)-3-m ethyI-lW -indol-5-oI [292]
To a round bottomed flask was added indole compound [278] (200 mg, 0.476 mmol) and EtOAc (50 

mL). To this was added a small spatula tipful of 10 % Pd/C (20 mg) and the mixture was placed under 
a hydrogen atmosphere for 1 week. The reaction mixture was then filtered through a bed of celite
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and the solvent evaporated. Column chromatography over silica gel (DCM:EtOAc, gradient 4:1 to 

2:1) to afford the product as a green solid (131 mg, 70 %).

^H-NMR 400MHz (CDCI3 ): 5 ; 7.19 - 7.28 (m, 3H, Ar-H), 7.03 (s, IH , Ar-H), 6.94 - 7.00 (m, 2H, Ar-H), 
6.84 (d, J =  8.53 Hz, IH , Ar-H), 5.76 (br. s„ IH , OH), 5.03 (br. s, IH , OH), 3.98 (t, J ^  7.28 Hz, 2H, CHj), 
2.18 (s, 3H, CH3 ), 1.58 (quin, J =  7.28 Hz, 2H, CH2 ), 1.16 (sxt, J =  7.50 Hz, 2H, CH2 ), 0.80 (t, J = 7.50 Hz, 
3H, CH3 ) ^^C-NMR lOOMHz (CDCI3 ): 6 ; 155.0 (ArC-OH), 148.5 (ArC-OH), 138.0 (Cq), 131.4 (ArC), 131.2 

(Cq), 128.7 (Cq), 124.3 (C=C), 114.9 (ArC), 110.4 (ArC), 109.8 (ArC), 107.2 (C-C), 103.0 (ArC), 65.6 

(CH2 ), 43.2 (CH2 ), 31.8 (CH2 ), 19.6 (CH2 ), 13.2 (CH3 ), 8.9 (CH3 ) IR: v^,,, (KBr) cm’ :̂ 3337.8, 2958.7,
2930.3, 1614.7, 1508.3, 1464.2, 1361.8, 1207.2, 918.36, 830.24 HRMS (El): Found 294.1494 (M-H), 
C1 9 H2 0 NO2  requires 294.1500 M.P.: 71-74 °C

8.4.57 l-(4-Hydroxybenzyl)-2-(4-hydroxyphenyl)-3-methyl-l//-indol-5-ol [293]
To a round bottomed flask was added indole compound [285] (300 mg, 0.487 mmol) and EtOAc (50 

mL). To this was added a small spatula tipful of Pd(0 H)2 /C (20 mg) and the mixture was placed under 
a hydrogen atmosphere for 1 h. The reaction mixture was then filtered through a bed of celite and 

the solvent evaporated. Column chromatography over silica gel (DCM:EtOAc, gradient 4:1 to 2:1) to 

afford the product as a green solid (137 mg, 82 %).

^H-NMR 400MHz (DMSO-dg): 6  ; 9.65 (br. s., IH , OH), 9.23 (br. s., IH , OH), 8.67 (br. s., IH , OH), 7.16 
(d, J =  8.80 Hz, 2H, Ar-H), 7.07 (d, J = 8.80 Hz, IH , Ar-H), 6 . 8 6  (d, J = 8.80 Hz, 2H, Ar-H), 6.80 (d, J =  

2.20 Hz, 2H, Ar-H), 6.67 (d, J =  8.80 Hz, 2H, Ar-H), 6.53 - 6.60 (m, 2H, Ar-H), 5.06 (s, 2H, CH2 ), 2.10 (s, 
3H, CH3 ) ^^C-NMR lOOMHz (DMSO-dg): 6 ; 157.4 (COH), 156.5 (COH), 151.1 (COH), 138.3, 131.7,
131.0, 129.4, 129.2, 127.6, 122.5 (C=C), 115.6, 115.3, 111.5, 111,1, 106.6 (C=C), 102.8, 46.5 (CHj), 9.7 

(CH3) IR; Vn,ax (KBr) cm^: 3336.87, 2976.2, 1613.9, 1513.3, 1466.7, 1353.2, 1207.1, 1171.7, 1099.4,
920.0, 839.1 HRMS (El): Found 380.1064 (M+CI)‘, C2 2 Hi9 CIN0 3  requires 380.1053 M.P.: 50-53 °C

8.4.58 l-(4-Fluorobenzyl)-2-{4-hydroxyphenyl)-3-methyl-lf/-indoI-5-ol [294]
To a round bottomed flask was added indole compound [286] (300 mg, 0.568 mmol) and EtOAc (50 
mL). To this was added a small spatula tipful of Pd(0 H)2 /C (20 mg) and the mixture was placed under 
a hydrogen atmosphere for 1 h. The reaction mixture was then filtered through a bed of celite and 

the solvent evaporated. Column chromatography over silica gel (DCM:EtOAc, gradient 4:1 to 2:1) to 

afford the product as a green solid (154 mg, 78 %).

^H-NMR 400MHz (CDCI3): 6  ; 7.18 (d, J =  8.03 Hz, 2H, Ar-H), 7.00 - 7.07 (m, 2H, Ar-H), 6.85 - 6.94 (m, 
6 H, Ar-H), 6.75 (d, J =  8.53 Hz, IH , Ar-H), 5.15 (s, 2H, CHj), 2.24 (s, 3H, CH3 ) ^^C-NMR lOOMHz (CDCI3 ): 
6 ; 160.2 (OH), 155.0 (COH), 148.9, 138.1, 133.8, 131.6, 131.4, 129.1, 127.2, 127.1, 123.8 (C=C), 115.1, 
114.9, 114.9, 110.9, 110.2, 107.9 (C=C), 103.1, 65.5, 46.5 (CH2 ), 9.0 (CH3 ) IR: v„ax (KBr) cm' :̂ 3349.8,
2933.3, 1701.1, 1614.3, 1459.2, 1358.6, 1252.9, 912.0, 839.0 HRMS (El): Found 346.1249 (M -H), 
C2 2 H1 7 FNO2 requires 346.1249 M.P.: 57-59 “C

8.4.59 l-(2-Hydroxyethyl)-2-(4-hydroxyphenyl)-3-inethyl-l//-indol-5-oI [295]
To a round bottomed was added indole compound [281] (200 mg, 0.361 mmol) and EtOAc (50 mL). 
To this was added a small spatula tipful of Pd(0 H)2/C (20 mg) and the mixture was placed under a 

hydrogen atmosphere for 1 h. The reaction mixture was then filtered through a bed of celite and the 

solvent evaporated. Column chromatography over silica gel (DCM:EtOAc, gradient 4:1 to 2:1) eluted 
the product as a green solid (72 mg, 71 %).
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‘H-NMR 600MHz (DMSO-dg): 5 9.61 (br. s, 2H, OH), 8.62 (br. s, IH , OH), 7.20 (d, J = 8.07 Hz, 3H, Ar- 
H), 6 . 8 6  (d, J = 8.80 Hz, 2H, Ar-H), 6.73 - 6.77 (m, IH , Ar-H), 6.59 - 6.63 (m, IH , Ar-H), 4.72 (t, J = 5.14 

Hz, 2H, CH2 ), 3.93 (t, J -  6.60 Hz, 2H, CHj), 2.01 (s, 3H, CH3 ) ^^C-NMR 150MHz (DMSO-ds): 6  156.5 

(COH), 153.1 (COH), 150.6 (COH), 145.0 (Cq), 137.6 (Cp), 132.1 (Cq), 131.6 (ArC), 128.3 (C=C), 121.9 

(ArC), 114.4 (ArC), 110.8 (ArC), 105.6 (C=C), 102.5 (ArC), 101.6 (ArC), 59.7 (CH2 ), 45.7 (CH2 ), 9.47 
(CH3 ) IR: Vmax (KBr) cm 3271.7, 2920.3, 1614.7, 1468.8, 1367.5, 1260.8, 1233.0, 1167.6, 1021.4,
918.6, 834.8 HRMS (El): Found 284.1288 (M+H)^ CnHigNOa requires 284.1281 M.P.: 122-124 °C

8.4.60 l-(3,4,5-Trimethoxybenzyl)-2-(4-hydroxyphenyl)-3-methyl-lH-indol-5-ol [296]
To a round bottonned flask was added indole compound [288] (200 mg, 0.333 mmol) and EtOAc (50 

mL). To this was added a small spatula tipful of Pd(0 H)2 /C (20 mg) and the mixture was placed under 
a hydrogen atmosphere for 1 h. The reaction mixture was then filtered through a bed of celite and 

the solvent evaporated. Column chromatography over silica gel (DCM:MeOH, gradient 50:1 to 40:1) 
eluted the product as a green solid (123 mg, 8 8  %).

^H-NMR 600MHz (DMSO-de): 6  9.68 (br. s., IH , OH), 8.69 (br. s., IH , OH), 7.18 - 7.27 (m, 3H, Ar-H), 
6.90 (d, J = 8.28 Hz, 2H, Ar-H), 6.81 (d, J = 2.26 Hz, IH, Ar-H), 6.62 (dd, J = 2.07, 8.47 Hz, IH , Ar-H), 
6.19 (s, 2H, Ar-H), 5.11 (s, 2H, CH2 ), 3.52 - 3.62 (m, 9H, OCH3 ), 2.12 (s, 3H, CHj) ‘^C-NMR 150MHz 

(DMSO- de): 6  157.2 (COH), 152.6 (COH), 150.8 (Cq), 138.0 (Cq), 136.2 (Cq), 134.2 (Cq), 131.5 (ArC), 
130.9 (Cq), 129.2 (ArC), 122.2 (C =C ), 115.4 (ArC), 111.3 (ArC), 110.8 (ArC), 106.7 (C =C ), 103.8 (ArC), 
102.5 (ArC), 59.8 (OCH3 ), 55.6 (OCH3 ), 46.6 (CH2 ), 9.4 (CH3 ) IR: (KBr) cm^: 3271.7, 2920.3, 1614.7,
1468.8, 1367.5, 1260.8, 1233.0, 1167.6, 1021.4, 918.6, 834.8 HRMS (El): Found 442.1642 (M +Na)\ 
CzsHjsNNaOs requires 442.1630; M.P.: 146-149 "C

8.4.61 l,l'-(l,4-Phenylenebis(methylene))bis(2-(4-hydroxyphenyl)-3-methyl-l//-indol- 
5 -0 I) [297]

The di-indole [289] (200 mg) was dissolved in MeOH:EtOAc (1:4) (20 mL) and transferred to a 3-neck 
flask. To the flask was added a small spatula tipful of Pd(0 H) 2  (20 mg) and the mixture was placed 

under a H2 atmosphere. The reaction was monitored via TLC until the starting material had 

disappeared (30 min). The reaction mixture was filtered through celite and the solvent was 

evaporated under reduced pressure to obtain a brown oil. The material was purified via flash 

chromatography on silica gel (DCM:EtOAc, gradient 2:1 to 1:1) to afford the product as a yellow 

solid. (87 mg, 71%)

Ĥ NMR (DMSO-de, 400 MHz) 6  9.99 (br. s, 2H, OH), 9.55 (br. s, IH , OH), 9.39 (br. s, IH , OH), 7.89 - 
8.02 (m, 4H, Ar-H), 7.04 - 7.12 (m, 2H, Ar-H), 6.80 - 6.90 (m, 4H, Ar-H), 6.67 - 6.70 (m, IH , Ar-H), 6.57 

- 6.63 (m, 2H, Ar-H), 6.47 - 6.52 (m, IH , Ar-H), 6.03 - 6.21 (m, 4H, Ar-H), 3.08 - 3.22 (m, 4H, 2 x CH2 ), 
1.46 (s, 6 H, 2 X CH3 ) “ C NMR (DMSG-ds, 151 MHz) 6  159.2 (C-OH), 159.1 (C-OH), 155.2 (C-OH), 155.1 

(C-OH), 146.7, 146.3, 146.0, 145.6, 134.4, 134.4, 129.7, 129.5, 128.0, 127.7, 124.6, 124.5, 119.8,
119.7, 115.4, 115.3, 114.1, 109.8, 109.4, 57.8, 57.6, 42.9 (CH2), 42.8 (CH2), 24.3 (CH3), 23.8 (CH3) 

HRMS (El): Found 581.2431 (M +H )\ C3 8 H3 3 N2 O4  requires 581.2435 IR : v^a* (KBr) cm 3422.9 (br.), 
3033.1, 2928.9, 2841.0, 1605.5, 150 8.3, 1453.1, 1277.5, 1245.5, 1189.5, 1003.8, 839.9, 695.8 MP : 

111-113 °C

8.4.62 3-(4-(Benzyloxy)benzyl)-5-(benzyloxy)-2-(4-(benzyIoxy)phenyl)-3-methyl-3/f- 
indole [298]

Column chromatography of [285] afforded a byproduct [298] as a yellow solid (439 mg, 30 %)
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^H-NMR 400MHz (CDCI3): 5 8.18 (d, J =  8.53 Hz, 2H, Ar-H), 7.26 - 7.57 (m, 16H, Ar-H), 7.14 (d, J = 9.03 

Hz, 2H, Ar-H), 6 . 8 8  - 7.00 (m, 2H, Ar-H), 6.46 - 6.61 (m, 4H, Ar-H), 5.07 - 5.24 (m, 4H, 2 x CHj), 4.91 (s, 

2H, CH2 ), 3.21 - 3.39 (m, 2H, CHj), 1.72 (s, 3H, CH3) ^^C-NMR lOOMHz (CDCI3); 5 179.0 (C=N), 160.4 

(COBn), 157.3 (COBn), 156.9 (COBn), 146.4, 137.0, 136.5, 130.3, 129.8, 128.6, 128.6, 128.4, 128.4,

128.1, 128.0, 127.8, 127.5, 127.5, 127.4, 120.7, 114.8, 114.0, 113.8, 109.4, 70.5 (CHj), 70.1 (CH2), 

69.7 (CH2), 43.9 (CH2), 24.2 (CH3) IR: v„3x (KBr) cm 3430.0, 3042.3, 2929.1, 2863.7, 1604.8, 1506.2,

1454.1, 1246.5, 1023.5, 835.9, 665.8 HRMS (El): Found 458.1747 (M+Na)*, C2gH2 5 NNa0 3  requires 

458.1732 M.P.: 67-69 °C

8.4.63 3-(4-Fluorobenzyl)-5-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-3//-indole 
[299]

Column chromatography of [286] afforded a byproduct [299] as a yellow solid (288 mg, 23 %)

^H-NMR 400MHz 6  8.15 (d, J =  8.80 Hz, 2H, Ar-H), 7.26 - 7.63 (m, I IH ,  Ar-H), 7.07 - 7.21 (m, 2H, Ar- 

H), 6 . 8 6  - 7.01 (m, 2H, Ar-H), 6.61 (t, J  = 8.80 Hz, 2H, Ar-H), 6.47 (dd, J =  5.50, 8.44 Hz, 2H, Ar-H), 5.03

- 5.26 (m, 4H, 2 x CH2 ), 3.39 (d, J =  13.94 Hz, 2H, 0.5 x CH2 ), 3.27 (d, J =  13.94 Hz, 2H, 0.5 x CH2 ), 1.56

- 1.78 (m, 3H, CH3 ) ^^C-NMR lOOMHz (CDCI3 ): 6; 178.6 (C=N), 160.7 (COH), 157.0 (COH), 146.1, 137.0,

136.5, 131.6, 130.6, 130.6, 129.7, 128.7, 128.6, 128.2, 128.0, 127.6, 127.5, 120.8, 114.9, 114.3, 

114.2, 114.1, 109.3, 70.5 (CH2 ), 70,1 (CH2 ), 57.8 (C,), 44.0 (CH2 ), 24.3 (CH3 ) IR: v^ax (KBr) cm ^ 3064.9,

3034.1, 2928.6, 2868.1, 1603.9, 1508.4, 1454.3, 1454.3, 1250.8, 1221.3, 1171.1, 1017.4, 835.3,

738.1, 697.3 HRMS (El): Found 528.2341(M+H)*, C3 6 H3 1 FNO2 requires 528.2333 M.P.: 80-82 °C

8.4.64 3-{3,4,5-Triinethoxybenzyl)-5-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-3H- 
indole [300]

Column chromatography (DCM:EtOAc, gradient 5:1 to 3:1) of [288] afforded a byproduct [300] as a 

yellow solid (122 mg, 17 % )

^H-NMR 400MHz (CDCI3): 6  8.13 (d, J = 8.53 Hz, 2H, Ar-H), 7.34 - 7.54 (m, 13H, Ar-H), 7.11 (d, J =  

8.53 Hz, 2H, Ar-H), 7.04 (d, J =  2.01 Hz, IH , Ar-H), 6.95 (dd, J =  2.26, 8.28 Hz, IH , Ar-H), 5.70 (s, 2H, 

CH2), 5.19 (s, 2H, CH2), 5.13 (s, 2H, CH2), 3.82 (s, 3H, OCH3) 3.70 (s, 6 H, 2 x OCH3), 3.35 (m, 2H, CH2), 

1.76 (s, 3H, CH3 ) ^^C-NMR lOOMHz (CDCI3): 6  178.3 (C=N), 156.9 (COBn), 151.5 (COBn), 146.2 (Cp), 

136.5 (Cq), 136.0 (Cq), 135.9 (Cq), 130.9 (Cp), 129.4 (ArC), 128.3 (ArC), 128.2 (ArC), 127.8 (ArC), 127.7 

(ArC), 127.1 (ArC), 127.0 (ArC), 120.4 (ArC), 114.4 (ArC), 113.0 (ArC), 109.0 (ArC), 105.6 (ArC), 70.2 

(CH2 ), 69.6 {CH2 ), 60.3 (OCH3 ), 58.4 (Cq), 55.1 (OCH3 ), 44.7 (CHj), 24.0 (CH3 ) IR; (KBr) cm'^; 3032.2,

2935.5, 2835.6, 1591.7, 1507.6, 1463.9, 1245.2, 1125.0, 1012.6, 835.2, 736.2 HRMS (El): Found 

622.2537 (M+Na)", C2 5 H2 sNNa0 5  requires 622.2569; M.P.: 84-86 °C

8.4.65 5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-l-(4-(bromomethyl)benzyl)-3-methyl- 
l//-indole [301]

Column chromatography o f [289] afforded a byproduct [301] as a yellow solid (420 mg, 22%)

Ĥ NMR {CDCI3, 400 MHz) 5 7.33 - 7.60 (m, lOH, Ar-H), 7.23 - 7.32 (m, 4H, Ar-H), 7.19 (s, IH , Ar-H), 

7.02 -  7.08 (m, 3H, Ar-H), 6.89 - 6.99 (m, 3H, Ar-H), 5.21 (s, 2H, CH2), 5.17 (s, 2H, CH2), 5.12 (s, 2H, 

CH2), 4.47 (s, 2H, CH2), 2.25 - 2.33 (m, 3H, CH3) NMR (CDCI3, 100 MHz) 6  158.1 (C-OBn), 152.9 (C- 

OBn), 138.6 (Cq), 137.9 (Cq), 137.3 (Cp), 136.3 (Cp), 136.0 (Cp), 131.6, 131.2, 128.9, 128.7, 128.2,

128.1, 127.7, 127.3, 127.2, 127.1, 126.0, 124.0 (C=C), 114.3, 111.9, 110.3, 108.2 (C=C), 102.0, 70.5 

(CH2), 69.6 (CH2), 46.9 (CH2), 32.9 (CH2), 9.1 (CH3) HRMS (El): Found 602.1680 (M +H )\ C3 yH3 3 BrN0 2
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requires 602.1689 IR : (KBr) cm' :̂ 3438.1 (br.), 3029.2, 2996.6, 2862.0, 2360.0, 2346.3, 1607.7,
1506.3, 1479.7, 1240.2, 1179.1, 1016.6, 1003.0, 698.1 MP : 87-88 °C

8.4.66 (4-(Benzyloxy)phenyl)methanol [303]
NaBH4 (0.53 g, 14.13 mmol) was added to a solution of 4-benzyloxybenzaldehyde [302] (3 g, 14.13 

mmol) in 50 ml methanol. After stirring for 1 hour, 1 M HCI was added dropwise to the reaction 

mixture till the NaBH4 was neutralised. The reaction mixture was evaporated under reduced pressure 

to remove the MeOH and the resulting solution was redissolved in EtOAc (50 mL). The organic layer 
was washed with water (30 mL), brine (30 mL) and dried over Na2S0 4 . The solvent was evaporated to 

dryness to afford the product as a white solid with did not require further purfication. (2.86 g, 95 %).

‘H-NMR 400MHz (CDCI3): 5 7.39 - 7.50 (m, 4H, Ar-H), 7.37 (d, J = 7.03 Hz, IH , Ar-H), 7.32 (d, J = 8.03 

Hz, 2H, Ar-H), 7.00 (d, J = 8.53 Hz, 2H, Ar-H), 5.10 (s, 2H, CHj), 4.63 (s, 2H, CH2 ), 1.80 (br. s., IH , OH) 
“ C-NMR lOOMHz (CDCI3): 8  157.9 (COH), 136.5 (C„), 132.9 (C„), 128.3 (ArC), 128.2 (ArC), 127.6 (ArC),
127.0 (ArC), 114.5 (ArC), 69.6 (CHj), 64.6 (CHj) IR: v„ax (KBr) cm'^ 3391.0, 2866.3, 1610.2, 1512.7, 
1453.9, 1453.9, 1382.3, 1245.5, 999.1, 811.7, 739.2, 695.9 HRMS (El): Found 237.0882 (M+IMa)^ 

Ci4 Hi4 Na0 2  requires 237.0891 M.P.; 84-85 °C

8.4.67 (3,4,5-Trimethoxyphenyl)methanol [305]
NaBH4 (0.636 g, 16.83 mmol) was added to a solution of 3,4,5-trimethoxybenzaldehyde [304] (3 g, 
15.3 mmol) in 50 ml methanol. After stirring for 1 hour, 1 M HCI was added dropwise to the reaction 

mixture till the NaBH4 was neutralised. The reaction mixture was evaporated under reduced pressure 

to remove the MeOH and the resulting solution was redissolved in EtOAc (50 mL). The organic layer 
was washed with water (30 mL), brine (30 mL) and dried over Na2S0 4 . The solvent was evaporated to 

dryness to afford the product as a white solid with did not require further purfication. (2.87 g, 98 %).

^H-NMR 400MH2 (CDCI3 ): 5 6.57 (s, 2H, Ar-H), 4.59 (s, 2H, CH2 ), 3.73 - 3.92 (m, 9H, 3 x OCH3 ), 2.47 

(br. s, IH , OH) ^^C-NMR lOOMHz (CDCI3 ): 6  152.8, 136.5, 103.2 (Ar-C), 64.8 (OCH3 ), 60.4 (OCH3 ), 55.5 
(CH2 ) IR: Vmax (KBr) cm ^ 3422.3, 2940.4, 2839.0, 1593.2, 1507.5, 1459.0, 1421.2, 1331.6, 1236.4, 
1125.0, 1006.4, 828.6 HRMS (El): Found 221.0781 (M+Na)*, CioHi4Na0 4  requires 221.0790; M.P.: 
36-38 °C

8.5 Synthesis of the acrylic acid analogues

8.5.1 General procedure for reflux syntheses of Perkin products
A mixture of the necessary benzaldehyde (leq.), the necessary phenylacetic acid (700 mg, leq.), 
acetic anhydride (2 mL) and triethylamine (1 mL) were heated to reflux of 3 h. After acidification 

with concentrated hydrochloric acid (5 mL), the resulting solid was filtered off and recrystallised to 

yield an appropriate acrylic yields

8.5.2  General procedure for microwave syntheses of Perkin products
A mixture of the necessary benzaldehyde (1 eq.), the necessary phenylacetic acid (700 mg, 1 eq.), 
acetic anhydride (2 mL) and triethylamine (1 mL) were reacted in the microwave reactor at a 120 °C 

and for 30 min. After acidification with concentrated hydrochloric acid (~ 5 mL), the resulting solid 

was filtered off and recrystallised to yield an appropriate acrylic yields.
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8.5.3 (£)-3-(3-Hydroxy-4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid
[150]*96

Reflux

As per general method 8.5.1, 3-hydroxy-4-methoxybenzaldehyde [308] (470 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid [307] (700 mg, 3.09 mmol) were reacted. Recrystallisation from 

methanol afforded the acrylic acid as fine yellow soild (578 mg, 51 %)

Microwave

As per general method 8.5.2, 3-hydroxy-4-methoxybenzaldehyde [308] (470 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid [307] (700 mg, 3.09 mmol) were reacted. Recrystaliisation from 

methanol afforded the acrylic acid as fine yellow solid (710 mg, 64 %)

^H-NMR 400MHz (DMSO-ds): 6 12.45(br s, IH , COOH), 8.98(br s, IH , OH), 7.57(s, IH , C=CH), 6.81 (d, 
IH , J= 8.5 Hz, Ar-H), 6.60 (d, IH , J= 8.5 Hz, Ar-H), 6.53 (s, IH , Ar-H), 6.44 (s, 2H, Ar-H), 3.73 (s, 3H, 

OCH3), 3.71 (s, 3H, OCH3), 3.69 (s, 6 H, OCH3) ^*C-NMR lOOMHz (DMSO-dg): S 55.45 (OCH3), 55.91 

(OCH3), 60.12 (OCH3), 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 HRMS (El): Found 383.1103 (M +Na)\ Ci9 H2o0 7 Na 
requires 383.1107. M.P.: 237-239 °C

8.5.4 (£)-2-(3,4,5-trimethoxyphenyl)-3-(4-methoxyphenyl)acrylic acid [310]5*‘‘
Reflux

As per general method 8.5.1, anisaldehyde (700 mg, 5.1 mmol), 3,4,5-trimethoxyphenylacetic acid 
(1.153 mg, 5.1 mmol) were reacted. Recrystallisation from methanol afforded the acrylic acid as fine 
yellow solid (710 mg, 40 %)

Microwave

As per general method 8.5.2, anisaldehyde (374 mg, 0.36 ml, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystaliisation from methanol 
afforded the acrylic acid as fine yellow solid (488 mg, 45 %)

^H-NMR 400MHz (DMSO-dg): 8 12.48 (br s, IH , COOH), 7.68 (s, IH , C=CH), 7.06 (d, 2H, J=9Hz, Ar-H), 
6.82 (d, 2H, J=9Hz, Ar-H), 6.46 (s, 2H, Ar-H), 3.72 (s, 6 H, OCH3), 3.68 (s, 6 H, OCH3) ‘^C-NMR lOOMHz 

(DMSO-dfi): 5 55.19 (OCH3), 55.93 (OCH3), 60.15 (OCH3), 106.53, 113.88, 126.75, 130.52, 132.08, 
132.27, 136.86, 138.72, 153.96, 160.01, 168.51 (COOH) IR: v„ax (KBr) cm ^: 2994, 2942, 2630, 1664, 
1604, 1582, 1508, 1464, 1414, 1253, 1242, 1180, 1127, 1029, 1008, 830 HRMS (El): Found 345.1246 

(M+H)^ C19H21O6 requires 344.1260. M.P.: 212 °C

8.5.5 (E)-3-(Benzo[d][l,3]dioxol-5-yl)-2-(4-methoxyphenyl)acrylic acid [311]s5o
Reflux

As per general method 8.5.1, piperonal (700 mg, 4.7 mmol), 4-methoxyphenylacetic acid (781 mg, 
4.7 mmol) were reacted. Recrystaliisation from methanol afforded the acrylic acid as fine brown 
solid (542 mg, 39 %)
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Microwave

As per general method 8.5.2, piperonal (463 mg, 3.09 mmol), 4-methoxyphenylacetic acid (513 mg, 
3.09 mmol) were reacted. Recrystallisation from methanol afforded the acrylic acid as fine brown 

solid (440 mg, 47 %)

^H-NMR 400MHz (DMSO-c/g): 5 12.49 (br s, IH , CO O H), 7.65 (s, IH , C=CH), 7.08 (d, 2H, J=8.5Hz, Ar- 
H), 6.96 (d, 2H, J=8.5Hz, Ar-H), 6.82 (m, 2H, Ar-H), 6.39 (s, IH , Ar-H), 5.97 (s, 2H, O-CH2-O), 3.81 (s, 

3H, OCH3) ^^C-NMR lOOMHz (DMSO-dg): 6 55.06 (OCH3), 101.36 (O -CH2-O), 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 (CO O H) IR: Vn,ax (KBr) 
cm^: 3436.26, 3937.78, 1666.24, 1611.23, 1506.29, 1482.99, 1424.59, 1348.6, 1288.4, 1272.55, 
1240.78, 1179.56, 1030.93, 921.74 HRMS (El): Found 321.0742 (M+Na)^ CiyHwOsNa requires 

321.0739. M.P.: 232-233 °C

8.5.6 (£ )-3 -(4 -M eth o xy-3 -n itro p h en yI)-2 -(3 ,4 ,5 -trim eth o xyp h en yl)acry lic  acid [312]5so
Reflux

As per general method 8.5.1, 3-nitro-4-methoxybenzaldehyde (700 mg, 4mmol), 3,4,5- 
trimethoxyphenylacetic acid (900 mg, 4 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (781 mg, 50 %)

Microwave

As per general method 8.5.2, 3-nitro-4-methoxybenzaldehyde (559 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow needles (790 mg, 65 %)

^H-NMR 4 OOMH2 (DMSO-c/fi): 8 12.767 (br s, IH , CO O H), 7.73 (s, IH , C=CH), 7.56 (d, IH , J=2Hz, Ar- 
H), 7.42 (dd, IH , J=2Hz, Ar-H), 7.28 (d, IH , J=9Hz, Ar-H), 6.49 (s, 2H, Ar-H), 3.90 (s, 3H, OCH3), 3.71 (s, 
9H, OCH3) ^^C-NMR lOOMHz (DMSO-dg): 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 (C O O H ) IR: 
Vmax (KBr) cm ^ 3435.90(w), 2941.68, 166.97, 1613.30, 1583.52, 1536.82, 1563.01, 1412.93, 1290.72, 
1265.98, 1242.35, 1127.96, 1015.19, 997.24 HRMS (El): Found 412.1010 (M +Na)\ CigHigNOsNa 

requires 412.1008. M.P.: 220-222 °C

8.5.7 (£3 -3 -(3 -F luoro -4-m ethoxyphenyl)-2 -(3 ,4 ,5 -trim ethoxyphenyl)acry lic  acid 
[313]281

Reflux

As per general method 8.5.1, 3-fiuoro-4-methoxybenzaldehyde (700 mg, 4.5 mmol), 3,4,5- 
trimethoxyphenylacetic acid (900 mg, 4 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (710 mg, 43 %)

Microwave

As per general method 8.5.2, 3-fluoro-4-methoxybenzaldehyde (476 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (732 mg, 65 %)
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^H-NMR 400MHz (DMSO-c/g): 5 12.65 (br s, IH, COOH), 7.67 (s, IH, C=CH), 7.09 (t, IH, J=9 Hz, Ar-H), 
7.00 (d, IH , J=7 Hz, Ar-H), 6.83 (dd, IH, J=2 Hz, Ar-H), 6.47 (s, 2H, Ar-H), 3.81 (s, 3H, OCH3 ), 3.72 (s, 
9H, OCH3 ) “ C-NMR lOOMHz (DMSO-dg): 8  56.46 (OCH3 ), 60.65 (OCH3 ), 65.40 (OCH3 ), 106.92, 
113.92,117.34, 117.54, 127.77, 128.28, 132.28, 132.44, 148.31, 153.75, 168.73 (COOH) IR: (KBr)
c m 3448, 2998, 2942, 2626, 1667, 1616, 1516, 1506, 1414, 1278, 1257, 1129, 1024, 1003, 924, 
818, 772. HRMS (El): Found 363.1144 (M-i-H)\ CjgHjoOeF requires 363.1166 M.P.: 203-205 °C

8.5.8 (f)-3-(3,4,5-Trim ethoxyphenyl)-2-(3,5-dim ethoxyphenyl)acrylic acid [314]
Reflux

As per general method 8.5.1, 3,4,5-trimethoxybenzaldehyde (700 mg, 3.57 mmol), 3,5- 
dimethoxyphenylacetlc acid (700 mg, 3.57 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine brown solid (340 mg, 25 %)

Microwave

As per general method 8.5.2, 3,4,5-trimethoxybenzaldehyde (606 mg, 3.09 mmol), 3,5- 
dimethoxyphenylacetic acid (606 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine brown solid (411 mg, 35 %)

‘H-NMR 400MHz (CDCI3 ): 5 7.83 (s, IH, C=CH), 6.49 (d, IH, 2.5Hz, Ar-H), 6.46-6.47 (m, 4H, Ar-H), 
3.85 (s, 3H, OCH3 ), 3.78 (s, 6 H, OCH3 ), 3.62 (s, 6 H, OCH3 ) ^^C-NMR lOOMHz (CDCI3 ): 5 171.66 (COOH), 
160.91, 152.20, 141.76, 139.00, 137.14, 129.80, 128.71, 107.93, 106.95, 99.94, 60.45 (OCH3 ), 
55.25(OCH3), 5 5 .0 1 (OCH3 ) IR: v̂ ax (KBr) cm^; 3439.53, 2938.98, 2633.47, 1683.93, 1590.82, 1502.72, 
1419.53, 1251.12, 1157.00 HRMS (El): Found 373.1329 (M -H), C2 0 H2 1 O7 requires 373.1366 M .P.: 234- 
236 °C

8.5.9 (£)-2,3-ftis(3,4,5-Trimethoxyphenyl)acrylic acid [315]
Reflux

As per general method 8.5.1, 3,4,5-trimethoxybenzaldehyde (700 mg, 3.59 mmol), 3,4,5- 
trimethoxyphenylacetic acid (744 mg, 3.59 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (484 mg, 33 %)

Microwave

As per general method 8.5.2, 3,4,5-trimethoxybenzaldehyde (606 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (1.2 g, 96 %)

^H-NMR 400MHz (CDCI3 ): 5 7.85 (s, IH, C-CH), 6.53 (s, 2H, Ar-H), 6.42 (s, 2H, Ar-H), 3.88 (s, 3H, 
OCH3 ), 3.85 (s, 3H, OCH3 ), 3.83 (s, 6 H, 2 x OCH3 ), 3.63 (s, 6 H, 2 x OCH3 ) ‘^C-NMR lOOMHz (DMSO-dg): 
6  171.4 (COOH), 160.9, 153.1, 152.2, 141.7, 139.0, 137.1, 129.8, 128.7, 107.9, 106.9, 99.9, 60.5 
(OCH3 ), 60.4 (OCH3 ), 55.2(0 CH3 ), 55.0 (OCH3 ) IR: v̂ âx (KBr) cm'^ 3440.90, 2938.31, 1668.56, 
1580.98, 1505.11, 1413.46, 1272.44, 1240.40 HRMS (El): Found 405.1452 (M+H)\ CjiHjsOg requires 
405.1471. M.P.: 169-172 °C
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8.5.10 (£)-3-(3-Hydroxy-4-m ethoxyphenyl)-2-(3,5-dim ethoxyphenyl)acrylic acid
[316]508

Reflux

As per general method 8.5.1, 3-hydroxy-4'methoxybenzaldehyde (548 mg, 3.6 mmol), 3,5- 
dimethoxyphenylacetic acid (710 mg, 3.6 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine brown solid (90 mg, 7 %)

^H-NMR 400MHz (CDCI3 ): 8  7.82 (s, IH, C-CH), 7.29 (s, IH, Ar-H), 6.72 (s, 2H, Ar-H), 6.50 (s, IH, Ar- 
H), 6.42 (s, 2H Ar-H), 5.48 (br s, IH, OH), 3.89 (s, 3H, OCH3), 3.79 (s, 6 H, OCH3) '^C-NMR lOOMHz 
(CDCI3): 5 55.38 (OCH3), 55.88 (OCH3), 100.44, 106.56, 107.24, 107.46, 100.18, 106.76, 124.46, 
127.58, 129.31, 137.51, 142.15, 145.69, 147.94, 161.13, 172.47 (COOH) IR: v^ax (KBr) cm  ̂ 3364.7,
2936.8, 2840.9, 2627.1, 1682.3, 1601.1, 1506.1, 1441.2, 1423.0, 1265.1, 1205.1, 1153.4, 1063.9,
1024.9, 800.7 HRMS (El): Found 353.1001 (M+Na)\ CjgHisOeNa requires 353.1001. M.P.; 226-229 °C

8.5.11 (F)-3-(3,4-D ihydroxyphenyl)-2-(3,4,5-triinethoxyphenyl)acrylic acid [317]so8
Microwave

As per general method 8.5.2, 3,4-dihydroxybenzaldehyde (427 mg, 3.09 mmol), 3,4,5-
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (390 mg, 36 %)

^H-NMR 400MHz (DMSO-dg): 5 12.44 (br s, IH, COOH), 7.55 (s, IH, C=CH), 6.61-6.48 (m, 3H, Ar-H), 
6.43 (s, 2H, Ar-H), 3.69 (s, 9H, O CH3 ) ^^C-NMR lOOMHz (DMSO-o'e); 6  168.71 (COOH), 153.04, 147.18, 
144.79, 139.54, 136.83, 132.32, 129.24, 125.66, 123.45, 117.55, 115.22, 106.73, 60.12 (O CH3 ), 55.91 
(0 CH3 ) IR: (KBr) cm^: 3414.1, 2941.1, 1678.1, 1593.1, 1505.6, 1412.7, 1288.9, 1117.6, 986.4,
809.9 HRMS (El): Found 369.0956 (M-i-Na)*, CigHigOTNa requires 369.0950. M.P.: 189-193 °C

8.5.12 (£3-3-(3-Hydroxyphenyl)-2-(3,4,5-trimethoxyphenyl)acryIic acid [318]
Microwave

As per general method 8.5.2, 3-hydroxybenzaldehyde (377 mg, 3.09 mmol), 3,4,5-
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow soild (711 mg, 60 %)

'H-NMR 400MHz (DMSO-c/e): 5 7.61 (s, IH, C=CH), 7.05 (t, IH, 8 Hz, Ar-H), 6.67 (dd, IH, 8 Hz, IHz, Ar- 
H), 6.54-6.52 (m, 2H, Ar-H), 6.44 (s, 2H, Ar-H), 3.70 (s, 3H, 0  CH3 ), 3.67 (s, 6 H, O CH3 ) “ C-NMR 

lOOMHz (DMSO-cfe): 8  168.40 (COOH), 157.02, 152.93, 139.05, 136.96, 135.59, 132.96, 131.72, 
129.19, 121.28, 116.85, 116.27, 106.74, 60.12 (0 CH3 ), 55.91 (0 CHj) IR: v„ax (KBr) cm' :̂ 3362.7, 
2941.0 2836.0, 2627.4, 1681.6, 1584.8, 1411.8, 1239.2, 1125.0, 997.3, 965.6, 688.2 HRMS (El): 
Found 353.1003 (M^■Na)  ̂CigHigOgNa requires 353.1003. M.P 230-231 °C

8.5.13 (£)-2-(3,4,5-Trim ethoxyphenyl)-3-(3,4-dim ethoxyphenyl)acrylic acid [319]
Microwave

As per general method 8.5.2, 3,4-dimethoxybenzaldehyde (513 mg, 3.09 mmol), 3,4,5-
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (532 mg, 45 %)
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‘H-NMR 400MHz (DMS0-d6): 5 12.50 (br s, IN , COOH), 7.67 (s, IH , C=CH), 6 . 8 8  (s, 2H, Ar-H), 6.54 (s, 

IH , Ar-H), 6.49 (s, 2H, Ar-H), 3.73 (s, 3H, O CH3 ), 3.70 (s, 6 H, 0  CH3 ), 3.67 (s, 3H, 0  CH3 ), 3.36 (s, 3H, 0  

CH3 ) “ C-NMR lOOMHz (DMSO-dg): 6  168.43 (COOH), 153.34, 149.81, 147.85, 139.08, 136.80, 132.52, 

130.50, 126.79, 125.21, 112.25, 111.20, 106.64, 59.95 (O CH3 ), 56.02 (O CH3 ), 55.42 (0  CH3 ), 54.50 (O 

CH3 ) IR: V m a x  (KBr) cm 3003.3, 2941.7, 1664.2, 1583.9, 1413.1, 1266.2, 1241.7, 1126.8, 1023.8, 

921.8, 816.8 HRMS (El): Found 397.1269 (M +Na)\ C2 oH2 2 0 7 Na requires 397.1263. M.P.: 198-200 °C

8.5.14 (£)-3-(2,3,4-Trimethoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [320]
Microwave

As per general method 8.5.2, 2,3,4-trimethoxYbenzaldehyde (607 mg, 3.09 mmol), 3,4,5- 

trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from  methanol 

afforded the acrylic acid as fine yellow solid (374 mg, 30 %)

"H-NMR 400MHz (DMSO-dg): 5 7.91 (s, IH , C=CH), 6.61 (d, IH , 9Hz, Ar-H), 6.46 (m, 3H, Ar-H), 3.86 

(s, 3H, O CH3), 3.74 (s, 6 H, OCH3), 3.70 (s, 3H, O CH3), 3.68 (s, 6 H, OCH3) ^^C-NMR lOOMHz (DMSO- 

de): 5 168.96 (COOH), 154.79, 153.48, 153.36, 141.88, 137.35, 133.34, 132.05, 124.97, 121.23, 
108.20, 107.30, 61.95 (0  CH3), 60.88 (O CH3), 60.58 (OCH3), 56.40 (O CH3), 56.31 (O CH3) IR: (KBr)

cm ^ 3440.90, 2938.31, 1668.56, 1580.98, 1505.11, 1413.46, 1272.44, 1240.40 HRMS (El): Found 

427.1370 (M+Na)*, C2 iH 2 4 0 gNa requires 427.1369 M.P.: 222-225 °C

8.5.15 (£0-2-(3-Hydroxy-4-methoxyphenyl)-3-(3,4,5-trimethoxyphenyl)acrylic acid
[321]

Microwave

As per general method 8.5.2, 3,4,5-trimethoxybenzaldehyde (323 mg, 1.64 mmol), 3-hydroxy-4- 

methoxyphenylacetic acid (300 mg, 1.64 mmol) were reacted. Recrystallisation from  methanol 

afforded the acrylic acid as fine yellow solid (230 mg, 38 %)

^H-NMR 400MHz (CDCI3): 5 7.83 (s, IH , C=CH), 6.93 (d, IH , 8 Hz, Ar-H), 6.89 (d, IH , 2Hz, Ar-H), 6.79 

(dd, IH , 8 Hz, 2Hz, Ar-H), 6.42 (s, 2H, Ar-H), 3.92 (s, 3H, O CH3), 3.84 (s, 3H, 0  CH3), 3.61 (s, 6 H, 0  CHj) 

^*C-NMR lOOMHz (CDCI3): 5 176.95 (COOH), 152.14 147.84, 145.95, 145.61, 141.66, 138.71, 136.91, 

129.89, 129.14, 128.31, 121.14, 115.73, 110.63, 107.86, 60.44, 55.60, 55.20 IR: v^ax (KBr) cm^: 

3401.6, 2939.0, 2838.2, 1683.2, 1580.5, 1508.6, 1419.7, 1334.5, 1270.1, 1126.7, 999.6 HRMS (El): 

Found 383.1125 (M +Na)\ CigHzoOyNa requires 383.1107 M.P.: 237-239 X

8.5.16 (£l-3-(4-Hydroxy-3,5-dimethoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid
[322]

Microwave

As per general method 8.5.2, 3,5-dimethoxy-4-hydroxybenzaldehyde (350 mg, 1.91 mmol), 3,4,5- 

trimethoxyphenylacetic acid (433 mg, 1.91 mmol) were reacted. Recrystallisation from  methanol 

afforded the acrylic acid as pale yellow solid (400 mg, 48 %)

^H-NMR 400MHz (CDCI3); 5 7.86 (s, IH , C=CH), 6.52 (s, 2H, Ar-H), 6.44 (s, 2H, Ar-H), 3.86 (s, 3H, 0 
CH3), 3.83 (s, 6 H, 0 CH3), 3.59 (s, 6 H, 0 CH3) “ C-NMR lOOMHz (CDCI3): 5 171.94 (C=0 CH3), 168.05 

(COOH), 153.40, 151,32, 141.59, 137.23, 131.51, 130.88, 130.35, 139.41, 107.34, 105.99, 60.34 (O 

CH3), 55.77 {OCH3), 55.37 (O CH3), 19.97 (C=0 CH3) IR; (KBr) cm '^: 3438.9, 2942.4, 1765.4,
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1676.7, 1594.8, 1506.7, 1420.4, 1272.3, 1236.7, 1127.5, 999.8, 906.9 HRMS (El): Found 455.1321 
(M+Na)", C22H2409N3 requires 455.1318, M.P.: 212-214 °C

8.5.17 (E)-3-(3-Acetoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [323]
Microwave

As per general method 8.5.2, vanillin (350 mg, 2.3 mmol), 3,4,5-trimethoxyphenylacetic acid (520 
mg, 2.3 mmol) were reacted. Recrystallisation from methanol afforded the acrylic acid as fine yellow 
solid (515 mg, 56 %)

‘H-NMR 400MHz (CDCI3): 5 7.88 (s, IH, C=CH), 6.95 (d, IH, 8Hz, Ar-H), 6.88 (dd, IH, 18Hz, 2Hz, Ar- 
H), 6.65 (s, 2H, Ar-H), 6.50 (s, 2H, Ar-H), 3.88 (s, 3H, 0  CH3), 3.81 (s, 6H, 0  CH3), 2.30 (s, 3H, C=0 CH3) 

^^C-NMR lOOMHz (CDCI3): 5 171.72 (C-0 CH3), 153.36, 150.13, 141.07, 140.40, 137.21, 132.37, 
130.80, 130.36, 124.46, 122.28, 113.19, 105.96, 60.38 (O CH3), 55.72 (0 CH3), 54.88 (O CH3), 20.18 
(C-0 CH3) IR: v̂ ax (KBr) cm 3362.7, 2941.0 2836.0, 2627.4, 1681.6, 1584.8, 1411.8, 1239.2, 1125.0, 
997.3, 965.6, 688.2 HRMS (El): Found 395.1110 (M+Na)\ C2oH2o0 7 Na requires 395.1107 M.P.: 176- 
180 °C

8.5.18 (E)-2-(3,4,5-Trim ethoxyphenyl)-3-(naphthalen-5-yl)acrylic acid [324]
Microwave

As per general method 8.5.2, 1-napthaldehyde (483 mg, 0.420 mL, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 2.3 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow solid (400 mg, 36 %)

^H-NMR 400MHz (CDCI3): 5 8.31 (s, IH, C=CH), 8.04 (d, IH, 8Hz, Ar-H), 7.94 (d, IH, 8Hz, Ar-H), 7.84 
(d, IH, 8Hz, Ar-H), 7.57 (q(5), 2H, 8Hz, Ar-H), 7.32 (t, IH, 8Hz, Ar-H), 7.11 (d, IH, 8Hz, Ar-H), 6.36 (s, 
2H, Ar-H), 3.59 (s, 3H, O CH3), 3.45 (s, 6H, OCH3) “ C-NMR lOOMHz (CDCI3): 6 168.10 (COOH), 152.22,
137.05, 136.75, 136.02, 132.88, 132.39, 131.08, 130.99, 128.47, 127.00, 126.71, 126.14, 125.19,
124.05, 107.44, 59.97 (O CH3), 55.61 (0 CH3), 48.58 (OCH3) IR: v^ax (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 
387.1216 (M+Na)^ C22H2o0 5 Na requires 387.1208. M.P.: 238-240 °C

8.5.19 (E)-2-(3,4,5-Trim ethoxyphenyl)-3-(5-m ethylthiophen-2-yl)but-2-enoic acid [325]
Microwave

As per general method 8.5.2, 5-methyl-2-thiophenecarboxaldehyde (389 mg, 0.337 mL, 3.09 mmol), 
3,4,5-trimethoxyphenylacetic acid (700 mg, 2.3 mmol) were reacted. Recrystallisation from 
methanol afforded the acrylic acid as a dark yellow solid (375 mg, 36 %)

^H-NMR 400MHz (DMSO-c/g): 5 7.87 (s, IH, C=CH), 7.24 (d, IH, 3.6Hz, Thio-H), 6.74 (d, IH, 3.6Hz, 
Thio-H), 6.47 (s, 2H, Ar-H), 3.72 (s, 9H, 0  CH3), 2.31 (s, 3H, CH3) ^^C-NMR lOOMHz (DMSO-dg): 6 15.23 
(CH3), 55.93 (0 CH3), 60.20 (0 CH3), 106.94, 125.42, 128.27, 130.99, 133.25, 134.85, 136.05, 137.44, 
153.36, 168.10 (C-0) IR: v „ a x  (KBr) cm  ̂ 3426.13, 2998.75, 2537.61, 1662.03, 1581.35, 1412.40, 
1283.72, 1128.23 HRMS (El): Found 357.0763 (M+Na)^ CiyHigOsNaS requires 357.0773. M.P.: 212- 
217 °C
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8.5.20 (E)-3-(Furan-3-yl)-2-(3,4,5-trimethoxyphenyl)acrylic acid [326]
Microwave

As per general method 8.5.2, 3-furaldehyde (296mg, 0.26ml, 3.09mmol), 3,4,5-
trimethoxyphenylacetic acid (700mg, 2.3mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as a dark brown solid (460mg, 49%)

^H-NMR 400MHz (DMSO-dg): 7.90 (s, IH , C=CH), 7.74 (s, IH , C-CH), 7.29-7.25 (m , IH , C=CH), 6 . 8 6  

(m, IH , C=CH), 6.38 (s, 2H, Ar-H), 3.92 (s, 3H, OCH3 ), 3.81 (s, 6 H, OCH3 ) “ C-NMR lOOMHz (DMSO-dg); 
168.3 (COOH), 153.0 (COCH3 ), 143.7, 143.6, 139.0, 138.4, 138.0, 124.4, 108.2 (CCHj), 105.1, 60.8 

(OCH3 ), 56.1 (OCHj) IR: v ^ a x  (KBr) cm^; 3447.5, 2938.9, 2627.6, 1674.9, 1582.2, 1504.8, 1909.5, 
1504.8, 1909.5, 1236.5, 1127.5, 1007.9, 803.2 HRMS (El): Found 327.0839 (M +Na)\ CieHieOeNa 

requires 327.0845 M.P.: 188-191 °C

8.5.21 2-(3,5-Dimethoxyphenyl)acetic acid [328]
A concentrated solution of hydrochloric acid (50 mL) was added to the benzylic cyanide [334] (3.135 
g, 17.6 mmol). After 2.5 h at reflux, water (50 mL) was added and the reaction mixture was allowed 

to cool to room temperature. The aqueous phase was extracted with dichloromethane (50 rnL x 3), 
brine (50 mL), dried over sodium sulphate and evaporated to dryness in vacuo to yield product. The 

material was purified via flash chromatography on silica gel (/i-Hexane;EtOAc, 1:1) to afford the 
product as a white solid. (2.14 g, 61 %)
^H-NMR 400MHz (CDCI3 ): 6.46 (s, 2H, Ar-H), 6.41 (s, IH , Ar-H), 3.81 (s, 6 H, 0  CH3 ), 3.61 (s, 2H, CH2 ) 
‘^C-NMR lOOMHz (CDCI3 ): 177.68 (COOH), 160.89, 135.27, 107,48, 99.43, 55.35 (0 CH3 ), 41.30 (CH2 ) 
IR: v „ 3 x  (KBr) cm ^ 2910.72, 1702.38, 1606.56, 1207.33, 1150.42 HRMS (El); Found 197.0711 (M+H)", 
C1 0 H1 3O4 requires 197.0736. M.P.; 101-103 °C

8.5.22 2-(3-Hydroxy-4-methoxyphenyl)acetic acid [329]
A concentrated solution of hydrochloric acid (100 mL) was added to the deprotected benzylic 
cyanide [339] (3 g, 18.38 mmol). After 2.5 h at reflux, water (50 mL) was added and the reaction 

mixture was allowed to cool to room temperature. The aqueous phase was extracted with 

dichloromethane (50 mL x 3 ), brine (50 mL), dried over sodium sulphate and evaporated to dryness 

in vacuo to yield product. The material was purified via flash chromatography on silica gel (n- 

Hexane:EtOAc, 1:1) to afford the product as a white solid. (700 mg, 21 %)
^H-NMR 400MHz (CDCIj): 6 . 8 6  (d, IH , 8.5Hz, Ar-H), 6.78 (d, IH , 2Hz, Ar-H), 6.73 (dd, IH , 8.5Hz, 2Hz, 
Ar-H), 3.84 (s, 3H, 0 CH3), 3.47 (s, 2H, CH2) ^^C-NMR lOOMHz (CDCI3): 174.90 (COOH), 147.10 (CO 

CH3), 146.51 (COH), 127.82, 120.56, 116.36, 111.80, 55.46 (0 CH3), 40.34 (CH2) IR: v „ „  (KBr) cm  ̂

3393.6, 3029.6, 294.8, 1695.2, 1515.0, 1406.9, 1277.2, 1131.5, 1026.5, 776.0 HRMS (El): Found 

181.0567 (M-H)', C9H9O4 requires 181.0579. M.P.: 130-131 °C

8.5.23 3-(Benzyloxy)-4-methoxybenzaIdehyde [330]
To a solution of KOH (1.3 g, 20 mmol) in ethanol (12 mL) was added 3-hydroxy-4- 
methoxybenzaldehyde [335] (2 g, 10 mmol) and benzyl bromide (4.4 g, 10 mmol). The solution was 

heated under reflux for 6  h and then evaporated to dryness in vacuo to yield product. The material 
was purified via flash chromatography on silica gel (n-Hexane:EtOAc, 4:1) to afford the product as a 
cream solid. (1.3 g, 53 %)
^H-NMR 400MHz (CDCI3): 9.834 (s, IH , CHO), 7.496-7.285 (m, 7H, Ar-H), 7.01 (d, IH , J=8 Hz, Ar-H), 
5.20 (s, 2H, CH2 ), 3.978 (s, 3H, OCH3 ) “ C-NMR lOOMHz (CDCI3 ): 190.58 (CHO), 155.05, 148.70,
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136.30, 129.98, 128.65, 128.15, 127.51, 126.95, 111.30, 110.78, 70.83 (CHj), 56.21 (OCH3 ) IR: v^ax 

(KBr) cm ^ 2910.72, 1702.38, 1606.56, 1207.33, 1150.42 HRMS (El); Found 265.0831 (M+Na}\ 

CisH^OaNa requires 265.0841. M.P.: 61-64 °C

8.5.24 (3,5-Dimethoxyphenyl)methanol [332]
LiAIH4  (2.33 g, 61.42 mmol) was added to a solution o f 3,5-dimethoxybenzaldehyde [331] (5.6 g, 30.7 

mmol) in 100 mL o f THF. A fter stirring for 3 h, acetic acid was added (1 mL). To this NaHCOs (10 g) in 

50 mL o f water was added to  neutralize the residual aqueous extract. The resulting mixture was 

filtered through celite. It was extractred w ith ethyl acetate (100 mL x 3), brine (100 mL), dried over 

sodium sulphate and evaporated to  dryness in vacuo to yield product as a white solid. The material 

did not require fu rther purification. (5.05 g, 98 %)

^H-NMR 400MHz (CDCl3);6.52 (s, 2H, Ar-H), 6.38 (s, IH , Ar-H), 4.61 (s, 2H, CH2 ), 3.79 (s, 6 H, 2 x OCH3 ) 

“ C-NMR lOOMHz (CDCI3 ); 160.46, 142.98, 104.08, 99.11, 64.76 (CH2 OH), 54.88 (O CH3 ) IR: v„ax (KBr) 

cm 3343.1, 2933.4, 1678.0, 1598.1, 1504.3, 1456.1, 1383.3, 1005.6, 806.9, 697.1, 640.5 HRMS (El): 

Found 169.0775 (M +H )\ CgHisOj requires 169.0786. M.P.: 63-65 °C

8.5.25 l-(Bromomethyl)-3,5-diinethoxybenzene [333]
A solution o f the benzylic alcohol [332] (1.8 g, 10.62mmol), in DCM (30 mL), was cooled to 0 °C at 
which tim e PBrs (1 M in DCM) (1 mL, 10.62 mmol) was added. A fter 1 h at room temperature 

saturated NaHCOs was added dropwise and the aqueous layer was extracted w ith dichloromethane 

(50 mL X 3). It was then extraxtred w ith ethyl acetate (50 mL x 3 ), brine (50 mL), dried over sodium 
sulphate and evaporated to dryness in vacuo to yield product as a white solid. The material did not 
require fu rther purification. (1.97 g, 80 %)

"H-NMR 400MHz (CDCI3 ); 6.56 (d, 2H, 2 Hz, Ar-H), 6.41 (t, IH , J= 2 Hz, Ar-H), 4.42 (s, 2H, CHj), 3.82

(s, 6 H, OCH3 ) ‘^C-NMR lOOMHz (CDCI3 ): 33.2 (CHj), 54.9 (O CH3 ), 100.13, 106.49, 139.27, 160.44 IR: 
v^a, (KBr) cm '^ 3003.4, 2969.9, 2936.5, 1609.4, 1517.8, 1162.3, 1006.8, 811.6, 696.4 HRMS (El): 

Found 230.9942 (M+H)^ CgHizBrOj requires 230.9942 M.P.: 67-70 °C

8.5.26 2-(3,5-Dimethoxyphenyl)acetonitrile [334]
To a solution o f the benzylic bromide [333] (1.5 g, 6.49 mmol) in DMF (25 mL), was added sodium 

cyanide (0.33 g, 6.73 mmol). A fter Ih  water was added and the aqueous layer. It was extracted w ith 

ethyl acetate (50 mL x 3), brine (50 mL), dried over sodium sulphate and evaporated to  dryness in 

vacuo to  yield product as a white solid. The material did not require fu rther purification. (1.1 g, 74 %) 

^H-NMR 400MHz (CDCI3): 6.48 (s, 2H, Ar-H), 6.42 (s, IH , Ar-H), 3.81 (s, 6 H, 0  CH3), 3.70 (s, 2H, CHj) 

“ C-NMR lOOMHz (CDCI3): 160.83, 131.50, 117.32 (CN), 105,56, 99.41, 54.98 (O CH3), 54.94 (O CH3), 

23.30 CH2 ) IR: v„ax (KBr) cm'^; 2941.6, 2246.4, 1590.4, 1515.4, 1289.7, 1238.2, 1141.8, 1009.2 HRMS 
(El): Found 178.0780 (M+H)^ C1 0 H1 2 NO2 requires 178.0790. M.P.: 74-78 °C

8.5.27 (3-(BenzyIoxy]-4-methoxyphenyl)methanoI [336]
NaBH4 (0.5 g, 13.2 mmol) was added to a solution o f 4-benzyloxy-3-methoxybenzaldehyde [330] (3 

g, 12.3 mmol) in 50 mL of methanol. After stirring fo r 3 h, acetic acid was added (1 mL). To this 

NaHCOs (10 g) in 50 mL o f water was added to neutralize the residual aqueous extract. It was 

extraxtred w ith ethyl acetate (50 mL x 3), brine (50 mL), dried over sodium sulphate and evaporated 

to  dryness in vacuo to  yield product as a white solid. The material did not require further 

purification. (2.86 g, 95 %)
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^H-NMR 400MHz {CDCI3): 7.48-7.28 (m, 5H, Ar-H), 7.05-6.87 (m, 3H, Ar-H), 5.18 (s, 2H, CH2 ), 4.59(s, 
2H, CH2 ), 3.90 (s, 3H, CH3) ‘*C-NMR lOOIVIHz (CDCI3): 149.26, 148.29, 137.06, 135.35, 128.57, 127.88,
120.04, 113.11, 111.70, 70.95 (CH2 ), 65.23 (CH2OH), 56.11(0 CH3) IR: (KBr) cm ^ 3204.17, 
1591.6, 1425.3, 1240.7, 1157.8, 1008.6, 754.0 HRMS (El): Found 267.1007 (M +N a)\ Ci5Hi603Na 

requires 267.0997 M.P.: 65-66 °C

8.5 .28  l-((5 -(B ro m o m eth y l)-2 -m eth o xyp h en o xy)m eth y l)b en zen e  [337]
A solution of the benzylic alcohol [336] (4.692 g, 19.09 mmol), in dichloromethane (30 m l), was 

cooled to 0 °C at which time PBr3 (1 M in DCM) (1.8 mL, 19.09 mmol) was added. After 1 h at room 

temperature saturated NaHC0 3  was added dropwise and the aqueous layer was extracted with 

dichloromethane (50 mL x 3 ). It was extraxtred with ethyl acetate (50mL x 3), brine (50 mL), dried 

over sodium sulphate and evaporated to dryness in vacuo to yield product as a white solid. The 

material did not require further purification. (5.46 g, 93 %)
^H-NMR 400MHz (CDCI3): 7.38-7.48 (m, 5H, Ar-H), 6.85-7.00 (m, 3H, Ar-H), 5.18 (s, 2H, CH2 ), 4.48 (s, 
2H, CH2 ), 3.91 (s, 3H, O CH3 ) “ C-NMR lOOMHz (CDCI3 ): 149.94, 148.25, 136.79, 130.15, 128.82, 
128.60, 127.98, 127.44, 122.16, 114.78, 111.59, 77.06 (CH2 ), 56.05 (O CH3 ), 34.36 (CH2 Br) IR: v̂ ax 
(KBr) cm'^ 3444.0, 3033.4, 3969,1609.4, 1517.8, 1162.3, 1006.8, 811.6, 696.4 HRMS (El): Found 

307.0255 (M +H )\ CisHi5 Br0 2  requires 307.0255 M.P.: 77-78 -C

8.5 .29  2 -(3 -(B enzyloxy)-4 -m ethoxyphenyl)aceton itrile  [338]
To a solution of the benzylic bromide [337] (5.46 g, 17.78 mmol) in DMF (40 mL), was added sodium 

cyanide (1.127 g, 23 mmol). After Ih  water was added and the aqueous layer. It was extracted with 

ethyl acetate (50 mL x 3 ), brine (50 mL), dried over sodium sulphate and evaporated to dryness in 

vacuo to yield product white solid. The material did not require further purification. (3.95 g, 87 %) 
^H-NMR 400MHz (DMSO-c/g): 7.47 (d, 2H, J=7Hz, Ar-H), 7.41 (t, 2H, J=7Hz, Ar-H), 7.36 (d, IN , 7Hz, Ar- 
H), 7.06 (s, IH , Ar-H), 7.00 (m, IH , Ar-H), 6.90 (m, IH , Ar-H), 5.07 (s, 2H, CH2), 3.92 (s, 2H, CH2), 3.77 

(s, 3H, O CH3) ‘^C-NMR lOOMHz (DMSO-dg): 149.52, 148.53, 136.67, 128.65, 128.05, 127.40, 122.04, 
120.80, 118.12, 113.70, 112.08, 71.13 (CH2), 56.10 (0 CH3), 23.16 (CH2NC) IR: v^ax (KBr) cm' :̂ 2936.6,
2246.4, 1590.4, 1515.4, 1289.7, 1238.2, 1141.8, 1009.1, 794.7, 705.4 HRMS (El): Found 276.1005 

(M +N a)\ Ci6 Hi5 N0 2 Na requires M.P.: 77-78 °C

8.5 .30  2 -(3 -H ydroxy-4-m ethoxypheny l)aceton itrile  [339]
The benzylic cyanide [338] (3 g, 11.84 mmol) was dissolved in a 50/50 mixture of methanol and ethyl 
acetate (20 mL). To this solution Pd/C Black (80 mg) was added and placed in a hydrogen 

environment under 3 bar pressure for 24 h. The resulting mixture was filtered through celite. The 

solution was evaporated to dryness in vacuo to yield product. To this water (20 mL) was added. The 

aqueous phase was extracted with ethyl acetate (20 mL x 3), brine (50 mL), dried over sodium 

sulphate and evaporated to dryness in vacuo to yield product. The material was purified via flash 

chromatography on silica gel (n-Hexane:EtOAc, 1:1) to afford the product as a white solid. (1.5 g, 77 
%)

^H-NMR 400MHz (CDCI3): 6.89 (s, IH , Ar-H), 6.84 (s, 2H, Ar-H), 3.91(s, 3H, 0  CH3), 3.67 (s, 2H, CH2) 

‘^C-NMR lOOMHz (CDCI3): 146.03 (CO CH3), 145.60 (COH), 122.36, 119.11, 117.88 (CN), 113.91, 
110.72, 55.60 (0 CH3), 22.44 (CH2CN) IR: v̂ ax (KBr) cm ^ 3416.3, 2936.5, 2249.9, 1717.8, 1592.8, 
1515.1, 1263.6, 1140.1, 1023.5, 698.1 HRMS (MS Cl+): Found C9 H9 NO2 (M +H )\ 164.0619 requires 
164.0633. M.P.: 106-107 °C
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8.5.31 2-(3-(Benzyloxy)-4-methoxyphenyl)acetic acid [340]
Cone, hydrochloric acid (100 mL) was added to the benzylic cyanide [338] (3.2 g, 12.63 mmol). After 
2.5 h at reflux, water (50 mL) was added and the reaction mixture was allowed to cool to room 

temperature. The aqueous phase was extracted with dichloromethane (50 mL x 3), brine (50 mL), 
dried over sodium sulphate and evaporated to dryness in vacuo to yield product. The material was 

purified via flash chromatography on silica gel (DCM:EtOAc, 1:1) to afford the product as a white 

solid. (700 mg, 20 %)
^H-NMR 400MHz (DMSO-de): 7.28 (t, 3H, 8 Hz, Ar-H), 7.20 (d, IH , 7.5Hz, Ar-H), 7.11 (d, 2H, 7.5Hz, Ar- 
H), 6.85 (s, IH , Ar-H), 6 . 6 6  (s, IH , Ar-H), 3.98 (s, 2H, CH2), 3.84 (s, 3H, CH3), 3.52 (s, 2H, CH2) ^^C-NMR 

lOOMHz (DMSO-d6):176.73 (COOH), 145.43, 143.64, 139.85, 130.47, 128.69, 128.03, 125.68, 124.42, 
116.48, 112.72, 55.46(0 CHj), 38.26, 27.34 IR: v̂ ax (KBr) cm ^ 3400.9, 3020.3, 2544.3, 1696.3, 
1519.5, 1291.3, 1098.3, 935.3, 876.4, 725.4 HRMS (El); Found 271.1038 (M -H ), CigHisO  ̂ requires 

271.1049 M.P.: 126-129 °C

8.5.32 (£/Z)-3-(3-Hydroxy-4-methoxyphenyl)acrylic acid [342]sii
A mixture of 3-hydroxy-4-methoxybenzaldehyde [335] (6234 mg, 4.1 mmol), malonic acid [341] 
(1.706 g, 16.4 mmol), piperidine (1.395 g, 1.62 mL, 16.4 mmol) and acetic acid (2.5 mL) was added to 

a 5 mL microwave tube. The tube was shaken well and irradiated under via the microwave 20 min 

(150 W, 130 °C). The cooled mixture was poured into ice-cold water (20 mL) and extracted with ethyl 
acetate (3 x 20 mL). The organic layer was washed with saturated sodium chloride and dried over 
sodium sulfate. The solvent was evaporated under reduced pressure to obtain a brown resin. The 

material was purified via flash chromatography on silica gel (/j-Hexane.EtOAc, 2.1) to afford the 

product as a white solid, (white solid, 72%)

^H-NMR 400MHz (DMSO-d6):12.20 (br-s, IH , COOH), 9.19 (br-s, IH , OH), 7.47-7.43 (d, IH , 16Hz, 
C=CH), 7.08 (s, 2H, Ar-H), 6.95-6.93 (d, IH, 8 Hz, Ar-H), 6.27-6.23 (d, IH , 16Hz, C=CH), 3.80 (s, 3H, O 

CH3) ‘*C-NMR lOOMHz (DMSO-c/g): 167.79 (COOH), 149.83, 146.64, 144.21, 127.04, 121.00, 116.20, 
114.06, 111.92, 55.59 (0 CHj) IR: v „ a x  (KBr) cm ^ 3394.86, 2940.68, 1703.60, 1519.51, 1445.77, 
1276.98 HRMS (El); Found 193.0561 (M -H ), C1 0 H9 O4  requires 193.0571. M.P.;233-234 °C

8.5.33 3-(3-Hydroxy-4-methoxyphenyI)propanoic acid [343]sio
Compound [343] (200 mg) was dissolved in EtOAc (20 mL) to this was added 10% Pd/C. The mixture 

was allowed to stir for 1 h under a hydrogen atmosphere and monitored by TLC until all the starting 

material had reacted. The reaction mixture was filtered through celite. The solvent was evaporated 

under reduced pressure to obtain the product as a white solid which did not require further 
purification (162 mg, 80%)
^H-NMR 400MHz (DMSO-dg): 12.08 (br-s, IH , COOH), 8.82 (br-s, IH , OH), 6.79 (d, IH , 8 Hz, Ar-H), 
6.63 (s, IH , Ar-H), 6.58 (d, IH , 9Hz, Ar-H), 3.72 (s, 3H, 0  CH3 ), 2.67 (t, 2H, 7.5Hz, CHj), 2.44 (t, 2H, 
7.5Hz, CH2 ) ^^C-NMR lOOMHz (DMSO-de); 173.86 (COOH), 146.26, 145.91, 133.45, 118.59, 118.59, 
115.61, 112.23, 55.64 (0 CH3 ), 35.54 (CH2 ), 29.72 (CHj) IR: v̂ ax (KBr) cm' ;̂ 3350 (OH), 1700 (COOH) 
HRMS (El); Found 195.0726 (M -H ), C1 0 H1 1 O4  requires 196.0736 M.P.: 146-150 °C

8.5.34 (£/Z)-3-(3,4,5-Trimethoxyphenyl)acrylic acid [344]5n
A mixture of 3,4,5-trimethoxybenzaldehyde [335a] (804 mg ,4.1 mmol), malonic acid [341] (1.706 g, 
16.4 mmol), piperidine (1.395 g, 1.62 mL, 16.4 mmol) and acetic acid (2.5 mL) was added to a 5 mL 

microwave tube. The tube was shaken well and irradiated under via the microwave 8  min (150 W,
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130 °C). The cooled mixture was poured into ice-cold water (20 mL) and extracted with ethyl acetate 

(3 X 20 mL). The organic layer was washed with saturated sodium chloride and dried over sodium 

sulfate. The solvent was evaporated under reduced pressure to obtain a brown resin. The material 
was purified via flash chromatography on silica gel (/i-Hexane:EtOAc, 2:1) to afford the product as a 
white solid (956 mg, 84%)

'H-NMR 400MHz (CDCI3): 5 7.74-7.70 (d, IH , J= 5.5Hz, C=CH), 6.80 (s, 2H, Ar-H), 6.39-6.35 (d, IH , 

5.5Hz, C=CH), 3.92 (s, 9H, OCH3) ^^C-NMR lOOMHz (CDCI3): 8 171.90 (COOH), 153.00, 146.65, 129.02, 
115.97, 105.03, 60.55 (OCH3), 55.71(OCH3) IR: v^^x (KBr) cm ^ 2945.74, 1719.94, 1687.73, 1629.03, 
1584.20, 1416.49, 1285.90, 1123.54, 998.07 HRMS (El): Found 261.0752 (M +Na)\ Ci2Hi405Na
requires 261.0739 M.P.: 126-127 °C

8.5.35 3-(3,4,5-Trimethoxyphenyl)propanoic acid [345]5io
Compound [344] (200 mg) was dissolved in EtOAc (20 mL) to this was added 10% Pd/C was added.
The mixture was allowed to stir for 1 h under a hydrogen atmosphere and monitored by TLC until all 
the starting material had reacted. The reaction mixture was filtered through celite. The solvent was 

evaporated under reduced pressure to obtain the product as a white solid which did not require 
further purification (142 mg, 65%)
^H-NMR 400MHz (CDCI3): 6.68  (s, 2H, Ar-H), 3.78 (s, 6 H, OCH3), 3.65 (s, 3H, OCH3), 2.69 (t, 2H, 
J=7.5Hz, CH2), 2.47 (t, 2H, J=7.5Hz, CH )̂ “ C-NMR lOOMHz (CDCI3): 171.36 (COOH), 145.62, 132.85, 
118.39, 118.78, 115.61, 111.23, 56.88(OCH3), 55.64 (OCH3), 34.74 (CHj), 28.22 (CHj) IR: v ^ a ,  (KBr) cm 

^2921.03, 2854.23, 1698.42, 1584.11, 1526.41, 1473.69, 1430.85, 1253.94, 1135.37 HRMS (El): 
Found 263.0752 (M+Na)", C^HieOsNa requires 263.0739 M.P.: 103-104 °C

8.5.36 (£3*3-(3-Methoxy-4-hydroxyphenyl)-2-(3,4,5-triinethoxyphenyl)acryIic acid [346]
Microwave

As per general method 8.5.2, 4-hydroxy-3-methoxybenzaldehyde (470 mg, 3.09 mmol), 3,4,5- 
trimethoxyphenylacetic acid (700 mg, 3.09 mmol) were reacted. Recrystallisation from methanol 
afforded the acrylic acid as fine yellow needles (923 mg, 83%)
^H-NMR (DMSO-dfi, 400MHz): 12.45(br s, IH , CO O H), 8.98(br s, IH , O H ), 7.57(s, IH , C=CH), 6.81 (d, >  7 

Hz, IN , Ar-H), 6.60 (d, 7 Hz, IH , Ar-H), 6.53 (s, IH, Ar-H), 6.44 (s, 2H, Ar-H), 3.73 (s, 3H, OCH3), 3.71 (s,
3H, OCH3), 3.69 (s, 6 H, OCH3) ^^C-NMR (DMSO-dfr lOOMHz): 168.61 (C O O H ), 153.09, 148.89, 145.84, 
139.13, 136.90, 132.18, 130.31, 127.02, 122.99, 117.19, 111.49, 106.65, 60.12 {OCH3), 55.91 (OCH3), 

55.45 (OCH3) IR: v„ax (KBr) cm'^ 3423.9 (br), 2939,8, 1671.3, 1585.2, 1509.6, 1455.3, 1411.1, 1268.3, 
1239.3, 1126.2 HRMS (El): Found 383.1103 (M+Na)", CigHjoOyNa requires 383.1107. M.P.: 237-2395C

8.5.37 (£3-3-(4-iVIethoxyphenyl)-l-piperazin-l-yl-2-(3,4,5-trimethoxyphenyl)propenone 
[347]

A sample of the acrylic acid [310] (1 eq. 505 mg, 1.38 mmol) and HOBt (1 eq., 188 mg, 1.38 mmol) was 

dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq., 288 mg, 
1.38 mmol) and DMF (1 mL), the mixture was allowed stir for 30 min. To the reaction flask was added 

piperazine (5 eq., 601 mg, 6.8  mmol) in dry DCM (10 mL) and was left stirring over night under an inert 
atmosphere. The reaction mixture was then filtered to remove the urea by-product. The organic layer 
was then washed with 2 M HCi (3 x 20 mL). The aqueous layer was then basified 2 M NaOH and extracted 

with DCM. The organic layer was then washed with water (20 mL), brine (20 mL), dried over Na2S0 4 and 
evaporated to dryness in vacuum to yield product. The material was purified via flash chromatography 

on silica gel (DCM:Et0Ac, 2:1) to afford the product a white solid. (210 mg, 37%)
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^H-NMR (DMSO-dg, lOOMHz): 7.11 (d, 8.5 Hz, 2H, Ar-H), 6.75 (d, J= 8.5 Hz, 2H, Ar-H), 6.65 (s, IH,
C^CH), 6.54 (s, 2H, Ar-H), 3.87 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.72 (s, 6 H, Ar-H), 3.72 (br s, 4H, 
N(CH2>2), 2.90 (br s, 4H, N(CH2)2) ^^C-NMR (DMSO-dfi, lOOMHz): 170.00 (C=0), 158.97 (COCH3), 153 02 

(COCH3), 137.41 (C=CH), 134.06, 130.50, 130.36, 129.91, 126.92 (C=CH), 113.13, 105.38, 60.53 (OCH3), 

55.70 (OCH3), 54.80 (OCH3), (N(CH2)2 peaks not visable) IR: v„,ax (KBr) cm '^ : 2939.4, 2837.2, 2740.0, 
2468.5, 2052.1, 2158.0, 1611.1, 1503.7, 1460.1, 1380.1, 1177.6, 1032.3, 1006.7, 1073.5, 940.5, 701.5, 
667.4 HRMS (El):. Found 413.2092 (M+H)", C2 3 H2 9 N2O5 requires 413.2076 M.P.: 77-79 °C

8.5.38 (£^-3-(3-Fluoro-4-niethoxyphenyl)-l-piperazin-l-yl-2-(3,4,5- 
trimethoxyphenyl)propenone [348]

A sample of the acrylic acid [313] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 
was dissolved up in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 

eq., 289 mg, 1.38 mmol) and DMF (1 mL), the mixture was allowed stir for 30 min. To the reaction 

flask was added piperazine (5 eq., 601 mg, 6 . 8  mmol) in dry DCM (10 mL) and was left stirring over 
night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by
product. The reaction mixture was then filtered to remove the urea by-product. The organic layer 
was then washed with 2 M HCI (3 x 20 mL). The aqueous layer was then basified 2 M NaOH and 

extracted with DCM. The organic layer was then washed with water (20 mL), brine (20 mL), dried 

over Na2S0 4  and evaporated to dryness in vacuum to yield product. The material was purified via 

flash chromatography on silica gel to afford the product as a white solid. (190 mg, 32%)
^H-NMR (DMSO-dfi, 400MHz): 6.92 (s, IH , Ar-H), 6.91 (s, IH , Ar-H), 6.80 (t, J= 6.5 Hz, IH , Ar-H), 6.58 

(s, IH , C=CH), 6.53 (s, 2H, Ar-H), 3.87 (s, 6 H, OCH3), 3.73 (s, 6 H, OCH3), 3.71 (br s, 4H, N(CH2)2), 2.89 

(br s, 4H, N(CH2)2) ‘^C-NMR (DMSO-dg, lOOMHz): 169.56 (C=0), 153.12 (COCH3), 152.48 (COCH3),

150.03, 147.08, 137.74 (C=CH), 135.48, 129.77, 128.65, 127.24 (C=CH), 125.61, 125.58, 116.39, 
116.20, 112.25, 105.34, 60.57 (OCH3), 55.77 (OCH3), 55.69 (OCH3), (N(CH2)2 signals not visable) IR:
Vmax (KBr) cm ^ 3058.8, 2836.8, 2934.9, 1598.5, 1580.4, 1439.7, 1412.7, 1276.1, 1236.8, 1126.7, 
1006.4, 1150.7, 902.4, 931.9, 972.8 HRMS (El): Found 431.1995 (M+H)", C2 3H2 8FN2O5 requires 

431.1982 M.P.: 79-80 °C

8.5.39 (£3-3-(3-Hydroxy-4-methoxyphenyl)-l-piperazin-l-yI-2-(3,4,5- 
trimethoxyphenyl)propenone [349]

A sample of the acrylic acid [150] (1 eq., 505 mg, 1.38 mmol) and HOBt (1 eq., 188 mg, 1.38 mmol) 
was dissolved dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq.,
288 mg, 1.38 mmol) and DMF (1 mL), the mixture was allowed stir for 30 min. To the reaction flask 

was added piperazine (5 eq., 601mg, 6 . 8  mmol) in dry DCM (10 mL) and was left stirring overnight 
under an inert atmosphere. The reaction mixture was then filtered to remove the urea by-product.
The organic layer was then washed with 2 M HCI (3 x 20 mL). The aqueous layer was then basified 2 

M NaOH and extracted with DCM. The organic layer was then washed with water (20 mL), brine (20 

mL), dried over Na2S0 4  and evaporated to dryness in vacuum to yield product. The material was 

purified via flash chromatography on silica gel to afford the product as a cream solid. (98 mg, 16 %) 
^H-NMR (DMSO-c/s, 400MHz): 6.76 (s, IH , Ar-H), 6 . 6 8  (s, 2H, Ar-H), 6.57 (s, IH , C=CH), 6.55 (s, 2H, Ar- 
H), 3.86 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.72 (s, 6 H, OCH3), 3.70 (br s, 4H, N(CH2)2), 2.88 (br s, 4H, 
N(CH2)2) '^C-NMR (DMSG-t/fi, lOOMHz); 169.98 (C=0), 152.95 (COCH3), 146.30 (COCH3), 144.82 

(COCH3), 137.46 (C-CH), 134.31, 130.20, 129.87, 127.68 (C=CH), 121.56, 115.07, 115.07, 109.84, 
105.45, 60.52 (OCH3), 55.73 (OCH3), 55.41 (OCH3), (N(CH2)2 peaks not visable) IR: v„,ax (KBr) cm ^
3000.03, 2935.70, 2838.75, 1635.80, 1579.36, 1605.99, 1380.11, 1321.78, 1284.20, 1177.41,
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1284.29, 1151.39, 1031.62, 998,06, 905.61, 809.88, 830.18. HRMS (El):. Found 429.2041 (M +H r, 

C2 3 H2 9 N2 O6  requires 429.2026 M.P.: 83 °C

8.5.40 (£3-3-(4-Hydroxy-3-methoxyphenyl)-l-piperazin-l-yl-2-(3,4,5- 
trimethoxyphenyl)propenone [350]

A sample o f the acrylic acid [346] (1 eq., 200 mg, 0.555 mmol) and HOBt (1 eq., 75 mg, 0.555 mmol) 

was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition o f DCC (1 eq., 

114 mg, 0.555 mmol) and DMF (1 mL), the mixture was allowed stir fo r 30 min. To the reaction flask 

was added piperazine (5 eq., 236 mg, 2.77 mmol) in dry DCM (10 mL) and was left stirring overnight 

under an inert atmosphere. The reaction mixture was then filtered to  remove the urea by-product. 
The organic layer was then washed w ith 2M HCI (3 x 20 mL). The organic layer was then washed w ith  

water (20 mL), brine (20 mL), dried over Na2 S0 4 and evaporated to dryness in vacuo to  yield product. 

The material was purified via flash chromatography on silica gel to afford the product as a cream 
solid. (10 mg, 4 %)

^H-NMR (DMSO-dfi, 400MHz): 6.76 (s, IH , Ar-H), 6 . 6 8  (s, 2H, Ar-H), 6.57 (s, IH , C=CH), 6.55 (s, 2H, Ar- 

H), 3.86 (s, 3H, OCH3 ), 3.85 (s, 3H, OCH3 ), 3.72 (s, 6 H, OCH3 ), 3.70 (br s, 4H, N(CH2 )2 ), 2.88 (br s, 4H, 

N(CH2 )2 ) “ C-NMR (DMSO-ds, lOOMHz): 169.98 (C=0), 152.95 (COCH3 ), 146.30 (COCH3 ), 144.82 

(COCH3 ), 137.46 (C=CH), 134.31, 130.20, 129.87, 127.68 (C=CH), 121.56, 115.07, 115.07, 109.84, 

105.45, 60.52 (OCH3 ), 55.73 (OCH3 ), 55.41 (OCH3 ), (N(CH2 ) 2  peaks not visable) IR: v „ a ,  (KBr) cm ^ 

3058.82, 2836.80, 2934.99, 1597.33, 1344.33, 1134.22, 1273.2, 1054.2, 1032.22, 1021.1, 1003.23,

932.22, 847.33, 944.33, 803.44, 812.33, 735.33, 8534.323, 653.29, 683.33. HRMS (El): Found 

429.2041 (M+H)", C2 3 H2 9 N2 O6  requires 429.2026 M.P.: 82-83°C

8.5.41 (E)-3-(4-Methoxyphenyl)-l-[4-((E)-3-phenylallyl)-piperazin-l-yl]-2-(3,4,5- 
trimethoxyphenyl)propenone [351]

A sample o f the acrylic acid [310] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 

was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition o f DCC (1 eq., 
280 mg, 1.38 mmol) and DMF (1 mL) and was allowed stirr for 30 min. To the reaction flask was 

added frons-l-cinnamylpiperazine (5 eq., 1.38 g, 6 . 8  mmol) in dry DCM (10 mL) and was left stirring 

over night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by

product. The organic layer was then washed w ith 2M HCI (3 x 20 mL). The organic layer was then 

washed w ith water (20 mL), brine (20 mL), dried over Na2 S0 4 and evaporated to dryness in vacuo to 

yield product. The material was purified via flash chromatography on silica gel to afford the product 

as a brown resin. (119 mg, 16 %)

^H-NMR (DMSO-ds, 400MHz): 7.33 (m, 2H, Ar-H), 7.31 (t, 2H, Ar-H), 7.27 (m, IH , Ar-H), 7.13 (d, >  

8.5 Hz, 2H, Ar-H), 6.75 (d, J= 6.5 Hz, 2H, Ar-H), 6.52 (s, IH , C=CH), 6.56 (s, 2H, Ar-H) 6.54 (d, J= 6.5 Hz, 

IH , C=CH), 6.24 (m, IH , C=CH), 3.88 (s, 3H, OCH3 ), 3.79 (s, 3H, OCH3 ), 3.71 (s, 6 H, OCH3 ), 3.79-3.61 

(m, 4H, N(CH2 )2 ), 3.17 (d, 2H, CH2 ), 2.53-2.37 (m, 4H, N(CH2 )2 ) “ C-NMR (DMSO-ds, lOOMHz): 169.89 

(C=0), 158.91 (COCH3 ), 152.96 (COCH3 ), 137.34 (C=CH), 134.30 (C=CH), 130.49, 129.80, 128.20 

(C-CH), 127.56, 127.04, 126.02, 113.11, 105.40, 60.53 (OCH3 ), 60.24 (CH2 ), 55.68 (OCH3 ), 54.80 

(OCH3 ), 53.31 (N(CH2 )2 ), 52.22 (N(CH2 )2 ) IR: V m a x  (KBr) c m 2934.33, 2744.4, 2211.45, 1568.64, 
1464.33, 1644.24, 1159.16, 1063.43, 1032.11, 955.39, 944.32, 932.33, 902.23, 863.77, 841.33,

832.22, 799.73. HRMS (El): Found 529.2684 (M+H)", C3 2 H3 7 N2 O5  requires 529.2702
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8.5.42 (£)-3-(3-Fluoro-4-methoxyphenyl)-l-[4-((E)-3-phenylallyl)-piperazin-l-yl]-2- 
(3,4,5-trimethoxyphenyl)propenone [352]

A sample o f the acrylic acid [313] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 

was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition o f DCC (1 eq., 

280 mg, 1.38 mmol) and DMF (1 mL), the m ixture was allowed stirr fo r 30 min. To the reaction flask 

was added tro/is-l-Cinnamylpiperazine (5 eq., 1.38 g, 6 . 8  mmol) in dry DCM (10 mL) and was left 

stirring over night under an inert atmosphere. The reaction mixture was then filtered to remove the 

urea by-product. The organic layer was then washed w ith  2M HCI (3 x 20 mL). The organic layer was 

then washed w ith water (20 mL), brine (20 mL), dried over Na2 S0 4  and evaporated to  dryness in 

vacuum to yield product. The material was purified via flash chromatography on silica gel to afford 

the product as a brown solid. (142mg, 19%)

^H-NMR (DMSO-dfi, 400MHz): 7.37 (m, 2H, Ar-H), 7.32 (t, 2H, Ar-H), 7.26 (m, IH, Ar-H), 6.93 (d, J= 7 

Hz, IH , Ar-H), 6.90 (s, IH , Ar-H), 6.80 (s, IH , Ar-H), 6.58 (s, IH , C=CH), 6.54 (s, 2H, Ar-H), 6.55-6.52 

(m, IH , C=CH), 6.62-6.22 (m, IH , C=CH), 3.88 (s, 3H, OCH3 ), 3.86 (s, 3H, OCH3 ), 3.72 (s, 6 H, OCH3 ), 

3.81-3.60 (m, 4H, N(CH2 )2 ), 3.20 (d, J= 5 Hz, 2H, CH2 ), 2.56-2.38 (m, 4H, N(CH2 )2 ) ‘^C-NMR (DMSO-ds, 
lOOMHz): 169.44 (C=0), 153.03 (COCH3 ), 152.48 (CF), 146.96 (COCH3 ), 146.84 (COCH3 ), 137.62 

(C=CH), 135.98 (C=CH), 135389, 129.98 (C=CH), 128.31, 128.17, 127.69, 127.37, 125.91, 125.52, 

116.41, 116.21, 112.23, 105.38, 60.56 (OCH3 ), 60.34 (CH2 ), 55.72 (0CH3), 53.31 (N(CH2 )2 ), 52.42 

(N(CH2 )2 ) IR: V m a x  (KBr) cm ^  3094.44, 2847.33, 1934.4, 1544.24, 1532.33, 1477.29, 1302.3, 1127.22, 
1102.2, 1163.33, 1183.33, 944.33, 945.3, 857.33, 756.33, 621.34 HRMS (El):. Found 546.2544 

(M+H)*, C3 2 H3 5 FN2 O5 requires 546.2530 M.P.: 126-129°C

8.5.43 (£)-3-(4-Methoxyphenyl)-l-(4-phenyipiperazin-l-yl)-2-(3,4,5- 
trimethoxyphenyl)propenone [353]

A sample of the acrylic acid [310] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition o f DCC (1 eq., 

280 mg, 1.38 mmol) and DMF (1 mL), the m ixture was allowed stirr fo r 30 min. To the reaction flask 
was added 1-phenylpiperazine (5 eq., 1.119 g, 1.054 mL, 6 . 8  mmol) in dry DCM (10 mL) and was left 

stirring over night under an inert atmosphere. The reaction mixture was then filtered to  remove the 

urea by-product. The organic layer was then washed w ith  2M HCI (3 x 20 mL). The organic layer was 

then washed w ith water (20 mL), brine (20 mL), dried over Na2 S0 4  and evaporated to dryness in 

vacuo to yield product. The material was purified via flash chromatography on silica gel to afford the 

product as a brown solid. (203 mg, 29 %)

^H-NMR (DMSO-dfi, 400MHz): 7.34 (s, 2H, Ar-H), 7.22 (s, 2H, Ar-H), 7.04 (s, 2H, Ar-H), 6.93 (s, 2H, Ar- 

H), 6.83 (s, IH , Ar-H), 6.63 (s, IH , C=CH), 6.50 (s, 2H, Ar-H), 3.90 (s, 6 H, OCH3 ), 3.87-3.82 (br s, 4H, 

N(CH2 )2 ), 3.75 (s, 6 H, OCH3 ), 3.25-3.12 (m, 4H, N(CH2 )2 ) “ C-NMR (DMSO-ds, lOOMHz): 169.56 (C=0), 

153.18 (COCH3 ), 137.80 (C=CH), 129.81, 129.22, 127.51, 125.65 (C=CH), 116.43, 116.23, 112.26, 

105.39, 60.60 (COCH3 ), 55.81 (COCH3 ) 33.45 (N(CH2 )2 ), 25.13 (N(CH2 )2 ) IR: v,„ax (KBr) cm‘\- 299.22, 
2833.23,2432.33, 1704.33,1873.99, 1789.33, 1647.64, 1528.33, 1384.33, 1267.21, 1301.55, 1145.54, 

1038.44, 1022.52, 984.66, 604.33 HRMS (El):. Found 511.2204 (M+Na)^ C2gH32N2Na05 requires 

511.2209 M.P.: 126-129 °C

8.5.44 (£)-3-(3-Fluoro-4-methoxyphenyl)-l-(4-phenylpiperazin-l-yl)-2-(3,4,5- 
trimethoxyphenyl)propenone [354]

A sample o f the acrylic acid [313] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition o f DCC (1 eq..
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285 mg, 1.38 mmol) and DMF (1 mL), the mixture was allowed stirr for 30min. To the reaction flask 

was added 1-phenylpiperazine (5 eq., 1.119 g, 1.057 mL, 6.9mmol) in dry DCM (10 mL) and was left 
stirring over night under an inert atmosphere. The reaction mixture was then filtered to remove the 

urea by-product. The organic layer was then washed with 2 M HCI (3 x 20 mL). The organic layer was 

then washed with water (20 mL), brine (20 mL), dried over Na2 S0 4  and evaporated to dryness in 
vacuo to yield product. The material was purified via flash chromatography on silica gel to afford the 

product as a brown resin. (227 mg, 31 %)

^H-NMR {DMSO-dg, 400MHz); 7.35 (s, 2H, Ar-H), 7.07 (s, 2H, Ar-H), 6.93 (s, 3H, Ar-H), 6.83 (s, IH , Ar- 
H), 6.65 (s, IH , C=CH), 6.52 (s, 2H, Ar-H), 3.89 (s, 6 H, OCH3), 3.89-3.80 (m, 4H, N(CH2 )2 ), 3.75 (s, 6 H, 
OCH3 ), 3.24-3.11 (m, 4H, N(CH2 )2 ) ^^C-NMR (DMSO-dg, lOOMHz): 169.56 (C=0), 153.18 (COCH3), 

137.80 (C=CH), 129.81, 129.22, 127.51, 125.65 (C=CH), 116.43, 116.23, 112.26, 105.39, 60.60 

(COCH3 ), 55.81 (COCH3 ) 33.45 (N(CH2 )2 >, 25.13 (N(CH2 >2 ) IR= Vmax (KBr) cm ^ 2994.33,2746.44, 2245.3, 
1633.34,1535.33,1366.32, 1098.34,1970.49, 1095.4, 948.43, 985.23, 901.3, 833.3, 823.3, 743.4, 
618.43, 532.88 HRMS (El):. Found 529.2109 (M+Na)", C2 9 H3 iFN2 Na0 5  requires 529.2115 M.P.; 112- 
115 °C

8.5.45 (£3-3-(4-Hydroxy-3-methoxyphenyl)-l-(4-phenylpiperazin-l-yl)-2-{3,4,5- 
trimethoxyphenyI)propenone [355]

A sample of the acrylic acid [150] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq., 
280 mg, 1.38 mmol) and DMF (1 mL), the mixture was allowed stirr for 30 min. To the reaction flask 

was added piperazine (5 eq., 1.38 g, 6 . 8  mmol) in dry DCM (10 mL) and was left stirring over night 
under an inert atmosphere. The reaction mixture was then filtered to remove the urea by-product. 
The organic layer was then washed with 2M HCI (3 x 20 mL). The aqueous layer was then basified 2 

M NaOH and extracted with DCM. The organic layer was then washed with water (20 mL, brine (20 

mL), dried over Na2 S0 4  and evaporated to dryness in vacuo to yield product. The material was 

purified via flash chromatography on silica gel to afford the product as a brown solid. (199 mg, 28%) 
^H-NMR (DMSO-dg, 400MHz): 7.30 (s, 2H, Ar-H), 6.96 (s, 3H, Ar-H), 6.82 (s, IH , Ar-H), 6.70 (s, 2H, Ar- 
H), 6.64 (s, IH , C==CH), 6.60 (s, 2H, Ar-H), 3.88 (s, 6 H, OCH3), 3.88-3.73 (m, 4H, N(CH2)2), 3.73 (s, 6 H, 
OCH3), 3.20-3.07 (m, 4 H, N(CH2)2) ^^C-NMR (DMSO-dg, lOOMHz): 169.95 (C=0 ), 152.95 (COCH3), 

146.09 (COCH3), 144.73 (COCH3), 137.51 (C=CH), 134.68, 130.31, 129.84, 127.89 (C=CH), 121.58, 
116.59, 115.03, 109.76, 105.55, 60.54 (OCH3), 55.74 (OCH3), 55.45 (OCH3) (N(CH2)2 peaks not visable) 
IR: v „ ,a x  (KBr) cm^: 2994.33, 2884.3, 2779,33, 2742.33, 1684.33,1543.34. 1428.22, 1326.22, 1125.29, 
1293.33, 1009,23, 982.22, 830.32, 839.32, 734.23, 645.44, 573.33 HRMS (El):. Found 527.2141 

(M+Na)*, C2 9 H3 2 N2 Na0 6  requires 527.2158 M.P.: 121-125 °C

8.5.46 (£)-3-(4-Hydroxy-3-methoxyphenyl)-l-(4-phenylpiperazin-l-yl)-2-(3,4,5- 
trimethoxyphenyl)propenone [356]

A sample of the acrylic acid [346] (1 eq., 500 mg, 1.38 mmol) and HOBt (1 eq., 186 mg, 1.38 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq., 
280 mg, 1.38 mmol) and DMF (1 mL), the mixture was allowed stirr for 30min. To the reaction flask 

was added 1-phenylpiperazine (5 eq., 1.119 g, 1.054 mL, 6 . 8  mmol) in dry DCM (10 mL) and was left 
stirring overnight under an inert atmosphere. The reaction mixture was then filtered to remove the 

urea by-product. The organic layer was then washed with 2 M HCI (3 x 20 mL). The organic layer was 

then washed with water (20 mL), brine (20 mL), dried over Na2S0 4  and evaporated to dryness in
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vacuum to yield product. The material was purified via flash chromatography on silica gel to afford 

the product as a brown solid. (229 mg, 31 %)
^H-NMR (DMSO-rffi, 400MHz): 7.29 (s, 2H, Ar-H), 7.07 (s, IH , Ar-H), 6.91 (s, 3H, Ar-H), 6.74 (s, 2H, Ar- 
H), 6.65 (s, IH , C-CH), 6.51 (s, 2H, Ar-H), 3.90 (s, 12H, OCH3), 3.89-3.80 (m, 4H, N(CH2)2>, 3.24-3.11 

(m, 4H, N(CH2 )2 > ^^C-NMR (DMSO-c/e, lOOMHz): 168.71 (C=0), 153.02 (COCH3), 146.19 (COCH3), 

145.69 (COCH3), 137.86 (C=CH), 133.35, 128.90, 127.36, 127.19, 123.33 (C=CH), 123.33, 105.54, 
102.54, 60.51 (OCH3), 55.78 (OCH3), 55.49 (OCH3), 40.59 (N(CH2)2>, 33.47 (N(CH2)2) IR: v „ a x  (KBr) cm ^
3003.33, 2740.44,2345.33, 2232.23,2045.32, 1747.33, 1522.33, 1642.33, 1587.32, 1548.2, 1427.3,
1254.33.1234.22.1087.39.839.33, 756.45, 665.4 HRMS (El):. Found 527.2161 (M+Na)*, C29H32N2NaOe 

requires 527.2158 M.P.: 79-98 °C

8.5.47 (£)-l-(4-A cetylp iperazin-l-y l)-3-(4-m ethoxyphenyI)-2-(3 ,4 ,5- 
trimethoxyphenyI)propenone [357]

A sample of the acrylic acid [310] (1 eq., 200 mg, 0.551 mmol) and HOBt (1 eq., 74 mg, 0.551 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq., 
113.6 mg, 0.551 mmol) and DMF (1 mL) and was allowed stirr for 30min. To the reaction flask was 

added 1-acetyl-piperazin (5 eq., 353.7 mg, 2.76 mmol) in dry DCM (10 mL) and was left stirring over 
night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by
product. The organic layer was then washed with 2 M HCI (3 x 20 mL). The organic layer was then 

washed with water (20 mL), brine (20 mL), dried over Na2S0 4 and evaporated to dryness in vacuo to 
yield product. The material was purified via flash chromatography on silica gel to afford the product 
as a brown resin. (30 mg, 12 %)
‘H-NMR (DMSO-de, lOOMHz): 7.10 (s, IH , Ar-H), 7.08 (s, IH , Ar-H), 6.73 (s, IH , Ar-H), 6.65 (s, IH, 
C=CH), 6.52 (s, 2H, Ar-H), 3.84 (s, 3H, OCH3), 3.75 (s, 3H, OCH3), 3.69 (s, 6 H, 2 x OCH3), 3.57 (br s, 
8 H, (N(CH2 )2 ), 2.08 (s, 3H, NCOCH3) “ C-NMR (DMSO-ds, lOOMHz): 170.17 (C=0), 168.72 (C=0), 

159.00 (COCH3), 153.02 (COCH3), 137.41 (C=CH), 134.06, 130.49, 130.34, 130.14, 126.81 (C=CH), 
113.12, 105.35, 60.52 (OCH3), 55.68 (OCH3), 54.77 (OCH3), 45.56 (N(CH2 )2 ), 40.84 (N(CH2 )2 ), 20.89 
(C^OCHb) IR: v „ a ,  (KBr) cm ^ 3088.33,2764.33,2543.1,1543.22,9873.34, 974,33,789.55,876.75, 
769.86 HRMS (El):. Found 477.2005 (M +Na)\ C2sH3oN2 NaOe requires 477.2002.

8.5.48 (£)-l-(4-A cetylp iperazin-l-y l)-3-(3-fluoro-4-m ethoxyphenyl)-2-(3 ,4,5- 
trimethoxyphenyl)propenone [358]

A sample of the acrylic acid [313] (1 eq., 200 mg, 0.52 mmol) and HOBt (1 eq., 74.5 mg, 0.52 mmol) 
was dissolved in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC (1 eq., 
113.8 mg, 0.52 mmol) and DMF (1 mL) and was allowed stirr for 30min. To the reaction flask was 

added 1-acetyl-piperazin (5 eq., 353.7 mg, 2.76 mmol) in dry DCM (10 mL) and was left stirring over 
night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by
product. The organic layer was then washed with 2M HCI (3 x 20 mL). The organic layer was then 

washed with water (20 mL), brine (20 mL), dried over Na2S0 4 and evaporated to dryness in vacuum 

to yield product. The material was purified via flash chromatography on silica gel to afford the 

product as a white solid. (59mg, 23%)
^H-NMR (DMSO-dfi, 400MHz) 6.93 (s, IH , Ar-H), 6.90 (s, IH , Ar-H), 6.81 (m, IH , Ar-H), 6.62 (s, IH , 
C=CH), 6.54 (s, 2H, Ar-H), 3.88 (s, 3H, OCH3 ), 3.87 (s, 3H, OCH3 ), 3.71 (s, 6 H, 2 x OCH3 ), 3.61-3.48 (m, 
8 H, N(CH2 )2 ), 2.11 (s, 3H, C=0 CH3 ) ^^C-NMR (DMSO-de, lOOMHz): 169.78 (C=0), 168.76 (C=0), 153.17 

{COCH3 ), 147.03 (COCH3 ), 137.78 (C=CH), 135.51, 129.75, 127.45, 127.38, 125.61 (C=CH), 116.42, 
116.22, 112.25, 105.33, 60.59 (OCH3 ), 55.78 (OCH3 ), 55.69 (OCH3 ), 20.90 (C-OCH3 ), (N(CH2 ) 2  not
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visable) IR: v „ a x  (KBr) cm^: 2843.33,3452.44, 2456.33, 2334.33, 1987.45, 1894.44,1745.44, 1876.4,
1745.09.1454.2.1004.44, 957.88, 876.33, 764.33, 734.33, 908.44, 648.43 HRMS (El):. Found 

495.1910 (M +Nar, CjsHjgNzFNaOe requires 495.1907 M.P.: 121-125°C

8.5 .49  (E )-l-(4 -A ce ty lp ip e raz in -l-y l)-3 -(3 -h yd ro xy -4 -m e th o xy p h e n y l)-2 -(3 ,4 ,5 -  
trim ethoxyphenyl)p ropenone [359]

A sample of the acrylic acid [150] (200 mg, 0.555 mmol, 1 eq.) and HOBt (79.5 mg, 0.555 mmol, 1 
eq.) was dissolved up in dry DCM (10 mL) under an inert atmosphere followed by the addition of 
DCC (114 mg, 0.555 mmol, 1 eq.) and 1 mL DMF and was allowed stir for 30 min. To the reaction 

flask was added 1-acetyl-piperazin (355 mg, 2.77 mmol, 5 eq.) in 10 mL dry DCM and was left stirring 

over night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by
product. The organic layer was then washed with 2M HCI (3 x 20mL). The organic layer was then 

washed with water (20 mL), brine (20 mL), dried over Na2 S0 4 and evaporated to dryness in vacuo to 

yield product. The material was purified via flash chromatography on silica gel (DCM;EtOAc, 2:1) to 

afford the product as a white solid. (41 mg, 15 %)
^H-NMR (DMSO-ds, 400MHz) 6.75 (s, IH , Ar-H), 6.63 (s, 2H, Ar-H), 6.56 (s, IH , C=CH), 6.51 (s, 2H, Ar- 
H), 3,80 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.66 (s, 6 H, OCH,), 3.52-3.42 (m, 8 H, N(CH2)2), 2.04 (s, 3H, 
COCH3) ^^C-NMR (DMSO-ds, lOOMHz): 170.22 (C=0), 168.87 (C=0), 152.98 (COCH3), 146.56 (COCH3), 

144.98 (COCH3), 137.41 (C=CH), 134.12, 130.19, 130.12, 127.43, 121.46, 115.20, 109.95, 105.39, 
60.44 (OCH3), 55.35 (OCH3), 53.34 (OCH3), 45.51 (N(CH2)2), 40.78 (N(CH2)2), 20.79 (C=0 CH3 ) IR:
(KBr) cm 3243.22,2645.44,2345.32, 2534.77, 1534.33,1534.991635.54, 1436.32,1325.44, 1298.33,
1154.44, 1098.33, 987.44, 983.33, 876.47, 854.98, HRMS (El):. Found 493.1933 (M+Na)*, 
C2 sH3 oN2 Na0 7  requires 493.1951 M.P.: 124-126 °C

8.5 .50  (£ )-l-(4 -A c e ty lp ip e ra z in -l-y l)-3 -(4 -h y d ro x y -3 -m e th o x y p h e n y l)-2 -(3 ,4 ,5 -  
trim ethoxyphenyl)p ropenone [360]

A sample of the acrylic acid [346] (200 mg, 0.555 mmol, 1 eq.) and HOBt (74.5 mg, 1.38 mmol, 1 eq.) 
where dissolved up in dry DCM (10 mL) under an inert atmosphere followed by the addition of DCC 
(113.8 mg, 0.555 mmol, 1 eq.) and 1 mL DMF and was allowed stir for 30min. To the reaction flask 

was added 1-acetyl-piperazin (355 mg, 2.77 mmol, 5 eq.) in 10 mL dry DCM and was left stirring over 
night under an inert atmosphere. The reaction mixture was then filtered to remove the urea by
product. The organic layer was then washed with 2 M HCI (3 x 20 mL). The organic layer was then 

washed with water (20 mL), brine (20 mL), dried over Na2 S0 4 and evaporated to dryness in vacuo to 

yield product. The material was purified via flash chromatography on silica gel (DCM:EtOAc, 2:1) to 

afford the product as a cream solid. (30 mg, 11 %)
^H-NMR (DMSO-dfi, 400MHz) 6.98 (s, IH , Ar-H), 6.89 (s, 2H, Ar-H), 6.69 (s, IH , C=CH), 6.57 (s, 2H, Ar- 
H), 3.89 (s, 3H, OCH3 ), 3.87 (s, 3H, OCH3 ), 3.86 (s, 6 H, OCH3 ), 3.73-3.62 (m, 4H, (N(CH2 )2 ), 3.35-3.39 

(m, 4H, N(CH2 )2 >, 2.09 (s, 3H, C=0 CH3 ) ^^C-NMR (DMSO-ds, lOOMHz): 168.89 (C=0), 168.66 (C=0), 
153.09 (COCH3 ), 146.25 (COCH3 ), 145.77 (COCH3 ), 137.97 (C=CH), 132.04, 130.55 (C-CH), 127.42, 
123.38, 114.34, 113.81, 111.069, 105.46, 102.57, 60.50 (OCH3 ), 55.79 (OCH3 ), 55.77 (OCH3 ), 45.61 

(N(CH2 )2 ), 40.76 (N(CH2 )2 ), 20.78 (C^OCHj) IR: v^,, (KBr) cm' :̂ 2564.33, 1534.33,1423.66, 1264.33, 
1266.31, 1143.22, 11432.2, 1152.11,1086.22, 992.22, 876.33, 765.33, 762.2, 659.6 HRM S (El):. 
Found 493.1951 (M +N a)\ C2 5 H3 oN2 Na0 7  requires 493.1951 M .P.: 215-220°C
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8.5.51 (£)-Methyl-3-(3-hydroxy-4-methoxyphenyI)-2-(3,4,5-trimethoxyphenyl)acrylate 
[361]

To a microwave vial was added acrylic acid [150] (495 mg, 1.29 mmol), 4 mL HCIjconc.j and 3 mL 

methanol. The reaction mixture was allowed to react under microwave irradiation for 30 min at a 

temperature of 105 °C. The microwave cap was removed and allowed to stir till the precipitate 

formed. The mixture was then filtered and the precipitate was then dried. The precipitate was 

purified via flash chromatography on silica gel (DCM:EtOAc, 2:1). (220 mg, 42 %)
^H-NMR (DMSO-dfi, 400MHz): 7.61 (s, IH , C^CH), 6,82 (d, J= 6 . 8  Hz, IH , Ar-H), 6.63 (d, IH , Ar-H), 
6.54 (s, IH , Ar-H), 6.46 (s, 2H, Ar-H), 3.74 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.70 (s, 3H, C^OOCHa), 
3.69 (s, 6 H, OCH3) ^^C-NMR (DMSO-dg, lOOMHz) 167.55 (C=0), 153.18 (COCH3), 149.11 (COCH3), 

145.87 (COCH3), 139.82, 137.05 (C=CH), 131.48, 129.21, 126.73 (C=CH), 123.23, 117.25, 111.49, 
106.67, 60.13 (OCH3), 55.94 (OCH3), 55.46 (C=0 CH3 ) IR: v„a, (KBr) cm'^: 3325,22, 3421.23, 2654.23, 
2654.23, 2098.34, 1698.33, 1332.43, 1423.32, 1234.21, 1134.54, 998.32, 900.34, 876.32, 765.33,
704.32, 632.29, 672.32, 603.23 HRMS (El);. Found 397.1258 (M+IMa)\ C2 oH2 2 0 7 Na requires 397.1263 

M.P.: 172-176 °C

8.5.52 (£3-Methyl-3-(4-methoxyphenyI)-2-(3,4,5-trimethoxyphenyl)acrylate [363]
To a microwave vial was added acrylic acid [310] (800 mg, 2.31 mmol), 4 mL HCIjconc.) and 3 mL 

methanol. The reaction was allowed to react under microwave irradiation for 30 min at a 
temperature of 105 °C. The microwave cap was removed and allowed to stir till the precipitate 

formed. The mixture was then filtered and the precipitate was then dried. The precipitate was 

purified via flash chromatography on silica gel to afford the product as a white solid. (437 mg, 49.5 

%)

‘H-NMR (DMSO-dfi, 4OOMH2) 7.69 (s, IH , C=CH), 7.06 (m, 2H, Ar-H), 6.82 (d, 7 Hz, 2H, Ar-H), 6.49
(s, 2H, Ar-H), 3.81 (s, 3H, OCH3 ), 3.72 (s, 3H, COOCH3 ), 3.71 (s, 9H, OCH3 ) ^^C-NMR (DMSO-dg, 
lOOMHz): 167.22 (C=0), 153.38 (COCH3 ), 153.29 (COOCH3 ), 153.29 (COCH3 ), 151.88, 148.19, 148.08,
138.33, 137.22 (C=CH), 131.10, 128.06, 126.98 (C=CH), 126.92, 117.19, 117.00, 113.46, 106.49, 60.19 

(OCH3), 56.00 (OCH3), 52.19 (C=0 CH3 ) IR: v^a, (KBr) cm'^2893.33, 2764.11,2543.99, 2098.67,
1765.33, 1543.65, 1324.33, 1245.99, 1267.99, 1132.76, 1164.76, 1009.33, 900.43, 944.34, 875.34, 
887.43, 664.32 HRMS (El):. Found 381.1321 (M+Na)^ C2 oH2 2 0 eNa requires 381.1314 M.P.: 186-188 

°C

8.5.53 (£)-Methyl-3-(4-fluoro-3-inethoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylate 
[364]

To a microwave vial was added acrylic acid [313] (800 mg, 2.1 mmol), 4 mL HCI(conc) and 3 mL 

methanol. The reaction was allowed to react under microwave irradiation for 30 min at a 

temperature of 105 °C. The microwave cap was removed and allowed to stir till the precipitate 

formed. The mixture was then filtered and the precipitate was then dried. The precipitate was 

purified via flash chromatography on silica gel to afford the product as a white solid. (401 mg, 46 %) 
^H-NMR (DMSO-dfi, 400MHz): 7.69 (s, IH , C=CH), 7.06 (m, IH , Ar-H), 6.82 (d, >  7.5 Hz, IH , Ar-H), 
6.49 (s, 2H, Ar-H), 3.81 (s, 3H, OCH3), 3.72 (s, 3H, COOCH3), 3.71 (s, 9H, OCH3) ^^C-NMR (DMSO-t/a, 
lOOMHz) 167.22 (C=0), 153.38 (COCH3), 153.29 (COOCH3), 153.29 (COCH3), 151.88, 148.19, 148.08,
138.33, 137.22 (C=CH), 131.10, 128.06, 126.98 (C=CH), 126.92, 117.19, 117.00, 113.46, 106.49, 60.19 

(OCH3 ), 56.00 (OCH3 ), 52.19 (COOCH3 ) IR: v„ax (KBr) cm ': 2453.88, 2412.56, 2431.23, 1665.99, 
1543.76, 1324.3, 1134.98, 1187,1, 1098.34, 1087.33, 987.34, 977.34, 900.34, 765.33, 760.98, 653.34 

HRMS (El):. Found 399.1214 (M-i-Na)", C2 oH2 i 0 6 FNa requires 399.1220 M.P.: 192-196 °C
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8.5.54 (E)'M ethyl-3-(4-hydroxy-3-m ethoxyphenyl)-2-(3,4,5-trim ethoxyphenyl)acrylate  
[365]

To a microwave vial was added acrylic acid [346] (502 mg, 1.31 mmol), 4 mL HCI(conc.) and 3 mL 
methanol. The reaction was allowed to react under microwave irradiation for 30 min at a 

temperature of 105 °C. The microwave cap was removed and allowed to stirr till the precipitate 

formed. The mixture was then filtered and the precipitate was then dried. The precipitate was 

purified via flash chromatography on silica gel (n-hexane:EtOAc, 2:1) to afford the product as a 
cream solid. (188 mg, 36 %)
^H-NMR (DMSO-da, 400MHz): 7.59 (s, IH , C=CH), 7.04 (s, IH , Ar-H), 6.82 (d, J= 7.5 Hz, IH , Ar-H), 6.63 

(d, IH , Ar-H), 6.54 (s, IH , Ar-H), 6.46 (s, 2H, Ar-H), 3.74 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.70 (s, 3H, 
COOCH3), 3.67 (s, 6 H, OCH3) ^^C-NMR {DMSO-dg, lOOMHz): 167.55 (C=0), 153.18 (COCHj), 149.11 

(COCH3), 145.87 (COCH3), 139.82, 137.05 (C=CH), 131.48, 129.21, 126.73 (C=CH), 123.23, 117.25, 
111.49, 106.67, 60.13 (OCH3), 55.94 (OCH3), 55.46 (COOCH3) IR: v̂ x̂ (KBr) cm ^ 2897.33, 2431.32, 
1765.32, 1534.3, 1765.23, 1654.23, 1342.25, 1435.26,12 43.87, 908.55, 978.55, 876.54, 769.8, 876.0, 
764.7, 755.8 HRMS (El): Found 397.1260 (M-^Na)^ CjoHzzOTNa requires 397.1263 M.P.; 170-174 °C

8.6 Synthesis of the anastrozole derivative

8.6.1 Methyl-3,5-dimethylbenzoate [369]53i
A mixture of [368] (10 g, 66.58 mmol) and conc. HCI (25 mL) was dissolved in MeOH (50 mL) and 

heated at reflux. The mixture was monitored via TLC; after 3 h the majority of starting material had 

reacted. The organic solvent was removed in vacuo and the aq. layer was neutralised with 8  M NaOH 

(aq.). To the aq. layer was added EtOAc (100 mL) and the organic layer was washed with 8  M NaOH 
(aq.) (2 X 100 mL), water (20 mL), brine (20 mL) and dried over Na2 S0 4 . Solvent was removed in 

vacuo to afford a white solid. This did not require further purification (9.3 g, 85%). Some of the 
starting material was recovered wo the baseification of the organic layer (1.47 g).
‘H NMR (CDCI3 , 400 MHz) 6  7.68 (s, 2H, Ar-H), 7.21 (s, IH , Ar-H), 3.92 (s, 3H, OCH3), 2.38 (s, 6 H, 2 x 
CH3) “ C NMR (CDCI3 , 100 MHz) 5 167.0 (C=0 ), 137.6, 134.1 (C J , 129.5 (Cq), 126.8, 51.6 (OCH3), 20.7 

(CH3) HRMS (El): 165.0910 (M +H )\ C10H13O2 requires 165.0910 IR : (KBr) cm’ :̂ 3441.8 (br.),
2951.3, 1722.7, 1607.8, 1436.9, 1315.8, 1220.9, 1116.4, 1020.8, 876.2, 768.1 MP: 31-33 °C

8.6.2 lVIethyl-3-(broniomethyl)-5-methylbenzoate [370]53i
To a solution of ester [369] (5 g, 29.62 mmol) in CCI4 (20 mL) was added NBS (5.25 g, 29.62 mmol) 
and benzoyl peroxide (6 6 . 6  mg, 0.274 mmol). The solution was refluxed until the orange colour 
disappeared; the mixture was allowed to cool and reduced in vacuo to a cloudy viscous oil. The oil 
was dissolved in DCM (50 mL) and was then washed with saturated Na2 S0 3  (aq) (50 mL), water (2 x 

50 mL), and brine (50 mL). The solution was dried (Na2 S0 4 ), filtered and solvent removed in vacuo to 

leave clear residues. The material was purified via flash chromatography on silica gel to afford two 

products as a white cloudy solid. (Gradient: EtOAc/n-hexane 1:20 to 1:10) (3.9 g, 54%)
NMR {CDCI3 , 400 MHz) 6  7.88 (s, IH , Ar-H), 7.81 (s, IH , Ar-H), 7.41 (s, IH , Ar-H), 4.50 (s, 2H, 

CHzBr), 3.93 (s, 3H, OCH3 ), 2.41 (s, 3H, CH3 ) “ C NMR (CDCI3 , 100 MHz) 6  166.2 (C=0), 138.5 (CJ,
137.6 (Cq), 133.8, 130.2 (Cq), 129.8, 126.8, 51.8 (OCH3), 32.3 (CH2), 20.7 (CH3) HRMS (El): 243.0005 

(M +H )\ CioHi2 ^̂ Br0 2  requires 243.0015 IR : v „ , a x  (KBr) cm^: 3435.7 (br.), 2951.4, 1721.6, 1607.7, 
1436.2, 1317.2, 1223.3. 1113.9, 1019.0, 769.6 MP: 46-49 °C
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8.6.3 Methyl-3,5-6is(bromomethyl)benzoate [371]
The material was purified o f [370] via flash chromatography on silica gel afforded the byproduct as a 

white cloudy solid. (Gradient: EtOAc/n-hexane 1:20 to 1:10) (2.1 g, 22%)

‘H NMR (CDCU, 400 MHz) 6  8.02 (s, 2H, Ar-H), 7.64 (s, IH , Ar-H), 4.53 (s, 4H, 2 x CHjBr), 3.96 (s, 3H, 
OCHj) NMR (CDCI3 , 100 MHz) 6  165.5 (C=0), 138.5 (Cq), 133.4, 130.9 (Cp), 129.6, 52.0 (OCH3 ),

31.4 (CH2 ) HRMS (El): 320.9112 (M+H)*, CioHu^^BrjOj requires 320.9120 IR : v„,ax (KBr) cm'^ 3433.9 

(br.), 2950.2,1727.5, 1603.3, 1435.7, 1320.8, 1230.7, 995.1, 698.BMP: 44-46 °C

8.6.4 Methyl-3-(cyanomethyl)-5-methylbenzoate [372]5^i
W ith vigorous stirring a mixture o f [370] (9.7 g, 39.9 mmol), NaCN (2.34 g, 47.88 mmol) w ith MeOH 

(30 mL) and distilled water (10 mL) was stirred at RT overnight. The organic fraction was separated 

and washed w ith  water (2 x 50 m l) and brine (50 mL) then dried (Na2 S0 4 ) and the solvent removed 

in vacuo to  leave a red/orange oil. The material was purified via flash chromatography on silica gel to 

afford an o ff white cloudy solid. (Gradient: EtOAc/n-hexane 1:20 to 1:10) (6.5 g, 8 6 %)

‘H NMR (CDCI3 , 400 MHz) 6  7.83 (s, IH , Ar-H), 7.80 (s, IH , Ar-H), 7.37 (s, IH , Ar-H), 3.93 (s, 3H, 

OCH3 ), 3.78 (s, 2H, CH2 ), 2.42 (s, 3H, CH3 ) NMR (CDCI3 , 100 MHz) 5 166.1 (C=0), 139.0 (Cq), 132.6, 

130.5, 129.8 (Cq), 129.5, 125.8, 117.1 (CN), 51.8 (OCH3 ), 22.9 (CH2 ), 20.7 (CH3 ) HRMS (El): 212.0673 

(M+Na)", C iiHnNNa 0 2  requires 212.0687 IR : v ^ a x  (KBr) cm ^ 3427.8 (br.), 2948.5, 2236.7 (CN), 
1721.9, 1605.6, 1455.7, 1434.6, 1316.8, 1223.3, 1111.8, 766.9, 696.5, 574.9 MP: 55-57 °C

8.6.5 Methyl-3-(2-cyanopropan-2-yl)-5-methylbenzoate [373]53i
Under inert conditions, [372] (3.5 g, 18.5 mmol) was dissolved in dry DMF (10 mL) to give a yellow 

solution. W ith stirring this solution was cooled to 0 °C under inert conditions and NaH (10 % in 

mineral oil, 1.11 g, 46.25 mmol) was added gradually and the m ixture was left to  stir at 0 °C fo r 15 

min. lodomethane (5.8 mL, 40.7 mmol) was then added dropwise. The resulting suspension was left 

to  stir at room temperature fo r 16 h. Propan-2-ol (2.5 mL) was carefully added to  the reaction 

mixture followed by CH2 CI2  (25 mL). The m ixture was then washed w ith water (2 x 25 mL), brine (25 
mL ) and dried over Na2 S0 4  and solvent removed in vacuo to leave a red/orange oil. The material 

was purified via flash chromatography on silica gel to afford a light yellow solid. (Gradient: EtOAc/n- 

hexane 1:25 to 1:10) (2.3 g, 54%)
Ĥ NMR (CDCI3 , 400 MHz) 6  7.91 (s, IH , Ar-H), 7.83 (s, IH , Ar-H), 7.54 (s, IN , Ar-H), 3.94 (s, 3H, 

OCH3 ), 2.45 (s, 3H, CH3 ), 1.76 (s, 6 H, 2 x CH3 )̂ ^C NMR (CDCI3 , 100 MHz) 6  166.3 (C=0), 141.4 (Cq), 
138.7 (Cq), 130.3 (Cq), 130.2, 129.2, 123.8 (CN), 122.6, 51.8 (OCH3 ), 36.6 (C(CH3)2), 28.6 (CH3 ), 20.9 

(CH3 ) HRMS (El): 240.0986 (M+Na)^ Ci3 Hi5 NNa0 2  requires 240.1000 IR : (KBr) cm’^ 3429.8 (br.),

2950.6, 2237.7, 1732.1, 1603.9, 1440.7, 1306.5, 1231.9, 1120.1, 771.7 MP: 52-54 °C

8.6.6 Methyl-3-(bromomethyl)-5-(2-cyanopropan-2-yI)benzoate [374]s3i
To a solution o f ester (5 g, 29.62 mmol) [373] in CCI4  (20 mL) was added NBS (5.25 g, 29.62 mmol) 

and benzoyl peroxide (6 6 . 6  mg, 0.274 mmol). The solution was refluxed until the orange colour 

disappeared; the m ixture was allowed to cool and reduced in vacuo to afford a cloudy viscous oil. 

The oil was dissolved in DCM (50 mL) and was then washed w ith  saturated Na2 S0 3  (aq) (50 mL), 

water (2 x 50 mL), and brine (50 mL). The solution was dried (Na2 S0 4 ), filtered and solvent removed 

in vacuo to leave clear residues. The material was purified via flash chromatography on silica gel to 

afford a white cloudy solid. (Gradient: EtOAc//i-hexane 1:20 to 1:10) (3.9 g, 54%)
Ĥ NMR (CDCI3 , 400 MHz) 6  8.06 (s, 2H, Ar-H), 7.75 (s, IH , Ar-H), 4.55 (s, 2H, CH2 ), 3.97 (s, 3H, OCH3 ), 

1.79 (s, 6 H, 2 X CH3 ) NMR (CDCI3 , 100 MHz) 5 165.5 (C=0), 142.2 (Cq), 138.7 (Cq), 131.1 (Cq),
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129.9, 129.2, 125.6, 123.4 (CN), (OCH3), 36.7 (CfCHsjj), 31.5 (CH2 ), 28.6 (CH3) HRMS (El): 318.0094 

(M+Na)", CijHiJ^BrNNaOz requires 318.0100 IR ; v„ax (KBr) cm^; 3433.5 (br.), 2986.8, 2232.2,
1719.8, 1600.5, 1428.8, 1309.5, 1237.3, 997.8, 767.8, 699.1 MP: 57-59 °C

8.6.7 Methyl-3-((l//-l,2,4-triazol-l-yl)methyl)-5-(2-cyanopropan-2-yl)benzoate
[375J531

A mixture of compound [374] (350 mg, 1.30 mmol), (123 mg, 1.77 mmol), K2 CO3 (163 mg, 1.18 

mmol), Kl (15 mg, 90.4 pmoi) and acetone (5 mL) were placed in a sealed microwave reaction vessel. 
The reaction mixture was heated using microwave energy (120 °C) for Ih. The reaction mixture was 

allowed to cool and was checked by TLC to confirm that the majority of starting material had 

reacted. The mixture was filtered and the solvent was removed in vacuo. The residues were taken up 

in EtOAc (5 mL) and washed with water (3 x 5  mL), brine (5 mL) and dried over Na2S0 4  and solvent 
removed in vacuo to leave a dark brown residue. The material was purified via flash chromatography 

on silica gel to afford the product a yellow solid. (Gradient: MeOH/DCM 1:99 to 1:20) (330 mg, 89%) 
NMR (CDCI3, 400 MHz) 6  8.22 (s, IH , NCHN), 8.11 (s, IH , NCHN), 8.03 (s, IH , Ar-H), 7.90 (s, IH , Ar- 

H), 7.66 (s, IH , Ar-H), 5.45 (s, 2H, CH2), 3.94 (s, 3H, OCH3), 1.76 (s, 6 H, 2 x CH3) NMR (CDCI3, 100 

MHz) 6 165.4 (C=0), 152.0 (NCHN), 142.9 (NCHN), 142.6 ( Q ,  135.7 (Cq), 131.4 (Cp), 128.9, 128.0,
125.9, 123.3 (CN), 52.4 (CH2), 52.1 (OCH3), 36.7 (C(CH3)2>, 28.6 (CH3) HRMS (El): 307.1156 (M+Na)", 

Ci5 Hi6 N4 Na0 2  requires 307.1171 IR : v âx (KBr) cm^: 3414.9 (br.), 3120.9, 2980.3, 2243.3 (CN),
1719.8, 1602.4, 1507.1, 1462.9, 1435.7,1306.1, 1235.6, 1140.8, 1015.4, 763.1, 679.6 MP: 78-80 °C

8.6.8 3-((l//-l,2,4-Triazol-l-yl)methyl)-5-(2-cyanopropan-2-yl)benzoic acid [376]
To a mixture of [375] (500 mg, 1.76 mmol) and 2 M NaOH (aq.) (10 mL) was dissolved in MeOH (10 

mL) and was heated to reflux. The mixture was monitored via TLC, after Ih  all traces of starting 

material had reacted. The organic solvent was removed in vacuo. The residue was re-dissolved in 
EtOAc (20 mL) and the organic layer was washed with 2 M HCI (aq.) (2 x 20 mL), water (20 mL) and 

brine (20 mL) and dried over Na2 S0 4 . Solvent was removed in vacuo to afford a pale yellow solid. 
This product did not require further purification (0.470 g, 99%),
‘h NMR (DMSO-dg, 400 MHz) 5 13.28 (br. s, IH , COOH), 8.74 (s, IH , NCHN), 8.04 (s, IH , NCHN), 8.01 

(s, IH , Ar-H), 7.79 (s, IH , Ar-H), 7.77 (s, IH , Ar-H), 5.56 (s, 2H, CH2), 1.71 (s, 6 H, 2 x CH3) NMR 

(DMSO-dg, 100 MHz) 5 166.6 (C=0 ), 152.0 (NCHN), 144.6 (NCHN), 142.5 (Cp), 137.8 (C„), 131.8 ( Q ,  

129.3, 128.0, 125.4, 124.2 ( Q ,  51.4 (CH2), 36.7 (C(CH3)2), 28.2 (CH3) HRMS (El): 271.1196 (M+H)", 

C1 4 H1 5 N4 O2 requires 271.1190 IR : v„ax (KBr) cm’ :̂ 3367.7, 2984.5, 2237.0, 1723.5, 1605.7, 1507.3, 
1434.7, 1306.5, 1235.8, 1078.2, 747.6 MP: 89-91 °C

8.6.9 Methyl 3-((l//-imidazol-l-yl)methyl)-5-(2-cyanopropan-2-yl)benzoate [377]
A mixture of compound [374] (500 mg, 1.69 mmol), imidazole (138 mg, 2.03 mmol), K2 CO3 (281 mg, 
2.03 mmol), Kl (20 mg, 120 timol) and acetone (5 mL) were placed in a microwave reaction vessel 
and then sealed. The reaction mixture was heated using microwave energy (120 °C) for Ih . The 

reaction mixture was allowed to cool and checked by TLC to confirm that majority of starting 

material had reacted. The mixture was filtered and the solvent was removed in vacuo. The residues 
were taken up in EtOAc (5 mL) and washed with water ( 3 x 5  mL), brine (5 mL) and dried over N3 2 S0 4  

and solvent removed in vacuo to leave a dark brown residues. The material was purified via flash 

chromatography on silica gel to afford the product as a yellow solid. (Gradient: MeOH/DCM 1:99 to 

1:20) (385 mg, 67%)
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NMR (CDCU, 400 MHz) 6 8.09 (s, IH , CH), 7.80 (s, IH , CH), 7.66 (s, IH , Ar-H), 7.53 (s, IH , CH), 7.16 

(s, IH , Ar-H), 6.96 (s, IH , Ar-H), 5.23 (s, 2H, CH2), 3.94 (s, 3H, OCH3), 1.75 (s, 6H, 2 x CH3) NMR 

(CDCI3, 100 MHz) 6 165.4 (C=0), 142.6 (Cq), 137.2 (NCHN), 131.4 (Cq), 129.7, 128.2, 127.4, 125.6, 

123.3 (CN), 52.1 (OCH3), 49.9 (CH2), 36.7 (qC H jjj), 28.5 (CH3) HRMS (El): 284.1398 (M+H)", 

CisHisNaOj requires 284.1394 IR : (KBr) cm 3367.7 (br.), 2984.5, 2237.0, 1723.5, 1605.7,

1507.3, 1434.7, 1306.5, 1233.8, 1078.2, 747.6 MP: 77-79 °C

8.6.10 l-(Benzyloxy)-4-(bromomethyl)benzene [382]
Compound [389] (4 g, 18.6 mmol) was dissolved in dry DCM and was cooled to  0 °C under a N2 

atmosphere. To this was added PBr3 (5.03 g, 2.15 mL, 18.6 mmol) and the reaction m ixture was 

allowed to stir at 0 °C and the reaction was monitored via TLC. A fter Ih , all traces o f starting material 

had reacted the reaction mixture was worked up w ith the addition o f saturated NaHCOj (20 mL). The 

reaction mixture was extracted w ith the addition o f saturated NaHC0 3  (20 mL), water (2 x 5 0  mL), 

brine (50 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced pressure to  afford 

the product as a brown solid. (5.05 g, 98%)

Ĥ NMR (CDCI3, 400 MHz) 5 7.40 - 7.49 (m, 4H, Ar-H), 7.33 - 7.39 (m, 3H, Ar-H), 6.94 - 7.00 (m, 2H, 

Ar-H), 5.10 (s, 2H, CHj), 4.53 (s, 2H, CH2) “ C NMR (CDCI3, 100 MHz) 6 158.4 (COBn), 136.2 (Cq), 130,0 

(Cq), 129.8, 128.2, 127.6, 127.0, 114.7, 69.6 (CH2), 33.5 (CH2Br) HRMS (El): 197.0970 (M-Br)‘, C14H13O 

requires 197.0972 IR : (KBr) cm ^ 3418.7 (br.), 1638.4, 1616.9, 1508.9, 1221.9, 607.4 MP: 89-91

°C

8.6.11 l-(4-(Benzyloxy)benzyl)-lW-l,2,4-triazole [383]
A mixture o f [382] (1 g, 3.61 mmol), 1,2,4-triazole (1.5 eq., 0.374 g, 5.41 mmol), K2CO3 (1.5 eq., 0.747 

g, 5.41 mmol) and Kl (0.05 eq., 30 mg, 0.180 mmol) was dissolved in acetone and refluxed fo r 16 h, 

under a dry atmosphere. The mixture was allowed to cool and was filtered and the solvent was 

evaporated under reduced pressure to afford a pale oil. The oil was then dissolved in EtOAc (30 mL) 

and was washed w ith  1 M NaOH (30 mL), water (2 x 50 mL), brine (50 mL) and dried over Na2S0 4 . 

The solvent was evaporated under reduced pressure to afford a pale yellow resin. The material was 
purified via flash chromatography on silica gel (n-Hexane:EtOAc, gradient 5:1 to 1:1) to  afford the 

product as a white solid. (431 mg, 45%)

Ĥ NMR (CDCI3, 400 MHz) 6 8.05 (s, IH , CH), 7.99 (s, IH , CH), 7.32 - 7.47 (m, 5H, Ar-H), 7.22 - 7.28 

(m, 2H, Ar-H), 6.97 - 7.03 (m, 2H, Ar-H), 5.29 (s, 2H, CH2), 5.09 (s, 2H, CH2) NMR (C DC I3,100 MHz) 
5 158.6 (C-OBn), 151.6 (NCHN), 142.4 (NCHN), 136.1 (C q), 129.2, 128.2, 127.7, 127.0, 126.2, 114.9, 

69.6 (CH2), 52.8 (CH2) HRMS (El): 288.1122 (M+Na)^ CieHijNaNaO requires 288.1113 IR : v^ax (KBr) 

cm 3551.4, 3472.9, 3413.8, 3101.7, 1638.6, 1615.7, 1513.4, 1241.9, 1141.8, 1016.3, 744.5, 683.7 

MP: 104-107 °C

8.6.12 General method for the introduction of the 1,2,4-triazole ring
To a solution o f the specific alcohol (1 eq.) in toluene (65 mL) was added 1,2,4-triazole (3 eq.) and p- 

TSA (200 mg) and the mixture was refluxed w ith  a Dean-Stark trap. The source o f heating was an 

open vessel microwave reactor (90-200 W). The mixture was refluxed fo r 4h and then was allowed 

to  cool. The solvent was evaporated under reduced pressure to afford bright green oil. The oil was 

redissolved in EtOAc (30 mL) and washed w ith  water (20 mL), brine (10 mL) and dried over Na2S0 4 . 
The solvent was evaporated under reduced pressure to afford the crude product. The crude product 

was purified via flash chromatography over silica gel to afford the desired product.

334



8.6.13 4 -((4 -(B enzyloxy)phenyl)(l//-l,2 ,4 -triazo l-l-y l)m ethyl)b enzon itrile  [384]
As per general method 8.6.12, [396] (1 eq., 3 g, 9.51 mmol), 1,2,4-triazole (3 eq., 1.69 g, 24.5 mmol) 
and p-TSA (300 mg) were reacted. The fixed microwave was set to 95 W for the duration of the 

reaction. The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 
25:1 to 10:1) to afford a pale yellow solid (2.33 g, 67%)

NMR (CDCIj, 400 MHz) 6 8.07 (s, IH , CH), 7.99 (s, IH , CH), 7.68 (d, J =  8.53 Hz, 2H, Ar-H), 7.33 - 
7.48 (m, 5H, Ar-H), 7.19 (d, J = 8.53 Hz, 2H, Ar-H), 7.11 - 7.16 (m, 2H, Ar-H), 6.98 - 7.05 (m, 2H, Ar-H), 
6.75 (s, IH , CH), 5.10 (s, 2H, CHj) “ C NMR (CDCIj, 100 MHz) 6  159.0 (COBn), 152.2 (NCHN), 143.4 

(NCHN), 135.9 (Cq), 132.2, 129.7, 128.3, 128.0, 127.8 (Cq), 127.0, 117.8 (Cp), 115.1, 111.9 (Cp), 69.7 

(CHa), 66.4 (CH) HRMS (El): 365.1408 (M -H ), C2 1 H1 7 N4 O requires 365.1408 IR : v„ax (KBr) cm'̂ : 
3443.3, 3118.4, 2920.5, 2227.9, 1608.4, 1561.4, 1511.5, 1418.9, 1394.6, 1217.4, 1169.2, 1154.5, 
1039.1, 686.9, 569.2 MP: 79-81 °C

8.6.14 4-((4 -{2 -B rom oethoxy)phenyl)(l//-l,2 ,4 -triazo l-l-y l)m ethyl)benzon itrile  [386]
As per general method 8.6.12, [401] (1 eq., 1 g, 3.01 mmol), 1,2,4-triazole (3 eq., 623 mg, 9.03 mmol) 
and p-TSA (150 mg) were reacted. The fixed microwave was set to 90 W for the duration of the 

reaction. The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 
10:1 to 5:1) to afford a yellow solid (588 mg, 51%)

‘h NMR (CDCIj, 400 MHz) 6  8.06 (s, IH , CH), 8.01 (s, IH , CH), 7.68 (d, J = 8.53 Hz, 2H, Ar-H), 7.19 (d, J 

= 8.03 Hz, 2H, Ar-H), 7.15 (d, J = 8.53 Hz, 2H, Ar-H), 6.95 (d, J = 8.50 Hz, 2H, Ar-H), 6.76 (s, IH , CH), 
4.31 (t, J = 6.02 Hz, 2H, CHj), 3.66 (t, J = 6.27 Hz, 2H, CH2 ) NMR (CDCI3, 100 MHz) 6  158.3 (COCHj), 
152.1 (NCHN), 143.3 (NCHN), 132.2, 129.7, 128.6 (Ĉ ,), 127.8, 117.8 (Cp), 114.9, 111.9 (Cp), 67.5 (CH2 ),

66.2 (CH), 28.4 (CHj) HRMS (El); 381.0346 (M -H ), CigHnBrN^O requires 381.0356 IR ; (KBr) cm^: 
3479.7, 2957.7, 2927.6, 2851.5, 2228.6, 1681.9, 1609.2, 1508.4, 1244.6, 1174.2, 1072.8, 1017.3,
832.2 MP: 133-135 °C

8.6.15 4 '((4 -(2 -(M ethy lam ino)e thoxy)pheny I)(l//-l,2 ,4 -triazo l-l-y l)m ethy l)benzo n itrile  
[387]

Methylamine (2 M in THF) (~20 eq., 8  mL, 16.74 mmol) was added to the bromide compound [386] 
(320 mg, 0.837 mmol) in THF ( 8  mL) and sealed in a high pressure tube. The reaction mixture was 

heated to 60 °C while stirring for 48 h. The reaction mixture was allowed sufficient time to cool, 
allowing the internal pressure to decrease prior to opening the pressure tube. The solvent was 

evaporated under reduced pressure. The oil was dissolved in DCM (30 mL) and was washed with an 

pH 10 aq. Solution* (30 mL). The pH 10 aq. Solution* was extracted with DCM (2 x 30 mL). The 

organic layers were combined and washed with water (50 mL), brine (50 mL) and dried over NaiSO^. 
The solvent was evaporated under reduced pressure to obtain brown oil. The material was purified 

via flash chromatography on silica gel (DCM : MeOH, gradient 100:1 to 50:1) to afford brown resin 

(245 mg, 8 8 %)

* pH 10 aq. Solution = 6  g of NaHCOa and 6  g of NaaCOs per 100 mL of water

‘h NMR (CDCI3, 400 MHz) 6  8.05 (s, IH , CH), 7.96 (s, IH , CH), 7.67 (d, J = 8.53 Hz, 2H, Ar-H), 7.17 (d, J 

= 8.53 Hz, 2H, Ar-H), 7.12 (d, J = 8.53 Hz, 2H, Ar-H), 6.95 (d, J = 9.03 Hz, 2H, Ar-H), 6.74 (s, IH , CH), 
4.11 (t, J = 5.02 Hz, 2H, CHj), 2.98 - 3.05 (m, 2H, CHj), 2.54 (s, 3H, NCH3 ), 2.26 (br. s., IH , NH) “ C 

NMR {CDCI3, 100 MHz) 6  159.0 (COCHj), 152.2 (NCHN), 143.4 (Cp), 143.1 (NCHN), 132.2, 129.6,
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128.0, 127.8 (Cq), 117.8 (Cq), 114.7, 111.8 (Cq), 6 6 . 6  (CH2 ), 66.3 (CH), 50.0 (CH2 ), 35.7 (NCH3 ) HRMS 

(El): 334.1676 (M +Hr, C1 9 H2 0 N5O requires 334.1662 IR : (KBr) cm ^  3455.2, 3122.4, 2230.0,

1610.6, 1508.4, 1274.9, 1248.6, 1139.0,1011.4, 910.8, 732.4, 678.5

8.6.16 (4-(Benzyloxy)phenyl)methanol [389]
4-Benzyioxybenzaldehyde [388] (5 g, 23.55 mmol) was dissolved in MeOH (50 mL) and was cooled to 

0 “C. To this was added NaBH4 (0.89 g, 23.53 mmol) in small portions and the reaction mixture was 

left to  stir at 0 °C. The reaction was monitored via TLC; after 15 min all starting material had reacted. 

To the flask was added 1 M HCI (5 mL) and the solvent was evaporated under reduced pressure to 

obtain a white semi-solid. The semi-solid was redissolved in EtOAc (100 mL) and was extracted w ith 
water (2 x 50 mL), brine (50 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced 

pressure to afford the product as a white solid. (4.99 g, 99%)

NMR (CDCI3, 400 MHz) 6  7.26 - 7.51 (m, 7H, Ar-H), 6.97 - 7.04 (m, 2H, Ar-H), 5.11 (s, 2H, CH2 ), 4.64 

(s, 2H, CH2 ) NMR {CDCI3, 100 MHz) 6  157.9 (COBn), 136.5 ( Q ,  132.9 (Cq), 128.2, 128.2, 128.0,

127.6, 127.5, 127.0, 114.5, 114.2, 69.6 (CH2), 64.6 (CH2OH) HRMS (El): 237.0895 (M+Na)^ 

Ci4 Hi4 Na0 2  requires 237.0891 IR : (KBr) cm‘ :̂ 3410.5 (br.), 2865.9, 1611.2, 1512.9, 1382.1,

1245.4, 1172.8, 1006.9, 810.3, 740.6, 695.7 MP: 90-93 °C

8.6.17 4-(4-Methoxybenzoyl)benzonitrile via the interm ediate (4-methoxyphenyl) 
zinc(II) bromide [393]

To a 3 necked round bottom ed flask containing dry ACN (20 mL), placed under a nitrogen 

atmosphere, was added CoBra (330 mg, 1.5 mmol), ZnBr2 (340 mg, 1.5 mmol), bromobenzene (0.16 
mL, 1.5 mmol), Zn dust (3.25 g, 50 mmol) and TFA (50 nL). The mixture was stirred fo r 15 min and to  

this was added 4-bromoanisole [390] (2.8 g, 1.88 mL, 15 mmol) and the reaction mixture was stirred 

fo r a fu rther 30 min at RT. On assumption o f 50% form ation o f [391], the [391] was taken directly to 

the next reaction. To the 3 necked round bottomed flask was added Ni(acac) 2  (O.lg, 3.89 mmol) and 

4-cyanobenzyl chloride [392] (0.5 g, 3.125 mmol) and the mixture was stirred for 30 min at RT. The 

mixture was then filtered via celite and the solvent was evaporated under reduced pressure to 
afford a yellow resin. The resin was then re-dissolved in EtOAc (20 mL) and extracted w ith  water (30 

mL). The aq. layer was extracted w ith EtOAc (2 x 20 mL), the organic layer were combined and 

washed w ith brine (40 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced 

pressure to afford a yellow resin. The material was purified via flash chromatography over silica gel 

(n-hexane:EtOAc, gradient 5:1 to 1:1) to afford the product as a pale yellow solid. (445 mg, 25%)

‘H NMR {CDCI3, 400 MHz) 5 7.78 - 7.87 (m, 6 H, Ar-H), 7.00 (d, J = 8.53 Hz, 2H, Ar-H), 3.92 (s, 3H, 

OCH3) “ C NMR (CDCI3, 100 MHz) 6 193.3 (C=0), 163.4 (COMe), 141.6 (Cq), 132.2, 131.8, 131.7, 

129.5, 128.5 (Cq), 117.7, 114.7 ( Q ,  113.0, 55.2 (OCH3) HRMS (El): 238.0859 (M+H)", C1 5 H1 2 NO2 

requires 238.0863 IR : v^ax (KBr) c m 3422.3 (br.), 2233.2 (CN), 1653.1, 1617.0, 1285.2, 1170.4, 

764.1 MP: 166-168 °C

8.6.18 4-(4-Hydroxybenzoyl)benzonitrile [394]
Method A.

Compound [393] (300 mg, 1.26 mmol) and pyridine hydrochloride (1.45 g, 12.6 mmol) was heated to 

210 °C fo r 20 min. The mixture while still hot was poured in H2 O (35 mL) and filtered. The filtra te  was 

washed w ith water (20 mL) followed by n-hexane (20 mL) and the solid was placed in a vacuum oven
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overnight. The off white solid was purified via flash chromatography on silica gel (n-hexane:EtOAc, 
gradient 5:1 to 1:1) to afford a pale yellow solid. (149 mg, 53%)

Method B.

Protected letrozole analogue [384] (400 mg, 1.09 mmol) and a small spatula tipful of Pd(0 H)2 (20%, 
20 mg) were reacted for 60 min under a hydrogen atmosphere. The material was purified via flash 

chromatography over silica gel (DCM : EtOAC, gradient 10:1 to 5:1) to afford the product as a brown 

solid ( 2 0 0  mg, 6 6 %)

NMR (DMSO-ds, 400 MHz) 6  10.60 (br. s., IH , OH), 8.01 (d, J = 8.03 Hz, 2H, Ar-H), 7.80 (d, J = 8.03 
Hz, 2H, Ar-H), 7.67 (d, J = 8.53 Hz, 2H, Ar-H), 6.91 (d, J = 8.53 Hz, 2H, Ar-H) “ C NMR (DMSO-ds, 100 

MHz) 6  193.1 (C=0), 162.7 (COH), 142.2 (C,), 132.8, 132.5, 129.5, 126.9 (Q), 118.3 (Cp), 115.5, 113.8 

(Cp) HRMS (El): 222.0557 (M-H)', Ci4HgN0 2  requires 222.0561 IR : (KBr) cm ^ 3409.4 (br.), 2333.4
(CN), 1641.9, 1607.0, 1284.2, 1169.6, 764.1 MP: 78-81 °C

8.6.19 4-(4-(Benzyloxy)benzoyl)benzonitrile [395]
To a solution of [394] (80 mg, 0.358 mmol) dissolved in ACN (5 mL) under a N2 atmosphere was 

added K2CO3 (51 mg, 0.370 mmol) and stirred at RT. To the reaction mixture was added benzyl 
bromide (0.63 mg, 0.43 mL, 0.37 mmol) the mixture was allowed to react overnight. The reaction 

mixture was filtered and the solvent was evaporated under reduced pressure to afford a yellow 

resin. The resin was re-dissolved in DCM (10 mL) and extracted with the addition of saturated 

NaHCOa (10 mL), water (2 x 10 mL), brine (10 mL) and dried over Na2S0 4 . The solvent was 

evaporated under reduced pressure to afford the product as a pale yellow solid. (98 mg, 8 8 %)

^H NMR (C D C I3, 400 MHz) 6  7.76 - 7.89 (m, 6 H, Ar-H), 7.35 - 7.50 (m, 5H, Ar-H), 7.08 (d, J = 8.80 Hz, 
2H, Ar-H), 5.18 (s, 2H, CH2) NMR (CDCI3, 100 MHz) 6  193.3 (C=0), 162.6 (COBn), 141.6 (Cq), 135.5 

(Cp), 132.2, 131.7, 129.5, 128.7, 128.3, 127.9, 127.1 (Cp), 117.7 (Cp), 114.7, 114.3, 69.8 (CH2) HRMS 

(El): 314.1159 (M +H )\ C21H16NO2 requires 314.1176 IR : (KBr) cm ^ 2234.7 (CN), 1642.2, 1593.2,
1567.8, 1257.7, 1144.0, 1005.6, 992.4, 840.7, 703.8 MP: 142-145 °C

8.6.20 4-((4-(Benzyloxy)phenyl)(hydroxy)methyl)benzonitrile [396]
Route A

Compound [395] (80 mg, 0.255 mmol) was dissolved in MeOH (5 mL) and was cooled to 0 °C. To this 

solution was added NaBH4 (11 mg, 0.3 mmol) in small portions and the solution was left stir at 0 °C. 
The reaction was monitored via TLC; after 15 min all starting material had reacted. To the flask was 

added 1 M HCI (0.5 mL) and the solvent was evaporated under reduced pressure to obtain a white 

semi-solid. The semi-solid was redissolved in EtOAc (10 mL) and was extracted with water ( 2 x 5  mL), 
brine (5 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced pressure to afford a 

white solid. (76 mg, 95%)

Route B

As per general method, 8.6.21, 4-bromobenzonitrile [389] (1 eq., 1.31 g, 7.2 mmol), n-BuLi (3.328 
mL, 2.5 M) and 4-benzyloxybenzaldehyde (1 eq., 1.52 g, 7.2 mmol) were reacted. The material was 

purified via flash chromatography on silica gel (n-hexane:EtOAc, gradient 5:1 to 1:1) over silica gel to 

afford the product as a yellow solid (1.99 g, 8 8 %)
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‘H NMR (CDCI3, 400 MHz) 6 7.64 (d, J = 8.53 Hz, 2H, Ar-H), 7.52 (d, J = 8.03 Hz, 2H, Ar-H), 7.33 - 7.47 
(m, 5H, Ar-H), 7.25 (d, J = 8.53 Hz, 2H, Ar-H), 6.97 (d, J = 9.03 Hz, 2H, Ar-H), 5.84 (br s, IH), 5.07 (s, 
2H, CHa) NMR (CDCI3, 100 MHz) 6 158.3 (COBn), 148.6 ( Q ,  136.2 (Cp), 134.9 (Cq), 131.8, 128.2,
127.7, 127.6, 127.0, 126.5, 118.5 (Cg), 114.7, 110.5 (C,), 74.7 (CH), 69.6 (CHj) HRMS (El): 338.1143 
(M+Na)^ C2 iH i7 NNa0 2  requires 338.1157 IR : (KBr) cm ^ 3469.1, 2234.9, 1605.2, 1506.7, 1230.7,
1007.1, 826.7 MP: 89-92 °C

8.6.21 General method for the synthesis of the di-aryl methanol pharmacophore
To a solution of the specific aryl-bromide [388], [398], [406]-[407] (1 eq.) in THF (28 mL) at -78 °C 
under a N2 atmosphere was added n-BuLi dropwise and the mixture was allowed stir for Ih . After Ih  
to this mixture was added the specific benzaldehyde [397], [400], [403]-[405] (1 eq.) in THF (16 mL) 
and the solution was allowed stir for 1.5h at -78 °C. The mixture was allowed to warm to RT and 
stirred for 2h. The solvent was evaporated under reduced pressure to obtain a brown oil. The oil was 
redissolved in DCM (50 mL) and was extracted with water (50 mL). The aq. layer was extracted with 
DCM (2 X 50 mL) and the organic layers were combined and washed with brine (50 mL) and dried 
over Na2S0 4 . The solvent was evaporated under reduced pressure to afford a brown oil. The brown 
oil was purified via flash chromatography on silica gel to afford the desired product.

8.6.22 4-(2-Bromoethoxy)benzaldehyde [400]
To a solution of 4-hydroxbenzaldehyde [399] (5 g, 40 mmol) dissolved in DMF (100 mL) under a N2 

atmosphere was added K2 CO3 (13.82 mg, 100 mmol) and stirred at RT. To the mixture was added 
1,2-dibromoethane (37.8 g, 17.35 mL, 201 mmol) and was allowed react overnight. The reaction 
mixture was filtered and the mixture was dissolved in EtOAc (100 mL) and extracted with water (3 x 
100 mL), brine (10 mL) and dried over Na2S0 4 . The solvent was evaporated under reduced pressure 
to afford the product as a white solid. (5.70 mg, 63%)

‘h NMR (CDCIj, 400 MHz) 5 9.91 (s, IH, CHO), 7.87 (d, J = 8.50 Hz, 2H, Ar-H), 7.04 (d, J = 8.53 Hz, 2H, 
Ar-H), 4.39 (t, J = 6.27 Hz, 2H, CH2 ), 3.69 (t, J = 6.02 Hz, 2H, CH2 ) ” C NMR (CDCI3, 100 MHz) 6 190.3 
(CHO), 162.6 (COCH2 ), 131.6, 130.0 (Cq), 114.4, 67.5 (CH2 ), 28.1 (CH2 ) HRMS (El): 228.9563 ( M + H ) \  
C9 HioBr0 2  requires 228.9559 IR : v^ax (KBr) cm'^: 1687.3, 1601.8, 1577.9, 1507.8, 1252.5, 1162.6, 
1009.3, 831.3 MP: 57-60 °C

8.6.23 4-((4-(2-Brom oethoxy)phenyl)(hydroxy)m ethyl)benzonitrile [401]
As per general method 8.6.21, 4-bromobenzonitrile (1 eq., 1.31 g, 7.2 mmol), n-BuLi (3.328 mL, 2.5 
M) and [400] (1 eq., 1.65 g, 7.2 mmol) were reacted. The material was purified via  flash 
chromatography on silica gel (n-Hexane:EtOAc, gradient 5:1 to 1:1) to afford the product was a 
yellow solid (1.93 g, 81%)

Ĥ NMR (CDCI3, 400 MHz) 6  7.63 (d, J = 8.53 Hz, 2H, Ar-H), 7.51 (d, J = 8.03 Hz, 2H, Ar-H), 7.26 (d, J = 
8.53 Hz, 2H, Ar-H), 6.90 (d, J = 9.03 Hz, 2H, Ar-H), 5.84 (s, IH, CH), 4.29 (t, J = 6.27 Hz, 2H, CH2 ), 3.64 
(t, J = 6.27 Hz, 2H, CH2 ), 2.54 (br. s., IH , OH) NMR {CDCI3, 100 MHz) 6  157.5 (COCH2 ), 148.6 (Cq), 

135.4 (Cp), 131.8, 127.7, 126.5, 118.4 (Cq), 114.6, 110.5 (Cq), 74.6 (CH), 67.4 (CHj), 28.6 (CH2 ) HRMS 
(El): 330.0142 (M-H)', Ci6 HisBrN0 2  requires 330.0135 IR : v„ax (KBr) cm'^: 3434.7, 2917.0, 2228.4,
1609.7, 1510.1, 1243.0, 1174.2, 1016.9, 830.1, 665.9 MP: 111-112 °C
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8.6.24 4-((4-(2 -(l//-l,2 ,4-Triazo l-l-y l)ethoxy)phenyl)(lf/-l,2 ,4-triazo l-l- 
yl)methyl)benzonitrile [402]

The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 5:1 to  1:1) 

to  afford a clear resin (223 mg, 22%)

NMR (CDCI3 , 400 MHz) 5 8.23 (s, IH , CH), 8.04 (s, IH , CH), 7.97 (s, IH , CH), 7.96 (s, IH , CH), 7.66 

(d, J = 8.53 Hz, 2H, Ar-H), 7.16 (d, J = 8.53 Hz, 2H, Ar-H), 7.11 (d, J = 8.53 Hz, 2H, Ar-H), 6 . 8 8  (d, J -

9.03 Hz, 2H, Ar-H), 6.73 (s, IH , CH), 4.59 (t, J = 5.02 Hz, 2H, CH2 ), 4.35 (t, J = 4.77 Hz, 2H, CHj) 

NMR (CDCI3 , 100 MHz) 6  158.0 (COCH2 ), 152.2 (NCHN), 151.7 (NCHN), 143.2 (NCHN), 143.1 (NCHN), 

132.2, 129.7, 128.9 (Cq), 127.8, 117.8 (CJ, 114.7, 111.9 (Cq), 66.1 (CH), 65.3 (CH2 ), 48.7 (CH2 ) HRMS 

(El): 370.1415 (M-H) , C2 0 H1 6 N7O requires 370.1422 IR : v^ax (KBr) cm ^ 3408.2, 3121.4, 2230.0, 

1610.6, 1508.4, 1274.9, 1248.6, 1139.0, 1011.4, 910.8, 732.4, 678.5

8.6.25 4-(Hydroxy-(3,4,5'trimethoxyphenyl)methyl)benzonitrile [408]
As per general method 8.6.21, 4-bromobenzonitrile (1 eq., 1.31 g, 7.2 mmol), n-BuLi (3.328 mL, 2.5 

M) and 3,4,5-trimethoxybenzaldehyde (1 eq., 1.41 g, 7.2 mmol) were reacted. The material was 

purified via flash chromatography on silica gel (n-hexane:EtOAc, gradient 5:1 to 1:1) to afford the 

product as a yellow solid (1.98 g, 92%)

^H NMR (CDCI3 , 400 MHz) 6  7.63 (d, J = 8.53 Hz, 2H, Ar-H), 7.52 (d, J = 8.03 Hz, 2H, Ar-H), 6.54 (s, 2H, 
Ar-H), 5.78 (s, IH , CH), 3.82 (s, 9H, OCH3 ), 2.83 (br. s, IH , OH) NMR (CDCI3 , 100 MHz) 6  152.9 (Cp),

148.3 (Cq), 138.2 (Cq), 137.0 (Cq), 131.8, 126.5, 118.4 (Cq), 110.6 (Cq), 103.1, 75.1 (CH), 60.4 (OCH3 ),

55.6 (OCH3 ) HRMS (El): 298.1089 (M -H ), C1 7 H1 6 NO4 requires 298.1079 IR : (KBr) c m 3471.6,
2940.3, 2228.3, 1593.8, 1504.9, 1462.5, 1420.2, 1328,7, 1235.5, 1127.5, 1004.6, 732.8 MP: 119-123 

°C

8.6.26 4-((3-(Benzyloxy)-4-methoxyphenyl)(hydroxy)inethyl)benzonitriIe [409]
As per general method 8.6.21, 4-bromobenzonitrile (1 eq., 1.31 g, 7.2 mmol), n-BuLi (3.328 mL, 2.5 

M) and 3-benzyloxy-4-methoxybenzaldehyde (1 eq., 1.74 g, 7.2 mmol) were reacted. The material 

was purified via flash chromatography on silica gel (n-Hexane:EtOAc, gradient 5:1 to  1:1) to afford 

the product as a cream solid (2 . 0 1  g, 81%)

‘H NMR (CDCI3 , 400 MHz) 6  7.56 (d, J = 8.03 Hz, 2H, Ar-H), 7.30 - 7.41 (m, 7H, Ar-H), 6.84 - 6.90 (m, 
2H, Ar-H), 6.80 (s, IH , Ar-H), 5.72 (s, IH , CH), 5.07 - 5.16 (m, 2H, CH2 ), 3.88 (s, 3H, CH3 ), 2.63 (br. s., 

IH , OH) “ C NMR (CDCI3 , 100 MHz) 6  149.1 (COBn), 148.5 (Cq), 147.7 (Cq), 136.3 (Cq), 134.9 (Cq),

131.7, 128.1, 127.4, 126.8, 126.4, 119.3, 118.5 (Cq), 112.2, 111.1, 110.4 (Cq), 74.7 (C H ), 70.4 (C H 2),

55.6 (OCH3 ) HRMS (El): 368.1266 (M +Na)\ C2 2 HigNNa0 3  requires 316.1263 IR : v„ax (KBr) cm ^

3514.7, 2227.7, 1607.9, 1511.1, 1253.1, 1223.1, 1137.5, 1017.9, 820.8, 754.8, 598.3 MP: 105-107 °C

8.6.27 4-((3-(Benzyloxy)-4-methoxyphenyl)(l//-l,2,4-triazol-l-yl)methyl)benzonitrile  
[409a]

As per general method 8.6.12, [409] (1 eq., 600 mg, 1.73 mmol), 1,2,4-triazole (3 eq., 360 mg, 5.21 

mmol) and p-TSA (150 mg) were reacted. The fixed microwave was set to  120 W fo r the duration o f 

the reaction. The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 

25:1 to 10:1) to afford a yellow solid (507 mg, 74%)
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NMR (CDCIj, 400 MHz) 6 8.04 (s, IH, CH), 7.88 (s, IH, CH), 7.61 (d, J = 8.53 Hz, 2H, Ar-H), 7.30 - 
7.37 (m, 5H, Ar-H), 7.06 (d, J = 8.03 Hz, 2H, Ar-H), 6.91 (d, J = 8.03 Hz, IH, Ar-H), 6.76 (dd, J = 1.51, 
8.03 Hz, IH , Ar-H), 6.64 (d, J = 13.55 Hz, 2H, Ar-H), 5.10 (s, 2H, CH2 ), 3.92 (s, 3H, OCH3 ) NMR 
(C D C I3 , 100 MHz) 6  151.9 (NCHN), 150.0 ( Q ,  147.8 (C ,,), 143.1 (NCHN), 135.9 (C q), 132.1, 128.2,
127.7, 127.7, 127.6, 126.7, 121.5, 117.8 (Cq), 114.2, 111.8, 111.3 (Cq), 70.6 (CH2 ), 66.5 (CH), 55.6 

(OCH3 ) HRMS (El): 395.1516 (M-H)', C2 4 H1 9 N4 O2  requires 395.1508 IR : (KBr) cm'^ 3032.8,
2934.1, 2228.9, 1607.9, 1513.3, 1441.9, 1264.0,1139.2, 1015.1, 738.6 MP; 91-93 °C

8.6.28 (3-(BenzyIoxy)-4-m ethoxyphenyl)(3,4,5-trim ethoxyphenyl)m ethanoI [410]
As per general method 8.6.21, 5-bromo-l,2,3-trimethoxybenzene (1 eq., 1.78 g, 7.2 mmol), n-BuLi 
(3.328 mL, 2.5 M) and 3-benzyloxy-4-methoxybenzaldehyde (1 eq., 1.74 g, 7.2 mmol) were reacted. 
The material was purified via flash chromatography on silica gel (n-hexane:EtOAc, gradient 5:1 to 
1:1) to afford the product as an orange oil (2.51 g, 85%)

NMR {C D C I3 , 400 MHz) 6  7.38 - 7.43 (m, 2H, Ar-H), 7.35 (t,app), J = 7.28 Hz, 2H, Ar-H), 7.27 - 7.32 
(m, IH, Ar-H), 7.02 (s, IH, Ar-H), 6 . 8 8  - 6.94 (m, 2H, Ar-H), 6.54 (s, 2H, Ar-H), 5.68 (s, IH, CH), 5.14 (s, 
2H, CH2 ), 3.90 (s, 3H, OCH3 ), 3.85 (s, 3H, OCH3 ), 3.81 (s, 6 H, OCH3 ), 2.31 (br. s., IH, OH) NMR 
(C D C I3 , 100 MHz) 6  152.7 (COBn), 148.7 (Cq), 47.5 (C q), 139.0 (C q), 136.6 (C q), 136.5 (C q), 135.8 (C q), 

128.0, 127.4, 126.9, 119.1, 112.1, 111.0, 102.8, 75.4 (CH), 70.4 (CH2 ), 60.4 (OCH3 ), 55.6 (OCH3 ) HRMS 
(El): 433.1613 (M+Na)\ C2 4 H2 6 NaOs requires 433.1627 IR : v„ax (KBr) cm ^ 3499.5, 2937.8, 1591.5,
1505.1, 1455.5, 1418.7, 1330.1, 1260.7, 1232.3,1128.6, 1024.2, 735.5, 699.5

8.6.29 l-((3-(B enzyloxy)-4-m ethoxyphenyl)(3 ,4,5-trim ethoxyphenyl)m ethyl)-l//-l,2 ,4- 
triazole [410a]

As per general method 8.6.12, [410] (1 eq., 1 g, 2.43 mmol), 1,2,4-triazole (3 eq., 0.5 g, 7.3 mmol) 
and p-TSA (150 mg) were reacted. The fixed microwave was set to 150 W for the duration of the 
reaction. The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 
25:1 to 10:1) to afford a yellow solid (718 mg, 64%)

‘H NMR (C D C I3 , 400 MHz) 5 8.02 (s, IH, CH), 7.83 (s, IH, CH), 7.29 - 7.35 (m, 5H, Ar-H), 6.89 (d, J = 

8.53 Hz, IH, Ar-H), 6.69 - 6.74 (m, IH, Ar-H), 6 . 6 6  (d, J = 2.01 Hz, IH, Ar-H), 6.59 (s, IH, CH), 6.23 (s, 
2H, CH2 ), 5.08 (s, 2H, CH2 ), 3.91 (s, 3H, OCH3 ), 3.86 (s, 3H, OCH3 ), 3.72 (s, 6 H, OCH3 ) NMR (C D C I3 , 

100 MHz) 6  153.0 (COBn), 151.8 (NCHN), 149.5 (C q), 147.6 (C q), 143.0 (NCHN), 137.4 (C q), 136.0 (C q), 

133.2 (C q), 129.3 (C q), 128.1, 127.6, 126.8, 120.9, 113.7, 111.2, 104.3, 77.0 (CH2 ), 70.5 (CH), 67.0 
(OCH3 ), 60.4 (OCH3 ), 55.6 (OCH3 ), 55.5 (OCH3 ) HRMS (El): 484.1844 (M+Na)^ CzeHjyNjNaOs requires 
484.1848 IR : Vmax (KBr) cm 3440.8, 2938.0, 1591.6, 1517.8, 1464.0, 1416.7, 1253.3, 1127.5,
1006.7, 698.0 MP: 98-100 “C

8.6.30 4-((l//-l,2 ,4 -T riazo l-l-y l)(3 ,4 ,5-trim eth oxyphenyl)m ethyI)benzon itrile  [411]
As per general method 8.6.12, [408] (1 eq., 800 mg, 2.28 mmol), 1,2,4-triazole (3 eq., 473 mg, 6.85 
mmol) and p-TSA (200 mg) were reacted. The fixed microwave was set to 100 W for the duration of 
the reaction. The material was purified via flash chromatography on silica gel (DCM : EtOAC, gradient 
25:1 to 10:1) to afford a yellow solid (503 mg, 63%)

Ĥ NMR (C D C I3 , 400 MHz) 6  8.11 (s, IH, CH), 8.09 (s, IH, CH), 7.70 (d, J = 7.53 Hz, 2H, Ar-H), 7.23 (d, J 

= 8.03 Hz, 2H, Ar-H), 6.73 (s, IH, CH), 6.40 (s, 2H, Ar-H), 3.87 (s, 3H, OCH3 ), 3.74 - 3.83 (m, 6 H, OCH3 ) 
NMR {C D C I3 , 100 MHz) 6  153.4 (C q), 152.0 (NCHN), 143.3 (NCHN), 142.8 (C q), 138.2 (C q), 132.2,
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131.2 (Cp), 128.0, 117.7 (Cq), 112.1 (Cq), 105.2, 66.9 (CH), 60.5 (OCH3), 55.8 (OCH3) HRMS (El): 

349.1306 (M -H ), C1 9 H1 7 N4 O 3 requires 349.1301 IR : v^ax (KBr) cm ^ 2940.5, 2229.4, 1592.9, 1505.5, 

1462.7, 1434.5, 1334.1, 1240.7, 1125.0, 1008.9, 731.5, 678.2 MP: 144-146 °C

8.6.31 General method for the debenzylation of the letrozole analogues
The protected letrozole analogues was dissolved in EtOAc (20 mL) and transferred to a 3-necked 

flask. To the flask was added Pd(0 H ) 2  (20%) and the reaction mixture was placed under a H2 

atmosphere. The reaction was monitored via TLC until the starting material had disappeared (10 -  

60 min). The reaction mixture was filtered through celite and the solvent was evaporated under 

reduced pressure to obtain brown oil. The material was purified via flash chromatography over silica 

gel to afford the product.

8.6.32 4-((3-H ydroxy-4-m ethoxyphenyl)(l//-l,2 ,4 -triazo l-l-y l)m ethyl)benzon itrile  [412]
As per 8.6.31, Protected letrozole analogue [412a] (190 mg, 0.479 mmol) and a small spatula tipful 

of Pd(0 H ) 2  (20%, 20 mg) were reacted for 60 min under a hydrogen atmosphere. The material was 

purified via flash chromatography over silica gel (DCM : EtOAC, gradient 10:1 to 5:1) to afford the 

product as a white solid ( 1 2 0  mg, 82%)

NMR (CDCI3, 400 MHz) 6  8.07 (s, IH , CH), 8.05 (s, IH , CH), 7.68 (d, J = 8.53 Hz, 2H, Ar-H), 7.19 (d, J 

= 8.03 Hz, 2H, Ar-H), 6 . 8 8  (d, J = 8.03 Hz, IH , Ar-H), 6.77 (s, IH , CH), 6 . 6 6  - 6.74 (m, 2H, Ar-H), 3.93 (s, 

3H, OCH3 ) NMR (CDCI3, 100 MHz) 6  151.8 (NCHN), 146.9 (Cq), 145.9 (Cp), 143.2 (NCHN), 132.2, 

128.6 (Cp), 127.8, 120.2, 117.8 (Cp), 114.5, 111.9 (Cp), 110.5, 66.5 (CH), 55.6 (OCH3 ) HRMS (El): 

305.1039 (M-H)', Ci7 Hi3 N4 0 2  requires 305.1039 IR : v„ax (KBr) cm 3123.7, 2937.2, 2842.3, 2230.0, 

1609.6, 1592.4, 1505.9,1442.2, 1278.1, 1132.7,1022.9, 790.5 MP; 168-170 °C

8.6.33 5 -((l//-l,2 ,4 -Triazo l-l-y l)(3 ,4 ,5-trim ethoxyphenyl)m ethyl)-2-m ethoxyphenol 
[413]

Protected letrozole analogue [413a] (200 mg, 4.33 mmol) and a small spatula tipful of Pd(0 H ) 2  (20%, 

20 mg) were reacted for 60 min a hydrogen atmosphere. The material was purified via flash 

chromatography over silica gel (DCM : EtOAC, gradient 10:1 to 5:1) to afford the product as a white 

solid (122 mg, 76%)

Ĥ NMR (CDCI3, 400 MHz) 6  8.04 (s, IH , CH), 7.97 (s, IH , CH), 6 . 8 6  (d, J = 8.53 Hz, IH , Ar-H), 6.76 (d, J 

= 2.01 Hz, IH , Ar-H), 6.67 (dd, J = 2.01, 8.03 Hz, IH , Ar-H), 6.61 (s, IH , CH), 6.33 (s, 2H, Ar-H), 3.90 (s, 

3H, OCH3 ), 3.85 (s, 3H, OCH3 ), 3.77 (s, 6 H, OCH3 ) ” C NMR (CDCI3, 100 MHz) 6  153.1 (COH), 151.6 

(NCHN), 146.5 (Cp), 145.6 (Cp), 143.0 (NCHN), 137.4 (Cp), 133.2 (Cp), 130.0 (Cp), 119.6, 114.2, 110.4, 

104.5, 67.1 (CH), 60.4 (OCH3 ), 55.7 (OCH3 ), 55.5 (OCH3 ) HRMS (El): 394.1383 (M + N a )\ Ci9 H2 iN 3 Na0 2  

requires 394.1279 IR : v^ax (KBr) cm 3389.1, 2936.5, 1591.1, 1508.3, 1461.2, 1276.8, 1127.5, 

1010.3 MP: 61-63 °C

8.7 Synthesis of endoxifen-acrylic acid conjugates 

8.7.1 DCC coupling reagent
General method fo r the synthesis o f endoxifen-acrylic acid conjugates (2 step syntheses)

A mixture of the required acrylic acid (1 eq., 0.154 mmol), DCC (leq ., 0.154 mmol, 32 mg), and HOBt 

(leq ., 0 .154 mmol, 21 mg) was suspended in 3 mL of anhydrous DCM and stirred for 10 min under a 

nitrogen atmosphere. The silyl-protected endoxifen analogue (4-[(Z)-l-[4-(fert-Butyl-dim ethyl-
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silanyloxy)-phenyl]-2-[4-(2-methylamino-ethoxy)-phenyl]-but-l-enyl]-phenol) [197] (75 mg, 1 eq., 

0.154 mmol) 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. 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. Purification was not required at this step.

Silyl deprotection

The residue was dissolved in 3 mL THF and stirred under nitrogen environment. A solution of 0.1 M 

TBAF (2 eq.) was added to the mixture and allowed to stir for 24 h. The mixture was evaporated to 

dryness under reduced pressure. The residue was dissolved in DCM and was washed with 10 % HCI 

solution. The resulting organic phase was dried over sodium sulphate and evaporated to dryness 

under vacuum. The material was purified via flash chromatography on silica gel.

8.7.2 EDC coupling reagant
A mixture of the required acrylic acid (1.2 eq), EDC (1.4 eq.), and HOBt (1.4 eq.) was suspended in 

anhydrous dichloromethane (3 mL) and stirred for 10 min under a nitrogen atmosphere. The 

protected endoxifen (1 eq.) [197] was dissolved in anhydrous dichloromethane (3 mL) and slowly 

added to the mixture via syringe. Reaction was allowed stir for 16 h. Reaction was monitored via 

TLC. The reaction mixture was diluted to 15 mL with anhydrous dichloromethane. To this mixture, 

water (20 mL) was added. The aqueous phase was extracted with DCM (20 mL x3), brine (50ml), 

dried over Na2S0 4  and evaporated to dryness in vacuo to yield the crude product. The material was 

purified via flash chromatography on silica gel. (DCM : EtOAc)

Silyl deprotection

The residue was dissolved in 3 mL THF and stirred under nitrogen environment. A solution of TBAF 

( IM  in THF, 1 eq.) was added to the mixture and allowed to stir for 1 h. The mixture was evaporated 

to dryness under reduced pressure. The material was purified via flash chromatography over silica 

gel to afford the product. (DCM : EtOAc)

8.7.3 (£/Z)-3-(3-Hydroxy-4-methoxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2- 
phenyIbut-l-en-l-yI)phenoxy)ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl) 
acrylamide [414]

A) As per general method (8.7.1), the acrylic acid analogue [150] was reacted with endoxifen 

[197]. The crude mixture was then taken to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (82 %)

B) As per general method (8.7.2), the acrylic acid [150] (1.2 eq., 177 mg, 0.492 mmol), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 

gradient 20:1 to 10:1) to afford the product as a white solid. (289 mg, 85% )*. The product 

was then deprotected. The protected compound (156 mg, 0.188 mmol) was dissolved in 3 

mL THF and stirred under nitrogen environment. A solution of TBAF ( IM  in THF, 1 eq., 0.188  

mL, 0.188 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3 :l)to  afford the product as a 

white solid. (130 mg, 97 %).
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^H-NMR 400MHz (CDCI3 ): 6.40-7.20 (m, 38H, Ar-H), 3.34-4.33 (m, 32H, OCH3 , CHj, NCH2 , OCH2 ), 3.04- 
3.24 (m, 6 H, NCH3 ), 2.47-2.52 (m, 4H, CHj), 0.90-0.96 (m, 6 H,CH3 ) ^^C-NMR lOOMHz (CDCI3 ): 13.17, 
13.20, 24.45, 25312, 28.62, 33.44, 48.72, 55.44, 55.57, 60.50, 65.71, 105.58, 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, 140.12, 142.12, 144.68, 145.96, 145.98, 152.83, 153.72, 
154.66, 156.62 IR: (KBr) cm ^ 3379.5, 2933.2, 1735.1, 1606.3, 1581.7, 1505.9, 1238.9, 1124.6,
1026.5, 833.4 HRMS (El): Found 738.3019 (M+Na)*, C4 4 H4 5 NOsNa requires 738.3043. MP: 67-68 °C

* Found 852.3916 (M+Na)", CjoHsgNOgNaSi requires 852.3908

8.7.4 (£/Z)-3-(Benzo[d][l,3]dioxol-5-yI)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2-
phenylbut-l-en-l-yl)phenoxy)ethyl)-2-(4-methoxyphenyl)-N-methylacrylamide
[415]

A) As per general method (8.7.1), the acrylic acid analogue [311] was reacted with endoxifen 

[197]. The crude mixture was then tai<en to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (94%)
B) As per general method (8.7.2), the acrylic acid [311] (1.2 eq., 176 mg, 0.492 mmol), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (261 mg, 83%)*. The product 
was then deprotected. The protected compound (142 mg, 0.185 mmol) was dissolved in 3 

mLTHF and stirred under nitrogen environment. A solution of TBAF ( IM  in THF, 1 eq., 0.185 

mL, 0.185 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 
evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid (109 mg, 91 %)

NMR (400 MHz, CDCI3) 5 6.99 - 7.24 (m, 17H, Ar-H, C=CH), 6.34 - 6 . 8 8  (m, 25H, Ar-H), 5.87 (s, 
4H, CH2 ), 4.00 - 4.26 (m, 4H, CH2 ), 3.59 - 3.86 (m, lOH, OCH3, CH2 ), 2.96 - 3.13 (m, 6 H, NCH3 ), 2.38 

- 2.54 (m, 4H, CH2 ), 0.87 - 0.96 (m, 6 H, CH3) NMR (101 MHz, CDCI3) 5 172.8 (C=0), 160.7 

(COCH3), 159.3 (COCH3), 158.3 (COM), 154.9 (CJ, 154.0 (Cp), 148.0, 147.3 (C )̂, 147.3 (Cq), 147.2 

(Cp), 147.1 (Cp), 142.6 (Cq), 140.9 (Cp), 137.8 ( Q ,  135.7 ( Q ,  135.4 (Cq), 131.98 (ArC), 131.96, 
130.6 (ArC), 130.3 (ArC), 130.2 (ArC), 130.1 (ArC), 129.7 (ArC), 129.7 (ArC), 129.5 (ArC), 127.81 

(ArC), 127.79 (ArC), 125.9 (ArC), 124.0 (ArC), 115.1 (ArC), 114,4 (ArC), 114.2 (ArC), 113.9 (ArC), 
113.2 (ArC), 109.1 (ArC), 108.1 (ArC), 108.1 (ArC), 101.0 (ArC), 100.2 (OCH2 O), 65.9 (CHj), 60.4 

(CH2 ), 55.2 (OCH3), 47.6 (CH2 ), 38.7 (NCH3) 25.6 (CH2 ), 13.6 (CH3) IR: v^ax (KBr) cm'^: 3239.3, 
2929.9, 1735.6, 1605.7, 1508.4, 1244.2, 1036.7, 835.5 HRMS (El): Found 676.2685 (M+Na)", 
C4 2 H3 9 N0 6 Na requires 676.2675. MP: 84-86 °C 

* Found 790.3566 (M-i-Na)\ C4 gH5 3 N0 6 NaSi requires 790.3540
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8.7.5 (£/Z)-N-(2-(4-((£)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-3- 
(4-methoxy-3-nitrophenyl)-N-methyl-2-(3,4,5-triinethoxyphenyl)acrylamide 
[416]

A) As per general method (8.7.1), the acrylic acid analogue [312] was reacted with endoxifen 

[197]. The crude mixture was then taken to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (54%)
B) As per general method (8.7.2), the acrylic acid [312] (1.2 eq., 191 mg, 0.492 mmol), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (309 mg, 8 8  %)*. The product 
was then deprotected. The protected compound (182 mg, 0.212 mmol) was dissolved in 3 
mL THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.212 

mL, 0.212 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (146 mg, 93 %).

NMR (400 MHz, CDCI3) 5 7.58 - 7.73 (m, 2H, Ar-H), 6.99 - 7.17 (m, 12H, Ar-H, C=CH), 6.09 - 6 . 8 8  

(m, 24H, Ar-H), 4.01 - 4.28 (m, 4H, CHj), 3.53 - 3.93 (m, 28H, CHj, OCH3), 2.99 - 3.20 (m, 6 H, NCH3), 

2.36 - 2.50 (m, 4H, CHj), 0.84 - 0.96 (m, 6 H, CH3) ‘^C-NMR lOOMHz (CDCI3): 5 172.8 (C=0), 172.7 
(C-0), 157.2, 156.3, 155.9, 155.1, 154.1, 153.2, 142.7, 142.6, 141.2, 141.1, 140.9, 137.8, 137.7, 
137.1, 136.7, 136.3, 135.7, 135.3, 132.1, 132.0, 130.8, 130.7, 129.7, 127.8, 125.9, 115.1, 114.4, 
113.9, 113.1, 113.1, 105.3, 105.3, 66.7, 66.4, 65.1, 64.8, 60.9, 60.5, 56.1, 49.2, 48.3, 48.2, 37.7, 37.6, 
35.7, 35.7, 35.2, 35.1, 34.2, 34.1, 32.1, 32.0, 31.6, 31.6, 29.1, 29.0 (CHj), 13.7 (CH3) IR: v^ax (KBr) cm'^ 

3240.6, 2933.8, 1733.9, 1606.5, 1505.9, 1238.4, 1126.7, 834.2 HRMS (El): Found 743.2974 (M-H) , 
C4 4 H4 3 N2 O9  requires 743.2974 MP: 77-78 °C

♦ Found 881.3841 (M +Na)\ CsoHsgNzOgNaSi requires 881.3809

8.7.6 (£/Z)-3-(3-Fluoro-4-niethoxyphenyI)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2- 
phenyIbut-l-en-l-yl)phenoxy)ethyl)-N-methyI-2-(3,4,5-trimethoxyphenyl) 
acrylamide [417]

A) As per general method (8.7.1), the acrylic acid analogue [313] was reacted with endoxifen. 
The crude mixture was then taken to the next step without further purification. The final 
product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 

3:1) to afford the product as a yellow resin (53%)
B) As per general method (8.7.2), the acrylic acid [313] (1.2 eq., 178 mg, 0.492 mmol), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) were reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (262 mg, 77 %)*. The product 
was then deprotected. The protected compound (142 mg, 0.185 mmol) was dissolved in 3
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mL THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.185 
mL, 0.185 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 
evaporated to dryness under reduced pressure. The material was purified via flash 
chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 
white solid. (119 mg, 90%).

NMR {400 MHz, CDCI3 ) 5 6.97 - 7.20 (m, 13H, Ar-H, C^CH), 6.03 - 6.94 (m, 25H, Ar-H), 4.00 - 4.27 
(m, 4H, CH2 ), 3.50 - 3.92 (m, 28H, CH2 , OCH3 ), 2.97 - 3.22 (m, 6 H, NCH3 ), 2.37 - 2.52 (m, 4H, CH2 ), 0.81
- 0.98 (m, 6 H, CH3 ) “ C NMR (101 MHz, CDCI3 ) 8 171.7 (C=0), 155.0 (Q , 154.1 (C,,), 153.5 (CJ, 152.9 
(C,), 150.5 (Cp), 147.44 (CJ, 147.41 (CJ, 147.3 (C„), 147.2 (C )̂, 142.6 (C^), 142.5 (Q , 141.0 (C„), 137.7 
(Cg), 136.6 (Cq), 135.6 (Cp), 135.3 (Q ,  132.0 (ArC), 132.0 (ArC), 130.7 (ArC), 130.6 (ArC), 129.7 (ArC),
129.6 (ArC), 128.2 (Cq), 127.8 (ArC), 127.8 (ArC), 125.9 (ArC), 116.8 (ArC), 116.8 (ArC), 116.7 (ArC), 
115.0 (ArC), 114.3 (ArC), 113.9 (ArC), 113.1 (ArC), 112.7 (ArC), 105.9 (ArC), 66.1 (OCH3 ), 60.9 (CHj), 
60.4 (OCH3 ), 56.1 (CH2 ), 56.0 (OCH3 ), 50.8, 38.9 (NCH3 ), 25.6 (CH2 ), 13.60 (CH3 ), 13.56 (CH3 ) IR: v„ax 
(KBr) cm'^ 3252.0, 2960.9, 2934.4, 1735.2, 1606.2, 1581.1, 1238.6, 1126.9, 1005.3, 834.7 HRMS (El): 
Found 718.3170 C4 4 H4 5 NO7 F requires 718.3142. MP: 77-78 °C

* Found 854.3890 (M+Na)*, CsoHsgFNOyNaSi requires 854.3864

8.7.7 (E/Z)-N-(2-(4-{(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-3- 
(4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [418]

A) As per general method (8.7.1), the acrylic acid analogue [310] was reacted with endoxifen 
[197]. The crude mixture was then taken to the next step without further purification. The 
final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 
to 3:1) to afford the product as a brown resin (55%)

B) As per general method, the acrylic acid [310] (1.2 eq., 169 mg, 0.492 mmol), EDC (1.4 eq., 
110 mg, 0.572 mmol) (8.7.2), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 
resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (303 mg, 91 %). The product 
was then deprotected. The protected compound (185 mg, 0.235 mmol) was dissolved in 3 
mL THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.235 
mL, 0.235 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 
evaporated to dryness under reduced pressure. The material was purified via flash 
chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 
white solid. (152 mg, 93 %).

Ĥ NMR (400 MHz, CDCI3 ) 8 6.98 - 7.17 (m, 18H, Ar-H, C=CH), 6.21 - 6.87 (m, 22H, Ar-H), 4.02 - 4.26 
(m, 4H, CH2 ), 3.50 - 3.91 (m, 28H, CH2 , OCH3 ), 3.00 - 3.22 (m, 6 H, NCH3 ), 2.39 - 2.49 (m, 4H, CHj), 0.85

- 0.94 (m, 6 H, CH3 ) “ C NMR (101 MHz, CDCI3 ) 8 173.4 (C=0), 159.3 (C-O-CH2 ), 159.3 (C-OH), 155.1 
(Cq), 154.1 (Cq), 153.3 (Cq), 142.6 (Cq), 142.5 (Cq), 141.0 (Cq), 140.9 (Cq), 137.7 (Cq), 135.6 (Cq), 135.2 
(Cq), 132.0 (ArC), 131.9 (ArC), 130.9 (ArC), 130.9 (ArC), 130.7 (ArC), 130.6 (ArC), 130.1 (ArC), 129.7 
(ArC), 129.6 (ArC), 127.8 (ArC), 127.8 (ArC), 127.6 (ArC), 125.9 (ArC), 115.0 (ArC), 114.3 (ArC), 113.9 
(ArC), 113.6 (ArC), 113.5 (ArC), 113.1 (ArC), 106.0 (ArC), 60.9 (OCH3 ), 60.4 (CH2 ), 56.0 (OCH3 ), 55.2 
(OCH3 ), 50.1 (CH2 ), 39.1 (NCH3 ), 28.9 (CH2 ), 25.6 (CHj), 13.61 (CH3 ) IR: v ^ a ,  (KBr) cm 3426.3, 3250.8,

345



2933.8, 1736.3, 1605.7, 1508.5, 1240.2, 1127.3, 1030.7, 829.7 HRMS (El): Found 722.3102 (M+Na)*, 
C4 4 H4 sN0 7 Na requires 722.3094. MP: 6 6 - 6 8  °C

* Found 851.4042 (M+Nar, CsoHeoNjOyNaSi requires 851.4067

8.7.8 (f/Z)-2-(3,5-Dimethoxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2-phenylbut-l- 
en-l-yl)phenoxy)ethyI)-N-methyI-3-(3,4,5-trimethoxyphenyl)acrylamide [419]

As per general method (8.7.1), the acrylic acid analogue [314] was reacted with endoxifen [197]. The 

crude mixture was then taken to the next step without further purification. The final product was 

purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the 

product as a brown resin (33%).
^H-NMR 400MHz (CDCI3): 5 7.17-6.37 (m , 38H, Ar-H, C=CH), 4.25-4.09 (m , 38H, OCH3, NCH2, OCH2), 

3.23-3.05 (m , 6 H, NCH3), 2.52-2.48 (m , 4H, CHj), 0.94-0.91 (m , 6 H, CH3) ^^C-NMR lOOMHz (CDCI3): 5 

160.56 (C=0), 154.86, 153.90, 152.22, 152.20, 140.38, 137.34, 137.30, 131.56, 131.52, 130.20, 
130.13, 129.97, 129.23, 127.38, 125.44, 114.67, 113.95, 113.47, 112.71, 106.28, 106.25, 100.06, 
60.45 (OCH3), 55.34 (OCH3), 54.94 (OCH3), 53.01, 48.70 (NCH3), 33.41 (CH2), 28.63 (CH2), 28.54 (CH2), 

25.10 (CH2), 24.45 (CH2), 13.22 (CH3), 13.17 (CH3) IR: v^ax (KBr) c m '^  3167.5, 2935.3, 1737.4, 1581.6, 
1505.6, 1233.1, 1125.0, 1003.7 834.9 HRMS (El): Found 752.3223 (M+Na)^ C4 5 H4 7 NOsNa requires 

752.3199

8.7.9 (£/Z)-N-(2-(4-((Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-N- 
methyl-2,3-bis(3,4,5-trimethoxyphenyl)acrylamide [420]

A) As per general method (8.7.1), the acrylic acid analogue [315] was reacted with endoxifen 

[197]. The crude mixture was then taken to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (43%).
B) As per general method (8.7.2), the acrylic acid [197] (1.2 eq., 198 mg, 0.492 mmol) ), EDC 

(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (315 mg, 8 8 %)*. The product 
was then deprotected. The protected compound (158 mg, 0.18 mmol) was dissolved in 3 mL 

THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.18 mL, 
0.18 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (128 mg, 94%).

‘H NMR (400 MHz, CDCI3 ) 6  6.97 - 7.19 (m, 14H, Ar-H, C=CH), 6.30 - 6.89 (m, 24H, Ar-H), 4.02 - 4.27 

(m, 4H, CH2 ), 3.52 - 3.95 (m, 40H, O C H 3 ), 2.98 - 3.29 (m, 6 H, N C H 3 ), 2.37 - 2.53 (m, 4H, CH2 ), 0.83 - 

0.96 (m, 6 H, C H 3) NMR (101 MHz, CDCI3 ) 6  171.3 (C=0), 155.0 (C q), 154.1 (C q), 153.4 (C,), 152.7 

(C q), 152.7 (C q), 142.6 (C q), 142.5 (C q), 141.0 (C q), 137.8 (C q), 137.8 (Cq), 137.6 (C q), 136.6 (C q), 135.6 

(C q), 135.2 (C q), 132.0 (ArC), 131.9 (ArC), 130.6 (ArC), 130.6 (ArC), 130.5 (ArC), 129.6 (ArC), 129.6 

(ArC), 127.8 (ArC), 125.9 (ArC), 115.0 (ArC), 114.3 (ArC), 113.9 (ArC), 113.1 (ArC), 106.7 (ArC), 106.6 

(ArC), 106.1 (ArC), 106.1 (ArC), 60.9 (CH2 ), 60.82 (OCH3 ), 60.81 (OCH3 ), 60.4 (OCH3 ), 56.1 (OCH3 ), 55.8
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(OCHs), 53.4, 47.7, 39.0 (NCH3 ) 29.1 (CH2 ), 29.0 (CH2 ), 13.6 (CH3 ), 13.56 (CH3 ) IR: (KBr) cm'^:

3167.5, 2935.3, 1737.4, 1581.6, 1505.6, 1233.1, 1125.0, 1003.7 834.9 HRMS (El): Found 782.3301 

(M +N a)\ C46H49NOgNa requires 782.3305. MP: 77-78 °C

* Found 898.4193 (M +Na)\ C5 2 H6 3 N0 9 NaSi requires 896.4170

8.7.10 (£/Z)-2-(3,5-Dimethoxyphenyl)-3-(3-hydroxy-4-niethoxyphenyl)-N-(2-(4-((Z)-l- 
(4-hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-N-methylacrylamide 
[421]

As per general method (8.7.1), the acrylic acid analogue [316] was reacted w ith  endoxifen [197]. The 

crude m ixture was then taken to the next step w ithout fu rther purification. The final product was 

purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to  3:1) to afford the 

product as a brown resin (54%).

^H-NMR 400MHz (CDCI3 ): 5 7.19-6.37 (m, 40H, Ar-H, C=CH), 4.24-3.60 (m, 26H, OCH3 , O-CH2 , N-CH2 ), 

3.18-3.04 (m, 6 H, NCH3 ), 2.53- 2.47 (m, 4H, CH2 ), 0.95-0.91 (m, 6 H, CH3 ) ^*C-NMR lOOMHz (CDCI3 ): 8  

160.44 (C=0), 156.55, 154.65, 153.69, 146.00, 145.98, 144.60, 144.58, 142.17, 140.49, 140.38, 

137.38, 135.30, 135.15, 131.56, 130.18, 129.25, 127.98, 127.38, 127.35, 125.44, 121.62, 115.01, 

114.63, 113.90, 113.48, 112.74, 109.71, 106.29, 100.13, 55.40 (OCH3 ), 54.89 (OCH3 ), 53.00 (CH2 ), 

48.75(NCH3), 33.41 (O-CH2 ), 28.61 (CH2 -CH3 ), 28.55 (CH2 -CH3 ), 25.11 (CH2 ), 24.45 (CHj), 13.21 (CH3 ), 

13.18 (CH3 ) IR: v ^ a x  (KBr) cm 3379.5, 2933.2, 1735.1, 1606.3, 1581.7, 1505.9, 1238.9, 1124.6,

1026.5, 833.4 HRMS (El): Found 708.2925 (M +Na)\ C43H43N07Na requires 708.2937.

8.7.11 (£/Z)-3-(3,4-dihydroxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2-phenylbut-l- 
en-l-yl)phenoxy)ethyI)-N-methyl-2-(3,4,5-trimethoxyphenyI)acrylamide [422]

A) As per general method (8.7.1), the acrylic acid analogue [317] was reacted w ith endoxifen 

[197]. The crude m ixture was then taken to the next step w ithou t fu rther purification. The 
final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (37%).

B) As per general method (8.7.2), the acrylic acid [317] (1.2 eq., 170 mg, 0.492 mmol), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted w ith 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 

gradient 20:1 to 10:1) to afford the product as a white solid. (237 mg, 71 %)*, The product 

was then deprotected. The protected compound (157 mg, 0.192 mmol) was dissolved in 3 

mL THF and stirred under nitrogen environment. A solution o f TBAF ( IM  in THF, 1 eq., 0.192 

mL, 0.192 mmol) was added to the mixture and allowed to  stir fo r 1 h. The m ixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel to afford the product as a white solid. (113 mg, 84 %).

^H-NMR 400MHz (CDCI3): 8 7.13-6.49 (m, 38H, Ar-H, C=CH), 4.22-3.52 (m, 26H, OCH3, O-CH2 , N-CH2 ), 

3.04-2.94 (m, 6 H, NCH3), 2.47(m, 4H, CH2 ), 1.32-1.28 (m, 6 H, CH3) ‘^C-NMR lOOMHz (CDCI3): 8 

156.62, 154.66, 153.66, 152.88, 145.98, 145.96, 144.60, 142.12, 137.33, 135.20, 132.01, 131.54, 

130.22, 130.10, 129.58, 129.25, 128.00, 127.32, 127.30, 125.46, 121.50, 115.10, 114.64, 114.05, 

113.40, 112.65, 109.76, 105.58, 65.71, 55.57, 55.44, 48.72, 33.44, 28.62, 25.31, 24.54, 13.22, 13.17
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IR: v̂ ax (KBr) cm ^ 3250.6, 2930.1, 1735.4, 1605.6, 1605.1, 1244.1, 1037.1, 835.6 HRMS (El): Found 

724.2881 (M+Nar, C4 3 H4 3 NOgNa requires 724.2886. MP: 69-63 °C

* Found 838.3751(M+Na)*, C4 9 H5 7 NOgNaSi requires 838.3742

8.7.12 (£/Z)-3-(3-Hydroxyphenyl)-N-(2-(4-((Z)-l-{4-hydroxyphenyl)-2-phenylbut-l-en- 
l-yl)phenoxy)ethyl)-N-inethyl-2-(3,4,5-trimethoxyphenyl)acrylamide [423]

As per general method (8.7.1), the acrylic acid analogue [318] was reacted with endoxifen [197]. The 

crude mixture was then taken to the next step without further purification. The final product was 

purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the 

product as a brown resin (45%).

^H-NMR 400MHz (CDCI3 ): 8  7.15-6.38 (m, 40H, Ar-H, C=CH), 4.27-3.45 (m, 26H, OCH3 , N-CH2 , O-CH2 ), 
3.26-3.07 (m, 6 H, NCH3 ), 2.49-2.47 (m, 4H, CHj), 0.94-0.91 (m, 6 H, CH3 ) ^*C-NMR lOOMHz (CDCI3 ): 8

171.96, 171.90, 156.64, 155.82, 154.44, 153.53, 152.67, 142.16, 142.65, 140.66, 140.52, 137.24,
137.15, 136.42, 136.28, 135.92, 135.28, 134.91, 131.59, 131.55, 130.25, 130.18, 129.82, 129.50,
129.45, 129.23, 128.87, 127.40, 125.56, 120.82, 120.68, 115.64, 114.94, 114.62, 113.91, 113.40,
112.66, 105.56, 105.47, 105.49, 65.83, 66.46, 55.60, 55.41, 53.01, 47.46, 38.71, 38.63, 28.63, 28.55, 
13.20, 13.17 IR: v̂ ax (KBr) cm ^ 3250.6, 2930.1, 1735.4, 1605.6, 1605.1, 1244.1, 1037.1, 835.6 HRMS 

(El): Found 708.2937 (M +Na)\ C4 3 h 4 3 N0 7 Na requires 708.2937

8.7.13 (£/Z)-3-(3,4-Dimethoxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyI)-2-phenylbut-l- 
en-l-yl)phenoxy)ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [424]

A) As per general method (8.7.1), the acrylic acid analogue [319] was reacted with endoxifen 

[197]. The crude mixture was then taken to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (31%).
B) As per general method (8.7.2), the acrylic acid [319] (1.2 eq., 184 mg, 0.492 mmol) ), EDC 

(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (300 mg, 87 %). The product 
was then deprotected. The protected compound (176 mg, 0.21 mmol) was dissolved in 3 mL 

THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.21 mL, 
0.21 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (139 mg, 91 %).

Ĥ NMR (400 MHz, CDCI3) 5 6.99 - 7.19 (m, 13H. Ar-H, C=CH), 6.29 - 6.87 (m, 25H, Ar-H), 5.89 (br. s., 
IH , OH), 4.02 - 4.26 (m, 4H, CH2 ), 3.51 - 3.87 (m, 34H, OCH3 , CH2 ), 2.98 - 3.24 (m, 6 H, NCH3), 2.38 - 

2.51 (m, 4H, CH2 ), 0.85 - 0.95 (m, 6 H, CH3 )̂ *C NMR (101 MHz, CDCI3) 8  171.6 (C=0), 161.0 (C-OCH2 ),
154.9 (Cq), 154.0 (Cq), 152.7 ( Q ,  152.6 ( Q ,  142.6 (C,,), 141.0 (C,,), 137.9 ( Q ,  137.7 (C )̂, 136.7 (Cq), 

135.7 (Cq), 132.0 (ArC), 130.6 (ArC), 130.4 (Cq), 129.7 (ArC), 129.6 (ArC), 127.8 (ArC), 127.8 (ArC),
125.9 (ArC), 115.0 (ArC), 114.3 (ArC), 113.9 (ArC), 113.2 (ArC), 106.8 (ArC), 106.7 (ArC), 100.5 (ArC), 
60.8 (C H j), 60.4 (OCH3), 55.8 (OCH3), 55.4 (OCH3), 38.9 (NCH3), 25.6 (CH2), 13.6 (CH3), 13.6 (CH3) IR:
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Vmax (KBr) cm ^ 3242.0, 2934.9, 2837.9, 2837.6, 1736.1, 1600.2, 1505.9, 1421.4, 1239.7,1155.4 833.2 

HRMS (El): Found 752.3210 (M +Na)\ C45H47N08Na requires 752.3199 MP: 63-66 °C

* Found 866.4046 (M+Na)*, CsiHeiNOgNaSi requires 866.4046

8.7.14 (£/Z)-N-(2-(4-{(Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-N- 
methyl-3-(2,3,4-trimethoxyphenyl)-2-(3,4,5-trimethoxyphenyl)acrylamide [425]

As per general method (8.7.1), the acrylic acid analogue [320] was reacted with endoxifen [197]. The 

crude mixture was then taken to the next step without further purification. The final product was 

purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the 

product as a brown resin (26%).

^H-NMR 400MHz (C D C I3): 5 7.16-6.43 (m, 36H, Ar-H, C=CH), 4.12-3.55 (m, 40H, 0CH3, N-CH2, O-CH2), 
3.12-3.10 (m, 6H, NC H 3), 2.50-2.47 (m, 4H, CH2), 0.94-0.91 (t, 6H, J=7.5Hz CH3) ^^C-NMR lOOMHz 

(C D C I3): 8  170.7 (C =0 ), 155.0 ( Q .  154.2 (C„), 153.4 (C„), 152.7 (Cp), 152.7 (C,), 142.6 (Cp), 142.5 (Cp), 
141.0 (Cp), 137.8 (Cp), 137.8 (Cq), 137.6 (Cp), 136.6 (Cq), 135.6 (Cp), 135.2 (Cq), 132.0 (ArC), 131.9 

(Arc), 130.6 (ArC), 130.6 (ArC), 130.5 (ArC), 129.6 (ArC), 129.6 (ArC), 127.8 (ArC), 125.9 (ArC), 115.0 

(ArC), 114.3 (ArC), 113.9 (ArC), 113.1 (ArC), 106.7 (ArC), 106.6 (ArC), 106.1 (ArC), 106.1 (ArC), 60.9 

(CH2), 60.82 (O C H 3), 60.81 (O C H 3), 60.4 (O C H 3), 56.1 (O C H 3), 55.8 (O C H 3), 53.4, 47.7, 39.0 (N C H 3) 29.1 

(CH2), 29.0 (CH2), 13.6 (CH3), 13.56 (CH3) IR: (KBr) cm^: 3167.5, 2935.3, 1737.4, 1581.6, 1505.6,
1233.1, 1125.0, 1003.7 834.9 HRMS (El): Found 782.3310 (M+Na)*, C46H49N09Na requires 782.3305.

8.7.15 (£/Z)-2-{3-Hydroxy-4-methoxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2- 
phenylbut-l-en-l-yl)phenoxy)ethyI)-N-methyl-3-(3,4,5- 
trimethoxyphenyl)acrylamide [426]

A) As per general method (8.7.1), the acrylic acid analogue [321] was reacted with endoxifen 
[197]. The crude mixture was then taken to the next step without further purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 
to 3:1) to afford the product as a brown resin (21%).

B) As per general method (8.7.2), the acrylic acid [321] (1.2 eq., 177 mg, 0.492 mmol)), EDC (1.4 

eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (289 mg, 85%)*. The product 
was then deprotected. The protected compound (137 mg, 0.16 mmol) was dissolved in 3 mL 

THF and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.16 mL, 
0.16 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was
evaporated to dryness under reduced pressure. The material was purified via flash
chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (103 mg, 90 %). (DCM : EtOAc)

Ĥ NMR (400 MHz, CDCI3 ) 5 6.99 - 7.19 (m, 15H, Ar-H, C=CH), 5.85 - 6.88 (m, 23H, Ar-H), 4.05 - 4.29 

(m, 4H, CH2), 3.49 - 3.89 (m, 28H, OCH3, CH2), 2.91 - 3.25 (m, 6H, N C H 3), 2.39 - 2.50 (m, 4H, CH2), 0.85 

- 0.94 (m, 6H, CH3) “ C NMR (101 MHz, CDCI3 ) 5 171.2 (C=0), 168.7 (COH), 154.9 (Cq), 154.0 (Cq), 

153.4 (Cq), 151.7 (Cq), 151.7 (Cp), 135.7 (Cp), 133.3 (ArC), 132.0 (ArC), 131.9 (ArC), 130.7 (ArC), 130.6
(ArC), 129.6 (ArC), 129.6 (ArC), 128.3 (ArC), 127.9 (ArC), 127.8 (ArC), 125.9 (ArC), 115.0 (ArC), 114.3
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(Arc), 113.9 (ArC), 113.1 (ArC), 106.1 (ArC), 106.0 (ArC), 60.8 (OCH3), 60.4 (CH2 ), 56.3 (OCH3), 56.2 

(OCH3), 56.1 (OCH3), 55.9 (OCH3), 29.04 (CH2 ), 28.97 (CHj), 13.6 (CH3), 13.57 (CH3) IR; (KBr) cm '^: 

3428.1, 2935.6, 2346.1, 1766.2, 1596.7, 1508.0, 1239.8, 1127.5, 835.0 HRMS (El): Found 716.3226 

(M+H)^ C4 4 H4 6 NO8 requires 716.3223 MP: 81-83 °C

♦ Found 852.3920 (M+Na)^ CsoHsgNOgNaSi requires 852.3908

8.7.16 (£/Z)-3-(4-Hydroxy-3,5-dimethoxyphenyl)-N-(2-(4-((Z)-l-(4-hydroxyphenyl)-2- 
phenyIbut-l-en-l-yl)phenoxy)ethyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyI)acrylamide [427]

A) As per general method (8.7.1), the acrylic acid analogue [322] was reacted w ith endoxifen 

[197]. The crude mixture was then taken to the next step w ithout fu rther purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to  3:1) to  afford the product as a brown resin (35 %).

B) As per general method (8.7.2), the acrylic acid [322] (1.2 eq., 194 mg, 0.492 mmol) ), EDC 

(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted w ith 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 
resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 

gradient 20:1 to 10:1) to afford the product as a white solid. (315 mg, 76 %)*. The product 

was then deprotected. The protected compound (158 mg, 0.18 mmol) was dissolved in 3 mL 

THF and stirred under nitrogen environment. A solution o f TBAF (IM  in THF, 1 eq., 0.18 mL, 

0.18 mmol) was added to the mixture and allowed to stir fo r 1 h. The m ixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (128 mg, 94 %).

NMR (400 MHz, CDCI3 ) 6  6.97 - 7.19 (m, 14H, Ar-H, C=CH), 6.30 - 6.89 (m, 24H, Ar-H), 4.02 - 4.27 

(m, 4H, CH2 ), 3.52 - 3.95 (m, 34H, CHj, OCH3 ), 2.98 - 3.29 (m, 6 H, NCH3), 2.37 - 2.53 (m, 4H, CHj), 0.83 

- 0.96 (m, 6 H, CH3) NMR (101 MHz, CDCI3 ) 5 171.3 (C=0), 155.0 (C q), 154.1 (C q), 153.4 (C q), 152.7 
(C q), 152.7 (C q), 142.6 (C q), 142.5 (C q), 141.0 (C q), 137.8 (C q), 137.8 (C q), 137.6 (C q), 136.6 (C q), 135.6 

(C q), 135.2 (C q), 132.0 (ArC), 131.9 (ArC), 130.6 (ArC), 130.6 (ArC), 130.5 (ArC), 129.6 (ArC), 129.6 

(ArC), 127.8 (ArC), 125.9 (ArC), 115.0 (ArC), 114.3 (ArC), 113.9 (ArC), 113.1 (ArC), 106.7 (ArC), 106.6 

(ArC), 106.1 (ArC), 106.1 (ArC), 60.9 (CHj), 60.82 (OCH3), 60.81 (OCH3), 60.4 (OCH3), 56.1 (OCH3), 55.8 

(OCH3 ), 53.4, 47.7, 39.0 (NCH3 ) 29.1 (CHj), 29.0 (CH2 ), 13.6 (CH3 ), 13.56 (CH3 ) IR: v ^ a ,  (KBr) cm ^ 

3167.5, 2935.3, 1737.4, 1581.6, 1505.6, 1233.1, 1125.0, 1003.7 834.9 HRMS (El): Found 768.3133 

(M+Na)^ C4 5 H4 7 N0 9 Na requires 768.3149. MP: 76-79 °C

* Found 882.4022 (M +Na)\ CjiHgiNOgNaSi requires 882.4013

8.7.17 (£/Z)-N-(2-(4-((£)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yI)phenoxy)ethyl)-N- 
methyl-3-(naphthalen-l-yI)-2-(3,4,5-trimethoxyphenyl)acrylamide [428]

A) As per general method (8.7.1), the acrylic acid analogue [324] was reacted w ith endoxifen 
[197]. The crude mixture was then taken to the next step w ith out fu rther purification. The 

final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to  3:1) to afford the product as a brown resin (23%).
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B) As per general method (8.7.2), the acrylic acid [324] (1.2 eq., 179 mg, 0.492 mmol)), EDC (1.4 
eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) were reacted with 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 
resin. The material was purified via flash chromatography over silica gel (DCMrEtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (225 mg, 6 6  %). The product 
was then deprotected. The protected compound (109 mg, 0.131 mmol) was dissolved in 3 
mL THF and stirred under nitrogen environment. A solution of TBAF (IM in THF, 1 eq., 0.131 
mL, 0.131 mmol) was added to  the mixture and allowed to  stir for 1 h. The mixture was 
evaporated  to dryness under reduced pressure. The material was purified via flash 
chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 
white solid. (79 mg, 84%).

^H-NMR 400MHz (CDCI3 ): 5 6.05 - 8.12 (m, 45H, Ar-H, C=CH), 4.04 - 4.39 (m, 4H, CHj), 3.86 - 4.03 (m, 
4H, CH2 ), 3.71 - 3.79 (m, 6 H, OCH3 ), 3.15 - 3.44 (m, 18H, OCH3 , NCH3 ), 2.43 - 2.56 (m, 4H, CHj), 0.83 -
1.02 (m, 6 H, CH3 ) ^*C-NMR lOOMHz (CDCI3 ): 5 172.0 (C=0), 171.9 (C=0), 157.2 (COH), 156.3 (COH), 
155.0 (COH), 154.1 (Cq), 153.0 (Cq), 152.9 (Cq), 152.9 (Cq), 142.7 (Cq), 142.6 (Cq), 141.1 (Cq), 141.0 (Cq), 
139.7 (Cq), 137.7 (Cq), 136.4 (Cq), 135.7 (Cq), 133.5 (Cq), 133.3 (Cq), 132.1, 132.0, 131.7 (Cq), 130.7, 
130.7, 129.8, 129.7, 128.6, 128.6, 128.3, 128.3, 128.0, 127.9, 127.9, 127.8, 127.2, 127.1, 127.1, 
126.4, 126.1, 126.0, 125.6, 124.5, 115.1, 114.4, 113.9, 113.2, 106.0, 106.0, 105.8, 105.8, 66.4 (OCH3 ),
66.2 (OCH3 ), 65.0 (OCH3 ), 60.8 (OCH3 ), 60.5(CH2), 55.9 (OCH3 ), 55.8 (OCH3 ), 55.6 (OCH3 ), 50.1 (CH2 ), 
47.8 (CH2 ), 47.7 (CH2 ), 39.2 (NCH3 ), 39.1 (NCH3 ), 29.1 (CH2 ), 29.0 (CH2 ), 13.7 (CH3 ), 13.6 (CH3 ) IR: v„ax 
(KBr) cm ^ 3251.3, 2932.6, 1736.1, 1605.6, 1505.7,1239.8, 1126.9, 834.4 HRMS (El): Found 742.3152 
(M+Na)", C4 7 H4 5 NNaOg requires 742.3145 MP: 68-71 °C

* Found 856.4039 (M+Na)*, CssHsgNOgNaSi requires 856.4009

8.7.18 (E/Z)-N-(2-(4-((J?)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-N- 
methyl-3-(5-methylthiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)acrylamide [429]

A) As per general method (8.7.1), the acrylic acid analogue [325] was reacted with endoxifen 
[197]. The crude mixture was then taken to the next step without further purification. The 
final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 
to  3:1) to afford the product as a brown resin (34%).

B) As per general method (8.7.2), the acrylic acid [325] (1.2 eq., 165 mg, 0.492 mmol) ), EDC 
(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 
resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to  afford the product as a white solid. (184 mg, 56 %). The product 
was then deprotected . The protected compound (101 mg, 0.126 mmol) was dissolved in 3 
mL THF and stirred under nitrogen environment. A solution of TBAF (IM in THF, 1 eq., 0.126 
mL, 0.126 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 
evaporated  to dryness under reduced pressure. The material was purified via flash 
chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 
white solid. (70 mg, 81%).
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^H-NMR 400MHz (CDCI3 ): 5 5.82 - 7.24 (m, 34H, Ar-H, C=CH), 3.99 - 4.33 (m, 4H, CH2 ), 3.72 - 3.96 (m, 
22H, CH2 , OCH3 ), 2.97 - 3.37 (m, 6 H, NCH3 ), 2.43 - 2.56 (m, 4H, CH2 ), 2.37 (d, J = 3.26 Hz, 6 H, CH3 ), 
0.94 (s, 6 H, CH3 ) “ C-NMR lOOMHz (CDCI3 ): 5 171.3 (C-0), 157.1 (COH), 156.3 (COH), 154.9, 154.0,
153.6, 153.6, 142.8, 142.7, 142.6, 142.5, 141.1, 141.0, 138.3, 138.2, 137.7, 136.9, 136.0, 135.8,
135.4, 132.3, 132.3, 132.0, 131.4, 131.4, 130.7, 129.7, 127.9, 125.9, 125.7, 125.6, 124.7, 124.7,
115.1, 114.4, 113.9, 113.2, 106.4, 106.3, 61.0 (OCH3), 60.5 (CH2), 56.3 (OCH3), 56.2 (OCH3), 38.7
(NCH3) (CH2), 29.1 (CH2), 29.0 (CH2), 15.5 (CH3), 13.7 (CH3), 13.6 (CH3) IR: v„,ax (KBr) cm '^  3255.2,
2961.7, 2932.4, 1735.6, 1605.5, 1580.2, 1505.9, 1238.4, 1120.2, 834.0 HRMS (El): Found 712.2720 

(M +N a)\ C4 2 H4 3 NNa0 6 S requires 712.2709 MP: 83-84 °C

* Found 826.3604 (M +Na)\ C4 8 H5 7 N0 6 NaSiS requires 826.3574

8.7.19 (£/Z)-3-(Furan-3-yl)-N-(2-(4-((£3-l-(4-hydroxyphenyl)-2-phenylbut-l-en-l- 
yl)phenoxy)ethyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [430]

A) As per general nnethod (8.7.1), the acrylic acid analogue [326] was reacted with endoxifen 

[197]. The crude mixture was then taken to the next step without further purification. The 
final product was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 

to 3:1) to afford the product as a brown resin (7 %).
B) As per general method (8.7.2), the acrylic acid [326] (1.2 eq., 149 mg, 0.492 mmol) ), EDC 

(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 
endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (89 mg, 32 %). The product was 

then deprotected. The protected compound (70 mg, 0.09 mmol) was dissolved in 3 mL THF 
and stirred under nitrogen environment. A solution of TBAF (IM  in THF, 1 eq., 0.09 mL, 0.09 

mmol) was added to the mixture and allowed to stir for 1 h. The mixture was evaporated to 

dryness under reduced pressure. The material was purified via flash chromatography over 
silica gel to afford the product as a white solid. (29 mg, 50 %).

‘ H-NMR 400MHz (CDCI3 ) 5 7.55 - 7.66 (m, 2H, Ar-H, CCH2 ), 5.90 - 7.47 (m, 40H, Ar-H, C=CH, C=C2 ),
4.00 - 4.32 (m, 4H, CH2 ), 3.66 - 3.99 (m, 22H, OCH3 , CH2 ), 3.02 - 3.30 (m, 6 H, NCH3 ), 2.43 - 2.56 (m, 

4H, CH2 ), 0.90 - 1.00 (m, 6 H, CH3 ) '^C-NMR lOOMHz (CDCI3 ): 5 171.7 (C=0), 154.8 (COH), 153.9 

(COH), 153.4, 153.3, 143.6 (C=Ch2 ), 142.9 (C=CH2 >, 142.9, 142.6, 142.5, 141.1, 137.9, 137.7, 135.8,
135.6, 135.5, 135.5, 132.0, 130.7, 130.7, 129.7, 127.9, 126.0, 121.3, 121.3, 115.1, 114.4, 113.9,
113.1, 110.0, 106.0, 105.9, 66.2 (OCH3 ), 61.0 (OCH3 ), 60.5 (CH2 ), 56.1 (OCH3 ), 39.1 (NCH3 ), 29.1 (CH2 ),
29.0 (CH2 ), 13.7 (CH3 ), 13.6 (CH3 ) IR: v̂ ax (KBr) cm ^ not enough compound HRMS (El): Found 

682.2791 (M+Na)^ C4 iH4 iNNa0 7  requires 682.2781 MP: 81-84 °C

* Found 796.3656 (M +N a)\ C4 7 Hs5 N0 7 NaSi requires 796.3645

8.8 Synthesis of endoxifen-cinnamic acid/-3-phenylpropanoic acid 
conjugates

General method for the synthesis of endoxifen-acrylic acid conjugates (2 step syntheses)

352



8.8.1 DCC coupling reagent
A m ixture o f the appropicate cinnamic acid /3-phenylpropanoic acid (1 eq., 0 .154  m m ol), DCC (1 eq., 

0 .154  m m ol, 32 mg), and HOBt (1 eq., 0 .154  m m ol, 21 mg) w ere  suspended in 3 mL o f anhydrous 

dichlorom ethane and stirred fo r 10 min under a nitrogen atm osphere. The silyl-protected endoxifen  

analogue (4 -[(E /Z )-l-[4 -(ferf-bu ty ld im ethyls ilanyloxy)phenyl]-2 -[4 -(2-m ethylam inoethoxy)phenyl] 

b ut-l-eny l]p h eno l) [197] (75 mg, 1 eq., 0 .154  m m ol) was dissolved in 3 mL o f anhydrous DCM and 

slowly added to the m ixture via syringe. Reaction was allow ed stir for 24-48  h. Reaction was 

m onitored  via TLC. The reaction m ixture was diluted to 15 mL w ith  anhydrous DCM and filtered  to  

rem ove DCU. The filtra te  was evaporated to dryness under reduced pressure. Purification was not 

done at this step.

Silyl deprotection

The above residue was dissolved in 3 mL THF and stirred under nitrogen environm ent. A solution of 

0.1 M  TBAF (2 eq.) was added to  the m ixture and allowed to  stir fo r 24 h. The m ixture was 

evaporated to  dryness under reduced pressure. The residue was dissolved in DCM and was washed 

w ith  10 % HCI solution. The resulting organic phase was dried over sodium sulphate and evaporated  

to dryness under vacuum . The m aterial was purified via flash chrom atography on silica gel.

8.8.2 EDC coupling reagant
A m ixture o f the appropicate cinnamic acid /3-phenylpropanoic acid (1.2 eq), EDC (1.4 eq.), and HOBt 

(1.4 eq.) w ere suspended in anhydrous d ichlorom ethane (3 mL) and stirred for 10 min under a 

nitrogen atm osphere. The protected endoxifen (1 eq.) [197] was dissolved in anhydrous 

dichlorom ethane (3 mL) and slowly added to the m ixture via syringe. Reaction was allowed stir for 

16 h. Reaction was m onitored via TLC. The reaction m ixture was diluted to 15 mL w ith  anhydrous  

dichlorom ethane. To this m ixture, w a te r (20 mL) was added. The aqueous phase was extracted w ith  

DCM (20  mL x3), brine (50m l), dried over Na2S0 4  and evaporated to dryness in vacuo to  yield the  

crude product. The m aterial was purified via flash chrom atography on silica gel. (DCM : EtOAc)

Silyl deprotection

The above residue was dissolved in 3 m LTHF and stirred under nitrogen environm ent. A solution of 

TBAF ( I M  in THF, 1 eq.) was added to the m ixture and allowed to stir for 1 h. The m ixture was 

evaporated to  dryness under reduced pressure. The m aterial was purified via flash chrom atography  

over silica gel to afford the product.

8.8.3 (E/Z)-3-(3-Hydroxy-4-methoxyphenyl)-N-(2-{4-((Z)-l-(4-hydroxyphenyl)-2- 
phenylbut-l-en-l-yl)phenoxy)ethyl)-N-methylacrylamide [435]

A) As per general m ethod (8 .8 .1), the cinnamic acid /3-phenylpropanoic acid analogue [342] 

was reacted w ith  endoxifen [197]. The crude m ixture was then taken to the next step w ith  

out fu rther purification. The final product was purified via flash chrom atography over silica 

gel (DCM:EtOAc, gradient 6:1 to 3:1) to  afford the  product as a brown resin (56 %)

B) As per general m ethod (8 .8 .2), the cinnamic acid [342] (1.2 eq., 118 mg, 0 .492  m m ol), EDC 

(1 .4  eq., 110 mg, 0 .572 m m ol), and HOBt (1 .4  eq., 77 .6  mg, 0 .572  m m ol) was reacted w ith  

endoxifen [197] (1 eq., 200 mg, 0 .41 m m ol). The crude product was afforded as a brown  

resin. The m aterial was purified via flash chrom atography over silica gel (DCM:EtOAc, 

gradient 10:1 to 10:1) to  afford the product as a w hite solid. (236 mg, 87 %). The product 

was then deprotected. The protected com pound (126 mg, 0 .189  m m ol) was dissolved in 3 

mL THF and stirred under nitrogen environm ent. A solution o f TBAF ( I M  in THF, 1 eq., 0 .189

353



mL, 0.189 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 

evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 

white solid. (94 mg, 94 %).

NMR (400 MHz, CDCI3 ) 5 7.51 - 7.65 (m, 2H, C=CH), 6.91 - 7.18 (m, 18H, Ar-H), 6.62 - 6.87 (m, 13H, 
Ar-H), 5.79 - 6.52 (m, 7H, Ar-H, C=CH), 3.94 - 4.21 (m, 4H, CH2 ), 3.80 - 3.92 (m, 8 H, OCH3, 0.5 x CHj), 
3.75 (s, 2H, CHj), 3.03 - 3.34 (m, 6 H, NCH3), 2.45 (m, 4H, CH2 ), 0.90 (t, J = 7.04 Hz, 6 H, CH3 ) “ C NMR 

(101 MHz, CDCI3 ) 5 171.3 (C=0), 167.2 (C-OH), 167.2 (Cq), 157.2 (C )̂, 156.3 (Cp), 155.0 (Cq), 154.1 (Cq), 
148.2 (C q), 145.8 (C q), 143.0 (C q), 142.7 (C=CH), 142.6 (C=CH), 140.9 (Cq), 140.8 (C,), 137.8 (Cq), 136.6 

(C q), 136.2 (C q), 135.7 (C q), 135.3 (C q ), 132.0 (ArC), 132.0 (ArC), 130.7 (ArC), 130.6 (ArC), 129.7 (ArC), 
128.7 (ArC), 127.8 (ArC), 125.8 (ArC), 121.9 (C=CH), 121.6 (C=CH), 115.4 (ArC), 115.1 (ArC), 114.3 

(ArC), 113.9 (ArC), 113.1 (ArC), 112.6 (ArC), 112.6 (ArC), 110.5 (ArC), 6 6 . 8  , 66.5, 60.4 (CH2), 56.0 

(OCH3 ), 48.6, 37.7 (NCH3 ), 35.1 (NCH3 ), 29.01 (CHj), 28.99 (CH2 ), 13.6 (CH3 ) IR: v̂ â, (KBr) cm ^ 3335.2, 
2930.3, 1733.5, 1643.5, 1584.1, 1504.9, 1265.0, 1238.0, 1025.7, 834.0 HRMS (El): Found 572.2413 

(M+Na)^ C3 5 H3 sN0 5 Na requires 572.2441 MP: 77-78 °C

♦ Found 686.3317 (M+Na)*, C4 6 H4 9 NOsNaSi requires 686.3278

8.8.4 (£ /Z)-3-(3-hydroxy-4-m ethoxyphenyl)-N -(2-(4-(l-(4-hydroxyphenyl)-2- 
phenylbut-l-en-l-yl)pheiioxy)ethyl)-N-inethylpropanainide [436]

A) As per general method (8.8.1), the cinnamic acid/3-phenylpropanoic acid analogue |343] 
was reacted with endoxifen [197]. The crude mixture was then taken to the next step with 

out further purification. The final product was purified via flash chromatography over .ilica 
gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a brown resin (60%)

B) As per general method (8.8.2), the 3-phenylpropanoic acid [343] (1.2 eq., 96.5 mg, C.492 

mmol), EDC (1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was 

reacted with endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as 
a brown resin. The material was purified via flash chromatography over silica gel 
(DCM:EtOAc, gradient 20:1 to 10:1) to afford the product as a white solid. (234 mg, 8 i %). 
The product was then deprotected. The protected compound (144 mg, 0.219 mmol) was 

dissolved in 3 mL THF and stirred under nitrogen environment. A solution of TBAF ( I V I  in 

THF, 1 eq., 0.219 mL, 0.219 mmol) was added to the mixture and allowed to stir for 1 h The 

mixture was evaporated to dryness under reduced pressure. The material was purified via 

flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product 
as a white solid. (108 mg, 90 %). (DCM : EtOAc)

Ĥ NMR (400 MHz, CDCI3) 5 7.01 - 7.20 (m, 12H, Ar-H), 5.57 - 6 . 8 6  (m, 20H, Ar-H), 3.50 - 4.1' (m, 
13H, 0CH3, CH2 ), 2.40 - 3.09 (m, 18H, NCH3 , CH2 ), 0.75 - 0.98 (m, 6 H, CH3 ) “ C NMR (101 i/IHz, 

CHLOROFORM-d) 5 172.91 (C=0), 172.85 (C-0), 157.2 (C q), 156.3 (C q), 156.0 (C q), 154.9 (C q), 154.0
(C q), 145.5 (C q), 145.5 (C q), 145.5 (C q ), 145.0 (Cq), 145.0 (C q), 142.7 (Cq), 142.6 (C q), 141.0 (C q), 140.9
(C q), 137.8 (C q), 137.8 (C q), 136.6 (C q ), 136.1 (C q), 135.8 (C q), 135.7 (C q), 135.4 (C q), 134.4 (C q), 134.4
(C q), 132.0 (ArC), 132.0 (ArC), 131.9 (ArC), 130.7 (ArC), 130.6 (ArC), 130.6 (ArC), 129.7 (ArC), 127.8
(ArC), 127.8 (ArC), 125.9 (ArC), 119.8 (ArC), 119.8 (ArC), 115.0 (ArC), 114.5 (ArC), 114.5 (ArC), 114.3 

(ArC), 113.9 (ArC), 113.1 (ArC), 113.1 (ArC), 110.7 (ArC), 110.7 (ArC), 6 6 . 6  (CH2 ), 66.3 (CH2 ), 64.9
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(CHz), 60.4 (CHj), 55.9 (OCH3 ), 49.1 (CHj), 48.2 (CH2 ), 48.1 (CH2 ), 37.6 (NCH3 ), 37.5 (NCH3 ), 35.6 (CH2 ),
35.5 (CH2 ), 35.1 (CH2 ), 35.0 (CH2 ), 34.2, 34.1, 31.0 (CH2 ), 30.7 (CH2 ), 30.6 (CH2 ), 29.0 (CHj), 28.98 (CHj) 
, 13.6 (CH3 ), 13.6 (CH3 ) IR: Vn,ax (KBr) cm ^ 3441.1, 3232.4, 2931.4, 1733.5, 1607.4, 1508.4, 1272.0, 
1239.5, 1029.1, 834.8 HRMS (El): Found 574.2565 (M+Na)", CssHjyNOsNa requires 574.2569 MP: 78- 
80 °C

* Found 688.3438 (M +N a)\ C^HjiNOsNaSi requires 688.3434

8.8.5 (£/Z)-N-(2-(4-((Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyI)-N- 
methyl-3-(3,4,5-trimethoxyphenyl)acrylamide [437]

A) As per general method (8.8.1), the cinnamic acid/3-phenylpropanoic acid analogue [344] 
was reacted with endoxifen [197]. The crude mixture was then taken to the next step 

without further purification. The final product was purified via flash chromatography over 
silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a brown resin (36%)

B) As per general method (8.8.2), the cinnamic acid [344] (1.2 eq., 117 mg, 0.492 mmol), EDC 

(1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was reacted with 

endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as a brown 

resin. The material was purified via flash chromatography over silica gel (DCM:EtOAc, 
gradient 20:1 to 10:1) to afford the product as a white solid. (258 mg, 89 %)*. The product 
was then deprotected. The protected compound (160 mg, 0.226 mmol) was dissolved in 3 
mL THF and stirred under nitrogen environment. A solution of TBAF ( IM  in THF, 1 eq., 0.226 

mL, 0.226 mmol) was added to the mixture and allowed to stir for 1 h. The mixture was 
evaporated to dryness under reduced pressure. The material was purified via flash 

chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a 
white solid. (127 mg, 95 %).

NMR (400 MHz, CDCI3) 5 7.53 - 7.65 (m, 2H, C=CH), 7.01 - 7.20 (m, 14H, Ar-H), 6.43 - 6.89 (m, 18H, 
Ar-H, C=CH), 3.96 - 4.25 (m, 4H, CH2 ), 3.74 - 3.95 (m, 22H, OCH3 , CH2 ), 3.04 - 3.39 (m, 6H, CH3 ), 2.46 

(q, J = 7.04 Hz, 4H, CH2 ), 0.84 - 0.98 (m, 6H, CH3 ) NMR (101 MHz, CDCI3) 5 169.6 (C=0), 153.4 (Cp),
153.3 (Cp), 132.0 (C=CH), 130.7 (ArC), 129.7 (ArC), 127.8 (ArC), 125.9 (ArC), 116.4 (C=CH), 115.0 (ArC),
114.3 (ArC), 113.9 (ArC), 113.1 (ArC), 105.4 (ArC), 105.1 (ArC), 60.9 (CHj), 60.4 (OCH3 ), 56.2 (OCH3 ), 
56.2 (OCH3 ), 37.9 (NCH3 ), 29.0 (CHj), 13.6 (CH3 ) IR: v„ax (KBr) cm’ :̂ 3236.4, 2934.8, 1735.4, 1647.2, 
1583.3, 1506.3, 1240.5, 1089.3, 825.9 HRMS (El): Found 616.2691 (M +N a)\ C3 7 H3 9 NOeNa requires 

616.2691 MP: 66-68 °C

* Found 730.3569 (M +Na)\ CAsHssNOeNaSi requires 730.3540

8.8.6 N-(2-(4-((E/Z)-l-(4-Hydroxyphenyl)-2-phenylbut-l-enyl)phenoxy)ethyl)-3-(3,4,5- 
trimethoxyphenyl)-N-methylpropanamide [438]

A) As per general method (8.8.1), the cinnamic acid/3-phenylpropanoic acid analogue [345] 
was reacted with endoxifen [197]. The crude mixture was then taken to the next step 

without further purification. The final product was purified via flash chromatography over 
silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product as a brown resin (29%).

B) As per general method (8.8.2), the 3-phenylpropanoic acid [345] (1.2 eq., 118 mg, 0.492 

mmol), EDC (1.4 eq., 110 mg, 0.572 mmol), and HOBt (1.4 eq., 77.6 mg, 0.572 mmol) was
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reacted with endoxifen [197] (1 eq., 200 mg, 0.41 mmol). The crude product was afforded as 

a brown resin. The material was purified via flash chromatography over silica gel 
(DCM:EtOAc, gradient 20:1 to 10:1) to afford the product as a white solid. (264 mg, 92 %)*. 

The product was then deprotected. The protected compound (156 mg, 0.22 mmol) was
dissolved in 3 mL THF and stirred under nitrogen environment. A solution of TBAF (IM  in
THF, 1 eq., 0.22 mL, 0.22 mmol) was added to the mixture and allowed to stir for 1 h. The 

mixture was evaporated to dryness under reduced pressure. The material was purified via 

flash chromatography over silica gel (DCM:EtOAc, gradient 6:1 to 3:1) to afford the product 
as a white solid. (121 mg, 93 %).

^H-NMR 400MHz (CDCI3): 5 7.18-6.40 (m, 30 H, Ar-H), 4.20-4.13 (m, 0.5MH, CHj-O-), 4.05-3.97 (m, 
0.5*4H, CH2 -O-), 3.85-3.83 (m, 18H, OCH3), 3.79-3.77 (m, 0.5*4H, CH2-NCH3), 3.70-3.66 (m, 0.5*4H, 
CH2-NCH3), 3.11 (s, 2/6*6H, NCH3), 3.08 (s, 1/6*6H, NCH3), 3.00 (s, 2/6*6H, NCH3), 2.99 (s, 1/6*6H, 
NCH3), 2.92 (m, 4H, Ar-CHz), 2.80-2.58 (m, 4H, -O-CH2 ), 2.52-2.48 (m, 4H, CH,-CH,). 0.95 (t, 6 H, 7.5Hz, 

CH3) “ C-NMR lOOMHz (CDCI3): 5 170.27 (C=0 ), 156.75, 154.48, 152.11, 143.74, 142.31, 140.93,
137.36, 137.54, 136.15, 134.91, 133.88, 131.60, 131.40, 130.23, 130.19, 129.26, 127.38, 125.45,
119.39, 114.59, 144.10, 113.90, 113.42, 112.07, 110.25, 66.18 (CH2-O), 65.88 {CH2-O), 56.88(OCH3), 
55.64 (OCH3), 55.50 (OCH3), 53.01, 47.74 (CH2 ), 37.24 (CH3-N), 37.18 (CH3-N), 35.17 (CH2-O), 35.42 

(CH2-O), 33.86 (CH3-N), 30.73 (CH2-Ar), 30.52 (CH2-Ar), 28.46 (CH2-CH3), 13.60 (CH3), 13.17 (CH3) IR; 
Vmax (KBr) cm ^ 3251.9, 2933.8, 1735.3, 1607.2, 1589.8, 1508.4, 1239.2, 1127.4, 833.7 HRMS (El): 
Found 618.2691 (M+Na)^ C3 7 H4 iN 0 6 Na requires 618.2691 MP: 73-75 °C

* Found 732.3723 (M +Na)\ C4 3 H5 sN0 6 NaSi requires 732.3696 

8.9 Synthesis of Cyclofenil-acrylic acid conjugates

8.9.1 General method for the synthesis of protected Cyclofenil-acrylic acid conjugates
A mixture of the required acrylic acid [150] (1.2 eq), EDC (1.4 eq.), and HOBt (1.4 eq.) were 

suspended in anhydrous dichloromethane (3 mL) and stirred for 10 min under a nitrogen 

atmosphere. The appropriate cyclofenil derivative [216]-[220] (1 eq.) was dissolved in anhydrous 

dichloromethane (3 mL) and slowly added to the mixture via syringe. The reaction was allowed stir 
for 16 h. The reaction was monitored via TLC. The reaction mixture was diluted to 15 mL with 

anhydrous dichloromethane. To this water (20ml) was added. The aqueous phase was extracted 

with DCM (20ml x3), brine (50ml), dried over Na2 S0 4  and evaporated to dryness in vacuo to yield the 

crude product. The material was purified via flash chromatography on silica gel. (DCM : EtOAc)

8.9.2 (£)-N-(2-(4-({4-((tert-Butyldimethylsilyl)oxy)phenyl)(cyclopentylidene)methyl) 
phenoxy)ethyl)-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyl) acrylamide [439]

As per general method (8.9.1), the acrylic acid [150] (1.2 eq., 196 mg, 0.54 mmol), EDC (1.4 eq., 120 

mg, 0.63 mmol), and HOBt (1.4 eq., 85 mg, 0.63 mmol) were reacted with protected cyclofenil 
derivative [216] (1 eq., 200 mg, 0.45 mmol). The product was obtained as a brown resin. The 

material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 15:1 to 10:1) to 

afford the product as a yellow solid (284 mg, 81%)

'h  NMR {CDCI3, 400 MHz) 5 6.97 - 7.16 (m, 4H, Ar-H, C=CH), 6.52 - 6 . 8 8  (m, lOH, Ar-H), 4.25 (m, IH , 
0.5 X OCH2 ), 3.60 - 3.92 (m, 15H, 0.5 x OCH2 , NCH2, 4 x OCH3 ), 3.08 - 3.23 (m, 3H, NCH3 ), 2.40 (s, 4H,
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2 X CH2 ), 1.69 (s, 4H, 2 X CH2 ), 1.00 (s, 9H, 3 x CH3 ), 0.22 (s, 6 H, 2 x CH3 ) NMR (CDCIj, 100 MHz) 5 

169.0 (C=0 ), 153.2 (C-O-CH2 K 152.8 (C-O-Si), 145.8 { Q ,  144.6 (Cq), 141.8 (Cp), 129.9, 129.7, 118.9, 

115.0, 113.2, 109.7, 105.5, 66.0 (CH2 ), 60.5 (OCH3 ), 55.4 (OCH3 ), 38.6 (CH2 ), 32.8 (CH2 ), 26.5 (CH2 ), 

25.2 (CH3 ), 17.7 (C(CH3 )3 ), -4.8 (CH3 ) HRMS (El): Found 780.3922 (M +H r, C4 6 H5gN0 8 Si requires 

780.3926. IR : i/^ax (KBr) cm^: 3350.9 (br.), 2954.2, 2936.7, 2859.3, 1603.9, 1581.5, 1505.9, 1463.8, 

1242.5 (br.), 1127.1, 912.2 MP: 87-89 °C

8.9.3 (£3-N-(2-(4-((4-((tert-Butyldimethylsilyl)oxy)phenyl)(cyclon-hexaneylidene) 
methyI)phenoxy)ethyl)-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyl)acrylamide [440]

As per general method (8.9.1), the acrylic acid [150] (1.2 eq., 189 mg, 0.526 mmol)), EDC (1.4 eq., 

118 mg, 0.616 mmol), and HOBt (1.4 eq., 83 mg, 0.616 mmol) were reacted w ith  protected cyclofenil 

derivative [217] (1 eq., 200 mg, 0.44 mmol). The product was obtained as a brown resin. The 

material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 15:1 to  10:1) to 

afford the product as a yellow solid (272 mg, 78%)

NMR (CDCI3, 400 MHz) 5 6.90 - 7.09 (m, 4H, Ar-H, C=CH), 6.52 - 6.85 (m, lOH, Ar-H), 4.17 - 4.29 

(m, IH , 0.5 X OCH2 ), 3.57 - 3.91 (m, 15H, 0.5 x OCH2 , NCH2 , 4 x OCH3), 3.07 - 3.26 (m, 3H, NCH3), 2.18 

- 2.30 (m, 4H, 2 x CHj),  1.52 - 1.69 (m, 6 H, 3 x CH2 ), 1.00 (s, 9H, 3 x CH3), 0.21 (s, 6 H, 2 x CH3) 

NMR (CDCI3, 100 MHz) 5 170.0 (C=0), 153.3 (C-O-CH2 ), 152.8 (C-O-Si), 145.9 (CJ, 144.6 (C,,), 130.5, 

130.3, 121.5, 118.8, 115.0, 113.1, 109.7, 105.5, 66.1 (CH2 ), 60.5 (OCH3), 55.4 (OCH3), 32.0 (CH2 ), 28.2 

(CH2 ), 26.4 (CH2 ), 25.2 (CH3), 17.7 (CiCH^h), -4.8 (CH3) HRMS (El): Found 794.4079 (M +H )\ 

C4 7 H6oNOgSi requires 794.4083. IR : i/„a, (KBr) c m 3350.9 (br.), 2930.1, 2855.3, 1604.3, 1581.7, 
1505.9, 1463.7, 1240.6, 1127.3, 912.6 MP: 88-90 °C

8.9.4 (£3-N-(2-(4-({4-(((erf-Butyldimethylsilyl)oxy)phenyl)(cycloheptylidene) 
methyl)phenoxy)ethyl)-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyI)acrylamide [441]

As per general method (8.9.1), the acrylic acid [150] (1.2 eq., 185 mg, 0.516 mmol) ), EDC (1.4 eq., 

118 mg, 0.616 mmol), and HOBt (1.4 eq., 83 mg, 0.616 mmol) were reacted w ith protected 

cyclofenil derivative [218] (1 eq., 200 mg, 0.43 mmol). The product was obtained as a brown resin. 

The material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 15:1 to 10:1) 

to  afford the product as a yellow solid (284 mg, 81%)

^H NMR (CDCI3, 400 MHz) 5 6.93 - 7.12 (m, 4H, Ar-H, C=CH), 6.50 - 6 . 8 6  (m, lOH, Ar-H), 5.64 (br. s., 

IH , OH), 4.17 - 4.27 (m, IH , 0.5 x OCH2 ), 3.55 - 3.95 (m, 15H, 0.5 x OCHj, NCH2 , 4 x OCH3 ), 3.06 - 3.24 

(m, 3H, NCH3 ), 2.24 - 2.37 (m, 4H, 2 x CH2 ), 1.49 -1 .64  (m, 8 H, 4 x CH2 ), 0.99 (s, 9H, 3 x CH3), 0.20 (s, 

6 H, 2 X CH3) NMR (CDCI3, 100 MHz) 8 172.1 (C=0), 156.6 (C-OH), 153.7 (C-OSi), 153.3 (C-OCH2 ),

146.4 (Cq), 145.1 (Cq), 139.7 (Cq), 137.9 (Cq), 136.8 (Cq), 136.3 (Cq), 135.9 (Cq), 130.5, 130.3, 129.9, 
128.6 (Cq), 122.0, 119.4, 115.5, 113.7, 110.2, 105.8, 66.5 (CH2), 60.9 (OCH3), 56.0 (OCH3), 55.9 (OCH3), 

47.7 (CH2), 39.0 (NCH3), 33.5 (C H j), 33.4 (CH2), 29.4 (C H j), 28.2 (CH2), 28.1 (C H j), 25.7 (CH3), 18.2 

(C(CH3)b), -4.4 (CH3) HRMS (El): Found 830.4050 (M +Na)\ C4 8 H6 iNNaOgSi requires 830.4064. IR : 

(KBr) cm’ :̂ 3436.1 (br.), 2928.7, 2854.8, 1631.2, 1604.1, 1581.4, 1505.9, 1463.4, 1240.2, 1126.3,

839.5 MP: 84-86 °C
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8.9.5 (£)-N-(2-(4-((4-((terf-Butyldimethylsilyl)oxy)phenyl)(cyclooctylidene) 
methyl)phenoxy)ethyl)-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyl)acrylamide [442]

As per general method (8.9.1), the acrylic acid [150] (1.2 eq., 180 mg, 0.5 mmol) ), EDC (1.4 eq., 118 

mg, 0.616 mmol), and HOBt (1.4 eq., 83 mg, 0.616 mmol) were reacted with protected cyclofenil 
derivative [219] (1 eq., 200 mg, 0.416 mmol). The product was afforded as a brown resin. The 

material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 15:1 to 10:1) to 

afford the product as a yellow solid (243 mg, 71%)

‘H NMR (CDCU, 400 MHz) 5 6.95 - 7.15 (m, 4H, Ar-H, C=CH), 6.51 - 6.87 (m, lOH, Ar-H), 4.17 - 4.27 

(m, IH , 0.5 X OCHj), 3.56 - 3.94 (m, 15H, 0.5 x OCH2 , NCHj, 4 x OCH3), 3.05 - 3.23 (m, 3H, NCH3), 2.20 

- 2.34 (m, 4H, 2 x CH2 ), 1.62 - 1.73 (m, 2H, CHj), 1.48 - 1.61 (m, 8H, 4 x CH2 ), 0.99 (s, 9H, 3 x CH3), 

0.20 (s, 6H, 2 X CHs) “ C NMR (CDCI3, 100 MHz) 5 171.1 (C=0), 156.4 (C-OH), 153.1 (C-OSi), 152.8 (C- 
OCH2 ), 145.9 (Cp), 144.7 ( Q ,  139.5 (C„), 136.6 (C,,), 135.7 (C„), 135.4 (C„), 129.7, 129.4, 128.1 (C )̂, 
121.5, 119.1, 115.0, 113.4, 109.7, 105.5, 66.1 (CH2 ), 60.5 (OCH3), 60.0 (OCH3), 55.6 (OCH3), 55.4 

(OCH3), 47.2 (CH2 ), 38.6 (NCH3), 32.1 (CHj), 32.0 (CH2 ), 26.1 (CHj), 26.0 (CH2 ), 25.9 (CH2 ), 25.8 (CH2 ),
25.2 (CH3), 17.7 (C(CH3)3), -4.9 (CH3) HRMS (El): Found 844.4200 (M +Na)\ C4 9 H6 3 NNa0 8 Si requires 

844.4221. IR : i/̂ ax (KBr) cm'^3425.7 (br.), 2929.0, 2856.1, 1633.8, 1603.9, 1581.6, 1505.9, 1463.7, 
1240.2, 1126.2, 838.3 MP: 89-91 °C

8.9.6 (£3-N-(2-(4-({4-((fert-butyldimethylsilyl)oxy)phenyI)(4-methylcyclon- 
hexaneylidene)methyl)phenoxy)ethyl)-3-(3-hydroxy-4-methoxyphenyl)-N- 
methyl-2-(3,4,5-trimethoxyphenyi)acrylamide [443]

As per general method, the acrylic acid [150] (1.2 eq., 189 mg, 0.526 mmol) ), EDC (1.4 eq., 118 mg, 
0.616 mmol), and HOBt (1.4 eq., 83 mg, 0.616 mmol) were reacted with protected cyclofenil 
derivative [220] (1 eq., 200 mg, 0.429 mmol). The product was afforded as a brown resin. The 
material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 15:1 to 10:1) to 

afford the product as a yellow solid (294 mg, 85%).

Ĥ NMR (CDCI3, 400 MHz) 5 6 . 8 8  - 7.09 (m, 4H, Ar-H, C=CH), 6.53 - 6 . 8 6  (m, lOH, Ar-H), 5.50 - 5.89 

(br. s., IH , OH), 4.23 (m, IH , 0.5 x OCH2 ), 3.57 - 3.92 (m, 15H, 0.5 x OCH2 , NCH2 , 4 x OCH3 ), 3.07 - 
3.24 (m, 3H, NCH3 ), 2.50 - 2.64 (m, 2H, CH2 ), 1.87 - 2.00 (m, 2H, CH2 ), 1.72-1.78 (m, 2H, CH2 ), 1.05 - 
1.14 (m, 2H, CH2 ), 1.00 (s, 9H, 3 x CH3 ), 0.91 - 0.97 (m, 3H, CH3 ), 0.21 (s, 6 H, 2 x CH3 ) NMR (CDCI3. 

100 MHz) 8  171.7 (C-0), 156.3 (C-OH), 153.3 (C-OSi), 152.8 (C-OCH2 ), 145.9 (Cq), 144.7 (Cp), 137.5 

(Cq), 135.9 (Cq), 135.4 (CJ, 133.1, 130.5, 130.3, 128.1 (C„), 121.5, 118.8, 115.0, 113.1, 109.7, 105.5, 
66.1 (CH2 ), 60.5 (OCH3 ), 60.0 (OCH3 ), 55.6 (OCH3 ), 55.4 (OCH3 ), 47.2 (CH2 ), 38.5 (NCH3 ) 36.4 (CH2 ),
32.3 (CH ), 31.3 (C H j), 25.2 (CH3), 21.6 (CH3), 17.7 (C(CH3)3), -4.8 (CH3) HRMS (El): Found 808.4211 

(M +H )\ C4 sH6 2 N0 8 Si requires 808.4239. IR : i/̂ ax (KBr) cm'^:3436.6 (br.), 2929.1, 2852.2, 1628.9, 
1604.4, 1581.8, 1505.9, 1463.4, 1239.6, 1126.1, 839.5 MP: 89-93 °C

8.9.7 General method for deprotection of tert-butyldimethylsilyl (TBDMS) ether group
The appropriate silyl ether [439]-[443] was dissolved in a minimum amount of THF (~3 mL) while 

stirring under N2 . An equimolar quantity of TBAF (1 M in THF) was added and the mixture was 

allowed to stir for 30 min. The reaction was monitored via TLC. The solvent was evaporated to 

dryness. The residue was redissolved in DCM (20 mL) and washed with a 10% HCI solution (10 mL).
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The organic phase was dried over Na2 S0 4  and evaporated to dryness in vacuo. The residue is purified 
via flash chromatography on silica gel to afford the products.

8.9.8 (£)-N-(2-(4-(Cyclopentylidene(4-hydroxyphenyl)methyI)phenoxy)ethyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylainide
[444]

As per general deprotection method (8.9.7), protected cyclofenil-acrylic acid derivative [439] (150 
mg, 0.192 mmol) and TBAF (1 M in THF) (0.192 mmol, 0.192 mL) w/ere reacted together in THF (3 
mL). The residue is purified via flash chromatography on silica gel (DCM:EtOAc, gradient 5:1 to 2:1) 
to afford the product as a yellow solid (116 mg, 91%).

NMR (CDCI3, 400 MHz) 5 6.96 - 7.14 (m, 4H, Ar-H, C=CH), 6.47 - 6.91 (m, lOH, Ar-H), 4.19 - 4.28 
(m, IH , 0.5 X OCH2), 3.56 - 3.95 (m, 15H, 0.5 x OCH2, NCH2, 4 x OCH3 ), 3.10 - 3.26 (m, 3H, NCH3 ), 2.31 

- 2.45 (m, 4H, 2 x CH2 ), 1.62 - 1.74 (m, 4H, 2 x CH2 ) NMR (CDCI3, 100 MHz) 8  171.5 (C=0), 156.1 
(C-OH), 153.7 (C-OCH2), 152.9, 145.9, 144.6, 141.7, 136.3, 135.5, 135.2, 131.3, 129.9, 128.0, 121.6, 
115.0, 114.4, 113.2, 109.7, 105.5, 66.0 (CH2), 60.5 (OCH3 ), 55.6 (OCH3 ), 55.4 (OCH3 ), 47.4 (CHa), 32.8 
(CH3 ), 29.3 (CH2), 26.5 (CH2) HRMS (El): Found 688.2868 (M+Na)", C4 oH4 3 NNaOg requires 688.2886. IR 
: i/„ax (KBr) cm ^ 3433.5 (br.), 2933.4, 2862.0, 1603.9, 1508.1, 1408.8, 1238.4, 1125.3, 835.2 MP: 
159-162 °C

8.9.9 (£3-N-(2-(4-(Cyclon-hexaneylidene(4-hydroxyphenyl)methyl)phenoxy)ethyl)-3- 
(3-hydroxy-4-inethoxyphenyI)-N-inethyl-2-(3,4,5-trimethoxyphenyl)acrylamide
[445]

As per general deprotection method (8.9.7), protected cyclofenil-acrylic acid derivative [440] (150 
mg, 0.189 mmol) and TBAF (1 M in THF) (0.189 mmol, 0.189 ml) were reacted together in THF (3 
mL). The residue was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 5:1 to 
2:1) to afford the product as a yellow solid (119 mg, 93%).

Ĥ NMR (CDCI3, 400 MHz) 6  6.87 - 7.07 (m, 4H, Ar-H), 6.50 - 6.84 (m, lOH, Ar-H), 4.17 - 4.31 (m, IH, 
0.5 X CH2 ), 3.54 - 3.95 (m, 15H, 0.5 x CH2 , CH2 , 3 x OCH3), 3.08 - 3.24 (m, 3H, NCH3), 2.17 - 2.30 (m, 
4H, 2 X CH2 ), 1.50 - 1.67 (m, 6 H, 3 x CHj) “ C NMR (CDCI3, 100 MHz) 5 172.1 (C=0), 154.0 (C-OH),
152.9 (C-OCH2), 146.0 (Cq), 144.7 (Q ,  137.8 (CJ, 137.3 (Cq), 135.2 (Cp), 134.9 (Cp), 132.9 (C„), 130.5, 
130.5, 129.6, 128.0 (CJ, 121.6, 115.0, 114.3, 113.2, 109.7, 105.5, 66.0 (CH j), 60.5 (OCH3), 60.0 
(OCH3), 55.6 (OCH3), 55.4 (OCH3), 47.3 (CH2), 38.7 (CH3), 32.0 (CH2), 28.2 (CH2), 26.4 (CH2) HRMS (El): 
Found 702.3026 (M+Na)\ C4 iH 4 5 NNaOg requires 702.3043. IR : (KBr) cm'^: 3425.4 (br.), 2926.5,
2847.3, 1605.2, 1582.5, 1510.9, 1449.1, 1273.8, 1237.5, 1125.7, 1026.9, 835.4 MP: 166-170 °C

8.9.10 (E)'N‘(2-(4-(Cycloheptylidene(4-hydroxyphenyl)methyl)phenoxy)ethyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyI)acrylamide
[446]

As per general deprotection method (8.9.7), protected cyclofenil-acrylic acid derivative [441] (150 
mg, 0.185 mmol) and TBAF (1 M in THF) (0.185 mmol, 0.185 ml) were reacted together in THF (3 
mL). The residue was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 5:1 to 
2:1) to afford the product as a yellow solid (113 mg, 98%).

Ĥ NMR (CDCI3, 400 MHz) 5 6.92 - 7.12 (m, 4H, Ar-H, C=CH), 6.49 - 6.84 (m, lOH, Ar-H), 4.16 - 4.26 
(m, IH, 0.5 X OCH2 ), 3.53 - 3.93 (m, 15H, 0.5 x OCH2 , NCH2 , 4 x OCH3 ), 3.07 - 3.23 (m, 3H, NCH3 ), 2.24
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- 2.38 (m, 4H, 2 x CHj), 1.52 - 1.62 (m, 8 H, 4 x CH2 ) “ C NMR (CDCI3 , 100 MHz) 5 172.2 (C=0), 156.6 

(C -O H ), 154.3 (C-OCH2 ), 153.3, 146.4 (C,,), 145.1 (Cq), 139.6 ( Q ,  137.8 (C„), 136.9 (Cp), 136.2 (Cq),

135.8 (Cq), 135.6 (Cq), 130.5, 130.4, 130.1, 128.5 (Cq), 122.0, 115.5, 114.9, 113.7, 110.2, 106.1, 66.4 

(CH2 ), 60.9 (OCH3 ), 60.5 (CH2 ), 56.0 (OCH3 ), 55.9 (OCH3 ), 53.5 (CHj), 50.1 (CHj), 47.8 (CH2 ), 39.1 

(NCHb), 33.4 (CH2 ), 29.4 (CH2 ), 28.1 (CH2 ) HRMS (El): Found 716.3185 (M+Na)*, C4 2 H4 7 NNaOg requires 

716.3199. IR : i/„ax (KBr) cm 3437.4 (br.), 2923.4, 2842.2, 160.3, 1582.3, 1506.0, 1410.0, 1273.7,
1238.2, 1125.3, 831.2 MP: 162-163 °C

8.9.11 (£3-N-(2-(4-(Cyclooctylidene(4-hydroxyphenyl)methyl)phenoxy)ethyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyI-2-(3,4,5-trimethoxyphenyl)acrylamide 
[447]

As per general deprotection method (8.9.7), protected cyclofenil-acrylic acid derivative [442] (150 

mg, 0.182 mmol) and TBAF (1 M in THF) (0.182 mmol, 0.182 ml) w/ere reacted together in THF (3 

mL). The residue was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 5:1 to 

2:1) to afford the product as a yellow solid (102 mg, 79%).

NMR (CDCI3 , 400 MHz) 6  6.92 - 7.13 (m, 4H, Ar-H, C^CH), 6.50 - 6 . 8 6  (m, lOH, Ar-H), 4.16 - 4.25 

(m, IH , 0.5 X OCH2 ), 3.51 - 3.95 (m, 15H, 0.5 x OCH2 , NCH2 , 4 x OCH3), 3.05 - 3.24 (m, 3H, NCH3), 2.17
- 2.36 (m, 4H, 2 x CH2 ), 1.62 - 1.74 (m, 2H, CH2 ), 1.45 - 1.61 (m, 8 H, 4 x CH2 ) NMR (CDCI3 , 100 

MHz) 5 172.4 (C=0), 156.6, 153.8 (C-OH), 152.9 (C-OCH2 ), 146.0, 144.7, 139.4, 139.4, 137.3, 135.6,
135.2, 133.9, 129.6, 129.6, 121.6, 115.0, 114.6, 113.4, 109.8, 105.5, 65.9 (CH2), 60.5 (OCH3), 60.1 

(CH2), 55.5 (OCH3), 55.4 (OCH3), 39.1 (NCH3), 32.0 (CH2), 26.1 (CH2), 25.9 (CH2), 25.8 (CH2) HRMS (El): 
Found 730.3336 (M+Na)*, C4 aH4 9 NNa0 8  requires 730.3356. IR: Vmax (KBr) cm^: 3437.6 (br.), 2927.9, 
2847.3, 1604.1, 1582.3, 1505.9, 1274.6, 1238.3, 1125.6, 831.6 MP: 158-159 °C

8.9.12 (F)-3-(3-Hydroxy-4-methoxyphenyl)-N-(2-(4-((4-hydroxyphenyl)(4- 
methylcyclon-hexaneylidene)methyl)phenoxy)ethyl)-N-methyl-2-(3,4,5- 
trimethoxyphenyl)acrylamide [448]

As per general deprotection method (8.9.7), protected cyclofenil-acrylic acid derivative [443] (150 

mg, 0.186 mmol) and TBAF (1 M in THF) (0.186 mmol, 0.186 ml) were reacted together in THF (3 

mL). The residue was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 5:1 to 

2 :1 ) to afford the product as a yellow solid ( 1 1 0  mg, 8 6 %).

Ĥ NMR (CDCI3 , 400 MHz) 5 6.87 - 7.06 (m, 4H, Ar-H), 6.51 - 6.84 (m, lOH, Ar-H), 4.17 - 4.27 (m, IH , 
0.5 X CH2 ), 3.54 - 3.94 (m, 15H, 0.5 x OCH2 , NCH2 , 4 x OCH3 ), 3.08 - 3.25 (m, 3H, NCH3 ), 2.49 - 2.64 (m, 
2H, CH2 ), 1.93 (t, J = 11.54 Hz, 2H, CH2 ), 1.76 (d, J = 10.54 Hz, 2H, CH2 ), 1.55 - 1.68 (m, IH , CH), 1.01 - 

1.15 (m, 2H, CH2 ), 0.87 - 0.98 (m, 3H, CH3 ) NMR {CDCI3 , 100 MHz) 8  172.2 (C=0), 154.1 (C-OH),
152.8 (C-OCH2), 146.0 (C -O H), 144.7 (Cq), 137.4 (Cq), 134.8 (Cq), 133.1 (Cq), 130.5, 130.5, 128.0 (Cq), 

121.6, 115.0, 114.3, 113.2, 109.8, 105.5, 65.9 (C H j), 60.5 (OCH3), 60.1 (OCH3), 55.5 (OCH3), 55.4 

(OCH3), 47.4 (CH3), 38.7 (NCH3), 36.4 (C H j), 32.3 (CH), 31.3 (CH2), 21.6 (CH3) HRMS (El): Found 

694.3359 (M + H ) \  C42H48NO8 requires 694.3374. IR : i/„ax (KBr) cm' :̂ 3421.5 (br.), 2912.0, 2840.1, 
1605.5, 1582.3, 1508.4, 1454.1, 1274.2, 1237.9, 1125.8, 830.8 MP: 158-161 °C
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8.10 Synthesis of Indole-acrylic acid conjugates

8.10.1 General method for the synthesis of protected Indole-acrylic acid conjugates
A m ixture o f the required acrylic acid [150] (1.2 eq), EDC (1.4 eq.), and HOBt (1.4 eq.) were 

suspended in anhydrous dichloromethane (3 mL) and stirred fo r 10 min under a nitrogen 

atmosphere. The protected indole (1 eq.) [256]-[260] was dissolved in anhydrous dichloromethane 

(3 mL) and slowly added to the mixture via syringe. Reaction was allowed stir fo r 16 h. Reaction was 

monitored via TLC. The reaction mixture was diluted to 15 mL w ith  anhydrous dichloromethane. To 

this m ixture, w ater (20 mL) was added. The aqueous phase was extracted w ith DCM (20 mL x3), 

brine (50ml), dried over Na2 S0 4  and evaporated to dryness in vacuo to  yield the crude product. The 

material was purified via flash chromatography on silica gel.

8.10.2 (2£)-N-[4-[5-(benzyloxy)-2-[4-(benzyIoxy)phenyl]-3-methyl-l//-indol-l-yl]butyl]- 
3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-triniethoxyphenyl)prop-2- 
enamide [449]

As per general method (8.10.1), the acrylic acid [150] (1.2 eq., 171 mg, 0.475 mmol) ), EDC (1.4 eq., 

106 mg, 0.554 mmol), and HOBt (1.4 eq., 75 mg, 0.554 mmol) were reacted w ith  indole [256] (1 eq., 

200 mg, 0.396 mmol). The crude product was afforded as a brown resin. The material was purified 

via flash chromatography on silica gel (DCM:EtOAc, gradient 10:1 to 5:1) to afford the product as a 
yellow solid (285 mg, 85%)

‘H NMR (CDCI3 , 400 MHz) 6  7.32 - 7.55 (m, lOH, Ar-H), 7.25 - 7.31 (m, 3H, Ar-H), 7.06 - 7.16 (m, 3H, 

Ar-H), 6.95 - 7.01 (m, IH , Ar-H), 6.43 - 6.79 (m, 6 H, Ar-H), 5.17 (s, 4H, CH2 ), 5.14 (s, 2H, CH2 ), 3.95 -
4.11 (m, 2H, CH2 ), 3.85 (s, 6 H, 2 x OCH3 ), 3.66 (s, 6 H, 2 x OCH3 ), 3.13 - 3.38 (m, 2H, CHj), 2.84 (s, 3H, 

NCH3), 2.20 (s, 3H, CH3), 1.33 - 1.68 (m, 4H, 2 x CH2 ) ” C NMR (CDCI3 , 100 MHz) 6  171.5 (C=0), 158.5 

(C-O-Bn), 153.2 (C-O-Bn), 153.0 (Cq), 146.3 (Cp), 145.1 (Cq), 137.8 (Cp), 137.7 ( Q ,  136.7, (Cq) 136.0 

(Cq), 131.6, 130.6, 129.4, 128.9, 128.6, 128.5, 128.1, 127.7, 127.6, 127.6, 124.8 (Cq), 121.9, 115.3, 

114.7, 112.2, 110.2, 108.4 (Cq), 105.9, 102.5, 71.0 (CH2 ), 70.0 (CHj), 60.9 (OCH3 ), 56.1 (OCH3 ), 55.8 

(OCH3 ), 53.4 (CH2 ), 43.4 (CH2 ), 36.3 (NCH3 ), 29.7 (CH2 ), 27.2 (CH2 ), 9.3 (CH3 ) HRMS (El): Found 

847.3937 (M +H )\ C5 3 H5 5 N2 O8  requires 847.3953 IR : v„ax (KBr) cm’ :̂ 3237,0 (br.), 2932.0, 2863.0, 

1614.3, 1579.9, 1506.5, 1454.0, 1276.5, 1238.9, 1125.0, 1025.2, 737.2 MP : 86-89 °C

8.10.3 (2£)-N-[5-[5-(Benzyloxy)-2-[4-(benzyloxy)phenyl]-3-methyl-l//-indol-l- 
yl]pentyl]-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl) 
prop-2-enamide [450]

As per general method (8.10.1), the acrylic acid [150] (1.2 eq., 167 mg, 0.450 mmol) ), EDC (1.4 eq., 

104 mg, 0.540 mmol), and HOBt (1.4 eq., 73 mg, 0.540 mmol) were reacted w ith  indole [257] (1 eq., 

200 mg, 0.386 mmol). The product was afforded as a brown resin. The material was purified via flash 

chromatography on silica gel (DCM:EtOAc, gradient 10:1 to 5:1) to afford the product as a yellow 

solid (293 mg, 91%)

Ĥ NMR (CDCI3, 400 MHz) 6  7.05 - 7.66 (m, 16H, Ar-H), 6.99 (s, IH , Ar-H), 6.80 (s, IH , Ar-H), 6.45 - 

6.73 (m, 5H, Ar-H), 5.17 (s, 2H, CH2 ), 5.14 (s, 2H, CH2 ), 3.59 - 4.11 (m, 14H, CH2 , 4 x OCH3 ), 3.13 - 3.41 

(m, 2H, CH2 ), 2.90 (s, 3H, NCH3), 2.21 (s, 3H, CH3), 0.82 - 1.77 (m, 6 H, 3 x CHj) NMR {CDCI3, 100 

MHz) 6  172.0 (C=0), 158.1 (C-O-Bn), 152.8 (C-O-Bn), 152.6 (Cq), 145.9 (Cq), 144.7 (Cq), 137.3 (Cq),

136.3 (Cq), 135.8 (Cq), 131.3, 131.2, 128.9, 128.4, 128.2, 128.1, 127.7, 127.3, 127.2, 127.2, 124.5 (Cq), 

121.5, 115.0, 114.3, 111.7, 109.7, 107.8 (Cq), 105.6, 102.0, 70.6 (CH2), 69.6 (C H j) ,  60.5 (OCH3), 55.7 
(OCH3), 55.4 (OCH3), 36.3 (NCH3), 29.4 (CH2), 23.7 (CH2), 8.9 (CH3) HRMS (El): Found 861.4122
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(M+Hr, C5 4 H5 5 N2 O8 requires 861.4109 IR : v̂ ax (KBr) cm ^ 3237.5 (br.), 3064.3, 3033.0, 2934.8,
2249.0, 1768.0, 1613.9, 1580.4, 1505.9, 1479.4, 1412.1, 1275.5, 1235.6, 1126.4, 1026.3, 910.2, 
733.8 MP : 81-83 °C

8.10.4 (£)-N-(6-(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l-yl)hexyl)- 
3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyI)acrylamide
[451]

As per general method (8.10.1), the acrylic acid [150] (1.2 eq., 162 mg, 0.450 mmol), EDC (1.4 eq., 
101 mg, 0.525 mmol), and HOBt (1.4 eq., 71 mg, 0.525 mmol) were reacted with indole [258] (1 eq., 
200 mg, 0.375 mmol). The product was afforded as a brown resin. The material was purified via flash 
chromatography on silica gel (DCM;EtOAc, gradient 10:1 to 5:1) to afford the product as a yellow 

solid (288 mg, 8 8 %)
‘ H NMR (CDCI3, 400 MHz) 6 7.27 - 7.57 (m, 12H, Ar-H), 7.23 (d, J = 8.53 Hz, IH, Ar-H), 7.07 - 7.16 (m, 
3H, Ar-H), 6.98 (d, J = 8.53 Hz, IH, Ar-H), 6.79 (s, IH, Ar-H), 6 . 6 8  (s, 2H, Ar-H), 6.50 - 6.61 (m, 3H, Ar- 
H), 5.10 - 5.20 (m, 4H, 2 x CHj), 3.63 - 4.05 (m, 14H, CH2 , 3 x OCH3 ), 3.19 - 3.41 (m, 2H, CH2 ), 2.89 - 
2.99 (m, 3H, CH3 ), 2.20 (s, 3H, CH3 ), 0.96 - 1.65 (m, 8 H, 4 x CHj) “ C NMR (CDCIj, 100 MHz) 6  170.5 
(C=0), 158.0 (C-O-Bn), 152.8 (C-O-Bn), 152.6 (Q , 145.8 ( Q ,  144.6 (C )̂, 137.5 (CJ, 137.4 (C<,), 136.3 
(Cq), 135.6 (Cq), 131.3, 131.2, 129.0, 128.4, 128.2,128.1, 128.1, 127.7, 127.3, 127.2, 124.5 (Cq), 121.5, 
114.9, 114.2, 111.7, 109.8, 109.7, 107.7 (Cq), 105.6, 101.9, 76.9, 70.6 (CHj), 69.6 (CH2 ), 60.5 (OCH3 ), 
55.7 (OCH3 ), 55.4 (OCH3 ), 43.3 (CH2 ), 29.5 (CHj), 26.1 (CH2 ), 26.0 (CH2 ), 8.9 (CH3 ) HRMS (El); Found 
875.4262 (M+H)\ CssHsgNjOg requires 875.4262 IR : v„ax (KBr) cm ^ 3437.8 (br.), 2931.6, 2858.6,
1614.1, 1580.2, 1506.7, 1454.1, 1276.1, 1239.1, 1129.9, 1025.5, 697.4 MP : 66-69 °C

8.10.5 (£3-N-(8-(5-(Benzyloxy)-2-(4-(benzyIoxy)phenyl)-3-methyl-l//-indol-l-yl)octyI)- 
3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide
[452]

As per general method (8.10.1), the acrylic acid [150] (1.2 eq., 115 mg, 0.321 mmol), EDC (1.4 eq., 72 
mg, 0.375 mmol), and HOBt (1.4 eq., 72 mg, 0.375 mmol) were reacted with indole [259] (1 eq., 150 
mg, 0.267 mmol). The product was afforded as a brown resin. The material was purified via flash 
chromatography on silica gel (DCM:EtOAc, gradient 10:1 to 5:1) to afford the product as a yellow 
solid (204 mg, 85%)
‘ H NMR (CDCI3, 400 MHz) 6  7.21 - 7.57 (m, 14H, Ar-H), 7.08 - 7.17 (m, 3H, Ar-H), 6.99 (d, J = 9.03 Hz, 
IH, Ar-H), 6.81 (s, IH, Ar-H), 6 . 6 8  (s, 2H, Ar-H), 6.52 - 6.62 (m, 3H, Ar-H), 5.17 (s, 2H, CH2 ), 5.15 (s, 2H, 
CH2 ), 3.93 - 4.02 (m, 2H, CH2 ), 3.87 (s, 6 H, 2 x OCH3 ), 3.71 (s, 6 H, 2 x OCH3 ), 3.25 - 3.47 (m, 2H, CH2 ), 
2.97 (s, 3H, CH3 ), 2.21 (s, 3H, CH3 ), 1.00 - 1.65 (m, 12H, 6  x CH2 ) “ C NMR (CDCI3, 100 MHz) 6  171.3 
(C=0), 158.0 (C-O-Bn), 152.8 (C-O-Bn), 152.6 (Cq), 145.8 (Cq), 144.7 (Cq), 137.5 (Cq), 137.4 (Cq), 136.4 
(Cq), 135.9 (Cq), 131.3, 131.2, 128.7, 128.3, 128.2,128.1, 127.7, 127.3, 127.2, 124.6 (Cq), 121.4, 115.0,
114.2, 111.6, 109.9, 109.7, 107.6 (Cq), 105.6, 101.9, 70.6 (CH2), 69.7 (CH2), 60.5 (OCH3), 55.7 (OCH3), 

55.4 (OCH3), 43.4 (CH2), 36.2 (NCH3), 29.6 (CH2), 28.8 (CH2), 28.7 (CH2), 26.3 (CH2), 8.9 (CH3) HRMS 
(El): Found 903.4573 (M-hH)", Cs7H63N20g requires 903.4579 IR : (KBr) cm’ :̂ 3439.2 (br.), 2929.7,
2852.2, 1614.5, 1580.5, 1580.5, 1507.0, 1454.1, 1240.9, 1125.8, 835.9 MP : 82-83 °C
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8.10.6 (£^-N-(12-(5-(Benzyloxy)-2-(4-(benzyloxy)phenyl)-3-methyl-l//-indol-l- 
yl)dodecyl)-3-(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5- 
triinethoxyphenyl)acrylamide [453]

As per general method (8.10.1), the acrylic acid [150] (1.2 eq., 105 mg, 0.2918 mmol), EDC (1.4 eq., 
65 mg, 0.340 mmol), and HOBt (1.4 eq., 46 mg, 0.340 mmol) were reacted with indole [260] (1 eq., 
150 mg, 0.243 mmol). The product was afforded as a brown resin. The material was purified via flash 
chromatography over silica gel (DCM:EtOAc, gradient 10:1 to 5:1) to afford the product as a yellow 
solid (212 mg, 91%)

NMR (CDCI3, 400 MHz) 6 7.23 - 7.57 (m, 13H, Ar-H), 7.08 - 7.17 (m, 3H, Ar-H), 6.99 (d, J = 8.53 Hz, 
IH, Ar-H), 6.81 (s, IH, Ar-H), 6.69 (s, 2H, Ar-H), 6.54 - 6.62 (m, 3H, Ar-H), 5.17 (s, 2H, CH2 ), 5.15 (s, 2H, 
CH2 ), 3.98 (t, J = 6.78 Hz, 3H, CH2 ), 3.83 - 3.91 (m, 6H, 2 x OCH3), 3.72 (s, 6H, 2 x OCH3), 3.27 - 3.49 
(m, 2H, CH2 ), 2.94 - 3.02 (m, 3H, NCH3), 2.21 (s, 3H, CH3), 1.08 - 1.65 (m, 20H, 10 x CH2) NMR 
(CDCI3, 100 MHz) 6 170.5 (C=0), 158.0 (C-O-Bn), 152.8 (C-O-Bn), 152.6 (Q , 145.8 (Cp), 144.6 (Cq),

137.6 (Cq), 137.4 (Cq), 136.4 (Cq), 131.3, 131.2, 128.7, 128.3, 128.2, 128.1, 127.7, 127.3, 127.1, 124.6 
(Cq), 121.4, 115.0, 114.2, 111.6, 109.9, 109.7, 107.6 (Cq), 105.6, 101.9, 70.6 (CH2), 69.6 (CH2), 60.5 
(OCH3), 55.7 (OCH3), 55.4 (OCH3), 43.5 (CH2), 36.5 (NCH3), 29.7 (CH2), 29.1 (C H j), 29.1 (CH2), 29.0 
(CH2), 28.7 (CH2), 26.4 (CH2), 8.9 (CH3) HRMS (El): Found 959.5191 (M+H)\ C6 1 H7 1 N2 O8  requires 
959.5205 IR : v^ax (KBr) cm \  3439.3 (br.), 2927.5, 2853.1, 1614.4, 1580.8, 1505.9, 1454.7, 1240.3,
1125.0, 1026.4, 737.4 MP : 60-62 ” C

8.10.7 General method for debenzylation of the protected indole conjugates
The protected indole conjugate [449]-[453] was dissolved in MeOH:EtOAc (1:4) (20 mL) and 
transferred to a 3-neck flask. To the flask was added Pd(0 H) 2  the mixture was placed under a H2 

atmosphere. The reaction was monitored via TLC until the starting material had disappeared (10 -  
60 min). The reaction mixture was filtered through celite and the solvent was evaporated under 
reduced pressure to obtain brown oil. The material was purified via flash chromatography on silica 
gel. (DCM : EtOAc)

8.10.8 (£)-N-(4-(5-Hydroxy-2-(4-hydroxyphenyl)-3-methyl-l//-indol-l-yl)butyl)-3-(3- 
hydroxy-4-methoxyphenyI)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylaniide 
[454]

As per general method (8.10.7), protected indole conjugate [449] (150 mg, 0.177 mmol) and a small 
spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 
material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 3:1 to 1:1) to 
afford the product as a yellow solid (105 mg, 89%)

Ĥ NMR (CD 3O D, 600 MHz) 5 7.00 -  7.24 (m, 3H, Ar-H), 6.76 - 6.94 (m, 4H, Ar-H), 6.35 - 6.74 (m, 6 H, 
Ar-H), 3.87 - 4.05 (m, 2H, CH2 ), 3.48 - 3.85 (m, 12H, 4 x OCH3 ), 3.11 - 3.36 (m, 2H, CH2 ), 2.68 - 2.85 
(m, 3H, NCH3 ), 2.10 (s, 3H, CH3 ), 1.06 - 1.56 (m, 4H, CH2 ) NMR (CD3OD, 150 MHz) 6  173.8 (C=0),
173.7 (C=0), 173.0 (C-0), 172.9 (C=0), 169.5, 157.5, 157.4, 153.8, 153.7, 153.6, 153.5, 150.4, 148.2, 
146.5, 146.2, 138.5, 138.4, 138.3, 138.1, 137.2, 137.0, 136.1, 135.9, 135.7, 135.6, 133.0, 132.9,
131.9, 131.8, 131.1, 131.0, 130.2, 130.0, 129.8, 129.7, 128.5, 128.4, 127.9, 127.6, 123.9, 123.8,
121.9, 120.4, 120.3, 116.4, 116.3, 116.0, 115.8, 115.3, 111.7, 111.6, 111.4, 111.1, 111.0, 110.1,
110.0, 107.5, 107.4, 107.2, 107.0, 106.4, 106.1, 105.3, 102.9, 102.8, 60.3 (OCH3), 60.2 (OCH3), 60.1 
(OCH3), 55.7 (OCH3), 55.6 (OCH3), 55.5 (OCH3), 55.3 (CH2), 53.8 (CH2), 51.3 (CH2), 51.1 (CH2), 50.6
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(CHj), 49.3 (CH2 ), 46.3 (CHj), 43.3 (CH2 ), 40.9 (CH2 ), 40.6 (CH2 ), 35.7 (NCH3 ), 34.4 (NCH3 ), 32.9 (NCH3 ), 

31.8 (NCH3 ), 27.2 (CH2 ), 27.1 (CH2 ), 27.0 (CH2 ), 26.9 (CH2 ), 25.5 (CHj), 25.3 (CH2 ), 24.2 (CH2 ), 24.0 
(CH2 ), 8.5 (CH3 ) HRMS (El): Found 667.3016 (M +Hr, C3 9 H4 3 N2 O8  requires 667.3014 IR : v„,ax (KBr) cm 

3423.2 (br.), 2935.7, 1614.1, 1584.1, 1508.6, 1461.3, 1273.5, 1237.6, 1122.6 MP : 109-111 °C

8.10.9 (£^-N-(5-(5-Hydroxy-2-(4-hydroxyphenyl)-3-methyl-l//-indol-l-yl)pentyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide 
[455]

As per general method (8.10.7), protected indole conjugate [450] (150 mg, 0.174 mmol) and a small 

spatula tip fu l o f Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 

material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 3:1 to 1:1) to 

afford the product as a yellow solid (93 mg, 79%)

NMR (CDCI3 , 600 MHz) 6  7.14 (s, 3H, Ar-H), 6.91 - 7.03 (m, 3H, Ar-H), 6.72 - 6 . 8 8  (m, 3H, Ar-H), 

6.43 - 6.71 (m, 6 H, Ar-H), 3.82 - 3.97 (m, 8 H, CH2 , 2 x OCH3 ), 3.59 - 3.71 (m, 6 H, 2 x OCH3 ), 3.13 - 3.41 

(m, 2H, CH2 ), 2.91 (s, 3H, CH3 ), 2.11 (s, 3H, CH3 ), 1.36 - 1.66 (m, 4H, 2 x CH2 ), 1.06 - 1.20 (m, 2H, CH2 ) 

“ C NMR (CDCI3 , 150 MHz) 6  171.9 (C=0), 156.3 (C-OH), 153.4 (C-OH), 153.3 (CJ, 153.2 (CJ, 149.4 

(Cq), 146.5 (Cq), 145.1 (Cp), 138.4 (Cp), 137.8 (Cp), 135.7 (Cp), 131.7, 131.4 (Cp), 130.6, 129.8, 129.6, 

129.2, 128.4, 128.4, 127.6, 123.9 (Cp), 121.9, 115.5, 111.0, 110.3, 110.0, 109.9, 107.4 (Cp), 106.1,

103.5, 60.9 (OCH3 ), 56.1 (OCH3 ), 55.9 (OCH3 ), 50.8 (CH2 ), 43.3 (CH2 ), 36.8 (NCH3 ), 29.6 (CH2 ), 27.5 

(CH2 ), 23.9 (CH2 ), 9.2 (CH3 ) HRMS (El): Found 681.3163 (M +H)\ C4 0 H4 5 N2 O8  requires 681.3170 IR : v^ax 
(KBr) cm ^ 3423.4 (br.), 2934.4, 1732.6, 1611.6, 1583.6, 1508.6, 1461.5, 1272.9, 1238.6, 1122.6, 

1026.1 MP : 87-89 °C

8.10.10 (£)-N-(6-(5-Hydroxy-2-(4-hydroxyphenyl)-3-methyl-l//-indoI-l-yl)hexyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-triniethoxyphenyl)acrylamide [456]

As per general method (8.10.7), protected indole conjugate [451] (150 mg, 0.171 mmol) and a small 

spatula tip fu l o f Pd(0 H) 2  were reacted under a hydrogen atmosphere for 30 min. The material was 

purified via flash chromatography on silica gel (DCM:EtOAc, gradient 3:1 to 1:1) to  afford the 

product as a yellow solid (98 mg, 83%)

Ĥ NMR (CD3 OD, 600 MHz) 6  6.49 - 7.34 (m, 13H, Ar-H), 3.89 - 4.03 (m, 2H, CH2 ), 3.55 - 3.87 (m, 12H, 

OCH3 ), 3.18 - 3.37 (m, 2H, CH2 ), 2.72 - 2.98 (m, 3H, NCH3 ), 2.07 - 2.24 (m, 3H, CH3 ), 1.35 - 1.56 (m, 3H,

1.5 x CH2 ), 0.80 - 1.16 (m, 5H, 2.5 x CH2 ) NMR (CD3 OD, 150 MHz) 6  174.1 (C=0), 158.6, 154.9,

151.5, 149.4, 147.4, 139.8, 139.5, 137.1, 137.0, 133.0, 132.5, 131.2, 130.9, 129.7, 129.6, 129.1,

128.8, 125.1, 123.0, 117.1, 116.4, 116.1, 112.5, 112.3, 112.1, 111.2, 108.3, 107.7, 107.4, 106.6,

104.0, 61.4 (OCH3 ), 56.8 (OCH3 ), 56.8 (OCH3 ), 56.6 (OCH3 ), 56.5 (OCH3 ), 54.9 (CH2 ), 52.2 (CH2 ), 44.5 

(CH2 ), 37.4 (NCH3 ), 33.2 (NCH3 ), 30.8 (CHj), 28.7 (CH2 ), 27.8 (CH2 ), 27.4 (CH2 ), 27.3 (CHj), 27.1 (CH2 ),

9.6 (CH3 ) HRMS (El): Found 695.3331 (M+H)\  C4 1 H4 7 N2 O8  requires 695.3327 IR : (KBr) cm'^: 

4413.4 (br.), 2932.3, 1611.6, 1582.7, 1508.1, 1461.6, 1272.4,1237.3, 1125.0, 1025.3, 839.8 MP : 104- 

106 °C

8.10.11 (£)-N-(8-(5-Hydroxy-2-(4-hydroxyphenyl)-3-methyl-l//-indol-l-yI)octyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide [457]

As per general method (8.10.7), protected indole conjugate [457] (150 mg, 0.166 mmol) and a small 

spatula tip fu l o f Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere fo r 30 min. The
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material was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 3:1 to 1:1) to 
afford the product as a yellow solid (112 mg, 94%)

NMR (CDjOD, 600 MHz) 6 6.56 - 7.28 (m, 13H, Ar-H), 3.96 - 4.09 (m, 2H, CHj), 3.64 - 3.91 (m, 12H, 
OCH3 ), 3.31 - 3.51 (m, 2H, CHj), 2.89 - 3.07 (m, 3H, NCH3 ), 2.13 - 2.26 (m, 3H, CH3 ), 1.47 -1.62 (m, 3H,
1.5 X CH2 ), 0.96 - 1.41 (m, 9H, 4.5 x CH2 ) NMR (CD3OD, 150 MHz) 5 174.9 (C=0), 174.2 (C=0), 
174.0 (C=0), 173.8 (C=0), 170.6, 160.1, 158.6, 155.0, 154.9, 154.7, 152.7, 151.5, 149.4, 147.7, 147.6, 
147.4, 141.0, 139.8, 139.5, 139.4, 138.8, 138.3, 137.5, 137.1, 137.0, 134.2, 134.1, 133.0, 132.4,
132.3, 131.2, 130.9, 130.0, 129.7, 129.6, 129.1, 128.8, 126.7, 125.1, 124.6, 123.0, 121.5, 117.4,
117.1, 116.4, 116.1, 113.4, 112.7, 112.5, 112.2, 112.0, 111.3, 111.2, 108.5, 108.2, 108.1, 107.7,
107.4, 106.6, 106.5, 104.5, 104.0, 61.4 (OCH3 ), 61.3 (OCH3 ), 61.3 (OCH3 ), 57.6 (OCH3 ), 56.8 (OCH3 ),
56.7 (OCH3 ), 56.6 (OCH3 ), 56.5 (OCH3 ), 52.5 (CH2 ), 52.3 (CH2 ), 51.1 (CH2 ), 44.5 (CHj), 44.5 (CH2 ), 42.1 
(CH2 ), 41.6 (CH2 ), 37.4 (NCH3 ), 36.2 (NCH3 ), 34.5 (NCH3 ), 33.2 (CHj), 31.0 (CH2 ), 30.8 (CH2 ), 30.7 (CH2 ),
30.2 (CH2 ), 30.1 (CH2 ), 30.0 (CH2 ), 29.4 (CH2 ), 28.8 (CH2 ), 28.1 (CH2 ), 27.9 (CH2 ), 27.8 (CHj), 27.6 (CH2 ),
27.5 (CH2 ), 9.6 (CH3 ) HRMS (El): Found 723.3639 (M+H)\ C4 3 H5 1 N2 O8  requires 723.3640 IR : (KBr) 
cm^; 3405.4 (br.), 2930.2, 2855.1, 1611.7, 1583.1, 1508.3, 1462.2, 1272.8, 1237.7, 1125.6, 1025.3 
MP : 103-107 °C

8.10.12 (£3-N-(12-(5-Hydroxy-2-(4-hydroxyphenyl)-3-methyl-l//-indol-l-yl)dodecyl)-3- 
(3-hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide 
[458]

As per general method (8.10.7), protected indole conjugate [453] (150 mg, 0.156 mmol) and a small 
spatula tipful of Pd(0 H) 2  (20 mg) were reacted under a hydrogen atmosphere for 30 min. The 
material was purified via flash chromatography over silica gel (DCM:EtOAc, gradient 3:1 to 1:1) to 
afford the product as a yellow solid (109 mg, 90%)

‘H NMR (CD3OD, 600 MHz) 6  6.56 - 7.24 (m, 13H, Ar-H), 3.96 - 4.03 (m, 2H, CH2 ), 3.65 - 3.86 (m, 12H, 
4 X OCH3 ), 3.38 - 3.53 (m, 2H, CH2 ), 2.86 - 3.06 (m, 3H, NCH3 ), 2.09 - 2.23 (m, 4H, 2 x CH2 ), 0.81 - 1.70 
(m, 20H, 10 X CH2 ) NMR {CD3OD, 150 MHz) 6  174.9 (C=0), 174.2 (C=0), 158.6, 154.9, 154.7, 
154.7, 151.4, 149.4, 147.6, 147.4, 139.8, 139.5, 138.3, 137.5, 137.0, 134.2, 133.0, 132.5, 131.3, 
130.9, 129.7, 128.8, 125.1, 123.0, 121.5, 119.2, 117.4, 117.2, 116.4, 113.4, 112.8, 112.5, 112.0,
111.2, 108.2, 107.7, 107.4, 106.6, 106.5, 104.9, 104.4, 104.0, 97.7, 89.7, 61.4 (OCH3 ), 61.3 (OCH3 ),
61.3 (OCH3 ), 56.8 (OCH3 ), 56.8 (OCH3 ), 56.6 (OCH3 ), 56.5 (OCH3 ), 52.5 (CH2 ), 52.3 (CH2 ), 51.1 (CH2 ),
44.6 (CH2 ), 42.1 (CH2 ), 41.6 (CH2 ), 37.4 (NCH3 ), 36.1 (NCH3 ), 34.5 (NCH3 ), 33.2 (CH2 ), 30.9 (CH2 ), 30.9 
(CH2 ), 30.7 (CH2 ), 30.7 (CH2 ), 30.6 (CH2 ), 30.6 (CH2 ), 30.5 (CH2 ), 30.1 (CH2 ), 29.5 (CH2 ), 29.0 (CH2 ), 28.2 
(CH2 ), 27.9 (CH2 ), 27.8 (CH2 ), 27.7 (CH2 ), 9.6 (CH3 ) HRMS (El): Found 779.4277 (M+H)^ C4 7 H5 9 N2 O8  

requires 779.4266 IR : v„,a, (KBr) cm ^ 3422.7 (br.), 2926.8, 2852.7, 1614.8, 1586.6, 1508.9, 1462.2, 
1272.3, 1237.1, 1122.6, 1026.5 MP : 89-92 "C

8.10.13 General method for synthesis of methoxy-indole-acrylic acid conjugates
A mixture of the required acrylic acid (1 eq.), DCC (1 eq.) and HOBt (1 eq.) was suspended in 
anhydrous DCM (3 mL) and stirred for 10 min under N2 atmosphere. The phenylindole [459]-[461] 
was dissolved in anhydrous DCM (3 mL) and slowly added via syringe. The reaction mixture was 
allowed stirring for 16 h and was monitored using TLC. The reaction mixture was then diluted with 
DCM (15 mL) and filtered to remove the urea by-product. The filtrate was evaporated to dryness in
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vacuo to afford the crude oil product which was then purified via flash chromatography over silicia 
gel to afford product. (DCM : EtOAc)

8.10.14 (£l-3-(3-Hydroxy-4-methoxyphenyl)-yV-(4-(5-methoxy-2-(4-methoxyphenyl)-3- 
methyl-l//-indol-l-yl)butyl)-2-(3,4,5-trimethoxyphenyl)-N-methylacrylamide [459]

As per general method (8.10.13), the acrylic acid [150] (1 eq., 293 mg, 0.813 mmol), DCC (1 eq., 167 
mg, 0.813 mmol), and HOBt (1 eq., 108 mg, 0.813 mmol) and [238] (286 mg, 0.813 mmol) were 
reacted together. The crude material was purified using flash chromotragphy over silica gel 
(DCM:EtOAC, gradient 6:1 to 3:1) to afford the product as a green foam (230 mg, 41%).

NMR {CDCI3, 400 MHz) 5 7.28 (d, J= 6.5 Hz, 3H, Ar-H), 7.28 (d, J- 6.5 Hz, 3H, Ar-H), 7.03(t, J= 5.5 
Hz, 3H, Ar-H), 6.89(d, J= 8.5 Hz, IH, Ar-H), 6.75 (s, IH, Ar-H), 6.53 (s, 2H,Ar-H), 6.45 (s, IH, Ar-H), 4.02 
(t,J= 1 Hz, 2H, CH2 -N), 3.74-3.95 (m, 12H, 4OCH3), 3.66 (s, 6 H, OCH3), 3.20-3.28 (m, 2H, CHj-N), 2.85 
(s, 3H, NCH3), 2.21 (s, 3H, CH3 ), 1.29-1.43 (m, 4H, 2 x CHj) NMR (CDCI3, 400 MHz) 5 171.18 (C=0 ), 

158.78 (C-OCH3), 153.38 (C-OCH3), 152.82 (C-OCH3), 145.92 (C-OCH3), 144.67 (C-OCH3), 137.41, 
135.44, 131.19 (Ar-C), 131.02, 130.20, 129.03 (Ar-C), 128.46, 128.01, 124.12, 121.43 (Ar-C), 114.99 
(Ar-C), 113.48 (Ar-C), 111.11 (Ar-C), 109.76 (Ar-C), 105.52 (Ar-C), 100.38 (Ar-C), 60.51 (NCH3 ), 55.65 
(OCH3 ), 55.58 (OCH3 ), 55.44 (OCH3 ), 54.87 (OCH3 ), 46.00 (CH2 ), 42.99 (NCH3 ), 26.74 (CH2 ), 25.00 

(CH2 ), 8.89 (CH3 ) HRMS (El): Found 693.3266 (M-H)", C4 1 H4 5 N2 O8  requires 693. 3245. IR: (KBr) cm

3052.61, 2936.76, 2836.69, 1614.72, 1581.16, 1506.22, 1483.33, 1462.86, 1412.25, 1276.13, 
1245.74, 1174.66, 1126.42, 1033.08, 1006.11, 972.86, 905.21, 838.15, 800.22, 762.58, 735.09, 
702.49

8.10.15 (£)-3-(3-hydroxy-4-methoxyphenyl)-yV-(8-(5-methoxy-2-(4-methoxyphenyl)-3- 
methyl-lW-indol-l-yl) octyl)-2-(3,4,5-trimethoxyphenyl)-yV-methylacryIamide [460]

As per general method (8.10.13), the acrylic acid [150] (1 eq., 176 mg, 0.49 mmol), DCC (1 eq., 
lO lm g, 0.49 mmol), and HOBt (1 eq., 6 6  mg, 0.49 mmol) and [460] (200 mg, 0.49 mmol) were 
reacted together. The crude material was purified using flash chromotragphy over silica gel 
(DCM:EtOAC, gradient 6:1 to 3:1) to afford the product as a white foam (250 mg, 6 8 %).

Ĥ NMR (CDCI3, 400 MHz) 6 7.31 (d, 6.5 Hz, 2H, Ar-H), 7.29 (s, IH, Ar-H), 7.05 (s, 2H, Ar-H), 7.02 (s,
IH, Ar-H), 6.84 (d, 8.5 Hz, 2H, Ar-H), 6 . 6 8  (s, IH, Ar-H), 6.56 (s, 2H, Ar-H), 3.95 (t, J= 7 Hz, 2H,
NCH2), 3.80-3.93 (m, 12H, 4OCH3), 3.71 (s, 6 H, OCH3), 3.12-3.33 (m, 2H, CHj-N), 2.91 (s, 3H, NCH3), 

2.21 (s, 3H, CH3), 1.21-1.39 (m, 14H, 7 CH2 ),“ C NMR (CDCI3, 400 MHz) 5 171.16 (C-0), 158.71 
(COCH3), 153.32 (COCH3), 152.79 (COCH3), 145.81 (COCH3), 144.67 (COCH3), 137.54, 131.26 (Ar-C), 

131.01, 128.64, 128.31, 124.34, 121.41 (Ar-C), 114.95 (Ar-C), 113.33 (Ar-C), 110.92 (Ar-C), 109.89 
(Ar-C), 109.72 (Ar-C), 107.53, 105.97 (Ar-C), 100.19 (Ar-C), 60.52 (OCH3), 55.66 (OCH3), 55.58 (OCH3), 

55.44 (OCH3), 54.87 (NCHj), 43.39 (CH2), 33.27 (NCH3), 29.60 (CH2), 28.76 (CH2), 28.64 (CHj), 26.28 
(CH2), 25.07 (CH2), 24.41 (CH2), 8.91 (CH3) HRMS (El): Found751.3876 (M+H)\ C45H55N2O8 requires 
751.3880 IR: v„ax (KBr) cm 2931.26, 2855.09, 1614.65, 1580.59, 1507.79, 1483.12, 1461.42, 
1412.41, 1275.81, 1246.57, 1174.14, 1126.93, 1033.52, 904.89, 836.51, 797.35, 734.39.

8.10.16 (£3-3-(3-hydroxy-4-methoxy-2-(4-methoxyphenyl)-3-methyl-l//-indol-l- 
yl)dodecyl)-2-(3,4,5- trimethoxyphenyl)-A^-methylacrylamide [461]

As per general method (8.10.13), the acrylic acid [150] (1 eq., 155 mg, 0.43 mmol), DCC (1 eq., 8 8 mg, 
0.43 mmol), and HOBt (1 eq., 58 mg, 0.43 mmol) and [240] (200 mg, 0.43 mmol) were reacted
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together. The crude material was purified using flash chromotragphy over silica gel (DCMiEtOAC, 

gradient 6:1 to 3:1) to afford the product as a white foam (180 mg, 52%).

NMR (CDCI3 , 400 M Hz) 8  7.31 (d, J= 6.5 Hz, 2H, Ar-H), 7.25 (t, J= 7 Hz, 4H, Ar-H), 7.05 (s, 2H, Ar-H), 

7.02 (s, IH , Ar-H), 6.90 (d, J= 8.5 Hz, IH , Ar-H), 6.81 (s, IH , Ar-H), 6 . 6 8  (s, IH , Ar-H), 6.59 (s, IH , Ar-H), 

6.56 (s, IH , Ar-H), 3.97 (t, J= 7 Hz, 2H, N C H j), 3.92 (s, 6 H, OCH3), 3.90 (s, 3H, OCH3), 3.88 (s, 3H, 

OCH3), 3.80-3.86 (m, 6 H, OCH3), 3.32-3.38 (m, 2H, NCH2 ), 2.99 (s, 3H, CH3), 2.22 (s, 3H, CH3), 1.11- 

1.35 (m, 20H, 10 x CH2) NMR (CDCI3 , 400 MHz) 8  171.23 (C=0), 158.70 (C-OCH3), 153.30 (C- 

OCH3 ), 152.79 (C-OCH3), 145.84 (C-OCH3), 144.69 (C-OCH3), 137.57, 131.27 (Ar-C), 131.01, 128.30, 

124.36, 121.40 (Ar-C), 115.00 (Ar-C), 113.31 (Ar-C), 110.89 (Ar-C), 109.90 (Ar-C), 109.73 (Ar-C), 

107.49, 105.57 (Ar-C), 100.18 (Ar-C), 60.52 (OCH3), 55.66 (OCH3), 55.58 (OCH3), 55.43 (OCH3), 54.85  

(CH2 ), 43.47 (CH2 ), 33.31 (NCH3), 29.65 (CH2 ), 29.08 (C H j), 28.99 (CH2 ), 28.69 (CH2 ), 26.36 (CH2 ), 25.10  

(CH2 ), 24.44 (CH2 ), 8.91 (CH3) HRMS (El): Found 807.4532 (M + H )\ C49H63N2O8 requires 807.4506. IR: 

(KBr) cm^: 2928.30, 2853.89, 1770.35, 1614.93, 1580.69, 1508.08, 1483.23, 1460.27, 1412.54, 

1275.62, 1246.76, 1174.19, 1127.44, 1034.48, 904.81, 835.58, 796.82, 762.66, 735.48, 704.53

8.11 Synthesis of Endoxifen-anastrozole conjugate

8.11.1 (Z )-3 -((l//-Im id azo l-l-y l)m eth y l)-N -(2 -(4 -(l-(4 -((te rt-b u ty ld iin e th y ls ily l)o xy ) 
phenyl)-2-phenyIbut-l-en-l-yl)phenoxy)ethyl)-5-(2-cyanopropan-2-yl)-N - 
methylbenzamide [462]

A mixture of the required acid [150] (1 eq., 40 mg, 0.148 mmol), DCC (1 eq., 30.53 mg, 0.148 mmol) 

and HOBt (1 eq., 20 mg, 0.148 mmol) was suspended in anhydrous DCM (3 mL) and stirred for ten 

minutes under N2 . The endoxifen analogue [197] (1 eq., 72 mg, 0.148 mmol) was dissolved in 

anhydrous DCM (3 mL) and slowly added via syringe. The reaction mixture was allowed to stirr for 16 

hours. The reaction was monitored using TLC. The reaction mixture was then diluted with DCM (15 

mL) and filtered to remove the urea by-product. The filtrate was evaporated to dryness in vacuo to 

afford the crude oil product which used directly in the next reaction.

HRMS (El): 762.3811 (M+Na)", C4 5 H5 3 N5 Na0 3 Si requires 762.3815

8.11.2 (£3 -3 -((l//-l,2 ,4 -T riazo l-l-y l)m eth y l)-5 -(2 -cyan o p ro p an -2 -y l)-N -(2 -(4 -(l-(4 - 
hydroxyphenyl)-2-phenylbut-l-en-l-yl)phenoxy)ethyl)-N-m ethylbenzam ide  
[463]

The silyl ether [462] (80 mg, 0.108 mmol) was dissolved in a minimum amount of THF (3 mL) while 

stirred under N2 . An equimolar quantity of TBAF (0.108 mL, 0.108 mmol) was added and the mixture 

was allowed stir for 16 h. The reaction was monitored via TLC. The solvent was evaporated to 

dryness. The residue was redissolved in DCM (20 mL) and washed with a 10% HCI solution (10 mL). 

The organic phase was dried over N8 2 S0 4  and evaporated to dryness in vacuo. The residual material 

was purified via flash chromatography on silica gel (DCM:EtOAc, gradient 25:1 to 10:1) to afford the 

product as a yellow solid. (33 mg, 49%)

NMR (CDCI3 , 400 MHz) 6  7.85 - 8.38 (m, 2H, 2 x NCHN), 7.34 - 7.62 (m, 2H, Ar-H), 7.03 - 7.28 (m, 

8 H, Ar-H, C=CH), 6.67 - 6.94 (m, 4H, Ar-H), 6.43 - 6.61 (m, 2H, Ar-H), 5.28 - 5.44 (m, 2H, CH2 ), 3.60 - 

4.37 (m, 4H, 2 x CH2 ), 3.00 - 3.23 (m, 3H, NCH3), 2.42 - 2.56 (m, 2H, CH2 ), 1.64 - 1.77 (m, 12H, CH3), 

0.89 - 0.98 (m, 3H, CH3) NMR (CDCI3 , 100 MHz) 6  169.9 (C=0), 154.7 (Cq), 153.9 (NCHN), 142.5 

(NCHN), 142.2 (Cq), 137.2 (Cq), 135.6 (Cq), 131.6, 131.5, 130.2, 130.2, 129.3, 129.2, 127.4, 125.6, 

125.5, 125.3, 123.7, 123.7, 123.3 (CN), 114.6, 113.9, 113.5, 112.7, 65.9 (CH2 ), 65.4, 52.5 (CH2 ), 47.4
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(CH2 ), 39.3 (NCH3 ), 36.7 (C(CH3 )2 >, 32.9, 28.6 (CH2 ), 28.5 (CH3 ), 13.2 (CH3 ) HRMS (El): 648.2921 

(M+Na)^ C3 9 H3 9 NsNa0 3  requires 648.2951 IR : v^a* (KBr) cm ^ 3436.9 (br.), 3236.4, 2965.5, 2930.1, 
2231.5 (CN), 1628.9, 1602.6, 1505.9, 1441.3, 1234.6, 1234.6, 1168.7, 1135.2, 835.8, 730.5 MP: 92- 

94 °C

8.12 Synthesis of letrozole-cytotoxic agent conjugate

8.12.1 (£ )-N -(2 -(4 -((4 -C yanophenyl)(l//-l,2 ,4 -triazo l-l-y l)m ethyl)phenoxy)ethyl)-3-(3- 
hydroxy-4-methoxyphenyl)-N-methyl-2-(3,4,5-trimethoxyphenyl)acrylamide 
[464]

A mixture of the required acyrilic acid [150] (1.2 eq., 165 mg, 0.448 mmol), EDC (1.4 eq., 85.5 mg, 
0.598 mmol), and HOBt (1.4 eq., 60 mg, 0.598 mmol) were suspended in 3 mL of anhydrous 
dichloromethane and stirred for 10 min under a nitrogen atmosphere. The letrozole derivative [387] 
(1 eq., 124 mg, 0.373 mmol) was dissolved in 3ml of anhydrous dichloromethane and slowly added 
to the mixture via a syringe. The reaction was allowed stir for 16 h and was monitored via TLC. The 
reaction mixture was diluted to 15 ml with anhydrous dichloromethane. To this mixture, water (20 
mL) was added. The aqueous phase was extracted with DCM (20 mL x 3), brine (50 mL), dried over 
Na2S0 4  and evaporated to dryness in vacuo to yield the crude product. The crude product was 
afforded as a brown resin. The material was purified via flash chromatography over silica gel (DCM : 
EtOAc, gradient 40:1 to 20:1) to afford the product as a yellow resin (196 mg, 78%)

NMR (CDCI3. 600 MHz) 6  8.08 (s, IH, NCHN), 8.01 (s, IH, NCHN), 7.69 (d, J -  8.28 Hz, 2H, Ar-H), 
7.07 - 7.24 (m, 4H, Ar-H), 6.94 (s, 2H, Ar-H), 6,49 - 6.81 (m, 7H, Ar-H, CH, C=CH), 4.28 (s, 2H, CHj), 
3.80 - 3.94 (m, 8 H, OCH3, CH2 ), 3.67 (s, 6 H, OCH3 ), 3.09 - 3.20 (m, 3H, NCH3 ) “ C NMR (CDCI3, 150 
MHz) 6  164.0 (C=0), 153.4 (Cq), 152.1 (NCHN), 146.5 ( Q ,  145.2 (C„), 143.6 (NCHN), 135.8 (Cp), 132.7, 
130.2, 128.4 (Cq), 128.3, 121.9, 118.2 { Q .  115.5, 115.2, 112.5 (C,,), 110.3 (Cq), 106.1, 77.2 (CH), 66.9 
(OCH3 ), 65.9 (CH2 ), 61.0 (OCH3 ), 56.1 (OCH3 ), 55.9 (OCH3 ), 53.4 (CH2 ), 38.9 (NCH3 ) HRMS (El): 
698.2592 (M+Na)", C3 8 H3 7 NsNa0 7  requires 698.2591 IR : v^ax (KBr) cm^: 3434.8, 3300.5, 2938.2, 
2230.4 (CN), 1610.5, 1581.5, 1508.4, 1412.8, 1275.4,1240.5, 1125.9, 1008.2, 911.8, 731.2
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