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Summary
This thesis begins with a review of tumour growth and development, with a 

particular focus on angiogenesis. The numerous mechanisms which regulate the 

process are touched upon, with current and fiiture antiangiogenic agents reviewed. 

This leads on to a discussion on tumour vasculature targeting agents and their role in 

chemotherapy, where tubulin binding agents are emphasised. The tumour 

angiogenesis/vasculature targeting agent, combretastatin A-4 is discussed in detail as 

are the different derivatives that have been synthesised based on this tubulin 

inhibitor. This leads onto a discussion on aminopeptidase N (APN), its role in cancer 

and more specifically in tumour angiogenesis. Finally, the concept o f creating a 

hybrid type inhibitor of tumour angiogenesis/vasculature by incorporating both 

tubulin binding and APN inhibitory peptidal moieties into a single compound is 

presented.

The primary objective of the work described in chapter two was to investigate further 

the tubulin binding activity of compounds based on (2.01) and specifically 

compounds containing an additional aromatic ring at position 8 o f this molecule. 

The hypothesis being that the resultant compounds bearing (2.01) like character 

combined with structural features similar to combretastatin A-4 would demonstrate 

enhanced activity over (2.01) and combretastatin A-4. Overall the tubulin binding 

data obtained on these compounds was somewhat disappointing, although (2.03) still 

displayed similar activity to suramin in the human in vitro angiogenesis assay. It has 

also provided us with vital clues as to what types o f functionalities can be permitted 

on our design, and also as to the nature o f the groups attached on the A, B, C and D 

rings. The study carried out to establish the effect o f changing the methoxy groups 

on the C-ring o f (2.01) was also quite informative in that it would appear to indicate 

that only small alkoxy groups are permitted at this position. Methoxy substituents on 

either the A or D rings as indicated by the activity o f (2.01) and (2.44) would appear 

to be essential for activity.

The first section o f chapter three focuses on the design and synthesis o f a series of 

phenstatin like compounds possessing a butane side chain. The functional group at



the terminus o f the side chain was modified in an effort to increase the tubulin 

binding activity. This chapter also explores the use o f sodium azide as a reagent to 

use for the selective deprotection o f silicon based protecting groups. Sodium azide 

was shown to be an effective and efficient reagent for the selective removal of 

TBDMS phenolic ethers in the presence o f phenolic TBDPS ethers, aliphatic 

TBDMS and TBDPS ethers, allylic TBDMS and TBDPS ethers and benzylic 

TBDMS and TBDPS ethers. This methodology will have widespread application in 

organic synthesis as a means to attaining selectivity for the deprotection o f phenol- 

based silyl ethers and over aliphatic, benzylic and allylic protected TBDMS ethers.

Hybrid drugs are being developed in numerous therapeutic areas. Chapter four 

explores the concept o f designing novel tumour angiogenesis/vasculature targeting 

agents, which incorporate into their design, components that have the capacity to 

inhibit both aminopeptidase N (APN) and tubulin polymerisation. Compounds were 

designed where the APN inhibitory moiety was attached to the phenol o f the novel 

tubulin inhibitor (2.01) via an ester linkage. These compounds were synthesised 

with a view to masking the activity of the tubulin component o f the molecule to 

create a prodrug type design where hydrolysis o f the ester link is necessitated in vivo 

in order to release the phenol o f the tubulin inhibitor, which is deemed essential for 

activity. In summary the results from this study indicate that two possible options 

can be used to present the hybrid molecules to the tumour angiogenic site; as a 

prodrug for the tubulin component or as a pro-prodrug where the activity o f the 

individual components is temporally masked until cleavage o f the ester fimctionality 

is accomplished in vivo

Chapter five outlines the procedures for the isolation and purification of tubulin from 

porcine brains. The procedures for both the tubulin polymerisation assay and the 

APN inhibitory assay are set out. Chapter six details the experimental procedures 

and characterisation o f all the compounds synthesised.
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Abbreviations

A.A. Amino acid

AcOH Acetic acid

aFGF Acidic Fibroblast Growth Factor

AHPA (2S, 3R)-3-amino-2-hydroxy-4-phenylbutyric

Ala Alanine

ALL Acute lymphoblastic leukaemia

A1(0H)3 Aluminium hydroxide

Anhyd. Anhydrous

ANLL Acute adult nonlymphocytic leukaemia

APB Aminopeptidase B

APM Aminopeptidase M

APN Aminopeptidase N

Asp Aspartic acid

Aq. Aqueous

BEP 2-Bromo-l-ethyl pyridinium tetrafluoroborate

bFGF Basic fibroblast growth factor

BOC ^er^Butoxycarbonyl

hr broad

BU4NHSO4 Tetrabutylammonium sulphate

Bzl Benzyl

CA-l Combretastatin A-1

CA-4 Combretastatin A-4

CA-4-P Combretastatin A-4 Phosphate

CBS Colchicine binding site

CD13 Cluster o f differentiation 13

CD 33 Cluster o f differentiation 33

CEP Circulating endothelial cell precursor

CH3 CN Acetonitrile

CH3 OH Methanol

COSY Correlation spectroscopy



CS2CO3 Caesium carbonate

d doublet

DCBC 2,6-dichlorobenzoyl chloride

DCC N,N-Dicyclohexylcarbodiim ide

DCM  Dichloromethane

DCU Dicyclohexylurea

dd double doublet

DEIPS Diethylisopropylsilyl

DEPT Distortionless enhancement by polarisation transfer

DIPEA A^^-Diisopropylethylamine

DM AP 4-(Dimethylamino)pyridine

DMF Dimethylformamide

DM P Dimethyl pyrazole

DM PS Diphenylm ethylsilyl

DM SO Dimethyl sulfoxide

D N A  Deoxyribonucleic acid

dt double triplet

EC Endothelial cell

ECM Extracellular matrix

EDC.HCl N-(3-Dim ethylam inopropyl)-N’-ethylcarbodiimide

hydrochloride 

EtsN Triethylamine

EtOAc Ethyl acetate

EtOH Ethanol

Fig Figure

FGF Fibroblast growth factor

GC Gas chromatography

GCMS Gas chromatography-mass spectroscopy

GDP Guanosine diphosphate

GI50 50% Growth inhibition

Gly Glycine

GTP Guanosine triphosphate



H A E C  H u m an  ao rtic  en d o th e lia l ce lls

H2O W ater

H C l H y d ro ch lo ric  ac id  /  H y d ro ch lo rid e

H F  H y d ro g en  flu o rid e

H IF  H y p o x ia  in d u c ib le  fac to r

H M B C  H e te ro n u c lea r m u ltip le  b o n d  co rre la tio n

H R M S  H ig h  re so lu tio n  m ass  sp ec tro sco p y

H S P G  H ep arin  su lp h ate  p ro teo g ly case

H S Q C  H e te ro n u c lea r s ing le  q u an tu m  co h eren ce

H U V E C  H u m an  u m b ilica l v e in  en d o th e lia l ce lls

H z  H ertz

IC50 C o n cen tra tio n  req u ired  fo r 50%  in h ib itio n

IL -8 In te rleu k in  8

He Iso leu c in e

IP D M S  Iso p ro p y ld im eth y ls ily l

IR  In frared

IT P  In h ib itio n  o f  tu b u lin  p o ly m erisa tio n

K2CO3 P o tassiu m  carbonate

K2Cr207 P o ta ss iu m  d ich ro m ate

K C N  P o ta ss iu m  cyan ide

k D a k ilo d a lto n

K H S O  4 P o ta ss iu m  h y d ro g en  su lp h ate

L eu  L euc ine

LiA lH 4 L ith iu m  a lu m in iu m  h y d rid e

L iC l L ith iu m  ch lo rid e

m  m u ltip le t

M  M o lar

m A b  m o n o c lo n a l an tib o d y

M A P s M ic ro tu b u le  asso c ia ted  p ro te in s

m C P B A  w e /a -C h lo ro p e ro x y b e n zo ic  ac id

M eO H  M eth an o l

m M  m illim o la r



MMP Matrix metalloproteinase

MMPI M atrix metalloproteinase inhibitor

MP Melting point

MTD Maximum tolerated dose

MyA Myeloid antigen

N2 Nitrogen

NaBH 4 Sodium borohydride

NaCl Sodium chloride

Na2C03 Sodium bicarbonate

NaHCOs Sodium hydrogen carbonate

NaHS03 Sodium sulphite

NaOH Sodium hydroxide

NaNj Sodium azide

n-BuLi n-Butyl lithium

NCI National Cancer Institute

NGR Asparagine-glycine-arginine

NH4OH Ammonium hydroxide

NM R Nuclear magnetic resonance

NOE Nuclear overhauser effect

NRP Neuropilin

NSCLC non-small cell lung cancer

OPfp Pentafluorophenyl ester

OVCA Ovarian carcinoma

Pd Palladium

Pd/C Palladium carbon

Pd(PPh3)4 Tetrakis-triphenylphosphine palladium

PDC Pyridinium dichromate

PDGF Platelet derived growth factor

PFP Pentafluorophenol

Phe Phenylalanine

PIGF Placental growth factor

PPA Polyphosphoric acid



Pro Proline

PyBrop Bromotripyrrolidinophosphonium hexafluorophosphate

Py.HBra Pyridinium tribromide

q quartet

qn quintet

Rf Retention factor

RNA Ribonucleic acid

RT Room temperature

RTK Receptor tyrosine kinase

s singlet

SAR Structure activity relationship

SbCls Antimony (V) chloride

SERM Selective estrogen receptor modulator

Si Silicon

SnCU Tin (IV) chloride

SO3 Sulphur trioxide

t triplet

TBAF Tetrabutylammonium fluoride

TBDMSCl /er/-Butyldimethylsilyl chloride

TBDMS /er^Butyldim ethylsilyl

TBDPSCl /er/-Butyldiphenylsilyl chloride

TBDPS /er^-Butyldiphenyl silyl

TBMPS ^er^Butylmethoxyphenylsilyl

t-BuOH /er/-Butanol

TEA Triethylamine

TES Triethylsilyl

TFA Trifluoroacetic acid

TGFa/p Transforming growth factor alpha and beta

THF Tetrahydrofuran

TIMP Tissue inhibitor o f  metalloproteinase

TIPS Tri-isopropylsilyl

TLC Thin layer chromatography



TMS Trimethylsilyl

TNFa Tumour necrosis factor alpha

TPS Triphenylsilyl

TOCSY Total correlation spectroscopy

UV Ultra violet

Val Valine

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor

VTA Vascular targeting agent
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1.0 Cancer

Cancer is a term used to describe more than 200 different diseases, all o f  which are 

characterised by cells which have lost normal cellular control and maturation 

mechanisms, due to a mutation in the genetic code o f  cellular DNA.* These cells  

continuously divide and replicate, and have the ability to infiltrate and destroy 

normal body tissue and form tumours.

In Europe cancer is the second main cause o f  death, after circulatory disease, with a 

daily death rate o f  3000 people. In greater Europe, there are 2.8 m illion new cases 

o f  cancer every year, and 1.7 m illion die fi'om the disease every year.^

In Ireland cancer affects one in three people over the average lifetime.^ The 

National Cancer Registry report in June 2006 predicted that the number o f  cancer 

cases w ill rise to 42,000-43,000 by 2020 from a current level o f  22,000 cases per 

year and the number o f  potentially fatal cancers w ill more than double during the 

same period from 13,800 to 28,800."*

Though life expectancy has considerably improved for cancer patients through 

advances in cancer therapy and diagnosis, the overall survival rate for patients still 

remains poor. Two o f  the many reasons for this include acquired tumour multidrug 

resistance and dissemination o f  tumour at diagnosis.^

1.1 Cell Cycle

All cells, including tumour cells, undergo a process o f  replication and division, 

known as the cell cycle. It is usually divided into five distinct phases. Go, G i, S, G2 

and M. The cycle starts at Go which is the resting phase. From there the cells 

progress into the Gi phase, where they undergo a period o f  gene expression resulting 

in an increased production o f  cell organelles. From Gi the cells m ove into the S 

phase where D N A  synthesis and duplication o f  the cell genom e take place. The 

cells can return to the Go phase fi'om here but once they pass this stage they must 

complete the cycle or undergo apoptosis. Fig. 1.1 illustrates the point where the
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cycle may be restricted (R). The next stage is Gi, where the cells synthesise many 

proteins which are involved in replication. The final stage is the M or mitotic phase. 

It is during this phase that the nucleus divides so that each daughter cell has the 

same 23 pairs o f  chromosomes in their nucleus as the parent cell.

The cell cycle thus offers several potential targets for anti-cancer therapy. In fact 

many o f the agents already in clinical use target specific stages o f  the cell cycle, e.g. 

colchicine targets the M phase, cytarabine targets the S phase, etoposide targets late 

S and early G2 phase and mitomycin targets late Gi and early S phase.^

Cell division  

(mitosis)

cell prepares 
to divide

cycle begins

cell grows

replication o f  

DN A

\
cell decides 
whether to 

continue

Fig. 1.1 Stages of the cell cycle

1.2 Tumour Development

A tumour mass present at the site o f  initial conversion o f a normal cell to a tumour
o

cell is defined as a primary cancer. Primary tumours can grow to a limited size (1-2 

mm^) before they require their own vascular network. This size is limited by the 

distance oxygen and other nutrients can diffuse, namely 1-2 mm.^ Tumours may lie
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dormant in this avascular state for prolonged periods, (months to years) until the 

immune system destroys them or they undergo a switch to an angiogenic 

phenotype.

This switch ensures the tumours possess sufficient blood vessels to survive, and it is 

well established that tumour growth is dependent on the development of 

neovasculature. It is important for the supply o f oxygen, nutrients, growth factors 

and hormones, proteolytic enzymes and dissemination of tumour cells to distal sites 

(metastasisation).'^

1.3 Metastasis

Tumour cells move from their initial site by one of two means: (1) invasion or (2) 

metastasis. Invasion is the movement o f cells into neighbouring space occupied by 

other tissue. Metastasis is the spread of tumour cells to areas not directly adjacent to
D 1 A

the primary tumour. Metastases are responsible for 90% of cancer deaths, and as 

such are the most lethal aspect of cancer. Metastasis is a complex multi-step process 

and only a small percentage (0.05%) o f cells survives the journey. However, only a 

single cell is required to establish a metastatic growth.

The stages o f metastasis are as follows:

1. Detachment o f cells from the primary tumour.

2. Migration of tumour cells, invasion o f these cells into lymph vessels or 

blood vessels, and dissemination o f the cells or cell clusters to distant sites.

3. Lodging o f tumour cells in blood vessels o f distant organs.

4. Extravasion o f tumour cells through the vessel walls into the tissue of 

secondary sites.

5. Proliferation o f secondary tumours at the secondary sites.

6. Development o f a vascular supply by the microtumours, evasion o f host 

defences and production of further metastasis.
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Fig. 1.2 Steps involved in metastasis

Research has demonstrated that certain primary tumours always metastasise in 

certain organs; e.g. breast cancer gives rise to metastases in bone and the brain, 

stomach cancer produces metastases in the liver and ovary, colon cancer gives rise 

to metastases in liver and lungs. This theory was first proposed by Stephen Paget in 

1889 in his “seed and soil” theory.'^ He stated that certain tumour cells (the seeds) 

had specific affinity for the microenvironment o f certain organs (the soil). This 

theory has stood the test o f time despite rigorous scrutiny throughout the years.

The understanding of the mechanisms involved and the factors which control

metastasis has led to the establishment o f many different strategies to treat

metastatic disease. Matrix metalloproteinases (MMP) have been shown to play an
18 20integral part in several stages o f metastasis, especially MMP-2 and MMP-9. 

Therefore MMP inhibitors (MMPIs) are one o f the obvious targets. Some o f these 

agents e.g. Marimastat and AG3340/Prinomastat had promising results from phase 

III clinical trials, however severe musculoskeletal toxicities limit their usê '"̂ "̂  and 

the current challenge is to develop specific MMP inhibitors, which would limit the 

toxicity associated with these compounds. Integrin antagonists e.g. vitaxin 

(humanized anti-ai)P3 integrin antibody) and cilengitide (small peptide at>p3/at)p5 

integrin antagonist) have been used.*'* Anti-angiogenic agents which cut off blood 

supply to the tumour have also been successful, e.g. Bevacizumab (anti-vascular 

endothelial growth factor antibody).'"*
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1.4 Angiogenesis

Angiogenesis is the process whereby new capillary blood vessels develop from pre

existing vessels. In normal human vasculature angiogenesis is a tightly controlled 

and self limiting process. Normal vasculature is quiescent, with a cell turnover of 

several years, outside of certain physiological processes, namely the female 

reproductive system and wound repair." This is in contrast with endothelial cells 

during neovascularisation, which can have a proliferation turnover time of several 

days."

Angiogenesis is a vital component in tumour growth and survival. It is a vastly 

complex process and intensive studies are ongoing worldwide in an effort to 

understand both its molecular basis and the regulatory factors which control the 

process.

1.4.1 Mechanisms o f tumour angiogenesis
26Several mechanisms of tumour vascularisation have been described. The first 

method to be described was named ‘sprouting angiogenesis’. I t  involves the 

activation of an existing endothelial cell (EC), the subsequent production of matrix 

metalloproteinase (MMP) enzymes which degrade the basement membrane, 

migration of the EC, invasion o f the extracellular matrix (ECM) and proliferation of 

ECs. These proliferating cells eventually form capillary tubes which cormect and
0  1 1 ’5ft ”̂ 0form a vascular network. ' ’ ’ ' Intussusceptive vascular growth is another 

mechanism of angiogenesis. It involves the insertion of an interstitial tissue column
28 31into the lumen of a pre-existing vessel, inducing partition o f the vessel lumen. ’

The molecular mechanism of intussusception is not fully understood though several
^ 1theories have been postulated. Sheer stress and an increase in blood flow are 

thought to play major roles.

The recruitment o f circulating endothelial cell precursor (CEP) angioblasts, into the 

vascular bed is a third mechanism of angiogenesis. The extent o f CEP incorporation 

into the tumour vasculature may depend on the tumour type. It is postulated that the 

CEPs may become a vital tool for delivery o f angiogenic inhibitors directly to the
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tumour vasculature. Many tumours develop in highly vascularised organs, e.g. 

brain, lung, and in these organs tumours can initiate blood vessel dependent growth 

as opposed to normal angiogenesis. These vessels initially regress and cause tumour 

cell loss. However, the tumour is then rescued by angiogenesis occurring at the
■ya

periphery o f the tumour. This process is known as co-option. ’ ’

Mosaic vessels, another method of tumour vascularisation, though discussed for a 

long time, were first coined by Chang et al. in 2000.^“* They refer to the presence of 

tumour cells within the walls o f tumour blood vessels. These cells can then be used 

by activated natural killer cells to penetrate inside the tumour. A further method o f 

tumour vascularisation was proposed by Maniotis et al?^ It is known as 

vasculogenic mimicry and refers to the presence o f non endothelial cells in the walls 

lining intratumoural vascular channels o f some tumours. The channels are lined by 

a thin basal lamina, composed o f very aggressive and dedifferentiated tumour
1 C

cells. ’ It has been suggested that this process is regulated by the tumour itself 

and can function independently o f tumour angiogenic m e c h a n i s m s . T h e  validity 

o f these findings was disputed by some investigators^^ when they were first 

published, due to lack o f information on the biological function o f the vessels. 

However, considerable volumes o f research have since been published which have 

verified the process.

1.4.2 Regulation o f Angiogenesis

In normal tissue anti-angiogenic factors predominate and the process o f 

angiogenesis is usually quiescent. The “switch” to an angiogenic phenotype 

occurs when this normal equilibrium is altered in favour o f proangiogenic 

f a c t o r s . T h i s  may be the resuh o f hypoxic stress, low pH, oncogene 

activation, growth factors or infiltration o f immune c e l l s . T h i s  shift may occur in 

a number o f ways including the over-expression o f proangiogenic factors, the 

recruitment o f host cells that produce their own angiogenic factors, the mobilisation 

o f angiogenic proteins from the extracellular matrix (ECM) or a combination of all 

three."’̂ *
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As previously described the process o f tumour vascularisation is a highly complex 

one, involving numerous stages and mechanisms. The extent of development o f the 

vascular network can be an indicator of tumour stage, tumour aggressiveness and 

patient prognosis in a variety of human tumours.

1.4.3 Factors involved in the regulation o f angiogenesis

Numerous endogenous substances have been discovered and continue to be 

discovered, which either promote or inhibit angiogenesis. Some o f the pro- 

angiogenic factors include vascular endothelial growth factor (VEGF), fibroblast 

growth factor (FGF), platelet-derived growth factor (PDGF), transforming growth 

factors alpha and beta (TGFa/|3), tumour necrosis factor alpha (TNFa) and 

interleukin 8 (IL-8).'’’'*̂  Some of the endogenous angiogenesis inhibitors include 

endostatin, angiostatin, interferon alpha, platelet factor 4, thrombospondin and tissue
11 7 ^inhibitor o f metalloproteinase (TIMP). Other factors such as acidic pH, hypoxia, 

glucose deprivation and oxidative and mechanical stresses can also act as 

proangiogenic stimuli.

1.4.3.1 Vascular endothelial growth factor (VEGF)

The VEGF family and its receptors play a central role in angiogenesis, both normal 

and p a t h o g e n i c . T h e y  mediate vascular permeability, endothelial cell 

proliferation, migration and survival.'*'^ The family consists of seven members; 

VEGF-A, VEGF-B, VEGF-C, VEGF-D (mammalian), VEGF-E (viral), VEGF-F 

(snake-venom derived) and placental growth factor (PIGF).'^^’'̂  ̂ Each member has 

different physical and biological properties. The VEGF family have specific 

binding affinities to VEGF receptors (VEGFR); VEGFR-1, VEGFR-2, VEGFR-3, 

all o f which are tyrosine kinase dependent receptors. Neuropilin (NRP)-l and NRP- 

2 also act as co-receptors for specific isoforms o f VEGF.

The various members o f the VEGF family have different binding affinities for each 

of the different receptors.*^ VEGFR-1 binds VEGF-A,*^ and can also bind VEGF- 

and PIGF.'*  ̂ This receptor is critical for physiological and developmental
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angiogenesis. Though its precise function is not yet fiilly understood, it has been 

shown to play both positive and negative roles in a n g i o g e n e s i s . E v i d e n c e  

suggests that its function differs with stages o f development, various stages o f 

physiological and pathological conditions and the cell type in which it is 

expressed.*^ VEGFR-2 binds VEGF-A, VEGF-C and VEGF-D. It is the primary 

receptor transmitting VEGF signals in ECs. It is crucial for bringing about

the effects o f VEGFs including vasodilation, micro vascular permeability, 

endothelial cell invasion, migration, proliferation and survival.

VEGF-Bi67
VEGF-B186

PIGF-1,2

VEGF-A121
VEGF-A145
V E G F -A i 65
V E G F -A i 89

V E G F -A 206 VEGF-E
VEGF-C
VEGF-D

VEGFRl VEGFR2
(Flk-l/KDR)

I

VEGFR3 NRP-2 
(Flt-4)

NRP-1

Vasculogenesis
Angiogenesis

Lympliangiogenesis

Fig. 1.3 Binding specificity o f  various vascular endothelial growth factor (VEGF) family

members and their receptors'^

VEGFR-3 selectively binds VEGF-C and VEGF-D. This receptor is expressed on 

all vasculature during development but in adults its expression is limited to 

lymphatic ECs. It has been shown to play a role in lymphangiogenesis usually 

during wound healing, but in neoplastic conditions this lymphangiogenesis can 

contribute to the development o f Ijonph node metastases.*^'*^’̂  ̂ The final two 

receptors involved with VEGF are the neuropilins, NRP-1 and NRP-2. They have
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been shown to be involved in angiogenesis, acting as co-receptors for

NRP-1 binds VEGF-A, VEGF-B and PIGF, while NRP-2 binds VEGF-A,

VEGF-C and PIGF. Studies have shown the predominant role o f NRP-2 is in
1 ^lymphatic development, while NRP-1 is found on ECs and enhances VEGF- 

VEGFR-2 interactions, and forms complexes with VEGFR-l."^^

1.4.3.2. Fibroblast growth factor (FGF)

The FGF family has at least 23 members identified to date.'*'*’̂ '̂̂  ̂ They have been 

described as one o f the most important stimulators o f angiogenesis.^^ The two most 

extensively studied members are acidic-FGF (FGF-1, aFGF) and basic FGF (FGF-2, 

bFGF).'*'^’̂ ’̂̂ '* FGFs bind to components o f the ECM as heparin sulphate 

proteoglycanes (HSPG). They can then be released during ECM breakdown or by 

heparin.'*'^’̂ * FGF-2 can act in both a paracrine and autocrine marmer. It is found at 

low levels in almost all organs, and is expressed at high levels in the brain and 

p i t u i t a r y . T h e r e  are four known forms o f FGF-2 and all induce proliferation, 

chemotaxis and urokinase type plasminogen activator activity, and VEGF and 

VEGF-R up-regulation in the FGFs act by binding via a family o f four

transmembrane receptor tyrosine kinases. Inhibition of bFGF results in inhibition of 

angiogenesis and to date several compounds have entered clinical trials e.g. 

interferon a  and P, tecogalan, suramin^^ and SU668.^^

1.4.3.3. Platelet-derived growth factor (PDGF)

Platelet derived growth factor (PDGF) has been shown to be one of the most 

important angiogenesis inducers after VEGF and FGF. Platelets, macrophages, EC, 

fibroblasts and keratinocytes all secrete PDGF as either homo- or heterodimers o f an 

A- and/or B- chain. It signals through two receptors a  and p. Along with 

transforming growth factor P (TGFP) and epidermal growth factor, this signalling 

induces cellular proliferation and migration. Some inhibitors o f PDGF are in 

clinical trials and one, Gleevec, (imatinib mesylate, a broad spectrum receptor 

tyrosine kinase (RTK) inhibitor) has already been FDA approved for use in certain 

malignancies.'^'^’̂ ^
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1.4.3.4 Endogenous angiogenesis inhibitors

Normal physiological angiogenesis is regulated by a balance between pro and anti- 

angiogenic factors. At least 15 endogenous angiogenesis inhibitors have been 

discovered so far.^* Angiostatin was one o f the first endogenous inhibitors to be 

discovered. It is a 38kDa internal fragment of plasminogen and was first identified 

while studies were being carried out on the inhibition of tumour metastases growth 

by the primary tumour. They discovered that angiostatin was produced by the 

primary tumour and released into the systemic circulation. It travelled to the site of 

metastases, where it inhibited angiogenesis and suppressed growth o f the 

metastases. This study demonstrated that if  the primary tumour was surgically 

removed, the metastases resumed growth, as the source o f angiostatin was 

r e m o v e d . A n g i o s t a t i n  underwent phase I clinical trial however, the results 

were quite disappointing.^

Endostatin is a 20 kDa carboxy-terminal fragment o f collagen XVIII that has been 

shown to inhibit endothelial cell proliferation, angiogenesis and tumour cell 

growth.^*^’̂ ’̂̂® It is generated in vivo by various proteases (e.g. MMPs, cathepsin L) 

that cleave peptide bonds within the protease-sensitive hinge region o f the carboxyl-
7flterminal domain. Recombinant endostatin has undergone several phase I clinical 

trials but the results have been very disappointing compared to the in vivo study 

results.^^ This may be due to inadequate doses or treatment schedule and may be 

related to a short serum half life. A study of Down Syndrome patients in the USA 

has shown that these individuals have less than 0.1 times the expected incidence of 

most solid cancers compared to the general population. This has been attributed to a 

serum endostatin level which is significantly higher than that of normal individuals 

(39±20 ng/ml, compared to 20±1 Ing/ml). The higher levels of endostatin have been 

attributed to the presence o f three copies o f collagen XVIII on chromosome 21. ’ 

This data has led to huge volumes of research on endostatin’s role as an angiogenic 

inhibitor and to its progress to clinical trial.

Other endogenous inhibitors include tumstatin, vasculostatin, vasostatin and the 

most recently described inhibitor vasohibin. It has been described as a gene induced 

in VEGF-stimulated endothelial cells. Its exact mechanism o f action is not yet
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known but it does display some features which indicate it may operate as a negative 

feedback regulator.^^’̂ '̂  All o f these endogenous inhibitors have been studied for 

their potential use as anti-angiogenic therapies and some have reached clinical trial.

1.4.4 Tumour vasculature targeting strategies

There are many difficulties associated with conventional chemotherapy. These 

include toxicity and side-effects due to inadequate target drug delivery, drug 

resistance and variation in response between patients with the same tumour type. 

These problems and the discovery that neovascularisation is essential for the growth 

and development o f most tumours and their metastases have led to the belief that 

antiangiogenic therapies may hold the key to successful chemotherapy.^^

There are two broad classes o f anti-tumour vasculature therapies, the goal of which 

is to induce rapid and catastrophic shutdown of the tumour vascular network so that 

blood flow is arrested and tumour cells die due to the resulting oxygen and nutrient 

deprivation and build-up of waste p r o d u c t s . T h e  first group, known as anti

angiogenic agents, interfere with the formation of new blood vessels and are 

cytostatic agents, while the second group target the existing immature 

neovasculature and cause acute cytotoxic-like effects. This second group are also
71 n c  *77 *70

known as vascular-targeting agents (VTAs). ’ ’ ’ The fijndamental principal 

behind anti tumour vascular therapies is the differences that exist between 

endothelial cells (EC) in normal tissue and in t u m o u r s . T u m o u r  endothelium is 

characterised by increased fenestration and leakiness, abnormal architecture with 

arterio-venous shunts and multiple loops. Tumour EC’s also express higher levels 

of cell surface specific molecules and have been shown to have differences in gene 

expression when compared to normal ECs."^^

Tumour vasculature targeting agents are thought to overcome many of the 

difficulties associated with other cytotoxic agents. They are much less toxic to 

normal cells because they directly target cells which are undergoing angiogenesis 

and while normal cells are usually quiescent, tumour ECs are actively 

proliferating."^^ It is also possible to directly target antiangiogenic agents to the ECs
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via systemic administration. The final theoretical benefit is the ability to avoid drug 

resistance. This is due to the nature o f the target molecule, a genetically stable EC 

on a tumour blood vessel as opposed to a genetically unstable cancer cell. However, 

there is some clinical evidence which suggests that some antiangiogenic therapies 

loose their effectiveness over time.^'

1.4,5 Current and future Antiangiogenic agents

As angiogenesis is such a highly complex process regulated by a vast array o f 

endogenous factors, it has a multitude o f possible targets for anti-angiogenic 

therapies. Several different classifications o f angiogenesis inhibitors have been 

published^’"  '*̂ ’̂ ’ but the classification of Madhusudan and Harris,^ based on 

mechanisms of action and current targets is used in the discussion below. The 

classifications are:

1. Drugs targeting matrix degrading enzymes

2. Angiogenic factor inhibitors

3. Agents targeting tumour vessels

4. Miscellaneous antiangiogenic agents

5. Conventional cytotoxic and cytostatic agents as antiangiogenics 

1.4.5.1 Drugs targeting matrix degrading enzymes

Matrix metalloproteinases (MMPs) are a family o f zinc-dependent proteinases that 

degrade the extracellular matrix (ECM) and so are essential for tumour growth, 

migration, angiogenesis, invasion and metastasis. Degradation o f the ECM also 

releases low molecular weight proteins and heparin-binding growth factors, e.g. 

bFGF and hepatocyte growth factors, from the stroma which are themselves 

involved in angiogenesis.^ Inhibitors o f MMPs thus have an effect on multiple 

angiogenic pathways.

Agents which fall into this category include antisense oligonucleotides which inhibit 

MM? synthesis, tyrosine kinase blockers, marismasat (collagen peptidomimetic).
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BAY 12-9566 & BMS 275291 (collagen non-peptidomimetics), COL 3 & 

doxycycline (tetracycline derivatives), neovastat and bisphosphonate. However 

phase III trials o f marismasat (British Biotech, Oxford, UK) and BAY 12-9566 

(Bayer Corporation, Pittsburgh, USA) have produced disappointing results.^ The
O A

most common toxicity seen with these drugs is the development o f polyarthritis. 

This is caused by the non-specific inhibitory action o f these compounds on all 

MMPs, some o f which (e.g. MMP-1)*' are involved in the side effects.

One final difficulty which may exist with these agents is the issue o f resistance. It

has been suggested that tumour blood vessels may be able to produce MMPs with a

lower affinity for the inhibitors and also that suppression o f these enzymes by MMP
80inhibitors may result in the production o f other matrix degrading enzymes. 

Despite the difficulties encountered, research is still ongoing in this area and new 

MMP inhibitors are being developed. The challenge is to produce inhibitors that 

act on specific MMPs (e.g. MMP-2, MMP-9) thus limiting the potential for 

resistance and lowering toxicity levels.

1.4.5.2 Angiogenic factor inhibitors

This group of antiangiogenic agents includes VEGF inhibitors, VEGF-receptor 

(VEGFR) inhibitors, FGF inhibitors, signal transduction inhibitors and cytokine 

inhibitors.^ It is the largest o f the classification groups and the focus of a huge body 

of research.

VEGF is one of the most important regulators o f angiogenesis^^ and as its receptors 

are expressed almost exclusively on tumour endothelial cells, it is a very attractive
77target for antiangiogenic therapy. In fact, most o f the antiangiogenic treatment

strategies currently in preclinical and clinical development are focusing on
1 ^inhibition of the VEGF pathway. These strategies include neutralizing antibodies 

to VEGF or VEGFRs, soluble VEGF/VEGFR hybrids and tyrosine kinase inhibitors 

to VEGFRS.*^ Some of these agents currently undergoing clinical trials include 

SU5416, SU6668 (Sugen, San Francisco, CA), Interferon alpha and 

PTK787/ZK22584 (Novartis, East Hanover, NJ).^’"  The only angiogenesis
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inhibitor currently approved by the FDA is Avastin (Bevacizumab, Genentech, San 

Francisco, CA) an anti-VEGF humanized antibody (approved Feb 2004).*'’̂ *’̂ *

It was thought that as the target for these agents is the genetically stable host

vasculature, they would avoid acquired drug resistance. However, some preliminary

data suggests tumours may undergo recurrent growth after initial suppression o f

growth by the antiangiogenic agent. This may be due to a consequential down

regulation o f  endogenous antiangiogenic factors or an increase in production o f  pro-

angiogenic factors by the tumour, leading to a remodelling and increased efficiency
1o f the tumour vasculature. Further research is necessary to fully understand the 

possibility o f  resistance and its mechanism.

1.4.5.3 Agents targeting tumour vessels

The drugs in this classification include inhibitors o f  endothelial cell proliferation, 

blockers o f integrins and other endothelial receptors and vascular targeting agents. 

Many agents in this category are at different stages o f  clinical trial at the moment. 

These include the endogenous inhibitors angiostatin and endostatin (both o f  which 

are internal fragments o f  larger endogenous proteins, plasminogen and collagen 

XVIII)^*, vitaxin (avp3 integrin blocker)^"*, and the vascular targeting agent 

Combretastatin-A4-phosphate.^ The endogenous agents (e.g. endostatin, 

angiostatin) are very promising agents because their toxicity levels are quite low. In 

fact endostatin has shown no toxicity in patients who self-injected the inhibitor for 

more than 2.5 years and whose metastatic disease has shown slow regression or 

remained stable.

Vascular targeting agents (VTAs) attack existing tum our vasculature and cause 

dramatic and extensive shutdown o f tum our blood supply, in contrast to 

antiangiogenic agents which only target the formation o f  new vessels. VTAs consist 

o f  two main types, small molecule VTAs and ligand-directed VTAs. Ligand 

directed VTAs use a targeting moiety e.g. peptides, growth factors or antibodies, 

which specifically bind and target a known component o f  tum our vasculature. They 

are linked to an effector moiety which causes occlusion o f  the blood vessels.
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Examples include fusion proteins and chemical conjugates o f VEGF and diphtheria 

toxin or gelonin, conjugates of neocarzinostatin and a monoclonal antibody (TBS-
7R23), liposomal therapy and gene therapy.

Small molecule VTAs use the pathophysiological differences between normal and 

tumour endothelium to cause occlusion of tumour blood vessels. The small 

molecule VTAs studied to date are all either cytokine inducers or microtubule 

destabilising agents. They include combretastatin A-4-phosphate (1.01) and its 

analogues 0xi4503 and AVE8062 (1.02), the phosphate pro-drug of N- 

acetylcolchinol ZD6126 (1.03) and the flavonoid DMXAA*^ (1.04). They are all 

currently undergoing clinical evaluation. Combretastatin A-4, a tubulin binding 

agent is the focus o f our research and will be discussed in further detail in section 

1.6 .

O -P -O H
I

OH
O — o —

A
HO

NH3CI

(1.01) CA-4-P (1.02) AVE8062

Me

O -P -O H

OH

(1.03) ZD6126

OH

(1.04) DM XAA

Fig. 1.4 Structures of Combretastatin A-4-phosphate, AVE8062, ZD6126 and DMXAA

1.4.5.4 Miscellaneous antiangiogenic agents

This group includes several agents which were initially developed for different 

purposes but which have been found to inhibit angiogenesis through various 

mechanisms. Thalidomide is a well known teratogen with anti-inflammatory 

activity which has been foimd to have antiangiogenic activity. The mechanism of
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this action is as yet unknown but it is thought to have multiple mechanisms. It is 

currently undergoing clinical trials in many various tumour types, with promising 

results.

Other agents include the ACE inhibitors: perindopril and captopril; copper chelators: 

penicillamine and tetrathiomolybdate; COX inhibitors: celecoxib and sulindac; and 

HIF-1 inhibitors and drugs targeting hypoxia: rapamycin and tirapazamine. All o f 

these agents have been shown to inhibit angiogenesis in animal models and many of 

them are currently in clinical trials.^

1.4.5.5 Conventional cytotoxic and cytostatic agents as antiangiogenics

Several standard chemotherapy agents have been shown to have antiangiogenic 

activity. It has been proposed that these effects are best seen with chronic, frequent 

subcytotoxic d o s i n g , t e r m e d  “metronomic dosing” by Hanahan et a l} ‘̂ Many 

agents are currently in clinical trials, either alone or in combination with other 

antiangiogenic agents, at metronomic dosing levels. These include alkylating 

agents: cyclophosphamide and mephalen; antimetabolites: methotrexate, 5- 

fluorouracil and cytarabine; topoisomerase inhibitors: irinotecan, topotecan and 

etoposide; tubule toxins: paclitaxel, docetaxel, vincristine and vinblastine; and 

hormone blockers: tamoxifen and raloxifene.

1.4.5.6 Combination therapy

Many of the clinical trials o f anti-angiogenic agents have shown relatively poor 

results when carried out using the anti-angiogenic agent alone. However, some 

studies have shown advantages to combining angiogenesis inhibitors with cytotoxic 

chemotherapy or radiotherapy. The combination produced synergistic or additive 

anti-tumour effects in preclinical tumour models. The additional benefit may be due 

to increased access of the cytotoxic drugs to the tumour mass or to enhanced oxygen 

pressure due to the enhanced permeability o f the endothelial cells caused by the 

angiogenesis inhibitor."^^
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Several clinical trials are taking place to compare the efficacy of standard 

chemotherapy versus the same chemotherapeutic agent in combination with an 

angiogenesis inhibitor and the preliminary results from some o f these trials are quite 

p r o m i s i n g , e . g  Fluorouracil/leucovorin and Bevacizumab 

Fluorouracil/leucovorin in metastatic colorectal cancer resulted in higher response 

rate, increased time to progression and increased median survival;*^ the combination 

o f paclitaxel and celecoxib in non-small cell lung carcinoma (NSCLC) resulted in
R7increased response rates, while a trial o f Fluorouracil/leucovorin/irinotecan vs 

Fluorouracil/leucovorin/irinotecan/Bevacizumab in colorectal cancer demonstrated 

an increase in survival, progression-free survival and response rate in the
o o

Bevacizumab treatment group.

1.5 Tubulin Inhibitors 

1.5.1 Tubulin and microtubules

Microtubules are the main component o f the spindle apparatus formed during the 

mitotic phase of the cell c y c l e . T h e y  are also involved in other fundamental 

cellular fimctions such as axonal transport, determination of cell shape and 

regulation o f m o t i l i t y . M i c r o t u b u l e s  are dynamic, hollow, tubular structures 

(-240 A diameter^^) comprised o f the 55 kD proteins a- and P- tubulin.*^’̂ '’̂  ̂ The 

a- and P- tubulin heterodimers align along their length to form protofilaments, 

which in turn associate in groups o f 13, along with microtubule associated proteins 

(MAPs) and GTP to form the microtubules.
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94Fig. 1.5 Structure of microtubule

Several MAPs have been identified including MAP-1, MAP-2, MAP-4 and Tau 

protein. They are high molecular weight proteins (200-300 KDa) except Tau protein 

which is smaller (20-30 Kda). The MAPs have two domains, one o f which binds to 

tubulin subunits and regulates the stability o f the microtubules. The other domain 

binds to other structures within the cell, thus anchoring the microtubules within the 

cell. GTP is also essential for tubulin polymerisation. It binds to free tubulin 

monomers as GTP and aids in the formation of dimers, followed by association of 

several dimers to form the microtubules. The GTP is then hydrolysed at the minus 

end o f the microtubule to guanosine diphosphate (GDP) causing depolymerisation 

o f the tubulin subunits.

Several studies have shown that microtubules must be in a continuous dynamic state 

of polymerisation and depolymerisation to operate effecively.^^’̂ ’̂̂ * They exist in an 

unstable equilibrium which is controlled by several factors, including MAPs. A 

continuous process o f incorporation o f free dimers into the polymerised microtubule 

and release o f microtubule dimers into the soluble tubulin pool occurs at all times. 

The end being elongated is termed the “plus” end and the end which is undergoing 

depolymerisation is termed the “minus” end. There are two main patterns o f tubulin 

dynamics; treadmilling -  where tubulin units are incorporated at the plus end and
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77removed at the minus end, thus causing no net change in microtubule length, and 

dynamic instability -  where there are periods o f  rapid growth and shortening o f  the 

microtubules followed by periods o f  relative stability.^^'*'^*

1.5.2 Tubulin binding agents

Agents which interfere with the process o f  tubulin polymerisation or 

depolymerisation, disrupt the microtubules, induce cell cycle arrest in the mitotic 

(M) phase, cause the formation o f  abnormal mitotic spindles and ultimately lead to 

apoptotic cell d e a t h . M i c r o t u b u l e  targeting is an area which is the focus o f 

intense research and tubulin inhibitors have become important agents in anticancer 

therapy.

Coldijctnc
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/  M ic fo tu b u k
■ end

P ro te in N o co d a /o le
K inases v in b la s tin e
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E p o th ilo n e ^
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C d l D eath

Fig. 1.6 Tubulin polymerisation and depolymerisation pathway and the drugs which act at

different stages of the process.

Three distinct binding sites on the tubulin molecule have been identified to date, and 

several compounds which bind to each site, and thus disrupt tubulin polymerisation 

and depolymerisation, have been discovered. The three binding sites are all located 

at distinct regions o f  the tubulin dimer. The vinca binding site has been identified at 

being located at the a/p tubulin interface.^^’*̂  ̂ The taxane site is embedded in the
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centre o f the P-tubulin,^^’*'̂  ̂ while the colchicine site is located between the a  and 

the P monomers within the dimer.^^’'*̂^

V

< - V i n c a

<-  T a x a n e

C'o lch ic ine

Fig. 1.7 The Vinca, Taxane and Colchicine Binding site locations on P-tubulin (blue) and a-

tubulin (red).’^

1.5.2.1 Vinca binding site

The main group o f molecules which interact at the vinca binding site are known as 

the vinca alkaloids. The vinca alkaloids (vincristine and vinblastine) were first 

identified from the periwinkle plant Catharantus roseus in the 1950’s and they have 

been used in the treatment o f haematological cancers, including lymphomas, for the 

last 40 years. Four alkaloids were initially isolated and two of these are still in 

clinical use, vincristine and vinblastine. Two synthetic analogues, vinorelbine and 

vindesine, have also been synthesised and are in clinical use.'**  ̂ They act by binding 

to the vinca binding site on depolymerised microtubules and prevent them from 

polymerising. At higher concentrations they can also destabilise polymerised
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microtubules and promote depolymerisation. This leads to mitotic arrest in the cell 

and ultimately cell death.^*’̂ ’®

OH

HO

R* R^

Vincristine (1.05) CHO OCOCH 3 OCOCH

Vinblastine (1.06) CH3 OCOCH 3 OCOCH;

Vindesine (1.07) CH3 CONH 2 OH

— N

H3COOC

■ ^COOCH
'^OOCHa

HsCO'

(1.08) Vinorelbine 

F ig . 1 .8  Structure o f  the V in ca  A lk a lo id s

As illustrated in Fig. 1.8 the structures of the two alkaloids and their synthetic 

analogues, vinorelbine and vindesine, are very similar, however they all have 

slightly different clinical uses. Vincristine (1.05) is used for the treatment o f non- 

Hodgkin’s lymphoma, Hodgkin’s disease and paediatric solid tumours. Vinblastine 

(1.06) is used to treat testicular cancer and non-Hodgkin’s lymphoma and also breast 

cancer. Vinorelbine (1.08) is currently licensed for NSCLC in the US, though it is 

also active against breast cancer, ovarian cancer and squamous cell carcinoma of the
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head and neck."® Vindesine (1.07) is mainly used to treat acute lymphocytic 

leukaemia, although it can also be used in the treatment o f breast cancer, NSCLC, 

chronic myeloid leukaemia and malignant melanomas.

1.5.2.2 Taxane binding site

The taxane binding site was named after the group o f molecules which were first 

discovered to bind to it, namely the taxanes. The taxane paclitaxel (1.09) was 

originally isolated from Taxus brevifolia (Pacific Yew) in 1967,"* however the 

commercially available product Taxol® (Paclitaxel) is derived semi-synthetically 

from an extract o f Taxus baccata. The more potent semi-synthetic analogue 

docetaxel (1.10) (Taxotere®) is semi-synthetically prepared from an extract isolated 

from yew needles.

The taxanes bind to the taxane binding site causing inhibition o f microtubule
Q O

depolymerisation. This causes mitotic arrest, which prevents normal cell division 

occurring and results in cell death. At higher concentrations the taxanes can induce 

stable microtubules to polymerise in the absence o f MAPs and GTP, thus leading to 

an increased microtubule mass in the cell, which leads to instability in the cell and 

ultimately in cell death.

Paclitaxel has been in clinical use for over 10 years, while docetaxel is a newer 

addition to the market (2002). They are both used in the treatment o f a wide variety 

o f tumours including ovarian, breast, lung, bladder and prostate cancers.^*’' Both 

are also used in lymphoma treatment.
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D ocetaxel (1.09): R ’ =  O C (C H 3 ) 3 , =  H

Paclitaxel (1.10); R ‘ =  Ph, R^ = C O C H 3

Fig. 1.9 Structure of the Taxanes

Though both the vinca alkaloids and the taxanes cause mitotic arrest, when their 

mode of action is examined at a molecular level they seem to cause opposing 

effects. This can be explained if we recall that microtubules need to be in a 

continuous dynamic state to function effectively. This occurs as either treadmilling 

or dynamic instability. Thus, while the vinca alkaloids prevent polymerisation of 

the microtubules, and the taxanes prevent depolymerisation, ultimately they both 

cause instability o f the microtubules which results in mitotic arrest of the cell.

Several other compounds which also bind to the taxane binding site are in clinical 

development. These include the epothilones, discodermolide, eleutherobin and 

launilamide. The epothilones A and B are natural products discovered from the 

myxobacterium Sorangium cellulosum. They bind to the taxane binding site but act 

in a different marmer to the t a x a n e s . E p o t h i l o n e  B and the synthetic 

epothilone D are the most promising agents in this family. They have shown good 

in-vitro activity against cancer lines which are resistant to taxanes but they are still 

undergoing clinical development. Discodermolide and eleutherobin are both 

isolated from marine plants. The toxicity of discodermolide and the lack of 

availability of eleutherobin has led to a halt in their clinical development.^^
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1.5.2.3 Colchicine binding site

The third known tubuUn binding site is the colchicine binding site. Agents such as 

colchicine (isolated from Colchicum autumnale) and podophyllotoxin (isolated from 

Podophyllum peltatum) bind to this site. Although colchicine is used for the 

treatment of gout and podophyllotoxin is used for treating venereal warts, neither are 

clinically used as chemotherapeutic agents. This is mainly due to their severe, toxic 

side effects and the discovery o f more potent, synthetic agents.

Some of the analogues o f podophyllotoxin which have been discovered include 

etoposide and teniposide, both o f which are in clinical use for the treatment o f small

cell lung cancer, leukaemia, lymphoma and testicular cancer."'* Despite being 

synthesised as analogues o f podophyllotoxin these compounds have a different 

mechanism of action and are in fact topoisomerase II inhibitors, causing DNA strand 

breakage and inhibition o f the cell cycle at late S or early G2 phase.'*'* Other 

analogues of podophyllotoxin which have similar tubulin polymerisation inhibitory 

action are also being developed, though none are in clinical use.

Colchicine’s ability to cause tumour haemorrhage has been recognized since the 

1930s and 1940s.**^’**̂  However, due to its severely toxic side effects it is not used 

clinically in the treatment of cancer. It is widely used in research both as a lead 

molecule for the development o f improved analogues and as a tool in biochemical 

studies of microtubule systems.*^’**"*

Me

(1.11) Podophyllotoxin (1.12) Colchicine

F ig. 1.10 Structures o f  Podophyllotoxin and C olchicine
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Combretastatin A-4 (CA-4) is a more recently discovered tubulin binding agent 

which also binds to the colchicine binding site. This compound also belongs to a 

class o f drugs known as tumour vascular targeting agents (VTAs). These drugs aim 

to cause rapid and selective shutdown of established tumour vasculature, which 

causes extensive tumour cell necrosis, while leaving normal tissue blood flow 

relatively intact."^

1.6 Combretastatin A-4

CA-4 (1.13) was first isolated from Combretum caffrum in 1988 by Pettit et <3/."* 

Approximately 17 compounds have been isolated from C. caffrum and they have 

been assigned as belonging to one o f four families, combretastatin A, B, C or D 

depending on their structure. Combretastatin A-1 (CA-1) (1.14) and A-4 have been 

found to be the most active, with CA-4 being the lead m o l e c u l e . T h e y  are both 

structurally related to colchicine as can be seen in Fig. 1.11.

.OH

OH

O —

OH

O —

(1.13) Combretastatin A-4 (1 • 14) Combretastatin A -1

Fig. 1.11 Structures o f  Com bretastatin A-4 and A-1

One of the main problems associated with CA-4 is its poor aqueous solubility, 

however this issue was resolved by Pettit et a l, following the preparation of its
1 ‘70phosphate derivative, disodium combretastatin A-4-3-0-phosphate (CA-4-P). In 

vivo this compound acts as a pro-drug and is cleaved by phosphatases to give the 

active CA-4.**^

Studies have shown that unlike other tubulin binding agents e.g. colchicine and 

podophyllotoxin, CA-4-P produces tumour vasculature shutdown at doses less than
191one tenth o f its maximvmi tolerated dose (MTD). This may indicate a different 

mode o f interaction with tubulin for CA-4 and studies have shown that unlike
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colchicine it reversibly binds to tubulin. The low dose necessary for activity also 

implies a very wide therapeutic window for this compound and the lower dose 

means less potential for toxic side effects. Several studies in mice showed than 

single doses o f CA-4-P do not notably affect primary tumour growth;’^̂ ’’ "̂̂ however, 

repeated doses can have significant effects on tumour growth. ’ Studies have 

shovm that after a single dose a viable rim of tumour cells is left despite significant 

damage to the tumour infi-astructure, thus allowing possible tumour regrowth. 

This suggests CA-4, and other VTAs will work best as part o f combination therapy 

with other chemotherapeutic agents.

Three phase 1 clinical trials o f CA-4 were started in 1998, one in the UK and two in 

the USA. They investigated three separate dosing regimens based on preclinical 

toxicity studies in animals. The trials showed the usual chemotherapy side effects 

o f alopecia and bone marrow toxicity were very mild or absent with CA-4. The 

main side effects seen were cardiovascular in nature and include tachycardia, 

bradycardia and hypertension. Pain in the region o f the tumour location was also 

very common. A small number o f patients also reported some neurological 

symptoms including neuropathy, ataxia, headache and abdominal pain, all o f which 

are associated with reduced attributable morbidity.

CA-4-P is currently undergoing a number o f phase 1 and phase II trials in the UK 

and USA in combination with various conventional chemotherapeutic agents in 

various solid tumours, e.g. thyroid, ovarian, NSCLC, prostate, gastrointestinal
1 -̂ Q

colorectal and cervical cancers. The parent company Oxigene® has also recently 

obtained FDA approval for a Special Protocol Assessment for a phase II/III trial of 

CA-4-P (Zybrestat®) in anaplastic thyroid cancer in combination with paclitaxel 

and carboplatin.*^°

1.6.1 Modified combretastatins

Numerous compounds which can be classified as modified combretastatins have 

been synthesised. The modified combretastatins usually consist of the basic CA-4 

structure with various modifications either to the A-ring, B-ring or the ethylene
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bridge. Studies on the structure-activity relationship of CA-4 and these modified 

compounds have found several features in the structure which are essential for 

activity. These include:

• the non-planar arrangement of the A and B ring,’^̂

• a cis configuration o f the ethylene bridge,

• a bridge o f preferentially one or two carbon atoms in length, though a few 

exceptions do exist,

• a tri-methoxy A-ring, as is present in the natural tubulin inhibitors 

colchicine, podophyllotoxin etc,

• and a B-ring containing small electron donating (e.g. amino) or withdrawing 

groups (e.g fluorine) at the meta position ’ and preferably a methoxy 

group at the para position.*^^’’ '̂*’*̂ ^

OH

o —

(1.13) Combretastatin A-4

1.6.1.1 A-ring modifications

The A-ring modifications include deletion o f the meta or para methoxy group or 

replacement of the one or more of the methoxy groups with bulkier groups e.g 

ethoxy, benzyl. These modifications resulted in a decrease in both cytotoxic activity 

and inhibition of tubulin p o l y m e r i s a t i o n . R o t a t i o n  o f the trimethoxy 

substituents to 2,3,4- positions also led to a huge decrease in both tubulin 

polymerisation inhibition and cytotoxicity.*^^’̂ '̂*’*̂  ̂ The naturally occurring 

conformationally restricted combretastatin A-2 (1.15), with a 3,4-methylenedioxy 

A-ring, is only 2-fold less active in the tubulin polymerisation inhibition assay but 

does cause a larger decrease (14 fold) in cytotoxic activity."^’*̂ ^
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Combretastatin A-2 (1.15)

• 137Substituents on the A-ring larger than methoxy groups have led to inactivity 

however a trimethylphenyl A ring (1.16) has similar tubulin polymerisation 

inhibition activity to CA-4 but decreased cytotoxicity. Pettit et al. recently 

synthesised a series o f compounds where substitution o f the meta methoxy with a 

fluoro (1.17), bromo (1.18) and chloro (1.19) yielded compounds with comparable 

activity to CA-4-P.*^^’'^^’'^* These results seem to contradict the belief that the 

trimethoxy substituent is essential for activity; however smaller, less bulky 

fimctional groups are necessary for optimal binding at the binding site to occur.

OH OH

O —

X = F (1 .17)  
X= Br(1.18) 
X= Cl (1.19)

(1.16)

Fig. 1.12 Structure o f  the tri-methylphenyl and 3-halogen A-ring derivatives o f  C A-4

1.6.1.2 B-ring modifications

Originally the B-ring was the main focus o f modification as it was believed to be the 

only structural moiety amenable to change which resulted in potent molecules. The 

modified B-rings include the substituents 4’-OCH3, S’-OCHs, 2 ’-OCH3, 4 ’-0H , 4 ’- 

OAc, 4’-0C2H5, All o f these modified B-rings led to a reduction in

both inhibition of tubulin polymerisation and in cytotoxicity except the 4 ’-OCH3 

analogue. This compound had similar activity to CA-4 and established that while 

the 4 ’-methoxy is crucial for activity the 3’-OH is not e s s e n t i a l . T h i s  

observation led to substitution o f the hydroxyl functionality with fluoro (1.20),*^^ 

bromo nitro,*'**̂ ’̂ '*̂ azido*”*' and a m i n o (1*21) groups. All o f these
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substituents led to compounds which retained substantial biological activity except 

the bromo derivative which retained similar antitubulin activity to CA-4 but resulted 

in a 10-fold loss in cytotoxicity. The amino derivative (1.21) (AC7700) was slightly 

more potent than CA-4 and is currently undergoing clinical trial, along with its 

water soluble pro-drug (1.02) (AVE8062).

The trend observed in these studies supports the hypothesis that the smaller the 

substituent at the meta position on the B-ring, the more active the resulting 

compound. However this contrasts with a study by Maya et al. where a naphthalene 

ring was used as the B-ring and the resulting compound retained both cytotoxic and 

antitubulin activity, though the lead compound (1.22) was less potent than CA- 

4 136,143 Substitution at the ortho position has also been attempted, based on the 

presence of a hydroxyl-substituent at this position on the naturally occurring 

compound, CA-1 (1.14). Its diphosphate pro-drug is currently undergoing clinical 

trial as 0xi4503. Insertion of an amino group at this position has also led to active 

analogues with antitubulin and cytotoxic activity at levels similar to CA-4.’'*'̂  

Further modifications on the B-ring involved the insertion o f a nitrogen atom in 

place o f one o f the carbon atoms o f the phenyl ring. A series of active compounds 

were synthesised with the nitrogen in various positions on the ring. The most active 

analogues were pyridine (1.23) and pyridone (1.24) derivatives, both displaying 

identical antitubulin activity to CA-4 and strong cytotoxic activity.

O o— o o 0 — 0
\ / \ /

(1.20) (1.21)

Fig. 1.13 Structure of the 3’-fluoro and 4’-amino derivatives of CA-4

O O—
\\ / \

(1.22) (1.23) (1.24)

Fig. 1.14 Structure of naphthyl, pyridine and pyridone derivatives of CA-4
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1.6.1.3 Double bond modifications

The cis double bond of CA-4 can easily isomerise to the inactive but thermally 

stable trans isomer, under the influence o f heat, light or protic media. Several 

analogues have been designed and synthesised which restrict the conformation o f 

the double bond. They fall into two categories; 1) modification of the double bond 

or 2) replacement o f the olefmic bridge with a ring. Initial modifications to the 

double bond involved hydrogenation o f the double bond but this resulted in less 

active compounds. However the fact that some activity was retained led to an 

investigation of the optimal bridge length. Substitution o f the bridge with 

methylene, ethylene, propylene and butylene moieties identified the two carbon 

length as being the most active, with one and four carbon bridges being particularly 

inactive. The olefinic bridge was still significantly more active than any o f these
1 -y-y

derivatives.

However several molecules were developed with similar or improved activity to 

CA-4 including replacing the ethylene bridge with a carbonyl group (Phenstatin) 

(1.25) or a sulfonate group'"^^ (1.26). Phenstatin and its derivatives have shown 

some promising activity and are discussed in more detail in the next section (section 

1.6.1.4). The chalcone derivatives contain both a carbonyl group and a double bond 

in the linker unit and several potent analogues have been synthesised with various 

groups attached to the double bond. Most recently Kerr et al. synthesised triaryl 

chalcone analogues e.g. (1.27) which are potent inhibitors o f tubulin polymerisation 

but whose cytotoxic activity is weak. Vinylogous derivatives have also been 

synthesised by Kaffy et al. which contain a butadiene moiety linking the two aryl 

rings. The analogue with no substituents on the phenyl B-ring (1.28) has shown 

more potent inhibition o f tubulin polymerisation than CA-4, but cytotoxic activity is
1 •5'5

decreased. These compounds’ activities oppose the hypothesis that the ethylene 

bridge is optimal for activity and though they don’t give a clear structural 

relationship, they do indicate a degree o f flexibility in the composition o f the bridge 

for optimal biological activity.
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Fig. 1.15 Structure o f  phenstatin, and sulfonate, chalcone and vinylogous derivatives o f

The second type of modification to the double bond involves replacing the olefinic 

bridge with a ring. The original modifications involved the insertion o f various five 

membered rings. These included tetrazole (1.29), imidazole, pyrazole, oxazole 

(1.30), triazole, furazan (1.31) or arylcoumarin (1.32) rings. Most of these 

analogues retained both cytotoxic and antitubulin activities. Various three, four and 

six membered rings were also inserted in place o f the double bond, however most of
199these compounds resulted in reduced cytotoxic and antitubulin activity. The five 

membered rings provide a cis locked system which has many advantages; including 

prevention of isomerisation from cis combretastatin to trans combretastatin, 

increased specificity as the trans isomer may target other sites and they also allow 

the possibility of introducing heterocyclic systems which may increase the
1 99therapeutic potential of these compounds.

CA-4

N

O O—
\ \

(1.30) Oxazole analogue(1.29) Tetrazole analogue

31



o —

(1.31) Furazan analogue

OH

/

(1.32) Arylcoumarin analogue

Fig. 1.16 Structures of tetrazole, oxazole, furazan and arylcoumarin analogues of CA-4

1.6.1.4 Phenstatin and its analogues
• 14RPhenstatin was originally discovered serendipitously by Pettit et al. while 

attempting to synthesise conformationally restricted analogues o f CA-4. Attempts 

to oxidise the olefin bridge o f CA-4 to an epoxide or cyclopropyl- type derivative 

involved the use o f several oxidising agents. One, the Jacobsen chiral Mn (salen) 

complex, resulted in the synthesis of a benzophenone compovmd which became 

known as Phenstatin. This compound showed potent cancer cell line growth 

inhibition and SAR studies were performed. The disodium phosphate pro-drug was 

synthesised and both the parent phenstatin and the pro-drug were found to have 

comparable activity to CA-4 in inhibiting tumour cell growth when evaluated in the 

NCI (National Cancer Institute, USA) 60 cell line human tumour screen. They were 

also assayed for inhibition of tubulin polymerisation. Phenstatin (IC50 = 1.0|o,M) 

was equivalent to CA-4 (IC50 = 1.2)a,M) in its activity, while the sodium phosphate 

salt showed weak activity (IC50 = 21|j.M) in inhibiting tubulin polymerisation, unlike 

its CA-4-P counterpart.*'^*

SAR studies indicate the necessity for both the sp hybridization of the ketone, 

which preserves the relative cis relationship of the two aryl rings, and the 3- 

hydroxy-4-methoxy substituents on the B-ring for inhibition o f cancer cell 

growth.''**

Hydroxyphenstatin (1.33), possessing an extra hydroxyl group at 2 ’ position as 

found in CA-1, was synthesised by Pettit et al. The disodium phosphate pro-drug 

was also synthesised and both were analysed for inhibition o f cancer cell growth in
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the NCI 60 cell line panel, and for inhibition o f  tubulin polymerisation. Again, both 

gave a cytotoxicity profile that was indistinguishable from each other and from that 

o f CA-4 in the NCI 60-cell line screen. Hydroxyphenstatin appeared to be slightly 

more potent at inhibiting tubulin polymerisation (IC50 = 0.82|o.M) than either CA-1 

(IC50 = l.l^ M ) or CA-4 (IC50 = l.OpiM). '̂*̂

O OH

(1.33)

NH

R' = OCH3 , = H (1.34)

R' = H, R̂  = OCH3  (1.35)) 2 ^

R' =0CH3(1.36)  

R* = OC2 H5  (1.37)

Fig. 1.17 Structure o f  Hydroxyphenstatin and lead compounds in the 2-amino and 3-

aminobenzophenone series

Pettit et al. examined the effect o f  various substituents at the 3, 4 and 5 positions on 

the B-ring o f  phenstatin. They looked at the effect o f  altering the position o f the 

methoxy group and also at the effect o f  substituting the methoxy with a methyl, 

fluoro or chloro group. All o f  these compounds had lower activity than the parent 

phenstatin, in both tubulin binding and cytotoxic a s s a y s . L i o u  et al. introduced 

an amino group to the B- ring o f  Phenstatin. They synthesised two series o f 

analogues with the amino group at C-2 and C-3 positions respectively. Each series 

included two compounds which had greater cytotoxic activity then phenstatin, and 

also retained significant inhibition o f  tubulin polymerisation. (Fig. 1.17)

Recently, following from the success o f  the naphthylcombretastatins, Alvarez et al. 

published a paper on naphthylphenstatins. The replacement o f the 3-hydroxy-4- 

methoxj^henyl ring with a 2-naphthyl ring resulted in a compound which had more 

potent tubulin polymerisation inhibition than CA-4 and naphthylcombretastatin, and 

was equipotent to phenstatin. However its cytotoxic activity was slightly less toxic 

than CA-4 and naphthylcombretastatin. This further supports the trend seen with the
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phenstatins; being more potent inhibitors of tubuUn polymerisation but displaying 

lower cytotoxic activity than the combretastatin counterparts.

Romagnoli et al. have published several papers'^^'^^^ recently describing thiophene 

and phenylthiophene derivatives of the aminobenzophenones. Their hypothesis is 

based on the bioisosteric equivalence between benzene and thiophene. They 

replaced the 2-aminobenzene moiety with various aminothiophene and 

aminobenzothiophene groups. They synthesised several compounds with more 

potent tubulin polymerisation inhibitory activity and cytotoxic activity than CA-4. 

The general structures for the most potent compounds are shown in Fig. 1.18.

— Q — O

NH

R= H, halogen, CH 
CF,, OCH,

— O

NH
R

R = H, CHj, OCH3

Fig. 1.18 General structure for the thiophene derivatives of phenstatin

1.6.1.5 Novel conformationally restricted analogues o f CA-4

Previous doctoral research by Shah*^  ̂ involved the synthesis of several 

conformationally restricted analogues of CA-4. The compounds developed include 

a third aliphatic B- ring which connected the aryl A- and C- rings. The molecules 

developed contained structural similarities to both CA-4 (A- and C- rings) and to 

colchicine (A- and B- rings). The lead molecule (1.38) had greater tubulin binding 

activity than CA-4. It contains a 2,3,4-trimethoxy A ring, a seven membered B-ring 

and a C-ring with a para methoxy group and a meta hydroxyl. The double bond in 

the B-ring was essential for activity and the series contained substituted hydroxyl, 

ketone or dithianyl groups meta to the double bond.
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Me

OH

(1.13) Combretastatin A-4(1.38) (1.12) Colchicine

Fig. 1.19 Structures of lead molecule from Shah'^^, Colchicine and Combretastatin A-4

The design o f these compounds also looked at the possibility o f creating dual 

inhibitory molecules. Based on the recent published data on the functional role o f 

aminopeptidase N (discussed below) and the inhibitory effects o f tubulin binding 

agents in angiogenesis, a clearly novel and innovative approach was to design 

molecules that have the potential to prevent vascularisation by inhibition o f both 

endothelial cell proliferation and morphogenesis. Peptidal inhibitors o f 

aminopeptidase N (APN) were linked to the novel tubulin polymerisation inhibitors 

and thus, compounds which could act at two distinct sites on tumour vasculature 

were created. This approach allowed the possibility o f  converting our small 

molecule VTAs into a type o f  ligand directing VTA. This concept is explored in 

detail in chapter 4, while APN is discussed in greater detail in section 1.7.

1.7 Aminopeptidase N (APN) and Tumour angiogenesis 

1.7.1 Aminopeptidase N

Aminopeptidases are enzymes that cleave amino acids from the N-termini o f 

peptides and p r o t e i n s . T h e y  are widely distributed throughout the animal and 

plant kingdom and play a role in numerous processes including angiogenesis, 

neuropeptide and hormone processing, antigen presentation, pregnancy and 

reproduction, inflammation, memory, protein turnover, tumour growth, cancer and 

metastasis, blood pressure and hypertension.'^® Though there is a large family o f 

aminopeptidases, our research involves just one member, aminopeptidase N (APN) 

and the remainder o f this review will thus focus on APN.
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Aminopeptidase N (APN) is a membrane bound Zn^^ dependent ectoenzyme.*^^’’̂ *' 

It has been found to be identical to the cluster differentiation antigen CD13,’ *̂ 

and is also known as aminopeptidase M (APM)*®"* and human alanyl 

aminopeptidase.'^^ APN is composed o f 967 amino acids consisting o f a large 

cellular ectodomain which contains the active site, a single transmembrane part and 

a short N-terminal cytoplasmic d o m a i n . A P N  is mainly membrane bound but 

soluble APN has also been detected in urine and plasma/serum.*^^ The membrane 

bound APN has a relative molecular mass o f 160 kDa and consists o f a dimer o f two 

non covalently bound sub units.

13.S

92*

• a  M 8 0 9 2
HELAH

Fig. 1.20 Structure of Aminopeptidase N'®’

1.7.2 Functions o f APN

APN is found ubiquitously in the body, and has roles in several physiological 

processes. In the haematopoietic system, APN/CD13 is largely expressed in the 

myelo monocytic l i n e a g e a n d  it has been used as a standard marker in the 

diagnosis o f leukaemia for several years. It has also been found on the surface of 

malignant B-cells and to have a role in the activation o f T-cells.*^°

At the intestinal brush border it constitutes 6-8% of proteins present and it plays a
1 fnvital role in end degradation o f small peptides and scavenging of amino acids.
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Braun et al. showed CD 13 to be up-regulated on eosinophils in acute asthmatic 

inflammation and suggest it may have a role in the resolution of asthmatic 

inflammation of the airways by inactivating pro-inflammatory cytokines and 

attracting regulatory T-cells.’^̂ ’̂ ^̂  In the brain, it has been suggested that APN may 

contribute to the extracellular metabolism of enkephalin and other susceptible 

neuropeptides’^̂  and in vitro it has also been shown to be involved in enkephalin
1 7 ^degradation in guinea pig ileum.

APN has been found to act as a receptor for the human coronavirus, that causes 

upper respiratory tract infections, and the transmissible gastroenteritis virus (TGV) 

that causes severe gastroenteritis in p i g l e t s . S t u d i e s  by Stryne-Hansen et al. 

have implicated a role for APN in antigen p r o c e s s i n g . A P N  is also over

expressed in neutrophils or T-lymphocytes in several inflammatory diseases
177  178  170including rheumatoid arthritis, chronic pain, multiple sclerosis, collagen 

vascular diseases,'**^ systemic lupus erythematosus and pulmonary sarcoidosis. 

However, the role which we are most interested in is its role in tumour invasion, 

ECM degradation and m e t a s t a s i s . I t  is involved in several stages of tumour 

invasion including angiogenesis and this is discussed in more detail in the next 

section.

1.7.2.1 APN and angiogenesis

Pasqualini et al. showed APN to be functionally important in angiogenesis and to 

have the potential to act as a new marker for angiogenic vasculature. Their studies 

showed APN to be specifically expressed in endothelial and subendothelial cells
1 K Sduring angiogenesis but not in normal vasculature. The precise role o f APN in

angiogenesis has not yet been fully elucidated but it has been shown to be involved

in multiple stages of angiogenesis. Studies by Fukasawa et al. have shown that

APN is expressed in vascular endothelial cells including human umbilical vein

endothelial cells (HUVEC) and human aortic endothelial cells (HAEC), but not 
1most normal cells. They also found that the inhibition of APN by small 

interfering RNA (siRNA) in HUVEC led to the inhibition o f the formation of tube

like structures, the inhibition o f motility o f HUVEC and the inhibition of adhesion
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1 8 Aof HUVEC to Matrigel. Hashida et al. used an APN-specific mAh to demonstrate 

the inhibition o f HUVEC migration and tube formation, indicating an involvement 

in EC migration, cell motility and angiogenesis.**^ Studies by Bhagwat et al. 

showed APN expression to be induced by hypoxia, angiogenic growth factors 

(bFGF, VEGF, TNFa and IGF-1) and signals which regulate capillary tube 

formation. They also showed that though APN is essential for capillary tube 

formation it does not play a role in proliferation.

APN is thus involved in several stages o f angiogenesis and metastasisation 

including EC migration, cell motility and capillary tube formation. Its cell surface 

expression is controlled by two distinct promoters, the proximal promoter which is 

found in kidney, intestine and liver epithelial cells and the distal promoter which is
ion 1 QQ

found on myeloid cells and fibroblasts. ’ Bhagwat et al. showed that the 

proximal promoter acts in response to several angiogenic stimuli, including hypoxia, 

certain angiogenic growth factors, signals regulating capillary tube formation and 

xenograft tumour growth.*** Zinc has been shown to regulate APN and thus 

controls the invasion and adhesion of tumour cells. Yang et al. have recently 

demonstrated the pro-angiogenic protein galectin-3 mediates its angiogenic effect in 

endothelial cells through interactions with APN.'^^ This is the first step along the 

road to understanding APN’s role in angiogenesis. However, despite the large body 

of research which surrounds APN, many unanswered questions still remain 

regarding its control, its mechanism of action and its full role in angiogenesis.

Recently Rangel et al. have used APN null mice to demonstrate that APN plays an

essential role in pathological angiogenesis but has no effect on vasculogenesis
10 ”̂during foetal and embryonic development or on normal adult function. This is the 

first piece o f evidence which distinguishes the role o f APN in pathological 

angiogenesis from normal angiogenesis and thus confirms the potential o f APN 

inhibitors for treating angiogenic diseases.
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1.7.2.2 APN  and cancer
1 o*y

Hashida et al. examined APN expression in human colon cancer and found that 

the overall survival rate in both three and five year studies was significantly lower in 

patients with positive APN expression tumours than those with negative APN 

expression. This relationship was even more significant in patients with node 

positive colon c a n c e r s . T h e  same group also showed tumour APN expression to 

be associated with poor prognosis in patients with pancreatic c a r c i n o m a . T h e y  

have examined the possibility of using APN expression as an independent

prognostic factor for both colon and pancreatic cancers.

Elevated serum APN levels in NSCLC are associated with advanced stage, low 

response to chemotherapy and poor performance status. APN positive tumours in 

NSCLC are usually associated with poor prognosis for p a t i e n t s . C o n t r a d i c t i n g  

reports about the association between myeloid antigen (MyA) (CD 13 and CD33) 

expression and prognosis in acute lymphoblastic leukaemia (ALL) have been 

p u b l i s h e d . E a r l i e r  reports indicate a correlation between MyA expression and a 

poor prognosis for p a t i e n t s w h i l e  other reports based on high dose

chemotherapy reported no significant difference between MyA expression and 

prognosis o f ALL patients.^°''^°^ A recent report by Vitale et al. again found no

correlation between CD 13 expression and remission rate and overall survival in

patients in the GIMEMA ALL t r i a l . T h i s  is possibly due to the relatively 

intensive treatment associated with this clinical trial.

Preliminary in vitro results from Kehlen et al. have shovm APN expression to be a 

possible marker for undifferentiated anaplastic thyroid carcinomas.^®'* Studies have 

also indicated the potential of APN as a histological marker for prostate cancer. 

APN has also been detected in tissue from ovarian cancer. In vitro results from 

ovarian carcinoma (OVCA) cell lines indicated a positive correlation between APN 

expression and proliferation and migration o f cells. Studies in mice inoculated with 

OVCA cells and subsequently treated with Bestatin (APN inhibitor) resulted in 

longer survival time for the mice. This group suggest the clinical use o f Bestatin
'yOf.

may result in better clinical prognosis for ovarian cancer patients.
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1.7.3 APN inhibitors

APN inhibitors can be classified as either naturally occurring or synthetic, peptide or 

non-peptide based inhibitors. The naturally occurring inhibitors are usually from 

one of two sources, either bacterial or plant, and one, psammaplin A, is marine 

sponge derived. The natural peptides bradykinin and substance P are both inhibitors 

o f APN in micromolar c o n c e n t r a t i o n s . E l e v a t e d  levels o f some amino acids 

e.g. leucine, proline, L-alanine, L- glutamine, L-methionine and some divalent 

cations e.g. Zn̂ "̂ , Cô "̂ , Mn "̂ ,̂ Nî "̂ , Câ "̂  are also capable o f inhibiting APN 

activity.‘̂ ’̂̂ °«

Many of the naturally occurring APN inhibitors were originally isolated from 

various bacterial species. These include bestatin (Ubenimex®) (1.40) (isolated from 

Streptomyces olivoreticuli [MD976-C7]), Phebestin (1.41) (from Streptomyces spp), 

Probestin (1.42) (from Streptomyces azureus [MH663-2F6]), and AHPA-val (1.43) 

(isolated from a broth o f streptomyces neyagawaensis [SL-387]).'^^’̂ *̂  ̂ The 

structure of all these inhibitors includes the unusual amino acid AHPA ((2S,3R)- 3- 

amino-2-hydroxy-4-phenylbutanoic acid) (1.39) attached to one or more amino 

acids.

HOOC N

(1.40) Bestatin(1.39) AHPA

HOOC. / N

(1.41) Phebestin
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OH

(1.43) AHPA-Val(1.42) Probestin

Fig. 1.21 Structures of AHPA, Bestatin, Phebestin, Probestin and AHPA-Val

The structure activity relationship for the peptidal APN inhibitors has been studied 

quite extensively. Bestatin (1.40) has three reactive functional groups, N H i, OH and 

COOH. Studies have shown the free amino group to be vital for activity and that the 

carboxyl group is also central to activity. The AHPA residue on its own shows only 

weak APN inhibition, showing the leucine residue is required for activity. The eight 

stereoisomers o f bestatin were analysed for activity against aminopeptidase B (APB) 

and APN and the S configuration at C2 was shown to be absolutely essential for 

APN inhibition. However, while the R configuration at position 3 does influence 

activity, it isn’t absolutely necessary. The activities against APB and APN didn’t

correlate totally, indicating a potential difference at the active sites o f  these
210enzymes.

This research group also examined the effect o f  replacing the leucine residue o f 

Bestatin with several other amino acids, a peptide and an amide. The results 

indicate the strongest activity was seen when leucine was replaced with amino acids 

where the amino group was alpha (a) to the carboxyl group, e.g. L-Ile, L-Ala, L-Nle. 

The beta (P) and gamma (y) amino acids showed weaker activity indicating the 

proxim ity o f the amino and carboxyl group to each other is important for activity. 

Compounds containing leucylglycine and a decarboxylated bestatin compound with 

isoamylamine in place o f  leucine showed poor activity indicating, the necessity for
910the fi-ee carboxyl group for enzyme inhibition. The substitution o f  the benzyl 

group with various substituents was also examined. Various derivatives were 

synthesised including j9-nitro, p-am ino, o- and j??-chloro, and p-methyl. The p -  

methylbestatin prepared was the most active compound, more potent than the parent 

bestatin.̂ *̂̂
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1.7.3.1 Be statin

Bestatin (Ubenimex®) was first discovered in Japan by Umezawa et al. in 1975 and
9  1 1was used there clinically as an immunopotentiator in cancer treatment. It has 

been the focus o f several preclinical and clinical studies. They have revealed that 

bestatin treatment induces the expression of interleukin-8 (IL-8) mRNA, an anti

tumour factor, in endothelial cells and may also increase the sensitivity of tumour 

cells to apoptosis. Mishima et al. have also shown that continuous 72 hour 

treatment with bestatin causes a change in the expression o f several genes involved 

in angiogenesis including VEGF, and this can lead to a decrease in the sensitivity of 

ECs to angiogenic stimuli.^’^

A phase III clinical trial on bestatin used as an adjuvant therapy postoperatively in 

patients with stage I squamous cell lung carcinoma showed definite improvements 

in survival rates for patients treated with bestatin rather than placebo.^'"* Despite this 

positive result, its full mechanism of action is not fully understood and much 

research has yet to be carried out to fully elucidate its mode of action. A study by
1 c

Ichimura et al. has begun to investigate this and they have found the presence of 

APN in the stromal cells (e.g. fibroblasts, endothelial cells) which surround the 

tumour in limg squamous cell carcinoma.

Clinical studies have also shown bestatin to prolong the survival time of patients 

with acute adult nonlymphocytic leukaemia (ANLL). Statistically significant 

prolongation of survival time^*^ and prolongation o f remission duration^'^ compared 

to the control group was shown in a cooperative randomized control study of 

immunotherapy with bestatin in combination with chemotherapy in adults with
216 217ANLL. ’ Bestatin is currently licensed in Japan for this indication under the 

tradename Ubenimex®. Bestatin has also been found to have an 

immunomodulatory effect in patients with lymphoma after autologous bone marrow
9  1 Q

transplant. Bestatin has inherently low toxicity which makes it a highly attractive 

treatment option. Safety data has been analysed fi-om 2164 patients and adverse 

reactions were rare and mild. The most commonly seen side effects were hepatic 

(1.8%), skin reactions (1.3%) and gastrointestinal (0.9%).^’'*
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1.7.3.2 Other A P N  inhibitors

Other naturally occurring APN inhibitors were isolated from vegetal origins. These

include Curcumin (1.44), isolated from the rhizomes o f asian perennial herbs o f the
1Zingiberaceae family. It has undergone several preclinical and early stage clinical 

trials which show it is pharmacologically safe and effective as a chemopreventative 

agent.^*^ It is currently undergoing phase II clinical trials in the USA as a potential 

preventative agent for colon cancer in smokers. Recently Shim et al. showed 

curcumin to bind to and irreversibly inhibit APN. This is the first study which 

postulates a potential mechanism for curcumins activity.

H3CO

(1.44) Curcumin 

Fig. 1.22 Curcumin

Schalk et al. have shown derivatives o f  3-amino-2-tetralone to be potent and 

selective inhibitors o f APN.^^^ Their most potent analogues are shown in Fig. 1.23 

and contained a phenethyl moiety at position 1 (1.45) and a fused aromatic ring at 

position 7-8 (1.46) respectively. Albrecht et al. found the parent 3-amino-2-
9 9 ^tetralone to be unstable under physiological conditions and they synthesised more 

stable compounds, though none were more potent than bestatin or the parent 3- 

amino-2-tetralone. The hydroxamic acid derivative (1.47) was the most potent APN 

inhibitor synthesised with activity in the low micromolar range.^^^

NH2HCI

O

'NH-OH 

'NH2HCI

(1.45) (1.46) (1.47)

Fig. 1.23 Structure of the most potent 3-amino-2-tetralone derivatives
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1.7.4 APN as a receptor for tumour homing peptides

Pasqualini et al. showed APN to contain the receptor sequence for NGR
18^(asparagme-glycine-arginine) peptides and so it has been proposed to use this as 

a method for selectively targeting drugs to tumour sites. They had previously shown 

that the NGR sequence could be used to home phages to tumour vessels?^"^ APN is 

widely expressed throughout the body but studies by Cumis et al. have shown that 

NGR-TNF complex binds selectively to APN found at tumour sites and not to APN 

in normal tissues, indicating a different isoform of APN may be present in tumour 

tissues.^^^ This enhances the targeting ability of the NGR motif and it has been 

successfially used for the targeted deliver of TNF-a, doxorubicin, proapoptotic 

peptides, and liposomal chemotherapy.

Yokoyama et al. genetically modified human endostatin to introduce the NGR 

motif They examined the effect of NGR-endostatin vs endostatin alone in mice

with induced ovarian carcinoma and demonstrated an increased attachment to

endothelial cells, an increase in the localisation of endostatin in tumour tissues 

which led to an overall increase in antiangiogenic activity. They suggest that an 

NGR modification on angiostatic molecules can lead to an overall increase in 

therapeutic efficacy.^^^

1.8. Project objectives

The aims of this project were to:

• Examine the effect of creating a “hybrid-like” structure of the lead 

compound (2.01) which introduced CA-4 like character to the molecule,

• Explore the design of phenstatin like compounds with a C-4 butane side 

chain,

• Investigate the use of sodium azide as a selective agent to remove the tert-

butyldimethylsilyl protecting group from phenols in the presence of a tert-

butyldiphenylsilyl group.
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• Develop a series o f hybrid compounds by attaching peptidal APN inhibitors 

to our novel tubulin inhibitory compounds.

•  Examination o f  the effect o f  creating a “hybrid-like” structure o f  the lead 

compound (2.01) which introduced CA-4 like character to the molecule.

Several potent inhibitors of tubulin polymerisation had previously been designed
1 ^ 7and synthesised by members o f this research group. The compounds, based on 

the structure shown in Fig. 1.24, contained a bi-aryl A- and C- ring system linked by 

an aliphatic B-ring. Several modifications had been made to various positions o f the 

B-ring, however the double bond remained largely unexplored and thus warranted 

further investigation. It was hypothesised that attaching a third aryl ring to the 

molecule would enhance the binding possibilities of the compound at the C.B.S. 

The aryl unit was to be attached to the double bond position to create the proposed 

structure as shown in Fig. 1.24. This structure thus retained the features o f the lead 

compound (A, B and C-rings), while also introducing CA-4 like character (C and D- 

rings) to the compound. It was hoped that the proposed compound would benefit 

from the two binding options, A and C- ring or C and D-rings, and result in a more 

potent tubulin inhibitor. (Chapter 2)

R= small electron donating substituents 

Fig. 1.24 Generalised structure o f  the compounds synthesised to date and the proposed 

structure o f dual binding com pound with the additional aryl ring.

R

R R
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•  Exploration into the design o f  phenstatin like compounds with a C-4 butane 

side chain.

The B-ring o f the lead compound. Fig. 1.25, was oxidatively cleaved to afford a 

compound which was structurally very similar to the potent tubulin binding agent, 

phenstatin, with an additional butanal side chain. The compound was quite active as
1 ^ 7an inhibitor o f tubulin polymerisation (IC50 9.85|o,M) and thus clearly warranted 

further investigation. A series o f compounds were synthesised in which the 

aldehydic terminus of the butanal chain was changed to hydroxy, amino and carboxy 

derivatives. (Chapter 3)

OH
^ o

Fig. 1.25 Lead compound

•  Investigation into the use o f  sodium azide as a selective agent to remove the 

tert-butyldimethylsilyl protecting group from  phenols in the presence o f  a tert- 

butyldiphenylsilyl group

During the course o f our synthetic work to generate compounds within the designs 

discussed above, we noted that sodium azide cleanly deprotected ^-BDMS protected 

phenols. The aim o f this study was to explore its potential on a number of different 

test systems. In addition, we decided to explore the potential o f azide ion as 

selective silicon based deprotecting agent to use when multiple phenolic groups 

required selective protection with silicon based reagents.

•  Development o f  a series o f  hybrid compounds by attaching peptidal-based 

APN  inhibitors to our novel tubulin inhibitory compounds

The objective o f the work described in this component of the thesis involved the 

attachment of peptidal based-APN inhibitors to our novel tubulin inhibitors thus
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creating hybrid compounds which are designed to essentially work as prodrugs for 

the tubulin component. The deliberate attachment o f the peptidyl components to the 

phenolic position is designed for its liberation by carboxyesterases while residing at 

the tumour angiogenic site. The hybrid concept was originally tested in our lab 

using colchicine as the tubulin inhibitory component, but the emphasis in that 

work was to create hybrid molecules with both tubulin and APN inhibitory 

properties as opposed to this design which has emphasis on presenting the tubulin 

component in pro-drug form to the tumour angiogenic site. (Chapter 4).
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Chapter 2



2.0 Introduction

A series o f novel tubulin polymerisation inhibitors were designed and synthesised 

using combretastatin A-4 as a lead compound, by Dr. R. Shah for his doctoral
1 ^ 7thesis. The compounds contained a biaryl moiety (A- and C- ring) connected by 

an aliphatic B-ring. The aliphatic B-ring maintains the two aromatic units in a non- 

coplanar, yet spatially close arrangement thus allowing the compound to obtain a 

suitable dihedral angle which is believed to be necessary for optimal binding to the 

colchicine binding site (C.B.S.) o f tubulin.

OH

o —

R= Small electron donating groups (1-13) Combretastatin A-4

Fig. 2.1 Generalised structure for novel tubulin binding agents and CA-4

2.1 Structure Activity Relationship

A distinct trend was evident within the series o f compounds synthesised by Shah’ ’̂ 

when they were assayed in the standard in vitro tubulm-binding assay. This 

allowed a rudimentary SAR to be suggested. Ten o f the compounds synthesised 

demonstrated potent inhibition of tubulin polymerisation. The majority o f the active 

compounds contained a fimctional group at the C-7 position, e.g. a dithianyl, 

hydroxyl or ketonic functional group.

Variations on the C-ring substituents concentrated mainly on the addition o f 

hydroxy, methoxy and amino based substituents to the aromatic ring. Similarly to 

the B-ring of Combretastatin A-4, the most active compounds consistently contained 

a hydroxyanisole unit with the methoxy- and hydroxy- groups occupying the para
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and meta positions respectively, relative to its point of attachment onto the B-ring. 

The C-ring substituents appear to play an integral role in the tubulin binding 

activity, with electron rich substituents containing a free lone pair of electrons 

appearing to be essential for the observed tubulin binding activity of these 

compounds. Although these observations considerably advanced our understanding 

as to the type of substituent to attach onto the C-ring, it was necessary to complete 

our understanding as to the array o f substituents that can be positioned on this region 

of the molecule.

Initial investigations into fimctionalisation o f the aliphatic B-ring showed C-7 

substituents e.g. hydroxy, keto or dithianyl groups, enhanced activity while insertion 

of an oxygen atom in place o f the benzylic CH2 group resulted in less active 

compounds. This occurred despite the increase in electron density within the A-ring 

which the alkoxy group afforded, which had previously been thought to increase 

activity. It is presumed that the ether linkage may afford a slight increase in 

conformational rigidity, which prevents the molecule attaining its optimal 

conformation.

Interestingly, compound (2.01), with no C-7 functionality, also had considerable 

activity against tubulin polymerisation (IC50 o f 6.7|aM) and this, as well as its 

considerable ease o f synthesis over the C-7 fiinctionalised compounds, led to its 

selection as a lead compound for further investigation and modification.

'OH
^ O

(2 .01)

Fig. 2.2 Structure of lead molecule (2.01)
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Interestingly, the 1,2,3-trimethoxy isomer o f (2.01) did not inhibit tubulin 

polymerisation. This would seem to indicate the C-1 methoxy group had a profound 

effect on the spatial orientation o f the C-ring, leading to an increase in the dihedral 

angle between the two aromatic rings, and thereby preventing suitable interactions at 

the C.B.S.

The double bond at C8-9 was shown to be essential for tubulin binding activity as 

the derivatives where this bond was reduced had little or no activity. The C-8 

position allows the possibility o f attaching a third aromatic unit and this is explored 

in some detail in this chapter.

Despite the success o f the initial studies several sites on the molecule remained 

unexplored and warranted fiirther studies. The focus of the work described in this 

chapter was to complete this exploration with particular emphasis on:

• Exploring the activity o f a series o f “hybrid-like” molecules possessing both 

Combretastatin A-4 and (2.01) like character,

• Attachment o f the C-ring under Suzuki coupling conditions rather than using 

the less selective organolithium approach used to date,

• Examining the effect o f altering the substituents on the C-ring on inhibition 

o f tubulin polymerisation,

• Investigating the effect, on tubulin binding activity, o f removal of the 

methoxy-substituents o f the A-ring o f (2.01),

• Evaluating the tubulin binding activity o f the resultant compounds.

2.2 Design of “Hybrid-like” Molecules

Although this concept of designing hybrid molecules is in its infancy, it nevertheless 

has met with considerable success to date, particularly in the field o f cancer and 

malaria chemotherapy. Examples from this research group include the design of the 

artemisinin-quinine hybrid molecule (2.02) (Fig. 2.3). This novel hybrid 

molecule demonstrated potent activity against the 3D7 and (drug-resistant) FcBl 

strains o f P. falciparum  in culture. The activity of this hybrid was superior to that of
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artemisinin alone, quinine alone, or a 1:1 mixture o f artemisinin and quinine. In 

parallel with this thematic approach o f designing “hybrid like molecules” is the 

move towards the design of multi-targeted inhibitors. Nexavar® (sorafenib)^^'* from 

Onyx Pharmaceuticals/Bayer and Pfizer’s Sutent (sunitinib) are prime examples 

o f such drugs that have recently entered the clinical setting. A noteworthy 

characteristic illustrated by both Sutent and Nexavar® is the ability of this targeted- 

therapy class to inhibit both signal transduction and angiogenesis pathways 

simultaneously. The current trend in development of cancer therapies appears to be 

moving towards the inhibition of multiple targets. A VEGF signaling inhibitor 

currently in development (phase II/llI) by AstraZeneca is Recentin™ (cediranib, 

AZD-2171),^^^ which blocks angiogenesis, thus preventing formation o f the blood 

supply that tumors require to grow and spread. Recentin’s multiple targeting 

characteristic may provide additional anti-angiogenic effects compared to Avastin, a 

single targeted anti-angiogenic agent that is used in combination with 5-fluoruracil 

for the treatment o f colon cancer.

HO,

NH

(2.02) Sunitinib

H H
Sorafenib

Fig. 2.3 Structures o f  artemisinin-quinine hybrid (2.02), sunitinib (Sutent) and sorafenib

(Navaxar®)
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In principle, the attainment o f  hybrid-like molecules containing both (2.01) and 

combretastatin A-4 like character should be achievable by insertion o f  a 

trimethoxyphenyl ring onto position 8 o f  (2.01). The proposed structure (2.03) 

contains a 2,3,4-trimethoxyphenyl substituent as the D-ring. This molecule thus 

retains the structure o f  (2.01) through the A, B and C-rings while the C and D-rings 

mimic the structure o f  CA-4 (1.13). The A and C-rings also introduce phenstatin 

(1.25) like character to the compound. It was hoped that a compound o f  this type 

with enhanced binding potential, over its respective mimics, would result in a 

compound with potent tubulin binding activity.

The proposed structure (2.03) also demonstrates close resemblance to the structure 

o f  the orally active selective estrogen receptor modulator (SERM) tamoxifen (Fig 

2.5), widely used in the treatment o f  breast cancer. The main difference in structure 

being the absence o f  methoxy groups on the tamoxifen structure. The Z isomer o f 

tamoxifen produces the desired antiestrogenic activity while the E isomer 

demonstrates unwanted, opposing estrogenic effects. Numerous analogues have 

thus been synthesised in an effort to prevent isomerisation o f  the double bond,

including incorporation o f  the double bond into various ring systems, including a
')'\1seven-membered ring similar to (2.03). It is thus possible that our compounds 

may also have potential as estrogen receptor binding agents.

Fig. 2.4 Proposed site of attachment of phenyl substituent on (2.01); Combretastatin A-4

(1.13); and phenstatin (1.25)

\  \  /  
(1.13)

O

(2.01) (1.25)
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2.2.1 Synthetic Strategy

The logical starting point for the synthesis o f (2.03) involved using (2.01) as the 

principal building block. It was envisaged that the attachment of the 

trimethoxyphenyl substituent to position 8 could be achieved by a metal-catalysed 

cross-coupling reaction following vinylic bromination o f the TBDMS ether 

derivative of (2.01), namely (2.10). Before this approach could be explored in detail 

it was necessary to scale-up the synthesis o f this compound.

2.2.2 Synthesis o f (2.10)

The synthesis of (2.10) followed closely the procedure devised by Shah'^^ with 

some minor modifications to optimise the synthetic route. The first step in this 

synthesis involved the condensation o f 2,3,4-trimethoxybenzaldehyde with methyl 

crotonate to form the methyl ester (2.04). Hydrolysis of the ester functionality and 

reduction o f the double bonds o f (2.04), under palladium catalysed hydrogenation 

conditions, yielded the pentanoic acid (2.05). The acid was purified by flash column 

chromatography before undergoing direct cyclisation in polyphosphoric acid (PPA) 

at 50°C to form the desired benzocycloheptanone compound (2.06) in 41% overall 

yield (Scheme 2.1).

HO— C I

Tamoxifen (2.03)

Fig, 2.5 Tamoxifen and proposed ABCD ring compound
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Potassium t-butoxide 
t-Butanol, RT

MeOHiTHF: 
2M NaOH 

RT

OH

R i
10%Pd/C

RT

PPA
50°C

(2.06)

Scheme 2.1 Reaction scheme for the synthesis o f  2,3,4-benzocycloheptanone (2.06)

Having completed the synthesis of the benzocycloheptanone intermediate, the next 

step was to synthesise the C-ring precursor (2.09). This was accomplished in two 

steps from 5-bromo-2-methoxybenzaldehyde. The first step involved a Baeyer- 

Villager oxidation of 5-bromo-2-methoxybenzaldehyde using 3- 

chloroperoxybenzoic acid (mCPBA). The resultant formate ester (2.07) was 

subsequently hydrolysed under basic conditions to give the phenol (2.08), which, 

following protection with tert-butyldimethylsilyl chloride, yielded (2.09) in 89% 

overall yield (Scheme 2.2). The purification of (2.09) was complicated by the fact 

that under the reaction conditions employed, trace quantities of tert-butyldimethyl 

silanol, which had a similar Rf value on TLC to that of (2.09), also formed. 

However, after giving careftil consideration to the mobile phase used to effect 

purification of (2.09) by flash column chromatography, it was possible to isolate 

(2.09) in pure form, to allow coupling of it to (2.06).
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Br
1

Br
1

m C PB A ^ MeOH:THF:

SAr" DCM, RT 2M  NaOH,
1 11 

^0  0 / O  A -
^  H ^ O

RT

(2.07)

t-BDM SCl,
Imidazole

(2.09)

Scheme 2.2 Reaction scheme for the synthesis of the C-ring (2.09)

Coupling o f  (2.09) to (2.06) was achieved by formation o f  the organolithium 

derivative o f  (2.09). Following treatment o f a solution o f  (2.09) in THE with n- 

BuLi under anhydrous conditions at -78°C, the resultant organolithium intermediate 

was coupled, in situ, to (2.06) to form (2.10) in good yield (66%) (Scheme 2.3). 

When required (2.10) was also deprotected to the free phenol (2.01) using TBAF in 

THF at room temperature.
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(2.06)

+

n-BuLi, THF, 
-78°C

2M HCl

(2.10)

TBAF THF,
RT

OHO
(2.01)

Scheme 2.3 Organolithium coupling of (2.06) and (2.09), and subsequent deprotection of

the t-BDMS ether to the free phenol (2.01)

2.2.3 Synthesis o f the “hybrid” (2.03)

The next step in the synthesis o f  the “hybrid” involved the substitution o f  the vinylic 

hydrogen o f (2.10) with bromine. This was effected using the method o f McCague 

et al to synthesise nonisomerizable analogues o f  Tamoxifen. The reaction 

involved treating a solution o f  (2.10) in anhydrous DCM with pyridinium tribromide 

at 0°C (Scheme 2.4). After work up and purification by flash column 

chromatography the bromo intermediate (2.11) was isolated as a colourless oil in 

high yield (84%).
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Py.HBr
Anhy DCM

(2 .10)

,-Si

(2.11)

Scheme 2.4 Bromination of (2.10)

The next step in the synthesis o f  the hybrid involved coupling 5-brom o-l,2,3-tri- 

methoxybenzene to position 8 o f  (2.11). This type o f C-C coupling often involves a 

metal-catalysed cross-coupling reaction and includes the palladium (Pd) catalysed: 

Kumada, Negishi, Heck, Hiyama, Stille, and Suzuki reactions. They all involve the 

cross coupling reaction o f organometallic reagents with organic halides, triflates or 

other electrophiles.

The Kumada coupling can be nickel (Ni) or Pd catalysed and involves coupling o f 

organic halides or triflates with a Grignard reagent. Negishi coupling reactions 

involve the cross-coupling o f organozinc reagents with organic halides or triflates. 

The Heck reaction entails a Pd-catalysed coupling o f  olefins, while the Hiyama 

reaction utilises organosilicon reagents and the Stille reaction uses organostannanes. 

The Suzuki coupling involves organoborane compounds and requires the presence 

o f a base to activate the organoborane, which is necessary for transm etallation to 

proceed smoothly.^^*’̂ ^̂

The Negishi coupling reaction has been used for aryl-alkenyl coupling, and was 

initially chosen as the method o f choice for attachment o f the trimethoxyphenyl 

substituent to (2.11). The synthesis o f  5-bromo-l,2,3-trim ethoxybenzene (2.12) was 

completed in two steps using 2,4,6-tribromoanisole as the starting material. The 

first step involved treating 2,4,6-tribromoanisole in pentane with 5 equivalents o f  n- 

BuLi at -20°C to yield the o n /7 0 -lithiated intermediate. Trimethylborate was then 

added to the reaction, followed by 40% peracetic acid/acetic acid solution^"^®. The 

diol (2.13) was isolated in 83% yield following work-up and purification by flash
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column chromatography (Scheme 2.5). This transformation is possible due to the 

orr/?o-directing effect o f the methoxy group which directs selective lithiation o f the 

or/Ao-bromides while leaving the ;?ara-bromide unaffected.

(i) n-BuLi

Pentane, 
Br _2o°c

(ii) B (0 CH3 ) 3 , 
-30°C

(iii) CH3 CO3 H, 
-10°C

Scheme 2.5 Synthesis of diol (2.13)
(2.13)

The second step involved alkylation o f the hydroxyl groups o f (2.13) using excess 

iodomethane and potassium carbonate as base in acetone.^"^' The desired compound, 

namely 5-bromo-l,2,3-trimethoxybenzene (2.12) was isolated in good yield (66%) 

following work-up and purification by flash column chromatography (Scheme 2.6).

CH3 I, K2 CO 3

Acetone,
reflux

Scheme 2.6 Methylation of the two hydroxy groups

The first method employed for the metal catalysed coupling o f (2.11) to (2.12) 

utilised Negishi cross-coupling conditions. This methodology required that (2.12) 

be initially lithiated and then converted into its corresponding organo-zinc chloride 

derivative following treatment of the lithiated intermediate with ZnCli. To effect 

coupling o f this intermediate to (2.11), it was necessary to form the corresponding 

organo palladium derivative o f (2.11) using palladium-/e/raA:wf'triphenylphosphine). 

This step is classified as an oxidative addition reaction with palladium being 

oxidised to a palladium(II) complex. Having presumed to have secured both 

intermediates in a suitable form the coupling reaction was initiated. However 

following work up and purification by flash column chromatography, the only
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compounds isolated were confirmed as the unreacted starting materials by NM R 

analysis (Scheme 2.7).

+

,.Si

(2.11)

i) (2 .12), n-BuLi, I 
THF, -78°C , 30 min o

ii) ZnCl2, THF 
-------------- X------------- ►

iii) (2 .11), Pd(PPh3)4,
iv) Reflux, 2 h

2.14) /

Scheme 2.7 Attempted coupling of (2.11) with (2.12)

Having been unsuccessful with the Negishi conditions to couple (2,12) to (2.11), it 

was decided to focus our attention on using Suzuki coupling conditions for this 

transformation. Suzuki coupling reactions are described as the coupling o f aryl or 

vinyl boronic acids to aryl or vinyl halides using a palladium catalyst.^'*^’̂ '*̂  Pseudo 

halides such as triflates can also be used. The relative reactivity o f  the triflate
-5Q

relative to the halides is I> O T f> B r» C l. The coupling reaction is palladium 

catalysed and proceeds via a sequential oxidative addition-transmetallation- 

reductive elimination catalytic cycle, with the oxidative addition very often being 

the rate determining step. A range o f  palladium(O) catalysts or precursors are used, 

including Pd(PPh3)4 , Pd(Cl2 (PPh3 ) 2  and Pd(0Ac)2 plus PPhs. The oxidative addition 

o f the Pd(0) complex to the halide or triflate forms a stable trans-a-palladium(II) 

complex. The Pd(0) complex is then regenerated, following transmetallation, via 

the reductive elimination o f  the organic partners.
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Pd (0)

(X  =  I, Br, Cl, OTf)

R 2- P d (ll)-X

MX

Fig. 2.6 General Pd(0) catalysed catalytic cycle

A range o f  reaction conditions for the Suzulci coupling reaction have been 

extensively analysed and the most commonly used conditions for arylboronic acids 

are Pd(PPh 3 ) 4  as catalyst, NaiCOs as base and a mixture o f  toluene, ethanol and 

water as the solvent s y s t e m . A s  (2.11) was already presented in suitable form for 

coupling, the boronic acid derivative o f  3,4,5-trimethoxybenzene was procured 

commercially. The reaction involved dissolving 3,4,5-trimethoxybenzeneboronic 

acid (2.15), the bromo derivative o f  (2.10), namely (2.11) and potassium carbonate 

in a mixture o f  toluene, ethanol and water. The palladium catalyst was added and the 

mixture was refluxed for two hours. After work up and purification by flash column 

chromatography the desired triaryl compound, namely (2.14), was isolated in high 

yield (74%) (Scheme 2.8). The structure o f  the isolated compound was confirmed 

following its analysis by nuclear magnetic resonance (NMR) and high resolution 

mass spectroscopy (HRMS).

K2CO3,
Pd(PPh3)4,
 ►
Toluene, 
EtOH, H 2O, 
R eflux, 2  h

(2 .14)

HO OH

+

(2 .15 )
(2.11)

Scheme 2.8 Suzuki coupling of (2.11) and 3,4,5-trimethoxybenzeneboronic acid
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Following routine removal o f  the silyl-protecting group o f (2.14) with TBAF in 

THF the desired phenol (2.03) was isolated in near quantitative yields (Scheme 2.9).

(2 .14)

TBAF

THF, RT

OH

Scheme 2.9 Deprotection of (2.14)

As well as NM R, HRMS and IR analysis, an X-ray crystal structure o f  (2.03) was 

obtained to gain a greater insight into the 3-dimensional structure o f this unique 

molecule. The 'H  NM R spectnmi o f (2.03) is shown in Fig. 2.7. The three CH2’s 

can be seen as two triplets for C-5 and C-7 at 2.34 and 2.81ppm respectively, while 

C-6 is seen as a multiplet at 2.14ppm. The seven methoxy signals all appear as four 

peaks resonating between 3.65 and 3.93 ppm. The free phenolic hydroxyl appears 

as a small broad peak at 5.31ppm, while the six aromatic CHs resonate as a mixture 

o f singlets, doublets and a double doublet between 6.26 and 6.58ppm.

M J ,
6.4

(ppm)

2.85 2.26.6 6.5 6.3
(ppm) (ppm)

7.6 12  6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0

Fig. 2.7 'H NMR spectrum of (2.03)
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1 ^The C NMR spectra confirm the structure as being that of (2.03). Three CH2S are 

seen at 22.73, 33.07 and 33.89ppm, while the seven methoxy groups are represented 

by four signals resonating at 55.39 (1), 55.49 (3), 60.44 (2) and 61.17 (1) ppm. The 

DEPT 90 spectrum confirms the presence of six CH carbon atoms in the aromatic 

region between 106.38 and 122.61ppm. Finally fourteen quaternary carbon atom 

signals are seen between 126.85 and 151.97ppm.

Ll.„„L
1 5 0  1 4 0  1 3 0  1 2 0  1 1 0  1 0 0  9 0  8 0  7 0  6 0  5 0 4 0  3 0 2 0

1 5 0  1 4 0  1 3 0  1 2 0  1 1 0  1 0 0  9 0  8 0  7 0  6 0  5 0  4 0  3 0 2 0

( p p m  )

Fig. 2.8 '^C, Dept 90 and Dept 135 NMR Spectra of (2.03)

2.2.4 X-ray crystallography studies

In view of the importance of the overall 3-dimensional shape of our compounds with 

regard to their ability to potently inhibit tubulin polymerisation, it was decided to 

grow appropriate crystals of (2.03) suitable for analysis by x-ray crystallography. 

Crystals were grown via the slow evaporation of a concentrated methanolic solution 

of (2.03). After microscopical analysis the chosen crystal was sent for X-ray 

crystallographic analysis to Dr Tom McCabe, School of Chemistry, TCD. The data 

obtained shows two molecules of (2.03) adjacent to each other as in Fig. 2.9. It 

confirms the structure as being that of (2.03) and several features are worthy of note; 

the strained configuration of the aliphatic B-ring, the angle between the A- and C-
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rings and the orientation of the C- and D- rings in an almost perpendicular plane to 

the A- and B- rings.

For comparative purposes, an x-ray crystal structure of CA-4-P is shown in Fig. 2.10 

(adapted from Pettit et It confirms the cis conformation of the two aromatic

rings and also clearly demonstrates the “out o f plane twist” of the second ring in 

comparison to the trimethoxyphenyl A-ring. An x-ray crystal structure of 

hydroxyphenstatin (1.33) is also shown in Fig. 2.10. It confirms a very similar 

conformation to that of CA-4-P, with a comparable “out o f plane twist” between the 

A- and B-rings, which may account for the similar antineoplastic activities 

associated with both CA-4-P and hydroxyphenstatin. The conformation is also very 

similar to the arrangement of the A- and C- rings o f (2.03).

Fig. 2.9 X-ray crystal structure of (2.03)
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Fig. 2.10 X-ray crystal structure o f CA-4-P and hydroxyphenstatin''*^

To establish the effect of this compound on tubulin polymerisation, it was assayed in 

both an in vitro tubulin binding assay and also in an in vitro cellular angiogenesis 

model.

2.2.5 Assessment o f the tubulin binding activity o f (2.03)

As (2.03) was the primary focus of our initial design strategy it was subjected to a 

full dose response analysis in the tubulin polymerisation assay. In order to carry out 

the tubulin binding assay it was first necessary to isolate tubulin from porcine 

cerebral tissue. This was carried out following the procedure of Shelanski. The 

purification occurs via sequential depolymerisation and polymerisation of a tubulin 

solution. The principal behind the purification process relies on the fact that tubulin 

readily polymerises at 37°C and depolymerises at 4°C. The addition of glycerol and 

GTP also aid in the assembly process. Two buffers are used during the purification 

process, an extraction buffer for the depolymerisation cycles and a second, 

reassembly buffer containing glycerol, for the polymerisation steps.

Initially the vascular network surrounding two fresh porcine brains was removed 

and the clean cortices homogenised with extraction buffer. The resulting 

homogenate was centrifuged at 4°C to allow depolymerisation of the tubulin. This 

was followed by a polymerisation cycle where the disassembled tubulin was
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incubated with reassembly buffer and GTP prior to centrifugation at 37°C. Two 

further disassembly and assembly cycles resulted in purified tubulin which was then 

divided into 1ml aliquots. The aliquots were snap frozen in liquid nitrogen prior to 

storage at -78°C. Tubulin stored in this way is found to be viable for up to six 

months. (Described in detail in chapter 5)

This tubulin was then used in the tubulin binding assay. The assay is based on the 

principle that tubulin polymerisation results in increased turbidity, which can be 

monitored by following the change in optical density over time. The tubulin stock 

was diluted in buffer and GTP solution was added. The change in optical density of 

the solution (lOOjxl) was monitored over six minutes. The required optical density 

was 0.1 to 0.15 which is indicative o f a concentration range o f 2 to 3mg/ml, 

respectively. Once the desired concentration had been obtained, DMSO (1^1) was 

placed in three wells of a 96 well plate and tubulin solution was added (100|j.l). The 

change in optical density was measured over six minutes with the slope o f the 

resulting curve representing maximum polymerisation (Fig. 2.11). The procedure 

was repeated for each concentration o f test compound, and the slope calculated and 

used to determine the % inhibition of tubulin polymerisation. Podophyllotoxin was 

assayed under the same conditions on the same day as an inhibitory control (Fig. 

2.12) (chapter 5).

0.45

0 .4 -------

5  0.35

0.3

0.25
0 50 100 150nME[sec] 200 250 300

Fig 2.11 Change in optical density o f  tubulin solution with DMSO (lu l)
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Fig 2.12 Change in optical density of tubulin solution with podophyllotoxin (ImM)

A dose response analysis was carried out on compound (2.03) in the tubulin binding

assay.

"/o  Inhibition o f Tubulin Polym erisation  
vs Log Concentration (2.03)

60-1

50 -

40 -

3 0 -

o>
2 0 -

10 -

-6■7 ■5 -4 ■3
Log Concentration (M)

Fig. 2.13 Percentage inhibition of tubulin polymerisation vs log concentration for (2.03)

The results from the tubulin binding assay gave an IC50 value o f 350|j,M (R = 

0.9254) for (2.03). Although this compound did not achieve the expected increase 

in potency over (2.01), it nevertheless served as a useful model upon which to 

design further compounds within the series. As part o f our exploratory studies its 

efficacy in a human in vitro model o f angiogenesis was also evaluated.
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2.2.6 In vitro angiogenesis model data

The lead compound from Shah,'^^ (2.01) together with (2.03), were selected for 

analysis in a human multicellular in vitro model of angiogenesis. Owing to a lack of 

in-house facilities, this work was contracted to TCS CellWorks, Buckingham, UK. 

The TCS Angiokit model uses a co-culture of human umbilical vein endothelial 

cells (HUVEC) and human fibroblasts in a specially developed medium, with the 

fibroblasts secreting the matrix components necessary to act as a scaffold for tubule 

formation.^'*^’̂ '̂  ̂ The assay was carried out according to a standard angiogenesis 

protocol using VEGF (2ng/ml) as a stimulatory control and Suramin (20|xM) as the 

negative control.

Twenty-four well plates were seeded with cells on day 0 and the media was changed 

on days 3, 4, 7, 10 and 12. Appropriate dilutions of the test compounds and controls 

were included on days 4, 7, 10 and 12. All test compounds and controls were 

dissolved in DMSO. The AngioKits were fixed and stained on day 14, using a 

CD31 staining kit, according to the standard AngioKit procedure.^'*^ Tubule 

development was compared using the AngioSys image analysis system developed 

specifically for the analysis o f images produced using the AngioKit. Four images 

were taken from predetermined positions in each well, and four tubule parameters 

were measured: total tubule length, total tubule area, number of branch points and 

number of tubules formed. The most reliable indicator of pro- and anti-angiogenic 

effects generated in the model system has been found to be the total tubule length of 

capillaries formed in the AngioKit. As a result, comparisons between the different 

treatments were made in terms o f total tubule length. All statistical analyses were 

carried out using the Stat 100 programme from BIOSOFT Ltd. using ANOVA and 

Duncan’s Multiple Comparison Test to measure differences between the test 

compounds and the untreated control values.
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Untreated Control: 
0.1% DM SO

Inhibitory Control:
20|iM Suramin + 0.1% DMSO

Compound (2.01) 
10nM + 0.1% DMSO

Stimulatory control:
2ng/ml VEGF + 0.1% DMSO

V

Compound (2.03) 
20nM +0.1%  DMSO

Compound (2.01) 
100nM + 0.1% DMSO

Fig. 2.14 A ngiosys A nalysis show ing  inh ib ition  o f  angiogenesis

The compounds inhibited the angiogenic response in a dose dependent manner, with 

(2.01) showing particular efficacy in this model. The IC50 values for (2.01) and

(2.03) were 0.159|^M and 17.87ixM respectively. Although the result obtained for

(2.03) was somewhat along expected lines, based on its tubulin binding activity, and 

although somewhat disappointing, the above images clearly demonstrate it is still far 

more potent than Suramin, the inhibitory control used in the assay, when both are 

used at the same concentration.
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In an effort to enhance the activity o f compounds within this molecular design, a 

series o f compounds possessing similar molecular properties to (2.03) were 

synthesised.

2.2.7 Synthesis o f structurally related compounds to (2.03)

In order to establish the effect of both the 3-hydroxy-4-methoxyphenyl ring and the 

3,4,5-trimethoxyphenyl ring on the tubulin binding activity of these compounds, 

three structurally related compounds to (2.03) were synthesised. The first, namely 

(2.16) is essentially a structural isomer o f (2,03) attained by attaching the 

trimethoxyphenyl and the hydroxylanisole substituents to position 8 and 9 of (2.06) 

respectively. To facilitate confirmation o f the effect each aryl moiety had at each 

position, compounds bearing same aryl substituents at positions 8 and 9 o f (2.06) 

were also synthesised, namely (2.17) and (2.18).

The approach used to synthesise (2.16) and (2.17) required us to initially prepare the 

boronic acid derivative o f the protected bromophenol (2.09). This was achieved by 

first dissolving (2.09) in anhydrous THF and adding n-BuLi at -78°C to form the 

corresponding organolithium derivative. Tri-isopropyl borate was then added 

dropwise into the reaction over a 20 minute period. After maintaining the 

temperature o f the reaction at -78°C for 2 hours, the solution was slowly allowed to 

rise to -20°C and then monitored at this temperature for three hours before allowing 

the temperature to rise to room temperature overnight. Following acidification of 

the reaction with aq. 2M HCl, the boronic acid derivative (2.19) was isolated in high 

yields (72%) after work-up and purification (Scheme 2.10).

(i) n-BuLi,
(ii) B(0Pr')3, THF,

-78°C, 2 h, 
-20°C, 3 h, 
RT, overnight

(2.09) (2.19)

Scheme 2.10 Synthesis of boronic acid derivative of (2.09)

69



The boronic acid (2.19) was coupled to (2.13), using the Suzuki coupling procedure 

previously described for the synthesis of (2.14), to yield (2.20) in good yield (75%). 

Cleavage of the TBDMS protecting group was effected following treatment of 

(2.20) with TBAF in THF, to afford the diol (2.17). The approach adopted for the 

synthesis of (2.16) and (2.18) required us to form the organolithium derivative of 

l,2,3-trimethoxy-5-bromobenzene (2.21) and couple it in situ to (2.06) using 

identical coupling conditions to that described for the preparation of (2.10). The 

vinylic hydrogen of the coupled product, namely (2.22), was substituted following 

its treatment with pyridinium tribromide at 0°C. Having procured the bromo 

intermediate (2.23), the synthesis of (2.18) was completed following coupling of 

3,4,5-trimethoxybenzene boronic acid (2.15) to (2.23) under Suzuki coupling 

conditions. Coupling of the TBDMS ether of 3-hydroxy-4-methoxybenzene boronic 

acid (2.19) to (2.23) was again carried out under Suzuki coupling conditions and 

following routine removal of the TBDMS protecting group from the coupled 

product (2.24), the desired phenol (2.16) was obtained (Scheme 2.11).
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(2.06)

i) n-BuLi, THF, 
-78°C, 2 h, 
RT, 12 h

ii) 2M HCI

(2.09) R '=H , r2=OCH3, 
R^=OTBDMS 

(2.21) R'=R-=r 3=OCH3

l.K2C0 3 ,Pd(PPh3)4, 
Toluene, EtOH, H 2 O,

HÔ  /OH 
B

Reflux, 2 h

r 5 2. TBAF, THF, 
RT, 1 h

(2.10) R '=H , r2=OCH3, 
R^=OTBDMS 

(2.22) R'=R-=R^=0CH3

Py.HBr3 ,
CH2CI2, 0°C, 1 h

(2 .16) R '= r 2=R^=r 5=OCH3,
R‘‘=H, R^=OH

(2.17) R '=R ‘*=H, R-=R^=0CH3, 
R^=R*=OH

(2 .18) R '= r 2=r 3=R'*=r 5=r 6=OCH3

R 4  ' r 6

R®
(2.19) R^=H, r 5=OCH3, 

R^=OTBDMS 
(2 .15) R'*=R^=R‘̂ =0CH3

(2.13) R '=H , r 2=OCH3, 
R^=OTBDMS 

(2.23) R'=R-=R^=0CH3

Scheme 2.11 Synthesis o f (2.16), (2.17) and (2.18)

2.3 Synthesis of Structurally Related Compounds to (2.01) by C- 

ring Modification

To date, optimisation of the tubulin binding activity o f (2.01) has primarily focussed 

on the effect on substituting the groups ortho to the methoxy group on the C-ring
1 cn

with amino, hydroxy and methoxy groups. A particular focus o f this study was to 

investigate the tubulin binding activity o f compounds where the methoxy substituent 

was replaced with slightly larger alkoxy-derived groups. Thus, the synthesis of 

(2.25), (2.26), (2.27) and (2,28) was embarked upon with (2.25) serving as a control 

for this study.
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(2.26) o,
'CF.

(2.25)

(2.28)

Fig, 2.15 C-ring analogues of (2.01)

Although it was possible to synthesise these compounds following coupling of the 

appropriate organolithium intermediate to the ketone (2.06), it was nevertheless 

decided to investigate milder alternative approaches to the moisture sensitive and 

aggressive organolithium coupling methodology used previously for the coupling of 

the C-ring to (2.06). A survey of the literature revealed several potential alternatives 

to organolithium couplings including as previously discussed in section 2.2.2, 

Negishi, Heck, Stille and Suzuki reactions. As we had previous success with the 

Suzuki methodology, it was chosen as the preferred route to follow for the synthesis 

o f (2.25), (2.26), (2.27) and (2.28). Suzuki coupling reactions usually involve 

coupling o f aryl or vinyl boronic acids to aryl or vinyl halides, however pseudo 

halides such as triflates can also be used.^^^

In order to couple the chosen aryl-substituents to the carbonyl o f (2.06), the first step 

required the formation of the enoltriflate derivative (2.29). As triflates are only 

slightly less reactive than iodides and are more reactive than both bromides and 

chlorides, and given that they are relatively straightforward to form, this was the 

most appropriate option to use for this transformation. The enoltriflate (2.29) was
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formed in 53% yield following treatment o f  (2.06) with triflic anhydride (Tf2 0 ) in 

the presence o f sodium carbonate as heterogeneous basê "̂  ̂ (Scheme 2.12).

/
O'o

o

o Tf20, 
Na2C0 3 , ^

CH2Cl2,RT, ?  
2 h I

O

O
F

(2.29)(2.06)

F F

Scheme 2.12 Formation of the enoltriflate derivative of (2.06)

The next step was to perform the coupling reaction to generate structurally related 

compounds to (2.01). The selected C-ring intermediates were readily available as 

their boronic acid derivatives. Standard Suzuki coupling conditions were used to 

couple each boronic acid to the enoltriflate (2.29) namely, a palladium catalyst 

(Pd(PPh3 )4 ), potassium carbonate (K2 CO3 ) as base, and a 3:1:1 mixture o f  

toluene:H2 0 :EtOH as solvent. K2 CO3 is the preferred base to use for the coupling 

o f aryl boronic acids to enoltriflates.^"^  ̂ Coupling o f 4-isobutoxyphenylboronic acid 

to (2.29) is illustrated in Scheme 2.13. Identical coupling conditions were used to 

attach 4-methoxyphenylboronic acid, 4-trifluoromethylphenylboronic acid and 3,4- 

(methylenedioxy)phenylboronic acid to (2.22). In each case the Suzuki coupling 

reaction proceeded smoothly and afforded the desired compounds in high yields (76-

93%).

0

o
Toluene, 
H2O, EtOH, 
Reflux, 2 h

Pd(PPh3)4, 
K2CO3, \
------------ ► o

0

(2.29)

Scheme 2.13 Suzuki coupling
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2.3.1 Attachment o f a third aryl ring to C-ring analogues

We decided to add to the library of hybrid compounds that we had synthesised to 

date by using a selection of the structural analogues of (2.01) namely (2,26), (2.27) 

and (2.28). In each case a 3-hydroxy-4-methoxyphenyl substituent was chosen as 

the preferred D-ring to use for this study. The preparation of these compounds 

followed the same procedure as that used to synthesise (2.03) from (2.10), a 

bromination step followed by coupling of the boronic acid (2.19) to the bromo 

derivatives of (2.26), (2.27) and (2.28) (namely (2.30), (2.31) and (2.32)) to afford 

(2.33), (2.34) and (2.35), respectively, in good yields (83%, 77 %, 58%). Prior to 

assaying these compounds it was necessary to liberate the phenolic moiety and this 

was achieved following treatment of (2.33), (2.34) and (2.35) with a solution of 

TBAF in THF. The free phenols (2.36), (2.37) and (2.38) were isolated in good 

yields (78%, 62%, 79% respectively), following work-up and purification by flash 

column chromatography (Fig. 2.16).
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(2.26) R'=0CF3, R^=H
(2.27) R',r 2=OCH20
(2.28) R’=0CH2CH(CH3)2, R^=H

Py.HBrj,
CH2CI2,

0°C, 1 h

(2.30) R‘=0CF3, R"=H
(2.31) R',r 2 =0CH 20
(2.32) R'=OCH2CH(CH3)2, R^=H

(2.19),
K2CO3, Pd(PPh3)4, 
Toluene, EtOH, H2O, 
Reflux, 2 h

2. TBAF, THF, 
RT, 1 h

OH

(2.36) R'=0CF3, r 2=H
(2.37) R’,r2 =0CH 20
(2.38) R'=OCH2CH(CH3)2, R^=H

Schem e 2 .14  Synthesis o f  (2 .36), (2 .37) and (2.38)

2.4 Synthesis of Analogues of (2.03) with A-ring Modification

Although the main focus o f the work described in this chapter was to create 

compounds with hybrid characteristics, we were nevertheless keen to rationalise 

why (2.03) did not exhibit enhanced tubulin binding activity over (2.01). A possible 

explanation might be that the additional ring precludes the molecule from attaining 

the appropriate conformation to allow it to bind to tubulin. The strategy that we 

adopted to investigate this hypothesis was to build molecules without the methoxy 

substituents on the A-ring. While recognising that the resultant molecules still 

contained the additional ring, it was felt that removal of the methoxy substituents
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may actually allow the molecule to adopt the appropriate geometry required for it to 

bind at the tubulin binding site. It was felt that this study might also provide us with 

clues as to the spatial geometry o f the tubulin active site that our compounds bind to 

and thus provide insights to the limitations at different position on the molecule. 

The methodology used to furnish these compounds followed identical lines to that 

used for the synthesis o f (2.03) and related compounds (Scheme 2.15).

o

TfjO, CH2 CI2 , RT, 
Na2C03, 2 h, (67%)

(2.19) R'=H, r 2=OCH3, 
R^=OTBDMS 

(2.15) R '= r 2=r 3=OCH3

(2.39) ^ ^

K2C0 3 ,Pd(PPh3)4, 
Toluene, EtOH, H2 O, 
Reflux, 2 h

/
r2

(2.40) R’=H, r 2=OCH3, 
R^=OTBDMS (93%)

(2.41) R'=R^=R^=0CH3 (96%)

HO.„,OH
D

Py.HBr3, 0°C, 3 h 
CH2CI2,

R® (2.19) R^=H, r 5=OCH3, 
R®=OTBDMS 

(2.15) R'‘=R^=R^=0CH3
Br

(2.44) R'=H, r 3=0H  
r 2=R^=r 5=R®=OCH3, (63%)

(2.45) R '= r 2=R^=R5=OCH3,
R'*=H, R^=OH (73%)

1. K 2C 0 3 ,P d (P P h3)4, 
Toluene, EtOH, H2 O, 
Reflux, 2 h

R2
(2.42) R'=H, r 2=OCH3

2. TBAF, THF, 
RT, 1 h

I V  1 1 , 1 V  v > ^ w i i 3 ,

r 3=0TBDM S (85%) 
(2.43) R '=r 2=r 3=OCH3 (76%)

Scheme 2.15 Synthesis of (2.44) and (2.45) from 1-benzosuberone
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2.5 Tubulin Binding Data

Several o f the compounds synthesised in this chapter were chosen for analysis in the 

in vitro tubulin polymerisation assay.

2.5.1 Tubulin binding data for analogues o f (2.03)

The first group of compounds chosen to undergo tubulin binding studies included 

the primary compound (2.03), data for which was presented in section 2.2.5, and its 

analogues (2.16), (2.17) and (2.18). Each compound was tested at a high 

concentration (5mg/ml ~ 100|j,M). Even at this concentration o f test compound the 

tubulin binding data obtained on (2.18) indicates that it is almost totally inactive as a 

tubulin inhibitor, while (2.16) seemed to promote tubulin polymerisation. (2.17) 

exhibited moderate tubulin binding activity (38.19 ± 5.50%) showing similar 

activity to (2.03) at this concentration (41.43 ± 4.96%).

% Inhbition o f Tubulin Polym erisation  
for (2.16), (2.17) & (2.18)

50-1

25-

O)

(2.16) (2.18)(2 .17)

-25-1

Compound No.

Fig 2.16 Percentage inhibition o f  tubulin polym erisation for (2.16), (2.17) and (2.18) at 

5m g/m l (error bars represent SEM o f n=3 in triplicate, p<0.0001)

2.5.2 Tubulin binding data for the C-ring analogues

The second group o f compounds which were evaluated in the tubulin binding assay 

were the C-ring analogues o f (2.01), namely (2.25), (2.26), (2.27) and (2.28). As the
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structure of these compounds is somewhat similar to (2.01), our expectation was that 

these compounds might display similar activity to (2.01) in the tubulin assay and 

consequently each compound was evaluated at 40|o,M.

0>
O)
Sc
a>u
k_
4>

Q.

4 0 -

30 -

20 -

1 0 -

- 1 0 .

% Inhibition of Tubulin Polymerisation 
for (2.25)-(2.28)

(2 .25 ) (2 .26 ) (2 .27 ) (2 .28 )

Compound No.

Fig. 2.17 Percentage inhibition o f  tubulin polymerisation at 40|iM  for (2.25), (2.26), (2.27) 

and (2.28) (error bars represent SEM of N=3 in triplicate, p<0.0001)

As can be seen from Fig. 2.17, none of the compounds assayed displayed inhibition 

greater than 50% and as a result were not subjected to a detailed dose response 

study.

2.5.3 Tubulin binding data for (2.36), (2.37) and (2.38).

Test compounds, (2.36), (2.37) and (2.38) were also evaluated in the tubulin assay at 

a concentration of 40)4,M. These compounds were mildly active at this concentration 

and therefore did not warrant a full dose response study.
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% Inhibition o f Tubulin Polym erisation for 
(2.36), (2.37) and (2.38)

20-1

co

£
C

«
O )
Sc
<l>o
«

Q.

10-

(2.36) (2.37) 
Compound No.

(2.38)

Fig. 2.18 Percentage inhibition o f  tubulin binding activity for (2.36), (2.37) 

and (2.38) at 40|xM (error bars represent SEM o f N=3, in triplicate, p<0.54)

2.5.4 Tubulin binding data for the compounds without the methoxy 

substituents on A-ring

The final group of compounds which were assayed for tubulin binding activity were 

the benzosuberone based compounds. These compounds, namely (2.44) and (2.45) 

were evaluated at a single concentration (40|o.M) for ITP activity. Interestingly 

(2.44) displayed quite potent activity at this concentration (65.9 ± 5.9%), but its 

isomer (2.45) was virtually inactive 12.88 ± 3.19%. A full dose response study was 

carried out on (2.44). Its IC50 value o f 8.68|^M (R^=0.9040) is similar to that of 

(2.01), ( 6.7^M).
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% Inhibition of Tubulin Polym erisation  
for (2.44) and (2.45)

s?
C
o

c
o
O)
iS
cook.a>0.

(2.44) (2.45)

Compound No.

Fig. 2.19 Percentage inhibition o f  tubulin polymerisation at 40|iM  for (2.44) and (2.45) 
(error bars represent SEM of N=3, in triplicate)

2.5.4.1 Tubulin binding data for (2.44)

Vo Inhibition o f Tubulin Polym erisation  
vs Log Concentration (2.44)

100-1

c  75- 
o

£
c  50-
0)O)
2c
o  25- ok .0)Q.

■7 -6 ■5 -4 •3

Log Concentration (M)

Fig. 2.20 Percentage inhibition o f  tubulin polym erisation V5 log concentration for (2.44) 
(error bars represent SEM of N=3, in triplicate)

The results of the tubulin binding studies gave an I C 5 0  of 8.68|o,M (R^=0.9040), 

making it the most active tubulin inhibitor synthesised in this study.
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2.7 Conclusion

The primary objective of the work described in this chapter was to investigate 

further the tubulin binding activity of compounds based on (2.01) and specifically 

compounds containing an additional aromatic ring at position 8 o f this molecule. 

The hypothesis being that the resultant compounds bearing (2.01) like character 

combined with structural features similar to combretastatin A-4 would demonstrate 

enhanced activity over (2.01) and combretastatin A-4. Overall the tubulin binding 

data obtained on these compounds was somewhat disappointing, although (2.03) 

still displayed similar activity to suramin in the human in vitro angiogenesis assay. 

It has also provided us with vital clues as to what types o f fimctionalities can be 

permitted on our design, and also as to the nature o f the groups attached on the A, B, 

C and D rings. The study carried out to establish the effect of changing the methoxy 

groups on the C-ring o f (2.01) was also quite informative in that it would appear to 

indicate that only small alkoxy groups are permitted at this position. Methoxy 

substituents on either the A or D rings as indicated by the activity o f (2.01) and 

(2.44) would appear to be essential for activity. However when both rings are 

occupied by methoxy groups as in (2,03), (2.16), (2.17), (2.18), (2.36), (2.37) and 

(2.38), the overall steric bulk precludes them from binding to the tubulin binding 

site.

Interestingly, the compound with the C- and D- rings in an identical arrangement to 

CA-4 (2.44) gave quite potent tubulin binding activity (IC50 = 8.68|xM). The A- and 

B- rings of benzosuberone may act as a scaffold to retain the orientation o f the C- 

and D-rings in the active cis configuration, while eliminating any possible 

isomerisation to the inactive trans isomer. The compound in which the C- and D- 

rings are in the alternate position (2.45) was virtually inactive. This is somewhat 

surprising given the structural similarity o f (2.45) to (2.44). The x-ray crystal 

structure of CA-4-P and phenstatin shown in Fig. 10 indicate an “out o f plane twist” 

between the two aromatic rings which seems to be necessary for tubulin binding 

activity. The strained configuration of the B- ring in (2.45) may force the C- and D- 

rings into a different spatial orientation resulting in the inactivity o f this compound.
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Chapter 3



3.0 Introduction

Phenstatin (1.25), a potent inhibitor o f tubulin polymerisation, was first discovered
148serendipitously by Pettit et al during attempts to oxidise the olefm bridge of CA-4 

(1.13). Due to its structural similarity to CA-4 it was considered worthy o f further 

investigation as a tubulin inhibitor. It was found to be a very potent inhibitor of 

cancer cell line growth (ovarian OVCAR-3 cells Gl5o=0.0023)xg/ml; melanoma SK- 

MEL-5 cells Gl5o=0.0038^g/ml; lung-NSC NCI-H460 cells Gl5o=0.0057^g/ml) and 

equipotent to CA-4 as an inhibitor of tubulin polymerisation (IC50 =1.0|^M vs 1.2|a.M 

for CA-4).''** Owing to the increased therapeutic effects o f the CA-4-P pro-drug 

over CA-4, the di-sodium phosphate pro-drug o f phenstatin (3.01) was also 

synthesised. Screening in NCI’s 60 cell line human tumour screen demonstrated 

comparable activity to CA-4-P for phenstatin phosphate (mean panel 

Gl5o=7.33±4.54xlO’*M V5 1.28±0.44xl0’*M for CA-4-P).*'‘* Numerous derivatives 

o f phenstatin have been synthesised to date, including hydroxyphenstatin (1.33), 

naphthylphenstatins and 2- and 3-aminobenzophenone analogues (discussed in more 

detail in section 1.6.1.4).

\

OR

R=H, Phenstatin (1.25) 

O

OH

OH

P _ __ p —ONa Phenstatin phosphate, (3.01)
I

ONa (1.33)

Fig. 3.1 Structure of phenstatin (1.25), phenstatin phosphate (3.01) and 

hydroxyphenstatin (1.33)

3.0.1 Synthesis o f Phenstatin like compounds

On examination o f the structure o f Shah’s'^^ lead compound (2.01), it becomes clear 

that in principle, oxidative cleavage o f the double bond should result in the
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formation of phenstatin-like compounds. There are several possible reagents for 

carrying out this transformation including chromium compounds, permanganates, 

ozone, lead tetraacetate, sodium bismuthate, osmium tetroxide and ruthenium 

oxides?^®’̂ *̂ During attempts by Shah'^^ to oxidise the C-7 position of (2.10), 

several side products formed, one of which was the result o f oxidative cleavage of 

the double bond by potassium dichromate (K2Cr20 7 ). The resulting ring-opened 

keto-aldehyde (3.02) is structurally quite similar to the known tubulin inhibitor 

Phenstatin (1.25) and thus clearly warranted evaluation as a potential tubulin 

binding agent. Following liberation of the phenolic functionality the resulting 

derivative was analysed in the tubulin polymerisation assay and found to have 

modest tubulin binding activity, IC50 9.85nM.^^^

Fig. 3.2 Structure of lead compound (2.01) and the ring-opened derivative (3.02)

The essential difference between the structures o f phenstatin (1.25) and (3.02) is the 

presence o f the butanal side chain. The aldehyde functional group contained therein 

can be suitably transformed, permitting the investigation of the tubulin binding 

properties of derivatives containing hydroxyl (3.03), azido (3.04), carboxylic acid 

(3.05) and oxime (3.06) functionalities. These fimctional groups were chosen 

primarily to investigate if  functionality at the butane terminus was necessary for the 

binding of this molecule to tubulin and thereby permitting elucidation o f the mode 

o f binding. In our proposed structure the additional side chain can be fimctionalised 

to enhance the solubility of the resultant compound in vivo. In this respect the 

procurement o f compounds bearing hydroxyl, azido or carboxyl substituents at the 

terminus o f the side chain was desirable. In principal these compounds should 

exhibit higher solubility in physiological solutions over (3.02) as the hydroxy

o

O
O

R=H, (2.01) 
R=tBDMS (2.10) (3.02)
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derivative might be expected to undergo hydrogen bonding interactions, the amino 

functionality might act as a hydrogen bond acceptor, while the carboxyl 

functionality may also undergo hydrogen bonding interactions.

R= CHO (3.02)

R =  CH2 OH (3.03)

R =  CH2 N3  (3.04)

R = COOH (3.05)

R= CH=NOH (3.06)

Fig. 3.3 Structure of (3.02) and its derivatives

3.1 Synthesis of Ring-Opened Compounds

3.1.1 Synthesis o f (3.02)

The aldehyde (3.02) was synthesised following the procedure of Shah.'^^ The 

precursor (2.10) was dissolved in a mixture of acetic acid and acetic anhydride and 

the resulting solution was treated with potassium dichromate (Scheme 3.1). After 

careful evaluation of the reaction conditions the optimum temperature for this 

oxidative cleavage was found to be 40°C. The resulting keto-aldehyde (3.02) was 

isolated in reasonable yields (53%) following work-up and purification by flash 

column chromatography.

K.2Cr2 0 7 , 
acetic acid,

acetic anhydride, 
40°C, 1.5 h

(2.10)

Scheme 3.1 Synthesis of (3.02)
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3.1.2 Synthesis o f  the hydroxyl analogue (3.03)

The reduction o f aldehydes to alcohols can normally be achieved by the use of 

sodium borohydride or lithium aluminium hydride. However, these reducing agents 

are not selective and will also reduce ketones. As (3.02) also possesses a ketonic 

functional group it was necessary to select a reducing agent which would allow the 

selective reduction of the aldehyde functionality, while leaving the ketone intact. 

Sodium triacetoxyborohydride (NaBH(0Ac)3) was chosen, as it is known to 

selectively reduce aldehydes in the presence o f ketones.^® This reagent is normally 

prepared in situ by suspending sodium borohydride in ethyl acetate and treating the 

resulting mixture with acetic acid. When addition is complete, the compound of 

interest is then added to the reaction mixture at room temperature. On completion, 

the reaction is quenched by the addition of water, the product extracted into ethyl 

acetate and purified by flash column chromatography. This approach was used in 

the synthesis o f the alcohol (3.03) from (3.02). The reaction proceeded smoothly and 

the desired alcohol was isolated in high yield (85%) (Scheme 3.2)

OH
NaBH(0Ac)3, 
EtOAc, ^

0°C, 15 min, 
R T ,2 h

(3.02) (3.03)

Scheme 3.2 Synthesis of the hydroxyl analogue (3.03)

3.1.3 Synthesis o f azido analogue (3.04)

The azide was synthesised from the alcohol (3.03) in two steps. The first step 

involved forming the mesylate derivative o f (3.03). This was accomplished under 

anhydrous conditions at 0°C using methanesulfonyl chloride and N,N- 

diisopropylethylamine (DIPEA) as base, in anhydrous DCM. The reaction was 

completed in one hour and upon work-up and purification by flash column 

chromatography, the mesylate (3.07) was isolated in near quantitative yield.
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The second step involved substitution of the mesylate group with azide ion. Due to 

the relative instability o f the mesylate it was necessary to carry out the azide 

substitution on the same day. This step involved dissolving the mesylate in DMF 

and treating it with sodium azide. The reaction was allowed to proceed at 40°C for 

one hour (Scheme 3.3). After work up and purification by flash column 

chromatography, IR analysis of the product indicated formation of the azido 

derivative. However, following inspection o f the *H NMR spectrum of the azido 

derivative, it was evident that the TBDMS protecting group had been removed 

during this step, resulting in the formation of (3.04). The azide ion had caused total 

removal o f the TBDMS protecting group. This interesting observation was 

considered worthy o f fiirther investigation and is explored in more detail in section 

3.3.

OH o ^  //

Methane Sulfonyl Chloride,

DIPEA, CHoCl 
0°C, I h

(3.07)
(3.03)

40°C,

OH

(3.04)

Scheme 3.3 Synthesis of azido analogue (3.04)
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3.1.4 Preparation o f the carboxylic acid derivative (3.05)

Although the keto-aldehyde derivative (3.02) was moderately stable when stored at 

4°C, the aldehyde functionality o f (3.02) was prone to atmospheric oxidation when 

stored at room temperature. This observation was exploited as an effective approach 

to preparing the carboxylic acid derivative (3.05). Following storage o f the keto- 

aldehyde (3.02) at room temperature for several days, the acid (3.05) formed, and 

was then isolated following routine purification o f the mixture by flash column 

chromatography.

OH
Atmospheric
Oxidation

(3.02) (3.05)

Scheme 3.4 Formation of the carboxylic acid derivative (3.05)

3.1.5 Synthesis o f oxime (3.06)

The oxime derivative (3.06) was synthesised from the aldehyde (3.02) using 

hydroxylamine hydrochloride and sodium acetate in a mixture of ethanol and water. 

The reaction proceeded at 60°C over 6 hours (Scheme 3.5). Two distinct products 

formed during the reaction in yields o f 14% and 40%. IR and NMR analysis of the 

two fi'actions indicated the presence o f oxime functionalities in both. However in
1 -j

the upper fraction the C signal at 196.06ppm attributed to the ketone was absent. 

The ketone had also undergone conversion to an oxime functionality thus forming a 

di-oxime (3.08).
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OH

Hydroxylamine HCl, 
Sodium Acetate, 
EtOH, H2O,
60°C, 6 h

(3.02) (3.06)

0 .

OH
N -O H

(3.08)

Schem e 3 .5  Synthesis o f  oxim e derivatives (3 .06) and (3.08)

3.2 Tubulin Binding Data

In order to evaluate the ring-opened compounds as tubulin binding agents a number 

of the compounds were chosen for analysis in a standard inhibition o f tubulin 

polymerisation (ITP) assay. Prior to assaying the compounds, it was necessary to 

liberate the hydroxyl functionality. The oxime compounds were insufficiently stable 

to undergo analysis in the assay and sodium azide had liberated the hydroxyl in 

(3.04), therefore the remaining compounds were deprotected by treating the 

compounds with a solution of TBAF in THF at room temperature (Scheme 3.6). 

The reaction proceeded smoothly and the free phenols were isolated in near 

quantitative yields ((3.02) 98%, (3.10) 95% & (3.11) 97%).
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o

o TBAF, THF

RT, 1 h
0

O
R

,0

R = CHO (3.02) 

R = CH2 OH (3.03) 

R =  COOH (3.05)

R = CHO (3.09) 

R =  CH2 OH (3.10) 

R =  COOH (3.11)

Scheme 3.6 General reaction for TBDMS ether deprotection

The compounds were screened in the tubulin polymerisation assay at a high 

concentration (5mg/ml, ~120]j,M), however none o f the compounds were found to 

be as active as the original keto-aldehyde. The hydroxyl and carboxylic acid 

derivatives showed almost negligible activity with 5.96±1.68% and 8.51±1.86% 

inhibition respectively. The azide derivative was significantly more active than the 

hydroxyl and carboxylic acid analogues with 34.02±5.07% inhibition, however it 

was still far less active than the keto-aldehyde, which remained the most active by 

far of the series (IC50 9.85|j.M).’̂  ̂ Though these results were disappointing they 

confirm the importance of the choice of functional group present on the tubulin 

binding agents, in order to maximise binding at the tubulin active site. The study 

also resulted in the important discovery of sodium azides use as a potential agent for 

the selective cleavage of TBDMS ethers. This finding was considered worthy of 

ftirther investigation and is the focus o f the remainder o f this chapter.

3.3 Selective Removal of Silyl-based Protecting Groups

The synthesis o f the ring opened series o f compounds required that the phenolic 

functionality o f (2.08) be protected, as a TBDMS ether derivative. However, as 

outlined in section 3.1.3 o f this chapter, during the last step o f the synthesis o f the 

azido derivative (3.04), namely the conversion o f the mesylate (3.07) to the azide
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(3.04) using sodium azide, it was found that the silyl protecting group was cleaved 

to yield the free phenol (3.04) (Scheme 3.7).

0 -, //

40°C

OH

(3.07) (3.04)

Scheme 3.7 Synthesis o f the azide (3.04) derivative and deprotection of TBDMS ether

A comprehensive review of the literature could find no reference to the use o f azide 

ion in the deprotection o f aryl TBDMS ethers, though it has been used to deprotect 

the methyldiphenylsilyl protecting group.^^  ̂ It was thus decided to pursue this 

reaction in some detail and to optimise the conditions that would allow for the 

selective deprotection of aryl TBDMS ethers.

This section therefore focuses on protecting groups in general, followed by a review 

of silyl-based protecting groups and concludes with a discussion on the use o f  

sodium azide as a reagent facilitating the selective removal o f the tert- 

butyldimethylsilyl group in the presence o f other silicon based protecting groups.

3.3.1 Introduction to protecting groups

The importance of protecting groups in organic synthesis has long been established. 

They are a vital component o f multistep syntheses that enable a reaction to be 

carried out selectively at one reaction site, while allowing the other reactive sites
CO

remain intact. There are many different types o f protecting groups available and 

they are usually classified in one o f two ways; either according to the functional 

groups they protect e.g. hydroxyl, carboxyl, carbonyl, amino etc. or according to the 

reagents which cause their cleavage e.g. acid, base, fluoride, hydrogenolysis etc.
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There are several considerations to take into account when choosing a protecting 

group.^^ '̂^^^ The group should:

• be inexpensive and readily available,

• be easily and efficiently introduced under mild conditions,

• be simple to characterise,

• introduce no new stereocenters,

• be stable to a wide range o f reaction, separation and purification conditions 

and techniques,

• be cleavable selectively and efficiently under mild yet specific conditions, 

and

• the by-products o f the deprotection must be easily separated from the 

product.

Usually a compromise must to be fovmd which contains the most important 

characteristics, as very few protecting groups meet all o f the requirements.

This review focuses on silyl ethers which are members o f the hydroxyl protecting 

groups. There are five commonly used silyl ethers; trimethylsilyl ether (TMS), 

triethylsilyl ether (TES), /ert-butyldimethylsilyl ether (TBDMS), tert- 

butyldiphenylsilyl ether (TBDPS) and tri-isopropylsilyl ether (TIPS). Generally, 

they are all readily introduced and cleaved under mild conditions. The groups vary 

in their stability and the general rule is the bulkier the substituent the greater the 

stability to a range of conditions including acid and base hydrolysis, organolithium 

and Grignard reagents, oxidation, reduction and column chromatography. The 

electronic effects o f the substituents also play a role in the reactivity. The relative

stability [ 1 / K r e i ]  of the silyl ethers (R-O-Si-R’3) in acidic and basic media is as

follows:^^^’̂ '^

In acid solvolysis:

R’3: MesSi < EtsSi < t-BuMe2Si < i-PrsSi < t-BuPhaSi

[1/Krei] (1) (64) (20,000) (700,000) (5,000,000)
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In base solvolysis:

R ’3 : MeaSi < EtsSi < t-BuMe2 Si = t-BuPh2 Si < i-PrsSi 

[1/Krei] (1) (10-100) (20,000) (100,000)

The TMS group is mainly used to derivitise polar and non volatile compounds for 

analysis by gas chromatography (GC) and gas chromatography-mass spectroscopy 

(GCMS). Its use as a protecting group is limited due to its inherent lability and lack 

o f stability to column chromatography. ’ ’ TES ethers are stable to column

chromatography and are resistant to many oxidation, reduction and organometallic 

reactions. They are 10-100 times more stable than TMS ethers but are more labile 

than TBDMS ethers.^^^’̂ ^̂ ’̂ ’̂

Since being introduced in 1972 by Corej^^* the TBDMS ether has become one o f  

the most popular silyl protecting groups.^^^’̂ ^̂  It is easily introduced and is stable to 

a broad range o f  reaction conditions including strong non-protic bases such as n- 

alkyllithiums, Grignard reagents, enolates and metallated sulfonates when the 

temperature o f  the reaction is maintained below 0°C. Phenolic TBDMS ethers are 

known to be less stable than the corresponding alkanol ethers.

The TBDPS ether was first introduced in 1975 by Hanessian and Levallee. It is 

significantly more stable (100-250 times) to acid hydrolysis than the TBDMS 

ether, ’ and has been shown to be stable to several reagents to which TBDMS 

ethers are sensitive including K 2 C O 3 /C H 3 O H , 80% AcOH and 9M N H 4 O H , 60°C
CO

over 2 hours. It is generally cleaved using the same conditions as for TBDMS 

ethers but the reaction often takes considerably longer to proceed to completion and 

so selectivity is possible.

The final commonly used silyl ether is the TIPS group. Its larger bulk ensures 

selectivity in protecting primary hydroxyl groups over secondary hydroxyls, and 

gives it greater stability to a range o f  reaction conditions. It is more stable to acid 

hydrolysis than TBDMS ethers but not as stable as the TBDPS group, however it is 

more stable than both to base hydrolysis. TIPS ethers are generally formed and
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cleaved under similar conditions to TBDMS ethers but the deprotection reactions 

take longer, thus allowing selectivity

Several other silyl protecting groups are also known but are less widely used. Many 

are extensions of the previously described groups, e.g. isopropyldimethylsilyl ether 

(IPDMS) and diethylisopropylsilyl ether (DEIPS) both o f which are labile to mild 

acidic hydrolysis. ’ In situations where a more sterically hindered group is 

necessary thexyldimethylsilyl (TDS) ether may be used. It is 2-3 times more stable 

than TBDMS ethers to acid and base hydrolysis, however it provides a significant 

amount o f clutter in NMR spectra thus making its use unattractive. Other members 

o f the group include tribenzylsilyl ether, tri-p-xylylsilyl ether, triphenylsilyl (TPS) 

ether, diphenylmethylsilyl (DPMS) ether and t-butylmethoxyphenylsilyl (TBMPS) 

ether.̂ '̂-̂ ^̂

3.3.2 Examples o f the commercial use ofprotecting groups

There are numerous examples of commercially available drugs whose structures 

contain several hydroxyl functionalities and thus necessitate the use of many
0(\C\ 1different protecting groups during their synthesis. Nicolaou et al ’ synthesised 

the immunosuppressant, sirolimus (rapamycin), a 31 membered ring with several 

hydroxyl moieties, initially in several smaller fragments which were subsequently 

coupled together to form the final compound. Its synthesis required the use o f 

numerous protecting groups including silyl ethers such as TIPS, TBDMS, TBDPS, 

and TES at various stages. At one point during its synthesis, the fragment contained 

two TIPS, two TES and one TBDPS ether. They selectively removed the TES 

ethers using HF/pyridine, leaving the other ethers intact. This allowed the selective 

oxidation of the liberated secondary hydroxyl groups. The more stable, remaining 

silyl ethers were then cleaved using HF in CH3 CN/H2 O.
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OH

Fig. 3.4 Sirolimus (Rapamycin)^^^

The varying stabiUty o f  the silyl ethers was also used to great effect in the synthesis 

o f  the anti-tumour agent The TM S, TES and TBDM S groups were

all utilised. The labile TMS was cleaved using acetic acid, which left all o f  the other 

groups intact. Follow ing transformation o f  the free hydroxyl to an oxetane, the TES 

group was then selectively cleaved using HF/pyridine. This allowed the oxidation 

o f  the position adjacent to the free hydroxyl group. The remaining TBDM S group 

was then cleaved using TASF {[(M e2N )3 S]'̂  [M e3 SiF2 ]'} as TBAF did not effect the 

cleavage.^^'^’̂ ^̂ ’̂ '̂ '* Both o f  these examples demonstrate the careful deliberation 

necessary when considering the choice o f  protecting group at each position.

AcO
O Me,

Me
OH

HO
AcO

Fig. 3.5 Taxol® (Paclitaxel)^®^

3.3.3 The me o f silyl ethers

During the synthesis o f  novel tubulin polymerisation inhibitors by members o f  the 

research group the use o f  silicon-based protecting groups to protect hydroxyl
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functionalities was necessary. Due to its ease of introduction and stability to basic 

and mildly acidic c ond i t ions , t he  TBDMS protecting group was chosen as the 

preferred agent. However, a second, more stable hydroxyl protecting group was 

also necessary which dictated the use o f the TBDPS ether to protect the hydroxyl 

functionalities.

The most commonly used reagent for the removal o f TBDMS protecting group is 

tetrabutylammonium fluoride (TBAF), but aqueous acids, aqueous HF/CH3CN and 

various Lewis acids are also commonly used. Several other reagents have also 

been reported to cleave various silyl ethers with varying selectivity. These include 

I2 in MeOH,^^  ̂ zinc tetrafluoroborate in water,^^  ̂ H2O and DMSO at 90°C,̂ ^̂  

LiCl/H20 in DMF,^^* KHSO4 in aq. MeOH,^^  ̂sodium periodate in THF,^ °̂ CS2CO3 

in DMF/H20,^^' N-iodosuccinimide in MeOH,^^  ̂ NaOH and BU4NHSO4 in 

dioxane, SbCls in acetonitrile and water, copper (II) chloride dihydrate 

(CuCl2’H20) in refluxing acetone/H20,^^^ 1-chloroethyl chloroformate in MeOH^’  ̂

and catalytic removal using Pd/C catalyst.

As previously mentioned, the use o f azide ion has not previously been reported in 

the literature for the cleavage of TBDMS ethers, though it has been used to 

deprotect alkyl methyldiphenylsilyl groups.^^  ̂ It was thus decided to examine the 

use of azide ion in deprotecting silyl ethers in more detail and to this end a study 

was designed which investigated its potential use.

3.3.4 Objectives

The aims of this study were three-fold:

• to investigate the selectivity o f azide ion for the removal of phenolic 

TBDMS ethers over phenolic TBDPS ethers,

• to examine the selectivity of azide ion in deprotecting phenolic TBDMS 

ethers over aliphatic, benzylic and allylic TBDMS and TBDPS ethers,
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• to demonstrate the use o f azide ion for the selective removal o f  TBDMS 

protecting group during the synthesis o f novel tum our vasculature targeting 

agents.

The TBDPS protecting group was chosen because it exhibits greater chemical 

stability over TBDMS ethers. The increased stability associated w ith a TBDPS 

derivative is prim arily due to the resonance effect i.e. delocalisation o f  conjugated n -  

electrons from the two aromatic rings to the Si atom, which leads to strengthening o f 

the S i-0  bond and thus makes it more difficult to cleave. Steric hindrance also plays 

a role in the lower reactivity o f  the TBDPS derivative.

The resonance effect also plays a role in the differences in reactivity between 

phenolic, aliphatic, benzylic and allylic compounds. W ith phenolic ethers the lone 

pair o f  electrons from the oxygen atom gets drawn into the aromatic ring, thus 

leaving a slight electropositive charge on the oxygen. The oxygen in turn draws 

electrons from the silicon atom, leaving it with a slight electropositive charge and so 

slightly weakens the S i-0  bond. The bond is thus more susceptible to attack from 

nucleophiles such as F, N 3 and is more easily cleaved. This effect is not seen in 

aliphatic, allylic or benzylic ethers to the same extent and so the S i-0  bond in these 

ethers is more stable. If  the aromatic ring contains substituents which are 

deactivating, e.g. Cl, Br, they withdraw electrons from the aromatic ring, causing it 

to pull electrons from the oxygen atom and thus enhance the above effect. The 

substituents on the aromatic ring, whether activating or deactivating, if  any, will thus 

have a significant effect on the time taken for the azide ion to cleave the silyl ether.

Although the azide ion hasn’t previously been reported as a reagent to use for the 

cleavage o f  TBDMS ethers, this is not an entirely unexpected result, as one o f the 

characteristics o f  silicon is the strong bond it forms with electronegative atoms (e.g. 

F). As previously mentioned the fluorine ion is commonly used to cleave silyl 

protecting groups and the driving force for this reaction is the form ation o f the 

extremely strong Si-F bond {565KJ/Mol}.^^*

96



The mechanism of this cleavage is not the expected, simple Sn2 reaction. Instead 

the reaction proceeds via a pentacovalent silicon centre (Scheme 3.8). This is 

possible due to two factors unique to silicon, first the long Si-C bond {185pm} 

facilitates nucleophilic attack at what would otherwise be a sterically congested 

silicon centre, and secondly the vacant d-orbitals o f silicon provide a target for 

nucleophilic attack via geometric approaches not permitted by the bonding and anti

bonding orbitals of carbon. The process is referred to as the SN2-Si pathway and is 

an extremely fast process.

R

Scheme 3.8

The azide ion (Ns') is considered to be a strong nucleophile and thus can be expected 

to form a strong bond to silicon by the same mechanism as the fluoride ion. This in 

turn may act as the driving force for the cleavage o f the Si-0 bond in a similar 

manner to fluoride ion.

3.4 Selective Deprotection of Silylated Phenols

The initial investigation into the activity o f the azide ion and the deprotection o f 

TBDMS ethers focussed on the potential to selectively cleave phenolic TBDMS 

ethers over phenolic TBDPS ethers. The chosen phenols had a range of either 

electron withdrawing or donating substituents at various positions to investigate 

their effect on the stability o f the ether and the time to deprotect. The selected 

phenols were all readily available and included phenol, 3-chlorophenol, 2- 

bromophenol, 2-bromo-4-chlorophenol, 4-bromophenol, 3-bromo-6-methoxyphenol, 

2-methoxyphenol, 1-naphthol, 5-isopropyl-2-methylphenol and 3,4,5- 

trimethoxyphenol.

Each phenol was protected as a TBDMS ether, and as a TBDPS ether. The 

procedure used for the insertion of the protecting group was identical in each case
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with the obvious exception of using /er/-butyldimethylsilyl chloride (TBDMSCl) for 

TBDMS protection and /er/-butyldiphenylsilyl chloride (TBDPSCl) for TBDPS 

protection. In each case, the phenol was dissolved in DMF at room temperature 

and imidazole and either TBDMSCl or TBDPSCl were added (Scheme 3.9). The 

time taken to fully protect the phenols was usually between two to six hours, 

however a small mmiber of the phenols required overnight stirring for complete 

protection to be achieved.

(3.12)

TBDMSCl, 
imidazole, ^
DMF,
RT, Ih

TBDPSCl,
imidazole.

DMF, 
RT, 3h

OTBDMS

(3.13)

OTBDPS

(3.14)

Schem e 3.9 Protection o f  the phenolic group

3.4.1. Deprotection o f silylatedphenolic ethers

The medium chosen to study the removal of each protecting group by azide ion was 

identical to that which resulted in the conversion of the mesylate (3.07) to (3.04). 

Thus the compounds selected from each series were dissolved in DMF at room 

temperature, and subjected to 10 equivalents of NaNs. The progress of each reaction 

was monitored care frilly by TLC. The time taken to fully deprotect the TBDMS 

protecting group for each substrate was considered the endpoint for both reactions. 

The reactions which did not proceed at room temperature over 24 hours were then 

heated to 80°C and monitored closely. The reactions were quenched by the addition 

of water and extracted with diethyl ether. The organic layer was concentrated and 

the desired compounds obtained in quantitative yields following purification by 

flash column chromatography (Scheme 3.10). The most important point with
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respect to the selective removal o f the TBDMS over the TBDPS protecting group 

for each phenol under consideration, is that regardless of the conditions required to 

remove the TBDMS protecting the corresponding TBDPS group remained 

unaffected (Table 3.1).

OHO T B D M S
NaNj,
DMF,

80°C, 2h

(3.12)(3.13)

NaNj, DMF, 
80°C, 2hO T B D P S

(3.14)

Scheme 3.10 Cleavage o f TBDMS ether and not TBDPS ether by NaNs 

Table 3.1 Results from azide ion deprotection o f aryl silyl ethers

TempProtected
phenol

Time to 
deprotect

Temp Yield Protected
phenol

Time to 
deprotect

OTBDMS OTBDPS

Unchanged 
after 2 h

80°C*

(3.13)
OTBDMS

(3.14)
OTBDPS

5 Min 99% 10 Min RT
(97%
yield)

RT

Cl

(3.16)(3.15)
OTBDPSOTBDMS

Unchanged 
after 5 h

95% RTRT

Cl
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Table 3.1 Continued
Protected Time to Temp Yield Protected Time to Temp
phenol deprotect

(h)
phenol Deprotect

(h)
OTBDMS OTBDPS

/ B r X .  -Br

6 RT 98% f  I Unchanged RT) 1 after 6 h

(3.20)
OTBDMS

(5 6 RT 97%

Br

(3.21)

OTBDPS

[| J Unchanged RT 
^ft^r 6 h

Br

(3.22)
Br

&^ Y ^ O T B D M S  6  R T  9 6 %  

(3.23)

Br

Âf ^ O T B D P S  Unchanged RT 
1 after 6 h

(3.24)
OTBDMS

II J 1 80°C* 97%

(3.25)

OTBDPS

J Unchanged 80°C* 
after 1 h

(3.26)
OTBDMS

2 80°C* 95%
1 0 ^  1 

(3.27)

OTBDPS

A Unchanged 80°C* 
1 i 1 after 2 h

(3.28)
OTBDMS

3 80°C* 97%

(3.29)

OTBDPS

Unchanged 80°C* 
after 3 h

(3.30)

J^V j /O TBD M S

3 80°C* 98%

(3.31)

J ^ ^ O T B D P S

Unchanged 80°C* 
after 3 h

(3.32)
* Reaction stirred at room temperature for 24 hours prior to heating
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As might have been anticipated, the time and temperature required to effect 

complete TBDMS deprotection varied quite considerably depending on whether the 

substituents were activating or deactivating. The TBDMS protected phenols with 

deactivating substituents including 2-bromo-4-chlorophenol, 3-chlorophenol, 2- 

bromophenol and 4-bromophenol were readily deprotected at room temperature over 

timescales varying from 5 min to 6 h. In these examples, any halogens present are 

at the ortho or para  positions and consequently withdraw electrons from and thus 

destabilise the S i-0 bond. The fastest compound to deprotect was the TBDMS 

protected 2-bromo-4-chlorophenol (3.15) where a combination o f the ortho- 

positioned bromo group and the para  electron withdrawal by the chloro group is 

operating. The combined effect leads to complete liberation of the phenol within 5 

min. The corresponding TBDPS ether o f 2-bromo-4-chlorophenol (3.16) required a 

reaction time of 10 min for complete deprotection. In the case where only one 

halogen is present as in (3.17), (3.19) and (3.21) the time taken for complete 

deprotection was 6 h at room temperature.

The activated phenols contained methoxy (3.27-3.30), methyl and isopropyl (3.31, 

3.32) groups. In each case when the deprotection step was attempted at room 

temperature the only material isolated after several hours was the unreacted starting 

material. In order to achieve smooth deprotection o f these compounds it was 

necessary to raise the reaction temperature to 80°C. The time varied from 1 h to 

liberate the TBDMS protecting group from naphthol, to 3 h for 2-methoxyphenol, 

trimethoxyphenol and 5-isopropyl-2-methyl phenol. The higher stability o f these 

compounds is due to the electron donating groups ortho to the t-BDMS group. The 

net effect is that the electrons are taken up by the oxygen, which stabilises the Si-0 

bond, making cleavage of the t-BDMS group more difficult.

3.5 Selective Deprotection of Silylated Phenols in the Presence of 

Aliphatic and Benzylic Silylated Alcohols

Having demonstrated that it is possible to deprotect TBDMS protected phenols with 

azide ion while the corresponding TBDPS derivatives remain intact, the objective of 

this study was to explore other systems where selective deprotection o f TBDMS
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protecting groups might be achievable. In particular, selective removal of TBDMS 

protecting groups from phenols which also contained TBDMS protected aliphatic or 

benzylic alcohol functionalities was a key part of the study. The alcohols chosen for 

this study included menthol, 4-hydroxyphenethyl alcohol, benzyl alcohol and 4- 

hydroxybenzyl alcohol. To complete the comparison with the phenols, these 

compounds were protected as both the TBDMS and TBDPS ethers using identical 

conditions to that used for protection of the phenols in Section 3.4.

To study the rate of TBDMS deprotection, each compound was dissolved in DMF 

and subjected to 10 equivalents of sodium azide. As might have been anticipated 

with this study, the removal of the phenolic TBDMS protecting group from (3.37) 

and (3.39) required that the reaction be carried out at 80°C. At this temperature the 

TBDMS protected benzylic and aliphatic alcohols were not affected, despite 

maintaining the reaction temperature at 80°C over 2 days.

Table 3.2 Results for azide deprotection of aliphatic silyl ethers

Protected
phenol

Time to 
deprotect
(h)

Temp Yield Protected
phenol

Time to 
deprotect
(h)

Temp

T OTBDMS

Unchanged 
after 2 days

80°C* n/a
T OTBDPS

Unchanged 
after 2 days

80°C*

(3.33) (3.34)
OTBDMS OTBDPS

6 Unchanged 
after 2 days

80°C* n/a 6 Unchanged 
after 2 days

80°C*

(3.35) (3.36)
OTBDMS

J
OTBDPS

4 80°C* 98% Unchanged 
after 4 h

80°C*

1
OTBDMS

1
OTBDPS

(3.37) (3.38)
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Table 3.2 Continued
Protected
phenol

Time to 
deprotect
(h)

Temp Yield Protected
phenol

Time to 
Deprotect
(h)

Temp

.OTBDMS

5 80°C* 97%

OTBDPS

dS Unchanged 80°C*
T
OTBDMS

(3.39)

T
OTBDPS

(3.40)

after 5 h

* Reaction stirred at room temperature for 24 hours prior to heating

To confirm that selective deprotection from the phenolic position o f (3.39) to yield 

(3.41) had been achieved, the product was subjected to examination by NMR 

spectroscopy (Scheme 3.11). The structure was confirmed as that o f the mono

protected phenol (3.41) on the basis o f selective Nuclear Overhauser effect (NOE), 

Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple 

Bond Correlation (HMBC) NMR experiments.

OTBDMS OTBDMS

SOX

OTBDMS OH

(3.37) (3.41)

Scheme 3.11 Mono-deprotection of the di-protected 4-hydroxyphenethyl alcohol silyl ether

103



3.5.1 Structural elucidation of (3.41)
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CN

7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

(ppm)

Fig. 3.6 ‘H NMR spectrum of (3.41)

160 140 120 80100 60 2040 0
(ppm)

Fig. 3.7 DEPT 135 and '^C Spectra for (3.41)
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Fig. 3.10 Expanded HMBC of (3.41)

The NMR spectrum (Fig. 3.6) o f (3.41) indicated the presence of one TBDMS 

ether with singlets at 0.01 and 0.90ppm corresponding to the two methyl groups and 

the t-butyl group respectively. The two CHiS appeared as triplets at 2.77 and 

3.78ppm. The singlet at 4.61ppm is the OH signal, however it isn’t possible to 

definitively assign it as aliphatic hydroxyl or phenolic OH on the basis o f the 'H 

spectrum. The four aromatic protons are seen as two doublets at 6.76 and 7.08ppm.

1The C spectrum (Fig. 3.7) shows only one peak at -5.44ppm for the two methyl 

groups, one quaternary carbon peak at 18.29ppm and one CH3 peak at 25.91ppm for 

the tert-butyl group thus confirming the presence o f only one TBDMS protecting 

group. The two CH2 S are present at 38.76 and 64.67ppm, while the four aromatic 

CHs are present as two peaks at 114.98 and 130.23ppm. The two aromatic 

quaternary carbons are at 131.31 and 153.75ppm.

As might have been anticipated, the CH-COSY spectrum did not provide any further 

clarification as to the nature o f the hydroxyl group. However, initial NOE 

experiments indicated correlation between the OH peak (4.61 ppm) and an aromatic 

signal at 6.78ppm (Fig. 3.8).



HMBC experiments (Fig. 3.9 & 3.10) clearly demonstrated a correlation between 

the OH peak at 4.61ppm and the aromatic CH peak at 114.88ppm and also a lesser 

correlation with the aromatic quaternary carbon at 153.70ppm. This confirms the 

free hydroxyl group is the phenolic OH and that the aliphatic alcohol is still 

protected as its TBDMS ether.

4-Hydroxybenzyl alcohol is similar to 4-hydroxyphenethyl alcohol in that it also 

contains two hydroxyl moieties. Following treatment with sodium azide, the 

product was isolated and purified by flash column chromatography. Again analysis 

of the HMBC and NOE spectra confirmed cleavage of the phenolic silyl ether while 

the benzylic silyl ether remained intact, similar to the case o f 4-hydroxyphenethyl 

alcohol (Scheme 3.12). The benzylic ether is thus stable to treatment with azide ion.

OTBDMS OTBDMS

OTBDMS OH

(3.39) (3.42)

Scheme 3.12 Mono-deprotection o f the di -protected TBDMS ether o f 4-hydroxy benzyl

alcohol

Sodium azide can thus selectively cleave phenolic silyl ethers in the presence of 

both aliphatic and benzylic silyl ethers. This is an extremely useful property in 

multistep organic syntheses and one which we have used in the synthesis of our 

vascular targeting agents as discussed in section 3.7.

3.6 Selective Deprotection of Silylated Phenols in the Presence of 

Silylated Allylic Alcohols

The final investigation into the use of sodium azide as a novel agent for the 

deprotection of silyl ethers involved examining an allylic alcohol. The chosen 

alcohol was 2-cyclohexenol. It was protected, as before, as both a TBDMS and a 

TBDPS ether. As described previously, the protected silyl ethers were dissolved in
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DMF at room temperature and treated with sodium azide (10 equivalents). Periodic 

monitoring of the reactions by TLC showed no evidence of deprotection after 24 

hours at room temperature and so the temperature was increased to 80°C. After 

stirring the reaction for 2 days at this temperature, the only material isolated in each 

case was the recovered starting material. This is in sharp contrast to phenol where 

the TBDMS ether (3.13) deprotected in 2 hours at 80°C.

Table 3.3 Results for azide deprotection o f allylic silyl ethers

Protected Time to Temp Yield Protected Time to Temp
phenol deprotect phenol deprotect

(h) (h)

OTBDMS OTBDPS

2 h 80°C* Quant.

(3.13)

Unchanged 80°C* 
after 2 h

(3.14)
OTBDMS OTBDPS

Unchanged 80°C* 
after 2 days

Unchanged 80°C* 
after 2 days

(3.43) (3.44)
* Reaction stirred at room temperature for 24 iiours prior to heating

The allylic double bond increases the stability of the Si-0 bond through electron 

donation and thus renders it more difficult to cleave. Consequently this property 

could be exploited for the deprotection of TBDMS ether of phenols which also 

contain a TBDMS protected allylic alcohol.

3.7 Application of the Azide Ion Method of TBDMS Ether 

Deprotection to the Synthesis of Novel Tumour Vasculature 

Targeting Agents

3.7.1 Application o f the method to the deprotection o f (2.10)

In an effort to establish the use of this method of deprotection in a more complex 

structure, the lead compound from chapter 2 (2.10) was examined and compared to 

an identical compound with a TBDPS ether (3.45) instead of the TBDMS ether.
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Both compounds were treated with sodium azide in DMF and the reaction was 

allowed to proceed at room temperature for 24 hours with careful monitoring. 

However no change had taken place and both reactions were then heated to 80°C. 

After two hours complete cleavage o f the TBDMS ether had taken place and the free 

phenol (2.01) was liberated. (Scheme 3.13) The corresponding TBDPS ether (3.45) 

remained unaffected over the same conditions and timescale.

NaNj, DMF, 
OTBDMS Rx, 24 h, 

80°C, 2 h
'OH

(2 .10) (2 .01)

OTBDPS
O

(3.45)

Scheme 3.13

S. 7.2 Application o f the method to the synthesis o f novel tumour 

vasculature targeting agents

In order to establish the selectivity o f this method of deprotection, a compound was 

synthesised which contained both a TBDMS protected phenol and a TBDPS 

protected phenol (3.46). This was achieved using the procedures described in 

chapter 2. The vinylic hydrogen of (2.10) was displaced with bromine following 

treatment o f (2.10) with pyridinium tribromide in anhydrous DCM at 0°C to give 

(2.11) (Scheme 3.14).
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o°c

OTBDMS OTBDMS
O O

(2.10) (2.11) 

Scheme 3.14 B rom ination  o f  (2.10)

The TBDPS protected bromophenol (3.24) was converted to its boronic acid 

derivative (3.47) by treating it initially with n-BuLi in dry THF, followed by a large 

excess o f  triisopropyl borate (Scheme 3.15).

n-BuLi, HO^^/OH
triisopropyl 
borate,

OTBDPS
THF, -78°C

OTBDPS

Scheme 3.15

The bromine o f  (2.11) and boronic acid o f  (3.47) were coupled under Suzuki 

coupling conditions, namely a palladium catalyst (Pd(PPh3)4 ) and base (potassium 

carbonate) in a solution o f  toluene:H20:Ethanol (3:1:1) (Scheme 3.16).

HO OH

Br + Toluene, 
H2O, EtOH, 
Reflux

OTBDPS

OTBDMS (3 .47)

(2.11)

OTBDMS

(3.46)

Scheme 3.16 Suzuki cou p lin g
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This compound (3.46) was subjected to NaNs in DMF and monitored closely. No 

reaction was seen to take place at room temperature, and it was heated to 80°C. 

Periodic monitoring by TLC showed the emergence of a new spot on TLC after 4 

hours at this temperature. NMR analysis confirmed the structure as having one free 

phenol and the TBDPS ether intact (3.48). This example proves how useful the 

azide ion is in cleaving phenolic TBDMS ethers in the presence of similar TBDPS 

ethers.

II OTBDPS

OH

(3.48)

3.8 Conclusion

The first section o f this chapter focuses on the design and synthesis of a series of 

phenstatin like compounds possessing a butane side chain, based on a lead
1 ^ 7compound synthesised by Shah. The functional group at the terminus o f the side 

chain was modified in an effort to increase the tubulin binding activity, however 

tubulin binding data obtained on these compounds was disappointing. Nonetheless 

this study did have one important outcome, namely the discovery o f the use of 

sodium azide as a reagent for the cleavage o f aryl TBDMS ethers.

The remainder o f the chapter focuses on the potential use of sodium azide as an 

agent for cleavage o f TBDMS ethers. Many o f the common methods o f silyl ether 

cleavage use the electronegative fluorine ion, with the driving force for the reaction 

being the formation of the strong Si-F bond. As the azide ion, (Ns') is also an 

electronegative ion, the same reaction can also potentially occur, leading to a Si-Ns 

bond. The investigation into the selectivity o f this reagent, as a silicon-based 

deprotecting reagent, led to studies on phenols, aliphatic, benzylic and allylic
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alcohols when they were protected as TBDMS or TBDPS ethers. It was found that 

the azide ion can be effectively used to cleave phenolic TBDMS ethers in the 

presence of phenolic TBDPS ethers. Selective deprotection of phenolic TBDMS 

ethers in the presence of aliphatic, benzylic and allylic TBDMS ethers was also 

attained. Its use in the building of novel tumour vasculature targeting agents was 

demonstrated in the synthesis of the intermediate phenol (3.48).

In conclusion, sodium azide has been proven to be an effective and efficient reagent 

for the selective removal of phenolic TBDMS ethers in the presence of phenolic 

TBDPS ethers, aliphatic TBDMS and TBDPS ethers, allylic TBDMS and TBDPS 

ethers and benzylic TBDMS and TBDPS ethers. Sodium azide therefore has 

potentially widespread application in organic synthesis as a reagent for attaining 

selectivity in the deprotection of phenol-based silyl ethers and over aliphatic, 

benzylic and allylic protected TBDMS ethers.
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4.0 Introduction

Although targeting tumours with multi-targeted inhibitors is a relatively new 

concept, treatment of malignancies with combination chemotherapy was first 

applied in paediatric medicine in the mid 1950s for the treatment of acute 

lymphoblastic leukaemia. It was a revolutionary concept which resulted in a once
980  981incurable disease now having an 80% survival rate. ’ Combination 

chemotherapy has become the mainstay o f cancer chemotherapy and is widely 

recognised to result in decreased development of multi-drug resistance. This is 

mainly due to the use of drugs with varying cellular targets which, delay or prevent 

the specific mechanisms o f resistance. Combination chemotherapy also often results 

in a greater than additive effect and so it was hoped to apply this concept to the 

design of our novel dual inhibitory compounds and potentially create compounds 

with greater anti-tumour activity.

Hybrid drugs are being developed in numerous therapeutic areas. Some hybrid 

drugs are designed to interact at different active sites as the intact combination while 

others require their release into their respective components before the desired 

therapeutic outcome can be achieved. Aspirin and nitric oxide combinations have 

been developed which aim to decrease the severe, gastric side effects of long-term 

aspirin use. Various linker groups have been used to connect the two moieties, 

including an aliphatic chain, aromatic spacer groups, a heterocyclic pyridine ring, 

attached via an ester linkage to the carboxylic acid group of aspirin. Hybrids of 

this type rely on the release of both the aspirin and nitric oxide components in order 

for both to have an effect. The hybrid drug concept has also been applied to anti

cancer therapy and conjugates of paclitaxel and camptothecin, and 

epipodophyllotoxin and colchicine have been synthesised and shown to be more
984 .cytotoxic in vitro than paclitaxel alone. Other examples o f hybrid drug research 

is in the field o f malarial therapy, where, from this laboratory, combinations have 

been developed that combine the fast acting antimalarial drug, artemisinin, with 

quinine, a slow acting antimalarial compound. The resulting hybrid was more active 

than artemisinin or quinine alone or a 1:1 combination of the two against 

chloroquine susceptible and resistant strains o f Plasmodium falciparum.
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This chapter explores the concept o f designing novel tumour angiogenic/vasculature 

targeting agents, which incorporate into their design, components that have the 

capacity to inhibit both aminopeptidase N (APN) and tubulin polymerisation. APN 

is widely recognised to play pivotal roles in the process of angiogenesis. Pasqualini 

et al. demonstrated APN to be specifically expressed in endothelial and sub-
1 o r

endothelial cells imdergoing angiogenesis but not on normal vasculature. APN is 

involved in several key events in angiogenesis including breakdown of the
18^ 1 87extracellular matrix, endothelial cell migration and capillary tube formation. ’ 

Recently Rangel et al demonstrated with APN null mice that APN plays an essential 

role in pathological angiogenesis but has no effect on vasculogenesis during foetal 

and embryonic development or on normal adult function. It therefore has the 

potential to be a very effective target for inhibition of tumour angiogenesis. A 

comprehensive discussion on APN, its functions and inhibitors is described in 

section 1.7. Tubulin also plays a vital role in angiogenesis. Microtubules, which are 

composed o f a- and p-tubulin dimers, are essential components of the mitotic 

spindle and thus play an integral role in cell division. They are also involved in 

cellular functions such as proliferation, differentiation and apoptosis. Microtubule 

targeting agents are an important class o f anti-tumour drugs, which inhibit EC 

proliferation and migration, degradation o f the basement membrane and the ECM, 

and capillary-tube formation on matrigel®.**  ̂ As well as the aforementioned anti- 

angiogenic effects, many o f these agents also act as vascular targeting agents 

(VTAs) causing rapid and dramatic changes to endothelial cell morphology, which
1 n  7 8  1 1 7ultimately results in vascular shutdown. ’ ’ Tubulin, microtubules and their 

inhibitors are discussed in greater detail in section 1.5.

4.1 Model Studies

This hybrid drug design concept was first examined and discussed in the PhD thesis 

o f E. McCormack. The thought process behind the design was based on the 

functional role o f APN and the inhibitory effects o f tubulin binding agents on 

angiogenesis/tumour vasculature. The aim was to design compounds that have the 

potential to prevent vascularisation by inhibition o f both tubulin polymerisation and 

APN, using colchicine as the model tubulin inhibitor and either bestatin, phebestin

114



or probestin, as the APN inhibitor. Based on this observation, a series o f tri and 

tetra-peptides were synthesised that contained at their terminus the amino acid 

(2S,3R)-3-amino-2-hydroxy-4-phenylbutanoic acid (AHPA), which is the key amino 

acid required for inhibition o f  APN. The attachment o f these peptides to N -  

deacetylcolchicine proceeded smoothly using standard peptide coupling 

methodology. Significantly all o f the compounds synthesised (1-9) were more
A l l

potent than bestatin (1.40) (Table 4 .1) in the APN assay. The tubulin binding data 

obtained on these compounds indicated that for potent dual inhibition, the maximum 

size o f the peptide should not exceed four amino acids.

(1.40) (1.42)

Fig. 4.1 Structure o f colchicine (1.12), bestatin (1.40), phebestin (1.41) and probestin (1.42)

HOOC.

(1. 12) (1.41)

HOOC

HOOC N

OH
1 R =C H (C H 3)2
2 R=CH2CH(CH3)2
3 R=CH(CH3)C2H5
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OH

NH

o—
4 R=CH(CH3)2
5 R=CH2CH(CH3)2
6 R=CH(CH3)C2H5

"OHOH
HN NH

o—
7 R=CH(CH3)2
8 R=CH2CH(CH3)2
9 R=CH(CH3)C2H5

Fig. 4.2 Structure o f  colchicine-bestatin (1-3), colchicine-phebestin (4-6) and colchicine- 

probestin (7-9) model com pounds from studies by McCormack^^'

Table 4.1 IC50 data for the dual inhibitors^^'

Com pound
Assembly

Inhibition ICso(l^M) C om pound

APN/CD13 

Inhibition ICso(^M )

Colchicine 3.9 0.9589 Bestatin 25.32 (Lit = 20.00) 0.9973

1 4.02 0.7691 1 1.734 0.9986

2 4.92 0.8400 2 4.414 0.9970

3 4.01 0.9260 3 3.758 0.9883

4 14.50 0.8246 4 0.771 0.9827

5 11.80 0.9423 5 12.010 0.9921

6 8.66 0.8601 6 2.530 0.9682

7 >20mg/ml - 7 0.258 0.9982

8 >10mg/ml - 8 0.949 0.9874

9 >10mg/ml - 9 0.393 0.9963
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Subsequent doctoral research by G. Hudson also examined the attachment o f 

peptidal APN inhibitors to a novel tubulin inhibitor. Two compounds were 

synthesised in which AHPA-Leu and AHPA-Leu-Asp were attached to the tubulin 

binding molecule (4.01) via a direct amide bond.

OH

(4.01)

O

OH

OH

OH

(4.02)

OH

HN

OH

(4.03)

Fig. 4.3 Structure o f novel tubulin inhibitor (4.01) and dual tubulin-APN inhibitor hybrids

(4.02) and (4.03) 285

The compounds were assayed for both ITP and APN inhibition. Interestingly (4.02) 

w ith the AHPA-Leu residue attached significantly inhibited tubulin polymerisation 

(IC50, 4.1|j,M), however, (4.03) with the aspartic acid linker was virtually inactive 

(IC50, 4.4mM). In the APN assay, the results were contrary to what was expected. 

From the model studies carried out by M cCormack and based on the published data
710on peptidyl-based APN inhibitors, it was presumed that a free carboxylic acid on 

the peptide was essential for inhibition o f APN. However the results were contrary 

to what was expected with the IC50 values for (4.02) and (4.03) being 31.3)j,M and 

55.5|j,M respectively.^^^
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4.2 Synthetic Strategy

Having demonstrated that it is possible to create hybrid molecules with activity 

against APN and tubulin polymerisation, the aim o f the work described in this 

chapter was to design molecules which “temporarily masked” the activity o f the 

tubulin component o f the molecule and relied upon esterase hydrolysis of ester 

linked APN inhibitory component in vivo before the desired therapeutic outcome of 

the tubulin component could be achieved. The important features of the design as 

displayed in Fig. 4.5, include (i) utilising the phenolic hydroxyl substituent o f (2.01) 

to attach the aminopeptidase N inhibitory peptides and to allow for the delivery of 

(2.01) in prodrug form to the tumour site (the free phenolic substituent being 

essential for tubulin inhibition), (ii) exploiting the ease by which phenolic esters can 

be hydrolysed in vivo to allow for the composite to act independently at the tumour 

angiogenic site, (iii) positioning o f the AHPA amino acid at the terminus o f the 

peptide chain to negate any steric interference from the tubulin targeting component 

of the molecule, (iv) ability to optimise the potency o f the resulting compounds by 

being able to alter the distance between what is perceived to be the APN inhibitory 

component and the tubulin binding region of the molecule, (v) exploitation o f the 

polar nature o f the peptide chain to enhance delivery o f the tubulin component to the 

active site and also to use the basic amine fiinctionality to maximise solubility by 

forming salt derivatives.

OH
^ O

(2.01)

Fig. 4.4 Structure of lead molecule (2.01)
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OH
H
N

P e p t i d e  L i n k e r — N

Fig. 4.5 Proposed design of hybrid compounds

The compounds generated from this molecular architecture are designed to target 

tumour angiogenesis by inhibiting (i) endothelial cell proliferation, (ii) endothelial 

cell motility, (iii) extracellular matrix breakdown, (iv) capillary tube formation and 

to cause tumour vasculature shutdown by altering the morphology of endothelial 

cells.

The objectives o f the work discussed in this chapter were to:

• examine the effect of varying the amino acid linker group on APN activity,

• assess the effect o f varying the chain length and thus the flexibility of the 

amino acid linker group,

• synthesise a range o f hybrid compounds with both bestatin and probestin 

type peptides attached to the phenolic position o f (2.01), (probestin type 

peptides being the most active APN inhibitors when attached to colchicine),

• determine the APN and ITP inhibitory activity o f the compounds 

synthesised.

4.3 Investigation into the Effect of Varying the Amino Acid Linker 

Group

Initial studies focussed on bestatin type compounds and the effect o f varying the 

amino acid linker unit. The amino acids used as linker units included glycine, P- 

alanine, aminohexanoic acid, valine, leucine and isoleucine. Bestatin was also
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directly attached to (2 .01) in the absence o f  a linker unit. Glycine, valine, leucine 

and isoleucine were chosen to investigate the effect o f  the alkyl substituent o f  the a -  

amino acid while glycine, P-alanine and aminohexanoic were chosen to elucidate the 

effect o f  altering the flexibility between the amino and carboxyl residue o f  the linker 

unit by using amino acid linkers with varying methylene chain lengths.

4.3. J Attachment o f the linker group to (2.01)

Initial attempts at coupling 7V-Boc-glycine to (2 .01) involved the use o f  2,6- 

dichlorobenzoyl chloride (DCBC). The amino acid was dissolved in a minimum 

amount o f  anhydrous DCM  and treated with DCBC, diisopropylethylamine 

(DIPEA) and DMAP at 0°C before adding (2 ,01) at room temperature. After 24 

hours, analysis o f  the reaction by TLC indicated that the desired product had 

partially formed with an almost identical R j to (2.01) which made purification by 

flash column chromatography very tedious. Consequently, an alternative coupling 

method was sought to optimise this step.

OHo

A'-Boc-Gly, DCBC, 
DIPEA, DMAP

CH2 CI2 , 0°C, 5m in, 
RT, 24h

O,

(2.01) (4.04)

Schem e 4.1 Attempted attachment of A^-Boc-glycine to (2.01)

The use o f dicyclohexylcarbodiimide (DCC) was an obvious choice for this 

coupling step, however previous experience indicated a potential difficulty in the 

purification o f  the product from the dicyclohexylurea side product. Its water-soluble 

carbodiimide counterpart, A^-(3-dimethylaminopropyl)-A^'-ethylcarbodiimide 

hydrochloride (EDC.HCl) was used instead.^*^’̂ *̂  The phenol and A^-Boc-glycine
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were dissolved in anhyd. DCM and treated with DMAP before adding EDC.HCl. 

After stirring the reaction at room temperature for one hour TLC analysis indicated 

complete consumption o f the phenol had occurred. Following purification by flash 

column chromatography, analysis o f the product by NMR spectroscopy confirmed 

the formation of the coupled product (4.04) in high yield (83%) (Scheme 4.2).

Af-Boc-Gly, DMAP, 
EDC. HCl, C

OH
O O

(2.01) (4.04)

Scheme 4.2 Coupling of A^-Boc-glycine and (2.01)

A^-Boc-valine, A^-Boc-leucine and A^-Boc-isoleucine, were coupled to (2.01) under 

identical reaction conditions to yield (4.05), (4.06) and (4.07) respectively.

R = CH(CH3)2 (4.05)

R = CH2CH(CH3)2 (4.06)

R = CH(CH3)C2H5 (4.07)

H

Fig. 4.6 7V-Boc-valine (4.05), A^-Boc-leucine (4.06) and A^-Boc-isoleucine (4.07) coupled to

(2.01)

4.3.2 Attachment o f bestatin to the N-terminal o f the linker group

Following quantitative A^-Boc deprotection o f (4.04), (4.05), (4.06) and (4.07) with 

50% TFA in DCM at 0°C to yield the TFA salts (4.08), (4.09), (4.10) and (4.11)
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(Scheme 4.3), the next step in the synthesis was to couple bestatin to these 

derivatives.

TFA, DCM,

0°C, Ih

R

R = H (4.04)

(4.05)

R = CH2CH(CH3)2 (4.06) 
R = CH(CH3)C2H5 (4.07)

NH

R

R = H (4.08)

R = CH(CH3)2 (4.09) 

R = CH2CH(CH3)2 (4.10) 
R = CH(CH3)C2H5 (4.11)

Scheme 4.3 Deprotection o f  A' -̂Boc group

Bestatin was A^-Boc protected following treatment with dii-tert-b\xXy\ dicarbonate in a 

mixture o f t-butanol and 2M aq. NaOH. The reaction proceeded smoothly overnight 

to afford A^-Boc protected bestatin (4.12) in quantitative yield (Scheme 4.4).

NH2 o HNt-BuOH, pH 12

(4.12)

OH ^ O 
N-

OH

Scheme 4.4 A^-Boc protection o f  bestatin

As the coupling step involved direct coupling o f non-activated A^-Boc bestatin to 

(4.08), (4.09), (4.10) and (4.11) using bromotripyrrolidinophosphonium

hexafluorophosphate (PyBrop), it was necessary to exclude residual trifluoroacetic 

acid from the reaction, by converting the TFA salts to their corresponding HCl salts. 

This was achieved by treating (4.08), (4.09), (4.10) and (4.11) with 5% aq. NaHCOs 

to liberate the free amine, followed by in situ treatment with hydrochloride gas to
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generate the HCl salt. The salts were then coupled to (4.12) using PyBrop and 

DIPEA as coupling reagent and tertiary base, respectively to form (4.13), (4.14),

(4.15) and (4.16) in good yields (46-52%) (Scheme 4.5)

(4.12), PyBrop, 
DIPEA, CHjCl:

-►
N 2, RT, overnight

NH
HN

HOR = H

R = CH(CH3)2

(4.08)

(4.09)
(4.13)

(4.14)

R -  CH2CH(CH3)2 (4.10) R = CH2CH(CH3)2 (4.15)

R = CH(CH3)C2H5 (4.11) R = CH(CH3>C2H5 (4.16)

Scheme 4.5 Coupling of 7V-Boc-bestatin (4.12) to the amino terminus of the linker groups

The final step in the synthesis o f the targeted compounds involved N-Boc 

deprotection, which was readily achieved following treatment o f  (4.13), (4.14),

(4.15) and (4.16) with 50% TFA in DCM at 0°C.

R  =  CH(CH3)C2H5 (4 .20)
O

NH
R

HO

Fig. 4.7 Deprotected (2.01)-bestatin hybrid compounds with glycine (4.17), valine (4.18), 

leucine (4.19) and isoleucine (4.20) as linker groups

123



4.3.3 Direct attachment o f bestatin to the phenolic position o f (2.01)

In order to establish the effect o f the linker group on APN activity a compound 

where bestatin was directly attached to the phenol o f (2.01) was also synthesised. 

Due to the presence o f the hydroxyl moiety on the bestatin molecule it was not 

possible to directly couple the free acid o f bestatin to the phenol of (2.01). As 

bestatin is a dipeptide composed of leucine and the unusual amino acid AHPA, it 

was proposed to carry out this coupling in two steps. Initially leucine was coupled 

to the phenol o f (2.01) to give (4.06). This was then followed by direct coupling of 

the amino terminus to AHPA. As AHPA is not commercially available it was first 

necessary to synthesise it.

4.3.3.1 Synthesis o f  AHPA

The synthesis o f AHPA was carried out according to the procedure o f Nishizawa et
1 n  9^1al, modified by McCormack. The starting material, N-benzyloxycarbonyl-D- 

phenylalanine (Z-D-Phe-OH), was coupled to 3,5-dimethylpyrazole (DMP) at -10°C 

using DCC as coupling reagent (Scheme 4.6). The resulting amide (4.21) was 

furnished in high yield (94%) following puiification by flash column 

chromatography.

DCC, 3,5-DMP, 
CH2CI2,
-10°C, 1 h 
RT, overnight N

H

N-Z-Phe-OH (4.21)

Scheme 4.6 Coupling o f 3,5-DMP to Z-D-Phe-OH

The amide (4.21) was then reduced to the corresponding aldehyde (4.22) by the slow 

addition of a solution o f (4.21) in anhydrous THF to a solution of LiAlH4 in 

anhydrous THF at -20°C. The reaction was maintained at this temperature for a 

further 10 mins before being quenched by the slow addition o f 2M aq. HCl. 

Following extraction with ether and purification by flash column chromatography
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the aldehyde (4.22) was obtained (51%) as well as the expected alcohol (4.23) as a 

significant by product o f the reaction (37%).

N - i) LiAlH4, THF, 
-20°C, lOm in

ii) 2M HCl N
H

(4 .21) (4 .22)

Scheme 4.7 Reduction of amide to aldehyde

Attempts to increase the yield o f  the aldehyde involved oxidising the alcohol (4.23) 

with pyridinium dichromate (PDC), however using this method the aldehyde was 

isolated in a relatively poor yield (22%). W hen the conditions were changed to 

treating a solution o f  the alcohol (4.23) in DMSO and DCM  at 0°C, with DIPEA 

and a solution o f SOs/pyridine in the desired aldehyde (4.22) was

isolated in an improved yield o f  50% by this method.

N
H

(4 .22)

HO

N
H

Scheme 4.8 Oxidation of the alcohol to the aldehyde

Having secured appropriate conditions for the oxidation o f  the alcohol (4.23) to the 

aldehyde (4.22), it was decided to procure the aldehyde by direct reduction o f Z-D- 

Phe-OH with LiAlH4 and then to oxidise the resulting alcohol to the aldehyde using 

SOs/pyridine in DMSO. There were two main advantages to this sequence over the 

original synthesis. It avoided the use o f  DCC, which causes difficulties in the 

isolation o f  the pyrazole product and also causes skin sensitivity reactions. It is also 

less time consuming, with the initial reduction being complete in 90 minutes 

compared to an overnight reaction for the DCC coupling.
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The process involved treating a solution o f Z-D-Phe-OH with a suspension of 

LiAlH4 in anhydrous THF at 0°C. The temperature o f the reaction was slowly 

increased to room temperature and quenched by the addition o f 2M HCl after 90 

minutes (Scheme 4.9). The resulting alcohol, obtained in 86% yield, was then 

treated with a solution o f SOs/pyridine in DMSO to afford the aldehyde (50%).

OH HOLiAlH4, THF,

0°C, 10 min 
RT, 90 min N

H

Z-D-Phe-OH (4.23)

Scheme 4.9 Reduction o f Z-D-Phe-OH

The next step towards the synthesis o f AHPA involved conversion of the aldehyde 

(4.22) to its cyanohydrin counterpart, via a NaHSOs adduct (4.24). Thus, an 

aqueous solution of NaHSOs was heated to 60°C before adding the aldehyde (4.22). 

The reaction was maintained at this temperature for a further two hours before 

lowering the temperature to ambient and leaving it to stir overnight. Ethyl acetate 

was then added to the NaHSOs adduct solution and the reaction cooled to 0°C 

before adding potassium cyanide. After one hour the temperature was increased to 

room temperature and again stirred overnight. Subsequent extraction with ether 

afforded the cyanohydrin (4.25), which following hydrolysis with 6M HCl in 

dioxane afforded AHPA as a diastereomeric mixture (Scheme 4.10).

N
H

(4.22)

NaHSOa,

60-80°C, 1 h 
RT, overnight

Dioxane, 
6M HCl,

Reflux, 12 h

HO.

(4.24)

KCN,
EtOAc,

0°C, 1 h 
RT, overnight

HO^ X N

NH2 O 

(4.26)

Scheme 4.10 Synthesis o f  diastereomeric mixture o f  AHPA (4.26)

(4.25)
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The final step involved separation o f the resulting diastereomers of AHPA by flash 

column chromatography. This step was only possible after first protecting the 

amino and carboxy functionalities o f (4.26) with A^-Boc and 0-benzyl groups 

respectively (Scheme 4.11). Studies by McCormack^^* had assigned the higher 

diastereomer (4.28) (on TLC) as the active (2S, 3R) stereoisomer, while the lower 

compound (4.29) corresponded to the inactive (2R, 3R) stereoisomer.

OHOH
OHOH Boc2 0 ,H ,0 ,  

t-BuOH, pH 12,
HNNH2 0 

(4.26) RT, overnight
(4.27)

i) NaHCOj, H2O, 
MeOH /

ii) BnBr, DMF, 
RT, 6h

OH OH

+
HN HN

(4.28) (4.29)

Scheme 4.11 Protection and resolution o f  diastereomeric mixture o f AHPA (4.26) 

43.3.2 Attachment o f  the AHPA amino acid

Prior to coupling AHPA to (4.10), it was necessary to remove the 0-B zl protecting 

group and then to convert the resulting carboxylic acid to a pentafluorophenyl (PFP) 

ester. Hydrogenolysis of the 0-Bzl group of (4.28) was accomplished following 

catalytic hydrogenolysis with 10% Pd/C under a hydrogen atmosphere to afford the 

free acid (4.30) in quantitative yield. The acid group was then activated as a PFP 

ester (4.31) following treatment with DCC and pentafluorophenol (57%) (Scheme 

4.12).
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OH OH

OH

HN H 2, 10% Pd/C , HN

E tO H , E tO A c, 
R T , overn igh t

(4.30)(4.28)

D C C , PFP, 
CH2CI2, 
0 °C , 2h

OH

HN

Scheme 4.12 Deprotection and activation of (4.28)

The PFP ester (4,31) was then coupled directly to the TFA salt of (4.10) to yield 

(4.32) (Scheme 4.13)

0 °C , 10 m in , 
R T , 2 h

(4.32)(4.10)

N

HN

Scheme 4.13 Coupling of A^-Boc-AHPA to the TFA salt of (4.10)

The final step in the synthesis of this compound was to effect A -̂Boc deprotection. 

This was achieved using 50% TFA in DCM at 0°C. The resulting TFA salt was 

converted to its corresponding HCl salt (4.33) prior to testing, by partitioning 

between 5% aq. NaHCOs and diethyl ether. The organic layer was dried, filtered 

and concentrated under reduced pressure to approximately 2ml. Hydrochloride gas

128



was then bubbled through the ether solution and the HCl salt readily crystallised out 

o f solution.

4.3.4 Assessment o f the effect o f varying the flexibility o f the linker group

It was hypothesised that in order to increase the APN inhibitory activity o f the 

hybrids, it was crucial for the APN inhibitory moiety to be able to adopt its favoured 

conformation at the active site. The linker amino acids used in the previous section 

(valine, leucine and isoleucine) have a degree o f rigidity associated with them which 

may hinder the attainment o f this favoured conformation. Therefore a series of 

peptide conjugates were synthesised using amino acids of varying chain length, and 

thus varying flexibility. The chosen linker groups for this study were A^-Boc- 

glycine, A^-Boc-P-alanine and A^-Boc-aminohexanoic acid, with methylene chain 

lengths o f one, two and five carbons respectively.

4.3.4.1 Attachment o f  the linker group to the phenol o f  (2.01)

The chosen linker amino acids A^-Boc-p-alanine and A^-Boc-aminohexanoic acid 

were attached to (2.01) using identical procedures to those described in section 4.3.1 

for the attachment of #-Boc-glycine, namely EDC as coupling reagent in the 

presence of DMAP (Scheme 4.14).

o

(4 .33)
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N-Boc-AA, DMAP, 
EDC. HCl,

'OH

(2.01)
n =  l,G ly (4.04) 
n = 2, P-Ala (4.34)
n = 5, Aminohexanoic acid, (4.35) 

Scheme 4.14 Coupling o f  linker amino acids (AA) to the phenol o f  (2.01)

4.3.4.2 Attachment ofN-Boc-leucine to (4.34) and (4.35)

Following A^-Boc deprotection o f (4.34) and (4.35), which occurred quantitatively 

upon treatment with 50% TFA in DCM at 0°C, the next step in the synthesis was to 

couple A^-Boc leucine to these derivatives. Prior to the coupling, the TFA salts were 

converted to the corresponding HCl salts using the procedure previously described 

for (4.33). The HCl salts were then coupled to A^-Boc-leucine using PyBrop as 

coupling reagent, in the presence o f DIPEA (Scheme 4.4). The coupling proceeded 

smoothly and the products were isolated in reasonable yields (61% & 71%).

PyBrop,
DIPEA,

NH

n = 2 (4.36) 
n = 5 (4.37)

0  H
n = 2 (4.38) 
n = 5 (4.39)

Scheme 4.15 Coupling o f  7\^-Boc-leucine to the HCl salts o f  (4.36) and (4.37)

The amino terminus o f the leucine moiety on compounds (4.38) and (4.39) was 

deprotected following treatment with 50% TFA in DCM at 0°C. The resulting TFA 

salts were dried in vacuo for several hours prior to direct coupling with the PFP
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activated ester o f AHPA (4.31). The reaction was carried out in the presence of 

TEA as tertiary base and proceeded smoothly in reasonable yields (49 & 64%) 

(Scheme 4.16).

i) TFA, DCM
o°c

ii) (4.31), EtjN, 
CHjClj, N,

n = 2 (4.38)

O

NH

n = 2 (4.40) 
n = 5 (4.41)

HO
n = 5 (4.39)

Scheme 4.16 Coupling of AHPA to (4.38) and (4.39)

The final step in the synthesis was to liberate the amino residue of (4.40) and (4.41) 

by treating the compounds with 50%> TFA in DCM at 0°C. The TFA salt was then 

converted to a HCl salt prior to testing, using the procedure previously described for 

(4.33).

n = 2 (4.42) 
n = 5 (4.43)

4.3.5 Structural Elucidation o f the (2.01)-Bestatin hybrid compounds

This section examines the structural elucidation of the compounds containing 

bestatin attached to (2.01), either directly as in (4.32) or indirectly via a linker 

group. Owing to the poor resolution o f the spectra of the deprotected compounds 

i.e. TFA salts, and ensuing difficulties with total assignment of the spectra, the
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elucidation below is discussed with regard to the A^-Boc protected compounds. In 

addition to NMR spectroscopy, HRMS data was used to confirm the structures of 

both the protected and deprotected compounds. As (4.32) is the least complex 

structure, and yet contains the main features o f all the compounds, its elucidation is 

initially discussed in detail and used as a comparison for the other compounds.

4.3.5.1 Structural elucidation o f (4.32)

The NMR spectra for (4.32) clearly indicate successful coupling of the AHPA 

residue to the Leu amino terminus o f (4.10). Features o f both parent compounds are 

clearly evident in the spectra. The 'H  spectrum (Fig. 4.8) has four distinct 

resonances at 3.71, 3.82, 3.92 and 3.95ppm representing the four methoxy peaks of 

the parent phenol (2.01). The three CH2 ’s o f (2.01) are present as multiplets at 1.94, 

2.12 and 2.64ppm, while the C=CH of the B-ring resonates as a triplet at 6.35ppm 

and the aromatic A-ring CH is seen as a singlet at 6.38ppm. The three remaining 

aromatic C-ring CH’s are seen as two doublets and a singlet resonating between 

6.89 and 7.13ppm. The Boc signal is seen as an intense singlet at 1.41ppm 

integrating for 9 protons. The leucine residue also has characteristic spectroscopic 

features. The two methyl groups are seen as two doublets at 0.99 and 1.01 ppm, 

while two multiplets at 1.74 and 1.79ppm represent one o f the CH2 protons and the 

CH(CH3)2 , respectively. The second proton o f the CH2 is found at 1.88ppm as 

identified in the CH-COSY. The remaining CHNH signal o f the leucine residue is 

identified resonating at 4.91ppm. The characteristic AHPA signals include the CH2 

split into two signals at 3.08 and 3.21 ppm and the two CH signals; CHOH at 4.21 

and CHNH at 4.01 ppm. Finally the aromatic CH signals are found resonating 

between 7.23 and 7.32ppm integrating for a total o f five protons, representing the 

five CHs on the phenyl ring of AHPA. The OH signal is tentatively assigned as the 

broad singlet seen at 5.65ppm, while the NH-COSY identifies the two remaining 

signals at 5.00 and 7.38ppm as the two NH signals o f Boc carbamate and the amide 

bond, respectively.

1

The C spectrum (Fig. 4.9) correlates well with the assigned structure o f the 

coupled product and DEPT 135 and CH-COSY spectra aided the assignment. The
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four methoxy peaks o f  the parent phenol (2 .01) resonate at 55.70, 55.90, 60.70 and 

61.37ppm, while the three CH2 ’s are identified at 23.43, 25.37 and 34.81ppm. The 

carbon resonances at 21.48 and 22.93ppm represent the two CHs’s o f leucine, while 

the signal at 24.61 ppm correlates with the CH(CH 3 )2  and the Boc signal is seen as 

an intense peak at 28.01 ppm and a quaternary signal at 80.44ppm. The DEPT 135 

spectrum shows two CH2 signals at 35.77 and 41.37ppm which are assigned as the 

CH 2S o f AHPA and leucine respectively. Three CH signals at 50.25, 55.81 and 

74.66ppm correspond to the CHNH o f leucine, CHNH and CHOH o f AHPA 

respectively. The latter signal can only be identified by inspection o f  this region o f 

the CH COSY spectrum o f (4.32) (Fig. 4.11). Further downfield a total o f  ten CH 

signals are seen resonating between 108.58 and 129.10ppm. The four aromatic CHs 

from (2.01) resonate at 108.58, 111.84, 121.97 and 126.22ppm, while the C=CH is 

at 127.70ppm. The remaining five aromatic CH ’s from AHPA are present at 

126.50, two at 128.48 and two at 129.10ppm. Ten quaternary signals between 

128.17 and 150.88 represent the ten aromatic quaternary carbons. Finally, the three 

carbonyl signals at 156.58, 170.46 and 171.48ppm are attributed to the Boc 

carbamate C = 0, and the two amide bond carbonyls, respectively, with the latter two 

signals being particularly weak in the spectrum. HRMS analysis o f  (4.32) revealed 

a mass o f  769.3336 corresponding to the required mass o f C4 2H 54N 2 O 10 [M + Na]”̂.

Acetone peal

jijy j \ j \ .

.12 2.8 2.4 2,07.2 6.8 6 4 6.0 5.6 5.2 4.8 4.4 4.0 1.6

(ppm)

Fig. 4.8 'H NMR spectrum of (4.32)
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Fig. 4.9 '^C and DEPT 135 NMR spectra of (4.32)
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Fig. 4.10 NH-COSY of (4.32)

134



2.6 2.4 2.2 2.0 F2 [ppm]

u.

r -

03

4.64.8 4.4 4.2 4.0 F2 [ppm]

Fig. 4.11 Partial CH-COSYs of (4.32) 1.74-2.16, 3.65-4.95 and 6.30-7.40ppm

Analysis of the spectra o f the deprotected compound (4.33) revealed loss o f the

intense singlet at 1.41 ppm in the *H NMR spectrum and of the peaks at 28.01 and 
1 ^80.44ppm in the C NMR spectrum. The carbonyl signal at 156.58ppm was also 

lost, indicating removal o f the Boc protecting group. HRMS of the deprotected 

compound (4.33) also confirmed successful deprotection with a molecular ion peak 

of 647.3365 corresponding to the required molecular formula C37H46N 2O8 [M + H] .̂
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4.3.5.2 Structural elucidation o f (4.13)-(4.16)

Compounds (4.13)-(4.16) contain the amino acids glycine, valine, leucine and 

isoleucine, respectively, as linker groups between the phenol o f (2.01) and the 

carboxy terminus o f bestatin. These compounds are therefore structurally very 

similar to (4.32) with an extra amino acid linker group. Their spectra contain all the 

features o f (4.32) discussed above, with additional resonances for the linker 

moieties. The glycine residue of (4.13) confers an additional multiplet at 4.31ppm 

and a corresponding CH2 peak at 40.95ppm in the DEPT 135 spectrum. The extra 

amide bond also provides an NH signal at 6.90ppm and an extra carbonyl signal at 

167.99ppm. The valine residue o f (4.14) contributed an additional doublet at 

1.01 ppm integrating for six protons representative o f the two valine methyls. The 

HH-COSY spectrum showed coupling between this doublet at 1.01 ppm and a 

muhiplet integrating for one proton at 2.43ppm and a second multiplet at 4.82ppm, 

which were assigned as the CH and CHNH protons respectively. A signal at 

6.69ppm integrating for one proton correlates with a proton signal in the NH-COSY 

spectrum which was attributed to the additional NH residue. The *̂ C spectrum 

contains two CH3 signals at 17.13 and 18.91 ppm, two CH signals at 31.15 and 

56.88ppm corresponding to the CH(CH3)2 and CHNH carbons respectively and as 

anticipated an additional carbonyl resonance at 169.63ppm for the amide.

The spectra o f (4.15) contain extra signals representative of the additional leucine

residue. An additional triplet at 0.99ppm, integrating for 6  protons represents the

two methyl signals. The resonances at 1.62 and 1.71 are doubled up owing to the

additional CH and CH2 protons for the second leucine. An extra CH is also present

at 4.85ppm, corresponding to the additional CHNH, while the NH signal is observed 
1 ^at 6.58ppm. The C spectrum shows doubling up o f the leucine signals already 

present, with two methyls at 21.58 and 22.73ppm, the CH signal at 24.41, while the 

CH2 carbon resonates at 41.36 and CHNH carbon is seen to resonate at 50.72ppm. 

An additional C =0 signal is also observed at 170.65ppm in the carbon spectrum. 

The final compound in this series is (4.16) containing the isoleucine residue. Two 

additional resonances, a triplet at 0.99 and a doublet at 1.01 represent the two methyl 

groups. In the HC-COSY spectrum the protons resonating at 1.31, 2.12 and 

4.84ppm correlate with the carbons resonating at 24.59, 37.82 and 56.50ppm
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respectively in the spectrum and represent the CH2 , CH and CHNH groups on 

isoleucine. The additional NH proton resonates at 6.72ppm, while the 

corresponding carbonyl peak is seen to resonate at 169.55ppm. The HRMS spectra 

obtained on the individual compounds show molecular ion peaks of 826.3917, 

868.4375, 882.4560 and 882.4559 confirming the molecular formulas [M + Na] of 

C 4 4 H 5 7 N 3 O 1 1 ,  C 4 7 H 6 3 N 3 O 1 1 ,  C 4 8 H 6 5 N 3 O 1 1  and C 4 8 H 6 5 N 3 O 1 1 ,  respectively for (4.13), 

(4.14), (4.15) and (4.16), thus confirming successful synthesis of the hybrid 

compounds. The NMR spectra of the corresponding deprotected compounds (4.17), 

(4.18), (4.19) and (4.20) clearly indicated loss of the Boc signals in both the 'H and 

'^C spectra. Successful deprotection was confirmed by HRMS analysis with peaks 

at 704.3564, 706.4044, 760.4191 and 760.4142 corresponding to the required 

molecular formulas [M + H] of C 3 9 H 4 9 N 3 O 9 ,  C 4 2 H 5 5 N 3 O 9  and C 4 3 H 5 7 N 3 O 9 .

43.5.3 Structural elucidation o f (4.40) and (4.41)

Compounds (4.40) and (4.41) were synthesised in order to investigate the effect of 

varying the flexibility of the carbon chain between the APN inhibitory moiety and 

the phenol of the tubulin inhibitor (2.01). The linker amino acids used were the two 

carbon chain p-alanine and the five carbon chain aminohexanoic acid. The spectra 

of both these compounds contain all the features of (4.32) discussed in section 

4.3.5.1 as well as some supplementary features characteristic of the additional amino 

acids. (4.40) contains additional resonances at 2.79 and 3.65ppm for the two CH2 S, 

which correlate with two CH2 peaks in the DEPT 135 spectrum at 33.80 and 

35.06ppm respectively. The extra NH of the amide bond can be seen at 6 .8 8 ppm 

and the additional carbonyl signal resonates at 168.77ppm. The aminohexanoic acid 

coimterpart (4.41) contains five additional CH2 proton resonances at 1.44, 1.57, 

1.74, 2.57 and 3.22ppm, corresponding to five CH2 signals in the DEPT 135 

spectrum at 25.52, 28.93, 24.41, 33.71 and 39.19ppm. The new amide bond can be 

identified with an additional NH signal at 6.40ppm and an extra carbonyl resonance 

at 172.85ppm. HRMS data also confirmed successful synthesis of the desired 

compounds with molecular ion peaks at 840.4037 and 882.4521 corresponding to 

the molecular formulas [M + Na]  ̂ C4 5 H59N3 O 11 and C4 8H6 5N 3 O 11 for (4.40) and 

(4.41), respectively. HRMS analysis of the corresponding TFA salts (4.42) and
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(4.43) also demonstrated successful deprotection, with molecular ions of 718.3890 

and 760.4102 corresponding to the required formulas C 4 0 H 5 1 N 3 O 9  and C 4 3 H 5 7 N 3 O 9  

[M + H]^ respectively.

4.4 Synthesis of Probestin-(2.01) Hybrid

This section deals with the attachment of probestin to the tubulin inhibitor (2.01). 

Probestin (1.42) was first isolated from a streptomyces species and discovered to be 

a potent inhibitor of APN in the early 1990’s.̂ *̂̂ ’̂ *̂ It is a far more potent APN 

inhibitor than bestatin with an IC50 of 0.06|aM^^* vs 20.1|j.M^^  ̂ for bestatin.^^^ It is a 

tetrapeptide, consisting of pro-pro-leu-AHPA residues.

4.4.1 Synthesis o f Probestin

4.4.1.1 Synthesis o f proline-proline dipeptide

The first step in the synthesis of probestin was the formation of the Pro-Pro 

dipeptide. This was achieved by coupling A^-Boc-proline with proline-benzyl ester 

hydrochloride using 2-bromo-l-ethyl-pyridinium tetrafluoroborate (BEP) as the 

coupling reagent of choice. BEP has widespread use in the coupling of hindered 

amino acids and successfully coupled the two proline moieties in relatively high 

yields (88%). The yields were improved by removing the solvent in vacuo and 

directly purifying the residue by flash column chromatography instead of carrying 

out an extraction prior to purification.

HOOC

( 1.42)
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BEP, DIPEA,
+ ,0

OHO'

(4.44)

Scheme 4.21 Synthesis of Pro-Pro dipeptide (4.44)

4.4.1.2 Attachment o f  N-Boc-bestatin (4.12)  to the proline-proline dipeptide (4.44) 

Prior to attaching the leucine terminus o f A^-Boc-bestatin to the Pro-Pro dipeptide it 

was necessary to deprotect the amino terminus o f the proline dipeptide. This was 

achieved by treating (4.44) with 50% TFA in DCM, to afford the TFA salt. Initial 

attempts at coupling the TFA salt o f the Pro-Pro dipeptide and the free carboxylic 

acid o f A^-Boc-bestatin used BEP as the coupling reagent. However this reaction did 

not proceed as expected and so an alternative coupling reagent was sought. Owing 

to the previous success with PyBrop it was decided to attempt the coupling under 

the conditions previously employed to couple A^-Boc-bestatin to the amino acid 

linker groups (section 4.3.2). The TFA salt o f the Pro-Pro dipeptide was converted 

to the corresponding HCl salt (4.45). After drying in vacuo for several hours the salt 

(4.45) was then dissolved in anhyd. DCM. A'-Boc-bestatin-OH (4.12) and PyBrop 

were added and the reaction was treated with the tertiary base, DIPEA. The reaction 

was completed in five hours.

OH

(4.12), PyBrop, 
DIPEA, HN

(4.45) (4.46)

Scheme 4.22 Coupling of A^-Boc-bestatin-OH (4.12) to the HCl salt of the Pro-Pro

dipeptide (4.46)
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4.4.2 Attachment o f N-Boc-probestin to the tubulin inhibitor (2.01)

Having successfully synthesised A^-Boc-probestin-OBzl (4.46) the next step in the 

synthesis of the targeted compound was to couple it to the phenol o f (2.01), using 

glycine as the spacer group. Prior to coupling, the benzyl protecting group o f (4.46) 

was removed following catalytic hydrogenolysis with 10% Pd/C under an 

atmosphere of H2 (Scheme 4.23). The free acid (4.47) was recovered in quantitative 

yields following filtration of the reaction through celite® and concentration o f the 

filtrate in vacuo. The A^-Boc group of (4.04) was cleaved from the amino terminus 

using 50% TFA in DCM at 0°C.

OHOH

NHNH
10 % Pd/C, H2, HNHN
EtOH/EtOAc

HO

(4.46) (4.47)

Scheme 4.24 H ydrogenolysis o f  the benzyl group from (4.46)

Activation o f the carboxy residue o f (4.47) by forming its corresponding PFP ester 

(4.48) was carried out using DCC and pentafluorophenol in DMF. (Scheme 4.25)

OH
PFP, DCC, 
DMF.
0°C, 5 min, 
R T ,2 h

OH
NH

HN

HN

HO

(4.47) (4.48)

Scheme 4.25 PFP activation o f  probestin
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After routine work-up and purification by flash column chromatography the 

activated ester was coupled directly to (4.08) in the presence of TEA as tertiary 

base. (Scheme 4.26)

OH

HN

NH

(4.08) (4.48)

0°C, lOmin, 
RT, 4h

(4.49)

NHHN

HO''

Scheme 4.26 Synthesis o f probestin-(2.01) hybrid compound

4.4.2.1 Deprotection o f (4.49)

Prior to assaying this compound it was necessary to liberate the amino functionality 

of (4.49) and this was achieved, as before, using 50% TFA in DCM at 0°C to yield 

the TFA salt (4.50).
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4.4.3 Structural elucidation o f  (4.49)

One difficulty which arises from the use o f  proline is due to the fact that it forms 

conformers and consequently all o f  the signals in the NMR spectrum are doubled. 

Obviously the greater the number o f amino acids attached to the pro-pro dipeptide 

the greater the degree o f complexity o f  the resulting spectrum. Therefore the 

structural elucidation o f  (4.49) is discussed in a stepwise approach, beginning with 

the pro-pro dipeptide (4.44).

4.4.3.1 Structural elucidation o f (4.44)

The 'H NMR spectrum o f the pro-pro dipeptide, shown in Fig. 4.12 shows two

intense singlets at 1.38 and 1.44ppm integrating for a total o f nine protons

attributable to the Boc signal. The broad multiplet resonating between 1.75 and

2.19ppm integrates for 8  protons and is assigned to the two P- and two y-CH2 S.̂ '̂*

Two sets o f three multiplets between 3.36-3.76ppm and 4.35-4.65ppm integrating

for four and two protons, respectively, are assigned as the two S-CHis and the two

a-CHs. The two multiplets at 5.02 and 5.18ppm represent the benzyl CH2 group,
1while the aromatic CH’s appear at 7.32ppm. The C spectrum again demonstrates 

doubling up o f  all the peaks in the spectrum. The DEPT 135 spectra confirms the 

presence o f four sets o f  CH2  peaks with signals resonating at 23.34-24.83 for two y- 

CH2 S, 28.54-29.71 for two P-CH2 S and 46.29-46.67ppm for the two 6 -CH2 S. The
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final CH2 resonances occur at 66.55-66.67ppm and represent the benzyl CH2 . The 

a-CH signals occur at 57.49 and 58.65ppm, while the N-Boc resonances are seen at 

28.33, 79.25 and 154.38ppm. The 0-Bzl resonances occur at 127.94-128.35 and 

135.56ppm. The four peaks between 170.95 and 172.00 represent four carbonyl 

resonances, namely two for the 0-Bzl group and two for the new amide bonds.

7.5 7.0 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.06.5 5,5 1.5

(ppm)

! '■! f M 111’ ff’i* I'MTwriwfrrtTriTn*! I' f f i  mi iTn'iwiT
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

(ppm)

Fig. 4.12 'H and '^C NMR spectra of (4.44)

4.4.3.2 Structural elucidation o f (4.46)

The coupled compound (4.46) is the A -̂Boc and 0-Bzl protected probestin. As

expected in the NMR spectrum (Fig. 4.13) of (4.46) is quite cluttered and the

peaks are rather indistinct. The range of CH and CH2 signals relating to the pro-pro

dipeptide discussed above are evident, and it is also possible to distinguish the

double doublet of the two leucine CH3S at 0.95ppm, extra multiplets at 1.62ppm for

the leucine CH2 , at 1.70ppm for the leucine CH and at 2.98ppm for the CH2 of

AHPA. The AHPA CHNH and CHOH and the leucine CHNH are seen as two
1broad singlets and a quartet respectively, at 4.06, 4.12 and 4.82ppm. The C
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spectrum also contains additional signals corresponding to the leucine and AHPA 

signals. These include two additional CH2S at 36.43ppm for the CH2 o f  AHPA and 

40.91 ppm for the leucine CH2 . The two methyls o f  leucine are at 21.30 and 

23.36ppm, while the P-CH resonates at 24.54 and the CHNH at 48.71ppm. The 

AHPA CHNH is at 55.58ppm, while the CHOH resonates at 73.28ppm. Five 

carbonyl signals are evident, one at 155.56ppm for the Boc carbonyl and four 

between 169.91 and 172.24ppm representing three amide bonds and one carbonyl o f  

the OBzl group. The NH-COSY also shows the presence o f  two NH signals, 

representing the leucine-AHPA amide bond and the Boc carbamate NH o f AHPA. 

(Fig. 4.15)

Residual ethyl acetate

1.004.80.90
(ppm)(ppm)(ppm)

; 3.07.5 7.0 6.5 6.0 5.0 4.5 4.0 3.5 2.5 2.0 1.5

(ppm)

Fig. 4,13 ‘H NMR spectrum of (4.46)
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Fig. 4.15 NH COSY of (4.46)

4.4.3.3 Structural elucidation o f  (4.49)

As expected, the spectra o f (4.49), especially the spectrum, were very cluttered 

and difficult to assign. However with the aid of an NH-COSY, HSQC, HMBC and 

TOCSY spectra, assignment was possible. The features o f both individual 

components, (4.08) and (4.46) are all present in the spectra. The predominant
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features of (4.08) include the four methoxy peaks at 3.70, 3.83, 3.92 and 3.95ppm on 

the 'H spectrum and in the aromatic region a muhiplet at 6.35 integrating for two 

protons representative of the C=CH and the aromatic CH on the A-ring, and two 

further doublets at 6.90 and 7.06 and a singlet at 6.98 representing the three 

remaining aromatic protons of the C-ring. The final signals attributable to (4.08) 

are four CH2 signals representing three CH2S of the B-ring and the glycine CH2 . 

With the aid of the CH-COSY the glycine CH2 is identified resonating as two 

signals at 4.18 and 4.35ppm, one of the B-ring CH2 S is at 2.63ppm while the two 

remaining CH2 S appear along with the two P- and two Y-CH2 S of proline in a vast 

multiplet integrating for a total of 12 protons between 1.89 and 2.19ppm (Fig. 4.18) 

(residual ethyl acetate singlet also visible in this multiplet). The two 6 -CH2 S of 

proline are evident from the CH-COSY as three signals at 3.52, 3.68 and 3.76ppm, 

while the remaining a-CH signals appear at 4.65ppm. The final component of this 

compound is the AHPA-Leu moiety. The predominant signals associated with these 

amino acids are the intense singlet at 1.39 integrating as nine protons indicative of 

the Boc signal, a double doublet at 0.94ppm representative of the two leucine methyl 

groups and three CH signals at 4.02, 4.14 and 4.85ppm assigned as the CHNH and 

CHOH of AHPA and the leucine CHNH respectively. The CH2 and CH(CH3 )2  of 

leucine are identified as resonating at 1.60 and 1.67ppm, while the CH2 of AHPA is 

split into two signals at 3.03 and 3.12ppm. The aromatic CHs of the phenyl ring of 

AHPA are evident in the aromatic region between 7.11 and 7.26ppm which 

integrates for a total of five protons. The remaining protons of (4.49) are the three 

NH signals which the NH-COSY identifies as resonating at 5.01, 7.51 and 7.32ppm 

representing the Boc carbamate signal, the AHPA-Leu amide bond and the newly 

formed Pro-Gly amide, respectively.

The '""C and DEPT 135 spectra (Fig. 4.17) again confirm successful coupling took 

place with, in addition to the signals associated with both (4.08) and (4.46), an extra 

carbonyl signal at 171.47ppm for the new amide bond. HRMS analysis also 

confirmed successful synthesis of (4.49) with signal at 1020.4909 corresponding to 

the required molecular formula [M + Na]^ C 5 4 H 7 1 N 5 O 1 3 .  The spectra of the 

deprotected compound (4.50) confirmed loss of the Boc resonances with all other 

signals remaining in place. Successful deprotection was again confirmed with
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HRMS analysis indicating a molecular ion [M + H]^ o f 898.4644 corresponding to 

the required C4 9H6 3 N 5 O 11.

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

(ppm)

Fig. 4.16 ’H NMR spectrum of (4.49)

JJU.
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

130 120 110 100170 160 150 140 80 70 60 50 40 30

(ppm)

Fig. 4.17 '^C and DEPT 135 NMR spectra o f (4.49)
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Fig. 4.18 Partial HSQC of (4.49) 1.82-2.28 and 3.45-4.85ppm

4.5 Results and Discussion

4.5.1 Determination o f Tubulin binding activity

The purpose o f this study was to establish the assumption that attachment o f the 

APN inhibitory peptides to the phenolic position o f (2.10) would result in temporary 

masking o f the tubulin binding activity o f the resulting hybrids. The rationale behind 

this design was to present the tubulin component o f the molecule in prodrug form to 

the timiour angiogenic site. This hypothesis is in sharp contrast to the study 

completed by Hudson, where attachment of the APN inhibitory peptide to the 

position 7 o f the B-ring o f the tubulin inhibitor (4.02) does not affect the tubulin 

binding activity o f the hybrid (IC50 =4.1|j.M). In that case the goal of the work was 

to present both components o f the design in active form to the tumour angiogenic 

site.
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Each compound synthesised was assessed in the tubulin assay.^^^ Although, we 

anticpate cleavage of the ester linkage in vivo we were mindful of the fact that 

perhaps a single, small amino acid attached to the phenol may still impart potent 

inhibition of tubulin polymerisation. In order to test this hypothesis, the tubulin 

binding activity of (4.08), in which glycine was attached to the phenol of (2.01) was 

also evaluated. The compounds were screened at an initial concentration of 50|j.M. 

Each compound was evaluated in triplicate on three separate occasions and the data 

was compared to that of podophyllotoxin, measured on the same day under the same 

conditions.

Percentage Inhibition of Tubulin Polymerisation at 50)j.M
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(4.08) (4.17) (4.18) (4.19) (4.20) (4.33) (4.42) (4.43) (4.50) (Podo) 
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Fig. 4.19 Percentage inhibition of tubulin polymerisation for the hybrid compounds at 

50|iM concentration (error bars represent SEM o f N=3, in triplicate, p < 0.001)

As expected, these compounds did not display potent inhibition in the tubulin 

binding assay. The two most active compounds were (4.08) with glycine attached 

to the phenol of (2.01) and (4.33) with bestatin directly attached to (2.01), their 

respective inhibition at this concentration was 44.17 ± 3.06% and 44.28 ± 3.71%.
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4.5.2 APN activity

The APN inhibitory activity of the hybrid compounds was determined using a 

standard APN assay. Each compound was initially screened at a concentration of 

100|j,M. A dose response analysis was then carried out on test compounds which 

displayed inhibition greater than 50% inhibition at this concentration. The 

compounds were assayed (N=3), on three separate occasions and the IC50 of bestatin 

was measured on the same day under the same conditions and used as a control.

Percentage APN Inhibition for Hybrid 
Compounds at 100|aM

(4.17) (4.18) (4.19) (4.20) (4.33) (4.42) (4.43) (4.50) (Bes) 
Compound No.

Fig. 4.20 Percentage APN inhibition for the hybrid compounds at lOOuM concentration 

(* (4.50) at lG[iM, # Bestatin at 60(J,M) (error bars represent SEM o f N=3, in triplicate, p < 0.001)

The activity of the hybrid compounds that contained bestatin type peptides attached 

to (2.01) displayed mild activity in this assay. The most active being the hybrids 

that contained the Gly residue as linker group (4.17), 35.98 ± 1.86% inhibition, and 

(4.33), the compound with bestatin directly attached to (2.01) gave 37.63 ± 2.33% 

inhibition of APN at the concentration tested. The hybrid based on probestin, 

namely (4.50), potently inhibited APN. Following a full dose response study on this 

compound, its I C 5 0  value was determined to be 0.59|.iM. (R^=0.9353) (Fig. 4.21)
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Fig, 4.21 Percentage inhibition of APN activity vs log concentration for (4.50)
(error bars represent SEM o f  n=3, in triplicate)

4.5.3 Discussion o f  ITP and APN inhibitory activity

A range of hybrid compounds were synthesised containing a variety of linker groups 

between the phenol of the novel tubulin inhibitor (2.01) and the APN inhibitory 

moiety. The initial investigation examined the effect of varying the alkyl chain of 

the linker amino acids and hybrids were synthesised containing glycine (4.17), 

valine (4.18), leucine (4.19) and isoleucine (4.20) as the linker groups. The free 

phenol of (2.01) is deemed essential for ITP activity and thus these compounds were 

designed as a type of pro-drug in which tubulin binding activity of the hybrid is 

masked by having the APN inhibitory moiety attached at the phenolic position of 

(2.01). The compounds were thus not expected to have significant ITP activity. The 

results of the ITP assay (Fig. 4.19) indicate a relatively low level of activity, as 

expected, for this series of compounds. (4.17), with glycine as the linker group was 

the most active tubulin inhibitor. It inhibited tubulin polymerisation by 44.17 ± 

3.06% when used at a concentration of 50)xM. The order of activity of the linker 

groups was glycine > valine > isoleucine > leucine. The compounds were also 

assayed for their APN inhibition activity. However the activity of this series of 

compounds was quite mild, suggesting that cleavage of the ester functionality in 

vivo will be necessary for these compounds to demonstrate a dual targeting effect at
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the tumour angiogenic site. The most active compound was (4.17), where glycine 

was used as the linker group. It inhibited APN by 35.98 ± 1.86% when evaluated at 

100|o,M. The leucine analogue (4.19) was also moderately active at this 

concentration, inhibiting APN by 31.98 ±2.98%.

The second aspect o f the hybrid study was to investigate the effect of the use o f a 

flexible linker unit between the tubulin and APN component o f the molecule. 

Compounds were successfully synthesised in which bestatin was linked to the 

phenol both directly as in (4.33) and via the linker groups; glycine, |3-alanine and 

aminohexanoic acid as in (4.17), (4.42) and (4.43). Results from the ITP assay 

indicate the most active compounds (4.33) and (4.17), display almost identical 

activity with their respective inhibition o f tubulin polymerisation being 44.28 ± 

3.71% and 44.17 ± 3.06%, when evaluated at 100|iM. The activity o f these 

compounds in the APN assay was also evaluated at 100)j.]VI. (4.33) with bestatin 

directly attached to (2.01), inhibited APN by 37.63±2.33%, while (4.17) also gave a 

very similar level o f inhibition, 35.98 ± 1.86%. In the APN assay, the compounds’ 

linker units rank in the order o f glycine > P-alanine > aminohexanoic acid, although 

it is difficult to draw any conclusions regarding the importance of the flexibility o f 

the carbon chain until the hydrolytic fate o f these compounds is determined in vivo.

Compound (4.50), containing probestin as the APN inhibitory peptide and glycine 

as the flexible linker group displayed potent activity in the APN assay with an IC50 

value o f 0.59[xM. This is over 160 times more active than the most active of the 

bestatin type compounds synthesised and approx 33 times more active than bestatin 

itself. It is hypothesised that as this compound is such a potent APN inhibitor in the 

hybrid form, it should localise at APN rich sites (i.e. tumour vasculature) in vivo and 

hydrolysis o f the ester link should result in release o f the tubulin component at the 

site o f tumour angiogenesis.

The fate o f these compounds in vivo is as yet unknown, however one hypothesis is 

that partial cleavage o f the peptides attached to the phenol may occur. This may 

result in a single or even a di- or tri- peptide remaining attached to the phenol. In 

order to examine the effect o f a single amino acid attached to the phenol on ITP
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activity, a compound with glycine attached (4.08), was assayed for ITP activity. It 

had almost identical ITP activity to (4.33) with bestatin directly attached to the 

phenol. This would seem to indicate some tolerance at the phenolic site for single 

amino acids or a small dipeptide substituent.

4.6 Conclusions

The objectives o f the work discussed in this chapter were to examine the concept of 

hybrid inhibitors o f tumour vasculature. Compounds were designed where the APN 

inhibitory moiety was attached to the phenol o f the novel tubulin inhibitor (2.01) via 

an ester linkage. These compounds were synthesised with a view to masking the 

activity o f the tubulin component of the molecule to create a pro-drug type design 

where hydrolysis of the ester link is necessitated in vivo in order to release the free 

phenol o f the tubulin inhibitor, which is deemed essential for activity. In essence, 

the data generated on all but one of the hybrid compounds synthesised suggest that 

the hybrid compoimds synthesised are examples o f pro-prodrugs, as the activity of 

both the APN and tubulin component was masked.

The APN inhibitory data on compound (4.50) indicates that it is a potent APN 

inhibitor suggesting that this compound is ideally positioned to recognise APN rich 

tumour angiogenic sites. Cleavage of the ester functionality o f this compound is 

essential before the true potential of the molecule can be realised. In summary the 

results from this study indicate that we have two possible options in which to 

present our hybrid molecules to the tumour angiogenic site; as a prodrug for the 

tubulin component or as a pro-prodrug where the activity of the individual 

components is temporally masked until cleavage o f the ester functionality is 

accomplished in vivo.

Having successfully synthesised a series o f hybrid compounds, future developments 

in this area will need to focus on the fate o f these compounds in vivo. Hydrolysis 

studies in plasma are thus warranted to establish the rate at which the ester 

functionality is hydrolysed, and thus the rate at which the individual components are 

released. This study will also provide vital clues as to the fate of these compounds
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in vivo, and will establish if  hydrolysis o f ester fiinctionality occurs immediately 

following intravenous administration of test compounds or if  the delay time is 

sufficient to allow the composite to reach the tumour angiogenic site. The stability 

o f the amide linkage should also be established and the possibility o f one or more of 

the amino acids remaining attached to the phenol be investigated.

As (4.50) is a potent APN inhibitor and significantly more active than any of the 

bestatin analogues, future work should focus on probestin type compounds as a 

means to optimising the delivery o f the tubulin component in prodrug form. 

Although the study has focused solely on the use o f (2.01) as the tubulin component 

the broader applicable o f this methodology to other tubulin inhibitors should also be 

investigated as part of a more expansive study on this unique design concept.
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5.0 Biology Experimental

The activity o f the compounds synthesised was assessed in a tubulin polymerisation 

assay and/or an APN inhibition assay. In order to transpose any possible deuterium 

exchange which may have occurred in solution with the deuterated NMR solvents, 

the compounds were dissolved in methanol and evaporated to dryness. The 

compounds were then dried in vacuo for several days. Stock solutions were then 

prepared in DMSO and sequential dilutions in DMSO afforded incrementally 

adjusted 50mM to O.OSmM solutions for assay.

5.1 Tubulin Extraction and Purification

5.1.1 Materials

2-A^-morpholinoethanesulphonic acid (MES), ethyleneglycol-bis-P-aminoethylether- 

N,N-tetra-acetic acid (EGTA), MgCl2.6H20, guanosine triphosphate (GTP, Li salt), 

glycerol and podophyllotoxin were purchased from Sigma Aldrich. Coyle Meats 

Ltd., Garden Lane, Dublin 8 generously provided the porcine heads.

5.1.2 Equipment

A Beckman Ultracentrifuge L8-60M equipped with a Ti 50.5 rotor was used for the 

ultracentrifugation step.

5.1.3 Buffers

Extraction Buffer (EB 2.5M)

0.25M MES acid mono-hydrate 

1.25M MgCl2.6H20 

2.5nM EGTA 

Deionised water

The pH of the solution was adjusted to pH 6.6 by the dropwise addition o f lOM aq. 

NaOH. The buffer was stored at 4°C prior to use.
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Extraction Buffer (EB)

The extraction buffer (EB) was prepared by the addition of 300ml deionised water to 

200ml of EB 2.5. The pH of the buffer was then adjusted to pH 6.6 by the dropwise 

addition of 2.5M aq. NaOH. The buffer was stored at 4°C prior to use.

Reassembly Buffer (RB)

RB was prepared by the addition of 300ml glycerol to 200ml EB2.5. The buffer was 

stored at 4°C prior to use.

GTP solution

A 200nM solution of GTP was prepared by dissolving 108mg of GTP Li salt in 

deionised water (1ml). This solution was prepared directly prior to use and was 

stored at 0°C.

All buffers were freshly prepared each morning prior to the extraction procedure. 

5.1.4 Extraction and Purification

The procedure used is modified from Shelanski et Within thirty minutes of

slaughter the cerebral tissue was removed from two porcine heads. The vascular 

network covering the brain and any bone fragments and extraneous material were 

removed using a teflon® spatula while maintaining the tissue at 0°C. The cleaned 

cortices were then weighed (~150g for two brains) and placed in a blender with EB 

(150ml, 1ml EB per g brain tissue) and minced for 30 seconds. The brain 

homogenate was then poured into a pre-cooled 500ml beaker, on ice. The 

homogenate was divided into centrifuge tubes and centrifuged in a pre-cooled rotor 

(4°C) at lOOjOOOg for forty five minutes at 4°C.

The resulting supernatants containing the depolymerised tubulin were combined and 

measured (~140ml) and transferred to a 500ml conical flask. The pellets were 

discarded. RB (140ml) equal in volume to the combined supernatants and GTP 

solution (5)al per ml RB used, 700)^1) were added to the conical flask. The flask was 

covered with parafilm® and incubated at 37°C for thirty minutes. The solution
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containing the assembled microtubules was then centrifuged in a pre-warmed rotor 

(30°C) at 120,000g for one hour at 30°C.

The resulting supernatants were discarded and the centrifuge tubes containing the 

pellets placed on ice. The pellets containing the microtubules were transferred to a 

pre-cooled homogenisation vessel on ice. The tubes were rinsed with EB (12ml) 

and the buffer added to the homogenisation vessel. The resultant mixture was 

homogenised with a teflon® covered tip for five minutes. The homogenisation 

vessel was covered with parafilm® and cooled on ice for a fiuther thirty minutes. 

The solution was centrifuged in a pre-cooled rotor (4°C) at 100,000g at 4°C for 

thirty minutes.

The resulting supernatants were combined and the pellets discarded. The combined 

supernatants containing the depolymerised tubulin were measured (14ml) and 

transferred carefully to a 250ml conical flask. A volume of RB (14ml) equal to that 

o f the supernatants and GTP solution (5)j,l per ml RB used, 70|o,l) were added and the 

flask covered with parafilm®. In a separate 250ml conical flask EB (14ml) and RB 

(14ml) were combined and the flask also covered with parafilm®. Both flasks were 

incubated at 37°C for thirty minutes. Following incubation, the contents o f the two 

flasks were combined and GTP solution (140|j.l, twice the initial volume added) was 

added to the mixture. The solution was centrifuged in a pre-warmed rotor (30°C) at 

150,000g for thirty minutes at 30°C.

The resulting supernatants were discarded and the pellets, rich in microtubules, were 

collected as before. The tubulin was transferred to a pre-cooled (0°C) 

homogenisation vessel and the centrifuge rinsed with EB (10ml). The washings 

were added to the homogenisation vessel. The resultant tubulin solution was 

homogenised with a teflon® tip for five minutes. GTP solution (25)xl, 2.5|o,l per ml 

EB used) was added to the homogenisation vessel and the solution homogenised for 

a further thirty seconds. The tubulin solution was then aliquoted in 1ml volumes 

into freezer resistant vials. The vials were snap frozen in liquid nitrogen and then 

stored at -80°C, at which temperature it is viable for six months.
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5.2 Tubulin Assay

5.2.1 Equipment

A Fluostar Optima 96 well plate reader equipped with thermostatic facilities.

5.2.2 Buffers

EB prepared as outlined above (section 5.1.3)

GTP solution prepared as outlined above (section 5.1.3)

5.2.3 Assay procedure

5.2.3.1 Dilution o f tubulin stock

Tubulin assembly was followed by recording the increase in optical density of a 

tubulin solution at 350nm at 37°C. The 1ml stock of tubulin solution was diluted 

with EB (usually 4ml) and GTP solution (20^1, 5|j.l per ml EB added) was added to 

the mixture. The mixture was vortexed for ten seconds to ensure total mixing. 

100}o,l o f the resultant tubulin solution was then pipetted into one well o f a 96 well 

half-area plate. The change in optical density was measured over ten minutes at 

350nm at 37°C. A difference in optical density o f 0.1 to 0.15 indicated a tubulin 

solution of concentration range 2-3mg/ml. This was the optimal concentration range 

for the assay as lower or higher concentrations affected the sensitivity if  the assay. 

The quantity o f buffer added was therefore adjusted to obtain a tubulin solution 

within the correct concentration range.

5.2.3.2 Assay procedure

Once the optimal concentration had been obtained for the tubulin solution the effect 

o f the DMSO blank was established. DMSO (1|^1) was pipetted into three wells of a 

96 well plate and tubulin solution (100|j.l) was added to each well. The plate was 

immediately incubated at 37°C in the plate-reader and was subjected to orbital 

shaking for five seconds. The UV absorption was measured at 350rmi over six
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minutes. The maximum slope of the resulting curve was measured and this 

represents the maximum rate o f tubulin polymerisation.

This procedure was repeated for all concentration of the test solutions where the 

maximum slope in this case represents the maximum rate o f tubulin polymerisation 

in the presence o f the inhibitory compound. All compounds were screened at an 

initial concentration (40-50|j,M) and any compounds displaying greater than 50% 

inhibition at this concentration were subjected to a dose response analysis. All 

compounds were assayed in triplicate, on three separate occasions and the IC50 

determined from the dose response analysis. Podophyllotoxin was assayed on the 

same day under the same conditions, as an inhibitory control.

5.2.4 Results

The results were analysed using a non-linear regression model. Sigmoidal dose 

response curves o f percentage inhibition of tubulin polymerisation versus log drug 

concentration (M) were plotted. The percentage tubulin polymerisation for each 

compound was calculated as follows:

(mB / mX) X 100 = % tubulin polymerisation

Where,

mB = maximum slope of DMSO blank

mX = maximum slope o f test compound with concentration X

Deviation from normal behaviour were quoted as goodness to fit values (R^), where 

1.0 is a perfect fit to the model. The errors bars represent the standard error. The 

curves were used to determine the I C 5 0  for each compound tested.
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Fig 5.1 Graph o f  percentage inhibition o f  tubulin polymerisation V5 log concentration for

podophyllotoxin

The above graph represents a dose-response curve for podophyllotoxin and gives an 

IC50 of 3.5(J.M )(R = 0.9430), which compares well with the literature value of 

0.6^M .“ ^

5.3 Aminopeptidase N UV Spectrophotometric Assay

5.3.1 Materials

Bestatin, aminopeptidase N (EC 3.4.11.2, type IV-S from porcine kidney 

microsomes), Z-Leucine-p-nitroanilide (Leu-pNA) and N-[2-hydroxy- 

ethyl]piperazine-N’-[2-ethanesulphonic acid] (HEPES buffer) were procured from 

Sigma Aldrich.

5.3.2 Equipment

A Fluostar Optima 96 well plate-reader equipped with thermostatic capability.

160



5.3.3 Buffers and Solutions

Buffer solution 

50mM HEPES Buffer 

154mM NaCl

The buffer was prepared using deionised water and the pH o f the solution was 

adjusted to 7.4 by the drop-wise addition o f  2.5M aq. NaOH. The buffer was stored 

at 4°C prior to use.

Substrate solution

2nM Leu-/?NA in HEPES buffer

Enzyme solution

ImU aminopeptidase N  in HEPES buffer

5.3.4 Assay procedure

The assay was carried out according to the procedure o f  Melzig et by 

measuring the hydrolysis o f  the chromogenic substrate Leu-pNA in a photometric 

assay. Aliquots o f the substrate solution (50)j.l), HEPES buffer (40|o,l) and test 

compound or DMSO blank (0.2|j,l) were pipetted into each well o f a 96 well half

area plate. The reaction was started by the addition o f  the enzyme solution (lO^il) to 

each well. The plate was incubated at 37°C in the plate-reader for sixty minutes. 

Single UV absorbance readings at 405nm were then taken.

Initially compounds were screened at a single concentration (100|o,M) to determine a 

level o f  activity. Any compounds displaying greater than 50% inhibition at this 

concentration were then subjected to a dose response analysis. All concentrations 

were assayed in triplicate wells and each assay was repeated three times. Bestatin 

was assayed at the same time, under the same conditions and was used to compare 

the IC50 values o f the test compounds. Inhibition o f  APN activity was measured by 

comparison to the blank DMSO control.
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5.3.5 Results

The results were analyzed using a non-linear regression model. The percentage 

APN inhibition was plotted against log drug concentration (M) to obtain dose- 

response curves. Deviations from normal behaviour were quoted as goodness to fit
A

values (R ), where 1.0 represents a perfect fit to the model. The IC50 was then 

calculated for each compound.

% Inhibition of APN Activity vs Log Concentration for Bestatin
70-1

S  40-

a. 10-

•7 •6 5 •4
Log Concentration (M)

Fig 5.2 Graph o f percentage inhibition o f APN activity V5 log concentration for bestatin

The above graph gives an IC50 value for bestatin o f  25.93)j.M (R =.9395), which is 

compares very well to the literature value o f  20.1 |^M.
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Chapter 6
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6.0 Chemistry Experimental

Starting materials were obtained from Sigma Aldrich and were not characterised.

Melting points (MP) were determined on an Electrotherm® melting point apparatus 

and were uncorrected.

Spectral data were obtained on the following instruments:

Infra Red (IR): Perkin Elmer FT-IR spectrophotometer Paragon 100. Solid samples 

were analysed by potassium bromide discs (KBr) and oils were analysed as films in 

NaCl plates (DCM).

Nuclear Magnetic Resonance (NMR): All IH and 13C NMR spectra were 

determined using Bruker MSL 400 and 600. ID NMR spectra were analysed with 

Bruker WIN-NMR software and 2D NMR spectra were analysed with Bruker 

Topspin 2.0 software. All samples were dissolved in CDCI3 prior to analysis (except 

where indicated). Peak positions were assigned relative to CHCI3 resonances at 

7.28ppm for IH NMR spectra and 78.16ppm, 76.90ppm and 75.62ppm for 13C 

NMR spectra. Abbreviations used were as follows: s=singlet, d=doublet, t=triplet, 

q=quartet, qn=quintet, dd=double doublet, m=multiplet, br=broad, QC=quatemary 

carbon.

High Resolution Mass Spectroscopy (HRMS): All high resolution mass spectra were 

obtained from a Micromass LCT instrument operating in ES"̂  mode. Data analysis 

was performed using MassLynx software version 3.5.

Column chromatography was carried out using silica gel 60 (230-400 mesh) and thin 

layer chromatography with silica gel GF-254 pre-coated aluminium sheets (Merck 

Laboratories). Compounds were visualised using UV at both 254 and 365nm, and a 

variety o f spray reagents.
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Anhydrous THF was prepared by refluxing over powdered lithium aluminium 

hydride for two hours, then collecting the distillate and allowing it to fall back down 

over sodium wire and benzophenone. The resulting mixture was refluxed until a 

purple colour was obtained. The colourless distillate was used immediately.

Anhydrous DCM was prepared by distillation over powdered calcium hydride and 

rejecting the wet forerun (-5%).
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ABCD ring compounds

Synthesis o f  2-methoxy-5-(2,3,4-trimethoxy-6,7-dihydro-5H-benzo[aJcyclohepten- 

9-yl)-phenol, (2.01)

Step 1

Synthesis o f  intermediate, 5-(2,3,4-trimethoxyphenyl)-pentanoic acid, (2.05)

To a stirred solution of 2,3,4-trimethoxybenzaldehyde (S.OOg, 0.025mol) in tert- 

butanol (9.00ml) was added methyl crotonate (S.OOg, O.OSmol) and a solution of 

potassium tert-butoxide (6.03g) in t-butanol (80ml). The reaction was carried out 

under an atmosphere o f nitrogen with the reaction vessel covered in aluminium foil. 

The resulting mixture was allowed to stir overnight at room temperature. The 

mixture was then acidified with 2M HCl (250ml) and extracted with diethyl ether (3 

X 50ml). The combined organic extracts were dried over magnesium sulphate, 

filtered and concentrated under reduced pressure to afford a yellow oil. This oil was 

then redissolved in a mixture o f methanol/THF/2M NaOH (10:8:5, 100ml) and 

stirred overnight at room temperature. The reaction was then quenched by the 

addition of 2M HCl (150ml) and extracted with diethyl ether (3 x 50ml). The 

combined organic extracts were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure to afford an oil. This oil was then dissolved in 

ethanol/ethyl acetate solution (1:1, 100ml) and treated with 10% Pd/C (3.00g). The 

resulting mixture was stirred under an atmosphere of hydrogen at room temperature 

for 3 days. On completion the Pd/C catalyst was removed by filtration. The filtrate 

was concentrated under reduced pressure to afford a viscous brown oil. This was 

purified by flash column chromatography (stationary phase, silica gel 230-400 mesh; 

mobile phase, 2:1; hexane/ethyl acetate). The homogenous fractions were collected 

and the solvent was removed under reduced pressure to yield (2.05) as a pale yellow 

oil (3.52g, 57%) (Mobile phase: ethyl acetate Rf = 0.11). Vmax (DCM)/cm'': 2939.5, 

1708.3, 1602.1, 1495.4; 'H NMR (CDCI3, 400 MHz) §h ppm: 1.61-1.73 (4H, m, 2 x 

CH2 ), 2.41 (2H, t, J=7.3Hz, CH2), 2.59 (2H, t, J=7.6Hz, CH2), 3.85 (3H, s, OCH3), 

3.88 (6 H, s, 2 X OCH3), 6.63 (IH , d, J=8.5Hz, ArCH), 6.84 (IH, d, J=8.5 Hz, ArCH);
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NMR (CDCI3 , lOOMHz) 6 c ppm: 24.02 (CH2 ), 28.81 (CH2 ), 29.77 (CH2 ), 33.33 

(CH2 ), 55.54 (OCH3 ), 60.27 (OCH3 ), 60.46 (OCH3 ), 106.66 (ArCH), 123.27 (ArCH), 

127.54 (ArC), 141.76 (ArC), 151.38 (ArC), 151.50 (ArC).

Step 2

Synthesis o f  6,7,8,9-tetrahydro-l,2,3-trimethoxybenzocyclohepten-5-one, (2.06)

The acid (2.05) (3.00g, 11.19 mmol) was dissolved in polyphosphoric acid (PPA) 

(30.00g) and heated to 40°C with occasional stirring for 2 hours. On completion, the 

reaction was quenched by the addition of ice (30.00g) and extracted with diethyl 

ether (3 x 100ml). The combined organic fractions were dried over magnesium 

sulphate, filtered and concentrated under reduced pressure to afford the crude 

product. This was then purified by flash column chromatography (stationary phase, 

silica gel 230-400 mesh; mobile phase, 6:1; hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was removed to afford (2,06) as a yellow oil 

(2.03g, 73%) (Mobile phase: hexane/ethyl acetate 4:1 R /=  0.35). Vmax (DCM)/cm'‘: 

1938.4, 1673.4, 1589.8, 1486.4; NMR (CDCI3, 400 MHz) 5h ppm: 1.68-1.74 (4H, 

m, 2 X CH2 ), 2.62 (2H, t, J=6.5Hz, CH2 ), 2.84 (2H, t, J=6.0Hz, CH2 ), 3.74 (3H, s, 

OCH3 ), 3.78 (3H, s, OCH3 ), 3.84 (3H, s, OCH3 ), 7.03 (IH , s, ArCH); ‘̂ C NMR 

(CDCI3 , lOOMHz) 5c ppm: 20.43 (CH2 ), 22.47 (CH2 ), 24.50 (CH2 ), 40.26 (CH2 ), 

55.48 (OCH3 ), 60.41 (OCH3 ), 60.94 (OCH3 ), 107.00 (ArCH), 128.51 (ArC), 133.81 

(ArC), 145.46 (ArC), 150.48 (ArC), 151.07 (ArC), 204.89 (C=0).

Step 3

Synthesis o f intermediate, 5-bromo-2-methoxyphenol, (2.08)

To a stirred solution of 5-bromo-2-methoxybenzaldehyde (lO.OOg, 46.5 mmol) in 

DCM (lOOml) was added 3-chloroperoxybenzoic acid (mCPBA) (10.41g, 60.45 

mmol). On completion the reaction was filtered to remove the chlorobenzoic acid, 

and the filtrate was washed with 5% NaHC 0 3  (100ml), H 2 O (100ml) and saturated 

NaCl (100ml). The organic layers were then dried over magnesium sulphate, filtered 

and concentrated under reduced pressure. The concentrate was then dissolved in a
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solution o f methanol/THF/2.5M NaOH (10:8:5, 69ml) and left stirring at room 

temperature. After two hours the reaction was quenched by the addition o f 2M HCl 

and the product extracted with diethyl ether (3 x 75ml). The organic layer was 

washed with 5% NaHC0 3  (75ml) and 2.5 M NaOH (75ml). The aqueous layer was 

then acidified with 2M HCl and extracted with diethyl ether (3 x 100ml). The 

organic layer was dried over magnesium sulphate, filtered and concentrated under 

reduced pressure to yield an off-white solid (8.30g, 89%). M.p: 58-60°C; Vmax 

(KBr)/cm'‘: 3479.9, 1698.6, 1591.7, 1495.6; ’H NMR (CDCI3 , 400 MHz) 6 h ppm: 

3.92 (3H, s, OCH3), 5.65 (IH , br, OH), 6.72 (IH , d, J= 8 .8 Hz, ArCH), 6.99 (IH , dd, 

J=2.5Hz, 8.5Hz ArCH), 7.08 (IH , d, J=2.5Hz, ArCH); ’^C NMR (CDCI3 , lOOMHz) 

6 c ppm: 55.63 (OCH3), 111.36 (ArCH), 112.79 (ArC), 117.36 (ArCH), 122.34 

(ArCH), 145.40 (ArC), 146.02 (ArC).

Step 4

Synthesis o f  intermediate, (5-bromo-2-methoxyphenoxy)(tert-butyl)dimethylsilane, 

(2.09)

To a stirred solution o f the phenol (2.08) (7.80g, 38.6 mmol) in DMF (42ml) was 

added imidazole (5.25g, 77.2 mmol) and tert-butyldimethylsilyl chloride (8.73g, 57.9 

mmol) at room temperature. After 3 hours, the reaction was quenched by the 

addition o f water (85ml) and the product extracted with diethyl ether (3 x 120ml). 

The combined ether layers were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure to yield the crude product. The product was 

then purified by flash column chromatography (stationary phase, silica gel 230-400 

mesh; mobile phase, 9:1; hexane/ethyl acetate). All homogenous fractions were 

collected and concentrated under reduced pressure to yield (2.09) as a clear oil 

(12.05g, 99%) (Mobile phase: hexane R/=  0.92). v^ax (DCM)/cm'': 3396.1, 2955.1, 

2930.4, 2896.3, 2858.1, 1706.7, 1585.7, 1497.2, 1471.8, 1441.6, 1402.1; 'H  NMR 

(CDCI3 , 400MHz) 5HPpm: 0.19 (6 H, s, Si(CH3)2), 1.02 (9H, s, C(CH3)3), 3.8 (3H, s, 

OCH3 ), 6.72 (IH , d, J=8.5Hz, ArCH), 7.01 (IH , d, J=2.5Hz, ArCH), 7.05 (IH , dd, 

J=2.5Hz, 8.5Hz, ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c ppm: -5.12 (Si(CH3)2 ),
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17.98 (C(CH3)3), 25.21 (C(CH3)3), 55.12 (OCH3), 111.88 (ArC), 112.72 (ArCH), 

123.61 (ArCH), 123.96 (ArCH), 145.49 (ArC), 149.97 (ArC).

Step 5

Synthesis o f  intermediate, 5-(Z)-(6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulen-9-yl)~ 2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.10)

To a stirred solution o f bromide (2.09) (2.59g, 8.16mmol) dissolved in anhydrous 

THF (13ml) in an evacuated three necked flask, was added 2.5M n-BuLi (3.67ml, 

9.18mmol) dropwise at -78°C under anhydrous conditions and an atmosphere of 

nitrogen. After 15 minutes, whilst maintaining the temperature at -78°C, a solution 

of (2.06) (0.68g, 2.72mmol) in anhydrous THF (18ml) was added. After 2 hours the 

temperature was allowed to increase gradually to 0°C and maintained at this 

temperature for 12 hours. On completion, the reaction was quenched by the addition 

o f 2M HCl (15ml) and the product was extracted using diethyl ether (3 x 30ml). The 

organic layers were dried over magnesium sulphate, filtered and concentrated under 

reduced pressure. The product was then purified by flash column chromatography 

(stationary phase, silica gel 230-400 mesh; mobile phase, 8:1; hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent removed under vacuum to 

afford (2.10) as an oil (0.83g, 6 6 %) (Mobile phase: hexane/ethyl acetate 4:1 R / = 

0.41). vmax (DCM)/cm'‘: 2931.7, 2856.2, 1597.5, 1571.8, 1509.1; *H NMR (CDCI3, 

400 MHz) 5h ppm: 0.16 (6 H, s, 2 x SiCHs), 0.99 (9H, s, C(CH3 )3), 1.93 (2H, q, 

J=7.0Hz, CHCH2 CH2), 2.12 (2H, qn, J=7.0Hz, CHCH2CH2 CH2), 2.64 (2H, t, 

J=7.0Hz, CHCH2 CH2CH2 ), 3.71 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.92 (6 H, s, 2 x 

OCH3), 6.31 (IH , t, J=7.5Hz, CH), 6.38 (IH , s, ArCH), 6.80 (4H, m, 4 x ArCH); '^C 

NMR (CDCI3 , lOOMHz) 5c ppm: -5.00 (2 x SiCH3), 18.00 (C(CH3)3), 23.12 (CH2), 

25.04 (CH2), 25.53 (C(CH3)3), 34.59 (CH2), 55.09 (OCH3), 55.43 (OCH3), 60.43 

(OCH3), 61.13 (OCH3), 108.66 (ArCH), 111.40 (ArCH), 118.19 (ArC), 118.40 

(ArC), 120.58 (ArCH), 121.28 (ArCH), 127.72 (C=CH), 134.71(ArC), 135.82 (ArC), 

139.67 (ArC), 141.85 (ArC), 144.09 (ArC), 149.80 (ArC), 150.38 (A rQ ; HRMS: 

Actual 471.2584, calculated 471.2567, molecular formula C2 7H3 9 0 5 Si.
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Step 6

Deprotection o f (2.10) to afford 5-((Z)-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7Jannulen-9-yl)- 2-methoxyphenol, (2.01)

To a stirred solution o f  (2.10) (1.30g, 2.77mmol) in THF (20ml) was added IM  

TBAF in THF (5.54ml, 5.54mmol). The solution was stirred at room temperature for 

1 hour, after which time the reaction was quenched by the addition o f  H 2O ( 1 0 ml) 

and the product extracted with diethyl ether (3 x 25ml). The organic layers were 

dried over magnesium sulphate, filtered and concentrated under reduced pressure. 

The product was then purified by flash column chromatography (stationary phase, 

silica gel 230-400 mesh; mobile phase, 6:1; hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent removed under vacuum to afford (2 .0 1 ) as 

brown solid (0.73g, 75%). M.p.: 47-51°C; v„,ax (D CM )/cm '‘: 3410.7, 2934.2,

2853.69, 1581.4, 1509.3, 1488.6, 1450.3; 'H  NM R (CDCI3 , 400MHz) 5h ppm: 1.95 

(2H, q, J=7.0Hz, CHCH 2CH 2 ), 2.12 (2H, qn, J=6.7Hz(av), CHCH 2CH 2 ), 2.63 (2H, t, 

J=6.7Hz(av), CHCH 2CH 2CH2 ), 3.70 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.91 (3H, s, 

OCH 3), 3.94 (3H, s, OCH 3 ), 5.56 (IH , br.s, OH), 6.34 (IH , t, J=7.6Hz, CH), 6.40 

(IH , s, ArCH), 6.79 (2H, s, 2 x ArCH), 6.91 (IH , s, ArCH); '^C NM R (CDCI3, 

lOOMHz) 6 c ppm: 23.09 (CH 2), 254.01 (CH2), 34.51 (CH 2), 55.52 (2 x OCH 3 ), 

60.43 (OCH 3), 61.12 (OCH 3), 108.37 (ArCH), 109.85 (ArCH), 113.76 (ArCH), 

119.19 (ArCH), 126.77 (CH), 127.74 (ArC), 135.24 (ArC), 135.69 (ArC), 140.60 

(ArC), 141.78 (ArC), 144.80 (ArC), 145.48 (ArC), 150.36 (ArC), 150.45 (ArC); 

HRMS: Actual 357.1706, calculated 357.1702, molecular formula C21H25O5.

Synthesis o f  5-bromo-l,2,3-trimethoxybenzene, (2.12)

Step 1

Synthesis o f  5-bromo-2-methoxybenzene-l,3-diol, (2.13)

To a stirred suspension o f tribromoanisole (5.00g, 14.5mmol) in pentane (100ml) 

was added 2.5M n-BuLi (28.96ml, 72.4mmol) at -20°C under anhydrous conditions 

over 10 minutes. The solution was allowed to warm to -15°C over 15-20 minutes. It
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was then cooled to -30°C and trimethylborate (8.55ml, 72.4mmol) was added 

dropwise. The reaction was warmed to 0°C over 30 minutes and then recooled to - 

10°C. A 40% solution of peracetic acid/ acetic acid (15ml) was added over 30 

minutes. Upon completion of the addition, the solution was warmed to 0°C over 30 

minutes and then recooled to -10°C. A saturated aqueous solution of NaHSOs 

(15ml) was added slowly over 30 minutes. On completion H2O (75ml) was added 

and the product extracted with diethyl ether (3 x 75ml). The combined organic 

fractions were dried over magnesium sulphate, filtered and concentrated in vacuo to 

afford the crude product. The product was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 2:1; 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent 

removed under vacuum to afford (2.13) (2.6Ig, 83%). 'H NMR (CDCI3 , 400MHz) 

SHPpm: 3.88 (3H, s, OCH3), 5.81 (2H, br s, 2 x OH), 6.57 (IH, d, J=2.1Hz, ArCH), 

6.73 (IH, d, J=2.3Hz, ArCH).; *̂ C NMR (CDCI3, lOOMHz) 6 c ppm: 55.64 (OCH3), 

112.77 (ArC), 117.37 (ArCH), 122.35 (ArCH), 145.42 (ArC), 146.02 (2 x ArC).

Step 2

Synthesis o f 5-bromo-l,2,3-trimethoxybenzene, (2.12)

To a stirred solution of (2.13) (0.50g, 2.29mmol) in acetone (5ml) was added 

iodomethane (5ml) followed by K2CO3 (3.16g, 22.9mmol). The reaction was 

refluxed for 3 hours. On completion, the white solids were removed by filtration and 

the filtrate concentrated under reduced pressure to form an off-white solid. The 

product was then purified by flash column chromatography (stationary phase, silica 

gel 230-400 mesh; mobile phase, 10:1; hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent removed under vacuum to afford (2.12) 

(0.37g, 6 6 %). *H NMR (CDCI3 , 400MHz) Snppm: 3.77 (3H, s, OCH3), 3.79 (6 H, s, 

2 x OCH3), 6.67 (2H, m, 2 X  ArCH); ‘^C NMR (CDCI3, lOOMHz) 5c ppm: 55.78 (2 

X OCH3), 60.25 (OCH3), 108.54 (2 x ArCH), 115.59 (ArC), 136.96 (ArC), 153.42 (2 

X ArC).
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Synthesis o f  5-((E)-6,7-dihydro-2,3,4-trimethoxy-8-(3,4,5-trimethoxyphenyl)-5H- 

benzo[7]annulen-9-yl)-2-methoxyphenol, (2.03)

Step 1

Synthesis o f  intermediate (5-(8-bromo-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulen-9-yl-2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.11)

To a solution o f (2.10) (O.lOg, 0.21 mmol) in anhydrous DCM (1.5 ml) was added 

pyridinium tribromide (0.07g, 0.21 mmol) slowly over 15 mins. The resulting 

mixture was stirred at 0°C under an atmosphere o f nitrogen for 1 hour. The reaction 

mixture was washed with 10% w/v NaHCOs (10 ml) and extracted with DCM (3 x 

10ml). The combined DCM layers were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure. The product was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 11:1; 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

removed to afford (2 .1 1 ) as a colourless oil (0.1 Og, 84%) (Mobile phase: 

hexane/ethyl acetate 11:1 R / =  0.52). Vmax (DCM)/cm’': 2930.9, 2856.4, 1597.9, 

1573.5, 1508.3, 835.4; 'H NMR (CDCI3 , 400 MHz) 6 h ppm 0.17 (6 H, s, 2 x SiCHs), 

1.00 (9H, s, C(CH3)3), 2.23 (2H, m, CH2), 2.54 (2H, t, J=7.0Hz, CH^, 2.75 (2H, t, 

J=7.0Hz, CH2), 3.61 (3H, s, OCH3), 3.82 (3H,s, OCH3), 3.92 (6 H, s, 2 x OCH3), 6.17 

(IH , s, ArCH), 6.69 (IH, dd, J=2.2Hz(av), J=8.2Hz, ArCH), 6.79 (IH , d, J=8.5Hz, 

ArCH), 6.89 (IH , d, J=2.0Hz, ArCH); '^C NMR (CDCI3, lOOMHz) 5c ppm: -5.03 (2 

X SiCH3), 13.75 (ArC), 17.99 (ArC), 22.65 (CH2), 25.29 (C(CH3)b), 33.4 (CH2), 

37.69 (CH2), 54.93 (OCH3), 55.53 (OCH3), 60.35 (OCH3), 61.14 (OCH3), 108.37 

(ArCH), 110.86 (ArCH), 121.37 (ArC), 122.61 (ArCH), 126.37 (ArCH), 134.10 

(ArC), 136.88 (ArC), 139.72 (A rQ , 140.89 (ArC), 143.57 (ArC), 149.86 (ArC), 

150.33 (ArC).
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Step 2

Attempted Negishi coupling

To a dry, three-necked, 100ml round bottomed flask at -78°C was added a solution 

o f  (2.12) (0.28g, l.lSm m ol) in anhyd. THF (5ml), under an atmosphere o f  nitrogen. 

2.5M n-BuLi (0.7ml, 1.75M) was added slowly and the reaction was stirred for thirty 

minutes. In two separate flasks ZnCli (0.15g, l.lS m m ol) was dissolved in anhyd. 

THF (1.5ml) (flask 2) and (2.11) (0.21g, 0.38mmol) was dissolved in anhyd THF (3 

ml) (flask 3). Pd(PPh3 ) 4  (0.06g, 3.12|o,M) was added to the flask containing (2.11) 

(flask 3). The lithiated trimethoxybenzene solution (flask 1) was transferred to the 

ZnCh  flask (flask 2) slowly, over two minutes. This solution was then transferred to 

the flask containing (2.11) and Pd(PPh 3 ) 4  (flask 3) and the resulting mixture was 

refluxed for two hours. After this time the reaction was quenched by pouring it into 

a flask o f H 2 O (50ml) and the product extracted with diethyl ether (3 x 30ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 8:1; 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent 

removed under vacuum to afford three separate products, none o f  which were the 

desired compound.

Suzuki coupling; (5-(E)-(6,7-dihydro-2,3,4-trimethoxy-8-(3,4,5-trimethoxyphenyl)- 

5H-benzo[7]annulen-9-yl)-2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.14)

Compound (2.11) (0.20g, 0.36 mmol), 3,4,5-trimethoxybenzeneboronic acid (0.09g, 

0.44 mol) and potassium carbonate (0.15g, 1.08 mmol) were dissolved in a mixture 

o f  toluene, ethanol and water (3:1:1, 10ml). To this mixture was added Pd(PPh3 ) 4  

(0.02g, 0.018 mmol) under an atmosphere o f nitrogen. The reaction was then 

refluxed for 2 hours. On com pletion the reaction was diluted by the addition o f  ethyl 

acetate (30ml), dried over magnesium sulphate, filtered and concentrated under 

reduced pressure. The product was purified by flash column chromatography 

(stationary phase, silica gel 230-400 mesh; mobile phase, 5:1; hexane/ethyl acetate).
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All homogenous fractions were collected and the solvent removed under vacuum to 

afford (2.14) as a white solid (0.17g, 74%). M.p.: 126-130°C; Vmax (KBr)/cm’'; 

2927.4, 1853.9, 1736.0, 1602.1, 1504.4, 1490.7; *HNMR (CDCI3, 400MHz) Snppm: 

-0.04 (6 H, s, 2 X SiCHs), 0.89 (9H, s, € ( € ^ 3)3), 2.15 (2H, m, CH2), 2.36 (2H, t, 

J=6.5Hz(av), CH2), 2.82 (2H, t, J=6.5Hz(av), CH2 ), 3.62 (3H, s, OCH3), 3.66 (6 H, s, 

2 X OCH3), 3.76 (3H, s, OCH3), 3.82 (3H, s, OCH3), 3.93 (6 H, s, 2 x OCH3), 6.22 

(IH , s, ArCH), 6.40 (2H, s, 2 x ArCH), 6.50 (IH , s, ArCH), 6.52 (IH , s, ArCH), 6.63 

(IH , d, J=9.0Hz, ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: -5.52 (2 x SiCHs), 

17.85 (C(CH3)3), 22.77 (CH2), 25.12 ( £ ( ^ 3)3 ), 33.25 (CH2), 24.04 (CH2), 54.98 

(OCH3), 55.33 (OCH3), 55.41 (2 x OCH3), 60.32 (OCH3), 60.44 (OCH3), 61.19 

(OCH3), 106.30 (2 x ArCH), 108.78 (ArCH), 110.77 (ArCH), 123.74 (ArCH), 

124.12 (ArCH), 126.8 (ArC), 134.81 (ArC), 135.80 (ArC), 137.39 (ArC), 138.29 

(ArC), 138.45 (ArC), 138.63 (ArC), 140.50 (ArC), 143.50 (ArC), 149.21 (ArC), 

150.02 (ArC), 150.45 (ArC), 152.09 (2 x ArC); HRMS: Actual 659.3016, calculated 

659.3016, molecular formula C36H4 8 0 8 SiNa.

Step 3

Deprotection o f (2.14) to afford 5-((E)-6,7-dihydro-2,3,4-trimethoxy-8-(3,4,5- 

trimethoxyphenyl)-5H-benzo[7]annulen-9-yl)-2-methoxyphenol, (2.03)

To a stirred solution of (2.14) (0.12g, 0.19 mmol) in THF (2ml) was added IM 

TBAF in THF (0.38 ml, 0.38 mmol). The reaction was stirred at room temperature 

for one hour. On completion the reaction was quenched by the addition of H2 O 

(5ml) and extracted with diethyl ether (3 x 10ml). The ether fractions were 

combined, dried over magnesium sulphate, filtered and concentrated under reduced 

pressure. The product was then purified by flash column chromatography (stationary 

phase, silica gel 230-400 mesh; mobile phase, 2:1; hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent removed under vacuum to 

afford (2.03) as a white solid (0.09g, 95%). M.p.: 131-134; Vmax (KBr)/cm’': 3422.5, 

2935.3, 1579.5, 1505.9, 1487.5; ‘H NMR (CDCI3, 400 MHz) 5h ppm: 2.14 (2H, m, 

CH2), 2.34 (2H, t, J=6.7Hz (av), CH2), 2.81 (2H, t, J=6.7Hz(av), CH2), 3.65 (9H, s, 3 

X  OCH3), 3.82 (6 H, s, 2 X OCH3), 3.92 (3H, s, OCH3), 3.93 (3H, s, OCH3), 5.31
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(IH , br, s, OH), 6.26 (IH , s, ArCH), 6.37 (2H, s, 2 x ArCH), 6.41 (IH , dd, J=2.0Hz, 

8.5Hz, ArCH), 6.52 (IH , d, J=2.0Hz, ArCH), 6.58 (IH , d, J=8.5 Hz, ArCH).; '^C 

NMR (CDCI3 , lOOMHz) 6 c ppm: 22.73 (CH2 ), 33.07 (CH2 ), 33.89 (CH2), 55.39 

(OCH3), 55.49 (3 X OCH3), 60.44 (2 x OCH3), 61.17 (OCH3), 106.38 (2 x ArCH), 

108.88 (ArCH), 109.35 (ArCH), 116.64 (ArCH), 122.61 (ArCH), 126.85 (ArC), 

135.15 (ArC), 135.95 (ArC), 137.33 (ArC), 138.12 (ArC), 138.17 (ArC), 138.87 

(ArC), 140.61 (ArC), 144.30 (ArC), 144.56 (ArC), 150.05 (ArC), 150.52 (ArC), 

151.97 (2 X  A rQ ; HRMS: Actual 545.2165, calculated 545.2151, molecular formula

C 3oH 340gN a.

Synthesis o f  (5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(3,4,5-trimethoxyphenyl)-5H- 

benzo[7]annulen-8-yl)-2-methoxyphenol, (2.16)

Step 1

Suzuki coupling; synthesis o f  (Z)-6,7-dihydro-2,3,4-trimethoxy-9-(3,4,5- 

trimethoxyphenyl)-5H-benzo[7]annulene, (2.22)

Compound (2.22) was prepared and purified as described above for (2.10) using 

3,4,5-trimethoxy-bromobenzene in place of (2.09). Product isolated as a yellow oil 

(0.27g, 89%) (Mobile phase: hexane/ethyl acetate 4:1 R f =  0.39). Vmax (DCM)/cm’': 

2934.7, 2857.7, 1579.5, 1506.3, 1489.1; 'H NMR (CDCI3 , 400MHz) Snppm: 1.07 

(2H, q, J=7.0Hz, 14.5Hz, CH2), 2.14 (2H, m, CHi), 2.67 (2H, t, J=7.0Hz, CH2 ), 3.27 

(3H, s, OCH3), 3.82 (6 H, s, 2 x OCH3 ), 3.88 (3H, s, OCH3), 3.93 (3H, s, OCH3 ), 3.95 

(3H, s, OCH3), 6.40 (2H, m, ArCH & C=CH), 6.51 (2H, s, 2 x ArCH); '^C NMR 

(CDCI3 , lOOMHz) 5c ppm: 23.25 (CH2), 25.14 (CH2), 34.56 (CH2), 55.66 (OCH3), 

55.72 (2 X OCH3), 60.41 (OCH3), 60.48 (OCH3), 61.10 (OCH3), 104.70 (2 x ArCH), 

108.34 (ArCH), 127.7 (ArCH), 127.90 (ArC), 135.27 (ArC), 136.91 (ArC), 137.41 

(ArC), 140.76 (ArC), 142.35 (ArC), 150.44 (A rQ , 150.51 (ArC), 152.46 (2 x A rQ ; 

HRMS: Actual 423.1794, calculated 423.1784, molecular formula C23H2g0 6 Na.
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Step 2

Synthesis o f  intermediate 5-(E)-8-bromo-6,7-dihydro-2,3,4-trimethoxy-9-(3,4,5- 

trimethoxyphenyl)-5H-benzof7]annulene, (2.23)

Compound (2.23) was prepared and purified as described above for (2.11) using

(2.22) in place o f (2.10). Product isolated as a yellow oil (0.14g, 78%) (Mobile 

phase: hexane/ethyl acetate 9:1 /?/= 0.46). Vmax (DCM)/cm'': 2929.7, 2845.4, 1596.9, 

1574.3, 1510.5; *H NMR (CDCI3 , 400MHz) 6 HPpm: 2.26 (2H, m, CH2 ), 2.14 (2H, t, 

J=6.5Hz, CH2), 2.79 (2H, t, J=7.0Hz, CH2), 3.66 (3H, s, OCH3), 3.83 (6 H, s, 2 x 

OCH3 ), 3.89 (3H, s, OCH3), 3.90 (6 H, s, 2 x OCH3 ), 6.21 (IH , s, ArCH), 6.46 (2H, s, 

2 X ArCH); ‘^C NMR (CDCI3 , lOOMHz) 5c ppm: 22.76 (CH2 ), 33.43 (CH2 ), 37.84 

(CH2), 55.61 (OCH3), 55.74 (2 x OCH3), 60.34 (OCH3), 60.45 (OCH3), 61.14 

(OCH3), 106.84 (2 x ArCH), 108.36 (ArCH), 122.20 (ArC), 126.49 (ArC), 136.27 

(ArC), 136.70 (ArC), 136.78 (ArC), 140.17 (ArC), 141.13 (ArC), 150.39 (ArC), 

150.67 (ArC), 152.19 (2 x ArC).

Step 3

Suzuki coupling; (5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(3,4,5-trimethoxyphenyl)- 

5H-benzof7]annulen-8-yl)-2-methoxyphenoxyl)(tert-butyl)dimethylsilane, (2.24)

Compound (2.24) was prepared and purified as described above for (2.14) using

(2.23) in place of (2.11) and (2.19) in place o f 3,4,5-trimethoxybenzeneboronic acid. 

Product isolated as yellow oil (0.18g, 65%) (Mobile phase: hexane/ethyl acetate 3:1 

R f =  0.23). Vmax (DCM)/cm'‘: 3413.6, 2931.41, 2855.1, 1598.6, 1578.2, 1506.9, 

1487.4; ‘H NMR (CDCI3 , 400MHz) 6 h ppm: 0.00 (6 H, s, 2 x SiCH3), 0.92 (9H, s, 

C(CH3 )3), 2.13 (2H, m, CH2 ), 2.33 (2H, t, J=7.0Hz, CH2), 2.81 (2H, t, J=6.5Hz, 

CH2), 3.57 (6 H, s, 2 X OCH3), 3.66 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.81 (3H, s, 

OCH3), 3.94 (3H, s, OCH3), 3.95 (3H, s, OCH3 ), 6.17 (2H, s, 2 x ArCH), 6.26 (IH , s, 

ArCH), 6.65 (IH, d, J=2.0Hz, ArCH), 6.75 (IH, d, J-8.5Hz, ArCH), 6.79 (IH , dd, 

J=2.0Hz, 8.5Hz, ArCH).; ‘^C NMR (CDCI3 , lOOMHz) 5c ppm: -5.38 (2 x SiCH3), 

17.89 (C(CH3)3), 22.95 (CH2), 25.18 (C(CH3)3), 33.83 (CH2), 33.90 (CH2), 55.16 

(OCH3), 55.43 (2 X OCH3), 55.62 (OCH3), 60.29 (OCH3), 60.43 (OCH3), 61.16
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(OCHs), 108.34 (2 x ArCH), 108.93 (ArCH), 111.25 (ArCH), 121.88 (ArCH), 

122.18 (ArCH), 127.21 (ArC), 135.76 (ArC), 135.90 (ArC), 137.00 (ArC), 137.19 

(ArC), 138.01 (ArC), 139.48 (ArC), 140.63 (ArC), 143.88 (ArC), 149.21 (ArC), 

150.06 (ArC), 150.48 (ArC), 151.85 (2 x ArC); HRMS; Actual 659.3010, calculated 

659.3016, molecular formula C3 6H4 8 0 gNaSi.

Step 4

Deprotection o f (2.24) to afford 5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(3,4,5- 

trimethoxyphenyl)-5H-benzo[7]annulen-8-yl)-2-methoxyphenol, (2.16)

Compound (2.24) was deprotected as described above for (2.14), to afford (2.16) as 

an off-white solid (0.07g, 81%). M.p.: 152-157°C; v^ax (DCM)/cm'': 3411.0,

2931.1,2849.1, 1580.7, 1505.8, 1484.3, 1407.1; 'HNM R (CDCI3 , 400MHz) 5HPpm: 

2.14 (2H, q, J=6.5Hz, CH2 ), 2.33 (2H, t, J=6.5Hz, CH2), 2.81 (2H, t, J=6.5Hz, CH2), 

3.57 (6 H, s, 2 X OCH3), 3.68 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.86 (3H, s, OCH3), 

3.94 (3H, s, OCH3 ), 3.95 (3H, s, OCH3), 5.52 (IH, br.s, OH), 6.16 (2H, s, 2 x 

ArCH), 6.30 (IH, s, ArCH), 6.61 (IH, dd, J=1.5Hz, 8.5Hz, ArCH), 6 . 6 6  (IH, d, 

J=8.0Hz, ArCH), 6.80 (IH, d, J=1.5Hz, ArCH); '^C NMR (CDCI3 , lOOMHz) 5c 

ppm: 22.93 (CH2), 33.70 (CH2 ), 33.84 (CH2), 55.52 (3 x OCH3), 55.66 (OCH3), 

60.43 (2 X OCH3), 61.18 (OCH3), 108.40 (2 x ArCH), 108.96 (ArCH), 109.67 

(ArCH), 114.87 (ArCH), 120.89 (ArCH), 127.22 (ArC), 134.46 (ArC), 135.93 

(ArC), 136.54 (ArC), 136.91 (ArC), 137.25 (ArC), 137.80 (ArC), 139.45 (ArC), 

140.67 (ArC), 144.57 (ArC), 144.63 (ArC), 150.07 (ArC), 150.50 (ArC), 151.71 

(ArC); HRMS: Actual 545.2155, calculated 545.2151, molecular formula

C 3oH 340gN a.

176



Synthesis o f  5-((E)-6,7-dihydro-8-(3-hydroxy-4-methoxyphenyl)-2,3,4-trimethoxy- 

5H-benzo[7]annulen-9-yl)-2-methoxyphenol, (2.17)

Step 1

Synthesis o f 5-(E)-(6,7-dihydro-8((3-hydroxy-4-methoxyphenoxyl)((tert- 

butyl)dimethylsilane)-2,3,4-trimethoxy-5H-benzo[7]annulene-9-yl)-2-ntethoxy 

phenoxyl)(tert-butyl)dimethylsilane, (2.20)

Compound (2.20) was prepared and purified as described above for (2.14) using 

(2.19) in place of 3,4,5-trimethoxybenzeneboronic acid. Product isolated as a pale 

yellow oil (0.13g, 75%) (Mobile phase: hexane/ethyl acetate 4:1 /?/= 0.53). Vmax 

(DCM)/cm'‘: 3399.91, 3053.5, 2955.1, 2982.2, 2856.3, 1604.1, 1569.3, 1498.8, 

1 4 4 1 .4 ,  1407.2; 'H  NMR (CDCI3 , 400MHz) 5h ppm: 0.00 (6 H, s, 2 x SiCHa), 0.07 

(6 H, s, 2 X SiCHs), 0.91 (9H, s, € ( ^ 3)3), 0.96 (9H, s, C(CH3)3), 2.12 (2H, m, CHi), 

2.32 (2H, t, J=6.5Hz, CH2), 2.81 (2H, t, J=6.5Hz, CH2 ), 3.62 (3H, s, OCH3), 3.75 

(3H, s, OCH3), 3.76 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.93 (3H, s, OCH3), 6.22 

(IH , s, ArCH), 6.48 (2H, m, 2 x ArCH), 6.60 (IH , d, J=8.5Hz, ArCH), 6.69 (3H, m, 

3 X ArCH); '^C NMR (CDCI3 , lOOMHz) 5 c  ppm: -5.23 (2 x SiCH3), -5.07 (2 x 

SiCHj), 17.88 (C(CH3)3), 17.91 (C(CH3)3), 22.82 (CH2), 25.24 (C(CH3)3), 25.28 

(C(CH3)3), 33.55 (CH2), 33.95 (CH2), 54.86 (OCH3), 54.98 (OCH3), 55.31 (0CH3), 

60.44 (OCH3), 61.19 (OCH3), 108.79 (ArCH), 110.80 (ArCH), 111.16 (ArCH),

121.78 (ArCH), 122.34 (ArCH), 123.63 (ArCH), 124.33(ArCH), 126.85 (ArC),

134.79 (ArC), 135.67 (ArC), 136.54 (ArC), 138.46 (ArC), 138.80 (ArC), 140.34 

(A rQ , 143.43 (ArC), 143.80 (ArC), 148.92 (2 x ArC), 150.01 (ArC), 150.37 (ArC); 

HRMS: Actual 729.8752, calculated 729.3619, molecular formula C4oH5g0 7 Si2Na.

Deprotection of (2.20) to afford 5-((E)-6,7-dihydro-8-(3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol,

(2.17)

Compound (2.20) was deprotected as described above for (2.14), to afford (2.17) as a 

yellow solid (0.03g, 96%). M.p.: 75-80°C; v^ax (DCM)/cm‘‘: 3419.7, 2933.2, 285.3,
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1581.2, 1508.7, 1487.6, 1453.2; ‘H NMR (CDCI3, 400MHz) 5h ppm: 2.12 (2H, qn, 

J=7.0Hz, CH2 ), 2.31 (2H, t, J=7.0Hz, CH2 ), 2.79 (2H, t, J=7.0Hz, CH2), 3.64 (3H, s, 

OCH3), 3.83 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, 

OCH3), 5.50 (2H, br.s, 2 x OH), 6.24 (IH , s, ArCH), 6.44 (IH , dd, J=2.0Hz, 8.0Hz, 

ArCH), 6.53 (IH  d, J=2.0Hz, ArCH), 6.58 (IH , d, J=8.0Hz, ArCH), 6.65 (2H, m, 2 x 

ArCH), 6.79 (IH , d, J=1.5Hz, ArCH); *̂ C NMR (CDCI3 , lOOMHz) 5c ppm: 22.73 

(CH2), 33.59 (CH2), 33.77 (CH2), 55.25 (OCH3), 55.35 (OCH3), 55.48 (OCH3),

60.44 (OCH3), 61.17 (OCH3 ), 108.93 (ArCH), 109.22 (ArCH), 109.57 (ArCH), 

115.14 (ArCH), 116.93 (ArCH), 121.04 (ArCH), 122.85 (ArCH), 126.94 (ArC), 

135.06 (ArC), 136.22 (ArC), 136.61 (ArC), 138.48 (ArC), 138.60 (ArC), 140.49 

(ArC), 144.06 (ArC), 144.40 (ArC), 144.44 (ArC), 144.49 (ArC), 150.01 (ArC),

150.44 (ArC); HRMS: Actual 501.1884, calculated 501.1889, molecular formula

C 28H 3o07N a.

Synthesis o f  6,7-dihydro-2,3,4-trimethoxy-8,9-bis(3,4,5-trimethoxyphenyl)-5H- 

benzo[7]annulene, (2.18)

Compovmd (2.18) was prepared and purified as described above for (2.14) using 

(2.23) in place o f (2.11). Product isolated as a colourless oil (0.09g, 62%) (Mobile 

phase: hexane/ethyl acetate 2:1 R j-  0.38). Vmax (DCM)/cm'': 3399.5, 2920.4, 2850.0, 

1725.1, 1580.5, 1503.5, 1487.7, 1463.7; *H NMR (CDCI3 , 400MHz) 5h ppm: 2.17 

(2H, m, CH2), 2.38 (2H, t, J=7.0Hz, CH2), 2.83 (2H, t, J=6.5Hz, CH2), 3.57 (6 H, s, 2 

x OCH3), 3.68 (6 H, s, 2 X OCH3), 3.69 (3H, s, OCH3), 3.81 (3H, OCH3), 3.83 (3H, s, 

OCH3), 3.96 (3H, s, OCH3 ), 3.97 (3H, s, OCH3), 6.16 (2H, s, 2 x ArCH), 6.32 (IH , s, 

ArCH), 6.39 (2H, s, 2 x ArCH); *̂ C NMR (CDCI3 , lOOMHz) 5c ppm: 22.92 (CH2 ), 

33.18 (CH2 ), 33.94 (CH2 ), 55.53 (OCH3), 55.66 (4 x OCH3), 60.45 (3 x OCH3), 

61.17 (OCH3), 106.37 (2 X ArCH), 108.28 (2 x ArCH), 108.88 (ArCH), 127.12 

(ArC), 136.24 (ArC), 137.02 (ArC), 137.52 (ArC), 137.83 (ArC), 139.51 (ArC), 

140.80 (ArC), 141.55 (ArC), 150.09 (ArC), 150.58 (ArC), 151.96 (2 x ArC), 152.23 

(2 X ArC); HRMS: Actual 589.2422, calculated 589.2414, molecular formula

C 3 2 H 3 g 0 9 N a .
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Synthesis of2-methoxyphenoxy(tert-butyl)dimethylsilane-5-boronic acid, (2.19)

To a stirred solution o f (2.09) (0.50g, 1.57mmol) in anhydrous THF (0.8mi) in an 

evacuated three-necked, round bottomed flask was added 2.5M n-BuLi (1.00ml, 

2.52mmol) under anhydrous conditions. Tri-isopropyl borate (1.87ml, 8.16mmol) 

was added and the reaction was stirred at -78°C for two hours. The temperature was 

increased to -20°C for two hours and then allowed to increase to room temperature 

and stirred overnight. On completion the reaction was quenched by the addition of 

H2O (5ml) and the product extracted with diethyl ether (3 x 10ml). The combined 

organic fractions were dried over magnesium sulphate, filtered and concentrated in 

vacuo to afford the crude product. The product was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 6:1; 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent 

removed under vacuum to afford (2.19) as an off-white solid. (0.32g, 72%) M.p.: 

131-134°C; Vmax (DCM)/cm-‘: 3429.9, 2929.3, 1599.5, 1516.1, 1415.8; NMR 

(CDCI3, 400MHz) 6 HPpm: 0.33 (6 H, s, Si(CH3)2), 1.17 (9H, s, € ( € ^ 3)3), 3.95 (3H, 

s, OCH3 ), 7.07 (IH , d, J=8.5Hz, ArCH), 7.77 (IH , d, J=1.0Hz, ArCH), 7.92 (IH , dd, 

J=1.5Hz, 8.0Hz, ArCH); *̂ C NMR (CDCI3 , lOOMHz) 5c ppm: -4.88 (Si(CH3)2), 

18.16 (C(CH3)3), 25.46 (C(CH3)3), 54.83 (OCH3), 110.92 (ArCH), 127.00 (ArCH), 

129.93 (ArCH), 144.14 (ArC), 154.38 (2 x ArC).

Synthesis o f  (Z)-6,7-dihydro-2,3,4-trimethoxy-9-(4-methoxyphenyl)-5H- 

benzo[7]annulene, (2.25)

The enol triflate (2 .29) (0.30g, 0.78mmol) was placed in a round bottomed flask and 

4-methoxyphenylboronic acid (0.19 g, 0.94mmol), K2 CO3 (0.32g, 2.34mmol) and 

Pd(PPh3 )4  (0.04g, 0.04mmol) were added. A solution o f toluene, ethanol and H2 O 

(3:1:1; 10ml) was added and the resulting mixture was refluxed for 2 hours before 

being quenched by the addition of H2O (15ml). The product was extracted with 

ethyl acetate (3 x 30ml) and the combined organic fractions were dried over 

magnesium sulphate, filtered and concentrated in vacuo. The product was purified 

by flash column chromatography (stationary phase, silica gel 230-400 mesh; mobile
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phase, 9:1; hexane/ethyl acetate). Ail homogenous fractions were collected and the 

solvent removed under vacuum to afford (2.25) as a yellow oil (0.23g, 89%) (Mobile 

phase: hexane/ethyl acetate 8:1 R/=  0.64). Vmax (DCM)/cm’‘: 3443.9, 2933.7, 

2853.4, 2834.8, 1733.7, 1606.0, 1565.9, 1509.6, 1488.3, 1454.3; ‘H NMR (CDCI3 , 

400MHz) 6 h ppm: 1.93 (2H, q, J=7.2Hz (av), CH2 ), 2.10 (2H, qn, J=7.0Hz, CH2), 

2.66 (2H, t, J=7.0Hz, CH2 ), 3.69 (3H, s, OCH3 ), 3.82 (3H, s, OCH3 ), 3.93 (3H, s, 

OCH3 ), 3.95 (3H, s, OCH3 ), 6.33 (IH, t, J=7.2Hz(av), CH), 6.40 (IH, s, ArCH), 6.85 

(2H, d, J=8.5Hz, 2 x ArCH), 7.24 (2H, d, J=8.5Hz, 2 x ArCH); '^C NMR (CDCI3 , 

lOOMHz) 5c ppm: 23.17 (CH2 ), 25.06 (CH2 ), 34.65 (CH2 ), 54.77 (OCH3 ), 55.48 

(OCH3 ), 60.40 (OCH3), 61.09 (OCH3 ), 108.24 (ArCH), 113.08 (2 x ArCH), 126.40 

(CH), 127.82 (ArC), 128.54 (2 x ArCH), 134.24 (ArC), 135.87 (ArC), 140.62 (ArC), 

141.85 (QC), 150.52 (2 x ArC), 158.42 (ArC); HRMS: Actual 342.1134, calculated 

340.1675, molecular formula C2 1 H2 4 O4 .

Synthesis o f  (Z)-6,7-dihydro-2,3,4-trimethoxy-9-(4-(triJluoromethoxy)phenyl)-5H- 

benzo[7]annulene, (2,26)

Compound (2.26) was prepared and purified as described for (2.25) above, using 4- 

trifluoromethylphenylboronic acid in place of 4-methoxyphenylboronic acid. 

Product isolated as a yellow oil (0.17g, 83%) (Mobile phase: hexane/ethyl acetate 

6:1 Rf = 0.63). Vmax (DCM)/cm’': 3386.4, 2935.7, 2856.9, 1925.2, 1613.6, 1595.8, 

1566.1, 1489.2, 1450.6, 1405.8; ^H NMR (CDCI3 , 400MHz) 6 h ppm: 1.99 (2H, m, 

CH2 ), 2.13 (2H, m, CH2 ), 2.66 (2H, t, J=7.0Hz, CH2 ), 3.70 (3H, s, OCH3 ), 3.93 (3H, 

s, OCH3 ), 3.95 (3H, s, OCH3 ), 6.31 (IH, s, ArCH), 6.50 (IH, t, J=7.2Hz(av), CH), 

7.41 (2H, d, J=7.9Hz, 2 x ArCH), 7.56 (2H, d, J=8.0Hz, 2 x ArCH); ^̂ C NMR 

(CDCI3 , lOOMHz) 5c ppm: 13.71 (CF3), 23.13 (CH2 ), 25.26 (CH2 ), 34.31 (CH2 ), 

55.53 (OCH3), 60.40 (OCH3 ), 61.09 (OCH3 ), 108.02 (ArCH), 124.61 (CH), 127.60 

(3 X ArCH), 127.87 (ArC), 130.20 (ArCH), 134.70 (ArC), 141.00 (ArC), 141.42 

(QC), 145.10 (ArC), 150.62 (ArC), 150.76 (ArC); NMR (CDCI3 , 400MHz) 5f 

ppm: -62.83 (CF3 ); GCMS m/z (%): 394 (91), 379 (18), 366 (25), 365 (100), 335 

(16), 173 (22).

180



Synthesis of 5-((Z)-6,7-dihydro-2,3,4-trimethoxy-5H-benzo [7] annulene-9- 

yl)benzo[d][l,3]dioxole, (2.27)

Compound (2.27) was prepared and purified as described for (2.25) above, using 3,4- 

methylenedioxyphenylboronic acid in place o f 4-methoxyphenylboronic acid. 

Product isolated as a yellow oil (0.16g, 76%) (Mobile phase: hexane/ethyl acetate 

8:1 Rf=  0.58). v^ax (DCM)/cm’‘: 3420.2, 2933.9, 2854.4, 2777.4, 1856.5, 1733.3, 

1594.7, 1565.4, 1488.2, 1447.8, 1405.9; ‘H NMR (CDCI3 , 400MHz) 6 h ppm: 1.91 

(2H, q, J=7.2Hz(av), CH2), 2.09 (2H, qn, J=7.0Hz, CH2 ), 2.63 (2H, t, J=7.0Hz, CH2), 

3.72 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.94 (3H, s, OCH3), 5.96 (2H, s, CH2 ), 6.31 

(IH , t, J=7.5Hz, CH), 6.39 (IH, s, ArCH), 6.77 (2H, s, 2 x ArCH), 6.80 (IH, s, 

ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: 23.11 (CH2 ), 25.03 (CH2 ), 34.54 

(CH2), 55.54 (OCH3), 60.42 (OCH3), 61.10 (OCH3), 100.53 (CH2), 107.48 (ArCH), 

107.91 (ArCH), 108.26 (ArCH), 121.07 (ArCH), 126.95 (ArCH), 127.78 (QC), 

135.64 (ArC), 136.08 (ArC), 140.70 (ArC), 141.96 (ArC), 146.30 (ArC), 147.09 

(ArC), 150.43 (ArC), 150.52 (ArC); HRMS: Actual 355.1524, calculated 354.1467, 

molecular formula C2 1H2 2O5 .

Synthesis o f  (Z)-6,7-dihydro-9-(4-isobutoxyphenyl)-2,3,4-trimethoxy-5H-benzo 

fJJannulene, (2.28)

Compound (2.28) was prepared and purified as described above for (2.24) using 4- 

isobutoxyphenylboronic acid in place o f 4-methoxyphenylboronic acid. Product 

isolated as yellow oil (0.27g, 91%) (Mobile phase: hexane/ethyl acetate 7:1 R/ = 

0.59). Vmax (DCM)/cm’': 2958.8, 2932.9, 2854.6, 1889.7, 1606.4, 1566.4, 1508.6, 

1488.2, 1469.7; *H NMR (CDCI3 , 400MHz) 5h ppm: 1.05 (6 H, d, J=7.0Hz, 

CH(CH3)2), 1.94 (2H, q, J=7.2Hz(av), CH2 ), 2.13 (3H, m, CH2 & CH(CH3)2), 2.66 

(2H, t, J=7.0Hz, CH2), 3.71 (3H, s, OCH3 ), 3.75 (2H, d, J=6.4Hz, CH2 ), 3.93 (3H, s, 

OCH3), 3.96 (3H, s, OCH3), 6.34 (IH , t, J=7.6Hz, CH), 6.41 (IH , s, ArCH), 6 . 8 6  

(2H, d, J=8 .8 Hz, 2 x ArCH), 7.23 (2H, d, J=8 .8 Hz, 2 x ArCH); *̂ C NMR (CDCI3, 

lOOMHz) 6 c ppm: 18.86 (CH(CH3)2), 23.17 (CH2), 25.06 (CH2), 27.87 (CH(CH3)2), 

34.66 (CH2), 55.51 (OCH3), 60.41 (OCH3), 61.09 (OCH3), 73.97 (CH2 ), 108.25
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(ArCH), 113.66 (2 x ArCH), 126.27 (CH), 127.83 (ArC), 128.50 (2 x ArCH), 134.02 

(ArC), 235.89 (ArC), 140.61 (ArC), 141.91 (QC), 150.46 (ArC), 150.50 (ArC), 

158.12 (ArC); HRMS: Actual 383.2215, calculated 383.2222, molecular formula 

C 2 4 H 3 1 O 4 .

Synthesis of (Z)-6,7-dihydro-2,3?4-trimethoxy-5H-benzo-[7]annulen-9-yl 

trifluoromethanesulfonate, (2.29)

To a stirred solution of ketone (2.06) (0.49g, 1.96mmol) in DCM (10ml) was added 

Na2C0 3  (0.4Ig, 3.92mmol) and trifluoromethanesulphonic anhydride (l.lOg, 

3.92mmol). The reaction was stirred for 2 hours at room temperature before being 

quenched by the addition of NaHC0 3  (lOml). The product was extracted with DCM 

( 1 0 ml) and the organic layer was then washed with H2O (lOml) and brine (lOml). 

The combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated to yield the crude triflate. The product was then purified by flash 

column chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 

9:1; hexane/ethyl acetate). All homogenous fractions were collected and the solvent 

removed under vacuum to afford (2.29) as a clear oil (0.44g, 59%) (Mobile phase: 

hexane/ethyl acetate 10:1, R/= 0.85). Vmax (DCM)/ cm"': 2931 A, 2862.9, 2656.2, 

1596.9, 1568.3, 1489.4; ’H NMR (CDCI3, 400MHz) 5h ppm: 2.05 (2H, m, CH2), 

2.13 (2H, q, J=7.0Hz, CH2 ), 2.75 (2H, t, J=6.0Hz, CH2), 3.85 (3H, s, OCH3), 3.87 

(3H, s, OCH3), 3.93 (3H, s, OCH3), 6.18 (IH, t, J=6.5Hz, CH), 6.83 (IH, s, ArCH); 

*̂ C NMR (CDCI3 , lOOMHz) 6 c ppm: 23.37 (CH2), 24.42 (CH2), 29.24 (CF3), 31.16 

(CH2), 55.49 (OCH3), 60.44 (OCH3), 61.05 (OCH3), 105.22 (CH), 122.38 (ArCH), 

127.50 (ArC), 127.94 (ArC), 142.79 (ArC), 145.46 (ArC), 150.66 (ArC), 151.11 

(ArC); '^F NMR (CDCI3 , 400MHz) 6 f ppm: -74.60 (s, CF3).
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Synthesis o f  5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(4-(trifluoromethoxy)phenyl)- 

5H-benzof7]annulen-8yl)-2-methoxyphenol, (2.36)

Step 1

Synthesis o f intermediate (E)-8-bromo-6,7-dihydro-2,3,4-trimethoxy-9-(4- 

(trifluoromethoxy phenyl)-5H-benzof7Jannulene, (2.30)

Compound (2.30) was prepared and purified as described for (2.11) using (2.26) in 

place o f (2.10). Product isolated as a yellow oil (O .llg, 77%) (Mobile phase: 

hexane/ethyl acetate 8:1 R / =  0.57). Vmax (DCM)/cm‘*: 2935.6, 2858.2, 1615.3, 

1595.7, 1563.2, 1487.6, 845.8; *H NMR (CDCI3 , 400MHz) 6 h ppm: 2.26 (2H, m, 

CH2), 2.60 (2H, t, J=6.9Hz (av), CH2), 2.79 (2H, t, J=6.9Hz (av), CH2), 3.62 (3H, s, 

OCH3 ), 3.90 (3H, s, OCH3), 3.91 (3H, s, OCH3 ), 6.09 (IH , s, ArCH), 7.38 (2H, d, 

J=8.0Hz, 2 X ArCH), 7.60 (2H, d, J=8.0Hz, 2 x ArCH); '^C NMR (CDCI3, lOOMHz) 

5c ppm: 23.15 (CH2), 33.73 (CH2 ), 38.25 (CH2), 55.98 (OCH3), 60.79 (OCH3), 61.58 

(OCH3), 108.72 (ArCH), 124.01 (ArC), 124.92 ArCH), 124.96 (ArCH), 127.05 (2 x 

ArC), 130.28 (2 x ArCH), 136.17 (ArC), 139.49 (ArC), 141.83 (ArC), 145.30 (ArC), 

151.08 (ArC), 151.31 (ArC); '^F NMR (CDCI3 , 400MHz) 6 f ppm: -62.96 (CF3).

Step 2

Suzuki Coupling; synthesis o f (5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(4- 

(trifiuoromethoxy)phenyl)-5H-benzo[7]annulen-8yl)-2-methoxy)(tert- 

butyl)dimethylsilane, (2.33)

Compound (2.33) was prepared and purified as described for (2.14) above, using 

(2.30) in place of (2.11). Product isolated as a yellow oil (0.13g, 89%). Vmax 

(DCM)/cm'*: 2924.6, 2859.5, 1769.9, 1755.8, 1633.8, 1507.7; 'H  NMR (CDCI3 , 

400MHz) 6 h ppm: -0.04 (6 H, s, 2 x SiCHs), 0.91 (9H, s, C(CH3)s), 2.13 (2H, m, 

CH2), 2.35 (2H, t, J=6.7Hz (av), CH2 ), 2.81 (2H, t, J=6.7Hz (av), CH2), 3.63 (3H, s, 

OCH3), 3.79 (3H, s, OCH3), 3.94 (3H, s, OCH3), 3.95 (3H, s, OCH3), 6.12 (IH , s, 

ArCH), 6.56 (IH, s, ArCH), 6.73 (IH , d, J=8.0Hz, ArCH), 6.77 (IH , d, J=8.5Hz, 

ArCH), 7.06 (2H, d, J=8.0Hz, 2 x ArCH), 7.34 (2H, d, J=8.5Hz, 2 x ArCH); '^C
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NMR (CDCI3 , lOOMHz) 5c ppm: -5.45 (2 x SiCHa), 17.85 (C(CH3 )3 ), 22.87 (CH2 ), 

25.15 (C(CH3 )3 ), 33.66 (CH2 ), 34.01 (CH2 ), 54.93 (OCH3 ), 55.53 (OCH3 ), 60.44 

(OCH3 ), 61.12 (OCH3 ), 108.74 (ArCH), 111.20 (ArCH), 122.02 (ArCH), 122.39 

(ArCH), 124.06 (ArCH), 127.25 (ArC), 127.57 (ArCH), 131.06 (2 x ArCH), 134.75 

(ArC), 135.65 (ArC), 137.59 (ArC), 140.85 (ArC), 141.59 (ArC), 143.83 (ArC), 

145.63 (ArC), 149.56 (ArC), 150.27 (ArC), 150.66 (ArC), 150.86 (ArC); NMR 

(CDCI3 , 400MHz) 6 f ppm: -62.85 (CF3 ); GCMS m/z (%): 595 (10), 573 (15), 558 

(50), 557 (100), 207 (30), 73 (73).

Step 3

Deprotection o f (2.33) to afford 5-((E)-6,7-dihydro-2,3,4-trimethoxy-9-(4- 

(trifluoromethoxy)phenyl)-5H-benzo[7]annulen-8-yl)-2-methoxyphenol, (2.36)

Compound (2.33) was deprotected as described above for (2.14) to afford (2.36) as a 

yellow oil (0.03g, 62%) (Mobile phase: hexane/ethyl acetate 6:1 R/=  0.46). Vmax 

(DCM)/cm’^ 3410.9, 2929.6, 2852.9, 1613.5, 1508.4, 1487.9, 1452.2; 'H NMR 

(CDCI3 , 400MHz) 5HPpm: 2.14 (2H, m, CH2 ), 2.37 (2H, t, J=7.0Hz, CHi), 2.83 (2H, 

t, J=7.0Hz, CH2 ), 3.64 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.94 (3H, s, OCl^), 3.95 

(3H, s, OCH3 ), 5.54 (IH, br.s, OH), 6.13 (IH, s, ArCH), 6.55 (IH, dd, J=2.2Hz, 

8.2Hz, ArCH), 6.63 (IH, d, J=8.2Hz, ArCH), 6.78 (IH, d, J=2.0Hz, ArCH), 7.07 

(2H, d, J=8.0Hz, 2 x ArCH), 7.35 (2H, d, J=8.0Hz, 2 x ArCH); ‘̂ C NMR (CDCI3 , 

lOOMHz) 6 c ppm: 23.28 (CH2 ), 34.09 (CH2 ), 34.32 (CH2 ), 55.82 (OCH3 ), 56.01 

(OCH3 ), 60.91 (OCH3 ), 61.64 (OCH3 ), 109.23 (ArCH), 110.11 (ArCH), 115.44 

(ArCH), 121.66 (ArCH), 124.44 (ArCH), 127.67 (2 x ArC), 131.43 (3 x ArCH), 

135.77 (ArC), 136.37 (ArC), 137.98 (ArC), 141.34 (ArC), 141.85 (ArC), 145.14 

(ArC), 145.39 (ArC), 145.93 (ArC), 150.73 (ArC), 151.15 (ArC); ‘^F NMR (CDCI3 , 

400MHz) 5f ppm: -62.25 (CF3 ); GCMS m/z (%): 516 (32), 500 (40), 335 (27), 179 

(26), 141 (26), 81 (36), 55 (100).
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Synthesis o f  5-((E)-9-(benzo[d]fl,3Jdioxol-5-yl)-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulen-8-yl)-2-methoxyphenol, (2.37)

Step 1

Synthesis o f intermediate 5-((E)-8-bromo-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulene -9-yl)benzo[d][l,3]dioxole, (2.31)

Compound (2.31) was prepared and purified as described for (2.11) using (2.27) in 

place o f (2.10). Product isolated as a yellow oil (0.07g, 58%) (Mobile phase: 

hexane/ethyl acetate 7:1 R j = 0.55). Vmax (DCM)/cm‘’: 2932.8, 2850.2, 1732.4, 

1594.2, 1487.3, 810.1; 'H  NMR (CDCI3 , 400MHz) 6 h ppm: 2.17 (2H, qn, 

J=6.9Hz(av), CH2 ), 2.55 (2H, t, J=7.0Hz(av), CH2 ), 2.76 (2H, t, J=7.0Hz, CH2 ), 3.67 

(3H, s, OCH3), 3.89 (6 H, s, 2 x OCH3 ), 5.99 (2H, s, OCH2O), 6.20 (IH , s, ArCH), 

6.72 (2H, m, 2 X ArCH), 6.79 (IH , d, J=8.0Hz, ArCH); '^C NMR (CDCI3 , lOOMHz) 

6 c ppm: 22.63 (CH2), 33.38 (CH2), 37.65 (CH2), 55.52 (OCH3), 60.36 (OCH3), 61.14 

(OCH3), 100.61 (OCH2O), 107.40 (ArCH), 108.35 (ArCH), 109.98 (ArCH), 121.97 

(ArC), 123.21 (ArCH), 126.45 (ArC), 135.19 (ArC), 136.57 (ArC), 139.69 (ArC), 

141.07 (ArC), 146.26 (ArC) 146.26 (ArC), 150.41 (ArC), 150.65 (ArC).

Step 2

Suzuki Coupling; (5-((E)-9-(benzo[d][l,3]dioxol-5-yl)-6,7-dihydro-2,3,4- 

trimethoxy-5H-benzo[7]annulen-8-yl)-2-methoxyphenoxy)(tert-butyl)dimethyl 

silane, (2.34)

Compound (2.34) was prepared and purified as described for (2.14) above, using 

(2.31) in place o f (2.11). Product isolated as a yellow oil (0.08g, 84%). Vmax 

(DCM)/cm‘‘: 2931.1, 2855.8, 1732.0, 1596.5, 1567.9, 1505.1, 1487.8; 'H  NMR 

(CDCI3 , 400MHz) 6 HPpm: 0.03 (6 H, s, 2 x SiCHs), 0.94 (9H, s, C(CH3)3), 2.11 (2H, 

qn, J=6.9Hz(av), CH2 ), 2.31 (2H, t, J=6.7Hz(av), CH2), 2.80 (2H, q, J=6 .8 Hz(av), 

CH2 ), 3.66 (3H, s, OCH3), 3.79 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.94 (3H, s, 

OCH3), 5.88 (2H, s, OCH2 O), 6.24 (IH , s, ArCH), 6.44 (2H, s, 2 x ArCH), 6.55 (IH, 

dd, J=1.5Hz, 8.5Hz, ArCH), 6.63 (IH, d, J=2.0Hz, ArCH), 6.72 (IH, d, J=8.5Hz,
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ArCH), 6.77 (IH, s, ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c ppm: -5.38 (2 x SiCHs), 

17.91 (C(CH3 )3 ), 22.81 (CH2), 25.24 (C(CH3 )3 ), 33.64 (CH2 ), 33.85 (CH2 ), 54.96 

(OCH3 ), 55.49 (OCH3 ), 60.44 (OCH3 ), 61.16 (OCH3 ), 100.23 (OCH2 O), 107.14 

(ArCH), 108.82 (ArCH), 111.09 (ArCH), 111.21 (ArCH), 121.99 (ArCH), 122.37 

(ArCH), 124.53 (ArCH), 127.04 (ArC), 135.50 (ArC), 135.88 (ArC), 136.43 (ArC), 

138.45 (ArC), 139.03 (ArC), 140.54 (ArC), 143.68 (ArC), 145.28 (ArC), 146.42 

(ArC), 149.14 (ArC), 150.08 (ArC), 150.47 (ArC); HRMS: Actual 613.2636, 

calculated 613.2597, molecular formula C3 4H4 2 0 7 SiNa.

Step 3

Deprotection o f (2.34) to afford 5-((E)-9-(benzo[d][l,3]dioxol-5-yl)-6,7-dihydro- 

2,3,4-trimethoxy-5H-benzo[7]annulen-8-yl)-2-methoxyphenol, (2.37)

Compound (2.34) was deprotected as described above for (2.14) to afford (2.37) as a 

yellow oil (0.03g, 79%) (Mobile phase: hexane/ethyl acetate 6:1 R/=  0.54). Vmax 

(DCM)/cm’': 3411.2, 2931.2, 2854.5, 1592.4, 1507.3, 1487.2, 1446.1; ‘H NMR 

(CDCI3 , 400MHz) 5HPpm:2.10 (2H, m, CH2 ), 2.30 (2H, t, J=6.7Hz, CH2 ), 2.78 (2H, 

t, J=6.7Hz, CH2 ), 3.67 (3H, s, OCH3 ), 3.87 (3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 3.94

(3H, s, OCH3 ), 5.54 (IH, br.s, OH), 5.90 (2H, s, OCH2 O), 6.25 (IH, s, ArCH), 6.43

(2H, m, 2 X ArCH), 6.57 (IH, d, J=8.5Hz, ArCH), 6.65 (IH, d, J=2.0Hz, ArCH), 

6.67 (IH, s, ArCH), 6.79 (IH, d, J=2.0Hz, ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c 

ppm: 23.23 (CH2 ), 34.05 (CH2), 34.26 (CH2 ), 55.83 (ArCH), 55.98 (ArCH), 60.91 

(ArCH), 61.63 (ArCH), 100.70 (OCH2 O), 107.55 (ArCH), 109.33 (ArCH), 110.07 

(ArCH), 111.56 (ArCH), 115.57 (ArCH), 121.49 (ArCH), 124.97 (ArCH), 127.46 

(ArC), 136.20 (ArQ, 136.55 (ArC), 137.12 (ArC), 138.84 (ArC), 139.35 (ArC),

141.05 (ArC), 144.93 (ArC), 145.02 (ArC), 145.73 (ArC), 146.83 (ArC), 150.55

(ArC), 150.96 (ArC); GCMS m/z (%): 476 (100), 433 (6 ), 311 (12), 124 (9).
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Synthesis o f  (5-((E)-6,7-dihydro-9-(4-isobutoxyphenyl)-2,3,4-trimethoxy-5H-benzo 

[ 7]annulen-8yl)-2-methoxyphenol, (2.38)

Step 1

Syntheis o f intermediate (E)-8-bromo-6,7-dihydro-9-(4-isobutoxyphenyl)-2,3,4- 

trimethoxy-5H-benzo[7]annulene, (2.32)

Compound (2.32) was prepared and purified as described for (2.11) using (2.28) in 

place of (2.10). Product isolated as a yellow oil (0.06g, 83%) (Mobile phase: 

hexane/ethyl acetate 7:1 R / = 0.57). Vmax (DCM)/cm’': 2958.9, 1933.1, 2857.1, 

1605.0, 1563.4, 1508.8, 1486.7, 828.1; NMR (CDCI3 , 400MHz) 5h ppm: 1.04 

(6 H, d, J=7.0Hz, 2 x CH3), 2.09 (IH , m, CH3CHCH3), 2.24 (2H, m, CH2), 2.56 (2H, 

t, J=7.0Hz, CH2), 2.77 (2H, t, J=7.0Hz, CH2), 3.64 (3H, s, OCH3), 3.74 (2H, d, 

J=6.5Hz, CH2 ), 3.90 (3H, s, CH3), 3.91 (3H, s, OCH3), 6.18 (IH , s, ArCH), 6 . 8 6  (2H, 

d, J=8.5Hz, 2 X ArCH), 7.18 (2H, d, J=8.5Hz, 2 x ArCH); '^C NMR (CDCI3 , 

lOOMHz) 5c ppm: 18.87 (2 x CH3), 22.68 (CH2), 27.88 (CH), 33.41 (CH2), 37.69 

(CH2), 55.50 (OCH3), 60.38 (OCH3), 61.13 (OCH3), 108.81 (ArCH), 113.26 (2 x 

ArCH), 121.43 (ArC), 126.56 (ArC), 130.67 (2 x ArCH), 133.51 (ArC), 136.89 

(ArC), 139.81 (ArC), 140.97 (QC), 150.37 (ArC), 150.58 (ArC), 157.95 (ArC).

Step 2

Suzuki coupling; synthesis o f (5-((E)-6,7-dihydro-9-(4-isobutoxyphenyl)-2,3,4- 

trimethoxy-5H-benzo[7Jannulen-8yl)-2-methoxyphenoxy)(tert-butyl)dimethyl 

silane, (2.35)

Compound (2.35) was prepared and purified as described for (2.14) above, using 

(2.32) in place o f (2.11). Product isolated as a yellow oil (0.07g, 87%). Vmax 

(DCM)/cm'^ 3411.7, 2955.8, 2929.9, 2856.2, 1604.5, 1569.9, 1508.4, 1488.1, 

1470.7, 1405.5; 'H  NMR (CDCI3 , 400MHz) 5h ppm: 0.01 (6 H, s, Si(CH3)2), 0.92 

(9H, s, C(CH3)3), 1.01 (6 H, d, J=6.0Hz, CH(CH3)2), 2.05 (IH , m, CH(CH3)2), 2.10 

(2H, m, CH2), 2.31 (2H, t, J=7.0Hz, CH2), 2.79 (2H, t, J=7.0Hz, CH2), 3.64 (3H, s, 

OCH3 ), 3.77 (2H, d, J=1.0Hz, CH2CH(CH3)2 ), 3.78 (3H, s, OCH3 ), 3.93 (3H, s.
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OCH3), 3.94 (3H, s, OCH3), 6.24 (IH, s, ArCH), 6.37 (IH, m, ArCH), 6.61 (IH, s, 

ArCH), 6.63 (2H, s, 2 x ArCH), 6.70 (IH, s, ArCH), 6.77 (IH, dd, J=1.7Hz(av), 

8.3Hz(av), ArCH), 6.83 (2H, d, J=8.5Hz, 2 x ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c 

ppm: -5.32 (Si(CH3)2), 17.93 (C(CH3)3), 18.86 ( ( ^ 3)2 ), 22.85 (CH2), 25.25 

(C(CH3)3), 27.86 (CH), 33.66 (CH2), 33.89 (CH2), 54.97 (OCH3), 55.47 (OCH3), 

60.45 (OCH3), 61.16 (OCH3), 73.66 (CH2), 108.92 (ArCH), 111.06 (ArCH), 113.03 

(2 X ArCH), 122.11 (ArCH), 122.48 (ArCH), 127.15 (ArC), 131.89 (2 x ArCH), 

133.90 (ArC), 135.86 (ArC), 136.58 (ArC), 138.45 (ArC), 138.74 (ArC), 140.43 

(ArC), 143.68 (ArC), 149.01 (ArC), 150.04 (ArC), 150.40 (ArC), 156.99 (ArC); 

HRMS: Actual 641.3259, calculated 641.3274, molecular formula C3 7Hso0 6 NaSi.

Step 3

Deprotection o f (2.35) to afford 5-((E)-6,7-dihydro-9-(4-isobutoxyphenyl)-2,3,4- 

trimethoxy-5H-benzo[7]annulen-8-yl)-2-methoxyphenol, (2.38)

Compound (2.35) was deprotected as described above for (2.14), to afford (2.38) as a 

yellow oil (0.02g, 78%) (Mobile phase: hexane/ethyl acetate 5:1 R/=  0.49). Vmax 

(DCM)/cm‘*: 3401.2, 2959.1, 2931.8, 2854.7, 1674.0, 1605.5, 1508.2, 1487.7, 

1465.1; 'H NMR (CDCI3 , 400MHz) 5h ppm: 1.01 (6 H, d, J=6.5Hz, (CH3)2), 2.02 

(IH, m, CH), 2.11 (2H, m, CH2), 2.32 (2H, t, J=6.5Hz, CH2 ), 2.81 (2H, t, J=7.0Hz, 

CH2 ), 3.64 (3H, s, OCH3 ), 3.65 (2H, d, J=6.5Hz, CH2 CH), 3.86 (3H, s, OCH3), 3.92 

(3H, s, OCH3), 3.94 (3H, s, OCH3), 5.52 (IH, br.s, OH), 6.24 (IH, s, ArCH), 6 . 6  

(4H, m, 4 x ArCH), 6.80 (IH, s, ArCH), 6.84 (2H, d, J=8.5Hz, 2 x ArCH); '^C NMR 

(CDCI3, lOOMHz) 5c ppm: 19.15 ( ( ^ 3)2), 23.11 (CH2 ), 28.19 (CH), 33.93 (CH2), 

34.12 (CH2 ), 55.67 (OCH3), 55.83 (OCH3), 60.70 (OCH3), 61.43 (OCH3), 74.08 

(CHi), 109.36 (ArCH), 109.93 (ArCH), 113.34 (2 x ArCH), 115.50 (ArCH), 121.50 

(ArCH), 127.43 (ArC), 132.12 (2 x ArCH), 134.17 (ArC), 136.77 (ArC), 137.11 

(ArC), 138.59 (ArC), 138.97 (ArC), 140.85 (ArC), 144.74 (ArC), 144.80 (ArC), 

150.37 (ArC), 150.77 (ArC), 157.33 (ArC); GCMS m/z (%): 504 (12), 503 (20), 429 

(52), 355 (70), 281 (41), 221 (64), 147 (92), 73 (100).
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Synthesis o f (E)-6,7-dihydro-5H-benzo[7]annulen9-yl-trifluoromethanesulfonate, 

(2.39)

To a stirred solution o f 1-benzosuberone (0.50g, 3.12mmol) in DCM (10ml) was 

added NaiCOs (0.66g, 6.24mmol), followed by Tf2 0  (1.76g, 6.24mmol). The 

solution was stirred at room temperature overnight. It was quenched by the addition 

o f NaHCOs (lOmI) and the product extracted with DCM (10ml). The organic layer 

was then washed with H2O (10ml) and satd. NaCl (10ml). The organic fractions 

were dried over magnesium sulphate, filtered and concentrated in vacuo to afford the 

crude product. It was then purified by flash column chromatography (stationary 

phase, silica gel 230-400 mesh; mobile phase, 10:1 hexane; ethyl acetate). All 

homogenous fractions were collected and the solvent removed under vacuum to 

afford (2.39) as a colourless oil (0.6Ig, 67%) (Mobile phase: hexane/ethyl acetate 8:1 

R f =  0.76). Vmax (DCM)/cm‘‘: 3068.1, 3027.3, 2939.0, 2866.6, 1655.5, 1489.6; 'H 

NMR (CDCI3 , 400MHz) 5h ppm; 2.07 (2H, qn, J=6 .6 Hz(av), CHb), 2.24 (2H, q, 

J=6.5Hz(av), CH2), 2.79 (2H, t, J=6.4Hz(av), CH2), 6.24 (IH, t, J=6.4Hz(av), CH), 

7.24 (IH, m, ArCH), 7.33 (2H, m, 2 x ArCH), 7.54 (IH , m, ArCH); ’̂ C NMR 

(CDCI3, lOOMHz) 5c ppm; 24.94 (CH2), 30.07 (CH2), 32.98 (CH2), 122.96 (ArCH), 

125.95 (ArCH), 126.02 (ArCH), 128.88 (ArCH), 129.05 (ArCH), 131.57 (ArC), 

141.15 (2 X ArC), 145.64 (QC); NMR (CDCI3, 400MHz) 6 f  ppm: -74.49 (CF3).

Synthesis o f  (5-(Z)-6,7-dihydro-5H-benzo[7]-annulen-9-yl-2-methoxyphenoxy) 

(tert-butyl)dimethylsilane, (2.40)

To a round bottomed flask containing (2 .39) (0.34g, 1.16mmol) was added (2 .19) 

(0.37g, 1.31mmol), K2CO3 (0.49g, 3.48mmol) and Pd(PPh3 )4  (0.07g, 58.0^mol). 

The mixture was dissolved in toluene, ethanol and H2O (3:1:1; 10ml) and refluxed 

for 2 hours. On completion the reaction was quenched by the addition of H2O 

(10ml) and the product extracted with ethyl acetate (3 x 15ml). The product was 

then purified by flash column chromatography (stationary phase, silica gel 230-400 

mesh; mobile phase, 10:1 hexane;ethyl acetate). All homogenous fractions were 

collected and the solvent removed under vacuum to afford (2.40) as a colourless oil
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(0.41g, 93%) (Mobile phase: hexane/ethyl acetate 8:1 0.86). Vmax (DCM)/cm'':

2929.8, 2856.1, 1572.8, 1508.6, 1463.1; NMR (CDCI3 , 400MHz) 5h ppm: 0.17 

(6 H, s, 2 X SiCHs), 1.01 (9H, s, C(CH3)3), 1.96 (2H, q, J=7.2Hz(av), CH2 ), 2.19 (2H, 

qn, J=7.0Hz(av), CH2), 2.67 (2H, t, J=7.0Hz, CH2), 3.83 (3H, s, OCH3), 6.37 (IH, t, 

J=7.2 Hz (av), CH), 6.80 (2H, s, 2 x ArCH), 6.85 (IH, s, ArCH), 7.05 (IH, m, 

ArCH), 7.21 (2H, m, 2 x ArCH), 7.30 (IH, m, ArCH); *̂ C NMR (CDCI3 , lOOMHz) 

6 c ppm: -5.01 (2 x SiCH3), 18.02 (C(CH3)3), 24.81 (CH2), 25.31 (C(CH3)3), 31.90 

(CH2), 34.93 (CH2), 55.11 (OCH3), 111.14 (ArCH), 120.21 (ArCH), 120.93 (ArCH), 

125.24 (ArCH), 126.27 (ArCH), 126.46 (ArCH), 128.03 (ArCH), 128.87 (ArCH), 

134.94 (ArC), 139.98 (ArC), 141.70 (ArC), 141.93 (ArC), 144.16 (ArC), 149.81 

(ArC).

Synthesis o f  5-(Z)-6,7-dihydro-9-(3,4,5-trimethoxyphenyl)-5H-benzo[7]annulene, 

(2.41)

Compound (2.41) was prepared and purified as described above for (2.40) using 

3,4,5-trimethoxyphenylboronic acid in place of (2.19). Product isolated as a 

colourless oil (0.35g, 96%). v^ax (DCM)/cm'‘: 2934.8, 2854.1, 1579.1, 1505.5, 

1449.4; 'h  NMR (CDCI3 , 400MHz) SHPpm: 1.87 (2H, q, J=7.1Hz(av), CH2), 2.10 

(2H, qn, J=7.1Hz(av), CH2), 2.58 (2H, t, J=7.1Hz(av), CH2 ), 3.72 (6 H, s, 2 x OCH3), 

3.80 (3H, s, OCH3), 6.35 (IH, t, J=7.3Hz, CH), 6.44 (2H, s, 2 x ArCH), 6.98 (IH, d, 

J=6 .8 Hz, ArCH), 7.11 (2H, m, 2 x ArCH), 7.19 (IH, d, J=6.3Hz, ArCH); '^C NMR 

(CDCI3 , lOOMHz) 6 c ppm: 24.92 (CH2), 31.98 (CH2), 34.88 (CH2), 55.63 (2 x 

OCH3), 60.43 (OCH3), 104.79 (CH), 125.38 (ArCH), 126.72 (ArCH), 127.62 

(ArCH), 128.18 (ArCH), 128.92 (ArCH), 136.93 (ArC), 137.75 (ArC), 139.57 

(ArC), 141.71 (ArC), 142.56 (QC), 152.48 (2 x ArC); HRMS: Actual 311.1638, 

calculated 311.1647, molecular formula C2 0H2 3O3 .
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Synthesis o f  5-((E)-6,7-dihydro-8-(3,4,5-trimethoxyphenyl)-5H-benzo[7]annulen- 

9-yl)-2-methoxyphenol, (2.44)

Step 1

Synthesis o f  intermediate (5-((E)-(8-bromo-6,7-dihydro-5H-benzof7Jannulen-9- 

yl)-2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.42)

To a stirred solution of (2.40) (0.05g, 0.13mmol) in DCM (3ml) at 0°C, was added 

pyridinium tribromide (0.04g, 0.13mmol). The reaction was stirred for 3 hours 

under nitrogen before being quenched by the addition of a 10% solution of NaHSOs 

(5ml). The product was extracted with DCM (3 x 10ml). The combined organic 

fractions were dried over magnesium sulphate, filtered and concentrated in vacuo to 

afford the crude product. The product was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 100% 

hexane). All homogenous fractions were collected and the solvent removed under 

vacuum to afford (2.42) as a yellow oil (O.OSg, 85%) (Mobile phase: hexane/ethyl 

acetate 8:1 R /=  0.85). ’H NMR (CDCI3, 400MHz) Snppm: 0.20 (6 H, s, 2 x SiCHs), 

1.03 (9H, s, C(CH3 )3 ), 2.35 (2H, m, CH2 ), 2.69 (2H, t, J=7.0Hz, CH2 ), 2.79 (2H, t, 

J=7.0Hz, CH2 ), 3.84 (3H, s, OCH3 ), 6.81 (2H, s, 2 x ArCH), 6 . 8 8  (IH , s, ArCH), 

7.07 (IH, m, ArCH), 7.23 (2H, m, 2 x ArCH), 7.29 (IH , m, ArCH).

Step 2

Suzuki coupling; (5-((E)-6,7-dihydro-8-(3,4,5-trimethoxyphenyl)-5H-

benzo[7]annulen-9-yl)-2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.46)

To a round bottomed flask containing (2.42) (0.05g, O.llmmol) was added 3,4,5- 

trimethoxybenzeneboronic acid (0.03g, 0.13mmol), K 2 CO3 (O.OSg, 0.33mmol), and 

Pd(PPh3 ) 4  (0.006g, 5.5|j.mol). The mixture was dissolved in a mixture of toluene, 

ethanol and H2O (3:1:1; 5ml) and refluxed for two hours. The reaction was 

quenched by the addition of H2 O (5ml) and the product extracted with diethyl ether 

(3 X 10ml). The product was then purified by flash column chromatography 

(stationary phase, silica gel 230-400 mesh; mobile phase, 8:1 hexane:ethyl acetate).
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All homogenous fractions were collected and the solvent removed under vacuum to 

afford (2.46) as a colourless oil (0.05g, 82%). Vmax (DCM)/cm'': 3373.17, 2931.04, 

2855.46, 1577.22, 1505.90; ‘H NMR (CDCI3 , 400MHz) 5h ppm: -0.03 (6 H, s, 2 x 

SiCHs), 0.90 (9H, s, C(CH3)3), 2.19 (2H, qn, J=6.9Hz(av), CH2), 2.36 (2H, t, 

J=6 .8 Hz(av), CH2), 2.80 (2H, t, J=7.0Hz, CH2), 3.67 (6 H, s, 2 x OCH3), 3.76 (3H, s, 

OCH3), 3.83 (3H, s, OCH3), 6.42 (2H, s, 2 x ArCH), 6.48 (2H, m, 2 x ArCH), 6.64 

(IH, d, J=8.0Hz, ArCH), 6.90 (IH, d, J=7.5Hz, ArCH), 7.14 (2H, m, 2 x ArCH), 

7.25 (IH, m, ArCH); ‘̂ C NMR (CDCI3 , lOOMHz) 5c ppm: -5.44 (2 x SiCH3), 17.85 

(C(CH3)3), 25.15 (C(CH3)3), 31.54 (CH2), 32.91 (CH2), 34.36 (CH2), 55.08 (OCH3), 

55.42 (2 x OCH3), 60.34 (OCH3), 106.30 (2 x ArCH), 110.90 (ArCH), 123.66 

(ArCH), 124.00 (ArCH) 125.49 (ArCH), 126.39 (ArCH), 127.69 (ArCH), 129.34 

(ArCH), 135.14 (ArC), 135.83 (ArC), 137.53 (ArC), 138.34 (ArC), 138.59 (ArC), 

140.70 (ArC), 142.72 (ArC), 143.66 (ArC), 149.19 (ArC), 152.11 (2 x ArC); HRMS: 

Actual 569.2676, calculated 569.2699, molecular formula C33H4 2 0 5 SiNa.

Step 3

Deprotection o f (2.46) to afford 5-((E)-6,7-dihydro-8-(3,4,5-trimethoxyphenyl)-5H- 

benzo[7]annulen-9-yl)-2-methoxyphenol, (2.44)

To a stirred solution of (2.46) (0.05g, 0.09mmol) in a solution in THF (3ml) was 

added IM TBAF (0.09ml, 0.09mmol). The reaction was stirred at room temperature 

for two hours. On completion the reaction was quenched by the addition of H2 O 

(5ml) and the product extracted with diethyl ether (3 x 15ml). The organic fractions 

were combined, dried over magnesium sulphate, filtered and concentrated in vacuo 

to afford the crude product. The product was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 4:1 

hexane:ethyl acetate). All homogenous fractions were collected and the solvent 

removed under vacuum to afford (2.44) as an oil (0.03g, 77%) (Mobile phase: 

hexane/ethyl acetate 4:1 R /=  0.41). Vmax (DCM)/cm'*: 3419.0, 2929.5, 2853.8, 

1579.7, 1505.6, 1450.6, 1410.1; ‘H NMR (CDCI3 , 400MHz) ShPPHi: 2.20 (2H, qn, 

J=6.9Hz, CH2), 2.37 (2H, t, J=6.7Hz, CH2), 2.80 (2H, t, J-7.0Hz, CH2 ), 3.68 (6 H, s, 

2 X OCH3 ), 3.84 (3H, s, OCH3 ), 3.85 (3H, s, OCH3), 5.44 (IH, br.s, OH), 6.41 (2H,
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s, 2 X ArCH), 6.43 (IH , dd, J=2.0Hz, 8.2Hz, ArCH), 6.54 (IH, d, J=2.0Hz, ArCH), 

6.60 (IH , d, J=8.2Hz, ArCH), 6.93 (IH , dd, J=1.4Hz, 7.5Hz, ArCH), 7.14-7.23 (2H, 

m, 2 X ArCH), 7.26 (IH, m, ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c ppm: 31.95 

(CH2 ), 33.15 (CHi), 34.72 (CHi), 55.88 (OCH3), 55.99 (2 x OCH3 ), 60.92 (OCH3), 

106.87 (2 x ArCH), 109.84 (ArCH), 117.14 (ArCH), 123.04 (ArCH), 126.01 

(ArCH), 126.90 (ArCH), 128.20 (ArCH), 129.71 (ArCH), 136.04 (ArC), 136.45 

(ArC), 137.98 (ArC), 138.55 (ArC), 139.28 (ArC), 141.14 (ArC), 142.98 (ArC), 

144.86 (ArC), 145.02 (ArC), 152.46 (2 x ArC); HRMS: Actual 455.1838, calculated 

455.2834, molecular formula C2 ?H2 8 0 5 Na.

Synthesis o f  (5-((E)-6,7-dihydro-9-(3,4,5-trimethoxyphenyl)-5H-benzo[7]annulen- 

8-yl)-2-methoxyphenol, (2.45)

Step 1

Synthesis o f  intermediate (E)-8-bronto-6,7-dihydro-9-(3,4,5-trimethoxyphenyl)- 

5H—benzo[7]annulene, (2.43)

Compound (2.43) was prepared and purified as described for (2.42) using (2.41) in 

place o f (2.40). Product isolated as a yellow oil (0.07g, 76%) (Mobile phase: 

hexane/ethyl acetate 7:1 R /=  0.54). *H NMR (CDCI3 , 400MHz) 5h ppm: 2.34 (2H, 

qn, J=7.0Hz(av), CH2 ), 2.60 (2H, t, J=7.0Hz, CH2 ), 2.81 (2H, t, J=7.0Hz, CH2 ), 3.82 

(6 H, s, 2 X OCH3 ), 3.90 (3H, s, OCH3 ), 6.47 (2H, s, 2 x ArCH), 0.90 (IH , d, 

J=7.5Hz, ArCH), 7.14 (IH, dt, J=2.0Hz, J=7.5Hz, ArCH), 7.21 (2H, m, 2 x ArCH); 

‘^C NMR (CDCI3 , lOOMHz) 5c ppm: 31.42 (CH2 ), 33.71 (CH2 ), 37.53 (CH2 ), 55.69 

(2 X OCH3 ), 60.46 (OCH3), 106.81 (2 x ArCH), 121.95 (ArC), 125.72 (ArCH), 

127.11 (ArCH), 128.36 (ArCH), 128.81 (ArCH), 136.75 (ArC), 137.05 (ArC), 

140.10 (ArC), 140.48 (ArC), 140.65 (ArC), 152.22 (2 x ArC).
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Step 2

Suzuki coupling; (5-((E)-6,7-dihydro-9-(3,4,5-trimethoxyphenyl)-5H-

benzo[7]annulen-8-yl)-2-methoxyphenoxy)(tert-butyl)dimethylsilane, (2.47)

Compound (2.47) was prepared and purified as described for (2.46) above, using 

(2.43) in place of (2.42). Product isolated as an off-white solid (0.08g, 85%). M.p.: 

119-124°C; Vmax (DCM)/cm’': 3411.00, 3057.75, 2931.73, 2856.00, 1710.89, 

1579.44, 105.48; ‘H NMR (CDCI3 , 400MHz) 5HPpm; 0.01 (6 H, s, 2 x SiCHj), 0.94 

(9H, s, C(CH3)3), 2.18 (2H, qn, J=6 .8 Hz(av), CH2 ), 2.33 (2H, t, J=7.0Hz, CH2), 2.80 

(2H, t, J=7.0Hz, CH2 ), 3.56 (6 H, s, 2 x OCH3), 3.79 (3H, s, OCH3), 3.82 (3H, s, 

OCH3), 6.17 (2H, s, 2 X ArCH), 6.69 (2H, m, 2 x ArCH), 6.81 (IH, dd, J=2.0Hz, 

8.5Hz, ArCH), 6.93 (IH, m, ArCH), 7.15 (2H, m, 2 x ArCH), 7.26 (IH, m, ArCH); 

'^C NMR (CDCI3 , lOOMHz) 6 c ppm: -5.39 (2 x SiCH3), 17.89 ( £ ( ^ 3 )3), 25.19 

(C(CH3)3), 31.67 (CH2), 33.41 (CH2 ), 34.27 (CHi), 55.15 (OCH3), 55.36 (2 x OCH3), 

60.31 (OCH3), 108.27 (2 x ArCH), 111.26 (ArCH), 121.93 (ArCH), 122.19 (ArCH), 

125.48 (ArCH), 126.42 (ArCH), 127.79 (ArCH), 129.32 (ArCH), 135.75 (ArC), 

135.87 (ArC), 137.18 (ArC), 137.62 (ArC), 139.39 (ArC), 140.96 (ArC), 142.37 

(ArC), 143.89 (ArC), 149.24 (ArC), 151.89 (2 x ArC); HRMS: Actual 569.2706, 

calculated 569.2699, molecular formula C33H4 2 0 5 NaSi.

Step 3

Deprotection o f (2.47) to afford 5-((E)-6,7-dihydro-9-(2,3,4-trimethoxyphenyl)-5H- 

benzo[7]annulen-8-yl)-2-methoxyphenol, (2.45).

Compound (2.47) was deprotected as described above for (2.46), to afford (2.45) as a 

yellow oil (0.06g, 8 6 %) (Mobile phase; hexane/ethyl acetate 4:1 R / =  0.42). Vmax 

(DCM)/cm'‘: 3418.7, 2935.2, 2853.7, 1581.2, 1507.6, 1449.6, 1411.4; 'H NMR 

(CDCI3 , 400MHz) 5h ppm: 2.17 (2H, qn, J=6 .8 Hz(av), CH2), 2.33 (2H, t, J=6.7Hz, 

CH2 ), 2.80 (2H, t, J=7.0Hz, CHi), 3.56 (6 H, s, 2 x OCH3), 3.83 (3H, s, OCH3 ), 3.86 

(3H, s, OCH3), 5.58 (IH, br.s, OH), 6.17 (2H, s, 2 x ArCH), 6 . 6 6  (2H, m, 2 x ArCH), 

6.83 (IH, d, J=1.7Hz, ArCH), 6.97 (IH, dd, J=1.4Hz, 7.2Hz, ArCH), 7.16-7.24 (2H, 

m, 2 X ArCH), 7.27 (IH, m, ArCH); '^C NMR (CDCI3 , lOOMHz) 6 c  ppm: 32.11
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(CH2), 33.75 (CH2), 34.67 (CH2), 55.91 (OCH3), 55.96 (2 x OCH3), 60.89 (OCH3), 

108.80 (2 X ArCH), 110.18 (ArCH), 115.37 (ArCH), 121.39 (ArCH), 125.95 

(ArCH), 126.94 (ArCH), 128.27 (ArCH), 129.79 (ArCH), 136.34 (ArC), 136.96 

(ArC), 137.81 (ArC), 137.90 (ArC), 139.85 (ArC), 141.44 (ArC), 142.64 (ArC), 

145.09 (ArC), 145.12 (ArC), 152.22 (2 x ArC); HRMS: Actual 455.1838, calculated 

455.2834, molecular formula C2 7H2g0 5 Na.
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Rine-opened compounds

Synthesis o f  keto-aldehyde, 4-[6-((3-tert-butyldimethylsilyloxy)-4-methoxybenzoyl)- 

2,3,4-trimethoxyphenylJbutanal, (3.02)

To a stirred solution o f (2.10) (0.12g, 0.26 mmol) in acetic acid/acetic anhydride 

(2 :1 , 1ml) was added KaCraOy (0.08g, 0.26 mol) portion-wise whilst heating the 

mixture at 40°C. After 1.5 hours the reaction was quenched by the addition of H2O 

(5ml) and the product extracted with diethyl ether (3 x 5ml). The organic extracts 

were dried over magnesium sulphate, filtered and concentrated under reduced 

pressure to yield the crude product. It was then purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 6:1; 

hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

removed under reduced pressure to yield the desired product as a yellow oil (O.OVg, 

53%) (Mobile phase: hexane/ethyl acetate 4:1 R /=  0.21). Vmax (DCM)/cm’’: 2935.0, 

2853.0, 1737.9, 1705.3, 1656.7, 1592.7, 1510.0; ‘H NMR (CDCI3, 400 MHz) 6 h 

ppm: 0.15 (6 H, s, Si(CH3)2), 0.97 (9H, s, C(CH3)a), 1.78 (2H, m, CHi), 2.32 (2H, m, 

CH2), 2.51 (2H, t, J=8.0Hz, CH2), 3.78 (3H, s, OCH3), 3.87 (3H, s, OCH3), 3.91 (6 H, 

s, 2 X OCH3), 6.58 (IH , s, ArCH), 6.84 (IH , d, J=9.0Hz, ArCH), 7.35 (2H, s, 2 x 

ArCH), 9.65 (IH , s, CHO); NMR (CDCI3, lOOMHz) 6c ppm: -5.06 (Si(CH3)2), 

17.95 (C(CH3)3), 23.11 (CH2), 25.17 (C(CH3)3), 25.92 (CH2), 42.91 (CH2), 55.08 

(OCH3), 55.58 (OCH3), 60.31 (OCH3), 60.56 (OCH3), 106.71 (ArCH), 110.28 

(ArCH), 121.39 (ArCH), 125.43 (ArCH), 125.95 (ArC), 130.05 (ArC), 134.34 

(ArC), 142.89 (ArC), 144.40 (ArC), 150.73 (ArC), 151.88 (ArC), 155.31 (ArC), 

195.99 (C=0), 202.22 (CHO).

Reduction o f (3.02) to afford (3-((tert-butyldimethylsilyloxy))-4-methoxyphenyl)(2- 

(4-hydroxybutyl)-3,4,5-trimethoxyphenyl)methanone, (3.03)

NaBH4 (0.074g, 2.0 mmol) was suspended in ethyl acetate (15ml) at 0°C before 

adding acetic acid (0.36g, 6.0 mmol) dropwise over 5 minutes. The reaction was left 

stirring until a clear solution was formed (10-15 mins). (3.02) (0.07g, 0.14mmol)
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was added and the solution was left stirring at room temperature for 2 hours. After 

this time the reaction was quenched by the addition of 2M HCl (20ml) and the 

product extracted using ethyl acetate (3 x 20ml). The organic extracts were 

combined, dried over magnesium sulphate, filtered and concentrated under reduced 

pressure to afford the crude product. The product was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 2:1; 

hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

removed under reduced pressure to yield the desired product as a clear oil (0.06g, 

85%) (Mobile phase: hexane/ethyl acetate 2:1 R/=  0.33). Vmax (DCM)/cm'': 3411.0, 

2921.2, 2843.7, 1686.8, 1637.5, 1558.2; NMR (CDCI3, 400 MHz) 5h ppm 0.15 

(6 H, s, Si(CH3)2), 0.99 (9H, s, € ( € ^ 3)3), 1.52 (4H, m, 2 x CH2), 2.54 (2H, t, 

J=7.2Hz(av), CH2), 3.55 (2H, t, J=6.0Hz(av), CH2), 3.80 (3H, s, OCH3), 3.89 (3H, s, 

OCH3), 3.95 (6 H, s, 2 X OCH3), 6.59 (IH, s, ArCH), 6.85 (IH , d, J=8.0Hz, ArCH), 

7.37 (2H, s, 2 X ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: -5.04 (Si(CH3)2), 

17.97 (C(CH3)3), 25.19 (C(CH3)3), 25.96 (CH2), 26.69 (CH2), 31.94 (CH2 ), 55.10 

(OCH3), 55.61 (OCH3), 60.33 (OCH3), 60.66 (OCH3), 61.80 (CH2), 106.81 (ArCH), 

110.25 (ArCH), 121.49 (ArCH), 125.44 (ArCH), 127.19 (ArC), 130.19 (ArC), 

134.08 (ArC), 142.98 (ArC), 144.37 (ArC), 150.47 (ArC), 151.79 (ArC), 155.27 

(ArC), 196.31 (C=0); GCMS m/z (%): 504 (20), 447 (M^-57,100), 225 (54), 193 

(46).

Synthesis o f  the azide, 2-(4-azidobutyl)-3,4,5-trimethoxyphenyl)(3-hydroxy-4- 

methoxyphenyl)methanone, (3.04)

Step

Synthesis o f the mesylate intermediate, (3.07)

To a stirred solution o f (3 .03) (0.09g, 0.18 mmol) in anhydrous DCM (1ml) in a dry, 

3-necked, round bottomed flask under an atmosphere o f nitrogen, was added 

methane sulfonyl chloride (0.04Ig, 0.36 mmol). The solution was cooled to 0°C and 

N,N-diisopropylethylamine (0.046g, 0.36 mmol) was added drop-wise over 5 

minutes. After 1 hour the reaction was quenched by the addition of 5% NaHCOs
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(10ml) and extracted with DCM (3 x 20ml). The organic extracts were combined, 

dried over magnesium sulphate, filtered and the solvent removed under reduced 

pressure. The product was purified by flash column chromatography (stationary 

phase, silica gel 230-400 mesh; mobile phase, 2:1; hexane/ethyl acetate). The 

homogenous fractions were collected and the solvent removed under reduced 

pressure to yield the desired product (0.1 Og, 97%) (Mobile phase: hexane/ethyl 

acetate 1:1 Rf= 0.72). NMR (CDCI3, 400 MHz) 6 h ppm 0.16 (6 H, s, Si(CH3)2), 

0.99 (9H, s, C(CH3)3), 1.56 (2H, qn, J=7.2Hz(av), CH2), 1.67 (2H, qn, J=6.9Hz(av), 

CH2), 2.54 (2H, t, J=7.5Hz, CH2), 2.95 (3H, s, SO2 CH3 ), 3.79 (3H, s, OCH3), 3.88 

(3H, s, OCH3), 3.92 (6 H, s, 2 x OCH3), 4.12 (2H, t, J=6.5Hz, CH2 ), 6.58 (IH, s, 

ArCH), 6.85 (IH , d, J=9.0Hz, ArCH), 7.36 (2H, s, 2 x ArCH); ‘^C NMR (CDCI3, 

lOOMHz) 5c ppm: -5.03 (Si(CH3 )2), 17.97 (C(CH3)3), 25.19 ( € ( ^ 3)3), 25.92 (CH2), 

26.45 (CH2 ), 28.40 (CH2), 36.76 (SO2CH3), 55.11 (OCH3), 55.59 (OCH3), 60.33 

(OCH3), 60.62 (OCH3), 69.54 (CH2 ), 106.71 (ArCH), 110.30 (ArCH), 121.31 

(ArCH), 125.49 (ArCH), 126.25 (ArC), 130.06 (ArC), 134.28 (ArC), 142.90 (ArC), 

144.41 (A rQ , 150.65 (ArC), 151.81 (ArC), 155.32 (ArC), 196.07 (C=0).

2*“* Step

Synthesis o f  (2-(4-azidobutyl)-3,4,5-trimethoxyphenyl)(3-hydroxy-4-methoxy 

phenyl)methanone, (3.04)

To a stirred solution o f (3.07) (O.lOg, 0.176 mmol) in DMF (3ml) was added sodium 

azide (O.llg, 17.6 mmol). The solution was heated to 40°C and left stirring for 1 

hour. On completion the reaction was quenched by the addition of H 2 O (10ml) and 

the product extracted with diethyl ether (3 x 25 ml). The organic extracts were 

combined, dried over magnesium sulphate, filtered and the solvent removed under 

reduced pressure. The resulting yellow oil was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 7:1; 

hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

removed under reduced pressure to yield the desired product as an oil (0.06g, 82%) 

(Mobile phase: hexane/ethyl acetate 1:1 R /=  0.56). Vmax (DCM)/cm‘*: 3390.7, 

2938.5, 2096.6, 1659.4, 1606.5, 1582.9, 1509.7; ‘H NMR (CDCI3, 400 MHz) 5h
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ppm 1.52 (4H, m, 2 X CH2 ), 2.53 (2H, m, CH2), 3.20 (2H, m, CH2), 3.80 (3H, s, 

OCH3), 3.93 (6 H, s, 2 X OCH3), 3.98 (3H, s, OCH3), 5.87 (IH , s, OH), 6.58 (IH , s, 

ArCH), 6.90 (IH , d, J=8.5Hz, ArCH), 7.38 (IH , dd, J=2.0Hz, 8.0Hz, ArCH), 7.40 

(IH , d, J=2.0Hz, ArCH); ‘^C NMR (CDCI3 , 100 MHz) 6 c ppm 26.02 (CH2), 27.81 

(CH2), 28.30 (CH2 ), 50.69 (CH2 ), 55.63 (OCH3), 55.68 (OCH3), 60.33 (OCH3), 

60.63 (OCH3), 106.76 (ArCH), 109.36 (ArCH), 115.57 (ArCH), 123.62 (ArCH), 

126.64 (ArC), 130.74 (ArC), 134.07 (ArC), 142.98 (ArC), 144.96 (ArC), 150.55 

(ArC), 150.61 (ArC), 151.84 (ArC), 196.26 (C=0); GCMS m/z (%): 415 (1), 329 

(82), 176 (28), 134 (23).

Synthesis o f carboxylic acid derivative (3.05)

Following storage o f (3.02) at room temperature over several days atmospheric 

oxidation led to the formation of the carboxylic acid. It was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 1:1; 

hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

removed under reduced pressure to yield the desired product. (Mobile phase: 

hexane/ethyl acetate 1:1 R / = 0.11). Vmax (DCM)/cm'': 3399.7, 2962.6, 2927.9, 

1686.2, 1645.6, 1570.2; 'H NMR (CDCI3, 400MHz) Snppm: 0.17 (6 H, s, Si(CH3)2 ), 

0.99 (9H, s, C(CH3)3), 1.78 (2H, m, CH2 ), 2.27 (2H, t, J=7.5Hz, CH2 ), 2.56 (2H, t, 

J=7.7Hz (av), CH2), 3.80 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.93 (6 H, s, 2 x OCH3), 

5.31 (IH, s, OH), 6.59 (IH, s, ArCH), 6.85 (IH , d, J=8.5Hz, ArCH), 7.37 (2H, m, 2 

X ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: -5.05 (Si(CH3)2), 17.96 (C(CH3)3), 

25.19 (C(CH3)3), 25.57 (CH2), 25.90 (CH2), 33.19 (CH2), 55.09 (OCH3), 55.61 

(OCH3), 60.32 (OCH3), 60.55 (OCH3), 106.75 (ArCH), 110.29 (ArCH), 121.44 

(ArCH), 125.41 (ArCH), 126.04 (ArC), 130.14 (ArC), 134.38 (ArC), 142.93 (ArC), 

144.40 (ArC), 150.70 (ArC), 151.94 (ArC), 155.28 (ArC), 178.25 (C=0), 196.02 

(C=0).
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Synthesis o f  mono and di-oxime derivatives (3.06) & (3.08)

To a stirred solution o f (3.02) (0.15g, 0.29mmol) in a mixture of EtOH: H2O (2:1; 

6 ml) was added sodium acetate (0.03g, 0.29mmol), followed by hydroxylamine HCl 

(0.02g, 0.32mmol). The resulting solution was heated at 60°C for 6  hours. H2O 

(10ml) was added and the product extracted with diethyl ether. The organic fractions 

were combined, dried over magnesium sulphate, filtered and concentrated in vacuo 

to afford a crude mixture. The products were then isolated following purification by 

flash column chromatography (stationary phase, silica gel 230-400 mesh; mobile 

phase, 3:1 & 2:1; hexane/ethyl acetate) The homogenous fractions were collected 

and the solvent removed under reduced pressure to yield the desired products. 

(Mobile phase: hexane/ethyl acetate 1:1 R/= 0.34 & 0.24).

Dioxime (3.08) (0.02g, 14%); v^ax (DCM)/cm'‘: 3401.1, 2931.7, 1652.7, 1592.6, 

1510.1, 1455.3; ‘H NMR (CDCI3 , 400MHz) 5h ppm: 0.17 (6 H, s, Si(CH3)2), 0.99 

(9H, s, C(CH3)3), 1.27 (2H, t, J=7.2Hz(av), CH2), 1.68 (2H, m, CH2), 2.13 (IH , m, 

CHN), 2.30 (IH , br.s, OH), 2.55 (2H, m, CH2), 3.80 (3H, s, OCH3), 3.89 (3H, s, 

OCH3), 3.94 (6 H, s, 2 X OCH3), 6.59 (IH , s, ArCH), 6.85 (IH, d, J=9.0Hz, ArCH), 

7.37 (2H, m, 2 X ArCH); ‘̂ C NMR (CDCI3 , lOOMHz) 5 c  ppm: -5.03 (Si(CH3)2), 

17.97 (C(CH3)3), 25.20 (C(CH3)3), 26.26 (CH2), 27.58 (CH2), 29.01 (CH2), 55.10 

(OCH3), 55.61 (OCH3), 60.33 (OCH3), 60.59 (OCH3), 104.62 (ArCH), 106.70 

(ArCH), 110.28 (ArCH), 121.43 (ArCH), 125.43 (ArC), 126.37 (ArC), 130.11 

(ArC), 134.32 (ArC), 142.92 (ArC), 144.41 (ArC), 150.65 (ArC), 151.65 (C=N), 

151.85 (C=N), 155.28 (ArC);

mono oxime (3.06) (0.06g, 40%); v^ax (DCM)/cm‘ :̂ 3428.7, 2931.7, 1658.6, 1592.9, 

1510.8, 1463.1; 'H  NMR (CDCI3, 400MHz) 5h ppm: 0.17 (6 H, s, Si(CH3)2), 1.00 

(9H, s, C(CH3 )3), 1.27 (2H, m, CH2), 1.66 (2H, m, CH2), 2.13 (IH , m, CH), 2.27 

(IH , br.s, OH), 2.41 (IH , m, OH), 2.55 (2H, t, J=7.0Hz, CH2), 3.81 (3H, s, OCH3), 

3.89 (3H, s, OCH3), 3.93 (6 H, s, 2 x OCH3), 6.59 (IH , s, ArCH), 6 . 8 8  (IH , d, 

J=1.0Hz, ArCH), 7.38 (2H, m, 2 x ArCH); ^^C NMR (CDCI3 , lOOMHz) 6 c ppm: - 

5.02 (Si(CH3)2), 17.98 (C(CH3)3), 25.20 (C(CH3)3), 26.17 (CH2), 27.58 (CH2), 29.01 

(CH2), 55.12 (OCH3), 55.62 (OCH3), 60.35 (OCH3), 60.61 (OCH3), 106.69 (ArCH), 

110.27 (ArCH), 121.44 (ArCH), 125.44 (ArCH), 126.30 (ArC), 130.10 (ArC),

200



134.29 (ArC), 134.32 (ArC), 142.92 (ArC), 144.40 (ArC), 150.65 (ArC), 151.85 

(C=N), 155.29 (ArC), 196.06 (C=0); HRMS: Actual 540.1616, calculated 540.2393, 

molecular formula C27H39N 0 7 SiNa.

Deprotection o f (3.02) to afford (3.09) (3-hydroxy-4-methoxyphenyl)(2-(4- 

butanal)-3,4,5-trimethoxyphenyl)methanone

The keto-aldehyde (3.02) (0.20g, 0.39mmol) was dissolved in THF (5ml) and treated 

with IM TBAF (0.39ml, 0.39mmol) in THF at room temperature. The reaction was 

stirred for one hour, after which time it was quenched by the addition o f H2 O ( 1 0 ml). 

The product was extracted with diethyl ether (3 x 10ml) and the combined organic 

fractions were dried over magnesium sulphate, filtered and concentrated in vacuo to 

afford a crude mixture. The product was purified by flash column chromatography 

(stationary phase, silica gel 230-400 mesh; mobile phase, 2:1; hexane/ethyl acetate). 

The homogenous fractions were collected and the solvent removed under reduced 

pressure to yield the desired product as an oil (0.15g, 98%) (Mobile phase: 

hexane/ethyl acetate 4:1 Rf=  0.35). 'H NMR (CDCI3 , 400MHz) 5h ppm: 1.79 (2H, 

m, CH2), 2.35 (2H, t, J=7.0Hz, CH2), 2.58 (2H, m, CH2), 3.79 (3H, s, OCH3), 3.92 

(6 H, s, 2 x OCH3), 3.96 (3H, s, OCH3), 5.85 (IH , br.s, OH), 6.58 (IH , s, ArCH), 

6 . 8 8  (IH, d, J=8.5Hz, ArCH), 7.35 (IH, d, J=8.5Hz, ArCH), 7.41 (IH , dd, J=2.0Hz, 

5.52Hz, ArCH), 9.66 (IH , s, CHO); '^C NMR (CDCI3 , lOOMHz) 5c ppm: 23.10 

(CH2), 29.48 (CH2), 42.93 (CH2), 55.63 (OCH3), 55.67 (OCH3), 60.32 (OCH3), 

60.59 (OCH3 ), 106.80 (ArCH), 109.38 (ArCH), 115.51 (ArCH), 123.68 (ArCH), 

126.07 (ArC), 130.68 (ArC), 134.25 (ArC), 142.97 (ArC), 145.02 (ArC), 150.65 

(ArC), 150.89 (ArC), 170.77 (ArC), 196.07 (C=0), 202.38 (C=0).

Deprotection o f (3.03) to afford (3-hydroxy-4-methoxyphenyl)(2-(4-hydroxybutyl)- 

3,4,5-trimethoxyphenyl)methanone, (3.10)

Compound (3 .10) was prepared and purified as described above for (3 .09) using 

(3.03) in place of (3.02). Product isolated as a yellow oil (0.08g, 95%) (Mobile 

phase: hexane/ethyl acetate 2:1 Rj= 0.23). Vmax (DCM)/cm’*: 3434.8, 2938.8, 1649.2,
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1605.3, 1578.2, 1510.5.'H NMR (CDCI3, 400MHz) 5HPpm: 1.52 (4H, m, 2 x CH2), 

2.56 (2H, t, J=7.5Hz, CH2), 3.60 (2H, t, J=6.0Hz, CH2), 3.81 (3H, s, OCH3), 3.94 

(6 H, s, 2 X OCH3), 4.00 (3H, s, OCH3), 5.71 (IH, br.s, OH), 6.59 (IH, s, ArCH), 

6.90 (IH, d, J=8.0Hz, ArCH), 7.43 (2H, m, 2 x ArCH); '^C NMR (CDCI3, lOOMHz) 

5c ppm: 25.88 (CH2). 26.66 (CH2), 31.94 (CH2), 55.65 (OCH3), 55.69 (OCH3), 60.34 

(OCH3), 60.69 (OCH3), 61.82 (CH2), 106.94 (ArCH), 109.34 (ArCH), 115.63 

(ArCH), 123.67 (ArCH), 127.34 (ArC), 130.85 (ArC), 133.86 (ArC), 143.10 (ArC), 

144.88 (ArC), 150.46 (ArC), 150.49 (ArC), 151.84 (ArC), 196.43 (C=0); HRMS: 

Actual 413.1567, calculated 413.1567, molecular formula C2 iH2 6 0 7 Na.

Deprotection of (3.05) to afford (3.11)

Compound (3.11) was prepared and purified as described above for (3.09) using 

(3.05) in place of (3.02). Product isolated as a yellow oil (0.04g, 97%) (Mobile 

phase: ethyl acetate R/= 0.21). Vmax (DCM)/cm'‘: 3399.7, 2962.6, 2927.9, 1645.6, 

1570.2; ‘H NMR (CDCI3, 400MHz) 6 h ppm: 1.74 (2H, m, CH2), 2.26 (2H, t, 

J=7.2Hz, CH2), 2.53 (2H, m, CH2), 3.78 (3H, s, OCH3), 3.90 (6 H, s, 2 x OCH3), 3.94 

(3H, s, OCH3), 5.29 (IH, s, OH), 6.56 (IH, s, ArCH), 6.84 (IH, d, J=8.2Hz, ArCH), 

7.29 (IH, dd, J=2.2Hz, 8.5Hz, ArCH), 7.48 (IH, d, J=2.0Hz, ArCH); '^C NMR 

(CDCI3 , lOOMHz) 6 c ppm: 26.14 (CH2), 26.31 (CH2), 33.90 (CH2), 56.10 (2 x 

OCH3), 59.03 (CH2), 60.80 (OCH3), 61.08 (OCH3), 107.20 (ArCH), 109.95 (ArCH), 

116.17 (ArCH), 124.14 (ArCH), 126.61 (ArC), 131.16 (ArCH), 134.88 (ArC), 

145.73 (ArC), 151.16 (ArC), 151.40 (ArC), 152.40 (ArC), 177.07 (C=0), 196.86 

(C=0); GCMS m/z (%): 403 (2), 263 (10), 135 (11), 79 (58), 55 (100).
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Phenols

General procedure fo r TBDMS protection ofphenol/hydroxyl

To a stirred solution o f phenol (~0.20g) in DMF (3ml) at room temperature was 

added imidazole (2 molar equivalents) and /er?-butyldimethylsilyl chloride 

(TBDMSCl) The solution was left stirring and monitored periodically by TLC. On 

completion, the reaction was quenched by the addition of water (10ml) and the 

product extracted with diethyl ether (4 x 15ml). The organic extracts were dried over 

magnesium sulphate, filtered and concentrated under reduced pressure to yield the 

silyl ether protected alcohol/phenol. The desired compound was purified by flash 

column chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 

hexane {100%}). All homogenous fractions were collected and concentrated in 

vacuo to afford the TBDMS protected alcohol/phenol in quantitative yield.

General procedure for TBDPS protection ofphenol/hydroxyl

To a stirred solution o f phenol (~0.20g) in DMF (3ml) at room temperature was 

added imidazole (2 molar equivalents) and tert-butyldiphenylsilyl chloride 

(TBDPSCl) (1.5 equivalents). The solution was left stirring and monitored 

periodically by TLC. On completion, the reaction was quenched by the addition of 

water (10ml) and the product extracted with diethyl ether (4 x 15ml). The organic 

extracts were dried over magnesium sulphate, filtered and concentrated under 

reduced pressure to yield the silyl ether protected alcohol/phenol. The desired 

compound was purified by flash column chromatography (stationary phase, silica gel 

230-400 mesh; mobile phase, hexane {100%}). All homogenous fractions were 

collected and concentrated in vacuo to afford the TBDPS protected alcohol/phenol in 

quantitative yield.
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General procedure A for silyl ether deprotection using sodium azide

The protected phenol (~0.10g) was dissolved in DMF (~3ml) and sodium azide (10 

equivalents) was added. The solution was stirred at room temperature and monitored 

regularly by TLC. On completion the reaction was quenched by the addition of 

water (~10ml) and the product extracted with diethyl ether (3 x 10ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated in vacuo. The product was purified by flash column chromatography 

(stationary phase, silica gel 230-400 mesh; mobile phase, hexane/ethyl acetate (5:1)) 

and the homogenous fractions collected and concentrated under reduced pressure to 

afford the liberated phenol in high yields (95-99%).

The general procedure A described above was used in the deprotection of: 

(2-bromo-4-chlorophenoxy)(/er/‘-butyl)dimethylsilane, (3.15), 

(2-bromo-4-chlorophenoxy)(?er/-butyl)diphenylsilane, (3.16), 

(3-chlorophenoxy)(/er/-butyl)dimethylsilane, (3.17), 

(2-bromophenoxy)(?err-butyl)dimethylsilane, (3.19), 

(4-bromophenoxy)(/er/-butyl)dimethylsilane, (3.21), 

(5-bromo-2-methoxyphenoxy)(^‘er^butyl)dimethylsilane, (3.23).

General procedure B for silyl ether deprotection using sodium azide

The protected phenol/hydroxyl (-0.1 Og) was dissolved in DMF (~3ml) and sodium 

azide (10 equivalents) was added. The solution was stirred at room temperature for 

24 hours and if deprotection had not occurred after this time the temperature was 

increased to 80°C. The reaction was monitored regularly by TLC and on completion 

the reaction was quenched by the addition of water (~10ml). The product was 

extracted with diethyl ether (3 x 10ml) and the combined organic fractions were 

dried over magnesium sulphate, filtered and concentrated in vacuo. The crude 

product was purified by flash column chromatography (stationary phase, silica gel 

230-400 mesh; mobile phase, hexane/ethyl acetate (5:1)). The homogenous fractions
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were collected and concentrated under reduced pressure to afford the liberated 

phenol/alcohol. (95-99%)

The general procedure B described above was used in the deprotection o f 

tert-butyldimethyl(phenoxy)silane, (3.13), 

tert-butyldimethyl(naphthalene-4-yloxy)silane, (3.25), 

(3,4,5-trimethoxyphenoxy)(tert-butyl)dimethylsilane, (3.27), 

(2-methoxyphenoxy)(tert-butyl)dimethylsilane, (3.29), 

(5-isopropyl-2-methylphenoxy)(tert-butyl)dimethylsilane, (3.31). 

4-(tert-butyl)dimethylsilyloxy(phenethyloxy)(tert-butyl)dimethylsilane, (3.37), 

4-(tert-butyl)dimethylsilyIoxy(benzyloxy)(tert-butyl)dimethylsilane, (3.39).

(3.13), tert-butyldimethyl(phenoxy)silane

Mobile phase: hexane Rf=  0.79; v^ax (DCM)/cm‘': 3082.1, 3063.1, 3039.4, 2957.5,

2930.7, 2887.0, 2859.2, 1596.9; 'H  NM R (CDCI3, 400MHz) 5h ppm: 0.28 (6 H, s, 

Si(CH 3)2), 1.08 (9H, s, C(CH 3)3), 6.92 (2H, d, J=7.5Hz, 2 x ArCH), 7.01 (IH , t, 

J=7.0Hz, ArCH), 7.29 (2H, t, J=7.5Hz, 2 x ArCH); *̂ C NM R (CDCI3, lOOMHz) 5c 

ppm: -4.80 (Si(CH 3)2), 17.81 (C(CH 3)3), 25.31 (C(CH 3)3), 119.72 (2 x ArCH), 

120.89 (ArCH), 128.98 (2 x ArCH), 155.23 (ArC); GCMS m/z (%): 208 (40), 151 

(100), 135 (11), 95 (15).

(3.14), tert-butyl(phenoxy)dimethylsilane

Mobile phase: hexane R/=  0.77; v^ax (DCM)/cm‘’: 3072.5, 3050.9, 2999.7, 2959.1,

2931.8, 2892.9, 2858.5, 1596.0: 'H  NM R (CDCI3 , 400MHz) 6 h ppm: 1.37 (9H, s, 

C(CH 3)3), 7.02 (3H, m, 3 x ArCH), 7.27 (2H, t, J=8.0Hz(av), 2 x ArCH), 7.54 (6 H, 

m, 6  X ArCH), 7.97 (4H, d , J=8.0Hz, 4 x ArCH); ‘^C NM R (CDCI3 , lOOMHz) 6 c  

ppm: 19.25 (C(CH 3)3), 26.33 (C(CH 3)3), 119.50 (2 x ArCH), 120.85 (ArCH), 127.55 

(4 X ArCH), 128.99 (2 x ArCH), 129.66 (2 x ArCH), 132.72 (2 x ArC), 135.28 (4 x 

ArCH), 155.34 (ArC); GCMS m/z (%): 332 (9), 275 (100), 197 (6 8 ), 152 (23).
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(3.15), (2-bromo-4-chlorophenoxy)(tert-butyl)dimethylsilane

M obile phase: hexane/ethyl acetate 3:1, R /=  0.83; Vmax (DCM )/cm '^ 3066.5, 2957.4, 

2930.8, 2886.6, 2859.1, 1732.8, 1582.9, 1557.0; *H NM R (CDCI3 , 400M H z) Snppm: 

0.29 (6 H, s, Si(CH 3)2 ), 1.09 (9H, s, C(CH3 )3), 6.82 (IH , d, J=8.5Hz, ArCH), 7.15 

(IH , dd, J=2.7Hz(av), 8.7H z(av), ArCH), 7.55(1H , d, J=2.5Hz, ArCH); ^̂ C NM R  

(CDCI3 , lOOMHz) 6 c ppm: -4.68 (Si(CH 3)2 ), 17.90 (C(CH 3)3 ), 25.29 (C(CH 3)3 ), 

115.43 (ArCH), 120.32 (ArCH), 126.05 (ArC), 127.76 (ArCH), 132.40 (ArCH), 

151.09 (ArC); GCMS m/z  (%): 320 (2), 322 (3), 267 (45), 265 (100), 263 (82), 139 

(43).

(3.16), (2-bromo-4-chlorophenoxy)(tert-butyl)diphenylsilane

M obile phase: hexane/ethyl acetate 3:1, Rf=  0.77; Vmax (DCM )/cm ’*: 3072.4, 2958.9,

2932.1, 2893.4, 2858.8, 1579., 1474.5; 'H NM R (CDCI3 , 400M H z) 5h ppm: 1.18 

(9H, s, (C(CH 3 )3), 6.40 (IH , d, J=8.5Hz, ArCH), 6.82 (IH , dd, J=2.5Hz, 8.5Hz, 

ArCH), 7.40 (4H, t, J=7.2Hz(av), 4 x ArCH), 7.46 (2H, t, J=7.2Hz(av), 2 x  ArCH), 

7.56 (IH , d, J=2.5Hz, ArCH), 7.75 (4H, d, J=6.5Hz, 4 x ArCH); *̂ C NM R (CDCI3 , 

400M Hz) 5c ppm: 19.27 (C(CH 3)3), 25.95 (C(CH 3)3), 114.62 (ArC), 119.84 (ArCH), 

125.70 (ArC), 127.43 (ArCH), 127.56 (4 x ArCH), 129.31 (2 x ArCH), 131.34 (2 x 

ArC), 132.25 (ArCH), 135.03 (4 x ArCH), 150.75 (ArC); GCMS m/z  (%): 444 (1), 

446 (1), 391 (37), 389 (100), 387 (71), 307 (39). 261 (19).

(3.17), (3-chlorophenoxy)(tert-butyl)dimethylsilane

M obile phase: hexane/ethyl acetate 3:1, R j=  0.92; Vmax (DCM)/cm'*: 3070.5, 2957.1,

2931.2, 2887.1, 2859.8, 2713.4, 1924.1, 1592.0, 1575.2, 1297.8; *H NM R (CDCI3, 

400M Hz) 5h ppm: 0.15 (6 H, s, Si(CH 3 )2 ), 0.93 (9H, s, (C(CH 3 )3 ), 6 . 6 6  (IH , dd, 

J=2.0Hz, 8.0Hz, ArCH), 6.79 (IH , t, J=2.0Hz, ArCH), 6.87 (IH , d, J=8.0Hz, 

ArCH), 7.06 (IH , t, J=8.0Hz, ArCH); *̂ C NM R (CDCI3, lOOMHz) 6c ppm: -4.91 

(Si(CH 3)2), 17.73 (C(CH 3 )3), 25.16 (C(CH 3)3), 117.94 (ArCH), 120.16 (ArCH),
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121.13 (ArCH), 129.64 (ArCH), 134.08 (A rQ , 156.02 (ArC); GCMS m/z (%): 244 

(11), 242 (27), 187 (6 6 ), 186 (38), 187 (100), 93 (16).

(3.18), (3-chlorophenoxy)(tert-butyl)diphenylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/= 0.89; Vmax (DCM)/cm'': 3381.6, 3072.6,

2932.1, 2894.3, 2859.0, 1959.9, 1822.8, 1590.8, 1474.0, 1428.1; 'H  NMR (CDCI3, 

400MHz) 5HPpm: 1.24 (9H, s, C(CH3)3), 6.84 (IH, dd, J=2.0Hz, 8.0Hz, ArCH), 6.94 

(IH , d, J=8.0Hz, ArCH), 6.99 (IH , t, J=2.0Hz, ArCH), 7.04 (IH , t, J=8.0Hz, ArCH), 

7.46 (6 H, m, 6  X ArCH), 7.83 (4H, dd, J=1.5Hz, 8.0Hz, 4 x ArCH); ‘^C NMR 

(CDCI3, lOOMHz) 5c ppm: 19.11 (C(CH3)3), 26.12 (C(CH3)3), 117.63 (ArCH), 

119.96 (ArCH), 121.04 (ArCH), 127.55 (4 x ArCH), 129.50 (ArCH), 129.76 (2 x 

ArCH), 131.98 (2 x ArC), 134.07 (ArC), 125.12 (4 x ArCH), 155.97 (ArC); GCMS 

w/z(%):368 (l), 366(5), 311 (71), 310 (50), 309 (100), 231 (27).

(3.19), (2-bromophenoxy)(tert-butyl)dimethylsilane

Mobile phase: hexane/ethyl acetate 3:1, Rf= 0.65; Vmax (DCM)/cm'': 3357.2, 2919.2, 

2849.8, 1662.5, 1632.7, 1470.2; 'H NMR (CDCI3, 400MHz) 6 h ppm: 0.32 (6 H, s, 

Si(CH3)2), 1.12 (9H, s, C(CH3)3), 6.85 (IH , t, J=7.5Hz, ArCH), 6.93 (IH , d, 

J=8.0Hz, ArCH), 7.20 (IH, dt, J=1.5Hz, 7.5Hz, ArCH), 7.56 (IH , dd, J=1.5Hz, 

8.0Hz, ArCH); '^C NMR (CDCI3, lOOMHz) 5c ppm: -4.64 (6 H, s, Si(CH3)2), 17.93 

(C(CH3)3), 25.31 (C(CH3)3), 114.96 (ArC), 119.85 (ArCH), 121.91 (ArCH), 127.78 

(ArCH), 132.97 (ArCH), 152.16 (ArC); GCMS m/z (%): 288 (23), 231 (100), 229 

(87), 150 (39), 135 (29).

(3.20), (2-bromophenoxy)(tert-butyl)diphenylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/= 0.55; Vmax (DCM)/cm'*: 3072.0, 2931.5,

2894.2, 2858.6, 1580.3, 1478.1; 'H NMR (CDCI3 , 400MHz) 5h ppm: 1.27 (9H, s, 

C(CH3)3), 6.58 (IH , dd, J=1.4Hz, 8.0Hz, ArCH), 6.79 (IH, dt, J=1.4, 7.5Hz, ArCH), 

6.91 (IH, dt, J=1.4Hz, 7.5Hz, ArCH), 7.47 (6 H, m, 6  x ArCH), 7.61 (IH , dd.
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J=1.7Hz(av), 7.7H z(av), ArCH), 7.85 (4H, dd, J=1.5Hz, 8.0Hz, 4 x  ArCH); '^C 

NM R (CDCI3 , lOOMHz) 5c ppm: 19.38 (C(CH 3)3), 26.13 (C(CH 3)3), 114.28 (ArC), 

119.53 (ArCH), 121.71 (ArCH), 127.53 (5 x ArCH), 129.72 (2 x ArCH), 131.89 (2 x 

ArC), 132.92 (ArCH), 135.12 (4 x ArCH), 151.92 (ArC); GCMS m/z (%): 410 (1), 

356 (39), 355 (100), 354 (29), 353 (85), 273 (61).

(3.21), (4-bromophenoxy)(tert-butyl)dimethylsilane

M obile phase: hexane/ethyl acetate 4:1, Rf=  0.72; Vmax (DCM)/cm'*: 2956.7, 2930.4, 

2886.7, 2858.7, 1586.6; *H NM R  (CDCI3 , 400M Hz) ShPPhi: 0.21 (6 H, s, Si(CH 3 )2 ), 

0.99 (9H, s, C(CH 3 )3), 6.73 (2H, d, J=8.5H z, 2 x  ArCH), 7.33 (2H, d, J -8 .5H z, 2 x  

ArCH); *̂ C N M R (CDCI3 , lOOMHz) 5c ppm: -4.93 (Si(CH 3)2 ), 17.74 (C(CH 3)3), 

25.17 (C(CH3)3), 113.15 (ArC), 121.46 (2 x ArCH), 131.83 (2 x ArCH), 154.38 

(ArC); GCMS m/z (%):288 (34), 286 (31), 231 (100), 229 (89), 150 (39), 135 (32).

(3.22), (4-bromophenoxy)(tert-butyl)diphenylsilane

M.p.: 44 - 54°C; v^ax (DCM )/cm ’*: 3071.8, 3050.8, 3032.1, 2999.4, 2958.9, 2931.6, 

2893.2, 2858.4, 1584.8; ‘H NM R  (CDCI3, 400M H z) 5HPpm: 1.11 (9H, s, C(CH3)3), 

6.63 (2H, d, J=8.5Hz, 2 x ArCH), 7.18 (2H, d, J=8.5Hz, 2 x ArCH), 7.37 (4H, t, 

J=7.5Hz, 4 x ArCH), 7.43 (2H, m, 2 x ArCH), 7.69 (4H, d, J=6.5Hz, 4 x  ArCH); '^C 

NM R (CDCI3, lOOMHz) 6 c ppm: 18.98 (C(CH3)3), 25.98 (C(CH3)3), 112.89 (ArC), 

121.02 (2 X ArCH), 127.42 (4 x  ArCH), 129.61 (2 x ArCH), 131.63 (2 x ArCH), 

131.95 (2 X  ArC), 135.00 (4 x ArCH), 154.28 (ArC); GCMS m/z (%): 412 (9), 410  

(8 ), 356 (37), 355 (100), 354 (33), 353 (8 6 ), 273 (32).

(3.23), (5-bromo-2-methoxyphenoxy)(tert-butyl)dimethylsilane

M obile phase: hexane R j=  0.92; Vmax (DCM )/cm '’: 3396.1, 2955.1, 2930.4, 2896.3, 

2858.1, 1706.7, 1585.7, 1497.2, 1471.8, 1441.6, 1402.1; 'H NM R (CDCI3, 400M H z) 

Snppm: 0.19 (6 H, s, Si(CH3)2), 1.02 (9H, s, C(CH3)3), 3.8 (3H, s, OCH3), 6.72 (IH , 

d, J=8.5Hz, ArCH), 7.01 (IH , d, J=2.5H z, ArCH), 7.05 (IH , dd, J=2.5Hz, 8.5Hz,
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ArCH); NMR (CDCI3 , lOOMHz) 5c ppm: -5.12 (Si(CH3)2), 17.98 (C(CH3)3), 

25.21 (C(CH3)3), 55.12 (OCH3), 111.88 (ArC), 112.72 (ArCH), 123.61 (ArCH), 

123.96 (ArCH), 145.49 (ArC), 149.97 (ArC).

(3.24), (5-bromo-2-methoxyphenoxy)(tert-butyl)diphenylsilane

M.p.: 50 -  61°C; v^ax (KBr)/cm'^ 3429.9, 3067.6, 2956.5, 2929.4, 2855.9, 1966.2, 

1833.6, 1583.1, 1495.98, 1470.8, 1426.1; 'H  NMR (CDCI3 , 400MHz) 6 h ppm: 1.37 

(9H, s, C(CH3)3), 3.56 (3H, s, OCH3), 6.69 (IH , d, J=9.0Hz, ArCH), 7.10 (IH , dd, 

J=2.5Hz, 8.5Hz, ArCH), 7.18 (IH , d, J=2.0Hz, ArCH), 7.50 (6 H, m, 6  x ArCH), 7.93 

(4H, d, J=7.5Hz, 4 x ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: 19.60 (C(CH3)3), 

26.56 C(CH3)3), 54.86 (OCH3), 111.87 (ArC), 112.99 (ArCH), 123.15 (ArCH), 

124.14 (ArCH), 127.37 (4 x ArCH), 129.56 (2 x ArCH), 132.90 (2 x ArC), 135.00 (4 

X ArCH), 145.62 (ArC), 149.66 (ArC); GCMS m/z (%): 442 (1), 440 (1), 385 (100), 

383 (81), 370 (84), 368 (75), 293 (29), 291 (28).

(3.25), tert-butyldimethyl(naphthalene-4-yloxy)silane

Mobile phase: hexane R/= 0.82; Vmax (DCM)/cm'': 3051.6, 2956.4, 2930.0, 2894.7, 

2858.4, 1626.4, 1592.9, 1575.5, 1507.8; *H NMR (CDCI3, 400MHz) 6 h ppm: 0.39 

(6 H, s, Si(CH3)2), 1.21 (9H, s, C(CH3)3), 6.96 (IH , d, J=7.5Hz, ArCH), 7.39 (IH , t, 

J=8.0Hz, ArCH), 7.54 (3H, m, 3 x ArCH), 7.88 (IH, m, ArCH), 8.30 (IH , m, 

ArCH); *̂ C NMR (CDCI3, lOOMHz) 5c ppm: -4.61 (Si(CH3)2), 18.08 (C(CH3)3), 

25.54 (C(CH3)3), 112.21 (ArCH), 120.54 (ArCH), 122.22 (ArCH), 124.72 (ArCH), 

125.52 (ArCH), 125.75 (ArCH), 127.24 (ArCH), 127.56 (ArC), 134.62 (ArC), 

151.29 (ArC); HRMS: Actual 259.1528, calculated 259.1518, molecular formula 

Ci6H230Si.

(3.26), tert-butyl(naphthalene-4-yloxy)diphenylsilane

Mobile phase: hexane Rf= 0.79; v^ax (DCM)/cm’‘: 3400.6, 2961.3, 2930.0, 2849.8, 

1592.8, 1569.7, 1511.9, 1462.4, 1426.3, 1398.9; *HNMR (CDCI3 , 400MHz) 5HPpm:
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1.32 (9H, s, C(CH3)3), 6.57 (IH, d, J=7.5Hz, ArCH), 7.08 (IH, t, J=7.7Hz (av), 

ArCH), 7.44 (5H, t, J=7.5Hz, 5 x ArCH), 7.50 (2H, t, J=7.0Hz, 2 x ArCH), 7.59 (2H, 

m, 2 X ArCH), 7.88 (5H, m, 5 x ArCH), 8.63 (IH, d, J=8.5Hz, ArCH); *̂ C NMR 

(CDCI3, lOOMHz) 5c ppm: 19.35 (C(CH3)3), 26.27 ( € ( ^ 3)3), 112.56 (ArCH), 

120.26 (ArCH), 122.14 (ArCH), 124.92 (ArCH), 125.40 (ArCH), 125.82 (ArCH), 

127.02 (ArC), 127.33 (ArCH), 127.52 (4 x ArCH), 129.62 (2 x ArCH), 132.07 (2 x 

ArC), 134.56 (ArC), 135.11 (4 x ArCH), 150.86 (ArC); GCMS m/z (%): 382 (50), 

325 (89), 248 (43), 247 (100), 202 (31).

(3.27), (3,4,5-trimethoxyphenoxy)(tert-butyl)dimethylsilane

M.p.: 60 -  69°C; ’H NMR (CDCI3, 400MHz) 5h ppm; 0.22 (6 H, s, Si(CH3)2), 1.00 

(9H, s, C(CH3)3), 3.79 (3H, s, OCH3), 3.82 (6 H, s, 2 x OCH3), 6.08 (2H, s, 2 x 

ArCH); '^C NMR (CDCI3, lOOMHz) 5c ppm: -4.84 (Si(CH3)2), 17.70 (C(CH3)3),

25.23 (C(CH3)3), 55.47 (2 x OCH3), 60.52 (OCH3), 96.98 (2 x ArCH), 132.21 (ArC), 

151.54 (ArC), 152.97 (2 x ArC); v^ax (DCM)/cm’‘: 3452.1, 3003.6, 2954.6, 2935.8, 

2897.7, 2857.1, 1591.4, 1504.1, 1457.4, 1414.6; GCMS w/z (%): 298 (18), 255 (18), 

143 (19), 87 (6 8 ), 74 (100), 55 (59).

(3.28), (3,4,5-trimethoxyphenoxy)(tert-butyl)diphenylsilane

M.p.: 64 -  83°C; v^ax (DCM)/cm'‘: 3514.6, 3071.3, 3048.9, 2998.8, 2934.1, 2894.2, 

2857.9, 1592.2, 1503.8; 'H NMR (CDCI3, 400MHz) 5HPpm: 1.16 (9H, s, (C(CH3)3), 

3.56 (6 H, s, 2 X OCH3), 3.76 (3H, s, OCH3),5 . 9 9  (2H, s, 2 x ArCH), 7.39 (6 H, m, 6  x 

ArCH), 7.76 (4H, d, J=6.5Hz, 4 x ArCH); *̂ C NMR (CDCI3, lOOMHz) 6c ppm: 

19.07 (C(CH3)3), 26.12 (C(CH3)3), 55.24 (2 x OCH3), 60.52 (OCH3), 96.69 (2 x 

ArCH), 127.37 (4 x ArCH), 129.54 (2 x ArCH), 131.76 (ArC), 132.57 (2 x ArC),

135.23 (4 X ArCH), 151.61 (ArC), 152.71 (2 x ArQ; GCMS m/z (%): 422 (71), 366 

(43), 365 (100).
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(3.29), (2-methoxyphenoxy)(tert-butyl)dimethylsilane

Mobile phase: hexane/ethyl acetate 4:1, R/= 0.56; Vmax (DCM)/cm'': 3065.7, 3039.9, 

2955.4, 2930.2, 2896.0, 2858.0, 2835.7, 1592.8, 1504.4; 'H NMR (CDCI3 , 400MHz) 

6 h ppm: 0.21 (6 H, s, Si(CH3)2), 1.06 (9H, s, (C(CH3 )3), 3.84 (3H, s, OCH3), 6.91 

(4H, m, 4 X ArCH); ‘̂ C NMR (CDCI3 , lOOMHz) 6 c ppm: -5.06 (Si(CH3)2), 18.03 

(C(CH3)3), 25.31 (C(CH3)3), 54.97 (OCH3), 111.70 (ArCH), 120.44 (ArCH), 120.63 

(ArCH), 121.31 (ArCH), 144.61 (ArC), 15.60 (ArC); GCMS m/z (%): 238 (1), 181 

(100), 167 (26), 166 (100), 151 (47), 136 (23).

(3.30), (2-methoxyphenoxy)(tert-butyl)diphenylsilane

Mobile phase: hexane/ethyl acetate 4:1, R/= 0.51; Vmax (DCM)/cm'': 3070.8, 2998.5, 

2931.1, 2893.9, 2857.2, 1590.5, 1503.7; 'H NMR (CDCI3 , 400MHz) 5h ppm: 1.25 

(9H, s, (C(CH3)3), 3.64 (3H, s, OCH3), 6.74 (IH, t, J=8.2Hz(av), ArCH), 6.85 (IH, d, 

J=7.5Hz, ArCH), 6.90 (IH, t, J=7.5Hz, ArCH), 7.44 (6 H, m, 6  x ArCH), 7.83 (4H, d, 

J=6.5Hz, 4 x ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: 19.44 (C(CH3)3), 26.33 

(C(CH3)3), 54.92 (OCH3), 111.98 (ArCH), 119.93 (ArCH), 120.28 (ArCH), 121.20 

(ArCH), 127.12 (4 x ArCH), 129.22 (2 x ArCH), 133.28 (2 x ArC), 135.02 (4 x 

ArCH), 144.71 (ArC), 150.21 (ArC); GCMS m/z (%): 306 (41), 305 (100), 289 (39), 

290 (8 6 ), 213 (43).

(3.31), (5-isopropyl-2-methylphenoxy)(tert-butyl)dimethylsilane

Mobile phase: hexane Rf= 0.78; v^ax (DCM)/cm‘': 3020.1, 2958.92 2930.3, 2895.7, 

2859.6, 1612.1, 1574.7; 'H NMR (CDCI3, 400MHz) §HPpm: 0.34 (6 H, s, Si(CH3)2), 

1.14 (9H, s, C(CH3)3), 1.33 (6 H, d, J=7.0Hz, CH(CH3)2 ), 2.29 (3H, s, CH3), 2.93 

(IH, m, CHCH3), 6.77 (IH, s, ArCH), 6.83 (IH, d, J=8.0Hz, ArCH), 7.15 (IH, d, 

J=7.5Hz, ArCH); *̂ C NMR (CDCI3 , lOOMHz) 6 c ppm: -4.49 (Si(CH3)2), 16.06 

(CH3), 17.89 (C(CH3)3), 23.71 (2 x CH3), 25.43 (C(CH3)3), 33.30 (CH), 116.28 

(ArCH), 118.58 (ArCH), 125.6 (ArC), 130.28 (ArCH), 147.26 (ArC), 153.33 (ArC); 

HRMS: Actual 265.1982, calculated 265.1988, molecular formula Ci6H2 9 0 Si.
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(3.32), (5-isopropyl-2-methylphenoxy)(tert-butyl)diphenylsilane

Mobile phase; hexane R f =  0.75; Vmax (DCM)/cm'’: 3072.05, 3050.45, 2958.92, 

2931.59, 2893.56, 2858.97, 1622.52, 1573.23; 'H NMR (CDCI3, 400MHz) 6 HPpm: 

0.92 (6 H, d, J=7.0Hz, 2 x CHCH3), 1.23 (9H, s, C(CH3)3), 2.45 (3H, s, CH3), 2.58 

(IH, m, CHCH3), 6.36 (IH , s, ArCH), 6.71 (IH, d, J=7.5Hz, ArCH), 7.13 (IH, d, 

J=7.5Hz, ArCH), 7.44 (6 H, m, 6  x ArCH), 7.81 (4H, d, J=6.5Hz, 4 x ArCH); *̂ C 

NMR (CDCI3 , lOOMHz) 5c ppm: 16.28 (CH3), 19.28 (C(CH3)3), 23.24 (2 x CH3), 

26.32 (C(CH3)3), 32.91 (CH), 116.44 (ArCH), 118.33 (ArCH), 125.02 (ArC), 127.34 

(4 X ArCH), 129.40 (2 x ArCH), 129.95 (ArCH), 132.82 (2 x ArC), 135.13 (4 x 

ArCH), 146.85 (ArC), 153.25 (ArC); HRMS: Actual 411.2128, calculated 411.2120, 

molecular formula C2 6H3 2 0 SiNa.

(3.33), (5-isopropyl-2-methylcyclohexyloxy)(tert-butyl)dimethylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/=  0.67; Vmax (DCM)/cm’': 2956.5, 2928.6, 

2858.3, 1471.9; 'H NMR (CDCI3 , 400MHz) 5h ppm: 0.08 (3H, s, Si(CH3 )2 ), 0.09 

(3H, s, Si(CH3 )2 ), 0.74 (3H, d, J=7.0Hz, CH3 ), 0.81 (IH, m, CH), 0.91 (12H, s, 

C(CH3 )3 , CH3 ), 0.93 (3H, s, CH3), 0.99 (2H, m, CH2 ), 1.13 (IH, m, CH), 1.39 (IH, s, 

CH), 1.63 (2H, m, CH2 ), 1.87 (IH, d, J=12.5Hz, CH2 ), 2.24 (IH, m, CH2 ), 3.38 (IH, 

m, CH); ‘^C NMR (CDCI3 , lOOMHz) 8 c ppm: -5.25 (CH3), -4.15 (CH3 ), 15.26 

(CH3), 17.64 (C(CH3)3 ), 20.91 (CH3), 21.93 (CH3), 22.23 (CH2 ), 24.51 (CH), 25.48 

(C(CH3)3), 31.23 (CH), 34.12 (CH2 ), 45.02 (CH2), 49.78 (CH), 71.89 (CH); GCMS 

m/z (%): 269 (1), 213 (100), 137 (51), 81 (49), 75 (100).

(3.34), (5-isopropyl-2-methylcyclohexyloxy)(tert-butyl)diphenylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/=  0.63; Vmax (DCM)/cm‘‘: 3071.1, 3049.4, 

3014.1, 2998.3, 2955.9, 2929.6, 2858.1, 1589.8, 1486.9; *H NMR (CDCI3 , 400MHz) 

5h ppm: 0.56 (3H, d, J=7.0Hz, CH3 ), 0.77 (3H, d, J=6.0Hz, CH3), 0.83 (2H, m, 2 x 

CH), 0.94 (3H, d, J=7.0Hz, CH3 ), 1.05 (IH, d, J=13.6Hz, CH), 1.10 (9H, s, 

C(CH3 )3), 1.31 (2H, m, 2 x CH), 1.59 (2H, d, J=7.0Hz, CH2 ), 1.76 (IH, d, J=11.5Hz,
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CHi), 2.46 (IH, m, CHa), 3.45 (IH, m, CH), 7.42 (6 H, m, 6  x ArCH), 7.74 (4H, m, 4 

X ArCH); '^C NMR (CDCI3 , lOOMHz) 5c ppm: 15.10 (CH3), 19.07 (C(CH3)3), 20.97 

(CH3), 21.82 (CH3), 22.14 (CH2), 24.66 (C(CH3)3), 31.10 (CH), 34.05 (CH2), 44.70 

(CH2), 50.01 (CH), 73.28 (CH), 126.78 (2 x ArCH), 127.04 (2 x ArCH), 128.81 

(ArCH), 129.03 (ArCH), 133.77(ArC), 135.02 (ArC), 135.58 (2 x ArCH), 135.61 (2 

X ArCH); GCMS m/z (%): 394 (<1), 338 (39), 337 (93), 200 (39), 199 (100), 181 

( 12).

(3.35), tert-butyl(benzyloxy)dimethylsilane

Mobile phase: hexane Rf= 0.80; v^ax (DCM)/cm'‘: 3089.2, 3065.9, 3030.5, 2955.8, 

2929.5, 2885.5, 2857.3, 1496.5; 'H NMR (CDCI3 , 400MHz) 6 h ppm: 0.20 (6 H, s, 

Si(CH3)2), 1.05 (9H, s, C(CH3 )3), 4.84 (2H, s, CH2), 7.33 (IH, m, ArCH), 7.42 (4H, 

d, J=4.5Hz, 4 X ArCH); ’̂ C NMR (CDCI3 , lOOMHz) 5c ppm: -5.62 (Si(CH3)2), 18.04 

(C(CH3)3), 2.59 (C(CH3)3), 64.56 (CH2 ), 125.62 (2 x ArCH), 126.48 (ArCH), 127.81 

(2 X ArCH), 141.01 (ArC); GCMS m/z (%): 222 (<1), 166 (41), 165 (100), 135 (96), 

91 (100).

(3.36), tert-butyl(benzyloxy)diphenylsilane

Mobile phase: hexane Rf= 0.78; Vmax (DCM)/cm‘': 3070.0, 3028.9, 2958.6, 2930.8, 

2891.2, 2857.5; *H NMR (CDCI3 , 400MHz) 5h ppm: 1.44 (9H, s, C(CH3)3), 5.11 

(2H, s, CH2), 7.53 (IH, m, ArCH), 7.63 (lOH, m, 10 x ArCH), 8.05 (4H, d, J=6.0Hz, 

4 X  ArCH); *̂ C NMR (CDCI3 , lOOMHz) 6 c  ppm: 19.19 (C(CH3)3), 26.74 (C(CH3)3), 

65.35 (CH2), 125.76 (2 x ArCH), 126.73 (ArCH), 127.62 (4 x ArCH), 128.07 (2 x 

ArCH), 129.58 (2 x ArCH), 133.33 (2 x ArC), 135.43 (4 x ArCH), 140.87 (ArC); 

HRMS: Actual 369.1642, calculated 369.1651, molecular formula C23H2 6 0 SiNa.

(3.37), 4-(tert-butyl)dimethylsilyloxy(phenethyloxy)(tert-butyl)dimethylsilane

Mobile phase: hexane/ethyl acetate 4:1, R/= 0.73; Vmax (DCM)/cm'’: 3265.0, 3019.3, 

2931.4, 2881.0, 2856.4, 1615.3, 1517.0; *H NMR (CDCI3 , 400MHz) Snppm: 0.003
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(6 H, s, Si(CH3)2), 0.21 (6 H, s, Si(CH3)2), 0.90 (9H, s, C(CH3)3), 1.01 (9H, s, 

C(CH3)3), 2.76 (2H, t, J=7.0Hz, CH2), 3.77 (2H, t, J=7.0Hz, CH2), 6.77 (2H, d, 

J=8.5Hz, 2 X ArCH), 7.06 (2H, d, J=8.0Hz, 2 x ArCH).; ^̂ C NMR (CDCI3 , lOOMHz) 

5c ppm: -5.84 (Si(CH3)2), -4.88 (Si(CH3)2), 17.77 (C(CH3)3), 17.92 (C(CH3)3), 25.28 

(C(CH3)3), 25.50 (C(CH3)3), 38.35 (CH2), 64.32 (CH2), 119.37 (2 x ArCH), 129.58 

(2 X  ArCH), 131.47 (ArC), 153.48 (ArC); GCMS m/z (%): 366 (<1), 310 (43), 309 

(100), 235 (43), 219 (61), 193 (19), 73 (45).

(3.38), l-((tert-butyl)diphenylsilyloxy-4-((tert-butyl)diphenylsilyloxyethyl)benzene

M.p.: 79 -  8 6 °C; v^ax (DCM)/cm’’: 3402.4, 3068.7, 2956.0, 2929.6, 2857.2, 1719.6, 

1606.0, 1510.0; ^H NMR (CDCI3, 400MHz) 5h ppm: 1.04 (9H, s, C(CH3)3), 1.14 

(9H, s, C(CH3)3), 2.77 (2H, t, J=7.0Hz, CH2), 3.78 (2H, t, J=7.0Hz, CH2), 6.71 (2H, 

d, J=8.5Hz, 2 X  ArCH), 6.91 (2H, d, J=8.5Hz, 2 x ArCH), 7.36 (8 H, q, J=7.2Hz(av), 

8  x ArCH), 7.43 (4H, m, 4 x ArCH), 7.61 (4H, d, J=6.5Hz, 4 x ArCH), 7.76 (4H, d, 

J=8.0Hz, 4 x ArCH); ’ Ĉ NMR (CDCI3, lOOMHz) 5c ppm: 18.71 (C(CH3)3), 19.04 

(C(CH3)3), 26.12 (C(CH3)3), 26.39 (C(CH3)3), 37.98 (CH2), 64.75 (CH2), 118.84 ( 2  x 

ArCH), 127.15 (5 X ArCH), 127.31 (4 x ArCH), 129.08 (2 x ArCH), 129.38 (2 x 

ArCH), 129.52 (2 x ArCH), 131.06 (ArC), 132.65 (2 x ArC), 133.40 (2 x ArC), 

135.08 (3 X ArCH), 135.15 (4 x ArCH), 153.45 (ArC).

(3.39), 4-(tert-butyl)dimethylsilyloxy(benzyloxy)(tert-butyl)dimethylsilane

Mobile phase: hexane R /=  0.65; Vmax (DCM)/cm‘*: 3350.2, 2955.0, 2929.7, 2884.4, 

2857.5, 1881.5, 1614.9, 1599.7, 1516.1, 1471.3, 1463.4; ‘H NMR (CDCI3, 600MHz) 

SHPpm: 0.13 (6 H, s, Si(CH3)2), 0.23 (6 H, s, Si(CH3)2), 0.98 (9H, s, C(CH3)3), 1.03 

(9H, s, C(CH3)3), 4.71 (2H, s, CH2), 6.84 (2H, d, J=8.5Hz, 2 x ArCH), 7.21 (2H, d, 

J=8.5Hz, 2 X ArCH); '^C NMR (CDCI3, lOOMHz) 5c ppm: -5.32 (Si(CH3)2), -4.56 

(Si(CH3)2), 18.07 (C(CH3)3), 18.29 (C(CH3)3), 25.58 (C(CH3)3), 25.85 (C(CH3)3), 

64.66 (CH2), 119.66 (ArCH), 127.27 (ArCH), 134.03 (ArC), 154.48 (ArC); GCMS 

m/z (%): 352 (8 ), 295 (77), 222 (47), 221 (100), 179 (21), 147 (21), 73 (60).
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(3.40), l-((tert-butyl)diphenylsilyloxy-4-((tert-butyl)diphenylsilyloxymethyl) 

benzene

Mobile phase: hexane Rf= 0.60; v„,ax (DCM)/cm'*: 3400.0, 3071.1, 2958.3, 2931.0, 

2891.9, 2857.5, 1609.4, 1509.5, 1472.2, 1427.9; ‘H N M R (CDCI3, 400MHz) 5HPpm: 

1.41 (9H, s, C(CH3)3), 1.46 (9H, s, C(CH3)3), 4.98 (2H, s, CH2), 7.12 (2H, d, 

J=8.1Hz, 2 X ArCH), 7.41 (2H, d, J=8.0Hz, 2 x ArCH), 7.64 (12H, m, 12 x ArCH), 

8.01 (4H, d, J=6.5Hz, 4 x ArCH), 8.09 (4H, d, J=6.5Hz, 4 x ArCH); *̂ C NMR 

(CDCI3, lOOMHz) 5c ppm: 19.15 (C(CH3)3 ), 19.34 (C(CH3)3), 26.45 (C(CH3)3), 

26.75 (C(CH3)3), 65.15 (CH2 ), 119.29 (2 x ArCH), 127.03 (2 x ArCH), 127.55 (4 x 

ArCH), 127.65 (4 x ArCH), 129.51 (2 x ArCH), 129.75 (ArCH), 132.86 (2 x ArC), 

133.43 (3 X ArC), 135.39 (4 x ArCH), 135.44 (4 x ArCH), 154.42 (ArC); GCMS m/z 

(%): 549 (27), 465 (36), 345 (100), 303 (24), 183 (48).

(3.41), 4-hydroxyphenethyloxy(tert-butyl)dimethylsilane

M.p.: 6 6  -  79°C; v^x  (DCM)/cm’‘: 3267.3, 2930.7, 2856.6, 1612.4, 1516.9, 1470.0, 

1445.3; 'H NMR (CDCI3 , 400MHz) 6 h ppm: 0.01 (6 H, s, Si(CH3)2 ), 0.90 (9H, s, 

C(CH3 )3), 2.75 (2H, t, J=7.2Hz(av), CH2), 3.77 (2H, t, J=7.2Hz(av), CH2), 4.97 (IH, 

s, OH), 6.76 (2H, d, J=8.5Hz, 2 x ArCH), 7.08 (2H, d, J=8.5Hz, 2 x ArCH); ‘^C 

NMR (CDCI3 , lOOMHz) 5c ppm: -5.82 (Si(CH3)2 ), 17.93 (C(CH3)3), 25.50 

(C(CHb)3), 38.21 (CH2), 64.38 (CH2), 114.61 (2 x ArCH), 129.81 (2 x ArCH), 

130.81 (ArC), 153.46 (ArC); GCMS m/z (%): 195 (100), 177 (36), 107 (27), 75 (31).

(3.42), 4-hydroxybenzyloxy(tert-butyl)dimethylsilane

Mobile phase: hexane Rf= 0.54; v^ax (DCM)/cm-‘: 3350.2, 3025.6, 2954.8, 2929.5, 

2857.4, 1674.8, 1614.6, 1599.7, 1515.7, 1463.2; ^HNMR (CDCI3 , 400MHz) Snppm: 

0.12 (6 H, s, Si(CH3)2), 0.96 (9H, s, C(CH3)3 ), 4.69 (2H, s, CH2 ), 5.27 (IH, br.s, OH), 

6 . 6 8  (2H, d, J=8.5Hz, 2 x ArCH), 7.20 (2H, d, J=8.5Hz, 2 x ArCH); ’^C NMR 

(CDCI3 ,lOOMHz) 5c ppm: -5.60 (Si(CH3)2), 18.01 (C(CH3)3), 25.55 (C(CH3)3),
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64.40 (CH2), 114.67 (2 x ArCH), 127.44 (2 x ArCH), 132.97 (ArC), 154.18 (ArC); 

GCMS m/z (%): 238 (6 ), 223 (11), 181 (100), 107 (49), 77 (27), 75 (100).

(3.43), tert-butyl(cyclohex-2-enyloxy)dimethylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/= 0.75; Vmax (DCM)/cm'^: 3027.8, 2930.2,

2886.2, 258.1, 1651.0; *H NMR (CDCI3 , 400MHz) 6 HPpm: 0.10 (6 H, s, Si(CH3)2), 

0.92 (9H, s, C(CH3)3), 1.57 (2H, m, CH2 ), 1.80 (2H, m, CH2), 2.01 (2H, m, CH2), 

4.24 (IH, s, CHO), 5.63 (IH , d, J=10.04Hz, CH), 5.77 (IH , d, J=10.04Hz, CH); *̂ C 

NMR (CDCI3 , lOOMHz) 5c ppm: -5.07 (Si(CH3)2 ), 17.79 (C(CH3)3), 19.23 (CH2), 

24.50 (CH2), 25.47 (C(CH3)3), 32.09 (CH2), 66.24 (CHO), 128.48 (CH), 

130.73(CH); GCMS m/z (%): 212 (5), 155 (100), 79 (32), 77 (32), 75 (100).

(3.44), tert-butyl(cyclohex-2-enyloxy)diphenylsilane

Mobile phase: hexane/ethyl acetate 3:1, R/= 0.71; Vmax (DCM)/cm'’: 3070.4, 3048.8,

3027.2, 2931.6, 2858.0, 1958.5, 1888.8, 1822.7, 1650.5, 1589.4, 1472.3, 1427.6; ‘H 

NMR (CDCI3, 400MHz) 5h ppm: 1.19 (9H, s, C(CH3)3), 1.54 (IH , m, CH2), 1.78 

(2H, m, CH2), 1.86 (IH , m, CH2), 1.98 (IH, m, CH2), 2.09 (IH , m, CH2), 4.35 (IH, 

s, CHO), 5.71 (IH , m, CH), 5.80 (IH , m, CH), 7.47 (6 H, m, 6  x ArCH), 7.81 (4H, d, 

J=7.0Hz, 4 X ArCH); '^C NMR (CDCI3, lOOMHz) 6c ppm: 18.84 (C(CH3)3), 19.05 

(CH2), 24.68 (CH2), 26.66 (C(CH3 )3), 31.82 (CH2 ), 66.83 (CHO), 127.14 (4 x 

ArCH), 128.81 (CH), 129.14 (2 x ArCH), 130.43 (CH), 134.22 (2 x ArC), 135.47 (2 

X  ArCH), 135.49 (2 x ArCH); GCMS m/z (%): 336 (<1), 280 (22), 279 (65), 200 

(34), 199(100).

Synthesis o f  (3.45), (5-((Z)-6,7-dihydro-2,3,4-trimethoxy-5H-benzol7]annulen-9- 

yl)-methoxy phenoxy(tert-butyl)diphenylsilane

To a stirred solution o f (2.01) (0.1 Og, 0.28mmol) in DMF (5ml) was added imidazole 

(0.04g, 0.56mmol) and TBDPSCl (0.08g, 0.28mmol). The reaction was stirred at 

room temperature for three days. On completion the reaction was quenched by the
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addition of H2O (10ml) and the product extracted with diethyl ether (3 x 10ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated in vacuo to afford the crude product. The product was purified by flash 

column chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 

7:1; hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

removed under reduced pressure to yield the desired product as a yellow oil (0.15g, 

90%). Vmax (DCM)/cm'‘: 2931.1, 2856.9, 1590.5, 1568.3, 1510.9, 1463.2, 1428.1; *H 

NMR (CDCI3, 400MHz) 5HPpm: 1.16 (9H, s, C(CH3)3), 1.85 (2H, q, J=7.0Hz, CH2), 

2.08 (2H, m, CH2), 2.56 (2H, t, J=7.0Hz, CH2), 3.61 (3H, s, OCH3), 3.63 (3H, s, 

OCH3), 3.91 (3H, s, OCH3), 3.95 (3H, s, OCH3), 6.07 (IH , t, J=7.0Hz, CH), 6.26 

(IH, s, ArCH), 6 . 6 6  (IH , d, J=2.0Hz, ArCH), 6.72 (IH , d, J=8.5Hz, ArCH), 6.77 

(IH, dd, J=1.7Hz(av), 8.3Hz(av), ArCH), 7.33 (6 H, m, 6  x ArCH {TBDPS}), 7.71 

(4H, d, J=6.5Hz, 4 x ArCH {TBDPS}); '^C NMR (CDCI3 , lOOMHz) 5c ppm; 19.36 

(C(CH3)3), 23.03 (CH2), 24.94 (CH2), 26.34 (C(CH3)3), 34.52 (CH2), 55.08 (OCH3), 

55.34 (OCH3), 60.43 (OCH3), 61.10 (OCH3), 108.16 (ArCH), 111.49 (ArCH), 

119.54 (ArCH), 120.49 (ArCH), 126.32 (ArCH), 127.00 (4 x ArCH), 127.57 (ArC), 

129.13 (2 X ArCH), 133.20 (ArC), 134.75 (2 x ArC), 134.98 (4 x ArCH), 135.68 

(ArC), 140.45 (ArC), 141.69 (ArC), 144.23 (ArC), 149.35 (ArC), 150.26 (ArC), 

150.29 (ArC); GCMS m/z (%): 594 (6 ), 537 (100), 523 (72), 494 (10).

Synthesis o f the Boronic Acid (3.47)

To a dry, evacuated three-necked round bottomed flask under an atmosphere of 

nitrogen was added a solution of (3.24) (0.50g, 1.16mmol) in anhydrous THF 

(0.60ml). This was stirred at -78°C for five minutes before adding 2.5M n-Buli 

(0.75ml, 1.86mmol). Tri-isopropylborate (1.13g, 6.05mmol) was added and the 

solution was stirred at this temperature for two hours. The temperature was then 

increased to -20°C for a further two hours, before being increased to room 

temperature and stirred overnight. On completion the reaction was quenched by the 

addition of H2O (5ml) and the product extracted with diethyl ether (3 x 10ml). The 

combined organic firactions were dried over magnesium sulphate, filtered and 

concentrated in vacuo to afford the crude product. The product was then purified by
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flash column chromatography (stationary phase, silica gel 230-400 mesh; mobile 

phase, 6:1; hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent removed under vacuum to afford (3.47) as an off-white solid (0.32g, 6 8 %). 

M.p.: 135-137°C; v^ax (DCM)/cm'^ 3400.2, 3214.0, 3071.4, 2961.3, 2931.2, 2857.3, 

1591.0, 1504.5, 1455.9, 1428.0; NMR (CDCI3, 400MHz) 5h ppm: 1.29 (9H, s, 

C(CH3)3), 3.63 (3H, s, OCH3), 6.89 (IH, d, J=8.0Hz, ArCH), 7.47 (6 H, d, J=6.0Hz, 6  

X ArCH), 7.61 (IH, d, J=7.5Hz, ArCH), 7.70 (IH, s, ArCH), 7.87 (4H, m, 4 x 

ArCH); ^̂ C NMR (CDCI3 , lOOMHz) 6 c ppm: 19.52 (C(CH3)3), 26.43 (C(CH3)3), 

54.48 (OCH3), 110.85 (ArCH), 126.43 (ArCH), 127.07 (4 x ArCH), 129.14 (2 x 

ArCH), 129.87 (ArCH), 133.49 (2 x ArC), 135.00 (4 x ArCH), 144.14 (2 x ArC), 

153.75 (ArC); GCMS m/z (%): 407 (17), 405 (15), 350 (21), 348 (22), 327 (29), 207 

(35).

Suzuki coupling, synthesis o f 5-(E)-6,7-dihydro-8-((3-hydroxy-4- 

methoxyphenoxyl)((tert-butyl)diphenylsilane)-2,3,4-trimethoxy-5H- 

benzo[7]annulen-9-yl)-2-methoxyphenoxyl)(tert-butyl)dimethylsilane, (3.46)

The brominated compound (2.13) (0.1 Og, 0.18 mmol), the boronic acid (3.47) (0.09g, 

0.22 mmol) and potassium carbonate (0.07g, 0.54 mmol) were dissolved in a mixture 

of toluene, ethanol and water (3:1:1, 10ml). To this mixture was added Pd(PPh3)4  

(0.0 Ig, 0.009 mmol) under an atmosphere of nitrogen. The reaction was refluxed for 

2 hours and on completion was diluted by the addition of ethyl acetate (30ml). H2O 

(15ml) was added and the product extracted in ethyl acetate (3 x 15ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 10:1; 

hexane/ethyl acetate). All homogenous fi-actions were collected and the solvent 

removed under vacuum to afford (3.46) as a colourless oil (0.1 Ig, 73%). Mobile 

phase: hexane/ethyl acetate 4:1, Rf= 0.63; Vmax (DCM)/cm'': 3407.2, 2931.2, 2855.8, 

2598.8, 1577.0, 1509.2, 1463.6; ‘H NMR (CDCI3, 400MHz) 5h ppm: 0.00 (6 H, s, 

Si(CH3)2), 0.93 (9H, s, C(CH3)3), 1.11 (9H, s, C(CH3)3), 1.92 (2H, m, CHi), 1.97 

(2H, m, CH2), 2.64 (2H, t, J=7.0Hz, CH2), 3.58 (6 H, 2 x s, 2 x OCH3), 3.76 (3H, s.
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OCHs), 3.90 (6 H, 2 x s, 2 x OCH3), 6.16 (IH, s, ArCH), 6.36 (IH, dd, J=2.0Hz, 

8.0Hz, ArCH), 6.41 (IH, d, J=2.0Hz, ArCH), 6.51 (IH, s, ArCH), 6.57 (3H, m, 3 x 

ArCH), 7.35 (6 H, m, 6  x ArCH {tBDPS}), 7.67 (4H, d, J=6.5Hz, 4 x ArCH 

{tBDPS}); ‘^C NMR (CDCI3 , lOOMHz) 6 c ppm: -5.30 (Si(CH3)2), 17.90 (C(CH3)3), 

19.33 (C(CH3)3), 22.72 (CH2 ), 25.26 (C(CH3)3), 26.13 (C(CH3)3 ), 33.26 (CH2), 33.78 

(CH2 ), 54.96 (OCH3), 55.25 (OCH3), 60.42 (OCH3), 61.17 (OCH3), 108.67 (ArCH), 

110.66 (ArCH), 111.26 (ArCH), 121.22 (ArCH), 122.53 (ArCH), 123.69 (ArCH), 

124.37 (ArCH), 126.78 (ArC), 126.98 (4 x ArCH), 129.06 (2 x ArCH), 133.15 (2 x 

ArC), 134.68 (ArC), 135.03 (4 x ArCH), 135.21 (ArC), 136.25 (ArC), 138.42 (ArC),

138.71 (ArC), 140.27 (ArC), 143.32 (ArC), 143.91 (ArC), 148.49 (ArC), 148.90 

(ArC), 149.96 (ArC), 150.30 (ArC).

Deprotection o f (3.46) to afford 5-(E)-6,7-dihydro-8-((3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol,

(3.48)

Compound (3.48) was prepared and purified as described previously for (3.09) using 

(3.46) in place of (3.02). Product isolated as a yellow oil (0.09g, 95%). Mobile 

phase: hexane/ethyl acetate 4:1, R /=  0.55; Vmax (DCM)/cm‘*: 3408.9, 3054.2, 2961.3, 

2925.9, 2854.1, 2305.7, 1713.5, 1463.2; *H NMR (CDCI3 , 400MHz) 5h ppm: 1.06 

(9H, s, C(CH3)3), 1.95 (2H, m, CH2 ), 2.05 (2H, m, CH2), 2.66 (2H, t, J=6.5Hz, CH2), 

3.46 (3H, s, OCH3), 3.62 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.91 (3H, s, OCH3), 

5.36 (IH, s, OH), 6.18 (IH, s, ArCH), 6.32 (IH, d, J=8.0Hz, ArCH), 6.45 (IH, s, 

ArCH), 6.51 (3H, m, 3 x ArCH), 6.61 (IH, d, J=8.5Hz, ArCH), 7.35 (6 H, m, 6  x 

ArCH), 7.64 (4H, m, 4 x ArCH). ‘̂ C NMR (CDCI3 , lOOMHz) 6 c ppm: 19.32 

(C(CH3)3), 22.68 (CH2 ), 26.10 (C(CH3)3), 33.44 (CH2), 33.68 (CH2), 54.69 (OCH3), 

55.19 (OCH3), 55.46 (OCH3), 60.43 (OCH3), 61.15 (OCH3), 108.84 (ArCH), 109.07 

(ArCH), 111.07 (ArCH), 116.89 (ArCH), 121.48 (ArCH), 122.18 (ArCH), 122.81 

(ArCH), 126.92 (4 x ArCH), 128.98 (2 x ArCH), 133.19 (2 x ArC), 134.71 (ArC), 

134.93 (4 X ArCH), 135.08 (ArC), 135.33 (ArC), 136.22 (ArC), 138.45 (ArC),

138.72 (ArC), 140.41 (ArC), 143.71 (ArC), 144.06 (ArC), 144.32 (ArC), 148.39 

(ArC), 150.00 (ArC), 150.39 (ArC).
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Hybrid Compounds

Attempted synthesis o f  N-Boc-Gly-(2.01), (4.04)

A^-Boc-glycine (0.06g, 0.34mmol), 2,6-dichlorobenzoylchloride (0.04g, O.lSmmol), 

DMAP (0.08g, 0.67mmol) and DIPEA (0.07ml, 0.42mmol) were dissolved in dry 

DCM (3ml) at 0°C. The reaction was stirred at this temperature for five minutes 

before increasing the temperature to ambient. After the addition of (2.01) (0.06g, 

O.lTmmol) the reaction was allowed to stir for a further twenty four hours. TLC 

analysis of the reaction mixture indicated only partial formation of a product which 

had a similar Rf to the starting material (2.01). The reaction was quenched by the 

addition of H2 O (5ml) and the product extracted with diethyl ether (3 x 10ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated under reduced pressure to afford the crude mixture. Attempted 

purification by flash column chromatography (stationary phase, silica gel 230-400 

mesh; mobile phase, 1 0 :1 ; hexane/ethyl acetate) resulted in a mixture o f starting 

material and product which was not characterised.

Synthesis o f  N-Boc-Gly-(2.01), (4.04)

To a stirred solution o f (2.01) (0.05g, 0.14mmol) in dry DCM (5ml) was added N- 

Boc-glycine (0.05g, 0.28mmol) and DMAP (O.Olg, 0.08mmol). EDC. HCl (0.05g, 

0.28mmol) was then added slowly. The reaction was stirred under N 2  for one hour 

before being quenched by the addition o f H2 O (10ml). The product was extracted 

with diethyl ether (3 x 15ml) and the combined ether fractions were dried over 

magnesium sulphate, filtered and concentrated under vacuum. The resulting residue 

was purified by flash column chromatography (stationary phase, silica gel 230-400 

mesh; mobile phase, 8:1; hexane/ethyl acetate). The homogenous fractions were 

collected and the solvent was removed under reduced pressure to yield (4 .04) as a 

cream solid (0.06g, 83%). M.p.: 127-130°C; v^ax (KBr)/cm'*: 3426.8, 2980.6, 

2933.1,2855.1, 1775.8, 1719.6, 1614.3, 1511.2, 1452.7; *H NMR (CDCI3 , 600MHz) 

6 h ppm: 1.48 (9H, s, C(CH3 )3), 1.96 (2H, m, CH2 ), 2.13 (2H, m, CH2 ), 2.64 (2H, t,
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J=6.7Hz, CH2), 3.71 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.95 

(3H, s, OCH3), 4.21 (2H, s, CH2 (Gly)), 5.09 (IH , br.s, NH), 6.38 (2H, m, ArCH & 

C=CH), 6.91 (IH, d, J=8 .6 Hz, ArCH), 7.01 (IH , s, ArCH), 7.18 (IH , d, J=7.5Hz, 

ArCH); '^C NMR (CDCI3 , 150MHz) 6 c ppm; 23.56 (CH2), 25.53 (CH2), 28.30 

(C(CH3)3), 34.94 (CH2), 42.30 (CH2 (Gly)), 55.94 (OCH3 ), 56.03 (OCH3), 60.83 

(OCH3), 61.50 (OCH3), 80.08 (C(CH3)3 ), 108.68 (ArCH), 112.05 (ArCH), 122.17 

(ArCH), 126.29 (ArCH), 127.82 (C=CH), 128.31 (ArC), 135.21 (ArC), 135.60 

(ArC), 138.98 (ArC), 141.26 (ArC), 141.41 (ArC), 150.02 (ArC), 150.96 (ArC), 

151.04 (ArC), 155.60 (C=0), 168.60 (C=0); '^N NMR (CDCI3 , 60MHz) 6 n ppm: 

133.9 (NH Gly); HRMS: Actual 536.2269, calculated 536.2260, molecular formula 

C28H35NOgNa.

Synthesis ofN-Boc-Val-(2.01), (4.05)

Compound (4.05) was prepared and purified as previously described for (4.04) using 

A^-Boc-valine in place o f A^-Boc-glycine. Product isolated as an off-white solid 

(0.07g, 90%). M.p.: 69-72°C; v^ax (DCM)/cm'*: 2965.1, 2933.4, 1855.1, 1765.8, 

1716.6, 1510.3, 1489.6; 'H NMR (CDCI3 , 400MHz) Snppm: 1.03 (3H, d, J=7.0Hz, 

CH3 (Val)), 1.09 (3H, d, J=7.0Hz, CH3 (Val)), 1.47 (9H, s, C(CH3)3), 1.94 (2H, q, 

J=6.7Hz(av), CH2), 2.11 (2H, m, CH2 ), 2.4 (IH, m, CH(CH3 ) 2  (Val)), 2.63 (2H, m, 

CH2), 3.71 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.94 (3H, s, 

OCH3 ), 4.51 (IH, dd, J=4.2Hz(av), 9.2Hz(av), CHNH (Val)), 5.10 (IH , d, J=9.0Hz, 

NH), 6.36 (2H, m, ArCH & C=CH)), 6.90 (IH , d, J=8.5Hz, ArCH), 7.01 (IH , s, 

ArCH), 7.15 (IH , d, J=8.5Hz, ArCH); ‘̂ C NMR (CDCI3 , 150MHz) 5c ppm: 16.70 

(CH3), 18.65 (CH3), 23.11 (CH2), 25.07 (CH2), 27.87 (C(CH3 )3), 30.92 (CH(CH3)2), 

34.53 (CH2), 55.28 (OCH3), 5.56 (OCH3), 58.04 (CHNH), 60.42 (OCH3), 61.10 

(OCH3), 79.40 (C(CH3)3), 108.15 (ArCH), 111.47 (ArCH), 121.76 (ArCH), 125.87 

(ArCH), 127.34 (C=CH), 127.84 (ArC), 134.71 (ArC), 135.19 (ArC), 138.62 (ArC), 

140.74 (ArC), 140.97 (ArC), 149.57 (ArC), 150.49 (ArC), 150.55 (ArC), 155.25 

(C=0), 170.07 (C=0); HRMS: Actual 578.2853, calculated 578.2730, molecular 

formula C3 iH4 iNOgNa.
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Synthesis o f N-Boc-Leu-(2.01), (4.06)

Compound (4.06) was prepared and purified as previously described for (4.04) using 

A^-Boc-leucine in place of A^-Boc-glycine. Product isolated as an off-white solid 

(0.08g, 83%). M.p.: 111-114°C; v^ax (KBr)/cm'*: 3360.6,2956.5,2930.6,2855.0, 

1768.8, 1715.8, 1614.3, 1596.1, 1566.1, 1510.8; NMR (CDCI3 , 600MHz) 6 HPpm: 

1.02 (6 H, d, J=6.0Hz, C(CH3 )2  (Leu)), 1.46 (9H, s, € ( ^ 3)3), 1.65 (2H, m, 

CH2(Leu)), 1.88 (IH, m, CH(CH3 )2  (Leu)), 1.96 (2H, q, J=7.0Hz(av), CHi), 2.13 

(2H, m, CHi), 2.63 (2H, m, CH2), 3.71 (3H, s, OCH3), 3.83 (3H, s, OCH3 ), 3.92 (3H, 

s, OCH3), 3.95 (3H, s, OCH3), 4.58 (IH, s, CHNH), 4.97 (IH, d, J=7.9Hz, NH), 6.36 

(IH, t, J=7.5Hz, C=CH), 6.39 (IH, s, ArCH), 6.90 (IH, d, J=8.7Hz, ArCH), 7.02 

(IH, s, ArCH), 7.16 (IH, d, J=7.1Hz, ArCH); '^C NMR (CDCI3 , 150MHz) 5c ppm: 

21.78 (CH3 (Leu)), 22.78 (CH3 (Leu)), 23.42 (CH2), 24.66 (CH (Leu)), 25.38 (CH2), 

28.15 (C(CH3)3), 34.81 (CH2), 41.74 (CH2 (Leu)), 52.09 (CHNH), 55.75 (OCH3),

55.88 (OCH3), 60.68 (OCH3), 61.37 (OCH3), 79.71 (C(CH3)3), 108.58 (ArCH),

111.88 (ArCH), 122.04 (ArCH), 126.08 (ArCH), 127.61 (C=CH), 128.16 (ArC), 

135.05 (ArC), 135.51 (ArC), 139.12 (ArC), 141.09 (ArC), 141.33 (ArC), 149.95 

(ArC), 150.80 (ArC), 150.88 (ArC), 155.2 (C=0), 171.41 (C=0); ‘̂ N NMR (CDCI3, 

60MHz) 6 n ppm: 88.1 (NH Leu); HRMS: Actual 592.2881, calculated 592.2886, 

molecular formula C32H43NOgNa.

Synthesis o f N-Boc-Ile-(2.01), (4.07)

Compound (4.07) was prepared and purified as previously described for (4.04) using 

A^-Boc-isoleucine in place of A^-Boc-glycine. Product isolated as an off-white solid 

(0.12g, 95%). M.p.: 107-109°C; v^ax (DCM)/cm‘‘: 3368.2,2967.1,2933.7, 1766.0, 

1715.6, 1510.9; ^H NMR (CDCI3 , 400MHz) 5HPpm: 0.98 (3H, t, J=7.2Hz(av), CH3 

(He)), 1.07 (3H, d, J=6.5Hz, CH3 (He)), 1.29 (2H, m, CH2 (He)), 1.46 (9H, s, 

C(CH3)3), 1.94 (2H, m, CH2 ), 2.11 (3H, m, CH (He) 8c CH2), 2.64 (2H, m, CH2 ), 

3.71 (3H, s, OCH3), 3.83 (3H, s, OCH3 ), 3.91 (3H, s, OCH3), 3.94 (3H, s, OCH3 ), 

4.55 (IH, m, CHNH (He)), 5.10 (IH, d, J=9.5Hz, NH), 6.35 (2H, m, ArCH & 

C=CH), 6.90 (IH, d, J=8.5Hz, ArCH), 7.01 (IH, s, ArCH), 7.15 (IH, d, J=8.5Hz,
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ArCH); NMR (CDCI3 , 150MHz) 6 c ppm: 11.39 (CH3 (He)), 14.99 (CH3 (He)), 

23.11 (CH2 ), 24.18 (CH2 (He)), 25.07 (CH2), 27.87 ( € ( ^ 3 )3 ), 34.53 (CH3 ), 37.72 

(CH), 55.27 (OCH3 ), 55.55 (OCH3 ), 57.62 (CH), 60.42 (OCH3), 61.10 (OCH3 ), 

79.38 (C(CH3 )3), 108.15 (ArCH), 111.47 (ArCH), 121.80 (ArCH), 125.85 (ArCH), 

127.32 (C=CH), 127.84 (ArC), 134.69 (ArC), 135.19 (ArC), 138.60 (ArC), 140.73 

(ArC), 140.97 (ArC), 149.59 (ArC), 150.50 (ArC), 150.55 (ArC), 155.14 (C=0), 

170.02 (C=0); HRMS: Actual 592.3560, calculated 592.2886, molecular formula

C32H43NOgNa.

General procedure for N-Boc deprotection

To the appropriate A -̂Boc protected amino compound was added a mixture of TFA 

and DCM (1:1, 2ml) at 0°C. The reaction was stirred for one hour after which time 

the solvent was removed in vacuo. The residue was dissolved in toluene (10ml) and 

the solvent removed under vacuum to azeotropically remove any excess TFA. The 

resulting TFA salts were dried in vacuo for several hours and were used without 

further purification or characterisation in the next step.

General Procedure for preparation o f hydrochloride salts

The appropriate TFA salt (~0.03g) was partitioned between 5% NaHC0 3  (5ml) and 

diethyl ether (3 x 5ml). The combined organic fractions were dried, filtered and 

concentrated in vacuo to approx. 2ml. Gaseous HCl was then bubbled through the 

solution to form the hydrochloride salt.

Synthesis o f Gly-(2.01).HCl, (4.08)

Compound (4.08) was prepared from (4.04), as described in the general procedures 

for N-Boc deprotection and hydrochloride salt formation. The product was isolated 

as a pale yellow hydrochloride salt (0.02g, 95%). M.p.: 107-110°C; Vmax (KBr)/cm'': 

3381.6, 2934.6, 1775.6, 1510.7, 1488.7; 'H NMR (CD3 OD, 600MHz) 5HPpm: 1.95 

(2H, q, J=6.7Hz, CH2), 2.14 (2H, m, CH2 ), 2.65 (2H, t, J=6.7Hz, CH2), 3.68 (3H, s.
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OCHb), 3.87 (9H, m, 3 x OCH3), 4.14 (2H, s, CH2 (Gly)), 6.40 (2H, m, ArCH & 

C=CH), 6.97 (IH, s, ArCH), 7.11 (IH, d, J=8 .6 Hz, ArCH), 7.28 (IH, d, J=8.2Hz, 

ArCH); '^C NMR (MeOD, 1500MHz) 5c ppm: 23.20 (CH2), 25.43 (CH2), 34.87 

(CH2), 39.93 (CH2 (Gly)), 55.42 (OCH3), 55.52 (OCH3), 60.24 (OCH3), 61.06 

(OCH3), 109.04 (ArCH), 112.58 (ArCH), 122.04 (ArCH), 126.89 (ArCH), 127.72 

(C=CH), 128.55 (ArC), 135.50 (ArC), 136.20 (ArC), 138.88 (ArC), 141.66 (ArC), 

141.93 (ArQ, 150.45 (ArQ, 151.26 (ArC), 151.60 (ArC), 166.12 (C=0).

Synthesis ofVal-(2.01).HCl, (4.09)

Compound (4.09) was prepared from (4.05), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (0.04g).

Synthesis o f  Leu-(2.01).TFA, (4.10)

Compound (4.10) was prepared from (4.06), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (0.03g)

Synthesis ofIle-(2.01).TFA, (4.11)

Compound (4.11) was prepared from (4.07), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (0.03g)

N-Boc protection ofbestatin, (4.12)

Bestatin hydrochloride (0.20g, 0.64mmol) was dissolved in a mixture of t-BuOH and 

H2O (1:1; 6 ml) and a solution of di-tertbutyldicarbonate (0.25g, 1.32mmol) in t- 

BuOH (2ml) was added at 0°C. The solution was then basified using 2M aq. NaOH 

(1ml) and stirred at room temperature for 7 hours. On completion the solvent was
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removed in vacuo, and the residue was dissolved in 2M aq. NaOH (10ml). The basic 

solution was then extracted with diethyl ether (3 x 10ml) and the aqueous fraction 

acidified with 2M aq. HCl. This was then extracted with diethyl ether (3 x 15ml), 

and the organic fractions were combined, dried over magnesium sulphate, filtered 

and concentrated in vacuo to afford the Boc protected acid (4.12) (0.26g, 100%). 

M.p: 98-lO rC ; v^ax (KBr)/cm’': 3439.9, 2961.5, 1691.4, 15275, 1508.1, 1455.7; 'H 

NMR (CDCI3, 400MHz) 5HPpm: 0.91 (3H, m, CH3 (Leu)), 1.28 (9H, s, C(CH3)3), 

1.66 (3H, m, CH2 & CH (Leu)), 2.84 (IH, s, C6H5CH2), 3.01 (IH, d, J=6.0Hz, 

C6H5CH2), 4.06 (IH, s, CHNH (AHPA)), 4.18 (IH, br.d, J=17.5Hz, CHOH), 4.60 

(IH, s, CHNH (Leu)), 5.17 (IH, d, J=7.8Hz, NH), 6.35 (IH, br.s, OH), 7.22 (5H, m, 

5 X ArCH), 7.42 (IH, m, NH); '^C NMR (CDCI3, lOOMHz) 5c ppm: 21.39 (CH3 

(Leu)), 23.09 (CH3 (Leu)), 24.77 (CH (Leu)), 28.22 (C(CH3)3), 36.62 (CH2), 40.75 

(CH2 (Leu)), 50.52 (CHNH (Leu)), 55.31 (CHNH (AHPA)), 73.58 (CHOH), 80.37 

(C(CH3)3), 126.54 (ArCH), 128.49 (2 x ArCH), 129.34 (ArCH), 129.61 (ArCH), 

137.98 (ArC), 157.19 (C=0), 173.56 (C=0), 175.71 (C=0).

Synthesis o/N-Boc-AHPA-Leu-Gly-(2.01), (4.13)

To a stirred solution of the HCl salt (4.08) (0.03g, 0.07mmol) in dry DCM (4ml) was 

added (4.12) (0.03g, 0.08mmol), PyBrop (0.04g, O.OSmmol) and DIPEA (0.04ml, 

0.21 mmol) at 0°C. The reaction was stirred overnight and on completion was 

applied directly to a flash column for purification (stationary phase, silica gel 230- 

400 mesh; mobile phase, 1:1; hexane/ethyl acetate). The homogenous fractions were 

collected and the solvent was removed under reduced pressure to yield (4.13) as a 

white solid (0.03g, 52%). Decomposition point: 213-216°C; Vmax (DCM)/cm'': 

3362.2, 2931.3, 2856.0, 2714.9, 2555.5, 1944.5, 1778.8, 1668.2, 1537.1, 1511.9, 

1455.2; *H NMR (CDCI3, 600MHz) Snppm: 0.95 (6 H, m, C(CHs)2 (Leu)), 1.40 (9H, 

s, C(CH3)3), 1.63 (2H, m, CH(CH3)2 & CH2 (Leu)), 1.78 (IH, m, CH2 (Leu)), 1.95 

(2H, m, CH2), 2.13 (2H, m, CH2), 2.64 (2H, s, CH2), 3.05 & 3.15 (2H, 2 x br.s., CH2 

(AHPA)), 3.70 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.95 (3H, s, 

OCH3), 4.02 (IH, s, CHNH (AHPA)), 4.15 (IH, m, CHOH), 4.31 (2H, m, CH2 

(Gly)), 4.50 (IH, m, CHNH (Leu)), 5.00 (IH, br.s, NH), 5.93 (IH, br.s, OH), 6.36
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(2H, m, ArCH & C=CH), 6.90 (IH, d, J=8.2Hz, NH), 7.01 (IH, s, ArCH), 7.10 (IH, 

d, J=7.1Hz, NH), 7.16 (IH, d, J=7.9Hz, ArCH), 7.23-7.30 (6 H, m, 6  x ArCH); 

NMR (CDCI3 , 150MHz) 6 c ppm: 21.43 (CH3 (Leu)), 22.94 (CH3 (Leu)), 23.43 

(CH2), 24.45 (CH (Leu)), 25.38 (CH2 ), 28.03 ( € ( ^ 3)3), 34.79 (CH2), 36.38 (CH2), 

40.18 (CH2 (Leu)), 40.95 (CH2 (Gly)), 51.17 (CHNH (Leu)), 55.65 (CHNH

(AHPA)), 55.80 (OCH3), 55.90 (OCH3), 60.70 (OCH3), 61.37 (OCH3), 73.94 

(CHOH), 80.48 (C(CH3)3), 108.55 (ArCH), 111.88 (ArCH), 122.00 (ArCH), 126.24 

(ArCH), 126.54 (ArCH), 127.71 (C=CH), 128.19 (ArCH), 128.45 (2 x ArCH), 

129.11 (ArCH), 135.05 (ArC), 135.46 (ArC), 137.75 (ArC), 138.81 (ArC), 141.10 

(ArC), 141.19 (ArC), 141.24 (ArC), 149.81 (ArC), 150.82 (ArC), 150.88 (ArC), 

167.83 (C=0), 167.99 (C=0), 171.43 (C=0), 171.72 (C=0); ‘^N NMR (CDCI3 , 

60MHz) 5n ppm: 86.38 (NH), 102.29 (NH), 117.6 (NH); HRMS: Actual 826.3917, 

calculated 826.3891, molecular formula C4 4H57N3 0 nNa.

Synthesis ofN-Boc-AHPA-Leu-Val-(2.01), (4.14)

Compound (4.14) was prepared and purified as described above for (4.13), using the 

hydrochloride salt of (4.09) in place of (4.08). Product isolated as a white solid 

(0.03g, 44%). Decomposition point: 218-222°C; Vmax (KBr)/cm'': 3316.4, 2927.4, 

2854.3, 1766.7, 1722.7, 1647.4, 1510.3; ‘H NMR (CDCI3 , 600MHz) Snppm: 0.90 

(3H, d, J=4.5Hz, CH3 (Leu)), 0.94 (3H, d, J=5.3Hz, CH3 (Leu)), 1.04 (6 H, d, 

J=6 .8 Hz, CH(CH3 )2  (Val)), 1.41 (9H, s, C(CH3)3), 1.65 (3H, m, CH & CH2 (Leu)), 

1.96 (2H, m, CH2), 2.13 (2H, m, CH2), 2.43 (IH, m, CH (Val)), 2.64 (2H, m, CH2 ), 

3.05 & 3.23 (2H, m, CH2 (AHPA)), 3.71 (3H, s, OCH3), 3.82 (3H, s, OCH3 ), 3.92 

(3H, s, OCH3), 3.95 (3H, s, OCH3), 3.98 (IH, m, CHNH (AHPA)), 4.19 (IH, s, 

CHOH), 4.49 (IH, m, CHNH (Leu)), 4.82 (IH, m, CHNH (Val)), 5.01 (IH, d, 

J=7.92Hz, NH), 5.77 (IH, br.s, OH), 6.36 (2H, m, ArCH & C=CH), 6.69 (IH, br.s, 

NH), 6.89 (IH, d, J=8.64Hz, ArCH), 7.01 (IH, s, ArCH), 7.13 (IH, d, J=8.64Hz, 

ArCH), 7.23 (3H, m, 3 x ArCH), 7.30 (2H, m, 2 x ArCH), 7.32 (IH, s, NH); ‘̂ C 

NMR (CDCI3 , 150MHz) 5c ppm: 17.13 (CH3 (Val)), 18.91 (CH3 (Val)), 21.61 (CH3 

(Leu)), 22.85 (CH3 (Leu)), 23.43 (CH2), 24.43 (CH (Leu)), 25.38 (CH2), 28.01 

(C(CH3)3), 31.15 (CH (Val)), 34.81 (CH2), 35.69 (CH2 (AHPA)), 40.29 (CH2 (Leu)),
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51.48 (CHNH (Leu)), 55.57 (OCH3 ), 55.62 (CHNH (AHPA)) 55.88 (OCH3 ), 56.88 

(CHNH (Val)), 60.69 (OCH3), 61.37 (OCH3 ), 74.76 (CHOH), 80.57 (C(CH3)3 ), 

108.55 (ArCH), 111.78 (ArCH), 121.91 (ArCH), 126.30 (ArCH), 126.51 (ArCH), 

127.70 (C=CH), 128.18 (ArC), 128.43 (2 x ArCH), 129.10 (2 x ArCH), 135.08 

(ArC), 135.46 (ArC), 137.89 (ArC), 138.90 (ArC), 141.12 (ArC), 141.27 (ArC), 

149.83 (ArC), 150.82 (ArC), 150.89 (ArC), 157.83 (C=0), 169.63 (C=0), 170.96 

(C=0), 171.40 (C=0); ^̂ N NMR (CDCI3 , 60MHz) 6 n ppm: 85.8 (NH), 111.1 (NH), 

118.3 (NH); HRMS: Actual 868.4375, calculated 868.4360, molecular formula

C 4 7 H 6 3 N 3 0 ,,N a .

Synthesis o f N-Boc-AHPA-Leu-Leu-(2.01), (4.15)

Compound (4.15) was prepared and purified as described above for (4.13), using the 

hydrochloride salt of (4.10) in place of (4.08). Product isolated as a white solid 

(0.03g, 58%). Decomposition point: 222-225°C; Vmax (KBr)/cm‘*: 3307.7, 2925.2, 

1769.5, 1691.4, 1649.7, 1510.8, 1454.9; 'H NMR (CDCI3 , 600MHz) 5h ppm: 0.90 

(3H, d, J=6.0Hz, CH3 (Leu)), 0.93 (3H, d, J=6.0Hz, CH3 (Leu)), 0.99 (6 H, d, 

J=2.6Hz, CH(CH3 ) 2  (Leu)), 1.41 (9H, s, C(CH3 )3 ), 1.62 (3H, m, 2 x CH2  (Leu)), 1.71 

(2H, m, 2 X CH (Leu)), 1.80 (IH, m, CH2  (Leu)), 1.96 (2H, m, CH2 ), 2.13 (2H, m, 

CH2 ), 2.65 (2H, m, CH2 ), 3.07 & 3.22 (2H, m, CH2 (AHPA)), 3.71 (3H, s, OCH3 ), 

3.82 (3H, s, OCH3 ), 3.92 (3H, s, 0CH3), 3.95 (3H, s, OCH3 ), 4.00 (IH, m, CHNH 

(AHPA)), 4.17 (IH, s, CHOH (AHPA)), 4.49 (IH, m, CHNH (Leu)), 4.85 (IH, s, 

CHNH (Leu)), 4.98 (IH, d, J=6.0Hz, NH), 5.69 (IH, br.s, OH), 6.36 (2H, m, ArCH 

& C=CH), 6.58 (IH, br.s, NH), 6.89 (IH, d, J=8.2Hz, ArCH), 7.02 (IH, s, ArCH), 

7.13 (IH, d, J=7.8Hz, ArCH), 7.24 (3H, m, 3 x ArCH), 7.31 (2H, m, 2 x ArCH), 7.40 

(IH, d, J=7.9Hz, NH); '^C NMR (CDCI3 , 150MHz) 5c ppm: 21.58 (CH3 (Leu)), 

21.76 (CH3 (Leu)), 22.73 (CH3 (Leu)), 22.88 (CH3 (Leu)), 23.43 (CH2 ), 24.41 (CH 

(Leu)), 24.72 (CH (Leu)), 25.37 (CH2 ), 28.01(C(CH3)3), 34.81 (CH2 ), 35.90 (CH2 

(AHPA)), 40.44 (CH2  (Leu)), 41.36 (CH2  (Leu)), 50.72 (CHNH (Leu)), 51.23 

(CHNH (Leu)), 55.74 (OCH3 ), 55.77 (CHNH (AHPA)), 55.89 (OCH3 ), 60.69 

(OCH3), 61.37 (OCH3), 74.59 (CHOH), 80.60 (C(CH3 )3), 108.57 (ArCH), 111.83 

(ArCH), 121.91 (ArCH), 126.23 (ArCH), 126.54 (ArCH), 127.70 (C=CH), 128.18
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(ArC), 128.44 (2 x ArCH), 129.09 (2 x ArCH), 135.08 (ArC), 135.50 (ArC), 137.86 

(ArC), 139.02 (ArC), 141.11 (ArC), 141.30 (ArC), 149.85 (ArC), 150.81 (ArC), 

150.88 (ArC), 157.79 (C=0), 170.65 (C=0), 171.19 (C=0), 172.80 (C=0); HRMS: 

Actual 882.4560, calculated 882.4517, molecular formula C4 gH65N3 0 iiNa.

Synthesis o f  N-Boc-AHPA-Leu-Ile-(2.01), (4.16)

Compound (4.16) was prepared and purified as previously described for (4.13), using 

(4.11) in place of (4.08). Product isolated as a white solid (0.03g, 58%). 

Decomposition point: 217-220°C; Vmax (KBr)/cm’^ 3302.1, 2961,2, 2929.2, 1766.1, 

1720.3, 1646.0, 1511.2, 1454.5; *H NMR (CDCI3 , 600MHz) 6 h ppm: 0.90 (3H, d, 

J=5.6Hz, CH3 (Leu)), 0.93 (3H, d, J=6.0Hz, CH3 (Leu)), 0.99 (3H, t, J=7.5Hz, CH3 

(He)), 1.03 (3H, d, J=6.7Hz, CH3 (He)), 1.31 (2H, m, CH2 (He)), 1.40 (9H, s, 

C(CH3)3), 1.64 (3H, m, CH2 & CH (Leu)), 1.95 (2H, m, CH2 ), 2.12 (3H, m, CH (lie) 

& CH2 ), 2.62 (2H, m, CH2), 3.05 & 3.19 (2H, m, CH2 (AHPA)), 3.70 (3H, s, OCH3), 

3.82 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.94 (3H, s, OCH3), 4.01 (IH, s, CHNH 

(AHPA)), 4.18 (IH, s, CHOH (AHPA)), 4.50 (IH, m, CHNH (Leu)), 4.84 (IH, dd, 

J=4.1Hz, 8 .6 Hz, CHNH (He)), 5.03 (IH, d, J=6.7Hz, NH), 5.75 (IH, br.s, OH), 6.35 

(2H, m, ArCH & C=CH), 6.72 (IH, br.s, NH), 6.91 (IH, d, J=8.7Hz, ArCH), 7.01 

(IH, s, ArCH), 7.13 (IH, d, J=7.1Hz, ArCH), 7.22 (3H, m, 3 x ArCH), 7.29 (2H, m, 

2 X ArCH), 7.32 (IH, br.s, NH); '^C NMR (CDCI3 , 150MHz) 5c ppm: 11.61 (CH3 

(He)), 15.24 (CH3 (He)), 21.62 (CH3 (Leu)), 22.82 (CH3 (Leu)), 23.43 (CH2), 24.42 

(CH), 24.59 (CH2 (He)), 25.38 (CH2), 28.01 (C(CH3)3), 34.80 (CH2), 35.87 (CH2 

(AHPA), 37.82 (CH (He)), 40.40 (CH2 (Leu)), 51.45 (CHNH (Leu)), 55.56 (OCH3), 

55.73 (CHNH (AHPA)), 55.88 (OCH3), 56.50 (CHNH (He)), 60.69 (OCH3), 61.37 

(OCH3), 74.54 (CHOH (AHPA)), 80.52 (C(CH3)3), 108.55 (ArCH), 111.79 (ArCH), 

121.92 (ArCH), 126.31 (ArCH), 126.49 (ArCH), 127.70 (C=CH), 128.19 (ArC), 

128.41 (2 X ArCH), 129.12 (2 x ArCH), 135.06 (ArC), 135.46 (ArC), 137.86 (ArC), 

138.87 (ArC), 141.11 (ArC), 141.25 (ArC), 149.83 (ArC), 150.81 (ArC), 150.88 

(ArC), 157.70 (C=0), 169.55 (C=0), 171.42 (C=0), 172.86 (C=0); ‘̂ N NMR
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(CDCls, 60MHz) 6 n ppm: 86.1 (NH), 112.9 (NH), 117.7 (NH); HRMS: Actual 

882.4559, calculated 882.4517, molecular formula C4 gH65N 3 0 iiNa.

Synthesis AHPA-Leu-Gly-(2.01). TFA, (4.17)

Compound (4.17) was prepared from (4.13), as described in the general procedure 

for A^-Boc deprotection. Product isolated as off-white trifluoroacetate salt in 

quantitative yield (0.02g). M.p.; 173-176°C; v^ax (DCM)/cm‘‘: 3401.1, 2934.2, 

2855.1, 1776.2, 1663.1, 1510.7, 1455.4; *H NMR (CDCI3 , 600MHz) 5h ppm: 0.88 

(3H, m, CH3 (Leu)), 0.93 (3H, m, CH3 (Leu)), 1.66 (3H, m, CH & CH2 (Leu)), 1.92 

(2H, m, CH2 ), 2.09 (2H, m, CH2 ), 2.59 (2H, m, CH2), 2.98 & 3.11 (2H, m, CH2 

(AHPA)), 3.65 (3H, s, OCH3), 3.77 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, 

OCH3), 4.17 (IH, br.s, CHOH), 4.36 (3H, m, CHNH (Leu) & CH2 (Gly)), 6.32 (2H, 

m, ArCH 8c C=CH), 6.87 (IH , m, ArCH), 6.95 (IH , s, NH), 6.99 (IH , s, ArCH), 

7.13 (2H, br.s, NH & ArCH), 7.17 (2H, m, 2 x ArCH), 7.25 (3H, m, 3 x ArCH), 7.65 

(IH , m, NH); *̂ C NMR (CDCI3 , 150MHz) 6 c ppm: 21.04 (CH3 (Leu)), 22.46 (CH3 

(Leu)), 23.40 (CH2 ), 24.56 (CH (Leu)), 25.32 (CH2 ), 34.69 (CH2), 36.63 (CH2 

(AHPA)), 40.06 (CH2 (Leu)), 40.91 (CH2 (Gly)), 52.57 (CHNH (AHPA)), 55.86 

(OCH3), 55.93 (OCH3), 56.03 (CHNH (Leu)), 60.74 (OCH3), 61.40 (OCH3), 68.50 

(CHOH), 108.76 (ArCH), 112.09 (ArCH), 121.61 (ArCH), 126.54 (ArCH), 127.69 

(ArCH), 127.97 (C=CH), 128.38 (ArC), 128.98 (2 x ArCH), 129.06 (2 x ArCH), 

134.04 (ArC), 135.20 (ArC), 135.50 (ArC), 138.69 (ArC), 140.98 (ArC), 141.03 

(ArC), 149.56 (ArC), 150.75 (2 x ArC), 168.76 (C=0), 169.17 (C=0), 171.57 

(C=0); HRMS: Actual 704.3564, calculated 704.3547, molecular formula 

C39H50N 3O9 .

Synthesis o f  N-AHPA-Leu-Val-(2.01). TFA, (4.18)

Compound (4.18) was prepared from (4.14), as described in the general procedure 

for A^-Boc deprotection. Product isolated as off-white trifluoroacetate salt in 

quantitative yield (0.01 g). Decomposition point: 232-235°C; Vmax (DCM)/cm'': 

3295.7, 2961.3, 2932.4, 1764.1, 1667.9, 1511.4, 1489.4, 1455.8; 'H  NMR (CDCI3 ,
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600MHz) 6 HPpm: 0.92 (3H, d, J=5.3Hz, (CHs)! (Leu)), 0.94 (3H, d, J=5.6Hz, (CH3 )2  

(Leu)), L06 (6 H, m, CH(CH3 )2  (Val)), L64 (IH, m, CH2 (Leu)), L75 (2H, m, CH & 

CH2 (Leu)), L94 (2H, q, J=6.7Hz, CH2), 2.12 (2H, m, CH2), 2.45 (IH, m, CH (Val)), 

2.63 (2H, m, CH2), 2.73 & 3.25 (2H, 2 x m, CH2 (AHPA)), 3.69 (3H, s, OCH3), 3.81 

(3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, OCH3 ), 4.47 (IH, m, CHNH (Leu)), 

4.57 (IH, s, CHOH), 4.80 (IH, m, CHNH (Val)), 6.35 (2H, m, ArCH & C=CH), 

6.80 (IH, br.s, NH), 6.91 (IH, d, J=8 .6 Hz, ArCH), 6.98 (IH, s, ArCH), 7.12 (IH, d, 

J=8.2Hz, ArCH), 7.22 (2H, m, 2 x ArCH), 7.30 (3H, m, 3 x ArCH), 8.31 (IH, s, 

NH); *̂ C NMR (CDCI3 , 150MHz) 6 c ppm: 17.11 (CH3 (Val)), 18.88 (CH3 (Val)), 

21.43 (CH3 (Leu)), 22.49 (CH3 (Leu)), 23.43 (CH2), 24.62 (CH (Leu)), 25.37 (CH2 ), 

31.08 (CH (Val)), 33.99 (CH2 (AHPA), 34.76 (CH2), 40.15 (CH2 (Leu)), 53.23 

(CHNH (Leu)), 55.63 (OCH3), 55.93 (OCH3), 57.46 (CHNH (Val)), 60.71 (OCH3), 

61.37 (OCH3), 68.69 (CHOH), 108.65 (ArCH), 111.95 (ArCH), 121.71 (ArCH), 

126.49 (ArCH), 127.75 (ArCH), 127.86 (C=CH), 128.31 (ArC), 129.07 (2 x ArCH), 

129.28 (2 X ArCH), 134.54 (ArC), 135.18 (ArC), 135.43 (ArC), 138.71 (ArC), 

141.11 (2 X ArC), 149.67 (ArC), 150.83 (2 x ArC), 169.73 (C=0), 171.64 (C=0), 

173.09 (C=0); HRMS: Actual 746.4044, calculated 746.4017, molecular formula 

C 4 2 H 5 6 N 3 O 9 .

Synthesis o f  AHPA-Leu-Leu-(2.01).TFA, (4.19)

Compound (4.19) was prepared from (4.15), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as off-white trifluoroacetate salt in 

quantitative yield (0.0Ig). Decomposition point: 227-230°C; Vmax (DCM)/cm’': 

3299.5, 2925.7, 1672.6, 151.8, 1463.9; *H NMR (CDCI3 , 600MHz) 5h ppm: 0.91 

(3H, d, J=7.1Hz, CH3 (Leu)), 0.95 (3H, d, J-6.0Hz, CH3 (Leu)), 0.98 (3H, d, 

J=6.3Hz, CH3 (Leu)), 1.00 (3H, d, J=6.4Hz, CH3 (Leu)), 1.64-1.70 (5H, m, 2 x CH, 

2 X CH2 (Leu)), 1.83 (IH, m, CH2 (Leu)), 1.95 (2H, m, CH2 ), 2.11 (2H, m, CH2), 

2.62 (2H, m, CH2), 2.71 & 3.24 (2H, m, CH2 (AHPA)), 3.69 (3H, s, OCH3), 3.81 

(3H, s, OCH3), 3.91 (3H, s, OCH3), 3.94 (3H, s, OCH3), 4.43 (IH, m, CHNH (Leu)), 

4.53 (IH, s, CHOH (AHPA)), 4.85 (IH, s, CHNH (Leu)), 6.35 (2H, m, ArCH & 

C=CH), 6.90 (IH, d, J=8.7Hz, ArCH), 6.98 (IH, s, ArCH), 7.05 (IH, br.s, NH), 7.16
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(IH, d, J=8 .6 , ArCH), 7.24 (2H, m, 2 x ArCH), 7.33 (3H, m, 3 x ArCH), 8.32 (IH, d, 

J=7.9Hz, NH); ^̂ C NMR (CDCI3 , 150MHz) 6 c ppm: 21.44 (CH3 (Leu)), 21.47 (CH3 

(Leu)), 22.48 (CH3 (Leu)), 22.52 (CH3 (Leu)), 23.43 (CH2), 24.62 (CH (Leu)), 24.68 

(CH (Leu)), 25.36 (CH2 ), 34.50 (CH2 AHPA), 34.75 (CH2), 40.22 (CH2 (Leu)), 

41.69 (CH2 (Leu)), 50.95 (CHNH (Leu)), 53.23 (CHNH (Leu)), 55.85 (OCH3), 55.96 

(OCH3), 60.71 (OCH3), 61.37 (OCH3), 68.62 (CHOH), 108.71 (ArCH), 112.05 

(ArCH), 121.72 (ArCH), 126.37 (ArCH), 127.64 (ArCH), 127.86 (C=CH), 128.32 

(ArC), 129.15 (2 x ArCH), 129.18 (2 x ArCH), 134.63 (ArC), 135.21 (ArC), 135.46 

(ArC), 138.90 (ArC), 141.14 (2 x ArC), 149.68 (ArC), 150.82 (2 x ArC), 170.56 

(C=0), 171.30 (C=0), 172.86 (C=0); HRMS: Actual 760.4191, calculated 

760.4173, molecular formula C43H58N3O9 .

Synthesis ofN-TFA-AHPA-Leu-Ile-(2.01), (4.20)

Compound (4.20) was prepared from (4.16), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as off-white trifluoroacetate salt in 

quantitative yield (O.Olg). Decomposition point: 235-238°C; Vmax (KBr)/cm’': 

3290.5, 2961.3, 2932.6, 1763.6, 1668.4, 1511.4, 1489.5, 1456.4; 'H NMR (CDCI3, 

600MHz) 6 h ppm: 0.92 (3H, d, J=5.7Hz, CH3 (Leu)), 0.95 (3H, d, J=6.0Hz, CH3 

(Leu)), 0.99 (3H, t, J=7.2Hz, CH3 (He)), 1.07 (3H, d, J=6.3Hz, CH3 (He)), 1.31 (2H, 

m, CH2 (He)), 1.65 (IH, m, CH2 (Leu)), 1.76 (2H, m, CH & CH2 (Leu)), 1.95 (2H, 

m, CH2), 2.13 (3H, m, CH (He) & CH2), 2.63 (2H, m, CH2), 2.71 & 3.26 (2H, 2 x m, 

CH2 (AHPA)), 3.69 (3H, s, OCH3), 3.81 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.94 

(3H, s, OCH3 ), 4.46 (IH, m, CHNH (Leu)), 4.58 (IH, s, CHOH (AHPA)), 4.85 (IH, 

m, CHNH (He)), 6.36 (2H, m, ArCH & C=CH), 6.80 (IH, br.s, NH), 6.91 (IH, d, 

J=8 .6 Hz, ArCH), 6.98 (IH, s, ArCH), 7.17 (IH, d, J=8.2Hz, ArCH), 7.22 (2H, m, 2 x 

ArCH), 7.29 (3H, m, 3 x ArCH), 8.44 (IH, br.s, NH); *̂ C NMR (CDCI3 , 150MHz) 

5c ppm: 11.66 (CH3 (He)), 15.44 (CH3 (He)), 21.59 (CH3 (Leu)), 22.69 (CH3 (Leu)), 

23.59 (CH2), 24.72 (CH2 (He)), 24.80 (CH), 25.53 (CH2), 34.05 (CH2 (AHPA), 34.92 

(CH2), 37.95 (CH (He)), 40.33 (CH2 (Leu)), 53.35 (CHNH (Leu)), 55.79 (OCH3), 

56.08 (OCH3), 57.13 (CHNH (He)), 60.88 (OCH3), 61.53 (OCH3), 6 8 . 8 6  (CHOH 

(AHPA)), 108.79 (ArCH), 112.10 (ArCH), 121.91 (ArCH), 126.62 (ArCH), 127.91
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(ArCH), 127.99 (C=CH), 128.31 (ArC), 129.23 (2 x ArCH), 129.47 (2 x ArCH), 

134.69 (ArC), 135.16 (ArC), 135.42 (ArC), 138.69 (ArC), 141.11 (2 x ArC), 149.70 

(ArC), 150.83 (2 x ArC), 169.72 (C=0), 171.51 (C=0), 173.09 (C=0).

HRMS: Actual 760.4142, calculated 760.4173, molecular formula C4 3H58N 3O9 .

Synthesis o f benzyl N-[l-benzyl-2-(3,5-dimethyl-l-lH-l-pyrazolyl-2-oxyethyl]- 

carbamate, (4.21)

To a stirred solution of A^-benzyloxycarbonyl-D-phenylalanine (5.00g, 16.7mmoI) 

and 3,5-dimethylpyrazole (1.93g, 20.04mmol) in dry DCM (300ml) at -10°C was 

added DCC (3.45g, 16.7mmol). The solution was stirred for one hour at this 

temperature and then left at room temperature overnight. On completion the reaction 

was filtered and the filtrate evaporated to leave a white solid. This was purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 4:1 hexane:ethyl acetate). All homogenous fractions were collected and the 

solvent was removed to afford (4.21) as a crystalline, white solid (5.91g, 94%). Vmax 

(KBr)/cm'‘: 3327.8, 2922.2, 1732.1, 1693.3, 1540.9; ‘H NMR (CDCI3 , 400 MHz) 5h 

ppm: 2.31 (3H, s, NNC(CH3)), 2.53 (3H, s, (C0 NC(CH3)), 3.15 (IH, m, 

C6H5CH2CHNH), 3.39 (IH, dd, J=4.5Hz, 13.5Hz, C6H5CH2CHNH), 5.14 (2H, q, 

J=12.04Hz, C6H5CH2 OCO), 5.65 (IH, d, J=8.0Hz, CHNH), 5.93 (IH, m, CHNH), 

6.03 (IH, s, C(CH3)CHC(CH3)), 7.14 (2H, d, J=7.0Hz, 2 x ArCH), 7.37 (8 H, m, 8  x 

ArCH); *̂ C NMR (CDCI3 , lOOMHz) 5c ppm: 13.52 (CH3), 13.81 (CH3), 38.41 

(CH2), 54.69 (CH), 66.43 (CH2 ), 111.10 (CH), 126.56 (ArCH), 127.67 (2 x ArCH), 

128.02 (2 X ArCH), 128.08 (2 x ArCH), 128.94 (3 x ArCH), 135.76 (ArC), 135.98 

(ArC), 143.97 (QC), 152.94 (Q Q , 155.28 (C=0), 171.27 (C=0).

Synthesis of benzyl l-formyl-2-phenylethylcarbamate, (4.22)

In a dry, three-necked round bottom flask fitted with a pressure-equalizing dropping 

funnel, under an atmosphere of N2 , was placed a suspension of lithium aluminium 

hydride (0.1 Ig, 2.96mmol) in dry THF (27ml). It was allowed to stir for 30 mins at - 

20°C. A solution of (4.21) (0.5g, 1.33mmol) in anhydrous THF (27ml) was added
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via syringe into the pressure equalizing dropping funnel and added dropwise to the 

LiAlH4  suspension over 15 mins. It was left stirring for 5-10 mins and 2M aq. HCl 

(1ml) was added dropwise. The reaction was then stirred for a fiirther 10 mins. On 

completion it was filtered to remove the A1(0 H) 3  and the filtrate was concentrated in 

vacuo. The resulting residue was then purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 4:1-1:1 hexane;ethyl 

acetate). All homogenous fractions were collected and the solvent was removed to 

afford two products; (4.22) as a white solid (0.67g, 51%) and (4.23) as a clear oil 

(0.14g,37%).

(4.22)

Vmax (KBr)/cm'‘: 3357.3, 2922.9, 2852.5, 1694.6, 1532.6, 1454.9; *H NMR (CDCI3, 

400MHz) 5h ppm: 3.16 (2H, d, J=4.5Hz, C6 H5 CH2 CH), 4.53 (IH, q, J=6.5Hz, 

CHNH), 5.14 (2H, s, CH2 OCO), 5.46 (IH, d, J=6.0Hz, NH), 7.18 (2H, d, J=7.0Hz, 2 

X ArCH), 7.37 (8 H, m, 8  x ArCH), 9.64 (IH, s, CHO); '^C NMR (CDCI3 , lOOMHz) 

5c ppm: 34.85 (CH2 ), 60.66 (CH), 66.67 (CH2 ), 126.73 (ArCH), 127.72 (2 x ArCH), 

127.86 (ArCH), 128.15 (2 x ArCH), 128.38 (2 x ArCH), 128.89 (2 x ArCH), 135.71 

(ArC), 135.71 (ArC), 155.53 (C=0), 198.57 (C=0).

(4.23)

Vmax (DCM)/cm'‘: 3349.0, 3067.6, 3034.8, 2957.1, 2879.6, 1691.2, 1541.1; *H NMR 

(CDCI3 , 400MHz) 5h ppm: 2.88 (2H, d, J=7.0Hz, C6 H5CH2 CH), 3.57 (IH, dd, 

J=5.0Hz, ll.OHz, CH2 OH), 3.66 (IH, dd, J=3.5Hz, ll.OHz, CH2 OH), 3.97 (IH, s, 

CHNH), 5.08 (2H, s, CH2 OCO), 5.24 (IH, d, J=7.5Hz, NH), 7.35 (lOH, m, 10 x 

ArCH); '^C NMR (CDCI3 , 400MHz) 5c ppm: 36.87 (CH2), 53.69 (CH), 63.33 

(CH2), 66.37 (CH2), 126.15 (ArCH), 127.62 (ArCH), 127.73 (ArCH), 128.10 (3 x 

ArCH), 128.15 (ArCH), 128.87 (3 x ArCH), 135.90 (ArC), 137.20 (ArC), 156.13 

(C=0).

Synthesis o f  benzyl l-formyl-2-phenylethylcarbamate, (4.22) via oxidation o f (4.23)

To a stirred solution of (4,23) (0.18g, 0.64mmol) in DMF (8 ml) at 0°C was added 

PDC (0.48g, 1.28mmol) portionwise. The reaction was left stirring at room 

temperature overnight and on completion it was quenched by the addition of H2 O
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(15ml). The product was extracted with diethyl ether (3 x 15ml), dried over 

magnesium sulphate, filtered and concentrated in vacuo. The resulting residue was 

then purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 4:1 hexane:ethyl acetate). All homogenous fractions were 

collected and the solvent was removed to afford (4.22) as a white solid (0.04g, 22%). 

Data previously described.

Synthesis o f  benzyl l-formyl-2-phenylethylcarbamate, (4.22) via oxidation o f  (4.23)

To a stirred solution o f (4.23) (0.47g, 1.65mmol) in DMSO (2ml) and DCM (1ml) at 

0°C was added N,N-diisopropylethylamine (0.64g, 4.95mmol) and a suspension of 

SOs/Pyridine (0.78g, 4.95mmol) in DMSO (1ml). The solution was stirred at 0°C 

for 10-15mins. On completion it was diluted with ethyl acetate (5ml), washed with 

IM HCl (10ml), saturated NaHCOa (10ml) and saturated NaCl (10ml). The organic 

layer was dried over magnesium sulphate, filtered and concentrated in vacuo. The 

resulting residue was then purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 4:1 hexane:ethyl acetate). All 

homogenous fractions were collected and the solvent was removed to afford (4.22) 

as a white solid. (0.23g, 50%)

Data previously described.

Synthesis o f  benzyl l-hydroxy-3-phenylpropan-2-ylcarbamate, via LiAlH4 

reduction, (4.23)

In a dry, three-necked round bottomed flask, under an atmosphere o f nitrogen was 

placed a suspension o f LiAlH4 (0.19g, 5.01mmol) in dry THF (2ml). This was 

stirred at 0°C for lOmins, before slowly adding a solution o f N-benzyloxycarbonyl- 

D-phenylalanine (0.5g, 1.67mmol) in dry THF (2ml). The temperature was 

increased to room temperature and the solution was stirred for 90 minutes. The 

reaction was quenched by the addition o f 2M aq. HCl (5ml) on completion, and the 

product extracted with diethyl ether (3 x 20ml). The organic layer was dried over 

magnesium sulphate, filtered and concentrated in vacuo. The resulting residue was
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then purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 1:1 hexane:ethyl acetate). All homogenous fractions were 

collected and the solvent was removed to afford (4.23) as a white solid (0.40g, 8 6 %). 

Data previously described.

Synthesis o f  benzyl l-cyano-l-hydroxy-3-phenylpropan-2-ylcarbamate, (4.25)

To a stirred solution o f aq. NaHSOs (10%, O.OVg, 0.71 mmol) heated to 60°C was 

added (4.22) (0.20g, 0.71 mmol). The solution was heated at 60-80°C for 2 hours, 

before being cooled to room temperature and allowed to stir overnight. Ethyl acetate 

(8 ml) was added and the solution was cooled to 0°C. An aq. solution o f  potassium 

cyanide (20%, 0.05g, 0.71 mmol) was added and stirred at 0°C for one hour and 

overnight at room temperature. On com pletion the ethyl acetate phase was separated 

and washed with water (1 x 10ml). 10% Aq. NaHSOs (1 x 10ml) was added to the 

aqueous layer and this was washed with ethyl acetate (2 x 10ml). The ethyl acetate 

layers were combined, dried over magnesium sulphate, filtered and concentrated in 

vacuo to afford (4.25) as a yellow oil (0.20g, 91%). Vmax (DCM )/cm‘*: 3334.5, 

3032.0, 2927.4, 1695.0, 1538.5, 1455.3; *H NM R (CDCI3 , 400M Hz) 5HPpm: 2.96 & 

3.14 (2H, 2 X m, C6H 5CH2 ), 4.05 & 4.25 (IH , s & m, CHOH), 4.52 & 4.59 (IH , 2 x 

s, CHNH), 5.11 (2H, d, J=4.5Hz, C6H 5CH 2 O), 5.19 & 5.28 (IH , d & s, J=5.5Hz, 

NH), 7.20-7.38 (lOH, m, 10 x ArCH); ’^C NM R (CDCI3 , lOOMHz) 5c ppm: 35.23 

(C 6H 5CH 2 ), 55.43 (CHOH), 62.88 (CHNH), 67.12 (C6H 5CH 2O), 117.93 (CN), 

126.78 (ArCH), 127.63 (ArCH), 127.95 (ArCH), 128.16 (2 x ArCH), 128.20 

(ArCH), 128.50 (2 x ArCH), 128.57 (2 x ArCH), 135.20 (ArC), 135.72 (ArC), 

156.42 (C =0).

Synthesis o f (R)-3-amino-2-hydroxy-4-phenylbutanoic acid, (4.26)

Compound (4.25) (0.36g, 1.16mmol) was dissolved in a solution o f  dioxane:6 M HCl 

(1:1, 18ml) and refluxed for 12 hours. On completion the solvent was removed in 

vacuo, azeotroping with methanol to yield the crude product (4.26). (0.22g, 98%) 

The product was used in the next step without further purification.

235



Synthesis o f  N-Boc-(3R)-AHPA-OH, (4.27)

To a stirred solution of crude (4.26) (0.22g, 1.14mol) in H2 O (1.5ml) was added di- 

/er/-butyl dicarbonate (0.5g, 2.28mmol) and t-butanol (6.5mls). The solution was 

basified to pH 12 with 2M aq. NaOH and allowed to stir at room temperature 

overnight. On completion the solvent was removed in vacuo, before dissolving the 

residue in 2M NaOH (10ml) and extracting the product with diethyl ether (3 x 15ml). 

The aqueous phase was then acidified with 2M HCl and extracted with diethyl ether 

(4 X 15ml). The organic layer was dried over magnesium sulphate, filtered and 

concentrated in vacuo to yield the crude (4.27) (0.13g, 38%). It was used without 

further purification in the next step of the synthesis.

Synthesis o f N-Boc-(2S,3R)-AHPA-OBzl (4.28) and N-Boc-(2R,3R)-AHPA-OBzl 

(4.29)

Compound (4.27) (0.13g, 0.44mmol) was dissolved in methanol (2ml) and a solution 

of NaHCOs (0.15g, 1.76mmol) in H2 O (3ml) was added. The solvent was removed 

in vacuo, azeotroped with methanol (3 x 20ml) and dried under vacuum to leave a 

cream solid. DMF (5ml) was added and the suspension was stirred for lOmins. 

Benzyl bromide (0.15g, 0.88mol) was added and the suspension was allowed to stir 

at room temperature for 6  hours. On completion, H2O (10ml) was added and the 

resulting precipitated solution was extracted with diethyl ether (3 x 15ml). The 

combined organic layers were dried over magnesium sulphate, filtered and 

concentrated in vacuo to afford the mixture of the two diastereomers. The 

diastereomers were separated and purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 9:1 -  4:1 hexane:ethyl 

acetate). All homogenous fractions were collected and the solvent was removed to 

afford the two diastereomers (4.28) (0.1 Og 59%) and (4.29) (0.04g, 24%).

Top diastereomer: *H NMR (CDCI3 , 400MHz) 6 HPpm: 1.42 (9H, s, € ( € ^ 3)3), 2.95 

(2H, m, CH2 CH), 3.41 (IH, d, J=4.5Hz, OH), 4.14 (IH, d, J=3.0Hz, CHOH), 4.35 

(IH, q, J=8.0Hz(av), CHNH), 4.92 (IH, d, J=9.5Hz, NH), 5.15 (IH, d, J=12.0Hz, 

CH2 OCO), 5.21 (IH, d, J=12.0Hz, CH2OCO), 7.30 (lOH, m, 10 x ArCH); NMR
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(CDCb, lOOMHz) 5c ppm: 27.84 (C(CH3)3), 37.76 (CH2), 53.86 (CH), 67.47 (CH2), 

70.15 (CH), 79.18 ( £ ( ^ 3)3), 126.16 (2 x  ArCH), 126.54 (ArCH), 128.12 (3 x  

ArCH), 128.18 (2 x  ArCH), 129.01 (2 x  ArCH), 134.53 (ArC), 137.09 (ArC), 154.79 

(C=0) 173.40 (C=0);

Bottom diastereomer: ‘H NMR (CDCI3 , 400MHz) 6 h ppm: 1.41 (9H, s, C(CH3)3), 

2.68 (2H, m, CH2CH), 3.39 (IH, d, J=5.0Hz, OH), 4.32 (IH, d, J=7.5Hz, CHOH), 

4.40 (IH, d, J=2.5Hz, CHNH), 4.85 (IH, d, J=8.5Hz, NH), 5.03 (IH, d, J=12.0Hz, 

CH2 OCO), 5.11 (IH, d, J=12.0Hz, CH2OCO), 7.12 (2H, d, J=7.0Hz, 2 x  ArCH), 

7.24 (4H, m, 4 X ArCH), 7.37 (4H, s, 4 x  ArCH); '^C NMR (CDCI3, lOOMHz) 5 c  

ppm: 27.81 (C(CH3)3), 35.25 (CH2), 53.97 (CH), 67.17 (CH2 ), 72.14 (CH), 79.31 

(C(CH3)3), 126.11 (ArCH), 127.90 (2 x  ArCH), 128.25 (5 x  ArCH), 129.00 (2 x  

ArCH), 134.35 (ArC), 136.69 (ArC), 155.02 (C=0), 172.15 (C=0).

Synthesis ofN-Boc-(2S,3R)-AHPA-OH, (4.30)

To a stirred solution of (4.28) (0.03g, O.OSmmol) in ethanol: ethyl acetate (1:1, 4ml) 

was added 10%Pd/C (catalytic amount). The reaction was placed under an 

atmosphere of hydrogen and stirred at room temperature overnight. The Pd/C was 

removed by filtration and the filtrate concentrated in vacuo to afford (4.30). v̂ ax 

(KBr)/cm'‘: 3360.1, 2925.7, 1682.4, 1603.0, 1496.7; 'H NMR (CDCI3, 400MHz) 5h 

ppm: 1.38 (9H, s, C(CH3)3), 2.07 (2H, m, CeHjCHa), 4.14 & 5.08 (2H, m «& d, 

J=8.2Hz, CHOH & NH), 4.24 (IH, d, J=6.2Hz, CHNH), 6.46 & 6.58 (IH, 2 x  s, 

OH), 7.29 (5H, m, 5 X ArCH); '^C NMR (CDCI3, lOOMHz) 5c ppm: 28.11 

(C(CH3)3), 38.33 (CH2), 54.62 (CH), 56.24 (CH), 81.84 (C(CH3)3), 126.6 (ArCH), 

128.58 (2 X ArCH), 129.42 (ArCH), 129.50 (ArCH), 156.45 (ArC), 157.95 (C=0), 

176.74 (C=0).

Synthesis o f  pentafluorophenol ester (4.31)

To a stirred solution of (4.30) (0.60g, 2.03mmol) in dry DCM (8 ml) was added 

pentafluorophenol (0.37g, 2.03mmol) and DCC (0.42g, 2.03mol) at 0°C. The 

solution was stirred for 2  hours, after which time the reaction was filtered to remove
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the DCU precipitate and the filtrate was concentrated in vacuo to afford the crude 

product. The residue was then purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 6:1 hexaneiethyl acetate). All 

homogenous fractions were collected and the solvent was removed to afford a white 

solid which was dried in vacuo for several hours before being used without fiirther 

characterisation (0.54g, 57%).

Synthesis ofN-Boc-AHPA-Leu-(2.01), (4.32)

To a stirred solution o f the TFA salt (4.10) (0.03g, 0.05mmol) in dry DCM (2ml) 

was added (4.31) (0.03g, 0.06mmol) followed by Et3N (0.01ml, O.llmmol) under 

anhydrous conditions. The reaction was stirred under an atmosphere o f N 2 at 0°C for 

three hours. On completion the reaction mixture was directly applied to a flash 

column for purification (stationary phase, silica gel 230-400 mesh; mobile phase, 

1:1; hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

was removed under reduced pressure to yield (4.32) (0.02g, 53%). Decomposition 

point: 215-419°C; v^ax (DCM)/cm'‘: 3403.6, 2961.3, 2925.2, 2853.9, 1681.3, 1510.1; 

‘H NMR (CDCI3 , 600MHz) 5h ppm: 0.99 (3H, d, J=6.4Hz, ( € ^ 3)2 ), 1.01 (3H, d, 

J=6.4Hz, (CH3)2), 1.41 (9H, s, € ( € ^ 3)3), 1.75 (2H, m, CH & CH2 (Leu)), 1.88 (IH, 

m, CH2 (Leu)), 1.94 (2H, m, CH2 ), 2.12 (2H, m, CH2 ), 2.62 (2H, m, CH2 ), 3.08 & 

3.21 (2H, m, CH2 (AHPA)), 3.71 (3H, s, OCH3), 3.82 (3H, s, OCH3), 3.92 (3H, s, 

OCH3), 3.95 (3H, s, OCH3), 4.01 (IH, br.s, CHNH (AHPA)), 4.21 (IH , d, J=2.9Hz, 

CHOH), 4.91 (IH , m, CHNH (Leu)), 5.00 (IH , d, J=5.4Hz, NH), 5.65 (IH , br.s, 

OH), 6.35 (IH , t, J=4.8Hz, C=CH), 6.38 (IH, s, ArCH), 6.89 (IH , d, J=5.8Hz, 

ArCH), 7.02 (IH , s, ArCH), 7.13 (IH , d, J=5.8, ArCH), 7.23-7.32 (5H, m, 5 x 

ArCH), 7.38 (IH , br.s, NH); *̂ C NMR (CDCI3 , 150MHz) §c ppm: 21.48 (CH3 

(Leu)), 22.93 (CH3 (Leu)), 23.43 (CH2), 24.61 (CH (Leu)), 25.37 (CH2), 28.01 

(C(CH3)3), 34.81 (CH2), 35.77 (CH2 (AHPA), 41.37 (CH2 (Leu)), 50.25 (CHNH 

(Leu)), 55.77 (OCH3), 55.81 (CHNH (AHPA)), 55.90 (OCH3), 60.70 (OCH3), 61.37 

(OCH3), 74.66 (CHOH), 80.44 (C(CH3)3), 108.58 (ArCH), 111.84 (ArCH), 121.97 

(ArCH), 126.22 (ArCH), 126.50 (ArCH), 127.70 (C-CH), 128.17 (ArC), 128.43 (2 x 

ArCH), 129.10 (2 x ArCH), 135.09 (ArC), 135.53 (ArC), 137.94 (ArC), 139.04
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(ArC), 141.10 (ArC), 141.32 (ArC), 149.88 (ArC), 150.80 (ArC), 150.88 (ArC), 

156.58 (C=0), 170.46 (C=0), 171.48 (C=0); NMR (CDCI3, 60MHz) 5n ppm: 

86.7 (NH- BocAHPA), 115.1 (NH (Leu)); HRMS: Actual 769.3336, calculated 

769.3676, molecular formula C42H54N20ioNa.

Synthesis ofN-AHPA-Leu-(2.01).TFA, (4.33)

Compound (4.33) was prepared from (4.32), as described in the general procedure 

for jV-Boc deprotection. Product isolated as yellow solid (0.02g, 99%). The TFA 

salt was converted to the HCl salt prior to assaying by partitioning between 5% aq. 

NaHCOs (5ml) and diethyl ether (3 x 5ml). The combined organic fractions were 

dried over magnesium sulphate, filtered and concentrated under reduced pressure to 

approx 2ml. Gaseous HCl was then bubbled through the solution to form the HCl 

salt (O.Olg, 56%). Decomposition point: 195-199°C; Vmax (DCM)/cm'*: 3306.6, 

2929.4, 2853.9, 1765.1, 1667.4, 1510.5, 1455.3; 'H N M R  (CDCI3 , 600MHz) Snppm: 

1.01 (6 H, m, (CH3 )2  (Leu)), 1.74 (IH , m, CH2 (Leu)), 1.79 (IH , m, CH (Leu)), 1.83 

(IH, m, CH2  (Leu)), 1.94 (2H, q, J=7.3Hz, CH2 ), 2.12 (2H, m, CH2), 2.63 (2H, m, 

CH2), 2.83 & 3.30 (2H, m, CH2 (AHPA)), 3.68 (3H, s, OCH3), 3.72 (IH , s, CHNH 

(AHPA)), 3.80 (3H, s, OCH3), 3.90 (3H, s, OCH3), 3.93 (3H, s, OCH3), 4.57 (IH , m, 

CHNH (Leu)), 5.29 (IH , m, CHOH), 6.37 (2H, m, ArCH & C=CH), 6.90 (IH , d, 

J=8 .8 Hz, ArCH), 6.97 (IH , s, ArCH), 7.17 (IH , d, J=8.0, ArCH), 7.24-7.32 (5H, m, 

5 X ArCH), 7.73 (IH , d, J=6 .6 Hz, NH); *̂ C NMR (CDCI3, 150MHz) 5c ppm: 21.36 

(CH3 (Leu)), 22.55 (CH3 (Leu)), 23.43 (CH2), 24.72 (CH (Leu)), 25.34 (CH2), 34.17 

(CH2 (AHPA), 34.73 (CH2), 40.13 (CH2 (Leu)), 51.30 (CHNH (Leu)), 54.08 (CHNH 

(AHPA)), 55.83 (OCH3 ), 55.91 (OCH3), 60.75 (OCH3), 61.41 (OCH3), 67.66 

(CHOH), 108.75 (ArCH), 112.04 (ArCH), 121.85 (ArCH), 126.33 (ArCH), 127.78 

(ArCH & C=CH), 128.32 (ArC), 129.10 (2 x ArCH), 129.24 (2 x ArCH), 134.64 

(ArC), 135.10 (ArC), 135.61 (ArC), 138.87 (ArC), 140.94 (ArC), 141.11 (ArC), 

149.67 (ArC), 150.73 (ArC), 150.77 (ArC), 165.34 (C=0), 170.86 (C=0); HRMS: 

Actual 647.3365, calculated 647.3332, molecular formula C37H47N2O8 .
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Synthesis ofN-Boc-p-Ala-(2.01), (4.34)

To a stirred solution of (2.01) (0.05g, 0.14mmol) in dry DCM (4ml) was added N- 

Boc-P-alanine (0.05g, 0.28mmol) followed by DMAP (0.01, O.OSmmol) and 

EDC.HCl (0.05g, 0.28mmol). The reaction was stirred under an atmosphere of N2 

for three hours, after which time the reaction was quenched by the addition of H2 O 

(10ml). The product was extracted with diethyl ether (3 x 10ml). The combined 

organic fractions were dried over magnesium sulphate, filtered and concentrated in 

vacuo to afford the crude product. The resulting residue was purified by flash 

column chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 

4:1; hexane/ethyl acetate). The homogenous fractions were collected and the solvent 

was removed under reduced pressure to yield (4.34) as a white solid (0.07g, 93%). 

M.p.: 125-130°C; v^ax (DCM)/cm'‘: 3391.2, 2966.1, 2931.9, 2850.2, 1762.8, 1715.7, 

1611.8, 1595.0, 1563.6, 1510.5; 'H NMR (CDCI3 , 400MHz) 5h ppm: 1.38 (9H, s, 

C(CH3 )3), 1.87 (2H, q, J=7.0Hz, CH2 ), 2.04 (2H, t, J=7.0Hz, CH2 ), 2.55 (2H, t, 

J=6.5Hz, CH2 ), 2.69 (2H, t, J=5.4Hz, CH2), 3.47 (2H, d, J=5.5Hz, CH2), 3.62 (3H, s, 

OCH3), 3.79 (3H, s, OCH3), 3.82 (3H, s, OCH3), 3.85 (3H, s, OCH3), 5.27 (NH), 

6.30 (2H, m, ArCH & CH), 6.84 (IH, d, J=8.5Hz, ArCH), 6.92 (IH, s, ArCH), 7.10 

(IH, d, J=8.0Hz, ArCH); NMR (CDCI3 , lOOMHz) 5c ppm: 23.12 (CH2), 25.08 

(CH2), 27.97 (C(CH3)3), 34.43 (CH2 ), 34.53 (CH2), 35.89 (CH2), 55.41 (OCH3), 

55.56 (OCH3), 60.42 (OCH3), 61.09 (OCH3), 78.92 (C(CH3)3), 108.16 (ArCH), 

111.35 (ArCH), 121.85 (ArCH), 125.76 (ArCH), 127.40 (ArCH), 127.85 (ArC), 

134.78 (ArC), 135.19 (ArC), 138.62 (ArC), 140.73 (ArC), 140.95 (ArC), 149.36 

(ArC), 150.49 (ArC), 150.55 (ArC), 155.37 (C=0), 169.91 (C=0); HRMS: Actual 

550.2408, calculated 550.2417, molecular formula C2 9H37NOgNa.

Synthesis o f  N-Boc-aminohexanoic acid-(2.01), (4.35)

Compound (4.35) was prepared and purified as described above for (4.34) using N- 

Boc-aminohexanoic acid in place of A^-Boc-|3-alanine. Product isolated as an off- 

white solid (0.06g, 95%). M.p.: 137-141°C; v^ax (KBr)/cm'*: 3391.8, 2933.5,

2856.1, 1764.2, 1713.9, 1611.8, 1511.0, 1453.0, 1405.9; ‘H NMR (CDCI3 , 400MHz)
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5h ppm: 1.45 (9H, s, € ( € ^ 3 )3 ), 1.49 (IH, m, CH2 ), 1.55 (3H, m, CH2 CH2 ), 1.78 

(2H, m, CjHb), 1.95 (2H, q, J=7.2Hz, CH2 ), 2.12 (2H, m, CH2 ), 2.58 (2H, t, J=7.5Hz, 

CH2 ), 2.63 (2H, t, J=7.0Hz, CH2 ), 3.14 (2H, q, J=6.5Hz, CH2), 3.70 (3H, s, OCH3 ), 

3.84 (3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 3.94 (3H, s, OCH3), 4.62 (IH, br.s, NH), 

6.36 (IH, t, J=7.2Hz, CH), 6.40 (IH, s, ArCH), 6.89 (IH, d, J=8.5Hz, ArCH), 6.96 

(IH, d, J=2.2Hz, ArCH), 7.13 (IH, dd, J=2.2Hz, 8.5Hz, ArCH); '^C NMR (CDCI3 , 

lOOMHz) 6 c ppm: 23.57 (CH2 ), 24.63 (CH2 ), 25.52 (CH2 ), 26.20 (CH2 ), 28.43 

(C(CH3 )3 ), 29.75 (CH2 ), 33.88 (CH2 ), 34.99 (CH2 ), 40.40 (CH2 ), 55.93 (OCH3), 

56.02 (OCH3 ), 60.87 (OCH3 ), 61.55 (OCH3), 79.04 (C(CH3)3 ), 108.66 (ArCH),

111.92 (ArCH), 122.30 (ArCH), 126.02 (ArCH), 127.66 (CH), 128.29 (ArC), 135.05 

(ArC), 135.75 (ArC), 139.40 (ArC), 141.14 (ArC), 141.51 (ArC), 150.23 (ArC),

150.92 (ArC), 150.98 (ArC), 155.99 (C=0), 171.63 (C=0); HRMS: Actual 

592.2896, calculated 592.2886, molecular formula C3 2 H4 3NOgNa.

Synthesis o f  N-Leu-P~Ala-(2.01).TFA, (4.36)

Compound (4.36) was prepared from (4.34), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (0.07g)

Synthesis o f  N-Leu-fi-aminohexanoic acid-(2.01).TFA, (4.37)

Compound (4.37) was prepared from (4.35), as described in the general procedure 

for A -̂Boc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (0.06g)

Synthesis o f  N-Boc-Leu-P~Ala-(2.01), (4.38)

The trifluoroacetate salt (4.36) was converted to the corresponding HCl salt as 

described in the general procedure described above. It was dried in vacuo for several 

hours (0.06g, 0.11 mmol) prior to being dissolved in dry DCM (6 ml) and adding N- 

Boc-leucine (0.03g, O.llmmol), PyBrop (0.05g, O.llmmol) and DIPEA (0.06ml,
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0.33mmol). The reaction was stirred under an atmosphere of N2 at 0°C for three 

hours. On completion it was diluted with DCM (10ml) and the organic layer washed 

with 10% citric acid (1 x 5ml), 10% NaHCOs (1 x 5ml) and brine (1 x 5ml). The 

organic layer was dried over magnesium sulphate, filtered and concentrated in vacuo 

to afford the crude product. The resulting residue was purified by flash column 

chromatography (stationary phase, silica gel 230-400 mesh; mobile phase, 1:1; 

hexane/ethyl acetate). The homogenous fractions were collected and the solvent was 

removed under reduced pressure to yield (4.38) as an off-white solid (0.05g, 71%). 

M.p.: 76-79°C; v^ax (KBr)/cm'*: 3368.7, 2951.6, 2932.3, 1764.6, 1710.7, 1659.3, 

1510.5, 1452.9; 'H  NMR (CDCI3, 400MHz) 6 HPpm: 0.92 (6 H, d, J=5.5Hz, C(CH3 )2  

(Leu)), 1.43 (9H, s, C(CH3)3), 1.65 (3H, m, CH2  & CH(CH3 )2  (Leu)), 1.94 (2H, q, 

J=7.0Hz, CH2), 2.13 (2H, m, CH2 ), 2.64 (2H, t, J=6 .8 Hz, CH2 ), 2.80 (2H, t, J=6.0Hz, 

CH2), 3.68 (2H, m, CH2), 3.71 (3H, s, OCH3), 3.88 (3H, s, OCH3), 3.91 (3H, s, 

OCH3), 3.94 (3H, s, OCH3), 4.09 (IH, br.s, CHNH (Leu)), 4.93 (IH , d, J=7.0Hz, 

NH), 6.38 (2H, m, ArCH & CH), 6 . 6 8  (IH , t, J=5.8Hz, NH), 6.92 (IH, d, J=8.5Hz, 

ArCH), 7.01 (IH , s, ArCH), 7.16 (IH , dd, J=2.2Hz, 8.5Hz, ArCH); *̂ C NMR 

(CDCI3 , 150MHz) 5c ppm: 22.03 (CH3 (Leu)), 22.90 (CH3 (Leu)), 23.58 (CH2), 

24.74 (CH (Leu)), 25.53 (CH2), 28.29 (C(CH3)3), 34.09 (CH2), 34.98 (CH2 ), 35.03 

(CH2), 41.78 (CH2 (Leu)), 53.17 (CHNH (Leu)), 56.03 (OCH3), 56.06 (OCH3), 60.88 

(OCH3), 61.56 (OCH3), 79.92 (C(CH3)3), 108.63 (ArCH), 111.95 (ArCH), 122.21 

(ArCH), 126.31 (ArCH), 127.89 (ArCH), 128.33 (ArC), 135.26 (ArC), 135.63 

(ArC), 139.06 (ArC), 141.22 (ArC), 141.40 (ArC), 149.90 (ArC), 150.96 (ArC), 

151.02 (ArC), 155.56 (C=0), 170.39 (C=0), 172.60 (C=0); ‘^N NMR (CDCI3 , 

60MHz) 6 n ppm: 89.6 (NH), 110.2 (NH); HRMS: Actual 663.3264, calculated 

663.3258, molecular formula C3 5H4 gN2 0 9 Na.

Synthesis o f  N-Boc-Leu-aminohexanoic acid-(2.01), (4.39)

Compound (4.39) was prepared and purified as described above for (4.38) using the 

HCl salt o f (4.37) in place o f (4.36). Product isolated as off-white solid (0.04g, 

58%). M.p.: 101-105°C; v^ax (KBr)/cm‘‘: 3328.1, 2933.2, 2850.2, 1764.3, 1691.4, 

1656.3, 1510.6, 1453.5, 1405.9, 'H  NMR (CDCI3, 600MHz) 5h ppm: 0.92 (3H, d.
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J=4.50Hz, CH(CH3 ) 2  (Leu)), 0.93 (3H, d, J=4.8Hz, CH(CH3 )2  (Leu)), L44 (9H, s, 

C(CH3)3), L46 (2H, m, CH2), L56 (3H, m, CH2 «& CH(CH3 )2  (Leu)), L 6 6  (2H, m, 

CH2 (Leu)), L77 (2H, m, CH2 ), L93 (2H, q, J=9.9Hz(av), CH2), 2.11 (2H, m, CH2), 

2.56 (2H, t, J=7.2Hz, CH2), 2.63 (2H, t, J=6.7Hz, CHi), 3.26 (2H, m, CH2), 3.70 

(3H, s, OCH3), 3.83 (3H, s, OCH3 ), 3.90 (3H, s, OCH3), 3.93 (3H, s, OCH3), 4.07 

(IH, br.s, CHNH (Leu)), 4.97 (IH, d, J=8.2Hz, NH), 6.32 (IH, br.s, NH), 6.35 (IH, 

t, J=7.5Hz, CH), 6.39 (IH, s, ArCH), 6.90 (IH, d, J=8 .6 Hz, ArCH), 6.96 (IH, d, 

J=2.2Hz, ArCH), 7.13 (IH, dd, J=2.2Hz, 8.70Hz, ArCH); *̂ C NMR (CDCI3 , 

150MHz) 5c ppm: 21.59 (CH3 (Leu)), 22.47 (CH3 (Leu)), 23.10 (CH2), 24.09 (CH2), 

24.28 (CH (Leu)), 25.04 (CH2), 25.76 (CH2) 27.85 (C(CH3)3), 28.73 (CH2), 33.24 

(CH2), 34.52 (CH2), 38.76 (CH2), 40.81 (CH2 (Leu)), 52.62 (CHNH (Leu)), 55.47 

(OCH3), 55.54 (OCH3), 60.41 (OCH3), 61.09 (OCH3), 79.51 (C(CH3)3), 108.18 

(ArCH), 111.47 (ArCH), 121.82 (ArCH), 125.56 (ArCH), 127.20 (C=CH), 127.81 

(ArC), 134.58 (ArC), 135.28 (ArC), 138.92 (ArC), 140.65 (ArC), 141.03 (ArC), 

149.74 (ArC), 150.44 (ArC), 150.51 (ArC), 155.39 (C=0), 171.13 (C=0), 172.08 

(C=0); ’^N NMR (CDCI3, 600MHz) 5n ppm: 90.4 (NH (Leu)), 114.2 (NH); HRMS: 

Actual 705.3723, calculated 705.3727, molecular formula C3gH54N2 0 9 Na.

Synthesis ofN-Boc-AHPA-Leu-p-Ala-(2.01), (4.40)

To a stirred solution of the TFA salt of (4.38) in dry DCM (2ml) was added (4.31) 

(0.03g, 0.06mmol) followed by TEA (0.01ml, 0.09mmol) under anhydrous 

conditions. The reaction was stirred under an atmosphere of N2 at 0°C for thirty min 

then the temperature was allowed to increase to room temperature and the reaction 

was stirred for a further sixteen hours. On completion the reaction mixture was 

directly applied to a flash column for purification (stationary phase, silica gel 230- 

400 mesh; mobile phase, 2:1; hexane/ethyl acetate). The homogenous fractions were 

collected and the solvent was removed under reduced pressure to yield (4.40) as a 

pale yellow solid (0.02g, 49%). Decomposition point: 219-221°C; Vmax (DCM)/cm'': 

3329.1, 3054.4, 2956.5, 2927.3, 2855.3, 2758.9, 1713.1, 1674.1, 1510.7, 1486.5, 

1454.6; 'H NMR (CDCI3 , 600MHz) 5h ppm: 0.90 (6 H, m, CH(CH3 )2  (Leu)), 1.38 

(9H, s, C(CH3)3), 1.60 (3H, m, CH2 & CH(CH3 )2  (Leu)), 1.95 (2H, q, J=7.3Hz, CH2),
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2.13 (2H, m, CH2), 2.64 (2H, m, CH2), 2.79 (2H, t, J=5.8Hz, CH2 (p-Ala)), 2.99 & 

3.10 (2H, 2 X br.s, CH2 (AHPA)), 3.65 (2H, m, CH2 (p-Ala)), 3.70 (3H, s, OCH3 ), 

3.86 (3H, s, OCH3), 3.91(3H, s, OCH3), 3.94 (3H, s, OCH3), 4.05 (IH, br.s, CHNH 

(AHPA)), 4.12 (IH, s, CHOH), 4.46 (IH, br.s, CHNH (Leu)), 5.05 (IH, br.s, NH), 

6.38 (2H, m, ArCH & C=CH), 6 . 8 8  (IH, br.s, NH), 6.91 (IH, d, J=8 .8 Hz, ArCH), 

7.02 (IH, s, ArCH), 7.17 (IH, d, J=8.7Hz, ArCH), 7.22 (3H, m, 3 x ArCH), 7.28 

(IH, s, NH), 7.30 (2H, m, 2 x ArCH); '^C NMR (CDCI3 , 150MHz) 5c ppm: 21.50 

(CH3 (Leu)), 23.59 (CH2 ), 23.86 (CH3 (Leu)), 24.45 (CH (Leu)), 25.35 (CH2), 28.02 

(C(CH3)3), 33.80 (CH2 (P-Ala)), 34.79 (CH2 ), 35.06 (CH2 (P-Ala)), 36.94 (CH2 

(AHPA)), 40.80 (CH2 (Leu)), 51.34 (CHNH (Leu)), 55.54 (CHNH (AHPA)), 55.89 

(OCH3), 55.94 (OCH3), 60.69 (OCH3), 61.36 (OCH3), 77.21 (CHOH), 80.38 

(C(CH3)3), 108.59 (ArCH), 111.88 (ArCH), 122.05 (ArCH), 126.14 (ArCH), 126.46 

(ArCH), 127.71 (ArCH), 127.77 (C=CH), 128.19 (ArC), 128.39 (2 x ArCH), 129.15 

(ArCH), 135.05 (ArC), 135.13 (ArC), 135.47 (ArC), 138.98 (ArC), 141.10 (ArC), 

141.26 (ArC), 149.78 (ArC), 150.80 (ArC), 150.88 (ArC), 157.19 (C=0), 168.77 

(C=0), 170.14 (C=0), 172.79 (C=0); '^N NMR (CDCI3, 60MHz) 6 n ppm: 86.3 

(NH), 111.7 (NH), 117.9 (NH); HRMS: Actual 840.4037, calculated 840.4047, 

molecular formula C4 5H59N3 0 nNa.

Synthesis o f  N-Boc-AHPA-Leu-aminohexanoic acid-(2.01), (4.41)

Compound (4.41) was prepared and purified as described above for (4.40) using the 

HCl salt of (4.39) in place of (4.38). Product isolated as an off-white solid (0.02g, 

6 6 %). Decomposition point: 220-222°C, Vmax (DCM)/cm"': 3320.2, 3056.4, 2928.1, 

2855.3, 1760.4, 1646.1, 1510.1, 1489.5, 1455.3, 1406.1; ‘HNM R (CDCI3, 600MHz) 

5h ppm: 0.89 (3H, d, J=6 .6 Hz, CH(CH3 )2  (Leu)), 0.93 (3H, d, J=6 .6 Hz, CH(CH3 )2  

(Leu)), 1.39 (9H, s, C(CH3)3), 1.44 (2H, m, CH2), 1.57 (4H, m, CH2 & CH & CH2 

(Leu)), 1.74 (3H, m, CHa & CH2 (Leu)), 1.95 (2H, q, J=7.3Hz(av), CH2), 2.11 (2H, 

m, CH2), 2.57 (2H, t, J=7.3Hz, CH2), 2.64 (2H, t, J=7.3Hz, CH2), 3.00 & 3.08 (2H, 2 

X br.s, CH2), 3.22 (2H, m, CH2), 3.70 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.91 (3H, 

s, OCH3), 3.94 (3H, s, OCH3), 4.06 (IH, br.s, CHNH (AHPA)), 4.11 (IH, br.s, 

CHOH (AHPA)), 4.44 (IH, m, CHNH (Leu)), 4.98 (IH, br.d, J=8.1Hz, NH), 5.32
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(IH, s, OH), 6.37 (IH, t, J=7.3Hz, C=CH), 6.40 (2H, s, ArCH & NH), 6.93 (IH, d, 

J=8 .8 Hz, ArCH), 6.97 (IH, d, J=2.2Hz, ArCH), 7.16 (2H, dd, J=2.2Hz, 8 .8 Hz, ArCH 

& NH), 7.23 (3H, m, 3 x ArCH), 7.30 (2H, m, 2 x ArCH); ‘̂ C NMR (CDCI3, 

150MHz) 5c ppm: 21.61 (CH3(Leu), 23.11 (CH3 (Leu)), 23.58 (CH2), 24.41 (CH2 ), 

24.63 (CH (Leu)), 25.52 (CH2), 26.05 (CH2), 28.17 (C(CH3)3), 28.93 (CH2), 33.71 

(CH2), 34.95 (CH2), 36.74 (CH2 (AHPA)), 39.19 (CH2), 40.95 (CH2 (Leu)), 51.44 

(CHNH (Leu)), 55.51 (CHNH (AHPA)), 55.99 (OCH3), 56.05 (OCH3), 60.86 

(OCH3), 61.52 (OCH3), 73.74 (CHOH), 80.47 (C(CH3)3), 108.78 (ArCH), 112.06 

(ArCH), 122.26 (ArCH), 126.11 (ArCH), 126.63 (ArCH), 127.73 (C=CH), 128.35 

(ArC), 128.55 (2 x ArCH), 129.29 (2 x ArCH), 135.18 (ArC), 135.73 (ArC), 137.93 

(ArC), 139.41 (ArC), 141.22 (ArC), 141.49 (ArC), 150.20 (ArC), 150.94 (ArC), 

151.00 (ArC), 156.94 (C=0), 170.97 (C=0), 171.73 (C=0), 172.85 (C=0); '^N 

NMR (CDCI3 , 60MHz) 6 n ppm: 86.2 (NH), 114.5 (NH), 118.4 (NH); HRMS: Actual 

882.4521, calculated 882.4517, molecular formula C4 gH65N 3 0 iiNa.

Synthesis ofAHPA-Leu-fi-Ala-(2.01).TFA, (4.42)

Compound (4.42) was prepared from (4.40) as described in the general procedure for 

A -̂Boc deprotection. Product isolated as brown trifluoroacetate salt in quantitative 

yield (O.Olg). M.p.: 175-177°C; Vmax (DCM)/cm‘‘: 3401.2, 3323.6, 2933.6, 2855.1, 

1764.2, 1643.9, 1510.5, 1454.9; *H NMR (CDCI3 , 600MHz) 5h ppm: 0.89 (6 H, m, 

CH(CH3 ) 2  (Leu)), 1.68 (IH, m, CH(CH3 )2  (Leu)), 1.81 (2H, m, CH2 (Leu)), 1.96 

(2H, m, CH2 ), 2.12 (2H, m, CH2 ), 2.64 (2H, m, CH2 ), 2.80 (2H, m, CH2), 3.22 (2H, 

m, CH2 (AHPA)), 3.64 (2H, m, CH2), 3.69 (3H, s, OCH3), 3.85 (3H, s, OCH3), 

3.90(3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 4.33 (IH, s, CHOH), 4.40 (IH, br.s, 

CHNH), 6.38 (2H, m, ArCH 8c C=CH), 6.94 (2H, m, 2 x ArCH), 7.20 (3H, m, 3 x 

ArCH), 7.30 (IH, m, ArCH), 7.34 (2H, m, 2 x ArCH); *̂ C NMR (CDCI3 , 150MHz) 

6 c ppm: 19.55 (CH3 (Leu)), 22.39 (CH3 (Leu)), 23.31 (CH2), 24.53 (CH (Leu)), 

25.43 (CH2 ), 33.09 (CH2 (p-Ala)), 34.38 (CH2), 35.33 (CH2 (p-Ala)), 36.94 (CH2 

(AHPA)), 40.11 (CH2 (Leu), 52.19 (CH), 55.65 (OCH3), 55.97 (OCH3), 60.64 

(OCH3), 61.33 (OCH3), 68.11 (CH), 108.58 (ArCH), 112.11 (ArCH), 122.01 

(ArCH), 126.24 (ArCH), 127.82 (2 x ArCH), 127.90 (C=CH), 129.04 (ArCH),
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129.25 (2 X ArCH); HRMS: Actual 718.3890, calculated 718.3704, molecular 

formula C4 0H52N3O9 .

Synthesis o f AHPA-Leu-aminohexanoic acid-(2.01).TFA, (4.43)

Compound (4.43) was prepared from (4.41) as described in the general procedure for 

A -̂Boc deprotection. Product isolated as brown trifluoroacetate salt in quantitative 

yield (O.Olg). M.p.: 182-185°C; v^ax (DCM)/cm’': 3324.1, 2933.0, 2856.9, 1763.5, 

1657.6, 1639.5, 1510.3, 1455.2; 'H NMR (CDCI3, 600MHz) 5h ppm: 0.88 (6 H, d, 

J=6 .6 Hz, 2 X CH3 (Leu)), 0.91 (6 H, d, J=6 .6 Hz, 2 x CH3 (Leu)), 1.41 (2H, m CH2), 

1.54 (2H, m, CHi), 1.64 (3H, m, CH & CHi (Leu)), 1.72 (2H, m, CH2), 1.95 (2H, q, 

J=6 .6 Hz, CHi), 2.11 (2H, m, CH2), 2.56 (2H, t, J=6.9Hz (av), CH2), 2.63 (2H, t, 

J=6.9Hz (av), CH2), 2.81 (IH, br.s, CH2 (AHPA)), 3.23 (3H, br.s, CH2 (AHPA) & 

CH2), 3.69 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.94 (3H, s, 

OCH3), 4.43 (2H, br.s, 2 x CH), 6.37 (IH, t, J=7.3Hz, C=CH), 6.40 (IH, s, ArCH), 

6.93 (2H, m, 2 X ArCH), 6.98 (IH, br.s, NH), 7.18 (3H, d, J=6 .6 Hz, 3 x ArCH), 7.30 

(IH, s, NH), 7.31 (3H, m, 3 x ArCH); ‘̂ C NMR (CDCI3 , 150MHz) 5c ppm: 21.23 

(CH3 (Leu)), 22.41 (CH3 (Leu)), 23.36 (CH2), 23.85 (CH2), 24.63 (CH (Leu)), 25.32 

(CHi), 25.61 (CH2 ), 28.36 (CH2), 33.56 (CH2), 34.35 (CH2), 34.45 (CH2 ), 39.36 

(CH2 ), 40.24 (CH2 (Leu)), 52.62 (CH), 52.66 (CH), 55.85 (OCH3), 55.94 (OCH3), 

60.57 (OCH3), 61.22 (OCH3), 108.95 (ArCH), 111.97 (ArCH), 122.15 (ArCH), 

125.73 (ArCH), 127.78 (C=CH), 127.85 (ArCH), 129.06 (2 x ArCH), 129.11 (2 x 

ArCH); HRMS: Actual 760.4102, calculated 760.4168, molecular formula 

C 4 3 H 5 8 N 3 O 9 .

Synthesis o f N-Boc-Pro-Pro-OBzl, (4.44)

To a stirred solution of A^-Boc-L-proline (l.OOg, 4.65mmol) in dry DCM (15ml) was 

added L-prolinebenzyl ester HCl (1.24g, 5.12mmol), BEP (1.40g, 5.12mmol) and 

DIPEA (2.43ml, 13.95mmol) under an atmosphere of N2 . The reaction was stirred 

for 4 hours, after which time the solvent was removed in vacuo. The resulting 

residue was then purified by flash column chromatography (stationary phase; silica
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gel 230-400 mesh, mobile phase; 1:1 hexane:ethyl acetate). All homogenous 

fractions were collected and the solvent was removed to afford (4.43) as a clear oil 

(1.65g, 8 8 %). v„ax (DCM)/cm'*: 3483.5, 2974.9, 2877.9, 1745.2, 1698.3, 1660.5; 

'H NMR (CDCI3 , 600MHz) 6 HPpm: Conformers: 1.44 (9H, 2 x s, C(CH3)3), 1.75- 

2.19 (8 H, m, 2 X P-CH2 , 2 x y-CHi), 3.36-3.76 (4H, 3 x m, 2 5 -CH2), 4.36-4.48 (IH, 2 

X m, a-CH), 4.60 (IH, m, a-CH), 5.02 5.18 (2H, 2 x m, CH2C6H5), 7.32 (5H, s, 5 x

ArCH); ‘̂ C NMR (CDCI3 , 600MHz) 5c ppm: Conformers: 23.34, 23.86 (y-CH2), 

24.76, 24.83 (y-CHi), 28.19, 28.33 (C(CH3 )3), 28.54, 28.64 (p-CHi), 28.82, 29.73 (p- 

CH2 ), 46.29, 46.47 (6 -CH2), 46.67, 57.49 (6 -CH2), 57.53, 58.65 (a-CH), 66.55, 66.67 

(CH2 (Bzl)), 79.20, 79.25 (C(CH3)3), 127.94-128.35 (5 x ArCH), 135.48, 135.56 

(ArC), 153.54, 154.38 (C=0), 170.95, 171.39 (C=0), 171.72, 172.00 (C=0).

Synthesis o f Pro-Pro-O-Bzl trifluoroacetate, (4.45)

Compound (4.45) was prepared from (4.44) as described in the general procedure for 

A -̂Boc deprotection. Product isolated as brown trifluoroacetate salt in quantitative 

yield (0.56g). The product was used without any further purification or 

characterisation.

Synthesis o f  N-Boc-AHPA-Leu-Pro-Pro-O-Bzl, (4.46)

To a stirred solution of (4.45) (0.04g, 0.12mmol) in dry DCM (2ml) was added 

(4.12) (0.05g, 0.12mmol), followed by PyBrop (0.06g, 0.12mmol) and DIPEA 

(0.06ml, 0.37mmol). The reaction was stirred at 0°C for five hours. On completion 

the reaction mixture was directly applied to a flash column for purification, 

(stationary phase; silica gel 230-400 mesh, mobile phase; 100% ethyl acetate). TLC 

plates were visualised by charring. All homogenous fractions were collected and the 

solvent was removed in vacuo to afford (4.46) as a clear oil (0.04g, 50%). Vmax 

(DCM)/cm-': 3400.0, 2959.5, 2922.7, 2873.2, 1744.4, 1693.85, 1634.6, 1529.0, 

1454.8; 'H NMR (CDCI3 , 600MHz) 5h ppm: 0.95 (3H, d, J=6.7Hz, CH(CH3 )2  

(Leu)), 0.98 (6 H, d, J=6.0Hz, 2 x CH3 (Leu)), 1.37 (9H, s, C(CH3)3), 1.62 (2H, m, 

CH2 (Leu)), 1.70 (IH, m, CH (Leu)), 1.87-2.13 (8 H, 2 x m, 4 x CH2 (Pro)), 2.98 (2H,
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m, CH2 (AHPA)), 3.55-3.79 (4H, 3 x m, 2 x CH2 (Pro)), 4.06 (IH, br.s, CHNH 

(AH?A)), 4.12 (IH, br.s, CHOH), 4.59 & 4.66 (2H, 2 x m, 2 x CH (Pro)), 4.82 (IH, 

q, J=8 .6 Hz, CHNH (Leu)), 5.06 (IH, m, NH), 5.07 (IH, m, CH2 (bzl)), 5.22 (IH, d, 

J=12.4Hz, CH2 (bzl)), 5.69 (IH, br.s, OH), 7.20-7.36 (lOH, 3 x m, 10 x ArCH), 7.51 

(IH, s, NH); NMR (CDCI3, 150MHz) 6 c ppm: 21.49 (CH3 (Leu)), 23.59 (CH3 

(Leu)), 24.68 (CH2 (Pro)), 24.72 (CH (Leu)), 24.74 (CH2 (Pro)), 28.07 (CH2 (Pro)), 

28.27 (C(CH3)3), 28.68 (CH2 (Pro)), 36.61 (CH2 (AHPA), 41.08 (CH2 (Leu)), 46.54 

(CH2 (Pro)), 47.23 (CH2 (Pro)), 48.71 (CHNH (Leu)), 55.58 (CHNH (AHPA)), 

57.94 (CH (Pro), 58.71 (CH (Pro)), 67.02 (CH2 (bzl)), 73.28 (CHOH), 79.59 

(C(CH3)3), 126.44 (ArCH), 128.17 (ArCH), 128.28 (ArCH), 128.43 (2 x ArCH), 

128.51 (2 X ArCH), 129.39 (3 x ArCH), 135.48 (ArC), 138.11 (ArC), 156.49 (C=0),

169.93 (C=0), 170.97 (C=0), 171.76 (C=0), 172.24 (C=0); '^N NMR (CDCI3, 

60MHz) 5n ppm: 86.34 (NH), 117.77 (NH); HRMS: Actual 715.3696, calculated 

715.3683, molecular formula C38H52N4 0 gNa.

Hydrogenolysis o f  the benzyl ester o f (4.46) to afford (4.47)

Compound (4.46) (0.04g, 0.06mmol) was dissolved in a mixture of EtOAc and EtOH 

(1:1; 4ml), treated with 10% Pd/C and stirred under an atmosphere of H2 . The 

reaction was allowed to stir at room temperature overnight and on completion the 

Pd/C was removed by filtering through celite® using EtOAc as solvent (200ml). 

The filtrate was concentrated in vacuo to afford (4.47) as a white solid (0.03g, 

100%). Decomposition point: 238-241°C; Vmax (KBr)/cm'': 3415.5, 2962.4, 2937.1, 

1696.2, 1639.6, 1531.4, 1455.1; ‘H NMR (CDCI3, 600MHz) 5h ppm: 0.94 (6 H, m, 

CH(CH3 )2  (Leu)), 1.27 (9H, s, C(CH3)3), 1.63 (2H, m, CH2 (Leu)), 1.74 (IH, m, CH 

(Leu)), 2.00-2.25 (8 H, m, 4 x CH2 (Pro)), 2.88 (2H, m, CH2 (AHPA)), 3.19 & 3.52 

(4H, 2 X m, 2 X CH2 (Pro)), 3.93 (IH, br.s, OH), 4.05 (IH, m, CHNH (AHPA)), 4.26 

(IH, br.s, CHOH), 4.38 & 4.63 (2H, 2 x m, 2 x CH (Pro)), 4.90 (IH, m, CHNH 

(Leu)), 5.72 (IH, br.s, OH), 5.93 (IH, s, NH), 6.89 (IH, s, NH), 7.21 (5H, m, 5 x 

ArCH); *̂ C NMR (CDCI3, 150MHz) 5c ppm: 21.23 (CH3 (Leu)), 23.18 (CH3 (Leu)),

23.93 (CH2 (Pro)), 24.51 (CH (Leu)), 24.86 (CH2 (Pro)), 27.41 (CH2 (Pro)), 27.90 

(C(CH3)3), 28.33 (CH2 (Pro)), 37.84 (CH2 (AHPA)), 40.45 (CH2 (Leu)), 46.79 (CH2
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(Pro)), A121 (CH2 (Pro)), 50.36 (CH), 53.78 (CH), 58.80 (CH (Pro)), 59.43 (CH 

(Pro)), 73.20 (CH), 79.52 (C(CH 3)3), 126.24 (ArCH), 128.18 (2 x ArCH), 129.17 

(ArCH), 129.35 (ArCH), 137.57 (ArC), 156.34 (C =0), 170.71 (C =0), 171.86 

(C =0), 172.88 (C =0), 174.28 (C =0); ‘^N NM R (CDCI3 , 60MHz) 6 n ppm: 76.1 (NH 

(AHPA)), 117.4 (NH (Leu)); HRMS: Actual 625.3225, calculated 625.3213, 

molecular formula C3 iH46N 4 0 sNa.

Synthesis o f N-Boc-AHPA-Leu-Pro-Pro-O-PFP, (4.48)

To a stirred solution o f  (4.47) (0.06g, 0.09mmol) in DMF (3ml) was added 

pentafluorophenol (0.02g, 0.09mmol), followed by DCC (0.02g, 0.12mmol) at 0°C. 

The temperature was allowed to increase to ambient after 15 minutes and stirred for 

a further three hours. On completion the reaction was quenched by the addition o f 

H2O (1 X 10ml) and the product extracted with diethyl ether (3 x 15ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated in vacuo to afford the crude product. This was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 

100% ethyl acetate). TLC plates were visualised by charring. All homogenous 

fractions were collected and the solvent was removed in vacuo to afford (4.48) as an 

oil (0.02g, 29%). ‘H NM R (CDCI3, 400MHz) 6 h ppm: 0.95 (3H, d, J=6.5Hz(av), 

CH(CH 3 )2  (Leu)), 0.98 (3H, d, J=6.0Hz(av), CH(CH 3 )2  (Leu)), 1.40 (9H, s, 

C(CH 3)3), 1.67 (3H, m, CH & CH2 (Leu)), 1.98-2.32 (8 H, m, 4 x CH2 (Pro)), 3.02- 

3.14 (2H, m, CH2 (AHPA)), 3.68-3.90 (4H, m, 2 x CLb (Pro)), 4.01 (IH , m, CHNH 

(AHPA), 4.14 (IH , s, CHOH), 4.70 & 4.83 (2H, 2 x m, 2 x CH (Pro)), 5.01 (IH , d, 

J=7.5Hz, CHNH (Leu)), 5.69 (IH , br.s, OH), 7.21 (IH , s, NH), 7.23-7.32 (5H, m, 5 x 

ArCH), 7.49 (IH , m, NH); '^F NM R (CDCI3, 400M Hz) 5p ppm: -162.58 (2F, t, 

J=19.2Hz, 2 X CF), -158.12 (IF , t, J=19.5Hz, CF), -152.78 (2F, d, J=19.5Hz, 2 x 

CF).
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Coupling o f (4.08) and (4.48) to afford (4.49)

To a stirred solution of (4.08) (0.02g, O.OSmmol) in DMF (3ml) was added (4.48) 

(0.02g, 0.3mmol), followed by TEA (few drops) at 0°C. The reaction was stirred at 

this temperature for 1 0  minutes before increasing the temperature to room 

temperature for a further four hours. The reaction was quenched by the addition of 

H2 O (1 X 10ml) and the product extracted with diethyl ether (3 x 15ml). The 

combined organic fractions were dried over magnesium sulphate, filtered and 

concentrated in vacuo to afford the crude product. This was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 

33:1 ethyl acetate:methanol). All homogenous fractions were collected and the 

solvent was removed in vacuo to afford (4.49) as a yellow solid (0.0 Ig, 34%). M.p.: 

105-109°C; Vmax (DCM)/cm’ :̂ 3317.3, 2926.7, 2850.5, 1774.1, 1634.0, 1515.1, 

1453.9; *H NMR (CDCI3, 600MHz) 5h ppm: 0.94 (3H, d, J=6.4Hz (av), CH(CH3)2 

(Leu)), 0.98 (3H, d, J=6 .6 Hz, CH(CH3 ) 2  (Leu)), 1.39 (9H, s, C(CHa)3), 1.60 (2H, m, 

CH2 (Leu)), 1.67 (IH, m, CH (Leu)), 1.89-2.04 & 2.12-2.36 (12H, m, 2 x C l^, 4 x 

CH2 (Pro)), 2.63 (2H, m, CHi), 3.03 & 3.12 (2H, m, CHi (AH?A)), 3.52 & 3.68 & 

3.76 (4H, m, 2 X CH2 (Pro)), 3.70 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.92 (3H, s, 

OCH3), 3.95 (3H, s, OCH3), 4.04 (IH, m, CHNH (AHPA)), 4.14 (IH, m, CHOH), 

4.18 & 4.21 (IH, 2 X d, J=5.1Hz, CH2 (Gly)), 4.34 (IH, m, CH2 (Gly)), 4.65 (2H, m, 

2 X CH (Pro)), 4.83 (IH, m, CHNH (Leu)), 5.01 (IH, d, J=8.1Hz, NH), 5.15 (IH, 

br.s, OH), 6.35 (2H, m, ArCH & C=CH), 6.90 (IH, d, J=8.4Hz, ArCH), 6.98 (IH, s, 

ArCH), 7.06 (IH, s, ArCH), 7.11 (IH, d, J=8.0Hz, ArCH), 7.16 (IH, dd, J=1.8Hz, 

8.4Hz, ArCH), 7.23 (3H, m, 3 x ArCH), 7.31 (IH, s, NH), 7.51 ( IH, m, NH); ^̂ C 

NMR (CDCI3 , 150MHz) 6 c ppm: 21.53 (CH3 (Leu)), 23.50 (CH3 (Leu)), 23.58 

(CH2), 24.64 (CH (Leu)), 24.94 (CH2 (Pro)), 25.11 (CH2 (Pro)), 25.53 (CH2), 28.19 

(C(CH3)3), 28.49 (2 X CH2 (Pro)), 34.95 (CH2), 36.37 (CH2 (AHPA), 41.06 (CH2 

(Leu)), 41.16 (CH2 (Gly)), 47.22 (CH2 (Pro)), 47.26 (CH2 (Pro)), 48.75 (CHNH 

(Leu)), 55.81 (CHNH (AHPA)), 55.93 (OCH3), 56.06 (OCH3), 57.96 (CH (Pro)), 

59.56 (CH (Pro)), 60.85 (OCH3), 61.53 (OCH3), 74.23 (CHOH), 80.33 (C(CH3)3), 

108.73 (ArCH), 112.05 (ArCH), 122.14 (ArCH), 126.58 (ArCH), 127.87 (C=CH), 

128.36 (ArC), 128.52 (3 x ArCH), 129.25 (2 x ArCH), 135.23 (ArC), 135.60 (ArC),
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138.13 (ArC), 138.99 (ArC), 141.31 (ArC), 141.42 (ArC), 150.01 (ArC), 150.99 

(ArC), 151.06 (ArC), 157.39 (C=0 (Boc)), 168.00 (C=0 (ester)), 170.97 (C=0 (Pro- 

Leu)), 171.47 (C=0 (Gly-Pro)), 171.99 (C=0 (Pro-Pro)), 172.60 (C=0 (Leu- 

AHPA)); NMR (CDCI3 , 60MHz) 5n ppm: 86.1 (NH), 103.3 (NH), 116.9 (NH); 

HRMS: Actual 1020.4909, calculated 1020.4946, molecular formula

C 5 4 H 7 i N 5 0 i 3 N a .

Deprotection o f (4.49) to afford (4.50)

Compound (4.50) was prepared from (4.49) as described in the general procedure for 

jV -B oc deprotection. Product isolated as pale yellow trifluoroacetate salt in 

quantitative yield (O.Olg). M.p.: 115-118°C; v^ax (DCM)/cm'': 3405.7, 3067.6, 

2960.4, 2932.3, 1674.1, 1647.0, 1563.1, 1511.2, 1448.1; 'HNM R (CDC13, 600MHz) 

5HPpm: 0.93 (3H, m, CH(CH3 )2  (Leu)), 0.98 (3H, m, CH(CH3 )2  (Leu)), 1.64 (3H, m, 

CH CH2 (Leu)), 1.87-2.12 (12H, m, 2 x CH2 , 4 x CH2 (Pro)), 2.64 (2H, m, CH2), 

2.91& 3.16 (2H, m, CH2 (AHPA)), 3.50 & 3.71 (4H, m, 2 x CH2 (Pro)), 3.63 (3H, s, 

OCH3), 3.84 (3H, s, OCH3 ), 3.87 (IH, m, CH2 (Gly)), 3.92 (3H, s, OCH3), 3.94 (3H, 

s, OCH3), 4.03 (IH, m, CHOH), 4.42 (IH, m, CHNH (Leu)), 4.59 (IH, m, CH 

(Pro)), 4.70 (IH, m, CH (Pro)), 4.76 (IH, d, J=7.9Hz, CH2 (Gly)), 5.94 (IH, d, 

J=8.1Hz, NH), 6.36 (2H, m, ArCH & C=CH), 6.73 (IH, m, ArCH), 6.93 (IH, d, 

J=8 .6 Hz, ArCH), 7.06 (IH, m, ArCH), 7.13 (IH, m, 2 x ArCH), 7.20 (3H, m, 3 x 

ArCH), 8.29 (IH, s, NH); *̂ C NMR (CDCI3 , 150MHz) 6 c ppm: 22.00 (CH3 (Leu)), 

23.02 (CH3 (Leu)), 23.45 (CH2), 24.37 (CH (Leu)), 24.80 (CH2 (Pro)), 25.11 (CH2 

(Pro)), 25.36 (CH2), 29.52 (CH2 (Pro)), 30.28 (CH2 (Pro)), 34.77 (CH2), 36.14 (CH2 

(AHPA), 41.21 (CH2 (Leu)), 42.61 (CH2 (Gly)), 46.95 (CH2 (Pro)), 47.92 (CH2 

(Pro)), 49.32 (CHNH (Leu)), 55.81 (OCH3), 55.90 (OCH3), 59.30 (CH (Pro)), 60.43 

(CH (Pro)), 60.70 (OCH3), 61.40 (OCH3), 69.50 (CHOH), 108.58 (ArCH), 111.99 

(ArCH), 126.35 (ArCH), 127.60 (ArCH), 127.87 (C=CH), 128.29 (ArC), 128.94 (2 x 

ArCH), 129.49 (2 x ArCH), 130.83 (ArC), 135.08 (ArC), 135.31 (ArC), 139.05 

(ArC), 141.17 (ArC), 141.26 (ArC), 150.84 (ArC), 150.96 (ArC), 157.10 (ArC), 

169.54 (C=0), 170.02 (C=0), 170.79 (C=0), 171.27 (C=0), 172.68 (C=0).

HRMS: Actual 898.4644, calculated 898.4602, molecular formula C4 9H64N 5O 11.
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Appendix 1 -  X-ray Crystal Data

Table 1. Crystal data and structure refinement 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on

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

R indices (all data)

Largest d iff  peak and hole

for m 1.

jwc30m  

C30 H33 0 8  

521.56 

396(2) K 

0.71073 A 
Triclinic 

P-1

a =  10.7559(8) A a =  78.195(2)°

b =  11.0154(8) A p =  89.992(2)°

c =  23.0146(17) A Y =  89.953(2)°

2669.1(3) A3 

4

1.298 Mg/m^

0.094 mm-'

1108

0.30 X 0.23 X 0.23 mm^

0.90 to 25.00°.

-12<=h<=12, -13<=k<=13, -27<=1<=27 

27595

9358 [R(int) = 0.0543]

99.5 %

None

Full-matrix least-squares on F^

9358 / 0 /  701 

1.052

R1 = 0 .0713 , wR2 = 0.1855 

R1 = 0 .0875 , wR2 = 0.1983 

0.718 and -0.424 e.A ’̂



Table 2. Atomic coordinates ( x 10'*) and equivalent isotropic displacement parameters (A^x 10^) 

for m l. U(eq) is defined as one third o f the trace o f  the orthogonalized U‘j tensor.

x y z U(eq)

0(8) 12163(2) 4201(2) 971(1) 30(1)

0(1) 6653(2) -2642(2) 180(1) 25(1)

0(7) 13791(2) 3918(2) 1987(1) 32(1)

0(4) 6800(2) 4833(2) 402(1) 33(1)

0(2) 4574(2) -2382(2) 655(1) 36(1)

0(6) 13709(2) 1941(2) 2686(1) 30(1)

0(5) 7600(2) 6109(2) 1409(1) 32(1)

C(52) 11980(3) 3195(2) 1307(1) 23(1)

0(3) 4473(2) -372(2) 1453(1) 43(1)

C(47) 9773(2) 549(2) 1408(1) 20(1)

C(49) 11772(2) 1224(2) 2061(1) 22(1)

C(35) 8598(2) 976(2) 1285(1) 20(1)

C(41) 7572(2) -835(2) 685(1) 20(1)

C(31) 7638(2) 2972(2) 858(1) 21(1)

C(32) 8699(3) 2952(2) 1873(1) 23(1)

C(39) 5533(3) -1544(3) 811(1) 26(1)

C(48) 10866(2) 1401(2) 1550(1) 21(1)

C(53) 10981(2) 2382(2) 1171(1) 21(1)

C(50) 12779(2) 2029(2) 2195(1) 23(1)

C(29) 7853(3) 4857(2) 1429(1) 24(1)

C(51) 12877(2) 3033(2) 1825(1) 24(1)

C(36) 7532(2) 112(2) 1103(1) 20(1)

C(30) 7429(2) 4234(2) 891(1) 23(1)

C(40) 6576(2) -1657(2) 554(1) 22(1)

C(34) 8297(2) 2320(2) 1343(1) 21(1)

C(57) 10028(3) -836(2) 1413(1) 24(1)

C(46) 9847(3) -1405(3) 785(1) 27(1)

C(38) 5474(3) -559(3) 1193(1) 28(1)

C(33) 8475(3) 4216(3) 1918(1) 25(1)



C(45) 8656(3) -920(3) 380(1) 24(1)

C(37) 6471(3) 249(2) 1340(1) 24(1)

C(54) 11203(3) 4487(3) 475(1) 35(1)

C(28) 7819(3) 6757(3) 1954(1) 36(1)

C(56) 13636(3) 926(3) 3080(2) 40(1)

C(44) 5738(3) -2677(3) -365(1) 36(1)

C(55) 14999(3) 3597(3) 1908(1) 36(1)

C(43) 4462(4) -3268(3) 1100(2) 60(1)

C(42) 3294(3) -305(4) 1051(2) 56(1)

0(11) 2838(2) 9202(2) 4029(1) 28(1)

0(12) 8347(2) 2355(2) 4821(1) 27(1)

0(10) 1209(2) 8917(2) 3015(1) 33(1)

0(9) 1291(2) 6937(2) 2313(1) 29(1)

0(15) 8199(2) 9835(2) 4598(1) 34(1)

0(13) 10427(2) 2620(2) 4346(1) 38(1)

0(16) 7399(2) 11106(2) 3593(1) 33(1)

0(14) 10529(2) 4630(2) 3547(1) 48(1)

C(6) 3016(3) 8201(2) 3693(1) 23(1)

C(9) 3225(2) 6219(2) 2941(1) 22(1)

C( l l ) 5228(2) 5548(2) 3589(1) 20(1)

C(17) 6399(2) 5976(2) 3716(1) 21(1)

C(15) 7428(2) 4167(2) 4315(1) 19(1)

C(19) 7365(2) 7970(2) 4147(1) 23(1)

C(26) 9469(3) 3455(3) 4191(1) 26(1)

C(10) 4133(2) 6403(2) 3452(1) 21(1)

C(7) 4014(2) 7381(2) 3828(1) 21(1)

C(8) 2223(2) 7031(2) 2804(1) 23(1)

C(20) 6294(3) 7950(3) 3125(1) 24(1)

C(21) 7143(3) 9856(2) 3572(1) 26(1)

C(27) 8428(3) 3346(2) 4445(1) 22(1)

C(5) 2119(3) 8031(2) 3175(1) 25(1)

C(23) 7574(3) 9236(2) 4109(1) 24(1)

C(13) 5152(3) 3595(3) 4212(1) 28(1)

C(22) 6522(3) 9220(3) 3078(1) 26(1)



C(18) 6706(2) 7319(2) 3656(1) 23(1)

C(14) 6345(2) 4074(3) 4618(1) 23(1)

C(16) 7470(2) 5113(2) 3896(1) 19(1)

C(24) 8530(2) 5253(3) 3659(1) 25(1)

C(25) 9522(3) 4441(3) 3808(1) 27(1)

C(12) 4973(2) 4164(2) 3587(1) 23(1)

C(3) 3795(3) 9481(3) 4528(1) 34(1)

C(4) 7176(3) 11766(3) 3047(1) 38(1)

C(2) 1(3) 8595(3) 3092(1) 35(1)

C(58) 9263(3) 2322(3) 5365(1) 38(1)

C (l) 1357(3) 5925(3) 1919(1) 37(1)

C(59) 11704(3) 4695(4) 3947(2) 60(1)

C(60) 10542(4) 1737(3) 3897(2) 57(1)



Table 3. Bond lengths [A] and angles [°] for m l.

0(8)-C(52) 1.232(3)

0(8)-C(54) 1.523(4)

0(1)-C(40) 1.518(3)

0(1)-C(44) 1.601(4)

0(7)-C(55) 1.368(4)

0(7)-C(51) 1.485(4)

0(4)-C(30) 1.362(3)

0(2)-C(43) 1.268(4)

0(2)-C(39) 1.478(4)

0(6)-C(56) 1.291(3)

0(6)-C(50) 1.497(3)

0(5)-C(29) 1.396(3)

0(5)-C(28) 1.582(4)

C(52)-C(53) 1.473(4)

C(52)-C(51) 1.516(4)

0(3)-C(38) 1.268(3)

0(3)-C(42) 1.562(5)

C(47)-C(35) 1.358(4)

C(47)-C(57) 1.548(4)

C(47)-C(48) 1.580(4)

C(49)-C(50) 1.473(4)

C(49)-C(48) 1.509(4)

C(35)-C(34) 1.548(4)

C(35)-C(36) 1.600(4)

C(41)-C(45) 1.374(4)

C(41)-C(40) 1.474(4)

C(41)-C(36) 1.557(4)

C(31)-C(34) 1.391(4)

C(31)-C(30) 1.425(4)

C(32)-C(33) 1.438(4)

C(32)-C(34) 1.583(4)

C(39)-C(40) 1.286(4)



C(39)-C(38) 1.531(4)

C(48)-C(53) 1.247(4)

C(50)-C(51) 1.255(4)

C(29)-C(33) 1.374(4)

C(29)-C(30) 1.599(4)

C(36)-C(37) 1.287(4)

C(57)-C(46) 1.699(4)

C(46)-C(45) 1.609(4)

C(38)-C(37) 1.477(4)

0(11)-C(6) 1.483(3)

0(11)-C(3) 1.618(4)

0(12)-C(27) 1.249(3)

0(12)-C(58) 1.589(4)

0(10)-C(2) 1.349(4)

0(10)-C(5) 1.378(3)

0(9)-C(8) 1.532(4)

0(9)-C(l) 1.574(4)

0(15)-C(23) 1.568(4)

0(13)-C(26) 1.378(3)

0(13)-C(60) 1.562(5)

0(16)-C(4) 1.337(4)

0(16)-C(21) 1.415(3)

0(14)-C(25) 1.236(3)

0(14)-C(59) 1.575(5)

C(6)-C(7) 1.396(4)

C(6)-C(5) 1.575(4)

C(9)-C(8) 1.395(4)

C(9)-C(10) 1.573(4)

C(ll)-C(17) 1.397(4)

C(ll)-C(10) 1.500(3)

C(ll)-C(12) 1.551(4)

C(17)-C(18) 1.495(4)

C(17)-C(16) 1.496(4)

C(15)-C(16) 1.267(4)



C(15)-C(14) 1.351(4)

C(15)-C(27) 1.397(4)

C(19)-C(23) 1.398(4)

C(19)-C(18) 1.619(4)

C(26)-C(25) 1.252(4)

C(26)-C(27) 1.258(4)

C(10)-C(7) 1.519(4)

C(8)-C(5) 1.529(4)

C(20)-C(18) 1.351(4)

C(20)-C(22) 1.402(4)

C(21)-C(23) 1.365(4)

C(21)-C(22) 1.600(4)

C(13)-C(12) 1.459(4)

C(13)-C(14) 1.732(4)

C(16)-C(24) 1.259(4)

C(24)-C(25) 1.389(4)

C(52)-0(8)-C(54) 112.5(2)

C(40)-0(l)-C(44) 123.05(19)

C(55)-0(7)-C(51) 113.3(2)

C(43)-0(2)-C(39) 106.6(3)

C(56)-0(6)-C(50) 113.7(2)

C(29)-0(5)-C(28) 123.2(2)

0(8)-C(52)-C(53) 119.5(3)

0(8)-C(52)-C(51) 109.8(2)

C(53)-C(52)-C(51) 130.7(2)

C(38)-0(3)-C(42) 113.7(3)

C(35)-C(47)-C(57) 117.6(2)

C(35)-C(47)-C(48) 122.7(2)

C(57)-C(47)-C(48) 119.6(2)

C(50)-C(49)-C(48) 130.6(2)

C(47)-C(35)-C(34) 118.2(2)

C(47)-C(35)-C(36) 121.5(2)

C(34)-C(35)-C(36) 120.3(2)



C(45)-C(41)-C(40)

C(45)-C(41)-C(36)

C(40)-C(41)-C(36)

C(34)-C(31)-C(30)

C(33)-C(32)-C(34)

C(40)-C(39)-0(2)

C(40)-C(39)-C(38)

0(2)-C(39)-C(38)

C(53)-C(48)-C(49)

C(53)-C(48)-C(47)

C(49)-C(48)-C(47)

C(48)-C(53)-C(52)

C(51)-C(50)-C(49)

C(51)-C(50)-0(6)

C(49)-C(50)-0(6)

C(33)-C(29)-0(5)

C(33)-C(29)-C(30)

0(5)-C(29)-C(30)

C(50)-C(51)-0(7)

C(50)-C(51)-C(52)

0(7)-C(51)-C(52)

C(37)-C(36)-C(41)

C(37)-C(36)-C(35)

C(41)-C(36)-C(35)

0(4)-C(30)-C(31)

0(4)-C(30)-C(29)

C(31)-C(30)-C(29)

C(39)-C(40)-C(41)

C(39)-C(40)-0(l)

C(41)-C(40)-0(l)

C(31)-C(34)-C(35)

C(31)-C(34)-C(32)

C(35)-C(34)-C(32)

C(47)-C(57)-C(46)

113.8(3)

117.5(2)

128.7(2)

112.7(3)

126.6(2)

111.9(3)

116.6(3)

131.5(2)

115.8(3)

113.4(3)

130.8(2)

113.7(3)

113.9(3)

111.6(3)

134.5(2)

117.4(3)

122.9(2)

119.8(2)

114.7(3)

115.2(3)

129.9(2)

115.9(3)

113.4(3)

130.7(2)

110.3(2)

124.7(2)

125.1(2)

114.7(3)

117.1(3)

128.1(2)

112.5(2)

121.3(2)

126.1(2)

120.6(2)



C(45)-C(46)-C(57)

0(3)-C(38)-C(37)

0(3)-C(38)-C(39)

C(37)-C(38)-C(39)

C(29)-C(33)-C(32)

C(41)-C(45)-C(46)

C(36)-C(37)-C{38)

C (6)-0(ll)-C (3)

C(27)-0(12)-C(58)

C(2)-0(10)-C(5)

C(8)-0(9)-C(l)

C(26)-0(13)-C(60)

C(4)-0(16)-C(21)

C(25)-0(14)-C(59)

C(7)-C (6)-0(ll)

C(7)-C(6)-C(5)

0(11)-C(6)-C(5)

C(8)-C(9)-C(10)

C(17)-C(ll)-C(10)

C(17)-C(ll)-C(12)

C(10)-C(ll)-C(12)

C(ll)-C(17)-C(18)

C(ll)-C(17)-C(16)

C(18)-C(17)-C(16)

C(16)-C(15)-C(14)

C(16)-C(15)-C(27)

C(14)-C(15)-C(27)

C(23)-C(19)-C(18)

C(25)-C(26)-C(27)

C(25)-C(26)-0(13)

C(27)-C(26)-0(13)

C(ll)-C(10)-C(7)

C(ll)-C(10)-C(9)

C(7)-C(10)-C(9)

116.6(2)

110.2(3)

120.5(3)

129.2(2)

111.4(3)

115.4(2)

114.8(3)

123.9(2)

112 .2(2 )

119.7(2)

124.0(2)

111.2(3)

106.2(2)

116.2(3)

119.9(3)

117.9(2)

1 2 2 . 1(2 )

118.2(2)

121.9(2)

122.3(2)

115.8(2)

123.4(2)

122 .0 (2 )

114.6(2)

112.9(2)

122 .0 (2 )

125.1(2)

127.3(2)

110.8(3)

125.7(3)

123.4(2)

115.7(2)

118.2(2)

126.1(2)



C(6)-C(7)-C(10) 116.1(3)

C(9)-C(8)-C(5) 115.6(3)

C(9)-C(8)-0(9) 122.3(3)

C(5)-C(8)-0(9) 122.0(2)

C(18)-C(20)-C(22) 109.5(3)

C(23)-C(21)-0(16) 102.4(3)

C(23)-C(21)-C(22) 125.1(2)

0(16)-C(21)-C(22) 132.6(2)

0(12)-C(27)-C(26) 111.8(2)

0(12)-C(27)-C(15) 122.0(2)

C(26)-C(27)-C(15) 126.1(2)

0(10)-C(5)-C(8) 117.0(3)

0(10)-C(5)-C(6) 116.8(2)

C(8)-C(5)-C(6) 126.1(2)

C(21)-C(23)-C(19) 108.0(3)

C(21)-C(23)-0(15) 126.1(2)

C(19)-C(23)-0(15) 125.9(2)

C(12)-C(13)-C(14) 120.8(2)

C(20)-C(22)-C(21) 126.4(2)

C(20)-C(18)-C(17) 109.1(3)

C(20)-C(18)-C(19) 123.7(2)

C(17)-C(18)-C(19) 127.1(2)

C(15)-C(14)-C(13) 111.1(2)

C(24)-C(16)-C(15) 111.8(3)

C(24)-C(16)-C(17) 124.2(2)

C(15)-C(16)-C(17) 124.0(2)

C(16)-C(24)-C(25) 124.9(3)

0(14)-C(25)-C(26) 114.8(3)

0(14)-C(25)-C(24) 121.1(3)

C(26)-C(25)-C(24) 124.1(3)

C(13)-C(12)-C(ll) 101.4(2)

Symmetry transformations used to generate equivalent atoms:



Table 4. Anisotropic displacement parameters (A^x 10^) for m l. The anisotropic 

displacement factor exponent takes the form: -2rĉ l h  ̂ a*^U" + ... + 2 h k a* b* U'^ ]

U l l  \J22 JJ33 IJ23  u ' 3  U ‘2

0(8) 28(1) 23(1) 32(1) 13(1) 11(1) -4(1)

0(1) 25(1) 20(1) 28(1) 1(1) 5(1) 1(1)

0(7) 21(1) 23(1) 48(1) 3(1) 8(1) -6(1)

0(4) 49(1) 17(1) 29(1) 6(1) 1(1) 4(1)

0(2) 28(1) 30(1) 45(1) 1(1) 14(1) -14(1)

0(6) 27(1) 28(1) 28(1) 10(1) -2(1) -7(1)

0(5) 48(1) 16(1) 29(1) 2(1) 8(1) 5(1)

C(52) 24(1) 15(1) 25(2) 5(1) 12(1) 0(1)

0(3) 24(1) 54(2) 51(1) -8(1) 24(1) -6(1)

C(47) 21(1) 18(1) 19(1) 5(1) 7(1) -1(1)

C(49) 21(1) 19(1) 24(1) 5(1) 6(1) 0(1)

C(35) 22(1) 16(1) 20(1) 4(1) 6(1) -3(1)

C(41) 19(1) 17(1) 19(1) 9(1) 3(1) 1(1)

C(31) 20(1) 20(1) 22(1) -3(1) 6(1) -4(1)

C(32) 22(1) 21(1) 23(1) 5(1) 8(1) 0(1)

C(39) 21(1) 21(1) 32(2) 4(1) 6(1) -5(1)

C(48) 19(1) 17(1) 25(1) 1(1) 9(1) 2(1)

C(53) 22(1) 20(1) 19(1) 4(1) 7(1) 1(1)

C(50) 21(1) 22(1) 25(1) 2(1) 6(1) 3(1)

C(29) 24(2) 16(1) 29(2) 0(1) 9(1) 1(1)

C(51) 19(1) 16(1) 33(2) 0(1) 8(1) -2(1)

C(36) 20(1) 13(1) 22(1) 8(1) 5(1) 0(1)

C(30) 22(1) 19(1) 26(2) 4(1) 6(1) -1(1)

C(40) 23(1) 14(1) 24(1) 5(1) 3(1) 3(1)

C(34) 14(1) 19(1) 27(2) 2(1) 9(1) -3(1)

C(57) 19(1) 17(1) 32(2) 7(1) 3(1) 1(1)

C(46) 23(2) 20(1) 35(2) 2(1) 9(1) 2(1)

C(38) 21(2) 26(2) 32(2) 4(1) 12(1) 1(1)

C(33) 28(2) 23(1) 22(1) -3(1) 8(1) -3(1)



C(45) 23(1) 23(1) 22(1) 0(1) 8(1) -1(1)

C(37) 24(2) 21(1) 25(2) -1(1) 8(1) 1(1)

C(54) 40(2) 31(2) 28(2) 10(1) 6(1) 0(1)

C(28) 49(2) 22(2) 36(2) -3(1) 12(2) 4(1)

C(56) 35(2) 42(2) 33(2) 17(2) -6(1) -7(1)

C(44) 40(2) 37(2) 29(2) -2(1) -1(1) 3(1)

C(55) 23(2) 47(2) 33(2) 5(1) 7(1) -10(1)

C(43) 42(2) 39(2) 85(3) 21(2) 16(2) -14(2)

C(42) 23(2) 60(2) 81(3) -10(2) 21(2) 5(2)

0 (1 1 ) 28(1) 23(1) 30(1) 1(1) 11(1) 4(1)

0 (1 2 ) 25(1) 19(1) 29(1) 14(1) 5(1) 0(1)

0 (1 0 ) 20(1) 22(1) 48(1) 11(1) 9(1) 6(1)

0 (9 ) 28(1) 28(1) 28(1) 4(1) 0(1) 7(1)

0 (1 5 ) 50(1) 17(1) 31(1) 8(1) 1(1) -3(1)

0 (1 3 ) 28(1) 34(1) 43(1) 15(1) 14(1) 16(1)

0 (1 6 ) 48(1) 17(1) 28(1) 12(1) 8(1) -5(1)

0 (1 4 ) 24(1) 55(2) 50(1) 23(1) 23(1) 9(1)

C(6) 24(1) 17(1) 25(2) 5(1) 12(1) -2(1)

C(9) 23(1) 19(1) 22(1) 2(1) 9(1) 0(1)

C ( l l ) 21(1) 17(1) 18(1) 4(1) 7(1) 2(1)

C(17) 23(1) 15(1) 21(1) 2(1) 7(1) 0(1)

C(15) 20(1) 17(1) 18(1) 1(1) 4(1) -1(1)

C(19) 21(1) 19(1) 25(2) 6(1) 7(1) 2(1)

C(26) 21(2) 22(1) 33(2) 3(1) 6(1) 6(1)

C(10) 19(1) 18(1) 21(1) 7(1) 8(1) -2(1)

C(7) 17(1) 22(1) 19(1) 5(1) 5(1) -1(1)

C(8) 20(1) 21(1) 24(1) 7(1) 4(1) -1(1)

C(20) 24(2) 24(1) 21(1) 2(1) 6(1) 0(1)

C(21) 27(2) 16(1) 27(2) 9(1) 11(1) 1(1)

C(27) 25(2) 14(1) 23(1) 4(1) 4(1) -1(1)

C(5) 21(1) 17(1) 32(2) 10(1) 11(1) 2(1)

C(23) 23(2) 20(1) 26(2) 3(1) 7(1) 1(1)

C(13) 22(1) 22(1) 33(2) 9(1) 8(1) 0(1)

C(22) 28(2) 21(1) 25(2) 8(1) 9(1) 1(1)



C(18) 15(1) 20(1) 28(2) 6(1) 10(1) 4(1)

C(14) 21(1) 22(1) 21(1) 5(1) 9(1) 3(1)

C(16) 19(1) 15(1) 21(1) 1(1) 4(1) -1(1)

C(24) 21(1) 22(1) 28(2) 7(1) 8(1) -1(1)

C(25) 19(1) 26(2) 32(2) 4(1) 12(1) 1(1)

C(12) 17(1) 18(1) 30(2) 3(1) 4(1) 0(1)

C(3) 41(2) 30(2) 31(2) -4(1) 8(1) 3(1)

C(4) 50(2) 23(2) 32(2) 14(1) 14(2) -3(1)

C(2) 23(2) 44(2) 32(2) 4(1) 8(1) 10(1)

C(58) 37(2) 37(2) 31(2) 11(1) 1(1) 1(1)

C (l) 33(2) 43(2) 33(2) -5(1) -5(1) 9(1)

C(59) 25(2) 60(2) 79(3) 21(2) 20(2) -1(2)

C(60) 44(2) 35(2) 89(3) -8(2) 19(2) 15(2)



Table 5. Hydrogen coordinates ( x 10'') and isotropic displacement parameters (A^x 10 

for m 1.

X y z U(eq)

H(4) 6767 5576 403 50

H(49) 11679 484 2336 27

H(31) 7363 2623 546 25

H(32) 9122 2456 2186 28

H(53) 10483 2581 835 26

H(57A) 9496 -1319 1714 29

H(57B) 10878 -1007 1545 29

H(46A) 10587 -1204 544 32

H(46B) 9799 -2302 898 32

H(33) 8720 4557 2238 30

H(45A) 8847 -108 143 28

H(45B) 8519 -1475 109 28

H(37) 6342 813 1585 29

H(54A) 11209 3839 252 53

H(54B) 11402 5263 217 53

H(54C) 10393 4539 643 53

H(28A) 7322 6354 2284 54

H(28B) 7586 7615 1844 54

H(28C) 8681 6695 2063 54

H(56A) 12842 885 3274 60

H(56B) 14285 907 3368 60

H(56C) 13725 230 2891 60

H(44A) 5096 -2067 -376 54

H(44B) 5370 -3485 -316 54

H(44C) 6200 -2501 -729 54

H(55A) 15081 2710 2006 54

H(55B) 15530 3961 2160 54

H(55C) 15233 3893 1501 54



H(43A) 5219 -3740 1155

H(43B) 3788 -3794 1034

H(43C) 4296 -2940 1448

H(42A) 3542 -150 642

H(42B) 2763 353 1118

H(42C) 2854 -1078 1147

H(15) 8147 10592 4502

H(9) 3353 5584 2736

H(7) 4573 7430 4131

H(20) 5917 7597 2836

H(13A) 5260 2712 4236

H(13B) 4382 3698 4416

H(14A) 6136 4873 4707

H(14B) 6441 3484 4991

H(24) 8658 5954 3362

H(12A) 4133 4041 3458

H(12B) 5559 3842 3336

H(3A) 3842 8770 4848

H(3B) 3508 10184 4677

H(3C) 4604 9655 4355

H(4A) 7623 11410 2762

H(4B) 7444 12606 3023

H(4C) 6301 11755 2966

H(2A) -95 7737 3075

H(2B) -487 9096 2784

H(2C) -275 8724 3471

H(58A) 9966 2846 5238

H(58B) 9543 1487 5510

H(58C) 8835 2613 5676

H(1A) 2132 5998 1709

H(1B) 682 6046 1641

H(1C) 1297 5115 2169

H(59A) 11443 4662 4349

H(59B) 12141 5457 3804

90

90

90

83

83

83

51

27

25

29

33

33

27

27

30

27

27

51

51

51

57

57

57

52

52

52

57

57

57

55

55

55

90

90



H(59C) 12243 4007 3933 90

H(60A) 9784 1277 3897 85

H(60B) 11221 1172 4012 85

H(60C) 10691 2218 3506 85



Table 6. Torsion angles [°] for m l.


