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N um m ary

The purpose of this thesis was the design, synthesis and in vitro appraisal of a novel 

class of ITP/APN dual inhibitory compounds. Additionally, a class of novel biaryls, 

which were synthesised within the research group, were assayed to evaluate their ability 

to inhibit tubulin polymerisation (ITP). The introductory chapter commences with brief 

overview of the history of cancer and role of natural products in conventional 

chemotherapeutic regimes and adjuvant immunotherapies. Subsequently, the biological 

mechanisms of mitosis and metastasis are discussed with special emphasis on the 

importance of tubulin and the spindle apparatus, and the proteolj1;ic degradation of the 

extracellular matrix by the angiogenic marker, aminopeptidase N (APN). Following, a 

review of the structural activity requisites of particular aminopeptidase N and 

antimitotic compounds, a discussion on the novel development of a novel class of dual 

ITP/APN inhibitory compoimds ensues. The chapter concludes with the rationalisation 

of the proposed synthetic strategies, and the obligatory development of tubulin 

extraction, purification and assay procedures.

Chapter 2 proceeds with the synthesis a series of investigational compounds coupling 

colchicbe to several dicarboxylic amino acids and (2S',37?)-2-hydroxy-3-amino-4- 

phenylbutanoic acid (AHPA), probing the optimum chain length compulsory to fulfil 

both requirements of minimal disruption to ITP whilst maintaining fianctionality 

necessary for APN/CD13 inhibition. Consequent ITP in vitro assay results are analysed 

and the importance of Aspartic acid (Asp) as a linker molecule discussed.

Chapter 3 reviews the routes employed, in the synthesis of AHPA, and rationalises the 

method utilised in the proceeding synthesis of AHPA. The subsequent synthesis and in 

vitro APN inhibitory appraisal of novel AHPA derived compounds, incorporating the 

linker molecule Asp are discussed, and concludes with analysis o f the results.

Chapter 4 details the conclusive synthesis and in vitro assay of novel dual ITP/APN 

inhibitory compounds and their novel intermediates Analysis o f both the ITP and APN 

in vitro results concludes with a discussion on the structural activity relationships of 

these novel dual inhibitory compounds.

V



Chapter 5 introduces angiogenesis, mediated via vascular endothelial growth factor 

(VEGF) pathways and the anti-angiogenic/vascular potential and structural activity 

relationships of combretastatins. The consequent development of an efficient tubulin 

extraction/purification and turbidimetric assay methodology and the in vitro ITP 

evaluation of a novel class of biaryl compounds, inspired by the natural product 

combretastatin A-4 and synthesised within the research group, are discussed. The 

chapter concludes with analysis of structural activity relationships and discussion of 

these potent tubulin inhibitors.

Chapter 6 details the potential for the further development of novel biaryl anti-tubulin 

compounds discussed in Chapter 5, with improved water solubility, from via select 

flinctionalisation of the benzylic methylene. The generation of intermediary 

compounds tert-b\xiy\ A^-(3,4,5-trimethoxy-9-oxo-6,7,8,9-tetrahydro-5//-

benzo[a]cyclohepten-5-yl)carbamate and tert-h\xXy\ A/-(2,3,4-trimethoxy-9-oxo-6,7,8,9- 

tetrahydro-5//-benzofflf]cyclohepten-5-yl)carbamate and their synthesis via a novel 

bromination strategy is discussed.
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'H and ‘ Ĉ NMR and DEPT 135 spectra o f 6.5.

xiii



L is t  f  a b l es

1.1 Main components of basement membranes and their function. 13

1.2 Interstitial connective tissue components and their major distribution. 14

1.3 Major classes of proteinases. 16

1.4 AP activities of eight stereoisomers of bestatin. 21

1.5 APB inhibition by phenyl ring substitutions. 23

1.6 APB inhibition with variation to the a-amino acid residue. 23

1.7 ITP values for a number o f ben2yl and aroyl derivatives

of colchicine. 35

1.8 jV-deacetyl-A^-glycosylalkylthiocoIchicines. 35

1.9 ITP values for allocolchicone analogues. 37

2.1 ‘H and '^C NMR resonance values for 2.12-2.14. 51

2.2 ITP IC50 and values for the series of investigation compounds. 64

3.1 'H and NMR resonance values for the compounds 3.10 and 3.11 83

3.2 APN/CD13 ICsoand R  ̂values for the series of compounds 105

4.1 ITP IC50 and R  ̂values for final dual inhibitory compounds

and intermediates. 131

4.2 APN/CD13 IC50 and R  ̂values for the series of final dual inhibitory

compounds. 134

5.1 Effect of conformation on ITP of natural and synthetic stilbene

derivatives. 145

5.2 Effect of conformation and modification at bridging

carbons la  and lb, on ITP. 146

5.3 Effect of bridge length on ITP. 146

5.4 Effect of A and B ring modification to substituants on ITP. 148

5.5 pH effect on reversible polymerisation in vitro. 151

5.6 ITP IC50 values of compounds 5.29-5.39. 155

XIV



5.7 ITP IC50 values of compounds 5.40-5.47. 157

5.8 ITP IC5 0 values of compounds 5.48-5.53. 159

5.9 Plot of ITP data 5.48 and 5.49. 161

5.10 ITP IC5 0  values of compounds 5.56-5.59. 162

5.11 ITP IC5 0 values of saturated C7 ketonic’s 5.60 and 5.61. 163

5.12 ITP IC5 0  values of compounds 5.62-5.69. 165

6.1 Experimental conditions employed in benzylic bromination reactions 174

XV



L is t  o f  a b b rev ia t io n s

AA D,L-Amino adipic acid

ACN l,r-Azobis (cyclohexane carbonitrile)

AHPA Amino-hydroxy-phenylbutanoic-acid

AIBN Azoisobutyronitrile

ANCI American national cancer institute

ANLL Acute nonlymphocyctic leukaemia

APB Aminopeptidase B

APN Aminopeptidase N

aq. Aqueous

Asp L-Aspartic acid

ATP Adenosine triphosphate

ATPase Adenosine triphosphatase

BEP 2-Bromo-l -ethyl pyridinium tetrafluoroborate

BM Basement membranes

Boc Butyloxylcarbonyl

B0 C2O Di-^er/butyl-dicarbonate

BnBr Benzyl bromide

BnOH Benzyl alcohol

BSA Benzene sulfonic acid

CA-2 Combretastatin A2

CA-4 Combretastatin A4

CASE Computer automated structure evaluation

Cbz Carboxy benzyl

CCI4 Carbon tetrachloride

CD13 Cluster of differentiation 13

CDCI3 Deuterated chloroform

CD3OD Deuterated methanol

Cys Cystine

D2O Deuterated water

DCC N, A'-dicyclocarbodiimide

DCM Dichloromethane

xvi



DEPT Distortionless enhancement by polarisation transfer

DIEA iV,jV-Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMP Dimethyl pyrazole

DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

DPPA Diphenylphosphoryl azide

EAC Ehrlich ascites carcinoma

EB Extraction buffer

ECM Extracellular matrix

EDTA Ethylenediaminotetraacetic acid

EGTA (Ethyleneglycol-6/5-yff-aminoethylether)-iV-iV-tetra-acetic

eq. Equivalent

EtjN Triethyl amine

EtzO Diethyl ether

EtOAc Ethyl acetate

EtOH Ethanol

FGI Functional group interconversion

GCMS Gas chromatography-mass spectroscopy

GDP Guanosine diphosphate

Glu L-Glutamic acid

Gly Glycine

GTP Guanosine triphosphate

^H Tritium

hi Turbidity

H2SO4 Sulphuric acid

HCl Hydrochloric acid

HCN Hydrogen cyanide

HEPES A/-2-hydroxy-ethylpiperazine-A^-2-ethanesulphonic acid

Hex Hexane

HMBC Heteronuclear multiple bond correlation

HMQC Heteronuclear multiple quantum correlation

HOBt 1 -Hydroxybenzotriazole

xvii



HRMS High resolution mass spectroscopy

HUVEC Human umbilical vascular endothelial cells

IC50 Concentration that decreased the maximum rate o f

controlled response, by 50%

IL Interleukin

He L-Isoleucine

lORT Intraoperative radiation therapies

IR Infrared

ITP Inhibition o f  tubulin polymerisation

J  Absolute value o f  the coupling constant in Hz.

KBR Potassium bromide

KCN Potassium cyanide

kDa Kilo Daltons

L-AP Leucine aminopeptidase

Leu L-Leucine

Leu-/?NA L-Leucine-/7-nitroanilide

LiHMDS Lithium hexamethyldisilazide

LiAlH4 Lithium aluminium hydride

M Molar in moles per litre

mM Millimolar

M  ̂ Molecular ion

m/z Mass o f  ion divided by its charge

Mel Methyl iodide

MeOH Methanol

MeONa Sodium methoxide

MAP Microtubule associated protein

MBA 5(-)-a-methylbenzylamine

MDR Multi-drug resistance

mg Milligram

)xg Micrograms

ml Millilitre

nM Micromolar

MMP Matrix metalloproteinase

MTD Maximum tolerated dose

xviii



MTOC

Mpt

mRNA

NaBH4
«-BuLi

A -̂Boc

NaNs
NBS

NGR

NMR

NOE

OBzl

OMe

OPcp

OPfp

PA

PipOH

PhCHzCHO

PG

Phe

PPA

ppm

Pro

pTSA

Pyr

R̂

RB

RT

SAR

SD

SEM

str

t-Bu

'BuOH

Microtubule organising centre 

Melting point

Messenger Ribonucleic acid 

Sodium borohydride 

«-Butyl lithium 

A/-^er/-butoxycarbonyl 

Sodium azide 

A^-bromosuccinimide 

Asparagine-glycine-arginine 

Nuclear magnetic resonance 

Nuclear Overhauser effect 

Benzyl ester 

Methyl ester 

Pentachlorophenyl ester 

Pentafluorophenyl ester 

Plasminogen activators 

Pentafluorophenol 

Phenyl acetaldehyde 

Protecting group 

L-Phenylalanine 

Polyphosphoric acid 

Part per million 

L-Proline

para-Toluene sulphonic acid 

Pyridine 

Goodness of fit 

Reassembly buffer 

Room temperature 

Structural activity relationship 

Standard deviation 

Standard error of mean 

Stretch in IR 

/er^Butyl cation 

^er/-Butanol

xix



'BuOK Potassium /er^-butoxide

TFA Trifluoroacetic acid

TFAA Trifluoroacetic anhydride

THF Tetrahydrofuran

tic Thin layer chromatography

TNF-a Tumour necrosis factor alpha

TOCSY Total correlation spectroscopy

Val L-Valine

VEGF Vascular endothelium growth factor

Vmca Frequency maximum o f IR absorption bands.

UV Ultraviolet

XX



I n t r o d u c t i o n



C h a p ter I -  Introduction. 1.0 - Introduction .

( C h a p t e r  1 

1 .O  I n tr o d u c t io n

“Suppose you suddenly discover you have cancer. A horrible, crab like disease has 

invaded your body, is gnawing at your flesh, has pushed greedy tentacles into your vital 

organs. A loathsome scavenger slowly and inexorably is consuming you alive, cell-by- 

cell. Nothing on earth can save you, medical science can do little more than ease the 

excruciating physical pain that inevitably accompanies later stages o f this dreaded 

disease. Your mind recoils in horror. You don’t want to dieV"^

-  Harry M. Hoxsey, N.D (1956).

1 .1 (^ .ancer

Even with rapid advances in medical science in the last forty years, cancer is the biggest 

cause o f death in Ireland (24%), following cardiovascular disease (41%)^ Cancer is the 

generic name for over 100 diseases, which share a number o f characteristics including a 

fundamental abnormality resulting in the continual unregulated proliferation of cancer 

cells. Rather than responding appropriately to the signals that control normal cell 

behaviour, cancer cells grow and divide in an uncontrolled manner, invading normal 

cells and tissues and eventually spreading throughout the body^. This uncontrolled 

growth can impinge on surrounding organs causing disruption o f normal bodily 

functioning, which in turn can lead to death.

Cancer has afflicted humans throughout recorded history, and it is o f no surprise that 

our oldest description of cancer (although the term cancer was not used) was 

discovered in Egypt and dates back to approximately 1600 B.C‘‘. The Edwin Smith 

Papyrus describes 8 cases o f tumours o f the breast, commenting, “There is no 

treatment” . Indeed the origin o f the word cancer is credited to the Greek physician 

Hippocrates (460-370 B.C.)\ Considered the “Father o f medicine”, Hippocrates used 

the terms carcinos and carcinoma to describe non-ulcer forming and ulcer forming 

tumours, most likely applied to the disease because the finger-like spreading projections
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from a cancer called to mind the shape o f a crab. However he considered the patient 

incurable after a diagnosis of cancer had been made.

Even though medicine progressed and flourished in some ancient civilisations, there 

was little progress in cancer treatment, undeniably the approach to cancer was 

predominantly Hippocratic. To some extent, it is this view that cancer cannot be cured 

that has persisted even into the 21 '̂ century, fuelling the fear patients have o f this 

disease today.

1.2 r e a t m e n t  o f  CLancer  

I . 2 . 1  ^ u r g e r ^  and KadiotKerapy

Surgery, for the removal o f cancer has been used for centuries. Galen*̂ , (a 2"  ̂ century 

Roman doctor) wrote o f surgical cures for breast cancer if the tumour could be removed 

at an early stage. Nevertheless, it was not until the 19'*’ and early 20*'' centuries, with 

the advent o f anaesthesia in 1846\ that major advances in cancer surgery were made, 

resulting in development o f the radical mastectomy and the modified radical 

mastectomy. However, it is undoubtedly Paget’s* hypothetical discovery, that cancer 

cells from a primary tumour spread throughout the blood stream, but could only grow in 

certain but not all organs, that was the most significant development o f this era. This 

understanding of metastasis became a key aspect in recognizing the limitations of 

surgery and allowed the development o f a more systematic approach to treating cancer. 

Today, local removal o f the primary tumour (lumpectomy) coupled with radiation 

therapy and chemotherapy is equally effective and much less debilitating than the 

earlier radical procedures.

As the 19'*’ Century was drawing to a close, William Roentgen®, a German physicist 

discovered the X-ray (1896). Within three years radiation was used in the treatment o f 

cancer leading to a major breakthrough in France, where it was discovered that daily 

doses o f radiation over several weeks greatly improved therapeutic response, while 

minimizing the damage to adjacent healthy tissues. The methods and technology for 

delivery have steadily improved to include; conformal and conformal proton heam'°, 

strereotactic^^ and intraoperative'^ radiation therapies (lORT) with current research
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developing the use o f  boron neutron capture therapy'^ and potential use o f  chemical 

modifiers and radiosensitizers'*.

However, cancers metastatic potential increases the difficulty in treating these diseases, 

with surgery or radiotherapy. While surgery and radiotherapy result in cure for some 

40% o f  all cancer patients, the remaining 60% die as a result o f  these metastatic 

diseases'^. Under these conditions the removal o f  tumours by surgery becomes less 

practicable and other methods o f  treatment are needed. For those patients, cancer has to 

be considered as a systematic disease and cure from cancer will likely come from some 

type o f  systematic treatment. Chemotherapy (the use o f  drugs) therefore becomes the 

therapy o f  choice under these circumstances.

I . 2 . 2  ( C h e m o t h e r a p y

The history o f  chemotherapy traces back to medical observations in World War 1 where 

soldiers who were exposed to chemical warfare, (sulphur mustard), suffered from 

lowering o f  their white blood cells, especially lymphocytes. Following that 

observation, the U.S Army discovered nitrogen mustard 1 . 1 '*, which after fiarther study 

was found to have substantial activity against lymphoma, but with reduced toxicity in 

comparison to sulphur mustard.

This served as the first model for a series o f  alkylating agents that killed cancer cells by 

damaging their DNA. This ushered in the new era o f  cancer chemotherapy, which lead 

to the first cure o f  metastatic cancer (choriocarcinoma) in 1956 using methotrexate 

1 .2 '\  a folic acid antagonist.

Nitrogen Mustard 1.1 Methotrexate 1.2
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Cancer chemotherapy is designed to exploit differences between normal and malignant 

cells. Thus the ultimate goal o f this therapy is to produce a drug, which will 

specifically destroy, or otherwise benign, cancer cells without having a significant 

effect on normal cells. Clearly cancer cells differ fi"om their normal counter-parts in a 

number o f biochemical processes, particularly in the control o f growth and division. 

However, it is apparent that these differences are a result o f alterations to a minute 

proportion o f normal cellular processes e.g. loss of cell death (apoptosis) and mitosis. 

This increase in cell growth and division represents an attractive and achievable target 

for drug design. Conversely, this process also occurs in normal cells undergoing 

division and thus, does not represent a truly specific target, consequently drug design 

and synthesis o f a truly selective anticancer drug has yet to be accomplished.

In the late 1950s following the initial success o f agents such as nitrogen mustard and 

methotrexate, many hundreds o f chemical variants were synthesised and tested. 

However the effective dose o f these initial alkylating agents was almost the same as the 

toxic dose, which lead the American National Cancer Institute (ANCI) to look 

elsewhere for new models o f anti-cancer agents with increased selectivity. This 

sparked an intensive survey o f plants, microorganisms and marine animals for drugs of 

antitumour activity, stimulated by their mention in folklore. Indeed the use o f plant 

materials in the treatment o f malignant diseases has been documented for centuries, and 

it is from these that heralded the first use o f anti-mitotic agents.

Extracts o f the plant Colchicum autumnale (Figure 1.1) have been known since 

antiquity for their therapeutic use in the treatment o f gout, and their extreme toxicity'*. 

Colchicine 1.3, the first antimitotic agent characterized, was first isolated fi-om 

Colchicum in 1820'^ but it wasn’t until 1960 that its use as an antimitotic agent was 

first investigated^®. Although too toxic to be used therapeutically, it led to the 

development o f hundreds o f semi-synthetic and synthetic analogues, some of which are 

used clinically today^'.
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O

Colchicine 1.3

Figure 1.1. Colchicine the first 'classic’ antimitotic agent extracted from Colchicum 
autumnalê ^̂ .

Podophyllum was used over 2000 years ago by the ancient Chinese”  as an antitumour 

drug, and later by the Penobscot Indians o f Maine’  ̂ to treat ‘cancer’. The active 

constituent was found to be the lignan podophyllotoxin 1.4, which was first extracted 

from Podophyllum peltatum (Figure 1.2) in 1881” . Although found to have good 

antimitotic activity it was unsuitable for medicinal use, however, two semi-synthetic 

derivatives etoposide 1.5 and teniposide 1.6 are currently used clinically in the 

treatment o f small-cell lung, testicular and paediatric cancers^''.

R = CHj = Etoposide | q -

R = = Teniposide

Podophyllotoxin 1.4 Etoposide 1.5 and Teniposide 1.6

Figure 1.2. Podophyllotoxin and its semi-synthetic, anti-cancer drugs etoposide and 
teniposide, all derived from  the natural product Podophyllum peltatum'^^.
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OH

CH.OOC

OH

OR.

COR

Vinca alkaloid R. «3
1.7 Vinblastine CH3 OCH3 COCH
1.8 Vincristine CHO OCH3 c o c h '
1.9 Vindesine CH3 NH2 H

Figure 1.3. The vinca alkaloids and Catharanthus roseus.

Stimulated by its use in folklore as a diabetic agent'^, the use o f Catharanthus roseus 

(Figure 1.3) and its alkaloidal products {vinca alkaloids) remain one o f the most 

successflil and useful classes o f anticancer compounds currently in use'^ O f this class, 

vinblastine 1.7, vincristine 1.8 and the synthetic derivative, vindesine 1.9, are used 

singly, or in combination with other drugs, to treat a number o f neoplastic conditions^®.

OCOCH

1.10 Paclitaxel: R,= Ph; Rj= Ac.
1.11 Taxotere : R,= /-BuO; Rj= H

Figure 1.4. Taxus baccatc^^^ and the mitotic stabalising drug Taxol'

More recently, this screening o f plant material has yielded another potent anti-cancer 

drug in the form of the novel diterpenoid, paclitaxel 1.10, a product initially isolated 

from the bark of the western yew, Taxus brevifolia^^ in 1971. Also isolated from T. 

haccata (Figure 1.4) this drug is now utilized in the treatment o f several neoplasms'*
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including those o f the breast, ovaries, lung, prostrate and in the use o f malignant 

melanoma and Kapasi’s sarcoma. It is also the starting material for synthesis o f water- 

soluble antimitotic, taxotere 1.11̂ ®, which exhibits increased antitumour activity.

In summary, these drugs have shown to be effective in a number o f neoplastic 

conditions, and particularly in those that were extremely lethal before the era of 

chemotherapy, chemotherapy can now be considered the main curative treatment. 

Consequently the treatment o f these metastatic cancers with chemotherapy can be 

considered as a major success in modern medical science.

I . 2 . 5  (3-O fnb ination  CL-]rtcmot]r>e.rapij

Chemotherapy can cure many human cancers, but resistance -  either intrinsic or 

acquired is a problem, especially in the treatment o f solid carcinomas and sarcomas. 

Combination chemotherapy^® was developed in order to prevent or delay specific 

mechanisms of resistance by these rogue cells, and to allow higher overall doses o f anti

tumour drugs by combining chemo-agents with varying side effects and toxicity 

towards the host. Due to the success o f combination therapy with multiple drugs, it has 

now become common practice in the treatment o f cancer. However, even with the use 

o f drugs with wide and varying cellular targets, with no apparent structural or functional 

similarities, tumours may acquire multi-drug resistance (MDR)^', under appropriate 

conditions.

Many changes have been associated with MDR in tumours in vivo, including alterations 

o f drug accumulation at the cellular level, and in intracellular drug distribution. Also 

MDR mediated by the transport protein, named p-glycoprotein^^ is a major problem. P- 

glycoprotein is over expressed on the MDR cell membrane and functions as an ATP- 

dependant drug efflux pump. The inhibition o f the cell membrane bound p- 

glycoprotein may thus result in intracellular accumulation and is expected to be 

effective in overcoming MDR. However, in the absence o f an effective treatment thus 

far for MDR, other options, such as adjuvant chemotherapy e.g. chemoimmunotherapy 

must be further explored and improved.
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1 . 2 . 4  Adj u v a n t  ( ^ K c m o t h c r a p y

As previously stated, due to varying mechanisms especially in the treatment o f many 

solid tumours, a certain level o f incurability is still a reality. This incurability mostly 

relates to post-surgery residual cancer in a microscopic stage o f development, 

eventually resulting in the growth of another tumour accompanied with metastasis. At 

this stage where surgery has failed to be an effective treatment, a more systematic 

approach is necessary. It is at this juncture, that over the years, a number o f important 

achievements have been made.

Adjuvant or “post surgery” chemotherapy has had a major impact in the treatment of 

many cancers, especially those that were resistant to chemotherapy or combination 

chemotherapy pre-surgery. It seems that following removal o f the tumour(s) that the 

chemotherapeutic agents easily neutralised the relatively small burden o f the residual 

cancer(s) resulting in a curative treatment, in the case o f some cancers.

More recently the use o f immunotherapeutic and anti-metastatic agents, such as 

bestatin”  1.12 as an adjuvant treatment in combination with chemotherapeutic drugs 

and/or radiotherapy has yielded startling results, as compared with results obtained from 

patients following identical chemo and radiation regimes. This has led to an explosion 

o f interest in, and application of, these agents as adjuvant treatments, resulting in 

reliable therapies with very high rates o f complete cures in cancers such as leukaemias, 

Ehrlich ascites carcinoma (EAC) and human lung squamous cell carcinomas.

NH, O COOH

Bestatin 1.12

Understanding the mode o f action o f these agents is therefore paramount if new, more 

effective chemotherapeutic drugs are to be developed that exploit these drugs 

immune/metastic augmenting abilities. This may potentially lead to the development of

8
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a drug that would exhibit these attributes in addition to the more classical antimitotic 

properties of many chemotherapeutics.

1 -5 £)estatm

Bestatin 1.12 [(25',3/?)-3-amino-2-hydroxy-4-phenylbutanoyl-L-leucine], (Ubenimex) is 

a low molecular weight dipeptide, which was isolated from the culture filtrate of 

Streptomyces olivoreticuli by Umezawa et aP^ in 1976, during the search for specific 

inhibitors o f enzymes on the membrane o f eukaryotic cellŝ '*.

Initially in this study, it was found that diketocoriolin, a derivative o f coriolin” 

inhibited Na^/K^-ATPase located on the cell membrane^^, and it was found that when 

administered to mice, that antibody-forming cells in the spleen were increased” . It was 

therefore assumed that the inhibition o f certain enzymes located in the cell o f an 

immunocompetent cell might well modulate an immune response. After the discovery 

o f aminopeptidases, alkaline phosphatases and esterases on the cell surface, inhibitors 

o f these enzymes were sought leading to the discovery o f bestatin, a potent inhibitor o f 

aminopeptidases B and

It has been found that bestatin binds to membrane bound aminopeptidase N, located on 

macrophages and T-cells, and stimulates induction o f cytokines (growth factors that 

regulate blood cells and lymphocytes) such as IL-1, IL-2 and IL-3^*. It modulates 

proliferation o f T-cells and development o f granulocytes and macrophages from bone 

marrow cells” . These discoveries have lead to the development o f bestatin as an 

immunotherapeutic drug, and it is now used clinically in the treatment o f acute 

nonlymphocyctic leukaemia (ANLL)”  in combination with chemotherapeutic agents'**̂  

including vindesine^'’"*̂ and etoposide'*^. Subsequently, numerous studies o f bestatin’s 

adjuvant immunotherapeutic activity in combination with chemotherapy resulted in 

synergism in practically all cases”  '*'’'" These results, coupled with the

fact that bestatin can be administered orally without any adverse effects, at a daily dose 

o f up to 200 mg for several months or longer^^, have firmly established bestatin as an 

intriguing candidate for long term adjuvant immunotherapy.
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However, bestatin’s ability as an antitumour agent have also been studied since 1978, 

and although only moderately active it was found to; inhibit tumour growth and 

suppress carcinogenesis” , and increase therapeutic efficacy in treatment o f other 

metastatic neoplasms^^ Until recently the mode o f action o f bestatin as an anti

metastatic, and growth suppressant weren’t understood. Now, even though the exact 

mechanisms have not been determined, it has, however, been proven that bestatin 

prevents the degradation o f the extracellular matrix (ECM) by inhibition of 

aminopeptidase N. This enzyme is identical to the cell surface antigen CD 13^ ,̂ and 

prevents capillary tube formation (angiogenesis), necessary for tumour growth and 

metastatic potential^^.

i .4- K o l e  o f  A r n i n o p e p t i d a s e  N / G - O  1 5 in E_CLM [d e g r a d a t io n

an d T  u m o u r (^ e ! l  Invasion

Tumour invasion can be defined as the active migration o f neoplastic cells out o f their 

tissue o f origin and into adjacent tissues o f different types, which ultimately leads to 

metastasis (Figure 1.5). This multi-step process requires;

• Neoplastic transformation-proliferation and angiogenesis.

• Detachment of tumour cells from the primary lesion and invasion o f the local 

stroma.

• Intravasation o f tumour cells into the blood vessels.

• Extravasation into the subendotheiial basement membrane and invasion into the 

organ.

•  In response to growth factors the invading tumour cells proliferate and induce 

angiogenesis to establish secondary tumour lesions.

Hence pivotal to angiogenic and metastatic aptitude, is the ability o f these primary 

lesions to degrade the structural components hindering its progressive dissemination o f 

microenvironment.
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Figure 1.5̂ ''®. The metastic cascade.

The mammalian organism is composed o f a number o f tissue compartments separated 

from each other by two types o f ECM: basement membranes and interstitial stoma. 

During the process o f invasion, tumour cells must traverse these matrix barriers as they 

cross tissue boundaries. During the transition from in situ to invasive carcinoma 

tumour cells penetrate the epithelial basement membrane and enter the underlying 

stroma. After traversing the stroma, tumour cells gain access to the lymphatics and 

blood vessels for ftirther propagation. Once this has been achieved, metastasis to other 

parts o f the organism is achieved with relative ease.

The invasion of the cells o f one tissue into neighbouring tissues occurs during many 

physiological processes, both normal and pathological. In addition to angiogenesis, 

these include cell migration during embryonic development, the implantation o f the 

embryo into the uterine wall, the movement o f monocytes throughout the body and the 

aforementioned spread o f tumours. In all these processes the invading cells must 

breach barriers to their movement. In these instances, invading cells seem to use a 

common mechanism, the release o f proteolytic enzymes, by themselves or by the host 

tissue, for the penetration o f neighbouring tissues. Because o f the diversity o f  the 

macromolecular constituents o f these barriers, their penetration requires an array o f 

proteolytic activities.
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1 1 E x tr a c e l lu la r  M a tr ix -C lo m p o s i t io n

The ECMs (Figure 1.6) that are penetrated and degraded during the invasion o f tumour 

cells can be divided into two major categories, basement membranes (BM) and 

interstitial connective tissue, which differ with respect to their composition, location 

and function. The BMs possesses a uniform acellular sheet-like structure, whereas the 

interstitial connective tissue comprises cells such as fibroblasts, osteoblasts, 

chondrocytes and macrophages, depending on the tissue type, located in a matrix 

composed o f collagen fibres, glycoproteins and proteoglycans.

Figure 1.6* .̂ ECM composition. 

i .4 .2  ^ a s e m e n t  V l c m b r a n e s

BMs are thin, continuous extracellular structures, which are present practically 

everywhere in the body, where they separate organ cells, epithelia and endothelia fi'om 

the interstitial connective tissue. The BMs provide substratum for orderly growing cells 

and they are responsible for maintenance o f tissue architecture. They serve an 

orientative function for proliferating cells during differentiation in the embryo and in 

many regeneration processes in vivo^^. BMs also fiinction as filters for 

macromolecules^® and consist o f a number o f glycoproteins^’, which form a highly 

cross-linked matrix. In recent years many o f the components, which are specific for the 

structure, have been isolated and characterised (Table 1.1). One o f the most important, 

and certainly the most abundant protein o f the BM is Type IV collagen, comprising o f 

up to 60% o f the total matrix protein^*. Type IV collagen is a triple helical structure
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composed o f two genetically distinct component chains that are present in the molecule 

as heterotrimers. The typical collagenous Gly-X-Y repeats o f the triple helical regions 

are frequently interrupted by several non-collagenous sequences^, which provide the 

molecule with high flexibility, but also make the otherwise highly proteinase resistant 

helix more susceptible to proteolytic attack*'. In the extracellular space four o f these 

molecules become linked together at the N-termini to form tetramers, which are further 

assembled to form a three-dimensional network structure into which the other adhesive 

components (Laminin, heparin sulphate proteoglycan, and flbronectin) are linked^l

Table 1.1. Main components o f  basement membranes and their function

Component. Function.

•  Type IV collagen •  Basement membrane specific, major structural component assembles 
into a network structure, cell attachment protein, interacts with heparin 
sulphate proteoglycans and flbronectin

•  Laminin • Basement membrane specific, facilitates cell binding to matrix, binds 
to specific cell membrane protein, interacts with proteoglycans and 
entactin

•  Heparin sulfate •  Interacts with type IV collagen, laminin and flbronectin, possible role 
in filtration o f  macromolecules

•  Chondroitin sulfate

•  Entactin •  Basement membrane specific, interacts with laminin.

1,4-.5 In te r s t i t i a l  (C o n n e c t iv e  i s s u e

The interstitial connective tissue is a complex matrix composed o f cells located in a 

meshwork o f collagen fibres, glycoprotein, and proteoglycans. This widely distributed 

tissue has a major mechanical and supportive functions in the body and is present in 

several different forms such as bones, tendons, cartilage, ligaments and stroma. The 

differences in various types o f interstitial connective tissues are attributed to differences 

in both chemical and cellular components (Table 1.2).
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As can be seen from (Table 1.2), collagens again, form the major chemical 

characteristic of interstitial connective tissues, and can account for as much as 90% of 

the organic material in these tissues. Collagens VI-X are only present in small amounts 

in various tissues, but structurally resemble type IV collagen, with non-collagenous 

regions in the central helices. There are three major fibrillar collagens, namely types I- 

III, however, unlike type IV collagen o f the basement membranes, the triple helical 

molecules o f these types contain no interruptions in the Gly-X-Y repeat sequences, and 

are rigid rods which are highly resistant to most proteolytic enzymes.

Table 1.2. Interstitial connective tissue components and their major distribution.

Component Tissue distribution

•Type I collagen •Bone, cornea, tendon, dermis, dentine, ligament, heart, valves, 
intestinal, large vessel and uterine walls.

•Type 11 collagen •Hyaline cartilage, vitreous body, nucleus pulposus.

•Type 111 collagen •Dermis, large vessel and uterine walls, gingival, heart valves.

•Type V collagen •Cornea, fetal membranes, bone, large vessel walls, heart valves, 
hyaline cartilage.

•Type VI collagen •Blood vessels.

•Type Vll collagen •Anchoring fibril epithelial/mesenchymal border.

•Type VIII collagen •Endothelium and mesenchyme.

•Type IX collagen •Cartilage contains a glycosaminoglycan side chain.

•Type X collagen •Cartilage.

•Fibronectin •Dermis, tendon, vessel walls, bone plasma.

•Elastin •Large arteries, dermis, ligaments, lung.

•Osteonectin •Bone.

•Chondroitin sulphate •Cartilage, aorta, tendon, skin, metaphysis, muscle, bone.

•Dermatin sulphate •Tendon, dermis, aorta, sclera, cornea, joint, capsule.

•Keratan sulphate •Hydraline cartilage, nucleus pulposus, cornea.

•Heparin •Lung, fibroblast and liver cell surface.

•Hyaluronic acid •Vitreous body, cartilage, umbilical cord.
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1 .+ .4  M  atrix  I3 )egrad in g  P r o t e i n a s e s

The presence of proteolytic enzymes in tumour invasion associated matrix degradation 

has been widely documented“ -®'' “  with a large number o f these reports demonstrating 

increased amounts o f proteinase activities in malignant tumour cells compared with 

control tissues. Also, an increase in proteinase secretion has frequently been shown in 

cultured tumour cells or normal cells after transformation^. In some cases a direct 

correlation between the metastatic potential o f tumour cells and the production of 

certain proteinases has been documented^''’“ ’*̂ . The origin o f tumour proteinases has 

been traced not only to tumour cells but also to the host tissue cells. Consequently 

proteolysis o f  the ECM by malignancies is a highly complicated process involving the 

abnormal secretion o f proteinase genes in both the transformed cells and untransformed 

host cells.

Proteinases are enzymes that can hydrolyse peptide bonds either as exopeptidases or 

endopeptidases. These enzymes are grouped into four main classes depending on their 

catalytic site, optimum pH, cation requirements and susceptibility to inhibitors (Table 

1.3). Degradative enzymes that have most frequently been associated with the 

malignant phenotype are plasminogen activators, collagenases, proteoglycanases and 

cathepsins. Other enzymes capable o f degrading matrix components in vivo include 

elastase, gelatinase and stromelysin, and the participation o f these in the proteolytic 

process o f tumour invasion is also possible.

1 . 4- . 5  I V  CLo\\as,enase

BM type IV collagen is specifically degraded by a metalloproteinase (MMP), termed 

type IV collagenase, but not by interstitial collagenases. Type IV collagenase has been 

found in malignant tumour cells** and cultured tumour cells*  ̂ and is a glycoprotein 

with a molecular weight o f about 60000 to 70000. Serine and sulfliydryl proteinase 

inhibitors don’t inhibit the enzyme; indicating the enzyme is a Zn^^ dependant MMP.

The enzyme can be activated from its latent form in vitro by treatment with trypsin, 

plasmin, plasminogen activators (PA) or organic mercurials and in this respect it 

resembles the interstitial coUagenases o f types I-III. Type IV collagenase cleaves the 

native type IV collagen molecule at a single site in the helical domain about % the

15



C hapter I -  Introduction. I.4-The Role o f  Am inopeptidase N.

distance from the N-terminal end. Accordingly the enzyme can decompose the 

collagen network o f BMs and thus solubilise the structure.

The association o f type IV collagenase with neoplasia has been o f great interest in 

metastasis research, since type IV collagenase has been found in highest amounts in 

malignant tumour cells. Also, it has been found that cell lines with the highest

Table 1.3. Major classes of proteinases.

Class Exam ples pH range for activity Inhibitor

•Serine •Tr\psin

Chymotrypsin,
plasmin,
plasm inogenactivator, 
thrombin,elastase, 
cathepsin G.

7-9 •Fluorophosphates

•Cysteine or thiol •Cathepsin B 

Cathepsin H

3-8 •A'-ethyl-maleimide

•Aspartic or acid •Pepsin, 

Cathepsin D

2-7 •Diazoketones

•M etallo •Collagenases, 7-9 •Metal chelators

Gelatinase, neutral tTIM P

Stromelysin.

tTIM P = Tissue inhibitors o f metalloproteinases.

incidence o f spontaneous metastasis exhibit the greatest level o f type IV collagen 

degrading activity*l It can therefore be concluded that there is a substantial correlation 

between type IV collagen activity and the metastic potential o f a variety o f tumourous 

cell lines.

1.^.^ A P N a n d T  umour  M e ta s ta s is

Aminopeptidase N (APN), a surface antigen of many myeloid cells and other diverse 

cell types, is a well-documented ecto-enzyme that binds to the membrane through 

an N-terminal segment. This enzyme is identical to CD13^' and postulated to perform 

multiple fianctions such as hydrolytic inactivation o f regulatory peptides, including
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enkephalins that are involved in signal transduction at the cell membrane. Active and 

latent, type IV collagenases (also known as gelatinase A or MMP-2 and gelatinase B or 

MMP-9) are also Zn^^ dependent proteinases and it has been proven that there is a 

certain homology between APN/CD13 and these MMPs within the zinc binding m otif I  

This homology and possible use o f APN/CD13 inhibitors in prevention o f BM 

degradation by type IV collagenases has been observed using APN/CD13 inhibitors 

matlystatin A and actinonin, which suppressed the activities o f MMP-2 and MMP-9 in 

vitro’̂ . However, other known inhibitors o f APN/CDI3 such as bestatin displayed no 

such inhibition o f these MMPs in vitro’̂ .

High levels o f APN/CD13 activity have been detected on the plasma membranes of 

several human tumour cell lines and mammalian metastatic tumour lines’^ Known 

inhibitors o f the enzyme, such as bestatin, have potently blocked cell surface 

APN/CDI3 activity '̂*. It has been reported that the administration o f high doses of 

bestatin resulted in the significant inhibition o f pre-existing experimental and 

spontaneous metastases in mice’\  and inhibited tumour cell invasion by the prevention 

o f collagenosis o f type IV collagen by tumour cells^*. Thus, there is a direct correlation 

between expressed APN/CD13 activity on metastatic tumour cell lines and virulent 

metastasis o f malignant neoplasms.

Indeed it has been shown that the treatment o f tumour cells with bestatin resulted in the 

disappearance o f the type IV collagenase (MMP-2) level and slight reduction o f the 

latent form of type IV collagenase (MMP-9)^®. These results using bestatin indicate that 

membrane bound APN/CD13 is involved in the activation or conversion mechanisms of 

type IV collagenase and other matrix proteinases, possibly by removing N-terminal 

amino acid and initiating or completing activation processes. Thus inhibition o f 

APN/CD13 prevents the degradation o f BMs by averting the activation o f proteolytic 

enzymes necessary for its destruction, hence severely impeding metastic potential.

In conclusion, APN/CDI3 inhibitors potently inhibit tumour cell invasion of BMs and 

degradation of type IV coUagen by inhibition o f MMP-2, MMP-9 and tumour derived 

APN/CDI3 by a sole mechanism, preventing the activation o f these enzymes or by 

inhibition o f tumour derived APN/CD13 alone.
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I APN and A n g i o g e  n e s i s

Primary tumour lesions can initially develop in an avascular environment up to a 

threshold diameter o f approximately 1 mm, obtaining nutrients and oxygen by simple 

diffusion from the surrounding tissue” . However, further growth beyond this size 

would result in the hypoxic demise o f the internal tumour; hence tumours, which are to 

undergo the transformation from a benign to a metastic phenotype, must undergo "an 

angiogenic switch”’^ The initiation o f angiogenesis for neovascularisation in the 

tumour’s microenvironment is critical for sustained growth and dissemination o f the 

malignancy^*.

In early angiogenic stages, it has been proven, that hypoxic or ischemic signals alter the 

expression of numerous genes necessary for angiogenic differentiation^*, which activate 

quiescent endothelial cells o f established vasculature to proliferate and migrate toward 

the neoplastic mass^’. Critical to this migration is again the degradation o f endothelial 

basement membrane o f the parental vasculature, and penetration into the host stroma. 

This ultimately results in primary tumour expansion, and potentiates the 

haematogeneous spread o f tumour cells, i.e. initiation o f metastasis.

Among the known markers indigenous to the angiogenic phenotype are integrins, 

MMPs, and high molecular weight molecules such as proteoglycans. Recently, in a 

study probing tumour vasculature with phage homing peptides*® it was discovered that 

peptides o f the NGR (Asparagine-glycine-arginine) motif bound specifically to 

APN/CD13. It was also shown in this study that the only vascular structures expressing 

detectable APN/CD13 were tumour blood vessels and vascular structures undergoing 

angiogenesis, which showed dramatic increases of the protein. In addition bestatin, and 

other known APN/CD13 inhibitors suppressed angiogenesis and thus tumour growth 

indicating that APN/CD13 plays an important role in the progression o f tumour 

vasculogenesis.

Another study by Bhagwat et showed that APN/CD13 messenger RNA (mRNA) 

and protein expression in endothelial cells was up regulated by hypoxia, angiogenic 

growth factors (both individually or in tandem) and capillary tube formation by 

endothelial cells. Furthermore, the presence o f APN/CD13 antagonists, including
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bestatin and amastatin, abrogated the ability o f these cells to organise a capillary 

network, which in the absence o f these antagonists formed characteristically organised 

networks. Interestingly, it was found that these antagonists had no effect on endothelial 

cell proliferation.

It is therefore postulated that APN/CD13 plays a role in the processing o f regulatory 

peptides required to initiate, maintain or suppress the angiogenic curriculum in tumour 

vessel endothelium, and could be a critical factor in the switch from quiescence to 

malignancy. Intriguingly, both these studies showed bestatin’s APN/CD13 inhibition, 

suppressed angiogenesis by detrimental prevention o f capillary network organisation, 

further prompting its potential exploitation as anti-angiogenic/anti-metastatic drug 

(Figure 1.7).

control antibody
. . . .  — - —  ■ 1 III ■!  r "  ^9

’  .
■

^trypsin inhibitor

1

^ amastatin  ̂ bestatin

Figure 1.7**. APN/CDI3 antagonists inhibit HUVEC capillary tube formation.
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i £ ) e s t a t i n :  S t r u c t u r e  / \ c t i v i t y  f^ e la tio n s K ip s

The relationship between bestatin’s 1.12 unusual amino acid, (25,3/?)-2-hydroxy-3- 

amino-4-phenylbutanoic acid (AHPA) 1.13 and its mechanism of inhibition of 

aminopeptidases B and N has been the subject of several e n q u i r i e s * T h e  apparent 

relationship between bestatin’s C2 and critical (2S)-hydroxyl group to the probable 

tetrahedral intermediate for amide bond hydrolysis (Figure 1.8) led to the idea that 

bestatin might be a transition state analogue of aminopeptidases in which the sp̂  

geometry and hydroxyl at C2 of the inhibitor mimics the tetrahedral intermediate 

formed during substrate hydrolysis.

It appears that there are five essential characteristics necessary for aminopeptidase 

inhibition by these compounds: C2-OH group and stereochemistry, C3-NH2 group, 

phenyl ring, a-amino acid and carboxyl-fUnctionality.

OH OH

NH, O COOH

H

Bestatin 1.12 AHPA 1.13

COO-

Figure 1.8. Tetrahedral intermediate for bond hydrolysis.
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1.5.1 (3 2 -M y d r o x y l  ( j r o u p  a n d  S t e r e o c h e m i s t r y

A (25)-thiol derivative of bestatin was synthesised in an attempt to determine if the 

(25)-hydroxyl group in bestatin was binding to the enzyme active-site zinc ion. It was 

anticipated, based upon the precedents with thiol inhibitors of thermolysin and 

collagenase that the thiol group in this bestatin derivative 1.14 would bind more tightly 

to the active site zinc ion in aminopeptidase than the (2S)-hydroxyl group in bestatin, 

and therefore the thiol derivative would be the more potent inhibitor. In fact, this 

compound was found only to be equipotent with bestatin for the inhibition of several 

aminopeptidases. It has been suggested that the essential (2S)-hydroxyl group mimics 

the second substrate water, in the enzyme-inhibitor complex*'.

SH
r H

NH, O COOH

Thiol derivative o f  Bestatin 1.14 

Table 1.4. AP activities o f  eight stereoisomers o f  bestatin.

C2
Stereochemistry

C3
Stereochemistry

a APB (ICso,^g/ml) APN (ICscHg/ml)

5 R S 0.05 0.01

S R R 0.56 3.4

S S S 1.25 0.07

S s R 0.05 2.7

R R S 100 7.5

R R R >250 >250

R S S >250 >250

R S R 135 >250

The (25) configuration of the hydroxyl group has also been found to be essential for 

maintaining potent aminopeptidase inhibition. In a study where all eight stereoisomers
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of bestatin were prepared®', it was found that the configuration o f C2 was the most 

important factor for the manifestation o f activity and that the stereochemical 

requirements for the other asymmetric carbons were not especially austere.

1 -5 .2  (Z -5 -A n i in o  a n d  (^ -^ rb o x y l  u n c t i o n a l i t y

In studies where the 7V-benzyloxycarbonyl and amide derivatives o f bestatin*' were 

prepared it was found that the A/-benz>'loxycarbonyl derivative didn’t inhibit at 250 

|j.g/ml and that the amide moiety had only weak inhibition at 35 |im/ml, proving that the 

free amino group was essential for inhibition and the free acid was also relatively 

important. Recently, a number o f other aminopeptidase inhibitors have been 

isolated from natural products, such as amastatin*^ 1.15, phebestin*'* 1.16, and 

probestin*^ 1.17, which aU share the unique P-amino a-hydroxy amide residue o f 

AHPA. All o f these compounds showed comparable, or better inhibition o f APN to, 

bestatin.

OH

OH

OH

OH

OH

Amastatin 1.15 Phebestin 1.16

OH

OH

NH,

Probestin 1.17

As can be seen from their structures, the position o f the free acid group(s) in the 

molecules vary, and there appears to be no structure activity relationship, o f acid 

position between the molecules. Hence one can conclude that while the presence o f  the 

free acid is essential, its position within the molecules does not appear to be particularly 

important.
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1 . ^ , 5  p h e n y l  j ^ i n g  a n d / ^ m i n o  A c i d s

A number of bestatin derivatives with phenyl ring (Table 1.5) and a-amino acid (Table 

1.6) variants were generated in order to determine the optimum structure activity 

relationships for aminopeptidase inhibition^^ Among the derivatives varying the a- 

amino acids only those with similar chain lengths and character to that of L-leucine 

showed reasonable activities, with the isoleucine analogue of bestatin showing more 

potency than bestatin.

Table 1.5. APB inhibition by phenyl ring substitutions.

Phenyl ring  
substituent

C2 stereochem istry C3 stereochem istry APB (IC 50, jig/m l)

/7-N02 S R 0 . 0 1

/ 7-NH2 s R 0.1

o-Cl RS RS 0.48

p-C \ RS RS 0.07

p-CH , RS RS 0.01

p-H S R 0.05

Table 1.6. APB inhibition with variation to  the a-am inoacid residue.

Side Chain APB (IC50, Mg/ml)

Glycinc 21.5

L-Valine 0.55

L-Norvaline 0.17

L-Isoleucine 0.04

L-Norleucine 0.13

L-Leucine 0.05

Of the phenyl ring analogues prepared, p-nitro-bestatin was five times more active than 

bestatin, however the p-amino derivative was less potent than bestatin. The activities of
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the diastereoisomeric mixtures of /?-chloro and p-methyl-bestatin showed comparable 

and significantly more inhibition, respectively, than bestatin. It is plausible that the 

(2S,3R) isomers would be the most active. This shows that the presence of a para- 

substituent, in most cases, can have a synergistic effect and there is scope here for 

possible further improvements.

1.6 /\ntimitotic A g en ts  and (^.olchicine

Mitosis is the stage in the process o f cell division where segregation of chromosomes 

occurs prior to cell replication. This process also occurs in normal cells undergoing 

division and thus does not represent a truly specific target, for an antimitotic drug. 

However, selectivity toward the more frequently dividing cancer cell can be 

demonstrated, and this has been confirmed by the clinical results obtained with a 

number of alkaloidal agents, e.g. colchicinoids^’’*®’*’, vinca alkaloids^*, and taxoids^*’̂ ’. 

Indeed, hundreds of synthetic or semi synthetic anti-mitotic drugs have been discovered 

and developed recently that are related to these natural products. These drugs have 

been shown to be effective in a number neoplastic conditions, and in several diseases, 

particularly a few that were extremely lethal before the era of chemotherapy, 

chemotherapy can now be considered the main curative treatment.

Drugs, which bind to tubulin, can be subdivided into separate classes. The class into 

which a particular drug fits is dependant upon the effect, which that drug exerts on the 

binding of three well-characterised tubulin agents to tubulin. These classes are:

• Inhibitors of assembly interacting at the colchicine binding site (Figure 1.9) e.g. 

Colchicine 1.3, fiavonols 1.18, quinolones 1.19, combretastatins 1.20, phenstatin 

1.21 and podophyllotoxin 1.4.

• Inhibitors of assembly interacting at the vinca domain (Figure 1.10) e.g. Vinca 

alkaloids 1.7-1.9, dolastatin 15 1.22, rhizoxin 1.23 and maytansine 1.24
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OH O

OH

Flavonols 1.18

OH

Combretastatin A-4 1.20

R’

Quinolones 1.19

Phenstatin 1.21

Figure 1.9. Inhibitors o f  assembly interacting at the colchicine-binding site.

Dolstatin-15 1.22

HO

OMe

OMe

H N "O  
5 OHH 
OMe

Rhizoxin 1.23 Maytansine 1.24

Figure 1.10. Inhibitors o f  assembly interacting at the vinca domain.
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• Stabilisers of assembly interacting at the Taxol binding site e.g. Taxol 1.10 and 

epothilones 1.25.

HO.

O OH O H O

Epothilone A 1.25 Rhazinilam 1.26

Figure 1.11. Epothilones 1.25., enhancers o f  assembly interacting at the Taxol binding 
site, and Rhazinilam 1.26., an antimitotic o f  mixed mechanism.

However, some drugs do not have any effects of the [^H] binding of these drugs, 

exhibiting only partial affinities for these binding sites or for a separate and distinct 

region of tubulin. The modes of action of these drugs are not fully understood e.g. 

Rhazinilam** 1.26 (Figure 1.11).

Colchicine has long been associated with microtubules, and is the classic tubulin- 

binding agent” . Indeed tubulin was once known as “colchicine binding protein”*’, and 

radiolabelled colchicine was utilized in the first preparations of purified tubulin’®. 

Isolated from the meadow safifron, Colchicum autumnale, colchicine, is described as a 

yellowish-white amorphous alkaloid, which darkens upon exposure to light, displaying 

extreme yellow colouration with mineral acids. It readily dissolves in alcohol and 

CHCI3 but is only slightly soluble in hexane and H2O, and may be extracted from 

alkaline or acidic media vsdth CHCI3 due to its imperceptibly basic nature^^ It is long 

known to be an effective treatment for gout” and familial Mediterranean fever*  ̂ and 

liver cirrhosis’^ and is stUl employed in this role today. Being one of the first 

antimitotic drugs to be investigated, the study of colchicine has led too much of our 

understanding of anti-microtubular drug action.
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1.7  T u b u i in ,  M '^ r o tu b u lc s ,  CLeW j^ e p l ic a t io n  a n d  t h e  CLcll C ir c le

Within every nucleated cell in the human body exist two similar spherical proteins a 

and p tubulin, each with a molecular weight of about 50 kDâ '*. These two proteins are 

found in virtually all other nucleated cells with considerable homology between the 

tubulins of different species.

a-Tubulin P-Tubuiin

GTP Taxotere

Figure 1.12. The tubulin a-P heterodimer showing tightly bound GTP and the Taxol 
binding site.

The two proteins come together to form an a-P heterodimer’’- via requisite binding to 

these heterodimers by two molecules of energy rich guanosine triphosphate (GTP)’*. 

One of these GTP molecules is tightly bound^’, and cannot be removed without 

denaturing the heterodimer, while the other GTP molecule is freely exchangeable with 

unbound GTP (Figure 1.12)^. It is widely thought that this exchangeable GTP 

molecule is intimately involved in the regulation of tubulin function’®. a-P 

Heterodimers, in the presence of additional GTP at 37°C, can combine in a head to tail 

arrangement to give a long protein fibre of alternating a  and p tubulin, known as a 

protofilament’* 1.27. After an induction period, typically seven minutes, the 

protofilaments group together to form a C shaped protein sheet 1.28, which in turn curls 

around to give a Pipe like structure known as a microtubule 1.29. These microtubules 

typically consist of 12 to 13 protofilaments as shown in (Figure 1.13)’*. Associated
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with these microtubules are a number of proteins known as Microtubule Associated 

Proteins (MAPs)^^. The exact purpose of the MAPs is unclear, however, it is thought 

that they increase the stability (‘rescue’)'*’*’ and rate of formation of microtubules by 

binding along the length of the polymer^®'. They are also thought to protect 

microtubules from agents which induce depolymerisation (‘catastrophe’) n a m e l y  

low temperature, ions'*’̂ , and from two recently discovered proteins OplS’®̂ and 

XKCMl ***'* which are now known to be potent destabilisers of microtubules

P-Tubulin

a-Tubuiin

Protofilament 1.27 Sheet assembly 1.28 Microtubule elongation 1.29

Figure 1.13. Microtubule formation.

Also associated with the microtubules are Microtubule Organizing Centres (MTOCs)'*^. 

These MTOCs form a focus for microtubule growth, and aU the microtubules initially 

begin to grow from one of these centres. In most cells, there is one major tj^pe of 

MTOC known as the cell centre, or centrosome’®*, which contains two microtubular 

structures known as centrioles. It appears that this organisation of microtubule growth 

at the MTOC involves the presence of a third type of tubulin protein known as y- 

tubulm"”. Similar to both a- and p-tubulin*®’, the presence of y-tubulin is essential for 

micro tubule growth in v/vo'°*. It is thought that aggregation of y-tubulin occurs on the 

surface of the MTOC, perhaps forming a ring 1.30'“’ or short protofilament 1.31"® and 

that this cylinder acts as a site of nucleation for incoming a-P tubulin heterodimers 

(Figure 1.14).

PXP ^GTP
GTP

GTP C ap I  ^  { * )  end

GDP 

M icrotuble

(-) end

if a
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Once formed these complex protein tubes are not static. They exist in equilibrium 1.32, 

with dimers constantly adding to one end of the microtubule [known as the “plus” (+)

(+) end

a/p-

tubulin

(-) end

I .

Formation via Ring 1.30 Protofilament 1.31 Dynamic equilibrium 1.32

Figure 1.14'®®. y-tubulin 1.30 and 1.31 as a site ofnucteation fo r  the assembly o j microtubules. 
Once formed, they exist in a state o f  dynamic equilibrium  1.32,

end], and leaving at the other [the “minus” (-) end] 1.31. This finely balanced 

equilibrium, and resulting control of the length of the microtubules, is vital for a 

number of their functions within the cell’*.

Amongst the known functions of the microtubules is that of cell support®*, with the 

microtubule acting as a form of internal scaffolding, giving the cell both shape and an 

organized structure. Also, the microtubules seem to be used for cellular transport'®', 

moving the cell aroimd its environment and transporting organelles’'*’’’ around the 

cellular interior. However, arguably the most important role of the microtubules is the 

formation of the mitotic spindle’’, which is intimately involved in cell replication.

During cell division, the cell must completely duplicate its internal components, 

including the whole of its DNA, such that it can form two identical daughter cells. 

Once duplication of internal components has been completed, the cell must then order 

its DNA into two identical sets of chromosomes. These are subsequently separated into 

two distinct parcels at the opposite ends of the cell, ready to form the nuclei in the 

daughter cells. Once these two nuclei have fully separated, the cell is then ready to split 

into two new daughter cells. This ordering and relocation of the genetic material, which
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takes about an hour, is known as mitosis (Figure 1.15), and falls into five distinct 

phases.

Figure 1.15. Mitosis.

During the first phase (Prophase 1.33, Figure 1.16), the DNA in the nucleus is 

replicated and the two sets of genetic material organised into two identical daughter sets 

of chromosomes. Towards the end of prophase, the microtubules required for cell 

division begin to form and grow towards the newly formed chromosomes. This bundle 

of micro tubules is the structure known £is the mitotic spindle, and it grows concurrently 

fi-om two MTOCs, which begin to separate and migrate toward opposite ends of the 

cell.

Prophase 1.33 Prometaphase 1.34

Figure 1.16. Replication and separation o f  genetic material.

In the next phase (prometaphase 1.34, Figure 1.16), the nuclear envelope rapidly 

disintegrates and the microtubules attach themselves to the centre of the chromosomes 

at a point known as the kinetochore. The cell then enters metaphase 1.35, where the
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chromosomes gradually become arranged in the plane between the two centrosomes. 

Once these chromosomes are accurately arranged, the cell abruptly enters anaphase 

1.36, triggered by specific cellular signals. The daughter chromosomes then begin to 

separate slowly as the microtubules decay, slowly drawing and guiding the daughter 

chromosomes apart to opposite ends o f the cell.

n

Metaphase 1.35 Anaphase 1.36 Telophase 1.37

Figure 1.17. Final stages o f  Mitosis.

During the final phase (telophase 1.37, Figure 1.17), the chromosomes reach opposite 

ends of the cell and new nuclear envelopes form around them. This marks the end of 

mitosis, and it only remains for the cytoplasm surrounding the nuclei to begin to divide 

in a process as cytokinesis. The nuclei thus become partitioned, eventually dividing to 

give two new daughter cells.

Microtubules are therefore intimately involved with the replication of cells. If the 

microtubules in a tumour cell can be prevented from forming or decaying, the 

chromosomes cannot separate, the cell cannot reproduce and hence the tiunour cannot 

grow. Thus, agents which interfere with the dynamics of tubulin may also act as 

inhibitors of cell division and may potentially act as clinically useful anti-cancer agents.

1.8 (^o lcKic ine

1 . 5 . 1  A n tim ito t ic  p r o p e r t ie s

Colchicine, induces various efifects on tubulin, the major one being a change in 

secondary structure of the protein caused by binding to a high affinity sites on the

I
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tubulin heterodimer It is believed that the A and C rings of colchicine bind to a site 

between Cys-354 and Cys-239 on the p-subunit'“ with the B ring interacting with a site 

containing residues Cys-295, Cys-305, Cys-315 and Cys-316 on the a-subunit"^ This 

binding, which is both temperature dependent and irreversible, induces an alteration in 

dimer structure, which hinders tubulin assembly, inducing partial unfolding of the 

secondary structure of p-tubulin at the carboxy terminal. It has been suggested that it is 

this unfolding, which disrupts the protein regions necessary for microtubule formation, 

and causes the mitotic spindle to disassemble in the metaphase of mitosis"^

1.5.2 S t r u c t u r e  A c tiv ity  K^l^tionsliips

Although Colchicine 1.3 is the oldest antimitotic drug knovm“ , its inherent toxicity has 

prevented its use as a therapeutic drug. However, due to the efficiency and high 

inhibition rates of colchicine to tubulin polymerisation, hundreds of analogues have 

been prepared recently in an effort to maintain colchicine’s antimitotic abilities, but 

reduce toxicity to the biological organism. Some have found use as clinical anti-tumour 

drugs, but all, with the aid o f computer automated structure evaluation programs such 

as CASE and MultiCASE"'*, have provided invaluable information on the structure 

activity relationships of colchicine and its analogues, on the colchicine binding site to 

tubulin.

These studies have indicated very strict structural, spatial and chemical requirements for 

the A, B and C rings, for the effective binding, of these drugs, to this site on tubulin.

12a

O 12

O

Colchicine 1.3
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1 .5 .2 .1 K 'n g  (3 -O n fo rm a tio n

In natural (-) colchicine, the phenyltropolone system is aS configured, with the C7 

substituent also in an 5  configuration. In the unnatural (+) enantiomer o f colchicine, the 

C7 substituent is in an /? configuration with the phenyltropolone system adopting an 

energetically favourable aR configuration. However, this unnatural form o f colchicine 

has only 1% o f the antimitotic potency o f natural colchicine“^ Further evidence o f this 

important conformational configuration resulted fi'om studies with the semi synthetic 

analogues, (+ and -) o f thiocolchicine 1.38, and their camphanic acid amides 1.39"*. 

Results showed that (+) thiocolchicine was up to 29 times less active than its (-) 

e n a n t i o m e r ' a n d  that the IR isomer o f the camphanic acid amide was practically 

inactive while its IS  counterpart maintained activity, although potency was lost by the 

presence o f the fiinctional group"*. These results proved that an aS,7S conformation 

must be observed to maintain biological activity.

O

S —

Thiocolchicine 1.38 Camphanic acid amide of thiocolchicine 1.39

1.5 .2 .2  A  - r i n g  m o d i f i c a t i o n s

A number o f colchicine analogues have been prepared, with modifications to the A 

ring"’. These included demethylation o f various combinations, or all, o f the A ring 

substituents, and substitutions o f these substituents. However, aU o f these 

modifications, without exception, led to reduced biological activity. Therefore one can 

conclude that all three methoxy groups on the A-ring are essential for maintaining 

inhibition o f tubulin polymerisation"’. Interestingly, it has been found that the 

introduction of a carbaldehyde group at the 4 position, 4-formylcolchicine"* 1.40
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produced compounds that were highly potent with low toxicity. Palmerini et 

conjugated this compound with serum albumins, and it was discovered that these 

conjugates were retained in the liver allowing large dose reduction in the treatment of 

liver fibrosis with reduced toxicity to colchicine.

Modification of the C7 substituent on colchicine and thiocolchicine has generated most 

interest in recent years, due to tubulins apparent tolerance of such changes” ''. 

Generally, compounds modified in this position maintain tubulin activity, however, the 

absence of the amide group at this position generally reduced inhibition by up to 50% 

Some compounds, particularly those with substituted benzyl 1.41 or aroyl 1.42 groups 

showed comparable inhibition to that of thiocolchicine'^® (Table 1.7).

R = O or S R—

4-formylcolchicine 1.40

I . 8 .2 .5  £ ) - r i n g  m o d i f i c a t io n s .

O

R, = NO2, F, CN R2 = N02, C1,CN

Benzyl derivatives 1.41 Aroyl derivatives 1.42
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Table 1,7. ITP values fo r  a no. o f  benzyl and aroyl derivatives o f  colchicines

Compound R Functionality §ITP aCso ± SD ^M)

Colchicine NA 4.2 ±0.1

Thiocolchicine NA 2.1 +0 .07

A^-benzyl NO2 2.3 ± 0 .2

A^-benzyl F 3.2 ± 0 .

A^-benzyl CN 2.5 ± 0 .2

N- aroyl NO2 2.1

N -  aroyl Cl 2.3 ±0.1

N- aroyl CN 1.9±0.1

§ ITP = Inhibition of Tubulin Polymerisation.

A series of 7V-deacetyl-A^-glycosylalkylthiocolchicines 1.43 (Table 1.8) were 

synthesised by Shiau et al. with variations on the A ring. It was found that the N- 

glucosyl moiety with no changes to the A ring displayed comparable antileukemic 

activity to that of A^-deacetylthiocolchicine, but showed improved water solubility.

Table 1.8. N-deacetyl-N-glycosylalkylthiocolchicines.

R

D-glucosyl 

D-galacosyl 

D-mannosyl 

D-ribosyl 

D,L-arabinosyl

A^-deacetyl-A^-glycosylalkylthiocolchicines 1.43

O

' O

O -
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One of the only clinically used colchicinoids, colcemid 1.44, is a structural analogue of 

colchicine, with the variation in the B-ring. Colcemid or A'-deacetyl-A^- 

methylcolchicine has been used in the treatment o f Hodgkin’s lymphoma and chronic 

granulocitic leukaemia'^^ Colchicone 1.45 isolated from Colchicum richterii'^^ is a 

non-nitrogen containing colchicinoid. It, and its thio- counterpart, have displayed 

potent inhibition of tubulin polymerisation'^'', and seem to contradict the observation 

that the amide group, and chirality of this position in S  configuration, must be present 

for respectable ITP. However, its potency is derived from increased flexibility of the 

biaryl system due to the presence of an sp  ̂ centre, which reduces conformational 

rigidity.

O—  O—

Colcemid 1.44 Colchicone 1.45

In conclusion, the B-ring plays an important conformational role for the biaryl systems 

binding to tubulin. Modifications to the C7 position have little effect on the potency of 

these compounds once kept in the energetically, and tubulin binding favourable, aS 

conformation. Maintenance of potency, in the absence of the aS conformation can only 

be observed with the introduction o f an sp  ̂centre such as that o f a carbonyl.

l .S .2 .4  ( ^ - n n g  m o d if ic a t io n s

As can already be seen from the sections above, thiocolchicine 1.38, a semi-synthetic 

version of colchicine 1.3, with replacement of the oxygen in the CIO methoxy group 

with an analogous sulphur atom, increased ITP"^. Allocolchicine, a natural product 

derived from Colchicum cornigerum''^ and C. autamnale has a benzoid C-ring as 

apposed to the tropolone moiety seen in colchicine, however it maintains the absolute 

aS conformation of colchicine. The loss o f the C9 carbonyl group and decrease in ring 

size didn’t affect ITP values and analogues of this compound 1.46 (Table 1.9) are
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actually more potent than colchicine’*’. 6,7-Didehydrogenallocolchicine'^’ 1.47 and its 

5,6 counterpart also had similar inhibitory action to that of allocolchicine, suggesting

^ y ...

/ O  \  )
R. 0-^

Allocolchicine Analogues 1.46 6, 7-Didehydrogenallocolchicinel.47

Table 1.9. ITP values fo r  allocolchicine analogues.

Ri R2 ITP (ICso ±  SD ^M )

NHAc COOCH3 1.4±0.1

NHAc OCH3 1.5 ±0.2

H OCH3 1.9 ±0.2

that the C9 carbonyl and C-tropolone ring, replaced by a C-aryl ring are not essential 

for tubulin binding. However, it would appear that a small CIO electron-donating 

group in this position is critical.

In conclusion, the structural requisites for antimitotic and ITP activity for colchicine 

analogues are; trimethoxy A-ring, B-ring with aS configuration and sp  ̂ or S' configured 

amino functionality at C7 position and finally a phenyl C-ring or tropolone ring, which 

maintains the overall aS configuration of colchicine, with a small CIO electron donating 

substituent.
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1 o f  P r o j e c t

As presented earlier, colchicine is a classical tubulin-binding agent and was the &st 

natural antimitotic agent investigated as a potential anti-cancer drug. However, 

although highly effective in inhibiting tubulin polymerisation dynamics, resulting in 

mitotic arrest of neoplastic cells, its inherent toxicity to somatic cells has prevented its 

use as a chemotherapeutic drug. Consequently, hundreds of analogues endeavouring to 

preserve colchicine’s antimitotic abilities but with reduced cytotoxicity were prepared.

Analysis of the structural/ITP activity relationships, suggested that while general 

modification of both the A and C-rings in colchicine resulted in reduced ITP or 

increased cytotoxicity, respectively, amendments of the B-ring were tolerated, once aS 

conformation of the ring was maintained. Indeed, compounds (Section 1.8.2.3) with 

modification to this C7 position sustained excellent ITP activity, increased water 

solubility and comprise some of the only clinically used active colchicinoids, e.g. 

colcemid 1.44. Therefore, further synthetic work; creating colchicine analogues with 

potential reduced toxicity, could only rationally be achieved by altering the B-ring or its 

Cl substituent, once aS, 7S conformations are retained.

Bestatin, as previously discussed, is an immuno-response modifier and inhibits tumour- 

metastasis by prevention of proteolytic degradation of the ECM, through inhibition of 

the endopeptidase, aminopeptidase N. These properties lead to the development of 

bestatin £is an adjuvant immuno-therapeutic drug and its clinical use in the treatment of 

ANLL. Furthermore, bestatin’s inhibition of APN/CD13, now known to play a crucial 

function in the processing of regulatory peptides essential in initiation, maintenance and 

suppression of angiogenic curricula, has prompted its further exploitation as an anti- 

angiogenic drug.

SAR studies of bestatin and other p-amino a-hydroxy APN/CD13 inhibitors found that 

preservation of natural functionality and stereochemistry of the unusual amino acid, 

AHPA 1.13, was key to their biological activity. However, alteration of the a-amino 

acid and location of the imperative carboxyl functionality was well tolerated in this
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class of compound exemplified by potent APN/CD13 inhibitors amastatin 1.15, 

phebestin 1.16, and probestin 1.17.

Therefore, it is proposed that synthesis of novel ITP/APN, dual inhibitory compounds 

may be synthesised via condensation of colchicine and AHPA containing compounds, 

such as bestatin, mediated through a dicarboxylic amino acid “linker” molecule. 

Applying this strategy would sustain the necessary functionality for APN/CD13 

inhibition, while maintaining colchicines optimal ITP conformation and functionality 

(Figure 1.18).

OH

HN.
NH,

o —
OH

Figure 1.18. Proposed novel dual inhibitory compounds, incorporating a dicarboxylic 
amino acid linker (in blue).

Additionally, a number of potential colchicine derived anti-tubulin intermediates and 

AHPA APN/CD13 inhibitory analogues would be generated.

Consequently, APN/CD13 inhibitory activities of dual inhibitory compounds and their 

peptidic-AHPA intermediates will be procured via implementation of an in vitro 

photometric assay. Evaluation of in vitro ITP activities, of both dual inhibitors and 

colchicine analogues will necessitate the initial development of a tubulin 

extraction/purification procedure and in vitro turbidimetric assay. Subsequently, assay 

and analysis of structural activity relationships, following further synthetic work within 

the research group, of a novel class of biaryl tubulin inhibitory compounds will 

complete the in vitro work.

Finally, evolution of a potential class of dual inhibitory compounds, condensing the said 

AHPA moieties to the aforementioned novel biaryl antimitotic compounds (synthesised
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within the research group), at their benzylic position, dictated the synthesis of A -̂Boc 

trimethoxybenzosurberones. It is postulated that these will be synthesised via benzylic 

brominated intermediates facilitated by free radical bromination of the benzylic 

position.
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Chapter 2 2.0-Synthetic Strategy.

(C h a p te r  2

2.0 ^yntKetic S t r a t e g y

In order to facilitate synthesis of dual inhibitory compounds of the nature previously 

described (Sec. 1.9), whilst maintaining carboxyl functionality stipulated for 

APN/CD13 inhibition, one must incorporate an appropriate ‘linker’ molecule. A 

dicarboxylic amino acid would be the molecule of choice, providing both a bridge 

between the two active components, and providing the obligatory carboxyl 

functionality. Consequently, it was necessary to synthesize a series o f compounds 

coupling colchicine to several dicarboxylic amino acids, probing the optimum chain 

length compulsory to fulfil both requirements of minimal disruption to ITP whilst 

maintaining functionality necessary for APN/CD13 inhibition. Additionally, a 

sequence of investigational drugs, incorporating these preliminary compounds with 

AHPA, was synthesised, to investigate their effect on ITP in vitro.

2.1 CLolcKicme

As previously stated, colchicine 2.1 has long been associated with microtubules, and is 

the classic tubulin-binding agent. Tracer studies by Battersby et a /‘“  on the Colchicum 

species Colchicum autumnale, C. byzantinum and C. speciosum directed establishment 

of the principal biogenic pathway of 2.1 within these higher plants (Scheme 2.1). This 

however was no mean feat due to the imusual chemical structure (i.e. occurrence of 

tropolone ring and nitrogen atom) of colchicine, which meant that its probable biogenic 

pathway from simpler molecules could not be easily ascertained. This unusual structure 

did not escape the attention of synthetic chemists, who, in an attempt to harness 2.1’s 

potent biological properties, developed no fewer than 14 total syntheses o f colchicine 

(of which Banwell et 19 step, formal total synthesis of colchicine is most worthy of 

note) and hundreds of semi-synthetic analogues’̂ *.
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L-Tyrosine Dopamine
Pictet-Spengler

Reaction

L-Phenylalanine 4-hydroxycinnamaIdehyde

C-N'

O

O-methylandrocymbine

Oxidative
Coupling

HO.

HO

OH

OH

O

CHO

O

O

O

O

CHO

O

O

NH,

O

Colchicine 2.1 Demecolcine

Scheme 2.1. Biosynthetic pathway o f 2.1 derived from radio-labelled tracer studies by 
Battersby et al'^^.
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During this research it was discovered that modification of the A and C rings of 2.1 

(with the exception of thiocolchicine 1.38) either singularly or in tandem, generally 

resulted in depletion of ITP'^*. Conversely, it was found that modification to the B ring, 

and in particular, the C7 acetamido functionality, was tolerated maintaining respectable 

ITP values and in some cases reducing inherent toxicity'^' *̂ ''. Accordingly, this 

aberration was exploited in the following chapters to facilitate synthesis of the 

aforementioned dual inhibitory compounds.

2 .2  S y n t h e s i s  o f  AAcJ e a ce ty ico lch ic in e

All compounds semi-synthesised fi"om colchicine, with variation to the acetamido 

moiety and retention of amino functionality, originate fi'om one precursor N- 

deacetylcolchicine 2.2. However, several attempts described in the literature, to 

hydrolyse the acetamido, via direct acid hydrolysis'^’ '̂ ®’' '̂ '̂  ̂'” , resulted not only in 

hydrolysis of the acetamido, but also loss of the methyl group at CIO. Attempts to 

subsequently 0-methylate the ensuing A^-deacetylcolchiciene resulted in poor yields of 

the desired 2.2, owing to free tropolone A'-deacetylcolchiceine existing in two rapidly 

interconverting tautomeric forms 2.4 and 2.5. Perversely, O-methylation resuhed in a 

mixture of A^-deacetylcolchicine 2.2 and iso-A/-deacetylcolchicine 2.3 in a 25:75 ratio 

(Scheme 2.2), with subsequent separation yielding the desired product in only 10%, 

overall.

1. Acid Hydrolysis

2. O-methylation

25:75
2.1

1. See refs 4-8; 2. CHjNj/EtjO, MeOH.

2.2 2.3

Scheme 2.2. Direct acid hydrolysis followed by O-methylation o f C10 yielded both 2.2 and 
2.3 in a 25:75 ratio.
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Later, Brossi et described a slightly more efficient preparation involving protection 

of the intermediary amino groups of 2.4 and 2.5 as trifluoroacetamides. O-Methylation 

followed, with separation utilizing preparatory chromatography, and successive 

hydrolytic deprotection yielding 2.2 in an overall yield of 12.7% (Scheme 2.3).

....NH,

OH

2. O-methylation. 
""NHj 3 Separation.

4. Basic Hydrolysis

OH O O

2.4 2.5 2.2

1. Na2C03/Et20, (Cp3C0)20. 2. CH2N2/Et20, MeOH. 3. Preparative chromatography (Silica gel) with 

CHCIj/MeOH (100:5). 4. K2C03/(CH3)2C0 /H20.

Scheme 2.3. Brossi et alternative synthesis o f 2.2.

Recently, following Grieco et a /'”  methodology for mild two-step hydrolysis of 

secondary amides, Ducray et applied this strategy to 2.1, affording 2.2 in high yield 

(Scheme 2.4).

2.1

(B o c )2 0

DMA?

DCM
65%

2.6

MeONa

MeOH
98%

O

O

2.7

50 %TFA 
50%DCM 

98%

2.2

Scheme 2.4. Ducray et al efficient synthesis o f 2.2, via Grieco et al mild amide 
hydrolysis methodology.
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The synthesis follows conversion o f colchicine 2.1 to the A^-/-Boc derivative 2.6, in 

65% yield, whilst recovering unreacted 2.1 (24%) during purification o f 2.6. Smooth 

decomposition o f 2.6 to the A/^-deacetylated-Boc-protected compound (2.7) was 

furnished with methanolic sodium methoxide (MeONa), in near quantitative yield 

(98%). Final deprotection o f the Boc group with trifluroacetic acid (TFA) afforded 2.2 

in 83%, from consumed colchicine.

Using a 1.2 equivalence o f A/^TV-dimethylaminopyridine (DMAP) and triethylamine 

(EtsN) as tertiary base the reaction proceeded as per literature'^*’. However after stirring 

overnight, sample analysis o f the resultant orange solution by thin-layer 

chromatography (tic); (mobile phase; ethyl acetate (EtOAc)), following acid wash to 

remove DMAP and EtaN (IM  hydrochloric acid (HCl)) revealed formation o f the N - t-  

Boc derivative 2.6 to be o f only minor consequence. Addition o f supplementary 

quantities o f DMAP and di-fer/-butyl-dicarbonate (2 and 3 equivalences respectively) 

did little to advance the apparent yield. Subsequent work-up (IM  HCl) and laborious 

purification using flash column chromatography (mobile phase: EtOAc-EtOAc: MeOH 

(95:5)) yielded 2.6 in 45% yield, while recovering unreacted (52%) 2.1.

C9 _.*=3c7acio

« r n ‘ T ^ f y i f   . . . . . . . . . . . . . .   I  f ' l  I ' l  I  M  I  t ;  I  I  I  i T i n - i  | - |  n I  I  T T  . r |  n I  !        m  | '

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

NHC0CH3
C3,2,l and 10 Metho:

170 160 150 140 130 120 110 100 90 80 70 60 40 30 20

C12 C8
Cll

C 4

L

C7

L
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

Figure 2.1 '^C NMR, DEPT 135, and DEPT 90 spectra o f  2.1, assignments completed with 
HMBCandHMQC.
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H12 H ll

7.2 7.1 7.0 6.9 6.8
(ppm)

H4

NH7

OCH3-2 

OCH3 - 3  IOCH3-1

4.00  3.90
(ppm)

8.0  7.6 7.2 6.8  6.4 6^0 ' S.6 ' 5.2 4.1

H7

JJ JJ

OCH3-IO
COCH3

H6

2 X H5 +H6

ui A
4.4 4.0 3.6 3.2 2.8 2.4 2.0

(ppm)

Figure 2.2. ‘H NMR spectrum o f  2.1.

The proton nuclear magnetic resonance ('H NMR) spectrum of 2.6 (Figure 2.3) showed 

all the attributes of the parent substrate (2.1, Figures 2.1 and 2.2) with an additional 

intense singlet, resonating at 1.56 ppm and integrating for 9 protons, corresponding to 

the t-Boc protons.

The N-t-Boc derivative was chosen over other acyl carbamates in order to render the 

“amide” carbonyl of the acetamido, more susceptible to nucleophilic attack than that of 

the “carbamate” carbonyl of the Boc. Therefore, hydrolysis o f 2.6 under mild alkaline 

conditions, using sodium methoxide in MeOH at 0°C resulted in regioselective 

methanolysis of the “amide” in near quantitative yield (98%). Completion of 

hydrolysis to 2.7 was spectroscopically determined by the absence of the acetyl peak, 

resonating at 2.28 ppm in the ‘H NMR spectrum of 2.6 (Figure 2.3).

Finally, under inert conditions, a 50% solution of TFA in DCM, completed amine 

deprotection of 2.7, as determined by tic (mobile phase: EtOAc). Subsequent azeotropic

46



Chapter 2 2.2-Synthesis o f N-deacetylcolchicine.

evaporation with toluene, and drying in vacuo, yielded the TFA salt of 2.7 as a green 

solid, which was used without further purification.

2.1
Acetamido-CHi

A , -,  . - r - K  u ,

2.6 Boc-(CH3)3

1— r= *i— i-  I — \— —̂ I— I— I— I— I— I— I— ■— I— I 1 i - p ' i '  - p  r - ' r  ' I I " I ' " I  I— I— — I I < I I ' T  i ' '  I

3.8  3.6  3.4  3.2 3 .0  2 .8  2 .6  2 .4  2.2  2 .0  1.8 1.6  1.4

2.7

- T— r—r - T — ' - ' T— r - x - r — r - T— P- i

2.2

I I I ' I I r •>" r I  I  I  I  I  I  I  I  I  I  I  I  I  r I  r I  I  .̂ ■ r v ~ r ' 7 ~ r  I  I  I ' V '  I  I  I  I  I '  I  ~ i  ' T t i

3.8  3.6  3.4  3.2 3.0  2 .8  2 .6  2 .4  2.2  2 .0  1.8 1.6 1.4

(ppm)

Figure 2.3. A subsection (1.5 ppm-4.2 ppm) o f  the ‘H NMR spectra fo r  colchicine 2.1, the 
N-Boc derivative 2.6 andN-deacetylated-Boc-protectedcompound2.7.

2-5 Yrotecti'on and /A ctivation  o f  [)icart>oxyli'c /\m i'n o /\c fd  linlcers

If one were to synthesize a compound via direct amide coupling of N- 

deacetylcolchicine (2.2) to bestatin, phebestin or probestin, the resulting composite 

(Scheme 2.5) would lack the carboxyl functionality necessary for APN/CD13 

inhibition*^ To overcome this problem, it was decided to use an appropriate “linker” 

molecule, which would couple to both colchicine and bestatin, essentially forming a 

bridge between the molecules, while providing a pseudo carboxy group. Although the 

carboxy functionality, like the hydroxy and amino groups, is necessary for APN/CD13 

inhibition, its position, unlike that of the other two critical functionalities, is arbitrary 

within APN/CD13 active molecules. Therefore, development of this anomaly, utilizing 

a series of dicarboxylic amino acids as these “linker” molecules, was explored.
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....NH.

O

NHj O COOH

O .

O
HO

O

Scheme 2.5. Colchicine-bestatin compound, with loss o f  COOH functional group (blue) 
essential fo r  APN/CDl 3 inhibition.

2--5 -1 ^ c \ e c t \ M C  P rotection of P, y an d 6 A cid s

Initially, it was decided to synthesize a series of investigational compounds coupling 

2.2 to the natural dicarboxylic-L-amino acids, aspartic (Asp), (2.8) and glutamic (Glu), 

(2.9) acids, and also the unnatural, D,L-aminoadipic acid (AA), (2.10). These amino 

acids have methylene chains of lengths 1,2 and 3 respectively.

2.8 2.9 2.10

Following subsequent protection, activation and coupling to 2.2, the optimum chain 

length for minimal interference of ITP could be deduced, via ITP assay of the resultant 

compovmds (2.11). Once determined, this compound would be used in the synthesis of 

all proposed dual inhibitory compounds.

In preliminary protection of both acids, different protecting groups (PGs) were 

employed. The P, y or 5 acid PG was a temporary protection prior to activation and 

subsequent coupling to 2.2, and as such, required simple exclusive cleavage in the
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O

OH

O —

2.11

presence of the other PGs. Therefore, a benzyl ester (OBzl) was the obvious choice 

being cleanly deprotected by reductive cleavage'” . Protection of the amine functional 

group therefore required an acid labile PG stable to hydrogenolysis, such as /-Boc‘” . 

Conversely, protection of the a moiety called for a robust PG, stable to hydrogenolysis, 

TFA and mildly basic (coupling) conditions. Under such environments a methyl ester 

PG (OMe)'”  was the preferential option.

The use of OBzl in peptide synthesis has been well documented'^* for the reversible 

protection of carboxylic acids. However the traditional method of mono-protection of 

dicarboxylic amino acids'^’ involved a long and cumbersome procedure, resulting in 

poor yields. Synthesis followed diprotection, to the appropriated diester''*®, hydrolysis 

of the diester with aqueous copper sulphate (CUSO4.5H2O), yielding the copper 

complex of the desired monoester, via filtration. Decomposition of the copper complex 

with ethylenediaminotetraacetic acid (EDTA) precipitated the desired monoester, which 

could be purified by subsequent recrystallisation (Scheme 2.6).

1. Copper complex

O
2. Precipitation N—Cu

3. Decomposition

O

OH

O NHj

1. CuS04.5H20/Et0 H/H20, pH 8, 32“C, Ihr. 2. 3M HCl, pH 3. 3. EDTA/HjO, 100°C. 

Scheme 2.6. Hancock et synthesis o f Asp-j5-OBzl.
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It is possible however, to selectively mono-protect the p, y and 5-acids, by means o f 

acid catalysed esterification (Scheme 2.7), using benzyl alcohol (BnOH) with a range 

o f acids such as H2 SO4 ''", HCl benzene sulfonic (BSA)“'^and p-toluene sulfonic 

(pTSA)''*'* acids. This reaction is a nucleophilic acyl substitution performed under 

acidic conditions.

Scheme 2.7. Acid-catalyzed nucleophilic acyl substitution o f  a carboxylic acid.

Carboxylic acids are not reactive enough to be attacked by neutral alcohols, but they 

can be made more reactive in the presence o f strong protic acids such as HCl, and 

H2SO4. The acid protonates the carbonyl oxygen, giving the carboxylic acid a positive 

charge, thus rendering it a powerful electrophile susceptible to nucleophilic attack. 

Subsequent loss o f water from the tetrahedral intermediate yields the ester product. 

Selective esterification o f p, y and 6 -acids arises from the stability o f the tetrahedral 

intermediate, where the leaving group is the weakest base, i.e. the p, y and 5 terminal. 

Using this method the mono-OBzl can be synthesised, quickly and in relatively good 

yield.

Consequently the amino acids 2.8, 2.9 and 2.10 were reacted with an excess o f BnOH 

and H2 SO4 in anhydrous Et2 0  for twenty-four hours. After subsequent precipitation 

with EtOH and pyridine (Pyr), and following filtration, the mono-benzylated amino 

acids were recrystallised from water and pyridine to form white crystalline solids in 

45%, 6 6 % and 29% yield, respectively (Scheme 2.8).

O

H

+ I 
H

H
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O

HO

1 . B n O H / E t p / H j S O ^ .
2. EtOH/Pyr.

OH

O NH, 3. HjO/Pyr.recryst. O NH,

2.8, 9 and 10
2 .12,13 and 14

Scheme 2.8. Selective esterification ofP, y and S carboxylic acids o f  amino acids 2.8, 2.9 
and 2.10.

'H  and '^C NMR analysis o f these compounds (in deuterium oxide, D2O) confirmed the 

OBzl substitutions. For example, the *H NMR spectrum o f 2.12 displayed singlets, at 

5.26 ppm integrating for 2 protons corresponding to the benzylic methylene, and 7.46 

ppm integrating for 5 protons equivalent to the phenyl protons, o f the OBzl PG. '^C 

NMR analysis o f the same compound displayed resonances at 66.31 and 128.26-128.84 

ppm relating to the respective methylene and phenyl 'H  NMR peaks. Analogous 

signals were observed in the 'H  and NMR spectra o f 2.13 and 2.14 (Table 2.1).

Table 2.1. ‘H and ” C NMR resonance values for the compounds 2.12-2.14.

HPG

CPG

H ,C no. 2.12 2.13 2.14

(Ppm, Multiplicity, Splitting Pattern)

HI _ _ _
Cl 174.61§ 174.57§

H2 4.85, IH, bm. 3.75, IH, bm. 4.41,1H, bm.

C2 49.25 54.25

H3 2.85,2H,bm. 2.16,2H,bm . 2 .55 ,4H, bm.

C3 35.26 25.65

H4 _ 2.61,2H,bm . 2 .55,4H, bm

C4 173.32§ 30.21

H5 _ _  3 .19,2H, bm.

C5 _ 173.47§

5.26, 2H, s. 5.18, 2H, s. 5.88, 2H, s.

7.46, 5H, s. 7.45, 5H, s. 8.13, 5H, s.

66.31 67.15

128.26-128.84, 137.22 128.22-128.90, 135.80

§=Assignment interchangeable
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2 .5 .2  A m ine Y r o te c t io n

Amines can be protected directly by the r-butyl group, but the acidic conditions 

requisite for ^er/-butylation with isobutene, result in protonation o f the amine to the 

ammonium cation, which is non-nucleophilic, thus prohibiting its use. Coupling the 

nitrogen atom and the /-butyl group via a carbamate bond still allows the easy 

introduction o f the /err-butyloxycarbonyl (Boc) group by acylation (Scheme 2.9). 

B0 C2O is generally the reagent o f choice. Boc protection removes most o f the 

nucleophilicity o f the amine and the PG itself is stable to hydrogenolysis, bases and 

most nucleophiles, with the amine easily regenerated by protonation o f the carbonyl 

oxygen with an appropriate acid, e.g. TFA‘” .

Scheme 2.9. Protection o f an amine via acylation with B0 C2O in the presence o f base.

Accordingly‘‘'^ the mono-OBzl esters 2.12, 2.13, and 2.14 were reacted, under inert 

conditions in DMF at 40°C using EtsN as tertiary base, with B0 C2 O (Scheme 2.10). 

Subsequent to alkaline (5% sodium bicarbonate, NaHCOs) and acid (IM  HCl) work-up, 

ensuing extraction (EtaO), and drying in vacuo, the compounds 2.15 and 2.16 were 

furnished in 89% and 91% yield, respectively. The aspartyl derivative however, reacted 

only to give traces o f the desired product, due to 2.12’s insuflScient solubility in DMF. 

Addition o f H2 O, in an attempt to aid solubility did little to alleviate the problem.

o

R-NH^ 1. Base

BoCjO/EtjN

DMF
45°C

2.12,13 and 14

Where n =1,2 and 3.

2.15 and 2.16 O

Where n = 2 and 3.

Scheme 2.10. N-Boc protection o f 2.13 and 2.14.
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The reaction was repeated for 2.12, this time using protic solvents, i.e. H2O and tert- 

butanol ('BuOH), while adjusting the pH to 10 with sodium hydroxide (NaOH), in the 

presence of Boc20'‘‘* (Scheme 2.11). Following reaction at 0°C for Ihr and room 

temperature overnight, the A -̂Boc carbamate was extracted, after acid work-up (IM 

HCl), and dried in vacuo to yield 2.17 in 93%.

2.12

B0C2O 
Q NaOH pH 10

OH ^
H20/(CH3)3C0H 
0»C Ihr 
RT overnight

O HN

Scheme 2.11. N-Boc protection o f  2.12.

The 'H NMR (deuterated chloroform, CDCI3) spectra of the N-Boc carbamates 2.17, 

2.15 and 2.16 were similar to that of the mono-OBzl (Table 2.1) but also included 

intense singlets integrating for nine protons at 1.45, 1.45 and 1.41 ppm respectively, 

corresponding to the aliphatic tert-hniy\ peaks. The equivalent signals were 

determined at 28.20, 28.22 and 28.14 ppm with the quaternary carbon signals at 

resonating at 79.85, 79.85 and 79.94 ppm and carbonyl carbons of the newly formed 

carbamate bond resonating at 155.20, 155.17 and 155.26 ppm, respectively. Finally, 

the NH proton signals were displayed as broad multiplets at 5.25, 5.13 and 5.72 ppm 

respectively.

2 .5 .5  <X-/\cicl P r o tc c t io n

Diazomethane (CH2N2 ), is a rather curious compound, and is used in the methylation of 

carboxyUc acids''*’. CH2N2 methylates these acids due to its protonation by carboxylic 

acids, giving an extremely unstable diazonium cation. The compound is attempting to 

loose nitrogen (N2) and does so with the N2 being replaced by the carboxylate anion 

(Scheme 2.12). CH2N2 methylation is an excellent method of making methyl esters 

from carboxylic acids on a small scale, producing outstanding yields with no 

immediately necessary purification procedures (as the only by-product is N2).
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*-■■0

O O

CH— N = N

Schem e 2.12. M ethylation utilizing Diazomethane (CH2N 2).

Preparation''**, although hazardous (due to CH2 N 2 ’s intrinsic toxicity and highly 

explosive nature), was resultant o f base-catalysed elimination from A -̂methyl-A -̂

reactants. Once generated, the yellow distillate must be used immediately. The 

preparation o f the methyl esters 2.18, 2.19 and 2.20 thus followed addition o f freshly 

prepared CH2N 2 distillate to an ethanolic solution o f 2.17, 2.15 and 2.16 at 0°C, untU the 

yellow colour persisted (Scheme 2.13). Purification, via column chromatography 

(mobile phase: 4 Hex: 1 EtOAc) afforded the methyl esters as yellow crystalline solids 

in 96%, 94% and 88% yield respectively.

In addition to chemical shift values observed for the mono-OBzl-A^-Boc compounds 

(Table 2.1 and Sec. 2.4.1 and 2.4.2) the *H NMR spectra confirmed OMe formation 

whh sharp singlets integrating for three protons at 3.69, 3.61 and 3.63 ppm and 

corresponding '^C resonances at 52.50, 52.06 and 51.99 ppm respectively.

nitrosotoluenesulfonamide (Diazald®), and distilled azeotropically with Et20 from the

1. Carbitol/KOH

Hp/EtjO
70-75°C

CH,N, +

Diazald

2. Distillation 2 .17,2.15 and 2.16 O
Where n =1, 2 and 3.

E tO H /E tp  

0“C, .75 hr

2.18 2.19 and 2.20 O
Where n =1, 2 and 3.

Schem e 2.13. Synthesis o f  OMe esters using CH 2N 2.
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C^eprotection and y\ctivation of 0 5 z l

Deprotection of OBzl availed of coordination of the phenyl ring n electrons to the 

catalyst, with ensuing reductive cleavage'”  yielding the desired free carboxylic acid and 

toluene as by-product. Hence, the OBzls 2.18-2.20 were stirred vigorously, under an 

atmosphere of hydrogen (H2), in EtOAc: EtOH (50:50) with 10% palladium dispersed 

on carbon support (10% Pd/C) as catalyst for 18 hrs (Scheme 2.14). Subsequent 

filtration, evaporation and drying in vacuo afforded the deprotected carboxylic acids 

2.21, 2.22, and 2.23 in 99% yield.

O H N ^ O  

0
Where n =1, 2 and 3.

2.18,2.19 and 2.20 ^

O
H^/lOro Pd/C HO

EtOH/EtOAc 
18 hrs

O
O H N ^ ^ O  

O

2.21,2.22 and 2.23

Scheme 2.14. Reductive cleavage o f  OBzl esters.

'H NMR spectroscopic features of these compounds showed disappearance of the 

resonances at 5.26, 5.18 and 5.88 ppm respectively, corresponding to the OBzl- 

protecting group’s benzylic methylene protons, and at 7.46, 7.45 and 8.13 ppm 

respectively, equivalent to the phenyl protons, while the loss of the corresponding 

methylene signals at 66-67 ppm, and aromatic peaks at 128.2-128.9 and 135-137 ppm, 

confirmed the deprotection of the OBzl group via reductive cleavage. Concurrently, the 

appearance of the broad singlets at 7.35, 8.66 and 8.26 ppm, respectively, in 'H NMR, 

indicated the regeneration of the terminal carboxylic acids in the compounds 2.21, 2.22, 

and 2.23

Activation of the carboxyl group via pentafluorophenyl (OPfjp) ester formation has 

many advantages over other traditional active ester moieties. In particular, products 

generally tend to be solids, and the activated ester can be used where steric hindrance is 

a consideration''” . In comparable pentachlorophenyl (OPcp) esters, their reactivity, due 

to the withdrawing effects of the chloro substituents, was cancelled out by steric 

hindrance caused by their ortho substituents'^®. In OPfp compounds however there are
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no major steric interferences, as the van der Waals radius of fluorine is much smaller 

than that of chlorine, being only slightly larger than that of hydrogen. Therefore, since 

fluorine provides strong, electronegativity without causing bulkiness, the O P^s are 

efficient even in crowded situations, ideal for the bulky environment the activated 

amino acids will experience in coupling to 2.2.

Activation of the carboxylic acids 2.21-2.23, under inert conditions in DCM at 0°C 

effected with Pl^OH in the presence of the coupling reagent, dicyclohexylcarbodiimide 

(DCC), followed (Scheme 2.15). Isolation of these activated esters from the 

organically soluble; urea by-product (DCU) was achieved by flash column 

chromatography (mobile phase: Hex: EtOAc (9:1)). Subsequent drying in vacuo 

afforded the activated OPfp 2.24, 2.25, and 2.26 in 91%, 90% and 91% yield 

respectively, as crystalline solids.

HO.

O HN ,o
PfpOH/DCC

DCM 
0°C 2 hrs

O
2.21, 2.22 and 2.23
Where n =1, 2 and 3.

HN

OF

2.24,2.25 and 2.26

Scheme 2.15. Activation o f  terminal carboxylic acids with PfpOH.

These compounds were used without further purification in the ensuing coupling to 2.2.

2.4- (C o u p lin g  o f  /A c t iv a te d  / \ m m o  A c id s  an dAMPA

Following successive protection and activation of the amino acid precursors 2.24, 2.25, 

and 2.26, and synthesis of 2.2 as described above, amide coupling resulted in the first 

set of investigational compounds of type 2.11. Coupling proceeded under inert 

conditions in DCM, using EtaN as tertiary base, liberating the free amine from its TFA 

salt and DMAP as nucleophilic catalyst (Scheme 2.16). Following purification by flash 

column chromatography (mobile phase: EtOAc: MeOH (98:2)), the investigational 

compounds 2.27, 2.28, and 2.29 were procured as yellow solids in 65%, 62% and 57% 

respectively.
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HN

DCM 
12 hrs

O —

2.27,2.28 and 2.29

2.24,2.25 and 2.26

Where n =1, 2 and 3.

Scheme 2.16. Coupling o f  OPfp to 2.2.

The *H NMR spectrum of 2.27 displayed characteristics of both parental substrates 2.2 

and 2.24, with obvious loss of the OPfp. An additional, broad singlet at 8.04 ppm, 

integrating for one proton was assigned to the newly formed amide bond resultant of 

coupling between the two compounds (Figure 2.4).

BocAsp-OMe

2-H5 2-H6

H7 Asp-H2 2.0
(ppm)

(ppm) Asp-NH

(ppm)

AA.
7.0 4 5 3.0 2.5 2.0

Figure 2.4. ‘HNMR spectrum o f  2.27.
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The ’H NMR spectra o f compounds 2.28 and 2.29 showed similar characteristics, with 

the amide signals resonating at 7.44 and 7.31 ppm respectively, with additional 

methylene signals at 1 . 8 6  and, 1 . 6 6  plus 1 . 8 6  ppm respectively.

'^C NMR analysis also established formation o f this amide bond, and thus successful 

coupling, with peaks at 168.96, 170.97 and 171.44 ppm, respectively, indicative o f 

carbonyl resonance’s o f amide bonds (Figure 2.5). Infrared spectroscopy (I.R) 

demonstrated amide bond formation with two strong overlapping broad bands at ~2950 

cm’', characteristic o f  N-H stretch.

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

180 170 160 150 140 130 120 110 100 90 7080 60 50 40 30

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
(ppm)

Figure 2.5. NMR, Dept 135 and DEPT 90 spectra o f 2.27.

High Resolution Mass Spectrometry (HRMS) confirmed couplings with molecular ion 

plus sodium (M^+Na) peaks o f 623.6710, 609.5950 and 637.7375 respectively, 

corresponding to the molecular formulae o f  the structures, which were C24H28N2O8, 

C2sH3oN2 0 g and C26H32N2O8 respectively.
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Subsequent release o f free amines, necessary for AHPA coupling, were generated by 

deprotection o f the jV-Boc-carbamates 2.27, 2.28 and 2.29 with TFA in DCM (1:1) 

under an inert atmosphere at 0°C (Scheme 2.17). During deprotection, protonation on 

the carbonyl oxygen and loss o f t-Bu^  result in carbamic acid formation which 

decarboxylates rapidly to give the amine. TFA is the acid o f choice for these 

deprotections as it is fast acting, volatile and easily removed by evaporation.

Deprotection was verified by the loss o f the Boc signals, at 1.29 ppm in 'H NMR
I  ^spectrum, and with exclusion o f the resonances 28.12, 79.08 and 155.09 ppm in the C 

NMR spectrum, in the example o f 2.30. Homologous abstraction o f these signals was 

also observed in NMR spectra o f the glutamic 2.31 and aminoadipic 2.32 analogues.

o

0 -----

2.30,2.31 and 2J2

TFA/DCM

0“C

O —

2.27, 2.28 and 2.29
Et,N/DCM

OH

O

HO ^

3.14

2J3,2J4 and 2.35

Scheme 2.17. Deprotection o f  N-Boc carbamates and subsequent coupling to AHPA..

Consequential coupling to the synthetic amino acid AHPA (3.14, synthesis see Section 

3.4) followed reaction, under inert conditions, in DCM with EtsN. Purification by flash 

column chromatography (mobile phase: EtOAc: MeOH (95:5)) afforded the coupled 

compounds 2.33, 2.34 and 2.35 in 37%, 41% and 29% yield as yellow solids.
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Observation of the characteristic signals from both parent compounds (for 3.14 signals 

see Section 3.4.2, Table 3.1) and the noting of additional broad singlets integrating for 

one proton at 6.42 ppm in the *H NMR spectrum of 2.33 and 7.71 ppm in 2.35 (not 

observed in 2.34 due to deuterium exchange with the solvent, CD3OD) indicated the 

formation of new amide bonds between the two compounds 2.30 and 2.32, and 3.14.

NMR spectrum also concurred with these observations demonstrating new 

resonance’s at 168.96, 172.34 and 172.29 ppm, respectively, attributed to carbonyls of 

new amide bonds. HRMS M'^+Na peaks of 786.7994 and 800.8704 corresponding to 

C4 0 H49N 3O 12 and C4 1H51N3O12 of the compounds 2.33 and 2.34, and also +H peak of 

792.8214 equivalent to C4 3H53N3O 12 of 2.35, confirmed the successful couplings.

As the final dual inhibitory compounds necessitated free amine and carboxyl 

functionalities, deprotection of 2.27-2.29 and 2.33-2.35 thus followed, to aid design 

strategy by conceivably mimicking effects the ultimate compounds should have on ITP.

Methyl esters, while providing an inert replacement for the acidic carboxyl proton, offer 

little protection of the carboxyl carbon towards nucleophilic attack. Therefore, they are 

easy to deprotect when necessary using an appropriate nucleophile and polar solvent. 

Saponification of the OMe was thus achieved, employing sodium hydroxide'^' (1 M 

NaOH, 0.95 eq) as base in MeOH, and monitored by tic (mobile phase: EtOAc: MeOH 

(95:5) for 2.27-2.29 and (9:1), for 2.33-2.35). Upon completion of hydrolysis, and 

subsequent work-up, deprotection of the A -̂Boc carbamate ensued, availing of TFA in 

DCM at 0°C, under inert conditions (Scheme 2.17).

In the case of all of these fuUy deprotected compounds (2.36-2.41), 'H NMR 

spectroscopic determination of the ensuing zwitterionic salts was not possible due to 

poor solubility and aggregation, resulting in mediocre resolution. 'H NMR of the 

compounds in a variety of inert, volatile solvents was attempted (CDCI3 , CD3OD, 

CDCI3 + CD3OD (1:1), D2O, CD3OD + D2O (1:1)), however, there was no appreciable 

improvement in *H NMR resolution of these spectra. The use of other commonly used 

polar deuterated solvents (e.g. deuterated DMF, DMSO, Acetic acid, etc) couldn’t be 

attempted for several reasons:
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2.33 (n= 1)
2.34 (n = 2)
2.35 (n = 3)

2.27 (n= I)
2.28 (n = 2)
2.29 (n = 3)

O —

2.39,2.40 and 2.41
Where n = 1,2 and 3

Scheme 2.18. Deprotection o f 2.33-35 and 2.27-29.

• The samples, once spectroscopically analysed, were recovered for biological 

assay. Therefore dissolution of these compounds in non-volatile, polar 

solvents, where recovery was impossible via normal, aqueous methods of 

extraction, was highly impractical.

• Alternative in vacuo evaporation of the solvents, required dangerously high 

levels of heat, possibly decomposing the compounds, and was therefore not an 

option.

Determination of deprotection with NMR was, however, possible. In the example 

of 2.36 (Figure 2.6) loss of the signals at, 52.03 ppm assigned to the methyl carbon of 

the OMe protecting group observed in the spectrum of 2.33, established OMe 

deprotection. While abstraction of the signals 27.70, 79.18 and 156.16 ppm correlating 

to the alkyl tert-huXy\ carbons, alkyl quaternary carbon and carbonyl carbon, 

respectively, of the Boc protecting group confirmed complete deprotection.

OH

,NH,CFXOO1. 1.2eq, 0.95 MNaOH 
MeOH/ 6 hrs

HO'
O —

2.36,2.37 and 2.38
Where n = 1,2 and 3

2. TFA/DCM 
0»C Ihr

OH

Nt^CFjCOO'
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100 90 3070 60 50 40ISO 120 80170 160 140 130

Ml
170 160 ISO 140 130 120 110 100 90 80 70

(ppm)
50 40 30

Figure 2.6. NMR spectra o f 2,33 and 2,36.

Eradication of absorption bands at 1743.0 (carbonyl stretch of OMe), 1365.9 (stretch of 

C-H in /er/-Butyl) and 1172.8 cm'* (C-0 stretch, of Boc), and the observation of intense 

broad absorption at 3363.2 due to 0-H stretching of the resulting carboxyl group and 

sharp absorption at 1203.9 cm'' due to C-F stretching of the resultant TFA salt of the 

amine, in the IR spectrum corroborated the NMR findings. Final confirmation of 

the deprotection was ultimately accomplished with HRMS, finding an M^+Na peak of 

650.7115 (100% relative intensity) corresponding to the required C 3 4 H 3 9 N 3 O 1 0 .

Analogous findings in all the other deprotected compounds 2.37-2.41, confirmed 

successful synthesis of the first series of investigational compounds.

2.^ Jn vitro IT^f* e v a lu a t io n

Following synthesis and subsequent analysis, compounds 2.27-2.29 and 2.33-2.41 were 

dissolved in MeOH and evaporated to dryness, transposing any possible deuterium 

exchange, which may have occurred in solution with deuterated solvents. Subsequently 

they were dried in vacuo for several days. 10 Milligrams per millilitre (mg/ml)
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solutions of the compounds, prepared in DMSO, and consequent serial dilution of the 

stock, afforded incrementally adjusted (lOmg/ml-0.05 mg/ml) solutions for assay.

2 . ^ . 1  M e t h o d s  

Tubulin Purification

Tubulin was isolated from fresh porcine brain as described by Shelanski et (See 

Materials and Methods). Purified protein was stored at -78°C in 2-Â - 

morpholinoethansulphonic acid (MES) buffer O.IM, (ethyleneglycol-6w-yS- 

aminoethylether)-7V-A/-tetra-acetic acid (EGTA) ImM, magnesium chloride (MgCl2) 

0.5mM and guanosine triphosphate (GTP) 0.5mM at pH 6.6. Protein fimctionality was 

measured by temperature-induced assembly-disassembly in the presence of GTP.

Assembly-Disassembly Assay for Slow, Irreversible Tubulin-Binding Compounds 

Tubulin assembly was monitored and recorded continuously by turbidimetric readings 

at 380 run in a UV spectrometer, equipped with a thermostated cell at 37°C (Materials 

and Methods). Tubulin (2-3mg/ml in MES buffer and ImM GTP) was prepared while 

the temperature was maintained < 4'*C. The values o f concentrations that decreased the 

maximum rate of tubulin assembly, without drug, by 50% (IC5 0) were determined for 

compounds 2.27-2.29 and 2.33-2.41. The IC50 for all compounds were compared to 

that of colchicine, measured on the same day under the same conditions.

2 .5 .2  [R esu lts  a n d  [ d i s c u s s i o n  of [ ) a t a

Results were analysed using non-linear regression of one-phase exponential decay plots 

of % tubulin polymerisation versus drug concentration (|xg/ml). Deviations from 

normal behaviour are quoted as goodness of fit values (R^), where 1.0 is a perfect fit to 

the model. Subsequently, IC50 (in nM) of the compounds were determined (Materials 

and Methods).

As can be seen from the analysed data (Table 2.2 and Figure 2.7), there appears to be 

not only a direct structure activity relationship between chain length and ITP, but also 

between protected and deprotected compounds, and ITP.
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% Tubulin Polymerisation Vs Drug 
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Figure 2.7. Plot o f ITP data for 2.39-2.41, Error bars describe standard error mean 
(SEM, n=3).

In the set of compounds, particular to the colchicine-aspartic, glutamic and amino 

adipic acid moiety, there was a direct correlation between chain length and ITP activity. 

Compounds with aspartyl (2.27 and 2.39) residues displayed higher potencies in their 

ability to inhibit tubulin polymerisation than their glutamyl (2.28 and 2.40) and amino 

adipic (2.29 and 2.41) counterparts.

Table 2.2. ITP ICsoand values for the series o f investigation compounds.

Compound
Assembly inhibition 

IQo(liM)
Compound

Assembly inhibition 

IC5o(jiM)

Colchicine 3.90 0.9589 2.33 6.82 0.9152

2.27 5.72 0.8141 2.34 24.53 0.9634

2.28 6.28 0.9578 2.35 > 10 mg/ml* -

2.29 24.64 0.9485 2.36 8.66 0.9786

2.39 7.39 0.9648 2.37 26.62 0.9653

2.40 8.43 0.9213 2.38 > 10 mg/ml* -

2.41 30.71 0.9565 All Compounds assayed at least n >3, in triplicate

* Not assayed in triplicate.
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Although the difference in activity between these aspartyl and glutamyl derivatives was 

not particularly pronounced (Figure 2.7), the addition of an extra methylene group to 

the amino acid chain with loss of its chirality, as in the aminoadipic compounds 2.29 

and 2.41 resulted in a substantial negative effect upon activity. While loss of chirality 

in the aminoadipic compounds could potentiate an antagonistic biological response, the 

large magnitude of difference from the glutamyl derivatives, was thought resultant of 

tandem factors.

ITP IC so( m.M) V alues

>40 >40
35

30

25

20

15

10

Compound no.

Figure 2.8. IC5 0  values fo r  ITP o f  the compounds 2.27-2.29 and2.33-2.38 and colchicine.

Once more, in the AHPA derivatives (2.33-2.35 and 2.36-2.38) this order of activity 

was again discerned, however with these compounds the effect was significantly more 

salient (Table 2.2 and Figure 2.9). Although there was a relative conservation of 

activity in the colchicine-amino acid moieties, their AHPA derived counterparts, 

displayed pronounced depletion of activity with incremental increase o f methylene 

chain-length. Therefore, it is proposed that while singly these amino acids exhibit 

diminutive steric effects upon colchicine binding activity, in tandem with AHPA, this 

steric effect is amplified.
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Additionally, in the fully deprotected compounds 2.36-2.41, there was a further 

deterioration in ITP activity, in direct comparison to the protected compounds (Figure 

2.8). It is known that the B ring of colchicine binds within a region of tubulin rich in 

cystine residues"^ It is feasible that the additional attenuation of these compounds

% Tubulin Polymerisation Vs Drug 
Cone. ((j.g/ml).

100

Z 70 -  
S

^  60 -  

50 -
B

=  40 -

3 30 -

 ̂ 20-
10 -

0,00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drug Concentration (^g/nll)

Figure 2.9. Plot o f ITP data for2.36-2.39. Error bars describe SEM.

ITP activity could be due to increased electronic repulsion, between the liberated, 

nucleophilic amine and carboxyl groups with cystine residues in the B-ring binding 

domain. Alternatively, due to the flexibility of compounds with longer methylene 

chains, these electronic effects could potentially alter the inherent conformation of the 

colchicine phenotype, possibly through hydrogen bonding.
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Z .6  (^^onciusion

A series of investigational compounds of colchicine coupled to dicarboxylic amino 

acids and AHPA, were synthesised. Their function, to probe the optimum chain length 

with minimal disruption to in vitro ITP, whilst maintaining functionality for APN/CD13 

inhibition, necessary in subsequent generations of compounds, was accomplished. 

Assay results determined that the optimal chain length was of the order: 

aspartyl>glutamyl>aminoadipic. Addition of the synthetic amino acid AHPA, further 

decreased ITP activity, while deprotected analogues experienced an additional negative 

effect on ITP. In conclusion, synthesis of proposed dual inhibitory compounds should 

proceed using aspartic acid as the ‘linker’ molecule, between the colchicine and AHPA 

derived compounds.
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Chapter 3. 3.0-Synthetic Strategy.

(^ .h a p te r  5

5 .0  5 y  n th e t ic  S t r a t e g y

Subsequent to synthesis and in vitro ITP screening o f the investigational compounds in 

the previous chapter, and establishment o f L-aspartic acid as optimal ‘linker’ molecule, 

synthesis followed on a series o f APN/CD13 inhibitory compounds. Previous work on 

bestatin suggested, that analogous compounds with particular amino acid residues 

(other than that o f the natural substrate), coupled to the unusual amino acid AHPA 1.13 

- the essential component in a variety o f APN/CD13 active molecules, exhibited greater 

inhibition o f APN/CD13 activity, than bestatin, in vitro. Therefore, investigation o f this 

observation and its effect on other AHPA containing compounds, probestin and 

phebestin, ensued with synthesis and in vitro evaluation o f compounds varying the a 

amino acid residue to AHPA, in the probestin/phebestin phenotypes. Additionally, 

synthesis o f a series o f compounds coupling these analogues and bestatin to L-aspartic 

acid, the proposed linker molecule, succeeded with in vitro appraisal.

5-1 ^ e s t a t i n ,  p l i e b e s t i n  a n d  P r o b e s t i n

Bestatin 3.1 [(2iS',3/?)-3-amino-2-hydroxy-4-phenylbutanoyl]-L-leucine, (Ubenimex) is a 

low molecular weight dipeptide, which was first isolated irom the culture filtrate o f 

Streptomyces olivoreticuli by the late Hamao Umezawa et al in 1976^“*, during the 

search for specific inhibitors o f enzymes on the membrane o f eukaryotic cells^\ It was 

found to potently inhibit Leucine aminopeptidase, (L-AP), aminopeptidase B (APB), 

and membrane bound aminopeptidase N (APN), which is identical to the cell surface 

antigen CD13. Subsequent to the clinical success o f bestatin in treatment o f ANLL, 

considerable interest in the isolation o f natural products fi'om culture filtrates o f the 

bacterial strain Streptomyces yielded further APN/CD13 inhibitors. Drugs such as; 

amastatin'^^ 3.2 {Streptomyces sp. ME98-M3), probestin'”  3.3 {Streptomyces sp. 

MJ716-m3) and most recently, phebestin'^'' 3.4 {Streptomyces azureus MH663-2F6), 

were all found, without exception, to exhibit greater dynamic APN/CD13 inhibition, 

than that o f bestatin. Intriguingly, 3.1-3.4 all contain P-amino a-hydroxy residues in 

{2S,3R) conformation, constituting the key entity essential for biological activity in this 

class o f compound.
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OH O O O

Ph'' ^  r ^ O H

NH , O2 '-L /  Ph

OH

OH

NHj O O

3.3 3.4

Investigational studies on 3.1 and 3.2 SAR '̂’’'^^ by varying stereochemistry, amino acid 

residues and in 3.1, phenyl ring substituents, all necessitated the synthesis of the P- 

amino a-hydroxy residues, as isolation and subsequent degradation of the culture 

products was impractical'^*. Consequently, and as a direct result of the tantalizing 

biological potential for this class of AHPA (1.13) derived metal chelators, a plethora of 

synthetic and asymmetric synthetic routes to 1.13 was developed.

5-2 S y n t h e t i c  K o u te s  to  A M  P A

In synthesizing the aforementioned series of APN/CD13 inhibitors, synthesis of the 

pivotal 1.13 substrate was considered, as the unusual amino acid was not economically 

commercially available, in the quantities required. Although the following methods do 

not represent a thoroughly comprehensive review, they were the procedures deemed 

most pertinent. Since completion of the work involved in this chapter, there have been 

a further six procedures'” ’'̂ *’'̂ ’’'®'’’'®'’'“  reported in the literature, effecting synthesis of 

1.13.
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5 .2 .1  ( J m e z a w a  a n d  Cl-o-worlcers

Following isolation of 3.1, and evaluation of its biological properties*^, Umezawa et 

developed the first simple, but eflficient, synthesis of 1.13 and 3.1 (Scheme 3.1) and a 

number of its derivatives.

The strategy adopted by Umezawa involved using commercially available Cbz-D- 

phenylalanine as starting material, and coupling the carboxylic functional group to 3,5- 

dimethylpyrazole (DMP), with DCC, yielding the resultant amide quantitatively. 

Smooth reduction of this amide followed with lithium aluminium hydride (LiALR}), 

affording the subsequent aldehyde in good yield. Treatment with aqueous sodium 

hydrogen sulphite (NaHSOs) yielded a solid adduct which was converted to the 

cyanohydrin by reaction with potassium cyanide (KCN). Hydrolysis with 6M HCl in 

dioxane afforded a mixture of {2SR,3R)-1.13. Separation followed with brucine 

yielding (2S,3R) in 39% overall yield.

''NH ''NH

OH

NH

OH

,OH

1.13

5.

HO, CN

’NH

l.DM P/DCC, DCM, -10“C, 1 hr, RT overnight. 2. LiAlHi/THF, -20“C, 1 hr, 2M HCl. 3. 

NaHS0 3 /H2 0 . 4. KCN/EtOAc. 5. 6M HCl/Dioxane, Reflux 12 hrs. 6. Fractional crystallization.

Scheme 3.1. Umezawa et al synthesis o f  AHPA.
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While the final separation step was quite tedious, this initial synthesis was quite elegant 

given its simplicity, and Umezawa was successful in producing a number o f  derivatives 

o f  which the iso leucine analogue o f  3.1 was found to be more active than 3.1.

Although ideal for small-scale production o f  1.13 in the laboratory, this and a 

succeeding synthesis developed by Umezawa'®, involving stereo-and regio-specific 

hydroxyamination o f  methyl c/5-benzylglycidate, were considered impractical for large- 

scale production, due to the expense and nature o f  the chemicals involved. 

Consequently, a mild synthesis unfolded fi'om Umezawa’s laboratory utilizing 

economical reagents and conditions'®''.

Synthesis followed condensation o f  A^-acetyl-a-aminoacetophenone with glyoxylic acid, 

using NaHCOa as base. Reduction o f  the benzylic ketone to methylene with Pd/C/H2 in 

AcOH, yielded racemic A^-acetyl-1.13. Resolution with S'(-)-a-methylbenzylamine 

(MBA) afforded the optically pure salt, which after salt removal, was refluxed with HCl 

generating 1.13 with the desired configuration in 10% yield overall (Scheme 3.2).

1. NaHC03 /H2 0 , 60°C Ihr. 2. SroPd/C/Hj/AcOH, 60°C 6hr. 3. MBA/EtOH, Heat. 4. NaHCOj 5. 

HCl Reflux 2hr.

Scheme 3.2. Umezawa et al, mild synthesis o f  1.13.

O

HOOC.  ̂ .OH HOOC. ^OH

O
3.

OH OH

COOH5(-)-MBACOOH
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Although mild and economical reagents were utilized in this method, the reported 

yields were poor.

Following research generating amino alcohols by halocyclocarbamation, Ohno*^  ̂ et al, 

developed this procedure and applied it to the synthesis o f 3.1, via 1,2-asymmetric 

induction o f iodocyclocarbamation in an appropriate acyclic allylamine. The strategy 

employed generation o f the cliiral allylamine from A^-benzyl-Cbz-D-phenylalanine-OEt 

in two steps, followed by iodocarbamation leading to the transcyclocarbamate via the 

trans iminium intermediate. Conversion o f iodide to alcohol was achieved in two steps, 

with silver acetate (AgOAc) and NaOH. Removal o f the benzyl group by Birch 

reduction, oxidation, with Jones’ reagent o f  the alcohol to carboxylic acid followed by 

methylation with CH2N 2 yielded the oxazolidone. Hydrolysis, with lithium hydroxide 

(LiOH) afforded 1.13 (Scheme 3.3).

1. I2AX:M, 0"C, 7hr. 2. AgOAc/DMF/AcOH. 3. IM NaOH/MeOH/HjO. 4 Na/NHj. 5. 

NazCrjOy/HzSOVAcetone. 6. CHjNj/EtzO/EtOH. 7. 2M  LiOH/MeOH/HaO.

Scheme 3.3. Ohno et al, synthesis o f  1.13 through 1,2 asymmetric induction.

y i . i  O ln  n o  an d  (^ o -w o rlccrs

OBzl O

1 .

H H H H

O

4. 5. 6.

H H

OH

OH

NH2 O
1.13
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The apparent yield o f 1.13 (although not reported), from this synthesis, even if one 

assumed quantitative conversion of the allylamine to iodocyclocarbamate, was poor and 

required too many steps considering the chiral allylamine must be generated initially.

5.2 .5  F e a r s o n  a n d  M i n e s

Applying the chemistry used to generate a,P-dihydroxy esters from aldol condensations 

o f l,3-dioxolan-4-ones and aldehydes, with subsequent acidic ethanolysis, Pearson and 

Hines'“  applied this method to the synthesis o f  3.1. Following synthesis o f the 

dioxolanone, aldol condensation ensued with phenyl acetaldehyde (PhCH2CHO) and 

lithium hexamethyldisilazide (LiHMDS) as base. Separation o f the desired 

diastereomer (A), via flash column chromatography, and conversion to the azide by 

Mitsunobu inversion followed by acidic ethanolysis yielded the azido-ester o f 1.13. 

Hydrogenation o f the azide subsequent to base-hydrolysis o f the ester with LiOH 

afforded 1.13 in 16% yield from dioxolanone (Scheme 3.4).

A;X=H, Y=OH
B:X=OH, Y=H 3 .

OH 4  OH

NH2  O 5. N 3  O

1. LiHMDS/THF, -78"C, PhCHzCHO A:B (5.7:1). 2. PhjP/DEAD/DPPA, THF, 0“C. 3. EtOH/HCl, 

Reflux, 12 hrs. 4. LiOH/THF/HjO, 0“C, Ihr. 5. Hz/Pd/C/MeOH, 48 hr.

Scheme 3.4. Pearson and Hines synthesis o f  1.13 via Aldol condensation.

Again, yields were quite low with the added inconvenience o f starting material 

(dioxolanone) preparation.
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5 .2 .4  N o r m a n  a n d  M o r r is

Finding that diesters of L-malic acid could be alkylated at C3 with good 

stereoselectivity using LiHMDS, Norman and Morris'*’ exploited this aberration in the 

synthesis of 3.1. Upon formation of (-)-diethyl (S)-malate, subsequent hydrolysis, 

formation of intermediatory cyclic anhydride with TFAA and ring opening with EtOH 

yielded the monoacid. Curtis rearrangement followed, with diphenylphosphoryl azide 

(DPP A) and EtaN, trapping the intermediary isocyanate resulting in the formation of the 

oxazolidone. Resolution of the diastereomers followed by flash column 

chromatography, with synthesis completed by hydrolysis of the oxazolidone to the 

amino acid 1.13 (Scheme 3.5)

1.13

1. LiHMDS (2eq) -78“C, PhCHjBr -78°C to 25 °C. 2. IM NaOH/Dioxane, Reflux. 3. TFAA, 0“C, 

EtOH, 25"C. 4. DPPA/EtaN/Toluene, 90"C. 5. IM NaOH/EtOH, Reflux.

Scheme 3.5. Norman and Morris ’ synthesis o f  1,13 from malic acid.

Although the authors report, good yields of the desired 1.13, the inexplicable 

stereoselectivity reported by the authors with LiHMDS in the alkylation step, over other 

bases used in this type of procedure, and the lack of data to support their claims, 

directed anticipated synthetic complications with this procedure.
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3 .2-5 K^oselci a n d  (^ o -w o rlcers

This synthesis applied a regio-selective nucleophilic substitution of the 3-hydroxy 

group in a non-protected diol'**. Starting from 2,3-isopropylidene-D-ribose and treating 

it with phenylmagnesium bromide gave the Grignard triol product. The triol was 

converted to the a,P-dihydroxy acid, via lactone formation and subsequent 

hydrogenolysis of the lactone. Generation of the diol was achieved via ring opening 

with TFA, and following subsequent nucleophilic inversion to the azide with 1-methyl- 

2-fluoropyridine /?-toluenesulfonate and sodium azide (NaNs), the desired azide was 

afforded. Catalytic hydrogenation yielded 1.13 (Scheme 3.6).

OH OHOH HO
HO

Ph 0 ^ 0  Ph

N, O OH O COjH

OH
OH

P h '

NH^ O

1. PhMgBr/THF. 2. Nal0 4 , H20/Et20. 3. Chromatography, Jones’ Oxidation. 4. H2 /Pd/C/MeOH. 5. 

TFA/H2 O. 6. 2-fluoropyridine /j-toluenesulfonate/EtsN/CHCIs, NaNs/HMPA.

Scheme 3.6. Koseki et al synthesis o f  1.13 via selective nucleophilic substitution.

This synthesis was long and yields poor with the additional problem of inherent 

impurities in the nucleophilic substitution step.
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In conclusion, the method of Umezawa^"*, appeared the most relevant synthesis for 

laboratory preparation of 1.13, achieving high yields with simple efficiency.

Of the above-considered synthetic routes to 1.13, it was thought that the earlier 

procedure of Umezawa '̂*, with possible modifications, would best fit the needs of this 

work, effectively and efficiently providing 1.13 in good yield.

In starting fi-om D-phenylalanine (Phe) the strategy of Umezawa was to extend the 

chain of the Phe amino acid to include a C3-hydroxy unit. This was achieved, most 

critically, by generation of an aldehyde, which was then easily converted to 1.13 via 

acid-hydrolysis of the subsequent cyanohydrin. Generation of this vital aldehyde was 

attained by amide formation, fi-om the A^-Cbz-amino acid and an appropriate amine, 

with ensuing reduction affording the corresponding aldehyde.

Functional group interconversion (FGI) of carboxylic acid to amide commenced with 

reaction, under inert conditions in DCM at -10°C, of iV-Cbz-D-Phe-OH with DMP, 

using DCC as coupling reagent. Following purification, with flash column 

chromatography, and drying in vacuo the amide, 3.5 was furnished in 96% yield.

5 -5  M e t h o d  o f m e z a w a

5-5-1 ^ y n t K e s i s  o f  A ^ -d b z -D -r iie n y la la m 'n a l

3,5-DMP
DCC

DCM 
-10“C, Ihr 
RT overnight

yV-Cbz-D-Phe-OH 3.5

Scheme 3.7. FGI o f carboxylic acid to amide 3.5.
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'H  NMR analysis o f 3.5 confirmed this observation with resonances resultant o f both 

substrates observed; two singlets integrating for 3 protons each at 2.31 and 2.53 ppm 

equivalent to the two methyl groups o f DMP, two multiplets integrating for two protons 

each at 3.15 and 5.14 ppm corresponding to the methylene protons o f Phe and the Cbz 

groups respectively, two broad singlets integrating for a single proton each at 5.74 and 

5.93 ppm characteristic o f Phe chiral CH, and NH o f Cbz, a sharp singlet at 6.02 ppm of 

the DMP and finally the aromatic protons o f both Phe and Cbz-phenyl rings, integrating 

for 10 protons as a broad singlet and multiplet at 7.13 and 7.56 ppm. An optical rotation 

o f [«]y = -73.4° (c = 0.79, MeOH), corresponded well with the literature observation o f

Reduction o f amides to aldehydes is only realized, due to stability o f the tetrahedral 

intermediate at low temperatures, which prevents complete reduction o f the amide to 

the corresponding amine. Quenching the reaction with acidic media at this low 

temperature, yields the desired aldehyde (Scheme 3.8)

Tetrahedral intermediate 
stable at -15°C

Scheme 3.8. Reduction o f  an amide to an aldehyde, with UAIH4.

Umezawa reported using 2 eq. LiAlRt in dry THF, under inert conditions and allowing 

the reduction o f 3.5 continue for one hour at -15“C. When duplicated in this laboratory, 

however, it was found that these conditions yielded primarily the equivalent alcohol. 

Repeating the synthesis, adding 1.2eq LiAlH4, in dry THF at -20°C, over a five minute

[ a ] r ' '= - 7 3 .0 °  ( c = l ,A c O H ) .

+
Li
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duration and allowing the suspension stir for a further ten minutes at this temperature, 

before lowering the temperature to -25°C, and quenching with 2M HCl, afforded 3.6 as 

a white solid in 74% yield, following purification via flash column chromatography 

(mobile phase: Hex: EtOAc (4:1)) and drying in vacuo (Scheme 3.9).

''NH

3.5

1,2eq LiAIH4 

THF/-20°C, .25hr NH

2M HCl, -25“C

3.6

Scheme 3.9. Reduction o f  N-Cbz-D-Phe-DMP to N-Cbz-D-Phe-CHO

The IR spectrum of the product showed a strong, sharp absorption at 1715.6 cm'*, 

indicative of the aldehyde C=Ostr- 'H NMR spectral analysis confirmed the successfiil 

reduction with a sharp singlet integrating for one proton at 9.66 ppm corresponding to 

that expected for an aldehyde. Other features included; two methylene signals, a 

multiplet at 3.17 and a singlet at 5.14 ppm, two broad singlets at 4.54 and 5.32 ppm and 

a broad doublet and multiplet resonating at 7.15 and 7.36 ppm respectively, indicial of 

aromatic protons. The NMR spectrum showed an carbonyl signal at 198.28 ppm, 

two quaternary carbons at 141.00 and 139.55 ppm, aromatic carbons from 128.83- 

126.74 ppm, two methylene carbons at 34.99 and 60.62 ppm and a CH carbon at 66.66 

ppm.

Synthesis of a h  r A

In his procedure Umezawa, synthesised the corresponding 3.7, via a NaHSOs adduct by 

stirring 3.6 in an ice-cold solution of NaHSOa. This is a useful procedure for the 

reversible purification of aldehydes through bisulphite adducts, and forms an 

intermediate on the route to cyanohydrin formation. There is no need for protonation of 

the alkoxide, generally required in direct cyanohydrin formation methods, liberating 

dangerous hydrogen cyanide (HCN) gas, and yields are usually very good. However, it
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was found in duplicating Umezawa’s procedure that there was no apparent bisulphite 

formation as 3.6 did not dissolve and remained as an oil in the bottom of the flask. 

Modifying this method by heating the NaHSOs solution to 60-80°C, prior to 3.6 

addition alleviated the issue of solubility. Once dissolved, the solution was stirred 

overnight and washed with Et20. Reaction with KCN, and subsequent extraction 

afforded the 3.7 as a diastereomeric mixture (1:1) in 96% yield (Scheme 3.10).

CNHO,
1. NaHCOj 
60-80°C, 1 hr. 
RT overnight'''NH NH

2. KCN 
EtOAc 3.73.6

Scheme 3.10. Cyanohydrin formation.

NMR analysis confirmed cyanohydrin formation of 3.7 with loss of the aldehyde signal 

at 9.66 ppm in the 'H spectrum and 198.28 ppm in the '^C. Additionally, new signals 

integrating for one proton, in total, at 4.52 and 4.58 ppm in the 'H NMR spectrum 

attributable to the new hydrogen at C3, a broad resonance from 4.27-4.91 ppm resulting 

from the hydroxy proton, and in the NMR spectrum signals at 117.44 and 118.08 

ppm, indicative of a nitrilic carbon, were observed. Doubling of the remaining signals 

also observed in the spectra of 3.6 was resultant of the diastereomeric mixture generated 

by 3.7 formation.

Hydrolysis of 3.7 followed with reflux in dioxane: concentrated HCl (1:1) over 12 

hours. Evaporation of the solvents and subsequent azeotropic removal of residual HCl 

yielded a diastereomeric mixture (1:1) of 3.8 as a brown oil (Scheme 3.11).

The IR spectrum of this mixture showed a strong broad absorption 2881.6 cm'  ̂

characteristic of the 0-Hstr in carboxylic acids. The *H NMR spectrum of 3.8 showed a 

decrease in integration of the aromatic region as observed in the spectrum of 3.7 from 

ten protons to five, and loss of the signal at 5.19 ppm, due to hydrolysis of the Cbz- 

protecting group. In the '^C NMR spectrum the nitrilic carbons of 3.7 resonating at
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6M HCl 
Dioxane

Reflux, 12 hrs

3.8

OH
OH

Scheme 3.11. Hydrolysis o f  3 .7yielding diastereomeric 3.8.

117.44 and 118.08 ppm were replaced by a carbonyl carbon signal at 175.00 ppm, with 

similar loss of Cbz-resonances detected in 3.7.

At this point Umezawa purified the crude 3.8 mixture by recrystallisation and resolved 

the diastereomers by first protecting the amino group, with a Cbz-protecting group, and 

fi-actionally crystallizing the products as brucine salts. This archaic procedure appeared 

an untidy and time-consuming method, with inherent loss of product. It was decided, 

alternatively, to protect the amino acid, fi’om crude 3.8, and to separate the resultant.

1. B0C20/H20/*Bu0H, pHlO-NaOH, 0°C Ihr, RT overnight. 2. NaHCOj/HaO/MeOH. 3. DMF/BnBr. 

4. Chromatographic separation.

Scheme 3.12. Synthesis and chromatographic separation o f  3.10 and 3.11.

OH OH
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non-polar, diastereomeric mix via flash column chromatography. A -̂Boc and OBzl 

groups were chosen, for selective deprotection was necessary in subsequent peptide 

coupling procedures.

Consequently, 3.8 was reacted with B0 C2O, in H2O/BUOH at 0°C, adjusting pH to 10 

(using aq. 2M NaOH) for 1 hour, and room temperature overnight. Following work-up, 

3.9 was dissolved in MeOH and treated with aqueous NaHCOs. The Na adduct was 

dried and the resuhing brown solid suspended in DMF and reacted with benzyl bromide 

(BnBr). Precipitation with H2O and ensuing ethereal extraction yielded the protected 

diastereomers as a brown oil, which crystallized. Purification and hence resolution of 

the diastereomers was effected by flash column chromatography (mobile phase: Hex; 

EtOAc (9:1)), yielding two products 3.10 (mobile phase: Hex: EtOAc (4:1), R/=0.58) 

and 3.11 (mobile phase: Hex: EtOAc (4:1), R/-=0.45) which were recrystallised fi-om 

Hex and DCM, respectively to afford the separated diastereomers as white needles in 

42% and 41% jdeld respectively (Scheme 3.12), from 3.8 (48% total yield from Cbz-D- 

Phe-OH).

Determination of the stereochemistry of 3.10 and 3.11 was achieved by optical rotation 

of the corresponding amino acids. To that end, samples of 3.10 and 3.11 were 

successively deprotected by hydrogenation and acid treatment (aq. 2M HCl), in 

methanol, yielding the HCl sahs, 3.12 and 3.13 (Scheme 3.12). Subsequently, 3.12 

recorded [or ]o = +29.2 l°(c = 0.1, MeOH), equivalent to the literature value of the

OH

1. 10%Pd/C/H.
3.10 MeOH, IShrs.

COOH

3.12

3.11 2. aq. 2M HCVMeOH
A, 0.5 hr

OH

COOH

3.13

Scheme 3.13. Deprotection for optical rotations.
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(2S,3R) stereoisomer 1.13 while the rotation of 3.13 was [a]^ — 1-6.42° (c = 0.79, 

MeOH), corroborated with literature values for the (2R,3S) stereoisomer '̂*.

NMR spectral analysis of 3.10 and 3.11 confirmed successful chromatographic 

separation with only one set of signals in both the 'H and ’^C, in comparison to the 

diastereomeric mix seen in spectra o f 3.7 and 3.8, causing doubling of signals. The *H 

NMR spectrum of 3.10 showed signals at 7.23-7.37 ppm, integrating for 10 protons in 

total, corresponding to the aromatic resonances o f the OBzI and Phe-phenyl protons. 

Benzylic methylene protons, C4 and of OBzl, were observed at 2.95 and 5.12 ppm, both

C3
CbzCH:

OH
C2

NHCbz+Phe

ArHs

5.0
(ppm) (ppm)(ppm)

7.2 6.8 6.4 S.6 5.2 3.6 3.2 2.4 2.06.0 4.8 4.4 4 .0 2.8 1.6
(ppm)

Figure 3.1. ‘H NMR spectrum o f  3.10.

integrating for two protons each as a multiplet and double doublet (Vhh -  34.13, V  = 

11.89 Hz). Four signals, integrating for one proton each and resonating at 3.36, 4.15, 

4.33 and 4.91 ppm as a doublet ( V -  3.76 Hz), singlet, deceptive quartet (V = 8.28 Hz) 

and doublet (V  = 9.69 Hz), were assigned as hydroxy, C3, C2 and NH protons 

respectively. The Boc signal appeared as a sharp singlet at 1.41 ppm, integrating for 9 

protons. The corresponding '^C signals and resonances o f the (2R,3S) diastereomer 

3.11 are summarized in Table 3.1.
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Figure 3.2. ‘^C NMR. DEPT 135 and DEPT 90 spectra o f  3.10.

Table 3.1. 'H and '^C NMR resonance values fo r  the compounds 3.10 and 3.11.

H, C no. 3.10 3.11

(Ppm, Multiplicity, Splitting Pattern)

Cl 170.10 169.83

H2 4.15, IH, s. 4.31, IH, s.

C2 70.20 72.18

H3 4.33, lH,q 4.39, IH, s

C3 53.84 53.99

H4 2.95, 2H, m. 2.69, 2H, m.

C4 37.78 35.30

OH 3.36, lH ,bd. 3.40, lH ,bs.

NH 4.91, IH, d. 4.85, IH, d.

HBoc 1.41, 9H, s. 1.39, 9H, s.

C Boc 27.79, 79.27, 154.99 27.82, 79.13, 154.77

H Cbz + H Phe 5.21, 2H, dd, 7.23-7.37, lOH, m 5.12, 2H, dd, 7.12-7.37, lOH,

s,spt,d.

C Cbz + C Phe 126.13-128.98, 126.08-128.98,

(QC + C=0) 134.57, 137.11, 173.33 134.41, 136.47, 172.10
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Following separation of 3.10 from its diastereomer, the OBzl protecting group was 

removed and the subsequent acid activated as a OPfp, enabling its direct peptide 

coupling in later procedures. This was achieved by reductive cleavage of the OBzl 

group in EtOAc: EtOH (1:1) under a hydrogen atmosphere, with 10%Pd/C, with 

ensuing activation of the resulting acid under an inert atmosphere in DCM at 0°C, with 

PfpOH and DCC. Purification via flash column chromatography (mobile phase: Hex: 

EtOAc (9:1)) rendered 3.14 as a white crystalline solid, in 89% yield (Scheme 3.14).

OH

3.10

1. 10%Pd/C/H2 
EtOAc/EtOH, 18hrs

2. PfpOH/DCC 
DCM, 0“C) hr 
RT overnight

NH O

Scheme 3.14. Deprotection and activation o f  3.10.

5.4- A P N I / C I C )  I 5 In h ib ito r y  P e p t i d e s

As stated earlier (Section 3.1), synthesis and investigation of in vitro APN/CD13 

activity, was proposed for a number of 3.1, 3.3 and 3.4 derivatives. These derivatives 

were to include variation of amino acid a to the 1.13 carboxyl functionality, to L-Valine 

(Val), L-Leucine (Leu) and L-Isoleucine (He) where appropriate and additionally, to 

couple this series of derivatised compounds to the ‘linker’ molecule Asp. The choice of 

amino acid a to 1.13 was dictated by Umezawa’s observation of increased activity with 

the He moiety with relative maintenance of activity discerned using the Val residue, in 

their bestatin derived compounds, and also. Leu being the natural substrate in both 3.1 

and 3.3, and Val the natural substrate of 3.4.

The possibility of in vivo enzymatic hydrolysis of final dual inhibitory compounds, 

perhaps liberating entities with characteristics of the Asp derived series 3.15 (Scheme 

3.15), rationalised instigation of synthesis and in vitro investigation of APN/CD13 

activity of these compounds.
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CO,HQ

NH.

Enzymatic
Hydrolysis

OH

•OH

OH

3.15

O

Scheme 3.15. Possible enzymatic hydrolysis product.

5-4. f S y n t h e s i s  o f  £ ) e s t a t i n  [d e r iv a t iv e s

In this series, only synthesis and in vitro appraisal of the Asp-coupled 3.1 derivatives, 

was considered, as Umezawa had previously evaluated the in vitro APN/CD13 

activities of corresponding Val, Leu and He derivatives of 3.1 '̂'.

Subsequently, 2.21 was converted to its dimethyl ester salt via tituration with aqueous 

cesium carbonate (CS2 C O 3 ) , and successive reaction with methyl iodide (Mel) in DMF. 

Following work-up, extraction and purification by flash column chromatography 

(mobile phase: Hex: EtOAc (6:1)) the dimethyl ester was procured as a white 

crystalline solid in 93% yield.

NMR analysis confirmed OMe protection with the following signals: 'H NMR; 1.41 

ppm, sharp singlet integrating for nine protons characteristic of a Boc resonance, two 

double doublets (Vhh =16.4 Hz) at 2.81 and 3.02 ppm integrating for one proton each 

of Asp-methylene protons, two OMe signals at 3.66 and 3.72 ppm integrating for three 

protons each and two broad signals of CH and NH integrating for one proton each at 

4.44 and 5.61 ppm respectively. The NMR spectrum showed corresponding peaks
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at 28.02 (Boc), 35.89 (CH2), 49.82 (CH), 52.13 and 54.23 (OMe) 79.82 (Boc QC) 

154.89 (Boc C=0) ppm and finally 170.23 and 170.45 ppm due to C=0 of OMe.

O
HO. I.CS2CO3/H2O o

O H N ^ ^ OY 2. Mel/DMF ^  ^  ^  O

'O 3 . TFA/DCM ® NH3CI

2.21 I  3.16

Scheme 3.16. Dimethyl ester formation and subsequent N-Boc deprotection.

Deprotection of the A -̂Boc carbamate ensued, under inert conditions at 0°C in DCM, 

with TFA (1:1). Following deprotection, as determined by tic (mobile phase: Hex: 

EtOAc (4:1), and azeotropic abstraction of TFA, the salt 3.16 was obtained as a yellow

O

N
\\

N - H
N \

\O H

O
Anchimeric assistance

R, N 
H R2NH2

Peptide via HOBt 
intermediate

RjCOjH

O O

aAoA,
Anhydride

DCC

R,C02H

‘NH

'N

HN

A'-acylurea

R,=R4C0NHCHR3-

R.

5(4H)-oxazolone

'H
N y O

R.

Scheme 3.17. Major products from reaction o f  DCC with N-protected peptide or amino 
acids, and HOBt anchimeric assistance.
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oil in 93% yield (Scheme 3.16)

The use o f DCC and 1-hydroxybenzotriazole (HOBt) has become a standard peptide 

coupling technique. First developed by Konig and Geiger'*’ this combination is an 

extremly efficient method for coupling peptides in solution and is highly effective in 

supressing racemization, inherent to the DCC and other activated ester procedures. 

HOBt reacts so rapidly with 0-acylisourea that competeing intermolecular reactions are 

not observed. Additionally, anchimeric assistance o f aminolysis, facilitated through 

intramolecular proton transfer has been proposed to reduce racemization.

Subsequently, coupling, at -10°C in DCM under inert conditions, o f A/-Boc-Val, Leu 

and Ile-OH to 3.16 proceeded with EtsN, HOBt and DCC. Purification, following 

filtration and work-up, by flash column chromatography (mobile phase; Hex: EtOAC 

(4:1)) fiamished the dipeptides 3.17, 3.18 and 3.19 in 62%, 66% and 71% yields 

respectively (Scheme 3.18).

o

A x iu V r  3.16 HOBt/DCC
O DCM/Et3N ^  Y  T

-------------- ^  O HN.
-10°C, Ihr. ^

Q  o  1 N ,  T

R ^NH
OH ^  Y  OH 

O ^ /N H  O ^ N H  0 , ŝ N H  3.17 R=CH(CH3)2 O''̂  "O
3.18 R=CH2CH(CH3>2 

^ 3.19 R=CH(CH3)C2H5

'OH j  UH - j T

3̂ N H  -------------------

Y  > r °
A'-Boc-Val-OH A^-Boc-Leu-OH A^-Boc-Ile-OH

Scheme 3.18. Coupling ofN-Boc-Val, Leu and Ile-OH to N-TFA-Asp~di-OMe.

NMR spectral analysis confirmed peptide coupling o f 3.16 to A^-Boc-Val-OH. In 

addition to the signals observed for 2.21 in the 'H  NMR, two triplets at 0.93 and 0.99
■3 -5

ppm ( J= 7.0 Hz), integrating for three protons each, a deceptive octet at 2.14 ppm ( J =  

6.8 Hz), and two broad singlets at 3.97 and 5.11 ppm integrating for one proton each, 

indicative o f the new Val residue plus a broad doublet o f an amide NH integrating at 

6.89 ppm, determined structural integrity o f 3.17. *̂ C NMR showed new resonances at
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17.05 and 18.58 ppm of methyl carbons, 30.68 and 59.25 ppm of Val-CH carbons and 

an additional amide carbonyl carbon at 170.91 ppm. Dipeptides 3.18 and 3.19 

displayed similar characteristics with fiirther methylene signals at 1.62 and 1.87 ppm, 

respectively.

Deprotection of 3.17, 3.18 and 3.19 thus ensued with TFA: DCM (1:1), at 0°C under 

inert conditions, yielding the respective TFA salts 3.20, 3.21 and 3.22. Coupling o 

these TFA salts to 3.14, with EtsN as tertiary base, under inert conditions at 0"C, 

afforded the tripeptides 3.23, 3.24 and 3.25 in 53, 59 and 61% yield as clear oUs 

(Scheme 3.19),

3.20
3.21
3.22

3.23 R=CH(CH3)2
3.24 R=CH2CH(CH3)2
3.25 R=CH(CH3)C2H5

Scheme 3.19. Coupling o f 3.14 to TFA salts 3.20-22.

following purification via flash column chromatography (mobile phase: Hex: EtOAc 

(4:1)).

*H NMR spectral features of 3.23, 3.24 and 3.25 included signals of both parent 

substrates, plus additional broad singlets integrating for one proton each, at 7.48, 7.12 

and 7.42 ppm, respectively, indicative of the new amide NH resonance (Figure 3.3). 

The NMR spectra of 3.23, 3.24 and 3.25 showed analogous carbon resonances 

(Figure 3.4) to their *H counterparts. OMe Deprotection of 3.23, 3.24 and 3.25 was 

effected with aqueous NaOH in MeOH, and following acidic work-up and extraction, 

iV-Boc deprotection with TFA: DCM (1:1) under an inert atmosphere at 0“C, fiimished 

the dicarboxylic amino acids 3.26, 3.27 and 3.28 in 96, 94 and 97% yield, respectively

OH

Et3N/DCM
3.14

0°C, Ihr 
N.

NH

O
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A^-Boc-Asp-di-OMe

3.17

 A ,

2.0 1.5 1.03.5 3.0 2.55.0 4.5 4.06.5 5.57.5 7.0 6.0

3.23

2.0 1.5 1.05.0 4.5 4.0 3.5 3.0 2.57.0 6.5 6.0 5.57.5

(ppm)

Figure 3.3. ‘H NMR spectra o f N-Boc-Asp-di-OMe, 3.17 and 3.23.

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

W»i >ii»Wi#iiii WwHiiw

70 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

Figure 3.4. NMR, Dept 135 and DEPT 90 spectra o f 3.23.
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(Scheme 3.20).

Due to difficulties outlined (in Sec. 2.5), there was little to no resolution in the ‘H NMR 

spectrum. However, signals at 27.7, 51.6, 52.3 and 79.9 ppm corresponding to the 

respective alkyl ^ert-Butyl carbons, OMe carbons and Boc alkyl quaternary carbon 

discerned in the NMR spectrum of 3.17 were not observed in its deprotected 

analogue 3.26. Furthermore eradication of absorption bands at 1738.3 (C ^̂ str of OMe), 

1368.9 (C-Hstr in ^er/-Butyl) and 1172.1 cm'  ̂ (C-Ostr, of Boc), and the observation of 

intense broad absorption at 3434.2.2 due to 0-Hstr of the resulting carboxyl group in the 

IR spectrum corroborated the NMR findings. Final confirmation of the 

deprotection was ultimately accomplished with HRMS, finding an M^+H peak of 

410.1954 corresponding to the required C 1 9H2 7 N3 O7 .

OH

NH

O

1.0.95 MNaOH 
MeOH/ 6 hrs

2. TFA/DCM 
0“C, Ihr 
N,

OH

NH Cl O
 ̂ O

OH

3.23 R=CH(CH3)2
3.24 RCHjCHCCHj)^
3.25 R=CH(CH3)C2Hj

3.26 R=CH(CH3)2
3.27 RCH^CHCCHj)̂
3.28 R=CH(CH,)C2H^

Scheme 3.20. Deprotection o f3.23-25.

Analogous findings in the other deprotected compounds 3.27 and 3.28, confirmed 

successful deprotection of this bestatin-derived series.

5.4.2 S y n th esis  of phebestin Derivatives

As previously outlined, Val is the natural a-substrate of 3.4, therefore synthesis of 3.4 

derivatives, included tri-peptides with Leu and He a-residues. However, synthesis of 

the Asp-derivatives integrated all three a-amino acids.

Initially, iV-TFA-Phe-OBzl salt was synthesized by protection of A^-Boc-Phe-OH using 

BnBr in DMF, via its Cs salt. Following work-up and purification, with flash column
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chromatography (mobile phase: Hex: EtOAc (4:1)), the A -̂Boc was deprotected with 

TFA: DCM (1:1). Azeotropic evaporation, and drying in vacuo yielded the desired salt 

3.29 in 88% yield, as an oil. Subsequent, coupling to the A/-Boc-Val, Leu and Ile-OH, 

thus ensued employing EtaN, and HOBt/DCC as coupling reagents, in DCM at -10°C, 

under an inert atmosphere, yielding the dipeptides 3.30, 3.31 and 3.32 in 89, 90 and 

91% yield, respectively (Scheme 3.21).

The *H NMR spectrum of 3.30 (Figure 3.5) comprised two doublets (V = 6.2 Hz) 

integrating for three protons each of Val-CHa at 0.86 and 0.93 ppm, an intense singlet at 

1.49 ppm

OH

HN

o

1. CS2CO3/H2O 
MeOH

2. BnBr/DMF

3. TFA/DCM 
0°C, 1 hr.
N.

HOBt/DCC
DCM/EtjN

-10“C, Ihr. 
N.

3.29
+

OH

O. NH

OH OH

O. O, NHNH

R '^ N H  R=CH(CH3)2
T 3.32 R=CH2CH(CH3)2 

O^^^^O 3.33 R=CH(CH3)C2H5

O

A^-Boc-Val-OH A^-Boc-Leu-GH A^-Boc-Ile-OH

Scheme 3.21. O-protection and N-deprotection o f N-Boc-Phe-OH, and subsequent 
coupling to N-Boc-Val, Leu and Ile-OH.

integrating for nine protons corresponding to A -̂Boc protons, a muliplet of the Val CH 

resonated at 2.09 ppm, chiral CH’s o f Val and Phe-residues resonated at 3.93 and 4.92 

ppm as a multiplet and double doublet (Vhh = 13.5, V  = 6.2Hz), respectively, 

resonances of 5.03 and 6.35 were detected as broad singlets for iV-Boc and Phe-Val 

amide NHs, while benzylic methylene signals o f Phe and OBzl were observed as a
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Figure 3.5. ‘H NMR, '^C NMR, DEPT 135 and DEPT90 spectra o f  3.30.

doublet (V  = 6.2 Hz) and double doublet (V hh = 21.1, V =  11.9 Hz), integrating for 

two protons each at 3.13 and 5.16 ppm. Phe and OBzl-phenyl protons were discerned 

as four unresolved multiplets with total integration of ten protons resonating from 7.04- 

7.28 ppm.

Similarly, '̂ C NMR spectroscopic analysis revealed alkyl methyl carbon resonances 

up-field at 17.21, 18.68 and 27.84 ppm of Val-CHs and Boc, deshielded benzylic 

methylene carbons of Phe and OBzl at 37.50 and 66.81 ppm, while three CH 

resonances were observed at 30.40, 52.65 and 59.83 ppm corresponding to the shielded 

Val-CH and chiral CHs of Phe and Val respectively, shifted downfield due to close 

proximity to the amide bond. The phenyl carbons of Phe and OBzl encompassed four 

signals at 126.65, 128.06, 128.13 and 128.48 ppm while the respective quaternary 

signals were discerned at 135.14 and 135.09. Finally three carbonyl carbons of the 

Boc and amides completed assignment. Analogous signals were observed in the spectra 

of 3.31 and 3.32, with additional resonances at 1.64 and 1.84 ppm respectively, 

equivalent to methylene signals in the Leu and lie residues.
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Catalytic hydrogenation of 3.30, 3.31 and 3.32, using 10%Pd/C as catalyst generated 

the subsequent acids, which were coupled to 3.16, employing the HOBt/DCC 

methodology, furnishing the tripeptides 3.33, 3.34 and 3.35 in 90, 78 and 81% yield 

respectively (Scheme 3.22), following work-up and purification via flash column 

chromatography (mobile phase: Hex: EtOAc (2:1)).

3.30
3.31
3.32

Scheme 3.22. Synthesis o f tripeptides 3.33, 3.34 and 3.35.

The 'H NMR spectra o f 3.33-35 revealed, however, doubling of observed and expected 

signals indicative of conformers or more disturbingly, diastereomers. Determination of 

chiral integrity through observed optical rotation values was futile, as inexplicably there 

was no reference to previously recorded values in the literature. Although synthesis of 

tripeptides using the residues of 3.33-35 were documented, there was no prior evidence 

of tripeptides previously being synthesised in the sequence Asp-Phe-Val, Leu or He 

with the amide bond between Asp and Phe at the amino terminal of Asp. Therefore 

synthesis of 3.33-35 was repeated, initially employing the OPfp coupling method. 

Once more doubling of signals was observed in the resulting NMR spectra. Finally 

employing the coupling reagent 2-bromo-l-ethyl pyridinium tetrafluoroborate (BEP), 

known to promote the formation of hindered peptide bonds preferentially over 

spontaneous diketopiperazine formation'™, with little racemization, the tripeptides were 

again synthesised. Again, doubling of resonances in the ‘H NMR spectra was detected. 

There has been no record of any major side reaction, reported in the literature, for 

peptide coupling employing the DCC/HOBt combination, however spectral anomalies 

were concluded to have been as a direct result of diastereomeric forms (See Section 

4.2).

1. 1 0 % P d /C /H 2  
EtOAciEtOH

2. 3.16/HOBt
DCC/DCM 
Et̂ N/Nj 
-10°C, 1 hr

3.33 R=CH(CH3)2
3.34 R=CH2CH(CH3)2
3.35 R=CH(CH3)C2H5
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Consequentially, observation of general doubling of characteristic signals from both 

parent substrates and the noting of additional broad singlets integrating for one proton 

each at 7.36, 7.32 and 7.17 ppm in the 'H NMR spectra of 3.33-35 indicated the 

formation of new amide bonds between the two substrates. '^C NMR spectra also 

concurred with these findings demonstrating additional resonances at 170.16, 170.24 

and 170.23 ppm, attributed to carbonyls of new amide bonds. Optical rotations o f 3.33- 

3.35 tripeptides were determined as [a]fl= -21.7, -30.0 and -20.7° (c = 0.9, 1, 0.8, 

MeOH) respectively.

Successive TV̂ -Boc deprotection of 3.30-3.35 followed with TFA: DCM (1:1), and 

subsequent to azeotropic removal of TFA and in vacuo drying of the resulting salts, 

coupling of 3.14 ensued utilizing diisopropylethylamine (DIEA) as tertiary base, giving 

tri and tetra-peptides 3.36-3.40 in 42, 51, 68, 54 and 56% yield following purification 

via flash column chromatography (mobile phase; Hex: EtOAc (l:l)-3.36-3.37, and

3.31
3.32

3.33
3.34
3.35

1.TFA:DCM 
0“C, 1 hr.

2. 3 .14/DIE A 
DCM/Nj 
-10“C, 1 hr

3.24 R=CH2CH(CH3)2 o "  'O
3.25 R=CH(CH3)C2H5

O HN

3.23 R=CH(CH3)2
3.24 R=CH2CH(CH3)2
3.25 R=CH(CH3)C2H5

Scheme 3.23. Synthesis o f tri- and tetrapeptides 3.36 and 3.37, and 3.38-3.40.
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EtOAc-3.38-3.40, (Scheme 3.23)). NMR spectroscopic analysis o f 3.36-3.40 

confirmed coupling with all compounds displaying resonances o f both parent substrates 

with additional signals indicative o f amide NH at 7.35, 7.48, 7.43, 7.35 and 7.32 ppm 

respectively, in the 'H  NMR. Deprotection o f ester protecting groups o f 3.36 and 3.37, 

via catalytic hydrogenation, and 3.38-3.40 with aqueous NaOH in MeOH, and 

following acidic work-up and extraction, ensuing deprotection o f A' -̂Boc employing, 

TFA: DCM (1:1) under an inert atmosphere at 0°C, furnished the amino acids 3.41-3.45 

in 81, 79, 91, 89 and 86% yield respectively (Scheme 3.24).

Again there was little to no resolution in the 'H  NMR spectrum. However, signals at 

27.75, 51.65, 52.28 and 79.33 ppm corresponding to the respective alkyl tert-^uXyl 

carbons, OMe carbons and Boc alkyl quaternary carbon discerned in the NMR 

spectrum o f 3.38 were not observed in its deprotected analogue 3.43. (Additionally, 

OBzl methylene and quaternary carbon signals found at 67.36 and 137.14 ppm in 3.31 

were not discerned in its corresponding deprotected moiety, 3.36) Furthermore 

eradication o f absorption bands at 1747.0 (C=Ostr o f OMe), 1367.9 (C-Hstr in tert-Q\xXy\) 

and 1172.7 cm'* (C-Ostr, o f Boc), and the observation o f intense broad absorption at

3.36
3.37

3.38
3.39
3.40

Scheme 3.24. Deprotection o f 3.36 and 3.37, and also 3.38-3.40.

1. lO'/oPd/C/Hj 

EtOAc/EtOH 
18 hrs

2. TFA/DCM 
0»C, Ihr 
Na

1. 0.95 M NaOH 
MeOH/ 6 hrs

2. TFA/DCM 
0°C, Ihr
N,

NH3CI

O

3.41 R=CH2CH(CH3)2
3.42 R=CH(CH3)C2H5

HO
OH

O HN .0
OH

NH,CI

3.43 R=CH(CH3>2
3.44 R=CH2CH(CH3)2
3.45 R=CH(CH3)C,H5
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3444.7 due to 0-Hstr of the resulting carboxyl group in the IR spectrum corroborated the 

NMR findings. Final confirmation of the deprotection was ultimately accomplished 

with HRMS, finding an M^+H peak of 542.2251 corresponding to the required 

C 3 0 H 4 0 N 4 O 8 .

Comparable findings in the other deprotected compounds 3.37 and 3.39-40, confirmed 

successful deprotection of these phebestin-derived compounds.

5y n th es is  of Probestin {derivatives

As previously outlined. Leu is the natural a-substrate of 3.3, therefore synthesis of 3.3 

derivatives, included tetra-peptides with Leu and He a-residues. However, synthesis of 

the Asp-derived pentapeptides integrated all three a-amino acids.

Peptide bonds involving a-amino acids are predominantly of the trans conformation in 

linear peptides, and rarely occur in cis conformation. However, peptide bonds 

preceding proline (Pro) residues (also known as the pro-imide bond) and in addition, 

those containing 7V-methyl functionalities have been found to occur in the cis 

conformation, at the peptide bond'” ’’̂ . Other notable exceptions are those of 

cyclo(Phe-Leu-Gly)2 cyclohexapeptides which also display cis characteristics'^^ For 

short peptides that adopt a cis conformation, the percentage of cis form can be 

comparable to that of the trans form in solution’’̂ , thus giving rise to duplication of 

resonances in NMR spectroscopy'^' ' ’̂

In peptide chains containing a-amino acids, a cis conformation would place two side 

chains in steric proximity, however trans forms allow greater separation and are thus 

more favourable. In other A -̂alkylated imino acids, and in particular Pro (a Ca,Ca- 

dialkyl amino acid) there is appreciably less energy difference between the two forms 

as the Ca-N bond causes either alignment which yields to cis conformations. In Pro the 

unique pyrrolidine ring which covalently links the side chain to the nitrogen atom of 

Pro, gives rise to steric hindrance which is unfavourable to the trans form, and thus 

reduces the energy difference between trans and cis conformations, which are both 

observed.
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Side Chain

Side Chain

Side Chain Sterically hindered
H )

am ^
0 = {  H 

N — L
Side Chain ■

H Y
P o

Cis conformation Tram  conformation

Schem e 3.25. Possible conformations o f  Proline peptides.

Chain assembly o f sterically hindered peptides containing A -̂methyl or Ca,Ca-diaUcyl 

amino acid residues is highly inefficient using carbodiimide coupling procedures”''.

R"

R.

R, R4  =  Protecting group 
R’,R 2  = H, Me, aikyl 
R",R3  = amino acid side chain

O +
N Br

(minor) (minor)(major)

Rj OR,

R' O O

Schem e 3.26. Proposed mechanism™  fo r  BEP m ediated coupling reactions.
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However, a study using BEP and other halopyridinium salts'™ demonstrated high 

reactivity, low racemization and excellent yields in the synthesis of hindered peptides. 

As demonstrated by Li'™ synthesis of the antineoplastic Dolstatin 15, it is particularly 

useful for condensation of Pro residues in segment peptidic coupling, quoting over 90% 

yield for iV-Boc-Pro-Pro-OBzl condensation, while maintaining chiral integrity, as 

monitored by optical rotation. It is speculated that activation of the carboxylic terminal 

by BEP involves the formation of an unstable acyloxypyridinium salt intermediate, 

which reacts directly with the amino component yielding the peptidic product (Scheme 

3.26). Alternatively it has been proposed that conversion to the acid halide and 

subsequent aminolysis affords the product.

Consequently, following acid protection of A/-Boc-Pro-OH with OBzl employing 

Cs2 C0 3 /BnBr and A -̂Boc deprotection using TFA, the subsequent A^-TFA-Pro-OBzl 

was reacted to A^-Boc-Pro-OH with BEP as coupling reagent, in DCM at -10”C during 

DIEA addition for one minute and one hour at room temperature, affording the A -̂Boc- 

Pro-Pro-OBzl dipeptide 3.46, succeeding purification via flash column chromatography 

(mobile phase: Hex: EtOAc (2:1)), in 54% yield as an oil (Scheme 3.27). The observed

1. C s j C O j / H j O
MeOH

O

O O O

3.46

2. BnBr/DMF

OH
3. TFA/DCM 
0°C, 1 hr.O O

4. A^-Boc-Pro-OH
Af-Boc-Pro-OH BEP/DIEA/DCM

-10“C, 1 min 
RT, Ihr

Scheme 3.27. Successive acid-protection, N-deprotection and coupling to N-BocPro-OH 
using BEP.

optical rotation of the oil in CH3 CI was equivalent to that of the literature value'™ 

[a]y = -109.4 ° (c = 1). As mentioned above doubling of peaks was observed in both 

the 'H and '^C NMR spectra. Observation of (Figure 3.6) two intense singlets at 1.31 

and 1.37 ppm integrating for a total of nine protons, indicative of Boc protons, a vast
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3.46
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6.5 1.57.0 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.0

3.50

_ A
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 2.0 1.53.0 2.5 1.0

(ppm)

Figure 3.6. ' HNMR spectra o f  3.41, 3.47, and3.50.

multiplet integrating for eight protons between 1.70-2.07 ppm, typical of two P and two 

y methylene protons of Pro residues”®, with two multiplets integrating for four and two 

protons each between 3.28-3.67 and 4.28-4.54 ppm of two 6 methylene and two a CH 

protons completing the Pro-Pro resonances. Furthermore, a multiplet at 4.95-5.15 ppm 

integrating for two protons and a sharp singlet at 7.25 ppm integrating for five protons 

were assigned to the methylene and the phenyl unit of the OBzl protecting group in the 

*H NMR spectrum. In the '^C NMR spectrum, signals resonating fi"om 22.96-24.46, 

28.12-29.33, 45.94-46.32 ppm and which inverted in the DEPT spectra, were assigned 

to, two y, P, and 6 methylene carbons with the aid o f C-H COSY spectra. Additionally 

the a-CH resonances were observed at 57.13 and 57.18 ppm and the protecting groups; 

A'̂ -Boc and OBzl displayed signals at 27.97, 78.84 and 153.98 ppm and 66.15, 127.55- 

127.96, and 135.20 ppm (aU signals were doubled only one resonance quoted). Finally, 

four carbonyl resonances, two of the new amide bond and two of OBzl at; 170.62, 

171.05, 171.30 and 171.58 ppm completed assignment and confirmed successful 

coupling.
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A -̂Boc deprotection of 3.46 followed with TFA; DCM (1:1), and subsequent to 

azeotropic removal of TFA and in vacuo drying of the resulting salt, coupling of N- 

Boc-Val, Leu and Ile-OH ensued utilizing BEP and DIEA as tertiary base, furnishing 

tri-peptides 3.47-3.49 in 69, 62 and 63% yield, respectively (Scheme 3.28), following 

purification via flash column chromatography (mobile phase: Hex: EtOAc (1:1)).

O O O

3.46

1. TFA/DCM  
0»C, 1 hr.
N.

2. BEP/DIEA/DCM  
A'-Boc-Val-OH 
A'-Boc-Leu-OH 
yV-Boc-Ile-OH 
-10“C, 1 min 
RT, Ihr

O

3.47 R=CH(CH3)2
3.48 R=CH2CH(CH3)2
3.49 R=CH(CH3)C2H5

Scheme 3.28. Synthesis o f  tri-peptides 3.47-3.49.

The 'H NMR spectrum of 3.47 (Figure 3.6) showed new signals of two doublets (V = 

6.4 Hz) at 0.91 and 1.02 ppm, integrating for three protons each of the Val-methyl 

protons and an additional singlet integrating for one proton at 5.16 ppm assigned to the 

NH-Boc proton. Also, signals previously encountered in the *H NMR spectrum of 3.46 

were observed, with an analogous multiplet to that discerned at 1.70-2.07 ppm 

integrating for nine protons due to the additional resonance of the Val-alkyl CH proton. 

Spectra of 3.48 and 3.49 showed comparable signals with additional resonances of the 

Leu and Ile-methylene protons detected as two broad singlets at 1.76 and 1.84 ppm, and 

1.56 and 1.74 ppm respectively. NMR spectra of the compounds displayed 

equivalent carbon resonances to the analogous *H NMR signals.
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Subsequent to OBzl deprotection of 3.47-3.49 effected with 10% Pd/C/H2, filtration, 

evaporation of solvent and in vacuo drying the corresponding A -̂Boc acids were 

condensed with 3.16, using BEP as coupling reagent and DIEA as tertiary base, 

affording the tetrapeptides 3.50-3.52, following work-up and purification via flash 

column chromatography (mobile phase: Hex: EtOAc (1:1)), in 69, 63 and 62% yield 

(Scheme 3.29).

3.47
3.48
3.49

1. 10%Pd/C/H2 
EtOH:EtOAc 
18 hrs

2. BEP/DIEA/DCM 
3.16
-10°C, 1 niin 
RT, Ihr 3.50 R=CH(CH3)2

3.51 R=CH2CH(CH3)2
3.52 R=CH(CH3)C2H5

Scheme 3.29. Synthesis o f tetra-peptidesJ.50-3.52.

The NMR spectra displayed resonances observed in the spectra of both parent 

substrates with additional amide N H  signals in the 'H N M R  spectra of 3.50-3.52 

respectively, at 7.26, 7.28 and 7.28 ppm integrating for one proton each and 

furthermore, an extra set of carbonyl resonances at -170 ppm region, indicative of new 

amide bond formation between the 3.16 and each of the peptides 3.47-3.49. Doubling 

of signals was witnessed in all spectra due to two conformeric forms (Figure 3.6). 

Ultimate confirmation of coupling was ultimately accomplished with H R M S, finding 

IVT+Na peaks o f 577.4917, 591.2863 and 591.2863 corresponding to the required 

C26H42N4O9, C27H44N4O9 and C27H44N4O9.

The final couplings were accomplished following iV-Boc deprotection of 3.47 and 3.49- 

3.52 employing TFA: DCM (1:1) and condensation of the ensuing TFA salts with 3.14, 

using EtsN as tertiary base (Scheme 3.30). Purification via flash column 

chromatography (mobile phase: Hex: EtOAc (2:1 3.53 and 3.54, 1:1 3.55-3.58) 

furnished the subsequent tetra- and pentapeptides 3.53 and 3.54, and 3.55-3.58 in 58, 

60, 57, 58 and 51% yield.
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3.47
3.49 l.TFA:DCM 

0°C, 1 hr. OH

3.50
3.51
3.52

3.53 R=CH(CH3)2
3.54 R=CH(CH3)C2H,

OH

3.55 R=CH(CH3)2
3.56 R=CH2CH(CH3)2
3.57 R=CH(CH3)C2Hj

Scheme 3.30. N-Boc deprotection 3.47 and 3.49-3.52 and subsequent coupling to 3.14.

NMR spectroscopic analysis of 3.53-3.57 confirmed coupling with all compounds 

displaying resonances of both parent substrates with additional signals indicative of 

amide NH e.g. at 7.65 and 7.52 ppm in the 'H NMR spectra of 3.53 and 3.54, with 

additional carbonyl resonances in the '^C NMR spectra correlating to that of the newly 

formed amide bond. Deprotection of ester protecting groups of 3.53 and 3.34, via 

catalytic hydrogenation, and 3.55-3.57 with aqueous NaOH in MeOH, and following 

acidic work-up and extraction, ensuing deprotection of iV-Boc employing, TFA: DCM 

(1:1) imder an inert atmosphere at 0°C, furnished the amino acids 3.58-3.62 in 86, 83, 

91, 85 and 82% yield (Scheme 3.31).

Again there was little to no resolution in the 'H NMR spectrum. However, signals at 

27.77, 50.88, 52.47 and 79.63 ppm corresponding to the respective alkyl /er/-Butyl 

carbons, OMe carbons and Boc aUcyl quaternary carbon discerned in the NMR 

spectrum of 3.55 were not observed in its deprotected analogue 3.60. (Additionally, 

OBzl methylene and quaternary carbon signals found at 66.36 and 135.21 ppm in 3.53 

were not discerned in its corresponding deprotected moiety, 3.58.) Furthermore
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1. lOToPd/C/Hj
EtOAc/EtOH

3.53 18 hrs

3.54
2. TFA/DCM
0°C, Ihr
N 2

1. 0.95 MNaOH
3.55 MeOH/ 6 hrs
3.56
3.57 2. TFA/DCM

0°C, Ihr
N,

N H X f O
OH

OH

N n tcf O

3.58 R=CH(CH3)2
3.59 R=CH(CH3)C2H5

O ^ O H

o o yo
OH

3.60 R=CH(CH3)2
3.61 R=CH2CH(CH3)2
3.62 R=CH(CH3)C2Hj

Scheme 3.31. Final deprotection o f  the tetra and penta-peptides 3.53-3.55.

eradication of absorption bands at 1743.7 (C=Ostr of OMe), 1366.8 (C-Hstr in /er/-Butyl) 

and 1170.9 cm'' (C-Ostr, of Boc), and the observation of intense broad absorption at 

3423.8 due to 0-Hstr of the resulting carboxyl group in the IR spectrum corroborated the 

NMR findings. Final confirmation of the deprotection was ultimately accomplished 

with HRMS, finding an Nf^+H peak of 604.9922 corresponding to the required 

C 2 9 H 4 1 N 5 O 9 .

Comparable findings in the other deprotected compounds 3.37 and 3.39-40, confirmed 

successflil deprotection of these phebestin-derived compounds.

Jn v itro  A r i M / C D  1 5 E- v a lu a tio n

Following synthesis and subsequent analysis, compounds 3.26-3.28, 3.41-3.45 and 

3.58-3.62 were dissolved in MeOH and evaporated to dryness, transposing any possible 

deuterium exchange, which may have occurred in solution with deuterated solvents. 

Subsequently they were dried in vacuo for several days. 40 mg/ml solutions of the 

compounds, prepared in DMSO, and consequent serial dilution of the stock, afforded 

incrementally adjusted (40mg/ml-0.025 mg/ml) solutions for assay.
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5-5-1 M a t e r i a l s  a n d  M e t h o d s  

Materials.

Bestatin, aminopeptidase M (EC 3.4.11.2, type IV-S from porcine kidney microsomes), 

L-Leucine-/?-nitroanilide (Leu-/?NA) and iV-[2-hydroxy-ethyl]piperazine-iV’-[2- 

ethanesulphonic acid] (HEPES-buflfer) were purchased from the Sigma Chemical Co.

Enzymatic Assay.

APN/CD13 activity was determined in triplicate by measuring the hydrolysis of the 

chromogenic substrate Leu-pNA in a photometric assay according to Melzig et a/'^’(See 

Materials and Methods). All assays were performed with, at least, triplicate samples. 

Inhibition was calculated in percent to controls without inhibitors and the IC50 values 

for all compounds were compared to that of 3.1, measured on the same day under the 

same conditions.

5. ;5.2 [ R es u l t s  a n d  [ d i s c u s s i o n

Results were analysed using non-linear regression curve fit of sigmoidal dose-response 

curve, plotting % inhibition of APN/CD13 activity versus log [drug concentration (M)]. 

Deviations from normal behaviour are quoted as goodness o f fit values (R^), where 1.0 

is a perfect fit to the model. Subsequently, IC50 (in nM) of the compounds were 

determined.

As can be from the analysed data (Figure 3.7 and Table 3.2) variation of the amino 

acid a  to AHPA 1.13 in both 3.3 and 3.2 resulted in minor deterioration of activities, as 

compared to that of the natural compounds. Interestingly, in both cases the compound 

bearing the He residue showed relative maintenance of APN/CD13 activity, also 

observed by Umezawa in lie-substituted bestatin. The amino acids Val, Leu and He are 

all deemed neutral amino acids, therefore one could conclude that the decrease in 

APN/CD13 activity experienced by the Val-derived compounds is due to steric 

considerations within the binding site, and not that o f an electronic concern.

104



Chapter 3. 3.5- In Vitro APN/CDI3 Evaluation.

Inhibition of APN/CD13 ICsoC^M) Values

Compound no.

Figure 3.7. IC;o values fo r  APN/CDI 3 o f  the compounds 3.41 and 3.42, and 3.58 and 3.59.

In the series of compounds where proposed linker molecule Asp was coupled to 

bestatin-derived dipeptides 3.26-3.28, all resulting compounds showed greater activity 

than that of the parent molecule (Figure 3.11). In fact, compound 3.27, which 

displayed greatest structural homology to that of 3.1 (although showing enhanced

Table 3.2: APN/CDI 3 ICsoand values fo r  the series o f  compounds.

Compound
APN/CD13 Inhibition 

IC5o(^M)
Compound

APN/CD13 Inhibition 

IQo(tiM)

Bes (3.1) 25.32 (Lit‘"  = 20.00) 0.9973 3.44 0.74 0.9959

3.26 8.93 0.9978 3.45 1.93 0.9987

3.27 23.30 0.9935 Pro (3.3) 0.06 Lit'^'.

3.28 9.31 0.9657 3.58 0.22 0.9954

Phe (3.4) 0.41 Lit'’^ 3.59 0.08 0.9921

3.41 0.58 0.9968 3.60 0.29 0.9880

3.42 0.55 0.9851 3.61 1.26 0.9989

3.43 0.55 0.9948 3.62 0.12 0.9966

All Compounds assayed at least n >3, in triplicate
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% Inhibition of APN/CD13 Activity Vs 
Log [Drug Cone.]

lO O n

0
-7 -6 -5 -4

Log [Drug Concentration (M)]

Figure 3.8. Plot o f APN/CDI 3 data for 3.26-3.28. Error bars describe SEM (n~3).

activity to 3.1) exhibited weakest activity of the series. The activities of compounds 

3.26 and 3.28 were 64.7 and 63.2%, respectively, greater than that of the comparative 

experimental value for 3.1 (Figure 3.8 and Table 3.2). Fascinatingly, work by Tobe'^’ 

on derivatives of amastatin 3.2, with analogous (2S',3i?)-P-hydroxy a-amino (X) 

substrate also containing a terminal Asp-residue, reported that compounds of the

% Inhibition of APN/CD13 Activity Vs 
Log [Drug Cone.]

100-1

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20 -

10 -

3.43
3.44
3.45

0
-7 -6 -5 -4

Log [Drug Concentration (IVÎ |

Figure 3.9. Plot o f A PN/CDI3data for 3.43-3.45. Error bars describe SEM (n=3).
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Chapter 3. 3.5- In Vitro APN/CDI3 Evaluation.

sequences X-Val and X-Val-Asp exhibited equivalent and greater respective activities 

than 3.2 alone, corroborating findings of this work.

Akin to the results of compounds 3.26-3.28, compound 3.43, again including a Val 

residue, was the most active compound of this Asp-phebestin series of derivatives 

(Figures 3.9 and 3.11,Table 3.2). However the parent molecule 3.4 also comprised the 

Val residue as part o f its natural substrate, and of this series, none showed greater 

activity than 3.4. Nevertheless, maintenance of activity was observed with only the He 

derivative displaying an ordered reduction in activity, with all compounds exhibiting 

superior activity to that of 3.1 and the series 3.26-3.28. Peculiarly, the order of activity 

discerned in the 3.4 derived compounds 3.41 and 3.42, where the He derivative showed 

greater activity over the Leu derivative, was not detected in the Asp-derived series 3.41- 

3.43.

Order of activities in which natural amino acid residues were not preferred substrates in 

Asp-derived compounds, was again demonstrated in the series of Asp-probestin 

compounds 3.60-3.62, with compound 3.61, containing the Leu-residue of the parent 

molecule revealing a considerable reduction in activity, in direct comparison to 3.3 

(Table 3.2). Indeed, there was a complete reversal in order of activity as observed in

% Inhibition of APN/CD13 Activity Vs 
Log [Drug Cone.]

ou
<
o
ce

a
i?

100 - I  

90 -  

80 -  

70 -  

60 -  

■ "  50 -

40 -  

30 -  

20 -  

10 -

3.60

3.61

< 3.62

- 7.5 - 6.5 - 5.5 - 4.5 - 3.5

Log [Drug Concentration (M)]

Figure 3.10. Plot o f APN/CD13 data for 3.60-3.62. Error bars describe SEM (n=3).
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the probestin series 3.3, 3.58 and 3.59 (Figure 3.7) with the He 3.62 and Val 3.60 Asp- 

derived compounds displaying greater respective activities (Figure 3.10).

Of the Asp-derived series described thus far, this series 3.60-3.62 showed the greatest 

deviation from natural substrate activity. Reduction in activity witnessed in this series 

may, in part, be due to adversely long peptide chains, possibly signifying a necessity of 

tetrapeptide chain length for optimum APN/CD13 activity, within the 3.3-binding 

domain. Nevertheless, although exhibiting inferior APN/CD13 activity to that of 3.3 

and the greatest discerned derivation from natural substrate activity, this series of 

compounds 3.60-3.62 still showed better APN/CD13 activity than those of the Asp- 

derived series 3.26-3.28 and 3.43-3.45 (Figure 3.11).

Inhibition of APN/CD13 ICso (mM) Values

25.32 23.3
10 1

JZl
oe

Compound no.

Figure 3.11. IC5 0  values for APN/CDI3 o f the compounds 3.26-3.27, 3.43-3.45, 3.60-3.61 and 
Bestatin (3.1). Numbers indicate actual ICso values o f compounds out o f scale.

'^.6 (C on clu sion

Series of bestatin, phebestin and probestin derivatised compounds were synthesised, 

varying the a-amino acid to AHPA, and their in vitro APN/CD13 activity investigated. 

The possibility of in vivo enzymatic hydrolysis o f final dual inhibitory compounds, 

perhaps liberating entities with Asp-coupled peptides of the above series, instigated 

synthesis and in vitro evaluation of their APN/CD13 activity. Results from in vitro
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Chapter 3. 3.6-Conclusion.

evaluation of phebestin and probestin derivatised compounds APN/CD13 activities 

pronounced the natural a-amino acid substrates as marginally preferred 

pharmacophores, exhibiting slightly greater APN/CD13 inhibition, than that of their 

derivatives. It was discovered that bestatin derivatives coupled to Asp culminated in 

significantly greater APN/CD13 activities than that of bestatin, with the relative 

probestin and phebestin Asp-coupled compounds showing reduced activity to their 

parent substrates.

In conclusion, phebestin and probestin derivatives maintained excellent APN/CD13 

activities, although not better than the parent molecules, and aU of the Asp-coupled 

derivatives of bestatin. phebestin and probestin exhibited greater activity than bestatin.
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Chapter 4. 4.0-Synthetic Strategy.

(3,hapter4-

" f .O  ^ y n tK e t ic  S t r a t e g y

Synthesis of a number of investigational compounds in Chapter 2 realised Asp as the 

optimal linker molecule, for proposed dual inhibitory compounds, as determined by in 

vitro ITP screening. Subsequent coupling, in Chapter 3, o f Asp to peptide inhibitors of 

APN/CD13 produced novel compounds exhibiting greater or sustained activity to the 

parent molecules. Synthesis consequently concluded with segmental condensation of 

anti-mitotic 2.30 with APN/CD13 inhibitory peptides of Chapter 3, with ensuing in 

vitro ITP and APN/CD13 evaluation of the resulting dual inhibitory compounds.

'4'.] S y n t h e s i s  o f  ( ] lo ic ln ic m e -£ )e s ta t in  H)ual Inhib itors

In synthesising compounds with bestatin coupled to the A -̂TFA salt of colchicine-Asp 

moiety 2.30, logically, one would couple the A -̂Boc protected bestatin, directly in a 

[2+2] segment condensation to 2.30, yielding the desired dual inhibitory compound. 

However, pharmacological studies of the in vivo metabolism of bestatin have shown 

that AHPA 1.13 accounted for up to 26% of excreted metabolites'^*. Therefore, it is a 

distinct prospect that in vivo, the aforementioned dual inhibitory compound could 

theoretically be hydrolysed, enzymatically, at the N-terminus of Leu, yielding 1.13 and 

NH2 -Leu-Asp-P"Colchicine (Scheme 4.1). Bestatin is rapidly absorbed and eliminated^  ̂

upon oral and intravenous (i.v.) administration and it is theorised that the aforesaid 

compounds would hydrolyse enzymatically prior to cell penetration, and arrival at 

intracellular mitotic targets, thus rendering the NH2 -Leu-Asp-p-colchicine moiety sole 

anti-mitotic component.

Consequently, it was decided to sequentially condense non-bioactive amino acids, 

dipeptides and tripeptides of the bestatin, phebestin and probestin derivatives, discussed 

in Chapter 3, to 2.30, isolating the intermediates and evaluating their ITP in vitro. 

Subsequently, final dual inhibitory compounds were synthesised and their ITP and 

APN/CD13 activities appraised following coupling of Colchicine-peptide intermediates 

to 3.14 and deprotection.
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OH

NH,

OH
Colchicine-Asp-Bestatin

Enzymatic
Hydrolysis

OH NH.

HO

OH
O — 1.13

NHj-Leu-Asp-P-Colchicine

Scheme 4.1. Enzymatic hydrolysis o f  dual inhibitory compound Colchicine-Asp-Bestatin.

Accordingly, 2.30 was condensed with A^-Boc-Val, Leu and Ile-OH, employing the 

HOBt/DCC coupling methodology and using EtsN as tertiary base, in DCM at -10°C 

under an inert atmosphere. Following purification via flash column chromatography 

(mobile phase; EtOAc: MeOH (95:5)) the intermediates 4.1, 4.2 and 4.3 were procured 

as yellow solids in 80, 57 and 60% yield, respectively (Scheme 4.2).

HOBt/DCC I 
DCM/EtjN o. 
-10“C, Ihr.""N.

HN
A'-Boc-Val-OH
A'-Boc-Leu-OH
Af-Boc-Ile-OH2.30

O —

4.1 R=CH(CH3>2
4.2 R=CH2CH(CH3).
4.3 R=CH(CH3)C2H,

Scheme 4.2. Synthesis o f  intermediates 4.1-4.3.
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Figure 4.1. ‘H NMR spectrum o f  4.1.

The *H NMR spectrum of 4.1 displayed characteristics of both parental substrates, 2.30 

(see Sec. 2,5) and A^-Boc-Val-OH, plus an additional, broad singlet at 7.53 ppm, 

integrating for one proton assigned to the newly formed amide bond resultant of 

coupling between the two compounds (Figure 4.1). The 'H NMR spectra of 

compounds 4.2 and 4.3 showed similar features, with the amide signals resonating at 

7.76 and 7.95 ppm respectively, with additional methylene signals at 1.24 and 1.80 ppm 

respectively.

C NMR analysis also established formation of this amide bond, and thus successfiil 

coupling, with attributes of both substrate signals and additional carbonyl resonances, to 

those previously observed, downfield in the 170 ppm region (Figure 4.2). The I.R 

spectrum of 4.1 demonstrated amide bond formation with two strong overlapping broad 

bands at 2972.1 cm'*, characteristic of N-Hstrand an additional C=Ostr band at 1670.0 

cm''. Definitive confirmation of couplings was achieved with HRMS, displaying 

M^+H peaks of 686.3235, 700.3281 and 700.3484 corresponding to the molecular 

formulae C3 5 H4 7 N3 O 11 and C3 6 H5 1 N3 O 11 of the intermediates 4.1, 4.2 and 4.3.
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Figure 4.2. '^C NMR, Dept 135 and DEPT 90 spectra o f  4.1.

Subsequent A/-Boc deprotection of 4.1, 4.2 and 4.3 thus ensued, employing TFA: DCM 

(1:1), and following azeotropic exclusion of the acidic reagent and drying in vacuo, the 

resulting green TFA salts were coupled to 3.14 employing EtsN as tertiary base. 

Purification using flash column chromatography (mobile phase; EtOAc: MeOH (9:1)) 

afforded the protected, colchicine-bestatin derived, dual inhibitory compounds 4.4, 4.5 

and 4.6 in 45, 37 and 82% yield, respectively (Scheme 4.3).

4.1
4.2
4.3

• • " N

HN
NH

2. 3.14/DIEA 
DCM/N2 
-10“C, 1 hr

O —
OH

4.5 R=CH2CH(CH3)2
4.6 R=CH(CH3)C2H5

Scheme 4.3. Synthesis o f  protected colchicine-bestatin derived, dual inhibitory compounds 
4.4. 4.5 and 4.6.
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NMR spectroscopic analysis of 4.4 and 4.5 confirmed coupling with both compounds 

displaying resonances of parental substrates (for NMR signals of 1.13 see Sec. 3.4) with 

additional signals indicative o f new amide NH at 7.73 and 7.72 ppm respectively. 

Formation of a new amide bond was not discemable in the 'H NMR spectrum of 4.6 

due to deuterium exchange with the solvent, however parental substrate signals were 

observed. Deprotection of OMe protecting groups of 4.1-4.6 with aqueous NaOH in 

MeOH, and following acidic work-up and extraction, ensuing deprotection of N-Qoc 

employing, TFA: DCM (1:1) under an inert atmosphere at 0°C, furnished intermediates 

4.7-4.9 in 92, 95 and 95% yield respectively, and final colchicine-bestatin derived, dual 

inhibitory compounds 4.10-4.12 in, 63, 66 and 73% yield, respectively (Scheme 4.4).

OH

HN

1. 1.2eq, 0.95 M NaOH 
MeOH/ 6 hrs 4.7 R=CH(CH3)2 O

4.8 RCHjCHCCHj).
4.9 R=CH(CH3)C2H,

2. TFA/DCM 
0“C Ihr

OH

HN

4.10 R=CH(CH3)2 OH
4.11 R=CH2CH(CH3)2
4.12 R=CH(CH3)C2H5

Scheme 4.4. Deprotection, yielding 4.7-9 and dual inhibitory compounds 4.10-12.

Poor yields of compounds 4.10-4.12, applying the normally efficient procedures of N- 

Boc and OMe deprotection, was associated with their high solubility in H2O. During 

the work-up procedure, following OMe deprotection, involving tituration of the reaction 

mixture to pH 7 with HCl (IM), in vacuo exclusion of MeOH to dryness, dilution with 

brine and subsequent extraction with DCM or with a variety of other solvents, the 

intermediary acids displayed such remarkable affinity to aqueous solution that their
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extraction, was exceptionally difficult. Colchicine, although poorly, is inherently 

soluble in and in conjunction with the polar nature o f the amide bonds and

hydroxy group o f the final compounds, resulted in the extraction dilemma and 

consequent poor yields. Therefore, in concluding synthesis o f additionally polar 

phebestin and probestin, linked colchicine compounds it was decided that following 

tituration to neutrality, these compounds would be directly procured subsequent to 

evaporation o f methanolic reaction media in vacuo, foregoing yield limiting extractions. 

Subsequently, resulting NaCl was removed following addition o f DCM: MeOH (95:5) 

to the residue, and filtration.

Although resolution was poor in the *H NMR spectrum of 4.7, deprotection was 

discemable through eradication o f signals, inherent to the protected precursors, 

observed in the spectrum of 4.1. Notably, loss o f the alkyl methyl signal integrating for 

nine protons o f the A^-Boc group at 1.38 ppm and singlet o f methyl ester resonance at 

3.64 ppm, integrating for three protons, established favourable deprotection. 

Additionally, noted in the *̂ C NMR spectrum o f 4.7, was loss o f signals at 51.98 ppm, 

assigned to the methyl carbon o f the OMe protecting group and abstraction o f the 

signals 28.23, 79.14 and 155.83 ppm correlated to the alkyl tert-BuXy\ carbons, alkyl 

quaternary carbon and carbonyl carbon, respectively, o f the A^-Boc protecting group, 

confirming complete deprotection. Eradication o f absorption bands at 1748.5 (C=Ostr 

o f OMe), 1371.5 (C-Hstr in tert-BuXyX) and 1183.0 cm’’ (C-Ostr, of Hoc), the observation 

o f intense broad absorption at 3494.3 due to 0-Hgtr o f  the resulting carboxyl group and 

sharp absorption at 1204.1cm'* due to C-Fstr o f the resultant TFA salt, o f the annine, in 

the IR spectrum corroborated NMR findings. Final confirmation of the deprotection 

was ultimately accomplished with HRMS, finding an M^+H peak o f 686.3235 

corresponding to the required C 3 5 H 4 7 N 3 O 1 1 .

Resolution o f the *H NMR spectrum o f 4.10 was too poor for analysis, however, 

meagre resolution in the corresponding ‘̂ C NMR allowed scrutiny o f the spectrum. 

Analogous abolition o f protecting group resonances 27.74, 52.13, 78.93 and 155.48 as 

determined in the spectrum o f 4.4, was duly noted. Similar changes in the IR spectrum, 

as discussed above, were discerned, and ultimately deprotection was resolved via 

HRMS with the observation o f an M^+H peak o f 749.3329 corresponding to the 

required C3 9 H4 8 N4 O 1 1 .
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Similar findings in the other deprotected compounds 4.8, 4.9, 4.11 and 4.12 confirmed 

successful synthesis and deprotection of intermediary and final dual inhibitory 

compounds of the colchicine-bestatin series.

4-.2 ^ y n tK e s i s  o f  (^ o lc h ic m e - f ’l ie b e s tm  O u a l  Inhibitors

Synthesis of colchicine-phebestin type dual inhibitory compounds were prepared 

following deprotection of dipeptides 3.30, 3.31 and 3.32 and subsequent [2+2] segment 

condensation with 2.30, isolation of intermediates for ITP assay, and successive 

condensation with 1.13, yielding the protected analogues. Ensuing deprotection 

afforded the title compounds.

Deprotection of the OBzl group of dipeptides 3.30-3.32 proceeded via catalytic 

hydrogenation, with 10% Pd/C under a H2 atmosphere, furnishing the corresponding 

fi-ee acids. Segment condensation with 2.30, employing the BE? coupling method thus 

ensued, yielding the pseudo tetrapeptides 4.13, 4.14 and 4.15. Purification by flash 

column chromatography (mobile phase: EtOAc: MeOH: (9:1)), afforded the 

intermediary compounds in 40, 36 and 23% yield, respectively (Scheme 4.5).

NH
2. 2.30/HGBt 
DCC/DCM
EtjN/Nj 
-10°C, 1 hr

HN
O —

4.13 R=CH(CH3)2
4.14 R=CH2CH(CH3).
4.15 R=CH(CH3)C2H.

HN.
O 3.30 R=CH(CH3)2

3.31 R=CH2CH(CH3);
3.32 R=CH(CH3)C2H,

Scheme 4.5. Deprotection o f3.30-3.32 and subsequent coupling to 2.30.

As previously observed in Chapter 3 (Sec. 3.5) with compounds assimilating these Phe- 

dipeptides (Scheme 4.5), doubling of expected signals in both 'H and '^C NMR spectra

116



Chapter 4. 4.2-Synthesis o f  Colchicine-Phebestin Dual Inhibitors.

was noted, suggesting either; the presence of different rotamers (conformers) or 

diastereomers. Earlier, it was impossible to determine whether racemization had 

occurred as there was no reference compound to compare the amalgam with and 

separation of the two entities was impossible by flash column or preparatory 

chromatographic techniques. However, in this instance, resulting compounds displayed 

a separation on tic (mobile Phase: EtOAc: MeOH (9:1), R /=  0.31 (a), 0.29 (b) for 

analogues of 4.13), and separation employing flash column chromatography, was 

possible.

Conformers, although adopting different spatial arrangements, would exhibit equal 

optical rotations, owing to identical chiral integrities. Conversely, diastereomers would 

not, as chiral integrity at one of the asymmetric centres would be lost due to 

racemization, and differing rotations of plane polarised light would thus be observed. 

Conventionally, amino acids with L-chirality record negative rotations'^’, therefore 

should racemization have occurred, one diastereomer would exhibit a more positive 

rotation. Accordingly, both analogues of 4.13 were separated and their optical rotations 

measured. Observed rotations of [a]^j= - 148.36° (c = 0.46, MeOH) for analogue

4.13a, [a]o -  - 148.15° (c = 0.46, MeOH) for analogue of 4.13b and [a]^ “  - 148.38° (c 

= 0.23, MeOH) for the mixture of both analogues, suggested that both compounds may 

be conformers.

Conformers, however, are merely exhibited in amino acids bearing A^-alkylated or 

Ca,Ca-dialkyl amino acids (as discussed in Section 3.5.3), and are only stable in single 

conformeric forms at low temperature'^*. Therefore, although the observed optical 

rotations would suggest that these isomers were conformers, it is more likely and more 

definite that they were in fact diastereomers. As discussed previously (Section 3.5.2) 

there were no previous records of racemization in the literature employing the 

HOBt/DCC combination, in peptide coupling. However, racemization, mediated either 

through 5(4//)-oxazolone intermediate, forming more favourably owing to the steric 

bulk in the coupling environment were thought the most plausible mechanisms by 

which racemization of these compounds may have transpired.
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Alternatively, it is possible that racemization may have occurred via an a-hydrogen 

abstraction or an enolisation mechanism, mediated by tertiary bases, such as EtsN'™. 

Consequently, use of a more hindered tertiary amine, such as DIEA, may prevent 

racemization in further syntheses.

3.4 3.3 3.2 3.0 2.9
(ppm)

2.7  2.6 2.5 2.4 0 .80
(ppm)

7.5 7.0 6 .5  6 .0  5.5 5.0 4.5 4 .0  3.5 3.0 2.5 2 .0  K5 1.0
(ppm)

Figure 4.3. ‘H NMR spectrum o f  4.13a.

’H and '^C NMR spectra of both (1:1) diastereomers were equivalent with complete 

assignment of the *H NMR spectrum of 4.13a possible. A triplet (V= 7.31 Hz) at 0.77 

ppm was indicative of two Val-methyl signals, integrating for six protons in total. 

Assignment of the Val-spin system was completed with the observation of; a deceptive 

double triplet (Vhh = 7.31 Hz and V  = 6.14 Hz), integrating for one proton at 4.92 ppm 

of its chiral CH, a broad doublet (V= 6.14 Hz) at 5.19 ppm, integrating for one proton 

of Â -Boc amide. An additional proton resonating at the same frequency as a double 

triplet (Vhh == 11.98 Hz and V  = 6.38 Hz), with total integration of two protons, was 

also assigned as the alkyl CH of the Val-spin system, with the latter signal identified as 

a C6 proton of the colchicine B-ring methylene protons. Observation of the other C6 

proton as a deceptive double triplet (Vhh = 11.98 Hz and V  = 6.38 Hz), two double 

doublets (Vhh =13.15 Hz and V  = 6.38 Hz) of both C5 protons, a double doublet (Vhh 

= 11.93 Hz and V = 6.38 Hz) of C l and broad doublet (V = 6.38 Hz) of NH7,
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integrating for one proton each at 2.25, 2.43, 2.51, 4.61, and 7.55 ppm respectively 

concluded ascription of the colchicine B-ring protons. The Phe-spin system included 

double doublets at 2.70 (Vhh~ 15.76 Hz and V  = 6.72 Hz) and 2.87 (V  hh= 15.76 Hz 

and V  = 4.38Hz) ppm, chiral CH as a deceptive double triplet (Vhh = 6.72 Hz and V  = 

4.38 Hz) at 4.82 ppm and amide NH at 7.80 ppm as a broad doublet (V  = 4.38 Hz), all 

integrating for one proton each. Aromatic protons of the phenyl ring integrated with H8 

and H I2, of the colchicine system, from 7.18-7.29 as a vast multiple wdth no easily 

discemable splitting pattern, integrating for seven protons in total. Remaining 

downfield resonances were ascribed to H4 and HI 1 integrating for one proton each at 

6.54 and 6.89 ppm. Remaining protons were attributed to the Asp-spin system with two 

double doublets at 3.04 (Vhh~ 14.00 Hz and V  = 8.77 Hz) and 3.36 (^./hh= 14.00 Hz 

and V = 5.55 Hz) ppm, chiral CH at 3.89 ppm, splitting as a broad doublet (V = 5.55 

Hz) and a broad doublet (V  = 5.55 Hz) o f the amide NH proton at 7.59 ppm. Finally, 

singlets at 1.37 and 3.63 ppm integrating for nine and three protons respectively, of the 

protecting groups A -̂Boc and OMe were observed (Figure 4.3).

ii
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

  I n  p I I M n  I M I n  I  I M I n  r I I I N I I u  n  I M 111 I I

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
(ppm)

Figure 4.4. NMR, DEPT 135 and DEPT 90 spectra o f  4.13a.

H NMR spectra of mixed diastereomers 4.14 and 4.15 displayed doubling of peaks
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with significant overlap, however, although couplings could not be discerned, similar 

integral values with the observation of an additional integral of two protons suggested 

successful coupling of the Phe-Leu and Phe-Ile dipeptides. Similar findings in the 

NMR spectra (Figure 4.4) corroborated 'H NMR findings and successful [2+2] 

segment condensations.

Subsequently, 7^-Boc deprotection of 4.13, 4.14 and 4.15 followed employing TFA: 

DCM (1:1), with azeotropic exclusion of the acidic reagent and drying in vacuo 

affording green TFA salts which were directly coupled to 3.14 employing DIEA as 

tertiary base. Purification, using flash column chromatography (mobile phase; EtOAc: 

MeOH (9:1)) afforded the protected, colchicine-phebestin derived dual inhibitory 

compounds, 4.16, 4.17 and 4.18 in 41, 56 and 62% yield, respectively (Scheme 4.6).

Doubled signals, were once more observed in NMR spectra of 4.16-4.18, with all 

compounds displaying characteristic signals of both parental substrates with additional, 

discrete resonances observed at 8.31, 8.15 and 8.31 ppm of new NH protons of the 

consequent amide bonds.

HN,

HN,l.TFA:DCM 
0“C, 1 hr. "'OH4.13

4.14
4.15

,NH
2. 3.14/DIEA 
DCM/Nj 
-10“C, 1 hr 4.16 R=CH(CH3)2

4.17 R=CH2CH(CH3)2
4.18 R=CH(CH3)C2Hj

Scheme 4.6. Deprotection o f  4.13-4.15 and subsequent coupling o f  3.14.

Deprotection of 4.13-4.18 thus followed employing aqueous NaOH in MeOH, and after 

tituration to neutrality with aq. HCL (IM), work-up, as described (Section 4.1, 

compounds 4.10-4.12) and in vacuo drying, A -̂Boc deprotection pursued with TFA: 

DCM (1:1), furnishing deprotected intermediates 4.19-4.21 in 84, 92 and 91% yield.
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respectively, and dual-inhibitory compounds 4.22-4.24 in 89, 59 and 83% yield, 

respectively (Scheme 4.7).

Resolution was again poor in the 'H NMR spectrum of 4.19 however, deprotection, 

perceived through abolition of signals, inherent to the protected precursors, was 

observed in the spectrum of 4.13. Particularly, loss of the alkyl methyl signal 

integrating for nine protons of the 7V-Boc group at 1.37 ppm and singlet of methyl ester 

resonance at 3.63 ppm, integrating for three protons, established affirmative 

deprotection. Additionally noted in the ’̂ C NMR spectrum of 4.13, was loss of signals 

at, 52.20 ppm assigned to the methyl carbon of the OMe protecting group and 

abstraction of the signals 28.87, 79.07 and 155.79 ppm correlated to the alkyl ^er/-Butyl 

carbons, alkyl quaternary carbon and carbonyl carbon, respectively, of the A -̂Boc 

protecting group, substantiated complete deprotection. Abolition of absorption bands at 

1748.5 (C=Ostr of OMe), 1366.3 (C-Hs^ in /er^-Butyl) and 1169.9 cm"' (C-Os^, of Boc), 

the observation of intense broad absorption at 3329.6 due to O-Hstr of the resulting

4.16
4.17
4.18

4.13
4-14 1. 1.2eq, 0.95 M>
4-15 MeOH/6hrs

2. TFA/DCM 
0“C Ihr
N,

4.19 R=CH(CH3)2
4.20 R=CH2CH(CH3)2
4.21 R=CH(CH3)C2H5

4.22 r = c h (c h 3 ) 2  r
4.23 R=CH2CH(CH3)2 k s
4.22 r = c h (c h 3 ) 2  r
4.23 R=CH2CH(CH3)2
4.24 R=CH(CH3)C2Hj

Scheme 4.7. Deprotection o f  4.13-4.18.
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carboxyl group and sharp absorption at 1198.7 cm'* of C-Fstr of the resultant TFA salt of 

the amine in the IR spectrum corroborated NMR findings. Final confirmation of the 

deprotection was ultimately accomplished with HRMS, with finding of a +H peak of 

719.3224 corresponding to the required C38H46N4 O 10. Analogous findings were 

reported for 4.20 and 4.21.

Resolution of NMR spectra of 4.22 was too poor for analysis, however, similar changes 

in the IR spectrum, i.e. loss of absorption bands at 1743.3, 1367.1 and 1177.8 cm'* the 

observation of intense broad absorption at 3329.6 and sharp absorption at 1204.0 cm'* 

as discussed above, indicated deprotection. Ultimately deprotection was resolved via 

HRMS with the observation of an M^ of 896.3559 corresponding to the required 

C4 8H57N5O 12. Equivalent observations were made for 4.23 and 4.24, thus confirming 

deprotection and successfiil synthesis, of this series of colchicine-phebestin derivatised 

dual inhibitory compounds.

^•5 v 3 y ^ th e s i s  o f  C LolcK icm e-f’r o b e s t in  [ ) u a l  Jnlii'bitors

Synthesis of colchicine-probestin type dual inhibitory compounds were prepared 

following deprotection of tripeptides 3.47, 3.48 and 3.49 and ensuing [2+3] segment 

condensation with 2.30, isolation of intermediates for ITP assay, and successive 

coupling with 1.13, yielding the protected analogues. Consequent deprotection 

furnished the title compounds.

3.47
1. 10%Pd/C/H2 
EtOAc:EtOH

3.48
3.49 2. 2.30/BEP

DCM/DIEA
N2,-10“C, 1 hr

HN. NH

4.25 R=CH(CH3)2
4.26 R=CH2CH(CH3)2
4.27 R=CH(CH3)C2H5

Scheme 4.8. Synthesis o f4.25-4.27.
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Deprotection o f the OBzl group of tripeptides 3.47-3.49 proceeded via catalytic 

reduction, with 10% Pd/C under a H2 atmosphere, affording the corresponding free 

carboxyUc acids. Segment condensation with 2.30, ensued using the BEP coupling 

method. The pseudo pentapeptides 4.25, 4.26 and 4.27 were thus yielded. Purification 

by flash column chromatography (mobile phase: EtOAc: MeOH; (9:1)), furnished the 

intermediary compounds in 18, 34 and 21% yield (Scheme 4.5). These low yields were 

testament o f restricted coupling abilities due to steric hindrance resultant o f bulky 

substrates, previously reported in similar segment condensations o f this type'™.

Complete assignment o f the 'H  (Figure 4.5) and NMR spectra was attempted, with 

the aid o f HMBC (Figure 4.7) and HMQC (Figure 4.8) spectra. Although a reasonably 

comprehensive interpretation was achieved, assignment was not completed owing to the 

complex nature o f the spectra resulting from conformeric forms. However, successftil 

coupling was established with the observation o f resonances o f both parental substrates 

with two discemable amide NH protons, with two signals each, resonating at 7.72 and

(ppm)

7.S 7.0 3,5 2.0
(ppm)

Figure 4.5. ‘H NMR spectrum o f 4.25.

7.88ppm and 8.55 and 8.66ppm and integrating for one proton per pair o f signals. ’̂ C 

NMR (Figure 4.6) analysis also established formation o f this amide bond, and thus
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successful coupling, with attributes of both substrate signals and additional carbonyl 

resonances, to those previously observed, downfield in the 171 ppm region (Figure 4.5) 

which showed a direct coupling to the aforementioned amide resonances in the HMQC

111 id
140 110 100 90 80 70 60 50 40 30 20180 170 160 150 130 120

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

180 170 160 150 140 130 120

Figure 4.6. ‘^C NMR, DEPT 135 and DEPT 90 spectra o f 4.25.

 /

40.

60.

70.

(ppm) 3.2 2.4 1.6 0.8

48

52

56

60

64

(ppm) 4.8 4.4 4.0 3.6 3.2

Figure 4.7. Partial HMBC o f 4.25. Figure 4.8. Partial HMQC o f 4.25.

spectrum (Figure 4.8). Definitive confirmation of couplings was achieved with HRMS, 

displaying N/T+Na peaks of 902.3896, 916.41 and 916.4135 corresponding to the
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molecular formulae C4 5 H6 1 N5 O 13 and C4 6 H6 3 N 5 O 13 of the intermediates 4.25, 4.26 and 

4.27.

N-Boc deprotection of 4.25, 4.26 and 4.27 thus followed, employing TFA: DCM (1:1), 

azeotropic exclusion of the acidic reagent and drying in vacuo. The resulting green 

TFA salts were coupled to 3.14 employing DIE A as tertiary base. Purification using 

flash column chromatography (mobile phase; EtOAc: MeOH (9:1)) furnished the 

protected, colchicine-probestin derived; dual inhibitory compounds 4.28, 4.29 and 4.30 

in 16, 21 and 41% yield (Scheme 4.9).

Resolution in the succeeding NMR spectra was too pitiable for accurate analysis. 

Although a distinct increase in the downfield aromatic region was observed, in this 

authors opinion, this was not enough evidence to substantiate a successful coupling 

verdict. Ultimately, verification of successful dual inhibitor synthesis of the colchicine- 

probestin derived moiety was accomplished with HRMS examination confirming 

molecular ion peaks M^+H of 1058.6340, 1072.5638 and 1072.6269 corresponding to 

the molecular formulae C5 5 H7 2 N6 O 15 and C5 6 H7 4 N6 O 15 of 4.28, 4.29 and 4.30.

4.25
4.26
4.27

1.TFA:DCM 
0“C, 1 hr.

2. 3.14/DIEA
DCM/Nj 
-10«C, 1 hr

■■"OH

NH

o —
4.28 R=CH(CH3)2
4.29 R=CH2CH(CH3).
4.30 R=CH(CH3)C2H5

Scheme 4.9. Synthesis ofprotected, dual inhibitory compounds o f the colchicine-probestin 
moiety

Conclusive synthesis of this series of dual inhibitory compounds and completion of this 

body of synthetic work was accomplished, following OMe deprotection of 4.25-4.30 

employing aqueous NaOH in MeOH, and iV-Boc deprotection with TFA: DCM (1:1),
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furnishing deprotected intermediates 4.31-4.33 in 84, 81 and 79% yield, respectively, 

and dual-inhibitory compounds 4.34-4.36 in, 92, 82 and 50% yield, respectively 

(Scheme 4.10).

Resolution was poor in the 'H NMR spectrum of 4.31, with significant signal overlap; 

however, deprotection was perceived through eradication of signals, inherent to the 

protected precursors, observed in the spectrum of 4.25. Particularly, loss of the tert- 

butyl signal integrating for nine protons of the A -̂Boc group at 1.40 ppm and singlet of 

methyl ester resonance at 3.59 ppm, integrating for three protons, established 

affirmative deprotection. Furthermore, in the '^C NMR spectrum of 4.31, was noted 

loss of signals at, 52.00 ppm assigned to the methyl carbon of the OMe protecting 

group and abstraction of the signals 28.86, 78.81 and 155.80 ppm correlated to the alkyl 

/ert-Butyl carbons, alkyl quaternary carbon and carbonyl carbon, respectively, of the N- 

Boc protecting group, substantiated complete deprotection. Loss of absorption bands at 

1743.3 (C=Ostr of OMe), 1366.3 (C-Hstr in /er/-Butyl) and 1172.5cm'' (C-Ostr, of Boc), 

the observation of intense broad absorption at 3434.2 due to 0-Hstr of the resulting

OH

HN

o —
1. 1,2eq, 0.95 M NaOH 4.31 r=CH(CHj)2 
MeOH/ 6 hrs  ̂ 4 32 r=cH2CH(CH3)2

2. TFA/DCM R=CH(CH3)C2H5 
0°C Ihr

M ■ OOC,FCHtN'"
....N, ••'OHOH

HN.
NH

O—
4 .3 4 R = C H ( C H 3 ) 2  

4.35 R=CH2CH(CH3)2
4.36 R=CH(CH3)C2H5

Scheme 4.10. Deprotection o f4.25-4.30, yielding dual inhibitory compounds 4.31-4.36.
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carboxyl group and sharp absorption at 1204.0 cm"’ of C-Fstr of the resultant TFA salt of 

the amine in the IR spectrum corroborated NMR findings. Final confirmation of the 

deprotection was ultimately accomplished with HRMS, with finding a M^+H peak of 

766.3599 corresponding to the required CsgHsiNsOn- Analogous findings were 

reported for 4.32 and 4.33.

Resolution of NMR spectra of 4.34, as previously observed in the protected analogues 

was too poor for investigation however, analogous changes in the IR spectrum, i.e. 

abolition of absorption bands at 1748.2, 1365.4 and 1162.9 cm'* the observation of 

intense broad absorption at 3434.2 and sharp absorption at 1201.3 cm'* as discussed 

above, signified deprotection. Ultimately deprotection was resolved via HRMS with 

the observation of an M^ of 943.4423 corresponding to the required C4 9H62N6 O 13. 

Comparable observations were made for 4.35 and 4.36 thus confirming deprotection 

and successful synthesis, of this series of colchicine-probestin derivatised dual 

inhibitory compounds.

■f.4 /n vitro \~\~f* a n d   ̂ 5 P  va lu at ion

Following synthesis and subsequent analysis, compounds 4.1-4.36 were dissolved in 

MeOH and evaporated to dryness, transposing any possible deuterium exchange, which 

may have occurred in solution with deuterated solvents. Subsequently, they were dried 

in vacuo for several days. 40mg/ml solutions of the compounds, prepared in DMSO, 

and consequent serial dilution of the stock, afforded incrementally adjusted (40mg/ml- 

0.05 mg/ml) solutions for assay.

-4-,4 . 1 M e t h o d s  

Tubulin Purification

Tubulin was isolated fi’om fresh porcine brain as described by Shelanski et aP^ (See 

Materials and Methods). Purified protein was stored at -78°C in MES-buffer (O.IM), 

EGTA (ImM), MgCla (0.5mM) and GTP (0.5mM) at pH 6 .6 . Protein fiinctionality was 

measured by temperature-induced assembly-disassembly in the presence of GTP.
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Tubulin Assembly-Disassembly

Following preparation of tubulin (2-3mg/ml in MES buffer and ImM GTP) while 

maintaining the temperature < 4°C, drug concentrations were added, and the resulting 

solutions polymerised at 37°C for ten minutes and depolymerised for five minutes at < 

4°C. Subsequently, tubulin assembly was monitored and recorded continuously by 

turbidimetric readings at 380 nm in a UV Spectrometer, equipped with a thermo stated 

cell at 37°C. The values of concentrations that decreased the maximum rate of tubulin 

assembly, without drug, by 50% (IC50) were determined for compounds 4.1-4.36. The 

IC50 for all compounds were compared to that of colchicine, measured on the same day 

under the same conditions. All assays were performed with, at least, triplicate samples.

Enzymatic Assay

APN/CDI3 activity of 4.10-4.12, 4.22-4.24 and 4.34-4.36 was determined,in triplicate, 

by measuring the hydrolysis of the chromogenic substrate Leu-/7NA at 405 nm in a 

spectrophotometric assay determining the formation of p-nitroaniline, according to 

Melzig et a /'”  (See Materials and Methods). All assays were performed with, at least, 

triplicate samples. Inhibition was calculated in percent to controls without inhibitors 

and the IC50 values for all compounds were compared to that of 3.1, measured on the 

same day under the same conditions.

{R esults  a n d  [ d i s c u s s io n  o f  irr D a t a

Results were analysed using non-linear regression of one-phase exponential decay plots 

of % tubulin polymerisation versus drug concentration (ng/ml). Deviations fi-om 

normal behaviour are quoted as goodness of fit values (R^), where 1.0 is a perfect fit to 

the model. Subsequently, IC50 (in |j,M) of the compounds were determined (Materials 

and Methods).

Previously, (in Chapter 2, Section 2.6.2) there was an observed relationship between 

chain length, protected and deprotected compounds and ITP, with compounds 

displaying short chain lengths and low electronic charge (i.e. protected compounds) 

exhibiting greater ITP values. Correspondingly, the set of protected and deprotected 

intermediary compounds 4.1-4.3 and 4.T-4.9 disclosed similar structural activities, with
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% Tubulin Polymerisation Vs Drug 
Cone. (|ig/ml).
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S3 70-
I* 60-
(£ 50-
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Figure 4.9. Plot o f ITP data for colchicine-bestatin type intermediates 4.7-4.9. Error bars 
describe (SEM, n=3).

protected compounds 4.1-4.3 demonstrating significantly greater ITP activities (Figure 

4.11 and Table 4.1) than those of their deprotected analogues 4.7-4.9 (Figure 4.9). 

Although there is little difference in chain length between the amino acid residues Val, 

Leu and lie, one would expect the order of activity, following comparable observations

% Tubulin Polymerisation Vs Drug 
Cone. (|j.g/ml).

4.10
4.11
4.125 70-

| .  60- 
2  50-
S
= 40-
a 30- 
^ 20- 

10 -

0,00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drug Concentration (^g/ml)

Figure 4.10. Plot o f ITP data for final dual inhibitory colchicine-bestatin analogues 4.10- 
4.12. Error bars describe SEM (n=3).
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made in Chapter 2, to be of Val>Leu>Ile, with Val having the shortest chain length. In 

this series of intermediary compounds however, the expected order was reversed in the 

protected moieties, with 4.7 (Val-residue) showing better inhibition than that of its Leu 

counterpart in the deprotected analogues. Nevertheless, ITP IC50 values for deprotected 

intermediary compovmds 4.7-4.9 were not as potent as the model compound colchicine.

In the series of derivatised dual inhibitory compounds of the colchicine-bestatin moiety, 

the expected structural activity relationship between chain length and ITP was 

discerned in both the protected 4.4-4.6 (Table 4.1) and final deprotected dual-inhibitors 

4.10-4.12 (Figure 4.10), with activity of order; Val>Leu>Ile. Surprisingly however, 

the ITP efficacy of deprotected dual inhibitors with Val and Leu residues were 

supremely active, exhibiting equipotent ITP values, to that of colchicine. ITP IC50 

values of the protected analogues 4.4-4.6 were comparatively poor (Figure 4.11), 

contradicting the previous structural activity determination of a poor electronic charge 

requisite for ITP activity. It is therefore possible that additional chain length, procured 

by the further coupling of amino acid residues (in comparison to the 2.37 molecule of 

Chapter 2), permitted auxiliary binding of the electronegative groups on the AHPA 

residue, outside that of the Cl, Cys-rich microenvironment'Furthermore, the neutral 

amino acids Val and Leu possibly fulfilled previously observed requirements of the 

Cys-rich, binding domain, resulting in the observed ITP potential of 4.10 and 4.11.

ITP ICso(^M) Values

25 

20 

^  15

c f 10

'1—^ . n ^r—•— 1—r

U
Compound no.

Figure 4.II. /C5 0  values for ITP o f the compounds 4 .I-4 .I2  and colchicine.
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Maintenance o f activity order; Val>Leu>Ile was again observed in the intermediary 

compounds 4.13-4.15 (Figure 4.14 and Table 4.1), however differences in ITP IC50 

values were negligible with the three compounds exhibiting respectable, comparable 

activities. The order o f activity o f the deprotected analogues 4.19-4.21 (Figure 4.12) 

was considerably inverted, with the lie and Leu derivatives preserving relative activity 

values observed in their protected moieties and the Val derivative exhibiting a striking 

decrease in ITP. The perpetuation o f activity observed in the 4.21 and 4.20 

corroborated well with the proposed theory o f auxiliary binding, mentioned above, as 

the amino substituants in these molecules would appear to occupy similar steric and 

spatial configurations to those perceived in 4.10-4.12.

Table 4.1. ITP ICsoCind values for final dual inhibitory compounds and intermediates.

Compound
Assembly inhibition

ICso(nlM)
Compound

Assembly inhibition 

IC soCjiM )

Colchicine 3.9 0.9589 4.19 23.62 0.9683

4.1 6.51 0.8904 4.20 8.19 0.9644

4.2 5.62 0.9063 4.21 5.74 0.8740

4.3 4.32 0.9220 4.22 14.50 0.8246

4.4 9.76 0.9592 4.23 11.80 0.9423

4.5 17.28 0.9507 4.24 8.66 0.8601

4.6 17.71 0.9674 4.25 >5mg/ml* -

4.7 17.30 0.8832 4.26 >10mg/ml* -

4.8 22.36 0.9446 4.27 >20mg/ml* -

4.9 10.54 0.7698 4.28 >20mg/ml* -

4.10 4.02 0.7691 4.29 >20mg/ml* -

4.11 4.92 0.8400 4.30 >20mg/ml* -

4.12 11.01 0.9260 4.31 >20mg/ml* -

4.13 6.76 0.8371 4.32 >20mg/ml* -

4.14 6.79 0.8850 4.33 13.38

4.15 6.86 0.8830 4.34 >20mg/ml* -

4.16 >5mg/ml* - 4.35 >10mg/ml* -

4,17 >5mg/ml* - 4.36 >10mg/ml* -

4.18 >5mg/ml* - All Compounds assayed at least n >3, in triplicate

*Not assayed in triplicate.
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Startlingly, the series o f protected, dual inhibitory colchicine-phebestin type compounds 

4.16-4.18 (Figure 4.14 and Table 4.1), displayed extremely poor ITP IC50 values with 

none of the aforementioned compounds exhibiting activity greater than 5mg/ml 

(~35|j.M). The deprotected final dual inhibitory compounds 4.22-4.24 (Figure 4.13)

% Tubulin Polym erisation Vs Drug 
Conc.(ng/ml).
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Figure 4.12. Plot o f  ITP data fo r  colchicine-phebestin type intermediates 4.19-4.21. Error 
bars describe SEM (n=3).

registered reasonable ITP activities and efficacy was again o f the order Ile>Leu>Val 

with He and Leu derivatives maintaining relative activities in comparison to the 

deprotected intermediary compounds 4.21 and 4.20. Loss o f activity as demonstrated in 

the protected compounds 4.16-4.18 was, theoretically, resultant o f steric hindrance 

within the binding domains and possibly due to the absence o f electronic properties 

deemed necessary within proposed, auxiliary binding domains. The order o f activity 

discerned in the deprotected final dual inhibitory compounds 4.22-4.24 suggested that 

that the relationship was o f a spatial/steric nature.

As can be seen fi-om Table 4.1 dual inhibitory compounds o f the probestin-colchicine 

moiety, whether protected 4.28-4.30 or deprotected 4.34-4.36, demonstrated negligible 

ITP IC50 values in comparison to colchicine. Comparatively, the protected 

intermediates 4.25-4.27 ITP values were extremely poor, however activity was 

recognized in the order; Val>Leu>Ile. In the deprotected intermediates 4.31-4.33, the
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activity o f both the Val and Leu derivatives was dismal, in comparison to colchicine, 

however the He derivative 4.33 (Figure 4.14) displayed moderate activity, continuing 

the trend whereby He derivatives were the most active compounds in the deprotected 

series. The apparent lack o f activity in this series o f compounds could be, in part, 

resultant o f rigidity within the Pro-Pro peptide motif o f the molecules containing.

FTP ICso(|ilVI  ̂Values

All >5n^m l
25 1

20

15zx.
0

u 10

5 -

0 t i .D D,D,U 0 D
^  ^  ^  ^  ^  ri

Conpound no.

Figure 4.13. IC^o values fo r  ITP o f  the compounds 4.13-4.24 and 4.33, and colchicine.

unyielding pyrrolidine rings which may in-tum, have resulted in an antagonistic steric 

dilemma.

K^SLilts and C^iscussion of AfN/CD I 5 D ata

Resuhs were analysed using non-linear regression curve fit o f sigmoidal dose-response 

curve, plotting % inhibition o f APN/CD13 activity versus log [drug concentration (M)]. 

Deviations from normal behaviour are quoted as goodness o f fit values (R ), where 1.0 

is a perfect fit to the model. Subsequently, IC50 (in )j,M) o f the compounds were 

determined.

Bestatin derivatives 3.26-3.28 (Chapter 3, Sec. 3.6) which incorporated a terminal Asp- 

residue, were found to exhibit greater APN/CD13 activities than bestatin alone, with 

activity o f the order; Val>He>Leu, and Val and Leu derivatives more than twice as
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% Inhibition o f APN/CD13 Activity Vs 
Log [Drug Cone.]
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Figure 4.14. Plot o f  APN/CDI 3data for 4.10-4.12. Error bars describe SEM (n=3).

active as 3.1. Surprisingly, final dual inhibitory compounds o f the colchicine-bestatin 

moiety 4.10-4.12, exhibited APN/CD13 IC50 values 5-14 times more active than 

bestatin alone (Figure 4.18), and displayed greater inhibition than tripeptide analogues 

3.26-3.28 (Table 3.2). Although APN/CD13 inhibition was expected with 4.10-4.12, it

Table 4.2. APN/CDI 3 ICso arid values fo r  the series o f  final dual inhibitory compounds.

Compound
APN/CD13 Inhibition 

ICs«(^M)
Compound

APN/CD13 Inhibition

ICso(nM)

Bes (3.1) 25.32 (Lit = 20.00) 0.9973 4.23 12.010 0.9921

4.10 1.734 0.9986 4.24 2.530 0.9682

4.11 4.414 0.9970 4.34 0.258 0.9982

4.12 3.758 0.9883 4.35 0.949 0.9874

4.22 0.771 0.9827 4.36 0.393 0.9963

All Compounds assayed at least n >3, in triplicate

was initially anticipated that the additional steric bulk o f these molecules, in 

comparison to the Asp-moieties 3.26-3.28, could expose potential antagonistic effects 

upon APN/CDI3 binding, resulting in possible depletion in activities. Obviously, 

however the APN/CDI3 binding site can accommodate such modifications, with
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colchicine perhaps providing additional synergistic binding. Activity was again 

recognised of order; Val>Ile>Leu, with the Val-derivative 4.10 exhibiting 14 times 

greater activity than 3.1 and lie-derivative 4.12 displaying comparable inhibition to that 

o f the Leu-derivative 4.11 (Figure 4.15 and Table 4.2).

% Inhibition of APN/CD13 Activity Vs 
Log [Drug Cone.]
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Figure 4.15. Plot o f  APN/CDI 3data fo r  4.22-4.24. Error bars describe SEM (n=3).

These results, in conjunction with the aforementioned ITP activities, realised successful 

synthesis o f a novel class o f dual, antimitotic-APN/CD13 inhibitory compounds. 

Notably, compound 4.10 exhibited an ITP IC50 value equipotent, to model compound, 

colchicine (Table 2.1), and APN/CD13 inhibitory activity 14 times greater than the 

adjuvant compound bestatin.

The order o f activity; Val>Ile>Leu was again discerned in the APN/CD13 inhibitory 

actions o f dual inhibitory compounds 4.22-4.24 o f the colchicine-phebestin motif 

(Figure 4.16). Both the Val 4.22 and He 4.24 moieties displayed activities greater than 

that o f their respective colchicine-bestatin analogues (Figure 4.18) and compounds 

3.28-3.29. However, they did not exhibit superior activities to their Asp-derived, 

tetrapeptide predecessors, and the Leu-derived compound 4.23, although exhibiting 

greater APN/CDI3 inhibition values than its equivalent Asp-bestatin derivative 3.27,
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% Inhibition o f APN/CD13 Activity Vs 
Log [Drug Cone.]
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Figure 4.16. P/ot o f  APN/CD13data fo r  4.34-4.36. Error bars describe SEM (n=3).

was orderedly less active than its Asp-derived precursor 3.44, and colchicine-bestatin 

analogue 4.11 (Table 4.2). Although colchicine appeared to synergistically aid binding 

to APN/CD13, as witnessed in colchicine-bestatin dual inhibitory compounds, it is 

possible that its effect was slightly antagonistic in this series, as close proximity o f the 

Phe moiety to colchicine may have sterically induced an aheration in conformation, 

resuhing in slightly poorer APN/CD13 IC50 values.

Concluding results o f the enzymatic inhibition assay found compounds 4.34-4.36 

exerted the greatest inhibition of APN/CD13 o f all three series o f dual inhibitory 

compounds (Table 4.2 and Figure 4.18). The activity was again found o f the order; 

Val>Ile>Leu (Figure 4.17), confirming a definite SAR between chain-length and 

conformation o f the amino acid residue a  to AHPA, in these colchicine derived dual 

inhibitory compounds.

These colchicine-probestin type dual inhibitory compounds displayed comparable 

APN/CD13 inhibition to their Asp-derived precursors 3.60-3.62 (Table 3.2), with the 

Val 4.34 and Leu 4.35 derivatives actually exhibiting greater inhibitory effects to their 

Asp-analogues 3.60 and 3.61 and Asp-bestatin counterparts 3.26 and 3.27. Similarly, 

the He 4.36 derivative showed enhanced APN/CD13 IC50 activity over its respective 

Asp-bestatin and Asp-phebestin equivalents. The observation o f comparable
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APN/CD13 activities in this series of colchicine-probestin derivatives to their Asp- 

probestin pentapeptide precursors (Tables 3.2 and 4.2), suggested that 4.34-4.36 

maintained compulsory conformation for APN/CDl3 binding through the inherent 

rigidity of pyrrolidine rings in the Pro-Pro phenotypes.

10 

8 
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(3 4

2 

0

3-

Inhibition of APN/CD13 IC50 (^iM) Values

12.01

o

25.32

i
f s

iTd
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Figure 4.17. /C5 0  values fo r  APN/CDl 3 o f  the compounds 4.10-4.12, 4.22-4.24, 4.34-4.36 and 
Bestatin (3.1). Numbers indicate actual ICso'values o f  compounds out o f  scale.

+ .5  ( C o n c l u s i o n

Final dual inhibitory compounds of colchicine-bestatin 4.10-4.12, colchicine-phebestin 

4.22-4.24 and colchicine-probestin 4.34-4.36 moieties were successfully synthesised 

and assayed for ITP and APN/CDl3 activity. The theoretical possibility o f enzymatic 

hydrolysis of these dual inhibitory compounds also prompted synthesis and in vitro ITP 

evaluation of a number of peptidic-colchicine derivatives.

Analysis of ITP results concluded that compounds bearing colchicine coupled to 

protected di- and tripeptide moieties maintained comparative colchicine ITP. 

Deprotected colchicine-tripeptide compounds 4.10-4.11, incorporating the AHPA 

moiety, exhibited equipotent activities to that of the model compound. Similarly, 

compounds 4.20 and 4.21, also including deprotected tripeptidic analogues, and 

tetrapeptidic 4.24, integrating AHPA, maintained respectable ITP activity. General
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orders o f activity were discerned as; Ile>Leu>Val for deprotected compounds, (with 

notable exception o f the colchicine-bestatin dual inhibitory compounds 4.10-4.12), and 

Val>Leu>Ile for protected analogues.

Analogous examination o f APN/CD13 inhibitory results concluded that series activity 

was o f the order; colchicine-probestin>colchicine-phebestin>colchicine>bestatin, with 

activity within each series as; Val>Ile>Leu, consolidating the previous observations o f  

Chapter 3. Compounds o f the colchicine-bestatin moiety and colchicine-probestin 

moieties were generally more active than their Asp-derived precursors, with those of 

the colchicine-phebestin persuasion less active than their Asp-derived predecessors, 

with loss o f activity attributable to steric interferences.

Finally, analysis o f combined ITP and APN/CD13 results, ultimately concluded the 

successful synthesis o f novel dual-inhibitory drugs with compounds 4.10, 4.11 and 4.24 

exhibiting equipotent and comparable ITP results to the model anti-mitotic compound 

colchicine, and excellent APN/CD13 inhibition, far superior to bestatin, a clinically 

prescribed adjuvant chemotherapeutic drug.
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Chapter 5 5.0-Introduction.

d , h a p t e r  ^

5-0  jn tr o d u c t io n

Subsequent to the synthetic development of novel dual-inhibitory, anti-mitotic 

compounds described in the preceding chapters and further synthetic work within the 

research group on additional classes of novel anti-mitotic agents, it was necessary to 

develop eflficient tubulin extraction/purification and assay methodologies. 

Consequently, this chapter will discuss development and implementation of such 

procedures in the in vitro ITP evaluation of a novel class of biaryl anti-mitotics inspired 

by the anti-mitotic and anti-vascular natural product combretastatin A-4 (CA-4) and 

synthesised by Mr. Richard Shah, within the research group in the Department of 

Pharmacognosy.

^.1 ( C o m b r e t a s t a t i n s

Trees and shrubs of the Combretum genus (250) account for more than one third of the 

Combretaceae family of the subclass Myrtiflorae, and have found application in 

primitive and traditional African and Indian medicinal treatments'*®. Indeed the 

Ghanaian drug “kinkeliba” used as an antihelmintic, is prepared from C  micranthum, 

and the root bark of the African bush willow Combretum caffrum is used in Zulu 

traditional practices, as a charm for causing harm to their enemies’*'. Subsequently, 

chemical studies of the Combretum genus, have elucidated most notably, the 

cycloartane glycosidic'*^ and tannin'*^ natural products of C  molle and 

phenanthrene'*'''*’’'** natural products of C. hereroense, C. psidiodes and C. 

apliculatum. More recently, however, investigations by Pettit et al, beginning in 

1982'*’ isolated and characterised a number of unique biaryl compounds from the 

willow C. caffrum, named combretastatins, which were found to exhibit excellent 

antineoplastic activity against P-388 lymphocytic leukaemia. Among the most potent 

members of the group were combretastatin A-4 5.1 and combretastatin A-2'** 5.2.

Soon after its isolation as a cytotoxic agent, the original combretastatin 5.3 was shown 

to cause mitotic arrest in L1210 murine leukaemia cells, inhibit microtubule assembly.
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Chapter 5 5.1-Combretastins.

competitively inhibit the binding of [^H] colchicine to tubulin and stimulate tubulin 

dependant GTP hydrolysis'*’. Subsequent studies focused on the more potent 5.1 and

OH

OH OHOH

5.2 5.35.1

Figure 5.1. Combretastatim A-4, A-2 and combretastatin.

5.2, which displayed similar biological properties, with 5.1 exhibiting exceptional 

inhibition of competitive binding of [^H] colchicine to tubulin, typically inhibiting 

greater than 95% colchicine binding to tubulin when present in equimolar 

concentrations’’*, potent cancer cell growth'” in a number of human cell lines, 

reversible tubulin assembly inhibition”® and most recently anti-angiogenic/vascular'’  ̂

properties. Indeed, 5.1 potent anti-angiogenic properties led to its rapid preclinical 

development and its current use in phase I/II clinical trials'” .

5-2 / \ n g i o g e n e s i s

Angiogenesis is the formation of new blood vessels from the existing vascular bed'’"*, 

and is only ephemerally observed in adult vasculature during the female reproductive 

cycle and wound healing. Primary tumour lesions can initially develop in an avascular 

environment up to a threshold diameter o f approximately 1 mm, obtaining nutrients and 

oxygen by simple diffusion from the surrounding tissue. However, fiirther growth 

beyond this size would result in the hypoxic demise of the internal tumour; hence, 

tumours, which are to undergo the transformation from a benign to a metastatic 

phenotype, must under go "an angiogenic switch”. The initiation of angiogenesis for 

neovascularisation in the tumour’s microenvironment is critical for sustained growth 

and dissemination of the malignancy.

In early tumour-derived angiogenic stages, it has been proven, that hypoxic or ischemic 

signals alter the expression of numerous genes necessary for angiogenic differentiation.
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which activate quiescent endothelial cells of established vasculature to proliferate and 

migrate toward the neoplastic mass. This development of a functional vessel with a 

lumen involves'’^ aforesaid endothelial cell proliferation, proteolytic degradation of the 

ECM (Sec. 1.4.7) and migration of these endothelial cells from the parent vessel and 

proliferating endothelium at the base of the sprout, towards the metastatic mass. This 

ultimately results in primary tumour expansion, and potentiates the haematogeneous 

spread of tumour cells, i.e. initiation of metastasis (Figure 5.2).

OFGF
VEGF
MMPs

.Anglosiatin
Endo(t*tin
TSP

Figure 5.2. Tumour induced angiogenesis

Key to this angiogenic event is the up regulation of a number of proangiogenic factors 

including vascular endothelium growth factor (VEGF)'®*, in which high expression of 

VEGF clinically correlated to dense formation of tumour neovascularisation in various 

human cell lines. VEGF is highly expressed in many tumours of the lung, brain and G1 

tract, and is associated with increasing vascular permeability, endothelial-cell 

proliferation and tube formation”'’. Indeed, vessels formed via VEGF induced 

angiogenesis are abnormally porous and chaotic with variable perfusion resulting in 

intermittent flow and thus constant remodelling”’. Resultantly, oxygen, and more 

importantly from a therapeutic aspect, drug delivery is much poorer than in normal 

tissues, contributing to drug and radiation resistance inherent to the cancer phenotype.

Development of new a treatment strategy has thus focused on inhibition of the VEGF 

induced angiogenic phenotype. As a potential target, this approach would have many 

advantages over conventional chemotherapeutic therapies, due to the genetic stability of 

somatic endothelia, eliminating the possibility of evolution to an MDR strain and drug 

accessibility direct from the circulation, resulting in irreversible vascular shutdown or 

haemorrhage effecting necrotic cell death through hypoxic infarction”*. Tumour
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vasculature specific agents therefore may implement their function without the adverse 

side effects general to conventional chemotherapeutic regimes.

A number of agents are known to elicit irreversible disruption to solid tumour 

vascularisation selectively, resulting in shutdown. These include many tubulin-binding 

agents such as colchicine 1.3 and vinblastine 1.7, and flavanoids such as those related to 

flavone acetic acid, which induce release of tumour necrosis factor-alpha (TNF-a)'”  

from tumours in situ. Tubulin-binding agents including colchicine and vinblastine have 

been reported to induce significant vascular shutdown. However, did so only at 

concentrations approaching their maximum tolerated dose (MTD), which due to their 

considerable cytotoxicity precluded their clinical development’*. Conversely, 5.1 and 

more importantly its latent phosphate prodrug 5.4, which is metabolised to the active 

drug, via endogenous phosphatases, is effective against proliferating endothelium at 

concentrations less than 10% of the MTD, without detectable morbidity’’*.

Figure 5.3. Combretastatin A-4 and its phosphate prodrug.

In vitro studies using human umbilical-vein endothelial cells (HUVECs) indicate that 

5.1 is cytotoxic only if the cells were proliferating, demonstrating selective inhibition 

over normal vasculature” ,̂ important as its potential use in chemotherapeutic regimes is 

dependant upon its differential activity. However, 5.1 was also shown to extensively 

damage non-neoplastic, proliferating endothelia undergoing neovascularisation’*, yet 

further studies indicated a 100-fold decrease o f blood flow in P22 carcinomas over 

other normal tissueŝ '**’. These findings indicate that 5.1 damages neovascularisation 

regardless of the initial angiogenic stimulus; nevertheless, with endothelia in normal

5-5 (^ .o m b re ta s ta t in  A - 4  an d  y \ n g i o g e n e s i 5

OPO3H,

5.1 5.4
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cellular tissues demonstrating relative quiescence 5.1 expresses selectivity towards 

tumour-vasculature in normal adults.

Although the exact cytotoxic mechanism of 5.1 has not yet been determined, it is 

widely thought that the action is necrotic rather than apoptotic, with 5.1 disrupting the 

organisation of the endothelium cytoskeleton through exploitation of its aptitude toward 

tubulin binding. This leads to ‘rounding up’ of cells from normal thin, flat and plate

like endothelia to rounded more condensed cells’*, and their detachment from the 

substratum, which constricts blood-vessels and results in permeability of these cells, 

fiirther increasing interstitial fluid pressures. Subsequent vascular collapse leads to the 

onset of hemorrhagic necrosis within the neoplasm with only as small rim of viable 

tumour remaining, equivalent to 5% of initial tumour mass (Figure 5.4)

Figure 5.4. Antivascular effect o f  5.1 in primary tumours by MRI using a contrast 
enhancing agent. After treatment signal intensity is considerably diminished 
and constrained to the periphery o f  the tumour, revealing vascular collapse 
and haemorrahage^^'

Although 5.1 induces ischaemic necrosis of the tumour, it does not affect tumour 

growth and consequently, the viable rim of tumour remaining at the periphery can grow 

to regenerate the malignant neoplasm. Subsequent combination of 5.1 with 

chemotherapeutic agents or radiation therapy is therefore necessary to target the 

remaining cells. In separate studies combining 5.1 with fluorouracil^® ,̂ cisplatin̂ ®̂  or 

Cs-137 radiation therapy”*, synergism was reported in aU cases where combination 

therapies were employed. Complete remission was experienced^®  ̂ where 5.1 and 

cisplatin were used in combination with radiotherapy, which did not arise with either
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constituent alone. Conclusively, 5.1 exhibits antivascular/antiangiogenic activity 

through tubulin binding to endothelial cells resuhing in ischaemic necrosis o f the 

primary tumour and increased tumour effects when used in combination therapies.

(^ .o m b re ta s ta t in s:  S t r u c t u r e  /\cti'vi'ty K e la t io n sK ip s

As previously mentioned, combretastatin A-4 is the most potent agent from the 

combretastatin family'*’, and the simplest structure o f a natural product that binds to the 

colchicine site on tubulin, discovered thus far. It is structurally analogous to colchicine 

but binds reversibly to tubulin and appears to show a superior affinity to the site over 

colchicine”®. Subsequently, due to its inherent simplicity and remarkable in vitro and in 

vivo biological properties, synthesis o f a plethora o f analogues and extraction of 

seventeen natural combretastatins from C. caffrum resulted, with ensuing SAR studies. 

These studies have indicated very strict structural, spatial and chemical requirements for 

these bibenzyl/stilbenes for effective binding, o f these drugs, to the colchicine site on 

tubulin

5 .^ .1  C o n f ig u  r a t i o n

Analysis o f both natural combretastatins and synthetic derivatives with saturated and 

unsaturated two-carbon bridges revealed interesting insights into SAR prerequisites and 

the importance o f configuration for tubulin binding in cis- stilbene/biphenyl-compounds 

(Figure 5.5 and Table 5.1). 5.1 and its synthetic derivative 5.5 differ only by their 

configuration resultant o f isomerisation about the double bond, however their ITP IC50 

data demonstrate a considerable reduction o f the trans isomers 5.5 ability to bind to 

tubulin. Similarly, comparison o f 5.1 and 5.6, which differ by saturation about the

Figure 5.5. Ejfect o f  configuration on ITP o f  natural and synthetic stilbene derivatives
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Table 5.1. Effect o f  configuration on ITP o f  natural and synthetic stilbene derivatives

Compound R, R2
Cis or 

Trans
la - lb

ITP 

IC50 (jiM)

5.1 (CA-4) CHs H Cis Unsaturated 2-3

00 o CHj H Trans Unsaturated 7.5-10

5.6'*“ CHj H Cis Saturated 4-5

5.7 (CA-1)^®^ CH3 OH Cis Unsaturated 2-3

5.8 CH3 OH Cis Saturated 4-5

5.9 (CA-3)'®* H H Cis Unsaturated 4-5

5.10 (CB-2)'** H H Cis Saturated 40

bridging carbons, also show a diminution in the saturated moieties ability to bind to 

tubulin. Comparatively, compounds 5.7 and 5.8, and 5.9 and 5.10, which exhibit 

equivalent dififerences in saturation/unsaturation also demonstrate dififerences in ITP 

values akin to those observed for 5.1 and 5.6.

Compounds 5.3 and 5.11-5.13 (Figure 5.6 and Table 5.2) that exhibit saturated and 

substituted bridging carbons again displayed marked reductions in their ability to inhibit 

tubulin polymerisation. The natural product 5.3 with R configuration at la, was the 

most active of these compounds. The racemic analogue of 5.3, 5.11 was less active 

than 5.3 suggesting that an i?-configuration at la  is of functional importance. Marked 

intolerance of substitution at position lb was eminent as observed with compounds 5.12 

and 5.13, yielding products with meagre ITP activity. Conclusively, these results 

suggest that a non-planar cis relationship, between the A and B phenyl rings similar to 

observed A-C ring relationship in colchicine, is prerequisite for optimal ITP.

OH

O .

Figure 5.6. Effect o f  configuration and modification at bridging carbons la  and lb, on 
ITP.
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Table 5.2. Effect o f  configuration and modification at bridging carbons la  and lb, on ITP.

Compound R. R2
Cis or 

Trans

Configuration

la -lb

ITP 

IC50 (»iM)

5.6 H H - Saturated 4-5

5.3 (C)'** OH H - R at la 5-7.5

5.11^“’ OH H - SR at la 7.5-10

5.12̂ ®* H OH - ■S'/? at la 75-100

5.13^“ H =o - Saturated 75-100

£ )n c jg e  lengtK

Three synthetic analogues represented in Figure 5.7 and Table 5.3 differ only by the 

length of the methylene bridge between the two-phenyl rings. ITP Data for compounds 

5.6, 5.14 and 5.15 indicated progressive reduction in ITP activity with increasing 

methylene bridge lenght from two to four. Reducing the bridge length to one carbon 

from two caused a small loss in ITP̂ ***. A flirther attempt by Pettit̂ ®̂  to generate 

compounds which maintained the Z-geometry of active A-combretastatins but modified 

the bridging olefinic unit, led to the development of the benzophenone, phenstatin 1.21

o
T

(CH,)n

1
0

1
OH

Phenstatin

Compound n
ITP

ICso(nlVl)

5.6 1 4-5

5.14'®“ 2 10-15

5.15'*® 3 40-50

OH

0 -/<
0 '

0

0
Podophyllotoxin A

^ 0 ^ V - o - '

1.4 / O

Figure 5.7 and Table 5.3. Effect o f  bridge length on ITP.
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(Figure 5.7). X-ray crystal topographic studies of 1.21 proved that it also maintained 

an anti-planar relationship between the two-phenyl rings, as observed in Z- 

combretastatins, and was structurally analogous to the aromatic system of 

podophyllotoxin 1.4. Its ITP was also comparable to that of 5.1, further emphasising 

the requirement of Z-geometry in these types of molecules. Manipulation of molecular 

models by Pettit^^ established that it was possible to superimpose the two phenyl rings 

in 1.21 with those of the (Z)-stilbenes, demonstrating that tubulin may identify the sp  ̂

hybridisation introduced with the carbonyl of the ketone and stilbene bridges, or the 

ring conjugation, analogous to that observed with colchicine and colchicone (Section

As with the (Z)-stilbenes (5.7), a second hydroxyl group at position C2’ (5.8) didn’t 

reduce the in vitro ITP activities of this class of compound. However, acetylation 

(5.20) or methylation (5.22) of the C3’ hydroxyl almost eliminated in vitro inhibition of 

tubulin dependant reactions, in comparison to 5.19. Similarly, demethylation of 

position C4’ methoxyl, as observed in combretastatin B-3'** resulted in a nearly inert 

compound, while demethoxylation of position C4 (5.23) and demethylation of position 

C5 (5.21) yielded compounds of intermediary activities. A further decrease in 5.23 ITP 

was observed when positions C4 and C4’ of 5.19 were successively demethoxylated 

and demethylated as seen in compound 5.24, however activity was still appreciable. 

Finally, substitution of the C3’ hydroxy group with nitro (5.25) or amino (5.26) 

functionalities, yielded compounds with ITP values analogous to that of 5.1

1.8).

a n d  K 'n g  M o d i f i c a t io n

R

R
6r :

R
5.25 and 5.26 OR, OR, 5.2 and 5.28 OR 5

Figure 5.8. Effect o f  A and B ring modification to substituants on ITP.
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Table 5.4. Effect o f  A and B ring modification to substituants on ITP.

Compound Ri R2 R3 R4 Rs R6 la -lb
ITP

IC5o(fiM)

OCH3 OCH3 CH3 CHj OH H Saturated 4-5

5.20 ®̂’ OCH3 OCH3 CH3 CH3 OCOCH3 H Saturated >100

5.8 (CB-1) OCH3 OCH3 CH3 0 1 <*
» OH OH Saturated 4-5

5.21 (CB-2)'*® OH OCH3 CH3 CH3 OH H Saturated 40

5.22 “̂ OCH3 OCH3 CH3 CH3 OCH3 H Saturated >100

5.23 "̂̂ OCH3 H CH3 CH3 OH H Saturated 10-15

5.24 (CB-4) '“ OCH3 H CH3 H OH H Saturated 25-30

5.25 °̂* OCH3 OCH3 CH3 CH3 NO2 H Unsaturated 1.8

5.26 ®̂* OCH3 OCH3 CH3 CH3 NHj H Unsaturated 1.2

5.2 (CA-2)'*’ - CH3 CH3 OH H Unsaturated 4-5

5.27 ®̂* - CH3 CH3 OH OH Unsaturated 1-2

Results from these SARs were analogous to those of colchicine where demethylation of 

one or more of the A-ring methoxyls conspired to yield poorer ITP values, with 

demethylation of C4’ yielding an inert compound. 5.2, (with methylenedioxy 

substitution at positions C4 and C5) as with colchicines active cousin comigerine^®’, 

maintained excellent ITP activity in comparison to 5.1. Similarly, as exhibited in 

colchicine and isocolchicine, inversion of positions C4’ methoxyl and C3’ hydroxyl, as 

observed in 5.1, resulted in 500-fold deterioration in ITP activity as compared to 5.1, 

serving to emphasize the similarity between the B-ring of combretastatin and C-ring of 

colchicine.

Therefore, trimethoxy A-ring, cis, unsaturated, two-carbon methylene bridge or 

similarly sp  ̂hybridised bridge and methoxyl fiinctionality at position 4’ on the B-ring, 

are essential for optimal in vitro ITP activity in this class of compound. Subsequently, 

it was postulated that synthesis o f series of compounds incorporating the 

aforementioned functionalities into a biaryl moiety incorporating a B-ring (Figure 5.9), 

as observed with anti-mitotics colchicine 1.3, podophyllotoxin 1.4 and steganacin 5.28 

and sp  ̂ hybridisation vicinal to both phenyl rings, analogous to combretastatin A-4 5.1 

and phenstatin 1.21, could potentially furnish potent anti-mitotic compounds. 

Additionally, assimilation of a B-ring into the molecular wire permitted evolution of the
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model to exploit benzylic or C7 functionalities, developing further molecular 

possibilities in this novel model. Consequently, synthesis of 5.29-5.69 was completed 

by Shah^'”, and their ITP IC50 determined via in vitro tubulin polymerisation assay.

O ,

R,, Rj and R, = small electron- 
donating groups

O o —
\

Steganacin 5.28

Figure 5.9. Proposed novel, anti-mitotic compounds-synthesised by Shaĥ ^̂ , and 
Steganacin 5.28.

M 'cro tu b u le  /A ssem b ly

Cytoplasmic microtubules, which are present in high concentration in brain and nerve 

tissues^", are remarkable in vivo for their ability to rapidly assemble and disassemble in 

response to a variety of environmental conditions^'^ Indeed, Weisenberg^'^ has shown 

that EGTA (calcium chelator), magnesium ions, GTP and heat are all prerequisites for 

tubulin polymerisation in vitro. Similarly, it has been determined that, minor proteins 

known as MAPs and MTOCs markedly enhance the in vitro assembly especially at low 

ionic and tubulin concentrations^and are involved in the initiation and propagation of 

microtubules, while calciimi ions and cooling induce disassembly. However, for an 

accurate and reliable method of determining tubulin assembly in vitro one must 

determine the exact environmental conditions necessary for reproducible and consistent 

results.
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5.5.1 M on itor in g  o f  M 'C fotubule A s s e m b ly  vt'a~Yurbidity

Previously, Borisy et a f  ’ used viscosity and electron microscopy to monitor tubulin 

assembly, however, although powerful techniques, exhibit limited time resolutions and 

can be difficult to analyse quantitatively. There are, in principle, several inherent 

advantages in applying an optical measurement to monitor tubulin assembly, as 

measurements are rapid, simple and a wide variety of experimental conditions can be 

varied in order to determine optimal conditions, in particular studies, on multiple 

samples. One such measurement, turbidity, has been established as a reliable 

quantification of the mass of tubulin, assembled in solution.

Turbidity Qil) is a measure of the total light-scattering cross-sectiorf'*, and for 

elongated rod-like particles, which are considered very long in comparison to the 

wavelength of light (X,), a limiting condition is reached in which hi displays a third 

power dependence on X, i.e. hi is proportional to X .̂ When this limit is reached, hi is a 

direct function only of the total weight concentration of the scattering particles. As 

microtubules are rod-like structures with lengths (Z,) of 2-4 microns, as measured by an 

electron microscope, a length (Z) to X ratio of 10 (Z:A, = 10), requisite for optimal 

measure of turbidity by UV light is achieved using X, = 200-400 nm^‘̂ . Nevertheless, to 

maximise experimental sensitivity, a X of 350-400 run was chosen as possible 

interference due to absorption of tubulin or GTP at shorter wavelengths was a distinct 

prospect.

However, sonication of assembled tubules, which reduced their average lengths by 

factors o f up to five, didn’t exhibit comparative reductions in turbidity with only slight 

reductions in turbidity observed^'*. Therefore, it was determined by Shelanski^'^ that 

turbidity of the samples was actually proportional to the weight of the high molecular 

weight microtubules. The long-rod limit was still applicable, as turbidity followed the 

proposed modeP'^, but with the positive ramification that turbidity measurements 

directly correlated to the quantity of polymerised protein.

150



Chapter 5 5.5-Microtubule Assembly.

5 .5 .2  pM  P  f f e c t s  on M 'crotu bu ic  A s s e m b ly

For quantitative studies and extraction/purification of tubulin from cerebral tissues, it is 

imperative that the reversibility of polymerisation be optimised. Studies performed on 

microtubule polymerisation in vitro have concluded that the stability of the resulting 

polymer^’* and the affinities of nucleotides and drugs to tubulin^” or the microtubule are 

sensitive to pH. Similarly, the optical properties of tubulin are pH sensitive, with 

colchicine binding activity maximal only in a very narrow pH range with extremes of 

pH causing irreversible loss of protein activity^“ . Therefore, determination of optimal, 

reversible polymerisation, via turbidity, as a function of pH is essential.

Shelanski '̂® found reduction of pH from 7.72-5.85 resulted in a striking increase in rates 

of polymerisation with lowering pH. However, following cooling for one hour at 8°C it

Table 5.5. pH  effect on reversible polymerisation in vitro.

pH. /l3so(l h rat37" C ). ^350 (1 h ra t8" C ). ^ 3 5 0  reversibility (% )

5.85 0.892 0.555 38

5.95 0.570 0.380 57

6.00 0.452 0.103 77

6.25 0.310 0.076 75

6.62 0.174 0.014 92

6.97 0.092 0.014 85

7.72 0.15 0.015 -

was found that samples with low pH did not exhibit complete depolymerisation ( T a b le  

5.5), with optimal reversibility determined in the pH range 6.6-6.9 with percentages of 

reversibility of 92%, in samples of protein concentration 2 mg/ml. It was subsequently 

discovered that increased turbidity observed in samples of pH lower than 6.6 was the 

result o f non-specific aggregates, explaining lack of reversibility at low temperature.
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^ f f e c t  o f  N u c le o t id e s

Polymerisation of tubulin to microtubules is inherently dependant on GTP 

concentration, and it has been shown that polymerisation takes place in the presence of 

10'  ̂ M GTP, i.e. one mole of GTP per mole of protein. However, the tubules will not 

reassemble, following depolymerisation at 4“C over twenty minutes, unless additional 

GTP is added to the assembly buffer. In the presence of 10'  ̂M GTP, polymerisation of 

tubulin is almost perfectly reversible when the temperature is lowered to 4°C, and can 

be repeated several times without accruing irreversible changes^'^ Therefore, it was 

concluded that polymerisation consumed GTP converting it to GDP, and in the absence 

o f enzymes capable o f converting GDP back to GTP, additional GTP must be added to 

induce reassembly.

P  f f c c t  o f  ( j ly c e r o i

Initial work by Shelanski’* on tubulin-protein ejctraction via assembly and reassembly, 

proposed that addition of glycerol, found in previous work to stabilize colchicine- 

binding activity, to the reassembly buffer may facilitate microtubule reassembly in 

vitro. Subsequently, it revealed that pellets from supernatants reassembled without 

glycerol contained 4% of total protein in the initial supernatant, of which 60% was 

tubulin, whereas the pellet, obtained from reassembly in the buffer including additional 

4M glycerol, contained 11-15% of total protein of which 75-85% was tubulin. 

Additionally, microtubules polymerised in 4M-glycerol assembly buffer did not 

depolymerise when cooled to 4°C, or -12“C over twenty-four hours, and were also 

unresponsive to the addition of colchicine. However, removal of glycerol, by 

sedimentation, and re-suspension of the tubulin pellet in reassembly buffer restored 

normal responses. Therefore, stability o f the normally labile tubulin subunits by 

glycerol greatly increases its reassembly in solution and significantly assists extraction 

of tubulin via assembly/disassembly procedures.
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"y .6  Jn v itro  Y Y Y  H  v a l u a t i o n

Following synthesis and subsequent analysis, compounds 5.29-5.69 were dissolved in 

MeOH and evaporated to dryness, transposing any possible deuterium exchange, which 

may have occurred in solution with deuterated solvents. Subsequently they were dried 

in vacuo for several days. 1 0  milligram per millilitre (mg/ml) solutions of the 

compounds, prepared in DMSO, and consequent serial dilution of the stock, afforded 

incrementally adjusted (lOmg/ml-0.05 mg/ml) solutions for assay.

^ . 6 . \  M e t l io d s  

Tubulin Purification

Tubulin was isolated from fresh porcine brain as described by Shelanski et aP^ (See 

Materials and Methods). Purified protein was stored at -78°C in MES-buffer (O.IM), 

EGTA (ImM), MgCl2 (0.5mM) and GTP (0.5mM) at pH 6 .6 . Protein fiinctionality was 

measured by temperature-induced assembly-disassembly in the presence of GTP.

Tubulin Assembly-Disassembly

Tubulin assembly was monitored and recorded continuously by turbidimetric readings 

at 350 nm in a UV Spectrometer, equipped with a thermostatted cell at 37°C . Tubulin 

(2-3mg/ml in MES buffer and ImM GTP) was prepared while the temperature was 

maintained < 4°C. The values of concentrations that decreased the maximum rate of 

tubulin assembly, without drug, by 50% (IC50) were determined for compounds 5.29- 

5.69. The IC50 for all compounds were compared to that o f combretastatin, measured 

on the same day under the same conditions. All assays were performed with, at least, 

triplicate samples.
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'y .J  (Results and C^i'scussi'on

“y '7 '  I S e r i e s  1: fS jovei £ > iary l u b u lin  (3-O f^poLinds

This initial series of compounds, synthesised by Shah^'“ incorporated a B-ring into a 

biaryl moiety (Scheme 5.1), as observed in anti-mitotics colchicine 1.3, 

podophyllotoxin 1.4 and steganacin 5.28 and sp  ̂ hybridisation vicinal, to both phenyl 

rings, analogous to combretastatin A-4 5.1 and phenstatin 1.21. Each compound within

+

H

MgBr

1 .

+ O

OH

5.29-5.39

1. 'BuOK/ 'BuOH, 18-65“C. 2. lOVoPd/C/Hz, EtOH. 3. KOH/EtOH, reflux. 4. PfpOH/DCC/DCM, 0“C. 

5. PPA, 75“C. 6. THF, A.

Scheme 5.1. General synthesis o f  compounds in series R groups shown in Table 5.6.
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the series was synthesised initially with a 2,3,4-trimethoxy A-ring analogous to that 

observed in 5.1, and additionally with a 1,2,3-trimethoxy A-ring similar to that of 1.3, 

yielding a set of structural isomers (Table 5.6). C-ring substituents were judiciously 

chosen following observations made from SAR, for optimal ITP.

With the exception of 5.31 and 5.32, all of the compounds in this series exhibited poor 

ITP inhibition (Table 5.6). Surprisingly, compounds 5.37 and 5.38, structural 

analogues of 5.31 and 5.32, differing only by the substitution pattern of the trimethoxy 

A-ring, exhibited only negligible activity. It was anticipated that these compounds, 

which shared a certain structural homology to 1.3 would exhibit either similar rapid, 

reversible ITP binding characteristics akin to combretastatin type compounds, or 

possibly slow irreversible colchicine binding activity. Consequently, following these 

poor results in the fast binding ITP assay the procedure was repeated as for slow-

Table 5.6. ITP IC5 0  values o f compounds 5.29-5.39.

Compound no. Ri R2 R3 R i Rs
Assembly Inhibition 

IC5 0  (»iM)

5.29 OCH3 H H OCH3 H > 1 0 mg/ml -

5.30 H OCH3 H OCH3 H > 1 0 mg/ml -

5.31 OCH3 OH H OCH3 H 3.124 0.9522

5.32 OCH3 NH2 H OCH3 H 4.050 0.9789

5.33 OCH3 OH OH OCH3 H > 1 0 mg/ml -

5.34 OCH3 OCH3 OCH3 OCH3 H > 1 0 mg/ml -

5.35 OCH3 H H H OCH3 > 1 0 mg/ml -

5.36 H OCH3 H H OCH3 > 1 0 mg/ml -

5.37 OCH3 OH H H OCH3 > 1 0 mg/ml -

5.38 OCH3 NH2 H H OCH3 > 1 0 mg/ml -

5.39 OCH3 OH OH H OCH3 > 1 0 mg/ml -

binding, colchicine type activity. There was no perceivable difference in the activities 

of these compounds, between the two assay methods. It can therefore be concluded that 

compounds of this series adopt a conformation similar to that of CA-4 5.1, hence 

requiring a 2,3,4 trimethoxy A-ring for tubulin binding.
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It was also postulated that compounds 5.33 and 5.34, with tri-substituted C-rings 

analogous to those witnessed in podophyllotoxin 1.4 and steganacin 5.28, would 

demonstrate reasonable ITP. Unfortunately, IT? IC50 values were meagre inferring that 

additional substitution at C5’ with methoxyl and hydroxyl substituents reduced activity 

by altering conformation through steric or electronic interactions, respectively.

Furthermore, building on the assumption that compounds of this series adopt CA-4 type 

conformations, interchange of C3’ hydroxyl with methoxyl, as observed in 5.34, would 

intrinsically obliterate ITP. As discerned in all combretastatin analogues, hydroxyl 

functionality in this position has proven paramoxmt for maintenance of potent tubulin 

binding activity fiirther validating poor activity determined for 5.34. Similarly, this 

observation substantiated the inactivity of C-ring mono-methoxyl compounds 5.29, 

5.30, 5.35 and 5.36 through their deficiency or substitution of vital C3’ hydroxyl.

% Tubulin Polymerisation Vs Drug 
Cone. (p.g/ml).

100
5.31

5.42S 70-
I* 60-

50-a
=  40-
3  30-
!: 20- 

10 -

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drug Concentration (^g/ml)

Figure 5.10. Plot o f ITP data for novel biaryl 5.31, 5.32 and 5.42. Error bars describe 
SEM.

As excellent ITP was observed in compounds such as steganacin 5.28 and 

allocolchicine 1.44 it was anticipated that compounds 5.29, 5.30, 5.33-5.36 and 5.39, 

with analogous A and C-ring functionalities may potentially exhibit similar activities 

with saturation of the C8-C9 bond (Table 5.7). It was hypothesized that removal of 

rigid conformational restrictions o f these compounds, imposed by unsaturation at C8-
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C9, could allow the A and C-rings to adopt more favourable conformations, increasing 

these compounds ITP aptitude. Subsequently, 5.29-5.31 and 5.33-5.37 were reduced by 

Shah '̂® yielding saturated derivatives 5.40-5.47 (Scheme 5.2).

O

R

10%/Pd/C
H2

EtOH/EtOAc

I
O

5.40-5.47 R

R.

Scheme 5.2. Catalytic hydrogenation o f  5.29-5.31 and 5.33-5.37 yielding saturated 
derivatives. R groups shown in Table 5.7.

Table 5.7. ITP IC30 values o f  compounds 5.40-5.47.

Compound no. Ri R2 R3 R4 Rs
Assembly Inhibition 

IC50 (fiM)

5.40 OCH3 H H OCH3 H >10mg/inl -

5.41 H OCH3 H OCH3 H >10mg/ml -

5.42 OCH3 OH H OCH3 H 18-20 -

5.43 OCH3 OH OH OCH3 H >10mg/ml -

5.44 OCH3 OCH3 OCH3 OCH3 H >5mg/ml -

5.45 OCH3 H H H OCH3 >10mg/ml -

5.46 H OCH3 H H OCH3 >10mg/tnl -

5.47 OCH3 OH H H OCH3 >93 -

However, saturation of the C9-C8 double bond generally failed to improve tubulin 

binding, and in the example of 5.42, resulted in a marked reduction in ITP, as compared 

to its unsaturated counter-part 5.31. Nevertheless, a minor improvement in activity was 

noted in compounds 5.44 and 5.47, however this difference for the most part lacked any 

real significance.
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‘j . J .2. S e r i e s  1: N ovel £)iaryl A nti'-T ub  ulin pounds witK (3 ./ V unctionality
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5.49
OH

1. NaBHVMeOH, PBrj/EjtO, NaH/nBuLi, THF 2. NaBH,/MeOH, 0"C. 3. 'BDPSCl/Imidazole/DMF, 

25"C. 4. KOH/EtOH, reflux. 5. Oxalyl Chloride/DMF/DCM, -10"C. 6. SnCU/DCM, -10°C. 7. 

TBAF/THF, 0"C. 8. «-BuLi/THF,-78"C, 2M HCl.

OH

5.48-5.53

Scheme 5.3. Synthesis o f series 5.49, C7-hydroxyl functionalised compounds 5.48-5.53, 
were synthesized analogously. R groups shown in Table 5.8.
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Table 5.8. ITP ICso values o f  compounds 5.48-5.53.

Compound no. R. Ri R3 R4 Rs
Assembly Inhibition 

IQ o(fiM )

5,48 OCH3 H H OCH3 H 2.1 0.8167

5.49 OCH3 OH H OCH3 H 1.1 0.9575

5.50 OCH3 2,5 DMPy H OCH3 H >10mg/mi -

5.51 OCH3 OH OH OCH3 H >10mg/ml -

5.52 OCH3 H H H OCH3 >10mg/ml -

5.53 OCH3 OH H H OCH3 >10mg/ml -

2,5 DMPy = 2,5 Dimethylpyrrole.

Consequent to ITP results attained from series one, a second series o f compounds 

incorporating select structural characteristics, discerned from active tubulin binding 

compounds above, and C7 fimctionaUsation, evolved (Scheme 5.3).

It was theorised that hydroxyl or ketonic ilinctionalisation o f C7 would fiirther enhance 

ITP activity by instilling auxiliary tubulin-binding capacities and additionally, facilitate 

adoption o f anti-planar conformations, as observed in colchicone 1.43 and phenstatin 

1.21 .

Compounds 5.52 and 5.53, both with 1,2,3-trimethoxy A-rings exhibited poor ITP 

values comparable to their analogues in series one 5.45 and 5.47, compounding the 

necessity o f a 2,3,4 trimethoxy A-ring for tubulin binding with these novel biaryl 

compounds (Table 5.8). A substantial increase in activity was observed with 5.48 in 

comparison with 5.29, and fiirther enhancement o f ITP, in comparison to the active 

5.31, was observed with 5.49, substantiating theoretical postulations regarding 

fimctionalisation o f C7. Indeed, 5.49 observed ITP IC50 was, comparable or better than 

that o f any other natural or synthetic antimitotic tubulin agent binding to the colchicine 

site, previously quoted in the literature. Interestingly, fimctionalisation o f C7 with a 

hydroxyl generated a chiral centre at this carbon, thus yielding 5.49 as a pair o f 

enantiomers. It is therefore distinctly possible, as observed with most biologically 

active compounds, that if separation and isolation o f these enantiomers can be effected, 

one stereoisomer may exhibit even greater tubulin binding activity, than that observed 

for 5.49 (Figure 5.11).
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% Tubulin Polym erisation Vs Drug 
Cone, (ng/m l).
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Figure 5.11. Plot o f ITP data 5.48 and 5.49. Error bars describe SEM (n=3).

Compounds 5.50 and 5.51 both displayed relative inactivity in the tubulin-binding 

assay. There was no comparative derivative to 5.50 in the initial series, however 5.51 

did not show any significant increase in comparison to its series one analogue 5.34. 

Thus, identifying further exacerbation of ITP activity by conformationally restricted tri

substituted C-rings in these biaryl moieties.

Saturation of the C8-C9 double bond resulted in increased ITP activity of 5.44 and 5.42 

over their unsaturated analogues, in series one. If the increased activities of C7

R R

2

OH

EtOH/EtOAc

10%/Pd/C
H,

OH

R 5.54 and 5.55 ^

Scheme 5.4. Catalytic hydrogenation o f 5.48 and 5.49 yielding saturated derivatives 5.54 
and 5.55.

160



Chapter 5 5 .7-Results and Discussion.

Table 5.9. ITP ICso values o f compounds 5.54 and 5.55.

Assembly Inhibition
Compound no. R| R2 R3 R4 R; R

IC50 (HM)

5J 4 OCH3 OH H OCH3 H ^Om g/mi ^

5.55 OCH3 OH H H OCH3 >10mg/ml

flinctionalised compounds are resultant of auxiliary conformational aptitude, saturation 

of double bonds in compounds 5.48 and 5.49 may also render additionally active 

compoimds. Consequently, these compounds were reduced employing 10% Pd/C under 

a hydrogen atmosphere, yielding saturated derivatives 5.54 and 5.55 (Scheme 5.4). 

Reduction of the C8-C9 double bond rendered both compounds inactive, suggesting 

that although the C7-hydroxyl may play a minor conformational role in tandem with 

unsaturation, increased ITP of 5.49 and 5.48 is thought consequent of auxiliary binding, 

through C7-hydroxyl, within the colchicine binding domain, on tubulin.

TBAF
THF

PDC 
OH d MF

o»c o»c

OH
5.58

Rl5.56-5.59

Scheme 5.5. Oxidation and deprotection o f select C7-hydroxyl’s yielding ketonic 5.56- 
5.59.
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Table 5.10. ITP ICso values o f  compounds 5.56-5.59.

Compound no. Ri R2 R3 R4 Rs
Assembly Inhibition 

IC 5o(ftM)

5.56 OCH3 H H OCH3 H 2.765 0.9899

5.57 OCH3 OH H OCH3 H 1.05 0.9225

5.58 OCH3 OH OH OCH3 H 1.72 0.9616

5.59 OCH3 OH H H OCH3 20-25 mg/ml -

Synthesis of the ketonic derivatives followed C7 oxidation of the protected C-ring, 

parent hydroxyl compounds, and subsequent deprotection, yielding 5.56-5.59 (Scheme 

5.5 and Table 5.10).

Oxidation of the Cl position had little, but contradictory, effects upon the ITP IC50 of 

resulting ketonic derivatives 5.56 and 5.57, in direct comparison to their parental 

hydroxyl analogues 5.48 and 5.49. While oxidation of 5.49, previously the most active 

compound thus far, yielded a compound with slightly better ITP, comparable oxidation 

of 5.48 yielded, in 5.56 (Figure 5.12), a slightly less active compound. Thus, the only 

logical conclusion drawn from these observations was that carbonyl functionalisation of

% Tubulin Polymerisation Vs Drug 
Cone. (^g/ml).
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Figure 5.12: Plot o f  ITP data 5.56-5.58 and 5.62. Error bars describe SEM.
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C7 while maintaining auxiliary tubulin binding, as observed with C7-hydroxyl 

analogues, imposed greater structural rigidity on the biaryl moiety, favouring the more 

substituted 5.57. Intriguingly, 5.59, thel,2,3-trimethoxy A-ring moiety of 5.57, 

exhibited reasonable ITP, the first of its isomeric structure to do so, and 5.58 with tri

substituted C-ring displayed an excellent ITP IC50. As no previous analogues with 

these A and C-ring substituents exhibited anything more than slight ITP, the dramatic 

increase observed in tubulin-binding with 5.58 and 5.59, could only be derived irom 

conformational changes stimulated by C7 carbonyl-fuctionaiisation.

Consequently, it was decided to saturate the C8-C9 double bond, in an attempt to 

determine whether conformation of these molecules was effected by C7 

functionalisation alone or, like C7-hydroxyl compounds, required inclusion of both sp  ̂

centres. Compounds 5.60 and 5.61 were thus synthesised via C-ring protection, 

oxidation and subsequent deprotection of saturated hydroxyl analogues (Scheme 5.6).

TBAF
THF

OC0“C

OH
5.61 and 5.62

Scheme 5.6 and Table 5.11. Synthesis and ITP IC50 values o f  saturated C 7 ketonic’s 5.60
and 5.61.

Compound no. Ri R2 R3 R4 Rs
Assembly Inhibition 

ICso(nM)
R̂

5.60 OCH3 OH H OCH3 H >10mg/ml -

5.61 OCH3 OH H H OCH3 >10mg/ml -

However, as observed in parental, saturated C7-hydroxyls, reduction of the C8-C9 

double bond rendered both compounds inactive, corroborating the theory that although 

the C7-functioanlisation plays a conformational role in tubulin-binding, it does so only
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in tandem with C8-C9 unsaturation. Furthermore, increased ITP, observed in molecules 

with both hydroxyl and carbonyl oxo-functionalisation, is thought consequent o f 

auxiliary binding through the electronic interactions o f negatively charged C7, within 

the colchicine binding domain, on tubulin.

^•7-5 ^ c r t e s  5= M ' s c e l la n e o u s  £>-ring  [d e r iv a t iv e s

Previous SAR studies on colchicine"^ "® demonstrated that a hydrophobic, electron rich 

A-ring was requisite for active tubulin binding. Therefore, it was hypothesized that 

replacement o f the benzylic methylene group with an isosteric oxygen atom may 

append greater electronic density to the A-ring o f active compounds 5.49 and 5.57 and 

inactive 5.51, without increasing steric bulk, rendering greater ITP IC50 values than 

parental compounds. In addition, synthesis o f a phenstatin type, open chained aldehyde 

derivative and B-ring analogues with five and s k  membered rings, were synthesised to 

monitor the effect o f B-ring and B-ring size on ITP (Figure 5.13 and Table 5.12).

OH OH
5.62 5.63-5.65 5.66 and 5.67

OH

OHOH 5.705.695.68 O—

Figure 5.13. Miscellaneous B-ring derivatives 5.62-5.70.
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Table 5.12. ITP 1C so values o f  compounds 5.62-5.69.

Compound

no.
R. R2 R3 R.

Assembly Inhibition 

IC50 (HM)

5.62 - - - - 4.35 0.9582

5.63 OCH3 OH H OH 3.18 0.9601

5.64 OCH3 OH H =0 3.12 0.9792

5.65 OCH3 OH OH OH > 2 0 mg/ml -

5.66 OCH3 OCH3 OCH3 - > 1 0 mg/ml -

5.67 methylenedioxy H - > 1 0 mg/ml -

5.68 methylenedioxy - - 11.15 0.9576

5.69 - - - - 9.85 0.9522

Compound 5.62, with dithiane protection at the C7 substituent (an intermediate in the 

synthesis of C7 functionalised compounds) was found to have good ITP activity, but its 

activity was not comparable to activities described for analogous C7 hydroxyl and 

ketonic compounds 5.49 and 5.57. It was thought that this reduction was resultant of 

altered conformational changes instilled by the pseudo dithiane ring. Hydroxyl and 

ketonic 5.63 and 5.65, with substitution of benzylic methylene for an isoteric oxygen 

atom resulted in compounds with respectable, but reduced ITP values.

Furthermore, 5.65 with a tri-substituted C-ring was practically inactive exhibiting no 

inhibition at 10 mg/ml. As all analogous compounds with a benzylic methylene in 

place of an oxygen atom exhibited greater ITP values, it must be concluded that there 

was no perceivable advantage in introducing additional electronic charge to the A-ring. 

In addition, any synergism that may have been gained by supplementary electronic 

charge may have been annulled by adverse alterations to the optimal structural 

conformation, observed by the excellent ITP values of 5.49, 5.57 and 5.58 (Figure 

5.14).

Both, six membered B-ring derivatives 5.66 and 5.67, with trimethoxy and 

methylenedioxy A-rings exhibited poor tubulin-binding activities, whilst the five 

membered B-ring derivative 5.68, with methylenedioxy A-ring displayed reasonable 

ITP. These results again suggest that the correct orientation of the double bond, within
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the B-ring, is paramount for maintenance of corresponding anti-planar conformation of 

the C-ring and thus, for optimal tubulin binding.

ITP IC50 (HM)

18-20 11.15

U

00■*» QO 00 Os
VO VC ^  ^

V) 1/^

<u
1cu

Compound no.

Figure 5.14. /Cjo values fo r  ITP o f  active compounds, CA-4 and podophyllotoxin.

The phenstatin analogue with aldehydic side chain and hydroxyl in the C3’ position, as 

seen in CA-4 5.1, exhibited reasonable ITP but was at least five-fold less active than 

5.1. In a similar compound 5.70, synthesised by Pettit et aP° ,̂ with no bulky side-chain 

and absence of bridging keto-functionality, an ITP IC50 of 3.3 }j.M was observed. While 

it is assumed that 5.69 would maintain an identical conformation as observed in 

phenstatin, the ensuing ordered reduction in activity must therefore be resultant of the 

additional bulky side chain.

^.5 c onc lus iusion

Successful development and implementation of tubulin extraction, from porcine 

cerebra, and resultant in vitro binding assay was accomplished. Subsequently Shah 

successfully synthesised a series of novel biaryl tubulin binding compounds, which 

were evaluated by the aforementioned in vitro method.

Results fi'om the assay suggested that a 2,3,4 trimethoxy A-ring, double bond at C8-C9, 

electron donating substituents at C3’ and C4’ and C7 oxo-functionalisation were 

requisite for optimal inhibition of tubuUn polymerisation. The most active compound

166



Chapter 5 5.8-Conclusion.

of the three series was 5.57, and in general, compounds with a C7 carbonyl group 

appeared to maintain maximal activity compared to analogous compounds in other 

series. Interestingly, 5.49, which exhibited an excellent affinity toward tubulin binding 

was a mixture of enantiomers. It is therefore proposed that if these stereoisomers can 

be isolated, one may exhibit even greater ITP activity than that previously observed for 

the aforementioned compounds.
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Chapter 6 6.0 - Introduction.

(3.!^apte^ 6

6.0 I n t r o d u c t i o n

Following the successful synthesis o f novel biaryl anti-tubulin compounds, with a seven 

membered B-ring by Shatf'®, and consequent, excellent in vitro assay results, it was 

postulated that select flinctionalisation o f the benzyHc methylene may aid in vivo 

bioavailability, o f these compounds. As compounds o f the nature described in Chapter 

5 are quite hydrophobic, it was hypothesised that polarity and thus bioavailibility may 

be improved by exploitation o f the benzylic position with a hydrophilic group or salt, 

e.g. 6.1 and 6.2. Additionally, this position could be used as a point o f attachment in 

the potential development o f novel dual, ITP and APN, inhibitory compounds, e.g. 6.3 

(Figure 6.1).

HO

HN

OHOHOH
6.1 6.2 6.3 O ^

Figure 6.1. Potential salts 6.1 and 6.2, and dual inhibitory compound 6.3 exploiting 
benzylic functionalisation.

6 .1 S y n t h e t i c  ^ t r a t e g ^

The initial target molecules o f this series were identified 6.4 and also its 1,2,3- 

trimethoxy isomer 6.5. Following generation of both 1,2,3 and 2,3,4-trimethoxy- 

6,7,8,9-tetrahydro-5//-benzo[a]cyclohepten-5-one further development, o f the strategy, 

was therefore pivotal upon the synthesis o f bromo intermediates 6.6 and 6.7 (Figure 

6.2). If these intermediates could be efficiently synthesised, ensuing generation o f 6.3
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HNHN

O
6.5

n r

6.4
Br

O O

6.6 6.7

Figure 6.2. Compounds 6.4-6.7.

and 6.4 appeared elementary following FGI to the corresponding azide and subsequent 

reduction, in the presence o f B0 C2O, yielding the desired products.

Subsequently, 1,2,3-trimethoxy-benzosuberone was synthesised employing a modified 

method o f Banwell et a /‘” . Thus, 3,4,5-trimethoxybenzaldehyde was condensed with 

the vinylogous enolate anion generated fi-om methyl crotonate employing potassium 

/er^butoxide ('BuOK). Following acid work-up (aq. 2M HCl) and extraction, the 

intermediary esters 6.8 were hydrolysed with potassium hydroxide (KOH) in EtOH. 

Subsequent acid work up (aq. 2M HCl) and extraction yielded a mixture o f geometric 

isomers o f the 5-arylpentanadieneoic acid 6.9, which were immediately reduced to 5- 

arylpentanoic acid 6.10 via catalytic hydrogenation employing 10%Pd/C under a 

hydrogen atmosphere. Following filtration, evaporation o f the solvent and in vacuo 

drying, ensuing alkali (10% aq. NaOH)/acidic treatment (aq. 2M HCl) work-up, 

afforded the product 6.10 in 86% yield (Scheme 6.1)
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BuOK/'BuOH

10%Pd/C, H; 
EtOH/EtOAc

KOH/EtOH 
Reflux, 15 hrs.

Scheme 6.1. Synthesis o f  the 5-aryl-pentanoic acid 6.10.

‘H NMR spectroscopic features o f 6.10 included; multiplets integrating for four protons 

each and resonating at 1.52-1.86 ppm and 2.20-2.70 ppm, respectively, representing 

two methylene signals each, three singlets integrating for three protons each at 3.80, 

3.83 and 3.84 ppm were indicative o f three methoxyl signals and finally a singlet 

integrating for two aryl protons resonated at 6.38 ppm. Corresponding '^C NMR 

methylene signals were observed at 24.25, 30.71, 33.90 and 35.82 ppm, with methoxyl 

carbons resonating at 56.01, 60.71 and 60.92 ppm. Aryl CHs were displayed as one 

signal at 105.32 ppm and quaternary carbons at 136.15, 137.72 and 153.02 ppm while 

the acidic carbonyl resonated at 179.79 ppm.

At this point Banwell et generated an acid chloride o f 6.10 and subsequently 

yielded the cycUsed ketone via intramolecular Friedal-Crafts acylation. Earlier efforts 

by Shah '̂® to repeat this cyclisation procedure resulted in relatively poor yields; 

however, an attempt to cyclise 6.10 with poly-phosphoric acid (PPA) fiamished the 

desired product with improved yields. Developing this method further, it was found 

that activation o f the acid with OPfp yielded the intramolecular product in near 

quantitative yield.
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Consequently, the intermediary OPfp activated ester 6.11 was procured employing 

PfpOH and DCC, in DCM at 0°C. Following filtration and evaporation o f solvent, 6.11 

was treated with PPA at 75°C for one hour. The resulting orange viscous solution was 

dissolved in ice-cold H2O, extracted and purified via flash column chromatography 

(mobile phase: Hex: EtOAc (4:1)) to afford 2,3,4-trimethoxy-benzosuberone as a pale 

yellow oil 6.12 in 89% yield (Scheme 6.2)

O
OH

6.10o

PfPOH/DCC

0“C, 1 hr.

O

6.13 O

I
O

6.11

PPA
75»C, Ihr

Scheme 6.2. Synthesis o f  2,3,4-tnmethoxy-6,7,8,9-tetrahydro-5H-benzo[a]cyclohepten-5- 
one 6.12. 6.13 was analogously prepared.

’H and '^C NMR spectroscopic features o f 6.12 corroborated with the literature'”  

finding a triplet at 1.73 ppm integrating for four methylene protons, a multiplet and 

triplet (V =  6.27 Hz) at 2.56 and 2.82 ppm integrating for two methylene protons each, 

three methoxyl singlets integrating for three protons each at 3.86, 3.89 and 3.91 ppm 

and an aromatic signal integrating for one proton at 6.83 ppm. Corresponding '^C 

NMR methylene signals were observed at 21.84, 25.23, 32.24 and 41.59 ppm with 

methoxyl carbons resonating at 55.49, 60.42 and 61.84 ppm. Aromatic resonances of 

107.39, 127.19, 134.34, 140.38, 151.07 and 154.24 ppm were observed for aryl CH and 

quaternary carbons respectively, while ketonic resonance was noted at 205.76 ppm. 

Analogous signals were discerned for 6.13, which was synthesised following the same 

procedure, starting fi'om 2,3,4-trimethoxy-benzaldehyde in 42% overall yield.
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Having established successful synthesis o f 6.12 and 6.13 generation o f the 9 or 4- 

bromo-intermediates proceeded via free radical benzylic bromination.

A / - 5  oc-~|~ n 'm e th o x y -£ )e n z o s u b e r o n e

The utility o f A^-bromosuccinimide (NBS) as a reagent for allylic bromination was first 

exhibited by Ziegler in 1942^^ ,̂ and a radical chain mechanism proposed for its action 

two years later by Bloomfield^^\ Since then, in contrast to the hundreds o f papers 

attesting to its widespread use and efiScacy as a synthetic agent, very little conclusive 

material had been published on the details o f the reaction mechanism. Thus, although 

the radical chain nature o f the reaction seems abundantly confinned by examples o f the 

catalytic effect o f peroxides, other radical sources and UV light on the reaction, there 

was still doubt as to the chain carriers. Bloomfield originally suggested a chain- 

carrying sequence involving the succinimide radical which was accepted until 

Goldfinger^^"* (Figure 6.2), proposed an alternative scheme utilizing the bromine atom 

chain made possible by the presence of traces o f bromine or HBr in the reaction system.

Br' + RH ------ —  HBr + R
r ’ + Brj RBr + Br'

0
I I

0u
-Br ------

-  c
O o

Figure 6.3. Mechanism o f  allylic bromination.

Here the NBS acts simply as a reservoir capable o f sustaining very low ambient 

concentration o f bromine throughout the duration o f the reaction. The mechanism for 

benzylic bromination is similar to that above, with abstraction o f the benzylic hydrogen 

generating a benzylic radical that in turn reacts with Br2 yielding the bromo-product. 

However, the reaction occurs exclusively at the benzylic position because the benzylic 

radical intermediate is highly resonance stabilised, by overlap o f its p  orbital with the tc 

electron system (Figure 6.3).
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H H H H

H H H

Figure 6.4. A resonance-stabilized benzylic radical.

Consequently, 6.12 was refluxed with NBS in carbon tetrachloride CCU, employing 

catalytic quantities of dibenzoyl peroxide as radical initiator (Scheme 6.3). Initially the 

reaction proceeded, yielding minute quantities of the desired benzylic brominated 

product 6.6 with R /= 0.35 (mobile phase: Hex: EtOAc (4:1)), as monitored by tic. 

However, upon further reflux the reaction yielded five additional products (with R/s of 

0.91, 0.86, 0.79, 0.58 and 0.14), as observed on tic, with little apparent increase in the 

quantity of 6,6.

Scheme 6.3. Bromination o f 6.12.

Further attempts to synthesize 6.6, varying, the radical initiator, the concentration of 

NBS (from 1-1.5-2 equivalents) and the method of initiation all resulted with similar 

quantities of products, with the maximum yield of 6.6 never greater than 10% (Table 

6.1). Having varied these conditions with no obvious improvement to the yield of 

desired product, it was decided to repeat these reactions but differing the solvent.

Intrigueingly, although variation of solvent from CCI4 to methyl formate resulted for 

the most part identical results, employing methyl formate as solvent with 1.5 eq. NBS 

and l , l ’-azobis (cyclohexanecarbonitrUe) (ACN) as radical initiator with UV light as 

homolytic initiator, only yielded bromo-products with R^ of 0.86, 0.79 and 0.35. 

Unfortunately, the desired product (R/= 0.35) was still only a minor product of the

NBS
Dibenzoyl peroxide

6.12 6.6
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Table 6.1. Experimental conditions employed in benzylic bromination reactions, using 
1,1.5 and 2 equivalents o f  NBS with each condition and solvent.

Initiation

condition CCI4

Solvent 

Methyl formate a,a,a-T rifluorotoluene

Reflux t§* t§*

Light (2x150 watt bulbs) t§* t§=^ t r

Light + Reflux t§* t§* t§*

UV light t§* t§* t§*

t  = Dibenzoyl peroxide.

§ = Azoisobutyronitrile (AIBN).

*  = l ,r-a z o b is  (cyclohexanecarbonitrile) (ACN).

reaction. However, employing these same conditions, but altering the solvent to a,a,a- 

trifluorotoluene afforded the bromo-product 6.14 with R/ = 0.86 exclusively, in near 

quantitative yield (97%), following purification via flash column chromatography 

(mobile phase: Hex: EtOAc (4:1). NMR analysis revealed 6.14 had been solely 

brominated at the aromatic position, with both 'H  and '^C NMR resonances comparable 

to those o f 6.12 with the notable exception o f loss o f the downfield aromatic CH.

     A  ■' _ _ _ _ _

7.2 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

40200 180 160 MO 120 100 80 60 20

200 180 160 140 120 100 80 60 40 20
(ppm)

Figure 6.5. ‘H  and ‘^C NMR, and DEPT 135 spectra o f  6.14.
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O

O

6.12

1.5 eq. NBS 
ACN

a ,a ,a -  
trifluorotoluene 
UV light

Br Br

1 eq. NBS 
ACN

a,a,cc-
trifluorotoluene 
Light (2x150-watt)

6.14

Scheme 6.4. Aryl bromination and subsequent benzylic bromination o f  6.12.

Aryl bromides may be hydrogenolysed by 10% Pd/C, under a hydrogen atmosphere to 

quantitatively furnish equivalent aryl compounds. It was therefore hypothesised that 

should subsequent bromination o f 6.14 afford the dibromo 6.15 (Scheme 6.4), and FGI 

of 6.15 with NaNs yield the 1-bromo-9-azide 6.16 (Scheme 6.5), that 6.4 may be 

generated from 6.16 following hydrogenolysis o f  the aryl bromide, reduction o f azide to 

amino and it in situ protection with B0 C2O.

Subsequently, 6.14 was reacted, again employing a,a,a-trifluorotoluene, UV light, 

ACN as radical initiator and 1 eq. o f NBS. However, there was no reaction following 

stirring under UV light overnight. The procedure was repeated employing identical 

reagents but availing o f two 150-watt bulbs (as homo lytic initiator), placed 4 cm from 

the flask, furnishing the dibromo-product 6.15 solely with R/ = 0.79, following 

purification by flash column chromatography (mobile phase: Hex: EtOAc (4:1) in 96% 

yield.

Br Br

6.15

NaNj
DMF

60-65°C, 
3 hrs.

Br N

6.16

Scheme 6.5. Synthesis o f  azide 6.16.

The 'H  NMR spectrum o f 6.15 revealed four multiplets, o f which two resonating at 

1.95 and 2.34 ppm integrated for two methelenes, with two protons each and those
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5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0

1

200 180 160 140 120 100 80 (>0 40

200 180 160 140 120 100 80
1 1 ri r n i  1 1 r 1 

60
M n M i n  1M N H | M  n  M

40

200 180 160 140 120
(ppm)

100 80 60 40

Figure 6.6: ‘H  and ‘^C NMR, DEPT 135 and 90 spectra o f  6.16.

signals at 2.67 and 2.86 ppm which integrated for a single proton each were 

representative of the remaining aliphatic methylene in the molecule. Three singlets, 

each integrating for three protons and resonating at 3.85, 3.88 and 3.90 ppm were 

indicative of aryl methoxyls while a quartet (V = 3.76 Hz) resonating at 6.02 ppm and 

integrating for one proton was assigned to the remaining benzylic proton.

Dibromo-6.15 was consequently treated with sodium azide (NaNs) in DMF at 60-65°C 

for three hours and following isolation, and drying in vacuo yielded the azido product 

6.16 quantitatively. This product exhibited an indistinguishable R/ (0.79) on tic to the 

starting material, with the only discemable difference in 'H and NMR spectra being 

the significant shift up-field of the benzylic proton from 6.02 ppm in the spectnmi of 

6.15 to 5.42 ppm in 6.16. However, comparison of the IR spectra of 6.15 and 6.16 

exposed a differing, strong absorption at 2102 cm"' of an azido stretching vibration in 

the spectrum of 6.16, thus confirming successful FGI.

Finally, l-bromo-9-azido 6.16 was reduced to the amino compound via catalytic 

hydrogenation with 10% Pd/C under a hydrogen atmosphere, and converted in situ to
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Br N

6.16

10%Pd/C
H,

BoCjO
EtOH:EtOAC

HN

6.4

Scheme 6.6: Reduction and in situ protection, yielding 6.4.

the A^-Boc derivative 6.4 using B0 C2O (Scheme 6.16).

The 'H  NMR spectrum (Figure 6.6) o f 6.4 displayed a singlet at 1.41 ppm, integrating 

for nine protons o f the Boo protecting group, three multiplets, o f which one at 1.79 ppm 

integrated for three protons, the signal at 2.04 ppm integrated for one proton while the 

remaining multiplet at 2.66 ppm integrated for two protons.

_ J  V __________________  J
- -  1 r— T—  ̂ ] 1 1 1 1 1 1 1 1 1 1 \ r— r— 1  ̂  ̂ r —T ^  [ i | i 1 1 )  ̂ 1 1 1 1 1  ̂ 1 1 1  ̂ 1 1  ̂ 1  ̂ 1 1 \ p-

6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6

Positive
Irradiated

....... ' " ’ i
V---- ”■ ------- -------^ v -

6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6

200 180 160 140 120 100 80 60 40 20

200 180 160 140 120 100 80 60 40 20
(ppm)

Figure 6.7. ‘HNMR, NOE. ‘^C NMR and DEPT 135 spectra o f  6.4.
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Three singlets at 3.89, 3.91 and 3.94 ppm integrating for nine protons in total were 

assigned to the aryl-methoxyls whilst the coalesced signal, assigned to the benzylic 

proton and the carbamate proton, integrated for two protons. Finally, the aryl-CH 

proton, previously observed in the spectrum of 6.12, re-emerged at 6.63 ppm.

A positive NOE was observed with the benzylic and carbamate protons and to a lesser 

extent the Boc alkyl-methyl protons, following irradiation of the aryl-proton, 

concluding that the amino functionality had successfully been inserted into the benzylic 

position.

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 1

ikwil
200 180 160 140 100 80 60 40 20

200 180 160 140 120 100 80 60 40 20
(ppm)

Figure 6.8. ‘H and ‘^C NMR and DEPT 135 spectra o f  6.5.

The 2,3,4-trimethoxyl isomer of 6.4, 6.5 was thus synthesised analogously from 6.13, 

and its ‘H NMR spectrum signals identified well with those observed for 6.4, with the 

only significant changes being the positions of resonance of the benzylic proton, 

resonating at 4.78 ppm in 6.5, and the carbamate proton, now resonating at 5.40 ppm.

13C NMR resonances of 6.5 were equivalent to that of 6.4 exhibiting methylene carbons 

at 19.20, 30.10 and 42.07 ppm, an intense signal at 28.31 ppm indicative of /er/-butyl
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carbons, benzylic carbon at 46.96 ppm and three methoxyl carbons at 55.51, 60.27 and 

61.02 ppm. Other characteristic signals of the Boc protecting group were evident at 

78.98 and 154.54 ppm, assigned to the quaternary and carbonyl carbons, respectively. 

Aryl CH carbon and quaternary carbon signals were observed at 107.7 ppm and 126.14, 

134.63, 144.67, 150.87 and 152.31 ppm with ketonic carbonyl resonance displayed at 

204.69 ppm.

In conclusion, these results confirm the successful synthesis of intermediates 6.5 and 

6.4, and it is postulated that these intermediates may be utilized in future syntheses of 

expressed potential anti-tubulin compounds 6.1 and 6.2, prospective dual inhibitory 

compounds of the 6.3 moiety.
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^um m ar^ .

A series of investigational compounds with colchicine coupled to dicarboxylic amino 

acids and AHPA, were initially synthesised, to probe the optimum chain length with 

minimal disruption to in vitro ITP, whilst maintaining functionality for APN/CD13 

inhibition. Aspartic acid was determined as the optimal linker and subsequently, novel 

dual inhibitory compounds of colchicine-bestatin 4.10-4.12, colchicine-phebestin 4.22- 

4.24 and colchicine-probestin 4.34-4.36 moieties were successfully synthesised, 

incorporating this linker molecule.

The possibility of enzymatic hydrolysis of these dual inhibitory compounds also 

prompted synthesis and in vitro ITP evaluation of a number of peptididic-colchicine 

derivatives. Analysis of ITP results concluded that compounds bearing colchicine 

coupled to protected di- and tripeptide moieties maintained comparative colchicine ITP. 

Synthesis and in vitro APN/CD13 appraisal of series of phebestin and probestin 

analogues pronounced the natural a-amino acid substrates as marginally preferred 

pharmacophores. It was discovered that bestatin derivatives coupled to Asp, 3.26-3.28, 

culminated in significantly greater APN/CD13 inhibition than that of bestatin, with the 

relative probestin, 3.60-3.62, and phebestin, 3.43-3.45, Asp-coupled compounds, while 

exhibiting greater activity than bestatin, displayed excellent, but reduced, activity to 

their parent substrates.

Finally, analysis of combined ITP and APN/CD13 results, ultimately concluded the 

successful synthesis of novel dual-inhibitory drugs with compounds 4.10, 4.11 and 4.24 

exhibiting equipotent and comparable ITP results to the model anti-mitotic compound 

colchicine, and excellent APN/CD13 inhibition, far superior to bestatin, a clinically 

prescribed adjuvant chemotherapeutic drug.

However, dual inhibitory compounds, of the colchicine-probestin series, 4.34-4.36, 

although poor inhibitors of tubulin polymerisation, potently inhibited APN/CD13 with 

analogous in vitro results observed for Asp-probestin derivatives 3.60-3.62, and 

probestin and its analogues 3.58 and 3.59. Therefore, it is postulated that should APN 

mediated enzymatic hydrolysis of latent ITP compounds 4.34-4.36 yield 2.39, with 

comparable ITP to colchicine, these compounds could find use as potential antimitotic
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pro-drugs. Indeed, further in vivo enzymatic hydrolysis of 4.34-4.36 or 2.39 could 

potentially liberate latent #-deacetylcolchicine from these compounds. Future in vitro 

work on theses compounds and analysis of their metabolites is planned.

Successful development and implementation of tubulin extraction, from porcine 

cerebra, and resultant in vitro binding assay was accomplished, and subsequently the 

ITP of a number of novel biaryl antimitotic compounds, synthesised within the research 

group, were evaluated. Results from the assay suggested that a 2,3,4 trimethoxy A-ring, 

double bond at C8-C9, electron donating substituents at C3’ and C4’ and C7 oxo- 

functionalisation were requisite for optimal inhibition of tubulin polymerisation, in this 

class of compound. The most active compound of the three series was 5.57, and in 

general, compounds with a C7 carbonyl group appeared to maintain maximal activity 

compared to analogous compounds in other series. Interestingly, 5.49, which exhibited 

an excellent affinity toward tubulin binding was a mixture of enantiomers. Future 

separation of these stereoisomers is planned, and it is hypothesised that one may exhibit 

even greater ITP activity than that previously observed for the aforementioned 

compounds.

Finally, laborious attempts to synthesise 6,5 and 6.4, intermediates in the potential 

synthesis of prospective biaryl ITP/APN dual inhibitory compounds of the 6.3 moiety, 

was achieved via the dibromo intermediate 6.15 and its 2,3,4-trimethoxybenzosuberone 

isomer. Future work synthesising 6.3 and analogues, is planned.
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(^.liemistry x p e n m cn ta l .

Solvents

All solvents for synthetic work were o f general reagent grade unless otherwise 

specified, and were distilled prior to use. Solvents were dried using standard 

procedures: dichloromethane (DCM) for coupling reaction was distilled over calcium 

hydride immediately prior to use, rejecting any cloudy forerun; tetrahydrofuran (THF) 

was dried by standing over potassium hydroxide pellets overnight, followed by 

distillation over sodium and benzophenone until a violet colour developed. Where 

included in a reaction Scheme, the symbol A signifies that the reaction was heated.

Chromatography

Flash column chromatography was performed using Silica Gel, Grade 9385, 230-400 

mesh, 60 A (Merck Laboratories). For Thin Layer Chromatographic (TLC) procedures, 

aluminium foil plates pre-coated with Silica Gel 60 F2 5 4 , 250 ^m thickness were used 

(Merck Laboratories). TLC plates were visualised under ultraviolet light at 254nm.

Data analysis was collected using the following techniques:

Infrared Spectroscopy (IR) o f test samples was performed on a Perkin Elmer Paragon 

1000 FT-IR. Solid samples were analysed using potassium bromide (KBr) discs, while 

oleaginous samples were analysed as fibns on sodium chloride (NaCl) plates, having 

dispersed the sample in carbon tetrachloride (CCI4). Sample readings are recorded in 

reciprocal centimetres (umax/cm"').

Nuclear Magnetic Resonance (NMR) Spectroscopy was performed using a Bruker 

DPX-400 instrument, at 400.13MHz for proton (*H) magnetic resonance and 

100.61MHz for carbon ('^C) spectra. Spectral analysis was performed using Bruker 

WIN-NMR software. Samples were prepared in deuterated chloroform (CDCI3) unless 

otherwise stated. Resonance positions in ppm were assigned relative to the CHCI3 

resonance at 7.27ppm for 'H  spectra and 76.5, 76.8 and 77.2ppm for '^C spectra. 

Signal descriptions are abbreviated as follows: (s = singlet; d = doublet; t = triplet; dd = 

double doublet; dt = double triplet; ddd = double double doublet; q = quartet, sx =
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sextet, spt = septet; m = multiplet; bm = broad multiplet; bs = broad singlet; Ar-CH and 

-Phen, signifies a proton attached directly to an aromatic ring; Ar-CH the carbon atom 

of an aromatic ring bearing a proton; and QC a quaternary carbon o f an aromatic ring), 

a = Only predominant conformer/diastereomer assignments are shown, and, because in 

most cases the spectra demonstrated multiple conformations, generally with different 

coupling constants, for the different rotamers, J  values have been, for the most part 

omitted.

* = Assignments not confirmed.

Melting points of solid samples were obtained using an Electrothermal apparatus, and 

are uncorrected.

Optical rotations were measured in an AA-10 Automatic Polarimeter, Optical Activity 

Ltd. Recordings are expressed as [a]'’ (c, solvent), where a  is the rotation at 

temperature t, using a concentration c (g ml ') in a specified solvent.

Gas chromatographic-Mass Spectral data (GCMS) was obtained using a Saturn 

GC/MS 2000 [CP-3800 Gas Chromatograph]. Oven temperature was initially 100°C, 

increasing at 15“C per minute to 300°C; run time was 25 minutes; column flow rate was 

Iml/min and column pressure 10 psi. Samples were injected as dilute solutions in 

acetonitrile, and data reported as a fragmentation pattern with ion intensities relative to 

the most intense fragment ion.

High Resolution Mass Spectrometry (HRMS) was performed using a Micromass 

LCT instrument, operating in ES^ mode. Data analysis was performed using MassLynx 

software. Version 3.5.
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( j e n e r a l  p r o c e d u r e s  f o r  tKe S y n t h e s i s  o f  a m id es

MetKod A

To a stirred, cooled (0“C), solution of amino acid (1.795 mmol) in water (2 ml) was 

added a solution of di-/er/-butyl-di-carbonate (B0 C2 O), (3.590 mmol) in /er/-butanol 

('BuOH), (10 ml) and the pH of the resulting mixture adjusted to pH 12 with aq. sodium 

hydroxide (NaOH), (2M). Following stirring, o f the resulting solution at 0“C for 1 

hour, the temperature of the solution was raised to room temperature, and stirred 

overnight. The solution was then evaporated, dissolved in NaOH (2M, 15 ml), and 

finally, washed with diethyl ether (Et20), (15 ml x 3). The pH of the aqueous phase 

was subsequently adjusted with aq. hydrochloric acid (HCl), (IM) to pH 5, and 

extracted with Et20 (15 ml x 4). The combined ethereal extracts were dried over 

anhydrous sodium sulphate (NaS0 4 ), filtered and solvent evaporated to give the title 

product. This was then dried in vacuo for several hours and used without further 

purification in the next step of the synthesis.

Method £>

To a suspension of amino acid (21 mmol) and triethyl amine (EtaN), (5.9 ml, 42 mmol), 

in fi-eshly distilled dimethylformamide (DMF), (40 ml) at 40“C, was added, B0 C2 O 

(5.5g, 25 mmol) and stirred under nitrogen (N2), until the suspension dissolved, 

resulting in a clear solution (about 3 hours). DMF was then evaporated under reduced 

pressure and the subsequent oily residue dissolved in 5% aqueous sodium bicarbonate 

(NaHCOa). The solution was washed with Et20 (50 ml x 3) to remove excess B0 C2O, 

acidified with aq. 2M HCL, and the product extracted with ethyl acetate (EtOAc), (3 x 

100 ml). The extract was dried over anhydrous NaS0 4 , filtered and EtOAc evaporated 

to leave the title product. The products were dried in vacuo for several hours to yield 

the title product.
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M e t h o d  CL

To a stirred solution o f  amine (2.5 mmol) and EtsN (0.4 ml, 2.8 mmol) in 

dichloromethane (DCM), (10 ml) was added B0 C2 O (14.1 mmol), in portions, and the 

resulting mixture stirred at room temperature for 12 hours, under N 2 . The solvent was 

then evaporated and the resulting residue purified using flash column chromatography. 

The subsequent eluent was evaporated to yield the title compound, which was dried in 

vacuo for several hours.

(gen era l procedure for  the £ )ep ro te c t io n  o f  A^-£)oc amides

To a cooled (0“C), stirred solution o f  A^-Boc-amide (1 mmol), in DCM (5 ml), was 

added trifluoroacetic acid (TFA), (5 ml), under an N 2 atmosphere. The solution was 

stirred at this temperature for 1 hour and the solvent removed under reduced pressure. 

Residual TFA was removed azeotropically with toluene (20 ml x 3) and the resulting 

oily trifluoroacetate salts were dried in vacuo and used directly in the subsequent step o f  

the reaction.

( j e n e r a l  proced ures for  the ^ t j n t h c s i s  o f  £)enzyl esters ,  ( 0 5 z l )  

M e t h o d  / \

To a solution o f  sulphuric acid (H2SO4), (3.75 ml) in anhydrous Et20 (37.5 ml), was 

added benzyl alcohol (BnOH), (37.5 ml) and the solution stirred vigorously for 5 

minutes. The Et20 was then evaporated leaving a clear viscous solution, to which was 

added amino acid, (37.6 mmol) in small portions over a period o f 2 hours, and the 

subsequent solution, left stirring at room temperature for a fiirther 24 hours. Absolute 

ethanol (EtOH), (75 ml) was added and then, dropwise with vigorous stirring, pyridine 

(Pyr), (18.6 ml), causing instant precipitation o f  the product and this was left at 0°C 

overnight. The precipitate was then filtered, washed by tituration with Et20 and air- 

dried. Recrystallisation was achieved with boiling H2 O (80 ml) and Pyr (0.5 ml), 

resulting in a white crystalline product, which was dried in vacuo for several hours.
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M e t h o d

A Stirred solution of A -̂Boc amino acid (1.695 mmol) in methanol (MeOH), (4 ml), was 

titurated with an aqueous solution (12 ml) o f cesium carbonate (CS2 CO3 ), (0.85 mmol) 

to pH 8 . The resulting solution was evaporated, azetroped with methanol (15 ml x 3), 

and dried in vacuo, to leave a white crystalline solid, which was reconstituted in DMF 

(20 ml), and the suspension was stirred for 10 minutes. To this stirred suspension was 

added Benzyl bromide (BnBr) (3.39 mmols), and the resultant white suspension, left 

stir at room temperature overnight. Subsequently, H2 O (20 ml) was added to the 

suspension, and the resulting precipitated solution was extracted with Et2 0  (15 ml x 4). 

The combined ethereal extracts were washed with H2 O (20 ml), dried with anhydrous 

NaHS0 4 , filtered and evaporated to afford the title compound as a clear oil which 

crystallized. This was dried in vacuo for several hours.

( j e n e r a l  p r o c e d u r e  fo r  th e  d e p r o t e c t i o n  o f  e s t e r s

To a solution of OBzl-ester (Immol) in EtOH (10 ml) and EtOAc (10 ml), was added, 

under a blanket of N2 , 10% palladium on activated carbon (10% Pd/C) catalyst. The 

solution was stirred vigorously under hydrogen (H2), for 18 hours, and then the catalyst 

was removed by filtration through Celite. The resulting clear solution was concentrated 

in vacuo to give the corresponding free acid as a viscous oil, which was used directly in 

the subsequent coupling step.

( j e n e r a l  p r o c e d u r e s  f o r  th e  s y n t h e s i s  o f  M e t h y l  e s t e r s ,  ( O M ^ )  

M ethod

To a cooled (0°C), stirred solution of A -̂Boc amino acid ( 6  mmoles) in EtOH (40 mis), 

was titurated with diazomethane (CH2N2 ), in Et2 0  until the yellow colour of CH2N2 , 

persisted. After 45 minutes, acetic acid (AcOH) (5 ml) was added to destroy the excess 

CH2 N2 , and the solution was evaporated to leave a yellow oil. The oil was purified 

using flash column chromatography and the eluent evaporated to yielding a pale yellow
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oil, which was dried in vacuo for several hours to yield the title compound as a 

crystalline solid.

M e t K o d

A stirred solution of iV-Boc amino acid (1.695 mmol) in MeOH, (4 ml), was titurated 

with an aqueous solution (12 ml) o f CS2CO3 , (0.85 mmol) to pH 8 . The resulting 

solution was evaporated, azetroped with MeOH (15 ml x 3), and dried in vacuo, to 

leave a white crystalline solid, which was reconstituted in DMF (20 ml), and the 

suspension was stirred for 10 minutes. To this stirred suspension was added methyl 

iodide (Mel) (3.39 mmols), and the resultant white suspension, left stir at room 

temperature overnight. Subsequently, H2O (20 ml) was added to the suspension, and 

the resulting precipitated solution was extracted with Et2 0  (15 ml x 4). The combined 

ethereal extracts were washed with H2 O ( 2 0  ml), dried with anhydrous NaS0 4 , filtered 

and evaporated to afford the title compound as a clear oil, which crystallized. This was 

dried in vacuo for several hours.

C jen era l p r o c e d u r e  fo r  t l ie  d e p r o t e c t i o n  o f  O M ^  e s t e r s

To a stirred solution o f OMe-ester (1 mmol) in MeOH, (4.8 ml) was added an aqueous 

solution o f NaOH (1.2 ml, IM, 0.95 mmol), and the resultant solution stirred at room 

temperature for 6  hours. Subsequently, the solution was cooled to 0°C, adjusted with 

HCl (IM ), to pH 7, and the solvent removed in vacuo. The resulting oUy residue was 

reconstituted wdth DCM (10 ml) and washed with H2O (10 ml x 3), the organic phase 

dried over anhydrous NaS0 4 , filtered, evaporated and dried in vacuo for several hours 

yielding the fi-ee carboxylic acid as an oil.
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( j e n e r a l  p r o c e d u r e  f o r  tKe s y n t h e s i s  o f  Ye n ta f i  u r o p l ie n o l  e s t e r s ,

(orfp)
To a cooled (0°C), stirred solution o f A^-Boc amino acid (1.3 mmoles) and 

pentafluorophenol (P^OH), (1.3 mmoles) in dry DCM (5 ml), under an atmosphere o f  

N 2 was added, N,N'- dicyclohexylcarbodiimide (DCC), (1.3 mmoles) in small portions. 

After 2 hours, when all the PfpOH had reacted, as monitored by tic (mobile phase: Hex: 

EtOAc (4:1)), the white precipitous by-product, dicyclohexylurea (DCU), was removed 

by filtration and the solvent evaporated, yielding a colourless oil. This was purified by 

flash column chromatography (mobile phase: Hex: EtOAc (9:1)), and evaporation o f  

the eluent yielded a white crystalline product, which was dried for several hours in 

vacuo and used in the subsequent step.

( j e n e r a l  f* r o c e d u r e s  f o r  f* e p t id e  (^ .oup ling

M e t h o d  (C o u p l in g  v/3  O T f p

To a cooled (0“C), stirred solution o f  A -̂TFA salt (0.31 mmol) in anhydrous DCM (2 

ml), under N 2 , was added EtsN (0.62 mmol) and OPfp (0.31 mmol). The resulting 

solution was stirred at 0°C, until all o f  OPlp had reacted as monitored by tic (mobile 

phase: Hex: EtOAc (4:1)). The solvent was evaporated, and the resulting residue 

purified by flash column chromatography. Evaporation o f the eluent yielded, an oil, 

which crystallised after drying in vacuo for several hours.

M e t h o d  £): Cl-Oupling via  1- h y d r o x y b e n z o tn a z o le  ( M O E > t )

To a cooled (-10°C), stirred solution o f  A^-Boc-amino acid (peptide acid) (0.31 mmol) 

and A -̂TFA salt (0.31 mmol) in anhydrous DCM (2 ml), under N 2 , was added EtsN 

(0.62mmol), HOBt (0.31 mmoles), and DCC (0.31 mmoles). The resulting solution 

was stirred at -10°C, for 3 hours. The resultant precipitated solution was filtered and 

concentrated to dryness. The oily residue was dissolved in DCM (20 ml), and washed
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successively with saturated aq. NaHC0 3  solution (20 ml), H2 O (20 ml), 10% aq. citric 

acid solution (50 ml), and H2 O (20 ml x 2), dried over anhydrous NaS0 4 , filtered, and 

the solvent evaporated to leave a crude white solid which was purified by flash column 

chromatography. Evaporation o f  the eluent yielded the desired peptide, which was 

dried in vacuo for several hours.

M e t h o d  CL'. (3-Oupling via Z -t>rom o-1 -etKyl pyridinium te tra f l  uoro  b o r a te  ( B E - D

To a cooled (-10°C) stirred solution o f A^-Boc amino acid (or amide) (0.31 mmol), N- 

TFA salt (0.341 mmol) and BEP (0.341 mmol) in anhydrous DCM (1.5 ml), under N 2 , 

was added diisopropylethylamine (DIEA) (0.992 mmol), the solution stirred for I min 

cold and for 1 hour at room temperature. The solution was then washed successively 

with 5% aq. NaHCOa (5 ml), brine (5 ml), aq. 0.5 M citric acid (5 ml) and H2 O (5 ml x 

2), dried over anhydrous NaS0 4 , filtered, and the solvent evaporated to yield the desired 

peptide, which was dried in vacuo for several hours.
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A'-Boc-Colchicine (2.6)'” .

To a stirred solution o f colchicine (4 g, 10 mmol), EtsN (1.6 ml, 11.2 mmol) and N,N- 

’4-(dimethylamino)pyridine (DMAP) (1.36 g, 11.2 mmol), in DCM (40 ml) was added 

B0C2O (12.32 g, 56.4 mmol), in portions, and the resulting mixture stirred at room 

temperature for 12 hours. The subsequent orange solution was washed with HCl (IM, 

40 ml), the organic layer dried over anhydrous Na2S04, filtered and solvent evaporated, 

to yield an oily residue which was purified using flash column chromatography (mobile 

phase: EtOAc, R/̂  = 0.3). The eluent was evaporated, and the product dried in vacuo 

for several hours, yielding the title compound as a pale yellow solid (2.08 g, 45%), with 

the following physical properties: 'H NMR (CDCI3, 400 MHz), 6h: 1.56 (9H, s, 

0 C(CH3)3), 1.97 (IH , m, CH-6), 2.28 (3H, s, NHCOCH3), 2.45-2.69 (3H, m, CH2-5 + 

CH-6), 3.66 (3H, s, OCH3-IO), 3.90 (3H, s, OCH3-I), 3.93 (3H, s, OCH3-2), 3.97 (3H, 

s, OCH3-3), 5.17 (IH , q, J =  6.02 Hz, H-7), 6.53 (IH , s, H-4), 6.77 (IH, d, J =  10.45 

H z ,H -ll) , 7.21 ( lH ,d ,J =  10.45 Hz, H-12), 7.56 (IH , s, H-8). '^C NMR (CDCI3, 100 

MHz) 5c: 27.04 (C(CH3)3), 29.72 (C-5), 32.05 (C-6), 55.60 (OCH3-3 + NHCOCH3),

55.71 (OCH3-I), 57.32 (C-7), 60.82 (OCH3-2), 60.99 (OCH3-IO), 84.19 (C(CH3)3),

106.71 (C-4), 111.24 (C-11), 125.90 (C-4a), 132.44 (C-8), 133.47 (C -la)’, 133.92 (C- 

12), 135.41 (C-12a)*, 141.25 (C-2), 148.38 (C-10), 150.78 (C-7a)*, 152.9(C-3), 153.00 

(NHC0 0 C(CH3)3) 163.49 (C-1), 178.89 (C-9). Unreacted colchicine (2.32 g, 52%) 

was also recovered from the column (mobile phase: EtOAc 9: MeOH 1, R /=  0.4) as a 

pale yellow powder, with he following physical properties: 'H  NMR (CDCI3, 400 

MHz), 5h: 1.82 (IH , m, CH-6), 1.97 (3H, s, NHCOCH3), 2.04 (IH , m, CH-6), 2.37 (IH, 

m, CH-5), 2.54 (IH , m, CH-5), 3.66 (3H, s, OCH3-IO), 3.91 (3H, s, OCH3-I), 3.95 (3H, 

s, OCH3-2), 4.02 (3H, s, OCH3-3), 4.65 (IH , bs, H-7), 6.54 (IH, s, H-4), 6.88 (IH , d, J  

= 10.45 Hz, H-11), 7.33 (IH, d, 10.45 Hz, H-12), 7.61(1H, s, H-8), 8.02 (IH, bs, 

NH-7). '^C NMR (CDCI3, 100 MHz) 5c: 29.84 (C-5), 36.79 (C-6), 51.77 (C-7), 55.92 

(OCH3-3), 56.15 (OCH3-I), 61.07 (OCH3-2), 61.31 (OCH3-IO), 107.32 (C-4), 112.61 

(C-11), 125.01 (C-4a), 130.89 (C-8), 133.76 (C-la)*, 134.86 (C-12), 136.19 (C-12a)*, 

140.99 (C-2), 150.53 (C-10), 151.39 (C-7a)*, 152.97 (C-3), 163.47 (C-1), 178.78 (C-9). 

Data consistent with literature values'^’.
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A^-Boc-Deacetylcolchicine (2.7)'” ,

To a cooled (0°C) solution of 2.6, (2.4 g, 4.8 mmol) in MeOH (10 ml), was added 

sodium methoxide (NaOMe), (0.95 g, 17.6 mmol) and the solution stirred for 30 

minutes. To the resulting suspension was added ammonium chloride (NH4CI) (0.90 g, 

17.6 mmol), the solution filtered, and solvent evaporated. The residue was purified by 

flash column chromatography (mobile phase: EtOAc, R/ = 0.3) and the eluent 

evaporated to yield a pale yellow solid of the title compound. The solid was dried in 

vacuo for several hours to yield 2.7 (2.15 g, 98%) with the following physical 

characteristics: ‘H NMR (CDCI3 , 400 MHz), 6 h: 1.31 (9H, s, OC(CH3)3), 1.63-1.79 

(IH, m, CH-6 ), 2.23 (IH, m, CH-6 ), 2.36 (IH, dt, J =  6.27, 19.59 Hz, CH-5 ), 2.45 (IH, 

dd, J= 6 .2 7 , 13.27 Hz, CH-5), 3.61 (3H, s, OCH3-IO), 3.85 (3H, s, CH3-I), 3.88 (3H, s, 

OCH3-2 ), 3.91 (3H, s, OCH3-3 ), 4.37 (IH, bs, H-7) 5.15 (IH, d, J =  7.45 Hz, NH-Boc), 

6.49 (IH, s, H-4), 6.78 (IH, d ,./=  10.45 H z,H -ll), 7.21 (IH, d, J =  10.45 Hz, H-12), 

7.47 (IH, s, H-8 ). '^C NMR (CDCI3, 100 MHz) 6 c: 28.12 ( € ( ^ 3)3), 29.84 (C-5), 

36.79 (C-6 ), 37.41 (CHj-Asp), 50.48 (CH-Asp), 51.77 (C-7), 52.24 (OCH3-ASP), 55.92 

(OCH3-3 ), 56.15 (OCH3-I), 61.07 (OCH3-2 ), 61.31 (OCH3-IO), 79.08 (C(CH3)3), 

107.32 (C-4), 112.61 (C-11), 125.01 (C-4a), 130.89 (C-8 ), 133.76 (C-la)*, 134.86 (C- 

12), 136.19 (C-12a)*, 140.99 (C-2), 150.53 (C-10), 151.39 (C-7a)*, 152.97 (C-3), 

155.09 (NHC0 0 C(CH3)3) 163.47 (C-1), 168.96 (NHCO-Asp), 171.82 (COOCH3-ASP), 

178.78 (C-9). Data consistent with literature values'” .

NHz-Asp-a-COOH-p-OBzI (2.12)'“ .

The title compound was synthesised utilising the general procedure for synthesis of 

OBzl-esters-Method A, using the following quantities: H2SO4 (7.5 ml), Et2 0  (75 ml), 

BnOH (75 ml) and 2.8 (10 g, 75.13 mmol), and purified and recrystallised using: EtOH 

(150 ml), pyridine (37.2 ml) and, H2O (160 ml) and pyridine (1 ml), to afford the title 

compound as a white crystalline solid. The product was dried in vacuo for several 

hours to yield 2.12 (7.54 g, 45%), with the following physical properties: 'H NMR 

(D2O, 400 MHz), 5h: 2.85 (2H, bm, CH2-Asp), 4.85 (IH, bm, CH-Asp), 5.26 (2H, s, 

CH2-OBZI), 7.46 (5H, s, Ar-H-OBzl). '^C NMR (D2O, 100 MHz) 5c: 35.26 (CHs-Asp),
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49.25 (CH-Asp), 66.31 (CHz-OBzl), 128.26-128.84 (5Ar-CH-0Bzl), 137.22 (QC), 

173.32 (CO), 174.61 (CO). [a]o = 28.25° (c = 1, IM HCl), [a f,=  28.1° (c = 1, IM 

HC1)''’^̂ ^

NH2 -Glu-a-COOH-Y-OBzI (2.13)”‘.

The title compound was synthesised utilising the general procedure for synthesis of 

OBzl-esters-Method A, using the following quantities: H2 SO4  (5.5 ml), Et2 0  (54.6 ml), 

BnOH (54.6 ml) and 2.9 (10 g, 54.61 mmol), and purified and recrystallised using: 

EtOH (110 ml), pyridine (27.3 ml) and, H2 O (110 ml) and pyridine (1 ml), to afford the 

title compound as a white crystalline solid. The product was dried in vacuo for several 

hours to yield 2.13 (8.5 g, 6 6 %), with the following physical properties: 'H  NMR 

(D2 O, 400 MHz), 5h: 2.16 (2H, bm, CH2 -GIU), 2.61 (2H, bm, CH2 -GIU), 3.75 (IH, bm, 

CH-Glu), 5.18 (2H, s, CHs-OBzl), 7.45 (5H, s, Ar-H-OBzl). '^C NMR (D2 O, 100 

MHz) 5 :̂ 25.65 (CHz-Glu), 30.21 (CH2 -GIU), 54.25 (CH-Glu), 67.15 (CH2 -OBZI), 

128.22-128.90 (5Ar-CH-OBzl), 135.80 (QC), 173.47 (CO), 174.57 (CO). NMR Data 

consistent with literature values^^*.

NH2 -DL-Amino Adipic-a-COOH-8-OBzl (2.14)^” .

The title compound was synthesised utilising the general procedure for synthesis of 

OBzl-esters-Method A, using the following quantities: H2SO4 (0.62 ml), Et2 0  (6.2 ml), 

BnOH (6.2 ml) and 2.10 (1 g, 6.2 mmol), and purified and recrystallised using: EtOH 

(12.4 ml), pyridine (1.6 ml) and, H2 O (15 ml) and pyridine (0.1 ml), to afford the title 

compound as a white crystalline solid. The product was dried in vacuo for several 

hours to yield racemic 2.14 (0.45 g, 29%), with the following physical properties: *H 

NMR (D2 O, 400 MHz), 5h: 2.55 (4H, bm, CH2 -AA), 3.19 (2H, bm, CH2 -AA), 4.41 

(IH , bm, CH-AA), 5.88 (2H, s, CHj-OBzl), 8.13 (5H, s, Ar-H-OBzl). NMR Data 

consistent with literature values^”
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iV-Boc-Asp-a-COOH-p-OBzl (2.17)”*.

The title compound was synthesised utilising the general procedure for synthesis of N- 

Boc-amines-Method A, using the following quantities: 2.12 (6 . 6  g, 30.0 mmol), B0 C2 O 

(13.09 g, 60.0 mmol), 'BuOH (21 ml), H2O (30 ml) and NaOH (1.32 g, 33.0 mmol) to 

afford the title compound as a clear oil. The product was dried in vacuo for several 

hours to yield 2.17 (9.01 g, 93%), with the following physical properties: 'H NMR 

(CDCI3 , 400 MHz), 5h: 1.41 (9H, s, OC(CH3)3), 2.88 (IH, bd, J =  12.35 Hz, CH-Asp), 

2.98 (IH, bd, J  = 15.70 Hz, CH-Asp), 4.61 (IH, bm, CH-Asp), 5.07 (2H, s, CH2 - 

OBzl), 5.72 (IH, bd, 8.93 Hz, NH-Asp), 7.27 (5H, s, Ar-H-OBzl), 11.35 (IH, bs, 

COOH-Asp). '^C NMR (CDCI3 , 100 MHz) 8 c: 28.14 (OC(CH3)3), 36.57 (CHa-Asp), 

49.84 (CH-Asp), 66.74 (CHa-OBzl), 79.94 (OC(CH3)3), 128.09-128.45 (5Ar-CH-OBzl), 

134.97 (QC), 155.26 (COOC(CH3)3), 170.43 (CO), 174.68 (CO). NMR Data consistent 

with literature valueŝ *̂.

A^-Boc-Glu-a-COOH-Y-OBzl(2.15)'” .

The title compound was synthesised utilising the general procedure for synthesis of N- 

Boc-amines-Method B, using the following quantities: 2.13 (8.5 g, 35.86 mmol), B0 C2 O 

(15.65 g, 71.72 mmol), DMF ( 6 8  ml), EtsN (7.26 g, 71.72 mmol), to afford the title 

compound as a clear oil. The product was dried in vacuo for several hours to yield 2.15 

(10.75 g, 89%), with the following physical properties: 'H NMR (CDCI3 , 400 MHz), 

5h: 1.45 (9H, s, OC(CH3)3), 2.06 (IH, m, CH-Glu), 2.26 (IH, m, CH-Glu), 2.51 (2H, m, 

CH2 -GIU), 4.37 (IH, bm, CH-Glu), 5.14 (2H, s, CHa-OBzl), 5.25 (IH, bs, NH-Glu), 

7.35 (5H, s, Ar-H-OBzl), 8.49 (IH, bs, COOH-Glu). '^C NMR (CDCI3 , 100 MHz) 5c: 

28.20 (0 C(CH3)3), 27.44 (CHa-Glu), 30.29 (CHj-Glu), 52.73 (CH-Glu), 66.48 (CH2 - 

OBzl), 79.85 (0 C(CH3)3), 125.48-128.49 (5Ar-CH-0Bzl), 135.28 (QC), 155.20

(C00C(CH 3)3), 172.29 (CO), 175.27 (CO). [ a g =  13.1° (c =  1, MeOH). [a ]o  = 

12.9°(c = 2.2, MeOH)''" ^’.
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A '-B oc-D L-Amino Adipic-a-COOH-8-OBzl (2.16)” .̂

The title compound was synthesised utilising the general procedure for synthesis of N- 

Boc-amines-Method B, using the following quantities: 2.14 (450 mg, 1.79 mmol), 

B0 C2 O (782 mg, 3.58 mmol), DMF (5 ml), EtsN (364 mg, 3.58 mmol), to afford the title 

compound as a clear oil. The product was dried in vacuo for several hours to yield 

racemic 2.16 (572 mg, 91%), with the following physical properties: *H NMR (CDCI3 , 

400 MHz), 6 h: 1.45 (9H, s, OC(CH3 )3 ), 1.75 (3H, m, CH2 + CH-AA), 1.91 (IH, m, CH- 

AA), 2.42 (2H, m, CH2 -AA), 4.32 (IH, bm, CH-AA), 5.12 (2H, s, CHj-OBzl), 5.13 

(IH, bs, NH-AA), 7.36 (5H, s, Ar-H-OBzl), 8.05 (IH, bs, COOH-AA). ‘̂ C NMR 

(CDCI3 , 100 MHz) 5c: 20.68 (CH2 -AA), 28.22 (OC(CH3 )3 ), 31.69 (CH2 -AA), 33.55 

(CH2 -AA), 52.95 (CH-AA), 66.26 (CH2 -OBZI), 79.85 (OC(CH3 )3 ), 127.74-128.49 

(5Ar-CH-0Bzl), 135.44 (QC), 155.17 (COOC(CH3 )3 ), 172.56 (CO), 175.61 (CO). 

NMR Data consistent with literature values^^ .̂

A^-Boc-Asp-a-OMe-p-OBzl (2.18)̂ ^®.

The title compound was synthesised utilising the general procedure for synthesis of 

OMe-esters-Method A, using the following quantities: 2.17 (1.94 g, 6  mmol), EtOH (40 

ml), CH2 N2 in Et2 0  (30 ml) and AcOH (5 ml), to afford the title compound as an oil, 

which was purified using flash column chromatography (mobile phase: Hex: EtOAc 

(4:1), R /=  0.25), and the eluent evaporated to yield the product as a pale yellow oil. 

The product was dried in vacuo for several hours to yield 2.18 (1.94 g, 96%) as a 

cr>'stalline solid, with the following physical properties: 'H NMR (CDCI3 , 400 MHz), 

5h: 1.45 (9H, s, OC(CH3 )3 ), 2.84-2.90 (IH, dd, J=  4.93, 16.43 Hz, CH-Asp), 3.00-3.05 

(IH, bdd, J =  3.45, 16.43 Hz, CH-Asp), 3.69 (3H, s, OC^-Asp), 4.59 (IH, bm, CH- 

Asp), 5.13 (2H, s, CH2 -OBZI), 5.50 (IH, bs, NH-Asp), 7.35 (5H, s, Ar-H-OBzl). ‘̂ C 

NMR (CDCI3 , 100 MHz) 5c: 28.21 (OC(CH3 )3 ), 36.84 (CHj-Asp), 49.96 (CH-Asp), 

52.50 (OCH3 ), 6 6 . 6 8  (CH2 -OBZI), 79.62 (OC(CH3 )3), 128.20-128.50 (5Ar-CH-0Bzl), 

134.99 (QC), 154.85 (COOC(CH3 )3 ), 170.19 (CO), 170.97 (CO). NMR Data consistent 

with literature values^^”.
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TV-Boc-Glu-a-OMe-y-OBzl (2.19)'^'.

The title compound was synthesised utilising the general procedure for synthesis of 

OMe-esters-Method A, using the following quantities: 2.15 (2.02 g, 6  mmol), EtOH (40 

ml), CH2N2  in Et2 0  (30 ml) and AcOH (5 ml), to afford the title compound as an oil, 

which was purified using flash column chromatography (mobile phase: Hex: EtOAc 

(4:1), R/= 0.27), and the eluent evaporated to yield the product as a pale yellow oil. 

The product was dried in vacuo for several hours to yield 2.19 (1.97 g, 94%) as a 

crystalline solid, with the following physical properties: ’H NMR (CDCI3 , 400 MHz), 

5h: 1.36 (9H, s, OC(CH3 )3 ), 1.91 (IH, m, CH-Glu), 2.11 (IH, m, CH-Glu), 2.39 (2H, m, 

CH2 -GIU), 3.61 (3H, s, OCH3 -GIU), 4.26 (IH, bm, CH-Glu), 5.03 (2H, s, CHz-OBzl), 

5.45 (IH, bs, NH-Glu), 7.25 (5H, s, Ar-H-OBzl). '^C NMR (CDCI3 , 100 MHz) 6 c: 

28.13 (0 C(CH3)3 ), 27.35 (CHj-Glu), 30.13 (CHz-Glu), 52.06 (OCH3 -GIU), 52.77 (CH- 

Glu), 66.19 (CH2 -OBZI), 79.60 (0 C(CH3 )3 ), 128.05-128.38 (5Ar-CH-0Bzl), 135.40 

(QC), 154.93 (C0 0 C(CH3 )3 ), 171.88 (CO), 172.12 (CO). NMR Data consistent with 

literature values^ '̂.

yV-Boc-DL-Amino Adipic-a-OMe-8-OBzl (2.20).

The title compound was synthesised utilising the general procedure for synthesis of 

OMe-esters-Method A, using the following quantities: 2.16 (572 mg, 1.63 mmol), 

EtOH (12 ml), CH2N 2 in Et2 0  (9 ml) and AcOH (1.5 ml), to afford the title compound 

as an oil, which was purified using flash column chromatography (mobile phase: Hex: 

EtOAc (4:1), R/= 0.30), and the eluent evaporated to yield the product as a pale yellow 

oil. The product was dried in vacuo for several hours to yield racemic 2.20 (523 mg, 

8 8 %) as a crystalline solid, with the following physical properties: 'H NMR (CDCI3 , 

400 MHz), 5h :, 1.38 (9H, s, OC(CH3 )3), 1.63 (3H, m, CH2  + CH-AA), 1.79 (IH, m, 

CH-AA), 2.32 (2H, m, CH2 -AA), 3.63 (3H, s, OCH3 -AA), 4.23 (IH, bm, CH-AA), 5.04 

(2H, s, CHz-OBzl), 5.26 (IH, bs, NH-AA), 7.27 (5H, s, Ar-H-OBzl). ‘̂ C NMR 

(CDCI3 , 100 MHz) 5c: 20.73 (CH2 -AA), 28.16 (OC(CH3 )3 ), 31.71 (CH2 -AA), 33.39 

(CH2 -AA), 51.99 (OCH3 -AA), 53.03 (CH-AA), 66.01 (CH2 -OBZI), 79.11 (OC(CH3 )3),
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127.63-127.99 (5Ar-CH-0Bzl), 135.53 (QC), 154.91 (COOC(CH3)3 ), 172.19 (CO), 

172.48 (CO).

iV-Boc-Asp-a-OMe-P-COOH (2.2

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 2.18 (1.94 g, 5.76 mmol), EtOH (50 ml), 

EtOAc (50 ml) and 10% Pd/C (0.194 g), to afford the title compound as an oil. The 

product was dried in vacuo for several hours to yield 2.21 (1.41 g, 99%), with the 

following physical properties; 'H NMR (CDCI3 , 400 MHz), 5h: 1.41 (9H, s, 

0 C(CH3 )3 ), 2.83 (IH, m, CH-Asp), 2.98 (IH, m, CH-Asp), 3.72 (3H, s, 0 CH3 -Asp), 

4.55 (IH, bm, CH-Asp), 5.60 (IH, bs, NH-Asp), 8.60 (IH, bs, COOH-Asp). *̂ C NMR 

(CDCI3 , 100 MHz) 6 c: 28.14 (OC(CH3 )3 ), 36.53 (CH2 -Asp), 51.88 (CH-Asp), 52.57 

(OCH3 ), 79.83 (0 C(CH3 )3 ), 155.07 (COOC(CH3 )3 ), 171.75 (CO), 174.28 (CO). NMR 

Data consistent with literature values^” .

A^-Boc-Glu-a-OMe-y-COOH (2.22)'".

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 2.19 (1.97 g, 5.61 mmol), EtOH (50 ml), 

EtOAc (50 ml) and 10% Pd/C (0.197 g), to afford the title compound as an oU. The 

product was dried in vacuo for several hours to yield 2.22 (1.45 g, 99%), with the 

following physical properties: ‘H NMR (CDCI3 , 400 MHz), 5h: 1.37 (9H, s,

0 C(CH3 )3), 1.93 (IH, m, CH-Glu), 2.08 (IH, m, CH-Glu), 2.42 (2H, m, CHj-Glu), 3.65 

(3H, s, OCH3 -GIU), 4.35 (IH, bm, CH-Glu), 5.54 (IH, bs, NH-Glu), 8 . 6 6  (IH, bs, 

COOH-Glu). '^C NMR (CDCI3 , 100 MHz) 6 c: 28.16 (OC(CH3 )3 ), 27.42 (CH2 -GIU), 

30.23 (CH2 -GIU), 52.12 (OCH3 -GIU), 52.68 (CH-Glu), 79.89 (OC(CH3 )3 ), 154.93 

(C0 0 C(CH3 )3 ), 171.88 (CO), 174.29 (CO). NMR Data consistent with literature 

values^” .
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iV-Boc-DL-Amino Adipic-a-OMe-8-COOH (2.23).

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 2.20 (523 mg, 1.43 mmol), EtOH (12.5 ml), 

EtOAc (12.5 ml) and 10% Pd/C (52 mg), to afford the title compound as an oil. The 

product was dried in vacuo for several hours to yield 2.23 (394 mg, 99%), with the 

following physical properties: NMR (CDCI3, 400 MHz), 5h: 1.39 (9H, s,

0C(CH3)3), 1.64 (3H, m, CH2 + CH-AA), 1.77 (IH , m, CH-AA), 2.31 (2H, m, CH2- 

AA), 3.65 (3H, s, OCH3-AA), 4.33 (IH , bm, CH-AA), 5.29 (IH , bs, NH-AA), 8.26 

(IH , bs, COOH-AA). '^C NMR (CDCI3, 100 MHz) 6c: 20.61 (CH2-AA), 27.96 

(0 C(CH3)3), 31.63 (CH2-AA), 33.44 (CH2-AA), 51.65 (OCH3-AA), 53.14 (CH-AA), 

79.89 (0C(CH3)3), 154.91 (COOC(CH3)3), 172.19 (CO), 175.48 (CO).

A'-Boc-Asp-a-OMe-p-OPfp (2.24).

The title compound was synthesised utilising the general procedure for synthesis of 

OPfp-esters using the following quantities: 2.21 (1.41 g, 5.71 mmol), PfpOH (1.05 g, 

5.71 mmol), DCC (1.18 g, 5.71 mmol) and DCM (20 ml), to afford the title compound 

as an oil, which was purified using flash column chromatography (mobile phase: Hex: 

EtOAc (9:1), R/ = 0.45), and the eluent evaporated to yield the product as a clear oil. 

The product was dried in vacuo for several hours to yield 2.24 (2.22 g, 91%), with the 

following physical properties: 'H NMR (CDCI3, 400 MHz), 8h: 1.47 (9H, s,

0C(CH3)3), 3.22-3.28 (IH, dd, J =  4.95, 16.63 Hz, CH-Asp), 2.98 (IH , bdd, J=  3.45, 

16.63 Hz, CH-Asp), 3.80 (3H, s, OCHa-Asp), 4.72 (IH , bm, CH-Asp), 5.57 (IH , bs, 

NH-Asp). '^C NMR (CDCI3, 100 MHz) 5c: 28.02 (OC(CH3)3), 36.05 (CH2-Asp), 49.88 

(CH-Asp), 52.87 (OCH3), 80.52 (OC(CH3)3), 155.04 (COOC(CH3)3), 166.49 (CO), 

170.16 (CO).
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A'-Boc-Glu-a-OMe-y-OPfp (2.25).

The title compound was synthesised utilising the general procedure for synthesis of 

OPfp-esters using the following quantities: 2.22 (1.45 g, 5.56 mmol), PfpOH (1.02 g, 

5.56 mmol), DCC (1.14 g, 5.56 mmol) and DCM (20 ml), to afford the title compound 

as an oil, which was purified using flash column chromatography (mobile phase: Hex: 

EtOAc (9:1), R /=  0.52), and the eluent evaporated to yield the product as a clear oil. 

The product was dried in vacuo for several hours to yield 2.25 (2.23 g, 91%), with the 

following physical properties: 'H NMR (CDCI3 , 400 MHz), 5h: 1.39 (9H, s,

0 C(CH3 )3 ), 2.01 (IH, m, CH-Glu), 2.15 (IH, m, CH-Glu), 2.56 (2H, m, CHz-Glu), 3.67 

(3H, s, OCH3 -GIU), 4.22 (IH, bm, CH-Glu), 5.44 (IH, bs, NH-Glu). ’^C NMR (CDCI3 , 

100 MHz) 5c: 28.16 (OC(CH3 )3 ), 27.42 (CHi-Glu), 30.23 (CHz-Glu), 52.06 (OCH3 - 

Glu), 52.68 (CH-Glu), 79.66 (OC(CH3 )3), 155.23 (COOC(CH3 )3 ), 166.29 (CO), 171.88 

(CO),

A^-Boc-DL-Amino Adipic-a-OMe-8-OPfp (2.26).

The title compound was synthesised utilising the general procedure for synthesis of 

OPlp-esters using the following quantities: yield 2.23 (394 mg, 1.433 mmol), PfpOH 

(264 mg, 1.433 mmol), DCC (295 mg, 1.433 mmol) and DCM (5 ml), to afford the title 

compound as an oil, which was purified using flash column chromatography (mobile 

phase: Hex: EtOAc (9:1), R/= 0.54), and the eluent evaporated to yield the product as a 

clear oil. The product was dried in vacuo for several hours to yield 2.26, with the 

following physical properties: 'H NMR (CDCI3 , 400 MHz), 8 h: 1.41 (9H, s,

0 C(CH3 )3 ), 1.70 (3H, m, CH2  + CH-AA), 1.79 (IH, m, CH-AA), 2.36 (2H, m, CH2 - 

AA), 3.69 (3H, s, OCH3 -AA), 4.41 (IH, bm, CH-AA), 5.31 (IH, bs, NH-AA). '^C 

NMR (CDCI3 , 100 MHz) 6 c: 20.62 (CH2 -AA), 28.01 (0 C(CH3 )3 ), 31.52 (CHj-AA), 

33.62 (CH2 -AA), 51.23 (OCH3 -AA), 53.47 (CH-AA), 79.62 (OC(CH3 )3 ), 155.91 

(C00C(CH3)3), 167.23 (CO), 172.19 (CO).
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A'-Boc-Asp-a-OMe-p-Colchicine (2.27).

2.7 was deprotected utilising the general procedure for deprotection of A -̂Boc amines 

using the following quantities: 2.7 (2.15 g, 5.36 mmol), TFA (25 ml) and DCM (25 ml), 

to yield 2.2 as a green solid which was dried in vacuo for several hours to yield 2.2 

(2.50 g, 98%). To a solution of 2.2, (1.35 g, 2.87 mmol), EtsN (0.580 g, 5.73 mmol), 

and DMAP, (0.03 g) in anhydrous DCM (6 ml), was added 2.24, (1.15 g, 2.87 mmol), 

and the resulting solution stirred at room temperature. After 4 hours, when aU of 2.24 

had reacted as monitored by tic (mobile phase: Hex: EtOAc (4:1)), the solvent was 

evaporated and the resulting residue purified by flash column chromatography (mobile 

phase: EtOAc: MeOH (98:2-95:5), R /=  0.62). Evaporation of the eluent yielded the 

title compound 2.27 as a pale yellow solid. The solid was dried in vacuo for several 

hours to yield 2.27, (1.09 g, 65%) with the following physical characteristics: Mpt. = 

110-112°C. IR V;„ar (KBr): 3311.7,2938.4, 1747.2, 1712.4, 1489.1, 1252.7, 1170.8 cm' 

'. 'H NMR (CDCI3, 400 MHz), 5h: 1.29 (9H, s, OC(CH3)3), 1.79-1.80 (IH, m, CH-6), 

2.13-2.15 (IH, m, CH-6), 2.26-2.28 (IH, m, CH-5 ), 2.38-2.39 (IH, m, CH-5), 2.64 

(IH, m, CH-Asp), 2.80 (IH, s, CH-Asp), 3.56 (3H, s, COOCH3), 3.57 (3H, s,OCH3- 10), 

3.79 (3H, s, CH3-I), 3.83 (3H, s, OCH3-2), 3.90 (3H, s, OCHj-S), 4.41 (IH, bs, Asp- 

CH), 4.59 (IH, bs, H-7) 5.89 (IH, bs, Asp-NH), 6.44 (IH, s, H-4), 6.81 (IH, d, J  = 

10.45 Hz, H-11), 7.23 (IH, d, 10.45 Hz, H-12), 7.47 (IH, s, H-8), 8.04 (IH, bs, 

NH-7). '^C NMR (CDCI3, 100 MHz) 6c: 28.12 (C(CH3)3), 29.84 (C-5), 36.79 (C-6 ), 

37.41 (CHz-Asp), 50.48 (CH-Asp), 51.77 (C-7), 52.24 (OCH3-ASP), 55.92 (OCH3-3), 

56.15 (OCH3-I), 61.07 (OCH3-2), 61.31 (OCH3-IO), 79.08 (C(CH3)3), 107.32 (C-4), 

112.61 (C-11), 125.01 (C-4a), 130.89 (C-8), 133.76 (C-la)*, 134.86 (C-12), 136.19 (C- 

12a)*, 140.99 (C-2), 150.53 (C-10), 151.39 (C-7a)*, 152.97 (C-3), 155.09 

(NHC0 0 C(CH3)3) 163.47 (C-1), 168.96 (NHCO-Asp), 171.82 (COOCH3-ASP), 178.78 

(C-9). HRMS m/z-. Calculated: [71̂  = 586.6605, [M+ Na] = 609.2424 Found: 609.5950 

[M + Na], 610.6367 [M + Na + H] Molecular Formula: CjoHsgNaOjo. [ a g  = -194.54° 

(c = 0.81, MeOH).
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A'-Boc-Glu-a-OMe-y-Colchicine (2.28).

To a solution o f 2.2, (1.35 g, 2.87 mmol), EtsN (0.580 g, 5.73 mmol), and DMAP, (0.03 

g) in anhydrous DCM ( 6  ml), was added 2.25, (1.22 g, 2.87 mmol), and the resulting 

solution stirred at room temperature. After 4 hours, when all o f 2.25 had reacted as 

monitored by tic (mobile phase: Hex: EtOAc (4:1)), the solvent was evaporated and the 

resulting residue purified by flash column chromatography (mobile phase: EtOAc: 

MeOH (98:2-95:5), R /=  0.62). Evaporation o f the eluent yielded the title compound as 

a pale yellow solid. The solid was dried in vacuo for several hours to yield 2.28 (1.07 

g, 62%) with the following physical characteristics; Mpt = 108-111°C. IR Vmax (KBr): 

3297.9,2938.7, 1742.8, 1710.3, 1589.3, 1561.0,1489.2, 1253.0, 1170.0,731.5 cm'’. ’H 

NMR (CDCI3, 400 MHz), 5»: 1.43 (9H, s, OC(CH3)3), 1.86 (2H, m, CH2), 2.13-2.12 

(IH , m, CH), 2.2-2.45 (4H, m, 2 CH2 ), 2.55 (IH , dd, J =  6.49, 12.85 Hz, CH), 3.66 (3H, 

s, COOCH3), 3.71 (3H, s, OCH3-IO), 3.91 (3H, s, OCH3-I), 3.95 (3H, s, OCH3-2 ), 4.00 

(3H, s, OCH3-3 ), 4.25 (IH , bs, Boc-NH), 4.67 (IH , m, H-7) 5.22 (IH , bm, CH-Glu), 

6.54 (IH , s, H-4), 6 .8 6  (IH , d, 10.45 Hz, H-11), 7.28 (IH , d, J =  10.45 Hz, H-12), 

7.33 (IH, s, H-8 ), 7.44 (IH, d, J  = 15.52, NH-7). ‘̂ C NMR (CDCI3, 100 MHz) 5c: 

28.24 (C(CH3)3), 28.95 (CHz-Glu), 29.86 (C-5), 32.15 (CHi-Glu), 36.67 (C-6 ), 52.13 

(CH-Glu), 52.29 (C-7), 52.71 (OCH3-GIU), 56.05 (OCH3-3 ), 56.21 (OCH3-I), 61.27 

(OCH3-2 ), 61.40 (OCH3-IO), 79.76 (C(CH3)3), 107.39 (C-4), 112.27 (C-11), 125.27 (C- 

4a), 130.82 (C-8 ), 133.72 (C-la)*, 135.0 (C-12), 135.93 (C-12a)*, 141.25 (C-2), 150.76 

(C-10), 152.18 (C-7a)*, 153.0 (C-3), 155.46 (NHC0 0 C(CH3)3), 163.55 (C-1), 170.97 

(NHCO-Glu), 172.94 (COOCH3-GIU), 178.99 (C-9). HRMS m/z: Calculated: [M\ = 

600.2683, [M + Na] = 623.2581 Found: 623.6710 [M + Na], 624.7248 [M + Na + H]. 

Molecular Formula: C31H40N2O 10. [ a g  = -161.39° (c = 0.92, MeOH).

A'-Boc-DL-Amino Adipic-a-OMe-6-Colchicine (2.29).

To a solution o f 2.2, (1.35 g, 2.87 mmol), Et3N (0.580 g, 5.73 mmol), and DMAP, (0.03 

g) in anhydrous DCM ( 6  ml), was added 2.26, (1.26 g, 2.87 mmol), and the resuhing 

solution stirred at room temperature. After 4 hours, when all o f 2.26 had reacted as 

monitored by tic (mobile phase: Hex: EtOAc (4:1)), the solvent was evaporated and the
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resulting residue purified by flash column chromatography (mobile phase: EtOAc: 

MeOH (98:2-95:5), R /= 0.62). Evaporation o f the eluent yielded the title as a pale 

yellow solid. The solid was dried in vacuo for several hours to yield 2.29 (1.00 g, 57%) 

with the following physical characteristics: IR Vmax (KBr): 3294.7, 2938.7, 1743.1, 

1709.0, 1589.3, 1561.0, 1489.2, 1253.3, 1170.0, 734.5 cm"'. 'H  NMR (CDCI3, 400 

MHz), 5h: 1.43 (9H, s, OC(CH3)3), 1.66 (2H, m, CH2), 1.86 (3H, m, CH + CH2), 2.29 

(3H, m, CH + CH2), 2.45 (IH , dt, 6.49, 12.85, CH-5 ), 2.56 (IH , dd, J =  6.49, 12.85 

Hz, CH-5), 3.65 (3H, s, COOCH3), 3.69 (3H, s, OCH3-IO), 3.91 (3H, s, OCH3-I), 3.94 

(3H, s, OCH3-2 ), 3.98 (3H, s, OCH3-3 ), 4.24 (1, bs, Boc-NH), 4.67 (IH , m, H-7) 5.44 

(IH , bd, J =  8.41 Hz, AA-CH), 6.54 (IH , s, H-4), 6.84 (IH , d, J =  10.45 Hz, H-11), 

7.31 (2H, bd, J =  10.45 Hz, NH-7 + H-12), 7.42 (IH , s, H-8 ). '^C NMR (CDCI3, 100 

MHz) 5c: 28.25 (C(CH3)3), 21.19 (CH2-AA), 29.84 (C-5), 32.01 (CH2-AA), 35.24 

(CH2-AA), 36.84 (C-6 ), 52.07 (CH-AA), 52.16 (C-7), 56.06 (OCH3-AA), 56.06 (OCH3- 

3), 56.25 (OCH3-I), 61.28 (OCH3-2 ), 61.46 (OCH3-IO), 76.75 (C(CH3)3), 107.37 (C-4), 

112.33 (C-11), 125.23 (C-4a), 130.68 (C-8 ), 133.64 (C-la)*, 134.72 (C-12), 135.12 (C- 

12a)’, 141.30 (C-2), 150.79 (C-10), n.o (C-7a)*, 153.05 (C-3), 157.06

(NHC00C(CH3)3) 163.58 (C-1), 171.41 (NHCO-AA), 172.60 (COOCH3-AA), 178.90 

(C-9). HRMS m/z Calculated: [M] = 614.2839, [M + Na] = 637.2737. Found: 

637.7375 [M + Na], 638.7605 [M + Na + H]. Molecular Formula: C32H42N 2O 10

7V-TFA salt-Asp-a-OMe-p-Colchicine (2.30).

The title compound was synthesised utilising the general procedure for deprotection of 

.V-Boc amines using the following quantities: 2.27 (1.09 g, 1.86 mmol), TFA (7 ml) and 

DCM (7 ml), to yield the title compound as a green solid. The product was dried in 

vacuo for several hours to yield 2.30 (1.11 g, 99%), with the following physical 

characteristics: IR (KBr): 3255.4, 2942.5, 1753.9, 1681.3, 1488.9, 1255.5,1201.1, 

1138.4, 735.1 cm '. 'H  NMR (CD3OD, 400 MHz), 5h: 1.99-2.00 (IH , dt, J  = 6.27,

11.80 Hz, CH-6 ), 2.20-2.28 (IH , sp, 6.27 Hz, CH-6 ), 2.32-2.40 (IH , dt, 6.53,

12.80 Hz, CH-5), 2.63-2.67 (IH , dd, J -  5.77, 12.80 Hz, CH-5), 2.99-3.12 (2H, 2 x dd, 

J ‘ = 4.27, 17.10; f  = 5.77, 17.10 Hz, CH2 -Asp), 3.62 (3H, s, OCH3-10), 3.81 (3H, s, 

OCH3-I), 3.89 (3H, s, OCH3-2 ), 3.91 (3H, s, OCH3-3 ), 4.02 (3H, s, COOCH3), 4.32
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(IH , bs, H-7), 4.54 (IH , dd, J =  5.77, 12.00 Hz, Asp-CH), 6.75 (IH, s, H-4), 7.21 (IH, 

d, J =  10 .45H z,H -ll), 7.42(2H, s + d , J =  10.45 Hz, H - 8  + H-12). '^CNM R(CD 3 0 D 

100 MHz) 6 c: 28.62 (C-5), 33.38 (C-6 ), 35.59 (CH2-Asp), 48.78 (CH-Asp), 51.92 (C-7), 

52.10 (OCHs-Asp), 54.84 (OCH3-3 ), 55.27 (OCH3-I), 59.79 (OCH3-2 ), 58.98 (OCH3- 

10), 106.98 (C-4), 113.39 (C-11), 124.76 (C-4a), 129.45 (C-8 ), 134.09 (C-la)*, 136.04 

(C-12), 136.71 (C-12a)*, 140.85 (C-2), 150.25 (C-10), 151.99 (C-7a)*, 152.42 (C-3), 

163.58 (C-1), 168.07 (NHCO-Asp), 168.41 (COOCH3-ASP), 178.98 (C-9). '^F NMR 

(CD3OD) 5f: -77.43. HRMS m/z\ Calculated: [M + H] = 487.2080, [M + Na] = 

509.1900. Found: 487.5687 {M + H], 509.5561 [M + Na] Molecular Formula:

C 2 5 H 3 0 N 2 O 8

A -̂TFA salt-Glu-a-OMe-y-Colchicine (2.31).

The title compound was synthesised utilising the general procedure for deprotection of 

7V-Boc amines using the following quantities: 2.28 (950 mg, 1.59 mmol), TFA ( 8  ml) 

and DCM ( 8  ml), to yield the title compound as a green solid. The product was dried in 

vacuo for several hours to yield 2.31, (780 mg, 98%), and was used without further 

purification in the next step o f the synthesis. IR v^ax (KBr): 3397.9, 2942.7, 1749.8, 

1681.3, 1538.1, 1489.2, 1255.0, 1203.1, 1139.2, 724.5 cm'*. ’H NMR (CDCI3, 400 

MHz), 5h: 1.97 (IH , m, CH), 2.13-2.36 (4H, m, 2CH2), 2.59 (3H, m, CH + CH2), 3.62 

(3H, s, COOCH3), 3.83 (3H, s, OCH3-IO), 3.89 (3H, s, OCH3-I), 3.90 (3H, s, OCH3-2), 

4.02 (3H, s, OCH3-3 ), 4.16 (IH , m, H-7) 4.52 (IH , bm, Glu-CH), 6.75 (IH , s, H-4), 

7.25 (IH , d, 10.45 Hz, H-11), 7.42 (2H, s + d, J =  10.45 Hz, H- 8  + H-12). '^C 

NMR (CDCI3, 100 MHz) 6 c: 25.12 (CH2-GIU), 28.65 (C-5), 30.14 (CHz-Glu), 35.47 (C- 

6 ), 51.63 (CH-Glu), 51.92 (OCH3-GIU), 52.06 (C-7), 54.88 (OCH3-3 ), 55.41 (OCH3-I), 

59.84 (OCH3-2), 59.99 (OCH3-IO), 107.02 (C-4), 113.53 (C-11), 124.81 (C-4a), 129.46 

(C-8 ), 134.18 (C-la)*, 136.02 (C-12), 136.94 (C-12a)*, 140.83 (C-2), 150.24 (C-10), 

152.52 (C-7a)*, 153.40 (C-3), 163.53 (C-1), 168.47 (NHCO-Glu), 171.52 (COOCH3- 

Glu), 178.92 (C-9). ' “̂F NMR (CD3OD) 6 p: -77.47. HRMS m/z Calculated: [M + H] = 

501.2237, [M + Na] = 523.2056. Found: 501.6002 [M + H], 523.5996 [M + Na] 

Molecular Formula: C26H32N2O8

202



Chapter 2 Experimental.

A^-TFA salt-DL-Amino Adipic-a-OMe-8-Colchicine (2.32).

The title compound was synthesised utilising the general procedure for deprotection o f 

7V-Boc amines using the following quantities; 2.29 (50 mg, 81.43 i^mol), TFA (410 |j.l) 

and DCM (410 ^1), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield 2.32, (50.4 mg, 98%), with the following physical 

characteristics: IR (KBr): 3267.9, 2942.2, 1750.1, 1681.5, 1589.3, 1537.9, 1488.8, 

1255.3, 1201.4, 1138.4, 735.3 cm’’. 'H  NMR (CDCI3, 400 MHz), 6h : 1.69-1.78 (2H, 

m, CH2), 1.80-1.96 (3H, m, CH + CHi), 2.22 (IH, m, CH), 2.33-2.37 (3H, m, CH + 

CH2), 2.65 (IH , m, CH), 3.62 (3H, s, COOCH3), 3.83 (3H, s, OCH3-IO), 3.89 (3H, s, 

OCH3-I), 3.91 (3H, s, OCH3-2 ), 4.02 (3H, s, OCH3-3 ), 4.02 (IH , bs AA-CH,), 4.52 

(IH, dd, J =  6.27, 11.5, H-7), 6.75 (IH, s, H-4), 7.25 (IH, d, J =  10.45 Hz, H-11), 7.25 

(2H, bd, J -  10.45 Hz, H - 8  + H-12). NMR (CDCI3, 100 MHz) 5c: 21.17 (CH2-AA), 

29.08 (C-5), 33.62 (CH2-AA), 33.70 (CH2-AA), 35.39 (C-6 ), 51.87 (CH-AA), 51.92 (C- 

7), 52.00 (OCH3-AA), 54.86 (OCH3-3 ), 55.31 (OCH3-I), 59.84 (OCH3-2 ), 59.99 

(OCH3-IO), 107.02 (C-4), 113.52 (C-11), 124.84 (C-4a), 129.37 (C-8 ), 134.17 (C-la)*, 

136.01 (C-12), 136.89 (C-12a)*, 140.85 (C-2), 150.27 (C-10), 152.51 (C-7a)*, 153.45 

(C-3), 163.59 (C-1), 168.93 (NHCO-AA), 172.61 (COOCH3-AA), 178.87 (C-9). 

HRMS m/z Calculated: [M + H] = 515.2313, [M + Na] = 537.2213. Found: 515.6010 

[M + H], 537.5890 [M + Na], 538.6065 [M + Na +H] Molecular Formula: C27H34N2O8.

A^-Boc-AHPA-Asp-a-OMe-p-Colchicine (2.33).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 2.30 (115 mg, 0.20 mmol), 3.14 

(90.3 mg, 0.20 mmol), Et3N (39 mg 0.39 ^imol), and DCM (1 ml). The residue was 

purified using flash column chromatography (mobile phase: EtOAc: MeOH (95:5)) to 

afford the title compound as a yellow solid (mobile phase: EtOAc; MeOH (9:1), R/ = 

0.375). The product was dried in vacuo for several hours to yield 2.33 (55.3 mg, 37%), 

with the following physical characteristics: IR Vmwc (KBr): 3325.4, 2936.0, 1743.0, 

1680.2, 1678.0, 1510.3, 1492.1, 1365.9, 1253.3, 1172.8, 1095.6, 735.5, 701.6 cm‘‘. 'H 

NMR (CDCI3, 400 MHz), 8 h: 1.31 (9H, s, OC(CH3)3), 1.98 (IH, m, CH-6 ), 2.18 (IH,
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sp, J  = 6.27 Hz, CH-6), 2.46 (IH, dt, J =  6.53, 12.80 Hz, CH-5 ), 2.51 (IH, dd, J  = 

5.77, 12.80 Hz, CH-5), 2.82 (2H, bm, CHj-Asp), 3.07 (2H, bm, CH2-AHPA), 3.64 (3H, 

s, COOCH3), 3.65 (3H, s, OCH3-IO), 3.70 (IH, m, CH), 3.88 (3H, s, OCH3-I), 3.92 

(3H, s, OCH3-2 ), 4.00 (3H, s, OCH3-3 ), 4.06 (IH, bs, CH), 4.51 (IH, bs, Asp-CH), 4.75 

(IH, bs, H-7), 6.42 (IH, bs, AHPA-NH), 6.51 (IH, s, H-4), 6.93 (IH, d, J =  10.45 Hz, 

H-11), 7.14-7.38 (7H, m, H-8 , H-12 + AHPA-Phen), 7.55 (2H, bs, NH-7 + NH-Asp). 

'^C NMR (CDCI3, 100 MHz) 5c: 27.70 ( € ( ^ 3)3), 29.36 (C-5), 31.25 (C-6 ), 35.78 

(CHz-Asp), 38.31 (CH2-AHPA), 49.02 (CH-Asp), 52.03 (OCH3-ASP), 52.44 (C-7), 

55.68 (OCH3-3 ), 56.01 (OCH3-I), 60.79 (OCH3-2 ), 61.06 (OCH3-IO), 60.33 (CHNH- 

AHPA), 71.24, (CHOH-AHPA), 79.18 (C(CH3)3), 106.83 (C-4), n.o (C-11), 124.89 (C- 

4a), 125.78, 127.81, 129.06 (Phen-AHPA), 130.49 (C-8 ), 133.77 (C-la)*, 135.60 (C- 

12), 136.90 (C-12a)*, 141.16 (C-2), 150.60 (C-10), 151.46 (C-7a)*, 153.18 (C-3), 

156.16 (NHCOOC(CH3)3), 163.87 (C-1), 168.96 (NHCO-AHPA + NHCO-Asp), 

171.82 (COOCHj-Asp), 178.28 (C-9). HRMS m/z\ Calculated: [A/+ Na] = 786.3214. 

Found: 786.7994 [M+ Na], 787.8409 [M+ Na + H] Molecular Formula: C40H49N3O 12 

= -185.21°(c = 0.81, MeOH).

A^-Boc-AHPA-Glu-a-OMe-y-Colchicine (2.34).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 2.31 (91 mg, 0.15 mmol), 3.14 ( 6 8  

mg, 0.15 mmol) Et3N (30 mg 0.29 mmol), and DCM (1 ml). The residue was purified 

using flash column chromatography (mobile phase: EtOAc: MeOH (95:5)) to afford the 

title compound as a yellow solid (mobile phase: EtOAc: MeOH (9:1), R/= 0.375). The 

product was dried in vacuo for several hours to yield 2.34 (47.1 mg, 41%), with the 

following physical characteristics: IR Vmca (KBr): 3323.4, 2938.1, 1745.7, 1708.9, 

1673.7, 1520.1, 1495.3, 1252.7, 1172.0, 735.7, 701.1 cm’’. ‘H NMR (CDCI3 + 

CD3OD, 400 MHz), 8 h: 1.29 (9H, s, OC(CH3)3), 1.98-2.02 (IH, m, CH), 2.16-2.47 (4H, 

m, 2 CH2), 2.59 (IH, bs, CH), 2.82-2.95 (2H, m, CH2), 3.42 (2H, bm, CH2-AHPA), 3.64 

(3H, s, COOCH3), 3.65 (3H, s, OCH3-IO), 3.70 (IH, m, CH), 3.88 (3H, s, OCH3-I), 

3.92 (3H, s, OCH3-2 ), 4.00 (3H, s, OCH3-3 ), 4.06 (IH, bs, CH), 4.19 (IH, bs, CH), 4.26 

(IH, bs, CH), 4.54 (IH, bs, CH), 6.67 (IH, s, H-4), 7.07 (IH, d, 10.45 Hz, H-11),
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7.10-7.43 (7H, m, H-8 , H-12 + AHPA-Phen). '^C NMR (CDCI3 + CD3OD, 100 MHz) 

5c: 26.94 ( € ( ^ 3)3), 28.16 (C-5), 28.69 (C-6 ), 31.27 (CHz-Glu), 35.20 (CHj-Glu), 

37.19 (CH2-AHPA), 52.06 (CH-Glu), 51.63 (OCH3-GIU), 53.69 (C-7), 54.78 (OCH3- 

3), 55.09 (OCH3-I), 59.95 (OCH3-2 ), 60.08 (OCH3-IO), 66.85 (CHNH-AHPA), 71.18, 

(CHOH-AHPA), 78.41 ( £ ( ^ 3)3), 106.68 (C-4), 113.65 (C-11), 124.66 (C-4a), 125.29, 

127.28, 128.40 (Phen-AHPA) 128.60 (C-8 ), 129.56 (C-la)*, 133.83 (C-12), 137.38 (C- 

12a)*, 140.44 (C-2), 149.99 (C-10), 152.05 (C-7a)*, 152.78 (C-3), 155.63 

(NHC0 0 C(CH3)3), 163.10 (C-1), 172.34 (NHCO-AHPA + NHCO-Glu), 172.65 

(COOCH3-GIU), 178.61 (C-9). HRMS m/z: Calculated: [M + Na] = 800.3371. Found: 

800.8704 [M + Na], 801.8735 [M + Na + H] Molecular Formula: C41H51N3O 12 

[afo = -156.1 l°(c  = 0.73, MeOH).

A^-Boc-AHPA-DL-Amino Adipic-a-OMe-8-Colchicine (2.35).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities; 2.32 (142 mg, 0.23 mmol), 3.14 

(107 mg, 0.23 mmol), Et3N (47 mg 0.46 mmol), and DCM (2 ml). The residue was 

purified using flash column chromatography (mobile phase: EtOAc: MeOH (95:5)) to 

afford the title compound as a yellow solid (mobile phase: EtOAc: MeOH (9:1), R/ = 

0.375). The product was dried in vacuo for several hours to yield 2.35, with the 

following physical characteristics: Mpt = 130-133“C. IR Vmax (KBr): 3325.8, 2937.8, 

1741.6, 1685.2, 1677.2, 1534.5, 1253.1, 1173.8, 1137.5, 735.2, 701.6 cm'*. 'H  NMR 

(CDCI3, 400 MHz), 5h: 1.28 (9H, s, OC(CH3)3), 1.59-1.66 (3H, m, CH2 + CH), 1.89- 

2.03 (3H, m, CH + CH2), 2.19 (IH , bs, CH), 2.33 (IH , bs, CH), 2.49 (IH , bs, CH), 2.96 

(2H, bm, CH2 -AHPA), 3.63 (3H, s, COOCH3 ), 3.65 (3H, s, OCH3-IO), 3.89 (3H, s, 

OCH3 -I), 3.93 (3H, s, OCH3-2 ), 3.99 (3H, s, OCH3 -3 ), 4.21 (IH , bs, CH), 4.41 (IH , bs, 

CH), 4.58 (IH, bs, CH), 4.92 (IH , bs, CH), 6.54 (IH , s, H-4), 6.98 (IH , m, H-11), 

7.20-7.28 (5H, m, AHPA-Phen), 7.39-7.51 (2H, m, H - 8  + H-12), 7.71-8.24 (2H, bm, 

2NHC0). '^C NMR (CDCI3, 100 MHz) 5c: 20.50 (CH2-AA), 27.69(C(CH3)3), 29.17 

(C-5), 29.52 (C-6 ), 31.18 (CH2-AA), 31.58 (CH2 -AA), 35.95 (CH2-AHPA), 51.86 (CH- 

AA), 51.86 (OCH3-AA), 52.16 (C-7), 55.64 (OCHj-S), 55.96 (OCH3-I), 59.87 (OCH3- 

2), 60.84 (OCH3-IO), 61.12 (CHNH-AHPA), 71.71 (CHOH-AHPA), 79.63 (C(CH3)3),
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107.06 (C-4), 114.20 (C-11), 124.97 (C-4a), 125.77, 127.82 (Phen-AHPA) 129.17 (C- 

8 ), 130.11 (C-la)*, 134.06 (C-12), 137.98 (C-12a)*, 141.22 (C-2), 145.81 (C-10), 

150.69 (C-7a)\ 153.20 (C-3), 155.77 (NHCOOC(CH3)3) 163.47 (C-1), 172.29 (NHCO- 

AHPA + NHCO-AA), 172.48 (COOCH3-AA), 178.77 (C-9). HRMS m/z: Calculated: 

[M + H] = 792.3708. Found: 792.8214 [M + H], 793.8669 [M + 2H] Molecular 

Formula: C42H53N3 0 j2 .

A -̂TFA salt-AHPA-Asp-a-OMe-Y-Colchicine

The title compound was synthesised utilising the general procedure for deprotection of 

Â -Boc amines using the following quantities: 2.33 (55.3g, 72.48 jimol), TFA (360 )il) 

and DCM (360 (xl), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield 7V-TFA salt-2.33, (55.2 mg, 98%), with the following 

physical characteristics: IR Vmax (KBr): 3391.4, 2945.7, 1746.6, 1702.1, 1686.1, 1651.6, 

1510.3,m 1454.6, 1259.8, 1201.4, 1138.5, 748.2, 702.3 cm''. ’H NMR (CD3OD, 400 

MHz), 5h: 1.96 (IH, bs, CH-6 ), 2.20 (IH, bs, CH-6 ), 2.33 (IH, bs, CH-5), 2.62 (IH, bs, 

CH-5), 2.98-3.10 (4H, bm, CHj-Asp + CH2-AHPA), 3.64 (3H, s, COOCH3), 3.62 (3H, 

s, OCH3-IO), 3.69 (IH, m, CH), 3.89 (3H, s, OCH3-I), 3.90 (3H, s, OCH3-2 ), 4.50 (I, 

bm CH), 6.74 (IH, s, H-4), 7.21-7.45 (8 H, m, H-11, H-8 , H-12 + AHPA-Phen). ‘̂ C 

NMR (CD3OD, 100 MHz) 5e: 28.63 (C-5), 34.70 (C-6 ), 35.48 (CHj-Asp), 35.59 (CH2- 

AHPA), 48.42 (CH-Asp), 51.42 (OCHa-Asp), 51.91 (CHNH-AHPA), 54.27 (C-7), 

54.85 (OCH3-3 ), 55.34 (OCH3-I), 59.80 (OCH3-2 ), 60.03 (OCH3-IO), 67.90, (CHOH- 

AHPA), 106.94 (C-4), 113.54 (C-ll), 124.75 (C-4a), 126.67, 128.23, 128.63 (Phen- 

AHPA), 129.56 (C-8 ), 134.10 (C-la)*, 134.88 (C-12), 136.11 (C-12a)*, 140.83 (C-2), 

150.24 (C-10), 152.13 (C-7a)*, 153.42 (C-3), 163.59 (C-1), 169.71 (NHCO), 170.76 

(NHCO), 171.37 (COOCH3-ASP), 178.98 (C-9). HRMS m/z\ Calculated: [M + H] -  

664.2870, [M + Na] = 686.2690. Found: 664.7741 [M + H], 686.7464 [M + Na], 

687.7637 [M+ Na + H], Molecular Formula: C35H41N3O10.
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7V-TFA salt-AHPA-Glu-a-OMe-y-CoIchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities: 2.34 (47.1 mg, 60.62 |o,mol), TFA (300 |j.l) 

and DCM (300 [xl), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A -̂TFA salt-2.34, (47.7 mg, 99%), with the following 

physical characteristics: IR Vmax (KBr): 3270.0, 2942.4, 1738.7, 1694.0, 1683.4, 1651.7, 

1530.0, 1455.2, 1258.8, 1203.3, 1139.3, 746.3, 702.5 cm''. 'H NMR (CD3OD, 400 

MHz), 5h: 1.94 (IH, m, CH), 2.07 (IH, m, CH), 2.18 (2H, bs, CH2), 2.33-2.43 (3H, m, 

CH2 + CH), 2.62 (IH, bs, CH), 2.98-3.09 (2H, bm, CH2-AHPA), 3.63 (3H, s, 

COOCH3), 3.70 (3H, s, OCH3-10), 3.84 (4H, s, OCH3-I + CH), 3.90 (3H, s, OCH3-2 ), 

4.01 (3H, s, OCH3-3 ), 4.10 (IH, bs, CH), 4.39 (IH, bs, CH), 4.50 (IH, bs, CH), 6.75 

(IH, s, H-4), 7.30-7.41 (8 H, m, H-11, H-8 , H-12 + AHPA-Phen). ‘̂ C NMR (CD3OD, 

100 MHz) 5c: 25.83 (CHz-Glu), 28.67 (C-5), 30.74 (C-6 ), 34.67 (CHz-Glu), 35.47 

(CH2-AHPA), 51.15 (CH-Glu), 51.57 (OCH3-GIU), 51.94 (C-7), 54.33 (OCH3-3 ), 54.86 

(OCH3-I), 59.86 (OCH3-2 ), 60.10 (OCH3-IO), 60.54 (CHNH-AHPA), 67.98, (CHOH- 

AHPA), 107.00 (C-4), 113.39 (C-11), 124.88 (C-4a), 126.68, 128.24, 128.63 (Phen- 

AHPA) 129.50 (C-8 ), 134.17 (C-la)*, 134.89 (C-12), 135.92 (C-12a)*, 140.83 (C-2), 

150.27 (C-10), 152.38 (C-7a)', 153.37 (C-3), 163.57 (C-1), 171.53 (NHCO-AHPA), 

171.73 (NHCO-Glu), 172.40 (COOCH3-GIU), 178.95 (C-9). HRMS m/z\ Calculated: 

[M+ H] = 678.3027. Found; 678.7672 [M + H] Molecular Formula: C36H43N3O 10.

A^-TFA salt-AHPA-DL-Amino Adipic-a-OMe-y-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

N-Boc amines using the following quantities: 2.35 (50 mg, 63.21 ^imol), TFA (320 1̂) 

and DCM (320 [il), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield iV-TFA salt-2.36, (50.1 mg, 98%), with the following 

physical characteristics: IR Vmax (KBr): 3384.8, 2942.6, 1681.5 (br), 1538.3, 1252.9, 

1207.3, 1139.3, 800.1, 723.4, 702.0 cm'*. 'H NMR (CD3OD, 400 MHz), 8 h: 1.67-1.98 

(5H, m, 2 CH2 + CH), 2.21-2.45 (4H, m, CH2 + CH2), 2.64 (IH, bs, CH), 3.02 + 3.15 

(2H, 2bm, CH2-AHPA), 3.62 (3H, s, COOCH3), 3.74 (3H, s, OCH3-10), 3.83 (IH, bs,
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CH), 3.89 (3H, s, OCH3-I), 3.90 (3H, s, OCH3-2 ), 4.04 (3H, s, OCH3-3 ), 4.16 (IH, bs, 

CH), 4.48 (2H, bs, 2CH), 6.76 (IH, s, H-4), 7.34 (6 H, m, AHPA-Phen +J1-11), 7.44 

(2H, m, H- 8  + H-12). '^C NMR (CD3OD, 100 MHz) 6 c: 21.24 (CH2-AA), 28.67 

(C(CH3)3), 29.57 (C-5), 29.87 (C-6 ), 33.87 (CH2-AA), 34.64 (CH2-AA), 35.43 (CH2- 

AHPA), 51.11 (CH-AA), 51.43 (OCH3-AA), 51.95 (C-7), 54.90 (OCH3-3 ), 55.55 

(OCH3-I), 59.85 (OCH3-2 ), 60.06 (OCH3-IO), 60.08 (CHNH-AHPA), 68.22 (CHOH- 

AHPA), 107.05 (C-4), 113.82 (C-11), 124.79 (C-4a), 126.67, 128.22, 128.68 (Phen- 

AHPA), 129.62 (C-8 ), 134.20 (C-la)*, 134.89 (C-12), 136.14 (C-12a)*, 137.25 (C-2), 

140.84 (C-10), 150.25 (C-7a)’, 153.43 (C-3), 163.50 (C-1), 171.74 (NHCO-AHPA), 

172.38 (NHCO-AA), 173.12 (COOCH3-AA), 178.76 (C-9). HRMS m/z\ Calculated; 

[M + H] = 692.3183, [M +N a] = 714.3003 Found: 692.8170 [M +H ], 714.8383 [M + 

Na], 715.8310 [A/+ Na + H] Molecular Formula: C37H45N3O 10.

A -̂TFA salt-Asp-a-COOH-P-Colchicine (2.39).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 2.27 (100 mg, 0.18 mmol), NaOH (210 |il, 

0.162 mmol) and MeOH (850 |j,l) superseded by deprotection of the A -̂Boc, using the 

general procedure, with the subsequent quantities; 2.27-a-COOH (100 mg, 0.18 mmol), 

TFA (500 p.1) and DCM (500 |il), to afford the title compound as an oil. The product 

was dried in vacuo for several hours, yielding 2.39 (65 mg, 78%), with the following 

physical characteristics: IRvOTox(KBr); 3413.3,2952.5, 1685.7, 1670.3, 1486.7, 1256.5, 

11.88.3, 1135.9, 1083.5 cm''. ‘H NMR (CD3OD, 400 MHz), 6 h: 1.97 (IH, bm, CH), 

2.23 (IH, bm, CH), 2.36 (IH, bm, CH), 2.64 (IH, bm, CH), 3.07 (2H, bm, CH2), 3.62 

(3H, s, OCH3), 3.81 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.90 (3H, s, OCH3), 4.34 (IH, 

bm, CH), 4.52 (IH, bm, CH), 6.75 (IH, bs, CH), 7.34 (IH, bm, CH), 7.41 (2H, bm, 2 x 

CH). '^C NMR (CD3OD 100 MHz) 5c: 28.62 (C-5), 33.38 (C-6 ), 35.55 (CH2-Asp), 

48.78 (CH-Asp), 51.92 (C-7), 54.84 (OCH3-3 ), 55.27 (OCH3-I), 59.79 (OCH3-2 ), 58.98 

(OCH3-IO), 106.98 (C-4), 113.39 (C-11), 124.76 (C-4a), 129.45 (C-8 ), 134.09 (C-la)*, 

136.04 (C-12), 136.70 (C-12a)*, 140.85 (C-2), 150.25 (C-10), 151.99 (C-7a)*, 153.42 

(C-3), 163.58 (C-1), 168.07 (NHCO-Asp), 178.98 (C-9). ' “"F NMR (CD3OD 400MHz) 

6 f: -77.43. HRMS m/z: Calculated: [M+ Na] = 495.1713. Found: 473.5527 [M + Na],
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474.5812 [M+ Na + H] Molecular Formula: C24H2gN20g. [a],j = -77.96° (c = 0.67, 

MeOH).

Â -TFA salt-Glu-o-COOH-y-Colchicine (2.40).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 2,28 (100 mg, 0.17 mmol), NaOH (190 |j,l, 

0.16 mmol) and MeOH (800 |j,l) superseded by deprotection of jV-Boc amines, using the 

general procedure, with the subsequent quantities: 2.28-a-COOH (100 mg, 0.167 

mmol), TFA (840 |xl) and DCM (840 |al), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 2.40 (79.5 mg, 79%), with the 

following physical characteristics: IR Vmax (KBr): 3402,8, 2931.7, 1690.9, 1675.2, 

1645.2, 1251.0, 1198.7, 1141.1, 1094.0, 717.0 cm*'. 'H NMR (CDCI3 + CD3OD, 400 

MHz), 8 h: 1.71-3.01 (8 H, bm, 4 x CH2 ), 3.59 (3H, bs, OCH3), 3.85 (3H, bs, OCH3), 

3.90 (3H, bs, OCH3), 4.01 (3H, bs, OCH3 ), 6.62 (IH, bs, CH), 7.14-7.76 (3H, bm, 3 x 

CH). '^C NMR (CDCI3 + CD3OD, 100 MHz) 5c: 25.72 (CHi-Glu), 29.19 (C-5), 30.89 

(CH2-GIU), 35.49 (C-6 ), 52.06 (CH-Glu), 52.07 (C-7), 55.49 (OCH3-3 ), 55.84 (OCH3- 

1), 50.69 (OCH3-2 ), 60.75 (OCH3-IO), 107.07 (C-4), 113.63 (C-11), 124.72 (C-4a), 

130.06 (C-8 ), 134.06 (C-la)*, 136.00 (C-12), 137.33 (C-12a)*, 140.87 (C-2), 150.33 (C- 

10), 152.81 (C-7a)*, 153.26 (C-3), 163.42 (C-1), 172.00 (NHCO-Glu), 178.92 (C-9).

NMR (CD3OD 400MHz) 5f: -76.5. HRMS m/z Calculated: [M + H] = 487.2080 

Found: 487.5687 [M+ H], 488.6123 [M+ 2H] Molecular Formula: C25H30N2O8 .

[ a g  = -120.3“ (c = 0.80, MeOH).

A'-TFA salt-DL-Amino Adipic-a-OMe-8-Colchicine (2.41).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 2.29 (50 mg, 97.28 jxmol), NaOH (110 |4.1, 

92.41 jxmol) and MeOH (470 îl) superseded by deprotection of Â -Boc amines, using 

the general procedure, with the subsequent quantities: 2.29-a-COOH (50 mg, 97.28 

jxmol), TFA (490 f̂ l) and DCM (490 |o,l), to afford the title compound as an oil. The
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product was dried in vacuo for several hours, yielding 2.41 (46 mg, 91%), with the 

following physical characteristics: IR Vmax (KBr): 3267.9, 2942.2, 1750.1, 1681.5,

1589.3, 1537.9, 1488.8, 1255.3, 1201.4, 1138.4, 735.3 cm''. *H NMR (CDCI3, 400 

MHz), 5h: 1.7-2.74 (lOH, bm, 5 x CH2), 3.60 (3H, bs, OCH3), 3.84 (3H, bs, OCH3), 

3.90 (3H, bs, OCH3), 4.02 (3H, bs, OCH3), 6.84 (IH, bs, CH), 7.27 (IH, bs, CH), 7.42 

(2H, bs, 2 X CH). ‘̂ C NMR (CDCI3, 100 MHz) 6 :̂ 20.60 (CH2-AA), 28.52 (C-5), 29.49 

(CH2-AA), 34.12 (CH2-AA), 35.17 (C-6 ), 51.87 (CH-AA), 52.25 (C-7), 55.41 (OCH3- 

3), 55.86 (OCH3-I), 60.72 (OCH3-IO + OCH3-2 ), 107.51 (C-4), 114.46 (C-11), 124.67 

(C-4a), 129.17 (C-8 ), 134.87 (C-la)*, 136.58 (C-12), 136.85 (C-12a)*, 140.14 (C-2), 

149.77 (C-10), 153.02 (C-7a)*, n.o (C-3), 163.83 (C-1), 173.95 (NHCO-AA), 179.16 

(C-9). HRMS m/z Calculated: [M + H] = 501.2237. Found: 501.6380 [M + H], 

502.6587 [M+ 2H]. Molecular Formula: C26H32N2O8 .

Â -TFA salt-AHPA-Asp-a-COOH-p-Colchicine (2.36).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 2.33 (55.3 mg, 72.48 ^mol), NaOH (90 |j.l, 

68.85 nmol) and MeOH (350 |o,l) superseded by deprotection of iV-Boc amines, using 

the general procedure, with the subsequent quantities: 2.33-a-COOH (55.3g, 72.48 

mmol), TFA (360 (xl) and DCM (360 ixl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 2.36 (33.8 mg, 72%), with the 

following physical characteristics: Mpt = 174-175®C. IR Vmax (KBr): 3363.2, 2945.1, 

1681.7, 1667.9, 1651.7, 1537.9, 1256.5, 1203.9, 1139.5, 800.4, 722.8, 702.5 cm’’. 'H 

NMR (CD3OD, 400 MHz), 5h: 1.94 (IH, bm, CH), 2.23 (IH, bm, CH), 2.37 (IH, bm, 

CH), 2.62-3.09 (5H, bm, CH + 2 CH2), 3.61 (3H, s, OCH3), 3.90-4.03 (IIH, 3s + bm, 

3 OCH3 + 2CH), 4.51 (2H, bm, 2CH), 6.72 (IH, bs, CH), 7.22-7.83 (8 H, bm, 3CH + 

5AHPA-Ar-CH). '^C NMR (CDCI3 + CD3OD, 100 MHz) 5c: 29.10 (C-5), 34.80 (C-6 ), 

35.55 (CH2-ASP), 36.68 (CH2-AHPA), 52.23 (CH-Asp), 54.68 (CHNH-AHPA), 55.17 

(C-7), 55.29 (OCH3-3 ), 55.76 (OCH3-I), 60.40 (OCH3-2 ), 60.49 (OCH3-IO), 67.85, 

(CHOH-AHPA), 106.98 (C-4), 113.96 (C-11), 124.69 (C-4a), 126.80, 128.34, 128.78 

(Phen-AHPA), 130.30 (C-8 ), 134.09 (C-la)*, 136.28 (C-12), 137.34 (C-12a)*, 140.76 

(C-2), 150.24 (C-10), 152.46 (C-7a)*, 153.30 (C-3), 163.59 (C-1), 170.56 (NHCO),
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171.72 (NHCO), 178.49 (C-9). HRMS w/z: Calculated: [M + H] = 650.2714. Found: 

650.7115 [M + H], 651.7226 [M + 2H] Molecular Formula: C34H39N3O 10. \ccfn ^  '  

176.41° (c = 0.79, MeOH).

7V-TFA salt-AHPA-Glu-a-COOH-Y-Colchicine (2.37).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: N-5oc-amide-OMe (108.5 mg, 0.14 mmol), 

NaOH (160 |j,l, 0.13 mmol) and MeOH (670 |il) superseded by deprotection of N-5oc 

amines, using the general procedure, with the subsequent quantities: N-5oc-amide-a- 

COOH (108.5 mg, 0.14 mmol), TFA (700 ^1) and DCM (700 îl), to afford the title 

compound as an oil. The product was dried in vacuo for several hours, yielding N-TFA- 

amide-COOH (78 mg, 92%), with the following physical characteristics: IR Vmax (KBr): 

3259.4, 3061.7, 2938.6, 1673.6 (br), 1537.7, 1256.0, 1201.5, 1138.3, 736.2, 701.9 cm-' 

'H NMR (CD3OD, 400 MHz), 5h: 1.98-2.72 (8 H, bm, 4 CH2), 3.10 (2H, bm, CH2), 3.63 

(3H, s, OCH3), 3.83-4.10 (lOH, 3s, 3 OCH3 + CH), 4.13-4.31 (2H, bm, 2CH), 4.49 (IH, 

bm, CH), 6.75 (IH, bs, CH), 7.28-7.49 (8 H, bm, 3CH + 5AHPA-Ar-CH). '^C NMR 

(CDCI3 + CD3OD, 100 MHz) 5c: 26.81 (CHz-Glu), 29.06 (C-5), 31.24 (C-6 ), 33.11 

(CH2-GIU), 35.55 (CH2-AHPA), 51.94 (CH-Glu), 55.33 (C-7), 55.48 (OCH3-3 ), 55.77 

(OCH3-I), 60.19 (CHNH-AHPA), 60.67 (OCH3-2 ), 60.72 (OCH3-IO), 69.06, (CHOH- 

AHPA), 107.04 (C-4), 113.39 (C-11), 124.84 (C-4a), 126.77, 128.29, 128.88 (Phen- 

AHPA) 129.93 (C-8 ), 134.04 (C-la)*, 134.87 (C-12), 135.80 (C-12a)’, 140.86 (C-2), 

150.38 (C-10), 152.61 (C-7a)*, 153.17 (C-3), 163.43 (C-1), 170.71 (NHCO-AHPA), 

171.89 (NHCO-Glu), 178.98 (C-9). HRMS m/z: Calculated: [M+ H] = 664.2870, [M + 

Na] = 686.2690. Found: 664.8179 [M + H], 665.8187 [M + 2H], 686.8349 [M + Na].

Molecular Formula: C35H41N3O 10. [«]o = -152.83°(c = 0.78, MeOH).

A -̂TFA salt-AHPA-DL-Amino Adipic-a-COOH-y-Colchicine (2.38).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 2.35 (50 mg, 63.21 )xmol), NaOH (75 1̂,
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60.05 n,mol) and MeOH (310 1̂) superseded by deprotection o f A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 2.35-a-COOH (50 mg, 63.21 

|j.moI), TFA (320 |il) and DCM (320 jaI), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 2.38 (46.7 mg, 93%), with the 

foUowing physical characteristics: Mpt = 110-114°C. IR Vmax (KBr): 3384.8, 2942.6,

1681.5 (br), 1538.3, 1252.9, 1207.3, 1139.3, 800.1, 723.4, 702.0 cm'’. 'H NMR 

(CD3OD, 400 MHz), 5h: 1.71-2.00 (5H, bm, 2 CH2 + CH), 2.20 (4H, bm, CH2), 2.66 

(IH, bm, CH), 3.10 (2H, bm, 2 CH2), 3.62 (3H, s, OCH3) 3.84 (3H, s, OCH3), 3.90 (3H, 

s, OCH3), 3.91 (3H, s, OCH3), 4.23-4.51 (4H, bm, 4CH), 6.77 (IH, bs, CH), 7.28- 

7.50(8H, bm, 3CH + 5AHPA-Ar-CH). *̂ C NMR (CD3OD, 100 MHz) 5c: 21.89 (CH2- 

AA), 28.69 (C(CH3)3), 30.05 (C-5), 31.10 (C-6 ), 34.24 (CH2-AA), 34.68 (CH2-AA), 

35.35 (CH2-AHPA), 50.90 (CH-AA), 52.15 (C-7), 55.28 (OCH3-3 ), 55.60 (OCH3-I), 

59.37 (OCH3-2 ), 59.85 (OCH3-IO), 60.11 (CHNH-AHPA), 67.95 (CHOH-AHPA), 

107.08 (C-4), 117.68 (C-11), 124.73 (C-4a), 126.63, 128.20, 128.68 (Phen-AHPA),

129.76 (C-8 ), 134.23 (C-la)*, 135.00 (C-12), 136.27 (C-12a)*, 137.64 (C-2), 140.84 (C- 

10), 150.25 (C-7a)*, 153.45 (C-3), 163.55 (C-1), n.o (NHCO), 173.68 (NHCO-AA),

178.76 (C-9). HRMS m/z\ Calculated: [M + H] = 678.3027, [M + Na] = 700.2846. 

Found: 678.8112 [M + H], 679.8665 [A/+ 2H], 700.8336 [M + Na] Molecular Formula: 

C 3 6 H 4 3 N 3 O 1 0 .
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yV-Cbz-D-Phe-DMP (3.5)^^

To a cooled (-lO^C), stirred solution o f A/-Cbz-D-Phe-COOH (Ig, 3.34 mmol) and 

DM? (385 mg, 4.01 mmol) in DCM (60 ml), was added DCC (69 mg, 3.34 mmol) and 

the solution was allowed to stir for 1 hour and then left at room temperature overnight. 

After removal o f the DCU, (by filtration) the filtrate was evaporated leaving a white 

crystalline solid. The solid was purified using flash column chromatography (mobUe 

phase: Hexane: Ethyl Acetate (9:1), R /= 0.68), and the eluent evaporated to yield a 

white crystalline solid o f the title compound 3.5. The product was dried under reduced 

pressure for several hours to yield (1.21 g, 96 %). IR Vmax (KBr); 3323.3, 2928.1,

1731.3, 1694.1, 1587.0, 1540.4, 1376.5, 1359.1, 1264.3, 1239.0, 1144.1, 1085.1,

1055.4, 936.4, 761.3, 701.7 cm'*. ‘H NMR (CDCb, 400 MHz), 6 h: 2.31 (3H, s, 

NNC(CH3 )), 2.53 (3H, s, C0 NC(CH 3 )), 3.15-3.42 (2H, m, CH2 -Phe), 5.14 (2H, m, 

CH2 -Cbz), 5.74 (IH, m, CH-Phe), 5.93 (IH , s, NH-Phe), 6.02 (IH , s, 

C(CH3 )CHC(CH3 )), 7.13-7.56 (lOH, m, Ar-H-Phe + Cbz). ‘̂ C NMR (CDCI3 , 100 

MHz) 5c: 13.44 (CH3 ), 13.71 (CH3 ), 38.43 (CH2 -Phe), 54.74 (CH-Phe), 66.45 (CHj- 

Cbz), 111.10 (CH), 126.51 -  128.92 (Ar-CH-Phe + Cbz), 136.42 (Ar-C-Phe), 143.41 

(Ar-C-CBz), 153.64 (CO), 171.62 (CO). [a f ,=  -73A  ° (c = .79, MeOH), [ a ] r ' '=  - 

73.0° (c=  1, AcOH)''"” .

yV-Cbz-D-Phe-CHO (3.6)".

In a 250 ml, oven dried, three necked round bottom flask, fitted with a 100 ml pressure 

equalizing dropping funnel, under a nitrogen atmosphere, was placed a suspension of 

lithuim-aluminium-hydride (LiAlH4 ), (120 mg, 3.18 mmol) in dry tetrahydrofuran 

(THF) (32 ml). The suspension was allowed to stir, under nitrogen, at -15°C for 10 

minutes. A solution o f 3.5 (1.0 g, 2.65 mmol) in dry THF (32 ml) was syringed into the 

pressure equalized dropping funnel and the solution was added drop-wise to the LiAlH4  

suspension over 5 minutes. After the addition the suspension was allowed to stir for a 

further 5-10  minutes. The temperature was then lowered to -25°C and aq. HCl (2M, 2 

ml) was slowly added drop-wise. The solution was then allowed to stir for a further 10 

minutes, and after the removal o f A1(0 H) 3  by centrifugation the solvent was
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evaporated. The residue was dissolved in Et2 0  (25 ml) and washed with H2 O (25 ml x 

3), and then evaporated. The oily residue was then purified by flash column 

chromatography (mobile phase: Hexane: Ethyl Acetate (4:1), Rf = 0.37), and visualized 

using an aqueous solution o f potassium permanganate) to give a white solid o f the title 

compound 3.6 (56mg, 74%). IR Vmax (KBr): 3342.3, 2929.1, 1734.5, 1715.6, 1692.1, 

1378.1, 1401.2, 1259.2, 1145.1, 1086.5 cm’’. ‘H NMR (CDCI3, 400MHz), 5h: 3.17 

(2H, m, CH2 -Phe), 4.54 (IH , m, CHNH), 5.14 (2H, s, CHj-Cbz), 5.32 (IH , CHNH- 

Phe), 7.15 -  7.36 (lOH, m, Ar-H-Phe + Cbz), 9.66 (IH , s, CHO). NMR (CDCI3, 

100 MHz) 5c: 34.99 (CHj-Phe), 60.62 (CH-Phe), 67.02 (CHz-Cbz), 126.74 -  128.30 

(Ar-CH-Phe), 139.55 (QC), 141.00 (QC), 198.27 (CHO).

A^-CBz-D-Phe-CN (3.7)^^

To a heated (60°C), stirred aqueous solution o f sodium hydrogen sulfite (NaHSOs), 

(10%, 205 mg, 1.98 mmol), was added 3.6 (560 mg, 1.979 mmol). The apparatus was 

fitted with a reflux condenser and the solution was allowed to stir at 60 -  80°C for one 

hour. The solution was then cooled to room temperature and allowed to stir overnight. 

To the resulting stirred suspension o f NaHSOs was added Et2 0  (20 ml), and the 

solution allowed to stir for 5 minutes. The organic layer was then removed and 

discarded. EtOAc (20 ml) was added to the aqueous layer, and the mixture was cooled 

to 0°C. To this was added an aqueous solution o f potassium cyanide (KCN), (20%, 

129 mg, 1.98 mmol) and the bi-phasic solution allowed to stir at 0°C for an hour and 

then overnight at room temperature. The EtOAc phase was separated and washed with 

H2 O (20 ml X 3). To the aqueous phase was added a solution o f NaHSOs (10%, 15ml), 

and was then extracted with EtOAc (10 ml x 3). The combined ethyl acetate extracts 

were evaporated to give the title compound 3.7 (mobile phase: Hex: EtOAc (4:1), R/= 

0.36) as a yeUow oil (600 mg, 96%). *H NMR (CDCI3 , 400 MHz), 5h: 2.95-3.14 (2H, 

2m, CHa-Phe), 4.14-4.27 (IH , 2bs, CHOH), 4.52-4.58 (IH , 2s, CHNH-Phe), 5.19 (2H, 

s, CH2 -Cbz), 5.29-5.41 (IH , 2d, j '  = 621, /  = 7.28 Hz, CHNH-Phe), 7.21 -  7.32 (lOH, 

m, Ar-H-Phe + Cbz). ‘̂ C NMR (CDCI3 , 100 MHz) 5c: 36.19 (CH2 -Phe), 55.64 

(CHOH), 62.67 (CH-Phe), 67.31 (CH2 -Cbz), 118.08 (CN), 126.68 -  128.69 (Ar-CH- 

Phe), 135.14 (QC), 135.55 (QC), 156.33 (CO).
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NH2-(25/?,3/f)-AHPA-COOH (3.8)^\

To 3.7 (600 mg, 1.91 mmol) in a 100 ml round-bottomed flask fitted with a reflux 

condenser was added 1,4 dioxane, concentrated HCl (1:1, 28 ml) and the solution was 

refluxed for 12 hours. The mixture was evaporated, and the residue dissolved in MeOH 

(15 ml) and evaporated again. This procedure was repeated until aU the HCl was 

removed fi*om the hydrozylate, to yield a brown oil of the title compound 3.8, which 

was used without further purification in the next step of the synthesis. IR Vmax (KBr): 

3488.2, 2881.6, 1401.2, 1252.2 cm''. *H NMR (D2 O, 400 MHz), 5h: Diastereomers: 

2.93-3.19 (2H, m, CHj-Phe), 3.98 (IH, m, CHOH), 4.33-4.56 (IH, 2s, CHNH-Phe),

7.21 -  7.32 (5H, m, Ar-H-Phe). '^C NMR (D2 O, 100.13 MHz) 5c: 37.33 (CH2 -Phe), 

55.37 (CHNH), 62.62 (CH-Phe), 129.89- 131.78 (Ar-CH-Phe), 137.01 (QC), 175.00 

(CO).

yV-Boc-(25/f,3^)-AHPA-COOH (3.9).

To a stirred solution of crude 3.8 (350 mg, 1.80 mmol) in H2 O (2 ml), was added a 

solution of B0 C2 O (783 mg, 3.59 mmol) in 'BuOH (10 ml) and the pH of the mixture 

was titurated to pH 12 with NaOH (2M). The mixture was allowed to stir at room 

temperature overnight, was evaporated, dissolved in NaOH (2M, 15 ml), and washed 

with Et20 (15 ml X 3). The pH of the aqueous phase was titurated with HCl (IM) to pH 

5, and washed with Et20 (15 ml x 4). The combined ethereal extracts were dried over 

anhydrous Na2 S0 4  and evaporated to give the title product 3.9 as a brown solid, and 

this was used without characterisation or further purification in the next step of the 

synthesis.

A^-Boc-(25,3/?)-AHPA-OBzI (3.10 & 3.11).

To a stirred solution of crude 3.9 (500 mg, 1.695 mmol) in MeOH (4 ml), was added an 

aqueous solution (12 ml) of NaHCOs (570 mg, 6.78 mmol) to form a white precipitated 

solution. This solution was evaporated, azetroped with MeOH (15 ml x 3), and dried
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under vacuum, to leave a brown solid. To this was added DMF (20 ml), and the 

suspension was stirred for 10 minutes. To this stirred suspension was added BnBr (580 

mg, 3.39 mmol), and the suspension was left stir at room temperature overnight. H2O 

( 2 0  ml) was added to the suspension, and the resulting precipitated solution was 

extracted with Et2 0  (15 ml x 4). The combined ethereal extracts were washed with 

H2O ( 2 0  ml), dried with NaS0 4  and evaporated to give, a brown oil, which crystallized 

to give a crude mix of the title compounds. The two diastereomers were separated and 

purified using flash column chromatography (mobile phase: Hex: EtOAc (9:1-4:1)), R/ 

= 0.58 and 0.45) followed by recrystallisation ((25',3/?): Hex, {{2R,3R): DCM) to yield 

white crystals of the title compounds 3.10, (313 mg, 42%) and 3.11 (305 mg, 41%). *H 

NMR (CDCI3, 400 MHz), 5h: 1.41 (9H, s, OC(CH3)3), 2.95 (2H, m, CHi-Phe), 3.36 

(IH, bd, 3.76 Hz, CHOH), 4.15 (IH, s, CHOH), 4.33 (IH, q, J =  8.28 Hz, CHNH- 

Phe), 4.91 (IH, d, J =  9.69 Hz, CHNH-Phe), 5.21 (2H, dd, J =  11.89, 34.13 Hz, CH2- 

OBzl), 7.23-7.37 (lOH, m, Ar-H-Phe + OBzl). ‘̂ C NMR (CDCI3, 100 MHz) 6 c: 27.82 

(0 C(CH3)3), 37.78 (CH2-Phe), 53.84 (CH), 67.42 (CH2-OBZI), 70.20 (CH), 79.13 

(C(CH3)3), 126.13 -  128.98 (Ar-CH-Phe + OBzl), 134.57 (QC-Phe), 137.11 (QC-OBzl) 

154.77 (C00C(CH3)3), 170.10 (CO), 173.33 (NHCO). [a]“ = + 29.21° (c = 0.1, 

MeOH).

A^-Boc-(2^, 3^)-AHPA-OBzI.

'H NMR (CDCI3, 400 MHz), 5h; 1.37 (9H, s, 0 C(CH3)3), 2.69-2.75 (2H, m, CH2- 

Phen), 3.40 (IH, bs, CHOH), 4.31 (IH, s, CHOH), 4.39 (IH, m, CHNH-Phe), 4.85 (IH, 

d, J, = 7.28 Hz, CHNH-Phe), 5.12 (2H, dd, J =  11.39, 28.48 Hz, CH2-OBZI), 7.12-7.37 

(lOH, s + spt + d, J, = 6.98 Hz, Ar-H-Phe + OBzl). '^C NMR (CDCI3, 100 MHz) 

27.79 (0 C(CH3)3), 35.30 (CHz-Phen), 53.99 (CH), 67.12 (CH2-OBZI), 72.18 (CH), 

79.27 (C(CH3)3), 126.08 -  128.98 (Ar-CH-Phe + OBzl), 134.41 (QC-Phe), 136.47 (QC-

OBzl) 154.99 (C0 0 C(CH3)3), 169.83 (CO), 172.10 (NHCO). [ a g =  + 6.42 ° (c = 0.79, 

MeOH).
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N-Boc-{2R, 3/?)-AHPA-OPfp (3.14).

To a stirred solution of absolute EtOH (5 ml) in EtOAc (5 ml) and 7V-Boc-(2S',3^)- 

AHPA-OBzl. 3.10 (500 mg, 1.3 mmol), was added 10% Pd/C (lOOmg) and the resulting 

suspension stirred under a H2 atmosphere, at room temperature for 4 hours. The 

suspension was filtered and the solvent evaporated to leave, a colourless oil. The 

product was dried under reduced pressure for several hours. To a stirred solution of the 

resulting acid, (383 mg, 1.3 mmol) and P^OH  (240 mg, 1.3 mmol) in dry DCM (5 ml) 

at 0°C, was added, DCC (267 mg, 1.3 mmol). After 2 hours, all the P^OH had reacted, 

as monitored by tic (mobile phase: Hex: EtOAc (4:1)). The by-product DCU, was 

removed by filtration and the solvent evaporated, yielding a colourless oil, which was 

purified by flash column chromatography (Mobile phase: Hex: EtOAc (9:1)). 

Evaporation of the eluent yielded white crystals o f the title compound 3.14 (532 mg, 

89%), and the product was dried in vacuo for several hours, and used without flirther 

purification in the next step of the synthesis.

A^-Boc-Asp-a-OMe-p-OMe.

The title compound was synthesised utilising the general procedure for synthesis of 

OMe-esters-Method B, using the following quantities: 2.21 (1.41 g, 5.71 mmol), 

CS2CO3 (0.93 g, 2.85 mmol), H2O (12 ml), MeOH (4 ml), DMF (20 ml) and Mel (1.62 

g, 11.42 mmol) to afford the title compound as an oil, which was purified using flash 

column chromatography (mobile phase: Hex: EtOAc (6:1)), and the eluent evaporated 

to yield the product as a clear oil. The product was dried in vacuo for several hours to 

yield A^-Boc-Asp-a-OMe-P-OMe (1.39 g, 93%), with the following physical properties: 

'H NMR (CDCI3, 400 MHz), 5h: 1.41 (9H, s, OC(CH3)3), 2.81-2.89 (IH, dd, 4.93, 

16.43 Hz, CH-Asp), 3.02-3.07 (IH, bdd, J  = 3.45, 16.43 Hz, CH-Asp), 3.66 (3H, s, 

OCH3-ASP), 3.72 (3H, s, OCHj-Asp), 4.44 (IH, bm, CH-Asp), 5.61 (IH, bs, NH-Asp). 

'^C NMR (CDCI3, 100 MHz) 6c: 28.02 (OC(CH3)3), 35.89 (CH2-Asp), 49.82 (CH-Asp), 

52.13 (OCH3), 54.23 (OCH3),), 79.82 (OC(CH3)3), 154.89 (COOC(CH3)3), 170.23 

(CO), 170.45 (CO).
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A -̂TFA salt-Asp-di-OMe (3.16).

The title compound was synthesised utilising the general procedure for deprotection o f 

N-5oc amines using the following quantities: iV-Boc-amide (1.39 g, 5.37 mmol), TFA 

(20 ml) and DCM (20 ml), to yield the title compound as a yellow oil. The product was 

dried in vacuo for several hours to yield 3.16, (1.47 g, 99%), as a yellow crystalline 

solid, which was used without further purification in the next step o f the synthesis.

N-Boc-Val-Asp-di-OMe (3.17).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 3.16 (258 mg, 0.99 mmol), 7V-Boc- 

Val-COOH (195 mg, 0.90 mmol), DIEA (371 mg, 2.88 mmol), HOBt (121.5 mg, 0.90 

mmol) DCC (185 mg, 0.90 mmol) and DCM (3 ml). The residue was purified using 

flash column chromatography (mobile phase: Hex: EtOAc (4:1)) to afford the title 

compound as a clear oil. The product was dried in vacuo for several hours to yield 3.17 

(201 mg, 62%), with the following physical characteristics: IR Vmax (KBr): 3429.1, 

3055.2, 2985.5, 1738.3, 1680.3, 1497.0, 1439.6, 1368.9, 1265.6, 1172.1, 737.8, 705.4 

cm'* 'H  NMR (CDCI3, 400 MHz), 5h: 0.93 (3H, d, J =  7.03 Hz, CHj-Val), 0.99 (3H, d, 

J =  7.03 Hz, CHa-Val), 1.44 (9H, s, OC(CH3)3), 2.14 (IH , m, CH-Val), 2.82-3.06 (2H, 

2dd, 4.27, 17.15 Hz, CHj-Asp), 3.68 (3H, s, OCHa-Asp), 3.74 (3H, s, OCHj-Asp), 

3.97 (IH , bs, CH-Val), 4.84 (IH , m, CH-Asp), 5.11 (IH , bs, CHNH-Val), 6.89 (IH , d, J  

= 6.27 Hz, CHNH-Asp). *̂ C NMR (CDCI3, 100 MHz) 6c: 17.05 (CHj-Val), 18.58 

(CHs-Val), 27.80 (OC(CH3)3), 30.68 (CH-Val), 35.50 (CHz-Asp), 47.96 (CH-Asp), 

51.53 (OCH3-ASP), 52.23 (OCHj-Asp), 59.25 (CH-Val), 79.32 (0C(CH3)i), 155.22

(C00C(CH3)3), 170.38 (NHCO), 170.91 (NHCO). [a]“  = - 13.2" (c = 0.2, MeOH).
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A^-Boc-Leu-Asp-di-OMe (3.18).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 3.16 (258 mg, 0.99 mmol), A -̂Boc- 

Leu-COOH (208 mg, 0.90 mmol), DIEA (371 mg, 2.88 mmol), HOBt (121.5 mg, 0.90 

mmol) DCC (185 mg, 0.90 mmol) and DCM (3 ml). The residue was purified using 

flash column chromatography (mobUe phase: Hex: EtOAc (4:1)) to afford the title 

compound as a clear oil. The product was dried in vacuo for several hours to yield 3.18 

(222 mg, 6 6 %), with the following physical characteristics: IR Vmax (KBr): 3340.8, 

2360.6, 1742.4, 1704.1, 1683.9, 1507.9, 1438.3, 1215.5, 1173.7, 794.7 cm’'. 'H NMR 

(CDCb, 400 MHz), 5h: 0.93 (6 H, s, 2 CH3-Leu), 1.43 (9H, s, OC(CH3)3), 1.48 (IH, m, 

CH-Leu), 1.62 (2H, m, CH-Leu), 2.81-3.03 (2H, 2dd, 4.27, 17.15 Hz, CHj-Asp), 

3.68 (3H, s, OCH3-ASP), 3.74 (3H, s, OCHj-Asp), 4.11 (IH, bs, CH-Leu), 4.82 (IH, m, 

CH-Asp), 4.98 (IH, bs, CHNH-Leu), 6.99 (IH, d, J =  6.27 Hz, CHNH-Asp). '^C NMR 

(CDCI3, 100 MHz) 6c: 21.48 (CHa-Leu), 22.39 (CHj-Leu), 24.20 (CH-Leu), 27.78 

(0 C(CH3)3), 35.53 (CH2-ASP), 40.93 (CHz-Leu), 48.00 (CH-Asp), 51.48 (OCH3-ASP), 

52.23 (OCH3-ASP), 52.62 (CH-Leu), 79.48 (0 C(CH3)i), 154.98 (COOC(CH3)3), 170.42 

(NHCO), 170.80 (NHCO), 171.98 (CO). [af, = -16.2° (c = 0.22, MeOH).

A^-Boc-Ile-Asp-di-OMe (3.19).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities; 3.16 (258 mg, 0.99 mmol), N-Boc- 

Ile-COOH (208 mg, 0.90 mmol), DIEA (371 mg, 2.88 mmol), HOBt (121.5 mg, 0.90 

mmol) DCC (185 mg, 0.90 mmol) and DCM (3 ml). The residue was purified using 

flash column chromatography (mobile phase: Hex: EtOAc (4:1)) to afford the title 

compound as a clear oil. The product was dried in vacuo for several hours to yield 3.19 

(239 mg, 71%), with the following physical characteristics: IR v̂ ox (KBr): 2969.3, 

1736.9, 1679.6, 1500.5, 1438.9, 1368.0, 1264.7, 1172.7, 786.4 cm‘'. 'H NM R(CDC 13, 

400 MHz), 5h: 0.90-0.96 (6 H, m, 2 CH3-Ile), 1.19 (IH, m, CH-Ile), 1.44 (9H, s, 

0 C(CH3)3), 1.49 (IH, m, CH-Ile), 1.87 (IH, m, CH-Ile), 2.82-3.06 (2H, 2dd, 4.27, 

17.52 Hz, CH2-ASP), 3.69 (3H, s, OCH3-ASP), 3.75 (3H, s, OCH3-ASP), 4.01 (IH, bs.

219



Chapter 3. Experimental.

CH-Ile), 4.85 (IH, m, CH-Asp), 5.15 (IH, bs, CHNH-Ile), 6.89 (IH, d, CHNH-Asp). 

‘̂ C NMR (CDCI3, 100 MHz) 6 c: 10.97 (CHj-Ile), 14.93 (CHa-Ile), 24.20 (CH-Ile), 

27.80 (0 C(CH3)i), 35.48 (CHz-Asp), 37.12 (CH2-Ile), 47.98 (CH-Asp), 51.54 (OCH3- 

Asp), 52.24 (OCHa-Asp), 58.64 (CH-Ile), 79.40 (OC(CH3)3), 155.23 (COOC(CH3)3), 

170.32 (NHCO), 170.92 (NHCO), 170.98 (CO). [«]“ = -14.3 (c = 0.23, MeOH).

iV-TFA salt-Val-Asp-di-OMe (3.20).

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities 3.17 (201 mg, 0.56 mmol), TFA (2.5 ml) 

and DCM (2.5 ml), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield 3.20 (207 mg, 98%), and was used without 

characterisation or flirther purification in the next step of the synthesis

A -̂TFA salt-Leu-Asp-di-OMe (3.21).

The title compound was sjoithesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: 3.18 (222 mg, 0.59 mmol), TFA (2.5 ml) 

and DCM (2.5 ml), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield 3.21 (228 mg, 98%), and was used without 

characterisation or further purification in the next step of the synthesis.

A -̂TFA salt-IIe-Asp-di-OMe (3.22).

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities 3.19 (239 mg, 0.64 mmol), TFA (3 ml) 

and DCM (3 ml), to yield the title compound as a green solid. The product was dried in 

vacuo for several hours to yield 3.22 (254 mg, 98%), and was used without 

characterisation or fiorther purification in the next step of the synthesis.
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A^-Boc-AHPA-Val-Asp-di-OMe (3.23).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 3.20 (24.6 mg, 65.08 i^mol), 3.14 

(30 mg, 65.08 [xmol), EtaN (19 mg, 130.02 |j.mol), and DCM (500 |al). The residue was 

purified using flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to 

afford the title compound as a clear oil. The product was dried in vacuo for several 

hours to yield 3.23 (19 mg, 53%), with the following physical characteristics: *H NMR 

(CDCI3 , 400 MHz), 5h: 0.94 (3H, d, J =  7.28 Hz, CHa-Val), 0.99 (3H, d, J =  7.28Hz, 

CHa-Val), 1.38 (9H, s, OC(CHa)a), 2.24 (IH, sx, J -  6.78 Hz, CH-Val), 2.82-3.05 (2H, 

2dd, J  = 4.27, 17.15 Hz, CH2 -Asp), 3.05- 3.14 (2H, 2bs, CH2 -AHPA), 3.68 (3H, s, 

OCHa-Asp), 3.75 (3H, s, OCHa-Asp), 4.01 (IH, bs, CH-Val), 4.16 (IH, s, CH-AHPA), 

4.30 (IH, s, CH-AHPA), 4.86 (IH, m, CH-Asp), 5.10 (IH, bs, NH-Boc), 6.99 (IH, d, J  

= 6.27 Hz, CHNH-Asp), 1.23-132 (5H, m, 5Ar-H-AHPA), 7.48 (IH, bs, CHNH-Val). 

‘̂ C NMR (CDCla, 100 MHz) 5c: 17.36 (CHa-Val), 18.75 (CHa-Val), 27.74 (OC(CHa)a), 

30.55 (CH-Val), 35.46 (CHj-Asp + CH2 -AHPA), 47.99 (CH-Asp), 51.61 (OCHa-Asp), 

52.28 (OCHa-Asp), 55.32 (CH-Val), 57.8-68 (CHNH-AHPA), 79.97 (OC(CHa)a), 

126.11-128.83 (5Ar-CH-AHPA), 137.67 (QC), n.o (COOC(CHa)a), 170.35 (NHCO), 

170.93 (NHCO).

A^-Boc-AHPA-Leu-Asp-di-OMe(3.24).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 3.21 (25.5 mg, 65.08 |j,mol), 3.14 

(30 mg, 65.08 |xmol), EtaN (19 mg, 130.02 |amol), and DCM (500 |xl). The residue was 

purified using flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to 

afford the title compound as a clear oil. The product was dried in vacuo for several 

hours to yield 3.24 (21.7 mg, 59%), with the following physical characteristics: 'H 

NMR (CDCla, 400 MHz), 5h: 0.92 (3H, d, 5.52 Hz, CHa-Leu), 0.96 (3H, d, J =  5.52 

Hz, CHa-Leu), 1.39 (9H, s, OC(CHa)a), 1.59-1.73 (3H, m, Hz, CH-Leu + CH2 -Leu), 

2.81-3.03 (2H, 2dd, J =  4.27, 17.15 Hz, CHb-Asp), 3.03- 3.11 (2H, 2bs, CH2 -AHPA), 

3.67 (3H, s, OCHa-Asp), 3.75 (3H, s, OCHa-Asp), 4.03 (IH, bs, CH-Leu), 4.14 (IH, s.
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CH-AHPA), 4.49 (IH , s, CH-AHPA), 4.84 (IH , m, CH-Asp), 5.10 (IH , bs, CHNH- 

Boc), 7.10 (IH , bs, CHNH-Asp), 7.12-7.29 (6 H, m, 5Ar-H-AHPA + CHNH). ‘^C 

NMR (CDCI3 , 100.13 MHz) 8 c: 21.30 (CHs-Leu), 22.55 (CHa-Leu), 24.15 (CH-Leu), 

27.72 (OC(CH3 )3), 35.50 (CHs-Asp + CH2 -AHPA), 40.30 (CHz-Leu), 48.14 (CH-Asp), 

50.93 (CH-Leu), 51.58 (OCHs-Asp), 52.30 (OCHj-Asp), 55.26 (CHNH-AHPA), 73.65 

(CHOH), 86.13 (OC(CH3)3), 126.12-128.83 (5Ar-CH-AHPA), 137.62 (QC), 157.11 

(C00C(CH3)i), 170.37 (NHCO), 170.83 (NHCO), 172.45 (CO).

7V-Boc-AHPA-Ile-Asp-di-OMe(3.25).

I'he title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 3.22 (25.5 mg, 65.08 ^imol), 3.14 

(30 mg, 65.08 nmol), EtsN (19 mg, 130.02 |imol), and DCM (500 ^1). The residue was 

purified using flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to 

afford the title compound as clear oil. The product was dried in vacuo for several hours 

to yield 3.25 (22.4 mg, 61%), with the following physical characteristics: *H NMR 

(CDCI3, 400 MHz), 6 h: 0.92 (3H, t, J  = 6.62 Hz, CHs-Ile), 0.97 (3H, d, J  = 6.62 Hz, 

CH3-Ile), 1.15 (IH , m, CH-Ile), 1.40 (9H, s, OC(CH3)3), 1.65 (2H, bs, CHs-Ile), 2.80- 

3.05 (2H, 2dd, 4.27, 17.15 Hz, CHs-Asp), 3.06-3.18 (2H, 2bs, CH2-AHPA), 3.69 

(3H, s, OCH3 -ASP), 3.76 (3H, s, OCHs-Asp), 3.99 (IH , bs, CH-Ile), 4.17 (IH , s, CH- 

AHPA), 4.32 (IH , s, CH-AHPA), 4.88 (IH , m, CH-Asp), 5.05 (IH, bs, CHNH-Boc), 

5.64 (IH , bs, CHOH-AHPA), 6.91 (IH , bs, CHNH-Asp), 7.23-7.29 (5H, m, 5Ar-H- 

AHPA), 7.42 (IH , bs, CHNH-Ile). '^C NMR (CDCI3, 100.13 MHz) 6 c: 10.77 (CH3- 

Ile), 15.00 (CH3 -Ile), 24.15 (CH-Ile), 27.72 (OC(CH3 )3), 35.47 (CHj-Asp + CH2 - 

AHPA), 36.67 (CHj-Ile), 47.98 (CH-Asp), 51.61 (OCHj-Asp), 52.29 (OCHs-Asp), 

55.44 (CHNH-AHPA), 57.04 (CH-Ile), 74.12 (CHOH), 80.07 (OC(CH3 )^ , 126.16- 

128.81 (5Ar-CH-AHPA), 137.64 (QC), 157.18 (COOC(CH3)3), 170.13 (NHCO), 

170.33 (NHCO), 170.95 (CO), 172.26 (CO).
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A"-TFA salt-AHPA-Val-Asp-di-COOH (3.26).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.23 (19 mg, 34.48 mmol), NaOH (40 |o.l, 

32.76 mmol) and MeOH (170 |al) superseded by deprotection of Â -Boc amines, using 

the general procedure, with the subsequent quantities; A^-Boc-amide-a-COOH-[i-COOH 

(19 mg, 34.483 mmol), TFA (170 |il) and DCM (170 ^1), to afford the title compound 

as an oil. The product was dried in vacuo for several hours, yielding 3.26 (18 mg, 96%) 

with the following physical characteristics: IR v«ax (KBr): 3434.2, 1682.6, 1501.2,

1456.2, 1264.6 cm*'. *̂ C NMR (CDCI3 , 100 MHz) 5c: 17.42 (CHa-Val), 18.81 (CH3- 

Val), 30.52 (CH-Val), 35.51 (CHj-Asp + CH2-AHPA), 48.01 (CH-Asp), 55.29 (CH- 

Val), 57.71 (CHNH-AHPA), 126.12-128.89 (5Ar-CH-AHPA), 137.72 (QC), 170.44 

(CO), 170.98 (CO). HRMS m/z\ Calculated: [M+ H] = 410.1927. Found: 410.1954 [M 

+ H]. Molecular Formula: C19H27N3O7. = -23.3° (c = 0.18 MeOH).

Â -TFA salt-AHPA-Leu-Asp-di-COOH (3.27).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.24 (21.7 mg, 38.41 fxmol), NaOH (45 |il, 

36.49 (jmol) and MeOH (185 |Lil) superseded by deprotection of Â -Boc amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH-P-COOH 

(21.7 mg, 38.41 |amol), TFA (190 îl) and DCM (190 fal), to afford the title compound 

as an oil. The product was dried in vacuo for several hours, yielding 3.27 (20 mg, 94%) 

with the following physical characteristics: IR Vmax (KBr): 3444.2, 1669.6, 1489.2,

1442.3, 1252.3 cm"' '^C NMR (CD3OD, lOOMHz) 6 c: 21.42 (CH3-Leu), 21.33 (CH3- 

Leu), 24.04 (CH-Leu), 34.58 (CH2), 3 4 .7 3 (CH2), 39.79 (CH2-Leu), 48.14 (CH-Asp), 

51.70 (CH-Leu), 54.48 (CHNH-AHPA), 67.86 (CHOH), 126.67-128.68 (5Ar-CH- 

AHPA), 134.87 (QC), 170.52 (CO), 170.61 (CO), 170.77 (CO). HRMS m/z\ 

Calculated: [M + H] = 424.2084 Found: 424.2122 [M + H]. Molecular Formula:

C2 0H29N3O7 . [a]o = - 30.4° (c = 0.20, MeOH).
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A -̂TFA salt-AHPA-Ile-Asp-di-COOH (3.28).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.25 (22.4 mg, 39.65 |amol), NaOH (45 jxl, 

37.65 i^mol) and MeOH (190 îl) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: A/-Boc-amide-a-COOH-P-COOH 

(22.4 mg, 39.65 lamol), TFA (200 |il) and DCM (200 |il), to afford the title compound 

as an oil. The product was dried in vacuo for several hours, yielding 3.28 (21.3 mg, 

97%) with the following physical characteristics: IR v^ax (KBr): 3433.5, 1691.2,

1550.1, 1462.8, 1250.3 cm''. '^C NMR (CDCI3 , 100 MHz) 6 c: 10.77 (CHj-Ile), 15.03 

(CHj-Ile), 24.17 (CH-Ile), 35.49 (CHj-Asp + CH2 -AHPA), 36.68 (CHz-Ile), 48.02 (CH- 

Asp), 55.45 (CH), 57.04 (CHNH-AHPA), 74.12 (CHOH), 126.17-128.81 (5Ar-CH- 

AHPA), 137.64 (QC), 170.14 (NHCO), 170.33 (NHCO), 170.95 (CO), 172.26 (CO). 

HRMS m/z\ Calculated: [A/ + H] = 424.2084. Found: 424.2099 {M + H]. Molecular 

Formula: C2 0 H2 9 N3 O7 . = -20.8 ° (c = 0.21, MeOH).

A'-Boc-Phe-OBzI.

The title compound was synthesised utilising the general procedure for synthesis of 

OBzl-esters-Method B, using the following quantities: A^-Boc-Phe-COOH (2 g, 7.55 

mmol), CS2 CO3 (1.23 g, 3.77 mmol), H2 O (12 ml), MeOH (4 ml), DMF (20 ml) and 

PhCHaBr (2.58 g, 15.09 mmol) to afford the title compound as an oil, which was 

purified using flash column chromatography (mobile phase: Hex: EtOAc (4:1)), and the 

eluent evaporated to yield the product as a white crystalline solid. The product was 

dried in vacuo for several hours to yield iV-Boc-Phe-OBzl (2.30 g, 90%), and was used 

without characterisation or further purification in the next step of the synthesis.

iV-TFA salt-Phe-OBzl (3.29).

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities: A^-Boc-Phe-OBzl (2.30 g, 6.48 mmol).
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TFA (30 ml) and DCM (30 ml), to yield the title compound as a yellow oil. The 

product was dried in vacuo for several hours to yield 3.29 (2.37 g, 98%), and was used 

without characterisation or further purification in the next step of the synthesis.

7V-Boc-Val-Phe-OBzl (3.30)’*\

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 3.29 (200 mg, 0.54 mmol), iV-Boc- 

Val-COOH (118 mg, 0.54 mmol), HOBt (6 8  mg, 0.54 mmol), DCC (123 mg, 0.54 

mmol) and DCM (4 ml). The residue was purified using flash column chromatography 

(mobile phase: Hex: EtOAc (6:1)) to afford the title compound as a clear oil (mobile 

phase: Hex: EtOAc (4:1), R/= 0.66,). The product was dried in vacuo for several hours 

to yield 3.30 (219 mg, 89%), with the following physical characteristics: 'H NMR 

(CDCI3, 400 MHz), 8 h: 0.86 + 0.93 (6 H, 2d, J  = 6.17 Hz, 2 CH3-Val), 1.46 (9H, s, 

0 C(CH3)3), 2.09 (IH, m, CH-Val), 3.13 (2H, d, J  = 6.19 Hz, CHz-Phe), 3.93 (IH, m, 

CHNH-Val), 4.92 (IH, dd, J  = 6.19, 13.45 Hz, CH-Phe), 5.03 (IH, bs, NH-Val), 5.16 

(2H, dd, J  = 11.96, 21.14 Hz, CHj-OBzl), 6.35 (IH, bs, NH-Phe), 7.04-7.28 (lOH, 4m, 

Ar-H, Phe + OBzl). '^C NMR (CDCI3, 100 MHz) 5c: 17.21 (CH3-Val), 18.68 (CH3- 

Val), 27.84 (C(CH3)3), 30.40 (CH-Val), 37.50 (CHj-Phe), 52.65 (CH-Phe), 59.83 (CH- 

Val), 66.81 (CH2-OBZI), 126.65, 128.06, 128.13, 128.48 (lOAr-CH, Phe + OBzl), 

135.14 + 135.09 (2QC, Phe + OBzl), 170.61 (CO), 170.73 (CO). NMR Data consistent 

with literature values‘̂  ̂ "  '  28.06° (c = 0.41, MeOH).

7V-Boc-Leu-Phe-OBzl (3.31)^^\

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 3.29 (200 mg, 0.54 mmol), A -̂Boc- 

Leu-COOH (125 mg, 0.54 mmol), HOBt (6 8  mg, 0.54 mmol), DCC (123 mg, 0.54 

mmol) and DCM (4 ml). The residue was purified using flash column chromatography 

(mobile phase: Hex: EtOAc (6:1)) to afford the title compound as a clear oil (mobile 

phase: Hex: EtOAc (4:1), R/= 0.66)). The product was dried in vacuo for several hours 

to yield 3.31 (228 mg, 90%), with the following physical characteristics:
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'H NMR (CDCI3, 400 MHz), 5h : 0.86 + 0.93 (6 H, m, 2 CH3-Leu), 1.28 (IH, s, CH- 

Leu), 1.45 (9H, s, OC(CH3)3), 1.64 (2H, m, CH2-Leu), 3.13 (2H, d, J  = 4.91 Hz, CH2- 

Phe), 4.15 (IH, m, CHNH-Leu), 4.85 (IH, bs, NH-Leu), 4.91 (IH, dd, J  = 6.19, 13.45 

Hz, CH-Phe), 5.16 (2H, dd, /  = 11.96, 21.14 Hz, CHs-OBzl), 6.54 (IH, bs, NH-Phe), 

7.04-7.24 (lOH, 4m, Ar-H, Phe +OBzl). ‘^C NMR (CDCI3, 100 MHz) 5ci 21.46 (CH3- 

Leu), 22.39 (CHj-Leu), 24.22 (CH-Leu), 27.83 (C(CH3)3), 37.45 (CHz-Phe), 40.86 

(CHz-Leu), 52.72 (2CH), 66.77 (CHz-OBzl), 79.61 (C(CH3)3), 126.59, 128.06, 128.90, 

(lOAr-CH, Phe + OBzl), 134.60 + 135.18 (2QC, Phe + OBzl), 170.61 (CO), 170.66 

(CO). [ a g =  - 33.18° (c = 1.00, MeOH), [ « g  = - 33.80° (c -  1.00, MeOH)^«''\

A^-Boc-lle-Phe-OBzl (3.32)^^^

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 3.29 (200 mg, 0.54 mmol), A -̂Boc- 

Ile-COOH (125mg, 0.54 mmol), HOBt ( 6 8  mg, 0.54 mmol), DCC (123 mg, 0.54 mmol) 

and DCM (4 ml). The residue was purified using flash column chromatography 

(mobile phase: Hex: EtOAc (4:1)) to afford the title compound as a clear oil (mobile 

phase: Hex: EtOAc (4:1), R/= 0.66)). The product was dried in vacuo for several hours 

to yield 3.32 (231 mg, 91%), with the following physical characteristics: ‘H NMR 

(CDCI3, 400 MHz), 6 h: 0.89 (6 H, i , J =  6.90 Hz, 2 CH3-Ile), 1.08 (IH, m, CH-Ile), 1.46 

(9H, s, OC(CH3)3), 1.84 (2H, m, CH2-Ile), 3.13 (2H, d, J  = 4.91 Hz, CHs-Phe), 3.96 

(IH, bs, CHNH-lle), 4.93 (IH, dd, J  = 6.19, 13.45 Hz, CH-Phe), 5.10 (IH, bs, NH-Ile), 

5.15 (2H, dd, J  = 11.96, 21.14 Hz, CHj-OBzl), 6.40 (IH, bs, NH-Phe), 7.04-7.23 (lOH, 

4m, Ar-H, Phe +OBzI). '^C NMR (CDCI3, 100.13 MHz) 5c: 10.92 (CH3-IIe), 14.94 

(CHa-Ile), 24.22 (CH-Ile), 27.85 (C(CH3)3), 36.79 (CHj-Ile), 37.53 (CH2-Phe), 52.65 

(CH-Phe), 58.76 (CH-Ile), 66.78 (CH2-OBZI), 79.37 (C(CH3)3), 126.63, 128.05, 128.86, 

(lOAr-CH, Phe + OBzl), 134.58 + 135.11 (2QC, Phe + OBzl), 170.60 (CO), 170.73 

(CO). [«]o = - 32.7° (c = 1, MeOH).
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7V-Boc-Val-Phe-COOH” ^

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: #-Boc-Val-Phen-OBzl (219 mg, 0.49 

mmol), EtOH (5 ml), EtOAc (5 ml) and 10% Pd/C (22 mg), to afford the title 

compound as an oil. The product was dried in vacuo for several hours to yield A -̂Boc- 

Val-Phe-COOH (175 mg, 99%), which was used without further purification in the next

step of the synthesis. [a] )̂^= - 13.4° (c = 1, MeOH), [aj^ = - 13.7° (c = 1, MeOH)^^"^*. 

7V-Boc-Leu-Phe-COOH^^\

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 7'/-Boc-Leu-Phe-OBzl (228 mg, 0.49 mmol), 

EtOH (5 ml), EtOAc (5 ml) and 10% Pd/C (23 mg), to afford the title compound as an 

oil. The product was dried in vacuo for several hours to yield A^-Boc-Leu-Phe-COOH 

(182 mg, 99%), which was used without fiarther purification in the next step of the

synthesis. [«]o = - 10.6° (c = 1, MeOH), [«]“ -  - 10.2° (c = 1, MeOH)‘'“"” .

7V-Boc-Ile-Phe-COOH^^^

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: A^-Boc-Ile-Phe-OBzl (231 mg, 0.49 mmol), 

EtOH (5 ml), EtOAc (5 ml) and 10% Pd/C (23 mg), to afford the title compound as an 

oil. The product was dried in vacuo for several hours to yield A^-Boc-lle-Phe-COOH 

(185 mg, 99%), which was used without further purification in the next step of the

synthesis. [afo = - 15.4° (c = 1, MeOH), [ a g  = - 15.7° (c = 1, MeOH)^"^''.
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yV-Boc-Val-Phe-Asp-di-OMe (3.33).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 3.16 (13 mg, 43.77 jxmol), N-5oc- 

Val-Phe-COOH (23.2 mg, 43.77 ^imol), HOBt (5.9 mg, 43.77 ^imol), DCC (9 mg, 43.77 

jxmol), Et3N (9 mg, 87.55 ^mol), and DCM (500 |j.l). The residue was purified using 

flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to afford the title 

compound as a clear oil (mobile phase: EtOAc, R/=0.31). The product was dried in 

vacuo for several hours to yield 3.33 (20 mg, 90%), with the following physical 

characteristics: IR v̂ „ax (KBr): 3280.8, 3066.2, 2964.6, 1742.2, 1651.6, 1644.7, 1557.3, 

1538.1, 1440.0, 1367.8, 1254.6, 1172.7, 1045.9, 1019.4, 739.3, 699.8 cm"'. 'H  NMR 

(CDCI3, 400 MHz), 6h : 2 Diastereomers°: 0.75-0.88 (6 H, 3m, 2 CH3-Val), 1.40 (9H, s, 

0 C(CH3)3), 2.04 (IH , bm, CH-Val), 2.25-2.91 (2H, m, CHa-Phe), 3.00-3.09 (2H, m, 

CH2-ASP), 3.62 (3H, 2s, OCHa-Asp), 3.67 (3H, 2s, OCHa-Asp), 3.98 (IH , bm, CHNH- 

Val), 5.21 (2H, bm, CH-Asp + CH-Phe), 5.42 (IH, m, NH-Val), 7.10-7.21 (6 H, m, Ar- 

H-Phe + NH-Phe), 7.36 (IH , bs, NH-Asp). '^C NMR (CDCI3, 100 MHz) 6c: 2 

Diastereomers°: 17.30 (CHj-Val), 18.74 (CHa-Val), 27.84 ( € ( ^ 3)3), 30.71 (CH-Val), 

35.41(CH2-Asp), 37.97 (CHi-Phe), 48.16 (CH-Asp), 51.50 (OCH3-ASP), 52.21 (OCH3- 

Asp), 53.65 (CH-Phe), 59.44 (CH-Val), 79.23 (C(CH3)3), 126.33-128.92 (5Ar-CH- 

Phen), 135.76 (QC), 155.35 (COOC(CH3)3), 170.16 (CO), 170.21 (CO), 171.26 (CO). 

[«]o = - 21.7° (c = 0.90, MeOH).

A'-Boc-Leu-Phe-Asp-di-OMe (3.34).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 3.16 (130 mg, 0.44 mmol), A^-Boc- 

Leu-Phe-COOH (237 mg, 0.44 mmol), HOBt (59 mg, 0.44 mmol), DCC (90 mg, 0.44 

mmol), EtaN (90 mg, 0.88 [imol), and DCM (1 ml). The residue was purified using 

flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to afford the title 

compound as a clear oil (mobile phase: EtOAc, R /=  0.31). The product was dried in 

vacuo for several hours to yield 3.34 (178 mg, 78%), with the following physical 

characteristics: IR (KBr): 3286.0, 3066.1, 2956.7, 1745.9, 1715.0, 1702.1, 1651.5,
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1644.0, 1648.2, 1538.1, 1439.7, 1367.8, 1219.6, 1171.1, 1047.3, 700.0 cm''. 'H NMR 

(CDCI3, 400 MHz), 6 h: 2 Diastereomers°: 0.87-0.90 (6 H, 3m, 2 CH3-Leu), 1.40 (lOH, 

s, CH-Leu + 0 C(CH3)j), 1.50-1.61 (2H, bm, CH-Leu), 2.42-2.94 (2H, m, CHa-Phe), 

3.01-3.12 (2H, m, CHj-Asp), 3.64 (3H, 2s, OCHs-Asp), 3.69 (3H, 2s, OCHs-Asp), 4.10 

(IH, bm, CHNH-Leu), 4.80 (2H, bm, CH-Asp + CH-Phe), 5.13-5.52 (IH, 2m, NH- 

Leu), 6.91-6.98 (IH, m, NHCO), 7.16-7.32 (6 H, m, Ar-H-Phe + NHCO). '^C NMR 

(CDCI3, 100 MHz) 6 c: 2 Diastereomers°: 21.52 (CHs-Leu), 22.48 (CH3-Leu), 24.21 

(CH-Leu), 27.82 (C(CH3)3), 35.49 (CH2-Asp), 37.67 (CHs-Phe), 40.93 (CHz-Leu), 

48.15(CH-Asp), 51.55 (OCHa-Asp), 52.25 (OCHs-Asp), 52.76 (CH), 53.65 (CH), 

79.46 (C(CH3)3), 126.39-128.95 (5Ar-CH-Phe), 135.96 (QC-Phe), 155.19

(COOC(CH3)3), 170.11(C03), 170.24 (CO), 170.32 (CO), 170.56 (CO), [a]^ = - 30.0“ 

(c=  1, MeOH).

A^-Boc-Ile-Phe-Asp-di-OMe (3.35).

The title compound was synthesised utilising the general procedure for peptide 

coupIing-Method B, using the following quantities: 3.16 (130 mg, 0.44 mmol), A -̂Boc- 

lle-Phe-COOH (237 mg, 0.44 mmol), HOBt (59 mg, 0.44 mmol), DCC (90 mg, 0.14 

mmol), Et3N (90 mg, 0.88 |imol), and DCM (1 ml). The residue was purified using 

flash column chromatography (mobile phase: Hex: EtOAc (2:1)) to afford the title 

compound as a clear oil (mobile phase: EtOAc, R /=  0.31). The product was dried in 

vacuo for several hours to yield 3.35 (184 mg, 81%), with the following physical 

characteristics: IR V;„ax (KBr): 3285.6, 3066.4, 2962.5, 1746.6, 1694.0, 1651.6, 1648.2,

1644.0, 1538.1, 1439.7, 1367.9, 1245.8, 1173.3, 1017.6, 738.3, 700.0 cm’’. 'H NMR 

(CDCI3, 400 MHz), 6 h: 2 Diastereomers°: 0.76-.85 (6 H, 3m, 2 CH3-Ile). 1.03 (IH, bm, 

CH-Ile), 1.40 (lOH, s, CH-Ile + OC(CH3)3), 1.79 (IH, bm, CH-Ile), 2.48-2.94 (2H, m, 

CH2-Phe), 3.08 (2H, m, CH2-Asp), 3.63 (3H, 2s, OCH3-ASP), 3.68 (3H, 2s, OCHa-Asp), 

3.98 (IH, bm, CHNH-Ile), 4.81 (2H, bm, CH-Asp + CH-Phe), 5.27-5.36 (IH, m, NH- 

lle), 6.96-6.98 (IH, 2m, NHCO), 7.10-7.17 (6 H, m, Ar-H-Phe + NHCO). '^C NMR 

(CDCI3, 100 MHz) 5c: Diastereomers'': 10.88 (CHa-Ile), 14.77 (CH3-Ile), 24.08 (CH- 

lle), 27.84 (C(CH3)3), 35.39 (CHz-Asp), 36.97 (CHa-Phe), 37.92 (CHj-lle) 48.17 (CH- 

Asp), 51.48 (OCH3-ASP), 52.22 (OCHj-Asp), 53.67 (CH-Phe), 58.88 (CH-IIe), 79.33
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(C(CH3)3), 126.37-128.91 (5Ar-CH-Phe), 135.72 (QC), 155.31 (COOC(CH3)3), 170.09 

(CO), 170.23 (CO), 170.62 (CO), 171.16 (CO). [afo = - 20.T  (c = 0.80, MeOH).

A -̂TFA salt-Leu-Phe-OBzl.

The title compound was synthesised utilising the general procedure for deprotection o f 

A^-Boc-amines using the following quantities: A^-Boc-Leu-Phe-OBzl (40 mg, 85.47 

fxmol), TFA (430 ]j,l) and DCM (430 lal), to afford the title compound as a yellow oil. 

The product was dried in vacuo for several hours to yield (41 mg, 99%), and was used 

without characterisation or further purification in the next step o f the synthesis.

7V-TFA salt-Ile-Phe-OBzl.

The title compound was synthesised utilising the general procedure for deprotection o f 

A^-Boc-amines using the following quantities; A^-Boc-Ile-Phe-OBzl (40 mg, 85.47 

[xmol), TFA (430 |j.l) and DCM (430 p,l), to afford the title compound as a yellow oil. 

The product was dried in vacuo for several hours to yield (41 mg, 99%), and was used 

without characterisation or fiirther purification in the next step o f the synthesis.

A -̂TFA salt-Val-Phe-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-Val-Phe-Asp-di-OMe (20 mg, 

39.45 |o,mol), TFA (200 |j,l) and DCM (200 jj.1), to yield the title compound as a green 

solid. The product was dried in vacuo for several hours to yield A^-TFA salt-Val-Phe- 

Asp-di-OMe, (20.3 mg, 98%), and was used without characterisation or further 

purification in the next step o f the synthesis.
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A'-TFA salt-Leu-Phe-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

jV-Boc-amines using the following quantities: iV-Boc-Leu-Phe-Asp-a-Ome-P-OMe (178 

mg, 0.34 mmol), TFA (1.71 ml) and DCM (1.71 ml), to yield the title compound as a 

yellow oil. The product was dried in vacuo for several hours to yield #-TFA salt-Leu- 

Phe-Asp-di-OMe, (180 mg, 98%), and was used without characterisation or further 

purification in the next step of the synthesis.

A -̂TFA salt-Ile-Phe-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-Ile-Phe-Asp-di-OMe (184 mg, 

0.35 mmol), TFA (1.8 ml) and DCM (1.8 ml), to yield the title compound as a yellow 

oil. The product was dried in vacuo for several hours to yield A -̂TFA salt-lle-Phe-Asp- 

di-OMe (187 mg, 98%), and was used without characterisation or further purification in 

the next step of the synthesis.

A^-Boc-AHPA-Leu-Phe-OBzl (3.36).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: iV-TFA salt-Leu-Phe-OBzl (41 mg, 

84.36 nmol), 3.14 (39 mg, 84.36 ^mol), EtsN (248 mg 168.72 i^mol), and DCM (1 ml). 

The residue was purified using flash column chromatography (mobile phase: Hex: 

EtOAc (2:1)) to afford the title compound as a clear oil (mobile phase: Hex: EtOAc 

(1:1), R/ =0.26)). The product was dried in vacuo for several hours to yield 3.36 

(22.9mg, 42%), with the following physical characteristics: IR Vmwc (KBr): 3281.8, 

3072.2, 2972.6, 1747.0, 1682.5, 1654.3, 1643.2, 1502.3, 1440.0, 1367.9, 1254.6,1172.7 

c m \  'H NMR (CDCI3 , 400 MHz), 6 h: 2 Diastereomers°: 0.82-0.89 (6 H, 3m, 2 CH3- 

Leu), 1.35 (lOH, s, CH-Leu + OC(CH3)3), 1.89 (2H, bm, CH2 -Leu), 3.05-3.11 (4H, m, 

CH2 -AHPA + CH2 -Phen), 4.08 (IH, bm, CHNH), 3.72-4.29 (2H, 4s, (CHNH +
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CHOH)-AHPA), 4.86 (IH, m, CH), 5.09-5.11 (2H, m, CHi-OBzl), 6.45-6.57 (IH, 2bm, 

NH), 7.07-7.35 (18H, m, Ar-H-Phen, Ar-H-AHPA, Ar-OBzl + 3NHC0). ’^C NMR 

(CDCI3, 100 MHz) 5c: 2 Diastereomers°\ 21.24 (CHa-Leu), 23.61 (CHs-Leu), 25.52 

(CH-Leu), 27.14 (C(CH3)3), 37.11 (CH2), 38.65 (CH2), 40.46 (CHa-Leu), 55.05 (CH), 

56.58 (CH), 58.66 (CHNH-AHPA), 67.36 (CHs-OBzl), 74.32 (CHOH-AHPA), 80.86 

(C(CH3)3), 127.47-130.32 (15 Ar-CH-Phe, AHPA, OBzl), 137.14 (QC), 137.39 (QC), 

139.01 (QC), 171.12 (CO), 171.41 (CO). [ a g =  -28.5“ (c = 0.23, MeOH).

A^-Boc-AHPA-Ile-Phen-OBzl (3.37).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-Ile-Phe-OBzl (41 mg, 

84.36 i^mol), 3.14 (39 mg, 84.36 ^mol), EtsN (248 mg, 168.72 ^imol), and DCM (1 ml). 

The residue was purified using flash column chromatography (mobile phase: Hex: 

EtOAc (2:1)) to afford the title compound as a clear oil (mobile phase: Hex: EtOAc 

(2:1), R/= 0.26)). The product was dried in vacuo for several hours to yield 3.37 (27.8 

mg, 51%), with the following physical characteristics: IR Vmax (KBr): 3286.1, 3067.1, 

2965.2, 1743.5, 1691.9, 1655.1, 1649.2, 1640.1, 1496.3, 1367.9, 1247.2, 1171.8 cm’’. 

'H NMR (CDCI3, 400 MHz), 5h : 0.84 (6 H, m, 2 CH3-Ile), 1.12 (IH, m, CH-Ile), 1.36 

(9H, s, 0 C(CH3)3), 1.93 (2H, m, CHs-He), 3.08-3.38 (4H, m, CH2-AHPA + CHj-Phe), 

3.83 (IH, bs, CH), 4.11-4.2 (2H, 4s, (CHNH +CHOH)-AHPA), 4.84 (IH, m, CH), 5.10 

(4H, m, CH2-OBZI + NH), 5.15 (2H, dd, J  = 11.96, 21.14 Hz,), 6.40 (IH, bs, NH), 7.07- 

7.35 (15H, 3m, Ar-H, AHPA, Phe +OBzl), 7.48 (IH, bs, NH). '^C NMR (CDCI3, 

100.13 MHz) 5c: 10.88 (CHj-Ile), 14.97 (CH3-Ile), 24.35 (CH-Ile), 27.97 (C(CH3)3),

35.94 (CH2), 35.99 (CH2), 37.31 (CH2), 53.85 (CH-Phe), 55.41 (CH-Ile), 57.49 

(CHNH-AHPA), 66.16(CH2-OBz1), 72.34 (CHOH-AHPA), 79.69 (C(CH3)3), 126.30- 

129.51, (15Ar-CH, AHPA, Phe + OBzl), 136.13 (QC ), 137.89 (QC), 170.24 (CO),

170.94 (CO), 173.05 (CO). [ a g =  -24.6° (c = 0.27, MeOH).
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A^-Boc-AHPA-Val-Phe-Asp-di-OMe (3.38).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 7V-TFA salt-Val-Phe-Asp-di-OMe, 

(20.3 mg, 38.67 |4,mol), 3.14 (18 mg, 38.67 |jmoI), EtsN (8  mg, 77.33 i^mol), and DCM 

(500 |jl). The residue was purified using flash column chromatography (mobile phase: 

Hex: EtOAc (2:1)) to afford the title compoimd as a clear oil (mobile phase: EtOAc, R/ 

=0.21). The product was dried in vacuo for several hours to yield 3.38 (18 mg, 6 8 %), 

with the following physical characteristics: IR Vmax (KBr): 3281.6, 3067.2, 2965.4, 

1747.0, 1652.3, 1643.1, 1557.4, 1503.1, 1440.0, 1367.9, 1255.6, and 1172.7cm-’ ‘H 

NMR (CDCI3, 400 MHz), 5h: 2 Diastereomers°: 0.74-0.86 (6 H, 3m, 2 CH3-Val), 1.38 

(9H, s, 0 C(CH3)3), 1.93 (IH, bm, CH-Val), 2.58-3.19 (6 H, m, CHj-Asp, CH2-AHPA + 

CH2-Phe), 3.65 (3H, 2s, OCHj-Asp), 3.66 (3H, 2s, OCHj-Asp), 3.98 (IH, bm, CHNH- 

Val), 4.07-4.24 (2H, bm, (CHNH +CHOH)-AHPA), 4.68 (IH, m, CH-Asp or CH-Phe), 

4.81 (IH, m, CH-Asp or CH-Phe), 5.02-5.09 (IH, 2bm, NH-AHPA), 6.67-6.97 (1.5H, 

3m, 3 X .5NHCO), 7.32-7.43 (11.5H, m, Ar-H-Pen, Ar-H-AHPA + 3 x .5NHCO). '^C 

NMR (CDCI3, 100 MHz) 5c: 2 Diastereomers 17.65 (CHj-Val), 18.83 (CHj-Val), 

27.75 (C(CH3)3), 30.12 (CH-Val), 35.46 (CHz-Phe), 35.54 (CH2-AHPA), 37.16 (CH2- 

Asp), 47.79 (CH-Asp), 51.65 (OCHj-Asp), 52.28 (OCH3-ASP), 53.86 (CH-Phe), 55.05 

(CH-Val), 57.62 (CHNH-AHPA), 72.86 (CHOH-AHPA), 79.33 (C(CH3)3), 126.02- 

128.93 (lOAr-CH-Phe + AHPA), 135.88 (QC-Phe), 137.70 (QC-AHPA), 169.77 (CO),

170.14 (CO). [a]f, = -\6.3° (c = 0.18, MeOH).

A^-Boc-AHPA-Leu-Phe-Asp-di-OMe (3.39).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: jV-TFA salt-Val-Phe-Asp-di-OMe, 

(50.6 mg, 65.07 ^imol), 3.14 (30 mg, 65.07 ^mol), EtsN (19 mg, 130.02 iiimol), and 

DCM (500 |al). The residue was purified using flash column chromatography (mobile 

phase Hex: EtOAc (2:1)) to afford the title compound as a clear oil (mobile phase: 

EtOAc, R/= 0.21). The product was dried m vacuo for several hours to yield 3.39 (24.5 

mg, 54%), with the following physical characteristics:
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IR v„,ax (KBr): 3280.6, 3063.2, 2964.2, 1743.5, 1651.0, 1644.2, 1551.3, 1520.3, 1442.5, 

1367.8 1223.1, 1174.1cm'' 'H  NMR (CDCI3, 400 MHz), 6 h: 2 Diastereomers°\ 0.78- 

0.87 (6 H, 3m, 2 CH3-Leu), 1.38 (lOH, s, CH-Leu + OC(CH3)3), 1.99-2.58 (2H, 3bm, 

Ctb-Leu), 2.79-3.17 (6 H, m, CH2-Asp, CH2-AHPA + CHs-Phe), 3.64 (3H, 2s, OCH3- 

Asp), 3.66 (3H, 2s, OCHs-Asp), 4.08 (IH, bm, CHNH-Leu), 4.09-4.25 (2H, bm, 

(CHNH +CHOH)-AHPA), 4.69 (IH, m, CH-Asp or CH-Phe), 4.83 (IH , m, CH-Asp or 

CH-Phe), 5.11-5.24 (IH , 2bm, NH-AHPA), 6.99-7.35 (13H, m, Ar-H-Phe, Ar-H-AHPA 

+ 3NHC0). ‘̂ C NMR (CDCI3, 100 MHz) 6 c: 2 Diastereomers 20.89 (CHa-Leu), 

22.25 (CHj-Leu), 24.09 (CH-Leu), 27.75 ( € ( ^ 3)3), 35.46 (CH2- Asp), 35.54 (CH2- 

AHPA), 37.12 (CH2-Phe), 40.45 (CHz-Leu), 47.23 (CH-Asp), 51.56 (OCHa-Asp), 

52.28 (OCH3-ASP), 53.86 (CH-Leu), 55.05 (CH-Phe), 57.80 (CHNH-AHPA), 72.86 

(CHOH-AHPA), 79.81 (C(CH3)3), 126.02-128.93 (lOAr-CH-Phe + AHPA), 135.88 

(QC-Phe), 137.70 (QC-AHPA), 169.77 (CO), 170.14 (CO), 170.21 (CO), 170.51 (CO)

170.82 (CO). -18.3 ° (c = 0.24, MeOH).

A'-Boc-AHPA-Ile-Phe-Asp-di-OMe (3.40).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: jV-TFA salt-Ile-Phe-Asp-di-OMe, 

(50.6 mg, 65.07 lamol), 3.14 (30 mg, 65.07 ^imol), Et3N (19 mg, 130.02 |imol), and 

DCM (500 (il). The residue was purified using flash column chromatography (mobile 

phase: Hex: EtOAc (2:1)) to afford the title compound as a clear oil (mobile phase: 

EtOAc, R /=  0.21). The product was dried in vacuo for several hours to yield 3.40 (25.4 

mg, 56%), with the following physical characteristics: IR Vmax (KBr): 3281.5, 3063.1, 

2961.2, 1741.2, 1649.2, 1638.7, 1546.2, 1499.2, 1436.0, 1365.3, 1265.2, 1188.1cm-' 'H  

NMR (CDCI3, 400MHz), 5h: 2 Diastereomers 0.74-0.86 (6 H, 3m, 2 CH3-Ile), 1.38 

(9H, s, 0 C(CHb)3), 2.02-2.17 (3H, bm, CH2 + CH-Ile), 2.58-3.19 (6 H, m, CH2-Asp, 

CH2-AHPA + CH2-Phe), 3.65 (3H, 2s, OCHa-Asp), 3.66 (3H, 2s, OCHs-Asp), 3.98 

(IH , bm, CHNH-Ile), 4.07-4.24 (2H, bm, (CHNH +CHOH)-AHPA), 4.68 (IH , m, CH- 

Asp or CH-Phe), 4.81 (IH , m, CH-Asp or CH-Phe), 5.02-5.09 (IH , 2bm, NH-AHPA), 

6.67-6.97 (1.5H, 3m, 3 x 0.5NHCO), 7.32-7.43 (11.5H, m, Ar-H-Phe, Ar-H-AHPA + 3 

X 0.5NHCO). '^C NMR (CDCI3, 100 MHz) 5c: 2 Diastereomers 10.38 (CH3-IIe),
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14.73 (CHa-Ile), 24.12 (CH-Ile), 27.73 (C(CH3)3), 35.53 (CH2-Asp), 36.08 (CH2- 

AHPA), 37.07 (CH2-Phe), 37.24 (CHz-Ile), 48.23 (CH-Asp), 51.61 (OCHj-Asp), 52.29 

(OCHs-Asp), 53.61 (CH-Phe), 55.17 (CH-Ile), 57.25 (CHNH-AHPA), 73.74 (CHOH- 

AHPA), 79.45 (C(CH3)3), 126.07-128.91 (lOAr-CH-Phe + AHPA), 135.89 (QC-Phe), 

137.65 (QC-AHPA), 156.02 (COOC(CH3)3), 169.71 (CO), 170.00 (CO), 170.19 (CO), 

170.70 (CO) 170.84 (CO). [a]“  = - 15.2° (c = 0.25, MeOH).

A -̂TFA salt-AHPA-Leu-Phe-COOH (3.41).

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 3.36 (22.9 mg, 35.50 nmol), EtOH (100 |al), 

EtOAc (100 |Lil) and 10% Pd/C (3 mg), superceded by deprotection of A -̂Boc amines, 

using the general procedure, with the subsequent quantities: jV-Boc-amide-a-COOH 

(22.9 mg, 35.50 |j,mol), TFA (176 ^1) and DCM (176 ^1), to afford the title compound 

as an oil. The product was dried in vacuo for several hours, yielding 3.41(17 mg, 81%), 

with the following physical characteristics: IR Vmax (KBr): 3443.1, 1692.1, 1665.2, 

1652.3, 1623.5, 1500.2, 1253.2 cm'’ '^C NMR (CDCI3 , lOOMHz) 6 c: 2 

Diastereomers°: 21.35 (CH3 -Leu), 23.73 (CH3 -Leu), 25.45 (CH-Leu), 35.32 (CH2 - 

AHPA), 37.22 (CH2 -Phe), 38.60 (CHs-Leu), 53.15 (CH-Leu), 55.93 (CH-Phe), 58.33 

(CHNH-AHPA), 74.43 (CHOH-AHPA), 127.59-130.44 (lOAr-CH-Phe + AHPA), 

137.51 (QC), 139.12 (QC), 171.24 (CO), 171.52 (CO), 171.72 (CO), 172.13 (CO). 

HRMS m/z\ Calculated: [M + H] = 456.2498. Found: 456.3201 [M + H], Molecular 

Formula; C2 5 H3 3N 3O5 . [a]„ = -24.5° (c = 0.17, MeOH).

A -̂TFA salt-AHPA-Ile-Phe-COOH (3.42).

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: 3.37 (27.8 mg, 43.10 nmol), EtOH (100 |il), 

EtOAc (100 nl) and 10% Pd/C (5 mg), superceded by deprotection of N-Qoc amines, 

using the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH 

(27.8 mg, 43.10 nmol), TFA (215 îl) and DCM (215 |il), to afford the title compound
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as an oil. The product was dried in vacuo for several hours, yielding 3.42 (20 mg, 

79%), with the following physical characteristics: IR Vmax (KBr): 3448.2 1689.1,

1664.2 1649.3 1619.3, 1495.2, 1248.2 cm'*. '^C NMR (CDClj, 100 MHz) 6 c: 2

Diastereomers°: 10.72 (CHs-IIe), 15.31 (CH3 -Ile), 24.26 (CH-Ile), 36.09 (CH2 -AHPA), 

37.41 (CH2 -Phe), 37.58 (CH2 -Ile), 53.94 (CH-Phe), 55.51 (CH-Ile), 57.59 (CHNH- 

AHPA), 73.74 (CHOH-AHPA), 126.40-129.25 (lOAr-CH-Phe + AHPA), 136.32 (QC), 

137.98 (QC), 170.04 (CO), 170.34 (CO), 170.53 (CO), 170.68 (CO) 170.93 (CO), 

171.04 (CO). HRMS m/z: Calculated: [M+ H] = 456.2498 Found: 456.3028 [M+ H],

Molecular Formula: C 2 5 H 3 3 N 3 O 5 .  [a]^ = -20.8“ (c = 0.20, MeOH).

N-TFA  salt-AHPA-Val-Phe-Asp-di-COOH (3.43).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.38 (18 mg, 26.32 ^mol), NaOH (30 |al, 

25.00 i^mol) and MeOH (130 ^1) superceded by deprotection of A^-Boc-amines, using 

the general procedure, with the subsequent qutmtities: A/-Boc-amide-a-COOH (18 mg, 

26.32 |j,mol), TFA (130 ^1) and DCM (130 ^1), to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.43 (16.2 mg, 91%), with 

the following physical characteristics: IR Vmax (KBr): 3448.2,1682.3, 1652.1, 1638.1, 

1499.2, 1441.3 1224.3 cm'’ '^C NMR (CDCI3 , 100 MHz) 6 c: 2 Diastereomers°: 17.21 

(CH3 -Val), 18.38 (CHj-Val), 29.67 (CH-Val), 35.01 (CH2 -Phen), 35.09 (CH2 -AHPA), 

36.71 (CH2 -ASP), 47.78 (CH-Asp), 53.16 (CH-Phe), 57.17 (CH-Val), 57.35 (CHNH- 

AHPA), 72.41 (CHOH-AHPA), 125.57-128.48 (lOAr-CH-Phe + AHPA), 135.43 (QC), 

137.25 (QC), 169.32 (CO), 169.69 (CO), 169.76 (CO), 170.06 (CO) 172.36 (CO). 

HRMS m/z\ Calculated: [M + H] = 557.2611 Found: 557.2664 [M + H], Molecular 

Formula: C2 8 H3 6N4 O8 . [«]o = -5.1° (c = 3.01, MeOH).
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A -̂TFA salt-AHPA-Leu-Phe-Asp-di-COOH (3.44).

The title compound was synthesized utilizing the general procedure for deprotection of 

OMe-esters using the following quantities; 3.39 (24.5 mg, 35.14 |iimol), NaOH (40 |al,

33.38 fimol) and MeOH (170 ^1) superceded by deprotection of A^-Boc-amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH (24.5 mg, 

35.14 i^mol), TFA (180 |il) and DCM (180 |xl), to afford the title compound as an oU. 

The product was dried in vacuo for several hours, yielding 3.44 (21.8 mg, 89%), with 

the following physical characteristics: IR Vmax (KBr): 3444.7, 1685.2, 1649.2, 1639.2, 

1502.3, 1440.0, 1254.6 cm'* NMR (CDCI3, 100 MHz) 6c: 2 Diastereomers°: 21.46 

(CHa-Leu), 22.93 (CHj-Leu), 24.69 (CH-Leu), 35.61 (CHi-Asp), 35.70 (CH2 -AHPA), 

37.65 (CH2 -Phe), 40.18 (CHj-Leu), 47.95 (CH-Leu), 53.76 (CH-Asp), 55.02 (CH-Phe), 

57.77 (CHNH-AHPA), 73.02 (CHOH-AHPA), 126.17-129.08 (lOAr-CH-Phe + 

AHPA), 136.04 (QC), 137.85 (QC), 169.93 (CO), 170.30 (CO), 170.37 (CO), 170.66 

(CO) 170.85 (CO). HRMS m/z\ Calculated: [M + H] = 571.2768. Found: 571.2644 [M 

+ H], Molecular Formula: C2 9 H3 8N4 O8 . [a]o = -18.9“ (c = 1.59, MeOH).

A -̂TFA salt-AHPA-Ile-Phe-Asp-di-COOH (3.45).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.40 (25.4 mg, 36.39 nmol), NaOH (40 nl, 

34.57 jAmol) and MeOH (175 îl) superseded by deprotection of A^-Boc-amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH (25.4 mg,

36.39 ijjnol), TFA (180 |o.l) and DCM (180 |j,l), to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.45 (21.5 mg, 8 6 %), with 

the following physical characteristics: IR Vmax (KBr): 3448.2, 1679.5, 1652.3, 1641.7, 

1498.5, 1442.7, 1254.9 cm'* '^C NMR (CDCI3 , 100 MHz) 5c: 2 Diastereomers°\ 10.43 

(CHa-Ile), 14.44 (CHj-Ile), 24.50 (CH-Ile), 35.77 (CHz-Asp), 36.37 (CH2 -AHPA), 

37.56 (CH2 -Phe), 37.47 (CH2 -Ile), 48.54 (CH-Asp), 53.92 (CH-Phe), 57.93 (CHNH- 

AHPA), 58.63 (CH-Ile), 73.18 (CHOH-AHPA), 126.33-129.24 (lOAr-CH-Phe + 

AHPA), 136.20 (QC), 138.01 (QC), 170.08 (CO), 170.46(CO) 170.53 (CO). HRMS
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m/z: Calculated: [M + H] = 571.2768. Found: 571.2438 [M + H], Molecular Formula: 

C2 9 H3 8N 4 O8 . [«]y = -10.2° (c = 0.21, MeOH).

A'-Boc-Pro-OBzl.

The title compound was synthesised utilising the general procedure for synthesis o f  

OBzl-esters-Method B, using the following quantities: A^-Boc-Pro-COOH (2 g, 9.30 

mmol), CS2CO3 (1.51 g, 4.65 mmol), H2 O (10 ml), MeOH (10 ml), DMF (20 ml) and 

BnBr (1.60 g, 9.30 mmol) to afford the title compound as an oil, which was purified 

using flash column chromatography (mobile phase: Hex: EtOAc (4:1)), and the eluent 

evaporated to yield the product as a clear oil. The product was dried in vacuo for 

several hours to yield A'-Boc-Pro-OBzl (2.52 g, 89%), and was used without 

characterisation or further purification in the next step o f  the synthesis.

yV-TFA salt-Pro-OBzl.

The title compound was synthesised utilising the general procedure for deprotection o f  

A^-Boc-amines using the following quantities: yield A^-Boc-Pro-OBzl (2.52 g, 8.262 

mmol), TFA (41 ml) and DCM (41 ml), to yield the title compound as a yellow oil. 

The product was dried in vacuo for several hours to yield iV-TFA salt-Pro-OBzl (2.62 g, 

98%), and was used without characterisation or fiarther purification in the next step o f 

the synthesis

A^-Boc-Pro-Pro-OBzl (3.46)'’*.

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: A/-TFA salt-Pro-OBzl (2.62 g, 8.11 

mmol), M oc-P ro-C O O H  (1.58 g, 7.37 mmol), DIEA (3.04 g, 23.60 mmol), BEP (1.51 

g, 8.11 mmol) and DCM (30 ml). The residue was purified using flash column 

chromatography (mobile phase: Hex: EtOAc (4:1)) to afford the title compound as a
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clear oil. The product was dried in vacuo for several hours to yield 3.46 (1.60 g, 54%), 

with the following physical characteristics: 'H NMR (CDCI3 , 400 MHz), 5h: 2 

Conformersn: 1.37 (9H, 2s, OC(CH3 )3 ), 1.70-2.07 (8 H, m, 2 p-CH2 -Pro, 2 Y-CH2 -Pro), 

3.28-3.67 (4H, m, 25-CH2-Pro), 4.28-4.54 (2H, 3m, 2a-CH-Pro), 4.95-5.15 (2H, 2m, 

CH2 -OBZI), 7.24 (5H, s, Ar-H-OBzl). ‘̂ C NMR (CDCI3 , 100 MHz) 5c: 2 Conformersa.- 

22.96, 23.49, 24.40, 24.46 (2 y-CH2 -Pro), 27.97 (OC(CH3 )3 ), 28.12, 28.27, 28.40, 29.33 

(2 p-CH2 -Pro), 45.94, 46.10, 46.32 (25-CH2-Pro), 57.13, 57.18, (2a-CH-Pro), 66.15, 

66.25 (CH2 -OBZI), 78.81, 78.84 (OC(CH3 )3 ), 127.55, 127.96 (5Ar-CH-0Bzl), 135.13, 

135.20 (QC), 153.18, 153.98 (COOC(CH3 )3 ), 170.62, 171.05, 171.30, 171.57 

(2NHCO). [a]^'= -109.4 ° (c = 1, CHCI3 ), [a]“ = -109.4 ° (c = 1, CHCb)"''

A/-TFA salt-Pro-Pro-OBzl.

The title compound was synthesised utilising the general procedure for deprotection o f 

A^-Boc-amines using the following quantities: A^-Boc-Pro-Pro-OBzl (1.60 g, 3.98 

mmol), TFA (20 ml) and DCM (20 ml), to yield the title compound as a yellow oil. 

The product was dried in vacuo for several hours to yield A^-TFA salt-Pro-Pro-OBzl, 

(1.64 g, 98%), and was used without characterisation or further purification in the next 

step o f the synthesis

A^-Boc-Val-Pro-Pro-OBzl (3.47).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: A^-TFA salt-Pro-Pro-OBzl (546 mg, 

1.30 mmol), A'-Boc-Val-COOH (256 mg, 1.18 mmol), DIEA (488 mg, 3.78 mmol), 

BEP (242 mg, 1.30 mmol) and DCM (5 ml). The residue was purified using flash 

column chromatography (mobile phase: Hex: EtOAc (2:1)) to afford the title compound 

as a clear oil. The product was dried in vacuo for several hours to yield 3.47 (420 mg, 

71%), with the following physical characteristics; IR Vmax (KBr): 3432.6, 3301.3, 

2973.6, 2876.2, 1743.4, 1709.3, 1639.1, 1499.5, 1438.0, 1245.4, 1170.1, 1015.0, 735.3, 

669.7 cm '. ‘H NMR (CDCI3, 400 MHz), 6 h: 0.89 (3H, d, J=  6.39 Hz, CH3-Val), 1.01
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(3H, d, J =  6.39 Hz, CHj-Val) 1.40 (9H, s, OC(CH3)3), 1.85-2.21 (9H, m, 2 p-CH2-Pro, 

2y-CH2-Pro + CH-Val), 3.55-3.83 (4H, 4m, 25-CH2-Pro), 4.25 (IH, m, CH-Val), 4.61- 

4.68 (2H, m, 2a-CH-Pro), 4.99-5.21 (3H, dd + bs, J =  12.40, 75.71 Hz, CHj-OBzl + 

NHCO-Val), 7.24 (5H, s, Ar-H-OBzl). '^C NMR (CDCI3, lOOMHz) 6c: 16.99 (CH3- 

Val), 18.96 (CH3-Val), 24.37 (2y-CH2-Pro), 27.87 (OC(CH3)3), 28.29 (2 p-CH2-Pro), 

30.82 (CH-Val), 46.12 + 46.96 (28-CH2-Pro), 56.35 (CH-Val), 57.34 + 58.23 (2a-CH- 

Pro), 66.31 (CH2-OBZI), 78.83 (OC(CH3)3), 127.67-128.02 (5Ar-CH-0Bzl), 135.19 

(QC), 155.34 (COOC(CH3)3), 169.89 (NHCO), 170.46 (NHCO), 171.45 (NHCO).

[«]o = -122.5 ° (c = 1.2, MeOH).

A'-Boc-Leu-Pro-Pro-OBzl (3.48).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 7V-TFA salt-Pro-Pro-OBzl (546 mg, 

1.300 mmol), A^-Boc-Leu-COOH (275 mg, 1.182 mmol), DIEA (488 mg, 3.782 mmol), 

BEP (242 mg, 1.300 mmol) and DCM (5 ml). The residue was purified using flash 

column chromatography (mobile phase; Hex: EtOAc (4:1)) to afford the title compound 

as a clear oil. The product was dried in vacuo for several hours to yield 3.48 (450 mg, 

76%), with the following physical characteristics: IR Vmax (KBr): 3402.9, 2957.5,

1742.4, 1700.5, 1640.5, 1438.6, 1250.5, 1167.7, 1045.4, 698.7 cm''. ’HNM R(CDC13, 

400MHz), 5h: 0.93 (3H, d, J=6.35 Hz, CH3-Leu), 0.98 (3H, d, J =  6.35 Hz, CHj-Leu), 

1.42 (lOH, s, 0 C(CH3)3 + CH-Leu), 1.76-1.84 (2H, m + bs, CH2-Leu), 1.95-2.23 (8 H, 

m, 2 p-CH2-Pro, 2y-CH2-Pro), 3.62-3.85 (4H, 2m, 26-CH2-Pro), 4.49 (IH, m, CH-Leu), 

4.51-4.67 (2H, m, 2a-CH-Pro), 5.02-5.24 (3H, bd + dd, = 8.97 Hz, = 12.10, 

76.13 Hz, NHCO-Leu + CHj-OBzl), 7.33 (5H, s, Ar-H-OBzl). '^C NMR (CDCI3, 100 

MHz) 6 c: 21.14 (CH3-Leu), 22.96 (CH3-Leu), 24.18 (CH-Leu), 24.32 + 24.38 (2 y-CH2- 

Pro or 2 p-CH2-Pro), 27.88 (OC(CH3)3), 27.65 + 28.32 (2 p-CH2-Pro or 2 y-CH2-Pro), 

41.36 (CH2-Leu), 46.16 + 46.55 (26-CH2-Pro), 49.87 (CH-Leu), 57.24 + 58.25 (2a-CH- 

Pro), 66.35 (CH2-OBZI), 78.92 (OC(CH3)3), 127.69-128.04 (5Ar-CH-0Bzl), 135.21 

(QC), 155.25 (C00C(CH3)3), 169.98 (NHCO), 171.12 (NHCO), 171.48 (NHCO). 

[a]“ = -57.5 ° {c = 0.8, MeOH).
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7V-Boc-Ile-Pro-Pro-OBzl (3.49).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities; A/̂ -TFA salt-Pro-Pro-OBzl (546 mg, 

1.30 mmol), iV-Boc-lle-COOH (275 mg, 1.18 mmol), DIEA (488 mg, 3.78 mmol), BEP 

(242 mg, 1.30 mmol) and DCM (5 ml). The residue was purified using flash column 

chromatography (mobile phase; Hex; EtOAc (4;1)) to afford the title compound as a 

clear oil. The product was dried in vacuo for several hours to yield 3.49 (473 mg, 

80%), with the following physical characteristics; IR Vmax (KBr); 3300.2, 2969.7, 

2877.3, 1743.2, 1708.6, 1638.5, 1500.3, 1438.6, 1250.3, 1169.3, 1044.5, 1017.8, 735.2, 

699.2 cm'‘. 'H NMR (CDCI3, 400 MHz), 6 h; 0.86-0.99 (6 H, t + dd + d, 7  = 7.36,

2.89, 7.36, / =  7.36 Hz, 2 CH3-IIe), 1.09 (IH, m, CH-Ile), 1.40 (9H, s, OC(CH3)3), 1.56 

(IH , bm, CH-Ile), 1.74 (IH, bm, CH-Ile), 1.89-2.22 (8 H, m, 2 p-CH2-Pro, 2y-CH2-Pro), 

3.58-3.81 (4H, 3m, 25-CH2-Pro), 4.26 (IH , bm, CH-lle), 4.65 (2H, m, 2a-CH-Pro), 

5.00-5.20 (3H, d, J  = 12.43, 69.93 Hz, NHCO-lle + CHz-OBzl), 7.30 (5H, s, Ar-H- 

OBzl). ‘̂ C NMR (CDCI3, 100 MHz) 5c; 10.58 (CHs-lle), 14.87 (CHa-Ile), 22.49 (CH- 

lle), 23.90 + 24.33 (2y-CH2-Pro or 2 (3-CH2-Pro), 27.76 (OC(CH3)3), 27.87 +28.29 (2y- 

CH2-Pro or 2 p-CH2-Pro), 37.41 (CH2-Ile), 46.15 + 47.11 (25-CH2-Pro), 55.74 (CH-lle), 

57.40 + 58.22 (2a-CH-Pro), 66.31 (CH2-OBZI), 78.87 (OC(CH3)3), 127.65-128.01 

(5Ar-CH-0Bzl), 135.19 (QC), 155.24 (COOC(CH3)3), 169.87 (NHCO), 170.90 

(NHCO), 171.46 (NHCO). -93.3 ° (c = 1.8, MeOH).

iV-Boc-Val-Pro-Pro-COOH.

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities; A^-Boc-Val-Pro-Pro-OBzl (420 mg, 0.84 

mmol), EtOH (6  ml), EtOAc (6  ml) and 10% Pd/C (42 mg), to afford the title 

compound as an oil. The product was dried in vacuo for several hours to yield jV -B oc- 

Val-Pro-Pro-COOH (341 mg, 99%), which was used without characterisation or further 

purification in the next step of the synthesis.
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A^-Boc-Leu-Pro-Pro-COOH.

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: A^-Boc-Leu-Pro-Pro-OBzl (450 mg, 0.87 

mmol), EtOH ( 6  ml), EtOAc ( 6  ml) and 10% Pd/C (45 mg), to afford the title 

compound as an oil. The product was dried in vacuo for several hours to yield A -̂Boc- 

Leu-Pro-Pro-COOH (341 mg, 99%), which was used without characterisation or further 

purification in the next step of the synthesis.

yV-Boc-Ile-Pro-Pro-COOH.

The title compound was synthesised utilising the general procedure for deprotection of 

OBzl-esters using the following quantities: A^-Boc-lle-Pro-Pro-OBzl (473 mg, 0.92 

mmol), EtOH ( 6  ml), EtOAc ( 6  ml) and 10% Pd/C (47 mg), to afford the title 

compound as an oil. The product was dried in vacuo for several hours to yield A -̂Boc- 

Ile-Pro-Pro-COOH (386 mg, 99%), which was used without characterisation or further 

purification in the next step of the synthesis.

A/-Boc-Val-Pro-Pro-Asp-di-OMe (3.50).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 3.16 (255 mg, 0.91 mmol), N-5oc- 

Val-Pro-Pro-COOH (341 mg, 0.83 mmol), DIEA (343 mg, 2.66 mmol), BEP (170 mg, 

0.91 mmol) and DCM (3 ml). The residue was purified using flash column 

chromatography (mobile phase: Hex: EtOAc (1:1)) to afford the title compound as a 

clear oil. The product was dried in vacuo for several hours to yield 3.50 (317 mg, 

69%), with the following physical characteristics: 'H NMR (CDCI3 , 400 MHz), 5h: 

0.87 (3H, d, J =  6.39 Hz, CHs-Val), 0.97 (3H, d, J -  6.39 Hz, CHa-Val) 1.37 (9H, s, 

0 C(CH3 )3 ), 1.53 (IH, m, CH-Val), 1.85-2.27 (8 H, m, 2 p-CH2 -Pro, 2 y-CH2 -Pro), 2.51- 

2.97 (2H, m, CH2 -Asp), 3.51-3.77 (4H, 4m, 25-CH2-Pro), 3.69 (3H, s, OCHa-Asp), 3.77 

(3H, s, OCH3 -ASP), 4.23 (IH, m, CH-Val), 4.54-4.74 (3H, m, CH-Asp + 2a-CH-Pro),
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4.99-5.21 (IH, m, NHCO-Val), 7.26 (IH, m, NHCO). '^C NMR (CDCI3 , 100 MHz) 5̂ : 

17.08 (CHs-Val), 18.87 (CHj-Val), 21.62-24.96 (2 y-CH2 -Pro), 27.83 (OC(CH3 )3 ), 

28.07-30.99 (2 p-CH2 -Pro), 30.76 (CH-Val), 35.10-37.94 (CHj-Asp), 44.47-47.35 (26- 

CH2 -Pro), 49.08 (CH-Asp), 51.81 (OCHj-Asp), 52.18 (OCH3 -ASP), 56.33 (CH-Val), 

56.40-59.25 (2a-CH-Pro), 78.86 (OC(CH3 )3 ), 155.30 (COOC(CH3 )3), 169.84 (NHCO), 

170.07 (CO), 170.23(CO), 170.49 (NHCO), 170.69 (NHCO), 171.45 (NHCO). HRMS 

m/z\ Calculated: [M + Na] = 577.2850. Found: 577.4917 [100, M + Na], 591.5306 [23,

A/+ Na + 14], 592.5163 [3, M + Na + H +14] Molecular Formula: C2 6 H4 2 N4 O9 . [«]o = 

-131.36 “ (c=  l.l,M eOH).

A^-Boc-Leu-Pro-Pro-Asp-di-OMe (3.51).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 3.16 (251 mg, 0.96 mmol), A -̂Boc- 

Leu-Pro-Pro-COOH (371 mg, 0.87 mmol), DIEA (361 mg, 2.66 mmol), BEP (179 mg, 

0.91 mmol) and DCM (3 ml). The residue was purified using flash column 

chromatography (mobile phase: Hex: EtOAc (1:1)) to afford the title compound as a 

clear oil. The product was dried in vacuo for several hours to yield 3.51 (308 mg, 

62%), with the following physical characteristics; 'H NMR (CDCI3 , 400 MHz), 6 h: 

0.92 (3H, d, J =  6.39 Hz, CHj-Leu), 0.99 (3H, d, J=  6.39 Hz, CH3 -Leu) 1.41 (9H, s, 

0 C(CH3 )3 ), 1.48 (IH, m, CH-Leu), 1.73-1.77 (2H, bm, CH2 -Leu), 1.88-2.23 (8 H, m, 

2 p-CH2 -Pro, 2 y-CH2 -Pro), 2.55-3.00 (2H, m, CH2 -Asp), 3.47-3.82 (4H, 4m, 2 8 -CH2 - 

Pro), 3.66 (3H, s, OCHa-Asp), 3.73 (3H, s, OCH3 -ASP), 4.47 (IH, m, CH-Leu), 4.58- 

4.92 (3H, 3m, CH-Asp + 2a-CH-Pro), 5.09 (IH, m, NHCO-Leu), 7.28 (IH, m, NHCO). 

'^C NMR (CDCI3 , lOOMHz) 5c: 21.67 (CHj-Leu), 22.36 (CHj-Leu), 23.89 (CH-Leu), 

24.47-24.96 (2 y-CH2 -Pro), 27.17 (OC(CH3 )3 ), 28.16-31.04 (2 p-CH2 -Pro), 35.16-35.19 

(CH2 -ASP), 40.30 (CH2 -Leu), 46.41-47.48 (26-CH2-Pro), 48.13 (CH-Leu), 49.07 (CH- 

Asp), 51.79 (OCH3 -ASP), 52.19 (OCH3 -ASP), 55.71-60.16 (2a-CH-Pro), 78.91 

(0C(CH3)3), 155.20 (C00C(CH3)3), 169.82 (NHCO), 170.02 (CO), 170.19 (CO), 

170.52 (NHCO), 170.71 (NHCO), 171.32 (NHCO). HRMS m/z: Calculated: [M +Na] 

= 591.3006. Found: 591.2863 [100, M +N a], 592.2869 [12,M+  Na + H], 607.2766 [2,

A/+ K] Molecular Formula: C27H44N4O9. \a\^=  -118.75 ° (c = 0.8, MeOH).
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A^-Boc-Ile-Pro-Pro-Asp-di-OMe (3.52).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 3.16 (258 mg, 0.99 mmol), 7V-Boc- 

Ile-Pro-Pro-COOH (386 mg, 0.90 mmol), DIEA (371 mg, 2.88 mmol), BE? (184 mg, 

0.99 mmol) and DCM (3 ml). The residue was purified using flash column 

chromatography (mobile phase: Hex: EtOAc (1:1)) to afford the title compound as a 

clear oil. The product was dried in vacuo for several hours to yield 3.52 (322 mg, 

63%), with the following physical characteristics: *H NMR (CDCI3 , 400 MHz), 5h: 

0.87 (3H, t, J =  6.39 Hz, CH3 -Ile), 0.98 (3H, i , J =  6.39 Hz, CHa-Ile), 1.09 (IH, m, CH- 

Ile), 1.40 (9H, s, 0 C(CH3 )3 ), 1-56 (IH, bs, CH-Ile), 1.71 (IH, bs, CH-Ile), 1.86-2.24 

(8 H, m, 2 P-CH2 -Pro, 2 y-CH2 -Pro), 2.53-3.01 (2H, m, CHb-Asp), 3.56-3.82 (4H, 4m, 26- 

CH2 -Pro), 3.65 (3H, s, OCHj-Asp), 3.72 (3H, s, OCHj-Asp), 4.29 (IH, m, CH-Ile), 

4.58-4.95 (3H, 3m, CH-Asp + 2a-CH-Pro), 5.08-5.10 (IH, m, NHCO-Ile), 7.28 (IH, m, 

NHCO). '^C NMR (CDCI3 , 100 MHz) 5c: 10.60 (CHs-Ile), 14.87 (CHj-Ile), 21.68 

(CH-Ile), 23.88-27.19 (2 y-CH2 -Pro), 27.86 (OC(CH3 )3 ), 28.16-31.04 (2 p-CH2 -Pro), 

35.16-35.59 (CHj-Asp), 37.45 (CHz-Ile), 46.41-48.13 (25-CH2-Pro), 49.08 (CH-Asp), 

51.38 (OCHj-Asp), 52.21 (OCHj-Asp), 55.72-60.62 (2a-CH-Pro), 58.61 (CH-Ile), 

78.94 (0C(CH3)3), 155.21 (COOC(CH3 )3 ), 169.83 (NHCO), 170.09 (CO), 170.125 

(CO), 170.563 (NHCO), 170.86 (NHCO), 171.18 (NHCO). HRMS m/z\ Calculated: [M 

+ Na] = 591.3006. Found: 591.2863 [100, M  + Na], 592.2869 [12, M + Na + H],

607.2766 [2, M + K] Molecular Formula: C2 7 H4 4 N4 O9 . [«]d = -152.5 ° (c = .7, MeOH). 

A -̂TFA salt-Val-Pro-Pro-OBzl.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-Val-Pro-Pro-OBzl (420 mg, 0.84 

mmol), TFA (4 ml) and DCM (4 ml), to yield the title compound as a yellow oil. The 

product was dried in vacuo for several hours to yield A'-TFA salt-Val-Pro-Pro-OBzl, 

(426 mg, 98%), and was used without characterisation or fiirther purification in the next 

step of the synthesis.
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A -̂TFA salt-Ile-Pro-Pro-OBzI.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-lle-Pro-Pro-OBzl (473 mg, 0.92 

mmol), TFA (5 ml) and DCM (5 ml), to yield the title compound as a yellow oil. The 

product was dried in vacuo for several hours to yield A -̂TFA salt-Ile-Pro-Pro-OBzl (382 

g, 98%), and was used without characterisation or further purification in the next step of 

the synthesis.

A -̂TFA salt-Val-Pro-Pro-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-Val-Pro-Pro-Asp-di-OMe (317 

mg, 0.57 mmol), TFA (2.5 ml) and DCM (2.5 ml), to yield the title compound as a 

green solid. The product was dried in vacuo for several hours to yield A -̂TFA salt-Val- 

Pro-Pro-Asp-di-OMe, (321 mg, 98%), and was used without characterisation or further 

purification in the next step of the synthesis.

A -̂TFA salt-Leu-Pro-Pro-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

jV-Boc-amines using the following quantities: A^-Boc-Leu-Pro-Pro-Asp-di-OMe (308 

mg, 0.54 mmol), TFA (2.5 ml) and DCM (2.5 ml), to yield the title compound as a 

green solid. The product was dried in vacuo for several hours to yield A -̂TFA salt-Leu- 

Pro-Pro-Asp-di-OMe (311 mg, 98%), and was used without characterisation or further 

purification in the next step of the synthesis.

N-TFA salt-Ile-Pro-Pro-Asp-di-OMe.

The title compound was synthesised utilising the general procedure for deprotection of 

A^-Boc-amines using the following quantities: A^-Boc-Ile-Pro-Pro-Asp-di-OMe (322 mg.
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0.56 mmol), TFA (2.5 ml) and DCM (2.5 ml), to yield the title compound as a yellow 

oil. The product was dried in vacuo for several hours to yield A -̂TFA salt-Ile-Pro-Pro- 

Asp-di-OMe (332 mg, 98%), and was used without characterisation or further 

purification in the next step of the synthesis.

A^-Boc-AHPA-Val-Pro-Pro-OBzl (3.53).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-Val-Pro-Pro-OBzl, (34 

mg, 65.07 )j,mol), 3.t4 (30 mg, 65.07 |xmol), EtsN (19 mg, 130.02 |.imol), and DCM 

(500 (il). The residue was purified using flash column chromatography (mobile phase: 

Hex: EtOAc (2:1)) to afford the title compound as a clear oil. The product was dried in 

vacuo for several hours to yield 3.53 (25.6 mg, 58%), with the following physical 

characteristics: IR (KBr): 1742.9, 1689.2, 1642.5, 1500.1, 1426.0, 1252.3, 1172.3 

cm-'. 'H NMR (CDCI3, 400 MHz), 6 h: 0.93-1.09 (6 H, 3d, 6.39 Hz, 2 CH3-Val),

1.37 (9H, s, 0 C(CH3)3), 1.97-2.13 (9H, m, 2 p-CH2-Pro, 2 y-CH2-Pro + CH-Val), 3.03 

(2H, m, CH2-AHPA), 3.58-3.81 (4H, 2m, 26-CH2-Pro), 3.95-4.13 (3H, m, 2CH-AHPA 

+ CH-Val), 4.63 (2H, m, 2a-CH-Pro), 5.02-5.24 (3H, dd + bs, J  = 12.40, 75.71 Hz, 

CH2-OBZI + NHCO-Val), 7.23-7.34 (lOH, s, Ar-H-OBzl + AHPA), 7.65 (IH, bs, 

NHCO). '^C NMR (CDCI3, 100 MHz) 5c: 17.38 (CHj-Val), 18.77 (CH3-Val), 21.90- 

24.32 (2y-CH2-Pro), 27.77 (OC(CH3)3), 27.93-28.25 (2 p-CH2-Pro), 30.71 (CH-Val), 

36.03 (CH2-AHPA), 44.67-47.17 (25-CH2-Pro), 55.23 (CH-Val), 57.53-58.36 (2a-CH- 

Pro), 59.92 (CHNH-AHPA), 66.36 (CHj-OBzl), 73.57 (CHOH-AHPA), 78.63 

(0 C(CH3)3), 126.01-128.88 (5Ar-CH-0Bzl), 135.21 (QC), 137.81 (QC), 156.53 

(C00C(CH3)3), 164.41 (NHCO), 169.44 (CO), 170.46 (CO), 171.45 (CO).
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A^-Boc-AHPA-IIe-Pro-Pro-OBzl (3.54).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: TV'-TFA salt-lle-Pro-Pro-OBzl, (35 

mg, 65.08 |j,mol), 3.14 (30 mg, 65.08 |xmol), EtsN (19 mg, 130.02 |j.mol), and DCM 

(500 fil). The residue was purified using flash column chromatography (mobile phase: 

Hex: EtOAc (2:1)) to afford the title compound as a clear oil. The product was dried in 

vacuo for several hours to yield 3.54 (27.1 mg, 60%), with the following physical 

characteristics: IR v„ax (KBr): 1743.6, 1688.2, 1649.2, 1436.2, 1367.8, 1245.2, 1045.2 

cm-'. ‘H NMR (CDCI3, 400 MHz), 5h: 0.89-1.04 (6 H, 3d, J =  6.39 Hz, 2 CH3-Ile), 1.16 

(IH , m, CH-Ile), 1.38 (9H, s, OC(CH3)3), 1.56 (IH , m, CH-Ile), 1.95-2.11 (9H, m, 2p- 

CH2-Pro, 2 y-CH2-Pro + CH-Ile), 3.01 (2H, m, CH2-AHPA), 3.56-3.87 (4H, 3m, 25- 

CH2-Pro), 3.98-4.12 (3H, m, 2CH-AHPA + CH-Ile), 4.59-4.67 (2H, m, 2a-CH-Pro), 

5.02-5.24 (3H, dd + bs, J =  12.40, 75.71 Hz, CHs-OBzl + NHCO-Ile), 7.21-7.37 (lOH, 

s, Ar-H-OBzl + AHPA), 7.52 (IH , bs, NHCO). ‘^C NMR (CDCI3, 100 MHz) 5c: 10.42 

(CH3-Ile), 14.88 (CH3-Ile), 24.02 (CH-Ile), 24.26-24.28 (2 y-CH2-Pro), 27.75 

(0 C(CH3)3), 28.24 (2 p-CH2-Pro), 34.88 (CH2-AHPA), 36.96 (CH2-Ile), 44.66-47.27 

(26-CH2-Pro), 55.24 (CH-Ile), 57.76-58.22 (2a-CH-Pro), 60.00 (CHNH-AHPA), 66.34 

(CH2-OBZI), 73.41 (CHOH-AHPA), 79.56 (OC(CH3)3), 126.00-128.88 (lOAr-CH- 

OBzl), 135.22 (QC), 137.80 (QC), 156.48 (COOC(CH3)3), 169.26 (CO), 169.69 (CO), 

170.17 (CO), 171.48 (CO).

A^-Boc-AHPA-Val-Pro-Pro-Asp-di-OMe (3.55).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: yield A^-TFA salt-Val-Pro-Pro-Asp- 

a-OMe-y-OMe (37.2 mg, 65.08 |imol), 3.14 (30 mg, 65.08 nmol), EtsN (19 mg, 130.02 

(imol), and DCM (500 jxl). The residue was purified using flash column 

chromatography (Mobile Phase: Hex; EtOAc (1:1)) to afford the title compound as a 

clear oil. The product was dried in vacuo for several hours to yield 3.55 (27.7 mg, 

57%), with the following physical characteristics: IR Vmax (KBr): 3423.8, 1743.7,

1709.3, 1685.2, 1639.1, 1499.5, 1438.0, 1366.8, 1245.4. '^C NMR (CDCI3, 100 MHz)
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5c: 17.38 (CHj-Val), 18.77 (CHj-Val), 22.90-24.32 (2 y-CH2-Pro), 27.77 (OC(CH3)3), 

27.93-29.21 (2 |3-CH2-Pro), 30.72 (CH-Val), 36.03 (CH2), 36.51 (CH2), 44.68-47.17 

(25-CH2-Pro), 48.22 (CH-Asp), 50.88 (OCH3), 52.47 (OCH3), 55.23 (CH-Val), 57.53- 

58.36 (2a-CH-Pro), 59.92 (CHNH-AHPA), 73.57 (CHOH-AHPA), 79.63 (OC(CH3)3), 

125.94-128.86 (5Ar-CH-AHPA), 137.82 (QC), 156.53 (COOC(CH3)3), 164.41 (CO), 

169.44 (CO), 169.71 (CO).

A'-Boc-AHPA-Leu-Pro-Pro-Asp-di-OMe (3.56).

The title compound was synthesized utilizing the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-Leu-Pro-Pro-Asp-di- 

OMe (38.1 mg, 65.08 (imol), 3.14 (30 mg, 65.08 |j,mol), Et3N (19 mg, 130.02 i^mol), 

and DCM (500 nl). The residue was purified using flash column chromatography 

(mobile phase; Hex; EtOAc (1:1)) to afford the title compound as a clear oil. The 

product was dried in vacuo for several hours to yield 3.56 (28.2 mg, 58%), with the 

following physical characteristics: IR Vmax (KBr): 1743.4, 1689.2, 1642.3, 1438.6,

1365.2, 1251.4, 1167.7 cm '. '^C NMR (CDCI3, 100 MHz) 5c: 21.21 (CHj-Leu), 22.69 

(CH3- Leu), 23.63 (CH- Leu), 23.77 (2 y-CH2-Pro), 27.08 (OC(CH3)3), 29.99-28.52 (2p- 

CH2-Pro), 35.34 (CH2), 35.81 (CH2), 40.87 (CH2), 43.98-46.46 (26-CH2-Pro), 47.53 

(CH-Asp), 48.78 (CH- Leu), 50.19 (OCHj-Asp), 51.78 (OCH3-ASP), 56.84-57.67 (2a- 

CH-Pro), 59.23 (CHNH-AHPA), 72.88 (CHOH-AHPA), 78.94 (OC(CH3)3), 125.28- 

128.17 (5Ar-CH-AHPA), 137.12 (QC), 155.84 (COOC(CH3)3), 163.72 (CO), 168.75 

(CO), 169.02 (CO), 170.77 (CO), 171.29 (CO).

A-Boc-AHPA-IIe-Pro-Pro-Asp-di-OMe(3.57).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: jV-TFA salt-Ile-Pro-Pro-Asp-di- 

OMe (38 mg, 65.08 ^imol), 3.14 (30 mg, 65.08|imol), Et3N (19 mg, 130.02 ^imol), and 

DCM (500 fj.1). The residue was purified using flash column chromatography (mobile 

phase; Hex: EtOAc (1:1)) to afford the title compound as a clear oil. The product was
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dried in vacuo for several hours to yield 3.57 (25.4 mg, 51%), with the following 

physical characteristics; IR V;̂ ,ax (KBr); 1743.2, 1708.6, 1638.5, 1500.3, 1438.6, 1250.3, 

1169.3, 1044.5, 1017.8 cm''. '^C NMR (CDCI3, 100 MHz) 5c: 10.78 (CHj-Ile), 14.12 

(CHs-Ile), 21.54 (CH-Ile), 23.96 (2y-CH2-Pro), 27.42 (OC(CH3)3), 27.58-28.85 (2p- 

CH2-Pro), 35.67 (CH2), 36.15 (CH2), 37.28 (CH2), 44.32-46.81 (25-CH2-Pro), 47.86 

(CH-Asp), 50.53 (OCH3-ASP), 52.11 (OCH3-ASP), 54.87 (CH-Ile), 57.17-58.00 (2a- 

CH-Pro), 59.56 (CHNH-AHPA), 73.21 (CHOH-AHPA), 79.28 (OC(CH3)3), 125.61- 

128.50 (lOAr-CH-OBzl), 137.46 (QC), 156.18 (COOC(CH3)3), 164.04 (CO), 169.08 

(CO), 169.35 (CO), 169.54 (CO), 171.11 (CO).

A -̂TFA salt-AHPA-Val-Pro-Pro-COOH (3.58).

The title compound was synthesised utilising the general procedure for deprotection of 

jV -B oc amines using the following quantities; 3.53 (25.6 mg, 37.65 (xmol), TFA (190^1) 

and DCM (190 p.1), preceded by deprotection of OBzl-ester, using the general procedure 

with the subsequent quantities; A -̂TFA salt-amide-OBzI (25.6 mg, 37.65 ^mol), 10% 

Pd/C (3 mg), EtOH (375 nl) and EtOAc (375 ^1) to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.58 (15.8 mg, 8 6 %) with 

the following physical characteristics; IR Vmax (KBr); 3423.8, 1683.9, 16572.8, 1623.1, 

1627.7, 1500.5, 1235.4, 1088.8 cm'*. '^C NMR (CDCI3 , 100 MHz) 5c; 17.38 (CH3 - 

Val), 18.77 (CH3 -Val), 21.90-24.32 (2 y-CH2 -Pro), 27.93-28.25 (2 p-CH2 -Pro), 30.71 

(CH-Val), 36.03 (CH2 -AHPA), 44.67-47.17 (26-CH2-Pro), 55.23 (CH-Val), 57.53- 

58.36 (2a-CH-Pro), 59.92 (CHNH-AHPA), 73.57 (CHOH-AHPA), 126.01-128.88 

(5AT-CH-AHPA), 137.81 (QC), 164.41 (NHCO), 169.44 (CO), 170.46 (CO), 171.45 

(CO). HRMS m/z\ Calculated; [M + H] = 489.2713. Found; 489.2693 [M + H],

Molecular Formula; C2 6 H3 8 N4 O6 . [a]o = -56.2° (c = 0.16, MeOH).

A -̂TFA salt-AHPA-Ile-Pro-Pro-COOH (3.59).

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities; 3.54 (27.1 mg, 39.05 |amol), TFA (195 til)
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and DCM (195 (il), preceded by deprotection of OBzl-ester, using the general procedure 

with the subsequent quantities: A -̂TFA salt-amide-OBzl (27.1 mg, 39.05 |j,mol), 10% 

Pd/C (3 mg), EtOH (400 |o,l) and EtOAc (400 jxl) to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.59 (15.9 mg, 83%) with 

the following physical characteristics: IR Vmax (KBr): 3445.9, 1682.6, 1657.2, 1647.0, 

1625.4, 1503.0, 1232.6, 1088.2 cm"'. '^C NMR (CDCI3, lOOMHz) 6 c: 10.42 (CHj-lle), 

14.88 (CHs-Ile), 24.02 (CH-Ile), 24.26-24.28 (2 y-CH2-Pro), 28.24 (2 p-CH2-Pro), 34.88 

(CH2), 36.96 (CH2), 44.66-47.27 (25-CH2-Pro), 55.24 (CH-Ile), 57.76-58.22 (2a-CH- 

Pro), 60.00 (CHNH-AHPA), 73.41 (CHOH-AHPA), 126.00-128.88 (lOAr-CH-AHPA), 

137.80 (QC), 169.26 (CO), 169.69 (CO), 170.17 (CO), 171.48 (CO). HRMS m/z\ 

Calculated: [M + H] = 503.2870 Found: 503.2869 [M + H]. Molecular Formula:

C26H38N4O6 . [«]o = -66.5° (c = 0.16, MeOH).

A -̂TFA salt-AHPA-Val-Pro-Pro-Asp-di-COOH (3.60).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.55 (27.7 mg, 37.09 |j,mol), NaOH (40 )o,l, 

35.24 )j,mol) and MeOH (180 |o,l) superseded by deprotection of N-Eoc amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH (27.7 mg, 

37.09 nmol), TFA (185 ^1) and DCM (185 |j,l), to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.60 (24.8 mg, 91%), with 

the following physical characteristics: IR Vmax (KBr): 3423.8, 1685.0, 1654.2, 1647.0, 

1637.9, 1617.6, 1507.0, 1219.7, 1083.5 cm'*. ’̂ C NMR (CDCI3, 100 MHz) 6 c: 17.38 

(CHs-Val), 18.77 (CHs-Val), 21.90-24.32 (2 y-CH2-Pro), 28.25-29.21 (2 p-CH2-Pro), 

30.72 (CH-Val), 36.03 (CH2), 36.50 (CH2), 44.67-47.17 (26-CH2-Pro), 48.22 (CH- 

Asp), 54.94 (CH-Val), 57.53-58.36 (2a-CH-Pro), 59.92 (CHNH-AHPA), 73.57 

(CHOH-AHPA), 125.97-128.86 (5Ar-CH-AHPA), 137.81 (QC), 169.44 (CO), 169.89 

(CO), 169.99 (CO), 171.46 (CO), 172.08 (CO). HRMS m/z: Calculated: [M + H] = 

604.2983 Found: 604.2922 [M + H]. Molecular Formula: C29H41N5O9 . [a]o = -102.2° 

(c = 0.25, MeOH).
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A -̂TFA salt-AHPA-Leu-Pro-Pro-Asp-di-COOH (3.61).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.56 (28.2 mg, 37.74 ^mol), NaOH (40 p.1, 

35.86 îmol) and MeOH (180 p.1) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH (28.2 mg, 

37.74 ixmol), TFA (190 |j.l) and DCM (190 (J.1), to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.61 (23.7 mg, 85%), with 

the following physical characteristics: IR Vmax (KBr): 3444.7, 1685.2, 1654.2, 1647.7, 

1631.4, 1626.8, 1509.8, 1230.1, 1088.8 cm''. NMR (CDCb, 100 MHz) 5c: 21.67 

(CH3 -Leu), 23.15 (CH3 - Leu), 24.09 (2 y-CH2 -Pro), 24.57 (CH- Leu), 28.02-28.98 (2p- 

CH2 -Pro), 35.80 (CH2 ), 36.27 (CH2 ), 40.37 (CH2 - Leu), 44.45-46.94 (26-CH2-Pro), 

47.99 (CH), 54.71 (CH), 57.30-58.13 (2a-CH-Pro), 59.69 (CHNH-AHPA), 73.34 

(CHOH-AHPA), 125.74-128.63 (5Ar-CH-AHPA), 137.58 (QC), 164.18 (CO), 169.21 

(CO), 169.48 (CO), 169.66 (CO), 171.23 (CO), 171.75 (CO). HRMS m/z: Calculated; 

[M + H] = 618.3139. Found: 618.3172 [M + H]. Molecular Formula: C3 0 H4 3 N5 O9 .

[a]^j = -155.2° (c = 0.24, MeOH).

A -̂TFA salt-AHPA-IIe-Pro-Pro-Asp-di-COOH (3.62).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 3.57 (25.4 mg, 34.00 |xmol), NaOH (40 1̂, 

32.30 nmol) and MeOH (170 [a1) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: A^-Boc-amide-a-COOH (25.4 mg, 

34.00 |xmol), TFA (170 |il) and DCM (170 |a1), to afford the title compound as an oil. 

The product was dried in vacuo for several hours, yielding 3.62 (20.5 mg, 82%), with 

the following physical characteristics: IR Vmax (KBr): 3445.2, 1686.2, 1655.3, 1641.5, 

1639.2, 1621.3, 1498.2, 1219.7, 1083.5 cm''. '^C NMR (CDCI3 , 100 MHz) 5c: 10.48 

(CH3 -lle), 15.08 (CH3 -Ile), 21.67 (CH-Ile), 24.09 (2 y-CH2 -Pro), 28.02-28.98 (2 p-CH2 - 

Pro), 35.80 (CH2 ), 36.27 (CH2 ), 37.04 (CH2 ), 44.45-46.94 (26-CH2-Pro), 47.59 (CH- 

Asp), 55.28 (CH-Ile), 54.70-58.13 (2a-CH-Pro), 59.69 (CHNH-AHPA), 73.34 (CHOH- 

AHPA), 125.74-128.63 (5Ar-CH-AHPA), 137.58 (QC), 169.48 (CO), 169.66 (CO),
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171.23 (CO), 171.75 (CO). HRMS m/z\ Calculated: [M + 2H] = 619.3217. Found: 

619.0155 [M + 2H]. Molecular Formula: C3 0H43N 5 O9 . [«]” = -132.0° (c = 0.21,

MeOH).
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A'-Boc-Vai-Asp-a-OMe-P-Colchicine (4.1).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 2.30 (333 mg, 0.58 mmol), #-Boc- 

Val-OH (79 mg, 0.58 mmol), HOBt (362 mg, 0.58 mmol), DCC (120 mg, 0.58 mmol), 

EtsN (118 mg 1.16 mmol), and DCM (4 ml). The residue was purified using flash 

column chromatography (mobile phase; EtOAc: MeOH (95:5)) to afford the title 

compound as a yellow solid (mobile phase: EtOAc: MeOH (9:1), R /= 0.365). The 

product was dried in vacuo for several hours to yield 4.1 (260 mg, 80.5%), with the 

following physical characteristics: IR Vmax (KBr): 3319.1, 2942.1, 1748.5, 1722.3, 

1670.0, 1570.5, 1.523.3, 1491.1, 1371.5, 1256.3, 1183.0 cm'*. 'H NMR (CDCI3, 400 

MHz), 6h: 0.98 (6H, m, 2 CH3-Val), 1.38 (9H, s, OC(CH3)3), 1.98 (IH, m, CH-Val), 

2.08-2.16 (IH , s, J =  6.27 Hz, CH-6 ), 2.18-2.27 (IH, sp, J =  6.27 Hz, CH-6 ), 2.34-2.42 

(IH, dt, J =  6.53, 12.80 Hz, CH-5), 2.48-2.53 (IH, dd, J =  5.77, 12.80 Hz, CH-5), 2.86 

(2H, m, CHa-Asp), 3.64 (6H, s, COOCH3+ OCH3-IO), 3.89 (3H, s, OCH3-I), 3.93 (3H, 

s, OCH3-2 ), 3.98 (3H, s, OCH3-3 ), 4.08 (IH, CHNH-Asp), 4.61 (IH, m, H-7), 4.84 (IH, 

m, CHNH-Val), 5.66 (IH, bs, NH-Val), 6.52 (IH, s, H-4), 6 .86  (IH, d, J=  10.45 Hz, H- 

11), 7.26 (IH, d, J =  10.45 Hz, H-12), 7.53 (2H, s, H -8  + NH), 8.05 (IH, bs, NH). '^C 

NMR (CDCI3, 100 MHz) 6c: 17.46 (CHj-Val), 18.73 (CH3-Val), 28.23 (€ (^ 3 )3 ) , 

29.52 (C-5), 30.38 (CH-Val), 35.92 (C-6 ), 37.17 (CH2-Asp), 49.92 (CH-Asp), 51.81(C- 

7), 51.98 (OCHj-Asp), 55.63 (OCH3-3 ), 55.79 (OCH3-I), 59.48 (CH-Val), 60.81 

(OCH3-2 ), 61.06 (OCH3-IO), 79.14 (C(CH3)3), 106.92 (C-4), 112.19 (C-11), 125.17 (C- 

4a), 130.36 (C-8), 133.77 (C-la)*, 134.74 (C-12), 136.22 (C-12a)*, 141.15 (C-2), 

150.69 (C-10), 151.09 (C-7a)*, 153.03 (C-3), 155.83 (NHCOOC(CH3)3), 163.53 (C-1), 

168.78 (CO), 170.54 (CO), 171.44 (CO), 178.91 (C-9). HRMS m/z: Calculated: [M + 

H] = 686.3289, [M + Na] = 701.3108. Found: 686.3235 [M + H], 708.2949 [M + Na],

709.3084 [M + Na + H] Molecular Formula: C35H47N3 0 ,i. [a f,=  - 170° (c = 0.10, 

MeOH).
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A^-Boc-Leu-Asp-a-OMe-P-CoIchicine (4.2).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method B, using the following quantities: 2.30 (333 mg, 0.58 mmol), A -̂Boc- 

Leu-OH (378 mg, 0.58 mmol), HOBt (362 mg, 0.58 mmol), DCC (120 mg, 0.58 

mmol), EtaN (118 mg 1.16 mmol), and DCM (4 ml). The residue was purified using 

flash column chromatography (mobile phase: EtOAc: MeOH (95:5)) to afford the title 

compound as a yellow solid (mobile phase: EtOAc: MeOH (9:1), R /= 0.37). The 

product was dried in vacuo for several hours to yield 4.2 (190 mg, 57.4%), with the 

following physical characteristics: Mpt = 130-131°C. IR Vmax (KBr): 3311.7, 2957.1, 

1735.5, 1718.0, 1685.6, 1678.5, 1560.3, 1489.8, 1.367.3, 1253.2, 1172.4 cm‘‘. 'HNMR 

(CDCI3 , 400 MHz), 5h: 0.96 (6 H, d, J =  6.60 Hz, 2 CH3 -Leu), 1.41 (9H, s, OC(CH3 )3), 

1.57-1.80 (3H, m, CFb-Leu + CH-Leu), 2.01 (IH, bs, CH-6 ), 2.19-2.28 (IH, sp, J  = 

6.27 Hz, CH-6 ), 2.38-2.46 (IH, dt, 6.53, 12.80 Hz, CH-5), 2.53-2.58 (IH, dd, J  = 

5.77, 12.80 Hz, CH-5), 2.75-2.79 (IH, bd, J =  15 Hz, CH-Asp), 2.97 (IH, bd, J =  15 

Hz, CH-Asp), 3.64 (3H, s, COOCH3 ), 3.69 (3H, s, OCH3 -IO), 3.91 (3H, s, OCH3 -I), 

3.94 (3H, s, OCH3 -2 ), 3.98 (3H, s, OCtb-3), 4.34 (IH, bs, CH-Asp), 4.62 (IH, m, H-7), 

4.83 (IH, m, CHNH-Leu), 5.84 (IH, bs, NH-Leu), 6.55 (IH, s, H-4), 6.87 (IH, d, J  = 

10.45 Hz, H-11), 7.28 (IH, s, H-8 ), 7.32 (IH, d, 7 =  10.45 Hz, H-12), 7.45 (IH, bm, 

NH), 7.76 (IH, bm, NH). '^C NMR (CDCI3 , 100 MHz) 5c: 22.20 (CHj-Leu), 24.27 

(CHs-Leu), 27.82 (C(CH3)3 ), 29.21 (CH-Leu), 29.36 (C-5), 35.92 (C-6 ), 36.93 (CH2 - 

Asp), 37.12 (CH2 -Leu), 48.89 (CH-Leu), 52.23 (CH-Asp), 52.91 (C-7), 51.97 (OCH3- 

Asp), 55.61 (OCH3 -3 ), 55.79 (OCH3-I), 60.81 (OCH3 -2 ), 61.03 (OCH3 -IO), 79.13 

(C(CH3 )3), 106.91 (C-4), 112.24 (C-11), 125.15 (C-4a), 130.78 (C-8 ), 133.77 (C-la)*, 

134.79 (C-12), 136.27 (C-12a)*, 141.15 (C-2), 150.68 (C-10), 151.15 (C-7a)*, 153.04 

(C-3), 155.75 (C00C(CH3)3), 163.52 (C-1), 168.87 (CO), 170.548 (CO), 171.44 (CO), 

178.90 (C-9). HRMS m/z\ Calculated: [M + H] = 700.3445, [M + Na] = 722.3265. 

Found: 700.3281 [M + H], 722.3234 [M + Na], 723.3199 [M + Na + H] Molecular 

Formula: C3 6H4 9N3 O 1 1. = - 158.3° (c = 0.88, MeOH).
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A'-Boc-IIe-Asp-a-OMe-P-Coichicine (4.3).

The title compound was synthesised utilising the general procedure for peptide 

coupIing-Method B, using the following quantities: 2.30 (333 mg, 0.58 mmolj, //-Boc- 

Ile-OH (378 mg, 0.58 mmol), HOBt (362 mg, 0.58 mmol), DCC (120 mg, 0.58 mmol), 

EtsN (118 mg 1.16 mmol), and DCM (4 ml). The residue was purified using flash 

column chromatography (mobile phase: EtOAc: MeOH (95:5)) to afford the title 

compound as a yellow solid (mobile phase: EtOAc: MeOH (9:1), R / = 0.37). The 

product was dried in vacuo for several hours to yield 4.3 (200 mg, 60%), with the 

following physical characteristics: IR Vmax (KBr): 3329.5, 2942.1, 1743.3, 1717.1,

1685.7, 1675.2, 1518.1, 1366.3, 1256.3, 1177.8 cm'*. 'H  NMR (CDCI3, 400 MHz), 8„: 

0.86 (3H, t, J =  7.06, CHa-lle), 0.97(3H, d , J =  7.06, CHj-Ile), 1.16-1.24 (2H, m, CH2- 

Ile), 1.37 (9H, s, OC(CH3)3), 1.85 (IH , bm, CH-Ile), 1.99 (IH , bm, CH-6 ), 2.17-2.27 

(IH , sp, 6.27 Hz, CH-6 ), 2.34-2.42 (IH , dt, 6.53, 12.80 Hz, CH-5), 2.48-2.53 

(IH , dd, 5.77, 12.80 Hz, CH-5), 2.84 (IH , bs, CHs-Asp), 3.64 (6 H, s, OCH3-IO + 

COOCH3), 3.89 (3H, s, OCH3-I), 3.92 (3H, s, OCH3-2 ), 3.97 (3H, s, OCH3-3 ), 4.11 

(IH , bs, CH-Asp), 4.61 (IH , m, H-7), 4.82 (IH , m, CHNH-Ile), 5.63 (IH , bs, NH-lle),

6.52 (IH , s, H-4), 6 . 8 6  (IH, d, J =  10.45 Hz, H-11), 7.27 (IH , d, J =  10.45 Hz, H-12),

7.53 (2H, s, H- 8  + NH), 7.95 (IH , bm, NH). '^C NMR (CDCI3, 100 MHz) 6 c: 10.96 

(CHj-Ile), 14.92 (CHj-Ile), 24.29 (CH-Ile), 27.82 (C(CH3)3), 29.51 (C-5), 35.92 (C-6 ), 

36.93 (CHz-Asp), 37.12 (CHz-Ile), 48.89 (CH-Asp), 51.81(C-7), 51.97 (OCHj-Asp), 

55.61 (OCH3-3 ), 55.79 (OCH3-I), 58.84 (CH-Ile), 60.81 (OCH3-2 ), 61.03 (OCH3-IO), 

79.13 (C(CH3)3), 106.91 (C-4), 112.24 (C-11), 125.15 (C-4a), 130.78 (C-8 ), 133.77 (C- 

la)*, 134.79 (C-12), 136.27 (C-12a)*, 141.15 (C-2), 150.68 (C-10), 151.15 (C-7a)*, 

153.04 (C-3), 155.75 (NHC00C(CH3)3), 163.52 (C-1), 168.87 (CO), 170.548 (CO), 

171.44 (CO), 178.90 (C-9). HRMS m/z\ Calculated: [M + H] = 700.3445, [M + Na] = 

722.3267. Found: 700.3484 [M + H], 722.3284 [M + Na] Molecular Formula: 

C36H49N 3O 11. [a\n = - 154.18° (c = 0.91, MeOH).
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A -̂TFA salt-Val-Asp-a-OMe-p-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities: 4.1 (260 mg, 0.38 mmol), TFA (1 ml) and 

DCM (1 ml), to yield the title compound as a green solid. The product was dried in 

vacuo for several hours to yield 7V-TFA salt-4.1 (252 g, 95%), with the following 

physical characteristics; ‘H NMR (CD3OD, 400 MHz), 5h: 1.08+1.12 (6H, 2s, 2CH3- 

Val), 2.08 (IH, m, CH), 2.26-2.37 (4H, m, 2 x CH2), 2.52 (IH, bs, CH), 2.86 (IH, bs, 

CH-Asp), 3.18 (IH, bs, CH-Asp), 3.69 (6H, s, COOCH3 + OCH3-IO), 3.92 (3H, s, 

OCH3-I), 3.94 (3H, s, OCH3-2 ), 4.02 (4H, s, OCH3-3 + CH-Asp), 4.56 (IH, m, H-7), 

4.84 (IH, m, CHNH-Val), 6.55 (IH, s, H-4), 6.99 (IH, d, 10.45 Hz, H-11), 7.20 

(2H, d, ./=  10.45 Hz, H-8  + H-12).

A'-TFA salt-Leu-Asp-a-OMe-p-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

N-Eoc amines using the following quantities: 4.2 (190 mg, 0.27 mmol), TFA (1.35 ml) 

and DCM (1.35 ml), to yield the title compound as a green solid. The product was 

dried in vacuo for several hours to yield A -̂TFA salt-4.2 (189 mg, 97%), with the 

following physical characteristics: 'H NMR (CDCI3, 400 MHz), 5h; 0.88 (6H, bs,

2 CH3-Leu), 1.73 (3H, bs, CH2-Leu + CH-Leu), 2.06 (IH, bs, CH), 2.29 (2H, bs, 2CH), 

2.53 (IH, bs, CH), 2.89 (IH, bs, CH-Asp), 3.17 (IH, bs, CH-Asp), 3.69 (6H, s, OCH3- 

10 + COOCH3), 3.91 (6H, s, OCH3-I + OCH3-2 ), 3.93 (4H, s, OCH3-3 + CH-Asp), 4.60 

(IH, bs, H-7), 4.81 (IH, bs, CHNH-Leu), 6.55 (IH, s, H-4), 7.07 (IH, bs, H-11), 7.75 

(IH, bs, H-8), 7.73 (2H, bs, NH + H-12), 8.41 (3H, bs, NHa^), 8.96 (IH, bm, NH). *̂ C 

NMR (CDCI3, 100 MHz) 5c: 21.51 (CHs-Leu), 21.64 (CHj-Leu), 23.82 (CH-Leu), 

29.19 (C-5), 35.68 (C-6 ), 36.75 (CHj-Asp), 40.00 (CH2-Leu), 49.49 (CH-Leu), 52.21 

(OCHj-Asp + CH-Asp), 52.84 (C-7), 55.65 (OCH3-I + OCH3-3 ), 60.71 (OCH3-2 ),

61.05 (OCH3-IO), 106.93 (C-4), n.o (C-11), 124.42 (C-4a), n.o (C-8), n.o (C-la)*,

134.05 (C-12), 138.09 (C-12a)*, 141.05 (C-2), 150.44 (C-IO), n.o (C-7a)*, 153.51 (C-3), 

163.52 (C-1), 169.68 (CO), 170.28 (CO).
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A'-TFA salt-Ile-Asp-a-OMe-P-Colchicine.

The title compound was synthesized utilizing the general procedure for deprotection of 

N-Boc amines using the following quantities: 4.3 (200 mg, 0.286 mmol), TFA (1.43 ml) 

and DCM (1.43 ml), to yield the title compound as a green solid. The product was 

dried in vacuo for several hours to yield A -̂TFA salt-4.3, (197 mg, 96%), with the 

following physical characteristics: ‘H NMR (CDCI3, 400 MHz), 6 h: 0.90 (3H, bs, CH3- 

Ile), 1.01 (3H, bs, CH3-Ile), 1.20 (IH, bs, CH-lle), 1.60 (IH, bs, CH-lle) 2.05 (2H, bs, 

2CH), 2.28 (2H, bs, 2CH), 2.52 (IH, bs, CH), 2.90 (IH, bs, CH-Asp), 3.17 (IH, bs, CH- 

Asp), 3.68 (6 H, s, OCH3-IO + COOCH3), 3.91 (3H, s, OCH3-I) 3.93 (OCH3-2 ), 4.00 

(4H, s, OCH3-3 + CH-Asp), 4.55 (IH, bs, H-7), 4.84 (IH, bs, CHNH-Ile), 6.55 (IH, s, 

H-4), 7.03 (IH, bs, H-11), 7.47 (2H, bs, H-8  + H-12), 7.70 (IH, bs, NH), 8.46 (3H, bs, 

NH3^), 8.95 (IH, bm, NH). '^C NMR (CDCI3, 100 MHz) 5c: 10.65 (CH3-Ile), 13.55 

(CH3-lle), 24.56 (CH-Ile), 29.20 (C-5), 35.62 (C-6 ), 36.22 (CHz-Asp), 36.67 (CHj-Ile), 

49.46 (CH-Asp), 52.21 (OCHj-Asp), 52.74 (C-7), 55.65 (OCH3-I + OCH3-3 ), 57.78 

(CH-Ile), 60.73 (OCH3-2 ), 61.04 (OCH3-IO), 106.93 (C-4), 114.15 (C-11), 124.53 (C- 

4a), n.o (C-8 ), 133.99 (C-la)*, 136.58 (C-12), 137.99(C-12a)*, 141.06 (C-2), 150.40 (C- 

10), n.o (C-7a)*, 153.51 (C-3), 163.52 (C-1), 169.55 (CO), 170.22 (CO), 178.81 (C-9).

TV-Boc-AHPA-Val-Asp-a-OMe-p-Colchicine (4.4).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 7V-TFA salt-4.1 (110 mg, 0.16 

mmol), 3.14 (72 mg, 0.16 mmol) Et3N (31.6 mg, 0.31 mmol), and DCM (1 ml). The 

residue was purified using flash column chromatography (mobile phase: EtOAc: MeOH 

(9:1), R /=0.215) to afford the title compound as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.4 (61 mg, 45%), with the following physical 

characteristics: IR v„ax (KBr): 3308.3, 3059.21, 2962.7, 1739.8, 1713.5, 1660.6,

1651.9, 1455.5, 1361.5, 1254.4, 1175.9 cm’'. 'H NMR (CDCI3, 400 MHz), 6 h: 0.96 

(6 H, m, 2 CH3-Val), 1.31 (9H, s, OC(CH3)3), 1.93 (IH, m, CH-6 ), 2.18 (2H, m, CH-Val 

+ CH-6 ), 2.41 (IH, m, CH-5 ), 2.49-2.53 (2H, bdd, J =  5.77, 12.80 Hz, CH-Val + CH- 

5), 2.82-3.00 (4H, bm, CHa-Asp + CH2-AHPA), 3.64 (3H, s, COOCH3), 3.68 (3H, s.
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OCH3-IO), 3.91 (3H, s, OCH3-I), 3.94 (3H, s, OCH3-2), 3.99 (4H, s, OCH3-3 + CH- 

Asp), 4.21 (IH, m, CH-AHPA), 4.45 (IH, bs, CH-AHPA), 4.60 (IH, bs, H-7), 4.84 

(IH, bs, CH-Val) 5.15 (IH, bs, NH-AHPA), 5.57 (IH, bs, CHOH), 6.54 (IH, s, H-4), 

6.85 (IH, d, J =  10.45 Hz, H-11), 7.20-7.35 (7H, m, H-8 , H-12 + AHPA-Phen), 7.45- 

7.55 (IH, bs, NH), 7.72-7.86 (2H, bs, 2NH). NMR (CDCI3, 100 MHz) 5c: 17.37 

(CH3-Val), 18.74 (CH3-Val), 27.74 ( € ( ^ 3)3), 29.21 (C-5), 29.51 (CH-Val), 33.65 (C- 

6 ), 36.07 (CH2-ASP), 37.04 (CH2-AHPA), 48.69 (CH-Val), 51.84 (CH-Asp), 52.13 

(OCHj-Asp), 54.34 (C-7), 55.50 (OCH3-3 ), 55.66 (OCH3-I), 60.83 (OCH3-2 ), 61.08 

(OCH3-IO), 61.15 (CHNH-AHPA), 72.06, (CHOH-AHPA), 78.93 (C(CH3)3), 106.97 

(C-4), 112.60 (C-11), 125.03 (C-4a), 125.76, 127.84, 128.81 (Phen-AHPA) 130.41 (C- 

8 ), 133.83 (C-la)*, 135.15 (C-12), 136.949 (C-12a)*, 141.19 (C-2), 150.69 (C-10), 

151.73 (C-7a)*, 153.12 (C-3), 155.48 (NHCOOC(CH3)3), 163.50 (C-1), 168.62 (CO), 

170.36 (CO), 171.82 (CO), 172.92 (CO) 178.87 (C-9). [a f, = - 79.63“ (c = 0.63, 

MeOH).

A'-Boc-AHPA-Leu-Asp-a-OMe-P-Colchicine (4.7).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-4.2 (109 mg, 0.15 

mmol), 3.14 (70 mg, 0.15 mmol), Et3N (31 mg 0.30 mmol), and DCM (1 ml). The 

residue was purified using flash column chromatography (mobUe phase: EtOAc: MeOH 

(9:1), R /= 0.41) to afford the title compoimd as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.7 (40 mg, 37%), with the following physical 

characteristics: IR v„ax (KBr): 3446.1, 2958.3, 1717.1, 1685.7, 1670.0, 1654.1, 1457.8, 

1361.0, 1252.7, 1175.4 cm ’. 'H NMR (CDCI3, 400 MHz), 5h: 0.92 (6 H, bs, 2 CH3- 

Leu), 1.31 (9H, s, OC(CH3)3), 1.60-1.72 (3H, bm, CH2 + 2CH), 1.94 (IH, bs, CH-6 ), 

2.25 (IH, bs, CH-6 ), 2.40 (IH, m, CH-5), 2.52 (IH, bs, CH-5), 2.83-2.96 (4H, bm, 

CH2-ASP + CH2-AHPA), 3.64 (3H, s, COOCH3), 3.66 (3H, s, OCH3-IO), 3.91 (3H, s, 

CH3-I), 3.93 (3H, s, OCH3-2 ), 3.94 (4H, s, OCH3 - 3  + CH), 4.18 (2H, bs, CH), 4.49 

(IH, bs, CH), 4.87 (1, bs, CH-Leu), 5.14 (IH, bs, NH-AHPA), 6.54 (IH, bs, H-4), 6.85 

(IH, bs, H-11), 7.19-7.35 (7H, m, H-8 , H-12 + AHPA-Phen), 7.73 (IH, bs, NH), 7.85 

(IH, bs, NH), 8.00 (IH, bs, NH). '^C NMR (CDCI3, 100 MHz) 6 c: 18.79 (CH3-Leu),
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22.47 (CH3-Leu), 24.15 (CH-Leu), 27.75 (C(CH3)3), 29.21 (C-5), 31.25 (C-6 ), 35.94 

(CH2-Asp), 37.49 (CH2-AHPA), 40.02 (CHa-Leu), 48.75 (CH-Leu), 50.97 (CH-Asp),

52.08 (C-7), 52.20 (OCHa-Asp), 55.66 (OCH3-3 ), 55.82 (OCH3-I), 60.84 (OCH3-2 ),

61.09 (OCH3-IO), 61.36 (CHNH-AHPA), 71.73, (CHOH-AHPA), 78.94 ( £ ( ^ 3)3), 

106.96 (C-4), 112.67 (C-11), 125.02 (C-4a), 125.80, 127.87, 128.76 (Phen-AHPA) 

130.25 (C-8 ), 133.80 (C-la)*, 135.24 (C-12), 136.49 (C-12a)*, 141.19 (C-2), 150.69 (C- 

10), 151.65 (C-7a)*, 153.15 (C-3), 155.50 (NHCOOC(CH3)3), 163.56 (C-1), 168.56 

(CO), 170.19 (CO), 172.63(CO), 173.09 (CO) 178.88 (C-9). [a]„ = - 6 6 .6 8 ° (c = 0.75, 

MeOH).

A'-Boc-AHPA-Ile-Asp-a-OMe-p-Colchicine (4.6).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-4.3 (109 mg, 0.15 

mmol), 3.14 (70 mg, 0.15 mmol), Et3N (31 mg 0.30 mmol), and DCM (1 ml). The 

residue was purified using flash column chromatography (mobile phase: EtOAc: MeOH 

(9:1), R /=  0.41) to afford the title compound as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.6 (110 mg, 82%), with the following physical 

characteristics: IR (KBr): 3447.9, 2934.8, 1701.9, 1686.8, 1678.5, 1654.6, 1648.0, 

1503.9, 1450.6, 1438.4, 1362.5, 1248.1, 1206.0, 1182.1 cm’’. ‘H NMR (CDCI3 + 

CD3OD, 400 MHz), 5h: 0.63 (6 H, m, 2 CH3-He), 0.98 (IH, m, CH-Ile), 1.04 (9H, s, 

0 C(CH3)3), 1.20 (IH, m, CH-Ile), 1.56 (IH, m, CH-Ile) 1.66 (IH, dt, 6.27, 11.80 

Hz, CH-6 ), 1.89 (IH, sp, J =  6.27 Hz, CH-6 ), 2.05-2.13 (IH, dt, J =  6.53, 12.80 Hz, 

CH-5), 2.28-2.33 (IH, dd, J=  5.77, 12.80 Hz, CH-5), 2.58 (4H, bm, CHj-Asp + CH2- 

AHPA), 3.35 (3H, s, COOCH3), 3.41 (3H, s, OCH3-IO), 3.64 (3H, s, OCH3-I), 3.65 

(3H, s, OCH3-2 ), 3.75 (4H, s, OCH3-3 + CH), 3.97 (2H, bm, 2 x CH), 4.11 (IH, d, J  = 

6.39 Hz, CH-AHPA), 4.52 (IH, m, CH)6.35 (IH, bs, H-4), 6.84 (IH, d , J =  10.45 Hz, 

H-11), 6.91-6.98 (5H, s + m, AHPA-Phen), 7.11 (2H, s +d, J =  10.45 Hz, H-8  + H-12). 

'^C NMR (CDCI3 + CD3OD, 100 MHz) 6 :̂ 10.29 (CH3-Ile), 14.21 (CH3-Ile), 23.50 

(CH-Ile), 27.16 (C(CH3)3), 28.82 (C-5), 35.34 (C-6 ), 36.09 (CHa-Asp), 36.95 (CHz-Ile), 

37.31 (CH2-AHPA), 51.98 (CH-Asp), 52.18 (C-7), 53.94 (OCH3-ASP), 55.51 (OCH3- 

3), 56.08 (OCH3-I), 56.82 (OCH3-2 ), 58.76 (CH-Ile), 60.66 (OCH3-IO), 60.73 (CHNH-
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AHPA), 71.77, (CHOH-AHPA), 78.91 (C(CH3)3), 106.74 (C-4), 113.35 (C-11), 124.47 

(C-4a), 125.54, 127.50, 128.52 (Phen-AHPA) 129.75 (C-8 ), 133.73 (C-la)*, 135.75 (C- 

12), 137.02 (C-12a)*, 140.61 (C-2), 150.10 (C-10), 152.21 (C-7a)*, 153.00 (C-3), 

161.51 (NHC00C(CH3)3), 163.10 (C-1), 169.00 (CO), 170.46 (CO), 170.84 (CO), 

172.89 (CO) 178.70 (C-9). [a]^ = -71.43“ (c = 0.98, MeOH).

7V-TFA salt-Val-Asp-a-COOH-p-Colchicine (4.7).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.1 (37.8 mg, 55.18 |imol), NaOH ( 6 6  |il, 

68.85 nmol) and MeOH (265 p,l) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.1-a-COOH (37.8 mg, 55.18 

nmol), TFA (275 |j,l) and DCM (275 jxl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.7 (29 mg, 92%), with the 

following physical characteristics: IR Vmax (KBr): 3319.1, 2942.1, 1690.9, 1664.7,

1649.0, 1523.3, 1455.3, 1251.1, 1205.1 cm"'. 'H NMR (CD3OD, 400 MHz), 6 h: 1.06 

(6 H, 2s, 2 CH3-Val), 1.94 (IH, m, CH), 2.19 (2H, m, CH2 ), 2.36 (IH, bm, CH), 2.65 

(IH, bm, CH), 2.91 (IH, bm, CH), 2.98 (IH, bm, CH), 3.61 (3H, s, OCH3 -IO), 3.72 

(IH, m, CH-Asp), 3.89 (3H, s, OCH3-I), 3.91 (3H, s, OCH3 -2 ), 4.02 (3H, s, OCH3-3 ), 

4.47 (IH, m, H-7), 4.84 (IH, m, CH-Val)^ 6.75 (IH, s, H-4), 7.25 (IH, m, H-11), 7.20 

(IH, bs, NH), 7.38 (2H, m, H-12 + H-8 ). '^C NMR (CD3OD, 100 MHz) 6 c: 15.99 

(CHj-Val), 16.82 (CHs-Val), 28.61 (C-5), 29.64 (CH-Val), 35.43 (C-6 ), 35.95 (CH2- 

Asp), 48.69 (CH-Asp), 52.07 {C-1), 54.84 (OCH3-3 ), 55.27 (OCH3-I), 57.77 (CH-Val), 

59.77 (OCH3-2 ), 59.96 (OCH3 -IO), 106.95 (C-4), 113.48 (C-11), 124.82 (C-4a), 129.56 

(C-8 ), 134.11 (C-la)*, 136.08 (C-12), 136.82 (C-12a)*, 140.87 (C-2), 150.26 (C-10), 

152.19 (C-7a)*, 153.41 (C-3), 163.61 (C-1), 167.58 (CO), 169.55 (CO), 171.51 (CO), 

178.96 (C-9). HRMS m/z: Calculated: [M + H] = 572.2608, [M + Na] = 594.2428. 

Found: 572.2599 [M+ H], 573.2625 [M+ 2H], 594.2473 [M+ Na] Molecular Formula: 

C2 9H3 7N3O9 . [a ^ =  - 124.03° (c = 0.29, MeOH).

 ̂= Under H2O in MeOH peak
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A -̂TFA salt-Leu-Asp-a-COOH-P-CoIchicine (4.8).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.2 (40 mg, 57.23 ^imol), NaOH (70 |xl,

54.36 nmol) and MeOH (275 |al) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.2-a-COOH (40 mg, 57.23 

jimol), TFA (270 |il) and DCM (270 |j,l), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.8 (30.2 mg, 95%), with the 

following physical characteristics: IR Vmax (KBr): 3392.4, 3067.7, 2952.5, 1685.7,

1675.2, 1664.7, 1533.8, 1486.7, 1251.1, 1198.7 cm*'. 'H NMR (CD3OD, 400 MHz), 

6 h: 0.96 (6 H, t, J =  6.60 Hz, 2 CH3 -Leu), 1.57-1.74 (3H, m, CHj-Leu + CH-Leu), 1.96 

(IH, bs, CH), 2.22 (IH, bs, 2CH), 2.35 (IH, bs, CH), 2.64 (IH, bs, CH), 3.00-3.01 (2H, 

bm, CH2-ASP), 3.61 (3H, s, OCH3 -IO), 3.89 (4H, s, OCH3 -I + CH-Asp), 3.91 (3H, s, 

OCH3 -2 ), 4.02 (3H, s, OCH3 -3 ), 4.47 (IH, m, H-7), 4.80 (IH, m, CH-Leu)^ 6.75 (IH, 

s, H-4), 7.25 (IH, bs, H-11), 7.44 (2H, bm, H- 8  + H-12). '^C NMR (CD3OD, 100 

MHz) 5c: 20.31 (CHa-Leu), 21.64 (CHj-Leu), 23.42 (CH-Leu), 28.60 (C-5), 35.41 (C- 

6 ), 35.86 (CH2-ASP), 39.79 (CHz-Leu), 48.78 (CH-Leu), 51.12 (CH-Asp), 52.11 (C-7), 

54.83 (OCH3 -I), 55.26 (OCH3 -3 ), 59.78 (OCH3 -2 ), 59.96 (OCH3 -IO), 106.96 (C-4), 

113.47 (C-11), 124.82 (C-4a), 129.54 (C-8 ), 134.10 (C-la)*, 136.08 (C-12), 136.81 (C- 

12a)*, 140.88 C-2), 150.26 (C-10), 150.26 (C-7a)*, 153.41 (C-3), 163.62 (C-1), 169.62 

(CO), 171.51 (CO), 178.97 (C-9). HRMS m/z\ Calculated: [M + H] = 586.2765. 

Found: 586.2711 [M + H], Molecular Formula: C3 0 H3 9 N3 O9 . - 118.42“ (c =

0.38, MeOH).

A'-TFA salt-lle-Asp-a-COOH-p-Colchicine (4.9).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.1 (40 mg, 57.23 ^imol), NaOH (69 |il,

54.36 nmol) and MeOH (275 ^1) superseded by deprotection of A'-Boc amines, using 

the general procedure, with the subsequent quantities: 4.1-a-COOH (40 mg, 57.23 

nmol), TFA (275 nl) and DCM (275 fxl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.9 (30.1 mg, 95%), with the
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following physical characteristics; IR Vmax (KBr): 3423.8, 3078.2, 2931.6, 1685.7, 

1676.5, 1654.2, 1533.0, 1491.9, 1256.3, 1198.7 cm '. 'HNM R(CD30D,400M Hz),5h: 

0.93 (3H, bs, CH3-Ile), 1.04 (3H, bs, CH3-Ile),1.24 (IH, bs, CH-He), 1.58-1.74 (IH, bm, 

CHa), 1.94 (2H, bs, 2CH), 2.21 (IH, bs, CH), 2.35 (IH, bs, CH), 2.35 (IH, bs, CH), 

2.94-2.97 (2H, bm, CHj-Asp), 3.61 (3H, s, OCH3-IO), 3.77 (IH, bm, CH), 3.89 (3H, s, 

OCH3-I), 3.91 (3H, s, OCH3-2 ), 4.02 (4H, s, OCH3-3 + CH-Asp), 4.47 (IH, m, H-7), 

4.80 (IH, m, CH-Ile)^ 6.74 (IH, s, H-4), 7.25 (IH, bs, H-11), 7.43 (2H, bm, H-8  + H- 

12). ‘̂ C NMR (CD3OD, 100 MHz) 6 c: 9.80 (CHa-Ile), 13.06 (CHs-Ile), 23.54 (CH-Ile), 

28.60 (C-5), 35.41 (C-6 ), 35.41 (CHz-Asp), 36.18 (CHz-Ile), 48.46 (CH-Asp), 51.92 

52.74 (C-7), 54.84 (OCH3-I), 55.28 (OCH3-3 ), 57.78 (CH-Ile), 59.78 (OCH3-2 ), 59.96 

(OCH3-IO), 106.96 (C-4), 113.50 (C-11), 124.83 (C-4a), 129.56 (C-8 ), 134.13 (C-la)*, 

136.08 (C-12), 136.84 (C-12a)*, 140.87 (C-2), 150.24 (C-10), 152.22 (C-7a)*, 153.41 

(C-3), 163.63 (C-1), 167.50 (CO), 169.68 (CO), 178.95 (C-9). HRMS m/z: Calculated: 

[M + H] = 586.2765. Found: 586.2707 [M + H] Molecular Formula: C30H39N3O9. 

[afo = - 106.96° (c = 0.40, MeOH).

A -̂TFA salt-AHPA-Val-Asp-a-COOH-P-Colchicine (4.10).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.4 (61 mg, 70.77 nmol), NaOH (85 |xl, 

67.23 |j,mol) and MeOH (340 ^1) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.4-a-COOH (37.8 mg, 55.18 

|xmol), TFA (355 |o,l) and DCM (355 p.1), to afford the title compound as a green solid. 

The product was dried in vacuo for several hours, yielding 4.10 (33 mg, 63%), with the 

following physical characteristics: IR Vmax (KBr): 3413.3, 3078.2, 2963.0, 1687.0,

1677.3, 1654.5, 1647.7, 1560.7, 1500.3, 1257.6, 1202.7 cm"’. *̂ C NMR (CDCI3 + 

CD3OD, 100 MHz) 5c: 17.37 (CH3-Val), 18.74 (CH3-Val), 28.84 (C-5), 30.06 (CH- 

Val), 34.63 (C-6 ), 35.57 (CHj-Asp), 36.18 (CH2-AHPA), 48.57 (CH-Val), 51.98 (CH- 

Asp), 54.34 (C-7), 54.81 (OCH3-3 ), 55.19 (OCH3-I), 59.76 (OCH3-2 ), 60.02 (OCH3- 

10), 67.95 (CHNH-AHPA), 71.06, (CHOH-AHPA), 78.93 (C(CH3)3), 106.93 (C-4), 

113.27 (C-11), 124.87 (C-4a), 125.83, 127.61, 128.64 (Phen-AHPA) 129.63 (C-8 ), 

134.12 (C-la)*, 135.86 (C-12), 136.92 (C-12a)*, 140.87 (C-2), 150.27 (C-10), 152.08
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(C-7a)*, 153.37 (C-3), 163.58 (C-1), 169.67 (CO), 171.09 (CO), 171.50 (2C0) 178.97 

(C-9). HRMS m/z-. Calculated; [M + H] = 749.3400. Found: 749.3329 \M  + H], 

750.3348 [M +2H] Molecular Formula: C39H48N4O 11. [«]«= - 76.64° (c = 0.27,

MeOH).

A -̂TFA salt-AHPA-Leu-Asp-a-COOH-p-Colchicine (4.11).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.5 (31 mg, 36.64 nmol), NaOH (45 (0.1, 

34.81 (xmol) and MeOH (180 (il) superseded by deprotection of N-5oc amines, using 

the general procedure, with the subsequent quantities: 4.5-a-COOH (31 mg, 36.64 

jxmol), TFA (185 |al) and DCM (185 |il), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.11 (17 mg, 6 6 %), with the 

following physical characteristics: IR Vmax (KBr): 3372.6, 2978.2, 1684.3, 1678.2,

1656.2, 1649.1, 1498.3, 1253.4, 1203.5 cm''. *H NMR (CD3OD, 400 MHz), §»: 0.88- 

0.93 (6 H, m, SCHj-Leu), 1.55-3.11 (IIH, bm, 5 CH2 + CH), 3.61-4.49 (17H, 3s + bm, 

4 OCH3 + 5CH), 6.74 (IH, bs, H4), 7.27-7.40 (8 H, bm, 5Ar-CH + 3CH). '^C NMR 

(CDCI3 + CD3OD, 100 MHz) 8 c: 15.46 (CH3-Leu), 16.89 (CH3-Leu), 24.18 (CH-Leu),

28.65 (C-5), 34.63 (C-6 ), 36.45 (CHz-Asp), 36.63 (CH2-AHPA), 41.93 (CHj-Leu), 

48.67 (CH-Leu), n.o (CH-Asp), 52.00 (C-7), 54.38 (OCH3-3 ), 55.25 (OCH3-I), 59.84 

(OCH3-2 ), 61.10 (OCH3-IO), 67.90 (CHNH-AHPA), 71.73, (CHOH-AHPA), 106.95 

(C-4), 113.45 (C-11), 124.84 (C-4a), 125.85, 127.62, 128.24 (Phen-AHPA) 128.54 (C- 

8 ), 134.15 (C-la)*, 134.83 (C-12), 136.75 (C-12a)*, 140.80 (C-2), 150.24 (C-10),

151.65 (C-7a)*, 153.34 (C-3), 163.56 (C-1). HRMS m/z: Calculated: [M + H] = 

763.3554. Found: 763.3530 {M + H], Molecular Formula: C40H50N4O 11. [a]o~ - 

146.19° (c = 0.17, MeOH).

A'-TFA salt-AHPA-He-Asp-a-COOH-P-Colchicine (4.12).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.6 (28.7 mg, 32.73 jimol), NaOH (37 nl.

263



Chapter 4. Experimental.

31.09 ^mol) and MeOH (160 îl) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.6-a-COOH (28.7 mg, 32.725 

nmol), TFA (165 |il) and DCM (165 |xl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.12 (18.2 mg, 73%), with the 

following physical characteristics: IR Vmax (KBr): 3362.6, 2943.7, 1685.5, 1674.6,

1654.4, 1646.0, 1559.9, 1507.6, 1255.0 1204.0 cm''. *H NMR (CD3OD, 400 MHz), 5h: 

0.81-0.89 (6H, m, 3CH3-Ile), 1.56-3.13 (IIH , bm, 5 CH2 + CH), 3.65-4.53 (17H, 2bs + 

bm, 4OCH3 + 5CH), 6.56 (IH, bs, H4), 7.18-7.41 (8H, bm, 5Ar-CH + 3CH). HRMS 

m/z: Calculated: [M + H] = 763.3554 Found: 763.3527 [M + H] Molecular Formula: 

C4 0H50N4 0 , 1. [a]o = -117.02° (c = 0.18, MeOH).

A^-Boc-Val-Phe- Asp-a-OMe-p-Colchicine (4.13).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), 7V-Boc- 

Val-Phe-COOH (114 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BE? (66.4 mg, 0.36 

mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.31), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.13 (118 mg, 39.7%), with the following physical characteristics: Mpt = 138-140°C. 

IR v„ax (KBr): 3329.6, 3057.3, 2952.6, 1748.5, 1685.2, 1680.4, 1654.3, 1560.0, 1492.0, 

1253.7, 1366.3, 1169.9 cm '. 'H NMR (CDCI3, 400 MHz), 5h: 0.77 (6 H, t, J -  7.31 Hz, 

2 CH3-Val), 1.37 (9H, s, OC(CH3)3), 1.90-1.99 (2H, dt, J=  6.38, 11.98 Hz, CH- 6  + CH- 

Val), 2.25 (IH, dt, J  = 6.38, 11.98 Hz, CH-6 ), 2.43-2.45 (IH, dt, J =  6.38, 13.15 Hz, 

CH-5), 2.51-2.56 (IH, dd, 6.38, 13.15 Hz, CH-5), 2.70-2.76 (IH, dd, J= 6 .72 , 15.76 

Hz, CH-Phe), 2.87-2.92 (IH, dd, J =  4.38, 15.76 Hz, CH-Phe), 3.04-3.09 (IH, dd, J  = 

8.77, 14.00 Hz, CH-Asp), 3.36-3.41 (IH, dd, J  = 5.55, 14.00 Hz, CH-Asp), 3.63 (3H, 

s, COOCH3 ), 3.67 (3H, s, OCH3-IO ), 3.90 (3H, s, OCH3 -I), 3.94 (3H, s, OCH3-2 ), 3.98 

(IH, bd, J  = 5.55 Hz, CHNH-Asp), 4.01 (3H, s, OCH3 -3 ), 4.61 (IH, dt, J  = 6.38, 11.93 

Hz, H-7), 4.84 (IH, dt, y  = 4.38, 6.72 Hz, CHNH-Phe), 4.92 (IH, dt, J =  6.14, 7.31 Hz, 

CHNH-Val), 5.19 (IH, bd, J  = 6.14 Hz, NH-Val), 6.54 (IH, s, H-4), 6.89 (IH, d, J  = 

10.45 Hz, H-11), 7.18-7.29 (7H, m, 5 x Ar-H, H- 8  + H-12), 7.55 (IH, bd, J  = 6.38 Hz,
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NH-7), 7.59 (IH, bd, J  = 5.55 Hz, NH-Asp), 7.80 (IH, bd, J  = 4.38 Hz, NH-Phe). '^C 

NMR (CDCI3, 100 MHz) 6c: 17.03 (CHj-Val), 18.78 (CHj-Val), 27.87 (C(CH3)3), 

29.43 (C-5), 30.63 (CH-Val), 35.85 (C-6 ), 36.48 (CHj-Asp), 38.07 (CHz-Phe), 49.12 

(CH-Phe), 52.20 (C-7 + OCHj-Asp), 54.09 (CH-Asp), 55.66 (OCHj-S), 55.86 (OCH3- 

1), 59.53 (CH-Val), 60.84 (OCH3-2 ), 60.99 (OCH3-IO), 79.07 (C(CH3)3), 106.93 (C-4), 

112.47 (C-11), 125.14 (C-4a), 126.21, 128.01, 128.95 (Ar-CH-Phe), 130.353 (C-8), 

133.71 (C-la)*, 135.01 (C-12), 136.22 (C-12a)*, 141.20 (C-2), 150.69 (C-10), 151.01 

(C-7a)*, 153.09 (C-3), 155.79 (NHCOOC(CH3)3), 163.68 (C-1), 167.93 (CO), 169.85 

(CO), 171.57 (CO), 172.09 (178.91 (C-9). HRMS m/z: Calculated: [M + H] = 

833.3973, [M + Na] = 855.3793 Found: 833.3886 [M + H], 855.3579 [M + Na] 

Molecular Formula: C44H56N4 0 ,2. [«]“ = -  148.38" (c = 0.46, MeOH).

yV-Boc-Leu-Phe- Asp-a-OMe-P-Colchicine (4.14).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), 7V-Boc- 

Leu-Phe-COOH (118 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BEP (66.4 mg, 0.36 

mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.31), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4,14 (98 mg, 35.6%), with the following physical characteristics: IR Vmax (KBr):

3315.9, 2956.1, 1748.5, 1690.9, 1680.4, 1672.5, 1665.3, 1586.2, 1539.1, 1518.1,

1491.9, 1251.1, 1366.3, 1167.3 cm‘‘. ‘H NMR (CDCI3, 400 MHz), 5h: 2 

Diastereomers’a: 0.78 (6H, m, 2 CH3-Leu), 1.33 (lOH, 2 x s, OC(CH3)3 + CH-Leu), 

1.53 (IH, m, CH-Leu), 1.96 (IH, m, CH-6), 2.18 (IH, m, CH-6), 2.39 (2H, m, CH-Leu 

+ CH-5), 2.62 (IH, m, CH-5), 2.74 (IH, m, Phe-CH), 2.81 (IH, m, CH-Phe), 2.92-2.96 

(IH, m, CH-Asp), 3.29-3.40 (IH, m, CH-Asp), 3.62 (3H, 2s, COOCH3), 3.66 (3H, 2s, 

OCH3-IO ), 3.90 (3H, s, OCH3-I), 3.93 (3H, s, OCH3-2 ), 4.01 (3H, s, OCH3-3), 4.09 

(IH, m, CHNH-Asp), 4.57-4.85 (2H, m, H-7 + CHNH-Phe), 4.86 (IH, bs, CHNH-Leu), 

5.23-5.44 (IH, 2bs, NH-Leu), 6.55 (IH, 2s, H-4), 6.89 (IH, d, J =  10.45 Hz, H-11), 

7.17-7.36 (7H, m, 5 x Ar-H, H-8  + H-12), 7.64 (IH, bs, NH-7), 7.82 (IH, bs, NH-Asp), 

8.12 (IH, 2 X bs, NH-Phe). '^C NMR (CDCI3, 100 MHz) 5c: 21.22 (CHj-Leu), 22.45
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(CHs-Leu), 24.23 (CH-Leu) 27.88 (C(CH3)3), 29.40 (C-5), 35.87 (CHz-Phe), 36.13 (C- 

6 ), 38.17 (CH2-Asp), 40.92 (CHz- Leu), 48.91 (CH-Leu), 51.86 (CH-Phe), 52.32 

(OCH3-ASP), 53.10 (C-7), 53.97 (CH-Asp), 55.64 (OCH3-3 ), 55.90 (OCH3-I), 60.91 

(OCH3-2 ), 61.05 (OCH3-IO), 79.27 (C(CH3)3), 106.86 (C-4), 112.64 (C-11), 125.04 (C- 

4a), 126.15, 127.95, 128.97 (Ar-CH-Phe), 130.40 (C-8 ), 133.77 (C-la)*, 135.23 (C-12), 

136.41 (C-12a)*, 141.09 (C-2), 150.62 (C-10), 151.50 (C-7a)*, 153.09 (C-3), 156.22 

(NHC00C(CH3)3), 163.62 (C-1), 167.91 (CO), 169.88 (CO), 173.41 (CO), 178.86 (C- 

9). HRMS m/z\ Calculated: [M + Na] = 869.3949. Found: 869.3947 [M + Na],

870.3903 [M + Na + H] Molecular Formula: C45H58N4O12. [a f, = - 143.61“ (c =0.76, 

MeOH).

A'-Boc-Ile-Phe- Asp-a-OMe-p-Colchicine (4.15).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), A -̂Boc- 

lle-Phe-COOH (114 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BEP (66.4 mg, 0.36 

mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.31), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.15 (60.3 mg, 23%), with the following physical characteristics: Mpt = 162-163”C. IR 

v„^(KBr): 3314.6, 2931.6, 1748.5, 1685.6 (br), 1554.7, 1486.7, 1366.3, 1251.1, 1177.8 

cm*'. 'H NMR (CDCI3, 400 MHz), 6 h: 2 Diastereomersn- 0.72-0.77 (6 H, m, 2 CH3-Ile), 

0.99 (IH, m, CH-Ile), 1.35 (9H, 2s, OC(CH3)3), 1.62-1.68 (IH, m, CH-Ile), 1.70 (IH, 

m, CH-Ile), 2.21 (IH, m, CH-6 ), 2.34 (IH, m, CH-6 ), 2.50 (IH, bs, CH-5), 2.62-2.64 

(IH, m, CH-5), 2.70-2.71 (IH, m, CH-Phe), 2.82-2.86 (IH, m, CH-Phe), 2.95-2.99 (IH, 

m, CH), 3.23-3.05 (IH, m, CH), 3.62 (3H, 2s, COOCH3), 3.65 (3H, 2s, OCH3-IO ), 3.92 

(3H, s, OCH3-I), 3.93 (3H, s, OCH3-2 ), 4.00 (4H, s, OCH3 - 3  + CHNH-Asp), 4.54-4.70 

(2H, m, H-7 + CHNH-Phe), 4.80-4.90 (IH, bs, CHNH-Ile), 5.23-5.48 (IH, 2bs, NH- 

Ile), 6.53 (IH, 2s, H-4), 6.90 (IH, d, J =  10.45 Hz, H-11), 7.16-7.39 (7H, m, 5Ar-H, H- 

8  + H-12), 7.56 (IH, bs, NH-7), 7.74-7.82 (IH, bs, NH-Asp), 8.20-8.27 (IH, 2bs, NH- 

Phe). '^C NMR (CDCI3, 100 MHz) 5c: 2 Diastereomers'^^: 10.83 (CH3-Ile), 19.93 (CH3- 

Ile), 24.31 (CH-Ile) 27.87 (C(CH3)3), 29.42 (C-5), 35.85 (CHj-Ile), 36.08 (C-6 ), 37.10
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(CH2-Asp), 37.74 (CHa-Phe), 49.07 (CH-Phe), 51.81 (C-7), 52.08 (OCHj-Asp), 54.01 

(CH-Asp), 55.64 (OCH3-3 ), 55.86 (OCH3-I), 59.25 (CH-Ile), 60.99 (OCH3-2), 61.06 

(O C H 3-IO ), 79.47 (C(CH3)3), 106.94 (C-4), 112.57 (C-11), 125.04 (C-4a), 126.15, 

127.88, 127.94, 128.94 (Ar-CH-Phe), 130.56 (C-8), 133.66 (C-la)*, 135.08 (C-12), 

136.37 (C-2a)*, 141.15 (C-2), 150.69 (C-10), 151.30 (C-7a)*, 153.09 (C-3), 156.24 

(N H C 0 0 C (C H 3 )3 ) , 163.62 (C-1), 168.15 (CO), 170.05 (CO), 171.19 (CO), 171.95 

(CO), 178.92 (C-9). HRMS m/z: Calculated: [M + Na] = 869.3949. Found: 869.3935

[A/+ Na], 870.3826 [M + Na + H] Molecular Formula: C45H58N4O12. [orlo = - 139.30° 

(c = 0.60, MeOH).

A'-TFA salt-Val-Phe-Asp-a-OMe-P-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities: 4.13 (37.9 mg, 45.62 nmol), TFA (230 |il) 

and DCM (230 fil), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A -̂TFA salt-4.13, (38 mg, 98%), which was used 

without characterisation or further purification in the next step of the synthesis.

A -̂TFA salt-Leu-Phe-Asp-a-OMe-P-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

A -̂Boc amines using the following quantities: 4.14 (37.9 mg, 46.06 nmol), TFA (230 nO 

and DCM (230 nl), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A^-TFA-salt 4.14 (39 mg, 98%), and was used 

without characterisation or further purification in the next step of the synthesis.

7V-TFA salt-Ile-Phe-Asp-a-OMe-P-CoIchicine.

The title compound was synthesised utilising the general procedure for deprotection of 

TV-Boc amines using the following quantities: 4.15 (37.9 mg, 46.06 nmol), TFA (230 nO
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and DCM (230 ,̂1), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A^-TFA salt-4.15, (39 mg, 98%), and was used 

without characterisation or further purification in the next step o f the synthesis.

A'-Boc-AHPA-Val-Phe-Asp-a-OMe-P-CoIchicine (4.16),

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A/-TFA salt-4.13 (56 mg, 67.11 

|imol), 3.14 (30 mg, 67.11 ^mol), DIEA (31 mg 134.23 n,moI), and DCM (250 |xl). The 

residue was purified using flash column chromatography (mobile phase: EtOAc: MeOH 

(9:1), R /=  0.64), to afford the title compound as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.16 (36.3 mg, 40.7%), with the following physical 

characteristics: Mpt = 171-173“C. IR Vmax (KBr): 3402.8, 3306.6, 2931.6, 1743.3, 

1687.0, 1676.5, 1671.3, 1663.4, 1653.6, 1649.0, 1516.8, 1499.8, 1367.1, 1256.3, 1177.8 

cm '. ‘H NMR (CDCI3, 400 MHz), 8h: 2 Diastereomersn: 0.44, 0.56, 0.58 + 0.77 (6 H, 

4d, J =  6.78 Hz, 2 CH3-Val), 1.36 (9H, 2s, OC(CH3)3), 1.84 (IH , m, CH-Val), 2.00 (IH, 

m, CH-6 ), 2.18 (IH , m, CH-6 ), 2.34 (2H, m, CH2-5 ), 2.51 (IH , m, CH), 2.64-2.69 (IH, 

m, CH), 2.76-2.80 (4H, m, 2 x CH2), 3.63 (3H, 2s, COOCH3), 3.67 (3H, 2 x s, OCH3- 

10), 3.71 (IH , m, CHNH-Asp), 3.92 (3H, 2s, OCH3-I), 3.96 (3H, 2s, OCH3-2 ), 4.02 

(3H, 2s, OCH3-3 ), 4.19 (IH , bs, CH-AHPA), 4.39 (IH , bs, CH-AHPA) 4.53 (IH , m, H- 

7), 4.68 (IH , m, CHNH-Phe), 4.97 (IH , bm, CHNH-Val), 5.11 (IH , bs, NH-AHPA), 

6.58 (IH , 2s, H-4), 6.97 (IH , m, H-11), 7.12-7.35 (lOH, m, lOAr-H-Phe + AHPA), 

7.37-7.45 (2H, m, H-8  + H-12), 7.51 (IH , bs, NH), 7.81-8.01 (2H, m, 2NH), 8.31 (IH, 

m, NH). '^C NMR (CDCI3, 100 MHz) 6c: 2 DiastereomersU: 18.06 (CHj-Val), 18.87 

(CHs-Val), 27.87 (C(CHa)3), 29.14 (C-5), 29.64 (CH-Val), 35.67 (C-6 ), 36.94 (CH2- 

Asp), 37.99 (CH2-AHPA), 38.72 (CHj-Phe), 49.12 (CH-Phe), 51.75(C-7), 52.62 

(OCH3-ASP), 54.56 (CH-Asp), 55.69 (OCH3-3 ), 56.00 (OCH3-I), 58.01 (CH-Val), 

60.87 (OCH3-2 ), 61.12 (OCH3-IO), 70.25 (CHNH-AHPA), 72.62 (CHOH-AHPA), 

78.85 (C(CH3)3), 106.95 (C-4), 113.43 (C-11), 124.95 (C-4a), 126.10-128.82 (Ar-CH- 

Phe + AHPA), 130.58 (C-8 ), 133.64 (C-la)*, 135.42 (C-12), 136.35 (C-12a)’, 141.29 

(C-2), 150.57 (C-10), 151.69 (C-7a)*, 153.22 (C-3), 154.84 (NHCOOC(CH3)3), 163.51 

(C-1), 167.66 (CO), 169.53 (CO), 170.52 (CO), 172.76 (CO), 174.82 (CO), 178.90 (C- 

9). [a]o = - 151.51“ (c = 0.36, MeOH).
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A'-Boc-AHPA-Leu-Phe-Asp-a-OMe-P-Colchicine (4.17).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-4.14 (57 mg, 67.11 

nmol), 3.14 (30 mg, 67.11 jxmol), DIEA (31 mg 134.23 i^mol), and DCM (250 |j,l). The 

residue was purified using flash column chromatography (mobile phase: EtOAc: MeOH 

(9:1), R/= 0.64), to afford the title compound as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.17 (38.1 mg, 55.5%), with the following physical 

characteristics: IR v„ax (KBr): 3402.8, 2952.5, 1686.0, 1677.1, 1670.8, 1660.3, 1654.2, 

1647.9, 1558.9, 1542.4, 1458.4, 1361.0, 1282.5, 1251.1, 1162.1 cm‘‘. 'H NMR 

(CDCI3, 400 MHz), 5h: 2 DiastereomersU: 0.77 + 0.86 (6 H, 2m, 2 CH3-Leu), 1.38 (9H, 

2s, 0 C(CH3)3), 1.55 (2H, m, CHz-Leu), 2.01 (2H, m, CH- 6  + CH-Leu), 2.05 (IH, m, 

CH-6 ), 2.19-2.29 (2H, m, CH2-5 ), 2.49 (2H, m, CH2), 2.67-2.97 (4H, m, 2 CH2), 3.67 

(3H, 2s, COOCH3), 3.92-4.06 (lOH, m, OCH3-IO, OCH3-I, OCH3-2 , OCH3-3 + 

CHNH-Asp), 4.06 (IH, bs, CH-AHPA), 4.40 (IH, bs, CH-AHPA), 4.54 (IH, m, H-7), 

4.68 (IH, m, CHNH-Phe), 4.86 (IH, bm, CHNH-Leu), 5.07-5.15 (IH, 2d, NH-AHPA), 

6.58 (IH, m, H-4), 7.01 (IH, m, H-11), 7.11-7.33 (lOH, m, lOAr-H-Phe + AHPA), 

7.37-7.45 (2H, m, H-8  + H-12), 7.53 (IH, bs, NH), 7.81-7.80 (2H, m, 2NH 8.15 (IH, 

m, NH). '^C NMR (CDCI3, 100 MHz) 5c: 2 DiastereomersU: 20.86 (CHs-Leu), 22.57 

(CHj-Leu), 24.18 (CH-Leu), 27.88 ( € ( ^ 3)3), 29.31 (C-5), 35.53 (C-6 ), 37.09 (CH2- 

Asp), 37.96 (CH2-AHPA), 38.48 (CHz-Phe), 44.32 (CHz-Leu), 48.40 (CH-Leu), 51.74 

(C-7), 52.55 (OCH3-ASP), 54.03 (CH-Phe), 54.45 (CH-Asp), 55.68 (OCH3-3 ), 56.00 

(OCH3-I), 60.86 (OCH3-2 ), 61.12 (OCH3-IO), 70.06 (CHNH-AHPA), 72.34 (CHOH- 

AHPA), 78.72 (C(CH3)3), 106.97 (C-4), 113.39 (C-11), 124.96 (C-4a), 125.84-128.83 

(Ar-CH-Phe + AHPA), 130.61 (C-8 ), 133.9 (C-la)*, 136.02 (C-12), 137.38 (C-12a)*, 

141.27 (C-2), 150.69 (C-10), n.o (C-7a)*, 153.21 (C-3), 155.07 (NHCOOC(CH3)3), 

163.54 (C-1), 167.66 (CO), 169.53 (CO), 170.36 (CO) 173.77 (CO), 174.83 (CO), 

178.74 (C-9). [ a g  = - 170.6° (c = 0.38, MeOH).
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A^-Boc-AHPA-IIe-Phe-Asp-a-OMe-p-Colchicine (4.18).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: iV-TFA salt-4.15 (56 mg, 67.11 

nmol), 3.14 (30 mg, 67.11 ^mol), DIEA (31 mg 134.23 ^lmol), and DCM (250 îl). The 

residue was purified using flash column chromatography (mobDe phase: EtOAc: MeOH 

(9:1), R /= 0.64), to afford the title compound as a yellow solid. The product was dried 

in vacuo for several hours to yield 4.18 (42.3 mg, 61.6%), with the following physical 

characteristics: IR v„ax (KBr): 3402.8, 3329.5, 2973.5, 2931.6, 1701.4, 1685.7, 1676.5, 

1671.3, 1664.7, 1655.6, 1647.7, 1543.0, 1499.8, 1366.3, 1251.1, 1172.5 cm''. 'HNM R 

(CDCI3, 400 MHz), 6 h: 2 Diastereomers^: 0.77 + 0.82 (6 H, 2m, 2CH^-Ile), 1.36 (9H, 

2s, 0 C(CH3)3), 1.65 (IH, m, CH-Ile), 1.98-2.04 (2H, m, CHa-Ile), 2.20 (IH, m, CH-6 ), 

2.30-2.40 (2H, m, CH- 6  + CH-5), 2.55 (2H, m, CH-5 + CH), 2.55-2.96 (5H, m, CH + 

2 CH2), 3.66-3.72 (6 H, m, COOCH3 + OCH3-IO), 3.92-4.04 (9H, m, OCH3-I, OCH3-2 , 

OCH3-3 ), 4.19 (IH, bs, CH-Asp), 4.43 (IH, bs, CH-AHPA) 4.54 (IH, m, CH-AHPA), 

4.68 (IH, m, CHNH-H7), 5.04-5.11 (2H, bm, CHNH-Ile + CHNH-Phe), 5.88 (IH, 2d, 

NH-AHPA), 6.57 (IH, m, H-4), 6.96 (IH, m, H-11), 7.10-7.26 (lOH, m, lOAr-H-Phe + 

AHPA), 7.28-7.44 (2H, m, H- 8  + H-12), 7.55 (IH, bs, NH), 7.81-7.92 (2H, m, 2NH), 

8.31 (IH, m, NH). '^C NMR (CDCI3, 100 MHz) 5c: 2 Diastereomers^: 11.06 (CH3- 

Ile), 14.29 (CH3-Ile), 22.99 (CH-Ile), 27.87 (C(CH3)3), 29.65 (C-5), 34.78 (CHj-Ile), 

35.59 (C-6 ), 36.38 (CHj-Asp), 37.61 (CH2-AHPA), 38.80 (CHj-Phe), 48.25 (CH-Asp), 

51.77 (C-7), 52.03 (OCH3-ASP), 54.58 (CH-Phe), 55.69 (OCH3-3 ), 55.98 (OCH3-I), 

57.82 (CH-Ile), 60.89 (OCH3-2 ), 61.15 (OCH3-IO), 70.17 (CHNH-AHPA), 72.66 

(CHOH-AHPA), 78.62 (C(CH3)3), 106.96 (C-4), 113.43 (C-11), 124.81 (C-4a), 125.84- 

128.86 (Ar-CH-Phe + AHPA), 130.56 (C-8 ), 133.66 (C-la)*, 136.10 (C-12), 137.39 (C- 

12a)*, 141.30 (C-2), 150.70 (C-10), 152.54 (C-7a)*, 153.38 (C-3), 155.78 

(NHC00C(CH3)3), 163.48 (C-1), 167.49 (CO), 169.46 (CO), 172.75 (CO) 173.79 

(CO), 174.81 (CO), 178.66 (C-9). [« g =  - 158.39” (c =0.42, MeOH).
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A -̂TFA salt-Val-Phe-Asp-a-COOH-p-Colchicine (4.19).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.13 (55 mg, 54.51 ^mol), NaOH (65 p,l, 

51.78 îmol) and MeOH (260 nl) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.13-a-COOH (40 mg, 57.23 

l^mol), TFA (275 jxl) and DCM (275 |o,l), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.19 (33 mg, 84%), with the 

following physical characteristics: IR Vmax (KBr): 3423.8, 3057.3, 2942.1, 1677.8,

1667.3, 1651.6, 1539.1, 1256.3, 1198.7 cm*'. 'H NMR ( C D 3 O D ,  400 MHz), 5h: 2 

Diastereomersn- 0.64-1.04 (6 H, 3m, 2 CH3-Val), 1.92 (IH, bs, CH-Val), 2.19 (2H, bs, 

CH2-6 ), 2.37 (IH, bs, CH-5), 2.63 (IH, bs, CH-5), 2.63-2.97 (3H, m, CH-Asp + CH2- 

Phe), 3.12 (IH, m, CH-Asp), 3.62 (3H, s, OCH3-IO), 3.90 (3H, s, OCH3-I), 3.89 (3H, s, 

OCH3-2 ), 3.89 (IH, m, CHNH-Asp), 4.01 (3H, s, OCH3-3 ), 4.51 (IH, m, H-7), 4.72 

(2H, m, CHNH-Val + CHNH-Phe), 6.73 (IH, m, H-4), 7.15-7.25 (6 H, m, 5Ar-H, + H- 

11), 7.42 (2H, s, H- 8  + H-12). *̂ C NMR ( C D 3 O D ,  100 MHz) 6 c :  2 Diastereomerso: 

15.69 (CHj-Val), 17.20 (CHj-Val), 28.67 (C-5), 29.70 (CH-Val), 35.64 (C-6 ), 36.68 

(CH2-ASP), 37.11 (CH2-Phe), 48.50 (CH-Phe), 51.49 (C-7), 54.47 (CH-Asp), 54.83 

(OCH3-3 ), 55.22 (OCH3-I), 57.97 (CH-Val), 59.78 (OCH3-2 ), 60.06 (OCH3-IO), 

106.94 (C-4), 113.33 (C-11), 124.83 (C-4a), 127.65, 128.39, 128.52 (Ar-CH-Phe), 

129.73 (C-8 ), 134.14 (C-la)*, 135.92 (C-12), 136.24 (C-12a)’, 140.87 (C-2), 150.29 (C- 

10), 152.24 (C-7a)*, 153.37 (C-3), 163.54 (C-1), 167.61 (CO), 169.55), 170.82 (CO), 

178.04 (C-9). HRMS m/z: Calculated: [M+ H] = 719.3292. Found: 719.3252 [M+ H], 

Molecular Formula: C38H46N4O 10. [«]d = - 69.83° (c = 0.33, MeOH).

A -̂TFA salt-Leu-Phe-Asp-a-COOH-p-Coichicine (4.20).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: A^-Boc-4.14 (40 mg, 47.23 |xmol), NaOH (57 

|xl, 44.86 nmol) and MeOH (230 nl) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.14-a-COOH (40 mg, 47.23 

^imol), TFA (240 |al) and DCM (240 |j,l), to afford the title compound as an oil. The

271



Chapter 4. Experimental.

product was dried in vacuo for several hours, yielding 4.20 (31.8 mg, 92%), with the 

following physical characteristics: Mpt = 180-183°C. IR Vmax (KBr): 3423.1, 2940.6, 

1686.0, 1676.4, 1670.3, 1663.7, 1654.6, 1559.0, 1523.3, 1460.5, 1251.1, 1193.5 cm''. 

'H  NMR (CD3OD, 400 MHz), 2 Diastereomers^: 5h: 0.84-0.96 (6 H, 2m, 2 CH3-Leu), 

1.72 (2H, bm, CHj-Leu), 1.98 (IH , m, CH-Leu), 2.22 (IH , m, CH-6 ), 2.37 (IH , bm, 

CH-6 ), 2.64 (IH , bm, CH-5), 2.80 (IH , m, CH-5), 2.90 (2H, m, CHi-Phe), 3.03 (IH , m, 

CH-Asp), 3.19 (IH , m, CH-Asp), 3.66 (3H, 2s, OCH3-IO ), 3.92-4.03 (lOH, m, OCH3- 

1, OCH3-2 , OCH3 - 3  + CHNH-Asp), 4.50 (IH , m, H-7), 4.67 (2H, m, CHNH-Leu + 

CHNH-Phe), 6.76 (IH , m, H-4), 7.15-7.28 (6 H, m, 5Ar-H + H-11), 7.45 (2H, s, H - 8  + 

H-12). NMR (CD3OD, 100 MHz) 5c: 2 DiastereomersO: 22.45 (CH3-Leu), 23.89 

(CH3-Leu), 25.87 (CH-Leu), 31.14 (C-5), 38.13 (CH2- Phe), 38.52 (C-6 ), 39.46 (CH2- 

Asp), 42.23 (CH2-Leu), 54.44 (C-7), 55.40 (CH-Asp), 56.55 (CH), 57.05 (CH), 57.69 

(OCH3-I), 57.29 (OCH3-3 ), 62.24 (OCH3-2 ), 62.54 (OCH3-IO), 109.40 (C-4), 115.84 

(C-11), 127.30 (C-4a), 128.43, 130.12, 130.87 (Ar-CH-Phe), 132.10 (C-8 ), 136.59 (C- 

la)*, 138.42 (C-12), 138.83 (C-12a)*, 143.35 (C-2), 152.76 (C-10), 154.52 (C-7a)*, 

155.87 (C-3), 166.07 (C-1), 171.16 (CO), 172.30 (CO), 173.41 (CO), 181.45 (C-9). 

HRMS m/z: Calculated: [M + H] = 733.3449 Found: 733.3477 [M + H] Molecular

Formula: C39H48N4O 10. [«]""= - 89.47“ (c = 0.31, MeOH).

A -̂TFA salt-IIe-Phe-Asp-a-COOH-p-CoIchicine (4.21).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.15 (40 mg, 47.23 jimol), NaOH (60 p,!, 

44.86 |xmol) and MeOH (230 pi) superseded by deprotection o f N-Boc amines, using 

the general procedure, with the subsequent quantities: 4.15-a-COOH (40 mg, 47.23 

|imol), TFA (240 p,l) and DCM (240 pi), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.21 (31.3 mg, 91%), with the 

following physical characteristics: IR Vmax (KBr): 3423.8, 3046.8, 2931.6, 1701.4,

1695.5, 1685.0, 1675.8, 1670.6, 1663.4, 1655.6, 1541.7, 1460.5, 1256.3, 1198.7 cm'’. 

'H  NMR (CD3OD, 400 MHz), 5h: 2 DiastereomersU: 0.90-0.98 (6 H, 2m, 2 CH3-lle), 

1.19 (IH , m, CH-Ile), 1.64-1.71 (IH , bm, CH-Ile), 1.93 (2H, m, CH- 6  + CH-He), 2.20 

(IH , m, CH-6 ), 2.37 (IH , bm, CH-5), 2.63 (IH , bm, CH-5), 2.74 (IH, m, CH-Phe), 2.85

272



Chapter 4. Experimental.

(IH , m, CH-Phe), 2.96 (IH , m, CH-Asp), 3.14 (IH , m, CH-Asp), 3.63 (3H, m, OCH3- 

10 ), 3.68 (IH , m, CHNH-Asp), 3.89-4.01 (9H, m, OCH3-I, OCH3-2 , OCH3-3), 4.50 

(IH , m, H-7), 4.65 (2H, m, CHNH-Ile + CHNH-Phe), 6.76 (IH , m, H-4), 7.14-7.26 

(6 H, m, 5Ar-H, + H-11), 7.41 (2H, s, H - 8  + H-12). '^C NMR (CD3OD, 100 MHz) 6 c: 2 

Diastereomers^: 9.79 (CHs-Ile), 13.35 (CHs-Ile), 24.18 (CH-Ile), 28.66 (C-5), 35.65 

(CH2-Ile), 36.07 (C-6 ), 36.16 (CHz-Asp), 36.65 (CH2-Phe), 48.62 (CH-Asp), 51.91 (C- 

7), 54.49 (CH-Phe), 55.11 (OCH3-3 ), 55.19 (OCH3-I), 57.13 (CH-Ile), 59.76 (OCH3-2 ), 

60.03 (OCH3-IO), 106.94 (C-4), 113.32 (C-11), 125.95 (C-4a), 127.54, 127.64, 128.39, 

128.48 (Ar-CH-Phe), 134.11 (C-8 ), 135.91 (C-la)*, 136.02 (C-12), 136.84 (C-12a)*, 

140.89 (C-2), 150.29 (C-10), n.o (C-7a)*, 153.38 (C-3). HRMS m/z\ Calculated: [M + 

H] = 733.3449. Found: 733.3420 [M + H] Molecular Formula: C39H48N4O 10. -

49.60° (c = 0.31,MeOH).

A -̂TFA salt-AHPA-Val-Phe-Asp-a-COOH-p-Colchicine (4.22).

The title compound was synthesised utilising the general procedure for deprotection o f 

OMe-esters using the following quantities: 4.16 (36.3mg, 35.98 ^.mol), NaOH (40 p.1, 

34.18 nmol) and MeOH (170 j a I )  superseded by deprotection o f 7V-Boc amines, using 

the general procedure, with the subsequent quantities: 4.16-a-COOH (40 mg, 47.23 

limol), TFA (180 fil) and DCM (180 ^l), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.22 (28.6 mg, 89%), with the 

following physical characteristics: IR Vmax (KBr): 3413.3, 2952.5, 1684.4, 1685.0, 

1676.9, 1671.9, 1654.2, 1648.4, 1542.5, 1459.2, 1204.0 cm''. HRMS m/z: Calculated: 

896.4082 Found: 896.4059 [MJ Molecular Formula: C48H57N 5 0 ,2 . [ a g =  -85.62” (c = 

0.28, MeOH).

7V-TFA salt-AHPA-Leu-Phe-Asp-a-COOH-p-CoIchicine (4.23).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.17 (38.1 mg, 37.24 nmol), NaOH (45 fil, 

35.38 |xmol) and MeOH (180 p,l) superseded by deprotection o f A'-Boc amines, using
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the general procedure, with the subsequent quantities: 4.17-a-COOH (38.1 mg, 37.24 

nmol), TFA (190 1̂) and DCM (190 nl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.23 (20 mg, 59%), with the 

following physical characteristics: IR Vmax (KBr): 3402.8, 3078.2, 2952.5, 1685.7,

1683.2, 1667.9, 1654.2, 1647.7, 1638.5, 1541.7, 1434.7, 1204.0 cm'’. HRMS m/z\ 

Calculated: [M + H] = 910.4239. Found: 910.4258 [M + H], Molecular Formula:

C4 9 H5 9 N 5 0 ,2 . [« E  = -78.4° (c = 0.20, MeOH).

A -̂TFA salt-AHPA-lle-Phe-Asp-a-COOH-p-CoIchicine (4.24).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.18 (38.1 mg, 37.24 jxmol), NaOH (45 |xl, 

35.38 p,mol) and MeOH (180 nl) superseded by deprotection of jV-Boc amines, using 

the general procedure, with the subsequent quantities: 4.18-a-COOH (38.1 mg, 37.24 

nmol), TFA (190 ^1) and DCM (190 |j,l), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.24 (20 mg, 82.6%), with the 

following physical characteristics: IR Vmax (KBr): 3392.4, 3319.1, 3067.7, 2921.1,

1685.0, 1681.7, 1675.8 1654.2, 1647.0, 1638.5, 1527.9, 1457.9, 1201.4, 1198.7 cm''. 

HRMS m/z: Calculated: [M + H] = 910.4239. Found: 910.3951 [M + H], Molecular

Formula: C4 9 H5 9 N5 O 1 2 . [ a g =  -82.7° (c = 0.28, MeOH). 

A'-Boc-Val-Pro-Pro-Asp-a-OMe-p-Colchicine (4.25).

The title compoxmd was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), A -̂Boc- 

Val-Pro-Pro-COOH (133 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BEP (66.4 mg, 

0.36 mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.25), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.25 (51.8 mg, 18.1%), with the following physical characteristics: Mpt = 165-170°C 

(dec). IR v„ax (KBr): 3444.7, 2963.0, 1743.3, 1685.7, 1674.9, 1668.2, 1654.2, 1633.3,
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1554.9, 1460.5, 1439.6, 1366.3, 1251.1, 1172.5 cm’'. 'H NMR (CDCI3, 400 MHz), 5h: 

2 Conformers^: 0.71-1.15 (6 H, 6 m, 2CH^-Val), 1.40 (9H, s, OC(CH3)3), 1.72 (IH , bs, 

CH-Val), 1.86 (IH , m, CH-6 ), 2.02-2.33 (9H, bm, 2 p-CH2 -Pro, 2 y-CH2-Pro + CH-6 ), 

2.46-2.52 (2H, m, Cja2 -5 ), 2.62 (IH , m, CH-Asp), 2.95 (IH , 2m, CH-Asp), 3.32 (IH, 

m, 6 -CH-Pro), 3.50 (IH , m, 5-CH-Pro), 3.59 (3H, 2s, COOCH3), 3.65 (3H, 2s, OCH3- 

10), 3.67-3.81 (2H, m, 25-CH-Pro), 3.83-3.84 (3H, 2s, OCH3-I), 3.88-3.89 (3H, 2s, 

OCH3-2 ), 3.98 (3H, 2s, OCH3 -3 ), 4.07-4.26 (1.5H, m, 1.5CH), 4.34 (0.5H, bs, 0.5CH), 

4.54 (IH , m, CH), 4.72 (2H, m, 2CH), 4.92 (0.5H, m, 0.5CH), 5.08-5.21 (0.5H, m, 

0.5CH), 6.52 (IH , s, H-4), 6.61 (IH , bs, NH), 6.84 (IH , m, H-11), 7.21-7.28 (IH , m, H- 

12), 7.52 (IH , 2 X s, H-8 ), 7.79 (IH , bm, NH), 8.54 (IH , bs, NH), 8.63 (IH , bs, NH). 

‘^C NMR (CDCI3 , 100 MHz) 5c: 2 Conformersu: 16.59 (CHj-Val), 19.10 (CHj-Val), 

23.83-25.04 (2 p-CH2-Pro or 2 7 -CH2-Pro), 27.86 ( € ( ^ 3)3), 28.06-28.53 (2 p-CH2-Pro 

or 2 y-CH2-Pro), 29.58-30.05 (C-5), 30.58 (CH-Val), 34.82-37.77 (CHj-Asp + C-6 ), 

46.55-47.75 (25-CH2-Pro), 50.50 (CH-Asp), 52.00 (OCH3-ASP), 52.33 (C-7), 55.55 

(OCH3-3 ), 55.86 (OCH3-I), 56.10-57.15 (CH-Val), 58.13-60.40 (2a-CH-Pro), 60.87 

(OCH3-2 ), 61.00 (OCH3-IO), 78.81 (C(CH3)3), 106.84 (C-4), 112.11(C-11), 124.99 (C- 

4a), 130.32 (C-8 ), 131.53 (C-la)*, 1334.70 (C-12), 136.20 (C-12a)*, 141.11 (C-2), 

150.66 (C-10), 150.85 (C-7a)*, 153.03 (C-3), 155.80 (NHCOOC(CH3)3), 163.41 (C-1), 

168.00 (CO), 168.73 (CO), 169.91 (CO), 170.76 (CO), 170.92 (CO), 178.81 (C-9). 

HRMS m/z: Calculated: [M + H] = 880.4344, [M + Na] = 902.4167. Found; 880.4023

[M + H], 902.3896 [M + Na], Molecular Formula: C45H6 iN5 0 ,3- [a]^ = '  175.67" (c = 

0.52, MeOH).

iV-Boc-Leu-Pro-Pro-Asp-a-OMe-P-Colchicine (4.26).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), A^-Boc- 

Leu-Pro-Pro-COOH (138 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BEP (66.4 mg, 

0.36 mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), = 0.25), to afford the title

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.26 (98 mg, 33.7%), with the following physical characteristics: IR Vmax (KBr):
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3434.2, 2952.5, 1685.7, 1674.9, 1668.2, 1664.8, 1654.2, 1647.4, 1560.0, 1460.5, 

1439.6, 1366.3, 1251.1, 1172.5 cm''. 'H NMR (CDCI3, 400 MHz), 6h : 2 Conformersct: 

0.83-0.98 (6 H, 3m, 2 CH3-Leu), 1.34 (9H, s, OC(CH3)3), 1.57-1.73 (3H, bm, CH-Leu + 

CH2-Leu), 1.86 (IH, bm, CH-6 ), 2.01-2.47 (9H, bm, 2 p-CH2-Pro, 2y-CH2-Pro + CH-6 ), 

2.49-2.74 (4H, m, CFb-Asp + CH2-5 ), 3.31 (IH, m, 5-CH-Pro), 3.61-3.72 (9H, m, 38- 

CH-Pro + COOCH3 + OCH3-IO), 3.89 (3H, 2s, OCH3-I), 3.92 (3H, 2s, OCH3-2 ), 4.01 

(3H, 2s, OCH3-3 ), 4.37 (1.5H, m, 1.5CH), 4.53 (1.5H, bs, 1.5CH), 4.78-4.86 (2.5H, m, 

2.5CH), 5.17 (0.5H, m, 0.5CH), 6.52 (IH, s, H-4), 6.84 (IH, m, H-11), 7.26-7.28 (2H, 

m, H-12 + NH), 7.57-7.69 (IH, 2s, H-8 ), 7.78 (IH, bm, NH), 8.57 (IH, bs, NH), 8.59 

(IH, bs, NH). '^C NMR (CDCI3, 100 MHz) 5c: 2 Conformersa- 20.88 (CH3-Leu), 

21.70 (CH3-Leu), 23.96 (CH-Leu), 24.04-24.96 (2 p-CH2-Pro or 2y-CH2-Pro), 27.86 

(C(CH3)3), 28.40-28.78 (2 p-CH2-Pro or 2 y-CH2-Pro), 29.70-30.17 (C-5), 35.03-41.34 

(CH2-ASP, CH2-Leu + C-6 ), 46.46-47.19 (26-CH2-Pro), 49.63-50.20 (CH-Leu), 50.42- 

52.02 (C-7 + CH-Asp), 52.02 (OCH3-ASP), 55.61 (OCH3-3 ), 55.85 (OCH3-I), 58.94- 

60.36 (2a-CH-Pro), 60.81 (OCH3-2 ), 60.94 (OCH3-IO), 78.67 (C(CH3)3), 106.91 (C-4), 

112.20 (C-11), 125.15 (C-4a), 130.36 (C-8 ), 133.68 (C-la)*, 134.79 (C-12), 136.16 (C- 

12a)*, 141.02 (C-2), 150.55 (C-10), 152.94 (C-7a)*, 153.06 (C-3), 155.88 

(NHC00C(CH3)3), 163.41 (C-1), 167.81 (CO), 169.95 (CO), 170.62 (CO), 171.25 

(CO), 173.31 (CO), 178.75 (C-9). HRMS m/z: Calculated: [M + H] = 894.4501, [M + 

Na] = 916.4320. Found: 894.4235 [A/+H], 916.4115 [M +N a], 917.4114 [M + N a +

H]. Molecular Formula: C46H63N5O13. [a]o = - 175.51" (c =0.98, MeOH). 

A^-Boc-Ile-Pro-Pro-Asp-a-OMe-P-Colchicine (4.27).

The title compoimd was synthesised utilising the general procedure for peptide 

coupling-Method C, using the following quantities: 2.30 (180 mg, 0.36 mmol), A -̂Boc- 

Val-Pro-Pro-COOH (152 mg, 0.33 mmol), DIEA (134 mg 1.04 mmol), BEP (66.4 mg, 

0.36 mmol), and DCM (1.5 ml). The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.64), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.27 (61.4 mg, 21.1%), with the following physical characteristics: Mpt = 160-161°C. 

IRv^ax (KBr): 3423.7, 2967.4, 1740.2, 1738.0, 1685.7, 1661.3, 1654.3,1642.5, 1633.3,
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1523.4, 1460.5, 1439.6, 1366.3, 1245.9, 1172.6 cm''. 'H NMR (CDCI3, 400 MHz), 5h: 

2 Conformersn: 0.76, 0.78, 1.06 (7H, 3m, 2 CH3-Ile + CH-Ile), 1.37 (9H, s, OC(CH3)3), 

1.68-1.81 (2H, bm, CHz-Ile), 1.91-2.31 (lOH, bm, 2 p-CH2-Pro, 2 y-CH2-Pro + CH2-6 ), 

2.46 (1.5H, m, 0.5 CH-Asp + CH-5), 2.63 (1.5H, m, 0.5 CH-Asp + CH-5), 2.92-2.96 

(IH, 2m, CH-Asp), 3.30 (IH, m, 6 -CH-Pro), 3.44 (IH, m, 6 -CH-Pro), 3.56 + 3.57 (3H, 

2s, COOCH3), 3.59 + 3.61 (3H, 2s, OCH3-IO), 3.63-3.68 (IH, m, 6 -CH-Pro), 3.78-3.82 

(IH, m, 6 -CH-Pro), 3.85-3.86 (3H, 2s, OCH3-I), 3.88-3.89 (3H, 2s, OCH3-2 ), 3.96-3.97 

(3H, 2s, OCH3-3 ), 4.05 (IH, m, CH), 4.53 (IH, m, CH), 4.63-4.70 (2H, m, 2CH), 4.82 

(IH, m, CH-Ile), 5.09 (IH, m, NH), 6.50 (IH, s, H-4), 6.81 (IH, m, H-11), 7.21-7.28 

(IH, m, H-12), 7.53-7.72 (1.5H, 2s, H- 8  + 0.5 NH), 7.88 (0.5H, bm, NH), 8.55 (0.5H, 

bs, NH), 8 . 6 6  (0.5H, bs, NH). *̂ C NMR (CDCI3 , 100 MHz) 6 c: 2 Conformersn: 10.66 

(CHs-Ile), 14.78 (CHs-Ile), 21.57-23.82 (CH-Ile), 24.54-24.95 (2 P-CH2-Pro or 2 y-CH2- 

Pro), 27.82 (C(CH3)3), 28.10-28.77 (2 p-CH2-Pro or 2 y-CH2-Pro), 29.17-30.34 (C-5), 

36.44 + 37.24 (CHj-Ile), 36.90-37.94 (CHz-Asp + C-6 ), 46.43-47.74 (26-CH2-Pro), 

51.18 (CH-Asp), 52.14 (C-7), 52.27 (OCH3-ASP), 55.60 (OCH3-3 ), 55.84 (OCH3-I), 

56.71 (CH-Ile), 59.16-60.32 (2a-CH-Pro), 60.85 (OCH3-2 ), 60.95 (OCH3-IO), 78.81 

(C(CH3)3), 106.89 (C-4), 112.26 (C-11), 125.11 (C-4a), 130.53 (C-8 ), 133.70 (C-la)*, 

134.91 (C-12), 136.34 (C-12a)’, 141.07 (C-2), 150.59 (C-10), 151.09 (C-7a)*, 153.05 

(C-3), 155.63 (NHC00C(CH3)3), 163.39 (C-1), 168.75 (CO), 169.88 (CO), 170.77 

(CO), 171.24 (CO), 171.59 (CO), 178.79 (C-9). HRMS m/z: Calculated: [M + H] = 

894.4107, \M  + Na] = 916.4320. Found: 894.4189 [M + H], 916.4135 [M  + Na],

917.3939 [M + Na + H]. Molecular Formula: C46H63N 5O13. [«]o = - 154.46° (c = 0.61, 

MeOH).

AZ-TFA salt-Val-Pro-Pro-Asp-a-OMe-p-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection o f  

A^-Boc amines using the following quantities: 4.25 (67 mg, 76.14 nmol), TFA (380 fxl) 

and DCM (380 |xl), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A -̂TFA salt-4.25, (59 mg, 98%), and was used 

without characterisation or further purification in the next step o f  the synthesis.
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A -̂TFA salt-Leu-Pro-Pro-Asp-a-OMe-P-Colchicine.

The title compound was synthesised utilising the general procedure for deprotection o f 

A'-Boc amines using the following quantities: 4.26 (67.1 mg, 76.14nmol), TFA (380 nl) 

and DCM (380 jil), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A^-TFA salt-4.26, (60 mg, 98%), and was used 

without characterisation or further purification in the next step o f the synthesis.

A'-TFA salt-Ile-Pro-Pro-Asp-a-OMe-P-Colchicine,

The title compound was synthesised utilising the general procedure for deprotection o f 

jV -B o c  amines using the following quantities: 4.27 (61.4 mg, 6 8 .6 8  fxmol), TFA (340 |xl) 

and DCM (340 jil), to yield the title compound as a green solid. The product was dried 

in vacuo for several hours to yield A^-TFA salt-4.27, (60 mg, 95%), and was used 

without characterisation or further purification in the next step o f the synthesis.

7V-Boc-AHPA-VaI-Pro-Pro-Asp-a-OMe-P-CoIchicine (4.28).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A^-TFA salt-4.25 (59 mg, 67.11 

nmol), 3.14 (30 mg, 67.11 nmol), DIEA (31 mg 134.23 nmol), BEP (123 mg, 67.11 

nmol), and DCM (250 nO- The residue was purified using flash column 

chromatography (mobile phase: EtOAc: MeOH (9:1), R / = 0.10), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield 

4.28 (1 Img, 15.5%), with the following physical characteristics: IR Vmax (KBr): 3432.5, 

2951.8, 1748.2, 1685.2, 1675.9, 1670.8, 1661.5, 1648.7, 1531.2, 1461.3, 1181.2 cm'*. 

'H NMR (CD3OD, 400 MHz), 5h: 0.90 (6 H, m, 2 CH3- Val), 1.37 (lOH, 2s, OC(CH3)3 + 

CH), 1.52-3.30 (18H, bm, 9 CH2), 3.62 (6 H, 2s, OCH3), 3.91-4.12 (14H, 3s, 3 OCH3 + 

5CH), 4.30-4.73 (2H, bm, 2CH), 6.54 (IH , s, H-4), 6.84-7.28 (8 H, bm, 5Ar-CH +
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3CH). HRMS m/z\ Calculated: 1057.1230 Found: 1058.6340 [M + H] Molecular 

Formula: CssHyzNeOij. [a]^'= -187.36° (c = 0.11, MeOH).

A'-Boc-AHPA-Leu-Pro-Pro-Asp-a-OMe-p-Colchicine (4.29).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: 7V-TFA salt-4.26 (60 mg, 67.11 

^imol), 3.14 (30 mg, 67.11 ^imol), DIEA (31 mg 134.23 ^mol), BEP (123 mg, 67.11

timol), and DCM (250 ^1). The residue was purified using flash column

chromatography (mobile phase: EtOAc: MeOH (9:1), R /= 0.10), to afford the title 

compound as a yellow solid. The product was dried in vacuo for several hours to yield

4.29 (15 mg, 21.1%), with the following physical characteristics: IR V m a x  (KBr):

3442.1, 2951.9, 1745.2, 1698.2, 1685.4, 1670.2, 1666.5, 1654.3, 1561.7, 1460.3,

1365.2, 1171.3 cm'‘. HRMS m/z\ Calculated: [A/ + 2H] = 1072.5369. Found: 

1072.5638 [M + 2H], Molecular Formula: C56H74N6 0 ,5. [a]f,= -182.43“ (c = 0.15, 

MeOH).

A'-Boc-AHPA-Iie-Pro-Pro-Asp-a-OMe-P-Colchicine (4.30).

The title compound was synthesised utilising the general procedure for peptide 

coupling-Method A, using the following quantities: A -̂TFA salt-4.27 (60 mg, 67.11 

[xmol), 3.14 (30 mg, 67.11 |imol), DIEA (31 mg 134.23 nmol), BEP (123 mg, 67.11

^mol), and DCM (250 ^1). The residue was purified using flash column

chromatography (mobile phase: EtOAc: MeOH (9:1), = 0.10), to afford the title

compound as a yellow solid. The product was dried in vacuo for several hours to yield

4.30 (29 mg, 40.9%), with the following physical characteristics: IR Vmax (KBr):

3434.2, 2942.1, 1701.4, 1685.7, 1675.7, 1670.0, 1664.7 1654.2, 1637.2, 1543.0 1456.6, 

1180.6 cm'*. HRMS m/z: Calculated: [M + 2H] = 1072.5369. Found: 1072.6269 [M +

2H], Molecular Formula: C56H74N6O 15. = -145.61° (c -  0.29, MeOH).
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A^-TFA salt-Val-Pro-Pro-Asp-a-COOH-p-CoIchicine (4.31).

The title compound was synthesised utilising the general procedure for deprotection o f 

OMe-esters using the following quantities; 4.25 (43 mg, 48.86 |j.mol), NaOH (60 |xl, 

46.42 nmol) and MeOH (225 ^1) superseded by deprotection o f jV-Boc amines, using 

the general procedure, with the subsequent quantities: 4.25-a-COOH (43 mg, 48.86 

nmol), TFA (235 nl) and DCM (235 p,l), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.31 (31.7 mg, 84%), with the 

following physical characteristics: IR V m a x  (K B r): 3434.2, 2963.0, 1719.6, 1685.2, 

1674.7, 1664.1, 1653.5, 1645.6, 1635.0, 1521.2, 1457.8, 1251.6, 1204.0 c m ’. 'H N M R  

(CD3OD, 400 MHz), 5h: 2 C onform ersU : 0.87-1.16 (6 H, m, 2 CH3-Val), 1.61 (IH , bm, 

CH-Val), 1.79 (IH , bm, CH-6 ), 1.96-2.36 (lOH, bm, 2 p-CH2-Pro, 2y-CH2-Pro, CH-5 + 

CH-6 ), 2.62 (IH , bs, CH-5), 2.86 (2H, m, CH2-Asp), 3.64 (3H, 2s, OCH3-IO), 3.65-3.83 

(4H, m, 25-CH2-Pro), 3.89 (3H, 2s, OCH3-I), 3.91 (3H, 2s, OCH3-2 ), 4.01 (3H, 2s, 

OCH3-3 ), 4.06 (IH , bs, CM), 4.49 (2H, m, 2CH), 4.50-4.72 (2H, m, 2CH), 6.74 (IH , bs, 

H-4), 7.22 (IH , m, H-11), 7.41 (2H, m, H-8  + H-12). '^C NMR (CD3OD, 100 MHz) 5c: 

2 Conformerso: 15.55 (CHj-Val), 17.25 (CHj-Val), 22.86-24.38 (2 p-CH2-Pro or 2y- 

CHz-Pro), 28.15-29.99 (2 p-CH2-Pro or 2 7 -CH2-Pro + C-5), 29.12 (CH-Val), 34.14- 

36.02 (CH2-ASP + C-6 ), 48.54-49.83 (26-CH2-Pro), 51.92 (CH-Asp), 52.92 (C-7), 55.17 

(OCH3-3 ), 55.855 (OCH3-I), 56.12 (CH-Val), 58.02-59.00 (2a-CH-Pro), 60.01 (OCH3- 

2), 60.27 (OCH3-IO), 106.96 (C-4), 113.20 (C-11), 124.98 (C-4a), 129.64 (C-8 ), 134.13 

(C-la)*, 135.54 (C-12), 136.69 (C-12a)*, 140.93 (C-2), 150.31 (C-10), 152.12 (C-7a)*, 

153.35 (C-3), 163.54 (C-1), 166.49 (CO), 169.84 (CO), 170.46 (CO), 171.76 (CO), 

171.99 (CO), 178.94 (C-9). HRMS m/z: Calculated: [M + H] = 766.3663, [M + Na] = 

788.3483. Found: 766.3599 [M + H], 780.3874 [M + Na], Molecular Formula:

C39H51N5O1,. [a]^j=- 142.47" (c = 0.31, MeOH).

A'-TFA salt-Leu-Pro-Pro-Asp-a-COOH-p-Colchicine (4.32).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.26 (42 mg, 47.16 jxmol), NaOH (55 |xl, 

44.80 nmol) and MeOH (230 nl) superseded by deprotection o f N-Boc amines, using
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the general procedure, with the subsequent quantities: 4.26-a-COOH (42 mg, 47.16 

^mol), TFA (240 1̂) and DCM (240 nl), to afford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.32 (29.7 mg, 81%), with the 

following physical characteristics: IR Vmax (KBr): 3431.3, 2961.1, 1684.4, 1675.1, 

1669.8, 1664.6, 1654.0, 1647.4, 1560.0, 1539.1, 1460.5, 1256.3, 1198.7cm''. 'H NMR 

(CDCI3, 400 MHz), 5h: 2 Conformers^: 0.96-1.14 (6 H, m, 2CH^-Leu). 1.78-1.88 (4H, 

bm, CH-6 , CH-Leu + CHa-Leu), 2.05-2.28 (9H, bm, 2 p-CH2 -Pro, 2 Y-CH2-Pro + CH-6 ), 

2.45 (IH, bs, CH-5), 2.63 (IH, bs, CH-5), 2.96 (2H, m, CI^-Asp), 3.62-3.96 (7H, m, 

OCH3-IO + 26-CH2-Pro), 3.99 (3H, 2s, OCH3 -I), 4.01 (3H, 2s, OCH3 -2 ), 4.11 (3H, 2s, 

OCH3 -3 ), 4.31 (IH, bs, CH), 4.56 (2H, m, 2CH), 4.73-4.81 (2H, m, 2CH), 6.85 (IH, bs, 

H-4), 7.230 (IH, m, H~11), 7.50 (2H, m, H- 8  + H-12). '̂ C NMR (CDCI3,100 MHz) 6c: 

2 Conformersn: 19.64 (CH3-Leu), 21.63 (CH3-Leu), 23.36-23.65 (CH-Leu), 23.83- 

24.18 (2 p-CH2-Pro or 2 y-CH2 -Pro), 27.41 (2 p-CH2-Pro or 2 y-CH2-Pro), 28.20-28.62 

(C-5), 38.55-38.76 (CHj-Asp + C-6 ), 43.81 (CHj-Leu), 47.85-48.43 (25-CH2-Pro), 

49.72-52.83 (CH-Leu + CH-Asp), 54.74 (C-7), 55.07 (OCH3-3 ), 57.86 (OCH3-I), 

58.09-59.03 (2a-CH-Pro), 59.61 (OCH3-2 ), 59.92 (OCH3-IO), 106.85 (C-4), 113.03 (C- 

11), 124.87 (C-4a), 129.50 (C-8 ), 134.02 (C-la)’, 135.72 (C-12), 136.59 (C-12a)*, 

140.78 (C-2), 150.20 (C-10), n.o (C-7a)*, 153.26 (C-3), 163.43 (C-1), 167.14 (CO), 

169.06 (CO), 170.37 (CO), 171.69 (CO), 178.85 (C-9). HRMS m/z: Calculated: [M + 

H] = 780.3820. Found: 780.3779 {M + H], 781.3918 [M + 2H] Molecular Formula: 

C4 0H53N5O,,. = - 154.47° (c = 0.29, MeOH).

iV-TFA salt-Ile-Pro-Pro-Asp-a-COOH-p-Colchicine (4.33).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.27 (61.4 mg, 6 8 . 6 8  jimol), NaOH (80 |il, 

65.25 (j.mol) and MeOH (330 p.1) superseded by deprotection o f N-Qoc amines, using 

the general procedure, with the subsequent quantities: 4.27-a-COOH (61.4 mg, 6 8 . 6 8  

nmol), TFA (345 |il) and DCM (345 p,l), to afford the title compound as an oU. The 

product was dried in vacuo for several hours, yielding 4.33 (42 mg, 79%), with the 

following physical characteristics: Mpt = 170“C-173“C. IR Vmax (KBr): 3422.2, 2931.6, 

1701.4, 1685.7, 1675.2, 1667.3, 1654.2, 1526.0, 1497.2, 1253.7, 1204.5 cm''. 'H NMR
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(CDCI3, 400 MHz), §h: 2 Conformers^: 0.76, 1.04 (7H, m, 2 CH3-Ile +CH-lle), 1.68- 

1.79 (3H, bm, CH- 6  + CHs-Ile), 1.95-2.18 (9H, bm, 2 p-CH2-Pro, 2 y-CH2 -Pro + CH-6 ), 

2.35 (IH, bs, CH-5), 2.63 (IH, bs, CH-5), 2.86 (2H, m, CHs-Asp), 3.62 (IH, m, 6 -CH- 

Pro), 3.64 (3H, 2s, OCH3-IO), 3.66-3.84 (3H, m, 36-CH-Pro), 3.89 (3H, 2s, OCH3-I), 

3.91 (3H, 2s, OCH3-2 ), 4.01 (3H, 2s, OCH3-3 ), 4.20 (IH, bs, CH), 4.45 (2H, m, 2CH), 

4.47-4.71 (2H, m, 2CH), 6.75 (IH, bs, H-4), 7.22 (IH, m, H-11), 7.42 (2H, m, H- 8  + H- 

12). '̂ C NMR (CDCI3, 100 MHz) 6 c: 2  C on form ersU :  10.66 (CHs-Ile), 14.78 (CHa-Ile), 

23.75 (CH-Ile), 23.93-24.28 (2 p-CH2-Pro or 2 y-CH2-Pro), 28.30 (2 p-CH2-Pro or 2y- 

CH2-Pro), 28.72 (C-5), 35.65 (CH2-lle), 36.00 (C-6 ), 38.46-38.87 (CHz-Asp), 48.50 -  

48.54 (25-CH2-Pro), 49.82 (CH-Asp), 51.19 (C-7), 54.84 (OCH3-3 ), 55.17 (OCH3-I), 

56.51 (CH-Ile), 57.96-59.13 (2a-CH-Pro), 59.80 (OCH3-2 ), 60.02 (OCH3-IO), 106.95 

(C-4), 113.13 (C-11), 124.90 (C-4a), 129.60 (C-8 ), 134.12 (C-la)*, 135.59 (C-12), 

136.69 (C-12a)*, 140.88 (C-2), 150.30 (C-10), n.o (C-7a)*, 153.36 (C-3), 163.54 (C-1), 

167.25 (CO), 169.17 (CO), 170.19 (CO), 171.66 (CO), 171.80 (CO), 178.95 (C-9). 

HRMS m/z: Calculated: [M + H] = 780.3820. Found: 780.3778 [M + H], Molecular

Formula: C40H53N5O1,. [a]“ = - 83.33° (c = 0.42, MeOH).

A -̂TFA salt-AHPA-Val-Pro-Pro-Asp-a-COOH-P-Colchicine (4.34).

The title compound was synthesised utilising the general procedure for deprotection o f  

OMe-esters using the following quantities: 4.28 (11 mg, 10.41 |xmol), NaOH (12 îl, 

9.89 nmol) and MeOH (50 |j,l) superseded by deprotection o f 7V-Boc amines, using the 

general procedure, with the subsequent quantities: 4.28-a-COOH (11 mg, 10.41 |xmol), 

TFA (50 |j,l) and DCM (50 jil), to afford the title compound as an oil. The product was 

dried in vacuo for several hours, yielding 4.34 (9 mg, 92%), with the following physical 

characteristics: IR Vmax (KBr): 3434.2, 2931.6, 1701.4, 1684.4, 1676.1, 1671.3, 1662.4, 

1646.4, 1637.2, 1540.4, 1457.9, 1201.3 cm'*. HRMS m/z\ Calculated: [M + H] =

943.4453. Found: 943.4423 [M + H]. Molecular Formula: C49H62N6O13. \cc\d ~ ' 

179.96“ (c = 0.09, MeOH).
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A'-TFA salt-AHPA-Leu-Pro-Pro-Asp-a-COOH-P-Colchicine (4.35).

The title compound was synthesised utilising the general procedure for deprotection of 

OMe-esters using the following quantities: 4.29 (15 mg, 14.01 |j.mol), NaOH (20 |4,1, 

13.31 ^imol) and MeOH (70 nl) superseded by deprotection of A -̂Boc amines, using the 

general procedure, with the subsequent quantities: 4.29-a-COOH (15 mg, 14.01 ^imol), 

TFA (70 1̂ 1) and DCM (70 p,l), to afford the title compound as an oil. The product was 

dried in vacuo for several hours, yielding 4.35 (11 mg, 82%), with the following 

physical characteristics: IR Vmax (KBr): 3444.8, 2956.3 1686.9,1672.5, 1669.1, 1662.5, 

1653.2, 1560.3, 1451.3, 1204.3 cm"'. HRMS m/z: Calculated: [M + H] = 957.4610 

Found: 957.4516 [A/+ H], 958.4320 [M+ 2H], 959.4475 [A/+ 3H] Molecular Formula:

C5oH64N6 0 ,3. [a]y = -175.23“ (c = 0.11, MeOH).

iV-TFA salt-AHPA-Ile-Pro-Pro-Asp-a-COOH-p-Colchicine (4.36).

The title compound was synthesized utilizing the general procedure for deprotection of 

OMe-esters using the following quantities: 4.30 (29 mg, 27.47 |j.mol), NaOH (30 |xl, 

26.06 |imol) and MeOH (130 ^1) superseded by deprotection of A -̂Boc amines, using 

the general procedure, with the subsequent quantities: 4.30-a-COOH (29 mg, 27.44 

nmol), TFA (140 |il) and DCM (140 p,l), to atford the title compound as an oil. The 

product was dried in vacuo for several hours, yielding 4.36 (13 mg, 50%), with the 

following physical characteristics: IR v^ca (KBr): 3434.2, 2942.1, 1701.4, 1685.7, 

1675.7, 1670.0, 1664.7 1654.2, 1637.2, 1543.0 1456.6, 1198.7 cm'. HRMS m/z: 

Calculated: 957.4610 Found: 957.4601 [M + H]. Molecular Formula: C50H64N6O13. 

[ a g -  -138.46“ (c = 0.13, MeOH).
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Materials and Methods.

P r e p a r a t i o n  a n d  f*urif ica t ion o  ubulin 

M a t e r i a l s

2-A^-morpholinoethansulphonic acid (MBS), ethyleneglycol-/)w-y5-aminoethylether)-jV- 

7V-tetra-acetic acid (EGTA), MgCl2.6H20, guanosine triphosphate (GTP, Li salt), 

glycerol, podophyllotoxin (99%) and colchicine (98%) were obtained from Sigma. 

Combretastatin A-4 was synthesised by Shah, by the method o f  Pettit^ '̂. Porcine heads 

were generously donated by Coyle Meats Ltd., Garden lane, Dublin 8.

c | u i p m c n t

All ultracentrifugations were performed in a Beckman Ultracentrfuge L8-60M, using a 

Ti 50.5 rotor. Tubulin assembly was monitored and recorded continuously by 

turbidimetric readings at 350 nm recorded on a Spectronic®, 

spectrometer, equipped with a thermostatted cell at 37“C. All 

PRISM® Version 3.0, Graphpad Software Inc.

p u f f e r s  a n d  S o l u t i o n s  

Extraction Buffer (EB 2.5).

0.25 M 2-iV-morpholinoethanesulfonic acid-mono-hydrate.

1.25 mM MgCl2-6H20.

2.5 mM EGTA.

Buffer was thus prepared in deionised H2 O, with pH o f  the solution adjusted 6.6 by the 

addition o f  10 M NaOH, and the solution stored at 4°C.

Extraction Buffer (EB).

Buffer prepared by addition o f  300 ml o f  deionised H2 O to 200 ml o f  EB 2.5, with pH 

adjusted accordingly using 10 M NaOH and stored at 4°C.

Reassembly Buffer (RB).

Buffer prepared by addition o f  300 ml o f  glycerol to 200 ml o f  EB 2.5, with the pH 

adjusted accordingly using 10 M NaOH and stored at 4”C.

Genesys^'^ 5, U.V. 

data analysed using
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GTP Solution (GTPS).

200 mM solution in deionised H2O, and stored at -2 0 “C.

New solutions were made on each extraction day, with GTPS also made fresh on each 

assay day.

M e th o d s

Preparation and Purification

Within one hour o f  slaughter, cerebral tissues were carefully removed from two porcine 

heads allowing minimal disruption to the membranes. Cortices were subsequently 

placed in a beaker surrounded by ice, and the meninges plus any fragment bone-dust or 

shards judiciously removed. The cleaned cortices were then weighed (typically ~ 

150g), placed in a blender with 150 ml o f EB (1 ml EB per g o f tissue), and minced for 

25 seconds. The resulting homogenate was poured into a pre-cooled 500 ml beaker 

(surrounded by ice), added to the pre-cooled rotor (4°C) and centrifuged at 100, 000 g  at 

4‘*C for forty-five minutes.

The resulting pellets were discarded, supernatants (140 ml) measured, placed in a 500 

ml conical flask with an equal volume o f EB (140 ml) and 5 |il/ml GTPS (700 |al), 

covered with Parafilm® and incubated at 37°C for thirty minutes. The subsequent 

solution o f assembled microtubules was added to a pre-warmed rotor (30“C) and 

centrifuged at 120,000 g  at 30“C for one hour.

Following centrifiigation, the supernatant was discarded and the centrifuge tubes, 

containing 1 cycle tubulin, placed on ice. The tubulin was subsequently transferred to a 

pre-cooled (0°C) 50 ml homogenisation vessel on ice and centrifuge tubes washed with 

EB (12 ml), and washings pipetted into the homogenisation vessel. The resultant 

tubulin solution was then homogenised with a Teflon tip, for 5 minutes, covered with 

Parafilm® and placed back on ice for a further 30 minutes. Following, 

depolymerisation the resulting pink colloidal solution was placed in a pre-cooled (4°C) 

rotor and centrifuged at 100,000 g  at 4”C for 30 minutes.
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The resulting pellets of denatured tubulin were discarded; supernatants (14 ml) 

measured and placed in a 250 ml conical flask with an equal volume of RB (14 ml) and 

5 fil o f GTPS /ml of supernatant (70 ^1). An additional solution containing EB (14 ml; 

equivalent to the volume of supernatant) and RB (14 ml) was also made and both 

solutions were covered with Parafilm® and incubated at 37°C for thirty minutes. 

Following incubation, the EB/RB solution, and (140 |il) GTPS (2 x volume of GTPS 

initially added) were added to the supernatant solution, and the resulting solution 

transferred to a pre-warmed rotor and centrifuged at 150,000 g, at 30“C for 30 minutes. 

Subsequent to centrifugation, the supernatant was decanted and discarded and the tubes 

containing 2-cycle tubulin were placed on ice. The tubulin was then transferred to a 

pre-cooled (0°C) 50 ml homogenisation vessel on ice and centrifuge tubes washed with 

EB (10 ml), with washings pipetted, into the homogenisation vessel. The resultant 

tubulin solution was then homogenised with a Teflon tip, for 5 minutes, and GTPS (25 

|il; 2.5 |j,l of GTPS per ml of EB buffer, used to wash centrifuge tubes) added and the 

solution re-homogenized for a further 10-20 seconds. The final homogenate was 

transferred to a beaker on ice and 1ml portions of tubulin solution were pipetted into 

liquid nitrogen stable storage vials, placed in liquid nitrogen for 5 minutes and finally 

stored at -80”C.

Tubulin stored at this temperature was stable for up to 6 months.

V a l id a t io n

Assembly-disassembly assay for rapid, reversible tubulin-binding compounds was 

validated with combretastatin A-4^'“ by acquiring inhibition values for combretastatin 

A-4 consistent with the literature value”® employing the aforementioned buffers and 

experimental observations at a wavelength of 350 nm at 37°C with an electronically 

controlled thermostatted cell.

Assembly-disassembly assay for slow, irreversible tubulin-binding compounds was 

validated with colchicine (Sigma) by acquiring maximum inhibition values for 

colchicine employing experimental observations at a wavelength of 380 nm, following 

incubation at 37°C for 10 minutes and depolymerisation for 5 minutes, at 37°C vsdth an 

electronically controlled thermostatted cell.
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Assembly-Disassembly Assay for Rapid, Reversible Tubulin-Binding Compounds

Following synthesis and subsequent analysis, compounds were dissolved in MeOH and 

evaporated to dryness, transposing any possible deuterium exchange, which may have 

occurred in solution with deuterated solvents. Subsequently they were dried in vacuo 

for several days. 10 milligram per millilitre (mg/ml) solutions of the compounds, 

prepared in DMSO, and consequent serial dilution of the stock, afforded incrementally 

adjusted (lOmg/ml-0.05 mg/ml) solutions for assay.

Tubulin assembly was monitored and recorded continuously by turbidimetric readings 

at 350 nm in a UV Spectrometer, equipped with a thermostatted cell at 37°C . Tubulin 

(2-3mg/ml in MES buffer and ImM GTP) was prepared while the temperature was 

maintained < 4“C.

Typically, 1ml of tubulin solution was diluted with EB (5 ml) and supplementary GTPS 

(25̂ x1, 5 îl/ml of EB) added. An aliquot (150 |j 1) o f this assay solution was pipetted 

into a disposable micro-centriftige tube (total volume of tube = 2 ml), which was 

subsequently placed on ice, and to this was added DMSO (1 fxl), and the resultant 

control/blank solution pipetted immediately to an electronically controUed, 

thermostatted cell at 37^C. The UV absorption w£is then spectroscopically monitored 

over 1 minute. Differences in optical density (OD), from / = 0 to / = 60 seconds, of 0.1 

and 0.15 indicated tubulin protein concentrations of 2 mg/ml and 3 mg/ml, 

respectively^'*. Protein concentrations higher or lower than these limits affected 

sensitivity o f the assay '̂* and therefore only assay solutions diluted to 2-3 mg/ml were 

used.

Subsequently, the remaining assay solution was apportioned in aliquots (150 |j1) to 

disposable micro-centrifuge tubes, which were immediately placed on ice. Compounds 

were assayed, as described for DMSO control solution, sequentially in concentrations 

from 10 mg/ml to 0.05 mg/ml, and values of concentrations that decreased the 

maximum rate of tubulin assembly, without drug, by 50% (IC50) determined. The IC50 

for all compounds were compared to that of combretastatin A-4 and podophyllotoxin, 

measured on the same day under the same conditions.
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Results were analysed using non-linear regression of one-phase exponential decay plots 

of % tubulin polymerisation versus drug concentration (^ig/ml). % Tubulin 

polymerisation data points were determined from the formula:

/  f f i X]
  X100 = % Tubulin polymerisation.
mB )

Where mX = Maximum slope of compound with concentration X. 

mB = Maximum slope of DMSO blank.

Deviations from normal behaviour are quoted as goodness of fit values (R^), where 1.0 

is a perfect fit to the model

Assembly-Disassembly Assay for Slow, Irreversible Tubulin-Binding Compounds

Tubulin assembly was monitored and recorded continuously by turbidimetric readings 

at 380 nm in a UV spectrometer, equipped with a thermostatted cell at 37°C. Tubulin 

(2-3mg/ml in MES buffer and ImM GTP) was prepared while the temperature was 

maintained < 4“C. The values of concentrations that decreased the maximum rate of 

tubulin £issembly, without drug, by 50% (IC50) were determined. The ICso for all 

compounds were compared to that of colchicine, measured on the same day under the 

same conditions.

Following preparation of tubulin (2-3mg/ml in MES buffer and ImM GTP) while 

maintaining the temperature < 4"C, drug concentrations were added, and the resulting 

solutions polymerised at 37"C for ten minutes and depolymerised for five minutes at < 

4"C. Subsequently, tubulin assembly was monitored and recorded continuously by 

turbidimetric readings at 380 nm in a UV Spectrometer, equipped with a thermostatted 

cell at 37“C. The values of concentrations that decreased the maximum rate of tubulin 

assembly, without drug, by 50% (IC50) were determined. The IC50 for all compounds 

were compared to that of colchicine, measured on the same day under the same 

conditions. All assays were performed with, at least, triplicate samples.
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ArNl/CD ' 5 E .n z y m a tic  A s s a y

M a te r ia l s

Bestatin, aminopeptidase M (EC 3.4.11.2, type IV-S from porcine kidney microsomes), 

L-Leucine-/j-nitroanilide (Leu-pNA) and 7'/-[2-hydroxy-ethyl]piperazine-A^-[2- 

ethanesulphonic acid] (HEPES-bufFer) were purchased from the Sigma Chemical Co.

M e th o d

APN/CD13 activity was determined in triplicate by measuring the hydrolysis of the 

chromogenic substrate Leu-/?NA in a photometric assay according to Melzig et a F \  

The enzyme substrate Leu-pNA (2 mM) was dissolved in HEPES-bufFer (50 mM + 154 

mM NaCl, at pH 7.4). Subsequently, aliquots of the substrate solution (250 p,l) were 

added to HEPES-bufFer (200 ^1) with test compounds (1 fil), or DMSO (blank). The 

reaction was started by addition of enzyme solution (50 p.1, 1 mU in HEPES-bufFer) and 

incubated for sixty minutes at 37°C. Following cessation of reaction by addition of 

acetone (800 jil), samples were measured spectrophotometrically at 405 nm, 

determining the formation of p-nitroaniline. All assays were performed with at least 

triplicate samples. Inhibition was calculated in percent to controls without inhibitors 

and the IC50 values for all compounds were compared to that of 3.1, measured on the 

same day under the same conditions. Results were analysed using non-linear regression 

curve fit of sigmoidal dose-response curve, plotting % inhibition of APN/CD13 activity 

versus log [drug concentration (M)]. Deviations from normal behaviour are quoted as 

goodness of fit values (R^), where 1.0 is a perfect fit to the model.

V a l i d a t i o n

APN/CD13 activity was validated with bestatin” by acquiring inhibition values for 

bestatin consistent with the literature values” ’ employing the aforementioned buffers 

and experimental observations at a wavelength of 405 nm, following incubation at hTC  

for 60 minutes and cessation by addition of 800 |̂ 1 o f acetone, at 37“C with an 

electronically controlled thermostatted cell.
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