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Summary

The objective o f this project was to design, synthesise and carry out preHminary 

evaluations on potential prodrugs and hybrid drugs with anti-proliferative effects.

Chapter 1 gives an overview o f current trends in cancer therapy, with a focus on drugs 

which target the tumour vasculature. Two prototype anti-proliferative drugs are 

introduced. The first is a tubulin-binding compound that was designed in-house and is 

closely related to the combretastatins and colchicine. The second is bestatin, a 

dipeptide with a range o f pharmacological effects. The merits o f these two drugs are 

discussed in relation to combination chemotherapy and hybrid drug design. The 

prodrug concept is introduced here as an increasingly topical strategy in the design of 

cytotoxic drugs.

Chapter 2 describes the synthesis and characterisation o f two prodrugs o f the lead 

tubulin polymerisation inhibitor. One was designed simply with a view to improving 

the solubility o f the otherwise relatively hydrophobic tubulin-binding agent. The 

second was designed as a conjugate o f two separately functioning drugs which are 

shown in vitro to be generated in a 1:1 ratio in physiological medium and made 

available to act individually at their separate target proteins. The results o f an in vitro 

spectrophotometric assay o f APN inhibition indicate that esterification potentiates the 

efficacy o f bestatin as an APN inhibitor.

The primary objective o f the work described in Chapter 3 was to investigate the 

incorporation o f increased stability into the prodrug and hybrid drug design with a view 

to achieving slow release in vivo and generating a sustained low concentration of the 

active drugs. The synthesis and characterisation of amide conjugates are described as 

alternatives to the ester conjugates o f Chapter 2. APA and APN are two enzymes 

whose expression is shown to be upregulated in malignancy. The amide prodrugs were 

designed as substrates for these enzymes. Conjugation at this site is shown by in vitro 

studies to enhance the efficacy o f the bestatin component but to negatively impact on 

the cytotoxicity o f the tubulin-binding component. The inclusion o f a linker amino acid 

between the two differentially targeted drugs is determined to diminish the activity o f 

both moieties.
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Chapter 4 describes the design, synthesis and preliminary evaluation o f dual-acting 

hybrid drugs which do not require activation by enzymes in order to exert their 

pharmacological effects. The activity o f both moieties is maintained by strategic 

conjugate design. The hybrid drugs were evaluated in vitro and conjugation at this site 

is shown to compromise the cytotoxicity o f the tubulin-binding component, though to a 

lesser extent than what was observed with the conjugates o f Chapter 3. One o f the 

hybrids was developed further into a prodrug with intrinsic delayed activation. This 

involved the novel design o f incorporating into the prodrug structure an inhibitor o f the 

enzyme required to activate the prodrug. The impact o f intrinsic enzyme-inhibitory 

character on the rate o f activation o f the prodrug was assessed in vitro in the presence 

o f APN isolated from porcine kidney at various concentrations and in PC-3 cell 

cultures.

The inclusion o f a linker amino acid at this alternative point o f conjugation is again 

determined to be detrimental to drug activity.

Chapter 5 describes the methods used to assess the pH stability, plasma stability, 

enzymatic activation, tubulin polymerisation inhibition and enzyme inhibition of 

compounds o f interest, and the optimisation and validation o f these methods.

Chapter 6 details the experimental procedures used to synthesise the compounds 

contained in this thesis and the characterisation o f each compound.
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Chapter 1 -  Introduction to cancer therapy, 
hybrid drugs and the prodrug concept

This chapter gives an introduction to current trends in cancer therapy, focusing on 

drugs which target the tumour vasculature. An overview o f  the mechanisms behind 

tumour vascularisation is given and candidate drug targets are highlighted. The anti- 

vascular effect o f tubulin-binding agents is explored, with a focus on the 

combretastatins and combretastatin-like compounds developed in this lab. An 

introduction to prodrugs and hybrid drugs is given and two potential prodrug-activating 

enzymes, aminopeptidase N (APN) and aminopeptidase A (APA) are discussed. The 

rationale behind designing a hybrid o f bestatin and a tubulin-binding agent is then 

presented.
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1.0 Cancer: old and new therapies

Cancer describes a state o f disease characterised by cells that escape normal 

physiological control. It represents approximately 20% o f total mortality in Europe and 

North America, making it the second biggest killer in this part o f the world When 

deaths are aggregated by age, cancer has surpassed heart disease as the leading cause o f 

death in the United States for persons younger than 85 since 1999 Figure 1.1 

summarises the major ways in which cancer cells differ from normal cells.
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(cyc/M 02. CDX1)

2. Invasion /m etastasis 
{e-cadh9rm. TIMPi. CD44)

1- v s  • —

i

I

6. S«stalncd
anglogenesis

{VHL THBS1, THBS2)

5. Evasion of apoptosis 
c»tp»tr~S)

4. SeN'Siiffkiencv in 
grow th signals
(Prew. p 1 4 ^ )

oulocnne
0 iw 4 h
signal

3. InscnsittvitY to  anti-grovrth 
signate M A 62)

^  cancer cell growth factor receptc

m rMi r .n  V  constHuHvely active
•  * •"  N  tyrosine kinase

white blood ceU ^ blood vessel
m itochondria grow th factor

Figure 1.1 The hallmarks o f  cancer ^

There are three major approaches to treating malignancies: surgery, radiotherapy and 

chemotherapy. The choice o f therapy depends on the type and location o f the tumour 

and the stage o f its development. Traditional cancer chemotherapies attack the 

malignant cells. Unlike bacteria and viruses, cancer cells do not carry molecular targets 

that are completely foreign to the host. As a result, cytotoxic therapy relies primarily on 

the enhanced proliferation rate o f cancer cells and the determinants or consequences o f 

this phenomenon in local tissues e.g. the extracellular matrix (ECM) and the local
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vasculature. Cytotoxic drugs are classically categorised into cell-cycle-active and non

cell-cycle-active drugs, depending on whether they affect cells in a state o f cell division 

e.g. anti-metabolites, or whether they cause cancer cell death by mechanisms 

independent o f cell replication. Chemotherapy is increasingly used in combination with 

surgery and/or radiation for many types o f cancer.

Drugs that attack rapidly-dividing cells generally produce unwanted toxic effects e.g. 

bone marrow toxicity, hair-loss, gastrointestinal erosion, sterility and teratogenicity 

Many o f  the cancer drugs in use today were developed as early as 1975. During the 

past few decades however, a deeper understanding o f signalling pathways in cancer 

cells has opened up a platform for a wealth o f potential new drug targets, including 

growth factors, modulators o f apoptosis and players in angiogenesis The more 

specific the target, the higher the maximum tolerated dose and the fewer and less 

drastic the side effects. Therefore, some modem drug development focuses include 

antigen-antibody interactions, selectively-activated prodrugs, gene-therapy and enzyme 

upregulation and temperature-/pH-triggered release. To this end, a new term has been 

coined: “drug-diagnostic codevelopment”. In recognition o f the interindividual 

variability o f patients (as well as the mutation rate o f malignant cells), more and more 

emphasis is being placed on diagnostic tools to assess a patient’s suitability to a 

proposed treatment before initialising therapy, for example, by measuring tissue 

expression o f Her-2/Neu receptors for mAb therapy such as Herceptin® (trastuzumab) 

Poor predictability and overestimation o f the target expression has been the downfall 

o f  several drugs that show promise in the lab but fall at the first hurdle o f clinical trials. 

For example, the EGFR (epithelial growth factor receptor) tyrosine kinase inhibitors 

were deemed to hail a new era in cancer therapy but only a minority o f patients
a

responded in Phase II trials .

1.1 Tumour vasculature

An area o f growing interest is the tumour vasculature. A number o f new drugs which 

target tumour vasculature are currently in development. During the early stages o f 

development o f a spontaneous tumour, blood supply to the tumour tissue 

predominantly comes from the vasculature that supplies the surrounding healthy tissue. 

When tumour cells “hijack” existing vessels, this is called vessel co-option. When the
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tumour exceeds a critical mass (estimated at 2 mm diameter )̂, it induces the

development of its own blood supply by adjusting the balance of pro- and anti-

angiogenic growth factors.

There are a number o f mechanisms by which vascularisation o f tumours occurs, as 

reviewed by Carmeliet et al (Figure 1.2). Angiogenesis is the process by which new 

vessels sprout from existing vasculature. Intusseption refers to the splitting of 

established vessels into daughter vessels. When tumour cells line existing vessels, this 

is called vascular mimicry. Cancer stem cells can themselves give rise to endothelial 

cells with cytogenetic abnormalities In a healthy adult, endothelial cells are 

maintained in a state of physiological quiescence by autocrine cytokines and oxygen 

sensors. They are enclosed in a layer of pericytes which suppress endothelial cell 

proliferation In the incidence of an angiogenic signal, pericytes detach from the 

vessel wall by proteolytic degradation, endothelial cells loosen at their junctions

allowing plasma proteins to extravasate and lay down an extracellular matrix scaffold

onto which endothelial cells adhere (mediated by surface integrins asP3 and asPs) 

proliferate and migrate, led by a “tip cell”

Vascularisation o f growing tumours is chaotic, urgent and poorly regulated and as a 

result, the architecture of tumour vasculature differs from normal vasculature in several 

key ways. Tumour vasculature is generally characterised by lack of smooth muscle 

cells, and, in smaller immature vessels, lack of pericytes Adrenergic innervation 

tends also to be missing Often a lymphatic drainage system is lacking Endothelial 

lining may be discontinuous. The gradient in angiogenic growth factors tends to be 

poorly regulated such that vascular growth is disorderly, causing intratumoural 

differences in vascularisation Consequently, the outer edge of the tumour mass can
17be highly vascularised while the interior may be avascular . In addition, the 

architecture of the vasculature is irregular with significantly high tortuosity, leading to 

higher blood flow resistance despite great vessel diameter when compared to normal 

vasculature

Some of these factors contribute to a phenomenon known as the enhanced permeation 

and retention (EPR) effect observed in tumour tissue. This phenomenon is widely 

referenced in the rationalisation of macromolecule drug design. The theory is that 

macromolecules that do not permeate normal vessel walls accumulate at tumour sites
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where they can pass through the gaps in endothelial lining. There are o f course a 

number o f probability issues with this theory. Lower clearance o f macromolecules 

from tumour interstitium and a highly proliferative cell population leads to increased 

tumour interstitial fluid pressure (IFP) which can in turn hinder the flow of blood 

through tumour vasculature and the delivery o f drugs to tumour tissue.

a Sprouting angiogenesis

Tip cell
B asem en t
m em b ran e  , Pericyte

b Vasculogenesis

C L y j  EPC differentiates 
into EC

EC

C Intussusception d Vessel co-option

U J

e Vascular mimicry

Tum our cells co-opt 
pre-existing vessels

f  Tumour celt —► EC differentiation

Tum our cells line 
tu m o u r vessels

C ancer stem -like cells 
differentiate into ECs

Figure 1.2 Mechanisms o f  vascularisation 10

The combined effect o f  all o f  these factors could be either to aid selective delivery o f 

macromolecules to the tumour tissue by contributing to the EPR effect, or indeed to
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hinder drug delivery by increasing IFP and causing vascular and lymphatic collapse. 

Unfortunately, these properties have not yet been replicated in cell culture models 

(even in multicellular spheroid tumour models which are more true to reality than
90monolayer cultures ) but must be studied in vivo.

Taken together, these characteristics pitch the tumour vasculature as an ideal target for 

anti-cancer therapy:

• the endothelial cells of the vasculature lining are accessible to drugs in the 

systemic circulation, overcoming the problem of drug delivery to the malignant 

cells, especially at the core of the tumour mass

• differences in architecture of the tumour vasculature compared to normal 

vasculature may allow for a degree of selectivity

• because of the state o f neovascularisation, the cells of tumour vessels express 

pro-angiogenic growth factors, antigens and enzymes that may be used as 

■‘tumour addresses” to target

• the microvascular endothelial cell has a stable genome and an extremely low 

or non-detectable mutation rate, compared to malignant cells which notoriously 

mutate to acquire drug resistance

• solid tumours are absolutely dependent on angiogenesis for growth beyond 

2mm, and for every increase in tumour diameter, there must be a corresponding 

increase in vascularisation of the growing tumour

1.2 Vascular-targeting agents

To date, only a few markers of angiogenesis have proven successful as drug targets. 

The most common problems are non-negligible expression elsewhere in normal tissues 

and drug-resistance-inducing compensatory mechanisms employed by the tumour cells.

Vascular endothelial growth factor (VEGF) is the most widely documented player in 

angiogenesis. In the tumour microenvironment, upregulation of both VEGF and its 

receptors occurs and their expression is associated with poor prognosis in several types 

of cancer . Unfortunately, clinical trials involving VEGF antibodies and receptor 

antagonists have not always produced the positive results expected VEGF is also
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trophic for nerve ce lls  lung epithelial ce lls  and cardiac m uscle fibres explaining  

w hy VEG F targeted anti-cancer therapy can be accom panied by side effects such as 

neurotoxicity, respiratory distress and cardiac toxicity  . The VEG F antibody  

bevacizum ab (A vastin® , G enentech) caused m uch excitem ent w hen it w as first 

launched and w as granted accelerated approval, but only actually provides survival 

benefit w hen used in com bination with conventional chem otherapy in m etastatic 

colorectal, m etastatic kidney and advanced lung cancer In 2011 , the F D A  revoked  

its approval for breast cancer because o f  lack o f  observable benefit . M oreover, 

Vatalanib (N ovartis and Schering A G ), despite its ability to inhibit the kinase activity  

o f  several VEGF receptors, does not substantially enhance the benefit o f  conventional 

chem otherapy Em erging evidence indicates that inhibition o f  a single angiogenic  

target leads to upregulation o f  com pensatory pro-angiogenic factors: for instance PIGF 

(placental growth factor) is upregulated after anti-VEG F treatment

Furthermore, tumour ce lls  can dem onstrate resistance to normal apoptosis pathway

triggers such as hypoxia. In fact, m olecular abnorm alities in cell-death pathways have 

com e to define m any cancers. Som e such irregularities include upregulated inhibitor o f  

apoptosis proteins (lA P s) upregulated b cl-x t mutated p53 upregulated FGF, 

integrins asPs a 4Pi and asPi upregulated ECM  polysaccharide hyaluronan and its

receptor C D 44 and dow n-regulated pro-apoptotic Bad .

This w ould suggest that the future o f  anti-angiogenic therapy lies in m ulti-targeted drug 

com binations, to include agents that interfere with angiogenesis at m ore than one stage  

o f  signal transduction as w ell as agents that sensitise cancer ce lls  to apoptotic triggers. 

A nti-angiogenic drugs are in fact perfect partners for conventional chem otherapeutics 

and radiotherapy because o f  their acknow ledged induction o f  vascular norm alisation. 

V essel norm alisation w as first described in co lon  cancer xenograft-bearing m ice treated 

with anti-VEGF m A b therapy Endothelial cell quiescence, v esse l maturation,

improved tumour perfusion and decreased hypoxia w ere observed. Vascular  

norm alisation therefore enhances the effect o f  radiotherapy in that it increases the 

availability o f  oxygen  to form oxygen  radicals, and it potentiates chem otherapy by 

im proving drug delivery to the interior o f  the tumour.

Figure 1.3 depicts som e o f  the interplaying factors in angiogenesis.
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Figure 1.3 Players in angiogenesis

M any m ore recent anti-angiogenic agents that have given m ixed results in earlier stages 

o f  trials have been derived from  or designed based on conserved dom ains o f  

angiogenesis-associated proteins including grow th factors and chem okines. Peptides 

derived from  ECM  proteins include the endogenous protein endostatin (approved in 

2005 in C hina for non-sm all cell lung cancer), cilengitide and ATN-161 two 

fibronectin-derived peptides w hich bind integrins asPs and asPi, and tum statin, an 

inhibitor o f  m igration and adhesion o f  endothelial cells M odifications or fractions o f  

FGF and transform ing grow th factor P (TG PP) act as antagonists to their respective 

receptors. A -779, a m odification o f  angiotensin, affects levels o f  PIGF A nother such 

endogenous peptide fragm ent w orthy o f  m ention is the m atrix  m etal loprotease-2 

(M M P-2) fragm ent PEX  . M M Ps are zinc-dependent endopeptidases w ith a vital role 

in tissue rem odelling in the angiogenesis process.
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48A review by Rosea et al. summarises the progress made with various peptide 

fragments discovered to have anti-angiogenic properties. A large proportion of these 

peptides are found to interact with asps integrins and it is thought that these interactions 

compete with normal cell-matrix/ integrin signalling which is important for preventing 

endothelial cell death

Peptides and peptide fragments are attractive drug candidates because their usually 

high specificity for receptors goes hand in hand with relatively low toxicity. They are 

easily functionalised in the lab and can also be conjugated to other molecules. The 

biggest drawback with peptides as drugs is their limited oral bioavailability due largely 

to peptidase activity in the gastro-intestinal tract and poor membrane permeability. This 

problem is avoided with parenteral administration.

1.3 Tubulin-binding agents (TBAs) that target tumour vasculature

Agents that interfere with microtubule dynamics have been a staple in cancer 

chemotherapy for decades. Following the discovery of the combretastatins, vascular- 

disrupting agents with relatively low toxicity to healthy tissue, and new evidence that 

tubulin-binding agents can exhibit anti-angiogenic and vasculature-disrupting activity 

at concentrations lower than those required to directly kill cancer cells renewed 

attention is being directed towards this class of drugs.

1.3.1 Microtubules

Microtubules (MTs) are dynamic, filamentous protein polymers of a|3-tubulin 

heterodimers As key components of the eukaryotic cytoskeleton, they are crucial in 

the development and maintenance of cell shape and integrity. They function in cell 

signalling, transport of cellular components and cell division and so can be considered 

vital to every major physiological process in a tissue. The tube-like protofilaments are 

approximately 240 angstroms in diameter and associate in parallel in numbers of nine 

to sixteen to form a C-shaped protein sheet which spirals into the characteristic pipe

like shape The functional diversity of microtubules is achieved through the binding
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of various regulatory proteins, through the expression of different tubulin isotypes and 

through post-translational modifications.

Microtubules display two types of non-equilibrium dynamics -  dynamic instability and 

treadmilling - in cells as well as in vitro. Dynamic instability is characterised by four 

variables: the rate of microtubule growth, the rate o f microtubule shortening, the 

frequency of transition from growth or pause to shortening, and the frequency of the 

reverse transition
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Figure 1.4 Tubulin dynamics S3

Treadmilling is net growth at one microtubule end and balanced net shortening at the 

opposite end This involves the flow of tubulin subunits from one end o f the 

microtubule to the other and is controlled by the relative concentrations of free tubulin 

subunits in equilibrium with the microtubule ends. Tubulin-GTP (guanosine
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triphosphate) polymerises into protofilaments that have a straight conformation. 

Following GTP hydrolysis, the protein sheet adopts a strained curved form such that 

the tubulin-GDP (guanosine diphosphate) is locked into the microtubule core, only to 

re-enter grow1;h phase when the GTP cap is present again. Depolymerisation occurs 

rapidly when the GTP-cap dissociates from the end o f the microtubule.

Microtubules dynamics are tightly regulated, both spatially and temporally, and this is 

why interference is detrimental to a cell. Their importance in cell division, given the 

proliferative nature o f cancer cells, has made microtubules a key target for anti-cancer 

drugs since the earliest discovery o f colchicines in the 1930s. Moreover, microtubules 

seem to be a target o f choice o f naturally occurring toxins that are produced in self

protection by plants and animals

M icrotubules that form the mitotic spindle in cell division have uniquely rapid 

dynamics making mitosis exquisitely sensitive to microtubule-targeting drugs. The 

delay o f  a single chromosome that is unable to achieve timely attachment to the spindle 

is sufficient to prevent a cell from proceeding through the mitotic cycle. The cell that 

remains blocked in a pro-metaphase or metaphase-like state is then diverted to an 

apoptotic pathway.

1.3.2 Anti-mitotics

The traditional categorisation o f anti-mitotic agents into polymerisation promoters and 

polymerisation inhibitors is now considered to be over-simplistic. In reality, anti- 

mitotics kinetically stabilise the microtubules at concentrations lower than those 

required to change the polymer mass The relative ability o f a drug to bind soluble 

tubulin or to the microtubule and the location o f the binding site are the main 

determinants o f the response.

There are three well established drug binding domains on P-tubulin: the taxane site, the 

vinca domain and the colchicine site. The vinca domain, where the vinca alkaloid 

vincristine 1.1 (Figure 1.5) is known to bind, is located adjacent to the exchangeable
58GTP binding site in P-tubulin at the polymerising end interdimer interface . The 

binding site o f paclitaxel 1.2, known as the taxane site, resides in a deep hydrophobic 

pocket at the lateral interface between adjacent protofilaments within the lumen o f the

1 1



microtubule Colchicine 1.3 was discovered to bind at the intradimer interface 

between p-tubulin and a-tubulin
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Figure 1.5 Prototypical tubulin-binding molecules

In addition, there are several distinct classes o f drugs that affect microtubules, for 

which there is as yet no clear indication of the binding region. These include the 

benzamidazoles caulerpenyne a natural substance isolated from the green alga 

Caulerpa taxifoliae, and dinitroaniline derivatives including trifluralin, widely used 

as a herbicide. Based on the lack of competition with other TBAs, these appear to bind 

to sites different from the vinca, taxol or colchicine sites.

In addition to their cytotoxicity against tumour cells, it has been found that several of 

these drugs (across all binding-site sub-categories) also exhibit anti-vasculature effects 

in tumours This can be rationalised based on two major consequences of their 

tubulin-binding ability. Firstly, when the microtubule dynamics o f the vascular 

endothelial cytoskeleton are interrupted, the cells undergo blebbing and die In this 

way, the blood vessels lose their integrity and collapse under the high interstitial 

pressure that exists in a tumour mass. Secondly, the interference o f tubulin-binding
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agents with endothelial cell mitosis can explain their apparent anti-angiogenic effects 

in tumours. The crowning piece of evidence is that regular tubulin-binding agents exert 

these effects on tumour vasculature at concentrations much lower than those required 

to cause apoptosis of cancer cells. This is most likely because vascular endothelial cells 

of developing blood vessels undergo mitotic proliferation at a rate faster than the 

dividing cells of the tumour mass and are therefore more susceptible to the effects of 

microtubule stabilisation. Furthermore, in addition to the absence of a smooth muscle 

wall (and in some instances, lack of pericytes), the relatively high hydrostatic pressure 

and sheer stress suffered by the immature blood vessels of a tumour mass are more 

vulnerable to endothelium injuries and more susceptible to subsequent vascular 

collapse. In theory, this heightened sensitivity o f tumour vasculature to tubulin-binding 

agents allows for lower drug dosing and a more selective response.

1.3.3 Resistance to anti-mitotics

One of the most pressing questions regarding the anti-tumour activities of microtubule- 

targeted drugs concerns the basis of their tissue specificities and, correspondingly, 

tumour resistance to these agents. It is not known why paclitaxel is effective against 

ovarian, mammary and lung tumours but essentially ineffective against some kidney 

and colon carcinomas. Similarly, the Vinca alkaloids tend to be effective against 

haematological cancers but less so against solid tumours. Leaving aside 

pharmacological accessibility of the drugs to the tumour cells, there are many 

determinants of intrinsic insensitivity of cells to tubulin binding agents. Microtubule- 

polymer levels and dynamics are determined by a host of interplaying factors including 

relative levels of regulatory proteins, post-translational modifications of tubulin and 

expression of different tubulin isotypes. The expression of these isotypes differs 

between tissues and cell types and their levels can correlate with resistance to one drug

or another. In one example, A549 lung cancer cells exhibited inherently faster
(\1microtubule dynamics following withdrawal of paclitaxel . The resistant cells were 

shown to over-express one isotype of tubulin, pill . In addition, they had a 

heterozygous point mutation in a-tubulin and overexpressed the active form of the 

microtubule-destabilising protein stathmin and the inactive form of the microtubule- 

stabilising protein MAP4
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As with other therapeutic agents, drug-resistance may also be conferred by the over

expression of membrane transporter ATP-dependent drug efflux pumps, the best- 

characterised of which is permeability-glycoprotein (PGP), also known as multi-drug 

resistance protein (MDR-P) or cluster o f differentiation antigen (CD)-243.

1.3.4 Combretastatins

The combretastatins are a group o f compounds isolated from the South African Bush 

Willow, Combretum caffrum. They are structurally similar to colchicine 1.3, a 

prototypical tubulin-binding agent, and they bind to the colchicine-binding site on
70 •tubulin, inhibiting the polymerisation o f the microtubules . Combretastatin A-4 

(CA4) (Figure 1.6) inhibits cell growth at concentrations in the nanomolar range in 

vitro and in vivo studies have shown that combretastatin A-4 phosphate (CA4P) 

induces vascular shutdown within tumours at doses less than one tenth o f the maximum 

tolerated dose A good toxicity profile has been evidenced in multiple clinical trials 

The relative lack o f toxicity to normal tissues has been attributed to the specificity of 

the drug for rapidly proliferating tissue that is undergoing neovascularisation Due to 

their tubulin-binding ability, these agents exert both anti-vascular and anti-angiogenic 

effects One problem associated with CA4P is that the cis orientation o f the molecule 

readily isomerises to the inactive trans conformation There is currently a drive 

towards synthesising active analogues o f combretastatin with a view to overcoming 

this problem and solubility issues.

CH,

Combretastatin A4 (1.4)

Figure 1.6 Combretastatin A4
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1.3.5 Modified combretastatins: RS180 (1.5)

A thorough investigation o f the quantitative structure-activity relationship (QSAR) of 

combretastatin-type compounds has been carried out. Naphthyl indole
79 80 81 82cyclopentenone , sulfonate , combretatropone and 4-arylcoumarin analogues, to 

mention just a few, have shown similar efficacy to the lead compound, combretastatin 

A4. QSAR can be broadly assigned based on modifications o f  the A-ring, B-ring and 

double bond.

The 2, 3, 4-trimethoxyphenyl moiety (which, notably, is conserved in the naturally 

occurring tubulin-binding molecules, colchicine, podophyllotoxin and stegnacine) is 

conclusively crucial to cytotoxic and tubulin-binding activity because o f (i) the potency 

o f combretastatin A4 over combretastatin A3, in which the meta-methoxy is replaced 

by a hydroxyl (ii) reports o f loss o f potency when deletions or substitutions o f the
Q1 ft ̂

methoxy groups were performed ’ ’ , and (iii) loss o f potency when the three
86methoxy groups were shifted to positions 1 , 2 , 3  .

The presence o f the para-m ethoxy group on the B-ring is essential while the m eta

hydroxy group is amenable to substitution, but preferably by electron-rich substituents 

such as an amino group Crucially, conjugation o f  an amino acid, dipeptide or 

other bulky group at this position was found to abrogate the tubulin-binding ability o f 

the molecule and the cytotoxic effects o f  the compound. The amino derivative o f  CA4 

(AC7700) was found to be more potent than CA4 and has been taken through further
o o

clinical development .

The Z configuration o f  the double bond is fundamental to cytotoxicity and tubulin- 

binding ability, fixing the A and B rings at an optimal angle and distance

Based on the QSAR o f combretastatin A4, a number o f series o f novel biaryl restricted 

analogues were designed for the doctoral theses o f Dr. Richard Shah , Dr. Gillian 

Hudson and Dr. Martina W hite The optimal design settled on was a three-ring 

structure in which the aryl moieties (now denoted A- and C-rings) were held at optimal 

relative orientation by an aliphatic B-ring.

The most potent molecules in the series carried substitution (hydroxyl-, keto-, or 

amido-groups) beta to the double bond. It was found that tubulin-binding activity was 

conserved upon amide conjugation at this position to a dipeptide, but not to a larger
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peptide Interestingly, a free amine at this position resulted in decreased activity 

while activity was partially restored upon its acetylation. It is important to note also, 

that the chiral compounds synthesised for the research of Dr. Gillian Hudson were 

racemic mixtures.

The meta-group of the C-ring is also amenable to conjugation but this results in a more 

than ten-fold decrease in tubulin stabilisation, as concluded from the work of Dr. 

Martina White on R SI80 analogues

Two of the most active compounds, shown here in Figure 1.7, were used as scaffold 

designs for the work presented in this thesis.

Figure 1.7  Lead molecules, 1.5 (RS180) and 1.6, with their respective ICso values fo r  
inhibition o f  tubulin polymerisation and angiogenesis

When taken to in vivo studies, these compounds were found to be too lipophilic to 

dissolve in physiologic solution at the desired concentration. This had also been an 

issue with CA4 and had been resolved by Pettit et al. with the preparation of its 

phosphate derivative, disodium combretastatin A4 phosphate (CA4P) In vivo, this 

compound acts as a prodrug which is activated by phosphatases. We decided that it 

would be interesting to develop alternative prodrugs of 1.5 and 1.6 and to manipulate 

this concept with the aim of designing more elegant anti-cancer drugs.
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1.4 Prodrugs

The term prodrug describes an agent which must undergo chemical or enzymatic 

modification in vivo so that the metabolic product can exact the desired 

pharmacological response. This is now a well-established strategy to improve the 

physicochemical, biopharmaceutical or pharmacokinetic properties of 

pharmacologically potent compounds and thereby increase the potential of these drugs 

. For example, prodrugs present possibilities to overcome various barriers to drug 

formulation and delivery such as poor aqueous solubility, rapid pre-target metabolism, 

short half-life in circulation, poor cell uptake and inadequate target tissue penetration. 

Prodrugs can also be designed with improved inbuilt targeting and thereby with 

reduced toxicity. For example, the concept of exploiting tumour environmental 

conditions or o f using tumour-associated enzymes to locally convert an inactive 

prodrug into its active metabolite has been explored and has shown promise with 

capecitabine (Xeloda) now in clinical use, and with the bioreductive drug AQ4N
95

Derivatizadon Blotnmsformallon

Figure 1.8 A simplified representation o f  the prodrug concept

In Figure 1.7, the drug-promoiety is the typically inactive prodrug. The “barrier” 

represents any liability or limitation o f the parent drug that prevents optimal 

biopharmaceutical or pharmacokinetic performance and which must be overcome for 

the development of a marketable drug. The drug and promoiety are covalently linked 

via bioreversible groups that are chemically or enzymatically labile, such as esters, 

amides, carbamates, carbonates, ethers, phosphates and imines, to name a few. The
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ideal prodrug yields the parent drug quantitatively, and the released promoiety should 

be non-toxic. The prodrug can be converted to the active drug at any stage before, 

during or after absorption or at a specific site in the body.

About 10% o f  all approved drugs worldwide are prodrugs From a chemical 

perspective, prodrugs can be classified as either carrier-linked prodrugs or 

bioprecursors. Bioprecursors are metabolised (e.g. by reduction or oxidation) into a 

new compound that may itself be active or further m etabolised to an active drug. They 

do not involve a carrier. The prodrugs under study here are carrier-linked prodrugs. 

They contain a pro-moiety that can be removed biochemically or enzymatically to 

reveal a group that is crucial for drug activity.

To construct a prodrug, there must be a functional group on the parent drug that can be 

conjugated with the promoiety. The linker should be cleavable either by environment- 

triggered self-immolation or by an enzyme. Ester is the most common linkage in 

prodrug design. Esters are relatively easy to synthesise from hydroxyl and carboxyl 

groups that are widely present amongst biologically active molecules. Esterases are 

ubiquitously distributed in the body. After administration, the ester bond is hydrolysed 

by esterases in the blood, liver and other organs or it can also undergo pH-dependent 

hydrolysis. The half-life o f the prodrug depends on the accessibility o f  the ester bond to 

esterases or the lability o f  the bond to enzyme-independent hydrolysis.

The amide bond is another widely used linkage in prodrugs. Unlike esters, amides can 

be stable for several hours or even days in the plasma in the absence o f enzymes 

This is because the amide bond is less polarised than the ester bond due to the lower 

electronegativity o f the nitrogen atom o f  the amide relative to the corresponding 

oxygen atom o f  the ester. The amide bond also has partial double bond character due to 

resonance delocalisation o f electrons. Because o f  this, amide prodrugs often prove 

more amenable to controlled release and targeted release because o f  their dependence 

on enzymes that can be differentially distributed in tissues.

Some well-studied mammalian enzymes that can hydrolyse a variety o f ester and amide 

bonds include carboxylesterases, butyrylcholinesterase, paraoxanase, matrix 

m etalloproteases, and prostate specific antigen (PSA). The latter two enzymes have 

been widely targeted in anti-cancer drug design because o f their implication in 

angiogenesis and tumour cell invasion and their up-regulation in malignant
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tissue For example, a PSA-specific peptide-doxorubicin conjugate showed

increased therapeutic index in preclinical prostate cancer models and was taken to 

phase 1 clinical trials An M Tl-M M P-activated peptide conjugate o f a novel 

vascular disrupting agent, ICT2588, was found to be preferentially hydrolysed in M T l- 

MMP-expressing tumours when compared to mouse plasma and liver homogenates, 

and showed improved therapeutic index when compared to its active metabolite

Two strategies that have been developed to significantly increase the level o f  an 

enzyme in tumour tissue and thereby achieve very specific activation o f a prodrug in 

tumour cells are antibody-directed enzyme prodrug therapy (ADEPT) and gene- 

directed enzyme prodrug therapy (GDEPT). The former involves homing the desired 

enzyme to the tumour using a tumour specific antibody and the latter involves 

delivering a gene encoding the enzyme to the tumour cells using phage. These 

techniques allow even non-mammalian enzymes to be utilised so that activation o f  the 

prodrug should not, in theory, occur outside o f the tumour tissue. The ADEPT strategy 

in particular has shown poor results however, as it still depends on specific homing of 

the active enzyme to the tumour tissue which is difficult because o f the size o f  an 

antibody and because o f the high resistance experienced in the vasculature perfusing 

tumour tissue. The result is residual unbound enzyme-antibody in circulation, allowing 

the prodrug to be activated systemically. Immunogenicity o f the enzyme-antibody
107complex has also proved problematic

A disadvantage with GDEPT is that the enzyme delivered by phage will only be active 

intracellularly, so the prodrug must still permeate the various membranes between the 

blood and the tumour cell cytoplasm. This type o f delivery is therefore more suitable 

for drugs with intracellular targets e.g. the cell nucleus and mitochondria. A number o f 

GDEPT prodrugs are progressing successfully through Phase II clinical trials. For 

example, delivery o f a gene expression vector containing the proximal erbB-2 promoter 

to specifically express cytosine deaminase in erbB-2 positive tumour cells followed by

systemic infusion o f 5-fluorocytosine successfully achieved cytotoxicity to erbB-
108positive cells without side effects

In some cases, a prodrug may consist o f two pharmacologically active drugs that are 

coupled together so that each drug acts as a promoiety for the other. These are called 

co-drugs. An extension o f this concept is the “hybrid” drug, in which one or both o f the
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conjugated drugs retain activity while tethered to one another, giving rise to a dual

acting compound. In fact, the idea o f  multivalency is partially based on the observation 

that in nature, the activity and selectivity o f  some lead compounds are enhanced 

through the formation o f  their homo-and heterodimers

1.5 Hybrid drugs and co-drugs in cancer therapy

The concept o f a dual-acting compound is particularly relevant to anti-cancer drug 

design given that first-line chemotherapy for any malignancy (once radiotherapy and 

surgery are ruled out) usually involves a drug-com bination regimen. The rationale is 

based on the hypothesis that giving drugs with differing mechanisms o f action may 

achieve synergistic antitumor effects while simultaneously retarding the development 

o f drug resistance '

Drug combination regimens are generally designed such that one drug compensates 

where another has limited activity or is dose-limited by its toxicity and, as a lone 

therapy, would lead to incomplete tumour eradication. M any direct-acting cytotoxic 

drugs, such as DNA-alkylating agents or anti-metabolites, are most effective against 

(and better distributed to) the rapidly dividing tum our cells in the well-oxygenated 

periphery o f  the tumour Angiogenesis inhibitors are also most effective against 

tumour cells in the tumour periphery where angiogenesis occurs most vigorously 

Conversely, vascular targeting agents (VTAs) such as TBAs are most effective against 

vessels in the interior o f  the tumour, possibly because the high interstitial pressure in 

this region contributes to vascular collapse Invariably with lone VTA therapy, a 

thin rim o f viable tumour cells on the periphery o f  the tum our survives most likely 

due to the contribution o f  normal vasculature to the blood supply o f the tumour 

periphery. W ithin hours after VTA treatment, the num ber o f  circulating endothelial 

progenitors increases and they invade and colonize the viable rim o f the tumour, 

thereby contributing to the rapid regrowth o f  the tum our In general, the inability o f 

VTAs to impact on the outer shell o f  the tumour requires that they be used in 

combination with other cytotoxic agents In view o f  the emphasis on combination 

therapy, it is relevant to ask whether two or more drugs m ight be combined in a single
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hybrid molecule. The concept of bivalency has been outlined by Breen et al. in a 

review of tubulin-targeting hybrid drug candidates

1.6 Hybrids of bestatin and tubulin-binding molecules

Hybrids of bestatin and a tubulin polymerisation inhibitor were first explored in the 

doctoral thesis of Dr. E. McCormack These compounds consisted of a peptide 

chain based around bestatin conjugated to a tubulin inhibitor based on colchicine. The 

rationale behind this design highlighted some o f the basic ideas behind hybrid drug 

design. Firstly, it was hypothesised that this two-pronged attack would slow the 

development o f resistance to treatment by either drug. Secondly, the drugs would 

enhance the pharmacokinetic properties o f each other, one being a small lipophilic 

molecule with ability to cross physiological lipid membranes and the other being a 

small hydrophilic peptide chain with excellent aqueous solubility but poor 

bioavailability. Thirdly, it was proposed by Pasqualini et al. that APN/CD 13-binding 

peptide fragments home specifically to tumour vasculature. It was hoped that the 

bestatin-like moiety would confer on the hybrid drug more selective delivery to the 

tumour tissue In addition, bestatin was shown to be a substrate of PEPTl a 

peptide transporter which is found to be overexpressed in several cell lines including 

the pancreatic cancer cell lines, A sPc-l"^ and Capan-2 and human fibrosarcoma

HT-1080 Amidon et al. demonstrated enhanced tumour uptake of a PEPTl-targeted
120conjugate o f floxuridine in PEPTl-expressing cells over PEPTl-negative cells

Dr. Gillian Hudson then went on to develop amide conjugates o f analogues of 1.6 and 

bestatin Further work was done in this field for the doctoral theses o f Dr. Martina 

White In all cases, inhibition o f aminopeptidase N (APN) was used as a measure o f 

the activity of the bestatin-like fraction of the conjugate. While this assay is still a 

reliable method to monitor this particular activity of bestatin analogues, recent 

developments suggest that this singular activity may not be representative of the 

potency of bestatin analogues as anti-cancer agents. This will be discussed in more 

detail in sections 1.6.2 and 1.6.3 of this chapter.
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This series o f hybrids provides us with some groundworic QSAR data with respect to 

tubulin-binding activity and APN inhibition but they were not tested in vivo so we do 

not have evidence o f tumour-homing success.

1.6.1 APN/CD13

Aminopeptidases are enzymes that cleave amino acids from the iV-termini of peptides 

and proteins. They are widely distributed throughout the animal and plant kingdoms 

and function as receptors, adhesion molecules and signal transducers as well as in 

numerous processes involving protein processing and degradation. The regulation of 

proteins such as cytokines, antigens, neuropeptides, endorphins, hormones, growth 

factors and clotting factors is crucial to processes such as cell differentiation, 

angiogenesis, inflammation, neuron signalling, homeostasis, tumour invasion and 

metastasis.

APN is a cell membrane-anchored zinc-dependent ectoenzyme, with preferred 

substrates leucine (Leu) and alanine (Ala) It is also known as aminopeptidase M 

(APM), gpl50 and membrane alanyl aminopeptidase (mAAP), to differentiate it from 

cytosolic alanyl aminopeptidase (cAAP). The membrane-bound APN has a relative 

molecular mass o f 160kDa and consists o f a dimer o f two non-covalently bound sub

units It is 967 amino acids in length with a short N-terminal cytoplasmic domain, a

single transmembrane section and a large ectodomain containing the peptidase active 

site It is identical to the cell surface antigen CD 13 which participates in cell

adhesion and signal transduction It has been shown that APN/CD13 serves as a
127receptor for a human coronavirus that causes upper respiratory tract infections and 

for the transmissible gastroenteritis virus (TGV) in pigs Following its identification 

as the receptor for Ezetimibe (Merck/Schering-Plough), an inhibitor o f cholesterol 

intestinal absorption, it has been suggested that APN/CD13 participates in the 

endocytosis o f cholesterol by enterocytes It is highly expressed on the brush border 

membranes o f the small intestine and it is also present in the renal proximal tubules, the 

breast, the colon, lymphoid precursor cells, myeloid cells and the synaptic membranes 

o f the central nervous system
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APN/CD13 activity is modulated by regulation o f its expression and degradation or by 

endogenous inhibitors. APN/CD13 expression can be upregulated in inflammation by 

T-cell derived cytokines interleukin 4 (IL-4), interferon y (INF-y) and transforming 

growth factor p (TGF-P) and is found to be over-expressed in neutrophils and

T-lymphocytes in several inflammatory diseases including rheumatoid arthritis
1 1 1 ^ 7multiple sclerosis , systemic lupus erythematosus and pulmonary sarcoidosis

It is thought that it may function both in activating T-cells and in resolving
1 ^ 8inflammation by inactivating pro-inflammatory cytokines . Various tumour- and 

hypoxia-associated cytokines (e.g. VEGF and bPGF) have been shown to upregulate 

the transcription o f APN/CD13 mRNA Distinct Ras-effector pathways regulate

the cytokine induction o f APN/CD13 expression in endothelial cells Studies to 

determine the transcription factors responsible for this regulation demonstrated that 

exogenous expression o f  the proto-oncogene c-M af potently activates transcription via 

an atypical M af response element in a critical regulatory region o f the APN/CD13 

proximal promoter

1S«r

mmwm mmKmwi
Figure 1.9 Diagrammatic representation o f  APN/CD13 I3S

In mammalian monocytes it has been noted that APN/CDI3 cell surface localisation is 

modulated by the cell cycle, with a decrease observed during the synthesis phase It
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is hypothesised based on studies with mAbs to APN/CD13 that APN/CD13 acts as a 

ligand receptor or degrades proteins that retard cell cycle rates.

With respect to tumour growth, APN/CD13 has been associated with angiogenesis, 

metastasis, cytokine secretion, cell invasion, proliferation, survival and drug resistance 

143, 144, 145, 146 expression o f APN/CD13 has been found in many instances to

correlate with poor prognosis in malignancy There is a strong correlation between 

plasma APN levels and tumour load, suggesting that plasma APN partly originates 

from or its expression is induced by tumour tissue and tumour vascular endothelium 

The presence of APN/CD13 on lymphoblastic leukaemic cells has been identified 

as a prognostic marker in adult acute lymphoblastic leukaemia (ALL) APN/CD13 

has been proposed as a histological marker for anaplastic thyroid carcinoma and 

prostate carcinoma In three-year and five-year studies in patients with colon cancer, 

the overall survival rate for patients with APN/CD 13-positive tumours was found to be 

lower than that for patients with APN/CD 13-negative tumours Likewise, tumour 

APN/CD 13 expression was associated with poor prognosis in patients with pancreatic 

carcinoma High serum APN/CD 13 levels have been correlated with poor 

performance status and lower response to chemotherapy in patients with non-small cell 

lung cancer Some of the hypotheses around the underlying mechanisms of APN in 

tumour progression are detailed here.

APN/CD 13 plays a proteolytic role in the degradation o f the extracellular matrix, thus 

promoting angiogenesis, tumour invasion and metastasis Under in vivo conditions, 

a reduced tendency to metastasise to the lung was observed in an experimental 

osteocarcinoma metastasis assay with APN antisense cDNA transfected nude mice 

Furthermore, APN has been established as an important regulator of endothelial 

morphogenesis during angiogenesis Experiments involving APN/CD13 inhibitors 

and interference o f APN/CD 13 RNA showed that in vitro capillary tube formation, cell 

migration, cell adhesion and tumour growth were abrogated in the absence of 

functional APN/CD13 Various studies have been carried out in an attempt to

decipher the mechanism by which APN/CD 13 inhibitors and antibodies exert these 

effects. Angiogenesis-focused transcriptional profiling has revealed that inhibition of 

APN/CD 13 results in upregulation o f some anti-angiogenic genes (e.g. tissue inhibitor 

o f metalloproteinase 1 and 3) and downregulation o f pro-angiogenic genes (e.g. 

vascular endothelial growth factor (VEGF)-C, matrix-metalloproteinase (MMP)-9,
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cyclooxygenaase (C0X)-2 and platelet-derived growth factor B subunit), thereby 

reversing the angiogenic switch

In addition, APN/CD13 has been demonstrated to exert a protective effect on tumour

cells by modulating tyrosine-kinase-receptor-(TKR-)linked mitogen-activated protein

kinase (MAPK) signalling pathways, blocking pro-apoptotic MAP p38 and JNK signal

transduction and facilitating anti-apoptotic ERKl/2 signal transduction Indeed,

it has been shown in monocytes that monoclonal antibodies (mAbs) to APN/CDI3

cause phosphorylation of the mitogen-activated protein kinases (MAPKs) and evoke a

rise in intracellular [Ca^^], which can be inhibited by tyrosine kinase inhibitors

APN/CD13 ligands and antagonists therefore increase cell sensitivity to pro-apoptotic

cytokines but do not directly inhibit endothelial cell (HUVEC) proliferation, as
1measured by metabolic activity . Mishima et al. demonstrated that NB4, a human 

promyelocytic leukaemic cell line that expresses high levels of APN/CD13, does not 

undergo endothelial IL-8 induced apoptosis but that a low APN/CD 13-expressing cell 

line, K562, does APN/CD 13-transfected K526 again resisted IL-8-induced 

apoptosis and this resistance was negated by the APN/CD 13 inhibitor bestatin. 

Furthermore, high levels of APN/CD 13 have been correlated with resistance to 

cytotoxic drugs

It has been shown that angiotensin III inhibited the growth o f the androgen- 

independent prostate cancer cell line in vitro Given that angiotensin III is a ligand 

and substrate for APN/CD 13, it is possible that angiotensin III exerts its effects by 

antagonising the anti-apoptotic signal transduction activity of APN/CD 13 

Combined, this evidence might offer some insight into the various implications of the 

renin-angiotensin system (RAS) peptides in tumour growth and angiogenesis

Further evidence of the intracellular signal transduction activity of APN/CD 13 lies in 

the finding that direct cell-cell contact between lymphocytes and adherent cells

expressing CD 13 is required for induction o f CD 13 mRNA transcription in
162lymphocytes in vitro . The point o f convergence between integrin adhesion and 

peptidase substrates could be cytoplasmic tyrosine kinase focal adhesion kinase which 

is activated and autophosphorylated both by ligation of integrins as well as by 

peptidase substrates that act through G-protein-coupled receptors Focal adhesion 

kinase can lead to activation o f several signalling pathways by association with Src or
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PI 3-kinase. Cell-cell contact induction o f CD 13 expression on lymphocytes is more 

rapid than CD13 expression on monocytes and epithelial cells elicited by IL-4
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Figure 1.10 Schematic diagram depicting some o f the potential pathways o f signal 
transduction beyond the cell membrane protein

Protein regulation by cell-cell contact is not a feature unique to malignancy, but is 

widely observed in the body. For example, cell-surface antigens o f  destination tissues 

largely determine the regulation o f  maturing lymphoid and myeloid cell sub

populations However, it is suspected that this rapid cell-cell contact induction o f 

mRNA plays a large role in cell committal to the malignant phenotype and malignant 

spread. It is also an important note to bear in mind when studying cells in culture. For 

example, discrepancies have been noted between the drug resistance/survival behaviour
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of cells grown in monolayer and cells grown in a multilayer model that more closely

simulates the tumour microenvironment, to include extracellular matrix components
166

Reports are conflicting as to whether APN/CD13 expression is tumour stage- 

dependent, and whether it is expressed on tumour cells themselves or on the connective 

tissues and microvessels supplying the tumour It has been shown in mice that 

chemotherapeutic drugs coupled to small chain peptides or amino acids for which 

APN/CD13 acts as a receptor exhibit more potent anti-tumour effects than the free drug 

This has been successfully demonstrated in mice with TNFa doxorubicin
1 ^ 1  1 "70 1 7 ^

proapoptotic peptides , endostatin , truncated tissue factor (tTF) , gene therapy 

and liposomal chemotherapy It has been proposed that the isoform of 

APN/CD13 present in tumour tissues differs from APN/CD13 that is widely expressed 

throughout the body An alternative theory is that the APN/CD13 in tumour 

vasculature is more accessible than APN/CDI3 elsewhere in the body to APN/CD 13- 

binding peptides in circulation Unfortunately evidence of increased distribution to 

the tumour tissue has proven difficult to generate and in the study o f NGR- 

doxorubicin at least, increased potency was found to be independent of APN/CD 13 

expression and activity, but rather a result of altered drug lipophilicity

Immunohistochemical staining has shown that APN/CD13 is largely expressed on the 

endothelial surface of blood vessels undergoing angiogenesis, but not in normal tissues 

or quiescent vasculature stained under the same conditions Furthermore, Rangel et 

al. used APN/CD 13 null mice to demonstrate that APN/CD 13 is not necessary for 

vasculogenesis during foetal and embryonic development or for normal adult function, 

but is essential for angiogenic response under pathological conditions This piece of 

evidence strengthens the rationale for targeting APN/CD 13 in cancer and other 

angiogenesis-associated disease states. Rangel et al. then went on to investigate the 

cooperation of APN/CD 13 expressed on malignant and non-malignant cells by 

studying the APN-null mouse with allografted syngeneic APN/CD 13-silenced B16F10 

melanoma and Lewis lung carcinoma tumours and found that both primary tumour

growth and experimental lung metastases were impaired when APN/CD 13 was absent
180from either host or tumour cells
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1.6.2 Bestatin: an inhibitor of APN/CD13

Bestatin, a low molecular weight dipeptide ([25', 3/?]-3-amino-2-hydroxy-4- 

phenylbutanoyl)-I-leucine) 1.7 (Figure 1.11) was originally isolated from the culture 

filtrate of Streptomyces olivoreticuli It is a potent transition state analogue inhibitor 

o f APN, aminopeptidase B and leucine aminopeptidases As such, it has

received wide attention as a potential drug candidate against cancer and disorders of 

the immune system.

OH O

OH

\ ^ C H ,

H, C

Bestatin (1.7)

Figure 1.11 Bestatin

Bestatin inhibited tumour cell invasion into reconstituted basement membrane 

(Matrigel®) with a number of cancer cell lines in vitro Given that this outcome 

could be replicated with mAbs specific to APN, the mechanism was suggested to be
184direct inhibition of APN activity and reduced degradation of type IV collagen 

Silencing APN RNA suppressed migration of HUVECs through a fibronectin-coated 

transwell membrane and reduced cellular adhesion to Matrigel®, collagen and 

fibronectin demonstrating that APN acts as a cell adhesion molecule In agreement 

with the previous data, LYP, a bestatin dimethylaminoethyl ester which is a more 

potent inhibitor of APN/CDI3 in vitro than bestatin, inhibited angiogenesis and tumour 

growth in human ovarian carcinoma ES-2 in vivo in mice models without exhibiting 

cytotoxicity to HUVECs

In tumour-bearing mice, bestatin was found to inhibit tumour growth, prolong survival
186 •and show synergistic benefit in combination with standard chemotherapy . Certain 

leukaemic cell lines in particular have been found to exhibit heightened sensitivity to 

bestatin Ubenimex® (bestatin) was licensed in Japan in 1987 for use in

combination with remission maintenance chemotherapy after complete remission in 

adults with acute non-lymphocytic leukaemia (ANLL) A cooperative randomised
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control study found that bestatin sign ificantly  prolonged rem ission duration and 

survival in these patients The standard dose is 30 m g daily  by m outh to g ive a 

peripheral b lood  concentration o f  approxim ately 7 nM Pharm acokinetic studies

in m ice show ed a longer serum ti /2 after i.m , s.c. or p.o adm inistration (19 .25m in , 

16.91m in and 15.4 min respectively) com pared to i.v or i.p. (12 .8m in  and 8 .56m in), 

and a m axim um  area under curve serum concentration fo llow in g  i.m  or i.v

Furthermore, the inherent low  toxicity  o f  bestatin marks it out as a drug with high  

potential. T ox ic ity  data w as obtained for 2 ,225  subjects in phase 1, II and III trials 

treated orally w ith bestatin for up to six  and a h a lf years. The incidence o f  adverse

events w as on ly  1.6%, the m ost frequent o f  w hich  involved  the liver and biliary
186system , the skin and the gastrointestinal tract

In addition, bestatin and its analogues w ere show n to induce h ypoalgesia  by b locking  

enkephalin degradation w hen adm inistered intracerebroventricularly and 

intraventricularly to m ice It is proposed that bestatin analogues offer prom ise as 

m ixed  anti-tum our and hypoalgesic agents in m alignancy.

G iven that bestatin w as know n to be an inhibitor o f  A P N /C D 13, a mem brane enzym e  

that w as found to be upregulated in a number o f  cancer lines, several attempts w ere 

m ade to correlate expression  o f  A P N /C D 13 with sensitiv ity  to bestatin, but significant 

correlation w as not found. A P N /C D 13 can therefore not be used as a marker to predict 

patient response to bestatin. M oreover, several peptide m olecu les such as probestin and 

phebestin that are more potent inhibitors o f  A P N /C D 13 than bestatin have failed to  

exhibit anti-tum our activity sim ilar to that o f  bestatin. Further evidence to suggest that 

am inopeptidase inhibition is not the main m echanism  o f  bestatin in fighting tum our 

growth is laid out below .

1.6.3 Bestatin: a regulator of signal transduction

A number o f  observations disprove the theory that bestatin exerts its e ffects on tum our 

growth and an g iogen esis so le ly  by inhibiting ce ll surface am inopeptidase activity. 

Firstly, the sensitiv ity  o f  cell lines to bestatin does not correlate to their expression  o f  

A PN  and bestatin w as found to suppress keratinocyte D N A  synthesis equally in
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cells with lower endogenous membrane alanyl aminopeptidase activity, suggesting an 

APN-independent mechanism o f  action Secondly, the methyl ester o f  bestatin 1.03 

(Figure 1.1), a more lipophilic derivative o f the drug, induces apoptosis at lower 

concentrations than bestatin, thereby suggesting an intracellular mechanism o f action 

187 , 189  proof that bestatin works at least partially intracellularly lies in the

potentiation o f  its effect in the presence o f Pgp- and MRP-mediated drug-efflux 

blockers This evidence also suggests that bestatin is a substrate for both o f these 

drug-efflux proteins.

The most widely accepted theory now is that APN/CD13 acts as a mediator in several 

multi-molecular signalling pathways regulating a range o f  tumour cell and tumour 

environment characteristics, and that bestatin exerts its effects on many o f these 

characteristics by affecting signal transduction.

The first report on signal transduction components mediating the growth-modulating 

effects o f APN/CD13 inhibitors was by Lendeckel et al. in 1998. By monitoring cDNA  

expression they identified the p42/ERK2 MAP kinase as one downstream target o f  

APN/CD13 inhibitors Santos et al. demonstrated that ligation o f APN/CD13 in 

monocytes leads to rapid activation o f  tyrosine kinases that phosphorylate a variety o f  

signal-transducing proteins These in turn activate signalling pathways, including 

the activation o f the MAPK cascade, and cause a rise in intracellular calcium and an 

increase in cytokine synthesis. Calcium influx regulates such diverse processes as 

motility, exocytosis, enzyme regulation, cell proliferation and apoptosis Genistein, 

an inhibitor o f various protein tyrosine kinases (PTKs), and PPl, a specific inhibitor or 

src kinases, inhibited this signalling cascade.

One downstream effect o f increased intracellular [Câ "̂ ] that is particularly interesting 

with regard to the effects o f bestatin on cells exhibiting APN/CD13-associated 

resistance to cytotoxic attack is induction o f  mitochondrial membrane permeabilisation 

(MiMP) followed by apoptosis. It has been shown that local spikes o f calcium elicited 

through IP3 receptors at the endoplasmic reticulum-mitochondrion interface can induce 

dephosphorylation o f Bad by calcineurin allowing it to bind Bcl-2 proteins thereby 

causing MiMP and release o f  pro-apoptotic proteins including cytochrome c, pro- 

caspases, adenylate kinase and apoptosis-inducing factor This is significant because
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the proto-oncogene product Bcl-2 and its anti-apoptotic homologs are upregulated in 

malignant cells and participate in oncogenesis and chemoresistance

A second widely-documented mechanism of cell sensitisation to apoptotic factors by 

bestatin involves inhibitor of apoptosis proteins (lAPs) which deactivate apoptotic 

caspases by ubiquitination and which have been found to be upregulated in some 

cancers ’ ’ . Moreover, in a study o f sixty cancer cell lines, the level o f cIAPl

was found to significantly correlate with resistance to anti-cancer drugs including 

carboplatin, cisplatin, etoposide and cytosine arabinoside Protein ubiquitination 

involves the sequential action of an ubiquitin activating enzyme, a ubiquitin- 

conjugating enzyme and a ubiquitin protein ligase Ubiquinated proteins are 

subsequently degraded by proteasomes . lAP protems have one to three zinc-binding 

baculovirus lAP repeat (BIR) domains that bind proteins, such as caspases, inducing
AO

their ubiquitination and proteasomal degradation . cIAPl (cellular lA Pl) possesses a 

carboxy-terminal RING domain which functions as a ubiquitin ligase Sato et al. 

reported that a series of bestatin ester analogues, represented by methyl bestatin 

(MeBS) bind to the B1R3 domain of cIAPI and promote autoubiquitination and 

degradation of cIAPl Furthermore, it has been shown that a protein tethered to 

MeBS undergoes ubiquitination by MeBS-bound cIAPl This evidence throws light 

on the mechanisms by which bestatin exerts its multiple effects on tumour cells. 

Firstly, by binding and inducing autoubiquitination of cIAPl, bestatin can significantly 

deplete this anti-apoptotic protein, allowing caspases to prevail. Secondly, by binding 

APN/CD13 in tandem, it is possible that it induces ubiquitination of APN/CD13, 

thereby effectively removing a protein which, as we have outlined above, plays 

multiple roles in the survival and progression of malignant tissues.

in light of this activity, it is understandable that bestatin has been found to give 

promising results in combination therapy It is likely that bestatin confers on

the malignant cells heightened sensitivity to the cytotoxicity o f other drugs. 

Furthermore, it was found that bestatin enhanced the effectiveness of radiotherapy in 

human cervical cancer in vitro and in vivo models in nude mice Treatment response 

may depend on tissue levels o f lAPs that bind bestatin and drug accessibility to the 

cytosol. Given that APN/CD13 itself has proven to be a poor biomarker to predict 

responsiveness to bestatin, cIAP expression may be a more valuable marker to 

quantify.
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Figure 1.12 Schematic diagram o f cIAPl protein ubiquitination and proteasomal 
degradation

A final hypothesis worthy o f mention regarding an anti-proliferative mechanism of 

bestatin and other aminopeptidase inhibitors has been proposed by Krige et al. CHR- 

2797 is a prodrug of a potent metalloenzyme inhibitor, CHR-79888, which has 

exhibited antiproliferative effects against a range of tumour cell lines in vitro and in 

vivo ^'^.When changes in mRNA expression in the human promyelocytic leukaemic 

cell line HL-60 were monitored upon treatment with CHR-2797, the transcriptional 

response indicated amino acid depletion. It is proposed that this aminopeptidase 

inhibitor, and possibly others, exerts its antiproliferative effect by blocking protein 

recycling. CHR-2797 (Tosedostat) is currently in a phase II clinical trial for the 

treatment o f myeloid leukaemia

1.7 Aminopeptidase A

A second cell surface peptidase that is of interest because o f its altered expression 

patterns in malignancy and its role in the RAS system which has itself been implicated 

in the process of angiogenesis is aminopeptidase A (APA), also known as glutamyl 

aminopeptidase or gpl60. This is a homodimeric type II membrane-spanning cell 

surface protein with zinc metallopeptidase activity with a strong preference for N- 

terminal glutamyl or aspartyl residues APA is expressed in vascular pericytes 

and renal proximal tubules/glomeruli and soluble forms have been detected in serum 

and urine The murine cell surface antigen BP-1/6C3, which is a marker of 

differentiation of pre-B cells in the bone marrow, was cloned by Wu e/ al. and shown 

to be identical to APA Until recently, its only well understood physiological role
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was the conversion of angiotensin II (Ang II) to angiotensin III (Ang III) (it has also 

been shown to cleave P-amyloid ^ ’̂). Notably, Ang II has been determined to act as an 

autocrine and paracrine growth factor in many tissues including vascular smooth 

muscle , heart muscle , adrenal cortex , renal mesangium and epithelium , 

and prostatic stroma Angiotensins are known to be modulators o f the tyrosine- 

kinase receptor-linked pathways, including MAPKs It has also been

suggested that Ang II affects the development o f some neoplasms, including acute 

myeloid leukaemia , prostate cancer , pancreatic cancer and C6 glioma of rat 

Therefore it is likely that, by regulating the level of Ang II, APA performs a wider 

range of functions that have yet to be properly characterised. For example, APA
9 ̂ 0upregulation was noted to significantly reduce Ang Il-induced cell invasiveness
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Figure 1.13 APA and APN in the rennin-angiotensin system 240

Marchio et al. found APA to be located on the perivascular cells of activated blood 

vessels This was in agreement with earlier findings o f Schlingeman et al. 

Human microvascular endothelial cells (HMECs) from small immature blood vessels 

showed much higher APA expression than HUVECs from mature macrovessels, which
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agrees with the thinking that APA is reduced on endothelial cells once tumour blood 

vessels mature to the stage at which they are covered with APA-expressing 

perivascular cells. Therefore APA could be a potential clinical marker for tumour 

stage.

Like APN, APA expression appears to be regulated at the RNA level by cell-cell 

contact induced signal transduction and specifically by VEGF This was 

demonstrated in a co-culture o f APA-negative cell lines with human cervical 

fibroblasts. Previous studies reported that interferons and IL-7 upregulated APA 

expression in mouse B cells APA expression was downregulated by TNF-a and -P 

in renal carcinoma cells and brain tumour vasculature

Due to recently increased interest in this enzyme, insight into its functions is 

improving. As early as 1995, Welch et al. showed that inhibition of APA enzymatic 

activity resulted in inhibition o f B cell precursors cell proliferation in vitro It was 

hypothesised that, like APN, APA may function to degrade a peptide inhibitor of B cell 

proliferation, thereby allowing proliferation to proceed.

Marchio et al. showed that APA was upregulated and enzymatically active in blood 

vessels of human tumours Moreover, APA binding phage were shown to home to 

tumour blood vessels and specific APA inhibitors were demonstrated to suppress 

angiogenesis, thereby suggesting a role for APA or its substrate in the angiogenic 

response to growth factors and hypoxia. Furthermore, it has been found that the ACE 

inhibitor perindopril, which effectively reduces the amount of Ang II in circulation, is a 

potent inhibitor of tumour growth and angiogenesis On the other hand, Ang II 

receptor antagonists did not exert the same response. Therefore it is thought that the 

role of Ang II in angiogenesis is independent of Ang II type I receptor but may in fact 

involve the ligation of Ang II with APA and a signal transduction pathway leading to 

upregulation o f VEGF mRNA.

Loi et al. demonstrated that APA-targeted peptide delivered liposome-entrapped 

doxorubicin preferentially to the tumours o f human neuroblastoma-bearing mice 

APA-targeted liposomal doxorubicin achieved an increased survival period relative to 

free doxorubicin or untargeted liposome-entrapped doxorubicin, but inferior to APN- 

targeted liposomes. Mice treated with a combination o f APN- and APA-targeted 

liposomal doxorubicin exhibited a significant increase in life span compared to each
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treatment administered separately. This data provides a rationale for combined 

targeting of perivascular and endothelial cells o f tumour vasculature.

In light of the relatively selective aminopeptidase activity of APA and its association 

with tumour angiogenic vasculature, added to the relatively low affinity of A^-terminal - 

Glu and -Asp peptides for other aminopeptidases, there is a rationale for designing 

tumour-targeted prodrugs that are activated by APA. With respect to bestatin-analogue 

hybrid drugs, this is a particularly elegant design since bestatin is a relatively poor 

inhibitor of APA compared to its potency against other aminopeptidases ( I C 5 0  APN: 

20|iM; I C 5 0  APA: > 330ixM Furthermore, bestatin was found to increase APA 

mRNA in a dose-dependent manner, possibly by prolongation and increase of IL-8 

activity

1.8 Project objectives

The overall aims of this project were as follows:

1. To synthesise an amino acid ester conjugate of 1.5 with improved aqueous 

solubility as an alternative to the phosphate prodrug.

2. To synthesise a bestatin ester conjugate of 1.5 with improved solubility and 

dual action and to test its activity in vitro and in vivo.

3. To examine the pH- and plasma-stability profiles of the above phenolic ester 

conjugates in vitro and to determine a suitable vehicle for drug administration.

4. To synthesise an amino acid amide conjugate and a bestatin amide conjugate of 

the aniline analogue o f 1.5 and to compare their stability profiles and activity in 

vitro to those of the ester conjugates.

5. To synthesise a bestatin allylic ester conjugate of 1.6 and its aniline analogue 

and to study their pH- and plasma-stability profiles and activity in vitro.

6. To synthesise a bestatin allylic amide conjugate of the amino analogue o f 1.6 

and the aniline analogue of it and to study their plasma-stability profile and 

activity in vitro and in vivo.

7. To synthesise tripeptide analogues of the amide conjugates above and to study 

the effect of a linker amino acid on hybrid activity in vitro.
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8. To synthesise glutamyl and leucyl prodrugs o f a lead hybrid compound and to 

study the effect o f conjugated bestatin on activation kinetics o f amide prodrugs 

in plasma and in the presence of APN in vitro.
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Chapter 2 -  Phenolic ester conjugates

This chapter begins with an overview o f the tubulin polymerisation inhibitor 1.5 from a 

structural perspective and explains the rationale behind developing a prodrug based on 

this compound. The syntheses of two prodrugs are presented: one, a simple amino acid 

conjugate o f 1.5 and the other, a dipeptide conjugate, effectively a dual-targeting 

hybrid of the tubulin-binding prototype 1.5 and the APN inhibitor, bestatin. Data on the 

pH stability and plasma half-life of these two prodrugs serve to validate the prodrug 

design from a pharmacokinetic point of view. Data from two assays of biological 

activity lend support to the prodrug design from an activity perspective. Conjugation of 

a promoiety onto a chemical group involved in the drug’s activity can effectively 

abrogate the tubulin-binding ability of 1.5. Esterification of bestatin potentiates its 

APN-inhibitory activity. The results of MTT studies suggest that the in vitro efficacy of 

the hybrid depends partly on the level of APN expression in the cell line treated.
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2.0 Introduction

The design o f a novel combretastatin-like tubulin-polymerisation inhibitor was 

optimised by Dr. Richard Shah for his doctoral thesis and a series of analogues 

thereof was expanded for the doctoral theses of Dr. Martina White and Dr. Gillian 

Hudson QSAR data was obtained for these compounds upon their evaluation in 

vitro against a standard tubulin-binding assay To summarise the QSAR findings 

briefly, using 1.5 (Figure 2.1) as a lead molecule and the numbering system outlined 

below;

• /?ora-methoxy on C is essential for tubulin-binding

• 2, 3, 4-tri-methoxy positioning on A is not amenable to re-arrangement

• weto-hydroxyl or -amino on C is optimal

• 7’ ketone or hydroxyl greatly enhances activity

• 7’ conjugation to a peptide not more than two amino acids in length doesn’t 

adversely affect activity

• the diene generated by elimination o f 7’ hydroxyl exhibits approximately 9-fold 

reduction in activity

• loss o f activity upon conjugation of the C meta-group (phenol or aniline)

• double-bond at 8’ is indispensable for inhibition of tubulin polymerisation.

OH

Figure 2.1 Lead molecule 1.5

Based on its potency relative to CA4, it was decided to examine the effects of 1.5 at a 

dose of 200 mg/kg in vivo by i.p. administration in mice bearing PC-3 prostate 

carcinoma xenografts. Given the insolubility of 1.5 in physiological aqueous solution at 

this concentration, the synthesis of the phosphate derivative 2.1 (Figure 2.2) was
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undertaken for the doctoral research o f Gary Stack (unpublished data) following

alternative to the phosphate derivative, it was proposed that an amino acid ester 2.3 

would exhibit the required aqueous solubility and could be obtained by a very simple 

synthesis with fewer steps and a yield higher than that achieved with the phosphate.

Hj C

Leucy 1 ester (HCl salt) (2.3)

Figure 2.2 Model prodrugs

2.1 Synthesis of 1.5 and the leucy I ester, 2.3

Synthesis o f 2.3 followed for the most part that outlined in the doctoral thesis o f 

Hudson an optimisation o f the original synthesis described by Shah Coupling o f 

the aldehyde 2.4 to malonic acid in the presence o f  pyridine and piperidine under reflux 

proceeded smoothly in high yield (99%) (Scheme 2.1).

reported success with the phosphate derivative o f CA4 2.2 (Figure 2.2). As an

Phosphate ester (disodium  
salt)ofR S180 (2.1)

Combretastatin A4 phosphate 
disodium salt (2.2)

The resulting acid was then reduced quantitatively without the need for purification by 

flash column chromatography (Scheme 2.2).
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CH,

Malonic acid

Py ridine/P iperidine 
Reflux, 6 hr 

(99% )

(2.4)

Scheme 2.1

Scheme 2.2

CH

Pd/C, H2,

C H,

EtO Ac/EtOH H jC ^ 
R T ,48 hr 
( 100%)

HO ^ O

(2 .5 ) (2.6)

The propionic acid 2.6 was coupled to Meldrum’s acid via formation of the acid 

chloride. Methanolysis generated the p-keto ester 2.8 in 90% yield (Scheme 2.3).

H,C^

H,C^

(2.6)

(i) Oxalyl chloride, DMF h ,

DCM, Ni 
( i)0 °C -R T , 1 hr 

(ii) 0°C, 1 hr

O'
CH

CH3
(2 .7 )

MeOH, toluene Reflux, 5 hr 
(90% )

H ,C

(2.8)

Scheme 2.3
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Reduction o f tiie carbonyl to an alcohol with sodium borohydride was complete within 

2 h (Scheme 2.4). The sub-optimal yield (80%) indicated some breakdown o f the 

product. The presence o f a compound with a higher retention factor (Rf) by TLC 

suggested that some elimination o f the alcohol had occurred. A tendency towards 

elimination could continue to pose a problem upon further manipulation o f this 

hydroxyl group and so caution was practiced with regard to temperature and pH, 

especially in the presence o f  water.

N aB H j

M eO H , O^C-RT, 4 h r 
(8 0 % )

Scheme 2.4

Protection o f the alcohol 2.9 occurred quantitatively and the product could be taken to 

the next step without purification (Scheme 2.5).

rSDPSCl,
Im idazole

D M F, N 2.R T , 
( 100%)

( 2 - 9 )  ( 2 . 1 0 )  C H j

Scheme 2.5

Base hydrolysis o f the methyl ester proceeded slowly over 14 h (Scheme 2.6). The 

resulting acid was purified by flash column chromatography and was easily separated 

from the excess non-polar silyl alcohol carried over from the previous step.
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CH
CHj

H,C,
' ' O

,0 ,

(2 .1 0 ) CH,

2 .5  M  N aO H

T H F /M eO H , 

0 ° C -R T , 14 hr 

(99 % )

CHj
CHj

C.
O

,0 ,

HjC

HO

(2 .11)

Scheme 2.6

Cyclisation of the acid 2.11 was carried out by Friedel-Craft acyiation using five molar 

equivalents of oxalyl chloride to ensure complete conversion of the acid to the acid 

chloride (Scheme 2.7).

CH
CHHjC,

c,V
(i)  O xaly l ch loride, D M F  

( ii)  SnC U

O

H3C

( i)  0  °C, 2  hrHO'

(2 .11)

( i i )  -IO °C . 3 0 m in  

D C M , N 2 

(85% )

CH3 
— CH 

CH,

O - S i

(2 .12)

Scheme 2.7

Tetra-A^-butyl ammonium fluoride (TBAF) was used to remove the silyl group 

(Scheme 2.8). It was found that some elimination of the alcohol occurred upon aq. 

work-up. Therefore the reaction solution was applied directly to the flash column when 

the volume permitted.

CH

O - S i CH

CH

(2 .12)

T B A F

T H F , R T , 6  hr 

(9 5 % )

H,C^

(2 .13)

OH

Scheme 2.8
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2.1.1 Synthesis o f the C-ring o f 1.5

Oxidation o f 5-bromo-2-methoxybenzaldehyde 2.14 to the intermediate formate ester 

occurred smoothly by Baeyer-Villager oxidation with weto-chloroperoxybenzoic acid. 

The intermediate formate ester was hydrolysed upon work-up o f the reaction with aq. 

NaOH, yielding the phenol (Scheme 2.9).

2.5 M NaOHotCPBA

15 min
(86%)

Scheme 2.9

Silyl group protection o f the phenol 2.16 was carried out at room temperature (Scheme 

2.10). The phenol could be readily detected on TLC with the use o f  aq. potassium 

permanganate, an oxidizing agent, as a visualisation reagent so it was easy to determine 

when the reaction had gone to completion.

Br

H , C '

OH DMF, 4 h r ,  RT 
O (100% )

Br

rBDMSCl, imidazole H , C  9 ^ 3

!L \ S i ^  C H j

C H ,
H , C '

(2. 16) (2 . 17)

Scheme 2.10

2.1.2 Organolithium addition o f the C-ring to the bicyclic ketone

Organolithium addition o f the C-ring to the bicyclic ketone 2.13 necessitated that the 

starting materials were pure and dry. Dehydration o f  the intermediate diol 2.18 was 

achieved with acidic (aq.) work-up o f the reaction before extraction o f the product into 

diethyl ether (Scheme 2.11). The dehydration step was very sensitive to work-up speed
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and temperature as the allylic alcohol was also prone to elimination under prolonged 

exposure to aq. acid or high temperatures (>60 °C). The optimal time of exposure of 

the intermediate to aq. acid was determined to be 3 min which was sufficient to convert 

all of the intermediate to the product with vigorous shaking at room temperature. Once 

the conditions o f the work-up were optimised (Scheme 2.11), the tricyclic alcohol was 

isolated in a relatively high yield (75-80%).

Br

nBuLi

(2 .17)

( i ) 2 .I 3 ,T H F , N2, 
-78 "C. 2 hr

(ii)R T , 12 hr

O H

2 M H O  /diethyl ether

O H

3 m in. RT
(75% )

C H

C H

C H

O H

C H

C H

C H

(2 .18 ) (2 .19)

Scheme 2.11

Oxidation of the alcohol 2.19 was carried out with Dess Martin periodinane (Scheme 

2.12). This method was found to generate a better yield than was achieved using 

pyridinium dichromate as the oxidising agent, previously used by Hudson Dess 

Martin periodinane has several advantages over chromium-based oxidants, such as 

milder reaction conditions, shorter reaction time and simplified work-up.
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Hj
H3

OH

Dess M artin periodinane 
 ►
DCM, RT, 30 min 

( 100%)
CHCH

CHCH

CHCH

(2 .19) (2 .2 0 )

Scheme 2.12

Deprotection o f tiie phenol was performed with TBAF (Scheme 2.13) and the phenol 

was amenable to purification by flash column chromatography.

HjC^ H ,C ^

Hj

H,; ■

CH

,C H

CHj

(2 .2 0 )

TBAF

THF, RT, 1 hr 
(92% )

OH

(1.5 )

Scheme 2.13

2.1.3 Confirmation of identity of 1.5

The assignments o f  the proton and carbon NMR spectra o f 1.5 are relatively 

straightforward and unambiguous. The protons resonating furthermost upfield are the 

protons o f the aliphatic portion o f the molecule. These resonate at 2.74 ppm. The signal 

is split twice and appears as a double doublet (J = 6.9 Hz, 3.9 Hz). The protons couple 

to the protons on the neighbouring CH2 and the signal is split twice is due to the slight 

chemical inequivalence o f two protons attached to a single carbon in a restricted ring 

conformation, in this case, a seven-membered ring.
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The protons on the neighbouring benzylic carbon experience the deshielding effect o f  

the proximal aromatic ring and therefore resonate a little further downfield at 3.15 

ppm. This signal appears as a triplet (J = 5.4 Hz) because these protons couple equally 

to both (chemically equivalent) protons on the neighbouring CH2 .

The four methoxy groups are easily identifiable as four singlets in the region o f  3.6 

ppm-4.0 ppm (3.65 ppm, 3.91 ppm and two at 3.96 ppm). Each single methoxy peak 

integrates as three protons and all subsequent proton integrations can be done relative 

to these assignments. Each methoxy peak appears as a singlet because the three 

methoxy protons on a single carbon are free to rotate in space, are therefore chemically 

equivalent and do not couple to any neighbouring protons.

The proton o f the phenol gives rise to a weak singlet signal at 5.79 ppm. Next in the 

downfield direction is the vinylic proton which resonates strongly as a singlet at 6.39 

ppm. There are no neighbouring protons to which this proton can couple. Its downfield 

resonance is due to the deshielding effect o f the double bond and the neighbouring 

ketone.

Finally, we have four remaining proton signals in the aromatic region. The most 

upfield o f these signals represents the aromatic A-ring proton (6.86 ppm). This proton 

does not experience proton coupling and so gives rise to a singlet. Next to it, at 6.87 

ppm, is the C-ring proton, ortho to the phenol, meta and para  to the two remaining 

aromatic protons. Although weak weto-coupling is a possibility, it is not evidenced 

here.

The final two aromatic protons, ortho to one another, resonate as two doublets, at 6.90 

ppm and 6.93 ppm. We know that these doublets are split by one another because they 

share a common coupling constant, 8.3 Hz (indicative o f  or?/2o-coupling).

The proton signals discussed above are shown in Figure 2.3 below.
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6.906.95 6.65 ppm
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1
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2.5 ppm5.5 4.5 4.0 3.56.5 6.0
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Figure 2.3 ‘H spectrum o f 1.5 with expansions

The carbon spectra show  very clearly tw o C H 2 carbons with downward DEPT 135 

signals (20.3  ppm, 45 .8  ppm ). The four m ethoxy carbons are easily  identifiable as 

uniform  peaks at 56 .0  ppm, 56.1 ppm, 61 .0  ppm and 61.5  ppm. There are five  

arom aticArCH carbons in the m olecule (110 .3  ppm , 111.9 ppm , 115.5 ppm, 121.2  

ppm , 128.1 ppm ). T hese are v isib le  on the DEPT 135 spectrum w hereas the rem aining
I •}

nine ArC carbons are v isib le  on ly  on the C spectrum (1 29 .2  ppm , 132.5 ppm , 135.9  

ppm , 143.3 ppm , 145.3 ppm, 147.3 ppm , 150.1 ppm , 151.1 ppm , 151.9 ppm ). Finally  

the carbonyl carbon g ives rise to a peak at 204 .2  ppm.

The carbon spectra o f  1.5 as d iscussed  above are show n in Figure 2.4 .

The IR characteristics d iagnostic o f  1.5 include the phenolic 0 -H  absorption at 3243 .2  

cm"' and C -0  stretching absorption at 1109.1 cm'*, the alkyl C-H  stretching  

absorptions at 2945 .5  cm  ' and 2891 .3  cm  ’ and bending absorption at 1364.9  cm"', the 

ketone C = 0  absorption at 1750.0 cm  ', the alkene C=C absorption at 1633.2 cm '' and 

=C -H  bending absorption at 798 .8  cm"' and m ultiple aromatic C=C bands between  

1400 cm'' and 1600 cm ''.
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Figure 2.4 Carbon spectra o f 1.5

The IR spectrum o f 1.5 is shown below in Figure 2.5.
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RS180 1,5 Sample 006 By breenec Date Tuesday. August 07 2012

Figure 2.5 IR spectrum o f 1.5
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2.1.4 Conjugation of the leucyl moiety to yield 2.3

In order to couple leucine (Leu) to the phenol 2.21, it was necessary to protect the free 

amine of Leu to avoid polymerisation of the amino acid and cross-reactions. There are 

two main methods of A^-terminal protection in amino acid coupling and peptide 

synthesis: rer/-butyloxycarbonyl (/Boc) and 9-fluorenylmethyloxycarbonyl (Fmoc). 

?Boc was chosen as a protecting group for the amine as it can be removed under acidic 

conditions and phenolic esters are known to be particularly labile to hydrolysis at 

alkaline pH This is rationalised in terms of relative resonance stabilisation of

the deprotonated phenoxide ion and quinone intermediates Indeed, a small scale 

trial synthesis proved that removal of the Fmoc protecting group from a leucyl phenolic 

ester under basic conditions (using either TBAF or 20% piperidine) caused hydrolysis 

to the free phenol.

/Boc-Z-Leu-OH was available for purchase from Sigma Aldrich. A selection of 

coupling reagents was available for the coupling reaction. N, N ’- 

dicyclohexylcarbodiimide (DCC) was avoided because of previous difficulty 

experienced in separating the side product, dicyclohexylurea (DCU), from the product. 

The desire to avoid aqueous work-up because of the phenolic ester lability precluded 

the use of its water-soluble carbodiimide analogue, A^-(3-dimethylaminopropyl)-A^’- 

ethylcarbodiimide hydrochloride. Bromo-tris-pyrrolidino-phosphonium-

hexafluorophosphate (PyBroP) coupling was attempted on a small scale but generated 

a complex mixture of products. It is likely that this was due to PyBroP activation of 

both the A^-Boc-Leu carboxylic acid and the phenol followed by cross-coupling. A 

quick review of the literature confirmed that PyBroP is the coupling reagent of choice 

for activation and cross-coupling of phenols

2, 6-dichlorobenzoyl chloride is a commonly used reagent for coupling A^-protected 

amino acids to hydroxyl-functionalised solid supports in solid phase peptide synthesis 

(SPPS) ’ ’ . It is not associated with the usual peptide coupling side-reactions -

racemisation and dipeptide formation. Furthermore, it was successfully used in this lab
258in the synthesis of artemisinin-quinine hybrid drugs . Therefore this was chosen as a 

suitable coupling reagent for the synthesis of the Leu prodrug.

The reaction was complete within 2 h, generating the phenolic ester 2.22 in high yield 

(Scheme 2.14). The 2, 6-dichlorobenzoyl ester of the phenol was formed as a minor
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side product witii a similar R f value to that of the product of interest. Once isolated 

from the product 2.21, this undesired side-product could be easily hydrolysed back to 

the phenol under aq. basic conditions.

,0 ,

O'
At-/Boc Leu,

2 , 6-d ich lorobenzoyl chloride, 
D M A P, DIPEA

IX:M, N 2, RT, 6 hr 
( 100%)

OH

(1.5)

Scheme 2.14

Trifluoroacetic acid (TFA) is commonly used to remove an A'^-terminal tBoc group in 

peptide synthesis followed by aq. base work-up to remove excess TFA from the 

product. Because of the need to avoid basic work-up as a consequence of the lability of 

the phenolic ester, 2,21 was deprotected in anhydrous DCM acidified with HCl gas 

(Scheme 2.15). This method is significantly slower but cleaner. The solvent could be 

removed under vacuum and residual HCl was removed from the salt with multiple 

diethyl ether washes since the salt does not dissolve in diethyl ether. The salt was then 

dried under vacuum for several days before being subjected to analysis.

H ,C

H ,C HCl gas, DCM, RT, 6 hr H j

( 100%)

HjC^

H ,

(2 .2 1 ) H3C

N H

CH

cr
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Scheme 2.15

2.2 Confirmation of identity of 2.3

The diagnostic features o f  the 'H N M R  spectrum that ev id en ce the addition o f  leucine  

to  1.5  include the doublets at 0 .88  ppm and at 0 .93  ppm ( J =  6 .4  H z each) indicating  

the tw o m ethyl groups o f  the leucyl ester. The protons o f  each m ethyl cluster are 

ch em ica lly  equivalent but they couple to the C H (C H 3 )2  g iv in g  rise to a doublet.

The leucyl CH? g ives rise to tw o m ultiplet (m ) signals betw een 1.58 ppm and 1.76 

ppm . Each proton couples to the neighbouring C H (C H 3 )2  and C H N H , as w ell as 

experiencing germ inal coupling. The C H (C H 3 )2  appears as a m ultiplet at 1 .80 -1 .89ppm , 

coup ling  to the m ethyl protons and the CH? protons.

T he a-C H  o f  leucine w hich experiences the electron-w ithdraw ing force o f  the 

neighbouring carboxyl and nitrogen and therefore resonates as a triplet (J  =  6 .4  Hz 

split by the CH 2 protons) further dow nfield  at 4 .2 0  ppm , as indicated in Fig. 2.6.

ppm

0.95 0.907.4 7.3 7.2 ppm 3.0 2.9 2.8 2.7 ppm

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

f # )  fsi al (ilfei fe) fel
Figure 2.6 NMR spectrum o f 2.3 with expansions
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The '^C spectrum shows the five carbons extra to 1.5. The CH2 o f leucine is clearly 

indicated as a new (relative to the spectrum of 1.5) downward peak on the DEPT 135 

spectrum with a resonance value o f 39.7 ppm and we can see on the heteronuclear 

single quantum coherence (HSQC) spectrum that it correlates to the 'H  multiplets 

indicating the protons of the leucyl CH2 at 1.60 and 1.75 ppm. The CH(CH3 )2  correlates 

to the carbon at 24.3 ppm and the methyl protons correlate to carbons at 22.5 ppm and 

22.7 ppm. The CH correlates to the alpha carbon at 51.0 ppm. The leucyl carbonyl 

resonates at 171.9 ppm on the '^C spectrum.

Further evidence of successful coupling of leucine to the phenol is derived from the 

downfield shift o f the C-ring protons relative to those of 1.5. This is because the 

phenolic ester is less ring-activating than the free phenol. The proton ortho to the 

phenolic ester resonates as a singlet at 7.04 ppm (correlating by HSQC to a carbon at

123.8 ppm) as compared to the proton ortho to the free phenol in 1.5, which resonates 

at 6.88 ppm. The remaining two orZ/jo-coupling aromatic C-ring protons resonate as 

doublets at 7.25 ppm (J  = 8.0 Hz) and 7.38 ppm (J  = 8.0 Hz) as compared to signals 

further upfield at 6.90 ppm and 6.92 ppm on the spectrum of 1.5. The common 

coupling constant confirms that these protons couple to each other and a coupling 

constant of 8.0 Hz is indicative of ortho-coupWng.

The four methoxy peaks appear as four singlets at 3.54 ppm, 3.78 ppm, 3.80 ppm and 

3.82 ppm on the ’H spectrum (56.2 ppm, 56.6 ppm, 61.0 ppm and 61.8 ppm on the '^C 

spectrum), and these are approximately conserved in all of our compounds. Likewise, 

all of our compounds conserve a benzylic CH2 and the neighbouring CH2 which 

resonate in the 2.3 'H spectrum at 2.63 ppm (t, J  = 7.8 Hz) and 3.03 ppm (dd, J  = 7.0 

Hz, 4.5 Hz) respectively and appear at 20.4 ppm and 46.0 ppm on the carbon spectrum. 

The B-ring vinyl proton resonates as a singlet at 6.28 ppm, correlating to the carbon at

131.9 ppm on the HSQC spectrum. The A-ring aromatic proton resonates as a singlet at 

6.29 ppm, correlating to the carbon at 111.7 ppm on the HSQC spectrum. The carbonyl 

carbon resonates at 203.3 ppm on the '^C spectrum. There are nine ArCs between 129 

ppm and 169 ppm.

The two-dimensional HSQC spectrum showing the coupling of carbons and protons 

separated by a single bond is given in Fig. 2.7. 'H-'^C correlation spectroscopy (HC-
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COSY) is extremely useful in differentiating signals when the ID spectrum alone 

leaves some ambiguity.

The '^C and DEPT 135 spectra are shown in Fig. 2.8. The '^C DEPT 135 spectrum 

differentiates CH2 carbons (downward-projecting signals) from CH 3 and CH carbons 

but does not show quaternary carbons. Thus quaternary carbons can be identified by 

overlaying the full ’^C spectrum with the ’^C DEPT 135 spectrum.

F2 [ppm]246

Figure 2.7  HSQC spectrum o f  2.3 with leucyl H-C correlations circled

e c b 3 8 6 ll2  14 1 CtSBtukecNTOI PIN E la in e l

ecb3861 i2  13 1 C :\B tukec |T 01  PIH E la ln j

p J

[ppm]50100150200

Figure 2.8 Carbon and DEPT 135 spectra o f  2.3

Infrared characteristics include a weak stretching amine N-H absorption at 3400.2 cm'' 

and a stronger C-N signal at 1266.6 cm"', a strong stretching alkane C-H absorption at 

2955.5 cm '', a strong a,p-unsaturated ketone absorption at 1671.0 cm '', an aromatic
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C=C absorption at 1508.5 cm'*, stretching ester C -0  absorptions at 1120 cm’' and 

1025.5 cm '' and an alkene =C-H bending absorption at 816.5 cm’'.

2.3 Solubility of 2.3

The HCl salt of 2.3 was soluble at a concentration of 300 fxM in phosphate buffered 

saline (PBS) with 10% dimethyl sulfoxide (DMSO), and to 200 |jM in PBS with 5% 

DMSO. The inclusion of 5% Tween allowed the preparations o f solutions up to 300|iM 

in 5% DMSO in PBS. This is a significant improvement over the aq. solubility o f 1.5. 

Hence, the leucyl ester serves as a suitable promoiety to allow formulation o f the drug 

for in vivo administration. The next factor to consider was the ability of the prodrug to 

release the active drug in the body while at the same time demonstrating sufficient 

stability in physiological solution to make feasible the formulation of the prodrug a 

practical length o f time in advance of administration.

2.4 pH stability study of 2.3

A phenolic ester is generally more labile at high pH than an aliphatic ester. This is 

because o f the stability o f the phenoxide anion. It was deemed wise to carry out a pH- 

stability study on the phenolic ester prodrug in order to confirm its suitability for 

formulation and in vivo administration. Once it is well characterised, pH instability can 

be accommodated in a formulation for administration. For example, oral formulations 

of the anti-depressant buproprion involve addition o f a weak base as a stabiliser. The 

hydrochloride salts of weak bases such as cysteine or glycine hydrochloride buffer the 

formulation at a pH between 0.9 and 4.0

Hydrolysis o f the phenolic ester occurs by nucleophilic acyl substitution involving an 

addition and elimination sequence and is promoted by the resonant stability of the 

phenoxide anion intermediate (Scheme 2.16).

Solutions of 2.3 were prepared at a concentration of 100 |xM in aqueous buffers from a 

2 mM stock solution in DMSO. The final concentration of DMSO in the buffered 

solutions was 5%. Buffers over the pH range of 5.8 -  8.0 were prepared by mixing two 

stock isotonic buffer solutions to give solutions o f different pH but equal ionic
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strength. This was done so that hydrolytic stability could be correlated to a single 

variable, pH. In terms o f  osmolality, the buffered solutions ranged between 200 and 

300 m illi-osm oles/ L (m Osm / L), approximating the osm olality o f  plasma. This buffer 

system was described by Dawson et al. (Table 2.1).

OH O'-̂  0  0  0

Scheme 2.16: Resonance structures o f  the phenoxide anion

Solution pH was measured at 25 °C ±  1 °C. The pH meter was calibrated before use 

with standard buffers at pH 4.0, 7.0 and 10.0. Solutions were incubated in the Accela  

LC system autosampler at 25 °C for 2 h during which time aliquots were taken every 

10 min and analysed directly by HPLC-MS for remaining prodrug and generated active 

drug.

pH 25 °C mL 0.2M  Na2HP0 4  mL 0.2M  NaH2P04

5.8 4.0 46.0

6.6 18.75 31.25

7.4 40.5 9.5

8.0 47.35 2.65

Table 2.1 Dilutions o f  stock buffers to give solutions o f  varying pH  with constant 
ionic strength when diluted to 100 mL with deionised H 2O

The observed first-order degradation rate constants, kobs, were calculated from the 

slopes o f  the natural-logarithmic plots o f  the drug fraction remaining versus time in 

accordance with Equation 2.1:

In (C, / Co) = -kobst

Equation 2.1
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where Co was the initial concentration and Ct was the remaining concentration at time t. 

Buffered solutions by nature contain salt ions. Since hydrolysis o f the phenolic ester 

occurs by nuleophilic acyl substitution, it was decided to examine the rate of 

degradation in deionised water. A solution of 2.3, 2 mM in DMSO, was diluted by a 

factor of twenty in deionised water (pH determined to be 5.8) to a concentration of 100 

|iM, as before. HPLC-MS samples were taken every 10 min by the autosampler 

incubating at 25 °C ± 1 °C. It was found that the rate o f hydrolysis was significantly 

lower in water for injection (WFI) which is deionised water compared to buffered 

solution at the same pH.

Due to the high concentrations required for administration in vivo and the relatively 

poor solubility of the compound, it was necessary to use 5% Tween as a 

physiologically approved cosolvent. Therefore we also examined the rate of 

degradation of 2.3 in a formulation of 5% DMSO and 5% Tween in water for injection. 

Because of the viscosity of Tween, each sample was diluted 1 in 10 in acetonitrile 

before analysis by HPLC-MS. Aliquots were taken at 10 min intervals and prepared 

manually for analysis.

The first-order degradation rate constant {kobs) and half-life (ti/2 ) o f 2.3 in various 

media is presented in Table 2.2 below.

Variable A:ofo(min'') ti/2 (min)

pH 5.8 0.0065 106.57

pH 6.6 0.0166 41.76

pH 7.4 0.0200 34.65

pH 8.0 0.0304 22.80

WFI (pH 5.8) 0.0020 346.57

Tween/ WFI 0.0090 77.02

Table 2.2 Half-lives and first-order rate constants fo r the hydrolysis o f  2.3 in various 
media

56



The pseudo first-order plots o f the rate o f degradation o f 2.3 in various media are 

shown in Figure 2.9.

♦  WFI(pH5.8) 

■  pH 5.8 

▲ pH 6.6 

X pH 7.4 

XpH 8.0

•  Tween/WFI

Figure 2.9 First-order plots showing the degradation o f  2.3 in various media

LCMS confirmed that the parent phenol was generated at the same rate as the prodrug 

was hydrolysed (Figure 2.10). Thus we proved the potential o f amino acid esters as 

prodrugs for 1.5.
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Figure 2.10 Decrease in concentration o f  2.3 and corresponding increase in 
concentration o f  1.5 at pH  7.4
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Compounds to be administered parenterally should be ~ iso-osmolar with plasma (280 

mOsm/L). Distilled water is usually recommended for enteral administration only. It 

was decided for stability reasons however that water for injection adjusted to pH 5.8 

would a suitable vehicle in which to make up the drug solution for intraperitoneal (i.p.) 

administration I.p. is commonly the route o f choice for rats and mice because of 

ease of access. I.p. administration results in a faster absorption into the vasculature than 

subcutaneous (s.c.) administration and is thus akin to intravenous (i.v.) administration 

although i.p.-administered drugs are still subject to first-pass metabolism. Drug 

solutions for intramuscular (i.m.) or s.c. administration require buffering to pH close to 

physiological pH 7.4. to avoid pain or tissue necrosis upon injection. A wider range of 

pH is tolerated when drugs are administered i.p. For example, pentobarbital has a very 

basic pH (~11) and must only be administered i.v. or i.p. Ketamine has an acidic pH 

(~4) and, in rodents ketamine is always administered i.p.

2.5 Plasma stability o f 2.3

In order to be effective as a prodrug, the promoiety must be hydrolysed or otherwise 

cleaved (enzymatically or chemically) in the body. Given the lability of the phenolic 

ester bond at physiological pH 7.4, it was likely that the active phenol 1.5 would be 

generated in the plasma. In addition to simple base hydrolysis of the ester at pH 7.4, 

plasma contains esterase and amidase enzymes which can hydrolyse the ester bond. In 

order to estimate the half-life of the prodrug in plasma, a stability study similar to the 

pH stability study described above was devised. Given the potential for slight variation 

in HPLC pressure and flow rate and the relatively lengthy extraction process and 

extensive handling of the samples, it was deemed wise to include an internal standard 

to monitor for detection discrepancies. Colchicine was selected as an internal standard 

since it had been used as such by Wang et al. for the determination of CA4 and CA4 

derivatives in plasma Furthermore, colchicine was shown to be relatively very 

stable in plasma, with 100% recovery after 4 h reported by Kirwan et al. and a 

plasma elimination half-life of 30 h reported by Rochdi et al. Therefore it was 

deemed suitable as a reliable standard that would not lead to quantitation inaccuracies 

due to degradation.
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The extraction method was decided upon on the basis of a review of published studies 

of the pharmacokinetics of CA4 analogues in biological samples. The most widely 

used method was solvent extraction into acetonitrile (or another water miscible organic 

solvent such as methanol) followed by centrifugation Kirwan et al.

reported the extraction efficiency of this method to be > 80% for combretastatin 

analogues Stratford et al. reported > 90% It was considered important to use an 

extractant of polarity approximating that of water in order to achieve a truer picture of 

the fate o f the compounds in plasma since less polar solvents may lead to selective 

extraction o f the more lipophilic parent drugs with neglect of the more hydrophilic 

metabolites. Ester bonds are subject to nucleophilic attack and degradation in methanol 

so acetonitrile was the solvent of choice. Moreover, all of the calibration curves were 

built from standard solutions in acetonitrile and the HPLC method had been tuned to 

these samples giving a clean, sharp peak for each analyte.

A set of preliminary trial extractions were performed with varying ratios of acetonitrile 

to plasma and varying centrifuge conditions in order to arrive at the optimal sample 

processing conditions. The method with the highest extraction efficiency (ratio 

acetonitrile;plasma 1.5:1, centrifuge 10,000 rpm, 0 °C) was selected. The extraction 

method was validated with 1.5 and the internal standard, colchicine, (see Chapter 5) 

and the extraction efficiency was found to be 99.4±0.52% recovery for 1.5 and 

101.5±1.16% recovery for colchicine.

Human plasma from two healthy donors was sub-aliquotted to reduce freeze-thaw 

duration, citrated (3.8 % trisodium citrate) to prevent clotting and stored at -20 °C. A 2 

mM solution o f 2.3 was prepared in DMSO. This was diluted 1 in 2 with Tween in 

order to facilitate solubility in plasma. A 40 |iL aliquot of this was added to 360 |iL 

citrated plasma to give a final concentration of 100 fxM drug (5 % DMSO, 5% Tween). 

This was incubated at 37 °C. A 50 |iL aliquot was taken at intervals 15 min, 30 min, 1 

h, 2 h, 4 h, and 8 h and added directly to 5 |^L colchicine 250 |aM solution in DMSO in 

a 1.5 mL microcentrifuge Eppendorf tube. To this, 70 |j L acetonitrile at 0 °C was added 

immediately to quench enzymatic activity. The solution was vortex mixed for 30 sec 

and then centrifuged for 5 min at 10, 000 rpm at 0 °C. Supernatant (75 ^L) was added 

to 0.001 M HCl (75 i^L) in a new Eppendorf centrifuge tube. This was vortex mixed 

again and 100 |j L of the solution was placed in a micro-insert for HPLC analysis. Drug
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solutions were prepared in duplicate and the assay was carried out on two separate 

occasions. Half-life values were considered acceptable once the standard deviation was 

less than 20% of the mean value. “Blank” plasma samples were spiked with 5% DMSO 

and 5% Tween without drug and were treated in exactly the same way.

The apparent half-life of 2.3 in plasma was found to be 38.35 ± 0.07 min. The apparent 

half-life of the generated phenol in plasma was calculated to be 251.55 ± 8.41 min. 

Gurjar et al. reported a plasma half-life of 0.19 ± 0.08 h for CA4 in mice Kirwan et 

al., also studying mice, reported it at 0.35 h Dowlati et al. reported the mean 

plasma half-life of CA4 in humans to be longer, at 4.2 h This difference could 

possibly be due to enzymatic differences between species or to experimental variation. 

Literature values for the plasma half-life of CA4 were used for comparison because 

CA4 carries many of the same functional groups as 1.5.

The concentration of generated 1.5 was also monitored throughout the assay. The rate 

of accumulation of 1.5 corresponds to the rate of degradation up to approximately 60 

min after which point the concentration of 1.5 tapers off due to the depletion of 2.3 as a 

source of 1.5.

A sample curve depicting the disappearance of 2.3 from the plasma and the 

corresponding generation of 1.5 is shown in Figure 2.11.
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Figure 2.11 Disappearance o f  2.3 from plasma and generation o f 1.5

60



Plotting the natural log o f the ratio o f  rem aining drug over the original concentration 

against time gives a straight line (Figure 2.12) from whose equation the half-life o f the 

drug in plasma is calculated.

100 120 140

-0.5

y = -0.0253X + 0.2788 
= 0.9973

c
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-2.5
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Figure 2.12 Pseudo first-order plot o f the degradation o f 2.3 in plasma

A review o f publications reporting the metabolic fate o f  various combretastatin-like 

drugs highlighted 0-dem ethylation, m ethylation and aromatic hydroxylation as likely 

phase I biotransformation pathways, followed by phase II oxidation, sulfation and 

glucuronide conjugation A study o f  phenstatin incubated with microsomal

extracts identified carbonyl reduction, O-methylation, 0-dem ethylation and 

hydroxylation as some o f the biotransformations that could equally apply to our 

compounds which carry many o f  the same chemical groups Indeed, the LC-MS 

profile o f our prototypical compound (see Chapters 4 and 5) extracted from plasma 

after 60 min revealed the presence o f ions corresponding by mass and relative polarity 

to the methylated, demethylated and hydroxylated compound, thus providing support 

for the proposed pathways o f metabolism.

Incubation o f  2.3 in plasma resulted in a sustained level o f  the phenol 1.5 at 

approximately 60% o f  the original concentration o f  the prodrug. It has been thus shown 

that the prodrug concept is valid but that the concentration o f  the generated active drug
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does not reach the same level as the starting prodrug concentration due to the combined 

effects o f delayed activation o f the prodrug and metabolism o f the active drug. Delayed 

activation o f the prodrug could in fact prove advantageous to chemotherapy as it allows 

more time for the prodrug in circulation to reach the tumour site before it is activated, 

thus potentially reducing premature toxicity.

2.6 Synthesis of the bestatin ester of 1.5

Having carried out proof o f concept (improved aqueous solubility, suitable formulation 

for i.p. administration and evidence o f ester hydrolysis in plasma) with the leucyl ester 

prodrug, it was decided to extend the promoiety to a dipeptide, in essence generating a 

conjugate o f bestatin and 1.5 - in other words, a prodrug o f 1.5. Attempted coupling o f 

A^-/Boc-bestatin directly to the phenol using the same method as for coupling A^-^Boc- 

Leu-OH failed to generate the desired product (Scheme 2.17). It was rationalised that 

the hydroxyl group on bestatin competes with the phenol for the activated carboxylic 

acid.

Scheme 2.17

Therefore it was decided to couple bestatin to the phenol one amino acid at a time. [25, 

3^]-3-amino-2-hydroxyl-4-phenylbutanoic acid (AHPA) 2.23 was available to 

purchase from Bosche Scientific. It was necessary to ?Boc-protect the free amine of 

AHPA before coupling the carboxylic acid to the free amine o f Leu. This proceeded 

smoothly by reaction with /Boc-anhydride in a solution o f aq. potassium carbonate

HjC.
A^-/Boc Bestatin,

2 , 6-dichlorobenzoyl chloride, 
DM AP, DIPEA
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(K2CO3) and THF at room temperature and was isolated by consecutive base and acid 

washes (Scheme 2.18).

O H

H O

o NH2
H 2 O / T H F  1:7, R T ,  1 hr  

( 100%)

H O

O HN O
C H

C H

(2 .2 2 )

o

(2 .2 3 )

Scheme 2.18

A^-rBoc-AHPA was subsequently converted to the PFP ester (Scheme 2.19). It was 

necessary to thoroughly remove the side-product dicyclohexylurea (DCU) before 

carrying on to the next step.

O H

H O

H N

O

C H ,

F F

P F P ,  DCC
_  F F

- C H ,

O H

H N

O

C H ,

C H ,

( 7 0 % )

(2 .2 3 ) (2 .2 4 )

Scheme 2.19

The PFP ester was then coupled to the free amine of 2.3 using standard peptide 

coupling strategy (Scheme 2.20). Care was taken not to leave the reaction on for an 

excessive duration because of the risk of degrading the phenolic ester bond. Aqueous 

work-up was avoided for the same reason so the reaction mixture was loaded directly 

onto a flash column for purification. The disappointing yield was blamed on residual 

DCU remaining from the PFP ester synthesis and on degradation of the ester bond.
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Scheme 2.20

The isolated product 2.26 was deprotected in dry DCM acidified with HCI gas (Scheme 

2 .2 1 ).

HClgas, DCM, R T ,2 0 m inH , C

( 100%)

OHOH

CH

NHHN CH
crCH CHCH

(2 .2 5 ) (2 .2 6 )

Scheme 2.21

64



2.7 Confirmation of identity o f 2.26

The 'H NM R spectrum o f  2.26 is really an extension o f  that o f  2.3 with extra signals 

and coupling constants attributable to the additional AH PA m oiety (Figure 2.13). There 

is a new CHNH multiplet signal at 3 .73-3 .78 ppm which correlates to the CHNH o f  

AHPA at 54.9 ppm (H C-CO SY Figure 2.14). Confirmation o f  the identity o f  this 

proton is found in its shift upfield relative to the /Boc-protected precursor. The 

carbonyl o f  the /B oc protecting group exerts a strong deshielding effect on the CHNH  

proton, causing it to resonate downfield at 4.01 ppm in the 'H spectrum o f  the ?Boc- 

protected precursor, 2.25.

The presence o f  an extra CH2 is indicated at 35.0 ppm and this correlates to the CH? 

proton signals at 2.93 ppm (dd, J  =  13.1 Hz, 6.7 Hz) and 3.13 ppm (dd, J  =  13.1 Hz,

6.7 Hz). These protons resonate as double doublets because they couple to the CHNH  

giving rise to doublets which are split again by germinal coupling.

The CHOH o f  AH PA resonates further downfield as a doublet {J =  3.0 Hz, coupling to 

CHNH) at 4.18 ppm because o f  the relatively high electronegativity and “de-shielding” 

effect o f  the oxygen atom. This proton correlates to the CHOH at 68.5 ppm. The 

AHPA m oiety contributes five new ArH signals between 7.27 and 7.37 ppm which  

correlate to ArCH signals at 127.3, 128.3 and 128.6 ppm. There is also an ArC 

(AHPA) signal at 151.4 ppm. The AHPA carbonyl resonates at 170.8 ppm.

The CHNH o f  Leu which is now conjugated by an amide bond to AH PA resonates 

further downfield at 4.69 ppm as a triplet {J  =  4.4 Hz) due to the deshielding effect o f  

the amide carbonyl. It couples to the tw o protons o f  the leucyl CH 2 , hence it appears as 

a triplet. It correlates by HSQC to the CHNH at 5 1.1 ppm.

The proton NM R spectrum is given in Figure 2.13. The correlation o f  carbons and 

protons separated by one bond can be seen in the HSQC spectrum in Figure 2.14. The 

carbon spectra o f  2 .26 are shown in Figure 2.15.
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Figure 2.15 Carbon spectra o f 2.26

IR characteristics of 2.26 include a broad stretching 0 -H  absorption at 3300.2 cm"', an 

alkane C-H absorption at 2927.6 cm ', a ketone absorption at 1764.5 cm"', a strong 

amide C =0 absorption at 1650.8 cm ', an aromatic C-H absorption at 1516.0 cm"', 

ester C -0  absorptions at 1271.5 cm '', 1111.4 cm ' and 1023.0 cm ', and an alkene =C- 

H absorption at 702.7 cm '.

The IR spectrum of 2.26 is given in Figure 2.16 below.
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Figure 2.16 IR spectrum o f 2.26
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2.8 Evaluation of the phenolic ester conjugate o f 1.5 and bestatin

The phenolic ester hybrid 2.26 was confirmed to be soluble to a concentration o f 300 

|jM in 10% DMSO in PBS and greater than 100 in 5% DMSO in PBS. Its pH- 

stability profile and plasma half-life were studied as for 2.3. Solutions were prepared at 

a concentration o f 100 |iM in aqueous buffers from a 2 mM stock solution o f 2.26 in 

DMSO. The final concentration o f DMSO in the buffered solutions was 5%. Buffers 

over the pH range o f 5.8 -  8.0 were prepared by mixing two stock isotonic buffer 

solutions to give solutions o f different pH but equal ionic strength.

Solution pH was measured at 25 °C ± 1 °C. The pH meter was calibrated before use 

with standard buffers at pH 4.0, 7.0 and 10.0. Solutions were incubated in the Accela 

LC system autosampler at 25 °C for 100 min during which time aliquots were taken 

every 10 min and analysed directly by HPLC-MS for remaining prodrug and 

hydrolysis products.

The first-order degradation rate constants (kobs) and half-lives o f 2.26 in various media 

are presented in Table 2.3 below.

Variable A:ofo(min' ) ti/2 (min)

pH 5.8 0.0054 128.36

pH 6.6 0.0162 42.01

pH 7.4 0.0192 36.66

pH 8.0 0.0229 29.00

WFI (pH 5.8) 0.00004 17328.68

Tween/ WFI 0.0138 50.23

Table 2.3 Half-lives and first-order rate constants fo r  the hydrolysis o f  2.26 in 
various media
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Figure 2.17 First-order plots showing the degradation o f 2.26 in various media

LCMS confirmed the generation of bestatin and 1.5 upon hydrolysis o f 2.26 as per 

Figure 2 . 18.
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Figure 2.18 Decrease in concentration o f 2.26 and corresponding increase in 
concentration o f 1.5 and bestatin at pH  7.4

A plasma study was carried out as described above and the half-life of 2.26 in plasma 

was calculated to be 34.85 ± 1.06 min. This is similar to the half-life o f 2.3, suggesting 

that the rate of hydrolysis is not significantly affected by the presence o f the enzyme
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inhibitor, bestatin. Therefore one might reason that hydrolysis o f 2.3 and 2.26 is 

primarily a chemical rather than an enzymatic process in plasma, or that the rate o f 

chemical hydrolysis exceeds and therefore overrides the rate o f enzymatic hydrolysis in 

plasma. Indeed, the half-life values o f these compounds in plasma approximate their 

half-life values in aq. solution o f tonicity similar to plasma buffered to pH 7.4. Again, 

incubation of 2.26 in plasma resulted in a sustained level o f 1.5 at approximately 60% 

of the initial prodrug concentration over the course o f two hours. Thus, the hybrid drug 

2.26 may act as a delayed release form o f 1.5. The disappearance o f 2.26 from plasma 

is presented in Figure 2.19 below.
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Figure 2.19 Disappearance o f  2.26 from  plasma and generation o f  1.5 and 1.7

0

-0.5 -

-1
o  u
^ - 15-1 u  ■‘■•J I

-2 -

-2.5 -

-3

120 14040 100

y = -0.0254x + 0.1898 
= 0.998

Time (min)

Figure 2.20 First order plot o f  the degradation o f  2.26 in plasma
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The APN-inhibitory activity o f the hybrid was determined by measuring the enzymatic 

hydrolysis of the chromogenic substrate Z-leucine-p-nitroanilide in a photometric assay
971described by Melzig et al. using APN (EC 3.4.11.2) isolated from porcine kidney 

microsomes. The generation o f the product, ;?-nitroaniline was monitored by a UV 

absorbance reading at 405 nm after 60 min incubation o f the substrate with the enzyme 

and the drug at 37 °C. The compound was tested at six concentrations with the 

precondition that at least two data points could be generated both below and beyond the 

estimated IC50 according to the guidelines recommended by Sebaugh et al. . Drug 

solutions at each concentration were prepared in triplicate. The IC50 was determined 

from a plot o f % enzyme inhibition versus drug concentration. The assay was carried 

out on three separate occasions. The IC50 values reported are the calculated averages of 

three separately determined IC50 values.

The hybrid drug 2.26 exhibited greater potency than free bestatin against the enzyme. 

Its IC50 was determined at 21.92 ± 1.36 |jM compared to bestatin which exhibited an 

IC50 of 26.48 ± 1.42 |aM. The difference between the IC50 values o f bestatin and the 

ester conjugate in vitro suggests that increased lipophilicity enhances the affinity of 

bestatin for the enzymatic site o f APN. Indeed several reports have been published on 

the superiority of bestatin esters over bestatin in APN assays as well as angiogenesis 

assays and tumour growth studies

Cell-based assays o f APN activity were carried out by Katerina Prokopiou with 

HUVECs and PC-3 cells. The conjugate, 2.26, was more potent than free bestatin 

against the APN activity o f HUVECs: IC50 1.18 ± 0.55 |iM compared to IC50 41.50 ±

10.60 nM. Likewise, 2.26 diminished the APN activity o f PC-3 cells by half at 7.70 ± 

1.99 nM while the IC50 value of bestatin was at least six times that o f 2.26, at 87.97 ±

22.60 ^M. The difference in IC50 values between cell types is most likely a factor of 

different levels o f expression o f the enzyme between these cell types.

Cytotoxicity was measured by the MTT cell proliferation assay which is based on the 

principle that metabolically active cells take up 3-(4, 5-dimethylthiazol-2-yl)-2, 5- 

diphenyl tetrazolium bromide (MTT) where it is metabolised by active mitochondria
97 ^into a blue-coloured formazan product that is quantified spectrophotometrically 

The hybrid drug 2.26 performed well in an MTT assay (carried out by Katerina 

Prokopiou) with an IC50 of 42.44 ± 1.55 nM against PC-3 cells and an IC50 of 30.00 ±
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1.70 against HUVECs. In other words, 2.26 is at least equipotent to the lead 

compound 1.5 (IC50 47.00 ± 1.62 nM) against HUVECs but slightly less potent than 

the lead compound 1.5 (IC50 28.70 ± 1.27 nM) against PC-3 cells. The discrepancy in 

comparative potency between the two cell types corresponds to the results o f the APN 

activity assay and is most likely a consequence o f the different APN-expression levels 

o f the two cell types and the relative contribution o f the bestatin moiety to the efficacy 

of the compounds as a result. Furthermore, it is known that conjugation o f the meta- 

phenol group o f 1.5 markedly diminishes the tubulin effects o f the compound. It is the 

ability to bind tubulin and inhibit tubulin polymerisation that identifies 1.5 as a 

cytotoxic drug. Complete hydrolysis of the conjugate is not guaranteed in the MTT 

assay and this may be a cause for the observed below-maximum cytotoxicity. In 

theory, 2.26 should exhibit at least equal potency in vivo as its molar equivalent of 1.5 

since complete hydrolysis o f the conjugate under physiological conditions would 

generate 1.5 quantitatively.

It was necessary to synthesise relatively large quantities o f 2.3 and 2.26 in order to 

carry out an in vivo study. The synthetic sequence was thus shown to be amenable to 

scale-up. An in vivo study was carried out by Katerina Prokopiou with nude mice 

carrying PC-3 prostate cancer xenografts. The xenografts were allowed to grow in the 

mice (hind flank) for 21 days post-transplant prior to initiating therapy and only 

tumours that had reached a minimum size were used. In order to investigate an 

advantageous effect o f the hybrid drug over the simple drug combination, two 

comparative arms of the study were established. In one arm, mice were treated with 

2.26 40 mg/kg (0.06 mmol/kg) i.p. on alternate days for two weeks. In the other arm, 

mice were treated with a combination o f the molar equivalent (0.06 mmol/kg) of each 

o f 2.3 and 1.7 . Drugs were administered in solution in water for injection containing 

5% DMSO and 5% Tween. Control mice were administered the same volume o f water 

for injection containing 5% DMSO and 5% Tween (no drug) and kept under the same 

conditions. Tumour dimensions were taken on alternate days using a vernier calliper. 

After 14 days, the mice were sacrificed and the tumour dissected for histological 

studies.

The results o f the in vivo study failed to demonstrate any significant advantage of the 

hybrid therapy over the combination therapy. Further studies are required in order to
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ascertain whether this result was a consequence of the study design. For example, in 

vivo studies with CA4 have been carried out with daily dosing for 14 days rather than 

dosing on alternate days In addition. Landuyt et al. has demonstrated an inverse 

relationship between initial tumour volume and response to CA4 It is possible that 

the tumours treated in our in vivo study may not have reached the minimum required 

threshold tumour volume before treatment was initiated. Furthermore, in the study of 

Landuyt et al., tumour growth was monitored up to 22 days post initiation o f treatment. 

Finally, the use o f 5% tween with i.p. administration might cause for a delayed release 

effect of the drug, given the relatively small volume of the i.p. cavity. An excellent 

review o f the merits and short-fallings o f in vivo studies using tumour xenografts in 

nude mice is given by Kelland et al. In this review, the many variables that can 

affect drug efficacy in a xenograft model are listed, to include the origin o f the tumour, 

site o f tumour implantation, growth characteristics o f the tumour, drug dose, 

formulation, route o f administration, dose schedule and experimental endpoints.

2.9 Conclusion

The first objective o f this chapter was to conjugate a promoiety onto a lead tubulin 

polymerisation inhibitor with the intention o f improving its aq. solubility and 

suitability for i.p. administration. This was achieved by conjugating a simple amino 

acid onto the phenolic group o f the compound. The release o f the active drug was 

confirmed by a series o f pH stability studies and a plasma stability study in vitro. As an 

extension of this concept, a dipeptide with intrinsic anti-cancer activity was likewise 

conjugated at this position o f the tubulin polymerisation inhibitor. The resulting 

conjugate was demonstrated to be hydrolysed in physiological solution and generate 

the individual moieties just as a 1:1 ratio combination o f the two drugs. The effect of 

conjugation on the APN-inhibitory activity o f bestatin was assessed in an in vitro 

assay. We can conclude that conjugation of bestatin to a lipophilic tubulin- 

polymerisation inhibitor confers advantages on both moieties in that it enhances the aq. 

solubility o f the tubulin-binding component and also enhances the APN-inhibitory 

activity o f the bestatin component. In addition, it is hypothesised that target protein- 

binding of either moiety may improve targeted-delivery o f the other moiety.
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The ester bond is shown to be relatively unstable at physiological pH and in plasma. 

Therefore it is o f interest to investigate more stable conjugates o f bestatin and the 

tubulin-binding molecules with the intention o f achieving a slower release fo the active 

compounds over a longer plasma residence time.
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Chapter 3 -  Anilide conjugates

In this chapter, the investigation o f prodrugs and bestatin-conjugates o f our 

prototypical tubulin polymerisation inhibitor is extended to anilide conjugates. The 

synthesis o f the aniline analogue of 1.5 is presented, providing a scaffold onto which 

any number of amino acids can be conjugated. The leucyl- and glutamyl-anilide 

prodrugs are investigated as designed substrates for the enzymes APN and APA 

respectively. The aqueous stability and plasma half-life of the anilide conjugate is 

compared to that of the phenolic ester conjugate. The anilide hybrid drug is compared 

to the phenolic ester hybrid in terms of its in vivo biological avtivity. The anilide hybrid 

proves to be a more potent inhibitor of APN than the phenolic ester hybrid, confirming 

the contribution of lipophilicity to the activity o f bestatin. However, the tubulin- 

binding ability and related cytotoxicity of the hybrid is compromised by the relative 

stability of the anilide bond which retards release o f the active drug from the 

promoiety. An amino acid linker unit between the two differentially functioning 

moieties is also shown to compromise the activity o f the hybrid drug.
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3.0 Aniline and anilide analogues of 1.5

For chapter 2 we synthesised a prodrug o f the tubulin-binding agent 1.5 and a drug 

hybrid in which bestatin functions as the promoiety for 1.5. We examined its solubility 

and stability and proved the concept of the prodrug. Conjugation o f the phenol 

conferred enhanced aqueous solubility on 1.5 allowing i.p. administration. The i\a  of 

the prodrug 2.3 in plasma was quite short, at 38.35 ± 0.07 min. It can be concluded that 

derivatisation o f the parent tubulin-binder with a phenolic ester bond generates a 

prodrug with improved aqueous solubility but fails to contribute much to the 

pharmacokinetic profiles of the individual drugs because hydrolysis begins 

immediately after administration.

It was decided then to investigate an alternative type o f conjugation that would 

withstand non-enzymatic hydrolysis and should therefore exhibit significantly different 

pharmacokinetic profiles when compared to the parent drugs. Amide and ester bonds 

have comparable structural and spectroscopic features and are hydrolysed ultimately by 

the same mechanism but the amide bond is much more stable than the ester bond to 

chemical hydrolysis. This is because the lone pair o f electrons on the nitrogen atom can 

participate in n-bonding with the carbonyl group (Figure 3.1).

O ”

A . /«
H 

H

Figure 3.1 Delocalisation o f  electrons across an amide bond

3.1 Synthesis of the aniline

In order to synthesise an anilide analogue o f 2.27, it was first necessary to synthesise 

the aniline analogue o f 2.1 and to confirm its “drugability” .

Synthesis o f the C-ring aniline for the most part followed that carried out by Shah . 4- 

bromo-2-nitrophenol was methylated using iodomethane and potassium carbamate as a 

base (Scheme 3.1).
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OH

(3 .1)

Scheme 3.1

CH3I
K2CO3

 >■
A c eto n e  

R eflux, 6 h r  
(9 8 % )

(3 .2)

The nitro group was reduced using tin powder under strong acidic conditions (Scheme 

3.2). The reaction was quenched over ice in order to control the exothermic reaction o f 

strong acid with base.

H, C

Sn

C one HCl 
E tO H , 5 h r, RT

(9 3 % ) H , C

N H ,

(3 .2 ) (3 .3 )

Scheme 3.2

It was necessary to protect the resulting amine before the next step. A^-/Boc-protection 

was not as straightforward as for a primary aliphatic amine, presumably because o f the 

lower nucleophilicity o f  the aniline relative to an aliphatic amine. Despite the longer 

reaction time and high temperature however, the A^-?Boc-protected compound was 

generated in quantitative yield (Scheme 3.3). It was necessary to wash the product well 

with water in order to remove excess /Boc anhydride.

Br

N H ,

rBoczO

T H F , N 2 , 
reflux , 16 h r 

(9 6 % )

(3.3 )

Br

NH

A,
(3 .4) H , C

C H,

Scheme 3.3
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It was found that the aniline, ?Boc-protected, was not stable to the organometallic 

addition o f the bicyclic ketone 2.13 to the C-ring (Scheme 3.4).

H3C

H,C,

Br

O CH

OH
N ' ^ O ^ ^ C H
H

(2 .13) (3 .4)

nBuLi T H F , - 7 8  °C , 2h r, 

0 “C, 12 hr, N 2

H3

H ,
OH

OH

J UCH
o - ^

C H ,H,C-

Scheme 3.4

Therefore a synthetic sequence optimised by Hudson and Stack involving palladium- 

catalysed cross-coupling o f organoboron compounds with organic triflates was 

employed

It was necessary to form the triflate of the cyclised ketone 2.12 before removing the 

silyl protecting group because the free allylic alcohol does not stand up to the 

conditions o f the subsequent Suzuki coupling. The ketone enolate was generated from 

LDA/THF and was subsequently reacted in one pot with iV-(5-chloro-2-pyridyl) 

triflimide (Scheme 3.5). This reaction was found to be particularly sensitive to reaction 

conditions and the yield was improved greatly once the reagents were all in solution 

and the solvent was anhydrous.
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CH

THF, -78 “C, Ni
( i ) 2  hr

( ii)  3 hr 
(89%)

( i)  D IP A , jjBuLi 
( ii)  C PT

CH

(2 .1 2 ) F (3 .5 )

Scheme 3.5

Synthesis o f  the boronic acid proved problematic and so the preparation o f  the boronic 

ester as per Scheme 3.6 was optimised by Stack (data not published) as an alternative. 

This was achieved in reasonable yield, compromised by residual rBoc anhydride from 

the previous step.

Br
O O

H ,C

B is(p in a co la to )d i boron  

K O A c, PdC l 2

D M S O , 8 0  °C, 4  hr 

(8 0 % )

(3 .4 ) (3 .6 )

Scheme 3.6

The boronic ester 3.6 and the triflate 3.1 underwent Suzuki coupling without significant 

side reaction, generating the tricyclic 3.7 in good yield (Scheme 3.7).
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C H

o = s = o

F

(3.5)

H,C CH3
- C H ,

O . O

NH

C H

C H

(3.6)

P d ( P P h , ) 4
K 2C O 3

T o lu e n e /E tO H /H  2 0  3:1 :1 ,  
70  °C, 30  min  

( 100%)

C H

O - S i CH

C H

C H

(3.7)

Schem e 3.7

The silyl protecting group was removed first because it was necessary that the aniline 

remain protected during subsequent oxidation o f  the alcohol (Scheme 3.8). Attem pted 

oxidation o f  the alcohol with either Dess M artin periodinane or pyridinium  dichromate 

in the presence o f  the free aniline resulted in a mixture o f products and a very poor 

yield o f  the desired keto-aniline.
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H .
0 - S i

CH

H j C ^

H ,C

H ,C

TBAF 
 > •

TH F, R T ,N 2, 6 h r  
(92% )

OH

''O '

(3.7) (3.8)

Scheme 3.8

The alcohol was oxidized as before with Dess M artin reagent (Scheme 3.9). This 

reaction was complete within m inutes and was amenable to a simple aq. base/ diethyl 

ether work-up.

H ,C ^

OH

CH

CH

H ,

H ,

D ess Martin periodinane
 * ■

DCM, RT, 30  min 
( 100%)

CH

CHj

(3.8) (3.9)

Scheme 3.9

Finally the aniline was deprotected using trifluoroacetic acid (TFA) (Scheme 3.10). 

This method is efficient and useful when the product is suitable for aq. base/ diethyl 

ether work-up.
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TFA/DCM

45 min, RT 
( 100%)

O

(3.9) (3.10)

Scheme 3.10

The NMR spectra of 3.10 match those of 1.5 for the most part. The aniline can be

spectrum.

3.2 Confirmation of identity of 3.10

The NMR spectra of 3.10 are very close in resemblance to those of 1.5, the only 

difference between the two molecules being the aniline, which replaces the phenol in 

1.5. The benzylic CH2 protons resonate as a triplet at 3.16 ppm (J  = 6.2 Hz), coupling 

to the protons on the neighbouring CH2 . They correlate to the carbon at 20.4 ppm. The 

protons of the neighbouring CH2 resonate at 2.73 ppm. The signal appears as a double 

doublet (J  = 7.0 Hz, 3.6 Hz) since the protons couple to the benzylic CH? protons 

which are chemically inequivalent because of their fixed spatial position on the seven- 

membered B-ring. On the HSQC spectrum, these protons can be seen to correlate to the 

carbon at 45.7 ppm.

The four methoxy protons resonate in their regular positions at 3.65 ppm, 3.92 ppm and 

3.96 ppm. These correlate to carbons at 55.6 ppm, 56.1 ppm, 60.9 ppm and 61.4 ppm.

The alkenic proton of the B-ring resonates as a singlet at 6.39 ppm and correlates to the 

carbon at 127.9 ppm. The A-ring aromatic proton resonates as a singlet at 6.43 ppm 

and correlates to the carbon at 112.1 ppm. The aromatic C-ring protons resonate as 

doublets at 6.73 ppm, 6.74 ppm and 6.79 ppm. The two protons ortho to one another 

share a coupling constant of 7.9 Hz while the third proton exhibits a /weto-coupling

differentiated from the phenol by the stretching C-N signal at 1115.6 cm ' in the IR

82



constant o f 3.3 Hz. These protons correlate to carbons at 109.8 ppm, 115.5 ppm and 

119.8 ppm.

Finally the protons o f the aniline appear as a singlet at 7.29 ppm.

The proton spectrum of 3.10 is shown in Figure 3.2. The HSQC spectrum is given in 

Figure 3.3 and the carbon spectra are shown in Figure 3.4.

6.7 6.6 6.S ppm

—JL
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm

III )s! W  Isl fei fe
Figure 3.2 ’H spectrum o f 3.10 with expansions

a
Figure 3.3 HSQC spectrum o f 3.10
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The characteristics o f the IR spectrum which are diagnostic o f 3.10 include weak amine 

N-H absorptions at 3420.1 cm ' and 3309.5 cm"', an alkane stretching C-H absorption 

at 2963.0 cm ', a ketone absorption at 1721.4 cm"', an alkene C=C absorption at 1620.3 

cm ' and a bending =C-H absorption at 736.1 cm ', aromatic C=C absorptions at

1589.3 cm ' and 1452.7 cm ', and amine stretching C-N absorptions at 1238.7 cm '' and 

1117.7 cm ''.

3.3 Biological data on 3.10

The aniline was found to have a half-life of 191.90 ± 29.98 min in plasma. Reports on 

the fate of aniline, acetanilide and other aniline derivatives in plasma suggest that the 

major products o f aniline metabolism in plasma are A^-hydroxylation and ring 

hydroxylation Phenylhydroxylamine is a known catalyst of methaemoglobin

formation in mammalian blood This could be a potentially toxic effect o f our 

aniline compounds. It would be desirable to mask this group by way o f a promoiety in 

order to avoid the potentially toxic effects o f the aniline in the systemic circulation. 

Ideally the promoiety should be cleaved at the tumour site where the aniline can then 

exert its tubulin-binding effects.

It had been shown by Shah that an aniline analogue o f an analogous tubulin 

polymerisation inhibitor was a more potent inhibitor o f tubulin polymerisation than the 

phenol counterpart To add to this preliminary QSAR data, the tubulin 

polymerisation inhibitory potency of 3.10 was compared to that of 1.5 in a tubulin 

polymerisation assay described by Kumar et al . The assay is based on the principle 

that the turbidity o f a tubulin-containing solution is directly proportional to the polymer
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content o f  the solution. The turbidity o f the solution is reflected in its UV absorbance at 

340 nm. Depolymerised tubulin was incubated in the presence o f  GTP at 37 °C and the 

change in optical density o f  the solution was monitored over 60 min. When UV 

absorbance is plotted against time, the maximum slope o f the resulting curve represents 

the maximum rate o f  polymerisation. This rate is diminished in the presence o f tubulin 

polymerisation inhibitors. % inhibition was determined for each compound at a 

concentration o f  1 |iM . Each value reported is the average o f two separate 

measurements. Drugs solutions were prepared in duplicate and all assays were carried 

out on two separate occasions. The IC50 o f  1.5 as a tubulin polymerisation inhibitor was 

reported by Shah at 1.05 ^iM. This was first confirmed as validation o f the assay 

technique. A concentration o f 1 }iM 1.5 was found to inhibitit tubulin polymerisation 

by 48.30 ± 3.68%. In the same set o f  assays, 3.10 was found to inhibit tubulin 

polymerisation by 73.98 ± 4.56% at 1 |iM .

In addition, 3.10 was shown to be two to three times as potent as 1.5 in the MTT assay 

(carried out by Katerina Prokopiou) with PC-3 cells (3.10 IC50 9.70 ± 0.88 nM, 1.5 IC50 

28.70 ± 1.27 nM ) and HUVECs (3.10 IC50 17.90 ± 9.07 nM, 1.5 IC50 47.00 ± 16.17 

nM). In conclusion, 3.10 was considered to be a suitable lead molecule for the 

developm ent o f  anilide prodrugs and hybrids.

3.4 Synthesis o f the Leu-anilide prodrug of 3.10

For com parative purposes, it was necessary to synthesise a prodrug o f  3.10 analogous 

to 2.3. The anilide bond should be more stable to chemical hydrolysis than the phenolic 

ester bond. Furthermore, the leucyl prodrug was proposed as a substrate for APN 

which is known to be upregulated in tumour tissue Thus, it may be possible to

achieve a higher rate o f activation o f  the prodrug in the tum our tissue relative to non

tum our tissues, thereby reducing unwanted toxicity.

Formation o f  an amide bond between an amine and a carboxylic acid generally requires 

the use o f  a coupling agent to activate the carboxylic acid. The activated carboxylic 

acid may take the form o f  an acid chloride, a carbonic anhydride, an active ester or a 

mixture o f  anhydrides. These constitute good leaving groups so that attack o f the 

nucleophilic amine results in their elimination and the formation o f  an amide bond 

(Scheme 3.11).

85



Scheme 3.11

Peptide synthesis is such an important source o f bioactive molecules, particularly 

natural and non-natural peptides that are difficult to express in bacteria, that a large 

number o f coupling agents have been developed, each with their own advantages and 

drawbacks. The choice o f coupling reagent can greatly affect the product yield and ease 

of purification and generally depends on the reactivity and bulk o f the acid and amine 

reagents. For example, the O-acyl-ureas formed by carbodiimide coupling reagents e.g. 

dicyclohexylcarbodiimide (DCC) and diisopropylcarbodiimide (DIC) are highly 

reactive which can result in oxazolone formation and racemisation of the amino acid 

(Figure 3.5). They are therefore most commonly used in conjunction with a triazole 

which forms a less active intermediate.

Other possible side reactions are the formation o f the jV-carboxyanhydride via the 

oxazolonium ion, diketopiperazine formation and the production o f guanidinium side- 

products (Figure 3.6).

A ctivation

P a th  B X Base BH+

H

O xazolone

D ,L -P eptide

2S0Figure 3.5 Racemisation in peptide coupling



An excellent review of peptide coupling agents was carried out by Valeur et al.

Among the classes of coupling agents reported are the carbodiimides, the benzotriazole 

salts, the halide-forming triazines and other halogen-based salts and PFP-based 

reagents. Some o f the factors that influence the choice o f a peptide coupling reagent for 

a particular transformation include reported yield with similar reagents, rate of 

racemisation and side reactions, reactivity and, paradoxically, stability in basic solution 

(bulky reagents require longer reaction time and therefore require that the activated 

carboxylic acid does not revert or become otherwise degraded before amide formation 

is complete), hazardous side products and cost. Unfortunately a common complaint in 

the reporting o f novel peptide coupling agents is failure to compare the efficiency of 

the agent against standard coupling agents in current use As a result, the selection 

o f a coupling agent is often done by trial and error.

o x azo lo n iu m  ion N -  ca rb o x y an h y d rid e  side p rodu

CH C H

d ik e to p ip e raz in e  side product

H A M D U  (co u p lin g  a g en t) guanidine side p roduct

Figure 3.6 Side reactions in peptide coupling
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In this instance, the amine in question is in fact an aniline with relatively poor 

nucleophilicity and hindered flexibility. PyBrop, a halo-phosphonium reagent, is 

reported to successfully generate activated bromides o f hindered amino acids . This 

was available to purchase from Sigma Aldrich.

PyBrop coupling o f A^-/Boc-Leu-OH to the aniline proceeded smoothly, generating the 

anilide 3.11 in high yield and without evidence o f racemisation (Scheme 3.12).

3*-

N -lB oc  Leu, PyBrop,  
DIPEA

DCM, N 2, R T , 6  hr 
( 100%)

NH^

CH

( 3 . 1 0 ) ( 3 . 1 1 )

H , C
,CHj
- C H ,

Scheme 3.12

The anilide was deprotected using TFA since the resulting prodrug was predicted to 

withstand aq. base/diethyl ether work-up (Scheme 3.13).

H ,C ^

,0 ,

CH

( 3 . 1 1 )

H3

H ,C
,CH3
- C H ,

TFA/DCM

---------
RT, 45 min 

( 100%) NH

CH
H ,C

( 3 . 1 2 )

Scheme 3.13
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3.5 Confirmation of identity of 3.12

The NMR spectra of 3.12 closely resemble those of 2.3, with only one atom in 

difference. The C-ring protons, particularly those ortho and para to the anilide resonate 

further downfield (6.90 ppm, 7.08 ppm and 8.44 ppm) than in the spectrum of the 

aniline, 3.10 (6.73 ppm, 6.74 ppm, 6.79 ppm). This is because the free amine is more 

ring-activating than the amide. The proton of the anilide resonates at 5.32 ppm. The 

two protons of the free primary amine resonate at 9.92 ppm.

The proton spectrum of 3.12 is shown in Figure 3.7 along with expansions of specific 

splitting patterns. The HSQC spectrum of 3.12 is shown in Figure 3.8 and the carbon 

spectra of 3.12 are given in Figure 3.9.

^  K
I ■ I ' I ' I ' I 

6.8  6 .

I l l  I I
0.98 0.96 0.94 0.92 0.90 ppm

A____________L
I • I I • I I • 1 • I

3.0 2.8 2.6 2.4 2.2 2-0

Figure 3.7  Proton spectrum o f  3.12 with expansions
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Figure 3.8 HSQC spectrum o f  3.12
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Figure 3.9 Carbon spectra o f  3.12

The IR spectrum contains an amine N-H absorption at 3387.9 cm ’, alkane C-H 

absorptions at 2957.6 cm'* and 2870.9 cm'*, a ketone absorption at 1708.6 cm ’, an 

amide C==0 absorption at 1682.3 cm"' and a bending N-H absorption at 1586.1 cm '', 

two amine C-N stretching absorptions at 1365.9 cm '' and 1167.2 cm '', and an alkene 

=C-H bending absorption at 842.4 cm ''.

The IR spectrum of 3.12 is given in Figure 3.10 below.

90



101-1
100'

1392 58crrv1

1209.01 cm-11586 IOcm-1

96-

94-

2957 SScnvl
92-

H

84-

842 35cm-1
82-

3500 3000 2500 15002000 1000 650
cm-1

Name Description
-  - breenec306b Sample 014 By breenec Date Tuesday. July 05 2011

Figure 3.10 IR spectrum o f 3.12 

3.6 Evaluation o f 3.12

The prodrug 3.12 was found to be soluble to a concentration o f  200 |iM  in 5% DMSO 

and 500 |jM  in 10% DMSO in buffered saline. It exhibited enhanced stability relative 

to 2.3 with less than 10% degradation after 24 h in buffered saline (pH 7.4). Therefore 

it was deemed unnecessary to carry out a full pH-stability profile o f  3.12.

In vitro, it was shown that the leucyl amide was cleaved by aminopeptidases in plasma 

generating the free aniline, as detected by LCMS (see Chapter 5). The presence o f 

active APN (for which 3.12 is a substrate) in plasma, or other aminopeptidases with 

affinity for leucyl substrates, was confirmed by observing the rapid generation o f  a 

fluorescent yellow colour when Z,-leucine p-nitroanilide was incubated in plasma at 37 

°C. This is a standard chromogenic substrate for APN, usually used in assays designed 

to measure the aminopeptidase activity o f  a tissue or the relative potency o f APN 

inhibitors The half-life o f  the prodrug 3.12 in plasm a was calculated to be 233.20 ± 

14.85 min. A ssum ing that the disappearance o f 3.12 from plasma is solely due to the 

activity o f  APN (a purely theoretical scenario), an approximation o f  the APN activity 

o f healthy plasm a can be derived using the concentrations o f  compound and enzyme 

employed in the assay. Our data indicated a percentage o f  16.25 ± 0.42 degraded after
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60 min. This equates to a hydrolysis rate o f approximately 2.7 x lO '*̂ moles/min/ml, or 

an APN concentration o f 2.7 x lO''* Units/mL. After 30 min the active drug was 

detected at a concentration of about 10% of the initial prodrug concentration and this 

level was sustained over the duration o f the plasma study (2 h). Therefore we can 

confirm that the prodrug functions to extend the plasma residence time o f the parent 

compound. Taking into account the slightly shorter i\a  o f 3.10 compared to 3 .12, this 

result is in support o f theory o f the APN-activity.

The detection o f higher levels o f soluble APN in tumour tissue and tumour effusate 

relative to plasma from a healthy patient has been widely documented. Van 

Hensbergen et al. set out to quantify the APN activity in plasma from both healthy 

candidates and cancer patients Based on the spectrophotometrically observed rate 

o f hydrolysis o f Ala-MCA at a concentration o f 15 ^M, the APN activity o f plasma 

from cancer patients was found to be almost twice that o f healthy plasma (71.9 

fmol/ml/sec (or 2.54 x 10'^ units/mL) compared to 42.4 fmol/ml/sec (or 4.31 x 10'^ 

units/mL)). It was proposed that this soluble form o f the enzyme is shed from tumour 

cells and endothelial cells lining the tumour blood vessels where membrane APN is up- 

regulated.

Murukami et al. reported the concentration/activity o f APN in normal plasma at 2.7 

units/mL compared to 3.3 units/mL in plasma from patients with non-small cell lung 

cancer (NSCLC) This estimation is approximately 1 x lo^ times higher than that 

reported by van Hensbergen et al. However, it is possible that this difference may be 

accounted for by differential methodology. Murukami et al. determined the reported 

APN levels by electroluminescence. Accuracy problems associated with this method 

include non-specific mAb binding leading to false high readings. In addition, this 

method does not differentiate active APN from potentially inactive isotypes. Overall, 

the discrepancy between reported levels of APN in various tissues leaves some 

ambiguity over the true profile o f the enzyme.

The rate o f prodrug activation was also determined in a suspension o f PC-3 cells in 

complete medium. PC-3 cells were seeded in a cell culture flask and incubated for 4 

days, replacing the growth medium after 24 h. Upon harvesting the cells, the cell 

density was determined usng a haemocytometer. A dilution was made with complete 

medium such that the cell density o f the suspension was 1 x lo^ cells/mL (see Chapter
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5). The APN activity o f the PC-3 cell population was then determined by a 

spectrophotometric assay (see Chapter 5). The hydrolysis o f Leu-pNA by APN was 

calculated by correlating the UV absorbance of the product generated to a graph o f UV 

absorbance vs mU APN. The activity of a PC-3 cell suspension (150 \iL, 1 x 10  ̂

cell/mL) was found to be equivalent to 3.25 ± 0.44 mU APN/1.5 x 10  ̂PC-3 cells.

3.12 was incubated at a concentration o f 50 |jM in a 1 x 10  ̂ PC-3 cell suspension (5% 

DMSO) at 37 °C. A mechanical shaking function on the water bath applied constant 

gentle agitation to keep the cells from settling. A 50 nL aliquot was taken at 15 min 

intervals and added to acetonitrile (75 ^L) at 0 °C to quench enzyme activity. The 

extraction was performed exactly as was done for the plasma samples and the 

concentration o f remaining prodrug and generated active drug was analysed by LC- 

MS. A graph o f Ln[Ct/Co] vs time allowed the rate o f hydrolysis to be determined. The 

rate o f generation o f 3.10 was found to be 12 nM/min/500 \iL at 37 °C. The APN 

activity represented by this rate approximates that determined spectrophotometrically 

(10.9 nM/min/500 nL). The slight discrepancy can be attributed to the contribution of 

the FBS-containing medium to prodrug hydrolysis.

The generation o f 3.10 from 3.12 in a suspension of PC-3 cells is shown in Figure 3.11. 

The rate of disappearance of 3.12 as it is converted to 3.10 by PC-3 cell APN is shown 

in Figure 3.12.

^  2.5 
S
o  2rH

.1 1-54̂mw
S 1uco

0.5

0

V = 0.0119x + 0.716 
R' = 0.9757

50 100 
Time (min)

150 200

Figure 3.11 Generation o f  3.10 from  3.12 in a PC-3 cell suspension
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Figure 3.12 Rate o f disappearance o f 3.12 in a PC-3 cell suspension 

3.7 Synthesis of the Glu-anilide prodrug of 3.10

Given the successful implementation o f the prodrug concept with 3.12, it was decided 

to pursue a second anilide prodrug whose promoiety could be cleaved by another 

enzyme known to be over-expressed in tumour tissue. The enzyme under study was 

APA. APA has been found to be specifically upregulated in the pericyte layer o f active 

tumour blood vessels The advantage o f this strategy over that involving APN and a 

leucyl promoiety is that leucine, being a neutral amino acid, is cleaved from peptide 

termini by a range of ubiquitous physiological enzymes while glutamic acid (Glu), an 

acidic amino acid, is found to have little affinity for aminopeptidases other than APA 

Indeed, when APN was incubated with the standard APA substrate, L-G\u-p- 

nitroanilide in the standard APN activity assay (see Chapter 5), the rate of generation 

o f the aniline was not greater than in the absence o f any enzyme. In other words, L- 

Glu-p-nitroanilide is not a substrate for APN. Moreover, while APN is classified as a 

general aminopeptidase, like other “general” aminopeptidases, it is known to lack 

affinity for amino acids with acidic ,side chains Thus, the potential for selective

activation in tumour tissue may be greater with acidic amino acid prodrugs.
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A^-?Boc-Glu-(0-/Bu)-OH is available commercially from Sigma Aldrich. Coupling to 

the aniline followed the same procedure as was used for coupling A^-Z'Boc-Leu-OH 

(Scheme 3.14).

H iC "

o

o

Af-/Boc-CHu(0-rBu)-OH, 
PyBrop, DIPEA

O

DCM, Ni, R T ,6  hr 
( 100%)

H , C ^

C

c

(3. 10) (3. 13) O CH

Scheme 3.14

Removal o f  the /Boc and /butyl groups was carried out with HCl gas in DCM instead 

o f  using TFA since the zwitterionic nature o f  the free amino acid 3.14 precluded aq. 

work-up (Scheme 3.15). The reaction progressed slowly over 18 h.

An entity o f  lower mass than 3.14 was detected by LCMS as an impurity in the 

product. Using the mass and retention time relative to 3.14 as a guideline, this impurity 

was suspected to be the cyclised glutamic acid lactam. Examples from the literature 

confirmed that the glutamic acid lactam can form at extremes o f  pH and temperature 

. Other reports suggest that it can form spontaneously from jV-terminal glutamic 

acid residues Flash column chromatography was not deemed suitable for separation 

o f  3.14 from the lactam because o f  the high polarity o f  3.14 and the difficulty in 

recovering it from the silica. Neither was aq. acid or base/ diethyl ether extraction 

deemed suitable because o f  the tendency towards lactam formation under acid or basic 

conditions. The lactam was removed from the salt o f  3.14 after several washes with 

diethyl ether and the salt was dried under vacuum.

3.8 Confirmation o f identity and evaluation o f 3.14

By NM R spectroscopy, the glutamyl CH 2 protons resonate between 2.00 ppm and 2.13 

ppm  (2 X m) and two at 2.46 ppm (t, J  =  5.4 Hz). The triplet is due to coupling to the
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H j C

CH3
•CH

HClgas

DCM, RT, 10 hr 
( 100%)

OHCH

\ CH
CH3(3.13) (3. 14)

Scheme 3.15

two chemically equivalent protons on the neighbouring CH2 while the protons on the 

beta carbon appear as multiplets, split by the neighbouring CH2 protons as well as the 

CHNH of the Glu moiety. These protons correlate to carbons at 32.8 and 37.4 ppm 

respectively. The CH alpha to the carbonyl resonates as a multiplet at 4.03-4.07 ppm 

and correlates to the carbon at 57.9 ppm. These signals are highlighted in the HSQC 

and spectra 'H NMR below in Figure 3.13, Figure 3.14 and Figure 3.15 respectively. 

The carbon NMR spectra of 3.14 are shown in Figure 3.16.

r a.

r <0

L o

3 F2 [ppm]5 47 68

Figure 3.13 HSQC spectrum o f 3.14
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Figure 3.15 Expansion o f HSQC o f 3.14 with glutamyl peaks highlighted
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Figure 3.16 Carbon spectra o f 3.14
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The amine characteristics of the IR spectrum of 3.14 include a weak N-H absorption at 

3425.4 cm"', a weak N-H bending absorption at 1600.2 cm ' and stretching C-N 

absorptions at 1360.9 cm'* and 1113.2 cm"'. An amide bending absorption is observed 

at 1542.4 cm '. Acid absorptions indicative o f the glutamyl moiety include an 0-H  

stretching absorption at 3230.4 cm’’ and a strong C -0 stretch at 1261.5 cm ’. Alkane 

absorptions are seen at 2933.6 cm * and 1404.5 cm ' and an alkene =C-H is seen at 

812.3 cm '. The a,p-unsaturated ketone absorbs at 1699.4 cm ' and an aromatic C=C 

stretches is observed at 1491.9 cm '.

As for 3.12, the prodrug 3.14 exhibited solubility up to 500 |j M in 10% DMSO and 

200nM in 5% DMSO in physiological solution and less than 10% degradation in such 

a solution after 24 h. It was shown to have a calculated half-life of 515.85 ± 40.52 min 

in plasma, longer than that of the parent aniline. We confirmed the activity of APA (for 

which 3.14 is a substrate) in plasma by observing the gradual generation of a 

fluorescent yellow colour when I-glutamyl-p-nitroanilide (0.5 M) was incubated in 

plasma at 37 °C. This is the standard chromogenic substrate for APA used in assays to 

determine the efficacy o f APA inhibitors.

Upon incubation of 3.14 at a concentration o f 100 î M in plasma, the parent aniline 

3.10 was detected by LCMS at a concentration approximately 2.5% that o f the initial 

concentration o f 3.14 and this concentration was sustained over the course o f the assay 

(2 h). The shorter ti/2 o f the generated aniline 3.10 compared to that of 3.14 accounts 

for the non-cumulative effect.

3.9 Synthesis of the anilide conjugate of bestatin and 3.10

The next step in our study o f anilide prodrugs was to synthesise an anilide-conjugated 

prodrug o f 3.10 and bestatin. The objective here was to investigate a hybrid molecule 

with a longer half-life than its phenolic ester counterpart. It was thought that, in theory, 

the anilide hybrid could be activated by ubiquitous dipeptidases in the body, but that its 

prolonged life would allow improved delivery to the poorly vascularised tissue o f the 

tumour interior.

Initial attempts at coupling A^-terminus-protected bestatin directly to the aniline failed, 

presumably again due to competition between the poorly nucleophilic aniline and the
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hydroxyl of bestatin. The dipeptide of bestatin was therefore coupled one amino acid at 

a time, as was done in the synthesis of 2.26. The PFP ester of A'^-^Boc-AHPA was 

coupled as before to the free amino terminus of the leucyl prodrug (Scheme 3.16). The 

sub-optimal yield was most likely due to the presence of residual DCU remaining from 

the synthesis of the PFP ester.

The /Boc group was removed in DCM acidified with HCl gas for ease of isolation of 

the product (Scheme 3.17). Upon completion of the reaction, the solvent was simply 

removed in vacuo and the salt product was washed with diethyl ether and dried under 

vacuum for several days before analysis.

o
TEA DCM, 0°C, 20 min 

(82%)

CH
H,C' O

(3 .1 5 )

Scheme 3,16
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H,C^

H,
H Q  gas

DCM, RT, 20 min 
( 100%)

OH

H N ,

CH

OH

c r

(3 .15) (3 .16)

Scheme 3.17

3.10 Confirmation of identity of 3.16

Once again, the NMR spectra o f 3.16 closely resemble those o f its phenolic ester 

analogue, 2.26, with only a nitrogen atom (in place o f an oxygen atom) in the 

difference. The slightly lower electronegativity of nitrogen relative to oxygen allows 

for a more upfield resonance of the leucyl a-proton (4.57 ppm compared to 4.69 ppm 

for 2.26). This signal appears as a triple doublet (J = 6.9 Hz, 2.4 Hz) because the 

proton couples to the two chemically equivalent protons o f the neighbouring CH2 

giving rise to a triplet which is split again by the proton o f the amide.

The proton o f the anilide resonates as a doublet {J = 2.2 Hz) at 7.95 ppm. This 

coupling constant is indicative o f ortho- or “w”-coupling. Ortho-cou^Wng is also 

observed in the splitting o f the aromatic proton signal at 7.92 ppm (d, J  = 2.2 Hz).

The proton spectrum of 3.16 is shown in Figure 3.17 below, followed by the HSQC 

spectrum (Figure 3 . 18) and the carbon spectra (Figure 3 . 19).
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Figure 3.18 HSQC spectrum o f 3.16
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Figure 3.19 Carbon spectra o f 3,16

The IR characteristics indicative o f  the amine are a weak N-H stretch at 3350.2 cm ' 

and C-N absorptions at 1242.9 cm * and 1210.5 cm'*. The characteristic IR absorptions 

o f the amide are seen at 1589.7 cm* and3501.1 cm*.  The alcohol o f bestatin gives rise 

to a strong broad 0 -H  absorption at 3451.2 cm'*. The ketone absorbs at 1735.0 cm *. 

Evidence o f  aromaticity is seen in absorptions at 1529.5 cm *, 1487.3 cm"* and 1450.2 

cm *. Aliphatic character is evidenced by absorptions at 2927.0 cm‘* and 2801.4 cm"*. 

Alkene =C-H bending absorptions are seen at 1114.8 cm"* and 700.7 cm"'.
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Figure 3.20 IR spectrum o f 3.16
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3.10 E valuation  o f 3.16

The resulting hybrid 3.16 exhibited solubility in physiological solution up to 500 |^M in 

10% DM SO and 200 |iM  in 5% DMSO. It was found to be stable for at least 24 h (less 

than 10% degradation) in buffered aq. solution and to have a calculated half-life o f 

183.85 ± 7.00 min in plasma. The extended half-life in plasma compared to the 

phenolic ester analogue 2.26 is due to the stability o f  the anilide bond. Generated 3.10 

was detected at a concentration o f 7.5% o f  the starting concentration o f  3.16 after 15 

min and throughout the assay (2 h). This accounts for only half o f  the amount o f 3.16 

degraded at 60 min despite the fact that 3.16 and 3.10 share a similar ti/2 , suggesting 

that 3.16 is metabolised other than at the anilide bond.

Additionally, bestatin was observed to be generated, reaching 13.45 ± 1.77% o f the 

starting concentration o f  3.16 by 2 h. This result would suggest that bestatin is more 

robust towards plasma metabolism than the other portion o f the hybrid. Nevertheless, 

the concentration o f bestatin generated does not account for the rate o f  3.16 

metabolism. The generation o f  3.10 at a level lower than expected indicates chemical 

m odification o f the hybrid compound as an intact entity rather than straightforward 

hydrolysis o f  the anilide bond and, subsequently, metabolism o f  the released 

components.

Given the promise shown by regular low-dose regimens with CA4 and bestatin

it is possible that the sustained release o f 3.10 and bestatin at a low concentration 

may confer significant potential on 3.16 as a chemotherapeutic.

3.16 exhibited excellent APN inhibition with an IC50 o f  7.17 ± 0.20 |iM , approximately 

four times more potent than free bestatin suggesting that increased lipophilicity 

enhances the potency o f the dipeptide. In an MTT assay with PC-3 cells (carried out by 

Katerina Prokopiou), 3.16 inhibited cell proliferation by 83.77 ± 1.42% at a 

concentration o f 1 |iM , and by 86.88 ± 0.99% at a concentration o f  5 |^M. The hybrid

3.16 is therefore less active than the parent aniline. This is likely a consequence o f 

diminished tubulin-binding ability o f  the conjugated aniline. Indeed, 3.16 failed to 

inhibit tubulin polymerisation in the standard assay at a concentration o f  1 fiM, thus 

proving that conjugation at the aniline completely abrogates this activity o f  the parent 

compound, which itself effects 73.98 ± 4.56%  inhibition at this concentration.
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3.11 Synthesis of an anilide tripeptide conjugate o f 3.10

As an extension of this study, it was thought that investigation o f a more flexible 

tripeptide hybrid would help to throw light on the factors affecting tubulin-binding 

ability, APN-inhibition and cytotoxicity. It was hypothesised that increased distance 

and flexibility between the tubulin-binding moiety and the APN inhibitory moiety 

might allow both to perform more effectively at their respective sites.

Since the leucyl prodrug 3.12 was already available to us (from synthesis), it was 

decided to use leucine as the linker amino acid and to conjugate bestatin to the N- 

terminus, thereby building a tripeptide conjugate. Leucine was considered an 

appropriate linker because it is a small, neutral lipophilic amino acid. Rudimentary 

QSAR data from the studies o f bestatin-type conjugates suggested that small lipophilic 

amino acids such as leucine, valine, glycine and isoleucine are preferable to larger 

charged amino acids as linker units

It was possible to couple A^-protected bestatin directly to the free amino of the 3.12 

because the nucleophilicity o f the primary aliphatic amine surpasses by far that o f  the 

hydroxyl group on bestatin.

Bestatin was available commercially from Sigma Aldrich. tBoc was chosen as a 

suitable A^-terminus protecting group for ease o f removal and subsequent isolation of 

the free primary amine. Initially bestatin was A^-/Boc-protected according to a protocol 

reported by White (Scheme 3.18), but because the yield was disappointing, a different 

solvent was used upon repeat (Scheme 3.19).

OH

rBocjO, NaOH

tBuOH/HiO, 
RT, 7 hr 

(60%)

NH o

CH

CH

hV
OH

C H ,

(1.7) (3 .17)

Scheme 3.18
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R T , 7 h r  ^

(100%) H , C ' ^ ^ C H ,

(1-7 ) (3 .17)

Scheme 3.19

A^-?Boc-bestatin was then coupled directly to 3.12 using PyBrop as an activating agent 

and DIPEA as a tertiary base (Scheme 3.20).

H ,

3 .1 7 , P yB rop , 
D IPE A

D CM , N 2, R T , 4 hr 
(9 5 % )

(3. 12)

H ,

HO

(3. 18)

o
N  ^
u \

C H ,

H j C  C H j

Scheme 3.20

The resulting tripeptide was deprotected in DCM acidified with gaseous HCl to 

generate 3.19 (Figure 3 .21 )

The NMR spectra o f 3.19 mimic those o f  3.16 with duplicated signals for the second 

leucyl residue: two methyl signals each at 0.96 ppm and 1.03 ppm correlating to the 

carbons at 23.1 ppm; two CH signals at 1.63 - 1.74 ppm and 24.8  ppm; two CH2 signals 

between 1.75 and 1.96 ppm correlating to carbons at 42.3 and 26.4  ppm; two a-CH 

signals at 4.82  ppm and 50.1 ppm; and two carbonyl signals at 169.2 ppm.



HO

N H

cr

C H j

CH

(3 .19)

Figure 3.21 Tripeptide conjugate 3.19

IR evidence o f tiie amide bonds is found in absorptions at 3275.0 (C = 0 , N-H) and 

1649.2 (N-H). An amine C-N stretcii is seen at 1253.1. The alcohol 0 -H  of bestatin is 

seen at 3413.2. The absorption o f the ketone is seen at 1700.2. Evidence o f aromaticity 

is seen in absorptions at 1530.9 and 1451.6. An alkane C-H absorbs at 2955.3. An 

alkene =C-H is seen at 741.0 and 700.7.

3.12 Evaluation o f 3.19

The resulting tripeptide conjugate, 3.19 exhibited solubility and stability in 

physiological solution similar to that o f the dipeptide conjugate. Its half-life in plasma 

was calculated to be 218.40 ± 26 .16  min. Again, we can assume that the relatively long 

plasma half-life is due to the relative stability o f the amide bonds and the inherent 

aminopeptidase-inhibitory activity o f  the bestatin moiety. Generated 3.10 was detected 

at approximately 1% o f the initial concentration o f 3.19 after 60 min and this 

concentration was sustained throughout the assay. This indicates that anilide hydrolysis 

was not the sole or primary route o f 3.19 metabolism in plasma.

The resulting hybrid 3.19 exhibited diminished APN inhibition (IC50 29.70 ±  3.26 ixM) 

relative to 3.16 (IC 50 7.17 ± 0.20 |iM ) suggesting that the extra amino acid does not 

enhance the activity o f  bestatin in any way. The hybrid was approximately equally as 

potent as free bestatin against APN so it can be assumed that increased lipophilicity 

counterbalances decreased potency due to peptide extension.
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M TT results indicated that peptide chain e longation  d im in ishes the activity o f  the 

com pound. In an M TT assay  w ith PC-3 ce lls  (carried out by Katerina Prokopiou), cell 

proliferation w as inhibited by 9.11 ±  1.78%  at a concentration o f  1 ^M . W hen tested at 

the higher concentration o f  5 fiM , cell proliferation w as inhibited by 8 0 .9 0  ±  6.03%  

indicating that the IC50 value o f  3 .1 9  against PC-3 ce lls  lies betw een 1 and 5 ^M .

3.13 Conclusion

In con clu sion , w e  have established that the am ide bond is more stable than the ester 

bond and serves to e ffec tiv e ly  alter the hydrophilicity/Iipophilicity  balance o f  both 

m oieties in conjugation. Inclusion o f  a linker am ino acid in the anilide conjugate w as  

show n to  reduce the activity o f  the com pound. W e dem onstrated that the anilide 

conjugates have plasm a h a lf-lives in the range o f  2 0 0  min com pared to the phenolic  

ester conjugates w ith h a lf-lives under 4 0  m in in plasm a. On the other hand, incom plete  

hydrolysis o f  the anilide bond results in the sign ificantly  reduced cytotox ic ity  o f  the 

conjugate since the w ^to-aniline is crucial to the tubulin effects and associated  

cytotox ic ity  o f  3 .1 0 . Therefore it w as thought that the next layer o f  the project should  

be to investigate conjugation o f  the tw o m oieties at a site that w ould  be less detrimental 

to the activity o f  both drugs. This objective e ffec tiv e ly  in vo lves the d esign  o f  a true 

dual-acting hybrid drug.
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Chapter 4 -  Allylic ester and amide hybrids and
prodrugs

An alternative site o f  conjugation onto the lead tubulin inhibitor is explored. 

Conjugation at the B-ring preserves the activity o f  both moieties w ithout the need for 

bond cleavage. B-ring ester and amide conjugates, o f  both the phenol and the aniline, 

are synthesised and evaluated. A pH stability study o f  the ester conjugate allows for a 

comparison between phenolic esters and allylic esters. The amide conjugate provides a 

more stable scaffold onto which a promoiety can be conjugated. The C-ring remains an 

option for alternative derivatisation, opening up the possibility o f “pro-hybrid drugs” . 

The novel idea o f  incorporating bestatin, an am inopeptidase inhibitor, into the prodrug 

structure, thus retarding the rate o f  prodrug activation is explored. The effect o f  a linker 

amino acid is again investigated, this tim e with conjugation at the B-ring site.
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4.0 Introduction

In Chapter 3, we described the synthesis of an anilide conjugate o f a potent tubulin 

polymerisation inhibitor and bestatin. The free aniline 3.10 proved to be the most 

potent compound so far in the MTT assay o f cytotoxicity. The anilide conjugates on 

the other hand exhibited drastically diminished cytotoxicity. This result is in agreement 

with data generated by White on phenolic ester analogues o f 1.5 (lacking the B-ring 

ketone) that suggested that the meta group on the C-ring participates in tubulin-binding 

and that conjugation at this site interferes with this activity In effect, conjugation at 

this position generates a prodrug o f the tubulin-binding agent. The phenolic ester 

prodrugs o f Chapter 2 were readily hydrolysed in plasma and therefore the prodrug 

design did not impact on the properties o f the drug beyond its solubility. The anilide on 

the other hand is much more stable to chemical hydrolysis and relies primarily on the 

activity o f endogenous enzymes for activation o f the tubulin polymerisation inhibitor. 

This property can be advantageous for the drug in that it acquires a longer plasma half- 

life and a potentially increased chance o f reaching the target site i.e. the tumour tissue. 

In addition, the possibility o f a sustained low concentration of the active drug may 

prove more clinically beneficial than intermittent high doses. On the other hand, many 

such stable prodrugs exhibit poor activity in vivo relative to the free drug, most likely 

because o f incomplete conversion to the active drug

We therefore considered the possibility of a dual-acting "true” hybrid that does not 

require enzyme- or chemical-hydrolysis for activation o f the tubulin-binding 

component. It has been shown that the 7’ position o f 1.6 is amenable to conjugation 

and that the tubulin-binding activity o f the compound can tolerate a conjugate at this
o g

position up to two amino acids in length . It was decided then to synthesise both the 

ester and amide conjugate of 1.6 and its amino analogue respectively with bestatin and 

to compare their activity and fate in plasma. As a parallel study, the aniline analogues 

of both these compounds were also synthesised.

The target compounds are shown in Figure 4.1.
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Figure 4.1 Hybrid design o f compounds in Chapter 4

4.1 Synthesis of the ester conjugate of bestatin and 1.6 and synthesis of its aniline 
analog

The syntheses of the ester conjugates followed closely that of 1.5 and 3.10, described 

in Chapters 2 and 3 respectively. One difference however was in the reduction of 2.8. 

Since we wished to synthesise stereoisomerically pure compounds, it was necessary to 

stereoselectively reduce the ketone at this stage. A protocol reported by MacLeod et al.

was confirmed by Stack (Mosher’s method unpublished data) to generate the 

stereoselectively reduced 5-enantiomer using fermenting bakers’ yeast (Scheme 4.1).

H,C^

H3C

H ,C ,

(2.8)

Yeast

Pet  ether , H 2O,  
R T , 4 8  hr 

( 72% )

H3C

H , C

. C H ,

(4 .1)

Scheme 4.1

The relatively poor yield was most likely due to incomplete extraction of the product 

from the slimy fermented yeast biomaterial.
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Secondly, the aniline was left unprotected until after Suzuki coupling to the triflate 3.1. 

This was necessary because a) the 7’ alcohol (protected or fi'ee) would not stand up to 

the acidic conditions required to remove a tBoc group, and b) a base-labile protecting 

group such as Fmoc would not stand up to the high pH required during both the 

formation o f the boronic ester and the Suzuki coupling steps. Therefore it was more 

strategic to protect the aniline with a base-labile group at a later stage. The synthesis of 

the boronic ester o f the free methoxy aniline is shown in Scheme 4.2. A better yield 

was achieved in the absence o f the N-tBoc group because it was found that residual t- 

Boc anhydride from the protection step interfered with the esterification reaction.

Scheme 4.2

YV
o. o 

b ' '

B is(p in aco la to )d ib o ro n  
K O A c, PdCI 2

NHj   * -

O DM SG, 80 °C, 4 h r  '^'^2

(9 5 % )

(3 .4 ) (4 .2 )

The free aniline did not pose any problems to the Suzuki coupling step (Scheme 4.3).

P d ( P P h 3 ) 4  
K 2C O 3, 4.2

B en zen e :E t0 H :H 20 (3 :1 :1 ), 
7 0  ”C, 30  m in  

( 100%)

(3 .1)5

Scheme 4.3
(4 .3 )



Since TBAF is used to remove the silyl protecting group from the T  hydroxyl and can 

be used also to remove an Fmoc group, it was necessary to complete this step before 

protecting the aniline (Scheme 4.4).

■ I l O H

TBAF

TH F. R T ,N 2, 6 h r  
(92% )

NHjNH2

( 4 .3 )  ( 4 .4 )

Scheme 4.4

This meant that it would be necessary to protect the aniline in the presence of the free 

7’ hydroxyl. Although this was initially a cause for concern, given the similar 

nucleophilicity o f the aniline and the allylic alcohol, it transpired that the Fmoc 

chloride reacted preferentially with the aniline once only one equivalent was used and 

the reaction was monitored (Scheme 4.5).

• I l O H

• I l O H

FmocCI, D IPE A  
 ►

T oluene, RT, 3 hr, 
( 100%)

N H ,

( 4 .5 )( 4 .4 )

Scheme 4.5

The free hydroxyl could then be coupled to an amino acid.

For the phenolic analogue, the synthesis was brought to this step as described in 

Chapter 2, only this time with the chirally pure ■S-isomer, determined by stereoselective
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reduction o f the beta-keto ester (2.8). From the free T  hydroxyl (i.e. post 

organolithium addition, Scheme 2.11), the synthesis o f both the phenolic and the 

aniline hybrid follow the same sequence that shall therefore be dealt with together here. 

Because o f the similarity in nucleophilicity of the 7’ hydroxyl and the hydroxyl on 

bestatin, it was not possible to couple jV-protected bestatin directly to the B-ring 

hydroxyl. Therefore bestatin was coupled one amino acid at a time in a step by step 

approach, as was done before for the C-ring hybrids. Unlike the phenolic ester 

however, the allylic ester is equally susceptible to acid hydrolysis as it is to base 

hydrolysis. Therefore Fmoc, which is removed quickly under relatively mild basic 

conditions, was chosen as an alternative protecting group to rBoc, which is removed 

under more prolonged (HCl gas) or harsher (TFA) acidic conditions.

A^-Fmoc-Leu-OH was available for purchase from Sigma Aldrich. The coupling of N- 

Fmoc-Leu-OH to the 7’ hydroxyl was carried out without complication using 2, 6- 

dichlorobenzoyl chloride (Scheme 4.6). The protected esters 4.7 and 4.8 were obtained 

in excellent yield and were found by NMR to be free o f racemisation.

Scheme 4.6

Next, it was necessary to remove the Fmoc protecting group in order to couple the 

amino of the leucyl conjugate to A^-protected AHPA. This was carried out with TBAF 

in dry THF (Scheme 4.7). The phenol and the aniline were also deprotected under these 

conditions. To allow for this to occur to completion, an extra equivalent o f TBAF was

i l OH V

Fm ocLeu, DIPEA, 
2,6-d ichlorobenzoyI chloride, 

DM AP

DCM , N 2, RT, 6 hr 
( 100%)

(4.5) X = NH-Fnx)c (4.7)X  = NH-Fmoc

(4.6) X = O - ?BDMSi (4 .8)X  = 0-/B D M S i
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used in each case. It was desirable to avoid aq. work-up and so the reaction mixture 

upon completion was loaded directly onto a flash column for isolation o f the product, 

4.9 or 4.10.

H,C.

CHCHCH TBAF

THF, Ni, RT, 30 min 
( 100%)

NHj
• i l O

C Hj
H3C

(4.7)X  = NH-Fmoc (4.9)X  = NH2

(4.8)X  = 0-fBDMSi (4.10) X = OH

Scheme 4.7

The amino group o f AHPA was protected with Fmoc chloride in mild aq. base and 

THF, as had proved successful for the /“Boc protection described in Chapter 2 (Scheme 

4.8).

OH

H O

NH

FmocCl, K 2 C O 3  H O

H20:THF 1:7, RT, 1 hr O H N  O
(100%) y

O

(2.23) (4.11)

Scheme 4.8

The PFP ester o f A -̂Fmoc AHPA was generated using DCC as a coupling reagent 

(Scheme 4.9). It was essential to completely remove the generated DCU from the 

product before continuing to the next step. This was done by repeated filtration through 

filter paper before ultimately filtering through packed silica, as for a flash column. The 

relatively low yield was likely due to loss o f product through this lengthy process.
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OH

HO,

O HN O

(4.11) 

Scheme 4.9

PFP, DCC

DCM, RT, I h r  f '  ' f  °  A

The PFP ester 4.9 was then coupled to the free amino group o f the leucyl ester to 

generate the dipeptide conjugates 4.13 and 4.14 (Scheme 4.10). The less than optimal 

yield might indicate degradation o f the PFP ester prior to coupling.

H,c^

H ,

CH

O
H ,C

11 NH
• i l O ^ ^ ^

4.12, TE A  

 >■
DCM, RT, 1 hr 

(86%)

■ i iOH

H,C.

CH

OH j C

(4 .9 )X  = NH2

(4 .1 0 )X  = OH

(4 .1 3 )X  = NH2

(4.14) X = OH

Scheme 4.10

Finally, the Fmoc group was removed from the dipeptide to generate 4.15 and 4.16 

(Scheme 4.11). This was carried out over a minimal reaction time and the reaction was 

applied immediately to a flash column for purification avoiding aq. work-up.
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,0 , • i lOH
I I

TBAF

THF,  RT,  10 min 
(90%)

• i l OH
H

(4.13)X  = NH2

(4.14)X  = OH

(4.15)X  = NH2

(4.16) X = OH

Schem e 4.11

4.2 Confirmation of identity 4.15 and 4.16

A detailed elucidation o f the NMR spectra o f  4.16 is provided here and serves to 

characterise all o f  the compounds in this chapter which carry the same functional 

groups.

The most significant difference between these hybrid molecules and those described in 

Chapters 2 and 3 is the point o f  conjugation i.e. the esterified allylic alcohol. The 

proton on this allylic carbon resonates furthermost downfield o f  the aliphatic protons at 

5.04-5.08 ppm (m) as a result o f the electron-withdrawing tendency of the 

neighbouring oxygen molecule. It appears as a multiplet because it couples to the two 

protons o f  the neighbouring CH2 as well as to the vinyl proton on the other side o f  it. It 

correlates by HSQC to the carbon at 73.3 ppm.

Upfield from this is the alpha proton o f  the leucyl moiety at 4.35-4.38 ppm (m) which 

correlates by HSQC to the alpha carbon resonating at 51.6 ppm. The proton appears as 

a multiplet because it couples to the two protons on the leucyl CH2 as well as to the 

amide proton.

The proton alpha to the AHPA carbonyl resonates at 4.07 ppm (d, J  = 3.4 Hz) and 

correlates by HSQC to the carbon at 70.2 ppm. This proton appears as a doublet
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because it couples only to the proton on the AHPA beta carbon (CHNH). The proton 

beta to the AHPA carbonyl resonates relatively far upfield at 3.60 ppm (td, J =  7.2 Hz, 

3.3 Hz). This proton appears as a triple doublet because it couples foremost to the two 

protons o f the AHPA benzylic CH2 giving rise to a triplet, which is split again by 

coupling to the alpha proton (CHOH). Further confirmation of the identity of this 

proton is derived from the resonance of the carbon to which it correlates by HSQC 

(56.1 ppm). In addition, it is noteworthy that the resonance o f this proton shifts upfield 

upon removal of the Fmoc group. In the 'H  spectrum of the protected precursor, 4 .14, 

this proton resonates further downfield at 4.63 ppm (correlating to 50.6 ppm), 

because o f the deshielding effect o f the carbonyl of the /Boc group. Furthermore, the 

identity o f this proton can be confirmed by isolating the spin system o f the AHPA 

moiety as shown in Figure 4.3.

To corroborate these assignments, the signals due to AHPA can be approximately 

identified by subtracting the spectrum of the leucyl-conjugated precursor from that of 

the dipeptide conjugate. The CH? signals o f the leucyl moiety appear at 1.52-1.60 ppm 

to 1.62-1.69 ppm (correlating to '^C 39.5 ppm) while the CH? signals o f the AHPA 

moiety appear further downfield at 2.84 ppm (dd, J  = 14.1 Hz, 7.7 Hz) and 3.06 ppm 

(dd, J  = 14.1 Hz, 7.7 Hz). These signals appear as double doublets because each proton 

couples to the proton on the carbon beta to the carbonyl (CHNH) and each doublet is in 

turn split by germinal coupling. Therefore the coupling constants o f these double 

doublets are the same, as expected. These protons correlate to the carbon at 36.4 ppm. 

When the local spin system o f the leucyl residue is isolated, the protons o f the two 

methyl groups at 0.93 ppm (d, J  = 6.5 Hz) and 0.97 ppm (d, J  = 6.5 Hz) (correlating to 

'^C 21.0 and 22.3 ppm respectively) along with the proton (multiplet) at the junction of 

these groups at 1.64-1.66 ppm (correlating to 25.0 ppm) are highlighted. The 

methyl protons appear as doublets (with a common coupling constant) because the 

three protons of each methyl are chemically equivalent and couple only to the proton 

on the carbon to which they are bonded.

The leucyl carbonyl resonates furthest downfield at 172.3 ppm because it forms an 

ester bond while the AHPA carbonyl forms an amide bond and therefore resonates 

slightly upfield at 171.9 ppm. The aromatic protons o f AHPA are indicated by the 

multiplet between 7.22 and 7.33 ppm and correlate to the ArCH signals furthermost 

downfield at 127.3 ppm, 128.7 ppm and 129.1 ppm. The proton o f the B-ring double
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bond is picked up by the local spin system of the acidic allylic proton and is identified 

as a doublet (J  = 5.4 Hz) at 6.10 ppm (correlating to '^C 125.8 ppm). The aromatic 

proton of the A-ring resonates as a singlet at 6.38 ppm and correlates to the carbon at 

109.3 ppm. The aromatic protons o f the C-ring resonate at 6.69 ppm (d, J  = 8.1 Hz), 

6.70 ppm (s) and 6.87 ppm (d, J  = 8.1 Hz) and correlate to the carbons at 119.4 ppm,

115.0 ppm and 111.4 ppm respectively.

Further confirmation o f these resonance assignments is derived from the heteronuclear 

multiple-bond correlation (HMBC) spectrum. This 2D NMR spectrum gives 

information about correlations between the nuclei of atoms o f different types (here, 

protons and carbons) over ranges of two to four bonds. We can see clearly the 

correlation of the leucyl methyl protons at 0.93 ppm and 0.97 ppm to the leucyl CH2 at 

39.5 ppm and the leucyl CH at 25.0 ppm. The protons of the leucyl CH? (1.52-1.69 

ppm) in turn correlate to the leucyl CH3 at 21.0 ppm and 22.3 ppm and to the leucyl 

alpha carbon at 51.6 ppm. The proton (4.35-4.38 ppm) on this alpha carbon correlates 

to the CH2 (39.5) and CH 3 (21.0 and 22.3 ppm) o f the leucyl residue.

Continuing with the HMBC spectrum, the benzylic (AHPA) CH? protons at 2.84 and 

3.06 ppm correlate to the CHNH2 at 56.1 ppm, the CHOH at 70.2 ppm, the ArCH at

129.1 ppm and the ArC at 135.3 ppm, all AHPA carbons. The protons o f the methoxy 

groups (3.65 ppm, 3.87 ppm, 3.88 ppm) correlate to the ArCs (152.4 ppm, 151.7 ppm, 

151.0 ppm, 142.1 ppm) at which they are attached to the benzene ring. The CHNH of 

the leucyl moiety at 4.35-4.38 ppm and the CHOH of the AHPA moiety at 4.07 ppm 

correlate to their respective carbonyl carbons at 171.9 ppm and 172.3 ppm. The CHNH 

of the leucyl moiety at 4.35-4.38 ppm also correlates to the leucyl CH2 at 39.5 ppm. 

The B-ring proton (5.04-5.08 ppm) at the point of ester conjugation correlates to the 

neighbouring double-bonded carbon at 125.8 ppm and the ArC at 139.4 ppm.

The ’H NMR spectrum of 4.16 is shown in Figure 4.2 with isolated spins systems 

overlaid in Figure 4.3.

The HSQC spectrum of 4.16 is given in Figure 4.4. The carbon spectra are shown in 

Figure 4.5 and the HMBC spectrum of 4.16 is shown in Figure 4.6.
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Figure 4.5 Carbon spectra o f 4.16

IR characteristics indicative of the ester include a C = 0 absorption at 1722.3 and C -0  

absorptions at 1236.4 and 1112.9. The bands at 3499.2 and 3385.6 indicate the N-H of 

the amide bond and the 0 -H  o f the alcohol respectively. Stretches at 2931.4 cm ' and 

2895.3 are indicative o f C-H alkane bonds. The sharp absorption at 1692.4 indicates an 

amide C=0. Aromatic character is seen at 1512.8 and the =C-H o f the alkene absorbs 

at 702.9.

The IR spectrum of 4.16 is shown in Figure 4.7 below.
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Figure 4.6 HMBC spectrum o f 4.16 showing proton-carbon correlation over two to 
four bonds
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4.3 Evaluation of the ester conjugates 4.15 and 4.16

The ester conjugates 4.15 and 4.16 both displayed solubility to a concentration o f 300 

|iM in 5% DMSO and 800 |j M in 10% DMSO in buffered saline. Given the ready
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hydrolysis o f ester bonds, it was decided to carry out a pH-stability study on 4 .16, 

representative o f the aliphatic ester conjugates.

The pH-stability profile and plasma half-life o f 4.16 were studied as for 2 .3 . Solutions 

were prepared at a concentration of 100 in aqueous buffers from a 2 mM stock 

solution o f 2.3 in dimethyl sulfoxide (DMSO). The final concentration o f DMSO in the 

buffered solutions was 5%. Buffers over the pH range o f 5.8 -  8.0 were prepared by 

mixing two stock isotonic buffer solutions to give solutions o f different pH but equal 

ionic strength (See Chapter 2). Solution pH was measured at 25 °C ± 1 °C. The pH 

meter was calibrated before use with standard buffers at pH 4.0, 7.0 and 10.0. Solutions 

were incubated in the Accela LC system autosampler at 25 °C for 2 h during which 

time aliquots were taken every 10 min and analysed directly by HPLC-MS for 

remaining hybrid and hydrolysis products.

Variable ^'oA^(min■‘) ti/2 (min)

pH 5.8 0.0200 34.7

pH 6.6 0.0183 37.9

pH 7.4 0.0146 47.5

pH 8.0 0.0246 28.2

WFI (pH 5.8) 0.0055 126.0

Tween/ WFI 0.0139 49.9

Table 4.1 Half-lives and first-order rate constants for the hydrolysis o f  4.16 in 
various media

We monitored the generation o f bestatin alongside the degradation o f 4.16 (Figure 4.9).

While the rate of generation o f bestatin matched the rate of degradation o f 4.16, mass 

balance was not seen with the generation o f the di-ol. In fact a second entity was seen 

by LCMS to be generated. Based on the mass o f the ion and an understanding o f the 

mechanism of ester hydrolysis, taking the neighbouring double bond into account, this 

was hypothesised to be the eliminated di-ene 4.18 (Scheme 4.12).

122



♦  pH 8.0 

■  ph 7.4 

A  pH6.6 

X pH 5.8 

X \ N F \

•  Tween/W l

6 8 
Time (min)

Figure 4.8 First-order plots showing the degradation o f 4.16 in various media

45 

40 

_  35

1 30
c
.2 25

20

15

10

5

0

♦  ♦

♦  4.16

■  Bestatin

10 15

Time (min)

Figure 4.9 Decrease in concentration o f 4.16 and corresponding increase in 
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\ ^ C H

H ,C

O

(4 .15)X  = NH2
(4.16) X = OH

(4 .17)X  = NH2
(4.18) X = OH

Bestatin (1.7)

Scheme 4.12

We decided to characterise this compound in order to confirm its identity. The di-ene 

could be generated in the lab by treating the free di-ol in solution in DCM with 2M aq 

HCl. The retention tim e and ionisation pattern o f the resulting product matched that o f 

the degradation product o f 4 .16, thus confirming our suspicions. This product had been 

assessed by Hudson as a tubulin-polymerisation inhibitor in its own right and was 

found to be almost nine times less potent than the parent di-ol, 1.6 . We concluded that 

administration o f  the aliphatic ester conjugates 4.15 and 4.16 would result in the 

generation o f bestatin and a tubulin polymerisation inhibitor o f lower potency.

Rather surprisingly then, these hybrids displayed significant activity in MTT studies 

carried out by Katerina Prokopiou. 4.15 exhibited an IC50 o f 0.63 ± 0.24 nM  against 

PC-3 cells and an IC50 o f 0.25 ± 0.09 |jM  against HUVECs. 4.16 was slightly more 

active against PC-3 cells with an IC50 o f  0.17 ± 0.06 ^M , but less active against 

HUVECs, with an IC50 o f  2.50 ± 1.44 |iM. To put this in perspective, the aniline 3 .10, 

our most potent compound so far exhibited an IC 50 o f  9.70 ± 0.88 nM against PC-3 

cells and an IC50 o f  17.90 ± 9.07 nM against HUVECs. This data suggests that the 

tubulin-binding agent responsible for cytotoxicity is in fact the conjugate and not the 

eliminated di-ene. To confirm this hypothesis, both compounds 4.15  and 4.16 were 

tested at a concentration o f  1 |iM  in the standard tubulin polymerisation assay. The 

aniline performed better than the phenol, with 26.60 ± 0.85% inhibition compared to 

19.65 ±  0.49%  inhibition. These results prove that the intact hybrids retain their 

tubulin-binding ability.
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Both hybrids compared favourably to bestatin in APN inhibition assays (IC5o4.15 8.11 

± 0.35 |iM, IC50 4.16 8.22 ± 0.32 fiM, IC50 1.7 26.48 ± 1.42 nM), confirming the 

conclusion that esterification or enhanced lipophilicity increases the APN-inhibitory 

activity o f bestatin analogues. The hybrids displayed similar potency against APN in 

HUVECs, with IC50 values less than one ninth that of bestatin (4.15 IC50 2.64 ± 0.41 

|iM, 4.16 IC50 2.44 ± 0.21 |iM). In PC-3 cells, the phenol 4.16 was significantly more 

active than the aniline 4.15 with regard to APN inhibition (4.16 IC50 2.67 ± 0.71 nM,

4.15 IC50 o f 23.56 ± 7.05 |jM), in agreement with the MTT data, but even the aniline 

was between two and five times more potent than bestatin (IC50 of 87.97 ± 22.60 |iM).

The half-life o f 4.16 in plasma was determined to be 69.55 ± 1.91 min. This was 

slightly longer than that o f the aniline, 4.15, at 58.45 ± 11.53 min. These values are in 

approximate concordance with the calculated half-life of the allylic ester in buffered 

solution at pH 7.4. The slight prolongation o f half-life in plasma may in fact be due to 

the protective matrix provided by the inclusion of 5% Tween which was used as a 

cosolvent in the plasma studies. Bestatin was found to be generated cumulatively, 

reading a concentration of 33.32 ± 5.11 |jM at 60 min. The discrepancy between [%

4.16 degraded] and [% bestatin generated] can be accounted for by the rate of 

metabolism o f bestatin in plasma.

Overall a positive result, despite the poor tubulin-binding activity of the degradation 

product, the incentive arose to investigate further the enhanced activity that conjugation 

confers on these hybrid drug components. In the next section we focus on the more 

stable amide conjugate hybrids.

4.4 Synthesis of the amide analogues of 4.15 and 4.16

Substitution of the T  hydroxyl with an amine followed a procedure optimised by
QQ

Hudson and applied for our purposes to the chirally pure 5-stereoisomer. The 

cyclised ketone was reduced to the corresponding alcohol with sodium borohydride 

(Scheme 4.13). It was necessary to do this in order to remove the conjugation- 

incentivised tendency towards elimination of the 7’ hydroxyl group. The reaction was 

quenched with brine rather than with acid or base, and the temperature was kept below 

45 °C when handling the product in solution during purification in order to minimise



elimination o f the alcohol. The ratio o f the resulting epimers could be derived from 

separate integration of the ’H NMR spectrum for each epimer.

H3
H ,

CH

• II O — Si C H

CH
NaBHi 

 *
M eO H , 0 °C, 1 hr  

(9 0 % )

HjC'

H ,C ,

C H

• I I  O — Si' CH

C H

H O

(2.12) ,y (4 .19)

Scheme 4.13

The free alcohol 4.16 was protected as an acyl ester using acetic anhydride with DMAP 

and DIPEA as a tertiary base (Scheme 4.14). This was done in order to allow 

manipulation of the T  hydroxyl group in its presence.

H ,
CH

' 11 O — Si' C H
c CH

H O

AC2 O, D M A P ,  
D IP E A

 *-
D C M , N 2 . 0 °C, 4 hr  

( 100%)

H ,
CH

• I I  O — Si CH
C.

CH

HjC

(4 .19) (4 .20 )

Scheme 4.14

Next the silyl group was removed from the 7’ alcohol using TBAF in THF. This was 

carried out as before over a period of 6 h at room temperature. Again, care was taken 

during the work-up of the reaction in order to minimise elimination of the free 

hydroxyl group, although this was less favoured now that the molecule contained less 

conjugation.
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The alcohol 4.21 was activated as a mesylate by treatm ent with methane 

sulphonylchloride in the presence o f  DIPEA (Scheme 4.15).This was done to facilitate 

subsequent substitution by an azide ion.

Hj C

H , C
■ I  OH MeSCI

DIPEA

DCM, Nz, 0 °C, 1 hr 
(95%)

“ 3

H,

O CH

s= o

O

H , C

(4.22)

Scheme 4.15

Substitution with sodium azide occurred smoothly at 80 °C although a prolonged 

reaction time o f  36 h was required (Scheme 4.16). These conditions proved more 

favourable however to a shorter reaction time and a higher temperature.

0  CH

s= o

NaN,

DMF, 80 °C, 36 hr 
( 100%)

(4 .22) (4 .23)

Scheme 4.16

The next step involved base hydrolysis o f the acetate to yield the benzylic alcohol 4.24 

which was then oxidised directly. Dess Martin periodinane was again chosen over 

pyridinium dichromate as the oxidizing agent because o f  its ease o f  use and efficiency 

(Scheme 4.17).
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Nj DMP

HO DCM, RT, 5 min 
(95% )

O

(4 .24) (4 .25)

Scheme 4.17

It was deemed wise to carry out tiie oxidation immediately without prior 

characterisation of the alcohol given the known liability of the benzylic hydroxyl group 

to eliminate and increase the level of conjugation of the molecule.

Previous experience had shown that the azide was not stable to the Suzuki coupling 

conditions Therefore it was necessary to convert it to a protected amine at this stage 

along the synthesis. The azido functionality was reduced by palladium-catalysed 

hydrogenation and protected in the presence of di-?er/-butyl dicarbonate in one pot to 

yield the corresponding /Boc-protected amine (Scheme 4.18).

Scheme 4.18

The protected amine was not stable to LDA which had been used for the corresponding 

synthesis of 3.1 and so the keto-enolate was generated with potassium bis 

(trimethylsilyl) amide, a milder base. Subsequent in situ reaction with A^-(5-chloro-2- 

pyridyl) triflimide yielded the triflate in excellent yield (Scheme 4.19).

rBocaO, 
1 0 % P d /C , Hi

O EtO H :EtO A c 1:1, RT, 16 hr 
(75% )

O

(4 .25) (4.26)
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H ,

(i) 2 h r, (ii) 3 hr, 
T H F , N 2 , O X  

(93% )

O

o o

(4 .2 6 ) 

Scheme 4.19

(4 .2 7 )

It was necessary to convert the bromo-phenol to the boronic acid before Suzuki 

coupling to the triflate. This was carried out by initial lithiation o f  2.17 followed by 

subsequent substitution with tri-isopropyl borate (Scheme 4.20).

CH3
C H ,

(2 .17 )

( i) «B uLi 
(ii) B (O Pr')3 , HCI

(i) 20  m in  -7 8  °C, 
(ii) 2 h r -7 8  °C,

1 h r -20  “C, 12 h r R T, 
T H F , N2 

( 8 6 %)

HO^ ^OH

H ,C

I “' i X
3
C H ,

— St C H j  

C H ,

(4 .2 8 )

Scheme 4.20

The triflate was then coupled without complication to the respective boronic C-rings 

under Suzuki coupling reaction conditions as before. In order to conserve selectivity 

between the 7 ’ amine and the aniline, the boronic ester o f  the free aniline rather than 

the rBoc-protected aniline was coupled to the triflate to generate the aniline equivalent 

(Scheme 4.21). The aniline was then Fmoc protected simply using Fmoc chloride and 

DIPEA in THF to give 4.31 (Scheme 4.22). This allowed subsequent orthogonal 

manipulation o f  the differentially-protected amines.
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Scheme 4.21
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H,C
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F m ocC l, D IP E A
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( 100%)

(4.30) 

Scheme 4.22

H3

H ,

H , C CH

CH

(4.31)

The tBoc group was removed in DCM acidified with HCl gas in order to avoid aq. 

work-up. A^-/Boc-bestatin could then be coupled directly to the free amine of 4.32 and 

4.33 because of the superior nucleophilicity of the amine compared to the hydroxyl 

group of bestatin (Scheme 4.23). DMAP was excluded from the reaction in order to 

minimize the risk of racemisation.



^ 3^  CH

H,C,

NHj

3 .1 7 , PyB rop, HjC, 
D IPEA

H , C

DCM , N 2, RT, 6 hr 
(7 6 -  92% ) CH

X = 0-/BDMSi (4.32) X = 0-/BDMSi (4.34)
X = NH-Fm oc(4.33) X = NH-Fmoc (4.35)

Scheme 4.23

The Fmoc and silyl protecting groups were removed with TBAF before deprotection of 

the aliphatic amine for ease of purification o f 4.36 and 4.37 by flash column 

chromatography. Removal of the rBoc group was left to the final step in the sequence 

since the free amines generated are too polar to allow purification by normal phase 

column chromatography (Scheme 4.24). The rBoc group was removed in DCM 

acidified with HCl gas and upon completion, the solvent was simply removed in vacuo. 

Residual HCl was washed from the product with diethyl ether. This is a very clean 

method of /Boc group removal.

H,C.

■ i lOH

HCl gas

DCM, RT, 1 hr 
( 100%)

HjC

cr

C.

Hj C

X = OH (4.36) 
X = NH2(4.37)

X = OH (4.38) 
X = NH2 (4.39)

Scheme 4.24
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4.5 Confirmation of identity of 4.38 and 4.39

The NMR and IR spectral patterns are largely conserved between the amide conjugates 

and the ester conjugates discussed in the previous section so will not be discussed in 

the same detail here. However, there are some differences o f note, relating to the mere 

replacement o f an oxygen atom with a nitrogen atom. Oxygen is more electronegative 

than nitrogen. Therefore the deshielding effect o f the amide conjugate on the B-ring 

protons is slightly less than that observed with the ester conjugates. As a result, the 

proton at the point o f conjugation (CHC=C) resonates further upfield than on the 

spectra o f the ester conjugates. From the 'H  NMR spectrum of 4.38 below (Figure 

4.10), we can see that this proton resonates as a double triplet (J  = 9.0 Hz, 6.0 Hz) at 

4.39 ppm. This compares to a resonance value o f 5.04-5.08 ppm for the corresponding 

proton on the spectrum o f the analogous 4.16.

Most o f the NMR signals are otherwise relatively conserved between the two types o f 

conjugates. The HSQC spectrum of 4.38 is shown in Figure 4.11 and the carbon 

spectra are given in Figure 4.12.

3.82 3.80 3.78 ppm

1.00 0.981.02 ppm
3.92 3.90 ppm

1.53.5 3.0 2.5 2.05.0 4.5 4.07.0 6.5 6.0 5.5 ppm

!&( isilsl W ''ŝ  j s l  ie| jŝ s'g'l 'isLl 'ifej' 's’ "d js'
|«9l o:!v^! Id! :d  lo l l^ l <nl I ' ^ . l o l  1^1 .o  «ol

Figure 4.10 Proton spectrum o f  4.38
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Figure 4.11 HSQC spectrum o f 4.38
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Figure 4.12 Carbon spectra o f  4.38

IR absorptions indicative of the amide and amine bonds are seen at 3410.5 cm'* and

3315.7 cm ' (N-H), 1647.3 cm'* (C=0) and 1034.2 cm'* (C-N). The alcohol of bestatin 

is evidenced by an 0-H  absorption at 3499.2 cm"' and a strong stretching C -0 cm"' at 

and 1112.5 cm'*. Aromatic character is evidenced at 1512.6 cm'*. Alkane C-H 

absorptions are seen at 2932.9 cm'* and 2851.2 cm *. A strong alkene =C-H is found at

839.7 cm'*.

The IR spectrum of 4.38 is given in Figure 4.13 below.
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Figure 4.13 IR spectrum o f 4.38

4.5 Stability and solubility o f 4.38 and 4.39

The amide conjugates were soluble up to 200 |aM in 5% DM SO and 500 in 10% 

DMSO in buffered saline. The hybrid m olecules 4.38 and 4.39 were found to be less 

than 10% degraded after 24 h in aq. buffered solution. A plasma stability study was 

carried out as described in Chapter 2 and 4.38 and 4.39 were found to have plasma 

half-lives o f  347.6 ± 56.3 min and 274.1 ± 17.3 min respectively. Bestatin was not 

detected as a measurable product o f  m etabolism in plasma. It is likely that the presence 

o f  bestatin in the hybrid structure acts to inhibit ubiquitous dipeptidases in plasma, thus 

prolonging the residence time o f  these drugs. It is therefore crucial to this drug design 

that the compound can exert its biological effects as an intact structure.

4.6 Activity o f the am ide conjugates 4.38 and 4.39

The amide conjugates exhibited good activity in the M TT study carried out by Katerina 

Prokopiou, though they were not as potent as the ester analogues. The phenol 4.38 

exhibited an ICsoof 12.05 ± 3.31 nM  against PC-3 cells and an ICsoof 4.71 ± 0.52 ^iM 

against HUVECs. The aniline 4.39 exhibited an IC50 o f  7.11 ± 1.60 |aM against PC-3 

cells and an IC50 o f  7.30 ± 2.63 |iM  against HUVECs. In accordance with the MTT 

data, the amide conjugates performed less well in the standard tubulin polymerisation
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inhibition assay when compared to the ester conjugates. 4.39 exhibited 8.50 ± 1.65% 

inhibition at a concentration of 1 |iM compared to 26.60 ± 0.85% inhibition for its ester 

analogue.

It is likely that the stable conjugation of the amide bond is the reason for the reduced 

potency in the cytotoxicity assay. On the other hand, these results do not rule out the 

possibility that conjugation may confer an advantage on these drugs in an in vivo 

context. For example, the effect that conjugation has on the partition coefficient of each 

drug moiety may in fact improve delivery of the hybrid to the tumour mass.

In the APN assay, the phenol was again more potent than the aniline in inhibiting APN 

in PC-3 cells (IC50 6.93 ± 1.98 |iM compared to IC50 21.60 ± 4.94 ^M). Both 

conjugates were significantly more potent than free bestatin in inhibiting APN in PC-3 

cells and HUVECs. The amide conjugates were significantly less potent than the ester 

conjugates in all the APN studies. For example, the amide aniline demonstrated an IC50 

of 20.41 ± 0.65 )iM against the isolated protein compared to the ester aniline which had 

an IC50 of 8.11 ± 0.35 |iM. Therefore it can be concluded that while conjugation to a 

lipophilic moiety potentiates the activity of bestatin, it is also advantageous that the 

conjugate can release bestatin, presumably once it reaches the active site of the 

enzyme, thus facilitating enzyme-drug binding.

A quantity of 4.39 was synthesised sufficient to carry out an in vivo study using nude 

mice inoculated with PC-3 tumour xenografts. The study was carried out by Katerina 

Prokopiou as described in Chapter 2. 4.39 was administered at a dose of 40mg/kg i.p. 

on alternate days over for 2  weeks and compared to a 1 : 1  combination of an equimolar 

dose of each of 2.3 and 1.7, administered under the same conditions. Following tumour 

growth measurements and histological studies, no significant advantage of 4.39 was 

demonstrated over the combination.

4.7 Prodrugs of 4.39

In addition to improved pharmacokinetics (solubility, cell uptake, plasma residence 

time etc.), another rationale behind designing a prodrug that depends on enzymatic 

activation is that differential tissue expression of an enzyme can be exploited to
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achieve some selectivity of active drug distribution. This has been successfully 

demonstrated with the MMP-substrate prodrug, ICT2588 Mixed results have been 

reported for a simple amino acid promoiety. For example, de Jong et al. synthesised a 

leucyl conjugate of the DNA-intercalator doxorubicin with a view to circumventing its 

characteristic cardiotoxicity Free doxorubicin was generated rapidly from the 

prodrug following i.v. administration (12 mg/kg) in mice. The percentage of prodrug 

activation was found to be 30%, 26% and 16% in plasma, heart and tumour tissue 

respectively. Premature (plasma) activation of the leucyl prodrug of methotrexate 

proved again to be a problem in studies carried out by Smal et al.

It was therefore proposed as a novel prodrug design to incorporate a general inhibitor 

of prodrug activation into the prodrug structure such that prodrug activation would be 

inhibited at normal plasma APN levels but would proceed rapidly in tissues which 

over-expressed the enzyme to a level sufficient to overcome the inhibitor effect.

It was thought that the aniline of compound 4.39 was an ideal point for conjugation to a 

promoiety, as was investigated in Chapter 3. Furthermore, compound 4.39 required the 

use of 5% Tween 80 as a cosolvent when it was being formulated for our in vivo study. 

Therefore it was desirable to synthesise its more soluble amino acid conjugate. 

Compound 4.39 was preferred over the 7’OH-conjugates since they were shown to 

degrade to the eliminated products 4.17 and 4.18 which had significantly compromised 

tubulin-binding activity. In addition, the superior stability of the amide conjugates over 

the ester conjugates would allow for ease of monitoring the fate of the prodrugs in 

vitro. It was also demonstrated in Chapters 2 and 3 that the anilide conjugate 

constitutes a prodrug with an extended half-life and significant pharmacokinetic 

differences to the parent drug whereas the phenolic ester reverts rapidly to the phenol 

in plasma. Therefore 4.39 was selected for prodrug development.

Building on the strategy of targeting the aminopeptidases APN and APA which are 

known to be upregulated in tumour tissue. Leu and Glu were again the promoieties of 

choice to be conjugated onto the hybrid molecule.

Synthesis of the prodrugs involved a simple coupling step prior to deprotection of the 

conjugated bestatin (Scheme 4.25)
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X = A^-/Boc-Qu-0-/Bu (4.41)

Scheme 4.25

Subsequent removal o f the /Boc groups in DCM acidified with gaseous HCl yielded 

the desired prodrugs 4.42 and 4.43 in quantitative yield (Figure 4.14). Upon complete 

deprotection, the solvent was removed in vacuo and the salt products were washed of 

residual HCl using diethyl ether.

H jC

HjC

■ . OH

C H

NH

H jC - — s'
'  r ' U

N H , ^ ^ 3

H jC

■■ OH

CHj

O

OH

NH

N H ,

(4.42) (4.43)

Figure 4.14 Hybrid prodrugs 4.42 and 4.43
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4.8 Confirmation o f identity o f 4.42 and 4.43

The NMR spectra o f  the prodrugs resemble those o f  the active hybrid 4.39 but with 

additional peaks where the protons and carbons o f  the conjugated amino acid 

promoiety resonate. HSQC is particularly useful for simultaneously identifying the 

protons and carbons o f  a new moiety because they correlate to one each other in their 

own unit. In the HSQC spectrum o f  the leucyl prodrug 4.42 we can see duplication o f  

leucyl signals. The methyl protons at 0.97 ppm (d, J  = 5.8 Hz) and 1.00 ppm (d, J  = 

6.5 Hz) correlate to the carbons at 20.8 ppm and 22.3 ppm. The carbon at the point o f  

the dimethyl branching resonates at 24.1 ppm and correlates to CH peaks between 

1.60-1.84 ppm. The leucyl CH2 protons resonate between 1.44-1.72 ppm and correlate 

to carbons at 40.8 ppm and 43.9 ppm.

The CHNHs o f  the two leucyl moieties differ by their resonance however. The amine 

o f the anilide leucyl is free and therefore the CHNH resonates slightly upfield at 3.38 

ppm (td, J  =  6.8 Hz, 3.0 Hz). This peak appears as a triple doublet because the proton 

couples foremost to the two protons o f  the leucyl CH2 and the resulting triplet is split 

again by a proton o f  the neighbouring amine. The leucyl o f  bestatin is conjugated at 

both the N- and C-terminus by an amide bond and therefore this leucyl CHNH 

experiences a greater pull on its electrons causing it to resonate downfield at 4.17-4.22  

ppm (m). Both protons correlate to carbons at 47.8 ppm however, thus confirming the 

identity o f  the alpha carbonyl in each case. Finally, the leucyl promoiety contributes a 

further carbonyl carbon which resonates at 174.0 ppm.

The 'H NMR, HSQC and carbon spectra o f  4.42 are shown in Figures 4.15, 4.16 and 

4.17 respectively.
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Figure 4.16 HSQC spectrum o f 4.42
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Figure 4.17 Carbon NMR spectra o f 4.42

The four glutamyl CH 2 protons o f  the prodrug 4.43 can be identified as additional to 

the parent hybrid 4.39 at 1.92-1.99 ppm (m ), 2 .10-2 .16 ppm (m) and two at 2 .55-2 .64  

ppm (m). These peaks appear as multiplets because each proton couples to the 

neighbouring two CH 2 protons and is then split again either by germinal coupling (in 

the case o f  the gamma protons) or by the proton on the alpha carbon (in the case o f  the 

beta protons). These protons correlate to carbons at 25.0 ppm and 28.1 ppm 

respectively.

The alpha carbon o f  the glutamyl residue resonates at 51.0 ppm and the proton on this 

carbon can be identified by HC-correlation at 3 .50-3 .54 ppm (m). The glutamyl side 

chain carbonyl resonates at 172.8 ppm and the glutamyl amide carbonyl resonates at 

172.0 ppm. These resonance values agree with those o f  the glutamyl prodrug in 

Chapter 3.

IR evidence o f  the amide (N -H ), amine (N -H ) and alcohol (0 -H ) bonds are found in 

the region 3200-3600 cm ' but these bands are weak relative to the dominating alkene 

=C-H bending bands at 734.2 cm"' and 702.1 cm"'. Other diagnostic bands include the 

C = 0  stretch at 1670.4 cm '. Alkane absorptions are seen at 2960.5 cm ' (C-H) and at 

1489.2 cm'' (-C-H). An alcohol C -0  band can be seen at 1130.5 cm '.
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4.9 Evaluation of 4.42 and 4.43

As we have already discussed, the Glu- and Leu-anilide prodrugs do not have intrinsic 

tubulin polymerisation-inhibitory activity but are “activated” by plasma and cell 

membrane enzymes, predominantly APA and APN, respectively, which are 

upregulated in tumour tissue. Our major interest with respect to the potential 

superiority o f the prodrugs over the parent drug is in relation to aq. solubility, plasma 

half-life and site-specific activation.

The prodrugs 4.42 and 4.43 exhibited enhanced aq. solubility, up to 500 |jM in 5% 

DMSO in PBS, compared to the parent 4.39. The plasma half-lives were estimated 

from a plot o f log fraction prodrug remaining versus time. The Leu prodrug exhibited a 

plasma half-life o f 474.80 ± 1.84 min while the Glu prodrug had a plasma half-life of 

735.10 ± 45.40 min. This compares favourably to the parent aniline which was found 

to have a plasma half-life o f 274.10 ± 17.25 min.

The co-presentation of an enzyme inhibitor and the associated substrate as a promoiety 

poses some problems when evaluating the rate of activation o f the prodrug. It is 

difficult to measure the absolute inhibitory potency o f the conjugated bestatin moiety in 

the presence o f the promoiety which presents itself as a substrate competing with Leu- 

p-NA in the standard spectrophotometric enzyme inhibition assay. Secondly, the 

efficacy o f a competitive enzyme inhibitor is conventionally assessed by the effect it 

has on the Michaelis-Menten constant (Km) of the enzyme. Competitive enzyme 

inhibitors such as bestatin cause an increase in the o f the enzyme in relation to a 

substrate. The Âm is derived from a plot o f initial velocity (Fj) (i.e. the rate o f enzyme 

activity when the substrate is in excess) against substrate concentration. The Km of 

APN is reported in the literature as 0.1 mM allowing for a preference for neutral 

amino acids including leucine. The K  o f bestatin relating to APN (i.e. the affinity of 

the enzyme for the inhibitor) is reported at 0.004 mM A K  lower than the Km 

indicates a potent inhibitor. In the case of 4.42, a non-convention exists in that the 

substrate is inextricably associated with the inhibitor. Therefore, as we vary the 

concentration o f the substrate, the concentration o f the inhibitor is also varied. It was 

therefore decided to assess the effect of the intrinsic aminopeptidase-inhibitory 

character o f 4.42 on the rate o f activation o f the prodrug by comparing the rate of
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activation o f 4.42 to that of the non-inhibitory analogue, 3.12, in the presence o f known 

concentrations o f APN.

We studied the two Leu prodrugs, 4.42 (bestatin conjugate) and 3.12 (no APN- 

inhibitory moiety) in parallel in physiological HEPES buffer, pH 7.4 at 37 °C in the 

presence o f APN isolated from porcine kidney microsomes. The assay was set up 

similarly to the plasma studies. Solutions were prepared at a concentration of 100 |iM 

in HEPES buffer (adjusted to pH 7.4) from a 2 mM stock solution o f the drug in 

dimethyl sulfoxide (DMSO). The final concentration o f DMSO in the buffered 

solutions was 5%. Solution pH was measured at 37 °C ± 1 °C. The pH meter was 

calibrated before use with standard buffers at pH 4.0, 7.0 and 10.0. Colchicine 5 |xM

was added as an internal standard. APN solution (0.1 mU APN; assay concentration

ImlJ/mL) was added to the drug-containing Eppendorf vials immediately before the 

assay clock was started. Solutions were incubated at 37 °C for 10 h. 50 |iL aliquots 

were taken every hour and added to 75 acetonitrile to quench enzyme activity. The 

mixture was vortexed for 1 min followed by centrifugation at 10,000 rpm for 5 min at 0 

°C. Supernatant (75 |j L) was added to 0.001 M HCl (75 nL) in a new Eppendorf 

centrifuge tube. This was vortex mixed again and 100 |iL o f the solution was placed in 

a micro-insert for HPLC analysis. The final dilution factor o f the analyte was 5. The 

final concentration o f the internal standard was 1 |j M. The assay was repeated with 

increasing concentrations o f APN (5mU/mL, 400mU/mL, lU/mL). At the higher 

enzyme concentrations, the sampling interval was decreased to twenty minutes.

The concentrations o f APN used in the assay were directed by:

1) the approximate APN-like aminopeptidase activity o f healthy plasma, as

determined from the degradation rate profile o f 3.12

2) the IC50 value of 4.39 against APN activity as determined by a

spectrofiuorimetric assay which measured the rate o f hydrolysis o f Leu-NA 2.2 

mM by APN 40mU/mL.

In theory, a 4.42 concentration of 100 |jM should effectively inhibit APN activity by 

50% at an APN level o f approximately 320 mlJ/mL. The generation o f the active drug 

should not therefore be observed with 1 mlJ/mL APN. Indeed almost 75% of the initial 

concentration was still detectable after 4 h incubation. The half-life o f 4.42 at this



concentration o f APN was calculated to be 622.11 min. On the other hand, the prodrug 

3.12 which has no inherent APN-inhibitory character was rapidly hydrolysed by the 

enzyme at 2.5 mU/mL (Figure 4.18) and 5mU/mL. Its half-life at these respective 

enzyme concentrations was found to be 26.75 min and 12.33 min.
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Figure 4.18 hydrolysis o f 3.12 with 2.5 mU/mL APN

At 400 mU/mL APN, hydrolysis of 4.42 became more significant and the generation of 

the active drug could be detected, but not at the rate that is achieved by the enzyme in 

the absence of an inhibitor. The half-life o f 4.42 at this enzyme concentration was 

estimated at 1.22 ± 0.19 h (Figure 4.19).

Finally, at a concentration o f 1 U/mL APN, the prodrug was rapidly activated and its 

half-life was reduced to 45.92 min.

Taking a sample theoretical dose of 40mg/kg in mice (average body weight 25 g, blood 

volume approximately 1.46 mL ^^ )̂, the expected plasma level o f drug given 100% 

bioavailability would approximate ImM. Deriving from the enzyme inhibition profile 

o f the hybrid drug, we can estimate that this concentration o f prodrug will inhibit 50% 

o f the activity o f APN at a level of 3.3 U/mL. It therefore became essential to establish 

whether or not this level of APN has been reported in tumour tissue or in the serum of 

cancer patients. A review of the literature was carried out and various estimations of 

APN activity are detailed below.
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Figure 4.19 hydrolysis o f  4.42 with 400 mU/mL APN

Studies which have been documented with the objective o f comparing the activity o f 

APN in the plasma o f cancer patients relative to healthy patients, or that o f malignant 

tissue relative to healthy tissue present mixed results. On the one hand, the opinion is 

generally held that APN cell membrane expression is upregulated in malignant tissue 

and that plasma soluble APN levels can be correlated to tumour stage It has

been suggested that the increase in plasma APN activity is due to the shedding of 

membrane APN from tumour cells or from endothelial cells lining the tumour vessels 

In some cases however, no significant correlation has been found between 

malignancy and APN activity and other studies report decreased APN expression in
298 •malignancy . The discrepancy in results may be due to a number o f factors such as 

differences in method o f detection or quantitation (immunofluorescence, 

electrochemiluminescence, enzymatic hydrolysis o f a chromogenic substrate, mRNA 

probes) or uncertainty as to where APN is located (tumour cells or tumour vessel 

epithelia/pericytes).

The APN activity o f a population o f PC-3 cells (150 ^L, 1 x 10^ cells/mL) was 

determined spectrophotometrically to be 3.25 ± 0.44 mU/1.5 x 10  ̂ cells (See Chapter 

5). 4.42 was incubated at a concentration o f 6 |iM in a PC-3 cell suspension o f cell 

population density determined at 1 x lO’ cell/mL. Samples were taken at 30 min 

intervals, extracted into acetonitrile (see Chapter 5) and analysed by LC-MS. At this
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cell density, the active drug 4.39 was generated at a rate o f 18 nM/min. This result was 

in concordance with our estimations based on the APN inhibitory potency of 4.39 and 

the calculated APN activity of the PC-3 cell population. The generation of 4.39 from 

4.42 incubated at 37 “C in a PC-3 cell suspension is shown in Figure 4.20.

Perez et al. reported the APA and APN activity of head and neck tumour tissue to be 

more than twice that o f normal tissue as measured by a standard fluorometric substrate 

assay but still the levels fall well below that estimated necessary to activate the 

prodrug 4.42 administered at a dose of 40mg/kg in mice. Tumour APN activity was 

reported at 6.0 ± 0.8 x 10'^ mol/min/mg, in other words, 6.0 ± 0.8 mU/mg tissue.
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Figure 4.20 Generation o f 4.39 from 4.42 by PC-3 cells

Aouzuka et al. reported the APN activity o f HUVECs, as measured by a chromogenic 

substrate assay, at 1.25 mU/mL at a cell density o f 1 x 10“* cells/100 |iL Gabrilovac 

studied the HL-60 leukaemic cell line and reported the APN activity at 37.5 pmol/1 x 

10“̂ cells/min, or 3.75 x 10'^ U/1 x lo"* cells and, following a second study, at 5.42 

X 10'^ U/1 X 10"* cells as determined by a chromogenic substrate assay. Mishima et 

al. reported the activity o f the HL-60 cell line at O.lnmol/1 x 10  ̂ cells/min, or 2 x 10'^ 

U/I X 10  ̂cells Murray et al. reported the APN activity o f HL-60 leukaemic cells at 

7.71 nmol/min/lO’ cells, or 7.7 mU/10^ cells
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Grujic et al. reported the APN activity of U937 lymphoma cells and K562 leukaemic 

cells at 4.5 mU/1 x lO '̂cells and 5.0 mU/1 x 10'’ cells respectively, as determined by a 

chromogenic substrate assay Mishima et al. reported the APN activity of these cell 

lines at 0.4 mU/1 x 10̂  cells and 0.2 mU/1 x 10  ̂ cells respectively approximately 

1/100 to 1/250 that reported by Grujic et al.

Clearly there is some discrepancy in the quantitation of APN activity by various 

groups. This might be due to the use of different concentrations of substrate, since the 

rate of production of the UV-active nitroaniline depends on the concentration of the 

substrate. The next question to ask is whether the cell density of tumour tissue is such 

that the level of APN expressed per mg protein is sufficient to activate 4.42 

administered at a dose of 40 mg/kg in mice. Sauter et al. reported the leukaemic cell 

count of acute myelognous leukaemia (AML), acute lymphoblastic leukaemia (ALL) 

and chronic myelogenous leukaemia (CML) at 2 x lO^cells/mL At this cell density, 

the theoretical APN activity in the blood of a mouse transfected with K562 leukaemia 

should reach 5U/mL, according to the activity reported by Grujic et al. for this cell line 

Indeed, tumour cell densities have been reported above 12,000 cells/mm^ in uterine 

cervical cancer and up to 10,000 cells/mm^ in gliomas a cell density which

could theoretically sustain an APN activity level capable of activating the prodrug load 

within hours or even minutes, certainly within the plasma residence time of the drug.

Obviously the suitability of the prodrug as a therapy option for cancer patients will 

depend on the enzyme expression profile of the tumour cells and the density of the 

tumour cells even before consideration is given to the impact of tumour cell density on 

drug bioavailability and cell survival. Whether or not the targeted drug accumulates 

preferentially in the tumour tissue or diffuses back into the general circulation is the 

crucial question. Unfortunately, a comparative study of drug levels in tumour 

homogenate versus homogenates of other tissues such as the liver following parenteral 

administration lay outside the scope of this project.

4.10 Comparative anti-angiogenic effects of 4.39 and 4.43

It was decided to study 4.43 and 4.39 in vitro in a bio-mimetic system. An assay was 

developed in-house by Katerina Prokopiou to study the effects of anti-angiogenic
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compounds on the development of vasculature from a guinea pig aorta cross section. 

Extensive reports that the enzyme APA is expressed on the endothelium of very 

immature vessels undergoing angiogenesis and on the pericytes of more mature active 

vessels lead us to consider this assay as a doubly-incentivised study We

hypothesised that the aortic ring culture would provide sufficient APA to hydrolyse the 

promoiety from 4.43. Furthermore, the effect of the drugs on vascular development and 

integrity could be investigated simultaneously.

Active guinea pig aortic cross sections were grown on Matrigel in twelve-well plates 

with nutrient medium containing foetal bovine serum (PBS) at 37 °C over three days. 

The dissection and culture was carried out by Katerina Prokopiou and Dr. John Walsh. 

After three days’ incubation they were procured from the biology lab and washed clean 

of FBS-containing nutrient medium. The angiogenic aortic rings were then incubated 

with prodrug and active drug solutions of a fixed concentration (50 |j M) in nutrient 

medium for another 24 h at 37 °C. Eleven wells were treated with fresh FBS-containing 

nutrient medium and eleven wells were treated with FBS-free nutrient medium. This 

differentiation was designed to determine the effect of FBS on the rate of prodrug 

activation since FBS contains various enzymes including APA. Control aortic ring 

cultures were incubated in medium without drug in order to compare the development 

of vasculature in the absence and presence of angiogenesis inhibitors and prodrugs. 

“Blank” wells contained no aortic ring.

Supernatant liquid was taken after an incubation period of 24 h and added to 2.5 times 

the volume of acetonitrile in order to quench enzyme activity. The samples were 

analysed by HPLC in exactly the same manner as the samples in the plasma study. 

Following microcentrifugation at 0 °C for 5 min, an aliquot of the solution was diluted 

by a factor of two with 0.00 IM HCl and this was analysed directly by HPLC-MS for 

remaining prodrug and generated active drug.

The rate of activation of the bestatin-conjugated prodrug 4.43 appeared slow, with 

approximately 20% of the prodrug detected to remain in the supernatant after 24 h. At 

this time the activated free aniline was detected at approximately 1% of the original 

prodrug concentration. It should be noted, however, that subsequent dissolution of the 

matrigel in 0.1 M HCl and extraction and analysis of the solution suggested that a 

significant fraction of both prodrug and active drug were deposited in the matrix and
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had escaped the initial extraction procedure which had not been validated for this 

matrix. Added to this was the issue of lactamisation of the glutamyl promoiety. It was 

deemed pointless to further pursue or repeat this assay. The preliminary observations 

are presented here however for completeness and illustrative purposes.

No significant difference in anti-vascular activity was observed between the wells 

treated with 4.39 and 4.43 when vessel branching was examined. All drug-treated 

vascular models showed some vascular break-down when compared to the controls. 

This suggests that the prodrug was either sufficiently active to achieve the same effect 

as was achieved in the wells treated with 4.39, or that the bestatin moiety on both drugs 

was largely responsible for the visible effects. It is clear that the prodrug moiety allows 

a sustained release of the active tubulin-binding drug and that a difference in effect 

may have been observed in a study of longer duration or using less developed 

vasculature to start. It is likely that the effects observed were largely due to the activity 

of the bestatin component of the hybrid which is active in both the prodrug and the 

“activated” drug.

Images were captured at magnification x 4 at 10 h and 24 h (Figure 4.21). The strong 

continuous lines indicating the intact vasculature in images A and B contrast 

effectively when compared to the fragmented vasculature depicted in images C and D. 

Furthermore, “loose” pericytes are represented by the scattering of dark cells in images 

C and D indicating detachment and breakdown of the pericyte layer from the vessels.

4.11 Synthesis and evaluation of a tripeptide analog of 4.43

Hudson showed that the tubulin binding ability of 1.6 analogues tolerated peptide 

conjugation at the T  position up to a maximum chain length of two amino acids The 

compounds in that study were racemic mixes of both stereoisomers at the 7’ 

strereocenter. Moreover, only phenols were included in the study. For the sake of 

completion we undertook to synthesise a tripeptide conjugate of the stereoisomerically 

pure aniline in order to confirm the detrimental effect of peptide chain extension on 

tubulin-binding activity using comparative data.
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Figure 4.21 Control vascular development (A and B) and drug-induced vascular 
breakdown (C and D) after 24 h

The linker amino acid previously studied was the acidic amino acid, aspartic acid. A 

patent review o f APN inhibitors suggests that increased lipophilicity enhances the 

APN-inhibitory activity of bestatin . Therefore we chose valine (Val) as a small 

lipophilic amino acid that when acting as a linker unit could potentially enhance or at 

least uphold the activity o f both moieties of the conjugate.

A^-/Boc-Val was coupled directly to 4.33 using PyBroP as the standard peptide 

coupling agent (Scheme 4.26).

Following removal o f the N-tBoc protecting group, the free amine was coupled to N- 

/Boc-protected bestatin 3.17, as before (Scheme 4.27).
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The Fmoc group was removed with TBAF in THF to yield the free aniline, 4.47. 

Finally the /Boc group was removed in DCM acidified with HCl gas.

3.17 ,  DIPEA, 
PyBroP

Scheme 4.27

The final product 4.48 (Figure 4.22) exhibited drastically decreased potency (IC 50 

89.21 ± 10.07 [iM) relative to free bestatin in an APN inhibition assay. This result and 

the evaluated APN inhibitory activity o f  the tripeptide 3.19 both indicate that 

elongation o f  the peptide chain is detrimental to APN inhibitory activity o f the peptide. 

The results o f  the M TT studies supported this observation. PC-3 cell proliferation was
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inhibited by only 8.15 ± 1.5% at 1 fiM and by 18.87 ±9.86 % at 5 4.48. In addition,

tubulin polymerisation inhibitory activity was very significantly decreased (3.4 ± 1.4% 

inhibition at 1 ^M) relative to the dipeptide conjugate.

H,C,

3
• i lOH

H j O
NHj

CH
' C H j

(4 .48 )

Figure 4.22 Tripeptide conjugate 4.48 

4.12 Confirmation of identity of 4.48

The NMR spectra o f 4.48 are very similar to those o f 4.39 but with two extra valinyl 

methyl groups whose protons resonate near those o f the leucyl residue at 0.97 ppm (d, 

J  = 6.5 Hz) and 1.00 ppm (d, J  = 6.5 Hz) and correlate to carbons at 17.1 and 17.9 

ppm. The proton peaks appear as doublets because the protons o f each methyl group 

are chemically equivalent but couple to the beta CH o f valine. The beta carbon o f 

valine resonates at 30.3 ppm and correlates to the proton multiplet at 1.66-1.72 ppm. 

The alpha carbon o f the valinyl moiety resonates at 54.3 ppm and couples to the proton 

at 4.19 ppm (d, J  = 4.2 Hz). It couples only to the beta proton, hence the doublet. 

Finally, the valinyl residue contributes a carbonyl carbon which resonates at 172.8 

ppm.

The 'H NMR spectrum o f 4.48 is given in Figure 4.23 and the HSQC spectrum is given 

in Firgure 4.24.

IR spectroscopic evidence o f the many amide bonds in the molecule can be seen in a 

stretch at 1635.9 cm '', indicative o f the C = 0 bond, and at 3401.4 cm '' and 3293.7 cm' ,  

indicative o f the N-H bond. Aliphatic character, as in the methoxy groups and the 

amino acid side chains, is evidenced by bands at 2931.1 cm ', 1455.8 cm ' and around
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these two regions. The remaining highlighted bands at 1112.7 cm'*, 1029.4 cm '' and 

736.2 cm"' indicate the =C-H alkene bond.

1.4S 1.40 1.35 ppm

3.954.00 ppm 1.00 0.96

1.0 ppm4.0 3.5 3.0 2.5 2.0 1.57.0 6.5 6.0 5.5 5.0 4.57.5

Figure 4.23 'H spectrum of 4.48 with expansions
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Figure 4.24 Carbon spectra of 4.48
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The IR spectrum of 4.48 is given in Figure 4.25 below.
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Figure 4.25 IR spectrum o f 4.48

4.13 Conclusion and future direction

In conclusion, a series o f true hybrid drugs with dual activity were designed. In an 

assay of cytotoxicity in vitro, it was found that conjugation to a dipeptide diminished 

the cytotoxicity o f the tubulin-binding drug even at this point o f conjugation, though to 

a lesser extent that observed with conjugation onto the C ring. On the other hand, it was 

shown that conjugation enhanced the activity o f bestatin but that eventual hydrolysis of 

the conjugate was optimal to allow maximum inhibition o f APN. Given that bestatin is 

known to have anti-cancer effects that are not directly related to its inhibition o f APN, 

it would be erroneous to draw conclusions about the efficacy of these hybrid drugs 

solely on the basis o f an in vitro enzyme inhibition assay. On the contrary, it is possible 

that conjugation, stable or short-lived, may have different effects on the efficacy o f the 

drugs in vivo.

In a further manipulation of the prodrug concept, a novel prodrug was designed with 

inherent delayed-activation character which could theoretically increase the possibility 

o f selective activation of the prodrug in the enzyme-rich tumour environment. It was
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established that this prodrug is not activated in physiological medium, but requires a 

relatively high concentration of enzyme — a level of expression that may be observed in 

pathological tissue. A true investigation o f this concept would require an in vivo 

pharmacokinetics study whereby the proportion o f active drug relative to prodrug in 

selected tissues and organs o f the body could be quantified. This type of study went 

beyond the scope and financial constraints o f this project, but may well be worthy of 

investigation in the future.

In addition, this design o f prodrug may be amenable to the ADEPT or GDEPT strategy, 

whose premise relies on pronounced differences in levels of prodrug-activating enzyme 

between tissues.

154



Chapter 5 -  Biology experimental
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5.0 Biology Experimental

The rate of degradation of each compound synthesised was determined in one or more 

of the following; buffered solution, plasma, PC-3 cell culture or APN-activity medium. 

The activity of each compound synthesised was assessed in one or more of the 

following: APN inhibition assay, tubulin polymerisation inhibition assay, MTT 

cytotoxicity assay*, aortic ring angiogenesis assay*, in vivo toxicity and tumour growth 

study*. In order to transpose any possible deuterium exchange which may have 

occurred in solution with the deuterated solvents required for NMR purposes, the 

compounds were redissolved in a suitable non-deuterated solvent and evaporated to 

dryness. The compounds were then dried in vacuo for several days. Stock solutions 

were prepared in DMSO.

*The in vivo work and the MTT and aortic ring assays were carried out by the in-house 

biologist, Katerina Prokopiou. For the in vivo studies, PC-3 prostate cancer xenografts 

were implanted s.c. and allowed to grow in the hind flank of nude mice for 21 days 

post-transplant prior to initiating therapy. Only tumours that had reached a minimum 

size at this point were used for the study. In order to investigate an advantageous effect 

of the hybrid drug over the simple drug combination, two comparative arms of the 

study were established. In one arm, mice were treated with 2.26 (or 4.39) 40 mg/kg 

(0.06 mmol/kg) i.p. on alternate days for two weeks. In the other arm, mice were 

treated with a combination of the molar equivalent (0.06 mmol/kg) of each of 2.3 and 

1.7. Drugs were administered in solution in water for injection containing 5% DMSO 

and 5% Tween. Control mice were administered the same volume of water for injection 

containing 5% DMSO and 5% Tween (no drug) and kept under the same conditions. 

Tumour dimensions were taken on alternate days using a vernier calliper. After 14 

days, the mice were sacrificed and the tumour dissected for histological studies.

*The MTT cell proliferation assay is based on the principle that metabolically active 

cells take up 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) 

where it is metabolised by active mitochondria into a blue-coloured formazan product
273 5that is quantified spectrophotometrically . Cells were seeded at a density of 5 x 10 

cells/mL in a 96 well plate (100 |iL/well) and incubated at 37 °C for 24 h. Medium was 

then removed aseptically without disrupting the cell monolayer and medium containing 

test compound at the range of concentrations included in the study was added. Volume
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was kept consistent at 100 |iL. After a further 24 h incubation period, 10 |^L MTT 

solution (5 mg/mL) was added under aseptic conditions and incubated for 3 h until a 

purple precipitate is observed. Medium was then removed and formazan solvent was 

added to each well (100 ^L) and incubated for 2 h in a dark room. Absorbance readings 

were taken at 570 nm. Control wells contained no cells but were treated in the same 

manner. Cell survival and proliferation was compared in the presence and absence of 

test compound.

* Active guinea pig aortic cross sections were grown on Matrigel in twelve-well plates 

with nutrient medium containing foetal bovine serum (FBS) at 37 °C over three days. 

Medium was then removed inder aseptic conditions and replaced with medium 

containing test compound. Following incubation for a further 24 h at 37 °C, the 

vasculature was observed under a microscope for evidence of vascular fragmentation 

and endothelial cell blebbing.

5.1 Solubility

Absolute solubility was approximated by phase separation (filtration) and subsequent 

LCMS quantification (according to the guidelines of Petereit et al. In some 

instances, the solubility of the compound exceeded the maximum concentration that 

could be accurately quantified against a linear calibration curve. In these cases, the 

solubility values reported refer to concentrations at which complete dissolution was 

determined visually.

5.2 LCMS: plasma stability, pH stability, APN kinetics and PC-3 cell culture 
kinetics 

5.2.1 Materials

Citrated human plasma was obtained with consent from healthy male and female 

volunteers from the School of Pharmacy and Pharmaceutical Sciences, Trinity College, 

Dublin.
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Methanol, acetonitrile and water were purchased from Fisher Scientific Ireland (LC- 

MS grade). All other reagents were reagent grade and purchased from Sigma Aldrich 

Ireland.

5.2.2 Instrumentation

Vortex mixing was carried out on a Velp Scientifica Rx3® vortex mixer. 

Centrifugation was carried out on an lEC Micromax® centrifugator.

Chromatographic analysis was carried out on a Thermo Accela® liquid 

chromatograph. The detector was a Thermo LTQ-XL-Orbitrap Discovery® mass 

spectrometer. The column used for chromatographic separation was an Acquity 

UPLC® HSS T3, 2.1 x 150 mm 1.8 |xm at 30 °C. Mobile Phase A: 0.1% formic acid in 

water (pH 2.8). Mobile Phase B: 0.1% formic acid in acetonitrile. Flow rate: 250 

I^L/min, Injection volume: 3 (xL, run time: 10 min. Gradient, 20% B to 95% B over 

5.10 min, hold until 7.00 min. 20% B at 7.10 min and equilibrate for 3 min. This 

method was demonstrated to be linear over a working range of 0.37-370 ng/mL 1.5. 

The needle was washed with 0.1% formic acid in acetonitrile between runs.

The LTQ-XL ion trap mass spectrometer was coupled to the Accela LC system via an 

electrospray ionisation (ESI) probe. The capillary temperature was maintained at 400 

°C, sheath gas flow rate 50 arbitrary units, auxiliary gas flow rate 5 arbitrary units, 

sweep gas flow rate 0 arbitrary units, source voltage 3.20 kV, source current 100 (xA, 

capillary voltage 43.00 V and tube lens 100 V. Compound 1.5 was detected in positive 

ion mode using selected ion monitoring (SIM). 1.5 SIM 371.2, (M+H"^), retention time 

= 7.3 min. The optimum detector conditions were found by tuning the instrument to the 

highest sensitivity for the 1.5 ion at 371.2 (m/z). The retention times and dominant 

fragment ion masses of the compounds o f interest are listed in Table 5.1.

5.2.3 Method validation

Linearity was determined by injection of a range o f standards from 0.04 ng/ mL to 

1,850 ng/ mL. The linear part o f the calibration curve was evaluated by least squares- 

linear regression analysis where the linear range was calculated by the range o f points 

with a correlation coefficient o f greater than 0.995. The method was found to be linear 

for all analytes for at least three orders of magnitude (100 nM-100 ^M).
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Com pound P aren t ion Retention time D om inant fragm ent ion mass

(min)

1.5 371.2 (+) 7.34 371.2

2.3 483.6 (+) 5.89 483.6

2,26 661.4 (+) 6.20 661.4

3.10 370 (+) 7.13 537.2

3.12 483.2 (+) 5.48 483.2

3.14 499.2 (+) 4.88 499.2

3.16 660.4 (+) 6.04 660.4

3.19 775.5 (+) 6.52 775.5

4.15 662.0 (+) 6.09 662.0

4.16 663.0 (+) 6.14 663.0

4.38 662.4 {+) 5.60 662.4

4.39 661.8 (+) 5.53 331.4

4.42 774.5 (+) 4.89 388.0

4.43 790.6 (+) 4.75 790.6

4.48 760.3 (+) 5.64 380.9

1.7 309 (+) 4.35 309

Colchicine 400.2 (+) 5.25 400.2

Table 5.1 Retention times and dominant ions o f compounds o f interest

Carryover was assessed by injection of a blank sample after the highest concentration 

linearity sample. Initially during the method development there was significant 

carryover (> 5%) o f the amine compounds but this was eliminated upon addition of 

formic acid 0.1% to the needle flush (acetonitrile) and washing between injections. 

Nevertheless, a blank sample (acetonitrile) was run through the column between each 

sample for analysis.

The limit o f detection (LOD) is defined as the lowest peak detectable with a minimum 

signal to noise ratio of three. This was not measured absolutely for each compound but 

was determined to be below 100 nM for every compound (0.37ng/mL for 1.5), 

sufficient for our measurements. The limit o f quantification (LOQ) is defined as the
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lowest concentration o f the compound that can be measured with an accuracy o f ±10% 

o f the true value and a coefficient o f variation <20%. This was not measured absolutely 

for each compound in each medium, but it was confirmed to be below 1 |iM for every 

compound assayed. This was sufficient for out measurements. At 1 |iM (3.7 ng/mLfor 

1.5), each analyte was detectable with a signal to noise ratio o f greater than ten.

The recovery/accuracy o f the extraction method was evaluated with compound 1.5 in 

human plasma. Replicate plasma samples were spiked with three different 

concentrations (in duplicate) o f 1.5 across the linear range and the internal standard 

(colchicine) at 50 in duplicate. The final concentrations o f DMSO and Tween were 

constant, at 5% each. A volume o f acetonitrile at 4 °C was added immediately to 

quench enzymatic metabolism and protein binding. Vortex mixing was followed by 

centrifugation for 5 min. The variables which were tested were ratio o f plasma to 

acetonitrile (1.5 - 4 ) ,  speed o f centrifugation (5,000 or 10,000 rpm) and temperature o f 

the centrifuge (0 °C or 25 °C). Each condition was tested in duplicate. 75 nL of the 

supernatant was diluted again 1 in 2 with 0.001 M aq. HCl. The solution was vortex 

mixed before being analysed for recovery o f 1.5 and colchicine. The response detected 

was compared to the response produced by solutions o f the nominal concentrations of 

1.5 and colchicine in acetonitrile. The measured concentration as a percentage o f the 

nominal concentration gave a measure of the extraction efficiency o f the method. 

Acceptable recovery results were within 85-115 %; % RSD < 15 % as required by 

FDA guidance on validation o f bioanalytical methods. The method with the highest % 

recovery (ratio acetonitrileiplasma 1.5:1, centrifugation 10,000 rpm, 0 °C, recovery 1.5 

99.4±0.52%, recovery colchicine 101.5±1.16%) was used for the studies. The precision 

was assessed by determining the coefficient o f variation between separate 

measurements of the same nominal concentration (1.14% RSD for 1.5). The use o f an 

internal standard in each assay (over different days) allowed for the ascertainment of 

interday and intraday precision.

Short term sample and standard stability was evaluated over 24 h in 5% DMSO in 

acetonitrile. Samples and standards were shown to be > 90% assay after 24 h at 4 °C 

and at room temperature.
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5.2.4 Plasma study

Duplicate solutions of the analyte were prepared at a concentration o f 100 )aM in 

citrated plasma from a 2 mM stock solution in DMSO, using Tween as a cosolvent. 

The final concentration o f DMSO and Tween in the plasma preparations was 5% each. 

At specified time intervals, a 50 aliquot o f the plasma sample was added to a 1.5 

mL microcentrifuge tube containing colchicine 250 |iM in DMSO (5 |iL). To this was 

added 70 |iL acetonitrile at 4 °C and the mixture was vortexed for 1 min followed by 

centrifugation at 10,000 rpm for 5 min at 0 °C. Supernatant (75 nL) was added to 

0.001 M HCl (75 ^iL) in a new Eppendorf centrifuge tube. This was vortex mixed again 

and 100 fiL o f the solution was placed in a micro-insert for HPLC analysis. The final 

dilution factor o f the analyte was 5. The final concentration of the internal standard was 

5 nM.

Samples were analysed by HPLC-MS and a plot o f natural log fraction compound 

remaining versus time was generated. Non-linear regression analysis allowed the 

calculation o f the plasma half-life o f each compound. HPLC-MS was used to detect 

metabolites o f the parent compounds although full elucidation o f the pharmacokinetics 

and metabolic profiles o f the compounds goes beyond the scope o f this thesis. 

Statistically relevant half-life values were generated from duplicate plasma studies 

carried out on two separate occasions. In all cases, the standard deviation was within 

the acceptable limits (>20%).

First order disappearance of 2.3 from plasma

100 120 140
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y = -0.0253X + 0.2788 
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Figure 5.1 Plot o f Ln [fraction remaining 2,3] vs time in plasma



The calculated plasma half-lives o f the compounds o f interest are presented in Table 

5 .2 .

Compound Plasma t Yi (min)

1.5 251.55 ± 8.41

2.3 38.35 ± 0.07

2.26 34.85 ±  1.06

3.10 191.90 ± 29.98

3.12 233.20 ±  14.85

3.14 515.85 ± 40.52

3.16 183.85 ± 7.00

3.19 218.40 ± 26.16

4.15 58.45 ±  11.53

4.16 69.55 ±  1.91

4.38 347.55 ±  56.36

4.39 274.10 ±  17.25

4.42 474.80 ±  1.84

4.43 735.10 ± 45.40

4.48 314.25 ± 20.44

1.7 436.00  ±  49.64

Table 5.2 Plasma half-life o f listed compounds

162



5.2.5 pH stability study

Triplicate solutions of the analyte were prepared at a concentration o f 100 in 

aqueous buffers from a 2 mM stock solution in DMSO. The final concentration o f  

DMSO in the buffered solutions was 5%. Buffers over the pH range of 5.8-8.0 were 

prepared by mixing two stock isotonic buffer solutions (Na2HP0 4  0.2 M and NaH2?02 

0.2 M) to give solutions o f different pH but equal ionic strength, as devised by Dawson 

eta l.^ ^  (Table 5.3).

pH 25 °C mL 0.2M Na2HP0 4  mL 0.2M NaH2P02

5.8 4.0 46.0

6.6 18.75 31.25

7.4 40.5 9.5

8.0 47.35 2.65

Table 5.3 Dilutions o f  stock buffers to give solutions o f  varying pH  with constant 
ionic strength when diluted to 100 mL with deionised H2O

The buffered solutions ranged between 200 and 300 milli-osmoles/ L (mOsm/ L), 

approximating the osmolality o f plasma. Solution pH was measured at 25 °C ± 1 °C. 

The pH meter was calibrated before use with standard buffers at pH 4.0, 7.0 and 10.0. 

Solutions were incubated in the Accela LC system autosampler at 25 °C for 2 h during 

which time aliquots were taken every 10 min and analysed directly by HPLC-MS for 

remaining compound. Linear regression analysis allowed the calculation of the 

compound’s half-life in buffered solutions at various pH values.
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Figure 5.2 First-order degradation plots o f  2.3 in various media/pH 

5.2.6 APN kinetics study

Solutions were prepared at a concentration o f 100 |iM in HEPES buffer (adjusted to pH 

7.4) from a 2 mM stock solution o f the drug in DMSO. The final concentration o f 

DMSO in the buffered solutions was 5%. Solution pH was measured at 37 °C ± 1 °C. 

The pH meter was calibrated before use with standard buffers at pH 4.0, 7.0 and 10.0. 

Colchicine 25 |xM was added as an internal standard. APN solution ( ImU- lU APN) 

was added to the drug-containing Eppendorf vials immediately before the assay clock 

was started. Solutions were incubated at 37 °C for 8 h. 50 aliquots were taken every 

hour and added to 75 |iL acetonitrile at 4 °C to quench enzyme activity. The mixture 

was vortexed for 1 min followed by centrifugation at 10,000 rpm for 5 min at 0 °C. 

Supernatant (75 |iL) was added to 0.001 M HCl (75 nL) in a new Eppendorf centrifuge 

tube. This was vortex mixed again and 100 |j L o f the solution was placed in a micro

insert for HPLC analysis. The final dilution factor o f the analyte was 5. The final 

concentration o f the internal standard was 5 |^M. A plot of natural log remaining 

prodrug against time allowed the determination o f the rate of enzymatic activation o f 

the prodrug by non-linear regression analysis.
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Hydrolysis of 3.12 by 2.5mU/mL APN

Figure 5,3 First-order hydrolysis o f  3.12 in the presence o f  2.5 mll/ntL APN

5.2.7 PC-3 cell culture kinetics

PC-3 cells were harvested from culture by washing, trypsinisation and centrifugation (5 

min, 10,000 rpm). After resuspension in complete medium, 10 |j L was placed on a 

haemocytometer slide and the cell population o f the suspension was calculated. The 

suspension was subsequently diluted with complete medium such that the final 

working cell density was 1 x 1 0 ^  cells/mL for 3.12 (or 1 x lO’cells/mL for 4.42). An 

aliquot (475 |iL) of this suspension was transferred by pipette to a 10 mL centrifuge 

tube. A IM solution of 3.12 was prepared in DMSO. A 25 aliquot of this solution 

was added to the centrifuge tube containing 475 ^L cell suspension such that the final 

concentration of 3.12 in the suspension was 50 |iM and the final concentration of 

DMSO was 5%. The centrifuge tube was incubated in a water bath at 37 °C with 

constant gentle mechanical shaking to keep the cells in suspension. At 15 min intervals, 

a 50 |iL aliquot was taken from the suspension and added to a microcentrifuge tube 

containing acetonitrile (75 jj.L) at 0 °C in order to quench enzyme activity. This was 

subjected to vortex-mixing (1 min) followed by centrifugation (5 min, 10,000 rpm). An 

aliquot o f the resulting supernatant was added to an equal volume o f 0.00IM HCl in
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distilled water and the solution was vortex-mixed. An aliquot o f the final solution was 

placed in a LC-MS insert for analysis.

Solutions o f 3.12 were prepared in duplicate and the assay was carried out in duplicate. 

A third centrifuge tube containing only medium (no cells) and 3.12 in 5% DMSO was 

analysed in exactly the same way as a control to account for hydrolysis o f  the anilide 

bond in medium alone.

Quality control samples o f 3.12 (10 ^M , 25 |j M  and 50 nM ) were analysed by LC-M S 

alongside the assay samples.

Figure 5.4 Rate o f  disappearance o f 3.12 as it is converted by PC-3 cell APN to 3.10

Generation of 3.10

Rate of disappearance of 3.12

y = -0.0004X + 0.1 
= 0.9937

0

y = -0.0004X + 0.0052 
= 0.9937

-0.07
Time (min)
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y = 0.0119x + 
R" = 0.97!

y = 0.0119x + 0.716 
R" = 0.9757
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Figure 5.5 Generation o f 3.10 from 3.12 in PC-3 cell suspension
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The assay was repeated for 4.42 (6 |iM) at a cell population density of 1 x 10^ cells/mL 

and aliquots were taken at 30 in intervals. Quality control samples o f 4.42 (1 |iM, 10 

HM and 20 (iM) were analysed alongside the assay samples.

5.3 UV spectrophotometric APN inhibition assay and APN activity assay

5.3.1 Materials

Bestatin, aminopeptidase N (EC 3.4.11.2, type IV-S from porcine kidney microsomes), 

Z,-Leucine-/?-nitroanilide (Leu-pNA) and N-[2-hydroxy-ethyI]piperazine-N’-[2- 

ethanesulphonic acid] (HEPES buffer) were procured from Sigma Aldrich. All other 

reagents were reagent grade and purchased from Sigma Aldrich Ireland.

5.3.2 Equipment

A Fluostar Optima® 96-well plate-reader equipped with thermostatic capability; 

Nunc® 96-well plates.

5.3.3 Buffers and solutions

Buffer solution

50 mM HEPES Buffer 

154 mM NaCl

The buffer was prepared using deionised water and the pH o f the solution was adjusted 

to 7.4 by the drop-wise addition of 2.5 M aq. NaOH. The buffer was stored at 4 °C 

prior to use.

Substrate solution

2 mM Leu-pNA in HEPES buffer

Enzyme solution

40 mU/mL aminopeptidase N in HEPES buffer
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5.3.4 APN inhibition assay

The assay was carried out according to the procedure of Melzig et al by measuring 

the enzymatic hydrolysis of the chromogenic substrate Leu-pNA in the presence of a 

fixed concentration of APN isolated from porcine kidney. Aliquots of the HEPES 

buffer solution (40 |il), the enzyme solution (10 )al) and test compound or DMSO 

control (0.2 )xl) were pipetted into each well of a 96 well half-area plate. This order of 

addition allowed the drug to bind to the enzyme prior to addition of the substrate. 

“Blank” wells were prepared with buffer solution 50 |iL, without enzyme. The reaction 

was started by the addition of the substrate solution (50 |j.1) to each well. The plate was 

incubated at 37°C in the plate-reader. Single UV absorbance readings at 405 nm were 

taken after 60 min.

All concentrations were assayed in triplicate wells and each assay was repeated three 

times on three separate occasions. Bestatin was assayed at the same time, under the 

same conditions and was used to compare the IC50 values of the test compounds. 

Inhibition of APN activity was measured by comparison to the DMSO control.

The average absorbance of the “blank” wells was subtracted from the absorbance 

readings of every other well to account for any spontaneous hydrolysis of the anilide 

bond. The results were analysed using non-linear regression analysis. Percentage APN 

inhibition was plotted against log drug concentration (|iM) to generate dose-response 

curves. The I C 5 0  was then calculated for each compound. I C 5 0  values were considered 

statistically valid as long as they were derived from a data set containing at least two 

data points either side of the calculated I C 5 0  value (according to the guidelines of 

Sebaugh et al.

The graph below gives an IC50 value for bestatin of 26.48 ± 1.42 |xM (R^ = 0.97), which 

is compares very well to the literature value of 20.1 (iM Table 5.4 below presents 

the compounds tested and their I C 5 0  values.
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Compound ICso (m̂ M)

2.26 21.92 ± 1.36

3.16 7.17 ± 0.20

3.19 29.70 ± 3.26

4.15 8.11 ± 0.35

4.16 8.22 ± 0.32

4.38 18.02 ± 2.53

4.39 20.41 ± 0.65

4.48 89.21 ± 10.07

1.7 26.48 ±  1.42

Table 5.4 ICso values for bestatin-containing compounds
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5.3.5 APN activity assay

PC-3 cells were seeded (1 x 10  ̂cells/mL, 150 fiL in complete medium) into a 

sterilised 96-well plate. This was incubated at 37 °C until the cells could be seen under 

microscope to have formed a layer on the bottom of the wells. Thereafter the medium 

was gently removed by pipetting. Hepes buffer solution (50 |iL) at 37 °C was added to 

each well, followed by substrate solution (50 |iL). Control wells were prepared in the 

same way without cells but enzyme solution was added. Control wells were prepared 

containing 1-5 mU APN, each in triplicate. Blank wells contained buffer and substrate 

solution only. The plate was incubated for 1.5 h at 37 °C after which time single UV 

absorbance readings were taken at 405 nm. The average absorbance o f the blank wells 

was subtracted from the absorbance for every other well. A plot of absorbance vs mU 

APN allowed the APN activity of the cell culture to be determined. Figure 5.7 shows 

the correlation o f absorbance to APN activity mU. The APN activity o f 1.5 x 10  ̂ PC-3 

cells/mL (150 |iL of a 1 x 10  ̂cell/mL solution) was determined from this graph to be 

equivalent to 3.25 ± 0.44 mU.

Absorbance vs APN activity
2.500 n

2.000

§ 1.500 -
Urn

I  1.000 - <
y = 0.4308X - 0.0837 

= 0.9598
0.500 -

0.000
3 5 62 40 1

APN (mU)

Figure 5.7 Plot o f UV absorbance vs APN activity
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5.4 Tubulin Assay

5.4.1 Equipment

A Fluostar Optima® 96 well plate reader equipped with thermostatic facility, Nunc® 

96-well plates.

5.4.2 Materials

Tubulin (95% pure, isolated from porcine brain) was purchased from Cytoskeleton®. 

All other reagents were reagent grade and purchased from Sigma Aldrich Ireland.

5.4.2 Reconstitution solution

Buffer

80 mM PIPES (1,4-piperazinediethanesulfonic acid)

2 mM MgCl2.6H20

0.5 mM EGTA (Ethylene-bis(oxyethyienenitrilo)tetraacetic acid tetrasodium)

Deionised water

The pH o f the buffer was then adjusted to pH 7.0 by the dropwise addition o f 2.5 M aq. 

NaOH. The buffer was stored at 4 °C prior to use.

GTP solution

A 100 mM solution o f  GTP was prepared by dissolving GTP lithium salt in deionised 

water. This solution was prepared directly prior to use and was stored at 0 °C. 

Immediately prior to use, the buffer solution was supplemented with GTP solution such 

that the working concentration was 1 mM GTP.

5.4.3 Assay procedure

Tubulin assembly was followed by recording the increase in optical density o f  a tubulin 

solution at 340 nm at 37 °C. Tubulin protein (4 mg) was was resuspended in buffer (3 

mL) and GTP solution (30 |xl) was added to the mixture. The mixture was vortexed for 

ten seconds to ensure homogeneity. A 100 j l̂ aliquot o f  the resultant tubulin solution 

was then pipetted into one well o f a 96 well half-area plate. The change in optical 

density was measured over ten min at 340 nm at 37 °C. A difference in optical density
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o f 0.1 to 0.15 indicated a tubulin solution o f  optimal concentration for the assay as 

lower or higher concentrations affected the sensitivity if  the assay.

In order to measure the maximum rate o f  polymerisation o f  the control, DM SO (1 ^1) 

was pipetted into three wells o f  a 96 well plate and tubulin solution (100 |il) was added 

to each o f  the same three wells. The plate was immediately incubated at 37 °C in the 

plate-reader and was subjected to orbital shaking for five seconds. The UV absorption 

was measured at 340 nm over 60 min. The maximum slope o f the resulting curve was 

calculated and this represents the maximum rate o f tubulin polymerisation.

This procedure was repeated for all o f  the test solutions where the maximum slope in 

this case represents the maximum rate o f  tubulin polymerisation in the presence o f  the 

inhibitory compound. All compounds were screened at an initial concentration (1 |iM ). 

All compounds were assayed in duplicate on the same day, on two separate occasions..

The percentage tubulin polymerisation for each compound was calculated as follows: 

(mB / mX) X 100 = % tubulin polymerisation

Where,

mB = maximum slope o f DM SO blank

mX = maximum slope o f test compound with concentration X.

A sample plot o f  increase in optical density in the presence o f  DM SO (blank) and in 

the presence o f 1 |iM 1.5 is shown in Figure 5.8.
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Chapter 6 - Chemistry experimental
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6.0 Chemistry Experimental

M elting points (MP) were determined on an Electrothermal® melting point apparatus.

Starting materials were purchased from Sigma Aldrich® and Bosch®  and were not 

characterised.

Spectra were obtained on the follow ing instruments:

Infrared (IR): Perkin Elmer FT-IR spectrophotometer Spectrum 100® with an 

attenuated total reflection (ATR) accessory featuring a zinc selenide (ZnSe) crystal.

Nuclear Magnetic Resonance (NM R): and '^C N M R  spectra were recorded at 27 °C

on a Bruker® DPX 400 M Hz FT NM R spectrometer (400.13M H z ’H, 100.61M Hz 

'^C), in either CDCI3 or CD3OD. Peak positions were assigned relative to CHCI3 

resonances at 7.28ppm for ’H NM R and relative to the middle CHCI3 triplet at 

77.00ppm for '^C NM R.

For CD 3OD, 'H and '^CNMR spectra were assigned relative to the centre peaks o f  

CH 3 OH multiplets at 3.30 5 and 49.00 ppm respectively. N M R  spectra were analysed 

with Bruker Topspin-NM R® software. Coupling constants are reported in Hertz.

Abbreviations used were as follows; s=singlet, d=doublet, t=triplet, q=quartet, 

p=pentet, dd=double doublet, dt=double triplet, td=triplet o f  doublets, qd=quartet o f  

doublets, m=multiplet, br=broad, QC=quatemary carbon, Bz=benzylic, ArC=aromatic 

carbon, ArCH=aromatic proton.

High Resolution M ass Spectroscopy (HRMS): High resolution mass spectra were 

obtained on a Thermo LTQ XL-Orbitrap instrument.

Specific optical rotation (a): A A -55 ®  Optical Rotation Ltd. polarimeter; Waters 

Spherisorb® 0.55dm polarimetry tube from Alltech.

a  is the specific optical rotation calculated from the equation

[a]x '= a/lc

where t= 25 °C, X= wavelength 589 nm, a= observed rotation in degrees (°), 1= 

pathlength in decimetres, c=  concentration (g/100 mL)
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as and indicate the specific optical rotation for the S- and /?-stereoisomer 

respectively. Units are degrees (°), solvent is CH2CI2 unless otherwise specified.

Column chromatography was carried out using Merck Silica Gel 60 (230-400  mesh) 

and thin layer chromatography with silica gel Gp -254 pre-coated aluminium sheets 

(Merck Laboratories®). Compounds were visualised using UV at both 254 and 365 nm 

and a variety o f  visualisation reagents.

Anhydrous THF was prepared by refluxing over powdered lithium aluminium hydride 

for 4 h, then collecting the distillate and allowing it to reflux over sodium wire and 

benzophenone for 1 h. until a purple colour was obtained. The colourless distillate was 

used immediately.

Anhydrous DCM was prepared by distilling over powdered calcium hydride.
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6.1 Chapter 2

Synthesis o f (E)-3-(2, 3, 4-trimethoxyphenyl) acrylic acid (2.5)

To a stirred solution of 2, 3, 4-trimethoxybenzaldehyde (48.00 g, 245.0 mmol) in a 

mixture of pyridine (200 mL) and piperidine (4.0 mL) was added malonic acid (76.37 

g, 734.0 mmol). After 6  h of reflux, the reaction was quenched by the addition of 2.5 

M aq. HCl (1 x 100 mL) and extracted with ethyl acetate (3 x 60 mL). The solvent 

was removed in vacuo to afford 2.5 as an off-white solid (57.51 g, 99%). Further 

purification was not necessary.

'H NMR (CDCb) 5h ppm: 3.67 (3H, s, OCH3), 3.68 (3H, s, OCH3), 3.76 (3H, s, 

OCH3 ), 6.46 (IH, d, ./ = 6.9 Hz, CH=CH), 6.71 (IH, d, J  = 6.9 Hz, CH=CH), 7.26 

(1H, d, J  = 8.3 Hz, ArH), 7.67 (1H, d, J  = 8.3 Hz, ArH)

‘̂ C NMR (CDCI3) 6 c ppm; 55.6 (OCH3), 59.7 (OCH3), 60.1 (OCH3), 106.3 (ArCH), 

122.8 (CH=CH), 125.6 (ArC), 137.5 (ArCH), 141.3 (A i^ , 147.1 (CH=CH), 151.2 

(ArC), 152.3 (ArC), 170.4 (C=0)

Vn,ax/cm-' 3091.5,2944.1, 1724.2, 1654.2, 1619.4, 1590.0

HRMS: (M + Na)"̂  requires 261.0733, found 261.0511, molecular formula (C12H14O5) 

Melting point: 160-162 °C

Synthesis o f 3-(2, 3, 4-trimethoxyphenyl) propanoic acid (2.6)

To a stirred solution of 2.5 (31.25 g, 132.0 mmol) in a 1:1 mixture of ethanol and ethyl 

acetate (1.5 L) was added at catalytic amount of 10% Pd/C under an atmosphere of 

hydrogen gas. After 48 h the reaction mixture was filtered and the solvent was 

removed in vacuo to afford an off-white solid. The resulting residue was redissolved in 

2.5 M aq. NaOH (400 mL) and washed with diethyl ether (3 x 500 mL). The aqueous 

layer was then acidified with 2.5 M aq. HCl (600 mL) and the product was extracted
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into diethyl ether (3 x 300 mL). The combined ether extracts were dried over MgS0 4 , 

filtered and concentrated in vacuo to afford 2.6 as a white solid (31.75 g, 100%).

‘H NMR (CDCI3 ) 5h ppm: 2.57 (2H, t, J  = 6.3 Hz, CH2 ), 2.86 (2H, t, J  = 6.3 Hz, CH2 ), 

3.80 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.86 (3H, s, OCH3), 6.56 (IH, d, J  = 8.3 Hz, 

ArH), 6.84 (IH, d, J  = 8.3 Hz, ArH)

‘^C NMR (CDCI3) 6c ppm: 25.0 (CH2), 35.3 (Ctb), 55.2 (OCH3), 60.0 (OCH3), 60.1 

(OCH3), 106.8 (ArCH), 123.5 (ArCH), 136.9 (ArC), 141.7 (ArC), 147.6 (ArC), 151.5 

(ArC), 177.5 (C=0)

Vrnax/cm-' 3004.2, 2834.9, 1712.9, 1599.5

HRMS: (M + Na)^ requires 263.0890, found 263.0045, molecular formula (C 12H16O5) 

Melting point: 68-70 °C

Synthesis o f  methyl 5-(2, 3, 4-trimethoxyphenyl)-3-oxopentanoate (2.8)

To a stirred solution of 2.6 (21.31 g, 88.7 mmol) in anhydrous DCM (250 mL) was 

added oxalyl chloride 2 M solution in anhydrous DCM (88.7 mL, 177.4 mmol) 

followed by a catalytic drop of DMF at 0 °C under an atmosphere of nitrogen. The 

reaction was stirred at this temperature for 30 min after which time the flask was 

removed from the ice and heated gently to 25 °C. The reaction was left stirring at this 

temperature for a further 30 min after which time the solvent was removed thoroughly 

in vacuo and the residue was dried under vacuum over a period of 3 h. The residue was 

then redissolved in anhydrous DCM (200 mL) and a solution of Meldrum’s acid (12.78 

g, 88.7 mmol) and DMAP (21.67 g, 177.4 mmol) in anhydrous DCM (150 mL) was 

added under anhydrous conditions at 0 °C. The reaction was stirred at this temperature 

for 1 h after which time it was quenched with the addition of 1 M HCl (200 mL). The 

intermediate 2.7 was extracted with DCM (3 x 100 mL). The combined organic 

fractions were dried over magnesium sulphate, filtered and concentrated in vacuo. The 

resulting residue, a viscous brown oil, was dissolved in a 4:1 mixture of toluene and 

methanol, respectively, (350 mL) and was refiuxed for 5 h. The solvent was removed
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azeotropically in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford 2.8 as a yellow oil (23.64 g, 90%).

'H NMR (CDCI3) 6 h ppm: 2.84 (4H, i , J =  6.3 Hz, 2 x CH2), 3.47 (2H, s, CH2 ), 3.74 

(3H, s, COOCH3), 3.85 (3H, s, OCH3), 3.88 (3H, s, OCH3), 3.89 (3H, s, OCH3), 6.60 

(1H, d, J  = 8.3 Hz, ArH), 6.84 (1H, d, J  = 8.3 Hz, ArH)

'^C NMR (CDCI3) 5c ppm: 24.3 (CH2), 43.2 (CH2), 49.0 (CH2), 51.8 (COOCH3), 55.9 

(OCH3), 60.3 (OCH3), 60.4 (OCH3), 106.3 (ArCH), 123.5 (ArCH), 125.5 (ArC), 142.0 

(ArQ, 151.6 (ArC), 167.0 (ArC), 201.8 (2 x C -0 )

Vmax/cm-' 2998.2, 1737.1, 1700.0, 1500.6, 1055.7

HRMS: (M + Na)^ requires 319.1152, found 319.1025, molecular formula (C15H20O6)

Synthesis o f  methyl 3-hydroxy-5-(2,3,4-trimethoxyphenyl) pentanoate (2.9)

To a stirred solution of 2.8 (22.0 g, 74.3 mmol) in methanol (300 mL) was added 

NaBH4 (4.6 g, 118.8 mmol) at 0°C. The reaction was allowed to stir at this temperature 

for one hour. It was then removed from the ice and allowed to increase to room 

temperature. The progress of the reaction was monitored by TLC and after a total 3 h 

the reaction was quenched over ice by the addition of water (1 x 200 mL). As much 

methanol as possible was removed under vacuum without heating above 30 °C and 

thereafter the product was extracted from the aqueous solution into diethyl ether (3 x 

200 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford 2.9 as a clear, colourless oil (17.70 g, 80%).

'H NMR (CDCI3) 5h ppm: 1.61-1.71 (2H, m, CH2), 2.37-2.43 (2H, m, CH2), 2.58-2.65 

(2H, m, CH2), 3.59 (3H, s, COOCH3), 3.73 (3H, s, OCH3), 3.75 (3H, s, OCH3), 3.78
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(3H, s, OCH3), 3.89-3.95 (IH, m, CHOH), 6.52 (IH , d, J  = 8.3 Hz, ArH), 6.75 (IH, d, 

J  = 8.3 Hz, ArH)

'^C NMR (CDCI3) 6 c ppm: 25.2 (CH2), 38.0 (CH2), 41.4 (CH2), 52.4 (COOCH3), 55.9 

(OCH3), 60.4 (OCH3), 60.8 (OCH3), 67.3 (CHOH), 107.4 (ArCH), 123.9 (ArCH),

127.5 (AiC), 142.2(ArC), 151.7 (ArC), 152.0 (ArC), 172.9 (C=0)

Vn,ax/cm-' 3490.1,2981.5, 1737.3, 1600.3, 1495.4

HRMS: (M + Na)^ requires 321.1308, found 321.1112, molecular formula (C 15H22O6) 

Synthesis o f  2 .1 0 - tBDPSprotection

(data henceforth shall be recorded for s-isomer only; see stereospecific reduction by 

yeast Chapter 4)

To a stirred solution of the alcohol 2.9 (10.15 g, 34.0 mmol) in DMF (150 mL) was 

added /er/-butyl-diphenylsilylchloride (13.3 mL, 51.0 mmol) and imidazole (4.10 g,

59.5 mmol) at room temperature under an atmosphere of nitrogen. The reaction was 

left stirring for 12 h after which time it was quenched by the addition of sat. aq. NaCl 

(1 X 200 mL). The product was extracted with diethyl ether (3 x 150 mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated in 

vacuo. The resulting residue was purified by flash column chromatography (stationary 

phase; silica gel 230-400mesh, mobile phase; 9:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford 2 . 1 0  as 

a yellow oil (18.23 g, 100%).

'H NMR (CDCI3) 5h ppm: 1.08 (9H, s, C (C tb)3), 1.76 (2H, dt, J  = 6.4 Hz, 13.1 Hz, 

CH2 ), 2.60 (2H, t, J  = 6.4 Hz, CH2), 2.60 (2H, d, J  = 6.4 Hz, CH2), 3.59 (3H, s, 

COOCH3), 3.79 (3H, s, OCH3), 3.86 (3H, s, OCH3), 3.87 (3H, s, OCH3), 4.44 (IH, p, J  

= 4.6 Hz, CHO), 6.55 (IH , d, J  = 8.3 Hz, ArH), 6.63 (IH, d, J  = 8.3 Hz, ArH), 7.39- 

7.48 (6 H. m, ArH), 7.72 (2H, d , J =  6.5 Hz, ArH), 7.76 (2H, d, J  = 6.5 Hz, ArH)
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'^C NMR (CDCI3) 5c ppm: 18.5 (C(CH3)3), 24.3 (CH2), 26.7 (C(CH3)3), 38.1 (CH2), 

41.8 (CH2), 51.1 (COOCH3), 55.9 (OCH3), 60.3 (OCH3), 60.4 (OCH3), 70.3 (CHO),

106.6 (ArCH), 123.1 (ArCH), 127.1 (4 x ArCH), 127.5 (ArC), 129.2 (2 x ArCH),

133.6 (ArC), 135.5 (4 x ArCH), 141.7 (ArC), 151.3 (ArC), 151.5 (ArC), 171.5 (C=0)

Vmax/cm"' 3012.4, 1747.6, 1526.9, 1100.2

HRMS: (M + Na)"  ̂ requires 559.2486, found 559.2498, molecular formula

( C 3 , H 4 0 O 6 S i )

a ,  = +0.26 (CH2CI2)

Synthesis o f  2.11 -  hydrolysis o f  the methyl ester

To a stirred solution of 2.10 (17.60 g, 32.9 mmol) in a mixture of methanol (35 mL) 

and THF (70mL) was added 2.5 M aq. NaOH (30 mL) at 0°C. The reaction was stirred 

for one hour at 0°C after which time the flask was removed from the ice. The reaction 

proceeded for an additional 15 h. The mixture was acidified with 2 M aq. HCl (1 x 7 0  

mL). The organic solvents were mostly removed from the mixture by gentle heating 

under vacuum before the product was extracted from the aq. solution with diethyl ether 

( 3  X 150 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford 2.11 as a white solid (17.18 g, 1 0 0 %).

'H NMR (CDCI3) 5h ppm: 1.09 (9H, s, C(CH3)3), 1.76 (2H, dt, J  = 6.4 Hz, 13.1 Hz, 

CH2), 2.63 (2H, t, J  = 6.4 Hz, CH2), 2.63 (2H, d, J  = 6.4 Hz, C tb), 3.79 (3H, s, OCH3), 

3.85 (3H, s, OCH3), 3.86 (3H, s, OCH3), 4.40 (IH , p, J  = 4.6 Hz, CHO), 6.53 (IH , d, J  

= 8.5 Hz, ArH), 6.60 (IH , d, J  = 8.5 Hz, ArH), 7.38-7.46 (6 H, m, ArH), 7.74 (2H, d, J  

= 6 .8  Hz, ArH), 7.76 (2H, d, J  = 6 .8  Hz, ArH)

'^C NMR (CDCI3) 5c ppm: 18.6 (C(CH3)3), 24.8 (CH2), 26.5 (C(CH3)3), 38.0 (CH2),

41.6 (CH2), 55.9 (OCH3), 60.5 (OCH3), 60.7 (OCH3), 70.1 (CHO), 107.0 (ArCH),
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123.4 (ArCH), 127.1 (ArC), 127.2 (4 x ArCH), 129.5 (2 x ArCH), 133.5 (ArC), 135.8 

(4 X ArCH), 141.7 (ArC), 151.2 (ArC), 151.5 (ArC), 171.5 (C=0)

Vmax/cm-' 3060.1,2946.8, 1711.3, 1587.9, 1260.5

HRMS: (M + Na)^ requires 545.2330, found 545.2611, molecular formula

(CsoHagOeSi)

Melting point: 108 -  110 °C 

a , = +0.30 (CH2CI2)

Synthesis o f  2.12 - cyclisation

To a stirred solution of acid 2.11 (4.30 g, 8.2 mmol) in anhydrous DCM (100 mL) was 

added oxalyl chloride (20.7 mL, 41,1 mmol) and DMF (1 drop) at 0°C. After 2 h, the 

solvent was removed under vacuum to afford the corresponding acid chloride as a 

brown viscous oil. This oil was re-dissolved in anhydrous DCM (100 mL) and 1 M 

SnCU (8.2mL, 8.2 mmol) was added at -10°C (ice bath containing NaCl). After 30 

min the reaction was quenched with sat. aq. NaCl (1 x 100 mL) and the product was 

extracted using diethyl ether ( 3  x 100 mL). The organic fractions were collected, dried 

over MgS0 4  and filtered. The solvent was removed in vacuo to afford a viscous 

yellow oil/foam. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate) All 

homogenous fractions were collected and the solvent was evaporated to afford 2 . 1 2  as 

a clear colourless oil (3.51 g, 85%).

‘H NMR (CDCI3) 5h ppm: 1.07 (9H, s, C(CH3)3), 1.77 (2H, dt, J  = 6.4 Hz, 13.3 Hz, 

CH2), 2.44-2.50 (2H, m, CH2), 2.58-2.62 (2H, m, CH2 ), 3.86 (3H, s, OCH3), 3.90 (3H, 

s, OCH3), 3.97 (3H, s, OCH3), 4.30 (IH, p, J  = 5.3 Hz, CHO), 7.20 (IH, s, ArH), 7.39- 

7.46 (6 H, m, ArH), 7.68 (2H, d, J  = 6.7 Hz, ArH), 7.79 (2H, d, J  = 6.7 Hz, ArH)

'^C NMR (CDCI3) 5c ppm: 18.5 (C(CH3)3), 20.5 (CH2), 26.7 (C(CH3)3), 35.7 (CH2), 

50.1 (CH2), 55.9 (OCH3), 60.4 (OCH3), 60.6 (OCH3), 67.6 (CHO), 107.1 (ArCH), 

127.2 (ArCH), 127.3 (ArCH), 127.4 (ArCH), 129.2 129.3 (ArCH), 129.4 (ArCH),
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129.8 (ArCH), 130.5 (ArC), 133.4 (ArQ, 133.5 (ArQ, 134.2 (ArQ, 134.4 (ArCH),

134.8 (ArCH), 135.3 (ArCH), 135.4 (ArCH), 148.1 (ArQ, 150.6 (ArQ, 150.9 (ArQ, 

199.3 (C=0)

v^ax/cm"' 3050.2, 2912.4, 1681.0, 1159.2

HRMS; (M + Na)^ requires 527.2224, found 527.2142, molecular formula 

(CaoHsaOsSi)

a , = +0.042 (CH2CI2)

Synthesis o f 2.13 - deprotection

To a stirred solution of 2.12 (4.97 g, 9.85 mmol) in THF (100 mL) was added 1 M 

TBAF (9.85 mL, 9.85 mmol) at 0°C. After 6  h the reaction mixture was reduced in 

volume under vacuum without heat and applied directly to a flash column avoiding aq. 

work-up. The product was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford 2.13 as a viscous 

brown oil (2.49 g, 95%).

'H NMR (CDCI3) 6 h ppm: 1.82-1.89 (IH, m, Cfcb), 2.09-2.16 (IH, m, CH2), 2.92-2.99 

(2H, m, CH2), 3.02-3.08 (2H, m, CH2), 3.80 (3H, s, OCH3), 3.86 (6 H, s, 2  x OCH3), 

4.30 (IH, p, J =  5.3 Hz, CHO), 7.10 (IH, s, ArH)

'^C NMR (CDCI3) 6 c ppm: 20.6 (CH2), 35.8 (CH2), 50.1 (CH2), 55.8 (OCH3), 60.5 

(OCH3), 60.8 (OCH3), 6 6 . 8  (CH), 107.3 (ArCH), 130.6 (ArQ, 133.5 (ArQ, 145.1 

(ArQ, 150.6 (ArQ, 150.9 (ArQ, 199.3 (C=0)

v^ax/cm'' 3500.2, 2911.3, 1701.4, 1635.4, 1254.1

HRMS: (M + Na)^ requires 289.1046, found 289.1054, molecular formula (C14H18O5) 

a , = -0.075 (CH2CI2)
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Synthesis o f  5-bromo-2-methoxyphenol (2.16)

To a stirred solution of 5-bromo-2-methoxy-benzaldehyde (2.14) (12.5 g, 58.3 mmol) 

in DCM (100 mL) was added a solution of wCPBA (12.0 g, 70.0 mmol) dissolved in 

DCM (80 mL). After 5 h, the precipitated w-chlorobenzoic acid was removed by 

filtration. The filtrate was washed with 5% aq. NaHCOs (2 x 100 mL) to remove any 

remaining w-chlorobenzoic acid. The organic layer was shaken for 15 min with 2.5 M 

aq. NaOH (100 mL), then acidified with 2 M aq. HCl and extracted with DCM (3 x 80 

mL). The organic fractions were collected, dried over MgS0 4  and filtered. The 

solvent was removed in vacuo to afford the phenol 2.16 as a yellow solid ( 1 0 . 1  g, 

86%).

‘H NMR (CDCh) 6 h ppm: 3.78 (3H, s, OCH3), 6.60 (IH, d, J  = 8.0 Hz, Arli), 6.90 

(IH, d, J =  8.0 Hz, ArH), 7.02 (IH, s, ArH)

'^C NMR (CDCI3) 6 c ppm; 55.8 (OCH3 ), 111.1 (ArCH), 112.8 (ArC), 117.0 (ArCH), 

122.1 (ArCH), 145.5 (ArC), 146.3 (ArC)

Vmax/cm-' 3285.4, 1629.1, 1248.9, 685.9

HRMS: (M + Na)^ requires 224.9522, found 224.9601, molecular formula (C7 H7 Br0 2 ) 

Melting point: 60 -  62 °C

Synthesis o f  2.17 - tBDMS protection

A solution of the phenol 2.16 (9.66 g, 47.6 mmol), imidazole (8.0 g, 118.9 mmol) and 

/err-butyl-dimethylsilylchloride (14.3 g, 64.3 mmol) in DMF (50mL) was stirred at 

room temperature under an atmosphere of nitrogen. After 4 h the reaction was 

quenched by the addition of water (1 x 25mL) and the crude product was extracted 

with diethyl ether (3 x 50 mL). The combined organic extracts were dried over 

MgS0 4 , filtered and the solvent was removed in vacuo to afford a pale yellow oil. The 

product was purified by flash column chromatography (stationary phase; silica gel 230-
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400mesh, mobile phase; 9:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford 2.17 as a clear, colourless oil (13.9 

g, 1 0 0%).

'H  NM R (CD C b) 6h  ppm: 0.18 (6 H, s, 2 x Si(CH3)), 1.10 (9H, s, C (C tb )3), 3.80 (3H, 

s, OCH3), 6 .6 8  (IH , d, J  = 8.0 Hz, ArH), 7.10 (IH , s, ArH), 7.12 ( IH,  d, J  = 8.0 Hz, 

ArH)

'^C NM R (CDCI3) 8 c ppm: -5.1 (2 x Si(CH3)), 18.2 (C(CH3)3), 25.4 ( € ( ^ 3)3), 55.1 

(OCH3), 111.9 (ArC), 112.9 (ArCH), 123.4 (ArCH), 124.3 (ArCH), 145.5 (ArC), 151.2 

(ArC)

Vrnax/cm-' 3030.5, 1625.7, 1260.6, 6 8 6 .6

HRMS: (M + Na)^ requires 339.0386, found 339.0436, molecular formula

(C,3H2,Br02Si)

Synthesis o f  2.19 - BuLi coupling o f  free AB-ring and Silylprotected C-ring

To a stirred solution o f 2.17 (4.22 g, 13.3 mmol) in anhydrous THF (30 mL) was added 

2.5 M «BuLi (5.32mL, 13.3 mmol) dropwise at -7 8  °C, under anhydrous conditions. 

After 20 min, a solution o f 2.13 (1.36 g, 5.1 mmol) in anhydrous THF (20 mL) was 

added to the reaction at -7 8  °C. After 2 h the temperature was allowed to increase to 0 

°C and was maintained at this temperature for 12 h. The reaction was quenched by the 

addition o f  2 M aq. HCl (1 x 7 0  mL) and shaken together with the acid for 3 min. The 

product was extracted with diethyl ether (3 x 50  mL). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue 

was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 3:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford 2.19 as a yellow oil (1.84 g, 75%).

'H  NM R (CDCI3) 5h ppm: 0.16 (3H, s, SiCH 3), 0.17 (3H, s, SiCLb), 1.0 (9H, s, 

C(CH3)3), 2.10-2.16 (IH,  m, CH2), 2.33-2.41 (IH,  m, CH2), 2.48-2.55 ( IH,  m, CLb), 

3.00-3.06 ( IH,  m, CH2), 3.68 (3H, s, 0CH3{C-ring}), 3.83 (3H, s, OCH3), 3.92 (3H, s.
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OChb), 3.93 (3H, s, 0 CH3), 4.13-4.19 (IH, m, CHOH), 6.27 (IH, d, J  = 4.9 Hz, 

C=CH), 6.26 (IH, s, ArH{A-ring}), 6.43 (IH, s, ArH{C-ring}), 6.51 (IH, d, J  = 8.5 

Hz, ArH{C-ring}), 6.72 (IH, d, J  = 8.5 Hz, ArH{C-ring})

'^C NMR (CDCI3) 5c ppm: -4.4 (Si(CH3)2), 18.5 (CiCHih), 21.9 (CH2), 25.8 (3 x 

C(CH3)3), 43.5 (CH2), 55.6 (OCH3), 55.9 (OCH3), 61.0 (OCH3), 61.6 (OCH3), 69.9 

(CHOH), 108.7 (ArCH (A-ring)), 111.8 (ArCH (C-ring)), 120.6 (ArCH (C-ring)), 

121.6 (ArCH (C-ring)), 128.0 (AlkenicC), 131.5 (AlkenicCH), 134.2 (ArC), 135.5 

(ArC), 138.8 (ArC), 141.5 (ArC), 144.7 (ArC), 150.6 (ArC), 150.8 (ArC), 151.2 (ArC).

v„ax/cm‘' 3490.4, 2892.5, 1623.8, 1253.9

HRMS: (M + Na)^ requires 509.2330, found 509.2746, molecular formula

(C 2 7 H 3 8 0 6 S i)

a ,  = -0.77 (CH2CI2)

Synthesis o f 2.20 - oxidation

To a stirred solution of (2.19) (1.50 g, 3.1 mmol) in DCM (10 mL) was added, Dess 

Martin periodinane (1.40 g, 3.3 mmol) at room temperature. The progress of the 

reaction was monitored by TLC and after 30 min the reaction was quenched by the 

addition of aq. NaOH 1 M (1 x 15mL). The product was extracted with diethyl ether 

(3 X 20 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.20) as a yellow oil (900 mg, 100%).

'H NMR (CDCI3) 6 h ppm: 0.16 (6 H, s, Si(CH3)2), 0.99 (9H, s, C(Chb)3), 2.73 (2H, dd, 

J = 6.4 Hz, 4.0 Hz, Ctb), 3.16 (2H, t, J  = 6.4Hz, CH2), 3.62 (3H, s, OCH3), 3.86 (3H, 

s, OCH3), 3.91 (3H, s, OCH3), 3.94 (3H, s, OCH3), 6.36 (2H, s, ArH{A-ring} & 

C=CH), 6 . 8 6  (IH, s, ArH{C-ring}), 6.90 (IH, d, J  = 8.4 Hz, ArH{C-ring}), 6.92 (IH, 

d , J = 8 . 4  Hz, ArH{C-ring})
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'^C NMR (CDCI3) 5c ppm: -5.03 (Si(CH3)2), 17.9 (C(CH3)3), 19.8 (CH2), 25.2

(C(CH3)3), 45.2 (CH2), 54.9 (OCH3), 55.4 (OCH3), 60.4 (OCH3), 60.9 (OCH3), 110.8 

(ArCH (A-ring)), 111.3 (ArCH (C-ring)), 121.2 (ArCH (C-ring)), 122.4 (ArCH (C- 

ring)), 127.4 (AlkenicCH), 128.6 (AlkenicC), 132.1 (ArC), 134.8 (ArC), 142.7 (ArC), 

144.1 (ArC), 149.4 (ArC), 150.5 (ArC), 151.3 (ArC), 151.3 (ArC), 203.7 (C=0)

Vrnax/cm ' 2932.8, 1688.8, 1593.1

HRMS: (M + Na)^ requires 507.2173, found 507.2365, molecular formula

(C 2 ? H 3 6 0 6 S i)

Synthesis o f  1.5 - removal o f  silyl group from  phenol

To a stirred solution of 2.20 (750 mg, 1.5 mmol) in THF (10 mL) was added 1 M 

TBAF (1.7 mL, 1.7 mmol) at 0°C. After one hour the reaction was seen to be complete 

by TLC and was quenched by the addition of sat. aq. NaCI (1 x 20 mL). The product 

was extracted with diethyl ether (3 x 20 mL). The ether extracts were combined, dried 

over MgS0 4  and filtered. The organic fractions were applied directly to a flash column, 

without prior concentration of the solution in vacuo. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford 1.5 as a yellow solid (530 mg, 92%).

'H NMR (CDCI3) 5h ppm: 2.74 (2H, dd, J  = 6.4 Hz, 3.9 Hz, CH2), 3.15 (2H, t, J  = 6.4 

Hz, CH2), 3.64 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.95 (6 H, s, 2 x OCH3), 5.79 (IH, 

s, br.s, OH), 6.39 (IH, s, C=CH), 6 . 8 6  (IH, s, ArH{A-ring}), 6 . 8 8  (IH, s, ArH{C- 

ring}), 6.90 (IH, d, J  = 8.3 Hz, ArH{C-ring}), 6.92 (IH, dd, J  = 8.3 Hz, 2.4 Hz, 

ArH{C-ring})

'^C NMR (CDCI3) 5c ppm: 20.4 (CH2), 45.8 (CH2), 56.0 (OCH3), 56.1 (OCH3), 61.0 

(OCH3), 61.5 (OCH3), 110.3 (ArCH (A-ring)), 111.9 (ArCH (C-ring)), 115.5 (ArCH 

(C-ring)), 121.2 (ArCH (C-ring)), 128.1 (AlkenicCH (B-ring)), 129.2 (AlkenicC),

187



I

132.5 (ArC), 135.9 (A rQ , 143.3 (ArC), 145.3 (ArC), 147.4 (ArC), 150.0 (ArC), 151.1 

(ArC), 151.8 (ArC), 203.8 (C=0)

v^ax/cm-' 3243.2, 2945.5, 2891.3, 1750.0, 1633.2, 1364.9, 1239.0, 1109.1, 1016.9, 

798.8

HRMS: (M + H)"̂  requires 371.1489, found 371.1579, molecular formula (C21H2 2O6 ) 

Melting point: 149— 151 °C

Synthesis o f  2.21 - 2, 6-dichlorobenzoyl chloride coupling N-tBoc-Leu-OH to the 

phenol

To a solution o f A^-^Boc-Leu-OH (812 mg, 3.5 mmol), DIPEA (0.83 mL, 4.9 mmol) 

and 2, 6-dichlorobenzoyl chloride (0.5 mL, 3.5 mmol) in dry DCM (3 mL) was added a 

solution o f 1.5 (260 mg, 0.7 mmol) and DMAP (86 mg, 0.7 mmol) in dry DCM (2 mL) 

under an atmosphere o f nitrogen at 0 °C. The reaction was brought to room temperature 

and left stirring for 6 h. After this time the reaction mixture was applied directly to a 

flash column and the product was isolated by flash column chromatography (stationary 

phase; silica gel 230-400mesh, mobile phase; 6:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford the 

product as a yellow solid (409 mg, 100%).

'H NMR (CDCI3) 6 h ppm: 0.92 (3H, d, J  = 6.5 Hz, CH3 (Leu)), 0.98 (3H, d, J  = 6.5 

Hz, CH3 (Leu)), 1.41 (9H, s, C(CH3)3), 1.60-1.66 (IH , m, CH (Leu)), 1.70-1.76 (IH , 

m, CFb (Leu)), 1.79-1.86 (IH , m, CH2 (Leu)), 2.68-2.72 (2H, m, CH2), 3.11 (2H, t, J  = 

6.4 Hz, CH2), 3.60 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.87 (3H, s, OCH3), 3.92 (3H, s, 

OCfcb), 4.52 (IH , td, J  = 7.8 Hz, 3.0 Hz, CHNH (Leu)), 6.37 (IH , s, C=CH), 6.43 

(IH, s, ArH (A-ring)), 6.98 (IH , d, J  = 7.4 Hz, ArH (C-ring)), 6.99 (IH , s, ArH (C- 

ring)), 7.34 (IH , d, J  = 7.4 Hz, ArH (C-ring))

'^C NMR (CDCI3) 6 c ppm: 20.2 (CH2), 21.8 (CH3 (Leu)), 22.9 (CH3 (Leu)), 24.7 

(CH(CH3 )2  (Leu)), 28.4 (C(CH3)3  (/Boc)), 41.6 (CH2 (Leu)), 45.5 (CH2), 52.2 (CHNH 

(Leu)), 55.9 (2 x OCH3), 60.9 (OCH3), 61.4 (OCH3), 79.9 (C(CH3 )3  (?Boc)), 111.4
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(ArCH (A-ring)), 112.1 (ArCH (C-ring)), 123.9 (ArCH (C-ring)), 128.0 (ArCH (C- 

ring)), 128.2 (AlkenicCH), 129.2 (AlkenicQ, 135.0 (ArC), 139.0 (ArC), 143.4 (ArC), 

150.1 (ArC), 151.0 (ArC), 151.1 (A rQ , 155.7 (ArC), 162.5 (ArC), 171.6 (NHC=0 

(/Boc)), 177.1 (0 C = 0  (Leu)), 204.3 (C=0)

Vn,ax/cm''2943.5, 1750.0, 1648.0, 1511.5, 1372.6, 1116.0

HRMS: (M + Na)^ requires 606.2674, found 606.2659, molecular formula

(C 3 2 H 4 ,N 0 9 )

Melting point; 105-107 °C

Synthesis o f 2.3 - removal o f tBoc group from Leu

A solution of 2.21 (409 mg, 0.7 mmol) in DCM (1 mL) was acidified with HCl gas and 

stirred at room temperature for 20 min. After this time the solvent was removed in 

vacuo and the solid salt 2.3 , a purple solid, was washed with hexane and dried under 

vacuum (340 mg, 100%).

'H NMR (DMSO^*^) 5h ppm: 0.88 (3H, d, J  = 6.5 Hz, CH3  (Leu)), 0.94 (3H, d, 7  = 6.5 

Hz, CH3 (Leu)), 1.58-1.63 (IH , m, CH2  (Leu)), 1.71-1.76 (IH, m, CLb (Leu)), 1.80- 

1.89 (IH, m, CH (Leu)), 2.63 (2H, dd, J  = 7.0 Hz, 4.5 Hz, CH2 ), 3.03 (2H, t, J  = 7.8 

Hz, CH2 ), 3.54 (3H, s, OCH3 ), 3.78 (3H, s, OCH3 ), 3.80 (3H, s, OCH3 ), 3.83 (3H, s, 

OCH3 ), 4.19 (IH , t, J  = 6.4 Hz, CHNH (Leu)), 6.28 (IH , s, C=CH), 6.29 (IH , s, ArH 

(A-ring)).), 7.04 (IH , s, ArH (C-ring)), 7.25 (IH , d, J  = 8.0 Hz, ArH (C-ring)), 7.38 

(IH , d, J =  8.0 Hz, ArH (C-ring)), 8.26 (IH , br.s, NH), 8.57 (IH , br.s, NH)

'^C NMR (DMSO*^^) 6 c ppm: 20.4 (CH2 ), 22.5 (CH3 (Leu)), 22.7 (CH3 (Leu)), 24.3 

(CH(CH3 ) 2  (Leu)), 39.7 (CH2  (Leu)), 46.0 (CH2 ), 51.0 (CHNH), 56.2 (OCH 3 ), 56.6 

(OCH3 ), 61.0 (OCH3 ), 61.8 (OCH3 ), 111.7 (ArCH (A-ring)), 113.5 (ArCH (C-ring)),

123.8 (ArCH (C-ring)), 128.5 (ArCH (C-ring)), 129.3 (ArC), 131.9 (ArCH (B-ring)),

134.8 (ArC), 138.3 (ArC), 143.4 (ArC), 149.5 (ArC), 150.2 (ArC), 151.2 (ArC), 151.7 

(ArC), 168.6 (ArC), 171.9 (C =0 (Leu)), 203.1 (C=0)
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Vn,ax/cm '‘ 3400.2, 2955.5, 1755.2, 1671.0, 1596.1, 1508.5, 1366.6, 1299.2, 1120.0, 

816.5

HRMS: (M + H)^ requires 484.2330, found 484.2336, molecular formula (C27H33NO7) 

Melting point: 135-137 °C

Synthesis o f  2.23 - tBoc protection o f AH PA

To a solution of AHPA (2.22) (800 mg, 4.1 mmol) and potassium carbonate (566 mg, 

4.1 mmol) in water (2 mL) and THF (15 mL) was added a solution of di-rer^-butyl 

dicarbonate (894 mg, 4.1 mmol) in THF (15 mL) at 0 °C. The temperature was brought 

to room temperature. After 1 h, the organic solvent was removed in vacuo and the 

alkaline aqueous product was washed with diethyl ether (3 x 30 mL). The aqueous 

fraction was then acidified with 0.5 M HCl (30 mL) and the product was extracted into 

diethyl ether (3 x 30 mL). The organic layers were combined, dried over magnesium 

sulphate, filtered and concentrated to afford 2.23 as a white solid (1.2 g, 100%).

‘H NMR (CD3OD) 5h ppm: 1.35 (9H, s, € ( € ^ 3)3)), 2.87-2.96 (2H, m, CH2), 4.12 (H, 

d, J  = 3.1 Hz, CHOH), 4.27 (H, td, J = l . \  Hz, 3.1Hz, CHNH,), 7.22-7.34 (5H, m , 5  x 

ArH (AHPA))

'^C NMR (CD3OD) 5c ppm: 27.7 ( € ( ^ 3)3), 38.0 (CH2), 54.8 (CHNH), 70.4 (CHOH), 

79.3 (C(CH3)3), 126.3 (ArCH), 128.3 (2 x ArCH), 129.4 (2 x ArCH), 138.0 (ArC), 

156.2 (NHC=0), 175.2 (C=0)

Vn,ax/cm‘' 3397.3,2974.3, 1697.5, 1507.3, 1165.7, 1087.5,698.7

HRMS: (M + Na)^ requires 318.1312, found 318.1332, molecular formula

( C , 5 H 2 , N 0 5 )

Melting point: 100-102 °C
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Synthesis o f  2.24 - the PFP ester o f  N-tBoc-AHPA

To a stirred solution of 2.23 (750 mg, 1.75 mmol) in anhydrous DCM/DMF (7 mL/3 

mL) was added pentafluorophenol (380 mg, 2.1 mmol) followed by DCC (720 mg, 3.5 

mmol) in dry DCM (5 mL) at 0 °C under an atmosphere o f nitrogen. The temperature 

was allowed to increase to ambient over one hour. The reaction was then filtered to 

remove the by-product DCU and the product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were combined and evaporated down 

to a sticky opaque semi-solid (715 mg, 70%).

'H NMR (CDCb) 5h ppm: 1.44 (9H, s, C(CH3 )3 )), 3.04-3.11 (2H, m, CH2 ), 4.46 (IH, 

td, J  = 7.5 Hz, 3.1 Hz, CHNH,), 4.58 (IH , d, J  = 3.1 Hz, CHOH), 7.28-7.37 (5H, m, 5 

X ArH (AHPA))

'^C NMR (CDCI3 ) 5c ppm: 27.6 ( € ( ^ 3 )3 ), 37.5 (CH2 ), 54.7 (CHNH), 70.7 (CHOH), 

80.1 (C(CH3 )3 ), 126.3 (ArCH), 128.2 (2 x ArCH), 128.9 (2 x ArCH), 131.7 (ArC), 

136.2 (ArC), 138.0 (ArC), 138.6 (ArC), 139.2 (ArC), 140.5 (ArC), 141.8 (ArC), 155.6 

(NHC=0), 169.4 (C=0)

'^FNM R (CDCI3 ) 6 f ppm: -171.1, -165.5, -162.9, -158.2, -152.8.

v„,ax/cm''3329.6, 2930.5,2850.2, 1749.3, 1625.7, 1517.4, 1164.7, 700.8

HRMS: (M + Na)"  ̂ requires 484.1154, found 484.1153, molecular formula

(C 2,H 2oF 505)

Synthesis o f  2.25 - coupling o f  N-tBoc-AHPA PFP ester to 2.3

To a solution o f 2.3 (37 mg, 0.08 mmol) in anhydrous DCM (1 mL) was added a 

solution of 2.4 (70 mg, 0.15 mmol) in anhydrous DCM (1 mL) followed by EtsN (0.02 

mL, 0.15 mmol) under an atmosphere of nitrogen at 0 °C. After 20 min the solvent 

volume was reduced under vacuum and loaded directly onto a flash column (stationary
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phase; silica gel 230-400mesh, mobile phase; 6:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford the 

product as a pink solid (43 mg, 70%).

’H NMR (CDCb) 5h ppm: 1.00 (3H, d, J  = 6.5 Hz, CH3 (Leu)), 1.02 (3H, d, J  = 6.5 

Hz, CH3 (Leu)), 1.40 (9H, s, C(CH3)3 (« o c)), 1.73-1.75 (IH, m, CH2 (Leu)), 1.77-1.79 

(IH, m, CH (Leu)), 1.88-1.93 (IH, m, CLb (Leu)), 2.74 (2H, dd, J  = 6.2 Hz, 2.7 Hz, 

Ctb), 3.15 (2H, d, J =  8.0 Hz, Chb (AHPA bzl)), 3.13-3.17 (2H, m, CH2), 3.64 (3H, s, 

OCH3), 3.87 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.96 (3H, s, OCH3), 4.01 (IH, td, J  = 

7.5 Hz, 3.1 Hz, CHNH (AHPA)), 4.20 (IH, d, J  = 2.7 Hz, CHOH (AHPA)), 4.88- 4.91 

(IH, m, CHNH (Leu)), 5.85 (IH, br., NH), 6.36 (IH, s, C=CH), 6.39 (IH, s, ArH (A- 

ring)), 6.97 (IH, s, ArH (C-ring)), 6.99 (IH, s, ArH (C-ring)), 7.02 (IH, d ,J  = 2.4 Hz, 

ArH (C-ring), 12 \ -1 2 6  (2H, m, ArH (AHPA)), 7.28-7.33 (3H, m, ArH (AHPA)), 7.42 

(IH, d ,J = 6 .2  Hz, NH)

'̂ C NMR (CDCI3) 5c ppm: 20.3 (CH2 ), 21.6 (CH3 (Leu)), 23.1 (CH3 (Leu)), 24.7 

(CH(CH3)2  (Leu)), 28.2 (C(CH3 )3  (^Boc)), 36.0 (CH2 (AHPA bzl), 41.4 (CH2 (Leu)), 

45.7 (CH2), 50.7 (CHNH (Leu)), 55.0 (CHNH (AHPA)), 56.0 (OCH3), 56.1 (OCH3), 

61.0 (OCH3), 61.5 (OCH3), 72.5 (CHOH (AHPA)), 80.7 (C(CH3)3  (®oc)), 111.6 

(ArCH (A-ring)), 112.2 (ArCH (C-ring)), 124.0 (ArCH (C-ring)), 126.7 (ArCH (C- 

ring)), 127.8 (ArCH (AHPA)), 128.4 (AlkenicCH), 128.6 (2 x ArCH (AHPA)), 129.1 

(AlkenicC), 129.3 (2 x AiCH (AHPA)), 132.0 (ArC), 135.2 (ArC), 138.1 (ArC), 139.0 

(ArC), 143.4 (ArC), 150.1 (ArC), 150.8 (ArC), 151.2 (ArC), 151.7 (ArC), 158.1 

(NHC=0 (/Boc)), 170.6 (NHC=0 (AHPA)), 172.8 (NHC=0 (Leu)), 204.4 (C=0)

Vmax/cm"' 3301.3, 2944.4, 1788.7, 1672.7, 1507.5, 1263.1, 1115.6, 1031.1,706.9

HRMS: (M + Na)"̂  requires 783.3463, found 783.3594, molecular formula

( C 4 2 H 5 2 N 2 O H )

Melting point: 125-127 °C
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Synthesis o f 2.26 - removal o f  tBoc group

A solution of 2.25 (409 mg, 0.7 mmol) in DCM (1 mL) was acidified with HCl gas and 

stirred at room temperature for 20 min. Upon complete removal of the /Boc group the 

solvent was removed in vacuo to leave a dark pink solid (460 mg, 99%).

'H NMR (DMSO*^^) 5h ppm: 1.02 (3H, d, J  = 6.3 Hz, CH 3 (Leu)), 1.04 (3H, d, J  =

6.3 Hz, C tb  (Leu)), 1.82-1.86 (IH , m, CH2 (Leu)), 1.88-1.87 (IH , m, CH (Leu)), 1.90- 

1.92 (IH , m, CH2  (Leu)), 2.62-2.69 (2H, m, C tb), 2.93 (IH , dd, J  = 13.1 Hz, 6.7 Hz, 

CH2 (AHPA bzl)), 3.12 (2H, t, J  = 4.5 Hz, CH.), 3.13 (IH , d d , J =  13.1 Hz, 6.7 Hz, 

CH2 (AHPA bzl)), 3.55 (3H, s, OCH3 ), 3.73-3.78 (IH, m, CHNH (AHPA)), 3.84 (3H, 

s, OCH3 ), 3.88 (3H, s, OCH3 ), 3.89 (3H, s, OCH3 ), 4.18 (IH, d, J =  3.0 Hz, CHOH 

(AHPA)), 4.69 (IH, t, J  = 4.4 Hz, CHNH (Leu)), 6.32 (IH, s, C=CH), 6.36 (IH, s,

ArH (A-ring)), 6.47 (IH, s, ArH (C-ring)), 6.99 (IH, d, J  = 7.7 Hz, ArH (C-ring)),

7.14 (IH, d, J  = 7.7 Hz, ArH (C-ring)), 7.27-7.37 (5H, m, 5 x ArH (AHPA))

'^C NMR (DMSO'^^) 6 c ppm: 19.7 (CH2 ), 20.9 (CH3 (Leu)), 21.7 (CH 3 (Leu)), 24.6 

(CH(CH3 ) 2  (Leu)), 34.5 (CH2  (AHPA bzl), 39.4 (CH2 (Leu)), 45.0 (CH2 ), 51.1 (CHNH 

(Leu)), 55.0 (OCH3 ), 55.3 (OCH3 ), 60.0 (OCH3 ), 60.6 (OCH3 ), 68.5 (CHNH (AHPA)), 

97.5 (CHOH (AHPA)), 108.5(ArCH (A-ring)), 111.7 (ArCH (C-ring)), 112.2 (ArCH 

(AHPA)), 122.3 (ArCH (C-ring)), 123.5 (ArCH (C-ring)), 127.7 (AlkenicCH), 128.3 (2 

X ArCH (AHPA)), 128.6 (2 x ArCH (AHPA)), 131.5 (AlkenicC), 134.5 (ArC), 134.8 

(A O , 138.6 (A iQ , 143.0 (ArC), 149.5 (ArC), 150.8 (ArC), 151.0 (ArC), 151.4 (A i€ 

(AHPA)), 170.7 (A rQ , 170.8 (NHC=0 (AHPA)), 172.3 (NHC=0 (Leu)), 204.6 (C=0)

Vrna.x/cm''3300.2,2927.6, 1764.5, 1650.8, 1516.0, 1271.5, 1111.4, 1023.0, 702.7

HRMS: (M + H)^ requires 661.3120, found 661.3698, molecular formula

(C 3 7H4 5 N 2 O9 )

Melting point: 150-152 °C
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6.2 Chapter 3

Synthesis o f  4-bromo-l-methoxy-2-nitrobenzene (3.2)

To a stirred solution of 4-bromo-2-nitrophenol (3.1) (5.00 g, 22.9 mmol) in acetone (50 

mL) was added iodomethane (14.3 mL, 229.3 mmol) followed by K2 CO3 (9.50 g, 68.7 

mmol). The reaction mixture was then gently refluxed for 6  h. On completion, the 

solvent was removed under reduced pressure to afford an oil. The crude product was 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 9:1 hexane/ethyl acetate). All homogenous fractions were collected and 

the solvent was evaporated to afford 3.2 as an off-white solid (5.20 g, 98%).

'H NMR (CDCI3) 6HPpm 3.98 (3H, s, OCH3), 7.02 (IH, d, J  = 7.5 Hz, ArH), 7.67 (IH, 

d, J =  7.5 Hz, ArH), 8.00 (IH, s, ArH)

'^C NMR (CDCI3) 5e ppm 56.7 (OCH3), 112.0 (qC), 115.2 (ArCH), 128.4 (ArCH), 

130.1 (qC), 137.0 (ArCH), 152.4 (qC)

vn,ax/cm' 1604.2, 1516.7, 1343.7, 1148.5

HRMS: (M + Na)^ requires 253.9423, found 253.9698, molecular formula

( C 7 H 6 B r N 0 3 )

Melting point: 90-92 °C

Synthesis o f  5-bromo-2-methoxyaniline (3.3)

To a stirred solution of 3.2 (6.25 g, 26.9 mmol) dissolved in ethanol (40 mL) was 

added conc. HCl (20 mL) and powdered tin (6.25 g) at room temperature. After 5 h, 

the solvent was removed in vacuo and 2.5 M aq. NaOH (100 mL) was added slowly at 

0 °C. The product was extracted with diethyl ether (3 x 50 mL) and the combined 

extracts were dried over magnesium sulphate, filtered and concentrated under vacuum. 

The resulting oil was purified by flash column chromatography (stationary phase; silica
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gel 230-400 mesh, mobile phase; 9:1 hexane/ethyl acetate). All homogenous fractions 

were collected and the solvent was evaporated to afford 3.3 as a white solid (5.06 g, 

93%).

‘H NMR (CDCI3) 5Hppm 3.85 (3H, s, OCH3), 6.65 (IH, d, J =  7.5 Hz, ArH), 6.81 (IH, 

d, J  = 7.5 Hz, ArH), 6.84 (1H, s, ArH), 7.72 (2H, br.s, NH2 )

'^C NMR (CDCI3) 8 c ppm 55.2 (OCH3), 111.3 (ArCH), 112.8 (qC), 116.9 (ArCH), 

120.4 (ArCH), 137.3 (qC), 145.9 (qC)

v^ax/ cm'' 3410.0, 2982.7, 1712.23, 1599.6, 1516.3, 1235.6, 1148.1, 1023.0, 805.1 

HRMS: (M + H)^ requires 201.9862, found 201.9698, molecular formula (C7HgBrN0 ) 

Melting point: 88-90 °C

Synthesis o f 3.4 - N-tBocprotection

To a stirred solution of 3.3 (3.0 g, 14.8 mmol) in anhydrous THF (30 mL) was added a 

1 M solution of di-/er/-butyl dicarbonate in anhydrous THF (74.0 mL, 74.0 mmol) 

under an atmosphere of nitrogen. The solution was stirred under reflux for 16 h after 

which time the reaction was quenched with saturated NaCl solution (20 mL) and the 

THF was removed in vacuo. The product was extracted into diethyl ether (3 x 30 mL). 

The combined organic extracts were dried over magnesium sulphate, filtered and 

condensed in vacuo to afford an oil. The crude product was purified by flash column 

chromatography, using a low polarity mobile phase first to remove the rBuOH 

generated (stationary phase; silica gel 230-400 mesh, mobile phase; 9:1 hexane/ethyl 

acetate). All homogenous fractions were collected and the solvent was evaporated to 

afford 3.4 as a white solid (4.29 g, 96%).

'H NMR (CDCI3) 6 Hppm: 1.55 (9H, s, C(CH3)3), 3.87 (3H, s, OCH3), 6.71 (IH, d, J  = 

8.2 Hz, ArH), 7.10 (IH, d, J  = 8.2 Hz, ArH), 7.78 (IH, s, ArH), 8.02 (IH, br.s, NH)
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'^C NMR (CDCI3) 5c ppm: 28.0 (C(CH3)3), 55.5 (OCH3), 80.3 (C(CH3)3), 110.7 

(ArCH), 113.0 (qQ , 120.4 (ArCH), 124.5 (ArCH), 129.0 (qC), 146.1 (qC), 152.0 

(C=0)

Vmax/crn"'3078.7, 1632.23, 1500.6, 1408.6

HRMS: (M + H)^ requires 302.0386, found 303.0698, molecular formula

( C , 2 H , 6 B r N 0 3 )

Melting point: 75-77 °C 

Synthesis o f 3.5 - inflation

To a dry three-necked round bottom flask containing N, A^-diisopropylamine (3.0 mL, 

21.2 mmol) was added 2.5 M nBuLi (8.5 mL, 21.2 mmol) under an atmosphere of 

nitrogen at -78°C. After 20 min an anhydrous solution o f 2.12 (6 . 6 8  g, 13.2 mmol) in 

dry THF (40 mL) was transferred to the three-necked flask, drop-wise by use of a 

syringe in order to avoid opening the flask. Additional anhydrous THF was added as 

required to ensure that the reaction was in solution. The resultant solution was allowed 

to stir at -78°C for 2 h after which time an anhydrous solution o f 2-[N, A -̂bis 

(trifluoromethylsulfonyl) amino]-5-chloropyridine (15.6 g, 39.7 mmol) in dry THF (30 

mL) was added dropwise via a syringe. The reaction was allowed to stir for an 

additional 3 h at this temperature. The reaction was quenched by the addition o f water 

(1 X 50 mL) and extracted with diethyl ether (3 x 50 mL). The combined organic 

fractions were dried over MgS0 4 , filtered and dried under vacuum. The residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 8:1, hexane/ethyl acetate). All homogenous fractions were combined and 

the solvent was evaporated to yield 3.5 as a colourless oil (7.47 g, 89%).

‘H NMR (CDCI3) 5h ppm: 1.07 (9H, s, C(CH3)3), 1.84-1.93 (IH , m, CHz), 1.97-2.06 

(IH , m, CH2 ), 2.95 (IH , td, J  = 12.1 Hz, 4.5 Hz, CFb) 3.05-3.20 (IH , m, CH2), 3.84 

(3H, s, OCH3), 3.90 (3H, s, OCH3), 3.96 (3H, s, OCH3), 4.35 (IH,  td, J  = 10.2 Hz,
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5.1Hz, CHO), 6.27 (IH , d, J  = 11. 6  Hz, C=CH), 7.16 (IH , s, ArH), 7.37 -  7.46 (6 H, m, 

6  X ArH), 7.68 (2H, d, J  = 6 . 8  Hz, 2 x ArH), 7.72 (2H, d, J  = 6 . 8  Hz, 2 x ArH)

'^C NMR (CDCb) 5c ppm: 18.5 (C(CH3)3), 20.9 (CH2), 26.4 ( € ( ^ 3)3), 29.7 (CH2), 

55.6 (OCH3), 60.5 (OCH3), 60.9 (OCH3), 67.7 (CHO), 106.1 (ArCH), 108.2 (2 x 

ArCH), 126.5 (2 x ArC), 127.2 (C=CH), 129.3 (ArCH), 131.8 ( 2  x ArCH), 133.1 (2 x 

ArCH), 135.4 (ArCH), 145.3 (2 x ArC), 147.1 (2 x ArCH), 149.7 (2 x ArC), 151.2 (2 

X ArC)

'^F NMR (CDCI3) §F ppm: -74.50

Vrnax/cm'' 3071.2, 2910.5, 1601.5, 1415.2, 1107.6

HRMS: (M + Na)^ requires 421.0539, found 421.0628, molecular formula

( C i 5 H ,7 F 3 0 7 S )

a ,  = -0.44 (CH2CI2)

Synthesis o f 3.6 - the 5-boronic ester

To potassium acetate (6.1 g, 62.2 mmol), bis-(pinacolato)-diboron (6.0 g, 23.7 mmol) 

and bis (diphenylphosphine) ferrocene dichloropalladium (II) (0.32 g, 0.44 mmol) was 

added an anhydrous solution o f 3.4 (4.20 g, 13.9 mmol) in DMSO (80 mL) under an 

atmosphere of nitrogen. The mixture was stirred at 80 C for 4 h after which time the 

reaction was quenched with saturated NaCI solution and extracted with diethyl ether (3 

X 50 mL). The combined ether extracts were dried over magnesium sulphate, filtered 

and concentrated. The crude product was purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 9:1 hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 3.6 

as an off-white solid (3.90 g, 80%).

'H NMR (CDCI3) 6 HPpm: 1.34 (12H, s, 2 x C(CH3)2), 1.33 (9H, s, C(CH3)3), 3.90 (3H, 

s, OCH3), 6 . 8 6  (IH , d, J  = 8.3 Hz, ArH), 7.48 (IH , d, J  = 8.3 Hz, ArH), 7.74 (IH, s, 

ArH), 8.08(1 H, br.s, NH)
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’̂ C NMR (CDCI3) 6c ppm: 24.8 (4 x CH3), 28.0 ( € ( ^ 3)3), 55.2 (OCH3 ), 83.0 (3C, 

C(CH3)3 ), 2 X C(CH3)2 ) 109.3 (ArCH), 127.1 (ArC), 126.9 (ArC), 129.4 (2 x ArCH), 

149.6 (ArQ, 152.2 (C=0)

Vmax/crn'' 3052.2, 1628.3, 1432.0, 1178.6, 1118.0, 690.4

HRMS: (M + H)^ requires 350.2133, found 350.2330, molecular formula

(CigHjgBNOs)

Melting point: 105-107 °C 

Synthesis o f  3.7 - Suzuki coupling

To a flask containing triflate 3.5 (6.28 g, 9.9 mmol) was added boronic acid ester 3.6 

(3.72 g, 10.7 mmol), K2 CO3 (3.68 g, 26.7 mmol), and tetrakis-(triphenylphosphine)- 

palladium (0) (80 mg, 0.5 mmol). The mixture was dissolved in a mixture of toluene, 

ethanol and water (3:1:1, 100 mL). The resulting mixture was heated to 70°C for 30 

min. The reaction was quenched by the addition of water ( 1  x 50 mL) and the product 

was extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 8:1, hexane/ethyl acetate). All homogenous fractions were collected and 

the solvent was evaporated to afford 3.7 as a yellow solid (7.0 g, 100%).

'H NMR (CDCI3 ) 8 h ppm: 1.11 (9H, s, C(CH3)3 ), 1-56 (9H, s, C(CH3 )3 ), 2.28-2.34 

(IH, m, Ctb), 2.60-2.62 (IH, m, CH2), 2.74-2.79 (IH, m, CH2), 2.89-2.93 (IH, m, 

CH2 ), 3.67 (3H, s, 0 CH3 {C-ring}), 3.75 (3H, s, OCH3 ), 3.83 (3H, s, OCH3 ), 3.91 (3H, 

s, OCH3 ), 4.13-4.17 (IH, m, CHOSi), 6.26 (IH, s, ArH{A-ring}), 6.40 (IH, d, J  = 5.0 

Hz, C=CH), 6.74 (H, d, J  = 6.1 Hz, ArH{C-ring}), 6.77 (H, d, J  = 6.1 Hz, ArH{C- 

ring}), 7.38 (IH, s, ArH{C-ring}), 7.32-7.46 (6 H, m, ArH (di-phenyl)), 7.62 (2H, d, J  

= 8.3 Hz, ArH (di-phenyl)), 7.65 (2H, d, J  = 8.3 Hz, ArH (di-phenyl)), 8.01 (IH, br.s, 

NH)
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'^C NMR (CDCI3) 6e ppm: 19.0 (C(CH3)3), 21.8 (CH2), 27.0 (3 x C(CH3)3  (tBDPSi)), 

28.2 (3 X C(CH3)3  (? B o c ) ) ,  43.7 (CH2), 55.7 (OCH3), 56.0 (OCH3), 60.8 (OCH3), 61.5 

(OCH3), 70.1 (CHOSi), 71.3 (C(CH3)3 (rBoc)), 107.6 (ArCH (A-ring)), 107.9 (ArCH 

(C-ring)), 108.8 (ArCH), 109.4 (ArCH), 111.0 (ArCH), 118.2 (ArCH), 122.3 (ArCH), 

127.5 (2 X ArCH), 127.8 (ArC), 128.1 (ArC), 129.5 (2 x ArCH), 133.1 (AlkenicCH), 

134.3 (AlkenicC), 134.4 (ArCH), 135.5 (ArC), 135.8 (2 x ArCH), 137.9 (ArC), 141.0 

(ArC), 141.2 (ArC), 147.2 (ArC), 150.7 (ArC), 150.9 (ArC), 152.7 (ArC), 156.34 

(C=0)

Vmax/cm"'2933.2, 1638.2, 1507.0, 1153.6, 1070.3

HRMS; (M + Na)^ requires 732.3327, found 732.3698, molecular formula

( C 4 2 H 5 , N 0 7 S i )

Melting point: 70-72 °C 

a ,  = -1.91 (CH2CI2 )

Synthesis o f  3.8 - silyl group removal

To a stirred solution of 3.7 (4.32 g, 6.1 mmol) in THF (30 mL) was added 1 M TBAF 

(8.0 mL, 8.0 mmol) at 0°C. The reaction was brought to room temperature. After 6  h, 

the reaction was quenched by the addition of sat. aq. NaCl ( 1  x 5 0  mL) and the product 

was extracted with diethyl ether (3 x 20 mL). The etheral extracts were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo without the use of heat. The 

product was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 2:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford 3.8 as a white solid (2.62 g, 92%).

'H NMR (CDCI3) 6 h ppm: 1.26 (9H, s, C(CH3 )3), 2.10-2.12 (IH , m, CH2 ), 2.36-2.38 

(IH, m, CH2 ), 2.53 (IH,  td, J =  13.2 Hz, 6 . 2  Hz, CH2), 3.03 (IH, td, J =  13.2 Hz, 6 . 1  

Hz, CH2), 3.70 (3H, s, OCH3), 3.90 (3H, s, OCH3 ), 3.92 (3H, s, OCH3), 3.94 (3H, s, 

OCH3 ), 4.13-4.14 (IH,  m, CHOH, 6.36 (IH,  d, J =  5.0 Hz, C=CH), 6.39 (IH, s.
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ArH{A-ring}), 6 . 8 6  (H, d, J  = 8.0 Hz, ArH{C-ring}), 6 . 8 8  (IH, d, J  = 8.0 Hz, ArH{C- 

ring}), 7.29 (IH, s, ArH{C-ring}), 8.28 (IH, br.s, NH)

'^C NMR (CDCb) 6 c ppm: 21.9 (CH2), 28.5 (C(CH3)3 (/Boc)), 43.0 (CH2), 55.8 

(OCH3), 56.2 (OCH3), 61.0 (OCH3), 61.6 (OCH3), 70.0 (CHOH), 79.52 (C(CH3)3  

(/Boc)), 108.9 (ArCH (A-ring)), 109.6 (ArCH), 117.6 (ArCH), 122.4 (ArCH), 128.0 

(ArC), 128.1 (AlkenicC), 132.0 (AlkenicCH), 134.2 (ArC), 135.3 (ArC), 138.8 (ArC), 

141.4 (ArC), 147.2 (ArC), 150.7 (ArQ, 151.2 (ArC), 152.3 (C=0)

Vmax/crn'' 3355.0, 1633.9, 1512.3, 1234.8, 1110.6

HRMS; (M + Na)^ requires 494.2149, found 494.2698, molecular formula (C26H33 

NO7)

Melting point: 95-97 °C 

a ,  = -0.42 (CH2 CI2)

Synthesis o f  3.9 - oxidation

To a stirred solution of (3.8) (930 mg, 2.2 mmol) in DCM (10 mL) was added. Dess 

Martin periodinane (1.11 g, 2.6 mmol) at room temperature. The progress of the 

reaction was monitored by TLC and after 30 min the reaction was quenched by the 

addition of aq. NaOH 1 M (1 x 15mL). The product was extracted with diethyl ether 

(3 X 20 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.20) as a white solid (930 mg, 100%).

^H NMR (CDCI3) 5h ppm: 1.40 (9H, s, C(CH3)3>, 2.07-2.15 (IH, m, CH2), 2.39 (IH, 

dd, J  = 10.8 Hz, 7.1 Hz, CHj), 2.48-2.56 (IH, m, CH2), 3.04 (IH, dd, J  = 10.8 Hz, 7.1 

Hz, C tb), 3.52 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.82 (3H, s, OCH3), 3.84 (3H, s, 

OCH3), 6.36 (IH, s, C=CH (B-ring)), 6.39 (IH, s, ArH(A-ring)), 6.78 (IH, d, J  = 8.0
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Hz, ArH (C-ring)), 6.79 (IH, d, J  = 8.0 Hz, ArH(C-ring)), 7.10 (IH, s, ArH (C-ring)), 

8.18 (IH, br.s, NH)

'̂ C NMR (CDCb) 5c ppm: 19.5 (CH2), 27.7 ((C(CH3 )3  (/Boc)), 30.8 ((C(CH3)3  (tBoc)), 

36.2 ((C(CH3)3  (rBoc)), 45.1 (CH2), 55.3 (OCH3), 55.5 (OCH3), 60.3 (OCH3), 60.8 

(OCH3), 80.0 (C(CH3)3  (/Boc)), 109.0 (ArCH (A-ring)), 111.8 (ArCH), 118.1 (ArCH), 

123.0 (ArCH), 127.3 (AlkenicC), 127.9 (AlkenicCH), 128.7 (ArC), 132.0 (ArC), 135.0 

(ArC), 142.7 (ArC), 147.7 (ArC), 149.5 (ArC), 150.6 (ArC), 151.6 (AiC), 152.2 

(NHC=0 (/Boc)), 203.5 (C=0)

Vrnax/cm''2934.6, 1710.6, 1669.8, 1234.7, 1110.7, 1025.8

HRMS; (M + H)  ̂requires 470.2173, found 470.1981, molecular formula (C26H31NO7) 

Melting point: 136-138 °C

Synthesis o f  3.10 - removal o f  the tBoc group

A solution o f 3.09 (300 mg, 0.64 mmol) in DCM/TFA 1:1 (3 mL) was stirred for 45 

min at room temperature. The reaction was quenched with aq. NaOH 2 M (5 mL) and 

extracted into diethyl ether ( 3 x 1 0  mL). The organic fractions were combined, dried 

over MgS0 4  and dried under vacuum. The product, a yellow solid, was washed with 

diethyl ether (240 mg, 100%).

'H NMR (CDCI3) 5h ppm: 2.73 (2H, dd, J  = 7.0 Hz, 3.6 Hz, Ctb), 3.16 (2H, t, J  = 6.2 

Hz, CH2 ), 3.65 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.92 (3H, s, OCH3), 3.96 (3H, s, 

OCH3), 6.39 (IH, s, C=CH (B-ring)), 6.43 (IH, s, ArH(A-ring), 6.73 (IH, d, J  = 3.3 

Hz, ArH (C-ring)), 6.74 (IH, d, J  = 7.9 Hz, ArH(C-ring)), 6.79 (IH, d, J  = 7.9 Hz, 

ArH(C-ring)), 7.30 (2H, s, NLb)

'̂ C NMR (CDCI3) 6c ppm: 20.4 (CH2), 45.7 (CH2), 55.6 (OCH3), 56.1 (OCH3), 60.9 

(OCH3), 61.4 (OCH3), 109.8 (ArCH (C-ring)), 112.1 (ArCH (A-ring)), 115.5 (ArCH 

(C-ring)), 119.8 (ArCH (C-ring)), 127.9 (AlkenicCH), 129.1 (AlkenicC), 132.7 (ArC),
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135.5 (ArC), 135.8 (ArC), 143.1 (ArQ, 148.1 (ArC), 149.9 (ArC), 151.0 (ArC), 152.3 

(ArC), 204.3 (C=0)

Vrnax/cm'* 3420.1, 3309.5, 2963.0, 1721.4, 1620.3, 1589.3, 1452.7, 1238.7, 1117.7, 

736.1

HRMS: (M + H)^ requires 370.1649, found 370.2137 (+H^), molecular formula

(C2,H23N05)

Melting point; 110-112 °C

Synthesis o f 3.11 - N-tBoc-Leu-OH coupling

To a stirred solution of 3.10 (400 mg, 1.09 mmol) in dry DCM (15 mL) was added a 

solution of A^-/Boc-Leu-OH (750 mg, 3.25 mmol), PyBrop (760 mg, 1.64 mmol) and 

DIPEA (0.56 mL, 4.36 mmol) in dry DCM (15 mL) at 0 °C. The reaction temperature 

was allowed to increase to room temperature and left stirring for 6  h. The reaction was 

then quenched by the addition of 1 M HCl (15 mL) and extracted into diethyl ether (3 x 

15 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford 3.11 as 

a yellow solid (640 mg, 100%).

'H NMR (CDCb) 5h ppm: 0.93 (3H, d, J  = 3.8 Hz, CH3 (Leu)), 0.94 (3H, d, J  = 3.8 

Hz, CH3 (Leu)), 1.43 (9H, s, € (€£ 13)3), 1.52-1.57 (IH, m, CH(CH3)2) (Leu)), 1.68- 

1.78 (2H, m, CH2 (Leu)), 2.69 (2H, dd, J  = 6.5 Hz, 4.2 Hz, Cfcb), 3.11 (2H, t, J  = 6.5 

Hz, CH2 ), 3.59 (3H, s, OCH3), 3.87 (3H, s, OCH3), 3.89 (3H, s, OCH3 ), 3.91 (3H, s, 

OCH3), 4.26-4.31 (IH, m, C=OCH (Leu)), 5.16 (IH, d, J  = 6.0 Hz, NH), 5.28 (IH, s, 

C=CH), 6.34 (IH, s, ArH(A-ring)), 6.35 (IH, s, ArH(C-ring)), 6.85 (IH, d, J  = 8.2 Hz, 

ArH (C-ring)), 7.03 (IH, d, J  = 8.2 Hz, ArH (C-ring)), 8.32 (IH, s, NH), 8.51 (IH, s, 

NH)
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'^C NMR (CDCI3) 5c ppm; 19.7 (CH2), 21.4 (CH3 (Leu)), 22.5 (CH3 (Leu)), 24.4 

(CH(CH3 )2  (Leu)), 27.8 ((C(CH3 )3  (^Boc)), 40.7 (CH2 (Leu)), 45.0 (CH2), 53.5 

(CHNH), 55.4 (OCH3), 55.6 (OCH3), 60.4 (OCH3), 60.9 (OCH3), 79.8 (C(CH3)3  

(tBoc)), 109.1 (ArCH (A-ring)), 111.6 (ArCH (C-ring)), 120.4 (ArCH (C-ring)), 124.6 

(ArCH (C-ring)), 126.6 (AikenicC), 128.0 (AlkenicCH), 128.7 (ArC), 131.9 (ArC), 

135.0 (ArC), 142.8 (ArC), 148.4 (ArC), 149.4 (ArC), 150.6 (ArC), 151.5 (ArC), 155.4 

(NHC=0 (/Boc)), 170.4 (NHC=0 (Leu)), 203.5 (C=0)

V rnax/cm '' 2957.55, 1708.56, 1630.2, 1167.16, 842.35

HRMS: (M + H)^ requires 583.3014, found 583.2981, molecular formula

( C 3 2 H 4 2 N 2 O 8 )

Melting point: 178-180°C

Synthesis o f 3.12 - removal o f tBoc protecting group

A solution of 3.11 (622 mg, 1.07 mmol) in DCM/TFA 1:1 (3 mL) was stirred for 45 

min at room temperature. The reaction was quenched with aq. NaOH 2 M (5 mL) and 

extracted into diethyl ether ( 3 x 1 0  mL). The organic fractions were combined, dried 

over MgS0 4  and dried under vacuum. The remaining salt, a bright orange solid, was 

washed with diethyl ether (515 mg, 1 0 0 %).

‘H NMR (CD3OD) 5h ppm: 0.98 (3H, d, J  = 4.0 Hz, CH3 (Leu)), 1.00 (3H, d, J  = 4.0 

Hz, CH3 (Leu)), 1.46 (IH , m, CH2 (Leu)), 1.65-1.75 (IH , m, CH(CH3 )2  (Leu), 1.80 

(IH , m, CH2 (Leu)), 2.72 (2H, dd, J  = 6.3 Hz, 4.0 Hz, CH2), 3.15 (2H, t, J  = 6.3 Hz, 

CH2 ), 3.51-3.53 (IH , m, C=OCH (Leu)), 3.62 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.96 

(3H, s, OCH3), 3.97 (3H, s, OCH3 ), 5.32 (IH , br.s, NH), 6.40 (2H, s, ArH(A-ring) and 

C=CH), 6.90 (IH , d, J  = 7.5, ArH (C-ring)), 7.08 (IH , d, J  = 7.5 Hz, ArH(C-ring)), 

8.44 (IH , s, ArH (C-ring)), 9.92 (IH , br, NH)

'^C NMR (CD3OD) 5c ppm: 20.3 (CH2), 21.4 (CH3 (Leu)), 23.4 (CH3 (Leu)), 25.0 

(CH(CH3)2 (Leu)), 44.0 (CHj (Leu)), 45.5 (CH2), 54.3 (CHNH2), 55.9 (OCH3), 55.2 

(OCH3), 61.0 (OCH3), 61.4 (OCH3), 109.6 (ArCH (C-ring)), 112.2 (ArCH (A-ring)),
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120.2 (ArCH (C-ring)), 124.6 (ArCH (C-ring)), 127.3 (AlkenicC), 128.6 (AlkenicCH),

129.2 (ArC), 132.6 (ArC), 135.6 (ArC), 143.3 (ArC), 149.1 (ArC), 150.0 (ArC), 151.0 

(ArC), 152.0 (ArC), 173.7 (NHC=0 (Leu)), 204.0 (C=0)

Vrnax/cm ' 3387.9, 2957.6, 2870.9, 2694.6, 1708.6, 1682.3, 1586.1, 1365.9, 1167.2, 

842.4

HRMS; (M + H)^ requires 483.2490, found 483.2488, molecular formula 

( C 2 7 H 3 4 N 2 O 6 )

Melting point; 190-192 °C

Synthesis o f  3.13 - N-tBoc-Glu coupling

To a stirred solution o f 3.10 (430 mg, 1.1 mmol) in dry DCM (15 mL) was added a 

solution o f /Boc-Glu (1.03 g, 3.4 mmol), PyBrop (760 mg, 1.64 mmol) and DIPEA 

(0.74 mL, 4.36 mmol) in dry DCM (15 mL) at 0 °C. The reaction temperature was 

allowed to increase to room temperature and left stirring for 6  h. The reaction was then 

quenched by the addition o f 1 M HCl (15 mL) and extracted into diethyl ether ( 3 x 1 5  

mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane: ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 3.13 

as a yellow solid (720 mg, 100%).

'H NMR (CDCl3 :CDOD3 , 1:1) 6 h ppm: 1.44 (18H, s, 2 x C(CH3 )3 ), 1.92-1.98 (IH, m, 

CH2 (Glu)), 2.13-2.19 (IH, m, CH2 (Glu)), 2.30-2.46 (2H, m, CH2 (Glu)), 2.70 (2H, dd, 

J  = 5.8 Hz, 5.1 Hz, C ib), 3.11 (2H, t, J  = 5.1 Hz, C tb), 3.60 (3H, s, OCH 3), 3.88 (3H, 

s, OCH3), 3.90 (3H, s, OCH3 ), 3.93 (3H, s, OCH3), 4.26-4.33 (IH, m, C=OCH (Glu)), 

5.49 (IH, d, J  = 5.4 Hz, NH), 6.35 (IH, s, C=CH), 6.35 (IH, s, ArH(A-ring), 6 . 8 6  (IH, 

d, J  = 8.1 Hz, ArH (C-ring)), 7.03 (IH, d, J  = 8.1 Hz, ArH (C-ring)), 8.31 (IH, s, 

ArH(C-ring)), 8.57 (IH, br, NH)
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‘ Ĉ NMR (CDCl3 :CDOD3, 1:1) 5c ppm: 19.7 (CH2), 27.0 (CH2 (Glu)), 31.4 (CH2 

(Glu)), 27.6 (2 X C(CH3 )3 (®oc)), 45.1 (CH2), 54.6 (CHNH (Glu)), 55.4 (OCH3), 55.6 

(OCH3), 60.4 (OCH3), 60.9 (OCH3), 80.5 (2 x C(CH3)3  (/Boc)), 109.1 (ArCH (A- 

ring)), 111.6 (ArCH (C-ring)), 120.3 (ArCH (C-ring)), 124.7 (ArCH (C-ring)), 126.5 

(AlkenicC), 128.0 (AlkenicCH), 128.7 (ArC), 131.9 (ArC), 135.0 (ArC), 142.8 (ArC),

148.5 (ArC), 149.5 (ArC), 150.6 (ArQ, 151.5 (ArC), 169.5 (NHC=0 (rBoc)), 172.3 

(NHC=0 (Glu)), 172.3 (0 C = 0  (Glu)) 203.7 (C=0)

V niax /cm ’ ' 2936.48, 1712.4, 1690.3, 1630.1, 1543.4, 1491.9, 1261.5, 1113.2,812.3

HRMS: (M + H)  ̂ requires 655.3225, found 655.3698, molecular formula

( C 3 5 H 4 6 N 2 O 1 0 )

Melting point: 185-187 °C

Synthesis o f  3.14 - removal o f  tBoc protecting group

HCl gas was bubbled through a solution o f 3.13 (720 mg, 1.10 mmol) in methanol (10 

mL). After 10 h, it could be seen by TLC that the reaction was complete. The solvent 

was removed under vacuum and the salt, an orange solid, was washed with diethyl 

ether (600 mg, 1 0 0 %).

'H NMR (CDCl3 :CDOD3 , 1:1) 5h ppm: 2.00-2.02 (IH, m, CH2 (Glu)), 2.09-2.13 (IH, 

m, CH2 (Glu)), 2.46 (2H, t, J  = 5.4 Hz, Cfcb (Glu)), 2.64 (2H, dd, J  = 7.8 Hz, 4.5 Hz, 

CH2 ), 3.08 (2H, t, J  = 6 . 6  Hz, CH2), 3.58 (3H, s, OCH3), 3.81 (3H, s, OCH3 ), 3.85 (3H, 

s, OCH3), 3.91 (3H, s, OCH3), 4.03-4.07 (IH, m, C=OCH (Glu)), 6.32 (IH, s, ArH(A- 

ring)), 6.37 (IH, s, C=CH), 6.92 (H, d, J  = 8.5 Hz, ArH(C-ring)), 7.05 (IH, d, J  = 8.5 

Hz, ArH (C-ring)), 7.53 (IH, s, NH), 8.04 (IH, s, ArH (C-ring))

'̂ C NMR (CDCl3 :CDOD3, 1:1) 6 c ppm: 24.0 (CH2 ), 32.8 (CH2 (Glu)), 37.4 (CH2 

(Glu)), 49.2 (CH2), 57.9 (CHNH (Glu)), 59.3 (OCH3), 59.4 (OCH3), 64.6 (OCH3), 

64.7 (OCH3), 114.2 (ArCH (C-ring)), 116.2 (ArCH (A-ring)), 126.6 (ArCH (C-ring)),

128.5 (ArC), 129.3 (AlkenicC), 130.5 (ArCH (C-ring)), 131.6 (AlkenicCH), 131.7
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(ArC), 134.2 (ArC), 142.9 (ArC), 149.4 (ArC), 150.4 (ArC), 150.6 (ArC), 152.1 (ArC), 

168.9 (NHC=0 (Glu)), 178.9 (0C = 0 (Glu)) 204.6 (C=0)

Vn,ax/cm-' 3425.4, 3230.4, 2933.6, 1699.4, 1600.2, 1543.4, 1491.9, 1404.5, 1360.9, 

1261.5, 1113.2,812.3

HRMS: (M + Na)^ requires 498.53, found 498.1918, molecular formula (C26H3oN20g) 

Melting point: 197-199 °C

Synthesis o f  3.15 - coupling o f  N-tBoc-AHPA PFP ester to 3.12

To a solution of 3.12 (70 mg, 0.15 mmol) in anhydrous DCM (1 mL) was added a 

solution of 2.4 (134 mg, 0.29 mmol) in anhydrous DCM (1 mL) followed by EtaN 

(0.06 mL, 0.44 mmol) under an atmosphere of nitrogen at 0 °C. After 20 min the 

solvent volume was reduced under vacuum and loaded directly onto a flash column 

(stationary phase; silica gel 230-400mesh, mobile phase; 6:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford the 

product as a yellow solid (93 mg, 82%).

‘H NMR (CDCI3) 5h ppm: 0.94 (3H, d, J  = 4.0 Hz, CH3 (Leu)), 0.98 (3H, d, J  = 4.0 

Hz, CH3 (Leu)), 1.40 (9H, s, C(CH3)3), 1.67-1.72 (IH, m, CH (Leu)), 1.72-1.74 (IH, 

m, CH2 (Leu)), 1.75-1.80 (IH, m, CH2 (Leu)), 2.72 (2H, dd, J  = 6 . 6  Hz, 3.8 Hz, CH2), 

3.08 (2H, d, J  = 6.3 Hz, C tb  (AHPA bzl)), 3.16 (2H, t, J  = 5.7 Hz, CH2 ), 3.64 (3H, s, 

OCH3), 3.87 (3H, s, OCH3), 3.90-3.91 (IH, m, CHNH (AHPA)), 3.92 (3H, s, OCH3), 

3.96 (3H, s, OCH3), 4.04 (IH, d, J  = 7.0 Hz, CHOH (AHPA)), 4.61 (IH, td, J = 8.0 

Hz, 5.0 Hz, CHNH (Leu)), 6.36 (IH, s, C=CH), 6.38 (IH, s, ArH (A-ring)), 6.87 (IH, 

d, J  = 9.3 Hz, ArH (C-ring)), 7.06 (IH, d, J  = 9.3 Hz, ArH (C-ring)), 7.21-7.33 (5H, 

m, 5 X ArH (AHPA)), 8.32 (IH, d, J  = 2.0 Hz, ArH (C-ring)), 8.41 (IH, br.s, NH)

'^C NMR (CDCI3) 6 c ppm: 20.3 (CH2), 21.6 (CH3 (Leu)), 23.1 (CH3 (Leu)), 24.7 

(CH(CH3)2 (Leu)), 28.2 (C(CH3 )3  (rBoc)), 35.8 (CH2 (AHPA bzl)), 41.4 (CH2 (Leu)), 

45.7 (CH2), 52.1 (CHNH (Leu)), 56.0 (OCH3), 56.2 (OCH3), 60.4 (CHNH (AHPA)), 

61.0 (OCH3), 61.2 (OCH3), 75.6 (CHOH (AHPA)), 80.7 (C(CH3 )3  (/Boc)), 109.6
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(ArCH (C-ring)), 112.2 (ArCH (A-ring)), 124.0 (ArCH (C-ring)), 126.7 (ArCH (C- 

ring)), 127.8 (ArCH (AHPA)), 128.4 (AlkenicCH), 128.6 (2 x ArCH (AHPA)), 129.2 

(AlkenicC), 129.3 (2 x ArCH (AHPA)), 132.0 (ArC), 135.2 (ArC), 138.1 (ArC), 139.0 

(ArC), 143.4 (ArC), 150.1 (ArC), 150.8 (ArC), 151.2 (ArC), 151.7 (ArC), 158.1 

(NHC=0 (ffioc)), 170.6 (N H C -0  (AHPA)), 172.8 (NHC=0 (Leu)), 204.4 (C=0)

Vniax/cm-'3350.5,2932.5, 1735.0, 1654.3, 1492.1, 1256.3, 1114.6, 700.7

HRMS: (M + Na)^ requires 782.3623, found 782.3594, molecular formula

(C42H53N30]o)

Melting point: 102-104 °C

Synthesis o f  3.16 - removal o f tBoc group

A solution o f 3.15 (90 mg, 0.18 mmol) in DCM (1 mL) was acidified with HCl gas and 

stirred at room temperature for 20 min. Upon complete removal of the /Boc group the 

solvent was removed in vacuo leaving a rusty solid ( 1 2 0  mg, 1 0 0 %).

'H NMR (CD3OD) 5h ppm: 0.99 (3H, d, J  = 5.0 Hz, CH3 (Leu)), 1.00 (3H, d, J  = 5.0 

Hz, CH3 (Leu)), 1.28-1.31 (IH, m, CH2 ), 1.70-1.76 (3H, m, CH(CH3 ) 2  (Leu), CH 2 

(Leu)), 2.60-2.62 (IH , m, CHi), 2.93 (IH, dd, J  = 14.0 Hz, 6.5 Hz, CH2 (AHPA bzl)), 

3.11 (IH , d, J  = 6.5 Hz, CH2 (AHPA bzl)), 3.12 (2H, t, J  = 10.2, CLb), 3.34-3.35 (IH, 

m, CHNH (AHPA)), 3.55 (3H, s, OCH3), 3.87 (3H, s, OCH3 ), 3.89 (3H, s, OCH3), 3.90 

(3H, s, OCH3), 4.02 (IH , d, J  = 3.5 Hz, CHOH (AHPA)), 4.57 (IH , td, J  = 6.9 Hz, 2.4 

Hz, CHNH (Leu)), 6.31 (IH, s, C-CH), 6.41 (IH, s, ArH (A-ring)), 7.07 (IH, d, J  = 

8.7 Hz, ArH (C-ring)), 7.13 (IH, d, J  = 8.7 Hz, ArH (C-ring)), 7.27-7.39 (5H, m, 5 x 

ArH (AHPA)), 7.92 (IH , d, J  = 2.2 Hz, ArH (C-ring)), 7.95 (IH , d, J  = 2.2 Hz, NH)

'^C NMR (CD3 OD) 6 c ppm: 19.7 (CH2 ), 20.9 (CH3 (Leu)), 21.7 (CH3 (Leu)), 24.6 

(CH(CH 3 ) 2  (Leu)), 37.5 (CH2 (AHPA bzl), 41.1 (CH2 (Leu)), 44.9 (CH2), 48.2 (CHNH 

(AHPA)), 53.2 (CHNH (Leu)), 55.0 (OCH3), 55.3 (OCH3), 60.0 (OCH3), 60.6 (OCH3 ), 

69.6 (CHOH (AHPA)), 110.8 (ArCH (C-ring)), 116.1 (ArCH (A-ring)), 125.8 (ArCH 

(C-ring)), 129.8 (ArCH (C-ring)), 130.3 (ArCH (AHPA)), 130.4 (AlkenicC), 131.8
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(AlkenicCH), 132.2 (2 x ArCH (AHPA)), 133.0 (ArC), 133.2 (2 x ArCH (AHPA)), 

136.2 (ArC), 138.3 (ArC), 141.9 (ArC), 147.2 (ArC), 153.7 (ArC), 154.0 (ArC), 155.0 

(ArC), 156.8 (ArC), 170.7 (NHC=0 (AHPA)), 172.3 (NHC=0 (Leu)), 209.1 (C=0)

V n ,ax /c m '' 3451.2, 3350.2, 2927.0, 2801.4, 1735.0, 1589.7, 1529.5, 1487.3, 1450.2, 

1242.9, 1210.5, 1114.8, 700.7

HRMS: (M + H)  ̂ requires 660.3279, found 660.3285, molecular formula

( C 3 7 H 4 6 N 3 O 8 )

Melting point: 110-112 °C

Synthesis o f  3.17 - N-tBoc protection o f  best at in

Bestatin 1,7 (900 mg, 2.92 mmol) and potassium carbonate (K2 CO3 ) (483 mg, 3.50 

mmol) was dissolved in a mixture o f THF and H2 O (1:1, 40 mL). A solution o f d\-tert- 

butyl dicarbonate (765 mg, 3.50 mmol) in THF/H2 O (1:1) (10 mL) was added at 0°C. 

The solution was stirred at room temperature for 7 h. On completion, the solution was 

basified further with 2 M aq. NaOH (5 mL) and left stirring for 10 min to hydrolyse 

any hydroxyl-protected species. The basic solution was extracted with diethyl ether (3 

X 10 mL) and the aqueous fraction was acidified with 2 M aq. HCl (10 mL). This was 

further extracted with diethyl ether ( 3  x iQ mL). The organic fractions were combined, 

dried over magnesium sulphate, filtered and concentrated in vacuo to afford the A -̂/Boc 

protected dipeptide as a white solid (3.17) (1.2 g, 100%).

'H NMR (CDCI3 ) 8 h ppm: 0.90 (3H, d, J  = 5.8 Hz, CH3  (Leu)), 0.91 (3H, d, 7  = 5.8 

Hz, CH3  (Leu)), 1.28 (9H, s, C(CH3 )3 ), 1.63-1.69 (3H, m, CLb & CH (Leu)), 2.84-2.91 

(2H, m, CH2  (AHPA)), 4.05-4.07 (IH, m, CHNH (AHPA)), 4.18 (IH, br.d, J  = 17.5 

Hz, CHOH), 4.55 (IH, dt, J  = 6.7 Hz, 3.3Hz, CHNH (Leu)), 5.27 (IH, br.s, NH), 6.35 

(IH, br.s, OH), 7.18-7.26 (5H, m ,  5  x ArCH), 7.42 (IH, m,NH)

'̂ C NMR (CDCI3 , lOOM Hz) 5c ppm: 21.4 (CH3  (Leu)), 23.1 (CH3 (Leu)), 24.8 (CH 

(Leu)), 28.2 (C(CH3 )3 ), 36.6 (CH2 ), 40.7 (CH2 (Leu), 50.5 (CHNH (AHPA)), 55.3 

(CHNH (Leu)), 73.6 (CHOH (AHPA)), 80.4 (C(CH3 )3 ), 126.5 (ArCH), 128.5 (2 x
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ArCH), 129.3 (ArCH), 129.6 (ArCH), 138.0 (ArC), 157.2 (C=0), 173.6 (C=0), 175.7 

(C=0)

V n ,a x /c m - ':  3439.9, 2961.4, 1750.2, 1689.2, 1527.5, 1508.1, 1455.7

HRMS: (M + Na)^ requires 431.2152, found 431.2149, molecular formula

(C2,H32N206)

Melting point: 98-100 °C

Synthesis o f  3.18 - Coupling o f  N-tBoc-bestatin to 3.12

To a solution of 3.17 (143 mg, 0.35 mmol), PyBrop (163 mg, 0.35 mmol) and DIPEA 

(0.14 mL, 0.83 mmol) in dry DCM (2 mL) was added a solution o f 3.12 (100 mg, 0.21 

mmol) in dry DCM (1 mL) at 0 °C under an atmosphere of nitrogen. The reaction was 

allowed to increase to room temperature. The pH was monitored and maintained above 

pH 7 with additional DIPEA. After 4 h, the reaction mixture was applied directly to a 

flash column (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a yellow solid (172 mg, 95%).

‘H NMR (CDCh) 5h ppm: 0.96 (6 H, d, J  = 6.0 Hz, 2 x CHj (Leu)), 1.03 (6 H, d, J  =

6.0 Hz, 2 X CHa (Leu)), 1.40 (9H, s, C(CH3 )3  (®oc)), 1.64-1.69 (2H, m, 2 x CH (Leu)), 

1.72-1.76 (2H, m, CH2 (Leu)), 1.98-2.03 (2H, m, CH2 (Leu)), 2.74 (2H, dd, 6.0 Hz,

5.1 Hz, C tb), 3.15 (2H, t, J =  7.0 Hz, CH2), 3.51-3.59 (2H, m, CH2 (AHPA bzl)), 3.63 

(3H, s, OCH3), 3.92 (3H, s, OCH3), 3.96 (3H, s, OCH3), 3.97 (3H, s, OCH3), 4.69 (IH, 

td, J  = 9.3 Hz, 7.3 Hz, CHNH (AHPA)), 4.82 (2H, td, J  = 9.0 Hz, 3.4 Hz, 2 x CHNH 

(Leu)), 5.89 (IH , d, J  = 6.0 Hz, CHOH (AHPA)), 6.38 (IH , d, J  = 12.0 Hz, C=CH), 

6.92 (IH , s, ArH (A-ring)), 7.10 (IH , dd, J  = 2.0 Hz, 8.5 Hz, ArH (C-ring)), 7.16-7.34 

(5H, m, 2  X ArH (C-ring), 3 x ArH (AHPA)) 7.39-7.46 (2H, m, ArH (AHPA))

'^C NMR (CDCI3) 5c ppm: 20.3 (CH2), 22.6 (2 x CH3 (Leu)), 23.1 (2 x CH3 (Leu)),

46.1 (CH2 (AHPA bzl), 24.8 (2 x CH(CH3 )2  (Leu)), 26.4 (CH2 (Leu)), 28.3 (C(CH3 )3  

(/Boc)), 42.3 (CH2 (Leu)), 45.7 (CH2), 50.1 (2 x CHNH (Leu)), 53.1 (CHNH (AHPA)),
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56.1 (2 X OCHs), 60.9 (OCH3), 61.4 (OCH3), 73.0 (CHOH (AHPA)), 80.7 (C(CH3)3  

(/Boc)), 109.8 (ArCH (A-ring)), 112.0 (ArCH (C-ring)), 120.9 (ArCH (C-ring)), 125.9 

(ArCH (C-ring)), 126.4 (AlkenicC), 126.7 (AlkenicCH), 128.6 (3 x ArCH (AHPA)), 

129.2 (AiC), 129.3 (2 x ArCH (AHPA)), 132.3 (ArC), 135.6 (ArC), 143.4 (ArC),

148.9 (ArC), 150.1 (ArC), 151.2 (ArQ, 151.6 (ArC), 156.7 (ArC), 157.0 (NHC=0 

(/Boc)), 168.4 (NHC=0 (AHPA)), 169.2 (2 x NHC=0 (Leu)), 204.0 (C=0)

Vmax/cni'' 3276.1, 2959.8, 1647.3, 1540.6, 1274.5, 730.0

HRMS: (M + H)^ requires 873.4644, found 873.4585, molecular formula

(C4 8H64N4O,,)

Melting point: 150-152 °C

Synthesis o f 3.19 - Removal o f  N-tBoc group

A solution of 3.18 (150 mg, 0.17 mmol) in DCM (1 mL) was acidified with HCl gas 

and stirred at room temperature for 20 min. Upon complete removal of the /Boc group 

the solvent was removed in vacuo (130 mg, 1 0 0 %).

'H NMR (CD3OD) 5h ppm: 0.96 (6 H, d, J  = 6.5 Hz, 2 x CH3 (Leu)), 1.03 (6 H, d, J  =

5.9 Hz, 2 X CH3 (Leu)), 1.53 (IH, m, CH2 (Leu)), 1.63-1.74 (2H, m, 2 x CH (Leu)), 

1.75-1.79 (IH, m, CH2 (Leu)), 1.90-1.96 (IH, m, CH2 (Leu)), 2.04 (IH, m, Cfcb (Leu)), 

2.74 (2H, dd, J  = 1.1 Hz, 3.8 Hz, CH2), 3.16 (2H, t, J  = 5.5 Hz, CH2), 3.42-3.49 (IH, 

m, CH2 (AHPA bzl)), 3.50-3.58 (IH, m, CH2 (AHPA bzl)), 3.63 (3H, s, OCH3), 3.65- 

3.70 (IH, m, CHNH (AHPA)), 3.92 (3H, s, OCH3), 3.96 (3H, s, OCH3), 3.97 (3H, s, 

OCH3), 4.68 (IH, d, J =  6.0 Hz, CHOH (AHPA)), 4.82 (2H, td, J =  9.0 Hz, 3.4 Hz, 2 x 

CHNH (Leu)), 6.36 (IH, s, C=CH), 6.40 (IH, s, ArH (A-ring)), 6.92 (IH, d, J  = 8 . 6  

Hz, ArH (C-ring)), 7.10 (IH, d, J  = 8 . 6  Hz, ArH (C-ring)), 7.16-7.34 (3H, m, 3  x ArH 

(AHPA)), 7.29 (IH, s, ArH (C-ring)), 7.39-7.46 (2H, m, ArH (AHPA))

'^C NMR (CD3OD) 6 c ppm: 20.3 (CH2), 22.6 (2 x CH3 (Leu)), 23.1 (2 x CH3 (Leu)), 

24.8 (2 X CH(CH3 )2  (Leu)), 26.4 (CH2 (Leu)), 42.3 (CH2 (Leu)), 45.7 (CH2), 46.1 (CH2 

(AHPA bzl), 46.9 (CHNH (AHPA)), 50.1 (2 x CHNH (Leu)), 53.1 (CHOH (AHPA)),
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56.1 (2 X OCHj), 60.9 (OCH3), 61.4 (OCH3), 109.8 (ArCH (A-ring)), 112.0 (ArCH (C- 

ring)), 120.9 (ArCH (C-ring)), 125.9 (ArCH (C-ring)), 126.4 (AlkenicC), 126.7 

(AlkenicCH), 128.6 (3 x ArCH (AHPA)), 129.2 (ArC), 129.3 (2 x ArCH (AHPA)), 

132.3 (ArC), 135.6 (ArC), 143.4 (ArC), 148.9 (ArC), 150.1 (ArC), 151.2 (ArC), 15 1.6 

(ArC), 156.7 (ArC), 168.4 (NHC=0 (AHPA)), 169.2 (2 x N HC=0 (Leu)), 204.0 

(C=0)

V rn a x /c m '' 3413.2,3275.0, 2955.3, 1700.2, 1649.2, 1530.9, 1451.6, 1253.1,741.0

HRMS: (M + H)^ requires 773.4120, found 773.4285, molecular formula

( C 4 3 H 5 7 N 4 O 9 )

Melting point: 155-157 °C
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6.3 Chapter 4

Synthesis o f  4.1 -yeast reduction

To a solution of 2.8 (2.00g, 6.75mmol) in petroleum ether (100 mL) was added yeast 

(lOg) and water (10 mL). The reaction was shaken mechanically at room temperature 

for 16 h. After this time the yeast residue was washed several times with ethyl acetate 

which was then filtered. The organic washes were combined, dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford 4.1 as a clear, colourless oil (1.44g, 72%).

'H NMR (CDCb) 5h ppm; 1.65 (2H, t, J  = 5.5Hz, Ctb), 2.37-2.46 (2H, m, Chb), 2.58 

(2H, d, J  = 23.0 Hz, CHj), 3.59 (3H, s, COOCH3), 3.73 (3H, s, OCH3), 3.75 (3H, s, 

OCH3 ), 3.78 (3H, s, OCH3), 3.88-3.97 (IH, m, CHOH), 6.52 (IH, d, J  = 8.1 Hz, ArH), 

6.75 (IH, d , J = 8 . 1  Hz, ArH)

‘̂ C NMR (CDCI3) 5c ppm: 25.2 (CH2), 38.0 (CH2), 41.4 (CH2 ), 52.4 (COOCH3), 55.9 

(OCH3), 60.4 (OCH3), 60.8 (OCH3), 67.3 (CHOH), 107.4 (ArCH), 123.9 (ArCH), 

127.5 (ArC), 142.2(ArC), 151.7 (ArC), 152.0 (ArC), 172.9 (C=0)

Vrnax/cm ' 3489.9, 2938.6, 1735.3, 1601.9, 1495.4, 1466.4

HRMS: (M + Na)^ requires 321.1308, found 321. 1301, molecular formula (C15H22O6 ) 

a ,  = -0.22 (CH2CI2)

Synthesis o f  4.2 - boronic ester o f  free aniline

To potassium acetate (20.76 g, 211.6 mmol), bis-(pinacolato)-diboron (18.85 g, 74.2 

mmol) and bis (diphenylphosphine) ferrocene dichloropalladium (II) (0.81 g, 1.1 

mmol) was added a solution of 3.4 (7.5 g, 37.1 mmol) in DMSO (100 mL) under 

anhydrous conditions in an atmosphere of nitrogen. The mixture was stirred at 80 C
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for 8 h after which time the reaction was quenched with saturated NaCl aqueous 

solution (75 mL) and extracted with diethyl ether (3 x 70 mL). The combined ether 

extracts were dried over magnesium sulphate, filtered and concentrated. The crude 

product was purified by flash column chromatography (stationary phase; silica gel 230- 

400 mesh, mobile phase; 9:1 hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford the product as a brown syrup (8.78 

g, 95%).

'H NMR (CDCU) 6 h  ppm: 1.35 (12H,  s , 2 x  C(CH3)2), 3.89 (3H, s, OCH3), 6.15 (2H, 

br, NH2), 7.18 (IH, d, J  = 8.0 Hz, ArH), 7.25 (IH, d, J  = 8.0 Hz, ArH), 7.29 (IH, s, 

ArH)

'^C NMR 5c ppm: 24.5 (4 x CH3), 55.1 (OCH3), 83.2 (2 x C(CH3)2) 105.5 (ArCH), 

113.7 (ArQ, 120.6 (ArCH), 125.8 (ArCH), 135.0 (ArC), 149.7 (ArC)

Vrnax/cm'' 3390.2, 2926.38, 1599.02, 1431.11, 1356.01, 1221.39, 1142.48

HRMS: (M + H)"̂  requires 250.1609, found 250.1636, molecular formula

(C13H20BNO3)

Synthesis o f 4.3 - Suzuki coupling free aniline

To a flask containing the stereoisomerically pure 3.5 (2.25 g, 3.54 mmol) was added 

4.2 (970 mg, 3.89 mmol), K2CO3 (1.32 g, 9.56 mmol), and tetrakis- 

(triphenylphosphine)-palladium (0) (30 mg, 0.18 mmol). The mixture was dissolved in 

a mixture of benzene, ethanol and water (3:1:1, 10 mL). The resulting mixture was 

heated to 70 °C for 30 min. The reaction was quenched by the addition of water (1 x 

20 mL) and the product was extracted with diethyl ether (3 x 3 0  mL). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting residue was purified by flash column chromatography (stationary phase; silica 

gel 230-400mesh, mobile phase; 6:1, hexane/ethyl acetate). All homogenous fractions 

were collected and the solvent was evaporated to afford 4.3 as dark brown crystals

(2.16 g, 1 0 0 %).
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'h  NMR (CDCI3) 5h  ppm: 1.11 (9H, s, C(CH3)3), 1.89-1.97 (IH , m, CH2 ), 2.26-2.32 

(IH , m, CH2), 2.58(1H , td, J =  11.0 Hz, 3.5 Hz, CH2), 3.02 (IH , dt, J =  14.1 Hz, 3.5 

Hz, CH2 ), 3.68 (3H, s, O CtbiC-ring}), 3.74 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.90 

(3H, s, OCH3), 4.31 (IH , q, J  = 5.5 Hz, CHOSi), 6.15 (IH , d, J  = 5.0 Hz, C=CH), 6.26 

(IH , s, ArH (A-ring)), 6.42 (IH , s, ArH (C-ring)), 6.50 (IH , d, J  = 9.0 Hz, ArH (C- 

ring)), 6.72 (IH , d, J  = 9.0 Hz, ArH (C-ring)), 7.28-7.46 (6 H, m, ArH (diphenyl 

silyl)), 7.64 (2H, d, J  = 8.4 Hz, ArH (diphenyl silyl)), 7.69 (2H, d, J  = 8.4 Hz, ArH 

(diphenyl silyl))

'^C NMR (CDCI3) 6 c ppm: 18.7 21.4 (CH2), 26.6 (3 x C(CH3)3), 43.4 (CH2 ),

55.2 (OCH3), 55.6 (OCH3), 60.4 (OCH3), 61.1 (OCH3), 70.9 (CHOSi), 108.2 (ArCH 

(A-ring)), 109.1 (ArCH (C-ring)), 114.1 (ArCH (C-ring)), 118.1 (ArCH (C-ring)), 

127.0 (2 X ArCH), 127.1 (2 x ArCH), 127.5 (AlkenicC), 129.0 (2 x ArCH). 132.0 

(AlkenicCH), 133.9 (ArC), 134.0 (ArC), 134.1 (ArC), 135.2 (ArC), 135.3 (2 x ArCH), 

135.5 (2 X ArCH), 137.5 (ArC), 146.5 (ArC), 150.11 (ArC), 150.4 (ArC)

Vmax/crn'' 3391.2, 2931.09, 1588.27, 1112.69, 737.95,702.93

HRMS: (M + H)^ requires 610.2983, found 610.3036, molecular formula

(C37H43NOsSi)

a s = -0.44

Melting point: 100-102 °C 

Synthesis o f  4.4 - removal o f  silyl group

To a stirred solution o f 4.3 (2.6 g, 4.2 mmol) in THF (15 mL) was added 1 M TBAF 

(4.2 mL, 4.2 mmol) at 0 °C. The reaction was brought to room temperature. After 6  h 

the reaction mixture was applied directly to a flash column. The product was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 2:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford 4.4 as a golden solid (1.43 g, 92%).
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'H NMR (CDCI3) 6h  ppm: 2.10-2.12 (IH, m, CH2 ), 2.32-2.40 (IH , m, CH2 ), 2.47-2.55 

(IH , m, CH2 ), 3.03 (IH , dd, J  = 12.5 Hz, 4.5 Hz, C ib ), 3.70 (3H, s, OCH3), 3.88 (3H, 

s, OCH3), 3.91 (3H, s, OCH3 ), 3.93 (3H, s, OCH3), 4.12-4.18 (IH , m, CHOH), 6.25 

(IH , d, J  = 5.0 Hz, C=CH), 6.40 (IH , s, ArH(A-ring)), 6.69 (IH, s, ArH(C-ring)), 6.70 

(IH , d, J =  8.5 Hz, ArH(C-ring)), 6.75 (IH , d, J  = 8.5 Hz, ArH(C-ring))

'^C NMR (CDCI3) 6 c ppm: 21.6 (CH2 ), 43.2 (CH2 ), 55.1 (OCH3), 55.6 (OCH3), 60.4 

(OCH3 ), 61.1 (OCH3), 69.7 (CHOH), 108.3 (ArCH (A-ring)), 109.6 (ArCH (C-ring)), 

114.3 (ArCH (C-ring)), 117.9 (ArCH (C-ring)), 127.5 (AlkenicC), 130.7 (AlkenicCH), 

133.7 (ArC), 135.0 (ArC), 135.3 (ArC), 138.5 (ArC), 140.9 (ArC), 146.6 (ArC), 150.2 

(A rQ , 150.6 (ArC)

Vn,ax/cm-' 3489.1, 3371.2, 2960.67, 2933.63, 2855.96, 1593.66, 1487.76, 1235.81, 

1112.45,704.20

HRMS: (M + Na)"  ̂ requires 394.1625, found 394.1603, molecular formula

(C2,H25N05)

Melting point: 110-112 °C 

a ,  = -1.00 (CH2 CI2 )

Synthesis o f 4.5 - selective protection o f the aniline

To a solution o f 4.4 (5.06 g, 13.6 mmol) and DIPEA (4.76 mL, 28.5 mmol) in toluene 

(25 mL) was added Fmoc chloride (7.05 g, 27.2 mmol) in toluene (20 mL). After 3 h at 

room temperature the solvent was removed under vacuum and the product was isolated 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 2:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford 4.5 as an off-white solid (8.09 g, 100%).

'H NMR (CDCI3) 5h ppm: 2.14 (IH, td, J  = 10.8 Hz, 6.9 Hz, CH2 ), 2.39 (IH , td, J  = 

12.5 Hz, 7.2 Hz, CH2), 2.51-2.57 (IH , m, CH 2), 3.05 (IH , dd, J  = 12.5 Hz, 4.9 Hz, 

CH2 ), 3.70 (3H, s, OCH3), 3.92 (3H, s, OCH3 ), 3.94 (6 H, s, 2  x OCH3 ), 4.19 (IH, td, J  

= 7.2 Hz, 4.6 Hz, CHOH), 4.33 (IH , t, J  = 6.9 Hz, CH (Fmoc)), 4.50 (IH , d, J  = 3.8



Hz, CH2 (Fmoc)), 4.52 (IH , d, J  = 4.2 Hz, CH2 (Fmoc)), 6.36 (IH , d, J  = 5.0 Hz, 

C=CH), 6.40 (IH , s, ArH(A-ring)), 6.83 (IH , d, J  = 10.0 Hz, ArH(C-ring)), 6.90 (IH , 

d, J  = 10.0 Hz, ArH(C-ring)), 7.29 (IH , s, ArH(C-ring)), 7.36 (2H, t , J  = 7.9 Hz, ArH 

(Fmoc)), 7.44 (2H, t, J  = 7.9 Hz, ArH (Fmoc)), 7.66 (2H, d, J  = 7.6 Hz, ArH (Fmoc)), 

7.81 (2H, d, J  = 7.6 ArH (Fmoc)), 8.22 (2H, br, NH^),

NMR (CDCI3) 6 c ppm; 21.9 (CH2), 43.5 (CH2), 47.2 (CH (Fmoc)), 55.9 (OCH3), 

56.1 (OCH3), 60.9 (OCH3), 61.6 (OCH3), 67.1 (CH2 (Fmoc)), 69.9 (CHOH), 108.9 

(ArCH (A-ring)), 109.7 (ArCH (C-ring)), 120.1 (2 x ArCH (C-ring)), 123.1 

(AlkenicCH), 125.1 ( 2  x ArCH (Fmoc)), 127.1 (2 x ArCH (Fmoc)), 127.3 (AlkenicC),

127.8 (2 X ArCH (Fmoc)), 128.2 (2 x ArC (Fmoc)), 132.2 (2 x ArC (Fmoc)), 134.3 

(ArC), 135.2 (ArC), 138.8 (ArC), 141.3 ( 2  x ArC (Fmoc)), 141.5 (ArC), 143.8 (ArC),

143.8 (ArC), 150.8 (ArC), 151.1 (ArC), 153.4 (C=0)

Vrnax/cm'' 3370.4, 2959.3, 1657.3, 1500.1, 1364.48, 732.70, 702.92

HRMS: (M + Na)^ requires 616.2306, found 616.2303, molecular formula

(C36H35NO7)

Melting point: 127-129 °C 

a ,  = -0.42 (CH2 CI2 )

Synthesis o f  4 .7 - coupling Fmoc-Leu-OHto 4.5 (aniline)

To a solution o f Fmoc-Leu-OH (300 mg, 0.84 mmol), DIPEA (0.20 mL, 1.19 mmol) 

and 2, 6 -dichlorobenzoyl chloride (0.12 mL, 0.84 mmol) in dry DCM (5 mL) was 

added a solution o f 4.5 (100 mg, 0.17 mmol) and DMAP (20 mg, 0.17 mmol) in dry 

DCM (10 mL) under an atmosphere of nitrogen at 0 °C. The reaction was brought to 

room temperature and left stirring for 6  h. After this time the reaction mixture was 

applied directly to a flash column and the product was isolated by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a yellow oil (160 mg, 1 0 0 %).
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'H N M R (C D C l3) 6 Hppm; 1.02 (6 H, d , J  = 5.1 Hz, 2 x CH3 (Leu)), 1.55-1.61 (IH , m, 

CH2  (Leu)), 1.63-1.71 (IH , m, CH2 (Leu)), 1.73-1.78 (IH , m, CH (Leu)), 2.22-2.26 

(IH, m, CH2 ), 2.50 (IH , td, J  = 13.0 Hz, 8.0 Hz, CH2), 2.64 (IH, td, J  = 12.5 Hz, 8.0 

Hz, C tb), 3.09 (IH , dd, J  = 12.0 Hz, 6.0 Hz, C tb ), 3.72 (3H, s, OCH3), 3.94 (6 H, s, 2 

X OCH3), 3.97 (3H, s, OCH3), 4.24-4.32 (2H, m, 2 x CH (Fmoc)), 4.42-4.49 (IH, m, 

CHNH (Leu)), 4.48-4.53 (4H, m, 2 x CH2 (Fmoc)), 5.22-5.29 (IH , m, CHO), 6.24 (IH , 

d, J  = 4.7 Hz, C=CH (B-ring)), 6.43 (IH , s, ArH(A-ring)), 6.84 (IH , d, J  = 8.0 Hz, 

ArH(C-ring)), 6.93 (IH, d, J  = 8.0 Hz, ArH(C-ring)), 7.33 (IH , s, ArH(C-ring)), 7.36 

(4H, t, J  = 6.5 Hz, ArH (Fmoc)), 7.41 (2H, d, J  = 7.7 Hz, ArH (Fmoc)), 7.46 (2H, d, J  

= 7.7 Hz, ArH (Fmoc)), 7.64 (4H, t, J  = 6.5 Hz, ArH (Fmoc)), 7.78 (2H, d, J  = 7.7 

Hz, ArH (Fmoc)), 7.81 (2H, d, J  = 7.7 Hz, ArH (Fmoc)), 8.17 (2H, br, 2 x NH)

'^C NMR (CDCI3) 6 c ppm: 21.6 (CH2), 22.0 (CH3 (Leu)), 22.8 (CH3 (Leu)), 24.9 (CH 

(Leu)), 40.2 (CH2 ), 41.7 (CH2(Leu)), 47.1 (CH (Fmoc)), 47.2 (CH (Fmoc)), 52.7 (CHN 

(Leu)), 55.8 (OCH3), 56.1 (OCH3), 60.9 (OCH3), 61.6 (OCH3), 66.4 (2 x CH2 (Fmoc)), 

73.3 (CHO), 109.1 (ArCH (A-ring)), 109.7 (ArCH (C-ring)), 120.0 (2 x ArCH 

(Fmoc)), 120.1 (2 x AiCH (Fmoc)), 123.2 (ArCH (C-ring)), 125.1 (2 x ArCH (Fmoc)), 

125.2 (2 X ArCH (Fmoc)), 126.6 (ArCH (C-ring)), 127.1 (2 x ArCH (Fmoc)), 127.2 (2 

X ArCH (Fmoc)), 127.3 (ArC), 127.6 (ArC), 127.7 (2 x ArCH (Fmoc)), 127.8 (2 x 

ArCH (Fmoc)), 128.0 (AlkenicCFD, 134.0 (AlkenicC), 134.8 (ArC), 140.5 (2 x ArC 

(Fmoc)), 141.3 (2 x ArC (Fmoc)), 141.8 (2 x ArC (Fmoc)), 143.8 (2 x ArC (Fmoc)), 

144.0 (ArC), 147.7 (ArC), 150.9 (A rQ , 151.4 (ArC), 153.3 (ArC), 156.0 (2 x N C=0 

(Fmoc)), 172.4 (0 C = 0 )

Vrnax/cm-' 2957.94, 1715.85, 1630.2, 1430.21, 739.10

HRMS: (M + H)^ requires 929.4008, found 929.4036, molecular formula

(C57H56N20io)

a ,  = -0.42 (CH2CI2 )
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Synthesis o f  4.8 - coupling o f Fmoc-Leu-OH to 4.6 (phenol)

To a solution o f  Fmoc-Leu-OH (12.0 g, 34.0 mmol), DIPEA (8.1 mL, 47.6 mmol) and 

2, 6 -dichlorobenzoyl chloride (4.9 mL, 34.0 mmol) in dry DCM (10 mL) was added a 

solution o f 4.6 (3.31 g, 6 . 8  mmol) and DM AP (830 mg, 6 . 8  mmol) in dry DCM (10 

mL) under an atmosphere o f  nitrogen at 0 °C. The reaction was brought to room 

temperature and left stirring for 6  h. After this time the reaction mixture was applied 

directly to a flash colum n and the product was isolated by flash column 

chrom atography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a golden oil (5.6 g, 100%).

'H NM R (CDCU) 6 h ppm; 0.21 (3H, s, SiCH j), 0.22 (3H, s, SiCHs), 1.04 (6 H, d, J  = 

4.3 Hz, 2 X CH 3 (Leu)), 1.05 (9H, s, C(CH 3 ) 3  (/BDM S)), 1.55-1.64 ( IH,  m, CH 2 (Leu)), 

1.64-1.72 ( IH,  m, CH 2 (Leu)), 1.75-1.84 ( IH,  m, CH(CH 3 ) 2  (Leu)), 2.28-2.34 ( IH,  m, 

Cfcb), 2.47-2.55 ( IH,  m, CH 2), 2.60-2.68 ( IH,  m, CH 2 ), 3 .1 1 ( IH,  dd, J  = 12.5 Hz, 4.5 

Hz, C tb ) , 3.72 (3H, s, O C FblC -ring}), 3.86 (3H, s, OCH 3 ), 3.97 (3H, s, OCH 3 ), 3.98 

(3H, s, OCH 3), 4.25 ( IH,  t, J  = 8.0 Hz, CH (Fmoc)), 4.43 ( IH,  t, J  = 6.3 Hz, CHNH 

(Leu)), 4.46 (2H, d, J  = 6.7 Hz, CH 2 (Fmoc)), 5.25-5.29 ( IH,  m, CHO), 6.16 ( IH,  d, J  

= 4.9 Hz, C=CH), 6.43 ( IH,  s, ArH{A-ring}), 6.83 ( IH,  d, J  = 7.4 Hz, ArH{C-ring}), 

6.85 ( IH,  s, ArH{C-ring}), 6.89 ( IH,  d, J  =  7.4 Hz, ArH{C-ring}), 7.33 (2H, t, J  = 7.0 

Hz, 2 X ArH (Fmoc)), 7.42 (2H, t, J  = 7.1 Hz, 2 x ArH (Fmoc)), 7.65 (2H, dd, J  = 4.7 

Hz, 8.7 Hz, 2 X ArH (Fmoc)), 7.79 (2H, d, J  = 7.5, 2 x ArH (Fmoc))

'^C NM R (CDCI3 ) 5c ppm: -4.8 (Si(CH 3 )2 ), 18.5 (C(CH 3)3), 21.6 (CH 2 ), 22.0 (CH 3 

(Leu)), 22.9 (CH 3 (Leu)), 24.8 (CH (CH 3 ) 2  (Leu)), 25.8 (3 x C(CH 3 ) 3  (<BDMS)), 40.3 

(CH 2 ), 41.7 (CH 2  (Leu)), 47.4 (CH (Fmoc)), 51.8 (CHNH), 52.6 (CH (Leu)), 55.5 

(OCH 3 ), 55.9 (OCH 3 ), 61.0 (OCH 3 ), 61.6 (OCH 3), 6 6 . 8  (CH 2 (Fmoc)), 73.5 (CHO), 

109.0 (ArCH (A-ring)), 111.7 (ArCH (C-ring)), 120.1 (2 x ArCH (Fmoc)), 120.8 

(ArCH (C-ring)), 121.7 (ArCH (C-ring)), 125.2 (ArCH (Fmoc)), 126.0 (ArCH 

(Fmoc)), 127.1 (2 x ArCH (Fmoc)), 127.8 (2 x ArCH (Fmoc)), 129.5 (AlkenicCH), 

130.5 (AlkenicC), 133.9 (ArC), 135.0 (ArC), 138.8 (ArC), 140.5 (ArC), 141.3 (ArC),
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141.8 (ArC), 143.8 (ArC), 144.0 (ArC), 144.7 (ArC), 150.9 (ArC), 151.4 (ArC), 156.1 

(ArQ, 171.2 (C=0), 173.5 (C=0)

Vn,ax/cm'‘ 3030.1, 2931.7, 1690.2, 1596.0, 1112.2

HRMS: (M + Na)"̂  requires 844.3851, found 844.3844, molecular formula

(C ĝHsgNOgSi)

a ,  = -0.41 (CH2CI2)

Synthesis o f  4.9 - removal o f  Fmocfrom 4.7

To a solution of 4.7 (160 mg, 0.17 mmol) in anhydrous THF (0.9 mL), was added 1 M 

TBAF (0.40 mL, 0.40 mmol) at 0 °C. The reaction was shown by TLC to be complete 

after 30 min. The reaction mixture was applied directly to a flash column and the 

product was isolated by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 10:1:1, ethyl acetate/methanol/diethylamine). All homogenous 

fractions were collected and the solvent was evaporated to afford the product as a white 

solid (82 mg, 1 0 0 %).

'H NMR (CD3 OD) 6 h ppm: 0.93 (3H, d, J  = 7.1 Hz, CH3 (Leu)), 0.96 (3H, d, J  = 7.1 

Hz, CH3 (Leu)), 1.36-1.43 (IH, m, CH2 (Leu)),), 1.49-1.55 (IH, m, CH2 (Leu)),), 1.73- 

1.82 (IH, m, CH (Leu)), 2.11-2.20 (IH, m, CH2), 2.42 (IH, td, J  = 12.6 Hz, 7.1 Hz, 

CH2 ), 2.53-2.60 (IH, m, Cfcb), 2.99-3.06 (IH, qd, J  = 16.8 Hz, 12.0 Hz, 6.0 Hz, 1.7 

Hz, CH2 ), 3.42 (IH, dd, J  = 8.0 Hz, 5.5 Hz, CHNH (Leu)), 3.71 (3H, s, OCH3), 3.89 

(3H, s, OCH3), 3.93 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 5.12-5.17 (IH, m, CHO), 6.10 

(IH, d, J  = 5.3 Hz, C=CH), 6.39 (IH, s, ArH(A-ring)), 6.64 (IH, d, J  = 7.8 Hz, 

ArH(C-ring), 6.65 (IH, s, ArH(C-ring)), 6.72 (IH, d, J  = 7.8 Hz, ArH(C-ring))

'̂ C NMR (CD3 OD) 5c ppm: 21.6 (CH2 ), 21.9 (CH3 (Leu)), 22.9 (CH3 (Leu)), 24.9 (CH 

(Leu)), 40.5 (CH2(Leu)), 43.7 (CH2), 52.7 (CHN (Leu)), 55.8 (OCH3), 56.1 (OCH3), 

60.9 (OCH3), 61.6 (OCH3), 73.3 (CHO), 109.1 (2 x ArCH (A- & C- ring), 109.7 

(ArCH (C-ring), 123.2 (ArCH (C-ring)), 126.6 (AlkenicCH), 127.3 (AlkenicC), 127.6
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(ArC), 134.0 (ArC), 134.8 (ArC), 144.0 (ArC), 147.7 (ArC), 150.9 (ArC), 151.4 (ArC), 

153.3 (A rQ , 172.4 (0 C = 0 )

v^ax/cm*’ 3410.3,2931.5, 1750.3, 1508.1, 1246.6, 1113.0, 700.9

HRMS: (M + H)^ requires 485.2646, found 485.2336, molecular formula

(C 2 7 H 3 6 N 2 O 6 )

Melting point: 152-154 °C

a ,  = -0.65 (CH2CI2 : CH3OH)

Synthesis o f 4.10 - removal o f Fmoc from 4.8

To a stirred solution o f 4.8 (3.8 g, 4.6 mmol) in anhydrous THF was added 1 M TBAF 

(9.24 mL, 9.24 mmol) at 0 °C under an atmosphere o f nitrogen. The reaction was 

complete within 30 min and the mixture was applied directly to flash column 

(stationary phase; silica gel 230-400mesh, mobile phase; 6:1:1, ethyl 

acetate/methanol/diethylamine). All homogenous fractions were collected and the 

solvent was evaporated. The product was isolated as an off-white solid (2.2 g, 100%).

'H NMR (CD3OD) 5h ppm: 0.89 (3H, d, J  = 6.7 Hz, CH3 (Leu)), 0.91 (3H, d, J  = 6.7 

Hz, CH3 (Leu)), 1.35-1.42 (IH, m, CLb (Leu)), 1.47-1.54 (IH , m, CH2 (Leu)), 1.69- 

1.81 (IH .m , CH (Leu)), 2.08-2.16 (IH , m, CH2), 2.38 (IH , td, J  = 12.2 Hz, 7.1 Hz, 2.0 

Hz, CH2 ), 2.48-2.55 (IH , m, CH2 ), 3.00 (IH , qd, J  = 17.0 Hz, 12.9 Hz, 6.0 Hz, 2.3 Hz, 

CH2), 3.42 (IH , dd, J  = 8.1 Hz, 5.5 Hz, CHNH (Leu)), 3.63 (3H, s, OCH3), 3.81 (3H, 

s, OCH3), 3.86 (3H, s, OCH3), 3.88 (3H, s, OCH3), 5.10-5.15 (IH , m, CHO), 6.10 (IH , 

d, J  = 5.3 Hz, C=CH), 6.34 (IH , s, ArH(A-ring)), 6.72 (IH , d, J  = 2.0 Hz, ArH(C- 

ring), 6.74 (IH, s, ArH(C-ring)), 6.84 (H, d, J  = 1.9 Hz, ArH(C-ring))

'^C NMR (CD 3OD) 5c ppm: 21.5 (CH2 ), 21.9 (CH3 (Leu)), 22.9 (CH3 (Leu)), 24.9 (CH 

(Leu)), 40.2 (CH2 ), 43.5 (CH2 (Leu)), 52.7 (CHN (Leu)), 55.8 (OCH 3), 56.1 (OCH3 ), 

60.9 (OCH3 ), 61.6 (OCH3), 72.5 (CHO), 109.1 (ArCH (A-ring)), 110.5 (ArCH (C- 

ring)), 114.9 (ArCH (C-ring)), 119.8 (ArCH (C-ring)), 126.5 (AlkenicCH), 127.4
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(AlkenicC), 134.3 (ArC), 135.1 (ArQ, 140.2 (ArC), 141.8 (ArC), 145.6 (ArC), 147.0 

(ArQ, 150.8 (ArC), 151.2 (ArC), 175.6 (0C =0)

Vmax/cm-‘ 3401.5,2974.3, 1748.3, 1697.0, 1507.9, 1166.5, 1098.3,699.0

HRMS: (M + H)^ requires 486.2486, found 486.2401, molecular formula (C2 7 H35NO7)

Melting point; 80-82 °C

a ,  = -0.65 (CH3 OH)

Synthesis o f  4.11 - Fmoc protection o f AHPA (2.23)

To a solution of AHPA (100 mg, 0.51 mmol) and potassium carbonate (78 mg, 0.51 

mmol) in water (3 mL) and THF (2 mL) was added a solution of Fmoc chloride (132 

mg, 0.51 mmol) in THF (4 mL) at 0 °C. The temperature was brought to room 

temperature. After 1 h, the organic solvent was removed in vacuo and the alkaline 

aqueous product was washed with diethyl ether (3 x 30 mL). The aqueous fraction was 

then acidified with 2 M HCl (30 mL) and the product was extracted into diethyl ether 

(3 X 30 mL). The organic layers were combined, dried over magnesium sulphate, 

filtered and concentrated to afford 4.11 as a white solid (210 mg, 100%).

'H NMR (CD3OD) 5h ppm: 2.92 (2H, dd, 13.5 Hz, 7.6 Hz, CH2 ), 4.09 (IH, t, J  = 4.5 

Hz, CH (Fmoc)), 4.10 (IH, d, J  = 4.0 Hz, CHOH), 4.17 (IH, dd, J  = 10.8 Hz, 7.2 Hz, 

C tb  (Fmoc)), 4.27 (IH, dd, J  = 10.8 Hz, 7.2 Hz, CFb (Fmoc)), 4.28-4.30 (IH, m, 

CHNH), 7.17 (2H, d , J =  12  Hz, 2 x ArH (AHPA)), 7.29 (2H, d , J =  7.0 Hz, 2 x ArH 

(Fmoc)), 7.29 (3H, t, J  = 7.0 Hz, 3 x ArH (AHPA)), 7.37 (2H, t, J  = 7.5 Hz, 2 x ArH 

(Fmoc)), 7.56 (2H, t, J  = 7.8 Hz, 2 x ArH (Fmoc)), 7.75 (2H, d, J  = 7.6 Hz, 2 x ArH 

(Fmoc))

'^C NMR (CD3OD) 5c ppm: 37.8 (CH2 ), 46.6 (CH (Fmoc)), 55.5 (CHNH (AHPA)), 

6 6 . 6  (CH2 (Fmoc)), 70.5 (CHOH (AHPA)), 119.7 (2 x ArCH), 125.0 (2 x ArCH), 

126.3 (ArCH), 126.9 (2 x ArCH), 127.5 (2 x ArCH), 128.2 (2 x ArCH), 129.3 (2 x
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ArCH), 138.0 (ArC), 141.2 (2 x A rQ , 143.9 (2 x ArC), 156.7 (NHC=0 (Fmoc)), 175.5 

(C=0 (AHPA))

Vniax/cm’’ 3304.2, 2953.1, 1692.1, 1509.0, 1246.9, 1112.1,740.0

HRMS: (M + Na)^ requires 440.1468, found 440.1523, molecular formula

( C 2 5 H 2 3 N O 5 )

Melting point: 170-172 °C 

a  , = +0.63 (CH2CI2 : CH3OH)

Synthesis o f 4.12 - PFP ester o f  4.11

To a stirred solution o f Fmoc AHPA (1.46 g, 3.5 mmol) in anhydrous DCM/DMF (7 

mL/3 mL) was added pentafluorophenol (770 mg, 4.2 mmol) in dry DCM (5 mL) 

followed by DCC (1.44 g, 7.0 mmol) in dry DCM (5 mL) at 0 °C under an atmosphere 

of nitrogen. The temperature was allowed to increase to ambient over 1 h. The reaction 

was then filtered to remove the byproduct DCU and the product was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford an opaque sticky semi-solid (1.43 g, 70%).

'H NMR (CDCI3) 5h ppm: 2.89-2.93 (2H, m, C tb), 4.07 (IH , d, J  = 4.0 Hz, CHOH), 

4.17-4.22 (2H, m, CHNH, CH (Fmoc)), 4.39-4.42 (2H, m, CH2 (Fmoc)), 7.10-7.18 

(5H, m, 5 X ArH (AHPA)), 7.25 (4H, d, J  = 6.7 Hz, 4 x ArH (Fmoc)), 7.43 (2H, t, J  = 

7.8 Hz, 2 X ArH (Fmoc)), 7.62 (2H, t, J  = 8.0 Hz, 2 x ArH (Fmoc))

'^C NMR (CDCI3) 5c ppm: 37.4 (CH2), 46.6 (CH (Fmoc)), 55.0 (CHNH), 6 6 . 6  (CH2 

(Fmoc)), 70.2 (CHOH (AHPA)), 119.3 (2 x ArCH), 124.5 (ArCH), 124.6 (ArCH), 

126.1 (ArCH), 126.4 (2 x ArCH), 127.0 (2 x ArCH), 128.0 (2 x ArCH), 128.9 (2 x 

ArCH), 136.9 (3 x ArC), 140.7 (2 x ArC), 143.2 (ArC), 143.4 (3 x ArC), 155.6 (2 x 

ArC), 158.9 (NHC=0 (Fmoc)),), 169.0 (C=0 (AHPA))

Vn,ax/cm‘‘ 3321.1, 2929.9, 2850.1, 1730.2, 1626.1, 1515.4, 1243.8, 980.8, 739.4
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HRMS: (M + Na)^ requires 606.1310, found 606.1276, molecular formula

( C 3 1 H 2 2 F 5 N O 5 )

Synthesis o f 4.13 - Coupling o f 4.12 to 4.9

To a stirred solution of 4.9 (200 mg, 0.41 mmol) in anhydrous DCM (2 mL) was added 

4.12 (480 mg, 0.82 mmol) followed by triethylamine (0.11 mL, 0.82 mmol) at 0 °C 

under an atmosphere of nitrogen. The reaction was allowed to reach ambient 

temperature over 1 h after which time it was reduced in volume under vacuum and 

loaded directly onto a flash column (stationary phase; silica gel 230-400mesh, mobile 

phase; 2:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated. The product was isolated as a red solid (310 mg, 8 6 %).

‘H NMR (CDCI3) 6 h ppm: 0.90 (6 H, d, J  = 6.2 Hz, 2 x C tb (Leu)), 1.56-1.65 (3H, m, 

CH2 (Leu), CH (Leu)), 1.90-1.96 (IH, m, CH2), 2.15-2.25 (IH, m, CH2), 2.46 (IH, td, 

J  = 10.9 Hz, 7.3 Hz, CH2), 2.54-2.61 (IH, m, C tb  (AHPA)), 2.90-2.98 (IH, m, CH2 

(AHPA)), 2.99-3.10 (IH, m, Ctb), 3.65 (3H, s, OCH3), 3.86 (3H, s, OCH3), 3.90 (3H, 

s, OCH3), 3.94 (3H, s, OCH3), 4.22-4.28 (4H, m, CHOH (AHPA), CH (Fmoc)), C tb  

(Fmoc)), 4.62 (IH, t, J  = 9.1 Hz, CHNH (Leu)), 5.17 (IH, q, J  = 7.3 Hz,CHNH 

(AHPA), 5.71-5.77 (IH, m, CHO), 6.12 (IH, d, J  = 5.0 Hz, C=CH (B-ring)), 6.38 (IH, 

s, ArH(A-ring)), 6.67 (IH, s, ArH(C-ring)), 6.65 (IH, d, J  = 10.6 Hz, ArH(C-ring)), 

6.73 (IH, d, J  = 7.9 Hz, ArH(C-ring)), 7.21 (2H, d, J  = 20.9 Hz, 2 x ArH (AHPA)), 

7.23 (3H, t, 3 X ArH (AHPA)), 7.29 (2H, t, J  = 6.4 Hz, 3 x ArH (Fmoc)), 7.40 (2H, d, 

J  = 8.0 Hz, 2 X ArH (Fmoc)), 7.51 (2H, i , J =  6.4 Hz, 2 x ArH (Fmoc)), 7.76 (2H, d, J  

= 8.0 Hz, 2 X ArH (Fmoc))

'^C NMR (CDCI3) 6 c ppm: 21.0 (CH3 (Leu)), 21.4 (CH2), 21.8 (CH3 (Leu)), 24.9 (CH 

(Leu)), 36.5 (CH2 (AHPA)), 40.2 (CH2 (Leu)), 41.2 (CH2), 47.1 (CH (Fmoc)), 50.7 

(CHNH (AHPA)), 55.5 (OCH3), 55.6 (CHN (Leu)), 56.0 (OCH3), 60.8 (OCH3), 61.6 

(OCH3), 67.2 (CH2 (Fmoc)), 73.0 (CHOH (AHPA)), 73.4 (CHC=C), 109.1 (ArCH (A- 

ring)), 110.0 (ArCH (C-ring)), 114.7 (ArCH (C-ring)), 118.5 (ArCH (C-ring)), 120.0 (2 

X ArCH (Fmoc)), 125.2 (2 x ArCH (Fmoc)), 125.7 (C=CH (B-ring)), 126.6 (ArCH 

(AHPA)), 127.1 (2 X ArCH (AHPA)), 127.4 (AlkenicC), 127.7 (2 x ArCH (Fmoc)),
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128.6 (2 X ArCH (Fmoc)), 129.3 (2 x ArCH (AHPA)), 133.9 (ArC), 135.1 (ArC), 

135.8 (ArC), 137.9 (ArC), 140.9 (ArC), 141.3 (2 x ArC (Fmoc)), 141.6 (ArC), 143.7 

(ArC (Fmoc)), 143.8 (ArC (Fmoc)), 147.3 (ArC), 150.8 (ArC), 151.2 (A rQ , 157.1 

(NHC=0 (Fmoc)), 171.4 (0 C = 0  (AHPA)), 172.4 (0 C = 0  (Leu))

Vmax/crn-' 3450.2, 2932.6, 2900.3, 1740.4, 1655.0, 1511.5, 1236.8, 1112.7, 1080.7,

739.7

HRMS: (M + H)"̂  requires 884.4117, found 884.4153, molecular formula

( C 5 2 H 5 7 N 3 O 1 0 )

Melting point; 120-122 °C

a ,  = -0.47 (CH2CI2)

Synthesis o f 4.14 - Coupling o f  4.12 to 4.10

To a stirred solution of 4.10 (1.75 g, 3.6 mmol) in anhydrous DCM (10 mL) was added 

4.12 (2.4 g, 4.1 mmol) followed by triethylamine (0.6 mL, 4.1 mmol) at 0 °C under an 

atmosphere of nitrogen. The reaction was allowed to reach ambient temperature over 

one hour after which time it was reduced in volume under vacuum and loaded directly 

onto a flash column (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated. The product was isolated as an off-white solid (2.75 g, 8 6 %).

‘H NMR (CDCI3) 5h ppm: 0.90 (6 H, d, J  = 6.2 Hz, 2 x Cfcb (Leu)), 1.57-1.64 (2H, m, 

Cfcb (Leu)), 1.63-1.66 (IH , m, CH (Leu)), 2.17-2.22 (IH , m, CH2), 2.43 (IH , td, J  = 

11.9 Hz, 6.0 Hz, CHa), 2.57 (IH , td, J  = 11.9 Hz, 6.0 Hz, CH2), 2.92 (IH , m, CH2 

(AHPA)), 3.01 (IH , m, CH2), 3.05 (IH , m, CH2 (AHPA)), 3.65 (3H, s, OCH3), 3.86 

(3H, s, OCH3), 3.90 (3H, s, OCH3), 3.94 (3H, s, OCH3), 4.10-4.15 (IH , m, CH 

(Fmoc)), 4.24 (IH , m, CHOH (AHPA)), 4.22-4.30 (3H, m, CH2 (Fmoc), CHNH 

(Leu)), 4.63 (IH , m, J  = 6 . 6  Hz, CHNH (AHPA)), 5.14-5.17 (IH , m, CHO), 5.77 (IH, 

d, J  = 8 . 8  Hz, NH) 6.15 (IH , d, J  = 5.0 Hz, C=CH (B-ring)), 6.38 (IH , s, ArH(A- 

ring)), 6.77 (H, d, J  = 9.9 Hz, ArH (C-ring)), 6.78 (IH , s, ArH(C-ring)), 6.92 (H, d, J  =
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9.9 Hz, ArH (C-ring)), 7.18 (3H, t, J  = 5 .1  Hz, 3  x ArH (AHPA)), 7.24 (2H, d, J  = 4.6 

Hz, 2 X ArH (AHPA)), 7.29 (2H, t, J  = 7.4 Hz, 2 x ArH (Fmoc)), 7.40 (2H, t, J  = 7.4 

Hz, 2 X ArH (Fmoc)), 7.51 (2H, dd, J  = 8.0 Hz, 3.4 Hz, 2 x ArH (Fmoc)), 7.76 (2H, d, 

J  = 8.0 Hz, 2 X ArH (Fmoc))

'^C NMR (CDCb) 5c ppm: 21.1 (CH3 (Leu)), 21.5 (CH2), 22.0 (CH3 (Leu)), 24.9 (CH 

(Leu)), 36.7 (CH2 (AHPA)), 40.1 (CH2), 41.1 (CH2 (Leu)), 47.1 (CH (Fmoc)), 50.6 

(CHNH (AHPA)), 55.6 (CHN (Leu)), 55.9 (OCH3), 60.0 (OCH3), 60.9 (OCH3), 61.6 

(OCH3), 67.2 (CH2 (Fmoc)), 72.9 (CHOH (AHPA)), 73.4 (CHC=C), 109.0 (ArCH (A- 

ring)), 110.5 (AiCH (C-ring)), 114.5 (ArCH (C-ring)), 120.0 (2 x ArCH (Fmoc)), 

120.0 (ArCH (C-ring)), 125.2 (2 x ArCH (Fmoc)), 126.2 (AlkenicCH), 126.6 (ArCH 

(AHPA)), 127.1 (2 X ArCH (AHPA)), 127.4 (AlkenicC), 127.7 (2 x ArCH (Fmoc)), 

128.6 (2 X ArCH (Fmoc)), 129.3 (2 x ArCH (AHPA)), 134.3 (ArC), 134.8 (ArC),

137.9 (ArC), 140.4 (ArC), 141.2 (2 x ArC (Fmoc)), 141.7 (ArC), 143.7 (ArC), 143.8 

(ArC (Fmoc)), 145.5 (A i€ (Fmoc)), 146.7 (ArC), 150.9 (ArC), 151.3 (ArC), 157.1 

(NHC=0 (Fmoc)), 163.0 (0 C = 0  (AHPA)), 172.5 (0 C = 0  (Leu))

Vrnax/cm'' 3359.2, 2927.7, 1718.0, 1680.4, 1508.7, 1112.2, 740.3

HRMS: (M + Na)^ requires 907.3776, found 907.3804, molecular formula

(C52H56N2OU)

Melting point: 122-124 °C 

a ,  = -0.46 (CH2CI2)

Synthesis o f  4.15 - removal o f Fmoc from 4.13

To a stirred solution o f 4.13 (30 mg, 0.03 mmol) in anhydrous THF was added 1 M 

TBAF (0.03 mL, 0.03 mmol) at 0 °C under an atmosphere of nitrogen. The reaction 

was complete within 1 0  min and the mixture was applied directly to flash column 

(stationary phase; silica gel 230-400mesh, mobile phase; 6:1:1, ethyl 

acetate/methanol/diethylamine). All homogenous fractions were collected and the 

solvent was evaporated. The product was isolated as an off-white solid (18 mg, 92%).
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'H NMR (CD3 OD) 6h  ppm: 0.96 (3H, d, J  = 6.3 Hz, CH3 (Leu)), LOO (3H, d, J  = 6.3 

Hz, CH3 (Leu)), L42-L46 (IH, m, CH2 (Leu)), L54-L61 (IH, m, CLb (Leu)), L 6 6 - 

L76 (IH , m, CH (Leu)), 2.19-2.27 (IH , m, CLb), 2.41-2.50 (IH, m, CLb), 2.50-2.59 

(IH, m, CH2 (AHPA)), 2.93 (IH, dd, J  = 15.0 Hz, 7.7 Hz, CH2 ), 2.98-3.04 (IH , m, 

CFb (AHPA)), 3.15 (IH, dd, J =  15.0 Hz, 7.7 Hz, CHi), 3.67 (3H, s, OCH3 ), 3.88 (3H, 

s, OCH3), 3.74 (H, m, CHOH (AHPA), 3.90 (3H, s, OCH3 ), 4.02 (3H, s, OCH3), 4.14- 

4.18 (IH, m, CHNH (Leu)), 4.37-4.42 (IH , m, CHNH (AHPA), 5.06-5.10 (IH, m, 

CHO), 6.27 (IH , d, J  = 5.4 Hz, C=CH (B-ring)), 6.35 (IH , s, ArH(A-ring)), 7.24 (H, s, 

ArH (C-ring)), 7.30-7.37 (5H, m, 5 x ArH (AHPA)), 7.42 (IH , d, J  = 9.2 Hz, ArH (C- 

ring)), 7.43 (IH, d, J  = 9.2 Hz, ArH (C-ring)), 7.58 (IH, d, J  = 1.0 Hz, NH)

'^C NMR (CD3 OD) 5c ppm; 20.5 (CH2), 21.2 (CH3 (Leu)), 21 . 8  (CH3 (Leu)), 24.6 (CH 

(Leu)), 35.0 (CH2 (AHPA)), 39.5 (CH2), 39.6 (CH2 (Leu)), 51.3 (CHNH (Leu)), 55.0 

(OCH3), 55.7 (OCH3), 59.8 (OCH3 ), 60.8 (OCH3 ), 67.5 (CHNH (AHPA)), 68.7 

(CHOH (AHPA)), 72.8 (CHO), 108.6 (ArCH (A-ring)), 112.0 (ArCH (C-ring)), 123.13 

(ArCH (C-ring)), 127.2 (ArCH (AHPA)), 127.3 (ArCH (C-ring)), 127.5 (AlkenicC),

128.7 (2 X ArCH (AHPA)), 129.1 (2 x ArCH (AHPA)), 129.1 (AlkenicCH), 129.4 

(ArC), 134.0 (ArC), 134.2 (ArC), 135.3 (ArC), 139.4 (ArC), 142.1 (ArC), 151.0 (ArC),

151.7 (ArC), 152.0 (ArC), 152.4 (ArC), 171.9 (0C = 0), 172.3 (0C = 0)

Vniax/cm-' 3384.3, 3201.3, 2958.5, 2901.6, 1725.6, 1664.3, 1600.5, 1509.2, 1246.8, 

1120.0, 700.9

HRMS: (M + H)^ requires 662.3436, found 662.3470, molecular formula

( C 3 7 H 4 7 N 3 O 8 )

Melting point: 148-150 °C

a , = -0.26 (CH2CI2 : CH3OH, 1:1)

Synthesis o f 4.16 - removal o f Fmoc from 4.14

To a stirred solution of 4.14 (700 mg, 0.8 mmol) in anhydrous THF was added 1 M 

TBAF (0.8 mL, 0.8 mmol) at 0 °C under an atmosphere of nitrogen. After 10 min, the
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mixture was applied directly to flash column (stationary phase; silica gel 230-400mesh, 

mobile phase; 6:1:1, ethyl acetate/methanol/diethylamine). All homogenous fractions 

were collected and the solvent was evaporated. The product was isolated as a golden 

solid (480 mg, 90%).

'H NMR (CD3OD) 6 h ppm: 0.93 (3H, d, J  = 6.5 Hz, CH3 (Leu)), 0.97 (3H, d, J  = 6.5 

Hz, CH3 (Leu)), 1.52-1.60 (IH , m, C tb  (Leu)), 1.64-1.66 (IH , m, CH (Leu), 1.65-1.69 

(IH , m, CH2  (Leu)), 2.15-2.20 (IH , m, CH2), 2.41-2.46 (IH, m, CLb), 2.47-2.53 (IH , 

m, Cfcb), 2.84 (IH, dd, J  = 14.1 Hz, 7.7 Hz, CH2 (AHPA)), 2.95-2.99 (IH , m, CH,), 

3.06 (IH , dd, J  = 14.1 Hz, 7.7 Hz, CH2 (AHPA)), 3.60 (IH , td, 7.2 Hz, 3.3 Hz, 

CHNH (AHPA), 3.65 (3H, s, OCH3), 3.87 (6 H, s , 2  x OCH3), 3.88 (3H, s, OCH3), 4.07 

(IH , d, J  = 3.4 Hz, CHOH (AHPA), 4.35-4.38 (IH , m, CHNH (Leu)), 5.04-5.08 (IH, 

m, CHO), 6.10 (IH , d, J  = 5.4 Hz, C=CH (B-ring)), 6.38 (IH, s, ArH(A-ring)), 6.40 

(IH,  d, J=2.2 Hz, NH), 6.69 (IH,  d, J  = 8.1 Hz, ArH (C-ring)), 6.70 (IH,  s, ArH (C- 

ring)), 6.87 (1H, d, J  = 8 .1 Hz, ArH (C-ring)), 7.22-7.33 (5H, m , 5  x ArH (AHPA))

'^C NMR (CD3OD) 5c ppm: 21.0 (CH3 (Leu)), 21.5 (CH2), 22.3 (CH3 (Leu)), 25.0 (CH 

(Leu)), 36.5 (CH2 (AHPA)), 39.5 (CH2 (Leu)), 39.6 (CH2), 51.6 (CHNH (Leu)), 55.4 

(OCH3), 55.5 (OCH3), 56.1 (CHNH2 (AHPA)), 60.3 (OCH3), 61.1 (OCH3), 70.2 

(CHOH (AHPA)), 73.4 (CHO), 109.3 (ArCH (A-ring)), 111.4 (ArCH (C-ring)), 115.0 

(ArCH (C-ring)), 119.4 (ArCH (C-ring)), 125.8 (AlkenicCH), 127.3 (ArCH (AHPA)), 

127.5 (AlkenicC), 128.7 (2 x ArCH (AHPA)), 129.1 (2 x ArCH (AHPA)), 129.4 

(ArC), 134.0 (ArC), 134.2 (ArC), 135.3 (ArC), 139.4 (ArC), 142.1 (ArC), 151.0 (ArC), 

151.7 (A rQ , 152.0 (ArC), 152.4 (ArC), 171.9 (0C = 0), 172.3 (0C = 0)

Vmax/cm'‘ 3499.2, 3385.6, 2931.4, 2895.3, 1722.3, 1692.4, 1512.8, 1236.4, 1112.9, 

702.9

HRMS: (M + H)^ requires 663.3276, found 663.3236, molecular formula

(C37H46N 2O9)

Melting point: 110-112 °C

a ,  = -0.25 (CH2CI2 : CH3OH, 1:1)
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Synthesis o f 4.17 - elimination o f hydroxyl o f  4.4

A solution of 4.4 (80 mg, 0.21 mmol) in MeOH (2 mL) was treated with 2M HCl (3 

mL) and allowed to stir for 12 h. Upon complete conversion, the solvent was removed 

in vacuo and the product was extracted into diethyl ether (2 x 10 mL). The ether 

fractions were combined and the solvent was removed under vacuum to afford 4,17 as 

a yellow oil (76 mg, 100%)

‘H NMR (CDCI3) 5h ppm: 3.10 (2H, s, CH2), 3.66 (3H, s, OCH3), 3.92 (3H, s, OCH3), 

3.93 (3H, s, OCH3), 3.94 (3H, s, OCH3), 5.90 (IH, X, J  = 7.0 Hz, CH2 CH=CH), 6.16 

(IH, dd, J  = 5.1 Hz, 9.3 Hz, C=CH), 6.49 (IH, s, ArH{A-ring}), 6 . 6 6  (IH, d , J =  5.5 

Hz, C=CH), 6.81 (H, d, J  = 2.2 Hz, ArH{C-ring}), 6.82 (H, d, J  = 2.0 Hz, ArH{C- 

ring}), 6.84 (IH, s, ArH{C-ring})

’̂ C NMR (CDCI3) 5c ppm: 25.9 (BZCH2), 55.5 (OCH3), 56.1 (OCH3), 60.9 (OCH3), 

61.4 (OCH3), 108.4 (ArCH), 110.1 (ArCH), 116.2 (ArCH), 119.8 (ArCH), 125.7 

(ArC), 126.4 (C=CH), 126.6 (CH2 CH=CH), 126.3 (CH2 CH=CH), 133.6 (ArC), 135.3 

(ArC), 134.0 (ArC), 143.4 (ArC), 145.5 (ArC), 147.1 (QC), 148.6 (ArC) 150.2 (ArC)

Vrnax/cm'' 3410.5,2929.8, 1500.2, 1284.1,714.7

HRMS: (M + H)^ requires 354.1700, found 354.1655, molecular formula (C2 1H23NO4 ) 

Synthesis o f  4.18 -  elimination o f hydroxyl o f 4.10

A solution of 4.10 (100 mg, 0.21 mmol) in DCM (2 mL) was treated with 2M HCl (3 

mL) and allowed to stir for 12 h. Upon complete conversion, the solvent was removed 

in vacuo and the product was extracted into diethyl ether (2 x 10 mL). The ether 

fractions were combined and the solvent was removed under vacuum to afford 4.18 as 

a yellow oil (75 mg, 100%)
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'H NMR (CDCI3) 6h  ppm: 3.00 (2H, s, CH2 ), 3.64 (3H, s, OCH3), 3.92 (3H, s, OCH3), 

3.93 (3H, s, OCH3), 3.96 (3H, s, OCH3), 5.90 (IH , dt, J  = 6.5 Hz, 7.0 Hz, 

CH2CH=CH), 6.16 (IH , dd, J  = 5.5 Hz, 9.5 Hz, CH2 CH=CH), 6.46 (IH , s, ArH{A- 

ring}), 6 . 6 6  (IH, d, J  = 5.5 Hz, C=CH), 6.89 (2H, m, 2  x ArH{C-ring}), 7.03 (IH , d, J  

= 2.0 Hz, ArH{C-ring})

‘^C NMR (CDCI3) 6 c ppm: 25.1 (CH2), 55.5 (OCH3), 55.5 (OCH3), 60.4 (OCH3), 60.9 

(OCH3), 107.8 (ArCH), 109.8 (ArCH), 114.9 (ArCH), 120.5 (ArCH), 125.3 (ArC), 

126.1 (C=CH), 126.2 (CH2CH=CH), 128.0 (CH2 CH=CH), 132.9 (ArC), 136.9 (ArC), 

142.9 (ArC), 144.5 (ArC), 144.7 (ArC), 145.5 (QC), 148.2 (ArC), 152.4 (ArC)

Vrnax/cm'’ 3417.8,2935.8, 1507.8, 1281.1, 1117.0

HRMS: (M + Na)^ requires 377.1359, found 354.1365, molecular formula (C21H22O5) 

Synthesis o f 4.19 - reduction o f ketone

To a stirred solution of the stereoisomerically pure 2.12s (12.7 g, 25.2 mmol) in 

methanol (100 mL) and THF (55 mL) was added NaBH4 (1 g, 25.2 mmol) at 0°C. 

After 1 h the reaction was quenched by the addition o f sat. aq. NaCl (1 x 100 mL), the 

organic solvent was removed in vacuo and the product was extracted with diethyl ether 

(3 X 100 mL). The combined organic fractions were dried over MgS0 4 , filtered and 

concentrated such that the product could be purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

product 4.19 as a white solid (11.5 g, 90%). (Epimer ratio, 3.2:2)

'H NMR (CDCI3) 6 h ppm: 1.10 (9H, s, major epimer, C(CH3)3), 1.18 (9H, s, minor 

epimer, C(CH3 )3), 1.33-1.35 (IH , m, minor epimer, CH?). 1.64-1.66 (IH , m, major 

epimer, CH2), 1.84 (IH , dd, J  = 17.0 Hz, 8 . 6  Hz, major and minor epimers, CH?). 

2.26-2.33 (IH , m, minor epimer, CH?). 2.34-2.44 (IH , m, major epimer, CH?). 2.76- 

2.78 (IH, m, major and minor epimers, CH?). 3.15-3.17 (IH , m, major and minor 

epimers, CH?). 3.39 (IH , dd, J  = 17.0 Hz, 8.7 Hz, major & minor epimers, CH?). 3.80
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(3H, s, major epimer, OCH3 ), 3.82 (3H, s, minor epimer, OCH3), 3.85 (6 H, s, minor 

epimer, 2 x OCH3), 3.87 (6 H, s, major epimer, 2 x OCH3 ), 4.24-4.32 (IH, m, major 

and minor epimers, CH), 4.71 (IH, t, J  = 6.5 Hz, major epimer, CH), 5.46 (IH, t, J  = 

6.5 Hz, minor epimer, CH), 6.82 (IH, s minor epimer, ArH) 6.94 (IH, s, major epimer, 

ArH), 7.40-7.49 (6 H, m, major & minor epimers, ArH), 7.77-7.83 (4H, m, major & 

minor epimers, ArH)

NMR (CDCI3 ) 5c ppm: 17.7, 18.0 ( £ ( ^ 3)3), 18.7, 19.0 (CH2 ), 26.6, 26.8

(C(CH3)3), 34.5 (CH2), 44.3 (CH2), 55.5 (OCH3), 60.3 (OCH3 ), 60.6 (OCH3), 69.9 

(CHO), 73.4 (CHOH), 103.3 (ArCH), 125.3 (ArC), 127.2 (4 x ArCH), 129.3 (ArCH),

129.4 (ArCH), 133.7 (ArC), 135.4 (4 x ArCH), 135.3 (ArC), 139.9 (ArC), 140.7 (ArC),

150.4 (ArC), 150.5 (ArC)

Vmax/cm-' 3530.0, 2941.5, 1597.3, 1110.0, 697.2

HRMS: (M + Na)^ requires 529.2381, found 529.2412, molecular formula

(C 3 o H 3 8 0 5 S i)

Melting point; 55-57 °C 

a ,  = +0.04 (CH2CI2 )

Synthesis o f 4.20 - acetylation

To a stirred solution of 4.19 (9.7 g, 19.1 mmol), DMAP (2.34 g, 19.1 mmol) and N, N- 

diisopropylethylamine (6.5 mL, 38.3 mmol) in anhydrous DCM (100 mL) was added 

acetic anhydride (3.6 mL, 38.3 mmol) at 0°C under an atmosphere of nitrogen. After 4 

h the reaction was quenched by the addition of 2 M aq. HCl (1 x lOO mL) and the 

product was extracted with diethyl ether (3 x lOO mL). The combined organic 

fractions were dried over MgS0 4 , filtered and concentrated to afford a yellow oil. The 

product was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford the product 4.20 as a colourless oil,
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(10.5 g, 100%). (Purification by flash column chromatography was only necessary for 

characterisation o f the product, not for progression to the next step in the synthesis).

’H NMR (CDCI3) 5h ppm: 1.10 (9H, s, major epimer, C(CH3)3), 1.13 (9H, s, minor 

epimer, C(CH3)3), 1.38-1.41 (2H, m, major & minor epimers, CH?). 1.87-1.93 (2H, m, 

major & minor epimers, CH?). 2.22 (3H, s, major & minor epimers, COCH3), 2.89 (2H, 

dd, J  = 15.6 Hz, 8.0 Hz, minor epimer, CHo), 3.17 (2H, dd, J  = 15.8 Hz, 8.5 Hz, major 

epimer, CH?). 3.84 (3H, s, major epimer, OCH3), 3.86 (3H, s, minor epimer, OCH3), 

3.90 (6 H, s, major and minor epimer, 2 x OCH3), 4.15, (2H, m, major & minor 

epimers, 2 x CH), 6.64 (IH, s, minor epimer, ArH), 6.71 (IH, s, major epimer, ArH), 

7.42-7.50 (6 H, m, major & minor epimers, 6  x ArH), 7.72-7.75 (4H, m, major & minor 

epimers, 4 x ArH)

'̂ C NMR (CDCI3) 5c ppm: 18.1, 18.7 (C(CH3)3), 18.8 (CH2), 20.7 (COCH3), 26.6 

(C(CH3)3), 35.8 (CH2), 40.9, 43.3 (CH2 ), 55.5 (OCH3), 60.0 (OCH3), 60.9 (OCH3), 

69.3 (CHO), 72.5 (CH), 102.7 (ArCH), 124.6 (ArC), 127.1 (4 x ArCH), 129.2 (2 x 

ArCH), 133.8 (ArC), 135.3 (2 x ArCH), 135.4 (2 x ArCH), 135.4 (ArC), 135.9 (ArC), 

140.9 (ArC), 150.4 (ArC), 150.8 (ArC), 169.4 (C=0)

Vmax/cm ' 2945.0, 1749.0, 1605.2, 1112.7, 699.5

HRMS: (M + Na)^ requires 571.2486, found 571.2491, molecular formula

( C 3 2 H 4 0 O 6 S i )

a , =  -0.32(CH2Cl2)

Synthesis o f  4.21- removal o f  silyl group

To a stirred solution of 4.20 (9.3 g, 17.0 mmol) in THF (50 mL) was added 1 M TBAF 

in THF (18.0 mL, 18.0 mmol) at 0°C. After 6  h the reaction mixture was applied 

directly to a flash column (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product (5.20) as a colourless oil (5.30 g, 100%).
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'H NMR (CDCI3) 5h ppm: 1.87-1.90 (2H, m, major & minor diasteromers, CH2), 2.11 

(3H, s, minor epimer, COCH3), 2.19 (3H, s, major epimer, COCH3), 2.29 (2H, dd, J  = 

12.2 Hz, 6.5 Hz, major & minor epimers, CHi), 3.02-3.06 (2H, m, major & minor 

epimers, CH?). 3.78 (3H, s, minor epimer, OCH3), 3.79 (3H, s, major epimer, OCH3), 

3.84 (6 H, s, minor epimer, 2 x OCH3), 3.85 (6 H, s, major epimer, 2 x OCH3), 3.98- 

4.03 (H, m, major & minor epimers, CH), 4.05-4.12 (H, m, major & minor epimers, 

CH), 6 . 6 6  (IH , s, minor epimer, ArH), 6.70 (IH , s, major epimer, ArH).

'^C NMR (CDCI3) 5c ppm: 18.4, 18.8 (CH2), 20.8 (COCH3), 35.3 (CH2), 40.4, 42.4 

(CH2), 55.5 (OCH3), 59.9, 60.3 (OCH3), 60.3, 60.9 (OCH3), 68.2 (CH), 70.1, 70.9 

(CH), 103.3 (ArCH), 124.9, 126.7 (ArC), 135.2 (ArC), 140.8, 141.3 (ArC), 150.4, 

150.6 (A rQ , 150.8 (ArC), 169.4 (C=0)

Vn,ax/cm‘‘ 3296.2, 2930.1, 1736.0, 1601.5, 1115.4

HRMS: (M + Na)^ requires 333.1308, found 333.1316, molecular formula (C 16H22O6) 

a , = -0.79 (CH2CI2)

Synthesis o f 4.23 - mesylation and azide substitution

To a stirred solution o f 4.21 (5.0 g, 16.1 mmol) in anhydrous DCM (50 mL) was added 

methanesulphonyl chloride (2.37 mL, 30.6 mmol) followed by N, N  

diisopropylethylamine (4.4 mL, 25.8 mmol) at 0°C under dry reaction conditions. 

After one hour the reaction was quenched by the addition o f water (1 x 50 mL) and the 

product was extracted into diethyl ether (3 x 5 0  mL). The combined organic fractions 

were dried over MgS0 4 , filtered, concentrated and purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product 4.22 as a white solid (5.90 g, 95%). Without further 

characterisation, the mesylate 4.22 (5.90 g, 15.3 mmol) was dissolved in DMF (20 mL) 

at room temperature. Sodium azide (17.4 g, 26.8 mmol) was added to the stirred 

solution. The reaction mixture was heated to 80°C. After 36 h the reaction was
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quenched by the addition of water (1 x 100 mL) and the product was extracted into 

diethyl ether (3 x 60 mL). The combined etheral fractions were dried over MgS0 4 , 

filtered, concentrated to and purified by flash column chromatography (stationary 

phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford the 

product 4.23 as a colourless oil (4.5 g, 100%).

4.23 'H  NMR (CDCI3 ) 5h ppm: 1.34 (IH , dt, J  = 11.7 Hz, 11.3 Hz, Major and minor 

epimers, CH?), 1.65 (IH , dt, J  = 11.7 Hz, 11.3 Hz, major and minor epimers, CH?). 

1.84 (IH , d\, J  = 9.0 Hz, 8.5 Hz, major and minor epimers, CH?). 2.12 (3H, s, major 

epimer, C=0 CH 3), 2.22 (3H, s, minor epimer, C=OCHO. 2.26-2.33 (IH , m, minor 

epimer, CH?), 2.36-2.43 (IH, m, major epimer, CH?). 2.77 (IH , dd, J  = 13.3 Hz, 12.1 

Hz, major & minor epimers, CH?). 3.16 (IH , dd, /  = 14.6 Hz, 8.5 Hz, major epimer, 

CH?). 3.38 (IH , dd, J  = 14.5 Hz, 8.0 Hz, minor epimer, CH?). 3.80 (3H, major epimer 

OCH3), 3.82 (3H, s, minor epimer, OCH3 ), 3.85 (6 H, s, minor epimer, 2 x OCH3), 3.87 

(6 H, s, major epimer, 2 x OCH3 ), 3.90-3.97 (2H, m, major & minor epimers, 2 x CH), 

6.67 (IH,  s, major epimer, ArH), 6.72 (IH, s, minor epimer, ArH)

'^C NMR (CDCI3) 5c ppm: 19.6, 19.9 (CH2 ), 20.7 (COCH3), 31.9, 32.5 (CHj), 36.9, 

39.2 (CH2 ), 55.5 (OCH3), 58.9 (CHN3), 60.4 (OCH3), 60.9 (OCH3 ), 69.8 (CH), 103.0 

(ArCH), 124.1, 126.5 (ArC), 134.0, 134.9 (ArC), 140.8, 141.7 (ArC), 150.6 (A rQ , 

151.0 (A rQ , 169.2 (C=0).

Vmax/cm’* 2941.0,2130.5, 1739.1, 1589.3, 1230.1, 1111.8

HRMS: (M + Na)^ requires 358.1379, found 358.1398, molecular formula

(C,6H2,N305)

a ^=-0.25 (CH2 CI2 )
I

Synthesis o f 4.25 - de-acetylation and oxidation

To a stirred solution of 4.23 (5.0 g, 14.9 mmol) in methanol (20 mL) was added 2.5 M 

aq. NaOH (20 mL) at 0“C. After 10 min the flask was removed from the ice and
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brought to room temperature. After an hour the reaction mixture was deemed complete 

by TLC and quenched with sat. aq. NaCl solution (1 x 50 mL). The product was 

extracted with diethyl ether (3 x 50 mL). The combined etheral fractions were dried 

over MgS0 4 , filtered and concentrated under vacuum. The product 4.24 was not 

purified by flash column chromatography but was redissolved in DCM (20 mL) and 

Dess Martin periodinane (9.5 g, 22.4 mmol) was added to the stirred solution at room 

temperature. The oxidation reaction was complete within 5 min and an extraction 

between 0.5 M NaOH (100 mL) and diethyl ether (3.x 50 mL) separated the product 

fi-om the precipitated iodinane which dissolved in aq. NaOH. The organic extracts were 

combined, dried over magnesium sulphate and filtered and the product was purified by 

flash column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 

3:1, hexane/ethyl acetate). All homogenous fi-actions were collected and the solvent 

was evaporated to afford the product 4.25 as a colourless oil (4.12 g, 95%).

'H NMR (CDCb) 6 h ppm: 1.81-1.87 (2H, m, Cfcb), 2.74 (2H, dd, J =  14.6 Hz, 5.7 Hz, 

Ctb), 2.96 (2H, dd, J  = 13.2 Hz, 4.1 Hz, C tb), 3.86 (3H, s, OCH3), 3.91 (3H, s, 

OCH3 ), 3.96 (3H, s, OCH3 ), 3.88 (IH, br, CHN3), 7.15 (IH, s, ArH)

'^C NMR (CDCI3 ) 6 c ppm: 20.6 (CH2 ), 33.2 (CH2 ), 49.2 (CH2 ), 55.8 (OCH3), 56.5 

(CHN3 ), 60.5 (OCH3), 60.7 (OCH3), 107.2 (ArCH), 130.2 (ArC), 133.3 (ArC), 145.2 

(ArC), 150.6 (ArC), 151.3 (ArC), 199.1 (C=0)

Vrnax/cm ' 2911.2, 1989.4, 1590.7, 1492.5, 1074.1

HRMS: (M + Na)^ requires 314.1117, found 314.1120, molecular formula

(C14H17N3O4)

a « = + 0 . 1 3 ( C H 2 C l 2 )

Synthesis o f  4.26 - azide reduction and N-tBoc protection

To a stirred solution of 4.25 (2.91 g, 10.0 mmol) in a 1:1 mixture of ethanol and ethyl 

acetate (20 mL) was added di-^er/-butyl dicarbonate (4.36 g, 20.0 mmol) and 10% Pd/C 

(catalytic amount). The mixture was stirred at room temperature under an atmosphere
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o f  hydrogen (balloon). A fter 16 h the reaction w as deem ed com plete by TLC  and the 

Pd/C was rem oved from  the reaction m ixture by filtration, w ashing w ith DCM  (200 

mL). The solvent w as rem oved from  the flask under vacuum  and the resulting  residue 

was purified  by flash colum n chrom atography (stationary  phase; silica gel 230- 

400m esh. m obile phase; 2:1, hexane/ethyl acetate). All hom ogenous fractions w ere 

collected and the solvent w as evaporated  to afford 4.26 as a yellow  oil (2.74 g, 75% ).

'H  N M R  (C D C I3) 5h ppm : 1.39 (9H , s C (C H 3)3), 1.50-1.58 ( I H,  m , C tb ) ,  2.20-2.31 

( I H,  m, C H 2), 2.71 (2H, dd, J  = 14.2 Hz, 6.5 Hz, C H 2), 2 .89-2 .96 (2H , m, C H 2), 3.79 

(3H , s, O C H 3), 3.81 (3H, s, O C H 3), 3.87 (3H , s, O C H 3), 4 .02-4 .09 ( I H,  m , CH), 4.84 

(1H, br.s, N H ), 7.04 (1H, s, A rH )

'^C N M R  (C D C I3) 5c ppm : 22.4 (C H 2 ), 28.6 (C (C H 3)3), 32.8 (C H 2 ), 46.6 (C H ), 48.3 

(C H 2), 56.2 (O C H 3), 60.9 (O C H 3), 61.2 (O C H 3), 79.5 (C (C H 3)3), 107.4 (A rC H ), 129.4 

(ArC), 134.0 (A rC ), 145.8 (A rC ), 151.1 (A rC ), 151.8 (A rC), 155.1 (C = 0 ), 200.8 

(C = 0 )

V rn ax /cm ''2958.4, 1718.2, 1650.2, 1506.2, 1140.2

HRM S; (M  + Na)^ requires 388.1730, found 388.1767, m olecular form ula

(C ,9 H 2 7 N 0 6 )

a R = + 0 . 0 \  (C H 2CI2)

Synthesis o f 4.27- inflation

To a dry  three-necked  round bottom  flask containing 4.26 (2.1 g, 0.05 m m ol) dissolved 

in anhydrous TH F (7 m L) w as added K H M D S (0.5 M in toluene) (18.4 m L 9.2 m m ol) 

under dry reaction conditions at 0°C. The reaction w as allow ed to  stir at this 

tem perature for 2 h after w hich tim e a solution o f  N,  A^-bis- 

(trifluorom ethylsu lfonyl)am ino-5-chloropyrid ine (6.77 m g, 17.3 m m ol) in dry TH F (10 

m L) w as added. The reaction w as left stirring for an additional 3 h at this tem perature 

after w hich tim e it w as quenched by the addition o f  w ater (1 x 50 m L) and extracted 

w ith  diethyl ether (3 x 50 m L). The com bined organic fractions w ere dried over
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MgS0 4 , filtered and concentrated under vacuum. The residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to yield 4.27 as a colourless oil (2.67 g, 93%).

'H NMR (CDCb) 6 h ppm: 1.46 (9H, s C(CH3)3), 1.53-1.61 (IH, m, Ctb), 2.30-2.39 

(IH, m, Ctb), 2.82 (IH, dd, J  = 1 1 . 0  Hz, 5.1 Hz, C tb), 2.93-3.04 (IH, m, CtbX 3.85 

(3H, s, OCtb), 3.88 (3H, s, OCtb), 3.93 (3H, s, OCH3), 4.09-4.16 (IH, m, CHNH), 

4.70 (1H, d, J  = 4.6 Hz, C=CH), 7.12 (1H, s, ArtD

'^C NMR (CDCI3) 5c ppm: 21.4 (CH2), 28.3 (C(CH3)3), 39.2 (CH2), 46.3 (CH), 55.9 

(OCH3), 60.4 (OCH3), 61.6 (OCH3), 80.0 (C(CH3)3), 105.5 (ArCH (A-ring)), 124.6 

(C=CH), 127.2 (AlkenicC), 130.3 (ArC), 143.5 (ArQ, 144.1 (ArC), 150.6 (ArC), 151.4 

(ArC), 152.6(C=0)

'^F NMR (CDCI3) 6 c ppm: -74.39 (CF3 )

Vmax/cm'' 2910.5, 1690.1, 1115.4, 773.4

HRMS: (M + H)^ requires 500.1560, found 500.1569, molecular formula

(C20H28F3NO8S)

a«=+0.32  (CH2CI2)

Synthesis o f  4.28- boronic acid o f  2.17

To a stirred solution of 2.17 (2.46 g, 7.8 mmol) in anhydrous THF ( 8  mL) was added 

2.5 M nBuLi (5.0 mL, 12.4 mmol) drop-wise at -78°C under anhydrous conditions. 

After 20 min, triisopropyl borate (9.1 mL, 39.5 mmol) was added in a similar manner 

under constant conditions. After 2 h the temperature was increased to -20°C, and 

increased again to room temperature after 1 h. The reaction was maintained at room 

temperature for 12 h after which time it was quenched by the addition of 2 M aq. HCl 

(1 X 100 mL). The product was extracted with diethyl ether (3 x 100 mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated in
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vacuo. The resulting  residue w as purified by flash  colum n chrom atography (stationary 

phase; silica gel 230-400m esh, m obile phase; 9:1, ethyl acetate/m ethanol). All 

hom ogenous fractions w ere collected and the solvent w as evaporated  to afford  4.28 as 

a light pink solid ( 1 .8 8  g, 8 6 %).

'H  N M R  (C D C b ) 5h ppm ; 0.26 (6 H, s, 2  x S i(C H 3)), 1.08 (9H, s, C (C H 3)3), 3.94 (3H , 

s, O C H 3), 6.99 ( I H,  d, J  =  8.4 Hz, A rH ), 7.71 ( I H,  s, A rH ), 7.84 ( I H,  d, J  =  8.4 Hz, 

ArH)

'^C N M R  (C D C I3) 5c ppm : -4.98 (2 x S i(C H 3)), 18.1 (C (C H 3)3), 25.4 (C (C H 3)3), 54.8 

(O C H 3), 110.9 (A rC H ), 126.9 (A rC H ), 129.8 (A rC H ), 144.2 (A iQ , 154.4 (A rC)

Vmax/cm'' 3203.4, 2945.3, 1601.3, 1471.9, 1149.11

HRM S: (M  + Na)^ requires 283.1531, found 283.1589, m olecu lar form ula

( C l 3 H 2 3 B 0 4 S i )

M elting point: 155-157 °C

Synthesis o f  4.29 - Suzuki coupling (phenol)

The trifla te  4.27 (120 mg, 0.24 m m ol), the boronic acid 4.28 (70 m g, 0.24 m m ol), 

K2CO3 (90 m g, 0.65 m m ol), and Pd(Ph3)4 (2 m g, 0.01 m m ol) w ere d isso lved  in a 

m ix ture o f  benzene, ethanol and w ater (3:1:1. 1.6  m L). The reaction w as refluxed at 70 

°C for 30 m in, after w hich tim e it w as quenched by the addition o f  w ater (1 x 20 m L) 

and the product was extracted  into diethyl e ther (3 x 3 0  m L). T he organic fractions 

w ere com bined , dried  over M gS 0 4 , filtered and concentrated  in vacuo. The resulting 

residue w as purified  by flash colum n chrom atography (stationary  phase; silica gel 230- 

400m esh , m obile phase; 4:1, hexane/ethyl acetate). A ll hom ogenous fractions w ere 

co llected  and the solvent was evaporated  to  afford 4.29 as a colourless oil (140 mg, 

100%).

'H  N M R  (CDCI3) 6h ppm : 0.15 (3H, s, Si(CH3)), 0.16 (3H , s, Si(CH3)), 1.0 (9H , s 

C (C H 3)3 (/B D M S)), 1.45 (9H , s, C (C ib )3 (tBoc)), 1.95 ( IH,  td, J  = 13.8 Hz, 8.2 Hz,
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CH2 ), 2.33 (IH, td, J  = 13.8 Hz, 8.2 Hz, C tb), 2.45-2.49 (IH, m, C tb), 3.06 (IH , dd, J  

= 12.0 Hz, 5.6 Hz, CH2), 3.69 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.93 (6 H, s, 2  x 

OCH3), 4.01-4.08 (IH , m, CHNH), 4.72 (IH , d, J  = 9.0 Hz, NH), 6.02 (IH , d, J  = 5.5 

Hz, C=CH), 6.36 (IH , s, ArH{A-ring}), 6.79 (IH , d, J  = 7.3 Hz, ArH{C-ring}), 6.85 

(IH , d, J  = 7.3 Hz, ArH{C-ring}), 7.29 (IH , s, ArH{C-ring})

NMR (CDCI3) 5c ppm: -5.1 (2 x Si(CH3)2), 18.1 (C(CH3 )3  (/BDMS)), 21.8 (CH2), 

25.4 (3 X C(CH3 )3  (®DMS)), 28.1 (3 x C(CH3 )3 (tBoc)), 41.7 (CH2), 48.7 (CHNH),

55.1 (OCH3), 55.4 (OCH3), 60.6 (OCH3), 61.1 (OCH3), 78.9 (C(CH3 )3  (^Boc)), 108.7 

(ArCH (A-ring)), 111.3 (ArCH (C-ring)), 120.2 (ArCH (C-ring)), 121.1 (ArCH (C- 

ring)), 126.8 (AlkenicC), 129.0 (C=CH), 133.8 (2 x ArC), 134.8 (ArC), 141.0 (ArC),

144.1 (A rQ , 150.1 (ArC), 150.3 (ArC), 150.8 (ArC), 154.8 (C=0)

v,r,ax/cm'' 2932.6, 1680.2, 1516.8, 1380.2, 1149.7

HRMS: (M + Na)^ requires 608.3014, found 608.2989 (+Na^), molecular formula

(C32H47N07Si)

a /j= + 0 .44  (CH2CI2)

Synthesis o f 4.30 - Suzuki coupling (aniline)

The triflate 4.27 (2.0 g, 4.02 mmol), the boronic ester 4.2 (1.0 g, 4.02 mmol), K2CO3 

(1.5 g, 10.85 mmol), and Pd(Ph3 )4  (30 mg, 0.20 mmol) were dissolved in a mixture of 

benzene, ethanol and water (3:1:1, 30 mL). The reaction was refluxed at 70 °C for 30 

min, after which time it was quenched by the addition o f water ( 1  x 30 mL) and the 

product was extracted with diethyl ether (3 x 50 mL). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue 

was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 3:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford 4.30 as a colourless oil (1.90 g, 

100%).
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1.46 (9H, s, C(CH3 )3  ( / B o c ) ) ,  1.92 (IH, td, J  = 12.0 Hz, 6.9 Hz, CH2 ), 2.30 (IH, td, J  = 

12.0 Hz, 6.9 Hz, CH2), 2.41-2.47 (IH, m, CH2), 3.04 (IH, dd. 12.6 Hz, 6.0 Hz, CH2), 

3.65 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.90 (3H, s, OCH3), 3.92 (3H, s, OCH3), 4.00- 

4.05 (IH, m, CHNH), 4.86 (IH, d, J  = 7.4 Hz, NH), 6.01 (IH, d, J  = 5.5 Hz, C=CH), 

6.38 (IH, s, ArH{A-ring}), 6.64 (IH, d, J  = 9.4 Hz, ArH{C-ring}), 6 . 6 6  (IH, s, 

ArH{C-ring}), 6.72(1 H, d, J =  9.4 Hz, ArH{C-ring}), 7.29 (IH, s, NH)

'^C NMR (CDCI3) 6 c ppm: 21.8 (CH2), 28.0 (3 x C(CH3)3 (^Boc)), 41.5 (CH2), 48.7 

(CHNH), 55.0 (OCH3), 55.6 (OCH3), 60.3 (OCH3), 61.2 (OCH3), 79.0 (C(CH3)3  

(rBoc)), 108.7 (ArCH (A-ring)), 109.6 (ArCH (C-ring)), 114.4 (ArCH (C-ring)), 118.0 

(ArCH (C-ring)), 126.9 (AlkenicC), 129.0 (C=CH), 133.8 (ArC), 135.0 (ArC), 135.4 

(At€), 139.8 (ArC), 140.8 (ArC), 146.4 (ArC), 150.1 (ArC), 150.8 (ArC), 154.8 (C=0)

Vn,ax/cm-' 3371.2,2911.5, 1711.1, 1652.3, 1510.7,760.0

HRMS: (M + H)^ requires 471.2490, found 471.2435, molecular formula

(C 2 6 H 3 4 N 2 0 6 S i)

a«=+0.43  (CH2CI2)

Synthesis o f  4.31 -  Fmoc protection o f  aniline

To a solution of 4.30 (2.40 g, 5.1 mmol) and DIPEA (1.7 mL, 10.2 mmol) in toluene 

(10 mL) was added Fmoc chloride (2.64 g, 10.2 mmol) in THF (10 mL). After 3 h at 

room temperature the solvent was removed under vacuum and the product was isolated 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford the product as a white solid (3.45 g, 100%).

'H NMR (CDCI3) 5h ppm: 1.45 (9H, s, C(CH3)3 (/Boc)), 1.95 (IH, td, J  = 13.2 Hz, 7.7 

Hz, CH2), 2.32 (IH, td, J  = 13.4 Hz, 7.7 Hz, Ctb), 2.48-2.54 (IH, m, CH2), 3.05 (IH, 

dd, J =  11.7 Hz, 5.4 Hz, CH2), 3.69 (3H, s, OCH3), 3.93 (9H, s, 3 x OCH3), 4.05-4.11 

(1H, m, CHNH), 4.32 (1H, t, J  = 6.7 Hz, CH (Fmoc)), 4.48-4.52 (1H, m, CH2 (Fmoc)), 

4.71 (2H, d, J  = 9.2 Hz, NH), 6.11 (IH, d, J  = 5.8 Hz, C=CH), 6.40 (IH, s, ArH{A-
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ring}), 6.82 (IH, d, J =  9.2 Hz, ArH{C-ring}), 6.83 (IH, s, ArH{C-ring}), 6.90 (IH, d, 

J  = 9.2 Hz, ArH{C-ring}), 7.35 (2H, t, J  = 7.4 Hz, 2 x ArH (Fmoc)), 7.44 (2H, t, J  =

7.4 Hz, 2 X ArH (Fmoc)), 7.66 (2H, d , J =  7.5 Hz, 2 x ArH (Fmoc)), 7.81 (2H, d, J  =

7.5 Hz, 2 X ArH (Fmoc)), 8.18 (1H, br.s, NH)

'^C NMR (CDCI3 ) 5c ppm: 21.8 (CH2 ), 28.0 (3 x C(CH3 ) 3  (rBoc)), 41.5 (CH2 ), 47.2 

(CH (Fmoc)), 48.7 (CHNH), 55.0 (OCH3 ), 55.6 (OCH3 ), 60.3 (OCH3 ), 61.2 (OCH3 ), 

67.1 (CH2  (Fmoc)), 79.0 (C(CH3 ) 3  (/Boc)), 108.7 (ArCH (A-ring)), 109.6 (ArCH (C- 

ring)), 114.4 (ArCH (C-ring)), 118.0 (ArCH (C-ring)), 125.1 (2 x ArCH (Fmoc)), 

126.9 (AlkenicC), 127.1 (2 x ArCH (Fmoc)), 127.8 (2 x ArCH (Fmoc)), 128.2 (2 x 

ArC (FmocD, 129.0 (C=CH), 132.2 (2 x ArC (Fmoc)), 133.8 (ArC), 135.0 (ArC), 

135.4 (ArC), 139.8 (ArC), 140.8 (ArC), 141.3 (2 x ArC (Fmoc)), 146.4 (ArC), 150.1 

(ArC), 150.8 (ArC), 153.4 (C=0 (Fmoc)), 154.8 (C=0 (^oc)).

Vmax/cm'' 2931.2, 1650.3, 1511.9, 1234.6, 1111.4, 1027.1

HRMS: (M + H)^ requires 693.3170, found 693.3236, molecular formula

(C4,H44N20g)

a«=+0.44  (CH2 CI2 )

Melting point: 125-127 °C

Synthesis o f 4.32 - removal o f N-tBoc group (phenol)

Through a stirred solution of 4.29 (90 mg, 0.15 mmol) in DCM (1 mL) was bubbled 

HCl gas. The reaction was complete after 40 min and the solvent was removed in 

vacuo. The product was isolated as a colourless oil (70 mg, 100 %).

'H NMR (CDCI3 ) 6 h ppm: 0.15 (3H, s, Si(CH3 )), 0.16 (3H, s, Si(CH3 )), 1.0 (9H, s 

C(CH3 > 3 (rBDMS)), 2.18 (IH, td, J  = 12.4, 7.3 Hz, CFb), 2.36 (IH, td, J  = 12.4 Hz, 7.3 

Hz, CH2 ), 2.50-2.54 (IH, m, CFb), 3.17 (IH, dd, J =  5.9 Hz, 11.7 Hz, CFb), 3.48-3.52 

(IH, m, CHNH2 ), 3.69 (3H, s, OCH3 ), 3.85 (3H, s, OCH3 ), 3.89 (3H, s, OCH3 ), 3.93 

(3H, s, OCH3 ), 6.15 (IH, d, J  = 6.0 Hz, C=CH), 6.43 (IH, s, ArH{A-ring}), 6.80 (IH,
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d, J  = 9.1, ArH{C-ring}), 6.93 (IH, d, J  = 9.1 Hz, ArH{C-ring}), 6.95 (IH, s, ArH{C- 

ring})

'^C NMR (CDCb) 6 c ppm: -5.8 (2 x Si(CH3)2), 17.8 (C(CH3)3), 21.7 (CHj), 25.0 (3 x 

C(CH3)3), 40.1 (CH2), 49.0 (CHNH), 54.4 (OCH3), 55.4 (OCH3), 60.0 (OCH3), 60.8 

(OCH3), 108.8 (ArCH (A-ring)), 111.5 (ArCH (C-ring)), 120.4 (ArCH (C-ring)), 121.4 

(ArCH (C-ring)), 123.5 (C=CH), 126.9 (AlkenicC), 133.2 (ArC), 134.7 (ArC), 142.0 

(Ar€), 142.4 (ArC), 144.7 (ArC), 150.9 (ArC), 151.2 (ArC), 151.8 (ArC).

Vniax/cm''3400.3, 2937.0, 1593.9, 1509.4, 1252.5, 1116.7

HRMS: (M + H)^ requires 518.2752, found 518.2504, molecular formula

(C27H39NOsSi)

a«= + 1 .79  (CH2CI2 : CH3OH, 1:1)

Synthesis o f  4.33 - removal o f  N-tBoc group

Through a stirred solution of 4.31 (2.34 g, 3.38 mmol) in DCM ( 8  mL) was bubbled 

HCl gas. The reaction was complete after one hour and the solvent was removed in 

vacuo. The product was isolated as a white solid (2.0 g, 100 %).

'H NMR (CDCI3) 5h ppm: 2.26-2.34 (2H, m, CH2), 2.49-2.58 (IH, m, CH2), 3.05- 

3.09 (IH, m, CH2 ), 3.65 (3H, s, OCH3), 3.88 (6 H, s, 2  x OCH3), 3.92 (3H, s, OCH3), 

4.21-4.26 (IH, m, CHNH2), 4.43-4.47 (3H, m, CH (Fmoc), CH2 (Fmoc)), 6.27 (IH, d, J  

= 4.5 Hz, C=CH), 6.35 (IH, s, ArH{A-ring}), 6.78 (IH, d, J  = 7.5 Hz, ArH{C-ring}), 

6.90 (IH, d, J  = 7.5 Hz, ArH{C-ring}), 7.30 (IH, s, ArH{C-ring}), 7.30 (2H, t, J  = 8.1 

Hz, 2 X ArH (Fmoc), 7.41 (2H, t, J  = 8 . 1  Hz, 2  x ArH (Fmoc)), 7.58 (2H, d, J  = 6.3 

Hz, 2 X ArH (Fmoc)), 7.77 (2H, d, J  = 6.3 Hz, 2 x ArH (Fmoc)), 8.03 (IH, br, NH), 

8.47 (2H, br, NH2).

'^C NMR (CDCI3) 6 c ppm: 21.3 (CH2), 39.5 (CH2), 46.7 (CH (Fmoc)), 49.4 (CHNH), 

55.3 (OCH3), 55.6 (OCH3), 60.5 (OCH3), 61.2 (OCH3), 6 6 . 8  (CH2 (Fmoc)), 109.2 

(ArCH (A-ring)), 110.0 (ArCH (C-ring)), 119.5 (2 x ArCH (Fmoc)), 121.6 (ArCH (C-
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ring)), 123.1 (ArCH (C-ring)), 124.5 (2 x ArCH (Fmoc)), 126.2 (AlkenicC), 127.0 

(ArC), 127.2 (2 x ArCH (Fmoc)), 127.2 (C=CH), 127.7 (2 x ArCH (Fmoc)), 132.6 

(ArC), 133.8 (ArC), 140.8 (2 x ArC (Fmoc)), 141.5 (ArC), 142.4 (ArC), 143.1 (2 x 

ArC (Fmoc)), 147.5 (ArC), 150.5 (ArC), 151.2 (ArC), 153.0 (C=0 (Fmoc)).

Vrnax/cm''3450.3,2939.6, 1671.7, 1530.4, 1200.1, 1114.1,734.8

HRMS: (M + H)^ requires 593.2646, found 593.2699, molecular formula

(C36H36N2O6)

Melting point; 203-205 °C

a;?=+1.80 (CH2 CI2)

Synthesis o f  4.34 - coupling o f  N-tBoc-bestatin (protectedphenol)

To a stirred solution of 4.32 (90 mg, 0.19 mmol) in dry DCM (2 mL) was added a 

solution of 3.17 (76 mg, 0.19 mmol), PyBrop (142 mg, 0.30 mmol) and DIPEA (0.06 

mL, 0.38 mmol) in dry DCM (3 mL) at 0 °C. The reaction temperature was allowed to 

increase to room temperature and left stirring for 6  h. The reaction was then quenched 

by the addition of 1 M HCl (5 mL) and extracted into diethyl ether ( 3 x 1 0  mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated in 

vacuo. The product was isolated by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 2:1, hexane: ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford the product as a light 

yellow solid (150 mg, 92%).

'H NMR (CDCI3) 6h  ppm: 0.13 (3H, s, Si(CH3)), 0.14 (3H, s, Si(CFb)), 0.89 (3H, d, J  

= 5.0 Hz, CH3 (Leu)), 0.93 (3H, d, J  = 5.0 Hz, CH3 (Leu)), 0.98 (9H, s C(CH3)3  

(/BDMS)), 1.40 (9H, s, C(CFb)3  (rBoc)), 1.54-1.62 (2H, m, CH2 (Leu)), 1.60-1.68 (IH, 

m, CH (Leu)), 2.00-2.04 (IH, m, CH2), 2.37-2.51 (2H, m, Cfcb), 2.97-3.05 (2H, dd, J  =

9.8 Hz, 9.0Hz, C tb  (AHPA bzl)), 3.15 (IH, dd, J  = 10.9 Hz, 6 . 6  Hz, CFb), 3.67 (3H, s, 

OCH3), 3.83 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, OCH3), 4.05 (IH, d, J  =

5.8 Hz, CHOH (AHPA)), 4.14-4.18 (IH, m, CHNH (AHPA)), 4.31-4.36 (IH, m,
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CHNH (Leu)), 4.40-4.45 (IH, m, CHC-C), 5.05 (IH, d ,J  = 8 . 8  Hz, NH), 6.02 (IH, d, 

J  = 6.5 Hz, C=CH), 6.34 (IH, s, ArH{A-ring}), 6.71 (IH, s, ArH{C-ring}), 6.78 (IH, 

d, J  = 7.6 Hz, ArH{C-ring}), 6 . 8 8  (IH, d, J  = 7.6 Hz, ArH{C-ring}), 7.20-7.32 (5H, 

m, ArH (AHPA)).

'^C NMR (CDCI3) 5c ppm: -5.0 (2 x Si(CH3)2), 18.1 (C(CH3 )3  (/BDMS)), 21.1 (CH3 

(Leu)), 21.7 (CH2), 22.8 (CH3 (Leu)), 24.5 (CH(CH3 )2  (Leu)), 25.3 (3 x C(CH3 )3  

(rBDMS)), 27.8 (3 x C(CH3 )3  (/Boc)), 40.5 (CH2 (AHPA)), 41.1 (CH2 (Leu), 41.2 

(CH2), 47.6 (CHNH (Leu)), 51.1 (CHC=C), 55.0 (OCH3), 55.3 (CHNH (AHPA)), 55.5 

(OCH3), 60.5 (OCH3), 61.2 (OCH3), 74.1 (CHOH (AHPA)), 80.1 (C(CH3 )3  (/Boc)), 

108.5 (ArCH (A-ring)), 111.4 (ArCH (C-ring)), 120.4 (ArCH (C-ring)), 121.0 (ArCH 

(C-ring)), 126.2 (C=CH), 127.2 (ArCH (AHPA)), 127.3 (AlkenicC), 128.1 (2 x ArCH 

(AHPA)), 128.8 (2 x ArCH (AHPA)), 133.6 (ArC), 134.7 (ArC), 137.6 (ArC), 140.5 

(ArQ, 141.1 (ArC), 144.1 (ArC), 150.2 (ArC), 150.3 (ArC), 150.8 (ArQ, 157.0 

(NHC=0 (/Boc)), 170.4 (NHC=0 (AHPA)), 172.6 (NHC=0 (Leu)).

v„iax/cm''3311.8, 2920.8, 1651.2, 1500.7, 1359.0, 1160.4

HRMS: (M + Na)^ requires 930.4727, found 930.4731, molecular formula

( C 4 g H 6 9 N 3 0 io S i)

Melting point: 248-250 °C 

a ^=+0.48 (CH2CI2)

Synthesis o f  4.35 - coupling N-tBoc-bestatin (protected aniline)

To a stirred solution of 4.33 (680 mg, 1.2 mmol) in dry DCM (5 mL) was added a 

solution of ?Boc-bestatin (470 mg, 1.2 mmol), PyBrop (860 mg, 1.8 mmol) and DIPEA 

(0.30 mL, 1.8 mmol) in dry DCM (5 mL) at 0 °C. The reaction temperature was 

allowed to increase to room temperature and left stirring for 6  h. The reaction was then 

quenched by the addition of 1 M HCl (5 mL) and extracted into diethyl ether ( 3 x 1 0  

mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography
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(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane: ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

product as a yellow solid (860 mg, 76%).

'H NMR (CDCb) 5h ppm: 0.89 (3H, d, J  = 5.9 Hz, CH3 (Leu)), 0.92 (3H, d, J  = 5.9 

Hz, CH3 (Leu)), 1.33 (9H, s, C(CH3)3 (rBoc)), 1.53-1.64 (3H, m, CH^ (Leu), CH 

(Leu)), 21.98-2.02 (IH , m, C tb), 2.29-2.33 (IH , m, CHj), 2.39-2.46 (2H, m, Cfcb), 

2.80-2.84 (IH , m, CH2 (AHPA bzl)), 3.00 (IH , dd, J  = 4.7 Hz, 12.0 Hz, C tb  (AHPA 

bzl)), 3.64 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.90 (6H, s, 2 x OCH3), 4.13-4.19 (2H, 

m, CHNH (AHPA), CHOH (AHPA), 4.27-4.31 (2H, m, CH (Fmoc), CHNH (Leu)), 

4.42-4.49 (2H, m, CtiC=C), 4.49-4.52 (2H, m, C tb  (Fmoc)), 5.12 (IH , d, J  = 8.0 Hz, 

NtD, 5.70 (IH , d , J =  5.0 Hz, NH), 6.01 (IH , d, J  = 5.5 Hz, C=CtD, 6.34 (IH , s, 

ArH{A-ring}), 6.76 (IH , d, J  = 7.5 Hz, ArH{C-ring}), 6.77 (IH , s, ArH{C-ring}), 

6.81 (IH,  d, J  = 7.5 Hz, ArH{C-ring}), 7.15-7.20 (5H, m, ArH (AHPA)), 7.32 (2H, d, 

J  = 8.0 Hz, 2 X ArH (Fmoc)), 7.41 (2H, td, J  = 8.4 Hz, 3.3 Hz, 2 x Arti(Fmoc)), 7.63 

(2H, t , J =  8.6 Hz, 2 X ArH (Fmoc)), 7.77 (2H, d, J  = 8.0 Hz, 2 x ArH (Fmoc)), 8.11 

(IH, br.s,NH)

'^C NMR (CDCI3) 5c ppm: 21.9 (CH3 (Leu)), 21.4 (CH2), 23.1 (CH3 (Leu)), 24.7 

(CH(CH3)2 (Leu)), 28.2 (3 x C(CH3)3 (/Boc)), 37.4 (CH2 (AHPA)), 40.4 (CH2), 41.4 

(CH2 (Leu)), 47.0 (CH (Fmoc)), 48.0 (CHNH (Leu)), 51.2 (CHC=C), 54.6 (CHNH 

(AHPA)), 55.8 (OCH3), 56.0 (OCH3), 60.8 (OCH3), 61.5 (OCH3), 67.4 (CH2 (Fmoc)), 

72.4 (CHOH (AHPA)), 79.6 (C(CH3)3 (ffioc)), 109.3 (2 x ArCH (A- & C-ring)), 109.6 

(2 X ArCH (C-ring)), 120.1 (2 x ArCH (Fmoc)), 123.4 (C=CH), 125.2 (2 x ArCH 

(Fmoc)), 126.4 (ArCH (AHPA)), 126.9 (AlkenicC), 127.2 (2 x ArCH (Fmoc)), 127.7 

(ArC), 127.9 (2 x ArCH (AHPA)), 128.4 (2 x ArCH (Fmoc)), 129.3 (2 x ArCH 

(AHPA)), 134.0 (ArC), 134.9 (ArC), 138.0 (ArC), 140.4 (ArC), 141.3 (ArC), 141.6 

(ArC), 143.6 (ArC), 147.5 (ArC), 150.9 (ArC), 151.3 (ArC), 153.7 (ArC), 156.1 (ArC), 

171.33 (C =0 (Fmoc), C =0 (tBoc)), 173.1 (2 x C = 0 (Bestatin)).

Vrnax/cm'' 3319.8, 2917.8, 1690.1, 1666.3, 1508.8, 1359.0, 1154.2, 768.93

HRMS: (M + Na)^ requires 1005.4620, found 1005.4612 (+ Na ^), molecular formula 

(C57H66N4O 11)

Melting point: 92-94 °C
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a /j=+0.49 (CH2CI2 ; CH3OH, 2:1)

Synthesis o f  4.36 - removal o f  silyl group

To a stirred solution of 4.34 (30 mg, 0.03 mmol) in THF (1 mL) was added 1 M TBAF 

(0.03 mL, 0.03 mmol) at 0 °C. After 40 min the reaction volume was loaded directly 

onto a flash column (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a colourless oil ( 2 2  mg, 1 0 0 %).

'H NMR (CDCI3) 5h ppm; 0.90 (3H, d, J  = 5.4 Hz, CH3 (Leu)), 0.94 (3H, d, J  = 5.4 

Hz, CH3 (Leu)), 1.40 (9H, s, C(CH3)3 (/Boc)), 1.56-1.65 (3H, m, CH2 (Leu), CH 

(Leu)), 1.96-2.00 (IH, m, Chb (AHPA bzl)), 2.30 (2H, dd, J =  12.5 Hz, 8.0 Hz, CH2), 

2.40-2.48 (IH, m, CH2 (AHPA bzl)), 2.98 (2H, dd, J  = 12.7 Hz, 8.1 Hz, CH2), 3.64 

(3H, s, OCH3), 3.90 (6 H, s, OCH3), 3.92 (3H, s, OCH3), 4.05-4.11 (IH, m, CHNH 

(AHPA)), 4.18 (IH, d, J  = 6.5 Hz, CHOH (AHPA)), 4.24-2.30 (IH, m, CHNH (Leu)), 

4.44-4.51 (IH, m, CHC=C), 5.07 (IH, d, 7  = 8.0 Hz, NH), 5.92 (IH, d, J  = 5.8 Hz, 

C=CH), 6.31 (IH, s, ArH{A-ring}), 6.75 (IH, s, ArH{C-ring}), 6.78 (IH, d, J  = 10.5 

Hz, ArH{C-ring}), 6.83 (IH, d, J  = 10.5 Hz, ArH{C-ring}), 7.16-7.37 (5H, m, 5 x 

ArH (AHPA)

'^C NMR (CDCI3) 5c ppm: 21.9 (CH3 (Leu)), 22.3 (CH2), 23.2 (CH3 (Leu)), 24.8 

(CH(CH3)2 (Leu)), 28.3 (3 x C(CH3)3 (/Boc)), 41.1 (CH2 (AHPA)), 41.4 (CH2 (Leu), 

41.5 (CH2), 48.1 (CHNH (Leu)), 51.5 (CHC=C), 55.6 (CHNH (AHPA)), 56.1 (2 x 

OCH3), 60.9 (OCH3), 61.6 (OCH3), 73.8 (CHOH (AHPA)), 80.4 (C(CH3)3 (tBoc)),

109.1 (2 X ArCH (A- & C-ring)), 114.5 (ArCH (C-ring)), 120.1 (ArCH (C-ring)), 126.6 

(ArCH (AHPA)), 127.3 (AlkenicC), 128.1 (C=CH), 128.7 (2 x ArCH (AHPA)), 129.3 

(2 X ArCH (AHPA)), 134.7 (ArC), 135.1 (ArC), 138.1 (ArC), 140.6 (ArC), 141.6 

(ArC), 145.3 (ArC), 146.6 (ArC), 150.9 (ArC), 151.3 (ArC), 157.2 (NHC=0 (/Boc)),

171.1 (NHC=0 (AHPA)), 173.1 (NHC=0 (Leu))

Vmax/crn-'3309.8, 2928.1, 1647.9, 1508.3, 1367.0, 1168.9
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HRMS: (M + Na)^ requires 816.3862, found 816.3855, molecular formula

(C42H55N3O10)

a / j = + 0.60 (CH2CI2)

Synthesis o f 4.37 - removal o f Fmoc from aniline (B-ring amide bestatin)

To a stirred solution of 4.35 (70 mg, 0.07 mmol) in THF (1 mL) was added 1 M TBAF 

(0.07 mL, 0.07 mmol) at 0 °C. After 40 min the reaction volume was loaded directly 

onto a flash column (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). Ail homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid (50 mg, 100%).

‘H NMR (CDCI3 ) 8 h ppm: 0.90 (3H, d, J  = 4.7 Hz, CHj (Leu)), 0.94 (3H, d, J  = 4.7 

Hz, CH3 (Leu)), 1.36 (9H, s, C(CH3 ) 3  (^Boc)), 1.56-1.65 (3H, m, Cfcb (Leu), CH 

(Leu)), 1.86-1.92 (IH, m, CH2 ), 2.13-1.17 (IH, m, CH2 ), 2.33-2.44 (IH, m, CH2 ), 

2.95-3.00 (2H, m, 2 x CH2 (AHPA bzl), 2.96-3.00 (IH, m, CH2 ), 3.56 (3H, s, OCH3 ), 

3.85 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 4.06-4.11 (IH, m, CHNH 

(AHPA)), 4.18 (IH, d , J =  5.5 Hz, CHOH (AHPA)), 4.17-4.21 (IH, m, CHNH (Leu)), 

4.61-4.68 (IH, m, CHC=C), 5.10 (IH, d, J  = 7.9 Hz, NH), 5.77 (IH, d, J  = 4.2 Hz, 

C=CH), 6.25 (IH, s, ArH{A-ring}), 6.37 (IH, d, J  = 9.5 Hz, ArH(C-ring}), 6.60 (IH, 

s, ArH{C-ring}), 6.67 (IH, d, J  = 9.5 Hz, ArH{C-ring}), 7.20-7.34 (5H, m, 5 x ArH 

(AHPA)), 7.52 (IH, d , 7 =  10.0 Hz, NH)

'^C NMR (CDCI3 ) 6 c ppm: 22.1 (CH3 (Leu)), 22.2 (CH2 ), 23.0 (CH3 (Leu)), 24.7 

(CH(CH3 ) 2  (Leu)), 28.3 (3 x C(CH3 ) 3  (/Boc)), 37.8 (CH2  (AHPA)), 41.0 (CH2 ), 41.4 

(CH2  (Leu)), 48.3 (CHNH (Leu)), 50.6 (CHC=C), 54.3 (CHNH (AHPA)), 55.5 

(OCH3 ), 55.9 (OCH3 ), 60.9 (OCH3 ), 61.6 (OCH3 ), 72.9 (CHOH (AHPA)), 79.8 

(C(CH3 ) 3  ( / B o c ) ) ,  109.2 (ArCH (A-ring)), 109.8 (ArCH (C-ring)), 115.0 (ArCH (C- 

ring)), 119.3 (ArCH (C-ring)), 126.5 (ArCH (AHPA)), 127.1 (AlkenicC), 128.2 

(C=CH), 128.5 (2 X ArCH (AHPA)), 129.4 (2 x ArCH (AHPA)), 134.5 (ArC), 135.4 

(ArC), 135.5 (ArQ, 138.0 (ArC), 140.7 (ArC), 141.3 (ArC), 147.1 (ArC), 150.6 (ArC), 

151.2 (ArC), 156.3 (NHC=0 (/Boc)), 171.8 (NHC=0 (AHPA)), 173.0 (NHC=0 (Leu))
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Vmax/cm'' 2930.0, 1642.0, 1523.6, 1230.8, 1109.6, 860.9

HRMS: (M + H /  requires 761.4120, found 761.4101, molecular formula

(C4 2H56N4O9)

Melting point: 101-103 °C

a r=+0.62 (CH2CI2 : CH3OH, 1:1)

Synthesis o f 4.38 - removal o f the N-tBoc group

A stirred solution of 4.36 (25 mg, 0,03 mmol) in DCM was acidified with HCl gas. 

This was left stirring at room temperature for one hour until all of the starting material 

had been deprotected, as shown by TLC. The solvent was removed in vacuo to afford 

the product as an off-white solid ( 2 0  mg, 1 0 0 %).

'H NMR (CD3OD) §H ppm: 0.99 (3H, d , J =  5.2 Hz, CH3 (Leu)), 1.00 (3H, d , J =  5.2 

Hz, CH3 (Leu)), 1.56-1.72 (3H, m, CH2 (Leu), CH (Leu)), 2.08 (IH, dd, J  = 11.8 Hz, 

4.6 Hz, CH2), 2.29-2.39 (2H, m, 2 x CLb), 2.93 (IH, dd, J  = 12.6 Hz, 7.5 Hz, CH2 

(AHPA bzl)), 3.03-3.11 (IH, m, CH2), 3.12 (IH, dd, J  = 12.6 Hz, 7.8 Hz, CH2 (AHPA 

bzl)), 3.68 (3H, s, OCH3), 3.79 (IH, td, J  = 6 . 8  Hz, 2.2 Hz, CHNH (AHPA)), 3.89 

(6 H, s, OCH3), 3.91 (3H, s, OCH3), 4.15-4.19 (2H, m, CHOH (AHPA), CHNH(Leu)), 

4.39 (1H, dt, J  = 9.0 Hz, 6.0 Hz, CHC-C), 6.03 (1H, d, J  = 5.5 Hz, NH), 6 .10 (1H, d, J  

= 5.7 Hz, C=CH), 6.41 (IH, s, ArH{A-ring}), 6.71 (IH, dd, J  = 7.9 Hz, 2.1 Hz, 

ArH{C-ring}), 6.74 (IH, s, ArH{C-ring}), 6 . 8 8  (IH, d, J  = 7.9 Hz, ArH{C-ring}), 

7.29-7.41 (5H, m, 5  x ArH (AHPA)

'^C NMR (CD3OD) 6 c ppm: 20.9 (CH3 (Leu)), 21.3 (CH2), 21.7 (CH3 (Leu)), 24.8 

(CH(CH3 )2  (Leu)), 34.8 (CH2 (AHPA)), 40.1 (CH2), 40.2 (CH2 (Leu), 48.1 (CHNH 

(Leu)), 52.0 (CHC=C), 54.6 (CHNH (AHPA)), 54.7 (2 x OCH3), 60.9 (OCH3), 61.6 

(OCH3), 68.0 (CHOH (AHPA)), 109.1 (2 x ArCH (A- & C-ring)), 114.5 (ArCH (C- 

ring)), 120.1 (ArCH (C-ring)), 126.6 (ArCH (AHPA)), 127.3 (AlkenicC), 128.1 

(C=CH), 128.7 (2 X Ar€H (AHPA)), 129.3 (2 x ArCH (AHPA)), 134.7 (ArC), 135.1
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(ArC), 138.1 (ArC), 140.6 (ArC), 141.6 (ArC), 145.3 (ArC), 146.6 (ArC), 150.9 (ArC), 

151.3 (ArQ, 171.1 (NHC=0 (AHPA)), 173.1 (NHC=0 (Leu))

Vrnax/cm'' 3499.2, 3410.5, 3315.7, 2932.9, 2851.2, 1647.3, 1512.6, 1237.4, 1112.5, 

1034.2, 839.7

HRMS: (M + Na)"̂  requires 684.3255, found 684.3455, molecular formula

(C37H4 7N 3O8)

Melting point: 183-185 °C

a R= +0.72 (CH2CI2 : CH3OH, 1:1)

Synthesis o f 4.39 - removal o f the N-tBoc group

A stirred solution of 4.37 (25 mg, 0.03 mmol) in DCM was acidified with HCI gas. 

This was left stirring at room temperature for one hour until all of the starting material 

had been deprotected, as shown by TLC. The solvent was removed in vacuo to afford 

the product as a beige-coloured solid ( 2 0  mg, 1 0 0 %).

'H NMR (CD3OD) 5h ppm: 0.96 (3H, d, J  = 6.4 Hz, CH3 (Leu)), 0.98 (3H, d , J =  6.4 

Hz, CH3 (Leu)), 1.61-1.71 (IH, m, CH (Leu)), 1.62-1.70 (2H, m, CH2 (Leu)), 2.00-2.06 

(IH, m, CH2 ), 2.30-2.40 (2H, m, Cfcb), 2.69 (H, dd, CH2 (AHPA bzl), 2.93 (H, dd, 

Ctb (AHPA bzl), 3.06 (IH, dt, J  = 12.2 Hz, 6.5 Hz, CH2), 3.36-3.39 (IH, m, CHNH 

(AHPA)), 3.66 (3H, s, OCH3), 3.87 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.90 (3H, s, 

OCH3), 3.98 (IH, d, J  = 4.0 Hz, CHOH (AHPA)), 4.18 (IH, dt, J  = 4.6 Hz, 

CHNH(Leu)), 4.45 (IH, dt, J  = 5.0Hz, 4.5 Hz, CHC=C), 5.98 (IH, d, J  = 5.2 Hz, NH), 

6.05 (IH. d , J =  5.7 Hz, C=CH), 6.40 (IH, s, ArH{A-ring}), 6.62 (IH, d, J  = 5.8 Hz, 

ArH{C-ring}), 6 . 6 8  (IH, d, J  = 5.8 Hz, ArH{C-ring}), 6.76 (IH, s, ArH{C-ring}), 

7.19-7.33 (5H, m, 5 x ArH (AHPA)), 7.85 (IH, br.s, NH)

'̂ C NMR (CD3OD) 6 c ppm: 21.1 (CH3 (Leu)), 21.5 (CH2), 22.1 (CH3 (Leu)), 24.4 

(CH(CH3 )2  (Leu)), 39.4 (CH2 (AHPA)), 41.0 (CH2), 41.4 (CH2 (Leu)) 47.8 (CHNH 

(Leu)), 51.6 (CHC=C), 54.3 (OCH3), 55.1 (OCH3), 55.7 (CHNH (AHPA)), 60.0 

(OCH3), 60.0 (OCH3), 72.8 (CHOH (AHPA)), 109.1 (ArCH (A-ring)), 109.8 (ArCH
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(C-ring)), 115.0 (ArCH (C-ring)), 118.3 (ArCH (C-ring)), 126.2 (ArCH (AHPA)), 

127.2 (C=CH), 127.4 (AlkenicQ, 128.3 (2 x ArCH (AHPA)), 129.0 (2 x ArCH 

(AHPA)), 133.9 (ArC), 135.7 (ArC), 135.8 (ArC), 138.7 (ArQ, 141.0 (ArQ, 141.3 

(ArQ, 147.6 (ArQ, 150.7 (ArQ, 151.2 (ArQ, 172.3 (NHC=0 (AHPA)), 174.1 

(NHC=0 (Leu)).

V;„ax/cm-' 3400.5, 3235.2, 2944.4, 2843.3, 1703.4, 1629.7, 1355.8, 1246.3, 1111.4, 

1023.0, 799.6

HRMS: (M + H)^ requires 661.3596, found 661.3614, molecular formula

( C 3 7 H 4 8 N 4 O 7 )

Melting point: 104-106 °C 

a R= +0.72 (CH2CI2 : CH3OH, 1:1)

Synthesis o f  4.40 - N-tBoc-Leu-OH coupling to 4.37

To a stirred solution of 4.37 (90 mg, 0.12 mmol) in dry DCM (2 mL) was added a 

solution of A^-/Boc-Leu-OH (41 mg, 0.17 mmol), PyBrop ( 8 8  mg, 0.19 mmol) and 

DIPEA (0.04 mL, 0.24 mmol) in dry DCM (3 mL) at 0 °C. The reaction temperature 

was allowed to increase to room temperature and left stirring for 6  h. The reaction was 

then quenched by the addition of 1 M HCl (5 mL) and extracted into diethyl ether (3 x 

5 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford 4.40 as 

a yellow solid (116mg, 98%).

'H NMR (CDCI3) 5h ppm: 0.91 (3H, d, J  = 6 . 8  Hz, CH3 (bestatin)), 0.96 (3H, d, J  = 

6 . 8  Hz, CH3 (bestatin)), 1.00 (3H, d , J =  8.9 Hz, CH3 (Leu)), 1.03 (3H, d , J =  8.9 Hz, 

CH3 (Leu)), 1.36 (9H, s, C(Ctb )3  (/Boc)), 1.51 (9H, s, C(CH3 )3  (®oc)), 1.60-1.69 (3H, 

m, C ib  (Leu), CH (Leu)), 1.70-1.82 (3H, m, CLb (Leu), CH (Leu)), 2.00-2.05 (IH, m, 

CH2), 2.33 ( 1 H, dd, J  = 11.5 Hz, 6.0 Hz, CH2), 2.42-2.46 (1H, m, CH2), 2.87-2.97 (2H,
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m, C tb  (AHPA bzl), 3.05 (IH , dd, J  = 11.9 Hz, 6.0 Hz, Cfcb), 3.68 (3H, s, OCH3), 

3.91 (6 H, s, 2  X OCH3), 3.94 (3H, s, OCH3), 4.24-4.34 (4H, m, CHNH (AHPA), 

CHOH (AHPA), 2 x CHNH (Leu)), 4.43-4.48 (IH , m, CHC=C), 5.10 (IH, d , J =  11.1 

Hz, NH), 5.91 (IH, d, J  = 5.4 Hz, C=CH), 6.08 (IH, d, J  = 5.5 Hz, NH), 6.38 (IH, s, 

ArH{A-ring}), 6.67 (IH , d, J  = 8 . 6  Hz, ArH{C-ring}), 6.78 (IH , s, ArH{C-ring}), 

6.78 (IH , d, J =  8 . 6  Hz, ArH{C-ring}), 7.23-7.36 (5H, m, 5  x ArH (AHPA)), 8.51 (IH, 

s, NH). 8.63 (IH, s,N H )

'^C NMR (CDCI3) 8 c ppm; 21.3 (CH3 (Leu)), 21.7 (CH3 (Leu)), 22.0 (2 x CH3 (Leu)), 

22.3 (CH2), 23.9 (CH(CH3 )2  (Leu)), 23.9 (CH(CH3)2  (Leu)), 27.8 (3 x C(CH3)3  (/Boc)), 

27.8 (3 X C(CH3 )3  ( / B o c ) ) ,  37.8 (CH2 (AHPA)), 39.4 (CH2 (Leu)) 40.4 (CH2 ), 40.6 

(CH2 (Leu)), 47.6 (CHNH (Leu)), 47.6 (CHNH (Leu)), 50.5 (CHC=C), 54.0 (CHNH 

(AHPA)), 55.4 (OCH3), 55.7 (OCH3), 60.4 (OCH3), 61.1 (OCH3), 72.0 (CHOH 

(AHPA)), 78.9 (2 x C(CH3 )3 (/Boc)), 108.6 (ArCH (A-ring)), 108.9 (ArCH (C-ring)), 

109.0 (ArCH (C-ring)), 117.8 (ArCH (C-ring)), 126.2 (ArCH (AHPA)), 127.3 

(AlkenicC), 128.2 (2 x ArCH (AHPA)), 128.9 (2 x ArCH (AHPA)), 130.8 (C=CH), 

133.5 (ArC), 134.5 (ArC), 135.5 (ArC), 137.5 (ArC), 139.7 (ArC), 141.1 (ArC), 

147.14(ArC), 150.4 (ArC), 150.9 (ArC), 150.9 (2 x N HC=0 (/Boc)), 170.9 (NHC=0 

(AHPA)), 173.0 (2 X N HC=0 (Leu))

Vmax/cm‘‘ 3502.04, 2957.55, 1650.4, 1528.56, 1207.16, 742.35

HRMS; (M + H)"̂  requires 974.5485, found 974.5394, molecular formula 

( C 5 3 H 7 5 N 5 O 1 2 )

Melting point; 87-89 °C

a ,  = +0.48 (CH2CI2)

Synthesis o f  4.41 - N-tBoc-Glu coupling

To a stirred solution o f 4.37 (80 mg, 0.11 mmol) in dry DCM (1.5 mL) was added a 

solution of /Boc Glu (45 mg, 0.15 mmol), PyBrop (78 mg, 0.17 mmol) and DIPEA 

(0.04 mL, 0.21 mmol) in dry DCM (2 mL) at 0 °C. The reaction temperature was
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allowed to increase to room temperature and left stirring for 6  h. The reaction was then 

quenched by the addition of 1 M HCl (5 mL) and extracted into diethyl ether (3 x 5 

mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane: ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 4.41 

as a yellow solid (115 mg, 1 0 0 %).

'H NMR (CDCI3) 5h ppm: 0.91 (3H, d, J  = 6.7 Hz, CH3 (Leu)), 0.94 (3H, d, J  = 6.7 

Hz, CH3 (Leu)), 1.49 (18H, s, 2  x C(CH3)3 (^Boc)), 1.50 (9H, s, C(CH3 )3  (/Boc)), 1.60- 

1.70 (2H, m, CH2 , CH(Leu)), 1.74-1.76 (IH, m, CH2 (Leu)), 1.89-1.91 (IH, m, CH2), 

1.97-2.05 (2H, m, CH2 (Glu)), 2.18-2.25 (IH, m, Ctb), 2.42-2.48 (2H, m, CH2 (Glu)), 

2.47-2.52 (IH, m, CH2), 2.89 (2H, dd, J  = 9.6 Hz, 6.5 Hz, C tb  (AHPA bzl)), 3.02 (H, 

dd, J  = 9.6 Hz, 6.5 Hz, CFb), 3.68 (3H, s, OCH3), 3.90 (3H, s, OCH3), 3.91 (3H, s, 

OCH3 ), 3.94 (3H, s, OCH3), 4.20-4.25 (IH, m, CHOH (AHPA)), 4.24-4.29 (IH, m, 

CHNH (AHPA)), 4.30-4.36 (IH, m, CHNH (Leu)), 4.47-4.51 (IH, m, CHNH (Glu)), 

4.59-4.63 (IH, m, CHC=C), 5.10 (IH, d, J  = 9.3 Hz, NH), 5.42 (IH, d, J  = 7.8 Hz, 

NH), 5.72 (IH, d, J  = 7.8 Hz, NH), 6.20 (IH, d, J  = 6.7 Hz, C=CH), 6.34 (IH, s, 

ArH{A-ring}), 6.67 (IH, d, J  = 9.4 Hz, ArH{C-ring}), 6.78 (IH, s, ArH{C-ring}), 

6.82 (IH, d, J  = 9.0 Hz, ArH{C-ring}), 7.19-7.32 (5H, m, 5  x ArH (AHPA)), 7.60 (IH, 

br, NH), 8.48 (1H, br.d, J  = 42.5 Hz, COOH)

'^C NMR (CDCI3) 5c ppm: 21.3 (CH3 (Leu)), 22.1 (CH2), 23.1 (CH3 (Leu)), 24.8 

(CH(CH3 )2  (Leu)), 25.9 (CH2 (Glu)), 28.3 (2 x C(CH3 )3  (tBoc)), 28.4 (3 x C(CHi)s 

(/Boc)), 31.6 (CH2 (Glu)), 37.6 (CH2 (AHPA)), 39.5 (CH2 (Leu)) 41.2 (CH2), 48.5 

(CHNH (AHPA)), 51.5 (CHC=C), 52.7 (CHNH (Leu)), 54.4 (CHOH (AHPA)), 55.3 

(CHNH (Glu)), 55.9 (OCH3), 56.2 (OCH3), 61.0 (OCH3), 61.8 (OCH3), 80.7 (C(CH3 )3  

(^Boc)), 81.2 (C(CH3 )3 ( « o c )), 81.6 (C(CH3 )3  (/Boc)), 109.0 (ArCH (A-ring)), 109.7 

(ArCH (C-ring)), 119.0 (ArCH (C-ring)), 125.1 (ArCH (C-ring)), 125.6 (AlkenicC), 

126.8 (ArCH (AHPA)), 127.8 (C=CH), 128.7 (2 x ArCH (AHPA)), 129.3 (2 x ArCH 

(AHPA)), 134.2 (ArD, 135.2 (ArC), 137.0 (ArC), 140.0 (ArQ, 141.7 (ArC), 148.2 

(ArC), 151.0 (ArC), 151.3 (ArC), 155.0 (ArC), 155.8 (NHC=0 (rBoc)), 156.7 

(TMHC=0 (tBoc)), 168.2 (NHC=0 (Glu)), 170.3 (NHC=0 (Leu)), 170.9 (NHC=0 

(AHPA)), 172.8 (0C =0 (Glu))
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Vmax/cm-' 3454.5, 2920.8, 1740.2, 1652.4, 1450.94, 1045.2, 836.5, 720.3

HRMS: (M + H)^ requires 1046.5696, found 1046.5698, molecular formula

( C 5 6 H 7 9 N 5 O 1 4 )

Melting point; 78-80 °C

a ,  = +0.42 (CH2CI2)

Synthesis o f 4.42 - removal o f tBoc protecting group (Leu)

A solution of 4.40 (80mg, 0.08 mmol) in DCM/TFA 1:1 (3 mL) was stirred for 45 min 

at room temperature. The reaction was quenched with aq. NaOH 2 M (5 mL) and 

extracted into diethyl ether ( 3 x 1 0  mL). The organic fractions were combined, dried 

over MgS0 4  and dried under vacuum. The remaining salt, a light yellow solid, was 

washed with diethyl ether (64 mg, 100%).

'H NMR (CD3OD) 8 h ppm: 0.97 (6 H, d, J  = 5.8 Hz, 2 x CH3 (Leu)), 1.00 (6 H, d, J  =

6.5 Hz, 2 X CH3 (Leu)), 1.44-1.50 (IH, m, CLb (Leu), 1.60-1.72 (4H, m, 3 x CLb 

(Leu), CH (Leu)), 1.78-1.84 (IH, m, CH (Leu)), 2.06-2.11 (IH, m, Chb), 2.33-2.39 

(IH, m, CH2), 2.35 (IH, m, CH2), 2.71 (IH, dd, J  = 7.6 Hz, 14.1 Hz, CH2 (AHPA 

bzl)), 2.96 (IH, dd, J  = 8.0 Hz, 15.0 Hz, CLL (AHPA bzl), 3.09 (IH, q, CH2), 3.38 

(IH, td, J  = 6 . 8  Hz, 3.0 Hz, CHNH (Leu) (anilide)), 3.50-3.55 (IH, m, CHNH 

(AHPA)), 3.68 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, 

OCH3), 3.99 (IH, d, y  = 2.8 Hz, CHOH (AHPA)), 4.17-4.22 (IH, m, CHNH (Leu) 

(bestatin)), 4.43-4.49 (IH, m, CHC=C), 6.11 (IH, d, J  = 4.8 Hz, NH), 6.15 (IH, d, 7  = 

5.8 Hz, C=CH), 6.39 (IH, s, ArH{A-ring}), 6.97 (IH, d, J  = 8.7 Hz, ArH{C-ring}), 

7.23 (IH, s, ArH{C-ring}), 7.01 (IH, dd, J  = 8.7 Hz, 2.0 Hz, ArH{C-ring}), 7.27-7.34 

(5H, m, 5 X ArH(AHPA)), 8.11 ( l H , d , J =  1.9 Hz, NH)

'^C NMR (CD3OD) 5c ppm: 20.8 (CH3 (Leu)), 20.8 (CH3 (Leu)), 22.0 (CH2), 22.3 

(CH3 (Leu)), 22.3 (CH3 (Leu)), 24.1 (2 x CH(CH3 )2  (Leu)), 39.2 (CH2 (AHPA)), 40.7 

(CH2 ), 40.8 (CH2 (Leu)) 43.9 (CH2 (Leu)), 47.5 (OCH3), 47.8 (CHNH (Leu)), 47.8 

(CHNH (Leu) (anilide)), 51.4 (CHC=C), 53.6 (CHNH (AHPA)), 54.5 (OCH3), 60.0
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(OCH3 ), 60.6 (OCHj), 71.9 (CHOH (AHPA)), 108.9 (ArCH (A-ring)), 110.0 (ArCH 

(C-ring)), 120.4 (ArCH (C-ring)), 124.1 (ArCH (C-ring)), 126.1 (ArCH (AHPA)), 

126.5 (AlkenicC), 127.4 (ArC), 128.1 (C=CH), 128.3 (2 x ArCH (AHPA)), 129.0 (2 x 

ArCH (AHPA)), 133.4 (ArC), 135.2 (ArC), 135.6 (ArC), 140.5 (A rQ , 141.5 (ArC), 

149.4 (A rQ , 150.8 (ArC), 151.5 (ArC), 172.4 (NHC=0 (AHPA)), 174.0 (NHC=0 

(Leu)), 175.3 (NHC=0 (Leu))

Vmax/crn'' 3410.7, 3298.4, 3060.7, 2960.5, 1670.4, 1264.4, 734.2

HRMS: (M + H)^ requires 774.4436, found 774.4488, molecular formula

( C 4 3 H 5 9 N 5 O 8 )

Melting point; 100-102 °C

а , = +0.72 (CH2 CI2 : CH3OH, 1:1)

Synthesis o f 4.43 - removal o f tBoc protecting group (Glu)

HCl gas was bubbled through a solution o f 4.41 (110 mg, 0.11 mmol) in DCM (2 mL). 

After 1 h, it could be seen by TLC that the reaction was complete. The solvent was 

removed under vacuum and the salt, an off-white solid, was washed with diethyl ether 

(86.9 mg, 100%).

'H NMR (CD3 OD) 6 h ppm: 0.99 (3H, d, J  = 6.7 Hz, CH3 (Leu)), 1.00 (3H, d, J  = 6.7 

Hz, CH 3 (Leu)), 1.62 (2H, m, CH2  (Leu), 1.64-1.70 (IH , m, CH (Leu)), 1.92-1.99 (IH, 

m, CH2 (G1u)), 2.00-2.06 (IH, m, CH2 ), 2.10-2.16 (IH , m, CH2 (Glu)), 2.21-2.27 (IH, 

m, C tbX 2.30-2.36 (IH , m, CH2 ), 2.55-2.64 (2H, m, CH2  (Glu)), 2.96 (IH , dd, J  = 14.8 

Hz, 7.7 Hz, C tb  (AHPA bzl)), 3.05-3.09 (IH , m, CH2 ). 3.15 (IH , dd, J  = 13.5 Hz, 9.7 

Hz, CH2 (AHPA bzl)), 3.41-3.46 (IH , m, CHNH (AHPA)), 3.50-3.54 (IH , m, CHNH 

(Glu)), 3.72 (3H, s, OCH 3 ), 3.73 (3H, s, OCH 3 ), 3.81 (3H, s, OCH3 ), 3.82 (3H, s, 

OCH 3 ), 4.19-4.22 (IH , m, CHOH (AHPA)), 4.32-4.35 (IH , m, CHNH (Leu)), 4.36- 

4.40 (IH, m, CHC=C), 6.14 (IH , d, J  = 5.9 Hz, NH), 6.21 (IH , d, J =  6.4 Hz, C=CH),

б.44 (IH, s, ArH{A-ring}), 7.04 (IH, d, J  = 9.5 Hz, ArH{C-ring}), 7.05 (IH, s.
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ArH{C-ring}), 7.21 (IH, d, ./ = 9.5 Hz, ArH{C-ring}), 7.32-7.39 (5H, m, 5  x ArH 

(AHPA)), 7.74 (IH, br, NH)

NMR (CD3 OD) 5c ppm: 20.9 (CH3 (Leu)), 21.9 (CH2 ), 22.9 (CH3 (Leu)), 24.6 

(CH(CH3 ) 2  (Leu)), 25.0 (CH2 (Glu)), 28.1 (CHi (Glu)), 35.0 (CH2 (AHPA)), 40.6 

(CH2 ), 40.9 (CH2 (Leu)), 50.5 (CHNH (Leu)), 51.0 (CHNH (Glu)), 51.1 (OCH3), 52.1 

(CHC=C), 53.0 (OCH3), 53.8 (OCH3), 54.7 (OCH3), 55.0 (CHNH (AHPA)), 68.5 

(CHOH (AHPA)), 108.9 (ArCH (A-ring)), 110.7 (ArCH (C-ring)), 123.2 (ArCH (C- 

ring)), 125.4 (ArCH (C-ring)), 127.1 (ArCH (AHPA)), 127.3 (AlkenicC), 127.9 

(C=CH), 128.7 (2 X ArCH (AHPA)), 129.2 (2 x ArCH (AHPA)), 133.2 (ArC), 135.0 

(ArC), 135.4 (ArC), 140.1 (ArC), 141.6 (ArC), 150.8 (ArC), 151.4 (ArC), 166.6 (ArC), 

166.9 (ArC), 172.0 (NHC=0 (Glu)), 172.3 (NHC=0 (Leu)), 172.8 (NHC=0 (AHPA)), 

172.8 (0C =0 (Glu))

Vrnax/cm'' 3410.2, 3293.2, 2922.6, 2904.5, 1734.2, 1646.6, 1580.3, 1456.8, 1045.0, 

839.4, 726.3

HRMS; (M + H)^ requires 790.4022, found 790.4018, molecular formula 

( C 4 2 H 5 5 N 5 O 1 0 )

Melting point: 85-87 °C

a ,  = +0.70 (CH2 CI2 : CH3 OH, 1:1)

Synthesis o f 4.44 - N-tBoc Val coupling to 4.33

To a stirred solution of 4.33 (90 mg, 0.19 mmol) in dry DCM (2 mL) was added a 

solution of ?Boc Val (62 mg, 0.29 mmol), PyBrop (140 mg, 0.30 mmol) and DIPEA 

(0.06 mL, 0.38 mmol) in dry DCM (3 mL) at 0 °C. The reaction temperature was 

allowed to increase to room temperature and left stirring for 6  h. The reaction was then 

quenched by the addition of 1 M HCl (5 mL) and extracted into diethyl ether ( 3 x 1 0  

mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane: ethyl acetate).
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All homogenous fractions were collected and the solvent was evaporated to afford the 

product as an oil (150 mg, 1 0 0 %).

'H  NMR (CDCI3) 6 h ppm: 0.92 (3H, d, J  = 6.7 Hz, CH3 (Val)), 0.95 (3H, d, J  = 6.7 

Hz, CH3 (Val)), 1.46 (9H, s, C(CH3 )3  (tBoc)), 1.98 (IH, td, J  = 10.8 Hz, 6 . 6  Hz CH2 ), 

2.04-2.12 (IH,  m, CH(CH3 )2  (Val)), 2.38(1H, td, J  = 10.6 Hz, 6 . 6  Hz, CH2), 2.50-2.55 

(IH, m, CH2 ), 3.03 (IH, d d , y  = 12.1 Hz, 5.2 Hz , Ctjh), 3.68 (3H, s, OCH3), 3.85-3.82 

(IH,  m, CHC=C), 3.93 (9H, s, 3 x OCH3), 4.29 (IH,  t, J  = 5.9 Hz, CH (Fmoc)), 4.41 

(IH, dd, J  = 10.7 Hz, 7.1 Hz, CHNH (Val)), 4.50 (2H, dd, J  = 16.3 Hz, 9.7 Hz, CH2 

(Fmoc)), 5.15 (1H, d, J  = 7.1 Hz, NH), 6.09 (1H, d, J  = 5.6 Hz, NH), 6.22 (1H, d, J  =

9.3 Hz, C=CH), 6.38 (IH, s, ArH{A-ring}), 6.82 (IH,  d, J  = 9.3 Hz, ArH{C-ring}), 

6.91 (IH, d, J  = 9.3 Hz, ArH{C-ring}), 7.29 (IH, s, ArH{C-ring}), 7.33 (2H, t, J =  8.4 

Hz, 2 X ArH (Fmoc)), 7.44 (2H, t, J  = 8.4 Hz, 2 x ArH (Fmoc)), 7.65 (2H, d, J  = 9.5 

Hz, 2 X ArH (Fmoc)), 7.80 (2H, d. J  = 9.5 Hz, 2 x ArH (Fmoc)), 8.10 (H, br, NH)

'^C NMR (CDCI3) 6 c ppm: 17.2 (CH3 (Val)), 18.0 (CH3 (Val)), 22.5 (CH2), 28.3 (3 x 

C(CH3 )3 ( /B o c ) ) , 31.2 (CH(CH3 )2  (Val)), 42.0 (CH2 ), 47.0 (CH (Fmoc)), 48.0 (CHNH 

(Val)), 55.8 (OCH3), 55.8 (OCH3), 59.8 (CHC=C), 60.8 (OCH3), 61.5 (OCH3), 67.1 

(CH2 (Fmoc)), 79.8 (C(CH3)3  (?Boc)), 109.2 (ArCH (A-ring)), 109.7 (ArCH (C-ring)), 

120.0 (2 X ArCH (Fmoc)), 123.2 (ArCH (C-ring)), 125.1 (2 x ArCH (Fmoc)), 127.2 (2 

X ArCH (Fmoc)), 127.2 (ArCH (C-ring)), 127.4 (AlkenicC), 127.8 (2 x ArCH (Fmoc)),

128.3 (C=CH), 134.1 (ArC), 135.0 (ArC), 140.1 (A rQ , 141.4 (2 x ArC), 141.7 (ArC), 

143.9 (2 X ArC), 147.6 (ArC), 150.9 (ArC), 151.4 (ArC), 153.3 (ArC), 156.0 (ArC), 

170.6 (C =0 (Fmoc), C =0 (rBoc)), 173.1 (C =0 (Val))

Vmax/cm ' 2936.1, 1686.9, 1555.8, 1250.4, 1112.7, 1029.4, 806.9

HRMS: (M + H)^ requires 792.3854, found 792.3912, molecular formula

( C 4 6 H 5 3 N 3 O 9 )

a ,  = +0.48 (CH2CI2)
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Synthesis o f  4.45 removal o f  N-tBoc group

A solution of 4.44 (130 mg, 0.19 mmol) in DCM (2 mL) was acidified with HCl gas. 

This was allowed to stir for 3 h until it could be seen by TLC that the reaction was 

complete. The solvent was removed in vacuo to afford the product an off-white solid 

(130 mg, 100%).

'H NMR (CD3 OD) 8 h ppm: 0.92 (3H, d, J  = 6.7 Hz, CH3 (Val)), 0.94 (3H, d, J  = 6.7 

Hz, CH3 (Val)), 1.97-2.02 (IH, m, CH2 ), 2.04-2.11 (IH, m, CH(CH3 ) 2  (Val)), 2.37 (IH, 

td, J  = 7.0 Hz, 10.5 Hz, Cfcb), 2.52 (IH, td, J  = 5.5 Hz, 12.5 Hz„ Ctb), 3.00-3.05 (IH, 

m, CH2 ), 3.68 (3H, s, OCH3), 3.90 (3H, s, OCH3), 3.95 (6 H, s, 2 x OCH3), 4.10 (IH, t, 

J  = 5.9 Hz, CH (Fmoc), 4.25 (IH, dd, J  = 10.0 Hz, 5.6 Hz, CHNH (Val)), 4.40-4.46 

(IH, m, CHC=C), 5.15 (2H, d, J  = 10.0 Hz, CH2 (Fmoc)), 6.22 (IH, d, J  = 9.0 Hz, 

C=CH), 6.38 (IH, s, ArH{A-ring}), 6.82 (IH, d, J  = 9.3 Hz, ArH{C-ring}), 6.91 (IH, 

d, J  = 9.3 Hz, ArH{C-ring}), 7.33 (2H, t, 7  = 7.9 Hz, 2 x ArH (Fmoc), 7.32 (IH, s, 

ArH{C-ring}), 7.44 (2H, t, J  = 7.9 Hz, 2 x ArH (Fmoc)), 7.65 (2H, d , J =  9.5 Hz, 2 x 

ArH (Fmoc)), 7.80 (2H, d, J  = 8.5 Hz, 2 x ArH (Fmoc)), 8.05 (H, br, NH)

'^C NMR (CD3OD) 6 c ppm: 17.0 (CH3 (Val)), 18.0 (CH3 (Val)), 22.4 (CH2), 30.8 

(CH(CH3 )2  (Val)), 40.7 (CH2 ), 46.6 (CHNH (Val)), 55.4 (CHC=C), 55.5 (OCH3 ), 55.6 

(OCH3 ), 58.3 (CH (Fmoc)), 60.8 (OCH3), 61.5 (OCH3), 67.1 (CH2 (Fmoc)), 109.2 

(ArCH (A-ring)), 109.7 (ArCH (C-ring)), 118.2 (ArCH (C-ring)), 120.0 (2 x ArCH 

(Fmoc)), 123.2 (ArCH (C-ring)), 125.1 (2 x ArCH (Fmoc)), 127.2 (2 x ArCH (Fmoc)), 

128.3 (C=CH), 127.4 (AlkenicC), 127.8 (2 x ArCH (Fmoc)), 134.1 (ArC), 135.0 

(ArC), 140.1 (ArC), 141.4 (2 x ArC), 141.7 (ArC), 143.9 (2 x ArC), 147.6 (ArC), 

150.9 (ArC), 151.4 (ArC), 153.3 (ArC), 156.0 (ArC), 170.6 (C=0 (Fmoc), 173.1 (C=0 

(Val))

Vrnax/cm'* 3452.3,2935.1, 1685.9, 1485.8, 1248.4, 1113.7, 1027.4, 845.3

HRMS; (M + H)^ requires 692.3330, found 692.3336, molecular formula 

(C 4 ,H 4 5 N 3 0 7 )

Melting point: 159-161 °C
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a ,  = +0.97 (CH2 CI2 : CH3OH, 1:1)

Synthesis o f  4.46  -  coupling N-tBoc-bestatin to 4.45

To a stirred solution of 4.45 (60 mg, 0.08 mmol) in dry DCM (2 mL) was added a 

solution of /Boc-bestatin (70 mg, 0.18 mmol), PyBrop (84 mg, 0.18 mmol) and DIPEA 

(0.02 mL, 0.20 mmol) in dry DCM (3 mL) at 0 °C. The reaction temperature was 

allowed to increase to room temperature and left stirring for 6 h. The reaction was then 

quenched by the addition of 1 M HCl (5 mL) and extracted into diethyl ether ( 3 x 1 0  

mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The product was isolated by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane: ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

product as an orange solid (70 mg, 80%).

'H NMR (CDCI3) 5h ppm: 0.87 (6 H, d, J  = 3.9, 2 x CH3 (Leu)), 0.89 (3H, d, J  = 6 . 6  

Hz, CH3 (Val)), 0.89 (3H, d, J  = 6 . 6  Hz, CH3 (Val)), 1.32 (9H, s, C(CH3)3 (ffioc)), 

1.55-1.65 (3H, m, C ib  (Leu), CH (Leu)), 1.94-1.99 (2H, m, CH2, 2.00-2.04 (IH, m, 

CH(CH3)2 (Val)), 2.35 (IH, dd, J  = 14.7 Hz, 7.8 Hz, CLL), 2.40-2.45 (IH, m, CH2), 

2.82-2.87 (2H, m, CH2 (AHPA bzl)), 3.02 (H, dd, J =  13.9 Hz, 6.1 Hz, CH2), 3.66 (3H, 

s, OCH3), 3.88 (6 H, s, 2  X OCH3), 3.90 (3H, s, OCH3), 4.00-4.04 (IH, d, J  = 10.0 Hz, 

CHOH (AHPA)), 4.09 (IH, m, CHNH (AHPA)), 4.12 (IH, t, J  = 6.9 Hz, CH (Fmoc)), 

4.21-4.27 (IH, m, CHNH (Val)), 4.22-4.28 (IH, m, CHNH (Leu)), 4.41-4.42 (IH, m, 

CHC=C), 4.42-4.46 (2H, m, C tb (Fmoc)), 5.19 (IH, d, J  = 9.6 Hz, NH), 5.32 (IH, d, J  

= 5.1 Hz, NH), 5.59 (IH, d, J  = 9.6 Hz, NH), 6.07 (IH, d, J  = 6.5 Hz, C=CH), 6.36 

(IH, s, ArH{A-ring}), 6.85 (IH, d, J  = 7.6 Hz, ArH{C-ring}), 6.94 (IH, d, J  = 7.6 Hz, 

ArH{C-ring}), 7.14-7.25 (5H, m, 5 x ArH (AHPA)), 7.31 (2H, t, J  = 7.3 Hz, 2 x ArH 

(Fmoc)), 7.40 (2H, t, J  = 7.3 Hz, 2 x ArH (Fmoc)), 7.40 (IH, s, ArH{C-ring}), 7.54 

(2H, d, J  = 8.6 Hz, 2 x ArH (Fmoc)), 7.77 (2H, d, J  = 8.6 Hz, 2 x ArH (Fmoc)), 7.92 

(IH, b r.d ,J= 8 .2  Hz, NH)
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'^C NMR (CDCI3) 5c ppm: 18.2 (CH3 (Val)), 21.7 (CH3 (Val)), 22.0 (CH3 (Leu)),23.0 

(CH3 (Leu)), 22.1 (CH2), 24.5 (CH(CH3 )2  (Leu)), 31.2 (CH(CH3 )2  (Val)), 28.7 (3 x 

C(CH3)3 ( /B oc)) , 37.9 (CH2 (AHPA)), 41.1 (CH2), 41.1 (CH2 (Leu)), 46.8 (CHNH 

(Leu)), 48.1 (CHNH (Val)), 51.2 (CHC=C), 54.5 CH (Fmoc)), 55.6 (OCH3), 55.8 

(OCH3), 58.2 ((CHNH (AHPA)), 60.6 (OCH3), 61.3 (OCH3), 66.4 (CH2 (Fmoc)), 71.9 

(CHOH (AHPA)), 77.5 (C(CH3 )3  (tBoc)), 109.0 (ArCH (A-ring)), 109.1 (ArCH (C- 

ring)), 110.0 (ArCH (C-ring)), 120.0 (2 x ArCH (Fmoc)), 123.4 (ArCH (C-ring)),

124.9 (2 X ArCH (Fmoc)), 126.3 (ArCH (AHPA)), 127.1 (4 x ArCH (Fmoc)), 127.5 

(AlkenicC), 127.9 (C=CH), 128.3 (2 x ArCH (AHPA)), 129.4 (2 x ArCH (AHPA)),

133.9 (ArC), 135.2 (ArC), 138.0 (ArC), 140.7 (ArC), 141.3 (2 x A rQ, 141.4 (ArC), 

143.6 (ArC), 143.7 (ArC), 150.7 (ArQ, 151.2 ( 2  x ArC), 156.1 (ArC), 170.7 (C=0 

(Fmoc), 172.0 (C=0 (/Boc)), 173.0 (2 x C=0 (Leu, Val)), 173.7 (C=0 (AHPA))

Vrnax/cm'' 3510.2,2930.7, 1656.7, 1635.9, 1455.8, 1110.7, 1034.4,770.2

HRMS: (M + H)^ requires 1082.5485, found 1082.5512, molecular formula

(C 6 2 H 7 5 N sO ,2 )

Melting point; 155-157 °C 

a ,  = +0.51 (CH2CI2)

Synthesis o f 4.47 - removal o f  Fmoc from 4.46

To a stirred solution of 4.46 (70 mg, 0.06 mmol) in THF (1 mL) was added 1 M TBAF 

(0.06 mL, 0.07 mmol) at 0 °C. After 30 min the reaction volume was loaded directly 

onto a flash column (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid (51 mg, 1 0 0 %).

'H NMR (CDCI3) 5h ppm: 0.78 (6 H, d, J  = 5 . 1  H z, 2  x CH3 (Leu)), 0.83 (6 H, d, J  = 

4.4 Hz, 2 X CH3 (Val)), 1.22 (9H, s, C(CH3 )3  (/Boc)), 1.31 (2H, td, J  = 13.3 Hz, 5.6 Hz, 

CH2 (Leu), 1.47-1.55 (IH, m, CH (Leu)), 1.86 (IH, dd, J  = 14.5 Hz, 5.1 Hz, CFb), 

1.91-1.94 (IH, m, CH(CH3 )2  (Val)), 2.18-2.25 (IH, m, CFL), 2.27-2.33 (IH, m, CH2),
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2.76-2.80 (IH , m, CFb (AHPA bzl)), 2.90-2.96 (IH , m, CH2 (AHPA bzl)), 3.04 (IH, 

dd, J  = 9.5 Hz, 8.0 Hz, CH2), 3.56 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.95 (6 H, s, 2 x 

OCH3), 3.91-3.95 (IH , m, CHOH (AHPA)), 3.92-3.96 (IH , m, CHNH (AHPA)), 4.01 

(IH, d, J  = 7.4, CHNH (Val)), 4.07-4.10 (IH , m, CHNH (Leu)), 4.32-4.37 (IH , m, 

CHC=C), 5.04 (IH, d, J  = 8.0 Hz, NH), 5.22 (IH , d, J  = 1. 6  Hz, NH), 5.37 (IH , d, J  = 

9.3 Hz, NH), 5.87 (IH, d, J  = 5.4 Hz, C=CH), 6.26 (IH , s, ArH{A-ring}), 6.50 (H, d, J  

= 7.6 Hz, ArH{C-ring}), 6.61 (IH , s, ArH{C-ring}), 6.62 (IH, d, J  = 7.6 Hz, ArH{C- 

ring}), 7.07-7.15 (5H, m, 5  x ArH (AHPA)), 7.29 (IH , d, J  = 1.5 Hz, NH)

'^C NMR (CDCI3) 6 c ppm: 18.2 (CH3 (Val)), 18.6 (CH3 (Leu)), 18.9 (CH3 (Val)), 19.3 

(CH3 (Leu)), 22.0 (CH2 ), 23.1 (CH(CH3)2 , 23.7 (CH(CH3 )2  (Leu)), 27.4 (3 x C(CH3 )3  

(/Boc)), 31.3 (CH(CH3 )2  (Val)), 37.4 (CH2 (AHPA)), 40.8 (CH2 (Leu)), 40.9 (CH2 ),

48.1 (CHNH (Leu)), 51.2 (CHC=C), 54.6 (CHNH (Val)), 55.2 (OCH3), 55.3 (OCH3),

58.1 (CHNH (AHPA)), 60.8 (OCH3), 60.9 (OCH3), 71.1 (CHOH (AHPA)), 79.5 

(C(CH3 )3  ( / B o c ) ) ,  109.3 (ArCH (A-ring)), 109.9 (ArCH (C-ring)), 115.0 (ArCH (C- 

ring)), 116.4 (AlkenicC), 118.6 (ArCH (C-ring)), 126.2 (ArCH (AHPA)), 127.3 

(C=CH), 128.3 (2 X ArCH (AHPA)), 129.4 (2 x ArCH (AHPA)), 133.9 (ArC), 135.2 

(ArC), 135.4 (A rQ , 137.9 (A rQ , 140.6 (A rQ , 141.3 (A rQ , 147.3 (A rQ , 150.7 (ArC), 

151.2 (A rQ , 156.3 (C=0 (/Boc)), 170.7 (C =0 (Leu)), 172.8 (C=0 (Val)), 173.7 (C=0 

(AHPA))

Vrnax/cm'' 3455.6,2933.9, 1650.8, 1635.9, 1240.6, 1114.7, 1020.3,740.2

HRMS: (M + H)^ requires 860.4804, found 860.4832, molecular formula

(C47H65N 5O 10)

Melting point: 158-160 °C

a ,  = +0.63 (CH2 CI2)

Synthesis o f  4.48 - removal o f N-tBoc protecting group

A solution o f 4.47 (50 mg, 0.06 mmol) in DCM (2 mL) was acidified with HCl gas. 

This was allowed to stir for 3 h until it could be seen by TLC that the reaction was
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complete. The solvent was removed in vacuo to afford the product an off-white solid 

(45 mg, 100%).

‘H NMR (CD3OD) 8 h ppm: 0.94 (3H, d, J  = 6.5 Hz, CH3 (Leu)), 0.96 (3H. d, J  = 6.5 

Hz, Chb (Leu)), 0.97 (3H, d, J  = 6.5 Hz, CH3 (Val)), 1.00 (3H, d, J  = 6.5 Hz, CH3 

(Val)), 1.28-1.32 (1H, m, CH (Leu)), 1.30-1.36 (2H, m, CLL (Leu)), 1.41 -1.45 (1H, m, 

C tb), 1.66-1.72 (IH , m, CH(CH3 )2  (Val)), 2.01-2.13 (IH , m, J  = 6.4 Hz, CH2), 2.28- 

2.42 (IH, m, J =  5.3 Hz, CH2 ), 2.95 (2H, dd, J  = 13.2 Hz, 16.2 Hz, Cfcb (AHPA bzl)), 

3.13 (IH , dd, J  = 11.3 Hz, 5.6 Hz, C tb), 3.68 (3H, s, OCH3), 3.89 (3H, s, OCH3 ), 3.91 

(3H, s, OCH3), 4.02 (3H, s, OCH3), 4.03-4.09 (IH , m, CHNH (AHPA)), 4.13 (IH , d, J  

= 7.6 Hz, CHOH (AHPA)), 4.19 (1H, d, J  = 4.2 Hz, CHNH (Val)), 4.30 (1H, t, J  = 6.9 

Hz, CHNH (Leu)), 4.44 (IH , m, CHC=C), 5.35 (IH , d, J  = 3.3, NH), 5.37 (IH , d, J  = 

3.3Hz, NH), 6.20 (IH, d, J  = 5.4 Hz, C=CH), 6.37 (IH , s, ArH{A-ring}), 7.22 (IH , d, 

8.2 Hz, ArH{C-ring}),7.25 (IH , s, ArH{C-ring}), 7.26 (IH , d, J =  8.2 Hz, ArH{C- 

ring}, 7.29-7.36 (5H, m, 5 x ArH (AHPA)), 7.46 (IH, br.d, J  = 8.4 Hz, NH)

'^C NMR (CD3OD) 5c ppm: 17.1 (CH3 (Val)), 17.9 (CH3 (Val)), 18.9 (CH2), 20.5 

(CH(CH3)2  (Leu)), 21.4 (CH3 (Leu)), 22.9 (CH2 (AHPA)), 24.2 (CH3 (Leu)), 30.3 

(CH(CH3)2  (Val)), 34.5 (CH2 ), 40.2 (CH2 (Leu)), 47.4 (CHNH (Leu)), 52.1 (CHC=C), 

54.3 (CHNH (Val)), 54.7 (OCH3), 55.2 (OCH3), 58.6 (OCH3), 59.5 (OCH3), 60.3 

(CHNH (AHPA)), 68.1 (CHOH (AHPA)), 108.1 (ArCH (A-ring)), 111.5 (ArCH (C- 

ring)), 118.7 (AlkenicC), 122.6 (ArCH (C-ring)), 126.7 (ArCH (C-ring)), 127.1 (ArC), 

128.2 (2 X ArCH (AHPA)), 128.6 (2 x ArCH (AHPA)), 128.9 (ArCH (AHPA)), 128.8 

(C=CH), 133.8 (ArC), 134.0 (A rQ , 134.9 (ArC), 138.6 (ArC), 141.4 (ArC), 150.6 

(ArC), 151.3 (ArC), 151.8 (ArC), 170.7 (C =0 (Leu)), 172.8 (C=0 (Val)), 173.7 (C =0 

(AHPA))

Vn,ax/cm-’ 3401.4,3293.7,2931.1, 1635.9, 1455.8, 1240.4, 1112.7, 1029.4, 736.2

HRMS: (M + H)^ requires 760.4280, found 760.4289, molecular formula

(C4 2H57N 5O8)

Melting point; 163-165 °C

a ,  = +0.71 (CH2CI2 ; CH3OH, 1:1)
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Tubulin-Targeting Agents in Hybrid Drugs
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A bstrac t; The targeting o f  tubulin is an important mechanism for cancer chemotherapy. However, limitations such as 
resistance, toxicity and incomplete tumour elimination associated with individual anti-cancer drugs have led to a need for 
combination therapy in cancer. It is therefore relevant to ask whether two or more drugs might be combined in a single 
hybrid molecule to advantageous effect. This review provides an overview o f  the hybrid drugs thus far investigated, in 
which at least one component targets tubulin. The rationale behind this approach is that the hybrid drug may have activity 
enhanced above and beyond that o f  the equivalent drug combination, or have an otherwise improved clinical outcome. 
Particular emphasis is placed on the investigation o f  activity in multidrug-resistant cancer cell lines. Attention is drawn to 
the difficulties encountered when developing hybrid drugs, with respect to in vivo metabolism-tracking, increased molecu
lar bulk, and optimisation o f  the drug dosage ratio. The actual and potential advantages and disadvantages o f  such hybrid 
drugs when compared to single drugs or drug combinations are discussed critically and promising directions for future re
search is highlighted.

Keywords: Tubulin, microtubules, cfiemotherapy, combination therapy, resistance, hybrid, anti-cancer.

INTRODUCTION

Microtubules (MTs) are dynamic polymers o f ap-tubulin 
heterodimers [1], As components o f the mitotic spindle in 
cell division, MTs have emerged as a strategic target In anti
cancer drug discovery. Cell division is required for tumour 
growth, both directly, by cancer cell division, and indirectly, 
by endothelial cell division as a step in angiogenesis and 
tumour vascularisation. A structurally diverse range o f com
pounds have been discovered to interfere with microtubules, 
therefore blocking the cell cycle and inducing apoptosis. 
Some o f these compounds act by inhibiting the polymerisa
tion o f tubulin, while others inhibit depolymerisation. These 
agents can also disrupt organelle transport and cell motility, 
processes in which microtubules play an important role [2].

Furthermore, it has been recently established that some 
agents that interact with tubulin can also affect pre-existing 
tumour blood vessels [3], There are pathophysiological dif
ferences between tumour and normal tissue endothelium 
which allow tubulin-binding agents (TBAs) to achieve selec
tive occlusion o f tumour vessels. These tumour endothelial 
cell characteristics include their increased proliferation, per
meability, and reliance on a tubulin cytoskeleton to maintain 
cell shape [4-6], Some TBAs can cause microtubule de
polymerisation, the disorganisation o f F-actin and P-tubulin 
in endothelial cells [7] and changes in endothelial cell shape 
[8]. Cytoskeletal alterations in endothelial cells can cause 
endothelial contraction and retraction which in turn may lead 
to an increase in vascular resistance and obstruction o f tu
mour blood flow [9].

T ubulin  Binding Sites

There are three well established drug binding domains on 
P-tubulin: the vinca domain, the taxane site and the colchi
cine site [10]. The vinca domain, where the vinca alkaloid 
vincristine 1 Fig. (1) is known to bind, is located adjacent to 
the exchangeable guanosine triphosphate (GTP) binding site
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in P-tubulin at the plus end inter-dimer interface [11-13]. The 
binding site o f paclitaxel 2 Fig. (1), known as the taxane site, 
resides in a deep hydrophobic pocket at the lateral interface 
between adjacent protofilaments within the lumen o f the 
microtubule [14-18]. Colchicine 3 Fig. (1) was found to bind 
at the intra-dimer interface between P-tubulin and a-tubulin 
[19-21],

In addition, there are several distinct classes o f drugs that 
destabilise microtubules for which there is as yet no clear 
indication o f the binding region. These include benzamida- 
zoles, such as benomyl [22-25], caulerpenyne [26], a natural 
substance isolated from the green alga Caulerpa laxifoliae, 
and dinitroaniline [27] derivatives including trifluralin, 
widely used as a herbicide. Based on the lack o f competition 
with other TBAs, these appear to bind to sites different from 
the vinca, taxol or colchicine sites.

T ubulin-T argeting  Agents in the Clinic

Only a small number o f these agents have yet reached the 
cancer clinic, as they are limited by unacceptable toxicity, as 
well as isolation and synthesis difficulties [28,29].

Vincristine (Oncovin®) is FDA approved for the treat
ment o f acute leukaemia and for use in various drug combi
nations, including MOPP (mechlorethamine, Oncovin®, pro
carbazine and prednisone) for treating Hodgkin’s disease 
[30], CHOP (cyclophosphamide, hydroxydoxorubicin, On
covin® and prednisolone) and MACOP-B (methotrexate, 
adriamycin, cyclophosphamide, vincristine, bleomycin and 
prednisolone) for the treatment o f lymphomas [30], and 
VMCP (vincristine, melphalan, cyclophosphamide and pred
nisolone) and VAD (vincristine, adriamycin and dexametha- 
sone) in the treatment o f muhiple myeloma [30]. Vinblastine 
(Velban®, Velsar®) is FDA approved for the treatment of 
advanced Hodgkin's disease, lymphomas, advanced Mycosis 
fungoides, advanced testicular cancer, Kaposi's sarcoma, 
refractive choriocarcinoma and advanced refractive breast 
cancer. It has been incorporated into the PVB (cisplatin, vin
blastine, bleomycin) regimen for the treatment o f non- 
seminomatous testicular cancers [31], and into the ABVD 
(adriamycin, bleomycin, vinblastine and dacarbazine) regi
men to treat Hodgkin’s disease [30].
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Fig. (1). Vincristine (1), paclitaxel (2) and colchicine (3).

Vinorelbine (Navelbine®) is a sem i-synthetic vinca alka
loid approved for use in the treatm ent o f  non-sm all ceil lung 
cancer, but also found useful in treating breast, ovarian and 
cervical cancer [30].

Vindesine (Eldisine®, Fildesin*), a sem i-synthetic deriva
tive o f  vinblastine, is not FDA approved but is used in Brit
ain, South Africa and several European countries to treat 
acute lymphocytic leukemia, lung carcinomas, breast cancer, 
chronic myelogenous leukaem ia and colorectal cancer [32].

Paclitaxel (Taxol*) is approved by the FDA to treat ovar
ian and breast cancer and AIDS-related Kaposi sarcoma, and 
to be used together with cisplatin to treat advanced ovarian 
cancer and non-small cell lung cancer [30]. Taxol® is also 
under investigation as a radiosensitising agent [33]. Do- 
cetaxel (Taxotere®) is a semisynthetic analogue o f  paclitaxel 
(PTX) that has been FDA approved to treat certain types o f  
breast and non-small cell lung cancer [30]. It is approved to 
treat advanced metastatic prostate cancer when combined 
with prednisolone, and advanced gastric cancer in com bina
tion with 5-fluorouracil and cisplatin.

Abraxane® is a  PTX derivative that has increased intrin
sic solubility conferred by the conjugation o f  albumin to 
paclitaxel, elim inating the requirement for Cremophore EL 
in the formulation [34]. The increased solubility o f  Abrax
ane® dramatically decreases the time required for drug ad
m inistration from 3 h to 3 0 m in  [34]. Abraxane® is FDA 
approved for use in metastatic breast cancer after failure with 
anthracyclines.

Ixabepilone (Ixempra®), an epothilone derivative, was 
approved by the FDA in 2006 for use as a single therapy or 
in combination with capecitabine to treat m etastatic or lo
cally advanced breast cancer after failure o f  anthracycline 
and taxane treatments. In addition to ease o f  production, an 
attractive feature o f  the epothilones is the fact that they are 
poor substrates for P-glycoprotein (Pgp)-m ediated efflux, 
resulting in efficacy in a significant subset o f  taxane-resistant 
tumours [35].

Rationale for C om bination Chem otherapy

The concept o f combination chemotherapy in cancer was 
developed to take advantage o f  the fact that the broad range 
o f  anti-cancer agents available displays a variety o f  m echa

OMe

Paclitaxel (2) Colchicine (3)

nisms o f action and side effects. The rationale was based on 
the hypothesis that giving drugs with differing m echanism s 
o f  action may achieve synergistic antitumor effects while 
simultaneously retarding the developm ent o f  drug resistance. 
One such resistance mechanism  involves drug efflux by Pgp 
protein pumps for which taxanes are substrates [36]. Another 
involves m utations in tubulin binding sites [37, 38]. Drug 
combination regimens are generally designed such that one 
drug compensates where another has limited activity and, as 
a lone therapy, would lead to incom plete tum our eradication. 
Additionally, by careful selection o f  drugs with different 
toxicities in a combination, the side effects would be 
“spread” across different tissues and organs. The validity o f  
this concept has been borne out clinically. For exam ple, cis
platin has demonstrated clear-cut synergy with ctoposide in 
testicular cancer and small cell lung cancer [39] and with 5- 
fluorouracil in both head and neck and oesophageal cancer 
[40]. The major potential toxicity for cisplatin is nephrotox
icity, whereas m yelosuppression is the major side effect for 
both etoposide and 5-fluorouracil.

Many direct-acting cytotoxic drugs, such as DNA- 
alkylating agents or anti-m etabolites, are m ost effective 
against the rapidly dividing tum our cells in the well- 
oxygenated periphery o f  the tum our [3]. Angiogenesis in
hibitors are also most effective against tumour cells in the 
tumour periphery where angiogenesis occurs most vigor
ously [41]. The tumour interior is usually less well perfused 
by vasculature. Therefore drug penetration is poor and hy
poxia can lead to resistance to conventional cancer therapies 
in the interior o f  the tumour [3],

Conversely, vascular targeting agents (VTAs) such as 
TBAs are most effective against vessels in the interior o f  the 
tumour, possibly because the high interstitial pressure in 
these regions contributes to vascular collapse [3]. Invariably 
with lone VTA therapy, a thin rim o f  viable tum our cells on 
the periphery o f  the tum our survives [42, 43], most likely 
due to the contribution o f  norm al vasculature to the blood 
supply o f  the tumour periphery. Within hours after VTA 
treatment, the number o f  circulating endothelial progenitors 
increases, and they invade and colonise the viable rim o f  the 
tumour, thereby contributing to the rapid regrowth o f  the 
tumour [44]. In general, the inability o f  VTAs to impact on 
the outer shell o f  the tum our requires that they be used in 
combination with other cytotoxic agents [45].



Tubulin- Targeting Agents in Hybrid Drugs 

The Concept o f a Hybrid Drug

In view o f  the em phasis on combination therapy, it is 
relevant to asic whether two or m ore drugs m ight be com 
bined in a single hybrid molecule. The concept o f  bivalency 
has been outlined by Chow el al. in a review o f  dim er anti
tum our drug candidates [46]. Hybrid drugs could offer sev
eral potential advantages over traditional drug combinations. 
Grafting an agent which is active against M D R cell lines 
onto a potent anti-cancer drug which is subject to Pgp efflux 
may negate this com ponent’s affinity for the protein pump 
and allow the resulting hybrid to avoid this resistance 
m echanism while m aintaining the activity o f  both moieties.

The two com ponents may act synergistically to a greater 
extent than the free agents, for exam ple if  the two target sites 
are proximal to one another and the spacing o f  the two com
ponents in the hybrid is appropriate. In fact, the theory o f  
m ultivalency is partially based on the observation that in 
nature, the activity and selectivity o f  some lead com pounds 
are enhanced through the form ation o f their hom o-and het
erodim ers [47]. In another scenario, one com ponent may act 
as a tumour-hom ing device, thereby improving targeted de
livery o f  the other com ponent [48-51]. Since both normal 
and m alignant rapidly-dividing cells are dependent on micro
tubules during m itosis, all TBAs are likely to cause myelo- 
suppression and/or gastro-intestinal toxicity at high doses. 
These side effects are largely associated with the lack o f  se
lectivity. Targeted delivery o f  TBAs may lower their toxicity 
burden.

A conjugate drug may have an improved pharmacoki
netic profile compared to the free drugs. For exam ple if  one 
com ponent confers enhanced solubility on the other compo
nent. PTX has extremely low aqueous solubility, a mere 0.25 
mg/mL. This has led to the currently used Taxol® form ula
tion o f  this drug consisting o f  30 mg o f  PTX in 5 mL o f  a 
50/50 m ixture o f  Cremophore EL (CrEL) (polyethoxylated 
castor oil, a solubilising surfactant) and ethanol, which yields 
a hom ogeneous parenteral preparation. Likewise, the clinical 
form ulation o f  docetaxel (Taxotere®) uses polysorbate 80 
and 13% ethanol in water. Both form ulations have been re
ported to cause medium to severe hypersensitivity reactions 
[52, 53], CrEL has also been associated with pharmacoki
netic alterations o f  PTX itself. CrEL micelles can entrap 
PTX in the plasma com partm ent thereby preventing accumu
lation o f  PTX in erythrocytes and thus, reducing the free 
drug fraction available for cellular partitioning in target tis
sues [54]. This may contribute to the non-linearity o f  PTX 
plasma distribution in patients [55]. A water soluble conju
gate could potentially overcom e these problem s by avoiding 
the need for CrEI in the form ulation. In fact, this is the logic 
behind the recently licensed Abraxane® formulation [34],

For hybrid drugs with cleavable linkers, the above advan
tages may only accrue up until the time o f  cleavage. Cleav
age o f  the linker at the appropriate time may however be a 
requirement for optimal activity. At the same time, hybrid 
drugs may have disadvantages. The hybrid may simply be 
less active than the com bination o f  the individual constitu
ents, for example because the increased bulk o f  the m olecule 
reduces penetration to the target site. Alternatively, increas
ing the bulk o f  the m olecule has been used as a strategy to 
improve selective drug delivery to the tumour, by taking
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advantage o f  the hyperperm eable tumour vasculature and 
suppressed lymphatic clearance characteristic o f  tumour tis
sue [56]. A second m ajor disadvantage is the loss o f  dose 
versatility when drugs are combined in a fixed ratio in this 
way. Furtherm ore, if  the hybrid targets two or more sites 
with substantially different ligand affinity, it can be ex
tremely difficult to optim ise both ligand concentrations. It is 
therefore vital that, in the developm ent o f  novel hybrid 
agents, the hybrid’s activity is compared not only to the indi
vidual components, but also to a combination o f  the two 
drugs in the appropriate ratio as they are presented in the 
hybrid. This should be done at the earliest opportunity to see 
if  the hybrid has any advantages over the simple drug com 
bination that could outweigh the disadvantages.

Design o f a Hybrid Drug

A hybrid molecule may be presented in any o f  the fol
lowing forms. Fig. (2). One com ponent can be used to pre
sent the other component in prodrug form, or both m oieties 
can be presented in a pro-prodrug form. These two designs 
rely upon specific or ubiquitous enzym es or chemical trans
formation for the release o f  the two m oieties as active agents. 
This strategy may offer benefits in term s o f  reducing toxicity 
or optim ising delivery o f  the drug to the sites o f  activity. 
A lternatively, both components may retain activity while 
conjugated.

Even if  the components are conjugated in such a way to 
retain activity, it m ight yet be advantageous for the linker 
unit to be cleavable under appropriate conditions to allow for 
the two units to act independently, for example if  they have 
different sites o f  action within the cell. In other cases, espe
cially with respect to overcom ing resistance, it may be desir
able for the hybrid design to resist metabolic cleavage and 
for the two active moieties to work in tandem to produce an 
overall synergistic effect, e.g. where one component m odi
fies the other component to the effect o f  resisting efflux by
Pgp-

The above designs, in which two separate m olecules are 
either linked or fused together, are termed drug conjugates 
and we will refer to them here as “true hybrids” . A fourth 
possibility is to identify areas o f  overlap between the phar
macophores o f  two or more active agents and to merge these 
into a single multi-ligand entity which contains all the func
tional groups which are responsible for the activity o f  the 
individual agents. This can be advantageous in that it should 
give rise to a molecule that is sm aller than that which would 
be obtained by linking two distinct pharmacophores together. 
In this review we will refer to these compounds as “m erged 
hybrids”.

Investigative TUbulin-Targeting Hybrids

Some o f  the earlier hybrid studies involved linking a 
m icrotubule-targeting moiety to an anti-cancer agent with a 
target o ther than tubulin. A second approach is to develop 
hybrids in which both moieties target tubulin, with a view  to 
avoiding conflict o f  cellular target. A third strategy involves 
identifying com m onalities between two anti-cancer drugs 
and designing condensed “m erged” hybrids which possess 
properties o f  both lead drugs. Tables (1-3). A fourth area o f
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Individual drugs A and B: pharmacophore in each 
case presented as the tip of a distinctive shape 

attached to the drug scatYold

Prodriig: active moiely of B masked by 
conjugation to active A

Pro-prodrug: active moieties o f  A and B are 
masked by conjugation to one another

Active multivaient hybrid: A and B 
conjugated by a linker unit at a site distinct 

from their pharmacophores

Fig. (2). Various presentations o f  drugs A and B in hybrid form.

T able 1. C onjugates w ith a M oiety that D oes not T arget Tubulin

Active merged hybrid: pharmacophores 
o f A and B are expressed on a common 

scaffold

Moiety A Moiety B Link Tubulin efTects Cytotoxicity Refs

Paclltaxel Daunorubicin Ester, amide Reduced Poor. Subject to resistance [58]

Paclitaxel Octreotide Ester, amide Paclitaxel-like Specific to somatostatin receptor-expressing cells [72]

Paclitaxel Chlorambucil Ester/ acetal Require cleavage Hybrid 15 active against resistant tumours in vivo [73]

Paclitaxel/
cephalo-

tnannine

Epipodo-
phyllotoxin
derivative

Ester, imine/ 
amino

NH' Inferior to PTX but retain some activity in MDR lines. 

Hybrid 20 most active.

[74]

Paclitaxel Camptothecin Ester, imine NAT Superior to PTX in HCT-8 line. Subject to resistance [75]

Paclitaxel Epipodo- 
phyllotoxin/ 
camptothecin/ 
glycerrhetinic acid

Ester, amide, 
amino, imino

NAT Hybrids 40 and 42 have superior activity in PC-3, LN- 
CAPand MDR KB-VIN cell lines

[77]

Paclitaxel Doxorubicin Ester, amide N/T NAT [88]

CA-4 Mustard/

chlorambucil

Ether/ ester Depolymerisation- 
polymerisation shit\

Hybrid 48 more potent than CA-4 against SH-SY5 Y cells [92]

Colchicine Cyano-nilutamide Acetal Colchicine-like, but 
more potent

Superior at 0.05nmol/ml against LAPC4AI cells [95]

2-phenyl
indole

a-methylene-P-
indole

Amino Colchicine-like Potent and broad spectrum, active against MDR lines [107]

Paclitaxel C225 Amide N/r Enhanced activity in vitro but not in vivo [160]
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Table 2. Conjugates of Two Tubulin-Targeting Moieties
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Moiety A Moiety B Link Tubulin effects Cytotoxicity Refs

Paclitaxel Thiocolchicine Ester/amide Paclitaxel-like Less potent than PTX [108]

Paclitaxel Colchicine, thiocol
chicine

Amide, ester, 
imine

Effects similar to combination Hybrids 58-59 potent; subject to
Pgp

[115,77]

Admantane-based
taxane

Colchicine Ester, amide Colchicine-like Superior to PTX against A549 
cells

[116]

Thiocolchicine Podophyllotoxin Ester/ amide N/T Poor [117]

Thiocolchicine/ podo-
phyllotoxin/TES-
baccatin

Vindo-
line/vinorelbine

Ester, amide Only 61 and 66 inhibited tubu
lin polymerisation

Hybrid 68 superior at lOpM 
against A549 cells

[118]

Table 3. Merged Hybrids

Moiety A Moiety B Tubulin effects Cytotoxicity Refs

Docetaxel Esperamicin Negligible Negligible [119-121]

Paclitaxel, nonataxel, 
epothilones

Eleutherobin, dis
codermolide

Paclitaxel-like, 37%  relative 
activity

ICi„0.39MM against M DA -435/LCC6-W T (122 ,123]

Colchicine CA-4 Poor NAT [124]

Colchicine Caulerpenyne Negligible NA' [131]

CA-4 Lamellarin T As for CA-4 Less potent than CA-4 (133)

Combretastatin Chalcone N/T Poor [135]

Anhydrovinblastine/
vinorelbine

Phomopsin A Vinca-like Less potent than vinca alkaloids [137]

Epothilone Cryptophycin Negligible NAT [139]

Discodermolide Dictyostatin Reduced binding afllnity Less than dictyostatin [144-146]

Taltobulin Dolastatin N/T Susceptible to Pgp [148]

Chalcone Discorhabdin G Negligible Not tubulin related [149]

3-arylthioindole PU3 analogue Poor, colchicine-like NAT [153]

study is the conjugation o f  a tubulin-targeting agent to a 
m onoclonal antibody (M Ab) with a view to achieving tu- 
m our-directed drug delivery.

CO NJU G A TES W ITH A M OIETY THAT DOES NOT  
T A R G ET TUBULIN

Paclitaxel-Daunorubicin Conjugates

Daunorubicin (DNR) is a DNA-intercalating anthracy- 
cline which inhibits DNA replication. The rationale for this 
study was based on W hitesides’ demonstration that the bind
ing o f  low affinity ligands can be significantly improved by 
covalently tethering many ligands together to form a polyva
lent array [47]. Furthermore, it was demonstrated that the 
bis-DNR com pound, 4, consisting o f  two DNR molecules 
linked through their sugar amine moieties. Fig. (3), binds to 
DNA more tightly than the m onomeric species [57]. PTX 
causes cell-cycle arrest at the m eta-anaphase transition o f 
mitosis, at which point the nuclear envelope is no longer 
present in hum an cells. Therefore, Kar et al. [58] envisioned 
that this should potentially make it possible for bifunctional 
heterodim ers 5-10, Fig. (4), to interact with both MTs and

DNA in a polyvalent fashion. Evidence exists to show that 
the C-7 hydroxyl o f  PTX and the amine o f  DNR can tolerate 
m odifications without loss o f  biological activity [59 ,60].

Fluorescence quenching experiments indicated that the 
hybrids retain the ability to intercalate DNA, with slightly 
decreased binding strength relative to free DNR. Transmis
sion electron microscopy showed that the dimers 5 and 8 
caused PTX-like tubulin polymerisation, although fewer 
MTs were formed. An in vitro  tubulin-binding competition 
assay using [^H]-PTX showed that attachment o f  the DNR 
moiety to PTX causes a >10-fold decrease in binding affin
ity. DNA was added to induce the formation o f  self
assem bled polyvalent arrays in accordance with the original 
hypothesis, but the bifunctional m olecules did not improve 
as com petitors o f  [^H]-PTX bound to microtubules. A MT 
sedimentation assay confirm ed that the DNR portion o f  the 
dimers does not bind tubulin and is not responsible for the 
PTX-like effects o f  5 and 8.

Cytotoxicity assays were perform ed on the M ES-SA hu
man uterine tumour line and M ES-SA/Dx5, a MDR strain 
with Pgp over-expression. The dimers were relatively inac
tive, compared to PTX and DNR. Taken together, these re-
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OMe 0  OH O

NH

HN
HO

O OH 0  OMe

H,C

Fig. (3). Bis-daunorubicin 4.

suits suggest that the conjugates have a lower binding affin
ity than free paclitaxel. The increased bulic o f  the dimers 
might hinder their entry to the interior o f  MTs which is the 
proposed location o f the PTX binding site.

It was not determined whether the dim ers access both 
targets simultaneously, in a polyvalent form, as was initially 
intended with the hybrid design. It is worth noting that un
like the bis-DNR compound, 4, these PTX-DNR dimers con
tain amide and ester linkages which could potentially be 
cleaved in a cellular or in vivo environment. However, the

decreased cytotoxicity o f the hybrids relative to PTX sug
gests that they do not generate free PTX.

Paclitaxel-Octreotide Conjugate

Somatostatin (SST) is a  neuropeptide that has inhibitory 
action against several endocrine systems and has a role in 
regulating secretion, cell division and apoptosis [61]. Octreo
tide, a more stable synthetic analogue o f  somatostatin, has 
been investigated for therapeutic use in carcinoid crisis and 
in suppression o f  tumours [62-68]. It is widely used for the 
scintigraphic visualisation o f  tum ours containing a high den
sity o f  SST receptors (SSTRs) [69, 70]. Furthermore, the 
antiproliferative effects o f  mitom ycin C, doxorubicin, 5- 
fluorouracil and PTX are found to be synergistically en
hanced by co-treatment with octreotide [71]. Huang el al. 
[72] synthesised and evaluated a paclitaxel-octreotide conju
gate 11, with a view to im proving tum our cell specificity 
with PTX therapy. Fig. (5). The C -2’ position o f  PTX has 
been shown to tolerate reversible derivatisations without loss 
o f  activity [59].

Octreotide was shown to inhibit MCF-7 human breast 
cancer cell proliferation in vilro in a time- and dose- 
dependent manner. Radiolabelled octreotide demonstrated 
that octreotide binds SSTRs on MCF-7 cells and is then in
ternalised via SSTR-mediated endocytosis. Chinese hamster 
ovary (CHO) cells, expressing very low levels o f  SSTR, 
were used as a control. Octreotide uptake was not seen in 
CHO cells.

Hybrid 11 was found to retain the ability o f  PTX to bind 
tubulin, cause bundle form ation and trigger apoptosis in 
MCF-7 cells. Pretreatment with free octreotide antagonised 
the cytotoxicity o f  the conjugate but not o f  free paclitaxel. 
The authors concluded that the cytotoxicity o f  11, but not o f  
PTX, is mediated by the SSTR, and that 11 is not metabo
lised until it is internalised into the cytosol. The conjugate 
was only slightly less toxic than PTX in M CF-7 cells but 
much less in CHO cells.

OMe o  OH o
0

HN

o  o OH
'OH

(CH2)2 

X= 5

(C H 2 > 3
8

(C H z)4

9

CH,

10

Fig. (4). Daunorubicin-Paclitaxel dimers 5-10.
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A
OH

HO
BzO

0

NH-D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-ol 

Fig. (5). P aclitaxel-octreotide  conjugate 11.

A s the conjugate serves to reduce toxicity to normal 
cells , it has an inherent advantage over free PTX or a com bi
nation o f  PTX and octreotide and this advantage is proposed  
to outw eigh the disadvantage o f  slightly reduced cytotoxic
ity.

Paclitaxel-Chloram bucil Conjugates

Wittman e l al. [73] reported the syntheses and anti
tumour activity o f  three PTX-chloram bucil hybrids 13-15, 
Fig. (6 ). The rationale behind this com bination w as a) pre- 
clin ical ev idence that the com bination o f  PTX and an alky
lating agent could y ield  superadditive anti-tumour effects  
[73], and b) evidence that M 109tax lR , a murine cell line that 
w as m ade resistant to paclitaxel, w as 2- to 5-fold more sensi
tive to the alkylating agents cisplatin, m itom ycin C, melpha- 
lan and carm ustine versus the parental cell line. M l09 [73]. 
Three hybrids 13-15 w ere designed with differing stability to 
esterase cleavage. O ne contains a sim ple ester link, another a 
less stable extended acetal link, and a third a acetal-linked  
hybrid carrying tw o m olecules o f  chloram bucil 1 2  linked to 
one m olecu le o f  PTX. Com pound 16, with tw o acetates but 
no chloram bucil w as prepared as a control.

The results o f  an in v itro  tubulin polym erisation assay in
dicated that com pounds 13-15 do not enhance tubulin po
lym erisation in their conjugated form, whereas com pound  
16, w hich lacks a chloram bucil m oiety, gave rise to polym 
erisation at a rate approxim ately one-sixth that w ith PTX. 
T his w ould  suggest that chloram bucil prevents the PTX m oi
ety from interacting w ith the PTX binding site.

Only 14 and 16 show ed significant cytotoxic activity in 
the H C T -116 human co lon  cancer cell line, in the 50%  in
hibitory concentration (IC 50) range o f  PTX (2-4nM ). In the 
case o f  16, this can be explained by its tubulin-binding abil
ity. Com pound 13, w hich w as designed to be more stable to 
esterase cleavage, demonstrated only minimal activity, sug
gesting that the chloram bucil and PTX m oieties are not sig 
nificantly active w hile conjugated to one another. Therefore 
it is unlikely that the activity o f  com pound 14 is attributable 
to the intact hybrid. A lternatively, the activity o f  14 may 
suggest that the conjugate is cleaved  in a cellular environ
ment to generate active agents. The relatively poor activity 
o f  15 may suggest a slow er or less extensive generation o f  
active agents. Com pound 15 w as the m ost active o f  the hy

brids in the in vivo  M l09  murine lung carcinom a m odel, 
with activity in the range o f  PTX. The superiority o f  15 over  
14 could be attributable to the extra chloram bucil m oiety. 
Furthermore, the poor activity o f  com pound 16 may indicate 
that the M l09 model is more sensitive to chloram bucil than 
to PTX. A ctivity against a M 109/taxlR  (PTX-resistant, ch lo
ram bucil-sensitive) murine lung carcinom a m odel, a M 5076  
(PTX-resistant, chloram bucil-sensitive) murine sarcom a  
model and an A 2780  (PT X -sensitive, chloram bucil-resistant) 
ovarian carcinom a xenografl m odel suggest that hybrid 15 
retains both PTX - and chloram bucil-like activity. It w as not 
active against a HCT/pk human ovarian carcinom a xenograft 
model (PTX-resistant, chloram bucil-resistant). The molar 
equivalent com bination o f  PTX and chloram bucil in a 1:2 
ratio w as not tested. Therefore, the results are not conclusive  
with respect to super-additive effects. Som e PTX-resistant 
tumours may indeed be hypersensitive to alkylating agents 
such as chloram bucil, but there is no obvious pattern or co n 
vincing evidence to justify  a prediction.

HO

NCCHjCHjCOz

Chlorambucil (12)

1 3 R  =

14 R =

O '  NH O

N(CH2CH2CI)2

N(CH2CH2CI)2

1 5 R  =

. 6 R =  0

-oA
Fig. (6). C hloram bucil (12) and Paclitaxel-chloram bucil conjugates 
13-16
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T axoid-E pipodophyllo toxin  C onjugates

4 ’-0-demethyl epipodophyllotoxin (EP) 17 is a topoi- 
somerase II inhibitor. Shi el al. [74] reported the synthesis 
and evaluation of five compounds 20-24 composed of a 
taxoid (PTX or cephalomannine) and a 4 ’-0-demethyi 
epipodophyllotoxin derivative joined by an imine linkage, 
Fig. (7). 4-carboxybenzaldehyde was used in the conjugation 
o f 20-22 and para-aminoaniline was condensed with this to 
synthesise hybrids 23-24 with extended linker units. The five 
conjugates were tested for cytotoxicity in human tumour cell 
lines (HTCL) and drug-resistant cell lines (DRCL). Refer
ence compounds were PTX, cephalomannine and the EP 
derivatives etoposide 18 and GL-331 19. The reference panel 
did not include any drug combinations and so, the potential 
advantages o f presenting the agents in hybrid form could not 
be conclusive. Furthermore the compounds 4 ’-0-demethyl-

4p-amino-4desoxyepipodophyllotoxin and 4 ’-0-demethyl- 
4P-(p-aminoanilino)-4-desoxyepipodophyllotoxin were not 
tested even though these are potential metabolites o f 20-22 
and 23-24 respectively. The HTCL panel included KB (na
sopharynx epidermoid), A549 (lung carcinoma), HCT-8 (co
lon), CAKI-1 (kidney), MCF-7 (breast), SK-MEL-2 (mela
noma), and IA9 (ovarian carcinoma). The DRCL panel was 
comprised of IA9 PTX-resistant sublines PAX-10 and PAX- 
22, and KB derivatives.

All conjugates except 21 showed significant cytotoxicity. 
Although they were generally not as active as PTX and 
cephalomannine, hybrids 20, 22 and 23 displayed compara
ble or better activity than EP derivatives 18 and 19 in most 
tumour cell lines. These results suggest that the hybrids at 
least partially resist cleavage and do not fully generate the 
more active taxoid precursors. Compound 20 was the most

MeO
OMe

OH

R =  -^ -O H  4'-demethyl-epipodophyllotoxin (17)

R =

R =

0 '  NH O

A
Oi

HO’
BzO

o

O'

M eO'
OMe

OH

Etoposide (18)

G L33I (19)

/ T o  R, = CsHs R2 = H

21 R , = C 6 H ,  Rj  =

MeO
OMe

OH

V . Me Me

X =  N
23 R | = C6H5 R2 = H

24 R ,=  '  «

Me Me

Fig. (7). 4 '-dem ethyl-epipodophyllo toxin  (17), E toposide (18), G L 3 3 1 (19) and T axoid-epipodophyllotoxin conjugates 20-24.
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active hybrid against the HTCL panel as well as against ap
proximately sixty tum our cell lines tested by the National 
Cancer Institute (NCI). Compared with the unconjugated 
components, 20, 23, and 24 showed equal or enhanced activ
ity against PTX-resistant cells. Com pound 21, which has an 
EP conjugated at both the taxoid 2- and 7-hydroxy groups, 
was relatively inactive. The authors suggest that the taxoid 7- 
hydroxy group may be crucial for cytotoxic activity, but 
given other reports o f  active derivatives at this position [59], 
it may be more likely that the size o f  the conjugate is the 
problem. For exam ple, the bulk o f  the EP moiety might hin
der esterase regeneration o f  the hybrid precursors. The intact 
conjugate may be too large to penetrate the cellular m em 
brane. Furthermore, compound 21 did not stimulate protein- 
DNA breaks inside cells, despite exhibiting topoisomerase II 
inhibition comparable to GL-331 in cell-free  medium.

It would seem noteworthy that the hybrids with the ben- 
zaldehyde linker, 20 and 22, had better activity in the HTCLs 
than the analogous hybrids with the extended p- 
aminoaniline-containing linker, 23 and 24. The authors did 
not com m ent on this apparent pattern. Considering that the 
properties o f  the linker unit can potentially influence the 
activity and pharm acodynam ic profile o f  any “true” hybrid, 
it is recom m endable that studies on novel hybrids in the de
velopm ent stage should ideally include a comparison o f  a 
variety o f  linker units.

Paclitaxel-Camptothecin Conjugates

Ohtsu el a!. [75] reported the synthesis and evaluation of 
PTX-cam ptothecin conjugates 26-30 as cytotoxic agents and 
DNA topoisom erase I inhibitors, Fig. (8). The choice o f  the 
linkage position was based on the known tolerance to m odi
fication o f  the C-7 group in the taxane nucleus [59] and pre

vious quantitative structure/activity relationship (QSAR) 
studies o f  7-substituted cam ptothecin (CPT) analogues [76]. 
The five conjugates 26-30 were tested for cytotoxicity 
against a panel o f  human tum our cell lines- KB (nasophar
ynx epidermoid), KB-CPT (cam ptothecin resistant KB), IA 9 
(ovarian carcinom a), IA 9-PT X I0 (PTX-resistant IA9), 
HCT-8 (colon adenocarcinoma), MCF-7 (breast cancer), PC- 
3 (prostate carcinoma). The results were compared to those 
for PTX, CPT 25 and a 1:1 combination o f the two. It is 
worth noting however that likely metabolism o f  these hy
brids would yield 7-form yl-cam ptothecin by imine cleavage. 
It would be necessary to test this potential m etabolite for 
activity before attributing superadditive activity to the hybrid 
compounds.

All o f  the conjugates were potent inhibitors o f  tumour 
cell replication with equivalent or better activity than CPT 
(M ean Log EDso=-8.9) but generally less potent than PTX. 
Com pounds 26-28, in which the linker consists o f  aliphatic 
amino acids, showed better cytotoxic activity than 29-30, 
whose linkers were comprised o f  aromatic amino acids. 
Com pounds 26-28 were more active against HCT-8 cell rep
lication than either PTX or CPT and their potency and spec
trum o f  activity differed from a sim ple 1:1 combination o f  
the two. The authors suggest that a novel mechanism o f  ac
tion has been achieved through conjugation. A 1:1 com bina
tion o f  7-form yl-cam ptothecin and chlorambucil would first 
need to be tested however, in order to reject the hypothesis 
that the hybrid activity is attributable to the combination o f 
metabolites and that differences in cell line activity may be 
due to differential cell line enzym e activity. None o f  the hy
brids were more active than PTX in the PTX-resistant cell 
line, indicating that the hybrids do not overcome the resis
tance mechanism. All o f  the conjugates were significantly

Cam ptothecin (25) 

O

0 '  NH 0

'  ^  ' 0 "  

OH

Me

HO’
BzO

N = -

/^O
Me

29 R = 5 CH ,

26 R =  (CH2)2

27 R =  (CH 2h

28 R =  (CH2)s 30 R =  (CH2)3—

Fig, (8). C a m p to th e c in  (25) P a c lita x e l-c a m p o th e c in  c o n ju g a te s  28-30
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less potent than CPT as inhibitors o f  topoisomerase I in vi
tro. However, it should be borne in mind that the hybrids 
may generate active topoisomerase inhibitors upon metabo
lism. Thus topoisomerase inhibition cannot yet be dismissed 
as an explanation for the activity in the cell lines.

Paclitaxel -  Epipodophyllotoxin/ Glycerrhetinic Acid/ 
Camptothecin Conjugates

Taking from the reports discussed above and hoping to 
build on them, Nakagawa-Goto et al. [77] set out to investi
gate different linker units and differences between conju
gates attached at the 2 ’- and 7-position o f  PTX. In a compre
hensive study, hybrids 32-42 consisting o f  camptothecin 
(CPT) 25, 4 ’-0-dem ethyl epipodophyllotoxin (EP) 17 and 
glycerrhetinic acid (GA) 31 conjugated with a linker unit to

the 2 ’- or 7-position on PTX were prepared and evaluated. 
Fig. (9). G lycerrhetinic acid 31 is a natural compound which 
shows anti-tum our-prom oter activity as well as anti-allergic, 
anti-inflamm atory and anti-ulcer effects. Some paclitaxel- 
colchinoid conjugates were also prepared but these will be 
discussed in the next section dealing with hybrids which 
target only tubulin.

The hybrids were evaluated for cytotoxicity in several 
human tumour cell lines-1A9 (ovarian), A549 (lung), MCF-7 
(breast), prostate carcinom a (LN-CAP, PC-3, DU-145), KB 
(nasopharynx epidermoid), m ulti-drug resistant Pgp- 
expressing KB-VIN, and the normal cell line, human em bry
onic fibroblast (M RC-5). The cytotoxicity o f  each was com 
pared to those o f  the precursors PTX, 4-am ino-4’-demethoxy 
EP, etoposide 18, CPT 25, 7-form yl-CPT and GA 31, but not

O '  N H  0

HO
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32 R | =  H, R 2 =

33 R2 =  H, R |=  0
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Fig. (9). G lycerrhetinic acid (31) and Paclitaxel - ep ipodophyllotoxin/glycerrhetinic acid / cam ptothecin conjugates 32-42.
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to 1:1 com binations o f  the relevant m oieties in each hybrid. 
The p ara-am ino-benzoic acid derivative o f  EP is a likely 
product o f  32-35  amide cleavage, but this com pound w as not 
tested. Neither were the possib le cleavage (e .g . esterase) 
products o f  the conjugates 37  and 41 accounted for or tested  
for activity. Therefore it is not determ ined whether the activ
ity observed is attributable to the hybrid or to its breakdown 
products, and thus the advantages o f  presenting these m oie
ties in hybridised form are not conclusive.

PTX w as the m ost potent com pound overall in the PTX  
sensitive cell lines used (E D 5 0 1-55.5 nM ), but hybrids 40-42  
displayed very high potency com parable to PTX. H ow ever, 
the L N -C A P and PC-3 prostate cancer cell lines show ed a 
different pattern with CPT proving more potent than PTX. 
H ybrids 41 -42  proved even  more potent in the L N -C A P cell 
line w h ile  32 and 40-41 were the m ost potent com pounds o f  
all in the PC-3 cell line. Imine 42  had a ED 50 value o f  
0.34nM  and w as 7 .7-fo ld  more potent than PTX against LN- 
C AP cells , w h ile  com pound 41 had an E D 50 value o f  3.1nM  
and w as 18-fold more potent than PTX against PC-3 cells. 
Only hybrids 40  and 42 displayed activity superior to PTX in 
the Pgp-expressing cell line (ED50 62 .4n M  and 56.3nM  re
spectively). This could be due to their topoisom erase I- 
inhibiting CPT m oiety since CPT itse lf  w as found to be the 
m ost active com pound in this ce ll line. N otably, conjugation  
reduces CPT potency in this cell line. It would be interesting 
to investigate whether the grafting o f  CPT onto PTX actually 
hinders the action o f  Pgp on the drug, or whether the hybrid 
is cleaved in physiological m edium  to generate 7-form yl- 
CPT w hich is significantly active in this cell line. The rela
tive inactivity o f  41 favours the latter hypothesis over the 
former. M oreover, 7-form yl-C PT is not a logical breakdown  
product o f  41.

The authors concluded that cytotox ic  activity w as som e
what dependent on the conjugated position on PTX as well 
as the type o f  linkage. From com parison o f  the analogous 
P T X -E P  conjugate pairs 3 2 -33  and 3 4 -3 5 , and the analogous 
PTX -G A  conjugate pair 38 -39 , the conjugates linked at the 
C-2' position show ed better activity than conjugates linked at 
the C-7 position against all ceil lines. Furthermore, the link
age with two m ethylenes gave better results than the one  
with three m ethylenes. In an anti-angiogenesis assay using  
human umbilical vein  endothelial ce ll (H U V E C ) cultures, 
im ines 40  and 42  possessed  sign ificant activity with ED50 
values o f  0.73 and 0 .98  ng/m L, respectively, although all o f  
the hybrids show ed som e anti-angiogenic activity.

P aclitaxel-D oxoru b ic in  H ybrid

M acrom olecular prodrugs are being studied as a strategy 
to reduce the toxicity o f  anti-cancer drugs [78-81]. In what is 
described as a passive targeting approach, m aleim ide-bearing  
prodrugs bind se lectively  to the cystein e-34  position o f  cir
culating albumin after intravenous administration and release 
the free drugs predom inantly at the tumour site because o f  
the incorporation o f  an enzym atically cleavable bond be
tween the drug and the carrier [82, 83]. A lbum in dem on
strates preferential tumour uptake due to the enhanced per
m eability and retention o f  m acrom olecules for solid tumours 
[84]. It has been demonstrated that com bination therapy with  
PTX and doxorubicin w as significantly better than m ono

therapy in the treatment o f  androgen-independent prostate 
cancer [85], advanced breast cancer [8 6 ], and endometrial 
cancer [87]. With this in m ind, Ajaj et al. [8 8 ] designed and 
synthesised a dual-acting prodrug 43 comprised o f  PTX and 
doxorubicin independently bound by cathepsin B-cleavable  
linkers to m aleim ide w hich is capable o f  binding to cysteine- 
34 on albumin. Fig. (10). The prodrug incorporates a I, 6 - 
self-im m olative para-am inobenzyloxycarbonyl (PA B C ) be
tw een the drug and the dipeptide Phe-Lys. This dipeptide is a 
substrate for cathepsin B, a cysteine protease that is overex
pressed in solid tumours [89]. The incorporation o f  a self-  
im m olative spacer ensures acess to the site o f  c leavage by 
lysosom al enzym es such as cathepsin B [90]. A n additional 
advantage o f  the Phe-L ys-PA B C  spacer is the presence o f  
the basic am ino acid lysine that could result in increased  
water solubility o f  the dual-acting prodrug. HPLC analysis  
show ed that incubation o f  the albumin-bound prodrug with 
cathepsin B resulted in an efficient and alm ost com plete  
cleavage over a period o f  2 0  hours, releasing the free drugs. 
The primary purpose o f  this study w as to test the usefulness  
o f  the albumin-binding linker. N o  cytotoxicity data w as re
ported.

M ustard  D erivatives o f  C om b retasta tin  A -4

C A -4 44 has been shown to act against M DR cell lines as 
a TB A , and to display a remarkable preference for neovascu
lature over parent vasculature [91]. H ow ever, due to survival 
o f  peripheral tumour cells, it is not curative as a lone therapy. 
C oggiola  et a l. [92] hypothesised that the use o f  C A -4 in 
conjunction with a classical anticancer agent m ight over
com e the multidrug resistance induced by the latter and the 
inability o f  the former to inhibit b lood flow  to the periphery 
o f  the tumour, thereby generating a more efficacious tool. 
They reported the synthesis and evaluation o f  three hybrids 
46-48 , Fig. (11). Hybrid 46  consists o f  a nitrogen mustard 
(an D N A -alkylating agent) coupled onto the am ino group o f  
A C 7739 45 , an amine derivative o f  C A -4, based on evidence  
that this com pound maintains cytotoxicity with derivitisa- 
tions at this group [92]. Hybrid 47 consists o f  C A -4 bearing 
a nitrogen mustard via  an ether link, w hile 48 is com posed o f  
C A -4 conjugated to chloram bucil via  an ester link.

The com pounds w ere tested in S H -SY 5Y  human neuro
blastoma cell cultures. C om pounds 4 6 -48  were significantly  
less potent than C A -4 ( I C s o ~ I .5 nM ). Hybrid 48  w as more 
than tw ice as potent as C A -4 but comparable to a sim ple  
com bination o f  chlorambucil and C A -4. In m esotheliom a  
(REN) and m astocyte (R BL) cell lines however, C A -4  dis
played higher cytotoxicity than 48 , although 48 remained 
relatively potent (IC 50 below  3nM ). The authors infer from  
these results that the increased potency o f  48 is cell-line spe
c ific and may depend on the relative esterase activity o f  the 
cell line.

A  cytofluorim etric analysis using propidium iodide to la
bel D N A  show ed that all three com pounds induce a se lective  
block in the G 2/M  phase, thus attributing their cytotoxicity  
to tubulin binding. A  tubulin polym erisation assay confirmed  
this. W hen higher concentrations were tested, com pounds 
4 6-47  changed from polymerisation inhibitors to depolym 
erisation inhibitors. The researchers propose that the nitrogen 
mustard alkylates the tubulin or an accessory protein to pre-
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vent depolymerisation, and at higher concentrations, this 
effect predominates. Significantly, compounds 46-47 proved 
more efficacious than CA-4 and 48 at higher concentrations, 
despite their decreased potency. In cells treated with CA-4, 
there appeared to be a small but significant residual cell vi
ability (approx. 10%), while no cells appeared to resist at 
high concentrations o f  46 or 47. The authors speculate that 
the capacity o f  these compounds to both increase and de
crease tubulin depolymerisation in a concentration- 
dependent manner may be responsible for this increased effi
cacy. Indeed, it has been previously suggested that antitumor 
therapy with a combination o f  polymerising and depolymer- 
ising agents provides an added value [93].

Colchcine-Cyanonilutam  ide Conj ugate

Conjugation o f  an androgen receptor (AR)-binding moi
ety to a cytotoxic agent was proposed as a strategy to selec
tively target AR-expressing prostate cancer cells. Further
more, microtubule-disrupting agents are hypothesised to 
inhibit the nuclear import o f  AR which is microtubule- 
dependent [94]. Sharifi el al. [95] synthesised and evaluated 
49, a conjugate o f  colchicine and cyanonilutamide, an AR 
antagonist. Fig. (12). The authors envisioned concomitant 
AR and tubulin binding, thereby anchoring AR to tubulin. In 
addition, the added bulk o f  the conjugated colchicine was 
hypothesised to disrupt AR binding to steroid receptor coac
tivators that are required for AR function [96].
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HNOBzq h

TFA H,N

HO. X
0  0

NH 0
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Fig. (10). Dual-acting prodrug 43.
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Fig. (11). Combretastatin A-4 (44), AC7739 (45) and hybrids 46-48,
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MeO,

MeO' 'N
H

O CCN (49)
CFjOMe

CN

Fig. (12). Colchcine-cyanonilutamide conjugate (49).

Studies o f  the SAR o f  colchicine suggest that the C7 
acetamido group can be modified while preserving tubulin- 
binding ability [97], Drawing from a related study by Cogan 
and Koch [98], a non-cleavable alkyne linker was used to 
conjugate the two moieties. The linker was proposed to be o f  
sufficient length to extend the colchicine moiety outside the 
AR ligand-binding domain in order to allow concomitant 
binding. Despite the bulky colchicine side chain, the conju
gate 49 was found to bind AR with a K, o f  about 449nM, 
only a I log lower affinity than hydroxyflutamide, a clini
cally active AR antagonist [99]. The compound was also 
found to bind to tubulin with an affinity similar to thiocol- 
chicine and an IC50  o f  1 . 1  nM  for inhibition o f  tubulin as
sembly, m aking it more effective than colchicine or combre- 
tastatin A-4. Attem pts to show concomitant binding to AR 
and tubulin failed.

As predicted, the tubulin-inhibiting activity o f  49 in
creased the level o f  AR in the cytoplasm, where AR is inac
tive. Furthermore, 49 was found to have greater cytotoxicity 
against androgen-independent LAPC4A1 prostate cancer 
cells than either colchicine or a combination o f  colchicine 
and nilutamide, with a maximum difference at 50nM. The 
authors conclude that the activity is unique to 49 and not due 
to synergy o f  the individual m oieties. However, it is note
worthy that the combination tested included nilutamide and 
not cyanonilutamide. In addition, the authors note that, as 49 
is a more potent inhibitor o f  tubulin assembly than colchi
cine, it is possible that the greater cytotoxicity o f  49 is in part 
due to enhanced inhibition o f  tubulin assembly.

S9, a  H y b rid  o f a-M ethylene-y-L actone an d  2-Phenyli- 
ndole

Derivatives o f  2-phenyl indole have been shown to in
hibit tubulin assem bly by binding to the colchicine binding 
site on tubulin [100-102]. The phosphatidylinositol 3-kinase 
(PI3K )/ Akt/ m ammalian target o f  rapamycin (m TOR) path
way plays a central role in tum our formation and progression 
[103]. Furthermore, inhibitors o f  the PI3K -A kt-m T0R  path
way have been manifested to sensitise tumour cells to apop- 
tosis induced by tubulin destabilisers [104]. Various ses
quiterpene lactones have demonstrated anti-cancer effects by 
disruption o f  m ultiple cell signalling pathways and their ac
tivity is attributed largely to their alpha-methylene-gamma- 
lactone m oiety [105, 106]. Zhang el al. [107] synthesised a 
series o f  hybrids o f  a-methylene-y-lactones and 2 -phenyl 
indoles with the aim o f  discovering new PI3K -A kt-m T0R  
pathway inhibitors with added tubulin-disrupting ability. 
One o f  these, S9 50 was noted for its inhibition o f  multiple 
components in this pathway and DNA repair-related kinases, 
but also for its ability to destabilise microtubules, Fig. (13).

Fig. (13). S9(50).

S9 arrested SKOV-3 human ovarian cancer cells in the M 
phase o f  mitosis and disrupted the organisation o f  the cy- 
toskeleton, indicating a tubulin targeting mechanism o f  cyto
toxicity. S9 was found to bind tubulin at the colchicine site 
with a dissociation constant (K j) value o f  1 l . l^ M  (two-fold 
lower than that o f  colchicine, 24.6 |iM ), and inhibited tubulin 
polymerisation in a concentration-dependent manner but 
with a m uch lower efficacy than vincristine or colchicine. 
SAR studies o f  the series o f  hybrids indicated that the 
methoxy-methoxy (M OM O) group in the side chain o f  the 
phenyl indole is necessary for tubulin binding.

S9 displayed potent activity against a range o f  human 
tumour cells (epithelial, lung, liver, colon, rhabdom yosar
coma, ovarian, osteosarcoma, breast, cervical, stomach, pros
tate and leukaem ia), with a mean IC 50  o f  9nM . W ortmannin, 
a PI3K inhibitor, had a mean IC 50 o f  16|jM and a different 
spectrum o f  activity i.e. wortm annin was more potent in 
some cell lines while 89 was m ore potent in others. The no
tably rapid apoptosis induced by 89 was attributed to its dual 
cytostatic and cytotoxic effect. S9 retained activity against 
MDR epithelial cancer cells (resistant to vincristine and col
chicine), Gleevec® (im atinib)-resistant leukaemia cells and 
rapam ycin-resistant Rh30/Rapa cells. S9 also inhibited the 
growth o f  human rhabdom yosarcom a Rh30 and human hepa
toma SM M C 7721 xenografts on nude mice, with an indica
tion o f  tolerable toxicity. In contrast, a member o f  the hybrid 
series that did not bind to tubulin was found to be less active 
against the proliferation o f  Rh30 cells, despite having a po
tency sim ilar to 89 in impairing P12K -Akt-m T0R signalling. 
Thus the authors confirm the contribution o f  tubulin 
depolym erisation to S9 cytotoxicity.

C O N JU G A T E S O F  T W O  T U B U L IN -T A R G E T IN G  
M O IE T IE S

T axoid-T hiocolchicine C o n jugates

Danieli et al. [108] hypothesised that the failure o f  some 
o f  the hybrids outlined above is at least partially due to the
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different cellular localisation o f  tubulin and the second tar
get, and the difference in ligand affinity o f  the two targets, 
thereby requiring a molar ratio other than 1 :1  for optimal 
effects. Hence, this group decided to focus on creating hy
brids o f  two mechanistically distinct inhibitor moieties but 
which have the sam e target i.e. tubulin, in the hope o f  ob
serving a synergistic effect. Their first report o f  this kind was 
o f  taxoid-thiocolchicine hybrids 51-53, in which a taxoid 
moiety is bound to A'-deacetylthiocolchine by a succinate 
spacer linking the I0-, 7- or 2 ’- OH o f the taxoid unit with 
the basic amino group o f  the colchinoid moiety. Fig. (14).

Hybrids 51 and 52 showed PTX-like activity in tubulin 
polymerisation/depolymerisation experiments using bovine 
brain tubulin (ED 50/ED 50PTX ratio values o f  0.8 and 5 respec
tively). An equim olar m ixture o f  PTX and thiocolchicine 
showed a similar behaviour suggesting that the two moieties 
in the hybrid act independently rather than synergistically, 
and that the taxoid effect o f  polymer stabilisation predom i
nates. Compound 53 was inactive. Nevertheless, 53 showed 
excellent cytotoxicity in MCF-7 breast cancer cell lines. The 
ED 50/  ED50 (PTX) o f  compounds 51, 52 and 53 in MCF-7 
cells were 10, 4 and 7 respectively. This result may suggest a 
different mechanism o f  cytotoxicity, or that compound 53 
undergoes cleavage in a cellular environm ent to generate its 
cytotoxic precursors.

Colchicine-Paclitaxel (“C olch itaxer)

The combination o f  a tubulin polymerisation inhibitor 
and a m icrotubule stabilising agent has led to anti-cancer 
regimens which are superior to the use o f  either agent alone 
[109-112]. The mechanism o f  synergy is not fully under
stood. Indeed other studies have found conflicting results 
[113, 114]. Bombuwala el al. [115] synthesised and evalu
ated a colchicine-paclitaxel conjugate 54 in order to deter
mine whether a single hybrid agent could have the same ef
fect as the combination o f  agents, Fig. (15). The acetyl group 
o f  colchicine was replaced by a glutam ate linker attached to 
the C7 position o f  paclitaxel.

The log P o f 54 was computed to be slightly higher but 
comparable to that o f  PTX, suggesting that the hybrid would 
show a sim ilar ability to permeate into cells. W hen IAR20 
PCI rat liver cells were exposed to varying concentrations o f  
54, the resulting alterations in microtubule arrangem ent re
sembled those observed in cells treated with the combination 
o f  PTX and colchicine in varying molar ratios. However, 
bundles o f  microtubules, characteristic o f  cells treated with 
the drug combination, were not formed in the hybrid-treated 
cells. The effects o f  54 on tubulin were not reported quantita
tively, nor were an IC50 or another measure o f  cytotoxicity 
reported. The study served primarily to distinguish hybrid
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Fig. (14). Taxoid-thiocolchicine conjugates 51-53.
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effects from drug-com bination effects qualitatively rather 
than quantitatively.

Nakagawa-Goto et al. [77] included five paclitaxel- 
colchinoid conjugates 55-59 in a comprehensive study o f 
different linker units and different positions o f  conjugation 
on PTX, Fig. (15).

The hybrids were evaluated for cytotoxicity in several 
human tumour cell lines: 1A9 (ovarian), A549 (lung), MCF- 
7 (breast), prostate carcinom a (LN-CAP, PC-3, D U -145), 
KB (nasopharynx epidermoid), m ulti-drug resistant Pgp ex
pressing KB-VIN, and the normal cell line, human em bry
onic fibroblast (M RC-5). The cytotoxicities o f  the hybrids 
were compared to those o f  the precursors paclitaxel, 2- 
demethyicolchicine and 2-demethylthiocolchicine but not to 
1:1 combinations o f  the relevant m oieties in each hybrid. 
Furthermore, the compound that would be hypothetically 
generated by amide cleavage o f  57 and imine cleavage o f  58- 
59 was not tested for cytotoxicity. Therefore it is not deter

mined whether the activity observed is attributable to the 
intact hybrid or to one or m ore o f  its metabolites.

O f these hybrids, only 58-59 exhibited potency com para
ble to paclitaxel in the cell lines used. They did not have 
activity superior to PTX in the Pgp expressing cell line, sug
gesting that they do not overcom e this mechanism o f  resis
tance. All the hybrids had significantly higher potency than 
their colchinoid precursors. The analogous hybrids 58 (2 ’- 
linkage) and 59 (7-linkage) showed similar potency against 
most cell lines. This would suggest that these conjugates 
undergo cleavage to generate the same m etabolites. A phenyl 
imino linkage was better than the linear amido linkage, as 
conjugate 58 was 4- to 9-fold more potent than 57 against 
1A9, A549, and KB cells. These differences may be due to 
their relative ease o f  bond cleavage or enzyme accessability.

Since the colchicines and paclitaxel have opposite effects 
on microtubule dynamics, it would be interesting to carry out 
tubulin studies with these hybrids to see which effect pre-
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dominates and whether the combination exhibits the same 
activity as the conjugate.

Adam antane-Based Taxol-Colchicine Conjugate

Based on the hypothesis that the taxane siceieton serves 
mainly to orientate the substituents which are important for 
tubulin-binding, Zefirova et al. [116] synthesised a  num ber 
o f  “sim plified” taxane analogues- a series based on a bicyclic 
nonane core and a series with a rigid adamantane core. They 
selected the most active o f  these compounds for inclusion in 
a hybrid compound with colchicine. Hybrid 60 Fig. (16), 
possessed an IC50 o f  0.6nM against human lung carcinom a 
cell line A549, superior to the PTX IC soof 2nM. The IC50 o f  
the adamantane-based taxane on its own was 5.6|iM .

The authors attributed the cytotoxicity m ainly to interac
tion with the colchicine binding site. However, immunofluo- 
rescent microscopy o f  microtubules in the A549 revealed a 
small amount o f  m icrotubule bundles characteristic o f  PTX 
activity when a higher dose o f  5 |iM  was tested.

Thiocolchicine and Podophyllotoxin H om o- and Hetero- 
Dimers

Following on from their earlier study, Danieli et al. [117] 
reported the possibility o f  instigating a selection process in a 
dynamic combinatorial library (DCL) by the introduction o f 
a m olecular target, as a short cut for the preparation o f  large 
collections o f polyvalent compounds. The DCL under study 
was comprised o f  N- deacetylthiocolchicine and podophyllo
toxin as building blocks, and a dithioacetyl chain as a linker.

taking advantage o f  the reversibility o f  the disulfide bond. 
Fig. (17). Once the system conditions (solvent, catalyst and 
mixing time) were optimised to facilitate clean disulfide- 
bond exchange, the biological target was introduced in order 
to shift the chemical equilibrium towards the stronger bind
ers. Tubulins are known to collapse when treated with or
ganic solvents and so albumin and subtilism were used as 
alternatives.

The homo- and hetero-dimers produced by disulfide- 
bond exchange were evaluated for anti-proliferative activity 
against the NCI-H 460 human non small cell lung carcinom a 
cell line. The dimers were 10- to 100-fold less potent than 
the monomers.

Significantly, homodimers o f  podophyllotoxin showed 
decreasing anti-proliferative activity with increasing spacer 
dimension. The length o f  the spacer had negligible effects in 
the case o f  the thiocolchicine homodimers.

Vinca Conjugates

In 2008, Passarella et al. [ I I 8 ] reported the synthesis and 
evaluation o f  hybrids 61-68 with vindoline and vinorelbine 
as scaffolds and thiocolchicine, podophyllotoxin and 7-TES- 
baccatin as conjugates linked by succinyl and decanoyl spac
ers, Fig (18). No report was made o f  any attem pt to remove 
the triethylsilyl (TES) protecting group although the effect o f  
this group on the activity o f  baccatin and the baccatin conju
gates begs questioning. Four hybrids based on an anhy- 
drovinblastine (AHVB) scaffold were also synthesised but 
were insufficiently stable to be tested for activity.

0  Ph 0

OH

Fig. (16). A dam antane-based taxol-colchicine conjugate.
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In tubulin polymerisation studies, com pounds 61 and 66 
were the only two to inhibit tubulin polymerisation, with 
potency comparable to thiocolchicine. Given that baccatin is 
a depolym erisation inhibitor, it would have been interesting 
to test the hybrids for inhibition o f  tubulin depolym erisation. 
Interestingly, the heterodim er pairs 61 and 64, and 63 and 
66, which were built up with the same moieties but con
nected by different spacers, showed significantly different 
effects on tubulin polymerisation. Com pounds 61 and 66 
inhibited tubulin polymerisation whereas 64 and 63 were 
alm ost ineffective.

The cytotoxic activitiy o f  the new com pounds were ex
amined in human lung carcinom a A549 cell line. Com 
pounds 61, 67 and 68 were significantly active, with potency 
comparable to vinorelbine. Compound 68 showed highest 
cytotoxicity at lOjiM. Considering its failure to inhibit tubu
lin polymerisation, this may suggest a biological target other 
than tubulin or an alternative effect on tubulin dynamics. A 
third possibility is that the hybrid is cleaved intracellularly to 
generate TBAs or otherwise active agents. Com pounds 61 
and 64 were clearly distinguished in accordance with their 
effects on tubulin. However, com pounds 63 and 66 did not 
display such a distinct difference in cytotoxicity as they did 
in the tubulin polymerisation assay, thereby drawing back 
into question the importance o f the spacer dimension. A lter
natively the apparent conflict o f  results could again be ex
plained by the different context o f  the two assays i.e. the 
hybrids may have activity intracellularly that cannot be ob 

served in the cell-free tubulin polymerisation assay. Compe- 
tition-binding studies with the dimers versus the monomers 
would help to determ ine whether the m ultivalent m olecule 
does in fact bind more strongly than the monomer, as was 
hypothesised.

MERGED HYBRIDS

The “true” hybrids discussed above are relatively large 
m olecules. It has been suggested that conjugation o f  an ac
tive TBA to a second drug can impede the conjugate from 
accessing the tubulin-binding site [58]. Furthermore, it was 
apparent that some hybrids required intracellular cleavage to 
generate active agents [73, 108, 118]. An alternative ap
proach to developing hybrid drugs is to identify areas o f  
overlap between the pharmacophores o f  two or more active 
agents and to condense these into a single multi-ligand en
tity. This can be advantageous in that it should give rise to a 
m olecule that is sm aller than that which would be obtained 
by linking two distinct pharmacophores together.

Docetaxel-Calcheamicin (“ Taxamycin” )

Fallis el al. [119, 120] designed and synthesised a series 
o f  “m erged” hybrids (“taxam ycins”) which combine aspects 
o f  the important pharmacophores in both the taxane and 
enediyne antibiotic families. Esperamicin and calicheamicin 
are enediyne anti-cancer antibiotics which cleave DNA by
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cycloaromatisation to benzyne di-radicals. Thus, these hy
brids combine two drugs with different m echanisms o f cyto
toxicity. Py el al. [121] synthesised and evaluated hybrid 72, 
containing the bicyclo [7, 3, 1] trideca-4, 9-dien-2, 6-diyne 
core structure possessed by both esperam icin and cali- 
cheamicin, onto which the docetaxel 69 side chain is at
tached, Fig. (19). Compound 72 displayed negligible effects 
on tubulin polymerisation in vitro  and in protecting against 
Ca^* induced depolym erisation compared to Taxol®. Cyto
toxic activity with the HT-29 (intestinal) human cancer cell 
line was also weak (70%  cell death at lO'^ M compared to 
90%  at 10'^ M with Taxol®). This was explained by the hy
perstability o f  the bridgehead double bond, which needs to 
be removed in order to exact a cytotoxic effect by cycloaro
matisation [121].

M icrotubule Stabilising Hybrids

The mechanism o f  m icrotubule stabilisation is shared by 
taxanes, eleutherobin, epothilones A and B and discodermol- 
ide. Ojima el al. [122] designed and synthesised hybrid 77, 
constructed on a proposed pharmacophore that unites pacli- 
taxel (2), nonataxel (73), epothilone B (74), discodermolide 
(75) and eleutherobin (76), and rationalises the extensive 
SAR data pertinent to these compounds, Fig. (20). NOESY 
conformational analysis and high temperature m olecular 
dynamics studies led to the design o f  77. This “hybrid” ex
hibited submicromolar IC50 values (0.39nM  against the hu
man breast cancer cell line M DA-435/LCC6-W T) and 37% 
activity as compared to PTX in a tubulin polymerisation as
say.

The following year, O jima el al. [123] reported further 
studies around this theme with the synthesis o f  16-, 17- and 
18-membered macrocycles combining the structural features 
o f  taxoids and epothilones. Tested against the same cell line, 
none o f  these compounds were superior to hybrid 77 above.

Com bretatropone Derivatives

Janik and Bane [124] prepared a series o f  substituted tro- 
pone derivatives o f  combretatropone 79, Fig. (21) -  de
scribed as a “m erged” hybrid o f  combretastatin A-4 44 and 
colchicine 3- in a study to evaluate the relative role o f  con
formational entropy in the afTmity o f  colchinoids for tubulin. 
This study was devised to expand on the previous finding 
that the contacts between colchicine and tubulin involve ju st 
the A and C rings [125], but that conformationally m obile 
ligands eg 2-m ethoxy-5-(2',3',4'-trim ethoxy)-2,4,6-cyclohe- 
p tatrien-1-one (M TC) 78, may interact with the colchicine 
binding site differently than the conformationally rigid col
chinoids [126-128], All o f  the derivatives were tested for 
effects on bovine brain m icrotubule dynamics in vilro. The 
combretatropones as a class are significantly less active than 
the analogous MTC derivatives, which are themselves less 
active than C-10 substituted colchicine analogues. The find
ings support the conclusion o f  M enendez el al. [128], that 
conformational entropy o f  the ligand is an important factor in 
the potency o f colchinoid drugs. Moreover, the nature o f  the 
tropone substituent had little effect on the potency o f  the 
colchinoids, whereas the trend in the MTC and com bretatro
pone data differed considerably. The authors conclude that 
both steric and electrostatic properties o f  the C -11 substitu
ent play a role in combretatropone anti-M T activity, in the 
absence o f  the tethering B-ring o f  the colchinoids. In addi
tion, it was found that in the combretatropone series, both 
isomers o f  each o f  the fiuoro- and alkylcombretatropones 
have essentially identical activity, whereas in the tricyclic 
series, the isocolchicine isomers are inactive as inhibitors o f  
M T assembly. This would suggest that the conformational 
mobility imparted by the ethylene bridge is sufficient to al
low the isocolchicine-like isomer to interact with tubulin in a 
colchicine-like manner. The authors propose that, with re
spect to the tropone ring isomers, the entropic loss may be 
counterbalanced by the enthalpic gain.

OH

OH

HO
BzO

Docetaxel (69)

;  OH

CH,SSSM e

Esperamicin aglycon (70) X=OH 
Calicheamicin aglycon (71) X=H

OH

Taxamycin (72)

Fig. (19). Docetaxel (69), Esperamicin (70) Calicheamicin (71) and Taxamycin (72).
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Colchicine-Caulerpenyne Merged Hybrid

Caulerpenyne (CYN) 80 is a sesquiterpene isolated from 
C.laxifolia which has been shown to inhibit brain tubulin 
polymerisation with an IC50 in the range 20-50nM and has 
anti-proliferative activity on the tumour cell line SK-N-SH 
[129], Its exact site o f binding on tubulin has not been con
firmed. A high degree o f biological activity is attributed to

the 1,4-diacetoxybutadiene group of this compound [130]. 
Bourdron et al. [131] synthesised and evaluated two di- 
astereomers of 81 possessing the diacetoxybutadiene group 
of caulerpenyne 80 and the trimethoxybenzene moiety (A 
ring) o f colchicine 3, in effect, a “merged hybrid”, Fig. (22). 
The rationale for 81 was its remarkable superimposition with 
colchicine in which most heteroatoms overlap. The resulting 
hybrid was designed to possess greater flexibility than the
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MeO

OMe

Colchicine (3)

MeO

0

Caulerpenyne (80)

Fig. (22). Colchicine (3), Caulerpenyne (80) and Colchicine-caulerpenyne merged hybrid 81.

M e O " ^

81

rigid seven-membered ring o f  colchicine, thus a second in
centive for the study was the possibility o f  a further insight 
into the relative role o f entropy and enthalpy in the binding 
o f  colchinoids to tubulin.

The diastereomers, when tested for cytotoxicity in 
HaCaTs cells (keratynocytes), were less active than colchi
cine but did induce a concentration-dependent inhibition 
(ICso 1 .4-4nM ) o f  the same order as the IC 50 o f  C Y N . Turbi- 
dometry showed that the hybrids were not powerful inhibi
tors o f  microtubule formation in vitro. N or did the hybrids 
significantly inhibit angiogenesis with the human microvas- 
cular endothelial cell line, H M EC -1.

Combretastatin A-4/Iamellarin T hybrids

Lamellarin T (82) is a mem ber o f  the lamellarin pyrrolic 
marine alkaloid family which display topoisomerase I inhibi
tory, cytotoxic, reversion o f  drug-resistance, anti-bacterial 
and/or anti-mitotic properties [ 132]. Its structure incorporates 
a combretastatin-like substructure. On this basis, Banwell el 
al. [133] prepared a series o f  4, 5-diaryl-l//-pyrrole-2-

carboxylates as CA-4/lamellarin T hybrids for biological 
evaluation as anti-m itotic agents, Fig. (23). The presence o f  
the carbom ethoxy group within such constructs was hy
pothesised to address the solubility issues associated with 
CA-4. In addition, the pseudo amino acid residue was specu
lated as a site for potential conjugation with tumour-targeting 
peptide sequences. Com pounds 83 and 84 inhibited tubulin 
polymerisation with IC 5 0 S similar to that o f  CA-4 and like
wise inhibited the binding o f  radiolabelled colchicine to tu
bulin, but none o f  the compounds were as potent as CA-4 
against lymphoma cell growth. The relative inactivity o f  N- 
p-m ethoxybenzyl or A'-PMB-substituted systems 85 and 8 6  

and the isomeric com pounds 87 and 8 8  confirmed that the 
relative conformation o f  the two aryl units is crucial for 
ligand-protein binding. Conformational integrity must there
fore be preserved when designing colchicine-based hybrids.

Com bretastatin-Chalcone Hybrids

Chalcones (1,3-diary 1-2-propen-1-ones) 89 Fig. (24) rep
resent a class o f  natural small m olecules which inhibit tubu
lin polymerisation by binding to the colchicine site and alky-
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Fig. (23). Combretastatin A4 (44), lamellarin T (82) and hybrids 83-88.



Tubulin-Targeting Agents in Hybrid Drugs Current Medicinal Chemistry, 2010 /7 , yVo. 7 629

OMe

Chalcone general structure (89)

Fig. (24). Chalcone (89) and combretastatin-chalcone hybrid 90.

late cellular nucleophiles [134], Nam et al. [135] prepared a 
series o f  all-trans-l-aryl-4-aryl-5-aryl-2, 4-pentanediene-l- 
one as a hybridised form o f  a chalcone and combretastatin. 
The hybrids were evaluated against a panel o f  cancer cell 
lines including m urine melanoma (B16), colon cancer 
(H C T 1I6), human epidermoid carcinom a (A431) and HU- 
VECs. SAR studies revealed that a 2, 4-dihydroxyphenyl at 
position 1 o f  the 2, 4-pentanediene-l-one was essential for 
cytotoxicity. Hybrid 90 Fig. (24) was the most potent o f  the 
series, although it was less than one tenth as potent as CA-4.

Vinca-Phomopsin Hybrids

The tubulin-binding sites o f  phomopsin A 91 and vin
blastine have been found to overlap significantly [136]. 
However, the “vindoline” moiety o f  vinblastine and the lat
eral chain o f  phom opsin A are oriented in opposite directions 
when bound to tubulin. Phomopsin A is found to make ex
tensive contacts with Tyr P224, one o f  the residues sand
wiching the GDP (guanosine diphosphate)-GTP nucleotide 
exchangeable site, thereby inhibiting nucleotide exchange 
[136]. Ngo er a/. [137] designed “m erged” hybrids 92-101 o f 
anhydrovinblastine, vinorelbine and simplified phom opsin A 
side chains, Fig. (25), with a view to generating multi- 
liganded m olecules with increased cytotoxicity and as an 
attempt to decipher the interactions o f  these drugs with tubu
lin.

All the com pounds, except compound 101, showed sig
nificant MT assem bly inhibition, with compound 92 being

MeO. OMe

MeO. HO.

’OH

090

even more potent than vinblastine (ICso/ICsovinblastine 0.9). 
It would have been desirable to compare activity o f  92 to 
anhydrovinblastine (A V LB) since AVLB is the relevant pre
cursor, but AVLB was not tested. The hybrids had IC50 val
ues in the range 0.05-1.3nM  in the KB (nasopharynx epi
dermoid) cell line, compared to IC50 values o f  InM , InM  
and 0.04nM  for vinblastine, nor-anhydrovinblastine and an
hydrovinblastine respectively.

Com pounds 97-101 were each obtained as one di- 
astereomer. A Nuclear Overhauser Enhancement Spectros
copy (NOESY) experiment, molecular dynamic m odelling 
studies and docking experiments showed that the peptide 
chain in these hybrids is in opposite orientation to that in 
phomopsin A and does not interact with Tyr P224 near the 
GDP-GTP nucleotide site.

Cryptophycin-Epothilone Merged Hybrid

Cryptophycins are a family o f  16-membered macrolides, 
isolated from the cyanobacteria Nosloc sp., believed to bind 
tubulin in the vinca domain and inhibit polymerisation [138]. 
Epothilones are macrolides, isolated from the m icrobacte
rium S. cellulosum, which bind tubulin near the interior tax- 
ane site and stabilise tubulin polym ers in a PTX-like fashion 
[35]. Noting the intriguing structural similarities between 
these two families. W hite et al. [139] hypothesised that a 
hybrid structure that complies with all the homologies o f  the 
two families, but also incorporates selected features o f  either 
cryptophycin 4 102 and /ra«5 -epothilone C 103, would act as

COOH

COOH

Phomopsin A (91)

MeOOC

M eO'

n = I anhydrovinblastine scaffold
92 R = ProOMe
93 R = Pro-lleOBzl
94 R = Pro-IleOh
95 R = Pro-Ile-Asp(OBzl)2

96 R = Pro-Ile-Asp(OH ) 2

n = 2 vinorelbine scaffold
97 R =  ProOMe
98 R =  Pro-IleOBzl
99 R =  Pro-lleOH

100 R =  Pro-Ile-Asp(OBzl)2

101 R = Pro-Ile-Asp(OH )2

Fig. (25). Phomopsin A (91) and Vinca-phomopsin hybrids 92-101.
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a good probe for investigating the different tubulin binding 
modes characteristic o f  each parent structure, Fig. (26). A 
second incentive for the study was that the “m erged” hybrids 
generated may possess the cytotoxic properties o f  both par
ent molecules.

Cryptothilone 104 contains the upper ha lf o f  cryptophy
cin and a lower half common to most epothilones. The hy
brid had no effect on tubulin polymerisation or depolym eri
sation. The authors concluded that the hybrid has no affmity 
for either the cryptothilone or the epothilone binding site. 
These results may provide a disincentive to design merged 
hybrids o f  compounds which have different binding sites and 
different effects on tubulin.

Discodermolide-Dictyostatin M erged Hybrids

Strong structural similarities, particularly with regard to 
stereochemical homology [140], exist between discodermol- 
ide 75 and dictyostatin-1 105, two microtubule-stabilising 
agents with PTX-like activity, Fig (27). Dictyostatin has 
been shown to have the strongest tubulin-binding affinity 
and assembly-inducing ability o f  all natural tubulin- 
polymerising compounds [141] and is active in Pgp express
ing PTX-resistant cell lines [142]. Discodermolide remains 
potent against many MDR cancer cell lines and has a greater 
tubulin-binding affinity than PTX [143]. A hypothetical con
densation o f  the carbamate N H j group o f discodermolide 
with the proximate lactone carbonyl group gives a 2 2 - 
membered ring (not shown), which is the same size as the 
ring in dictyostatin. Based on this observation, Shin el al. 
[144] synthesised two hybrid analogues 106 and 107 o f  dis
codermolide and dictyostatin.

Tested against human breast and ovarian cancer cell 
lines, 106, which lacks the C 9’-0 H , C 7’-0 H , C6 ’-Me and 
diene o f  dictyostatin, displayed weak cytotoxicity, much less 
than that o f  discodermolide. Hybrid 107, lacking only the 
C 9’-0 H  o f  dictyostatin, displayed far better cytotoxicity than 
106, though still approximately 14- to lOO-fold less active 
than discodermolide. Compound 107 displaced [^H] - pacli- 
taxel stoichiometrically bound to m icrotubules at about one- 
third the potency o f  discodermolide.

Building on the above findings, Paterson et al. [145] re
ported the synthesis and evaluation o f  a novel dic- 
tyostatin/discodermolide “m erged” hybrid, 108, incorporat
ing the full C2-C24 linear sequence o f discodermolide and 
the (Z)-enoate o f  dictyostatin. The energetically preferred 
conformation o f  the proposed hybrid, as determined by a

10,000 step Monte Carlo conformational search, was con
firmed to correlate well with the X-ray crystal structure o f 
discodermolide in its bioactive conformation. Hybrid 108 
displayed anti-proliferative activity against MDA-MB-231 
(breast), A549 (non-small cell lung) and HT29 (colon) hu
man cancer cell lines, with a cytotoxicity around one-tenth 
that o f  discodermolide (IC 5o~0 .0 2 nM).

In a more recent study, Paterson et al. [146] slightly al
tered the design, this tim e synthesising hybrid 109 featuring 
the dienoate o f  dictyostatin. In order to probe the contribu
tion o f  the C7, C9-diol to the pharmacophore, 110 was also 
synthesised and evaluated. Tested against human cancer cell 
lines- PANC-1 (pancreatic), A sPC -l (pancreatic) and DLD-1 
(co lon)- 109 showed low nanomolar cell growth inhibition 
(ICso 5-39 nM) that was intermediate between that measured 
for discodermolide and dictyostatin, and m aintained this ac
tivity against the NCI/ADR-Res (PTX-resistant ovarian) cell 
line (IC 50 66.4 +/- l5.2nM ). Compound 110 had reduced 
cytotoxicity (low micromolar), suggesting that one or both o f 
the C7 or C9 hydroxyls plays a key role in interacting with 
tubulin or in maintaining the bioactive conform ation. The 
authors attributed the enhanced cytotoxicity o f 109 relative 
to discodermolide to the more constrained macrocyclic struc
ture with the dictyostatin-like C1-C7 region playing a sig
nificant role in binding to tubulin.

Taltobulin-Dolastatin M erged Hybrids

Several members o f  the dolastatin family o f  peptides, in
cluding dolastatin 10 111 and cemadotin 114, have reached 
clinical trials as inhibitors o f  tubulin polymerisation. Talto- 
bulin 116, a synthetic analogue o f the natural tripeptide he- 
miasterlin 117, has advanced to clinical trials as an anti
cancer drug which binds tubulin in the vinca domain. It is a 
poor substrate for Pgp [147] and therefore warrants addi
tional interest. SAR studies by Zask et al. [148] revealed 
critical elements o f  taltobulin that translate to comparable 
moieties in the amino terminus tripeptide o f  the dolastatins, 
thereby providing a common scaffold on which to build hy
brids. The group therefore undertook the synthesis and 
evaluation o f  hybrid compounds 118-121, Fig. (28) com
posed o f  taltobulin and the carboxy-term inus dipeptides o f  
dolastatin analogues in an attempt to further elucidate the 
pharmacophoric m oieties o f  these two families o f  peptidic 
TBAs that bind in the vinca domain. A second rationale for 
the study was the possibility that the hybrids may have in
creased cytotoxic potency and reduced Pgp affinity relative 
to the parent compounds.

HN,

OMe

OH OH

Natural cryptophycin 4 (102) ,™ m-Epothilone C (103)

Fig. (26). Cryptophycin 4 (102), /rawi-Epothilone C (103) and Cryptothilone 104.

Cryptothilone 104
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The hybrids were tested for activity in human nasophar
ynx epidermoid cells, KB-3-1, KB-8-5 and KB-V l express
ing none, moderate and high levels o f  Pgp respectively. Do- 
lastatin 10 111, dolastatin 15 113 and taltobulin 116 were 
tested as reference compounds. Dolastatin 10 was the most 
potent compound overall (IC50 0.073nM  in KB-3-1 cells). 
Hybrids 118-120 showed equipotent activity to taltobulin 
and dolastatin 15 in the KB-3-1 cell line (IC50 0.75-1.1 nM). 
Susceptibility to Pgp was increased dramatically relative to 
that o f  taltobulin as evidenced by decreased potency against 
KB-8-5 and K B -V l cells. Dolastatin 15 was found to be a 
similarly good substrate for Pgp. Hybrid 121, comprised o f  
the carboxy-terminus dipeptide o f  cemadotin coupled to a 
truncated analogue o f  taltobulin, showed 3.5-fold higher 
potency in the KB-3-1 cells than taltobulin or dolastatin 15 
or the analogous hybrid 120. However, 121 was still more 
susceptible to Pgp than taltobulin. All four hybrids inhibited 
tubulin polymerisation with a potency comparable to taltobu
lin and dolastatin iO.

The authors conclude that the lipophilic aromatic groups 
in the hemiasterlin amino term inus obviate the need for the 
carboxy-terminus dipeptide required for potency in the do- 
lastatins, and that it is this very dipeptide that makes mem
bers o f  the dolastatin family good substrates for Pgp. This 
QSAR information may be useful in the design o f  simpler 
analogues o f  the dolastatins with lower molecular weights 
and better activity in Pgp-expressing cell lines.

B rom oacryloylam ido C halcones

The enone functionality o f  chalcones is hypothesised to 
react with cellular nucleophiles, thus contributing to their 
anti-proliferative activity [149]. The pyrroloim inoquinone 
cytotoxic alkaloids Discorhabdin A and G 122 contain an a- 
bromoacryloyl alkylating moiety which is considered re
sponsible for their cytotoxicity [149]. Based on this observa
tion that both chalcones and a-brom oacryloyl moieties can 
act as trapping agents o f  cellular nucleophiles, Romagnoli et 
al. [149] designed two series o f  “m erged” hybrids 123-124 
incorporating these two moieties within their structures in 
the hope that they would be m ore potent than the corre

sponding compounds containing only one nucleophilic cen
ter, Fig. (29).

Chalcones are known to block cells in the G2-M phase o f 
the cell cycle, consistent with their ability to inhibit tubulin 
assembly [149]. The hybrids were found to be ineffective as 
inhibitors o f  tubulin assembly, and a flow cytometric analy
sis o f  K562 human chronic myelogenous leukaemia cells 
showed an increase in cells entering the apoptotic sub-GO- 
0 1  phase, confirming that the hybrids exert their apoptotic 
effect by a mechanism other than tubulin polymerisation 
inhibition. Based on studies o f  the apoptosis pathway and 
mitochondrial function, the authors concluded that the 
mechanism o f  action involves the mitochondrial apoptotic 
pathway and activation o f  caspase-3.

D ual H eat Shock P ro tein  (H sp) 90/T libulin  B inding 
C om pound

The involvement o f  Hsp90 in multiple signalling path
ways makes it a valuable anticancer target [150]. A purine 
based analogue, PU3 125 [151] that inhibits Hsp90 contains 
a 3 ’, 4 ’, 5 ’-trimethoxyphenyl moiety that has also been 
shown to be important for the binding o f  tubulin binding 
agents in the colchicine binding site [152], for example 3- 
arylthioindole (126), Fig. (30). With this structural comm on
ality in mind, Knox et al. [153] used virtual screening (VS) 
techniques to identify a single molecule 127 that inhibits 
both targets. Hybrid 127 had an IC50 o f  approximately 
80.76nM  for Hsp90, and a concentration-dependent tubulin 
depolymerising effect with 75|iM  being equivalent to lOjiM 
nocodazole. The hybrid was also shown to exert Hsp90 in
hibitory effects in MCF-7 human breast adenocarcinoma 
cells.

M O N O C L O N A L  A N TIB O D Y  C O N JU G A T E S 

PTX -C 225 M Ab C o n jugate

Drug-M Ab conjugates have been studied in cancer ther
apy as a strategy to improve the side effect profile o f  anti
cancer drugs by a tumour-specific targeting mechanism

Chalcone general structure (89)

NH

Discorhabdin G (122)

123 X = alkoxy(s)

Fig. (29). Chalcone (89), discorhabdin G (122), and bromoacryloylamido chalcones 123-124
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Fig. (30). Hsp90 inhibitor PU3 analogue (125), 3-arylthioindole (126) and hybrid 127.

[154-157]. MAbs in cancer therapy are generally designed to 
target proteins, also known as tumour markers, which are 
over-expressed on the surface o f  tumour cells. As such, 
M Abs in them selves are generally poor cytotoxic agents but 
are highly soluble. Solubility problem s with taxanes, as well 
as toxicity issues, highlight this class o f  drugs as ideal candi
dates for MAb conjugation. Guillemard and Saragovi [158] 
set out the following five objectives when studying MAb 
conjugates o f  taxanes: (a) to chemically conjugate MAbs to 
the relatively small chem otherapeutic taxanes; (b) to afford 
conjugates that are highly soluble in physiological buffers; 
(c) chemical coupling should not affect MAb targeting func
tion but should result in inactivation o f taxane activity; (c/) 
after binding to the target receptor MAbs should induce cap
ping and internalisation and therefore deliver the conjugate 
into the tumour cell; and (e) the chemical coupling has to 
allow the release o f  the taxane in its active form after the 
antibody-cytotoxic drug conjugate is internalised. This is 
potentially achieved by coupling the taxane via a low pH- 
sensitive bond that is cleaved after conjugate internalisation 
and exposure to lysosomal vesicles.

The concept o f  drug-conjugated MAbs for the treatment 
o f  cancer has already been reviewed [159], but for the sake 
o f  completion we include in this review one study o f  a PTX- 
MAb conjugate in which the MAb has some anti-cancer ac
tivity in its own right, thus m eeting the criteria to be termed a 
“true drug hybrid” . Safavy el al. [160] reported the synthesis, 
biodistribution and a preliminary anti-tumour activity 
evaluation o f  a PTX-M Ab conjugate using the human-mouse 
chim eric anti-epidermal growth factor receptor (anti-EGFR) 
antibody C-225 (Erbitux ). The C-225 antibody is character
ised as having the ability to block the ligand-binding site o f 
EGFR, and thereby blocking EGF-induced receptor tyrosine 
phosphorylation which has a role in cell proliferation. PTX 
was derivatised at its 2 ’-hydroxy function by introduction o f  
a  succinate linker, and the carboxy group o f  the latter was 
covalently attached to C-225 through amide bond formation. 
M ass spectroscopy determined the PTX: C-225 ratio in the 
conjugate to be 2. The conjugate was soluble in aqueous 
m edia up to lOmg/mL with two PTX molecules per antibody 
but a PTX: MAB ratio o f  more than 3 resulted in precipita
tion o f  the protein.

Cytotoxicity screening o f  the drug-antibody conjugate 
against A431 (human epidermoid cancer), UM-SCC-1 and 
UM -SCC-6 (head and neck squam ous carcinoma) cells indi
cated an enhancem ent in cytocidal effect o f  PTX compared 
to that o f the free drug, the intact antibody, and a physical

m ixture o f  the two in a PTX:C-225 ratio o f  2. The com bina
tion control allowed the authors to conclude that the en
hancement in efficacy was due to a targeted delivery m echa
nism and not from a synergistic interaction between PTX and 
the MAb. An Annexin V-FITC Apoptosis Detection Kit was 
used to examine the induction o f  apoptosis. In A43I cells, 
the conjugate showed 25.2%  ±  2.2®/o o f  apoptosis induction 
as compared to little or no apoptosis caused by the controls. 
A 5-fold molar increase in the concentration o f  free drug was 
required to induce apoptosis to the same extent as did the 
conjugate. Biodistribution analysis o f  the PTXC225 in tu
m our-implanted nude mice using iodogen radiolabelling, and 
a tyrosine-kinase immunoblot assay showed that conjugation 
o f  the drug did not interfere with the immunoreactivity o f  the 
antibody. The 24-h tumour uptake o f  C225 and PTXC225 
were 11.7% ± 6.0%  and 7.1%  ±  3.6%  o f  the injected dose 
per gram o f  tissue (% lD/g), respectively, which were not 
significantly different. In an in vivo tumour growth inhibition 
study in A431-implanted nude mice, the conjugate and C225 
showed tumour growth inhibition effects o f  57.2%  and 
41.2%, respectively, which were not significantly different 
from each other. This lack o f  difference in the in vivo anti
tumor activity o f  the M Ab-delivered drug and lone MAb 
may be due to either a relatively low dose o f  the antibody- 
delivered drug (346 [ig/kg) in one single injection, or an un
timely release o f  it, or both. Earlier studies by this group had 
shown a PTX-PEG-peptide conjugate to have a drug release 
half-life o f  about 113 minutes at 37°C in the presence o f  
human plasma [161]. It is possible that this half-life is not 
long enough to survive the tum our localisation time o f  C- 
225. The authors report studies underway on alternative link
ers with potentially improved release kinetics.

The authors present the tum our growth inhibition and cy
totoxicity studies and the biodistribution results as evidence 
that the covalent attachm ent o f  PTX to the antibody does not 
remove its tum our binding and cytotoxicity properties. How
ever no studies were reported to affirm that PTX is released 
in vivo as the free drug or as an active derivative which re
tains its m icrotubule-binding and stabilisation effects. This 
would seem imperative to the development o f  PTX-M Ab 
conjugates since the MAb serves first and foremost to deliver 
PTX to its site o f  activity in the tum our cells. This rationale 
becomes immediately redundant if  conjugation o f the drug to 
the MAb in fact interferes with the drug’s efficacy. Further
more, if  it were found that the drug is released but with the 
succinate linker still attached, the effects o f  the linker on 
PTX activity should be investigated.
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C O N C LU SIO N S

The body o f  evidence presented here suggests that the 
concept o f  hybrid TBAs is an area well worthy o f  further 
research and that there exists an ample scaffold o f  data on 
which to build. As with any novel drugs in developm ent for 
cancer therapy, the emphasis should be on activity in resis
tant cell lines and improved therapeutic outcomes. Much o f  
the literature uses potency as the deciding factor in drug se
lection. However, less potent drugs can be more efficacious 
if  they achieve more thorough and conclusive eradication o f  
tumours, even if  a more prolonged cycle or higher dose 
treatment is required. In this respect, toxicity is as crucial a 
factor as potency. In addition, since TBAs often have more 
than one mechanism o f  action, and given that one o f  the ad
vantages o f  drug hybridisation is the potential for creating a 
dual-acting drug, hybrid compounds that are shown to affect 
cancer cells and decrease tum our size should be system ati
cally evaluated for non-tubulin sites o f  activity.

The rationale behind developing the hybrid drug should 
include a statement o f  the potential and actual advantages o f  
the hybrid over the unconjugated combination o f  its con
stituents. Ideally, the advantages should outweigh the disad
vantages (compromised dose flexibility and schedule flexi
bility) before the developm ent o f  the hybrid agent can be 
justified. For this reason, the activity profile o f  the hybrid 
molecule should be compared to the activity profile o f a m o
lar equivalent combination o f  its constituents. A point o f 
interest that is often overlooked in the papers here reviewed 
is that the hybrid molecule may be m etabolised to generate 
novel modified analogues o f  the parent drugs. These ana
logues, as potential products o f  the hybrid in vivo, should be 
tested for activity in order to confirm that the compound 
most worthy o f development is indeed the hybrid and not 
one o f its metabolites. Therefore, due consideration should 
be given to the potential fate o f  the hybrid in a physiological 
environment. This is especially relevant when the hybrid in 
question has one or more bonds that may be subject to cleav
age. Consequently, the choice o f  linker group in conjugated 
drug hybrids requires careful consideration with regard to 
cleavability and other properties.

For the same reason, a distinction should be made be
tween activity profiles in vitro, in cell lines and in vivo. The 
bulk o f  the molecule must be taken into account when as
sessing its ability to penetrate cells or to access a binding 
site. This can sometimes account for a discrepancy between 
in vitro and in vivo  test results. For example, a molecule may 
show activity in vitro while appearing inactive in vivo  where 
more complex processes o f  absorption, distribution, m etabo
lism and elimination come into play. The tubulin heterodi
mer can adopt “curved” and “straight” conform ations de
pending on the microenvironm ent including drug interac
tions and ionic conditions. This should be taken into account 
when designing hybrid drugs and analysing data.

Overall, the tubulin-targeting hybrid drugs thus far inves
tigated provide a foundation on which to base further studies. 
A variety o f  hybrid designs have been conceived, for which 
novel rationales have been proposed.

A B B R EV IA TIO N S

AVLB = anhydrovinblastine

bFGF = basic fibroblast growth factor

CA-4 = combretastatin A-4

CPT = camptothecin

CrEl = Cremophore EL

CYN = caulerpenyne

DNR = Daunorubicin

DNA = deoxyribonucleic acid

DRCL = drug resistant cell lines

EDso = 50% effective dose

EGFR = epidermal growth factor receptor

EP = epipodophyllotoxin

FDA = Food and Drug Administration

GA = glycerrhetinic acid

GTP = guanosine triphosphate

Hsp = heat shock protein

HTCL = human tum our cell lines

HUVEC = human umbilical vein endothelial cell

ICso = 50% inhibitory concentration

MAb = monoclonal antibody

MDR = multidrug-resistant

MTC 2-M ethoxy-5-(2',3',4'-trimethoxy)-2,4,6-
cycloheptatrien-l-one

mTOR = mammalian target o f  rapamycin

MTs = m icrotubules

NCI = National Cancer Institute

NOESY = Nuclear Overhauser Enhancement Spectros
copy

PABC = para-am  inobenzy loxy carbonyl

PI3K = phosphatidylinositol 3-kinase

PgP = P-gly coprotein

PTX = paclitaxel

QSAR = quantitative structure/activity relationship

SST = somatostatin

SSTR = somatostatin receptor

TBAs = tubulin-binding agents

TES = triethylsilyl

tBOC = /err-butoxy carbamate

VEGFR = vascular endothelial growth factor receptor

VS = virtual screening

VTAs = vascular-targeting agents



Tubulin-Targeting Agents in Hybrid Drugs Current Medicinal Chemistry, 2010 VoL 17, No. 7 635

REFERENCES [23]

|l ]  Amos, L. A Microtubule structure and its stabilisation Org. Bio- 
moi Chem., 2004,2,2153-60.

[2] Pellegrini, F., Budman, D. R. Review: tubulin function, action of
antitubulin drugs, and new drug development. Cancer Invest.,
2005,2 3 ,264-73.

|3] Thorpe, P. E. Vascular targeting agents as cancer therapeutics.
Clin. Cancer Res., 2004,10 ,415-27.

[4] Denekamp, J. Endothelial cell proliferation as a novel approach to
targeting tumour therapy. B r J. Cancer, 1982,4 5 ,136-9. [25]

[5] Denekamp, J. Vascular attack as a therapeutic strategy for cancer
Cancer Metastasis Rev., 1990,9 ,267-82.

[6] Denekamp, J.; Hobson, B. Endothelial-cell proliferation in expert- 
mental tumours. Br J. Cancer, 1982,46 ,711-20.

|7] Grosios, K.; Holwell, S. E.; McGown, A. T.; Pettit, G. R.; Bibby,
M. C. In vivo and in vitro evaluation of combretastatin A-4 and its
sodium phosphate prodrug. Br J. Cancer, 1999, SI, 1318-27.

|8] Galbraith, S. M.; Chaplin, D. J.; Lee, F ; Stratford, M. R.; Locke,
R. J.; Vojnovic, B.; Tozer, G. M. Effects of combretastatin A4 
phosphate on endothelial cell morphology in vitro and relationship [^*1
to tumour vascular targeting activity in vivo. Anticancer Res., 2001,
2 /, 93-102.

(9) Kanthou, C.; Tozer, G. M. The tumor vascular targeting agent 
combretastatin A-4-phosphate induces reorganization o f the actin 
cytoskeleton and early membrane blebbing in human endothelial 
cells. Blood, 2002, 99 ,2060-9.

[10] Downing, K. H. Structural basis for the Interaction o f tubulin with 
proteins and drugs that affect microtubule dynamics. Annu. Rev.
Cell. Dev Biol., 2000 ,16, 89-111.

I l l ]  Jordan,M. A.; Margolis, R, L.; Himes, R. R ; Wilson, L. Identifica
tion of a distinct class of vinblastine binding sites on microtubules.
J. Mol. Biol., 1986, /S 7 ,61-73.

[12] Rai, S. S.; Wolff, J. Localization of the vinblastine-binding site on
beta-tubulin. y. Biol. Chem., 1996,27/, 14707-11. [31]

[13] Gigant, B.; Wang, C.; Ravelli, R.; Roussi, F.; Steinmetz, M.;
Curmi, P ; Sobel, A.; Knossow, M. Structural basis for the regula
tion o f tubulin by vinblastine. Nature, 2005,435, 519-522.

[14] Nogales, E.; Wolf, S. G.; Downing, K. H. Structure of the alpha 
beta tubulin dimer by electron crystallography Nature, 1998, 391,
199-203.

[15] Rao, S.; He, L.; Chakravarty, S.; Ojima, I.; Orr, G. A.; Horwitz, S.
B. Characterization of the Taxol binding site on the microtubule. 
Identification of Arg(282) in beta-tubulin as the site of photoincor
poration of a 7-benzophenone analogue of Taxol. J. Biol. Chem.,
1999,274,37990-4.

[16] Rao, S.; Krauss, N. E.; Heerding, J. M.; Swindell, C. S.; Ringel, I.;
Orr, G. A.; Horwitz, S. B. 3'-(p-azidobenzamido)taxol photolabels 
the N-terminal 31 amino acids of beta-tubulin J. Biol. Chem.,
1994,269,3132-4.

[17] Rao. S.; Orr, G. A.; Chaudhary, A. G.; Kingston, D. G.; Horwitz, S.
B. Characterization of the taxol binding site on the microtubule. 2- 
(m-Azidobenzoyl)taxol photolabels a peptide (amino acids 217- 
231) o f beta-tubulin. y. Biol. Chem., 1995,270,20235-8.

[18] Snyder, J. P.; Nettles, J. H.; Cornett, B.; Downing, K. H.; Nogales,
E. The binding conformation o f Taxol in beta-tubulin: a model 
based on electron crystallographic density. Proc. Natl. Acad. Sci.
US./1., 2 0 0 1 , 5 3 1 2 - 6 .

[19] Bai, R.; Pei, X. F ; Boye, 0 .; Getahun, Z.; Grover, S.; Bekisz, J.;
Nguyen, N. Y.; Brossi, A.; Hamel, E. Identification o f cysteine 354 I^^]
of beta-tubulin as part of the binding site for the A ring of colchi
cine. J. Biol. Chem., 1996,2 7 1 ,1263945.

[20] Ravelli, R. B ; Gigant, B.; Curmi, P A.; Jourdain, I.; Lachkar, S.,
Sobel, A.; Knossow, M. Insight into tubulin regulation from a 1^*1
complex with colchicine and a stathmin-like domain. Nature, 2004,
428, 198-202.

[21] Uppuluri, S.; Knipling, L.; Sackett, D L ; Wolff, J. Localization of t^^] 
the colchicine-binding site o f tubulin. Proc. Natl. Acad. Sci. U S A ,
1993,90,11598-602.

[22] Clement, M. J.; Rathinasamy, K., Adjadj, E.; Toma, F ; Curmi, P
A.; Panda, D. Benomyl and colchicine synergistically inhibit cell 
proliferation and mitosis: evidence o f distinct binding sites for 
these agents in tubulin. Biochemistry, 2008, 47, 13016-25.

Gupta, K.; Bishop, J.; Peck, A.; Brown, J.; Wilson, L.; Panda, D 
Antimitotic antifungal compound benomyl inhibits brain microtu
bule polymerization and dynamics and cancer cell proliferation at 
mitosis, by binding to a novel site in tubulin. Biochem., 2004, 43, 
6645-55.
MacDonald, L. M.; Armson, A.; Thompson, A. R.; Reynoldson, J.
A, Characterisation o f benzimidazole binding with recombinant tu
bulin from Giardia duodenalis, Encephalitozoon intestinalis, and 
Cryptosporidium parvum. Mol. Biochem. Parasitol., 2004 ,138, 89- 
96.
Yenjeria, M.; Cox, C.; Wilson, L.; Jordan, M. A. Carbendazim 
inhibits cancer cell proliferation by suppressing microtubule dy
namics. J. Pharmacol. Exp. Ther, 2009,328 ,390-8.
Bourdron, J.; Barbier, P.; Allegro, D.; Villard, C.; Lafitte, D.; 
Commeiras, L.; Parrain, J. L.; Peyrot, V. Caulerpenyne binding to 
tubulin: structural modifications by a non conventional pharmacol
ogical agent. Med. Chem., 2009,5 , 182-90.
Morrissette, N. S.; Mitra, A.; Sept, D.; Sibley, L. D. Dinitroanilines 
bind alpha-tubulin to disrupt microtubules. Moi Biol. Cell, 2004, 
1 5 ,1960-8.
Bai, R. L.; Pauli, K. D.; Herald, C. L.; Malspeis, L.; Pettit, G. R.; 
Hamel, E. Halichondrin B and homohallchondrin B, marine natural 
products binding in the vinca domain of tubulin. Discovery of tubu
lin-based mechanism o f action by analysis o f differential cytotoxic
ity data J. Biol. Chem., 1991, 266, 15882-9.
Liu, J.; Towle, M. J.; Cheng, H.; Saxton, P ; Reardon, C.; Wu, J.; 
Murphy, E. A., Kuznetsov, G.; Johannes, C. W.; Tremblay, M. R.; 
Zhao, H.; Pesant, M., Fang, F. G.; Vermeulen, M. W.; Gallagher,
B. M., Jr.; Littlefield, B. A. In vitro and in vivo anticancer activities 
o f synthetic (->laulimalide, a marine natural product microtubule 
stabilizing agent. Anticancer Res., 2 0 0 7 ,2 7 ,1509-18.
Dutcher, J. P; Novik, Y ; O'Boyle, K.; Marcoullis, G.; Secco, €., 
Wiemik, P H. 20th-century advances in drug therapy in oncology- 
Part. II. J. Clin. Pharmacol., 2000,40, 1079-1092 
Pizzocaro, G.; Salvioni, R.; Pasi, M.; Zanoni, F; Milani, A.; Pilotti, 
S.; Monfardini, S. Early resection o f residual tumor during cis- 
platin, vinblastine, bleomycin combination chemotherapy in stage 
III and bulky stage II nonseminomatous testicular cancer Cancer, 
1985,56.
Joel, S. The comparative clinical pharmacology of vincristine and 
vindesine: Does vindesine offer any advantage in clinical use? 
Cancer Treat Rev., 1995,2/, 513-525.
Jin, C.; Bai, L.; Wu, H ; Tian, F ; Guo, G. Radiosensitization of 
paclitaxel, etanidazole and paclitaxel+ etanidazole nanoparticles on 
hypoxic human tumor cells in vitro. Biomateriais, 2007, 28, 3724- 
3730.
Gradishar, W. J.; Tjulandin, S.; Davidson, N.; Shaw, H.; Desai, N.; 
Bhar, P ; Hawkins, M.; O'Shaughnessy, J. Phase III trial of 
nanoparticle albumin-bound paclitaxel compared with polyethy- 
lated castor oil-based paclitaxel in women with breast cancer J. 
d in . Oncol., 2005,2 3 ,7794-803.
Bollag, D. M.; McQueney, P. A.; Zhu, J.; Hensens, 0 .; Koupal, L ; 
Liesch, J.; Goetz, M.; Lazarides, E.; Woods, C. M. Epothilones, a 
new class o f microtubule-stabilizing agents with a taxol-like 
mechanism o f action. Cancer Res., 1995,5 5 ,2325-33.
Greenberger, L. M.; Lothstein, L.; Williams, S. S.; Horwitz, S. B. 
Distinct P-glycoprotein precursors are overproduced in independ
ently isolated drug-resistant cell lines. Proc. Nall. Acad. Sci. 
U.S.A., 1988,8 5 ,3762-6.
Freedman, H.; Huzil, J.; Luchko, T ; Luduen a, R.; Tuszynski, J. 
Identification and characterization o f an intermediate taxol binding 
site within microtubule nanopores and a mechanism for tubulin iso
type binding selectivity J. Chem. Inf. Model, 2009,49 ,424-436. 
Huzil, J.; Chen, K.; Kurgan, L.; Tuszynski, J The roles o f Mubulin 
mutations and isotype expression in acquired drug resistance. Can
cer Inf., 3.
Maksymiuk, A. W.; Jett, J. R.; Earle, J. D.; Su, J. Q.; Diegert, F. 
A.; Mailliard, J. A.; Kardinal, C. G.; Krook, J. E.; Veeder, M. H.; 
Wiesenfeld, M. Sequencing and schedule effects of cisplatin plus 
etoposide in small-cell lung cancer: results of a North Central Can
cer Treatment Group randomized clinical trial. J. Clin. Oncol., 
1994,12 ,70.



636 Current Medicinal Chemistry, 2010 VoL 17, No. 7 Breen and Walsh

[40] Shlrasaka, T.; Shimamoto, Y.; O hshimo, H.; Saito, H.; Fukushima, 
M. M etabolic basis o f  the synergistic antitum or activities o f  5- 
fluorouracll and cisplatin in rodent tum or models in vivo. Cancer 
chemo. Pharmacol., 199 3 ,3 2 , 167-172.

[41] Fox, S. B.; Gatter, K. C.; Bicknell, R.; Going, J. J.; Stanton, P.; 
Cooke, T. G.; Harris, A. L. Relationship o f  endothelial cell prolif
eration to tumor vascularity in human breast cancer Cancer Res., 
1993, J i ,  4161-3.

[42] Siemann, D. W.; Chaplin, D. J.; Horsman, M. R. Vascular-targeting 
therapies for treatm ent o f  malignant disease. Cancer, 2004, 100, 
2491-9.

[43] Tozer, G. M.; Kanthou, C.; Baguley, B. C. Disrupting tum our 
blood vessels. N al Rev Cancer, 2 0 0 5 ,5 , 423-35.

[44] Shaked, Y.; C lanocchi, A,; Franco, M.; Lee, C. R.; Man, S ; Che
ung, A. M.; Hicklln, D. J.; Chaplin, D.; Foster, F. S.; Benezra, R.; 
Kerbel, R. S. Therapy-induced acute recruitment o f  circulating en
dothelial progenitor cells to tumors. Science, 2 0 0 6 ,313, 1785-7.

[45] Siemann, D. W.; M ercer, E.; Lepler, S.; Rojiani, A. M. Vascular 
targeting agents enhance chemotherapeutic agent activities in solid 
tumor therapy. Int. J. Cancer, 2002, 9 9 ,1 -6.

[46] Chow, L. M.; Chan, T. H. Novel classes o f  dim er antitum our drug 
candidates. C urr Pharm. Des., 2 0 0 9 ,1 5 ,659-74.

[47] M ammen, M.; Choi, S. K.; W hitesides, G. M. Polyvalent interac
tions in biological systems: implications for design and use o f  mul- 
tivalent ligands and inhibitors. Angev/. Chem.. Ini. Ed., 1998, 37, 
2755-2794.

[48] Kim, J. W.; Lee, H. S. Tum or targeting by doxorubicin-RGD-4C 
peptide conjugate In an orthotopic mouse hepatoma model. Ini. J. 
Mol. M ed , 2 0 0 4 ,14. 529-35.

[49] M ukhopadhyay, S.; Barnes, C. M.; Haskel, A.; Short, S. M.; 
Bam es, K R ; LIppard, S. J. Conjugated platlnum (lV >peptide 
com plexes for targeting angiogenic tum or vasculature. Bioconjug. 
Chem., 2 0 0 8 ,1 9 ,39-49.

[50] Myrberg, H.; Zhang, L.; Mae, M.; Langel, U, Design o f  a tumor
hom ingcell-penetrating peptide. Bioconjug. Chem., 2 0 0 8 ,1 9 ,70-5.

[51] Temming, K.; Meyer, D. L.; Zablnski, R.; Dijkers, E. C ;  Poelstra, 
K.; Molema, G.; Kok, R. J. Evaluation o f  RGD-targeted albumin 
carriers for specific delivery o f  auristatin E to  tum or blood vessels. 
Bioconjug. Chem., 2 0 0 6 ,17, 1385-94.

[52] Dorr, R. T. Pharmacology and toxicology o f  Crem ophor EL dilu
ent Ann. P harm acolher, 1994,28 , SI 1-4,

[53] Sharma, A.; M ayhew, E.; Bolcsak, L ;  Cavanaugh, C.; Harmon, P.; 
Janoff, A.; BemackI, R. J. Activity o f  paclitaxel liposome formula
tions against human ovarian tum or xenografts. Ini. J. Cancer, 1997, 
7 1 ,103-7.

[54] Sparreboom, A.; van Zuylen, L.; Brouwer, E.; Loos, W. J.; de 
Bruijn, P , Gelderblom, H.; Pillay, M., Nooter, K.; Stoter, G.; Ver- 
weij, J. Crem ophor EL-mediated alteration o f  paclitaxel distribu
tion in human blood: clinical pharmacokinetic implications. Cancer 
R e s . , m 9 , 59,1454-7.

[55] Attard, G.; Greystoke, A.; Kaye, S.; De Bono, J. Update on tubulin- 
binding agents. Pathol. Biol. (Paris), 2 0 0 6 ,5 4 ,72-84.

[56] Chlpman, S. D.; Oldham , F. B.; Pezzoni, G.; Singer, J. W. Biologi
cal and clinical characterization o f  paclitaxel poliglumex (PPX, 
CT-2103), a macromolecular polym er-drug conjugate. Ini. J. 
N anom ed, 2 0 0 6 ,1 ,375-83.

[57] Hu, G. G.; Shul, X.; Leng, F.; Priebe, W.; Chalres, J. B.; Williams, 
L. D. Structure o f  a DNA-blsdaunomycin complex. Biochem., 
1997 ,36, 5940-6.

[58] Kar, A. K.; Braun, P  D.; Wandless, T. J. Synthesis and evaluation 
o f  daunorubicln-paclitaxel dimers. Bioorg. Med. Chem. L e t t , 2000, 
1 0 ,261-4.

[59] Guy, R.; Scott, Z.; Sloboda, R.; N icolaou, K. Fluorescent taxolds. 
Chem. Biol , 19 9 6 ,3, 1021-31.

[60] M arco, A.; Arcamone, F. DNA com plexing antibiotics: daunomy- 
cln, adriamycin and their derivatives. Arzneimittelforschung, 1975, 
25, 368-74.

[61] Lamberts, S. W., Krenning, E. P.; Klijn, J. G.; Reubi, J. C. The 
clinical use o f  somatostatin analogues In the treatm ent o f  cancer 
Baillieres Clin. Endocrinol. Melab., 199 0 ,4 , 29-49.

[62] Bajetta, E.; Procopio, G.; Ferrari, L.; M artinetti, A.; Zllembo, N.; 
Catena, L.; Alu, M.; Della, T. S.; A lberti, D.; BuzzonI, R. A ran
domized, m ulticenter prospective trial assessing long-acting release

octreotide pamoate plus tamoxifen as a first line therapy for ad
vanced breast carcinoma. Cancer, 2002, 9 4 ,299-304.

[63] Bolanowski, M.; Jarzab, B.; H andkiewicz-Junak, D.; Jezlorski, A.; 
Kos-Kudia, B.; Zajecki, W. [Neuroendocrine tum ors o f  the small 
Intestine and the appendix - m anagement guidelines (recommended 
by The Polish Netw ork o f  Neuroendocrine Tumors)]. Endokrynoi 
P o l,  2 0 0 8 ,59, 87-96.

[64] Bontenbal, M.; Foekens, J. A.; Lamberts, S. W.; de Jong, F  H.; van
Putten, W. L.; Braun, H. J.; Burghouts, J. T ;  van der Linden, G.
H.; Klijn, J. G. Feasibility, endocrine and anti-tum our effects o f  a 
triple endocrine therapy with tamoxifen, a somatostatin analogue 
and an antiprolactin in post-menopausal metastatic breast cancer: a 
random ized study with long-term follow-up. B r  J. Cancer, 1998, 
77,115-22.

[65] Dolan, J. T.; M iltenbuig, D. M.; Granchi, T. S.; Miller, C. C., 3rd; 
Brunicardi, F  C. Treatm ent o f  metastatic breast cancer with som a
tostatin ana logues-a  meta-analysis. Ann. Surg. Oncol., 2001, 8, 
227-33.

[66] Ingle, J. N.; Kardinal, C. G.; Suman, V. J.; Krook, J. E.; Hatfield,
A. K. O ctreotide as first-line treatm ent for w omen with metastatic
breast cancer Invest New Drugs, 1 9 9 6 ,1 4 ,235-7.

[67] Warner, R. R.; M ani, S.; Profeta, J.; Grunstein, E. Octreotide 
treatm ent o f  carcinoid hypertensive crisis. Ml. S inai J. Med., 1994, 
61, 349-55.

[68] Zarina, A. L ,  Hamidah, A., Zulkifli, S. Z ., Zulfiqar, M. A ; Jamal, 
R. M alignant pancreatic carcinoid tum our Singapore Med. J., 
2007 ,48 , e320-2.

[69] Lamberts, S. W.; Krenning, E. P ; ReubI, J C. The role o f  som a
tostatin and its analogs in the diagnosis and treatm ent o f  tumors. 
Endocr Rev., 1 9 9 1 ,1 2 ,450-82.

[70] Lamberts, S. W.; Reubi, J. C.; Krenning, E. P  Somatostatin and the 
concept o f  peptide receptor scintigraphy in oncology. Semin. O n
col., 1 9 9 4 ,2 /, 1-5.

[71] Weckbecker, G.; Raulf, F.; Tolcsvai, L.; Bruns, C. Potentiation o f  
the anti-proliferatlve effects o f anti-cancer drugs by octrcotide in 
vitro and in vivo. D igestion, 1996 ,57 Suppl. 1 ,22-8.

[72] Huang, C. M.; Wu, Y. T.; Chen, S. T. Targeting delivery o f  pacli
taxel into tum or cells via  somatostatin receptor endocytosis Chem. 
fi/o/., 2000, 7 ,453-61.

[73] Wittman, M D.; Kadow, J. F ;  Vyas, D M.; Lee, F  L.; Rose, W. 
C.; Long, B. H.; Fairchild, C.; Johnston, K Synthesis and antitu
m or activity o f  novel paclitaxel-chloram bucil hybrids. Bioorg. 
M edC hem . U u . ,2 0 0 \ ,  / / ,8 1 1 -8 1 4

[74] Shi, Q.; Wang, H. K.; Bastow, K F.; Tachibana, Y ; Chen, K.; Lee, 
F. Y ; Lee, K. H. Antitumor agents 210. Synthesis and evaluation 
o f  taxoid-epipodophyllotoxin conjugates as novel cytotoxic agents. 
Bioorg. M ed  Chem., 2001, 9 ,2999-3004.

[75] Ohtsu, H.; NakanishI, Y ; Bastow, K. R ; Lee, F  Y ; Lee, K. H. 
Antitum or agents 216. Synthesis and evaluation o f  paclitaxel- 
cam ptothecin conjugates as novel cytotoxic agents. Bioorg. Med. 
C h em .,2 0 0 i, I I ,  1851-7.

[76] W ang, H. K.; Liu, S. Y ; Hwang, K. M., Taylor, G.; Lee, K. H. 
Synthesis o f  novel water-soluble 7-(am inoacylhydrazono)-fom iyl 
cam ptothecins with potent inhibition o f  D NA topolsom erase 1. 
Bioorg. M ed Chem., 19 9 4 ,2 , 1397-402.

[77] Nakagawa-Goto, K.; Nakamura, S.; Bastow, K. F.; N yarko, A.; 
Peng, C .-Y ; Lee, F.-Y.; Lee, F.-C.; Lee, K.-H. Antitum or agents. 
256. Conjugation o f  paclitaxel with other antitum or agents: Evalua
tion o f novel conjugates as cytotoxic agents. Bioorg. Med. Chem. 
ie « . ,  2 0 0 7 ,/ 7 , 2894-2898.

[78] Kratz, F.; Abu Ajaj, K.; W amecke, A. A nticancer carrier-linked 
prodrugs in clinical trials. Expert Opin. Investig. Drugs, 2007, 16, 
1037-58.

[79] Kratz, F.; Muller, I. A.; Ryppa, C.; W amecke, A Prodrug strate
gies in anticancer chemotherapy. ChemM edChem., 2 0 0 8 ,3, 20-53,

[80] Mehvar, R. Recent trends in the use o f  polysaccharides for im
proved delivery o f  therapeutic agents: pharm acokinetic and phar
macodynamic perspectives. Curr Pharm. B io technoi, 2003, 4, 
283-302.

[81] Ulbrich, K.; Subr, V. Polymeric anticancer drugs with pH- 
controlled activation Adv. D rug Deliv. Rev., 2 0 0 4 ,56, 1023-50.

[82] Kratz, F ; Muller-Driver, R.; Hofmann, I ; Drevs, J.; Unger, C. A 
novel macromolecular prodrug concept exploiting endogenous



Tubulin-Targeting Agents in Hybrid Drugs Current Medicinal Chemistry, 20i0 VoL 17, No. 7 637

183]

184]

185]

186] 

187]

[88]

189]

190]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[ 100]

serum albumin as a drug carrier for cancer chemotherapy. J. Med. [101] 
Chern . i m ,  4 3 ,1253-6.
Kratz, R; Wamecke, A.; Scheuermann, K.; Stockmar, C.; Schwab,
J.; Lazar, P.; Druckes, P.; Esser, N.; Drevs, J.; Rognan, D.; Bis- 
santz, C.; Hinderling, C.; Folkers, G.; FIchtner, I.; Unger, C. Prob- [102]
ing the cysteine-34 position of endogenous serum albumin with 
thiol-binding doxorabicin derivatives. Improved efficacy of an 
acid-sensitive doxorubicin derivative with specific albumin-binding 
properties compared to that of the parent compound. J. Med. [103]
Chem., 2002, 45, 5523-33.
Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor (104)
vascular permeability and the EPR effect in macromolecular thera
peutics: a review. J. Control Release, 2000,6 5 ,271-84.
Amato, R. J.; Sarao, H. A phase I study of paclitaxel/doxorubicin/ 
thalidomide in patients with androgen- independent prostate cancer. [105]
Clin. Genitourin. Cancer, 2006,4 ,281-6.
Zielinski, C. C. Gemcitabine, anthracycline, and taxane combina
tions for advanced breast cancer Oncology (WiUiston Park), 2003,
/  7,36-40.
Shimada, M.; Kigawa, J.; Terakawa, N.; Yoshizaki, A., Shoji, T., [106]
Suzuki, M.; Hatae, M.; Tsuda, H.; Ohwada, M.; Sugiyama, T.
Phase 1 trial o f paclitaxel, doxorubicin, and carboplatin (TAG) for
the treatment of endometrial cancer Int. J. Gynecol. Cancer, 2007, [107]
/7 , 210-4.
Ajaj, K. A.; Biniossek, M. L.; Kratz, P. Development of protein- 
binding bifunctional linkers for a new generation of dual-acting 
prodrugs. Bioconjug. Chem., 2009,2 0 ,390-6.
Schmid, B.; Chung, D. E.; Wamecke, A.; Fichtner, 1.; Kratz, F. [108]
Albumin-binding prodrugs of camptothecin and doxorubicin with 
an Ala-Leu-Ala-Leu-linker that are cleaved by cathepsin B: synthe
sis and antitumor efficacy. Bioconjug. Chem., 2007 ,18 ,702-16.
Dubowchik, G. M.; Firestone, R. A.; Padilla, L.; Willner, D.; Hof- [109]
stead, S. J.; Mosure, K.; Knipe, J O.; Lasch, S. J.; Trail, P A.
Cathepsin B-labile dipeptide linkers for lysosomal release of 
doxorubicin from internalizing immunoconjugates; model studies 
of enzymatic drag release and antigen-specific in vitro anticancer [110]
activity. Bioconjug. Chem., 2002 ,13, 855-69.
McGown, A. T ; Fox, B. W. Differential cytotoxicity of combretas- 
tatins A1 and A4 In two daunombicin-resistant P388 cell lines 
Cancer Chemother Pharmacol., 1990,26,79-81.
Coggiola, B.; Pagliai, F ; Allegrone, G.; Genazzani, A. A., Tron,G. [ I l l ]
C. Synthesis and biological activity o f mustard derivatives of com- 
bretastatins. Bioorg. Med. Chem. Lett., 2005 ,15,3551-4.
Tozer, G. M.; Kanthou, C., Parkins, C. S.; Hill, S. A. The biology [112]
of the combretastatins as tumour vascular targeting agents. Ini J.
Exp. P a lh o l.,1002 ,S3 ,2 \-li.
Harrell, J. M.; Murphy, P J., Morishima, Y ; Chen, H.; Mansfield,
J. F ; Galigniana, M. D.; Pratt, W. B. Evidence for glucocorticoid 
receptor transport on microtubules by dynein. /  Biol Chem , 2004, (113]
279, 54647-54.
Sharifi, N.; Hamel, E ; Lill, M. A.; Risbood, P.; Kane, C. T , J r ;
Hossain, M. T ; Jones, A., Dalton, J. T ; Farrar, W. L. A bifunc
tional colchlcinoid that binds to the androgen receptor. Mol. Can- [114]
cerTher, 2001,6,2328-36.
Estebanez-Perpina, E.; Moore, J. M.; Mar, E.; Delgado-Rodrigues,
E.; Nguyen, P; Baxter, J. D.; Buehrer, B. M.; Webb, P; Fletterick,
R. J.; Guy, R. K. The molecular mechanisms o f coactivator utiliza- [115]
tion in ligand-dependent transactivation by the androgen receptor 
J. Biol Chem., 2005,280, 8060-8.
Berg, U.; Deinum, J.; Lincoln, P.; Kvassman, J. Stereochemistry of 
colchicinoids. Enantiomeric stability and binding to tubulin of de- [116]
sacetamidocolchicine and desacetamidoisocolchicine. Bioorg.
Chem., 1991,19, 53-65.
Cogan, P S.; Koch, T. H. Rational design and synthesis of andro
gen receptor-targeted nonsteroidal anti-androgen ligands for the [117]
tumor-specific delivery o f a doxorubicin-formaldehyde conjugate 
J. Med Chem., 2003, 46, 5258-70.
Christiansen, R G.; Bell, M. R ; D'Ambra, T. E.; Mallamo, J. P ,
Herrmann, J. L., Ackerman, J. H.; Opalka, C. J.; Kullnig, R. K.; [118]
Winneker, R. C.; Snyder, B. W.; et al. Antiandrogenic steroidal 
sulfonylpyrazoles. J. Med. Chem., 1990, 33, 2094-100.
Gastpar, R.; Goldbrunner, M.; Marko, D.; von Angerer, E. 
Methoxy-substituted 3-formyl-2-phenylindoles inhibit tubulin po
lymerization. J. Med. Chem., 1998, 4 1 ,4965-72.

Kaufmann, D.; Pojarova, M.; Vogel, S.; Liebl, R„ Gastpar, R.; 
Gross, D.; Nishino, T , Pfaller, T ; von Angerer, E. Antimitotic ac
tivities of 2-phenylindole-3-carbaldehydes in human breast cancer 
cells. Bioorg Med Chem., 2007 ,15, 5122-5136.
Vogel, S.; Kaufmann, D.; Pojarova, M.; Muller, C.; Pfaller, T.; 
Kuhne, S.; Bednarski, P J.; von Angerer, E. Aroyl hydrazones of 
2-phenyllndole-3-carbaldehydes as novel antimitotic agents. 
Bioorg. Med. Chem., 2008 ,16 ,6436-47.
Cantley, L. C. The phosphoinositide 3-kinase pathway. Science, 
2002,2 9 6 ,1655-1657.
Opel, D.; Westhoff, M. A.; Bender, A.; Braun, V.; Debatin, K. M.; 
Fulda, S. Phosphatidylinositol 3-kinase Inhibition broadly sensi
tizes glioblastoma cells to death receptor- and drug-induced apop- 
tosis. Cancer Res., 2008,6S, 6271 -80.
Hall, I. H.; Lee, K. H.; Starnes, C. 0 .; Eigebaly, S. A.; Ibuka, T.; 
Wu, Y. S.; Kimura, T ; Haruna, M. Antitumor agents XXX; 
Evaluation o f alpha-methylene-gamma-lactone-containing agents 
for inhibition o f tumor growth, respiration, and nucleic acid synthe
sis. J. Pharm. Se t, 1978,6 7 ,1235-9.
Zhang, S.; Won, Y. K.; Ong, C. N.; Shen, H. M. Anti-cancer poten
tial o f sesquiterpene lactones: bioactivity and molecular mecha
nisms. Curr Med. Chem. Anticancer Agents, 2005,5 ,239-49. 
Zhang, C.; Yang, N.; Yang, C. H.; Ding, H. S.; Luo, C.; Zhang, Y; 
Wu, M. J., Zhang, X. W.; Shen, X.; Jiang, H. L.; Meng, L. H., 
Ding, J. S9, a novel anticancer agent, exerts its anti-proliferative 
activity by interfering with both P13K-Akt-mT0R signaling and 
microtubule cytoskeleton. PLoS ONE, 2009,4 ,4881.
Danieli, B.; Giardini, A.; Lesma, G.; Passarella, D., Silvani, A., 
Appendino, G.; Noncovich, A.; Fontana, G.; Bombardelli, E.; 
Stemer, 0 . Synthesis and biological evaluation of paclitaxel- 
thlocolchicine hybrids. Chem. Biodivers., 2004, / ,  327-45.
Airoldi, M ; Cortesina, G.; Giordano, C.; Pedani, F ; Bumma, C.; 
Gabriele, P Docetaxel and vinorelbine: an effective regimen in re
current squamous cell esophageal carcinoma Med. Oncol, 2003, 
20, 19-24.
Di Lorenzo, G.; Pizza, C.; Autorino, R.; De Laurentiis, M.; Ma- 
rano, 0 .; D'Alessio, A.; Cancello, G.; Altieri, V.; Tortora, G.; Per- 
dona. S.; Bianco, A. R.; De Placido, S. Weekly docetaxel and vi
norelbine (VIN-DOX) as first line treatment in patients with hor
mone refractory prostate cancer Eur Urol, 2004,46, 712-6.
Dieras, V.; Fumoleau, P.; Bourgeois, H.; Misset, J. L., Azli, N.; 
Pouillart, P Taxoids in combination chemotherapy for metastatic 
breast cancer Aniicancer Drugs, 1996, 7 Suppl. 2 ,47-52. 
Mayordomo, J. I.; Milla, A.; Morales, S.; Yubero, A.; Lorenzo, A,, 
Baena, J M.; Modolell, A.; Sanz, J.; lllarramendi, J.; Garcia, M. J.; 
Machengs, I.; Burrilo, M. A.; Tres, A Biweekly docetaxel and vi
norelbine as first-line chemotherapy in metastatic breast cancer 
Clin. Breast Cancer, 2004,5,131-5.
Giannakakou, P; Villalba, L.; Li, H.; Poruchynsky, M.; Fojo, T. 
Combinations o f paclitaxel and vinblastine and their effects on tu
bulin polymerization and cellular cytotoxicity: characterization o f a 
synergistic schedule. Int J. Cancer, 1998, 75 ,57-63.
TarabolettI, G.; Micheletti, G.; Dossi, R.; Borsotti, P; Martinelli, 
M.; Fiordaliso, F ; Ryan, A. J.; Giavazzi, R. Potential antagonism 
o f tubulin-binding anticancer agents in combination therapies. Clin. 
Cancer Res., 2005, 11,2720-6.
Bombuwala, K.; Kinstle, T ;  Popik, V.; Uppal, S. 0 .; Olesen, J. B.; 
Vina, J.; Heckman, C. A. Colchitaxel, a coupled compound made 
from microtubule inhibitors colchicine and paclitaxel. Beilstein J. 
Org. Chem., 2006,2 , 13.
Zefirova, 0 . N.; Nurieva, E. V.; Lemcke, H.; Ivanov, A. A.; Shi- 
shov, D. V.; Weiss, D. G.; Kuznetsov, S. A.; Zefirov, N. S. Design, 
synthesis, and bioactivity o f putative tubulin ligands with adaman- 
tane core. Bioorg. Med. Chem. Lett., 2008 ,18 ,5091-5094.
Danieli, B.; Giardini, A.; Lesma, G.; Passarella, D.; Peretto, B.; 
Sacchetti, A.; Silvani, A.; Pratesi, G.; Zunino, F Thiocolchicine- 
podophyllotoxin conjugates: dynamic libraries based on disulfide 
exchange reaction. J. Org. Chem., 2006, 71 ,2848-53.
Passarella, D.; Giardini, A.; Peretto, B.; Fontana, G.; Sacchetti, A.; 
Silvani, A.; Ronchi, C.; Cappelletti, G.; Cartelli, D.; Boriak, J.; Da
nieli, B. Inhibitors o f tubulin polymerization: synthesis and biolo
gical evaluation of hybrids o f vindoline, anhydrovinblastine and 
vinorelbine with thiocolchicine, podophyllotoxin and baccatin 111. 
Bioorg. Med. Chem., 2008 ,16 ,6269-85.



638 C urrent M edicinal Chem istry, 2010 yoL 17, No. 7 Breen a nd  Walsh

[119] Lu, Y. F.; Harwig, C. W.; Fallis, A. G Taxamycins: a new enedi- [141]
yne family constructed from versatile disilyl-substituted building
blocks. J. Org. Chem.. 19 9 3 ,5 8 ,4202-4204.

[120] Lu, Y. F.; Harwig, C. W.; Fallis, A. G. Taxamycins: a new enedi- 
yne family with synthetic and biological potential. Can. J. Chem., 
1995,73 ,2253-2262. [142]

[121] Py, S.; Harwig, C. W.; Baneijee, S.; Brown, D. L.; Fallis, A. G.
Taxamycin studies: Synthesis o f  taxoid-calicheamicin hybrids. Tet
rahedron U tt., 1998,39 ,6139-6142.

[122] Ojima, I.; Chakravarty, S.; Inoue, T.; Lin, S.; He, L.; Horwitz, S. [143]
B.; Kuduk, S. D.; Danishefsky, S. J. A com m on pharmacophore for 
cytotoxic natural products that stabilize microtubules. Proc. Natl.
A ca d  Sci. U S A .  1999, 9 6 .4256-61.

[123] Ojima, I.; Lin, S.; Inoue, T.; M iller, M. L ;  Borella, C. P.; Geng, X.; [144]
Walsh, J. J. M acrocycle formation by ring-closing metathesis. A p
plication to the syntheses o f  novel macrocyclic taxoids. J. Am.
Chem. Soc., 2 0 0 0 ,1 2 2 ,5343-5353. [145]

[124] Janik, M. E.; Bane, S. L. Synthesis and antimicrotubule activity o f  
com bretatropone derivatives. Bioorg. Med. Chem.. 2 0 0 2 ,10, 1895-
903. And references cited. [ 146]

[125] Rossi, M.; Gorbunoff, M. J.; Caruso, F.; W ing, B.; Perez-Ramirez,
B.; Timasheff, S. N. Structural analysis o f  the substoichiometric
and stoichiometric microtuble-inhibiting biphenyl analogues o f  [147]
colchicine. Biochemistry. 19 9 6 ,3 5 ,3286-9.

[126] Staretz, M. E.; Hastie, S. B. Synthesis and tubulin binding o f  novel 
C-10 analogues o f  colchicine. J. Med. Chem.. 1 9 9 3 ,3 6 ,758-64.

[127] Hahn, K, M.; H umphreys, W. G.; Helms, A. M.; Hastie, S. B.;
M acdonald, T, L. Structural requirements for the binding o f  colchi
cine analogs to tubulin: the role o f  the C-10 substituent. Bioorg.
M ed Chem. Lett.. 1 9 9 1 ,1 .471-476.

[128] M enendez, M.; Laynez, J.; M edrano, F. J.; A ndreu, J. M. A ther- [148]
modynamic study o f  the interaction o f  tubulin with colchicine site
ligands. J. Biol. Chem., 19 8 9 ,2 6 4 ,16367-71

[129] Barbier, P.; Guise, S.; Huitorel, P ; Amade, P., Pesando, D.; Bri- [149]
and, C.; Peyrot, V. Caulerpenyne from Caulerpa taxifolia has an 
antiproliferative activity on tum or cell line SK-N-SH and modifies
the microtubule network. Life Sci., 2001, 70,415-429.

[130] Commeiras, L.; Bourdron, J.; Douillard, S.; Barbier, P.; Vanthuyne,
N.; Peyrot, V.; Parrain, J. Total Synthesis o f  Terpenoids Isolated [150]
from Caulerpale Algae and Their Inhibition o f  Tubulin Assembly, 
S y n th e s is . lO O b .I .m .  [151]

[131] Bourdron, J.; Commeiras, L.; Barbier, P ; Bourgarel-Rey, V.; Pas- 
quier, E ;  Vanthuyne, N.; Hubaud, J. C.; Peyrot, V.; Parrain, J. L. 
Caulerpenyne-colchicine hybrid: synthesis and biological evalua
tion. Bioorg. Med. Chem.. 2 0 0 6 ,1 4 ,5540-8.

[132] Bailly, C. Lamellarins, from A to Z: a family o f  anticancer marine
pyrrole alkaloids. C urr Med. Chem. Anti-Cancer Agents, 2004, 4. [152]
363.

[133] Banwell, M. G.; Hamel, E.; Hockless, D. C. R.; Verdier-Pinard, P ;
Willis, A. C.; Wong, D. J. 4, 5-D iaiyl-IH-pyrrole-2-carboxylates as 
com bretastatin A -4/lamellarin T  hybrids: Synthesis and evaluation [153]
as anti-mitotic and cytotoxic agents. Bioorg. Med. Chem., 2006, 14.
46274638

[134] Lawrence, N. J., M cGown, A. T. The chemistry and biology o f  
antimitotic chalcones and related enone systems. C urr Pharm.
Des., 2 0 0 5 , / / ,  1679-93. [154]

[135] Nam, N. H.; Byung-Zun, A. Combretastatin-chalcone hybrids: 
synthesis and cytotoxicity. Med. Chem., 2 0 0 7 ,3, iT i-T .

[136] Cormier, A.; M archand, M.; Ravelli, R B.; Knossow, M.; Gigant,
B. Structural insight into the inhibition o f tubulin by vinca domain 
peptide ligands. EMBO Rep., 2008 ,9 ,1101-6 .

[137] Ngo, Q. A.; Roussi, F.; Cormier, A.; Thoret, S.; Knossow, M.; [155]
Guenard, D.; Gueritte, F. Synthesis and biological evaluation o f
vinca alkaloids and phomopsin hybrids. J. Med. Chem.. 2009, 52.
134-42.

[138] Kerksiek, K.; M ejillano, M. R., Schwartz, R. E.; Georg, G. 1.; [156]
Himes, R. H. Interaction o f  cryptophycin 1 with tubulin and micro
tubules. FEBS Lett., 19 9 5 ,3 7 7 ,59-61. [157]

[139] White, J. D.; Smits, H.; Hamel, E. Synthesis o f  cryptothilone I, the 
first cryptophycin-epothilone hybrid. Org. Lett., 2 0 0 6 ,8 , 3947-50,

[140] Paterson, 1,; Britton, R,; Delgado, 0 . ;  Wright, A. E, Stereochemical 
determination o f  dictyostatin, a novel m icrotubule-stabilising mac- 
rolide from the marine sponge Corallistidae sp. Chem. Commun.
(Camb.), 2004,632-3,

Buey, R. M.; Barasoain, I.; Jackson, E.; M eyer, A.; Giannakakou, 
P ; Paterson, 1.; M ooberry, S.; A ndreu, J. M.; Diaz, J. F. M icrotu
bule interactions with chemically diverse stabilizing agents: ther
modynamics o f  binding to the paclitaxel site predicts cytotoxicity. 
Chem. Biol., 2 0 0 5 ,1 2 ,1269-79.
Isbnjcker, R. A.; Cumm ins, J.; Pomponi, S. A.; Longley, R. E.; 
Wright, A. E. Tubulin polym erizing activity o f  dictyostatin-1, a 
polyketide o f  marine sponge origin. Biochem. Pharmacol., 2003, 
66, 75-82.
ter Haar, E.; Kowalski, R. J.; Hamel, E.; Lin, C. M.; Longley, R. 
E.; G unasekera, S. P.; Rosenkranz, H. S.; Day, B. W. Discodermol- 
ide, a cytotoxic marine agent that stabilizes m icrotubules more 
potently than taxol. Biochemistry, 19 9 6 ,3 5 ,243-50.
Shin, Y.; Choy, N.; Turner, T. R., Balachandran, R.; M adiraju, C.; 
Day, B. W.; Curran, D. P  Discoderm olide/Dictyostatin hybrids: 
synthesis and biological evaluation. Org. Lett., 2 0 0 2 ,4 ,4443-6, 
Paterson, I,; Gardner, N, M. Design, synthesis and biological 
evaluation o f  a macrocyclic discodermolide/dictyostatin hybrid. 
Chem. Commun. (Camb.), 2007,49-51.
Paterson, 1.; Naylor, G. J.; Wright, A. E. Total synthesis o f  a potent 
hybrid o f  the anticancer natural products dictyostatin and dis- 
codermolide. Chem. Commun. (Camb.), 2008,4628-30.
Loganzo, F.; Discafani, C. M.; Annable, T.; Beyer, C.; M usto, S.; 
Hari, M.; Tan, X.; Hardy, C.; Hernandez, R.; Baxter, M.; Singanal- 
lore, T ;  Khafizova, G.; Poruchynsky, M. S.; Fojo, T.; N iem an, J. 
A.; Ayral-Kaloustian, S.; Zask, A., A ndersen, R. J., Greenberger, 
L. M. HTI-286, a synthetic analogue o f  the tripeptide hemiasterlin, 
is a potent antimicrotubule agent that circum vents P-glycoprotein- 
mediated resistance in  vitro and in vivo. Cancer Res., 2003, 63, 
1838-45
Zask, A.; Kaplan, J.; M usto, S.; Loganzo, F. Hybrids o f the hemi
asterlin analogue taltobulin and the dolastatins are potent antimi
crotubule agents. J. Am. Chem. Soc., 2 0 0 5 ,127, 17667-71. 
Romagnoli, R.; Baraldi, P  G.; Carrion, M. D.; Cruz-Lopez, 0 .;  
Cara, C. L.; Balzarini, J.; Hamel, E.; Canella, A , Fabbri, E.; Gam- 
bari, R.; Basso, G.; Viola, G Hybrid alpha-bromoacryloylamido 
chalcones. Design, synthesis and biological evaluation. Bioorg. 
M ed Chem. Lett., 2 0 0 9 ,1 9 ,2022-8.
Chiosis, G.; N eckers, L. Tum or selectivity o f  Hsp90 inhibitors: the 
explanation remains elusive. A C S Chem. B io l,  2006, / ,  279-84. 
W right, L.; Barril, X.; Dymock, B.; Sheridan, L.; Surgenor, A., 
Beswick, M.; Drysdale, M.; Collier, A.; M assey, A.; Davies, N., 
Fink, A.; Fromont, C ;  A hem e, W.; Boxall, K.; Sharp, S.; Work
man, P ; Hubbard, R. E. Stnicture-activity relationships in purine- 
based inhibitor binding to HSP90 isoforms. Chem. Biol., 2004, I I ,  
775-85.
Gaukroger, K.; Hadfield, J. A.; Lawrence, N. J,; N olan, S.; 
McGown, A, T, Structural requirements for the interaction o f  com- 
bretastatins with tubulin: how im portant is the trimethoxy unit? 
Org. Biomol. Chem., 2 0 0 3 ,1 .3033-7,
Knox, A. J.; Price, T.; Pawlak, M.; Golfis, G.; Flood, C. T ;  Fayne, 
D.; Williams, D. C.; Meegan, M. J.; Lloyd, D. 0 . Integration o f 
ligand and structure-based virtual screening for the identification o f  
the first dual targeting agent for heat shock protein 90 (H sp90) and 
tubulin. J. M ed  Chem ., 2009, J2 , 2177-80.
Florent, J. € .,  Dong, X.; Gaudel, G.; M itaku, S.; M onneret, C.; 
G esson, J. F ; Jacquesy, J. C.; M ondon, M ; Renoux, B.; Andri- 
anom enjanahaiy. S.; Michel, S.; Koch, M.; Tillequin, F.; Gerken, 
M.; Czech, J.; Straub, R.; Bosslet, K. Prodrugs o f anthracyclines 
for use in antibody-directed enzyme prodrug therapy. J. Med. 
C h e m . ,m S ,  3572-81.
Stan, A. C.; Radu, D. L.; Casares, S.; Bona, C. A.; Brumeanu, T. D. 
A ntineoplastic efficacy o f  doxorubicin enzymatically assembled on 
galactose residues o f  a monoclonal antibody specific for the carci- 
noem biyonic antigen. Cancer Res., 19 9 9 ,5 9 , 115-21,
Geney, R,; Chen, J.; Ojima, I. Recent advances in the new  genera
tion taxane anticancer agents. Med. Chem., 2 0 0 5 ,1 . 125-39. 
Oflazoglu, E.; Stone, I. J.; Gordon, K.; Wood, C. G.; Repasky, E. 
A.; Grewal, I. S.; Law, C. L., Gerber, H. P. Potent anticarcinom a 
activity o f  the humanized anti-CD70 antibody h lF 6  conjugated to 
the tubulin inhibitor auristatin via  an uncleavable linker C/in. Can
cer Res.,lOOS, 1 4 .6 \7 \-S 0 .



Tubulin- Targeting Agents in Hybrid Drugs Current Medicinal Chemistry, WXOVoL I7 ,N o. 7 639

[158] Guillemard, V.; Saragovi, H. U. Taxane-antibody conjugates afford 
potent cytotoxicity, enhanced solubility, and tumor target selectiv
ity. Cancer Res., 2001,6 /, 694-9.

[159] Lambert, J. M, Drug-conjugated monoclonal antibodies for the 
treatment of cancer. Curr Opin. Pharmacol., 2005,5, 543-9.

[160] Safavy, A., Bonner, J. A.; Waksal, H. W.; Buchsbaum, D. J.; 
Gillespie, G. Y; Khazaeli, M. B., Arani, R.; Chen, D T.; Carpen
ter, M.; Raisch, K. P. Synthesis and biological evaluation of pacli-

taxel-C225 conjugate as a model for targeted drug delivery Bio- 
conjug. Chem., 2003 ,14 ,302-10.

[161] Safavy, A.; Raisch, K. P.; Khazaeli, M. S.; Buchsbaum, D. J.; 
Bonner, J. A Paclitaxel derivatives for targeted therapy of cancer: 
toward the development o f smart taxanes. J. Med. Chem., 1999, 42, 
4919-24.

Received: O ctober05. 2009 Revised: January 01, 2010 Accepted: January 02,2010


