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Summary

The principal objective o f the work described in this thesis was the synthesis o f a series o f novel 

tubulin inhibitors, with defined stereochemistry and diverse functionality, suitable for the 

formation of molecular conjugates and designed multiple ligands. It was envisaged that these 

compounds would permit the synthesis o f molecular conjugates via a wide variety o f coupling 

methodologies, while retaining the tubulin inhibitor activity o f the core structure. Furthermore, 

the design, synthesis and evaluation o f a designed multiple ligand possessing both tubulin 

polymerisation and aminopeptidase N inhibition activity was proposed.

Chapter one presents a comprehensive review of strategies used to optimise the delivery of 

tubulin targeting agents through molecular conjugation. The advantages and disadvantages o f this 

approach are discussed and an exhaustive overview of the various molecular conjugate types and 

their biological activity is discussed.

Chapter two introduces the novel tubulin inhibitors which were the lead molecules for the work 

undertaken in this thesis. The original synthesis of these conformationally restricted biaryl 

combretastatin-like molecules is outlined. The significant difficulties associated with the 

challenging and ultimately poor yielding synthesis of these compounds are described. A revised 

and improved synthetic strategy involving a W ittig reaction chain extension and an alternative 

oxidation strategy for the C-7 alcohol is subsequently presented. The synthesis of a water soluble 

phosphate ester prodrug is also described.

The synthesis of a novel aniline containing tubulin inhibitor, offering additional opportunities for 

molecular conjugation, is then recounted. The use of Suzuki coupling methodology to link the 

boronic acid C-ring component to the AB-ring enol triflate is described.

Chapter three begins with a discussion of the importance of enantiomeric purity in 

pharmacologically active molecules. The proposal to synthesise both the (R) and (S)-enantiomers 

of the alcohol containing lead compound is framed accordingly. A review of the diverse strategies 

exploited to achieve enantioselective synthesis is then summarised. The use of non-fermenting 

yeast to achieve the stereoselective reduction of an achiral ketone intermediate in the synthesis 

of the (S)-enantiomer is detailed. The procedures undertaken to confirm the enantiomeric purity 

and absolute configuration of the resultant molecules is described. The complications



encountered in achieving the desired inversion o f configuration necessary for the synthesis of the 

(/?)-enantiomer are detailed, together with the ultimately successful approach involving the use 

of the MOM ether protection strategy and the displacement of a mesylate with cesium acetate. 

The asymmetry in the biological activity of the (S) and (/?)-enantiomers serves to emphasise the 

importance of defined stereochemistry in these compounds.

Chapter four outlines the successful synthesis of a series of novel tubulin inhibitors containing 

diverse functionality at the C-7 position. These compounds offer the potential for diverse 

molecular conjugation strategies to be employed due to the wide range of functional groups they 

contain. The synthesis of enantiomerically pure amine, alcohol and carboxylic acid containing 

tubulin inhibitors is described, together with an account of their antiproliferative activity in vitro.

Chapter five focuses on the synthesis of a small molecule designed multiple ligand possessing 

both tubulin polymerisation and aminopeptidase N inhibition activity. It is suggested that this dual 

acting compound would offer an attractive alternative to the high molecular weight conjugates 

described in chapter 1. The adversity associated with the introduction of the hydroxamic acid 

functional group at the C-7 position is discussed. The challenging thirty-one step synthesis of the 

dual acting compound is ultimately described.

Chapter six outlines the protocols employed for the biological evaluation of the novel compounds 

synthesised.

Chapter seven describes all of the experimental procedures involved in the synthesis of the 

molecules in this thesis, together with their full characterisation.



This thesis is dedicated to the memory o f my mother, Noreen Stack
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1 Chapter 1

1.0 Introduction

Cancer patients w ith  metastasises typically present w ith approxim ately 10^^ tum our cells. In order 

to achieve clinical remission it has been established th a t g reater than 99% o f these need to be 

killed [1]. Despite the em ergence o f novel treatm ents  fo r malignancy, conventional 

chem otherapeutics and tubulin targeting agents in particular rem ain a cornerstone in many 

anticancer regimens. The m ajor difficulty w ith  these chem otherapeutic  agents is that in o rder to  

reach th a t ta rge t o f 99%  cancer cell death, unacceptable toxicities are inevitable. In this respect 

significant challenges rem ain in developing new  therapies th a t are suitably toxic to  cancer cells 

while leaving norm al cells relatively unscathed,

Vlolecular conjugation is an approach that has been extensively explored to  achieve enhanced 

delivery o f existing cytotoxics to the tum our site. The rationale behind this approach is tw o-fo ld , 

-irstly, by masking the toxicity o f the drug until it reaches the active site, a low er incidence o f side 

effects is expected. Secondly, by enhancing the specificity o f the cytotoxic agent fo r the  desired 

:arget cells, g reater efficacy may be attainable.

L.0.1 Microtubules as a target for cancer chemotherapy

Vlicrotubules, which are the target o f tubulin binding agents, consist o f a  and p tubulin  

neterodim ers. They are hollow tubes approxim ately 25 nm in d iam eter that are involved in 

yarious cellular functions, most notably cell m ovem ent, intracellular transport and cell division [2]. 

M icrotubule dynamics are very tightly regulated both spatially and tem porally. At the onset o f 

mitosis in particular there  are dram atic changes in the  m icrotubule netw ork in which the  

disassembly o f m icrotubules is fo llow ed by the form ation  o f a new netw ork o f spindle 

microtubules. Tubulin targeting agents are known to  bind to  one o f four main binding sites on the 

3-tubulin subunit: the  vinca dom ain, the colchicine binding site, the  paclitaxel site and the  

laulimalide site. Once bound, these agents act as e ither m icrotubule-stabilising or m icrotubule- 

destabilising agents, interfering w ith mitosis and leading to  cell death . One reason that cancer 

cells are particularly sensitive to  these drugs com pared w ith  norm al cells is that m any cancer cells 

divide much m ore rapidly than norm al cells offering many m ore opportunities fo r tubulin binding 

agents to disrupt mitosis and cause cell death. Hundreds o f compounds have been observed to
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arrest mitosis by interacting with microtubules. It has been shown without exception, that they 

act by potently suppressing microtubule dynamics [3].

1.0.2 Tubulin targeting agents

Tubulin binding agents are principally natural product or natural product derived small molecule 

inhibitors that have diverse structural classes and origins. Lead compounds for these agents 

include substances derived from bacteria, plants, marine sponges and molluscs [2].

Two of the most clinically pertinent classes of tubulin binding agents are the taxanes and the vinca 

alkaloids. The vinca alkaloids were first identified greater than 50 years ago while the taxanes 

where first identified greater than 40 years ago, yet both classes of agents still find significant 

utility in the first line treatment of many solid tumours and haematological malignancies [3].

Other tubulin targeting agents that have been evaluated for anticancer activity include the 

colchinoids and the epothilones. In more recent years, tubulin binding agents that demonstrate 

cytotoxicities many orders of magnitude greater than clinically used agents, have been evaluated. 

Synthetic taxoids that exhibit approximately 100-fold greater cytotoxicity than the parent 

compounds have been developed [4]. The tubuiysins, isolated from various myxobacterial species, 

have also demonstrated IC50 values 20- to 1000-fold lower than many clinically used tubulin 

binding agents [5]. The maytansinoids are another such class of compound. The lead molecule of 

this class, maytansine, is an ansa macrolide first isolated from the Ethiopian shrub Maytenus 

ovatus by Kupchan et al. [6]. Maytansine causes depolymerisation of microtubules and displays 

almost 100-fold higher cytotoxicity than the vinca alkaloids [7]. Synthetic analogues of 

maytansine, referred to as drug maytansinoids (DMs), have subsequently been developed which 

possess 100- to 1000-fold greater cytotoxicity than existing agents in the clinic [8-9]. DM1 (N- 

methyl-A/-[3-mercapto-l-oxopropyl]-L-alanine ester of maytansinol) is an example of one such 

maytansinoid which has been shown to be effective against a wide range of tumour cells with IC50 

values in the range of 10-100 pM [10].

Dolastatin-10 is another highly potent inhibitor of microtubule dynamics and is a non-competitive 

inhibitor of the binding of vinblastine to tubulin. Synthetic analogues of dolastain-10, known as 

auristatins, are potent tubulin inhibitors with cytotoxicities 50- to 200-fold greater than the vinca 

alkaloids [4].
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As well as their ability to interfere with mitosis, tubulin targeting agents have been shown to exert 

an effect on immature endothelial cells. These agents act by disrupting the tubulin cytoskeleton 

which these rapidly dividing cells rely upon to maintain their structural integrity. The endothelium  

of solid tum our vasculature is particularly sensitive to these effects. Destruction of the 

endothelium of solid tumours by vascular targeting agents (VTAs) causes the death of tum our 

cells due to a lack of oxygen and nutrients with consequent necrosis of established tumours [11]. 

Most tubulin targeting agents only demonstrate antivascular activity close to the maximum 

tolerated dose (MTD), with direct tum our cell killing via mitotic arrest being the dominant 

mechanism of action. This partly explains why the early tubulin-binding agents studied, such as 

colchicine, vincristine, and vinblastine, have a narrow therapeutic window [6, 8]. Combretastatin 

A-4 was the first small molecule VTA shown to have antivascular effects at doses below the 

maximum tolerated dose and is currently undergoing clinical trials for use in various angiogenesis 

dependent cancers [11].

Despite the promise of tubulin binding agents as cancer therapeutic agents, there are a number of 

significant disadvantages to their use. Paclitaxel for example, while remaining one of the most 

clinically important agents currently in use, suffers from dose-limiting toxicity and multidrug 

resistance. The action of efflux pumps such as multidrug resistance protein-1 (MDR-1), which 

actively pumps paclitaxel out of resistant cells, is known to cause subtherapeutic intracellular drug 

concentrations. Resistance is also known to occur due to changes in p-tubulin or apoptotic and 

mitosis checkpoint proteins [12], In order to overcome these difficulties various attempts have 

been made to specifically target tum our cells through the molecular conjugation of tumour 

delivery enhancing moieties to existing tubulin targeting agents. By selectively delivering existing 

cytotoxic agents to tum our cells, the ambition is that more potent cytotoxicity to target cells may 

be achieved while simultaneously reducing the systemic toxicity associated with these agents.

In the remainder of this chapter, a review of the disparate methodologies utilised to optimise the 

delivery of tubulin targeting agents to the tum our site which have been published throughout the 

last ten years has been undertaken. The merits of each approach will be critically appraised in 

terms of efficacy, therapeutic window and ability to overcome drug resistance.

1.1 Antibody-drug Conjugates

in early antibody evaluation, a number of antibodies were produced that bound very specifically 

to various tum our cell surface antigens. However, in many cases such binding was insufficient to
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affect tumour growth in vitro. Two of the most effective monoclonal antibodies for the treatment 

of cancer currently licensed by the FDA are trastuzumab for breast cancer and cetuximab for 

colorectal tumours and squamous cell carcinoma of the head and neck. However, both these 

drugs offer only modest single agent activity [4,13]. One way to take advantage of the selectivity 

of monoclonal antibodies for various cell specific antigens is to utilise molecular conjugation to 

attach a non-selective cytotoxic agent to a monoclonal antibody selective for tumour specific 

antigens. Various concepts along this theme have been explored but the most common approach 

involves the monoclonal antibody acting as a vector to the tumour cell, facilitating internalisation 

and downstream processing to liberate the cytotoxic effector molecule within the cell. This has 

led some commentators to refer to drug-antibody conjugates as tumour-activated prodrugs [4].

Antibody conjugation is considered to be one of the most promising approaches to increasing the 

anti-tumour activity of antibodies, while simultaneously reducing the systemic toxicity of existing 

cytotoxics such as tubulin targeting agents [14]. The various advantages and disadvantages of 

antibody-drug conjugates (ADCs) are summarised in Table 1.1.

Despite early promise, the emergence of clinically successful drug-antibody conjugates has been 

somewhat slow due to the difficulties involved in successfully formulating these agents in 

presentations that can overcome the pharmacokinetic and pharmacodynamic impediments of 

these relatively large molecules. Durey et al. framed the characteristics of an ideal antibody-drug 

conjugate along five distinct headings [18]:

1. Circulation: The antibody should be stable in circulation and should not have cytotoxic 

activity until intracellular release of the active drug.

2. Antigen binding: The monoclonal antibody should retain its high binding affinity for its 

intended target despite molecular conjugation to the cytotoxic agent.

3. Internalisation: A sufficient intracellular concentration of the ADC should be obtained to 

cause cell death. This can be challenging if the antigen is expressed only in limited 

numbers.

4. Drug release: Once internalisation has occurred, release of the cytotoxic agent should be 

timely and efficient.

5. Drug action: The drugs utilised in the ADC should be capable of causing cell death at 

subnanomolar concentrations.
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Table 1.1 Advantages and disadvantages of antibody-drug conjugates

Advantages Disadvantages

Targeted binding specific for tumour antigen Requires that tumour be tested for expression 

of target antigen

Highly potent agents can be 

delivered to target cells

selectively Molecular target may have some normal tissue 

expression

Wide therapeutic index Linker may not be stable leading to premature 

cytotoxic agent release

Prolonged circulation half-life Antibody may not reach target in sufficient 

concentration to be lethal

Stable in circulation Antigen expression could be heterogeneous 

especially in solid tumours [15]

Decreased adverse effects ADC must cross the vascular endothelium and 

circumvent the interstitial pressure within the 

solid tumour [16]

Bystander killing effect of endothelial cells 

and stromal cells essential to tumour growth

Antibody may itself be immunogenic

Reduced MDR-l mediated resistance 

compared to systemic administration of the 

respective drug [14]

Masking of the target antigen with monoclonal 

antibody devoid of its cytotoxic payload in ADCs 

with poor stability [17]
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The three constituent parts o f an ADC are the antibody, the cytotoxic drug m olecule and the  

linker connecting th em  as illustrated schematically in Figure 1.1.

Drug
Antibody

Figure 1.1 Schematic o f an antibody-drug conjugate

It has been suggested th a t early ADCs failed because o f inappropriate drug selection, non-specific 

antibody selection and use o f linkers th a t w ere not stable [19]. A nother difficulty w ith  ADCs is that 

only a tiny fraction o f adm inistered ADC reaches the tum our site. Consequently, the  cytotoxic 

agent used needs to  be much m ore potent than currently used clinical agents. Thus, it became 

apparent th a t optim isation o f each o f these th ree  variables was required in order to  maximise the  

potential o f ADCs.

1.1.1 Drug characteristics

Although antibodies often  display high specificity fo r the tum our, most o f them  are not potent 

enough to be clinically efficacious. Imaging studies w ith  radiolabelled antibodies have shown that 

the peak concentration o f antibodies deposited at the tu m our site was o f the order o f 0 .0 1 % of 

the injected dose per gram o f tu m our at 24  h [20]. Therefore, the cytotoxicity o f the  drug in an 

ADC must be several-fold higher than conventional anticancer drugs [4]. It has been suggested 

th a t the  cytotoxicity o f th e  drug used in an ADC must possess an IC50 o f the order o f 10-100  pM . 

Since paclitaxel displays an IC50 o f approxim ately 10 nM  in a num ber o f cell lines it has been 

suggested th a t it is not suitable fo r this approach [2 1 ].

The in vitro  cytotoxicity (IC50 values) o f the  maytansinoids and auristatins are even low er than the  

concentration o f antibodies found to  accum ulate at the  tum our site, making th em  suitable  

candidates fo r ADC synthesis. For this reason the maytansinoid D M 1 [/\/^-deacetyl-A/^-(3-
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mercapto-l-oxopropyl)-maytansine] has become one of the most widely utilised tubulin targeting 

agents in the synthesis of ADCs [22].

To exploit the long plasma half life of intact IgG antibodies necessary to achieve maximal 

deposition at tumour sites the drug must be non-toxic in conjugated form, a requirement which 

both the maytansinoids and auristatins possess. Furthermore, these cytotoxic agents are readily 

linkable to an appropriate antibody, sufficiently water soluble and stable on storage [8].

Drug loading is another critical factor which determines the therapeutic characteristics of an ADC. 

A series of conjugates of the anti-CD30 monoclonal antibody cAClO linked to either 2, 4 or 8 

monomethyi auristatin E (MMAE) molecules were synthesised. Although the in  v itro  toxicity of the 

resultant conjugates was directly dependent on the drug loading, in  vivo, the antitumour activity 

of the 4 MMAE antibody was comparable with the 8 MMAE containing conjugate. However, the 

maximum tolerated dose of the 4 MMAE containing conjugate was found to be double that of the 

8 MMAE containing conjugate [23]. It has also been demonstrated for other conjugates that the in 

vivo  activity drops off significantly when less than three cytotoxic drug molecules per antibody are 

used while an upper limit is often imposed by the solubility characteristics of the resulting 

conjugate [10].

1.1.2 Antibody characteristics

The cell surface antigen which the antibody recognises is typically a glycoprotein, a carbohydrate, 

an oncoprotein, a growth factor receptor or a hormone receptor. The factors that need be 

considered in selecting an appropriate antibody target for the synthesis of an ADC include [1];

1. Degree of target expression on tumour cells compared to normal tissues.

2. Affinity of antibody for target.

3. Efficiency of internalisation following antibody binding.

4. Homogeneity of target expression on all target cells.

5. Degree of target shedding into circulation.

Many early monoclonal antibodies investigated as potential drugs lacked specificity. Some of 

these agents bound to antigens expressed on a wide variety of normal cells that were merely 

upregulated in various tumours. Cross-reactivity of the chosen antibody with normal tissues is 

thus of utmost concern when designing any ADC [1]. Bivatuzumab mertansine illustrates the 

potential pitfalls associated with poor target antigen selection. This conjugate consists of the

7



monoclonal antibody bivatuzumab covalently conjugated to the maytansinoid DM1. Bivatuzumab 

is a humanised monoclonal antibody (BIWA 4) that binds selectively to CD44v6. This cell surface 

antigen is highly and homogenously expressed on squamous cell carcinoma of the head and neck, 

oesophagus, lung, cervix and vulva. Its expression was also found in some normal tissues such as 

skin keratinocytes, squamous epithelium of the cervix, epithelium of the cornea and epithelium of 

the tonsils. Tijink et al. evaluated this agent in patients with incurable squamous cell carcinoma of 

the head, neck or oesophagus. Seven patients received a total of 23 weekly doses of bivatuzumab 

mertansine [24]. One patient at 100 mg/m^ and another at 120 mg/m^ experienced stable disease 

during the treatm ent phase but also experienced severe skin toxicity in the form of 

desquamation. At the highest dose level achieved, 140 m g/m ^ one patient developed toxic 

epidermal necrolysis after two infusions and died. It was concluded that expression of CD44v6 

was not specific enough for tum our cells to allow the formulation of a safe antibody-based 

therapy. Development of this agent was discontinued.

Immunogenicity of antibodies is another issue which must be considered. Antibodies that are 

used in the construction of ADCs need to be humanised in order to avoid the potential of 

generating an immune response in the patient upon administration. This further complicates the 

synthesis of these agents [25].

As large molecular weight biomolecules, antibodies display certain physicochemical properties 

that are unfavourable to the crossing of biological barriers, thereby somewhat limiting their scope 

for in vivo applications [26]. To affect solid tumours, ADCs must cross the vascular endothelium  

and circumvent the interstitial pressure within the solid tumour. Also, expression of target 

antigens can be heterogeneous throughout the tumour. Therefore, the pharmacodynamics of the 

large immunoglobulin containing ADC may impede its ability to penetrate deep into solid tumours 

which are often poorly vascularised [25]. Smaller, recombinant monoclonal antibody structures 

such as single chain antibodies and diabodies have been shown to penetrate into the tum our with 

greater efficiency than the parent antibodies [27]. However, these smaller molecules are more 

rapidly cleared from the plasma resulting in shorter half-lives [28]. In fact, overall tum our 

accumulation of diabodies is found to be more than two-fold less than that achieved for 

corresponding IgG [29].

Modification of the structure of the monoclonal antibodies used in ADCs has also been 

attem pted. An engineered thio-trastuzum ab-DM l conjugate has been developed which possesses 

two free cysteine residues to facilitate the attachment of two molecules of DM1 to each thio-
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trastuzumab molecule via a non-reducible fa/'s-maleimido-trioxyethylene glycol (BMPEO) linker 

[30]. Trastuzumab is a recombinant human anti-epidermal growth factor receptor 2 (HER2) 

monoclonal antibody. HER2 is a receptor tyrosine kinase found to be overexpressed on the 

surface of breast cancer cells in ~30% of newly diagnosed patients and is found to be associated 

with a poor prognosis. Furthermore, 60-70% of breast cancer cell bone metastases overexpress 

HER2 [31]. The conjugate retained similar in vitro cell proliferation inhibitory activity and HER2 

binding properties to the conventional trastuzumab-succinimidyl trans-4-(maleimidylmethyl) 

cyclohexane-l-carboxylate-DMl (trastuzumab-SMCC-DMl). Furthermore, the conjugate showed 

improved efficacy over the conventional trastuzum ab-DM l at DM1 equivalent doses and retained 

efficacy at equivalent antibody doses. The thio-trastuzumab conjugate also displayed a greater 

than two-fold reduction in toxicity in a safety study in rats compared with the conventional ADC. 

It is thought that this was due to the lower drug loading per antibody and the improved stability 

of the linker unit in circulation [30].

Previous experiments utilising these thio-mAbs led to the development of thio-anti-MUC16- 

maleimidocaproyl-valine-citrulline-p-aminobenzyl-carbonate-MMAE (thio-anti-MUC16-MC-vc- 

PABC-MMAE) [32]. This conjugate contained a derivatised humanised anti-MUC16 monoclonal 

antibody engineered to contain two free thiol groups to which MMAE was conjugated via a MC- 

vc-PABC linker. The conjugate synthesised was found to be as efficacious as a conventional 

conjugate in a MUC16 ovarian cancer xenograft model in mice. Moreover, it was tolerated at 

higher doses in rats and cynomolgus monkeys than the same conjugate prepared by conventional 

approaches suggesting the potential of this strategy in the synthesis of more therapeutically 

favourable ADCs [32],

1.1.3 Linker unit selection

For an ADC to be effective, the chemotherapeutic agent should remain non-toxic as part of the 

conjugate while in circulation but should be readily liberated on internalisation into the target cell 

[17]. Thus, the choice of linker is of paramount importance in the synthesis of an ADC with a 

favourable therapeutic index. Several strategies have been employed to maximise the stability of 

ADCs in circulation while allowing for selective release of the tubulin binding agent at the desired 

target. Acid labile hydrazone linkers were among the early linkers to be considered. However, in 

more recent times, conjugates containing disulfide linkages, peptide based linkages and thioester 

linker units have found favour due to their greater stability in circulation. The advantages and
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disadvan tages  o f  each  of th e s e  con juga te  types, along w/ith o th e r  m ethodologies ,  will th u s  be 

discussed in tu rn ,  to g e th e r  with exam ples  of how  th e se  techno log ies  have b een  utilised to 

facilitate th e  selective delivery of  th e  p a re n t  ADC to  th e  tu m o u r  site.

1.1 .3 .1  Acid-labile linl<ers

Early linkers ev a lu a ted  include various acid-labile hydrazone linkers th a t  utilised th e  acidic 

en v ironm en t o f  e n d o so m e s  for c leavage. Linkages such as th o se  containing hydrazones  have 

relatively sho r t  half-lives th a t  can be significantly less t h a n  th e  ex p ec ted  circulating half life o f  the  

ADC. This can p re s e n t  toxicity issues, especially in th e  case of  high po tency  cytotoxics such as 

MMAE [17],

Drugs linked to  m onoclonal an tibod ies  wo acid-labile linkers have b een  found to  undergo  

approxim ate ly  50% drug re lease  within 2 days upon incubation in hum an  serum  [17]. Peptide  and 

disulfide contain ing linkers w ere  su b seq u en t ly  ad judged  to  be superio r  to  th e s e  acid sensitive 

linkers due  to  th e  selective c leavage of  th e se  linker types  within th e  tu m o u r  intracellular 

e n v ironm en t [33].

1 .1 .3 .2  D isulfide-containing liniters

Disulfide contain ing linkers a re  ex trem ely  c o m m o n  in th e  synthesis  o f  ADCs d u e  to  the ir  stability 

a t  physiological pH. While th e  disulfide bond  is therm odynam ically  very stable, it is kinetically 

labile in th e  p re se n c e  o f  sulfhydryl g roups. It has b een  sho w n  th a t  th e  co n cen tra t ion  of  th e  

tr ipep tide  g lu ta th ione , which cleaves disulfide bonds, is 1000-fold higher within cells th an  in th e  

circulation resulting in p referen tia l  d rug re lease  within ta rg e t  cells [8, 22].

The relative s t ren g th  of  th e  disulfide bo n d  in various m aytansinoid-an tibody  con juga tes  can be 

m anipula ted  to  achieve m axim um  stability in circulation, while allowing for  efficient cleavage 

inside th e  ta rg e t  cell [22]. This is achieved by th e  in troduction  o f  methyl su b s t i tu en ts  on th e  

carbon  a to m s  gem inal to  th e  disulfide link conferring varying deg ree s  of  steric h indrance  [22]. The 

location of  th e  m ethyl g roups  w as also found  to  be of  vital im portance . Those con juga tes  w h ere  

th e  methyl g roups  w ere  located  on th e  m aytansino id  side of th e  disulfide bond w e re  found to  

have superio r  activity in vivo  th a n  th o se  with th e  methyl groups  located on th e  an tibody  side of 

th e  disulfide bridge, desp ite  th e  fact t h a t  bo th  con juga tes  have identical stability in te rm s  of th e  

fa te  of th e  disulfide bridge [10].
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The humanised monoclonal antibody, huC242, has been used in a series of experiments to 

synthesise conjugates with maytansinoids in order to explore the effect of the linker group on the 

activity of resultant conjugates. huC242 binds to the CanAg antigen expressed on colorectal, 

pancreatic and certain non-small cell lung cancer cells. Conjugates of huC242 and the 

maytansinoids DM4 and DM1 containing a cleavable disulfide linkage huC242-A/-succinimidyl-3-(2- 

pyridylthio) propionate-DM4 (huC242-SPDB-DM4) (Figure 1.2) and a non-cleavable thioether 

linkage (huC242-SMCC-DMl) (Figure 1.3) were synthesised and evaluated in vitro and in vivo [34]. 

It was found that both conjugates displayed comparable activity in vitro though huC242-SPDB- 

DM4 was significantly more active in multiple xenograft tum our models. It was concluded that 

both conjugates are efficiently degraded in lysosomes to release the free maytansinoid molecule 

together with a number of cytotoxic metabolites. It has been suggested that the enhanced activity 

of the disulfide containing conjugate is related to the formation of the potent S-methyl-DM4 

metabolite following lysosomal reduction of the disulfide bond. Lopus et at. demonstrated that 

such maytansine derivatives are themselves potent microtubule poisons, interacting with 

microtubules as effectively as, or more effectively than, the parent molecules [35].

O

SPDB Linker

OMe
•3.5

Figure 1.2 mAb-SPDB-DM4
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Figure 1.3 mAb-SMCC-DMl

In further experiments conducted by Kovtun et a!., it was observed that huC242-DM l conjugates 

with non-cleavable linkers such as SMCC (Figure 1.3) had similar in vitro activity to disulfide 

containing /V-succinimidyl 4-(2-pyridyldithio) pentanoate (SPP) linked conjugates (Figure 1.4) but 

were not as active in vivo [36-37]. Considerable evidence suggests that a bystander killing of 

neighbouring cells is responsible for this disparity [36]. It was found that conjugates linked via a 

reducible disulfide bond were capable of this effect, while equally potent conjugates linked via a 

non-reducible thioether bond were not. It has been suggested that this mechanism may 

overcome various barriers to the even distribution of maytansinoid effector molecules to all cells 

within a tumour. However, it should be noted that in the case of a number of other maytansinoid- 

antibody conjugates such as trastuzumab linked to DM1, it was the SMCC linked conjugate which 

was the most effective [10] (Figure 1.3).
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Figure 1.4 huC242-SPP-DMl

In preclinical studies, the monoclonal antibody nBT062 was conjugated to DM1 and DM4 using 

different linker technologies. nBT062-SMCC-DMl, nBT062-SPP-DMl and nBT062-SPDB-DM4 were 

then evaluated in vitro and in vivo against multiple myeloma cell lines [38]. It was found that the 

nBT062-SPDB-DM4 was the most efficacious of the conjugates in vivo, demonstrating target 

dependent antitumour activity. Bystander killing in the presence of CD138-positive cells observed 

in vitro was hypothesised to be vitally important for BT062 activity in vivo, causing the death of 

tumour cells that heterogeneously express CD138 and disrupting the tumour microenvironment 

[39]. The structure of nBT062-SPDB-DM4, designated BT062 consists of a murine/human lgG4 

chimeric form of B-B4 (nBT062) targeting CD138 conjugated to DM4 via a disulfide linkage (Figure 

1.2). Phase I clinical trials are currently underway evaluating the safety, tolerability, 

pharmacokinetics and efficacy of BT062 in patients with CD138-positive multiple myeloma. BT062 

is also at an advanced stage of preclinical development fo r the treatment o f a number of CD138- 

positive solid tumours [40],

Poison et al. systematically examined potential antigenic targets and drug linker combinations in 

an attempt to develop the most clinically relevant ADC for the treatment of non-Hodgkin's 

lymphoma [41]. The antibodies used targeted the antigens CD19, CD20, CD21, CD22, CD72, 

CD79b, and CD180, all of which are found to be highly expressed on non-Hodgkin's lymphoma 

cells. The disulfide linker containing maytansinoid derivative SPP-DMl (Fig. 1.4) and the non- 

cleavable thioether derivative SMCC-DMl (Figure 1.3) were variously conjugated to the different 

antibodies. Similarly the cathepsin B substrate containing MC-vc-PABC-MMAE and the non- 

cleavable MC-MMAE were also conjugated to the various antibodies. It was found that the ADCs
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w ith  cleavable linkers m ediated efficacy via all these targets whereas the ADCs w ith  non-cleavable  

linkers w ere only effective w hen conjugated w ith  anti-CD22 and anti-CD79b. It was also found  

th a t those conjugates containing uncleavable linkers showed reduced toxicity in vivo. It was 

suggested th a t the  reason for the  broad applicability o f the  cleavable disulfide linker containing  

ADCs is th a t extracellu lar cleavage to release the  cytotoxic agent occurs following antigen binding 

and it is the free  drug th a t crosses the cell m em brane to exert its effect passively, whereas  

internalisation and intracellular m etabolism  is necessary to  enable release o f the  cytotoxic agent 

in the case o f ADCs w ith  a non-cleavable linker.

1.1.3.3 Peptide linker units

M a e t al. synthesised a conjugate by combining a prostate specific m em brane antigen (PSMA) 

monoclonal antibody and M M A E  via a valine-citrulline linkage (Figure 1.5) [42], This linkage was 

designed to  m aintain serum stability while maximising intracellular drug release by human  

cathepsin B [42]. Cathepsin B is a lysosomal exocarboxydipeptidase which is o ften  found to be 

upregulated in tu m our cells particularly during tum our progression [43]. In vitro, the conjugate 

potently e lim inated all PSMA-positive cell lines at IC5 0  values o f 65 pM  to 210 pM  whereas these 

concentrations had no effect on PSMA-negative cells. In fact, the conjugates dem onstrated nearly 

1000-fo ld  selectivity com pared w ith  an isotype control conjugate. In vivo efficacy was 

dem onstrated in a mouse xenograft m odel o f androgen independent prostate cancer cell line, C4- 

2. Each of the tw o  regimens tested w ere  effective in increasing m edian survival and decreasing 

serum PSMA in a dose dependent fashion. Overall a 40%  cure rate was observed in animals w ith  

established tum ours following tre a tm e n t w ith a 6  m g/kg regim en. M oreover, no apparent toxicity  

was observed w ith  this regim en which may perm it the  use o f even m ore intense regimens 

resulting in fu rth e r im provem ents in an titum our activity [42].

Auristatin E and the  related com pound M M A E  w ere conjugated to the chim eric m onoclonal 

antibodies cBR96 (specific fo r the Lewis Y antigen on carcinomas) and cAClO (specific to CD30 on 

haem atological malignancies) using th ree  distinct linker m ethodologies [44], CD30 has lim ited  

expression in norm al tissues but is w idely expressed in Hodgkin's disease, non-Hodgkin's 

lym phom a, m ultip le m yelom a and cutaneous T-cell lym phoma [45]. Firstly, conjugates containing  

the  5-benzoylvaleric acid ester o f auristatin E w ere  synthesised (Figure 1.6).
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Figure 1.5 mAb-Val-Cit-MMAE and mAb-Phe-Lys-MMAE (where dipeptide=valine-citrulline and 

phenylalanine and lysine respectively)

Secondly, conjugates consisting of the dipeptide valine-citrulline attached to MMAE via the self- 

immolative p-aminobenzyl carbonyl (PABC) spacer unit were synthesised. Finally conjugates 

consisting of the dipeptide lysine-phenylalanine attached to MMAE via the same p-aminobenzy! 

carbonyl spacer were synthesised (Figure 1.5). All three conjugates also contained a 

maleimidocaproyl (MC) spacer group. It was found that the peptide linker containing conjugates 

were much more stable in buffers and plasma than the hydrazone linker conjugates. The mAb-val- 

ct-MMAE conjugates also demonstrated greater in vitro specificity and lower in vivo toxicity than 

CDrresponding hydrazone containing conjugates. In tumour xenograft models, the peptide linked 

CDnjugates induced tumour regression and cures with therapeutic indices as high as 60-fold (i.e. 

l/60th of the maximum tolerated dose of cAClO-Val-Cit-MMAE was shown to achieve therapeutic 

efficacy in a CD30 positive anaplastic large cell lymphoma (ALCL) tumour model).

5-benzoylvaleric acid linker

S--mAb

8

Figure 1.6 mAb-AEBV
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1 .1 .3 .4  A lte rna tive  linker units

In an a ttem p t to  fu rther increase the therapeutic  w indow  o f cAClO-m aleim idocaproyl-valine- 

citru lline-p-am inobenzyloxycarbonyl-m onom ethyl auristatin F conjugate (cAClO-MC-vc-PABC- 

M M A F), a series o f a lternate  linker units underw ent preclinical evaluation [46]. One conjugate 

containing a noncleavable m aleim idocaproyl linker unit (Figure 1.7) was shown to  have roughly 

equivalent activity in vitro  and in vivo but w ith a m axim um  to lerated  dose g reater than 3-fold  

higher than AClO-M C-vc-PABC-M M AF.

O O
OH

NH
O OCHO OCH

V.
■ V

MC Linker

Figure 1 .7  m A b -m cM M A F

Novel linker mechanisms have also been utilised in order to  synthesise ADCs which may be able to  

evade m ultidrug resistance strategies such as overexpression o f the transporter M DR-1. In one 

study conducted by Kovtun e t al. a D M l-a n tib o d y  conjugate using a m aleim idyl-based hydrophilic  

linker, PEG4 M al, was shown to  overcom e M DR-1 m ediated m ultidrug resistance in vitro  and 

eradicate hum an M DR-1 xenograft tum ours in vivo [47]. Following uptake into cells, it was found  

that conjugates w ith  the  PEG4 M al linker (Figure 1.8) w ere  transform ed to cytotoxic conjugates  

that w ere  b e tte r retained by M D R-1 expressing cells than m etabolites o f similar conjugates w ith  a 

SMCC linker (Figure 1.3).

Even w ith  relatively hydrophilic cytotoxic agents such as D M 1 and D M 4  conjugated to antibodies  

via the som ew hat hydrophobic linkers SPDB and SMCC, only conjugates w ith 4 -5  drug molecules  

per antibody could be synthesised. W hen conjugates w ith higher maytansinoid loads w ere  

attem p ted , the resultant conjugates tended to aggregate and precipitate [48], In an a tte m p t to  

increase th e  drug antibody ratio w ith o u t causing aggregation or affecting the binding affin ity  of 

the  resultant conjugate, a num ber o f d ifferen t hydrophilic linkers containing e ither a negatively  

charged sulfonate group or a hydrophilic, uncharged PEG group w ere  synthesised [48]. An 

im portant advantage o f the  conjugates containing these m ore hydrophilic linkers is th e ir potential 

to  overcom e m ultidrug resistance. Incorporation o f the sulfonate group both in cleavable and
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non-cleavable linkers was found to be associated with enhanced activity of B38.1-DM1 conjugates 

against MDR cell lines. B38.1-DM1 conjugates consisting of a PEG4 linker were also observed to 

display enhanced activity in v itro  against MDR cell lines. Incorporation of the sulfonate group or 

the PEG4 group into non-reducible linkers in DM1 and DM4 conjugates of huC242 also resulted in 

approxinnately 100-fold greater cytotoxicity against both COLO 205 and COLO 205 /  MDR cells. In 

vivo, the B38.1-DM1 and B38.1-DM4 conjugates prepared with sulfonate or PEG containing linkers 

demonstrated enhanced antitumour activity against the COL0205MDR xenograft model in mice.

O 0

A p-glucuronic acid based linker was also utilised for the synthesis of a number of maytansinoid 

conjugates in which hydrolysis by the lysosomal enzyme P-glucuronidase releases the active drug. 

MMAE and MMAF were conjugated to the monoclonal antibodies c lF6 (anti-CD70) and cAClO 

(anti-CD30) via  a novel glucuronic acid linker (Figure 1.9) [49]. It has been shown that (3- 

glucuronidase is abundantly present within lysosomes and is overexpressed in some tumour 

types, while extracellular enzyme activity is low [50]. The resulting conjugates were found to be 

highly stable in plasma, well tolerated at high doses and efficacious both in v itro  and in vivo.

PEG4Mal Linker O V  ■*
)H

S

S . /

OMe

MeO

Figure 1.8 mAb-PEG4M al-D M l
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Figure 1.9 MMAE/MMAF-glucuronic acid linker-antibody conjugate (where R=Me and R'=OH for 

MMAE while R=COOH and R'=H for IVIMAF)

Trastuzumab was chemically linked to paclitaxel via a novel A-Z-CINN linker resulting in an ADC 

with the potential for light accelerated release of paclitaxel at the tumour site. In vivo, in HER2 

positive BT-474 mammary tumour cells in mice, the conjugate showed enhanced antitumour 

activity following 5 min light exposure (light from a halogen bulb delivered through a fiber optic 

probe) adjacent to the tumour. The conjugate was also found to cause more rapid and extensive 

reduction in tumour volume than a 10-fold higher concentration of free paclitaxel and free 

trastuzumab administered to the mice [51].

1.1.4 Antibody-drug conjugates in preclinical development

The novel taxoid SB-T-12136 was variously linked to three murine monoclonal antibodies against 

the human epidermal growth factor receptor (EGFR) [21, 52]. The antibodies KS-61, KS-77 and KS- 

78 were linked to SB-T-12136 via a 4-thiopentanoyl linker (Figure 1.10). These conjugates were 

shown to possess remarkable target-specific antitumour activity in vivo against EGFR-expressing 

A431 tumour xenografts in mice, resulting in complete inhibition of tumour growth without any 

noticeable toxicity.

Anti-CD22-SMCC-DM1 is another ADC in preclinical development. It consists o f DM1 conjugated 

to a humanised antibody that targets CD22, a siglec (sialic acid binding Ig-like lectins) family lectin 

expressed predominantly on mature B-cells. It was found that most non-Hodgkin's lymphoma 

patients express CD22 and this conjugate was shown to inhibit the proliferation of several non- 

Hodgkin's lymphoma cell lines in vitro and also induced complete regression of tumours in 

xenograft mouse models. It was well tolerated in cynomolgus monkeys and substantially
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decreased circulating B-cells as well as follicle size and germinal centre formation in lymphoid 

organs. It has been suggested that the low levels of expression of CD22 should not limit the scope 

of this conjugate as some cell lines with very low levels of CD22 expression were sensitive to these 

agents [53].

O

mAb— N

P  OH

HO

Figure 1.10 SB-T-12136-mAb conjugates

Chimeric anti-CD20 antibody, rituximab, has already found use in the clinic in the treatm ent of 

certain B-cell lymphomas, most notably Hodgkin's lymphoma. The specific binding of rituximab 

and the anti-CD20 antibody IF5 for CD20 positive B-lymphoma cells both offer the potential for 

the synthesis of an effective ADC [54]. Conjugates of these antibodies linked to MMAE via a 

valine-citrulline linker were synthesised by Law et al. [54]. These conjugates were shown to be 

selectively toxic to CD20 positive B-cell lymphoma cell lines in vitro with IC5 0  values of between 50 

ng/ml and 1 |ig/ml. Furthermore, rituximab-vc-MMAE showed antitumour efficacy in human 

lymphoma CD20 positive tum our xenograft models in mice at doses where rituximab was 

ineffective.

While CD20 immunotherapy effectively depletes mature B-cells, it does not deplete pre-B cells or 

immature B cells, some B cell subpopulations, plasma cells or their malignant counterparts [55], 

Because CD19 is expressed earlier in B cell development it offers the potential to target 

lymphoblastic leukaemias and lymphomas. Therefore, a humanised anti-CD19 antibody (hBU12) 

was conjugated to MMAE via a valine-citrulline linker to yield hBul2-vc-MMAE [56]. This 

conjugate was shown to exhibit potent cell killing against rituximab sensitive and resistant non- 

Hodgkin's lymphoma cell lines in vitro. Furthermore high rates of durable tumour growth 

suppression were observed in mice implanted with these tumours. Further examples of ADCs 

containing tubulin targeting agents currently in preclinical development are shown in Table 1.2.
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Table 1.2 Anti body-d rug conjugates in preclinical development

Antibody-

drug

conjugate

Target antigen Cytotoxic 

agent

Linker Anticancer activity/ References

used Stage of

development

Anti-CD79b- Anti-CD79b 

SMCC-DMl

DM1 SMCC In vitro activity [57] 

against non-Hodgkin's 

lymphoma cell lines. 

Effective in vivo in 

follicular, mantle cell 

and Burkitt's

lymphoma

Anti-CD79b- Anti-CD79b 

MC-MMAF

DM1 MC In vitro activity [57] 

against non-Hodgkin's 

lymphoma cell lines. 

Effective in vivo in 

follicular, mantle cell 

and Burkitt's

lymphoma

Anti-CD79b- Anti-CD79b 

vc-MMAE thiomab

MMAE Vc In vitro and in vivo [58]

activity against non- 

Hodgkin's lymphoma 

cell lines

Anti-

huCD79b

(SN8)-MCC-

DM1

Humanised

anti-CD79b

antibody

DM1 SMCC Caused complete [59] 

regression of

Burkitt's, follicular, 

and mantle cell 

lymphoma xenograft 

tumours

20



IMGN853 Anti-folate DM4 sulfo- Selective cytotoxicity [60]

antibody

M9346A

SPDM in v itro  and in v ivo  for

FR+ cells, efficacy in

MDR-l-positve

tumours

1.1.5 Antibody-drug conjugates undergoing clinical evaluation

Brentuximab vedotin is now approved for the treatment of CD30-positive haematological 

malignancies while trastuzumab emtansine is in Phase III for HER2-positive breast cancer [19, 61], 

A number of other promising ADCs are undergoing Phase I/ll evaluation at present (Table 1.3). Of 

these, C242-DM1 was among the first maytansinoid-antibody conjugates synthesised. C242 

recognises CanAg (MUCl), a mucin type glycoprotein expressed on the surface of human 

colorectal cancer cells. It was shown to be effective in mice xenograft models in which complete 

tumour regression was observed [62]. This agent subsequently progressed to clinical evaluation as 

cantuzumab mertansine (huC242-DMl) in which the antibody was humanised. Cantuzumab 

mertansine consists of up to four molecules of mertansine conjugated to each antibody. The drug 

showed considerable tumour localisation without inducing severe haematological toxicity in 

patients with pancreatic and colorectal cancers [63].

Another agent that has shown great potential in preclinical testing is huC242-DM4. Treatment of 

mice with a single dose of huC242-DM4 resulted in complete regression of tumour xenografts at a 

dose well below the maximum tolerated dose while equivalent doses of free maytansinoid and a 

DM4 conjugate with a non-binding antibody had no effect on tumour growth in this model [10]. In  

vivo  distribution experiments in mice have shown that greater than 1000-fold higher 

accumulation of maytansinoid at the tumour site can be achieved compared with non-conjugated 

maytansinoids after 24-28 h. This conjugate contains a disulfide linkage and has an increased 

stability under physiological conditions. It was found to have a half-life of 7.7 days in mice versus 

~2 days for cantuzumab mertansine, and is now undergoing phase I clinical evaluation [4].

CD37 also represents an attractive target for an antibody-maytansinoid ADC due to its high 

expression in B-cell malignancies such as non-Hodgkin's lymphoma and chronic lymphocytic 

leukaemia and its limited expression in normal tissues. Furthermore, anti-CD37 antibodies have 

been shown to possess intrinsic anti-tumour activity and therefore offer the potential for the
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synthesis of a dual acting ADC [64], The hunnanised anti-CD37 monoclonal antibody K7153A was 

thus conjugated to DM1 using either the hindered disulfide containing SPP linker or the non- 

cleavable SMCC linker. It was found that K17153A-SMCC-DM1 (designated IMGN529) was more 

active against lymphoma cells both in v itro  and in vivo  against SU-DHL-4 subcutaneous xenograft 

tumours. This agent is currently undergoing phase I clinical trials in patients with relapsed or 

refractory non-Hodgkin's lymphoma [65].

The conjugate MEDI-547 (IC l-m cM M A F) consists of a fully human monoclonal antibody against 

murine and human EphA2 ( IC l)  attached to MMAF via a stable maleimidocaproyl linker (Figure 

1.7). The EphA2 receptor is a subtype of the erythropoietin producing hepatoma receptor that is 

overexpressed in tumours of the breast, prostate, lung, colon and in glioblastoma multiforme 

[66]. It has also been reported that the EphA2 receptor is upregulated in the neovasculature of 

tumours, which may contribute to the activity associated with agents targeting this receptor [67]. 

In vivo experiments in mouse orthotopic xenograft models resulted in 86% to 88% growth 

inhibition in the orthotopic Hec-IA  and Ishikawa models following treatm ent with this agent. The 

mice treated with this ADC also had a lower incidence of metastasis than controls and this effect 

was observed without overt signs of toxicity [68]. This agent was subsequently evaluated in phase 

I clinical trials however the outcome of these studies have yet to be reported.

Trastuzumab emtansine is currently undergoing a number of phase III clinical trials in patients 

with HER-positive metastatic breast cancer [19]. It consists of the anti-HER2 monoclonal antibody 

trastuzumab conjugated to an average of 3.5 molecules of the maytansinoid DM1 via  a 

nonreducible SMCC thioether linkage (Figure 1.3). It has been shown that trastuzumab emtansine 

retains the mechanism of action of unconjugated trastuzumab and is active against lapatinib 

resistant cell lines and tumours [69]. It was also effective in patients for whom trastuzumab alone 

was found to be inadequate [10]. Trastuzumab emtansine's systemic side effects are significantly 

minimised due to its targeted delivery to HER2 positive cells. Two phase II studies comparing 

trastuzum ab-DM l with trastuzumab plus docetaxel showed improved tolerability and at least 

equivalent efficacy. Two phase III randomised trials are currently underway for refractory and 

HER2-positive breast cancer [70].

In August 2011, brentuximab vedotin (cAClO-vc-MMAE, SGN-35) was approved by the FDA for the 

treatm ent of patients with Hodgkin's lymphoma and systemic ALCL [71]. To date, the only other 

ADC to have made it to the clinic is Wyeth's Mylotarg (gentuzumab ozogamicin) which received 

FDA approval in 2000 for the treatm ent of acute myeloid leukaemia. However, it was voluntarily
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withdrawn after follow up studies raised concern about its safety and clinical efficacy [19]. 

Brentuximab vedotin is a conjugate of the chimeric monoclonal antibody cAClO, directed against 

CD30, covalently coupled to MMAE. The valine-citrulline peptide linker unit connecting the two 

components is subject to cleavage by lysosomal enzymes following internalisation into target cells 

(Figure 1.5). The tumour necrosis factor receptor family member CD30 is highly expressed on the 

cell surfaces of Hodgkin's disease, ALCL and a subset of non-Hodgkin's lymphomas, but has only 

limited expression on healthy tissues. Brentuximab vedotin potently interferes with the growth of 

CD30-positive haematological tumours including Hodgkin's lymphoma and ALCL [72]. It has been 

suggested that the in vivo efficacy of brentuximab vedotin might be mediated, in part, by the 

diffusion o f free MMAE from the target cells resulting in a bystander effect that kills the normal 

supporting cells in close proximity to malignant cells [61].

Table 1.3 Antibody-drug conjugates under clinical investigation

Antibody-drug Conjugate Target; Indications Clinical Stage References

Brentuximab vedotin CD30; hematologic FDA approved [71]

(SGN-35; Brentuximab- malignancies,

MC-VC-MMAE) Hodgkin's lymphoma

Trastuzumab emtansine HER2-positive breast Phase III

(Trastuzumab-SMCC- cancer

DM1)

[19]

cancer

Lorvotuzumab mertansine CD56; Merkel cell cancer. Phase II

(IMGN901; HuN901-SPP- small cell lung cancer.

[8 ]

DM1) multiple myeloma

ovarian cancer

Glembatumumab vedotin Glycoprotein NMB; Phase II

(CDX-011; CDX-Oll-MC- melanoma.

[19]
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VC-MMAE) Breast cancer

SAR3419 CD19; B cell lymphoma Phase I and II [73-74]

(huB4-SPDB-DM4)

IMGN388 Integrin; antivascular/ Phase I [15]

(Antibody-SPDB-DM4) solid tumours

BIIB-015 Cripto; solid tumours Phase I [15]

(Antibody-SPDB-DM4)

BT-062 CD138; multiple myeloma Phase I and II [39]

(Anti-CD138-SPDB-DM4)

BAY 79-4620 (3ee9- CAIX (MN); solid tumours Phase I [15]

MMAE)

MEDI-547 EphA2; ovarian cancer, Phase I [75]

(IC l-M C -M M A F ) solid

tumours

SGN-75 CD70; renal cell Phase I [76]

(SGN-70-MC-VC-MMAF) carcinoma,

non-Hodgkin's lymphoma

SAR566658 (huDS6-DM4) CA6; ovarian, cervical. Phase I [15]

breast cancers

PSMA-ADC (anti-PSMA- PSMA; prostate cancer Phase I [77]

MMAE)
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M LN 2704 PSMA; prostate cancer Phase 11 [4]

(M LN 591-D M 1)

IM G N 529

(A ntibody-SM C C -D M l)

Anti-CD37 Phase I [65]

AVE9633 Anti-CD33 antibody Phase I 

(huM yS); acute myeloid  

leukaemia

[8]

(A ntibody-D M 4)

1.2 Vitamin-drug conjugates

At the m olecular level cancer cells possess a num ber o f characteristics th a t d ifferentiates them  

from  norm al cells. Due to  th e ir high rate o f proliferation, they rapidly consume prim ary 

m etabolites and require large amounts o f certain vitamins to sustain th e ir grow th. Consequently, 

receptors fo r vitam ins in particular are o ften  overexpressed on the surface o f cancer cells. These 

differences can be exploited by covalently attaching ligands for these cell surface receptors to 

cytotoxic agents w ith  a v iew  to enhancing delivery o f the cytotoxic agents to the tum our.

Bagnato e t at. have described the synthesis and evaluation o f a conjugate (1.01) consisting o f a 

colchicine derivative conjugated to cobalamin (vitam in B1 2 ) through an acid labile hydrazone linker 

[78]. Rapidly dividing cells such as tum our cells require large quantities o f cobalam in fo r the  

synthesis o f the DNA base thym idine to perm it DNA replication prior to cell division. Furtherm ore, 

cobalamin can be covalently modified to facilitate its conjugation w ithout disrupting the corrin 

ring pharm acophore necessary fo r recognition and transport via the B1 2  transport proteins [78]. 

The cobalamin m oiety causes the conjugate to be preferentially taken in by cancer cells. Once 

internalised, the hydrazone linker is hypothesised to undergo hydrolysis in th e  low pH 

environm ent o f the  lysosome to liberate the  cytotoxic m oiety. The bioconjugate exhibits stability 

in cell culture media and at neutral pH but undergoes hydrolysis w ith a half-life o f 138 min at pH 

4.5. In vitro, the conjugate was shown to have nanom olar LC5 0  values against breast, brain and 

m elanom a cancer cell lines. Despite the  encouraging in vitro  data, according to  the literature , only 

a fin ite am ount o f cobalam in can be transported into the cell before all o f th e  cellular receptors 

have been saturated which may limit the usefulness o f this approach [78].
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Figure 1.11 Colchicine-cobalamin conjugate (1.01)

Biotin (vitamin-H or 8-7) is another vitamin essential for cell development. Cell surface receptors 

for biotin have been shown to be overexpressed on the surface of a number of cancer cell lines to 

a greater degree than both folate and vitamin receptors [79]. Chen et at. have synthesised 

conjugate (1.02) consisting of biotin and the second generation taxoid, SB-T-1214, in an attempt 

to target the cytotoxic agent to cells overexpressing the biotin receptor (Figure 1.12) [80]. The 

conjugate consisted of a disulfide linker unit in order to readily release the cytotoxic agent 

follow/ing biotin receptor mediated endocytosis w/ithin target cells. A 60-fold selectivity was 

observed for L1210FR cells which overexpress biotin receptors (ICsoOf 8.8 nM) over non-target cell 

lines. Data was not presented on the efficacy of this conjugate in vivo.

,0H

NH O

HN NH O
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Figure 1.12 Biotin-linker-SB-T-1214 conjugate (1.02)

The folate receptor (FR) is expressed at relatively high levels in human epithelial cancers but has 

limited expression on normal tissues. Folic acid (FA) binds with high affinity (Kd < 10 ® M) to the 

cell-surface glycoprotein folate receptor. Folic acid is then transported into the cell by folate 

receptor mediated endocytosis. Furthermore, conjugation to biologically active compounds such 

as tubulin targeting agents, does not significantly affect folate receptor binding making folate 

receptor mediated endocytosis ideal for exploitation as a selective tumour delivery strategy [81].

Lee et al. synthesised a series o f paclitaxel-folic acid conjugates using a number o f different 

linkage methodologies and evaluated the resultant conjugates in vitro [82]. One of the conjugates, 

(1.03), was chosen for further in vivo evaluation (Figure 1.13). However, despite its lack of toxicity 

in tumour xenograft models, it failed to demonstrate selective toxicity for FR-positive cells in vitro 

and failed to demonstrate a superior therapeutic response to paclitaxel in vivo.

Folic acid was also conjugated via a PEG linker to a paclitaxel-human serum albumin conjugate 

and evaluated in vitro [83]. Binding and in vitro cytotoxicity evaluation demonstrated increased 

selectivity for FR-positive cell lines and enhanced antitumour activity compared to free paclitaxel.
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Figure 1.13 Paciitaxei-folic acid conjugate (1.03)

Vlahov et al. synthesised various epothilone-folic acid conjugates utilising a reducible disulfide 

bond [81]. The conjugates were designed to have a peptide spacer incorporated into their 

structure containing both acidic and basic amino acids to provide solubility to the drug conjugate 

under physiological conditions. It was demonstrated in vitro that release of free drug within the 

reductive environment of the endosome was complete within 45 min. The clinical potential of 

these agents is now being evaluated, with one of the conjugates, Epofolate (BMS-753493), 

currently undergoing phase I clinical evaluation.

Folic acid was also conjugated to deacetylvinblastine monohydrazide via a hydrazone linker unit 

with a view to selective release in the acidic environment of the endosome [84]. This compound 

designated EC140 (folate-deacetylvinblastine monohydrazide) (1.04), exhibited impressive in vitro 

activity against FR-positive cell lines and also induced tumour regression in numerous FR-positive 

tumour xenografts in mice. The conjugate (1.04) caused complete remission of tumour xenografts 

in mice. However, the treatment regimen was not without side effects. The treated animals
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experienced weight loss periodically during the treatment schedule. It was suggested that this 

was possibly due to systemic release of free drug due to the labile nature of the acyl hydrazone 

linker. Thus, other linker approaches were explored.

Figure 1.14 EC140 (1.04)

In a continuation of this theme, conjugate (1.05), consisting o f deacetylvinblastine monohydrazide 

tethered to folic acid via a reducible disulfide containing linker, was synthesised by Vlahov et al. 

[85]. Following positive in vitro and in vivo results, the conjugate, designated EC145 (folate-S-S- 

deacetylvinblastine monohydrazide) was selected for clinical evaluation.

In a further extension of this work, a related conjugate, consisting of folic acid linked to two 

different biologically active agents, deacetylvinblastine monohydrazide and the alkylating agent 

mitomycin C, via two disulfide based release systems was investigated [86]. This conjugate 

demonstrated impressive activity in vitro and in vivo and in fact, showed superior activity to its 

monodrug folate conjugate counterpart at equimolar concentrations in mice xenograft models. 

This compound was subsequently chosen for phase I clinical trials.
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Figure 1.15 EC145 (folate-S-S-deacetylvinblastine m onohydrazide) (1 .05)

Folate-tubulysin conjugates w ere similarly synthesised and have undergone preclinical evaluation. 

The FA-tubulysin B hydrazide conjugate (1 .06 ), referred to  as EC0305, in particular, dem onstrated  

favourable characteristics both in vitro  and in vivo [87]. EC0305 was found to  specifically inhibit 

the grow th o f a num ber o f FR-positive cell lines (IC50 range = 1-10 nM ) while FR-negative cell lines 

w ere unaffected. EC0305 was also found to  inhibit KB (nasopharyngeal) cells w ith  an IC50 value 3- 

fold low er than any previously reported fo late  drug conjugate. In vivo, th e  conjugate  

dem onstrated impressive an titum our activity in a hum an KB xenograft m odel in mice resulting in 

com plete tu m our regression w ith o u t causing significant w eight loss or dam age to m ajor organ  

tissue.
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Figure 1.16 EC0305 (1.06)

A conjugate consisting of the maytansinoid DM1 linked via a disulfide bond to folic acid was 

synthesised and evaluated in vitro  and in vivo [8 8 ]. The conjugate (1.07), designated EC131, was 

found to be cytotoxic to FR-positive cell lines with an IC5 0  value in the low nanomolar range but 

possessed no activity against FR-negative cell lines. In vivo EC131 was found to be effective 

against FR positive M109 and KB human cancer tumour xenografts in mice but not against FR- 

negative A549 tumours. This agent also showed no evidence of systemic cytotoxicity in either 

case.
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Figure 1.17 EC131 (1.07)

Nakagawa-Goto et al. synthesised a series of conjugates consisting of the 2'-hydroxy esters of 

paclitaxel and a series of dietary antioxidants such as Vitamins A, C and E and various flavanoids 

[89], It was found that most conjugates selectively inhibited the growth of 1A9 (ovarian) and KB 

cancer cells w ithout activity on other cell lines. A conjugate of Vitamin E and paclitaxel, compound 

(1.08), however showed the most promise. This conjugate strongly and selectively inhibited the 

growth of Panc-1 (pancreatic cancer) cells with less effect on the related E6E7 (normal) cell line. 

However, no in vivo data demonstrating an improved therapeutic profile was presented for this 

conjugate.

Figure 1.18 Vitamin E-paclitaxel glycinate ester conjugate (1.08)
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1.3 Polyunsaturated fatty acid conjugates

Fatty acids are essential for the developnnent of malignancy and are rapidly extracted from the 

circulation by tum our cells [90-91], To exploit this phenomenon for selective cytotoxic drug 

delivery, a number of different polyunsaturated fatty acids have been conjugated to various 

tubulin binding agents. The natural fatty acid docosahexaenoic acid (DHA) was conjugated to the 

2'-hydroxyl position of paclitaxel to afford DHA-paclitaxel (1.09) [92], The intention behind the 

synthesis of this conjugate was to increase the efficacy and widen the therapeutic index of 

paclitaxel by selectively targeting tum our cells. It has been widely reported in the literature that a 

free 2'-hydroxyl functionality is necessary for tubulin binding. Thus, the conjugate was found to be 

largely devoid of in vitro cytotoxicity. The conjugate exhibited superior in vivo antitumour activity 

in M 109 lung tum our mouse models compared with free paclitaxel. The conjugate also 

demonstrated a lower incidence of undesirable toxicity. In further pharmacokinetic studies, 

carried out by Bradley et al. on mice bearing M 109 tumours, an 8-fold higher tum our uptake of 

DHA-paclitaxel was found compared with equimolar doses of free paclitaxel [92]. Phase I clinical 

trials conducted on DHA-paclitaxel revealed that no alopecia, nausea, vomiting or significant 

peripheral neuropathy was observed in participants even at a dose equivalent to 4.6 times the 

maximum approved dose of paclitaxel. Furthermore, 50% of the patients treated with the 

conjugate attained stable disease [92]. A further phase I clinical trial of DHA-paclitaxel, conducted 

by W olff et al. demonstrated that DHA-paclitaxel administration resulted in a dramatically altered 

pharmacokinetic profile to that of paclitaxel with approximately 10-fold lower Cma* values and a 5- 

fold increase in plasma half life [93]. In this study DHA-paclitaxel demonstrated a favourable 

toxicity profile with no evidence of significant alopecia, arthralgia, myalgia, mucositis or 

peripheral neuropathy. In a phase II trial conducted by Jones et al., DHA-paclitaxel was shown to 

have only modest activity in patients with oesophago-gastric cancer with haematological toxicity 

comparable to that of paclitaxel and docetaxel [94]. A further phase III study comparing the 

activity of DHA-paclitaxel to decarbazine in patients with metastatic melanoma found that DHA- 

paclitaxel was superior to decarbazine [95]. While there were no significant differences in overall 

survival, response rate, duration of response, time to progression and time to treatm ent failure 

between the two drugs, myelosuppression was more common with DHA-paclitaxel compared to 

free paclitaxel. Further clinical evaluation of DHA-paclitaxel for this patient population was 

therefore not advocated.
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Figure 1.19 DHA-paclitaxel (1.09)

Other polyunsaturated fatty acids have also been utilised to achieve selective delivery of tubulin 

binding agents to their target cells. Ke et al. synthesised a conjugated linoleic acid-paclitaxel 

conjugate (1 .1 0 ) in an attempt to enhance the delivery o f paclitaxel across the blood brain barrier 

to effectively target brain tumour cells [96]. The stability of the conjugate was examined in 

phosphate buffered saline (PBS) and rat plasma. No free paclitaxel was observed in the PBS buffer 

after 48 h while only 4.7% free paclitaxel was observed in the rat plasma study after 48 h. In vitro, 

the conjugate demonstrated 4-fold increased up-take into C6  glioma cells after 6  h, in comparison 

to paclitaxel. Furthermore, the conjugate was found to have an IC5 0  of 3.47 |iM  compared to an 

IC5 0  of 2.13 liM  for free paclitaxel. Pharmacokinetic analysis of the conjugate demonstrated that 

the AUC and half-life o f the conjugate were much higher than that of free paclitaxel, indicating 

prolonged circulation o f the conjugate. Analysis of the biodistribution o f the conjugate 

demonstrated that it was still detectable in brain tissue 360 h post administration. At a dose of 40 

mg/kg in C6  glioma tumour-bearing rats, the conjugate demonstrated significant antitumour 

activity whereas the paclitaxel treatment group showed no difference from control animals. 

Although it remains to be seen if the conjugate can elicit a therapeutic response in the clinic, the 

results of the in vivo work carried out to date are encouraging.
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Figure 1.20 Conjugated linoleic acid-paclitaxel (1.10)

P-glycoprotein efflux is one of the principal mechanisms of paclitaxel treatm ent failure in drug- 

resistant tumours [97], DHA-paclitaxel (1.09) has not been reported to be a good substrate for P- 

glycoprotein. However, once paclitaxel is released intracellularly it is likely to become susceptible 

to efflux via P-glycoprotein. In an attem pt to circumvent this mechanism of resistance, 

Kuznetsova et al. conjugated a number of second generation taxoids to docosahexaenoic acid, 

linolenic acid, and linoleic acid [97], These second generation taxoids, bearing different 

substituents at the C-2, C-10 and C-3' positions, exhibited 2-3 orders of magnitude greater 

cytotoxicity than paclitaxel against multidrug resistant tum our cell lines. In vivo studies w/ith these 

conjugates, using both drug sensitive human ovarian tum our xenograft (Pgp-) A121 and the drug 

resistant human colon tum our xenograft (Pgp+) DLD-1 in mice, showed favourable outcomes. One 

of the conjugates designated DHA-SB-T-1214 achieved complete regression of the DLD-1 tumour 

whereas paclitaxel and DHA-paclitaxel were found to be completely ineffective. DHA-SB-T-1213 

and DHA-SB-T-1216 also exhibited impressive results in vivo. Following on from this work, 

Kuznetsova et al. evaluated conjugates of SB-T-1213 with linoleic acid (LA) and linolenic acid 

(LNA). While LNA-SB-T-1213 demonstrated superior efficacy to DHA-SB-T-1213, it also exhibited 

greater toxicity to the animals, while LA-SB-T-1213 did not display meaningful activity in vivo.

Lipoamino acid residues have also been utilised to synthesise tum our targeting conjugates. 

Pignatello et al. synthesised two conjugates of paclitaxel linked via a succinate linker at the 2'- 

hydroxyl position to the lipoamino acids norleucine (C6) (1.11) or 2-aminodecanoic acid (CIO) 

(1.12) [98]. The conjugates were more potent in the ARC human anaplastic thyroid cancer cell line
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than free  paclitaxel. A decrease in drug expulsion due to  M D R-1 efflux pumps also suggested th a t 

these conjugates may have enhanced activity in m ultidrug resistant tu m o u r types.
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Figure 1 .21  Paclitaxel-lipoam ino acid conjugates (w/here n=3 fo r norleucine conjugate (1 .11) and

n=7 fo r 2-am inodecanoic acid conjugate (1 .12 ))

1.4 Hormone receptor ligand conjugates

Horm one receptors are w/idely known to  be overexpressed in a num ber o f horm one-dependent 

cancers. Conjugates targeting androgen, oestrogen, som atostatin and luteinising horm one- 

releasing horm one have all been synthesised in recent years w ith  a v iew  to  taking advantage of 

the  selective expression o f these receptors in cancer cells to im prove drug targeting o f tumours.

In an a tte m p t to  selectively target cells expressing th e  androgen receptor, while having m inim al 

im pact on norm al cells, a colchicine-cyanonilutam ide conjugate (1 .13 ) was synthesised by Sharifi 

e t at. [99]. The conjugate was observed to  have a low er IC50 value in tubulin polym erisation assays 

than colchicine itself. The conjugate also dem onstrated a g reater toxicity against androgen- 

independent prostate cancer cells than a 1:1 com bination o f colchicine and n ilutam ide, suggesting 

th a t the enhanced in vitro  activity was not exclusively related to androgen receptor interaction. 

The androgen receptor binding affin ity  o f the conjugate was found to  be only 10-fold low er than  

the  clinically active androgen receptor antagonist, n ilutam ide. The conjugate was also found to be 

m ore cytotoxic in vitro  than colchicine. W hile  this conjugate represents a novel mechanism of 

selective delivery to  target tu m our cells, the  proposed specificity remains to  be confirm ed in an in 

vivo m odel.
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Figure 1.22 Colchicine-cyanonilutamide conjugate (1.13)

Many breast cancer cells are hormone dependent. By targeting the oestrogen receptors on their 

surface, selective delivery of a known cytotoxic agent to the interior of these cells could 

theoretically be achieved [100]. In an attempt to specifically target breast cancer tumour cells, 

estradiol-paclitaxel conjugates were synthesised by Liu et al through linkages from the 11- or 16- 

position of estradiol to the 2'-, 7-, or 10-position of paclitaxel [100]. Structure activity 

relationships conducted on estradiol demonstrated that modification of the 16- and 1 1 - positions 

could be carried out without adversely affecting oestrogen receptor binding. Structure activity 

relationship analysis conducted on paclitaxel demonstrated that modifications at the 10- and 7- 

positions were possible resulting in only slightly diminished tubulin binding activity. Furthermore, 

ester linkages at the 2 '-position have been extensively utilised for the synthesis of conjugates, as 

this group has been reported to undergo hydrolysis over time in vivo. The series of conjugates 

synthesised by Liu et al were found to be cytotoxic to the A2870 ovarian cancer cell line in vitro 

although less so than free paclitaxel [100]. The MCF-7 breast cancer cell line and the MDA-MB- 

231 breast cancer cell line were also used to evaluate the activity of the conjugates in oestrogen 

receptor positive and oestrogen receptor negative cell lines respectively. While one conjugate 

(1.14) showed 3-fold greater activity for the oestrogen receptor positive cell line compared with 

the oestrogen receptor negative cell line, it was found to be less potent than free paclitaxel. Two 

estradiol-paclitaxel hemisuccinates were also prepared to increase the solubility of the 

conjugates. The corresponding sodium and triethanolammonium salts were found to be slightly 

more cytotoxic than the acid forms, but were substantially less cytotoxic than the corresponding 

estradiol-paclitaxel conjugates. While this work suggests that it is possible to selectively target 

oestrogen receptor positive cells, the disappointing potency of the resulting conjugates suggests 

that the clinical usefulness of this approach may be limited.
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Figure 1.23 Estradiol-paclitaxel conjugate (1.14)

Shen et al. attempted to exploit the overexpression of somatostatin receptors on the surface of 

tumour cells by covalently conjugating one or two paclitaxel molecules to an octreotide molecule 

in order to selectively deliver the cytotoxic agent to the target cells [101]. Octreotide is an 

octapeptide analogue o f endogenous somatostatin that binds with high affinity to somatostatin 

receptors in vivo. A number of different tumour types have been shown to overexpress 

somatostatin receptors, in particular non-small cell lung cancer cells [102]. In vivo, significant 

tumour growth inhibition was observed in human NSCLC A549 tumour xenografts in mice 

following administration o f the paclltaxel-octreotide-(paclitaxel)2 conjugate, whereas an 

equivalent dose of paclitaxel was found to be ineffective and more toxic to the test animals. 

Studies by Sun et al. demonstrated that the octreotide-paclitaxel conjugates were particularly 

effective against the somatostatin receptor positive cell lines A549 and Calu-6 and encouragingly, 

showed less activity than paclitaxel against somatostatin receptor negative fibroblasts in vitro 

[103].

Sundaram et al. synthesised a conjugate o f docetaxel and deslorelin (1.15) in order to increase the 

specificity of docetaxel for prostate cancer cells [104]. Docetaxel is an analogue of paclitaxel while 

deslorelin is a luteinising hormone-releasing hormone superagonist. Luteinising hormone- 

releasing hormone receptors are overexpressed in a number of human cancers including prostate, 

ovarian, breast and endometrial cancer, making it a suitable target for the delivery of cytotoxic 

drugs. The conjugate was superior to docetaxel and deslorelin alone in vitro against LNCaP and 

PC-3 cell lines. In vivo, the conjugate was found to cause 5.5 times greater tumour grovy/th
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inhibition than docetaxel in PC-3 tum our xenografts in mice. Taken together, these results are 

encouraging. However, the potential for non-target toxicity should be evaluated in vivo before 

clinical evaluation is commenced.
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Figure 1.24 Deslorelin-docetaxel conjugate (1.15)

Pribylova et al. subsequently synthesised a series of conjugates of an analogue of luteinising 

hormone-releasing hormone and paclitaxel [105]. In vitro, one of the conjugates (1.16) 

demonstrated superior activity to free paclitaxel against MCF-7 human cancer ceils. Further in 

vivo evaluation of this compound and other analogues is currently underway.
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Figure 1.25 Luteinising hormone-releasing hormone analogue-paclitaxel conjugate (1.16)

1.5 Peptide-drug conjugates

A number of cell surface receptors and antigens are selectively expressed on tumour cells. Various 

peptide based ligands for these targets have been conjugated to tubulin binding agents in order 

to achieve tumour localised delivery. Conjugates targeting prostate specific antigen, lipoprotein 

receptor related (LRP) protein, matrix metalloproteinase-2 (MMP-2), HER2, integrins and 

ttvpe, the radiation inducible tax-interacting protein-1 (TIP-1), gastrin-releasing peptide (GRP) 

receptor and tissue factor (TF) have each been developed and evaluated.

Kumar et al. synthesised a number of conjugates composed of paclitaxel covalently attached to a 

peptide substrate for prostate-specific antigen [106]. Conjugate (1.17), in particular, was shown to 

be stable in the presence of serum but selectively released the active cytotoxic agent in the 

presence of prostate specific antigen.
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Figure 1.26 2'-[Mu-Ser-Ser-Lys-Tyr-Gln--NH-(CH2)2-N(CH3)]-Paclitaxel (1.17)

MDR-1 (P-glycoprotein) efflux-mediated resistance to paclitaxel transport across the blood brain 

barrier represents a considerable obstacle to the treatment of brain malignancy with this agent. In 

an attempt to overcome this difficulty, Regina et al. synthesised ANG1005, (1.18), a novel 

conjugate of the brain peptide vector angioprep-2 linked to 3 molecules of paclitaxel [107], 

Angioprep-2 binds to the low density lipoprotein receptor related protein (LRP) receptors at the 

blood brain barrier. Therefore, it was hypothesised that this mechanism could be exploited to 

deliver drugs by receptor-mediated transport [108], In situ brain perfusion studies demonstrated 

that ANG1005 enters the brain to a greater extent than paclitaxel and is not a substrate for the 

MDR-1 efflux pump. ANG1005 showed approximately 161-fold greater brain uptake in vivo 

compared with free paclitaxel 30 min post i.v. injection [108]. Furthermore, tumour uptake of 

ANG1005 was found to be approximately 1.5 times that in the surrounding brain tissue, 

demonstrating a degree of tum our specific localisation. Increased expression of LRP in many 

tumour cells has been offered as a possible explanation for this observation [109], Decreased 

susceptibility of the conjugate to MDR-1 mediated efflux has also been suggested to contribute to 

this effect. In vitro, efficacy comparable to that observed for paclitaxel has been established in a 

number o f human cancer cell lines. Furthermore, the conjugate was found to be more efficacious 

in vivo than paclitaxel. Increased survival of mice with intracerebral implantation of U87 MG 

glioblastoma cells or NCI-H460 lung carcinoma cells was observed following ANG1005 

administration.
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Figure 1.27 ANG1005 (1.19)

Yamada et al. synthesised conjugates of paclitaxel linked to the MMP-2 substrate octapeptide 

(AcGPLGIAGQ) via either the 2'hydroxy or the 7-hydroxy positions (1.20) [110]. The octapeptide 

was designed to be selectively cleaved at the tumour site due to the overexpression of MMP-2 on 

target tumour cells. It was hypothesised that this would result in accumulation of paclitaxel at the 

tumour site. In vitro the conjugates were shown to exhibit greater anti-proliferative activity than 

free paclitaxel in a number of human cancer cell lines. In vivo, the conjugates caused extensive 

areas of necrosis in a human tumour cell xenograft model in mice. Thus, it was suggested that the 

conjugate may have the potential for selective tumour targeting.
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Figure 1.28 Paclitaxel-7-AcGPLGIAGQ (1.20)

In an attem pt to selectively deliver paclitaxel to HER2 overexpressing cancer cells, Li et al. 

synthesised a novel conjugate of paclitaxel and the cyclic peptide EC-1 (1.21) [111]. The cyclic 

peptide EC-1 has been show^n to bind specifically to HER2. Despite the interesting nature of the 

targeting approach, no in vitro or in vivo data was presented to demonstrate the efficacy of this 

agent

In malignant tumours, OvPa receptors are overexpressed on the surface of sprouting capillaries 

and also on certain types of tum our cells (e.g. 25% of lung cancers) [26]. Peptide ligands 

containing the tripeptide, arginine-giycine-aspartate are found to bind w îth high affinity and 

selectivity to the avPa and avPs integrins [112], Furthermore, cyclic pentapeptide ligands 

containing the RGD moiety are found to bind to av3s integrins with even greater affinity and 

selectivity. By synthesising a conjugate of paclitaxel with the bicyclic peptide E[c(RGDyK]2 (1.22), 

Chen et al. demonstrated that such an approach can be used to introduce selectivity for tumour 

tissue to the drug conjugate [113]. In vitro, the conjugate inhibited cell proliferation of the MDA-

O

NH-W-T-G-W-Cys-L-N-P-E-E-S-T-W-G-F-Cys-T-G-S-F-NH2

Figure 1.29 Paclitaxel-ECl conjugate (1.21)
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MB-435 cell line w itli activity comparable to that observed for free paclitaxel. Despite showing 

slightly decreased integrin binding affinity compared to the unconjugated peptide, the conjugate 

also demonstrated integrin specific accumulation in an in vivo orthotopic nude mouse breast 

cancer model. Biodistribution analysis conducted in vivo, using tritium  labelled conjugate and 

paclitaxel in human xenograft models in mice, indicated that the conjugate had a higher initial 

tumour uptake and more prolonged tumour retention than free paclitaxel. However, the absolute 

tumour uptake still remained low [114].

The divalent integrin homing peptide E-[c(RGDfK)2 ] was similarly coupled to paclitaxel by Ryppa et 

al. to yield E-[c(RGDfK)2 ]-paclitaxel (1.23) [115]. The related conjugate c(RADfK)-paclitaxel was 

also prepared as a non-integrin a„33 binding control. Using a standard 72 h endothelial cell 

proliferation assay, both conjugates demonstrated inhibition o f human umbilical vein endothelial 

cells (HUVEC) comparable to free paclitaxel. However the authors reported that the half-life of the 

paclitaxel ester bond was o f the order of 2 h at pH 7. It is therefore plausible that the activity of
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Figure 1.30 Paclitaxel-E[c(RGDyK) ] 2  conjugate (1.22)

44



the conjugates was largely due to the premature release of paclitaxel. In contrast, following a 30 

min incubation of the three agents with the cells, marked differences in the IC5 0  values of the 

conjugates were observed. IC5 0  values of 10 nM, 25 nM and 60 nM were found for the free 

paclitaxel, E-[c(RGDfK)2 ]-paclitaxel and c(RADfK)-paclitaxel respectively. An endothelial cell 

adhesion assay showed that inhibition of cell attachment was only observed with E-[c(RGDfK)2 ]- 

paclitaxel, indicating its potential specificity. Despite the promising in vitro results, in vivo studies 

in an OVAR-3 xenograft model demonstrated no increase in antitumour efficacy for either E- 

[c(RGDfK)2 ] or E-[c(RGDfK)2 ]-paclitaxel compared to paclitaxel [115]. Poor stability of the paclitaxel 

ester bond, resulting in premature release of free paclitaxel and an insufficient density of 

receptors on target cells, were presumed to be responsible for an insufficiently toxic dose being 

internalised into the target cells [115].
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Figure 1.31 E-[c(RGDfK)2 ]-paclitaxel (1.23)

Li et al. have synthesised a conjugate consisting of paclitaxel covalently tethered to a tetrameric  

peptide ligand of integrin QvPe (1-24) [116]. This integrin is widely expressed on early stage non-
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small cell lung cancer cells and is associated with poor prognosis. It is also overexpressed in many 

epithelial carcinomas but is not expressed in normal tissues. The tetrameric peptide based a^Pe 

ligand, designated H2009.1, binds with high affinity to OvPe but minimally with other integrin 

receptors. In vitro, the conjugate was found to be selectively cytotoxic to OvPe positive cell lines 

and displayed equivalent efficacy to free paclitaxel in tumour xenograft models. However, no 

statistically significant benefit was observed between the conjugate and free paclitaxel, either in 

terms of antitumour efficacy or reduced cytotoxicity. It was suggested by Liu et al. that the 

disappointing in vivo activity may be due to inefficient cleavage of the linker unit to release 

paclitaxel intracellularly or perhaps due to poor tumour cell internalisation of the conjugate.
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Figure 1.32 Paclitaxei-H2009.1 peptide conjugate (1.24)

Radiation has been used to induce the expression of cell surface receptors within the tum our 

microvasculature [117]. A number of tumour targeting peptides were subsequently developed to 

bind to these radiation inducible receptors. The HVGGSSV peptide is one such peptide. It was 

found to selectively bind to the tax-interacting protein-1 (TIP-1) receptor whose expression is 

induced in the microvasculature of irradiated tumours. Hariri et al. synthesised a novel conjugate
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of human serum albumin-paclitaxel to which HVGGSSV was covalently tethered [117]. The 

conjugate was shown to bind specifically to TIP-1 receptors expressed in irradiated tumours. It 

was found to enhance the bioavailability of paclitaxel and significantly increased tum our growth 

delay in a human lung cancer xenograft model in mice. In fact, a 5-fold increase in paclitaxel 

concentrations in irradiated tumours was observed after administration of the conjugate, 

compared with human serum albumin-paclitaxel.

Safavy et al. synthesised a conjugate in which paclitaxel was linked to a dimeric presentation of 

the peptide YQWAVGHLM [118]. This peptide corresponds to a segment of the amphibian peptide 

bombesin. The peptide was shown to bind selectively to the gastrin-releasing peptide (GRP) 

receptor, which is overexpressed in a variety of cancer cells but has limited expression in normal 

tissues [119], The conjugate, paclitaxel-glu(YQWAVGHLM )2 was found to be more potent than 

paclitaxel in vitro in GRP receptor-positive cell lines. No data was presented on the efficacy of the 

conjugate in vivo.

Ndungu et al. synthesised a number of conjugates of the endogenous coagulation protein factor 

VII covalently attached to paclitaxel [120]. The conjugates were designed to take advantage of 

factor Vlls high affinity for tissue factor (TF) which is selectively overexpressed on tumour 

associated vascular endothelial cells and on many cancer cells [121]. While the conjugates were 

found to be cytotoxic against various TF-positive cell lines, in vivo evaluation of the conjugates 

was not reported.

1.6 Macromolecular Conjugates

The targeting of cytotoxic agents to the tum our site can occur via passive as well as active 

processes. While many of the targeting methodologies discussed thus far rely on the selectivity of 

a targeting moiety for tum our expressed antigens or receptors and the binding-mediated entry of 

the conjugate into target cells, it is also possible to target tumours passively by exploiting 

differences in the anatomical structure of the tumour. Macromolecular drugs have high molecular 

weights, typically greater than 40 kDa, which enables them to overcome renal excretion and 

attain prolonged plasma or tissue half-lives [122]. Due to their large size however, 

macromolecules can often have difficulty in crossing the tight endothelial junctions of normal 

vasculature [122]. Tumour vasculature however, is characterised by a number of 

pathophysiological alterations such as increased vascular density due to tum our angiogenesis, 

impaired lymphatic recovery and absence o f a basement membrane and associated smooth

47



muscle. This permits the extravasation of these agents in tumour vasculature and causes them to 

become trapped in the tumour vicinity [122], There is also a further amplification of vascular 

permeability due to the extensive production of vascular mediators locally such as bradykinin, 

nitric oxide and prostaglandins. Over time, the macromolecules concentration at the tumour site 

will gradually increase, reaching several-fold the drug concentration in circulation [123]. This 

concept of macromolecule accumulation and selective retention at the tumour site is referred to 

as the enhanced penetration and retention (EPR) effect [122]. The EPR effect does not just imply 

passive delivery of macromolecular anticancer drug conjugates into tumour tissues, but also 

refers to the prolonged retention of these drugs for weeks or even months in the tumour tissues, 

permitting effective and prolonged anticancer efficacy [123]. The EPR effect has been observed 

with biocompatible macromolecules or nanoparticles, with a molecular size of more than 40 kDa 

and up to Ipim in size, in most experimental solid tumours [124].

In order to exploit this phenomenon for the selective delivery of tubulin targeting agents to 

tumours, a number of macromolecular drug conjugates have been synthesised and evaluated. 

These conjugates typically consist of three distinct components, namely a suitable polymeric 

carrier, a biodegradable linker, and a bioactive antitumor agent. Some of the more complex 

macromolecular conjugates also contain a more conventional tumour targeting moiety to further 

increase selectivity for tumour cells and some novel tumour-specific release mechanisms have 

also been incorporated into these agents.

1.6.1 EPR effect-dependent macromolecular conjugates

For clinical administration, paclitaxel is typically formulated as a polyethylated castor oil based 

preparation (Cremophor EL) or using ethanol as a co-solvent (Taxol). However, the excipients used 

in these formulations have been reported to contribute to the toxicity of the preparations and 

hypersensitivity reactions are common. To address this concern, a co-solvent free formulation has 

been developed that consists of 130 nm albumin particles to which paclitaxel is non-covalently 

bound (Abraxane) [125-128]. However, this technology is not the first to employ human serum 

albumin as a delivery vehicle for paclitaxel. Dosio et al. developed a poly(ethylene glycol)-human 

serum albumin-paclitaxel conjugate (1.25) to improve the water solubility and stability of 

paclitaxel [129]. Paclitaxel was conjugated to the serum albumin via a 2'hydroxy succinate linker. 

Approximately six paclitaxel molecules were conjugated to each human serum albumin molecule, 

whereas an average of eight monomethoxy poly(ethylene glycol) chains of either 2 or 5 kDa mass 

were conjugated to each albumin molecule. In vitro cytotoxicity assays determined that the
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conjugates had activity in each of three human cancer cell lines tested. In vivo, a 10-fold increase 

in half-life compared to the unconjugated paclitaxel was achieved. While the resultant conjugates 

would be expected to accumulate selectively at the tumour site by virtue of their size, no data 

was presented to confirm this hypothesis.

NHj^Cr
CH3(OCH2CH2)nO(CH2)6

Human Serum Albumin

Figure 1.33 Paclitaxel-HSA-PEG (1.25)

Paclitaxel poliglumex (PPX, also called Xyotax or CT2103) (1.26) is a macromolecular drug 

conjugate consisting o f paclitaxel covalently attached to the biodegradable polymer, poly(L- 

glutamic acid). The 2' hydroxy group of paclitaxel is linked to the y-carboxylic acid side chains of 

poly-L-glutamic acid. On average there are 10.4 non-conjugated monomer units (a+b) for every 

monomer conjugated to a paclitaxel molecule (y). Due to the importance of the 2' hydroxyl 

position on paclitaxel for tubulin binding, the conjugate remains biologically inactive in circulation, 

in stability studies, carried out by Chipman et a i, less than 14% of bound paclitaxel had been 

hydrolysed following 24 h incubation in human plasma at 37 C [130]. The molecular weight of PPX 

is approximately 48 kDa. Therefore, enhanced tumour delivery is achieved by taking advantage of 

the EPR effect. A 10-100-fold increase in tumour drug concentration, compared with an 

equivalent dose o f drug given conventionally, was observed. Once the polymer reaches the 

tumour, endocytosis o f the conjugate occurs. Release of free paclitaxel was found to be at least 

partially dependent on proteolysis by cathepsin B [131]. As well as selective tumour delivery by 

virtue of the EPR effect and cathepsin B dependent release, PPX is water soluble without the need 

for potentially toxic excipients. Preclinical studies in animal tumour models demonstrated that 

paclitaxel poliglumex was more efficacious than standard paclitaxel treatment and was associated

49



with prolonged tunnour exposure to the active drug while mininnising systemic exposure. Phase I 

and II clinical trials with the conjugate showed encouraging outcomes in comparison with free 

paclitaxel, with lower incidences of myelosuppression and alopecia. The polymeric presentation 

also allowed more convenient administration schedules to be adopted without the need for 

premedication. Human pharmacokinetic data verified the prolonged tumour exposure and limited 

systemic exposure initially suggested by preclinicai studies [132].

Clinically, in comparison with docetaxel, PPX was associated with a favourable haematological 

toxicity profile with an associated reduction in incidences of severe neutropenia and infection. A 

phase I and pharmacokinetic study of PPX conducted by Boddy et al. demonstrated a prolonged 

half-life of greater than 100 h for the conjugate and limited volume of distribution compared to 

that of free paclitaxel [133]. Hypersensitivity reactions were reported to be mild and there was no 

necessity for premedication. Neutropenia was also relatively mild but neuropathy was found to 

be comparable with equivalent doses of free paclitaxel. Notably, alopecia was almost absent in 

patients treated with PPX compared with an incidence of 50% in patients receiving an equivalent 

regimen consisting of free paclitaxel. In three phase III clinical trials conducted on patients with 

advanced non-small cell lung cancer, PPX was shown to be as effective as current treatment 

options [130]. However, in a retrospective analysis of data from two phase III clinical trials, it 

became apparent that the activity of the conjugate may be regulated by estradiol. Increased 

survival was observed in the female, but not the male, cohort of patients. It has been shown that 

cathepsin B activity is induced by estradiol and since cathepsin B was known to be central to 

paclitaxel release from the conjugate it was suggested that such a connection could be exploited 

for clinical benefit [130]. Furthermore, in a subsequent phase III trial comparing the conjugate 

with docetaxel in the second line treatment of non-small cell lung cancer, both agents produced 

similar survival results but had different toxicity profiles. While the conjugate benefited from less 

febrile neutropenia and less alopecia (43% versus 14%), shorter infusion times and elimination of 

the need for premedication to prevent hypersensitivity reactions, it was also associated with a 

greater incidence of neurotoxicity compared to docetaxel (19% versus 3% incidences of grade 3 

neuropathy) and actually resulted in a higher discontinuation rate due to adverse events [134]. 

Despite early promise, the therapeutic benefits of this agent have yet to be conclusively 

determined and the product is still awaiting marketing authorisation.
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Figure 1.34 Schematic representation of Paclitaxel poliglumex (1.26)

The related poly (L-Y-glutamyl-glutamine)-paclitaxel (PGA-PTX) conjugate (1.27) was synthesised 

and evaluated by Van et at. [135], This conjugate consists of poly (L-glutamic acid) in which 

another glutamic acid has been coupled to each glutamic acid in the polymer backbone. Paclitaxel 

was then covalently attached to the glutamic acid side chain. There are approximately five non- 

paclitaxel conjugated monomer units (Y) to each paclitaxel-conjugated monomer unit (X). This 

conjugate was found to have superior water solubility and a faster dissolution rate than the 

related PPX conjugate (1.26) and was found to have a comparable potency when tested in vitro 

against the human lung cancer cell line H460 [135]. The IC50 of PGG-PTX was 2.31 nM compared to 

2.25 nM for PPX. It does however, possess a lower toxicity than the PPX conjugate with a 2.2-fold 

higher maximum tolerated dose demonstrated in vivo in mice [135]. Furthermore, the maximum 

tolerated single dose of PGG-PTX in mice was 350 mg PTX/kg as compared to 160 mg PTX/kg for 

PPX and 80 mg/kg for paclitaxel in the Cremophor formulation [135]. The authors have also 

indicated that PGG-PTX has shown superior therapeutic activity to that of Abraxane in multiple 

tumour models and that the conjugate is less toxic than poly (l-glutamic acid) in vivo [135].

Tritium labelled PGG-PTX was used to investigate the tumour targeting effect of the 

macromolecular conjugate. It was found that a 7.7-fold increase in tumour taxane concentration 

was obtained following administration of the conjugate, compared to an equivalent dose of free 

paclitaxel [136]. Furthermore, the conjugate produced significantly greater inhibition of tumour 

growth in three different cell models following administration of single equitoxic doses of PGG- 

PTX and Abraxane. PGG-PTX was also found to generate much less weight loss in mice bearing 

H460 tumours [137].
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Figure 1.35 PGG-PTX (1.27)

Xie et al. have synthesised and characterised another paclitaxel-polymer conjugate for the 

enhanced delivery of paclitaxel to the tum our site [138]. The conjugate is a tribiock polymeric 

construct designated P(LGG-paclitaxel)-PEG-P(LGG-paclitaxei) (1.28). In vitro studies indicated 

that release of paclitaxel from the polymer is pH dependent w/ith release occurring more rapidly 

at low pH than at neutral pH. This was hypothesised to offer the potential for selective 

intracellular release following endocytosis due to the lower pH within lysosomes. In vitro 

cytotoxicity assays carried out on the rat brain glioma C6 cell line indicated that the conjugate had 

comparable activity to free paclitaxel suggesting that the drug would be released in vivo. 

However, no in vivo evaluation has been carried out on this conjugate to date.
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Figure 1.36 P(LGG-paclitaxel)-PEG-P(LGG-paclitaxel) conjugate (1.28)

A monomethoxy-poly(ethylene glycol)-b-poly lactide copolymer (MPEG-PLA) was conjugated to 

paclitaxe! via an ester linkage by Zhang et al. [139], The conjugate was evaluated in vitro using 

human liver cancer H7402 cells and was subsequently shown to release paclitaxel and exert a 

cytotoxic effect.

Conjugates of paclitaxel linked via an acid sensitive hydrazone linker to bifunctional PEGs (MW 

20,000) were also shown to inhibit three human cell lines with low micromolar IC50 values [140],

Paclitaxel was also conjugated to poly (hydroxyethylaspartamide) (PHEA) via a succinate ester 

linker (1.29) by Cavallaro et al. [141], Paclitaxel release from the resultant conjugate was found to 

be negligible at pH 7.4 and pH 5 and very slow in plasma. In vitro, the conjugate was found to be 

40-fold less active than free paclitaxel. Following in vivo administration, over 80% of the dose was 

found to accumulate in the liver within 1 h and a high concentration was found to remain in the 

liver at 144 h post administration. No significant increase in conjugate uptake was observed in the 

tum our however.
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Figure 1.37 PHEA-2'-0-succinylpaclitaxel conjugate (1.29)

The poly (vinyl alcohol) based paclitaxel macromolecular conjugate (1.30) was synthesised by 

linking the 2'hydroxy of paclitaxel to the carboxylic acid side chain of poly (vinyl alcohol) via a 

succinyl and ethyldiamine spacer group [142]. This conjugate was reported to possess superior 

aqueous solubility to paclitaxel with substantially improved pharmacokinetic characteristics. 

When evaluated in vivo using subcutaneous sarcoma 180 tumour xenografts, tumour 

accumulation and significant antitumour activity was observed.
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Figure 1.38 PVA-SPTX Conjugate (1.30)
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The endogenous biopolymer heparin has also been utilised to synthesise a paclitaxel 

macromolecular conjugate. Wang et al. synthesised a series of heparin-paclitaxel conjugates 

either by a direct ester bond between the heparin backbone and paclitaxel or by incorporating an 

amino acid spacer [143]. Valine, leucine and phenylalanine were all used as linker groups. It was 

subsequently shown that these conjugates had better aqueous solubility and faster hydrolysis 

rates than the directly linked heparin-paclitaxel conjugate. The major difficulty with heparin as a 

drug delivery vehicle is the increased risk of haemorrhage. This disadvantage can be partially 

mitigated by using 0-acetylated heparin, a derivative with low anti-coagulant activity. The 

bioconjugates formed from this modified heparin derivative were found to have a greatly 

decreased anti-coagulant effect. In related work, Wang et al. [144] synthesised a series of O- 

succinylated-heparin-paclitaxel conjugates using similar amino acid spacer groups. The 

anticoagulant activity of these conjugates was found to be dramatically reduced compared to 

unconjugated heparin and the conjugates exhibited greater activity in vitro against MCF-7 cells 

than paclitaxel. In a mouse xenograft of human ovarian serous cystocarclnoma cells, the leucine 

linker containing conjugate was shown to have similar rates of tum our growth inhibition to 

paclitaxel, with reduced loss in body weight among the treated animals.

Carboxymethyldextran (CMDex) has a number of characteristics which make it suitable for the 

synthesis of a macromolecular drug delivery agent. It is biocompatible, contains a large number of 

carboxylic acid residues for convenient drug attachment and the resulting bioconjugates are 

readily w ater soluble. A number of such conjugates were synthesised by Sugahara et al. utilising 

glycine, leucine, isoleucine or alanine as linker units between the 2' hydroxy position of paclitaxel 

and the free carboxyl groups of the CMDex (Figure 1.39) [145]. In a stability study conducted in 

mouse plasma over 72 h at 37 °C, it was found that the conjugate with the glycine linker released 

the most paclitaxel. In the accompanying in vivo pharmacokinetic studies conducted on colon 26 

human colon cancer cell tum our xenograft models in mice, it was found that the glycine 

containing conjugate resulted in the greatest paclitaxel release. Furthermore, the release of 

paclitaxel was found to correlate with the activity of the compound in vivo for all conjugates. The 

tum our specific cytotoxicity of this conjugate was not determined in vivo however.
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Figure 1.39 Paclitaxel-carboxymethyl dextran conjugates

In closely related work, Sahara et al. subsequently synthesised a paclitaxel-CMDex conjugate 

linked via a glycine-glycine-phenylalanine-glycine tetrapeptide spacer (GGFG) which was 

designated AZ10992 [146]. This conjugate showed no activity in vitro but displayed superior 

activity to free paclitaxel against colon 26, MX-1, LX-1 and HT-29 tum our xenografts in mice. In 

fact, AZ10992 administration resulted in complete regression of MX-1 mammary carcinoma 

xenografts in vivo. The maximum tolerated dose of AZ10992 was also twice that of free paclitaxel 

in vivo. Pharmacokinetically, AZ10992 also resulted in greater tum our paclitaxel exposure 

compared to free paclitaxel. In further studies, AZ10992, unlike paclitaxel, was shown not to 

induce degeneration of myelin or swelling of Schwann cells in sciatic nerves in mice. The 

conjugate was also shown to display superior therapeutic activity in other human tum our 

xenograft models [147]. However, any potential benefits of this conjugate over more established 

paclitaxel-biopolymer conjugates have yet to be determined.

Chitosan is another biopolymer which has been investigated for the tum our targeted delivery of 

tubulin inhibitors. Chitosan is a natural polysaccharide found in many living organisms [148]. It is 

widely used pharmaceutically because it is biocompatible, biodegradable, mucoadhesive and non

toxic [148]. Using a CaCo-2 cell model, it was shown that low molecular weight chitosan can 

reversibly open the tight junctions between intestinal cells [148]. Thus it has been hypothesised 

that chitosan may find utility as an absorption enhancing agent in pharmaceutical formulations
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[148]. A low molecular weight chitosan paclitaxel conjugate (LMWC-paclitaxel) (1.31), containing 

approximately 12% paclitaxel by weight, was synthesised and evaluated in vitro and in vivo by Lee 

et al. [149]. The conjugate exhibited comparable activity to free paclitaxel in vitro while oral 

bioavailability was 42%. When the conjugate was administered orally to mice bearing murine 

melanoma BF16F10 or human non-small cell carcinoma NCI-H358 tumour xenografts, comparable 

anti-tumour activity was seen to those treated with i.v. free paclitaxel, but with much lower 

incidences of toxicity.
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Figure 1.40 LMWC-paclitaxel (1.31)

Subsequently, a docetaxel-LMWC conjugate (1.32) was synthesised by Lee et al. [150]. This 

conjugate showed equivalent activity to free docetaxel in vitro against human non-small cell lung 

cancer (NCI-H358) and brain glioblastoma (U87MG) cell lines. Pharmacokinetic data following oral 

administration showed that the half-life of the conjugate was approximately 15-fold greater and 

the AUC 3.8-6.2 times higher in comparison with i.v. administered docetaxel. The conjugate 

showed comparable anti-tumour activity to an equivalent i.v. dose of docetaxel when 

administered orally in two human xenograft tumour models (NCI-H358 and U87MG). However, 

the conjugate was found to cause less pronounced side effects than docetaxel. Significantly less 

weight loss and haematological toxicity was observed in the conjugate treated mice [150].
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Jun et al. synthesised a novel w ater soluble and biodegradable cyclotriphosphazene-paclitaxel 

conjugate (1.33) in order to improve delivery of paclitaxel to the tum our site [151]. The conjugate 

was synthesised by reacting 2 '-succinyl paclitaxel with cyclotriphosphazenes bearing equimolar 

glycyl-L-lysine and methoxy poly (ethylene glycol) as side groups. It was found to be readily water 

soluble and was shown to form stable micelles by self-assembly. The conjugate exhibited an IC50 

value approximately twice that of free paclitaxel in a number of human cancer cell lines. It was 

shown to undergo hydrolytic cleavage in physiological solution, showing a release of 50% of 

bound paclitaxel after 72 h incubation at 37 °C.
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Figure 1.42 Cyclotriphosphazene-paclitaxel conjugate (1.33)
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Figure 1.44 Paclitaxel-triazene dendrimer prodrug 2 (1.35)

Urn et al. recently synthesised paclitaxel-triazine dendrinner macromolecular constructs consisting 

of a triazine dendrinner conjugated to 12 paclitaxel molecules and an average of 8 to 9 PEG chains 

[152]. While prodrug 1 (1.34) consisted of an ester linkage between the dendrimer and the 

paclitaxel, prodrug 2 (1.35) incorporated an additional disulfide linkage in the linker molecule. 

Prodrug 2 was evaluated in PCS human prostate cancer tum our xenografts in mice. It was 

determined that on average 11% cumulative release of paclitaxel occurred following incubation of 

prodrug 2 in human plasma for 48 h at S7 °C. The conjugate was found to be 2-3 orders of 

magnitude less toxic than free paclitaxel against human hepatocarcinoma (HepG2), porcine 

proximal tubule (LLC-PKl) and human colon carcinoma cells (LS174T), but showed similar 

cytotoxicity to Abraxane in LS174T cells. In vivo, it was found to possess comparable toxicity to 

Abraxane. The conjugate also showed significant anti-tumour activity in a PC-3 tum our xenograft
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in mice [153]. At equivalent doses, prodrug 2 demonstrated greater toxicity than prodrug 1, 

suggesting that it may have greater activity at low/er doses. Both conjugates also demonstrated 

significant antitumour activity in vivo. Lim et at. further established that these agents exhibited 

cytotoxicity in the low/ nanomolar range against PC-3 cells, w/ith dithiothreitol and glutathione 

enhancing the toxicity of the disulfide-containing conjugates such as prodrug 2 [154]. A small 

degree of tumour localisation was also observed in vivo.

Floyd et ai. also synthesised a dendrimer based conjugate (1.36) consisting o f a 40 kDa PEGylated 

dendrimer with a polypeptide core to which 16 tubulysin D analogue molecules were conjugated 

via an acyl hydrazone linkage [155]. The conjugate was evaluated in C26 tumour bearing mice. 

The mice receiving the conjugate showed a 172% tumour growth delay, without significant weight 

loss, while the mice who received the free tubulysin analogue showed no tumour growth delay 

compared to controls.
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Figure 1.45 Tubulysin analogue-dendrimer conjugate (1.36)
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Khandare et al. also synthesised a number of dendrimer based bioconjugates consisting of a 

polyamidoamine (PAMAM) G4 hydroxyl-terminated dendrimer covalently coupled to paclitaxel 

via a succinate ester linkage and to bis (carboxymethyl) PEG via an equivalent succinic acid bridge 

[156]. It was found that the linear bis(PEG)-succinic acid-paclitaxel conjugate had an IC50 25 times 

higher than free paclitaxel against A2780 human carcinoma cells while the PAMAM dendrimer- 

succinic acid-paclitaxel conjugate was found to be 10 times more active than free paclitaxel.

1.6.2 Macromolecular conjugates with a tumour targeting moiety

The covalent attachment of tumour targeting moieties to macromolecular drug conjugates has 

been hypothesised to augment the degree of tumour targeting achievable through the EPR effect. 

To this end, Miller et al. synthesised a novel conjugate (1.37) consisting of paclitaxel covalently 

linked via a Phe-Lys-p-aminobenzyl carbonate (FK-PABC) spacer to a N-(2-hydroxypropyl) 

methacrylamide (HPMA) copolymer, to which an alendronate moiety has been incorporated, in 

order to selectively target bone metastases [157]. The linker unit was designed to be stable in 

circulation but readily cleaved following tumour cell internalisation by the lysosomal enzyme, 

cathepsin B. The bisphosphonate alendronate exhibits an exceptionally high affinity for the bone 

mineral hydroxapatite, which makes it a suitable agent for the targeting of paclitaxel to the bone. 

The selectivity of the release of paclitaxel for cathepsin B mediated release was confirmed in vitro. 

An analogue of the conjugate with a non-cathepsin B cleavable linker unit demonstrated 100-fold 

lower activity against human umbilical vein endothelial cells than the HPMA copolymer-PTX-ALN 

conjugate. The conjugate was also shown to have anti-angiogenic activity equivalent to equimolar 

doses of free alendronate and paclitaxel. The conjugate demonstrated 10-fold higher IC50 values 

than free paclitaxel against both human MDA-MB-231 and murine 4T1 adenocarcinoma of the 

mammary cell lines, but demonstrated superior activity to free paclitaxel and a combination of 

free paclitaxel and alendronate at equivalent doses in mice bearing 4Tl-mCherry mammary 

adenocarcinoma in the tibia. The bone targeted polymeric conjugate was also better tolerated 

than free paclitaxel and was proposed to have an additional anti-angiogenic effect in vivo, 

suggested by increased levels of apoptotic circulating endothelial cells and decreased microvessel 

density observed in the treated animals [158].
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A PEG dendrimer composed of H2 N-PEG-dendrimer-(COOH) 4  has also been utilised as a backbone 

for the attachment of paclitaxel and alendronate with a view to selectively targeting bone 

neoplasias. This carrier has the advantage of offering four carboxylic acid groups and a free amine 

functionality for the possible conjugation of five molecules onto the central PEG polymer 

backbone. Clementi et al. have used the polyfunctionalised dendrimer to synthesise conjugate 

(1.38) which targets the succinimidyl linked paclitaxel selectively to bone utilising four 

alendronate moieties [159]. The rate o f release o f paclitaxel was equivalent following incubation 

in buffer at pH 7.4 and in plasma, indicating that paclitaxel is released hydrolytically w ithout a 

significant contribution from plasma esterases. The conjugate demonstrated a very high affinity 

for the bone mineral hydroxyapatite in vitro and also exhibited an IC50 value comparable to the 

free paclitaxel/alendronate in PC-3 cells. The PTX-PEG-ALN conjugate also exhibited an improved 

pharmacokinetic profile in vivo in mice with an elimination half-life of 85.5 min for the conjugate 

compared with just 15.1 min for free paclitaxel.
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Rosato et al. developed a macromolecular conjugate of hyaluronic acid and paclitaxel (HA-PTX) 

designated HYTADl-p20 (1.39), for the intravesicular delivery of paclitaxel in superficial bladder 

cancer [160]. Hyaluronic acid is a linear polysaccharide composed of alternating D-glucuronic acid 

and A/-acetyl-D-glucosamine units. Hyaluronic acid is found extensively throughout connective, 

epithelial and neural tissues and is one of the main constituents of the extracellular matrix [161]. 

Two receptors for hyaluronic acid are present physiologically, CD44 and receptor for hyaluronic 

acid mediated motility (RHAMM) [160]. Both of these cell surface receptors are found to be 

overexpressed in a wide variety of cancers including bladder cancer [160]. In vitro, HYTADl-p20 

exerted a much higher dose dependent inhibitory effect against RT-4 and RT-112/84 bladder 

carcinoma cell lines than free paclitaxel, exhibiting IC50 values 800 and 120 times lower than 

paclitaxel in RT-4 and RT-112/84 respectively. It was suggested that this increased activity was as 

a result of CD44 receptor mediated endocytosis of the conjugate and subsequent intracellular 

release of paclitaxel. In vivo studies, conducted on RT-122/84 orthotopic tum our containing mice, 

demonstrated an antitumour efficacy equivalent to that of free paclitaxel.
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A subsequent study carried out by Banzato et at. demonstrated the applicability of HYTADl-p20 to 

ovarian cancer [162], Antitumour activity against both IGROV-1 and OVCAR-3 human ovarian 

cancer xenografts was determined following i.p. administration in mice. It was found that the 

conjugate interacted with CD44 and entered target cells via receptor mediated endocytosis. After 

i.p. administration, the conjugate was well tolerated, with no histological evidence of toxicity. 

Pharmacokinetic studies demonstrated that blood levels of paclitaxel were higher and persisted 

longer following administration of the conjugate than those obtained with free paclitaxel. Overall 

survival was significantly increased in two in vivo models of human ovarian carcinoma when the 

bioconjugate was compared to free paclitaxel.

The applicability of HYTADl-p20 to ovarian cancer was also shown in intraperitoneal CD44- 

positive OVCAR-3 or SKOV-3 human ovarian cancer tum our xenografts [163]. HA-PTX was shown 

to be less effective in vitro against OVCAR-3 or SKOV-3 cells than free paclitaxel. However when 

administered at their maximum tolerated doses in vivo (MTD of i.p. HA-paclitaxel, i.v. paclitaxel 

and i.p. paclitaxel = 168, 80 and 80 mg/kg respectively) i.p. HA-paclitaxel was shown to be more 

effective than i.v. and i.p. free paclitaxel in inhibiting intra-abdominal tum our dissemination, 

abrogating ascites, prolonging survival and curing mice. Paclitaxel i.p. and HA-PTX i.p. were 

equivalent in terms of myelotoxicity, although the latter was administered at twice the dose.
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In a further attempt to map the biodistribution of hyaluronic acid conjugates, a [®̂ '"Tc] 

radiolabelled bioconjugate of paclitaxel linked to hyaluronic acid was administered to mice and 

the fate of the conjugate followed for 2 h using a small gamma camera [162], It was shown that 

over 80% of the conjugate was detected in the liver 10 min after injection and remained there for 

the remainder of the study. This suggested that this method of delivery may have significant 

benefits in the treatment of primary or metastatic liver neoplasias. Imaging of the bladder, 

abdomen and gastrointestinal tract after local administration confirmed that the conjugate 

remained confined to these cavities, suggesting potential tumour selective delivery to bladder cell 

carcinomas, ovarian cancers and gastric tumours respectively.

The HA-PTX conjugates were also shown to be efficacious in mice bearing NMP-1 xenografts. Mice 

administered an i.p. dose of HA-paclitaxel equivalent to 100 mg/kg and 200 mg/kg of paclitaxel 

survived to day 60 and day 199 respectively, with control mice surviving to day 30 post tumour 

implantation [164]. Furthermore, it was found that mice receiving a single HA-paclitaxel dose 

experienced a longer survival time than those treated with multiple paclitaxel doses [164].

Another in vivo study on hyaluronic acid-paclitaxel conjugates was conducted by Galer et al. [165]. 

HA-paclitaxel was found to inhibit the growth of human squamous cell carcinomas of the head 

and neck (SCCHN) cell lines OCS-19 and HNS with an activity comparable to free paclitaxel. 

Tumour uptake of the conjugate was found to be significantly impeded by free hyaluronic acid, 

indicating the dependence of uptake on CD44 interaction. HA-paclitaxel administered i.v. once 

weekly for three weeks at a dose equivalent to 120 mg/kg exerted superior tumour growth 

control to that of paclitaxel in both orthotopic OSC-19-luciferase and HNS xenograft models in 

vivo. Markedly reduced microvessel density was also observed in those treated with the 

conjugate compared to those treated with free paclitaxel.

A novel series of hyaluronic acid paclitaxel conjugates were synthesised by Xin et al. utilising 

valine, leucine or phenylalanine containing linkages between the hyaluronic polymer backbone 

and the 2'-hydroxy group of paclitaxel (Figure 1.49) [166]. In vitro, HA-leucyl-paclitaxel exhibited 

the lowest IC50 value of the three conjugates (equivalent to 0.253 nM of paclitaxel) against MCF-7 

human cancer cells compared to free paclitaxel (ICso = 0.795 nM).
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Figure 1 .49  HA-am ino acid-paclitaxel (w here the am ino acid is valine, leucine or phenylalanine)

Integrin targeting ligands have also been utilised in the  homing o f tubulin targeting agents, 

containing m acrom olecular constructs, to the tu m our site. The tu m our vasculature targeting  

effect o f the cyclic pentapeptide c[RGDfK] was integrated into a poly (L-glutamic acid) polym er- 

paclitaxel conjugate w ith  the synthesis o f PGA-PTX-E-[c(RGDfK)2 ] (1 .4 0 ) [167]. As QvPb is 

overexpressed in tu m o u r endothelial cells, it was expected th a t such a polym eric conjugate could 

find clinical use in various highly vascularised tum ours. Stability studies in plasma indicate 

negligible paclitaxel release; while it was found th a t tim e  dependent paclitaxel release occurred  

following incubation in aqueous buffer containing cathepsin B at acidic pH. PGA-PTX-E-[c(RGDfK)2 ] 

inhibited the grow th o f ttvPs expressing HUVECs and several cancer cell lines in vitro. Studies in 

mice bearing orthotopic 4T1 tum ours dem onstrated preferential tum our accumulation o f the  

conjugate resulting in enhanced anti-tum our efficacy and a marked decrease in toxicity compared  

to free paclitaxel and to  PGA-paclitaxel. The fact th a t 4T1 cells do not overexpress a„Ps suggests 

that the enhanced activity is potentially due to an anti-angiogenic and tu m o u r vasculature homing 

effect.
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Figure 1 .50  PGA-PTX-E-[c(RGDfK)2] (1 .40 ) (w here X=5, Y=87 and Z=8)

PHEA is another polym er which was utilised in the  synthesis o f conjugates bearing tu m o u r homing 

moieties. The PHEA polym er was PEGylated and conjugated at various points along the  polymeric 

backbone to  molecules o f paclitaxel and oxytocin in o rder to  synthesise polymeric drug delivery  

conjugate (1 .41 ) to  selectively target oxytocin receptor expressing tu m o u r cells [168]. 

A pproxim ately 90%  o f breast cancer cell lines including MCF-7 cells overexpress oxytocin 

receptors and oxytocin receptor interaction causes rapid internalisation o f the receptor ligand 

complex. Therefore , m olecular conjugation to  oxytocin was anticipated to  represent a novel 

tu m our targeting approach [168]. Prelim inary in vitro cytotoxicity assays carried out on the  

oxytocin receptor expressing cell line MCF-7, dem onstrated th a t the  conjugate had equivalent 

activity to  free paclitaxel [169].
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Figure 1.51 PHEA-PEG2000-succinyl-oxytocin-succinyl-paclitaxel conjugate (1.41)

Johansson et at. have reported a combinatorial study of glycopeptide dendrimers carrying tv\/o to 

five copies of a p-galactoside, as targeting device, with a colchicine molecule at their core [170]. 

Various glycoprotein receptors occur at cell surfaces where they mediate cell-cell recognition and 

the uptake of macromolecules, giving credence to this approach [171], The structure of the most 

active glycopeptide dendrimer colchicine conjugate in the series designated JIC (1.42) is shown in 

Figure 1.52. The presence of P-galactoside groups was found to be necessary for efficient cell 

binding. In cytotoxicity assays, only three of the dendrimer colchicine conjugates, each carrying 

two P-galactoside residues in their branches, showed activity. Dendrimers with different
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sequences, including a higher valency o f galactose or non-galactosylated dendrimers, were non- 

cytotoxic. Tubulin polymerisation inhibition assays showed no tubulin binding activity for the 

complete dendrimers, but weak binding for fragments, suggesting that the inactive glycopeptide 

dendrimer colchicine conjugates are internalised and degraded to release small fragments whose 

affinity might be significantly weaker than colchicine itself. This may explain the higher LD50 values 

of the conjugates (LDso= 1.5-5.3 nM) compared to free colchicine (LDso= 0.02 nM). While these 

dendrimer macromolecules may be selectively internalised in cancer cells in vitro, their molecular 

weight is substantially lower than the accepted threshold for EPR effect mediated tumour 

targeting. Further in vivo evaluation is therefore required to demonstrate their potential for 

selective tumour targeting of cancer cells.

NH n ^ N H
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Figure 1.52 Glycopeptide dendrimer colchicine conjugate JIC (1.42)

Lagnoux et al. also reported the preparation of glycopeptide dendrimer drug conjugates of 

colchicine equipped with surface glycosides as targeting devices [171]. These dendrimers were 

shown to inhibit mitosis 20-100 times more potently in HeLa cancer cells (IC50 > l| iM )  compared 

to mouse embryonic fibroblasts. Although less potent than free colchicine, these conjugates 

showed an enhanced selectivity towards cancer cells versus immortalised but non-transformed
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cells. In connparison, non-glycosylated dendrimers and colchicine itself show a selectivity of 10- 

fold or less for HeLa cells. The bioactivity of the glycoprotein dendrimer conjugates is explained in 

terms of internalisation followed by degradation, with the release of an active colchicine 

derivative. While this work demonstrates the enhanced selectivity that can be achieved by the 

use of dendrimers, its applicability to clinically relevant drug development is not readily evident.

1.6.3 Macromolecular conjugates with novel tumour-specific release mechanisms

A number of alternative methodologies have also been explored in order to attain tumour 

localisation of tubulin binding agent containing macromolecules. Elastin-like polypeptide (ELP) is a 

thermally responsive biopolymer derived from the hydrophobic domain of tropoelastin [172]. It is 

composed of repeating pentapeptide units of VPGXaaG, where Xaa is any amino acid except 

proline. ELP has the interesting property that when heated to a specific temperature it undergoes 

a phase transition [172]. In an attem pt to utilise the unique properties of ELP for focused drug 

delivery, paclitaxel was bound to an ELP with an inverse phase transition temperature of 40 °C by 

conjugation with the 6-maleimidocaproyl hydrazone derivative of paclitaxel to afford conjugate 

(1.43) [172], Focused heating above the phase transition temperature of the ELP at the site of the 

tum our was found to cause the conjugate to aggregate and thus accumulate selectively at the 

tum our site. The conjugate also incorporates the cell penetrating peptide, SynBl at the N- 

terminus of the ELP, in order to cross the cell membrane of tum our cells by adsorptive-mediated 

endocytosis. In vitro, the conjugate displayed 20-fold lower activity against MCF-7 cells when 

compared with free paclitaxel following a 3 day drug incubation with hyperthermia, whereas the 

conjugate demonstrated a 2-fold lower activity than free paclitaxel following a 6 day drug 

incubation. The conjugate also displayed a greater relative activity in MCF-7ta* paclitaxel resistant 

cells compared to unconjugated paclitaxel. The conjugate was found to have a 14-fold lower 

activity in these cells when compared to sensitive cells, whereas paclitaxel was found to have a 

113-fold lower activity against these ceils compared to MCF-7 paclitaxel sensitive cells. Therefore, 

it is suggested that conjugation to ELP may offer a mechanism of delivery of paclitaxel that can 

over come resistance to paclitaxel. It was acknowledged by the authors of this study that in vivo 

evaluation is necessary to demonstrate the potential of this polymeric conjugate for the 

enhancement of tum our delivery of paclitaxel.
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Figure 1.53 SynBl-ELPl-PTX (1.43)

Another similar approach, utilising a thermosensitive poly(organophosphazene)-paclitaxel 

conjugate, was developed by Chun et al. [173]. This conjugate was found to be readily soluble in 

aqueous solution at room tem perature but immediately forms a hydrogel once injected into the 

tumour. In vitro, it was shown that the conjugate released paclitaxel over time, with the IC50 

values of the polymer conjugate 2-6 times lower at 96 h than at 72 h in a number of cancer cell 

lines. In human gastric cancer (HSC-45M2) cell xenografts in mice, intratumoural injection of the 

polymer conjugate was found to be more efficacious than the equivalent dose of paclitaxel alone.

Erez et al. synthesised a novel macromolecular delivery system for paclitaxel composed of a 

HPMA copolymer backbone linked via a self-immolative dendritic system (designated ABB) to 

three paclitaxel molecules (1.44) [174]. The dipeptide phenylalanine-lysine is a substrate for 

cathepsin B. Lysosomal cleavage of this dipeptide causes the remainder of the linker to 

disassemble, liberating the paclitaxel molecules intracellularly. The detail of this enzyme initiated 

chemical cascade is discussed in detail by Erez et al. [174]. While the conjugate exhibited 

enhanced cytotoxicity on murine prostate carcinoma cells (TRAMP C2) compared to a non- 

cathepsin cleavable polymer conjugate, an in vivo demonstration of enhanced anti-tumour effects 

is required to fully validate the utility of this mechanism of paclitaxel delivery.
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Figure 1.54 HPMA-AB3-(PTX)3(1.44)

A number of HMPA copolymer taxane conjugates were synthesised by Etrych et al. utilising 

different linl<er units in order to control the pH at which release of the cytotoxic payload occurred 

[175]. By attaching the conjugates to the polymeric backbone via spacers that are stable under 

physiological conditions (pH 7.4), but hydrolytically degradable in mild acidic environments such 

as endosomes (pH 5), it was hoped that selective release of the cytotoxic agent could be achieved 

within tum our cells. It was hypothesised that this would minimise the exposure of normal tissues 

to the drug. The linker units included levulic acid, 3-acetyl(acrylic acid) and 4-(2-oxopropyl) 

benzoic acid containing spacer units. Studies indicated much faster release of the cytotoxic agents 

at pH 5 than at pH 7.4, with the rate dependent on the properties of the linker. Conjugates of 

paclitaxel containing the levulic acid spacer showed better anti-tumour activity in a 4T1 mouse 

model of human mammary carcinoma than free paclitaxel, while the docetaxel conjugate 

containing the levulic acid spacer demonstrated substantial activity in EL4 T ceil lymphoma in 

mice. Both conjugates tested in vivo were found to be devoid of toxicity to the animal.
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Studies using polylactide-paciitaxel nanoconjugates to which aptamers specific for prostate 

specific membrane antigen are attached, were also reported to be under development for the 

selective delivery of paclitaxel to prostate cells [176].

1.7 Miscellaneous conjugates

Several studies have been published investigating the potential of conjugating novel drug delivery 

entities with tubulin targeting agents. Conjugates containing the adenovirus capsid, glucose and 

glucose derivatives and thymidine, as well as systems which are activated by light and 

bioreductive mechanisms in hypoxic tumour tissue, have all been synthesised and evaluated.

Shan et at. have recently explored the idea of utilising adenovirus drug delivery vectors for the 

targeting o f existing chemotherapeutic agents, including paclitaxel [177]. The adenovirus capsid 

conjugated with paclitaxel was designed to be selectively internalised in tum our cells via 

endocytosis following binding o f virus fiber protein "knob" domains and cellular Coxsackie 

adenovirus receptors (CAR). These receptors are variably expressed on human cancer cells and 

are highly expressed on human hepatocytes potentially leading to liver accumulation [178]. In an 

effort to broaden the applicability of the adenovirus delivery vector, the viral capsid was 

covalently conjugated to folic acid in order to make use of folate receptor (FR) mediated 

endocytosis to further improve the targeted delivery of the paclitaxel payload to target tumour 

cells. Thus, Shan et al. synthesised two folate modified adenovirus nanoparticles-paclitaxel 

conjugates with two distinct linker units [178]. The first conjugate, folic acid-adenovirus- 

succinate-paclitaxel (FA-Ad-Suc-PTX) (1.45) consisted of a succinate ester containing linker unit 

while the second conjugate, folic acid-adenovirus-ICG02-Glu-paclitaxel (FA-Ad-ICG02-Glu-PTX) 

(1.46) contained a glutamic acid linker. The dual receptor binding ligands were found to bestow 

the conjugates with greater selectivity for CAR and FR positive tumour tissue. This was 

demonstrated by improved cytotoxicity in vitro against MDA-MB-231 and SK0V3 human tumour 

cell lines, compared to free paclitaxel. Both conjugates displayed negligible paclitaxel release 

following incubation in rat plasma, but were found to release paclitaxel selectively at the tumour 

site. In vitro evaluation indicated that both conjugates inhibited CAR and FR-positive cell lines, 

with no toxicity observed towards HELF (human embryonic lung fibroblast) cells at equivalent 

doses. The conjugates were found to be non-hepatotoxic as verified biochemically, by 

determining levels o f AST and ALT, with the FA-AD-Suc-PTX conjugate treatment group showing 

equivalent levels of these heptaotoxicity markers to control animals. Tumour growth inhibition 

rates for both conjugates in MDA-MB-231 tumour xenograft models in mice were found to be
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superior to free paclitaxel; with inhibition rates of 74.82% reported for FA-AD-Suc-PTX, 45.12% for 

FA-Ad-ICG02-Glu-PTX and 41.04% for free paclitaxel respectively. Furthermore, the treatm ent 

group receiving either conjugate did not experience significant weight loss during the experiment, 

whereas the paclitaxel treatm ent group did. Given the extensive in vitro and In vivo testing of 

these compounds, they appear to represent a novel and potentially efficacious tum our targeting 

modality.

Figure 1.55 FA-AD-Suc-PTX (1.45)
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Figure 1.56 FA-Ad-ICG02-Glu-PTX (1.46)

Glucose and a number of glucose derivatives have also been conjugated with tubulin binding 

agents with a view to selectively targeting tum our tissue. Bouvier et al. have synthesised a novel 

glucuronic acid containing conjugate (1.47) designed to be activated by human 3-glucuronidase
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delivered separately to the tumour site [179]. The conjugate consists of glucuronic acid linked 

covalently to paclitaxel via two self-immolative spacer groups. The IC50 value of the conjugate in 

L1210 cells was found to be 1500 nM, while the IC50 value of paclitaxel was 9.8 nM. It has also 

been shown that free paclitaxel can be readily liberated from the prodrug selectively using (3- 

glucuronidase under conditions compatible with in vivo experimentation. Nevertheless, it still 

remains to be proven if this approach will result in clinical benefits, in terms of enhanced efficacy 

and safety.

Further work on glucuronic acid containing paclitaxel conjugates was carried out by Alaoui et al. 

[180]. Novel conjugates with different linker units were synthesised and evaluated in vitro. These 

conjugates demonstrated efficient paclitaxel release and comparable IC50 values to free paclitaxel 

in the presence of p-glucuronidase.

In an effort to exploit the increased GLUT expression and 6 -glucuronidase activity of cancer cells, 

Lin et al. synthesised 2'-paclitaxel methyl 2-glucopyranosyl succinate (1.48) [181]. Glucose uptake 

into cells is mainly mediated by GLUTs (glucose transporters), a family of membrane bound 

proteins. Cancer cells generally express higher levels of GLUTs than normal cells, due to the 

increased energy demands of rapid growth and division [182]. The resulting conjugate 

demonstrated selective cytotoxicity against MCD-7 compared to non-cancer cell lines in vitro.
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Figure 1.57 Glucuronic acid containing paclitaxel conjugate (1.47)
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Figure 1.58 Paclitaxel-glucose conjugate (1.48)

In related work, Lin et al. synthesised two glucose and two glucuronic acid conjugates of paclitaxel 

[182]. Fluorescent microscopy studies showed that the glucose-paclitaxel conjugates were rapidly 

transported into cancer cells via GLUT mediated transmembrane transport.

A number of kinases, including thymidine kinase 1, are known to be either overexpressed or 

aberrantly activated in ovarian and colorectal carcinomas, as well as certain leukaemias. By 

conjugating the tubulin binding agents paclitaxel and vinblastine to thymidine, Aspland et al. have 

suggested that the conjugates become phosphorylated selectively in tumour cells by these 

overexpressed kinases, essentially trapping the conjugates within the target cells [183]. This 

proposed mechanism of enhanced selectivity for target cancer cells has been referred to as 

'kinase-mediated trapping' of cancer therapeutics. The structure of the thymidine-paclitaxel 

conjugate (1.49) is shown in Figure 1.59. Many o f the conjugates synthesised maintained 

microtubule-binding ability comparable to the parent drug, while several of the chemically 

phosphorylated conjugates exhibited comparable activity to their non-phosphorylated 

counterparts. However, phosphorylation rates of 13% to 68% of that of thymidine have been 

determined. Despite the fact that phosphorylation and tubulin binding of the phosphorylated 

derivatives has been demonstrated in various biochemical and in vitro models, additional in vivo 

experiments are necessary to evaluate any potential gain in selectivity that may be achieved by 

kinase mediated trapping with these agents.
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N— Linker— Thymidine

O

OH

Figure 1.59 Thymidine-paclitaxel conjugate (1.49)

A prodrug of paclitaxel that remains biologically inactive until activated by visible light has been 

designed by Skwarczynski et al. [184]. The structure of the conjugate (1.50) consists of the 0-acyl 

isoform of paclitaxel to which a coumarin derivative has been conjugated (Figure 1.60). Follow/ing 

exposure to visible light, it w/as shown that the coumarin is photolytically cleaved and that 0-N 

intramolecular acyl migration yields paclitaxel. Despite the interesting release mechanism of this 

conjugate, no supporting biological data was presented to demonstrate the validity o f this 

strategy.

HCIr
,0H

b  O '^ CH

Figure 1.60 Phototaxel (1.50)

Attempts to optimise the photoresponsive release of paclitaxel from the conjugate resulted in a 

further series of so called phototaxels. However, they suffered from poor stability and low rates 

of paclitaxel release [185].

Paclitaxel prodrugs that undergo bioreductive activation in hypoxic tumour tissue have also been 

designed and evaluated in vitro [186]. Aromatic nitro and azide groups were used as the
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bioreductive trigger. While these compounds were found to be stable in buffered solution, a 

number of the conjugates were not found to have diminished cytotoxicity in v itro . Some agents 

did demonstrate reduced activity in aerobic cell toxicity assays and may represent potentially 

selective paclitaxel conjugates for in vivo  evaluation.
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1.8 Conclusions

There is currently a vast array of delivery strategies being evaluated for the more selective 

targeting of tubulin binding agents to the tumour site. Encouragingly, many of these 

methodologies are resulting in agents with improved tumour cell targeting, enhanced 

pharmacokinetic characteristics and greater anticancer efficacy. The licensing of brentuximab 

vedotin in particular marks significant progress tow/ards the synthesis of targeted conjugate 

molecules and away from non-specific small molecule tubulin inhibitors with their associated 

toxicities. Macromolecular conjugates are another area where significant progress has been 

made. Paclitaxel-poliglumex in particular has received considerable attention for its potential to 

selectively deliver the cytotoxic agent to the tumour site via  the EPR effect and cathepsin B 

mediated release. However, recent disappointing phase III clinical trials suggest that further 

modification of this agent may be required to fully realise its selective tumour targeting potential. 

A number of the tumour targeting moieties utilised in various macromolecular conjugates appear 

to have potential to further increase the selectivity of such agents for the tumour site and may 

offer a solution to the development of clinically useful macromolecular tubulin targeting 

conjugates.

In the area of non-antibody tumour ligand conjugates, there appears to be great difficulty in the 

selection of appropriate linkers to connect the tubulin targeting agent and the homing modality. 

Many of the conjugates are connected to the cytotoxic agents via  ester based linkers which often 

results in conjugates with poor stability in circulation leading to premature drug release, poor 

tumour targeting and increased systemic toxicity. Many of the lessons learned from ADC 

development in the exploration of appropriate linker technologies could be readily applied to the 

synthesis of these compounds, potentially leading to much more efficacious conjugates.

A further limitation of the work currently being carried out in the area of non-antibody ligand 

conjugates of tubulin targeting agents, is the frequent absence of suitable in vivo  data to confirm 

the selectivity of a conjugate for tumour cells. In evaluating the tumour specific cytotoxicity of a 

novel conjugate, in vivo demonstration of selective tumour targeting is of paramount importance. 

While in v itro  selectivity of a conjugate for one cell line over another is encouraging, in  vivo  

evaluation is essential to determine the stability of the conjugate in circulation and the extent of 

any off-target toxicity. Despite these limitations, many of the conjugates presented are at an 

advanced stage of clinical evaluation and will undoubtedly contribute to the arsenal of tubulin 

targeting agent conjugates with improved tumour selectivity.
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In conclusion, it w ould a p p e a r  th a t  m olecular  conjugation is m os t  certainly a viable m ethodo logy  

for  th e  synthesis  o f  tubulin  ta rgeting  agen ts  with im proved  tu m o u r  selectivity, lower incidences of 

re s is tance  and side effects  and super io r  th e ra p e u t ic  efficacy th a n  currently  used clinical agents. 

T herefo re ,  th e  w ork  outlined in this thesis, describes  th e  efforts  m ade  to w a rd s  th e  synthesis  of 

tubulin  ta rge ting  a g en ts  suitable for in tegration  into con jugates  of  th e  ty p e  described  in this 

chap te r .

1.9 Aims of the project

The principal objective o f  th e  work described  in this thesis  w as th e  synthesis  of  a series o f  novel 

tubulin  inhibitors with defined s te reochem is try  and diverse functionality suitable for th e  

fo rm ation  o f  m olecular  conjugates  and designed  multiple ligands.

The initial aim o f  th e  project was to  establish a m ore  efficient and high yielding synthetic  rou te  to  

th e  lead co m p o u n d s  to  facilitate fu r th e r  derivatisation  and innovation. The synthesis  of 

derivatives of th e s e  co m p o u n d s  with superio r  physicochemical characteristics  w as th e n  

u n d e r tak en .  The synthesis  of an aniline contain ing tubulin inhibitor w as also d e e m e d  desirable  

d ue  to  th e  additional opportun it ies  for fu r th e r  functionalisation which it w ould afford.

A m e th o d  of in troducing defined s te reochem is try  into th e  synthesis  o f  th e  lead m olecules w as a 

m ajo r  objective of  this project. Furtherm ore ,  it w as  ho p ed  to  develop  a m ethodo logy  of 

establishing th e  enantioselectiv ity  of  any s te reose lec tive  synthesis  and  also to  de te rm in e  the  

ab so lu te  configuration  of th e  resu ltan t  products.

Once a suitable  m e th o d  of  achieving th e  desired  s te reo ch em is try  had b een  established, the  

synthesis  o f  ana logues  o f  th e  lead m olecules with diverse functional g roups  suitable  for fu r th e r  

derivatisation  and conjugation was to  be und er tak en .  It w as  hypothesised  th a t  th e  biological 

evaluation  of  th e s e  novel co m p o u n d s  would en ab le  fu r th e r  optim isation  of  th e  tubulin inhibitory 

p h a rm aco p h o re .

Building upon  th e  expert ise  gained from  th e  s te reose lec tive  synthesis  o f  th e  functionalised 

tubulin  inhibitors, th e  synthesis  of  a designed  multiple ligand (DML) incorporating  both  tubulin 

polym erisation  and  am in o p ep t id ase  N inhibition w as  p roposed . It w as  hypothesised  th a t  th e  

p u rp o r ted  des igned  multiple ligand would possess  th e  ad v an tag es  of  th e  molecular conjugation
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approach (tum our site selectivity, dual target activity) but without the inherent disadvantages of 

this methodology (large molecular size, poor physicochemical characteristics). Therefore, the 

synthesis of this designed multiple ligand became the ultimate synthetic aim of the work outlined 

in this thesis.
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2 Chapter 2

2.0 Introduction

A series of novel tubulin polymerisation inhibitors was synthesised by Dr. R. Shah as part of the 

w/ork submitted for his doctoral thesis [187]. These compounds were biaryl, conformationally 

restricted analogues of the naturally occurring tubulin binding agent combretastatin A-4 (2.01).

Extensive structure-activity relationship studies carried out on these compounds, by Shah and 

subsequently by Hudson, revealed a discernable pattern o f structural characteristics among the 

most biologically active compounds (Figure 2.2) [187-188]. The 2,3,4-trimethoxy A-ring was found 

to be essential for tubulin-binding activity. The most active compounds were also found to 

contain a 3-hydroxy-4-methoxyphenyl C-ring. The presence of an oxygen containing functional 

group at the C-7 position was found to confer greatly enhanced activity, while the double bond at 

C-8 and C-9 was also found to be critical for tubulin-binding activity.

/

—o o— o
/

(2.01)

Figure 2.1 Combretastatin A-4

O

O ,
\

Figure 2.2 Core structure of lead tubulin polymerisation inhibitors
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The most active compounds in the series, (2.02) and (2.03), were found to possess all the 

essential characteristics necessary for potent tubulin binding activity (Figure 2.3). Compound 

(2.02) was found to have an IC5 0  value of 1.10 |iM in the tubulin polymerisation inhibition assay, 

while compound (2.03) had an IC5 0  value of 1.05 |iM. These results compared very favourably with 

the activity of the model compound combretastatin A-4, which had an IC50 value of 1.45 nM. As a 

result of their encouraging activity, these molecules became the lead compounds for the work 

described in this thesis.

Figure 2.3 Lead molecules (2.02) and (2.03)

2.1 Aims and objectives

The synthesis of compounds (2.02) and (2.03), as initially described by Shah and subsequently by 

Hudson, remained challenging and ultimately poor yielding [187-188]. Therefore, the initial aim of 

the work described in this chapter was to optimise the synthesis of (2.02) and (2.03), in particular, 

in order to obtain sufficient quantities for further in vitro and in vivo evaluation.

The synthesis of the water soluble phosphate ester prodrug of (2.02) was subsequently devised, 

in order to facilitate its in vivo evaluation.

Replacement of the C-ring hydroxyl functionality with an amino group was also investigated. It 

was proposed that this analogue would offer additional opportunities for the synthesis of 

molecular conjugates.
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2.2 Original synthesis of lead compounds (2.02) and (2.03)

2.2.1 Malonic acid coupling and reduction

2,3,4-Trimethoxybenzaldehyde was coupled to malonic acid using pyridine as solvent and 

piperidine as base. This afforded compound (2.04) and achieved some elongation of the carbon 

chain. The double bond was then reduced by catalytic hydrogenation using palladium on activated 

carbon (5% w/w) under an atmosphere of hydrogen to afford (2.05) (Scheme 2.1).

Malonic acid, Piperidine

OH  -------------------
EtOH/EtOAc, 16 h, RT

98%

Pyridine, 6 h. Reflux 
81%

(2.04) (2.05)

Scheme 2.1 Coupling of malonic acid and reduction of double bond

2.2.2 Meldrum's acid coupling and methanolysis

Compound (2.05) was coupled with Meldrum's acid using DCC (/\/,A/'-dicyclohexylcarbodiimide) as 

coupling reagent and DMAP (4-dimethylaminopyridine) as catalyst. The crude coupled product, 

compound (2.06) was then subject to methanolysis to afford the p-keto ester (2.07) (Scheme 2.2).

DMAP, DCC, Meldrum's Acid MeOH
OH

_Q Toluene, 4 h. Reflux 
61% over two Steps

DCM, 1) 1.5 h, 0 °C 

2) 19 h, RT

(2.05) (2.06) (2.07)

Scheme 2.2 Meldrum's acid coupling and methanolysis

2.2.3 Reduction of ketone (2.07) and protection of alcohol (2.08)

The p-ketone functionality of (2.07) was reduced by the addition of sodium borohydride at -15 °C 

to afford alcohol (2.08). The alcohol of compound (2.08) was then protected using tert-
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butyldiphenylsilyl chloride (TBDPSCI), together with imidazole as base and DMF as solvent to 

afford (2.09) (Scheme 2.3).

NaBH

MeOH, 10 min, -15 °C

■ OH TBDPSCI, Imidazole 0
---------------

0  DMF, 18 h, RT 
O 97% \

(2.07) (2.08) (2.09)

Scheme 2.3 Reduction of ketone (2.07) and protection of resulting alcohol (2.08)

2.2.4 Hydrolysis of methyl ester (2.09) and intramolecular cyclisation

The methyl ester (2.09) was then dissolved in methanol and THF and hydrolysed using sodium 

hydroxide aqueous solution, to afford the carboxylic acid (2.10). The free carboxylic acid was 

activated by the formation of an acid chloride. The intramolecular cyclisation reaction catalysed 

by tin (IV) chloride solution was then carried out to afford (2.11) (Scheme 2.4).

TBDPS

NaOH (aq. soln.)

(2.09)

THF/MeOH, 1) Ih, 0 °C 
2) 24 h, RT 

77%

O' r
l)Oxalyl chloride, DMF (cat.) q 

DCM, 2 h, 0 °C

(2.10)

2) Tin (IV) Chloride 
DCM, 1 h, -20 °C 

80% over two steps

TBDPS

Scheme 2.4 Synthesis of ketone (2.11)

2.2.5 Synthesis of C-ring (2.14)

The C-ring component was synthesised in parallel. Commercially available 5-bromo-2- 

methoxybenzaldehyde was subjected to Baeyer-Villager oxidation to afford the formate ester
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(2.12). Hydrolysis o f the formate ester to yield 5-bromo-2-methoxy phenol (2.13) was then 

accomplished using sodium hydroxide aqueous solution in methanol/THF. The phenol group of

(2.13) was then protected by the use of ferf-butyldimethylsilyl chloride (TBDMSCI), together with 

the use of imidazole as base to afford (2.14) (Scheme 2.5).

mCPBA NaOH (aq. soln.'

DCM, 1) 1 h, 0 °C THF/MeOH, 1) 1 h, 0 °C

^0 6  2) 23 h, RT 0  W  0
^  81% over 2 Steps ^

(2.12) (2.13)

TBDMSCI, Imidazole
 ►

OH DMF/ 24 h, RT 
98%

(2.14)

Scheme 2.5 Synthesis of phenol containing C-ring (2.14)

2.2.6 Organolithium coupling of (2.11) and (2.14)

Compound (2.11) was then coupled to compound (2.14) using an organolithium coupling 

reaction. The C-ring bromide (2.14) was lithiated with n-butyllithium (nBuLi) at -78°C. The AB ring 

component, (2.11), was then added. Following work-up with HCI aqueous solution, a molecule of 

water was lost to afford compound (2.15) (Scheme 2.6).

Br

1) nBuLi 

THF, 20 min, -78 °C

2) (2.11) 

TH F,2h, -78 °C

3 ) 24 h, 0 °C 

4) HCI (aq. soln.) 

63%

(2.14)

Scheme 2.6 Organolithium coupling reaction to yield (2.15)
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2.2.7 Removal of silyl protecting groups of (2.15) and oxidation

The two silyl protecting groups on (2.15) were simultaneously removed by the addition of TBAF 

solution to afford compound (2.02). The C-7 position alcohol was then oxidised using pyridinium 

dichromate (PDC) to afford compound (2.03) in poor yield (13%; Scheme 2.7).

OH

TBAF PDC

DMF, 2 h, RT 
13%

THF, l ) l h , 0 ° C  

2) 6 h, RT 

37%
OHOH

(2.15) (2.02) (2.03)

Scheme 2.7 Deprotection and oxidation to afford (2.02) and (2.03)

2.3 Improved synthesis of lead compounds (2.02) and (2.03)

Due to the long and difficult synthesis of compounds (2.02) and (2.03), an alternative synthetic 

route with fewer steps and a higher yield was deemed extremely desirable. To this end, an 

alternative synthetic scheme was developed.

2.3.1 Synthetic strategy

In the protocol employed by Hudson, furnishing the key intermediate (2.07) necessitated a four- 

step synthetic scheme. Furthermore, the synthetic route involved two steps requiring refluxing 

conditions. A Wittig reaction was thus explored as the pivotal step in a potential alternative path 

to this intermediate. It was suggested that if the appropriate Wittig reagent could be identified, 

then it could be possible to synthesise an analogue of compound (2.07) in only 2 steps from 2,3,4- 

trimethoxybenzaldehyde.

Furthermore, the oxidation of the secondary alcohol (2.02) using PDC was identified as a 

significant obstacle to the synthesis of compound (2.03) in acceptable yield. Depending on the 

scale of the reaction, yields as low as 13% had been reported for this transformation. It was
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hypothesised that oxidation of the C-ring phenol was occurring, resulting in the formation of an 

undesired quinone type structure [189]. It was proposed that a suitable protection strategy for 

the phenolic alcohol group combined with the use of Dess-Martin periodinane (DMP) could 

accomplish the desired oxidation in significantly improved yield, without the use of the toxic, 

chromium based reagent PDC.

2.3.2 Alternative synthesis of (2.10) utilising the W ittig reaction

The Wittig reaction is an olefination reaction between an aldehyde or ketone and a species known 

as a phosphonium ylide (also known as a W ittig reagent) [190]. The proposed mechanism for this 

reaction is illustrated in Scheme 2.8.

The four-membered oxaphosphetene intermediate is particularly unstable and affords the desired 

alkene via elimination. The strength of the oxygen-phosphorous bond formed in the 

triphenylphosphine oxide by-product acts as the driving force for the reaction [190],

2.3.2.1 Synthesis of ylide (2.16)

Ylides are formed from phosphonium salts by deprotonating them with a strong base. Using a 

procedure reported by Carter, the commercially available phosphonium salt, [B-(ethoxycarbonyl)- 

2-oxypropyl]triphenyl-phosphonium chloride was reduced to its corresponding ylide using sodium 

hydride [191]. The ylide was then reacted in situ w ith 2,3,4-trimethoxybenzaldehyde to afford 

compound (2.16) (Scheme 2.9).

oxaphosphetene Intermediate triphenylphospine oxide 
by-product

Scheme 2.8 Proposed mechanism o f the Wittig reaction [190]
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DMPU/ THF, 1.5 h ,40 °C 

49%

""0 0 0

(2.16)

Scheme 2.9 Formation of ylide and reaction with 2,3/4-trimethoxybenzaidehyde in situ

A/,A/'-dimethylproyleneurea (DMPU) was used as a co-solvent. The presence of the ketone group 

adjacent to the phosphorous-carbon bond on the reactant ylide acted as a conjugating or anion- 

stabilising substituent for the negative charge. Therefore, the ylide was said to be stabilised [190]. 

An elevated temperature and long reaction time was thus required to push the reaction to 

completion. It would be expected that the stabilised ylide would lead to the formation of 

predominantly the (f)-alkene [190]. However, this was not considered significant because the 

resulting olefin intermediate was subsequently reduced without characterisation. Monitoring the 

progress of the reaction was complicated by the fact that both the product and the aldehyde 

starting material had the same R/value on TLC. Therefore, potassium permanganate solution was 

used to visualise the unsaturated product as it formed. Once the reaction was deemed to have 

gone to completion, the mixture of aldehyde starting material and product was purified by flash 

column chromatography. Due to the complexity of the resulting NMR spectrum, the resultant 

mixture containing (2.16) was carried forward without further characterisation.

2.3.2.2 Reduction of (2.16)

The enone (2.16) was then reduced using palladium on activated carbon (5% w/w) in a mixture of 

ethyl acetate and ethanol (1:1) under an atmosphere of hydrogen. After 24 h, two principal 

products were observed. Following purification and characterisation the products were identified 

as the desired 3-keto ester (2.17) and the further reduced P-hydroxy ester (2.18) (Scheme 2.10).

90



Hj, Pd/C

EtOAc/EtOH, 24 h, RT 
64% and 25% respectively OH

(2.16) (2.17) (2.18)

Scheme 2.10 Reduction of (2.16)

2.3.2.S Characterisation of (J-keto ester (2.17)

The (3-keto ester (2.17) was observed to have the same Rfon TLC as the starting material (2,16). 

However, the desired 3-keto ester was readily identified by NMR analysis. Eight CH2 protons were 

clearly apparent in the spectrum at 2.74 ppm (2 x CH2 ), 3.36 ppm and 4.08 ppm (Figure 2.4). 

The ester methyl group was found to resonate as a triplet (J = 7.27 Hz) at 1.17 ppm. The three 

remaining methoxy group proton signals were Identified as singlets at 3.73 ppm, 3.76 ppm and 

3.79 ppm (Figure 2.4). The two aromatic CH protons were found to resonate as two doublets (J = 

8.7 Hz) at 6.50 ppm and 7.73 ppm (Figure 2.4).

In the DEPT 135 NMR spectrum, four CH2 signals were present at 23.54 ppm, 43.22 ppm, 48.71 

ppm and 60.66 ppm (Figure 2.5). The ester methyl group was assigned to the furthest upfield 

signal at 13.52 ppm while the remaining methoxy CH3 signals were found at 55.34 ppm, 60.06 

ppm and 60.21 ppm. Finally, the two carbonyl carbons were found to resonate furthest downfield 

at 166.64 ppm and 201.80 ppm, while the four remaining quaternary carbons were found at 

125.80 ppm, 141.64 ppm, 151.25 ppm, and 151.85 ppm (Figure 2.5).
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4.00 3.756.7 6.6 6.5

(2.17)
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6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chemical Shift (ppm)

Figure 2.4 NiVIR spectrum  of (2.27)

200 ISO 100 SO [p p m ]

Figure 2.5 DEPT 135 and DEPT 90 spectra of (2.17)

Further confirm ation of identity was derived from the  m ass spectrom etry  data. The molecular ion 

peak [M+Na]* w as observed to  have a m ass of 333.1320, closely correlating with th e  calculated 

value of 333.1314. The presence of tw o distinct carbonyl stretching absorption bands in th e  IR 

spectrum  a t 1743.98 cm'^ and 1716.23 cm'^ fu rther indicated th e  presence of the  tw o carbonyl 

functionalities within th e  molecule.
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2.3.2.4 Characterisation of ^-hydroxy ester (2.18)

The 3-hydroxy ester (2.18) was found to have a lower Rf on TLC than the enone starting material 

(2.16) or 3-keto ester product (2.17). The identity of (2.18) was confirmed by NMR analysis. The 

ester CH3 group resonated furthest upfield as a triplet (J = 7.42 Hz) at 1.25 ppm (Figure 2.6). A 

broad alcohol proton signal at 3.23 ppm was observed in the NMR spectrum. A multiplet at 

3.98 ppm corresponding to the alcohol carbon's lone proton was also observed. Eight CH2 proton 

signals were apparent as four discrete multiplets at 1.72 ppm, 2.47 ppm, 2.69 ppm and 4.15 ppm. 

The two neighbouring aromatic protons on the A-ring resonated as two doublets (J = 8.5 Hz) at 

6.60 ppm and 6.84 ppm (Figure 2.6). The presence of only one carbonyl signal in the NMR 

spectrum at 172.39 ppm also indicated that the 3-ketone functionality had been reduced (Figure 

2.7). Four CH2 carbon signals were apparent at 25.14 ppm, 37.20 ppm, 40.95 ppm and 60.15 ppm 

from the DEPT 135 NMR spectrum. The four methoxy carbons resonated at 13.70 ppm, 55.51 

ppm, 60.27 ppm and 60.51 ppm respectively. The carbon attached to the alcohol group was found 

to resonate at 66.78 ppm. The four remaining quaternary carbons were assigned to peaks at 

123.51 ppm, 127.00 ppm, 141.70 ppm and 151.31 ppm respectively.

1.251.504.0 3.9 3.8 2.7 2.6 2.56.8 6.7 6.6

OH O

(2.18)

2 2 2 : 

U U
3
U

2 1 9 
U UU

1
U

1 1
I____I

111 m  I 11 n  111 111 1111 I 111 111 1111 111 1111 r r 11 111 1111 I ( r n  11 1111111 1111 111 11 11 11111111111111 1111 111111 r i'| 111111111111 11 f i  111 |
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical Shift (ppm)

Figure 2.6 Ĥ spectrum of (2.18)
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60 40 20 [ppm]80160 140 120 100

Figure 2.7 DEPT 135 and 90 NMR spectra of (2.18)

Mass spectrometry was also used to further confirm the identity of (2.18). The mass of the 

molecular ion peak [M+Na]"^ was found to be in very close agreement with the calculated value 

(found = 335.1474, observed = 335.1471). The presence of a single absorption band in the 

carbonyl region of the IR spectrum at 1726.08 cm'^ also indicated the presence of the ester 

functional group within in the structure of (2.18).

2.3.2.5 Optimising the Wittig reaction

A commercially available source of the ylide (2.16) was obtained and a variety o f reaction 

conditions were investigated in order to establish the optimal conditions for the reaction (Table 

2.1). The W ittig reactions were all carried out using 1 equivalent of 2,3,4-trimethoxybenzaldehyde 

and 1.2 equivalents of ylide and were conducted at room temperature. The reductions were 

carried out in ethyl acetate and ethanol (1:1) using palladium on activated carbon (5% w/w) under 

an atmosphere of hydrogen overnight. From the comparative study, it was found that methanol 

was the most suitable solvent and that a longer reaction time resulted in a higher yield.
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Reaction

Conditions

Solvent Wittig 

Reaction 

Time (h)

Hydrogenation 

Reaction Time 

(h)

Ketone

Yield

(%)

Alcohol Yield 

(%)

A THF 2 19 11 n/a

B Methanol 4 19 27 8

*

C Methanol 4 19 23 15

D Methanol 24 19 62 21

E DCM 24 19 n/a n/a

F Methanol 60 19 57 23

G THF 60 19 6.3 8

Table 2.1 Comparison of reaction conditions and yields for the Wittig reaction. The ketone and 

alcohol yields for each hydrogenation reaction are given since both products were formed in each 

case. ‘Aldehyde was added in two aliquots, 2 h apart.

2.S.2.6 Synthesis of carboxylic acid (2.10) from p-keto ester (2.17)

Once the optimal set of reaction conditions had been established, the synthesis was scaled up 

appropriately. The ketone (2.17), obtained from reduction of the W ittig reaction product, was 

further reduced using sodium borohydride to afford (2.18).

OH 0
NaBH,

MeOH, 10 min, -15 °C 
84%

(2.18)

Scheme 2.11 Reduction of 3-keto ester (2.17)

The alcohol (2.18) was then protected using fe/t-butyldiphenylsilyl chloride together with 

imidazole as base, to afford (2.19) in moderate yield (71%). Finally, the resulting protected 

compound (2.19) was hydrolysed readily, using sodium hydroxide aqueous solution, to afford the 

carboxylic acid (2.10) in excellent yield (91%; Scheme 2.12).

95



TBDPSCI, Imidazole

f ^ O H  ►
I DMF, 12 h, RT

0 " ^ 0  71%

(2.18)

NaOH (aq. soln.

I THF/ MeOH, 1) Ih, 0 °C 

O'^ 0  2) 24 h, RT
^  91%

(2.19)

OH

(2.10)

Scheme 2.12 Protection of alcohol (2.18) and hydrolysis of ester (2.19)

Overall, the revised synthetic sequence employing the Wittig reaction, resulted in a yield of (2.10) 

comparable to that obtained for the original synthetic scheme devised by Hudson (33% v 36%). 

However, more significantly, it accomplished this in two fewer synthetic steps (5 v 7). It was 

proposed that the revised synthesis of (2.10) was also significantly more energy and time efficient 

as it avoids the large scale reflux and anhydrous reactions required in the original synthesis.

2.3.3 Alternative oxidation of C-7 alcohol using Dess-Martin periodinane

Dess-Martin periodinane (DMP or l,l,l-triacetoxy-l,l-dihydro-l,2-benziodoxol-3(LH)-one) is a 

pentavalent, iodine based oxidising reagent [192]. It is currently gaining increasing favour in 

organic synthesis, with a reputation as one of the mildest and most convenient reagents available 

for the oxidation of alcohols [193]. Dess-Martin periodinane was therefore explored as an 

alternative oxidising reagent in the regioselective oxidation of the secondary alcohol (2.02). The 

alcohol (2.02) was dissolved in DCM and DMP was added (Scheme 2.13).

OH

OH

(2.02)

O

DMP

DCM, 1 h, RT 
8%

OH
O ,

(2.03)

Scheme 2.13 DMP oxidation of (2.02)



Disappointingly, the change in oxidising reagent did little to affect the outcome of the reaction, 

with a yield as low as 8% recorded for this transformation. It was hypothesised that oxidation of 

the C-ring phenol was again responsible for the poor performance of this reaction. A review of the 

literature revealed additional evidence for the oxidation of phenol containing systems to 

quinones under conditions analogous to those employed here [194]. Therefore, an alternative 

approach involving the protection of the phenol prior to oxidation was explored.

2.3.4 Oxidation of secondary alcohol in the presence of protected phenol

In the original synthesis of (2.03) developed by Shah, the organolithium coupling reaction was 

carried out using an AB-ring system with a free alcohol group [187]. This was undertaken as it was 

envisaged that the steric hindrance, caused by the bulk of the te/t-butyldiphenylsilyl protecting 

group, would compromise the success of the reaction. This methodology was thus employed in 

order to facilitate an oxidation reaction in which the phenol group was suitably protected.

2.3.4.1 Synthesis of coupled compound with protected phenol

The silyl protecting group on the cyclised compound (2.11) was removed using TBAF solution to 

afford (2.20) in moderate yield (54%) as a yellow oil (Scheme 2.14).

(2.11)

TBAF

THF, l)30 m in ,0 °C  

2) 3 h, RT 

54%

O
OH

O

(2.20)

Scheme 2.14 Silyl deprotection of (2.11)

The organolithium coupling reaction was then carried out, in an analogous fashion to that used 

for the protected alcohol (2.11), to yield the tricyclic compound (2.21) in 70% yield (Scheme 2.15).
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1) nBuLi 
THF, 40min, -78 °C

2) (2.20) 
THF,4h, -78 °C

3)24 h,0°C 
4) HCI (aq. soln.) 

70%

(2.14)

Scheme 2.15 Revised organolithium reaction to afford (2.21)

It was found that the elimination reaction involving the formation of the double bond occurred 

much more readily during acid work-up in this case compared with the protected compound 

(2.15). This resulted in a cleaner and more convenient work-up and purification of the product.

2.S.4.2 Oxidation and removal of phenolic silyl protecting group

The allylic hydroxyl group of (2.21) subsequently underwent facile oxidation in the presence of 

DMP in DCM to afford (2.22) (Scheme 2.16). The outcome of this reaction represented a dramatic 

increase in yield compared with the analogous reaction carried out in the presence of the free 

phenol group (87% v 8%).

DMP

DCM, 10 min, RT 
87%

(2.22)

OH

(2.21)

Scheme 2.16 Oxidation of allylic hydroxyl of (2.21)

The silyl protecting group on the phenol was then conveniently removed using TBAF to afford 

(2.03) as a white solid in excellent yield (94%; Scheme 2.17).
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THF, lh ,0 ° C  
94%

TBAF
O

O ,
\

O,
\

(2.22) (2.03)

Scheme 2.17 Removal o f phenol protecting group on (2.22)

Despite the extra synthetic step required, a significant increase in yield was obtained follow ing 

this strategy fo r oxidation o f the C-7 alcohol compared w ith  the equivalent oxidation carried out 

in the presence o f the free phenol.

2.4 Synthesis of phosphate ester prodrug of (2.03)

Once a suitable scheme had been developed in order to  allow the convenient synthesis of 

sufficient quantities o f (2.03), the compound was evaluated in vitro fo r antiproliferative activity 

against human umbilical vein endothelial cells (HUVECs) and human prostate cancer (PC-3) cell 

lines. The encouraging activity o f the compound suggested tha t it was an ideal candidate fo r in 

vivo evaluation. However, due to the largely lipophilic nature o f the compound it was found to  be 

poorly water soluble. It thus became desirable to synthesise an analogue o f (2.03) which would 

possess greater w ater solubility, while retaining the biological activity o f the parent compound.

2.4.1 Phosphate ester prodrugs

Phosphate ester prodrugs are a common solution to the form ulation o f poorly water soluble 

compounds. The dianionic phosphate moiety typically increases the aqueous solubility o f the 

parent compound dramatically [195]. The resultant phosphate prodrugs also tend to exhibit 

excellent stability [195]. Alkaline phosphatase, an enzyme expressed abundantly in the intestinal 

brush border, plasma and liver, is found to  be responsible fo r the rapid hydrolysis and release of 

the parent drug from  these compounds in vivo [196-197]. Phosphate ester prodrugs o f the 

anticancer agents estramustine [198], etoposide [199], taxol [200] and combretastatin A-4 [201]
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have all been reported to confer the parent drugs with enhanced water solubility. It was thus 

decided to synthesise a phosphate ester prodrug of (2.03) and to evaluate the activity o f this 

compound in vivo.

2.4.2 Synthesis of phosphate ester prodrug (2.24)

The dibenzyl phosphate ester of (2.03) was synthesised using a procedure developed by Pettit et 

al. [202]. The reaction was carried out in an acetonitrile/carbon tetrachloride solvent system 

under an atmosphere of nitrogen at -10 °C. DIPEA was utilised as base. DMAP was employed as 

acylation catalyst. After 30 min, the temperature of the reaction was allowed to increase to 0 °C 

and dibenzyl phosphite was added. After a further 12 h, the dibenzyl phosphate (2.23) was 

obtained in a modest yield (40%) as a green oil, following purification (Scheme 2.18).

OH

1) DMAP, CCI4 , DIPEA 

CH3 CN, 30 min, -10 °C

2) Dibenzyl phosphite 

CH3 CN, 16 h, 0 °C 

40%

(2.03)

O

(2.23)

Scheme 2.18 Synthesis of dibenzyl phosphate ester (2.23)

Due to the presence of the enone double bond in compound (2.03), the benzyl groups could not 

be removed reductively using palladium on activated carbon under an atmosphere of hydrogen. 

Consequently, bromotrimethylsilane was used to remove the benzyl groups to afford the free 

phosphate. This reaction occurred readily and in good yield. Following purification, the phosphate 

was dissolved in methanol and a stoichiometric amount of sodium methoxide was added to afford 

the disodium phosphate salt (2.24) as a yellow solid in excellent yield (90%; Scheme 2.19).
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3) Sodium methoxide 
MeOH, 1 h, RT 

90%

1) (CH3)3SiBr 
DCM, 1 h, 0 °C 

2) H2 O, 5 min, RT

O,
\

ONa

(2.23) (2.24)

Scheme 2.19 Removal of benzyl groups and formation of disodium salt (2.24)

2.4.3 Characterisation of phosphate disodium salt (2.24)

The ‘ H NMR of (2.24) was assigned with the aid of the HSQC and HMBC NMR spectra (Figures 2.8- 

11). The four CH2  protons were found to resonate as two distinct multiplets at 2.85 ppm and 3.28 

ppm, by reference to the HSQC spectrum. The four methoxy group protons were found to 

resonate as three distinct singlets at 3.64 ppm, 3.90 ppm (2 x OCH3) and 3.91 ppm. The singlet at 

6.43 ppm was found to correlate with a CH2 carbon according to the HMBC spectrum, indicating 

that it represented the signal of the vinylic proton (Figure 2.11). The four aromatic protons were 

found to resonate at 6.51 ppm, 7 ppm, 7.03 ppm and 7.54 ppm respectively.

Utilising the data available from the DEPT 135 and DEPT 90 spectra, the two CH2  carbons were 

assigned to the peaks at 19,72 ppm and 45.17 ppm (Figure 2.9). The four methoxy carbons were 

found to resonate at 55.03 ppm, 55.10 ppm, 59.86 ppm and 60.50 ppm. Utilising the HSQC 

spectrum, the vinylic CH carbon was identified as corresponding to the signal at 127.12 ppm 

(Figure 2.10). The enone carbonyl carbon was found to resonate furthest downfield at 205.01 

ppm, while the nine remaining quaternary carbons were found to resonate at 128.92 ppm, 132.38  

ppm, 134.68 ppm, 142.63 ppm, 143.32 ppm, 149.83 ppm, 151.24 ppm, 152.06 ppm and 152.81 

ppm.
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Figure 2.8 NMR spectrum of (2.24)
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Figure 2.9 DEPT 135 and DEPT 90 spectrum of (2.24)
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Figure 2.10 HSQC NMR spectrum of (2.24)
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Figure 2.11 HMBC NMR spectrum of (2.24)

y/Iass spectrometry further confirmed the identity of (2.24). The mass of the molecular i on peak 
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2.5 Synthesis of aniline analogue of (2.03)

Replacement of the C-ring hydroxy of compound (2.03) with an amine was subsequently 

investigated. It was proposed tha t  the  aniline analogue (2.25) would offer additional conjugation 

opportunities for the synthesis of molecular conjugates (Figure 2.12).

NH

(2.25)

Figure 2.12 Proposed aniline containing tubulin inhibitor (2.25)

2.5.1 Synthetic strategy

The palladium catalyzed Suzuki-Miyaura cross-coupling reaction of organoboron reagents with 

organic triflates and related electrophiles is among the m ost widely utilised approaches for the 

formation of new carbon-carbon bonds. The reaction proceeds under relatively mild conditions, 

typically uses w ater as a co-solvent, tolera tes a wide variety of functional groups and yields non

toxic by-products [203]. it was decided to  utilise this methodology to  construct the  biaryl 

s tructure envisioned for (2.25). It was therefore proposed to synthesise the enol trifiate of 

compound (2.11), together with an aniline containing boronic acid C-ring and to  couple them  

together  using standard Suzuki coupling methodology.

2.5.2 Preparation of enol-triflate (2.26)

Using th e  procedure outlined by Hudson, the AB-ring ketone (2.11) was reacted with freshly 

prepared lithium diisopropylamide (LDA) to yield the ketone enolate [188]. This was then reacted 

with 2-[A(,A/-bis(trifluoromethylsulfonyl)amino]-5-chloropyridine to  form the trifiate (2.26) in 

m odest yield (45%; Scheme 2.20)
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THF, 2 h ,-7 8 ''(-  q  O

3) 2-[N,N-Bis(trifluoromethylsulfonyl)amino]-5-chloropyridine

THF, 4 h ,-7 8 ° C  °

(2.11) 45% (2.26)

Scheme 2.20 Synthesis o f triflate (2.26)

It was proposed that the omission o f THF, to solvate the reagents in the formation of the LDA, and 

the relatively low number of equivalents of reagents used in the procedure were responsible for 

the disappointing yield. Therefore, the reaction conditions were amended accordingly. The 

reaction was repeated ensuring that the diisopropylamine was solvated in a suitable amount of 

THF and 1.5 equivalents of LDA was used. Furthermore, 2 equivalents of the triflating reagent 

were also used. These modifications to the initial reaction conditions resulted in a significant 

increase in the yield o f enol triflate isolated (72%).

2.5.3 Synthesis of aniline containing C-ring

The starting material for the synthesis of the C-ring was the commercially available 4-bromo-2- 

nitrophenol. The phenol was methylated using iodomethane together with potassium carbonate 

as base, following a procedure described Shah, to afford (2.27) as an off-white solid in excellent 

yield (99%; Scheme 2.21) [187].

Acetone, 3 h, reflux 
99%

(2.27)

Scheme 2.21 Methylation of 4-bromo-2-nitrophenol

An attempt was then made to synthesise the boronic acid o f (2.27). Lithiation with n-butyliithium 

at -78 °C was followed by reaction with excess triisopropyl borate. A complex mixture of products.



presenting as a thicl< black oil, was obtained following work-up of the reaction. As a result, this 

approach was not pursued.

1) nBuLi 

THF, 20 min, -78  °C

 X »>

2) triisopropyl borate  

2 h, -78  °C 

3 ) 2 h ,  -20  °C 

4) 12 h, RT

HO._^OH
B

Scheme 2.22 Attempted synthesis of boronic acid (2.28)

The nitro group of (2.27) was instead reduced, using tin pow der and concentrated HCI solution, to 

afford the aniline (2.29) as a brown solid in excellent yield (100%). The aniline (2.29) was then 

protected as a A/-fe/t-butoxycarbonyl (BOC) group by heating to  80 °C with di-fert-butyl 

dicarbonate solution in THF to afford (2.30) as a yellow oil in excellent yield (98%; Scheme 2.23).

Sn Powder

'N O s 5 h, RT
100%

di-tert-butyl dicarbonate
 *

THF, 24 h, 8 0 °C 

98%

(2.30)

Scheme 2.23 Reduction of nitro group of (2.27) and BOC protection of aniline

According to the  literature, BOC groups are labile in the  presence of n-butyllithium [204]. 

Therefore, an alternative procedure for the  synthesis of boronic acids from halogenated aromatic 

compounds was required.

A procedure utilising an organomagnesium intermediate was thus explored. Firstly, a magnesium- 

ate  complex (nBusMgLi) was generated  by combining butylmagnesium chloride with n- 

butyllithium at -5 °C in THF, utilising a procedure described by Kitagawa [205]. The bromide 

containing C-ring (2.30) was then added and halogen-magnesium exchange furnished the 

organomagnesium intermediate. Following a procedure outlined by Song et a!., this intermediate
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was subsequently reacted in situ w ith  excess trim ethyl borate (11 eq.) to afford the desired 

boronic acid (2 .31 ) as a crude m ixture (Scheme 2 .24) [206].

1) Butylmagnesium chloride, nBuLi H O vg^O H

THF, 30 min, -5 °C

 ►

2) (2.30)

THF, 30 min, -5 °C 

3) Trimethyl borate

(2.30) T H F ,3 h ,0 °C  ^^.Bl)
n/a

Scheme 2 .24  Synthesis o f Boronic Acid (2 .31)

Significant difficulties w ere  encountered in the purification o f the boronic acid. It was not stable 

and appeared to be air-sensitive. It was also partially degraded during purification by flash column 

chrom atography. N M R of the crude product confirm ed the presence o f boron w ith in  the  

m olecule (Figure 2 .13). The purported boronic  acid (2 .31 ) was thus carried forw ard to the next 

reaction w ithout fu rther purification.

-80 -10040 0 -20 -40 -6080 60 20
Chemical Shift (ppm)

Figure 2 .13  ^̂ B NM R o f im pure boronic acid (2 .31)
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2.5.4 Suzuki coupling of enoi trifiate (2.26) and boronic acid (2.31)

Utilising the Suzuki reaction conditions employed by Hudson, the crude boronic acid (2.31) was 

coupled to the enol trifiate (2.26) [188], The reaction conditions employed involved the use of the 

palladium catalyst tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3 )4 ), potassium carbonate as 

base and a mixture of toluene, ethanol and water (3:1:1) as solvent. The reaction proceeded 

smoothly under reflux. Following consumption of the boronic acid after 30 min, the reaction was 

quenched and the coupled product (2.32) was isolated by flash column chromatography in 

excellent yield (83%; Scheme 2.25).

TBDPS

K2CO3, Pd(PPh; TBDPS

Toluene/Et0 H/H20 , 30 min, Reflux 

83%

(2.31) (2.32)

Scheme 2.25 Suzuki coupling of boronic acid (2.31) and trifiate (2.26)

Despite the relative success of the Suzuki coupling reaction, significant difficulties were still 

associated with both the preparation and storage of the boronic acid (2.31). Therefore, an 

alternative coupling methodology, employing the use of a boronate ester, was explored.

2.5.5 Synthesis and coupling of boronate ester

The use of boronic acid esters or boronate esters has become quite a common theme in Suzuki 

coupling in recent years [207]. Unlike boronic acids, boronate esters are known to be stable to 

moisture and silica gel chromatography, making their preparation, isolation and storage much 

more convenient [208].

The transition-metal-catalysed cross-coupling reaction of boron nucleophiles and aryl 

electrophiies has become very common in the synthesis of boronate esters [207]. The pinacol 

ester of diboron, tetraalkoxydiboron, when reacted with aryl halides, provides a convenient one 

step method of generating the corresponding aryl pinacolboronate [207]. This reaction was
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carried out on the aniline-protected bromide compound (2.30) according to a procedure 

developed by Ishiyama et al [207], Bis(pinacolato)diboron was added to a solution of (2.30) in dry 

DMSO under an atmosphere o f nitrogen. The palladium catalyst used in the reaction was [1,1'- 

bis(diphenylphosphino)ferrocene]dichloropalladium(ll) or Pd(dppf)Cl2  and the base used was 

potassium acetate. The reaction was heated at 80 °C and was deemed to have gone to completion 

after 4 h. The product was then purified by flash column chromatography to afford the desired 

pinacolboronate (2.33) in an acceptable yield (40%; Scheme 2.26). The resulting white solid was 

subsequently found to be extremely stable under normal storage conditions.

Pd(dppf)Cl2 , bis(pinacolato)-diboron, KOAc

DMSO, 4h, 80 °C 
40%

(2.30)

Scheme 2.26 Synthesis of pinacolboronate (2.33)

The pinacolboronate ester (2.33) was then coupled to the enol triflate (2.26), using the same 

conditions employed for the coupling of the boronic acid (2.31), using Pd(PPh3 ) 4  as catalyst. After 

1 h heating under reflux, the reaction was adjudged to have gone to completion by TLC analysis. 

Following purification, the coupled compound (2.32) was isolated in satisfactory yield (75%; 

Scheme 2.27).

TBDPS 9  1 ^  K2 CO3 , Pd(PPh3 ) 4  ^ 0

N O ' ^  ------------------- ►
0 ^ Toluene/EtOH/HjO, 1 h, Reflux jj

75%

(2.26) (2.33) (2.32)

Scheme 2.27 Alternative Suzuki coupling o f (2.26) and (2.33)

TBDPS
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Overall, this method was much more efficient than the use of the boronic acid (2.31), considering 

the ease of formation, the almost equivalent yield (75% v 83%) and the increased stability on 

storage of the pinacolboronate ester (2.33).

In an attempt to further improve the synthetic route to the coupled product (2.32), a one pot 

biaryl synthesis, via in situ  boronate formation, was attempted [209]. The formation of the aryl 

pinacolboronate (2.33) was first conducted. Compound (2.31) was dissolved in DMF together with 

bis(pinacolato)-diboron, Pd(dppf)Cl2 as catalyst and potassium acetate as base. The reaction was 

then heated under reflux at 80 °C. The reaction was monitored by TLC. Following exhaustion of 

the bromide (2.31), the enol-triflate (2.26) was added together with sodium carbonate aqueous 

solution and an additional quantity of catalyst. After an additional 30 min heating at 80 °C under 

reflux, the reaction was deemed to have gone to completion. The product (2.32) was isolated by 

flash column chromatography in modest yield (43%; Scheme 2.28).

1) Bis(pinacolato)-diboron, KOAc, PdCljldppf) 
DMF, 2h, 80 °C

 ►

2) (2.26), PdClzldppf), Na^CO^ (aq. soln.) 
DMF, 30 min, 80 °C 

43%

(2.31)

O

(2.32)

Scheme 2.28 Preparation of pinacolboronate (2.33) followed by in s itu  Suzuki coupling with enol-

triflate (2.26)

Although the yield following the two contiguous reactions represented a slight improvement over 

the total yield after the two discrete steps (43 v 33%), the one pot reaction was found to be 

somewhat inflexible. Depending on the yield of the initial step, significant waste could potentially 

occur. Therefore, it was decided not to pursue this approach further.
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2.5.6 Removal of protecting groups and oxidation of C-7 alcohol

Removal of the silyl protecting group of (2.32) was carried out using TBAF in dry THF at 0 °C. After 

24 h, the product was purified by flash column chromatography to afford (2.34) as a crystalline 

white solid in good yield (76%; Scheme 2.29).

(2.32)

OHTBAF

THF, l ) lh ,0 ° C  

2) 23 h, RT 

76%

(2.34)

Scheme 2.29 Removing the silyl protecting group from (2.32)

Following removal o f the silyl group, the secondary alcohol at the C-7 position was oxidised to the 

ketone using PDC. After 2 h the carbonyl containing product (2.35) was purified by flash column 

chromatography to afford (1.38) as a yellow oil in moderate yield (65%; Scheme 2.30).

" O

OH
PDC

DMF, 3 h, RT 
63%

O

(2.34) (2.35)

Scheme 2.30 PDC oxidation of alcohol to form (2.35)

The oxidation o f (2.34) to (2.35) was subsequently carried out using Dess-Martin periodinane in 

an attempt to further increase the yield of this reaction (Scheme 2.31). The alcohol (2.34) was 

dissolved in DCM and DMP was added. After 30 min, the reaction was deemed to have gone to 

completion and the product was isolated in excellent yield (99%).
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OH
DMP

DCM, 30 min, RT 
99%

O

(2.34) (2.35)

Scheme 2.31 DMP oxidation of alcohol (2.34)

A significantly improved yield was obtained using DMP compared with PDC. (99% v 65%) Other 

advantages of using DMP over PDC were the relatively non-toxic nature of the DMP and the ease 

at which the product could be isolated due to the use of DCM, rather than DMF, as reaction 

solvent.

The BOC group of compound (2.35) was then removed. The compound was dissolved in dry DCM 

under an atmosphere of nitrogen and the temperature cooled to 0 °C. TFA was then added under 

anhydrous conditions. After 1 h, the solvent was removed and the residue washed with saturated 

sodium bicarbonate aqueous solution and extracted with diethyl ether. Following purification by 

flash column chromatography, compound (2.25) was obtained as a yellow oil in moderate yield 

(50%; Scheme 2.32).

^ O

TFA

DCM, 1 h, 0 °C 
50%

NHO

(2.35) (2.25)

Scheme 2.32 BOC deprotection of (2.35)
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2.5.7 Characterisation of aniline (2.25)

A full structural elucidation was carried out in order to confirm the identity of (2.25). Using one 

and two-dimensional NMR spectroscopy techniques, the proton and carbon signals were assigned 

(Figures 2.14-2.17). The four CH2 protons were found to resonate as two distinct multiplets at 

2.72 ppm and 3.15 ppm utilising the HSQC spectrum. The four methoxy CH3 proton signals were 

found to resonate as four singlets at 3.65 ppm, 3.91 ppm, 3.92 ppm and 3.96 ppm. Using a 

combination of the HSQC and HMBC spectra, the vinylic proton was found to correspond to the 

singlet at 6.39 ppm and the A-ring aromatic proton was found to resonate as a singlet at 6.43 

ppm. The three remaining aromatic protons were found to resonate at 6.74 ppm (2 x ArH) and 

6.78 ppm.

The two CH2 signals were readily apparent from the DEPT 135 spectrum, resonating at 20.28 ppm 

and 45.71 ppm (Figure 2.15). Similarly, the four methoxy carbon atoms were found to resonate at 

55.57 ppm, 56.09 ppm, 60.95 ppm and 61.43 ppm. Using the HSQC spectrum, the double bond CH 

carbon was found to resonate at 127.82 ppm while the A-ring aromatic CH carbon was found to 

resonate at 112.01 ppm. The three remaining aromatic CH carbons were found to correspond to 

the signals at 109.76 ppm, 115.54 ppm and 119.78 ppm. The distinctive downfield signal at 204.32 

ppm on the ^̂ C spectrum confirmed the presence of the carbonyl group. The 9 remaining 

quaternary carbon signals were identified as corresponding to signals at 129.06 ppm, 132.71 ppm, 

135.45 ppm, 135.80 ppm, 143.14 ppm, 148.07 ppm, 149.87 ppm, 151.00 ppm and 152.30 ppm.

Mass spectrometry further confirmed the formation of the desired compound. The mass of the 

molecular ion [M+H] was found to be 370.1657, correlating closely with the calculated value of 

370.1654.

IR spectroscopy revealed a characteristic carbonyl stretching absorption at 1651.25 c m \  

indicating the presence of the C-7 ketone group within the structure of (2.25).
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Figure 2.14 NMR spectrum of (2.25)
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Figure 2.15 “  C, DEPT 135 and DEPT 90 NMR spectra of (2.25)
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F2 [ppm]94S7 6

Figure 2.16 HSQC spectrum of (2.25)

- 8

F2 [ppm]34S6

Figure 2.17 HMBC spectrum of (2.25)

2.5.8 Synthesis of aniline hydrochloride salt (2.36)

The hydrochloride salt of the aniline (2.25) was formed by bubbling HCI gas through a diethyl 

ether solution of the aniline. The resulting white solid (2.36) was washed with diethyl ether and 

dried under high vacuum before submission for biological testing.
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2.6 Biological evaluation

The lead molecule (2.03), the phosphate ester prodrug (2.24) and the hydrochloride salt of the 

aniline analogue (2.36) were all subject to biological evaluation by E. Prokopiou as part of the 

work submitted for her doctoral thesis [210]. The following is a brief overview of this work.

2.6.1 Cell proliferation inhibition assays

Compounds (2.03) and (2.36) were tested for cell proliferation inhibition activity in both human 

umbilical vein endothelial cells (HUVECs) and prostate carcinoma (PC-3) cells (Table 2.2).

HUVECs (nM) PC-3 cells (nM)

CA-4 4.03 ±1.73 14.01 ± 0.58

(2.03) 65.05 ± 1.10 50.65 ± 1.19

(2.36) 8.58 ± 1.06 9.70 ±0.88

Table 2.2 Best fit IC50 values ± SEM for CA-4 and compounds (2.03) and (2.36) following MTT assay

in HUVECS and PC-3 cells (n = 3)

Both compound (2.03) and (2.36) were found to possess in vitro anti-proliferative activity 

comparable with CA-4. Interestingly, the aniline modification in the C-ring of (2.36) appeared to 

confer a greater degree of anti-proliferative activity to the pharmacophore compared with the 

lead compound (2.03). In fact, the IC50 value obtained for (2.36) in PC-3 cells was found to be even 

lower than that of the reference compound CA-4.

2.6.2 Immunofluorescence staining of the microtubules

Compounds (2.03) and (2.36) were subsequently evaluated for their ability to disrupt the tubulin 

cytoskeleton of HUVECs. Following treatment with the compounds for 30 min, the cells were 

stained and observed under the microscope (Figure 2.18).

116



20ym

Figure 2.18 Microtubule disruption of endothelial cells. HUVECs were treated for 30 min and 

stained for a-tubulin (green) and nucleus (blue). Images were taken using an Olympus FVIOOO 

point scanning confocal microscope (x60). A-B) Control (0.1% DMSO), C-D) 1 |iM (2.03) and E-F) 1

HM (2.36)

The images clearly demonstrate the microtubule disrupting effects of both (2.03) and (2.36). 

Severe microtubule disruption was apparent following treatment with (2.03) and (2.36). 

Microtubule fibres were also found to be absent in the treated cells (Figure 2.18; C-F).

2.6.3 Cell cycle analysis

The anti-mitotic effect of the compounds was then established by analysing the cell cycle stages 

of treated cells using propidium iodide (PI) staining followed by flow cytometry (Figure 2.19).
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HUVECs (24h)

□  Control (0.1% DMSO)
□  (2.03) 0.5 
■  (2.03) 1
□  (2.36) 0.5 |iM
□  (2.36) 1
□  CA-4 0.5|aM
□  CA-4 1

Treatm ent

** p  < 0 .0 1 , s ignificantly h ig h er m ean  %  cell co u nt in th e  G 2/M  p h a s e  co m p ared  with 

the u n trea te d  contro ls as  d e term in e d  by S tu d e n t’s M e s t.

Figure 2.19 Percentage of G2/M phase cell count of (2.03), (2.36) and CA-4. Data represent mean

±SEM (n=3).

It is well established that treatment of cells with tubulin polymerisation inhibitors causes a GJM 

phase arrest [211]. Therefore, it is unsurprising that a dramatic increase in the proportion of cells 

having undergone arrest at the G2/M  phase is clearly apparent for both the (2.03) and (2.36) 

treated cells, as well as those treated with CA-4.
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2.6.4 Endothelial cell morphology analysis

Tubulin inhibitors are widely reported to have an anti-vascular effect, as distinct from their anti

mitotic activity, particularly at low doses. Treatment with such agents has been shown to cause 

vascular shutdown within solid tumours independently of a direct cytotoxic effect [212]. 

Morphological changes to the endothelial cells of the tumour vasculature are thought to play a 

central role in mediating this effect. Accordingly, analysis of the morphological changes in 

endothelial cells following treatment with (2.03), (2.36) and CA-4 was also undertaken.
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Figure 2.20 The effect of (2.03) and CA-4 on endothelial cells' morphology. HUVECs were exposed 

to the compounds for 40 min and photomicrographs (x 10) were taken 1 h after drug washout, 

a/e) Control (0.1% DMSO), b) 0.1 \xM (2.03), c) 0.5 \iM (2.03), d) 1 ^M (2.03), f) CA-4 0.1 g)

CA-4 0.5 |iM and h) CA-4 1 ^M

Figure 2.21 The effect of (2.36) on endothelial cells' morphology. HUVECs were exposed to the 

compounds for 40 min and photomicrographs (xlO) were taken 1 h (*) and 3 h (**) after drug 

washout. A) Control (0.1% DMSO) B) 0.1 (2.36) ÎVI and C) 0.5 nM (2.36)

All three compounds evaluated were found to induce rapid morphological changes to endothelial 

cells at concentrations as low as 0.1 ^M. Cell contraction, membrane blebbing, intercellular gaps 

and darkening of the cell contents were all observed in the treated cells. These results suggested 

that both (2.03) and (2.36) may have the potential to act as anti-vascular agents in vivo.
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2.6.5 Angiogenesis inhibition assay

An Angiokit assay (supplied by TCS Cellworks) consisting of a co-culture assay of HUVECs and 

fibroblasts was used to determ ine the  anti-angiogenic activity of (2.03). The effects of t rea tm en t 

with (2.03) on the  growth of microvessel, and hence angiogenesis, was thus determ ined (Figures 

2.22 and 2.23).

Figure 2.22 Angiokit angiogenesis assay. Cells were cultured for 12 days resulting in a confluent 

co-culture. A) 2 ng/mL VEGF, B) Control (0.1% DMSO), C) 20 pM suramin, D) 25 nM (2.03) and E)

50 nM (2.03)
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■  RS180 50 nM
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* p < 0.01, significantly lower mean pixel density area compared with the control (0.1 % DMSO) 
as determined by Student’s Mest.

Figure 2.23 The effect of (2.03) on microvessel formation. An estimation of the mean pixel density 

area of the vessels was calculated by Adobe Photoshop CS4. Data represents mean ± SEM (n = 3).

Treatment with (2.03) resulted in a visible decrease in microvessel formation at both 25 nM and 

50 nM (Figure 2.22; D-E).The reduction achieved at a dose of 50 nM was subsequently shown to 

be of statistical significance, suggesting the anti-angiogenic efficacy of this agent (Figure 2.23).

2 .6 .6  Aortic ring: angiogenesis assay

The aortic ring assay was also used to determine the anti-angiogenic effects of (2.03) and (2.36).

Figure 2.24 Effect of treatment with (2.03) on the growth of new blood vessel capillaries in an ex 

vivo aortic ring assay. The aortic rings were kept in a humidified CO2 incubator at 37 °C and the 

medium was changed every other day, starting from day 3. Test compounds were added on day 8. 

Photomicrographs of the aortic cultures were taken under bright field microscopy using a digital 

camera (x4). A) Control (0.1% DMSO), B) 1 nM (2.03), C) 10 nM (2.03) and D) 100 nM (2.03)
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□  Control, 0.1% DMSO
□  (2.03) 1 nM 
■  (2 .03) 10 nM 
m  (2.03) 100 nM

** p < 0.01, significantly lower mean pixel density area compared with the 
untreated controls as determined by Student’s f-test.

Figure 2 .25  The effect o f (2 .03 ) on new blood vessel capillary form ation . An estim ation o f the  

m ean pixel density area o f the vessels was calculated by Adobe Photoshop CS4

Figure 2 .26  Effect o f trea tm en t w ith  (2 .36 ) on the  grow th o f new blood vessel capillaries in an ex 

vivo aortic ring assay The aortic rings w ere  kept in a hum idified CO2 incubator at 37 “C and the  

m edium  was changed every o th er day, starting from  day 3. Test compounds w ere  added on day 8 

Photomicrographs o f the  aortic cultures w ere taken under bright field microscopy using a digital 

camera (x4). A) Control (0.1%  DMSO), B) 10 nM  (2 .36 ), C) 50  nM  (2 .36 ) and D) 100 nM  (2 .36 )
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□□  Control (0.1% DMSO) 
□  (2.36) 10 nM
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** p < 0.01, significantly lower mean pixel density area compared with the 
untreated controls as determined by Student’s ^test.

Figure 2.27 The effect of (2.36) on new blood vessel capillary formation. An estimation of the 

mean pixel density area o f the vessels was calculated by Adobe Photoshop CS4

A dose dependent reduction in new blood vessel formation following treatment with (2.03) was 

clearly apparent (Figure 2.24). A statistically significant reduction in new blood vessel formation 

was observed at both 10 nM and 100 nM indicating that compound (2.03) possessed potent anti- 

angiogenic activity (Figure 2.25).

In a comparable manner to (2.03), compound (2.36) was also found to cause a significant 

reduction in the amount of new blood vessels formed, particularly at 50 nM and 100 nM (Figures 

2.26 and 2.27). This suggested the potent anti-angiogenic efficacy of (2.36).

2.6.7 Aortic ring: anti-vascular assay

The aortic ring assay was also used to determine the effect of (2.03) and (2.36) on established 

vasculature.
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Figure 2 .2 8  A nti-vascular e ffec t  o f  (2 .0 3 ). The aortic rings w ere  kept in a hunriidified CO2 in cu bator  

at 37 °C and th e  m ed ium  w a s ch an ged  every  o th e r  day, starting from  day 3. T est c o m p o u n d s  w ere  

ad ded  on  day 8. P hotom icrograp hs o f  th e  aortic cu ltu res w ere  taken  under bright field  m icroscop y  

using a digital cam era (x4). A-B) B efore th e  addition  o f  te s t  com p ou n d , C-D) 1 0 0  nM (2 .0 3 )  (4 h)

and E-F) 100  nM (2 .0 3 ) (24 h).
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Figure 2 .2 9  A nti-vascular e ffe c t  o f  (2 .03).T h e aortic rings w ere  kept in a hum idified  CO2 in cu b ator  

at 37 °C and th e  m ed ium  w as ch an ged  every  o th e r  day, starting from  day 3. T est c o m p o u n d s  w ere  

ad d ed  on  day 8. P hotom icrograp hs o f  th e  aortic cu ltures w ere  tak en  u nd er bright fie ld  m icroscop y  

using a digital cam era (x4). A-B) B efore th e  addition  o f  te s t  co m p o u n d , C-D) 1 0 0  nM (2 .3 6 )  (4 h)

and E-F) 100  nM (2 .3 6 ) (24 h).
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The ability of compounds (2,03) and (2.36) to disrupt existing vasculature is readily apparent 

(Figures 2.28 and 2.29). This further supports the hypothesis that these agents have the potential 

to act as vascular disrupting agents in vivo.

2.6.8 In vivo evaluation of phosphate ester prodrug (2.24)

Following the encouraging in vitro and ex vivo performance of the lead compound (2.03), the 

phosphate ester prodrug (2.24) was evaluated in vivo.

The compound was evaluated in a PC-3 tum our xenograft model in mice. Combretastatin A-4 

phosphate (CA-4P) was evaluated in tandem as a control.
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* p < 0.05, significantly higher mean relative tumour volume compared with the control 
group as determined by the Mann-Whitney U-Xesi.

Figure 2.30 Evaluation of the efficacy of 200 mg/kg (2.24) and 150 mg/kg CA-4P administered 

once a week for three weeks in a PC-3 tum our xenograft model. Data points represent the mean 

relative tum our volume ± SEM (n=8).

A statistically significant reduction in mean relative tum our volume compared with the control 

was observed following treatm ent with (2.24) (Figure 2.30). The efficacy of the compound was 

found to be comparable with that of the control compound combretastatin A-4 phosphate. This 

extremely encouraging result demonstrated that the in vitro potential of the parent compound 

(2.03) was maintained in vivo.
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In a separate study, the effect of a single dose o f (2.24) on PC-3 tumour xenograft vasculature was 

evaluated.

Figure 2.31 The effect o f (2.24) treatment on tumour vasculature. Images of CD31-stained 

endothelial cells in cryosections of PC-3 tumours treated with A-C) vehicle (5% DMSO) and D-F)

200 mg/kg (2.24), for 6 h (n = 3).

The anti-vascular effects observed for (2.03) in vitro were again preserved following evaluation of 

(2.24) in vivo (Figure 2.31). These results again suggest the potential utility of (2.24) as a clinical 

drug candidate.
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2.7 Conclusions

The new synthetic route for the lead molecules (2.02) and (2.03), outlined in this chapter, 

represented a progressive revision of the initial work conducted by Shah and Hudson [187-188]. 

An overall yield of 12% over 11 steps was obtained for the improved synthetic route compared 

with a yield of 1% over 12 steps obtained utilising the original synthesis. In addition, the new 

pathway avoided the need for two large scale reflux reactions and developed an alternative 

oxidation strategy for the C-7 position alcohol without the use of the toxic chromium based 

reagent PDC.

The synthesis of the water soluble, phosphate ester prodrug (2.24) was readily accomplished in 

satisfactory yield following a three step process from the lead compound (2.03). The use of the 

phosphate ester prodrug strategy was a particularly important development, as it permitted the 

in vivo  evaluation of the parent compound (2.03).

Replacement of the hydroxyl of (2.02) with an amine group presented a significant synthetic 

challenge. The poor yield obtained for the synthesis of the enol triflate (2.26) and failure of initial 

attempts to furnish the boronic acid (2.28) were both judiciously overcome. The synthesis of the 

enol triflate (2.28) was revised and a substantially improved yield was obtained (72% v 45%). A 

change in strategy also enabled the synthesis of the boronic acid (2.31), containing a BOC 

protected aniline group. Despite the successful coupling of the boronic acid (2.31) and enol 

triflate (2.28), the boronic acid was found to be unstable. The boronate ester (2.33) was thus 

synthesised, offering more convenient preparation, increased stability and a comparable 

performance in the Suzuki coupling reaction.

Biological evaluation of compounds (2.03) and (2.36) demonstrated the potent anti-mitotic, anti- 

vascular and anti-angiogenic efficacy of these agents. Significantly, it was established that they 

possessed biological efficacy comparable with that of the model compound combretastatin A-4. 

As a consequence of the encouraging biological assessment of the aniline (2.36), it was 

subsequently utilised by E. Breen in the synthesis of conjugate drugs [213]. The favourable in vivo  

results obtained for the phosphate ester prodrug (2.24), offered further encouragement for the 

development of this agent as a preclinical drug candidate.
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3 Chapter 3

3.0 Introduction

The C-7 position substituent of the tubulin inhibitors synthesised by Shah and Hudson was shown 

to be a major determinant of the potency of these molecules (Figure 3.1) [187-188]. Therefore, 

the effect of modification of this position was deemed to be of particular interest in the synthesis 

of novel tubulin inhibitors suitable for molecular conjugation.

Figure 3.1 Schematic of tubulin inhibitory pharmacophore (The C-7 substituent is highlighted in

red)

The potent alcohol (2.02) was initially synthesised and evaluated as a racemic mixture. It was thus 

proposed to stereoselectively synthesise and evaluate both the (S) and (/?)-enantiomers of this 

compound in order to investigate the effect of stereochemistry at the C-7 position (Figure 3.2).

O ,
\

OH

(3.01) (3.02)

Figure 3.2 (S) and (/?)-enantiomers of racemic lead compound (2.02)
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3.1 Aims and Objectives

The primary objective of the work laid out in this chapter was to develop a methodology to 

introduce stereoselectivity into the synthesis of the lead compound (2 .02). Once this had been 

accomplished an appropriate technique to determine the stereochemical purity of the resultant 

molecules would be required. Determination of the absolute configuration of any 

enantiomerically pure compound synthesised would also be of integral importance. Finally, it 

would be necessary to develop a synthetic scheme to achieve the efficient synthesis of both 

enantiomers of compound (2.02) in acceptable yield.

3.2 Homochiral drug substances

Enantiomers are stereoisomers that are composed of the same atoms connected in the same 

order, which differ only in the arrangement in space of substituents at the chiral centre [190]. (R)  

and (S)-enantiomers of a substance have identical NMR and IR spectra and identical physical 

properties and differ only in the direction in which they rotate plane polarised light [190].

Pharmacologically, (R) and (S)-enantiomer of bioactive molecules have the potential to interact in 

different ways with the asymmetric environment of drug targets [214]. The chirality of active 

pharmaceutical ingredients has become a major theme in the design and synthesis of new drug 

products in recent years [215]. The top three selling drugs of 2008, Lipitor, Plavix and Nexium, 

with combined sales of over $30 billion, are single enantiomer drugs [216]. The worldwide market 

share of chiral drugs in single enantiomer form has grown from 27% in 1996, to 39% in 2002 and 

is still growing [215].

Traditionally, enantiomers of biologically active molecules were divided by Ariens into the 

eutomer, which possessed the desirable pharmacologically activity and the distomer, which was 

either inactive or in some cases largely responsible for the side effects of the racemate [217], The 

more complex reality of the situation has since been revealed. It has since been established that if 

one enantiomer is responsible for the desired pharmacologically activity the other enantiomer 

can:

•  Possess some desired pharmacological activity (warfarin [218] and verapamil [219])

•  Be inactive

• Be an antagonist of the desired pharmacological activity
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•  Possess a different, but desirable activity (ketam ine and labetalol [220]

•  Possess a different, but undesirable activity [221]

Depending on the situation the potential advantages o f the synthesis o f stereochem ically pure 

drug m olecules include:

•  Reduction o f total drug dose adm inistered

•  Enhancem ent o f  the therapeutic w indow

•  Reduction of patient response variability

•  More precise estim ation o f dose-response relationship [215]

Esom eprazole (3 .03) is on e exam ple o f a com pound which has been presented clinically in single 

enantiom er form (Figure 3.3). Esom eprazole is a proton-pum p inhibitor and is the active 

pharmaceutical ingredient in Nexium, a product licensed for the treatm ent o f various gastro- 

oesophageal reflux disorders and peptic ulceration. The substituted benzim idazole esom eprazole  

is the (S)-isomer of om eprazole (3.04), which is also m arketed as a racemic mixture for largely 

identical indications as Losec [222]. In head to head clinical trials, the (S)-enantiom er 

(esom eprazole) w as found to  be m ore efficacious than racemic om eprazole, w hen adm inistered  

at the sam e d ose [223],

Similarly, the fluoroquinolone antibiotic, levofloxacin (3 .05) (marketed as Tavanic), consists o f the  

(S)-enantiom er o f the racemic drug substance ofloxacin (3.06). The (S)-enantiom er is reported to  

have an antibacterial activity up to  tw o orders o f m agnitude higher than the (/?)-enantiomer 

[224].

(3.03) (3.04)

Figure 3.3 Structure o f (S)-om eprazole (3.03) and racemic om eprazole (3.04)
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Figure 3.4 (S)-ofloxacin (Levofloxacin) (3.05) and racemic ofloxacin (3.06)

Other chiral drugs remain marketed as racemates despite convincing arguments for 

stereochemically pure presentations. Examples include the anticoagulant warfarin, where (S)- 

warfarin has been shown to possess a anticoagulant potency 3-5 times greater than (R)-warfarin 

[225]. Similarly, (S)-ketoprofen is 2-4 times more potent than the racemate [221] Methadone is 

also still presented as a racemate despite the fact that (/?)-methadone accounts for the majority, if 

not the entirety, of its opioid effect [226]. The anaesthetic ketamine is also marketed as a racemic 

mixture. Comparison of the potencies of the individual enantiomers suggest an vastly superior 

potency for the (S)-(+)-ketamine as compared with that of the (R)-(-)-enantiomer [41,42]. 

Conversely, (R)-(-)-ketamine but not (S)-(+)-ketamine was found to be responsible for side effects 

such as hallucinations, restlessness and agitation in surgical patients [227-228].

Taking into consideration the potential for dramatic differences between enantiomers in terms of 

pharmacological activity, attention turned to the technical aspects of how best to achieve the 

desired synthesis of (3.01) and (3.02). In the synthesis of (2.02) described previously, chirality was 

introduced by reduction o f the achiral ketone (2.07) using sodium borohydride (Scheme 2.3). Both 

sides of the ketone were equally amenable to hydride attack and since both the reducing agent 

and the starting material were achiral, a racemic mixture of both the (S) and (/?)-alcohols was 

obtained [190]. In order to synthesise both the (/?) and (S)-enantiomers of (2.02) in 

stereochemically pure form, the possibility of the stereoselective reduction of the prochiral 

ketone (2.07) was explored.

3.3 Asymmetric reduction of !<etones

The asymmetric reduction of ketones has become a key approach in the synthesis of 

stereochemically pure organic molecules [190]. The transformation can be achieved in a number 

of different ways. Resolution of the racemic mixture [190], use of a chiral auxiliary [229], use of 

chiral reducing agents [230] and chiral catalysts [231] and use of an oxido-reductase enzyme
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system [232] have all been employed in asymmetric syntheses. Each of these methods has their 

inherent advantages and disadvantages.

The synthesis of a pair of diastereomers by the esterification of the racemic alcohol (2.08) w/ith a 

stereochemically pure acid was initially considered. Subsequent chromatographic separation of 

the resulting pair of diastereomers and hydrolysis of the esters would afford both the (R) and the 

(S) enantiomers in homochiral form. Alternatively, the use of a chiral column would allow the 

separation of the enantiomers w ithout derivatisation [190]. This solution would provide 

convenient access to both enantiomers of the alcohol in high enantiomeric excess. The principal 

disadvantage of this approach was that complete duplication of the synthetic route at this early 

stage would be required, resulting in a halving of the ultimate yield of each enantiomerically pure 

final compound. The use of a chiral auxiliary also receives considerable attention in the literature 

but in the absence of a suitable procedure for the desired reaction, this avenue was not further 

explored [190].

There are many examples of chiral reducing agents in the literature. The chiral reducing system 

developed by Yatagai utilised a sodium borohydride/(L)-tartaric acid system. This method was 

reported to reduce a variety of |3-keto ester containing compounds in variable yields (16-100%) 

and with varying degrees of stereoselectivity (0-86% enantiomeric excess) [229]. Similarly the 

alpine-borane chiral reducing agent championed by Midland achieved modest yields and poor 

stereoselectivity in the reduction of 3-keto esters, despite the use of high pressures and long 

reaction times [230].

Chiral catalysis has similarly been extensively exploited in the asymmetric reduction of ketones. 

Enantioselective hydrogenation catalysts, in particular those derived from 2,2'- 

bis(diphenylphosphino)-l,l'-binaphthyl (BINAP) ligands, are reported to be capable o f reducing 3- 

keto esters in extremely high enantiomeric excesses [231, 233-235]. These reactions typically 

employ expensive catalysts and extreme conditions of pressure under hydrogen and thus were 

not deemed feasible for the large scale reaction sequence being attempted. However, another 

class of chiral catalyst, examined in more detail, were the CBS reagents.

Since 1987, the chiral oxazaborolidines known as CBS reagents (after the work of Corey, Bakshi 

and Shibata) have been employed for the enantioselective reduction of prochiral ketones [236]. 

These reagents have been utilised in a variety o f complex syntheses, accomplishing the 

enantioselective reduction of various functionalised ketones in excellent yield and enantiomeric
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purity [237-239]. It was hypothesised that these reagents could be exploited to introduce the 

desired chirality into the synthesis of stereochemically pure (2.02). Thus, this approach was 

further explored (Section 3.8.2).

The enantiomerically selective reduction of p-keto esters utilising the oxido-reductase enzyme 

system in baker's yeast is another methodology reported extensively in the literature. Satisfactory 

yields and high degrees of enantiomeric selectivity have been reported for such transformations. 

Due to the convenient and inexpensive nature of this approach, this method was chosen for the 

initial attem pt to introduce the desired stereochemistry into the synthesis of (3.01) and (3.02).

3.4 Yeast reduction of P-keto ester (2.07)

Typically, a bioreduction reaction involves adding the substrate to incubating fermenting yeast in 

an aqueous medium [232], However, this method involves considerable difficulty in the isolation 

of the product from the large volume of aqueous solvent. Emulsions can also form, further 

hindering the work-up [240-241]. The use of petroleum ether as solvent greatly simplified the 

work-up as the yeast could simply be decanted off [240-241], According to the procedure outlined 

by North et al., the P-keto ester was combined with yeast from Saccharomyces cerevisiae type II 

(obtained from Sigma-Aldrich) together with distilled water and petroleum ether as solvent [240- 

241]. The water was found to be essential for the normal functioning of the yeast and hence the 

oxidative enzyme system [242]. The reaction was shaken overnight. The solvent was then 

decanted and together with the washings, was concentrated and purified by flash column 

chromatography to afford the desired p-hydroxy ester in reasonable yield (43%; Scheme 3.1).

(2.07)

Yeast from Saccharomyces cerevisiae type II O

--------------------------------------------------------------- / O
H jO / Petroleum ether, 16 h, RT 

43%

OH O

Scheme 3.1 Bioreduction of (2.07)

It has been reported that the amount of reduced cofactor present in the yeast cells and thus, the 

amount of yeast used in the reaction was the rate limiting factor for this reaction [241]. Cognisant 

of this fact, the procedure employed for subsequent reactions was modified to use a higher

133



proportion of yeast according to the procedure established by Athanasiou et al. [243], After 18 h, 

complete conversion was achieved with a significant improvement in isolated yield (60%).

In order to establish the broader applicability of this reaction, it was decided to examine the 

results of the yeast bioreduction of the ethyl ester (2.17)

Yeast from Saccharomyces cerevisiae type II

H jO / Petroleum ether, 48 h, RT 

51%
(2.17)

OH O

(3.08)

Scheme 3.2 Bioreduction of (2.17)

The yeast reduced the P-keto ester (2.17) effectively and in a comparable yield to that attained 

for the corresponding methyl ester (2.07) (51% v 60%) thus, demonstrating the versatility of the 

reaction.

According to the literature, an enantiomeric excess of the order of 45-98% would be expected for 

the P-keto ester reduction reaction, with stereoselectivity for the (S)-enantiomer [241, 244], 

However, the enantioselectivity of the reduction still had to be established.

3.5 Determination of enantiomeric purity of (3.07) by NMR

Enantiomers cannot be distinguished by NMR in an achiral medium, since the resonances of 

enantiotopic nuclei are isochronous [245]. However, diastereomers may be distinguished because 

the resonances (of certain diastereotopic nuclei) are anisochronous [245]. Thus, the 

determination of stereochemical purity of a chiral compound can be achieved by the use of a 

chiral auxiliary, which converts the mixture of enantiomers into diastereomers which can be 

distinguished by NMR.

The use of chiral derivatising agents remains one of the most reliable NMR techniques for 

assaying enantiomeric purity [245]. One of the most widely used reagents is a-methoxy-a- 

(trifluoromethyl)phenylacetic-acid (MTPA or MosheKs acid; Figure 3.5).
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FsC OMe 

(3.09)

Figure 3.5 (/?)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoic acid ((/?)-MTPA or (R)-Mosher's acid)

This reagent found favour following introduction by Mosher in 1969 for a number o f reasons 

[246]. Firstly, because there is no hydrogen a to the carboxylic acid, racemisation during the 

derivatisation process is impossible [245]. Secondly, the constituent trifluoromethyl group of 

Mosher's acid allows the relatively uncluttered ®̂F NMR spectrum to be utilised for unambiguous 

and accurate determination o f enantiomeric purity. This is usually possible, since in the case of a 

pair of diastereomers only two peaks would be apparent in the ®̂F spectrum (provided the 

molecule whose stereochemistry is being assessed does not contain any additional fluorine 

atoms). Therefore, owing to the relative ease of derivatisation and the reported reliability of this 

methodology, the (/?)-Mosher's esters o f the bioreduced alcohol and the sodium borohydride 

reduced alcohols were synthesised [245].

The (/?)-Mosher's ester of the racemic alcohol (2.08) was prepared by coupling with (/?)-Mosher's 

acid. 2,6-Dichlorobenzoyl chloride was used as coupling reagent. DIPEA was employed as base. 

DMAP was added as acylation catalyst. The product (3.10) was then purified by flash column 

chromatography ensuring that no discrimination between diastereomers occurred in the process 

(Scheme 2.3).

I(R)

OH O DMAP, DIPEA, 2,6-DCBCl, (R)-Mosher's acid

DCM, 22 h, RT 
81%

(3.10)(2.08)

Scheme 3.3 Synthesis of (R)-Mosher's ester (3.10)
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The (/?)-Mosher's ester of the bioreduced alcohol (3.07) was synthesised similarly to afford (3.11) 

(Scheme 3.4).

OH O DMAP, DIPEA, 2,6-DCBCI, (/?)-Mosher‘s acid

DCM, 8 h, RT 
51%

(3.11)(3.07)

Scheme 3.4 Synthesis of (/?)-Mosher's ester (3.11)

The NMR spectra of both compounds were then obtained (Figure 3.6 and 3.7). The spectrum 

of the racemic alcohol ester (3.10) was, as expected, observed to have two peaks at -72.01 ppm 

and -71.84 ppm with essentially equivalent integration (100:86). The (/?)-Mosher's ester of the 

bioreduced alcohol, compound (3.11) however, was observed to have one majorly predominant 

peak at -72.01 ppm with a much less significant peak at -71.84 ppm (100:1). The two signals in the 

racemic ester (3.10) arose as a result of the two diastereomers formed, namely (S,R) and (R,R)-  

diastereomers of the alcohol and chiral (R)-Mosher's acid. Since the trifluoromethyl groups were 

in different chemical environments in both diastereomers, they resonated at different 

frequencies. In the ester of the enantiomerically pure alcohol (3.11), only one enantiomer, (S,R), is 

formed to an appreciable extent and hence only one peak is observed. The enantiomeric purity of 

the bioreduced alcohol (3.07) was thus estimated to be in excess of 99%. Thus, the enantiomeric 

excess of the (S)-enantiomer was estimated to be of the order of 98%.

The specific optical rotation [a] of the alcohol (3.07) was determined using a polarimeter and 

was found to be -10.70 (c = 1.68, DCM). As a control measurement, the specific optical rotation of 

the racemic alcohol (2.08) was also determined. It was not found to be optically active, with a 

rotation of 0 (c = 0.8, DCM) observed.
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Figure 3.6 NMR spectrum of racemic alcohol (R)-Mosher's ester (3.10)
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Figure 3.7 NMR spectrum of bio reduced alcohol R-Mosher's ester (3.11)
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3.6 Confirmation of absolute configuration of bioreduced alcohol by NMR

Examination of the published literature for baker's yeast reductions of P-keto esters suggested 

that the bioreduced alcohol (3.07) would be of (S)-configuration [241]. However, in order to 

confirm that it was in fact the (S)-enantiomer that was isolated, an NMR-based procedure taken 

from Ohtani et al. was employed [247], The procedure undertaken was as follows:

1. Assign as many protons as possible with respect to each of the (/?) and (S) Mosher's acid 

esters of the alcohol under investigation

2. Calculate the difference in the resonance frequency for each proton between the (S) and 

(/?) esters, A6 (where A6= 6s- 6r)

3. Put the protons with positive A6 values on the right side and those with negative A6 

values on the left side of model A (Figure 3.8)

4. Construct a molecular model of the compound in question and confirm that all the 

assigned protons with positive and negative A6 values are actually found on the right and 

left sides of the Mosher's ester plane, respectively. When all these conditions are 

satisfied, model A will indicate the absolute conformation of the compound.

The method is based on the premise that due to the diamagnetic shielding effect of the aromatic 

ring, the Ha, Hb and He signals of the (R)-Mosher's ester should resonate upfield relative to those of 

the (S)-Mosher's ester. Conversely, the reverse should hold true for the Hx Hy, Hz signals.

In accordance with the method prescribed by Ohtani, the (S)-Mosher's ester of the bioreduced 

alcohol was synthesised. The procedure outlined for the synthesis of the (R)-Mosher's ester (3.11) 

was employed (Scheme 3.4). The (S)-Mosher's ester (3.12) was subsequently isolated in 

acceptable yield (77%) and along with the (/?)-Mosher's ester (3.11) was analysed by NMR (Figure 

3.9 and 3.10).

138



Mosher's Ester Plane

b)

Mosher's Ester Plane

Mosher's acidHx

I—  H

Hz

Figure 3.8 Ohtani's Model for determination of absolute configuration by NMR 

a) and b) illustrate the configurational correlation model for the (R)  and (S)-Mosher's esters used 

by Ohtani. The arrow indicates the ester plane. It is from the direction of this arrow that the 

model in part c) is derived, with the Ha, Hb and He protons on the right of the ester plane and the

Hx, Hyand Hz protons on the left hand side

c) Model A proposed by Ohtani to determine the configuration of secondary alcohols.
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The NMR spectra of (3.11) and (3.12) were assigned using a combination of one and two 

dimensional NMR experiments. The difference in chemical shift between the esters for each 

proton (A6) was calculated (where A6= 5s- 6r; Table 3.1).

Proton* (S)-Mosher's ester 

(3.12) NMR 

resonance (ppm)

(/?)-Mosher's ester 

(3.11) N M R  

resonance (ppm)

A6 (ppm)

1 1.95 2.00 -0.05

2 2.51 2.61 -1.0

3 2.74 2.70 +0.04

4 3.68 3.61 +0.07

5 3.83 3.86 -0.03

6 3.86 3.87 -0.08

7 3.88 3.88 0

8 6.60 6.63 -0.02

9 6.72 6.80 0

Table 3.1 Calculation of A6 for (/?) and (S)-esters, (3.11) and (3.12). *The proton designations are

as shown in Figure 3.11).

Once the A6 values were obtained, the model devised by Ohtani was constructed by placing the 

protons with positive values on the right side of model A and the protons with negative values on 

the left hand side (Figure 3.11; a)). The structure was then re-drawn in the more conventional 

form at taking into consideration the configuration determined by Model A (Figure 3.11; b)).

Hence, the configuration of the bioreduced alcohol (3.07) was confirmed as the (S)-enantiomer, 

corroborating the evidence available from review of the literature. The stereochemistry of the 

ethyl ester (3.08) was confirmed similarly, by the synthesis and subsequent NMR analysis of the 

equivalent (S) and (/?) Mosher's esters (3.13) and (3.14) (Figure 3.12).
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a) g Mosher sMosher's ester

O 0 0

6

b) O

O' Mosher's ester

Mosher's Ester Plane

Figure 3.11 a) Model A re-drawn with the positive value A6 protons on the right side and the 

negative A6 values on the left side b) Configurational correlation model illustrating the (S)-

stereochemistry of the alcohol (3.07)

it was thus shown that the yeast had selectively reduced the |3-keto ester (2.17) to the (S)- 

enantiom er alcohol (3.08) and that the transformation had resulted in a product with an 

enantiomeric purity greater than 99%.

3.7 Synthesis of enantiomerically pure (3.01)

Once the methodology to successfully introduce the desired stereoselectivity had been 

established, this knowledge was employed in the synthesis of the (S)-enantiomer of the lead

0

(3.13) (3.14)

Figure 3.12 (S) and (R)-Mosher's esters of ethyl ester (3.08)
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compound (2.02) to afford (3.01). The synthesis was accomplished in an analogous manner to 

that employed for the racemate.

3.7.1 Silyl protection of (3.07) and hydrolysis of ester (3.15)

The enantiomerically pure alcohol (3.07) was protected as a te/t-butyldiphenylsilyl ether by 

reacting with TBDPSCI using imidazole as base. After 16 h, the reaction was deemed to have gone 

to completion and after purification the desired protected compound (3.15) was isolated as a 

clear oil in excellent yield (98%). The protected alcohol (3.15) was then dissolved in a mixture of 

methanol and THF and subject to base catalysed hydrolysis using sodium hydroxide aqueous 

solution. Following purification, the carboxylic acid (3,16) was obtained in modest yield (46%; 

Scheme 3.5).

I NaOH (aq. soln.) 

THF/MeOH, 1) Ih , 0 °COH
TBDPSCI, Imidazole

DMF, 16 h, RT 
98%

2) 24 h, RT 

46% ^

OH

(3.07) (3.15) (3.16)

Scheme 3.5 Protection of alcohol (3.07) and hydrolysis of methyl ester (3.15)

3.7.2 Cyclisation of (3.16) and removal of silyl protecting group of (3.17)

Intramolecular cyclisation of the carboxylic acid (3.16) was then carried out. The carboxylic acid 

(3.16) was dissolved in dry DCM under an atmosphere of nitrogen and oxalyl chloride, together 

w ith a catalytic quantity of DMF, was added at 0 °C. After 2 h, the volatile organic phase of the 

reaction mixture was removed under vacuum and the resulting acid chloride intermediate was 

reconstituted with fresh, dry DCM. Tin (IV) chloride was then added to the reaction mixture at -15 

°C to catalyse the intramolecular cyclisation. Following purification, the desired ketone (3.17) was 

obtained in moderate yield (54% over two steps) as a yellow oil. Compound (3.17) was 

subsequently dissolved in dry THF and TBAF solution was added at 0 °C under nitrogen. The 

temperature was the allowed to reach ambient after 30 min. After a further 3 h, the reaction
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mixture was added directly to a silica gel flash column. Following purification, the free alcohol

(3.18) was obtained in moderate yield (56%) as a yellow oil (Scheme 3.6).

TBDPS

TBDPS1) Oxalyl Chloride, DMF (cat. 
DCM, 2 h, 0 °C

TBAF

THF, 1)30 min, 0°C 0  

2) 3 h, RT 

56%

2) Tin {IV) Chloride 

DCM, 1 h, -20 °C
54%

(3.16) (3.17) (3.18)

Scheme 3.6 Cyclisation of carboxylic acid (3.16) and deprotection of alcohol (3.17)

3.7.3 Coupling of (2.14) and (3.18) and removal of silyl groups

The C-ring bromide (2.14) was then dissolved in dry THF under an atmosphere of nitrogen and 

subject to lithiation at -78 °C by treatm ent with n-butyllithium. After 40 min, a solution of the AB- 

ring compound (3.18) in dry THF was added dropwise under anhydrous conditions. After 1 h, the 

tem perature of the reaction was allowed to increase to ambient and after a further 4 h, the 

reaction was quenched by the addition of HCI aqueous solution. Following purification, compound

(3.19) was obtained in satisfactory yield (59%) as a yellow resin. The phenol protecting group on

(3.19) was then readily removed by treatm ent with TBAF solution at 0 °C. After 1 h, the reaction 

mixture was purified by flash column chromatography to afford the desired product (3.01) as a 

white solid in excellent yield (96%; Scheme 3.7).

' O

1) nBuLI 

THF, 40 min, -78 °C 

 ►

2) (3.18)
THF, l h , 0 ° C

3) 4 h, RT

4) HCI (aq. soln.) 

59%
(2.14)

('Sj) ""O H  TBAF (S) }  OH

THF, 1 h, 0°C  

/ 96%

OH

(3.19) (3.01)

Scheme 3.7 Organolithium coupling of (2.14) and (3.18) and silyl deprotection of (3.19)
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3.8 Introducing (/?)-configuration at the C-7 position

Once the successful synthesis of (3.01) had been accomplished, attention turned to the synthesis 

of the opposite enantiomer, (3.02). The main obstacle to this objective was devising a suitable 

method of obtaining (/?)-configuration at the C-7 position.

3.8.1 Synthetic strategy

In order to introduce the required (/?)-configuration into the synthesis, a variety of different 

approaches were explored. Initial attempts focused on the stereoselective reduction of the p-keto 

ester (2.07), to afford the (/?)-enantiomer alcohol, utilising the CBS reagents. The Mitsunobu 

reaction was then carried out to try to effect clean inversion of configuration of the (S)- 

enantiomer alcohol (3.07)

Following the failure of these approaches, inversion of configuration at the C-7 position alcohol of 

the cyclised compound (3.18) was proposed. Due to previous experience with the chemistry of 

this molecule, suitable protection of the C-9 carbonyl group was deemed necessary in order to 

remove the potential for elimination. Therefore, the C-9 position carbonyl was reduced and 

protected. Inversion of configuration of the suitably protected compound using the Mitsunobu 

reaction was then attempted. Once again, unsatisfactory stereochemistry was obtained with this 

approach.

The Sn2 displacement of a mesylate at the C-7 position by an acetate anion was thus proposed as 

an alternative method of achieving inversion of configuration. It is ultimately this method which 

provided the desired access to the (R)-configuration C-7 alcohol. Therefore, this approach was 

employed in the synthesis of (3.02)

3.8.2 Use of CBS reagents to reduce (2.07)

The chiral catalyst CBS reagents were investigated as a method of introducing the desired ( R ) -  

chirality to the C-7 position. These oxazaborolidine based reagents have been reported to 

mediate the reduction of functionalised ketones with a high degree of enantioselectivity and in 

excellent yields [236-238]. Therefore, the stereoselective reduction of the prochiral ketone (2.07) 

using the chiral catalyst (S)-(-)-2-methyl-CBS-oxazaborolidine was attempted.
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BHj, CBS reagent OH O

(2.07)
THF, 12 h, RT 

61% (3.20)

Scheme 3.8 Attempted stereoselective reduction of (2.07) using CBS catalyst

Various procedures, obtained from the literature, utilising (S)-(-)-2-Methyl-CBS-oxazaborolidine 

as chiral catalyst and borane solution in THF as reducing agent were undertaken [236, 248-250], 

The alcohol (3.20) was obtained in variable yield (0-61%; Scheme 3.8). Initially, the quantity of 

borane used was kept to the recommended 0.6 equivalents and the temperature was maintained 

at ambient as increasing either of these variables was reported to reduce the enantioselectivity of 

the reaction [250]. Particular attention was paid to the exclusion of all moisture from the reaction, 

as the catalysts were reported to give erratic results in the presence of water [239].

In order to establish the stereoselectivity of the transformation, the (/?)-Mosher's ester of (3.20) 

was synthesised following the procedure used for previous Mosher's acid esterification reactions 

(Scheme 3.9). Following purification, the Mosher's ester (3.21) was obtained in good yield (90%) 

as a yellow oil.

OH 0 DMAP,DIPEA, 2,6-DCBCI, (R)-Mosher's acid

DCM, 16 h, RT 
90%

(3.20) (3.21)

Scheme 3.9 Synthesis o f Mosher's ester (3.21)

The (/?)-Mosher's ester (3.21) was then subject to NMR in order to establish the 

stereochemistry o f the CBS reduced alcohol (3.20) (Figure 3.13).
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Figure 3.13 NMR spectrum of (/?)-Moslier's ester (3.21)

\s can be seen from the NMR spectrum of compound (3.21) (Figure 3.13), negligible 

itereoselectivity was obtained using the CBS mediated reduction (82:100). It is interesting to note 

hat slight selectivity was obtained for the (S)-enantiomer. This interesting finding is the opposite 

esult obtained following sodium borohydride reduction of the p-keto ester (Figure 3.6) and the 

opposite result expected for this reaction according to the literature [236, 248-250]. This 

ipproach was not pursued further.

L8.3 Attempted inversion of configuration using the Mitsunobu reaction

)ue to the high yield and excellent enantioselectivity afforded by the yeast reduction, it was 

lypothesised that a simple inversion of configuration using the well known Mitsunobu reaction 

vould provide ready access to the desired molecule (3.02).

according to the literature, the Mitsunobu reaction allows the conversion of primary and 

econdary alcohols into esters, phenyl esters, thioesters and other compounds with clean 

nversion of configuration [190]. The reaction requires diethylazodicarboxylate (DIAD) and 

riphenylphosphine together with formic acid as a nucleophile. The reaction proceeds by the 

ormation of a triphenylphosphine-DIAD complex which is then attacked by the alcohol which 

ictivates the alcohol as a good leaving group. The formic acid then acts as a nucleophile and
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carries out a substitution reaction resulting in the formation of a formate ester. The driving force 

for the reaction is the formation of a stable phosphorous oxygen bond. Triphenylphosphine oxide 

is thus formed as a side product of the reaction. It was postulated that the (S)-p-hydroxy ester 

(3.07) could be converted to the formate ester (3.22) (Scheme 3.10). This formate ester could 

then be readily hydrolysed under mildly basic conditions to liberate the (/?)-p-hydroxy ester.

1) PPhj, formic acid 

THF, 20 min, RT

2) DIAD 

THF, 75 min, RT

(3.22)

OH O

(3.07)

Scheme 3.10 Attempted Mitsunobu reaction

Despite attempting the reaction using a variety of different reaction conditions, the desired 

product was not isolated. It was proposed that due to the strong drive for conjugation in the 

system, rather than undergoing a substitution reaction with the formic acid, an elimination 

reaction was favoured, yielding a more conjugated side product.

3.8.4 Removing the source of conjugation: Reduction of the C-7 position carbonyl and 

protection of the resultant alcohol

Due to the preference for elimination rather than substitution, as outlined for the Mitsunobu 

reaction on compound (3.07) above, it was decided to attempt the inversion of configuration at a 

later stage in the synthesis. The cyclised compound (3.17) was adjudged to be the most 

appropriate point in the synthesis to carry out the Mitsunobu reaction. However, it had been 

observed from previous chemistry with this compound, that the alcohol at the C-7 position was 

also prone to elimination. The drive for elimination occurs due to the highly conjugated structure 

of the enone-containing elimination product (3.23) [188].
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(3.18) (3.23)

Scheme 3.11 Conjugation as a driving force for elimination at the C-7 position alcohol

Therefore, in order to successfully carry out the Mitsunobu reaction, it would first be necessary to 

modify the carbonyl group at the C-9 position, thus negating the potential for the formation of the 

highly conjugated AB ring system (3.23). It was decided to pursue a strategy, first employed by 

Hudson, of reducing the C-9 ketone and protecting it appropriately [188]. This would allow the 

necessary chemistry to be carried out at the C-7 position. Removal of the protecting group and 

oxidation of the alcohol would then be undertaken to re-introduce the C-9 carbonyl.

3.8.5 The acetate protecting group

The first protection strategy employed was the use of an acetate ester. This technique had 

previously been employed by Hudson in a related synthesis [188].

3 .8.5.1 Reduction of l<etone (3.17) and synthesis of acetate ester

The ketone (3.17) was dissolved in a mixture of methanol and THF and the reaction cooled to 0 °C. 

Sodium borohydride was then added. After 5 min, the reaction was deemed to have gone to 

completion. Following purification, the desired alcohol (3.24) was obtained in good yield (75%), as 

a white solid (Scheme 3.12).

NaBH

fSj) dMeOH/THF, 5min, 0°C  

75%
HOO

(3.17) (3.24)

Scheme 3.12 Reduction of ketone (3.17)
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The alcohol (3.24) was dissolved in dry DCM under an atmosphere of nitrogen. DIPEA was added 

as base, DMAP was utilised as an acylation catalyst and acetic anhydride was added at 0 °C. After 

1 h, the reaction was deemed to have gone to completion. Following purification, the acetate 

(3.25) was obtained in excellent yield (100%) as a yellow oil.

HO

Acetic anhydride, DMAP, DIPEA 

 ►

DCM, lh ,0 °C  
100%

(3.24)

O
cs;) d

(3.25)

Scheme 3.13 Acetate protection of C-9 alcohol

3.8.5.2 Mitsunobu reaction on acetate protected alcohol (3.26)

The C-7 alcohol fe/t-butyldiphenylsilyl ether protecting group of compound (3.25) was first 

removed, in preparation for the attempted Mitsunobu reaction. TBAF solution was added to a 

solution of (3.25) in dry THF, at 0 °C under anhydrous conditions. After 24 h, the reaction was 

deemed to have gone to completion. Following purification, the alcohol (3.26) was obtained as an 

off-white solid in excellent yield (100%; Scheme 3.14).

(S) }  O

(3.25)

TBAF

 ►
THF, 1) 30min,0°C 

2) 24 h, RT 
100%

(S) }  OH

(3.26)

Scheme 3.14 Removal of silyl protecting group from compound (3.25)
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The Mitsunobu reaction was then attempted. Triphenylphosphine, formic acid and compound 

(3.26) were dissolved in dry THF under an atmosphere of nitrogen. After 20 min, DIAD was added 

dropwise (Scheme 3.15).

1) PPh3, Formic acid 
THF, 20 min, RT

2) DIAD 
THF, 3h, RT

O
O ,

(S)) OH

O , O

(3.26) (3.27)

Scheme 3.15 Attempted Mitsunobu reaction on compound (3.26)

After a further 3 h, a complex mixture of products was observed to have formed by TLC analysis. 

Following purification and rudimentary analysis of the principal products formed, it was 

established that the desired transformation had not taken place. It was hypothesised that the 

acetate group was extremely labile under the conditions employed. In order to carry out the 

chemistry required at the C-7 position alcohol, it became apparent that a more robust protection 

strategy would have to be found for the C-9 alcohol. Therefore, a number of alternative 

protecting groups were explored.

3.8.6 The 2-methoxyethoxymethyl ether protecting group

The 2-methoxyethoxymethyl ether (MEM) protecting group was explored as an alternative 

protection strategy for the C-9 hydroxyl functionality. The MEM group was first introduced by 

Corey et al. in 1976. Due to ease of introduction and removal of the MEM ether and its high 

stability to a range of acidic and basic conditions, it has been frequently employed for the 

protection of hydroxyl groups [204, 251].

3.8.6.1 Synthesis of MEM ether containing compound (3.28)

Following a procedure outlined by Corey et al., the benzylic alcohol (3.24) was combined with 2- 

methoxyethoxymethyl chloride (MEMCI) in dry DCM, utilising DIPEA as base [251]. However, after 

24 h, the starting material remained unchanged.
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MEMCI
DIPEA

(S)

O,
DCM, 24 h, 0 °C

(3.24)

/

(3.28)

Scheme 3.16 Attempted MEM protection of (3.24)

An alternative procedure for the MEM protection of alcohols outlined by Corey et al. was then 

explored [251], Using sodium hydride as base, the MEM ether was obtained in good yield (77%; 

Scheme 3.17).

HO

(3.24)

MEMCI, NaH

DCM, 1) 1 h, 0 °C 
2) 24 h, RT 

77%

O,

/
Si

O ,

O
/

(3.28)

Scheme 3.17 MEM protection of (3.24)

In order to establish the ultimate usefulness of the MEM ether as a protection strategy, it was first 

necessary to determine the relative ease with which it could eventually be removed. Accordingly, 

a trial deprotection reaction using the Lewis acid zinc bromide in dry DCM was undertaken.
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/

(3.28)

ZnBr2

DCM, 1) 2 h, 0 °C 
2) 24 h, RT

( S ) ) - U Q

(3.24)

Scheme 3.18 Attempted removal of MEM protecting group

Despite repeated assurances in the literature of the relative ease with which this group could be 

removed, no change in the MEM protected compound was observed after 24 h [204, 251]. A 

variety of alternate reaction conditions were explored. However, the MEM group proved 

particularly resilient to removal and thus other protection strategies were examined.

3.8 .7  The tetrahYdropyranyl ether protecting group

The tetrahydropyranyl ether (THP) protecting group is another protection strategy introduced by 

Corey e t al. [252]. The THP protecting group has been used extensively as a protection strategy in 

complex organic synthesis due to its low cost, ease of introduction and general stability to most 

non-acidic conditions [204]. The THP protecting group was readily introduced to compound 

(3.24). The compound was dissolved in DCM and 3,4-dihydro-2H-pyran and p-toluenesulfonic 

acid were added. After 25 min, the reaction was deemed to have gone to completion. Following 

purification, the desired THP ether (3.29), was obtained in excellent yield (94%) as a yellow oil 

(Scheme 3.19).

While the introduction of the THP protecting group proceeded cleanly and in high yield, the 

introduction of a third chiral centre posed a number of difficulties in the chromatography and 

analysis of the resulting compound. The THP ether (3.29) potentially consisted of 8 stereoisomers 

which manifested themselves on TLC as three distinct entities. Furthermore, the extreme 

complexity of the ^H NMR spectrum strongly discouraged the use of this protecting group. Thus, 

an alternative protection strategy was sought.
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..........0

(3.24)

3,4-dihydro-2H-pyran 
p-toluenesulfonic acid

O'
DCM, 25 min, RT 

94% 0,

(3.29)

Scheme 3.19 THP protection of (3.24)

3.8.8 The methoxymethyl ether protecting group

The methoxymethyl ether (MOM) protecting group is a substituted ether closely related to the 

MEM protecting group (Section 3.8.6). The MOM ether was reported to be robust in the presence 

of a wide range of reaction conditions and, according to the literature, was readily and 

conveniently introduced and removed [204].

3.8.8.1 MOM ether synthesis

The MOM ether was introduced using a procedure described by Walsh [253-254]. The alcohol 

(3.24) was dissolved in dimethoxymethane and lithium bromide and poro-toluenesulfonic acid 

were added to catalyse the reaction. This afforded the MOM ether (3.30) readily and in 

satisfactory yield (74%).

Lithium bromide, p-toluenesulfonic acid^O
(S ) ) o.o

Dimethoxymethane, 2 h, RT 
74%

HO

O,

(3.24) (3.30)

Scheme 3.20 MOM protection o f (3.24)
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3.8.S.2 Characterisation of MOM ether (3.30)

The MOM ether (3.30) was characterised by NMR spectroscopy. Compound (3.30) was possessed 

of tw o chiral centres which complicated the assignment o f both the proton and carbon spectra. 

While configuration at the C-7 carbon was exclusively (S) due to  the stereoselectivity o f the yeast 

bioreduction, the stereochemistry at the C-9 carbon was found to be either (R) or (S). Therefore, 

one major and one m inor diastereomer were found to  be present w ith in (3.30).

The distinctive fert-butyl group protons o f the C-7 protecting group were found to  resonate 

furthest upfield as a singlet at 1.08 ppm fo r the major diastereomer and 1.17 ppm fo r the m inor 

diastereomer. The aromatic protons o f the fe/t-butyld iphenylsilyl protecting group o f both the 

major and m inor diastereomers were found to  resonate as tw o distinct multiplets at 7.38-7.50 

ppm and at 7.70-7.80 ppm. The four methoxy methyl group protons o f the major diastereomer 

were found to  resonate at 3.25 ppm, 3.82 ppm, 3.87 ppm and 3.90 ppm while the equivalent 

m inor diastereomer protons were found to  resonate at 3.35 ppm, 3.80 ppm, 3.87 ppm and 3.90 

ppm. The C-7 proton (CHOSi) o f the major and m inor diastereomers was found to  resonate 

together as a m ultip le t at 3.94-4.05 ppm by reference to the HSQC spectrum (Figure 3.17). 

Similarly, the C-9 proton (CHOCH2 ) o f the major diastereomer was found to  resonate as a doublet 

(J = 10.85 Hz) at 4.44 ppm while the m inor diastereomer C-9 proton resonated as a broad singlet 

at 4.32 ppm. The MOM protecting group protons (OCH2 O) o f the major diastereomer resonated 

as tw o distinct doublets (J = 6.6 Hz) at 4.51 ppm and 4.55 ppm, while the equivalent m inor 

diastereomer protons resonated as broad singlet at 4.61 ppm. The A-ring aromatic proton o f the 

major diastereomer was found to  correspond to  a singlet at 6.87 ppm. The equivalent A-ring 

proton o f the m inor diastereomer meanwhile, resonated as a singlet at 6.79 ppm. The assignment 

o f the B-ring CH2 protons fo r (3.30) relied heavily on the HSQC spectrum. An expansion o f the 

HSQC, focusing on the most pertinent region fo r these assignments is shown in Figure 3.18. The 

six B-ring CH2 protons o f the major diastereomer were found to  resonate at 1.28-1.39 ppm, 1.65- 

1.78 ppm, 1.89-2.05, 2.15-2.24 ppm (2 x CH2 ) and 3.13-3.22 ppm. The m inor diastereomer CH2 

protons were found to  resonate at 1.28-1.39 ppm, 1.65-1.78 ppm, 1.89-2.05 ppm (2 x CH2 ), 2.83 

ppm and 2.98-3.04 ppm.

Examination o f the DEPT 135 spectrum revealed tha t the six B-ring CH2 carbons resonated as five 

distinct peaks at 18.14 ppm, 19.29 ppm, 34.41 ppm, 42.55 ppm, and 44.73 ppm while the MOM 

group CH2 carbons were found to  resonate at 94.44 ppm (Figure 3.15). The fert-butyl methyl 

carbons (C(CH3 )3 ) were found to resonate at 26.95 ppm and 27.09 ppm. The methoxy carbons
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were identified as resonating as six signals at 55.46 ppm, 55.56 ppm, 56.00 ppm, 60.87 ppm, 

61.34 ppm and 61.39 ppm. The C-7 carbons (CHOSi) were found to resonate at 73.49 ppm and the 

C-9 carbons (CHOCH2) were assigned as resonating at 69.89 ppm and 70.89 ppm. The aromatic CH 

carbons were found to resonate at 103.14 ppm, 127.62 ppm, 129.65 ppm, 135.83 ppm, 135.87 

ppm, and 135.89 ppm with the aid of the DEPT 90 spectrum (Figure 3.15). The quaternary tert- 

butyl carbons were found to resonate at 19.17 ppm and 19.35 ppm, while the remainder of the 

quaternary carbons were assigned to peaks appearing at 134.36 ppm, 134.38 ppm, 134.41ppm, 

134.51 ppm, 138.07 ppm, 140.71 ppm, 150.86 ppm, 150.89 ppm, 151.10 ppm, and 151.42 ppm.

The identity of (3.30) was further analysed by mass spectrometry. The molecular ion peak [M+Na] 

was found to have a mass of 573.2669. This value was in close approximation to the calculated 

value of 573.2648, further confirming the identity of (3.30)

4.6 4.5 4.4 4.3 3.2 3.0

(3.30)

1.0 0,6

7.5 7.0 6.5 5.56.0 5.0
Chemical Shift (ppm)

4.5 
Chemical

4.0 3.5 3.0 2.5 2.0
(ppm)

Figure 3.14 NMR spectrum of (3.30)
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Figure 3.15 DEPT 135 and DEPT 90 spectra of (3.30)
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Figure 3,16 HH COSY spectrum of (3.30)
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Figure 3.17 HSQC spectrum of (3.30)
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Figure 3.18 Selected expansion of HSQC of (3.30)

3.8.S.3 Removal of M O M  protecting group

Once inversion of configuration at the C-7 position had been ultimately achieved (Section 3.8.10), 

it was necessary to remove the M OM  ether selectively and in satisfactory yield. However, removal 

of the M O M  ether posed a considerable challenge and a number of methods of M O M  ether 

removal were explored before an acceptable procedure was found.
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Of the multitude of procedures described in the literature for the removal of M OM  ethers, the 

method presented by Sharma et al. appeared to be among the most convenient [204, 255]. 

According to the protocol outlined by Sharma et al., the Lewis acid zirconium (IV) chloride (ZrCl4), 

can be used to achieve the facile deprotection of the M OM  ether in a diverse range of 

functionalised compounds [255]. Accordingly, (3.30) was dissolved in IPA and ZrCU added.

(R )

O ,

Zirconium (IV) chloride

(R)
IPA, 1) 24 h, RT 

2) 1 h, 70 °C
HO

(3.31) (3.32)

Scheme 3.21 Attempted deprotection of (3.31) using zirconium (IV) chloride

After 24 h at room tem perature, (3.31) remained unchanged. The reaction was subsequently 

refluxed at 70 °C for 1 h. This resulted in the complete consumption of the starting material and 

the formation of an undesired side product. The non-polar side product was hypothesised to be 

the alkene containing compound (3.33). It was hypothesised that elimination of the M O M  ether 

as a result of coordination with the zirconium complex allowed the formation of a benzylic 

carbocation. The subsequent loss of a proton resulted in the formation of the highly conjugated 

compound (3.33) (Scheme 3.22).

C l-Zr-C I ) 
C l ^ Carbocation intermediate

R + HCI

(3.33)

Scheme 3.22 Purported mechanism for benzylic elimination reaction during M O M  deprotection
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It was hypothesised that the strong drive for conjugation and hence the formation of (3.33) would 

make the competing hydroxyl deprotection difficult to achieve by the use of a Lewis acid. 

Nevertheless, an alternative procedure to effect the MOM deprotection was explored.

Another procedure detailed in the literature for the removal of MOM ether protecting groups 

describes the use of the halosilane Lewis acid trimethylsilyl bromide [204]. Following a protocol 

described by Hanessian e ta i ,  the MOM ether protected compound (3.31) was dissolved in DCM 

at -30 °C and trimethylsilyl bromide was added (Scheme 3.23) [256].

0,

DCM, 5 min, -78 °C

HO

(3.31) (3.32)

Scheme 3.23 Attempted trimethylsilyl bromide deprotection of (3.31)

Immediate consumption of the starting material (3.31) was apparent by TLC analysis. 

Unfortunately, there was no evidence for the formation of the product of interest. It was 

hypothesised that elimination, resulting in the formation of the unsaturated side product (3.33), 

had again occurred. The reaction was repeated at -78 °C with more encouraging results. The 

formation of the alcohol (3.32) was suggested by comparison with a TLC reference sample. The 

crude product was concentrated at room temperature and added directly to a silica gel column 

but was found to be unstable to chromatography. Therefore, the product of interest was not 

isolated.

A final attempt to remove the MOM ether protecting group was embarked upon following a 

procedure described by Moher et al. [257]. (3.31) was dissolved in a mixture of acetonitrile and 

DCM at 0 °C and aluminium chloride and sodium iodide were added. The formation of the free 

hydroxyl (3.32) was monitored by TLC. After 30 min, the starting material was consumed and the 

reaction was quenched by the addition of saturated sodium bicarbonate aqueous solution. The 

reaction was extracted with DCM. This DCM extract was not concentrated. Dess-Martin
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periodinane was then added. After 1 h, the desired ketone (3.34) was obtained in moderate yield 

(42%) following purification (Scheme 3.24).

O,

TBDPS

AICI3, Nal

TBDPS

HO DCM, 1 h, RT
42% over two steps

0

TBDPS

CHjCN/DCM, 30 min, RT

^ 0

(3.31) (3.32) (3.34)

Scheme 3.24 MOM deprotection and oxidation of alcohol (3.32)

The aluminium chloride/sodium iodide/acetonitrile system that eventually proved successful for 

removal of the MOM ether protecting group was initially described for the dealkylation of a 

variety of different ether groups by Node et al. [258]. The acetonitrile was chosen as it was found 

to solvate the aluminium chloride and sodium iodide particularly well. According to Node, the 

aluminium chloride acts as a Lewis acid, coordinating with the oxygen lone pair of electrons and 

weakening the carbon-oxygen bond of the ether linkage, while the sodium iodide acts as 

nucleophile ultimately causing breakage of the ether linkage and resulting in deprotection of the 

hydroxyl group [258]. The prompt oxidation of the benzylic alcohol group without purification or 

concentration of the DCM extract was found to be essential to the ultimate success of the 

synthetic approach. It was felt that the benzylic hydroxyl was particularly prone to elimination and 

that even the heat utilised to remove the solvent under reduced pressure could be enough to 

encourage this. Armed with the knowledge that the MOM ether could be successfully introduced 

and subsequently removed, attention once again turned to the Mitsunobu reaction.

3.8.9 Attempted inversion of configuration using the Mitsunobu reaction on MOM  

protected alcohol (3.30)

Once the MOM group was successfully introduced to afford (3.30), the C-7 position silyl 

protecting group was removed. Compound (3.30) was dissolved in dry THF under an atmosphere 

of nitrogen. TBAF solution was then added at 0 °C under anhydrous conditions. After 24 h, the 

reaction was deemed to have gone to completion. Following purification, the desired alcohol 

(3.35) was obtained in excellent yield (87%) as a yellow oil (Scheme 3.25)
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o.
87%

\

(3.30)

'O

TBAF (S)} OH

THF, l ) lh ,0 ° C  

2) 24 h, RT
O ,

\

(3.35)

Scheme 3.25 Removal of silyl group using TBAF to afford (3.35)

The Mitsunobu reaction was then re-attem pted. The M O M  protected alcohol (3.35) was dissolved 

in dry THF at 0 °C and triphenylphosphine (1 eq) and formic acid (2 eq) were added. DIAD (1 eq) 

was then added dropwise. However, the starting materials were found to remain unchanged after 

16 h. An alternative procedure modified from Maruyama et al., involving greater equivalents of 

the reagents was subsequently carried out (Scheme 3.26) [259].

H

0 ^ 0

PhjP, formic acid, DIAD NaOH (aq. soln.

(3.35) Q (3.36)

2)16 h, RT 

85%

MeOH, 5m in ,0°C  

55%

(3.37)

Scheme 3.26 Mitsunobu reaction on (3.35) and hydrolysis of form ate ester (3.36)

The alcohol (3.35) was dissolved in dry THF and the solution cooled to 0 °C. Triphenylphosphine 

(3 eq) and formic acid (3 eq) were then added to the reaction. The DIAD (3 eq) was then slowly 

added dropwise. After 16 h, the formation of the product was observed by TLC analysis using 

vanillin as visualisation reagent. The product was isolated by flash column chromatography to 

afford the formate ester (3.36) in satisfactory yield (85%). The labile formate ester (3.36) was 

readily hydrolysed by the addition of NaOH aqueous solution to a methanolic solution of the ester
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at 0 °C. Following purification, the alcohol (3.37) was obtained in moderate yield (55%) as a yellow 

oil (Scheme 3.26).

3.8.9.1 Synthesis of a derivative of (3.37) suitable for esterification with Mosher's acid

In order to establish if the attempted inversion of configuration at the C-7 position had been 

successful, derivatisation with (/?)-Mosher's acid was required. However, before this could be 

attempted, the synthesis of a more robust intermediate with more straightforward 

stereochemistry at the C-9 position was required.

The C-7 position hydroxyl of (3.37) was protected as a te/t-butyldiphenylsilyl ether using an excess 

of tert-butyldiphenylsilyl chloride, together with imidazole as base, to afford (3.38) in excellent 

yield (97%; Scheme 3.27)

OH

O .

(3.37)

Imidazole
TBDPSCI

DMF, 16 h, RT 
86% O ,

(3.38)

Scheme 3.27 Silyl protection of (3.37)

The MOM ether protecting group of compound (3.38) was then removed using the aluminium 

chloride/sodium iodide/acetonitrile system (Scheme 3.24). Subsequent oxidation of the resultant 

benzylic alcohol (3.39) using DMP afforded (3.40) in good yield (89%) after purification (Scheme 

3.28).

TBDPS

DCM, 1 h, RT 
89% over two steps

CH3CN/DCM, 1 h, RT

^ 0

(3.38) (3.39) (3.40)

Scheme 3.28 MOM deprotection of (3.38) and oxidation of resultant alcohol (3.39)
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The silyl protecting group of (3.40) was then removed utilising TBAF in THF at 0 °C. After 16.5 h, 

the reaction was deemed to have gone to completion. Following purification, the alcohol (3.41) 

was isolated in good yield (83%) as a yellow oil (Scheme 3.29).

O

O

THF, 1)30 min,0°C q

2) 16 h, RT I

83%

TBAF O

O

OH

(3.40) (3.41)

Scheme 3.29 Silyl deprotection of (3.40)

Organolithium coupling methodology was then used to attach the C-ring (2.14) to the AB-ring 

compound (3.41). The C-ring (2.14) was dissolved in dry THF under an atmosphere of nitrogen. 

The reaction was then cooled to -78 °C and n-butyllithium was added dropwise under anhydrous 

conditions. After 40 min, a solution of (3.41) in THF was added dropwise. After a further 4 h 

stirring at ambient temperature, the reaction was quenched by the addition of HCI aqueous 

solution. Following purification the desired tricyclic compound (3.42) was obtained in poor yield 

(16%; Scheme 3.30).

1) nBuLi 
THF, 40 min, -78 °C

THF, Ih , -78 °C 
3) 4 h, RT 

4) HCI (aq. soln.) 
16%

O .
\

(2.14) (3.42)

Scheme 3.30 Organolithium coupling of (2.14) and (3.41)
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3.S.9.2 Determ ination of stereoselectivity of Mitsunobu reaction

The hydroxyl containing compound (3.42) was derivatised with f/?)-Mosher's acid according to the 

standard procedure. The compound was dissolved in dry DCM under an atmosphere of nitrogen. 

2,6-dichlorobenzoyl chloride was utilised as coupling reagent. DMAP was added as acylation 

catalyst. DIPEA was added as base. After 16 h, the reaction was deemed to have gone to 

completion. Following purification, the desired ester (3.43) was obtained in good yield (71%) as a 

yellow oil (Scheme 3.31). Compound (3.43) was then subject to NMR analysis (Figure 3.19).

OH
DMAP, DIPEA, 2,6-DCBCI, (R)-Mosher's acidO

DCM, 16 h, RT 
71%

'Si,

(3.42) (3.43)

Scheme 3.31 Synthesis of (/?)-Mosher's ester (3.43)

(3.43)

100 93
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-71.5 -71.6 -71.7 -71.8 -71.9 -72.0 -72.1 -72.2 -72.3 -72.4 -72.5 -72.6 -72.7 -72.8
Chemical Shift (ppm)

Figure 3.19 ®̂F NMR of (3.43)
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Perplexingly, two almost equivalent peaks were observed in the NMR spectrum of compound 

(3.43) (Figure 3.19). This suggested that clean inversion of configuration had not been achieved 

with the Mitsunobu reaction (Scheme 3.26). In order to confirm that this second major peak 

apparent in the spectrum was not an artefact of the derivatisation process, the (/?)-Mosher's ester 

of the enantiomerically pure (S)-configuration alcohol (3.19) was synthesised. Utilising the same 

procedure as used for the synthesis of (3.43), compound (3.44) was obtained in good yield (71%) 

as a yellow oil (Scheme 3.32). This compound was then subject to NMR (Figure 3.20).

( S ) }  OH

DMAP, DIPEA, 2,6-DCBCI, (/?)-Mosher's acid

DCM, 16 h, RT 
71%

(3.19) (3.44)

Scheme 3.32 Synthesis of (/?)-Mosher's ester (3.44)

O '

(3 .44)

16 100
U I  I

1 1 1 1 1 1 1 1 1 1  I I I  11 I I I  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  [ I r i  I T | 1 1 1 1 1 1 1 1 1 1  mrprnTp 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

- 71.5 - 71.6  - 71.7  - 71.8 - 71.9 - 72.0 - 72.1 - 72.2 - 72.3  - 72.4  - 72.5  - 72.6  - 72.7 - 72.8
Chem ical Shift (ppm)

Figure 3.20 ®̂F NMR of (3.44)
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The alcohol (3.19) was thus shown to be of high enantiomeric purity by derivatisation and 

subsequent analysis by NMR. A small quantity of the (/?j-enantiomer did appear to be present 

as indicated by the secondary peak (Figure 3.20). However, the dominant major peak was that of 

the (S)-enantiomer. This slight stereochemical contamination was deemed to be batch specific, as 

no such reduction in stereochemical purity was observed at the bioreduction phase, despite 

extensive quality control measures at that point.

The disappointing result obtained using the Mitsunobu reaction was particularly difficult to 

explain. This reaction was widely reported to proceed by clean inversion of configuration [190]. 

One possible explanation for the result is that the formate ester formed was itself displaced by 

the excess formate in solution. It is possible that this was encouraged by the use of excess 

reagents and the elevated temperatures required to concentrate the organic fraction following 

work-up. Thus, an alternative procedure for the clean inversion of configuration was investigated.

3.8.10 Mesylate formation and acetate substitution

It is generally accepted that Sn2 reactions typically proceed with inversion of configuration [190]. 

This principal was thus exploited to obtain inversion of configuration in the synthesis of (3.02). 

The starting point for this potential synthetic scheme was the MOM protected alcohol (3.35).

The alcohol (3.35) was reacted with methanesulfonyl chloride in a solution of dry DCM under 

nitrogen at 0 °C using DIPEA as base. After 1 h, the reaction was subjected to an ether/water 

work-up. Cesium acetate was prepared in parallel by slow addition of a stoichiometric quantity of 

acetic acid to a dry methanolic suspension of cesium carbonate. The methanol was removed 

under reduced pressure and the resulting white solid dried under high vacuum. The crude 

mesylate was mixed with the cesium acetate using DMF as solvent and the reaction was heated to 

70 °C under reflux for 40 h. The product was then isolated by flash column chromatography to 

afford the acetate in an acceptable yield (56%) as a colourless oil. The reaction was repeated 

substituting DMSO for DMF as solvent resulting in a much shorter reaction time (24 h v 40 h) with 

an equivalent chemical yield (56%; Scheme 3.33).

Cesium acetate was utilised as the source of the acetate nucleophile for this reaction due to a 

particular collection of characteristics known as "the cesium effect" [260]. In the context of the 

chemistry undertaken, this effect primarily referred to the readiness with which cesium 

carboxylates cause Sn2 displacement of mesylates, allowing clean inversion to occur even for
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racem isation p rone  co m p o u n d s  [260]. DMF and DIVISO w ere  chosen  as solvents as  th ey  a re  both 

polar, aprotic  solvents said to  favour an  Sn2 nucleophilic substitu tion  reaction [190]. Cesium 

carboxylates a re  also found to  be an  o rd e r  o f  m agn itude  m ore  soluble in DMSO th a n  DMF 

possibly explaining th e  sh o r te n e d  reac tion  t im e  observed  with this so lvent [260]. Som e ev idence 

also suggests  th a t  DMSO resu lted  in sh o r te n e d  reaction tim es  and higher yields co m p ared  to  DMF 

for a n u m b e r  of  Sn2 nucleophilic substitu tion  reac tions involving th e  azide ion [5]. Furtherm ore , 

cesium  carboxylates w e re  rep o r ted  to  be tw o  o rd e rs  of  m agn itude  m ore  soluble in DMSO than  

th e ir  sodium  c o u n te rp a r ts  [260]. It w as  felt th a t  optim isa tion  of  th e  reac tion  conditions to  en su re  

th e  sh o r te s t  possible reac tion  tim e  maximised th e  possibility of  clean inversion of  configuration 

occurring a t  th e  chiral cen tre .

MsCI, DIPEA Cesium acetate

jS^°DM SO , 24 h, 70 

^  56% over tw o steps

- -0

(3 .35) (3 .45) (3 .46)

S chem e 3 .33 Form ation of  m esyla te  (3.45) followed by a c e ta te  substitu tion

The a c e ta te  e s te r  (3.46) w as th e n  dissolved in m e th an o l  and th e  a c e ta te  rem oved  by base-  

ca talysed hydrolysis using NaOH a q u e o u s  solution to  afford th e  alcohol (3.47) in excellent yield 

(100%) as a yellow oil.

O

O ,

o
NaOH (aq. soln.)

MeOH, l h , 0 ° C  
100%

O ,

(3.46) (3.47)

S chem e  3 .34  Hydrolysis of  a c e ta te  (3.46)
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In order to confirnn that the mesylate displacement reaction had resulted in inversion of 

configuration at the C-7 position, esterification of a suitable derivative with Mosher's acid was 

required.

3.8.10.1 Synthesis of derivative of (3.47) suitable for esterification with Mosher's acid

The C-7 position alcohol of (3.47) was suitably protected with a silyl protecting group. Compound 

(3.47) was dissolved in dry DMF under nitrogen and ferf-butyldiphenylsilyl chloride and imidazole 

were added under anhydrous conditions. After 4 h, the reaction was deemed to have gone to 

completion. Following purification (3.31) was obtained as a colourless oil in excellent yield (97%; 

Scheme 3.35).

OH

O ,

(3.47)

Imidazole, TBDPSCI

DMF, 4 h, RT 
97% O ,

(3.31)

Scheme 3.35 Silyl protection of (3.47)

The C-9 MOM ether of (3.31) was removed and the resulting benzylic alcohol (3.32) oxidised to 

afford compound (3.34) (Scheme 3.24). The C-7 position silyl protecting group was then removed. 

(3.34) was dissolved in dry THF under nitrogen. TBAF solution was then added at 0 °C. After 30 

min, the temperature o f the reaction was allowed to increase to ambient. After a further 16 h, the 

reaction was deemed to have gone to completion. Following purification, compound (3.48) was 

obtained in moderate yield (54%) as a yellow oil (Scheme 3.36).

(R )

(3.34)

TBAF
 ►

THF, 1) 30 min,0°C 
2) 16 h, RT 

43%

(RjV-OH

Scheme 3.36 Silyl deprotection of (3.34)
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Organolithium coupling of (3.48) and (2.14) was then undertaken. (2.14) was dissolved in dry THF 

under an atmosphere of nitrogen and n-butyllithium was added at -78 °C. After 40 min, a solution 

of (3.48) was added. After 1 h, the temperature of the reaction was allowed to increase to 

ambient. After a further 4 h, the reaction was quenched by the addition of HCI aqueous solution 

and following purification, (3.49) was obtained as a yellow oil in poor yield (34%; Scheme 3.37).

(2.14)

1) nBuLi 
THF, 40 min, -78 °C

2) (3.48)
THF, Ih , -78 °C

3) 4 h, RT
3) HCI (aq. soln.) 

34%

Scheme 3.37 Organolithium coupling of (2.14) and (3.48)

3.8.10.2 Determination of stereoselectivity of mesylate displacement reaction

The (/?)-Mosher's ester of (3.49) was subsequently synthesised according to the standard 

procedure. Following purification, (3.50) was obtained in good yield (71%) as a yellow oil (Scheme 

3.38). Compound (3.50) was then subject to ®̂F NMR analysis (Figure 3.21).

OH

DMAP, DIPEA, 2,6-DCBCI, (/?)-Mosher's acid

DCM, 16 h, RT 
71%

(3.49) (3.50)

Scheme 3.38 Synthesis o f (/?)-Mosher's ester (3.50)
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Figure 3.21 NMR spectrum of (3.50)

The NMR spectrum illustrated the formation of one major stereoisomer following 

derivatisation with Mosher's acid, indicating the enantiomeric purity of (3.49). By comparison 

with the NMR spectrum of compound (3.44), it was apparent that the alcohol (3.49) was of 

opposite configuration to that of the (S)-enantiomer (3.19) (Figure 3.20). Therefore, it had been 

demonstrated that successful inversion of configuration had been achieved by the mesylate 

displacement methodology and that introduction of (/?)-configuration into the synthesis was 

accessible through this procedure.

3.9 Synthesis of (f?)-enantiomer alcohol (3.02)

Once it had been established that clean inversion of configuration had been obtained via a 

mesylation and subsequent acetate substitution at the C-7 position alcohol, this methodology was 

employed to synthesise the (/?)-enantiomer of the initial lead compound (2.02).

TBAF was used to remove the silyl protecting group of (3.49) in excellent yield (98%) to afford 

(3.02) as a white solid (Scheme 3.39).

171



o.

THF, lh ,0 °C  
98%

TBAF

O ,

OH

\ \

(3.49) (3.02)

Scheme 3.39 Silyl deprotection of (3.49)

Compound (3.02) was then dried under high vacuum for several days to remove any traces of 

residual solvents before being subjected to biological evaluation (Section 3.10).

3.10 Biological evaluation

The (S)-configuration alcohol (3.01) and its optical antipode (3.02) were tested for their 

antiproliferative activity in PC-3 cells using the MTT assay (Section 6.2).

Table 3.2 Best fit IC50 values ± SEM for compounds (3.01) and (3.02) following MTT assay in PC-3

cells (n = 3)

The results of the MTT assay raised some very interesting issues regarding the effect of 

configuration of the C-7 position substituent on biological activity. The (S)-enantiomer alcohol

(3.01) was found to have an IC50 value greater than one order of magnitude lower than that of the 

(/?)-enantiomer alcohol (3.02).

Compound IC50 value (nM)

(3.01) 21.04 ± 1.18

(3.02) 273.7 ± 1.09
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3.11 Conclusions

The desired stereoselectivity was introduced into the synthesis of (3.01) using a bioreduction 

reaction utilising the yeast of Sacchoromyces cervesiae type II. This reaction was found to be 

convenient, high yielding and highly stereoselective for the (S)-enantiomer. Determination of the 

stereoselectivity and the absolute configuration of the resultant alcohol products was successfully 

accomplished utilising the chiral derivatisation reagent Mosher's acid, together with the use of 

NMR spectroscopy. The synthesis of the enantiomerically pure tubulin inhibitor (3.01) in 

satisfactory yield was thus achieved.

A significant technical challenge was presented by the synthesis of the (R)-enantiomer alcohol 

(3.02). Following the unsuccessful stereoselective reduction of (2.07) using the CBS reagents and 

the failure of the Mitsunobu reaction to invert the configuration of the alcohol (3.07) an 

alternative methodology was explored. However, before further attempts at inverting the C-7 

position stereochemistry were possible, a novel protection strategy for the C-9 position was 

needed.

Various protecting groups were scrutinised before the M O M  protecting group was ultimately 

chosen for use in the synthesis of (3.02). The M O M  ether protection proved pivotal to the 

synthesis of (3.02) and also became a fundamental strategy in the synthesis of a number of other 

key compounds (Chapters 4 and 5). However, despite its undoubted utility, significant difficulties 

were encountered in its removal. These difficulties were adroitly surmounted utilising a 

combination of aluminium chloride, sodium iodide and acetonitrile together with rapid oxidation 

of the resultant alcohol before elimination could occur.

The M O M  protection allowed the Mitsunobu reaction to be undertaken on the more robust 

intermediate (3.35). Despite the high yield obtained, the transformation was ultimately shown to 

be of negligible stereoselectivity, with an almost racemic configuration at the C-7 position the 

final result.

The ultimately successful inversion of configuration was accomplished by the formation of a 

mesylate at the C-7 position and its subsequent displacement. This simple and high yielding 

procedure provided ready access to the (/?)-configuration at the C-7 position. The (/?)-enantiomer 

alcohol (3.02) was thus synthesised in high enantiomeric purity.
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Biological evaluation of both the (R) and (S) alcohols revealed the integral importance of 

configuration at the C-7 position of the pharmacophore on activity. A greater that 10-fold 

difference in IC50 values was observed between (3.01) and (3.02) in the MTT cell proliferation 

assay (21.04 ± 1.18 nM and 273.7 ± 1.09 nM respectively). Therefore, a eudismic ratio of 13 was 

apparent between the eutomer, (3.01), and the distomer, (3.02). This result was deemed of 

tremendous significance given the importance of the racemic compound (2 .02 ) in the synthesis of 

conjugate drugs. This result was also particularly relevant to the design of future analogues, with 

diverse functionalities at the C-7 position, which was subsequently undertaken (Chapter 4).
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4 Chapter 4

4.0 Introduction

The dramatic effect of C-7 stereochemistry on the antiproliferative activity of compounds (3.01) 

and (3.02) served to emphasise the importance of this position on the activity of the tubulin 

inhibitory pharmacophore. It was thus envisaged, that modification of the substituents at this 

position could lead to further improvements in biological activity. Furthermore, it was 

hypothesised that when such modifications were combined with the enantioselective synthetic 

methodology developed previously, novel compounds with alternate C-7 substituents and defined 

stereochemistry could be synthesised. The synthesis of compounds with diverse functionality at 

the C-7 position was also deemed of particular importance for the design of molecular conjugates 

with other bioactive principals. By developing tubulin inhibitors with different functional groups at 

the C-7 position, it would enable various linker methodologies to be utilised in the synthesis of 

such conjugates.

4.1 Aims and objectives

The principal aim of the work outlined in this chapter was the synthesis of a series of 

enantiomerically pure analogues of (2.02) with diverse functionalities at the C-7 position. In order 

to accomplish this feat, it was first necessary to develop a convenient method of C-7 position 

manipulation. The synthesis of analogues with amine and carboxylic acid groups were designated 

a priority due to their potential for further conjugation. The synthesis of analogues with an 

extended methylene side chain was also deemed desirable due to the potential for increased 

stability in these molecules. Finally, the biological evaluation of the novel tubulin inhibitors 

synthesised was of paramount importance, in order to further the understanding of the structure 

activity relationship of these compounds.

4.2 Synthesis of the enantiomerically pure acetamide (4.01)

Hudson synthesised a racemic analogue of (2.02) with an amine group at the C-7 position as part 

of the work submitted for her doctoral thesis [188]. Structure activity relationship studies 

subsequently revealed that the acetamide derivative of this compound was significantly more 

biologically active [188]. It was thus decided to synthesis the enantiomerically pure version of this
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compound, (4.01), in order to establish what effect stereochemistry at the C-7 position might 

have on its biological activity.

NH(R)

OH

(4.01)

Figure 4.1 (/?)-enantiomer acetamide (4.01)

4 .2 .1  Synthetic strategy

The basic strategy for the synthesis of this compound was the separate synthesis of an enol 

triflate, containing the amine functionality, and a boronic acid of the C-ring component. Both 

elements were then to be combined using standard Suzuki coupling methods.

4 .2 .2  Synthesis of enol trifla te  (4 .07)

4.2.2.1 Mesylation of (3.26) and subsequent azide displacement

The acetate (3.26) was reacted with methanesuifonyl chloride utilising DIPEA as base. Following 

ether/water work-up, the mesylate (4.02) was obtained as a crude mixture. The mesylate was 

then dissolved in DMSO and sodium azide was added. The reaction was heated under reflux. After 

2 h, the reaction was deemed to have gone to completion. Following purification, the azide (4.03) 

was obtained in moderate yield (63%; Scheme 4.1).

The Sn2 displacement of the mesylate proceeded with clean inversion of configuration resulting in 

a change in stereochemistry at the C-7 position from (S) to (/?). The reaction was initially 

attempted with DMF, which resulted in a longer reaction time and an equivalent yield. Therefore, 

DMSO became the solvent of choice for the reaction. It was found that pulverising the sodium
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azide powder, before addition to the reaction, avoided clumping and ensured rapid dissolution in 

the DMSO.

MsCI, DIPEA

(sh 0 - ^ ^  DMSO, 2h, 80°C
O 63% over two steps O

NaNj 0

O,r
(3.26) (4.02) (4.03)

Scheme 4.1 Synthesis of mesylate (4.02) and subsequent displacement with azide

The identity of (4.03) was confirmed by reference to the data described by Hudson [188]. The 

formation of the azide was also confirmed by mass spectrometry. The mass obtained for the 

molecular ion peak [M+Na]'" was in close correlation with the calculated value (calculated 

358.1379, found 358.1394). The presence of the azide functional group was further confirmed by 

IR. The azide absorption peak was particularly prominent at 2094.29 cm \  while the acetate 

carbonyl was also apparent at 1739.46 cm \

4.2.2.2 Acetate deprotection

The acetate protecting group was then removed by addition of NaOH aqueous solution to a 

methanolic solution o f (4.03). Due to the inherent instability of the benzylic hydroxyl group 

observed in previous reactions, (4.04) was neither purified nor characterised. The alcohol of 

(4.04) was instead oxidised using Dess-Martin periodinane to afford the ketone (4.05) in 

moderate yield (58%; Scheme 4.2).

NaOH (aq. soln.) / O

MeOH, 10 min, 0 °C O DCM, 30 min, R T^O  
58% over two steps

DMP

O

(4.03) (4.04) (4.05)

Scheme 4.2 Hydrolysis of acetate ester (4.03) and oxidation of alcohol (4.04)
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4 .2 .2 .S  A zide red u ction  and BOC p ro tec tio n  o f  am in e

The azide group o f  (4 .0 5 ) w as redu ced  and th e  resu ltant am in e sim u ltan eou sly  p ro tected  as an N-  

tert-butoxycarbonyl group by reaction  w ith  d i-fe /t-b u ty l-d icarb on ate  and palladium  on  activated  

carbon under an a tm o sp h e re  o f  h ydrogen  gas. The d esired  com p ou n d  (4 .0 6 ) w as th u s ob ta in ed  as 

a clear oil in sa tisfactory  yield (77%; S ch em e 4 .3 ).

Di-tert-butyl dicarbonate, H2, Pd/C

EtOAc/EtOH,16 h, RT 

77%

S ch em e 4 .3  R eduction  o f  azide (4 .0 5 ) and sim u ltan eou s BOC p rotection  o f  resu ltan t am ine

4 .Z .2 .4  F orm ation  o f  e n o l tr ifla te  (4 .0 7 )

The syn th esis  o f  th e  en o l triflate (4 .0 7 ) w a s e ffe c te d  using a p rocedu re first exp lo ited  by H udson  

[188, 261]. The e n o la te  o f  th e  BOC p ro tec ted  am ine (4 .0 6 ) w as g en er a ted  using potassium  

bis(trim ethylsilyl)am ide (KHMDS) as b a se  at 0  °C. The triflating reagen t 2-[N,N-

b is(flu orom eth ylsu lfon yl)am ino]-5-ch loropyrid ine w as th en  ad ded  to  furnish th e  en o l triflate  

(4 .0 8 ) in m o d e st  yield (50%) as a y e llo w  oil (S ch em e 4 .4 ).

I'Rj >— NH 1) KHMDS 

THF, 2 h ,0 ° C

2) 2-[A/,/V-bis(fluoromethylsulfonyl)amino]-5-ch!oropyridine 

THF, 3 h ,0 ° C  

50%

rRJ)—NH

(4.06) (4.07)

S ch em e  4 .4  S yn th esis  o f  en o l triflate (4 .0 7 )
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While LDA was typically used to  furnish the enolate o f the analogous protected alcohol (2.26), it 

has been reported to cause deprotection o f the BOC group and elim ination o f the resulting free 

amine [188], KHMDS is a weaker base than LDA and is reportedly used fo r more sensitive 

compounds. However, it was still capable o f deprotonating the hydrogen a to  the ketone, 

resulting in the form ation o f the enolate [261].

4.2.3 Synthesis of boronic acid (4.08)

Compound (2.14) was dissolved in dry THF at -78°C under an atmosphere o f nitrogen. N -  

butyllith ium  was then added under anhydrous conditions to  create the lithiated derivative of 

(2.14). Excess triisopropyl borate was then added and follow ing acidic work-up and purification, 

the desired boronic acid (4.08) was obtained in moderate yield (66%) as a white solid (Scheme 

4.5).

Br
1

s /
T 0 -S i-
0 ^ \

(2.14)

1) nBuLi 

THF, 20 min, -78 °C

2) triisopropy! borate 

2 h, -78 °C 

3) 2 h, -20 °C 

4) 12 h, RT 

66%

HO OH 
B

o-s

(4.08)

Scheme 4.5 Synthesis o f boronic acid (4.08)

4.2.4 Suzul<i coupling and synthesis of (4.01)

4.2.4.1 Suzuki coupling of end triflate (4.07) and boronic acid (4.08)

The enol trifla te  (4.07) and boronic acid (4.08) were dissolved in a m ixture o f toluene, ethanol and 

water. Potassium carbonate was added as base and (tetrakis(triphenyl)phosphine) palladium was 

utilised as coupling catalyst. The reaction was heated under reflux at 60 °C fo r 1 h to  afford the 

coupled compound (4.09) in satisfactory yield (80%; Scheme 4.6).
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HO.g^OH

rRjh-NH
K2CO3, Pd(Ph3)4

T0luene/E t0H /H 20,1 h, 60 °C 

80%

I'RJh— NH

(4.07) (4.08)

Scheme 4.6 Suzuki coupling of (4.07) and (4.08)

The coupled compound (4.09) was found to have an identical /?/value to the enol triflate starting 

material (4.07), complicating the monitoring of the reaction by TLC. Therefore, the reaction was 

repeated on a number of occasions and the optimal reaction conditions were determined by trial 

and error.

4.2.4.Z Removal of BOC and silyl protecting groups

Compound (4.09) was dissolved in a mixture of methanol and THF. HCI aqueous solution was then 

added. This mixture was then heated at 40 °C to simultaneously remove both the BOC and TBDMS 

protecting groups. The progress of the reaction was monitored by TLC using ninhydrin as 

visualisation reagent. After 30 min, both acid sensitive protecting groups were deemed to have 

been removed. Following purification, (4.10) was obtained in modest yield (38%) as a white solid 

(Scheme 4.7).

-Si.

HCI (aq. soln.) 

 ►
MeOH/THF, 30 m in,40°C  

38%

NH

OH
O .

(4.09) (4.10)

Scheme 4.7 Simultaneous removal o f BOC and silyl protecting groups from (4.09)
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4.Z.4.3 Acetylation and hydrolysis of phenolic ester

The amino and hydroxyl groups of (4.10) were acetylated using acetic anhydride, together with 

triethylamine as base to afford (4.11) in moderate yield (41%) as a yellow oil (Scheme 4.8).

NH

OH
O ,

NH
Acetic anhydride, EtjN

DCM,1)30 m in,0°C  

2) 2h, RT 

41%

(4.10) (4.11)

Scheme 4.8 Acetylation of (4.10)

The phenolic ester of (4.11) was then readily hydrolysed, by reacting with a mixture of methanol 

and saturated sodium bicarbonate aqueous solution, to afford the desired acetamide (4.01) in 

good yield (74%) as a white solid (Scheme 4.9).

NH( R ) NaHC0 3  (aq. soln.)

MeOH, 24 h, RT 

74%

NH(R)

OH
O ,

(4.11) (4.01)

Scheme 4.9 Hydrolysis of phenolic ester of (4.11)

The identity of compound (4.01) was confirmed by comparison with the data provided by Hudson

[188]. The compound was also found to have a specific optical activity [a]^^ of + 35.2 (c = 2,
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DCM), indicating the chiral stereochemistry of the molecule. The acetamide (4.01) was 

subsequently dried under vacuum and subject to biological evaluation (Section 4.6.1).

4.3 Synthesis of C-7 methylene acetamide analogue (4.12)

The synthesis of an analogue of (4.01) containing an additional C-7 methylene linker substituent 

was proposed (Figure 4.2). It was anticipated that this compound would offer additional insight 

into the structure activity relationship surrounding C-7 substituent modification. Furthermore, it 

was hypothesised that the additional methylene unit could potentially confer additional stability 

to the structure.

4.3.1 Synthetic strategy

The synthetic route followed was analogous to that for (4.01). An enol triflate containing the 

amine functionality was synthesised and subsequently coupled with the boronic acid (4.09). The 

major challenge encountered was how to confer the structure with the additional methylene unit. 

It was hypothesised that the introduction of a nitrile at the C-7 position, followed by its reduction, 

would facilitate the insertion of the desired functionality into the molecule. However, in order to 

carry out the desired transformation, a more robust protection strategy was required for the C-9 

position. It was proposed that the MOM group would be suitable for this purpose.

4.3.2 Synthesis of enol triflate containing additional methylene unit

In trial reactions, the acetate protected compound (3.26) was mesylated and underwent 

nucleophilic substitution with cyanide. However, the formation of significant quantities of an

0

(4.12)

Figure 4.2 Methylene containing acetamide analogue (4.12)
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unwanted elimination side product was observed. Furthermore, the acetate ester was not 

deemed a suitable protection strategy due to the use of diisobutylaluminium hydride (DIBAL-H) 

later in the synthesis, which would cause hydrolysis of the ester group [190].

4.3.2.1 Mesylation and cyanide displacement

Therefore, the more robust MOM protected compound (3.35) was chosen as the starting point 

for the synthesis of (4.12). The MOM protection was known from previous experience, to be 

stable to a wide range of reaction conditions. Furthermore, the stability of the MOM group was 

evident from a review of the literature [204].

The alcohol of (3.35) was readily transformed into the mesylate (4.13) by reacting with 

methanesulfonyl chloride together with DIPEA as base. The crude mesylate was then dissolved in 

DMSO and excess sodium cyanide was added. After heating to 70 °C for 24 h, the desired nitrile 

was obtained in moderate yield (41%) as a yellow oil (Scheme 4.10).

fs j)..OH

O, O ,MsCI, DIPEA NaCN

DCM, 1 h, 0 °C DMSO, 24 h ,70°C

O ,

(3.35) 100°/° (4.13) 41% (4.14)

Scheme 4.10 Mesylation of (3.35) and subsequent cyanide displacement

The sodium cyanide was pulverised, using a pestle and mortar, before addition to the reaction to 

aid dissolution and avoid the formation of insoluble lumps. The reaction proceeded with inversion 

of configuration at the C-7 position from (S) to (/?). The resulting compound was characterised by 

NMR as a pair of diastereomers (major and minor). The identity was further confirmed by the use 

o f mass spectrometry. The observed mass o f the molecular ion peak [M+Na]'" was found to be in 

close correlation with the theoretical mass (calculated 349.1627, found 349.1633). The identity of 

(4.14) was also confirmed by IR. The nitrile (CN stretch) absorption at 2237.47 cm'^ clearly 

indicated the presence of a nitrile functionality in the molecule.
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4.S.2.2 Reduction of nitrile (4.14)

The nitrile (4.14) was readily reduced by the addition of lithium aluminium hydride (LiAIH4) at 0 °C 

to exclusively afford the primary amine (4.15) in moderate yield (77%) as a colourless oil (Scheme 

4.11).

O .

LiAIH,

THF, 2h,0°C  
77%

' ^ O NH

O,

\

(4.14)

\

(4.15)

Scheme 4.11 Reduction of nitrile (4.14) to primary amine (4.15)

The formation of the amine was monitored by TLC using ninhydrin as visualisation reagent. Mass 

spectrometry confirmed the identity of the product. The observed mass of the molecular ion peak 

[M+H]"  ̂ was found to be in close correlation with the theoretical calculated mass (calculated 

326.1967, found 326.1970). The IR spectrum confirmed the transformation of the nitrile 

functionality, with the absence of a discernable nitrile peak in the 2210-2260 cm‘  ̂ region. 

Characteristic amine absorption bands were apparent however, at 3376.36 cm'  ̂ (NH stretch) and 

1599.56 cm'^ (NH bending).

4.3.2.S BOG protection of primary amine (4.15)

The primary amine (4.15) was reacted with di-tert-butyl dicarbonate solution under anhydrous 

conditions in THF at room temperature. The formation of the BOC protected amine (4.16) was 

monitored by TLC. After 2 h, the reaction was deemed to have gone to completion and the 

product was isolated in good yield (79%) as a clear oil (Scheme 4.12).
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NH

O,

'O

B0C2O

THF, 2 h, RT 
79%

(R)
HN

O ,

O -

i
\

(4.15)

\

(4.16)

Scheme 4.12 BOC protection of (4.15)

4.S.2.4 MOM deprotection and oxidation of benzylic alcohol

The MOM ether protecting group of (4.16) was rennoved utilising the aluminium chloride/sodium 

iodide/acetonitrile system. Compound (4.16) was dissolved in a mixture of DCM and acetonitrile. 

Aluminium chloride and sodium iodide were then added. After 30 min, complete consumption of 

the starting material was observed and the reaction was quenched by the addition of saturated 

sodium bicarbonate aqueous solution. A combination of the desired benzylic alcohol (4.17) and 

undesired, purported elimination product were detected on TLC. Due to the unstable nature of 

the benzylic alcohol, no further purification was attempted. The alcohol (4.17) was promptly 

oxidised by the addition of DMP to the DCM extract of the deprotection reaction. After 1 h, the 

oxidation was adjudged to have gone to completion. The ketone product (4.18) was isolated, after 

purification, in moderate yield (31% over two steps) as a yellow oil (Scheme 4.13).

AICI3 , Nal

CH3 CN/DCM, 30 min, 0 °C HO DCM, 1 h, RT
31% over two steps

(4.16) (4.17) (4.18)

Scheme 4.13 MOM deprotection of (4.16) and oxidation of alcohol (4.17)
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Significant difficulty was encountered in the  removal of the  MOM e ther  protecting group as 

outlined previously (Section 3.8.8.3). Numerous a ttem pts  were m ade to  isolate the  benzylic 

alcohol, but none were successful as the  compound proved extremely unstable to heat and silica 

gel column chromatography. The alcohol was thus oxidised as a crude mixture. A significant 

am ount of a competing side product, purported to  be the elimination product (3.33), was again 

observed during the  deprotection. The ketone (4.18) proved much more stable and was readily 

isolated.

The identity of (4.18) was confirmed by mass spectrometry. The molecular ion peak [M+Na]"^ was 

found to  have a mass in close correlation with the  calculated value (calculated 402.1893, found 

402.1862). The IR spectrum suggested the presence of two carbonyl groups with two overlapping 

peaks at 1711.95 cm'^ providing further confirmation of the  identity of (4.18).

4.3.2.S Synthesis of en d  triflate (4.19)

The enolate of (4.18) was generated  using KHMDS and the  triflating reagent 2 - [ N ,N -  

bis(fluoromethylsulfonyl)amino]-5-chloropyridine was then  added. After 3 h, the reaction was still 

not adjudged to have gone to completion. However, due to the increasing formation of 

undesirable side-products, the  reaction was worked up and the product isolated in poor yield 

(24%) as a yellow oil (Scheme 4.14).

O 2) 2-[A/,/V-bis{fluoromethyisulfonyl)an 

THF, 3 h, 0 °C 

24%

1) KHMDS 

THF, 2 h, 0  °C

(4.18) (4 .19)

Scheme 4.15 Synthesis of enol triflate (4.19)
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4.3 .3  Suzuki coupling and synthesis of (4.12)

4.3.3.1 Suzuki coupling of enol triflate (4.19) and boronic acid (4.08)

A palladium catalysed cross-coupling reaction between the enol triflate (4.19) and the boronic 

acid (4.08) was carried out using standard Suzuki coupling conditions. Potassium carbonate was 

added as base The catalyst used was Pd(Ph3 )4 . The reaction was heated at 60 °C for 1 h and 

following purification, (4.20) was isolated in modest yield (56%) as a yellow oil (Scheme 4.16).

NHNH
(R) +

Toluene/EtOH/HjO, 1 h, 60 °C 
56%

(4.20)(4.08)

Scheme 4.16 Suzuki coupling of (4.19) and (4.08)

The difference in /?/value between the enol triflate starting material (4.19) and the product (4.20) 

allowed convenient monitoring of the progress of the reaction by TLC, unlike the equivalent 

reaction in the synthesis of the related compound (4.01). The product (4.20) was isolated in 

disappointing yield considering the apparent clean and complete conversion indicated by TLC 

analysis.

The identity of (4.20) was confirmed by mass spectrometry. The mass of the molecular ion peak 

[M+Na]"  ̂ was found to be in close agreement with the calculated value (calculated 622.3176, 

found 622.3192). The IR spectrum indicated the presence of a carbonyl group in the compound, 

with a distinctive absorption peak at 1945.92 cm '\ further confirming the identity of (4.20).

4.3.3.2 Removal of BOG protecting group of (4.20)

Following the disappointing yield obtained from the dual deprotection of the analogous 

compound (4.01), an alternative strategy was employed. The BOC group of (4.20) was selectively
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removed by treatment with trifluoroacetic acid in DCM under anhydrous conditions. The 

deprotection was monitored by TLC using ninhydrin as visualisation reagent. The deprotection 

was complete in 5 min. Removal o f the volatile organic phase and washing with saturated sodium 

bicarbonate aqueous solution allowed ready isolation of pure (4.21) in excellent yield (86%) as a 

yellow oil w ithout the need for further purification (Scheme 4.17).

(4.20)

NH2
(R)

TFA/DCM

5 min, 0 °C 
86%

(4.21)

Scheme 4.17 BOC deprotection o f (4.20)

4.3.S.3 Acetylation of (4.21)

The primary amine of (4.21) was readily acetyled using acetic anhydride together with 

triethylamine as base under anhydrous conditions in DCM. After 2.5 h, the reaction was adjudged 

to have gone to completion and the product (4.22) was isolated in satisfactory yield (62%) as a 

yellow resin (Scheme 4.18).

O
NH2

(R)

(4.21)

Acetic anhydride, EtjN

DCM, 1) 30 min, 0 °C, 
2) 2h, RT 

62%

HN

(4.22)

Scheme 4.18 Acetylation of (4.21)
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4.S.3.4 Removal of phenolic silyl protecting group of (4.22)

The phenolic te/t-butyldinnethylsilyl ether protection of (4.22) was readily removed using TBAF in 

dry THF under nitrogen. Complete and exclusive conversion was apparent by TLC after 30 min. 

The product (4.12) was isolated in quantitative yield as a white solid (Scheme 4.19).

HN

(4.22)

HN

TBAF

THF, 30 min,0°C 
100%

OH

(4.12)

Scheme 4.19 Removal of phenolic silyl protecting group on (4.12)

The approach outlined above, involving selective removal of the BOC group, was deemed superior 

to that used for the analogue (4.01) involving simultaneous removal of both the BOC and silyl 

groups. Compound (4.12) was obtained from the coupled product (4.20) in moderate yield of 53% 

over 3 steps. The equivalent overall transformation from (4.09) to (4.01) was realised with a yield 

of only 12% over 3 steps.

4.3.3.S Characterisation of compound (4.12)

Compound (4.12) was characterised by NMR. The acetamide methyl group protons were found to 

resonate as a singlet at 2.02 ppm. The four methoxy group proton signals were found to resonate 

as four singlets at 3.72 ppm, 3.92 ppm, 3.93 ppm and 3.95 ppm. The alkene proton was found to 

resonate as a doublet (J = 6.01 Hz) at 6.07 ppm with the aid of the HSQC spectrum (Figure 4.5). 

The four aromatic protons were similarly identified as corresponding to the singlet at 6.39 ppm, 

the double doublet (Ji = 8.44 Hz, J2 = 1.86 Hz) at 6.78 ppm, the doublet (J = 8.44 Hz) at 6.82 ppm 

and the doublet (J = 1.86 Hz) at 6.90 ppm. The HSQC spectrum allowed ready identification o f the 

aliphatic protons (Figure 4.5). The six aliphatic CH2 protons were found to correspond to five 

distinct multiplets at 1.84-1.92 ppm, 2.17-2.32 ppm (2 x CH2 ), 3.05-3.08 ppm, 3.29-3.35 ppm and 

3.40-3.45 ppm. The C-7 CH proton was found to resonate as part of the multiplet at 2.17-2.32 

ppm. Meanwhile, the phenolic proton was found to correspond to the broad singlet at 5.54 ppm.
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In the carbon spectrum, the four methoxy carbons were readily assigned to the peal<s at 56.02 

ppm, 56.04 ppm, 60.89 ppm and 61.58 ppm. The acetate methyl group was identified as the peak 

at 23.42 ppm. The alkene CH carbon was found to resonate at 128.67 ppm using the DEPT 90 and 

HSQC spectra (Figure 4.4 and 4.5). The four aromatic CH carbons resonated at 108.93 ppm, 

110.33 ppm, 114.14 ppm and 119.76 ppm. The three CH2 carbons were assigned, using the DEPT 

135 spectrum, as resonating at 23.14 ppm, 39.34 ppm and 43.82 ppm. The C-7 position CH carbon 

resonated at 37.40 ppm. The acetamide carbonyl carbon was identified as corresponding to the 

furthest downfield signal at 170.26 ppm. The nine remaining quaternary carbon signals were  

found to resonate at 127.99 ppm, 135.04 ppm, 135.72 ppm, 141.36 ppm, 142.48 ppm, 145.29  

ppm, 146.18 ppm, 150.83 ppm, and 151.15 ppm.

2.35 2.30 2.25 2.20 2.156.100 6.075 6.050 3.4 3.3 3.2 3.1

NH

6.90 6.85 6.80 6.75

OH

\

(4 .12)

3 3 3  3 1 1 1 3 3 11
y u u u u u y II u u u  u u  u u

11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1  I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 '  I I

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

Figure 4.3 ^H NMR spectrum of (4.12)
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Figure 4.5 HSQC spectrum of (4.12)

The identity of (4.12) was further confirmed by mass spectrometry. The mass o f the molecular ion 

peak [M+H]"' was found to be in close agreement with the calculated value (calculated 428.2073, 

found 428.2066). Furthermore, the IR spectrum of (4.12) clearly showed an absorption peak at 

1650.34 cm'^ indicating the presence of the amide carbonyl.
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The compound (4.12) was also found to  have a specific optical activity [a]^^ of + 162 (c = 1.11, 

DCM), indicating the chiral s tereochemistry of the molecule. Compound (4.12) was subsequently 

subject to  biological evaluation (Section 4.6.1).

4.4 Synthesis of C-7 methylene alcohol analogues

Following the successful synthesis of (4.12) and the enantiomerically pure (R) and (S) alcohols

(3.01) and (3.02), it was decided to combine methodology from both syntheses to produce 

analogues of (2.02) with an additional methylene unit linking the  alcohol to  the  C-7 position 

(Figure 4.6). It was anticipated tha t  the  additional methylene spacer unit in compounds (4.23) 

and (4.24) would confer them  with additional chemical stability. The effect of stereochemistry at 

the C-7 position on biological activity could also be further explored. Furthermore, once the 

pharmacological activity of these  com pounds had been evaluated, their potential suitability for 

the synthesis of molecular conjugates could be established.

' O

OH
(R)

OH

(4.23)

OH

OH

(4.24)

Figure 4.6 (R) and (S)-enantiomers of methylene containing (2.02) analogues

4.4.1 Synthetic strategy

In order to  introduce the  required stereochemistry into the  synthesis of compounds (4.23) and 

(4.24), the  same methodology as used for th e  synthesis of the (R) and (S) alcohols (3.01) and

(3.02) was employed. Once th e  C-9 MOM protected alcohols were obtained, introduction of the 

nitrile group in an analogous m anner to  th a t  employed for compound (4.12) was proposed. 

Following reduction of th e  nitrile groups to  primary alcohols and their suitable production, the  

synthesis of enol triflates was envisioned. These enol triflates could then  be coupled with the  C- 

ring boronic acid to  provide ready access to  th e  desired compounds.
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4.4.2 Synthesis of (A?)-enantiomer methylene alcohol

4.4.2.1 Nitrile reduction

The first step in the synthesis of compound (4.23) utilised the common nitrile intermediate (4.14). 

DIBAL-H was added to a solution of the nitrile (4.14) at -78 °C. After acidic work-up, the aldehyde

(4.25) was afforded as a crude mixture. The aldehyde (4.25) was then readily reduced using 

sodium borohydride to afford the alcohol (4.26). The product was isolated in good yield (61% over 

two steps) as a yellow oil (Scheme 4.20).

OH
(R)

DIBAL-H

O THF, 1) lh ,-78°C  
2) 4 h, RT

MeOH, 30 min, 0 °C 
61% over two steps

(4.26)(4.14) (4.25)

Scheme 4.20 Two step reduction of nitrile (4.14) to alcohol (4.26)

The aluminium based reducing reagent DIBAL-H was reported to have found particular utility in 

the selective reduction o f nitriles to aldehydes [190]. DIBAL-H causes the formation o f a stable 

imine intermediate (especially at low temperature) which is hydrolysed upon acid work-up [190]. 

The DIBAL-H reduction was accomplished utilising a procedure modified from Enders et al. [262]. 

The reduction was monitored by TLC, utilising vanillin as visualisation reagent. Monitoring of the 

reaction was complicated by the fact that both the nitrile (4.14) and aldehyde (4.25) had identical 

Rf values on TLC. Fortuitously, the vanillin selectively stained for the aldehyde, allowing its 

formation to be monitored. Initial attempts to isolate and characterise the aldehyde proved 

fruitless, as it appeared to be very unstable. It was therefore decided to reduce the aldehyde

(4.25) using sodium borohydride, without purification, to afford the much more stable alcohol

(4.26).

193



4.4.2.2 Silyl protection of alcohol (4.26)

In order to achieve selective oxidation of the C-9 position alcohol following MOM ether removal, 

the C-7 methylene alcohol of (4.26) was protected as a TBDPS ether. This was accomplished using 

terf-butyldiphenylsilyl chloride together with imidazole as base in DMF under anhydrous 

conditions. The product (4.27) was isolated after 4 h in excellent yield (88%) as a colourless oil 

(Scheme 4.21).

' O

OH

O,

(4.26)

TBDPSCI, Imidazole

DMF, 4 h, RT 
88%

0 -S i

O ,

(4.27)

Scheme 4.21 Silyl protection of (4.26)

4.4.2.S MOM deprotection and alcohol oxidation

The MOM ether of compound (4.27) was then removed using the aluminium chloride/sodium 

iodide/acetonitrile system developed by Node et al. [258]. Compound (4.27) was dissolved in a 

mixture of DCM and acetonitrile. Aluminium chloride and sodium iodide were then added. After 

20 min, consumption o f the starting material was apparent by TLC analysis. The formation of two 

products was observed. As expected, the desired benzylic alcohol (4.28) was observed. However, 

an unknown substance, purported to be the elimination side product (4.30), was also observed 

(Scheme 4.23). The reaction was quenched by the addition of saturated sodium bicarbonate 

aqueous solution and extracted with DCM. Dess-Marin periodinane was added to this DCM 

extract. The reaction was quenched after 30 min by the addition of saturated sodium bicarbonate 

aqueous solution and the ketone (4.29) was isolated as a yellow oil in reasonable yield (74% over 

two steps; Scheme 4.22).
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TBDPSTBDPS TBDPS

(R) AlCIo, Nal DMP

HOO  CH3 CN/DCM, 20 min, RT DCM, 30 min, RT 
74% over two steps

(4.27) (4.28) (4.29)

Scheme 4.22 Removal o f MOM group of (4.27) and oxidation of alcohol (4.28)

In order to investigate the hypothesised elimination reaction proposed previously (Section 

3.8.8.3), the purported elimination side product (4.30) was also isolated and characterised. The 

identity of compound (4.30) was confirmed, providing evidence for the proposed elimination 

mechanism outlined previously (Section 3.8.8.3; Scheme 3.22).

O-Si
(R)

O ,

(4.27)

AICI3 , Nal

CH3 CN/DCM, 20 min, RT 

24%

O-Si

(4.30)

Scheme 4.23 Formation of elimination side product (4.30)

4.4.2.4 Formation of enol triflate (4.31)

The lithium enolate was first generated by the in situ formation of lithium diisopropylamide (LDA) 

at -78 °C, followed by addition o f a solution o f the ketone (4.29) in THF under anhydrous 

conditions. After 2 h, the triflating reagent 2-[/V,/\/-bis(fluoromethylsulfonyl)amino]-5- 

chloropyridine was added as a solution in THF and the reaction stirred for a further 3 h. The enol 

triflate (4.31) was then isolated in moderate yield (58%) as a yellow oil (Scheme 4.24).
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1) DIPA, nBuLi 
THF, 20 min, -78 ° C

U J  2) (4.29)
THF,2 h, -78 °C 

3) 2-[A/,A/-bis(fluoromethylsulfonyl)amino]-5-chloropyridine
(4.29) THF,3h,-78°C  (4.31)

58%

Scheme 4.24 Synthesis of enol triflate (4.31)

4.4.2.S Suzuki coupling of enol triflate (4.31) and boronic acid (4.08)

Standard Suzuki coupling reaction conditions were used for the palladiunn catalysed cross 

coupling reaction. The enol triflate (4.31) and boronic acid (4.08) were dissolved in a mixture of 

toluene, ethanol and water. Potassium carbonate was added as base. The palladium based 

catalyst (tetrakis(triphenyl)phosphine) palladium was added and the reaction was heated under 

reflux for 1 h. The tricyclic product (4.32) was then isolated as a yellow oil in quantitative yield 

(Scheme 4.25).

TBDPS

(R)

K2 CO3 , Pd(PPh;

Toluene/Et0H/H20,1 h, 60 °C 
100%

(4.32)(4.08)

TBDPS

Scheme 4.25 Suzuki coupling of enol triflate (4.31) and boronic acid (4.08)

The progress of the reaction was monitored by TLC. The enol triflate (4.31) was observed to have 

an almost identical /?/value to the coupled product (4.32). The two compounds could only be 

resolved using a very non-polar mobile phase ( 1 0 :1 ; hexane: ethyl acetate) and a long
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development distance (15 cm). Once the enol triflate (4.31) had been consumed, the product 

(4.32) was conveniently isolated by flash column chromatography.

4.4.2.6 Simultaneous removal of both silyl protecting groups of (4.32)

The simultaneous removal of both silyl protecting groups of compound (4.32) was achieved by the 

addition of TBAF in dry THF under anhydrous conditions. After 16 h, the product (4.23) was 

isolated in moderate yield (65%) as a white solid (Scheme 4.26).

0 -S i

(4.32)

OH
(R)

TBAF

THF, 1) 1 h, 0 °C 

2) 16 h, RT 
65% OH

Scheme 4.26 Simultaneous removal of both silyl protecting groups to afford compound (4.23)

4.4.2.7 Increased stability of (4.23)

The silyl deprotection reaction was observed to occur cleanly, affording exclusively the desired 

diol (4.23) in satisfactory yield. This compares favourably with the equivalent deprotection of

(2.02) which resulted in the formation of a number of undesirable side products and afforded the 

desired product in a substantially lower yield (65% v 37%).

It was hypothesised that the driving force for the elimination of the C-7 hydroxyl in compound

(2.02) was the potential fo r significantly increased conjugation throughout the eliminated 

compound (4.33) (Figure 4.27). The allylic character of the C-7 hydroxyl was hypothesised to 

contribute significantly to this effect.
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O -H
H

OH

(2.02)

►

OH

(4.33)

Scheme 4.27 Proposed elimination product of (2.02)

The alcohol group in compound (4.23), however, was not allylic and thus experienced a 

significantly reduced tendency towards elimination. The increased stability hypothesised to arise 

from insertion of the additional methylene group was manifested in the increased yield and 

cleaner conversion obtained in the silyl deprotection reaction (Figure 4.26).

4.4.2.S Characterisation of (4.23)

The diol (4.23) was fully characterised by NMR spectroscopy. The four distinct methoxy proton 

signals were found to resonate as four distinct signals at 3.70 ppm, 3.91 ppm, 3.92 ppm and 3.93 

ppm. The double bond proton was found to correspond to a doublet (J = 6.18 Hz) at 6.09 Hz with 

the aid of the HSQC spectrum (Figure 4.9). The four aromatic CH protons were found to resonate 

as three distinct signals at 6.40 ppm, 6.77-6.81 ppm (2 x CH) and 6.93 ppm. The six aliphatic CH2 

protons were assigned as corresponding to four distinct multiplets at 1.88-1.92 ppm, 2.16-2.29 

ppm (2 X CH2 ), 3.05-3.10 ppm and 3.63-3.70 ppm (2 x CH2 ) by reference to the HSQC spectrum 

(Figure 4.9). The C-7 CH proton was found to resonate as part of a multiplet at 2.16-2.29 ppm.

Utilising the DEPT 135 spectrum, the three CH2 carbons were readily assigned as the peaks at 

22.67 ppm, 37.38 ppm and 65.91 ppm (Figure 4.8). Similarly, the four methoxy carbons were 

found to resonate as three distinct signals at 55.55 ppm (2 x OCH3), 60.44 ppm and 61.14 ppm. 

The C-7 CH carbon was assigned to the signal at 39.45 ppm with the aid of the HSQC spectrum 

(Figure 4.9). The double bond CH carbon was determined to resonate at 128.37 ppm by reference 

to the HSQC spectrum. The four aromatic CH signals were identified at 108.44 ppm, 109.84 ppm, 

113.80 ppm and 119.27 ppm by reference to the DEPT 90 spectrum (Figure 4.8). The nine 

quaternary carbons were found to resonate at 127.66 ppm, 134.87 ppm, 135.58 ppm, 140.72 

ppm, 141.49 ppm, 144.79 ppm, 145.62 ppm, 150.31 ppm and 150.57 ppm.
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Figure 4.7 NMR spectrum of (4.23)
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Figure 4.8 “ C, DEPT 135 and DEPT 90 spectra of (4.23)
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Figure 4.9 HSQC NMR spectrum of (4.23)

Mass spectrometry further confirmed the identity of (4.23). The mass of the molecular ion peak 

[M+H]"^ was found to be in close agreement with the calculated value (calculated 387.1808, found 

387.1834). The specific optical rotation [a]^^ of 102.4 (c = 3.13, DCM) also suggested that 

although inversion of configuration had occurred, the stereochemical purity of the C-7 position 

had been maintained. The compound was then subject to biological evaluation (Section 4.6.2).

4.4.3 Synthesis of (5)-enantiomer methylene alcohol (4.24)

The (S)-enantiomer of the methylene containing alcohol, compound (4.24) was then synthesised 

using similar methodology. The intermediate (3.47) served as the starting point for this synthesis.

4.4.3.1 Synthesis of mesylate (4.35) and displacement with cyanide

The mesylate of (3.47) was synthesised by the addition of methanesulfonyl chloride and DIPEA to 

a solution o f the alcohol in DCM under anhydrous conditions at 0 °C. After 1 h, the mesylate (4.34) 

was isolated as a crude mixture. The mesylate was dissolved in DMSO. A large excess of sodium 

cyanide was pulverised using a mortar and pestle and added to the reaction. The reaction was 

heated to 70 °C for 24 h. Following consumption of the starting material, the nitrile (4.35) was 

isolated as a yellow oil in modest yield (46% over two steps; Scheme 4.28).
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(S)) C=N

MsCI, d ip e a NaCN

DCM, 1 h, 0 °C 
100%

DMSO, 24 h, 70° C 
46%

(3.47) (4.34) (4.35)

Scheme 4.28 Synthesis of mesylate (4.34) followed by cyanide displacement

4.4.S.2 Two-step reduction of nitrile (4.35) to alcohol (4.37)

The nitrile (4.35) was treated with DIBAL-H in THF under anhydrous conditions. Following work

up with ta.rtaric acid aqueous solution, the aldehyde (4.36) was obtained as a crude mixture. The 

aldehyde was not purified, due to the inherent instability of the compound observed during the 

synthesis of the (/?)-enantiomer equivalent (4.25). The aldehyde (4.36) was then readily reduced 

to the alcohol (4.37) using sodium borohydride in methanol. Following purification, the alcohol 

(4.37) was isolated as a white oil in good yield (75%; Scheme 4.29).

DIBAL-H O' NaBH

MeOH, 30min,0°C 
75% over two steps

(4.35) (4.36) (4.37)

Scheme 4.29 Two-step reduction of nitrile (4.35) to alcohol (4.37)

4.4.3.3 Silyl protection of the alcohol (4.37)

The alcohol (4.37) was then protected as fert-butyldiphenylsilyl ether by combining with tert- 

butyldiphenylsilyl chloride and imidazole in DMF under anhydrous conditions. After 16 h, the 

protected compound (4.38) was isolated in excellent yield (94%) as a colourless oil (Scheme 4.30).
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Scheme 4.30 Silyl protection of the alcohol (4.37)

4.4.3.4 Removal of the MOM  group of (4.38) and oxidation of alcohol (4.39)

The aluminium chloride/sodium iodide/acetonitrile system was again utilised for the removal of 

the MOM ether protection [258]. Compound (4.38) was dissolved in a mixture of acetonitrile and 

DCM. Aluminium chloride and sodium iodide were then added at 0 °C. After 1 h, the reaction was 

quenched by the addition of saturated sodium bicarbonate aqueous solution and the reaction was 

extracted with DCM. Dess-Martin periodinane was added to this DCM extract. After 30 min, the 

ketone (4.40) was isolated as a yellow oil in excellent yield (83% over two steps; Scheme 4.31).

JBDPSTBDPS

AlCI,, Nal DMP

HO DCM, 30 min, RT 
83% over two steps

CH3CN/DCM, 1 h, 0 °C

\

(4.38) (4.39) (4.40)

TBDPS

Scheme 4.31 Removal of MOM protecting group of (4.38) and oxidation of alcohol (4.39)

4.4.3.S Removal of silyl protecting group of (4.40)

The silyl protecting group of compound (4.40) was then removed using TBAF under anhydrous 

conditions. After 3 h, the alcohol (4.41) was isolated as a yellow oil in excellent yield (91%; 

Scheme 4.32). The high yield and clean conversion observed for this transformation compared 

very favourably with the analogous reaction involving the C-7 alcohol without the additional
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methylene unit (91% v 51%; Section 2.3.4; Scheme 2.14). This provided further evidence for the 

enhanced stability in the molecule afforded by the presence of the C-7 methylene group.

THF, 1) 30 min,0°C 
2) 3h, RT 

91%

TBAF 
 ►

O

/
OH

(4.40) (4.41)

Scheme 4.32 Removal of silyl protecting group of (4.40)

The removal of the silyl protecting group at this juncture represented a deviation in the synthetic 

route followed for the (/?)-enantiomer (4.23). It was proposed to couple the C-ring to the AB-ring 

ketone (4.41) using the organolithium coupling methodology employed in the improved synthesis 

of (2.02). This would facilitate chemoselective modification of the C-7 functionality, in the 

synthesis of additional analogues, while maintaining protection of the C-ring phenol.

4.4.3.G Coupling of the ketone (4.41) with the C-ring bromide (2.14)

The C-ring (2.14) was dissolved in THF and n-butyllithium was added at -78 °C under anhydrous 

conditions. After 40 min, following formation of the lithiated derivative, a solution of the ketone 

(4.41) in THF was added under anhydrous conditions. After a further 4 h, the reaction was 

quenched by the addition of HCI aqueous solution. Following purification, the desired coupled 

compound (4.42) was isolated as a yellow oil in moderate yield (54%; Scheme 4.33).

Br 1) nBuLi 
THF, 40 min, -78 X

2) (4.41)
THF, Ih , -78 °C

3) 4 h, RT
4) HCI (aq. soln.) 

54%

(2.14) (4.42)

Scheme 4.33 Organolithium coupling of ketone (4.41) and C-ring bromide (2.14)
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4.4.3.7 Removal of the phenolic silyl group of compound (4.42)

The phenolic silyl protecting group of compound (4.42) was removed by the addition of TBAF in 

THF at 0 °C under anhydrous conditions. After 3.5 h, the desired product (4.24) was isolated as a 

white solid in excellent yield (98%; Scheme 4.34).

TBAF

OH
THF, 1)30 min,0°C 

2) 3 h, RT
^  98%

OH

(4.42) (4.24)

Scheme 4.34 Removal of phenolic silyl group of (4.42)

As expected, the diol (4.24) was found to have identical physical and chemical properties to its 

stereochemical antipode (4.23) apart from its specific optical rotation. The specific optical 

rotation, [a] of the (/?)-enantiomer (4.23) was found to be - 71.4 (c = 3.13, DCM) while the [a] ^ 

of the (S)-enantiomer (4.24) was found to be + 102.4 (c = 0.48, DCM). The close approximation of 

the values for both enantiomers together with their opposite sign indicated that the 

stereochemical integrity of the molecules had been maintained through the synthesis. Both 

compounds were subsequently evaluated in vitro (Section 4.6.2).

4.5 Synthesis of C-7 carboxylic acid tubulin inhibitors

In order to further probe the structure activity relationship of the tubulin inhibitory 

pharmacophore, a pair o f enantiomerically pure C-7 carboxylic acid containing analogues was 

designed (Figure 4.10). It was proposed that these compounds would also significantly increase 

the options available for molecular conjugation.
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OH

(4.43) (4.44)

Figure 4.10 (/?) and (S) carboxylic acid containing tubulin inhibitors (4.43) and (4.44)

4.5.1 Synthetic strategy

It was proposed to utilise the intermediate (4.42) and its (R)-enantiomer equivalent in the 

synthesis of these molecules. It was envisioned that facile oxidation of these primary alcohol 

intermediates would be possible to afford the desired carboxylic acid products. These 

intermediates would provide suitable protection to the C-ring phenol while oxidation at the C-7 

position alcohol was undertaken. This strategy was deemed of fundamental importance, given 

previous negative experiences of oxidation in the presence of a free phenolic group (Section 2.2; 

Scheme 2.7 and Section 2.3.3; Scheme 2.13). Cognisant of the propensity of the B-ring double 

bond for oxidation under suitable conditions, selection of an appropriate oxidising reagent was 

given particular attention. Ultimately a two step oxidation, utilising DMP and oxone in sequence 

was employed for the central oxidative transformation of this synthetic strategy.

4.5.2 Synthesis of (/7)-enantiomer carboxylic acid (4.43)

The first step in the synthesis of (4.43) was removal of the silyl group of (4.29). This would allow 

the addition of the C-ring bromide (2.14) using organolithium coupling methodology and would 

furnish an intermediate possessing a silyl protected phenol with a free C-7 alcohol.

4.5.2.1 Silyl deprotection of (4.29)

The silyl ether of (4.29) was removed using TBAF under anhydrous conditions. After 3 h, the 

desired alcohol (4.45) was isolated in excellent yield (86%) as a yellow oil (Scheme 4.35).
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0 -S i TBAF
OH

(R)
THF, 1) 1 h, 0°C  

2) 2 h, RT 

86%

(4.29) (4.45)

Scheme 4.35 Removal of silyl group on (4.29)

4.5.2.2 Organolithium coupling of ketone (4.45) and C-ring bromide (2.14)

The ketone (4.45) was then coupled to the C-ring bromide (2.14) using the familiar organolithium 

coupling procedure. The C-ring bromide (2.14) was lithiated at -78 °C by the addition of n- 

butyllithium. After 40 min, a THF solution of the ketone (4.45) was added under anhydrous 

conditions. After 5 h, the reaction underwent acidic workup. Following purification, the desired 

coupled compound (4.46) was isolated in moderate yield (53%) as a yellow oil (Scheme 4.36).

1) nBuLi 

THF, 40 m in ,-78 °C z ''

(2.14) (4.46)

Scheme 4.36 Organolithium coupling of ketone (4.45) and C-ring bromide (2.14)

4.5.2.S Direct oxidation of alcohol (4.46) to carboxylic acid (4.47)

The crucial transformation in the synthesis of the carboxylic acid containing compound (4.43) was 

the oxidation of the alcohol functional group of (4.46) to a carboxylic acid. The situation was 

complicated by the presence of a double bond at C-8 and C-9, as a number of the most 

commonly used oxidising agents are known to react with such a system [190]. For example, it was 

hypothesised that aqueous solutions of chromic acid (Jones' reagent) or potassium permanganate
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would result in unwanted side reactions taking place. Therefore, it was necessary to utilise a 

methodology which would chemoselectively oxidise the alcohol while leaving the double-bond 

unchanged.

4.S.2.4 Attempted PDC oxidation of (4.46)

The chromium based oxidation reagent PDC had been previously used to selectively oxidise the 

alcohol of (2.02) to the ketone (2.03) in DCM, albeit in poor yield (Section 2.2; Scheme 2.7). This 

suggested that this reagent might be chemoselective for the alcohol even in the presence of the 

double bond. In the oxidation of primary alcohols with PDC, it has been shown that solvent plays a 

significant role in the product formed [263]. PDC was reported to conveniently oxidise primary 

alcohols to aldehydes in DCM, whereas, in DMF, oxidation to carboxylic acids has been achieved 

[263]. Therefore, the direct oxidation of the alcohol (4.46) to the carboxylic acid (4.47) was 

attempted using PDC in DMF. After 6 h, TLC analysis suggested the formation of a complex 

mixture of substances. Accordingly, this approach was not pursued.

Scheme 4.37 Attempted PDC oxidation of alcohol (4.46) to carboxylic acid (4.47)

4.S.2.5 Attempted DMP/NHS oxidation of (4.46)

A procedure detailed by Mazitschek et at. outlined the use of the pentavalent iodine based 

oxidising reagent l-hydroxy-l,2-benziodoxole-3(lH)-one-l-oxide (IBX) together with N- 

hydroxysuccinimide (NHS) to oxidise primary alcohols to carboxylic acids [264]. A modification of 

this procedure, substituting the related oxidising agent DMP for IBX, was subsequently attempted. 

DMP was added to a solution of the alcohol (4.47) in DCM. After 10 min, the consumption of the 

alcohol and the formation of an aldehyde intermediate was suggested by TLC. NHS was then

\ \

(4.46) (4.47)
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added. A fter consumption o f the  purported aldehyde was observed by TLC, th e  reaction was 

subjected to basic w ork-up w ith  sodium hydroxide aqueous solution and extraction w ith  diethyl 

ether. TLC analysis o f the concentrated organic fraction revealed no indication o f the  fo rm ation  o f 

the desired product (4 .47). Therefore, this approach was not subsequently pursued.

1) DMP 
DCM, 10 min, RT (R)

OH O H

2)NHS 
DCM, 1 h, RT

(4.46) (4.47)

Scheme 4 .38  A ttem pted  D M P/N H S oxidation or alcohol (4 .46 ) to carboxylic acid (4 .47 )

4 .5 .2 .6  O xidation o f alcohol (4 .46 ) to  a ldehyde (4 .48)

It was decided th a t a tw o-step  oxidation of the  alcohol (4 .46 ) via an aldehyde in term ed ia te  (4 .48 )  

might be the m ost efficient route to obtaining the  desired carboxylic acid. Accordingly, oxidation  

of the  alcohol (4 .46 ) to the aldehyde (4 .48 ) was undertaken. D ess-M artin  periodinane was added  

to  a solution o f the alcohol (4 .46 ) in DCM. A fter 1 h, the desired aldehyde (4 .48 ) was obtained in 

excellent yield (82%) following purification (Scheme 4.39).

OH
(R)

DMP
(R)

DCM, Ih, RT 
82%

(4.46) (4.48)

Scheme 4 .3 9  Dess-M artin periodinane oxidation o f (4 .4 6 )

208



It was hoped that oxidation of the aldehyde (4.48) to the carboxylic acid would occur much more 

readily than was observed for direct oxidation of the alcohol to the carboxylic acid. The aldehyde 

(4.48) was found to be unstable. The formation of several significant degradants was observed by 

TLC analysis after only 3 days. It was thus decided to react the aldehyde promptly following 

purification. However, before the reaction could be repeated on a larger scale, an efficient 

procedure for synthesising the carboxylic acid was desired.

4.5.2.7 Characterisation of aldehyde (4.48)

The aldehyde compound (4.48) was characterised in full by NMR. The distinctive dimethyl silyl 

protons were found to resonate furthest upfield as a doublet (J =4.56 Hz) at 0.17 ppm. The tert- 

butyl group protons were found to resonate as a singlet at 1.00 ppm. The four methoxy group 

protons were assigned to four distinct signals at 3.70 ppm, 3.85 ppm, 3.94 ppm and 3.95 ppm. 

The double bond proton was found to correlate with a doublet (J = 7.32 Hz) at 6.46 ppm with the 

aid of the DEPT 90 and HSQC spectra (Figure 4.12 and 4.13). The four aromatic protons resonated 

as a singlet at 6.39 ppm, a multiplet at 6.81-6.85 ppm and a double doublet (Ji =8.03 Hz, J2 = 2.01 

Hz) at 6.92 ppm. The four aliphatic B-ring CH2 protons were found to resonate as two multiplets at 

2.40-2.56 ppm (3 x CH2 ) and 2.88-2.98 ppm by reference to the HSQC spectrum. The C-7 CH 

proton was assigned similarly and identified to resonate as part of the multiplet at 2.88-2.98 ppm. 

The aldehyde proton was found to resonate furthest downfield, as a singlet at 9.61 ppm.

The signal resonating furthest upfield in the ^̂ C spectrum at -4.53 ppm was assigned to the 

dimethyl silyl group carbons. The fert-butyl group methyl carbons were found to resonate at 

25.73 ppm. The four methoxy carbons were readily identified as those signals at 55.50 ppm, 55.91 

ppm, 60.89 ppm and 61.55 ppm. The two CH2 carbons were readily identified from the DEPT 135 

spectrum as corresponding to the two signals at 22.69 ppm and 36.77 ppm. The C-7 CH carbon 

was found to resonate at 49.81 ppm using the DEPT 90 and HSQC spectra (Figure 4.12 and 4.13). 

The double bond CH carbon was found to resonate at 121.26 ppm. The four aromatic CH carbons 

were assigned to the signals at 109.00 ppm, 111.61 ppm, 120.76 ppm and 121.59 ppm. The tert- 

butyl quaternary carbon was found to resonate at 18.47 ppm. The distinct aldehyde carbonyl 

carbon signal was identified as the furthest downfield signal 202.16 ppm. The nine remaining 

quaternary carbons were assigned as corresponding to those signals at 127.92 ppm, 134.12 ppm, 

135.12 ppm, 141.66 ppm, 143.79 ppm, 144.67 ppm, 150.84 ppm, 150.99 ppm and 151.42 ppm.
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Figure 4.11 NMR spectrum of (4.48)
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Figure 4.12 DEPT 135 and DEPT 90 NMR spectra of (4.48)
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Figure 4.13 HSQC NMR spectrum of (4.48)

The identity of (4.48) was further confirmed by IR spectroscopy. A distinctive carbonyl stretching 

absorption at 1726.29 cm'^ was observed clearly indicating the presence of an aldehyde carbonyl 

group in the molecule. The mass spectrometry data provided further confirmation of the identity 

of (4.48). The observed mass of the molecular ion peak [M+H]"^ was found to be in close 

agreement with the calculated value (calculated 499.2516, found 499.2520).

4.5.2.8 Attempted PDC oxidation of aldehyde (4.48)

Once a facile procedure for the synthesis of the aldehyde (4.48) had been established, an attem pt 

was made to oxidise the aldehyde (4.48) to the carboxylic acid (4.47) using PDC (Scheme 4.40).

O

O

\

 X — ►
DMF, 3 h, RT

PDC

\

(4.48) (4.47)

Scheme 4.40 Attempted PDC oxidation of (4.48)



As mentioned previously, there was substantial evidence in the literature, that when the reaction 

was carried out in DMF, PDC was capable of oxidising primary alcohols to aldehydes and 

subsequently to carboxylic acids [190]. Therefore, the aldehyde (4.48) was dissolved in DMF and 

PDC was added. After 3 h, TLC analysis revealed the formation of a complex mixture of products. 

Therefore, this method was not pursued.

4.5.2.9 Attempted oxidation of aldehyde (4.48) using sodium chlorite and hydrogen peroxide

The facile oxidation of aldehydes to carboxylic acids under mild conditions using sodium chlorite 

and hydrogen peroxide has been described by Dalcanale et al. and Raach et al. [265-266]. A wide 

range of functional groups were reported to be tolerant of this oxidative system. However, as 

stated by Raach, there appeared to be a delicate balance of success and failure for the oxidation 

of olfenic aldehyde starting materials [266]. a,6-unsaturated aldehydes and double bonds said to 

be in conjugation with electron demanding substituents or another double bond, were reported 

to be readily and exclusively oxidised to their respective carboxylic acids [266]. Conversely, 

isolated double bonds were reported to be particularly sensitive to this reagent system, yielding 

chlorinated side products [265-266].

Sodium chlorite is reported to oxidise aldehydes under mild conditions according to Equation 4.1.

RCHO + HCIO2 --------------- ► RCOOH + HOCI

Equation 4.1 Oxidation of aldehyde with chlorite [265]

A significant limitation of this approach was the formation of the hypochlorite species and 

subsequent formation of chlorine dioxide (Equation 4.2).

HOCI + 2CI02‘  ► 2 CIO2 + C|- + OH-

Equation 4.2 Formation of chlorine dioxide [265]

Both the hypochlorite and chlorine dioxide species were implicated in undesirable side reactions 

involving addition and chlorination across the double bond [265-266]. Consequently, hydrogen
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peroxide was added as a hypochlorite scavenger, to reduce the hypochlorite to largely inert by

products (Equation 4.3).

HOC! + H2O2 --------------- ► HCI + O2 + H2O

Equation 4.3 Reaction of hydrogen peroxide with hypochlorite species [266]

Following the procedure outlined by Dalcanie et a!., the aldehyde (4.48) was dissolved in a 

mixture of acetonitrile and water (1:1). Hydrogen peroxide (30% aqueous solution) and sodium 

dihydgrogen phosphate were then added. The pH was adjusted to 4.3 [265]. A solution of sodium 

chlorite in water was then added dropwise to the reaction. After 1 h, the formation of a major 

product, together with a significant minor product of very similar /?/value, was observed by TLC. 

Following purification, the desired product was obtained as a mixture in poor yield (25%; Scheme 

4.41).

H ,0„ NaH,PO., NaCIO,
OH

CH3 CN/H2 0 , 1 h, RT 
25% (as a mixture)

(4.47)

(R )

Scheme 4.41 Sodium chlorite/hydrogen peroxide oxidation of aldehyde (4.48)

Mass spectrometry confirmed the presence of the desired carboxylic acid (4.47) in the mixture 

isolated from the reaction. The mass of the molecular ion peak [M+H]"  ̂ obtained by mass 

spectrometry was in close agreement to the calculated mass (calculated 515.2465, found 

515.2490). However, a secondary product was apparent on TLC with an almost equivalent Rf 

value. NMR analysis revealed that the secondary compound accounted for approximately one 

third of the total product isolated. Separation of this impurity was attempted by flash column 

chromatography. This ultimately proved futile, with only minute quantities of the desired material 

obtained in pure form following extensive purification. It was hypothesised that the impurity was 

a chlorination product formed following reaction of the hypochlorite or chlorine dioxide species
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with the double bond. Therefore, an alternative hypochlorite scavenger was employed in an 

attempt to suppress this unwanted side-reaction.

4.5.2.10 Attempted oxidation of (4.48) using sodium chlorite and DMSO

DMSO has been employed as scavenger in cases where the reaction of the hypochlorite and 

related species with the substrate is deemed faster than the reaction with the hydrogen peroxide 

[265]. Therefore, the oxidation of the aldehyde (4.48) was attempted replacing the hydrogen 

peroxide with DMSO. The aldehyde was dissolved in a mixture of water and DMSO (1:1) and 

sodium dihydrogen phosphate was added. An aqueous solution of sodium chlorite was then 

added dropwise. After 3 h, TLC analysis indicated the formation of the desired product, together 

with a significant amount of purported chlorination product. Due to the difficulty in separating 

the impurity from the desired product, as outlined previously, no attempt was made to isolate the 

product.

(R)
OH

NaH,PO,, NaCIO,
(R)

DMSO/HjO, 3 h, RT

(4.48)

Scheme 4.42 Attempted sodium chlorite-DMSO oxidation of aldehyde (4.48)

It was concluded that chlorination of the double bond could not be circumvented utilising either 

of the scavengers examined. The absence of exclusivity in the transformation, together with the 

disappointing yield, discouraged further exploration of this procedure. Therefore, an alternative 

methodology for the oxidation of the aldehyde was investigated.

4.5.2.11 Oxone oxidation of aldehyde (4.48)

Oxone® is a triple salt with molecular formula KHSO5 • O.5 KHSO4 • O.5 K2SO4. This reagent has 

achieved widespread use as an oxidising reagent for a wide variety of chemical transformations
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due to  its stability, ease o f use and low cost [267], The active constituent of oxone is potassium 

peroxymonosulfate (Scheme 4.43).

H

o  o
KHSO5 H O ^ ^ O -O S O g K

rT h

o
KHSO„

OH

Scheme 4.43 Proposed mechanism for oxone oxidation o f aldehyde to carboxylic acid [267]

Travis et al. have reported a procedure utilising oxone for the oxidation of aldehydes to carboxylic 

acids [267]. This procedure was reported to be tolerant of isolated double bonds (unlike the 

sodium chlorite based procedures outlined above) and was described as simple, effective and 

high yielding (Scheme 4.43). Following the procedure outlined by Travis et al., the aldehyde (4.48) 

was dissolved in DMF and oxone was added [267]. After 2 h, the reaction was deemed to have 

gone to completion by TLC analysis. After purification, the desired product (4.47) was obtained as 

yellow resin in acceptable yield (54%; Scheme 4.44).

O ^O

Oxone
OH

DMF, 2 h, RT 
54%

(4.47)(4.48)

Scheme 4.44 Oxone oxidation of aldehyde (4.48)

The facile and convenient nature of the reaction was particularly amenable to the scaling up 

required for such a long synthetic route. Efficient conversion of the aldehyde (4.48) to the 

carboxylic acid (4.47), without the formation of undesirable side products, greatly simplified the 

isolation of the carboxylic acid.
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4.5.2.12 Removal of the silyl protecting group of (4.47)

The fe/t-butyldimethylsilyl ether on the phenolic C-ring of (4.47) was readily removed by the 

addition of TBAF under anhydrous conditions. Following purification, the desired carboxylic acid 

(4.43) was obtained as a white solid in satisfactory yield (75%; Scheme 4.45).

Scheme 4.45 Removal of silyl protecting group on (4.47)

4.5.2.13 Characterisation of compound (4.43)

The carboxylic acid (4.43) was initially characterised by NMR spectroscopy. The four methoxy 

proton signals were immediately apparent at 3.72 ppm, 3.93 ppm, 3.94 ppm and 3.96 ppm. The 

double bond proton was found to resonate as a doublet (J = 6.66 Hz) at 6.51 ppm by reference to 

the HSQC spectrum (Figure 4.16). The four aromatic protons were found to correspond to the 

singlet at 6.40 ppm, the doublet (J = 8.46 Hz) at 6.82 ppm, the double doublet (Ji = 8.46 Hz, J2 = 

2.05 Hz) at 6.86 ppm and the doublet (J = 2.05 Hz) at 6.93 ppm. Utilising the HSQC spectrum, the 

C-7 CH proton was found to resonate as a multiplet at 2.99-3.05 ppm. Similarly, the four aliphatic 

CH2 proton signals were identified as three distinct multiplets at 2.27-2.39 ppm (2 x CH2 ), 2.49- 

2.60 ppm and 3.11-3.16 ppm.

The two CH2 carbons were readily identified from the DEPT 135 spectrum as corresponding to the 

signals at 22.81 ppm and 39.34 ppm (Figure 4.15). The DEPT 90 and HSQC spectra allowed ready 

assignment of the double bond CH carbon at 119.90 and the four aromatic CH carbons at 108.91 

ppm, 110.32 ppm, 114.37 ppm and 119.90 ppm (Figure 4.15 and 4.16). The DEPT 135 spectrum 

then allowed ready identification of the four methoxy carbon signals at 56.02 ppm, 56.06 ppm, 

60.90 ppm and 61.61 ppm. The C-7 CH carbon was identified utilising both the HSQC and DEPT 90 

spectra as the signal at 42.72 ppm (Figure 4.15 and 4.16). The distinct signal at 180.43 ppm was
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assigned to the carboxylic acid carbonyl carbon. The nine remaining quaternary carbons were 

then found to resonate at 127.28 ppm, 134.70 ppm, 135.22 ppm, 141.54 ppm, 141.99 ppm, 

145.29 ppm, 146.31 ppm, 150.92 ppm and 151.41 ppm.

A
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Figure 4.14 NMR spectrum of (4.43)
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Figure 4.15 “ C, DEPT 135 and DEPT 90 spectra of (4.43)
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Figure 4.16 HSQC NMR spectrum of (4.43)

The identity of the product (4.43) was further confirmed by mass spectrometry. The molecular ion 

peak [M+Na]* was found to have a mass in close correlation with the calculated mass (found 

515.2443, calculated 515.2465). Furthermore, the IR spectrum clearly indicated a carbonyl 

absorption peak at 1706.92 cm \  corresponding to the distinct carbonyl stretching absorption 

peak of a carboxylic acid. Once the identity of (4.43) had been confirmed, it was subject to 

biological evaluation (Section 4.6.3).

4.5.3 Synthesis of (5)-enantiomer carboxylic acid (4.44)

Once the synthetic methodology had been established for compound (4.43), the (S)-enantiomer 

(4.44) was synthesised in an analogous fashion from related C-7 (S)-configuration intermediates.

4.5.3.1 Two-step oxidation of alcohol (4.42) to carboxylic acid (4.50)

In order to further optimise the methodology employed for the synthesis of the (/?)-enantiomer, 

the Dess-Martin periodinane oxidation of the alcohol (4.42) and the subsequent oxidation of the 

aldehyde (4.49) by oxone, were carried out contiguously w ithout purification of the intermediate 

aldehyde (4.49). Following purification, the carboxylic acid (4.50) was isolated in excellent yield 

(85% over two steps; Scheme 4.46).
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Oxone

O \ O \ 85% over two steps q  \
\ \ \

(4.42) (4.49) (4.50)

Scheme 4.46 Two-step oxidation o f alcohol (4.42) to carboxylic acid (4.50)

A significant improvement in yield fo r the tw o step transformation from alcohol to  carboxylic acid 

was obtained compared to  that observed in the oxidation o f (4.46) (85% v 44%). It was 

hypothesised tha t this was as a result o f the rapid reaction o f the aldehyde, before appreciable 

degradation o f this unstable intermediate had occurred.

4.S.3.2 Silyl deprotection of compound (4.50)

The silyl protecting group o f compound (4.50) was readily removed by the addition o f TBAF in THF 

under anhydrous conditions. Following purification the desired carboxylic acid was isolated in 

excellent yield (87%) as an off-white solid (4.44) (Scheme 4.47).

\

THF, 30min,0°C 
87%

TBAF

O,
\

OH

O

(4.50) (4.44)

Scheme 4.47 Silyl deprotection o f compound (4.44)

Compojnd (4.44) was subsequently subject to  biological evaluation (Section 4.6.3).
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4.6 Biological Evaluation

The novel, stereochemically pure, tubulin inhibitors described in this chapter were tested for their 

antiproliferative activity in PC-3 cells using the MTT assay (Section 6.2).

4.6.1 MTT assay results for (4.01) and (4.12)

The (fi)-configuration acetamide (4.01) and the methylene containing (/?)-configuration acetamide 

analogue (4.12) were tested for antiproliferative activity (Table 4.1)

Compound IC50 value (nM)

(4.01) 2130 ± 1 .0 7

(4.12) 595.7 ± 1.06

Table 4.1 Best fit IC50 values ± SEM for compounds (4.01) and (4.12) following MTT assay in PC-3

cells (n = 3)

As expected from preliminary tubulin polymerisation inhibition data obtained by Hudson for the 

racemate of compound (4.01), the acetamide was shown to be of moderate activity, with an IC50 

value in the low piM range [188]. The methylene containing analogue (4.12) however, was found 

to have an IC50 value considerably lower, in the mid-nM range. This interesting result suggested 

that extension of the C-7 substituent could, in some cases, result in an improvement in 

pharmacological efficacy. It should be noted however, that both compound (4.01) and (4.12) were 

of (/?)-configuration. It would appear from evaluation of both enantiomers of other C-7 position 

analogues, that the eutom er in each case tends to be of (S)-configuration. Therefore, it has been 

proposed that further improvements in the potency of both of these agents may be acchievable 

by the synthesis of their stereochemical antipodes.

4.6.2 MTT assay results for (4.23) and (4.24)

The (/?) and (S) methylene containing C-7 alcohols (4.23) and (4.24) were tested for 

antiproliferative activity in vitro using PC-3 cells (Table 4.2).
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Compound IC50 value (nM)

(4.23) 516.2 ± 1.06

(4.24) 29.88 ± 1.18

Table 4.2 Best fit IC50 values ± SEM for compounds (4.23) and (4.24) following MTT assay in PC-3

cells (n = 3)

The (S)-enantiomer C-7 methylene alcohol (4.24) was shown to be substantially more active in the 

cell proliferation assay than its (/?)-configuration counterpart (4.23). The eudismic ratio of 17.28 

obtained for these compounds further emphasised the importance of stereochemistry at the C-7 

position for tubulin binding activity. Compound (4.24) exhibited an IC50 value comparable with 

that obtained for the C-7 alcohol (3.01) (29.88 ± 1.18 nM v 21.04 ± 1.18). This result provided 

further confirmation that the insertion of a methylene group at the C-7 position could result in 

tubulin inhibitors with comparable pharmacological activity. The potency of compound (4.24) was 

deemed of particular relevance to the future synthesis of molecular conjugates, given the 

proposed increased stability conferred by the additional methylene group.

4 .6 .3  M TT assay results for (4.43) and (4.44)

The biological activity of both the (R) and (S) configuration C-7 carboxylic acids (4.43) and (4.44) 

was also determined by assaying their antiproliferative activity in PC-3 cells (Table 4.3)

Compound IC50 value (nM)

(4.43) 144.8 ± 1.11

(4.44) 144.4 ± 1.12

Table 4.3 Best fit IC50 values ± SEM for compounds (4.43) and (4.44) following MTT assay in PC-3

cells (n = 3)

The (/?) and (S) configuration carboxylic acids (4.43) and (4.44) were both found to possess similar 

activity in vitro. Both compounds were found to possess IC50 values greater than the eutomers of 

the C-7 alcohol (3.01) and the methylene containing C-7 alcohol (4.24). However, the compounds 

were still found to possess significant antiproliferative activity, with IC50 values an order of

221



magnitude less than the acetamides (4.01) and (4.12). Therefore, it was suggested that either 

(4.43) or (4.44), or perhaps even a racemic mixture of these agents, could be readily utilised in the 

synthesis of molecular conjugates by the attachment of additional bioactive compounds onto the  

C-7 carboxylic acid substituent.
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4.7 Conclusions

The synthesis o f the acetam ide (4 .01) in enantiom erically pure form  was readily accomplished by 

combining the m ethodology fo r stereoselective synthesis, w/ith a scheme devised by Hudson 

[188]. Compound (4 .01 ) was  found to possess significant antipro liferative activity in PC-3 cells. 

H ow ever, it was proposed th a t a fu rther im provem ent in activity might be achievable if the (S)- 

enantiom er o f this compound was synthesised.

The introduction o f a nitrile group at the C-7 position, together w ith  the  use of the  M O M  

protection strategy, devised previously, allowed convenient introduction o f a m ethylene  

acetam ide, a m ethylene alcohol and u ltim ately a carboxylic acid functional group into th e  tubulin  

inhibitory pharm acophore.

The m ethylene acetam ide (4 .12 ) was shown to  possess an ICso value considerably low er than th a t 

of the  acetam ide (4 .01). This result suggested that m odification o f the C-7 position still had the  

potential to  increase the activity o f the tubulin inhibitory pharm acophore. It was again suggested 

that the  (S)-enantiom er o f this compound might possess greater pharmacological activity.

The synthesis and evaluation o f both the (R) and (S) enantiom ers o f the m ethylene containing C-7 

alcohol, compounds (4 .23) and (4 .24), served to  fu rther emphasise the im portance o f 

stereochem istry at the C-7 position fo r biological activity in these compounds. A eudismic ratio o f 

17.28 was found betw een the eu tom er and d istom er o f this m olecule. The potent 

antipro liferative activity o f the (S)-enantiom er (4 .24) was found to  be com parable to th a t o f the  

alcohol (3 .01). It was proposed th a t the increased stability o ffered by the additional m ethylene  

unit would be particularly im portant in the synthesis o f robust m olecular conjugates.

The synthesis o f the C-7 carboxylic acid compounds (4 .43 ) and (4 .44 ) presented a particularly  

form idable synthetic challenge. W hile  it was initially envisaged th a t simple oxidation o f the  

prim ary alcohol precursors would allow facile synthesis o f the  desired carboxylic acid functional 

groups, a num ber o f d ifferent strategies proved unsuccessful. U ltim ately, a tw o  step oxidation, 

utilising DM P and oxone, was required to  carryout th e  desired transform ation w ith acceptable  

chem oselectivity. The resultant carboxylic acid containing compounds (4 .43 ) and (4 .4 4 ) w ere  

found to  possess significant antiproliferative activity. Interestingly, both enantiom ers w ere  

possessed of roughly equivalent activity suggesting th a t the stereochem istry o f these com pounds 

was perhaps not as im portant as it appeared to  be for o th er compounds in the series.
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Overall, a synthetic methodology had been established for the stereoselective introduction of a 

variety of amine, alcohol and carboxylic acid functional groups at the C-7 position. In addition to 

contributing to the optimisation of the tubulin inhibitory pharmacophore, it was proposed that 

these functionally diverse compounds offered multiple opportunities for the synthesis of 

molecular conjugate drugs.
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5 Chapter 5

5.0 Introduction

The w ork outlined in the preceding chapters described the  various attem pts m ade to maximise 

the  potential o f the  novel tubulin inhibitory pharm acophore both as a drug en tity  and also as 

com ponent o f a m olecular conjugate. The analogues containing diverse functionalities on the C- 

ring or C-7 position w ere  designed to facilitate the synthesis o f conjugate drugs. It was envisaged 

th a t the analogues w ould retain the core tubulin inhibitory activity o f the lead compounds but 

w ould o ffe r additional opportunities for m olecular conjugation. Two types o f conjugate drugs 

utilising these tuneable  m olecular conjugation sites w ere  contem plated. Firstly, conjugates 

containing a hom ing m oiety to increase the selectivity o f the active principal and secondly, 

conjugates containing a com plim entary pharm acophore, to o ffe r dual biological activity.

5.0.1 Conjugates containing a homing moiety

An exhaustive assessment o f the argum ents fo r and against m olecular conjugation to  a homing  

m oiety to  im prove the in vivo perform ance o f a tubulin inhibitor was presented in the literature  

review  in chapter one. Furtherm ore, the synthesis o f conjugates containing the  tubulin inhibitors 

described in this thesis is being actively explored within the Walsh group.

5.0.2 Conjugates containing a complimentary pharmacophore

A com prehensive review  o f tubulin targeting hybrid drugs has previously been conducted by 

Breen and W alsh [268]. This review outlined the various advantages and disadvantages o f various 

m ulti-target conjugates containing a tubulin inhibitor com ponent. G. Hudson synthesised a 

num ber o f such conjugates as part o f the w ork conducted fo r her doctoral thesis [188]. These 

conjugates consisted o f a tubulin inhibitor attached to the am inopeptidase N (APN) inhibitor 

bestatin. Furtherm ore, as part o f the w ork conducted fo r her doctoral thesis, E. Breen 

synthesised a num ber o f conjugates o f (2.03), (2.25) and (3.01) w ith  the am inopeptidase N (APN) 

inhib itor bestatin, in o rd er to obtain molecules w ith  dual biological activity (Figure 5.1) [213].
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Figure 5.1 Compound (5.01); Conjugate of tubulin inhibitor (3.01) and bestatin (5.02)

Thus, the design and synthesis of dual inhibitors of tubulin polymerisation and APN activity had 

received considerable attention by previous members of the Walsh group. Therefore, it was 

proposed to utilise this experience and focus on the optimisation of this dual target approach. 

However, it was suggested that the synthesis of a compound with dual tubulin 

polymerisation/APN inhibition activity could be realised without the need for molecular 

conjugation.

5.0.3 Aminopeptidase N inhibition as a complimentary target for dual acting 

compounds

Aminopeptidase N (APN; EC 3.4.11.2 also known as CD13, microsomal aminopeptidase, 

aminopeptidase M and alanine aminopeptidase) is a zinc-dependent, membrane-bound 

ectopeptidase with ubiquitous expression throughout a whole host of human organs, tissues and 

cell types [269], APN is said to be a multi-functional protein, with enzymatic activity being but one 

of many aspects of its biological significance. Physiologically, APN is reported to be implicated in 

antigen presentation, cholesterol uptake, cell signalling and modulation of immune system 

processes [270]. APN is expressed in the renal and intestinal epithelia, in certain neurons and in 

monocytes and macrophages [270]. It is also reported to be expressed in endothelial cells, with its 

expression reportedly significantly upregulated in activated or angiogenic endothelial cells [270]. 

APN is also found to be essential for the development and progression of malignancy.

APN activity is associated with tumour cell proliferation, differentiation, apoptosis, invasion, 

motility and angiogenesis [269-270]. Crucially, expression of APN has been reported to be far
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higher in angiogenic vasculature than resting vasculature [271]. Furthermore, APN has been 

shov\/n to be of functional importance in immature vasculature and inhibition of its activity has 

been reported to suppress both angiogenesis and tum our grow/th [271], In vivo studies in animals 

have demonstrated that treatm ent w/ith APN inhibitors significantly impaired retinal and 

chorioallantoic angiogenesis as well as xenograft tum our growth [269]. Ex vivo studies carried out 

on vascular endothelial cells also demonstrated that APN inhibitors interfered with tube 

formation but had no effect on endothelial cell proliferation [272], Increased APN expression has 

also been observed in a number of cancer cell types including breast, ovarian, colon and thyroid 

cancer cells [273-276].

/V-[(2S,3/?)-3-Amino-2-hydroxy-4-phenylbutyryl]-L-leucine or bestatin (5.01) is a dipeptide 

originally isolated from a culture filtrate of Streptomyces olivoreticuli [277], Bestatin has been 

shown to exhibit potent APN inhibition and has been extensively evaluated as an anticancer agent 

in a wide variety of haematological malignancies and solid tum our types [259]. The efficacy of this 

agent either alone or in combination with established chemotherapeutic regimens has been 

demonstrated in acute myeloid leukaemia, lymphoma, carcinoma of the head and neck, bladder, 

stomach, lung, oesophageal and skin cancers [269].

Tosedostat is another novel zinc metalloprotease inhibitor. Upon intracellular activation, 

Tosedostat inhibits a whole host of intracellular proteases including aminopeptidase N [278]. It 

has demonstrated antiproliferative activity against a number of tum our cell types both in vitro 

[278-279] and in vivo and is currently undergoing clinical evaluation in the adjunctive treatm ent of 

various haematological and solid tum our malignancies [278].

The natural product curcumin has also displayed potent APN inhibition. Originally isolated from  

the rhizome of Curcuma ionga (turmeric), this phenolic compound has been shown to inhibit 

angiogenesis by virtue of its role as an irreversible APN inhibitor [280].

Figure 5.2 Structure of bestatin (5.02)
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A number of other APN inhibitors are also reported to be at various stages of preclinical and 

clinical evaluation [281]. Thus, APN inhibition as a desirable target for cancer chemotherapy 

appears to be in the midst of a renaissance.

5.0.4 Disadvantages of the molecular conjugation drug design paradigm

As outlined previously, Breen synthesised a number of bestatin conjugates containing the tubulin 

inhibitors described in the preceding chapters [213]. These compounds showed considerable 

activity, both in vitro and in vivo, against the human prostate cancer cell line PC-3. PC-3 cells are 

known to express high levels of APN and form highly vascularised tumours in xenograft tumour 

models [282]. Therefore, the positive results obtained from the evaluation o f these conjugates 

provided significant encouragement to the dual target approach. However, dual targeting 

compounds are also possessed of a number of significant disadvantages.

Lipinski's rule of 5 has often been quoted as a reliable predictor of drug candidates potential 

solubility or permeability difficulties, two factors which can significantly impede a drug candidates 

progression to the next stage o f pre-clinical evaluation [283].

Lipinski's rule of 5 predicts that poor absorption or permeation of a drug in a biological setting is 

likely if a compound has;

• More than 5-H bond donors

• More than 10 H-bond acceptors

• A molecular weight greater than 500

• A calculated Log P greater than 5

While compounds of the type shown in Figure 5.1 have exhibited significant pharmacological 

activity as antitumour agents, a number of the parameters o f the conjugate are in violation of 

Lipinski's rule of 5 [283].

For example, compound (5.01) was found to have 11 H-bond acceptors and a molecular weight of 

661.7844 thus violating Lipinski's rule of 5 on two accounts and suggesting that the compound 

may experience absorption and distribution issues in vivo.
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Cognisant of the inherent disadvantages of the high molecular weight conjugates outlined above, 

an alternative approach to increasing the pharmacological range of the novel tubulin inhibitors 

synthesised was explored.

5.0.5 Hydroxamic acid containing APN inhibitors

Many metallo-enzyme inhibitors currently under evaluation contain a hydroxamic acid 

functionality. This functional group is known to have a high chelating power to bind to the zinc ion 

present in the active site of the enzymes [284-285]. Conversely, a number of metallo-enzyme 

inhibitors containing a hydroxamic acid functionality are at an advanced stage of clinical 

evaluation.

Prinomastat is a potent mixed inhibitor of a number of matrix-metalloproteases (MMP's) and is 

currently being evaluated for its effects in inhibiting tumour growth and angiogenesis [286]. 

Trocade is another hydroxamic acid containing drug at an advanced stage of evaluation. It is a 

potent and selective inhibitor of MMP 1, 8 and 13 and is currently under investigation as a 

therapeutic agent for the prevention of jo int damage in patients with rheumatoid arthritis [287]. 

The histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA, Vorinostat) is currently 

in clinical use for the treatment of cutaneous T-cell lymphoma [288]. The progress of these 

agents to clinical evaluation provides evidence for the potential of hydroxamic acid containing 

compounds as clinically useful agents.

A number of APN inhibitors containing a hydroxamic acid functional groups within their structures 

are also currently in various stages of development. The hydroxamic acid compounds investigated 

by Wang et al. displayed potent and selective inhibition of APN and APN expressing cell lines in 

vitro. The most active compound in the series is shown in Figure 5.3 [289].

Figure 5.3 APN inhibitor (5.03) synthesised by Wang et al. [289] (hydroxamic acid functionality

highlighted in red)
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Furthermore, the related novel antiangiogenic and antiproliferative APN inhibitor (5.04) evaluated 

by Inagaki et al. was also found to contain a hydroxamic acid functionality [290].

A library of 217 hydroxamic acid containing compounds was synthesised by Flipo et al. and 

screened for APN inhibitory activity [284], A number of these compounds were shown to potently 

inhibit APN in vitro with IC5 0 values as low as 82 nM.

The encouraging clinical development of these hydroxamic acid compounds, together with the 

development of hydroxamic acid containing APN inhibitors, suggested that this functional group 

could provide the desired pharmacological diversity to the existing tubulin inhibitor compounds.

5.0.6 Designed multiple ligands

In an attempt to overcome the perceived limitations of molecular conjugation as a drug design 

approach, a designed multiple ligand (DML) was envisaged. This dual inhibitor was designed to 

utilise the scaffold of the tubulin inhibitor pharmacophore, to which an aminopeptidase N 

inhibitor component would be anchored. The tubulin inhibitor scaffold was proposed to consist of 

the novel pharmacophore first devised by Shah [187]. It was then hypothesised that 

functionalisation of the C-7 position on the B-ring would permit the attachment of a hydroxamic 

acid functional group to afford the compound with APN inhibitory activity. It was proposed that 

the design of the DML would afford a compound with dual biological activity at least equivalent to 

the conjugate drugs synthesised previously, but with superior physicochemical characteristics. 

The structure of the proposed DML (5.05) is shown in Figure 5.5.

Figure 5.4 APN inhibitor (5.04) evaluated by Inagaki et al. [290]
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Figure 5.5 Structure of proposed DML compound (5.05) (tubulin inhibitor scaffold shown in red;

hydroxamic acid shown in blue)

5.1 Aims and objectives

The principal objective of the work described in this chapter was the synthesis of a small molecule 

DML which would possess both tubulin polymerisation and APN inhibition activity. Initially, it was 

envisaged that compound (5.05) would fulfil that objective. However, following the difficulties 

encountered in its production, the design and synthesis of an alternative DML became the main 

priority. Once this objective had been achieved, it was then necessary to determine the biological 

activity of the DML. Evaluation of the compound in an assay suitable to determine APN inhibitory 

activity was deemed essential. Similarly, it was deemed of integral importance to demonstrate 

that the DML retained the antiproliferative activity of the parent compounds by determining its 

activity in vitro. In the course of the synthesis of the DML, a number of novel intermediates with 

diverse functionality on the C-7 side chain were synthesised. The biological evaluation of these 

compounds became a welcome ancillary objective to the work to be undertaken.

5.2 Attempted synthesis of (5.05)

Initial attempts to synthesise a DML possessing the desired dual inhibitor structure focused on the 

synthesis of compound (5.05).

5.2.1 Synthetic strategy

The approach utilised in the attempted synthesis of (5.05) relied upon the derivatisation of 

existing intermediates. It was envisaged that the phenol protected carboxylic acid containing
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intermediate (4.47) could be activated as a PFP ester. This activated ester could then be reacted 

with hydroxylamine to yield the desired hydroxamic acid group.

5.2.2 Synthesis of pentafluorophenyl ester of (4.47)

The synthesis of the proposed hydroxamic acid containing DML compound (5.05) began with the 

common intermediate carboxylic acid (4.47). The acid was activated by the formation of a PFP 

ester. The acid was dissolved in dry DCM and pentafluorophenol and the coupling reagent DCC 

were added under anhydrous conditions at 0 °C. After 4 h, the reaction was deemed to have gone 

to completion by TLC. Following purification, the PFP ester compound (5.06) was isolated in good 

yield (83%) as a yellow oil.

5.2.3 Displacement of PFP ester of (5,06) with hydroxylamine

The activated PFP ester (5,06) was dissolved in DMF and DIPEA was added. Hydroxylamine 

hydrochloride was then added to the reaction. After 20 min, consumption of the starting material 

was observed by TLC. A single spot was apparent by TLC analysis suggesting that exclusive 

conversion to the desired product had been achieved. Following purification by silica gel flash 

column chromatography, compound (5.07) was obtained in moderate yield (65%; Scheme 5.2).

\ \

(4,47) (5.06)

Scheme 5.1 Synthesis of pentafluorophenyl ester of (4.47)
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F DIPEA, Hydroxylamine HCI

DMF, 20 min, RT 
63%

(5.06) (5.07)

Scheme 5.2 Displacement of PFP ester (5.06) with hydroxylamine

The compound was placed under high vacuum to remove residual solvent traces in preparation 

for NMR analysis. Mass spectrometry of the compound was also undertaken.

The mass spectrometry analysis was conducted promptly and confirmed the formation of the 

desired compound (5.07). The molecular ion peak [M+Na]^ was found to have a mass which 

agreed closely with the calculated mass (calculated mass 552.2393, found 552.2377). After 24 h, 

the dry sample was re-examined in preparation for NMR analysis. TLC analysis revealed that 

compound (5.07) had completely degraded into several unknown substances. The reaction was 

repeated, this time taking particular care to protect the pure product isolated from light and heat. 

However, disappointingly, after 24 h, none of the product of interest was found to remain intact.

The relatively poor stability of the hydroxamic acid functional group has previously been reported 

in the literature. This group has been shown to undergo hydrolysis and reduction reactions under 

certain conditions [285].

In the case of compound (5.07), it was hypothesised that the push towards greater conjugation 

throughout the system acted as the driving force for the instability of the molecule. The formation 

of a double bond at the C-7 position would result in conjugation throughout the system. The 

elimination of the hydroxamic acid and formation of this double bond was thus proposed as the 

root cause of instability within the molecule. A number o f the potential mechanisms for the 

formation o f this double bond and elimination of the hydroxamic acid group are outlined in Figure 

5.5.
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Figure 5.6 Proposed mechanisms for the instability of (5.07)

It was hypothesised that the synthesis of an analogue of (5,05), containing an additional inert 

linker group between the hydroxamic acid and the double bond at the C-8 position, would result 

in a molecule with improved stability.

5.3 Attempted synthesis of ether containing hydroxamic acid compound

It was hypothesised that a compound containing an ether group in the C-7 position side chain 

would permit the introduction of a terminal hydroxamic acid group. It was hypothesised that the 

presence o f the ether linkage would abrogate the drive for further conjugation deemed to be 

responsible for the instability of (5.07). The proposed ether containing compound (5.08) is shown 

in Figure 5.7.
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Figure 5.7 Proposed ether containing hydroxamic acid compound (5.08)

5.3.1 Synthetic strategy

A number of derivatives of the tubulin inhibitors described in chapter 4, containing an aniline 

functional group, were synthesised in order to demonstrate the tuneable nature of the synthetic 

approach. The synthetic strategy employed was to react the methylene alcohol of one such 

analogue with a suitable ester-containing alkylating reagent. It was hypothesised that once the 

ether linkage had been formed, convenient hydrolysis of the ester and activation of the resulting 

acid would allow the desired hydroxamic acid group to be introduced by a displacement reaction 

with hydroxylamine.

5.3.2 Suzuki coupling of enol triflate (4.31) and boronic ester (2.33)

The intermediates (4.31) and (2.33) were coupled using standard Suzuki coupling conditions. Both 

compounds were dissolved in a mixture of toluene, ethanol and water (3:1:1). Potassium 

carbonate was added as base. The palladium based catalyst Pd(Ph3)4 was also added. The reaction 

was then heated for 1.5 h at 70 °C. TLC monitoring of the reaction proved particularly difficult as 

the boronic ester (2.33) was found to have an identical /?/value to the desired product (5.09). As a 

result, a certain degree of trial and error was involved in optimising the reaction time necessary to 

achieve optimal conversion. The reaction did not go to completion under any of the reaction 

conditions employed. Following flash column chromatography, compound (5.09) was isolated as a 

mixture with the boronic ester (2.33) in modest yield (53%). Compound (5.09) was then carried 

forward to the next reaction without further purification (Scheme 5.3).
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Scheme 5.3 Suzuki coupling of enol triflate (4.31) and boronic ester (2.33)

5.3.3 Removal of silyl protecting group on (5.09)

The crude mixture containing (5.09) was dissolved in THF and TBAF was added under anhydrous 

conditions. After 5.5 h, the reaction was deemed to have gone to completion and following 

purification the desired product (5.10) was isolated in poor yield (29%) as a yellow oil (Scheme 

5.4).

O -S i
(R)

OH
(R)

TBAF

THF, 1) 30 m in,0°C  

2) 5h, RT 

29%

(5.09) (5.10)

Scheme 5.4 Removal o f silyl group on compound (5.09)

5.3.4 Attempted 0-alkylation of compound (5.10)

The key reaction in the synthesis of (5.08) was deemed to be the formation of an ether linkage by 

the O-alkylation of the free alcohol group on compound (5.10). As outlined previously, it was 

hypothesised that this ether group would negate the possibility of increased conjugation, through
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chemical rearrangement, thought to be responsible for the instability of compound (5.07), 

Compound (5.10) was dissolved in THF and sodium hydride was slowly added under anhydrous 

conditions at 0 °C as a suspension in THF. Ethyl bromoacetate was then added and the reaction 

was left stirring for 16 h. TLC analysis suggested the formation of one principal product together 

with negligible amounts of a further three compounds. Mass spectrometry of a sample of the 

crude reaction mixture suggested the formation of the product of interest (5.11). Therefore, the 

principal product was isolated by flash column chromatography in good yield (82%). Further 

analysis subsequently revealed that this compound was in fact (5.12) (Scheme 5.5).

OH
(R)

(5 .10)

NaH, Ethyl bromoacetate

-------------------- X------------------ *-

THF, 1) 1 h, 0 °C 

2) 16 h, RT

(R)

(5.11)

NaH, Ethyl bromoacetate 

THF, 1) 1 h, 0°C  

2) 16 h, RT 

82%

-Br

Scheme 5.5 Attempted 0-alkylation of compound (5.10)

5.3.4.1 Characterisation of compound (5.12)

NMR analysis was used to confirm the identity o f the principal product as compound (5.12). The 

distinctive singlet resonating furthest upfield at 1.53 ppm was readily identified as corresponding 

to the methyl protons of the BOC group. The methoxy group protons were found to resonate as
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four singlets at 3.72 ppm, 3.90 ppm, 3.93 ppm and 3.95 ppm. The double bond proton was found 

to correspond to a multiplet at 2.39-2.45 ppm by reference to the HSQC spectrum (Figure 5.11). 

The eight distinct CH2  protons expected to be found within the molecule were identified as seven 

distinct multiplets at 1.92-2.00 ppm, 2.18-2.26 ppm, 2.29-2.36 ppm, 3.08-3.12 ppm, 3.91-3.92 

ppm (2 X CH2 ), 4.19-4.24 ppm and 4.25-4.32 ppm using the HSQC spectrum. The four expected 

aromatic protons were found to resonate at 6.41 ppm, 6.79 ppm (2 x ArH) and 7.08 ppm.

Analysis of the DEPT 135 spectrum readily revealed the presence of the four expected CH2 signals 

at 23.13 ppm, 25.94 ppm, 38.14 ppm and 69.08 ppm (Figure 5.9). Similarly, the four methoxy 

carbon signals were identified at 55.77 ppm, 56.07 ppm, 60.87 ppm and 61.56 ppm. The C-7 CH 

carbon was found to correspond to a signal at 36.50 ppm by reference to the DEPT 90 spectrum 

(Figure 5.9). The BOC group methyl carbons were found to resonate at 28.38 ppm. The double 

bond CH carbon was identified, using the HSQC data, as corresponding to the signal at 127.32 

ppm (Figure 5.11). The four aromatic CH carbons were clearly observed on the DEPT 90 spectrum 

and identified as resonating at 109.08 ppm, 109.46 ppm, 117.72 ppm and 122.41 ppm (Figure 

5.9). The te/t-butyl group quaternary carbon signal proved elusive due to its resonance position 

overlapping with the residual chloroform signals at approximately 77 ppm. The carbon was 

eventually found to resonate at 77.24 ppm (Figure 5.10). The remaining eleven quaternary carbon 

signals were found to resonate at 126.32 ppm, 127.87 ppm, 127.92 ppm, 135.93 ppm, 137.90 

ppm, 141.40 ppm, 142.47 ppm, 147.20 ppm, 150.81 ppm, 167.49 ppm and 170.7 ppm.

The identity of (5.12) was further confirmed by mass spectrometry. The molecular ion peak 

[M+H]"  ̂was found to have a mass of 628.1577, which was in close agreement with the calculated 

mass of 628.1522.

It became apparent that the use of the strong base, sodium hydride had formed the alkoxide ion 

of the alcohol (5.10). This anion nucleophile then preferentially attacked the electron deficient 

carbonyl of ethyl bromoacetate rather than the bromide carbon. This resulted in a 

transesterification reaction product rather than the desired 0-alkylation product (5 .11). Following 

the failure of this approach, an alternative strategy was investigated.
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Figure 5.9 and DEPT 135 NMR spectrum of (5.12)
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Figure 5.10 Expansion of “ C spectrum of (5.12) from 76-78 ppm
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Figure 5.11 HSQC NMR spectrum of (5.12)

5.4 Synthesis of methylene containing hydroxamic acid compound (5.13)

it was proposed to syntliesise a molecule containing an inert methylene linker unit between the 

C-7 position and the hydroxamic acid side chain (Figure 5.12). It was posited that the additional
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methylene group would ensure that rearrangements, of the kind hypothesised to have taken 

place in the case of compound (5.08) (Figure 5.6), would not be possible and that the molecule 

(5.13) would be chemically stable.

5.4.1 Synthetic strategy

It was suggested that the introduction of the additional methylene unit would have to take place 

at a relatively early stage of the synthetic route. The common intermediate (4.37) was thus 

chosen as the starting point for the divergent synthesis. It was envisaged that the required C-7 

carbon chain extension could be achieved by the formation of a nitrile group and its subsequent 

reduction to a primary alcohol. Once this key transformation had been accomplished, the 

synthetic scheme was deemed to be theoretically straight forward, mirroring that employed for 

the failed synthesis of (5.08).

5.4.2 Synthesis of mesylate (5.14) and displacement with cyanide

The synthesis of (5.13) commenced with the mesylation of the alcohol intermediate (4.37). The 

alcohol was dissolved in DCM and methanesulfonyl chloride and DIPEA were added at 0 °C. After 

1 h, the reaction was quenched and the desired product (5.14) isolated as a crude mixture. 

Without further purification, the mesylate (5.14) was dissolved in DMSO and sodium cyanide was 

added. After 3 h, TLC analysis revealed that consumption of the mesylate had occurred. Exclusive 

formation of the desired nitrile (5.15) was observed. Following purification, the nitrile (5.15) was 

isolated as a colourless oil in excellent yield (85% over two steps).

Figure 5.12 Methylene-containing hydroxamic acid compound (5.13)
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Scheme 5.6 Synthesis of mesylate (5.14) and displacement with cyanide

The sodium cyanide was pulverised using a mortar and pestle in order to aid dissolution in the 

DMSO. The facile and exclusive nature of the cyanide displacement reaction was in stark contrast 

to the long reaction time, poor yield and formation of substantial quantities o f eliminated side 

product observed for the analogous reaction of the mesylate (4.34) (reaction time 3 h v 24 h; yield 

85% V 46%). It was hypothesised that compound (4.34) would experience greater steric hindrance 

during the displacement reaction due to the proximity of the mesylate group to the B-ring. 

Conversely, it was proposed that the presence of the additional methylene unit in compound

(5.14) allowed the cyanide nucleophile less sterically hindered access to the mesylate group. Thus 

a shorter reaction time and higher yield was obtained.

It was interesting to observe that although compound (4.37) was of (S)-configuration, the 

configuration of the resultant nitrile (5.15) was in fact (R). It should be noted that inversion of 

configuration at the C-7 position did not occur in this case. This phenomenon arose as a 

consequence of the lUPAC rules for nomenclature of chiral centres. The carbon chain extension 

resulted in the C-7 side chain having a lower priority. Thus, the chiral centre at C-7 of compound

(5.15) was designated as having an (/?)-configuration.

5.4.3 Two step reduction of nitrile (5.15)

The nitrile group o f compound (5.15) was reduced to the corresponding alcohol (5.17) via two 

consecutive reactions. DIBAL-H was added to a solution of (5.15) in dry THF at - 78 °C under 

anhydrous conditions. After 3 h, the reaction was deemed to have gone to completion by TLC 

analysis and tartaric acid aqueous solution was added. The reaction was extracted and the 

resulting ethereal solution concentrated to afford the aldehyde (5.16) in crude form. The mixture 

containing the aldehyde (5.16) was then reconstituted in methanol and the aldehyde was further
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reduced with sodium borohydride. Following purification, the desired alcohol (5.17) was obtained 

in good yield (75%) as a colourless oil (Scheme 5.7).

NaBH HODIBAL-H

O MeOH, 30 min, 0 °CTHF, l ) l h ,  -78 °C

(5.15) 2) 2 h, RT
(5.16)

75% over two steps
(5.17)

Scheme 5.7 Two step reduction o f nitrile (5.15) to alcohol (5.17)

Monitoring of the reaction by TLC was greatly simplified by the fact that the nitrile (5.15) and 

aldehyde (5.16) had distinguishably different Rj values. This compared favourably with the 

analogous reduction of the nitrile of (4.35), where both the starting material and aldehyde 

intermediate (4.36) had identical R/values on TLC.

5.4.4 Silyl protection of alcohol (5.17)

The free alcohol group of compound (5.17) was protected as the tert-butyldiphenylsilyl ether. The 

alcohol (5.17) was combined with tert-butyldiphenylsilyl chloride and imidazole and dissolved in 

DMF under anhydrous conditions. After 16, the reaction was deemed to have gone to completion 

by TLC. Following purification, the desired product (5.18) was isolated in excellent yield (98%) as a 

colourless oil (Scheme 5.8).

(R)

0.

\

(5.17)

-OH
TBDPSCI, Imidazole

DMF, 16 h, RT, 
96% O,

- O

(5.18)

Si

Scheme 5.8 Silyl protection of alcohol (5.17)
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5.4.5 Removal of MOM protecting group of (5.18) and oxidation of alcohol (5.19)

The MOM ether of compound (5.18) was removed using the aluminium chloride/sodium 

iodide/acetonitrile system outlined previously (section 3.8.8.3). Compound (5.18) was dissolved in 

a mixture of DCM and acetonitrile (1:2). Aluminium chloride and sodium iodide were then added 

at 0 °C. After 15 min, the starting material was adjudged to have been consumed by TLC. The 

reaction was quenched by the addition of sodium bicarbonate aqueous solution. The benzylic 

alcohol intermediate (5.19) was extracted with DCM. Dess-Martin periodinane was then added to 

this crude DCM extract containing the alcohol (5.19). After a further 30 min, TLC analysis revealed 

that the alcohol had been consumed. Following purification, the desired ketone product (5.20) 

was isolated as a colourless oil in excellent yield (90% over two steps; Scheme 5.9).

TBDPS

(R)  )■■■<>

AICL, Nal

TBDPS

DMP

...

^  CH3CN/DCM, 15 min, 0 °C DCM, 30 min, RT 
90% over two steps

TBDPS

(5.18) (5.19) (5.20)

Scheme 5.9 Removal of MOM group of (5.18) and oxidation of alcohol (5.19)

The excellent yield obtained for the MOM deprotection and alcohol oxidation compared 

favourably with the equivalent deprotection of the methylene containing alcohol (4.41) and very 

favourably with deprotection of the C-7 position alcohol containing compound (3.31) (90%; 83% 

and 42% respectively). This reaffirmed the suggestion that additional stability to elimination at the 

C-9 position was potentially conferred by the extended carbon chain at the C-7 position.

5.4.6 Removal of the silyl protecting group of (5.20)

The tert-butyldiphenylsilyl ether of compound (5.20) was removed by the addition of TBAF to a 

solution of the compound in THF under anhydrous conditions. Following purification, the desired 

alcohol (5.21) was obtained in satisfactory yield (74%) as a yellow oil (Scheme 5.10).
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TBAF

Scheme 5.10 Removal of silyl group of (5.20)

5.4.7 Organolithium coupling of AB-ring ketone (5.20) and C-ring bromide (2.14)

An organolithium coupling reaction was utilised to attach the C-ring component (2.14) to the AB- 

ring component (5.20). The C-ring (2.14) was dissolved in THF and n-butyllithium solution was 

added at - 78 °C under anhydrous conditions. After 40 min, a solution of compound (5.20) in THF 

was added. TLC analysis revealed that the reaction had gone to completion after 4 h. HCI aqueous 

solution was added to quench the reaction. Following purification, the desired tricyclic coupled 

compound (5.21) was obtained as a yellow oil in moderate yield (57%; Scheme 5.11).

1) nBuLi 
THF, 40 min, - 78 °C

 ►

2) (5.20)
THF, 1 h, -78  °C

3) 3 h, RT
4) HCI (aq. soln.) 

57%

(2.14)

OH

(5.21)

Scheme 5.11 Organolithium coupling of ketone (5.20) and bromide (2.14)

5.4.8 Removal of phenolic silyl protecting group of (5.21)

In order to further probe the effect of C-7 position modification on the activity of the tubulin 

inhibitor pharmacophore, it was decided to synthesise the C-7 ethylene analogue of (2.02). 

Hence, the silyl group of (5.21) was removed using TBAF in THF under anhydrous conditions. 

Following purification, the desired diol compound (5.22) was obtained in moderate yield (52%) as 

a white solid (Scheme 5.12).
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Scheme 5.12 Removal of phenol silyl group of (5.21)

5.4.8.1 Characterisation of compound (5.22)

The identity of compound (5.22) was confirmed by the use of NMR spectroscopy. The four 

methoxy group proton signals were identified as resonating as three distinct peaks at 3.71 ppm, 

3.91 ppm (2 X OCH3) and 3.94 ppm. The double bond proton was found to resonate as a doublet (J 

= 5.82 Hz) at 6.06 ppm by reference to the HSQC spectrum (Figure 5.15). The four aromatic CH 

protons were found to resonate at 6.39 ppm, 6.76-6.81 (2 x ArH) and 6.91 ppm. The aliphatic C-7 

CH proton was assigned to the multiplet at 2.07-2.13 ppm again using the HSQC proton-carbon 

correlation data (Figure 5.14 and 5.15). The HSQC spectrum also proved invaluable in assigning 

the eight aliphatic CH2 protons (Figure 5.16). They were found to resonate as six distinct signals at 

1.62-1.71 ppm, 1.77-1.80 ppm, 1.82-1.90 ppm, 2.16-2.31 ppm (2 x CH2 ), 3.03-3.05 ppm and 3.71 

ppm (2 X CH2 ).

The DEPT 135 spectrum permitted identification of the CH2 carbon signals at 23.04 ppm, 37.92 

ppm, 41.58 ppm and 61.24 ppm (Figure 5.14). The methoxy group carbons were identified as 

corresponding to the peaks at 55.53 ppm (2 x OCH3), 60.43 ppm and 61.13 ppm, again by 

reference to the DEPT 135 spectrum. The DEPT 90 spectrum allowed convenient identification of 

the aromatic CH proton signals at 108.42 ppm, 109.81 ppm, 113.71 ppm and 119.25 ppm (Figure 

5.14). The double bond CH carbon signal was found to correspond to the peak at 131.67 ppm, 

utilising the data available from the HSQC spectrum (Figure 5.15). Similarly, the aliphatic C-7 CH 

carbon was found to resonate at 33.15 ppm. The nine quaternary carbon signals were assigned to 

the peaks at 125.44 ppm, 127.79 ppm, 134.99 ppm, 135.62 ppm, 140.70 ppm, 144.78 ppm, 

145.54 ppm, 150.30 ppm and 150.52 ppm.
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Figure 5.14 DEPT 135 and DEPT 90 NMR spectra of (5.22)
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Figure 5.15 HSQC NMR spectrum of (5.22)

Figure 5.16 HSQC NMR spectrum expansion of (5.22)

The identity of (5.22) was further confirmed by mass spectrometry. The molecular ion peak 

[M+Na]"  ̂ was found to have a mass in close correlation with the calculated value (found 423.1818, 

calculated 423.1784).



The specific optical rotation of the molecule [a]^^ was found to be - 95.7 (c = 0.61, DCM). This 

suggested that the stereochemistry at the C-7 position had been maintained throughout the 

synthesis. Compound (5.22) was then subject to biological evaluation (Section 5.5.1).

5.4.9 Two step oxidation of alcohol (5.21) to carboxylic acid (5.24)

Compound (5.21) was dissolved in DCM and Dess-Martin periodinane was added to effect 

oxidation o f the primary alcohol group to an aldehyde. TLC analysis revealed that complete and 

exclusive transformation had been achieved within 30 min. The reaction was quenched with 

sodium bicarbonate and the product (5.23) extracted with diethyl ether. Following removal of the 

diethyl ether, the crude mixture was reconstituted in DMF. Oxone was added and the reaction 

was left stirring for a further 2 h. Complete and exclusive conversion from the aldehyde to the 

carboxylic acid was observed on TLC. Following purification, the desired carboxylic acid (5.24) was 

isolated in excellent yield (85% over two steps) as a yellow resin (Scheme 5.13).

Oxone

3j \  DMF, 2h, RT ^  
\ 85% over two steps q

(5.21) (5.23) (5.24)

Scheme 5.13 Two step oxidation of alcohol (5.21) to carboxylic acid (5.24)

5.4.10 Removal of silyl protecting group of (5.24)

The sil\l protected compound (5.24) was dissolved in THF and TBAF was added under anhydrous 

conditions at 0 °C. After 1 h, the reaction was deemed to have gone to completion and following 

purification the desired carboxylic acid containing tubulin inhibitor (5.25) was isolated in good 

yield (83%) as an off-white solid (Scheme 5.14).
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Schem e 5 .14  Removal o f  silyl group o f com pound (5.24) to  afford com pound (5.25) 

5 .4 .10 .1  Characterisation o f (5.25)

Compound (5.25) w as characterised by NMR spectroscopy. The four m ethoxy group proton 

signals w ere identified at 3.71 ppm, 3 .92 (2 x OCH3) and 3 .94  ppm. The double bond proton was 

found to  resonate as a doublet (J =4.36 Hz) at 6.09 ppm by reference to  th e  HSQC spectrum  

(Figure 5.21). Similarly, the four arom atic protons w ere identified as corresponding to  the three  

singlets at 6 .40 ppm, 6 .80 ppm (2 x ArH) and 6.90 ppm. The HSQC correlation data proved 

essential in the assignm ent o f the aliphatic protons in the m olecule (Figure 5.19). The C-7 CH 

proton w as found to  resonate as part o f  a m ultiplet at 2 .45-2 .47  ppm along with on e  o f the CH2 

protons. The five remaining aliphatic CH2 protons w ere identified as corresponding to the  

multiplets at 1.92-1.96 ppm, 2 .20-2 .35  (2 x CH2 ), 2 .54-2 .58  ppm and 3 .06-3 .06  ppm. The phenol 

proton w as identified as corresponding to  the broad singlet at 5 .60  ppm.

The four m ethoxy carbons w ere identified as resonating at 55 .55 ppm (2 x OCH3 ), 60 .44  ppm and 

61.15 ppm. The three CH2  carbons w ere readily identified from the DEPT 135 spectrum  as 

corresponding to  the peaks at 22.88 ppm, 38.92 ppm and 41 .10  ppm (Figure 5.18). The aliphatic 

C-7 carbon w as found to  resonate at 33 .31 ppm while th e  double bond CH carbon w as found to  

resonate at 129.41 ppm by reference to  the HSQC spectrum  (Figure 5.21). The four aromatic CH 

carbons w ere found to correspond to  the four signals at 108.54 ppm, 109 .80  ppm, 113.80 ppm  

and 119.40 ppm. The distinctive carboxylic acid carbon w as identified as corresponding to  the  

furthest downfield peak at 177.34 ppm. The nine remaining quaternary carbons w ere found to  

resonate at 127.35 ppm, 134.76 ppm, 135.31 ppm, 140.82 ppm, 140.95 ppm, 144 .74  ppm, 145.61  

ppm, 150.32 ppm and 150.67 ppm.

250



3.00 2.75 2.50 2.256.15 6.10 6.05

HO

OH

(5.25)

u u I—I

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2,5 2.0
Chemical Shift (ppm)

Figure 5.17 NMR spectrum of (5.25)

140 120 100 80 60 [ppm]40

Figure 5.18 “ C, DEPT 135 and DEPT 90 NMR spectra of (5.25)

251



- 8

- 3

3.0 2.6 2.4 2.0 F2 [ppm]

Figure 5.19 Expansion of aliphatic region of HSQC NMR spectrum of (5.25)

a.
&

-8

- ■

3.8 3.7 F2 [ppm]

Figure 5.20 Expansion of HSQC NMR spectrum of (5.25) illustrating methoxy carbon and proton

signals
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Figure 5.21 Expansion of aromatic region of HSQC NMR spectrum of (5.25)

Mass spectrometry further confirmed the identity of (5.25). The mass of the molecular ion peak 

[M+Na]^was found to be in close approximation to that o f the calculated value (found 437.1613, 

calculated 437.1576).

The presence of the carboxylic acid group was further suggested by the distinct carbonyl stretch 

absorption apparent in the IR spectrum of (5.25) at 1707.44 cm \

Compound (5.25) was also found to have a specific optical rotation [a]^^ of - 40 (c = 1, DCM), 

suggesting that the stereochemistry at the C-7 position had been preserved throughout the 

synthesis. Compound (5.25) was subsequently evaluated for biological activity (Section 5.5.1).

5.4.11 Formation of PFP ester of compound (5.24)

In order to introduce the hydroxamic acid group into the molecule, the carboxylic acid first had to 

be activated by the formation of a PFP ester. Compound (5.24) was dissolved in DCM and 

pentafluorophenol and DCC were added to the solution at 0 °C. After 1 h, the reaction was 

deemed to have gone to completion by TLC and the volatile organic solvent was removed under 

reduced pressure. The crude reaction mixture was then purified to afford compound (5.26) as a 

yellow oil in moderate yield (58%; Scheme 5.15).

253



DCM, 1 h, 0 °C 
58%

PFP, DCC

F F

F

O ,
\

(5.24) (5.26)

Scheme 5.15 Formation o f PFP ester of compound (5.24)

Particular care was taken in the purification of the PFP ester (5.26) by flash column 

chromatography due to its inherent instability on silica. Therefore, the product was eluted rapidly 

from the column using a relatively polar mobile phase. Notwithstanding the haste with which the 

purification was carried out, a relatively poor yield was obtained. However, it was decided that 

the removal of the coupling reagent side product, (A/,A/'-dicyclohexylurea) prior to the next step, 

was essential.

5.4.12 Displacement of PFP ester (5.26) w ith hydroxylamine

The hydroxamic acid functionality was introduced by the displacement o f the PFP ester group on 

compound (5.26) with hydroxylamine. The PFP ester (5.26) was dissolved in DMF and DIPEA was 

added. Hydroxylamine hydrochloride was then added to the reaction mixture. After 10 min, no 

trace of the starting material was apparent on TLC and the reaction was quenched by the addition 

of dilute HCI aqueous solution. Following extraction and purification, the desired product (5.27) 

was isolated as a yellow resin in good yield (79%; Scheme 5.16).

Chromatography of the hydroxamic acid containing compound (5.27) was complicated by the 

extreme polarity of the acidic hydroxamic acid residue. In order to more easily elute the product 

from the column, a mobile phase employing formic acid (1%) was used.
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Scheme 5.16 Displacement of PFP ester of (5.26) with hydroxylamine

5.4.13 Removal of silyl group on compound (5.27)

The silyl ether of compound (5.27) was readily removed by the addition of TBAF in THF at 0 °C. 

After 1 h, the reaction was deemed to have gone to completion by TLC analysis. Following 

purification the desired hydroxamic acid compound (5.13) was isolated in good yield (89%) as an 

off-white solid (Scheme 5.17).

A mobile phase containing formic acid (1%) was again required to purify compound (5.13) by silica 

gel flash column chromatography. Once isolated, compound (5.13) was characterised in full.

TBAF

THF, Ih, 0°C 
89%

(5.26) (5.13)

Scheme 5.17 Removal of silyl group of compound (5.27)
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5 .4 .1 3 .1  Characterisation o f  (5 .13)

C om pound (5 .13)  w a s  characterised by NMR sp ectroscop y .  The four m eth o x y  group proton  

signals w e r e  found to  reso n a te  as th r ee  singlets  at 3 .63  ppm, 3 .83  ppm (2 x OCH3) and 3 .8 5  ppm.  

Using th e  HQSC spectrum , th e  d oub le  bond CH proton w a s  found to  re so n a te  as a d o u b le t  (J = 

6 .1 0  Hz) at 6 .0 4  ppm (Figure 5 .25). Similarly, th e  four arom atic protons w e r e  identified  as 

corresponding  to  th e  signals at 6 .3 5  ppm, 6 .6 6 -6 .7 2  ppm (2 x ArH) and 6 .8 4  ppm. The aliphatic C-7 

CH proton w as found to  reso n a te  as a m ultip let at 2 .3 1 -2 .3 7  ppm by re ference  to  th e  HSQC 

correlation data (Figure 5 .26). The six aliphatic CH2  signals w e r e  also assigned  to  th e  m ultip lets  at 

1 .8 1 -1 .88  ppm, 2 .1 1 -2 .1 6  ppm, 2 .1 9 -2 .2 7  ppm  (3 x CH2 ) and 2 .9 9 -3 .0 5  ppm  using t h e  HSQC 

spectrum  correlation information (Figure 5 .26).

The three  CH2 carbon signals w e r e  readily identified from  th e  DEPT 135  NMR spectrum  at 2 2 .98  

ppm, 3 7 .79  ppm and 4 1 .2 7  ppm (Figure 5 .23).  The aliphatic CH proton at th e  C-7 p osit ion  w as  

identified as  resonating at 3 4 .4 3  ppm by re feren ce  to  th e  DEPT 9 0  and HSQC spectra (Figure 5.23  

and 5 .26).  The four m eth o x y  group carbon signals w e r e  readily identified at 5 4 .96  ppm , 5 5 .00  

ppm, 5 9 .81  ppm and 6 0 .63  ppm by com parison  o f  th e  DEPT 135  and DEPT 9 0  spectra. The d ouble  

bond carbon w as  found to  re so n a te  at 1 29 .01  ppm utilising th e  HQSC and DEPT 90  sp ectra .  The 

four arom atic CH carbon signals w e r e  similarly identified as th o se  peaks at 1 0 8 .8 9  ppm, 110 .96  

ppm, 1 1 4 .62  ppm and 1 19 .17  ppm. The carbonyl carbon o f  th e  hydroxamic acid proved  

particularly elusive. H ow ever, 6 0 0  MHz NMR sp ec troscop y  and an e x te n d e d  data acquisition  

period a llow ed  th e  identification o f  this signal at 1 6 2 .9 0  ppm (Figure 5 .24). The nine remaining  

quaternary carbons w e r e  th en  found to  reson ate  at 1 2 7 .7 8  ppm, 1 3 4 .7 0  ppm, 1 3 6 .2 9  ppm, 

14 1 .1 7  ppm, 141 .62  ppm, 1 4 5 .8 0  ppm, 1 4 7 .2 5  ppm, 1 5 0 .6 6  ppm and 1 5 1 .15  ppm.
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Figure 5.23 DEPT 135 and DEPT 90 NMR spectra of (5.13)
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Figure 5.24 Expansion of NMR spectrum of (5.13) from 160-165 ppm
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Figure 5.25 HSQC NMR spectrum of (5.13)
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Figure 5.26 Expansion of aliphatic region of HSQC NMR spectrum of (5.13)

The identity of compound (5.13) was confirmed by mass spectrometry. The mass o f the molecular 

ion [M+Na]"^ was found to be in close agreement with the calculated value (found 452.1684, 

calculated 452.1685).

Compound (5.13) was found to have a relatively narrow melting point range (104-106 °C) 

suggesting that it was isolated in relatively pure form. Furthermore, it was found to be optically 

active, with a specific optical rotation [a]^^ of - 61.2 (c = 0.56, DCM). This suggested that the 

enantiomeric purity of the compound had not been compromised during the synthesis.

The IR spectrum of the compound was found to have an absorption peak at 1660.04 cm \  This 

provided further evidence for the presence of a carbonyl functional group within the molecule.

The hydroxamic acid (5.13) was then subject to biological evaluation in both the MTT cell 

proliferation assay and the APN inhibition assay (Section 5.5).

5.5 Biological evaluation

The novel tubulin inhibitors (5.22) and (5.25), together with the DML (5.13) were evaluated for 

their antiproliferative activity using the MTT assay. This allowed a crude determination o f their 

tubulin polymerisation inhibition activity to be estimated. The APN inhibitory activity of the DML
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(5.13) was determined using an aminopeptidase N UV spectropiiotometric assay as described by 

Melzig et al. (Section 6.3) [291]. The IC5 0  value of the control compound bestatin (5.02) was also 

calculated.

5.5.1 MTT assay results for (5.22), (5.25) and (5.13)

Compounds (5.22), (5.25) and the DML (5.13) were all evaluated for their antiproliferative activity 

using the MTT cell proliferation assay (Table 5.1).

Compound IC5 0  value (nM)

(5.22) 147.6 ± 1.26

(5.25) 727.7 ± 1.07

(5.13) 245 ± 1.15

Table 5.1 Best fit IC5 0  values ± SEM for compounds (5.22), (5.25) and (5.13) following MTT assay in

PC-3 cells (n = 3)

Compound (5.22) exhibited an antiproliferative potency comparable with that of the carboxylic 

acids (4.43) and (4.44). However, the activity of this molecule was significantly less than that 

observed for the methylene eutomer (4.24) and dramatically less than that observed for the C-7 

alcohol eutomer (3.01). While the configuration of compound (5.22) was designated (/?), it should 

be noted that it had the same orientation of substituents at the C-7 position as compound (4.24) 

and (3.01), both of which are designated (S). Therefore, this result suggested that the activity of 

the compounds in this series of alcohols decreased with increasing carbon chain length.

Compound (5.25) was found to possess moderate activity, in the upper nM range. Its activity was 

substantially less than that of compounds (4.43) and (4.44) suggesting that the added methylene 

unit had a detrimental effect on biological activity of the compound.

The DML (5.13) was found to possess significant antiproliferative activity with an IC5 0  of 245 ± 1.15 

nM. This represented an antiproliferative activity comparable with that of the carboxylic acids 

(4.43) and (4.44). It is interesting to observe that the activity of this molecule in the MTT assay 

was substantially higher than that observed for the related methylene containing carboxylic acid 

(5.25). In fact, the DML (5.13) was found to possess an I C 5 0  almost three-fold lower than the
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related carboxylic acid (5.25). It was suggested that this additional activity nnay be related to its 

purported APN inhibition activity. However, more comprehensive biological evaluation would be 

required to confirm the veracity of this assertion.

5.5.2 Aminopeptidase N UV spectrophotometric assay results

Bestatin (5.02) and the DML compound (5.13) were evaluated for their APN inhibition activity in 

the aminopeptidase N UV spectrophotometric assay (Table 5.2).

Compound IC5 0  value (nM)

(5.02) 26.59 ±1.13

(5.13) 6.39 ± 1.06

Table 5.2 Best fit IC5 0 values ± SEM for Bestatin (5.02) and compound (5.13) following APN UV

assay (n = 3)

Compound (5.13) was found to possess an IC5 0  value approximately four-fold lower than that of 

the model compound bestatin (5.02). Given the current status of bestatin in clinical evaluation, 

this impressive result was deemed extremely encouraging. Furthermore, when taken together 

with the favourable antiproliferative activity demonstrated in vitro, the dual acting DML (5.13) 

could be considered to represent a suitable candidate for further biological evaluation as a pre- 

clinical drug candidate.
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5.6 Conclusions

Initial attempts to furnish a DML possessing both APN and tubulin polymerisation inhibition 

activity were fraught with difficulty. The synthesis of (5.05) ultimately ended prematurely as a 

result of the instability of the hydroxamic acid containing intermediate (5.07). It became apparent 

that the chemical instability in the molecule arose as a result of a series of rearrangement and 

elimination reactions encouraged by the drive for greater conjugation within the molecule. It was 

proposed that the insertion of a chemically inert linker group at the C-7 position would remove 

this drive for greater conjugation and allow the introduction of the desired hydroxamic acid 

functionality.

The synthesis of the ether containing compound (5.08) was thus proposed. Significant difficulty 

surrounded the essential 0-alkylation reaction of the proposed synthetic pathway and this 

strategy also ended fruitlessly. An analogue of compound (5.05) containing an additional C-7 

linkage was ultimately envisaged. It was hypothesised that the extra methylene group of 

compound (5.13) would prevent the rearrangements and elimination reactions purported to be 

responsible for the instability of the related compound (5.05).

The strategy employed to afford (5.13) involved a lengthy synthetic scheme mirroring that 

employed for the synthesis of compounds (4.43) and (4.44). As a fortuitous consequence of the 

synthesis of (5.13), the novel tubulin inhibitors (5.22) and (5.25) were also produced.

The evaluation of the ethylene containing compound (5.22) suggested that lengthening of the C-7 

carbon chain beyond one methylene group resulted in a significant reduction in antiproliferative 

activity. Furthermore, the evaluation of (5.25) suggested that the carboxylic acid series of 

compounds also exhibited a significant reduction in activity upon introduction of an additional C-7 

methylene group.

The desired compound (5.13) was eventually obtained following a challenging thirty-one step 

synthetic scheme. Biological evaluation of this compound revealed that it was possessed of 

favourable antiproliferative activity and also potent APN inhibitor efficacy. The small molecule, 

dual acting DML (5.13) was thus deemed to have realised the aspiration of a multi-targeted 

approach without resorting to the synthesis of a molecular conjugate.
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6 Biological Experimental

6.0 Introduction

The com pounds synthesised w ere subject to  biological evaluation using the M TT cell proliferation  

assay and the APN inhibition assay as appropriate. The compounds w ere dried in vacuo fo r several 

days prior to  testing to  rem ove any rem aining solvent residue. Stock solutions of compounds 

w ere obtained by weighing quantities using a microbalance and reconstituting in DMSO. 

Sequential dilution o f these stock solutions afforded solutions o f appropriate concentration for 

assay.

6.1 MTT Cell proliferation assay

The M TT assay was used to  assess the antipro liferative activity o f the novel tubulin inhibitors 

synthesised. This assay, initially described by M osm ann e t al, is quantitative colorim etric assay 

which detects viable, but not dead cells by generating a signal proportional to  the degree o f 

cellular function [292]. In the presence of viable cells, the  yellow  tetrazo le M TT is reduced by an 

active reductase enzym e system, to afford purple form azan crystals. These crystals are then  

dissolved in DMSO to  give a coloured solution. The absorbance o f this solution can then  be 

quantified using a spectrophotom eter.

6.1.1 Materials

Dim ethyl sulfoxide (D M SO ), thiazolyl blue tetrazo lium  brom ide (M TT), foetal bovine serum (FBS), 

streptom ycin /penicillin  solution and 0.25%  trypsin/EDTA solution w ere all purchased from  Sigma- 

Aldrich®, Ireland. Phosphate buffered saline (PBS) tablets w ere  purchased from  Invitrogen, 

Ireland. G reiner CELLSTAR® 75 cm^cell culture flasks and G reiner 96-w ell cell culture microplates  

w ith  solid U -bottom  w ere  purchased from  Cruinn, Ireland.

6.1.2 Equipment

Fluostar O ptim a 96 w ell p late reader equipped w ith  a therm ostat function  

NuAire class II biological safety cabinet

Olympus CKX41 inverted microscope (M ason Technology, Ireland)
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6.1.3 Test compounds

All dilutions o f DMSO stock solutions w ere carried out using cell culture m edium  to  a afford a final 

DMSO concentration o f < 0.1% . Control solutions consisted o f 0.1 % DMSO in cell culture m edium . 

Fresh solutions w ere  prepared prior to  each experim ent.

6.1.4 Cell line

The PC-3 hum an prostate adenocarcinom a cell line was purchased from  LGC Standards, UK. The 

cells w ere  cultured in F12K m edium  supplem ented w ith  0 .02  m g/m L sodium pyruvate, 10% PBS 

and 10 mL/L penicillin/streptom ycin solution. Cells w ere incubated at 37 °C in a hum idified  

atm osphere, containing 5% CO2 a t all tim es.

6.1.5 Cell maintenance and sub-culture

Cell culture experim ents w ere perform ed in a NuAire class II biological safety cabinet. Aseptic 

techniques w ere fo llow ed at all tim es to prevent contam ination. The cells w ere  cultured in 75 cm^ 

cell culture flasks using 15 mL o f com plete m edium . The cell culture m edium  was typically 

replaced every 2 days. Ceils w ere  m onitored  using an Olympus CKX41 inverted microscope 

(M ason Technology, Ireland). Cells w ere  sub-cultured into fresh flasks once they  had reached 70- 

80%  confluence. The protocol fo llow ed fo r sub-culture was as follows;

1. The old m edium  was rem oved from  the  cell culture flask.

2. The cell m onolayer was gently rinsed w ith  PBS solution (10 mL).

3. Trypsin/EDTA solution (3 mL) was added and the cells w ere incubated at 37 °C until 90%  

o f the cells took on a rounded morphology.

4. The flask was tapped to  encourage detachm ent o f the cells and com plete m edium  (5 mL) 

was added. The contents o f the  flask was then transferred to  a sterile centrifuge tube.

5. The flask was rinsed w ith  a fu rth e r aliquot o f m edium  (5 mL) and this was also added to  

the  centrifuge tube.

6. The cell suspension was centrifuged a t 1000 rpm at 25 °C fo r 5 min.

7. The supernatant was rem oved and fresh m edium  (2-3 mL) was added to  the tube to  re

suspend the cell pellet.
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8. New flasks containing fresh medium (15 mL) at 37 °C were prepared in parallel. The cell 

suspension was then sub-cultured into these new flasks at 1:4 or 1:6 seeding densities 

and returned to the incubator.

9. After 24 h, the cells were examined under the microscope and the medium was replaced 

with fresh, pre-equilibrated medium.

6.1.6 Cell count

A haemocytometer was used to determine the concentration of cells in a given cell suspension for 

use in the MTT cell proliferation assay. Once cells reached 70-80% confluence, the cells were 

trypsinised and centrifuged as outlined above (Section 6.1.5). Following removal of the 

supernatant, the cell pellet was re-suspended in 10 mL of cell medium. The haemocytometer was 

cleaned thoroughly with 70% ethanol solution and the cover slip was affixed using gentle pressure 

and circular motions. The haemocytometer was filled by carefully pipetting the appropriate 

volume of suspension (10 nL) onto the haemocytometer, adjacent to the cover slip. The 

haemocytometer was thus filled by capillary action. The haemocytometer was then viewed under 

the microscope using the x4 objective lens to focus on the grid lines. The number of cells in the 16 

corner squares was counted using a hand tally counter. Cells were only included in the count if 

they were within the square or positioned on the left or top boundary lines. This process was 

repeated for the 5 sets of corner squares (including the middle set of 16 squares) on the 

haemocytometer. The average count was then obtained by dividing the total cell count for the 5 

sets of squares by 5. Due to the design of the haemocytometer, the concentration of cells in the 

original cell suspension was equal to the average cell count x 10'* cells/mL.

6.1.7 Assay protocol

PC-3 cells were seeded into a 96-well plate at a density of 2000 cells per well using an appropriate 

volume of cell suspension. The volume of liquid in each well was then adjusted to 180 |iL. The 

plate was incubated for 24 h at 37 °C. Compound test solutions or control solutions (20 |iL) were 

then added to each well and the plate was incubated for 72 h at 37 °C. CA-4 was used as a positive 

control. After incubation, the cell medium was removed and 0.5 mg/mL MTT solution in complete 

medium (200 |iL) was added. The plate was then incubated for a further 4 h. The supernatant was 

then removed from the plate and the purple formazan crystals dissolved in DMSO (180 nL). 

Absorbance values for the resulting solutions were obtained using the Fluostar Optima 96 well
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plate reader. Each com pound concentration was tested in quadruplicate and each experim ent 

was perform ed th ree  independent tim es.

6.1.8 Plate reader settings

M easurem ent type Kinetic, 1 cycle o f 20 readings

Absorbance wavelength 485  nm

Tem perature A m bient

Shaking Once before first m easurem ent, 10 seconds, double orbital

6.1.9 Interpretation of data

The percentage growth inhibition was calculated according to  the  following form ula:

Percentage growth Inhibition (%) = [(control absorbance-test absorbance)/contro l absorbance] x 

100

Statistical analysis o f the data was carried out using GraphPad Prism, version 5. The normalised 

percentage inhibition was plotted against the  log(compound concentration) and analysed by non

linear regression. The best fit IC50 values ± SEM w ere  then calculated by Prism.

6.2 Aminopeptidase N UV Spectrophotometric Assay

The APN inhibition activity o f the test compounds was determ ined  using a UV spectrophotom etric  

assay as described by M elzig e t al [291]. The am ount o f the  chrom igenic substrate L-Leucine-p- 

nitroanilide enzym atically hydrolysed by APN in the  presence o f the test com pounds in a given 

tim e was determ ined by spectrophotom etry. By com paring the  blank absorbance w ith  the  test 

absorbance the percentage inhibition caused by the  test com pound was determ ined.

6.2.1 Materials

Bestatin, am inopeptidase N, L-Leucine-p-nitroanilide, Leucine am inopeptidase (m icrosom al from  

porcine kidney. Type Vl-S, lyophilized pow der, 15-25 units/m g pro te in ), and 4-(2-
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Hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich®. 

Greiner 96-well cell culture microplates with solid U-bottom were purchased from Cruinn, Ireland.

6.2.2 Equipment

Fluostar Optima 96 well plate reader equipped with a thermostat function

6.2.3 Buffers and Solutions

HEPES buffer consisting of 50 m M HEPES dry powder and 154 mM NaCI was prepared with 

deionised water. The pH of the resultant solution was adjusted to 7.4 by the dropwise addition of 

2.5 M NaOH aqueous solution. The buffer was then stored at 4 °C.

The substrate solution containing 2 mM L-Leucine-p-nitroanilide was prepared using HEPES 

buffer.

The enzyme solution containing 95 mU leucine aminopeptidase was prepared using HEPES buffer.

6.2.4 Assay protocol

The 2 mM enzyme substrate (L-Leucine-p-nitroanilide) solution (50 |iL) and HEPES buffer solution 

(40 |iL) were pipetted into the wells of a 96 well plate. The test compound solution (50 nL), 

control containing DMSO (0.1%) in HEPES buffer (50 |iL) or 200 |iM  bestatin solution in HEPES (50 

|iL) were then added. The reaction was commenced by the addition of 95 mU enzyme solution (10 

HL) to each well. Each test well of the 96 well plate contained a final volume of 200 nL. The plate 

was incubated at 37 °C for 2 h. The absorbance at 405 nm was then determined using the 

microplate reader. The 200 piM bestatin solution in HEPES acted as negative control while the 

solutions containing DMSO (0.1%) in HEPES were used as positive controls. A blank containing 

HEPES buffer (150 |iL) and substrate (50 |iL) only also acted as a negative control. Each 

concentration of compound was assayed in triplicate. Furthermore, all assays were carried out on 

three separate occasions. APN inhibitory activity was determined by comparison to blank 

controls.
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6.2.5 Plate reader settings

M easurem ent type Kinetic, 1 cycle o f 20  readings

Absorbance w avelength 405  nm

Tem perature 37 °C

Shaking Once before first m easurem ent, 15 seconds, double orbital

6.2.6 Interpretation of data

Percentage inhibition was calculated according to the follow ing form ula:

Percentage Inhibition (%) = [(blank absorbance-test absorbance)/Blank absorbance] x 100

The results w ere analysed using GraphPad Prism softw are. Dose-response curves w ere obtained  

by plotting the percentage APN inhibition (%) against log (compound concentration). N on-linear 

regression was used to analyse the data. The best fit IC5 0  values ± SEM w ere  then calculated by 

Prism.
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7 Chemistry Experimental

starting m aterials and reagents w ere obtained from  Sigma-Aldrich® and Apollo Scientific® and 

w ere  not characterised.

M elting  points w ere determ ined using an Electrotherm al® melting point apparatus and w ere  

uncorrected.

Optical rotations w ere obtained using an Optical Activity Ltd AA-55 po larim eter to g eth er w ith  a 

0.5  dm path length cell.

Spectral data w ere obtained using the following instrum ents:

Infra-red (IR) spectra: A Perkin Elmer FT-IR spectrophotom eter Paragon 100 was used to  obtain IR 

spectra. Solid samples w ere analysed by potassium brom ide (KBr) discs. Oils w ere analysed as 

films on NaCI discs (DCM ).

Nuclear M agnetic Resonance (NM R): All and N M R spectra w ere obtained using a Bruker 

MSL 4 0 0  M H z and 600 M H z (as indicated). All spectra w ere analysed using Bruker Topspin 2.0  

softw are. Samples w ere prepared in deuterated  chloroform  (CDCI3) unless otherw ise stated. 

Resonance positions in ppm w ere assigned relative to  the CHCI3 resonance at 7 .27 ppm for ^H 

spectra and 76.5  ppm, 76 .8  ppm and 77.2 ppm for spectra. Signal descriptions are abbreviated  

as follows:

S = singlet; d = doublet; t = trip let; dd = double doublet; d t = double trip let; ddd = double double  

doublet; q = quartet; m = m ultip let; br = broad; ArCH = proton attached directly to an arom atic  

ring; ArC = carbon o f an arom atic ring; Q £ = quaternary carbon)

High Resolution Mass Spectrom etry (HRMS): All high resolution mass spectral data was obtained  

using a Therm o LTQ-Oribtrap Discovery mass spectrom eter. Data analysis was perform ed using 

Xcalibre softw are.

Colum n chrom atography was carried out using silica gel 60  (230-400  mesh) (M erck M illipore). 

Thin layer chrom atography was carried out w ith silica gel 60 F2 5 4  pre-coated alum inium  sheets
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(Merck Millipore). Compounds were visualised using UV at both 254 nm and 365 nm and a variety 

of spray reagents.

Anhydrous THF was prepared by refluxing over powder lithium aluminium hydride for 2 h and 

then collecting the distillate and allowing it to fall back down over sodium lumps and 

benzophenone. The resulting mixture was refluxed until a purple colour was obtained. The 

colourless distillate was used immediately.

Anhydrous DCM was prepared by distillation over powdered calcium hydride.
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7.1 Original Synthesis of 9-f3-hvdroxv-4-methoxvDhenvl}-2.3.4-thmethoxv-5H-

benzof71annulen-7(6H)-one (2.03)

7.1.1 Malonic Acid Coupling: Synthesis of intermediate (£)-3-(2,3,4-

trimethoxyphenyl)acrylic acid (2.04)

To a stirred solution of 2,3,4-trimethoxybenzaldehyde (15.92 g, 81.14 mmol) in pyridine (45 mL) 

and piperidine (0.9 mL) was added malonic acid (15.93 g, 153.03 mmol). The solution was refiuxed 

for 6  h and then quenched by the addition of 2 M HCI (100 mL). The product was extracted with 

DCM (3 X 100 mL), dried over MgS0 4 , filtered and the solvent removed in vacuo to afford (2.04) as 

a yellow solid (15.92 g, 81%). The product was not further purified.

Rf 0.17 (2:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 5h ppm: 3.90 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 3.96 (3H, s, OCH3 ), 6.45 

( IH , d, J = 16.0 Hz, CH=CH), 6.73 (IH , d, J = 8.5 Hz, ArH), 7.32 (IH , d, J = 8.5 Hz, ArH), 8.01 ( IH , d, J 

= 16.0 Hz, CH=CH)

NMR (CDCI3 , 400 MHz) 6  ̂ ppm: 55.63 (OCH3 ), 60.47 (OCH3 ), 61.04 (OCH3 ), 107.15 (ArCH), 

115.60 (CH=CH), 120.68 (QC), 123.13 (ArCH), 141.56 (CH=CH), 141.88 (QC), 153.08 (QC), 155.48 

(QC), 172.49 (C=0)

Vmax (DCM)/cm‘^3452.6, 2944.1, 1694.2, 1619.4, 1590.0

HRMS [M-H]': calculated 237.08, found 237.1691, molecular formula (C1 2 H1 3 O5 )

Melting point: 160-162 °C

Malonic acid (1.9 eq) 
Piperidine (0.1 eq)

Pyridine, 6  h. Reflux 
81%

(2.04)
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7.1.2 Reduction of double bond: Synthesis of 3-(2,3,4-trimetlioxyphenyl)propanoic 

acid (2.05)

H2
Pd/C

EtOAc/EtOH, 48 h, RT 
98%

(2.04) (2.05)

To a stirred solution of (2.04) (15.65 g, 65.69 mmol) in a mixture of ethanol and ethyl acetate (1:1; 

200 mL) was added palladium 5% w /w  on activated carbon (0.5g). The solution was stirred under 

an atmosphere of hydrogen for a period of 48 h. The solution was then filtered and concentrated 

under reduced pressure. The resulting residue was then purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; ethyl acetate). The homogenous 

fractions were collected and the solvent was removed in vacuo to afford (2 .05) as a yellow solid 

(15.50 g, 98%).

Rf. 0.17 (2:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 2.64 (2H, t, J = 8 Hz, CH=CH), 2.90 (2H, t, J = 8 Hz, CH=CH), 3.84 

(3H, s, OCH3), 3.87 (3H, s, OCH3), 3.90 (3H, s, OCH3), 6.60 (IH , d, J = 8.4 Hz, ArH), 6.86 (IH , d, J = 

8.4 Hz, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 24.69 (Chb), 34.45 (Chb), 55.48 (OCH3), 60.23 (OCH3), 60.38 

(OCH3), 106.64 (ArCH), 123.33 (ArCH), 125.61 (Q£), 141.71 (Q£), 151.41 (QC), 152.02 (QC), 190.00 

(C=0)

Vmax (DCM)/cm'^ 3004.2, 2834.9, 1212.9, 1599.5

HRMS [M+Na]" :̂ calculated 263.0895, found 263.0845, molecular formula (CnHigOsNa)

Melting point: 65-67 °C
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7.1.3 Meldrum's Acid coupling and methanolysis: Synthesis of methyl 3-oxo-5-(2,3/4- 

trimethoxyphenyl)pentanoate (2.07)

DMAP (2 eq)
DCC (2 eq) 

Meldrum's Acid (2 eq)
MeOH 

Toluene, 4 h, Reflux
OH

DCM, 1)1.5 h ,0 °C  

2) 19 h, RT
= 0  61% Over 2 Steps O

O

V o
\

(2.05) (2.06) (2.07)

To a stirred solution of (2.05) (15.65 g, 59.49 mmol) in dry DCM (45 mL) under an atmosphere of 

nitrogen was added DMAP (14.53 g, 118.98 mmol) and Meldrum's acid (17.12 g, 118.98 mmol). 

The temperature of the reaction mixture was reduced to 0 °C using an ice bath. Using a pressure 

equalising dropping funnel, DCC (24.55 g, 118.98 mmol) dissolved in dry DCM (20 mL) was added 

dropwise to the reaction mixture, while maintaining the temperature at 0 °C. The reaction was 

left stirring under nitrogen for 90 min at 0 °C and then stirred at room temperature for 19 h. The 

reaction was monitored by TLC and once the coupling reaction had been deemed to have gone to 

completion the reaction mixture was filtered to remove the DCU. The reaction mixture was then 

washed with 2.5 M HCI aqueous solution (2 x 200 mL) and then with water (2 x 200 mL). The DCM 

solution was then dried over MgS0 4 , filtered and concentrated under reduced pressure to afford 

a yellow residue. This residue was dissolved in a mixture of toluene and methanol (4:1; 300 mL) 

and refluxed at 110 °C for 4 h. The solvent was then removed in vacuo and the resulting mixture 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 8:1, hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.07) as a yellow oil (10.76 g, 61%).

Rf 0.69 (1:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 2.84 (4H, s, 2 x CH2 ), 3.46 (2H, s, Chb), 3.74 (3H, s, COOCH,). 

3.84 (3H, s, OCH3 ), 3.87 (3H, s, OCH3 ), 3.89 (3H, s, OCH3 ), 6.60 (IH, d, J = 8 . 8  Hz, ArH), 6.83 (IH, d, J

= 8.3 Hz, ArH)

^̂ C NMR (CDCI3 , 400 MHz) 6 c ppm: 23.72 (O i) ,  43.43 (CHj), 48.64 (Chb), 51.90 (OCH.). 55.27 

(OCH3 ), 60.29 (OCH3 ), 60.40 (OCH3 ), 107.06 (ArCH), 123.88 (ArCH), 125.83 (QC), 141.78 (QC), 

151.37 (QC), 151.99 (Q£), 167.16 (C-0), 201.78 (C=0)
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V m a x  (DCM)/cm‘  ̂2928.6, 1747.19, 1716.35, 1658.35, 1602.86

HRMS [M+Na]" :̂ calculated 319.1158, found 319.1156, molecular formula (Ci5 H2oNa0 6 )

7.1,4 Reduction of P-keto ester: Synthesis of methyl 3-hydroxy-5-(2,3,4-

trimethoxyphenyl)pentanoate (2.08)

NaBH4 {0 . 6 6  eq)

MeOH, 10 min, -15 °C 
97%

To a stirred solution of (2.07) (3.97 g, 13.4 mmol) in methanol (65 mL) at -15 °C was added sodium 

borohydride (0.34 g, 8.93 mmol). After 10 min, the reaction was quenched by the addition of 

water (100 mL). The resulting solution was the acidified by the addition of 2 M HCI aqueous 

solution (10 mL). The methanol was removed under reduced pressure and the resulting aqueous 

solution was extracted with diethyl ether (3 x 100 mL). The ethyl ether extracts were dried over 

MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was removed to 

afford (2.08) as a clear oil (3.89 g, 97%).

Rf 0.36 (1:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.69-1.80 (2H, m, Chb), 2.48-2.51 (2H, m, CH2 ), 2.68-2.73 (2H, 

m, CH2 ), 2.18 (H, s, br, OH), 3.71 (3H, s, COOCH3 ), 3.85 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 3.90 (3H, 

s, OCH3 ), 3.97-4.00 (IH, m, CHOH), 6.63 (IH, d, J = 8.5 Hz, ArH), 6 . 8 6  (IH, d, J = 8.5 Hz, ArH)

“ C NMR (CDCI3 , 400 MHz) 6 c ppm: 25.13 (ChU), 37.19 (Chb), 40.73 (CH2 ), 51.29 (COOCH3 ), 55.54 

(OCH3 ), 60.31 (OCH3 ), 60.55 (OCH3 ), 66.73 (^ O H ) 106.92 (ArCH), 123.53 (ArOH), 126.91 (QC), 

141.72 (Q£), 151.30 (Q£), 151.64 (Q£), 172.82 (C=0)

Vmax (DCM)/cm'^ 3448.07, 2934.16, 1736.64, 1602.64

HRMS [M+Na]" :̂ calculated 321.1314, found 321.1301, molecular formula (Ci5 H2 2 NaOe)
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7.1.5 Protection of secondary alcohol: Synthesis of methyl 3-{(tert-

butyldiphenylsilyl)oxy)-5-(2,3,4-trimethoxyphenyl)pentanoate (2.09)

OH O TBDPSCI (2eq) 
Imidazole (2.1 eq)

DMF, 18 h, RT 
97%

(2.08) (2.09)

To a stirred solution of (2.08) (4.09 g, 13.8 mmol) in dry DMF (30 mL) under anhydrous conditions 

was added terf-butyldiphenylsilyl chloride (5.39 mL, 13.8 mmol) and imidazole (1.5 g, 22.09 

mmol). After 18 h, the reaction was quenched by the addition of water (3 x 100 mL). The reaction 

mixture was then extracted with diethyl ether (3 x 100 mL). The diethyl ether extracts were dried 

over MgS0 4 , filtered and concentrated under vacuum. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, 

hexane/ethyl acetate) to yield (2.09) as a clear oil (7.2 g, 97%).

Rf. 0.15 (7:1, hexane/ethyl acetate)

NMR (CDCU, 400 MHz) 6 h ppm: 1.08 (9H, s, C(ChU)3 ), 1.73-1.78 (2H, m, CH2 ), 2.4-2.59 (4H, m, 2 

X  CH2), 3.56 (3H, s, COOCH3), 3.77 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.85 (3H, s, OCH3), 4.27-4.30 

(IH , m, CHOSi), 6.54 (IH , d, J = 8.5 Hz, ArH), 6.60 (IH , d, J = 8.5 Hz, ArH), 7.28-7.38 (6 H, m, ArH), 

7.68-7.78 (4H, m, ArH)

“ C NMR (CDCI3, 400 MHz) 6c ppm: 18.90 (C(CH3)3), 24.59 (CHj), 26.47 (C(CH.),. 37.8 (CHz), 41.35 

(CH,). 50.98 (COOCHO. 55.54 (OCH.). 60.24 (OCH3 ), 60.33 (OCH3 ), 69.87 (CHOSi) 106.64 (ArCH), 

123.04 (ArCH), 127.05 (2 x ArCH), 127.09 (2 x ArCH), 129.12 (ArCH), 129.15 (A r^ ), 135.44 (2 x 

ArCH), 135.5 (2 x ArCH), 127.40 (2 x QC), 133.54 (QC), 141.70 (QC), 151.28 (QC), 151.43 (QC), 

171.46 (C=0)

Vmax (DCM)/cm'^ 3399.49, 1740, 750

HRMS [M+Na]"^: calculated 559.2492, found 559.2488, molecular formula (C3 iH 4 oNa0 6 Si)
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7.1.6 Hydrolysis of methyl ester: Synthesis of 3-((tert-butyldiphenylsilyl)oxy)-5-{2,3,4- 

trimethoxyphenyl)pentanoic acid (2.10)

(2.09)

NaOH (aq. soln.

THF/MeOH, 1) lh,0°C  
2) 24 h, RT 

77% OH
(2.10)

To a stirred solution of (2.09) (1.75 g, 3.26 mmol) in a mixture of methanol (17 mL) and THF (13 

mL) at 0 °C was added 2.5 M NaOH aqueous solution (4 mL). After 1 h, the temperature was 

increased to room temperature and the reaction was left stirring for 24 h. The solution was then 

acidified with 2 M HCI aqueous solution and the volatile solvents removed under reduced 

pressure. The aqueous reaction mixture was then extracted with diethyl ether (3 x 100 mL). The 

diethyl ether extracts were dried over MgSOa, filtered and concentrated in vacuo. The resulting 

residue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 3:1, hexane/ethyl acetate) to yield (2.10) as a white solid (1.32 g, 77%).

Rf 0.32 (1:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3, 400 MHz) 6h ppm: 1.09 (9H, s, C(CH3)3), 1.8 (2 H, m, CH2), 2.42-2.51 (2H, m, Chb), 

2.62 (2H, m, CHj), 3.77 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.85 (3H, s, OCH3), 4.21 (IH, m, CHOSi), 

6.53 (IH, d, J = 8.5 Hz, ArH), 6.58 (IH, d, J = 8.5 Hz, ArH), 7.39-7.44 (6H, m, ArH), 7.67-7.71 (4H, m, 

ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 19.29 (C(Ch3)3), 25.25 (Chb), 26.94 (C(CH,),. 37.84 (CH2 ), 40.87 

(CH2 ), 56.00 (OCH3), 60.69 (OCH3), 60.77 (OCH3), 70.25 (CHOSi) 107.14 (ArCH). 123.49 (ArCH), 

127.38 (QC), 127.67 (2 x A r^ ), 127.69 (2 x ArCH), 129.84 (ArCH), 129.87 (ArCH), 133.27 (2 x Q£), 

135.87 (2 x ArOH), 135.92 (2 x ArCH), 141.72 (QC), 151.30 (Qg), 151.50 (Q£), 177.26 (C=0)

Vmax (DCM)/cm'^ 2933.36,1720, 1709.58, 1602.65, 1494.82

HRMS [M+Na]" :̂ calculated 545.2335, found 545.2374, molecular formula (C3oH380eSiNa)

Melting point: 109-112 °C
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7.1.7 Cyclisation: Synthesis of 7-((tert-butyldiphenylsilyl)oxy)-l,2,3-trimethoxy-6,7,8,9- 

tetrahydro-5H-benzo[7]annulen-5-one (2.11)

Cl

/TBDPS

Oxalyl Chloride (5 eq) 

DMF(cat.)
 ►

DCM, 2 h, 0 °C

TBDPS

Tin (IV) Chloride (1 eq)

DCM, 1 h, -20 °C

0 '

(2.10)
80% over 2 Steps

TBDPS

(2.11)

To a stirred solution of (2.10) (0.99 g, 1.89 mmol) in dry DCM ( 8  mL) and DMF (0.2 mL) at 0 °C 

under an atmosphere of nitrogen was added 2 M oxalyl chloride solution (4.74 mL, 9.46 mmol) 

dropwise. The solution was left stirring for 2 h at 0 °C after which time the solvent was removed 

under high vacuum at room temperature. The residue was left to dry under high vacuum for 2 h 

after which time the residue was reconstituted with dry DCM (20 mL) under an atmosphere of 

nitrogen. The temperature of the solution was reduced to -20 °C using a sodium chloride ice bath 

and 1 M Tin (IV) Chloride solution in DCM (1.89 mL, 1.89 mmol) was added dropwise. After 1 h, 

the reaction was quenched by the addition of saturated sodium chloride aqueous solution (50 mL) 

and the mixture was extracted with diethyl ether (3 x 50 mL). The organic fractions were dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, 

hexane/ethyl acetate) to yield (2.11) as a yellow oil (0.76 g, 80%).

Rf 0.63 (1:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.06 (9H, s, C(CH3)s), 1.88-1.90 (IH , m, CH2 ), 2.00-2.10 (IH , m, 

CH2 ), 2.92-2.98 (2H, m, Chb), 3.04-3.10 (IH , m, CH2 ), 3.10-3.19 (IH , m, Chb), 3.86 (3H, s, OCH3 ), 

3.89 (3H, s, OCH3 ), 3.95 (3H, s, OCH3 ), 4.34 (IH , m, CHOSi), 7.19 (IH , s, ArH), 7.38-7.45 (6 H, m, 

ArH), 7.46-7.67 (4H, m, ArH)

^̂ C NMR (CDCI3 , 400 MHz) 6 c ppm: 19.18 (C(CH3 )3 ), 21.02 (CHj), 26.92 (C(CH.)., 38.38 (O i) ,  50.27 

(Chb), 55.95 (OCH,). 60.85 (OCH3 ), 61.13 (OCH3 ), 68.30 (CHOSi) 107.59 (A r^ ), 127.71 (2 x ArCH), 

127.74 (2 X  ArCH), 129.80 (ArCH), 129.85 (ArCH), 130.84 (QC), 133.75 (Q£), 133.93 (QC), 134.69 

(QC), 135.78 (2 X  (ArCH), 135.84 (2 x ArCH), 145.61 (QC), 151.12 (QC), 151.46 (QC), 199.58 (C=0) 

Vmax (DCM)/cm'^ 3054.40, 2987.13, 2305.64, 1551.22, 1421.66

HRMS [M+Na]"^: calculated 527.2230 found 527.2264, molecular formula (C3oH3 6 NaOsSi)
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7.1.8 Synthesis of 5-bromo-2-methoxyphenol (2.13)

O

Br

= 0  mCPBA (1.2 eq)

O\  DCM, 1) 1 h, 0 °C 
2) 23 h, RT

Br
\ THF/MeOH, l) lh ,0 °C  

2) 23 h, RT 
81% over 2 Steps (2<13)

NaOH (aq. soln.)

BrBr

OH

O
\

(2.12)

To a stirred solution of 5-bromo-2-methoxybenzaldehyde (10.07 g, 46.83 mmol) in DCM (50 mL) 

at 0 °C was added mCPBA (9.75 g, 56.52 mmol) dissolved in DCM (100 mL) dropwise. After 1 h, the 

temperature was allowed to increase to room temperature and the reaction was left stirring for 

23 h. The reaction mixture was then filtered to remove the precipitated 3-chlorobenzoic acid and 

the DCM solution was washed with saturated sodium hydrogen carbonate aqueous solution (2 x 

100 mL), water (100 mL) and then saturated sodium chloride solution (100 mL). The DCM was 

then removed in vacuo and the resulting residue dissolved in methanol (97 mL) and THF (75 mL). 

2.5 M NaOH aqueous solution (2.5 mL) was then added to the stirred solution at 0°C. After 1 h, 

the temperature was allowed to increase to room temperature and the reaction was left stirring 

for a further 23 h. The reaction was then quenched by the addition of 2 M HCI aqueous solution 

(50 mL) and the organic solvents were removed under reduced pressure. The resulting aqueous 

mixture was extracted with diethyl ether (3 x 50 mL). The organic fractions were dried over 

MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to yield (2.13) as an off white solid (7.65 g, 81%).

Rf 0.19 (5:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 3.85 (3H, s, OCH3), 6.00 (IH, s, br, ArOH), 6.70 (IH, d, J = 8.5 Hz, 

ArH), 6.98 (IH, dd, Ji= 8.5 Hz, h =  2.4 Hz, ArH), 7.10 (IH, d, J = 2.4 Hz, ArH)

^̂ C NMR (CDCI3 , 400 MHz) 6 c ppm: 56.12 (OCH3 ), 112.03 (ArCH), 113.20 (QC), 117.91 (ArCH), 

122.89 (ArCH), 145.99 (QC), 146.48 (QC)

Vmax (DCM)/cm'^ 3519.06, 5053.97, 2843.41,1593.21, 1499.56

HRMS [M+H]*: calculated 201.9629, found 201.9860, molecular formula (C7 H7 Br0 2 )

Melting point: 59 °C
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7.1.9 Protection of Phenol: Synthesis of (5-bromo-2-methoxyphenoxy)(te/t-

butyl)dimethylsilane (2.14)

Br

OH

O
\

tBDPSCI (1.35 eq) 
Imidazole (1.2 eq)

DMF, 24 h, RT 
98%

(2.13) (2.14)

To a stirred solution o f (2.13) (7.65 g, 37.68 mmol) in dry DMF (60 mL) under an atmosphere o f 

nitrogen was added imidazole (6.41 g, 94.21 mmol) and tert-butyldim ethylsilyl chloride (7.67 g, 

50.87 mmol). The reaction was left stirring fo r 24 h. The reaction was then quenched by the 

addition o f water (100 mL), The aqueous mixture was extracted w ith diethyl ether (3 x 100 mL). 

The organic fractions were dried over MgS04, filtered and concentrated in vacuo. The resulting 

residue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 20:1, hexane/ethyl acetate) to afford (2.14) as a clear, colourless oil (11.72 g, 

98%).

Rf\ 0.71 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 5h ppm: 0.18 (6H, s, Si(CH3)2), 1.02 (9H, s, C(CH3)3), 3.80 (3H, s, OCH3), 

6.73 (IH , d, J = 8.6 Hz, ArH), 7.02 (IH , m, ArH), 7.04 (IH , d, J = 6 Hz, ArH)

NMR (CDCI3, 400 MHz) 5c ppm: -4.60 ($1(013)2), 18.46 (C(CH3)3), 25.66 (€(013)3, 55.55 (OCH3), 

112.39 (QC), 113.22 (ArO l), 124.08 (ArOH), 146.00 (ArCH), 150.45 (ArCH)

Vmax (DCM)/cm'^ 3546.14, 2955.31, 2930.67, 1585.93

HRMS [M+H]*: calculated 339.0392, found 339.0374, molecular formula (Ci3H2iB r02SiNa)
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7.1.10 Organolithium coupling: Synthesis of te/t-butyl((9-(3-((tert-

butYldimethylsilyl)oxy)-4-methoxyphenyl)-2,3/4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl)oxy)diphenylsllane (2.15)

Br

1) nBuLi (3 eq) 
THF, 20 min, -78 °C

2 ) (2.11) ( 1  eq)
2 h, -78 °C

3) 24 h,0°C  
4) HCI (aq. soln.) 

63%

(2.14) (2.15)

To a stirred solution of (2.14) (1.40 g, 4.4 mmol) dissolved in dry THF (4 mL) under anhydrous 

conditions at -78 °C was added 2.5 M n-butyllithium in hexane (1.1 mL, 4.4 mmol) dropwise. After 

20 min, a solution of (2.11) (0.74 g, 1.46 mmol) in dry THF (20 mL) was added dropwise. After 2 h, 

the temperature was allowed to increase to 0°C and the reaction was stirred at this temperature 

for 24 h. The reaction was quenched by the addition of 2 M HCI aqueous solution (50 mL) and the 

aqueous layer was extracted with diethyl ether (3 x 50 mL). The organic fractions were dried over 

MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, 

hexane/ethyl acetate) to afford (2.15) as a viscous, yellow oil (0.67 g, 63%).

Rfi 0.75 (4:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3, 400 MHz) 8 h ppm: 0.20 (3H, s, Si(CHs)2), 0.22 (3H, s, Si(CH3 )2 ), 1.06 (9H, s, C{CHih), 

1.13 (9H, s, C(CH3 )3 ), 2.33 (3H, m, 2 x Chb), 2.96 (IH , m, CH2 ), 3.68 (3H, s, OCH3 ), 3.79 (3H, s, OCH3 ), 

3.88 (3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 4.20 (IH , m, CHOH), 6.25 (IH , s, ArH), 6.31 (IN , d, J = 5.0 Hz, 

C=CH), 6.70 (3H, m, ArH), 6.75 (6 H, m, ArH), 7.36 (4H, m, ArH)

NMR (CDCI3, 400 MHz) 5c ppm: -4.99 (Si(Chb)2), 18.06 (C(CH3)s), 18.72 (C(CH3)3), 21.40 (CH,). 

25.34 (€(0 1 3 )3 ), 26.53 (0 (0 1 3 )3 ), 43.42 (DHi), 55.11 (OCH3), 55.45 (OCH3), 60.42 (OCH3), 61.13 

(OCH.). 70.88 (CH), 108.19 (ArCH), 111.19 (ArCH), 120.29 (ArCH), 121.06 (ArCH), 127.02 (2 x 

A r ^ ) ,  127.28 (2 x ArCH), 127.52 (QC), 129.09 (ArCH), 129.19 (ArCH), 132.14 (QC), 133.83 (QC), 

133.97 (ArOH), 134.40 (QC), 135.36 (2 x A r ^ ) ,  135.61 (2 x A r ^ ) ,  137.25 (Qg), 140.75 (QC), 

144.14 (QC), 150.03 (QC), 150.19 (QC), 150.40 (QC)
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V m a x  (DCM)/cm'^ 1509.19, 1113.77, 838.33

HRMS [M+Na]"^: calculated 747.3513, found 747.3469, molecular formula (C4 3 H5 6 0 6 Si2 Na)

7.1.11 Deprotection: Synthesis of 9-(3-hydroxy-4-methoxyphenyl)-2,3/4-trimethoxy- 

6,7-dlhydro-5H-benzo[7]annulen-7-ol (2.02)

TBAF (2 eq) OH

THF, 1) lh ,0 °C  
2) 6 h, RT 

37%
OHO,

(2.15) (2.02)

To a stirred solution o f (2.15) (0.61 g, 1.21 mmol) in THF (6.1 mL) at 0 °C was added 1 M 

tetrabutylam m onium  fluoride solution (2.42 mL, 2.42 mmol). A fter 1 h, the temperature was 

allowed to  increase to  room tem perature and the reaction was le ft stirring fo r 6  h. The solvent 

was removed by blowing w ith  nitrogen and the resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to  yield (2.02) as a white solid (0.17 g, 37% yield).

Rf. 0.31 (1:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 2.06-2.14 (IH , m, CH2 ), 2.29-2.37 (IH , m, CH2 ), 2.26-2.55 (IH , 

m, Chb), 2.63 (IH , br s, OH), 2.99-3.04 (IH , m, CH2 ), 3.66 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 3.89 

(3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 4.10-4.18 (IH , m, CHON), 6.02 (IH , s br, OH), 6.28 (IH , d, J = 5 

Hz, C=CH), 6.36 (IH , s , ArH), 6.78 (2H, s, 2 x ArH), 6.89 (IH , s, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 21.08 (CH2 ), 43.3 (CH2 ), 55.99 (2 x OCH3), 60.91 (OCH3), 61.59 

(OCH3), 69.74 (CHOH). 108.83 (ArCH), 110.48 (ArCH), 114.42 (ArCH) 119.81 (ArCH), 128.01 (QC), 

131.8 (C=CH)), 134.6 (Q£), 135.28 (Q£), 138.51 (QC), 141.39 (Q£), 145.35 (QC), 146.36 (C^), 150.7 

(Q£), 151.1 (QC)

Vmax (DCM)/cm'^: 3411.41, 2935.49, 2838.98, 1717.00, 1580.70

HRMS [M-H]': calculated 371.15, found 371.1484, molecular formula (C2 1 H2 3 O6 )

Melting point: 54-56 °C
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7.1,12 Oxidation: Synthesis of 9-(3-hydroxy-4-methoxyphenyl)-2,3,4-trimethoxy-5H- 

benzo[7]annulen-7(6H)-one (2.03)

OH

DMF, 2 h, RT 
13%

PDC (2 eq)
O

O , O ,
\\

(2.02) (2.03)

To a stirred solution of (2.02) (2.3 g, 6.20 mmol) in DMF (20 mL) was added pyridinium 

dichromate (4.66 g, 12.39 mmol). After 1 h, the reaction was quenched by the addition of 2 M HCI 

aqueous solution (20 mL) and extracted with diethyl ether (3 x 25 mL). The organic fractions were 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to yield (2.03) as an off white solid (0.3 g, 13%).

Rf-. 0.53 (1:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 2.72 (2H, t, J = 7 Hz, Chb), 3.16 (2H, t, J = 6  Hz CJi), 3.65 (3H, s, 

OCH3), 3.90 (3H, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, OCH3), 5.63 (IH, s, br, ArOH), 6.39 (IH, s, 

C=CH), 6.39 (IH, s, ArH), 6.87 (IH, d, J = 8.3 Hz ArH), 6.92 (2H,m,2 x ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 20.10 (GHz), 45.54 (CH2 ), 55.91 (OCH3 ), 55.85 (OCH3 ), 60.78 

(OCH3 ), 61.26 (OCH3 ), 110.04 (ArOH), 111.80 (C=CH), 115.27 (ArOH), 121.02 (ArCH), 128.02 (ArOH), 

128.96 (Q£), 132.33 (QC), 135.87 (QC), 143.13 (QC), 145.10 (QC), 147.15 (Q£), 149.83 (Q£), 150.95 

(Q£), 151.52 (Q£), 203.97 (C=0)

Vmax (DCM)/cm ^ 2098.99, 1643.16,1509.08, 1493.06

HRMS [M-H]': calculated 369.13, found 369.1561, molecular formula (C2 1 H2 1 O6 )

Melting Point: 132 °C
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7.2 Alternative Synthesis o f 9-(3-hvdroxv-4-methoxvDhenvl)-2.3.4-trimethoxv-

5H-benzof7]annulen-7(6H)-one (2.03)

7.2.1 Wittig Reaction: Synthesis of (£)-ethyl 3-oxo-5-(2,3,4-trimethoxyphenyl)pent-4- 

enoate (2.16)

C I0+
NaH (2eq) 

 ►

O DMPU/THF, 1.5 h, 40°C  

49%
O

t= o

(2.16)

To a stirred solution o f [3-(ethoxycarbonyl)-2-oxypropyl] triphenylphosphonium  chloride (4 .35 g, 

10.19 m m ol) in dry THF (10 mL) and /V,/V-dim ethylpropyleneurea (5 mL) under an atm osphere o f 

nitrogen was added sodium hydride 60% dispersion in m ineral oil (0 .82 g, 20 .39  m m ol). A fter 20  

min, a solution o f 2,3,4-trim ethoxybenzaldehyde (1 .00  g, 5.1 m m ol) in dry THF (5 mL) was added  

to  the reaction. The reaction was then heated to  40  °C and left stirring fo r 90  min. The reaction 

was quenched by the addition o f saturated am m onium  chloride aqueous solution (50 mL) and 

extracted w ith  diethyl e ther (3 x 50 mL). The organic fractions w ere  dried over MgS04 , filtered  and 

concentrated in vacuo. The resulting oily residue was then  subjected to flash column  

chrom atography (stationary phase; silica gel 2 3 0 -400  mesh, m obile phase; 4:1, hexane/ethyl 

acetate) to  yield a crude, bright yellow  oil. The m ixture containing (2.16) (0 .76  g, 49% ) was not 

purified fu rther.
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7.2.2 Reduction: Synthesis of etiiyl 3-oxo-5-(2,3,4-trimethoxyphenyl)pentanoate 

(2.17) and ethyl 3-hydroxy-5-(2,3,4-trimethoxyphenyl)pentanoate (2.18)

H2 , Pd/C

EtOAc/EtOH, 24 h, RT 
64% and 25% respectively OH

(2.16) (2.17) (2.18)

To a stirred solution of (2.16) (0.76 g, 2.46 mmol) in a mixture of ethanol (25 mL) and ethyl 

acetate (25 mL) was added palladium 5% w/w on activated carbon (0.1 g). The reaction was 

stirred under an atmosphere of hydrogen for 24 h. The palladium on activated carbon was filtered 

off and the solvent removed in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl 

acetate) to yield (2.17) as a yellow oil (0.49 g, 64%) and (2.18) as a clear oil (0.19 g, 25%).

(2.17)

Rf 0.52 (1:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.17 (3H, t, J = 7.27 Hz, CH3 ), 2.74 (4H, s, 2 x Chb), 3.36 (2H, s, 

CH2 ), 3.73 (3H, s, OCH3 ), 3.76 (3H, s, OCH3 ), 3.79 (3H, s, OCH3 ), 4.08 (2H, q, J = 7.02 Hz, CH2 ), 6.50 

(IH, d, J = 8.7 Hz, ArH), 6.73 (IH, d, J = 8.7 Hz, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 13.52 (CH3 ), 23.54 (Chb), 43.22 (ChU), 48.71 (CH2 ), 55.34 

(OCH,). 60.06 (OCH3 ), 60.21 (OCH3 ), 60.66 (O^), 106.61 (CH), 123.37 (CH), 125.80 (QQ), 141.64 

(Q£), 151.25 (QC), 151.85 (Q£), 166.64 (C=0), 201.80 (C=0)

Vmax (DCM)/cm'^ 2979.52, 2938.41, 2836.11, 1743.98 (C=0), 1716.23 (C=0), 1602.86 

HRMS [M+Na]*: calculated 333.1314, found 333.1320, molecular formula (CieH2 2 Na0 6 )

(2.18)

Rf. 0.37 (1:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3 , 400 MHz) 6 h ppm: 1.25 (3H, t, J = 7.42 Hz, CH3 ), 1.72 (2H, m, CH2 ), 2.47 (2H, m, 

CH2 ) 2.69 (2H, m, CH2 ), 3.28 (IH, s, CHOH), 3.83 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.88 (3H, s, 

OCH3 ), 3.98 (IH, m, CHOH), 4.15 (2H, m, Chb), 6.60 (IH, d, J = 8.5 Hz, ArH), 6.84 (IH, d, J = 8.5 Hz, 

ArH)
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NMR (CDCI3, 400 MHz) 6, ppm: 13.70 (CH3), 25.14 (CHj), 37.20 (CH2), 40.95 (CHj), 55.51 (CH,). 

60.15 (Chb), 60.27 (CH3), 60.51 (CH3), 66.78 (CHOH), 106.88 (CH), 123.51 ( ^ ) ,  127.00 (QC), 141.70 

(QC), 151.31 (QC), 151.60 (QC), 172.39 (C=0)

Vmax (DCM)/cm  ^ 3501.04, 2935.26, 1726.08 (C=0), 1602.29, 1493.66, 1467.89 

HRMS [M+Na]"^: calculated 335 .1471, found 335.1474, molecular formula (Ci6H24Na06)

7.2.3 Reduction of 3-keto ester: Synthesis of ethyl 3-hydroxy-5-(2,3/4-

trimethoxyphenyl)pentanoate (2.18)

(2.17)

OH 0

MeOH, 10 min, -15 °C 
84%

{2.18}

To a stirred solution of (2.17) (4.75 g, 15.31 mmol) in methanol (50 mL) at -15 °C was added 

sodium borohydride (0.58 g, 15.31 mmol). After 10 min, the methanol was removed under 

reduced pressure and water (50 mL) added to the resulting residue. The aqueous phase was then 

extracted with diethyl ether (3x 100 mL). The ethyl ether extracts were dried over MgS04 , filtered 

and concentrated in vacuo. The resulting residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate). All homogenous fractions were collected and the solvent was removed to afford (2.18) 

as a clear oil (3.95 g, 84%).

Data already described.

7.2.4 Wittig reaction using commercial ylide: Synthesis of (f)-ethyl 3-oxo-5-(2,3,4- 

trimethoxyphenyl)pent-4-enoate (2.16)

+ MeOH, 24 h, RT Q

64%

(2.16)
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To a stirred solution of 2,3,4-trimethoxybenzaldehyde (0.5 g, 2.55 mmol) in methanol (5 mL) was 

added ethyl 3-oxo-4-(triphenylphosphoranylidene) butyrate (1.19 g, 3.06 mmol). After 24 h, the 

solvent was removed under reduced pressure and the resulting residue was subjected to flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to yield (2.16) as constituent of a bright yellow oil (0.5 g, 64%). The product 

was not purified further.

7.2.5 Silyl protection of alcohol: Synthesis of ethyl 3-(2,2-dimethyl-l,l-

diphenylpropoxy)-5-trimethoxyphenyl)pentanoate (2.19)

TBDPSCI (2 eq) 

Imidazole (2.1 eq)

DMF, 12 h, RT, 

71%

(2.19)(2.18)

To a stirred solution of (2.18) (3.11 g, 10.50 mmol) in dry DMF (25 mL) under an atmosphere of 

nitrogen was added imidazole (1.5 g, 22.04 mmol) and fe/t-butyldiphenylsilyl chloride (5.46 mL, 

20.99 mmol). The reaction was left stirring for 12 h and then quenched by the addition of water 

(100 mL). The reaction mixture was then extracted with diethyl ether (3 x 100 mL). The organic 

fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The resulting oily residue 

was then purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 10:1, hexane/ethyl acetate) to afford (2.19) as bright yellow oil (4 g, 71%).

Rf. 0.56 (3:1, hexane/ethyl acetate)

NMR ( C D C I 3 ,  400 MHz) 6 h  ppm: 1.09 (9H, s, C ( C H s ) 3 ,  1.21 (3H, t ,  J = 7 Hz, C H 3 ) ,  1.77 (2H, m, 

C H 2 ) ,  2.49 (2H, m, Chb), 2.58 (2H, m, C H 2 ) ,  3.78 (3H, s, O C H 3 ) ,  3.85 (3H, s, O C H 3 ) ,  3.86 (3H, s, 

O C H 3 ) ,  4.04 (2H, m, Chb), 4.31 (IH , m, C H O S i ) ,  6.54 ( IH , d, J = 9 Hz, ArH), 6.61 ( IH , d, J = 9 Hz, 

ArH), 7.41 (6H, m, ArH), 7.73 (4H, m, ArH)

“ C NMR (CDCI3 , 400 MHz) 6, ppm: 13.66 (CH3 ), 18.92 (C(CH3 )3 ), 24.61 (Chb), 26.51 (C(CH3 )3 ), 37.77  

(ChU); 41.58 ( O i ) ,  55.53 (OCH,). 59.84 (OCH3 ), 60.25 ( ^ ) ,  60.34 (OCH3 ), 69.91 (CHOSi), 106.63  

(ArCH). 123.06 (ArCH), 127.06 (2 x ArOH), 127.09 (2 x ArCH), 127.47 (2 x Q£), 129.16 (2 x ArCH),
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133.58 (QC), 135.47 (2 x ArCH), 135.52 (2 x ArCH), 141.70 (QC), 151.30 (QC), 151.42 (QC), 171.06 

(C=0)

Vmax (DCM)/cm'^: 2960.35, 2934.16, 2091.36, 1734.62, 1644.78, 1494.76, 1466.34  

HRMS [M+K]'": calculated 573.2618, found 573.2623, molecular formula (C3 3 H4 2 O 6 K)

7.2.6 Hydrolysis of ethyl ester: Synthesis of 3-(2,2-dimethyl-l,l-diphenylpropoxy)-5- 

(2,3,4-trimethoxyphenyl)pentanoic acid (2.10)

To a stirred solution of (2 .19) (0.09 g, 0.17 mmol) in a mixture of methanol (0.85 mL) and THF 

(0.66 mL) at 0 °C was added 2.5 M NaOH solution (0.25 mL) dropwise. After 24 h, the pH of the 

solution was adjusted to pH 7 by the addition of 2 M HCl aqueous solution. The organic solvent 

was removed under reduced pressure and the aqueous phase was extracted with diethyl ether (3 

X 10 mL). The organic fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting residue was then purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 2:1, hexane/ethyl acetate) to yield (2 .10) as a white solid (0.08 g, 

91%).

Data described previously.

(2.19)

THF/MeOH, 1) lh ,0 °C  

2) 24 h, RT 

91%

NaOH (aq. soln.)

(2.10)
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7.27 Dess-Martin oxidation of alcohol: Synthesis of 9-(3-hydroxy-4-methoxyphenyl)- 

2,3,4-trimethoxy-5H-benzo[7]annulen-7(6H)-one (2.03)

OH
DMP (1.5 eq)

DCM, 1 h, RT 
8%

O

O ,
\

O ,
\

(2.02) (2.03)

To a stirred solution of (2.02) (0.31 g, 0.64 mmol) in DCM (2 mL) was added Dess-Martin 

periodinane (0.41 g, 0.96 mmol). After 1 h, saturated sodium hydrogen carbonate aqueous 

solution (10 mL) was added and the reaction was left stirring for 30 min. The reaction was 

extracted with diethyl ether (3 x 25 mL). The organic fractions were dried over MgS04 , filtered and 

concentrated in vacuo. The resulting oily residue was then subjected to flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 1:1, hexane/ethyl 

acetate) to afford (2.03) as a white solid (0.02 g, 8%).

Data already described.

7.2.8 Deprotection: Synthesis of 7-hydroxy-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H- 

benzo[7]annulen-5-one (2.20)

To a stirred solution of (2.11) (0.63 g, 1.25 mmol) in THF (5 mL) at 0 °C was added 1 M 

tetrabutylammonium fluoride solution (1.37 mL, 1.37 mmol) dropwise. After 30 min, the 

temperature was allowed to increase to room temperature and left stirring for 3 h. The reaction

THF, 1) 30min,0°C 
2) 3 h, RT 

54%

TBAF (l.le q )

(2.11) (2.20)
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mixture was then added directly to a silica gel column and purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (2.20) as a yellow oil (0.18 g, 54%).

Rf. 0 . 2 0  (1 :1 , hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.87 (IH , m, CH2 ), 2.12 (IH , m, Chb), 3.02 (4H, m, CH2 ), 3.82 

(3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 4.32 (IH , m, CHOH), 7.14 (IH , s, ArH)

NMR (CDCI3, 400 MHz) 6, ppm: 21.04 (CH2), 35.79 (CH2), 50.35 ( ^ 2 ), 55.96 (OCH3), 60.88 

(OCH3), 61.13 (O C H,). 67.07 (CHOH). 107.45 (ArCH), 131.01 (QC), 134.02 (QC), 145.71 (QC), 151.13 

(QC), 151.47 (QC), 199.87 (C=0 )

Vmax (DCM)/cm ^ 2939.17, 1668.19, 1589.43, 1487.68,1455.77, 1431.71

HRMS [M+Na]*: calculated 267.1232, found 267.1256, molecular formula (C1 4H19O5 )

7.2.9 Organolithium Coupling: Synthesis of (S)-9-(3-((te/t-buty!dimethylsilYl)oxY)-4- 

methoxyphenyl)-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (2.21)

1) nBuLi (3 eq) 

THF, 40 min, -78 °C

2) (2.20) (1 eq) 

THF, 4 h, -78 °C

3) 24 h, 0 °C 

4) MCI (aq. soln.) 

70%

(2.14)

To a stirred solution of (2.14) (0.64 g, 2.03 mmol) in dry THF (4 mL) under an atmosphere of 

nitrogen at -78 °C was added 2.5 M n-butyllithium solution in hexane (0.81 mL, 2.3 mmol) 

dropwise. After 40 min, a solution of (2.20) (0.18 g, 0.68 mmol) in dry THF (5 mL) was added to 

the reaction. After 4 h, the temperature was increased to 0 °C and left stirring for a further 24 h. 

The reaction was quenched by the addition of 2 M HCI aqueous solution (50 mL) and then 

extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over MgS0 4  

and concentrated in vacuo. The resulting residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (2.21) as a yellow oil (0.23 g, 70%).

Rf. 0.52 (1:1, hexane/ethyl acetate)
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NMR (CDCI3 , 400 MHz) 6 h ppm: 0.16 (6 H, d, J = 5.6 Hz, S ilC M ), 0.99 (9H, s, C(CHb)3 ), 1.28 (IH, 

s, br, CHOH), 2.13 (IH, m, ChU), 2.36 (IH, m, C M  2.51 (IH, m, C M , 3.03 (IH, m, C M , 3.68 (3H, s, 

OCH3 ), 3.83 (3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 4.16 (IH, m, CHOH), 6.27 (IH, d, J = 4.12 Hz, CH=C), 

6.36 (IH, s, ArH), 6.80 (3H, m, 3 x ArH)

^̂ C NMR (CDCI3, 400 MHz) 5c ppm: -5.00 (8 1 (0 1 3 )2 ), -4.98 ($1(0 1 3 )2 ), 18.00 (C(CH3 )2 ), 21.34 (Ob), 

25.28 (C(CH3)3), 43.00 (Ob), 55.04 (OCH3), 55.44 (OCH3), 60.43 (OCH3), 61.12 (OCH3), 69.32 

(CH=C), 108.23 (ArCH), 111.16 (ArCH), 120.20 (ArCH), 121.06 (ArCH), 127.51 (Q£), 130.86 (ArO l), 

133.59 (QC), 134.92 (QC), 138.14 (QC), 140.89 (QC), 144.16 (Q£), 150.12 (Q£), 150.24 (QC), 150.60 

(QC)

Vmax (D C M )/c m 3054.45, 2987.23, 2685.74, 2410.86, 2305.64, 1509.06, 1488.89 

HRMS [M+Na]"': calculated 509.2335, found 509.2339, molecular formula (C2 7 H3 8 Na0 6 Si)

7.2.10 Dess-Martin oxidation of alcohol: Synthesis of 9-{3-[(tert-butyldimethyls!lyl)oxy]- 

4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (2.22)

DMP(1.5eq)

DCM, 10 min, RT 
87%

(2.22)

OH

(2.21)

To a stirred solution of (2.21) (0.1 g, 2.06 mmol) in DCM (30 mL) was added Dess-Martin 

periodinane (1.31 g, 3.08 mmol). After 10 min, saturated sodium hydrogen carbonate aqueous 

solution (50 mL) was added and the reaction was left stirring for 30 min. The reaction was 

extracted with diethyl ether (3 x 100 mL). The organic fractions were dried over MgS0 4 , filtered 

and concentrated in vacuo. The resulting oily residue was then subjected to flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to afford (2.22) as a yellow oil (0.87 g, 87%).

Rf. 0.75 (1:1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 0.16 (6 H, s, Si(CH3 )2 ), 0.99 (9H, s, € (€^ 3 )3), 2.67-2.70 (2H, m, 

Chb), 3.10-3.13 (2H, t, J = 5.5 Hz, CH2 ), 3.62 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ),
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3.94 (3H, s, OCH3), 6.36 (2H, s, 1 x ArH, 1 x CH=C), 6.84 (2H, m, 2 x ArH), 6.92 (IH, dd, Ji = 8 Hz, J2 = 

2 Hz, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: - 5.03 Si(OH3)2, 17.99 C(CH3)3), 19.80 (CH2 ), 25.22 C(CH,U). 

45.21 (CH2 ), 54.96 (OCH3), 55.46 (OCH3), 60.47 (OCH3), 60.96 (OCH3), 110.88 (ArCH), 111.34 

(A r^ ), 121.25 (ArCH), 122.47 (ArCH), 127.47 (ArCH), 128.60 (QC), 132.16 (QC). 134.89 (QC), 

142.73 (Q£), 144.13 (Q£), 149.46 (QC), 150.56 (QC), 151.31 (QC), 151.34 (QC), 203.70 (C=Q)

Vmax (DCM)/cm'^: 2933.36, 2856.52, 2095.35, 1653.05 (C=0), 1509.71

HRMS [M+Na]" :̂ calculated 507.2179, found 507.2179, molecular formula (C27H36Na06Si)

7.2.11 Deprotection of C ring phenol: Synthesis of (Z)-8,9-dihydro-5-(3-hyclroxy-4- 

ethoxyphenyl)-l,2,3-trimethoxybenzo[7]annulen-7-one (2.03)

(2.22)

TBAF(l.leq)

THF, Ih , 0°C 
94%

OH
O ,

O

(2.03)

To a stirred solution of (2.22) (0.21 g, 0.43 mmol) in dry THF (5 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.48 mL, 0.48 mmol). After 1 h, the THF was 

blown off in a stream of nitrogen gas and the reaction mixture added directly to a silica gel 

column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; ethyl acetate) to yield (2.03) as a white solid (0.15 g, 94%).

Data already described.
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7.3 Synthesis o f sodium (5-((Z}-6.7-dihvdro-2.3.4-thmethoxv-7-oxo-5H- 

benzof71annulen-9-vl}-2-methoxvDhenvl)methvlDhosphonate (2.24)

7.3.1 Phosphate dibenzyl ester synthesis: Synthesis of dibenzyl (5-((Z)-6,7-dihydro- 

2,3,4-trimethoxy-7-oxo-5W-benzo[7]annulen-9-yl)-2- 

methoxyphenyl)methylphosphonate (2.23)

" O

' O

o

OH
O

1) DMAP (0.05 eq) 
CCl4 ( 5  eq) 

DIPEA (2.1 eq)

CH3 CN, 30 min, -10 °C
2) Dibenzyl phosphite (1.5 eq) 

CH3 CN, 16 h, 0 °C 
40%

(2.03)

To a stirred solution of (2.03) (0.23 g, 0.62 mmol) and DMAP (0.004 g, 0.033 mmol) in anhydrous 

acetonitrile (10 mL) under an atmosphere of nitrogen at -10 °C was added carbon tetrachloride 

(0.3 mL, 3.10 mmol) and A/,A/-diisopropylethylamine (0.23 mL, 1.30 mmol) dropwise. After 30 min, 

a solution of dibenzyl phosphite (0.24 g, 0.93 mmol) in anhydrous acetonitrile (1 mL) was added 

dropwise. The temperature of the reaction was allowed to increase to 0 °C and was left stirring at 

this temperature for 16 h. The reaction was then quenched by the addition o f 0.5 M monobasic 

potassium phosphate aqueous solution (50 mL). The reaction mixture was then extracted with 

diethyl ether (3 x 50 mL). The organic fractions were dried over MgS0 4 , filtered and concentrated 

in vacuo. The resulting residue was then purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (2.23) as a 

green oil (0.16 g, 40%).

Rf. 0.25 (1:2, hexane/ethyl acetate)
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NMR (CDCI3, 400 MHz) 6h ppm: 2.73 (2H, m, CH2 ), 3.15 (2H, m, CH2), 3.62 (3H, s, OCH3), 3.85 

(3H, s, OCH3), 3.91 (3H, s, OCH3), 3.94 (3H, s, OCH3), 5.16 (4H, d, J = 8.16 Hz, 2 x OCHj) 6.34 (2H, s, 

1 X C=CH and 1 x ArH), 6.94 (IH, d, J = 8.67 Hz, ArH), 7.08 (IH, s, ArH), 6.22 (IH, d, J = 9 Hz, ArH) 

NMR (CDCI3, 400 MHz) 6c ppm: 20.28 (Chb), 45.62 (Chb), 55.97 (OCH3), 56.01 (OCH3), 60.91 

(OCH3), 61.41 (OCH3), 69.69 (CH2 ), 69.94 (CH2 ), 111.69 (C=CH). 112.24 (ArCH), 122.55 (ArCH), 

122.58 (ArCH). 126.78 (ArCH), 127.89 (5 x ArCH), 128.47 (A r^ ), 128.58 (4 x ArCH), 129.19 (Q£), 

132 (QC), 135.17 (Q£), 135.50 (QC), 135.57 (QC), 139.23 (QC), 139.31 (Q£), 143.38 (QC), 150.08 

(QC), 150.51 (QC), 151.20 (QC), 151.49 (QC), 203.81 (C=0)

Vmax (DCM)/cm'^: 2091.99, 1650.96, 1512.87, 1493.77, 1454.10

HRMS [M+Na]" :̂ calculated 653.1916, found 653.1913, molecular formula (C3eH3 7 Na0 9 P)

7.3.2 Removal of benzyl groups and formation of disodium salt: Synthesis of sodium 

(5-((Z)-6,7-dihydro-2,3,4-trimethoxy-7-oxo-5H-benzo[7]annulen-9-yl)-2- 

methoxyphenyl)methylphosphonate (2.24)

O

(2.23)

1) (CH3)3SiBr(2.1eq) 

DCM, 1 h, 0 °C 
2) HjO, 5 min, RT

2) Sodium methoxide (2 eq) 
MeOH, 1 h, RT 

90%

(2.24)

To a stirred solution of (2.23) (0.16 g, 0.25 mmol) in dry DCM under an atmosphere of nitrogen at 

0 °C was added bromotrimethylsilane (0.07 mL, 0.52 mmol). After 1 h, the DCM was removed 

using a stream of nitrogen at room temperature and the resulting residue dissolved in distilled 

water (50 mL). The aqueous solution was then washed with diethyl ether (5 x 25 mL) and 

removed under reduced pressure. This residue was then re-dissolved in methanol (2 mL) and 

sodium methoxide (0.2 g, 0.37 mmol) was added to the stirred solution. After 1 h, the methanol 

was removed under reduced pressure to afford the disodium salt (2.24) as an off-white solid (0.8 

g, 90%).

Rf n/a
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NMR (CD3OD, 400 MHz) 6 h ppm; 2.67 (2H, m, CH2), 3.14 (2H, m, CH2), 3.64 (3H, s, OCH3), 3.90 

(6 H, s, OCH3), 3.91 (3H, s, OCH3), 6.43 (IH, s, C=CH), 6.51 (1H,S, ArH), 7.00 (IH, dd, Ji = 8.28 Hz, J2 =

2.03 Hz, ArH), 7.03 (IH, d, J = 8.48 Hz, ArH), 7.54 (IH, s, ArH),

NMR (CD3OD, 400 MHz) 6, ppm: 19.72 (CH2), 45.17 (CH2), 55.03 (OCH3), 55.10 (OCH3), 59.86 

(OGHs), 60.50 (OCH,). 111.68 (ArOH), 112.07 (ArCH), 121.51 (ArCH), 123.88 (ArOH), 127.12 (C =^), 

128.92 (QC), 132.38 (QC), 134.68 (Q£), 142.63 (QC), 143.32 (QC), 149.83 (QC), 151.24 (Q£), 152.06 

(QC), 152.81 (QC), 205.01 (C=0)

NMR (CD3 OD, 400 MHz) 6 p ppm: -3.00 

V m a x  (KBr)/cm'^: 3540.22, 2935.47, 1660.91, 1599.01, 1566.73 

HRMS [M+H]*: calculated 449.1007, found 449.1022, molecular formula (C2 1 H2 2 O9 P)

Melting point: 166-167 °C

7.4 Synthesis of 9-(3-ammo-4-methoxvDhenvl}-2.3.4-trimethoxv-5H-

benzof71annulen-7(6H)-one (2.25)

7.4.1 Preparation of Triflate: Synthesis of 7-((te/t-butyldiphenylsilyl)oxy)-2,3,4-| 

trimetlioxy-6,7-dihydro-5H-benzo[7]annulen-9-yl trifluoromethanesulfonate (2.26)

(2 .11)

1) D IP A (l.le q ) 
nBuLi (1.1 eq) 

THF, 35 min, -78 °C

2 ) (2 .11)

THF, 2 h, -78 °C

3) 2-[N,N-Bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (1.1 eq) 
THF, 4 h, -78 °C 

45% (2.26)

To a stirred solution of diisopropylamine (0.19 mL, 1.35 mmol) in dry THF at -78 °C under an 

atmosphere of nitrogen was added 2.5 M n-butyllithium solution in hexane (0.54 mL, 1.35 mmol). 

After 35 min, a solution of (2.11) (0.62 g, 1.23 mmol) in dry THF ( 8  mL) was added dropwise. The 

solution was stirred at -78 °C for 2 h and then a solution of 1-[N,N- 

Bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (0.53 g, 1.35 mmol) in dry THF ( 8  mL) was 

added. The solution was stirred at -78 °C for a further 4 h after which time the reaction was 

quenched with saturated sodium chloride aqueous solution (50 mL). The reaction mixture was
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then extracted with diethyl ether (3 x 25 mL). The organic fractions were dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl 

acetate) to yield (2.26) as an o ff white oil (0.35 g, 45%).

Rf-. 0.66 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.23 (9H, s, €(€^ 3 )3 ), 1.92 (IH, m, CH2 ), 2.27 (IH, m, ChU), 2.59 

(IH, m, CH2 ), 3.00 (IH, m, Chb), 3.76 (3H, s, OCH3), 3.87 (3H, s, OCH3), 3.93 (3H, s, OCH3),4.30 (IH, 

m, CHOSi), 6.13 (IH, d, J = 4.7 Hz, C=CH), 6.82 (IH, s, ArH), 7.38-7.48 (6 H, m, ArH) 7.67-7.78 (4H, 

m, ArH)

NMR (CDCI3 , 400 MHz) 6  ̂ppm: 19.13 (C(CH3 )3 ), 20.44 (Ctb), 26.59 (€(0 4 3 )3, 39.75 (CH2 ), 55.97 

(OCH,). 60.94 (OCH3), 61.53 (OCH3), 68.60 (CHOSi) 105.95 (ArCH), 126.55 (CH=C) 127.02 (QC) 

127.74 (2 x A r ^ ) ,  127.77 (2 x ArCH), 128.98 (QC), 129.67 (ArCH), 133.41 (QC), 133.58 (QC), 

134.84 (2 x ArCH), 135.26 (QC), 135.78 (2 x ArCH), 143.54 (Q£), 143.88 (QC), 150.89 (QC), 151.52 

(QC)

Vmax (DCM)/cm'^: 1645.38, 1491.19, 1211.82

HRMS [M+Na]"^: calculated 659.1723, found 659.1707 , molecular formula (C3 iH 3sF3 0 7 SSiNa)

7.4.2 Alternative preparation of triflate: Synthesis of 7-((tert-butyldiphenylsilyl)oxy)- 

2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-9-yl trifluoromethanesulfonate 

(2.26)

(2.11)

l)D IP A (1 .5 e q )  

nBuLi (1.5 eq)

THF, -78 °C, 20 min
 ►

2) (2.11)

THF, 2 h, -78 °C

3) 2-[N,N-bis(fluoromethylsulfonyl)amino-5-chloropvridine (2 eq) 

THF, 3 h, -78 °C 

72% (2.26)

To a stirred solution o f diisopropylamine (1.39 mL, 9.91 mmol) in dry THF (5 mL) at -78 °C under 

an atmosphere o f nitrogen was added 2.5 M n-butyllithium solution in hexane (3.96 mL, 9.91 

mmol). After 20 min, a solution of (2.11) (3.33 g, 6 . 6  mmol) in dry THF (20 mL) was added 

dropwise. The solution was stirred at -78 °C for 2 h and then a solution of 2-[N,N- 

bis(fluoromethylsulfonyl)amino]-5-chloropyridine (5.19 g, 13.21 mmol) in dry THF (20 mL) was
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added. The solution was stirred at -78 °C for a further 3 h after which time the reaction w; 

quenched with saturated sodium chloride aqueous solution (100 mL). The reaction mixture wi 

then extracted with diethyl ether (3 x 100 mL). The organic fractions were dried over MgSC 

filtered and concentrated in vacuo. The resulting residue was then purified by flash colun' 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/eth 

acetate) to yield (2.26) as an off-white oil (3.03 g, 72%).

Data already described.

7.4.3 Methylation of Phenol: Synthesis of 4-bromo-l-methoxy-2-nitrobenzene (2.27)

Mel (10 eq) 
K2 CO3  (3 eq)

Acetone, 3 h, reflux 
99%

(2.27)

To a stirred solution of 4-bromo-2-nitrophenol (5.46 g, 25.04 mmol) in acetone (60 mL) was add( 

potassium carbonate (10.38 g, 75.13 mmol) and iodomethane (15.59 mL, 250.45 mmol). T( 

reaction was heated under reflux for 3 h. The reaction was quenched by the addition of 2 M H 

aqueous solution (200 mL) and extracted with diethyl ether (3 x 100 mL). The organic fractio 

were dried over MgS0 4 , filtered and concentrated in vacuo. The product was not purified furth 

and afforded (2.27) as an off-white solid (5.78 g, 99%).

Rf. 0.39 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 3.98 (3H, s, OCH3), 7.01 (IH, d, J = 8.92 Hz, ArH), 7.65 (IH, dd, 

= 9 Hz, J2 = 2.48 Hz, ArH), 7.98 (IH, d, J = 2.5 Hz, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 56.29 (OCH3 ), 111.35 (QC), 114.74 (ArCH), 127.89 (ArQ 

136.50 (A r^ ) , 139.51 (QC), 151.69 (QC)

Vmax (DCM)/cm'^: 3105.13, 2980.33, 2948.81, 2845.25, 1906.06, 1605.52, 1516.15 

HRMS [M+H]*: calculated 231.9609, found 231.9254, molecular formula (CyHyBrNOs)

Melting Point: 86 °C
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7.4.4 Attempted Boronic Acid Synthesis: Attempted Synthesis of (4-methoxy-3- 

i nitrophenyl)boronic acid (2.28)

Br H O ^ ^ O Hi 1) nBuLi (1.6 eq) B
1

THF, 20 min, -78 °C
----------X-------- ► 1 /I

1 NO2 
0 2) triisopropyl borate (5.2 eq)

2 h, -78 °C

(2.27) 3) 2 h, -20 °C (2.28)
4) 12 h, RT

To a stirred solution of (2 .27 ) (2.12 g, 9.14 mmol) in dry THF (4 mL) under an atmosphere of 

nitrogen at -78 °C was added 2.5 M n-butyllithium hexane solution (5.85 mL, 14.62 mmol) 

dropwise. After 20 min, triisopropyl borate (7.28 mL, 47.51 mmol) was added and the solution 

was left stirring at -78 °C for 2 h. The tem perature was then increase to -20 °C and left to stir for a 

further 2 h. The temperature of the reaction was then allowed to increase to ambient and left 

stirring for 12 h. The reaction was then quenched by the addition of 2 M HCI aqueous solution 

! (100 mL) and extracted with diethyl ether (3 x 75 mL). The organic fractions were combined, dried
I

j over MgS04  and concentrated under reduced pressure to afford a crude black residue. The 

i reaction mixture was deemed to contain a complex mixture of compounds and thus the reaction
I

1 was not pursued further.
i

7.4.5 Reduction of nitro group; Synthesis of 5-bromo-2-methoxyaniline (2.29)

Sn Powder (1.96 eq)

EtOH/ Cone HCI, 5 h, RT 
100%

(2.27) (2.29)

To a stirred solution of (2 .27 ) (0.95 g, 4.09 mmol) in ethanol (30 mL) was added concentrated HCI 

(15 mL) and tin powder (0.95 g, 8 mmol). The reaction was stirred for 5 h. The solvent was then 

'removed in vacuo and the acid was neutralised by the slow addition of 2.5 M NaOH aqueous 

solution (13 mL) at 0 °C. The aqueous mixture was then extracted with diethyl ether (3 x 50 mL).
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The organic fractions were dried over MgS0 4 , filtered and concentrated in vacuo to afford (2.1 

as a brown solid (0.86 g, 100 %). The product was not purified further.

Rf. 0.43 (2:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 3.85 (3H, s, OCH3), 6.65 (IH, dd, Ji = 10.12, J2 = 2 Hz, ArH), 6. 

(IH, dd, Ji= 8.2 Hz, Jz= 2.44 Hz, ArH), 6.85 (IH, s, ArH)

“ C NMR (CDCI3, 400 MHz) 6c ppm: 55.18 (OCH3), 111.14 (ArCH), 116.87 (ArCH), 117.72 (Q 

120.23 (ArCH), 137.15 (QC), 145.90 (QC) '

Vmax (DCM)/cm‘ :̂ 3460.96, 3370.98, 1611.91, 1573.81

HRMS [M+H]'": calculated 201.9862, found 201.9855, molecular formula (CyHgBrNO)

Melting Point: 110 °C

7.4.6 Boc protection: Synthesis of tert-butyl (5-bromo-2-methoxyphenyl)carbama 

(2.30)

di-tert-butyl dicarbonate (1.1 eq)

(2.29) (2.30)

To a stirred solution of (2.30) (0.63 g, 3.12 mmol) in dry THF (5 mL) under an atmosphere 

nitrogen was added 1 M di-fe/t-butyl dicarbonate solution in THF (3.43 mL, 3.43 mmol). T 

reaction was heated under reflux at 80 °C for 24 h. The solvent was removed in vacuo and t 

resulting residue was purified by purified by flash column chromatography (stationary phai 

silica gel 230-400 mesh, mobile phase; 20:1, hexane/ethyl acetate) to yield (2.30) as clear oil (0. 

g, 98%).

Rf. 0.56 (3:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3, 400 MHz) 6h ppm: 1.55 (9H, s, €(€^[3)3), 3.87 (3H, s, OCH3), 6.71 (IH, d, J = 8.6  ̂

ArH), 7.08 (2H, dd, Ji= 8.6 Hz, Jz= 2.4 Hz, 2 x ArH), 8.30 (IH, s, br, ArNH)

“ C NMR (CDCI3, 400 MHz) 6c ppm: 27.85 (C (CH.). 55.39 (OCH3), 80.33 (C(CH3)3), 110.67 (ArQ 

113.09 (C3£), 120.17(ArOH), 124.22 (ArOH), 128.89(QC), 145.99 (QC), 151.95 (C=0)

Vmax (DCM)/cm ^ 3434.78, 2977.96, 2934.83, 1729.29,1595.81

HRMS [M+Na]" :̂ calculated 324.0211, found 324.0197, molecular formula (CnHieBrNOsNa)

298



7.4.7 Synthesis of carbamate protected boronic acid: Synthesis of (3-{{tert- 

butoxycarbony!)amino)-4-methoxyphenyl)boronic acid (2.31)

Br
1) Butylmagnesium chloride (2 eq) 

nBuLi (4 eq)
THF, 30 min, -5 °C

HO.g.OH

(2.30)

2) (2.30) (1 eq)
THF, 30 min, -5 °C 

3) Trimethyl borate (11 eq) 
THF, 3h,0°C 

n/a
(2.31)

To a stirred 3-necl<ed round bottomed flask containing THF (7 mL) at -5 °C under an atmosphere 

of nitrogen was added 2 M butylmagnesium chloride solution in THF (1.69 mL, 3.38 mmol). After 

10 min, 2.5 M n-butyilithium solution in hexane (2.7 mL, 6.75 mmol) was added dropwise. The 

solution was stirred at -5 °C for 30 min. A solution of (2.30) (0.51 g, 1.69 mmol) in dry THF (5 mL) 

was added dropwise and the solution was stirred for 30 min. Whilst maintaining the temperature 

at -5 °C, trimethyl borate (2.07 mL, 18.57 mmol) was added to the reaction mixture in a dropwise 

manner. The temperature of the reaction was allowed to gradually increase to 0 °C and was left 

stirring at this temperature for 3 h. The reaction was quenched with ammonium chloride aqueous 

solution (50 mL) and extracted with diethyl ether (3 x 50 mL). The organic fractions were dried 

over MgSOa, filtered and concentrated in vacuo. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 3:1, 

hexane/ethyl acetate) to yield (2.31) as part of a crude mixture. The crude product was not 

purified further but was carried forward to the next step.

Rf\ 0.22 (2:1, hexane/ethyl acetate)
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7.4.8 Suzuki Coupling: Synthesis of te/t-butyl (5-(7-((tert-butyldiphenylsilyl)oxy)-2,: 

trimethoxy-6,7-dihydro-5H-benzo[7]annulen-9-yl)-2-methoxyphenyl)carbamate (2.32

TBDPS
KjCOj {3 eq) 

PdlPPhj)^ (0.06 eq) t b :

Toluene/EtOH/HjO, 30 min, Reflux //
83% ^

(2.32)(2.31)

To a stirred solution of (2.26) (0.11 g, 0.17 mmol) in a mixture of toluene, ethanol and wate 

mL; 3: 1: 1) was added potassium carbonate (0.07 g, 0.52 mmol), (tetrakis(triphenyl)phosph 

palladium (0.01 g, 0.01 mmol) and (2.31) (0.06 g, 0.20 mmol). The reaction was heated ur 

reflux for 30 min after which time it was quenched by the addition of water (50 mL). The reac 

mixture was then extracted with diethyl ether (3 x 50 mL). The organic fractions were dried c 

MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by f 

column chromatography (stationary phase; silica gel 230-400 mesh, nriobile phase; 1 

hexane/ethyl acetate) to yield (2.32) as a yellow oil (0.1 g, 83%).

Rf. 0.29 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.09 (9H, s, SiC(CH3)3), 1.52 (9H, s, COOCiCHsh), 2.18-2.34 1 

m, 2 X  CH2 ), 3.67 (3H, s, OCH3), 3.71 (3H, s, OCH3), 3.88 (3H, s, OCH3), 3.90 (3H, s, OCJH3 ), 4.10-  ̂

(IH , m, CHOSi), 6.23 (IH, s, ArH), 6.36 (IH, d, J = 4.8 Hz, CH=C), 6.69 (IH , dd, Ji= 8.5 Hz, Jz= 2.1 

ArH), 7.03 (lH ,s , br, ArNH), 7.30 (IH, s, ArH), 7.32-7.40 (6 H, m, ArH), 7.62-7.70 (4H, m, ArH) 

NMR (CDCI3, 400 MHz) 6c ppm: 19.15 (SiC(CH3)s), 21.86 (CHj), 26.98 (C(CH3)3), 28.35 (C(gH 

43.83 (CH2 ), 55.75 ( ^ ) ,  56.03 (C ^ ) ,  60.83 (O^), 61.53 (CH3), 71.33 (CH), 80.36 (CO O C(CI 

108.79 (CH), 109.45 (CH), 118.13 (CH), 122.24 (CH), 127.43 (2 x ^ ) ,  127.52 (2 x ^ ) ,  127.76 (( 

128.01 (QC), 129.41 (CH), 129.44 (CH), 133.02 (CH), 134.24 (QC), 134.36 (QC), 134.41 (QC), 13- 

(QC), 135.74 (2 X CH), 135.84 (2 x CH), 137.88 (QC), 141.13 (QC), 147.15 (QC), 150.63 (QC), 15( 

(QC), 152.68 (C=0)

Vmax (DCM)/cm'^: 2931.45, 2856.77, 1730.76, 1589.65,1527.16

HRMS [M+Na]^: calculated 732.3332, found 732.2711, molecular formula (C4 2 H5 iN0 7 SiNa)
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4.9 Boronic acid ester synthesis; Synthesis of tert-butyl (2-methoxy-5-(4,4,5,5- 

!tramethyl-l,3,2-dioxaborolan-2-yl)phenyl)carbamate (2.33)

Br
Pd(dppf)Cl2  (0.03 eq) 

bis(pinacolato)-diboron (1 . 1  eq) 
KOAc (3 eq)

f '

DMSO, Ah, 80 °C 
40%

(2.30) (2.33)

a dry round bottomed flask containing [1 , 1 ’-

s(diphenylphosphino)ferrocene]dichloropalladium(ll) (0 .0 1 , 0 . 0 1  mmol), potassium acetate 

.11 g, 1.09 mmol) and bis(pinacolato)-diboron (0.1 g, 0.4 mmol) under an atmosphere of 

trogen was added a solution of (2.30) (0.11 g, 0.36 mmol) in dry DMSO ( 6  mL). The reaction was 

en heated under reflux at 80 °C under anhydrous conditions for 4 h. The reaction was quenched 

ith water (25 mL). The reaction mixture was then extracted with diethyl ether (3 x 50 mL). The 

ganic fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue 

as then purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

obile phase; 10:1, hexane/ethyl acetate) to yield (2.33) as a white solid (0.05 g, 40%).

: 0.44 (3:1, hexane/ethyl acetate)

I NMR (CDCI3, 400 MHz) 6 h ppm: 1.33 (12H, s, 2 x € (€ ^ 3 )2 , 1.54 (9H, s, C(CH3)3), 3.88 (3H, s, 

CH3), 6.87 (IH , d, J = 8.08 Hz, ArH), 7.06 (IH , s, br ArH), 7.48 (IN , dd, Ji= 8.08 Hz, i i  = 1.03 Hz, 

•H), 8.47 (IH , s, br, NH)

C NMR (CDCI3 , 400 MHz) 5, ppm: 25.04 (2 x  C(CHb)2 ), 28.39 (C(CH3 )s), 55.59 (OCH3 ), 80.05 

:(CH3 )3 ), 83.58 (2 X C(CH3 )2 ), 109.23 (ArCH), 124.11 (Q£), 127.52 (QC), 129.80 (2 x ArCH), 150.09 

l£), 152.50 (C=0)

,Ax (DCM)/cm’ :̂ 3443.03, 2979.23, 1732.52, 1604.30, 1536.44

RMS [M+Na]"': calculated 372.1958, found 372.1958, molecular formula (Ci8 H2 gBNNa0 5 ) 

elting Point: 104 °C
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7.4.10 Suzuki coupling of boronic ester w ith triflate: Alternative synthesis of tert-bi 

(5-(7-((te/t-butyldiphenylsilyl)oxy)-2,3/4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen  

yl)-2-methoxyphenyl)carbamate (2.32)

K2 CO3  (3 eq) 

Pd(PPh3 ) 4  (0.06 eq)TBDPS

Toluene/EtOH/HjO, 1 h, Reflux //

75% ^

(2.26) (2.33) (2.32)

To a stirred solution of (2.26) (0.05 g, 0.07 mmol) in a mixture of toluene, ethanol and water 

mL; 3: 1: 1) was added potassium carbonate (0.03 g, 0.22 mmol), (tetrakis(triphenyl)phosphir 

palladium (0.005 g, 0.004 mmol) and (2.33) (0.03 g, 0.09 mmol). The reaction was heated unc 

reflux for 1 h after which time it was quenched by the addition of water (50 mL). The reactii
I

mixture was then extracted with diethyl ether (3 x 50 mL). The organic fractions were dried ovi 

MgS04 , filtered and concentrated in vacuo. The resulting residue was then purified by fla: 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10 

hexane/ethyl acetate) to yield (2.32) as a yellow oil (0.04 g, 75%).

Data already described.
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F.4.11 One pot biaryl synthesis via in situ boronate formation: Alternative synthesis of 

»/t-butyl (5-(7-((tert-butyldiphenylsilyl)oxy)-2,3,4-trimethoxy-6,7-dihydro-5H-

)enzo[7]annulen-9-yl)-2-methoxyphenyl)carbamate (2.32)

1) Bis(pinacolato)-diboron (1.1 eq) 
KOAc (3 eq)

PdCljidppf) (0.03 eq)
DMF, 2h, 80 °C

2) (2.26) (2 eq) 
PdCl2 (dppf) (0.03 eq) 

NajCOj (aq. soln.)
DMF, 30 min, 80 °C 

43%
(2.31)

■() a clean, dry, round bottomed flask containing (2.31) (0.2 g, 0.66 nnmol) was added 

i(s(pinacolato)-diboron (0.18 g, 0.73 mmol), potassium acetate (0.2 g, 1.99 mmol) and [1,1'- 

i|s(diphenylphosphino)ferrocene]dichloropalladium(ll) (0.015 g, 0.02 mmol). The reaction vessel 

l|as flushed with nitrogen and maintained under an atmosphere of nitrogen. Dry DMF (4 mL) was 

flded to the mixture and the reaction was heated under reflux at 80°C for 2 h. A solution of 

1.26) (0.84 g, 1.32 mmol) in dry DMF (2 mL) and 2 M sodium carbonate aqueous solution (2 mL) 

i/ere added to the reaction mixture. A fresh quantity of PdCl2 (dppf) (0.015 g, 0.02 mmol) was also 

dded to the reaction which was then heated for a further 30 min at 80 °C. The reaction was 

jllienched by the addition o f water (50 mL) and extracted with diethyl ether (3 x 50 mL). The 

ifganic fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The resulting black 

K idue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

|iesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (2.32) as a yellow oil (0.2 g, 43%).

Mta already described.
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7.4.12 Silyl Deprotection: Synthesis of tert-butyi (5-(7-liydroxy-2,3,4-trimethoxy-6 

dihydro-5H-benzo[7]annulen-9-yl)-2-methoxyphenyl)carbamate (2.34)

(2.32)

TBAF(1 eq)

THF, l ) l h ,  0°C  

2) 23 h, RT 

76%

' O

OH

(2.34)

To a stirred solution of (2.32) (0.04 g, 0.06 mmol) in THF (1 mL) at 0 °C was added 1 

tetrabutylammonium fluoride solution (0.06 mL, 0.06 mmol) dropwise. The reaction was stirrei 

0 °C for 1 h and then allowed to increase to room tem perature and stirred for 23 h. The read  

mixture was then diluted with DCM (1 mL) and added directly to a silica column and purifiec 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; ' 

hexane/ethyl acetate) to yield (2.34) as an off-white solid (0.02 g, 76%).

Rf. 0.45 (1:1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.53 (9H, s, C(CH3 )3 , 2.11 ( IH , m, Chb), 2.37 ( IH , m, CH2 ), : 

( IH , m, CH2 ), 3.02 ( IH , m, CH2 ), 3.70 (3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 3.94 1 

s, OCH3 ), 4.18 (IH , m, CHOH), 6.36 (IH , d, J = 4.84 Hz, C=CH), 6.39 (IH , s, AriH), 6.79 (2H, s, 

ArH), 7.09 (IH , s, ArH), 8.20 (IH , s, br, NH)

NMR (CDCI3, 400 MHz) 6 c ppm: 21.39 (O b ), 27.90 (€(0 1 3 )3 ), 42.86 (CH2), 5.5.31 (OC H ,). 5! 

(OCH3), 60.42 (OCH3), 61.09 (OCH3), 69.42 (CHOH), 79.94 (C(CH3)3), 108.43 (ArCH), 109.00 (Ar 

117.11 (ArCH), 122.00 (ArCH), 127.48 (Q£), 127.65 (QC), 131.52 (CH=C), 133 .70  (QC), 134.91 (' 

138.39 (Q£), 140.92 (Q£), 147.73 (Q£), 150.28 (QC), 150.63 (Q£), 152.28 (Q£)

Vmax (DCM)/cm '^ 2066.14, 1643.67, 1528.58, 1488.47, 1406.30

HRMS [M+Na]"^: calculated 494.2155, found 494 .2211 , molecular formula (CaeHlssNNaOy) 

Melting Point: 180 °C
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..13 Oxidation: Synthesis of te/t-butyl (2-methoxy-5-(2,3,4-trimethoxy-7-oxo-6,7- 

iydro-5H-benzo[7]annulen-9-yl)phenyl)carbamate (2.35)

\

DMF, 3 h, RT 
63%

PDC (2 eq)

\

(2.34) (2.35)

a stirred solution o f (2.34) (0.08 g, 0.17 mmol) in DMF (2 mL) was added pyridinium 

hromate (0.13 g, 0,34 mmol). A fter 3 h, the reaction was quenched by the slow addition o f 2 M 

aqueous solution (15 mL) and the mixture was extracted w ith  diethyl ether (3 x 25 mL). The 

anic fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue 

5 then purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

bile phase; 4:1, hexane/ethyl acetate) to yield (2 .35) as a yellow oil (0.05 g, 63%).

0.43 (1:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: (1.51 (9H, s, C(CHa)3, 2.72 (2H, m, CH2 ), 3.15 (2H, m, CH2), 3.64

1, s, OCH3), 3.91 (3H, s, OCH3), 3.93 (3H, s, OCH3), 3.96 (3H, s, OCH3), 6.40 (IH , s, C=CH), 6.41 

I, s, ArH), 6.85 (IH , d, J = 8.5 Hz, ArH), 6.96 (IH , dd, Ji=  8.5 Hz, J j=  2 Hz, ArH), 7.10 (IH , s, ArH), 

1 (IH , s, br, NH)

NMR (CDCI3, 400 MHz) 6 c ppm: 20.24 (Chb), 28.33 (€(0 1 3 )3), 45.50 (Chb), 55.79 (OCH,). 56.11 

>l3), 60.92 (OCH3), 61.39 (OCH3 ), 80.60(C(CH3)b), 109.39 (ArOH), 112.18 (OH=C), 118.74 (ArCH), 

J.56 (ArCH), 127.89 (QC), 128.42 (ArCH), 129.22 (Ĉ C), 132.55 (Q£), 135.57 (QC), 143.25 (QC), 

5.15 (QC), 149.93 (Q£), 151.02 (QC), 152.12 (Q£), 152.57 (QC), 204.01 (C=0)

,x (DCM)/cm'^: 3435.99, 2930.00, 2854.43, 1728.64, 1652.10,1590.88 

MS [M+H]'^: calculated 470.2179, found 470.2173, molecular formula (C26H32NO7)
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7.4.14 Alternative oxidation of alcohol: Synthesis of Synthesis of te/t-butyl (2-meth
!

5-(2,3,4-trimethoxy-7-oxo-6,7-dihydro-5H-benzo[7]annulen-9-yl)phenyl)carbamate 

(2.35)

OH
DM P(l,5eq)

DCM, 30 min, RT 
99%

(2.34) (2 .35)

To a stirred solution of (2 .34 ) (0.07 g, 0.15 mmol) in DCM at room tem perature was added : 

Martin periodinane (0.09 g, 0.22 mmol). After 30 min, the reaction was quenched by the adi 

of saturated sodium bicarbonate aqueous solution (10 mL) and the reaction was extracted 

diethyl ether (3 x 25 mL). The organic fractions were combined, dried over MgS04 j 

concentrated in vacuo. The resulting residue was then purified by flash column chromatog! 

(stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) toi

(2 .35) as a yellow oil (0.07 g, 99%).

Data already described.

7.4.15 Removal of BOC group: Synthesis of 9-(3-amino-4-methoxyphenyl)-I 

trimethoxy-5H-benzo[7]annulen-7(6H)-one (2.25)

TFA

DCM, 1 h, 0 °C 

50%
NH

(2.25)
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I a round bottom flask containing (2.25) (0.04 g, 0.11 mmol) under an atmosphere of nitrogen 

as added a mixture of TFA and dry DCM (2 mL, 1:1) at 0 °C. After 1 h, the solvent was removed in 

'CUO. The resulting residue was then washed with sodium bicarbonate saturated aqueous 

lution (5 mL) and extracted with diethyl ether ( 3 x 5  mL). The organic fractions were dried over 

gS04 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

lumn chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

4tane/ethyl acetate) to yield (2.25) as a yellow oil (0.02 g, 50%).

:0.75 (1:2, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 2.72 (2H, m, CH2), 3.15 (2H, m, Chb), 3.65 (3H, s, OCH3), 3.91 

H, s, OCH3), 3.92 (3H, s, OCH3), 3.96 (3H, s, OCH3), 6.39 (IH , s, C=CH), 6.43 (IH , s, ArH), 6.74 (2H, 

, 2 X ArH), 6.78 (IN , d, J = 8.7 Hz, ArH)

: NMR (CDCI3, 400 MHz) 6c ppm: 20.28 (CH2), 45.71 (CHj), 55.57 (OCH3), 56.09 (OCH3), 60.95 

£H3>, 61.43 (OCH,). 109.76 (ArCH), 112.01 (ArCH), 115.54 (ArCH), 119.78 (ArCH), 127.82 (CH=C), 

J.06 (QC), 132.71 (QC), 135.45 (QC), 135.80 (QC), 143.14 (QC), 148.07 (QC), 149.87 (Q£), 151.00 

£), 152.30 (QC), 204.32 (C=0)

(DCM)/cm‘ :̂ 2933.52, 1651.25 (C=0), 1513.03, 1492.79, 1464.70 

(MS [M+H]*: calculated 370.1654, found 370.1657, molecular formula (C27H3806Si)

|.1 6  Salt Formation: Synthesis of 2-methoxy-5-{2,3/4-trimethoxy-7-oxo-6,7-dihydro- 

fbenzo[7]annulen-9-yl)benzenaminium chloride (2.36)

NH

(2.25)

O
HCI

Diethyl Ether, 5 min, RT 
100%

(2.36)

iseous HCI was bubbled through a solution of (2.25) (0.02 g, 0.05 mmol) in diethyl ether (2 mL). 

It resulting white precipitate was allowed to settle and the diethyl ether supernatant was 

moved. The precipitate was then washed with diethyl ether ( 3 x 2  mL) and then dried under 

cuum to yield (2.36) as a white solid (0.02 g, 100%)
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7.5 Synthesis of enantiomericallv pure (S)-methvl 3-hvdroxv-5-(2.3.

trimethoxvDhenvl}pentanoate (3.01)

7.5.1 Bioreduction: Synthesis of (S)-methyl 3-hydroxy-5-(2,3j

trimethoxyplienyl)pentanoate (3.07)

(2.07)

Yeast from Saccharomyces cerevisiae type II 0

---------------------------------------------------►  / O

H jO / Petroleum ether, 48 h, RT 

60%

OH O

(3.07)

To a clean, round bottomed flask was added (2.07) (1 g, 3.37 mmol), yeast from Saccharomyc 

cerevisiae type II (lOg), water (10 mL) and petroleum ether (150 mL). The flask was stoppered at 

shaken for 48 h. The supernatant was decanted through filter paper and the yeast extracted wl 

ethyl acetate (3 x 100 mL). The organic fractions were combined, dried over MgS04 , ai 

concentrated in vacuo. The resulting oily residue was then purified by flash colun 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/etH 

acetate) to yield (3.07) as clear, colourless oil (0.6 g, 60%).

[a] “  = -10.70 (c = 1.68, DCM)

All other data already described.

7.5.2 Bioreduction: Synthesis of (S)-ethyl 3-hydroxy-5-(2,3/

trimethoxyphenyl)pentanoate (3.08)

Yeast from Saccharomyces cerevisiae type II

H jO / Petroleum ether, 48 h, RT 

51%
(2.17) (3.08)

To a clean, round bottomed flask was added (2.17) (0.45 g, 1.45 mmol), yeast fro 

Sacctiaromyces cerevisiae, type II (4g), water (6 mL) and petroleum ether (100 mL). The flask w 

stoppered and shaken for 48 h. The supernatant was decanted through filter paper and the yea 

extracted with ethyl acetate (3 x 100 mL). The organic fractions were combined, dried ov
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MgS0 4 , and concentrated in vacuo. The resulting oily residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.08) as a clear colourless oil (0.23 g, 51%).

Data already described.

f.6  Determination of stereochemistry and absolute configuration of 

pioreduced alcohols (3.07) and (3.08)

7.6.1. Synthesis of (ff)-Mosher's ester of (2.08): Synthesis of methyl 3-(((f?)-3,3,3-

trlfluoro-2-methoxy-2-phenylpropanoyl)oxy)-5-(2,3#4-trimethoxyphenyl)pentanoate

(3.10)

DMAP(1.5eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(/?)-Mosher's acid (1.5 eq)

(2.08) (3.10)

a stirred solution of (2.08) (0.05 g, 0.17 mmol) in dry DCM (2 mL) was added DMAP (0.03 g, 

125 mmol), diisopropylethylamine (0.04 mL, 0.25 mmol), 2,6-dichlorobenzoyl chloride (0.04 mL, 

125 mmol) and (/?)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.06 g, 0.25 mmol) under 

an atmosphere of nitrogen. After 22 h, the reaction was quenched by the addition o f saturated 

indium bicarbonate aqueous solution (5 mL) and the product was extracted with diethyl ether (3 

<10 mL). The diethyl ether was dried over MgS0 4  and concentrated in vacuo. The resulting oily 

ffsidue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

fliesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.10) as a yellow oil (0.7 g, 81%).

0.53 (2:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 p ppm: - 71.81 (IF, s, CF3 ), - 71.99 (IF, s, CF3 )
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7.6.2 Synthesis of (/?)-Mosher's acid ester of (3.07): (S)-methyl 3-(((A?)-3,3/3-trifluoi 

methoxy-2-phenylpropanoyl)oxy)-5-(2,3,4-trimethoxyphenyl)pentanoate (3.11)

OH O

DMAP(1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(/?)-Mosher's acid (1.5 eq)

DCM, 8 h, RT 
51%

(3.07) (3.11)

To a stirred solution of (3.07) (0.06 g, 0.2 nnmol) in dry DCM (2 mL) was added DMAP (0.04 j 

nnnnol), diisopropylethylamine (0.05 mL, 0.3 mmol), 2,6-dichlorobenzoyl chloride (0.04 mL 

mmol) and (/?)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.07 g, 0.3 mmol) und( 

atmosphere of nitrogen. After 8  h, the reaction was quenched by the addition of satui 

sodium bicarbonate aqueous solution (5 mL) and the product was extracted with diethyl eth 

X  10 mL). The diethyl ether was dried over MgS0 4  and concentrated in vacuo. The resultini 

residue was then purified by flash column chromatography (stationary phase; silica gel 23(| 

mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.11) as a yellow oil (0.50 g, 51%).

Rf. 0.53 (2:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 2.00 (2H, m, CH2 ), 2.61 (2H, m, CH2 ), 2.70 (2H, m, CH2 ), 

(3H, s, OCH3 ), 3.61 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.87 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 

(IH, m, CHOCO), 6.63 ( IH, d, J = 8.5 Hz, ArH), 6.80 (IH, d, J = 8.5 Hz, ArH), 7.44 (3H, m, ArH),i 

(2H, m, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 25.67 (OU), 29.72 (QC), 34.96 (CHb), 38.39 (Chb), 51.84 (Q 

55.44 (OCH3 ), 56 (OCH,). 60.75 (OCH3 ), 60.86 (OCH3 ), 73.31 (CHOCO), 107.17 (ArOH), i: 

(ArCH), 124.74 (QC), 126.48 (QC), 127.49 (2 x ArCH), 128.41 (2 x ArCH), 129.60 (ArCH), l: 

(QC), 142.26 (QC), 151.80 (QC), 152.41 (Q£), 165.91 (C=0), 170.25 (C=0)

NMR (CDCI3 , 400 MHz) 6 p ppm: - 71.81 (IF, s, CF3 ), - 71.99 (IF, s, CF3 )

HRMS [M+Nar: calculated 537.1712, found 537.1679, molecular formula (C2 5 H2 9 F3 0 gNa)
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6.3 Synthesis of (S)-Mosher's ester of (3.07); Synthesis of (S)-methyl 3-(((S)-3,3/3- 

ifluoro-2-methoxy-2-phenylpropanoyl)oxy)-5-(2,3/4-trimethoxyphenyl)pentanoate 

.12)

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(S)-Mosher's add (1.5 eq)

o
0

0

OH O

DCM, 16 h, RT 
77%

(3.07) (3.12)

I a stirred solution of (3.07) (0.06 g, 0.2 mnnol) in dry DCM (2 mL) was added DMAP (0.04 g, 0.3 

irtol), diisopropylethylamine (0.05 mL, 0.3 mmol), 2,6-dichlorobenzoyl chloride (0.04 mL, 0.3 

IHol) and (S)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.07 g, 0.3 mmol) under an 

IHosphere of nitrogen. After 16 h, the reaction was quenched by the addition of saturated 

dium bicarbonate aqueous solution (5 mL) and the product was extracted with diethyl ether (3 

1C mL). The diethyl ether was dried over MgS0 4  and concentrated in vacuo. The resulting oily 

sidue was then purified by flash column chromatography (stationary phase; silica gel 230-400  

»sh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.12) as a yellow oil (0.50 g, 77%).

0.82 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.95 (2H, m, Chb), 2.51 (2H, m, Chb), 2.74 (2H, m, Chb), 3.59 

H, s, OCH3 ), 3.68 (3H, s, OCH3 ), 3.83 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 5.55

H, m, CHOCO), 6.60 ( IN , d, J = 8.5 Hz, ArH), 6.72 (IH , d, J = 8.5 Hz, ArH), 7.42 (3H, m, ArH), 7.60 

■{, m, ArH)

: NMR (CDCI3, 400 MHz) 6 c ppm: 25.43 (CH2 ), 34.87 (CH2 ), 38.53 (CH2 ), 51.92 (OCH3), 55.44 

JH3), 55.98 (OCH3), 60.72 (OCH3), 60.82 (OCH3), 73.21 (CHOCO), 107.14 (ArCH), 123.71 (ArCH), 

6.55 (Q£), 127.43 (2 x ArCH), 128.41 (2 x ArCH), 129.62 (ArCH), 132.23 (Q£), 142.25 (QC),

I.8 0  (QC), 152.36 (QC), 165.99 (C=0), 170.45 (C=0)

NMR (CDCI3 , 400 MHz) 6 p ppm: - 71.31 (IF , s, CF3 ), - 71.49 (IF , s, CF3 )
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7.6.4 Synthesis of (S)-Mosher's ester of (3.08): Synthesis of (S)-ethyl 3-(((S)- 

trifluoro-2-methoxy-2-phenylpropanoyl)oxy)-5-(2,3/4-trimethoxyphenyl)pentanoat 

(3.13)

To a stirred solution of (3.08) (0.05 g, 0.16 nnmol) in dry DCM (2 mL) was added DMAP (C 

0.24 mmol), diisopropylethylamine (0.04 mL, 0.24 mmol), 2,6-dichlorobenzoyl chloride (O.C 

0..24 mmol) and (S)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.06 g, 0.24 i 

under an atmosphere of nitrogen. After 16 h, the reaction was quenched by the addit 

saturated sodium bicarbonate aqueous solution (5 mL) and the product was extractec 

diethyl ether (3 x 10 mL). The diethyl ether was dried over MgS0 4  and concentrated in vacu 

resulting oily residue was then purified by flash column chromatography (stationary phase 

gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.13) as a yellow oil (( 

59%).

Rf. 0.44 (3:1, hexane/ethyl acetate)

NMR (CDCIj, 400 MHz) 6 h ppm: 1.26 (3H, m, CH3), 1.93 (2H, m, CH2 ), 2.49 (2H, m, CHj 

(2H, m, CH2 ), 3.59 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.87 (3H, s, OCH3), 4.] 

m, CH2 ), 5.57 (IH, m, CHOCO), 6.59 ( IH , d, J = 8.5 Hz, ArH), 6.71 (IH , d, J = 8.5 Hz, ArH), 7.4 

m, ArH), 7.59 (2H, m, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 13.62 (CH3 ), 24.96 (ChU), 34.72 (O i) ,  38.31 (CH,). 

(OCH3 ), 55.52 (OCH,). 60.27 (OCH3 ), 60.36 (OCH,). 60.48 (Chb), 72.76 (CHOCO), 83.93 (Q£), ; 

(ArCH). 123.24 (ArCH), 126.15 (Q£), 126,95 (2 x ArCH), 127.93 (2 x ArCH), 129.14 (ArOl), : 

(QC), 141.76 (QC), 151.33 (0£), 151.87 (Q£), 165.49 (C=0), 169.54 (C=0)

NMR (CDCI3 , 400 MHz) 6 f ppm: - 71.57 (IF , s, CF3 ), - 71.81 (IF , s, CF3 )

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(S)-Mosher's acid (1.5 eq)

DCM, 16 h, RT 
59%
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1.5 Synthesis of (/?)-Mosher's ester of (3.08): Synthesis of (S)-ethyl 3-({(R)-3,3,3-

fluoro-2-methoxy-2-phenylpropanoyl)oxy)-S-(2,3>4-trimethoxyphenyl)pentanoate

14)

O

(3.08)

OH 0

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(/?)-Mosher's acid (1.5 eq)

DCM, 16 h, RT 
89%

(3.14)

^ Stirred solution of (3.08) (0.06 g, 0.19 mmol) in dry DCM (2 mL) was added DMAP (0.04 g, 

S mm.ol), diisopropylethylamine (0.05 mL, 0.29 mmol), 2,6-dichlorobenzoyl chloride (0.04 mL, 

9 mmol) and (/?)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.07 g, 0.29 mmol) under 

itmosphere of nitrogen. After 16 h, the reaction was quenched by the addition of saturated 

lium bicarbonate aqueous solution (5 mL) and the product was extracted with diethyl ether (3 

D mL). The diethyl ether was dried over MgS0 4  and concentrated in vacuo. The resulting oily 

idue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

mobile phase; 4:1, hexane/ethyl acetate) to yield (3.14) as a yellow oil (0.09 g, 89%).

0.44 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.21 (3H, m, CH3 ), 2.00 (2H, m, CH2 ), 2.62 (2H, m, Chb), 2.73 

, m, CH2 ), 3.59 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.87 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 4.07 (2H, 

CH2 ), 5.57 (IH , m, CHOCO), 6.61 ( IH , d, J = 8.5 Hz, ArH), 6.80 (IH , d, J = 8.5 Hz, ArH), 7.42 (3H, 

ArH), 7.58 (2H, m, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 13.58 (CH.). 25.19 (Chb), 29.25 (QC), 35.50 (CH,). 38.14 (CH,). 

97 (OCH3), 55.52 (OCH3), 60.26 (OCH3), 60.36 (OCH,). 60.38 (CH2), 72.89 (CHOCO), 84.00 (QC), 

i.70 (ArCH), 121.42 (QC), 123.25 (ArCH), 124.29 (QC), 126.08 (QC), 127.04 (2 x ArCH), 127.93 (2 

r ^ ) ,  129.13 (ArCH), 131.67 (QC), 141.78 (QC), 151.34 (QC), 151.93 (QC), 165.43 (C=0), 169.35 

0)

NMR (CDCI3 , 400 MHz) 6 p ppm: - 72.01 (IF, s, CF3 ), - 72.11 (IF, s, CF3 )
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7.7 Synthesis o f enantiomericallv pure (S)-9-(3-hvdroxv-4-methoxvDh

2.3.4-trimethoxv-6.7-dihvdro-5H-benzof71annulen-7-ol (3.01)

7.7.1 Silyl protection of P-hydroxy group: Synthesis of (3S)-3-

butyldiphenylsilyl)oxy]-5-(2,3,4-trimethoxyphenyl)pentanoate (3.15)

TBDPSCI (2 eq) 
Imidazole (2.1 eq)

OH O
DMF, 16 h, RT

O

(3.07) (3 .15)

To a stirred solution o f (3.07) (7 .48  g, 25 .24  m m ol) in dry D M F (30  m L) under anhy  

conditions was added te/t-butyldiphenylsilyl chloride (13 .13  mL, 5 0 .4 9  mmol)) and imidazole! 

g, 53 .01  m m ol). A fte r 16 h, the reaction was quenched by the  addition  o f w ater (100 mL; 

reaction m ixture was then  extracted w ith  diethyl e th er (3 x 100 mL). The d iethyl e th er exi 

w ere  dried over MgS04 , filtered and concentrated under vacuum . The resulting residue 

purified by flash column chrom atography (stationary phase; silica gel 2 3 0 -4 0 0  mesh, nr 

phase; 10:1, hexane/ethyl acetate) to  yield (3.15) as a clear oil (13 .28  g, 98% ).

[a]^^ = + 2 8 .8 6  (c =  18.5, DCM)

All o th er data already described.
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.2 Hydrolysis of methyl ester: Synthesis of (3S)-3-[(tert-butyldiphenylsilyl)oxy]-5- 

f,4-trlmethoxyphenyl)pentanoic acid (3.16)

NaOH (aq. soln.) 
THF/MeOH, 1) lh ,0°C

2) 24 h, RT 
46%

OH
(3.16)

a stirred solution of (3.15) (13.28 g, 24.74 mmol) in a mixture of methanol (100 mL) and THF 

mL) at 0 °C was added 2.5 M NaOH aqueous solution (30 mL). After 1 h, the temperature was 

•ased to room temperature and the reaction was left stirring for a further 24 h. The solution 

:1hen acidified with 2 M HCI aqueous solution (50 mL) and the volatile organic phase removed 

i r  reduced pressure. The aqueous reaction mixture was then extracted with diethyl ether (3 x 

mL). The diethyl ether extracts were dried over MgS04 , filtered and concentrated in vacuo. 

resulting residue was then purified by flash column chromatography (stationary phase; silica 

2.30-400 mesh, mobile phase; ethyl acetate) to yield (3.16) as a white solid (5.94 g, 46%).

■= + 33.14 (c = 7, DCM)

j^her data as previously described.

J  Cyclisation: Synthesis of (7S)-7-[(tert-butyldiphenylsilyl)oxy]-l,2,3-trimethoxy- 

£,S-tetrahydro-5H-benzo[7]annulen-5-one (3.17)

0 I 0
Oxalyl Chloride (5 eq) q  

DMF (cat

DCM, 2 h, 0 °C

,^/TBDPS

.16)

Tin (IV) Chloride (1 eq) 

 »
DCM, 1 h, -20 °C 

54% over two Steps

(S)) 0
TBDPS
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To a stirred solution of (3.16) (5.94 g, 11.36 mmol) in dry DCM (30 mL) and DMF (0.5 mL) at 0 °C 

under an atmosphere of nitrogen was added 2 M oxalyl chloride solution (28.41 mL, 56.82 mmol) 

dropwise. The solution was left stirring for 2 h at 0 °C after which time the solvent was removed 

under high vacuum at room temperature. The residue was left to dry under high vacuum for 2 h 

after which time the residue was reconstituted with dry DCM (50 mL) under an atmosphere of 

nitrogen. The temperature of the solution was reduced to -20 °C using a sodium chloride ice bath 

and 1 M tin (IV) chloride solution in DCM (11.36 mL, 11.36 mmol) was added dropwise. After 1 h, 

the reaction was quenched by the addition of saturated sodium chloride aqueous solution (100 

mL) and the mixture was extracted with diethyl ether (3 x 150 mL). The organic fractions were 

combined, dried over MgS04 , filtered and concentrated in vacuo. The resulting residue was then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to yield (3.17) as a yellow oil (3.08 g, 54%).

[a]o = + 7.14(c = 7, DCM)

All other data as previously described.

7.7.3 Deprotection: Synthesis of (S)-6,7,8,9-tetrahydro-7-hydroxy-l,2,3-

trimethoxybenzo[7]annulen-5-one (3.18)

(3.17)

TBAF(l.leq) 
 *

THF, 1) 30min, 0°C 
2) 3 h, RT 

56%

O
(S)} OH

O

(3.18)

To a stirred solution of (3.17) (3.34 g, 6.62 mmol) in THF (15 mL) at 0 °C was added 1 M 

tetrabutylammonium fluoride solution (7.29 mL, 7.29 mmol) dropwise. After 30 min, the 

temperature was allowed to increase to room temperature and left stirring for a further 3 h. The 

reaction mixture was then added directly to a silica gel column and purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.18) as a yellow oil (0.93 g, 56%).

[a] ^̂  = -8 .24  (c =8.5, DCM)

All other data as previously described.
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7.7.4 Organolithium Coupling: Synthesis of (7S)-9-{3-[(tert-butyldimethylsilyl)oxy]-4- 

methoxyphenyl}-2,3/4-trimetlioxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (3.19)

(2.14)

1) nBuLi (3 eq) 

THF, 40m in, -78 °C

2) (3.18) ( le q )  

THF, Ih ,  0°C

3) 4 h, RT 

4) HCI (aq. soln.) 

59%

(S ))  OH

To a stirred solution o f (2.14) (3 .33 g, 10 .48  m m ol) in dry THF (10 mL) under an atm osphere o f 

nitrogen at -78 °C was added 2.5 M  n-butyllith ium  solution in hexane (4 .19  mL, 10 .48  mm ol) 

dropwise. A fter 40  m in, a solution o f (3.18) (0 .93 g, 3 .49 m m ol) in dry THF (5 mL) was added to  

the reaction. A fter 1 h, the tem pera tu re  was increased to  am bient and left stirring fo r a fu rther 4 

h. The reaction was quenched by the  addition o f 2 M  HCI aqueous solution (50  mL) and then  

extracted w ith  diethyl e th er (3 x 50 mL). The organic fractions w ere com bined, dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was then purified by flash column 

chrom atography (stationary phase; silica gel 2 3 0 -400  mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.19) as a yellow  resin (1 g, 59 %).

[a] ^̂  = -4 7 .2 5  (c = 8, DCM)

All o ther data as previously described.
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7.7.5 Deprotection of C-ring phenol: Synthesis of (S)-9-(3-hydroxy-4-methoxyphenyl)- 

2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (3.01)

THF, lh ,0 °C  
96%

TBAF(2 eq)

O .

( S ) )  OH

OH
\

(3.19) (3.01)

To a stirred solution of (3.19) (0.04 g, 0.12 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.23 mL, 0.23 mmol). After 1 h, the THF was 

blown off in a stream of nitrogen gas and the reaction mixture added directly to a silica gel 

column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; ethyl acetate) to yield (3.01) as a white solid (0.04 g, 96%).

[ a ] o = - 6 3  (c = 2, DCM)

All other data as previously described.

7.8 CBS reduction: Attempted synthesis of (R)-methvl 3-hvdroxv-5-/2.3.4- 

trimethoxvDhenvliDentanoate

7.8.1 CBS reduction of |3-ketoester: Attempted synthesis of (/7)-methyl 3-hydroxy-5- 

(2,3/4-trimethoxyphenyl)pentanoate (3.20)

0 0
BH3 (0.6 eq)

CBS reagent (0.1 eq)

(2.07)

THF, 12 h, RT 
61%

(3.20)
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Procedure A:

To a stirred solution of (S)-(-)-2-Methyl-CBS-oxazaborolidine (0.05 g, 0.17 mmol) in dry THF (5 mL) 

was added (2.07) (0.5 g, 1.69 mmol) in dry THF (2 mL) followed by 1 M BH3  solution in THF (1.01 

mL, 1.01 mmol) under an atmosphere of nitrogen. After 12 h, the reaction was quenched by the 

addition of water (20 mL). The reaction mixture was then extracted with diethyl ether (3 x 25 mL). 

The organic fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The resulting 

oily residue was then purified by flash column chromatography (stationary phase; silica gel 230- 

400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.20) as a clear oil (0.31 g, 61%).

Data already described.

Procedure B:

To a stirred solution of 1 M  BH3 in dry THF (0.28 mL, 0.28 mmol) and (S)-(-)-2-Methyl-CBS- 

oxazaborolidine (0.01 g, 0.05 mmol) in dry THF (3 mL) was added a solution of (2.07) (0.14 g, 0.46 

mmol) in dry THF (1 mL) dropwise under an atmosphere of nitrogen. After 24 h, the reaction was 

quenched by the addition of water (5 mL). The reaction mixture was then extracted with diethyl 

ether (3 x 10 mL). The organic fractions were dried over MgS0 4 , filtered and concentrated in 

vacuo. The resulting oily residue was then purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.20) as a clear 

oil (0.01 g, 7%).

Data already described.

Procedure C:

To a stirred solution of 1 M BH3  in THF (0.20 mL, 0.20 mmol) and (S)-(-)-2-Methyl-CBS- 

oxazaborolidine (0.09 g, 0.34 mmol) in dry THF (3 mL) was added a solution of (2.07) (0.1 g, 0.34  

mmol) in dry THF (1 mL) dropwise under an atmosphere of nitrogen. After 24 h, the reaction was 

quenched by the addition of water (5 mL). The reaction mixture was then extracted with diethyl 

ether (3 x 10 mL). The organic fractions were dried over MgS0 4 , filtered and concentrated in 

vacuo to afford the starting materials unchanged.
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7.8.2 Synthesis of (/7)-Mosher's acid ester of CBS reduced alcohol (3.20): Synthesis of 

methyl 3-((/?)-3,3/3-trifluoro-2-methoxy-2-phenylpropanoyloxy)-5-(2,3,4-

trimethoxyphenyl)pentanoate (3.21)

OH O

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(/?)-mosher's add (1.5 eq)

DCM, 16 h, RT 
90%

(3,20) (3.21)

To a stirred solution o f (3.20) (0.06 g, 0.2 mmol) in dry DCM (2 mL) was added DMAP (0.04 g, 0.3 

mmol), diisopropylethylamine (0.05 mL, 0.3 mmol), 2, 6 -dichlorobenzoyl chloride (0.04 mL, 0.3 

mmol) and (/?)-(+)-a-Methoxy-a-(trifluoromethyl)phenylacetic acid (0.07 g, 0.3 mmol) under an 

atmosphere of nitrogen. After 16 h, the reaction was quenched by the addition of saturated 

sodium bicarbonate aqueous solution (5 mL) and the product was extracted with diethyl ether (3 

X 10 mL). The diethyl ether was dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting oily residue was then purified by flash column chromatography (stationary phase; silica 

gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (3.21) as a yellow oil (0.1 g, 

90%).

NMR (CDCI3 , 400 MHz) 6 p ppm: - 71.81 (IF, s, CF3 ), - 71.99 (IF, s, CF3 )
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7.9 Mitsunobu reaction: Attempted inversion of configuration to afford (7R)-

6.7.8.9-tetrahvdro-1.2.3-trimethoxv-5-(methoxvmethoxv)-5H-benzof71annulen-7- 

vl formate

7.9.1 Attempted Mitsunobu reaction: Attempted synthesis of (/7)-methyl 3- 

(formyloxy)-5-(2,3/4-trimetlioxyphenyl)pentanoate (3.22)

OH O

(3.07)

1) P P h ji le q )  

Formic acid (2 eq)

 X---
2) DIAD (1 eq) 

THF, 24 h, RT

(3.22)

To a stirred solution o f (3.07) (0.08 g, 0.26 mmol), triphenylphosphine (0.07 g, 0.26 mmol) and 

form ic acid (0.02 mL, 0.52 mmol) in dry THF under an atmosphere o f nitrogen at 0 °C was added 

diisopropyl azodicarboxylate (0.05 mL, 0.26 mmol) dropwise. A fter 24 h, the starting material was 

recovered unchanged.

7.9.2 Attempted mitsunobu reaction: Alternate attempted Synthesis of (ff)-methyl 3- 

(formyloxy)-5-(2,3,4-trimethoxyphenyl)pentanoate (3.22)

OH O

(3.07)

1) PPhj (3 eq) 

Formic acid (2 eq)

THF, 20 min, RT

 X  ►
2) DIAD (3 eq)

THF, 75 min, RT
(3.22)

To a stirred solution o f (3.07) (0.12 g, 0.4 mmol) and triphenylphosphine (0.32 g, 1.2 mmol) in dry 

THF (15 mL) was added form ic acid (0.03 mL, 0.8 mmol)) under an atmosphere o f nitrogen. After 

20 min DIAD (0.24 mL, 1.2 mmol) was added dropwise. A fter 75 min, the reaction was quenched 

by the addition o f brine (50 mL) and the proposed product was extracted w ith  diethyl ether (3 x
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50 mL). The organic fractions were combined, dried over IVIgS0 4 , filtered and concentrated under 

reduced pressure. The resulting residue was purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) and the major product 

isolated. However on subsequent analysis it was found not to be the product of interest.

7.10 Removing source of coniuaation: Use of acetate. MEM. THP and MOM  

protecting aroups

7.10.1 Reduction: Synthesis of (7S)-7-((tert-butyldiphenylsilyl)oxy)-l,2,3-trimethoxy- 

6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-ol (3.24)

o

NaBH4(1.5 eq)

MeOH/THF, 5m in ,0°C  

75%
HO

(3.17) (3.24)

To a stirred solution of (3.17) (0.32 g, 0.63 mmol) in methanol (3 mL) and THF (1.5 mL) at 0 °C was 

added NaBH4  (0.04 g, 0.95 mmol). After 5 min, the reaction was quenched by the addition of 

water (25 mL). The organic solvent was then removed under reduced pressure and the resulting 

residue extracted with diethyl ether (3x 20 mL). The organic fractions were combined, dried over 

MgS0 4  and filtered. The solvent was then removed in vacuo to afford (3.24) as a white solid (0.24 

g, 75%).

Rf 0.06 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.12 (9H, s, major diastereomer, C(CH3 )3 ), 1.17 (9H, s, minor 

diastereomer C(CH3 )3 ), 1.33-1.43 (IH, m, minor diastereomer, CH2 ), 1.64 (2H, m, minor and major 

diastereomers, CH2 ), 1.69 (IH, s, minor diastereomer, CH2 ), 1.73-1.83 (2H, m, minor and major 

disastereomers, CH2 ), 1.86-1.96 (IH, major diastereomer, CH2 ), 1.96-2.05 (2H, m, minor and major 

diastereomers, CH2 ), 2.21 (IH, br s, major diastereomer, OH), 2.45 (IH, br s, minor diastereomer, 

OH), 2.98-3.02 (2H, m, minor and major diastereomers, CjH2 ), 3.24-3.30 (IH, m, minor and major 

diastereomers, CH2 )/ 3.80 (3H, s, major diastereomer, OCH3 ), 3.81 (3H, s, minor diastereomer, 

OCH3 ), 3.87 (3H, s, major diastereomer, OCH3 ), 3.88 (3H, s, minor diastereomer, OCH3 ), 3.88 (3H,
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s, major diastereomer, OCH3), 3.89 (3H, s, minor diastereomer, OCH3) , 4.22 (IH, s br, major 

diastereomer, CH), 4.30 (IH, m, minor diastereomer, CH), 4.70 (IH, m, major diastereomer, CH), 

5.43 (IH, m, minor diastereomer, CH), 6.78 (IN, s, major diastereomer, ArH), 6.95 (IH, s, minor 

diastereomer, ArH), 7.41-7.52 (6H, m, minor and major diastereomers, ArH), 7.72-7.80 4H, m, 

minor and major diastereomers, ArH).

NMR (CDCI3, 400 MHz) 6c ppm: 17.70 (CH2), 18.29 (CH2), 19.16 (C(CHs)3), 19.44 (C(CH3)3), 26.98 

(C(CH3)3), 27.13 (C(CH3)3), 34.99 (CHj), 35.47 (Chb), 44.80 (O i), 55.99 (OCH3), 56.01 (OCH3), 60.87 

(O C H,). 60.89 (OCH3), 61.37 (OC H .). 69.55 (CHOSi), 73.86 (CHOH), 103.71 (ArCH), 125.78 (QC), 

127.68 (2 X A r^ ), 127.72 (2 x ArCH), 129.74 (ArCH), 129.79 (ArCH), 129.87 (ArCH), 129.90 (A r^ ), 

133.64 (QC), 134.23 (QC), 134.55 (QC), 134.82 (Q£), 135.85 (2 x ArOl), 135.90 (2 x ArCH), 139.49 

(QC), 140.59 (QC), 141.00 (Q£), 141.11 (QC), 150.94 (QC), 151.03 (QC), 151.07 (Q£), 151.11 (QC) 

Vmax (DCM)/cm'^: 3468.99, 2933.46, 1603.34, 115.09

HRMS [M+Na]"': calculated 529.2386, found 529.4425, molecular formula (C3oH3s0 5 SiNa)

Melting point: 57-59 °C

7.10.2 Acetate Synthesis: Synthesis of (7S)-7-((teit-butyldiphenylsilyl)oxy)-l,2,3-

trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-yl acetate (3.25)

Acetic anhydride (2 eq) 
DMAP (1 eq)

DIPEA (2 eq) 

 ►
(S)) O

HO

DCM, 1 h, 0 °C 

100%

(3.24) (3.25)

To a stirred solution of (3.24) (0.24 g, 0.47 mmol) in dry DCM under an atmosphere of nitrogen at 

0 °C was added acetic anhydride (0.09 mL, 0.95 mmol), DMAP (0.06 g, 0.47 mmol) and N,N- 

diisopropylethylamine (0.17 mL, 0.95 mmol). After 1 h, 2 M HCI aqueous solutions (25 mL) was 

added. The reaction mixture was then extracted with diethyl ether (3x 20 mL). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo to yield (3.25) as a 

yellow oil (0.26 g, 100%)

Rf. 0.34 (3:1, hexane/ethyl acetate)
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NMR (CDCI3, 400 MHz) 6 h ppm: 1.11 (9H, s, major diastereomer, CiCHajs), 1.16 (9H, s, minor 

diastereomer ClCHsjs), 1.32 (IH , m, major diastereomer, CH2 ), 1.78 (2H, m, minor diastereomer, 

CH2 ), 1.90-1.93 (2H, m, minor and major diastereomers, CH2 ), 2.05 (3H, s, minor diastereomer, 

CHOCOCH3), 2.13 (5H, s, major and minor diastereomers, 1 x CHOCOCH3, 1 x CH2 ), 2.20 (IH , m, 

minor diastereomer, CH2 ), 2.74 (IH , m, minor diastereomer, CH2 ), 3.10-3.13 (3H, m, minor and 

major diastereomers, CH2 ), 3.82 (3H, s, major diastereomer, OCJI3), 3.86 (3H, s, minor 

diastereomer, OCH3), 3.89 (3H, s, major diastereomer, OCH3), 3.90 (3H, s, major diastereomer, 

OCjHa), 3.93 (3H, s, minor diastereomer, OC]i), 3.94 (3H, s, minor diastereomer, OCH3), 4.07-4.16 

(IH , m, major diastereomer, CJHOSi), 4.22 (IH , m, major diastereomer, CHOCOCH3), 5.57 (IH , m, 

minor diastereomer, CHOSi), 5.69 (IH , m, minor diastereomer, CHOCOCH3), 6.63 (IH , s, major 

diastereomer, ArH), 6.70 (IH , s, minor diastereomer, ArH), 7.39-7.49 (12H, m, major and minor 

diastereomers, ArH), 7.75-7.78 (8 H, m, major and minor diastereomers, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 18.66 (CH2 ), 19.05 (C(CH3)3), 19.19 (C(CH3)3), 20.78 (COCOCH3), 

2 1 . 1 1  (COCOCH3), 25.39 (CH2 ), 26.60 (€(0 1 3 )3 ), 27.04 (€(0 1 3 )3 ), 36.01 (CH2 ), 36.30 (O i) ,  41.38 

(CH2 ), 43.71 (CH2 ), 56.02 (2 x OCH3). 60.85 (OCH3), 61.01 (OCH3), 61.36 (OCH3), 61.47 (OCH3), 

69.78 (CHOCOCH3), 70.10 (OHOCOCHs), 72.48 (OHOSi), 72.94 (CHOSi), 103.20 (ArCH), 106.53 

(ArCH), 122.99 (QC), 126.33 (A r^ ) , 127.29 (A r^ ), 127.51 (ArCH), 127.55 (ArCH), 127.62 (ArCH). 

127.65 (ArCH), 127.71 (ArCH), 128.51 (ArCH). 129.62 (ArOH), 129.59 (ArCH), 132.41 (QC), 133.25 

(ArCH), 134.25 (QC), 134.85 (ArCH), 135.31 (QC), 135.81 (ArCH) 135.88 (ArCH), 135.92 (ArCH), 

136.07 (QC), 141.20 (Q£), 141.63 (QC), 143.53 (QC), 149.44 (Q£), 150.84 (QC), 150.92 (QC), 150.99 

(Q£), 151.26 (Q£), 151.37 (QC), 169.71 (C=0), 176.97 (C=0)

VMAx(DCM)/cm'^: 2932.91, 1740.77, 1604.43, 1240.40

HRMS [M+Na]" :̂ calculated 571.2492, found 571.2467, molecular formula (C3 2 H4oQ6SiNa)

7.10.3 Silyl deprotection: Synthesis of (7S)-6,7,8,9-tetrahydro-7-hydroxy-l,2,3-

trimethoxy-5H-benzo[7]annulen-5-yl acetate (3.26)

TBAF (2 eq)

THF, 1) 30 min,0°C 
2) 24 h, RT 

100%
(3.26)(3.25)
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To a stirred solution of (3.25) (0.24 g, 0.44 mmol) in dry THF (1 mL) at 0 °C under an atmosphere 

of nitrogen was added 1 M TBAF solution in THF (0.48 mL, 0.48 mmol). After 30 min, the 

temperature of the reaction was allowed to increase to ambient. After 24 h, the THF was removed 

under reduced pressure and the resulting residue added directly to a silica gel flash column and 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 1:1, hexane/ethyl acetate) to afford (3.26) as an off-white solid (0.14 g, 100%).

R f. 0.17 (1:1, hexane/ethyl acetate)

^H NMR (CDCI3, 400 MHz) 6 h ppm: 1.24-1.37 ( IH , m, major diastereomer, CH2), 1.64-1.68 ( IH , m, 

minor diastereomer, CH2), 1.75-1.88 (2H, m, major and minor diastereomers, CH2), 1.94-1.95 (IH , 

m, minor diastereomer, CH2), 2.12 (4H, s, major and minor diastereomers, 1 x CFb and 1  x 

CHOCOCH3), 2.21 (3H, s, major diastereomer, CHOCOCH3), 2.23-2.35 (3H, m, major and minor 

diastereomers, 3 x CH2), 2.74-2.80 ( IH , m, minor diastereomer, CH2), 3.05-3.11 (IH , m, minor 

diastereomer, CH2), 3.24-3.30 (IH , m, major diastereomer, CH2), 3.80 (3H, s, minor diastereomer, 

OCH3), 3.81 (3H, s, major diastereomer, OCH3), 3.85 (3H, s, minor diastereomer, OCH3), 3.86 (3H, 

s, major diastereomer, OCH3), 3.87 (6 H, s, major and minor diastereomers, 2 x OCH3), 4.04-4.15  

( IH , m, major diastereomer, CHOH), 4 .18-4.24 (IH , m, minor diastereomer, CHOSi), 5.83 (IH , d, J 

= 10.22 Hz, major diastereomer, CHOCOCH3), ( IH , d, J = 8.63 Hz, minor diastereomer, CHOCOCH3), 

6 . 6 8  ( IH , s, minor diastereomer, ArH), 6.71 (IH , s, major diastereomer, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 18.99 (Chb), 19.25 (CH2 ), 21.27 (COCOCH,). 21.29 (COCOCH3 ), 

35.85 (Chb), 42.79 (Chb), 56.03 (2 x OCH3 ), 60.82 (OCH3 ), 60.85 (OCH.). 61.36 (2 x OCH3 ), 68.76 

(CHOH), 70.72 (COCOCH3 ), 71.41 (CHOH), 72.33 (COCOCH3 ), 104.04 (ArCH), 107.70 (ArCH), 125.30 

(Q£), 127.20 (QC), 135.29 (QC), 135.65 (Q£), 141.39 (QC), 141.85 (Q£), 150.97 (QC), 151.10 (Q£), 

151.31 (QC), 151.38 (QC), 169.71 (C=0), 170.09 (C=0)

Vmax (DCM)/cm'^: 3429.60 (OH), 2935.05, 2858.00, 1735.93 (C=0), 1601.83

HRMS [M+Na]^: calculated 333.1314, found 333.1302, molecular formula (Ci6 H2 2 Na 0 6 )

Melting point: 28-30 °C
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7.10.4 Mitsunobu attempt B: Attempted synthesis of (7A?)-7-(formyloxy)-l,2,3- 

trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-yl acetate (3.27)

O

(S)> OH

1) PPh3(3 eq) 
Formic acid (3 eq) 
THF, 20 min, RT

O,r
— X —

2)DIAD (3 eq) 
THF, 3h, RT V O

(3.26) (3.27)

To a stirred solution of triphenylphosphine (0.33 g, 1.26 mmol) and formic acid (0.05 mL, 1.26 

mmol) in dry THF (5 mL) at room tem perature under an atmosphere of nitrogen was added a 

solution of (3 .26) (0.13 g, 0.42 mmol) in dry THF (1 mL). After 20 min, DIAD (0.25 mL, 1.26 mmol) 

was added and the reaction was left stirring for further 3 h. The reaction was then quenched by 

the addition of w ater (20 mL) and extracted with diethyl ether (3 x 20 mL). The organic fractions 

were combined, dried over MgS04 and concentrated in vacuo. The resulting oily residue was 

found to contain a complex mixture of compounds by TLC analysis and was not purified further.

7.10.5 Attempted MEM protection: Attempted synthesis of ((75)-5-((2-

methoxyethoxy)methoxy)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5H-benzo[7]annulen-7- 

yloxy)(te/t-butyl)diphenylsilane (3.28)

HO

 X  ►
DCM, 24 h, 0 °C

MEMCI(1.5eq) 
DIPEA (1.5 eq)

O

(3.24) (3.28)
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To a stirred solution of (3.24) (0.84 g, 1.66 mmol) in dry DCM (10 mL) under an atmosphere of 

nitrogen at 0 °C was added methoxyethoxymethyl chloride (0.28 mL, 2.49 mmol) followed by 

DIPEA (0.43 mL, 2.49 mmol). After 24 h, the starting materials were found to remain unchanged 

and the reaction was not pursued.

7.10.6 MEM protection: Synthesis of ((7S)-5-((2-methoxyethoxy)methoxy)-6,7,8,9-

tetrahydro-l,2,3-trimethoxy-5H-benzo[7]annulen-7-yloxy)(te/t-butyl)diphenylsilane

(3.28)

.Si
O'

X
MEMCI (1.5 eq) 

NaH(1.5 eq)

DCM, 1) 1 h, 0 °C 

2) 24 h, RT 

77%

(3.24) (3.28)

To a stirred solution of (3 .24) (0.77 g, 1.52 mmol) in dry DCM (10 mL) at 0 °C under an atmosphere 

of nitrogen was added MEMCI (0.26 mL, 2.28 mmol) and sodium hydride 60% dispersion in 

mineral oil (0.09 g, 2.28 mmol). After 1 h, the reaction was allowed to reach room temperature 

and the reaction was stirred for a further 24 h. The reaction was quenched by the addition of ice 

water (50 mL). The reaction mixture was then extracted with diethyl ether (3 x 100 mL). The 

diethyl ether extracts were dried over MgS04 , filtered and concentrated under vacuum. The 

resulting residue was purified by flash column chromatography (stationary phase; silica gel 230- 

400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield a mixture containing (3.28) as a 

yellow oil (0.7 g, 77%).

Rf. 0.34 (3:1, hexane/ethyl acetate)

HRMS [M+Na]"': calculated 617.2911, found 617.2928, molecular formula (C34H46Na07$i)

327



7.10.7 Attempted MEM removal: Attempted synthesis of {7S)-7-{(tert-

butyldiphenylsilyl)oxy)-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-ol

(3.24)

" O

o.

( S ) ) - „ Q -/
Si

/

(3.28)

ZnBr2 (1.1 eq)
 X —

DCM, 1) 2 h, 0 °C 
2) 24 h, RT

(S) ■ :nO

(3.24)

To a stirred solution of (3.28) (0.07 g, 0.12 mmol) in DCM (2 mL) at 0 °C was added zinc bromide 

(0.03 g, 0.13 mmol). After 2 h, the temperature was allowed to reach ambient. The reaction was 

left stirring for a further 24 h after which time the starting materials remained unchanged. The 

reaction was thus not pursued.

7.10.8 THP protection: Synthesis of ((7S)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-

(tetrahydro-2H-pyran-2-yloxy)-5H-benzo[7]annulen-7-yloxy)(tert-butyl)diphenylsilane

(3.29)

3,4-dihydro-2H-pyran (1.5 eq) 
p-toluenesulfonic acid (1 mol %)

DCM, 25 min, RT 
94%

(S)

HO

(3.24) (3.29)

To a stirred solution o f (3.24) (0.17 g, 0.36 mmol) in DCM (5 mL) was added 3,4-dihydro-2H-pyran 

(0.05 mL, 0.5 mmol) and p-toluenesulfonic acid (0.6 mg, 3.34 |imol). After 25 min, the reaction

328



was quenched by the addition of saturated sodium bicarbonate aqueous solution (20 mL). The 

reaction was then extracted with diethyl ether (3 x 30 mL). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, 

hexane/ethyl acetate) to yield (3.29) as a clear oil (0.20 g, 94%). Due to the complex 

stereochemistry of compound (3.29), this approach was not pursued.

7.10.9 MOM protection: Synthesis of ((7S)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulen-7-yloxy)(tert-butyl)diphenylsilane (3.30)

HO

Lithium bromide (10 eq) 
p-toluenesulfonic acid (0.5 eq)

 ]

Dimethoxymethane, 2 h, RT 
74%

..O

o.

(3.24) (3.30)

To stirred solution of (3.24) (0.1 g, 0.2 mmol) in dimethoxymethane (2 mL) was added lithium  

bromide (0.17 g, 1.97 mmol) and p-toluenesulfonic acid (0.02 g, 0.1 mmol). After 2 h, the reaction 

was quenched by the addition of water (10 mL). The reaction mixture was then 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 then purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield 

(3.30) as a clear oil (80 m g, 74%).

Rf 0.40 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 1.08 (9H, s, major diastereomer, C(CH3)3), 1.17 (9H, s, minor 

diastereomer C(CH3 )3 ), 1.28-1.39 (2H, m, minor and major diastereomers, CH2 ), 1.65-1.78 (2H, m, 

minor and major diastereomers, CJH2 ), 1.89-2.05 (3H, m, minor and major diastereomers, CH2 ), 

2.15-2.24 (2H, m, major diastereomer, Cj^), 2.83 (IH , s, minor diastereomer, CH2 ), 2.98-3.04 ( IH , 

m, minor diastereomer, CH2 ), 3.13-3.22 (IH , q, J = 7.16 Hz, major diastereomer, CjH2 ), 3.25 (3H, s, 

major diastereomer, OCH3), 3.35 (3H, s, minor diastereomer, OCH3), 3.80 (3H, s, minor 

diastereomer, OCH3), 3.82 (3H, s, major diastereomer, OCH3), 3.87 (6H, s, major and minor 

diastereomers, OCH3), 3.90 (6H, s, minor and major diastereomers, OCH3), 3.94-4.05 (2H, m.
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major and minor diastereomers, CHOSi), 4.32 (IH, s, br, minor diastereomer, CHOCH2 ), 4.44 (IH, 

d, J = 10.85 Hz, major diastereomer, CHOCH2) 4.51 (IH, d, J = 6.6 Hz, major diastereomer, 

CHOCH2OCH3), 4.55 (IH, d, J = 6.6 Hz, major diastereomer, CHOCH2OCH3), 4.61 (2H, br s, minor 

diastereomer, CHOCH2OCH3), 6.79 (IH, s, minor diastereomer, ArH), 6.87 (IH, s, major 

diastereomer, ArH), 7.38-7.50 (6H, m, minor and major diastereomers, ArH), 7.70-7.80 (4H, m, 

minor and major diastereomers, ArH).

NIVIR (CDCI3, 400 MHz) 6c ppm: 18.14 (Cbb), 19.17 (C(CH3)3), 19.29 (Chb), 19.35 (C(CH3)3), 26.95 

(C(CH3)3), 27.09 (C(CH3)3), 34.41 (CH2), 42.55 (CH2), 44.73 ( ^ ) ,  55.46 (OCH3), 55.56 (OCH3), 56.00 

(OCH,). 60.87 (O C H ,). 61.34 (OC H ,). 61.39 (OC H ,). 69.89 (CHOCH2), 70.89 (CHOCHj), 73.49 

(CHOSi), 94.44 (OCH2OCH3), 103.14 (ArCH), 124.89 (Q£), 127.62 (2 x ArOH), 129.65 (2 x ArCH), 

134.36 (Q£), 134.38 (Q£), 134.41 (QC), 134.51 (Q£), 135.83 (2 x ArCH), 135.87 (2 x ArCH), 135.89 

(2 x A r^ ), 138.07 (QC), 140.71 (QC), 150.86 (QC), 150.89 (QC), 151.10 (QC), 151.42 (QC).

Vmax (DCM)/cm‘ :̂ 2932.45, 2857.24, 1643.74, 1600.21

HRMS [M+Na]" :̂ calculated 573.2648, found 573.2669, molecular formula (C3 2 H4 2 NaOeSi)

7.10.10 MOM removal attempt A: Attempted synthesis of tert-butyldiphenyl{[(7ff)- 

l,2,3-trimethoxy-5-(methoxymethoxy)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-7- 

yl]oxy}silane (3.32)

(R )

O

O ,

Zirconium (IV) chloride (1 eq)

------X------
IPA, 1) 24 h, RT 

2) 1 h, 70 °C

(R)

HO

(3.31) (3.32)

To a stirred solution of (3.31) (0.2 g, 0.36 mmol) in IPA (6 mL) was added zirconium (IV) chloride 

(0.08 g, 0.36 mmol). The reaction was left stirring for 24 h after which time the starting materials 

remained unchanged. The reaction was then heated to 70 “C under reflux for 1 h after which time 

complete consumption of the starter material and the appearance of an elimination side product 

was detected. The reaction was thus not pursued.
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7.10.11 MOM removal attempt B: Attempted synthesis of tert-butyldiphenyl{[(7/7)-

l,2,3-trimethoxy-5-(methoxymethoxy)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-7- 

yl]oxy}silane (3.32)

O ,

DCM, 5 min, -78 °C

HO

(3.31) (3.32)

To a stirred solution of (3.31) (0.02 g, 0.04 mmol) in dry DCM (1 mL) at -78 °C under an 

atmosphere of nitrogen was added bromotrimethylsilane (0.02 mL, 0.15 mmol). After 5 min, the 

reaction was quenched the addition of water (5 mL) and extracted with diethyl ether ( 3 x 5  mL). 

The organic fractions were combined, dried over MgS04 , filtered and concentrated under reduced 

pressure to afford a crude mixture. A complex mixture of products was observed. Therefore, the 

reaction was not pursued.

7.10.12 MOM removal attempt C: Attempted synthesis of tert-butyldiphenyl{[(7/?)-

l,2,3-trimethoxy-5-(methoxymethoxy)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-7- 

yl]oxy}silane (3.32)

O ,

DCM, 5 min, -30 °C

HO

(3.31) (3.32)

To a stirred solution of (3.31) (0.02 g, 0.04 mmol) in dry DCM (1 mL) at -30 °C under an 

atmosphere of nitrogen was added bromotrimethylsilane (4.79 |iL, 0.04 mmol). After 5 min, the 

DCM was removed by blowing with a stream of nitrogen gas. The resulting residue was added
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directly to a silica gel column and purification by flash column chromatography was attempted  

(stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate). However, 

the proposed product was not stable to purification by a silica gel flash column. Therefore, the 

reaction was not pursued.

7.10.13 MOM removal attempt D and subsequent oxidation: Synthesis of tert- 

butyldiphenyl{[(7/?)-l,2,3-trlmethoxy-5-(methoxymethoxy)-6,7,8,9-tetrahydro-5H- 

benzo[7]annulen-7-yl]oxy}sllane (3.34)

TBDPS TBDPSTBDPS
AICI3  (1 eq) 

Nal (1 eq) DM P(1.5 eq)

HO DCM, 1 h, RT 
42% over two stepsCH3 CI/DCM, 30 mln, RT

(3.31) (3.32) (3.34)

To a stirred solution of (3.31) (1.96 g, 3.47 mmol) in a mixture of acetonitrile and DCM (2:1, 24 

mL) at room tem perature was added aluminium chloride (0.46 g, 3.47 mmol) and sodium iodide 

(0.52 g, 3.47 mmol). After 30 min, the reaction was quenched by the addition of saturated sodium 

bicarbonate aqueous solution (50 mL) and the reaction extracted with DCM (3 x 10 mL). To a 

stirred solution of the combined organic fractions was added Dess-Martin periodinane (2.21 g, 

5.21 mmol). After 1 h, the reaction was quenched by the addition of saturated sodium 

bicarbonate aqueous solution (50 mL) and the reaction 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 then purified by flash column chromatography (stationary phase; silica 

gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (3.34) as a yellow oil (0.73 g, 

42%).

Rf 0.32 (3:1, hexane/ethyl acetate)

[a] = - 55.56 (c = 9, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.06 (9H, s, C(CHs)3 ), 1.88-1.90 ( IH , m, Chb), 2.00-2.10 (IH , m, 

CH2 ), 2 .92-2.98 (2H, m, CH2 ), 3.04-3.10 ( IH , m, CH2 ), 3.10-3.19 (IH , m, Chb), 3.86 (3H, s, OCH3 ), 

3.89 (3H, s, OCH3 ), 3.95 (3H, s, OCH3 ), 4.30-4.35 ( IH , m, CHOSi), 7.17 ( IH , s, ArH), 7.38-7.47 (6 H, 

m, ArH), 7.64-7.77 (4H, m, ArH)
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NMR (CDCI3, 400 MHz) 6c ppm: 18.70 (ClCH l̂s), 21.47 (Ob), 26.40 (ClOUla, 35.88 (Chb), 49.84 

(CH,). 55.52 (OCH3), 60.44 (OCH3), 60.71 (OCHO. 67.76 (CHOSi) 107.00 (ArCH), 127.20 (2 x A r^ ), 

127.23 (2 X ArCH), 129.28 (ArCH), 129.34 (ArCH), 130.44 (QC), 133.27 (QC), 133,46 (QC), 134.17 

(QC), 135.31 (2 X (ArCH), 135.36 (2 x ArCH), 145.05 (Q£), 150.60 (QC), 150.29 (QC), 199.29 (C=0) 

Vmax (DCM)/cm'^: 2933.24, 2857.01, 1672.08 (C=0), 1589.68

HRMS [M+Na]*: calculated 527.223, found 527.2244, molecular formula (CjoHseNaOsSi)

7.11 Attempted inversion of configuration: Mitsunobu reaction using M OM  

ether protected alcohol

7.11,1 Silyl deprotection: Synthesis of (7S)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxY)-5W-benzo[7]annuien-7-o! (3.35)

O,

o.
\

(3.30)

TBAF (1.5 eq)

THF, 1) 1 h ,0°C  

2) 24 h, RT 

87%

O

csj) OH

o.

o.
\

(3.35)

To a stirred solution of (3.30) (2.65 g, 4.81 mmol) in dry THF under an atmosphere of nitrogen at 0 

°C was added 1 M tetrabutylammonium fluoride solution (7.22 mL, 7.22 mmol) dropwise. After 

Ih, the temperature was allowed to increase to ambient. After a further 24 h, the reaction was 

quenched by the addition of water (50 mL). The reaction mixture was then extracted with diethyl 

ether (3 x 20 mL). The organic fractions were combined, dried over MgS04 , filtered and 

concentrated in vacuo. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 1:1, hexane/ethyl acetate) to yield (3.35) as a 

yellow oil (1.31 g, 87%).

Rf 0.17 (1:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3, 400 MHz) 6h ppm: 1.52-2.31 (8H, m, minor and major diastereomers, CH2), 2.56 

( IH , s, br, major diastereomer, Cjli), 2.71-2.81 ( IH , m, minor diastereomer, CH2), 2.93-3.04 ( IH ,
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m, minor diastereomer, CH2), 3.11-3.21 (IH , m, major diastereomer, CH2), 3.37 (3H, s, minor 

diastereomer, OCH3), 3.39 (3H, s, major diastereomer, OCH3), 3.78 (3H, s, minor diastereomer, 

OCH3), 3.79 (3H, s, major diastereomer, OCH3), 3.83 (6H, s, minor and major diastereomers, 2 x 

OCH3), 3.86 (3H, s, minor diastereomer, OCjHa), 3.87 (3H, s, major diastereomer, OCH3), 4.04-4.13  

( IH , m, major diastereomer, CHOSi), 4.21-4.30 (IH , m, minor diastereomer, CHOSi), 4.55-4.68  

(4H, m, minor and major diastereomers, 2 x OCH2OCH3), 4.71-4.77 ( IH , m, major diastereomer, 

CHOCH2O), 4.88-4.95 (IH , m, minor diastereomer, CHOCH2O), 6.68 (IH , s, minor diastereomer, 

ArH), 6.70 (IH , s, major diastereomer, ArH)

NIVIR (CDCI3, 400 MHz) 6c ppm: 18.41 (CH2), 18.74 (CHj), 35.73 (CH2), 36.28 (CH2), 41.79 (CH,). 

55.44 (OCH.). 55.64 (OCH3), 56.01 (OCH3), 60.83 (OCH3), 61.36 (OCH3), 68.76 (CHOSi), 71.58  

(^ O S i) ,  94.09 (OCH2OCH3), 94.21 (OCH,OCH.). 107.49 (ArCH), 127.20 (Q£), 136.12 (QC), 136.75 

(0 £ ), 141.40 (QC), 150.79 (Q£), 150.91 (Q£), 151.24 (QC), 151.27 (QC)

Vmax (DCM )/cm ‘ :̂ 3421.29 (OH), 2934.96, 1725.21, 1599.92

HRMS [M+Na]"^: calculated 335.1471, found 335.1463, molecular formula (Ci6 H2 4 NaOb)

7.11.2 Mitsunobu attempt C: Attempted synthesis of (7/?)-l,2,3-trimethoxy-5- 

(methoxymethoxy)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-7-yl formate (3.36)

"0

( S ) )  OH

O,

^ O

(3.35)

PhjP (1 eq) 
Formic acid (2 eq) 

DIAD (1 eq)

 X ------------
THF, 16 h, RT

O
O,

^ 0

(3.36)

To a stirred solution of (3.35) (0.08 g, 0.26 mmol), triphenylphosphine (0.07 g, 0 .26 mmol), and 

formic acid (0.02 mL, 0.51 mmol) at 0 °C in dry THF (2 mL) under an atmosphere of nitrogen was 

added DIAD (0.05 mL, 0.26 mmol) dropwise. After 16 h, the starting materials were found to be 

unchanged therefore the reaction was not purified further.
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7.11.3 Mitsunobu attempt D and hydrolysis of formate ester: Synthesis of 6,7,8,9- 

tetrahydro-l,2,3-trimethoxy-5-(methoxymethoxy)-5H-benzo[7]annulen-7-ol (3.37)

OH(S)) OH

PhjP (3 eq) O 

Formic acid (3 eq)
I DIAD (3 eq) NaOH (aq. soln.)

(3.35) jHF, 1 ) 0 °C, 10 min (3.36) IVIeOH, 5 min, 0 °C (3-37) 

2)16 h, RT 55%
85%

To a stirred solution of (3.35) (0.97 g, 3.11 mmol), triphenylphosphine (2.45 g, 9.32 mmol), and 

formic acid (0.35 mL, 9.32 mmol) in dry THF (10 mL) under an atmosphere of nitrogen at 0 °C was 

added DIAD (1.83 mL, 9.32 mmol) dropwise. After 10 min the reaction was allowed to increase to 

ambient and the reaction was left stirring for a further 16 h. The reaction was quenched by the 

addition of water (50 mL). The reaction mixture was then extracted with diethyl ether (3 x 25 mL). 

The organic fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting oily residue was then purified by flash column chromatography (stationary phase; silica 

gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to afford a mixture containing (3.36) 

as a yellow oil (0.9 g, 85%). The product was not purified further.

To a stirred solution of the mixture containing (3.36) (0.9 g, 2.64 mmol) in methanol (5 mL) at 0 °C 

was added 2.5 M NaOH aqueous solution (2 mL) dropwise. After 5 min, the methanol was 

removed under reduced pressure and the resulting aqueous phase was acidified with 2 M HCI 

aqueous solution (10 mL). The reaction mixture was then extracted with diethyl ether (3 x 25 mL). 

The organic fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting oily residue was then purified by flash column chromatography (stationary phase; silica 

gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to afford (3.37) as a yellow oil (0.45 g, 

55%).

Rf 0.17 (1:1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.52 (2H, m, major and minor diastereomers, CH2 ), 1.76-1.93 

(4H, m, major and minor diastereomers, CH2 ), 2.14 (2H, m, major and minor diastereomers, CH2 ), 

2.35 ( IH , m, minor diastereomer, CH2 ), 2.64-2.70 ( IH , m, major diastereomer, CJi), 2.88-2.93 ( IH , 

m, major diastereomer, CH2 ), 3.07-3.13 (IH , m, minor diastereomer, CH2 ), 3.27 (3H, s, major
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diastereomer, OCH2OCH3), 3.32 (3H, s, minor diastereomer, OCH2OCH3), 3.70 (3H, s, major 

diastereomer, OCH3), 3.71 (3H, s, minor diastereomer, OCH3 )/ 3.75 (3H, s, major diastereomer, 

OCHa)/ 3.76 (3H, s, minor diastereomer, OCH3), 3.78 (3H, s, major diastereomer, OCH3), 3.93-3.99  

( IH , m, major diastereomer, CH), 4.16 (IH , m, major diastereomer, CH), 4.48-4.54 (2H, m, major 

and minor diastereomers, CH2), 4.61-4.65 (2H, m, major and minor diastereomers, CH2), 4.82-4.84  

2H, m, minor diastereomers, CK2), 6.61 (IH , s, major diastereomer, ArH), 6.69 ( IH , s, minor 

diastereomer, ArH)

NMR (CDCI3, 400 MHz) 5, ppm: 18.71 (CH2 ), 35.74 ( ^ ) ,  36.15 (CH2 ), 41.68 (CH2 ), 55.27 

(OCH.). 55.49 (OCH3 ), 55.87 (2 x OCH3 ), 60.68 (2 x OCH,). 61.22 (OCH3 ), 61.23 (OCH3 ), 68.44 (CH), 

69.60 (CH), 71.55 (OH), 74.15 (CH), 94.05 (CH2 ), 94.19 ( O i ) ,  105.3 (ArO i), 107.59 (ArCH). 127.22 

(QC), 136.76 (QC), 141.13 (QC), 141.27 (Q£), 150.68 (Q£), 150.97 (QC), 151.05 (QC), 151.12 (QC) 

HRMS [M+Na]'": calculated 335.1471, found 335.1496, molecular formula (Ci6 H2 4 NaOe)

7.11.4 Silyl protection: Synthesis of te/t-butyldiphenyl((l,2,3-trimethoxY-5-

(methoxymethoxy)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-7-yl)oxy)silane (3.38)

' O

o.

(3.37)

Imidazole (2.1 eq) 
OH TBDPSCl (2 eq)

DMF, 16 h, RT 
86% O,

(3.38)

To a stirred solution of (3.37) (0.42 g, 1.35 mmol) and imidazole (0.19 g, 2.84 mmol) in dry DMF 

(10 mL) under an atmosphere of nitrogen at room tem perature was added ferf-butyldiphenylsiiyl 

chloride (0.7 mL, 2.69 mmol). After 16 h, the reaction was quenched by the addition of w ater (25 

mL) and the reaction 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 then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 20:1, hexane/ethyl acetate) to yield (3.38) as a colourless oil (0.64 g, 8 6 %).

Rf. 0.40 (3:1, hexane/ethyl acetate)

^H NMR (CDCI3, 400 MHz) 6 h ppm: 1.11 (9H, s, minor diastereomer, C(CHs)3), 1.19 (9H, s, major 

diastereomer C(CH3 )3), 1.30-1.42 (2H, m, minor and major diastereomers, CH2 ), 1.70-1.78 (2H, m.
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minor and major diastereomers, CH2 ), 1.97-2.09 (3H, m, minor and major diastereomers, CH2 ), 

2.20-2.23 (2H, m, minor diastereomer, C]!?)/ 2.86 (IH , s, major diastereomer, CH2 ), 3.01-3.08 (IH , 

m, major diastereomer, CH2 ), 3.18-3.23 (IH , q, J = 7.20 Hz, minor diastereomer, CH2 ), 3.28 (3H, s, 

minor diastereomer, OCH3 ), 3.38 (3H, s, major diastereomer, OCH3 ), 3.82 (3H, s, major 

diastereomer, OCH3 ), 3.84 (3H, s, minor diastereomer, OCH3 ), 3.88-3.91 (13H, m, minor and major 

diastereomers,l x CHOSi, 4 x OCH3 ), 4.03 (IH , m, minor diastereomer, CHOSi), 4.35 (IH , s, br, 

major diastereomer, CHOCH2 ), 4.47 (IH , d, J = 10.62 Hz, minor diastereomer, CHOCH2 ) 4.53 (H, d, 

J = 6.77 Hz, minor diastereomer, CHOCH2 OCH3 ), 4.57 (H, d, J = 6.77 Hz, minor diastereomer, 

CHOCH2 OCH3 ), 4.63 (2H, br s, major diastereomer, CHOCH2 OCH3 ), 6.82 (IH , s, major 

diastereomer, ArH), 6.90 (IH , s, minor diastereomer, ArH), 7.42-7.48 (12H, m, minor and major 

diastereomers, ArjH), 7.74-7.80 (8 H, m, minor and major diastereomers, ArH)

NMR (CDCI3, 400 MHz) 6, ppm: 18.73 (C(CH3)3), 18.88 (2 x CH2), 18.91 (C(CH3)3), 26.52 

(C(CH3)3), 26.66 (C(CH3)3), 35.99 (CH2), 42.12 (CH2), 44.30 (CH2), 55.00 (OCH3), 55.11 (O C H .). 55.55 

(OCH,). 60.41 (OCH3), 60.89 (OC H ,). 60,93 (OCH3), 69.41 (CHOCH2), 70.42 (OHOCHi), 73.07 

(CHOSi), 93.99 (OCH2OCH3), 102.67 (ArOH), 124.44 (QC), 127.18 (2 x ArOH), 129.23 (2 x ArCH). 

133.89 (QC), 133.93 (QC), 133.96 (QC), 134.05 (QC), 135.39 (2 x ArCH), 135.42 (2 x ArCH), 135.45 

(2 X  ArCH), 137.65 (QC), 140.27 (QC), 150.43 (QC), 150.46 (QC), 150.68 (QC), 150.99 (QC)

Vmax (DCM)/cm‘ :̂ 2932.45, 2857.24, 1643.74, 1600.21

HRMS [IVl+Na]'": calculated 573.2648, found 573.2669, molecular formula (C3 2 H4 2 Na0 6 Si)

7.11.5 M O M  removal and subsequent oxidation: Synthesis of 7-{{tert-

butYldiphenylsilyl)oxy)-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one

(3.40)

TBDPS
o ' AICI3  (2 eq)

Nal (2 eq) 
 ►

CH3 CN/DCM, 1 h, RT

TBDPS TBDPS

DM P(1.5eq) \
O

89% over two steps

(3.38) (3.39) (3.40)

To a stirred solution of (3.38) (0.34 g, 0.62 mmol) in a mixture of acetonitrile and DCM (2:1, 24 

mL) at room temperature was added aluminium chloride (0.16 g, 1.23 mmol) and sodium iodide 

(0.19 g, 1.23 mmol). After 1 h, the reaction was quenched by the addition of saturated sodium
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bicarbonate aqueous solution (50 mL) and the reaction extracted with DCM (3 x 10 mL). To a 

stirred solution of the combined organic fractions was added Dess-Martin periodinane (2.21 g, 

5.21 mmol). After 1 h, the reaction was quenched by the addition of saturated sodium 

bicarbonate aqueous solution (50 mL) and the reaction was extracted with diethyl ether (3 x 50 

mL). The organic fractions were combined, dried over MgS04 , filtered and concentrated in vacuo. 

The resulting residue was then purified by flash column chromatography (stationary phase; silica 

gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (3.40) as a yellow oil (0.28 g, 

89%).

[a] ^̂  = -4 .6  (c=10, DCM)

All other data previously described.

7.11.6 Deprotection: Synthesis of 7-hydroxY-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H- 

benzo[7]annulen-5-one (3.41)

(3.40)

TBAF (1.5 eq)

OH
THF, 1) 30 min, 0 °C 

2) 16 h, RT

To a stirred solution of (3.40) (0.27 g, 0.54 mmol) in dry THF (5 mL) at 0 °C was added 1 M 

tetrabutylammonium fluoride solution (0.59 mL, 0.59 mmol) dropwise. After 30, min the reaction 

was allowed to increase to room temperature and left stirring for a further 16 h. The reaction 

mixture was then added directly to a silica gel column and purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.41) as a yellow oil (0.12 g, 83%).

[a]o = + 4.3 (c=6,  DCM)

All other data previously described.
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7.11.7 Organolithium coupling: Synthesis of 9-(3-((te/t-butyldimethylsilyl)oxy)-4-

methoxyphenyl)-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (3.42)

(2.14)

1) nBuLi (3 eq) 
THF, 40 min, -78 °C

2) (3.41) (1 eq) 
THF, Ih ,  -78 °C

3) 4 h, RT 

4) HCI (aq. soln.) 
16%

To a stirred solution of (2.14) (0.25 g, 0.79 mmol) in dry THF (4 mL) under an atmosphere of 

nitrogen at -78 °C was added 2.5 M n-butyllithium solution in hexane (0.32 mL, 0.79 mmol) 

dropwise. After 40 min, a solution of (3.41) (0.07 g, 0.26 mmol) in dry THF (5 mL) was added to 

the reaction. After 1 h, the reaction was allowed to increase to ambient temperature and was left 

stirring for a further 4 h. The reaction was quenched by the addition of 2 M HCI aqueous solution 

(50 mL) and then extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, 

dried over MgS04 , filtered and concentrated in vacuo. The resulting residue was then purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to yield (3.42) as a yellow oil (0.02 g, 16%).

[a ]a  = + 0.7 (c = 1 .4 3 , DCM)

All other data as previously described.
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7.11.8 Synthesis of (/7)-Mosher's ester derivative of mitsunobu derived alcohol (3.42): 

Synthesis of (2/?)-9-(3-((te/t-butyldimethylsilyl)oxy)-4-methoxyphenyl)-2,3,4- 

trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-yl 3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate (3.43)

' O

OH

(3.42)

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(/?)-Mosher's acid (1.5 eq)

DCM, 16 h, RT 
71%

To a stirred solution of (3.42) (0.02 g, 0.04 mmol) in dry DCM (1 mL) under an atmosphere of 

nitrogen was added DMAP (0.01 g, 0.06 mmol), diisopropylethylamine (0.01 mL, 0.06 mmol), 2,6- 

dichlorobenzoyl chloride (0.01 mL, 0.06 mmol) and (/?)-(+)-a-Methoxy-a- 

(trifluoromethyl)phenylacetic acid (0.01 g, 0.06 mmol). After 16 h, the reaction was quenched by 

the addition of saturated sodium bicarbonate aqueous solution (5 mL) and the product was 

extracted with diethyl ether (3 x 10 mL). The diethyl ether was dried over MgSOa, filtered and 

concentrated in vacuo. The resulting oily residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.43) as a yellow oil (0.02 g, 71%).

Rf 0.47 (3:1, hexane/ethyl acetate)

NM R (CDCI3 , 400  M Hz) 6 f ppm: - 72 .14  ( IF , s, CF3 ), - 72 .20  ( IF , s, CF3 )

340



7.11.9 Synthesis of (/7)-Mosher's ester derivative of enantiomerlcally pure alcohol 

(3.19): Synthesis of (l?)-(S)-9-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)-2,3,4- 

trimethoxy-6,7-dihydro-SH-benzo[7]annulen-7-yl 3,3/3-trifluoro-2-methoxy-2-

phenylpropanoate (3.44)

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6-DCBCI (1.5 eq) 
(R)-Mosher's acid (1.5 eq)

DCM, 16 h, RT 
71%

(3.44)(3.19)

To a stirred solution of (3.19) (0.02 g, 0.04 mmol) in dry DCM (1 mL) under an atmosphere of 

nitrogen was added DMAP (0.01 g, 0.06 mmol), diisopropylethylamine (0.01 mL, 0.06 mmol), 2,6- 

dichlorobenzoyl chloride (0.01 mL, 0.06 mmol) and (/?)-(+)-a-Methoxy-a- 

(trifluoromethyl)phenylacetic acid (0.01 g, 0.06 mmol). After 16 h, the reaction was quenched by 

the addition of saturated sodium bicarbonate aqueous solution (5 mL) and the product was 

extracted with diethyl ether (3 x 10 mL). The diethyl ether was dried over MgSOa, filtered and 

concentrated in vacuo. The resulting oily residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.44) as a yellow oil (0.02 g, 71%).

Rf 0.47 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 p ppm: - 72.14 (IF, s, minor diastereomer CF3 ), - 72.20 (IF, s, major 

diastereomer, CF3 )
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7.12 Synthesis of enantiomericallv pure f7R)-9-(3-hvdroxv-4-methoxvDhenvl)-

2.3.4-trimethoxv-6.7-clihvdro-5H-benzof71annulen-7-ol (3.02)

7.12.1 Mesylate formation and displacement with cesium acetate: Synthesis of (7/7)- 

6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-(methoxymethoxy)-5H-benzo[7]annulen-7-yl 

acetate (3.46)

MsCI(1.7eq) 

DIPEA (1.5 eq) O. Cesium acetate (10 eq) q

DMSO, 24 h, 70 °C 

^ 56% over two steps
DCM, 1 h, 0 °C O

< S ) )  OH

(3.35) (3.45) (3.46)

To stirred solution of (3.46) (0.11 g, 0.35 mmol) in dry DCM (1 mL) under an atmosphere of 

nitrogen at 0°C was added methanesulfonyl chloride (0.05 mL, 0.60 mmol) followed by DIPEA (0.1 

mL, 0.53 mmol). After 1 h, the reaction was quenched by the addition of water (5 mL) and the 

reaction extracted with diethyl ether (3 x 10 mL). The organic fractions were combined, dried over 

MgS0 4 , filtered and concentrated in vacuo.

Cesium acetate was concurrently prepared as follows: To a stirred solution of cesium carbonate 

(0.57 g, 1.76 mmol) in dry methanol (10 mL) was added acetic acid (0.2 mL, 3.52 mmol). After 1 h, 

the methanol was removed under reduced pressure to yield cesium acetate as a white solid. The 

cesium acetate was added to a solution o f the crude mesylate in DMSG (10 mL). The reaction was 

heated at 70 °C for 24 h. The reaction was then quenched by the addition of water (50 mL) and 

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 then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (3.46) as a colourless oil (0.07 g, 56%).

Rf. 0.46 (2:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.27 (IH, m, major diastereomer, CH2 ), 1.67-1.76 (2H, m, minor 

diastereomer C ]i), 1.89-2.00 (2H, m, major and minor diastereomers, CH2 ), 2.05 (3H, s, minor 

diastereomer, OCH3 ), 2.11 (3H, s, major diastereomer, OCH3 ), 2.19-2.25 (3H, m, minor and major 

diastereomers, CH2 ), 2.34-2.38 (IH, m, minor diastereomer, CH2 ), 2.89-2.97 (2H, m, major
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diastereomer, CH2 ), 3.29-3.34 (IH, m, minor diastereomer, CH2 ), 3.40 (3H, s, major diastereomer, 

OCH3 ), 3.45 (3H, s, minor diastereomer, OCH3 ), 3.81 (3H, s, major diastereomer, OCH3 ), 3.82 (3H, 

s, minor diastereomer, OCH3 ), 3.87-3.89 (12H, m, major and minor diastereomers, 4 x OCH3 ), 4.61-

4.66 (2H, m, major diastereomer, OCH2OCH3), 4.70-4.74 (2H, m, minor diastereomer, 1 x 

OCH2OCH3, 1 X  CHOCO), 4.82 (IH, d, J = 6.82 Hz, minor diastereomer, OCH2OCH3), 4.93 (IH, d, J = 

8.71 Hz, major diastereomer, CHOCH2 ), 5.08-5.16 (IH, m, minor diastereomer, CHOCH2 ), 5.35- 

.5.40 (IH, m, major diastereomer, CHOCO), 6.71 (IH, s, major diastereomer, ArH), 6.92 (IH, s, 

minor diastereomer, ArH)

“ C NMR (CDCI3, 400 IVIHz) 6, ppm: 19.00 (Cji;), 19.26 (CH2), 21.37 (OCOCH3), 21.46 (OCOCH3), 

32.54 (CH2), 32.91 (CHj), 38.67 (CH2), 40.62 (CH2), 55.45 (OC H ,). 55.77 (OCH3), 56.00 (OCH3), 56.04 

(O C H ,). 60.85 (OCH3), 61.37 (OCH3), 71.36 (CHOCO), 71.73 (CHOCO), 73.67 (2 x OHOCHz), 94.16 

(OCH2O), 94.87 (OCH2O), 103.64 (ArCH), 107.25 (ArOH), 124.54 (QC), 126.68 (QC), 136.79 (0£),

137.66 (QC), 140.89 (QC), 141.45 (Q£), 150.98 (QC), 150.99 (QC), 151.36 (QC), 151.56 (Q£), 170.20 

(C=0), 170.25 (C=0)

Vmax (D C M )/c m 2931.11 2853.78, 1733.98 (C=0), 1644.29, 1600.43

HRIVIS [IVI+Na]"': calculated 377.1576, found 377.1565, molecular formula (CigH2 6 Na0 7 )

7.12.2 Acetate hydrolysis: Synthesis of (7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzol7]annulen-7-ol (3.47)

' O

o

o.
o

NaOH (aq. soln.)

MeOH, 1 h, 0 °C 
100%

(3.46) (3.47)

To a stirred solution of (3.46) (0.62 g, 1.75 mmol) in methanol (10 mL) at 0°C was added 2.5 M 

NaOH aqueous solution (5 mL) dropwise. After 1 h, the methanol was removed under reduced 

pressure. The reaction was quenched by the addition of 2 M HCI aqueous solution (20 mL) and the 

reaction 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 then purified by flash
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column chrom atography (stationary phase; silica gel 230 -400  mesh, m obile phase; 1:1, 

hexane/ethyl acetate) to yield (3 .47 ) as a colourless resin (0 .55  g, 100%).

Rf. 0 .12 (2:1, hexane/ethyl acetate)

NM R (CDCI3, 400  M H z) 5h ppm: 1 .62-2 .27  (8H, m, m inor and m ajor diastereom ers, CH2 ), 2 .62  

( IH , s, br, m inor d iastereom er CH2 ), 2 .75-2 .81  ( IH , m ajor d iastereom er C j i ) ,  2 .95 -3 .04  ( IH , m, 

m ajor d iastereom er, CH2 ), 3 .15 -3 .21  ( IH , m, m inor d iastereom er, CH2 ), 3 .40 (3H, s, m ajor 

diastereom er, OCH3), 3 .42 (3H, s, m inor diastereom er, OCH3), 3 .81 (3H, s, m ajor diastereom er, 

OCH3), 3 .82 (3H, s, m inor d iastereom er, OCH3), 3 .86 (6H, s, m inor and m ajor diastereom ers, 2 x 

OCH3), 3 .88  (6H, s, m ajor and m inor diastereom ers, 2 x OCH3), 4 .10 -4 .16  ( IH , m, m inor 

diastereom er, CHOSi), 4 .26 -4 .31  ( IH ,  m, m ajor d iastereom er, CHOSi), 4 .57 -4 .64  (4H, m, m inor and 

m ajor diastereom ers, 2 x OCJ+zOCHb), 4 .74 -4 .78  ( IH , m, m inor d iastereom er, CHOCH2O), 4 .88 -4 .94  

( IH , m, m ajor d iastereom er, CHOCH2O), 6 .69(1H , s, m ajor d iastereom er, ArH), 6 .73 ( IH , s, m inor 

diastereom er, ArH)

NM R (CDCIb, 4 0 0  M H z) 6c ppm: 17.87 (Chb), 18.28 (CH2), 35 .29  (CH2), 35 .91  (Chb), 41 .37  (C H ,). 

55.02 (OCH3), 55 .21  (OCH3), 55 .56  (2 x O C H,). 60 .39  (OCH3), 60.92 (OCH3), 68 .46  (GHOSi), 71 .36  

(CHOSi), 93 .57  (OCH2OCH3), 93 .75  (OCH2OCH3), 107 .00  (A rO l), 126 .74  (QC), 136.26 (QC), 13.45  

(Q £), 140.96 (QC), 150.35 (QC), 150.42 (Q £), 150.82 (QC), 150.88 (QC)

Vmax (DCM)/cm '^: 3421 .29 , 2934 .96 , 1725.21, 1599.92

HRMS [M+Na]"^: calculated 335 .1471 , found 335 .1530 , m olecular form ula (Ci6H24Na06)

7.12.3 Silyl protection: Synthesis of ((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-

(methoxymethoxy)-5H-benzo[7]annulen-7-yloxy)(te/t-butyl)diphenylsilane (3.31)

O,

(3.47)

Imidazole (2.1 eq) 
TBDPSCI (2 eq)

DMF, 4 h, RT 
97% O,

(3.31)

To a stirred solution o f (3 .47 ) (0 .55  g, 1.76 m m ol) and im idazole (0 .25  g, 3.52 m m ol) in dry DM F  

(10 mL) under an atm osphere o f nitrogen at room tem pera tu re  was added te/t-butyldiphenylsilyl 

chloride (0 .92  mL, 3 .52 m m ol). A fte r 4 h, the  reaction was quenched by the  addition o f w a te r (25
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mL) and the reaction was extracted with diethyl ether (3 x 50 mL). The organic fractions were 

combined, dried over MgS0 4  and concentrated in vacuo. The resulting residue was then purified 

by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 20:1, 

hexane/ethyl acetate) to yield (3.31) as a colourless oil (0.94 g, 97%).

Rf\ 0.40 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 1.07 (9H, s, minor diastereomer, C(CH3)3), 1.15 (9H, s, major 

diastereomer C(CH3 )3 ), 1.22-1.37 (2H, m, minor and major diastereomers, CH2 ), 1.65-1.73 (2H, m, 

minor and major diastereomers, CH2), 1.93-2.00 (3H, m, minor and major diastereomers, CH2), 

2.16-2.20 (2H, m, minor diastereomer, CH2), 2.82 (IH , s, major diastereomer, CH2), 2.97-3.03 (IH , 

m, major diastereomer, C ji), 3.14-3.19 (IH , q, J = 7.20 Hz, minor diastereomer, CH2), 3.24 (3H, s, 

minor diastereomer, OCH3), 3.35 (3H, s, major diastereomer, OCH3), 3.79 (3H, s, major 

diastereomer, OCH3), 3.81 (3H, s, minor diastereomer, OCH3), 3.86-3.90 (13H, m, minor and major 

diastereomers,l x CHOSi, 4 x OCH3), 3.96-4.06 (IH , m, minor diastereomer, CHOSi), 4.31 (IH , s, br, 

major diastereomer, CHOCH2), 4.42 (IH , d, J = 10.62 Hz, minor diastereomer, CHOCH2) 4.50 (H, d, 

J = 6.77 Hz, minor diastereomer, CHOCH2OCH3), 4.54 (H, d, J = 6.77 Hz, minor diastereomer, 

CHOCH2OCH3), 4.60 (2H, br s, major diastereomer, CHOCH2OCH3), 6.78 (IH , s, major 

diastereomer, ArH), 6.86 (IH , s, minor diastereomer, ArH), 7.39-7.48 (6H, m, minor and major 

diastereomers, ArH), 7.70-7.77 (4H, m, minor and major diastereomers, ArH).

^̂ C NMR (CDCI3, 400 MHz) b, ppm: 18.71 (C(CH3)3>, 18.81 (2 x CH2), 18.88 (C(CH3)3), 26.48 

(C(CH3 )3 ), 26.61 (C (g i3 )3 ), 35.93 (CH2), 42.08 (CH2), 44.25 (CH2), 55.00 (OCH3), 55.11 (OCH3), 55.54 

(OCH3), 60.41 (OCH3), 60.89 (OOHs), 60.94 (OCH,). 69.35 (CHOCH2), 70.38 (CHOCH,). 73.01 

(CHOSi), 93.96 (OCH2OCH3), 102.62 (ArOH), 124.42 (QC), 127.12 (2 x ArCH), 129.18 (2 x ArOH), 

133.88 (QC), 133.90 (0£), 133.93 (QC), 134.03 (QC), 135.36 (2 x ArCH), 135.40 (2 x ArCH), 135.43 

(2 X ArCH), 137.59 (Q£), 140.21 (Qg), 150.37 (QC), 150.41 (Ĉ C), 150.62 (QC), 150.93 (QC).

Vmax (DCM)/cm‘ :̂ 2931.61, 2115.63, 1643.00, 1600.60

HRMS [M-nNa]'": calculated 573.2648, found 573.2645, molecular formula (C32H42Na06Si)

7.12.4 Deprotection: Synthesis of (A?)-6,7,8,9-tetrahydro-7-hydroxy-l,2,3-

trimethoxybenzo[7]annulen-5-one (3.48)
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o

o THF, l)30m in,0°C O
2) 16 h, RT ^

43%

TBAF (1.5 eq) O

O

(3.34) (3.48)

To a stirred solution o f (3.34) (0.48 g, 0.95 mmol) in dry THF (5 mL) at 0 °C was added 1 M 

tetrabutylammonium fluoride solution (1.43 mL, 1.43 mmol) dropwise. After 30 min, the reaction 

was allowed to increase to room temperature and left stirring for 16 h. The reaction mixture was 

then added directly to a silica gel column and purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield 

(3.48) as a yellow oil (0.11 g, 54%).

[a ]^  = + 6.33 (c = 6, DCM)

All other data as previously described.

7.12.5 Organolithium coupling: Synthesis of (7/?)-9-{3-[(tert-butYldimethylsilyl)oxy]-4- 

methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (3.49)

To a stirred solution of (2.14) (0.39 g, 1.23 mmol) in dry THF (4 mL) under an atmosphere of 

nitrogen at -78 °C was added 2.5 M n-butyllithium solution in hexane (0.5 mL, 1.23 mmol) 

dropwise. After 40 min, a solution of (3.48) (0.11 g, 0.41 mmol) in dry THF (5 mL) was added to 

the reaction. After 1 h, the reaction was allowed to increase to ambient temperature and was left 

stirring for a further 4 h. The reaction was quenched by the addition of 2 M HCI aqueous solution 

(50 mL) and then extracted with diethyl ether (3 x 50 mL). The organic fractions were combined.

1) nBuLi (3 eq) 
THF, 40 min, -78 °C

THF, 1 h, -78 °C 
3) 4 h, RT 

3) HCI (aq. soln.) 
34%

O ,
\

(2.14) (3.49)
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dried over MgS04 , filtered  and concentrated in vacuo. The resulting residue was then purified by 

flash column chrom atography (stationary phase; silica gel 230 -400  mesh, m obile phase; 4:1, 

hexane/ethyl acetate) to  yield (3.49) as a yellow  oil (0 .07  g, 34%).

[ a ] ^ -  + 3 3 ( c  = 2 .67, DCM)

All o th er data as previously described.

7.12.6 (A7)-Mosher's ester of mesylate displacement derived alcohol (3.49): Synthesis of 

(/?)-(/?)-9-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)-2,3,4-trimethoxy-6,7- 

dihydro-5H-benzo[7]annulen-7-yl 3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (3.50)

DMAP (1.5 eq) 
DIPEA (1.5 eq) 

2,6~DCBCI (1.5 eq) 
(/?)-mosher's acid (1.5 eq)

 ►

DCM, 16 h, RT 
71%

O

(3.50)

To a stirred solution o f (3.49) (0.02 g, 0 .04  m m ol) in dry DCM (1 mL) under an atm osphere o f 

nitrogen was added DMAP (0 .01  g, 0 .06  m m ol), diisopropylethylam ine (0 .01 mL, 0 .06  m m ol), 2 ,6 - 

dichlorobenzoyl chloride (0 .01  mL, 0 .06  m m ol) and (/? )-(+ )-a-M ethoxy-a-

(trifluorom ethyl)phenylacetic  acid (0.01 g, 0 .06  m m ol). A fter 16 h, the  reaction was quenched by 

the addition o f saturated sodium bicarbonate aqueous solution (5 mL) and the product was 

extracted w ith  d iethyl e ther (3 x 10 mL). The diethyl e th er was dried over MgS04 , filtered  and 

concentrated in vacuo. The resulting oily residue was then purified by flash column 

chrom atography (stationary phase; silica gel 230 -400  mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to  yield (3.50) as a yellow oil (0 .02  g, 71%).

N M R  (CDCI3, 4 00  M H z) 6p ppm: - 72 .13  ( IF , s, m ajor d iastereom er, CF3), - 72 .18  ( IF , s, m inor 

diastereom er CF3)
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1.11.1 Deprotection of C-ring phenol: Synthesis of (7/?)-9-(3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7-ol (3.02)

OH

(3.49)

OH
TBAF (1.1 eq)

THF, lh ,0°C  
98%

OH

(3.02)

To a stirred solution of (3.49) (0.0 4 g, 0.08 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.09 mL, 0.09 mmol). After 1 h, the THF was 

blown off in a stream of nitrogen gas and the reaction mixture added directly to a flash column of 

silica gel and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; ethyl acetate) to yield (3.02) as a white solid (0.08 g, 98%).

[a] + 53.23 (c = 0.53, DCM)

All other data as previously described.

7.13 Synthesis o f enantiomericallv pure (R)-N-(9-(3-hvdroxv-4-methoxvDhenvl)- 

2.3.4-trimethoxv-6.7-dihvdro-5H-benzof71annulen-7-vl)acetamide (4.01)

7.13.1 Mesylate formation and azide displacement: Synthesis of (7y?)-7-azido-6,7,8,9- 

tetrahydro-l,2,3-trimethoxy-5H-benzo[7]annulen-5-yl acetate (4.03)

.0

MsCI (1.7 eq) 
DIPEA (1.5 eq) O ,

DMSO, 2 h, 80 °CDCM, 1 h, 0 °C
(3-26) (4.02) 63% over two steps (4.03)
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To a stirred solution of (3 .26) (0.94 g, 3.03 mmol) in dry DCM (5 mL) under an atmosphere of 

nitrogen at 0 °C was added methanesulfonyl chloride (0.5 mL, 5.15 mmol) followed by N,N- 

diisopropylethylamine (0.53 mL, 4.54 mmol). After 1 h, the reaction was quenched by the addition 

of water (20 mL). The reaction mixture was extracted with diethyl ether (3 x 25 m l). The organic 

fractions were combined and dried over MgS0 4 , filtered and concentrated in vacuo to yield the 

mesylate as a crude mixture. The mesylate was dissolved in DMSO (10 mL) at room temperature 

and sodium cyanide (1.97 g, 30.23 mmol) was added to the solution. The reaction was then 

refluxed at 80 °C for 2 h. The reaction was quenched by the addition of water (30 mL) and 

extracted with diethyl ether (3 x 30 mL). The organic fractions were combined, dried over MgS0 4 , 

filtered and concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to yield (4 .03) as a yellow oil (0.68 g, 63% over two steps).

Rf. 0.46 (2:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.28-1.40 (IH , m, major diastereomer, CH2), 1.65-1.72 (IH , m, 

minor diastereomer, CH2), 1.78-1.90 (2H, m, major and minor diastereomers, CH2), 2.06-2.19 (4H, 

m, major and minor diastereomers, 1 x CHOCOCH3, 1 x CH2), 2.24 (3H, s, minor diastereomer, 

CHOCOCH3), 2.28-2.34 (2H, m, major and minor diastereomers, CH2), 2.37-2.42 (IH , m, major

diastereomer, CH2), 2.75-2.82 (IH , m, major diastereomer, CH2), 3.14-3.20 (IH , m, major

diastereomer, CH2), 3.37-3.41 (IH , m, minor diastereomer, CH2), 3.74-3.75 (IH , m, minor

diastereomer, CHN3), 3.82 (3H, s, major diastereomer, OCH3), 3.83 (3H, s, minor diastereomer,

OCH3), 3.86 (3H, s, major diastereomer, OCH3), 3.88 (9H, s, major and minor diastereomers, 3 x 

OCH3), 3.91-3.97 (IH , m, major diastereomer, CHN3), 5.86 (IH , d, J = 9.91 Hz, minor diastereomer, 

CHOCOCH3), 6.01 (IH , d, J = 7.83 Hz, major diastereomer, CHOCOCH3), 6.67 (IH , s, major 

diastereomer, ArH), 6.73 (IH , s, minor diastereomer, ArH)

“ C NMR (CDCI3 , 400 MHz) 5, ppm: 20.09 (Chb), 20.39 (O i) ,  21.19 (COCH,). 21.21 (COCH3 ), 32.35 

(CH,). 32.92 (CH2 ), 37.41 ( ^ ) ,  39.56 (CH2 ), 56.04 (OCH3 ), 59.40 (CHN3 ), 60.81 ( ^ N 3 ), 60.85 

(OCH3 ), 61.38 (2 x OCH3 ), 61.41 (2 x OCH3 ), 70.31 (CHOCOCH3 ), 73.19 (CHOCOCH3 ), 103.57 (ArCH), 

108.40 (ArCH), 124.45 (Q£), 126.97 (QC), 134.38 (QC), 135.43 (QC), 141.46 (Q£), 142.17 (QC), 

151.11 (Q£), 151.17 (Q£), 151.40 (QC), 151.66 (QC), 169.68 (C=0), 169.74 (C=0)

Vmax (DCM)/cm'^: 2936.17, 2094.20 (N3 ), 1739.46 (C=0), 1600.97, 1584.17

HRMS [M+Na]^: calculated 358.1379, found 358.1394, molecular formula (Ci6 H2 iN 3 NaOs)
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7.13.2 Acetate hydrolysis and alcohol oxidation; Synthesis of (/7)-7-azido-6,7,8,9- 

tetrahydro-l,2,3-trimethoxybenzo[7]annulen-5-one (4.05)

O

MeOH, 10 min, 0 °C O

NaOH (aq. soln.) / O

DCM, 30 min, RT^^O 
58% over two steps

DMP(1.5eq)

HO O

(4.03) (4.04) (4.05)

To a stirred solution of (4.03) (0.68 g, 2.13 mmol) in methanol (10 mL) at 0 °C was added 2.5 M 

NaOH aqueous solution (20 mL) dropwise. After 10 min, the metanol was removed under reduced 

pressure and the aqueous phase was acidified by the addition of 2 M HCI aqueous solution (40 

mL). The aqueous phase was then extracted with diethyl ether (3 x 75 mL). The organic fractions 

were combined, dried over MgS0 4 , filtered and concentrated under reduced pressure. To a stirred 

solution of this residue reconstituted in DCM (10 mL) was added Dess-Martin periodinane (1.35 g, 

3.19 mmol). After 30 min, the reaction was quenched by the addition of saturated sodium 

bicarbonate solution (50 mL). After a further 30 min, the reaction mixture was extracted with 

diethyl ether (3 x 75 mL). The organic fractions were combined, dried over MgSOa, filtered and 

concentrated under reduced pressure. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield 

(4.05) as a yellow oil (0.36 g, 58% over two steps).

Rf. 0.88 (2:1, hexane/ethyl acetate)

[a] ^̂  = + 14.8 (c = 1 0 , DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.96-2.04 (IH , m, CH2 ), 2.09-2.18 ( IH , m, CH2 ), 2.91-3.06 (3H, 

m, CH2 ), 3.10-3.16 ( IH , m, CH2 ), 3.85 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 3.97- 

4.04 (IH , m, CHN3 ), 7.15 ( IH , s, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 20.58 (Chb), 31.73 ( O i ) ,  46.04 ( O i ) ,  55.53 (OCH3 ), 56.14 

(CHN3 ), 60.43 (OCH3 ), 60.78 (OCH3 ), 107.05 (ArCH), 129.04 (QC), 133.19 (QC), 145.54 (QC), 150.64 

(Q£), 151.33 (Q£), 198.09 (C=0)

V m a x  (DCM)/cm'^: 2939.03, 2102.28 (N3 ), 1676.06 (C=0), 1589.10

HRMS [M+Na]^: calculated 314.1117, found 314.1114, molecular formula (Ci4 Hi7 N3 Na0 4 )
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7.13.3 Reduction and BOC protection of azide group; Synthesis of te/t-butyl (/?)-6,7,8,9- 

tetrahydro-l,2,3-trimetlioxy-5-oxo-5H-benzo[7]annulen-7-ylcarbamate (4.06)

Di-tert-butyl dicarbonate (2 eq)

H2
Pd/C

EtOAc/EtOH,16 h, RT 
11%

' O

(4.05) (4.06)

To a stirred solution of (4.05) (0.36 g, 1.24 mmol) and palladium on activated carbon 10% w/w 

(0.5 g) in ethyl acetate and ethanol (1:1; 20 mL) was added di-terf-butyl dicarbonate (0.54 g, 2.47 

mmol). The reaction was left stirring for 16 h. The reaction was then filtered to remove the 

palladium on activated carbon and the volatile organic solvents were removed under reduced 

pressure. The resulting residue was purified by flash column chromatography (stationary phase; 

silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to afford (4.06) as a clear oil 

(0.35 g, 77%).

Rf 0.18 (3:1, hexane/ethyl acetate)

[a ]”  = + 1-2 (c= 17.5, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.38 (9H, s, C(CH3 )3 ), 1.54 (IH, s, Chb), 2.24 (IH, s, CH2 ), 2.74- 

2.80 (IH, m, CH2 ), 2.91-2.93 (2H, m, CH2 ), 2.99-3.03(lH, m, CH2 ), 3.78 (3H, s, OCH3 ), 3.82 (3H, s, 

OCH3 ), 3.87 (3H, s, OCH3 ), 4.03-4.09 (IH, m, CHNH), 4.84 (IH, s, br, NH), 7.05 (IH, s, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 21.45 (CH2 ), 27.85 (0 (0 1 3 )3 ), 32.65 (Chb), 45.96 (CHNH), 47.14 

(Chb), 55.45 (OCH3 ), 60.34 (OCH.). 60.70 (OCH,). 79.02 (C(CH3 )3 >, 106.83 (ArCH), 128.94 (QC), 

133.58 (QC), 145.26 (Q£), 150.56 (QC), 151.20 (Q£), 154.53 (QC), 200.32 (C=0)

Vmax (DCM)/cm‘ :̂ 3354.57 (NH), 2975.44, 2937.93, 1710.39 (C=0), 1680.72 (C=0), 1589.93 

HRMS [M+Na]" :̂ calculated 388.1736, found 388.1748, molecular formula (CigHayNNaOe)
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7,13.4 Triflate synthesis: Synthesis of te/t-butyl /V-[(7/?)-2,3,4-trimethoxy-9-

(trifluoromethanesulfonyloxy)-6,7-dihydro-5H-benzo[7]annulen-7-yl]carbamate (4.07)

O  ^   ►
2) 2-[A/,A/-bis(fluoromethylsulfonyl)amino]-5-chloropyridine (2.5 eq)

1) KHMDS (1.4 eq) 

TH F,2h, 0°C

TH F,3h, 0°C  

50%
(4.06) (4.07)

To a stirred solution of (4 .06) (0.77 g, 2.11 mmol) in dry THF (10 mL) under an atmosphere of 

nitrogen at 0 °C was added 0.5 M KHMDS solution in toluene (5.9 mL, 2.95 mmol). After 2 h, a 

solution of 2-[A/,A/-bis(fluoromethylsulfonyl)amino]-5-chloropyridine (2.07 g, 5.27 mmol) in dry 

THF (5 mL) was added dropwise and the reaction was left stirring for a further 3 h. The reaction 

was then quenched by the addition of water (30 mL) and extracted with diethyl ether (3 x 50 mL). 

The organic fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (4 .07) as a yellow oil (0.53 g, 

50%).

Rf'. 0.43 (3:1, hexane/ethyl acetate)

[a] ^̂  = + 35.83 (c= 11.5, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.44 (9H, s, C(CH3)3), 2.00-2.08 (IH , m, CH2), 2.26-2.34 (IH , m, 

CH2), 2.42-2.48 (IH , m, CH2 ), 3.05-3.08 (IH , m, Chb), 3.85 (3H, s, OCH3 ), 3.86 (3H, s, OCH3), 3.92 

(3H, s, OCH3), 4.01-4.17 (IH , m, CHNH), 6.05-6.06 (IH , d, J = 5.16 Hz, C=CH), 6.28 (IH , s, NH), 6.83 

(IH , s, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 21.49 (Chb), 28.27 (0 (0 1 3 )3 ), 38.51 (OHz), 47.83 (CHNH), 55.99 

(OCH3), 60.87 (OCH3), 61.50 (OCH3), 80.15 (C(CH3)3), 106.07 (ArCH), 116.89 (QC), 120.07 (QC),

125.04 (C=CH), 127.14 (QC), 127.86 (QC), 143.70 (Q£), 144.57 (QC), 151.07 (QQ), 151.91 (QC), 

155.07 (C=0)

Vmax (D C M ) /c m 2939.84, 2371.85, 1687.49 (C=0), 1596.69

HRMS [M+Na]^: calculated 520.1229, found 520.1237, molecular formula (C2oH2 6F3 NNa0 8 S)
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7.13.5 Boronic acid synthesis: Synthesis of 3-te/t-butyl-dimethylsilyloxy-4-

methoxyphenylboronic acid (4.08)

Br l)nB uLi(1 .6  eq) 

THF, 20 min, -78 °C

HO.g^OH

2) triisopropyl borate (5.2 eq) 

2  h, -78 X  

3) 2 h, -20 °C 

4) 12 h, RT 

66%
(2.14) (4.08)

To a stirred solution o f (2.14) (2.22 g, 7 .03 nnmol) in dry THF (4 mL) under an atm osphere of 

nitrogen at -78  °C was added 2.5 M  n-butyllith ium  in hexane (4 .50  mL, 11.25 m m ol) dropwise. 

A fter 20  min, triisopropyl borate (8 .44  mL, 36 .56  m m ol) was added dropwise to  the reaction. A fter 

a fu rth er 2 h, the  tem pera tu re  was allowed to increase to  -20  °C and a fte r an additional 2 h the  

tem pera tu re  was allowed to increase to  am bient. A fter a fu rther 12 h, the  reaction was quenched  

by the addition o f 2 M  HCI aqueous solution (1 x 100 mL). The product was extracted w ith  diethyl 

ether (3 x 100 mL). The organic fractions w ere com bined, dried over MgS0 4 , filtered  and 

concentrated in vacuo. The resulting residue was purified by flash column chrom atography  

(stationary phase; silica gel 230 -400  mesh, m obile phase; 9:1, ethyl ace ta te /m ethano l) to  afford  

the 3-te/t-butyl-d im ethylsily loxy-4-m ethoxyphenylboronic acid (4 .08) as a w hite solid (1.3 g, 6 6 %). 

Rf 0 .14  (3:1, hexane/ethyl acetate)

N M R  (C D C I3 , 4 0 0  M H z) 5h ppm: 0 .25  (6 H, s, S i(C H s )2 ), 1.09 (9H, s, € (€ 113)3), 3 .92 (3H, s, O C H 3 ),  

7.01 ( IH ,  d, J = 8 .0  Hz, ArH), 7 .69  ( IH , d, J = 1.5 Hz, ArH), 7 .84  ( IH , dd, Ji = 8  Hz, h =  1-5 Hz, ArH) 

N M R  (C D C I3 , 4 0 0  M H z) 5c ppm: - 4 .96  (S i(C H 3 )2 ), 18.08 (C (C H 3 )3 ), 25.38  (€ (0 1 3 )3), 54 .86  (O C H 3 ),  

110.86 (ArOH), 126 .95  (ArCH), 129.83 (ArCH), 144.07 (QC), 154.33 (Q£)

Vmax (KBr)/cm'^ 2930.3, 1599.1, 1511.9, 1411.9 

M elting  point: 149 -  155 °C
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7.13.6 Suzuki Coupling: Synthesis of tert-butyl /V-[(7R)-9-{3-[(te/t-

butYldimethylsilyl)oxy]-4-methoxyphenyl}-2,3/4-trimetlioxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]carbamate (4.09)

NHK2 CO3  (3 eq) 

Pd(Ph3 ) 4  (0.05 e q )^ o
+

Toluene/EtOH/HjO, 1 h, 60 °C //

80% ^ -Si,

(4.07) (4.08) (4.09)

To a stirred solution of (4.07) (0.53 g, 1.07 mmol) in a mixture of toluene, ethanol and water (10 

mL; 3: 1: 1) was added potassium carbonate (0.44 g, 3.20 mmol), (tetrakis(triphenyl)phosphine) 

palladium (0.06 g, 0.06 mmol) and (4.08) (0.36 g, 1.28 mmol). The reaction was heated under 

reflux to 60 °C for 1 h after which time it was quenched by the addition of water (50 mL). The 

reaction mixture was then 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 then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to afford (4.09) as a yellow oil (0.5 g, 80%).

Rf. 0.43 (3:1, hexane/ethyl acetate)

[a] a = + 67.21 (c = 12.56, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 0.16 (6 H, d, J = 5.89, Si(CH2)2), 0.99 (9H, s, C(CH3 )s), 1.46 (9H, s, 

C(CH3 )3 ), 1.91-1.99 (IH, m, CH2 ), 2.28-2.37 (IH, m, Chb), 2.45-2.51 (IH, m, CH2 ), 3.04-3.08 (IH, m, 

CH2 ), 3.68 (3H, s, OCH3), 3.83 (3H, s, OCH3), 3.92 (6 H, s, 2 x OCH3), 4.01-4.04 (IH, m, CHNH), 4.73- 

4.74 (IH, d, J = 8.09 Hz, NH), 6.02-6.03 (IH, d, J = 5.78 Hz, C=CH), 6.37 (IH, s, ArH), 6.78-6.80 (2H, 

m, ArH), 6.84-6.88 (IH, m, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: -4.55 (Si(CH3 )2 ), -4.53 ($1(0 1 3 )2 ), 18.45 (C(CH3 )3 ), 22.26 (CH,). 

25.73 (C(CH3 )3), 28.41 (€(0 1 3 )3 ), 41.95 ( ^ ) ,  49.13 (CHNH), 55.50 (OCH3 ), 55.91 (OCH3 ), 60.87 

(OCH3 ), 61.61 (OCH.). 79.39 (C(CH3 )3 ), 109.04 (A r^ ) ,  111.58 (ArCH), 120.75 (ArCH), 121.52 

(ArOl), 127.33 (Q£), 129.38 (C=01), 134.19 (QC), 135.29 (Q£), 140.00 (QC), 141.42 (QC), 144.58 

(Q£), 150.56 (QC), 150.76 (QC), 151.22 (QC), 155.26 (C=0)
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V m a x  (DCM)/cm‘^ 3418.71 (NH), 2956.97, 2933.15, 2857.59, 1690.14 (C=0), 1640.40 (NH) 

HRMS: [M+Na]"^: calculated 608.3019, found 608.3038, nnolecular formula (C3 2 H4 7 NNa0 7 Si)

7.13.7 Double deprotection: Synthesis of 5-((/?,Z)-7-amino-6,7-dihydro-2,3,4-

trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol (4.10)

'0

HCI (aq. soln.) 

 ►

MeOH/THF, 30 min, 40 °C 
38%

NH

OH
O .

\

(4.10)

To a stirred solution of (4.09) (0.5 g, 0.85 mmol) in a mixture of methanol and THF (1:1; 5 mL) was 

added 2 M HCI aqueous solution (2.5 mL). The reaction was heated under reflux at 40 °C for 30 

min. The volatile organic solvents were then removed under reduced pressure. The aqueous 

phase was washed with diethyl ether (3 x 10 mL). The aqueous phase was then basified by the 

addition of saturated sodium bicarbonate aqueous solution (50 mL). The aqueous phase was then 

extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over MgS0 4 , 

filtered and concentrated in vacuo to afford (4.10) as a white solid (0.12 g, 38%).

Rf 0.5 (1:1, ethyl acetate/methanol)

[a] o = + 107.52 (c = 3.13, DCM)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.98-2.02 (IH, m, CH2 ), 2.29-2.36 (IH, m, CH2 ), 2.38-2.44 (IH, 

m, Chb), 3.02-3.07 (IH, m, Chb), 3.35 (IH, s, CHNH2 ), 3.71 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 3.92 

(3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 6.17-6.18 (IH, d, J = 5.53 Hz, C=CH), 6.38 (IH, s, ArH), 6.76-6.82 

(2H, m, ArH), 6.93-6.94 (IH, d, J = 1.86 Hz, ArH)

NMR (CDCI3 , 400 MHz) 6, ppm: 22.67 (O i) ,  44.38 (CH2 ) 49.89 (CHNH2 ), 55.97 (OCH3 ), 56.03 

(OCH3 ), 60.89 (OCH3 ), 61.57 (OCH3 ), 108.79 (ArCH), 110.44 (A r^ ) ,  114.36 (ArCH), 119.73 (ArOH), 

128.15 (QC), 132.97 (C=CH), 134.81 (QC), 135.59 (QC), 139.40 (QC), 141.36 (Q£), 145.51 (QC), 

146.38 (QC), 150.78 (QC), 151.12 (QC)

VMAx(DCM)/cm ^ 3434.45, 2086.69, 1643.83

HRMS [M-H]': calculated 370.1654, found 370.1663, molecular formula (C2 1 H2 4 NO5 )
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Melting point: 114-115 °C

7.13.8 Acetylation: Synthesis of 5-((/?,Z)-7-acetamido-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulen-9-yl)-2-methoxyphenyl acetate (4.11)

NH

OH

Acetic aniiydride (2 eq) 
EtjN ( 2  eq)

DCM,1) 30min,0°C 
2) 2h, RT 

41%

(4.10)

To a stirred solution of (4.10) (0.12 g, 0.32 mmol) in dry DCM (2 mL) under an atmosphere of 

nitrogen at 0 °C was added acetic anhydride (0.06 mL, 0.65 mmol) and triethylamine (0.09 mL, 

0.65 mmol). After 30 min, the temperature of the reaction was allowed to increase to ambient. 

After a further 2 h the reaction was quenched by the addition of water (25 mL). The reaction 

mixture was then 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 then purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; ethyl 

acetate) to afford (4.11) as a yellow oil (0.06 g, 41%).

Rf. 0.24 (ethyl acetate)

[a]^^ = + 113 (c = 4, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm; 1.95-1.99 (4H, m, 1 x COCH3 , 1 x CH2 ), 2.30-2.35 (4H, m, 1 x 

COCH3 , 1 X  CH2 ), 2.42-2.47 (IH, m, Cl±.), 3.01-3.06 (IH, m, CH2 ), 3.69 (3H, s, OCH3 ), 3.85 (3H, s, 

OCH3 ), 3.90 (3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 4.29-4.33 (IH, m, CHNH), 5.90 (CHNH), 6.03 (IH, d, J 

= 5.72 Hz, C=CH), 6.37 (IH, s, ArH), 6.90 (IH, d, J = 8.46 Hz, ArH), 6.97 (IH, d, J = 2.20, ArH), 7.14- 

7.17 (IH, m, ArH)

^̂ C NMR (CDCI3, 400 MHz) 6 c ppm; 20.69 (COCH,). 22.27 (CH2 ), 23.43 (COCH3 ), 41.76 (CH2 ), 47.93 

(CHNH), 55.94 (OCH3 ), 56.06 (OCH,). 60.86 (OCH,). 61.55 (OCH3 ), 109.07 (ArCH), 111.95 (ArCH), 

122.56 (ArOH), 126.38 (ArCH), 127.36 (QC) 129.71 (C=CH), 134.18 (QC), 134.68 (QC), 139.37 (QC), 

139.61 (Q£), 141.59 (QC), 150.59 (QC), 150.84 (QC), 151.40 (C^), 169.10 (C=0), 169.33 (C=0)

Vmax (DCM)/cm'^; 3427.51 (NH), 2934.42, 2853.50, 1766.67 (C=0), 1648.97 (C=0)
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HRMS [M+Na]"^: calculated 478.1842, found 478.1850, nnolecular formula (C2sH29NNa07)

7,13.9 Ester hydrolysis: Synthesis of /\/-({/?,Z)-6,7-dihydro-9-(3-hydroxy-4-

methoxyphenyl)-2,3/4-trimethoxy-5H-benzo[7]annulen-7-yl)acetamide (4.01)

NHNaHC0 3  (aq. soln.)

MeOH, 24 h, RT 
74%

OH
O ,

NH(R)
O

(4,11) (4.01)

To a stirred solution of (4.11) (0.06 g, 0.13 mmol) in methanol (2 mL) was added saturated sodium 

bicarbonate aqueous solution (1 mL). After 3 h, the methanol was removed under reduced 

pressure and the reaction was acidified by the addition of 2 M HCI aqueous solution (10 mL). The 

reaction mixture was then extracted with diethyl ether (3 x 25 mL). The organic fractions were 

combined, dried over MgSOa, filtered and concentrated in vacuo. The resulting residue was then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; ethyl acetate) to afford (4.01) as a white solid (0.04 g, 74%).

Rf 0.24 (ethyl acetate)

[ a ] o =  + 35.2 (c = 2, DCM)

NMR (CDCI3, 400 MHz) 6h ppm: 1.98-2.06 (4H, m, 1 x COCH3, 1 x CH2 ), 2.29-2.35 (IH , m, CH2 ), 

2.46 (IH , s, CH2), 3.02-3.04 (IH , m, CH2), 3.69 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.90 (3H, s, OCH3), 

3.93 (3H, s, OCH3), 4.32 (IH , s, CHNH), 6.07 (C=CH), 6.37 (IH , s, ArH), 6.77 (2H, s, ArH), 6.92 (IH , s, 

ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 22.20 (CH2), 22.96 (COCH3), 41.52 (0 1 2 ), 48.51 (^ N H ), 55.99 

(OOHs), 56.05 (OCH3), 60.89 (OCH3), 61.59 (OCH3), 109.23 (ArCH), 110.42 (ArCH), 114.42 (ArCH), 

119.98 (ArCH), 127.26 (QC), 128.27 (C=CH), 134.58 (QC), 134.99 (QC), 140.66 (QC), 141.56 {QC), 

145.37 (QC), 146.44 (QC), 150.77 (QC), 151.34 (QC), 170.51 (C=0)

Vmax (DCM)/cm ^ 3374.38, 2927.58, 2853.89, 1650.34 (C=0), 1509.18

HRMS [M+H]^: calculated 414.1917, found 414.1909, molecular formula (C23H28NO6)

Melting point: 103-105 °C
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7.14 Synthesis of methylene acetamide analogue fS)-N-((9-(3-hvdroxv-4-

methoxvphenvl)-2.3.4-trimethoxy-6.7-dihydro-5H-benzof71annulen-7- 

yl}methyl)acetamide (4.12)

7.14.1 Nitrile Synthesis: Synthesis of (7A?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-

(methoxymethoxy)-5H-benzo[7]annulene-7-carbonitrile (4.14)

MsCI (1 eq) 
DIPEA (1.7 eq) O,O , O,NaCN (10 eq)

DCM, 1 h, 0 °C DMSO, 24 h, 70°C
(3.35) (4.13) 41% (4.14)

To a stirred solution o f (3.35) (2.99 g, 9.58 mmol) in dry DCM (10 mL) under an atmosphere of 

nitrogen at 0 °C was added methanesulfonyl chloride (1.26 mL, 16.28 mmol) followed by N,N- 

diisopropylethylamine (2.5 mL, 14.36 mmol). After 1 h, the reaction was quenched by the addition 

of water (20 mL). The reaction mixture was then extracted with diethyl ether (3 x 25 mL). The 

organic fractions were combined and dried over MgS0 4  and concentrated in vacuo to yield the 

mesylate (4.13) as a crude mixture. The mesylate was dissolved in DMSO (10 mL) at room 

temperature and sodium cyanide (4.96 g, 10.70 mmol) was added to the solution. The reaction 

was then refluxed at 70 °C for 24 h. The reaction was then quenched by the addition of water (30 

mL) and extracted with diethyl ether (3 x 30 mL). The organic fractions were combined, dried over 

MgSOa, filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4;1, 

hexane/ethyl acetate) to yield (4.14) as a yellow oil (1.27 g, 41% over two steps).

Rf. 0.24 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.63-1.78 (IH, m, CH2 ), 1.78-1.96 (IH, m, CH2 ), 2.06-2.19 (IH, 

m, CH2 ), 2.27-2.40 (IH, m, Chb), 2.77-2.89 (IH, m, CH2 ), 2.99-3.11 (IH, m, Chb), 3.39-3.37 (4H, m, 1 

X  CHCN, 1 X OCH3 ), 3.75 (3H, s, OCH3 ), 3.81 (3H, s, OCH3 ), 3.83 (3H, s, OCH3 ), 4.54 (2H, s, 

OCH2 OCH3 ), 4.76 (IH, d, J = 7.60 Hz, CHOCH2 ), 6.59 (IH, s, ArH)
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“ c NMR (CDCI3 , 400 MHz) 5, ppm: 22.21 (CH,). 28.14 (CHCN), 31.17 (CH,). 36.10 (CH2 ), 55.50  

(OCH3 ), 56.00 (OCH3 ), 60.72 (OCH3 ), 61.32 (OCH3 ), 75.37 (CHOCH2 ), 93.93 (OCH,OCH,). 108.73 

(ArCH), 122.56 (CN), 135.20 (QC), 141.84 {QQ, 151.06 (QC), 151.48 (QC)

Vmax (DCM )/cm '^ 2936.99, 2859.32, 2838.19, 2237.47 (CN), 1599.76

HRMS [M+Na]"^: calculated 344.1474, found 344.1465, molecular formula (Ci7 H2 sNNa0 5 )

7.14.2 Reduction of nitrile: Synthesis of ((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulen-7-yl)methanamine (4.15)

o.
UAIH4  (10 eq)

NH2
THF, 2h, 0°C  

17%
O ,

(4.14) (4.15)

To a stirred solution of LiAIH4  (0.06 g, 1.56 mmol) under an atmosphere of nitrogen at 0 °C was 

added a solution of (4.14) (0.05 g, 0.16 mmol) dropwise. After 2 h, the reaction mixture was 

quenched by slowly adding to water (5 mL) at 0 °C. The aqueous layer was then acidified by the 

addition of 2 M HCI aqueous solution (10 mL) and washed with diethyl ether (3 x 10 mL). The 

aqueous phase was then basified by the addition of 2.5 M NaOH aqueous solution (20 mL) and 

extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over MgS0 4 , 

filtered and concentrated in vacuo to yield (4.15) as a colourless oil (0.04 g, 77%).

Rf. 0.06 (3:1, ethyl acetate/m ethanol)

NMR (CDCI3 , 400 MHz) 6 h ppm: 0.83-0.92 (IH , m, major diastereomer, CH2 ), 1.07-1.16 (2H, m, 

major diastereomer, CH2 ), 1.27-1.52 (2H, m, major and minor diastereomers, CH2 ), 1.80-1.88 ( IH , 

m, minor diastereomer, CHCH2 NH2 ), 1.98-2.03 (3H, m, major and minor diastereomers, 2 x CH2 , 1 

X CHCH2 NH 2 ), 2.13-2.31 (2H, major and minor diastereomers, CH2 ), 2.58-2.62 (4H, m, major and 

minor diastereomers, 2 x CH2 ), 2.78-2.84 ( IH , m, major diastereomer, CH2 ), 3.06-3.12 ( IN , q, J = 

7.55 Hz, major diastereomer, Cj^), 3.30-3.40 ( IH , m, minor diastereomer, CH2 ), 3.38 (3H, s, major 

diastereomer, OCH3 ), 3.45 (3H, s, minor diastereomer, OCH3 ), 3.80 (3H, s, major diastereomer, 

OCH3), 3.81 (3H, s, minor diastereomer, 0 CJH3 ), 3.85 (3H, s, major diastereomer, OCH3 ), 3.88 (9H, 

s, major and minor diastereomers, 3 x OCH3 ), 4.58 (2H, s, major diastereomer, OCjizOCHs), 4.71
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(IH , d, J = 6.80 Hz, minor diastereomer, OCH2OCH3), 4.76-4.83 (2H, m, major and minor 

diastereomers, 1 x OCH2OCH3, 2 x CHOCH2 ), 6.59 (IH , s, major diastereomer, ArH), 6.92 (IH , s, 

minor diastereomer, ArH)

“ C NMR (CDCI3, 400 MHz) 6c ppm: 22.59 (CH,). 23.35 (CH,). 31.21 (CH,). 31.52 (CH,). 36.71 (CH,). 

39.51 (CH2), 39.60 (CHCH2 NH2 ), 44.20 (CHCH2NH2), 49.00 (2 x CH2), 55.36 (OCH3), 55.71 (OCH3), 

56.01 (OCH.). 56.06 (OCH3), 60.84 (OCH3), 60.86 (OCH,). 61.38 (2 x OCH3), 75.40 (CHOCH2), 77.35 

(CHOCH2 ), 93.90 (OCH2O), 95.00 (OCH2O), 103.47 (A r^ ). 109.27 (ArOH), 125.78 (QC), 128.45 (QC), 

135.90 (QC), 138.83 (Q£), 140.65 (QC), 141.69 (QC), 150.47 (Q£), 150.84 (Q£), 151.24 (QC), 151.36

(QC)

Vmax (DCiVI)/cm'^: 3376.36 (NH), 2932.52, 2848.60, 1665.26, 1599.56

HRIVIS [M+H]"  ̂ icalculated 326.1967, found 326.1970, molecular formula (C1 7 H2 8 NO5 )

7.14.3 BOC protection of amine; Synthesis of tert-buty! ((7/?)-6,7,8,9-tetrahydro-l,2,3- 

trimethoxy-5-(methoxymethoxy)-5H-benzo[7]annulen-7-yl)methylcarbamate (4.16)

' O

NH

O ,

O,
\

BoCjO (1.9 eq)

THF, 2 h, RT 
79%

O ,
\

(4.15) (4.16)

To a stirred solution of (4.15) (0.75 g, 2.30 mmol) in dry THF (3 mL) under an atmosphere of 

nitrogen at room temperature was added 1 M Di-te/t-butyl dicarbonate solution (4.41 mL, 4.41 

mmol). After 2 h, the reaction was deemed to have gone to completion and the reaction was 

quenched by the addition of water (10 mL). The reaction was then extracted with diethyl ether (3 

X 25 mL). The organic fractions were combined, dried over MgS0 4 , filtered and concentrated 

under reduced pressure. The resulting residue was then purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield 

(4.16) as a colourless oil (0.77 g, 79%).

R f. 0.58 (1:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3, 400 MHz) 6 h ppm: 0.82-0.95 (IH , m, minor diastereomer, CH2 ), 1.08-1.17 (IH , m, 

major diastereomer, CH2 ), 1.31-1.34 (IH , d, J = 12.1 Hz, minor diastereomer, CH2 ), 1.45 (19H, s.
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major and minor diastereomers, 2 x OC(CH3 )3 , 1 x CH2 ), 1.92-2.00 (3H, m, major and minor 

diastereomers, 1 x CHCH2NH, 2 x CH2), 2.07-2.28 (4H, m, major and minor diastereomers, 3 x CH?. 

1 x CHCH2NH), 2.75-2.82 (IH, m, major diastereomer, C]i), 2.99-3.11 (5H, m, major and minor 

diastereomers, 5 x CJi), 3.30-3.38 (IH, m, minor diastereomer, CH2), 3.37 (3H, s, major 

diastereomer, OCH3), 3.43 (3H, s, major diastereomer, OCH3), 3.79 (3H, s, major diastereomer, 

OCH3), 3.80 (3H, s, minor diastereomer, OCH3), 3.84 (3H, s, major diastereomer, OCH3), 3.87 (3H, 

s, minor diastereomer, OCH3), 3.87 (3H, s, major diastereomer, OCH3), 3.88 (3H, s, minor 

diastereomer, OCH3), 4.56 (2H, s, major diastereomer, OCH2OCH3), 4.69 (IH, d, J = 6.71 Hz, minor 

diastereomer, OCH2OCH3), 4.72-4.76 (2H, m, major and minor diastereomers, 2 x CH2), 4.79 (IH, 

d, J = 6.71 Hz, minor diastereomer, OCH2OCH3), 6.57 (IH, s, major diastereomer, ArH), 6.91 (IH, s, 

minor diastereomer, ArH)

NIVIR (CDCI3, 400 MHz) 6c ppm: 22.5 (CH,). 23.2 (CH,). 28.43 (C(CH,),). 31.11 (CH2), 31.62 (CH,). 

36.53 (CH2), 36.79 (CHCH2NH2), 39.33 (CH2), 41.06 (CHCH2NH2), 46.97 (CH2), 55.37 (OCH3), 55.7 

(OCH.). 56.01 (OCH3), 56.05 (OCH3), 60.85 (OCH3), 61.38 (OCH3), 75.22 (CH2OCH), 77.3 (CH2OCH), 

79.07 (C(OH3 )3 ), 79.18 ( C ( C H s ) s ) ,  93.94 (0CH,0). 94.99 (0 CH,0). 103.58 (ArCH), 109.39 (ArCH), 

125.6 (QC), 128.3 (QC), 135.81 (QC), 138.66 (Q£), 140.72 (QC), 141.75 (Q£), 150.52 (Q£), 150.87 

(QC), 151.3 (QC), 151.4, (Q£), 156.02 (C=0), 156.1 (C=0)

V m a x  (DCM)/cm‘^ 3380.18 (NH), 2930.29, 2852.65, 1701.23 (C=0)

HRMS [M+Na]'": calculated 448.2311, found 448.2386, molecular formula (C2 2 H3 5 NNa0 7 )

7.14.4 Removal of MOM and oxidation: Synthesis of te/t-butyl ((/?)-6,7,8,9-tetrahydro- 

l,2,3-trimethoxy-5-oxo-5H-benzo[7]annulen-7-yl)methYlcarbamate (4.18)

NH NHNH
AICI3  (2 eq) 
Nal (2 eq) DMP(1.5eq) O'

HO
DCM, 1 h, RT 

31% over two steps

(4 .16) (4 .17) (4 .18)

To a stirred solution of (4.16) (0.58 g, 1.28 mmol) in a mixture of acetonitrile and DCM (2:1; 24 

mL) at 0 °C was added aluminium chloride (0.34 g, 2.56 mmol) and sodium iodide (3.8 g, 2.56
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mmol). After 30 min, the reaction was quenched by the addition of saturated sodium bicarbonate 

aqueous solution (50 mL). The reaction was extracted with DCM (3 x 10 mL).To a stirred solution 

of the combined organic fractions was added Dess-Martin periodinane (0.82 g, 1.92 mmol). After 

1  h, the reaction was quenched by the addition of saturated sodium bicarbonate aqueous solution 

(50 mL) and the reaction 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 then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to yield (4.18) as a yellow oil (0.15 g, 31%).

Rf 0.17 (3:1, hexane/ethyl acetate)

[a] ^̂  = -23.47 (c = 7.33, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 1.46 (lOH, s, 1 x C(CH3 )3, 1 x CH2 ), 1.95-1.99 (IH , m, Chb), 2.07- 

2.19 (IH , m, CHCHj), 2.59-2.65 (IH , m, Chb), 2.80-2.84 (2H, m, CH2 ), 3.01-3.23 (3H, m, CH2 ), 3.86 

(3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 3.95 (3H, s, OCH3 ), 7.15 (IH , s, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 21.92 (CH2), 27.94 (€(0 1 3 )3 , 29.28 (Chb), 33.80 (CHCH2), 43.93 

(Chb), 44.50 (Chb), 55.54 (OCH3),, 60.45 (OCH3), 60.85 (OCH3), 78.99 (OC(CH3)3), 106.94 (ArCH), 

129.40 (QC), 133.56 (Q£), 145.43 (QC), 150.57 (QC), 151.14 (QC), 155.57 (C=0 )

Vmax (DCM)/cm‘^ 3372.00 (NH), 2973.28, 2932.79,1711.97 (C=0)

HRMS [M+Na]" :̂ calculated 402.1893, found 402.1862, molecular formula (C2oH2 9 NNaOe)

7.14.5 Triflate formation: Synthesis of tert-butyl A/-{[(7R)-2,3,4-trimethoxy-9-

(trifluoromethanesulfonyloxy)-6,7-dihyclro-5H-benzo[7]annulen-7-yl]methyl}carbamate 

(4.19)

1
0

1) KHMDS(1.4 eq) 

THF, 2 h, 0 °C 

 ►

Q  2) 2-[A/,A/-bis(fluoromethylsulfonyl)amino-5-chloropyridine (2.5 eq) q  q

THF, 3 h, 0 °C 

24%

(4.18)

o"''̂ ''CF3 

(4.19)

To a stirred solution of (4.19) (0.15 g, 0.40 mmol) in dry THF (2 mL) under an atmosphere of 

nitrogen at 0 °C was added 0.5 M KHMDS solution in toluene (1.1 mL, 0.55 mmol). After 2 h, a 

solution of 2-[A/,A/-bis(fluoromethylsulfonyl)amino]-5-chloropyridine (0.39 g, 0.99 mmol) in dry
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THF (3 mL) was added dropwise and the reaction was left stirring for a further 3 h. The reaction 

was then quenched by the addition of water (10 mL) and extracted with diethyl ether (3 x 25 mL). 

The organic fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (4.19) as a yellow oil (0.05 g, 

24%).

R f‘. 0.67 (3:1, hexane/ethyl acetate)

[a] + 13.44 (c = 6.82, DCM)

NMR (C D C I3, 400 MHz) 6 h ppm: 1.45 (9H, s, C (CH3)3), 1.81-1.89 ( IH , m, Chb), 2.17-2.20 (IH , m, 

CH2 ), 2.36-2.38 (IH , m, CHCHjNH), 2.53-2.60 ( IH , m, CH2 ), 2.94-2.99 (IH , m, CH2 ), 3.20-3.23 (2H, 

m, CH2 ), 3.86 (3H, s, O C H 3), 3.87 (3H, s, O C H 3), 3.94 (3H, s, O C H 3), 6.05 (IH , d, J = 5.47 Hz, C=CH), 

6.10 ( IH , s, NH), 6.82 (IH , s, ArH)

NMR (CD C I3, 400 MHz) 6 c ppm: 22.83 (CH2), 28.32 (C (CH s)3), 36.42 (Chb), 37.48 (C H C H 2N H ), 

44.23 (Crb), 56.01 (O C H ,). 60.93 (O C H ,). 61.55 (O C H 3), 79.74 (C (CH 3)3), 105.85 (ArCH), 116.902 

(QC), 120.09 (QC), 124.20 (C = C H ), 127.77 (QC), 128.397 (QC), 143.43 (QC), 145.69 (Q£), 151.11 

(QC), 151.75 (Q£), 156.06 (Q£)

NMR (CDCI3 , 400 MHz) 6 c ppm: -74.47  

Vmax (DCM )/cm '^ 3387.04 (NH), 2976.16, 2935.99, 1686.12 (C=0)

HRMS [M+Na]"^: calculated 534.1385, found 534.1370, molecular formula (C2 iH 2 8 F3 NNaOgS)

7.14.6 Suzuki coupling: Synthesis of tert-butyl A/-{[(7/?)-9-{3-[(terf-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3/4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]methyl}carbamate (4.20)

NHNH

T0 luene/Et0 H/h 2 0 , 1 h, 60 °C 

56%

(4.08) (4.20)
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To a stirred solution of (4 .19) (0.06 g, 0.12 mmol) in a mixture of toluene, ethanol and water (5 

mL; 3: 1; 1) was added potassium carbonate (0.05 g, 0.35 mmol), (tetrakis(triphenyl)phosphine) 

palladium (0.01 g, 0.01 mmol) and (4 .08) (0.04 g, 0.14 mmol). The reaction was heated under 

reflux to 60 °C for 1 h after which time it was quenched by the addition of water (10 mL). The 

reaction mixture was then extracted with diethyl ether (3 x 10 mL). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to afford (4 .20) as a yellow resin (0.04 g, 56%).

Rf. 0.51 (3:1, hexane/ethyl acetate)

[a]^  = + 22.4 (c = 3.13, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 0.16 (6 H, d, J = 4.41 Hz, Si(CH3 )2 ), 0.99 (9H, s, C(CH3 )3 ), 1.86- 

1.88 (IH , m, CH2 ), 2.12-2.24 (2H, m, 1 x CH2 , 1 x CHCH2 NH), 2.26-2.32 (IH , m, CH2 ), 3.05-3.09 (IH , 

m, CH2 ), 3.17-3.20 (IH , m, CH2 ), 3.30-3.32 (IH , m, CH2 ), 3.70 (3H, s, OCH3 ), 3.84 (3H, s, OCH3 ), 3.92 

(3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 6.06 (IH , d, J = 5.83 Hz, C=CH), 6.37 (IH , s, ArH), 6.78-6.81 (2H, s, 

ArH), 6.85-6.87 (IH , s, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: -4.53 (Si(CH3)2), 18.47 (C(CH3)3), 23.19 (Chb), 25.75 (C(CH.),). 

28.44 (C(CH3)3), 37.83 (CHCH2NH), 39.29 (Chb), 44.73 (CH2), 55.51 (OCH3), 55.91 (OCH3), 60.89 

(OCH3), 61.59 (OCH3), 79.19 (C(CH3)3), 108.81 (ArCH), 111.60 (ArCH), 120.67 (ArCH), 121.36 

(ArCH), 128.03 (QC), 128.57 (C=CH), 134.617 (QC), 136.06 (Q£), 141.21 (QC), 142.16 (QC), 144.58 

(QC), 150.47 (QC), 150.78 (QC), 151.02 (QC), 156.03 (C=0 )

Vmax (DCM)/cm'^: 3434.50 (NH), 2961.13, 2931.59, 2857.09, 1645.92 (C=0)

HRMS [M+Na]": calculated 622.3176, found 622.3192, molecular formula (C3 3 H4 gNNa0 7 Si)
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7.14.7 Removal of BOC protecting group: Synthesis of [(7/?)-9-{3-[(tert-

butyldimethYlsilyl)oxy]-4-methoxYphenYl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]methanamine (4.21)

5min,0°C
86%

TFA/DCM

(4.20) (4.21)

To stirred solution o f (4.20) (0.04 g, 0.07 mmol) in dry DCM (0.5 mL) under an atmosphere of 

nitrogen at 0 °C was added TFA (0.5 mL) dropwise. After 5 min, the volatile organic solvents were 

removed under reduced pressure and the resulting residue was washed with saturated sodium 

bicarbonate aqueous solution (5 mL). The aqueous phase was then extracted with diethyl ether (3 

X  10 mL). The organic fractions were combined, dried over MgS0 4 , filtered and concentrated in 

vacuo to afford (4.21) as a yellow resin (0.03 g, 8 6 %).

Rf. 0.24 (1:1, ethyl acetate/methanol)

[a] + 26.67 (c = 1.88, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 0.14 (6 H, d, J = 5.19 Hz, Si(CH2 )2 ), 0.98 (9H, s, C(CH3 )3 ), 1.27- 

1.30 (2H, m, CH2 ), 1.80-1.88 (IH, m, Chb), 2.12-2.30 (3H, m, 2 x CH2 , 1 x CHCHjNH), 2.87 (2H, s, br, 

NHj), 3.05-3.09 (IH, m, Chb), 3.69 (3H, s, OCH3 ), 3.83 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 3.93 (3H, s, 

OCH3 ), 6.04 (IH, d, J = 5.93 Hz, C=CH), 6.37 (IH, s, ArH), 6.73 (IH, d, J = 2.17 Hz, ArH), 6.79 (IH, d, J 

= 8.37 Hz, ArH), 6.93-6.96 (IH, m, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm; -4.56 (Si(CH3)2), 23.14 (CHb), 25.72 (C(CH3)3), 29.71 (Chb), 30.32 

(C(CH3)3), 39.20 (Chb), 55.49 (OCH3), 55.88 (OCH3), 60.86 (OCH.). 61.57 (OCH.). 108.86 (ArCH), 

111.67 (ArCH), 120.74 (ArCH), 121.33 (ArCH), 127.91 (QC), 128.04 (C=OH), 134.53 (QC), 136.03 

(QC), 141.25 (QC), 142.62 (QC), 144.53 (QC), 150.53 (QC), 150.74 (QC), 151.06 (QC)

Vmax (DCM)/cm ^ 3434.50 (NH), 2930.20, 2855.93, 1678.86, 1570.69

HRMS [M+H]"^: calculated 500.2832, found 500.2843, molecular formula (C2 8 H4 2 NOsSi)
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7.14.8 Acetylation: Synthesis of /V-{[(7/?)-9-{3-[(te/t-butyldimethylsilyl)oxy]-4-

methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7- 

yl]methyl}acetamide (4.22)

Acetic anhydride (2 eq) 
EtjN (2 eq)

DCM, 1) 30 min, 0 °C, 
2) 2h, RT 

62%

(4.21) (4.22)

To a stirred solution of (4.21) (0.03 g, 0.06 mmol) in dry DCM (1 mL) under an atmosphere of 

nitrogen at 0 °C was added acetic anhydride (0.01 mL, 0.12 mmol) and triethylamine (0.02 mL, 

0.12 mmol). After 30 min, the temperature of the reaction was allowed to increase to ambient. 

After a further 2 h, the reaction was quenched by the addition of water (5 mL). The reaction 

mixture was then extracted with diethyl ether ( 3 x 5  mL). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; ethyl 

acetate) to afford (4.22) as a yellow oil (0.02 g, 62%).

Rf. 0.45 (ethyl acetate)

[a]^^ = + 35.2(c = 0.63, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm; 0.16 (6 H, d, J = 5.19 Hz, Si(CH2 )2 ), 0.10 (9H, s, C(CH3 )3 ), 1.86- 

1.92 (IH, m, CH2 ), 2.02 (3H, s, COCH3 ), 2.16-2.24 (2H, m, 1 x Chb, 1 x CHCHjNH), 2.26-2.35 (IH, m, 

CH2 ), 3.05-3.10 (IH, m, Chb), 3.26-3.32 (IH, m, Chb), 3.45-3.50 (IH, m, CH2 ), 3.71 (3H, s, OCH3 ), 

3.84 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 5.53 (IH, s, br, NH), 6.03 (IH, d, J = 6  Hz, 

C=CH), 6.38 (IH, s, ArH), 6.76 (IH, d, J = 2 Hz, ArH), 6.80 (IH, d, J = 8.5 Hz, ArH), 6.85 (IH, dd, h  = 

8.5 Hz, J2 = 2 Hz, ArH)

^̂ C NMR (CDCI3, 400 MHz) 6 c ppm: -4.53 (Si(CHs)2 ), 18.47 (C(CH3 )3 ), 23.17 (Chb), 23.39 (COCH,). 

25.74 (C(CH3 )3 ), 37.38 (CHCH2 NH), 39.40 ( ^ ) ,  43.81 (CHj), 55.58 (OCH3 ), 55.93 (OCH3 ), 60.89 

(OCH3 ), 61.59 (OCH3 ), 108.84 (ArCH), 111.67 (ArOH), 120.68 (ArOi), 121.34 (ArCH), 127.97 (QC), 

128.20 (C=CH), 134.45 (Q£), 135.91 (Q£), 141.29 (QQ, 142.48 (QC), 144.62 (QC), 150.58 (QC), 

150.81 (QC), 151.08 (QC), 170.16 (C=0)

Vmax (DCM)/cm‘ :̂ 3412.47 (NH), 298.01, 2854.93, 1649.16 (C=0)
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HRMS [M+H]^ calculated 542.2938, found 542.2953, molecular formula (C3oH4 4 N0 6 Si)

7.14.9 Silyl deprotection: Synthesis of /\/-(((/?,Z)-6,7-dihydro-9-(3-hydroxy-4-

methoxyphenyl)-2,3/4-trimethoxy-5H-benzo[7]annulen-7-yl)methyl)acetamide (4.12)

HN
(R )

(4.22)

HN
(R)TBAF(2 eq)

THF, 30 min,0°C 
100%

OH

(4.12)

To a stirred solution of (4 .22) (0.01 g, 0.02 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.04 mL, 0.04 mmol). After 30 min, the THF 

was blown off in a stream of nitrogen gas and the resulting residue added directly to a silica gel 

flash column and purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; ethyl acetate) to afford (4.12) as a white solid (0.01 g, 100%).

Rf. 0.32 (ethyl acetate)

[aJo = + 162 (c= 1.11, DCM)

Ĥ NMR (CDCI3, 400 MHz) 6 h ppm: 1.84-1.92 (IH , m, CH2 ), 2.02 (3H, s, COCH3 ), 2.17-2.32 (3H, m, 2 

X CH2 , 1 X  CHCHjNH), 3.05-3.08 (IH , m, CH2 ), 3.29-3.35 (IH , m, CH2 ), 3.40-3.45 (IH , m, C ^ ) ,  3.72 

(3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 3.95 (3H, s, OCH3 ), 5.54 (IH , s, br, OH), 6.07 

(IH , d, J = 6.01 Hz, C=CH), 6.39 (IH , s, ArH), 6.78 (IH , dd, Ji = 8.44 Hz, h  = 1-86 Hz, ArH), 6.82 (IH , 

d, J = 8.44 Hz, ArH), 6.90 (IH , d, J =1.86 Hz, ArH)

NMR (CDCI3, 400 MHz) 6 ,  ppm: 23.14 (CH2), 23.42 (COCH3), 37.40 (^ C H 2 NH), 39.34 (CH,). 

43.82 (ChU), 56.02 (OCH3), 56.04 (OCH3), 60.89 (OCH3), 61.58 (OCH3), 108.93 (ArCH), 110.33 

(ArCH), 114.14 (ArOH), 119.76 (ArCH), 127.99 (QC), 128.67 (C=CH), 135.04 (QC), 135.72 (QC), 

141.36 (QC), 142.48 (QC), 145.29 (QC), 146.18 (QC), 150.83 (QC), 151.15 (Ĉ C), 170.26 (C=0)

Vmax (DCM)/cm'^: 3349.39, 2923.91, 2851.19, 1652.12 (C=0), 1564.46

HRMS [M+H]'": calculated 428.2073, found 428.2066, molecular formula (C2 4 H3 0 NO6 )

Melting point: 85-86 °C
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7.15 Synthesis of (R)-enantlomer of C-7 methylene alcohol analogue (R)-5-(7-

(hydroxvmethyl)-2.3.4-trimethoxy-6.7-dihydro-5H-benzof71annulen-9-vl)-2-

methoxyphenol

7.15.1 Reduction of nitrile to alcohol: Synthesis of ((7/?)-6,7,8,9-tetrahydro-l,2,3- 

trimethoxy-5-(methoxymethoxy)-5H-benzo[7]annulen-7-yl)methanol (4.26)

OH

DIBAL-H (2 eq)

MeOH, 30 min, 0 °C 
61% over two steps

O THF, l) lh ,-7 8 ° C  
2) 4 h, RT

(4.14) (4.25) (4.26)

To a stirred solution o f (4 .14) (0.08 g, 0.25 mmol) in dry THF (1 mL) under an atmosphere o f 

nitrogen at -78 °C was added 1 M DIBAL-H solution in hexane (0.5 mL, 0.5 mmol) dropwise. A fter 1 

h, the tem perature was allowed to  increase to ambient. A fter a fu rther 4 h, the reaction was 

quenched by the addition o f 1 M tartaric acid aqueous solution (5 mL). The reaction m ixture was 

then extracted w ith  diethyl ether (3 x 10 mL). The organic fractions were combined and dried over 

MgS0 4 , filtered and concentrated in vacuo to  yield the aldehyde (4 .25) as a crude mixture. The 

aldehyde was dissolved in methanol (5 mL) and the tem perature o f the reaction reduced to  0 °C. 

Sodium borohydride (0.02 g, 0.5 mmol) was slowly added to  the reaction. A fter 30 min, the 

methanol was removed under reduced pressure and the reaction was quenched by the addition 

o f water (5 mL). The reaction was then extracted w ith  diethyl ether (3 x 10 mL). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced pressure. 

The product was purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 4:1, hexane/ethyl acetate) to  yield (4 .26) as a yellow oil (0.05 g, 61 % over 

tw o steps).

Rf. 0.17 (2:1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.49-2.08 (3H, m, 2 x ChU, 1 x CHCH2 OH), 2.17-2.36 (2H, m, 

Chb), 2.77-2.89 (IH , m, CH2 ), 3.07-3.17 (IH , m, Chb), 3.38 (3H, s, OCH3 ), 3.52 (2H, m, CH2 OH), 3.80
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(3H, s, OCH3 ), 3.85 (3H, s, OCH3 ), 3.88 (3H, s, OCH3 ), 4.58 (2H, s, OCH2 OCH3 ), 4.77 (IH, d, J = 6.84 

Hz, CHOCH2 ), 6.59 (IH, s, ArH)

NMR (CDCI3, 400 MHz) 5 ,  ppm: 22.07 (Chb), 30.09 (CH2), 34.97 (Chb), 38.45 (^CHjOH), 54.91 

(OCH3), 55.59 (OCH.), 60.39 (OCH3), 60.94 (OCH-J. 68.15 (CH,OH). 76.85 (CHOCH2), 93.41 

(OCH2OCH3), 108.90 (ArCH), 127.96 (QC), 135.41 (QC), 141.23 (QC), 150.02 (Q£), 150.93 (Q£)

Vmax (DCM)/cm'^ 3437.78 (QH), 2930.31, 2852.00,1720.82, 1599.26

HRMS [M+Na]" :̂ calculated 349.1627, found 349.1633, molecular formula (Ci7 H2 6 Na0 6 )

7.15.2 Silyl Protection: Synthesis of (((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymetlioxy)-5H-benzo[7]annulen-7-yl)methoxy)(teft-butyl)diphenylsilane (4.27)

TBDPSCI (2 eq) 
Imidazole (2.1 eq) (R)

0 -S i

DMF, 4 h, RT 
88%

(4.27)

OH

O ,

To a stirred solution of (4.26) (0.21 g, 0.64 mmol) and imidazole (0.09 g, 1.35 mmol) in dry DMF (1 

mL) under an atmosphere of nitrogen at room temperature was added tert-butyldiphenylsilyl 

chloride (0.33ml, 1.29 mmol). After 4 h, the reaction was quenched by the addition of water (10 

mL) and extracted with diethyl ether (3 x 20 mL). The organic fractions were combined, dried over 

MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 20:1, 

hexane/ethyl acetate) to yield (4.27) as a colourless oil (0.32 g, 8 8 %).

Rf. 0.43 (3:1, hexane/ethyl acetate)

Ĥ NMR (CDCI3 , 400 MHz) 5h ppm: 1.12 (9H, s, C(CH3 )s), 1.46-1.64 (IH, m, CHCH2 0 Si), 2.21-2.48 

(4H, m, CH2 ), 2.80-2.93 (IH, m, CH2 ), 3.11-3.26 (IH, m, CH2 ), 3.42 (3H, s, OCH3 ), 3.57 (2H, s, 

CH2 0 Si), 3.85 (3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 4.64 (2H, s, OCH2 OCH3 ), 4.82 

(IH, s, CHOCH2 ), 6.64 (IH, s, ArH), 7.45 (6 H, s, ArH). 7.73 (4H, s, ArH)

^̂ C NMR (CDCI3, 400 MHz) S, ppm: 18.89 (C(CH3)3), 22.30 ( ^ ) ,  26.45 (0 (0 1 3 )3 ), 30.35 (CH2), 35.06 

(CH2), 38.47 (^CHzOSi), 54.85 (OCH3), 55.59 (OCH3), 60.42 (OCH3), 60.95 (OCH3), 68.90 (CH,OSi). 

77.10 ( ^ 0 CH2 ), 93.36 (O C H ,O C H ,). 109.04 (A rC H ), 127.19 (4 x ArOl), 128.33 (QC), 129.13 (2 x
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ArCH), 133.42 (4 x QC), 135.20 (4 x ArCH), 135.68 (4 x Q Q , 141.27 (2 x QC), 149.97 (3 x QC), 

151.01 (3xQC)

Vmax (DCM)/cm'^: 2930.65, 2856.28, 1598.81, 1494.17

HRMS [M+Na]"': calculated 587.2805, found 587.2816, molecular formula (C3 3H4 4 NaOeSi)

7.15.3 MOM deprotection and oxidation of alcohol: Synthesis of {7R)-7-[{tert- 

butyldiphenylsilyl)oxy]-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-ol 

(4.29) and (/?)-tert-butyldiphenyl((2,3,4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-7- 

yl)methoxy)silane (4.30)

TBDPS TBDPSTBDPS

(R)(R)
DM P(1.5 eq) \

AICI3  (2 eq) 

Nal (2 eq) (4.28) HO DCM, 30m in, RT (4.29) O 
74% over two steps

O. +
\  CH3 CN/DCM, 20 min, RT

TBDPS

(R)

(4.30)

To a stirred solution of (4.27) (0.32 g, 0.57mmol) in a mixture of acetonitrile and DCM (2:1,10 mL) 

at room temperature was added aluminium chloride (0.15 g, 1.14 mmol) and sodium iodide (0.17 

g, 1.14 mmol). After 20 min, the reaction was quenched by the addition of saturated sodium 

bicarbonate aqueous solution (40 mL). The reaction was then extracted with DCM (3 x 20 mL). To 

a stirred solution of the combined organic fractions was added Dess-Martin periodinane (0.36 g, 

0.85 mmol). After 30 min, the reaction was quenched by the addition of saturated sodium 

bicarbonate aqueous solution (50 mL) and the reaction was extracted with DCM (3 x 50 mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced 

pressure. The products were purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to afford (4.29) as a yellow oil (0.22 g, 

74% over two steps) and (4.30) as a yellow oil (0.07 g, 24%).

(4.29)

Rf 0.41 (3:1, hexane/ethyl acetate)
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[a ]o  = -2 .4 5  (c = 7.33, DCM)

NMR (CDCI3 , 400 MHz) 5h ppm: 1.11 (9H, s, € (€ ^ 3 )3 ), 1.70-1.81 (IH , m, Chb), 1.85-1.98 (IH , m, 

C M  2.11-2.29 ( IH , m, CHCHzOSi), 2.71-2.87 (2H, m, C M  2.92 (IH , d, J = 14.7 Hz, Chb), 3.19 (IH , 

d, J = 14.7 Hz, CH2 ), 3.60-3.68 ( IH , m, CH2 ), 3.77-3.85 ( IH , m, CHj), 3.87 (3H, s, OCH3 ), 3.92 (3H, s, 

OCH3 ), 3.98 (3H, s, OCH3 ), 7.22 ( IH , s, ArH), 7.35-7.53 (6 H, s, ArH), 7.65-7.81 (4H, s, ArH)

^̂ C NMR (CDCI3, 400 MHz) 6 c ppm: 18.86 (C(CH3)3), 21.87 (CH2), 26.43 (C(CH3)3), 28.06 (CH2), 35.54 

(OHCHzOSi), 43.60 (CH2), 55.54 (OCH3), 60.46 (OCH3), 60.90 (OCH3), 6 6 . 6 8  (CHCH,OSi). 107.03 

(ArCH), 127.28 (4 x ArCH), 129.26 (2 x ArOH), 133.02 (4 x QC), 133.09 (4 x QC), 133.37 (2 x Q£), 

133.77 (QC), 134.89 (Q£), 135.15 (2 x ArOH), 135.17 (2 x ArCH), 141.04 (QC), 145.38 (QC), 150.52 

(QC), 151.10 (QC), 202.75 (C=0)

Vmax (DCM)/cm  ^ 2931.54, 2856.81, 1672.13 (C=0), 1589.32

HRMS [M+Na]^: calculated 541.2386, found 541.2339, molecular formula (C3 iH 3 8 NaOsSi)

(4.30)

Rf 0.52 (3:1, hexane/ethyl acetate)

[a] o = + 68.35 (c = 7.67, DCM)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.10 (9H, s, C(CHsh), 1.82-1.85 ( IH , m, CH2 ), 2.06-2.13 ( IH , m, 

CH2 ), 2.71-2.79 (2H, m, 1 x CH2 , 1 x CHCHaOSi), 2.84-2.90 (IH , m, CH2 ), 3.59-3.70 (2H, m, CH2 ), 3.84 

(3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 5.85 ( IH , dd, J i=  12 Hz, J2 = 3.28 Hz, CH=CH), 

6.37 ( IH , d, J = 12 Hz, CH=CH), 6.54 ( IH , s, ArH), 7.40-7.43 (6 H, m, ArH), 6.70-7.76 (4H, m, ArH)

^̂ C NMR (CDCI3, 400 MHz) 6 c ppm: 18.88 (C(CH3)3), 22.79 (CH2), 26.11 ( C ( ^ 3 )3 ), 30.03 (Chb), 44.13 

(CHCHzOSi), 55.51 (OCH3), 60.53 (OCH3), 60.86 (OCH3), 66.85 (CH2), 109.67 (ArCH), 127.61 (2 x 

ArCH), 127.98 (ArCH), 129.16 (2 x ArCH), 129.22 (ArCH), 129.50 (CH=CH), 131.88 (Q£), 132.40 

(CH=CH), 133.29 (QC), 133.33 (QC), 134.37 (2 x ArCH), 134.72 (QC), 135.59 (2 x ArCH), 140.72 

(QC), 150.27 (Q£), 150.29 (QC)

Vmax (DCM )/cm ‘^ 2957.87, 2857.26, 1591.30, 1569.43

HRMS [M+Na]"^: calculated 525.2437, found 525.2438, molecular formula (CsiHssNaOASi)

7.15.4 Preparation of Triflate: Synthesis of {7R)-7-{[(tert-

butyldiphenylsilyl)oxy]methyl}-2,3/4-trimethoxy-6,7-dihydro-5H-benzo[7]annulen-9-yl 

trifluorometlianesulfonate (4.31)
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1) DIPA(1.5 eq) 
nBuLi (1.5 eq)

THF, 20 min, -78 °C 
 ►

2) (4.29) (1 eq)
THF, 2h, -78 °C

3) 2-[/\/,/\/-bis(fluoromethylsulfonyl)amino-5-chloropyridine (2 eq) 
(4.29) THF,3h,-78°C

58%

To a stirred solution of diisopropylamine (0.06 mL, 0.61 mmol) in dry THF (10 mL) at -78 °C under 

an atmosphere of nitrogen was added 2.5 M n-butyllithium solution in hexane (0.24 mL, 0.61 

mmol) dropwise. After 20 min, a solution of (4.29) (0.21 g, 0.40 mmol) in dry THF (8 mL) was 

added dropwise. The solution was stirred at -78 °C for 2 h and then a solution of 2-[N,N- 

bis(fluoromethylsulfonyl)amino]-5-chloropyridine (0.32 g, 0.81 mmol) in dry THF (8 mL) was 

added. The solution was stirred at -78 °C for a further 3 h after which time the reaction was 

quenched by the addition of saturated sodium chloride aqueous solution (50 mL). The reaction 

mixture was extracted with diethyl ether (3 x 25 ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 10:1, 

hexane/ethyl acetate) to afford (4.31) as a yellow oil (0.15 g, 58%).

Rf. 0.67 (3:1, hexane/ethyl acetate)

[a] + 46.64 (c = 6.82, DCM)

Ĥ NMR (CDCI3, 400 MHz) 6h ppm: 1.11 (9H, s, €(€^[3)3), 1.97-2.00 (IH , m, CH2 ), 2.09-2.11 (IH , m, 

CH2 ), 2.43-2.49 (IH , m, CHCHzOSi), 2.58-2.63 (IH , m, CH2 ), 2.96-2.99 (IH , m, CH2 ), 3.64-3.72 (2H, 

m, CH2 ), 3.87 (3H, s, OCH3), 3.91 (3H, s, OCH3 ), 3.97 (3H, s, OCH3), 6.24 (IH , d, J = 5.08 Hz, C=CH), 

6.88 (IH , s, ArH), 7.43-7.44 (6H, m, ArH), 7.68-7.70 (4H, m, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 18.81 (C(CH3)3), 22.49 (O i) ,  26.35 (€(0 1 3 )3 ), 34.38 (CH2), 39.01 

(CHCHjOSi), 55.54 (OCH3), 60.49 (OCH3), 61.09 (OCH3), 65.62 (Chb), 105.36 (ArCH), 124.20 (C=CH), 

127.31 (Q£), 127.53 (4 x ArOH), 128.13 (QC), 129.35 (2 x ArCH), 132.84 (QC), 132.88 (QC), 135.14 

(4 x A r ^ ) ,  142.84 (Q£), 144.90 (QC), 150.61 (QC), 151.21 (QC)

®̂F NMR (CDCI3, 400 MHz) 6p ppm: -74.47 (3 F, s, CF3)

Vmax (DCM)/cm‘ :̂ 2930.84, 2855.07, 1592.61, 1566.09, 1417.19

HRMS [M+H]" :̂ calculated 651.206, found 651.2067, molecular formula (C32H38F307SSi)
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7.15.5 Suzuki Coupling: Synthesis of tert-butyl(5-[(7/?)-7-{[(te/t-

butyldiphenylsilYl)oxy]methyl}-2,3/4-trimethoxY-6,7-dihydro-5H-benzo[7]annulen-9-yl]- 

2-methoxyphenoxy)dimethylsilane (4.32)

TBDPS

K2CO3  (3 eq) 
Pd(Ph3 )4  (0.05 eq)

(R)

TBDPS O
Toluene/EtOH/HjO, 1 h, 60 °C 

100%

(4.31) (4.08) (4.32)

To a stirred solution of (4 .3 i) (0.14 g, 0.22 mmol) in a mixture of toluene, ethanol and water (5 

mL; 3: 1: 1) was added potassium carbonate (0.09 g, 0.65 mmol), (tetrakis(triphenyl)phosphine) 

palladium (0.01 g, 0.01 mmol) and (4.08) (0.07 g, 0.26 mmol). The reaction was heated under 

reflux at 60 °C for 1 h after which time it was quenched by the addition of water (50 mL). The 

reaction mixture 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 then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to yield (4.32) as a yellow oil (0.17 g, 100%).

Rf. 0.76 (3:1, hexane/ethyl acetate)

[a] ^̂  = + 40 (c = 8.5, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 0.20 (6 H, d, J = 5.61 Hz, Si(CH3)2), 1.04 (9H, s, C(CH3)3), 1.12 (9H, 

s, C(CH3)3), 2.00-2.02 (IH , m, CH2), 2.15-2.18 (IH , m, CJi), 2.25-2.34 (2H, m, 1 x CH2, 1 x 

CHCHjOSi), 3.08-3.12 (IH , m, CH2 ), 3.75-3.78 (5H, m, 1 x OCH3), 1 x CH2 ), 3.87 (3H, s, OCH3), 3.95 

(3H, s, OCH3), 3.98 (3H, s, OCH3), 6.29 (IH , d, J = 5.95 Hz, C=CH), 6.44 (IH , s, ArH), 6.92-6.88 (3H, 

m, ArH), 7.39-7.47 (6 H, m, ArH), 7.71-7.74 (4H, m, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: -4.97 ($1(0 1 3 )2 ), -4.93 (Si(CH3 )2 ), 18.03 (C(CH3)3), 18.89 

(C(CH3 )3 ), 22.87 (0 1 2 ), 25.33 (€(0 3̂ )3 ), 26.13 (C(CH,),). 37.60 (CH2 ), 39.27 (CHCH2 0 Si), 55.10 

(OCH,). 55.48 (OCH3), 60.48 (OCH3), 61.17 (OCH3), 66.37 (CH2 ), 108.44 (ArOH), 111.19 (ArCH), 

120.22 (ArCH), 121.03 (ArCH), 127.20 (2 x ArCH), 127.23 (2 x ArCH), 127.89 (QC), 128.89 (C=CH), 

129.14 (ArCH), 129.16 (ArCH), 133.32 (Q£), 133.34 (QC), 134.71 (QC), 135.20 (4 x ArCH), 136.03 

(QC), 140.54 (QC), 140.58 (Q£), 144.15 (Q£), 149.87 (QC), 150.31 (QC), 150.46 (QC)
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V m a x  (DCM)/cm'^: 2931.19, 2857.14, 1595.87, 1571.08, 1508.50

HRMS [M+Na]'": calculated 761.367, found 761.3615, molecular formula (C4 4 H5 8NaOeSi2 )

5.15.6 Removal of silyl protecting groups: Synthesis of 5-((/?,Z)-6,7-dihydro-7- 

(hydroxymethyl)-2,3i4-trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol (4.23)

To a stirred solution of (4.32) (0.15 g, 0.20 mmol) in dry THF (5 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.43 mL, 0.43 mmol). After 1 h, the 

temperature was allowed to increase to ambient. After a further 16 h, the THF was removed by 

blowing with a stream of nitrogen gas and the resulting residue was added directly to a silica gel 

flash column and purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 1:1, hexane/ethyl acetate) to afford (4.23) as a white solid (0.05 g, 65%).

Rf. 0.28 (1:1, hexane/ethyl acetate)

[a]o= + 102.4 (c = 3.13, DCM)

Ĥ NMR (CDCI3, 400 MHz) 6h ppm: 1.88-1.92 (IH, m, CH2 ), 2.16-2.29 (3H, m, 2 x CH2, 1 x 

CHCH2OH), 3.05-3.10 (IH, m, Chb), 3.63-3.70 (5H, m, 1 x CH2 , 1 x OCH3), 3.91 (3H, s, OCH3), 3.92 

(3H, s, OCH3), 3.93 (3H, s, OCH3), 5.72 (IH, s, br, OH), 6.18 (IH, d, J = 6.09 Hz, C=CH), 6.40 (IH, s, 

ArH), 6.77-6.81 (2H, m, ArH), 6.93 (IH, s, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 22.67 (CH2 ), 37.38 (CH2 ), 39.45 (CHCH2 OH), 55.55 (2 x OCH3), 

60.44 (OCH3), 61.14 (OCH3), 65.91 (Chb), 108.44 (ArCH), 109.84 (ArCH), 113.80 (ArCH), 119.27 

(ArCH), 127.66 (QC), 128.37 (C=OH), 134.87 (Q£), 135.58 (Q£), 140.72 (QC), 141.49 (QC), 144.79 

(Q£), 145.62 (Q£), 150.31 (Q£), 150.57 (Q£)

Vmax (DCM)/cm'^: 3420.98 (OH), 2933.63, 2851.31, 1580.94

HRMS [M+H]*: calculated 387.1808, found 387.1834, molecular formula (C2 2H2 7O6 )

TBAF (2.1 eq)

\

OH

(4 .32) (4 .23)
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Melting point: 91-93 °C

7.16 Synthesis of (S)-enantiomer of C-7 methylene alcohol analogue (S)-5-f7-

(hydroxymethvl)-2.3.4-trimethoxv-6.7-dihydro-5H-benzof7lannulen-9-vl)-2- 

methoxyphenol (4.24)

7.16,1 Nitrile Synthesis: Synthesis of (7S)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulene-7-carbonitrile (4.35)

O,

(3.47)

DIPEA (1.5 eq) 

 ►

DCM, 1 h, 0 °C 

100%

" O

(R)

MsCI (1.7 eq) o O
o  NaCN (10 eq)

(4.34)

\  DMSO, 24h, 70°C 
46%

(S)} C =N

To a stirred solution of (3.47) (2.22 g, 7.11 mmol) in dry DCM (10 mL) under an atmosphere of 

nitrogen at 0 °C was added methanesulfonyl chloride (0.94 mL, 12.08 mmol) followed by N,N- 

diisopropylethylamine (1.86 mL, 10.66 mmol). After 1 h, the reaction was quenched by the 

addition of w ater (20 mL). The reaction mixture was extracted with diethyl ether (3 x 25 mL). The 

organic fractions were combined and dried over MgS0 4 , filtered and concentrated in vacuo to 

afford the mesylate (4.34) as a crude mixture. The mesylate was dissolved in DMSO (10 mL) at 

room tem perature and sodium cyanide (3.48 g, 71.07 mmol) was added to the solution. The 

reaction was then refluxed at 70 °C for 24 h. The reaction was then quenched by the addition of 

water (30 mL) and extracted with diethyl ether (3 x 30 mL). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by 

flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to afford (4.35) as a white oil (1.04 g, 46% over two steps).

Rf 0.24 (3:1, hexane/ethyl acetate)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.65-1.77 (2H, m, major and minor diastereomers, CH2 ), 2.02- 

2.08 (2H, m, major and minor diastereomers, CH2 ), 2.17-2.21 (2H, m, major and minor
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diastereomers, CH2 ), 2.30-2.47 (3H, m, major and minor diastereomers, CH2 ), 2.84-2.90 (IH, m, 

major diastereomer, CH2 ), 3.01-3.14 (2H, m, major and minor diastereomers, 1 x CHCN, 1 x CH2 ), 

3.34-3.39 (5H, m, major and minor diastereomers, 1 x CHCN, Ix  CH2 , 1 x OCH3), 3.44 (3H, s, minor 

diastereomer, OCH3), 3.81 (3H, s, major diastereomer, OCH3), 3.82 (3H, s, minor diastereomer, 

OCH3), 3.86 (3H, s, major diastereomer, OCH3), 3.87 (3H, s, minor diastereomer, OCH3), 3.88 (3H, 

s, major diastereomer, OCH3), 3.89 (3H, s, minor diastereomer, OCH3), 4.56 (2H, s, major 

diastereomer, OCH2OCH3), 4.67-4.61 (4H, s, major and minor diastereomers, 1 x OChizOCHs, 2 x 

CHOCH2), 6.62 (IH, s, major diastereomer, ArH), 6.83 (IH, s, minor diastereomer, ArH)

NiVlR (CDCI3, 400 MHz) 6c ppm: 22.27 (Chb), 22.51 (Chb), 28.17 (OHCN), 30.42 (CHCN), 30.57 

(CH,). 31.15 (D I2 ), 36.12 (CH2), 36.94 (Chb), 55.59 (OCH3), 55.82 (OCH3), 56.06 (2 x OCH3), 60.83 (2 

X OCH3), 61.41 (2 X OCH.), 74.62 (CHOCH2), 75.42 (CHOCH2), 93.93 (OCH,OCH,). 94.72 

(OChbOCHj), 105.11 (ArCH), 108.78 (ArCH), 121.93 (QC), 122.66 (QC), 124.54 (QC), 126.52 (QC), 

135.15 (QC), 136.83 (QC), 141.30 (Q£), 141.89 (QC), 151.09 (QC), 151.18 (QC), 151.54 (Q£), 151.63 

( Q £ )

Vmax (DCM)/cm ^ 3535.26, 2936.73, 2837.44, 2238.08 (CN), 1599.54

HRMS [M+Na]^: calculated 344.1474, found 344.1485, molecular formula (Ci7 H2 3 NNaOs)

7.16.2 Reduction of nitrile to alcohol: Synthesis of ((7S)-6,7,8,9-tetrahydro-l,2,3- 

trimethoxy-5-(methoxymethoxy)-5H-benzo[7]annulen-7-yl)methanol (4.37)

( S j )  CEN
DIBAL-H (2 e < ^ 0

^  THF, 1) I h ,  -78  °C
O ,

\  2) 2 h, RT

V

NaBH4 ( 2  e q ) °

M eOH, 30 m ln ,0 °C  

75% over tw o  steps
O,

\

OH

(4.35) (4.36) (4.37)

To a stirred solution of (4.35) (1.1 g, 3.42 mmol) in dry THF (10 mL) under an atmosphere of 

nitrogen at -78 °C was added 1 M DIBAL-H solution in hexane (6.85 mL, 6.85 mmol) dropwise. 

After 1 h, the temperature was allowed to increase to ambient. After a further 2 h the reaction 

was quenched by the addition of 1 M tartaric acid aqueous solution (50 mL). The reaction mixture 

was then extracted with diethyl ether (3 x 75 mL). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo to afford the aldehyde intermediate (4.36) as a
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crude mixture. The aldehyde was dissolved in methanol (10 mL) and the temperature of the 

reaction reduced to 0 °C. Sodium borohydride (0.26 g, 6.85 mmol) was slowly added to the 

reaction. After 30 min the methanol was removed under reduced pressure and the reaction was 

quenched by the addition of water (50 mL). The reaction was then extracted with diethyl ether (3 

X 75 mL). The organic fractions were combined, dried over MgS0 4 , filtered and concentrated 

under reduced pressure. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (4 .37) as a white 

oil (0.84 g, 75 % over two steps).

Rf. 0.17 (2:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 5h ppm: 0.87-0.97 (IH , m, minor diastereomer, CH2), 1.12-1.41 (2H, m, 

minor diastereomer, CH2), 1.49-1.56 (IH , m, major diastereomer, CH2), 1-76 (2H, s, br, OH), 2.02- 

2.06 (3H, m, major and minor diastereomers, 1 x CH2,1 x CHCH2OH), 2.19-2.32 (4H, m, major and 

minor diastereomers, 3 x CH2, 1 x CHCH2OH), 2.79-2.84 (IH , m, major diastereomer, CH2), 3.08- 

3.13 (IH , m, major diastereomer, CH2), 3.32-3.38 (4H, m, major and minor diastereomers, 1 x CH?. 

1 X  OCH3), 3.44 (3H, s, minor diastereomer, OCH3), 3.46-3.55 (4H, m, major and minor 

diastereomers, CH2OH), 3.80 (3H, s, major diastereomer, OCH3), 3.85 (3H, s, minor diastereomer, 

OCH3), 3.88 (9H, s, major and minor diastereomers, OCH3), 4.58 (2H, s, major diastereomer, 

OCH2OCH3), 4.70-4.83 (4H, m, major and minor diastereomers, 1 x CH2, 2 x CHOCH2) 6.59 (IH , s, 

major diastereomer, ArH), 6.93 (IH , s, minor diastereomer, ArH)

NMR (CDCI3 , 400 MHz) b ,  ppm: 22.53 (CH2 ), 23.22 (CH2 ), 30.06 (O i) ,  30.56 (CH2 ), 35.44 (CH,). 

38.27 (CH2 ), 38.90 (CHCH2 OH), 43.38 (CHCH2 OH), 55.37 (OCH3 ), 55.71 (OCH3 ), 56.01 (OCH3 ), 56.05 

(OCH3 ), 60.85 (2 X  OCH3 ), 61.40 (2 x OCH3 ), 68.29 (Chb), 68.58 ( ^ ) ,  75.33 (CHOCH2 ), 77.40 

(^OCHz), 93.87 (CH2 ), 94.93 (ChU), 103.59 (ArCH), 109.38 (ArOH), 125.72 (Q£), 128.42 (Q£), 

135.88 (QC), 138.79 (Q£), 140.66 (Q£), 141.69 (QC), 150.48 (QC), 150.85 (Q£), 151.24 (QC), 151.38 

(QC)

Vmax (DCM)/cm'^: 3437.78 (OH),2930.31, 2852.00, 1720.82, 1588.26

HRMS [M+Na]"^: calculated 349.1627, found 349.1631, molecular formula (Ci7 H2 6 NaOe)
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7.16.3 Silyl Protection: Synthesis of (((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-ben2o[7]annulen-7-yl)metlioxy)(tert-butyl)diphenylsilane (4.38)

O

O,
o.

OH TBDPSCI (2 eq)
Imidazole (2.1 eq)

DMF, 16 h, RT 
94%

O,
\

(4.37) (4.38)

To a stirred solution of (4.37) (0.45 g, 1.38 mmol) and imidazole (0.20 g, 2.90 mmol) in dry DMF (1 

mL) under an atmosphere of nitrogen at room temperature was added te/t-butyldiphenylsilyl 

chloride (0.72 ml, 2.76 mmol). After 16 h, the reaction was quenched by the addition of water (10 

mL) and extracted with diethyl ether (3 x 20 mL). The organic fractions were combined, dried over 

MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 20:1, 

hexane/ethyl acetate) to afford (4.38) as a colourless oil (0.73 g, 94%).

Rf. 0.43 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 0.87-0.93 (IH , m, major diastereomer, CH2 ), , 1.09 (18H, s, 

C(CH3 )3 ), 1.14-1.25 (IH , m, minor diastereomer, CH2 ), 1.28-1.41 (IH , m, minor diastereomer, CH2 ), 

1.50-1.56 (IH , m, major diastereomer, CH2 ), 2.03-2.11 (3H, m, major and minor diastereomers, 2 x 

CH2, 1 X CHCH2), 2.26-2.38 (4H, m, major and minor diastereomers, 3 x CH2 , 1 x CHCH2), 2.83-2.86 

(IH , m, major diastereomer, CH2), 3.11-3.17 (IH , m, major diastereomer, CH2), 3.34-3.40 (IH , m, 

minor diastereomer, CH2), 3.41 (3H, s, major diastereomer, OCH3)/ 3.43-3.47 (2H, m, minor 

diastereomer, CH2), 3.48 (3H, s, minor diastereomer, OCH3), 3.51-3.54 (3H, m, major and minor 

diastereomers, 2 x CH2), 3.82 (3H, s, major diastereomer, OCH3), 3.83 (3H, s, minor diastereomer, 

OCH3), 3.88 (3H, s, major diastereomer, OCH3), 3.91 (3H, s, minor diastereomer, OChU)- 3.92 (9H, 

s, minor and major diastereomers, OCH3), 4.60-4.64 (2H, m, major diastereomer, OCH2OCH3), 

4.75-4.87 (4H, m, major and minor diastereomers, 1 x OCH2OCH3, 2 x CHOCH2 ), 6.61 (IH , s, major 

diastereomer, ArH), 6.97 (IH , s, minor diastereomer, ArH), 7.39-7.47 (12H, m, major and minor 

diastereomers, ArH), (IH , s, major diastereomer, ArH), 7.70-7.71 (8H, m, major and minor 

diastereomers, ArH)
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NMR (CDCI3 , 400 MHz) 6 c ppm: 19.30 (CiCHsh), 19.34 (CiCHsja), 22.73 (CH2 ), 23.43 (Chb), 26.87 

(C(CH3 )3 ), 26.90 (C(CHs)3 ), 30.08 (Chb), 30.78 ( ^ ) ,  35.50 (CHj), 38.53 (Chb), 38.90 (CH), 43.69 

(CH). 55.31 (OCH3 ), 55.65 (OCH3 ), 56.01 (OCH3 ), 56.06 (OCH3 ), 60.89 (OCH3 ), 60.90 (OCH3 ), 61.41 (2 

X OCH3 ), 68.89 (CH2 ), 69.34 ( ^ ) ,  75.43 (CH), 76.77 (CH), 93.83 (CH2 ), 94.93 (GHz), 103.42 (4 x 

ArCH), 109.49 (4 x A r^ ) ,  125.80 (QC), 127.63 (ArCH), 127.67 (ArCH), 128.76 (QC), 129.57 (2 x 

ArCH), 129.62 (2 x ArCH), 133.76 (2 x QC), 133.89 (QC), 133.91 (Q£), 135.61 (4 x ArCH), 135.65 (4 x 

ArCH), 136.12 (QC), 139.12 (QC), 140.62 (QC), 141.71 (QC), 150.41 (QC), 150.90 (Q£), 151.23 (QC), 

151.44 (QC)

Vmax (DCM)/cm'^: 2931.39, 2857.01, 1599.03

HRMS [M+Na]"': calculated 587.2805, found 587.2886, molecular formula (C3 3 H4 4 Na0 5 Si)

7.16,4 MOM deprotection and oxidation of alcohol: Synthesis of (S)-7-({(tert- 

butyldiphenylsilyl)oxy)methyl)-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H- 

benzo[7]annulen-5-one (4.40)

JBDPSJBDPS

AICI3  (2 eq) 

Nal (2 eq) DMP (1.5 eq)HO
DCM, 30 min, RT 

83% over two steps
CH3 CN/DCM, 1 h, 0 °C

(4.38) (4.39) (4.40)

To a stirred solution of (4.38) (0.73 g, 1.33 mmol) in a mixture of acetonitrile and DCM (2:1; 10 

mL) at 0 °C was added aluminium chloride (0.35 g, 2.65 mmol) and sodium iodide (0.40 g, 2.65 

mmol). After 1 h, the reaction was quenched by the addition of saturated sodium bicarbonate 

aqueous solution (50 mL). The reaction was extracted with DCM (3 x 20 mL). To a stirred solution 

of the combined organic fractions was added Dess-Martin periodinane (0.36 g, 0.85 mmol). After 

1  h the reaction was quenched by the addition of saturated sodium bicarbonate aqueous solution 

(50 mL) and the reaction was extracted with diethyl ether (3 x 50 mL). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated under reduced pressure. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to afford (4.40) as a yellow oil (0.57 g, 83% over two steps).

[a] ^̂  = + 0.75 (c = 2.14, DCM)
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All other data as previously described.

7.16.5 Silyl deprotection: Synthesis of (S)-6,7,8,9-tetrahydro-7-(hydroxymethyl)-l,2,3- 

trimethoxybenzo[7]annulen-5-one (4,41)

O -S i
M i l l

TBAF(l.leq) ^

THF,l)30m in,0°C  

2) 3h, RT 

91%

.../
.OH

To a stirred solution of (4.40) (0.57 g, 1.10 mmol) in dry THF (5 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution (1.21 mL, 1.21 mmol). After 30 min, the 

tem perature of the reaction was allowed to increase to ambient. After a further 3 h, the THF was 

blown off in a stream of nitrogen gas and the resulting residue added directly to a silica gel flash 

column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 1:1, hexane/ethyl acetate) to afford (4.41) as a yellow oil (0.28 g, 91%).

[a] ^̂  = + 6.17 (c= 17.5, DCM)

All other data as previously described.

7.16.6 Organolitliium C-ring coupling: Synthesis of [(7S)-9-{3-[(te/t-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3/4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]methanol (4.42)

1) nBuLi (3 eq) 
THF, 40 min, -78 °C

 ►

2) (4.41) (1 eq) 

THF, Ih ,  -78 °C
3) 4 h, RT 

4) HCI (aq. soln.) 
54%

(2.14)
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To a stirred solution of (2.14) (0.95 g, 3 mmol) in dry THF (10 mL) at -78 “C under an atmosphere 

of nitrogen was added 2.5 M nBuLI solution in hexane (1.20 mU 3 mmol) dropwise. After 40 min, 

a solution of (4.41) (0.28 g, 1 mmol) in dry THF (5 mL) was added to the reaction dropwise. After 1 

h, the temperature of the reaction was allowed to increase to ambient. After a further 4 h, the 

reaction was quenched by the addition of 2 M HCI aqueous solution (25 mL) and was extracted 

with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over MgS04 , filtered 

and concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to afford (4.42) as a yellow oil (0.27 g, 54%).

[aJo = -4 9 .5 6  (c = 9, DCM)

All other data as previously described.

7.16.7 Silyl deprotection; Synthesis of 5-((S,Z)-6,7-dihydro-7-(hydroxymethyl)-2,3f4- 

trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol (4.24)

TBAF (2 eq)

OH
THF, 1 )30  min, 0°C  

2) 3 h, RT 

98%

OH

(4.42) (4.24)

To a stirred solution of (4.42) (0.03 g, 0.06 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.12 mL, 0.12 mmol). After 30 min, the 

temperature of the reaction was allowed to increase to ambient. After a further 3 h, the THF was 

blown off in a stream of nitrogen gas and the resulting residue added directly to a silica gel flash 

column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 1:1, hexane/ethyl acetate) to afford (4.24) as a white solid (0.03 g, 98%).

[a] ^̂  = -71 .4  (c = 0.48, DCM)

All other data as previously described.
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7.17 Synthesis of (Ri-enantiomer of C-7 carboxvlic acid: Synthesis of (R)-9-(3-

hydroxy-4-methoxvDhenyl)-2.3.4-trimethoxv-6.7-clihvdro-5H-benzof71annulene- 

7-carboxylic acid (4.43)

7.17.1 Removal of silyl protecting group: Synthesis of (A?)-6,7,8,9-tetrahydro-7- 

(hydroxymethyl)-l,2,3-trimethoxybenzo[7]annulen-5-one (4.45)

0 -S i TBAF (2 eq)
OH

THF, 1 )1  h, 0°C  

2) 2 h, RT 

86%

(4.29) (4.45)

To a stirred solution of (4.29) (0.6 g, 1.16 mmol) in dry THF (5 mL) under an atmosphere of 

nitrogen at 0°C was added 1 M TBAF solution in THF (2.3 mL, 2.31 mmol) dropwise. After 1 h, the 

temperature of the reaction was allowed to increase to ambient. After a further 2 h, the reaction 

was quenched by the addition of water (25 mL) and extracted with diethyl ether (3 x 30 mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 1:1, hexane/ethyl acetate) to yield (4.45) as a clear resin (0.28 g, 

86%).

Rf 0.10 (3:1, hexane/ethyl acetate)

[a]^ = -12.10 (c= 3.63, DCM)

Ĥ NMR (CDCI3 , 400 MHz) 6 h ppm: 1.50-1.61 (IH, m, CH2 ), 1.89-2.01 (IH, m, CH2 ), 2.07-2.18 (IH, 

m, CHCH2 OH), 2.65-2.74 (IH, m, CH2 ), 2.83-2.94 (IH, m, CH2 ), 3.03-3.12 (IH, m, C ji), 2.47-3.58 

(IH, m, CHChbOH), 3.58-3.65 (IH, m, CHCH2 OH), 3.82 (3H, s, OCH3 ), 3.87 (3H, s, OCH3 ), 3.91 (3H, s, 

OCH3 ), 7.14 (ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 22.03 (CH2 ), 28.05 (GHz), 35.92 (CHCH2 OH), 43.14 (CH2 ), 55.50 

(OCH3 ), 60.42 (OCH3 ), 60.83 (OCH3 ), 65.44 (CH,OH). 106.94 (ArCH), 129.72 (QC), 133.56 (Q£), 

145.40 (QC), 150.53 (Q£), 151.05 (QC), 202.78 (C=0)

Vmax (DCM)/cm ^ 3434.95, 2923.51, 2852.90, 1651.05 (C=0)

HRMS [M+Na]" :̂ calculated 303.1208, found 303.1232, molecular formula (CisHzoNaOs)
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7.17.2 Organolithium C-Ring Coupling: Synthesis of [(7R)-9-{3-[{tert-

butyldimethylsilyl)oxY]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]methanol (4.46)

1) nBuLi (3 eq) 
THF, 40 min, -78 °C

 ►

2) (4.45) (1 eq) 
THF, Ih ,  0°C

3) 4 h, RT 
4) HCI (aq. soln.) 

53%

(2.14) (4.46)

To a stirred solution o f (2.14) (1.15 g, 3.64 nnmol) in dry THF (10 mL) at -78 °C under an 

atmosphere o f nitrogen was added 2.5 M nBuLi solution in hexane (1.46 mL, 3.64 mmol) 

dropwise. A fter 40 min, a solution o f (4 .45) (0.34 g, 1.21 mmol) in dry THF (5 mL) was added to 

the reaction dropwise. A fter 1 h, the reaction was allowed to increase to  ambient and remained 

stirring fo r a fu rthe r 4 h. The reaction was then quenched by the addition o f 2 M HCI aqueous 

solution (25 mL) and was extracted w ith  diethyl ether (3 x 50 mL). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated under reduced pressure. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 4:1, hexane/ethyl acetate) to yield (4 .46) as a yellow oil (0.32 g, 53%).

Rf. 0.29 (3:1, hexane/ethyl acetate)

[a] + 47.26 (c = 14.71, DCM)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 0.15 (6 H, d, J = 4.56 Hz, Si(CHa)2 ), 0.99 (9H, s, €(0 ^ 3 )3 ), 1.86- 

1.98 (IH , m, CH2 ), 2.13-2.41 (3H, m, 1 x CHCH2 OH, 2 x CH2 ), 3.04-3.13 (IH , m, CH2 ), 3.70 (5H, s, 1 x 

OCH3 ), 1 X CH2 OH), 3.83 (3H, s, OCH3 ), 3.92 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 6.15 (IH , d , J = 6.21 

Hz, C=CH), 6.38 (IH , s, ArH), 6.78-6.82 (2H, m, ArH), 6.88-6.90 (IH , m, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: -4.99 ( S i ( ^ 3 )2 ), 18.00 (C(CH3 )3 ), 22.69 (Chb), 25.28 (C(CH,),). 

37.46 (CH2 ), 39.49 (CHCH2 OH), 50.04 (OCH3 ), 55.44 (OCH3 ), 60.44 (OCH3 ), 61.15 (OCH3 ), 65.94 

(CH2 OH), 108.34 (ArOH), 111.12 (ArCH), 120.23 (ArCH), 120.90 (ArCH), 127.62 (ArOH), 127.82 

(C=CH), 134.30 (QC), 135.77 (Q£), 140.68 (QC), 141.58 (QC), 144.08 (QC), 149.95 (QC), 150.30 

(QC), 150.52 (QC)
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V m a x  (DCM)/cm ^ 3400.95, 2927.16, 2854.27, 1596.17, 1571.47

HRMS [M+H]"^: calculated 501.2672, found 501.2668, molecular formula (C28H4i06Si)

7.17.3 Oxidation of alcoiiol to carboxylic acid attempt A: Attempted synthesis of (7R)-9- 

{3-[(tert-butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5W- 

benzo[7]annulene-7-carboxylic acid (4.47)

To a stirred solution of (4.46) (0.02 g, 0.04 mmol) in DMF (1 mL) at room tem perature was added 

pyridinium dichromate (0.03 g, 0.08 mmol). After 6 h the reaction was quenched by the addition 

of 2 M HCI aqueous solution (10 mL) and extracted with diethyl ether (3 x 10 mL). The organic 

fraction was found to contain a complex mixture of compounds by TLC analysis and was not 

purified further.

\ \

(4.46) (4.47)
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7.17.4 Oxidation of alcohol to carboxylic acid attempt B: Attempted synthesis of (7R)-9- 

{3-[(tert-butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carboxylic acid (4.47)

' O

l)D M P (2.6eq) 
DCM, 10 min, RT(R) (R)

OH OH
2)NHS(5 eq) 
DCM, 1 h, RT

(4 .46) (4 .47)

To a stirred solution of (4 .46 ) (0.02 g, 0.04 mmol) in DCM (1 mL) at room temperature was added 

Dess-Martin periodinane (0.04 g, 0.10 mmol). After 10 min, W-hydroxysucclnimide (0.02 g, 0.20 

mmol) was added. After 1 h, 2.5 M NaOH aqueous solution (10 mL) was added and the aqueous 

phase washed with diethyl ether (3 x 15 mL). The ethereal extracts were then reacidified with 2 M 

HCI aqueous solution (30 mL) and extracted with diethyl ether (3 x 20 mL). The organic fractions 

were combined, dried over MgS04  and concentrated in vacuo to afford a yellow oil. The crude 

product was analysed by NMR and found not to be the product of interest. The product was thus 

not characterised further.
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7.17.5 Oxidation of alcohol to aldehyde: Synthesis of (7/?)-9-{3-[(tert-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3>4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carbaldehyde (4.48)

DCM, Ih, RT 
82%

DMP(2 eq)

O ,
\ \

(4.46) (4.48)

To a stirred solution of (4.46) (0.11 g, 0.22 mmol) in DCM (5 mL) at room temperature was added 

Dess-Martin periodinane (.19 g, 0.44 mmol). After 1 h, the reaction was quenched by the addition 

of saturated sodium bicarbonate solution (10 mL). The reaction was extracted with diethyl ether 

(3 X 20 mL). The organic fractions were combined, dried over MgS0 4 , filtered and concentrated 

under reduced pressure. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 10:1, hexane/ethyl acetate) to yield (4.48) as a 

yellow oil (0.09 g, 82%).

Rf. 0.38 (4:1, hexane/ethyl acetate)

[a] = 0.00 (c = 4.74, DCM)

NMR (CDCI3, 400 MHz) 6 h ppm: 0.17 (6 H, d, J = 4.56 Hz, Si(CH3 )2 ), 1.00 (9H, s, C(CH3 )3 ), 2.40- 

2.56 (3H, m, ChU), 2.88-2.98 (2H, m, 1 x CHCHO, 1 x CH2 ), 3.70 (3H, s, OMe.). 3.85 (3H, s, OCH3 ), 

3.94 (3H, s, OCH3 ), 3.95 (3H, s, OCH3 ), 6.39 (IH, s, ArH), 6.46 (IH, d, J = 7.32 Hz, C=CH), 6.81-6.85 

(2H, m, ArH), 6.92 (IH, dd, h  =8.03 Hz, J2 = 2.01 Hz, ArH), 9.61 (IH, s, CHO)

“ C NMR (CDCI3, 400 MHz) 6 c ppm: -4.53 ($1(0 1 3 )2 ), 18.47 (C(CH3)3), 22.69 (CH2), 25.73 (C(CH,).). 

36.77 (CH2), 49.81 (CHCHO), 55.50 (OCH3), 55.91 (OCH3), 60.89 (OCH3), 61.55 (OCH,). 109.00 

(ArCH), 111.61 (ArCH), 120.76 (ArCH), 121.26 (C=CH), 121.59 (ArCH), 127.92 (QC), 134.12 (QC), 

135.12 (Q£), 141.66 (Q£), 143.79 (Q£), 144.67 (Q£), 150.84 (Q£), 150.99 (Q£), 151.42 (QC), 202.16 

(CHO)

Vmax (DCM)/cm'^: 2929.88, 2856.44, 1726.69 (C=0), 1597.31, 1572.54

HRMS [M+H]*: calculated 499.2516, found 499.2520, molecular formula (C2 8H3 9 0 eSi)
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5.17.6 Attempted aldehyde oxidation A: Attempted synthesis of (7/?)-9-{3-[(te/t- 

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3/4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carboxylic acid (4.47)

\

 X  ►
DMF, 3 h, RT

PDC(1.5eq)

\

(4.48) (4.47)

To a stirred solution o f (4 .48) (0 .01 g, 0 .02  m m ol) in DMF (1 mL) at room tem peratu re  was added  

pyridinium  dichrom ate (0 .01 g, 0 .03 m m ol). A fter 3 h, the  reaction was quenched by the addition  

o f 2 M  HCI aqueous solution (10 mL) and extracted w ith  diethyl e ther (3 x 10 mL). The organic 

fraction was found to  contain a complex m ixture o f compounds by TLC analysis and was not 

purified further.

5.17.7 Aldehyde oxidation attempt B: Synthesis of (7/?)-9-{3-[(te/t-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carboxylic acid (4.47)

To a stirred solution o f (4 .48 ) (0 .08  g, 0 .16  m m ol) in acetonitrile  and w a te r (1:1; 1 mL) was added  

30%  hydrogen peroxide solution in w ater (0 .02  mL, 0. 17 m m ol) and NaH2P04 (0.1 g, 0 .7  m m ol).

H2O2 (1 eq) 
p  N3H2P04 (4.5 eq) 

'[ NaCI04 (1.4 eq)

CH3CN/H20, 1 h, RT 

25% (as a mixture)

\ \

(4.48) (4.47)
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Sodium chlorite (0.03 g, 0.22 mmol) in water (0.5 mL) was then added dropwise to the reaction. 

After 1 h, the reaction was quenched by the addition of 2 M HCI aqueous solution (5 mL). The 

reaction was extracted with diethyl ether (3 x 10 mL). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 5:95, 

methanol/ethyl acetate) to afford a mixture containing (4.47) as the major constituent as a yellow 

resin (0.02 g, 25%). The product was not purified further.

R f 0.14 (3:1, hexane/ethyl acetate

Vmax (DCM)/cm'^: 3434.16 (OH), 2924.29, 2852.93,1701.96 (C=0), 1643.04 

HRMS [M+H]"': calculated 515.2465, found 515.2490, molecular formula (C28H3g07Si)

7.17.8 Aldehyde oxidation attem pt C; Attempted Synthesis of (7/?)-9-{3-[(tert- 

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carboxylic acid (4.47)

^o ""o
NaH2P04  (4.5 eq) 
NaCI04  (1.4 eq)

OH
DMSO/HjO, 3 h, RT

(4.48)

To a stirred solution of (4.48) (0.1 g, 0.19 mmol) in DMSO and water (1:1; 1 mL) was added 

NaH2P0 4  (0.12 g, 0.87 mmol). Sodium chlorite (0.03 g, 0.27 mmol) in water (0.5 mL) was then 

added dropwise to the reaction. After 3 h the reaction was analysed by TLC. Due to the formation 

of a side-product with very similar /?/value, the product of interest was not isolated.
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7.17,9 Aldehyde oxidation attempt D: Alternative synthesis of (7/?)-9-{3-[(tert- 

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trlmethoxy-6,7-dihydro-5H- 

benzo[7]annulene-7-carboxylic acid (4.47)

" O

(4.48)

Oxone (1 eq)
OH

DMF, 2 h, RT 
54%

(4.47)

To a stirred solution of (4.48) (0.09 g, 0.17 mmol) in DMF (2 mL) was added oxone (0.11 g, 0.17 

mmol). After 2 h, the reaction was quenched by the addition of water (10 mL) and extracted with 

diethyl ether (3 x 10 mL). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated under reduced pressure. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400 mesh, mobile phase; 5:95, methanol/ethyl acetate) to yield 

(4.47) as a yellow resin (0.05 g, 54%).

Rf. 0.14 (3:1, hexane/ethyl acetate)

[ a ] ^ =  + 0.59 (c = 3.33, DCM)

NMR (CDCI3, 400 MHz) 6h ppm: 0.16 (6H, d, J = 6.85 Hz, Si(CH3)2), 1.00 (9H, s, C(CH3)3), 2.41- 

2.56 (3H, m, 2 X Chb), 2.90-2.98 (2H, m, 1 x CHCO2 H, 1 x ChU), 3.71 (3H, s, OCH3), 3.84 (3H, s, 

OCH3), 3.95 (6H, s, 2 X OCH3), 6.39 (IH , s, ArH), 6.47 (IH , d, J = 6.48 Hz, C=CH), 6.80 ( IH , d, J = 2.18 

Hz, ArH), 6.81 (IH , d, J = 8.46 Hz, ArH), 6.90 (IH , dd, Ji = 8.46 Hz, J2 = 2.18 Hz, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: -5.00 (Si(CH3)2), 18.00 (C(CH3)3), 22.39 (CHj), 25.28 (C(CH,),). 

39.00 (CH2 ), 42.31 (CHCO2 H), 55.04 (OCH3), 55.62 (OCH3), 60.44 (OCH3), 61.16 (OCH3), 108.33 

(ArOH), 111.15 (ArCH), 120.33 (A r ^ ) ,  121.04 (ArCH), 122.72 (C=CH), 126.79 (QC), 133.65 (QC), 

134.98 (Q£), 140.98 (QC), 141.48 (Q£), 144.11 (QC), 150.20 (QC), 150.43 (QC), 150.85 (Q£), 179.67 

(CO2 H)

Vmax (DCM)/cm '^ 3434.16 (OH), 2924.29, 2852.93, 1701.96 (C=0), 1643.04  

HRMS [M+H]"': calculated 515.2465, found 515.2443, molecular formula (C28H3g07Si)
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7.17.10 Silyl deprotection; Synthesis of (/?,Z)-6,7-dihydro-9-(3-hydroxy-4- 

metlioxyphenyl)-2,3»4-trimethoxy-5H-benzo[7]annulene-7-carboxylic acid (4.43)

O ,

THF, 1) 30 m in,0°C  

2) 16 h, RT 

75%

TBAF (2 eq)

O

.0

OH

\

(4.47) (4.43)

To a stirred solution of (4 .47) (0.05 g, 0.10 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.19 mL, 0.19 mmol). After 30 min, the 

tem perature of the reaction was allowed to increase to ambient. After a further 16 h, the THF was 

removed by blowing with a stream of nitrogen gas and the resulting residue added directly to a 

silica gel flash column and purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 1:1, hexane/ethyl acetate) to afford (4 .43) as a white solid (0.03 g, 

75%).

Rf. 0.63 (50:50:1, hexane/ethyl acetate/formic acid)

[a] - 4.40 (c = 1.36, DCM)

^H NMR (CDCI3, 400 MHz) 6 h ppm: 2.27-2.39 (2H, m, Chb), 2.49-2.60 (IH , m, CH2 ), 2.99-3.05 (IH , 

m, CHCOOH), 3.11-3.16 ( IH , m, CH2 ), 3.72 (3H, s, OCH3), 3.93 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 

3.96 (3H, s, OCH3 ), 6.40 (IH , s, ArH), 6.51 (IH , d, J = 6 . 6 6  Hz, C=CH), 6.82 (IH , d, J = 8.46 Hz, ArH), 

6 . 8 6  ( IH , dd, Ji = 8.46 Hz, J2 = 2.05 Hz, ArH), 6.93 (IH , d, J = 2.05 Hz, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 22.81 (GHz), 39.34 (CH2 ), 42.72 (CHCOOH), 56.02 (OCH3), 56.06  

(OC H ,). 60.90 (OCH3), 61.61 (OCH3), 108.91 (ArCH), 110.32 (ArCH), 114.37 (ArCH), 119.90 (ArCH), 

123.50 (C=CH), 127.28 (Q£), 134.70 (QC), 135.22 (QC), 141.54 (QC), 141.99 (QC), 145.29 (Q£), 

146.31 (QC), 150.92 (Q£), 151.41 (QC), 180.43 (COOH)

Vmax (DCM)/cm ‘ :̂ 3420.98 (OH), 3416.16 (OH), 2932.79, 2854.23 ,1706.92  (C=0), 1582.25 

HRMS [M+Na]"^: calculated 423.142, found 423.1422, molecular formula (C2 2 H2 4Na0 7 )

Melting point: 134-136 °C
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7.18 Synthesis o f (S)-enantiomer o f C-7 carboxvlic acid: Synthesis o f fS)-9-(3-

hvdroxy-4-methoxyDhenvl}-2.3.4-trimethoxy-6.7-dihvdro-5H-benzof71annulene- 

7-carboxylic acid (4.44)

7.18,1 Two step oxidation of alcohol to carboxylic acid: Synthesis (7S)-9-{3-[(tert- 

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5W- 

benzo[7]annulene-7-carboxylic acid (4.50)

Oxone (1 eq)

DMF, 2 h, RT >  
85% over two steps q

(4 .42) (4 .49) (4 .50)

To a stirred solution of (4 .42 ) (0.15 g, 0.30 mmol) in DCM (5 mL) at room tem perature was added 

Dess-Martin periodinane (0.19 g, 0.45 mmol). After 1 h, the reaction was quenched by the 

addition of saturated sodium bicarbonate aqueous solution (10 mL). The reaction was extracted 

with diethyl ether (3 x 20 mL). The organic fractions were combined, dried over MgS04 , filtered 

and concentrated under reduced pressure. To a stirred solution of the resulting residue 

reconstituted in DMF (2 mL) was added oxone (0.18 g, 0.30 mmol). After 2 h, the reaction was 

quenched by the addition of water (10 mL) and extracted with diethyl ether (3 x 10 mL). The 

organic fractions were combined, dried over MgS04 , filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 5:95, methanol/ethyl acetate) to afford (4 .50 ) as a yellow resin 

(0.13 g, 85%).

[a ]o  = -2 9 .5 4  (c = 8.13, DCM)

All other data as previously described.
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7.18.2 Silyl deprotection: Synthesis of (S,Z)-6,7-dihydro-9-(3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-5H-benzo[7]annulene-7-carboxylic acid (4.44)

' O

o

OH
TBAF (2 eq)

OH

f
OH

(4.50) (4.44)

To a stirred solution o f (4.50) (0.12 g, 0.23 mmol) in dry THF (2 mL) under an atmosphere o f 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.47 mL, 0.47 mmol). A fter 30 min, the THF 

was blown o ff in a stream o f nitrogen gas and the resulting residue added directly to  a silica gel 

flash column and purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; ethyl acetate) to afford (4 .44) as an off-w hite  solid (0.08 g, 87%).

[a] = - 40.83 (c = 1.71, DCM)

All other data as previously described.
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7.19 Attempted synthesis of hvdroxamic acid designed-multiple liaand:

Attempted synthesis of (R)-N-hvdroxv-9-(3-hvdroxv-4-methoxvphenvl)-2.3.4- 

trimethoxv-6.7-dihvdro-5H-benzof71annulene-7-carboxamide (5.05)

7.19.1 PFP ester formation: Synthesis of (7/?)-9-{3-[(te/t-butyldimethylsilyl)oxy]-4-

methoxyphenyl}-2,3/4-trimethoxy-6,7-dihydro-5H-benzo[7]annulene-7-carboxylate

(5.06)

To a stirred solution of (4.47) (0.08 g, 0.16 mmol) and pentafluorophenol (0.03 g, 0.17 mmol) in 

dry DCM (1 mL) under an atmosphere of nitrogen at 0 °C was added a solution of DCC (0.04 g, 

0.17 mmol) in dry DCM (0.5 mL). After 4 h, the reaction was quenched by the addition of w ater (5 

mL) and the reaction extracted with diethyl ether (3 x 10 mL). The organic fractions were  

combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 20:1, hexane/ethyl acetate) to yield (5.06) as a colourless resin (0.09 g, 83%).

\ \

(4.47) (5.06)

Rf. 0.66 (3:1, hexane/ethyl acetate) 

[a] ^̂  = + 13 (c = 4, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 0.17 (6 H, d, J = 6.04 Hz, Si(CH3 )2 , 1.00 (9H, s, C(CH3 )3 ), 2.41-2.46  

( IH , m, CH2 ), 2 .51-2.54 (IH , m, CH2 ), 2.66-2.71 (IH , m, Chb), 3.18-3.23 (IH , m, CH2 ), 3.34-3.37 (IH , 

m, CHCOO), 3.73 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.97 (3H, s, OCH3 ), 3.98 (3H, s, OCH3 ), 6.43 (IH , 

s, ArH), 6.51 ( IH , d, J = 6.67 Hz, C=CH), 6.83-6.85 (2H, m, 2 x ArH), 6.92 ( IH , dd, h  = 8.39 Hz, J2  = 

2.14 Hz, ArH)
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NMR (CDCI3, 400 MHz) 6c ppm: -4.58 ($1(0 1 3 )2), -4.54 (Si(CHa)2), 18.46 (C(CH3)3), 22.79 (CH,). 

25.71 (C(CHi)i), 39.44 (CH2), 42.47 (CHCOO), 55.52 (OCH3), 55.96 (OCH3), 60.89 (OCH3), 61.62 

(OCH3), 108.88 (ArOH), 111.65 (A r^ ), 120.79 (ArCH), 121.46 (C=CH), 121.63 (ArCH), 125.18 (QC), 

126.98 (QC), 133.71 (Q£), 135.03 (QC), 136.61 (QC), 139.14 (QC), 139.94 (QC), 141.71 (QC), 142.44 

(QC), 143.02 (QC), 144.72 (QC), 150.96 (QC), 150.99 (QC), 151.55 (QC), 171.02 (C=0)

NMR (CDCI3, 400 MHz) 6p ppm : -162.95- -162.71 (2F, m, ArF), -158.54- -158.42 (IF, m, ArF), 

153.44 (2F, d, J = 19.24 Hz, ArF)

Vmax (DCM)/cm'^ 2926.61, 2855.04, 1785.96 (C=0), 1644.80

HRMS [M+Na]" :̂ calculated 703.2126, found 703.2122, molecular formula (C34H37F5Na0 7 Si)

7.19.2 Hydroxamic acid synthesis: Synthesis of (7/?)-9-{3-[(tert-butyldimethylsilyl)oxy]- 

4-methoxyphenyl}-/N/-hydroxy-2,3f4-trimethoxy-6,7-dihydro-5H-benzo[7]annulene-7- 

carboxamide (5.07)

(R )

,'SI

DIPEA (1.1 eq) 
Hydroxylamine HCl (1.1 eq)

(R)
HN-OH

DMF, 20 min, RT 
63%

(5.06) (5.07)

To a stirred solution of (5.06) (0.08 g, 0.12 mmol) in DMF (1 mL) was added DIPEA (0.02 mL, 0.13 

mmol) and hydroxylamine HCl (0.01 g, 0.13 mmol) at room temperature. After 20 min, the 

reaction was quenched by the addition of 0.2 M aqueous HCl aqueous solution (5 mL) and the 

reaction extracted with diethyl ether (3 x 10 mL). The organic fractions were combined, dried over 

MgSQ4, filtered and concentrated in vacuo. The resulting residue was then purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 50:50:1, 

hexane/ethyl acetate/formic acid) to afford (5.07) as a colourless resin (0.04 g, 63%).

Rf 0.25 (50:50:1, hexane/ethyl acetate/formic acid)

HRMS [M+Na]" :̂ calculated 552.2393, found 552.2377, molecular formula (C28H3gNNa07Si)
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7.20 Attempted synthesis of ether containing hvdroxamic acid compound:

Attempted synthesis of fR)-2-((9-f3-amino-4-methoxvphenvl)-2.3.4-trimethoxv- 

6.7-dihydro-5H-benzof71annulen-7-vl)methoxy)-N-hydroxyacetamide (5.08)

7.20.1 Suzuki coupling of aniline C-ring and triflate: Synthesis of te/t-butyl N-{5-[{7R)-7- 

{[(tert-butyldiphenylsilyl)oxy]methyl}-2,3,4-trimethoxy-6,7-dihydro-5W- 

benzo[7]annulen-9-yl]-2-methoxyphenyl}carbamate (5.09)

0 -S i
K2 CO3  (3 eq)

P d(P h3)4 (0 .02eq)^O  
N O
H ------------------------------------ ►

Toluene/EtOH/HjO, 1.5 h, 70 °C

53%

(4.31) (2.33) (5.09)

To a stirred solution of (4.31) (0.22 g, 0.34 nnmol) in a mixture of toluene, ethanol and water (10 

mL; 3: 1: 1) was added potassium carbonate (0.14 g, 1.02 mmol), (tetrakis(triphenyl)phosphine) 

palladium (0.02 g, 0.02 mmol) and (2.33) (0.18 g, 0.51 mmol). The reaction was heated under 

reflux at 70 °C for 1.5 h after which time it was quenched by the addition of water (50 mL). The 

reaction mixture 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 then 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 10:1, hexane/ethyl acetate) to yield (5.09) as an impure yellow oil (0.13 g, 53%). The crude 

product was not characterised further.

Rf 0.41 (5:1, hexane/ethyl acetate)

HRMS [M+Na]"': calculated 746.3489, found 746.3459, molecular formula (C43Hs3NNa0 7Si)
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7.20.2 Silyl deprotection: Synthesis of te/t-butyl 5-((/?,Z)-6,7-dihydro-7-

(hydroxymetliyl)-2,3/4-trimethoxy-5H-benzo[7]annulen-9-yl)-2- 

methoxyphenylcarbamate (5.10)

To a stirred solution of (5.09) (0.1 g, 0.14 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.15 mL, 0.15 mmol). After 30 min, the 

temperature of the reaction was allowed to increase to ambient. After a further 5 h, the THF was 

blown off in a stream of nitrogen gas and the resulting residue added directly to a silica gel flash 

column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 1:1, hexane/ethyl acetate) to afford (5.10) as a yellow oil (0.02 g, 29%).

Rf-. 0 . 2 1  (2 :1 , hexane/ethyl acetate)

[a]^ = + 25.2 (c = 1.11, DCM)

Ĥ NMR (CDCI3, 400 MHz) 6 h ppm: 1.53 (9H, s, C(C^h), 1.91-1.94 (IH, m, CH2), 2.17-2.36 (3H, m, 2 

X CH2, CHCH2OH), 3.06-3.11 (IH, m, CH2), 3.67-3.80 (5H, m, 1 x  OCH3, 1 x  CH2), 3.90 (3H, s, OCH3), 

3.93 (3H, s, OCH3), 3.95 (3H, s, OCH3), 6.22 (IH, d, J = 6.21, C=CH), 6.41 (IH, s, ArH), 6.76-6.82 (2H, 

m, ArH), 7.08 (IH , s, OH), 8.16 (IH, s, ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 23.23 ( ^ ) ,  29.72 (€(0 1 3 )3), 37.95 (CH2), 40.06 (CHCH,OH). 

55.77 (OCH,). 56.08 (OCH3), 60.88 (OCH3), 61.58 (OCH3), 66.36 (CH2), 109.01 (ArCH), 109.45 

(ArCH), 117.56 (ArCH), 122.49 (ArCH), 127.83 (QC), 128.20 (QC), 128.71 (C =^), 134.82 (QC), 

136.26 (QC), 141.17 (Q£), 142.22 (QC), 147.10 (QC), 150.78 (Q£), 151.03 (QC), 152.80 (QC)

Vmax (DCM)/cm'^: 3434.07 (OH), 2931.78,1726.83, 1588.84

HRMS [M+Na]" :̂ calculated 508.2311, found 508.2320, molecular formula (C27H3sNNa0 7 )

(5.09) (5.10)
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7.20.3 Attem pted alkylation: Attem pted synthesis of tert-butyl S-((R,Z)-7-

(((ethoxycarbonyl)methoxy)methyl)-6,7-dihydro-2,3,4-trimethoxy-5H-benzo[7]annulen- 

9-yl)-2-methoxyphenylcarbamate (5.11) and formation of side product tert-butyl 5- 

((/?,Z)-7-{(2-bromoacetoyloxy)methyl)-6,7-dihydro-2,3,4-trimethoxy-5H- 

benzo[7]annulen-9-yl)-2-methoxyphenylcarbamate (5.12)

OH

(5.10)

NaH (5 eq)

Ethyl bromoacetate ( 5 eq)

-------------------- X------------------^

THF, 1) 1 h, 0 °C 

2) 16 h, RT

O .

(R)

(5.11)

NaH (5e q )

Ethyl bromoacetate ( 5 eq) 

THF, 1) 1 h, 0 °C 

2) 16 h, RT 

82%

-Br

(5.12)

To a stirred solution of (5.10) (0.02 g, 0.04 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added ethyl bromoacetate (0.02 mL, 0.21 mmol) followed by sodium hydride 

(60%) dispersion in mineral oil ( 8mg, 0.21 mmol). After Ih , the temperature of the reaction was 

allowed to reach ambient. After a further 16 h, the reaction was quenched by pouring into ice- 

water (10 mL) and the aqueous mixture was extracted with diethyl ether (3 x 10 mL). The organic 

fractions were combined, dried over MgS04 , filtered and concentrated in vacuo. The resulting 

residue was then purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 4:1 hexane/ethyl acetate) to afford (5.12) as a yellow oil (0.02 g, 82%).

Rf. 0.26 (3:1, hexane/ethyl acetate)
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NMR (CDCI3, 400 MHz) 6h ppm: 1.53 (9H, s, C(CHs)3), 1.92-2.00 (IH, m, CH2), 2.18-2.26 (IH, m, 

CH2 ), 2.29-2.36 (IH, m, Chb), 2.39-2.45 (IH, m, CHCH2O), 3.08-3.12 (IH, m, CH2 ), 3.72 (3H, s, 

OCH3), 3.90 (3H, s, OCH3), 3.91-3.92 (2H, m, CH2 ), 3.93 (3H, s, OCH3), 3.95 (3H, s, OCH3), 4.19-4.24 

(IH, m, CH2 ), 4.25-4.32 (IH, m, Chb), 6.14 (IH, d, J = 6.21 Hz, C=CH), 6.41 (IH, s, ArH), 6.79 (2H, s, 

ArH), 7.08 (IH, s, ArH), 8.18 (IH, s, NH)

NMR (CDCI3, 400 MHz) 6c ppm: 23.13 (CH2), 25.94 (Chb), 28.38 (€(0 1 3 )3 ), 36.50 (CHCH2O), 

38.14 (Chb), 55.77 (OCH3), 56.07 (OCH,). 60.87 (OCH3), 61.56 (OCH3), 69.08 (Chb), 77.24 (C(CH3)3, 

109.08 (A r^ ), 109.46 (ArOH), 117.72 (ArCH), 122.41 (ArOH), 126.32 (QC), 127.87 (QC), 127.32 

(C=CH), 127.92 (QC), 135.93 (Q£), 137.90 (QC), 141.40 (QC), 142.47 (Q£), 147.20 (QC), 150.81 

(QC), 167.49 (QC), 170.7 (Q£)

Vmax (DCM)/cm'^ 3435.78, 2928.07, 1728.98, 1589.14, 1481.45

HRMS [M+H]"̂ : calculated 628.1522, found 628.1577, molecular formula (C29H36BrNNa08)

7.21 Synthesis of hvdroxamic acid DML: Synthesis of (R)-N-hvclroxv-2-(9-(3- 

hydroxy-4-methoxyphenyl)-2.3.4-trimethoxv-6.7-dihydro-5H-benzof71annulen-7- 

vDacetamide (5.13)

7.21.1 Nitrile Synthesis: Synthesis of 2-((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulen-7-yl)acetonitrile (5.15)

O ,

o.
\

OH

MsCI(1.7eq) 
DIPEA (1.5 eq)
----------------

DCM, 1 h, 0 °C

(4.37)

NaCN (10 eq)

DMSO, 3h, 70 °C 
85% over two steps

R ) ...

To a stirred solution of (4.37) (0.84 g, 2.57 mmol) in dry DCM (10 mL) under an atmosphere of 

nitrogen at 0 °C was added methanesulfonyl chloride (0.34 mL, 4.38 mmol) followed by N,N- 

diisopropylethylamine (0.67 mL, 3.86 mmol). After 1 h, the reaction was quenched by the addition 

of water (20 mL). The reaction mixture was extracted with diethyl ether (3 x 25 mL). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo to afford the

398



mesylate (5.14) as a crude mixture. The mesylate was dissolved in DMSO (10 mL) at room 

temperature and sodium cyanide (1.26 g, 25.73 mmol) was added to the solution. The reaction 

was then refluxed at 70 °C for 3 h. The reaction was then quenched by the addition of water (30 

mL) and extracted with diethyl ether (3 x 30 mL). The organic fractions were combined, dried over 

MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, 

hexane/ethyl acetate) to afford (5.15) as a colourless oil (0.73 g, 85% over two steps).

Rf. 0.52 (3:1, hexane/ethyl acetate)

NMR (CDCI3, 400 MHz) 6h ppm: 1.04-1.11 (IH , m, minor diastereomer, CH2 ), 1.24-1.28 (IH , m, 

major diastereomer, CH2 ), 1.51-1.53 (IH , m, minor diastereomer, CH2 ), 1.59-1.63 (IH , m, major 

diastereomer, CH2 ), 2.03-2.06 (2H, m, major and minor diastereomers, CH2 ), 2.18-2.33 (6H, m, 

major and minor diastereomers, 5 x CH2 , 1 x CHCH2 CN), 2.55 (IH , m, major diastereomer, 

CHCH^CN), 2.77-2.81 (IH , m, major diastereomer, C ji), 3.12-3.16 (IH , m, major diastereomer, 

CH2), 3.32-3.37 (4H, m, major and minor diastereomers, 1 x CH?, 1 x OCjHs), 3.42 (3H, s, minor 

diastereomer, OCH3), 3.78 (3H, s, major diastereomer, OCH3), 3.79 (3H, s, minor diastereomer, 

OCH3), 3.83 (3H, s, major diastereomer, OCH3)/ 3.86 (9H, s, major and minor diastereomers, 

OCH3), 4.52-4.55 (2H, m, major diastereomer, OCH2OCH3), 4.68-4.78 (4H, m, major and minor 

diastereomers, 1 x OCj^OCHs, 2 x CHOCH2 O), 6.54 (IH , s, major diastereomer, ArH), 6.89 (IH , s, 

minor diastereomer, ArH)

NMR (CDCI3, 400 MHz) 5c ppm: 22.23 (CH2), 22.65 (CH,). 25.03 (CH,). 25.27 (Chb), 32.75 (CH,). 

33.15 (CHCH2CN), 33.49 (CH,). 37.13 (CHCH2CN), 38.06 (CH2), 40.61 (Chb), 55.26 (O CH,). 55.59 

(OCHO. 55.88 (OCH3), 55.93 (2 x O C H,). 60.63 (OCH3), 60.65 (OCH3), 61.21 (OCH,). 74.46 

(gi0CH20), 76.85 (CHOCH2O), 93.67 (O C H,OCH,). 94.85 (OCH2OCH3), 103.67 (ArCH), 109.68 

(ArCH), 118.23 (QC), 118.53 (QC), 124.71 (QC), 127.71 (QC), 134.94 (QC), 137.83 (QC), 140.77 

(QC), 141.83 (QC), 150.55 [ Q Q ,  150.78 (QC), 151.32 (QC), 151.38 (QC)

Vmax (D C M ) /c m 3608.21, 2933.29, 2840.52, 2244.22 (CN), 1599.32, 1582.04 

HRMS [M+Na]" :̂ calculated 358.163, found 358.1628, molecular formula (Ci8 H2 5 NNaOs)
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7.21.2 Nitrile reduction: Synthesis of 2-((7l?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulen-7-yl)ethanol (5.17)

DIBAL-H (2 eq)
O , O,

H

NaBH4 (4 fcH, HO

■ III

(5.15)

THF, 1) 1 h, -78 °C 
2) 2 h, RT

O MeOH, 30min,0°C 
75% over two steps

(5.16) (5.17)

To a stirred solution of (5.15) (0.73 g, 2.18 mnnol) in dry THF (10 mL) under an atmosphere of 

nitrogen at -78 °C was added 1 M DIBAL-H solution in hexane (4.36 mL, 4.36 mmol) dropwise. 

After 1 h, the temperature was allowed to increase to ambient. After a further 2 h, the reaction 

was quenched by the addition of 1 M tartaric acid aqueous solution (50 mL). The reaction mixture 

was then extracted with diethyl ether (3 x 75 mL). The organic fractions were combined, dried 

over MgSOa, filtered and concentrated in vacuo to afford the aldehyde intermediate (5.16) as a 

crude mixture. The aldehyde was dissolved in methanol (10 mL) and the temperature of the 

reaction reduced to 0 °C. Sodium borohydride (0.25 g, 6 . 6  mmol) was slowly added to the 

reaction. After 30 min, the methanol was removed under reduced pressure and the reaction was 

quenched by the addition of water (50 mL). The reaction was then extracted with diethyl ether (3 

x 75 mL). The organic fractions were combined, dried over MgS0 4 , filtered and concentrated 

under reduced pressure. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl acetate) to yield (5.17) as a 

colourless oil (0.56 g, 75 % over two steps).

Rf. 0.14 (2;1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 0.83-0.89 (IH, m, minor diastereomer, CH2 ), 1.10-1.18 (IH, m, 

major diastereomer, CH2 ), 1.29-1.35 (IH, m, minor diastereomer, CH2 ), 1.46-1.54 (5H, m, major 

and minor diastereomers, CJi), 1.91-1.97 (3H, m, major and minor diastereomers, 1 x CHC2 H4 OH, 

2 X CH2 ), 2.04-2.27 (4H, m, major and minor diastereomers, 1 x CHC2 H4 OH, 3 x CH2 ), 2.76-2.82 (IH, 

m, major diastereomer, CH2 ), 2.99-3.00 (IH, m, major diastereomer, CIH2 ), 3.25-3.30 (IH, m, minor 

diastereomer, CH2 ), 3.36 (3H, s, major diastereomer, OCH3 ), 3.42 (3H, s, minor diastereomer, 

OCH3 ), 3.68-3.71 (4H, m, major and minor diastereomers, CH2CjH2 0 H), 3.77 (3H, s, major 

diastereomer, OCH3 ), 3.79 (3H, s, minor diastereomer, OCH3 ), 3.83 (3H, s, major diastereomer.

400



OCHj), 3.87 (9H, s, major and minor diastereomers, OCH3), 4.56 (2H, s, major diastereomer, 

OCjlzOCHs), 4.67-4.80 (4H, m, major and minor diastereomers, 1 x CH2 , 2 x CHOCH2 O), 6.57 (IH, s, 

major diastereomer, ArH), 6.89 (IH, s, minor diastereomer, ArH)

NIVIR (CDCI3, 400 MHz) 6 c ppm: 22.73 (Ob), 23.63 (CH,). 32.53 (OHC2H40H), 33.61 (O b i 34.00 

(CH,). 37.12 (CHC2H4OH), 39.06 (CH2), 40.23 (CH2), 40.45 (CH2), 41.97 (CH2), 55.36 (OCH3), 55.65 

(OCH,). 55.97 (OCH3), 56.02 (OCH3), 60.18 (Chb), 60.55 (CH2), 60.81 (OCH3), 60.83 (OCH3), 61.35 (2 

X  OChb), 75.52 (OH0 CH2 0 ), 77.45 (CHOCH2O), 93.98 (OCH2OCH3), 94.99 (OCH2OCH3), 103.37 

(A r^ ) ,  109.09 (A r^ ) , 125.75 (QC), 128.44 (QC), 136.00 (QC), 138.89 (QC), 140.57 (QC), 141.61 

(QC), 150.45 (QC), 150.75 (QC), 151.19, (QC), 151.26 (QC)

Vmax (DCM)/cm'^: 3428.23 (OH), 2927.14, 2852.12, 1599.47, 1583.34

HRMS [M+Na]" :̂ calculated 363.1784, found 363.1786, molecular formula (Ci8 H2 8 Na0 6 )

7.21.3 Silyl Protection: Synthesis of (2-((7/?)-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5- 

(methoxymethoxy)-5H-benzo[7]annulen-7-yl)ethoxy)(tert-butyl)diphenylsilane (5.18)

'O

o.
-OH

TBDPSCI (2 eq) 

Imidazole (2.1 eq)

DMF, 16 h, RT, 

96%

(5.17)

R ....

(5.18)

To a stirred solution of (5.17) (0.56 g, 1.65 mmol) and imidazole (0.24 g, 3.45 mmol) in dry DMF 

(10 mL) under an atmosphere of nitrogen at room temperature was added te/t-butyldiphenylsilyl 

chloride (0.86 ml, 3.29 mmol). After 16 h, the reaction was quenched by the addition of water (50 

mL) and extracted with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over 

MgS0 4 , filtered and concentrated under reduced pressure. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 20:1, 

hexane/ethyl acetate) to afford (5.18) as a colourless oil (0.92 g, 96%).

Rf. 0.54 (3:1, hexane/ethyl acetate)

^H NMR (CDCI3 , 400 MHz) 5h ppm; 0.82-0.98 (IH, m, minor diastereomer, CH2 ), 1.07 (9H, s, major 

diastereomer, C(CH3 )3 ), 1.09 (9H, s, minor diastereomer, C(CH3 )3 ), 1.22-1.38 (IH, m, major 

diastereomer, CH2 ), 1.45-1.62 (3H, m, major and minor diastereomers, CH2 ), 1.85-1.88 (IH, m.
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minor diastereomer, CH2), 2.08-2.11 (4H, m, major and minor diastereomers, 1 x CHC2 H4 0 Si, 3 x 

CH2 ), 2.21-2.28 (2H, m, major and minor diastereomers, 1 x CH7 . CHC2 H4 0 Si), 2.78-2.84 ( IH , m, 

major diastereomer, CH2), 2.96 (IH , m, major diastereomer, CH2), 3.24-3.28 ( IH , m, minor 

diastereomer, CH2), 3.87 (3H, s, major diastereomer, OCH3), 3.44 (3H, s, minor diastereomer, 

OCH3), 3.73-3.77 (4H, m, CHj), 3.80 (3H, s, major diastereomer, OCH3), 3.81 (3H, s, minor 

diastereomer, OCH3), 3.86 (3H, s, major diastereomer, OCH3), 3.89 (9H, s, major and minor 

diastereomers, OCH3), 4.59 (2H, s, major diastereomer, OCH2OCH3), 4.70-4.81 (4H, m, major and 

minor diastereomers, 1 x CH2 , 2 x CHOCHjO), 6.60 ( IH , s, major diastereomer, ArH), 6.92 ( IH , s, 

minor diastereomer, ArH), 7.39-7.45 (12H, m, major and minor diastereomers, ArH), 7.69-7.70  

(8 H, m, major and minor diastereomers, ArH)

NMR (CDCI3, 400 MHz) 6c ppm: 18.76 (2 x C(CHih), 22.23 (CH2), 23.23 (CM,). 26.41 (2 x 

C(CH3 )3 ), 32.01 (CHGH^OSi). 33.14 (CH2), 33.35 ( O i ) ,  36.79 (CHC2 H4 0 Si), 38.66 (Chb), 39.51 (CH,). 

39.85 (CH2), 41.51 (Chb), 54.88 (OCH3), 55.21 (OCH.). 55.54 (OCH,). 55.58 (OCH,). 60.41 (2 x 

OCH,). 60.94 (2 X OCH,)). 61.06 ( G i ) ,  61.46 (CH2), 74.98 (CHOCH2O), 76.79 (CHOCH2O), 93.47  

(OCH2OCH3), 94.45 (OCH2OCH3), 102.85 (ArCH), 108.30 (ArCH), 125.48 (Q£), 127.16 (4 x ArOH), 

127.19 (4 x ArCH), 129.09 (2 x ArCH), 129.14 (2 x ArCH), 133.51 (QC), 133.59 (QC), 135.10 (4 x 

ArOH), 135.13 (4 x ArCH), 135.80 (Q£), 138.50 (Q£), 140.10 (Q£), 141.07 (QC), 149.99 (QC), 150.31 

(QC), 150.71 (Q£), 150.81 (Q£)

Vmax (DCIVl)/cm-^: 3332.15, 2931.75, 2857.05, 1673.72, 1589.74

HRMS [M+Na]^: calculated 601.2961, found 601.2967, molecular formula (C3 4 H4 6 NaOeSi)

7.21.4 MOM deprotection and oxidation of alcohol: Synthesis of {7R)-7-{2-[(tert- 

butyldiphenylsilyl)oxY]ethyl}-l,2,3-trimethoxy-6,7,8,9-tetrahydro-5H-benzo[7]annu!en- 

5-one (5.20)

( R ) ) .....

TBDPS

AICl3{2eq) 
Nal (2 eq)

O  CH,CN/DCM , 15 min, 0 °C
\

TBDPS
0

( R ) ) .....R ) ) - "

D M P (1 .5  eq)

DCM, 30 min, RT 
90% over tw o  steps

TBDPS

(5.18) (5.19) (5.20)
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To a stirred solution of (5.18) (0.92 g, 1.59 mmol) in a mixture of acetonitrile and DCM (2:1; 10 

mL) at 0 °C was added aluminium chloride (0.42 g, 3.18 mmol) and sodium iodide (0.48 g, 3.18 

mmol). After 15 min, the reaction was quenched by the addition of saturated sodium bicarbonate 

aqueous solution (50 mL). The reaction was extracted with DCM (3 x 20 mL). To a stirred solution 

of the combined organic fractions was added Dess-Martin periodinane (1.01 g, 2.38 mmol). After 

30 min, the reaction was quenched by the addition of saturated sodium bicarbonate aqueous 

solution (50 mL) and the reaction was extracted with diethyl ether (3 x 50 mL). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced pressure. 

The product was purified by flash column chromatography (stationary phase; silica gel 230-400 

mesh, mobile phase; 10:1, hexane/ethyl acetate) to afford (5.20) as a colourless oil (0.76 g, 90% 

over two steps).

Rf. 0.43 (3:1, hexane/ethyl acetate)

[a ]“  = -2 .85 (c= 12.63, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: (9H, s, C(CH3 )3 ), 1.50 (IH , m, Chb), 160-1.73 (2H, m, CH2 ), 1.94- 

1.97 (IH , m, CH2 ), 2.29 (CHCjHsOSi), 2.55-2.61 (IH , m, Chb), 2.79-2.88 (2H, m, CH2 ), 3.05-3.09 (IH , 

m, CH2 ), 3.73-3.76 (C ^ O S \) ,  3.86 (3H, s, OCH3 ), 3.90 (3H, s, OCH3 ), 3.96 (3H, s, OCH3 ), 7.16 (IH , s, 

ArH), 7.39-7.45 (6 H, m, ArH), 7.66-7.68 (4H, m, ArH)

^̂ C NMR (CDCI3, 400 MHz) 5c ppm: 18.75 (C(CH3)3), 22.20 (Chb), 26.40 (C(CH.),). 29.67 

(CHCzHsOSi), 31.82 (CH2), 37.72 (Chb), 46.32 (Chb), 55.53 (OCH3), 60.45 (OCH3), 60.83 (OCH3), 

61.21 (Chb), 106.82 (ArCH), 127.22 (4 x ArCH), 129.19 (2 x ArCH), 129.63 (QC), 133.34 (QC), 133.92 

(QC), 135.08 (4 X ArCH), 145.21 (QC), 150.52 (QC), 151.03 (QC), 202.82 (C=0)

Vmax (DCM)/cm ^ 2931.70, 2856.99, 1673.59 (C=0), 1589.73

HRMS [M+Na]^: calculated 555.2543, found 555.2543, molecular formula (C3 2 H4 oNa0 5 Si)

7.21.5 Silyl deprotection: Synthesis of (/?)-6,7,8,9-tetrahydro-7-(2-hydroxyethyl)-l,2,3- 

trimethoxybenzo[7]annulen-5-one (5.21)

(5.20)

TBAF (1.1 eq) 
 *
THF, 1) 30min,0°C  

2) 3h, RT 
74%

OH

(5.21)
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To a stirred solution of (5.20) (0.76 g, 1.43 mmol) in dry THF (5 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (1.57 mL, 1.57 mmol). After 30 min, the 

temperature of the reaction was allowed to increase to ambient. After 3 h, the THF was blown off 

in a stream of nitrogen gas and the resulting residue added directly to a silica gel flash column and 

purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, mobile 

phase; 1:1, hexane/ethyl acetate) to afford (5.21) as a yellow oil (0.31 g, 74%).

Rf. 0.08 (2:1, hexane/ethyl acetate)

[a] + 4 (c = 8.5, DCM)

^H NMR (CDCI3 , 400 MHz) 6 h ppm: 1.48 (IH, m, CH2 ), 1.62-1.63 (2H, m, CH2 ), 1.98-2.03 (IH, m, 

CH2 ), 2.11 (IH, m, CHC2 H4 OH), 2.57-2.63 (IH, m, CHj), 2.80-2.90 (2H, m, CH2 ), 3.01-3.05 (IH, m, 

CHj), 3.69 (2H, m, CH2 ), 3.82 (3H, s, OCH3 ), 3.86 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 7.12 (ArH)

NMR (CDCI3, 400 MHz) 6 c ppm: 22.70 (Chb), 30.15 (^C2H40H), 32.42 (Chb), 38.37 (Chb), 46.56 

(CH,). 55.95 (OCH3), 60.33 (Chb), 60.86 (OCH3), 61.26 (OCH3), 107.34 (ArCH), 130.24 (QC), 134.14 

(QC), 145.75 (QC), 150.96 (QC), 151.48 (QC), 203.22 (C=0)

Vmax (DCM)/cm‘ :̂ 3422.79 (OH), 2933.35, 1668.82 (C=0), 1589.31

HRMS [M+Na]" :̂ calculated 317.1365, found 317.1368, molecular formula (Ci6 H2 2 Na0 5 )

7.21.6 Organolithium C-Ring Coupling: Synthesis of 2-[(7/?)-9-{3-[(te/t-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]ethan-l-ol (5.21)

1) nBuLi (3 eq) 
THF, 40 min,-78 °C

 ►

2) (5.20) (1 eq) 
THF, 1 h, - 78 °C

3) 3 h, RT 
4) HCI (aq. soln.) 

57%

" O

OH

O '

(5.21)

To a stirred solution of (2.14) (1 g, 3.16 mmol) in dry THF (10 mL) at -78 °C under an atmosphere 

of nitrogen was added 2.5 M nBuLi solution in hexane (1.26 mL, 3.16 mmol) dropwise. After 40 

min, a solution of (5.21) (0.31 g, 1.05 mmol) in dry THF (5 mL) was added to the reaction 

dropwise. After 1 h, the reaction was allowed to increase to ambient. After a further 3 h, the
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reaction was quenched by the addition of 2 M HCI aqueous solution (25 mL) and was extracted 

with diethyl ether (3 x 50 mL). The organic fractions were combined, dried over MgS0 4 , filtered 

and concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 4:1, hexane/ethyl 

acetate) to afford (5.21) as a yellow oil (0.31 g, 57%).

Rf  0.31 (2:1, hexane/ethyl acetate)

[a] o = - 41.94 (c = 5.53, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 0.15 (6 H, d, J = 5.67 Hz, Si(CH3 )2 ), 0.99 (9H, s, C(CH3 )b), 1.67- 

1.70 (IH, m, CH2 ), 1.77-1.90 (2H, m, CH2 ), 2.05-2.09 (IH, m, CHC2 H5 OH), 2.19-2.29 (2H, m, CH2 ), 

3.03-3.05 (IH, m, CH2 ), 3.69 (5H, s, 1 x OCH3 , 1 x CH2 ), 3.82 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 3.93 

(3H, s, OCH3 ), 6.03 (IH, d, J = 6.07 Hz, C=CH), 6.37 (IH, s, ArH), 6.76-6.85 (3H, m, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: -5.00 ($1(0 1 3 )2 ), -4.98 (Si(CH3 )2 ), 18.00 (C(CH3 )3 ), 23.07 (Chb), 

25.28 (C(0 H3 )3 ), 33.16 (CHC2 H4 OH), 37.96 ( C ^ ) ,  41.63 (Chb), 55.06 (OCH3 ), 55.41 (OCH3 ), 60.42 

(0013), 61.13 (OCH3 ), 61.17 (Ob), 108.34 (ArCH), 111.16 (ArCH), 120.20 (ArCH), 120.84 (ArCH), 

127.76 (QC), 131.17 (C=CH), 134.41 (QC), 135.81 (QC), 140.62 (QC), 140.70 (QC), 144.08 (QC), 

149.89 (QC), 150.27 (QC), 150.45 (QC)

Vmax (D C M )/c m 3412.73, 2930.30, 2856.45, 1596.72

HRMS [M+Na]'": calculated 537.2648, found 537.2678, molecular formula (C2 9 H4 2 NaOeSi)

7.21.7 Silyl deprotection: Synthesis of 5-((/?,Z)-6,7-dihydro-7-(2-hydroxyethyl)-2,3;4- 

trimethoxy-5H-benzo[7]annulen-9-yl)-2-methoxyphenol (5.22)

" O

OH

rSi

TBAF (1.1 eq)

THF, lh ,0 °C  
52%

OH
O,

-OH

(5.21) (5.22)

To a stirred solution of (5.21) (0.04 g, 0.08 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.09 mL, 0.09 mmol). After 1 h, the THF was 

blown off in a stream of nitrogen gas and the resulting residue added directly to a silica gel flash
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column and purified by flash column chromatography (stationary phase; silica gel 230-400 mesh, 

mobile phase; 1:1, hexane/ethyl acetate) to afford (5.22) as a white solid (0.02 g, 52%).

Rf. 0.45 (1:1, hexane/ethyl acetate)

[a] ^̂  = -95.7 (c = 0.61, DCM)

NMR (CDCI3 , 400 MHz) 6 h ppm: 1.62-1.71 (IH, m, CH2 ), 1.77-1.80 (IH, m, CH2 ), 1.82-1.90 (IH, 

m, CH2 ), 2.07-2.13 (IH, m, CHC2 H4 OH), 2.16-2.31 (2H, m, CHj), 3.03-3.05 (IH, m, CH2 ), 3.71 (5H, m, 

1 X CH2 , 1 X  OCH3 ), 3.91 (6 H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 6.06 (IH, d, J = 5.82 Hz, C=CH), 6.39 (IH, 

s, ArH), 6.76-6.81 (2H, m, ArH), 6.91 (IH, s, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 23.04 (Chb), 33.15 (CHC2 H4 OH), 37.92 (Chb), 41.58 (ChU), 55.53 

(2 X  OCH3 ), 60.43 (OCH3 ), 61.13 (OCH3 ), 61.24 (CH2 ), 108.42 (ArCH), 109.81 (ArCH), 113.71 (ArCH), 

119.25 (ArCH), 125.44 (Q£), 127.79 (QC), 131.57 (C=gi), 134.99 (Q£), 135.62 (Q£), 140.70 (Q£), 

144.78 (QC), 145.54 (QC), 150.30 (QC), 150.52 (QC)

Vmax (D C M )/c m 3406.33 (OH), 2929.14, 2850.04,1580.55, 1508.57

HRMS [M+Na]"^: calculated 423.1784, found 423.1818, molecular formula (C2 3 H2 8 Na0 6 )

Melting point: 75-76 °C

7.21.8 Two step oxidation of alcohol to  carboxylic acid: Synthesis of 2-[(7/?)-9-{3-[(tert- 

butyldimethylsilyl)oxy]-4methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]acetic acid (5.24)

Oxone(1eq) ^

DMF, 2 h, RT \  
\ 85% over two steps q

(5.21) (5.23) (5.24)

To a stirred solution of (5.21) (0.16 g, 0.31 mmol) in DCM (5 mL) at room temperature was added 

Dess-Martin periodinane (0.20 g, 0.47 mmol). After 1 h, the reaction was quenched by the 

addition of saturated sodium bicarbonate aqueous solution (10 mL). The reaction was extracted 

with diethyl ether (3 x 20 mL). The organic fractions were combined, dried over MgS0 4 , filtered 

and concentrated under reduced pressure. To a stirred solution o f the resulting residue
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reconstituted in DMF (2 mL) was added oxone (0.19 g, 0.31 mmol). After 2 h, the reaction was 

quenched by the addition of water (10 mL) and extracted with diethyl ether (3 x 10 mL). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (stationary phase; silica gel 

230-400 mesh, mobile phase; 5:95, methanol/ethyl acetate) to afford (5.24) as a yellow resin 

(0.14 g,85%).

Rf. 0.32 (66:33:1, hexane/ethyl acetate/formic acid)

[a]^ =-51.81 (c = 3.59, DCM)

NMR (CDCI3, 400 MHz) 5h ppm: 0.16 (6 H, d, J = 5.67 Hz, (Si(CHa)2), 0.99 (9H, s, C(CH3)3), 1.93- 

1.97 (IH, m, CH2 ), 2.26-2.37 (2H, m, Chb), 2.44-2.52 (2H, m, 1 x CHCH2COOH, 1 x CH2 ), 2.55-2.59 

(IH, m, Chb), 3.06-3.07 (IH, m, Chb), 3.70 (3H, s, OCH3), 3.84 (3H, s, OCH3), 3.93 (3H, s, OCH3), 3.94 

(3H, s, OCH3), 6.06 (IH, d, J = 5.61 Hz, C=CH), 6.77 (IH, d, J = 1.96 Hz, ArH), 6.80 (IH, d, J = 8.38 Hz, 

ArH), 6.87 (IH, dd, Ji = 8.38 Hz, h =  196 Hz, ArH)

NMR (CDCI3, 400 MHz) 6, ppm: -4.56 (Si(CH3)2), -4.54 ($1(0 1 3 )2), 18.46 (C(CH3)3), 23.39 (CH,l. 

25.74 (C(CH3)3), 33.81 (CHCHjCOOH), 39.54 (CHj), 41.65 (CH2 ), 55.56 (OCH3), 55.90 (OCH3 ) 60.89 

(OCH3), 61.61 (0CH,1. 108.95 (ArCH), 111.68 (ArCH), 120.81 (ArCH), 121.40 (ArCH), 127.82 (QC), 

129.43 (C=CH), 134.65 (Q£), 135.92 (QC), 141.25 (QC), 141.49 (QC), 144.58 (QC), 150.50 (QC), 

150.79 (QC), 151.08 (QC), 178.61 (COQH)

Vmax (D C M )/c m 2954.62, 2931.23, 2856.55, 1707.96 (C=0), 1598.03, 1571.42 

HRMS [M+Na]" :̂ calculated 551.2441, found 551.2396, molecular formula (C29H4oNa0 7 Si)

7.21.9 Silyl deprotection: Synthesis 2-((/?,Z)-6,7-dihydro-9-(3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-5H-benzo[7]annulen-7-yl)acetic acid (5.25)

(5.24) (5.25)
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To a stirred solution of (5.24) (0.03 g, 0.06 mmol) in dry THF (1 mL) under an atmosphere of 

nitrogen at 0 °C was added 1 M TBAF solution in THF (0.09 mL, 0.09 mmol). After 1 h, the THF was 

blown off in a stream of nitrogen gas and the resulting residue washed with water and extracted 

with diethyl ether (3 x 10 mL). The organic fractions were combined, dried over MgS0 4 , filtered 

and concentrated under reduced pressure. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 1:9, methanol/ethyl 

acetate) to afford (5.25) as an off white solid (0.02 g, 80%).

Rf. 0.28 (50:50:1, hexane/ethyl acetate/formic acid)

[a]o = -40(c= 1, DCM)

Ĥ NMR (CDCI3 , 400 MHz) 6 h ppm: 1.92-1.96 (IH, m, CH2 ), 2.20-2.35 (2H, m, CH2 ), 2.45-2.47 (2H, 

m, 1 X  CH2 , 1 X  CHCH2 COOH), 2.54-2.58 (IH, m, CH2 ), 3.06-3.06 (IH, m, Chb), 3.71 (3H, s, OCH3 ), 

3.92 (6 H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 5.60 (IH, s, br, OH), 6.09 (IH, d, J =4.36 Hz, C=CH), 6.40 (IH, 

s, ArH), 6.80 (2H, s, ArH), 6.90 (IH, s, ArH)

NMR (CDCI3 , 400 MHz) 6 c ppm: 22.88 (Chb), 33.31 (CHCH7 COOH). 38.92 ( ^ ) ,  41.10 (CH-.). 

55.55 (2 X  OCH3 ), 60.44 (OCH3 ), 61.15 (OCH3 ), 108.54 (A r^ ) ,  109.80 (ArOH), 113.80 (ArCH), 119.40 

(ArCH), 127.35 (QC), 129.41 (C=CH), 134.76 (QC), 135.31 (QC), 140.82 (QC), 140.95 (Q£), 144.74 

(QC), 145.61 (QC), 150.32 (Q£), 150.67 (Q£), 177.34 (COOH)

Vmax (DCM)/cm'^: 2921.18, 2852.21, 1707.44 (C=0), 1508.50

HRMS [M+Na]'": calculated 437.1576, found 437.1613, molecular formula (C2 3 H2 eNa0 7 )

Melting point: 122-123 °C

7.21.10 PFP ester formation: Synthesis of 2-[(7A?)-9-{3-[(tert-butyidimethyisiiy!)oxy]-4- 

methoxyphenyl}-2,3/4-trimethoxy-6,7-diiiydro-5H-benzo[7]annulen-7-yl]acetate (5.26)

(5.24) (5.26)
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To a stirred solution of (5.24) (0.08 g, 0.15 mnnol) and pentafluorophenol (0.03 g, 0.17 mmol) in 

dry DCM (1 mL) under an atmosphere of nitrogen at 0 °C was added a solution of DCC (0.03 g, 

0.17 mmol) in dry DCM (0.5 mL). After 1 h, the DCM was removed under reduced pressure and 

the resulting residue was added directly to a flash column and purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 20:1, hexane/ethyl 

acetate) to yield (5.26) as a yellow oil (0.06 g, 58%).

Rf. 0.63 (3:1, hexane/ethyl acetate)

[a]^  ̂= -37.2(c = 3.33, DCM)

NMR (CDCI3 , 400 MHz) 5h ppm: 0.16 (6 H, d, J = 7.59, Si(CH3 )2 ), 1.00 (9H, s, C(CH3 )3 ), 2.01-2.07 

(IH, m, CH2 ), 2.31-2.36 (2H, m, CH2 ), 2.61-2.69 (IH, m, CJi), 2.75-2.80 (IH, m, CH2 ), 2.85-2.90 (IH, 

m, CH2 ), 3.10-3.12 (IH, m, CH2 ), 3.71 (3H, s, OCH3 ), 3.84 (3H, s, OCH3 ), 3.94 (3H, s, OCH3 ), 3.95 (3H, 

s, OCH3 ), 6.08 (IH, d, J = 6.16 Hz, C=CH), 6.40 (IH, s, ArH), 6.81-6.86 (3H, s, ArH)

^̂ C NMR (CDCI3 , 400 MHz) 6 c ppm: -4.64 (Si(CH3 ), -4.59 (Si(CH3 ), 18.42 (C(CH3 )3 ), 23.32 (Chb), 25.68 

(C(CH3 )3 ), 34.12 (OHCHzCO), 38.80 (ChU), 41.60 (CHj), 55.51 (OCH3 ), 55.92 (OCH3 ), 60.88 (OCH3 ), 

61.59 (OCH3 ), 108.95 (ArCH), 111.63 (ArCH), 120.73 (ArCH), 121.49 (ArCH), 127.63 (Q£), 128.11 

(C=CH), 134.46 (QC), 135.85 (QC), 136.59 (QC), 139.14 (QC), 139.88 (Q£), 141.38 (Q£), 142.28 

(QC), 142.46 (QC), 144.64 (QC), 150.62 (Q£), 150.86 (QC), 151.23 (QC), 168.47 (C=0)

NMR (CDCI3, 400 MHz) 6 p ppm: -162.77 (2F, t, J = 19.89 Hz, ArF), -158.54 (IF, t, J = 21.69 Hz, 

ArF), -153.03 (2F, d, J = 20.11 Hz, ArF)

Vmax (DCM)/cm‘^ 3318.48, 2931.22, 2856.42, 2119.16, 1789.83 (C=0), 1520.73

HRMS [M+Na]" :̂ calculated 717.2283, found 717.2294, molecular formula (C3 5 H3 9 F5 Na0 7 Si)
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7.21.11 Hydroxamic acid synthesis: Synthesis of 2-[(7/?)-9-{3-[(tert-

butyldimethylsilyl)oxy]-4-methoxyphenyl}-2,3,4-trimethoxy-6,7-dihydro-5H- 

benzo[7]annulen-7-yl]-A/-hydroxyacetamide (5.27)

DIPEA (1.1 eq) 
Hydroxylamine HCI (1.1 eq)

OH
DMF, 10 min, RT 

79%

(5.26) (5-27)

To a stirred solution of (5.26) (0.06 g, 0.07 mmol) in DMF (2 mL) was added DIPEA (0.02 mL, 0.09 

mmol) and hydroxylamine HCI ( 6  mg, 0.09 mmol) at room temperature. After 10 min, the reaction 

was quenched by the addition of 0.2 M HCI aqueous solution (5 mL) and the reaction was 

extracted with diethyl ether (3 x 10 mL). The organic fractions were combined, dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was then purified by flash column 

chromatography (stationary phase; silica gel 230-400 mesh, mobile phase; 50:50:1, hexane/ethyl 

acetate/formic acid) to afford (5.27) as a yellow resin (0.03 g, 79%).

Rf. 0.15 (50:50:1, hexane/ethyl acetate/formic acid)

[a] - 73.5 (c = 0.95, DCM)

^H NMR (CDCI3, 400 MHz) 6 h ppm: 0.15 (6 H, d, J = 5.92 Hz, Si(CHs)2 ), 0.98 (9H, s, C(CH3 )a), 1.28- 

1.32 (2H, m, CH2 ), 1.87 (IH , s, br, CH2 ), 2.26-2.32 (2H, m, CH2 ), 2.35-2.47 (IH , m, CHCH2CO), 3.01 

(IH , m, CH2 ), 3.69 (3H, s, OCH3 ), 3.82 (3H, s, OCH3 ), 3.91 (3H, s, OCH3 ), 3.93 (3H, s, OCH3 ), 6.00 (IH , 

s, C=CH), 6.72 (IH , s, ArH), 6.80-6.87 (2H, s, ArH)

^̂ C NMR (CDCI3 , 400 MHz) 6 c ppm: -5.01 ($1(0 1 3 )2 ), 17.99 (C(CH3 )3 ), 22.87 (CH2 ), 25.27 (C(CH,M. 

29.25 (CH2 ), 33.56 (CHCHjCO), 41.20 (CH2 ), 55.06 (OCH3 ), 55.45 (OCH3 ), 60.45 (OCH3 ), 61.18 

(OCH3 ), 108.52 (ArOH), 111.19 (ArCH), 120.35 (ArCH), 120.99 (ArCH), 127.31 (QC), 128.48 (C=CH), 

129.31 (QC), 133.96 (Q£), 135.36 (Q£), 140.82 (QC), 141.48 (Q£), 144.04 (QC), 150.09 (QC), 150.27 

(Q£), 150.64 (QC)

Vmax (DCM)/cm'^ 3418.74, 2928.54, 2855.25, 1660.92 (C=0), 1594.10

HRMS [M+Na]" :̂ calculated 566.255, found 566.2554, molecular formula (C2gH4 iNNa0 7 Si)
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7.21.12 Silyl deprotection; Synthesis of 2-((/?,Z)-6,7-dihydro-9-(3-hydroxy-4-

methoxyphenyl)-2,3,4-trimethoxy-5H-ben2o[7]annulen-7-yl)-/\/-hydroxyacetamide

(5.13)

To a stirred solution of (5.26) (0.03 g, 0.06 nrsmoi) in d r /  THF (1 mL) under an atm osphere of 

nitrogen a t 0 °C was added  1 M TBAF solution in THF (0.06 m l, 0.06 mmol). After 1 h, th e  THF was 

blown off in a stream  of nitrogen gas and the  resulting residue w ashed with w ater (5 mL) and 

extracted  with diethyl e th e r (3 x 10 mL). The organic fractions w ere com bined, dried over MgS0 4 , 

filtered and concen tra ted  under reduced pressure. The product was purified by flash column 

chrom atography (stationary phase; silica gel 230-400 m esh, mobile phase; 50:50:1, hexane/ethyl 

aceta te /fo rm ic  acid) to  afford (5.13) as an off-white solid (15 mg, 89%).

Rf'. 0.13 (66:33:1, ethyl aceta te /hexane/fo rm ic  acid)

[ a ] o ^ - 6 1 .2 ( c  = 0.56, DCM)

^H NMR (CD3OD, 400 MHz) 6h ppm: 1.81-1.88 (IH, m, CHj), 2.11-2.16 (IH, m, Chb), 2.19-2.27 (3H, 

m, CH2 ), 2.31-2.37 (IH, m, CHCH2CO), 2.99-3.05 (IH, m, ChU), 3.63 (3H, s, OCH3), 3.83 (6H, s, 

OCH3), 3.85 (3H, s, OCH3), 6.04 (IH, d, J = 6.10 Hz, C=CH), 6.35 (IH, s, ArH), 6.66-6.72 (2H, m, ArH), 

6.84 (IH, d ,J  = 8.55H z, ArH)

NMR (CD3OD, 400 MHz) 6c p pm : 22.98 (CH2 ), 34.43 (CHCHjCO), 37.79 (CH2 ), 41.27 (CH2 ), 54.96 

(OCH3), 55.00 (OCH3), 59.81 (OCH3), 60.63 (OCH3), 108.89 (ArCH), 110.96 (ArCH), 114.62 (ArCH), 

119.17 (A r ^ ) ,  127.78 (QC), 129.01 (C=CH), 134.70 (QC), 136.29 (QC), 141.17 (QC), 141.62 (Q£), 

145.8 (QC), 147.25 (QC), 150.66 (QC), 151.15 (QC), 162.90 (C=0)

Vmax (D C M ) /c m 3314.58, 2933.07, 2851.68, 1830.77, 1660.04 (C=0), 1596.74 

HRMS [M+Na]"^: calculated 452.1685, found 452.1684, m olecular formula (C23H27NNa07)

Melting point: 104-106 °C

TBAF (1.5 eq)

THF, Ih, 0°C 
89%

(5.26) (5.13)
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VBSTRACT Despite their side effect profile, there currently 
emains a heavy reliance on traditional cytotoxics and particu- 
^riy tubulin targeting agents in cancer chemotherapy To ad- 
iress this concern, significant progress has been made in the 
elective delivery of drugs to  the tum our site. This review will 
s<amine the published data in support of the hypothesis that 
Srming antibody conjugates of tubulin targeting agents is an 
ffective approach towards their m ore effective delivery to  the 
um our site. Particular emphasis will be placed on the diversity 
if concepts under investigation, the efficacy of resultant con- 
igates, evidence of decreased resistance and the side effect 
rofiles of the conjugates.

lEY W O R D S antibody-drug conjugates • anticancer • 
esistance ■ tubulin targeting agents ■ tum our targeting

ABBREVIATIONS
kDC antibody-dnjg conjugate
^LCL anaplastic large cell lymphoma
IMPEO b/s-maleimido-trioxyethylene glycol
j»M drug maytansinoid
CFR epidermal growth factor receptor
HER2 human epidermal g rov i^  fector receptor 2
SG immunoglobulin G
nAb monoclonal antibody
>1C maleimidocaproyl
'IDR-I multidrug resistance protein-1
<IMAE monomethyl auristatin E
»1MAF monomethyl auristatin F

S. D . Stack • j. J. W alsh ( H )
chcxjl o f  P harm acy  and  Pham naceutical Sciences
hnlty C o llege  Dublin
)ublin 2, Ireland
-mail: jjw a lsh@ tcd ,ie

MTD maximum tolerated dose
PAB p-aminobenzyloxy carbonyl
PABC p-aminobenzyl carbonyl
PEG polyethylene glycol
PSMA prostate specific membrane antigen
Siglec sialic acid binding Ig-like lectins
SMCC succinimidyl trans-4-(maleimidylmethyl)

cyclohexane-1 -carboxylate 
SPDB N-succinimidyl-3-(2-pyridylthio) propionate
SPP N-succinimidyl 4-(2-pyridyldithio) pentanoate
vc valine-citrulline

IN TRO DU CTIO N

Cancer patients with metastases typically present with ap
proximately lO'^ tumour cells and it has been established 
that greater than 99% of these need to be killed in order to 
achieve complete remission (1). Despite the emergence of 
novel treatments for malignancy, conventional chemother- 
apeutics and tubulin targeting agents in particular remaiin a 
cornerstone in many cancer treatment regimens. The major 
difficulty vkdth these chemotherapeutic agents is that in order 
to reach that target of 99% cancer cell death, unacceptable 
toxicities are inevitable. Thus, there remains a significant 
challenge to develop new therapies that are suitably toxic to 
cancer cells while leaving normal cells relatively unscathed. 
The rationale behind the utilisation of antibody conjugation 
to achieve enhanced delivery of existing cytotoxics to the 
tumour site is two-fold. Firstly, by masking the toxicity of the 
drug until it reaches the active site, a lower incidence of side 
effects is expected. And secondly, by enhancing the specific
ity of the cytotoxic agent for the desired target cells greater 
efficacy may be attainable.
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In this review the disparate antibody based m ethodolo
gies utilised to  optimise the delivery o f  tubulin  targeting 
agents to  th e  tu m o u r site w hich have b een  pub lished  
throughout the last ten years will be explored and critically 
appraised  in term s o f efficacy, therapeu tic  w indow  and  
ability to overcom e drug resistance.

Tubulin Targeting Agents

M icro tubules, w hich are  the ta rge t o f tubuU n b ind ing  
agents, consist o f a  and P tubulin heterodim ers. T hey  are 
hollow tubes approxim ately 25 nm  in d iam eter tha t are 
involved in  various cellular functions, m ost notably  cell 
m ovem ent, in trace llu la r tran sp o rt and  cell division (2). 
M icrotubule dynamics are very tighdy regulated bo th  spa
tially and tem porally (3). A t the onset o f mitosis in  particular 
there are striking changes in the m icrotubule network in 
which the disassembly o f microtubules is proceeded by the 
form ation o f a new  netw ork of spindle m icrotubules (3). 
T ubulin  targeting agents are known to b ind to one o f three 
main binding sites on the P-tubuHn subunit: the vinca do
main, the colcichine binding site and the paclitaxel site (3). 
O nce  b o u n d , these agen ts ac t as e ith e r m ic ro tu b u le - 
stabilising or microtubule-destabiUsing agents interfering 
w ith mitosis and  leading to cell death. O ne reason tha t 
cancer cells are particularly sensitive to these drugs com
pared with norm al cells is that m any cancer cells divide 
m uch m ore rapidly than  norm al cells offering m any m ore 
opportunities for tubulin binding agents to  disrupt mitosis 
and cause cell death. H undreds o f com pounds have been 
observed to arrest mitosis by interacting with microtubules. 
It has been shown that they act by potentiy  suppressing 
m icrotubule dynamics (4).

T ubulin  binding agents are principally natural product 
o r natural p roduct derived small molecule inhibitors that 
have diverse structural classes and origins. Lead com pounds 
for these agents include substances derived from bacteria, 
plants, m arine sponges and  molluscs (2).

T w o o f the most clinically pertinent classes o f tubulin 
binding agents are  the taxanes and  the vinca alkaloids. 
T he vinca alkaloids were first identified over 50 years ago 
while the taxanes where first identified over 40 years ago, 
but yet both classes o f agents still find significant utility in the 
first line treatm ent o f m any solid tum ours and haem atolog- 
ical m alignancies (4,5).

O ther tubulin  targeting agents that have been evaluated 
for anticancer activity include the colchinoids and the epo- 
thilones (3). In  m ore recent years, tubulin  binding agents 
that display cytotoxicities m any orders o f m agnitude greater 
than  clinically used agents have been developed. N ew  tax- 
oids have been developed tha t dem onstrate approxim ately 
100-fold greater cytotoxicity than  the pa ren t com pounds (6). 
T he tubulysins isolated from  various myxobacterial species

are one such class o f  po ten t tubulin  binding agents an( 
dem onstrate IC 50 values 20- to  1000-fold lower than  m an  
clinically used tubulin binding agents (7). T he maytansinoid 
are ano ther such class o f com pound. The lead molecule 0 
this class, maytansine is an  ansa macrolide first isolated fron 
the E thiopian shrub Maytenus ovatus by K upchan et al. (8] 
M aytansine causes depolym erisation of m icrotubules am 
displays almost 100-fold higher cytotoxicity than  the vine 
alkaloids (9). Synthetic analogues o f maytansine referred ti 
as d rug  maytansinoids (DMs) have subsequentiy been devel 
oped which were found to possess 100- to 1000-fold greate 
activity than existing cytotoxic agents in the clinic (10, 11[ 
D M  1 (jV-methyl-jV- [3 -m ercap to -1 -oxopropyl] -L -a lan in  
ester o f maytansinol) is an example o f one such maytansj 
noid which has been shown to be effective against a  widi 
range o f tum our cells with IC 50 values in the range of 10- 
100 pM  (12).

Dolastatin-10 is another highly potent inhibitor o f micrq 
tubule assembly and tubulin polymerisation and is a  non 
competitive inhibitor o f the binding of vinblastine to tubulri 
(6). Synthetic analogues o f dolastatin-10 known as auristatiri 
are potent tubulin inhibitors with cytotoxicities 50- to 200-foll 
greater than the vinca alkaloids (6).

Despite the prom ise o f tubulin binding agents as cance 
therapeutic agents, there are a  num ber o f significant disad 
vantages to their use. Paclitaxel for example, while remaii^ 
ing one o f the most clinically im portant agents currently ii 
use, suffers from dose-limiting toxicity and m ultidrug resis 
tance (5). T he action of efflux pum ps such as multidrui 
resistance p ro te in -1 (M DR-1), which actively pum ps pacU 
tcixel from  resistant cells, is knovra to cause subtherapeuti 
intracellular drug concentrations. Resistance is also knowi 
to  occur due to changes in P-tubulin o r apoptotic  am 
mitosis checkpoint proteins (13). In  order to overcome thes 
difficulties various attem pts have been made to  specificall 
target tum our cells through the molecular conjugation c 
antibodies to existing tubulin targeting agents. By selective! 
delivering existing cytotoxic agents to tum our cells the hop  
is th a t m ore p o ten t cytotoxicity to  ta rget cells m ay b  
achieved while sim ultaneously reducing systemic toxicit] 
associated with these agents.

ANTIBODY-DRUG CONJUGATES

In  early antibody evaluation, a num ber o f antibodies wei 
p roduced that bound  very specifically to various tum our ce 
surface antigens. However, in m any cases such binding w<| 
insufficient to affect tum our growth (6). Tw o o f the m a  
effective monoclonal antibodies for the treatm ent o f cance 
currently  licensed by the FDA are trastuzum ab for b rea  
cancer and  cetuxim ab for colorectal tum ours and  squam oi 
cell carcinom a o f the head and neck, yet bo th  these agen
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)ffer only modest single agent activity (6,14). One way to 
ake advantage o f the selectivity o f monoclonal antibodies 
or various cell specific antigens is to utilise molecular con- 
ugation to attach a non-selective cytotoxic agent to a mono- 
:lonal antibody selective for tumour specific antigens. 
Various concepts along this theme have been explored but 
he most common approach involves the monoclonal anti- 
>ody acting as a vector to the tumour cell, facilitating 
pternalisation and downstream processing to liberate the 
^ o to x ic  effector molecule within the cell (6). This has led 
bm e commentators to refer to drug-antibody conjugates as 
JUmour-activated prodrugs (6).

Antibody conjugation is considered to be one o f the most 
promising approaches to increasing the anti-tumour activity 
j f  antibodies while simultaneously reducing the systemic 
toxicity o f existing cytotoxics such as tubulin targeting 
»gents (15). The various advantages and disadvantages of 
tntibody-drug conjugates (ADCs) are sum m arised in 
^ a b le  1.
! Despite early promise, the emergence o f clinically suc- 
l^ssful drug-antibody conjugates has been somewhat slow 
[lue to the difficulties involved in successfully formulating 
liese agents in presentations that can overcome the phar- 
[nacokinetic and pharmacodynamic impediments o f these 
felatively large molecules. Durey et al. (20) framed the char- 
|u;leristics o f an ideal antibody-drug conjugate along five 
jlistinct headings:

1. Circulation: The antibody should be stable in circulation 
j and should not have cytotoxic activity until intracellular

release o f the active drug.
2. Antigen binding: The monoclonal antibody should retain 
' its high binding affinity for its intended target despite

molecular conjugation to the cytotoxic agent.
5. Internalisation: A sufficient intracellular concentration of 

the ADC should be obtained to exact cell death. This 
can be challenging if  the antigen is expressed only in 
limited numbers.

foblel Advantages and Disadvantages of Antibody-Drug Conjugates 

Vivantages

targeted binding specific for tu m o u r antigen

Highly potent agents can be selectively delivered to  target cells

(Vide therapeutic index

“Volonged circulation half-life

Stable in circulation

Decreased adverse effects

iystander killing effect of endothelial cells and stromal cells essential to  
tum our growth

(educed MDR-I mediated resistance com pared 
to  systemic administration of th e  respective dnjg ( 16)

4. Drvg release: Once internalisation has occurred, release of  
the cytotoxic agent should be timely and efficient.

5. Drug action: The drugs utilised in the ADC should be 
cap ab le  o f  causing  cell death  at subnanom olar  
concentrations.

The three constituent parts o f an ADC are the antibody, 
the cytotoxic drug molecule and the linker connecting them  
as illustrated schematically in Fig. 1.

It has been suggested that early ADCs failed because of 
inappropriate drug selection, non-specific antibody selection 
and use o f linkers that were not stable (21). Another diffi
culty with ADCs is that only a tiny fraction o f administered 
ADC reaches the tumour site (6). Consequently, the cyto
toxic agent used needs to be much more potent than cur- 
rentiy used clinical agents. Thus, it became apparent that 
optimisation o f each of these three variables was required in 
order to maximise the potential o f ADCs.

Drug Characteristics

Although antibodies often display high specificity for the 
tumour, most o f them are not potent enough to be cUnically 
efficacious. Imaging studies with radiolabelled antibodies 
have shown that the peak concentration o f antibodies de
posited at the tumour site was o f the order of 0 .01% o f the 
injected dose per gram of tumour at 24 h (22). Therefore the 
cytotoxicity o f the drug in an ADC must be several-fold 
higher than conventional anti-cancer drugs (H). It has been 
suggested that the cytotoxicity o f the drug used in an ADC  
must be at the IC50 level o f 10—100 pM. Since pacfitaxel 
displays an IC50 o f the order of 10 nM in a number o f  cell 
fines it has been suggested that it is not suitable for this 
approach (23).

The in vitro cytotoxicity (IC50 values) o f the maytansinoids 
and auristatins are even lower than the concentration of 
antibodies found to accumulate at the tumour site, making 
them suitable candidates for ADC synthesis. For this reason

Disadvantages

Requires that tum our be tested  for expression o f target antigen 

Molecular target may have som e normal tissue expression 

Linker may no t be stable leading to  prem ature cytotoxic agent release 

Antibody may not reach target in sufficient concentration to  be lethal 

Antigen expression could be heterogeneous especially in solid tum ours ( 17) 

A D C  m ust cross the  vascular endothelium  and circumvent the 
interstitial pressure within the  solid tum our (18)

Antibody may itself be immunogenic

Masking o f th e  target antigen v\ith monoclonal antibody devoid 
o f its cytotoxic payload in ADCs with p oo r stability (19)
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Antibody-Linker-Drug
Fig. I Schematic of an antibody-dnjg conjugate.

the m aytansinoid  DM 1 [A ^-deacety l-A ^-(3-m ercapto-l- 
oxopropyl)-maytansine] has becom e one o f the most widely 
utilised tubulin targeting agents in the synthesis o f ADCs 
(24).

T o  take advantage of the long plasm a half-life o f IgG 
antibodies necessary to achieve maximal deposition at tum our 
sites the drug must be non-toxic in conjugated form, a  re
quirem ent which both the maytansinoids and auristatins pos
sess (6). Fu rtherm ore , these cytotoxic agents are  readily 
linkable to an  appropriate antibody and  sufficiently w ater 
soluble and stable on storage (10).

D rug loading is ano ther critical factor determ ining the 
therapeutic characteristics o f an ADC (2.5). A  series o f con
ju g a tes  o f  the an ti-C D 30  m onoclonal an tibody  cA ClO  
linked to either 2, 4 o r 8 m onom ethyl auristatin  E (MMAE) 
molecules were synthesised (25). A lthough the in vitro toxicity 
o f the resultant conjugates was direcdy dependent on the 
d rug loading, in vivo the an titum our activity o f the 4 M M AE 
antibody was com parable w ith the 8 M M A E containing 
conjugate  while the m axim um  to le ra ted  dose o f the 4 
M M AE containing conjugate was found to be double that 
o f the 8 M M AE containing conjugate (25). It has also been 
dem onstrated for o ther conjugates tha t the in vivo activity 
drops off significantly w hen less than  three cytotoxic drug 
molecules per antibody are  used while an  upper Umit is 
often imposed by the solubility characteristics o f the resulting 
conjugate (12).

Antibody Characteristics

T he cell surface antigen which the antibody recognises is 
typically a glycoprotein, a  carbohydrate, an oncoprotein, a 
growth factor receptor o r a horm one receptor(l). T he factors 
that need be considered in selecting an appropriate antibody 
target for the synthesis o f an  ADC include (1):

1. Degree of target expression on tum our cells com pared 
to norm al tissues.

2. AfFinity of antibody for target.

3. Efficiency o f internaUsation following antibody binding
4. H om ogeneity o f target expression on all target cells.
5. D egree o f target shedding into circulation.

M any early monoclonal antibodies investigated as poter 
tial drugs lacked specificity. Some o f these agents bound t 

antigens expressed on a wide variety o f norm al cells th< 
w ere  m ere ly  u p re g u la te d  in  various tum ours . Cross 
reactivity o f  the antibodies with norm al tissues is thus ( 
utm ost concern when designing any ADC (1). O ne sucj 
conjugate associated with poor target antigen selection 
bivatuzum ab m ertansine (26). This conjugate consists o f th 
monoclonal antibody bivatuzum ab covalently conjugated t| 
the  m ay tansino id  D M 1. B ivatuzum ab is a  hum anise! 
m onoclonal antibody (BIWA 4) th a t binds selectively t  
CD44v6. T his cell surface antigen is highly and  homogd 
nously expressed on squam ous cell carcinom a o f the hea' 
and  neck, oesophagus, lung, cervix and vulva (26). Its ej 
pression was also found in some norm al tissues such as skii 
keratinocytes, squam ous epithelium o f the cervix, epithell 
um  o f the cornea and epithelium of the tonsils (26). Tijink 
al. (26) evaluated this agent in patients with incurable squa 
mous cell carcinom a of the head, neck or oesophagus. In thi 
study, seven patients were administered a  total o f 23 weekl 
doses o f bivatuzum ab mertansine. Following com pletion < 
the study, one patient at 100 m g/m ^ and one a t 120 m g /n r j  

experienced stable disease during the treatm ent phase bi( 
also suffered severe sldn toxicity in the form of desquamatioi 
At the m axim um  dose level achieved, 140 m g/m ^, one patiei 
developed toxic epidermal necrolysis after two infusions an 
cfied. It was concluded that expression o f CD44v6 was m 
specific enough for tum our cells to allow the formulation of: 
safe antibody-based therapy and the developm ent o f th  
agent was discontinued.

Im m unogenicity  o f antibodies is ano ther issue whic: 
m ust be considered. Antibodies that are used in the coi 
struction  o f  A DCs need  to be hum anised to  avoid th 
potential o f  generating an im m une response in the patiei 
upon adm inistration which further complicates the synthes 
o f these agents (1).

Being large m olecular weight biomolecules, antibodii 
display certain physicochemical properties tha t are unfa’ 
ourable to  the crossing o f  biological barriers, thereby somii 
w hat Umiting their scope for in vivo appfications (27). T  
affect solid tum ours, ADCs must cross the vascular endii 
thelium  and  circumvent the interstitial pressure w ithin tl 
soUd tum our (27). Also, expression o f target antigens can I: 
heterogeneous throughout the tum our (27 . T herefore, tli 
pharm acodynam ics o f the large im m unoglobulin containir, 
A DC m ay im pede its ability to penetrate deep into solii 
tum ours which are often poorly vascularised (1). Smalle 
recom binant monoclonal antibody structures such as sing 
ch a in  an tib o d ie s  a n d  d iabod ies  have b een  show n 1
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(enetrate into the tum our w ith greater efficiency than  the 
tarent antibodies (28). However, these smaller molecules 
ire m ore rap id ly  cleared  from  the p lasm a resulting  in 
horter half-lives (29). In fact overall tum our accum ulation 
»f diabodies is found to be m ore than  two-fold less than  that 
Ichieved for corresponding IgG  (15).

M odification o f the structure o f the monoclonal antibod- 
es used in A D C s has also been attem pted. An engineered 
liio -trastuzum ab-D M l conjugate has been developed (30) 
frhich possesses two free cysteine residues to  facilitate the 
t t ta c h m e n t o f  tw o m o lecu les  o f  D M 1 to  each  th io - 
Tastuzum ab molecule via a  non-reducible iif-m aleim ido- 
xioxyethylene glycol (BM PEO) Unker. T rastuzum ab  is a 
tc o m b in a n t hum an anti-epiderm al growth factor receptor 
2 (HER2) m onoclonal antibody. H E R 2 is a  receptor tyro- 
ane kinase found to be overexpressed on the surface o f 
Dreast cancer cells in ~ 30%  o f newly diagnosed patients 
»nd is found to be associated w ith a poor prognosis. Fur- 
herm ore, 60—70%  of breast cancer cell bone metastases 
)verexpress H E R 2 (31). T he  conjugate retained similar in 
vitro cell proUferation inhibitory activity and H E R 2 binding 
|(roperties to the conventional trastuzum ab-succinim idyl 
|^ans-4-(m aleim idylm ethyl) cy c lo h e x an e-1 -carboxy la te- 
DM1 (trastuzum ab-SM C C -D M l). Furtherm ore, the conju
gate show ed im proved  efficacy over the conven tional 
|Xastuzumab-DM l at DM1 equivalent doses and retained 
^ c a c y  at equivalent antibody doses. T he thio-trastuzum ab 
ponjugate also displayed a g reater than two-fold reduction 
j\  toxicity in  a  safety study in  ra ts  com pared  w ith  the 
jxinventional ADC. It is thought tha t this was due to the 
|®wer drug loading per antibody and the im proved stability 
bf the Unker unit in circulation (30).

Previous experiments utilising these thio-mAbs led to the 
developm ent o f  th io -an ti-M U C  16-m aleim idocaproyl-va- 
|line-citrulline-^-am inobenzyl-carbonate-M M AE (thio-anti- 
M U C  1 6 -M C -vc-P A B C -M M A E ) (32). T h is  co n ju g a te  
contained a derivatised hum anised anti-M U C 16 m onoclo
nal antibody engineered to contain two free thiol groups to 
Lhich M M AE w e is  conjugated via a  M C-vc-PABC Unker. 
The conjugate synthesised was found to be as efficacious as a 
conventional conjugate in  a  M U C 16 ovarian cancer xeno- 
^ a f t  m odel in mice. M oreover, it was tolerated at higher 
doses in rats and cynomolgus monkeys than  the same con
jugate p repared  by conventional approaches suggesting the 
potential o f this strategy in  the synthesis o f  more therapeu
tically favourable ADCs (32).

Linker Unit Selection

For an antibody-drug conjugate to  be effective the chem o
therapeutic agent should rem ain  non-toxic as p a rt o f the 
conjugate while in circulation b u t should be readily Uberat- 
ed on internaUsation in to  the target ceU (19). T hus, the

choice of Unker is o f param ount im portance in the synthesis 
o f an ADC w ith a  favourable therapeutic index. Several 
strategies have been employed to maximise the stability o f 
ADCs in  circulation while aUowing for selective release o f 
the tubuUn binding agent at the desired target. Acid labile 
hydrazone Unkers were am ong the early approaches to be 
considered however, in m ore recent times conjugates con
taining disulfide Unkages, peptide based Unkages and thio- 
ester Unker units have found favour due to their greater 
stabiUty in circulation. T he advantages and  disadvantages 
o f each o f these m ethodologies and  others wiU thus be 
discussed in tu rn  together with examples o f how these tech
nologies have been utiUsed to faciUtate the selective deUvery 
o f the paren t ADC to the tum our site.

Acid-Labile Unkers

Early Unkers evaluated include various acid-labile hydra
zone Unkers that utiUsed the acidic environm ent o f endo- 
somes for cleavage (19). Linkages such as those containing 
hydrazones have relatively short half-Uves that can be sig
nificantly less than  the expected circulating half-Ufe of the 
A DC. This can present toxicity' issues especially in the case 
o f high potency cytotoxics such as M M AE (19).

Drugs linked to monoclonal antibodies via acid-labile link
ers have been found to undergo approximately 50%  drug 
release within 2 days upon incubation in hum an serum (19). 
Peptide and disulfide containing Unkers were subsequently 
adjudged to be superior to  these acid sei\sitive linkers due to 
the selectivity o f cleavage o f these linker types for the tum our 
intracellular environment (33).

Disulfide-Containing Unkers

Disulfide containing Unkers are very comm only employed in 
the synthesis o f ADCs due to their stabiUty at physiological 
p H  (10). W hile this linker unit is therm odynam ically very 
stable, it is kineticaUy labile in the presence o f suUhydryl 
containing functional groups (24). For example, as the con
centration o f glutathione, a  sulfhydryl containing molecule, 
is 1000-fold higher w ithin cells than  in the circulation pref
erential intraceUular drug release of conjugates containing 
this Unker unit has been achieved (10,24).

T he  reladve strength o f  the disulfide bond in various 
m aytansinoid-antibody conjugates can be mainipulated to 
achieve m axim um  stabiUty in  circulation while aUowing 
for efficient cleavage inside the target cell (24). T his is 
achieved by the introduction o f methyl substituents on the 
carbon atom s geminal to the disulfide Unk conferring vary
ing degrees o f  steric hindrance (24). Those conjugates where 
the methyl groups were located on the maytansinoid side of 
the disulfide bond were found to have superior activity in vivo 
than  those w ith the methyl groups located on the antibody
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side of the disulfide bridge despite the fact that both conju
gates have identical stability in terms of the fate of the disulfide 
bridge (12).

The humanised monoclonal antibody, huC242, has been 
used in a series of experiments to synthesise conjugates with 
maytansinoids in order to explore the effect of the finker 
group on the activity of resultant conjugates (34). This 
antibody binds to the CanAg antigen expressed on colorec
tal, pancreatic and certjiin non-small cell lung cancer cells
(34). Conjugates of huC242 and the maytansinoids DM4 
and DM1 containing a cleavable disulfide Unkagc huC242- 
7V'-succinimidyl-3-(2-pyridylthio) propionate-DM 4 (huC242- 
SPDB-DM4) (Fig. 2) and a non-cleavable thioether Unkage 
(huC242-SMCC-DMl) (Fig. 3) were synthesised and evalu
ated in vitro and in vivo (34). It was found that both conjugates 
displayed com parable activity in vitro though huC242- 
SPDB-DM4 was significandy more active in multiple xeno
graft tumour models. It was concluded that both conjugates 
are efficiendy degraded by lysosomes to release the free 
maytansinoid molecule together with a number of cytotoxic 
metabolites. It has been suggested that the enhanced activity 
of the disulfide containing conjugate is related to the forma
tion of the potent metabolite, S-methyl-DM4, following 
lysosomal reduction of the disulfide bond. Lopus et al. 
showed that such maytansine derivatives are themselves 
potent microtubule poisons, interacting with microtubules 
as efficiently as, or more efficiendy than, the parent molecules
(35).

In further experim ents conducted by K ovtun et al. 
(36,37), it was observed that huC242-DM l conjugates with 
non-cleavable finkers such as SMCC (Fig. 3) had similar in 
vitro activity to disulfide containing .^-succinimidyl 4-(2-pyr- 
idyldithio) pentanoate (SPP) linked conjugates (Fig. 4) but 
were not as active in vvoo. Considerable evidence suggests 
that a bystander killing of neighbouring cells is responsible 
for this disparity (36). It was found that conjugates coupled 
via a reducible disulfide finker unit were capable of this effect 
while similarly potent conjugates finked via a non-reducible 
thioester bond were not. It has been suggested that this 
mechanism may overcome various barriers to the even

NH
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Fig. 2 mAb-SPDB-DM4, 
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distribution of maytansinoid effector molecules to aU cells 
within a tumour. However, it should be noted that in the 
case of a number of other maytansinoid-antibody conjugates 
such as trastuzumab hnked to DM1, it was the SMCC 
finked conjugate which was the most effective (12) (Fig. 3).

In precfinical studies, the monoclonal anubody, nBT062 
was conjugated to DM1 and DM4 using different finker 
technologies. nBT062-SM CC-D M l, nBT062-SPP-DM l 
and nBT062-SPDB-DM4 were then evaluated in vitro and 
in vivo against multiple myeloma cell fines (38). It was found 
that nBT062-SPDB-DM4 was the most efficacious of the 
conjugates in vivo, demonstrating target dependent antitu
mour activity. Bystander kilfing in the presence of CD 138- 
positive cells observed in vitro was hypothesised to be partic
ularly important for BT062 activity in vivo causing the death 
of tumour cells that heterogeneously express CD 138 and 
disrupting the tumour microenvironment (39). The struc
ture of nBT062-SPDB-DM4, designated BT062 consists of 
a m urine/hum an IgG4 chimeric form of B-B4 (nBT062) 
targeting CD 138 conjugated to DM4 via a disulfide linkage 
(Fig. 2). Phase I cfinical trials are currently underway eval
uating the safety, tolerabifity, pharmacokinetics and efficacy 
of BT062 in patients with CD 138-positive multiple myelo
ma (39). BT062 is also at an advanced stage of preclinical 
development for the treatm ent of a num ber of CD 138- 
positive sofid tumours (40).

Poison et al. (41) systematically examined potential anti
genic targets and drug finker combinations in an attempt to 
develop the most clinically relevant ADC for the treatment 
of non-Hodgkin’s lymphoma. The antibodies used targeted 
the antigens CD 19, CD20, CD21, CD22, CD72, CD79b, 
and CD 180, all of which are found to be highly expressed 
on non-Hodgkin’s lymphoma cells. The disulfide finker con
taining maytansinoid derivative SPP-DM l (Fig. 4) and the 
non-cleavable thioether derivative SM C C -D M l (Fig. 3) 
were variously conjugated to the different antibodies. Sim
ilarly, the cathepsin B substrate containing MC-vc-PABC- 
MMAE and the non-cleavable MC-MMAE were also con
jugated to the various antibodies. It was found that the 
ADCs with cleavable linkers mediated efficacy via all these
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targets whereas the ADCs with non-cleavable linkers were 
only effective when conjugated with anti-CD22 and anti- 
CD79b. It was also found that those conjugates containing 
uncleavable linkers showed reduced toxicity in vivo. It was 
suggested that the reason for the broad applicability of the 
cleavable disulfide linker containing ADCs is that extracel
lular cleavage to release the cytotoxic agent occurs following 
antigen binding and it is the free drug that crosses the cell 
membrane to exert its effect passively, whereas internalisa
tion and intracellular metabolism is necessary to enable 
release of the cytotoxic agent in the case of ADCs with a 
non-cleavable Unker.

Peptide Unker Units

Ma et al. (42) synthesised a conjugate by combining a pros
tate specific membrane antigen (PSMA) monoclonal antibody 
and MMAE via a valine-citrulline linkage (Fig. 6). This linkage 
was designed to maintain serum stability while maximising 
intracellular drug release by human cathepsin B (42). Cathep- 
sin B is a lysosomal exocarboxydipeptidase which is often 
found to be upregulated in tumour cells particularly during 
tumour progression (43). In vitro, the conjugate potently elim
inated all PSMA-positive cell lines with IC50 values ranging 
from 65 to 210 pM whereas these concentrations had no effect 
on PSMA-negative cells. In fact, the conjugates demonstrated 
nearly 1000-fold selectivity compared with an isotype control 
conjugate. In vino efficacy was shown in a mouse xenograft

.S-m A b
^ N ‘

S-benzoyrvaleiic acid linker-^

MC spacer

—' 8

Fig. 5  mAb-AEBV

model of androgen independent prostate cancer ceU line, C4- 
2. Each of the two regimens tested were effective in increasing 
median survival and decreasing serum PSMA in a dose de
pendent fashion. Overall, a 40% cure rate was observed in 
animals with established tumours foUowing treatment with a 
6 m g/kg regimen. Furthermore, no apparent toxicity was 
observed with this regimen which may permit the use of even 
more intense regimens resulting in further improvements in 
antitumour activity (42).

Auristatin E and the related compound MMAE were 
conjugated to the chimeric monoclonal antibodies cBR96 
(specific for the Lewis Y antigen on carcinomas) and cAClO 
(specific to CD30 on haematological malignancies) (44) using 
three distinct Unker methodologies. CD30 has fimited expres
sion in normal tissues but is widely expressed in Hodgkin’s 
disease, non-Hodgkin’s lymphoma, multiple myeloma and 
cutaneous T-cell lymphoma (45). Firstly, conjugates contain
ing the 5-benzoylvaleric acid ester of auristatin E were syn
thesised (Fig. 5). Secondly, conjugates consisting of the 
dipeptide valine-citrulline attached to MMAE via the self- 
immolative /(-aminobenzyl carbonyl (PABC) spacer unit were 
synthesised. Finally, conjugates consisting of the dipeptide 
lysine-phenylalanine attached to MMAE via the same /)-ami- 
nobenzyl carbonyl spacer were prepared (Rg. 6). All three 
conjugates also contained a maleimidocaproyl (MC) spacer 
group. It was found that the peptide linker containing con
jugates were much more stable in buffers and plasma than the 
hydrazone linker conjugates. The mAb-val-cit-MMAE con
jugates also demonstrated greater in vitro spedficit>' and lower 
in vivo toxicity than corresponding hydrazone containing con
jugates. In tumour xenograft models, the peptide linked con
jugates induced tumour regression and cures with therapeutic 
indices as high as 60-fold (i.e. l/6 0 th  of the maximum toler
ated dose of cAClO-Val-Cit-MMAE was shown to achieve 
therapeutic efficacy in a CD30 positive anaplastic large cell 
lymphoma (ALCL) tumour model).

Alternative Uniter Units

In an attempt to further increase the therapeutic window of 
cAC 10-maleimidocaproyl-valine-citrulfine-/)-aminobenzylox- 
ycarbonyl-monomethyl auristatin F conjugate (cAClO-MC- 
vc-PABC-MMAF), a series of alternate linker units were in
vestigated (46). One conjugate containing a noncleavable

PABC Unker*

MC spacer

Fig. 6  mAb-Val-Cit-MMAE and mAb-Phe-Lys-MMAE (w here dipeptide = 
valine-citrulline and phenylalanine and lysine respectively).
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maleimidocaproyl linker unit (Fig. 7) was shown to have 
similar activity in vitro and in vivo but could be administered 
at 3-fold higher doses than cAClO-MC-vc-PABC-MMAF.

Novel Linker mechanisms have also been investigated in 
ADCs with a view to evading multidrug resistance mecha
nisms such as the overexpression o f the transporter M D R -1. 
In one such study conducted by Kovtun et al. (47) a DM 1- 
antibody conjugate using a maleimidyl-based hydrophilic 
Linker, PEG4 Mal, was shown to overcome M D R -1 mediated 
multidrug resistance in vitro and eradicate human MDR-1 
xenograft tumours in vivo. Following uptake into cells, it was 
found that conjugates with the PEG 4 Mal Linker (Fig. 8 ) were 
transformed to cytotoxic conjugates that were better retained 
by M D R -1 expressing cells than metabolites o f a similar con
jugates with a SMCC Linker (Fig. 3).

Even with relatively hydropLiilic cytotoxic agents such as 
DM1 and D M 4 conjugated to antibodies via the somewhat 
hydrophobic linkers SPDB and SM CC, only conjugates 
wdth 4-5 drug molecules per antibody could be synthesised. 
W hen conjugates with higher maytansinoid loads were 
attempted the resultant conjugates tended to aggregate 
and precipitate (48). In an attempt to increase the drug 
antibody ratio without causing aggregation or affecting the 
binding affinity o f the resultant conjugate, a number of 
different hydrophilic linkers containing either a negatively 
charged sulfonate group or a hydrophiUc, uncharged PEG 
group were synthesised (48). An important advantage o f the 
conjugates containing these more hydrophilic linkers is their 
potential to overcome multidrug resistance. Incorporation 
o f the sulfonate group both in cleavable and non-cleavable 
linkers was found to be associated with enhanced activity of  
B38.L-DML conjugates against M D R  ceU lines. B38.1-DM1 
conjugates consisting of a PEG 4  linker were also observed to 
display enhanced activity in vitro against M D R  cell lines. 
Incorporation of the sulfonate group or the PEG 4  group 
into non-reducible Linkers in DM1 and DM 4 conjugates of  
huC242 also resulted in approximately 1 0 0 -fold greater 
cytotoxicity against both C O L O  205 and C O L O  2 0 5 /  
M DR cells. In vim, the B38.1-DM l and B38.1-DM4 conjugates 
prepared with sulfonate or PEG containing linkers demonstrat
ed enlianced antitumour activity against the C O L 0205M D R  
xenograft model in mice.

A P-glucuronic acid based linker was also utilised for the 
synthesis o f a number o f maytansinoid conjugates in wLiich

mAb

O
.OH

•NH

MC Linker

Fig. 7 mAb-mcMMAF
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Fig. 8  mAb-PEG4Mal-DM I .

hydrolysis by the lysosomal enzyme P-glucuronidase releases 
the active drug. MMAE and MMAF were conjugated to the 
monoclonal antibodies c lF 6  (anti-CD70) and cAClO (anti- 
CD30) via a novel glucuronic acid linker (Fig. 9) (49). It has 
been shown that p-glucuronidase is abundantly present witLiin 
lysosomes and is overexpressed in some tumour types while 
extracellular enzyme activity is low (50). The resulting con
jugates were fciind to be highly stable in plasma, well tolerated 
at high doses and efScacious both in vitro and in vivo.

Trastuzumab was chemically linked to pacUtaxel via a 
novel A-Z-CINN linker resulting in an ADC with the po
tential for Light accelerated release of paclitaxel at the tu
mour site (51). In vivo, in HER2 positive BT-474 mammary 
tumour cells in mice, the conjugate showed enhanced anti
tumour activity following 5 min light exposure (light from a 
halogen bulb delivered through a fiber optic probe) adjacent 
to the tumour and was also found to cause more rapid and 
extensive reduction in tumour volume than a 1 0 -fold higher 
concentration o f  free paclitaxel and free trastuzumab ad
ministered to the mice (51).

Antibody-Drug Conjugates in Preclinical 
Development

The novel taxoid SB-T-12136 was variously linked to three 
murine monoclonal antibodies against the human epidermal 
growth factor receptor (EGFR) (23,52). The antibodies KS- 
61, KS-77 and KS-78 were linked to SB-T-12136 m  a 4-

■'OHHO'
OH

Fig. 9 MMAEA^MAF-glucunDnic add linker-antibody conjugate (where R = 
Me and R’=  OH for MMAE while R = COOH and R '=  H for MMAF).



Delivery of Tubulin Targeting Agents by Antibody Conjugation

thiopentanoyl linker (Fig. 10). These conjugates were shown to 
possess remarkable target-specific antitum our activity in vivo 
against EGFR-expressing A431 tum our xenografts in mice 
resulting in complete inhibition of tum our growth without any 
noticeable toxicity.

A nti-CD 22-SM CC-D M 1 is another ADC in precUnical 
developm ent. It consists o f DM1 conjugated to a  humanised 
antibody that targets C D 22, a siglec (sialic acid binding Ig- 
Uke lectins) family lectin expressed predom inantly on m a
ture B-cells (53). It was found tha t most non-H odgkin’s 
lym phom a patients express CD22 and this conjugate was 
shown to inhibit the proliferation o f several non-H odgkin’s 
lym phom a cell lines in vitro and also induced com plete 
regression of tum ours in xenograft mouse models. It was 
well to lerated  by cynomolgus monkeys and  significantly 
decreased circulating B-cells as well as follicle size and 
germ inal centre formation in lymphoid organs. It has been 
suggested that the low levels o f expression of C D 22 should 
not limit the scope of this conjugate as some cell lines with 
very low levels o f C D 22 expression were sensitive to these 
agents (53).

C him eric anti-C D 20 antibody, rituxim ab, has already 
found use in the clinic in the treatm ent o f certain B-ceO 
IvTOphomas, most notably H odgkin’s lym phom a (54). The 
specific binding of rituxim ab and the anti-CD20 antibody 
IF5 for CD 20 positive B-lymphoma cells both offer the po
tential for the synthesis of an effective ADC (54). Conjugates of 
these antibodies linked to M M AE via a vaJine-citruUine linker 
were synthesised by Law et al. (54). These conjugates were 
shown to be selectively toxic to CD20 positive B-cell lympho
m a cell lines in vitro with IC 50 values o f between 50 n g / ml and 
1 ng /m l. Furtherm ore, rituximab-vc-MMAE showed antitu
m our efficacy in hum an lymphoma C D 20 positive tum our 
xenograft models in mice a t doses w here rituxim ab was 
ineffective.

While CD20 im m unotherapy adequately depletes mature 
B-cells, it does not deplete pre-B cells o r im m ature B cells, 
some B cell subpopulations, plasma cells o r their malignant 
counterparts (55). Because C D  19 is expressed earlier in B cell 
development it offers the potential to target lymphoblastic 
leukaemicis and lymphomas (55). Therefore, a  humanised 
anti-CD  19 antibody (hBU12) was conjugated to M M AE via

mAb— N'

P  OH

HO

Fig. 10  SB-T-12 136-mAb conjugates.

a valine-citruUine linker to yield hBu 12-vc-MMAE (56). This 
conjugate was shown to exhibit potent cell kiUing against 
rituxim ab sensitive and resistant non-H odgkin’s lymphoma 
cell lines in vitro. Furtherm ore, high rates o f durable tum our 
growth suppression were observed in mice im planted with 
these tumours. Further examples o f ADCs containing tubulin 
targeting  agents currently  in precUnical developm ent are 
shovm in Table II.

Antibody-Drug Conjugates Undergoing Clinical 
Evaluation

Brentuxim ab vedotin is now approved for the treatm ent o f 
CD30-positive hematologic malignancies (61) while trastu- 
zum ab emtansine is in phase III for HER2-positive breast 
cancer (21). A  num ber o f other prom ising A DCs are under
going phase I / I I  evaluation at present (Table III). O f these, 
C 242-D M 1 was am ong the first m aytansinoid-antibody 
conjugates synthesised. C242 recognises C anA g (M U C l), a 
m ucin type glycoprotein expressed on the surface of hum an 
colorectal cancer cells. It was shown to be effective in mice 
xenograft models with complete tum our regression observed 
(62). This agent subsequently progressed to  clinical evalua
tion as cantuzum ab m ertansine (huC 242-D M l) in which the 
antibody was humanised. C antuzum ab mertansine consists 
o f up to four molecules o f m ertansine conjugated to each 
antibody. T he drug showed considerable tum our localisa
tion  w ithout inducing severe haem atological toxicity in 
patients \siih  pancreatic and  colorectzil cancers (63).

A nother agent that has shown great potential in precUn- 
ical testing is huC 242-D M 4 (12). T reatm en t o f mice with a 
single dose o f huC 242-D M 4 resulted in complete regression 
o f tum our xenografts at a  dose well below the m axim um  
tolerated dose while equivalent doses o f free m aytansinoid 
and  a D M 4 conjugate with a non-binding antibody had no 
effect on tum our growth in this m odel (12). In vivo distribu
tion experiments in mice have shown that 1000-fold greater 
accum ulation of maytansinoid at the tum our site cam be 
achieved com pared with non-conjugated maytansinoids af
ter 24—28 h. This conjugate contains a disulfide linkage and 
has an increased stability under physiological conditions. It 
was found to have a  half-Ufe o f 7.7 d in mice versus ~2 d for 
cantuzum ab mertansine, and  is now undergoing phase I 
clinical evaluation (6).

CD37 also represents an  attractive target for an  antibody- 
maytansinoid ADC due to its high expression in B-cell malig
nancies such as non-Hodgkin’s lym phoma and chronic lym
phocytic leukaemia and its limited expression in norm al tissues 
(64). Furtherm ore, anti-CD37 antibodies have been shown to 
possess intrinsic anti-tum our activity and therefore offer the 
potential for the synthesis o f a  dual acting ADC (64). The 
hum anised anti-CD37 m onoclonal antibody K 7153A  was 
thus conjugated to DM1 using either the hindered disulfide
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Table II A ntibody-Daig Conjugates in Predinical D evelopm ent

Antibody-dm g conjugate Target antigen Cytotoxic agent Linker used Anticancer activity/Stage 
o f developm ent

References

Anti-CD79b- 
SM C C -D M 1

Anti-CD79b DMI SMCC In vitro activity against non-Hodgkin's 
lymphoma cell lines 

Effective in vivo in follicular, mantle 
cell and Burkitt's lymphoma

(57)

A nti-CD79b-
MC-MMAF

Anti-CD79b DM! MC In vitro activity against non-Hodgkin's 
lymphoma cell lines 

Effective in vivo in follicular, mantle 
cell and Burkitt's lymphoma

(57)

Anti-CD79b-
vc-MMAE

Anti-CD 79b thiom ab MMA£ Vc In vitro and in vivo activity against non-Hodgkin's 
lym phom a cell lines

(58)

A nti-huCD 79b
(SN8)-M CC-DM I

Humanised anti- 
C D 79b  antibody

DMI SMCC Caused com plete regression of Burkitt's, 
follicular, and mantle cell lymphoma 
xenograft tum ours

(59)

IMGN853 Anti-folate antibody 
M9346A

DM4 sulfo-SPDM Selective cytotoxicity in vitro  and in vivo for 
FR-I- cells, efficacy in M D R-1 -positve tum ours

(60)

containing SPP linker or the non-cleavable SMCC linker. It was 
found that the K17153A-SMCC-DM1 (designated M GN529) 
was more active against lymphoma cells both in vitro and in vivo 
against SU-DHL-4 subcutaneous xenograft tumours. This 
agent is currently undergoing phase I clinical trials in patients 
with relapsed or refractory non-Hodgkin’s lymphoma (65).

The conjugate MEDI-547 (ICl-mcMMAF) consists of a 
fully human monoclonal antibody against murine and human 
EphA2 (ICl) attached to MMAF via a stable maleimidocap- 
royl linker (Fig. 7). The EphA2 receptor is a subtyf>e of the 
erythropoietin producing hepatoma receptor that is overex
pressed in tumours of the breast, prostate, lung, colon and in

glioblastoma multiforme (66). It has also been reported that 
the EphA2 receptor is upregulated in the neovasculature of 
tumours, which may contribute to the activity associated with 
agents targeting this receptor (67). In vivo experiments in 
mouse orthotopic xenograft models resulted in 86% to 88% 
growth inhibition in the orthotopic Hec-IA and Ishikawa 
models following treatment with this agent. The mice treated 
with this ADC also had a lower incidence of metastasis than 
controls and this effect was observed without overt signs of 
toxicity (68). This ^ e n t  was subsequently evaluated in phase I 
clinical trials however the outcome of these studies have yet to 
be repwrted.

T able III Antibody-Dnjg Conjugates U nder Clinical Investigation

Antibody-dnjg Conjugate Target: Indications Clinical Stage References

Brentuximab vedotin C D 30; hematologic malignancies, Hodgkin's lymphoma FDA approved (71)
(SGN-35; Brentuximab-MC-VC-MMAE)

Trastuzumab em tansine (Trastuzumab-SMCC-DM  1) HER2-posrtive breast cancer Phase III (21)
Lon^otuzumab mertansine CD 56; Merkel cell cancer, small cell lung cancer. Phase II (10)

(IM G N 901: H u N 9 0 1 -SPP-D M 1) multiple myeloma ovarian cancer
Glem batum um ab vedotin Glycoprotein NMB; melanoma, breast cancer Phase II (21)

(CDX-OI 1; C D X -O I1-MC-VC-MMAE)
SAR3419 (huB4-SPDB-DM4) C D  19; B cell lymphoma Phase 1 and 11 (73,74)

IM GN388 (Antibody-SPDB-DM4) Integrin; antivascular/solid tum ours Phase 1 (17)

BIIB-015 (Antibody-SPDB-DM4) Cripto; solid tum ours Phase 1 (17)

BT-062 (Anti-CD I38-SPDB-DM 4) C D  138; multiple m yeloma Phase 1 and II (39)

BAY 79-4620  (3ee9-MMAE) CAIX (MN); solid tum ours Phase 1 (17)

MEDI-547 (ICI-M C-M M AF) EphA2; ovarian cancer, solid tum ours Phase 1 (75)

SG N -75 (SGN-70-MC-VC-MMAF) C D 70; renal cell carcinoma, non-Hodgkin's lymphoma Phase 1 (76)

SAR566658 (huDS6-DM 4) CA6; ovarian, cervical, breast cancers Phase 1 (17)

PSMA-ADC (anti-PSMA-MMAE) PSMA; prostate cancer Phase 1 (77)

M L N 2704(M L N 59I-D M I) PSMA; prostate cancer Phase II (6)

IM GN529 (Antibody-SMCC-DM 1) Anti-CD37 Phase 1 (65)

AVE9633 (Antibody-DM4) Anti-CD33 antibody (huMy9); acute myeloid leukaemia Phase 1 (10)
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Trastuzumab emtansine is currently undergoing a num
ber of phase III clinical trials in patients with HER-positive 
metcistatic breast cancer (21). It consists of the anti-HER2 
monoclonal antibody trastuzumab conjugated to an average 
of 3.5 molecules of the maytansinoid DM1 via a nonredu
cible SM CC thioether Linkage (Fig. 3). It has been shown 
that trastuzumab emtansine retains the mechanism of action 
of unconjugated trastuzumab and is active against lapatinib 
resistant cell lines and tumours (69). It was also effective in 
patients for whom trastuzumab alone was found to be 
inadequate (12). Trastuzum ab emtansine’s systemic side 
effects are significantly minimised due to its targeted delivery 
to HER2 positive cells. Two phase II studies comparing 
trastuzumab-DMl with trastuzumab plus docetaxel showed 
improved tolerabiUty and at least equivalent efficacy. Two 
phase in  randomised trials are currendy underway for refrac
tory and HER2-positive breast cancer (70).

In August 2011, brentuximab vedotin (cAC 10-vc-MMAE, 
SON-35) was approved by the FDA for the treatment of 
patients with Hodgkin’s lymphoma and systemic ALCL (71). 
To date, the only other ADC to have made it to the clinic is 
Wyeth’s Mylotarg (gentuzumab ozogamicin) which received 
FDA approval in 2000 for the treatment of acute myeloid 
leukaemia. However, it was voluntarily withdrawn after follow 
up studies raised concern about its safety and clinical efficacy 
(21). Brentuximab vedotin is a conjugate of the chimeric 
monoclonal antibody cAC 10 directed against CD30 covalent
ly coupled to MMAE. The valine-citruUine peptide Linker unit 
connecting the two components is subject to cleavage by 
lysosomal enzymes following internalisation into target cells 
(Fig. 6). The tumour necrosis factor receptor family member 
CD30 is liighly expressed on the cell surfaces of Hodgkin’s 
disease, ALCL and a subset of non-Hodgkin’s lymphomas but 
has only limited expression on healthy tissues. Brentuximab 
vedotin potendy interferes with the growth of CD30-positive 
haematological tumours including Hodgkin’s lymphoma and 
ALCL (72). It has been suggested that the in vivo efficacy of 
brentuximab vedotin might be mediated, in part, by the 
diffusion of free MMAE from the target cells resulting in a 
bystander effect that kills the normal supporting cells in close 
proximity to malignant cells (61).

CONCLUSIONS

A vast array of delivery strategies are currently being evaluat
ed for the more selective targeting of tubulin binding agents to 
the tumour site. Encouragingly, many of these methodologies 
are resulting in agents with improved tumour targeting, en
hanced pharmacokinetic characteristics and greater efficacy. 
The licensing of brentuximab vedotin in particular marks 
significant progress towards the synthesis of targeted conjugate 
molecules and away from non-specific small molecule tubulin

inhibitors with their associated toxicities. M any of the 
obstacles associated with early ADCs have been overcome 
and new generation ADCs are demonstrating greater tumour 
specificity and enhanced potency. Lessons have undoubtedly 
been learned from the failed development o f bivatuzumab 
mertansine and much greater care has been taken in selecting 
antigen targets with limited physiological expression. Optimi
sation of the cytotoxic payload has resulted in a high level of 
utilisation of the tubulin targeting auristatins and maytansi- 
noids due to their high potency and ease of conjugation. In 
particular, the selection of more appropriate Unker groups has 
facilitated the synthesis of conjugates which are more stable in 
circulation, more selectively cytotoxic for their intended tar
gets and ultimately more efficacious. However, it should be 
clear from the vast array of linker methodologies used that 
different mafignancies and different ADCs benefit from dif
ferent linker units and it is still necessary to evaluate the most 
appropriate finker for each specific therapeutic indication. 
The sheer number of ADCs at an advanced stage of clinical 
evaluation suggests that we are on the cusp of a revolution in 
the immunological treatment of malignancy. Therefore, it 
would appear that antibody conjugation is certainly a viable 
methodology for the synthesis of tubulin targeting agents with 
improved tumour selectivity, lower incidences of resistance 
and side effects and superior therapeutic efficacy than cur
rently used clinical agents.
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