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SUMMARY

This thes is  is in troduced with a review  o f  th e  ‘HaUmarks o f  C an ce r ’, outlin ing  each 

one as a potential target for drug therapy. V ascu la r  ta rgeting  as a m eans  o f  cancer  

growth retardation is specifically  d iscussed . T he  chap te r  introduces the  highly 

ordered process o f  angiogenes is  and touches  on  the vast nu m b er  o f  regulatory  controls  

involved in the co m p lex  process. T h is  leads on to a d iscussion  o f  targeting tum our  

vasculature  and the theoretical advan tages  thereof. The d ifference betw een  the anti- 

angiogenic  approach  and vascular  ta rgeting  approach  is outlined and a n u m b er  o f  

agents currently  undergoing  clinical trials a re  d iscussed . T he  use o f  inhibitors o f  

tubulin polym erisation  as an ti-vascu lar  agen ts  is rev iew ed and a novel c lass o f  

vascular  targeting agents, the com bre tas ta t in s  is introduced. T he  deve lopm en t o f  a 

new  c lass  o f  conform ationa lly  restricted ana logues  is d iscussed  a long  with 

m odifica tions undertaken  as part o f  th is  doctoral thesis . Finally the role o f  

A m inopep tidase  N (A P N ) in tum our  growth is set out and the idea o f  incorporating  

APN inhibitory charac ter  into a tubu lin -b ind ing  m olecule  is put forward.

C hap te r  tw o outlines  the structure  activ ity  re la tionship  o f  the series o f  novel 

com bretasta tin -like  co m p o u n d s  synthesised  for  a doctoral thesis  by Dr. [<. Shah(Shah  

2002). The results o f  an ang iogenesis  assay  for the m ost active com pound  within the 

series are presented. The chapter  rev iew s th e  original low yield ing and problem atic  

synthetic route to the lead com pound  and ou tlines  several a ttem pts  m ade  to improve 

upon it. A stra ightforw ard and high y ie ld ing  synthetic route  to  the lead com pound  is 

set out a long  with a mild and effic ient m ean s  o f  a ttaching the C-ring which proves to 

be useful w hen  m ore  sensitive functional g roups are present on the m olecule .

The concep t  o f  incorporating  A PN  inhibitory charac ter  directly  into the lead m olecule  

is introduced in chap te r  three. D erivatives with a 3 -am ino-2-te tra lone  m o t i f  have 

been synthesised  and evaluated  for their  abil i ty  to se lectively  inhibit A PN . A ttem pts  

to am algam ate  this m o t i f  into the lead co m p o u n d  prior to the cyclisation  o f  the  B-ring 

are outlined. The chap te r  details  the range  o f  am ine  protecting  groups exam ined  

along with num erous efforts at ach iev ing  a  tw o-carbon  extension. The successfu l 

route to the cyclised am ino  ketone is put forward.



C hapter  four outlines a ttem pts  m ade to in troduce an am ino  group into the  lead 

com pound  at C -7 by selective brom ination a lpha  to the carbonyl followed by azide 

substitution. A successful m eans o f  m ono-brom ina tion  a lpha to the carbonyl g roup in 

three c losely related m olecules  is presented. A ttem pts  m ade at substitu tion  o f  the 

brom ine with the azide ion are detailed and the resulting e lim ination reaction is 

discussed. A novel route to neoflavonoid  type m olecu les  is put forward. T he  tubulin- 

b inding data  o f  som e o f  the m olecules  synthesised  is presented.

The concept o f  a dual inhibitory com pound  via the linkage o f  a peptidal A PN  

inhibitor to  a tubulin-binding agent is discussed in chapter  five. The solution phase 

synthesis  o f  A PN  inhibitory peptides is outlined. T he  successful incorporation o f  an 

am ino  functionality  at the C-7 position o f  the lead com pound  is presented . T he  

attachm ent o f  A PN  inhibitors via an am ide  linkage to the am ine  at C-7  is set out. The  

tubulin-binding data and A PN  inhibitory data for the dual inhibitors is presented . The 

effect o f  the am ine  at C-7  on the tubulin-b inding  properties o f  lead m olecu le  is 

exam ined.

C hap ter  six outlines the procedures followed for both the tubulin-binding assay  and 

the APN inhibitory assay. In addition, a qu ick  and reliable m eans  o f  identifying 

inhibitors o f  APN by m eans  o f  a s ilica gel thin layer chrom atography  based assay  is 

presented.

C hap ter  seven details all o f  the synthetic experim enta l p rocedures em ployed  along 

with the characterisation  o f  each o f  the co m p o u n d s  synthesised .
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1.0 Introduction

O ver tw en ty -one  thousand  Irish people  will deve lop  cancer this year, w hile  seven 

thousand  e ight hundred will die from the d isease  (L aw lo r  2006).

There  are over one hundred different types o f  cancer  and a vast ca ta logue o f  cancer 

genotypes. However, ‘The H allm arks o f  C a n c e r ’ relate to ju s t  six key a lterations in 

cell physiology that collectively govern m alignant growth (H anahan  and W einberg  

2000). T h ese  changes are outlined below.

First, norm al cells require growth signals to m ove from a qu iescent to a proliferative 

state. T u m o u r  cells acquire  the ability to synthesise  grow th factors. This  can occur 

via the activation o f  the K Ras oncogene. In addition , the overexpression  o f  growth 

factor receptors m akes cancer cells hyperresponsive  to normal levels o f  growth 

factors.

Second, there  are multiple anti-proliferative signals within normal tissue, which move 

cells from the  active growth cycle  to a resting state. Go. This  signalling  is controlled 

through the hypophosphory la ted  re t inoblastom a protein (pRb). Through the 

disruption o f  pRb signalling, by hyperphosphory la tion  or loss o f  pRb, the cancer  cells 

becom e insensitive to these anti-growth signals.

Third , c an ce r  cells avoid death by evading  apoptosis . R esistance to apoptosis  is 

achieved through a num ber  o f  m echan ism s, including inactivation o f  pro-apoptotic  

stimuli and the overexpression  o f  anti-apoptotic  genes.

Fourth, m alignant cells require limitless growth potential. In the majority  o f  cancers, 

this is ach ieved  by the upreguiation o f  te iom erase . T e iom erase  a llow s the addition o f  

hexanucleo tide  repeats on to the end o f  te lom eric  D N A , thereby a llow ing  protection 

to the ends o f  ch rom osom al DNA.

Fifth, the cells  acquire  the ability to sustain angiogenesis , the growth o f  new  blood 

vessels  from  existing  vasculature. The ‘angiogenic  sw itch ’ occurs when the positive 

signals that encourage  angiogenesis  ou tw eigh  the negative signals that block it. Thus
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allowing the tumour access to nutrients, oxygen and depuration, which are necessary 

for its continued growth and survival.

Sixth, the established tumour acquires the ability to invade normal tissue and 

metastasise. The functional elimination o f cell cell adhesion molecules (CAMs), 

which normally suppress invasion, is a key step in the acquisition o f the metastatic 

phenotype (Hanahan and Weinberg 2000).

in summary, normal cells w ill become tumorigenic once the follow ing three processes 

occur: immortalisation, transformation and metastasis. First, the cells are induced to 

grow indefinitely. Second, cells are no longer constrained in terms o f growth 

characteristics and tend to become factor independent. Third, the cancer cells gain the 

ability to invade normal tissue and establish other foci o f  malignancy (Lawlor 2006).

Limitless replicative 
potential

; V

Invasion/metastasis

^ T R . \n  

k F  V.S *

Sustained
angiogenesis

Evasion of apoptosis

Self-sufficiency 
in growth 
signals

auwcime

Insensitivity to anti
growth signals

cjMcer cell g ro w tli factor receptot

• red Mood c d t \ constibrtitrefy active 
tyros ine k ina ie

w h ite  Woo4 ccH ^ Mood vessel
grow th  factor

Fig. 1.1: The hallmarks o f  cancer, adapted (Balch, Montgomery et al. 2005)

Each o f the hallmarks o f cancer outlined above represents a point at which 

intervention in the form o f drug therapy can be attempted. In solid tumour growth, a 

specific turning point is the transition from the avascular to the vascular phase.
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Having developed an intrinsic vascular network, the neoplastic mass is able to grow 

indefinitely in situ  and at distant sites (metastasis) in so far as this new vasculature 

enables its cells to enter the vascular bed and colonise other organs (Ribatti, Vacca et 

al. 2003). As such angiogenesis represents a critical step in the progression o f  

tumours from dormancy to a clinically relevant cancer (Bloemendal, Logtenberg et al. 

1999).

The work carried out for this doctoral thesis solely involves vasculature targeting as a 

means o f  cancer growth retardation. This relatively new and exciting field o f  cancer 

research holds much promise for the development novel clinical therapies. What is 

certain, however, is that several stages in the development o f  the disease must be 

targeted for the successful triumph over cancer. A fact to which, the successful 

deployment o f  combination chemotherapy bears testament.

1.1 Angiogenesis

Blood vessels are composed o f  endothelial cells, which interconnect to form tubes 

that direct and maintain blood fiow and tissue perfusion. During embryogenesis 

blood vessels develop via two processes, vasculogenesis, whereby endothelial cells 

are born from progenitor cell types and by angiogenesis (Hanahan and Folkman 

1996). Angiogenesis describes the growth o f  new blood vessels from existing 

vasculature. The normal adult vasculature is largely quiescent with the exception o f  

the highly ordered processes o f  wound healing and the female reproductive cycle. 

The endothelial cells are among the longest-lived cells in the body, outside the central 

nervous system, only one in every ten thousand cells (0.01%) is in the cell division 

cycle at any given time (Bicknell, Lewis et al. 1997). Yet, in response to an 

appropriate stimulus, such as hypoxia, the quiescent vasculature can become activated 

to grow new capillaries (Hanahan and Folkman 1996). Pathologically, angiogenesis 

is involved in tumour growth and metastasis. Moreover, angiogenesis has been 

described as the rate-limiting step in tumour development (Hanahan and Folkman 

1996). It has been postulated that solid tumours are absolutely dependent on 

angiogenesis for growth beyond 2mm and that for every increase in tumour diameter 

there must be a corresponding increase in vascularisation o f  the growing tumour 

(Bicknell, Lewis et al. 1997).
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The first compelling evidence that the tumour growth was angiogenesis dependent 

came from an in vivo experiment using non-vascularised cornea in rabbits. An 

implanted tumour tissue in the cornea o f  rabbits did not grow until newly formed 

blood vessels reached the implant. As a control, non-tumour tissue implanted in the 

same manner did not attract new blood vessels and so did not grow (Verheul, Voest et 

al. 2004). Thereby indicating that angiogenesis w ill not occur in the absence o f  an 

appropriate stimulus.

The follow ing scheme outlines the steps involved in the angiogenic process:

1) The release o f proteases from activated endothelial cells.

2) Degradation o f the basement membrane surrounding the existing vessel.

3) Migration o f endothelial cells into the interstitial space.

4) Endothelial cell proliferation.

5) Lumen formation.

6) Generation o f new basement membrane and recruitment o f pericytes.

7) Fusion o f newly formed vessels.

8) Initiation o f blood flow.

i/enis

Angiogenic factor 
production

3. EC Receptor binding 

4. EC Activation

5. EC Proliferation

6. Directional 
migration

7. ECM remodelling

8. Tube Formation 

9. Loop formation

10. Vascular 
stabilisation

Fig. 1.2: The process o f  angiogenesis ( www.anei0.0r2. accessed 13.09.2006)
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The complex process o f angiogenesis is tightly regulated by a number o f pro- and 

anti-angiogenic factors. Angiogenesis occurs when the balance o f these regulatory 

controls is tipped in favour o f the activators o f angiogenesis. As a corollary to this 

endogenous inhibitors keep the process in check in non-neoplastic tissues (Lawlor 

2006).

Important inducers o f the angiogenic switch are environmental events such as hypoxia 

and genetic mutations (e.g. the activation o f oncogenes or the inactivation o f tumour 

suppressor genes) (Bloemendal, Logtenberg et al. 1999). Among the angiogenic 

regulators, the most studied for therapeutic application are vascular endothelial 

growth factors (VEGFs) and their receptors (VEGFRs), the plasminogen activators 

(PAs), the matrix metallo-proteinases (MMPs) and their inhibitors (MMPls), 

angiostatin and endostatin (Galligioni and Ferro 2001). Changes in the relative 

balance o f inducers and inhibitors o f angiogenesis can activate the switch.

■
■  ■  

■  ■ ■

•
# •

• # #

■  Activators î  #  Inhibitors
Proteins P rote ins
Acidic fibroblast growth factor (aFG F) Angiostatin
Angiogenin Endostatin
Basic fibroblast growth factor (bFGF) Interferons
Epidermal growth factor Platelet factor 4
Granulocyte colony-stimulating factor (gCSF) Prolactin 16Kd fragment
Hepatocyte growth factor Thrombospondin
Interleukin B TIM P-1 (tissue inhibitor of metalloproteinase-1)
Placental growth factor T IM P-2 (tissue inhibitor of metalloproteinase-2)
Platelet derived endothelial growth factor T IM P -3  (tissue inhibitor of metalloproteinase-3)
Scatter factor
Transforming growth factor alpha
Tumour necrosis factor alpha
Vascular endothelial growth factor

S m all m olecules
Adenosine
t-Butyryl glycerol
Nicotinamide
Prostaglandin E1 and E2

Fig. 1.3: The balance hypothesis fo r  the angiogenic switch
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VEGFs are the most potent and specific growth factors for endothelial cells. They 

can increase vascular permeability, activate proteases for extracellular matrix (ECM) 

degradation and inhibit apoptosis o f endothelial cells. The increase in vascular 

permeability promotes the extravasation o f plasma proteins and other circulating 

macromolecules leading to the formation o f a fibrin gel. Fibrin provides a new 

provisional matrix, which attracts and supports the growth o f endothelial cells and 

fibroblasts, leading to angiogenesis and synthesis o f matrix connective tissue (Ribatti 

2004).

VEGF
Production

Blood Vessel 
Growth

VEGF

Tumour
Growth

Fig. 1.4: The influence o f VEGF on angiogenesis and tumour growth (www. sene. com, accessed 

8/08/2006)

Over the years, five VEGF-related genes have been identified (VEGF-A, VEGF-B, 

VEGF-C, VEGF-D and VEGF-E) (Ribatti 2004). Within the VEGF family there is at 

least four isoforms, which bind with high affinity to two tyrosine kinase receptors 

(VEGFR-1) and (VEGFR-2), present on the vascular endothelium. Although largely 

expressed on the endothelium, these receptors are also present in some non-vascular 

endothelium and cancer cells. VEGFR-3 is largely restricted to the lymphatic 

endothelium (Ribatti 2004). It has been shown that the inactivation o f VEGFR-2
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decreases both angiogenesis and malignant invasion, however it does not effect 

tumour cell proliferation (Galligioni and Ferro 2001). VEGF is expressed in response 

to hypoxia, oncogenes and other cytokines, and its expression is associated with poor 

prognosis in several types o f  cancer (Rosen 2002).

Both PAs and MMPs form part o f  the proteolytic cascade. They are involved in the 

degradation o f  the extracellular matrix, which facilitates the migration o f  both 

endothelial and tumour cells. On the other hand, tissue inhibitors o f  metallo- 

proteinases (TlMP-1, TlMP-2 and TIlVlP-3) are endogenous inhibitors of  

angiogenesis. Angiostatin is a fragment o f  plasminogen, which is produced by 

MMPs. It is a potent inhibitor o f  angiogenesis that has been isolated from primary 

tumours. Angiostatin is inversely correlated with VEGFs and is associated with 

elevated apoptosis and longer patient survival. It can maintain microscopic 

metastases in a dormant state known as concomitant resistance. Endostatin, a 

fragment o f  the C-terminal collagen XVIII, has demonstrated anti-angiogenic activity 

both in vitro and in vivo. It causes regression o f  primary tumours and like angiostatin 

can maintain metastases in a dormant state (Galligioni and Ferro 2001; Cao 2005; 

Nyberg, Xie et al. 2005). Inhibition o f  tumour growth by endostatin is observed in a 

wide variety o f  tumours while e.xhibiting no apparent toxic side effects. O f  particular 

interest is the lack o f  acquired drug resistance by experimental cancers in mice when 

exposed to repeated doses o f  endostatin (Abdollahi, Hlatky et al. 2005).

1.2 Tumour Vasculature

Normal vessels are quiescent and have a low endothelial cell turnover compared to 

endothelial cells present in tumours (Bloemendal, Logtenberg et al. 1999). In 

addition tumour-associated blood vessels and non-tumour associated blood vessels 

have a different morphological structure. Tumour vessels are frequently disorganised 

or even chaotic. They are often tortuous with uneven diameter, frequent branching 

and shunts. Tumour vessels lack a pericyte or smooth muscle cell coat. Tumour 

vessels may have higher vascular permeability than non-tumour vessels. The 

environment associated with tumour vessels and non-tumour vessels also differs quite 

substantially. In tumours, the tissue structure is often disorganised with variable inter-
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capillary  d is tances and variable p02 . M oreover,  the expression  o f  angiogenic  

regulators is d isorganised  both tem porally  and spatially  (H arm ey  2006).

O ne  consis ten t abnorm ality  o f  tum our blood vessels  is the ir  leakiness to 

m acrom olecu les .  Th is  m ay  aid the m etastatic  process by facilitating the m ov em en t  o f  

tum our cells into the  b loodstream . It may a lso  lead to the accum ula tion  o f  fibrin in 

the E C M  thereby  favouring angiogenesis . The  degree o f  blood vessel leakiness 

increases  w ith  the histological grade and m alignan t potential o f  the  tum o u r  

(Pasqualin i,  A rap  et al. 2002), a property  that fortu itously  aids the delivery  o f  

chem otherapy  d rug  m olecules.

The challenge  associa ted  with angiogenesis  suppression  and vascular  targeting as 

cancer therap ies  is to  ju d ic ious ly  exploit these  d ifferences be tw een  norm al and 

tum our vasculature.

1.2.1 Targeting  T u m o u r  V asculature

Targeting  tum our vascula ture  has m any theoretical advan tages  over  conventional 

cancer chem otherapy . T he  m orphologica l,  anatom ical and behavioural d if ferences  

betw een  normal and tum o u r  blood vessels  o ffer  a m eans  by w hich  selective toxicity  

could be achieved. Side effects  should a lso  be negligible, since ang iogenes is  in the 

adult vascu la ture  is restricted. T he  target endothelia l cells are d irectly  accessib le  to 

in travenously  injected agents. Am plif ica tion  o f  cell death  occurs, as only a small 

num ber  o f  endothelia l cells need to be killed to cause  com ple te  c losure  o f  a b lood 

vessel. M oreover, m any  cancer  cells die fo llow ing  the destruction o f  ju s t  one vessel. 

Endothelia l cells  are genetically  stable and so the  evolu tion  o f  drug resis tance  is less 

likely, a phenom enon , which greatly  inhibits the  success  o f  num erous  conventional 

chem otherapy  regim ens. A key feature in the angiogenic  process  is the proliferation 

o f  the endothelia l cells  tha t com prise  the lining o f  the new ly  form ed blood vessels . 

These  endothelia l cells proliferate m uch  m ore  rapidly during  ang iogenesis  than in 

norm al tissues . T hey  have  a low mutational rate and the ir  unique phenotype  m akes  

them susceptib le  to a w ide  range o f  drugs (B oehm , Fo lkm an et al. 1997; M adhusudan  

and Harris  2002). Finally, a single targeting agent should  be suitable  for m ost solid 

tum ours  (Fox, G asparin i et al. 2001).
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1.3 Anti-Angiogenic Therapy Versus Anti-Vascular Agents

The aim o f any anti-angiogenic strategy is that o f restoring and maintaining the 

equilibrium between pro-angiogenic and anti-angiogenic factors to slow or reverse 

tumour growth and to prevent, i f  administered at an early stage in the disease 

progression, the metastatic process. This w ill essentially result in cytostatic rather 

than a cytolitic effect (Galligioni and Ferro 2001).

In contrast to anti-angiogenic therapy, which involves the prevention o f 

neovascularization, vascular therapy is directed at the existing tumour vasculature. 

Vascular targeting agents (VTAs) destroy or block tumour blood vessels, resulting in 

haemorrhage and/or thrombosis. By occluding individual capillaries large numbers o f 

tumour cells may be killed as a result o f starvation (Bloemendal, Logtenberg et al. 

1999). Tumour selectivity is conferred by the differences in the pathophysiology o f 

tumour versus normal tissue vessels (e.g. increased proliferation and fragility and up- 

regulated proteins). VTAs can k ill directly the tumour cells that are resistant to 

conventional antiproliferative cancer therapies, i.e. cells in areas distant from blood 

vessels where drug penetration is poor and hypoxia can lead to radiation and drug 

resistance. VTAs are expected to show the greatest benefit as part o f combined 

chemotherapy regimens. Preclinical studies have shown VTA-induced enhancement 

o f the effects o f conventional chemotherapeutic agents, radiation, hyperthermia, 

radioimmunotherapy and anti-angiogenic agents (Thorpe 2004).

There are broadly two types o f VTAs, small molecules and ligand-based, which are 

considered together because they both cause rapid vascular shutdown in tumours 

leading to widespread cell death (Thorpe 2004). The small molecules include the 

microtubulin destabilising drugs, Combretastatin A-4 phosphate, ZD6126, AVE8062 

and Oxi 4503, and the flavonoid, D M X A A . Ligand-based VTAs use antibodies, 

peptides or growth factors that bind selectively to tumour vessels. The ligand-based 

VTAs include fusion proteins (e.g., VEGF linked to the plant toxin geionin), 

immunotoxins, (e.g., monoclonal antibodies to endoglin conjugated to ricin A), 

antibodies linked to cytokines, lioposomally encapsulated drugs, and gene therapy 

approaches. Combretastatin A-4 phosphate, ZD6I26, AVE8062 and D M X A A  are 

currently undergoing clinical evaluation. Phase one monotherapy studies have
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concluded that the agents are well tolerated and have demonstrated single agent 

efficacy.

Although drugs that inhibit tumour angiogenesis and drugs that attack existing tumour 

vessels are conceptually different it appears that they can both induce regression o f  

tumours in vivo  (Bloemendal, Logtenberg et al. 1999). Moreover, it may very well be 

the case that vascular disrupting agents may be complimentary with anti-angiogenic 

strategies.

... "N

O — P — OH

OH

(1.01) C om bretastalin A4 P hosphate  (1 0 2 ) ZD6126, N-acetyl colchinol

nA/NH3C,

HO

(1.03) AVE8062 (AC7700)

OH

(1.04) DMXAA

Fig 1.5: Structures o f  Comhretastatin A-4 phosphate, ZD6I26, A VE8062 and DMXAA

1.4 New and Existing Therapies

Many chemotherapeutic drugs have anti-angiogenic activity. For a chemotherapeutic 

drug to be considered as having anti-angiogenic potential, it must demonstrate this 

activity at a lower dose than is required to kill tumour cells. Some o f  these include, 

the conventional chemotherapeutic agents cyclophosphamide, paclitaxel, doxorubicin, 

and vincristine (Scappaticci 2002; Albertsson, Lennernas et al. 2003). Administration 

o f  these drugs in a metronomic manner, that is frequent low dosing, can result in
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potent anti-angiogenic  activity  (Scappaticci 2002). O ne  d raw back  to  sucii an 

approach  is overtim e the deve lopm ent o f  resistance by tum our cells  to these classical 

agents. The next logical step therefore  is the com bina tion  o f  novel anti-angiogenic  

and vascular  agents with conventional chem otherapy  or  indeed radiation therapy. 

T here  is a strategy now  to take drugs rapidly from phase  I trials to  random ised  phase 

II and III trials o f  anti-angiogenic  therapy a lone verses anti-angiogenic  therapy plus 

chem otherapy . The reason for this is that preclinical studies have shown extensive  

synergy when anti-angiogenic  drugs are com bined  with chem otherapy  or radiation 

(M adhusudan  and Harris 2002).

V E G F  and its receptors are good targets  for cancer  therapy  because  V E G F  receptors 

are highly specific  for V E G F and are expressed  in increased num bers  primarily  during 

periods o f  tum our growth. Several d ifferent s tra tegies have been developed  in a bid 

to inhibit V E G F, including an ti-V E G F m onoclonal antibodies  (bevacizum ab), 

coupling  a toxin to V EG F, soluble V E G F receptors, peptides that interfere with 

V E G F  binding and agents that block V EG F receptor s ignalling (Rosen 2002).

A s previously m entioned  M M P s are a family o f  z inc-dependen t proteinases that 

media te  degradation o f  the ECM , an im portant step in tum our invasion. T hese  

enzym es have been classified into various groups depending  on their substates, 

nam ely  co llagenases, gelatinases, s trom elysins, m em brane-type  and non-classified. 

T hese  enzym es are expressed  at a very low level in normal host t issue and are up 

regulated in response to a m alignant transform ation . Som e M M Ps, such as M M P-2, 

m ay  have effec ts  on early stages o f  angiogenes is  w hen the breakdow n o f  the 

basem ent m em brane  is required (Scappaticci 2002), while others (M M P -9) are 

essential for m etastas is  (Becker, Viilamil et al. 2005). O ther M M P s  m ay  act later in 

tum o u r  growth and potentially  generate  angiostatin  from plasm inogen  or release 

grow th factors from the EC M . N um erous  inhibitors o f  m atrix  m eta llopro teases  

(M M P Is)  are being evaluated  for stromal therapy  in a variety o f  cancers  and are at 

various stages o f  clinical deve lopm ent (Scappaticci 2002).

T here  are over seventy anti-angiogenic  agents  undergoing  clinical trial evaluation, 

m ost o f  which are early stage (phase  1 and II). A small num ber  o f  agents have entered 

phase  ill clinical trials and one (bevacizum ab, A v a s t in " )  has recently  received FDA
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approval for treatment o f  colorectal cancer in combination with conventional 

chemotherapy (Monk, Siles et al. 2006). Despite the fact that there are several 

advantages to targeting tumour vasculature there are many obstacles with regard to 

the use o f  anti-angiogenic agents in clinical trials. These obstacles may very well be 

the reasons for the disappointing results o f  these agents in clinical trials thus far 

(Scappaticci 2002). Furthermore, anti-angiogenic drugs are cytostatic, at least when 

they are used as monotherapies and the absence o f  tumour shrinkage (an objective 

response in clinical trials) makes evaluation o f  the potential efficacy o f  such drugs in 

phase 1 and I! trials a difficult problem (Kerbel 2001). It has been suggested that 

cytostatic agents may be more appropriately evaluated based on their effect on time to 

tumour progression (TTP) or survival (Rosen 2002).

First, owing to the fact that these agents do not possess the same level o f  toxicity as 

conventional chemotherapeutic agents the dose administered is not necessarily the 

maximum tolerated dose. The appropriate dose that confers anti-angiogenic activity 

is difficult to determine. For example, in a randomised phase II trial comparing two 

different doses o f  anti-VEGF monoclonal antibody in combination with 5-f1uorouracil 

treatment for metastatic colorectal cancer, a dose o f  5mg/kg showed higher response 

rates (42%) compared to a higher dose o f  lOmg/kg (25%) (Scappaticci 2002). In 

addition, the optimum scheduling o f  these drugs in humans are unknown and 

therefore have probably not been used in clinical trials. Moreover the optimal way to 

combine an anti-angiogenic drug with chemotherapy, radiation and/or hormonal 

therapy has not been determined. Finally, anti-angiogenic drugs are more likely to 

work best in adjuvant settings rather than end stage, metastatic disease, but it is in the 

latter disease states that these drugs are being tested (Kerbel 2001).

1.5 Tubulin Binders as Vasculature Targeting Agents

Agents that disrupt microtubule dynamics, such as paclitaxel and the vinca alkaloids, 

have been a mainstay in cancer chemotherapy for many years. Following the recent 

discovery o f  the combretastatins attention has refocused on this class o f  drugs owing 

to their anti-angiogenic and vasculature disrupting potential. The potent activity and 

concomitant low toxicity associated with low dose tubulin-binding agents makes them 

an attractive treatment option.
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1.5.1 M icro tubu les  and Tubulin

M icro tubu les  are cytoskeletal polym ers  necessary  for the proper functioning and 

survival o f  eukaryotic  cells (Lowe, Li et al. 2001). T hey  consist o f  long tube-like 

structures that are 240 angstrom  in d iam eter  with a hollow  core (W eingarten , 

L ockw ood et al. 1975). T hese  po lym ers  are intrinsically  dynam ic  s tructures that are 

continually  in a state  o f  flux. This dynam ic  instability is necessary  for them to 

m ediate  the ir  various cellular functions, such as serving as tracks on which m otor 

proteins (k inesins) transport vesicles during the interphase and the very important 

function o f  fo rm ing  the key structural com p o n en t  o f  the mitotic spindle  during  cell 

division. T h is  equilibrium  between m o n o m er  (tubulin) and po lym er (m icrotubules) 

can shift as a function o f  cell cycle  events (Ringel and Horwitz  1991). A s mitosis  

proceeds, the e longating ends o f  the m icro tubules  attach to  the ch rom osom es  at each 

k inetochore and align the ch rom osom es  on the m etaphase  plate, i f  this a lignm ent is 

d isrupted  by irregular m icrotubules, m itosis  is a rrested  (Usui, Kondoh et al. 1998).

Microtubule

GTP- dependent 
“tread milling"

Microtubuie 
"Minus End"

Fig. 1.6; The dynamic instability o f  microtubules (www.sciencehio. com, accessed 6/05/2006)

Tubulin  is com posed  o f  a he terodim er o f  tw o c losely  related proteins called a lpha and 

beta tubulin . T hese  tw o proteins co m e together to  form an a P - tu b u l in  heterodim er.
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Bound to these heterodimers are two molecules o f  energy rich guanosine triphosphate 

(GTP). One o f  the GTP molecules is tightly bound and cannot be removed without 

denaturing the heterodimer, the other is freely exchangeable with unbound GTP. 

Repeating aP-tubulin  heterodimers polymerise head to tail into protofilaments. This 

occurs in the presence o f  excess GTP at 37”C (Jordan, Hadfield et al. 1998). About 

thirteen o f  these proto filaments associate in parallel (Lowe, Li et al. 2001), although 

the number can vary from nine to sixteen (Li, DeRosier et al. 2002). The 

protofilaments group together to form a C-shaped protein sheet, which curls around to 

give a pipe-like structure known as a microtubule (Jordan, Hadfield et al. 1998).

Essential to the function o f  microtubules is their ability to switch between growing 

and shrinking phases. Each tubulin monomer binds one molecule o f  GTP. The 

nucleotide bound to the a-tubulin, at the so-called N-site is non-exchangeable. The 

nucleotide bound to the P-tubulin, at the E-site, is exchangeable. GTP is required at 

the E-site in order for tubulin to polymerise, but this nucleoside is hydrolysed and 

becomes non-exchangeable upon polymerisation. The resulting metastable 

microtubule structure is thought to be stabilised by a cap o f  GTP-tubulin subunits at 

the ends, the loss o f  which results in rapid depolymerisation (Lowe, Li et al. 2001). 

Tubulin can polymerise from both ends in vitro, however, the rate o f  polymerisation 

is not equal. It has therefore become the convention to call the rapidly polymerising 

end the plus end o f  the inicrotubule and the slowly polymerising end the minus end. 

In vivo, the plus end o f  a microtubule is distal the microtubule organising centre 

(MTOC). The concentration o f  ap-tubulin  inside cells is below the level required for 

spontaneous nucleation in vitro, so this process is assisted by M TOCs (Moritz and 

Agard 2001). A third less abundant protein y-tubulin is found in this centre (Moritz 

and Agard 2001). In addition, the dynamics o f  microtubule assembly are further 

regulated by a host o f  microtubule-binding proteins and complexes.
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Microtubul« 
top end view

Microtubule
Microtubule axis “Protofilament”

Fig. 1.7: Structure o f  aff-tuhulin and microtuhules (wwtv. science hi o. com, accessed 6/05/2006)

Associated with microtubules are a number o f  proteins, known as microtubule 

associated proteins (MAPs). The exact purpose o f  these proteins is unclear, however 

MAPs are known to stabilise microtubules. During cell division, MAPs are 

hyperphosphorylated and released from microtubules, thereby increasing mitotic 

spindle dynamics (Lobert, Ingram et al. 1999). Moreover, it has been shown that 

these proteins protect the microtubule from agents which induce depolymerisation, 

namely low temperatures and calcium ions (Jordan, Hadtleld et al. 1998).

1.5.2 Tubulin Binders

Tubulin binders are cell-cycle specific agents that block cell mitosis. They can 

broadly be divided into two groups. The taxanes comprise the first group o f  tubulin 

binders, which act by promoting tubulin assembly. Paclitaxel (Taxol®) binds 

specifically to the P-tubulin subunit o f  microtubules and antagonises the disassembly 

o f  this key cytoskeletal protein. This results in bundles o f  microtubules appearing in 

treated cells. Arrest in mitosis then follows (Gilman 1996). Paclitaxel will promote 

tubulin polymerisation against the depolymerising effects o f  cold temperature, drug 

molecules and calcium ions in vitro (Ringel and Horwitz 1991).

Paclitaxel was first isolated from Taxus baccata in 1962 as part o f  the American 

National Cancer Institute (NCI) natural products screen. As a potent stabiliser o f
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m icro tubule  assem bly , it is used clinically  with  great success  in the trea tm en t o f  

ovarian  and breast cance rs  (Jordan, H adfield  e t al. 1998) and K ap o s i’s sa rcom a 

(Johnson, A lcaraz  et al. 2005).

P ad i tax e l  is a cytotoxic  agent that p rom otes  and stabilises m icro tubu le  

polym erisation , locking the  m icro tubules  into the po lym erised  sta te  and freezing the 

cell cytoskele ton  (Kohn, Reed et al. 2001). D ocetaxel (Taxotere®), a late stage 

in term ediate  in the syn thes is  o f  p a d i ta x e l  show s a sim ilar  spectrum  o f  activity. 

H owever, the im proved w ater  solubility  reduces  the com plex ity  and side effec ts  o f  

adm inis tra tion  w hen com pared  to p a d i ta x e l .  D ocetaxel is four t im es as potent as the 

parent drug is licensed for the trea tm ent o f  both breast and ovarian  cancers (Jordan, 

Hadfield e ta l .  1998).

In addition to the ir  cyto tox ic ity  against tum o u r  cells, recent reports  show ed  that 

taxanes  also exhibit  anti-angiogenic  properties w hen used at very low doses  by 

inhibiting endothelia l cell proliferation, m igration  and tube  formation. Preclinical 

angiogenesis  assays such as the rat aorta  ring assay and H U V E C  endothelia l cell 

proliferation assays  have show n these effects  (Ng, Figg et al. 2004). The m echan ism  

behind this potent anti-angiogenic  activity  rem ains  unknow n. How ever, 

concentra tions o f  paclita.xel >10nm ol/L  inhibited endothelia l  cell proliferation by G 2- 

M arrest and induced subsequen t  cell death by apop tos is  in tum our  cell lines. 

Interestingly, concen tra t ions  o f  p a d i ta x e l  < 10nm ol/L  (anti-angiogenic  dose) exh ib ited  

a cytostatic  effect and show ed inhibition o f  endothelia l cells  proliferation w ithout

(1.05) P aditaxel

Fig. 1.8: Structure o f  paditaxel (Taxol‘̂ ) along with Taxus haccata (www.atlas-roslin.pl, accessed

20/07/2006)
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acco m p an y in g  apoptosis. The anti-angiogenic  e ffec t w as observed in the absence  o f  

concom itan t  changes  to the  overall structure o f  the m icro tubule  ne tw ork  although an 

increase in m icro tubule  dynam ics  w as observed  (Pasquier, Honore et al. 2005). In the 

rat m esen te ry  assay anti-angiogenic  doses  o f  paclitaxel exhibited  a significant 

shorten ing  o f  m icrovessel sprouts (A lbertsson, L ennernas et al. 2003).

A gents  be longing  to the second  c lass o f  drugs inhibit m icro tubule  a ssem bly  and 

include the vinca alkaloids, colchicine, podophyllo tox in , and m ost recently  the 

com bre tas ta tins .  The biological activity  o f  these  drugs can be explained by their  

ability  to bind specifically  to tubulin  and block the  polym erisa tion  o f  the protein into 

m icro tubules .  Through the disruption o f  the m icro tubules  o f  the mitotic spindle, cell 

d ivision is arrested  in the m etaphase. In the absence  o f  a mitotic  spindle, the 

c h ro m o so m es  m ay disperse  th roughout the cy toplasm  or m ay c lum p into unusual 

groupings. The inability to  segregate  ch ro m o so m es  correctly  during  mitosis  

p resum ably  leads to apoptosis  (G ilm an 1996).

Isolated from the M adagascan  periwinkle, C a tharan thus  roseus, the vinca a lkaloids 

v incristine and vinblastine have been w idely  used clinically  in the trea tm ent o f  

leukaem ias, lym phom as and solid tum ours  (G ilm an 1996).

(1.06) Vinblastine, R, = Me, R2 = OMe, R3 =COMe 
Vincristine, R, = CHO, R2 = OMe, R3 = COMe 
Vindesine, R, = Me, Rj = NH2 , R3 = H

Fig. 1.9: Structure o f  the vinca alkaloids along with Catharanthus roseus (www.hiolosie.uni- 

resenshurs.de, accessed 4/08/2006)

T he vinca alka lo ids  induce destabilisation  o f  m icro tubules  by binding to the vinca site 

recently  localised on p-tubulin . They  have a high affinity  for the protein and effect

Me02C
M e O -
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destabilisation in a stoichiometric manner (Jordan, Hadfleld et al. 1998). It has been 

established that vinblastine induces the tubulin aP-heterodim er to dimerise further 

into tetramers. This effect not only causes the dissolution o f  the microtubular 

structure but also induces the formation o f  aggregates o f  different molecular 

organisations (Lee, Harrison et al. 1975).

Following the observation that treatment with vinblastine resulted in vascular toxicity 

in the form o f  asymptomatic lesions o f  the arterioles, thrombotic microangiopathy and 

acute arterial events a study on the effect o f  the drug on human vascular endothelial 

tissue was undertaken. At very low doses, vinblastine strikingly and reversibly 

affected cell functions strictly correlated with angiogenesis without evidence o f  

cytotoxicity or necrotic damage. Namely, human microvascular endothelial cell 

proliferation, chemotaxis, spreading on fibronectin and morphogenesis were all 

inhibited by picomolar concentrations o f  vinblastine in vitro and angiogenesis in 

chick embryo chorioallantoic membrane in vivo. These effects were completely 

reversible when the vinblastine was removed, thereby indicating the absence o f  

cytoxicity. The data suggests that vinblastine has an antiangiogenic component when 

applied at very low, non-toxic doses (Vacca, Lurlaro et al. 1999).

In summary, small molecules have been shown to bind at three major binding sites on 

tubulin: the taxane, vinca, and colchicine sites. While drugs that act on the taxane and 

vinca sites have well-established roles in the treatment o f  human cancers, the 

therapeutic potential o f  the colchicine binding site in cancer treatment has yet to be 

realised (Li, Xiao et al. 2005; Nguyen, McGrath et al. 2005). Colchicine, 

podophyllotoxin and the newly discovered combretastatins all bind to tubulin at the 

colchicine-binding site (Tron, Pirali et al. 2006).

Colchicine is the major alkaloid extracted from the seed o f  Colchicum autumnale and 

Gloriosa superba  (Shi, Verdier-Pinard et al. 1997). First extracted in the early 1930’s 

it is one o f  the oldest and most studied inhibitors o f  microtubule-mediated processes 

in vivo. Colchicine binds to soluble tubulin heterodimer and inhibits microtubule 

assembly stoichiometrically. It has been shown that incorporation o f  liganded tubulin 

into microtubules induces a conformational change in the secondary structure o f  the
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protein that prevents the incorporation o f  additional iiganded or non-liganded 

d im m ers  (Ducray, Lebeaii et al. 1996). This b inding, which is both tem perature  

dependen t and irreversible, induces an alteration in d im er  structure that hinders 

tubulin  assem bly . C o lch ic ine  b ind ing  at the high affinity  site causes  partial unfolding 

o f  the secondary  structure o f  P tubulin  at the carboxy  term inal (Jordan, Hadfield  et al. 

1998).

I.... "NH

(1.07) C olchicine

Fig. 1.10: Structure o f  colchicine along with Colchicum autumnale (www. isph. univ-l von I. fr, 

accessed 22/5/2006)

Although colchicine is a potent anti-m ito tic  its high toxicity  limits its use in cancer 

chem otherapy  (A itkhozhina, Esbolaev et al. 1996). C o lch ic ine  is still in use for the 

t rea tm ent o f  gout and am ylo idosis  o f  familial M editerranean  fever (Shi, Verdier- 

Pinard et al. 1997).

OH

M eO' OM e

OM e

(1.08) Podophyllotoxin

Fig. I . l I:  Structure o f  podophylloto.xin along with Podophyllum peltatum (www.isph.univ-lvonI.fr, 

accessed 22/05/2006)

19



Podophyllotoxins are naturally occurring lignans found in plants in the genus 

Podophyllum. The class includes several closely related chemical structures including 

podophyllotoxin, deoxypodophyllotoxin, 4 ’-de-methyl analogues, peltatins and their 

corresponding glycosides.

It has been demonstrated that podophyllotoxins bind to tubulin as strongly as 

colchicine. However, binding is more rapid and in contrast to colchicine is reversible 

(Imbert 1998). Despite the fact that these naturally occurring products have 

demonstrated anti-tumour activity, they have failed clinically as cancer 

chemotherapeutic agents. This failure has been attributed to the toxic side effects 

associated with these compounds (Ward 1991). Podophyllotoxin has found a clinical 

application in the treatment o f  venereal warts (Condylomata acuminata) (Imbert 

1998).

Combretastatin A4 is the lead molecule o f  a class o f  compounds known collectively 

as combretastatins. Combretastatin A4 was first isolated from the bark, o f  the South 

African Bush Willow, Comhrelum Caffrum, in 1989. The molecule has been shown 

to strongly inhibit the polymerisation o f  tubulin by binding at the colchicine-binding 

site. Combretastatin A4 strongly inhibits cell growth at concentrations in the 

nanomolar range, exhibiting these effects even in multidrug resistant cancer cell lines 

(Romagnoli, Baraldi et al. 2006).

(1.09) Combretastatin A4

Fig. 1.12: Structure o f  combretastatin A4 along with Combretum caffrum 

(H’WH’. arbolesornamentales. com, accessed 19/08/2006)

However, more strikingly, this small molecule also belongs to a novel class o f  anti

cancer drugs known as vascular targeting agents. These drugs cause a pronounced 

shutdown in blood flow to solid tumours, resulting in extensive tumour cell necrosis.
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while they leave the blood flow in normal tissues relatively intact (Tozer, Kanthou et 

al. 2005).

Tubulin binding agents like combretastatin A4 disorganise the microtubules within 

endothelial cells; specifically they bind to the (3-tubulin subunits, preventing the 

formation o f  microtubules. Following treatment with combretastatin A4, newly 

formed daughter endothelial cells have been observed to undergo shape changes as a 

consequence o f  cytoskeletal alterations. These shape changes are thought to lead to 

the increase in vascular permeability that is observed after treatment with 

combretastatin A4. Finally these endothelial cells detach, the vascular wall collapses 

and tumour cell death occurs as a result o f  tumour blood flow obstructions (Salmon 

and Siemann 2006).

Both colchicine and podophyllotoxin act on the same tubulin-binding site as 

combretastatin A4. All o f  these molecules have been shown to destroy 

neovasculature, but apart from combretastatin A4, this effect is observed close to the 

maximum tolerated dose (Monk, Siles et al. 2006; Tron, Pirali et al. 2006). By 

contrast the vascular disrupting effect o f  combretastatin A4 is observed at 10% o f  the 

maximum tolerated dose (MTD) (Kaffy, Pontikis et al. 2005). Animal studies on 

tumour perfusion have shown rapid, extensive and irreversible vascular shutdown 

following administration o f  single doses o f  lOOmg/kg (10% o f  the MTD). Moreover, 

the studies confirmed that blood fiow shutdown is selective for the tumour tissue 

(Chaplin, Pettit et al. 1999). Although the reason for this is unknown, it can be 

hypothesised that the mode o f  action o f  the classical tubulin-binding agents 

(colchicine and podophyllotoxin) at the colchicine-binding site is different.

A disodium phosphate prodrug o f  combretastatin A4 (CA4P) ( 1.01) was developed to 

aid the former’s water solubility, this prodrug was then selected for clinical evaluation 

(Kaffy, Pontikis et al. 2006). The prodrug is rapidly converted to the active parent 

drug, which has an initial half life o f  two to ten minutes and a terminal ha lf  life o f  one 

to two hours (Griggs, Metcalfe et al. 2001). The prodrug is presumed to be 

dephosphorylated by non-specific serum phosphatases and then transported 

intracellularly (Pettit and Rhodes 1998).
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In phase 1 clinical trials the classical side effects associated with cancer chemotherapy 

such as bone marrow suppression, mucositis and alopecia were absent or mild in 

patients treated with combretastatin A4. The main side effects observed were 

cardiovascular and involved either an increase or decrease in heart rate and blood 

pressure. Tum our pain following treatment was the most common side effect 

experienced. Neurological symptoms such as neuropathy, ataxia and headache were 

also reported (Tron, Pirali et al. 2006).

Owing to the fact that the periphery o f  a solid tumour is mainly fed through the 

surrounding vessels o f  normal tissues, a viable rim o f  tumour cells is seen to remain 

after treatment with these VTAs. Consequently it is unlikely that treatment with these 

agents alone will be curative. The use o f  these agents in combination with 

conventional chemotherapy and radiation is currently under investigation (Salmon 

and Siemann 2006). Studies on murine adenocarcinoma CaNT combining the use o f  

cis platinum with combretastatin A4 showed that while cis platinum alone only elicits 

a small growth response, the combination with combretastatin A4 elicits a significant 

growth effect (Chaplin, Pettit et al. 1999). In the same tumour, combined 

combretastatin A4 and radiation treatment caused complete tumour regression, which 

did not occur with either component alone (Chaplin, Pettit et al. 1999; Griggs, 

Metcalfe et al. 2001).

1.6 Selectivity o f  C om bretastatins for Tum our Vasculature

It has been shown that tumour vessels are more susceptible to the disruptive effect o f  

combretastain A4 than normal vasculature (Kaffy, Pontikis et al. 2005). The changes 

that occur in tumour vasculature following exposure to combretastatin A4 are 

summarised in the following scheme.

Combretastatin A4 scheme (Tozer, Kanthou et al. 2005) 

increased permeability 

endothelial cell blebbing 

increased vascular resistance 

increased interstitial fluid pressure 

- disrupted water balance (oedema)
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decreased  blood flow 

red cell pile up

It has been postulated  that com bretasta tin  A4 m ay  interfere with Rho and R ho-kinase 

signalling  thereby leading to actin reorganisation  (Tron, Pirali et al. 2006). In 

cultured endothelia l cells trea tm ent with com bre tas ta tin  induced the fo llowing 

changes; RhoA activation such as phosphoryla tion  o f  the  m yosin  light chain leading 

to action-m yosin  contractility, an increase in stress fibres (bundles o f  cross-linked 

actin filaments) and an increase in focal adhesions. Inhibitors o f  R hoA -kinase  and 

Rho-A abolished these  effects  (K anthou and T ozer  2002; M onk, Siles et al. 2006). In 

response  to com bretasta tin  som e cells rapidly assum ed  a b lebbing m orphology, in 

w hich  F-actin accum ula ted  around surface blebs, s tress fibres m isassem bled  into a 

spherical netw ork  surrounding  the cy top lasm  and focal adhesions appeared  

m isform ed (K anthou and T ozer  2002). Early m em brane  blebbing shared cytoskeletal 

features with apoptotic  b lebbing but w as  associa ted  with necrosis  rather than the onset 

o f  an apoptotic  pa thw ay (K anthou and T ozer  2002). T he degree o f  m yosin  light chain 

phosphorylation  and stress fibre form ation corre la ted  with the degree  o f  m icro tubule  

disruption by com bretasta tin  A4, thereby  suggesting that m icro tubule  breakdow n is a 

trigger for the a fo rem entioned  events (K anthou and T ozer  2002).

The differential activity  o f  com bretasta tin  A4 w as observed in blood flow studies in 

P22 carc inosarcom as. The drug caused  a one hundred fold decrease  in perfusion in 

the tum our, w hereas  the largest decrease  detected  in normal tissue w as  in the spleen 

w here  blood flow transiently  fell by seven fold (Griggs, M etcalfe  et al. 2001). This 

would  suggest that com bretasta tin  A 4 is re la tively inactive in norm al t issues. 

Interestingly, fo llow ing the chem ical induction o f  goitre in mice, com bretasta tin  A4 

induced m icrothrom bi in the goitre vasculature . It w ould  appear therefore  that the 

specific ity  o f  the drug is based on rapidly pro liferating  t issue that is undergoing  

neovascularisa tion(G riggs, M etcalfe  et al. 2001). C om bre tas ta tin  A4, therefore, is not 

specific  for tum our  vasculature  but ra ther vascula ture  that is undergoing  change 

irrespective o f  its prim ary angiogenic  stimulus. G iven  the low rate o f  endothelia l cell 

tu rnover in normal adult vasculature , com bretasta tin  m ay be an effective agent for the 

trea tm ent o f  anti-proliferative disease.
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1.7 Modified Combretastatins

A vast catalogue o f combretastatin derivatives have been synthesised and described. 

Naphthyi (Maya. Rey et al. 2000), sulphonate (Gwaltney, Imade et al. 2001), 

eombretatropone (Janik and Bane 2002) and 4-Arylcoumarin (Bailly, Bal et al. 2003) 

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

Among the reasons for this plethora o f compounds is the simplicity o f the synthesis. 

Novel stilbenic compounds can be easily prepared using two main reactions: Wittig 

and Perkin condensations. O f the compounds synthesised two properties were 

examined, namely cytotoxicity and anti-tubulin action. O f these the effect on tubulin 

is considered to be most important (Tron, Pirali et al. 2006). These modifications o f 

the lead molecule can be broadly classified into three main elements, A-ring, B-ring 

and double bond.

(1.10) Naphthylcombretastatin (1-11) Sulfonate Analogue

O —

(1.12) eombretatropone (113) 4-Arylcoumarin Analogue

Fig. 1.13: Structures o f some modified combretastatins

It has long been thought that the presence o f the trimethoxyphenyl moiety is crucial to 

obtain relevant cytotoxic and antitubulin responses. This assumption is mainly based 

on (i) the omnipresence o f this chemical m otif in naturally occurring anti-tubulin drug 

molecules (e.g. colchicine, podophyllotoxin and steganacine), (ii) the potency o f
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com bretasta tin  A4 over A3, in which the m eta -m ethoxy  group is replaced by a 

hydroxyl and (iii) reports o f  significant loss o f  po tency  w hen a unsubstitu ted  arom atic  

ring w as present or de letions o f  the m eta- or para-m ethoxy  groups were perform ed 

(Tron, Pirali et al. 2006).

M odification  on the B-ring has received greater attention than that on the A-ring. The 

p resence o f  the para-m ethoxy  group is essential w hile  the m eta-hydroxy group is 

am enab le  to substitution. From the vast range o f  com pounds  synthesised  and 

evaluated  the fo llow ing conclusions w ere  drawn. First, m odifica tions on this ring can 

reduce cytotoxity  w ithout affecting anti-tubulin  activity. For cytotoxicity  the para 

position must be occupied  by a m ethoxy  group. T he  m eta  position can undergo 

substitution with e lectron-donating  groups (e.g. am ino) or e lec tron-w ithdraw ing  

g roups (e.g. fluorine), but substituents  m ust rem ain  sim ilar  in size to the hydroxyl 

group. The ortho position is less charac terised , a lthough com bretasta tin  A I, which 

has a hydroxyl in this position exhibits  grea ter  vascula ture  dam aging  potential than 

com bretasta tin  A4 (Tron, Pirali et al. 2006).

The presence o f  a double  bond in a Z  configuration  is fundam ental to having high 

cytotoxic  and anti-tubulin  action, while  the E isom er is s ignificantly  less potent. It is 

believed that the o lefm ic  bond plays a m ore  bridging role than a b inding role during 

the biological interaction. It a llow s p lacem ent o f  the benzyl rings at an appropria te  

d istance and gives the m olecule  the right d ihedral angle  to m ax im ise  its interaction 

with the target. The  Z stilbenic double  bond can easily  isom erise  under the influence 

o f  heat, light and acidic m ed ia  (Tron, Pirali et al. 2006). N um erous  analogues that 

m anipula te  this position on the m olecule  have been synthesised  to date. O f  these, the 

c is-locked analogues provide the fo llow ing advantages: (i) prevention o f

com bretasta tin  isomerisation from cis  to trans, (ii) increased specificity  given that the 

t rans conform ation  m ight be recognised  by o ther  ce llu lar targets and (iii) the 

possibility  o f  using hetercyclic  system s that m ight improve the activity o f  these  drugs 

(Tron, Pirali et al. 2006).

P roblem s associated  with the lead m olecule , com bretasta tin  A4 include its poor w ater 

solubility and its potential to isom erise  to the therm odynam ica lly  m ore  stable and 

essentia lly  inactive trans isomer. Several analogues that might d isplay  im proved
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solubility  a long  with greater  stability have been deve loped  (B anw ell ,  H am el e t al. 

2006).

1.7.1 Novel C onform ationa l  Restricted A nalogues

Based on the structural activity  requ irem ents  o f  com bre tas ta t in  A4 novel biaryl 

restricted ana logues  w ere  developed  for the doctoral thesis  o f  Dr. R ichard  Shah (Shah 

2002). The  m o lecu la r  design w as based on the requisite  for the tw o aryl rings and 

their optim al o rientation  in space. A three-ring  structure  w as developed  in w hich  the 

biaryl m oie ty  (A- and C-rings)  were  connec ted  via an a liphatic  B-ring. T h is  resulted 

in a novel series o f  biaryl restricted tubulin  inhibitors, w ith  tw o m olecu les  w ith in  the 

series show ing  tubulin  b inding activity  grea ter  than the parent m olecule , 

com bretasta tin  A4. T he  s tructure-activ ity  re la tionship  for the series is d iscussed  in 

greater  detail (C hap ter  2).

The resulting core  structure ( 1. 14) possessed  structural e lem ents  o f  both 

com bretasta tin  A 4 (A- and C-ring) and colch ic ine  (A- and B-ring).

Fig. 1.14: Structures o f  comhretastatin A4, novel hi-aryl core structure (1.14) and colchicine

Through the jud ic io u s  m anipula tion  o f  substituents  on the A and C -rings, the  m ost 

active substitu tion  pattern w as determ ined; a 2 ,3 ,4 - tr im ethoxy  substitu ted  A -ring  and 

a para-m ethoxy  C -ring  with e ither  a hydroxyl o r  a m ino  group in the m eta-  position.

The optim al size o f  the  B-ring w as  a seven m em bered  ring. A nalogues  possess ing  a 

five m em bered  B-ring show ed reduced activity, w hile  ana logues  with a six 

m em bered  B-ring dem onstra ted  a com plete  loss o f  activity. T he  double  bond was

'R

(1 .09) C o m b re ta s ta tin  A4 (1-14) R = Sm all e le c tro n  don a tin g  g ro u p s (1 .07) C olchicine
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deemed essential for activity. The most active compounds within the series 

possessed substitution (hydroxyl-, keto- or dithianyl-) beta to the double bond.

1.8 Aminopeptidase N

Aminopeptidases are ubiquitous exopeptidases involved in many biological processes, 

such as antigen processing and presentation, scavenging o f  amino acids, catabolism o f  

regulatory peptides, degradation o f  vasoactive and neuroactive peptides and tumour 

invasion and metastasis (W ex, Buhling et al. 1997; Bhagwat, Petrovic et al. 2002;  

Bhagwat, Petrovic et al. 2003). Specifically, they cleave neutral amino acids from the 

N-terminal residues o f  peptides (Tarnus, Remy et al. 1996). Aminopeptidase N  

(APN) is anchored in the plasma membrane via  a hydrophobic domain adjacent to a 

small cytoplasmic region at the N H 2 terminus (Nagai, Kojima et al. 1997). APN is 

highly expressed on the brush border membranes o f  the small intestine, where it 

participates in the tmal hydrolysis o f  ingested nutrients. It is also present in the renal 

proximal tubules, the breast, the colon and synaptic membranes o f  the central nervous 

system. It has been reported that neuropeptides, enkephalins and endorphins are 

principally degraded by APN (ishii, Usui et al. 2001). The preferred substrate for 

APN is either leucine or alanine, with other substrates such as proline being resistant 

to cleavage (Favaloro, Browning et al. 1995).

Aminopeptidase N is a zinc dependent metalloprotease that binds to cell membranes, 

it is identical to the cell surface antigen C D I 3  (Look, Ashmun et al. 1989; Fujii, 

Nakajima et al. 1996) and is also known as aminopeptidase M (Ohkubo, Baraniuk et 

al. 1998) and human alanyl aminopeptidase (Firla, Arndt et al. 2002). APN is a 

proteolytic enzyme that plays an active role in the degradation and invasion o f  the 

extracellular matrix, thus promoting tumour growth and metastasis (Hashida, 

Takabayashi et al. 2002). It has been shown that aminopeptidase N is 

transcriptionally up-regulated in response to conditions that are characteristic o f  the 

tumour microenvironment, such as tissue hypoxia and elevated concentrations o f  

angiogenic growth factors (Bhagwat. Lahdenranta et al. 2000). Immunohistochemical 

staining has shown that APN is largely expressed in blood vessels  undergoing 

angiogenesis, but APN was not detected in normal tissues stained under the same  

conditions (Pasqualini, Koivunen et al. 2000). Recent in vitro  cell culture studies
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demonstrated that APN is selectively expressed in vascular endothelial cells including 

human umbilical vein endothelial cells (HUVEC) and human aortic endothelial cells 

(HAEC) but that it was not detectable in the majority o f  normal cells and tumour cell 

lines examined (Fukasawa, Fujii et al. 2006). Experiments involving RNA 

interference o f  APN carried out by the same research group showed that in vitro 

capillary tube formation, cell migration and cell adhesion were all suppressed in the 

absence o f  functional APN (Fukasawa, Fujii et al. 2006).

13 .5  n m

• «  3S8-392  
-HELAH-

Fig. 1.15: Aminopeptidase /\/C D I3 (Rlentann, Kehlen et al. 1999)

In both three-year and five-year studies in patients with colon cancer, the disease-free 

and overall survival rate for patients with positive APN expression tumours has been 

found to be significantly lower than that for patients with negative APN expression 

tumours (Hashida, Takabayashi et al. 2002). Moreover, high serum APN levels have 

been associated with advanced stage and poor performance status in patients with 

non-small cell lung cancer (NSCLC). The overall survival rate for patients with high 

serum APN levels is significantly less than that o f  patients with low serum APN 

levels (Murakami, Yokoyama et al. 2005; Tokuhara, Hattori et al. 2006). Hence APN 

has potential as a selective target for cancer chemotherapeutic agents.
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Numerous inhibitors o f  APN have been synthesised and subsequently evaluated for 

their ability to impede the progression o f  malignant disease. O f  these, bestatin and its 

multitude o f  analogues are the best established. Bestatin is a potent inhibitor o f  

aminopeptidase N, aminopeptidase B and leucine aminopeptidases (Fujii, Nakajima et 

al. 1996). Recently, the compound was shown to inhibit a metallo enzyme 

leukotriene A4 hydrolase that plays an important role in the arachidonic acid cascade 

(Koseki, Ebata et al. 1995). The compound was originally isolated from the culture 

broth o f  Streplomyces olivorelicitli (Melzig and Bormann 1998) and received 

considerable interest for its immunomodulating properties.

In tumour-bearing mice, bestatin inhibits tumour growth, has therapeutic activity for 

metastasis in tumour resected mice, prolongs their survival, suppresses carcinogenesis 

and has additive or synergistic therapeutic activity in combination with chemotherapy 

(Talmadge, Ino et al. 1996).

Bestatin has been used in combination with remission maintenance chemotherapy 

after complete remission for adult acute non-lymphocytic leukaemia (ANLL). A 

cooperative randomised control study o f  immunotherapy with bestatin in combination 

with chemotherapy in adults with ANLL was undertaken. The bestatin group 

achieved prolongation o f  remission duration and statistically significant prolongation 

o f  survival compared to the control group (Ota, Kurita et al. 1986). In 1987 bestatin 

was licensed for this indication in Japan (Talmadge, Ino et al. 1996). This effect is 

based on the fact that leukaemic cells express aminopeptidase N while normal cells o f  

the myelo-monocytic lineage do not show this property (Melzig and Bormann 1998; 

Firla, Arndt et al. 2002). Moreover, increased APN surface expression is frequently 

detected on malignant B-ceils, tumour-infiltrating lymphocytes (TIL), T-lymphocytes 

derived from inflamed tissues as well as mitogen activated T-cells (Wex, Buhling et 

al. 1997). The highly selective haemopoietic distribution o f  APN makes it an 

effective marker o f  myeloid leukaemia, with considerable value in 

immunophenotyping studies(Favaloro, Browning et al. 1995). The presence o f  APN 

on leukaemic cells has been identified as a prognostic marker in adult acute leukaemia 

(Favaloro, Browning et al. 1995; Riemann, Kehlen et al. 1999).
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The effectiveness o f  bestatin in cancer therapy is the driving force for continued 

research into this class o f  compounds (Tarnus, Remy et al. 1996). Furthermore, the 

inherent low toxicity o f  bestatin makes it a particularly attractive treatment option. 

Safety data has been obtained for 2,225 subjects in phase I, 11 and 111 trials treated 

orally with bestatin for up to six and a ha lf  years. The incidence o f  adverse events 

from these studies was 1.6%. The most frequent adverse events were found in the 

liver and biliary system, the skin and the gastrointestinal system (Talmadge, Ino et al.

1996).

1.8.1 Structural Activity Relationship for Peptidal APN Inhibitors

Bestatin (1.15) is a small molecular weight dipeptide, N-[(2S, 3R)-3-amino-2- 

hydroxy-4-phenylbutanoyl]-L-leucine (Ota, Kurita et al. 1986). Bestatin is a 

pseudopeptide, which contains a P-amino-a-hydroxyamino acid as its N-terminal 

residue, a m otif which is common to all naturally occurring peptides in this class; 

namely phebestin, probestin and amastatin (Wasserman, Xia et al. 1999). X-ray 

crystallography has elucidated that this moiety provides a strong interaction with zinc 

ions at the active site o f  the enzyme (Tarnus, Remy et al. 1996).

Phebestin (1.17), (2S, 3R)-3-amino-2-hydroxy-4-phenylbutanoyl-L-valyl-L-

phenylalanine, inihibits not only APN but also APA and APB (Nagai, Kojima et al.

1997). Amastatin (1.18) has been isolated from the culture filtrate o f  Streplornyces sp. 

Structurally related to bestatin, it inhibits APA and APN but not APB (Tobe, 

Morishima et al. 1982).
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(1.15) Bestatin (1.16) Probestin

(1.17) Phebestin (1.18) Annastastin

Fig. 1.16: The P-amino-a-hydroxyamino acid residue common to Bestatin, Probestin, Phehestin 

and Amastatin

There are three reactive functional groups, N H 2, OH and COOH, in the bestatin 

molecule. The free amino group is essential fo r activ ity  and the carboxyl group is 

also important. The (2S, 3R)-3-am ino-2-hydroxy-4-phenylbutyric acid (A H P A ) 

residue itse lf shows very weak APN inhib ition thereby indicating that the leucine 

residue is required for activ ity. Binding studies on the eight possible stereoisomers o f  

bestatin were undertaken. The activ ity  o f  the stereoisomers against APB did not 

correlate exactly w ith  that against APN, which may be due to the differences around 

the active site in these enzymes. The S configuration at position 2 is an absolute 

requirement for enzyme inhib ition, while  the R configuration at position 3 influences 

activ ity  it is not absolutely essential. The most active o f  the eight stereoisomers tested 

is (2S, 3R )-AHPA-L-Leucine (N ishizwa and Saino 1977).

Bestatin-related compounds in which the L-Leucine m oiety was substituted by other 

amino acids, a peptide or an amine were also undertaken. Among those containing a - 

, P-, y- and e-amino acids, the compound in which the amino group was a  to the 

carboxyl group showed the strongest activ ity. This suggests that the distance between 

the amino and carboxyl groups is important fo r enzyme inhib ition. O f  the substituted 

analogues, those containing proline and lysine showed the weakest activ ity. The 

compound containing isoleucine was most active w ith  equal or stronger activ ity  than 

bestatin. The compounds containing bulky side chains, such as phenylalanine, 

showed weak activ ity. Decarboxylated bestatin, which contained isoamylamine 

instead o f  leucine and a compound containing leucylglycine, showed weak activ ity.
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suggesting the involvement o f  the free carboxyl group o f  bestatin in enzyme 

inhibition (Nishizwa and Saino 1977).

The effect o f  adding substituents onto the phenyl ring o f  bestatin was also examined. 

The 0- and p-chlorobestatins were prepared as diastereomeric mixtures. The activity 

o f  the ortho-isomer was one-tenth that o f  bestatin, while the para-isomer was slightly 

less active than bestatin. The content o f  the 2S, 3R isomer was about 25%. Therefore 

it is probable that the p-chloro substitution o f  bestatin increased the activity while the 

o-chloro substitution decreased it. The p-methyl substitution o f  bestatin also greatly 

enchanced its activity (Nishizwa and Saino 1977).

1.8.2 APN Inhibitors as Tumour Homing Peptides

Despite many in vitro and in vivo studies on their activity, the results in the clinic has 

been disappointing for these agents as stand-alone therapies (Nagai, Kojima et al. 

1997). Recent interest in these drugs, however, has developed following the proposal 

that APN inhibitors could serve as a target for delivering drugs selectively into 

tumours (Pasqualini, Koivunen et al. 2000). It has been shown that chemotherapeutic 

drugs coupled to small chain peptides that are specifically cleaved by APN exhibit 

more potent anti-tumour effects than the free drug and lowered toxicity to normal 

tissues in mice. The studies also indicated that the only vascular structures with 

detectable levels o f  APN are tumour blood vessels and other types o f  vessels 

undergoing angiogenesis. In addition, APN antagonists were shown to be anti- 

angiogenic in vivo (Pasqualini, Koivunen et al. 2000). APN specific monoclonal 

antibody inhibits tumour cell invasion and the degradation of type-lV collagen by 

tumour cells in vitro (Saiki, Fujii et al. 1993).

Hence it can be concluded that APN plays a functional role in angiogenesis in vivo. 

Moreover functional APN is required for both endothelial cell migration and capillary 

network formation in vitro (Bhagwat, Petrovic et al. 2003). APN messenger RNA 

(mRNA) and protein are up-regulated in conditions that are characteristic o f  the 

tumour microenvironment such as hypoxia and elevated angiogenic growth factor 

concentrations. The elevation o f  APN expression could be a direct response to 

hypoxia-inducible factor 1 (HIF-1) or hypoxia-associated factor (HAF). O f  the
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specific cytoiiines tested APN levels were increased most strikingly in response to 

bFGF and VEGF, factors expressed in a variety o f  cancers that functionally 

complement each other during angiogenesis (Bhagwat, Lahdenranta et al. 2000).

Recent cell culture studies on the anti-proliferative effects o f  bestatin were 

undertaken. The anti-proliferative effects o f  the drug were compared to its inhibitory 

activity on cell surface aminopeptidases. Interestingly, the results strongly suggested 

that the inhibition o f  cell surface aminopeptidases could not be the main reason for the 

inhibition o f  cell proliferation. Combining bestatin with inhibitors o f  the P- 

glycoprotein efflux pump (such as verapamil) greatly increased the activity o f  the 

former, thereby indicating that bestatin works intracellularly. Furthermore, amastatin, 

a related peptide APN inhibitor and anti-bodies against APN, which both inhibit the 

enzymes activity did not inhibit cell proliferation. These findings are supported by 

the fact that the methyl ester o f  bestatin, a hydrophobic derivative o f  the drug, induces 

apoptosis at lower concentrations than bestatin, thereby suggesting an intracellular 

mechanism o f  action (Grujic and Renko 2002).

1.9 Aim s o f the Project

The overall aims o f  the project were as follows:

1. To establish an improved synthetic route to the lead compound (2.03).

2. To examine the effects o f  B-ring modifications.

3. To explore the concept o f  a dual tubulin/APN inhibitory compound.

4. To attach APN inhibitory peptides to a C-7 amino analogue.

1.9.1 B-ring Modifications

A new class o f  anti-tubulin agents that demonstrated excellent in vitro activity were 

successfully designed and synthesised. Despite the fact that the most active 

compounds within the series possessed a functionalised B-ring very little work had 

been carried out to optimise the substitution in this part o f  the molecule. Moreover, it 

was envisaged that some positions on the B-ring, not involved in binding to tubulin,
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cou ld  be m anipulated  by the addition  o f  sm all w ater-so lu b le  groups to increase the 

m o le c u le ’s overall so lu b ility .

Fig. 1.17: Intended functionalisation o f  the B-ring

T he incorporation o f  an am in o  fu n ction a lity  at Ri w as d esirab le. T h e reason s for th is  

functional group in terconversion  w ere m an ifo ld . First, the tw o  m ost activ e  m o lecu les  

w ithin  the series p o sse sse d  either a h yd roxy l- or k eto-group  in th is p osition , thereby  

in dicating that th is p osition  is in vo lved  in b ind ing at the activ e  site . S econ d , the 

am in o  fun ction ality  cou ld  be con verted  to  a HCl salt, h en ce  aid in g  the so lu b ility  o f  

the m o lecu le . Third, th is group p rovid es a m ean s o f  a ttaching additional b ioactive  

m o lec u le s  (such  as a m in op ep tid ase N  inhibitor)' p ep tid es) v ia  an am id e linkage to  

create a con stru ct w ith  dual m ech a n ism s o f  action . Fourth, the co n v ersio n  o f  th is  

am in o  fu n ction a lity  at R| to an acetam id o  group w a s warranted as this group is 

con sid ered  to  be param ount for the tub ulin -b ind in g  activ ity  o f  c o lch ic in e .

T he d ou b le bond greatly  en h anced  the activ ity  o f  th is ser ies  o f  com p ou n d s com pared  

to their saturated counterparts. T h erefore, the e ffe c t  o f  further unsaturation in the B- 

ring w a s con sid ered  w orthy o f  exam in ation .

F un ction alisation  at R2 , other than the incorporation o f  a secon d  d ou b le  bond, w as  

warranted. T h e e f fe c t  o f  substitution  at th is p osition  had not b een  exam in ed  and it 

w as unclear w h eth er m anipulation  o f  th is p osition  w ou ld  a ffect tub ulin-b ind in g  

activ ity . Incorporation o f  an am in o  fu n ction ality  at R2 into on e o f  the lead m o lecu les  

(Ri =  C = 0 )  w ou ld  result in an a -a m in o  k etone, a m o tif  that is present in m ultip le  

b io lo g ic a lly  a ctiv e  drugs m o lec u les . M oreover, 3 -am in o-2 -tetra lon e d erivatives have

0,\
(1 .1 9 )  R , = N H j, N C O C H 3 , A lk e n e , R 2  = N H j, A lk e n e
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been shown to possess excellent APN inhibitory activity (Schalk, d 'Orchymont et al. 

1994; Albrecht, Defoin et al. 2006). Incorporation o f  this m otif  into an already 

excellent tubulin-binding molecule could potentially yield a molecule with dual 

activity (Chapter 3).

Fig. /.1 8; Incorporation o f  3-amino-2-tetralone APN inhibitory activity into a tuhuiin hinder

Manipulation o f  the saturated benzylic position on the B-ring was not undertaken. 

Due to the level o f  conjugation in the molecule, substitution in this position was 

deemed impossible. Given the successful substitution o f  this position, it was 

envisaged that any resulting molecule would be highly unstable and prone to 

elimination reactions at this position.

1.9.2 Increased Vasculature Selectivity

By directing these cytoskeletal-disrupting drugs to tumour vasculature it was hoped 

that a construct even more selective than combretastatin could be achieved. The 

synthetic strategy involved the development o f  di- and tri-peptide inhibitors o f  

aminopeptidase N by solution phase peptide coupling methodology and consequently 

the attachment o f  these peptides to a tubulin-binding molecule. Furthermore, it was 

envisioned not only would the short chain peptide act to home the tubulin-disrupting 

agent to a site rich in APN (i.e. vasculature undergoing angiogenesis) but that the 

peptide itself would augment the overall anti-angiogenic potential o f  the construct.

The overall aim o f  the dual inhibitory molecule (1.22) was to introduce APN 

inhibitory activity with minimal disruption to a hugely potent tubulin-binding agent.

( 1 .2 1 )
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For the successfu l dep loym en t o f  such a stra tegy a n um ber  o f  param eters  had to be 

jud ic ious ly  explored.

First, as to w hether  the construct w as intended as a dual inhibitory m olecu le  in w hich  

both inhibitory activ ities  remain intact o r  as a prodrug  type  m olecu le  in w hich  the 

A H P A  m o t i f  guides the m olecule  to the angiogen ic  site and the  tubu lin-b ind ing  agent 

is liberated.

Second, the m ethod  o f  a ttaching the peptide chain  to the tubu lin -b inder  had to be 

decided  upon, such that the dual inhibitory m o lecu le  w ould  be s table  to  serum  

esterases but could  be liberated at the desired  site, i f  required.

Third, the position on the tubulin-binding m olecule  at which the A PN  inhibitory 

peptide w as  to be a t tached so as to cause  m in im al d isruption to  the m olecu les  tubulin- 

b inding activity.

OH

O OH

j v w J l

( 1 .2 2 )

Fig. 1.19: Attachment o f  bestatin to a tuhulin-binding agent (R= l\H , O)

The m eans  o f  a ttaching the peptide to the tubulin  inhibitor (i.e. ester  o r  am ide  linkage) 

along with the optim al position on the tubulin b inder is d iscussed  further (C hap ter  5).
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CHAPTER 2



2.0 Introduction

A series o f  novel com bretasta tin -like  co m p o u n d s  w ere  synthesised  for a doctoral 

thesis  by Dr. R. Shah (Shah 2002). U sing com bretasta tin  A4 as a lead molecule , a 

synthetic strategy was developed. It w as  antic ipated  that the novel tubulin  inhibitors 

could be synthesised  by form ing  a biaryl m oie ty  (A- and C-ring) connec ted  to an 

aliphatic B-ring (2.01). It w as believed that i f  these  com pounds  w ere  to inhibit 

tubulin  polym erisation  then it w as essential that both arom atic  units be in a spatially  

close non-coplanar arrangem ent a llow ing  the m olecu le  to possess  a suitable dihedral 

angle to perm it optimal b inding to the co lch ic ine-b inding  site o f  tubulin.

(2 .01) R = Sm all e lec tro n  don a tin g  g ro u p s

Ten com pounds  o f  the series were  found to possess significant activity against tubulin  

polym erisation. A discernible  trend w as observed  within each series when evaluated  

against a standard  tubulin-b inding  assay (Shelanski, G askin  et al. 1973).

2.1 Structure Activity Relationsh ip  for the Lead C om pound

Rotation o f  the tr im ethoxy-substituen t from the less h indered 2 .3 ,4-position  to the 

m ore hindered 1,2,3-position resulted in a total loss o f  tubulin-b ind ing  activity. 

Presum ably, the C - l  m ethoxy  group has a profound effect on the spatial orientation o f  

the C-ring, increasing the dihedral angle  betw een the tw o arom atic  units, thereby 

preventing suitable interactions at the co lch ic ine-b ind ing  site.

M odifications to  the C-ring consis ted  m ain ly  o f  addition  o f  hydroxy-, m ethoxy- and 

am ino-based  substituents  to the arom atic  ring. Invariably, the m ost active com pounds  

contained a hydroxyanisole  unit with the m ethoxy- and hydroxy-groups occupy ing  the 

para- and meta- positions respectively. The substituen ts  on the C-ring appeared  to
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play a significant part in the activity o f the compounds produced. In particular, 

electron-rich substituents possessing a free lone pair o f electrons were necessary for 

activity. However, incorporating an additional ortho substituent (methoxy- or 

hydroxy-) resulted in a loss o f activity.

Functionalisation o f the aliphatic B-ring was to a large extent unexplored. However, 

it was evident that the presence o f  a C-7 functional group greatly enhanced activity. 

Indeed, eight out o f the ten most active compounds possessed either a dithianyl, 

hydroxy- or keto- group at this position.

Replacement o f the benzylic CH2 group with an oxygen atom afforded compounds 

that were slightly less active than their methylene counterparts. This occurred despite 

an increase in electron density within the A-ring associated with the presence o f the 

alkoxy-group. This decrease in activity may be due to the slight increase in 

conformational rig id ity associated with an ether linkage, thereby preventing the 

molecule from attaining its optimal conformation.

The presence o f a double bond at C-9 is essential for maximum inhibitory activity 

against tubulin polymerisation as reduction o f  this bond totally negates the activity o f 

the double bond derivative.

Two compounds (2.02 and 2.03) were found to have excellent activity when tested 

against a standard tubulin-binding assay (Shelanski, Gaskin et al. 1973), with IC 50 

values o f  I . lOfiM and l.05 |iM  respectively.

•OH

'OH 'OH

(2 .02) (2 .03 )
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It w as desirable  to assess  the activity  o f  the m ost active com pounds  within the  series 

against  an angiogenesis  cell culture m odel. O w ing  to the lack o f  in-house facilities 

the w ork w as contracted  to T C S  CellWorks®, B uckingham , UK. T w o  com pounds  

from the series nam ely  com pound  (2.03) and its analogue, w ithout C-7 

functionalisation, were selected for analysis.

The com pounds  were  assayed  accord ing  to a standard angiogenesis  protocol. 

Tw enty-four well plates were  seeded with cells on day 0 and m edium  w as changed  on 

days 3, 4, 7, 10 and 12. T es t  and control com pounds  at the appropriate  dilu tions were 

included in the m edium  changes  on days 4, 7, 10 and 12. All test sam ples  were 

d issolved in D M S O  at a concentra tion  o f  20m M  and w ere  diluted on the day that they 

w ere  added to the appropriate  wells, in A ngioK it O ptim ised  M edium  to their  fmal 

concentration . Duplicate wells  contained control factors, 0 .1%  D M S O  (untreated), 

0 .1%  D M S O  and 20|.iM suram in (negative control),  and 0 .1%  D M S O  and 2ng/ml 

V E G F (positive control). All AngioKits® were  then fixed and stained on day 14, 

using a C D 3 1 staining kit accord ing  (M atheson  2005).

C om parison  o f  tubule deve lopm ent was conducted  using the A ngioSys image 

analysis  system developed specifically  for the analysis  o f  images produced using the 

AngioKit®. Four tubule param eters  w ere  m easured: total tubule  length, total tubule 

area, num ber o f  branch points and num ber  o f  tubules  formed. The total tubule length 

o f  capillaries form ed in the AngioKit® has been found to be the m ost reliable 

indicator o f  pro- and anti-angiogenic  effects  genera ted  in the model system . A s a 

result com parisons  betw een the d ifferent trea tm ents  were  m ade in term s o f  total 

tubule  length. All statistical analyses  were  carried out using the Stat 100 program m e 

from B IO SO FT  Ltd. using A N O V A  and D u n can ’s M ultip le  C om parison  Test to 

m easure  d ifferences  betw een  the test co m p o u n d s  with the untreated control values 

(M atheson  2005).

T he  com pounds  inhibited the angiogenic  response  in a dose  dependent manner, with 

the strongest response  from (2.03) with an IC50 o f  71nM . The results show  the 

p resence  o f  a powerful active com pound  (M atheson  2005).
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0.1% DMSO
Untreated Control: Stimulatory Control:

2ng/ml VEGF + 0.1% DMSO

Compound (2.03) 
InM + 0.1% DMSO

Compound (2.03) 
lOnM + 0.1% DMSO

Intiibitory Control:
20uM Suramin + 0.1% DMSO

Compound (2.03) 
lOOnM + 0.1% DMSO

Fig 2.1: AngioSys Analysis showing inhibition o f angiogenesis

The above striking images clearly indicate the potency o f (2.03) as inhibitor o f 

angiogenesis, with activity in the nanomolar range. Inhibition o f angiogenesis is seen 

to occur in a dose dependent manner, with total inhibition o f  angiogenesis occurring 

at a concentration o f lOOnM. Particularly pertinent is the fact that inhibition far 

exceeds that o f the negative control suramin, even when the latter is used at a much 

higher concentration (20(aM v lOOnM).

Profound morphological changes in the fibroblast layer o f  cells were seen at the 

highest concentrations tested. These changes were apparent before staining the test 

plate and manifested in a change from the normal spindle shape to an oval compact 

phenotype. With such cellular changes occurring, further investigation is warranted. 

In particular investigation o f cellular specificity is paramount.

It was necessary to be able to produce these compounds (2.02 and 2.03) in large 

quantities for a number o f reasons:
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• First, these compounds exhibited both excellent in vitro  inhibition o f  tubulin 

polymerisation and pronounced anti-angiogenic capability in an angiogenesis 

cell culture model. As such, they are serious contenders as potential drug 

molecules.

•  Second, functionalisation to the aliphatic B-ring was largely unexplored and 

so investigation into the effects o f  substitution o f  the B-ring was warranted.

•  Third, the attachment o f  anti-angiogenic peptide molecules to the tubulin 

inhibitor in an attempt to create a molecule with dual inhibitory activity was 

considered a pertinent part o f  the project development.

The original synthetic route was lengthy and poor yielding. The total synthesis 

consisted o f  fourteen discrete steps, eleven o f  which required purification by flash 

column chromatography. In addition, the overall yield for compound (2.03) was less 

than 1%. Accordingly a novel synthetic sequence to the target molecules was 

developed.
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2.2 O riginal Synthesis o f  (2.02 and 2.03) -P a r t A

Part A o f  the original synthesis (Shah 2002) for the lead compounds is outlined 

below. The yield o f  the reaction is indicated for each step. A number o f  difficulties 

were experienced throughout the synthesis. The reduction o f  the aldehyde (2.04) to 

the alcohol (2.05) in step one occurred smoothly and in good yield (98%). The 

substitution o f  the alcohol (2.05) with phosphorous tribromide proved a little more 

difficult. The reaction occurred vigorously, with a tendency to be exothermic upon 

work-up. In addition, purification o f  the product by flash column chromatography 

resulted in degradation on the column and a significant loss o f  yield. The resulting 

bromide (2.06) therefore had to be carried on to the next step without purification 

(Scheme 2.01).

OH

EtjO, -20°C 
(76%)

MeOH, 0°C 
(98%)

(2.05) (2.06)(2.04)

Schem e 2.01

The product had to be used within two hours o f  preparation due to rapid break down 

and had to be dried thoroughly without exposure to elevated temperatures.

The displacement o f  the bromide by the di-anion o f  methyiacetoacetate is notoriously 

sensitive to reaction conditions. Once the reaction had been optimised however, the 

overall yield was still extremely low (26%). The poor yield has been attributed to the 

lack o f  inherent selectivity for the desired product with numerous side products 

resulting. The similar polarities o f  the compounds produced made purification o f  the 

desired methylketoester (2.07) by flash column chromatography very tedious.
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(2 .06)

M eth y lac e to ace ta te ,
(i) NaH,
(ii) nBuLi

THF. -78°C  

(26% )
(2.07)

Scheme 2.02

Reduction o f  the carbonyl (2.07) to an alcohol (2 .08) with sodium  borohydride  

occurred  sm ooth ly  within twelve hours. T he  low yield  indicated for the reduction was 

m ore than likely due to the lack o f  purity o f  the starting  m ethylketoester.

(2.07)

OH

M eOH, 0°C 
(60% ) (2.08)

Scheme 2.03

Protection o f  the alcohol as a /t"r/-butyl diphenylsily l e ther occurred  with ease, once 

the starting alcohol was dry.

OH

(2.08)

fBDPSCI,
Im idazole

DMF, RT 

(86%)

(2 .09)

Scheme 2.04

Similarly , the base  hydrolysis  o f  the methyl es te r  proceeded  w ithout difficulty. 

Purification o f  the resulting acid w as by flash co lum n chrom atography  as the presence  

o f  the large lipophilic protecting  group precluded a c id -b a se  separation.
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OH

2.5M NaOH

/) MeOH, 0°C 
J (99%)

(2 .10 )(2.09)

Scheme 2.05

Cyclisation o f the acid (2.10) was carried out by Friede 1-Crafts acylation. The yield 

was optimised by using five molar equivalents o f  oxalyl chloride and one-third 

equivalent o f tin (lV ) chloride.

(i) Oxalyl Chloride, 
DMF,

(ii) SnCU ^

OH

(i) 0°C, (ii) -10°C  

(70%)

(2 .10)
(2 .11 )

Scheme 2.06

7(?/ra-butyl ammonium fluoride (TBAF) was used to deprotect the cyclised product, 

it was found that degradation o f  the desired alcohol (2.12) occurred when it was 

exposed to TBAF at raised temperature during work-up. Hence the diethyl ether 

extracts were applied directly to the flash column, prior to being concentrated in 

vacuo.

TBAF
OH

THF, 0°C  

(70%)

(2 .1 1 ) (2 . 12)

Scheme 2.07

44



2.2.1 Synthesis of (2.02 and 2.03) -  Part B

Oxidation o f 5-bromo-2-methoxybenzaldeiiyde occurred easily by Baeyer-Viliiger 

oxidation using meta-chloroperoxybenzoic acid. The formate ester (2.14) was 

hydrolysed using aqueous NaOH as base in methanol. This step was avoided simply 

by treating the compound (2.14) with 2.5M aq. NaOH on work-up o f the Baeyer- 

V illige r reaction.

2.5M NaOHmCPBA

MeOH, 0°C 

(100%)

(2.14)

DMF, RT 
( 100%)

fBDMSCI,
Imidazole

(2.16)

Scheme 2.08

The protection o f the phenol (2.15) as a /er/-butyl dimethylsilyl ether occurred readily 

at room temperature. However, a d ifficu lty  arose in separation o f the protected 

phenol and the lert-hwXy\ dimethyl silanol side product due to their similar polarities 

and it was essential that the bromide was ultra-pure for the ensuing coupling to occur 

readily.

2.2.2 Synthesis of (2.02 and 2.03) -  Part C

The addition o f the C-ring was a simple transformation, once the starting compounds 

were pure and the reaction conditions were anhydrous. Dehydration o f the 

intermediate alcohol produced was achieved by treatment with 2M aq. HCI, for a 

minimum period o f time. Attempts to optimise this process with heating and/or 

treatment with methanol as a co-solvent resulted in elimination o f any unreacted
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starting alcohol. Unfortunately, the side product produced had the identical Rf. to the 

desired coupled alcohol (2.17), making separation by flash column chromatography 

utterly impossible. Therefore, the acid work-up was carried out quickly using diethyl 

ether and 2M aq. HCI. Oxidation o f  the alcohol (2.02) to the carbonyl (2.03) occurred 

using pyridinium dichromate, at room temperature, within three hours. Deprotection 

o f  the silyl ether protecting group was carried out with TBAF (Scheme 2.09).

nBuLi
OH OH

THF, -78°C 
(60%)

(2 . 12 ) (2.16)

(2.17)
Pyridinium
dichrom ate

DMF, RT 
(60%)

TBAF THF, 0°C 
(70%)

■OH
TBAF

THF, 0°C 
(70%)

(2 .02 )(2.18)(2.03)

OHOH

Schem e 2.09

2.3 Revised Synthesis o f  (2.07)

The original synthesis o f  compound (2.17) consisted o f  fourteen individual reaction 

steps, eleven o f  which required extensive purification by flash column 

chromatography. In addition, the overall yield for the desired compound was very 

poor, less than 1%. A brief  review o f  the steps involved revealed the conversion o f  

the bromide (2.06) to the methylketoester (2.07) as the weakest step in the synthesis, 

as indicated by the poor yield (26%) and subsequent tedious purification required.
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Several attempts were made to improve this part o f  the synthetic route and are 

detailed below.

2.3.1 Revised Synthesis -  Attem pt A

Since the preparation o f  the bromide (2.06) proved difficult, and purification was 

limited due to the lack o f  stability o f  the resulting compound, direct coupling o f  the 

aldehyde (2.04) to the di-anion o f  methylacetoacetate was attempted (Scheme 2.10). 

it was also assumed that the poor yield obtained from coupling the bromide (2.06) 

was due in part to the inability to dry the starting bromide meticulously.

O H
M e th y la c e to a c e ta te  
(i) N aH , (ii) nB uLi ^ H j, P d /C

E tO H ,
'O  C H 3C O O H , 

R T

(6 0 % )

T H F , -7 8 °C  

(5 8 % ) (2 .0 7 )(2 .1 9 )(2 .0 4 )

Schem e 2.10

The coupling was achieved in significantly improved yield (58%), but purification o f  

the desired compound (2.19) froin the numerous side products was even more 

difficult due to the increased polarity o f  the alcohol analogue. Moreover, the 

synthesis required an additional step: reduction o f  the alcohol to the methylene 

derivative. Despite catalytic hydrogenation being usually readily carried out, only a 

60% yield was obtained from this transformation. Presumably this is due to the lack 

o f  purity o f  the starting material and also to the fact that benzylic alcohols are more 

difficult to reduce than their carbonyl counterparts (Hattori, Sajiki et al. 2001). The 

combined yield o f  compound (2.07) was jus t  35% and was not deemed a significant 

improvement.

2.3.2 Revised Synthesis -  Attem pt B

The bromide (2.06) was coupled to the di-anion o f  benzylacetoacetate (Scheme 2.11). 

The benzyl ester was chosen as a good substitute for the methyl ester due to the
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relative ease at which it can be removed under palladium-catalysed neutral 

hydrogenation conditions. The effect o f  changing the ester group o f the starting 

acetoacetate did not impact favourably on the yield o f the desired P-ketoester. This 

strategy was not pursued any further.

Benzylacetoacetate. q  
(i) NaH, (ii)nBuLi '

THF, -78°C 

(21%) (2 .20 )(2.06)

Scheme 2.11

2.3.3 Revised Synthesis -  Attempt C

Owing to the lack o f success o f the direct coupling method, a more sequential 

approach was attempted. 2,3,4-trimethoxybenzoic acid (2.21) was reacted with 

Meldrum’s acid via dicyclohexylcarbodiimide (DCC) coupling methodology (L i and 

Franck 1999) in the presence o f DMAP. The transformation worked well and was 

carried on to the next stage without purification. Pentafluorophenol was added to the 

mixture in an effort to increase the rate and yield o f the reaction. The order o f 

addition was such that the pentafluorophenyl ester would be formed first and then 

react in situ with the Meldrum’s acid. Unfortunately, it did neither and merely 

increased the need for the reaction mixture to be purified prior to the methanolysis. 

The Meldrum’s acid coupled product (2.22) was converted to the methyl ester by 

refluxing in toluene and methanol (Scheme 2.12). The p-ketoester (2.23) was 

obtained in good yield (85%).
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OH

(2 .2 1 )

DMAP, 
Meldrum's acid, 

DCC

DCM, -5°C

MeOH Toluene,
Reflux

(85%)

Scheme 2.12

The benzylic carbonyl needed to be reduced prior to extension o f the carbon chain, it 

was presumed that this could be achieved via palladium-catalysed hydrogenation in 

the presence o f a weak acid. The reaction was carried out in a mixture o f acetic acid 

and ethanol, over 10% palladium carbon, under an atmosphere o f hydrogen. It 

proceeded slowly and upon work-up was found to have created a mixture o f partially 

reduced (2.24) and reduced (2.25) compounds (Scheme 2.13).

OH

(2.24)(2.23)

(2.25)

Scheme 2.13

The concentration o f the acid used was then increased in an attempt to drive the 

reaction. Firstly, 100% acetic acid was used in the absence o f co-solvent. When this
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did not work, tlie strength o f  the acid was changed. 2M aq. HCi was used in the 

presence o f  ethanol. Degradation o f  the starting P-ketoester then occurred, 

presumably due to acid hydrolysis o f  the methyl ester and subsequent 

decarboxylation.

It was assumed that the hydrogenolysis reaction did not proceed completely due to the 

presence o f  trace quantities o f  DCC or indeed its by-product dicyclohexyl urea, acting 

as a catalyst poison. To overcome this problem, it was hoped that base hydrolysis o f  

the methyl ester to the corresponding acid would enable purification o f  the starting 

material, by acid-base work-up, and removal o f  all trace impurities, prior to 

hydrogenolysis. The hydrolysis was carried out using 2.5M aq. NaOH in a mixture o f  

THF and methanol (Scheme 2.14). The reaction did not proceed as anticipated. 

Rapid decarboxylation o f  the acid occurred following hydrolysis o f  the ester. It was 

assumed that the level o f  conjugation in the molecule was responsible for this 

transformation.

2.5M NaOH

' THF, 
MeOH, 0°C

OH

(2.23) (2.26)

Scheme 2.14

Hydrolysis o f  the partially reduced methyl ester (2.24) under basic conditions resulted 

in elimination and the formation o f  an alkene (2.27). Base hydrolysis o f  the reduced 

methyl ester (2.25) occurred smoothly and in good yield (96%), giving credence to 

the fact that the conjugation in compound (2.23) was responsible for the degradation 

occurring during base hydrolysis.
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OH

2.5M  NaOH

THF,
M eOH,

0°C

OH
(2.27)(2 24)

2.5M  NaOH

THF,
M eOH,

0°C
OH

(2.28)(2.25)

Schem e 2.15

Due to the difficulties encountered, an alternative synthetic route was pursued. 

However, some o f  the intermediates produced were found worthy o f  further 

investigation in relation to functionalisation o f  the B ring in the benzylic position.

2.3.4 Revised Synthesis -  Attem pt D

2,3,4-trimethoxybenzaldehyde (2.04) was coupled to malonic acid, in the presence o f  

pyridine and piperidine, under reflux (Scheme 2.16).

M alonic acid OH

Pyridine. 
P iperid ine, Reflux

(99% )
(2.29)(2.04)

Schem e 2.16

The resulting acid (2.29), produced in excellent yield (99%), was reduced 

quantitatively in the following step (Scheme 2.17).

H2, Pd/C OH

EtOH
EtOAc.

RT

( 100%)
(2 .30)

OH

(2.29)

Schem e 2.17
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The acid (2.30) was coupled to M eldrum’s acid using a similar approach to the one 

outlined above. Following methanolysis, the P-keto ester was produced in 85% yield 

(Scheme 2.18). It was found that adding the DCC portion-wise improved this yield, 

when the reaction was scaled up. The reaction procedures involved were robust and 

no purification by column chromatography was needed until the fourth step.

The reaction scheme represents a significant improvement over the original route to 

compound (2.07). The P-keto ester was obtained in 84% yield compared to 19% for 

the direct coupling method. Moreover, no purification by flash column 

chromatography was required until the formation o f  the P-keto ester (2.07), thereby 

facilitating scale-up procedures. The product was also obtained in pure form with 

significantly less difficulty. This was evidenced by the increased yield o f  (2.08) in the 

ensuing reduction reaction (60% V 89%).

OH DMAP, ^  
Meldrum's acid, DCC

DCM, -5°C(2.30) (2.31)

MeOH Toluene,
Reflux
(85%)

(2.07)

Schem e 2.18

2.4 M odified Coupling Step  

2.4.1 O rganolithium  Addition

Another step in the synthetic sequence that was found worthy o f  investigation was the 

organo-metallic addition o f  the C-ring. Prior to the coupling reaction it was
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considered necessary to deprotect the OH moiety o f  (2.11) as it was thought the buli<y 

/BDPSi ether would sterically hinder the approach o f  the C-ring. Although the 

deprotection was effected in reasonable yield (70%) it represents an additional 

unnecessary step in an already lengthy synthetic route. Moreover, the reaction 

requires immediate work up and tedious purification by flash column 

chromatography. The resulting compound (2.12) is also less stable than its protected 

counterpart (2,11).

nBuLi

THF, -78°C  

(66%)
(2 .32)

O — Si

Scheme 2.19

(2 . 1 1 )

Accordingly the C-ring was coupled to (2.11) using the same reaction conditions as 

previously described (Scheme 2.19). The reaction was stirred for an additional twelve 

hours at 0”C in order to allow the coupling reaction to occur. Following work-up and 

purification the coupled compound (2.32) was obtained in reasonable yield (66%). 

This corresponds to an improved yield when compared with the original coupling step 

(66% V 60%).

The two silyl ether protecting groups were simultaneously removed using TBAF as 

before yielding (2.02) in 74% yield. A concern at this point however was obtaining 

selectivity between the two alcohol groups. It was feared that the chromium oxidation 

step might oxidise the phenol resulting in a quinone type structure (Smith 1994). 

Fortunately this did not occur under the conditions employed and the secondary 

aliphatic OH group was oxidised to a carbonyl selectively to yield the lead molecule 

(2.03).
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2.4.2 O rganoboron Addition

Given the harsh conditions necessary to effect the addition o f  the C-ring via an 

organoiithium reagent, an alternative approach was sought, so that the transformation 

could be carried out in the presence o f  more sensitive functional groups. As would be 

the case when modifications had been made to the B-ring. A review o f  metal- 

catalysed cross-coupling reactions was carried out (Diederich and Stang 1998). 

Attention was focused on organoboronic acids since they are convenient reagents, 

thermally stable and inert to water and oxygen. The palladium-catalysed cross

coupling reaction o f  organoboron compounds with organic halides or triflates occurs 

readily under a host o f  reaction conditions (Stanforth 1998; Suzuki 1999; Franzen 

2000; Masaki, Mizozoe et al. 2000; Prieto, Zurita et al. 2004; Schieper, Bonnekessel 

et al. 2004).

2.4.2.1 Preparation o f  the Triflate

Trifluoromethanesulfonates (triflates) undergo a clean coupling with organoboron 

compounds, similarly to organostannanes, aluminium and zinc compounds. 

Moreover, given the relatively straightforward formation o f  triflates from carbonyl 

compounds, they are valuable reagents in metal-catalysed cross-coupling reactions.

The initial attempt to furnish the vinyl triflate o f  (2.11) involved the reaction o f  the 

ketone with triflic anhydride in the presence o f  sodium carbonate as heterogeneous 

base (Scheme 2.20), a procedure that has worked exceptionally well for 1- 

benzosuberone (Herrera, Martinez-Alvarez et al. 2004). The timescale involved in 

order to allow the reaction to go to completion (16 hours) resulted in elimination o f  

the siiyl ether. This was attributed to a side product o f  the reaction mixture, namely 

triflic acid, which is one o f  the strongest known Bronsted acids (Stang, Hanack et al. 

1982). The heterogeneous nature o f  the reaction was such that the base was unable to 

react quickly enough with the acid as it was formed. Moreover, the preparation o f  

vinyl triflates from ketones and aldehydes in DCM, in the presence o f  a base such as 

pyridine has been reported (Ritter 1993). The homogenous reaction conditions allow 

the base to act as an acid scavenger, thereby precluding reaction o f  the acid with 

sensitive functional groups.
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0

TfzO, NajCOs

DCM,RT 

(100%)

(2 .11 )

Scheme 2.20

Accordingly, an alternative approach to the generation o f the vinyl triflate was sought. 

A review o f pyridine-derived triflating reagents was undertaken (Comins and 

Dehghani 1992; Luker, Hiemstra et al. 1996; Tanino, Aoyagi et al. 2005). The 

presence o f an electron deficient aromatic ring in these reagents withdraws electron 

density from the tritlim ide group thereby causing it to be more susceptible to 

nucleophilic attack. It has also been postulated that activation through chelation by 

the pyridyl nitrogen to the metal o f a metallo-enolate can occur (2.36).

The ketone enolate was generated from LDA/THF and was reacted with jV-(5-Chloro- 

2-pyridyl)triflim ide (2.35) (Scheme 2.21). The reaction was found to have gone to 

completion within three hours and the desired vinyl triflate was obtained in good yield 

(79%). More significantly, the silyl ether remained intact under the conditions 

employed.

(2 .34 ) (2 .3 5 ) (2 .3 6 )
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LDA, (2.35)

THF, -78°C 
(79%)

(2 . 11 )
(2.37)

Scheme 2.21

2.4.2.2 Preparation o f  the Boronic Acid

For the arylation o f  triflates, boronic acids afford better results than the corresponding 

boronic esters (Diederich and Stang 1998). The boronic acid o f  the desired C-ring 

was not available commercially and so was prepared from the corresponding 

organo lithium. The synthesis o f  alkyl and aryl boronic acids from Grignard or lithium 

reagents and trialkyl borates is a classical and efficient method for making relatively 

simple boron compounds in large quantities (Diederich and Stang 1998).

HO. OH

(i) nBuLi
(ii) S(0Pr^)3, HCI

THF, -78°C 

(66%)
(2.38)

Scheme 2.22

(2.16)

Lithiation o f  (2.16) at -7 8 ‘’C was followed by reaction with excess triisopropyl borate 

to afford the boronic acid (2.38) in reasonable yield (66%) (Scheme 2.22). The 

phenol o f  (2.16) was protected as a /BDMS ether, a group that has successfully been 

used to protect thiophenols under the same reaction conditions (Brikh and Morin 

1999).

56



2 .4 .2 .3  S u zu k i  C o u p l in g

T h e  c r o s s - c o u p l in g  rea c t ion  o f  o r g a n o m e t a l l i c  c o m p o u n d s  w ith  o r g a n ic  h a l id e s  or  

related  d e r iv a t iv e s  p r o v id e s  a c o n v e n ie n t  s y n th e t ic  m e t h o d o lo g y  for  C -C  b ond  

fo rm a tio n .  T h e  gen era l  ca ta ly t ic  c y c l e  fo r  th e s e  ty p e s  o f  r e a c t io n s  in v o l v e s  an  

o x id a t iv e  a d d it io n -t r a n sm e ta l la t io n -r e d u c t iv e  e l im in a t io n  s e q u e n c e  ( D ie d e r ic h  and  

S ta n g  199 8 ) .

O x id a t iv e  ad d it io n  o f  I -a lk e n y l ,  1 -a lk yn y l ,  a l ly l ,  b e n z y l  and aryl h a l id e s  to  a 

p allad ium (O ) c o m p l e x  a f fo r d s  a s tab le  t r a n s - a - p a l la d iu m ( l l )  c o m p l e x .  T h e  o x id a t iv e  

ad d it io n  is very  o f ten  the  r a te -d e term in in g  s te p  in th e  ca ta ly t ic  c y c l e .  T h e  r e la t iv e  

rea ct iv ity  d e c r e a s e s  in th e  o rd er  I >  O T f  >  Br »  C l.  A  v ery  w id e  ran ge  o f  

pallad ium (O ) c a ta ly s t s  is u se d ,  in c lu d in g  P d (P P h 3 )4 , P d C l2 ( P P h 3 ) 2  and Pd (O A C 2 ) p lu s  

P P h 3 . R e d u c t iv e  e l im in a t io n  o f  th e  o r g a n ic  partners r e p ro d u ce s  the  p a llad iu m (O )  

c o m p l e x ,  r h e  order  o f  r ea c t iv ity  o f  the  p a l la d iu m ( l l )  s p e c i e s  is d iary l >  (a lk y l)a ry l  >  

d ip ro p y l -  >  d ie th y l-  >  d im e th y l - ,  s u g g e s t in g  th e  p artic ip a t io n  o f  th e  n orb ita ls  o f  the  

aryl gro u p s  d u rin g  b o n d  fo rm a t io n  (D ie d e r i c h  and S ta n g  1 9 9 8 ) .

P d(0 )

- P d(ll) - R ’

MX R’ M

Fig 2.2: A general catalytic cycle fo r  cross-coupling

E x te n s iv e  in v e s t ig a t io n  into  S u z u k i  c o u p l in g  h as  a l l o w e d  th e  p e r fo r m a n c e  o f  d if feren t  

p a l la d iu m  sa lts ,  l ig an d s ,  b a s e s  and s o lv e n t  s y s t e m s  to  be  e v a lu a te d  and o p t im is e d .  

For a ry lb o r o n ic  a c id s ,  P d (P P h 3 ) 4  a s  ca ta ly s t ,  N a 2 C 0 3  a s  b a s e  and a m ix tu re  o f  to lu e n e ,  

e th a n o l  and w a ter  a s  s o lv e n t  s y s t e m ,  rep re se n ts  c o m m o n l y  u sed  reac t ion  c o n d i t io n s
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(Prieto, Zurita et al. 2004). For the reaction with enol triflates, K2 C O 3 as base, has 

been shown to effect the coupling in good yield (70-80%) (Suzuki 1999).

Accordingly, the coupling reaction between the vinyl triflate (2.37) and the 

arylboronic acid (2.38) was carried out (Scheme 2.23). The following reaction 

conditions were employed, Pd(Ph3 ) 4  as catalyst, K2 C O 3 as base in a 3:1:1 mixture o f  

benzene, ethanol and water. The mixture was refluxed for thirty minutes. Following 

purification, the desired product (2.32) was obtained in quantitative yield.

Pd(PPh3)4, .0 . 
K2 CO3 , (2.38)

Benzene,
EtOH,
Water
Reflux
( 100%)

(2.37) (2.32)

Schem e 2.23
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2.5 Conclusions

The lead compound (2.03) possesses both excellent inhibitory activity against tubulin 

polymerisation (IC 50 l.05|.iM) and angiogenesis (IC 50 7 lnM ). As such it has potential 

as an anticancer drug molecule. To assess this potential several other biological 

studies are warranted, in particular studies on cellular specificity are necessary. In 

addition, as this research project is in its infancy, several modifications to the 

compounds core structure need to be explored. The original synthetic route to the 

final molecule was lengthy and very poor yielding. Accordingly a new synthetic 

sequence was required.

The new route to the target molecule represents a significant improvement over the 

original synthesis.

•  First, the number o f  steps along the synthetic route was reduced (14 V 12). 

This was achieved by the in situ  hydrolysis o f  the formate ester (2.14) upon 

work-up and by the direct coupling o f  the protected ketone (2.11) to the C-ring 

(2.16). Deprotection o f  the two silyl ethers was subsequently effected 

simultaneously.

•  Second, the need for tedious purification procedures was reduced (11 V 9). 

This is particularly advantageous when the compound is being synthesised on 

a large scale.

• Third, the overall yield was greatly enhanced (1% V 16%). This represents a 

significant improvement particularly when the overall length o f  the synthetic 

sequence is considered. The improved yield o f  the p-ketoester is noteworthy 

(19% V 84%) as such a low yielding step so early on in the synthetic route 

would make scale up procedures virtually impossible.

•  Fourth, an alternative approach for the addition o f  the C-ring was developed. 

This should prove useful when more sensitive functional groups are present on 

the molecule.
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CHAPTERS



3.0 Introduction

Aminopeptidase N (APN) plays a key role in angiogenesis and accordingly tumour 

growth and metastasis (Saiki, Fujii et al. 1993). Numerous inhibitors o f  this enzyme 

have been developed as potential targets for disease modifying drugs, but success to 

date has been limited for these drugs as stand-alone therapies. What is certain, 

however, is that these compounds do have an important potential role as adjuvant 

agents in cancer chemotherapy (Mariani 2003) and accordingly the development o f  

novel, more potent analogues is warranted.

Derivatives o f  3-amino-2-tetralone have been synthesised and evaluated for their 

ability to selectively inhibit the membrane bound zinc-dependent aminopeptidase, 

(APN). O f  the series o f  compounds developed and tested a number o f  compounds 

showed excellent ability to selectively inhibit APN. Many o f  the compounds were 

potent competitive inhibitors o f  the enzyme, some with Ki values in the nanomolar 

range. The quantitative structural activity relationship (QSAR) data for the series o f  

compounds indicated that the 1,2,3,4-tetrahydronaphthalene structure is a key element 

for significant inhibitory activity. A primary amine functionality is also important 

and appears to be involved in binding to the active site o f  APN. The ketone moiety 

adjacent to the amine is essential for activity, as demonstrated by the inherent lack o f  

activity o f  the alcohol analogue.

Fig. 3.1: 3-amino-2-tetralone derivatives with A P S  inhibitory activity

The QSAR studies also indicated that the activity o f  the compounds was fairly robust 

to the addition o f  aliphatic groups to the aromatic ring (Schalk, d'Orchymont et al. 

1994).
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It was thought that the amino and !<etone moieties could conceivably be incorporated 

into one o f  our lead compounds (2.03) in an effort to develop a molecule with dual 

inhibitory activity (3.01). A novel compound was designed in an effort to introduce 

APN inhibitory character into the construct with minimal disruption to its tubulin- 

binding activity.

OH

NH2

'OH

(2 .03 ) ( 3 .01 )

3.1 Synthetic Strategy

Two general approaches were considered to develop an efficient synthesis o f  the 

desired compound: first, to introduce the amino group into the molecule prior to 

cyclisation. With this approach a suitable protecting group for the amine, stable to the 

harsh conditions employed during the cyclisation and organo-metallic addition o f  the 

C-ring, was necessary. Selective removal o f  the amino-protecting group at the 

appropriate time also presented an obstacle. Second, to introduce the amine into the 

final molecule (2.03), by selective bromination alpha to the carbonyl, azide 

substitution and reduction to the amine. Although this methodology initially appears 

to be more straightforward the double bond at the C8-9 position presents a difficulty 

for selective bromination and indeed reduction o f  the azide to the corresponding 

amine. Moreover, the level o f  conjugation in the molecule offers an overwhelming 

tendency to elimination reactions over substitution. This methodology is discussed 

further (Chapter 4).

The following chapter details the efforts made towards the synthesis o f  the target 

molecule (3.01) via a sequential approach. Following the synthesis o f  the amino acid, 

suitable protecting groups for the amine were examined. Extension o f  the carbon 

chain was a step in the synthetic series that posed some difficulty and accordingly
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seven separate coupling methodologies were explored. Functionalisation of the 

carbon chain followed closely to the successful approach applied to the lead molecule 

(2.03) (Chapter 2). However, some difficulties were experienced during the ester 

hydrolysis, due to the presence of the amino group and so modifications to the 

approach were duly made.

3.2 Formation of an Amino Acid

The amine o f diethyl aminomalonate was BOC protected in the presence o f di-/£-r/- 

butyl dicarbonate and N, jV-diisopropylethylamine at room temperature. The N-BOC 

protected diester (3.02) was coupled to l-(bromomethyl)-2,3,4 trimethoxybenzene 

(2.06) using NaH as base at 0“C. A similar procedure has been reported for the 

synthesis of aryl-substituted phenylalanines (Filler and Novar 1959). The reaction 

occurred, but in poor yield (26%).

Decarboxylation is most common with p-keto acids, P-carboxyl esters and 1,3-diacids 

(malonic acid derivatives) (Smith 1994). Hence, following base hydrolysis o f the 

ethyl ester groups o f (3.03), it was anticipated that decarboxylation would occur under 

mild conditions (50 -  I50”C), the driving force o f the reaction being the loss o f a 

neutral leaving group, carbon dioxide.

Fig 3.2: Decarboxylation o f  1,3 diacids via a six centre transition state

The subsequent hydrolysis and decarboxylation to the corresponding amino acid 

presented more difficulty than was anticipated. Treatment with 2.5M aq. NaOH for 

twenty-four hours resulted in the loss o f only one ester group. Treatment with 6M aq. 

HCI under reflux resulted in a complex mixture o f compounds. Deprotection o f the 

amino group and partial hydrolysis o f the ester groups, was evident from NMR 

spectral data. Base hydrolysis followed by acid hydrolysis, both under reflux, was 

needed to effect the transformation to the amino acid. The addition o f methanol and

OHOH OH
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THF as co-solvents accelerated the reaction rate. Under the harsh conditions 

employed, deprotection o f the amine was expected and occurred (3.04). Investigation 

into this type o f transformation indicated that base hydrolysis followed by acid reflux 

is needed to effect total hydrolysis o f the ester groups and subsequent decarboxylation 

(Snyder, Shekleton et al. 1945; Cali and Begtrup 2002). Under these conditions 

deprotection o f the amine functionality was inevitable (Scheme 3.01).

Br

+
(2.06) (3.02)

NaH

HN
THF, 0°C

(3.03)

i) 2.5M NaOH
ii)3M  HCI

THF, MeOH, 
Reflux

P = Protecting 
Group

OH

NHP

(3.05)

OH

NH

(3.04)

Scheme 3.01

The above synthesis was repeated with CBZ protected diethyl aminomalonate. Three 

different approaches were used to effect the CBZ protection o f the amine. Firstly, the 

milder and more modern agent dibenzyl dicarbonate in the presence o f N, N- 

diisopropylethylamine was used. However, a side product o f this reaction, nainely 

benzyl alcohol, was found to interfere with the ensuing coupling step to I- 

(bromomethyi)-2,3,4 trimethoxybenzene (2.06). As it proved difficult to remove this 

impurity from the starting amine an alternative method to introduce the CBZ group 

was sought. Benzyl chloroformate in a biphasic diethyl ether and water system was 

used. The desired product was obtained but only after several hours and in poor yield 

(28%). The third approach involved the use o f benzyl chlororformate and N, N-
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diisopropylethylamine in DCM. Using this method the desired product was obtained 

in quantitative yield and more importantly the follow ing coupling reaction occurred 

smoothly. The increased stability o f the CBZ group relative to the BOC group 

allowed the use o f a stronger Lewis base, nBuLi, at -TS^C and a significantly 

improved yield (86%) was obtained.

It was thought that the increased stability o f  the CBZ protecting group to both acid 

and base would also circumvent the difficulties encountered during hydrolysis o f the 

ester groups. Unfortunately, a similar scenario resulted. Treatment o f the coupled 

product (3.06) with retluxing 2.5M aq. NaOH in a 1:1 mixture o f methanol and THF 

resulted in hydrolysis o f one ethyl ester group, however while the CBZ protected 

amine remained intact under these conditions, the desired decarboxylation did not 

occur. The structure o f (3.07) was confirmed by NMR analysis. As was to be 

expected further treatment with retluxing 2.5M aq. HCI resulted in deprotection. 

Protection o f  the amino acid was again required at this point. To overcome this 

retrograde step, (3.07) was treated with retluxing dioxane (Berger, Smolarsky et al. 

1973). The elevated temperature resulted in loss o f the ethoxy carbonyl substituent. 

The CBZ protected amine remained intact under these conditions (Scheme 3.02).

OH
•OH

NHHN

3M HCI2.5M NaOH

(3.06) (3.07) (3.04)THF
MeOH
Reflux

THF
MeOH
Reflux

Dioxane
Reflux OH

HN

(3.08)

Scheme 3.02

64



Owing to tiie inherent lability o f the CBZ group to both organo-lithium and Grignard 

reagents, it was decided that an alternative, more robust protecting group for the 

amine would be examined alongside the CBZ protected amino acid (3.08), namely a 

methyl carbamate.

The stability o f  a methyl carbamate to both acid and base deemed it worthy o f 

investigation. Moreover, its stability to Lewis acids made it a particularly attractive 

option as the molecule is exposed to SnCU, during the cyclisation step, in addition, 

the methyl carbamate group is stable to hydrogenolysis conditions. As such, it 

afforded the opportunity o f  extending the carbon chain via the addition o f benzyl 

acetate, which could be removed selectively under mild conditions, in the presence o f 

other protecting groups

OHOH
Methyl chloroformate 

2.5M NaOH
^O

HNNH2 f-BuOH
Water

RT(3.04) (3.09)

Scheme 3.03

The free amino acid (3.04) was treated with methyl chloroformate in a mixture o f t -  

butanol and water, in the presence o f 2.5M aq. NaOH as base. The reaction occurred 

readily and the protected amino acid (3.09) was obtained in quantitative yield 

(Scheme 3.03).

3.3 Extension of the Carbon Chain

3.3.1 Meldrum ’s acid

3.3.1.1 Meldrum’s acid coupling with acid chloride

Owing to the success o f the Meldrum’s acid coupling in the synthesis o f the lead 

compound (2.03), it was assumed that conversion o f the acid to the p-keto ester would 

readily occur. The acid (3.08) was converted to the corresponding acid chloride under
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anhydrous conditions using oxalyl chloride and DMF as catalyst. The acid chloride 

was, without any characterisation, reacted in situ  with M cldrum ’s acid in the presence 

o f  DMAP. Following acid work-up the product was dissolved in a mixture o f  toluene 

and methanol (4:1), respectively. The mixture was refluxed for forty-eight hours 

(Scheme 3.04).

Oxalyl chloride, 
DMF, DCM, 0°C

HN

i) M eldrum 's Acid, 
DMAP, DCM, 0°C  

li) T o lu en e , M eOH 
Reflux

(3.10)

OH

HN

(3.08)

Scheme 3.04

The reaction did not proceed as desired. Thin layer chromatography indicated that the 

baseline product, thought to be the M eldrum ’s coupled product was still present. The 

polarity o f  the product was such that it could not possibly be the desired P-keto ester 

and so characterisation o f  the product was not undertaken. It was thought that 

intramolecular cyclisation due to the free lone pair o f  electrons on the nitrogen atom 

may have occurred resulting in the formation o f  an undesirable cyclised compound as 

has been reported for the N-Boc protected amino acid (Li and Franck 1999).

o

OH

n h -b o c

D C C ,D M A P M eOH

NH-BOC Reflux BOC-N

Fig 3.3: Intramolecular cyclisation product form ation (Li and Franck 1999)

3.3.1.2 M eldrum 's acid coupling with activated ester

In an effort to discover at which point intramolecular cyclisation was occurring in the 

above reaction scheme, the acid (3.08) was converted to a pentatluorophenyl (PFP)
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ester (3.11). This occurred readily and in good yield (76%). It also allowed the 

product to be purified and characterised before proceeding to the next step. '^F NM R 

spectral data confirmed the presence o f  the PFP ester. The activated ester was 

coupled with M eldrum ’s acid in the presence o f  DMAP. Following work-up and 

methanolysis the desired compound (3.10) was isolated in poor yield (10%) (Scheme 

3.05).

OH

P F P , DCC / O - M eOH

-O d CM, 0°C HN T oluene ,
Reflux

HN

(3 . 11)(3 .08 )

Schem e 3.05

HN

( 3 . 10 )

Attempts to improve the yield o f  the intended product included the in situ  preparation 

o f  the PFP ester followed by the direct coupling to M eldrum 's acid and subsequent 

methanolysis. This alternative approach did not produce the desired P-keto ester. 

Although the P-keto ester (3.10) could be obtained, via DCC coupling o f  the activated 

ester, this synthetic route was not pursued. It was envisioned that the poor yield 

obtained at this early stage in a multi-step process would make scale up virtually 

impossible.

3.3.2 M agnesium  salt o f  malonic acid

3.3 .2 .1 Coupling o f  an imidazolide to a magnesium salt o f  malonic acid

An alternative approach to the formation o f  the P-keto ester involved the neutral C- 

acylation reaction o f  an acyl imidazolide, as described by M asamune and Brooks 

(Brooks, Lu et al. 1979). The method is operationally very simple and involves three 

steps; first, reaction o f  the amino acid with N, N ' carbonyldiimidazole (CDI) to bring
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about the formation o f  an im idazoiide, second, preparation o f  the magnesium salt o f  

mono-methyl malonate in the presence o f  dibutyhnagnesium, and third the drop-wise 

addition o f  the im idazoiide to the magnesium salt and spontaneous decarboxylation 

during acidic work-up (Maibaum and Rich 1988; Boyd, Mantei et al. 1999; L iu, Liu 

et al. 2004).

OH

ii) Mono-methyl malonate 
DibutylmagnesiumI) CDI HNHN

THF, RT THF. RT
(3 .0 8 ) (3 .10 )

Scheme 3.06

3.3.2.2 Coupling o f  an activated ester to a magnesium salt o f  malonic acid

Follow ing several attempts at this transformation, each one w ithout success, an 

alternative approach was explored. Instead o f  the using the im idazoiide that is forined 

in situ, the pentatluorophenol ester (3.11) was coupled to the magnesium salt. As the 

PFP ester is stable enough to be both characterised and dried prior to use, it was 

hoped that its use m ight pinpoint at which stage in the reaction the problem had 

occurred. The target compound was obtained in poor yield (8%). N M R  studies 

indicated that the reaction in ixture upon work up consisted largely o f  the acid (3.08) 

and pentafluorophenol. It was assumed that the poor yield obtained was due in part to 

the lack o f  so lub ility  o f  the magnesium salt o f  mono-methyl malonate in THF. 

Indeed, sluggish reactions times have been reported due to the heterogeneous nature 

o f  the mono-methyl malonate in THF (Theberge and Zercher 2003). Accord ing ly the 

reaction was repeated using mono-benzyl malonate, which has improved so lub ility  in 

THF and exhibits shorter reaction times. The reaction between the PFP ester (3.11) 

and the magnesium salt o f  tnono-benzyl malonate was monitored by TLC  and was 

allowed to continue fo r five days. A t that stage no reaction had occurred the starting 

PFP ester was recovered unchanged. The extended reaction times required fo r this
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transformation were undesirable, particularly as the conditions had to remain 

anhydrous, which is very difficult over such a long period. Moreover, the poor yield 

obtained o f  the methyl ester (3.10) meant that an alternative approach had to be 

sought.

3.3.3 Lithium Enolate o f  Alkyl Acetate

3.3.3.1 Coupling o f  an imidazolide to a lithium enolate o f  an alkyl acetate

A review o f  the literature quickly showed the diverse applicability o f  the coupling 

reaction between an imidazolide and the lithium enolate o f  an alkyl acetate (Hamada, 

Kondo et al. 1989; Parkes, Bushnell et al. 1994; Hoffman and Saenz 1997; Hoffman 

and Tao 1997; O'Connell, Salvato et al. 1999; Honda, Katayama et al. 2003). As 

such, the transformation was thought w'orthy o f  investigation. The imidazolide was 

prepared as previously described. Lithium diisopropylamide (LDA) was prepared in 

situ, by the drop-wise addition o f  nBuLi to N, //-diisopropylamine, under dry reaction 

conditions at The alkyl acetate was then added drop-wise to the LDA and was

left stirring for twenty minutes. The imidazolide was subsequently added to the 

reaction mixture. This method was found to work well and so was repeated using a 

number o f  alkyl acetates (Scheme 3.07).

o

ii) LDA, Alkyl 
I) GDI A ceta te

O

R2

R = CBZ R2 = f-Butyl (3 .12)

R  = CBZ R 2 = Ethyl (3 .13)

R = M ethyl R2 = B enzyl (3 14) 
C a rb a m a te

Sciiem e 3.07

3.3.3.2 Coupling o f  a PFP ester to a lithium enolate o f  an alkyl acetate
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A reference to coupling a PFP ester under these conditions was found in the literature 

(Ramanjulu, Ding et al. 1997), this was attempted and the transformation occurred 

readily and in good to moderate yields (Scheme 3.08).

R2

ii) LDA, Alkyl 
Acetate

NHRTHF. -78°CNHR

R = CBZ R2 =/-Butyl (3.12)

R = CBZ R2 = Ethyl (3.13)

Scheme 3.08

The follow ing table (Table 3.1) details a list o f  various amino acids, activated esters 

or imidazolides and alkyl acetates e.xamined. along with the yield obtained for each 

transformation.

Table 3 1 Comparison of Various LDA Coupling Reactions

Amino Acid Activated Species Alkyl Acetate Product Yield

N-CBZ Alanine Imidazolide fert-Butyl Acetate 35%

Compound (3.08) PFP Ester tert-But\\ Acetate (3.12) 89%
Compound (3.08) PFP Ester Ethyl Acetate (3.13) 49%

Compound (3.08) Imidazolide fert-Butyl Acetate (3.12) 71%
Compound (3.08) Imidazolide Ethyl Acetate (3.13) 79%

Compound (3.09) Imidazolide Benzyl Acetate (3.14) 42%

Table 3 .1: Comparison o f  various LDA coupling reactions
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The imidazolide is prepared in situ and transferred to the enolate o f the alkyl acetate 

directly, without work up or purification. As such it is a more attractive approach to 

the synthesis o f the P-keto ester, requiring one less synthetic step.

When the N-methyl carbamate protected amino acid (3.09) was coupled to the lithium 

enolate o f benzyl acetate a lower than expected yield was obtained, just 42%. The 

NMR data for the compound (3.14) furnished interesting results. Both the 'H and '^C 

signals were doubled up indicating the presence o f keto-enol tautomers.

3.4 Functionalisation of the Carbon Chain

3.4.1 Reduction

Following the successful synthetic route to the lead compound (2.03), reduction o f the 

various P-keto esters was carried out using NaBHa in methanol at room temperature. 

The reductions occurred smoothly, and the resultant alcohol products were obtained in 

good to moderate yields (Table 3.2).

Table 3.2 NaBH4 Reduction of beta-Keto Esters

beta-Keto Ester Reaction Time Yield

Compound (3.12) 5.0 Hours 72%
Compound (3.13) 2.0 Hours 53%
Compound (3.14) 3.0 Hours 36%

Table 3.2: N aB H 4 reduction o f  fi-Keto esters

It was hoped that reduction o f  the ketone o f (3.14) to the corresponding alcohol would 

eliminate the keto-enol tautomerism. A complex mixture o f products resulted, 

amongst them the desired product, in moderate yield (36%). It was decided at this 

point not to continue along the synthetic route with the benzyl ester analogue, as 

problems with elimination reactions were anticipated.
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3.4.2 Protection

Studies on the synthesis o f  the lead molecule (2.03) showed that the /BDPSi ether is 

stable enough to protect the alcohol group during the Friedel-Crafts cyclisation step. 

However, the sheer size o f  this group made the protection o f  the alcohol quite 

difficult. The protections were carried out under dry reaction conditions in the 

presence o f  huge excesses (ten equivalents) o f  both /BDPSiCI and imidazole, for 

various periods o f  time depending on the compound involved. The reaction times 

ranged from seventy-two hours to tlve days. The lengthy reaction times required 

were attributed to increased steric hindrance alpha to the alcohol moiety. Moreover, 

huge excesses o f  the starting materials were needed to drive the reaction to 

completion. Following purification, which was made difficult by the presence o f  

large amounts o f  /BDPSiOH, a side product o f  the reaction work up. The protected 

alcohols were obtained in good yields (60 -  1 0 0 %).

3.4.3 Ester H ydrolysis

3 .4 .3 .1 Hydrolysis o f  the /-butyl ester (3 .15)

/-Butyl esters are stable to mild basic hydrolysis, to hydrazine and to ammonia. They 

are cleaved by moderately acidic hydrolysis (Greene 1999). Typically, strong protic 

acids, such as HCI, H2 SO4  and TFA are not selective under aqueous conditions and 

effect the cleavage o f  all acid labile protection (Kaul, Brouillette et al. 2004). The 

hydrolysis o f  the /-butyl ester group proved more difficult than was anticipated. It 

was assumed that hydrolysis would occur following extended treatment with a strong 

base, such as NaOH. However, after several hours o f  stirring in 2.5M aq. NaOH at 

room temperature, TLC analysis indicated that no change had taken place. Following 

work up the starting ester was uncovered unchanged. Given the other sensitive 

functional groups present on the molecule, the use o f  a stronger base, such as 

refluxing aq. KOH, did not seem prudent.

At this stage it was considered necessary to use acid to affect the transformation. 

Following a report o f  its use in the literature (Chandrasekaran, Kluge et al. 1977), the 

/-butyl ester was treated with 100% formic acid at room temperature. After one hour
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the reaction had gone to completion. However, NMR spectral data indicated that not 

only had hydrolysis o f  the ester occurred but deprotection o f  the /BDPSi ether had 

also taken place (Scheme 3.09).

In an attempt to avoid this premature deprotection, a weaker acid, acetic acid was 

used to try to bring about hydrolysis selectively. After twenty-four hours o f  stirring in 

acetic acid at room temperature no change had taken place. The ester was then treated 

with 2M aq. HCI in a mixture o f  methanol and THF. The progress o f  the reaction was 

monitored by TLC. After twenty-four hours no reaction had taken place and the 

starting ester was recovered unchanged.

In an effort to find an acidic medium with intermediate reactivity, the ester was 

treated with 50% trifluoroacetic acid (TFA) in DCM (Baldwin, Bamford et al. 1997). 

After just one hour. TLC analysis indicated that selectivity between hydrolysis o f  the 

ester and deprotection of the alcohol moiety had not been obtained. At this stage the 

reaction was repeated with formic acid, but this time at 0“C. TLC was used to 

monitor the progress o f  the reaction. Samples were taken at fifteen-minute intervals 

to see if selectively could be obtained. It was found that although the lower 

temperature slowed the deprotection it was not totally eliminated. The desired p-keto 

acid (3.17) was obtained in 75% yield (Scheme 3.10).

F o rm ic  A cid

Scheme 3.09
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HN

(3.15)

OH

Formic Acid

0“C HN

(3.17)

Scheme 3.10

3.4.3.2 Hydrolysis o f the ethyl ester (3.18)

The ethyl ester (3.18) was treated with 2.5M aq. NaOH, in a mixture o f methanol and 

THF at 0"C. The progress o f the reaction was monitored by TLC and after one-hour 

all o f  the starting ester had been consumed. Following work up and characterisation, 

it was found that the target acid was not obtained. Instead under the basic conditions 

employed, intramolecular cyclisation had occurred, resulting in the loss o f the CBZ 

protecting group and the formation o f a pyrrolidine (3.19) (Scheme 3.11).

NH 2.5M NaOH

MeOH,
THF,
0°C

(3.18)

Scheme 3.11

(3.19)

3.5 Cyclisation

3.5.1 Cyclisation o f (3 .17)
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The Friede 1-Crafts cyclisation was carried out using conditions previously described 

(Chapter 2). Within thirty minutes, the reaction was found to have gone to 

completion and a single product was formed (Scheme 3.12). The compound was 

purified and subjected to characterisation. NMR studies rapidly elucidated the 

intramolecular cyclisation has occurred between the lone pair o f electrons on the N 

atom and the carbonyl group o f the carboxylic acid. It was clear at this point that an 

alternative protecting group for the amine was required, an electron withdrawing 

group that would reduce the availability o f the lone pair o f electrons on the nitrogen.

3.6 Alternative Protection of the Amine

3.6.1 Di-CBZ protection

To a certain extent, given the nucleophilicity o f the amino group, the above result was 

to be expected. Numerous reports in the literature had cited the di-CBZ protection o f 

the amino groups in order to lim it the availability o f the lone pair o f electrons on the 

nitrogen (W ipf and Kim 1993; Hernandez and Martin 2004). Also the selective 

removal o f the CBZ group under palladium catalysed neutral hydrogenation 

conditions made the di-CBZ approach a particularly attractive option.

The second CBZ group was to be introduced into compound (3.15) prior to hydrolysis 

o f the /-butyl ester. The first attempt involved the use o f DMAP as an acylation

i) Oxalyl Chloride 
DMF 

II) SnCU ^

Scheme 3.12
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catalyst, followed by reaction with benzyl ch loro formate. The reaction was carried 

out in acetonitrile at room temperature (Scheme 3.13). A fter twenty-four hours it was 

apparent that the reaction had not proceeded and the starting compound was present 

unchanged. The reaction was repeated using dibenzyl dicarbonate, however this had 

no effect on the reaction outcome. It was thought that the steric hindrance 

surrounding the nitrogen atom may have been preventing the reaction from taking 

place.

An alternative base, LHMDS was then used in an effort to effect the transformation. 

It was hoped that the reactivity o f the base would be enough to selectively deprotonate 

the amine. The reaction was carried out in THF at -78"C. Compound (3.15) was 

treated with LHN4DS dissolved in THF. After fifteen minutes, benzyl chloroformate 

was added to the stirred solution. The progress o f the reaction was monitored by TLC 

and as the starter remained unchanged after two hours the reaction temperature was 

slowly allowed to increase to ambient. A fter an additional twenty-four hours the 

starter (3.15) was recovered unchanged.

Due to the poor solubility o f LHMDS in THF, particularly at low temperatures, a co

solvent. DMPU was included in the reaction to aid it solubility (Juaristi, Murer et al. 

1993). Unfortunately, this modification to the reaction procedure did not yield the 

desired compound.

Benzyl chloroformate 
DMAP

Scheme 3.13
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The corresponding potassium amide base, KHMDS, was used as an alternative to 

LHMDS. It was anticipated that the increased reactivity would drive the reaction. 

The reaction was carried out in a 5:1 mixture o f  THF and DMPU at -iO^C. The 

reaction temperature was slowly allowed to increase to ambient. The progress o f  the 

reaction was monitored by TLC. After forty-eight hours it was clear that the reaction 

had not proceeded any further. A total o f  three spots were present on the TLC plate, 

one o f  which corresponded to the starting material (3 .15), another to its analogue with 

the alcohol moiety deprotected and the third to /BDPSiOH. It quickly became 

apparent that the strength o f  the KHMDS base was enough to deprotect the alcohol 

moiety. Owing to the lability o f  the /BDPSi ether to basic conditions and the steric 

hindrance associated with this part o f  the molecule it was decided that the 

introduction o f  second CBZ group onto the amine was not feasible. An alternative 

protecting group for the amine was sought.

3.6.2 Trifluoroacetamide protection

The protecting group decided upon was a trifluoroacetamide. it was hoped that the 

three electronegative fluorine atoms would draw the electron density away from the 

nitrogen, thereby reducing the likelihood o f  five membered ring formation. In 

addition, the stability o f  the trifluoroacetamido group to acid meant that the acid 

hydrolyis o f  the /-butyl ester should occur smoothly.

The CBZ protected amino acid (3 .15) was subjected to palladium catalysed 

hydrogenolysis in a 1:1 mixture o f  ethyl acetate and ethanol. Trifluoroacetic 

anhydride was added to the reaction mixture to effect a one-pot conversion from the 

CBZ protected amine to the trifluoroacetamide. The reaction was complete within 

four hours and the desired product (3 .22) was obtained quantitatively (Scheme 3.14).
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EtOAc,
EtOH,

RT

Schem e 3.14

The /-butyl ester (3.22) was treated with neat formic acid at room temperature. The 

reaction was left stirring overnight under these conditions. Work up o f  the reaction 

mixture was crucially important, as application o f  heat to the acidic medium would 

result in the loss o f  the /BDPSi ether. Accordingly, the formic acid was removed 

from the tlask using a stream o f  dry nitrogen gas. The resulting acid (3.23) was dried 

for several hours in vacuo, prior to the attempted cyclisation.

The successful Friedel-Crafts intramolecular cyclisation o f  a-tritlouroacetyl protected 

amino acids has been previously described (Peglion, Vian et al. 1997). The 

cyclisation reaction was carried out under the same reaction conditions as the CBZ 

protected acid (3.17). Loss o f  the TFA protecting group occurred followed by 

intramolecular cyclisation to form five membered heterocycle (3.19), as before 

(Scheme 3.15). Accordingly an alterative protecting group for the amine was again 

sought.

F

D C M ,R T

i) Oxalyl C hloride n 
DMF ^

I I )  S n C l4

Q

( 3 . 19 )

(3 .23 )

Schem e 3.15
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3.6.3 Phthalimide protection

The free amine o f  (3.04) was protected as a phthalimide. This was achieved by 

refluxing the free amine in CHCI3, in the presence of phthalic anhydride. The 

protection was complete within twelve hours and the N-phthaloyl amino acid (3.24) 

was obtained in reasonable yield (70%) (Scheme 3.16). The phthalimido group was 

considered to be a good candidate due to its stability to rather extreme acidic and/or 

basic conditions.

The inherent robustness o f  this protecting group was necessary, for the molecule to 

withstand the harsh conditions employed at later stages along this synthetic route. In 

addition, it was hoped that the two carbonyl groups adjacent to the nitrogen atom 

would have an electron withdrawing effect on its lone pair of electrons.

O f course the major problem with the use of the phthalimide as a protecting group for 

the amine is the harsh reaction conditions required to effect its removal. Deprotection 

o f  the phthalimido group can be difficult, requiring the use o f  harsh reagents, 

including hydrazine, butylamine or hydroxylamine in MeONa/MeOH (Cros, Planas et 

al. 2004). It was anticipated that the fmal molecule might not withstand the required 

severe conditions. The substituted analogue, tetra-chloro phthalimide (TCP) has 

shown similar stability to the unsubstituted analogue yet with greater ease o f  removal. 

The TCP group exhibits stability towards mildly basic to harshly acidic conditions 

(Cros, Planas et al. 2001). Addition o f  electron-withdrawing groups to the 

phthalimide’s aromatic ring greatly enhances deprotection under milder conditions 

(Debenham, Madsen et al. 1995; Cros, Planas et al. 2001), such as ethylenediamine at

P h th a l ic  
'2 A n h y d r id e

CHCI3
Reflux

Scheme 3.16
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room temperature (Jarowicki and Kocienski 1999). Hence, it was decided to protect 

the amino group o f (3.04) as a substituted phthaiimide (Scheme 3.17).

OH
i)T C P , EtaN, 

DCM , Reflux

NHj ii) AC2O 
Pyridine, 
DCM , 
Reflux

H Q -

( 3 .0 4 ) (3 .2 5 )

Scheme 3.17

The amino acid (3.04) was treated with tetra-chlorophthalic anhydride in refluxing 

DCM. Triethylamine was added to drive the reaction forward. Unlike protection 

with the unsubstituted phthaiimido group, the TCP protection is a two-step process. 

Following the condensation reaction o f the amine with one acid group, acetic 

anhydride and pyridine were added to the reaction mixture to form a mixed anhydride 

o f the second acid group. Under the refluxing conditions, loss o f the acetatoxy group 

occurred and concomitant ring closure.

The Meldrum’s coupling methodology with an acid chloride was subsequently carried 

out using the N-phthaloyl protected amino acid (3.24). It was hoped that the two 

carbonyl groups adjacent to the nitrogen would exert an electron withdrawing effect 

on the nitrogen’ s lone pair o f electrons. Thereby, overcoming the formation o f cyclic 

side products during Meldrum’s acid coupling and increasing the yield o f the desired 

product. Thus, the acid (3.24) was converted to the corresponding acid chloride under 

anhydrous conditions using oxalyl chloride and DMF as catalyst. The acid chloride 

was, without any characterisation, reacted in  situ  with Meldrum’s acid in the presence 

o f DMAP. Following acid work-up the Meldrum’s product was dissolved in a 

mixture o f toluene and methanol (4:1), respectively. The mixture was refluxed for 

forty-eight hours. Following work up and purification the desired P-keto ester (3.26) 

was obtained in poor yield (3%) (Scheme 3 .18).
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Oxalyl chloride, 
D M F.D C M , 0°C

OH
i) M eldrum 's Acid, 

DMAP, DOM, 0°C
ii) T o lu en e , M eOH

Reflux

(3.24) (3.26)

Scheme 3.18

In an effort to improve upon tiie yield o f  the target P-keto ester, the N-phthaloyl 

amino acid (3.24) was coupled to Meldrum’s acid directly by using DCC in the 

presence o f  DMAP. The /-butyl ester was prepared as an alternative to the methyl 

ester. This was achieved by refluxing the Meldrum’s coupled product in a mixture of 

/-butanol and toluene. The /-butyl ester was considered a pertinent substitute for the 

methyl ester as both the amino and hydroxyl protecting groups present on the 

molecule are stable to the removal o f  the /-butyl ester under acidic conditions. The 

desired p-keto ester (3.27) was achieved in 63% yield after purification (Scheme 

3.19).

M eldrum 's Acid 
DCC, DMAP, 

DCM, RT

T oluene , f-BuOH, O' 
Reflux I

OH

(3.24) (3.27)

Scheme 3.19

The carbon chain o f  (3.25) was extended using Meldrum’s acid and DCC as this 

approach proved to be successful for the coupling o f  the unsubstituted analogue 

(3.24). The desired P-keto ester was obtained in good yield (76%) (Scheme 3.20).

81



(3.25)

Cl

Toluene, f-BuOH 
Reflux

Meldrum's Acid 
DCC, DMAP, 

DCM, RT

Cl

Scheme 3.20

Reduction o f the p-keto ester (3.27) was carried out using NaBH 4  in methanol at room 

temperature. The reduction occurred smoothly, and the resultant alcohol product 

(3.29) was obtained in good (91%) (Scheme 3.21)

Reduction o f (3.28) resulted in the formation o f  a complex number o f products. 

Following a review o f the literature it was ascertained that NaBH 4  reduction has been 

used in the first step o f the deprotection o f the TCP protected amines (Castro- 

Palomino and Schmidt 1995). Accordingly this synthetic sequence was not pursued 

any further.

The hydroxyl group o f (3.29) was protected as a /BDPSi ether as before. The 

protection was carried out under dry reaction conditions in the presence o f a large 

excess o f both /BDPSiCI and imidazole. The protected alcohol (3.30) was obtained in 

good yield (71%) (Scheme 3.22).

NaBH,

MeOH, 0°C O'

O ^ 0

Scheme 3.21
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tBDPSCI,
Im idazole

OH DMF, RT

(3.29)

(3.30)

Scheme 3.22

The same procedure using formic acid was used to hydrolyse the /-butyl ester of 

(3.30) to the corresponding carboxylic acid. Again loss o f  the hydroxyl protecting 

group did occur under these conditions, however the desired product (3.31) was still 

obtained in good yield (85%) (Scheme 3.23).

(3 .30)

Form ic Acid

0 “C

HO

(3.31)

Scheme 3.23

The Friedel-Crafts cyclisation was carried out using conditions previously described. 

Following the addition o f  SnCU the reaction was complete within thirty minutes. The 

desired cyclisation reaction occurred readily (Scheme 3.24). The presence o f  the two 

carbonyl groups alpha to the nitrogen duly deactivated its lone electron pair thereby 

preventing the formation o f  a five membered ring. Interestingly only one 

diastereomer underwent intramolecular cyclisation, resulting in a reasonable yield 

(49%). The presence o f  a single compound following cyclisation was confirmed by 

NMR spectral data.
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O H

( 3 .31)

i) O x a l y l  C h l o r i d e  
D M F

ii) S n C l 4

D C M , R T

( 3 .32 )

Schem e 3.24

In an effort to improve the yield o f  the above transformation the reaction was allowed 

to stir at room temperature for an additional eighteen hours. Under these 

circumstances an increase in the desired compound (3.32) was not obtained. In 

addition, under the influence o f  the Lewis acid, loss o f  the /BDPSi alcohol occurred 

with concomitant formation o f  a double bond (Scheme 3.25).

O H

i) O x a l y l  C h l o r i d e  
D M F

ii) S n C U

D C M , R T

( 3 .33)( 3 .31)

Schem e 3.25

The reaction demonstrated the utility o f  the phthalimido protecting group under such 

conditions. However, removal o f  this group at the desired step in the synthetic 

sequence still posed a major problem.

3.7 Addition o f the C-ring

The lability o f  the phthalimide group to both organo-lithium and Gringard reagents 

(Greene 1999) precluded their use for the addition o f  the C-ring. Following the
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success o f  triflate formation follow ed by Suzuki coupling for com pound (2 .03) 

(Chapter 2), this method w as deem ed a logical choice.

3.7.1 Formation o f  a tritlate

The ketone (3 .32) was treated with a silyl am ide base (K H M D S) in THF at 0”C. After 

one hour the triflating reagent, jV-(5-Chloro-2-pyridyl)triflimide, w as added to the 

reaction mixture at the sam e temperature. The progress o f  the reaction w as monitored  

by TLC and after thirty m inutes the starting ketone (3 .32) w as consum ed. The 

reaction did not proceed as desired and a number o f  products, which w ere not 

characterised, were obtained.

The transformation w as attempted again. The ketone (3 .32) w as treated with triflic 

anhydride and Na2C 0 3  in anhydrous DCM . The reaction w as allow ed to stir at room  

temperature for three hours. TLC analysis indicated the formation o f  a single product. 

Follow ing, work-up, purification and characterisation it becam e apparent that loss o f  

the /B D PSi protecting group had occurred along with elim ination (Schem e 3.26).

DCM, RT

( 3 .34 )( 3 .32 )

S ch em e 3 .26

The transformation w as attempted a third tim e. The ketone (3 .32) w as treated with 

triflic anhydride and triethylam ine in anhydrous DCM . The reaction w as carried out 

at 0"C. It w as hoped that this more hom ogenous mixture w ould enable the base to 

react more quickly with the triflic acid being generated in situ. Thereby avoiding the 

loss o f  the hydroxy protecting group. The progress o f  the reaction w as monitored by 

TLC. After twenty-four hours the starting ketone (3 .32) w as recovered unchanged.
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The reaction was attempted a fourth and final time. Following the successful 

deployment o f  LDA for the formation o f  the triflate in Chapter 2, the use o f  this agent 

was attempted. The progress o f  the reaction was monitored by TLC. A complex 

mixture o f  compounds resulted, which were not isolated or characterised.
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3.8 Conclusions

The sequential approach to the target molecule (3.01) was fraught with difficulties, 

many o f  which were judiciously circumvented.

The premature deprotection o f  the CBZ-protected di-ester (3.06) occurred following 

treatment with retluxing acid. This resulted in a free amino group, which had to be 

protected in the ensuing step. This problem was avoided by refluxing (3.07) in 

dioxane under neutral conditions. The elevated temperature effected the desired 

decarboxylation reaction without causing the unwanted loss o f  the CBZ group.

Extension o f  the carbon chain proved to be troublesome. A total o f  seven separate 

transformations were attempted, o f  which, five produced the desired compound, three 

o f  which occurred in good yield.

The Friedai-Craft cyclisation o f  the CBZ-protected acid (3.17) resulted in undesirable 

five membered ring formation. This occurred due to the availability o f  the lone 

electron pair on the nitrogen atom. Delocalisation o f  the electrons was attempted by 

use o f  both di-CBZ and trifiuoroacetamide protection o f  the amine. Neither, o f  which 

succeeded in this task. The phthalimido group was then used to effect the desired 

cyclisation. The electron-withdrawing effect o f  the two carbonyl groups succeeded in 

delocalising the electron density and the desired seven membered cyclised compound 

(3.32) was obtained. The drawback associated with this protecting group is the harsh 

conditions required for its removal. Moreover, it precludes the use o f  Grignard and 

organo-lithium reagents for the addition o f  the C-ring.

Four separate attempts were made to form the corresponding vinyl tritlate o f  the 

ketone (3.32). Unfortunately, loss o f  the /BDPSi group occurred under the conditions 

employed. The increased lability observed with this protecting group was attributed 

to the steric hindrance adjacent to the phthaloyl group, it was decided at this point 

that insertion o f  the amino group at C-6 might be achieved by bromination in this 

position followed by azide substitution (Chapter 4.)
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CHAPTER 4



4.0 Introduction

Functionalisation o f the B-ring o f the lead compound (2.03) under Shah et al was 

largely unexplored. This was in spite o f the fact that the rudimentary QSAR studies 

indicated that minor changes to the structure o f the B-ring corresponded to significant 

changes in the compound’s tubulin-binding activity. O f the series o f compounds 

synthesised, those with a C-7 functional group exhibited greatly enhanced activity. 

Indeed, eight out o f the ten most active compounds synthesised possessed either a 

dithianyl, hydroxy- or keto- group at this position. For this reason work in this area 

was needed.

In addition, an alternative synthesis to the amino ketone compound (3.01) was 

desirable for a number o f reasons. First, the synthetic route to the cyclised compound

(3.32) was lengthy, comprising a total o f  thirteen steps. Second, in four o f the steps 

along the synthetic sequence the compounds were present as a set o f diastereomers, 

which made characterisation more than d ifficu lt. Third, the addition o f the C-ring to

(3.32) proved practically impossible. Since a simple and high-yielding route to the 

compound (2.03) had been developed (Chapter 2), it was hoped that the quantities 

synthesised could be modified and used to study the effects o f functionalisation o f the 

B-ring.

OH OH

(2 .03 ) (3 .01 )

4.1 Synthetic Strategy

The proposed synthetic strategy involved introduction o f an amine into a precursor o f 

the final molecule (2.18) by selective bromination alpha to the carbonyl, azide



substitution and reduction to the amine. I f  this strategy proved successful, a number 

o f other functional groups could be introduced in to the molecule at position C-6.

This synthetic approach presented three distinct challenges:

1. Selective mono-bromination alpha to the carbonyl, in the presence o f 

numerous functional groups

2. Effecting azide substitution over elimination reactions in such a highly 

conjugated system

3. Reduction o f  the azide to an amine in the presence o f easily reduced functional 

groups i.e. carbonyl and alkene. The presence o f  these groups clearly 

precluded the use o f commonly used borohydride, aluminium hydride, 

palladium and zinc based reagents. However it would be possible to effect the 

reduction using triphenylphosphine.

4.2 Bromination Alpha to the Carbonyl

OH

(4.01) Potential sites for non-selective bromination

Selective bromination alpha to the carbonyl posed the biggest challenge in this 

synthetic strategy. The direct bromination o f a,p-unsaturated ketones usually leads to 

a complex mixture arising from addition o f bromine to the double bond. In addition, 

the in itia lly  formed a-halo-carbonyl can react with another equivalent o f bromine to 

give the a,a-dihalocarbonyl derivative (Smith 1994). Numerous methods for 

brominating the position alpha to the carbonyl were examined (Dice and Bowden
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1949; Pearl and Gratzel 1962; Harpp, Bao et al. 1975; Pelter, Ward et al. 1982; 

Mignani, Morel et al. 1987; Baxter, Bhoghal et al. 1997)of these the use o f PTAB 

appeared to be the most selective.

4.2.1 Bromination using phenyltrimethylammonium tribromide (PTAB)

Phenyltrimethylammonium tribromide has been used successfully to selectively 

brominate alpha to a carbonyl group, even in compounds containing an alkene moiety 

(Martin, Davidsen et al. 1986). The bromination has been reported as occurring in 

near quantitative yield.

The precursor to the lead compound (2.18) was used in itia lly  as a model compound. 

The transformation was carried out in ethyl acetate at room temperature in the 

presence o f PTAB and a catalytic amount o f H2SO4. A single product was obtained in 

quantitative yield after ninety minutes. Due to the instability o f  the resultant product 

it could not be purified by flash column chromatography. The structure o f the crude 

compound (4.02) was elucidated by NM R spectroscopy. Characterisation o f the 

molecule indicated that di-substitution over mono-substitution had occurred.

PTAB, H2SO4

EtOAc, RT

(2 .18 ) (4 .02 )

Scheme 4.01
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4.2.1.1 Structural Determ ination o f  (4.02)

‘H N M R

6 . 8  6 . 6

(ppm )

I  ( f

6 . 4 . 1 0  4 . 0 0  3 . 9 0  3 . 8 0  3 . TO 3 . 6 0

{ppm>

6 . 5  6 . 0  5 . 5  5 . 0  4 . 5  4 . 0  3 . 5  3 . 0  2 . 5  2 . 0  1 . 5  1 . 0  O. S

(ppm )

Fig.4.1: 'H NMR spectrum o f  (4.02)

The 'H  N M R  spectrum  for (4.02) indicated the p resence  o f  the /B D M S i e ther  with 

strong singlets at 0 .16 and 0 .99ppm  for the tw o C H 3 g roups and the C (C H 3 ) 3  group, 

respectively. Diagnostically , the proton spectrum  show ed  a loss o f  the m ultip let at 

2 .72ppm  integrating for the CH?. a lpha to  the carbonyl, in addition, the benzylic C H? 

w as  presen t as a quarte t (J=18 .5H z) at 3 .97ppm . T here  w as  a lso  a notab le  absence  o f  

a C H -B r  peak. The four m ethoxy  groups w ere  present as singlets at 3.65, 3.87, 3.93 

and 4 .08 ppm. The a rom atic  region integrated for a total o f  five protons; the C = C I i  as 

a s inglet at 6 .33ppm , the A-ring proton as a singlet at 6.51 ppm and the three C-ring  

protons betw een 6.83 and 6 .93ppm .
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13C NMR

18 0  160 140  1 20  100  80  60 40  20  0

DHPT 135

1

1

18 0  160

DEPT 90

140  12 0  1 00  80  60  40  2 0  0

IMMUMN
180  160 140  12 0  100  80

(ppm)

Fig.4.2: Carbon NMR spectra o f  (4.02)

The '^C NM R spectrum confirmed the presence o f  the /BDMSi ether with peaks at -  

5.01, 17.99 and 2 5 .2 1 ppm. A C H 2 was present in the molecule at 42.97ppm, which 

was attributed to the benzylic C H 2 . The spectrum also indicated a loss o f  the C H 2 

alpha to the carbonyl, but no additional CH peaks were observed in the spectra, which 

is indicative o f  di-substitution. A quaternary carbon was observed at 70.26ppm, this 

was considered to be the C(Br)2 . Four aromatic CH groups and the double bond CH 

were present from 109.80 to 122.80ppm. The carbonyl peak was observed at 

190.74ppm.

The reaction was repeated using the same brominating reagent, however it was carried 

out as a very dilute solution in anhydrous THF. No acid was added to catalyse the 

transformation. It was hoped that these less aggressive conditions would promote 

mono-bromination. The reaction was allowed to take place over a period o f  seven 

hours. TLC analysis indicated that the di-bromination o f  (2.18) also occurred under 

these milder conditions and so another approach was tried.
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4.2.2 Brom ination using 5,5-dibrom o-2,2-dim ethyl-4,6-d ioxo-l,3-dioxane

The cyclic malonic ester 5,5-dibromo-2,2-dimethyi-4,6-dioxo-l,3-dioxane has been 

shown to mono-brominate saturated aldehydes and ketones with excellent yields and 

the a-carbon atom o f  a,P-unsaturated ketones with high selectivity (Bloch 1978). As 

such, it was deemed a suitable agent to attempt to selectively brominate (2.18) alpha 

to the carbonyl.

The brominating reagent was prepared directly from M eldrum ’s acid (4.03), by the 

drop-wise addition o f  bromine to a 2M aq. NaOH solution o f  the acid (4.03) (Snyder 

and Kruse 1958). The di-bromoester (4.04) was obtained as a white crystalline solid.

2M aq, NaOH

(4.04)

Schem e 4.02

Compound (2.18) was reacted with the di-bromoester (4.04) in a dilute anhydrous 

etheral solution at room temperature. After twenty-four hours it was evident that the 

reaction was not proceeding as desired, as the starting materials were found to be 

present in quantitative amounts.

The reaction was repeated under more vigorous conditions. Compound (2.18) was 

treated with 0.5molar equivalents o f  the di-bromoester (4.04) in CCI4 under reflux. 

The transformation proceeded within thirty minutes and the desired product was 

obtained in crude form. Further investigations into this reaction showed that 

increasing the molar quantity o f  di-bromoester (4.04) used resulted in a mixture o f  

both mono- and di- substituted products.
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Di-bromoester (4.04)

C C I4 , Reflux

0—Si 0 —Si

(2.18) (4.05)

Scheme 4.03

4.2.2.1 Structural Determination o f  (4.05)

'H NMR

<.  10 4 . 0 0  3 . 9 0  : . <J0 3 . 7 0  3 , 6 0

(ppm)

I

lil« '

6 . 5  6 . 0  5 . 5  5 . 0  4 . ^  4 . 0  3 . '

(ppm)

3 . 0  2 . 5  2 . 0  1 . 5  1 . 0  0 . 5

Fig. 4.3: ' H NMR spectrum o f (4.05)

Once again the product could not be purified by flash column chromatography. The 

identity o f  the crude product (4.05) was confirmed by NM R spectral data. The 

presence o f  the /BDMSi ether was evident as singlets resonating at 0.17 and 1 .OOppm, 

for 2 X C H 3 groups and the C(CH 3 ) 3  group, respectively. The four methoxy groups 

were present at 3.64, 3.88, 3.95 and 3.99ppm. The benzylic C H? was found as a 

doublet (J=11.0Hz) at 3.90ppm. The CHBr was present as a doublet (J=9.0Hz) at
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4 .64p p m . T he arom atic region  o f  the H N M R  spectrum  for (4 .0 5 )  sh o w ed  the 

p resen ce o f  fiv e  protons; s in g le ts  reson atin g  at 6 .37p p m  and 6 .42p p m  for the d ou b le  

bond and A -rin g  proton resp ectiv e ly . A  m utip let, integrating for three protons, at 

6.87p p m  w as in d icative  o f  the three C -ring protons. T hus, in d icating  that brom ination  

had not occurred at any o f  th ese  p o sitio n s on  the m o lecu le .

13C N M R

J j
180  1 6 0  1 4 0  1 2 0  1 0 0  80  60  40  20

D E P T  135

j lji UN  *  ^  Y  ^

180  160

D E P T  90

14 0  120 60  40  20

1 8 0  16 0  140  12 0  1 0 0  80

(ppm)

40  20

Fig.4,4: Carbon NMR spectra o f  (4.05)

T he p resen ce o f  the /B D M S i ether w a s con firm ed  by the peaks at - 5 .0 2  and 

25.21 ppm . T h e D E P T  135 con firm ed  the p resen ce o f  the b en zy lic  C H 2 at 3 0 .3 7 p p m . 

T he D E P T  90  indicated  that the C H B r peak  w as present at 5 2 .9 8 p p m . T h e four 

m eth oxy  groups w ere present at 5 4 .9 8 , 5 5 .4 1 , 60 .41 and 6 0 .9 5 p p m . A  total o f  fiv e  

CH  peaks w ere present in the D E PT  90  spectrum  b etw een  110. 86 and I2 4 .5 7 p p m , 

w h ich  correlated  w e ll to  the p rop osed  structure. T h e peak at 191.11 ppm  w as  

attributed to  the carbonyl group.
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4.3. Azide Substitution

Follow ing the successful mono-bromination o f  compound (2.18) alpha to the 

carbonyl, the next step was to effect a substitution w ith  the azide ion. The azide 

substitution o f  (4.05) was carried out w ith in  two hours o f  preparation o f  the bromide, 

due to the latter's instability. NaN 3 in DM F, at room temperature, was used to effect 

the transformation as it has been shown that polar aprotic solvents at lower 

temperatures w ill favour substitution over e lim ination reactions (M cM urray 1984). 

This was a m ajor concern as the model compound used was h igh ly conjugated. A 

complex m ixture o f  compounds resulted, which were separated and purified using 

preparatory TLC . Crude IR spectral data on the reaction m ixture indicated in itia lly  

that azide substitution had not occurred, as there was a notable absence o f  sharp 

symmetric peak at c.2 i00cm  '. N M R  spectroscopy coupled w ith IR techniques 

allowed the structures o f  the fo llow ing  two predominant compounds, namely (4.06) 

and (4.07), present w ith in  the reaction m ixture, to be tentatively assigned.

4.3.1 Structural Determination o f  (4.06)

OH

(4 .06 )

Analysis o f  the 'H  N M R  spectrum o f  (4.06) indicated the loss o f  the /B D M S i ether. 

A  singlet resonating at 3.67ppm and the three singlet peaks, integrating for nine 

protons, between 3.99 and 4.00ppm were considered to be the four methoxy groups. 

The aromatic region integrated for a total o f  seven protons thereby indicating that 

e lim ination had occurred over substitution by the azide ion. The singlet at 6.83ppm 

was attributed to the A -ring  proton. The double doublet (J=2.5Hz, 13.0Hz) at 

6.86ppm was attributed to the CH=CHCO proton. The splitting pattern is indicative 

o f  coupling to the benzylic proton (J= l3 .0H z) and W coupling to the C=CH proton
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(J=2.5Hz). The doublet (J=2.0Hz) at 6.89ppm was assigned to one o f  the C-ring 

protons, alpha to the hydoxyl group, coupling to the meta C-ring proton. The doublet 

(J=3.0Hz) at 6.92ppin was assigned to the C=CH proton. The multiplet at 6.94ppm 

was assigned to the remaining two C-ring protons. The benzylic proton, CH=CHCO, 

was present as a doublet (J=l 3.0Hz) at 8.15ppm.

' h n m r

!  ' I '

6 . 9 2

(ppm)

Fijf. 4.5: 'H  NMR spectrum o f (4.06)

The above assignment o f  the proton spectrum was confirmed by a H-H COSY 

experiment. The correlation spectrum clearly showed coupling o f  the double doublet 

at 6.86ppm (CH=CHCO) to the doublet at 6.92ppm (C=CH) and the doublet at 

8.15ppm (CH=CHCO).

The correlation between the C-ring protons was also elucidated. The doublet at 

6.69ppm showed a strong correlation to the C-ring multiplet at 6.94ppm.
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(ppm;

Fig. 4.6: / / - / /  COSY o f (4.06) fro m  6. 76-7.0()ppm

6.76

6.80

6.84

6.88

6.92

6.96

7.00

(ppm) 7.00 6.96 6.92 6.88 6.84 6.80 6.76

(ppm)

6.80

6.84

6.88

6.92

6.96

7 nn
(ppm) 8.24 8.20 8.16 8.12 8.08

Fig 4. 7: H -H  COS Y o f (4.06) fro m  H. 08-8.24ppm

The results o f Nuclear Overhauser effect (NOE) experiments collaborated we" 

the assignment o f the proton spectrum.
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1 2  1 0

Fig 4.8: NOE o f  (4.06)

6 4 2
p m)

A correlation  is c learly  visible betw een  the singlet for the A-ring proton at 6 .84ppm  

and the m ethoxy  group at 3 .67ppm .

1 6  14  12

Fig 4.9: NOE o f  (4.06)

10 8 6 4 2 0
p m)
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The proton at 8.!7ppm (CH=CHCO) is adjacent to a methoxy group at 4 .01 ppm and 

to a lesser extent to a methoxy at 3.67ppm. Most diagnostic, o f  course, is the 

correlation between this proton (CH=CHCO) and the proton (CH=CHCO) at 

6.88ppm.

The absence o f  the /BDMSi protecting group was evident in the '^C NMR spectrum. 

The four methoxy groups were evident at 55.70, 55.99, 60.06 and 61.90ppm.

The DEPT 90 spectrum indicated the presence o f  seven CH carbon resonances 

between 110.36 and 136.64ppm, which correlates well to its structure. The carbonyl 

group was evident at 188.09ppm.

13C NMR

I  I

DEPT 90

1 80  1 7 0  160  1 5 0  140  1 30  120  11 0  10 0  90  80  70  60

1 8 0  1 7 0  1 60  15 0  1 40  130  1 20  110  10 0  90

(ppm)

80  70  60

Fig. 4.10: Carbon NMR spectra o f  (4.06)
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(ppm)

120

128

136

(ppm) 8.0 7.6 7.2 6.8

Fig 4.11: C-H COSY spectrum o f (4.06)

T he IR spectrum  sh o w ed  the a b sen ce  o f  an az id e  peak in the m o lecu le . 

4 .3 .2  Structural D eterm ination  o f  (4 .0 7 )

OH

(4.07)

T he b en zy lic  C H 2 w a s present as a m ultip le! at 3 .60p p m . T he four m eth oxy  groups  

w ere present as s in g le ts  at 3 .6 6 , 3 .9 5 , 3 .9 7  and 3 .99p p m . T he C H B r proton w as  

present as a d ou b le d oub let (J= 3 .0H z, 9 .0 H z) at 4 .6 3 p p m . T he proton o f  the p h en o lic  

h ydroxyl w a s present as a broad sin g le t at 5 .67p p m . T he arom atic region  integrated  

for a total o f  f iv e  protons. T h e A -ring proton w a s present as a sin g le t at 6 .39p p m .
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The d ou b le bond proton w as present as a sin g le t at 6 .45p p m . T h e three C -ring  

protons w ere present as a m ultip let at 6 .89p p m , w hich  integrated for three protons.

' h n m r

i  i

i  :

6 . 9 0  6 . 0 0  6 . 1 0  6 . 6 0  6 . SO 6 . 4 0

(ppm)

'I " b'
6 . B  6 . 4  6 . 0  5 . 6  0 . :  4. f i  4 . 4  4 . 0  3 . 6  3 . 2  2 . 8  2 . 4  2 . 0  1 . 6

(ppm)

Fif;. 4.12: 'H NMR spectrum o f  (4.07)

The carbon spectra o f  (4 .0 7 ) correlated w ell to its proposed structure. T he D E P T  135 

sh ow ed  the p resen ce o f  the b en zy lic  C H 2 at 29 .26p p m . T he D E PT  90  spectrum  

con firm ed  the p resen ce o f  the C H B r carbon at 52 .93p p m . T he four m eth oxy  groups  

w ere present at 5 5 .5 3 , 5 5 .5 7 , 6 0 .4 3  and 60 .96p p m . T h e D E P T  90  indicated the 

p resen ce o f  f iv e  CH carbon reson an ces in the arom atic and d oub le bond region . T he  

peak at 1 9 6 .5 1 ppm  w as attributed to the carbonyl group.

The IR spectrum  sh ow ed  the ab sen ce  o f  an azid e functional group (c . 2 1 0 0  c m ' ) .

Both fractions, purified and characterised , sh ow ed  the lo ss  o f  the /B D M S i ether- 

protecting group from  the C -ring. T h ese com p ou n d s had a notably low er R /  on s ilica  

gel thin layer p lates than the starting brom o- com pound  (4 .0 5 ). T he d ep rotection  o f  

the a lcoh o l w a s con firm ed  by the lo ss  o f  the d i-m eth yl and tert-b\xXy\ peaks in the 'H 

and '^C N M R  spectra.
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' ^ C N M R

.  I I . - J -  I I   J  ......
190  1 80  1 7 0  16 0  1 5 0  140  1 3 0  120  1 1 0  100  90  80  70  60  50  40  30

D E P T I3 5

1 9 0  18 0  1 70  1 6 0  1 5 0  1 40  13 0  1 20  1 10  100  90  80  70 60  50  40  30

D E P T  90

1 9 0  1 8 0  170  1 6 0  150  140  1 3 0  12 0  1 1 0  1 0 0  90 80 70 60 50 40 30

(ppm)

Fig. 4.13: Carbon NMR spectra o f  (4.07)

T his  side reaction a lso  resulted in a com plex  m ix ture  o f  p roducts being form ed 

thereby m aking  separation  and purification o f  the individual co m p o u n d s  difficult. 

A ccordingly , further m odel studies were  carried out on an ana logue o f  (2.18), which 

did not possess  the added  com plica tion  o f  a functionalised  C-ring. H ow ever, this 

observation  w as interesting insofar as it provided a mild and effic ient m eans for the 

rem oval o f  the /B D M S i protecting group.
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4.4 Test Studies on a Naphthalene Analogue

The naphthalene analogue (4.09) was selected as a model compound to study the 

azide substitution reaction. The compound was prepared following the same 

synthesis as the lead molecule (2.03), but with 2-bromonaphthalene coupled as an 

alternative to the C-ring. it was considered that the absence o f  the C-ring methoxy 

group and the silyl ether protecting group would preclude the possibility o f  the side 

products (4.06) and (4.07) from occurring. The conjugation in (4.09) also mirrored 

the level o f  conjugation in the target compound. Moreover, the naphthalene group 

has been demonstrated a good surrogate for the methoxy substituted aryl unit in 

combretastatin analogues (Maya, Rey et al. 2000).

OH 2-brom o 
n ap h th a len e , 
nBuLi

OH
Pyridinium
dich rom ate

DMF, RTTHF, -78°C
(2 12)

(4 .09)(4.08)

Schem e 4.04

4.4.1 Bromination o f (4.09)

The compound (4.09) was brominated using the di-bromoester derivative o f  

M eldrum ’s acid, as described above. The reaction was carried out in CCU under 

reflux and the substitution reaction was complete within two hours. Owing to the 

instability o f  the products, NM R data could not be obtained. However, TLC analysis 

showed two closely related compounds, which were attributed to a mixture o f  mono- 

and di-brominated products. The mixture was treated with N aN 3 in DMF at room 

temperature, immediately. IR spectroscopy showed the absence o f  an azide group in 

either o f  the compounds obtained (4.10, 4.11), this indicated that elimination had 

occurred over substitution. In such a highly conjugated system, this was no surprise.
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o

(4 .10) (4 .11)

4.4.2 Structural Determination o f (4.10) 

' H N MR

(ppm)

e . O  7 . 6  7 . 2  6 . 8  6 . 4  6 . 0  5 . 6  S . 2 4 . 8  4 . 4  4 . 0  3 . 6

<ppm)

Fig. 4.14: ‘H NMR spectrum o f  (4. W)

The IR spectrum for (4. 10) demonstrated the absence o f an azide group in the 

molecule. Analysis o f the 'H NMR spectrum identified three singlets at 3.51 ppm, 

4.00ppm, 4.02ppm, as the three-methoxy groups. The aromatic and double bond 

region o f  the 'H NMR spectrum integrated for eleven protons. There was a notable 

absence o f  any CH2 signals.

The proton present on the A-ring resonated as a singlet at 6.74ppm. The CH=CHCO 

was found as a double doublet (J=3.0Hz, 13.0Hz) resonating at 6.87ppm. The doublet
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(J=3.0Hz) at y.OOppm was attributed to the C=C H C O proton. The seven naphthalene 

protons were present in the region o f  7.41ppm to 7.92ppm. The doublet (J=l3 .0H z) 

at 8.17ppm was considered to be the CH =CHCO  proton.

The three methoxy groups were present in the '^C N M R  spectrum at 55.21, 60.62 and 

61.50ppm. A total o f  eleven CH signals were seen in the DEPT 90 spectrum. The 

'^C N M R  spectrum indicated the presence o f  the carbonyl at I87.70ppm.

4.4.3 Structural Determination o f (4 .11)

The IR spectrum o f  (4.11) demonstrated the absence o f  an azido group in the 

molecule.

'H NMR

8 . 0  7 . 9  7 . 8  7 . 7  7 . 6  7 . 5  7 . 4  7 . 3  7 . 2  7 . 1  7 . 0  6 . 9  6 . 8  6 . 7

<ppm)

8 . 0  7 . 6  7 . 2  6 . 8  6 . 4

Fig.4. IS: 'H l\M R spectrum o f  (4.11)

6 . 0  5 . 6  5 . 2  4 .
(ppwn)

4 . 4  4 . 0  3 . 6

The three methoxy-groups were present at 3.50ppm, 4.00ppm and 4.02ppm in the H 

N M R spectrum. The aromatic region o f  the 'H  N M R  spectrum integrated for ten 

protons.
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The singlet at 6.74ppm was attributed to the proton on the A-ring. The singlet at 

7.27ppm, directly adjacent to the chloroform peak, was considered to be the CH=CBr. 

The singlet at 7.88ppm was considered to be the C=CHCO proton. The collapse of 

the doublets found in the proton spectrum o f  (4 . 10) to the singlets seen here clearly 

demonstrates the loss o f  a proton alpha to the carbonyl group in (4. 11). The 

naphthalene protons were found in the region o f  7.45ppm to 7.95ppm, which 

integrated, as expected, for seven protons.

The '^C NMR spectrum showed the presence o f  the methoxy groups at 55.07, 60.59 

and 6 l.l3ppm . The DEPT 90 spectrum indicated the presence o f  ten CH groups 

within the molecule. The carbonyl group was present at I8l.70ppm.

The C-H COSY spectrum correlated the peak at 1 lO.OSppm to the CH o f  the A-ring. 

The CH=CBr was correlated to the peak at 132.29ppm. The C=CHCO was found at 

I07.l3ppm. The CH groups on the naphthalene moiety were present in the region o f  

I26.03ppm to I27.7lppm.

The overwhelming tendency o f  these compounds to undergo elimination reactions 

over substitution reactions meant that the synthetic approach needed to be modified. 

It was assumed that functionalisation o f  the benzylic position in the molecule would 

hamper this tendency towards elimination.
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4.5 Test Studies on a Benzylic Oxygen Analogue

An analogue with an oxygen atom in the benzylic position (4.12) was synthesised 

following a procedure developed by Shah et al (Shah 2002). Tubulin binding studies 

showed a reduction in the iCso from 1.05jj.m to 3.12|.im for this modification. As 

such, this compound was deemed worthy o f study as the effect o f any changes to the 

B-ring could be readily quantified. Moreover, it was hoped that the oxygen atom in 

the benzylic position would block the conjugation in the molecule, thereby facilitating 

substitution reactions over elimination.

4.5.1 Bromination of (4.12)

The bromination o f (4.12) was in itia lly carried out using the dibromoester derivative 

o f Meldrum’s acid. The approach proved to be quite sluggish. Three equivalents o f 

the brominating reagent were required to effect the transformation, which was 

complete within five hours. Analysis by TLC indicated that more than one compound 

was present in the reaction mixture, suggesting that a small amount o f di-substitution 

may have occurred.

The bromination o f (4.12) was then repeated using PTAB in ethyl acetate. A catalytic 

amount o f H2SO4 was added to promote the transformation. The reaction was found 

to have gone to completion within ninety minutes and the mono-brominated 

derivative was obtained in quantitative yield.

PTAB, H2SO4

EtOAc, RT

(4 .1 2 ) (4 .1 3 )

Scheme 4.05
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4.5.2. Structural determination o f  (4.13)

The IR spectrum indicated the presence o f  a bromine at 838.9 ''cm  in (4 . 13). The 

carbonyl group was present as a sharp peak, dominating the spectrum at I726.0 ''cm .

'H  NM R

J
€ . 9  6 . 8  6 . 7  6 . 6  6 . 5  6 . 4

(ppm )

- iL I
6 . 5

Fig.4.16: 'H NMR spectrum o f  (4.13)

The /BDMSi ether was present as two singlets at 0.18 and 1.01 ppm, for the two 

methyl groups and the /^r/-butyl group respectively. The four methoxy groups were 

present at 3.65, 3.89, 4.0! and 4.03ppm. The aromatic region integrated for a total o f  

six protons.

The singlet at 6.39ppm was attributed to the proton on the A-ring. The doublet 

(J=1.5Hz) at 6.44ppm was considered to be the CHBr and the C=CH was found to be 

the doublet (J=1.5Hz) at 6.73ppm. The protons on the C-ring were present in the 

region o f  6.87 to 6.96ppm, which integrated for three protons.

The '^C N M R  spectrum confirmed the presence o f  the /BDMSi ether with peaks at -  

4.59, 18.41 and 25.63ppm. The four methoxy groups were present at 55.39, 55.96, 

61.12 and 61.72ppm. The DEPT 90 spectrum showed the presence o f  six CH groups 

within the molecule: the CHBr at 86.34ppm, the A-ring CH at 110.26ppm, the three

4 . 0 3 . 5

(ppm )

j U ' -
1 . 5 1 .0
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C-ring protons at 111.32, 121.81 and 123.18ppm and the C=CH at 125.74ppm. The 

signal for the carbonyl group was present at 190.78ppm.

13 C N M R

1 80  1 60  1 40  12 0  10 0  80  60  40  20  0

DEPT 135

ikJl.
1 80  1 60  1 40  12 0  10 0  80  60  40  2 0  0

DFPT 90

180  160  1 40  120  10 0  80  60  40  20  0

(ppm)

Fif̂ .4. /  7; Carbon NMR spectra o f (4.13)

4.5.3 Azide Substitution o f  (4.13)

The azide substitution was carried out in precisely the same manner as outlined above. 

A complex mixture o f  compounds resulted, with one compound present as the major 

constituent.

NaNs

DMF, RT

0 —Si

( 4 . 13 ) (4 . 14 )

Scheme 4.06
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The m olecule w as separated from the reaction mixture by flash colum n  

chromatography and w as subjected to rigorous scrutiny. U sing a com bination o f  

NM R and IR spectroscopy, in conjunction with m ass spectral analysis, the structure o f  

the novel com pound w as jud iciously  elucidated. An X-ray crystal structure w as then 

used to confirm the structure o f  the m olecule.

4.5.4 Structural Determination of (4.14)

4.5.4.1 N M R  Spectroscopy

The ’H N M R  spectrum indicated the presence o f  the /B D M Si ether with sharp 

singlets resonating at 0.21 and l.02ppm  for 2 x CH3 groups and the C(CH3)3 group, 

respectively. Four m ethoxy groups were present in the m olecule as singlets  

resonating at 3 .76, 3 .92 , 4 .03  and 4.07ppm .

! ' H N M R  ;
I  .  I

6 . 6

{ppm)

7 . 0  6 .
- A -----

£ . 0 3 . 54 . 0

Fig.4.18: 'H  NMR spectrum (4.14)

The aromatic and double bond region integrated for a total o f  five protons. The 

double bond proton C=CH w as present as a singlet at 6.28ppm . The proton on the A - 

ring w as present as a singlet at 6.78ppm . The three protons on the C-ring w ere found 

as a m ultiplet at 6 .97  -  7.05ppm .
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' ^ C N M R

1

-------------------- ------- A

160 140 100 80 60

D E PT  135

, ! .  ,1 J .................................................. 1. 1

40 20 0

j

1

160 140 120 100 80 60

D EPT 90

M l ; 1

40 20 0

1

160 140 120 100 80 60 40 20 0

(ppm)

Fig.4.19: Carbon ISMR spectra fo r  (4.14)

'^C N M R  analysis  revealed a total o f  tw en ty -tw o  carbon  signals. The 2 x CH3 groups 

o f  the /B D M Si e ther were present at -4 .9 8 p p m . The C (C I l 3 )3  g roup w as observed  as 

quaternary  carbon at I7 .99ppm  for the C(CH3)3 carbon  and as a tall CH3 peak for the 

three C (C H 3 )3  carbons. The four m ethoxy groups w ere  found resonating  at 55.04, 

55.81, 61 .07 and 6 l .4 6 p p m . The D E P T  90 confirm ed  the presence  o f  five CH 

protons in the a rom atic  region. The A-ring proton w as  observed at I02 .82ppm . The 

three C-ring protons were found to be resonating  at 111.57, 113.01 and 120.46ppm. 

The double  bond proton w as  observed at I 2 l .5 5 p p m .  A total o f  ten quaternary  

protons were identified in the region betw een 1)4 .14  and 160.36ppm, which 

corresponds well to the proposed structure. T he  carbonyl g roup in the B-ring was 

attributed to the peak  at 160.36ppm. The D E PT  135 c learly  dem onstra ted  the  absence  

o f  any C H 2 signals, thereby giving credence  to the theory  that ring shrinkage  had 

occurred  in the B-ring resulting in a loss o f  the C H 2 .

4.5.3.2 IR Spectroscopy

The IR spectrum  o f  c om pound  (4 . 14) w as found to be quite  misleading. The sharp 

peak dom inating  the spectrum  at 1726.4cm '' confirm ed the presence  o f  the carbonyl
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group in the molecule. Rather ambiguously, a sharp peak was seen at 2105.6cm ', 

which usually corresponds to that o f  an azide. However, the proposed structure did 

not allow for such an assignment. Further studies indicated that trace quantities o f  

NaNs from the reaction mixture might have been responsible for this rogue peak. 

Accordingly, additional studies were needed in order to confirm the structure o f  the 

molecule.

4.5.3.3 Mass Spectrometry

The molecule (4 . 14) was analysed by high resolution mass spectrometry. The 

calculated mass was 473 .1996g/mol, which correlates well to the actual mass of 

473.2012g/mol. The following elemental composition for that peak, (C25H3307Si), 

corresponds to the structure o f  (4 .14) (M+1).

4.5.3.4 X-ray Crystallography

Due to the ambiguity surrounding the IR spectral data o f  (4. 14) it was decided that an 

X-ray crystal structure was needed to unequivocally determine the correct structure 

for the molecule. Crystals were grown by the slow evaporation o f  a concentrated 

solution o f  the compound (methanol/ethyl acetate, 4:1). The resulting crystals were 

examined by microscopy and a large crystal with a flat surface was selected for 

analysis.

The study confirmed the proposed structure for the molecule (4 . 14).
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T

Fig.4.20; X-ray crystal structure o f  (4.14)

4.5.5 Proposed M echanism for the Transform ation

The mechanism by which the transformation o f  (4.13) to (4.14) took place is 

surrounded by much ambiguity and to the best o f  our knowledge, a similar 

transformation has not yet been reported.

Fig.4.2I: Proposed mechanism fo r  the transformation o f  (4.13) to (4.14)

The proposed mechanism for the transformation involves nucleophilic attack by the 

azide ion at the CHBr resulting in substitution o f  the bromide. Loss o f  N2 is followed 

by breakage o f  the carbon oxygen bond. The resultant anion then attacks the carbon o f  

the carbonyl group. The electrons on the oxygen atom move back down to form a 

ketone, resulting in loss o f  the HCN.
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4.6 Tubulin Binding Results

The following molecules (4.06, 4.08, 4.09 and 4.15) were selected for from the above 

compounds for testing against a standard tubulin-binding assay. The choice was 

made based on the inherent stability o f  these compounds. Moreover, the bromo- 

analogues, namely (4.02, 4.05, 4.07, 4.11 and 4.13) showed rapid degradation at room 

temperature. So much so, that data on these compounds had to be compiled as 

quickly as possible and in certain cases was not totally feasible.

4.6.1 Tubulin Binding Data for (4.06)

Inhibition of T ubulin  Po lym erisa tion  V Log C o n cen tra tio n  (4.06)

100

90-

70-c
.2
A 60-

50-Q)

40-c
u
o
Q. 30-

20 -

10-

1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Log Concentration (mg/mJ)

Graph 4 .1: Percentage inhibition o f  tubulin polymerisation versus log concentration (4.06)

The results o f  the tubulin binding study gave an I C 50  value o f  2 .  l)j.M (R^=0.9794) for 

compound (4.06).
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4.6.2 Tubulin Binding Data for (4.08)

Inhibition of Tubulin Polymerisation V Log Concentration (4.08)

100 i

75-

-so-0>
O)
(0

4>
Q.

25-

1.50 -1.25 -1.00 -0.75 -0,50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Log Concentration (mg/ml)

Graph 4.2: Percentage inh ib ition o f  tubulin polymerisation versus iog concentration (4.OH)

The results o f the tubulin binding study gave an IC50 value o f l7.8f.iM (R^=0.9997) 

for compound (4.08).

4.6.3 Tubulin Binding Data for (4.09)

Inhibition of Tubulin Polymerisation V Log Concentration (4.09)

100

90

80

c
.2

60-

50-0O)re
c0)o
o
Q.

40-

30'

20

10 -

1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0,75 1.00 1.25 1.50
Log Concentration (mg/ml)

Graph 4 3 : Percentage inh ib ition o f  tubulin polymerisation versus concentration (4.09)
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The results o f the tubulin-binding study for (4.09) gave an IC50 value o f 6.2fo.M 

(R^=0.9582).

4.6.4 Tubulin Binding Data for (4.15)

The phenol o f the neoflavonoid compound (4.14) was deprotected using IM  TBAF in 

THF at room temperature to yield (4.15) quantitatively.

TBAF

THF, RT

OH

(4.14) (4.15)

Scheme 4.07

Inhibition o f Tubu lin  P olym erisation V Log C oncentration (4.15)

125

100-

Co£ 75-
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O)
<0
c
0>o

50-

0>o.

25-

1 50 -1.25 -1 00 -0.75 -0.50 -0.25 0.00 0.25 0,50 0.75 1 00 1.25 1.50
Log Concentration (mg/ml)

Graph 4.4: Percentage inhibition o f  tubulin polymerisation versus log concentration (4.15)
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The results o f  the tubulin binding study for (4.15) gave an IC50 value o f  0.2)iM 

(R^=0.9975) thereby making this compound the most active inhibitor o f  tubulin 

polymerisation synthesised within the group to date.



4.7 Conclusions

The overall aim o f  this study was to develop a synthetic strategy to incorporate new 

functional groups into the B-ring o f  the lead compound (2.03). Substitution o f  the fi

ring was largely unexplolted, yet it represented a position in the molecule which 

greatly affected the latter’s tubulin-binding activity.

The first step in the synthetic plan was to selectively brominate the C-6 position alpha 

to the carbonyl moiety. For the precursor to the lead compound (2.18) the mono- 

bromination was achieved successfully using 5,5-dibromo-2,2-dimethyl-4,6-dioxo- 

1,3-dioxane. For the naphthalene analogues the same brominating conditions 

produced a mixture o f  both mono- and di-brominated products. Interestingly, for the 

benzylic oxygen analogue (4.12), PTAB, a more aggressive brominating reagent, 

seemed to effect the desired bromination reaction more readily than 5,5-dibromo-2,2- 

dimethyl-4,6-dioxo-l,3-dioxane. In the case o f  both (2.18) and (4.12) mono- 

bromination alpha to the carbonyl group was successfully achieved in the presence o f  

a double bond and aromatic CH groups.

The stability o f  the resulting mono- and di-brominated compounds was such that 

characterisation was made difficult and storage utterly impossible. The substitution 

reactions with NaNs had, in most cases, to be carried out immediately. The results o f  

these reactions yielded very interesting, if  undesirable compounds. The use o f  NaNs 

as an agent for the selective deprotection o f  phenolic /BDMSi ethers was 

demonstrated. This transformation is both mild and high yielding, thereby warranting 

further investigation as a novel deprotection method. Its usefulness is observed in the 

selective deprotection o f  a phenolic /BDMSi ether in the presence o f  a /BDPSi ether 

(Chapter 5).

The effect o f  increased saturation in the B-ring was examined with compound (4.06). 

The activity o f  the molecule was robust to the additional double bond (2.1|aM V 

1.05(iM). This small loss o f  activity may be a trade o f f  for increased stability in the 

molecule and studies to this end are warranted.
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T he results o f  the tubulin b inding study gave an IC 50 value o f  17.8)j.M for com pound  

(4 .08). T he lead com pound  (2 .02) has an  IC50  value o f  1.1 juM, thereby indicating that 

the naphthalene C-ring is a poor surrogate  for the m ethoxy  phenol C-ring present in 

the lead com pound . The results o f  the tubu lin-b inding  study for (4 .09) gave an IC50 

value o f  6.2|^M. The lead com pound  (2 .03) has an IC 50 o f  1.05|aM. This  result again 

dem onstra ted  that the naphthalene  m oie ty  resulted in lower activity than the m ethoxy 

phenol C-ring. M ore importantly , it confirm ed  the signif icance  o f  the C -7  carbonyl 

g roup com pared  to the hydroxy  analogue. This  result w as perhaps not as evident 

w hen the activities o f  (2 .02) and (2 .03) w ere  com pared  directly (1.1 ja.M V 1 ,05|liM).

C om pound  (4 .15) dem onstra ted  excellen t inhibition o f  tubulin  polym erisation . Ring 

shrinkage and loss o f  the C - 6  C H 2 resulted  in an increase in tubulin  b inding  activity 

from 3.l |.iM for (4 .12) (C-ring phenol depro tec ted) to  0.2|aM for (4 .15). Interestingly, 

s ince our d iscovery  the synthesis  and biological evaluation o f  4-ary lcoum arin  

analogues o f  com bre tas ta tins  has been reported(Bailly , Bal et al. 2003). The  

transform ation o f  (4 .13) to (4 .14) to the best o f  our know ledge represents  a new 

synthetic  route to neotlavonoid  type structures and as such w arrants further 

investigation. The transform ation occurs  rapidly, under mild reaction conditions and 

m ay have application  in other synthetic transform ations.
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CHAPTER 5



5.0 Introduction

The concept o f  a dual inhibitory com pound  w as  first exam ined  in the doctoral thesis  

o f  Dr E. M cC orm ack  (M cC orm ack  2002). The construc t involved linking a peptide 

chain with A PN  inhibitory activity  to a tubulin  inhibitor in an a ttem pt to crea te  a drug 

m olecule  with tw o different yet com plim entary  m ech an ism s  o f  action.

The underlying principles behind this novel approach  were  threefold. First, it w as 

hoped that this tw o-pronged  attack would  lessen the  extent to which m ulti-drug 

resistance occurs. As is evidenced  by the w idespread  clinical use o f  com bination  

chem otherapy , the use o f  drugs with w ide  and varying cellular targets  can delay or 

even prevent the specific m echan ism s o f  resis tance  (G ilm an 1996). Second, the 

peptide chain, due to its inherent hydrophilic  nature, w ould  provide a platform  on 

which to deliver  a small drug m olecule  with co m prom ised  bioavailability. Third, it 

has been suggested  that the A H PA  m o t i f  present in peptidic  APN inhibitors, m ay  act 

as a tum our hom ing device, delivering the tubulin  inhibitors to areas in the  body rich 

in APN , such as the sites o f  solid tum ours  (Pasqualin i,  Koivunen et al. 2000).

5.1 R eview  o f  M odel Studies

In the model studies colch ic ine  (5.01) w as used as the tubulin-b inding  agent o f  

choice. Although the com pound  is far too toxic for use as a cancer chem otherapeu tic  

agent, it d isplays classical inhibition o f  tubulin  po lym erisation  (A itkhozhina, 

Esbolaev et al. 1996; G elm i, Mottedelli  et al. 1999; N guyen, M cG rath  et al. 2005). 

The com pound  is both cheap  and readily  available. M oreover, N -deacety lco lch ic ine  

(5.02) possesses  an am ine  functionality  to which peptides  could be attached via direct 

am ide  coupling.

( 5 .01) (5 .02 )
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O ne  consequence  o f  the direct am ide  coupling  m ethodology  was the loss o f  the 

carboxyl functionality  necessary  for APN inhibition (See SA R, chap ter  1). To 

overcom e th is  problem an appropriate  d icarboxylic  acid linker m olecule  w as used to 

couple  colch ic ine  to the A PN  inhibitor. T hereby  affording a m eans o f  a ttaching the 

two drug m olecu les  together and providing the carboxyl functionality  necessary  for 

APN inhibition. T w o  d icarboxylic-L-am ino  acids, aspartic  (Asp) and g lutam ic (Glu) 

and the unnatural,  D, L -am inoadip ic  acid (A A ) w ere  chosen  as cand ida te  linker 

m olecules. T hese  am ino  acids have m ethylene  chain lengths o f  one, two, and three, 

respectively.

Each o f  the three linker m olecu les  were used to  coup le  colch ic ine  to  A H P A , using 

standard  peptide  coupling  m ethodology. T he  m odel dual inhibitory co m p o u n d s  were  

then tested against a standard  tubulin b inding assay (Shelanski, G ask in  et al. 1973) 

(C hapter  6). A direct structure activity re lationship betw een  the chain length o f  the 

linker m olecule  and the inhibition o f  tubulin  polym erisation  w as observed. 

C o m p o u n d s  with aspartyl residues d isplayed h igher po tencies than the glu tam yl and 

am ino  adipic  counterparts .

As part o f  these studies a nu m b er  o f  bestatin, phebestin  and probestin  analogues were  

synthesised  and tested for their APN inhibitory activity, which w as de term ined  by 

m easuring  the hydrolysis  o f  the chrom ogen ic  substrate  Leu-pN A  in a s tandard  UV 

absorbance  assay  (M elz ig  and B orm ann 1998) (C hap ter  6). Variation o f  the a - a m in o  

acid to  A H P A  and the  e ffec t o f  the linker m olecule  w ere  exam ined , in particular. O f  

the phebestin  and probestin  derivatives, those with the natural a - a m in o  acid substra tes  

exhibited  slightly grea ter  A PN  inhibition. The addition o f  the A sp  linker m olecule  

did not adverse ly  affect the activity  o f  these  analogues. However, within the bestatin 

series, addition o f  the A sp  residue appeared to enhance  activity, w ith the Val and lie 

analogues show ing  better activity  than the parent com pound .

Final dual inhibitory com pounds  o f  the colchic ine-besta tin , co lch ic ine-phebestin  and 

colch ic ine-probestin  m oie ties  w ere  assayed for inhibition o f  tubulin  polym erisation . 

In general,  com pounds  d isp lay ing  short chain lengths and low electron charge (that is, 

with the am ino  and carboxyl functionalities  still p rotected) exhibited  greater tubulin
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b in d in g  ac tiv i ty .  T h e  c o ic h ic in e -b e s ta t in  a n a lo g u e s  m a in ta in e d  e x c e l le n t  inh ib i t ion  o f  

tub u lin  p o ly m e r is a t io n  ( IT P )  ac t iv i ty  w h e n  c o m p a r e d  to  co lch ic in e .

Fif’.S .I: Bestatin, Phehestin and Prohestin, respectively

D ual in h ib i to ry  c o lc h ic in e -p h e b e s t in  c o m p o u n d s  s h o w e d  d e c re a s e d  IT P  ac tiv i ty ,  

w h ic h  w a s  a t t r ib u te d  to  an  in c re ase d  s te r ic  h in d r a n c e  at the  tu b u l in -b in d in g  site.  

F o l lo w in g  th is  t r e n d  th e  c o lc h ic in e -p ro b e s t in  d e r iv a t iv e s  d e m o n s t r a te d  n eg l ig ib le  ITP  

ac tiv i ty .  T h e r e b y  g iv in g  c re d e n c e  to  the  n o t io n  th a t  s te r ic  h in d ra n c e  at the  ac t iv e  s ite 

w a s  r e s p o n s ib le  fo r  the  re d u c e d  ac tiv i ty .  M o r e o v e r ,  th e  r ig id ity  o f  the  P ro -P ro  m o t i f  

in th e se  a n a lo g u e s  m a y  h av e  p re v e n te d  th e  m o le c u le  a d o p t in g  th e  fav o u red  

c o n f o r m a t io n  at th e  ac t iv e  site.

E x a m in a t io n  o f  A P N  in h ib i to ry  a s sa y  re su l t s  c o n c lu d e d  th a t  the  se r ie s  o f  a c t iv i ty  w a s  

o f  th e  o rd er ;  c o l c h ic in e -p r o b e s t in > c o lc h ic in e - p h e b e s t in > c o lc h ic in e -b e s ta t in > b e s ta t in .  

S ig n if ica n t ly  th e  c o ic h ic in e -b e s ta t in  a n a lo g u e s  s h o w e d  in c re ase d  A P N  ac t iv i ty ,  w ith  

IC50 v a lu e s  f rom  f iv e  to  fo u r te en  t im e s  g re a te r  th a n  th e  p a re n t  m o le c u le ,  bes ta t in .

A n a ly s is  o f  the  c o m b in e d  ITP  an d  A P N  a c t iv i t ie s  c o n c lu d e d  th e  su c c e s s fu l  sy n th e s is  

o f  a c la s s  o f  n o v e l  d u a l - in h ib i to ry  c o m p o u n d s .  T h e  c o ic h ic in e -b e s ta t in  a n a lo g u e s  

ex h ib i te d  e q u ip o te n t  ITP ac t iv i ty  to  th e  m o d e l  a n t i -m i to t i c  c o m p o u n d  c o lc h ic in e  and
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excellen t A PN  inhibition, s ignificantly  better than the parent drug, bestatin 

(M cC o rm ack  2002).

5.2 S y n th e t ic  S t r a te g y

It w as hoped that this novel dual inhibitor approach  could  be incorporated into the 

lead m olecu le  (2.02) in an a t tem p t to integrate A PN  inhibitory activity  into an already 

hugely potent inhibitor o f  tubulin  polym erisation  and anti-angiogenic  m olecule.

Firstly, it w as  decided  that the bestatin ana logues  w ould  be chosen  as the c lass o f  

A PN inhibitors to  be used in the study. The decis ion w as based on the la tte r’s 

excellen t A PN  inhibition in accordance  with their  ability  to m aintain  the activity  o f  

the tubulin inhibitor to which they are attached.

The second issue that needed to be addressed  w as the position on the m olecu le  at 

w hich the peptidic APN inhibitor should  be attached. It w as decided  that the peptides  

would  be attached at the C-7 position on the m olecule  (2.02). Q S A R  studies indicated 

that m anipulation  o f  this position greatly  altered the resulting tubulin binding activity. 

It w as hoped that a t tachm en t o f  the peptide chain would  negate  the activity  o f  (2.02) 

until such tim e as c leavage occurred. M oreover, it has been suggested  that certain 

peptides, with an A PN  binding motif, m ay act as tum our-hom ing  agents, d irec ting  an 

active drug m olecule  to areas  that are rich in A m inopep tidase  N (Pasqualini,  

K oivunen et al. 2000). H ence it was hoped that these  dual inhibitory com pounds  

w ould rem ain  intact until they reached an area  in the body rich in A PN  (nam ely , a 

tum our site undergoing  angiogenesis),  c leavage w ould  occur  at the site and the active 

inhibitor o f  tubulin  polym erisation  w ould be liberated.

T he phenolic  hydroxyl g roup on (2.02) w as also considered  as a potential site for the 

a ttachm ent o f  the A P N  inhibitory peptides. M anipula tion  o f  this functionality  also 

influenced activity  in the molecule . A lthough not fully explored in this project, the 

m ethod  by which selectivity  can be attained be tw een  the tw o alcohol functionalities  is 

d iscussed  within th is  chap te r  (section 5.6).
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OH

OH

(2.02) Arrows indicate potential sites for linkage of peptides

The third issue that needed to be addressed was how the peptidic APN inhibitor 

should be attached to the tubulin-binding agent. The alcohol moiety at the C-7 

position provides a convenient means by which an ester linkage could attach the 

peptide chain. However, a potential d ifficu lty  was anticipated, follow ing attachment 

o f the peptide chain, the conditions employed to hydrolyse the methyl ester o f Asp to 

yield the free carboxylic acid would also hydrolyse the acyl ester linkage, thereby 

liberating the APN inhibitor from (2.02). Alternatively, an amine at this position, 

would allow the peptide chain to be attached via an amide linkage, which would 

overcome the aforementioned intricacy. Accordingly, a procedure was developed to 

introduce an amino functionality in to the C-7 position o f (2.02). The tubulin-binding 

potential o f  the new molecule was assessed and APN inhibitory peptides were 

attached.

5.3 Synthesis of the APN Inhibitory Peptides

The peptides were prepared using solution phase peptide coupling methodology. The 

use o f two alternative coupling reagents was explored. The amino acids were firstly 

coupled using DCC as a coupling reagent and 1-hydroxybenzotriazole (HOBt) for 

anchimeric assistance to suppress racemization.
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Y.0 o

O-acylisourea

N; .0
H

R'C02H R^NH.

DCC
Peptide via HOBt 
interm ediate

OH

■N^

Anchimeric assistance

Fig 5.2: D C C  peptide coupling with H O Bt anchim eric assistance

The coupling  reaction betw een A sp  and He proceeded  well w ith in  tw o  hours and a 

good yield (84% ) w as obtained. The presence o f  H O B t in the reaction m ix ture  failed 

to totally suppress  racem ization  o f  the d ipeptide. Th is  w as seen as a doub ling  o f  

peaks in the  N M R  spectral da ta  (Fig. 5.3). In addition, a difficulty arose  in separa ting  

the d ipeptide from a byproduct o f  the reaction, nam ely  d icyclohexyl urea (D C U ). An 

a lternative approach  for coup ling  the peptides w as sought.

180 160 140 120 100 80 60 40 20
(ppm)

C N M R

1 . I I \

Fig. 5.3:  ̂ IWMR spectrum  o f  Asp-Leu dipeptide coupled via D CC  and HOBt
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Bis(2-oxo-3-oxazolidinyl)phosphinic Chloride (BOP-CI) is a coupling reagent 

initially exploited for the synthesis o f  N-alkylated peptides (Li and Xu 2000). The 

reagent has utility in both solution and solid phase synthesis. Most notable is the 

ability o f  the coupling reagent to suppress racemization, with racemization o f  less 

than 0.2% having been reported. Numerous bases have been used with the reagent, 

but triethylamine and N',  jV’-diisopropylethylamine have provided the purest 

dipeptides, when used at 0-5“C (Tung and Rich 1985; Le, Gallard et al. 1996; Li and 

Xu 2000).

13C N M R

170 160 ISO 140 130 120 110 100 90 80 70 50 50 40 30 20 10
(ppm)

Fig 5.4: ■ C  NM R spectrum o f  Asp-Leu dipeptide coupled using BOP-CI

The aspartic acid residue (Asp) was procured as the N-BOC protected benzyl ester

(5 .03). The free carboxylic acid group was coupled to methanol using BOP-CI as 

coupling reagent, in the presence o f  triethylamine. The corresponding methyl ester

(5.04) was obtained in good yield (73%) (Scheme 5.01).
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'OH
MeOH, EtjN, 
BOP-CINH NH

DCM, 0“C

(5.03) (5.04)

Scheme 5.01

Subsequent, removal o f  the N-BOC group using 50% TFA in DCM yielded the TFA 

salt o f  the amino acid quantitatively. The Asp residue was then coupled to the N- 

BOC protected He, Leu and Val amino acid residues respectively (Scheme 5.02). 

NMR spectral studies o f  the three dipeptides prepared indicated that racemization had 

not occurred in any o f  the coupling reactions. The TFA salts of the dipeptides were 

prepared as before.

(5.05) R = CH(CH3)C2H5

(5.06) R = CH2CH(CH3)2

(5.07) R = CH(CH3)2

R NHa'CFaCOO-

Scheme 5.02

The AHPA residue was synthesised in house according to Umezawa et al 

(McCormack 2002). The resulting diastereomers o f  the benzyl ester (5.08) were 

separated by flash column chromatography. The free acid (5.09) was generated by 

palladium-catalysed hydrogenolysis o f  the benzyl group under neutral reaction 

conditions (Scheme 5.03).
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OHOH

.OH
10%  Pd/C ,  H2

NHNH

EtOH
EtOAc

(5 .0 8) (5 .0 9 )

Schem e 5.03

The acid was then activated as a pentatluorophenyl ester (5.10) and was coupled to 

the dipeptide (5.06) in the presence o f  a tertiary base. The Asp-Leu residue was 

selected for attachment to the tubulin-binding molecule (5.35) such that the results o f  

the APN inhibitory studies could be compared directly to that o f  bestatin.

The benzyl group o f  the resulting tripeptides was removed by hydrogenolysis and the 

free carboxylic acid was activated as a pentafluorophenyl ester (Scheme 5.04).

F

F

F HN
HN

HO,

'NH OH
2 )1 0%  Pd /C , H 2 

EtOH, EtOA c

3) PF P,  D C C
(5 .1 0 ) (5 .1 1 )

Schem e 5.04

The amino acid chain was then ready to be coupled to the amino group o f  the suitably 

modified tubulin-binding molecule (5.35).

In order to be able to assess the effects o f  the aspartic acid linker molecule on both the 

tubulin binding activity and APN inhibitory ability o f  the new molecules it was 

decided that the dipeptide Leu-AHPA (bestatin) would be attached directly to the 

tubulin binding molecule.

129



Bestatin w as procured com m erc ia l ly  and the free am in o  group w as BOC protected 

(5.12). T h is  w as achieved  by treatm ent o f  the m olecu le  with d i-/er/-bu ty l d icarbonate  

in a m ixture  o f  /-butanol and 2 .5M  aq. N aO H . The reaction occurred  sm ooth ly  and 

quantita tively  overnight. The  acid group w as  then activa ted  as  a PFP ester  under the 

conditions  previously  described to yield (5 .13) (S ch em e  5.05), w hich  w as ready to be 

coupled  to the am ine  o f  the tubulin-b ind ing  m olecule  (5.35).

5.4 Introduction o f  the A m ino  Functionality  into (2 .02)

Several a ttem pts  to introduce the am ino  functionality  into the C -7  position o f  (2 .02) 

were made. Each one based on a particular point in the synthetic  sequence  at which 

to incorporate  the new  functional group.

5.4.1 Introduction o f  the A zido Functionality  into (2.17)

T he  first approach involved tak ing  the w hole  m o lecu le  (2 .17) with the phenolic  

hydroxyl protected as a silyl ether. It was hoped  that by activa ting  the C-7 alcohol as 

a mesylate , substitution by an azide ion w ould  occur  readily. T he  alcohol was treated 

with m ethane  sulphonylch loride  in the presence  o f  A^, A^-diisopropyle thylam ine  to 

furnish the m esylate  quantitatively. The m esyla te  w as  reacted with sodium azide in 

D M F at room tem perature  (Schem e 5.06). U nder  the cond itions  em ployed  

e lim ination occurred  over the desired  substitution reaction. T hereby  yie ld ing  the 

m ore  stabile  conjugated  product (5.15).

F

(5 . 12 ) ( 5 . 13)

Schem e 5.05

130



OH Methane 
sulphonyl 
chloride 
DIEA

DCM, RT DMF, RT

(2 .17 ) (5 .14 ) (5 .15 )

Scheme 5.06

Although Lewis acids are more commonly employed in electrophilic aromatic 

substitution reactions the use o f  boron trifluo ride  diethyl etherate (BF3 0 (E t)2) fo r the 

direct substitution o f  an alcohol functiona lity by an azide ion has been reported 

(Kumar, Reddy et al. 1998). The alcohol (2.17) was treated w ith  BF3 0(Et)2 and 

N aN j in anhydrous dioxane at SO^C. Follow ing work-up and purification it was 

apparent that e lim ination had occurred. The reaction was repeated at a lower 

temperature (ambient) and a m ix o f  substituted and elim inated products resulted. 

Again the reaction was repeated (0‘*C), however at this temperature the dioxane was 

present in a solid state and the reaction proceeded at a sluggish rate. Hence it was 

concluded that selectivity between substitution and elim ination reactions could not be 

obtained by altering the reaction temperature. In addition, to complicate matters, the 

presence o f  the azide ion in the reaction m ixture led to deprotection o f  the phenolic 

s ily l ether. Accordingly a new approach to the introduction o f  the amine functionality 

was sought.

5.4.2 Introduction of the Azido Functionality into (2.12)

The alcohol moiety o f  (2.12) was converted to a mesylate under the conditions 

outlined above. A fte r one hour, the starting alcohol had been consumed as judged by 

TLC  and tw o products were obtained namely the desired mesylate (5.16) (30%) and 

an enone (5.17) (70%) (Scheme 5.07).
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+

(5 .17 )

Methane 
sulphonyl 
chloride 

OH DIEA o—;

DCM, RT

(2 . 12 ) (5 .16 )

Scheme 5.07

The mesylate was treated with NaNs in DMF at room temperature. The reaction was 

left stirring overnight and upon analysis by TLC two products o f similar /?/were 

found to have formed. One was attributed to the enone (5.17) and the other to the 

desired azide substituted compound. IR analysis indicated the presence o f a sharp 

azide peak in the reaction mixture. The similar polarities o f the two products 

precluded their separation by flash column chromatography. To overcome this 

problem the mixture o f enone and azide was subjected to neutral palladium catalysed 

hydrogenation conditions. As expected the double bond o f the enone was reduced 

and the azide was reduced to the corresponding amine, the presence o f which was 

confirmed by the positive reaction o f the baseline spot with ninhydrin on I ’LC.

Although this synthetic route successfully produced the desired amine, the 

overwhelming tendency o f the molecule towards elimination reactions greatly 

affected its overall yield. This propensity was attributed to the level o f conjugation in 

the molecule and so it was decided to block this effect by reducing the carbonyl group 

to an alcohol functionality until such a time as the azido group had been incorporated 

into the molecule.

5.4.3 Introduction of the Azido Functionality into (2.11)

The carbonyl group o f (2.11) was reduced with NaBH4 to the corresponding alcohol 

(5.18) w ithin one hour (92% yield) (Scheme 5.08).
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■o— Si O—Si
IMeOH

HO
(5 .18 )

Scheme 5.08

The free alcohol group was then protected as an acyl ester. This conversion was 

effected using acetic anhydride in the presence o f DMAP and N", N '- 

diisopropylethylamine. The acetate (5.19) was obtained quantitatively. Deprotection 

o f the silyl ether occurred smoothly within six hours using IM  TBAF and the free 

alcohol (5.20) was obtained quantitatively (Scheme 5.09). Despite the circuitous 

route taken, an effective means o f obtaining selectivity between the two secondary 

alcohols w ithin the molecule had been obtained.

TBAF
OHO — Si

THF

(5 2 0 )(5 .19 )

Scheme 5.09

The alcohol was activated as a mesylate using the method outlined above. In this case 

no eliminated products were produced and the mesylate (5.21) was afforded 

exclusively (86% following flash column chromatography). Substitution with NaNa 

occurred smoothly at 80°C to yield the desired azide (5.22) (89%) and some unwanted 

alkene (3%) (Scheme 5.10). NMR spectral examination o f the side product indicated 

the loss o f the acetate group and the presence o f an extra double bond. Interestingly, 

the IR spectrum confirmed the presence o f  an azido peak. Elimination had occurred 

in the molecule but in benzylic position with the concomitant loss o f the acetate 

group.
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0 —s —

DMF, 80°C

(5.22)(5.21

Schem e 5.10

Deprotection o f  the acetate group was achieved by treatment with 2.5M aq. NaOH in 

methanol. The conversion was complete within one hour and the benzylic alcohol 

(5.23) was obtained exclusively. Due to the inherent instability o f  benzylic alcohol 

groups and the tendency o f  this molecule to elimination reactions, the product was not 

purified by flash column chromatography nor was it characterised. Instead the 

product was treated with pyridinium dichromate in DMF and oxidised directly to the 

corresponding ketone (5.24) in good yield (89% from the acetate) (Scheme 5.11).

HO
(5.23) (5.24)

Schem e 5.11 

5.4.4 Addition o f the C-ring to the keto azide (5.24)

The desired keto azide (5.24) was achieved in seven steps with an overall yield o f  

63%. The next step in the synthetic route was the addition o f  the C-ring. It was 

hoped that reacting the molecule with the azido group in situ, prior to reduction to the 

amine, would preclude the need for suitable protection o f  the amino group. Two 

separate attempts were made to affect the desired transformation.

5.4.4.1 Organolithium addition o f  the C-ring to (5.24)
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The stability o f  the keto azide led to the idea that the molecule may withstand the 

conditions employed for the organo-lithium addition o f  the C-ring. The protected C- 

ring (2.16) was lithiated using 2.5M nBuLi. The keto azide (5.24) was added to the 

reaction mixture at -78"C. The reaction was allowed stir at this temperature for one 

hour before the temperature was allowed to increase to 0”C. The progress o f  the 

reaction was monitored by TLC. After a total o f  two hours the starting keto azide 

(5.24) had been consumed and multiple products were observed. Infra red analysis o f  

the crude reaction mixture indicated the absence o f  an azide peak. Accordingly the 

products o f  the reaction were not purified or characterised and an alternative means 

for the addition o f  the C-ring was sought.

5.4.4.2 Preparation o f  a trifiate o f  (5.24) and Suzuki coupling

The keto azide (5.24), dissolved in a heterogeneous mixture o f  DCM and N a2C 0 3 , 

was treated with trifiic anhydride at room temperature (Herrera, Martinez-Alvarez et 

al. 2004). The conversion o f  the ketone to the trifiate (5.25) occurred smoothly within 

two hours (Scheme 5.12). Due to the latter's instability the molecule was not 

subjected to NM R characterisation. Instead following purification by fiash column 

chromatography the presence o f  the azide was confirmed by IR analysis, thereby 

indicating elimination o f  the azido group and formation o f  the corresponding alkene 

had not occurred.

The trifiate (5.25) was reacted with a commercially available boronic acid under 

standard Suzuki coupling conditions (Scheme 5 .13). Within one hour the reaction had 

gone to completion with all o f  the trifiate (5.25) consumed. Following purification 

and characterisation o f  the coupled compound it became apparent that loss o f  the 

azide group and elimination to the corresponding diene (5.26) had occurred.

TfzO
N 3 2 C 0 3

Schem e 5.12
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3,4,5-trimethoxy 
benzeneboronic acid, 
K2 CO 3 , Pd(Ph 3 ) 4

B enzene,
EtOH,
W ater

Scheme 5.13

It w as  conc luded  that loss o f  the azide g roup  had occurred  during  coupling to the 

boronic acid, perhaps due  to the presence o f  K 2 C O 3 under refluxing conditions. A 

review  o f  Suzuki coup ling  reactions indicated that an am ino  group with BOC 

protection is stable to  the conditions em ployed  in the Suzuki coup ling  (D iederich  and 

Stang 1998).

5.4.5 Addition o f  the C-ring to the keto amine

5.4.5.1 Preparation o f  the keto am ine

T he az ido  functionality  o f  (5.24) w as reduced to the correspond ing  BO C protected 

am ine  by pa llad ium -catalysed  hydrogenation in the presence  o f  di-/i’r/-butyl 

d icarbonate  (Schem e 5.14). The transform ation  w as  com ple te  within eight hours and 

the keto am ine  (5.27) w as  ob tained in good yield (78% ).

T here  w as  a fear that the  acidic hydrogen a t tached to  the nitrogen o f  the am ino  group 

o f  (5.27) w ould  react to  form a su lphonam ide  in the next step (the form ation o f  the

di-fert-butyl 
dicarbonate, 
10% Pd/C, H;

EtOH,
EtOAc

(5.24) (5.27)

Scheme 5.14

136



triflate). Accordingly, it was decided to protect the amine with two BOC groups. The 

addition o f the second BOC group was affected by treating (5.27) with di-/er/-butyl 

dicarbonate in the presence o f DMAP (W ip f and Kim 1993; Hernandez and Martin 

2004). A fter forty-eight hours and the addition o f two extra equivalents o f both 

reagents the reaction had yielded the desired compound (5.28) (40%) along with 

unreacted starting material (60%) (Scheme 5.15).

di-(ert-butyl
dicarbonate,
DMAP

■NH

(5 .2 7 ) (5 .28 )

Scheme 5.15

5.4.5.2 Formation o f the triflate o f (5.28)

Three separate approaches were made to furnish the desired triflate o f (5.28). The 

llrst approach involved treating the keto amine with tr if lic  anhydride in the presence 

o f Na2C0 3  (Herrera, Martinez-Alvarez et al. 2004) (Scheme 5.16). The reaction was 

carried out at room temperature. The starter was consumed within sixteen hours, two 

main products were isolated and characterised. Under the conditions employed both 

loss o f the N-BOC protected amino group and subsequent elimination occurred 

accounting for one product (5.29) and the forrnation o f  a sulphonamide accounting for 

the second product (5.30).

-NH

DCM

(5 .2 9 ) (5 ,30 )(5 .2 8 )

Scheme 5.16
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The second approach entailed treating the keto amine (5.28) with LDA at - 7 8 “C to 

form the corresponding lithium enolate o f  the ketone. A^-(5-Chloro-2- 

pyridyl)triflimide was added to the reaction mixture to yield a triflate (5.29) (Scheme 

5.17) . The reaction was sluggish and poor yielding (28%). Interestingly, the N M R  

studies on the triflate showed both the presence o f  an extra double bond (indicative o f  

elimination) as well as the two BOC groups. Integration for one o f  the BOC groups 

was a little less than expected (8 V 9) (see Fig 5.5) and so the theory o f  co-elution o f  

the BOC groups with the products was considered. Given the instability o f  triflates 

further investigation by mass spectrometry would give at best dubious results. To 

circumvent this problem, the product was subjected to Suzuki coupling and the 

resulting coupled product (5.31) was then subject to rigorous scrutiny by N M R  

spectroscopy.

-  i) LDA 
ii) /V -(5-chloro- 

2 -pyridy l) 
triflim ide

T H F

/P(5 .2 9 )  X(5 .2 8 )

Scheme 5.17

Given the triflate and the coupled product both have an identical Rf. co-elution o f  the 

BOC group was again possible. The NMR studies indicated that elimination had 

occurred. The product was treated with TBAF to yield the deprotected phenol (5.15), 

thereby increasing its polarity, significantly lowering the Rf. and precluding the 

problem o f  co-elution o f  the BOC groups (Scheme 5.18). The identity o f  the 

deprotected product was confirmed as was the fact that elimination had occurred 

during the formation o f  the triflate.
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Boronic acid (2.38), o  
\  K 2 C O 3 ,  P d ( P h 3 > 4  ^ TBAF

Benzene,
EtOH,
Water

Scheme 5.18

The third approach involved treating the keto amine (5.28) with tr itlic  anhydride in 

the presence o f triethy(amine in DCM (Cakir and Mead 2006). It was hoped that the 

homogeneous solution would help to mop up any tritlic  acid generated during the 

reaction. The reaction was carried out at -7 8 ”C. After sixteen hours o f stirring at this 

temperature, no change in the starting material had occurred.

5.4.5.3 Formation o f the tritlate o f (5.27)

Protection o f the amino functionality with a second BOC group did not confer any 

additional protection. Consequently a base was sought that would convert the ketone 

to the corresponding enolate without effecting the N-BOC amine.

Since the use o f LDA resulted in loss o f the protected amino group and elimination, a 

milder and more selective amide base, namely lithium bis(trimethylsilyl)amide 

(LHMDS) was used to effect the transformation (Keverline, Abraham et al. 1995; 

Oba, Terauchi et al. 1998; Sakamuri, George et al. 2000). LHMDS is a considerably 

weaker base than LDA and is used when a more delicate touch is needed. The ketone 

(5.27) was treated with LHMDS at -68"C for two hours. The triflating reagent A-(5- 

Chloro-2-pyridyl)triflim ide was added to the mixture and the reaction was allowed 

stir at this temperature for an additional sixteen hours. The progress o f the reaction 

was monitored by TLC and was found not to be progressing any further. A single 

product, the desired triflate (5.32) was formed in poor yield (18%). The unreacted 

starting material was recovered (75%). Owing to this poor yield the reaction was 

repeated at a higher temperature, 0°C increasing overtime to ambient. However, this 

modification to the reaction conditions did little  to improve the yield o f (5.32).
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The sluggish reaction times and low yields obtained were attributed to the 

compromised solubility o f  the lithium base, which is known to slowly precipitate 

from THF at low temperature (-20‘*C). In view o f  this the corresponding potassium 

base, KHMDS, was used to affect the transformation (Wegge, Schwarz et al. 2000; 

Kamenecka, Park et al. 2001; van-der-Berg, Korevaar et al. 2002). The base was 

procured as a 0.5M solution in toluene to further aid its solubility. The counter ion 

associated with the amide base plays a role in determining the selectivity o f  the 

reaction; lithium and sodium bases favour C-alkylation, while potassium bases favour 

0-alkylation. All three bases cause complete enolization o f  the carbonyl substrate. 

However, the lithium ion is associated with the oxygen o f  the enolate, accordingly 

sodium and potassium enolates react much faster than the corresponding lithium 

enolate.

The desired triflate was obtained in improved yield (36%) and again any unreacted 

material was recoverable. The reaction was repeated at Ô C and the triflate (5.32) was 

obtained exclusively, in quantitative yield, within three hours (Scheme 5.19).

i) K H M D S
ii) W -(5-C hloro -2- 

pyridyl)triflim ide
NH-NH

T H F

(5 .3 2 )(5 .2 7 )

Scheme 5.19

5.4.5.4 Addition o f  the C-ring to (5.33)

As was expected the addition o f  the C-ring to (5.32) occurred smoothly and in 

quantitative yield (Scheme 5.20). The coupling was affected using standard Suzuki 

coupling conditions. Both the triflate and the coupled product (5.33) had identical Rf. 

on TLC. Hence it was difficult to monitor the progress o f  the reaction. Moreover, 

prolonged reaction times, to ensure complete consumption o f  the triflate, resulted in 

deprotection o f  the phenolic silyl ether on the C-ring. To complicate matters the
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deprotected phenol had an identical Rf. to the boronic acid and so a one-pot 

conversion to the phenol (5.34) was not desirable. Trial and error therefore was 

required to find the optimum reaction time, typically one hour.

■NH

(5 .3 3 )

■NH

Benzene,
EtOH,
Water(5 .32 )

Scheme 5.20

Following purification o f (5.33), deprotection to the corresponding phenol (5.34) 

occurred quantitatively (Scheme 5.21).

TBAFNH ■NH

THF

(5 .3 3 ) (5 .3 4 )

OH

Scheme 5.21

The phenol was treated with 2M. aq. HCl in methanol (1:1) and the mixture was 

subject to gentle heating (~40‘’C) (Scheme 5.22). TLC analysis indicated that 

deprotection had occurred within thirty minutes and reaction with ninhydrin 

confirmed the presence o f  the amine. The methanol and aq. HCl were removed in 

vacuo at a temperature o f SÔ C to afford the HCl salt o f the amine (5.35) 

quantitatively.
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NH
2M aq. HCI

MeOH

(5.34) (5.35)

'OH 'OH

Scheme 5.22

The deprotected compound (5.35) was needed in order to assess the tubulin binding 

activity o f  the new amino analogue, the results o f  which are discussed later (section 

5.7). Moreover, an acidic hydrogen attached to the nitrogen at C-7 was considered 

important for tubulin-binding activity. In order to assess this an acetamido group was 

introduced at this position.

Compound (5.35) was treated with acetic anhydride in the presence o f  triethylamine. 

□M A P was purposefully omitted from the reaction mixture in the hope that the 

phenolic hydroxyl group would not be acetylated. Despite this acetylation occurred 

readily at both the amino and phenolic positions. The resulting molecule was treated 

with 5% methanolic NaHCOs to yield the desired phenol (5.37) within three hours 

(Scheme 5.23).

-NH ■NH

NaHCOj
(5.36) (5.37)

MeOH
'OH

Acetic
anhydride,
EtsN

(5.35)
DCM

'OH
O.\

Scheme 5.23
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5.5 A ttachm ent o f  the A P N  Inhibitory Peptides

A ttachm ent o f  the peptides  to  the am ino  functionality  w as to be achieved by the direct 

coupling  o f  the PFP es te r  o f  the tripeptide (5.11) to the free am ino  group with the aid 

o f  a tertiary base, nam ely  trie thylam ine. in o rder for this to occur smoothly , it was 

necessary  to keep the phenol o f  (5.35) protected.

C om pound  (5.33) w as treated  with a 1:1 m ixture  o f 2 M  aq. HCI and m ethanol. G entle  

heat (~40“C) was applied  to facilitate the rem oval o f  the BOC group (Schem e 5.24). 

Due to the  inherent lipophilic nature o f  the /-B D M Si ether, T H F  w as added  as a co 

solvent. However, even these mild reaction conditions succeeded in rem oving  the t -  

B D M Si phenol-pro tec ting  group.

■NH
2M aq. HCI

MeOH

(5.35)(5.33)

"OH

Schem e 5.24

The PFP ester (5.11) w as reacted w ith (5.35) in the presence o f  tr ie thylam ine. The 

reaction betw een the activated ester  and the am ine  occurred  sm ooth ly  to yield the 

coupled  product w ithout any side reactions occurring with the unprotected  phenol.

OH

HN
HN

OH
'OH

(5.38)
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The methyl ester o f  Asp was removed by treatment with 2 .5M aq. NaOH during the 

reaction work-up to yield the free carboxylic acid (5.38). The amine was then 

deprotected by heating (40'’C) in the presence o f  2M aq. HCI in methanol for thirty 

minutes to yield the HCI salt (5.39).

OH

HN

OH
'OH

( 5 .39 )

In an effort to examine the effects o f  the Asp linker molecule on the tubulin binding 

activity o f  the compounds, the activated Leu-AHPA dipeptide (5.13) was coupled 

directly to the tubulin-binding molecule (5.35) under the reaction conditions 

previously described to yield (5.40). Similarly the BOC protected amine o f  (5.40) 

was treated with 2M aq. HCI in methanol at 40‘’C for thirty minutes to yield the 

corresponding HCI salt (5.41).

HN

OH OH

'OH 'OH

( 5 .4 0 ) ( 5 .41 )

5.6 Selectivity Between the Alcohol M oieties

Two hydroxy functionalities are present on the lead molecule (2.02), a secondary 

alcohol at C-7 and the phenolic C-ring. Rudimentary SAR studies o f  the compounds 

synthesised to date indicated that presence o f  both o f  these hydroxy functionalities 

enhance the tubulin-binding activity o f  the molecule. Moreover, they also provide a
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site on the molecule to which the APN inhibitory peptides could be attached by means 

o f  an ester linkage. Attachment o f  the peptide chains to either o f  these points would, 

in theory create a prodrug that would liberate two active moieties upon cleavage in 

vivo, namely a potent inhibitor o f  tubulin polymerisation (2.02) and an anti- 

angiogenic peptide molecule. Selectivity between these two alcohols was therefore 

desirable, such that the peptides could be attached to each site, respectively and the 

ITP and APN inhibitory activities judiciously studied.

OH

( 2 . 17 )  ( 2 . 3 2 )

Following the original synthesis o f  the lead compound (2.02), the intermediate (2.17) 

readily allows a modification or attachment o f  additional groups to the secondary 

alcohol at C-7. However, manipulation o f  the phenolic hydroxyl is more complicated. 

The improved synthesis o f  (2.02) yielded the di-protected intermediate (2.32). 

Treatment with o f  (2.32) IM TBAF resulted in the deprotection o f  both silyl ether 

groups simultaneously.

The idea o f  using the azide ion to deprotect the /BDPSi ether o f  the phenol came 

following the loss o f  this protecting group when the mesylate (5.14) was undergoing a 

substitution reaction with NaNs in DMF. Similar loss o f  the /BDMSi protecting 

group was also seen following substitution o f  the brominated products with NaNs 

(Chapter 4).
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(5.42) \(2.32)
DMF, 80°C OH

Schem e 5 .25

Trea tm en t o f  (2.32) with N aNs in D M F with heating (80“C) resulted in the selective 

cleavage o f  the phenolic  e ther  (Schem e 5.25). The depro tec tion  w as com ple te  within 

three hours and the product (5.42) was obtained exclusively . A ttachm ent o f  the 

peptides to the phenolic  hydroxyl could be effec ted , w ithout any  interfering side 

reactions with the C -7  hydroxyl. Despite  the fact that the  addition  o f  the peptides  via 

an ester  linkage to these  alcohol groups is the beyond the scope  o f  this project, the 

transform ation  highlights the utility o f  the azide  ion for the selective deprotection  o f  

secondary  a lcohols  and phenols  protected as sim ilar  silyl ethers.

5.7 Tubulin  Binding Activity

T hree  d ifferent g roups o f  m olecu les  were  se lected  too undergo  tubulin b inding 

studies; firstly (5.26) and (5.31) in order to exam ine  the effect o f  the double bond in 

the C 6-7 position. In addition , the effect o f  the three m ethoxy  groups on the C-ring  

needed to  be explored.

"OH

(5.31)(5.26)
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5.7.1 Tubulin  B inding Data for (5.26)

P e rc en tag e  T ubulin Po lym erisa tion  V Log C oncen tra tion  (5.26)
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Graph 5, /; Percentage tubulin polymerisation versus log concentration (5.26)

The results o f  the tubul in binding studies indicated that (5.26) actual ly promoted  the
 ̂ 2

polymerisa tion o f  tubul in in vitro, with an E C 50 o f  O. I5mM (F̂  =0.9998).

5.7.2 Tubulin  B inding Data for (5.31)

Inhibition of Tubulin  Polym erisation  V Log C oncen tra tion  (5.31)

lOOn

90-

80-

c
o

'SA
!e
c

60-

50-
O)
(0

40*c

30-Q.

20-

10-
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Graph 5.2: Percentage inhibition o f  tubulin polymerisation versus log concentration (5.31)
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The results o f the tubulin binding studies gave an IC50 value o f 9.4)uM (R^=0.9979) 

for (5.31).

The second group to be studied included (5.34), (5.35) and (5.37). The effect o f the 

amine at the C-7 position was totally unexplored. Both the BOC (5.34) and 

acetamido (5.37) analogues were studied in an attempt to probe the effect o f C-7 

substitution on tubulin binding.

■NH -NH

OH OH OH

( 5 .34 ) (5 .35 ) (5 .37 )

5.7.3 Tubulin Binding Data for (5.34)

Inhibition o f Tubu lin  Polym erisation V Log C oncentration (5.34)
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Graph 5.3: Percentage inhibition o f tubulin polymerisation versus log concentration (5.34)

The results o f the tubulin binding studies gave an IC50 value o f O.lOmM (R^=0.9853) 

for (5.34).
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5.7.4 Tubulin Binding Data for (5.35)

Inhibition of Tubulin Polymerisation V Log Concentration (5.35)
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Graph 5.4: Percentage in h ib it io n  o f  tub u lin  po lym erisation versus log concentration (5.35)

The results o f  the tubulin binding studies gave an IC 50 value o f  0.30mM (R^=0.985l) 

for (5.35).

5.7.5 Tubulin Binding Data for (5.37)

Inhibition of Tubulin Polymerisation V Log Concentration (5.37)
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Graph 5.5: Percentage in h ib itio n  o f  tub u lin  po lym erisa tion  versus log  concentration (5.37)
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The results o f  the tubulin b inding studies gave an IC50 value o f  l5.4faM (R^=0.9996) 

for (5.37).

The third group included (5.35) attached to the A PN  inhibitory peptides. Tw o 

m olecules  w ere  chosen  to undergo  tubulin-b ind ing  analysis , nam ely  (5.39) and (5.41). 

By selecting  these tw o m olecu les  to undergo tubulin-b inding  studies, it w as hoped 

that the effect o f  the aspartic  acid linker m olecu le  could  be ascerta ined.

5.7.6 Tubulin  B inding Data for (5.39)

Inhibition of Tubulin Polymerisation V Log Concentration (5.39)
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Graph  5 .6; Percentage inhibition o f  tubulin polym erisation versus log concentration (5.39)

The results o f  the tubulin b inding studies gave an IC50 value o f  4 .4 m M  (R^=0.9715) 

for (5.39).

5 .7.7  T ubulin  B inding Data for (5.41)
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Inhibition of Tubulin Polymerisation V Log Concentration (5.41)
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Graph 5. 7: Percentage inh ib ition o f tubulin polymerisation versus log concentration (5.41)

2
The results o f the tubulin binding studies gave an IC 50 value o f 4.1|j.M (R =0.9973) 

for (5.41).

5.8 APN Inhibitory Activity 

5.8.1 APN Inhibitory Data for (5.39)

Inhibition of APN Activity V Log Concentration (5.39)
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Graph 5.8; Percentage inh ib ition o f APN activity versus log concentration (5.39)
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The results o f  the APN inhibitory studies gave an IC50 value o f  55.5^M  (R^=0.9988) 

for (5.39).

5.8.2 A PN  Inhibitory Data for (5.41)

Inhibition o f APN Activity V Log C o ncen tra tion  (5.41)
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Graph 5.9: Percentage inhibition o f  APN activity versus log concentration (5.41)

The results o f  the APN inhibitory studies gave an IC50 value o f  Sl.S^iM (R^=0.9915) 

for (5.41).
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5.9 Conclusions

T h e  a im s  o f  th is  s tu d y  w e r e  th ree fo ld :

1. T o  s y n t h e s i s e  a range o f  e n a n t io m e r ic a l ly  pure p ep t id a l  A P N  inh ib itors .

2. T o  in corp orate  an a m in e  grou p  at th e  C - 7  p o s i t io n  o f  the  lead  m o l e c u le  (2 .0 2 )  

and to  e x a m i n e  the  e f f e c t  o f  th is  fu n c t io n a l  g r o u p  c o n v e r s io n  o n  the  tu b u l in -  

b in d in g  a c t iv i ty  o f  th e  m o le c u le .

3. T o  attach the  A P N  inh ib itors to  th e  ap p ro p r ia te ly  m o d i f i e d  tu b u l in -b in d in g  

m o l e c u le  by  m e a n s  o f  an a m id e  b o n d  and to  a s s e s s  th e  a c t iv i ty  o f  the  

co n stru c t  by  m e a n s  o f  the  in v itro  A P N  and tu b u l in -b in d in g  a s s a y s .

Initial a ttem p ts  to  c o u p le  the  p e p t id e s  u s in g  D C C  and H O B t  fa i led  to  to ta l ly  su p p res s  

ra c em iza t io n  o f  th e  d ip e p t id e s  p ro d u ced .  D e s p i t e  th e  g o o d  y ie ld  o b ta in e d  (8 4 % ) ,  

ra c em iza t io n  w a s  c lea r ly  v is ib l e  in the  '^C N M R  sp e c tr u m  o f  th e  c o m p o u n d  and an  

alternat ive  c o u p l in g  m e th o d  w a s  required . T h is  p r o b le m  w a s  d u ly  a d d r e s s e d  by  u se  

o f  B O P -C I.  T h is  reagent e f f e c t i v e l y  c o u p le d  th e  p e p t id e s  in m o d e ra te  y i e l d s  (2 5  -  

6 1 % ),  w ith o u t  a n y  ra c e m iz a t io n  o f  the  resu l t in g  d ip e p t id e s .  T h e  d e c r e a s e d  y ie ld s  

o b ta in ed  w e r e  ju s t if ied  by the  purity o f  th e  p ro d u c ts  s y n t h e s is e d .  T h e  A U P A  m ot if ,  

a v a i la b le  in h o u se ,  w a s  a c t iv a ted  as  a P F P  e s ter  and c o u p le d  to the  A s p - L e u  d ip ep t id e ,  

a ga in  w ith o u t  an y  r a cem iza t io n .

Incorporat ion  o f  the  a m in o  gro u p  w a s  m et  w ith  a li t t le  m o re  d if f ic u l ty .  S u b st itu t ion  

o f  th e  C -7  a lc o h o l  o f  the  w h o l e  m o l e c u le  ( 2 .1 7 )  w a s  not  f e a s ib le .  F o l l o w i n g  the  

s u c c e s s f u l  m e s y la t io n  o f  ( 2 .1 7 )  the  a t tem p te d  a z id e  su b st itu t ion  reaction  resu lted  in 

e l im in a t io n  and the  fo rm a tio n  o f  a d o u b le  b o n d  in th e  C 6 - 7  p o s i t io n s .  A t te m p ts  to  

su p p r es s  e l im in a t io n  w ith  th e  u se  o f  a  le s s  c o n ju g a te d  m o l e c u le  ( 2 . 1 2 )  w e r e  

u n s u c c e s s fu l .  T o  c ir c u m v e n t  th is  p ro b lem , it w a s  n e c e s s a r y  to  b lo c k  th e  e f f e c t  o f  

c o n ju g a t io n  in th e  m o l e c u le .  T h is  w a s  a c h ie v e d  b y  red u c t io n  o f  th e  C -9  k e to n e  w ith  

N a B H 4 to  th e  c o r r e s p o n d in g  a lc o h o l .  O n c e  th is  fu n c t io n a l i ty  w a s  s u i ta b ly  p rotected  

a s  an a c e ta te  g rou p ,  d e p ro tec t io n ,  m e s y la t io n  and su b s itu t io n  o f  th e  C - 7  a lc o h o l  grou p  

o ccu rred  read ily .  D e s p i t e  the  c ir c u i to u s  route  ta k en  th e  d es ired  k e to  a z id e  ( 5 .2 4 )  w a s  

a c h ie v e d  in s e v e n  s t e p s  w ith  an ov er a ll  y ie ld  o f  6 3 % . F o l l o w i n g  m u c h  trial and error  

the  k e to  a z id e  w a s  r ed u ced  and N - B O C  p ro tec ted .  T h e  c o r r e sp o n d in g  v in y l  tr itlate  

w a s  prepared and the  C -r in g  s u c c e s s f u l ly  a d d ed  b y  S u z u k i  c o u p l in g  m e t h o d o lo g y .
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Two side products, namely (5.26) and (5.31), synthesised along the route to the 

desired compound (5.35), occurred as a result o f  elimination at C6-7. The effect o f  

this additional double bond in the B-ring on the tubulin-binding activity was 

examined.

Interestingly, compound (5.26) actually promoted tubulin polymerisation in vitro. By 

comparing the structure o f  (5.26) to that o f  (5.31) it was ascertained that this promoter 

effect was due to the additional meta-methoxy substituents on the C-ring. The result 

is significant in so far as a combretastatin-like molecule, which causes polymerisation 

has not yet been reported. Although the IC50 value is in the millimolar concentration 

range (0.15mM), the discovery paves the way for research into microtubule stabilising 

compounds, which act at the colchicine-binding site.

The presence o f  the C6-7 double bond in (5.31) decreased its tubulin-binding activity 

compared to (2.02) (IC50 9.4|iM V l . l j iM ),  thereby compounding the importance o f  

the C-7 alcohol functionality.

Following the successful synthesis o f  (5.35), two derivatives, namely (5.34) and 

(5.37) were tested in the tubulin-binding assay. It was hoped that these analogues 

would provide a further insight into the effect o f  C-7 functionalisation. The tubulin- 

binding results for compound (5.35) were disappointing. The effect o f  changing the 

alcohol at C-7 to an amine resulted in a huge loss o f  potency (IC50  l . l jaM  V 

0.30mM). The BOC protected compound (5.34) had a slightly improved activity 

(IC50 0.1 OmM), however it was still in the millimolar concentration range.

(5 .26) (5 .31)
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■NH NH

OH 'OH 'OH

(5 .3 4 ) ( 5 .3 5 ) (5 .3 7 )

The conversion o f the C-7 amine (5.35) to an acetamide (5.37) resulted in a huge 

increase in activity (IC 50 0.30mM V 15.4|liM ). This significant increase in activity 

underlines requirement for acidic hydrogen atoms at the C-7 position for activity.

The tubulin-binding results for the dual inhibitors (5.39) and (5.41) were as expected. 

Compound (5.41), which incorporated the Leu-AHI^A dipeptide, greatly inhibited 

tubulin polymerisation (IC 50 4.l(,ilVI). However, compound (5.39), which 

incorporated the Asp-Leu-AHPA tripeptide, was virtually inactive (IC 50 4.4mM). It 

can therefore be concluded that a shorter peptide chain is necessary in order to 

maintain the tubulin-binding activity o f the parent molecule.

OH

HN

OH

OH
'OH'OH

(5 .39 ) (5 .4 1 )

The results from the APN assay were contrary to what was expected. As a free 

carboxylic acid functionality was deemed requisite for APN inhibitory activity it was 

assumed that the activity o f (5.39) would exceed that o f (5.41). This however was not 

the case, with compound (5.39) having an IC50 o f 55.5)iM and compound (5.41) with 

an IC50 o f  3l.3)aM. The activity o f both compounds was in the micromolar 

concentration
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Hence, it can be concluded that a dual inhibitor, compound (5.41), was successfully 

synthesised. Incorporation o f an APN inhibitory dipeptide actually enhanced the 

tubulin-binding activity o f (5.41) when compared to the parent molecule (5.35) (IC 50 

4 .lf iM  V 0.30mM). The attachment o f a tripeptide to (5.35) resulted in decreased 

tubulin-binding activity (IC 50 4.4mM V 0.30mM). This begs the question as to 

whether the incorporation o f a bulky peptide may result in the formation o f a prodrug. 

Metabolism studies on compound (5.39) to this end are therefore warranted.
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CHAPTER 6



6.0 Biology Experimental

Following synthesis and characterisation, the activity o f  the compounds was assessed 

on the tubulin polymerisation assay and/or the APN inhibitory assay. The compounds 

were dissolved in methanol and evaporated to dryness in order to transpose any 

possible deuterium exchange, which may have occurred in solution with the 

deuterated solvents necessary for N M R spectral studies. The compounds were dried 

in vacuo for several days. lOmg/ml stock solutions in DMSO were prepared o f  the 

compounds and subsequent sequential dilutions were made from this stock solution 

using DMSO affording incrementally adjusted lOmg/ml to 0.05mg/ml solutions for 

assay.

6.1 T ubulin  Extraction and Purification

6.1.1 Materials

2-A^-morpholinoethanesulphonic acid (MES), ethyleneglycol-/>/.v-P-aminoethylether- 

yV-yV-tetra-acetic acid (EGTA), MgCl2.6H20, guanosine triphosphate (GTP, Li salt), 

glycerol, and podophyllotoxin were obtained from Sigma Aldrich. Coyle Meats Ltd., 

Garden Lane, Dublin 8 generously donated porcine heads.

6.1.2 Equipment

A Beckman IJItracentrifuge L8-60M equipped with a Ti 50.5 rotor was used for the 

ultracentrifugation steps.

6.1.3 Buffers and Solutions 

Extraction Buffer (EB 2.5M)

0.25M 2-jV-morpholinoethanesulfonic acid-mono-hydrate 

l.25m M  MgCl2.6H20 

2.5nM EGTA
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The procedure used is modified from Shelanski et al (Shelanski, Gaskin et a). 1973). 

The buffer was prepared with deionised water and the pH o f  the solution was adjusted 

to 6.6 by the drop-wise addition o f  lOM aq. NaOH. The buffer was stored at 4“C 

prior to use.

Extraction Buffer (EB)

The extraction buffer was prepared by the addition o f  300ml o f  deionised water to 

200ml o f  EB 2.5. The pH o f  the resulting solution was adjusted to pH 6.6 by the 

drop-wise addition o f  2 .5M aq. NaOH. The buffer was stored at 4"C prior to use.

Reassembly Buffer (RB)

The reassembly buffer was prepared by the addition o f  300ml o f  glycerol to 200ml o f  

EB 2.5. The buffer was stored at 4°C prior to use.

GTP Solution

A 200mM solution was prepared by the addition o f  108mg o f  the guanosine IJ salt to 

deionised water ( I ml). The solution was prepared directly prior to use and was stored 

on ice.

All buffers and solutions were prepared each morning prior to the extraction 

procedure.

6.1.4 Extraction and Purification

Within thirty minutes o f  slaughter the cerebral tissue was removed from two porcine 

heads. The vascular network covering the brain tissue, in addition to the any bone 

fragments or extraneous material, was judiciously removed using a Teflon® spatula, 

whilst maintaining the temperature o f  the tissue at 0"C. The cleaned cortices were 

then weighed (c .l50g  for two brains) and placed in a blender with 150ml o fE B  (1ml 

o f  EB per g o f  tissue) and minced for thirty seconds. The brain homogenate was then 

poured into a 500ml pre-cooled beaker on ice. The homogenate was centrifuged in a 

pre-cooled rotor (0°C) at 100,000g, at 4°C for forty-five minutes.
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The resulting pellets were discarded. The combined supernatants containing 

depolymerised tubulin were measured (typically 140ml) and the transferred to a 

500ml conical tlask. RB (140ml) equal in volume to the combined supernatants and 

5|al/ml o f GTP solution (TOOjal) were added to the flask. The tlask was covered with 

paratllm® and the resulting solution was incubated at 37"C for thirty minutes. The 

solution containing assembled microtubules was centrifuged in a pre-warmed rotor 

(30“C) at I20,000g, at 30“C for one hour.

The resulting supernatants were discarded. The centrifuge tubes containing the 

pellets, rich in microtubules, were placed on ice. The pellets were transferred to a 

pre-cooled (O^C) homogenisation vessel on ice. The tubes were rinsed with EB 

(12ml) and the buffer was added to the homogenisation vessel. The resultant mixture 

was carefully homogenised with a Tetlon® covered tip for five minutes. The 

homogenisation vessel was covered with parafilm® and was placed on ice for a further 

thirty minutes. The solution was centrifuged in a pre-cooled rotor (0‘'C) at I00,000g 

at 4"C for thirty minutes.

The resulting pellets were discarded. The combined supernatants (14ml) containing 

depolymerised tubulin were measured and carefully poured into a 250ml conical tlask 

with an equal volume of RB (14ml) and 5|al o f GTP solution per ml of supernatant 

(70f.ll). In a separate flask, EB (14ml) equal in volume to the supernatant was
(r )combined with RB (14ml). The two flasks were covered with parafilm and 

incubated at 2T̂ C for thirty minutes. Following incubation, the contents of the two 

conical flasks were combined and GTP solution (140ml, twice the volume initially 

added) was added to the mixture. The solution was centrifuged in a pre-warmed rotor 

(30“C) at 150,000g at 30“C for thirty minutes.

The resulting supernatants were discarded and the pellets, rich in microtubules, were 

harvested as before. The tubulin was transferred to a pre-cooled (0“C) 

homogenisation vessel and the centrifuge tubes were rinsed with EB (10ml). The 

washings were pipetted into the homogenisation vessel. The resultant tubulin solution 

was homogenised with a Teflon® tip, for five minutes. GTP solution (25|il; 2.5|.il per 

ml o f EB used to wash the centrifuge tubes) was pipetted into the homogenisation
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vessel and the so lution was hom ogen ised  for a further thirty seconds. The tubulin 

solution w as then pipetted into I ml a liquo ts  and stored in freezer resistant vials. The  

I ml portions were  snap  frozen in liquid nitrogen and w ere  stored at -8 0 °C .  Tubulin 

stored under these  cond itions  w as found to be viable for six months.

6.2 Tubulin Assembly-Disassembly Assay

6.2.1 Equ ipm ent

A F luostar O ptim a 96 well plate reader equipped  with a therm osta t capability.

6.2.2 Buffers  and Solutions

EB prepared as ou tlined  above.

G T P  solution prepared  as outlined above.

6.2.3 Turb id ity  Reading

The tubulin assem bly  w as fo llowed by observ ing  an increase in optical density  o f  a 

tubulin  solution at 350nm  at 37”C. T yp ica lly  I ml o f  tubulin  solution w as diluted with 

EB (5m l) and G T P  solution (25fil, 5f.il per ml o f  EB added) to the mixture. The 

m ixture  w as vortexed for ten seconds  in o rder to ensure  the hom ogeneity  o f  the 

mixture. lOOjal o f  the resultant solution w as pipetted into a well in the 96 well plate. 

The increase in optical density  o f  the tubulin solution w as m easured  over a time 

course o f  ten m inutes  at 350nm  and 37°C. A difference  in optical density  o f  0.1 to 

0.15 indicated a tubulin  concentra tion  in the range o f  2 to 3 mg/ml respectively. 

Protein concen tra tions h igher o r  low er than this a ffec ted  the sensitivity  o f  the assay. 

Accordingly , ad jus tm ents  w ere  m ade  to the quantity  o f  buffer  added in order to obtain 

a protein concentra tion  within the desired  range.

O nce  the correct concentra tion  w as  obtained, D M S O  (1^1) w as pipetted into three 

wells  in the 96 well plate. Tubulin  solution (lOOjul) w as  subsequently  pipetted into 

each o f  the sam e three wells. T he  plate w as im m edia te ly  incubated at 37“C and was
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subjected  to orbital shaking for five seconds. T he  UV absorption w as  m easured  at 

350nm  over a tim e course o f  ten m inutes. T he  m ax im um  slope o f  the resulting curve 

was m easured. The slope o f  the blank represents  the m ax im um  rate o f  tubulin  

polymerisation.

A01 XI 1

0.3

H 0.25

0.2

015
400 500100 200

1: Increase in optical density o f  a tubulin solution (lOOf^d) and DMSO blank (! fd)

Test com pound  (1 |a1) in D M S O  was pipetted into three wells in the 96 well plate. 

Tubulin solution (100|al) w as subsequently  pipetted into each o f  the sam e three wells. 

The plate was im m ediately  incubated at 37“C and w as  subjected to orbital shaking  for 

five seconds. The UV absorption w as m easured  at 350nm  over  a t im e  course o f  

tw en ty  minutes. T he  m ax im um  slope o f  the resulting  curve w as m easured . The slope 

represents  the m ax im um  rate o f  tubulin  polym erisa tion  when the inhibitory com pound  

is present.

The above procedure w as repeated  for each concentration  o f  test com pound . All test 

c om pounds  w ere  assayed three t im es and the I C 5 0  for each com pound  w as 

determ ined. Podophyllo toxin  w as assayed  a long  side each test com pound  as an 

inhibitory control.
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Fig 6.2: Increase in optical density o f  a tubulin solution (100/ul) and test compound (1 fd) at two 

different concentrations

6.2 .4  Results

The results were analysed using a non-linear regression m odel. Sigm oidal dose  

response curves o f  percentage tubulin polym erisation versus log drug concentration  

(m g/m l) w ere plotted. The percentage tubulin polym erisation for each concentration  

w as determined using the fo llow ing formula.

(mB / m X) X 100 = % Tubulin Polym erisation

Where mB =  the maxim um  slope o f  the D M SO  blank

mX =  the maximum slope o f  the com pound with concentration X

D eviations from normal behaviour were quoted as goodness to fit values (R^), where 

1.0 is a perfect fit to the m odel. The error bars associated with each data point 

represent the standard error o f  the mean (SEM ).

The plots were used to determine the IC50 for each o f  the com pounds tested.
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Inhibition of T ubulin Po lym erisa tion  V Log C oncen tra tion  - 
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Graph 6 .1: Percentage inhihition o f  tubulin polymerisation versus log concentration fo r  

podophyllotoxin

The IC50 obta ined  from the above graph for podophyllo tox in  w as 2.0|aM (R^=0.9999), 

which co rresponds  closely to the literature value (0.6|.iM) (Haar, R osenkranz  et al. 

1996).

6.3 Aminopeptidase N UV Spectrophotometric Assay

6.3.1 M ateria ls

Bestatin, am inopep tidase  M (EC 3.4.11.2, type  IV-S from porcine k idney 

m icrosom es), t,-Leucine-/7-nitroanilide (Leu-/?NA) and A^-[2-hydroxy- 

e thy l]p iperazine-A ^-[2-ethanesulphonic  acid] (H E P E S  buffer) were  purchased  from 

Sigma Aldrich.

6.3.2 E qu ipm ent

A Fluostar O p tim a  96 well plate reader equipped  with a therm osta t capability .

6.3.3 Buffers  and Solutions
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50m M  H EPES B u ffer  

154m M  NaCI

The buffer w as prepared w ith  d eion ised  w ater and the pH o f  the so lu tion  w a s adjusted  

to 7 .4  by the d rop -w ise  addition  o f  2 .5M  aq. N aO H . T he buffer w as stored  at 4"C 

prior to use.

Substrate so lu tion

2nM  L eu-p N A  in H E PE S buffer

E n zym e so lu tion

iin U  am in op ep tid ase M in H EPES buffer 

6 .3 .4  E n zym atic A ssa y

T he A P N  activ ity  w as determ ined  by m easu rin g  the h yd ro lysis  o f  the ch rom ogen ic  

substrate Leu-/?NA in a photom etric a ssay  accord in g  to M elz ig  e l  a l  (M e lz ig  and  

Borm ann 1998). T h e en zy m e substrate L eu-/;N A  (2 m M ) w as d isso lv ed  in H EPES  

buffer. S u b seq u en tly , a liq u ots o f  the substrate so lu tion  (50fal), H EPES buffer (40f.il) 

and test com p oun d  or D M S O  blank (0 .2 |i l)  w ere p ipetted into each  w ell o f  a 96  w ell 

plate. T he reaction w as started by the addition  o f  the en zy m e so lu tion  (IO(.tl) into 

each  w ell. T he u se  o f  a m ulti-ch ann el p ipette exp ed ited  this p rocess. T h e plate w as  

then incubated at 3 7 “C for six ty  m inu tes. S in g le  U V  absorbance readings at 405n m  

w ere su b seq u en tly  taken.

Each concentration  o f  com p oun d  w as a ssayed  in trip licate. A ll a ssa y s  w ere  

perform ed three tim es. Inhibition o f  A P N  activ ity  w as m easured by com p arison  to 

blank con tro ls. T h e IC50  for each  com p oun d  w as com pared  to that o f  bestatin, 

m easured  on the sam e day under the sam e con d ition s.
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6.3.5 Results

The results were analysed using a non-linear regression model. Dose dose-response 

curves were obtained by plotting the percentage APN inhibition versus log o f  the 

compound concentration Deviations from normal behaviour were quoted as

goodness to fit values (R ), where 1.0 is a perfect fit to the model. Subsequently the 

IC50 for each compound tested was determined.

Inhibition of APN Activity V Log C o n cen tra tio n  (Bestatin)
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1.50 -1,25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Log C oncen tration  (mg/ml)

Graph.6.2: Plot o f  APN inhibition (%) versus log concentration o f  bestatin (/iM)

The IC50 obtained from the above graph for bestatin was 25.7)aM (R^=0.9923), which 

corresponds well to the literature value o f  20.7)u.M (Chung, Lee et al. 1996).

6.4 Silica Gel Thin Layer Chrom atography Based APN Assay  

6.4.1 Materials

Bestatin, aminopeptidase M (EC 3.4.11.2, type IV-S from porcine kidney 

microsoines), L-Leucine-/?-nitroanilide (Leu-pNA) and A^-[2-hydroxy-
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ethyl]piperazine-A^-[2-ethanesuiphonic acid] (HEPES buffer) were purchased from 

Sigma Aldrich.

6.4.2 Buffers and Solutions

The buffers and solutions were prepared as for the APN UV spectrophotometrc assay.

6.4.3 TLC Assay

The objective o f this study was to develop a screening method for inhibitors o f  APN 

using silica gel thin layer chromatography (TLC) based upon the well-established UV 

spectrophotometric assay outlined above. Bestatin, a well-known inhibitor o f the 

enzyme was used as a representative compound for the study.

Table 6.1 Parameters Varied to Optimise Aminopeptidase N TLC Screening

Variable Parameter Range Optimum

Concentration of Inhibitor Bestatin (ng) 50 - 10,000 100 *
Concentration of Substrate Leu-p-Nitroanilide (mM) 1 -6 4
Concentration of Enzyme Aminopeptidase IVI (U/ml) 1 -3 3*

Temperature Degrees Celsius 22 - 37 22
Time Minutes 0 - 6 0 30

TLC Plate Type 60F 254 

DIOL
K660 GLP
RP18W
NH2
RP18
CN

60F 254

’ LOD = Limit of Detection

* Increasing the concentration of enzyme further enhanced visualisation, 3U/ml was used for economic reasons 

Table 6.1; Parameters varied to optimise APIS TLC Screening
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A solution o f  bestatin (Img/m l) was prepared in a mixture o f  water and methanol 

(4:1) and was applied to the plate as spots, over a range o f  quantities (IO(,ig -  50ng). 

The substrate for the enzyme (Leu-pNA), dissolved in HEPES buffer, was 

subsequently sprayed on the plate. The quantity o f  solution applied was such as to 

evenly cover but avoid inspiring o f  the plate and broadening o f  the spots. The 

enzyme (Aminopeptidase M), also dissolved in HEPES buffer, was similarly applied 

to the plate. A number o f  parameters were varied in order to optimise visualisation 

(Table 6.1).

Both negative (methanol and water) and positive (compounds known to inhibit the 

enzyme) control spots were applied to the plate, in order to preclude erroneous results. 

The plates were allowed to air dry over a period o f  the thirty minutes and the zones o f  

inhibition were visible to the naked eye.

6.4.4 Results

After thirty minutes clear zones o f  inhibition were apparent. Larger zones o f  

inhibition were evident with higher concentrations o f  bestatin, thus making the assay 

semi-quantitative. Using this TLC assay method, the limit o f  detection for bestatin 

was lOOng.

lO.OOOng 5,000ng l.OOOng 500ng lOOng 50ng Blank

Fig 6.3: TLC plate showing zones o f  APIS inhibition by bestatin (10,000 -SOng)

6.4.5 Discussion

A number o f  parameters were modified in an attempt to optimise visualisation o f  the 

inhibitory zones on the TLC plate (Table 6.1). Inhibition was best seen using silica
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gel p la te s  ( 6 OF2 5 4 ) at  ro o m  te m p e ra tu re  a f te r  a p e r io d  o f  th ir ty  m in u te s .  In c re a s in g  

th e  c o n c e n t ra t io n  o f  bo th  the  e n z y m e  an d  su b s t ra te  a l so  a id e d  v isu a l isa t io n .  D e sp i te  

th e  la rge r  q u a n t i t ie s  o f  e n z y m e  and  su b s t ra te  n e e d e d  fo r  the  T L C  as sa y ,  it is a 

re la t iv e ly  in e x p e n s iv e  m e th o d  a s  it can  be  p e r f o rm e d  w i th o u t  so p h is t ic a te d  a n a ly t ica l  

e q u ip m e n t .  In a d d i t io n ,  a la rge  n u m b e r  o f  c o m p o u n d s  c o u ld  be  s c re e n e d  in a s in g le  

a s say .  It is e s t im a te d  th a t  i f  the  te s t  s a m p le s  w e re  a p p l ie d  to  the  p la te  ( 2 0 c m  x  2 0 c m ) ,  

at a g iv e n  c o n c e n t ra t io n ,  a p p r o x im a te ly  th r e e  h u n d re d  c o m p o u n d s  c o u ld  b e  s c re e n e d  

in a s in g le  run. T h e  m e th o d  is in se n s i t iv e  to  m o d e ra te  c h a n g e s  in th e  a s s a y  

c o n d i t io n s .  M o re o v e r ,  th e  e n z y m e  an d  su b s t ra te  ca n  be  s to red  re a d y - to -u s e  in the  

f re e z e r  fo r  up  to  e ig h t  w e e k s .  T h e  a d v a n ta g e s  o f  th is  T L C  a s s a y  m e th o d  a re  th a t  it is a 

s im p le ,  q u ic k  an d  re l iab le  m e th o d ,  w h ic h  a v o id s  d i s tu rb a n c e  f rom  s a m p le  d is s o lv in g  

s o lv e n ts ,  a s  in the  m ic ro p la te  a s sa y .  In a d d i t io n ,  h igh  th r o u g h p u t  s c re e n in g  is p o s s ib le  

in w h ic h  a very  sm a ll  s a m p le  s ize  is n e c e s sa ry .  T h e  p o ss ib i l i ty  o f  d e v e lo p in g  the  

T L C  p la te s  in a s u i ta b le  so lv e n t  sy s te m  m e a n s  th a t  nove l in h ib i to rs  p re se n t  as  

m ix tu re s  in na tu ra l  p ro d u c t  e x t ra c ts  c o u ld  b e  rea d i ly  iden t i f ied ,  p r io r  to  iso la t ion  o f  

th e  in d iv idua l  c o m p o u n d s .  U s in g  th is  T L C  a s s a y  m e th o d ,  the  lim it o f  d e te c t io n  for  

b es ta t in  w a s  lOOng.
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7.0 Chemistry Experimental

Melting points (MP) were determined on an Electrothermal® melting point apparatus 

and were uncorrected.

Starting materials were obtained from Sigma Aldrich® and were not characterised. 

Spectra were obtained on the following instruments:

Infra Red (IR): Perkin Elmer FT-IR spectrophotometer Paragon 1000. Solid samples 

were analysed by potassium bromide discs (KBr), oils were analysed as films on NaCI 

plates (DCM).

Nuclear magnetic resonance (NMR): A ll 'H and '^C NMR were determined using 

Bruker MSL 400 and 600. NMR spectra were analysed with Bruker WIN-NMR 

software. A ll samples were dissolved in CDCI3, prior to analysis (except where 

indicated). Peak positions were assigned relative to CHCI3 resonances at 7.28ppm for 

'11 NMR and 78.l6ppm, 76.90ppm, and 75.62ppm for '^C NMR. Abbreviations used 

were as follows; s=singlet, d=doublet, t=triplet, q=quartet, qn=quintet, dd=double 

doublet. dt=double triplet, m=multiplet. br=broad, QC=quaternary carbon, 

Bz=benzylic.

High Resolution Mass Spectroscopy (HRMS): A ll high resolution mass spectra were 

obtained from a Micromass LCT instrument operating in ES  ̂ mode. Data analysis 

was performed using MassLynx software version 3.5.

Column chromatography was carried out using silica gel 60 (230-400 mesh) and thin 

layer chromatography with silica gel Gf -254 pre-coated aluminium sheets. (Merck 

Laboratories®). Compounds were visualised using UV at both 254 and 365nm, and a 

variety o f spray reagents.

Anhydrous THF was prepared by retluxing over powdered lithium aluminium hydride 

for two hours then collecting the distillate and allowing it to fall back down over
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sodium wire and benzophenone. The resulting  m ixture  w as refluxed until a purple 

co lour w as obtained; the co lourless  distillate  w as  used im m ediately .

A nhydrous D C M  and ethyl aceta te  were prepared by distilling over pow dered  calc ium  

hydride and rejecting  the w et forerun (~5%).
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Formation of (Z)-8,9-dihvdro-5-(3-hvdroxv-4-methoxvphenyl)-l,2.3- 

trimethoxybenzo |7 | annulen-7-one (2.03).

Step I

Synthesis o f  intermediate (2,3,4-trimethoxyphenyt) methanol (2.05)

To a stirred solution o f  2,3,4-trimethoxybenzaldehyde (5.00g, 25.50mmol) in 

methanol was added NaBH4 (l.06g, 28.05mmol) at 0“C. The progress of the reaction 

was monitored by thin layer chromatography (TLC) and after two hours the reaction 

was quenched by the addition o f  water (I x 50ml). The methanol was removed from 

the mixture in vacuo. The product was extracted with diethyl ether (3 x 30ml). The 

organic extracts were combined, dried over MgS0 4 , filtered and concentrated to an oil 

in vacuo. The oil was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford (2.05) as a 

colourless oil (4.90g 98%).

'H NMR (CDCb, 400 MHz) 5„ ppm: 3.85 (3H, s, OMe), 3.86 (3H, s, OMe), 3.93 

(3H, s, OMe), 4.89 (2H, s, CH2 ), 6.62 (IH,  d, J=8.2Hz, ArH), 6.97 (III,  d, J=8.2Hz, 

ArH)

'^C NMR (CDCI3 , 400 MHz) 8c ppm: 55.53 (OMe). 60.32 (OMe). 60.72 (OMe). 

61.12 (CH2), 106.57 (ArCH), 122.93 (ArCH), 126.42 (ArC), 141.46 (ArC), 151.23 

(ArC), 152.96 (ArC).

Vmax(DCM)/cm'' 3410.5,2940.2, 1602.6, 1468.3

HRMS: calculated 221.0790, found 221.0791, molecular formula (CioHi4 0 4 Na)

Step 2

Synthesis o f  I-(hromomethyl)-2,3,4-trimethoxybenzene (2.06)

To a stirred solution o f  (2.05) (4.90g, 24.60mmol) in diethyl ether (50ml) at -20°C 

was added PBr3 (5.9ml, 36.90mmol) drop-wise over ten minutes. After ninety 

minutes the reaction was quenched by pouring the contents o f  the round bottom flask 

into a beaker containing a mixture ice and water. The mixture was then extracted 

using diethyl ether (I x 50ml). The ether extract was then washed with ice water (1 x
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50ml) followed by 5% aq. NaHCOa solution (2 x 50ml). The organic layer was dried 

over MgS0 4 , filtered, and concentrated in vacuo at low temperature. A colourless oil 

was obtained (4.90g, 76%). The product was not purified by fiash column 

chromatography and was used within two hours o f  preparation.

'H NMR (CDCb, 400 MHz) Sh ppm: 3.88 (3H, s, OMe), 3.89 (3H, s, OMe), 4.05 

(3H, s, OMe), 4.55 (2H, s, CH2 ), 6.65 (IH, d, J=8.5Hz, ArH), 7.06 (IH, d, J=8.5Hz. 

ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 28.84 (CH2), 55.56 (OMe), 60.31 (OMe), 

60.70 (OMe), 106.79 (ArCH), 123.67 (A rQ , 123.90 (ArCH), 141.82 (ArC), 151.79 

(ArC), 154.04 (ArC).

Vmax(DCM)/cm'' 2938.0, 1599.2, 1495.5, 1469.2, 1094.1, 800.6 

Step 3

Synthesis o f methyl 5-(2,3,4-trimethoxyphenyl)-3-oxopentanoate (2.07)

To a dry three-necked round bottom tlask containing N aH  (0.60g, 25.43mmol) was 

added dry THF (10ml) at O^C, under an atmosphere o f  nitrogen. To the resulting 

suspension was added methyl acetoacetate (2.7ml, 25.43mmoi) drop-wise over ten 

minutes. This was followed by the drop-wise addition o f  2.5M nBuLi (10.2ml, 

25.43mmol) also over a period o f  ten minutes. The reaction was allowed to stir for 

thirty minutes after which time a solution o f  the bromide (2.06) (5.90g, 22.89mmol) 

in THF (10ml) was added drop-wise. After three hours, the reaction was quenched by 

the addition of sat. aq. NH4CI (I x 50ml) and the product was extracted with diethyl 

ether (3 x 50ml). The combined ether extracts were dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by fiash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.07) as a yellow oil (1.75g, 26%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 2.82 (4H, s, ArCH2CH2), 3.44 (2H, s,

COCH2CO), 3.71 (3H, s, COOCH3 ), 3.82 (3H, s, OMe), 3.85 (3H, s, OMe), 3.87 (3H, 

s, OMe), 6.57 (IH, d. J=8.5Hz, ArH), 6.81 (IH, d, J=8.5Hz, ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 24.08 (CH2), 43.77 (CH2), 48.99 (CH2), 52.24 

(COOMe), 55.88 (OMe). 60.63 (OMe), 60.76 (OMe), 107.07 (ArCH), 123.86
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(ArCH), 125.81 (ArC), 141.74 (ArC), 151.33 (ArC), 151.95 (ArC), 167.16 (C=0), 

201.79 (C=0)

Vmax (DCM)/cm'' 2940.1, 1748.1, 1716.7, 1602.6, 1495.6, 1467.3, 1097.7 

HRMS: calculated 319.1158, found 319.1155, molecular formula (CisHaoOeNa)

Step 4

Synthesis o f  methyl 3-hydroxy-5-(2,3,4-trimethoxyphenyl) pentanoate (2. OH)

To a stirred solution o f  (2.07) (2.00g, 6.75mmol) in methanol (30ml) was added 

NaBH4 (0.09g, 2.25mmol) at 0‘*C. The reaction was allowed to stir at this temperature 

for one hour. It was then removed from the ice and allowed to increase to room 

temperature. The progress o f  the reaction was monitored by TLC and after a total 

three hours the reaction was quenched by the addition of water (I x 50ml). The 

mixture was heated under vacuum to remove the methanol and the product was 

extracted with diethyl ether (3 x 30ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 2:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (2.08) as a clear, colourless oil ( 1 .2 0 g, 60%).

'H NMR (CDCI3, 400 MHz) 5n ppm: 1.71 (2H, m, CH2), 2.51 (2H, m, CH2), 2.71 

(2H, m, CH2 ), 3.72 (3H, s, COOCH3), 3.86 (3H, s, OMe), 3.87 (311, s, OMe), 3.90 

(3H, s, O Me), 4.02 (IH,  m, CHOH), 6.63 (IH,  d, J=8.5Hz, ArH), 6 . 8 6  (IH,  d, 

J-8.5HZ, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 25.14 (CH2), 37.19 (CH2), 40.72 (CH2), 51.29 

(COOMe), 55.55 (OMe), 60.33 (OMe), 60.56 (OMe), 66.74 (CHOH), 106.94 

(A C H ), 123.53 (ArCH), 126.91 (2 x ArC), 151.32 (ArC), 151.65 (ArC), 172.83 

(C=0)

Vmax (DCM)/cm'' 3489.9, 2938.6, 1735.3, 1601.9, 1495.4, 1466.4

HRMS: calculated 321.1314, found 321.1301, molecular formula (CisH2 2 0 6 Na)

Step 5

Synthesis o f  (2.09) -  tBDPS protection
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The alcohol (2.08) (3.20g, lO.SOmmol) was dried in vacuo for twenty-four hours, 

prior to being dissolved in DMF (20ml). 7er/-butyl-diphenylsilylchloride (4.2ml, 

16.20mmol) and imidazole (l.20g, I7.30mmol) were added to the stirred solution at 

room temperature under an atmosphere o f  nitrogen. The reaction was left stirring 

over night. It was quenched by the addition of sat. aq. NaCl (1 x 50ml) and the 

protected alcohol was extracted with diethyl ether (3 x 30ml). The organic fractions 

were combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting 

residue was purified by flash column chromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 9:1, hexane/ethyl acetate). All homogenous fractions 

were collected and the solvent was evaporated to afford (2 .09) as a yellow oil (5.00g, 

86%).

'H NMR (CDCb, 400 MHz) 5n ppm: 1.08 (9H, s, C(CH3)3), 1.76 (2H, m, CH2 ), 2.58 

(4H, m, 2 x CH2), 3.57 (3H, s, COOCH3), 3.78 (3H, s, OMe), 3.85 (3H, s, OMe), 3.86 

(3H, s, OMe), 4.30 (IH,  qn, J=6.0Hz, CHOH), 6.55 ( IH,  d, J=8.5Hz, ArH), 6.61 (IH,  

d, J=8.5Hz, ArH), 7.39 (6H, m, ArH), 7.72 (4H, m, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 18.91 (C(CH3)3), 25.00 (CH2), 26.90

(C(CH3)3), 38.20 (CH2), 41.75 (CH2), 51.38 (COOMe), 55.94 (OMe), 60.65 (OMe),

60.74 (OMe), 70.28 (CHOH), 107.06 (ArCH), 123.45 (ArCH), 127.08 (A rQ , 127.48

(4 X ArCH), 129.55 (2 x ArCH), 133.54 (ArC), 135.88 (4 x ArCH), 141.71 (ArC),

151.28 (ArC), 151.44 (ArC), 171.46 (C=0)

v„,ax (DCM)/cm ‘ 2933.4, 1739.9, 1602.7, 1494.9, 1466.9, 1104.1

HRMS: calculated 559.2492, found 559.2488, molecular formula (C3iH4o06NaSi)

Step 6

Synthesis o f  (2.10) -  hydrolysis o f  the methyl ester

To a stirred solution o f  (2 .09) (16.00g, 29.90mmol) in a mixture of methanol (50ml) 

and THF (25ml) was added 2.5M aq. NaOH (40ml) at 0°C. The reaction was left 

stirring for one hour after which time the flask was removed from the ice and was 

allowed to increase to room temperature. The reaction proceeded for an additional 

thirteen hours. The mixture was acidified with 2M aq. HCl (1 x 60ml). The organic 

solvents were removed from the mixture by heating under vacuum. The acid was 

extracted with diethyl ether (3 x 150ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified
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by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (2.10) as a white solid (15.50g, 99%).

'H NMR (CDCI3, 400 MHz) 5h ppm: 1.08 (9H, s, C(CH3)3), 1.76 (2H, m, CH2), 2.60 

(4H, m, 2 X Chb), 3.77 (3H, s, OMe), 3.85 (6 H, s, 2 x OMe), 4.24 (IH, m, CHOH), 

6.53 (IH, d, J=8.5Hz, ArH), 6.60 (IH, d, J=8.5Hz, ArH), 7.42 (6 H, m, ArH), 7.72 

(4H, m. Arid)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 18.87 (C(CH3)3), 25.09 (CH2), 26.50

(C(CH3)3), 37.92 (CH2), 41.30 (CH2), 55.94 (OMe), 60.64 (OVIe), 60.73 (OMe), 

70.12 (CHOH), 107.07 (ArCH), 123.44 (ArCH), 127.10 (ArQ, 127.20 (4 x ArCH), 

129.55 (2 X ArCH), 133.54 (ArC), 135.88 (4 x  ArCH), 141.71 (ArC), 151.28 (ArC), 

151.44 (ArC), 171.46 (C=0)

Vmax (KBr)/cm'' 3049.1,2930.4, 1709.6, 1604.8, 1495.9, 1465.1

HRMS: calculated 545.2335, found 545.2350, molecular formula (C3oH3g06NaSi)

Melting point: 110- 112^0

Step 7

Synthesis o f  (2.11) - Cyclisation

To a stirred solution o f  acid (2.10) (500mg, 0.96mmol) in anhydrous DCM (4ml) was 

added oxalyl chloride (0.4ml, 4.80mmol) and DMF (1 drop) at 0”C. After two hours, 

the excess oxalyl chloride was removed under reduced pressure to afford the 

corresponding acid chloride as a brown viscous oil. This oil was dissolved in 

anhydrous DCM (10ml) and IM SnCU (0.32ml, 0.32mmol) was added at -10”C. 

After thirty minutes the reaction was quenched with sat. aq. NaCl (1 x 10ml) and the 

product was extracted using diethyl ether (4 x 20ml). The organic fractions were 

collected, dried over MgS0 4  and filtered. The solvent was removed in vacuo to 

afford a viscous yellow oil/foam. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.11) as a clear colourless oil (340mg, 70%).

' H NMR (CDCI3 , 400 MHz) 8„ ppm: 1.08 (9H, s, C(CH3)3), 1.96 (2H, m, Cfb), 2.95 

(2H, m, CH2), 3.13 (2H, m, CH2), 3.85 (3H, s, OMe), 3.88 (3H, s, OMe). 3.95 (3H, s.
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OMe), 4.36 (IH, m, CHOP), 7.21 (IH, s, ArH), 7.41 (6 H, m, ArH), 7.72 (4H, m, 

ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 18.71 (C(CH3)3), 20.54 (CH2 ), 26.85

(C(CH3)3), 36.32 (CH2), 50.21 (CH2), 55.89 (OMe), 60.80 (OMe), 61.08 (OMe), 

68.22 (CHOP), 107.47 (ArCH), 127.25 (4 x ArCH), 129.36 (2 x ArCH), 130.40 

(ArC), 133.28 (ArC), 133.46 (ArC), 134.21 (ArC), 135.34 (4 x ArCH), 145.11 (ArC), 

150.65 (ArC), 150.97 (ArC), 199.16 (C=0)

Vmax (DCM)/cm-' 3495.7, 2933.8, 1674.2

HRMS: calculated 527.2230, found 527.2222, molecular formula (C3oH3 6 0 5 NaSi) 

Step H

Deprotection: 6,7,8,9-tetra/iyJro-7-liy(/roxy-l,2,3-trimet/ioxyhenzo[7fannulen-5-one 

(2. 12)

To a stirred solution o f  (2.11) (1.75g, 3.50mmol) in THF (17.5ml) was added IM 

TBAF (3.5ml, 3.50mmol) at 0°C. After six hours the reaction was quenched by the 

addition o f  sat. aq. NaCI (1 x 30ml) and the product was extracted with diethyl ether 

(3 X 30ml). The etheral extracts were combined, dried over MgS0 4  and filtered. The 

organic fractions were applied directly to a flash column, without prior concentration 

of the solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 

(2 .12) as a viscous brown oil (650mg, 70%).

'H NMR (CDCI3 , 400 MHz) 8 h ppm: 2.06 (2H, m, CH2 ), 2.97 (4H, m, 2 x CH.), 3.78 

(3H, s, OMe), 3.81 (3H, s, OMe), 3.87 (3H, s, OMe), 4.28 (1H, m, CHOH), 7.10 (1H, 

s, ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 20.96 (CH2), 35.64 (CH2), 50.27 (CH2), 55.86 

(OMe), 60.79 (OMe), 61.04 (OMe), 6 6 . 8 8  (CHOH), 107.35 (ArCH), 130.64 (ArC), 

133.50 (ArC), 145.19 (ArC), 150.62 (ArC), 150.95 (ArC), 199.55 (C=0)

Vmax (DCM)/cm ' 3468.17, 2931.1, 1673.5, 1265.7

HRMS: calculated 289.1052, found 289.1054, molecular formula (Ci4 Hig0 5 Na)
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Step 9

Synthesis o f  5-hromo-2-methoxyphenol (2.15)

To a stirred solution o f  5-bromo-2-methoxy-benzaldehyde (2 . 13) (5.00g, 23.30mmol) 

in DCM (25ml) was added a solution o f  mCPBA (4.80g, 28.00mmol) dissolved in 

DCM (40ml). After t'lve hours, the mixture was filtered to remove the precipitated m- 

chlorobenzoic acid. The filtrate was washed with 5% aq. NaHCOs (2 x 50ml), water 

(I X 50ml) and sat. aq. NaCI (I x 50ml). The organic layer was then washed with 

2.51V1 aq. NaOH (2 x 50ml); the aqueous layer was acidified with 2M aq. HCI and 

extracted with DCM (2 x 50ml). The organic fractions were collected, dried over 

MgS04  and filtered. The solvent was removed in vacuo to afford the phenol (2 .15) as 

a yellow solid (3.70g. 79%).

'H NMR (CDCI3, 400 MHz) 8h ppm: 3.80 (3H, s, OMe), 5.61 (IH,  s, OH), 6.64 (IH,  

d, J=8.5Hz, ArH), 6.89 (IH,  dd, J=2.5Hz, 8.5Hz. ArH), 7.00 (IH,  d, J=2.0Hz, ArH) 

'^C NMR (CDCI3, 400 MHz) 5c ppm: 55.63 (OMe), 111.37 (ArCH), 113.00 (ArC), 

117.36 (ArCH), 122.34 (ArCH), 145.59 (ArC), 146.02 (ArC) 

v,„ax (KBr)/cm-' 3399.6, 1592.6, 621.3 

Melting point: 6 0 -6 2 " C

Step 10

Synthesis o f (5-hromo-2-methoxyphenoxy)(tert-hutyl) dimethylsilane (2.16)

To a stirred solution o f  the phenol (2 . 15) (2.30g, 11.33inmol) in DMF (15ml) was 

added imidazole (1.90g, 28.30mmol) and terz-butyl-dimethylsilylchloride (3.40g, 

I5.30mmol) at room temperature, under anhydrous conditions. After four hours the 

reaction was quenched by the addition o f  water (I x 25ml) and the crude product was 

extracted with diethyl ether (3 x 20ml). The combined organic extracts were dried 

over MgS0 4 , filtered and the solvent was removed under reduced pressure to afford a 

pale yellow oil. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 9:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 

(2 . 16) as a clear, colourless oil (3.30g, 100%).
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'H NMR (CDCI3 , 400 MHz) 5h  ppm: 0.21 (6 H, s, 2 x Si(CH3)), 1.05 (9H, s, 

C(CH3)3), 3.80 (3H, s, OMe), 6.73 (IH, d, J=8.5Hz, ArH), 7.04 (IH, m, ArH), 7.06 

(IH, d, J=2.5Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm; -5.08 (2 x Si(CH3)), 18.01 (C(CH3)3), 25.25 

(C(CH3)3), 55.08 (OMe), 111.92 (ArC), 112.73 (ArCH), 123.62 (ArCH), 124.00 

(ArCH), 145.52 (ArC), 149.98 (A rQ  

vmax (DCM)/cm'' 2930.5, 1585.8, 1497.1, 1269.6, 934.9, 623.0

Step 11

Coupling: (2.17)

To a stirred solution o f  (2.16) (1.40g, 4.50mmol) in anhydrous THF (12ml) was added 

2.5M n-BuLi (2.8ml, 6.80mmol) dropwise at -7 8 “C, under anhydrous conditions. 

After twenty minutes, whilst maintaining the temperature at -78°C, a solution of 

(2.12) (400mg, 1.50mmol) in anhydrous THF (10ml), was added to the reaction. 

After two hours the temperature was allowed to increase to 0”C and was maintained at 

this temperature for twelve hours. The reaction was quenched by the addition of 2M 

aq. HCl (I X 25ml). The product was extracted with diethyl ether (3 x 20ml). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated in 

vacua. The resulting residue was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 

(2.17) as a yellow oil (440mg, 60%).

'H NMR (CDCI3 , 400 MHz) 5„ ppm: 0.13 (3H, s, SiCH3), 0.15 (3H, s, SiCHa), 0.98 

(9H, s, C(CH3)3), 2 .1 0 -  3.03 (4H, m, 2 x CH2 ), 3.65 (3H, s, OMe{C-ring}), 3.80 (3H, 

s, OMe), 3.89 (3H, s, OMe), 3.90 (3H, s, OMe), 4.12 (IH, m, CHOH), 6.25 (IH, d, 

J=5.0Hz, C=CH), 6.34 (IH, s, ArH{A-ring}), 6.80 (3H, m, ArH{C-ring})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: -5.00 (Si(CH3)2), 17.97 (C(CH3)3), 21.34 

(CH2), 25.26 (C(CH3)3), 42.96 (CH2), 55.00 (OMe), 55.40 (OMe), 60.40 (OMe), 

61.08 (OMe), 69.20 (CHOH), 108.22 (ArCH), 111.16 (ArCH), 120.19 (ArCH), 

121.03 (ArCH), 127.52 (ArC), 131.44 (ArCH), 133.61 (ArC), 134.95 (ArC), 137.98 

(ArC), 140.85 (ArC), 144.13 (ArC), 150.08 (ArC), 150.21 (ArC), 150.57 (ArC)

Vniax (DCM)/cm'‘ 3411.4, 2931.7, 1596.0
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Step 12

Oxidation: (2.18)

To a stirred solution of (2 . 17) (200mg, 0.41mmol) in DMF (4ml) was added, 

pyridinium dichromate (310mg, 0.82mmol) at room temperature. The progress of the 

reaction was monitored by TLC and after nine hours the reaction was quenched by the 

addition of sat. aq. NaCl (1 x 15ml). The product was extracted with diethyl ether (3 

X 20ml). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2 . 18) as a yellow oil (120mg, 60%).

'H NMR (CDCb, 400 MHz) 5n ppm: 0.16 (6H, s, Si(CH3)2), 0.99 (9H, s, C(CH3)3), 

2.72 (2H, m, Chb), 3.16 (2H, t, J=5.5Hz, Chb), 3.62 (3H, s, OMe), 3.86 (3H, s, OMe), 

3.91 (3H, s, OMe). 3.94 (3H, s, O Me). 6.36 (2H, s, ArH{A-ring } & C=CH), 6.84 

(2H, m, 2 X Arhi{C-ring}), 6.92 (1H, dd, J=2.0Hz, 8.0Hz, ArH{C-ring})

'^C NMR (CDClj, 400 MHz) 5c ppm: -5.03 (Si(CH3)2), 17.99 (C(CH3)3), 19.80

(CH2), 25.22 (C(CH3)3), 45.21 (CH2), 54.96 (OMe), 55.46 (OMe), 60.47 (OMs), 

60.96 (OMe), 110.88 (ArCH), 111.34 (ArCH), 121.25 (ArCH), 122.47 (ArCH), 

127.47 (ArCH), 128.60 (A rQ , 132.16 (ArC), 134.89 (ArC), 142.73 (ArC), 144.13 

(ArC), 149.46 (ArC), 150.56 (ArC), 151.31 (ArC), 151.34 (ArC), 203.70 (C=0) 

v, âx (DCM)/cm ' 2932.8, 1658.8, 1593.1 

Step 13

Deprotection: (Z)-6,7-dihydro-9-(3-hydroxy-4-methoxyphenyl)-2,3,4-trimethoxy- 

5H-henzol7lannulen-7-ol (2.02)

To a stirred solution o f  (2 . 17) (500mg, 1.03mmol) in THF (5ml) was added IM 

TBAF (1.1ml, l.lOmmol) at 0“C. After six hours the reaction was quenched by the 

addition of sat. aq. NaCl (1 x 20ml) and the product was extracted with diethyl ether 

(3 X 20ml). The etheral extracts were combined, dried over MgS0 4  and filtered. The 

organic fractions were applied directly to a flash column, without prior concentration 

o f  the solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate).
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All homogenous fractions were collected and the solvent was evaporated to afford

(2 .02) as a white solid (270mg, 70%).

'H NMR (CDCI3, 400 MHz) 5h ppm; 2.09 (IH, m, CH2 ), 2.35 (IH,  m, CH2), 2.51 

(IH,  m, CH2 ), 3.03 (IH, m, CH2), 3.66 (3H, s, OMe), 3.87 (3H, s, OMe), 3.89 (6H, s, 

2 X OMe), 4.00 (IH, m, CHOH), 5.66 (IH,  s, br, OH), 6.22 (IH,  d, J=5.0Hz, C=CH), 

6.40 (IH,  s, ArH{A-ring}), 6.74 (IH,  dd, J=2.0Hz, 8.5Hz, ArH{C-ring}), 6.76 (IH,  d, 

J=2.0Hz, ArH{C-ring}), 6.88 (IH, d, J=8.0Hz, ArH{C-ring})

'^C NMR (CDCI3, 400 MHz) §c ppm; 21.39 (CH2), 42.28 (CH2), 54.59 (OMe), 54.61 

(QMe), 59.40 (OMe), 60.21 (OMe), 68.41 (CHOH), 108.78 (ArCH), 111.09 (ArCH), 

I 14.59 (ArCH), 119.14 (ArCH), 127.41 (ArCH), 131.19 (ArC), 132.92 (ArC), 135.19 

(ArC), 138.12 (ArC), 140.89 (ArC), 145.48 (ArC), 146.93 (ArC), 150.14 (ArC), 

150.72 (ArC)

Vmax (KBr)/cm-' 3398.5,2962.3, 1637.2, 1487.8, 1466.1, 1059.1 

Melting point; 48 - 50“C

Step 14

Deprotection: (Z)-8,9-dihydro-5-(3-hydroxy-4-methoxyphenyl)-I,2,3- 

trimethoxyhenzoIJJannulen-7-one (2.03)

To a stirred solution o f (2. 18) (500mg, 1.03mmol) in THF (5ml) was added IM 

7'BAF (1.1ml, I.IOmmol) at 0°C. After six hours the reaction was quenched by the 

addition o f sat. aq. NaCI (I x 20ml) and the product was extracted with diethyl ether 

(3 x 20ml). The ether extracts were combined, dried over MgS0 4  and filtered. The 

organic fractions were applied directly to a Hash column, without prior concentration 

o f the solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford

(2 .03) as a yellow solid (270mg, 70%).

'H NMR (CDCb, 400 MHz) 8h ppm; 2.72 (2H, q, J=4.5Hz, 2.5Hz, CH2), 3.14 (2H, t, 

J=6.0Hz, CH2 ), 3.64 (3H, s, OMe), 3.91 (3H, s, OMe), 3.95 (6H, s, 2 x OMe), 5.75 

(1H, s, OH), 6.38 (2H, s, ArH{A-ring }& C=CH), 6.89 (3H, m, 3 x ArH{C-ring})

'^C NMR (CDCb, 400 MHz) Sc ppm; 19.78 (CH2), 45.24 (CH2), 54.54 (OMe), 55.59 

(OMe), 60.49 (OMe), 60.98 (OMe), 109.74 (ArCH), 1 11.43 (ArCH), 114.99 (ArCH),
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120.72 (ArCH), 127.68 (ArCH), 128.62 (ArC), 132.02 (ArC), 135.49 (ArC), 142.77 

(ArC), 144.78 (ArC), 146.89 (ArC), 149.48 (ArC), 150.62 (A rQ , 151.30 (ArC), 

203.78 (C=0)

Vmax (KBr)/cm ' 3260.6, 2940.5, 1637.5, 1606.6 

Melting point: 149 -152 “C

Revised Formation of methyl 5-(2,3,4-trimethoxvphenvl)-3-oxoDentanoate

Attempt A 

Step I

Synthesis o f methyl 5-hydroxy-5-(2,3,4-trimethoxyphenyl)-3-oxopentanoate (2.19)

To a dry three-necked round bottom flask containing NaH (0.68g, 28. lOmmol) was 

added dry THF (lOml) at O^C, under an atmosphere o f nitrogen. To the resulting 

suspension was added methyl acetoacetate (3ml, 28.10mmol) drop-wise over ten 

minutes. I’his was followed by the drop-wise addition o f 2.5M nBul.i (11.2ml, 

28.10mmol) also over a period o ften  minutes. The reaction was allowed to stir for 

thirty minutes after which time a solution o f 2,3,4-trimethoxybenzaldehyde (5.00g, 

25.51 mmol) in THF (10ml) was added drop-wise. A fter three hours the reaction was 

quenched by the addition o f sat. aq. NH4CI (1 x 50ml) and the product was extracted 

with diethyl ether (3 x 50ml). The combined ether extracts were dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). A ll homogenous fractions were collected and the solvent was 

evaporated to afford (2.19) as an orange oil (4.61g, 58%).

'H  NM R (CDCI3 , 400 MHz) 6 „ ppm: 2.97 (2H, d, J=6.6Hz. CHOHCH 2 ), 3.53 (2H, s, 

COCH2 CO), 3.76 (3H, s, COOCH3 ), 3.87 (3H, s, OMe). 3.87 (3H, s, OMe), 3.96 (3H, 

s, OMe), 5.34 (IH , q, J=6.0Hz, CHOH), 6.68 ( IH , d, J=8.5Hz, ArH), 7.09 (IH , d, 

J=8.5Hz. ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 49.18 (CH 2 ), 50.12 (CH 2 ), 52.00 (COOMe), 

55.55 (OMe), 60.31 (OMe), 60.66 (OMe), 65.02 (CHOH), 106.76 (ArCH), 120.81 

(ArCH), 127.56 (ArC), 141.38 (ArC), 150.05 (ArC), 152.88 (ArC), 166.88 (C=0), 

202.57 (C=0)
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V m a x  (DCM )/cm‘' 3412.6, 2940.3, 1746.5, 1717.2, 1098.3

Step 2

Hydrogenolysis: methyl 5-(2,3,4-trimethoxyphenyl)-3-oxopentanoate (2.07)

To a stirred solution o f  (2.19) (350mg, 1.1 I mmol) in a 1:1 mixture o f  ethanol and 

acetic acid (4ml) was added at catalytic amount o f  10% Pd/C under an atmosphere o f  

hydrogen gas. After sixteen hours the reaction mixture was filtered and the solvent 

was removed in vacuo to afford an oil. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.07) as a yellow oil (200mg, 60%).

Data previously described

Attempt B 

Step I

Synthesis o f  henzy! 5-(2,3,4-trimethoxyphenyl)-3-oxopentanocite (2.20)

To a dry three-necked round bottom flask containing NaH (0.2g, 8.41 mmol) was 

added dry THF (4ml) at 0”C under an atmosphere o f  nitrogen. To the resulting 

suspension was added benzyl acetoacetate (1.5ml, 8 .4 1 mmol) drop-wise over ten 

minutes. This was followed by the drop-wise addition o f  2.5M nBuLi (3.4ml, 

8.41 mmol) also over a period o f  ten minutes. The reaction was allowed to stir for 

thirty minutes after which time a solution o f  the bromide (2.06) (2.10g. 7.72mmol) in 

THF (4ml) was added drop-wise. After three hours the reaction was quenched by the 

addition o f  sat. aq. NH4CI (1 x 20ml) and the product was extracted with diethyl ether 

(3 X 30ml). The combined etheral extracts were dried over M gS04 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.20) as a yellow oil (600mg, 21%).
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'H NMR (CDCI3, 400 MHz) 5h ppm: 2.83 (4H, m, ArCH2CH2 ), 3.51 (2H, s,

COCH2CO), 3.85 (3H, s, OMe), 3.88 (6 H, s, 2 x OMe), 5.19 (2H, s, BZCH2), 6.58 

(1H, d, J=8.5Hz, ArH), 6.81(1 H, d, J=8.5Hz, ArH), 7.38 (5H, br, s, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm; 23.70 (CH2), 43.46 (CH2), 48.84 (CH2), 55.54 

(OMe), 60.29 (OMe), 60.40 (OMe), 66.67 (BZCH2), 106.67 (ArCH), 123.45 (ArCH), 

123.88 (ArC), 125.82 (ArCH), 127.73 (ArCH), 127.99 (ArCH), 128.08 (ArCH), 

128.17 (ArCH), 134.84 (ArC), 141.77 (ArC), 151.36 (ArC), 151.97 (ArC), 166.57 

(C=0), 201.67 (C=0)

v,T,a,(DCM)/cm-' 2937.9, 1732.5, 1602.1, 1099.4

HRMS: calculated 395.1471, found 395.1486, molecular formula (C2 iH2 4 0 6 Na)

Attempt C 

Step 1

Synthesis o f  methyl 3-(2,3,4-tnmethoxyphenyl)-3-oxopropum)ate (2.23)

To a stirred solution of 2,3,4-trimethoxybenzoic acid (l.OOg, 4.72mmol) in anhydrous 

DCM (20ml) was added DMAP (I.20g, 9.41 mmol) followed by Meldrum's acid 

(1.40g, 9.42mmol) at room temperature under anhydrous conditions. DCC (1.90g 

9.40mmol) dissolved in dry DCM (5ml) was added drop-wise to the reaction mixture 

at -5"C. The reaction was left stirring at this temperature for ninety minutes, after 

which time the tlask was removed from the ice and allowed to increase to room 

temperature. The reaction was stirred at room temperature for a further three hours. 

The precipitated dicyclohexyl urea was filtered from the mixture using DCM. The 

DCM extract was then washed with 2M aq. HCl (2 x 30ml) and water (1 x 30ml), 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue, a 

viscous orange oil, was dissolved in a 4:1 mixture of toluene and methanol, 

respectively, (45ml) and was refluxed for three hours. The solvent was removed from 

the flask in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.23) as a yellow oil (1.1 Ig, 85%).
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'H NMR (CDCI3 , 400 MHz) 5h  ppm: 3.74 (3H, s, COQMe), 3.84 (3H, s, OMe), 3.91 

(3H, s, OMe), 3.96 (2H, s, Cbb), 3.98 (3H, s, OMe), 6.72 (IH, d, J=8.9Hz, ArH), 7.64 

( IH,  d, J=8.9Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 8, ppm: 48.88 (CH2 ), 51.43 (COOCH3 ), 55.55 (OMe), 

60.14 (OMe), 60.59 (OMe), 106.60 (ArCH), 123.16 (ArC), 125.66 (ArCH), 141.03 

(ArC), 153.79 (A rQ , 157.78 (ArC), 168.03 (C=0), 190.00 (C=0)

Vniax (DCM)/cm ' 2952.9, 1735.6, 1660.7, 1589.4, 1010.3

HRMS: calculated 291.0845, found 291.0838, molecular formula (Ci3 Hi6 0 6 Na)

Step 2

Synthesis o f  methyl 3-(2,3,4-trimethoxyphenyl) propanoate (2.25)

To a stirred solution o f (2.23) (4 .8Ig, 17.90mmol) in a 1:1 mixture o f  ethanol and 

acetic acid (200ml) was added a catalytic amount o f 10% Pd/C under and atmosphere 

o f hydrogen gas (balloon). After forty-eight hours the reaction was filtered and the 

solvent was removed in vacuo. The resulting residue contained an approximately 1:1 

mixture o f compounds (2.24) and (2.25). The mixture was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate).

(2.24) 'H NMR (CDCI3 , 400 MHz) 5h ppm: 2.74 (2H, m, Cbb), 3.70 (3H, s, OMe), 

3.84 (6 H, s, 2 x O Me). 3.93 (3H, s, OMe), 5.28 (IH, d, J=4.8Hz, CHOH), 6.65 (IH,  d, 

J=8.9Hz, ArH), 7.07 (IH, d, J=8.2Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 41.82 (CH2 ), 51.33 (OMe), 55.49 (OMe), 60.24 

(OMe), 60.61 (OMe), 65.58 (CHOH), 106.68 (ArCH), 120.48 (ArCH), 127.66 (ArC), 

141.32 (ArC), 150.19 (ArC), 152.83 (A rQ , 172.48 (C =0)

Vmax (DCM)/cm‘' 3491.2, 2947.3, 1736.0, 1097.8

HRMS: calculated 293.1001, found 293.1001, molecular formula (Ci3 H|g0 6 Na)

(2.25) 'H NMR (CDCI3 , 400 MHz) 5n ppm: 2.58 (2H. t, J=7.5Hz, Cbb), 2.85 (2H, t, 

J=7.5Hz, Cbb), 3.66 (3H, s, COOCH 3 ), 3.82 (3H, s, OMe), 3.85 (3H, s, OMe), 3.88 

(3H, s, OMe), 6 . 6 8  (IH,  d, J= 8 .8 Hz, ArH), 6.82 (IH, d, J= 8 .8 Hz, ArH)
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'^C NMR (CDCI3 , 400 MHz) 5c ppm; 24.97 (CH2 ), 34.46 (CH2 ), 51.04 (COOCH3), 

55.46 (OMe), 60.20 (OMe), 60.37 (OMe), 106.58 (ArCH), 123.23 (ArCH), 125.88 

(ArC), 141.71 (ArC), 151.42 (ArC), 151.95 (ArC), 173.14 (C=0) 

v,i,ax (D C M )/cit|-' 2946.9, 1737.9, 1098.8

HRMS: calculated 277.1052, found 277.1038, molecular formula (CisHigOsNa)

Attempt D 

Step 1

Synthesis o f (E)-3-(2,3,4-trimethoxyphenyl) acrylic acid (2.29)

To a stirred solution o f  2,3,4-trimethoxybenzaldehyde (lO.OOg, 51.00mmol) in a 

mixture o f  pyridine (30ml) and piperidine (0.6ml) was added maionic acid (10.60g, 

102.10mmol). The mixture was refluxed for six hours. The reaction was quenched 

by the addition of 2M aq. HCl (1 x 100ml) and extracted with ethyl acetate (3 x 

60ml). The solvent was removed in vacuo to afford (2.29) as an off-white solid 

(1 1.98g, 99%). The product was not further purified.

'H NMR (CDCI3 , 400 MHz) 5n ppm: 3.90 (3H, s, OMe). 3.93 (311, s, O Me). 3.96 

(311, s, OMe). 6.45 (IH,  d, J=l6.0Hz, CH=CH), 6.73 (IH,  d, J=8.5Hz, ArH), 7.32 

( IH,  d, J=8.5Hz, ArH), 8.01 (IH,  d, J=16.0Hz, CH=CH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 55.63 (OMe). 60.47 (OMe), 61.04 (OMe), 

107.15 (ArCH), 115.60 (CH=CH), 120.68 (ArC), 123.13 (ArCH), 141.56 (CH=CH), 

141.88 (ArC), 153.08 (ArC), 155.48 (ArC), 172.49 (C=0)

Vmax (KBr)/cm'' 3452.6, 2944.1, 1694.2, 1619.4, 1590.0 

Melting point: 160 -  162“C

Step 2

Synthesis o f 3-(2,3,4-trimethoxypheny!) propanoic acid (2.30)

To a stirred solution o f  (2.29) (500mg, 2.1 Immol) in a 1:1 mixture o f  ethanol and 

ethyl acetate (10ml) was added at catalytic amount o f  10% Pd/C under an atmosphere 

of hydrogen gas (balloon). After eighteen hours the reaction mixture was filtered and 

the solvent was removed in vacuo to afford an off-white solid. The resulting residue 

redissolved in diethyl ether (20ml) and was washed with 2.5M aq. NaOH (3 x 20ml).
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The combined aqueous extracts were acidified with 2M aq. HCI and the product was 

extracted with diethyl ether (3 x 30ml). The combined ether extracts were dried over 

MgS0 4 , filtered and concentrated in vacuo to afford (2.30) as a white solid (500mg, 

100%).

'H NMR (CDCb, 400 MHz) 5h ppm: 2.66 (2H, t, J=7.5Hz, CH2 ), 2.90 (2H, t, 

J=7.5Hz, CH2 ), 3.86 (3H, s, OMe), 3.88 (3H, s, OMe), 3.92 (3H, s, OMe), 6.61 (IH, 

d, J=8.0Hz, ArH), 6.87 (IH, d, J=8.0Hz. ArH)

'^C NMR (CDCI3 , 400 MHz) 6 c ppm: 24.72 (CH2 ), 34.45 (Chb), 55.53 (OMe), 60.27 

(OMe), 60.41 (OMe), 106.62 (ArCH), 123.33 (ArCH), 125.60 (ArC), 141.74 (ArC), 

151.44 (ArC), 152.06 (ArC), 191.57 (C=0)

Vmax (KBr)/cm'' 3004.2, 2834.9, 1712.9, 1599.5

HRMS: calculated 263.0895, found 263.0845, molecular formula (Ci2 Hi6 0 5 Na) 

Melting point: 65 - 67“C

Step 3

Synthesis o f methyl 5-(2,3,4-trimethoxyphenyl)-3-oxopentanoate (2.07)

To a stirred solution o f  (2.30) (2.00g, 8 .31 mmol) in anhydrous DCM (40ml) was 

added DMAP (2g, 16.7mmol) followed by Meldrum’s acid (2.41g, 16.72mmol) at 

room temperature under anhydrous conditions. DCC (3.52g 16.72mmol) dissolved in 

dry DCM (10ml) was added drop-wise to the reaction mixture at - 5 “C. The reaction 

was left stirring at this temperature for ninety minutes, after which time the flask was 

removed from the ice and allowed to increase to room temperature. The reaction was 

stirred at room temperature for a further three hours. The precipitated dicyclohexyl 

urea was filtered from the mixture using DCM. The DCM extract was then washed 

with 2M aq. HCI (2 x 50ml) and water (I x 50ml), dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue, a viscous yellow oil, was dissolved in a 

4:1 mixture o f  toluene and methanol, respectively, (36ml) and was refluxed for three 

hours. The solvent was removed from the flask in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford (2.07) as a yellow oil (2.1 Ig, 85%).

Data previously described.
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Modified Coupling Step 

Synthesis o f  (2.32)

To a stirred solution of (2 . 16) (440mg, 1.38mmol) in anhydrous THF (2ml) was added 

2.5M n-BuLi (0.55ml, 1.38mmol) drop-wise at -78°C, under anhydrous conditions. 

After twenty minutes, whilst maintaining the temperature at -7 8 “C, a solution of 

(2 . 11) (230mg, 0.46mmol) in anhydrous THF (10ml), was added to the reaction. 

After two hours the temperature was allowed to increase to Ô C and was maintained at 

this temperature for twenty-four hours. The reaction was quenched by the addition o f  

2M aq. HCI (1 x 25ml). The product was extracted with diethyl ether (3 x 20ml). 

The organic fractions were combined, dried over MgSOa, filtered and concentrated in 

vacuo. The resulting residue was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 8:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 

(2 .32) as a yellow oil (220mg, 6 6 %).

'11 NMR (CDCI3, 400 MHz) 6 n ppm: 0.20 (3H, s, SiCHj), 0.22 (3H, s, SiCHj), 1.06 

(9H, s, C(Cii3)3), 1.13 (9H, s, C(CH3)3), 2.33 (3H, m, 2 x CFb), 2.96 (IH,  m, 2 x 

CH2 ), 3.68 (311, s, OMe), 3.79 (3H, s, OMe). 3.88 (3H, s, OMe), 3.92 (3H, s, O Me). 

4.20 (111, m, CHOH), 6.25 (IH,  s, ArH{A-ring}), 6.31 (IH,  d, J=5.0Hz, C=CH), 6.70 

(3H, m, ArH{C-ring}), 6.75 (6 H, m, ArH), 7.36 (4H, m, ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: -4.99 (Si(CH3)2), 18.06 (C(CH3)3), 18.72 

(C(CH3)3), 21.40 (CH2), 25.34 (C(CH3)3), 26.53 (C(CH3)3), 43.42 (CH2), 55.11 

(OMe), 55.45 (OMe), 60.42 (OMe), 61.13 (OMe), 70.88 (CH), 108.19 (ArCH), 

111.19 (ArCH), 120.29 (ArCH), 121.06 (ArCH), 127.02 (2 x ArCH), 127.28 (2 x 

ArCH), 127.52 (ArC), 129.09 (ArCH), 129.19 (ArCH), 132.14 (ArC), 133.83 (ArC), 

133.97 (ArCH), 134.40 (ArC), 135.36 (2 x ArCH), 135.61 (2 x ArCH), 137.25 (ArC), 

140.75 (ArC), 144.14 (ArC), 150.03 (ArQ, 150.19 (ArC), 150.40 (ArC)

Vmax (DCM)/cm"‘ 3468.2, 2931.5, 1509.2, 1113.4

Deprotection: (Z)-6,7-dihydro-9-(3-hydroxy-4-methoxyphenyl)-2,3,4-trimethoxy- 

5H-henzof JJannulen-7-ol (2.02)
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To a stirred solution o f (2.32) (210mg, 0.29mmol) in THF (2ml) was added IM  

TBAF (0.58ml, 0.58mmol) at 0“C. After thirty minutes the tiask was removed from 

the ice and the temperature was allowed to increase to ambient. The reaction was 

allowed to stir for an additional sixteen hours. The reaction was then quenched by the 

addition o f sat. aq. NaCI (1 x 10ml) and the product was extracted with diethyl ether 

(3 X 20ml). The ether extracts were combined, dried over MgS04  and filtered. The 

organic fractions were applied directly to a flash column, without prior concentration 

o f  the solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 1:1, hexane/ethyl acetate). 

A ll homogenous fractions were collected and the solvent was evaporated to afford 

(2.02) as a white solid (80mg, 74%).

Data previously described.

Oxidation: (Z)-H,9-dihydro-5-(3-hydro.\y-4-methoxyphenyl)-I,2,3- 

trimethoxyhenzolyjannulen- 7-one (2.03)

To a stirred solution o f  (2.02) (140mg. 0.38mmol) dissolved in DMF (3ml) was added 

pyridinium dichromate (I42mg, 0.75mmol) at room temperature. The progress o f the 

reaction was monitored by TLC and after three hours the reaction was quenched by 

the addition o f sat. aq. NaCI (I x 15ml). The product was extracted with diethyl ether 

(3 X 20ml). The organic fractions were combined, dried over MgS04 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2 ;I, 

hexane/ethyl acetate). A ll homogenous fractions were collected and the solvent was 

evaporated to afford (2.03) as a white solid (98mg, 70%).

Data previously described.

Preparation o f the Triflate: (6Z,8E)-2,3,4-trimethoxy-5H-henzo[7]annulen-9yl 

trifluoromethanesulfonate (2.33)

To a stirred solution o f (2.11) (250mg, 0.50mmol) in anhydrous DCM (5ml) was 

added Na2C03  (530mg, 5.00mmol) followed by trifluoromethanesulfonic anhydride 

(0.17ml, I.OOmmol) at 0“C. A fter thirty minutes the reaction was allowed to increase 

to room temperature and was left stirring overnight. The reaction was quenched by

188



the addition o f  5% aq. NaHCOs (1 x 100ml) and the product was extracted with 

diethyl ether (3 x 50ml). The combined organic fractions were sequentially washed 

with water (I x lOOmI) and sat. aq. NaCI (1 x lOOmI). The organic fractions were 

combined, dried over MgSOa, filtered and concentrated in vacuo. The resulting 

residue was purified by flash column chromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 8:1, hexane/ethyl acetate). All homogenous fractions 

were collected and the solvent was evaporated to afford (2 .33) as a colourless oil 

(200mg, 100%).

'H NM R (CDCb, 400 MHz) 5h ppm: 3.13 (2H, d, J=7.0Hz, BzCHs), 3.90 (3H, s, 

OMe), 3.91 (3H, s, QMe), 3.95 (3H, s, OMe). 5.96 (IH ,  dt, J=7.0Hz, BzCH 2 CH=CH), 

6.13 (IH , dd, J=6.5Hz, lO.OHz, BzCH 2 CH=CH), 6.61 (IH , d, J=6.5Hz, C=CH), 6.97 

(1H, s, ArH)

'^C NM R (CDCb, 400 MHz) 6c ppm: 24.82 (BZCH2), 55.52 (OMe), 60.50 (OMe), 

60.98 (OMe), 103.00 (ArCH), 120.29 (C=CH), 122.77 (BzCH2CH=CH), 123.64 

(A C ) ,  126.41 (A rQ , 127.22 (ArC), 129.13 (ArC), 129.89 (BzCH2CH=CH), 145.00 

(ArC), 151.12 (QC)

NMR (CDCI3 , 400 MHz) 5,- ppm: -74.04 

Vmax (DCM)/cm'' 3467.9, 2938.0, 1595.0, 1559.3, 1419.2, 1211.9, 1124.4

Preparation o f  the Triflate: (2.37)

To a dry three-necked round bottom flask containing N, A^-diisopropylamine (0.05ml, 

0.33mmol) was added 2.5M nBuLi (0.13ml, 0.33mmol) under dry reaction conditions 

at -78°C. After twenty minutes a solution o f  (2 . 11) (I50mg, 0.30mmol) in dry THF 

(2ml) was transferred to the three-necked flask, drop-wise via a syringe. The resultant 

suspension was allowed to stir at -78°C for two hours and a solution o f  2-[Â ,Â - 

bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (I30mg, 0.33mmol) in dry THF 

(2ml) was added. The reaction was allowed to stir for an additional three hours at this 

temperature. The reaction was quenched by the addition o f  water (1 x 50ml) and 

extracted with diethyl ether (3 x 50ml). The combined organic fractions were dried 

over MgS 0 4 , filtered and dried under vacuum. The residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 8:1, 

hexane/ethyl acetate) to yield (2 .37) as a colourless oil (160mg, 79%).
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'H N M R (C D C 13, 400 MHz) 8h ppm: I .I0 (9H , s, C(CH 3 )3 ), 1.91 (IH, m, CH2 ), 2.30 

(IH, m, CH2 ), 2.57 (IH, m, CHj),  2.99 (IH, m, CH2 ), 3.75 (3H, s, OMe), 3.86 (3H, s, 

OMe), 3.92 (3H, s, O Me), 4.30 (IH, m, CHOP), 6.13 (IH, d, J=4.5Hz, C=CH), 6.81 

(1H, s, ArH), 7.38 -  7.68 (1 OH, m, 10 x ArH)

'^C NMR (CDCb, 400 MHz) 8c ppm: 18.57 (C(CH3 )3 ), 20.43 (CH2 ), 26.88

(C(CH3 )3 ), 39.75 (CH 2 ), 55.96 (OMe), 60.95 (OMe), 61.53 (OMe), 68.60 (CHOP), 

105.91 (ArCH), 126.09 (C=CH), 126.54 (ArC), 127.22 (2 x ArCH), 127.28 (ArC), 

127.31 (ArCH), 128.51 (ArCH), 129.21 (ArC), 129.44 (2 x ArCH), 132.92 (ArC), 

133.10 (2 X ArCH), 143.10 (ArC), 143.91 (ArC), 151.09 (ArC), 151.44 (ArC)

'^F NMR (CDCI3 , 400 MHz) 5p ppm: -74.49

Vmax (DCM)/cm'' 3467.3, 2932.3, 1595.0, 1419.8, 1211.8, 1113.4

Preparation o f  the Boronic Acid (2.38)

To a stirred solution o f  (2 . 16) (2.22g, 7.03mmol) dissolved in anhydrous THF (4ml) 

was added 2.5M nBuLi (4.50ml, 11.25mmol) drop-wise at -78"C, under anhydrous 

conditions. After twenty minutes, whilst maintaining the temperature at -7 8 “C, 

triisopropyl borate (8.44ml, 36.56mmol) was added drop-wise to the reaction. After 

two hours the temperature was allowed to increase to -20°C and after an additional 

two hours the temperature was allowed to increase to ambient. The reaction was 

maintained at this temperature for twelve hours. The reaction was quenched by the 

addition o f  2M aq. HCI (I x 100ml). The product was extracted with diethyl ether (3 

X 100ml). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 9:1, ethyl 

acetate/methanol). All homogenous fractions were collected and the solvent was 

evaporated to afford (2 .38) as a white solid ( 1,3g, 66%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 0.25 (6H, s 2 x Si(CH3 )), 1.09 (9H, s, C(CH3 )3 ), 

3.92 (3H, s, OMe), 7.01 (IH, d, J=8.0Hz, ArH), 7.69 (IH, d. J=1.5Hz, ArH), 7.84 

(IH,  dd, J=1.5Hz, 8.0Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 8c ppm: -4.96 (2 x Si(CH3 )), 18.08 (C(CH3 )3 ), 25.38 

(C(CH3)3 ), 54.86 (OMe), 110.86 (ArCH), 126.95 (ArCH), 129.83 (ArCH), 144.07 

(ArC), 154.33 (ArC)
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Vmax (KBr)/cm'' 2930.3, 1599 .1, 15 11.9, 1411.9, 1318.6, 1269.11, 840.5 

Melting point: I 4 9 - I 5 5 “C

Suzuki Coupling 

Synthesis o f  (2.32)

To a flask containing triflate (2 .37) (80mg, 0.13mmol) was added boronic acid (2 .38 ) 

(42mg, 0 . 15mmol), K2 C O 3 (54mg, 0.39mmol), and Pd(Ph 3 ) 4  (8 mg, 0.007mmol). Tiie 

mixture was dissolved in a mixture o f  benzene, ethanol and water (3:1:1, 5ml). The 

resulting mixture was refluxed for thirty minutes. The reaction was quenched by the 

addition o f  water (I x 20ml) and the product was extracted with diethyl ether (3 x 

30ml). The organic fractions were combined, dried over MgSOa, Altered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 8:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (2.32) as a yellow oil (I20g, 100%).

[)ata previously described.
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CHAPTERS

EXPERIMENTAL



Towards the synthesis of (ZV8-amino-8,9-dihvdro-5-(3-hvdroxv-4-

methoxvphenvn-l,2,3-trimethoxvbenzo|71annulen-7one (3.01)

N-BOC protection o f  diethyl aminomalonate HCl (3.02)

To a stirred solution of diethyl aminomalonate HCl (2.00g, 9.50mmol) in anhydrous 

DCM (20ml) was added di-/t’r/-butyl dicarbonate (6.20g, 28.50mmol) followed by N, 

A^-diisopropylethylamine (5ml, 28.51 mmol) at room temperature. After three hours 

the reaction was quenched by the addition o f  2M aq. HCl (30ml). The product was 

extracted with DCM (3 x 20ml). The combined organic extracts were dried over 

MgS0 4 , filtered and concentrated in vacuo to afford (3.02) as a colourless oil (1.92g, 

75%).

'H NMR (CDCb, 400 MHz) 5h ppm: 1.13 (6 H, t, J=7.5Hz, 2 x CH3), 1.30 (9H, s, 

C(CH3)3), 4.08 (4H, m, 2 x CHj), 4.76 (IH,  d, J=7.5Hz, CH), 5.54 (IH,  d, J=7.5Hz, 

NH)

'^C NMR (CDCI3, 400 MHz) 5c ppm; 13.28 (2 x CH 3), 27.02 (C(CH3)3 ), 57.34 (CH), 

62.02 (2 x C ll2 ), 84.29 (C(CH3)3), 154. i 3 (C=0), 165.90 (2 x C=0)

Vmax(DCM)/cm ' 3446.3,2983.1, 1809.3, 1760.2, 1722.2, 1372.0, 1119.6 

HRMS: calculated 298.1267, found 298.1270, molecular formula (Ci2 H2 iN0 6 Na)

Synthesis o f  neopentyl I,I-(U(ethoxycarhonyl)-2-(2,3,4-trimethoxyphenyl) ethyl 

car hamate (3.03)

To a dry three-necked round bottom flask containing NaH (0. l lg,  4.60mmol) was 

added (3.02) (1.30g, 4.60mmol) dissolved in dry THF (2ml) under an atmosphere of 

nitrogen at 0“C. After twenty minutes the bromide (2.06) (1.21g, 4.60mmol) 

dissolved in dry THF (2ml) was added drop-wise to the stirred suspension. After 

three hours the reaction was quenched by the addition o f  sat. aq. NH4CI (20ml). The 

product was extracted with diethyl ether (3 x 20ml). The combined etheral fractions 

were dried over MgSOa, filtered and concentrated in vacuo. The resulting residue 

was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 5:1, hexane/ethyl acetate). Ail homogenous fractions were
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collected and the solvent was evaporated to afford (3.03) as a yellow oil (550mg, 

26%).

'H  NMR (CDCb, 400 MHz) 5n ppm: 1.18 (6 H, t, J=7.5Hz, 2 x CH3 ), 1.35 (9H, s, 

C(CH 3)3 ), 3.45 (2H, s, BzChb), 3.67 (3H, s, OJVIe), 3.72 (6 H, s, 2 x OMe), 4.08 (2H, 

m, CH2), 4.22 (2H, m, Chb), 5.53 (IH , s, NH), 6.67 (IH , d, J=8.2Hz. ArH), 6.59 (IH , 

d, J=8.2Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 6 c ppm: 13.38 (2 x CH 3 ), 27.65 (C(CH3)3), 32.37

(BZCH2 ), 55.25 (OMe), 60.39 (2 x OMe), 61.67 (2 x CH2 ), 65.76 (QC), 79.12 

(C(CH 3 )3 ), 106.31 (ArCH), 120.57 (ArC), 125.41 (ArCH), 141.42 (ArC), 152.23 

(ArC), 152.36 (ArC), 153.26 (C =0), 167.44 (2 x C = 0) 

v,̂ ax (DCM )/cm'' 3439.9, 2927.3, 1741.0, 1716.7, 1495.9, 1102.9

Synthesis o f tert-hutyl I-(ethoxycarhonyl)-2-(2,3,4- 

1rimethoxyphenyl)ethylcarhamate

To a stirred solution o f  (3.03) (200mmg, 0.44mmol) in methanol (3ml) was added 

2.5M aq. NaOH (2ml) at 0“C. The reaction was left stirring for twenty-four hours. It 

was quenched by the addition o f  2M aq. HCl (1 x 10ml) and the product was 

extracted with diethyl ether (3 x 15ml). The combined organic extracts were dried 

over MgS0 4 , filtered and concentrated to afford an off-white powdery solid. The 

product was not purified by flash column chromatography and crude NMR spectral 

data was obtained.

'H NMR (CDCI3, 400 MHz) 5„ ppm: 1.26 (3H, t, J=7.5Hz, CHj), 1.44 (9H, s,

C(CH 3)3), 1.87 (IH,  m, CH), 3.47 (2H, d, J=4.8Hz, BZCH2 ), 3.82 (3H, s, OMe), 3.83 

(3H, s, OMe), 3.84 (3H, s, OMe), 4.23 (2H, m, CHj), 6.01 (IH,  s, NH), 6.57 (IH,  d, 

J=8.2Hz, ArH), 6.75 (IH,  d, J=8.2Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 13.38 (CH3), 27.68 (C(CH 3)3), 28.16 (CH), 

33.42 (BZCH2 ), 55.84 (OMe), 60.30 (2 x OMe), 62.55 (CH2), 80.11 (C(CH 3 )3), 

106.58 (ArCH), 120.02 (ArC), 125.64 (ArCH), 141.38 (ArC), 151.96 (ArC), 152.66 

(ArC), 168.31 (C=0), 170.35 (C =0)

Synthesis o f ethyl 2-amino-3-(2,3,4-trimethoxyphenyl)propanoate
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A stirred solution of (3.03) (SOOmmg, 0.66mmol) in 6M aq. HCI (5ml) was refluxed 

for twenty-fours hours. The HCI was subsequently removed under vacuum with the 

aid o f  toluene (200ml). An off-white solid was obtained. The product was dried in 

vacua for several days and was not purified by flash column chromatography. A 

complex mixture o f  compounds resulted.

Synthesis o f  2-amino-3-(2,3,4-trimethoxyphenyl)propanoic acid (3.04)

To a stirred solution of (3.03) (300mg, 0.66mmol) in a mixture of methanol (2ml) and 

THF (2ml) was added 2.5M aq. NaOH (2ml). The mixture was retluxed for two 

hours. The reaction was then acidified by the addition of 3M aq. HCI (10ml) and was 

refluxed for a further two hours. The solvent was removed from the flask under 

vacuum aided by the addition o f  toluene (300ml). The product was dried in vacuo for 

several days and was not purified by flash column chromatography. A yield for the 

transformation was not obtained.

'H NMR (D.O, 400 MHz) 5,, ppm: 2.84 (IH,  q, J=8.0Hz, CH2 ), 3.14 (IH,  dd, 

J=5.0Hz, 9.6Hz, CH2 ), 3.69 (IH,  m, CH), 3.72 (3H, s, OMe), 3.74 (3H, s, OMe), 3.76 

(3H, s, OMe), 6.70 ( IH, d, J=8.5Hz, ArH), 6.85 ( IH, d, J=8.5Hz, ArH)

'^C NMR (D2O, 400 MHz) 5c ppm; 30.56 (CH2 ), 55.11 (CH), 55.42 (OMe), 60.36 

(OMe), 60.65 (OMe). 108.10 (ArCH), 120.76 (ArC), 125.55 (ArCH), 140.72 (ArC), 

150.76 (ArC), 152.13 (ArC), 173.32 (C=0)

Vmax (KBr)/cm'' 3399.9, 3265.5, 2943.5, 1603.0, 1094.6 

Melting point: I 8 5 - I 8 7 ' ’C

HRMS: calculated 256.1185, found 256.1173, molecular formula (C 1 2H 18NO 5 ) 

N-CBZ protection o f  diethyl am inom ahnate HCI 

Synthesis A

To a stirred solution of diethyl aminomalonate HCI (l.OOg, 5.16mmol) in DCM 

(10ml) was added dibenzyl dicarbonate (1.3ml, 5.16mmol) and N, N-

diisopropylethylamine (1.2ml, 6.90mmol) at 0‘*C. After ten minutes the reaction 

temperature was allowed to increase to ambient. The reaction was left stirring 

overnight and was quenched by the addition o f  2M aq. HCI (20ml). The product was
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extracted with diethyl ether (3 x 30ml) and the combined organic fractions were dried 

over MgS0 4 , filtered and concentrated in vacuo to afford a yellow oil. The oil was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected  

and the solvent was evaporated to afford the product as a yellow oil (800mg, 60%).

Synthesis B

To a stirred solution o f  diethyl aminomalonate HCI (2.00g, ll.50m m ol) in a 1:1 

mixture o f  5% aq. NaHCOs and diethyl ether (10m l) was added benzyl chloroformate 

(1.8ml, 12.63mmol) at room temperature. The reaction was left stirring overnight and 

was quenched by the addition o f  2M aq. HCI (20ml). The product was extracted with 

diethyl ether (3 x 30ml) and the combined organic fractions were dried over MgS0 4 , 

filtered and concentrated in vacuo to afford a yellow  oil. The oil was purified by flash 

column chromatography (stationary phase; silica gel 230-400m esh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a yellow  oil (1 .OOg, 28%).

Synthesis C

To a stirred solution o f  diethyl aminomalonate HCI (2 .OOg, il.50m m ol) in DCM 

(20ml) was added benzyl chloroformate (1.8ml, l2.63m m ol) followed by N, N- 

diisopropylethylamine (4ml, 23.00m m ol) at 0“C. After ten minutes the flask was 

removed from the ice and the reaction was stirred at room temperature for two hours. 

The reaction was quenched by the addition o f  2M aq. HCI (I x 10ml). The product 

was extracted with diethyl ether (3 x 30ml). The combined organic extracts were 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 3:1, hexane/ethyl acetate). All homogenous fractions were collected  

and the solvent was evaporated to afford the product as a colourless oil (3 .OOg, 

100%).

'H NMR (CDCI3, 400 MHz) 5h ppm: 1.24 (6H, t, J=6.8Hz, 2 x CH3), 4.22 (4H, m, 2 

X CH2), 5.00 (IH, d, J=7.5Hz, CH), 5.10 (2H, s, BzCHs), 6.07 (I H, d, J=7.5Hz, NH), 

7.31 (5H, s, 5 X ArH)
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'^C NMR (CDCI3 , 400 MHz) 5c ppm: 13.47 (2 x CH 3 ), 57.34 (CH), 62.07 (2 x CH2 ), 

66.79 (BZCH2 ), 127.62 (2 x ArCH), 127.72 (1 x ArCH), 128.01 (2 x ArCH), 135.59 

(ArC), 155.06 (C=0), 165.90 (2 x C=0)

Vmax(DCM)/crn‘' 3 3 7 0 .2 ,2 8 9 3 .6 ,  1759.3, 1736.0, 1216.2

HRMS: calculated 332.1110, found 332.1117, molecular formula (Ci5Hi9N06Na)

Synthesis o f  benzyl l,I-di(ethoxycarhonyl)-2-(2,3,4- 

trimethoxyphenyl)ethylcarhumu1e (3.06)

To a dry three-necked round bottom flask was added (3.05) (4.80g, 15.50mmol) 

dissolved in dry THF (10ml) under an atmosphere o f  nitrogen at -78”C. To the stirred 

solution was added 2.5M nBuLi (6.2ml, 15.50mmol). After thirty minutes the 

bromide (2.06) (4 .0Ig, 15.50mmol) dissolved in dry THF (10ml) was added drop- 

wise to the stirred solution. The reaction was allowed to stir at this temperature for 

four hours. The reaction was quenched by the addition o f  saturated aq. NH4CI  

(50ml). The product was extracted with diethyl ether (3 x 50ml). The combined 

etheral fractions were dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting residue was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford the product (3.06) as 

a colourless oil (6.50g, 86%).

'H NMR (CDCI3, 400 MHz) 5„ ppm: 1.28 (6H, t, J=7.5Hz, 2 x CH3), 3.57 (2H, s, 

BzCbb), 3.74 (3H, s, OMe), 3.77 (3H, s, OMe), 3.80 (3H, s, OMe), 4.26 (4H, m, 2 x 

CH2), 5.13 (2H, s, BzCH2{CBZ}), 5.90 (1H, s , NH), 6.42 (IH, d . J=8.2Hz, ArH), 6.55 

( 1H, d ,  J=8.9Hz, ArH), 7.37 (5H, m, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 13.48 (2 x CH 3), 32.48 (BzCHz), 55.38 (OMe), 

60.18 (2 x OMe), 62.01 (2 x CH2 ), 66.24 (BzCH2 {CBZ}), 66.48 (QC), 106.44 

(ArCH), 120.30 (ArC), 123.90 (ArC), 125.54 (ArCH), 127.66 (2 x ArCH), 127.86 (1 

X ArCH), 127.97 (2 x ArCH), 136.05 (ArC), 141.48 (ArQ, 152.20 (ArC), 152.48 

(ArC), 153.94 (C=0), 167.34 ( 2 x C = 0 )  

vmax (DCM)/cm‘' 3230.0, 2938.6, 1739.9, 1496.6, 1102.2

HRMS: calculated 512.1897, found 512.1899, molecular formula (C25H3iN09Na)
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Synthesis o f (3.07)

To a stirred solution o f  (3 .06) (9.39g, 19.20mmol) in a 1:1 mixture o f  methanol and 

THF (100ml) was added 2.5M aq. NaOH (30ml) at 0“C. The mixture was refluxed 

for six hours. The methanol and THF were then removed from the flask in vacuo. 

The basic aqueous fraction was washed with diethyl ether (3 x 40ml) and was 

acidified with 21VI aq. HCl. The product was extracted with diethyl ether (3 x 60ml). 

The combined etheral fractions were dried over MgS0 4 , filtered and concentrated in 

vacuo to afford the product (3 .07) as a viscous yellow oil (6.42g, 73%).

'H NMR (CDCb, 400 MHz) 5m ppm: 1.23 (3H, t. J=7.0Hz, CH 3), 3.56 (4H, m, 

CH2 CH 3 & BzChb), 3.80 (3H, s, 3 X  OMe). 5.17 (2H, s, BzCfbiCBZ}), 6.34 (IH, s, 

NH), 6.46 ( IH, d, J=8.5Hz, ArH), 6.71 (1H, d, J=8.5Hz, ArH), 7.36 (5H, m, 5 x ArH), 

1 1.28 (IH, s, COOH)

'^C NMR (CDCI3 , 400 MHz) Sc ppm: 14.40 (CH3 ), 33.51 (BzCHz), 55.41 (OMe), 

60.27 (OMe), 60.36 (OMe). 65.52 (CH2CH 3 ), 66.23 (QC), 67.03 (BzCHziCBZ}), 

106.78 (ArCH), 1 19.45 (ArC), 125.74 (A rQ , 128.26 (2 x ArCH), 128.31 (1 x ArCH), 

128.49 (2 X ArCH), 135.46 (ArC), 141.27 (ArC), 151.83 (ArC), 152.77 (ArC), 155.36 

(C=0), 170.89 (C=0)

Vmax (DCM)/cm ' 3240.6, 2941.1, 1722.5, 1496.1, 1098.9

Synthesis o f 2-amino-3-(2,3,4-trimethoxyphenyl)propanoic acid (3.04)

To a stirred solution o f  (3.07) (2.24g, 4.86mmol) in methanol (25ml) was added 2.5M 

aq. HCl (25ml). The mixture was refluxed for forty-eight hours following which the 

solvent was removed in vacuo. Toluene (300ml) was used to azeotrope the water 

from the reaction mixture. The product (3.04) was obtained as an off-white solid 

(1.24g, 100%).

Data previously described

N-CBZprotection o f  2-amino-3-(2,3,4-trimethoxyphenyl)propanoic acid (3.08)

To a stirred solution of (3 .04) (3.40g, 13.31 mmol) in /-butanol (50ml) was added 

2.5M aq. NaOH (50ml) at 0°C. Benzyl chloroformate (6.3ml, 44.00mmol) was added
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drop-wise to the stirred solution. After one hour the temperature was allowed to 

increase to ambient and the reaction was allowed to stir for a further fifteen hours. 

The product was extracted with diethyl ether (3 x 50ml). The combined organic 

extracts were dried over MgS0 4 , filtered and concentrated under vacuum to afford a 

brown, viscous oil (3 .08) (2.00g, 68%).

'H NMR (CDCb, 400 MHz) 5„ ppm: 2.98 ( IH,  dd, J=8.5Hz, l3.5Hz, BZCH2), 3.13 

(IH,  dd, J=5.0Hz, 14.0Hz, BzCHj), 3.88 (3H, s, OMe), 3.90 (3H, s, OMe), 3.93 (3H, 

s, OMe), 4.51 (IH,  q, J=8.5Hz, 13.0Hz, CH), 5.08 (2H, q, J=12.5Hz, 18.5Hz, 

BzCH2 {CBZ}), 5.75 (IH,  d, J=7.5Hz, NH), 6.60 (IH,  d, J=8.2Hz, ArH), 6.85 (IH,  d, 

J=8.2Hz, ArH), 7.34 (5H, m, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 8c ppm: 31.50 (BzCHj), 54.70 (CH), 55.50 (OMe), 

60.29 (2 X OMe), 66.24 (BzCHslCBZ}), 106.95 (ArCH), 121.18 (ArC), 125.07 

(ArCH), 127.54 (2 x ArCH), 127.65 (1 x ArCH), 128.09 (2 x ArCH), 135.83 (ArC), 

141.53 (ArC), 151.53 (ArC), 152.68 (ArC), 155.80 (C=0), !76.22 (C=0) 

vmax (DCM)/cm ' 3340.0, 2941.7, 1721.7, 1496.4, 1098.8

HF^MS: calculated 412.1372, found 412.1392, molecular formula (C2oH23N07Na)

Direct synthesis o f  N-CBZ protected 2-antino-3-(2,3,4-trimetlioxyphenyl)propanoic 

acid (3. OS)

A  solution o f  (3 .07) (9.63g, 20.89mmol) in dioxane (50ml) was refluxed for six hours. 

Following which the dioxane was removed under vacuum and the product (3 .08) was 

obtained as a yellow viscous oil in quantitative yield.

Data previously described.

N-methyl carbamate protection o f 2-amino-3-(2,3,4-trimethoxyphenyl)propanoic 

acid (3.09)

To a stirred solution o f  (3 .04) (460mg, l.SOmmol) in /-butanol (20ml) was added 

2.5M aq. NaOH (20ml) at O^C. Methyl chloroformate (0.14ml, 1.80mmol) was added 

drop-wise to the stirred solution. After one hour the temperature was allowed to 

increase to ambient and the reaction was allowed to stir for a further twenty-four 

hours. The reaction was quenched by the addition o f  2M aq. HCl (1 x 40ml). The
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product was extracted with diethyl ether (3 x 50ml). The combined organic extracts 

were dried over MgS0 4 , filtered and concentrated under vacuum to afford a yellow oil 

(3.09) (400mg, 71%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 3.10 (2H, m, BZCH2 ), 3.65 (3H, s, COOCH 3 ), 

3.86 (3H, s, OMe), 3.87 (3H, s, OMe), 3.92 (3H, s, OMe), 4.45 (IH, m, CH), 5.73 

( IH, d, J=7.0Hz, NH), 6.63 (1H, d, J=8.5Hz, ArH), 6.87 (1H, d, J=8.5Hz, ArH)

'^C NMR (CDCI3 , 400 MHz) 8 c ppm; 3 1.84 (BzCHa), 5 1.95 (COOCH3), 54.81 (CH), 

55.51 (OMe), 60.31 (OMe), 60.48 (OMe), 107.00 (ArCH), 121.18 (ArC), 124.63 

(ArCH), 141.53 (ArC), 151.43 (ArC), 152.71 (ArC), 156.52 (C=0), 176.17(C=0) 

Vmax (DCM)/cm-' 3349.3,2945.2, 1721.2, 1496.5, 1098.6 

HRMS: calculated 336.1059, found 336.1055, molecular formula (CnHigNOyNa)

Attempted synthesis o f  benzyl 4-(niethoxycarhonyl)-I-(2,3,4-trimetboxyphenyl)-3- 

oxohutan-2ylcarhamate (3.10)

To a dry three-necked round bottom flask containing (3.08) (150mg, 0.39mmol) was 

added dry DCM (2ml) at O^C. Oxalyl chloride (0.18ml, l.95mmol) was added drop- 

wise to the stirred solution followed by DMF (I drop). The solution was stirred at 

this temperature for two hours. The solvent was then removed from the flask under 

vacuum in situ to afford the acid chloride as a viscous, brown oil. The oil was 

dissolved in dry DCM (5ml) and Meldrum’s acid (60mg, 0.40mmol) and DMAP 

(lOOmg, O.SOmmol) were added to the stirred solution at -1 0 “C. After one hour the 

reaction temperature was allowed to increase to ambient and was left stirring for 

sixteen hours. The reaction was quenched by the addition o f  2M aq. HCI (1 x 20ml) 

and the product was extracted with DCM (3 x 20ml). The combined organic fractions 

were dried over MgS0 4 , filtered and concentrated to an oily residue. The oil was 

dissolved in a mixture of toluene (20ml) and methanol (5ml) and the product was 

refluxed for forty-eight hours. The solvent was removed from the flask under 

vacuum. TLC analysis o f  the residue indicated that the reaction had not proceeded as 

desired. The mixture o f  polar products obtained was not purified or characterised.

Synthesis o f benzyl I-((perfluorophenoxy)carbonyl)-2-(2,3,4-trimethoxyphenyl) 

ethyl carbamate (3.11)

199



To a stirred solution o f  (3 .08) (500mg, 1.31 mmol) in dry DCM (12ml) was added 

pentatluorophenol (260mg, 1.40mmol) followed by DCC (300mg, 1.40mmol) at 0”C. 

After one hour the reaction was filtered to remove precipitated DCU and the solvent 

was removed in vacuo. The residue was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate) to 

yield (3 .11) as a clear, colourless oil (550mg, 76%).

'H NMR (CDClj, 400 MHz) Sh ppm; 3.14 (IH, dd, J=8.9Hz, 13.6Hz, BZCH2), 3.25 

(IH, dd, J=4.5Hz, 13.6Hz, BzCfb), 3.86 (3H, s, OMe), 3.88 (3H, s, OMe), 3.96 (3H, 

s, OMe), 4.78 (IH, q, J=8.0Hz, 13.6Hz, CH), 5.10 (2H, s, BzCH2 {CBZ}), 5.90 (IH, 

d, J=7.5Hz, NH), 6.64 (IH, d, J=8.9Hz, ArH), 6.90 (IH, d, J=8.9Hz, ArH), 7.33 (5H, 

s, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 31.49 (BzCH:), 54.70 (CH), 55.50 (OMe), 

60.28 (OMe), 60.44 (OMe), 66.47 (BzCH2 {CBZ}), 106.95 (ArCH), 121.18 (ArC), 

125.07 (ArCH), 127.54 (2 x ArCH), 127.65 (1 x ArCH), 128.09 (2 x ArCH), 135.83 

(ArC), 141.53 (ArC), 151.53 (ArC), 152.68 (ArC), 155.80 (C=0), 176.22 (C=0) 

NMR (CDCI3, 400 MHz) 5  ̂ppm: -162.53 (2 x ArF), -157.99 (1 x ArF), -152.27 

(2 x ArF)

Vmax (DCM)/cm'' 3345.1,2942.2, 1793.3, 1725.8, 1521.4, 1099.4

Synthesis ofhenzy! 4-(methoxycarhonyl)-l-(2,3,4-trimethoxyphenyl)-3-oxobutan-2- 

ylcarhamate (3.10)

The PFP ester (3 . 11) (450mg, 0.81mmol) was dissolved in anhydrous DCM (12ml) 

under an atmosphere of nitrogen at O^C. Meldrum’s acid (350mg, 2.40mmol) and 

DMAP (290mg, 2.42mmol) were added to the stirred solution at this temperature. 

After four hours the reaction was quenched by the addition o f  2M aq. HCl (10ml) and 

the product was extracted with DCM (3 x 20ml). The DCM extracts were combined, 

dried over MgS0 4 , filtered and concentrated under vacuum to afford a yellow oil. 

The oil was purified by flash column chromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). The oil was dissolved in a 

4:1 mixture o f  toluene and methanol (20ml) and the reaction was refluxed for twenty- 

four hours. The solvent was then removed from the flask in vacuo. Following flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1,
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hexane/ethyl acetate) the target compound (3.10) was isolated as a yellow oil (40mg, 

10%).

'H NMR (CDCb, 400 MHz) 8 ,i ppm; 3.02 (2H, m, BzCHj), 3.60 (2H, q, J=l5.7Hz, 

28.7Hz, COCH 2 CO), 3.70 (3H, s, COOCH 3 ), 3.75 (3H, s, OMe), 3.83 (3H, s, OMe), 

3.91 (3H, s, OMe), 4.53 (IH,  q, J=7.5Hz, 13.0Hz, CH), 5.08 (2H, s, BzCHi {CBZ}), 

5.73 (IH,  d, J= 6 .8 Hz, NH), 6.60 (IH,  d, J=8.2Hz, ArH), 6.69 (IH,  d, J= 8 .8 Hz, ArH), 

7.35 (5H, m, 5 X ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm; 30.76 (BZCH2 ), 45.98 (COCH 2 CO), 51.97 

(COOCH 3 ), 55.51 (OMe), 60.30 (OMe), 60.43 (OMe), 61.06 (CH), 66.47 

(BzCH2 {CBZ}), 106.93 (ArCH), 120.97 (ArC), 124.76 (ArCH), 127.56 (2 x ArCH),

127.70 (I X ArCH), 128.04 (2 x ArCH), 135.83 (ArC), 141.53 (ArC), 151.29 (ArC),

152.71 (ArC), 166.97 (C=0), 201.45 (C=0)

Vmax (DCM)/cm'' 3351.4, 2939.1, 1719.0,1496.0, 1097.9

HRMS; calculated 468.1634, found 468.1627, molecular formula (C2 3 H2 7 NOgNa)

Attempted improved synthesis o f benzyl 4-(methoxycarhonyl)-I-(2,3,4- 

trimethoxyphenyl)-3-oxohutan-2-ylcarhamate (3.10)

To a stirred solution o f  (3.08) (450mg, 1.20mmol) in dry DCM (I I ml) was added 

pentatluorophenol (240mg, 1.32mmoi) followed by DCC (270mg, 1.31 mmol) at 0“C, 

under anhydrous conditions. After thirty minutes the flask was removed from the ice 

bath and the temperature was allowed to increase to ambient. After one hour 

Meldrum’s acid (520mg, 3.62mmol) and DMAP (440mg, 3.64mmol) were added to 

the stirred suspension at 0“C. After an additional three hours the mixture was filtered 

and washed with 2M aq. HCI (2 x 20ml). The organic fraction was dried over 

MgS0 4 , filtered and concentrated in vacuo. The residue was dissolved in a mixture of 

toluene (16ml) and methanol (4ml) and was refluxed for twenty-four hours. The 

solvent was removed under vacuum and subsequent TLC analysis indicated (3.10) 

was not present in the crude mixture.

Attempted synthesis o f  benzyl 4-(methoxycarbonyl)-I-(2,3,4-trimethoxyphenyl)-3- 

oxobutan-2-ylcarhamate (3.10) via the formation o f an imidazolide
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To a stirred solution o f  (3 .08) (200mg, 0.52mmol) in anhydrous THF (6ml) was added 

N, yV-carbonyldiimidazole (92mg, 0.57mmol) under an atmosphere o f  nitrogen at 

room temperature. The reaction was left stirring for one hour. To a separate three

necked round bottom flask was added mono-methyl malonate (244mg, 1.56mmol) 

and anhydrous THF ( 18ml) under dry reaction conditions. Dibutylmagnesium ( IM in 

heptane) (0.78ml, 0.78mmol) was added drop-wise to the stirred solution at 0“C. 

After fifteen minutes the first solution (imidazolide) was transferred to the three

necked tlask, dropwise via a syringe. The resultant suspension was allowed to stir at 

room temperature for one week. The reaction was quenched by the addition o f  sat. 

aq. NH4CI  solution (I x 50ml) and extracted with diethyl ether (3 x 50ml). The 

combined etheral fractions were dried over M gS0 4 , filtered and dried under vacuum. 

Analysis o f  the reaction mixture indicated that the starting reagents were recovered 

unchanged.

Synthesis o f  benzyl 4-(methoxycarbonyl)-l-(2,3,4-trinietho.\yphenyl)-3-oxobutan-2- 

ylcarhanuite (3.10) via the pentfhwrophenol ester (3.11)

To a dry three-necked round bottom tlask containing mono-methyl malonate (380mg, 

2.43mmol) was added anhydrous THF (8ml) under dry reaction conditions. 

Dibutylmagnesium (IM  in heptane) (2.43ml, 2.43mmol) was added dropwise to the 

stirred solution at O^C. After fifteen minutes a solution o f  (3 . 11) (450mg, 0 .8 1 mmol) 

in dry THF (7ml) was transferred to the three-necked flask, drop-wise via a syringe. 

The resultant suspension was allowed to stir at room temperature for one week. The 

reaction was quenched by the addition o f  sat. aq. NH4CI  solution (I x 50ml) and 

extracted with diethyl ether (3 x 50ml). The combined etheral fractions were dried 

over MgS0 4 , filtered and concentrated under vacuum. The residue was purified by 

flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 6:1, hexane/ethyl acetate). All homogenous fractions were combined and 

concentrated in vacuo to afford (3 . 10) as a yellow oil (29mg, 8%).

Data as previously described.

Attempted synthesis o f benzyl 4-((henzyloxy)carhonyl)-l-(2,3,4-trimethoxyphenyl)- 

3-oxohutan-2ylcarhamate
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To a dry three-necked round bottom flask containing mono-benzyl malonate (338mg, 

1.74mmoi) was added anhydrous THF (5ml) under dry reaction conditions. 

Dibutyhnagnesium (IM  in heptane) (0.87ml, 0.87mmol) was added drop-wise to the 

stirred solution at O^C. After fifteen minutes a solution o f  (3.11) (320mg, 0.58mmol) 

in dry THF (5ml) was transferred to the three-necked flask, drop-wise via a syringe. 

The resultant suspension was allowed to stir at room temperature for five days. The 

reaction was monitored by TLC and starting materials were recovered unchanged.

General procedure fo r  imidazolide and LDA coupling reaction

To a dry three-necked round bottom tlask containing a suitably N-protected amino 

acid (l.Ommol) in dry THF (6ml) was added N, A^-carbonyldiimidazole (1.1 mmol) at 

room temperature under an atmosphere o f  nitrogen. The reaction was allowed to stir 

for one hour. Meanwhile, in a second dry three-necked round bottom flask containing 

N, -diisopropylamine (3.3mmol) was added 2.5M nBuLi (3.3mmol) drop-wise 

under anhydrous conditions at -7 8 “C. The alkyl acetate (3.3mmol) was added to the 

LDA that was formed in situ. After twenty minutes the content o f  the first tlask was 

transferred via a syringe, drop-wise, to the second flask. The mixture was allowed to 

stir for two hours. The reaction was quenched by the addition o f  2M aq. HCI (1 x 

30ml) and the products were extracted with ethyl acetate (3 x 50ml). The combined 

etheral fractions were dried over MgS0 4 , filtered and concentrated under vacuum to 

afford a yellow oily residue. The oil was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate)

General procedure fo r  pentafluorophenol ester and LDA coupling reaction

To a dry three-necked round bottom flask containing N, jV’-diisopropylamine 

(3.00mmol) was added 2.5M nBuLi (3.00mmol) under dry reaction conditions. The 

alkyl acetate (3.00mmol) was added drop-wise to the stirred solution at -78“C. After 

fifteen minutes a solution o f  (3. 11) (l.OOmmol) in dry THF (4ml) was transferred to 

the three-necked flask, drop-wise via a syringe. The resultant suspension was allowed 

to stir at -78°C for two hours. The reaction was quenched by the addition of 2M aq. 

HCI (1 X 50ml) and extracted with ethyl acetate (3 x 50ml). The combined organic 

fractions were dried over MgS0 4 , filtered and concentrated under vacuum. The
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residue was purified by flash column ciiromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 6 ; I, hexane/ethyl acetate).

The data for the products obtained via LDA coupling reactions are outlined below: 

N-CBZ Alanine

'H NMR (CDCI3 , 400 MHz) 8 ,1  ppm: 1.37 (3H, d, J=7.5Hz, CH 3 ), 1.46 (9H, s, 

C(CH3 )3), 3.47 (2H, q, J= 16.0Hz, 22.0Hz, COCH2CO), 4.48 (IH,  m, CH), 5 .11 (2H, 

s, BzChb), 5.65 (IH,  d, J=7.0Hz, NH), 7.35 (5H, m, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 16.70 CCH3 ), 27.46 (C(CH3 )3), 46.66

(COCH2CO), 55.34 (CH), 66.49 (BZCH2), 81.89 (C(CH3)3 ), 127.63 (2 x ArCH), 

127.75 (1 X ArCH), 128.09 (2 x ArCH), 135.78 (ArC), 155.25 (C=0), 165.54 (C=0), 

201.83 (C=0)

Vmax (DCM)/cm-' 3335.8, 2980.1, 1717.7, 1249.9

HRMS; calculated 344.1474, found 344.1461, molecular formula (Ci7 H23N 0 5 Na)

(3.12)

'H NMR (CDCI3 , 400 MHz) 8n ppm: 1.47 (9H, s, C(CH3)3), 2.96 (IH,  dd, J=5.0Hz, 

14.0Hz, BZCH2 ), 3.07 (IH,  dd, J=5.0Hz, l4.0Hz, BzCfb), 3.50 (2H, q, J=16.0Hz, 

39.1Hz, COCH 2CO), 3.82 (3H, s, OMe), 3.85 (3H, s, QMe), 3.90 (3H, s, O Me). 4.53 

(IH,  m, CH), 5.06 (2H, s, BzCH2 {CBZ}), 5.74 (IH,  d, J=7.0Hz, NH), 6.58 (IH,  d, 

J=8.5Hz, ArH), 6.80 (IH,  d, J=8.5Hz, ArH), 7.32 (5H, m, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 27.60 (C(CH3)3 ), 30.81 (BZCH2), 47.46

(COCH2CO), 55.49 (OMe), 60.27 (OMe), 60.39 (QMe), 60.63 (CH), 66.35 

(BzCH2 {CBZ}), 81.68 (C(CH3)3 ), 106.88 (ArCH), 121.22 (ArC), 124.47 (ArCH), 

127.47 (2 X ArCH), 127.63 (1 x ArCH), 128.01 (2 x ArCH), 135.90 (ArC), 141.52 

(ArC), 151.35 (ArC), 152.61 (ArC), 155.59 (C=0), 165.83 (C=0), 201.91 (C=0)

Vmax (DCM)/cm'' 3349.1,2937.3, 1720.0,1496.3, 1099.4

HRMS: calculated 510.2104, found 510.2119, molecular formula (C2 6 H33NOgNa)

(3. 13)

'H NMR (CDCI3, 400 MHz) 5h ppm: 1.26 (3H, t, J=7.0Hz, CH3), 2.94 (IH,  dd, 

J=8.5Hz, 14.0Hz, BZCH2), 3.06 (IH,  dd, J=5.5Hz, 14.0Hz, B zC Ii) ,  3.57 (2H, q, 

J= 16.1 Hz, 28.6Hz, COCH2CO), 3.81 (3H, s, OMe), 3.83 (3H, s, OMe), 3.89 (3H, s.
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OMe), 4.18 (2H, q, J=7.0Hz, 14.0Hz, CH2CH3), 4.55 (IH, m, CH), 5.05 (2H, q, 

J=l2.0Hz, 16.6Hz, BzCH2 {CBZ}), 5.80 (IH,  d, J=7.0Hz, NH), 6.57 (IH, d, J=8.5Hz, 

ArH), 6.78 (IH, d, J=8.5Hz, ArH), 7.29 (5H, m, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 8 c ppm: 13.62 (CH3), 30.70 (BzCHj), 46.19

(COCH2CO), 55.47 (OMe), 60.25 (OMe), 60.39 (OMe), 60.61 (CH), 61.43 

(CH2CH3), 66.37 (BzCH2 {CBZ}), 106.89 (ArCH), 121.12 (ArC), 124.56 (ArCH), 

127.43 (2 X ArCH), 127.66 (I x ArCH), 128.00 (2 x ArCH), 135.86 (ArC), 141.53 

(ArC), 151.31 (ArC), 152.66 (ArC), 155.63 (C=0), 166.58 (C=0), 201.57 (C=0)

Vmax (DCM)/cm'' 3355.2, 2938.7, 1719.2,1496.3, 1098.5

HRMS: calculated 482.1791, found 482.1800, molecular formula (C2 4H29N 0 8 Na) 

(3.14) NMR data showed signs of keto-enol tautomerism

'H NMR (CDCI3 , 400 MHz) 5m ppm: 3.00 (2H, m, BZCH2), 3.63 (5H, m, COOCH3 

& COCH2CO), 3.84 (3H, s, OMe), 3.88 (3H, s, OMe), 3.89 (3H, s, OMe), 4.51 (IH, 

m, CH), 5.14, 5.18 (2H, s, OBZCH2), 5.67, 5.74 (IH, d, J=7.5Hz, NH), 6.55 (IH,  d, 

J=8.5Hz. ArH), 6.73 (IH, d, J=8.5Hz, ArH), 7.34 (5H, m, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) Sc ppm: 30.72, 31.18 (BZCH2), 46.19 (COCH2CO), 

51.74, 51.88 (COOCH3), 54.78, 55.47 (CH), 55.47 (OMe), 60.25, 60.29 (OMe), 

60.43, 60.74 (OMe), 61.20 (CH), 66.52, 66.67 (OBZCH2 ), 106.81, 106.96 (ArCH), 

119.22, 121.09 (ArC), 124.55, 124.74 (ArCH), 127.73, 127.74 (2 x ArCH), 127.83. 

127.88 (ArCH), 128.07, 128.13 (2 x ArCH), 134.89, 134.99 (ArC), 141.54, 141.60 

(ArC), 150.98, 151.25, (ArC), 151.56, 152.63 (ArC), 156.11, 156.31 (C=0), 169.87, 

171.50 (C=0), 201.66 (C=0)

Vmax (DCM)/cm'' 3357.3, 2943.4, 1724.3, 1496.4, 1098.9

HRMS: calculated 468.1634, found 468.1634, molecular formula (C23H27NOsNa)

Synthesis o f  benzyl 4-(tert-hutoxycarhonyl)-3-hydroxy-l-(2,3,4-trimetlioxyphenyl)- 

3-oxohutan-2-ylcarbamate

To a stirred solution of (3.12) (470mg. 0.97mmol) in methanol (4ml) was added 

NaBH4 (12mg, 0.32mmol) at 0”C. The reaction was allowed to stir at this 

temperature for one hour. It was then removed from the ice and allowed to increase 

to room temperature. The progress of the reaction was monitored by TLC and after
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an additional four hours the reaction w as  quenched  by the addition o f  w ater  (1 x 

50ml). The  m ethanol w as rem oved  from the  reaction mixture under vacuum  and the 

product w as extracted with diethyl e ther  (3 x 50ml). The organic  fractions were 

com bined , dried over M gS 0 4 , filtered and concentra ted  in vacuo. The  resulting 

residue w as purified by flash co lum n ch rom atography  (stationary phase; silica gel 

230-400m esh , m obile  phase; 2:1, hexane/ethyl acetate). All hom ogenous  fractions 

were collected and the solvent w as evaporated  to afford  the products  (d iastereom ers)  

as a clear, co lourless oil (340m g, 72% ).

'H  N M R  (CDCI3, 400 M H z) 5h ppm: 1.44 (9H, s, m inor d iastereom er, C(CH3)3), 

1.47 (9H, s, m ajor  d iastereom er, C (C H 3)3), 2.52 (2H, m, m ajo r  &  m inor 

d iastereom ers, BzCH?). 2.84 (2H, m, m ajo r  &  m inor  d ias tereom ers , C O H C H 7CQ). 

3.78 (6 H, s, m inor d iasterom er, 2 x O M e). 3.84 (6 H, s, m ajor d iastereom er, 2 x O M e). 

3.92 (3H, s, m ajo r  d iastereom er, O M e). 3.99 (3H, s, m inor  d ias tereom er, O M e), 4 .00 

( I H,  m, m ajor & m inor d iastereom ers , CH), 5.00 (2H, m, m ajo r  d iastereom er, 

B zC H ?{ C B Z |) .  5.06 (2H, m, m inor d ias tereom er, B zC H ^jC B Z }). 5.35 ( I H,  m, m ajor 

& m inor d iastereom ers, CH), 6 .60 ( I H,  d, J=8 .5H z, m ajor & m inor d iastereom ers. 

A ril) ,  6.84 ( I H,  d, J=8 .5H z, m ajor d iastereom er,  ArH), 6.90 ( I H,  d, J=8 .5H z, m inor 

d iastereom er, ArH), 7.23 ( I H,  m, m ajo r  &  m inor d iastereom ers , NH), 7.30 (5H, m, 

m ajor & m inor d iastereom ers , 5 x A rH )

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 27.61, 27.64 (C(CH 3)3), 29.25, 31.84 (BzCHi), 

39.36, 39.63 (COHCH2CO), 55.27, 55.50 (OMe), 55.67, 56.55 (CH), 60.27, 60.48 

(OMe), 60.63, 61.10 (OMe), 66.01, 66.08 (BzCH 2 {CBZ}), 67.59, 70.49 (CHOH), 

80.81 (C(CH3)3 ), 107.04 (ArCH), 122.93 (ArC), 124.69 (ArCH), 127.32 (ArCH), 

127.39 (ArCH), 127.49 (ArCH), 127.96 (ArCH), 128.00 (ArCH), 136.15 (ArC), 

141.59 (ArC), 151.44 (ArC), 152.11 (ArC), 156.07 (C =0), 171.74 (C=0)

Vmax (D C M )/c m '‘ 3 3 6 2 .9 ,2 9 3 9 .3 ,  1722.1, 1496.0, 1100.5

H R M S: ca lculated  512.2260, found 512.2274, m olecu la r  form ula  (C 26H 35N 0 8 Na)

Synthesis o f benzyl 4-(ethoxycarhonyl)-3-hydroxy-l-(2,3,4-trimethoxyphenyl)-3- 

oxohutan-2-ylcarhamate

To a stirred solution o f  (3. 13) (170m g, 0 .37m m ol)  in m ethanol (1 .5m l) w as added 

N a B H 4 (5mg. 0 . 12mmol) at 0“C. T he  reaction w as  a l low ed to  stir at th is  tem pera ture
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for one hour. It was then removed from the ice and allowed to increase to room 

temperature. The progress o f the reaction was monitored by TLC and after an 

additional hour the reaction was quenched by the addition o f  water (I x 50ml). The 

methanol was removed from the reaction mixture under vacuum and the product was 

extracted with diethyl ether (3 x 50ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 1:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford the products (diastereomers) as a clear, colourless oil 

(90mg, 53%).

'H NMR (CDCI3 , 400 MHz) 8 || ppm: 1.27 (3H, m, major & minor diastereomers, 

CH 3), 2.58 (2H, m, major & minor diastereomers, BzCH?). 2.84 (2H, m, major & 

minor diastereomers, COHCH 2CO), 3.81 (6 H, s, minor diastereomer, 2 x OMe). 3.85 

(6 H, s, major diastereomer, OMe), 3.90 (3H, s, major diastereomer, OMe), 3.91 (3H, 

s, minor diastereomer, OMe). 4.01 (IH,  m, major & minor diastereomers, CH), 4.17 

(2H, m, major & minor diastereomers, CH 2CH3 ), 5.01 (2H, q, J=12.7Hz, 17.6Hz, 

major diastereomer, BzCH2 {CBZ}), 5.10 (2H, m, minor diastereomer,

BzCH?{CBZ}), 5.35 (IH,  d, J=7.8Hz, major & minor diastereomers, CH), 6.61 (IH,  

d, J=8.3Hz, major & minor diastereomers, ArH), 6.84 ( IH,  d, J=8.3Hz, major 

diastereomer, ArH), 6.90 (IH,  d, J=8.3Hz, minor diastereomer, ArH), 7.26 ( IH,  m, 

major & minor diastereomers, NH), 7.31 (5H, m, major & minor diastereomers 5 x 

ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 13.71 (CH3 ), 29.39, 31.81 (BZCH2 ), 37.93, 

38.19 (COHCH2CO), 51.42, 55.35 (OMe), 55.51, 56.19 (CH), 60.25 (OMe), 60.39 

(OMe), 60.52, 60.70 (CH2 CH3 ), 66.12 (BzCH2 {CBZ}), 67.05, 70.09 (CHOH), 107.10 

(ArCH), 122.66 (ArC), 124.72 (ArCH), 127.37 (ArCH), 127.42 (ArCH), 127.55 

(ArCH), 127.98 (ArCH), 128.03 (ArCH), 136.06 (ArC), 141.60 (ArC), 151.38 (ArC),

152.20 (ArC), 156.14 (C=0), I72.30 (C=0)

Vmax (DCM )/cm'' 3368.3,2937.4, 1719.4, 1496.1, 1100.0

HRMS: calculated 484 .1947, found 484.1956, molecular formula (C2 4 H3 iNOgNa)

Synthesis o f methyl 4-((henzyloxy)carhonyl)-3-hydroxy-l-(2,3,4- 

trimethoxypbenyl)butan-2-ylcarhamate
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To a stirred solution o f  (3.14) (liOmg, 0.25mmol) in metiianol (2ml) was added 

NaBHa (3mg, O.OSmmol) at O^C. The reaction was allowed to stir at this temperature 

for one hour. It was then removed from the ice and allowed to increase to room 

temperature. The progress o f  the reaction was monitored by TLC and after an 

additional hour the reaction was quenched by the addition o f  water (I x 50ml). The 

methanol was removed from the reaction mixture under vacuum and the product was 

extracted with diethyl ether (3 x 30ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 1:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford the products (diastereomers) as a clear, colourless oil 

(40mg, 36%).

'H NMR (CDCI3, 400 MHz) 5}i ppm; 2.62 (2H, m, major & minor diastereomers, 

BzCH;;), 2.82 (2H, m, major & minor diastereomers, CQHCH^CO), 3.59 (3H, s, 

major diastereomer, COOCH3), 3.65 (3H, s, minor diastereomer, COOCH3), 3.89 

(IH,  m, major & minor diastereomers, CH), 3.91 (9H, s, major diastereomer, 3 x 

QMe), 3.93 (9H, s, minor diastereomer, 3 x OMe), 4.04 (111, s, major & minor 

diastereomers, CH), 5.13 (2H, d, J=2.5Hz, minor diastereomer, OBzCH?), 5.17 (2H, 

d, J=4.0Hz. major diastereomer, QBzCH?), 5.21 ( IH,  m, major and minor 

diastereomers, NH), 6.64 (IH,  d, J=8.6Hz, major & minor diastereomers, ArH), 6.85 

(IH,  d, J=8.5Hz, major diastereomer, ArH), 6.90 (IH,  d, J=8.6Hz, minor 

diastereomer, ArH), 7.38 (5H, m, major & minor diastereomers, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 29.58, 31.77 (BZCH2 ), 37.89, 38.19

(COCH2CO), 51.68, 51.74 (COOCH3), 55.38, 55.54 (CH), 56.32 (OMe), 60.35, 60.59 

(QMe), 60.74 (OMe), 66.14, 66.91 (OBzCHs), 70.10 (CH), 107.22, 107.29 (ArCH), 

122.49, 122.74 (ArC), 124.66, 124.74 (ArCH), 127.82, 127.89 (2 x ArCH), 128.08. 

(ArCH), 128.12, 128.15 (2 x ArCH), 135.15 (ArC), 141.61, 141.63 (ArC), 151.33, 

151.51, (ArC), 152.23, 152.29 (ArC), 156.58, 156.90 (C=0), 171.93 (C=0)

Vmax (DCM)/cm'' 3357.3,2943.4, 1724.3, 1496.4, 1098.9

HRMS: calculated 470.1791, found 470.1792, molecular formula (C23H29N08Na)

Protection o f  benzyl 4-(tert-hutoxycarhonyl)-3-hydroxy-I-(2,3,4-trimethoxyphenyl)- 

3-oxobutan-2-ylcarhamate
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The alcohol (I lOmg, 0.23mmol) was dried in vacuo for twenty-four hours, prior to 

being dissolved in DMF (2ml). 7er/-butyl-diphenylsilylchloride (0.09ml, 0.34mmol) 

and imidazole (25mg, 0.37mmol) were added to the stirred solution at room 

temperature under an atmosphere o f  nitrogen. The reaction was allowed to stir for 

five days. The reaction was quenched by the addition o f  sat. aq. NaCI (I x 30ml) and 

the protected alcohol was extracted with diethyl ether (3 x 30ml). The organic 

fractions were combined, dried over MgS0 4 , filtered and concentrated in vacuo. The 

resulting residue was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford (3.15) as a clear 

colourless oil (I50g. 90%).

'H NMR (CDCI3 , 400 MHz) 5|| ppm: 1.14 (9H, s, major diastereomer, C(CH3 )3), 

1.16 (9H, s, minor diastereomer, C(CH3 )3 ), 1.39 (9H, s, minor diastereomer, 

C(CH3 )3), 1.48 (9H, s, major diastereomer, C(CH3)3), 2.42 (2H, m, major & minor 

diastereomers, BzCH?). 2.86 (2H, m, major & minor diastereomers, COPCH 2CO),

3.79 (3H, s, major diastereomer, OMe), 3.80 (3H, s, minor diastereomer, OMe). 3.86 

(6 H, s major diastereomer, 2 x OMe). 3.88 (6 H, s, minor diastereomer, 2 x OMe), 

4.36 (IH,  m, major & minor diastereomers, CH), 5.00 (2H, q, J=l2.5Hz, 2l.0Hz, 

major & minor diastereomers, BzCHiiCBZ}), 5.37 (IH,  d, J=8.5Hz, major & minor 

diastereomers, CH), 6.54 (IH,  d, J=8.5Hz, minor diastereomer, ArH), 6.69 (IH, d, 

J=8.5Hz, major diastereomer, ArH), 6.69 (IH, d, J=8.5Hz, minor diastereomer, ArH),

6.80 (IH,  d, J=8.5Hz, major diastereomer, ArH), 7.19 (IH,  m, major & minor 

diastereomers, NH), 7.36 (IOH, m, major & minor diastereomers, 10 x ArH), 7.76 

(5H, m, major & minor diastereomers, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 26.63, 26.73 (C(CH3)3 ), 27.48 (C(CH3)3), 

28.14 (BZCH2), 40.69 (COPCH2CO), 55.49 (OMe), 56.50 (CH), 60.21 (OMe), 60.30 

(OMe), 65.47 (BzCH2 {CBZ}), 71.87 (CHOP), 80.32 (C(CH3 )3 ), 106.64, 106.93 

(ArCH), 123.71 (ArC), 124.29 (ArCH), 127.04 (ArCH), 127.18 (2 x ArCH), 127.24 

(ArCH), 127.27 (ArCH), 127.38 (ArCH), 127.45 (ArCH), 127.86 (ArCH), 127.97 

(ArCH), 129.28 (ArCH), 129.40 (ArCH), 132.67 (ArC), 133.45 (ArC), 135.47 (2 x 

ArCH), 135.58 (ArCH), 136.51 (ArC), 141.52 (ArC), 151.58 (ArC), 151.85 (ArC), 

155.29 (C=0), 169.42 (C=0)

Vniax (DCM)/cm'' 3412.8, 2932.9, 1727.2, 1496.2, 1103.6
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Protection o f  benzyl 4-(ethoxycarhonyl)-3-hydroxy-l-(2,3,4-trimethoxyphenyl)-3- 

oxohutan-2-ylcarhamate

The alcohol (80mg, O.lVmmol) was dried in vacuo for twenty-four hours, prior to 

being dissolved in DMF (2ml). TerZ-butyl-diphenylsilylchloride (0.07ml, 0.28mmol) 

and imidazole (I9mg, 0.28mmol) were added to the stirred solution at room 

temperature under an atmosphere of nitrogen. The reaction was allowed to stir for 

five days. The reaction was quenched by the addition o f  sat. aq. NaCI (I x 30ml) and 

the protected alcohol was extracted with diethyl ether (3 x 30ml). The organic 

fractions were combined, dried over lVlgS0 4 , filtered and concentrated in vacuo. The 

resulting residue was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford (3. 18) as a clear 

colourless oil (lOOmg, 100%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 1.12 (9H, s, major diastereomer, C(CH 3 )3 ), 

1.14 (9H, s, minor diastereomer, C(CH3 )3 ), 1.20 (3H, in, major & minor 

diastereomers, CH 2 CH 3 ), 2.61 (2H, major & minor diastereomers, m, BzCH?), 2.85 

(2H, m, major & minor diastereomers, COPCH2 CO), 3.44 (9H, s, minor diastereomer, 

3 X OMe), 3.77 (9H, s, major diastereomer, 3 x  OMe), 3.90 (IH, m, major & minor 

diastereomers, CH), 4.42 (2H, m, major & minor diastereomers, CH2 CH 3 ), 4.92 (2H, 

m, major & minor diastereomers, BzCH2 {CBZ}), 5.29 (IH, in, major & minor 

diastereomers, CH), 6.57 (IH, d, J=8.5Hz, major & minor diastereomers, ArH), 6.76 

(IH, d, J=8.0Hz, major & minor diastereomers, ArH), 7.17 (IH, m, major & minor 

diastereomers, NH), 7.19 (lOH, m, major & minor diastereomers, 10 x ArH), 7.76 

(4H, m, major & minor diasteromers, 4 x  ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 13.56 (CH2 CH 3 ), 26.61, 26.70 (C(CH3 )3 ), 

28.91 (BZCH2 ), 39.44 (COPCH2 CO), 55.49 (OMe), 56.90 (CH), 60.07 (CH2 CH 3 ), 

60.20 (OMe), 60.30 (OMe), 71.75 (CHOP), 106.87 (ArCH), 123.50 (ArC), 124.26 

(ArCH), 127.06 (2 x ArCH), 127.25 (ArCH), 127.87 (ArCH), 129.22 (ArCH), 129.40 

(ArCH), 130.50 (ArC), 133.61 (A rQ , 134.15 (ArC), 135.42 (2 x ArCH), 135.51 

(ArCH), 135.63 (2 x ArCH), 136.51 (ArC), 141.52 (ArC), 151.51 (ArC), 151.85 

(ArC), 155.29 (C=0), 170.33 (C=0)

Vmax (DCM)/cm'' 3408.1,2933.5. 1729.3, 1496.3, 1103.2
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Hydrolysis o f  tert-butyl ester (3.15)

Synthesis A

To a stirred solution of (3.15) (1 lOmg, O.lSmmol) in a mixture o f methanol (2ml) and 

THF (2ml) was added 2.5M aq. NaOH (4ml) at 0°C. The reaction was left stirring for 

ten minutes after which time the flask was removed from the ice and was allowed to 

increase to room temperature. The reaction proceeded for an additional three hours. 

The mixture was acidified with 2M aq. HCl (1 x 12ml). The organic solvents were 

removed from the mixture by heating under vacuum. The acid was extracted with 

diethyl ether (3 x 30ml). The organic fractions were combined, dried over lVIgS0 4 , 

filtered and concentrated in vacuo. The starting ester (3.15) was recovered 

quantitatively.

Synthesis B

To a round bottom flask containing (3.15) (lOmg. 0.02mmoi) was added formic acid 

(Iml) at room temperature. The reaction was left stirring for one hour. The formic 

acid was removed from the mixture by heating under vacuum. The acid was 

dissolved in diethyl ether (10ml) and toluene (20ml) and the remaining formic acid 

was removed from the mixture under vacuum. The resulting residue was not purified 

by fiash column chromatography. The solvent was evaporated to afford the 

corresponding acid (3.16), quantitatively, as a clear colourless oil.

Synthesis C

To a round bottom fiask containing (3.15) (lOmg, 0.02mmol) was added acetic acid 

(1ml) at room temperature. The progess o f  the reaction was monitored by TLC and 

after twenty-four hours the acetic acid was removed from the mixture under vacuum. 

The acid was dissolved in diethyl ether (10ml) and toluene (20ml) and the remaining 

acetic acid was removed from the mixture under vacuum. The resulting residue was 

not purified by fiash column chromatography. The solvent was evaporated to afford 

the starting ester (3.15) unchanged.

Synthesis D

To a stirred solution o f  (3.15) (50mg. O.OSmmol) in methanol (2ml) and THF (1ml) 

was added 2M aq. HCl (1ml) drop-wise at 0“C. The reaction was left stirring for ten
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minutes after which time the flask, was removed from the ice and was allowed to 

increase to room temperature. The reaction proceeded for an additional twenty-four 

hours. TLC analysis indicated that the reaction had not proceeded as required and the 

starting ester (3.15) w'as recovered unchanged.

Synthesis E

To a stirred solution o f  (3 . 15) (20mg, 0.03mmol) in DCM (2ml) was added 

trifluoroacetic acid (2ml) drop-wise at 0"C. The reaction was left stirring for ten 

minutes after which time the flask was removed from the ice and was allowed to 

increase to room temperature. The reaction proceeded for an additional hour. The 

trifluoroacetic acid was removed from the mixture under vacuum. The acid was 

dissolved in diethyl ether (10ml) and toluene (20ml) and the remaining trifluoroacetic 

acid was removed from the mixture under vacuum. The resulting residue was not 

purified by flash column chromatography. TLC analysis indicated that a complex 

mixture o f  products had resulted.

Synthesis F

To a round bottom flask containing (3 . 15) (400mg, 0.55mmol) was added formic acid 

(9mi) at O^C. The reaction was left stirring for one hour. The formic acid was 

removed from the mixture under vacuum. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the target acid (3 . 17) as a clear colourless oil (280mg, 75%). 

(3 . 17)

'H NM R (C D C b, 400 MHz) 8h ppm; 1.12 (9H, s, major diastereomer, C(CH 3 )3 ), 

1.14 (9H, s, minor diastereomer, C(CH 3 )3 ), 2.60 (2H, m, major & minor

diastereomers, BZCH2 ), 2.95 (2H, m, major & minor diastereomers, C O PCH 2 CO), 

3.79 (9H, s, minor diastereomer, OMe), 3.85 (9H, s, major diastereomer, 3 x QMe), 

4.36 ( IH,  m, major & minor diastereomers, CH), 4.97 (2H, m, major & minor 

diastereomers, BzCH 2 {CBZ}), 5.31 ( IH,  d, J=8.0Hz, major diastereomer, CH), 5.37 

( IH,  d, J=9.0Hz, minor diastereomer, CH), 6.56 ( IH,  m, major & minor 

diastereomers, ArH), 6.75 ( IH,  m, major & minor diastereomers, ArH), 7.17 ( IH,  m.
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major & minor diastereomers, NH), 7.30 (lOH, m, major & minor diastereomers, 10 x 

ArH), 7.44 (5H, m, major & minor diastereomers, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 26.60, 26.70 (C(CH 3 )3 ), 28.46 (BzCHz), 38.85, 

39.01 (COPCH 2 CO), 55.49 (OMe), 55.87, 56.87 (CH), 60.21 (OMe), 60.30 (OMe), 

65.73, 66.22 (BzCHj {CBZ}), 71.22, 71.72 (CHOP), 106.76, 106.94 (ArCH), 123.25, 

123.31 (ArC), 124.18 (ArCH), 124.29 (ArCH), 127.11 (ArCH), 127.19 (ArCH), 

127.29 (2 x ArCH), 127.45 (ArCH), 127.87 (ArCH), 127.98 (ArCH), 129.27 (ArCH), 

129.39 (ArCH), 129.44 (ArCH), 127.65 (ArCH), 132.50 (ArC), 133.14 (ArC), 135.39 

(2 x ArCH), 135.45 (ArCH), 135.54 (A rQ , 135.60 (ArC), 141.50 (ArC), 151.45 

(ArC), 151.96 (ArC), 155.54 (C=0), 175.50 (C =0) 

vmax (DCM)/cm ' 3412.8, 2932.1, 1713.5, 1496.0, 1102.6

HRMS: calculated 694.2812, found 694.2797, molecular formula (C 3 8 H4 5 NOgSiNa) 

(3.16)

'H  NMR (CDCI3, 400 MHz) 8h ppm: 2.76 (4H, m, major & minor diastereomers, 

BzCH?. COHCH 2 CO), 3.76 (3H, s, minor diastereomer, OMe). 3.80 (3H, s, major 

diastereomer, OMe). 3.84 (6H, s, major diastereomer, 2 x OMe). 3.90 (3H, s, minor 

diastereomer, 2 x OMe). 4.11 (IH,  m, major & minor diastereomers, CH), 5.02 (2H, 

m, major & minor diastereomers, BzCH 7 {CBZ}). 5.47 (IH,  m, major & minor 

diastereomers, CH), 6.60 (IH,  m, major & minor diastereomers, ArH), 6.82 (IH,  m, 

major & minor diastereomers, ArH), 7.19 (1H, m, major & minor diastereomers, NH), 

7.30 (5H, m, major & minor diastereomers, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 29.50, 29.69 (BZCH2 ), 35.32, 36.17

(COHCH 2 CO), 55.47, 55.52 (OMe), 55.51, 56.30 (CH), 60.23, 60.31 (OMe), 60.46, 

60.59 (OMe), 66.31, 66.45 (BzCH 2 {CBZ}), 67.29, 70.14 (CHOH), 107.03. 107.22 

(ArCH), 122.03, 122.53 (ArC), 124.34, 124.72 (ArCH), 127.31, 127.40 (2 x ArCH), 

127.59, 127.63 (ArCH), 127.96, 128.09 (2 x ArCH), 136.84 (A rQ , 141.55(ArQ, 

151.33 (ArC), 152.38 (ArC), 156.06 (C =0), 174.12 (C =0)

Vmax (DCM )/cm'' 3339.5,2940.2, 1716.0, 1496.3, 1100.0

HRMS: calculated 456.1634, found 456.1636, molecular formula (C 2 2 H2 7 NOgNa) 

Hydrolysis o f  ethyl ester (3.18)
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T o  a stirred solution o f  (3 . 18) (lOOmg, 0 .14m m ol)  in a m ixture o f  m ethanol (10ml) 

and T H F  (4m l) was added 2 .5M  aq. N aO H  (2m l) at 0“C. The reaction w as left 

s tirring for ten m inutes after which tim e  the flask w as  rem oved from the ice and was 

a llow ed to increase to room tem perature . The  reaction proceeded for an additional 

three hours. The  mixture w as acidified with 2M  aq. HCl (1 x 12ml). The organic 

solvents  w ere  rem oved from the m ixture  by heating  under vacuum . The acid w as 

ex trac ted  w ith  diethyl e ther (3 x 30ml). T he  organic  fractions were  com bined , dried 

over M g S 0 4 , filtered and concentra ted  in vacuo. T he  resulting residue w as purified 

by flash co lum n chrom atography  (sta tionary  phase; s ilica gel 230-400m esh , m obile  

phase; 1:1, hexane/ethyl acetate). All hom ogenous  fractions were collec ted  and the 

solvent w as  evaporated  to afford  an undesirable  cyclised  com pound  (3 . 19).

'H  N M R  (C D C I 3 , 400 M H z) 5h ppm: 1.15 (9H, s, m ajor & m inor d iastereom ers, 

C (C H 3 )3 ), 2 .18 (2H, m, m ajor & m inor  d iastereom ers ,  BZCH 2 ), 2.68 (2H, m, m ajor & 

m inor  d iastereom ers ,  C O P C H 7CO), 3 .77 (1 H, m, m a jo r  & m inor d iastereom ers ,  CH), 

3.81 (3H, s m ajor d iastereom er, O M e). 3.83 (3H, s, m ajor d iastereom er, O M e). 3.88 

(3H, s, m inor  d iastereom er, O M e), 3 .89 (3H, s, m ino r  d iastereom er, O M e). 3.91 (3H, 

s, m inor d iastereom er, O M e), 3.92 (3H, s, m ajor d ias tereom er, O M e), 4.21 ( I H,  m, 

m ajo r  &  m inor  d ias tereom ers , CH), 6 . 6 8  ( 1H,  d, J = 8 .8 Hz, m inor d iastereom er, ArH), 

6.74 ( I H,  d, J = 8 .8 Hz, m ajor d ias tereom er, ArH), 6.83 ( I H,  d, J = 8 .8 Hz, m inor 

d iastereom er, ArH), 7.05 ( I H,  d, J = 8 .8 Hz, m ajor d iastereom er, A rH ), 7.40 ( 6 H, m, 

m ajor  &  m ino r  d iastereom ers, 6  x ArH), 7.64 (4H, m, m ajor &  m inor  d iastereom ers , 

4 X ArH)

'^C N M R  (C D C I 3 , 400 M H z) 5c ppm: 26.85, 26.93 (C (C H 3)3 ), 29.63, 29.72 (B zC H :) ,  

34.05 (C H 2 C O ), 56.03 (O M e), 56.12, 56.18 (C H N H ), 60.77, 60.93 (O M e), 61.16, 

61.58 (O M e), 73.33 (C H O P), 96 .94 (C (C H 3 )3 ), 107.21, 108.17 (A rC H ), 110.66 

(A rCH ), 121.06 (ArC), 122.25 (ArC), 124.30 (A rCH ), 125.51 (ArCH), 127.39, 127.41 

(2 X A rC H ), 129.53, 129.58 (ArCH), 132.75, 132.89 (ArC), 135.30, (2 x  A rCH), 

135.92 (ArC), 141.80 (ArCH), 142.41 (ArC), 150.81 (ArC), 151.35 (ArC), 152.51 

(ArC), 154.02 ( C = 0 )

v™ , (D C M )/c m ' '  3229.2, 2931.0, 1692.1, 1495.4, 1466.1, 1100.3 

Synthesis o f  (3.20)
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To a stirred solution o f acid (3 .17) (50mg, O.OSmmol) in anhydrous DCM (Im i) was 

added oxalyl chloride (0.04ml, 0.40mmol) and DMF (1 drop) at 0“C. After two hours 

the excess oxalyl chloride was removed under reduced pressure to afford the 

corresponding acid chloride as a yellow viscous oil. This oil was dissolved in 

anhydrous DCM (4ml) and IM SnCU (0.02ml, 0.02mmol) was added a t-1 0 “C. After 

thirty minutes the reaction was quenched with sat. aq. NaCI (I x 10ml) and the 

product was extracted using diethyl ether (3 x 20ml). The organic fractions were 

collected, dried over MgS0 4  and filtered. The solvent was removed in vacuo to 

afford a viscous yellow oil. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (3 .20) as a yellow oil (40mg, 76%).

'H NMR (CDCI3 , 400 MHz) Sh ppm: 0.99 (9H, s, major diastereomer, C(CH 3)3 ), 

1.16 (9H, s, minor diastereomer, C(CH 3)3 ), 2.25 (2H, m, major & minor 

diastereomers, CH2 ), 2.64 (2H, m, major & minor diastereomers, CH?), 3.60 (3H, s, 

major diastereomer, O Me). 3.69 (3H, s, major diastereomer, OMe). 3.78 (3H, s, minor 

diastereomer, OMe). 3.81 (3H, s, minor diastereomer, OMe). 3.83 (3H, s, major 

diastereomer, OMe). 3.85 (3H, s, minor diastereomer, OMe), 4.26 (IH, m, major & 

minor diastereomers, CH), 4.45 ( IH, m, major & minor diastereomers, CH), 5.34 (2H, 

q, J=12.3Hz, 16.3Hz, BzCH?{CBZ}). 6.47 (2H, s, major diastereomer, 2 x ArH{A- 

ring}), 6.55 (IH, d, J= 8 .8 Hz, minor diastereomer, ArH{A-ring}), 6.97 (IH, d, 

J= 8 .8 Hz, minor diastereomer, ArH{A-ring}), 6.96 -  7.66 (15H, m, major & minor 

diastereomers, 15 x ArH)

'^C NMR (CDCI3 , 400 MHz) 8 c ppm: 18.50, 18.70 (C(CH 3)3), 26.28, 26.45

(C(CH3 )3), 28.82, 30.41 (CH2 ), 39.22, 40.89 (CH2 ), 55.49, 55.56 (OMe), 60.02, 60.80 

(OMe), 60.29, 60.81 (OMe), 67.12 (CH), 67.25, 67.48 (CH), 67.82, 68.14 (BzCHj), 

106.24, 106.78 (ArCH), 121.06, 122.54 (ArCH), 124.56, 135.50 (ArCH), 127.24, 

127.37 (2 X ArCH), 127.49, 127.56 (2 x ArCH), 127.58, 127.65 (2 x ArCH), 127.72 

(ArC), 127.88, 127.96 (ArCH), 128.16 (2 x  ArCH), 129.30 (ArCH), 129.78 (ArCH), 

132.60 (A rQ , 133.82 (ArC), 134.83 (2 x ArCH), 141.57 (ArC), 150.41 (ArC), 

169.99, 172.36 (C=0), 193.32 (C=0)

Vmax (DCM )/cm'' 2933.2, 1790.6, 1754.8, 1720.8, 1291.5, 1099.3

HRMS: calculated 676.2707, found 676.2735, molecular formula (C3gH4 3N 0 7 SiNa)
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Attem pted di-CBZprotection o f  (3.15)

Attempt A

To a stirred solution o f  (3.15) (20mg, 0.03mmol) in acetonitrile (2ml) was added 

DMAP (4mg, 0.03mmol) followed by benzyl chloroformate (0.004ml, 0.03mmol) at 

room temperature. The progress o f  the reaction was monitored by TLC. After 

twenty-four hours the starting material (3.15) was recovered unchanged.

Attempt B

To a stirred solution o f  (3.15) (20mg, 0.03mmol) in acetonitrile (2ml) was added 

DMAP (4mg, 0.03mmol) followed by dibenzyl dicarbonate (0.004ml, 0.03mmol) at 

room temperature. The progress o f  the reaction was monitored by TLC. After 

twenty-four hours the starting material (3.15) was recovered unchanged.

Attempt C

To a dry three-necked round bottom flask was added (3.15) (lOOmg, 0.14mmol) 

dissolved in THF (3ml). LHMDS (30mg, O.lSmmol) dissolved in THF (1ml) was 

added to the stirred solution at - 7 8 “C under dry reaction conditions. After fifteen 

minutes dibenzyl dicarbonate (0.03ml, 0.20mmol) was added to the stirred solution. 

After two hours the reaction temperature was slowly allowed to increase to ambient. 

After an additional twenty-four hours the starting material (3.15) was recovered 

unchanged.

Attempt D

To a dry three-necked round bottom flask was added (3.15) (90mg, 0.12mmol) 

dissolved in THF (5ml) and DMPU (1ml). LHMDS (26mg, 0.16mmol) dissolved in 

THF (1ml) was added to the stirred solution at - 7 8 “C under dry reaction conditions. 

After fifteen minutes dibenzyl dicarbonate (0.02ml, 0.17mmol) was added to the 

stirred solution. After two hours the reaction temperature was slowly allowed to 

increase to ambient. After an additional twenty-four hours the starting material (3.15) 

was recovered unchanged.

Attempt E
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To a dry three-necked round bottom flask was added (3 . 15) (40mg, 0.06mmol) 

dissolved in THF (5ml) and DMPU (1ml). 0.5M KHMDS (in toluene) (0.14ml, 

0.07mmol) was added to the stirred solution at - 1 0 ‘’C under dry reaction conditions. 

After fifteen minutes dibenzyl dicarbonate (0.01ml, O.OSmmol) was added to the 

stirred solution. After two hours the reaction temperature was slowly allowed to 

increase to ambient. After an additional twenty-four hours some starting material 

(3 . 15) was recovered unchanged along with the deprotected alcohol and /-BDPSiOH. 

Data previously described.

Synthesis o f  (3.22)

To a stirred solution o f  (3 .15) (130mg, O.lSmmol) in a 1:1 mixture o f  ethyl acetate an 

ethanol (4ml) was added 10% Pd/C (catalytic amount) followed by trifluoroacetic 

anhydride (0.05ml, 0.36mmol). The mixture was immediately subjected to a 

hydrogen atmosphere (balloon). After four hours the Pd/C was removed from the 

mixture by filtration. The residue washed with DCM (1 x 100ml). The solvent was 

concentrated under vacuum at low temperature (30‘’C). The product was purified by 

flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 1:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (3 .22) as a colourless oil (120mg, 100%).

'H  NM R (CDCI3, 400 MHz) 5h ppm: 1.06 (9H, s, major diastereomer, C(CH3)3), 

1.14 (9H, s, minor diastereomer, C(CH 3 )3 ), 1.25 (9H, s, minor diastereomer, 

C(CH 3 )3 ), 1.38 (9H, s, major diastereomer, C (C H 3 )3 ), 2.60 (2H, m, major & minor 

diastereomers, C H?), 2.81 (2H, dd, J=6.0Hz, 13.0Hz, major & minor diastereomers, 

C H 2 ), 3.38 ( IH,  m, major & minor diastereomers, CH), 3.75 (3H, s, major & minor 

diastereomers, OMe). 3.78 (3H, s, major & minor diastereomers, OMe), 3.82 (3H, s, 

major & minor diasteromers, O M e). 4.17 (1H, m, major & minor diastereomers, CH), 

6.51 ( IH,  d, J=8.5Hz, major & minor diastereomers, ArH), 6.66 ( IH,  d, J=8.0Hz, 

major & minor diastereomers, ArH), 7.34 -  7.42 (lOH,  m, major & minor 

diastereomers, 10 x ArH), 7.76 ( IH,  d, J=7.0Hz, NH)

'^C N M R (CDCI3 , 400 MHz) 5c ppm: 18.71, 18.81 (C(CH 3 )3 ), 26.40, 26.50

(C(CH 3)3 ), 27.17, 27.41 (C(CH 3)3), 30.63 (CH 2 ), 37.38, 38.34 (CH 2 ), 55.41, 55.48 

(OMe), 56.84, 57.69 (CH), 60.08 (O Me), 60.17, 60.21 (OMe), 70.00 (CH), 81.03
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(C(CH3)3), 106.85, 106.95 (ArCH), 114.26, 117.16 (ArC), 124.36, 124.50 (ArCH), 

127.21, 127.38 (2 x ArCH), 127.83, 127.95 (2 x ArCH), 129.40, 129.59 (2 x ArCH), 

131.99, 132.56 (ArC), 135.35 (4 x ArCH), 135.52, 135.65 (ArC), 141.54 (ArC),

151.10 (ArC), 152.48 (ArC), 161.95 (ArC), 162.33 (ArC), 170.22 (C=0)

''^F NMR (CDCb, 400 MHz) 5c ppm: -76.46 (CF3 )

Vmax (DCM)/cm ' 3073.2,2934.7, 1682.8, 1206.1, 1104.0

Synthesis o f (3.23)

To a flask containing (3 .22) (60mg, 0.09mmol) was added formic acid (2ml) at room 

temperature. The reaction was allowed to stir for twenty-four hours. The formic acid 

was removed from the flask using a stream o f  dry nitrogen gas. The residue was 

purifled by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (3 .23) as a colourless oil (40mg, 70%).

'H NMR (CDCI3 , 400 MHz) 5n ppm: 1.06 (9H, s, major diastereomer, C(CH3 )3),

1.10 (9H, s, minor diastereomer, C(CH3 )3 ), 2.89 (4H, m, major & minor 

diastereomers, 2 x C H?). 3.64 (IH, m, major & minor diastereomers, CH), 3.77 (6 H, 

s, major diastereomer, 2 x OMe), 3.82 (3H, s, minor diastereomer, OMe). 3.84 (6 H, s, 

minor diastereomer, 2 x OMe). 3.89 (3H, s, major diastereomer, OMe). 4.03 (IH, m, 

major & minor diastereomers, CH), 6.50 (1H, m, major & minor diastereomers, ArH), 

6 . 6 6  (IH, d, J=8.5Hz, major & minor diastereomers, ArH), 7.37-7.65 (lOH, m, major 

& minor diastereomers, 10 x ArH)

‘^C NMR (CDCI3 , 400 MHz) 6 c ppm: 18.64 (C(CH3)3), 26.41, 26.52 (C(CH3)3 ),

29.72, 33.28 (CH2), 39.98 (CH2), 55.48, (OMe), 56.09 (CH), 60.26 (OMe), 60.33, 

60.41 (OMe). 68.25 (CH), 106.71, 107.15 (ArCH), 119.79 (ArQ, 124.35 (ArCH), 

127.27, 127.41 (2 x ArCH), 127.48, 127.60 (2 x ArCH), 129.19, 129.84 (2 x ArCH), 

131.54, 131.78 (ArQ, 134.34 (ArCH), 135.21, 135.27 (2 x ArCH), 135.35, 135.49 

(ArCH), 141.54 (ArC), 150.93 (ArC), 152.93 (ArC), 169.00 (C=0)

■'̂ F NMR (CDCI3 , 400 MHz) 5c ppm: -70.46 (CF3 )

Vmax (DCM)/cm'' 3358.8,2931.7, 1698.7, 1102.9

Attempted cyclisation o f (3.23)
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To a stirred solution o f  acid (3.23) (lOmg, 0.02mmol) in anhydrous DCM (2ml) was 

added oxalyl chloride (0.01 ml, 0 .1 Ommol) and DMF ( I drop) at 0”C. After two hours 

the excess oxalyl chloride was removed under reduced pressure to afford the 

corresponding acid chloride as a yellow viscous oil. This oil was dissolved in 

anhydrous DCM (5ml) and IM SnCU (0 .01 ml, 0 .01 mmol) was added at -10°C. After 

thirty minutes, the reaction was quenched with sat. aq. NaCI (10ml) and the product 

was extracted using diethyl ether (3 x 20ml). The organic fractions were collected, 

dried over MgS0 4  and filtered. The solvent was removed in vacuo to afford a viscous 

yellow oil. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). All 

homogenous fractions were collected and the solvent was evaporated to afford (3.19) 

as a yellow oil (40mg, 76%).

Data previously described.

Synthesis o f  3-(2,3,4-trimethoxyphenyl)-2-(I,3-dioxoisoindoUn-2-yl)propanoic acid 

(3.24)

To a stirred solution o f  (3.04) (400mg, l.57mmol) in CHCI3 (4ml) was added phthalic 

anhydride (232mg, l.57mmol). The resultant mixture was retluxed for twelve hours. 

The mixture was then cooled to room temperature and DCM (50ml) was added. The 

organic layer was washed with water (I x 30ml) and 5% aq. NaHCOa (6 x 30ml). 

The basic aqueous extracts were combined and acidified with 2M aq. HCI. The 

product was extracted with DCM (3 x 50ml). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo to afford the product (3.24) as a 

brown oil (400mg, 70%).

'H NMR (CDCI3 , 400 MHz) §„ ppm: 3.51 (2H, m, BzChb), 3.68 (3H, s, OMe), 3.76 

(3H, s, OMe), 3.89 (3H, s, OMe), 5.25 (IH,  q, J=4.5Hz, I I.OHz, CH), 6.44 (IH, d, 

J=8.6Hz, ArH), 6.74 (IH,  d, J=8.6Hz, ArH), 7.68 (2H, m, 2 x ArH{Phthal}), 7.70 

(2H, m, 2 X ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 29.14 (BZCH2 ), 50.24 (CH), 55.38 (OMe). 

60.07 (OMe). 60.31 (OMe). 106.38 (ArCH), 121.82 (ArQ, 122.90 (2 x ArCH),

124.44 (ArCH), 128.31 (2 x ArC), 133.52 (2 x ArCH), 141.41 (ArC), 151.73 (ArC),

152.45 (ArC), 166.95 (2 x C=0), 173.92 (C=0)

Vmax (DCM)/cm-' 2939.9, 1775.3, 1715.4, 1390.6, 1110.3
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HRMS: calculated 408.1059, found 408.1066, molecular formula (C2oH|9N 0 7 Na)

Synthesis o f 2-(4,5,6,7-tetrachloro-l,3-dioxoisoindolin-2-yl)-3-(2,3,4- 

trimethoxyphenyl)propanoic acid (3.25)

To a stirred solution of (3 .04) (500mg, 1.96mmol) in DCM (50ml) was added tetra- 

chlorophthalic anhydride (560mg, 1.96mmol) followed by EtsN (0.6ml, 3.92mmol). 

The resulting mixture was refluxed for twelve hours. The solvent was removed from 

the mixture by heating under vacuum. The resultant off-white solid was dissolved in 

a mixture of acetic anhydride (5ml), pyridine (5ml) and DCM (lOml). The reaction 

mixture was refluxed for a further three hours. The reaction was quenched with 2M 

aq. HCI (1 X 40ml) and the product was extracted using diethyl ether (3 x 50ml). The 

organic fractions were collected, dried over MgS0 4  and filtered. The solvent was 

removed in vacuo to afford a viscous yellow oil. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

ethyl acetate/methanol). All homogenous fractions were collected and the solvent 

was evaporated to afford (3 .25) as a yellow solid (390mg, 38%).

'H NMR (CDCb, 400 MHz) 8 „ ppm: 3.50 (2H, m, CH2 ), 3.69 (3H, s, OMe), 3.80 

(3H, s, OMe), 3.87 (3H, s, OMe), 5.20 (IH,  dd, J=4.5Hz, I l.OHz, CH), 6.50 (IH,  d, 

J=8.5Hz, ArH), 6.76 (IH,  d, J=8.5Hz, ArH), 9.47 (IH,  br, s, COOH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 29.47 (CH2 ), 53.02 (CH), 55.91 (OMe), 60.54 

(OMe), 60.90 (OMe), 107.22 (ArCH), 121.79 (ArC), 124.87 (ArCH), 127.39 

(ArCCl), 129.69 (2 x ArCCl), 140.12 (ArCCl), 142.03 (ArC), 152.09 (ArC), 153.19 

(ArC), 162.57 (2 x C=0), 173.48 (C=0)

V m a x ( K B r ) / c m ' ' :  2941.5, 1783.0, 1726.6, 1394.4, 1098.1, 740.1 

Melting point: 75 -  80°C

Synthesis o f 5-(2,3,4-trimethoxyphenyl)-3-oxo-4-(l,3-dioxoisoindoHn-2- 

yl)pentanoate (3.26)

To a dry three-necked round bottom flask containing (3 .24) (300mg, 0.81 mmol) was 

added dry DCM (3ml) at 0‘*C. Oxalyl chloride (0.35ml, 4.04mmol) was added drop- 

wise to the stirred solution followed by DMF (1 drop). The solution was stirred at
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this temperature for two hours. The solvent was then removed from the flask under 

vacuum in situ to afford the acid chloride as a viscous, yellow oil. The oil was 

dissolved in dry DCM (5ml) and Meldrum’s acid (I17mg, 0.81 mmol) and DMAP 

(I98mg, 1.62mmol) were added to the stirred solution at -lO^C. After one hour the 

reaction temperature was allowed to increase to ambient and was left stirring for 

sixteen hours. The reaction was quenched by the addition o f  2M aq. HCI (I x 20ml) 

and the product was extracted with DCM (3 x 20ml). The combined organic fractions 

were dried over MgS0 4 , filtered and concentrated to an oily residue. The oil was 

dissolved in a mixture o f  toluene (20ml) and methanol (5ml) and the product was 

refluxed for forty-eight hours. The solvent was removed from the flask under 

vacuum. The oil was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 1:1, hexane/ethyl acetate). All homogenous 

fractions were combined and concentrated in vacuo to afford the product (3 .26) as a 

yellow oil (lOmg, 3%).

'H NMR (CDCI3 , 400 MHz) 5„ ppm: 3.27 (IH,  dd, J=1 l.OHz, 13.6Hz, BzCFb), 3.46 

(IH,  dd, J=4.0Hz, 13.6Hz, BZCH2 ), 3.52 (2H, s, COCH2CO), 3.59 (3H, s, COOCH 3 ), 

3.69 (3H, s, OMe), 3.76 (3H, s, OMe), 3.82 (3H, s, OMe), 4.39 ( IH,  q, J=4.5Hz, 

1 I .OHz, CH), 6.44 ( IH, d, J=8.5Hz, ArH), 6.74 (1H, d, J=8.5Hz, ArH), 7.72 (2H, m, 2 

X ArH{Phthal}), 7.73 (2H, m, 2 x ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 28.10 (BzCHj), 45.78 (COCH2CO), 52.05 

(COOCH3), 55.39 (OMe), 58.89 (CH), 59.94 (OMe), 60.19 (OMe), 106.49 (ArCH), 

121.72 (ArC), 122.92 (2 x ArCH), 124.48 (ArCH), 131.29 (2 x ArC), 133.69 (2 x 

ArCH), 141.42 (ArC), 151.62 (ArC), 152.45 (ArC), 166.49 (C=0), 167.06 (2 x C = 0 ) ,  

197.39 (C=0)

Vmax (DCM)/cm'‘ 2933.9, 1776.7, 1748.5, 1716.0, 1384.8, 1106.1

HRMS: calculated 464.1321, found 464.1315, molecular formula (C2 3 H2 3NOgNa)

Synthesis o f  5-(2,3,4-trimethoxyphenyl)-3-oxo-4-(l,3-dioxoisoindolin-2- 

yl)pentanoate (3.27)

The acid (3 .24) (570mg, 1.48mmol) was dissolved in anhydrous DCM (20ml) under 

an atmosphere o f  nitrogen at 0“C. Meldrum’s acid (220mg, 1.48mmol) and DMAP 

(360mg, 2.96mmol) were added to the stirred solution at this temperature. DCC
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(610mg, 2.96mmol) dissolved in dry DCM (10ml) was then added drop-wise to the 

stirred solution at -1 O^C. After three hours the reaction was quenched by the addition 

o f  2M aq. HCl (50ml) and the product was extracted with DCM (3 x 50ml). The 

DCM extracts were combined, dried over MgS0 4 , filtered and concentrated under 

vacuum to afford a yellow oil. The oil was dissolved in /-butanol (9ml) and toluene 

(36ml) and the mixture was refluxed for four hours. The solvent was removed in 

vacuo to afford an orange oil. The oil was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). 

All homogenous fractions were combined and concentrated in vacuo to afford (3 .27) 

as a yellow oil (450mg, 63%).

'H NMR (CDCb, 400 MHz) 5h ppm: 1.42 (9H, s, C(CH3 )3 ), 3.27 (IH, dd, J=1 l.OHz, 

13.6Hz, BzCH2 ), 3.44 (3H, m, BzChb & COCH2CO), 3.58 (3H, s, QMe), 3.73 (3H, s, 

OMe), 3.82 (3H, s, OMe), 5.15 (IH, q, J=4.0Hz, 1 l.OHz, CH), 6.41 (IH, d, J=8.5Hz, 

ArH), 6.69 (IH,  d, J=8.5Hz, ArH), 7.69 (2H, m, 2 x ArH{Phthal}), 7.77 (2H, m, 2 x 

ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 27.40 (C(CH3)3 ), 28.07 (BZCH2), 45.04

(COCH2CO), 55.35 (OMe), 58.98 (CH), 59.93 (QMe), 60.17 (QMe), 81.93 

(C(CH3 )3 ), 106.44 (ArCH), 121.85 (ArC), 122.86 (2 x ArCH), 124.40 (ArCH), 131.31 

(2 X ArC), 133.65 (2 x ArCH), 141.40 (ArC), 151.61 (ArC), 152.41 (ArC), 165.17 

(C=Q), 167.05 (2 xC=Q), 197.78 (C=0)

Vrnax(DCM)/cm ' 3477.9,2977.7, 1777.3, 1717.0, 1384.8, 1106.1

Synthesis o f  tert-hutyl 4-(4,5,6,7-tetrachloro-l,3-dioxoisoindolin-2-yl)-5-(2,3,4- 

trimethoxyphenyl)-3-oxopentanoate (3.28)

The acid (3 .25) (400mg, 0.77mmol) was dissolved in anhydrous DCM (20ml) under 

an atmosphere o f  nitrogen at 0‘’C. Meldrum’s acid (1 lOmg, 0.77mmol) and DMAP 

(190mg, 1.54mmol) were added to the stirred solution at this temperature. DCC 

(320mg, 1.54mmol) dissolved in dry DCM (10ml) was then added drop-wise to the 

stirred solution at - 1 0°C. After three hours the reaction was quenched by the addition 

o f 2M aq. HCl (50ml) and the product was extracted with DCM (3 x 50ml). The 

DCM extracts were combined, dried over MgSQ4 , Altered and concentrated under 

vacuum to afford a yellow oil. The oil was dissolved in /-butanol (9ml) and toluene
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(36ml) and the mixture was refluxed for four hours. The solvent was removed in 

vacuo to afford an orange oil. The oil was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). 

All homogenous fractions were combined and concentrated in vacuo to afford (3 .28) 

as a yellow oil (340mg, 72%).

'H NMR (CDCb, 400 MHz) §h ppm: 1.47 (9H, s, C(CH3)3), 3.34 (IH, dd, J=II.OHz, 

14.0Hz, Cbb), 3.45 (IH,  dd, J=4.5Hz, l4.0Hz, Cfcb), 3.52 (2H, s, COChbCO), 3.66 

(3H, s, OMe), 3.80 (3H, s, OMe), 3.85 (3H, s, OMe), 5.19 (IH,  dd, J=4.5Hz, I l.OHz, 

CH), 6.51 (IH, d, J=8 .6 Hz, ArH), 6.76 (IH, d, J=8.0Hz, ArH)

'^C NMR (CDCb, 400 MHz) 8 c ppm: 27.46 (C(CHj)3), 29.26 (BZCH2), 47.17

(COCH2CO), 55.45 (OMe), 59.88 (CH), 60.04 (OMe), 60.45 (OMe), 82.36 

(C(CH3)3), 106.81 (ArCH), 121.40 (ArC), 124.38 (ArCH), 126.98 (ArCCI), 129.20 (2 

X ArCCI), 139.71 (ArCCI), 151.51 (ArC), 152.70 (A rQ , 162.45 (2 x C=0), 170.76 

(C=0), 196.46 (C=0)

Vmax (DCM)/cm'‘ 2927.4, 1781.6, 1735.9, 1390.7, 1370.7, 1115.0, 1097.9

Synthesis o f  methyl 3-hydroxy-5-(2,3,4-trimethoxyphenyI)-4-( 1,3-dioxoisoindolin-2- 

yl)pentanoate

To a stirred solution o f  (3 .27) (240mg, 0.50mmol) in methanol (8 ml) was added 

NaBH4 (20mg, 0.53mmol) at 0“C. The reaction was allowed to stir at this 

temperature for one hour. It was then removed from the ice and allowed to increase 

to room temperature. The progress of the reaction was monitored by TLC and after a 

total ninety minutes the reaction was quenched by the addition o f  sat. aq. NaCi 

solution (1 X 50ml). The product was extracted with diethyl ether (3 x 30ml). The 

organic fractions were combined, dried over MgS0 4 , filtered and concentrated in 

vacuo. The resulting residue was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 1:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

products (diastereomers) as a clear colourless oil (2 2 0 mg, 91%).

' H NMR (CDCI3, 400 MHz) 5n ppm: 1.40 (9H, s, minor diastereomer, C(CH3)3) 1.43 

(9H, s, major diastereomer, C(CH3)3), 2.43 (2H, m, major 8c minor dastereomers, 

COHCH2CO), 3.09 (IH, dd, J=5.0Hz, 13.5Hz, major & minor diastereomers.
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BzCH2), 3.28 (IH, dd, J=10.5Hz, 13.5Hz, major & minor distereomers, BzCH?). 3.58 

(3H, s, minor diastereomer, OMe), 3.60 (3H, s, major diastereomer, OMe), 3.71 (3H, 

s, minor diastereomer, OMe). 3.72 (3H, s, major diastereomer, OMe). 3.77 (3H, s, 

minor diastereomer, QMeV 3.83 (3H, s, major diastereomer, OMe). 4.10 (IH, m, 

major & minor diastereomers, CHOH), 4.47 (IH,  qn, J=5Hz, minor diastereomer, 

CHN), 4.55 (IH, qn, J=5.0Hz, major diastereomer, CHN), 6.47 (IH, d, J=8.5Hz, 

minor diastereomer, ArH), 6.39 (IH, m, minor diastereomer, ArH), 6.42 (IH,  d, 

J=8.5Hz, major diastereomer, ArH), 6.68 (1H, d, J=8.5Hz, minor diastereomer, ArH), 

6.74 (IH,  d, J=8.5Hz, major diastereomer, ArH), 7.60 (4H, m, major & minor 

diastereomers, 4 x ArH{Phthai})

'^C NMR (CDCb, 400 MHz) 5c ppm: 27.53 (C(CH3)3), 29.34 (BZCH2), 40.59

(COHCH2CO), 55.33 (OMe), 56.25 (CHN), 59.89 (OMe), 60.22 (OMe), 68.43 

(CHOH), 80.80 (C(CH3)3), 106.45 (ArCH), 122.59 (ArC), 122.73 (ArCH), 124.32 (2 

X ArCH), 124.38 (ArCH), 133.31 (ArCH), 133.43 (ArC), 133.53 (2 x ArCH), 133.62 

(ArC), 141.43 (ArC), 151.55 (ArC), 152.19 (C=0), 170.04 (2 x C=0) 

v,„ax (DCM)/cm ' 3458.8,2932.9, 1773.0, 1710.1, 1368.1, 1108.4 

HRMS: calculated 508.1947, found 508.1968, molecular formula (C26H3iN08Na)

Attem pted synthesis o f  tert-huty! 4-(4,5,6,7-tetrachloro-I,3-dioxoisoindolin-2-yl)-3- 

hydroxy-5-(2,3,4-trimeth<>xyplienyl)pentanoate

To a stirred solution o f  (3 .28) (130mg, 0.21 mmol) in methanol (15ml) was added 

NaBH4 (8mg, 0.21 mmol) at 0°C. The reaction was allowed to stir at this temperature 

for one hour. It was then removed from the ice and allowed to increase to room 

temperature. The progress o f  the reaction was monitored by TLC and after an 

additional four hours the reaction was quenched by the addition o f  water (1 x 50ml). 

The methanol was removed from the reaction mixture under vacuum and the product 

was extracted with diethyl ether (3 x 50ml). TLC analysis o f  the crude extract 

indicated that multiple products had been obtained.

Synthesis o f  (3.30)

The alcohol (3 .29) (210mg, 0.43mmol) was dried in vacuo for twenty-four hours, 

prior to being dissolved in DMF (4ml). Zt’rZ-butyl-diphenylsilylchloride (1.13ml,
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4.33mmol) and imidazole (300mg, 4.33mmo!) were added to tiie stirred solution at 

room temperature under an atmosphere o f nitrogen. After forty-eight hours the 

reaction was quenched by the addition o f sat. aq. NaCI (I x 50ml) and the protected 

alcohol was extracted with diethyl ether (3 x 30ml). The organic fractions were 

combined, dried over MgS0 4 , filtered and concentrated in vacuo. The resulting 

residue was purified by flash column chromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). All homogenous fractions 

were collected and the solvent was evaporated to afford (3.30) as a yellow oil (220mg, 

71%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 0.94 (9H, s, major diastereomer, C(CH 3)3 ), 

1.14 (9H, s, minor diastereomer, C(CH3 )3 ), 1.17 (9H, s, minor diastereomer, 

C(CH3 )3), 1.24 (9H, s, major diastereomer, C(CH 3 )3), 2.42 (IH, dd, J=3.0Hz, 16.0Hz, 

minor diastereomer, CH?). 2.50 (IH, dd, J=7.5Hz, 16.0Hz, minor diastereomer, C H?). 

2.60 (IH,  dd, J=2.5Hz, 14.0Hz, major diastereomer, CH?). 2.73 (IH,  dd, J=6.5Hz, 

16.0Hz, major diastereomer, CH?), 2.99 (IH,  m, major diastereomer, BzCH?), 3.07 

(IH,  m, minor diastereomer, BzCH?). 3.33 (IH,  m, major & minor diastereomers, 

BzCH?). 3.60 (3H, s, minor diastereomer, QMe). 3.64 (3H, s major diastereomer, 

OMe). 3.73 (3H, s, major & minor diastereomers, QMe). 3.79 (3H, s, minor 

diastereomer, OMe). 3.84 (3H, s, minor diastereomer, OMe). 4.88 (2H, m, major 

diastereomers, 2 x CH), 5.04 (2H, m, minor diastereomers, 2 x CH), 6.37 (IH, d, 

J=8.5Hz, minor diastereomer, ArH), 6.38 (I H, d, J=8.5Hz, major diastereomer, ArH), 

6.63 (IH,  d, J=8.5Hz, minor diastereomer, ArH), 6.70 (IH,  d, J=8.5Hz, major 

diastereomer, ArH), 7 .18-7 .85  (I4H,  m, major and minor diastereomers, lO x ArH & 

4 x ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 18.64, 19.14 (C(CH 3)3), 26.31, 26.66 

(C(CH3)3 ), 27.23, 27.56 (C(CH3)3 ), 28.72, 29.27 (BzCHz), 41.00, 41.99 

(COPCH2CO), 55.34 (OMe). 56.94, 57.69 (CH), 59.96 (OMe), 60.14, 60.25 (OMe), 

69.59 (CHOP), 80.32 (C(CH3 )3), 106.26, 106.34 (ArCH), 122.30 (ArCH), 123.22 

(ArC), 124.07, 124.18 (ArCH), 126.97, 127.19 (2 x ArCH), 127.06, 127.29 (2 x 

ArCH), 129.09, 129.32 (ArCH), 129.16, 127.39 (ArCH), 132.45, 133.04 (ArC), 

132.87, 133.26 (ArCH), 134.36 (ArC), 135.44 (2 x ArCH), 135.62 (2 x ArCH), 

141.43 (ArC), 151.74, 151.87 (ArC), 167.89 (C=0), 169.15 (2 x C =0) 

v,^ax(DCM)/cm '; 3467.1,2932.6, 1773.9, 1713.1, 1495.8, 1383.0, 1111.8
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URMS: calculated 746.3125, found 746.3094, molecular formula (C4 2 H49NOgSiNa)

Hydrolysis o f t-hutyl ester (3.30)

To a round bottom flask containing (3 .30) (200mg, 0.28mmol) was added formic acid 

(3ml) at 0“C. The reaction was left stirring for thirty minutes. The formic acid was 

removed from the mixture under vacuum. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the target acid (3 .31) as a clear colourless oil (150mg, 85%).

'H  N M R (CDCI3 , 400 MHz) 5h ppm: 0.94 (9H, s, minor diastereomer, C(CH 3)3 ), 

1.15 (9H, s, major diastereomer, C(CH 3)3), 2.46 (2H, m, major diastereomer, CHi) 

2.69 ( IH,  m, minor diastereomer, CH?), 3.03 (2H, q, J= l2 .5H z, minor diastereomer, 

CH?). 3.32 (2H, dd, J=3.0Hz, 13.5Hz, major diastereomer, CH?). 3.59 (3H, s, major 

diastereomer, Q M e). 3.65 (3H, s, minor diastereomer, OMe). 3.72 (3H, s minor 

diastereomer, OMe). 3.73 (3H, s, major diastereomer, O Me). 3.79 (3H, s, major 

diastereomer, OMe). 3.84 (3H, s, minor diastereomer, O Me). 4.58 ( IH,  m, major & 

minor diastereomers, CH), 4 .8 1 (I H, m, minor diastereomer, CH), 4.97 (1H, m, major 

diastereomer, CH), 6.33 ( IH,  d, J=9.0Hz, minor diastereomer, ArH), 6.37 ( IH,  d, 

J=8.5Hz, major diastereomer, ArH), 6.61 ( IH,  d, J=8.5Hz, major diastereomer, ArH), 

6.62 ( IH,  d, J=8.5Hz, major diastereomer, ArH), 7.16 -  7.84 ( I4H,  m, major and 

minor diastereomers, 10 x ArH)

'^C N M R  (CDCI3 , 400 MHz) 5c ppm: 18.62, 19.05 (C(CH 3 )3 ), 26.29, 26.62

(C(CH 3)3), 28.71, 29.26 (BZCH2), 39.92 (COPCH 2CO), 55.37 (OMe), 56.60, 57.20 

(CHNH), 59.94, 59.98 (OMe), 60.14, 60.23 (OMe), 69.80, 69.90 (CHOH), 106.19, 

106.33 (ArCH), 122.47, 122.58 (ArC), 122.81, 123.39 (ArCH), 124.06, 124.18 

(ArCH), 124.42, 124.69 (ArCH), 129.05, 129.33 (ArCH), 130.37, 130.81 (ArC), 

131.98 (ArCH), 137.46 (ArC), 141.54 (ArC), 143.29, 143.76 (ArC), 151.35, 151.89 

(ArC), 152.36 (ArC), 168.16 (2 x C = 0),  172.41, 172.83 (C = 0)

Vmax (DCM )/cm‘' 3071.8,2931.6, 1774.3, 1714.0, 1383.8, 1105.9

HRMS: calculated 690.2499, found 690.2473, molecular formula (C38H4iNOgSi Na)

Synthesis o f (3.32)
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To a stirred solution o f  acid (3 .31) (330mg, 0.50mmol) in anhydrous DCM (8 ml) was 

added oxalyl chloride (0.22ml, 2.50mmol) and DMF (1 drop) at 0“C. After thirty 

minutes, the excess oxalyl chloride was removed under reduced pressure to afford the 

corresponding acid chloride as a yellow viscous oil. This oil was dissolved in 

anhydrous DCM (16ml) and SnCU (0.02ml, O.I7mmol) was added at -IO°C. After 

thirty minutes, the reaction was quenched with sat. aq. NaCI (I x lOmI) and the 

product was extracted using diethyl ether (3 x 20ml). The organic fractions were 

collected, dried over MgS0 4  and filtered. The solvent was removed in vacuo to 

afford a viscous yellow oil. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (3 .32) as a yellow oil (I60mg, 49%).

'H NMR (CDCb, 400 MHz) 8 h ppm: 0.92 (9H, s, C(CH3 )3), 3.10 (IH, dd, J=4.5Hz, 

14.5Hz, BzCHi), 3.27 (IH,  dd, J=2.5Hz, l3.5Hz, BzCfb), 3.44 (2H, m, CH2 ), 3.78 

(3H, s, OMe), 3.95 (3H, s, OMe), 3.96 (3H, s, OMe), 4.45 (IH,  m, CHN), 6.80 (IH, 

m, CHOH), 7.01 (2H, t, J=7.5Hz, 2 x ArH), 7.12 (IH, t, J=7.5Hz, ArH), 7.36 (5H, m, 

5 X ArH), 7.45 ( IH, s, ArH{A-ring}), 7.66 (2H, m, 2 x  ArH), 7.75 (4H, s, 4 x 

ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 18.46 (C(CH3)3 ), 26.35 (C(CH3)3 ), 28.28

(BZCH2 ), 47.52 (CH2 ), 55.57 (OMe), 57.43 (CHN), 60.48 (OMe). 60.88 (OMe). 

107.18 (ArCH{A-ring}), 122.96 (2 x ArCH), 126.96 (ArC), 127.01 (2 x ArCH), 

127.10(2 xArCH), 129.02 (ArCH), 129.31 (ArCH), 131.36 (2 x ArC), 132.31 (ArC), 

132.81 (ArC), 133.03 (ArC), 133.41 (2 x ArCH), 135.22 (2 x ArCH), 135.72 (2 x 

ArCH), 145.85 (ArC), 150.76 (ArC), 151.59 (ArQ, 167.10 (C=0), 197.48 (C=0) 

Vrnax(DCM)/cm ' 3429.4, 2931.5, 1714.0, 1674.5, 1428.3, 1382.1, 1112.4 

HRMS: calculated 672.2394, found 672.2410, molecular formula (C3gH3 9N0 7 SiNa)

Synthesis of2-((Z)-8,9-dihydro-l,2,3-trimethoxy-5-oxo-5H-benzo[7jannulen-8- 

yl)isoincloline-l,3-dione (3.33)

To a stirred solution o f  acid (3 .31) (40mg, 0.06mmol) in anhydrous DCM (1ml) was 

added oxalyl chloride (0.03ml, 0.30mmol) and DMF (1 drop) at 0"C. After two 

hours, the excess oxalyl chloride was removed under reduced pressure to afford the
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corresponding acid chloride as a yellow viscous oil. This oil was dissolved in 

anhydrous DCM (2ml) and IM SnCU (0.02ml, 0.02mmol) was added a t - 1 0 “C. After 

eighteen hours, the reaction was quenched with sat. aq. NaCI (I x 10ml) and the 

product was extracted using diethyl ether (3 x 20ml). The organic fractions were 

collected, dried over MgS0 4  and filtered. The solvent was removed in vacuo to 

afford a viscous yellow oil. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (3 .33) as a yellow oil.

'H NMR (CDCb, 400 MHz) 8h ppm: 2.82 (IH,  dd, J=5.5Hz, 16.0Hz, BZCH2 ), 3.29 

(IH,  dd, J=6.0Hz, 16.0Hz, BzCHj), 3.87 (9H, s, 3 x OMe), 5.22 (IH,  d, J=5.0Hz, 

CHN), 6.07 ( IH,  d, J=16.0Hz, COCH=CH), 6.84 ( IH,  s, ArH{A-ring}), 7.13 (IH,  dd, 

J=5.0Hz, 16.0Hz, COCH=CH), 7.54 (IH,  t, J=7.5Hz, ArH{Phthal}), 7.69 (IH,  t, 

J=7.5Hz, ArH{Phthal}), 7.83 (IH,  d, J=7.5Hz, ArH{Phthal}), 7.93 (IH,  d, J=7.0Hz, 

ArH{Phthal})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 26.40 (BzCHj), 48.37 (CHN), 55.76 (OMe). 

56.77 (OMe), 60.49 (OMe), 104.04 (ArCH{A-ring}), 118.85 (ArC), 121.69 

(COCH=CH), 123.07 (ArC), 123.99 (ArCH{Phtha!}), 125.07 (ArCH{Phthal}), 

128.42 (ArCH{Phthal}), 128.74 (ArC), 131.54 (ArCH{Phthal}), 131.73 (ArC), 

141.28 (ArC), 143.36 (ArC), 147.91 (COCH=CH), 150.90 (ArC), 151.97 (ArC), 

165.24 (C=0), 167.85 (C=0), 169.73 (C=0)

Vmax (DCM)/cm'' 3367.4, 2937.0, 1697.9, 1463.9, 1415.1, 1120.3

Attem pted Preparation o f  the trijlate

Attempt A

To a stirred solution o f  the ketone (3 .32) (40mg, 0.06mmol) in anhydrous THF (2ml) 

was added KHMDS (0.5M in toluene) (0.16ml, 0.08mmol) at 0“C. The reaction was 

allowed to stir at this temperature for two hours. 2-[Â ,Â - 

bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (62mg, 0.16mmol) was added to 

the stirred solution. The progress o f  the reaction was monitored by TLC. After thirty 

minutes the starting ketone (3 .32) was consumed and a complex mixture o f  products 

resulted, which were not purified or characterised
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Attempt B

To a stirred solution o f  the ketone (3.32) (20mg, 0.03mmol) in anhydrous DCM was 

added Na2 C0 3  (I3mg, O.I2mmol) followed by triflic anhydride (0.01ml, 0.06mmol) 

at room temperature. The reaction was allowed to stir for a total o f  three hours. The 

reaction was quenched by the addition o f  water (20ml) and the product was extracted 

with diethyl ether (3 x 20ml). The organic fractions were collected, dried over 

MgS0 4 , filtered and concentrated in vacuo. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the eliminated triflate (3 .24).

'H NMR (CDCb, 400 MHz) 5h ppm: 3.61 (2H, s, br, BzCtb), 3.71 (3H, s, OMe), 

3.90 (3H, s, OMe), 3.92 (3H, s, OMe), 6.24 (IH, d, J=6.5Hz, CH=CH), 6.67 (IH, d, 

J=7.0Hz, CH=CH), 7.01 (IH, s, ArH{A-ring}), 7.80 (IH, m, 2 x ArH{Phthal}), 7.93 

(IH, m, 2 X ArH{Phthal})

'^F NMR (CDCb, 400 MHz) 5c ppm: -73.83 (CF3 )

Attempt C

To a stirred solution o f  the ketone (3 .32) (20mg, 0.03mmol) in anhydrous DCM (4ml) 

was added triethylamine (0.02ml, O.I2mmol) followed by triflic anhydride (0.01 ml, 

0.06mmol) at 0“C. The progress of the reaction was monitored by TLC. The reaction 

temperature was allowed to increase to ambient and the reaction was left stirring 

overnight. The reaction was quenched by the addition o f  water (20ml) and the 

product was extracted with diethyl ether (3 x 20ml). The organic fractions were 

collected, dried over MgS0 4 , filtered and concentrated in vacuo. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford the starting material (3 .32) unchanged.

Attempt D

To a dry three-necked round bottom flask containing N, iV-di isopropyl amine (0.09ml, 

0.06mmol) was added 2.5M nBuLi (0.03ml, 0.06mmol) under dry reaction conditions 

at -78°C. After twenty minutes a solution o f  (3 .32) (40mg, 0.06mmol) in dry THF 

(2ml) was transferred to the three-necked flask, drop-wise via a syringe. The resultant
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suspension was allowed to stir at -7 8 °C  for two hours and a solution o f  2-[N,N-  

bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (24mg, 0.06m m ol) in dry THF  

(2ml) was added. The reaction was allowed to stir for an additional three hours at this 

temperature. The reaction was quenched by the addition o f  water (1 x 50ml) and 

extracted with diethyl ether (3 x 50ml). The combined organic fractions were dried 

over M gS0 4 , filtered and dried under vacuum. A com plex mixture o f  products 

resulted, which were not purified or characterised.
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CHAPTER 4 

EXPERIMENTAL



Bromination o f  (2.18) with PTAB

Synthesis  A

To a stirred solution o f  (2.18) (120mg, 0.25mmol) in ethyl acetate (5ml) was added 

H2 SO4 (0.008ml) in ethyl acetate (0.08ml). Phenyltrimethylammoniiim tribromide 

(0.13g, O.33mmol) was added to the stirred solution. After ninety minutes the 

reaction was quenched by the addition o f  5% aq. NaHCOs (1 x 30ml) and the product 

was extracted with ethyl acetate (2 x 50ml). The combined organic extracts were 

washed with sat. aq. NaCl (1 x 50ml). The organic fraction was dried over MgS0 4 , 

filtered and concentrated under vacuum. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (4.02) as a yellow oil (180mg, c. 100%).

Synthesis B

To a stirred solution o f  (2.18) (50mg, O.lOmmol) in anhydrous THF (12ml) was added 

phenyltrimethylammonium tribromide (0.04g, 0.1 Immol) at room temperature, in the 

dark. After seven hours the reaction was quenched by the addition o f  5% aq. 

NaHCOa (1 x 50ml) and the product was extracted with diethyl ether (2 x 50ml). The 

combined organic extracts were washed with sat. aq. NaCl (1 x 50ml). The organic 

fraction was dried over MgS0 4 , filtered and concentrated under vacuum to afford 

(4.02) as a yellow oil (70mg, c.100%). The resulting residue was not purified.

'H  NM R (CDCI3, 400 MHz) 5„ ppm: 0.16 (6H, s, Si(CH 3)2), 0.99 (9H, s, C(CH 3)3), 

3.65 (3H, s, OMe), 3.87 (3H, s, OMe), 3.93 (3H, s, OMe), 3.97 ( IH,  q, 18.5Hz, C H 2), 

4.08 (3H, s, OMe). 6.33 ( IH,  s, C=CH), 6.51 ( IH,  s, ArH{A-ring}), 6.83 (2H, m, 2 x 

ArH{C-ring}), 6.93 ( IH,  dd, J=2.5Hz, 8.5Hz, ArH{C-ring})

'^C NM R (CDCI3, 400 MHz) 5c ppm: -5.01 (Si(CH3)2), 17.99 (C(CH3)3), 25.21 

(C(CH3)3), 42.57 (CH2), 54.99 (OMe), 55.42 (OMe), 60.41 (OMe), 61.02 (OMe), 

70.26 (QC), 109.80 (ArCH), 110.98 (ArCH), 121.13 (2 x ArCH), 122.80 (C=CH), 

133.47 (ArC), 132.98 (ArC), 142.49 (ArC), 144.32 (ArC), 150.98 (ArC), 151.06 

(ArC), 151.90 (ArC), 152.17 (ArC), 190.74 (C=0)

Vniax (DCM)/cm ' 3413.5,2917.2, 1732.6, 1265 .7 .738 .1 ,703 .7
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Synthesis o f 5,5-dihromo-2,2-(Hmethyl-4,6-ilioxo-l,3-dioxane

To a stirred solution o f  Meldrum’s acid (1.44g, lOmmol) in 2M aq. NaOH (lOmI) was 

added bromine (1.03ml, 20mmol) drop-wise at -1 0 “C. After twenty minutes the 

aqueous layer was decanted from the flask. The solid precipitate was washed with 

ice-cold diethyl ether (3 x 10ml) and water (3 x 10ml). The precipitate was then 

dissolved in diethyl ether (1 x 30ml), dried over MgS0 4 , filtered and concentrated in 

vacuo to afford the product as a white solid (l.2g, 40%). The product was not 

purified by flash column chromatography.

'H NMR (CDCb, 400 MHz) 5h ppm: 1.72 (6 H, s, 2 x CH 3 )

'^C NMR (CDCI3 , 400 MHz) 8 c ppm: 27.23 (2 x CH 3 ), 37.95 (QC), 105.83 (QC), 

162.51 (2 x C = 0 )

Vmax (KBr)/cm-' 3530.2, 1759.7, 1283.1, 1013.6,895.9,873.7 

Melting point: 55 -  57°C

Attempted hromination o f (2.18) with 5,5-dihromo-2,2-dimethyl-4,6-dioxo-I,3- 

dioxane

To a stirred solution o f  (2.18) (lOOmg, 0.2mmol) in anhydrous diethyl ether (2ml) was 

added 5,5-dibromo-2,2-dimethyl-4,6-dioxo-l,3-dioxane (32mg, 0.105mmol). The 

progress o f  the reaction was monitored by TLC. After twenty-four hours the reaction 

was quenched by the addition o f  5% aq. NaHCOs (20ml) and the product was 

extracted with diethyl ether (2 x 30ml). The combined organic extracts were washed 

with sat. aq. NaCI (1 x 50ml). The organic fraction was dried over MgS0 4 , filtered 

and concentrated under vacuum to afford the starting material unchanged.

Bromination o f (2.18) with 5,5-dihromo-2,2-dimethyl-4,6-dioxo-I,3-dioxane

To a stirred solution o f  (2.18) (lOOmg, 0.20mmol) in CCI4 (2ml) was added 5,5- 

dibromo-2,2-dimethyl-4,6-dioxo-l,3-dioxane (0.06g, 0.20mmol). The resulting

mixture was refluxed for thirty minutes. The reaction was quenched by the addition 

o f  5% aq. NaHCOa (40ml) and the product was extracted with diethyl ether (2 x 

40ml). The combined organic extracts were washed with sat. aq. NaCI (1 x 50ml).
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The organic fraction was dried over MgS0 4 , filtered and concentrated under vacuum 

to afford (4.03) as a yellow oil (lOOmg, 85%). The resulting residue was not purified 

by flash column chromatography.

'H NMR (CDCb, 400 MHz) 5h ppm: 0.17 (6H, s, Si(CH3)2), 1.00 (9H, s, C(CH3)3), 

3.64 (3H, s, QMe), 3.88 (3H, s, OMe), 3.90 (2H, d, J=li.OHz, CHj), 3.95 (3H, s, 

QMe). 3.99 (3H, s, OMe), 4.64 (IH, d, J=9.0Hz, CHBr), 6.37 (IH, s, C=CH), 6.42 

(1H, s, ArH{A-ring}), 6.87 (3H, m, 3 x ArH{C-ring})

'■̂ C NMR (CDCb, 400 MHz) 5c ppm: -5.02 (Si(CH3)2), 20.00 (C(CH3)3), 25.21 

(C(CH3)3), 30.37 (CH2), 52.98 (CHBr), 54.98 (QMe), 55.41 (QMe), 60.41 (OMe), 

60.95 (OMe), 106.15 (ArCH), 110.86 (ArCH), 121.22 (ArCH), 122.56 (ArCH), 

123.96 (ArC), 124.57 (C=CH), 126.54 (ArC), 132.26 (ArC), 134.01 (ArC), 142.76 

(ArC), 144.21 (A rQ , 150.69 (ArC), 151.41 (ArC), 151.63 (ArC), 191.11 (C=0)

Vma, (DCM)/cm ' 3413.9,2932.2, 1733.5, 1266.7.739.0

Azide substitution o f  (4.05)

To a stirred solution of the bromide (4.05) (70mg, 0.13mmol) was added NaN3 (8mg, 

lOmmol) in DMF (2ml) at room temperature. The reaction was left stirring overnight 

and was quenched by the addition o f  water (1 x 20ml). The product was extracted 

with diethyl ether (3 x 20ml). The combined organic extracts were dried over 

MgS0 4 , filtered and concentrated to an oil in vacuo. The presence of an azide in the 

product was assessed by IR spectroscopy o f  the crude mixture. The products were 

purified by either flash column chromatography, preparatory TLC or a combination of 

the two methods.

(4.06) 'H NMR (CDCb, 400 MHz) 6h ppm: 3.67 (3H, s, OMe), 3.98 (3H, s, OMe), 

3.99 (3H, s, OMe), 4.00 (3H, s, OMe), 6.83 (IH, s, ArH{A-ring}), 6.86 (IH, dd, 

J=2.0Hz, 13.0Hz, CH=CHCQ), 6.89 (IH, d, J=2.0Hz, ArH{C-ring}), 6.92 (IH, d, 

J=3.0Hz, C=CH), 6.94 (2H, m, 2 x ArH{C-ring}), 8.14 (IH, d, J=13.0Hz, 

CH=CHCO))

'^C NMR (CDCb, 400 MHz) 5c ppm: 55.70 (OMe). 55.99 (OMe). 60.06 (OMe). 

61.90 (QMe). 110.35 (ArCH), 112.04 (ArCH), 115.37 (ArCH), 120.79 (ArCH), 

125.40 (ArC), 132.46 (ArCH), 133.56 (A rQ , 134.29 (ArCH), 136.63 (ArCH), 136.98
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(ArC), 143.44 (ArC), 145.29 (ArC), 146.41 (ArC), 151.09 (ArC), 152.83 (ArC), 

153.81 (ArC), 188.09 (C=0)

(DCM)/cm ' 3360.1,2925.7, 1598.6, 1506.7, 1275.3, 1026.7 

HRMS: calculated 369.1338, found 369.1324, molecular formula (C2 1 H2 1O6 )

(4 .07) 'H NMR (CDCI3 , 400 MHz) 5h ppm; 3.60 (2H, m, CH2 ), 3.66 (3H, s, OMe), 

3.95 (3H, s, OMe), 3.97 (3H, s, OMe), 3.99 (3H, s OMe), 4.63 (IH, dd, J=3.0Hz, 

9.0Hz, CHBr), 5.67 (IH, s, br, OH), 6.39 (IH, s, C=CH), 6.45 (IH, s, ArH{A-ring}), 

6.89 (3H, m, 3 X ArH{C-ring})

'^C NMR (CDCI3 , 400 MHz) §c ppm: 29.26 (CH2), 52.93 (CHBr), 55.53 (OMe), 

55.57 (OMe), 60.43 (OMe), 60.96 (OMe), 109.77 (ArCH), 110.90 (ArCH), 114.95 

(ArCH), 120.85 (ArCH), 123.97 (ArC), 124.81 (C=CH), 132.14 (ArC), 134.63 (ArC), 

142.80 (ArC), 144.83 (ArC), 147.13 (ArC), 150.71 (ArC), 151.48 (ArC), 196.51 

(C=0)

vmax (DCM)/cm'' 3533.7,2937.8, 1510.3, 1266.1,737.8

Synthesis o f  (Z)-6,7-dihydro-2,3,4-trimethoxy-9-(naplitltalen~3-yl)-5H- 

henzol7lannulen-7-ol (4. OH)

To a stirred solution o f  2-bromonaphthalene (5.20g, 2.5mmol) dissolved in anhydrous 

THF (7ml) was added 2.5M n-BuLi (1.5ml, 3.8mmol) drop-wise at -7 8 “C under 

anhydrous conditions. After twenty minutes whilst maintaining the temperature at -  

78“C, a solution o f  (2 . 12) (220mg, 0.83mmol) in anhydrous THF (6ml) was added to 

the reaction. After two hours the temperature was allowed to increase to O^C and was 

maintained at this temperature for twelve hours. The reaction was quenched by the 

addition o f  2M aq. HCl (I x 30ml). The product was extracted with diethyl ether (3 x 

20ml). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product (4 .08) as a white solid (90mg, 29%).

'H NMR (CDCI3 , 400 MHz) 5„ ppm: 2.25 (2H, m, Cfcb), 2.55 (2H, m, CH2 ), 3.11 

(IH, m, CHOH), 3.62 (3H, s, OMe), 3.96 (6H, s, 2 x OMe), 4.29 (IH,  m, OH), 6.39
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(IH, s, ArH{A-ring}), 6.53 (IH, d, J=5.0Hz, C=CH), 7.48 (3H, d, J=7.0Hz 

ArH{naph}), 7.80 (4H, m, ArH{naph})

'^C NMR (CDCb, 400 MHz) Sc ppm: 21.44 (CH2 ), 42.95 (CH2 ), 55.51 (OMe), 60.47 

(OMe), 61.48 (OMe), 69.48 (CHOH), 108.29 (ArCH), 126.18 (2 x ArCH), 126.89 

(ArCH), 127.52 (ArCH), 127.79 (ArCH), 128.09 (2 x ArCH), 132.37 (ArC), 132.91 

(ArC), 133.24 (C=CH), 134.67 (ArC), 137.98 (ArC), 138.70 (ArC), 141.10 (ArC), 

150.42 (ArC), 150.84 (ArC)

Vmax (KBr)/cm'' 3394.2,2932.7, 1488.5, 1111.5 

Melting point: 4 4 - 4 9 “C

Synthesis o f (Z)-8,9-dihydro-l,2,3-trimethoxy-5-(naphthalen-3-yl)henzol7]annulen- 

7-one (4.09)

To a stirred solution of (4.08) (50mg, 0.13mmol) dissolved in DMF (1ml) was added 

pyridinium dichromate (lOOmg, 0.27mmol) at room temperature. The progress of the 

reaction was monitored by TLC and after two hours the reaction was quenched by the 

addition o f  water (1 x 50ml). The product was extracted with diethyl ether (3 x 

30mi). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (4.09) as a white solid (30mg, 60%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 2.79 (2H, m, Chb), 3.23 (2H, t, J=6.0Hz, CH 2 ), 

3.54 (3H, s, OMe), 3.95 (3H, s, OMe), 3.98 (3H, s, OMe), 6.34 (IH, s, ArH{A-ring}), 

6.56 (IH,  s, C=CH), 7.38 (IH,  dd, J=1.5Hz, 8.5Hz, ArH{naph}), 7.56 (2H, q, 

J=3.0Hz, ArH{naph}), 7.89 (4H, m, ArH{naph})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 19.81 (CH2 ), 45.14 (CH2), 55.56 (OMe), 60.51 

(OMe), 61.01 (OMe), 111.36 (ArCH), 126.18 (2 x ArCH), 126.34 (ArCH), 126.39 

(ArCH), 127.24 (ArCH), 127.30 (2 x ArCH), 127.94 (C=CH), 129.12 (ArC), 131.95 

(ArC), 132.62 (ArC), 132.94 (ArC), 139.73 (ArC), 142.93 (ArC), 149.69 (ArC), 

150.78 (ArC), 151.61 (ArC), 203.53 (C=0)

Vmax (KBr)/cm ' 3392.0,2935.1, 1654.9, 1492.5, 1115.3 

Melting point: 105 -108"C
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HRMS: calculated 397.1416, found 397.1407, elemental composition (C24H2204Na)

Bromination o f (4.09) with 5,5-dihromo-2,2-dimethyl-4,6-dioxo-l,3-dioxane and 

azide substitution o f  the resulting mixture

To a stirred solution o f  (4.09) (20mg, O.OSmmol) in CCU (Iml) was added 5,5- 

dibromo-2,2-dimethyl-4,6-dioxo-l,3-dioxane (8mg, 0.025mmol). The resulting 

mixture was refluxed for two hours. The reaction was quenched by the addition of 

5% aq. NaHCOs (40ml) and the product was extracted with diethyl ether (2 x 40ml). 

The combined organic extracts were washed with sat. aq. NaCl (1 x 50ml). The 

organic fraction was dried over MgS0 4 , filtered and concentrated under vacuum to 

afford a yellow oil. The resulting residue was not purified and was used within two 

hours o f  preparation. The residue was dissolved in DMF (2ml) and NaNs (33mg, 

0.50mmol) was added to the stirred solution. The reaction was left stirring overnight 

and was quenched by the addition o f  water (I x 20ml). The product was extracted 

with diethyl ether (3 x 20ml). The combined organic extracts were dried over 

MgS0 4 , filtered and concentrated to an oil in vacuo. The products were purified by 

either flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 2:1, hexane/ethyl acetate).

(4.10) 'H NMR (CDCb, 400 MHz) 5n ppm: 3.51 (3H, s, OMe), 4.00 (3H, s, OMe),

4.02 (3H, s, OMe). 6.74 (IH, s, ArH{A-ring}), 6.87 (IH, dd, J=3.0Hz, 13.0Hz, 

CH=CHCO), 7.00 (IH,  d, J=3.0Hz, C=CHCO), 7.42 (IH, dd, J=2.0Hz, 8.0Hz, ArH 

{naph}), 7.59 (2H, dd, J=3.0Hz, 6.0Hz, 2 x ArH{naph}), 7.92 (4H, m, 4 x 

ArH{naph}), 8.17 (IH,  d, J=13.0Hz, CH=CHCO)

'^C NMR (CDCI3 , 400 MHz) 8c ppm: 55.21 (OMe), 60.62 (OMe), 61.50 (OMe), 

111.66 (ArCH), 125.01 (ArCH), 126.21 (ArCH), 126.31 (ArCH), 126.50 (ArCH), 

127.29 (ArCH), 127.36 (ArCH), 127.41 (ArCH), 127.73 (ArCH), 132.24 (ArCH), 

132.31 (ArC), 132.81 (ArC), 132.97 (ArCH), 136.92 (ArC), 140.81 (ArC), 150.44 

(ArC), 152.56 (A rQ , 153.41 (ArC), 187.70 (C=0) 

v™, (DCM)/cm ' 3389.9,2917.3, 1732.6, 1363.1, 1117.6

(4.11) 'H NMR (CDCI3, 400 MHz) 5h ppm: 3.50 (3H, s, O Me). 4.01 (3H, s, O Me).

4.02 (3H, s, OMe). 6.74 (IH,  s, ArH{A-ring}), 7.27 (IH,  s, CH=CBr), 7.45 (IH,  dd,
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J=1.5Hz, 8.5Hz, ArH{naph}), 7.58 (IH, q, J=3.5Hz, 6.0Hz, ArH{naph}), 7.88 (IH,  s, 

C=CHCO), 7.92 (5H, m, 5 x ArH{naph})

'^C NMR (CDCb, 400 MHz) 5c ppm: 55.07 (OMe), 60.59 (OMe), 61.13 (OMe), 

107.13 (C=CHCO), 110.03 (ArCH), 126.03 (ArCH), 126.20 (ArCH), 126.75 (ArCH), 

127.15 (ArCH), 127.29 (ArCH), 127.36 (ArCH), 127.71 (ArCH), 132.20 (C=CHCO), 

132.29 (ArC), 132.82 (ArC), 141.58 (ArC), 146.11 (ArC), 150.32 (ArC), 150.56 

(ArC) 181.70 (C=0)

Vmax (DCM)/cm'' 3381.7,2917.3, 1714.6, 1463.7, 1265.4,737.8 

Bromination o f  (4.12) with PTAB

To a stirred solution o f  (4 . 12) (30mg, 0.06mmol) in ethyl acetate (2ml) was added 

H2SO4 (0.002ml) in ethyl acetate (0.02ml). Phenyltrimethylammonium tribromide 

(0.03g, 0.08mmol) was added to the stirred solution. After ninety minutes the 

reaction was quenched by the addition o f  5% aq. NaHCOj (20ml) and the product was 

extracted with ethyl acetate (2 x 50ml). The combined organic extracts were washed 

with sat. aq. NaCI (I x 50ml). The organic fraction was dried over MgS0 4 , filtered 

and concentrated under vacuum. The resulting residue was purified by Hash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (4. 13) as a yellow oil (40mg, c.100%).

'H NMR (CDCI3 , 400 MHz) 5h ppm: 0.18 (6 H, s, 2 x SiCHj), 1.01 (9H, s, C(CH3)3), 

3.65 (3H, s, OMe), 3.89 (3H, s, OMe), 4.01 (3H, s, OMe), 4.03 (3H, s, OMe), 6.39 

(IH,  s, ArH{A-ring}), 6.44 (IH, d, J=1.5Hz, CHBr), 6.73 (IH, d, J=1.5Hz, C=CH), 

6.87 (IH,  m, ArH{C-ring}), 6.90 (IH,  s, ArH{C-ring}), 6.96 (IH, dd, J=2.0Hz, 

8.5Hz, ArH{C-ring})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: -4.59 (2 x SiCHs), 18.41 (C(CH3)3), 25.63 

(C(CH3)3), 55.39 (OMe), 55.96 (OMe), 61.22 (OMe), 61.72 (OMe), 86.37 (CHBr), 

110.26 (ArCH), 111.32 (ArCH), 121.81 (ArCH), 123.18 (ArCH), 125.74 (C=CH), 

131.60 (ArC), 133.87 (ArC), 142.11 (ArC), 144.70 (ArC), 144.93 (ArC), 146.21 

(ArC), 149.87 (A rQ , 152.18 (ArQ, 152.84 (ArC), 190.78 (C=0) 

v„ax(DCM)/cm'' 2933.9, 1726.0, 1512.3, 1130.7, 838.9
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Synthesis o f (4.14)

To a stirred solution o f  the bromide (4. 13) (40mg, O.OVmmol) in DMF (imi)  was 

added NaN3 (46mg, OJOmmol) at room temperature. The reaction was left stirring 

overnight and was quenched by the addition o f  water (1 x 20ml). The product was 

extracted with diethyl ether (3 x 20ml). The combined organic extracts were dried 

over MgS0 4 , filtered and concentrated to an oil in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 3:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford (4. 14) as a yellow solid (20mg, 61%).

'H NMR (CDCb, 400 MHz) 5n ppm: 0.21 (6H, s, 2 x SiCHs), 1.02 (9H, s, C(CH3)3), 

3.77 (3H, s, OMe), 3.92 (3H, s, QMe), 4.03 (3H, s, OMe), 4.07 (3H, s, OMe), 6.28 

(IH, s, C=CH), 6.78 (IH, s, ArH{A-ring}), 6.98 (3H, m, 3 x ArH{C-ring})

'^C NMR (CDCI3, 400 MHz) 5c ppm: -4.98 (2 x SiCH3), 17.99 (C(CH3)3), 25.20 

(C(CH3)3), 55.04 (OMe), 55.81 (OMe), 61.07 (OMe), 61.46 (OMe), 102.82 (ArCH), 

111.57 (ArCH), 113.01 (C=CH), 114.14 (ArC), 120.46 (ArCH), 121.55 (ArCH), 

127.63 (ArC), 140.92 (ArC), 142.97 (ArC), 144.74 (ArC), 145.37 (ArC), 149.10 

(ArC), 151.79 (ArC), 154.82 (ArC), 160.36 (C=0) 

v„,ax (KBr)/cm'' 2916.4, 1725.7, 1260.1, 1091.7 

Melting Point: I I 4 - 1 I 7 ‘’C

HRMS: calculated 473.1996, found 473.2012, elemental composition (C25H330ySi)

Synthesis o f 4-(3-hydroxy-4-methoxyphenyl)-6,7,8-trimethoxy-2H-chromen-2-one

(4.15)

To a stirred solution o f  (4. 14) (30mg, 0.06mmol) in THF (2ml) was added 1M TBAF 

(0.06ml, 0.06mmol) at 0“C. After two hours the reaction was quenched by the 

addition o f  sat. aq. NaCI (1 x 20ml) and the product was extracted with diethyl ether 

(3 X 20ml). The ether extracts were combined, dried over MgS0 4  and filtered. The 

organic fractions were applied directly to a flash column, without prior concentration 

of the solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford

(4 . 15) as a yellow solid (20mg, 93%).
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'H NMR (CDCI3 , 400 MHz) 5h  ppm; 3.78 (3H, s, OMe), 4.01 (3H, s, OMe). 4.03 

(3H, s, OMe), 4.08 (3H, s, OMe), 5.81 (1H, s, br, OH), 6.29 (1H, s, C=CH), 6.79 ( IH, 

s, ArH{A-ring}), 6.99 (2H, m, 2 x ArH{C-ring}), 7.07 (1H, s, ArH{C-ring})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 55.62 (OMe). 55.88 (OMe). 61.07 (OMe). 

61.47 (OMe), 102.89 (ArCH), 110.35 (ArCH), 113.12 (C=CH), 114.15 (ArCH), 

120.05 (ArCH), 128.25 (ArC), 140.90 (ArC), 142.97 (ArC), 145.41 (2 x ArC), 147.25 

(ArC), 149.10 (ArC), 154.82 (ArC), 160.32 (C=0) 

vmax (KBr)/cm ' 3373.5,2924.3, 1721.5, 1389.1 

Melting Point; 152 - 1 5 7 T

HRMS; calculated 381.0950, found 381.0944, elemental composition (CigHigOyNa)
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CHAPTER 5 

EXPERIMENTAL



Synthesis o f APN inhibitory peptides

Synthesis o f tert-hutyl 2-((benzyloxy)carbonyl)-l-(methoxycarbonyl)ethyl carbamate 

(5.04)

To a stirred solution of the acid (5.03) (2.50g, 7.73mmol) in anhydrous DCM (30m!) 

was added methanol (0.63ml, l5.46mmol), Et3N (1.97ml, 15.46mmol) and bis-(2- 

oxo-3-oxazolidinyl)-phosphorylchloride (BOP-CI) (1.97g, 7.73mmol) at 0“C under 

dry reaction conditions. After sixteen hours the reaction was quenched by the 

addition o f  water (1 x 50ml). The product was extracted with diethyl ether (3 x 

50ml). The combined organic extracts were washed with 5% aq. NaHCOa (1 x 50ml) 

and water (1 x 50ml), respectively. The organic fraction was then dried over MgS0 4 , 

filtered and concentrated in vacua. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (5.04) as white crystalline solid (1.90g, 73%).

‘H NMR (CDCb, 400 MHz) 6n ppm: 1.46 (9H, s, C(CH3)3 ), 2.89 (IH, dd, J=4.5Hz, 

17.0Hz, CH2 CH), 3.06 (IH,  dd, J=4.5Hz, 17.0Hz, CH2CH), 3.71 (3H, s, OMe), 4.61 

(IH,  m, CHNH), 5.14 (2H, q, J=4.0Hz, 12.0Hz, BZCH2 ), 5.52 (IH, d, J=8.5Hz, NH), 

7.35 (5H, m, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 8c ppm: 27.83 (C(CH3)3), 36.43 (CH2CH), 49.49 

(CHNH), 52.22 (OMe). 66.34 (BZCH2 ), 79.70 (C(CH3 )3), 127.87 (2 x ArCH), 127.97 

(1 X ArCH), 128.15 (2 x ArCH), 134.93 (ArC), 154.90 (C=0), 170.33 (C=0), 171.05 

(C=0)

Vmax (KBr)/cm'' 3370.6,2978.0, 1737.9, 1165.3 

Melting point: 55 -5 7 °C

HRMS: calculated 360.1423, found 360.1426, molecular formula (Ci7H23N06Na)

General procedure fo r  N-BOC deprotection -  formation o f a TFA salt

To a dry three-necked round bottom fiask containing N-BOC protected amine 

(Immol) dissolved in dry DCM (5ml) was added TFA (5ml) drop-wise under an 

atmosphere o f  nitrogen at 0“C. After twenty minutes the solvent was removed from
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the flask under vacuum. The residue was dissolved in toluene (50ml) and the flask 

was heated under vacuum to azeotropically remove any traces o f  TFA. The resulting 

TFA salts were dried in vacuo for several hours and were used without further 

purification or characterisation.

Synthesis o f  the dipeptide Asp-Ile

Synthesis A

To a stirred solution of the TFA salt o f  (5.04) (lOOmg, 0.29mmol) in anhydrous DCM 

(2ml) was added N-BOC isoleucine (66mg, 0.29mmol) followed by Et3N (0.08ml, 

0.58mmol), HOBt (39mg, 0.29mmol) and DCC (60mg, 0.29mmol) under dry reaction 

conditions at 0“C. The reaction was left stirring for two hours. It was quenched by 

the addition of water (1 x 10ml) and the product was extracted with diethyl ether (3 x 

25ml). The combined organic extracts were washed with 5% aq. NaHC0 3  (1 x 30ml), 

water (I x 30ml) and were dried over MgS0 4 , filtered and concentrated to afford an 

off-white solid. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 1:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

product as a white solid (I lOmg, 84%).

Synthesis B

To a stirred solution o f  the TFA salt of  (5.04) (610mg, 1.74mmol) in anhydrous DCM 

(12ml) was added N-BOC isoleucine (402mg, l.74mmol) followed by N, N- 

diisopropylethylamine (0.61ml, 3.48mmol) and BOP-CI (443mg, 1.74mmol) under 

dry reaction conditions at 0°C. The reaction was left stirring for twenty-four hours. It 

was quenched by the addition o f  water (I x 10ml) and the product was extracted with 

diethyl ether (3 x 25ml). The combined organic extracts were washed with 5% aq. 

NaHCOs (1 X 30ml), water (1 x 30ml) and were dried over MgS0 4 , filtered and 

concentrated to afford an off-white solid. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid (480mg, 61%).
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'H NMR (CDCI3 , 400 MHz) 5h ppm: 0.91 (6 H, m, (2 x CH 3 ) (He)), 1.45 ( I IH,  s, 

(C(CH3 ) 3  & CH2 ) (lie)), 1.87 (IH, m, CH (lie)), 2.88 (IH, dd, J=4.5Hz, 17.0Hz, 

CH 2CH (Asp)), 3.10 (IH, dd, J=4.5Hz, 17.0Hz CH2 CH (Asp)), 3.70 (3H, s, OMe), 

4.01 (IH,  m, CHNH (He)), 4.88 (IH, m, CHNH (Asp)), 5.1 1 (IH, d, J=8.0Hz, NH 

(lie)), 5.11 (2H, s, BzCHi), 6.90 (IH, d, J=7.5Hz, NH (Asp)), 7.35 (5H, m, 5 x ArH) 

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 11.10 (CH3 (lie)), 14.96 (CH3 (He)), 24.15 

(CH2 (He)), 27.85 (C(CH3)3 ), 35.76 (CH2 (Asp)), 37.22 (CH (He)), 47.93 (CHNH 

(Asp)), 52.28 (OMe), 58.61 (CHNH (He)), 66.47 (BZCH2 ), 79.42 (C(CH3 )3 ), 128.42 

(2 xArCH), 128.51 (ArCH), 128.64 (2 x ArCH), 134.80 (ArC), 155.03 (C=0), 170.32 

(C=0), 170.39 (C=0), 172.86 (C=0)

Vmax (KBr)/cm-' 3318.5,2965.0, 1740.6, 1655.3, 1522.1, 1169.0 

Melting point: 4 1 - 4 4 ”C

HMRS: calculated 473.2264, found 473.2285, molecular formula (C23H34N20yNa) 

Synthesis o f  the dipeptide Asp-Leu

To a stirred solution of the TFA salt o f  (5.04) (660mg, 1.8 8 mmol) in anhydrous DCM 

(12ml) was added N-BOC leucine (469mg, 1.88mmol) followed by N, N- 

diisopropylethylamine (0.70ml, 3.76mmol) and BOP-CI (480mg, 1.88mmol) under 

dry reaction conditions at 0“C. The reaction was left stirring for twenty-four hours. It 

was quenched by the addition o f  water ( 1  x 1 0 ml) and the product was extracted with 

diethyl ether (3 x 25ml). The combined organic extracts were washed with 5% aq. 

NaHC0 3  (1 x 30ml), water (I x 30tnl) and were dried over MgS0 4 , filtered and 

concentrated to afford an oil. The product was purified by Hash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a colourless oil (280mg, 33%).

'H NMR (CDCI3 , 400 MHz) 8 n ppm: 0.91 (6 H, m, (2 x CH 3) (Leu)), 1.47 (lOH, s, 

C(CH3 ) 3  & CH(CH3 ) 2  (Leu)), 1.63 (2H, m, CLh (Leu)), 2.89 (IH, dd, J=5.0Hz, 

17.0Hz, CLbCH (Asp)), 3.04 (IH, dd, J=4.5Hz, 17.0Hz, CLbCH (Asp)), 3.68 (3H, s, 

OMe), 4.12 (IH, m, CHNH (Leu)), 4.85 (IH, m, CHNH (Asp)), 5.02 (IH,  d, J=7.5Hz, 

NH (Leu)), 5.11 (2H, s, BzCHj), 7.07 (IH, d, J=8.0Hz, NH (Asp)), 7.35 (5H, m, 5 x 

ArH)
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'^C NMR (CDCI3 , 400 MHz) 5c ppm: 21.46 (CH3 (Leu)), 22.47 (CH3 (Leu)), 24.19

(CH(CH3 )2  (Leu)), 27.82 (C(CH3)3), 35.81 (CH2 (Asp)), 40.91 (CH2 (Leu)), 48.02

(CHNH (Asp)), 52.24 (QMe), 52.59 (CHNH (Leu)), 66.36 (BzCHj), 79.42 (C(CH3)3),

127.94(2 X ArCH), 127.97 (ArCH), 128.14 (2 x ArCH), 134.90 (ArC), 155.03 (C=0),

170.18 (C=0), 170.47 (C=0), 172.09 (C=0)

v^ax (DCM)/cm'' 3314.9,2596.9, 1740.7, 1664.3, 1518.0, 1170.1

HRMS: calculated 473.2264, found 473.2259, molecular formula (C23H34N20yNa)

Synthesis o f the dipeptide Asp-Val

To a stirred solution o f  the TFA salt of  (5 .04) (650mg, 1.85mmol) in anhydrous DCM 

(12ml) was added N-BOC valine (402mg, 1.85mmol) followed by N, N- 

diisopropylethylamine (0.65ml, 3.70mmol) and BOP-CI (470mg, 1.85mmol) under 

dry reaction conditions at 0"C. The reaction was left stirring for twenty-four hours. It 

was quenched by the addition of water (1  x 1 0 ml) and the product was extracted with 

diethyl ether (3 x 25ml). The combined organic extracts were washed with 5% aq. 

NaHC0 3  (I X 30ml), water (1 x 30ml) and were dried over MgS0 4 , filtered and 

concentrated to afford an off-white solid. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 2:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid, (200mg, 25%).

'H NMR (CDCI3, 400 MHz) 8 h ppm: 0.88 (3H, d, J=7.0Hz, CH3 (Val)), 0.96 (3H, d, 

J=6.5Hz, CH3 (Val)), 1.44 (9H, s C(CH3)3), 2.13 (IH, m, CH(CH3)2 (Val)), 2.89 (IH, 

dd, J=4.5Hz, 17.0Hz, CH2CH (Asp)), 3.09 (IH,  dd, J=4.5Hz, 17.0Hz, CH2), 3.70 (3H, 

s, QMe), 3.99 (IH,  m, CHNH (Val)), 4.86 (IH,  m, CHNH (Asp)), 5.10 (IH, d, 

J=7.5Hz, NH (Val)), 5.12 (2H, s, BzCHi (Asp)), 6.90 (IH, m, NH (Asp)), 7.35 (5H, 

m, 5 x ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 17.00 (CH3 (Val)), 18.63 (CH3 (Val)), 27.83 

(C(CH3)3), 30.73 (CH(CH3)2) (Val)), 35.54 (CH2CH (Asp)), 47.96 (CHNH (Asp)), 

52.32 (QMe), 59.16 (CHNH (Val)), 66.47 (BzCHz), 79.39 (C(CH3)3), 127.96 (2 x 

ArCH), 128.03 (1 x ArCH), 128.17 (2 x ArCH), 134.93 (ArC), 155.27 (C=0), 170.31 

(C=0), 170.40 (C=0), 171.93 (C=0)

Vmax (KBr)/cm'' 3322.7,2965.0, 1740.9, 1660.4, 1519.7, 1170.7

243



Melting point: 65 -  67”C

HRMS: calculated 459.2107, found 459.2112, molecular formula (C22H32N207Na)

Hydrogenolysis o f  the benzyl ester o f  A H  PA - Synthesis o f  (5.09)

To a stirred solution of (5.08) (200mg. 0.41 mmol) in a 1:1 mixture o f  ethanol and 

ethyl acetate (6ml) was added 10% Pd/C (catalytic amount). The mixture was stirred 

at room temperature under an atmosphere o f  hydrogen (balloon). The reaction was 

monitored by TLC. After three hours the Pd/C was removed from the reaction 

mixture by filtration using DCM (200ml). The solvent was removed from the flask 

under vacuum and the resulting acid (5.09) was obtained as a white solid (120mg, 

100%)

'H NMR (MeOD, 400 MHz) 5h ppm: 1.33 (9H, s, C(CH3)3 ), 2.80 (2H, m CH2 ), 4.19 

(2H, m, CHOH, CHNH), 7.23 (5H, m, 5 x ArH)

'^C NMR (MeOD, 400 MHz) 5c ppm: 26.85 (C(CH3 )3), 34.55 (CH2 ), 54.37 (CHNH), 

72.26 (CHOH), 78.28 (C(CH3 )3), 125.41 (ArCH), 127.37 (2 x ArCH), 128.54 (2 x 

ArCH), 137.95 (ArC), 155.89 (C=0), 173.94 (C=0)

Vmax (KBr)/cm'' 3353.4,2978.1, 1693.7, 1167.2 

Melting point: 120-124"C

HRMS: calculated 318.1317, found 318.1307, molecular formula (Ci5 H2 iN0 5 Na)

Synthesis o f  tert-hutyl-(IS, 2R)-I-((perfluorophenoxy)carhonyl)-l-hydroxy-3- 

phenylpropan-2-ylcarbamute (5.10)

To a stirred solution of (5.09) (120mg, 0.41mmol) in anhydrous DCM (5ml) was 

added pentafluorophenol (75mg, 0.41 mmol) followed by DCC (85mg, 0.41 mmol) at 

0”C under dry reaction conditions. The temperature was allowed to increase to 

ambient after ten minutes and the reaction was left stirring for an additional two 

hours. The reaction was filtered using DCM (100ml) and the filtrate was washed with 

5% aq. NaHC 0 3  (2 x 30ml) and water (1 x 30ml). The organic layer was dried over 

MgS0 4 , filtered and concentrated to afford an off-white solid. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected
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and the solvent was evaporated to afford the product (5. 10) as a white solid, (I50mg, 

81%). The product was used in the ensuing coupling step without any further 

purification or characterisation.

Synthesis o f  the Iripeptide Asp-Leu-AHPA

To a dry three-necked round bottom flask containing (5.10) (50mg, 0 .11 mmol) 

dissolved in anhydrous DCM (12ml) was added (5.06) (80mg, O.ISmmol) followed 

by EtsN (0.05ml, 0.36mmol) under dry reaction conditions. The reaction was allowed 

to stir for twelve hours at room temperature. The reaction was quenched by the 

addition o f  water (1 x 30ml) and the product was extracted with DCM (3 x 30ml). 

The combined organic fractions were washed with 5% aq. NaHCOs (2 x 30ml) and 

water (2 x 30ml). The organic layer was dried over MgS0 4 , filtered and concentrated 

to afford an off-white solid. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid, quantitatively.

'H NMR (CDCb, 400 MHz) 5,i ppm: 0.93 (6 H, m, (2 x CH3) (Leu)), 1.39 (9H, s, 

(C(Cli3)3), 1.63 (3H, m, CH & CH2 (Leu)), 3.00 (4H, m CH 2CH (Asp), CH2 

(AHPA)), 3.69 (3H, s, QMe), 4.03 (IH, m, CHNH (AHPA), 4.14 (IH,  m, CHOH), 

4.51 (IH,  m, CHNH (Leu)), 4.84 (IH, m, CHNH (Asp)), 5.10 (2H, s, BzCH2 (Asp)), 

5 .15 ( IH, m, NH (AHPA)), 7.27 ( 12H, m, NH (Leu), NH (Asp) & 10 x ArH))

'^C NMR (CDCI3, 400 MHz) 5c ppm: 21.24 (CH3 (Leu)), 22.63 (CH3 (Leu)), 24.12 

(CH (Leu)), 27.68 (C(CH3 )3), 35.72 (CH2 (Asp)), 35.84 (CH2, (AHPA)), 40.31 (CH2 

(Leu)), 40.15 (CHNH (Asp)), 50.84 (CHNH (Leu)), 52.33 (QMe). 55.21 (CHNH 

(AHPA)), 66.43 (BZCH2 (Asp)), 73.54 (CHOH), 79.93 (C(CH3)3), 126.14 (ArCH), 

127.93 (ArCH), 127.97 (2 x ArCH), 128.02 (ArCH), 128.08 (2 x ArCH), 128.17 (2 x 

Ar€H), 128.86 (ArCH) 134.81 (ArC), 137.62 (ArC), 156.96 (C=0), 170.08 (C=0), 

170.25 (C=0), 170.37 (C=0), 171.29 (C=0), 172.53 (C=0)

Vmax (KBr)/cm-' 3199.1,3065.7,2958.8, 1724.1, 1684.3, 1262.2 

Melting point: 125 -130“C

HMRS: calculated 650.3054, found 650.3046, molecular formula (C3 3H4sN3 0 9 Na)
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Hydrogenolysis o f the benzyl ester o f  tripeptide Asp-Leu-AHPA

To a stirred solution o f  the tripeptide Asp-Leu-AHPA (60mg, O.lOmmol) in a 1:1 

mixture o f  ethanol and ethyl acetate (4ml) was added 10% Pd/C (catalytic amount). 

The mixture was stirred at room temperature under an atmosphere o f  hydrogen 

(balloon). The reaction was monitored by TLC. After three hours the Pd/C was 

removed from the reaction mixture by filtration using DCM (200ml). The solvent 

was removed from the flask under vacuum and the resulting acid was obtained as a 

white solid (50mg, 97%)

'H N M R  (CDCb, 400 MHz) 8h ppm: 0.92 (6H, m, (2 x CHj) (Leu)), 1.36 (9H, s, 

(C(CH 3 )3 ), 1.65 (3H, m, CH & C H 2 (Leu)), 2.92 (4H, m CH 2 CH (Asp), CH. 

(AHPA)), 3.76 (3H, s, OMe), 4.14 (2H, m, CHNH & CHOH (AHPA)), 4.89 (2H, m, 

CHNH (Leu) & CHNH (Asp)), 5.22 (IH , m, NH (AHPA), 7.22 (5H, m, 5 x ArH), 

7.76 (2H, m, NH (Leu), NH (Asp))

'^C NM R (CDCI3 , 400 MHz) 5c ppm; 21.47 (CH 3 (Leu)), 22.36 (CH 3 (Leu)), 24.16 

(CH (Leu)), 27.78 (C(CH 3)3), 35.66 (CH 2 (Asp)), 36.37 (CH2 , (AHPA)), 40.80 (CH 2 

(Leu)), 47.68 (CHNH (Asp)), 50.71 (CHNH (Leu)), 52.32 (OMe). 54.8! (CHNH 

(AHPA)), 60.00 (CHOH), 79.82 (C(CH 3 )3), 126.10 (ArCH), 128.03 (2 x ArCH), 

128.88 (2 x ArCH), 137.46 (ArC), 156.96 (C = 0),  170.40 (3 x C = 0 )

Vmax (K.Br)/cm ' 3325.1 ,2931.6 , 1651.0, 1519.8, 1172.6 

Melting point: 75 -  80‘’C

HRMS; calculated 560.2584, found 560.2592, molecular formula (C2&H39N 3 0 9 Na) 

Synthesis o f the PFP ester o f Asp-Leu-AHPA (5.11)

To a stirred solution o f  the acid (50mg, 0.09mmol) in anhydrous DCM (2ml) was 

added pentafluorophenol (17mg, 0.09mmol) followed by DCC (19mg, 0.09mmol) at 

0”C under dry reaction conditions. The temperature was allowed to increase to 

ambient after ten minutes. The reaction was left stirring for an additional two hours. 

The reaction was filtered using DCM (50ml) and the filtrate was washed with 5% aq. 

NaHCOs (2 x 30ml) and water (1 x 30ml). The organic layer was dried over MgS 0 4 , 

filtered and concentrated to afford an off-white solid. The product was purified by 

flash column chromatography (stationary phase; silica gel 230-400mesh, mobile
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phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford the product (5.11) as a white solid (50mg, 71%). 

The product was used in the ensuing coupling step without any further purification or 

characterisation.

N-BOCprotection o f Leu-AHPA (5.12)

To a stirred solution o f  bestatin (lOOmg, 0.32mmol) in a mixture o f  water (3ml) and /- 

butanol (3ml) was added 2.5M aq. NaOH (3ml) at 0“C. Di-?er/-butyl dicarbonate 

(2.12mg, 0.97mmol) was then added to the stirred solution. The reaction temperature 

was allowed to increase to ambient and the reaction was allowed to stir for sixteen 

hours. The basic aqueous fraction was washed with diethyl ether (1 x 30ml). The 

basic fraction was then acidified using 2M aq. HCl (1 x 50ml) and the product was 

extracted using diethyl ether (3 x 30ml). The organic layer was dried over MgS0 4 , 

illtered and concentrated to afford (5 . 12) as a white solid (I30m g, 100%).

'H NM R (CD Cb, 400 MHz) 5,, ppm: 0.94 (6H, m, 2 x C H 3 (Leu)), 1.45 (9H, s, 

C (CHi)3), 1.65 (3H, m, CH & CH 2 (Leu)), 3.00 (2H, m, C H . (AHPA)), 4.16 (2H, m, 

CHNH, & CHOH (AHPA)), 4.61 (IH , m, CHNH (Leu)), 5.19 ( IH,  d, J=8.0Hz, NH 

(AHPA)), 6.43 ( IH,  s, br, OH), 7.22 (5H, m, 5 x ArH), 7.46 ( IH,  m, NH)

'^C NMR  (CDCI3, 400 MHz) 5c ppm: 20.92 (CHj (Leu)), 22.62 (CH 3 (Leu)), 24.31 

(CH (Leu)), 27.75 (C(CHj)3), 36.14 (C H 2 (AHPA), 40.23 (CH 2 (Leu)), 50.09 (CHNH 

(Leu)), 54.87 (CHNH (AHPA)), 73.15 (CHOH), 79.97 (C(CH 3)3), 126.11 (ArCH), 

128.03 (2 X ArCH), 128.88 (2 x  ArCH), 137.50 (ArC), 156.80 (C = 0),  173.15 (C =0), 

175.26 (C = 0)

Vmax (KBr)/cm'' 3379.1 ,2931.6 , 1689.9, 1627.8, 1504.4, 1164.9 

Melting point: 1 1 2 - 1 1 4 “C

HRMS: calculated 431.2158, found 431.2150, molecular formula (C2iH32N206Na) 

Synthesis o f  the PFP ester o f Leu-AHPA (5.13)

To a stirred solution o f  (5 .12) ( l l Omg,  0.28mmol) in anhydrous DCM (3ml) was 

added pentafluorophenol (52mg, 0.28mmol) followed by DCC (58mg, 0.28mmol) at 

0“C under dry reaction conditions. After two hours the reaction was quenched by the
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addition o f  water (1 x 20ml) and the product was extracted with diethyl ether (3 x 

30ml). The combined organic fractions were dried over MgS0 4 , filtered and 

concentrated to afford an off-white solid. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1, 

hexane/ethyl acetate). A ll homogenous fractions were collected and the solvent was 

evaporated to afford the product as a white solid, quantitatively. The product was 

used without further purification or characterisation.

Synthesis o f (2-methoxy-5-((6Z,8Z)-2,3,4-trimethoxy-5H-henzof7Jannulen-9- 

yl)phenoxy)(ter1-hutyl)dimethylsilane (5.15)

To a stirred solution o f (2.17) (lOOmg, 0.20mmol) in anhydrous DCM (1ml) was 

added methanesulphonyl chloride (0.04ml, 0.38mmol) followed by N, N- 

diisopropylethylamine (0.06ml, 0.33mmol) at 0”C. A fter one hour the reaction was 

quenched by the addition o f 5% aq. NaHCOs (I x 20ml) and the product was 

extracted with diethyl ether (3 x 30ml). The combined etheral fractions were dried 

over MgS0 4 , filtered and concentrated to afford an off-white solid. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 2:1, hexane/ethyl acetate). A ll homogenous fractions were collected 

and the solvent was evaporated to afTord the product as a white solid, quantitatively. 

The product (20mg, 0.04mmol) was dissolved in DMF (1ml) and NaNs (30mg, 

0.4mmol) was added to the stirred solution. The reaction was allowed to stir at room 

temperature for twenty-four hours. It was quenched by the addition o f water (1 x 

30ml) and the product was extracted with diethyl ether (3 x 30ml). The combined 

etheral fractions were dried over MgS0 4 , filtered and concentrated to afford an off- 

white solid. The product was purified by flash column chromatography (stationary 

phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). A ll 

homogenous fractions were collected and the solvent was evaporated to afford the 

product as a yellow oil, quantitatively.

'H  NM R (CDCb, 400 MHz) 5h ppm: 0.19 (6H, s, 2 x Si(CH3)), 1.02 (9H, s, 

C(CH3)3), 3.12 (2H, s, br, BzCHz), 3.62 (3H, s, OMe), 3.87 (3H, s, OMe), 3.93 (3H, s, 

OMe), 3.94 (3H, s, OMe), 5.90 (IH , m, CH 2CH=CH), 6.16 (IH , dd, J=5.5Hz, 9.6Hz,
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CH 2CH=CH), 6.43 (IH , s, ArH{A-ring}), 6.63 (IH , d, J=5.0Hz, C=CH), 6.86 (IH , d, 

J=8.0Hz, ArH{C-ring}), 6.95 (2H, m, 2 x ArH{C-ring})

'^C NM R (CDCb, 400 MHz) 5c ppm: -5.01 (2 x Si(CH 3 )), 18.03 (C(CH 3 )3), 25.19 

(BzCH 2 ), 25.29 (C(CH 3 )3 ), 55.02 (QMe), 55.35 (QMe), 60.46 (QMe), 60.96 (QMe), 

107.64 (ArCH), 111.12 (ArCH), 121.46 (ArCH), 122.29 (ArCH), 125.06 (ArC), 

126.08 (C=CH), 126.12 (CH 2 CH=CH), 127.87 (CH 2CH=CH), 133.01 (ArC), 136.42 

(ArC), 142.92 (ArC), 144.10 (ArC), 144.65 (A rQ ,  149.66 (QC), 150.01 (ArC)

Vmax (KBr)/cm'' 3395 .5 ,2931.6 , 1508.0, 1118.8,837.2

Synthesis o f (2-methoxy-5-((6Z,8Z)-2,3,4-1rimethoxy-5H-henzo[7]annulen-9- 

yl)phenoxy)(teri-hutyl)dimethylsilane (5.15)

To a stirred solution o f  (2 . 17) (50mg, O.lOmmol) in anhydrous dioxane (3ml) was 

added BF3 (Et2Q )2  (0.02ml, 0.16mmol) followed by N aN 3 (7mg, O.lOmmol). The 

mixture was refluxed at SO^C under an atmosphere o f  dry nitrogen. After one hour 

the reaction was quenched by the addition o f  water (1 x 20ml) and the product was 

extracted with diethyl ether (3 x 30ml). The combined etheral fractions were dried 

over M gSQ 4 , filtered and concentrated to afford a yellow oil. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 3:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford the product (5 . 15) (40mg, 62%) as a yellow 

oil.

Data previously described.

Synthesis o f 6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-oxo-5H-henzo[7Jannulen-7-yl 

methanesulfonate (5.16 ) and (Z)-8,9-dihydro-l,2,3-trimethoxyhenzo[7]annulen-5- 

one (5.17)

To a stirred solution o f  (2 . 12) (520mg, 1.96mmol) in anhydrous DCM (5ml) was 

added methanesulphonyl chloride (0.26ml, 3.32mmol) followed by N, N- 

diisopropylethylamine (0.51ml, 2.94mmol) at 0“C. After one hour the reaction was 

quenched by the addition o f  5% aq. NaHCQs (1 x 30ml) and the product was 

extracted with diethyl ether (3 x 30ml). The combined etheral fractions were dried
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over MgS 0 4 , filtered and concentrated to afford an off-white solid. The product was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 2:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford the product (5 . 16) as a white solid (200mg, 

30%) and (5 .17) as a white solid (340mg, 70%).

The mesylate (5 .16) (200mg, 0.58mmol) was dissolved in DMF (4ml) and NaNs 

(380mg, 5.80mmol) was added to the stirred solution. The reaction was allowed to 

stir at room for twenty-four hours. It was quenched by the addition o f  water (1 x 

50ml) and the product was extracted with diethyl ether (3 x 30ml). The combined 

etheral fractions were dried over MgS0 4 , filtered and concentrated to afford a yellow 

oil. The two products were separated and purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford

(5 . 17) and the keto azide (5 .24).

(5 . 17) 'H NM R (CDCb, 400 MHz) 5„ ppm: 2.47 (2H, m, CH 2 CH), 3.03 (2H, t. 

J=6.0Hz, BzCHs), 3.77 (3H, s, OMe), 3.83 (3H, s, OMe), 3.88 (3H, s, OMe), 6.17 

(1H, d, J= 11 .OHz, CH 2CH=CH), 6 . 6 8  (1H, m, C H 2 CH=CH), 7.08 (1H, s, ArCH)

'^C NM R (CDCI3 , 400 MHz) 5c ppm; 23.95 (CH 2 ), 29.20 (CH 2 ), 55.45 (OMe), 60.37 

(OMe). 60.87 (OMe). 108.08 (ArCH), 126.45 (ArC), 131.72 (CH=CH), 135.35 (ArC), 

145.35 (ArC), 146.99 (CH=CH), 149.66 (ArC), 151.07 (ArC), 193.48 (C = 0 )

Vmax (KBr)/cm-' 2937.9, 1643.8, 1586.8, 1488.7, 1342.6, 1106.7 

Melting point: 65 -  69‘*C

HRMS: calculated 271.0946, found 271.0953, molecular formula (C |4 Hi6 0 4 Na) 

Synthesis o f  (5.18)

To a stirred solution o f  (2 . 11) (1.20g, 2.38mmol) in methanol (10ml) and THF (5ml) 

was added NaBH 4 (210mg, 2.38mmol) at 0“C. After one hour the reaction was 

quenched by the addition o f  sat. aq. NaCl (1 x 40ml) and the product was extracted 

with diethyl ether (3 x 50ml). The combined etheral fractions were dried over 

MgS0 4 , filtered and concentrated to afford a yellow oil. The product was purified by 

flash column chromatography (stationary phase; silica gel 230-400mesh, mobile
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phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford the product (5.18) as a white solid (l.lOg, 92%)

'H NMR (CDCb, 400 MHz) 5n ppm: 1.14 (9H, s, major diastereomer, C(CH3)3), 

1.20 (9H, s, minor diastereomer, C(CH3)3), 1.41-1.90 (4H, major & minor 

diastereomers, CH?). 3.02-3.26 (2H, m, major & minor diastereomers, CH^). 3.80 

(3H, s, major diastereomer, OMe). 3.81 (3H, s, minor diastereomer, OMe), 3.83 (3H, 

s, major diastereomer, OMe). 3.84 (3H, s, minor diastereomer, OMe). 3.88 (3H, s, 

major diastereomer, OMe). 3.89 (3H, s, minor diastereomer, OMe). 4.21 (IH, m, 

minor diastereomer, CH), 4.32 (IH, m, major diastereomer, CH), 4.71 (IH,  m, 

diastereomer, CH), 5.46 (IH, m, diastereomer, CH), 6.84 (IH,  s minor diastereomer, 

ArH) 6.98 (IH, s, major diastereomer, ArH), 7.44 (6H, m, major & minor 

diastereomers, ArH), 7.78 (4H, m, major & minor diastereomers, ArH)

'^C NMR (CDCb, 400 MHz) 5c ppm: 17.38, 18.06 (C(CH3)3), 18.73, 19.01 (CH2), 

26.57, 26.72 (C(CH3)3), 34.58, 35.28 (CH2), 44.35 (CH2), 55.45, 55.48 (OMe), 60.04, 

60.41 (OMe), 60.43, 60.92 (OMe), 69.16 (CHOP), 73.42 (CHOH), 103.37 (ArCH), 

125.32 (ArC), 127.27, 127.30 (4 x ArCH), 129.33, 129.36 (ArCH), 129.43, 129.45 

(ArCH), 133.31, 134.03 (ArC), 135.41, 135.45 (4 x ArCH), 139.35, 140.90 (ArC), 

140.47, 140.90 (ArC), 150.41, 150.50 (ArC), 150.57, 150.60 (ArC)

\Wx (DCM)/cm-‘ 3468.0, 2932.6, 1600.1, 1114.3, 703.0 

Melting point: 55 -  57‘’C

HRMS: calculated 529.2386, found 529.2387, molecular formula (CsoHsgOsNaSi) 

Synthesis o f (5.19)

To a stirred solution o f  (5.18) (l.34g, 2.65mmol) in anhydrous DCM (30ml) was 

added acetic anhydride (0.50ml, 5.30mmol), DMAP (320mg, 2.65mmol) and N, N- 

diisopropylethylamine (0.92ml, 5.30mmol) under dry reaction conditions at O^C. 

After three hours the reaction was quenched by the addition of 2M aq. HCI (1 x 50ml) 

and the product was extracted with diethyl ether (3 x 60ml). The combined etheral 

fractions were dried over MgS0 4 , filtered and concentrated to afford a yellow oil. 

The product was purified by flash column chromatography (stationary phase; silica 

gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous
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fractions were collected and the solvent was evaporated to afford the product (5. 19) as 

a colourless oil, (1,42g, 100%)

'H NM R (CDCI3 , 400 MHz) 5h ppm: 1.10 (9H, s, major diastereomer, C (CH 3)3 ), 

1.15 (9H, s, minor diastereomer, C(CH 3 )3 ), 1.39 (2H, m, major & minor 

diastereomers, CH 2 ), 1.90 (2H, m, major & minor diastereomers, C H 2 ), 2.20 (3H, s, 

major & minor diastereomers, COCH 3 ), 2.78 (2H, m, minor diastereomer, C H?), 3.19 

(2H, m, major diastereomer, C H 2 ), 3.82 (3H, s, major diastereomer, QMe). 3.86 (3H, 

s, minor diastereomer, QMe), 3.88 (6 H, s, minor diastereomer, 2 x QMe), 3.90 (6 H, s, 

major diasteroemer, QMe), 4.15, (2H, m, major & minor diastereomers, 2 x CH), 6.64 

( IH,  s, minor diastereomer, ArH), 6.70 ( IH,  s, major diastereomer, ArH), 7.44 (6 H, 

m, major & minor diastereomers, 6  x ArH), 7.74 (4H, m, major & minor 

diastereomers, 4 x ArH)

'^C NM R (CDCI3 , 400 MHz) 5c ppm: 18.17, 18.73 (C(CH 3)3 ), 18.79, 18.82 (CH 2 ), 

20.65, 20.80 (COCH 3), 26.53, 26.59 (C(CH 3)3 ), 35.65, 35.86 (CH 2 ), 40.95, 43.30 

(CH 2 ), 55.57, 55.58 (QMe), 59.94, 60.39 (OMe), 60.88, 60.92 (QMe), 69.23, 69.65 

(CHQP), 72.51 (CH), 102.70 (ArCH), 124.67 (ArC), 127.16, 127.19 (4 x ArCH), 

129.23 (2 X ArCH), 133.75, 133.80 (ArC), 135.35, 135.41 (2 x ArCH), 135.45, 

135.50 (2 X ArCH), 135.62 (A rQ , 140.76, 141.00 (ArC), 150.48, 150.57 (ArC), 

150.85, 150.94 (ArC), 169.04 (C=Q)

Vmax (DCM )/cm'' 2932.9, 1738.0, 1601.4, 1236.4, 1 i 12.7, 703.1

Synthesis o f 6,7,8,9-tetrahydro-7-hydroxy-l,2,3-trimethoxy-5H-henzo[7]annulen-5- 

y l acetate (5.20)

To a stirred solution o f  (5 . 19) (400mg, 0.73mmol) in THF (2ml) was added IM 

TBAF in THF (0.73ml, 0.73mmol) at 0”C. After six hours the reaction mixture was 

applied directly to a flash column. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product (5.20) as a colourless oil (230mg, 100%)

'H NM R (CDCI3 , 400 MHz) §h ppm: 1.77 (2H, m, major & minor diasteromers, 

CH 2 ), 2.09 (3H, s, minor diastereomer, C Q C H 3 ), 2.19 (3H, s, major diastereomer, 

C O C H 3), 2.24-3.28 (4H, m, major & m.inor diastereomers, 2 x CH 2 ), 3.78 (3H, s,
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minor diastereomer, OMe). 3.79 (3H, s, major diastereomer, OMe). 3.83 (6H, s, minor 

diastereomer, 2 x OMe), 3.85 (6H, s, major diastereomer, 2 x OMe). 4.07 (2H, m, 

major & minor diastereomers, 2 x CH), 6.66 (!H , s, minor diasteroemer, ArH), 6.69 

( IH,  s, major diastereomer, ArH)

'^C NM R (CDCI3 , 400 MHz) 5c ppm: 18.42, 18.82 (CH 2), 20.80, 20.88 (C O C H 3), 

35.37, 35.45 (CH 2 ), 40.44, 42.39 (CH2 ), 55.54 (OMe), 59.96, 60.34 (O M e), 60.37, 

60.91 (OMe), 68.23 (CH), 70.10, 70.90 (CH), 103.36 (ArCH), 124.76, 126.77 (ArC), 

135.23 (ArC), 140.84, 141.32 (ArC), 150.46, 150.60 (ArC), 150.81, 150.89 (ArC), 

169.29, 169.65 (C = 0 )

v„ax (DCM)/cm ' 3440.4, 2934.5, 1736.0, 1601.5, 1238.5, 1120.8

Synthesis o f 7-azido-6,7,8,9-tetrahydro-l,2,3-trimethoxy-5H-henzo[7lannulen-5-yl 

acetate (5.22)

To a stirred solution o f  (5 .20) (360mg, 1.17mmol) in anhydrous DCM (6ml) was 

added methanesulphonyl chloride (0.15ml, 1.98mmol) followed by N, N

diisopropylethylamine (0.31ml, 1.76mmol) at 0“C under dry reaction conditions. 

After one hour the reaction was quenched by the addition o f  water (I x 40ml) and the 

product was extracted with diethyl ether (3 x 30ml). The combined etheral fractions 

were dried over MgS 0 4 , filtered and concentrated to afford a white solid. The 

product was purified by flash column chromatography (stationary phase; silica gel 

230-400mesh, mobile phase; 1:1, hexane/ethyl acetate). Ail homogenous fractions 

were collected and the solvent was evaporated to afford the product (5 .21) as a white 

solid (390mg, 86%). The mesylate (5 .21) (390mg, 1.01 mmol) was dissolved in DMF 

(5ml) at room temperature. Sodium azide (i .31g, 20.2mmol) was added to the stirred 

solution. The reaction mixture was heated to 80“C. After thirty-six hours the reaction 

was quenched by the addition o f  water (1 x 50ml) and the product was extracted with 

diethyl ether (3 x 30ml). The combined etheral fractions were dried over M gS 0 4 , 

filtered and concentrated to afford a white solid. The product was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 3:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product (5 .22) as a colourless oil (300mg, 89%) and an 

eliminated side product (lOmg, 3%).
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(5.22) 'H NMR (CDCI3 , 400 MHz) 8 h ppm: 1.25-1.88 (2H, m, major & minor

diastereomers, CH2 ), 2.11 (3H, s, major diastereomer, COCH3), 2.22 (3H, s, minor 

diastereomer, COCH 3 ), 2.27-2.39 (2H, m, major & minor diastereomers, CH?), 2.77- 

3.40 (3H, m, major & minor diastereomers, CH & CH?). 3.80 (3H, major 

diastereomer QMe). 3.81 (3H, s, minor diastereomer, OMe), 3.85 (6 H, s, minor 

diastereomer, 2 x OMe). 3.87 (6 H, s, major diastereomer, 2 x OMe), 3.90 (IH, m, 

major & minor diastereomers, CH), 6 . 6 6  (IH,  s, major diastereomer, ArH), 6.72 (IH, 

s, minor diastereomer, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm; 19.61, 19.91 (CH2 ), 20.73, 20.75 (COCH3), 

31.88, 32.44 (CH2 ), 36.93, 39.09 (CH2 ), 55.54 (OMe), 58.93 (CHN3), 60.34, 60.38 

(OMe), 60.92, 60.95 (OMe), 69.81 (CH), 103.02 (ArCH), 123.95, 126.49 (ArC), 

133.92, 134.98 (ArC), 140.95, 141.66 (ArC), 150.63, 150.69 (ArC), 150.92, 151.18 

(ArC), 169.21, 169.27 (C=0)

Vmax (DCM)/cm'' 2935.7,2093.6, 1739.1, 1600.4, 1235.8, 1120.3 

Eliminated Side Product 'H NMR (CDCI3 , 400 MHz) 5h ppm: 2.16 (2H, m, CFb), 

2.76, 3.02 (2H, m, CH.), 3.84 (3H, s, OMe). 3.87 (3H, s, OMe). 3.91 (3H, s, OMe), 

4.19 (IH,  m, CHN 3 ), 5.84 (IH, dd, J=4.0Hz, 12.0Hz, CHN3CH=CH), 6.52 (IH, d, 

J= 12.0Hz. CHN3 CH=CH), 6 . 6 8  (IH, s, ArH)

'^C NMR (CDCI3, 400 MHz) 5c ppm: 20.60 (CH2), 32.18 (CH2), 55.56 (OMe), 60.51 

(CHN3), 60.85 (2 X OMe), 1 10.51 (ArCH), 126.93 (CH=CH), 127.71 (ArC), 130.10 

(ArC), 131.97 (CH=CH), 141.61 (ArC), 150.29 (ArC), 150.59 (ArC) 

v, âx (DCM)/cm‘' 2931.4,2093.9, 1454.9, 1241.7, 1122.8

Synthesis o f 7-azido-6,7,8,9-tetrahydro-l,2,3-trimethoxyhenzo[7]annulen-5-one 

(5.24)

To a stirred solution o f  (5.22) (560mg, 1.68mmol) in methanol (10ml) was added 

2.5M aq. NaOH (20ml) at 0°C. After ten minutes the flask was removed from the ice 

and the temperature was allowed to increase to ambient. After an hour the reaction 

mixture was quenched with sat. aq. NaCl solution (1 x 50ml) and the product was 

extracted with diethyl ether (3 x 40ml). The combined etheral fractions were dried 

over MgS0 4 , filtered and concentrated to a colourless oil. The product was not 

purified by flash column chromatography. The alcohol (5.23) was dissolved in DMF
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(6ml) and pyridinium dichromate ( l . l3g , 3.00mmol) was added to the stirred solution 

at room temperature. The product was purified by tiash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 3:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford the 

product (5 .24) as a colourless oil (390mg, 89%).

'H NMR (CDCb, 400 MHz) 8h ppm: 1.98, 2.10 (2H, m, CH2 ), 2.88, 3 .11 (4H, m, 2 x 

Cfcb), 3.82 (3H, s, OMe), 3.85 (3H, s, OMe), 3.89 (3H, s, OMe), 3.98 (IH,  m, CfciNj), 

7 .11 (IH, s, Arfcl)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 20.68 (CH2 ), 31.70 (CH2), 45.99 (CH2), 55.49 

(OMe), 56.13 (CHN3 ), 60.39 (OMe), 60.74 (OMe), 107.02 (ArCH), 129.01 (ArC), 

133.16 (ArC), 145.50 (ArC), 150.61 (ArC), 151.29 (ArC), 198.02 (C=0)

Vmax (DCM)/cm'‘ 2935.7,2101.3, 1675.5, 1588.5, 1486.5, 1325.25, 1095.2

Attempted Coupling o f the C-ring to (5.24)

To a stirred solution o f  (2. 16) (200mg, 0.63mmol) dissolved in anhydrous THF (3ml) 

was added 2.5M n-BuLi (0.4ml, 0.95mmol), drop-wise, at -78°C under anhydrous 

conditions. After twenty minutes, whilst maintaining the temperature at -78"C, a 

solution o f  (5.24) (60mg, 0.21 mmol) in anhydrous THF (1ml) was added to the 

reaction. After two hours the temperature was allowed to increase to 0"C and was 

maintained at this temperature for an additional hour. The reaction was quenched by 

the addition of 2M aq. HCI (1 x 25ml). The products were extracted with diethyl 

ether (3 x 20ml). The organic fractions were combined, dried over MgS0 4 , filtered 

and concentrated in vacuo. The resulting residue was not purified by flash column 

chromatography.

(Crude Mixture) Vmax(DCM)/cm-': 2930.7,2857.4, 1592.7.5, 1505.2, 1265.9,839.3

Synthesis o f (E)-7-azido-6,7-dihydro-2,3,4-trimethoxy-5H-benzof7Jannulen-9-yl 

trifluoromethanesulfonate (5.25)

To a stirred solution o f  (5.24) (80mg, 0.28mmol) in anhydrous DCM (5ml) was added 

Na2 C0 3  (58mg, 0.55mmol) followed by trifluoromethanesulfonic anhydride (0.09ml, 

0.55mmol) at 0”C. After thirty minutes the reaction was allowed to increase to room
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temperature and was left stirring overnight. The reaction was quenched by the 

addition o f  5% aq. NaHCOs (I x 50ml) and the product was extracted with diethyl 

ether (3 x 50ml). The combined organic fractions were sequentially washed with 

water (I x 50ml) and sat. aq. NaCI (I x 50ml). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford (5.25) as a colourless oil (30mg, 22%).

Vmax (DCM)/cm'' 2916.8, 2359.9, 2102.0, 1419.0, 1120.8, 799.0

Synthesis o f  (6Z,8Z)-2,3,4-trimetlioxy-9-(3,4,5-trimeilwxyphenyl)-5H- 

henzol7lannulene (5.26)

To a flask containing triflate (5 .25) (30mg, 0.06mmol) was added 3,4,5- 

trimethoxybenzeneboronic acid (I6mg, 0.07mmol), K2CO3 (25mg, O.I8mmol), and 

Pd(Ph3 ) 4  (4mg, 0.003mmol). The mixture was dissolved in benzene, ethanol and 

water (3:1:1, 1.6ml). The resulting mixture was refluxed for sixty minutes. The 

reaction was quenched by the addition o f  water (1 x 20ml) and the product was 

extracted with diethyl ether (3 x 30ml). The organic fractions were combined, dried 

over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (5 .26) as a colourless oil (20mg, 84%).

'H NMR (CDCb, 400 MHz) 8m ppm: 3.14 (2H, s, br, BzChb), 3.67 (3H, s, OMe), 

3.88 (6H, s, 2 X O Me), 3.93 (3H, s, OMe), 3.95 (6H, s, 2 x O Me), 5.90 (IH, dt. 

J=6.5Hz, 7.0Hz, CH 2 CH=CH), 6.18 (IH, dd, J=5.5Hz, 9.5Hz, CH 2 CH=CH), 6.46 

(IH, s, ArH {A-ring}), 6.64 (2H, s, 2 x ArH {C-ring}), 6.70 (IH, d, J=5.0Hz, C=CH) 

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 25.21 (BzCHs), 55.66 (OMe), 55.80 (2 x 

OMe), 60.46 (OMe), 60.54 (OMe), 60.94 (OMe), 105.97 (2 x ArCH {C-ring}), 

107.73 (ArCH {A-ring}), 125.16 (ArC), 125.94 (C=CH), 126.71 (CH2 CH=CH), 

128.36 (CH2 CH=CH), 132.58 (ArC), 137.02 (ArC), 139.15 (ArC), 143.14 (ArC), 

144.97 (ArC), 148.26 (ArC), 149.80 (QC), 152.49 (2 x ArC)

Vmax (KBr)/cm"' 3401.1,2935.9, 1578.7, 1489.4, 1450.6, 1121.2
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Synthesis o f tert-huly! 6,7,8,9-tetrahydro-l,2,3-trimethoxy-5-oxo-5H- 

henzo[7]unnulen-7-yl carbamate (5.27)

To a stirred solution o f  (5.24) (350mg, l.20mmol) in a 1:1 mixture o f  ethanol and 

ethyl acetate (6ml) was added di-/er/-butyl dicarbonate (525mg, 2.40mmol) and 10% 

Pd/C (catalytic amount). The mixture was stirred at room temperature under an 

atmosphere o f  hydrogen (balloon). The reaction was monitored by TLC. After 

sixteen hours the Pd/C was removed from the reaction mixture by filtration using 

DCM (200ml). The solvent was removed from the flask under vacuum and the 

resulting residue was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 2:1, hexane/ethyl acetate). All homogenous 

fractions were collected and the solvent was evaporated to afford (5.27) as a yellow 

solid (340mg, 78%).

‘H NMR (CDCb, 400 MHz) 5h ppm: 1.38 (9H, s C(CH3)3), 1.54 (IH,  s, br, CH.), 

2.25 (IH,  s, br, CH2), 2.74-3.03 (4H, m, 2 x CH2), 3.78 (3H, s, QMe), 3.81 (3H, s, 

OMe), 3.87 (3H, s, QMe), 4.05 (IH,  m, CH), 4.82 (IH, d, J=7.5Hz, NH), 7.04 (IH, s, 

ArH)

'^C NMR (CDCI3 , 400 MHz) 5  ̂ ppm: 21.45 (CH2), 27.86 (C(CH3 )3), 32.66 (CH2). 

45.96 (CH), 47.15 (CH2), 55.46 (OMe), 60.36 (OMe), 60.71 (OMe). 79.03 

(C(CH3)3), 106.84 (ArCH), 128.93 (ArC), 133.59 (ArC), 145.27 (ArC), 150.57 (ArC), 

151.22 (ArC), 154.53 (C=0), 200.32 (C=0)

Vmax(DCM)/cm'' 3352.6,2937.8, 1711.3, 1678.6, 1487.5, 1325.9, 1168.5 

HRMS: calculated 388.1736, found 388.1747, molecular formula (Ci9H27N06Na)

Synthesis o f (5.28)

To a stirred solution o f  (5.27) (310mg, 0.85mmol) in acetonitrile (10ml) was added 

di-/er/-butyl dicarbonate (I86mg, 0.85mmol) followed by DMAP (104mg, 0.85) at 

room temperature. The progress o f  the reaction was monitored by TLC. After 

twenty-four hours di-/er/-butyl dicarbonate (370mg, i.70mmol) and DMAP (2IOmg, 

1.7mmol) were added to the stirred solution. Following a further twenty-four hours 

the reaction was quenched by the addition o f  water (1 x 50ml) and the product was 

extracted with diethyl ether (3 x 50ml). The organic fractions were combined, dried
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over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 4:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (5.28) as a yellow solid (160mg, 40%) and unreacted 

starting material (5.27) (I90mg, 60%).

(5.28) 'H NMR (CDCb, 400 MHz) 5h ppm: 1.49 (I8H, s 2 x C(CH3 )3), 2.01 (IH, m, 

Chb), 2.27 (IH, m, Chb), 2.65 (IH, m CH2 ), 2.82 (IH, m, CH2 ), 3.27 (IH,  m, CH2 ), 

3.53 (IH,  m, Chb), 3.83 (3H, s, OMe), 3.88 (3H, s, OMe), 3.94 (3H, s, OMe), 4.46 

(IH, m, CH), 7.12 (IH, s, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 20.85 (CH2 ), 27.58 (2 x C(CH3)3 ), 27.60 

(CH2), 46.92 (CH2 ), 50.36 (CH), 55.52 (OMe), 60.40 (OMe), 61.09 (OMe), 82.24 (2 

X C(CH3)3 ), 107.42 (ArCH), 126.67 (ArC), 132.42 (ArC), 146.05 (ArC), 150.42 

(ArC), 15 1.48 (ArC), 152.46 (2 x C=0), 2 0 1. 13 (C=0)

Vmax (DCM)/cm ' 3367.6,2978.6, 1738.8, 1700.5, 1673.6, 1332.5, 1128.1 

Melting point: 1 4 8 - I 5 2 “C

HRMS: calculated 488.2260, found 488.2265, molecular formula (C24H3sN08Na) 

Formation o f the trijlate o f (5.28)

Synthesis A

To a stirred solution of (5.28) (60mg, O.I3mmol) in anhydrous DCM (2ml) was added 

Na2 C0 3  (140mg, 1.30mmol) followed by trifluoromethanesulfonic anhydride

(0.04ml, 0.26mmol) at 0“C. After thirty minutes the reaction was allowed to increase 

to room temperature and was left stirring overnight. The reaction was quenched by 

the addition o f  5% aq. NaHC0 3  (1 x 50ml) and the product was extracted with diethyl 

ether (3 x 50ml). The combined organic fractions were sequentially washed with 

water (I x 50ml) and sat. aq. NaCI (I x 50ml). The organic fractions were combined, 

dried over MgS0 4 , filtered and concentrated in vacuo. The resulting residue was 

purified by flash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 6:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford (5.29) (30mg, 60%) and (5.30) (30mg, 40%).

Synthesis B
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To a dry three-necked round bottom flask containing N, yV-diisopropyiamine (0.03ml, 

0.21 mmol) was added 2.5M nBuLi (0.08ml, 0.21mmoll) under dry reaction 

conditions at -78”C. After twenty minutes a solution o f  (5 .28) (90mg, 0.19mmol) in 

dry THF (2ml) was transferred to the three-necked flask drop-wise via a syringe. The 

resultant suspension was allowed to stir at -7 8 “C for two hours and a solution o f  jV, N- 

bis-(trifluoromethylsulfonyl)amino-5-chloropyridine (75mg, 0.19mmol) in dry THF 

(1ml) was added. The reaction was allowed to stir for an additional three hours at this 

temperature. The reaction was quenched by the addition o f  water (1 x 50ml) and 

extracted with diethyl ether (3 x 50ml). The combined organic fractions were dried 

over MgS0 4 , filtered and dried under vacuum. The residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 8:1, 

hexane/ethyl acetate) to yield (5 .29) as a colourless oil (20mg, 28%).

Synthesis C

To a stirred solution o f  (5.28) (30mg, 0.08mmol) in anhydrous DCM (3ml) was added 

Et3N (0.05ml, O.33mmol) followed by trifluoromethanesulfonic anhydride (0.03ml, 

0.16mmol) at -78‘’C. The reaction was allowed to stir overnight. The reaction was 

quenched by the addition of water (1 x 30mi) and the product was extracted with 

diethyl ether (3 x 30ml). The combined organic fractions were dried over MgS0 4 , 

filtered and concentrated in vacuo. The resulting residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford unchanged starting material (5.28) quantitatively.

(5.29) 'H NMR (CDCb, 400 MHz) 6 h ppm: 3.12 (2H, d, J=7.0Hz, BZCH2 ), 3.89 (3H, 

s, OMe), 3.90 (3H, s, OMe), 3.94 (3H, s, OMe), 5.95 (dt, 7.0Hz, CH 2 CH=CH), 6.14 

(IH, dd, J=6.0Hz, 9.5Hz, CH 2 CH=CH), 6.60 (IH, d, J=6.0Hz, C=CH), 6.95 (IH,  s, 

ArH {A-ring})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 24.82 (BzCHj), 55.56 (OMe), 60.54 (OMe), 

61.01 (OMe), 102.50 (ArCH), 120.28 (C=CH), 122.30 (CH2 CH=CH), 123.63 (ArC), 

126.37 (ArC), 129.91 (CH2 CH=CH), 144.99 (ArC), 148.88 (ArC), 149.07 (ArC), 

149.26 (QC), 151.10 (QC)

' ‘̂ F NMR (CDCI3 , 400 MHz) 5c ppm: -73.97 (CF3 )

Vmax (DCM)/cm-' 3307.9,2936.0, 1799.0, 1368.4, 1124.8
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(5 .30) 'H NMR (CDCI3 , 400 MHz) 8 n ppm: 2.17 (IH, m, CH2), 2.50 (2H, m, CH 2 ), 

3.09 (IH, m CH2 ), 3.87 (3H, s, OMe), 3.89 (3H, s, OMe), 3.96 (3H, s, OMe), 4.22 

(IH, m, CH), 5.12 (IH, d, J=9.5Hz, NH), 6.07 (IH, d, J=5.5Hz, C=CH), 6 . 8 6  ( IH,  s, 

ArH)

'V  NMR (CDCI3 , 400 MHz) 5c ppm: -78.09 (CF3 ), -74.32 (CF3)

Vmax (DCM)/cm-' 3235.8,2924.8, 1455.9, 1383.0, 1122.6.864.5

Synthesis o f  (2-methoxy-5-((6Z,8Z)-2,3,4-trimethoxy-5H-benzo[7]annulen-9- 

yl)(tert-hutyl)dimethylsilane

To a tlask containing triflate (5.29) (20mg, 0.05mmol) was added the boronic acid 

(2 .38) (14mg, 0.05mmol), K2CO3 (14mg, O.lOmmol), and Pd(Pli3 )4  (2mg, 

0.002mmol). The mixture was dissolved in benzene, ethanol and water (3:1:1, 5ml). 

The resulting mixture was retluxed for forty minutes. The reaction was quenched by 

the addition of water (1 x 20ml) and the product was extracted with diethyl ether (3 x 

30ml). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 8:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (5 . 15) as a colourless oil (20mg, 8 6 %).

Data previously described.

Synthesis of2-methoxy-5-((6Z,8Z)-2,3,4-trimethoxy-5H-henzof7Jannuien-9- 

ylphenol (5.31)

To a stirred solution o f  (5.15) (lOmg, 0.02mmol) in THF (1ml) was added IM TBAF 

(1 ml, 1 .OOmmol) at 0“C. After one hour the reaction was quenched by the addition of 

sat. aq. NaCi (30ml) and the product was extracted with diethyl ether (3 x 30ml). The 

etheral extracts were combined, dried over MgS0 4  and filtered. The organic fractions 

were applied directly to a flash column, without prior concentration o f  the solution in 

vacuo. The product was purified by flash column chromatography (stationary phase; 

silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). All homogenous
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fractions were collected and the solvent was evaporated to afford (5.31) as a 

colourless oil (9mg, 100%).

'H NM R (CDCI3 , 400 MHz) 5h ppm: 3.00 (2H, s, br, BzChb), 3.64 (3H, s, OMe), 

3.92 (3H, s, OMe), 3.93 (3H, s, OMe), 3.96 (3H, s, OMe), 5.62 (IH , s, OH), 5.90 (dt. 

J=6.5Hz, 7.0Hz, C H 2 CH=CH), 6.16 (IH , dd, J=5.5Hz, 9.5Hz, C H 2CH=CH), 6.46 

(IH , s, ArH{A-ring}), 6 . 6 6  (IH , d, J=5.5Hz, C=CH), 6.89 (IH , m, 2 x ArH{C-ring}), 

7.03 (1H, d, J= 2.0Hz, ArH{C-ring})

'^C NM R (CDCI3 , 400 MHz) 8c ppm: 25.15 (BZCH2), 55.52 (OMe), 55.55 (OMe), 

60.48 (OMe), 60.97 (OMe), 107.80 (ArCH), 109.80 (ArCH), 114.91 (ArCH), 120.59 

(ArCH), 125.32 (ArC), 126.10 (C=CH), 126.28 (CH2CH=CH), 128.06 (CH2CH=CH), 

132.97 (ArC), 136.97 (ArC), 142.94 (ArC), 144.56 (ArC), 144.76 (ArC), 145.57 

(QC), 148.20 (ArC)

Vmax (KBr)/cm'' 3417.8 ,2935.8 , 1507.8, 1281.1, 1117.0

HRMS: calculated 355.1545, found 355.1555, molecular formula (C21H23O5)

Formation o f the triflate o f (5.27)

Synthesis A

To a dry three-necked round bottom flask containing (5 .27) (40mg, 0.11 mmol) 

dissolved in anhydrous THF (2ml) was added LiHMDS (22mg 0.13mmol) in 

anhydrous THF (1ml) under dry reaction conditions at -68‘’C. The resultant 

suspension was allowed to stir at this temperature for two hours and a solution o f  N,N- 

bis-(trifluoromethylsulfonyl)amino-5-chloropyridine (51 mg, 0 . 13mmol) in dry THF 

(2ml) was added. The reaction was allowed to stir for an additional sixteen hours at 

this temperature. The reaction was quenched by the addition o f  5% aq. NaHCOs (1 x 

50ml) and extracted with diethyl ether (3 x 50ml). The combined organic fractions 

were dried over MgS 0 4 , filtered and dried under vacuum. The residue was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 4:1, hexane/ethyl acetate) to yield (5 .32) as a colourless oil (lOmg, 18%) and 

unreacted starting material (5.27) (30mg, 75%).
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Synthesis B

To a dry three-necked round bottom flask containing (5 .27 ) (20mg, O.OSmmol) 

dissolved in anhydrous THF (2ml) was added KHMDS (0.5M in toluene) (0.14ml 

O Jm m ol) under dry reaction conditions at 0“C. The resultant suspension was allowed 

to stir at this temperature for two hours and a solution o f  N, jV-bis- 

(trifluoromethylsulfonyl)amino-5-chloropyridine (51 mg, 0.13mmol) in dry THF (2ml) 

was added. The reaction was allowed to stir for an additional three hours at this 

temperature. The reaction was quenched by the addition o f  water (1 x 50ml) and 

extracted with diethyl ether (3 x 50ml). The combined organic fractions were dried 

over MgS0 4 , filtered and dried under vacuum. The residue was purified by flash 

column chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 6:1, 

hexane/ethyl acetate) to yield (5.32) as a colourless oil (25mg, 100%).

'H NM R (CDCb, 400 MHz) 5n ppm: 1.46 (9H, s C(CH 3)3), 2.03 ( IH,  m, C H 2), 2.31 

( IH,  m, CH2 ), 2.44 ( IH,  m, CH 2 ), 3.07 ( IH,  m, C H 2 ), 3.87 (6H, s, 2 x OMe). 3.93 

(3H, s, OMe), 4.19 ( IH,  m, CH), 4.71 ( IH,  m, NH), 6.05 ( IH,  d, J=5.0Hz, C=CH), 

6.83 ( IH,  s, ArH)

'^C NM R (CDCI3 , 400 MHz) 5c ppm: 21.04 (CH 2), 27.87 (C(CH 3)3), 38.21 (CH2), 

47.33 (CH), 55.57 (OMe). 60.48 (OMe). 61.09 (OMe), 79.67 (C(CH 3)3), 105.50 

(ArCH), 124.67 (C=CH), 126.72 (ArC), 127.32 (ArC), 143.21 (ArC), 144.13 (A rQ , 

150.64 (ArC), 151.46 (ArC), 154.47(C=0)

' ‘̂ F NM R (CDCI3, 400 MHz) 8c ppm: -74.39 (CF3)

Vmax (DCM )/cm'' 3350.6 ,2933.8 , 1689.2, 1417.8, 1120.4,870.7

Addition o f the C-ring -  Synthesis o f (5.33)

To a flask containing the triflate (5.32 ) (80mg, 0.16mmol) was added the boronic acid 

(2 .38) (54mg, 0.19mmol), K2C O 3 (66mg, 0.48mmol), and Pd(Ph3)4  (9mg, 

O.OOSmmol). The mixture was dissolved in benzene, ethanol and water (3:1:1. 1.6ml). 

The resulting mixture was refluxed for sixty minutes. The reaction was quenched by 

the addition o f  water (1 x 20ml) and the product was extracted with diethyl ether (3 x 

30ml). The organic fractions were combined, dried over MgS0 4 , filtered and 

concentrated in vacuo. The resulting residue was purifled by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 4:1,
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hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford (5.33) as a colourless oil (90mg, 96%).

'H NMR (CDCI3, 400 MHz) 5h ppm; 0.15 (3H, s, Si(CH3)), 0.16 (3H, s, Si(CH3 )), 

0.99 (9H, s C(CH3)3), 1.46 (9H, s, C(CH3)3), 2.06 (IH, m, Cfcb), 2.33 (IH, m, CH 2), 

2.45 (IH, m, CH2), 3.06 (IH, m, CH2), 3.68 (3H, s, OMe), 3.83 (3H, s, OMe), 3.93 

(6 H, s, 2 X OMe), 4.04 (IH, m, CH), 4.70 (IH, m, NH), 6.02 (IH, d ,  J=5.5Hz, 

C=CH), 6.36 (IH, s, ArH{A-ring}), 6.80 (3H, m, 3 x ArH{C-ring})

'^C NMR (CDCI3 , 400 MHz) 5c ppm: -4.99 (Si(CH3)2), 17.99 (C(CH3)3), 21.79 

(CH2), 25.27 (C(CH3)3), 27.94 (C(CH3)3), 41.96 {CH2), 47.33 (CH), 55.02 (OMe), 

55.44 (OMe), 60.40 (OMe), 61.15 (OMe), 79.67 (C(CH3)3), 108.57 (ArCH), 111.10 

(ArCH), 120.03 (ArCH), 121.06 (ArCH), 126.86 (ArC), 128.93 (ArC), 133.72 

(C=CH), 140.95 (ArC), 144.11 (ArC), 150.09 (ArC), 150.30 (ArC), 150.75 (C=0)

Vmax (DCM)/cm'' 3367.7,2931.0, 1714.3, 1508.5, 1263.7

HRMS: calculated 608.3020, found 608.3039, molecular formula (C32H4yN0 7 SiNa)

Synthesis o f  tert-hutyl (Z)-6,7-dihydro-9-(3-hydroxy-4-methoxyphenyl)-2,3,4- 

trimetltoxy-5H-heiizof7Jannuleii-7-ylcarhamate (5.34)

To a stirred solution o f  (5.33) (50mg, 0.09mmol) in THF (1ml) was added IM TBAF 

(1ml, 1 .OOmmol) at 0”C. After one hour the reaction was quenched by the addition o f  

sat. aq. NaCl (1 x 30ml) and the product was extracted with diethyl ether (3 x 30ml). 

The etheral extracts were combined, dried over MgS0 4  and filtered. The organic 

fractions were applied directly to a flash column, without prior concentration o f  the 

solution in vacuo. The product was purified by flash column chromatography 

(stationary phase; silica gel 230-400mesh, mobile phase; 4:1, hexane/ethyl acetate). 

All homogenous fractions were collected and the solvent was evaporated to afford 

(5.34) as a colourless oil (40mg, 100%).

‘H NMR (CDCI3 , 400 MHz) 5h ppm: 1.46 (9H, s, C(CH3)3), 1.94 (IH, m, CH2 ), 2.33 

(IH, m, CH2), 2.47 (IH, m, CH2), 3.07 (IH,  m, Chb), 3.69 (3H, s, OMe), 3.92 (9H, s, 

3 X OMe), 4.13 (IH, m, CH), 4.70 (IH, m, NH), 5.64 (IH, s, br, OH), 6.05 ( IH,  d, 

J=5.5Hz, C=CH), 6.38 (IH, s, ArH{A-ring}), 6.80 (2H, s, 2 x ArH{C-ring}), 6.91 

(IH,  s, ArH{C-ring})
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'^C NMR (CDCI3 , 400 MHz) 6 c ppm: 21.77 (CH2), 27.97 (C(CH3)3), 29.26 (CH2), 

48.62 (CH), 55.53 (OMe), 55.56 (OMe), 60.42 (OMe), 61.14 (OMe), 78.95 

(C(CH3 )3), 108.66 (ArCH), 109.78 (ArCH), 113.82 (ArCH), 1 19.43 (ArCH), 126.86 

(ArC), 129.44 (C=CH), 134.32 (ArC), 134.64 (ArC), 139.50 (ArC), 141.01 (ArC), 

144.79 (ArC), 145.70 (ArC), 150.31 (ArC), 150.81(C=0)

Vmax (DCM)/cm‘' 3362.8,2931.2, 1695.3, 1277.7, 1169.4

Synthesis o f (5.35)

Synthesis A

To a stirred solution o f  (5.34) (40mg, 0.09mmol) in methanol (1ml) was added 2M aq. 

HCI (1ml). The stirred solution was heated to 40‘’C for thirty minutes. The solvent 

was removed from the flask under vacuum at 80“C. The resulting HCI salt (5 .35) was 

dried in vacuo for several days.

Synthesis B

To a stirred solution o f  (5 .33) (40mg, 0.07mmol) in methanol (1ml) was added 2M aq. 

HCI (1ml) followed by THF (Iml). The resulting mixture was heated to 40‘*C for 

thirty minutes. The mixture was allowed to cool to room temperature and water (1 x 

10ml) was added to the tlask. The impurities were extracted with diethyl ether (3 x 

20ml) and the aqueous layer was retained. The water was removed from the flask 

under vacuum with the aid o f  methanol (80ml). The resulting HCI salt (5.35) was 

dried in vacuo for several days.

'H NMR (MeOD, 400 MHz) 5h ppm: 2.24 (IH, m, CH2), 2.39 (IH, m, CH2 ), 2.54 

(IH, m, CH2 ), 3.17 (IH, m, CH2 ), 3.55 (IH, m, CH), 3.68 (3H, s, OMe), 3.88 (6 H, s, 

2 X OMe), 3.92 (3H, s, OMe), 6.13 (IH, d , J=5.5Hz, C=CH), 6.43 (IH, s, ArH{A- 

ring}), 6.77 (2H, s, 2 x ArH{C-ring}), 6.93 (IH, d, J=8.0Hz, ArH{C-ring})

‘^C NMR (MeOD, 400 MHz) 8 c ppm: 20.91 (CH2), 38.94 (CH2), 48.73 (CH), 54.61 

(OMe), 54.66 (OMe), 59.45 (OMe), 60.32 (OMe), 108.46 (ArCH), 110.60 (ArCH), 

114.20 (ArCH), 119.03 (ArCH), 120.67 (C=CH), 132.63 (ArC), 134.06 (ArC), 141.53 

(ArC), 142.87 (ArC), 145.65 (ArC), 147.59 (ArC), 150.40 (ArC), 151.36 (ArC)

Vmax (KBr)/cm'' 3400.3,2937.0, 1593.9, 1509.4, 1252.5, 1116.7 

Melting point: 1 3 9 -1 4 4 ”C
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Synthesis o f  5-((Z)-7-ace1amido-6,7-dihydro-2,3,4-trimethoxy-5H-henzol7]annulen- 

9-yl)-2-methoxyphenyl acetate (5.36)

To a stirred solution o f  (5.35) (30mg, 0.07mmoi) in anhydrous DCM (2ml) was added 

acetic anhydride (0.01ml, O.lSmmol) followed by EtsN (0.03ml, 0.15mmol) under dry 

reaction conditions at 0°C. The reaction was allowed to stir at this temperature for 

twenty minutes following which, the temperature was allowed to increase to ambient. 

After two hours the reaction was quenched by the addition o f  water (1 x 30ml) and the 

product was extracted using diethyl ether (3 x 20ml). The ether extracts were 

combined, dried over MgS 0 4  and filtered and concentrated in vacuo. The product 

was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase; 1:1, hexane/ethyl acetate). All homogenous fractions were 

collected and the solvent was evaporated to afford (5.36) as a colourless oil (30mg, 

94%).

'H NM R (CD Cb, 400 MHz) 8 h ppm: 1.96 ( I H,  s, N H C O C H 3 ), 1.99 ( IH,  m, C H 2 ), 

2.32 ( IH,  s, O C O C H 3 ), 2.34 ( IH,  m, C H 2 ), 2.47 ( IH,  m, CH 2 ), 3.04 ( I H,  m, C H 2 ), 

3.71 (3H, s, OMe), 3.86 (3H, s, OMe), 3.91 (3H, s, OMe), 3.94 ( IH,  s, OMe), 4.33 

( IH,  m, CH), 5.63 ( IH,  d, J=8.0Hz, NH), 6.02 ( IH,  d, J=5.5Hz, C=CH), 6.39 ( IH,  s, 

ArH{A-ring}), 6.91 ( IH,  d, J=8.5Hz, ArH{C-ring}), 6.99 ( IH,  m, ArH{C-ring}), 7.17 

( IH,  dd, J=2.0Hz, 8.5Hz, ArH{C-ring})

'^C NM R (CDCI3 , 400 MHz) 5c ppm: 20.25 (O CO CH 3 ), 21.80 (CH 2 ), 23.08

(NH CO CH 3 ), 41.44 (CH 2 ), 47.50 (CH), 55.50 (OMe), 55.62 (OMe), 60.43 (OMe), 

61.12 (OMe), 108.62 (ArCH), 111.48 (ArCH), 122.13 (ArCH), 125.95 (ArCH), 

126.87 (ArC), 129.12 (C=CH), 133.70 (ArC), 134.21 (ArC), 138.91 (ArC), 139.31 

(ArC), 140.01 (ArC), 150.15 (ArC), 150.40 (ArC), 150.97 (A rQ , 168.64 (C = 0),  

168.80 (C = 0 )

Vmax (KBr)/cm '‘ 3291.2 ,2932.4 , 1767.5, 1652.9, 1510.8, 1112.4

HRMS: calculated 478.1842, found 478.1826, molecular formula (C 2 sH 2 9 N 0 7 Na)

Synthesis o f  N-((Z)-6,7-dihydro-9-(3-hydroxy-4-methoxyphenyl)-2,3,4-trimethoxy- 

5H-henzol?lannulen-7-yl)acetamide (5.37)
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To a stirred solution o f  (5 .36) (30mg, 0.07mmol) in methanol (2ml) was added 5% aq. 

NaHCOs (1ml) at room temperature. The resultant cloudy mixture was allowed to stir 

for three hours. The reaction was quenched by the addition o f  2M aq. HCl (1 x 10ml) 

and the product was extracted with diethyl ether (3 x 20ml). The ether extracts were 

combined, dried over MgS0 4  and filtered and concentrated in vacuo. The product 

was purified by flash column chromatography (stationary phase; silica gel 230- 

400mesh, mobile phase;, ethyl acetate). All homogenous fractions were collected and 

the solvent was evaporated to afford (5 .37) as a white solid (20mg, 70%).

'H NMR (CDCb, 400 MHz) 8 h ppm: 1.99 (IH, m, CTb), 1.99 (IH s, NHCOCH 3 ), 

2.34 (IH,  m, CH 2 ), 2.47 (IH,  m, CH2 ), 3.04 (IH, m, CH.), 3.71 (3H, s, OMe). 3.91 

(3H, s, OMe), 3.92 (3H, s, OMe), 3.94 (IH, s, OMe), 4.35 (IH, m, CH), 5.65 (IH, d, 

J=7.5Hz, NH), 6.02 (IH, d, J=6.0Hz, C=CH), 6.38 (IH,  s, ArH{A-ring}), 6.81 (2H, s, 

2 X ArH{C-ring}), 6.90 (IH, s, ArH{C-ring})

'^C NMR (CDCb, 400 MHz) 8 c ppm: 2 1.78 (CH2 ), 23.06 (NHCOCH3 ), 41.46 (CH2 ), 

47.49 (CH), 55.54 (OMe), 55.59 (OMe), 60.44 (OMe), 61.15 (OMe), 108.77 (ArCH), 

109.79 (ArCH), 113.86 (ArCH), 119.47 (ArCH), 126.81 (ArC), 128.42 (C=CH), 

134.33 (ArC), 134.53 (ArC), 140.18 (ArC), 141.11 (ArC), 144.81 (ArC), 145.78 

(ArC), 150.34 (ArC), 150.88 (C=0)

Vmax (KBr)/cm ' 3351.0,2927.4, 1701.0, 1508.5, 1112.5 

Melting point: 6 0 - 6 4 “C

HRMS: calculated 436.1736, found 436.1720, molecular formula (C2 3 H2 ?N0 6 Na) 

Synthesis o f (5.38)

To a stirred solution o f  (5 .35) (30mg, 0.07mmol) in anhydrous DCM (5ml) was added 

(5. 11) (60mg, 0.09mmol) followed by EtsN (0.02ml, 0.14mmol) at 0“C under dry 

reaction conditions. After ten minutes the reaction temperature was allowed to 

increase to ambient and the reaction was allowed to proceed for a further two hours. 

The reaction was quenched by the addition of water (1 x 20ml) and the product was 

extracted with diethyl ether (3 x 30ml). The combined organic fractions were washed 

with 2.5M aq. NaOH (3 x 20ml). The basic aqueous fractions were combined and 

acidified with 2M aq. HCl (I x 100ml). The product was extracted with diethyl ether 

(3 X 30ml). The combined etheral fractions were dried over MgS0 4 , filtered and
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concentrated to afford an off-white solid. The product was purified by flash column 

chromatography (stationary phase; silica gel 230-400mesh, mobile phase; 1:1, 

hexane/ethyl acetate). All homogenous fractions were collected and the solvent was 

evaporated to afford the product (5.38) as colourless oil, quantitatively.

'H NMR (CDCI3, 400 MHz) 5h ppm: 0.90 (6H, m, major & minor diastereomers, 2 x 

CH3 (Leu)), 1.32 (9H, s, major diastereomer, C(CH3)3), 1.37 (9H, s, minor 

diastereomer, C(CH3)3 ), 1.65 (3H, m, major & minor diastereomers, CH & C H? 

(Leu)), 2.00 (2H, m, major & minor diastereomers, CH?). 2.40 (2H, m, major & minor 

diastereomers, CH?). 2.90 (4H, m, major & minor diastereomers, 2 x CH?). 3.63 (3H, 

m, major & minor diastereomers, OMe). 3.91 (9H, m, major & minor diastereomers, 3 

X OMe). 4.18 (2H, m, major & minor diastereomers, 2 x CH), 4.66 (3H, m, major & 

minor diastereomers, 3 x CH), 5.16 (IH, m, major & minor diastereomers, NH), 6.04 

(IH,  m, major & minor diastereomers, C=CH), 6.35 (IH,  m, major & minor 

diastereomers, ArH{A-ring}), 6.74 (3H, m, major & minor diastereomers, 3 x 

ArH{C-ring}), 7.20 (5H, m, major & minor diastereomers, 5 x ArH(AHPA)), 7.53 

(3H, m, major & minor diastereomers, 3 x NH)

‘̂ C NMR (CDCI3 , 400 MHz) 6c ppm: 21.18, 21.36 (CH3(Leu)), 22.13, 22.69 (CH2 

(Leu)), 22.27, 22.60 (CH3 (Leu)), 24.66 (CH(Leu)), 28.02, 28.22 (C(CH3 )3 ), 31.93, 

32.22 (CH2 ), 33.64, 33.73 (CH2 ), 37.10, 37.39 (CH2 ), 40.58, 40.98 (CH2 ), 48.53, 

48.69 (CH), 48.77 (CH), 49.53, 51.56 (CH), 55.79 (2 x OMe),60.69 (OMe), 61.39 

(OMe), 77.23 (CH), 80.10, 80.50 (C(CH3)3 ), 109.12, 109.19 (ArCH), 1 10.45, 1 10.59 

(ArCH), 114.27 (ArCH), 120.23 (ArCH), 125.05 (ArCH), 126.51 (ArCH), 127.00 

(C=CH), 128.45 (2 x ArCH), 129.31 (ArCH), 135.30 (ArC), 136.28 (ArC), 138.72 

(ArC), 141.03 (A rQ , 150.85 (ArC)

Vmax(DCM)/cm'': 3325.2,2929.4, 1651.0, 1516.5, 1248.6

HRMS: calculated 899.4055, found 899.4025, molecular formula (C46H6oN40i3Na) 

Synthesis o f (5.39)

To a stirred solution o f  (5.38) (40mg, 0.04mmol) in methanol (Iml) was added 2M aq. 

HCl (Iml) followed by THF (Iml).  The resulting mixture was heated to 40‘’C for 

thirty minutes. The mixture was allowed to cool to room temperature and water (1 x 

10ml) was added to the flask. The impurities were extracted with diethyl ether (3 x
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20ml) and the aqueous layer was retained. The water was removed from the flask 

under vacuum with the aid o f  methanol (80ml). The resulting HCI salt (5.39) was 

dried in vacuo for several days.

'H NMR (MeOD, 400 MHz) 5n ppm; 0.96 (6H, m, major & minor diastereomers, 2 x 

CH 3(Leu)), 1.67 (3H, m, major & minor diastereomers, CH & C H?(Leu)). 2.08 (2H, 

major & minor diastereomers, CH?). 2.30 (2H, m, major & minor diastereomers, 

C H?). 2.74-3.08 (4H, m, major & minor diastereomers, 2 x CH2 ), 3.65 (3H, m, major 

diastereomer, OMe). 3.70 (3H, m, minor diastereomer, OMe). 3.89 (9H, s, major 

diastereomer, 3 x OMe). 3.91 (9H, s, minor diastereomer, OMe), 4.10 (IH,  m, major 

& minor diastereomers, CH), 4.18 (IH, m, major & minor diastereomers, CH), 4.28 

(IH, m, major & minor diastereomers, CH), 4.40 (IH, m, major & minor 

diastereomers, CH), 4.64 (IH, m, major & minor diastereomers, CH), 6.05 (IH, d, 

J=3.5Hz, minor diastereomer, C=CH), 6.08 (IH, d, J=3.5Hz, major diastereomer, 

C=CH), 6.43 (IH, m, major & minor diastereomers, ArH{A-ring}), 6.76 (2H, m, 

minor diastereomer, 2 x ArH{C-ring}), 6.81 (2H, m, major diastereomer, 2 x ArH{C- 

ring}), 6.95 (IH, m, major & minor diastereomers, ArH{C-ring}), 7.24-7.42 (5H,m, 

major & minor diastereomers, 5 x ArH(AHPA))

'^C NMR (MeOD, 400 MHz) 8c ppm: 20.89, 20.97 (CH3(Leu)), 21.00, 21.05

(CH2 (Leu)), 21.69, 21.78 (CHj(Leu)), 24.34 (CH(Leu)), 34.84, 34.88 (CH2 ), 36.40, 

36.45 (CH2 ), 39.99, 40.07 (CH2 ), 44.26 (CH2 ), 49.31, 49.40 (CH), 51.62, 51.68 (CH), 

52.20, 52.25 (CH), 54.51, 54.55 (CH), 54.65, 55.25 (OMe), 55.28, 55.33 (OMe), 

60.33 (OMe), 61.20 (OMe), 68.51, 68.64 (CH), 109.08 (ArCH), 111.31, 111.36 

(ArCH), 114.48, 114.52 (ArCH), 119.62, 119.65 (ArCH), 127.23, 127.79 (ArCH), 

127.38, 127.41 (C=CH), 128.77, 128.91 (2 x ArCH), 128.98, 129.04 (2 x ArCH), 

133.89, 133.91 (ArC), 134.90 (ArC), 135.48, 135.51 (ArC), 140.03, 140.05 (ArC), 

141.03 (ArC), 145.32, 145.34 (ArC), 147.39 (ArC), 150.30 (ArC), 150.97, 151.01 

(ArC), 169.99, 170.04 (C=0), 171.81, 171.85 (C=0), 172.09, 172.14 (C=0), 173.15, 

173.17 (C=0)

V m a x ( K B r ) / c m ' ' :  3391.6,2930.9, 1740.5, 1652.0, 1510.0, 1440.5, 1276.9, 1112.7 

Melting point: 225 - 2 3 0 “C

Synthesis o f (5.40)
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To a stirred solution o f  (5.35) (lOmg, 0.03mmol) in anhydrous DCM (5ml) was added 

(5.13) (30mg, 0.06mmol) followed by Et3 N (0.01 ml, 0.06mmoi) at 0°C under dry 

reaction conditions. After ten minutes the reaction temperature was allowed to 

increase to ambient and the reaction was allowed to proceed for a further two hours. 

The reaction was quenched by the addition o f  water (I x 20ml) and the product was 

extracted with diethyl ether (3 x 30ml). The combined organic fractions were dried 

over MgS0 4 , filtered and concentrated to afford an off-white solid. The product was 

purified by fiash column chromatography (stationary phase; silica gel 230-400mesh, 

mobile phase; 1:1, hexane/ethyl acetate). All homogenous fractions were collected 

and the solvent was evaporated to afford the product (5.40) as a colourless oil, 

quantitatively.

'H NMR (CDCI3 , 400 MHz) 5h ppm: 0.90 (6 H, m, major & minor diastereomers, 2 x 

CH 3 (Leu)), 1.28 (9H, s, major diastereomer, C(CH 3 )3 ), 1.39 (9H, s, minor 

diastereomer, C(CH 3 )3 ), 1.59 (IH,  m, major & minor diastereomers, CH (Leu)), 1.71 

(2H, m, major & minor diastereomers, C H? (Leu)), 2.38 (2H, m, major & minor 

diastereomers, CH 2 ), 3.00 (2H, m, major diastereomer, C H?). 3.16 (2H, m, minor 

diastereomer, CH?), 3.67 (3H, s, major & minor diastereomers, OMe), 3.89 (3H, s, 

major & minor diastereomers, OMe). 3.91 (311, s, major & minor diastereomers, 

OMe), 3.93 (3H, s, major & minor diastereoemers, O Me), 4.14 (IH,  m, major & 

minor diastereomers, CH), 4.19 (1H, m, major & minor diastereomers, CH), 4.28 ( i H, 

m, major & minor diastereomers, CH), 4.44 (IH,  m, major & minor diastereomers, 

CH), 5.01 (IH,  m, NH), 5.68 (IH,  m, major & minor diastereomers, CH), 5.96 (IH,  

m, minor diastereomer, C=CH), 6.03 (IH,  d, J=6.0Hz, major diastereomer, C=CH), 

6.34 ( IH,  s, minor diastereomer, ArH{A-ring}), 6.36 (IH,  s, major diastereomer, 

ArH{A-ring}), 6.50 (IH,  m, major & minor diastereomers, NH), 6.77 (2H, m, major 

& minor diastereomers, 2 x ArH), 6.87 (IH,  m, major & minor diastereomers, ArH), 

7.22 (IH,  m, major & minor diastereomers, NH), 7.27 (5H, m, major & minor 

diasteroemers, 5 x ArH)

'^C NMR (CDCI3, 400 MHz) 5, ppm: 21.23, 21.72 (CH3 (Leu)), 22.20, 22.56 (CH3 

(Leu)), 22.68, 24.15 (CH (Leu)), 27.71, 29.16 (C(CH3)3), 31.44 (CH2), 35.91, 36.61 

(CH2), 40.21, 40.35 (CH), 41.03, 41.06 (CH), 47.56, 47.59 (CH), 50.91, 50.99 (CH), 

55.28, 55.32 (OMe), 55.51, 55.54 (OMe), 60.38, 60.40 (OMe), 61.09, 61.11 (OMe), 

73.65 (CHOH), 80.12 (C(CH3)3), 108.72, 108.76 (ArCH), 109.80, 109.91 (ArCH),
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113.84, 113.91 (ArCH), 119.47, 119.52 (ArCH), 126.17 (ArCH), 126.84, 126.86 

(ArCH), 127.79 (ArCH), 128.00, 128.11 (2 x ArCH), 128.81 (ArCH), 134.17, 134.25 

(ArC), 134.57, 134.61 (ArC), 137.50 (ArC), 140.24 (ArC), 141.07, 141.11 (ArC), 

144.81 (ArC), 145.79 (ArC), 150.35 (ArC), 150.86 (ArC), 157.04 (C=0), 170.26 

(C=0), 172.49 (C=0)

Vmax (DCM)/cm'' 33.09.8,2928.1, 1647.9, 1508.3, 1367.0, 1168.9 

Synthesis o f (5.41)

To a stirred solution o f  (5.40) (20mg, 0.03inmol) in methanol (1ml) was added 2M aq. 

HCl (1ml) followed by THF (1ml). The resulting mixture was heated to 40”C for 

thirty minutes. The mixture was allowed to cool to room temperature and water (1 x 

10ml) was added to the flask. The impurities were extracted with diethyl ether (3 x 

20ml) and the aqueous layer was retained. The water was removed from the flask 

under vacuum with the aid o f  methanol (80ml). The resulting HCl salt (5 .41) was 

dried in vacuo for several days.

'H NMR (MeOD, 400 MHz) 5n ppm: 1.01 (6 H, m, major & minor distereomers, 2 x 

CH 3 (Leu)), 1.71 (3H, m, major & minor diastereomers, CH & CHt (Leu)), 2.32 (2H, 

m, major & minor diastereomers, CH?). 2.94 (2H, m, major & minor diatereomers, 

CH2 ), 3.11 (2H, m, major & minor diastereomers, CH?), 3.67 (3H, m, major & minor 

diastereomers, QMe). 3.87 (9H, s, major diastereomer, 3 x OMe). 3.90 (9H, s, minor 

diastereomers, 3 x QMe). 4.16 (1H, m, major & minor diastereomers, CH), 4.39 (1H, 

m, major & minor diasteromers, CH), 4.48 (1H, m, major & minor diasteromers, CH), 

6.03 (IH,  d, J=3.8Hz, minor diastereomer, C=CH), 6.10 (IH,  d, J=3.8Hz, major 

diasteromer, C=CH), 6.40 (IH,  s, major diastereomer, ArH{A-ring}), 6.41 (IH,  s, 

minor diastereomer, ArH{A-ring}), 6.72 (2H, m, major & minor diastereomers, 2 x 

ArH{C-ring})), 6 . 8 8  ( IH,  m, major & minor diastereomers, ArH{C-ring}), 7.30 (5H, 

m, major & minor diastereomers, 5 x ArH)

'^C NMR (MeOD, 400 MHz) 5c ppm: 20.49, 20.53 (CH3 (Leu)), 21.57, 21.67 (CH3 

(Leu)), 24.50, 24.55 (CH (Leu)), 31.50 (CH2), 34.86, 34.92 (CH2 ), 39.57, 39.67 (CH), 

40.39, 40.48 (CH), 50.90, 51.36 (CH), 51.62, 51.70 (CH), 52.11, 52.14 (CH), 54.14, 

54.84 (OMe), 55.86, 55.96 (OMe). 54.97, 55.44 (OMe). 59.73, 60.68 (OMe). 68.33, 

68.40 (CH), 108.81, 108.84 (ArCH), 110.92, 110.96 (ArCH), 114.48 (ArCH), 119.07

270



(ArCH), 127.02, 127.05 (ArCH), 127.09, 127.18 (C=CH), 127.31 (ArCH), 128.57, 

128.60 (2 X ArCH), 128.94, 128.96 (ArCH), 133.94, 133.97 (ArC), 135.04, 135.14 

(ArC), 135.15, 135.27 (ArC), 140.48, 140.60 (ArC), 141.35 (ArC), 145.79 (ArC), 

147.35, 147.38 (ArC), 150.56, 150.59 (ArC), 151.25 (ArC), 172.26 (C =0), 173.09 

(C=0)

Vmax (KBr)/cm'' 33.09.8,2928.1, 1647.9, 1508.3, 1367.0, 1168.9 

Melting point: 195 -  200°C

Synthesis o f (5.42)

To a stirred solution o f (2.32) (50mg, 0.07mmol) in DMF (1ml) was added NaNs 

(45mg, 0.69mmol). The mixture was stirred at 80“C for three hours. The reaction 

was allowed to cool to room temperature and water ( 1 x 1 0ml) was added to the flask. 

The product was extracted with diethyl ether (3 x 30ml). The combined extracts were 

dried over MgS0 4 , filtered and evaporated under vacuum. The product was purified 

by flash column chromatography (stationary phase; silica gel 230-400mesh, mobile 

phase; 6:1, hexane/ethyl acetate). All homogenous fractions were collected and the 

solvent was evaporated to afford (5.42) as a colourless oil (40mg. 100%).

'H NMR (CDCb, 400 MHz) 5h ppm: 1.08 (9H, s, C(CH 3)3 ), 2.28 (3H, m, 2 x CH2), 

2.90 (IH,  m, 2 x C tb ), 3.66 (3H, s, OMe), 3.71 (3H, s, OMe), 3.89 (3H, s, OMe), 

3.92 (3H, s, OMe). 4.16 (IH,  m, CHOH), 5.85 (IH,  s, OH), 6.21 ( IH,  s, ArH{A- 

ring}), 6.26 (IH,  d, J=5.0Hz, C=CH), 6.50 (IH,  dd, J=2.0Hz, 8.5Hz, ArH{C-ring}), 

6.76 (2H, m, ArH{C-ring}), 6.78 (6H, m, ArH), 7.34 (4H, m, ArH)

'^C NMR (CDCI3 , 400 MHz) 5c ppm: 18.66 (CH2), 21.29 (CH2), 26.49 (C(CH3)3), 

43.26 (CH2), 55.51 (OMe), 55.54 (OMe), 60.40 (OMe), 61.09 (OMe), 70.78 (CH), 

108.12 (ArCH), 109.71 (ArCH), 113.70 (ArCH), 119.33 (ArCH), 126.99 (2 x ArCH), 

127.05 (ArC), 127.46 (ArCH), 129.02 (ArCH), 129.06 (ArC), 132.49 (C=CH), 133.82 

(ArC), 133.92 (A rQ , 134.45 (ArC), 134.83 (ArC), 135.26 (2 x ArCH), 135.38 (2 x 

ArCH), 137.01 (ArC), 140.74 (ArC), 144.72 (ArC), 145.53 (ArC), 150.17 (ArC), 

150.40 (ArC)

Vmax (DCM )/cm'‘ 3402.0, 2933.3, 1508.4, 1111.9

HRMS: calculated 633.2648, found 633.2663, molecular formula (C37H4206NaSi)
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A P P E N D IX  I -  X-ray Crystal Structure Data

T able I. Crystal data and  structure refinement for m 1.

Identification code 

Empirical formula 

F orm ula  weight 

Tem perature  

W avelength 

Crystal system 

Space group 

Unit ceil d im ensions

Volume

Z

Density (calculated)

Absorption  coefficient 

F(OOO)

Crystal size

Theta  range for data collection

index ranges

Reflections collected

Independent reflections

C om pleteness  to theta = 22.50°

A bsorption correction

Refinement method

Data / restraints / parameters

G oodness-of-fi t  on

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient 

Largest d i f f  peak and hole

g jm o66cm

C25 H32 NO 0 7  Si

472 .60

2 9 5 (2 )  K

0.71073 A
Triclinic

P-l

a = 7 .9769(6) A 
b = 9 .3587(7)  A 
c =  17.2412(13) A 
1278.87(17) A'*

2

1.227 Mg/m''

0 .132 mm-i 

504

0.43 X 0.42 X 0.35 mm'*

2.18 to 22.50°.

-6<=h<=8, -10<= k< =  10, -18<= 

5712

3326  [R(int) = 0.0159]

99.7 %

N one

Full-matrix least-squares on F^

3 3 2 6 / 0 / 3 0 8

1.049

R l = 0 .0 6 8 2 ,  wR2 = 0.1873 

R l = 0 .0 7 3 5 ,  wR2 = 0.1930 

0 .007(3)

1.420 and -0.409 e.A ’-"*

ot= 84.912(2)°. 

P= 86.004(2)°. 

y = 8 9 . 1 18(2)°.

K = I 8



Table 2. A tom ic coordinates ( x 10'*) and equivalent isotropic displacement parameters (A^x 10-̂ ) 

fo r m l . U(eq) is defined as one th ird o f  the trace o f  the orthogonal ized U'J tensor.

X y z U(eq)

C(1) 650(6) -567(4) 6095(3) 78(1)

C(2) -1050(6) 2023(5) 7671(3) 92(2)

C(3) 2294(6) 5869(5) 7336(3) 84(1)

C(4) 1278(4) 1889(4) 6230(2) 51(1)

C(5) 1011(4) 3014(4) 6713(2) 53(1)

C(6) 1376(4) 4407(4) 6414(2) 50(1)

C(7) 1995(4) 4675(4) 5643(2) 49(1)

C(8) 2297(4) 3563(3) 5164(2) 46(1)

C(9) 1895(4) 2167(4) 5473(2) 49(1)

C(IO) 2965(4) 3933(4) 4369(2) 50(1)

C ( l l ) 3193(5) 5335(4) 4128(2) 62(1)

C(12) 2829(5) 6476(4) 4620(2) 65(1)

C(13) 3379(4) 2813(3) 3826(2) 47(1)

C (I4 ) 4424(4) 1649(4) 4020(2) 55(1)

C(15) 2728(4) 2924(4) 3095(2) 49(1)

C(16) 3094(4) 1907(4) 2577(2) 48(1)

C (I7 ) 4140(4) 747(4) 2779(2) 51(1)

C (I8 ) 4806(4) 635(4) 3498(2) 55(1)

C (I9 ) 5569(7) -1356(5) 2389(3) 92(2)

C(20) 2659(8) 4910(5) 1199(3) 101(2)

C (2 I) 5427(5) 2645(6) 929(3) 89(2)

C(22) 2415(8) 776(6) 174(4) 1 17(2)

C(23) 2426(7) 3282(6) -486(3) 99(2)

C(24) 69(6) 2511(6) 478(3) 98(2)

C(25) 1962(5) 2374(5) 273(2) 72(1)

0 (1 ) 948(3) 542(3) 6582(1) 63(1)

0 (2 ) 469(3) 2804(3) 7482(1) 69(1)

0 (3 ) 1016(3) 5532(3) 6859(2) 65(1)

0 (4 ) 2281(3) 6089(2) 5382(2) 60(1)

0 (5 ) 2995(5) 7745(3) 4434(2) 88(1)

0 (6 ) 2375(3) 1987(3) 1872(1) 56(1)



0 (7 )  4415(3) -211(3) 2226(2) 65(1)

S i( l)  3127(1) 2986(1) 1073(1) 62(1)



Table 3. Bond lengths [A] and angles [°] for m l.

C (1 )-0 (I) 1.424(4)

C (2)-0(2) 1.427(5)

C (3)-0(3) 1.410(5)

C(4)-C(9) 1.367(5)

C (4 )-0 ( l) 1.370(4)

C(4)-C(5) 1.404(5)

C (5)-0(2) 1.363(4)

C(5)-C(6) 1.386(5)

C (6)-0(3) 1.372(4)

C(6)-C(7) 1.388(5)

C (7)-0 (4 ) 1.377(4)

C(7)-C(8) 1.393(5)

C(8)-C(9) 1.400(5)

C (8)-C (I0) 1.450(5)

C (I0 )-C (I1 ) 1.352(5)

C(10)-C(13) 1.485(5)

C(l l)-C (12) 1.434(6)

C (l2 )-0 (5 ) 1.209(5)

C (12)-0(4) 1.374(5)

C(13)-C(15) 1.391(5)

C (I3)-C (14) 1.394(5)

C (I4 )-C (I8 ) 1.381(5)

C (I5 )-C (I6 ) 1.376(5)

C (16)-0(6) 1.376(4)

C(16)-C(17) 1.394(5)

C (17)-0(7) 1.371(4)

C (I7)-C (18) 1.377(5)

C (l9 )-0 (7 ) 1.423(5)

C (20)-S i(l) 1.862(5)

C (21)-S i(l) 1.861(5)

C(22)-C(25) 1.554(7)

C(23)-C(25) 1.522(6)

C(24)-C(25) 1.533(6)

C (25)-S i(l) 1.851(4)



0(6 )-S i( l ) 1.674(3)

C(9)-C(4)-0(l)

C(9)-C(4)-C(5)

0(1)-C(4)-C(5)

0(2)-C(5)-C(6)

0(2)-C(5)-C(4)

C(6)-C(5)-C(4)

0(3)-C(6)-C(5)

0(3)-C(6)-C(7)

C(5)-C(6)-C(7)

0(4)-C(7)-C(6)

0(4)-C(7)-C(8)

C(6)-C(7)-C(8)

C(7)-C(8)-C(9)

C(7)-C(8)-C(10)

C(9)-C(8)-C(10)

C(4)-C(9)-C(8)

C(1 1)-C(10)-C(8)

C(11)-C(I0)-C(13)

C(8)-C(I0)-C(I3)

C(I0)-C(11)-C(I2)

0(5)-C (l2)-0(4)

0(5)-C (l2)-C (l 1)

0(4)-C(12)-C(l I)

C(I5)-C(13)-C(14)

C(15)-C(13)-C(10)

C(14)-C(I3)-C(I0)

C(18)-C(14)-C{13)

C(16)-C(I5)-C(13)

C(l5)-C(16)-0(6)

C(I5)-C(16)-C(I7)

0(6)-C(l6)-C(17)

0(7)-C(l7)-C(18)

0(7)-C (l7)-C (l6)

C(18)-C(I7)-C(16)

124.3(3) 

120.2(3) 

115.5(3) 

II 7.5(3) 

123.1(3) 

119.4(3) 

120.3(3) 

119.7(3)

I 19.8(3) 

116.5(3) 

122.3(3) 

121.2(3) 

118.1(3)

II 7.8(3) 

124.1(3) 

121.3(3) 

118.2(3) 

120.4(3) 

121.4(3) 

123.5(4) 

116.7(4) 

126.3(4) 

116.9(3) 

118.3(3) 

119.7(3) 

122.0(3) 

120.7(3) 

121.1(3) 

120.6(3) 

120.1(3) 

119.2(3) 

125.1(3) 

115.5(3) 

119.3(3)



C (I7)-C (18)-C (I4)

C(23)-C(25)-C(24)

C(23)-C(25)-C(22)

C(24)-C(25)-C(22)

C (23)-C (25)-S i(l)

C (24)-C (25)-S i(l)

C (22)-C (25)-S i(l)

C (4 )-0 (1 )-C (l)

C (5)-0(2)-C (2)

C (6)-0(3)-C (3)

C (l2 )-0 (4 )-C (7 )

C (l6 )-0 (6 )-S i( l)

C (l7 )-0 (7 )-C (19 )

0 (6 )-S i(l)-C (25 )

0 (6 )-S i(l) -C (2 l)

C (25 )-S i(l)-C (2 l)

0 (6 )-S i(l)-C (20 )

C (25)-S i(l)-C (20)

C (2 l)-S i(l)-C (20 )

120 .6 (3 )

109 .3 (4 )

109 .6 (4 )

109 .2 (4 )

110 .2 (3 ) 

109 .4 (3 ) 

109 . 1(3 )

117 .9 (3 ) 

117 .4 (3 )

115 .2 (3 ) 

121 . 1(3 ) 

124 .0 (2 )

117 . 1(3 ) 

104 .49 ( 17) 

108 .70 ( 18) 

112 .2 (2 ) 

109 .0 (2 )

110.6 (2 )

111 .5 (3 )

Symmetry transformations used to generate equivalent atoms;



Table 4. Anisotropic displacement parameters (A^x 10’) for m l.  The anisotropic 

displacement factor exponent takes the form: -2n^[ h^ + ... + 2 h k a* b* U'^ ]

U " U22 u'-’ U'2

C(I) 102(3) 55(2) 77(3) -11(2) -1(2) -26(2)

C(2) 85(3) 96(4) 92(3) -14(3) 34(3) -16(3)

C(3) 98(3) 79(3) 81(3) -34(2) -16(3) -7(2)

C(4) 53(2) 49(2) 52(2) -6(2) -4(2) -3(2)

C(5) 47(2) 62(2) 50(2) -11(2) 1(2) -1(2)

C(6) 45(2) 52(2) 56(2) -18(2) -5(2) 5(2)

C(7) 46(2) 46(2) 56(2) -8(2) -6(2) 2(2)

C(8) 47(2) 44(2) 50(2) -10(2) -5(2) -1(1)

C(9) 54(2) 46(2) 49(2) -13(2) -3(2) 0(2)

C(10) 50(2) 49(2) 51(2) -4(2) -4(2) -3(2)

C ( l l ) 76(3) 51(2) 57(2) -2(2) 2(2) -4(2)

C(I2) 76(3) 50(2) 68(3) -3(2) -8(2) -5(2)

C(I3) 47(2) 47(2) 47(2) -4(2) 2(2) -3(2)

C(I4) 57(2) 58(2) 48(2) -2(2) -4(2) -1(2)

C(15) 44(2) 49(2) 52(2) 2(2) 2(2) 0(2)

C(16) 43(2) 54(2) 47(2) -4(2) 1(2) -3(2)

C(17) 49(2) 51(2) 52(2) -11(2) 3(2) -3(2)

C(I8) 56(2) 50(2) 57(2) -5(2) -2(2) 8(2)

C(I9) 103(4) 84(3) 95(3) -41(3) -21(3) 36(3)

C(20) 146(5) 65(3) 92(4) -8(3) 0(3) -3(3)

C(2I) 61(3) 127(4) 79(3) -5(3) 1(2) -16(3)

C(22) 123(5) 99(4) 138(5) -62(4) -18(4) 3(3)

C(23) 119(4) 117(4) 61(3) -2(3) -11(3) -13(3)

C(24) 67(3) 127(4) 103(4) -13(3) -21(3) 1(3)

C(25) 67(3) 77(3) 70(3) -6(2) -7(2) 2(2)

0 (1 ) 82(2) 50(2) 54(2) -4(1) 3(1) -8(1)

0 (2 ) 76(2) 79(2) 52(2) -15(1) 8(1) -12(1)

0 (3 ) 64(2) 63(2) 72(2) -29(1) 0(1) 9(1)

0 (4 ) 73(2) 39(1) 67(2) -10(1) -4(1) 0(1)

0 (5 ) 132(3) 44(2) 85(2) -1(1) -4(2) -11(2)

0 (6 ) 51(1) 68(2) 51(1) -9(1) -7(1) -1(1)



0 ( 7 )  70(2) 62(2)  65(2) -22(1) -7(1) 9(1)

S i ( l )  64(1) 68(1)  56(1) -8(1) -3(1) -5(1)



Table 5. Hydrogen coordinates ( x lO"*) and isotropic displacement parameters (A^x 10 

for m I .

x y z U(eq)

H(IA) -257 -286 5775 116

H(1B) 359 -1433 6414 116

H(1C) 1647 -730 5768 116

H(2A) -1807 2237 7266 138

H(2B) -1562 2294 8157 138

H(2C) -801 1013 7717 138

H(3A) 2560 5037 7674 126

H(3B) 1913 6630 7645 126

H(3C) 3278 6170 7015 126

H{9) 2050 1414 5156 59

H ( l l ) 3609 5573 3617 74

H(I4) 4870 1553 4507 66

H(I5) 2035 3698 2954 59

H(18) 5518 -129 3633 65

H(I9A) 6681 -979 2389 137

H(I9B) 5547 -2020 1997 137

H(I9C) 5257 -1840 2892 137

H(20A) 1478 5032 1325 152

H(20B) 2980 5480 722 152

H(20C) 3279 5209 1613 152

H(21A) 5990 3029 1338 134

H(21B) 5843 3098 433 134

H(21C) 5636 1630 942 134

H(22A) 1708 417 -191 175

H(22B) 2247 224 669 175

H(22C) 3570 702 -16 175

H(23A) 3600 3161 -629 149

H(23B) 219! 4274 -416 149

H(23C) 1778 2985 -891 149

H(24A) -196 3472 602 147


