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Abstract

The purpose o f  the work undertaken within this project w as to design and synthesis novel anti­

cancer targeting com pounds building upon previous w ork  undertaken under the supervision o f  

Dr. John J. Walsh in the School o f  Pharmacy and Pharmaceutical Sciences.

The thesis is introduced with a  b r ief  overview o f  the hallmark traits associated with 

carcinogenesis developing a particular em phasis  on those relating to the tu m o u r’s vasculature. A 

discussion o f  the various anti-angiogenic treatments in the clinic are discussed with those 

targeting the vacscular endothelial growth factor (V EG F) pathway given a particular emphasis, 

before d iscussing the matrix metalloproteinases (M M Ps)  and A m inopeptidase N (APN), 

enzym es involved in the degradation o f  the extracellular matrix (E C M ) which facilitate the 

transformation o f  tum our growth to malignancy and their endogenous and synthetic inhibitors. 

Following this, the discussion o f  vasculature targeting agents in the treatm ent o f  cancer will 

place em phasis  on those targeting the colchicine b inding site o f  tubulin, the dimeric protein 

which assembles to form the m icrotubular network important in the cell cycle. Finally, the 

introductory chapter is concluded with a statement o f  the overarching aims o f  the work 

described herein involving the conjugation o f  anti-angiogenic com pounds  to a pre-existing anti- 

vascular targeting scaffold in the evolution o f  novel multiple targeting anti-cancer 

chemotherapeutics.

Chapter 2 focuses on the synthesis o f  novel merged designed multiple ligands (DM Ls) 

expanding upon the pharm acophore developed during previous work outlined within the group 

leading to the design o f  novel com pounds that target multiple pathw ays implicated in the 

pathogenesis o f  cancer. This is achieved by fixing the hydroxamic acid moiety shown in 

Chapter 1 to inhibit APN and M M Ps to the pre-existing anti-proliferative and anti-tubulin

V



polymerisation agent scaffold. The evaluation o f the biological activity of these compounds is 

also described.

The work in Chapter 3 was directed towards the expansion of the pre-existing pharmacophore 

by the migration o f an important ketone to an adjacent carbon in attempts to lead to the 

development of a novel family of tubulin-targeting compounds while circumventing certain 

issues involved in the synthesis of the already established compounds. The synthetic methods 

employed are described in addition to analysis o f the problematic synthetic steps faced.

In Chapter 4, it is aimed to combine the anti-tumour effect of curcumin with that of the 

established pharmacophore employing a fused DML mode to attach the 1,3-diketone 

functionality exhibited in curcumin. The successful synthetic approach to hybrid compound 

(4. 18) in addition to its evaluated biological activity is described.

In Chapter 5, the phenolic position and the B-ring alcoholic position is manipulated to provide 

an attachment point for a succinate linker to synthesis three novel hybrids with 

dihydroartemisin, a compound shown to induce anti-tumour effects including anti-migratory 

and anti-angiogenic effects. A detailed discussion of the NMR spectra of the first hybrid 

synthesised using the methods described in this chapter is included alongside biological 

evaluation in PC-3 cell based assays.

Chapter 6 describes the synthetic protocols employed towards completion of the synthesis of 

compounds described in Chapters 2-5. This is accompanied by spectral determination of each of 

these compounds.

Chapter 7 describes the biological protocols employed to evaluated the effect of the compounds 

synthesised on APN activity, cell proliferation and cell migration.
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Chapter 1: Introduction

1.1 An overview of cancer.

W orldw ide , second only to  heart d isease as the lead ing  cause  o f  death  is a co llec tion  o f  over 200 

d iseases affec ting  a large am ount o f  d ifferen t tissues know n as cancer, o r m alignant neoplasia, 

acco u n tin g  fo r approxim ately  7.6 m illion  deaths per year (o r approxim ately  23%  o f  all deaths) 

acco rd in g  to  recent sta tistics .' W ith incidence rates expected  to  increase by the year 2020 to 

app rox im ate ly  15 m illion  new  cancer d iagnoses and 12 m illion  cancer deaths annually,^ strong  

effo rts  are being  m ade to  bring new  m eans o f  therapy to  fight this cancer ep idem ic. In an Irish 

con tex t, th is equates to a curren t average o f  8 ,000 deaths and 30 ,000  new  d iagnoses per y ea r,’ 

expected  to rise to over 40 ,000 per year by the year 2020 .“'

All cancers exhib it one sim ilar d isease trait in particular, nam ely a fundam ental abnorm ality  

resu ltin g  in the unregulated , rapid div ision  and pro liferation  o f  cells in a localised  area o f  tissue 

lead ing  to  the form ation o f  a m ass know n as a tum our. T hese tum our cells possess the ability  to 

invade local parts o f  the body and also  to  further advance to  m ore d istan t o rgans th rough  a 

p rocess o f  m etastasis fo rm ing  secondary  or tertiary  tum ours in these  d istal locations. A tum our 

g row th  in itse lf  is not necessarily  d iagnostic  o f  cancer. U nlike cancerous m alignan t tum ours, 

ben ign  tum ours are those  that do not possess the ability  to m etastasise , thus not leading to 

p rogression  tow ards the m alignant d isease s ta te .’

In itially  tum our cell g row th  is localised  to  the affected  part o f  the body, the m ost com m on 

o rgans affected  being  the lung, p rostate, co lon , stom ach  and liver in m en and breast, colon, 

cerv ix , lung and stom ach  in w o m en .' A s expected  by such diverse locations o f  d isease 

d isco v ery , a broad array  o f  signs and sym ptom s o f  cancer m anifest them selves, dependant upon 

the locality  o f  the cancer g row th and m etastatic state . For exam ple , in cancer o f  the colon.



changes in bowel functions are often noticed, while in the case o f  breast cancer a lump on the 

breast is commonly observed.^ The symptoms arise from the tum our growing to such a size that 

it will begin to encroach on nearby organs, blood vessels, and nerves. The resultant pressure on 

the local environment results in these cancer symptoms. Depending on the disease’s location, 

symptoms will be noticed earlier in the carcinogenesis allowing a better clinical outcome. 

Pancreatic cancers unfortunately tend to grow to too large a size before exhibition o f  stomach or 

back pain upon interaction with nearby nerves. However, developm ent o f  such sym ptom s tends 

to occur subsequent to metastasis, com plicating treatm ent and leading to a relatively high rate o f 

m ortality.’ In contrast, more visible tum ours such as testicular cancers tend to lead to higher 

survival rates due to the sym ptom atic lump being visible at an earlier stage. Figure 1.1 

illustrates occurrence o f  the multitude o f  cancers and their respective contribution towards total 

cancer deaths in men and women.

Estimated New Cases*

Mates Females
Prostate 217,730 28%

Lung & bronchus 116.750 15%

Colon & recUjm 72.090 9%

Unnary bladder 52.760 7%

Meiaf>oma of U>e skm 38.870 5%

Non-Hodgkin lymphoma 35.380 4%

Kidney & rer^l pelvis 35.370 4%

Oral cavity & pharynx 25.420 3%

Leukemia 24.690 3%

Pancreas 21.370 3%

All SHts 789.620 100%

Breast 207.090 28%

Lung & bronchus 105,770 14%

Colon & rectum 70.480 10%

Uterine corpus 43,470 6%

Thyroid 33.930 5%

Non-Hodgkin tymphoma 30.160 4%

Melanoma of the skin 29.260 4%

Kidney & renal pelvis 22.870 3%

Ovary 21,880 3%

Parvcreas 21.770 3%

All Sit«s 739,940 100%

Estimated Deaths

Males Females
Lung & bronchus 86.220 29%

Prostate 32,050 11%

Colon & rectum 26.580 9%

Pancreas 18.770 6%

Liver & intrahepalic bile duct 12.720 4%

Leukemia 12.660 4%

Esophagus 11.650 4%

Non-Hodgkin lymphoma 10,710 4%

Unnary bladder 10.410 3%

Kidney & renal pelvis 8.210 3%

All Sites 299.200 100%

Lung & bronchus 71.080 26%

Breast 39.840 15%

Cok>n & reaum 24.790 9%

Partcreas 18.030 7%

Ovary 13.850 5%

Non-Hodgkin lymphoma 9.600 4%

Leukemia 9.180 3%

Uienne Corpus 7.950 3%

Lrver & intrahepatic bile duct 6.190 2%

Brain & other r>ervous system 5,720 2%

All Slte« 270.290 100%

Figure 1.1: The areas of the body most susceptible to cancer cases and deaths.
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T he in itiation  o f  tum ourigenesis is caused by a series o f  dynam ic changes in the genom e, either 

as a resu lt o f  hered itary  or environm ental stim uli. It m ust be noted  tha t ideal con tro l o f  

env ironm enta l and lifesty le factors can actually  play a very  im portant ro le in cancer prevention . 

A recent report sta tes that approxim ately  90-95%  o f  all cancer cases are derived  from  easily 

variab le  lifesty le and environm ental factors w hereas ju s t 5-10%  o f  cases are resu lting  from  

genetic  p red isposition  to the con traction  o f  cancer.^ T his point is exem plified  by stud ies o f  the 

rela tive incidences o f  breast cancer in identical tw ins w here in only 20%  o f  cases did both  tw ins 

develop  cancerous g ro w th s .'” P rom inent exam ples o f  the lifesty le and env ironm enta l factors 

inducing  cancer developm ent are tobacco  use (responsib le  for 25-30%  o f  total cancer deaths and 

87 %  o f  lung cancer d ea th s) ,"  alcohol abuse,'^  d iet,'^  obesity  oncov iruses such as hepatitis 

and H um an papillom avirus (H P V ),'^  as well as exposure to  rad iation such as UV lig h t.’’ 

T aken into consideration  w ith the p resence o f  a variety  o f  naturally  occu rring  cancer 

preventative com pounds in m any fruits, vegetab les and spices such as reserva tro l,'*  lycopene,'^  

curcum in  and capsaicin,^"*’ it is show n that the prom otion  o f  sim ple im provem ents in lifestyle 

could  pre-em pt new  cancer cases se rv ing  to  reduce the increasing burden o f  cancer on society.

H ow ever such im provem ents a lone w ould  not lead d irectly  to  the com plete rem oval o f  cancer as 

a th reat to hum an life, necessita ting  the developm ent o f  im proved therapeu tic  m ethods. Recent 

developm ents in the understand ing  o f  cancer have led to increasing  op tim ism  regard ing  the 

developm ent o f  new  treatm ents for cancer coun terac ting  the d raw backs associa ted  w ith  current 

clinical practises.

1.1.1 Treatment o f cancer.

A s cancer is not ju s t one d isease , but a large fam ily o f  m any d iseases exh ib iting  sim ilar 

p roperties o f  uncontro lled  cell g row th , there is a necessity  for a num ber o f  d iffe ren t therapeutic  

regim es, depend ing  upon the type o f  cancer and on the extent o f  tum our progression . The 

m ethods for the trea tm en t o f  cancer often involve surgery , chem otherapy  and rad ia tion  therapy 

used either in iso lation  or in a  certa in  com bination . H istorically  the prim ary m ethod  has been



surgery,^’ still finding clinical use today, especially for the removal o f  solid, isolated, pre­

m etastatic tumours and common cancers such as breast and testicular cancer. Adjuvant 

chem otherapy can be used either before or after surgery to reduce the tum our size simplifying 

surgery, or to aid the prevention o f  a cancer relapse post-surgery. Provided that there has been 

no spread to other parts o f  the body, this course can lead to complete tum our removal.

Radiation therapy is the use o f  targeted ionising radiation to damage the DNA and subsequently 

kill m alignant cells. It mainly finds use in the treatm ent o f  localised cancers, as post-operative 

prevention o f  tum our relapse or in conjunction with cancer chemotherapy.^^ The suitability o f 

this treatm ent is limited to localised tumours, as radiation is best contained to as few parts o f  the 

body as possible as the radiation can kill healthy cell along with cancer cells. This method finds 

best use in non-m elanom a skin cancer, breast cancer, non-small cell lung cancer, cervical cancer 

and prostate cancer. Although leukaemias are known to be highly sensitive to radiation, this 

type o f  treatment is not usually used due to the large spread o f  these cancers throughout the 

body. On a side note, the use o f  radiation can be useful in the facilitation o f tumour 

visualisation,^^ the targeting o f  drugs to tumours^'* and in a non-clinical setting to study drug and 

protein interactions.^^

From a medicinal chemistry standpoint, the most interesting form o f  cancer therapy is 

chem otherapy. Initial chemotherapy regimens relied on direct interactions with DNA including 

its alkylation by cis-platin (1.01)  and the nitrogen m ustards including mustine (1.02)  or 

intercalation between strands by anthracyclines such as doxorubicin (1. 03)}^  The interruption o f 

the cell division cycle by targeting rapidly proliferating cells is another paradigm in cancer 

treatm ent as shown by the anti-cancer effects o f  the antimitotic tubulin targeting agents such as 

paclitaxel (1. 04)^  ̂ and the cytostatic family o f  drugs known as the anti-metabolites^* including 

5-fiuorouracil (5-FU) (1. 05).
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Figure 1.2: Cancer chemotherapeutic agents (1.01) - (l.OS).

Although these traditional approaches prove to be successful in elimination o f cancer cells, their 

inherent non-selectivity also target normal cells with rapid cell division physiology including 

those in the bone marrow, gastrointestinal tract and hair follicles manifesting itself in the 

debilitating side effects associated with these treatments including depression o f the immune 

system,^’  nausea,^® alopecia, infertility^' and neurotoxicity^^ lim iting the therapeutic potential o f 

these chemotherapeutics. Other disadvantages to certain chemotherapies is the increased 

resistance due to the emergence o f efflux pumps such as the P-glycoprotein (M D R l) reducing 

the intracellular drug concentration serving to diminish its therapeutic effect.”  Additionally it is 

possible for the cancer cell to develop mutations resisting the chemotherapeutic effect.^'* 

Resulting from these inherent disadvantages associated with traditional anti-cancer medications 

research such, as that described in this thesis, into nullify ing negative therapeutic outcomes 

associated with cancer is necessary. This can be achieved through the development o f novel 

chemotherapeutics exploiting specifically pathological differences between healthy quiescent 

cells and the rapidly proliferating tumour cells, a more achievable task due to much research 

into the mechanisms underlying carcinogenesis.
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1.2 The cellular hallmarks of cancer.

In order facilitate more selective forms o f  chemotherapy, it is essential to have a firm 

understanding o f  the m echanism s with which the disease progresses. Cancer is a disease state 

ultimately initiated by a series o f  m utations o f  the genome, as previously noted due to extrinsic 

or intrinsic factors. The developm ent o f  cancer is a multistage process reflecting these gene’s 

alterations, leading to the transform ation o f  normal cells into highly m alignant derivatives.^®

There are three m ajor families o f  genes implicated in tumorigenesis.^® These are termed 

oncogenes, tum our suppressing genes and stability genes. M utations o f  oncogenes such as 

SRC,“  RAS^^ and MYC^* lead to deregulated activation o f  the genes and therefore increased 

expression o f proteins implicated in cancer development. Conversely tum our suppressor genes, 

including TP53^^ and upon alteration lead to the downregulation o f  the proteins they

control which tend to protect the progress o f  cancer. Stability genes, for example B C R A l'", are 

those involved in m aintaining the integrity o f  DNA and in its replication during mitosis. When 

these regulatory genes are inactivated, a rapid increase in mutations o f  other genes is observed 

potentially leading to changes in oncogenes and tum our suppressor genes. In undergoing these 

changes, the physiology o f  the cells are altered and begin to exhibit what have classically been 

known as the hallm arks o f  cancer.®*’

It has been accepted that cancer is the manifestation o f  at least six alterations o f  normal body 

function, working in tandem towards malignancy. These hallmarks are identified as the ability 

o f  the tum our to deregulate normal growth signals thus developing (I )  self-sufficiency in 

growth signals and (2) becom ing insensitive to the host body’s own anti-growth signals, (3) the 

ability to evade apoptosis, (4) the ability o f cells to become immortal and replicate without 

limits, (5) the sustained developm ent o f  new blood vessels servicing the tumour, a process

6



know n as a n g io g en es is  and (6 ) the invasion  o f  c e ils  into nearby tissu es  and subsequent

m etastasis.

T his lo ss  o f  norm al ce ll cy c le  regulation  in the m an ifestation  o f  each  o f  th ese hallm arks is 

ach ieved  through an increased exp ression  o f  proteins assoc ia ted  w ith  cancer in addition to the 

dow nregu lation  o f  th ose  preventing cancer. T h ese  upregulated proteins afford m olecu lar targets 

w h ich  can be se lec tiv e ly  targeted to exert an anti-cancer e ffec t. In a d isease  state as co m p lex  as 

cancer, the targeting o f  pathw ays m ediated  by one such protein can be com p en sated  for by the 

activation  o f  other pathw ays as is exem p lified  by the ob served  com pensatory  upregulation o f  

basic F ibroblast G row th Factor (bF G F ) in response to vascu lar en dothelia l grow th factor 

(V E G F ) in h ib ition  in an ti-an g iogen ic  treatment.'*’ T he targeting o f  cancer is m ade a m ore 

difficu lt task as a result. A ccord in g ly , a s in g le  drug entity w ith  the ab ility  to target m ultip le  

pathw ays w ou ld  be m ore b eneficia l in cancer treatm ent than one o b ey in g  the often  repeated  

“one com p ou n d , on e target” mantra.'*'*

T he aim  o f  the w ork described  in th is th esis is therefore to d esign  com p ou n d s exertin g  e ffec ts  

on m ultip le  m olecu lar  targets im plicated  in tum ou rigen esis w ith  a particular focu s addressing  

the reorganisation  o f  the ex istin g  tum our vasculature in addition  to the m odu lation  o f  the 

hallm ark o f  an g io g en es is .

1.3 Angiogenesis

A n  adequate b lood  supply is v ita l to  the d evelop m en t o f  an em erg in g  tum our m ass. In order to  

acquire the required O 2 and nutrients for continued proliferation , in addition  for adequate 

rem oval o f  ce llu lar debris, each ce ll in the d ev e lo p in g  tum our m ass sh ou ld  id ea lly  be w ithin  

10 0 -2 0 0  |im  o f  the nearest capillary vessel.'*^ A ccord in g ly , the reorganisation  o f  the so lid
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tum our’s vasculature is necessary to afford such rapid continued growth upon reaching a critical 

mass o f  2 mm^.'*^ The physiological process o f  angiogenesis serves to address this issue.

Angiogenesis is the developm ent o f  new blood vessels from pre-existing vasculature, playing an 

essential role during growth and developm ent, wound healing and menstruation.''^ in these 

cases, it is a tightly regulated process kept firmly in balance by the equilibrium between pro- 

angiogenic and anti-angiogenic factors outlined in Figure 1.3. In the adult human, the majority 

o f  cells in the vasculature reside in their quiescent state with 0.01%  o f  these endothelial cells in 

the cell cycle. In the “angiogenic sw itch”, the activators o f  angiogenesis including vascular 

endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and the matrix 

m etalloproteinases (M M Ps) are upregulated, activating the resting endothelial cells to grow new 

capillaries facilitating neovascularisation.''* This pathogenic angiogenesis is observed in 

diseases including artherosclerosis,"*’ age related macular degeneration,^® psoriasis^' and 

cancer.^^ W hile physiological angiogenesis is typically a short term process, pathological 

angiogenesis lasts longer, potentially occurring for several years resulting in increasingly 

disordered vascular s t r u c tu r e s .S in c e  the discovery o f the importance o f  angiogenesis in 

m etastasis by Folkman in 1971,^“' it has served as an well researched topic for therapy with the 

aim o f  cutting o ff the blood supply to tum ours in a non-toxic m anner through the exploitation o f 

the alterations between the neovasculature and the typical quiescent vasculature associated with 

normal functioning tissues. While a num ber o f  anti-angiogenic agents have reached the clinic 

including bevacizum ab, it has not proven to be the envisaged “silver bullet” cancer cure, finding 

greater use as adjuvant agents in com bination with other chem otherapeutic agents.^^ In Figure 

1.3, the endogenous factors involved in m aintaining the angiogenic balance are listed with a 

schematic illustrating the difference between an angiogenic effect and an anti-angiogenic effect.



Angiogenic activators Angiogenic Inhibitors
VEGF Angiopoitin-1 Anglostatin PEDF
bFRF PIFG Thrombospondin 1/2 Vasolnhlbln
IGF-i TGF-|i Endostatin Vasostatin
IL-8 TFG-(( Angioarresein Arresten
PDGF HGF Restin Canstatin

Prolactin Tumstatin
PEX r<6(IV)NC1

" ’ '’- t- C '"

Figure 1.3: Endogenous factors involved in the angiogenic switch/^

1.3.1 The angiogenic process

The "angiogenic switch”  is the response to certain stimuli shifting the tightly regulated balance 

between pro-and anti-angiogenic factors towards those promoting the process.^’  In the context 

o f the tumour microenvironment, this is mainly the metabolic stress induced by the increased 

acidic and hypoxic conditions leads to the increased stability o f the a subunit o f hypoxia 

inducible factor 1 (H lF-la),^* consequently upregulating the growth factors involved in 

angiogenic process, VEGF, bFGF and PDGF. in “ sprouting angiogenesis” , these growth signals 

activate the nearby endothelial cells to enter the cell cycle and proliferate while extracellular 

proteinases are activated degrading the extra-cellular matrix (ECM) promoting the migration o f 

endothelial cells (ECs) to vascularise the nearby tumour mass. These activated ECs cells, known 

as tip cells (TCs) develop protrusions guided into the tumour microenvironment towards other 

TCs. '̂^ The developing protrusion is supplemented by the slower movement o f other endothelial 

cells known as stalk cells acting to support the developing neovascular structure forming a new
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embryonic lumen, becoming fully formed upon linking o f two branches o f TCs as illustrated in 

Figure 1.4.

Sprouting, guidance, branching, anastomoses, lumen formation
EndoHieliai
actlvatton Quided Tip cell fustcxi

• • ■ > » • • • •  sproutir>g stalk cell rearrangement
I !!■ II ■■ proliferation lumen formation1 ±  u -

TIp/Btalk selectKKi Brartching frequency Lumen extension
lateral inhibition DII4/Notch pattern generator flow initiation

maturation

Vascular remodeling, regression
Activated endotf>eNijm 

flow-dependent 
Mous«frt.naPe chan,esins*iapeand  

9er»e expfession
Stabilization of 

perlLtaecf branch

Quiescence, plialanx 
cell formation of 

perfused tirancties

Primitive plexuB 
begtnning 

remodeling

Flow irNliat«$ 
differential t>rancfi 

maturation

Occluslor» knw- 
fk)w vessel

Retraction 
e<npty basement 
membrarw sleeve

Mouse retina P18

Mature plexus 
with central 

artenole

Figure 1.4: The normal physiological angiogenic process.*’®

Whereas in physiological angiogenesis, the attachment o f tip cells, a process known as 

anastomoses leads ultimately to swift reestablishment o f EC quiescence, the angiogenic effect is 

more prolonged in cancer. The effect o f prolonged angiogenesis in the disease state compared to 

physiological angiogenesis is to prevent the completely adequate reformation o f the ECM or the 

pericyte support network associating fu lly to the neovasculature.*' The vascular network o f the 

tumour mass is therefore not able to reach the same maturity as those in normal cells generally 

observed as being leakier and o f irregular size with significant observed variance in their blood 

flow  throughout the tumour.“  These differences are significant enough to theoretically provide 

suitable methods for selective drug targeting. Figure 1.5 illustrates the difference between the 

disordered tumour vasculature and the more hierarchial ordered normal vasculature.
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Figure 1.5: Visualisation of the more ordered vascular network in normal functioning cells (left) by 

comparison to the tum our 's  disordered network (right).“

The m ost com m on  targets for anti-angiogenic trea tm ent are the grow th  factor pathways, with 

that o f  VEGF being the most studied, and the peptidases involved in the b reakdow n o f  the ECM  

com ponnts  including the matrix metalloproteinases (M M Ps)  and urokinase p lasm inogen 

activator  (uPA).

A dditionally , the clinical use o f  endogenous inhibitors o f  angiogenesis  including endostatin*’ 

and th rom bospond in - l  to re-establish the angiogenic equilibrium has been investigated in the 

trea tm ent o f  lung cancer  and metastatic m elanom a respectively.*'' T rea tm en t using these agents 

has not show n the  anticipated results as o f  yet, with m ore w ork required to generate a greater 

effect.*^

1.3.2 Vascular endothelial growth factor.

The m ost important signalling pathw ays in angiogenesis  induction are m ediated  through VEGF. 

M em bers  in V E G F  family o f  g row th  factors (GF) include V EG F A, B, C, D and placental 

growth  factor (PGF), which interact with the ir  tyrosine kinase receptors V E G F R  I, 2 and 3, 

m ainly  show ing  an angiogenic effect through V E G F A .“  A lthough  VEGFR-1 is show n to  have a 

10-fold greater b ind ing  affinity to V EGFA , the m ajor s ignalling effect in this pathway for 

initiation o f  sprouting angiogenesis  occurs through the V E G F R -2  receptor. It is thought the 

added affinity tow ards the relatively inactive V E G F R -I  sequesters V E G F A  from circulation,
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controlling the pathway.*’’ VEGFC is implicated in lymphangiogenesis through binding to 

VEGFR-3, a sim ilar process to angiogenesis developing new lymphatic vessels from the pre­

existing lymphatic vessels.^*

The VEGF action is generally mediated through a paracrine pathway-the tum our cells do not 

express large levels o f  receptors, and the increased secretion o f  the growth factors into the 

extracellular space interact with the receptors on local ECs, which in contrast produce very little 

VEGF.^’ However VEGF can be introduced from normal blood circulation under increased 

recruitm ent o f  platelets whose alpha granules contain concentrated levels o f  VEGF, bFGF and 

anti-m itogenic agents including endostatin.™ Upon binding to receptors, VEGFA catalyses the 

dim erisation o f  the receptor tyrosine kinase, exerting an effect through a number o f  pathways 

resulting in increased vascular permeability, migration and expression o f  MMPs am ong other 

events in the developm ent toward malignancy.

1.3.2.1 Anti-VEGF treatment

Inactivation o f  VEGF signalling pathways has been shown to have clinical benefit, with the 

FDA approved treatm ents targeting this pathway including the monoclonal antibody 

bevazicum ab (Avastin) approved in 2004 for the treatm ent o f  colorectal cancers and in 2006 

lung cancer,^' and the m ulti-targeting receptor tyrosine kinase (RTK) inhibitors including 

sunitinib (1. 06)  and sorafenib (1. 07),  both used for the treatm ent o f  kidney cancer,^’ vandetinib 

(1. 08)  for metastatic thyroid cancer’  ̂ and pazopanib (1. 09)  for treatm ent o f  soft tissue sarcoma 

in relapsing cancer patients.’  ̂ However the use o f  these agents has found limitations compared 

to the significance applied upon their discovery. A recent setback for this family o f drugs has 

been the recently revoked FDA approval for A vastin’s treatm ent for breast cancer in 2011 due 

to safety concerns and its ineffectiveness in delaying the growth o f  tum ours being cited as 

justification for this decision.’'*
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Figure 1.6: Small molecule R TK  inhibitors (1.06) - (1.09).

Avastin is a monoclonal antibody which derives its activity upon binding to the circulating 

VEGF preventing its interaction with the VEGFRs, acting in a sense as an anti-growth factor. Its 

clinical use has mainly been found as a first line treatment, for example in the treatment o f 

colorectal cancer in combination with 5-FU (1.05) ,  with oxaliplatin in the treatment o f lung 

cancers and paclitaxel in the treatment o f advanced nonsquamous non-small cell lung cancer 

(NSCLC)/^ The benefits associated with Avastin treatment are not as measurable as was once 

expected upon discovery, with survival rates measured in the months as opposed to years. 

Though highly specific for targeting VEGFA, in the tumour mass, upregulation o f other growth 

factors including bFGF has been observed allowing compensation for the diminished VEGF 

signalling effect and the subsequent resistance to this form o f treatment rendering it useless in 

the case o f relapse.''^ Additionally it has been shown unsuitable for use in the adjuvant setting in 

colon cancer cases , wh i l e  safety concerns over the increased incidences o f embolism in 

patients have been raised.^’
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Other monoclonal antibodies (mAbs) operating in a similar mode include cetuximab, commonly 

used in monotherapy for treatm ent o f  metastatic colorectal cancer and panitum um ab for the 

same disease. These show similar drawbacks with resistance developm ent as Avastin.^*

Although the specificity o f  these mAbs for their target proteins is quite a scientific achievement, 

their lack o f  promiscuity can be seen as inhibitory to their ultimate use, owing to the swift 

development o f  resistance to their treatment. Consequently, therapeutic use has been found for 

the compounds in Figure 1.6, which are all small molecule inhibitors o f  the VEGF receptors.^’ 

While not specific targets for one enzyme, the inherent promiscuity associated with small 

molecules allows for the theoretical shutdown o f multiple pathways preventing compensatory 

mechanisms taking effect. These com pounds all target multiple RTKs, also proving beneficial 

owing to their relative ease o f  adm inistration and lowered cost compared to mAb treatment.

The VEGF pathway induces expression o f  MMPs, which degrade the collagen supported ECM. 

While anti-VEGF treatm ents should prevent the expression o f  these proteinases, much research 

is underway towards the developm ent o f  their inhibitors dim inishing their role in angiogenesis 

and the subsequent development o f  m etastatic disease.

1.3.3 Matrix metalloproteinases (MMPs)

The MMPs are a large family containing at least 23 Ca^* dependent peptidases possessing an 

active site containing a Zn^^ metal centre.*® Upon activation by VEGF, their principal role is to 

degrade and remodel the ECM, a matrix containing a complex array o f  collagens. elastins, 

fibronectin and proteoglycans to provide a support structure to the EC structure m aintaining the 

integrity o f  connective tissues. Several crystal structures o f  MMPs have been published,*' with 

Figure 1.7 showing the activated form o f  MMP-1.
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Figure 1.7: Crystal s truc tu re  of activated

Accordingly, each MMP is classified into groups including the gelatinases, collagenases 

stromelysins, membrane type M M Ps (M T-M M Ps) and matrilysins dependent upon the matrix 

component type. High expression o f  M M Ps has been associated with a wide range o f 

inflammatory pathologies including multiple sclerosis,*’ osteoarthritis,*'' C rohn’s disease*^ and 

cancer.®*’ The significant m em bers o f  this type o f family in a cancer context are MMP-2 and 

MMP-9, both gelatinases which degrade gelatin and collagen type 1V,*° in addition to MMP-1, 

MMP-3, MMP-7 and M M P-13.*^“

The significant importance o f  levels o f  M M Ps in cancer m etastasis has long been known. 

Cancers with high expression o f  MMPs for exam ple have shown greater invasion potential
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resulting in higher rates o f  metastasis. For example, in one study o f  83 surgically resected 

human colorectal cancers were examined for the presence o f MMP-7. Those patients containing 

heightened levels o f  MMP-7 were shown to have greater invasion potential.*’ Activation o f 

MMP-2 and M M P-9 have sim ilar effects in inducing cell migration and invasion in liver 

cancers.** In M M P-9 positive tumours, a higher recurrence rate and shorter survival time was 

evidenced in a study o f  202 patients with stage II colorectal carcinoma.*’ Similarly heightened 

MMP expression has been evidenced as an increased factor in liver metastases in pancreatic and 

colon c a rc in o m a s ,w ith  MMP-2 expression leading to poor prognosis in colorectal cancer 

patients.’ ' The presence o f  M M P-2 and MMP-9 has shown poor prognoses in breast cancer 

cases.’  ̂ Recent studies have conversely shown that lack o f  expression o f  MMP-9 is associated 

with poor prognoses for Duke’s B colorectal cancer with the authors postulating the MMP-9 

negative cancer patients to be suitable candidates for adjuvant therapy.’  ̂ However in general, 

the importance o f MM P in the metastatic spread o f  cancer has long been firmly established.’*'

The MMPs possess a conserved active site with a tetrahedrally co-ordinated Zn^^ metal centre 

interacting with three residues and a water molecule, with flexible neighbouring hydrophobic 

cavities allowing interactions with larger bulky carbon substituents. Cleavage o f  peptides 

involves association o f  the amide carbonyl group to the zinc ion where the side chain associates 

with the hydrophobic pockets prim ing itself for nucleophilic attack by water to cleave the 

peptide bond as in Scheme 1.1. Inhibition o f  the enzyme often involves interactions with the 

metal centre via chelation to block up this catalytic site.’^
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Schem e 1.1: M ode of MIVIP m ediated cleavage of enzym es.”

O f  note is the  secretion  o f  M M Ps into the ECM  in zym ogenic form , w here c leavage by o ther 

enzym es including serine proteases, furin and plasm in functions to  generate  the ir ac tive form s.’  ̂

T h is serves to  m odulate the ir activ ity  in addition  to the control afforded at the transcrip tion  

level, inducible by enhanced  V EG F expression  and the inhabitation  o f  the ir ca ta ly tic  site by a 

series o f  four endogenous cartilage derived tissue inhibitors o f  m etallop ro te inases (T lM P s) 

nam ed T lM P -1 , T lM P -2 , T IM P-3 and T lM P -4 , w here overexpression  o f  these results in a 

co rrespond ing  reduction  in m etastatic  disease.^’

T he inh ibitory  effects o f  T lM P s show ed great prom ise in m ouse and rat m odels’* and w hile 

in terest has been show n in the ir adoption to  treatm ent o f  hum an cancers ,’’ these prom ising  

resu lts have not been rep licated  ow ing  to technical d ifficu lties in b ring ing  them  to the clinic in 

adequate  a m o u n t s . M u c h  research  into the potential effect o f  syn thetic  M M P  inh ib itors has 

also  been perform ed w ith  the m ajority  o f  them  belonging  o f  the hydroxam ic acid fam ily as 

described  in Section 1.3.4.2. A lthough  they have found lim ited use in the clin ic thus far, the 

m ajority  o f  those studied  w ere non-selective  broad spectrum  M M P inhib itors exerting  influence 

on physio logical functions o f  M M P s.'“  M ore recent w ork is underw ay tow ards the 

developm ent o f  m ore se lective M M P inh ib ito rs.’^



1.3.4 Aminopeptidase N

A m inopeptidase N (A P N ), also  know n as c luste r d iffe ren tia tion  13 (C D 1 3 ),'° ' is a Zn^^ cen tred  

type II m eta llopep tidase  enzym e belong ing  to  the M l fam ily , show n to play a role in 

ang iogenesis and hence the developm ent o f  m etastatic  malignancy.'®^ In contrast w ith  the 

soluble ex trace llu la r M M Ps, it is norm ally  bound  to  the ce llu lar m em brane. The cata ly tic  site o f  

A PN  is situated  ex trace llu la rly  w ith  a single transm em brane region and a short in tracellu lar 

chain seen at its N -term inus. A so lub le form  o f  A PN  in the p lasm a does exist,''*^ how ever the 

m echanism  o f  its d issocia tion  from  the m em brane is as ye t unknow n. T he crystal s tructure has 

recently  been published  in tw o reports show ing  b ind ing  to  a variety  o f  substra tes inh ib ito rs and 

ligands includ ing  co rona  v iruses (F igure 1 .8 ),'“'* tak ing  shape as a d im eric protein , w ith  each 

subunit con ta in ing  a 967  am ino acid chain  o rganised  into four d istinct dom ains w ith  the 

cata ly tic site situated  in dom ain  II.'®'"’

4 /y r ROB*

4/yr

Figure 1.8: C rystal s tru c tu re  o f the hom odim eric form  of am inopeptidase N.
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T h e  fu n c t io n s  fo r  su ch  a  re la t iv e ly  sm a ll  p ro te in  are  m a n y .  A s  a  p e p t id a se ,  it fu n c t io n s  by 

c a ta ly s in g  th e  c le a v a g e  o f  sm all  n eu tra l  p e p t id e  c h a in s  at th e  N H 2 t e r m in u s  w i th  p a r t icu la r  

a ff in i ty  s h o w n  to w a rd s  leu c in e  an d  a lan in e  su b s t ra te s  an d  re s is ta n c e  to w a rd s  c le a v a g e  o f  p ro l ine  

a m in o  a c id s . ' ”’ A P N  p la y s  a  ro le  in a  d iv e r se  rang e  o f  p h y s io lo g ic a l  p ro c e s se s  in c lu d in g  the  

p ro c e s s in g  o f  h o r m o n e s . ' ”  ̂ In the  im m u n e  sy s te m  th e y  a re  in v o lv e d  in th e  p re p a ra t io n  o f  

a n t ig e n s  fo r  th e i r  p re sen ta t io n  to  m a jo r  h is to c o m p a t ib i l i ty  c o m p le x e s  ( M H C )  c la s s  11,'°’ in 

a d d i t io n  to  th e  re c y c l in g  o f  p ro te in s  fo r  fu r th e r  d e v e lo p m e n t , ' ”* an d  the  reg u la t io n  o f  cy c l in s  in 

th e  cell  cycle . '™  T h e  m o s t  w ell  d e sc r ib e d  ac t io n  o f  A P N  is in th e  r e n in -a n g io te n s in  sy s tem ,  

w h e re  it c le a v e s  an g io te n s in  H i ’s te rm in a l  a rg in in e  re s id u e  g e n e ra t in g  a n g io te n s in  IV to c a u se  

v a so d i la to ry  e f f e c ts . '”’ A d d i t io n a l ly ,  A P N  is s h o w n  to  ac t  as  a  n e u ro p e p t id a s e  fo r  n e u ro p e p t id e s  

in v o lv e d  in pa in  p a t h w a y s . E n d o g e n o u s  n eu ro p e p t id e s  s u b s ta n c e  P a n d  b ra d y k in in  a re  bo th  

na tu ra l  in h ib i to rs  o f  A P N . " ” A s  a  b in d in g  recep to r ,  a f f in i ty  is s h o w n  to w a rd s  c o ro n a v i ru se s  

in c lu d in g  t r a n sm is s ib le  g a s t ro en te r i t i s  v irus  ( T G E V ) '”‘*“ and  S A R S . ' "  as  a  m e a n s  fo r  v iral cell 

en try  v ia  en d o c y to s is .  In its fu n c t io n  as  a s ig n a l l in g  re cep to r ,  th e  p h o sp h o ry la t io n  o f  m i to g e n  

a c t iv a te d  p ro te in  k in a s e s  ( M A P K s )  is fac i l i ta ted  by A P N  re lea se  o f  C a^ ‘ in m o n o c y te s . " ^

A P N  h as  b e e n  s h o w n  to  p lay  an  ac t iv e  ro le  in the  d e g ra d a t io n  o f  the  e x tr a c e l lu la r  m a t r ix  and  

c a p i l la ry  tu b e  fo rm a t io n  in p ro m o t io n  o f  an g io g e n e s is  an d  m e t a s t a s i s . T h e  ex p re s s io n  o f  

A P N  is u b iq u i to u s  th r o u g h o u t  the  bo dy ,  h o w e v e r  it is d ra m a t ic a l ly  u p re g u la te d  in tu m o u r  ce lls  

u n d e rg o in g  a n g io g e n e s is ,  s h o w in g  h e ig h te n e d  leve ls  in a  va r ie ty  o f  c a n ce rs ,  in c lu d in g  

m e la n o m a ,  co lo n ,  p ro s ta te ,  th y ro id ,  p a n c re a s  an d  lu n g  c a n c e r s , a s s o c i a t e d  w i th  the  h y p o x ia  

in d u c e d  u p re g u la t io n  o f  V E G F  a n d  b F G F , ' ”^“ c o r r e la t in g  w i th  th e i r  in c r e a se d  m a l ig n an c ie s .  

H e ig h te n e d  ex p re s s io n  o f  A P N  is o f ten  a s s o c ia te d  w ith  h ig h ly  in v a s iv e  fo rm s  o f  c a n c e r  and  

p o o r  p ro g n o s e s  fo r  pa t ien ts  s h o w in g  large  leve ls  o f  th e  p ro te in  in p la s m a ,  w i th  su rv iva l  ra tes  

h a lv e d  fo r  p a t ien ts  e x p re s s in g  A P N  p os i t iv e  tum ours ." '* '’ T h e  o b s e rv e d  in c rea se  in in vas iv e  

c a n c e r s  w h e n  A P N  is e x p re s se d  su g g e s ts  th a t  th e  inh ib i t ion  o f  th is  e n z y m e  w o u ld  exe r t  anti- 

m ig ra to ry  e ffec ts .
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The low expression o f APN in normal cells makes it a useful therapeutic target and additionally 

a marker for targeted therapy of the neoplasm. For example, the physiological development of 

APN-null mice has shown to proceed unimpaired, with a marked observed reduction in 

pathological angiogenesis."^

1.3.4.1 APN inhibition

Accordingly, research into the development o f APN inhibitors has been undertaken with a 

number o f different classes o f inhibitors. In addition to the inhibition by bradykinin and 

substance P,” ° other endogenous inhibitors include elevated concentrations of leucine, proline, 

L-arginine and a variety of divalent cations including Ca^^, Mn^^ Co^^ and

Similar to the binding site of the MMPs, the catalytic site in domain II o f APN contains a 

metal centre. Much of the research into synthetic inhibitors focusses upon their chelation to this 

zinc. The most commonly studied APN inhibitors include peptide chains containing the 

unnatural amino acid (2R, 3S) 3-amino-2-hydroxy-4-phenylbutanoic acid (AHPA) (1.10). 

While AHPA itself does not show great inhibitory activity, its peptides show strong binding due 

to added interactions with hydrophobic pockets neighbouring the metal centre.

These compounds include peptide chains isolated from the culture broth o f Streptomyces 

olivoreticuli including the leucine conjugate o f (1.10), bestatin (1.11) in addition to its related 

family o f derivatives of including tripeptide phebestin (1.12), tetrapeptides probestin (1.13)"^ 

and amastatin (1.14), which are among the most commonly studied. They all inhibit the enzyme 

in similar slow-binding competitive inhibitory modes,''* with their unnatural (2R, 3S) 

stereochemistry seen as vital for their activity enabling their bidentate coordination to zinc.'”  

Bestatin has been described as transition state analogues o f the dipeptide substrate Phe-Leu.'^*'
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The added hydrophobic interactions with the S T  poclcet is seen in bestatin, but not A H P A . In 

the extended peptides, for example probestin, these interactions can further be extended towards 

the S2’ pocket, strengthening their interactions.'^' Figure 1.9 shows the binding mode o f 

bestatin within the catalytic site.

Q903 ^  R442

y j  M354

a O COOM 

H;N 1 NH >

R442

Figure 1.9: C rysta l s tructure  o f APN showing its b ind ing to bestatin, w ith  m olecular interactions 

shown (bottom ). The metal centre is shown in green, hydrogen bonds between APN and 

bestatin are shown in red and APN residues are shown in blue.'"'"’ Schematic o f bestatin b ind ing to

APN catalytic site is shown illus tra ting  interactions w ith  the hydrophobic pockets.
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(1.13) (1.14)

Figure 1.10: S tructures of AHPA derived unnatu ra l  peptides ( I .I0)-(I .I4).

B esta t in  is n o t  j u s t  an  A P N  sp ec if ic  inh ib ito r .  It a lso  in te rac ts  w i th  a  h o s t  o f  s im i la r  p ro tea se  

e n z y m e s  in c lu d in g  M M P s  an d  leu k o tr iene  A 4 h y d ro la se  (LTA4H) re s u l t in g  in d e g ra d a t io n  o f  

co l lag en  in the  E C M . T h is  leads  to  the  co n se q u e n t ia l  in h ib i t io n  o f  tu m o u r  invas ion '^^  a n d  th e  

d e p le t io n  o f  in t race l lu la r  a m in o  a c id s . ' ”  It h a s  a lso  p ro v e n  to  h av e  an  a n t i - a n g io g e n ic  effect'^ ' '  

an d  to  inh ib i t  th e  fo rm a t io n  o f  ac t iv e  M M P -2 '^^  an d  ind u ces  a p o p to s is  in N S C L C  cell l i n e s . i t  

exe r ts  a n t ip ro l i fe ra t iv e  ac t iv i ty  a g a in s t  a  r a n g e  o f  h u m a n  le u k e m ic  ce ll  l i n e s . I n  an im a l  

s tud ies ,  it has  p ro v e n  an  a c t iv e  a n t i - a n g io g e n ic  th e ra p y  p re v e n t in g  tu b e - l ik e  fo rm a t io n  o f  

en d o th e l ia l  ce lls  in m u r in e  B 1 6 -B 7 6  m e la n o m a  tum ours . '^*  In c lin ica l  use , b es ta t in  h a s  been  

a p p ro v e d  fo r  rem is s io n  m a in te n a n c e  th e rap y  fo r  a cu te  n o n - ly m p h o c y t ic  l e u k a e m ia ’^  ̂ an d  

a d ju v a n t  th e ra p y  fo r  r e sec te d  s tage  I s q u a m o u s -c e l l  lun g  c a r c in o m a  d e m o n s t r a t in g  s ig n if ican tly  

p ro lo n g e d  survival.'^® T h e  lo w  to x ic i ty  a s so c ia te d  w i th  b es ta t in  is a d v a n ta g e o u s ,  w i th  j u s t  1 .6%  

o f  su b je c ts  in a  te s t  p o p u la t io n  o f  2 ,22 5  h a v in g  s h o w n  a d v e rs e  e f fec ts  to  b es ta t in  t r ea tm en t .  

F ina l ly ,  b es ta t in  h a s  b e e n  used  in c o n ju g a t io n  w i th  r a d io th e ra p y  in th e  ce rv ica l  c a n c e r  H e la  cell 

l ine d i r e c t in g  t u m o u r  g ro w th  in h ib i t ion  an d  a c t iv a t in g  a p o p to t ic  p a th w a y s . '^ '  T h is  s tudy  

fo l lo w e d  the  d is c o v e ry  th a t  A P N  ac t iv i ty  in th is  cell  l ine  w a s  in c rea se d  u n d e r  rad ia t io n  

co n d it io ns .
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Further isolation o f  com pounds from culture are developing further bestatin analogues, with 

A H PA -V al (1.15)  show ing a four-fold increase in APN inhibition relative to bestatin’s IC50  o f  

20.2  w hile probestin and phebestin both exhibit more potent iCso values o f  50 nM and

400 nM r e s p e c t iv e ly .S y n t h e s i s  o f  bestatin derivatives is still ongoing, uncovering its 

dim ethylam inoethyl ester LYP (1.16)  which inhibits the angiogenesis o f  cancer in human 

ovarian carcinom a ES-2 xenografts in mice.'^^ Additionally sim plified bestatin analogues 

(1.17)-(1.19)  have shown sim ilar activity against APN (K ,=3-10 |iM ) compared to bestatin 

(K ,=3.5 ^M). Moreover, these com pounds show an increased selectivity for APN over its 

soluble isoform s and A PB, an am inopeptidase for which bestatin is also a substrate. Compounds 

(I.IH)  and (1.19)  were also tested in their racemic form ow ing to their epim erisation at the 

testing pH o f  7-8.

NH2 O

OH O

■

NH, O

R
OH

NH2 OH

R=H, ( 1.17) 
R=CH2Ph ( 1.18) 

R=CH2CH(CH3)2(’r.f9J

Figure 1.11: Natural,  semisynthetic and synthetic derivatives of bestatin showing anti-angiogenic

activity (1. 15)  -  (1. 19).

Many other com pounds are known to inhibit APN activity, including actinonin,’’'' 

homothalam ide, betulinic acid and curcumin to be discussed in more detail in Chapter 4.'^  ̂

Am ino-tetralones such as (1.20)  have also shown a specific anti-APN effect (IC50 0.5 nM ), 

however its physiological instability plagues the potential for their adaptation to the clinic. 

Variations in the structure show  the importance o f  retention o f  the carbonyl group and primary 

am ine to activity, as both reduced hydroxyl and protected amino forms o f  this com pound both 

show  no activity. H owever m odification o f  the carbonyl group to yield  oxim e ether (1.21)  

presents a compound with inhibitory activity against APN (IC50 55 |iM ) and LTA4H ( 8  |aM),
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although diminished relative to (1.20).  One interesting compound in this report was hydroxamic 

acid (1.22),  showing inhibition o f APN almost on par with (1.20)  (IC50 4 |iM), while showing 

no activity against L T A 4 H  suggesting specificity towards APN in the M l family. This 

hydroxamic acid moiety boasts greater chelation to APN than is observable in the parent amino- 

tetralone compound. Much research into the development o f  novel inhibitors bearing this 

functional group is focussed on the chelation o f  the in the catalytic site as detailed in the 

following section.

O

Cl ' c i  Cl

(1.20) ( I -21) (1.22)

F igure 1.12: APN inhibitors based on the 3-am ino-2-tetralone scaffold.

1.3.4.2 Hydroxamic acids and zinc chelation

As seen in Figure 1.9, bestatin co-ordinates to zinc, interacting with the amide carbonyl and the 

hydroxyl group o f the AHPA subunit. This 4-membered chelating ring is the strongest 

interaction inside the receptor-ligand complex and can be replicated with similar peptides 

possessing a terminal functional group capable o f  chelating to zinc, for example carboxylic 

acids, thiocarboxylic acids and hydroxamates. O f these functionalities known as zinc binding 

groups (ZBGs), the hydroxamates have been the most widely studied, with capability o f  

forming a five membered chelation allowing the two involved ligand atoms (the hydroxamic 

carbonyl and its hydroxyl) to approach more closely (1.9 A - 3.3 A) to the metal centre.’  ̂

Additional hydrogen bonding is possible, permitting up to four interactions with the enzyme 

from the hydroxamate functional group as shown in Figure 1.13.

24



Gil

Ala-182 (d)

Leu-181
/

AA-179

— N
\  Tyr-240

Figure 1.13: Complexation of hydroxamic acids to an IMMP showing the bidentate coordination to 

zinc (a, b) and with Glu (c) and Ala (d) residues. (Adapted from Babine & Bender).'^’

The hydroxamates have long been researched towards the developm ent o f  M M P and APN 

inhibitors owing to the catalytic site similarities between the two peptidases. The major 

drawback with the development o f  these compounds has been their broad specificity towards 

different classes o f  these enzymes interfering with vital physiological pathw ays.” ** As a result, 

tw o o f the more promising hydroxamic acids for the potential treatm ent o f  cancer, batimastat 

(1.23)  and marimastat ( 1.24) have been discontinued as drug candidates following clinical trials. 

Often musculoskeletal pain was described by the p a t i e n t ,w h ic h  could be averted using 50% 

o f  the original dosing schedule, while the clinical benefit o f  these com pounds used in 

m onotherapy or in combination were not advanced as first a n t ic ip a te d .A d d it io n a l ly ,  

batim astat was shown to increase m etastasis to the liver when used to treat human breast 

carcinom as in nude mice while upregulating MMPs 2 and 9, pro-angiogenic factors and caspase 

I even in disease free animals s t u d i e d . O t h e r  prom ising com pounds deemed to have failed at 

the clinical trial stage are prinomastat (1.25)  whose therapeutic benefit in the treatm ent o f 

NSCLC was negligible.'''^ Although widely studied, it required nearly three decades o f  research 

before the first hydroxamic acid drug was granted FDA approval, with vorinostat (1.26)  finding 

use for the treatm ent o f  cutaneous T cell lymphoma (CTCL) and Sezary syndrome.''*’ 

Subsequently, the outlook for hydroxam ates in the clinic has improved with positive clinical
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results associated with both belinostat (1.27)  for treatment o f hepatocellular carcinoma'"*'* and 

panobinostat (1.28)  for CTCL.*''^

( 1.23)

O
H

( 1.24)

H
NOH

H

( 1.25)

OH

NH
OH

N

( 1.27)
H

Figure 1.14: Hydroxamic acids at various stages of clinical evaluation (1.23)  - ( 1.28)

Problems associated with this family o f compounds can be witnessed by their metabolic 

instability. In addition to undergoing rapid billiary excretion,'"'^ they also undergo hydrolysis to 

return to their less active carboxylic acid form while releasing toxic N H 2OH into the system. 

Additionally many o f the compounds advanced toward the clinic were broad spectrum peptidase 

inhibitors interfering with normal physiological functions o f these enzymes which can explain 

the negative results in marimastat trials.

Accordingly several groups have synthesised novel hydroxamic acids in a bid to overcome these 

deficiencies by varying the groups near the hydroxamate moiety to improve its metabolic 

stability providing a more stable longer lasting effect. For example, Hajduk used pilot NMR

26



studies to ensure their stability, prior to the synthesis o f  hydroxam ic acid substrates for MMP-3 

showing significant inhibitory effects with an improvement in their stability. Com pounds (1.29) 

and (1.30) show IC50 values o f  0.40 (iM and 0.34 |iM  against this enzym e respectively.'^* 

Isomers o f  hydroxamic acids, called retrohydroxam ates have also been synthesised to 

circum vent the associated metabolic liability with these compounds. In this group, the 

hydroxam ic acid is not terminal but more integrated w ithin the carbon chain as the hydroxamate 

nitrogen is alkylated. A lthough these compounds often exhibit lower in vitro activity, they are 

resistant to hydrolysis at the same rate as conventional hydroxamic acids and this added 

bioavailability is expected to exert a greater effect in vivo. M ichaelides has synthesised a family 

o f  retrohydroxam ic acids show ing up to 100 fold im proved selectivity for M M Ps 2 and 3 over 

MM P 1, with a half life o f  7 h in the plasma and a bioavailability o f  95 %. Com pounds (1-31) 

(M M P2, IC 50 58 nM. MMP3 IC5q9.1 nM) and (1.32) (M M P2, IC50 12 nM. MMP3 lCso27 nM) 

are both highly active against these two enzymes and while they are m etabolised quickly it is 

not at the hydroxamic position but at the alkylated nitrogen in the hydantoin ring to compound 

(1.33) w hich shows heightened activity against the M M Ps studied (M M P2, IC50 7.8 nM. MMP3

!C5o24  n M ).'^ ’’

( 1.29)
ON

( 1.30)

R=Me ( 1.31) 
R=Et ( 1.32) 
R=H ( 1.33)

F igure 1.15: H ydroxam ates and  re trohydroxam ates exhibiting g rea te r stability profiles.
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Inhibition of APN using this family of compounds has also been investigated using a malonic 

acid based scaffold to introduce hydrophobic groups near the hydroxamate group in order to 

probe activity. In one report, a large family of these compounds was synthesised with the 

leading performing compound (1.34) showing an IC50 towards APN of 82 nM, a 33 fold 

increase in activity relative to bestatin.'^® Other hydroxamic acid APN inhibitors include the 

napthylthioacetic acid derivative (1.35). This compound shows isotype specificity for APN with 

no observable inhibition of a range o f MMPs at up to 50 concentration. Its APN inhibition 

is similar to that of bestatin and it has shown an antioangiogenic effect on BAEC ceils without 

effecting the viability of these cells.'^”

O

(1.35)

Figure 1.16: Hydroxamic acids showing APN inhibitory effects in vitro.

Ureido (1.36) and carbamate derivatives (1.37) of the hydroxamic acid family have also been 

recently synthesised showing inhibition of APN in vitro with IC5 0 values o f 1.1 fiM and 9.1 |xM 

respectively, while (1.36) showed an anti-proliferative and anti-invasive effect on ES-2 ovarian 

cancer cells albeit showing no effect on the migration of these cells.‘̂ ‘ The work suggests that 

the isobutyl group is ideal for settling into the SI binding pocket benzyl and phenethyl groups 

suggested to show binding to the more distance S2 pocket.
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( 1-34) ( 1.35)

Figure 1.17; Novel ureido and carbamate hydroxamic acid derivatives.

A series of cyclic imide peptidomimetics have been synthesised by rigidification of a previous 

series o f compounds which weren't specific for either MMPs or APN. Upon cyclisation more 

rigid analogues were formed, with certain compounds such as the tyrosine derived methyl ester 

( 1.36)  showing 150 times the affinity towards binding with M M P than APN. Conversely 

hydroxamic acid (1.37)  inhibits APN with an IC 50 o f 3.1 |jM  with no interaction with the 

MMPs studied.'’  ̂ Several compounds from this study were also tested to determine anti­

proliferative effects against leukemic HL-60, ovarian cancer ES-2 and adenocarcinoma A549 

ceils with ( 1.38)  showing excellent activity against all three lines with 0.96 nM IC50 against the 

leukaemia line observed.

Figure 1.18: Hydroxamic acid ( 1.37)  shows higher affinity to APN than MM Ps. (1.36)  is M M P  

specific. ( 1.38)  shows greatest activity against three cell lines investigated.

Although these compounds show the way in which the hydroxamic acid moiety could be 

adapted to better improve their activity, these compounds have not yet had follow up studies in 

the clinic. It would be interesting to see how they fare in more regulated trials. However the 

successful methodologies employed in making the hydroxamic acid based inhibitors more

o

OH
( 1.36) ( 1.37) ( 1.38)
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selective towards specific targets and more bioavailable suggest that finally the long promised 

era o f  hydroxam ic acids in the clinic based on their regulation o f  peptidases is nearing.

Related to the hydroxam ic acids are compounds containing phosphorous analogues o f  ketones 

known as phosphinic acids. A number o f  reports have shown the great inhibitory effect that 

these com pounds exert on APN.'^'' The activity attributable to these com pounds results from 

their ability to chelate to zinc, via the two oxygen atoms attached to the central phosporous, 

while also binding to hydrophobic pockets either side o f  the metal centre, while these reports 

suggest that the presence o f  butyl or phenethyl groups is ideal for binding to the neighbouring 

hydrophobic pockets. A number o f  members o f  this family have been evaluated showing 

subm icrom olar activity in the APN inhibition assay, with the IC50 o f  a |-(am inoalkyl)-a 2- 

(hydroxyalkyl)phosphinic acid (1.39) m easured at 60 nM, among the most active APN 

inhibitors discovered. Additionally, other m embers o f  the family, (1.40) and (I.4I)  exhibit I C 5 0  

values o f  0.47 )iM and 0.24 |iM  respectively. These early results for this family o f  compounds 

are quite encouraging and it is possible that the anti-APN effect that they show could be adapted 

to the clinic.

( 1.39)

Ph HjN

( 1.40)

II
O

( 1.41)

F igure 1.19: Phosphinic acid APN inhibitors.

1.3.4.3 APN and tumour homing peptides

In the previous sections there was significant discussion on inhibitors o f  the APN enzyme, 

however, its greatest clinical potential could conceivably come from its ability to recognise 

certain amino acid chains. While the hydroxamic acids do show potential for their development
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into widespread clinical use, with a few exceptions at the moment they do not show perfect 

selectivity for APN only, being promiscuous binders to other receptors with their potential for 

side effects associated with their clinical use. It has been shown that certain peptides containing 

the CNGRC sequence are capable o f  homing to the tumour site. Pasqualini et al have shown 

that it is aminopeptidase N that is the receptor site to where this peptide binds.’”

This has implications for the selective delivery o f  drugs to the tumour site, as it opens up the 

possibility to conjugate non-selective chemotherapies to this peptide, thus enabling selective 

delivery o f  agents to the tumour site. A number o f  approaches have been attempted towards this 

end including the fusion o f  tumour necrosis factor alpha (TNF-a). doxorubicin, cis-platin and 

endostatin with C N G R C . T h e  conjugate with TNF-a is currently undergoing clinical trials 

where it has displayed no dose limiting toxicity and disease stabilisation over the course o f  6 

m o n t h s . A n o t h e r  clinical trial where the conjugate is administered with doxorubicin has also 

shown a similar effect in the treatment o f  ovarian cancers with 10 out o f  15 patients showing 

stable disease lasting 5.6 months without dose limiting toxicity.'^*

This treatment is not only an anti-angiogenic therapy, but also acts as a vasculature targeting 

agent, '”  one which attacks the pre-existing tumour vasculature in order to disrupt blood flow to 

the tumours swiftly. This is another emerging paradigm in anti-neoplastic treatment with there 

being two main investigative branches o f  anti-vasculature therapy at the moment, namely the 

ligand directed vascular targeting agents (VTAs) which use antibodies, peptides and growth 

factors to deliver cytotoxic agents to the tumour, and the small molecule VTAs exploiting 

pathophysiological differences between tumour endothelial cells and those expressed in normal 

function b o d i e s . C N G R C  complexes belong to the ligand directed family o f  VTAs, while the 

more commonly encountered VTAs include the small molecule VTAs in particular those 

interacting with the microtubulular framework. This series o f  potential anti-cancer agents are 

discussed in the next section.
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1.4 Vascular Targeting Agents

Angiogenesis is a process required in the developm ent o f  tumours past the tum our volum e o f  2 

m m ^ It also provides the growing tum our mass with the means to invade nearby tissue and frees 

tum our cells to perfuse into existing blood vessels facilitating metastasis. One problem with 

anti-angiogenic therapy is that by the time treatm ent begins, the tum our may have already 

progressed to a size where it is already well vascularised lessening the potential therapeutic 

effect. However, there is an em erging theory that anti-angiogenic therapy can trim the newer 

developing blood vessels in the mass in order to facilitate a more “norm alised” vascular 

structure with a more even blood flow throughout allowing drugs to enter into the tum our mass 

in a more homogeneous manner. This process is called norm alisation o f  the tum our.'^ ' By 

contrast the vascular targeting agents have been shown to exert a rapid necrotic effect on 

tum ours by shutting down their vascular fram eworks within minutes as only the select few 

endothelial cells at important vascular junctions need be killed or even morphologically 

disrupted.'*^ However a viable rim o f ECs remains allowing swift recuperation o f  the tumour 

vasculature.'^^ It is here that angiogenic treatm ent can show showing potential possible 

synergistic effects if  used as a com bination therapy with VTAs. The approaches toward 

achieving vascular shutdown are outlined in this section beginning with the ligand based VTAs.

1.4.1 Ligand targeted VTAs

The studies regarding the ligand targeted VTAs has been dom inated by the aforementioned 

NGR containing tum our homing peptides which bind to APN, typically containing two distinct 

parts, being the locater o f  the tum our site and the effector, which upon release inside the tum our 

mass shows an effect.

VEGF has been linked to the toxin gelonin, and using the expression o f its receptors in the 

endothelium in the tum our m icroenvironm ent has allowed the release o f  gelonin in a controlled
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m anner in PC-3 xenografts in B A L B /c  nude m ice. T iie  e ffec t o f  th is treatm ent w as seen  as the  

tum our m ass w as reduced to 16% o f  that o f  untreated controls.'^"'

In addition  to grow th factors and p ep tid es, the ligands can a lso  be o f  the m A b type. A n exam p le  

o f  an m A b  undergoing  recent c lin ica l evalu ation  is bavituximab,'^^ sh o w in g  potential use as a 

m onotherapeutic agent or in com bination  w ith  con ven tion a l chem otherapy. B y se lec tiv e ly  

binding to phosphatidylserin e, upregulated in EC c e lls  and ap optotic cancer ce lls , it can exert its 

V T A  effec t. O ther m A b s used to  target tum our c e lls  by d e liver in g  anti-m icrotubule agents  

directly  have p rev iou sly  been  ex ten s iv e ly  rev iew ed .

Integrins are attachm ent proteins p lay in g  a key role in a n g io g en es is , b e in g  upregulated upon  

h yp ox ia  induced  transcription o f  V E G F, to facilita te  m igration  o f  the ce lls . T he avpi integrin is 

upregulated in activated  endothelia l c e lls  undergoing  a n g io g en es is , h en ce  b ein g  a tum our  

marker.'*^ T he attachm ent o f  proteins conta in ing  the R G D  seq u en ce  to a^P3 provides a m eans to 

target the vasculature in a sim ilar fash ion  to N G R  peptide m ediated  tum our hom ing. For 

exam p le  doxoru b icin  has been  conjugated  to an R G D  con ta in in g  peptide, en h an cin g  the e ffica cy  

it p o sse sse s  against breast cancer ce ll lin es in m ice  w ith  an associa ted  reduction  in toxicity.'**  

T hrough platinum  coord ination , both the a n ti-an g iogen ic  agent valatin ib  and the R G D  

con ta in in g  peptide w ere integrated together usin g  ind iv idu al attachm ents to the protein album in  

d ev e lo p in g  a n ovel m ean s tow ards the se lec tiv in g  targeting  o f  the endothelium .'*^ F um agillin  is 

also  an an ti-an g iogen ic  agent w h ich  has b een  sh ow n  to inhibit the integrin  avPs, w hen  

adm inistered  in nanoparticulate form  to patients for the treatm ent o f  artherosclerosis. 

A cco rd in g ly , there is the p ossib ility  to adapt th is m ethod  tow ards targeting cancers.'™

1.4.2 Small molecule based VTAs

T he sm all m o lecu le  based  V T A s are dom inated  by th ose  sh ow n  to be m icrotubu le targeting  

agen ts, h ow ever  other sm all m o lecu le  V T A s h ave been  id en tified  and th ese  include the
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flavonoid compound, (5,6-dim ethyl-9-oxo-9H-xanthen-4-yl)-acetic acid (DM XAA) (1.42). Its 

mechanism o f  action is poorly understood, however recent reports suggest that it is a m ultiple 

kinase inhibitor interacting with VEGF receptors.’’ ’ Several derivatives o f  DMXAA have been 

synthesised, with sim ilar activity, where alkyl substituents have been positioned at various 

points throughout the parent structure.

O

HO.

O
( 1.42)

Figure 1.20: The Havonoid VTA DMXAA (1.42).

Animal studies have shown this com pound to induce a long term response to treatment over 60 

days in mice bearing CT-26 colon adenocarcinomas.'^^ Clinical trials have advanced to stage III 

in com bination with paclitaxel and carboplatin in treatment o f  squam ous and non-squam ous 

NSCLC following early stage clinical trials suggesting a 5 month median survival advantage in 

treated patien ts.'’  ̂ However in two stage III clinical trials, patients treated with (1.42) showed 

no extended survival time relative to the placebo group.

1.4.2.1 Tubulin binding agents

The m ajor family o f  small m olecule VTAs interact with the dynamic polym erisation o f  tubulin 

as it begins to form the m icrotubules. Tubulin is a small protein with a m olecular weight o f 

approximately 55 kDa existing mainly as a- and P-tubulin heterodim er although other forms do 

exist in addition to several isoforms o f  both.‘^̂  When these heterodim ers o f  a- and p-tubulin 

associate together head-to-tail they begin to form the protofilaments, which m erges laterally as a 

band o f  thirteen such protofilam ents to form long hollow cylinders known as microtubules 

(M Ts). These are important com ponents o f  the cytoskeleton involved in various cellular
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functions, most pertinently in the regulation o f cell division, segregation o f chromosomes and 

intracellular transport.'’ ^

The dynamic polymerisation maintains a state o f flux in which the size o f the M T remains the 

same until it is signalled to rapidly polymerise or depolymerise, for example at various 

occasions throughout the cell cycle. Tubulin is polar, w ith the GTP bound a.p-heterodimeric 

subunit being added to the polymerising “ plus end”  only, while depolymerisation is observed 

only at the "minus end” . This allows three modes o f M T flux; polymerisation, depolymerisation 

and treadmilling, where polymerisation and depolymerisation occur at similar rates, ultimately 

maintaining constant M T length. This polymerisation finds significant importance during 

mitosis, forming the mitotic spindle, the support structure that segregates chromosomes during 

the process.'’ ’  Affecting this dynamic polymerisation during mitosis, arrests the cell cycle, 

providing a target commonly exploited by conventional chemotherapy including paclitaxel.’’ * 

The dynamic polymerisation o f the MTs is illustrated in Figure 1.21.
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Figure 1.21: Microtubule dynamics.” ’
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T h e  tu b u h n  p ro te in  has  lo n g  p ro v e n  to  be  a  h o t-b e d  o f  r e se a rch  in to  c a n c e r  c h e m o th e ra p y .  A 

w id e  ran g e  o f  c o m p o u n d s  h av e  exe r te d  an in f lu en ce  on  tu b u l in  p o ly m e r is a t io n ,  c la s s i f ie d  as 

b e in g  m ic ro tu b u le  s tab i l is in g  o r  m ic ro tu b u le  d e s ta b i l i s in g  in th e i r  e ffec t .  T h e re  h a v e  b ee n  

sev e ra l  iden t if ied  b in d in g  d o m a in s  re la t in g  to  d if fe ren t  c la s se s  o f  c o m p o u n d s .  T h e  first 

c o m p o u n d s  s h o w in g  M T  ac t iv i ty  w e re  the  v in c a  a lk a lo id s ,  v in b la s t in e  { 1.4 3 ) and  v in c r is t in e  

{ 1.4 4 ). T h e se  c o m p o u n d s  b in d  to  the  tu b u l in  h e te ro d im e r  w i th  a  h ig h  a ff in i ty  in s to ic h io m e t r ic  

eq u iv a le n ts  at a  d is t inc t  s i te  in the  P -su b u n it  o f  tu b u l in ,  p re v e n t in g  th e i r  p o ly m e r i s a t io n .  T h e y  

h a v e  fo u n d  use  in t r e a tm e n t  re g im e n s  for  n o n - H o d g k in ’s ly m p h o m a  a n d  a c u te  ly m p h o b la s t i c  

le u k a e m ia  (A L L ) . '* “ T h e i r  s ide  e f fec ts  in c lu d e  h a i r  loss  an d  pe r ip h e ra l  n e u r o p a th y . ' ”

"„H
HN

P ^ '  OH

R=CH3 (1.43)
R=CHO (1.44)

Figure 1.22: Vincristine and vinblastine which interact at the vinca alkaloid site.

O th e r  m a jo r  b in d in g  si tes  in th e  tu b u l in  s t ru c tu re  in c lu de  th e  ta x a n e  b in d in g  s ite ,  th e  c o lc h ic in e  

b in d in g  s ite  an d  th e  m o re  recen t ly  d is c o v e re d  la u l im a l id e  b in d in g  s ite . '* '  T h e  ta x a n e  b in d in g  

s i te  in th e  su b u n i t  is w h e re  pac l i taxe l  {1. 04) an d  d o ce ta x e l  {1. 45 ) ex e r t  th e i r  e ffec t ,  s tab i l i s in g  

th e  M T s ,  p re v e n t in g  th e i r  d is a s se m b ly  d u r in g  th e  f inal s tag es  o f  m i to s is .  T h e y  h a v e  fo u n d  b road  

s p e c t ru m  u sa g e  b e in g  a p p ro v e d  fo r  t r e a tm e n t  o f  ov a r ia n ,  b rea s t  a n d  lu n g  c a n c e rs . '^ ’ O th e r  

a g e n ts  like ep o th i lo n e  A  (1.46)  an d  d is c o d e rm o l id e  ( 1.47)  in te rac t  w i th  th is  s i te ,  s h o w in g  m o re  

p o te n t  s tab i l i sa t io n  o f  th e  MTs, '*^ w i th  d is c o d e rm o l id e  a lso  s h o w in g  s y n e rg is t ic  su p p re s s io n  

w i th  p ac l i ta x e l  in th e  t r e a tm e n t  o f  N S C L C s. '* ^
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NH
P h ^ '  O

' M
HO O '"

R1 = OAc, R2 = Ph ( 1.04) 
R1 = H, R2 = tBu ( 1.45)

( 1.46)

OH OH NH2 "

( 1.47)

Figure 1.23: Tubulin binding agents acting at the taxane site.

O f most interest from a VTA perspective is the colchicine binding site, located in the p-subunit. 

As suggested, colchicine (1.48)  binds at this site in addition to the lignan podophyllotoxin (1.49) 

and combretastatin A-4 (CA-4) (1.50). The slow binding o f colchicine to the heterodimer results 

in conformational changes o f the dimer’ s secondary structure, preventing its subsequent 

association with other such species. Additionally, colchicine is not able to bind to already 

polymerised tubulin,'*^ binding irreversibly however to the unpolymerised heterodimer.'*’

In addition to their anti-tubulin polymerisation effect, these compounds all show a disrupting 

effect on the vasculature with the same holding for the vinca alkaloids.'** However, the majority 

o f these effects in the majority o f compounds are evidenced only at concentrations near the 

maximum tolerated dose (MTD). The exception is CA-4, where this effect is seen at one tenth 

o f its maximum tolerated dose, offering a wide therapeutic window. Consequently, this simple 

stilbene has served as a lead compound for the synthesis o f a wide variety o f families o f VTAs 

capable o f acting at the colchicine binding site.'*^ Its relative non-toxicity compared to 

colchicine, is likely to arise from its reversible binding kinetics, and faster metabolic turnover 

thus shortening its exposure time to the tissue.'**

37



OH,
HI O

OH

O

( 1.48) ( 1.49) ( 1.50)

Figure 1.24: Compounds acting at the colchicine binding site.

The vascular effect o f CA-4 has been postulated to result from its role in the disruption o f a 

number o f complex signalling pathways, including the RHO/RHO-kinase pathway and the 

myosin light chain pathway.'*’  Upon binding to tubulin, the disruption o f MTs in the interphase 

stage o f mitosis, commences rapid signalling between the MT and the globular multifunctional 

protein actin. The effect o f these is to lead to the increased polymerisation o f actin, forming 

stress fibres increasing the distance between cells, disrupting their junctions allowing EC 

detachment from the vascular wall, thus increasing the vascular permeability. This increased 

permeability contributes to increased leakiness o f the vasculature, with the consequential 

leakage o f macromolecules leading to a greater interstitial pressure on the vasculature. This 

increased stress leads to further blebbing o f the endothelial cells,'’ ® mediated by the stress 

activated protein kinase 2 (SAPK2), further disrupting the integrity o f the blood vessels. The 

increased pressure on the tumour vasculature results in the stacking o f red cells as illustrated in 

Figure 1.25. Finally, the endothelial cells detach completely, the vascular wall collapses and 

tumour cell death occurs en masse due to the major obstructions in blood flow and ischaemic 

necrosis o f tumour tissue.'*’  Contrary to this accepted view o f the vascular disruption caused 

by CA-4, a recent report suggests that another mechanism must be involved in the anti-vascular 

effect afforded by CA-4-P. This theory followed the observation that there was in fact no that 

elevation o f interstitial pressure upon its administration.'’ ^
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Figure 1.25: Schem atic showing the vascu lar d isrup tion  upon CA-4 treatment.'**"’

1.4.2.2 Analogues of Combretastatin

A number o f  natural and synthetic analogues o f  CA-4 have been described including the 

disodium phenolic phosphate ester prodrug, CA-4 phosphate (CA-4-P) (LSI)  and its isomer 

CA-1 (1.52), whose phosphate ester prodrug (1.53) has shown improved potency relative to 

CA -4-P with doses o f  50 mg/kg sufficient to delay the growth o f  colon tum our MAC29 in mice, 

relative to 150 mg/kg required for CA-4-P to exert an e f f e c t . T h e  phosphate prodrug serves to 

increase the solubility o f  combretastatin and is quickly cleaved by endogenous non-specific 

phosphatases in v/vo.'’"* In trials, the benefits relating to its safety profile are profound. In blood 

flow studies in P22 carcinosarcom as, the drug decreased perfusion in tum ours 100 fold, whereas 

this effect was not replicated anywhere else. The nearest sim ilar effect in normal tissue was the 

transient 7-fold reduction in blood flow in the spleen, showing the high selectivity that CA-4 

possesses towards the targeting o f  cancer.'’ ’ CA-4-P and C A -l-P  have both advanced towards 

clinical trials with very few toxic effects noticed with the exception o f  tum our pain at moderate 

doses and reversible ataxia at doses exceeding the therapeutic dose required for reduction in 

tum our blood flow.'^^ Phase lb  trials showed tolerance to CA4-P in treatm ent with carboplatin 

and paclitaxel.'^’ Phase II trials using the same com bination in recurrent platinum resistant
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ovarian cancer showed a response in 5 out o f  18 patients studied, with side effects including 

hypertension easily treatable by glyceryl t r in i t r a te .D e s p i te  the activity o f  CA-4 and its low 

toxicity, neither itself nor any o f  the multitude o f  analogues synthesised have as o f  yet been 

approved for clinical use by the FDA. The prodrug AVE 8062 (1.54)  does however exhibit a 

better solubility profile than any other combretastatin'^^ and is currently undergoing phase 111 

clinical trials in patients with advanced-stage soft tissue sarcoma.^°°

OR

OR

Na
Na

( 1.51)
R=H ( 1.52) 

R =P03N a2C 7.53J

OH
NHo

( 1.54)

F igure  1.26: N a tu ra l  c o m b re ta s ta t in  ana logues  a n d  th e i r  p ro d ru g s

The inherent instability o f  CA-4 as it isomerises to its significantly less biologically active trans 

isom er (1.55)  spontaneously and in vivo necessitates the abundance o f  research into the 

synthesis o f  its derivatives. Iso CA-4 (1.56)'" '̂’ and phenstatin (1.57)^'" both retain activity, 

suggesting the importance o f  m aintaining the proximity between the two aryl rings. 

A ccordingly, the majority o f  synthetic work has focussed on the m aintenance o f the important 

stereochem istry around the alkene, with incorporation o f rings o f  varying sizes and use o f 

different bioisosteres usually used to achieve this o b je c t iv e .W h ile  many different compounds 

have been synthesised; for example with varying ring sizes (1.58),̂ °  ̂ use o f  heterocyclic rings 

including indoles (1.59)̂ "'’ and imidazoles (1.60)̂ ^^ and isosteric changes such as sulfonamides 

(1. 61)  which maintain the required orientation between the aryl rings, we are still awaiting a 

suitable clinical candidate that dem onstrate improvement on the activity o f  prodrug forms o f 

CA-4.
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( 1.55)

O.

X=CH2 ( 1.56)  
X = 0  ( 1.57) ( 1.58)

OH

HN

OH

( 1.59) ( 1.60) ( 1.61)

F igu re  1.27: A  b r ie f  account o f s tru c tu ra l m od iflca tions  m ade to the com b re tas ta tin  scaffo ld .

1.5 Aims of project

To date, study data generated by former PhD students from the Walsh group has resulted in the 

generation o f several series o f potent inhibitors o f tubulin polymerisation as well as dual acting 

hybrids targeting tubulin dynamics and APN. While compounds within this work show 

undoubted promise, the idea o f creating designed multiple ligands or indeed appending on other 

molecular targets has to date not been explored, other than those targeting APN to our most 

studied tubulin inhibitor RSI 80. The aims o f the project are therefore to;

1) Design, synthesise and evaluate a novel series o f designed multiple ligands (DMLs); by 

exploiting the carbonyl functionality on our lead tubulin inhibitors R S I80 and G S I17 to 

attach the zinc chelating hydroxamic acid functionality for recognition by APN.

2) Design and synthesise an isomeric form o f RSI 80.
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3) Design, synthesise and evaluate a novel DML, targeting tubulin polym erisation and 

APN, that incorporates the 1,3-diketone functionality o f  curcum in into R S I80. 

Curcumin is one o f  the active constituents found in the rhizome o f the natural spice 

Curcuma longa that is a known inhibitor o f  APN and is being widely investigated for its 

potential role in the treatm ent o f  different cancer forms.

4) Design synthesise and evaluate hybrids that merge tubulin inhibitors discovered by the 

Walsh group with artesunate, a classical anti-malarial but also an inhibitor o f  tumour 

angiogenesis.
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Chapter 2

2.1 Introduction

A s referenced in the introductory chapter, com pounds  bearing hydroxam ate  functional groups 

have show n  strong inhibitory activity against the zinc centred m etailoprotease enzym es 

implicated  in functions such as tum our  growth, invasion and metastasis. H ydroxam ic  acids have 

show n to be up to 1000 fold m ore active than their  carboxylic  acid counterparts  at b ind ing  with 

am inopeptidase  N (APN ), h istone deacety lase (H D A C ) and m atr ix  m etalloproteinases 

(M M P s) .’* This results from the closer b identate  coordina tion  o f  the hydroxam ate  group  to 

the Zn^* metal centre located with in  their binding sites.^°^^°* A num ber  o f  hydroxam ic acid 

based d rug  candidates have been identified exhibiting  prom inent an ti- tum our activity ta rgeting 

these enzym es including vorinostat used clinically for the trea tm ent o f  cutaneous T  cell 

lym phom a (C T C L ) and Sezary syndrome,''*^ proving the potential clinical application o f  

co m pounds  bearing this functional group. In principle, it was feh  that our tubulin-targeting  

architectural design was suitably functionalised, especially with the carbonyl m oiety, to a llow 

for the incorporation o f  a hydroxam ic acid moiety to  ultimately provide us with  dual-targeting  

inhibitors o f  tubulin po lym erisation  and A PN  (Figure 2.1).

The w ork  described in this chapter  is focused on  the synthesis  and evaluation  o f  a novel class o f  

D M L s w here  the hydroxam ic acid m oiety is conjugated  to the tubulin  b ind ing  agents previously 

synthesised  within the group.^”  ̂ W ith both ta rge ting  g roups  incorporated it is expected  that these 

com pounds  will exert anti-proliferative, anti-metastatic ,  an ti-angiogenic and anti-vasculature 

effects.
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The previous woric undertaken within the group has focussed on the developm ent o f  compounds 

shown to exert an anti-tubulin effect sharing structural properties with those o f  CA-4 (1.50) and 

colchicine (1.48). A series o f  optim isation steps resulted in the developm ent o f  a 

pharm acophore containing features including a trim ethoxyaryl ring (A-Ring) which is bound to 

another arom atic ring containing a phenolic oxygen (C-ring), through either a 6 or 7-membered 

aliphatic ring (B-ring), ideally containing a carbonyl functionality at C-7. Tubulin inhibition 

studies have been shown the potency of^°^ these com pounds based on the method o f  Shelanski 

et al.^'” Following these results, a structure-activity relationship (SAR) has been devised for this 

family o f  com pounds showing the important aspects o f  the molecule required for activity as 

microtubule targeting agents theoretically binding to the colchicine binding site^" as outlined in 

Figure 2.1.

R i=R2=Ri=()M c. R4 = H • highest activit> 
R,=H. Rj=R3=R4 » O Me - no activity

6. 7 membered rings show
activity

C=0 . C-OH.
CM) all active.

C-NII2 inactive.

Double bond vital for activilv

Small ckctron
donating groups

required
(i.c O il. N il,)

11urd group here 
deactivates compound

Methoxy group required 
in this position for activit)'

I) Ring only supported if 
there is an unsubstituted A 

Ring.
Methoxy groups mast adopt this 

configuration.

Figure 2.1: P harm acophore m ap of com pounds previously synthesised w ithin the research group.

The tw o archetypal com pounds originating from these studies are RS180 (2.01) and GS117 

(2.02). The work described in this chapter describes the m odification o f  these com pounds to 

create a family o f  novel DMLs that have exploited the carbonyl moiety to introduce the 

hydroxamic acid functionality via an oxime ether linker unit (Figure 2.2).
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R=-OH, (2.01) 
R=-NH2 (2.02)

" O

— N

O
NH

\
o, R=-OH, n= I f z o a ;

R=-OH, n=2 ( 2.04) 
R=-OH, n=3 ( 2.05)  
R=-NH2, n=1 ( 2.06)

Figure 2.2: Lead compounds (2.01)  and (2.02)  and the planned hydroxam ic acid designed multiple

ligands (2.03-2.06).

A t the conclusion o f their respective synthetic procedures, each o f these compound’s biological 

activity was measured for activity against A P N ,'’ '̂' cellular proliferation^'^ and migration^'’ 

potential o f PC-3 cells.

2.2 Overview of Synthetic Strategy

As exemplified in Scheme 2.1 with one example, our target compounds would first require the 

synthesis o f the C-ring protected derivative (2.07), the preparation o f which has already been 

optimised by other members o f the group.^®’ '’’ Following its synthesis, the condensation 

reaction at the C-7 carbonyl position with (O-carboxymethyl) hydroxylamine was expected to 

afford (2.09), the oxime ether with a terminal carboxylic acid group. While this intermediate 

upon tetrabutylammonium fluoride (TBAF) deprotection was not anticipated to inhibit APN, it 

nevertheless was expected to serve as an important control later when determining the 

contribution o f the hydroxamic acid moiety to overall APN inhibition. Following formation o f 

the activated pentafluorophenol (PFP) ester (2.10), reaction with N H 2OH.HCI should yield the 

hydroxamic acid (2.11), the TBAF mediated deprotection o f which should afford the target 

hydroxamic acid (2.03). W ith the use o f 0-alkylhydroxylamines bearing increased chain lengths 

it should be possible to ultimately yield hydro.xamic acids (2.04)  and (2.05). In the synthesis o f
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(2.06), the same strategy as that used for (2.03)  should be possible, albeit w ith an aniline 

substituted C-ring in place o f the phenol.

OPfpOH

"OTBDMS'OTBDMS OTBDMS

-=N-=N

( 2.07) ( 2.09) ( 2.10)

OH
>=N

' ^ O

'OTBDMS
O ,

p OH
>=N

OH
O ,

(2.11) ( 2.03)

Scheme 2.1: Pathway toward the hydroxamic acid family of DIMLs

2,3 Synthesis of 2̂.

In brief, the approach toward the synthesis o f (2.07), involves the preparation o f both the fused 

AB ring system (2.12)  and the TBDMS protected bromophenol (2.13). Organolithium coupling 

o f these compounds yields the tricyclic ring structure (2.14)  which can be oxidised to furnish

(2.07).
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OH
(i) (ii)

OH
O TB D M S

'O T B D M S

( 2 .12) ( 2 . 13)
( 2. 14) ( 2.07)

(i) BuLi, ( 2. 13), TH F, N2.12 h, 5 9 %  (ii) ( 2 . 12)  (iii) D ess-M artin  P e r io d in a n e , DCM, 5  m in, 8 7%

Scheme 2.2: Coupling reaction of (2. 12) and (2. 13) to form the tricyclic ring structure.

The following section describes the synthetic pathways undertaken towards the synthesis o f  

these intermediates and their subsequent coupling reaction allowing completion o f the synthesis 

(2. 07).

2.3.1 Preparation of the fused AB ring system.

The important intermediate (2. 07)  has previously been synthesised using the multi-step 

procedure described by Hudson during the course o f  her Ph.D r e s e a r c h . T h e  first step in the 

synthesis o f  the AB bicyclic structure involved coupling o f  2,3,4-trimethoxybenzaldehyde 

(2. 15)  to malonic acid by reflux in pyridine/piperidine (44:1 v/v ratio). This afforded (Z)-3- 

(2,3,4-trimethoxyphenyl)acrylic acid (2. 16)  in a high yield o f  95%, while introducing the 

eventual carbonyl functionality at C-7 o f (2. 01). O f particular note in this and in subsequent 

steps in the synthesis is the scale up o f the process relative to Hudson’s report. Previously, 10 g 

(51.00 mmol) o f  (2.15)  was the largest amount o f  starting material that could be used. However, 

it was realised this could be scaled up five fold permitting amounts o f  starting material as high 

as 50 g (255.00 mmol), useful for generating larger amounts o f  (2. 07)  in similar timeframes. 

Following successful synthesis o f  (2. 16),  the benzylic alkene was reduced under an atmosphere 

o f H2 using 10% Pd/C as catalyst in a 1:1 mixture o f  ethanol (EtOH) and ethyl acetate (EtOAc) 

to yield 3-(2,3,4-trimethoxyphenyl)propanoic acid (2. 17)  in quantitative yield. Generation o f  its 

acyl chloride (2. 18) using oxalyl chloride in dry dichloromethane (DCM) with a catalytic
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amount o f N, A^-dimethylformamide (D M F ) under N 2 , facilitated its N, N- 

dimethylaminopyridine (D M A P ) catalysed coupling to M eldrum ’s acid to yield the adduct 

(2.19) as outlined in Scheme 2.3.

(i) M alon icacid , pyridine, piperidine, 100 °C , 5 h, 95%  (ii) H 2 , Pd/C, E tO H /EtO A c, 48  h, 100%  

(iii) Oxalyl chloride, DM F, D C M , N 2 , 2 h (iv) M eldrum's acid, D M A P, D C M , 1 h,

Scheme 2.3: Synthesis of Meldrum ’s acid adduct (2. 19).

Subsequently, (2.19) underwent methanolysis in a 4:1 mixture o f toluene and methanol, 

furnishing the p-ketoester (2.20) in a yield o f 82.5%  over the two steps from compound (2.17). 

Reduction o f (2.20) to alcohol (2.21) was swiftly facilitated by treatment with sodium 

borohydride (N aB H 4 ) at 0 “C for 3 h in 83%  yield (Scheme 2.4).

( 2.15) (2.16) ( 2.17)

( 2.18) ( 2.19)

(2.19) ( 2.20) ( 2 .21)

(i) Toluene/methanol (4:1), 3 h, 120 °C, 82.5%  (II) NaBH4 , MeOH, 0 °C, 3 h, 83%

Scheme 2.4: Synthesis of methyl ester (2.21).
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The /er/-butyldiphenylsilyl (TBDPS) protected alcohol (2.22) was afforded in 86% yield by 

imidazole catalysed reaction with /er^-butyldiphenylsilyl chloride (TBDPSCI) in DMF 

following overnight reaction at room temperature. Hydrolysis o f (2.22) using 2.5 M aq. NaOH 

in MeOH and THF at 0 °C over 12 h afforded the acid (2.23) in high yield.

O TB D PS

( 2 .22)

O TB DPS

HO

( 2.23)

OH

( 2 .21)

(i) TBDPSCI, Imidazole, DM F, 12 h, 75%  (ii) 2 .5  M NaO H, TH F/M eO H , 12 h, 86%

Scheme 2.5: Synthetic pathway tow ard (2.23).

The synthesis o f the fused AB ring (2.25) was accomplished using the intramolecular SnCU 

catalysed Friedel-Crafts acylation reaction at 0 ”C over 1 h between the aromatic ring and the 

carboxylate group o f (2.23)}^^ subsequent to its conversion to acyl halide (2.23) using oxalyl 

chloride in the same manner as that used in the synthesis o f the Meldrum’s acid coupled product 

(2.19).

(i)

OTBDPS

( 2.24)

O TBDPS

HO

( 2.23)

O TBDPS

( 2.25)

(I) Oxalyl chloride, DMF, DOM, N2 , 0 °C, 2 h, (ii) SnCU, DOM, N2 , -10 °C, 1 h, 55%

Scheme 2.6: Synthesis o f bicyclic AB ring structure (2.25).

Removal o f the TBDPS protecting group using a 1 M solution o f TBAF in THF over 6 h 

afforded the alcohol (2.12), required for the coupling reaction detailed in Scheme 2.2, in a yield 

o f 76%. Care was needed during the work-up procedure as the product appeared to degrade 

when the solvent was removed after placement in a water bath at elevated temperature. The
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solvent was removed using a stream o f N 2 gas before purification by flash column 

chromatography.

OH

( 2. 12)

O T B D P S

( 2.25)

(I) 1 M T B A F  in THF, THF, 0  °C , 15  min, 7 6 %

Schem e 2.7: T BA F deprotection o f  (2.25).

2.3.2 Preparation o f the C-ring.

An efficient three step procedure beginning with the Dakin oxidation o f (2.26) using meta- 

chloroperoxybenzoic acid (MCPBA) in DCM at 0 °C facilitated the synthesis o f  (2.13). This 

afforded the formate ester (2.27), isolated in crude form before its hydrolysis in 2.5 M aq. 

NaOH to yield the phenol (2.28). Subsequent /er/-butyldimethylsilyl (TBDM S) protection using 

/er/-butyldimethylsilyl chloride (TBDMSCT) in a similar fashion to the TBDPS protection 

detailed in the previous section afforded the desired C-ring compound (2.13).

Br Br Br Br

(i) o

^ [ = ^ 0  H 'Y '  'O T B D M S

O ^ O O ^

( 2.26)  ( 2.27)  ( 2.28) (2.13)

(I) MCPBA, DCM, 0  °C, 2 4  h (ii) 2 .5  M NaOH, MeOH, 80%  (iii) TBDMSCI, Imidazole, DMF, 89%

Schem e 2.8: Synthesis o f  the C -R ing (2. 13).
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2.3.3 Completed synthesis of compound (2.07).

The completion o f the synthesis o f (2.07)  was accomplished using the pathway as outlined in 

Scheme 2.2. Lithium-halogen exchange is a common mechanism o f forming aryl carbanions 

under relatively mild conditions. In this case bromobenzaldehyde (2.13)  was treated with an 

excess o f n-butyllithium (BuLi)^'* in THF at -78 °C, forming the reactive organolithium species 

(2.29) w ithin 20 min. Upon addition o f (2.12)  to this intermediate, nucleophilic attack on its free 

carbonyl led to the formation o f the tertiary alcohol (2.30)  which eliminated upon acidic work 

up to furnish (2.14). The mild oxidation o f the allylic alcohol o f (2.14)  using Dess-Martin 

periodinane (DMP)^'’  functioned as expected to complete the synthesis o f (2.07).

O'

OTBDMS OTBDMS

OTBDMS
(2. 13) ( 2.29)

( 2.30)

'OTBDMS 'OTBDMS

O

\
( 2.14)

Scheme 2.9: Halogen-lithium exchange mediated formation of (2.14).
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2.4 Synthesis of the hydroxamic acid family of compounds.

Having successfully com pleted the synthesis o f  (2.07),  it was now possible to manipulate this 

compound in new ways. As the m ajor objective o f  this work was to synthesise a series o f 

com pounds possessing hydroxamic acids linked to the R S I80 (2.01)  scaffold by means o f  an 

oxime ether functionality at the C-7 position, the reactivity o f  this carbonyl to nucleophilic 

substitution relative to the Michael accepting centre was first investigated. This was in order to 

ensure these undesired side reactions were avoided. If the incom ing nucleophilic amine were to 

attack the B-ring’s alkene centre, the loss o f  unsaturation in the B-ring would be severely 

detrimental to the activity o f  this series o f  compounds, as evidenced by earlier data on the 

dihydro derivative o f  (2.01).  As a test case and following a procedure used by O ’Byrne,^'* 

NH20H.HCI was added to (2.07)  in H 20/E t0H  (4:1) form ing the oxim e (2.31)  within 2 h in 

high yield to give a 1:1 mixture o f  syn and anti-isomers. Although it was possible to separate 

these isomers from each other, their spontaneous interconversion was observed over time 

rendering their separation futile. For this reason, all oxim e interm ediates within this series 

remained as a m ixture o f  isomers.

The obvious potential for the phenol deprotected derivative o f  this interm ediate to also inhibit 

tubulin polym erisation (2.01)  and as a control for the APN assay, dictated that an appropriate 

amount o f  it be subjected to the conditions required for the liberation o f  the phenol moiety. 

Thus the TBDM S group was removed using 1 M TBAF in THF over 10 min to afford (2.32).

O T B D M S O T B D M S

O H

O ,
\

o.
\

O .
\

( 2.07) (2.31) ( 2.32)

(i) N H 2O H .H C I, N aO A c , H jO /E tO H  ( 1 :4), 1 h, 7 6 %  (ii) 1 M T B A F  in T H F , T H F , 15  m in , 9 7 %

Schem e 2.10: S yn thesis  o f  ox im e (2.32).
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Upon completion o f the successful synthesis o f (2.32), an analogous oximination reaction step 

using (O-carboxymethyl) hydroxylamine hemihydrochloride was used to introduce an oxime 

ether spacer group at the C-7 position o f (2.07)  to give the carboxylic acid (2.09). Following the 

synthesis o f the activated PFP ester (2.10)  using standard 7V,A^'-dicyclohexylcarbodiimide 

(DCC) coupling methods, the hydroxamate functionality was afforded follow ing the hour long 

reaction with NH 2OH.HCI in H2O and EtOH. This reaction was also attempted using DMF as a 

solvent with DIPEA functioning as the tertiary base. While the reaction proceeded sw iftly to 

completion, it was noted that the DMF was d ifficu lt to remove from the product, resulting in 

reduced product purity. The product o f this reaction (2.11)  was deprotected using 1 M TBAF in 

THF as previous to yield the hydroxamic acid (2.03), in 86.4% yield.

OPfpOH

O TB D M S'O TBDM S'O TBDM S

•= N -= N

( 2.07) (2.09) (2.10)

(iii)

OH
•= N

'O TBDM S

(iv)

NH
O OH

■=N

OH
O.

(2 .11) ( 2.03)

(I) (O-carboxym ethyl)hydroxylam ine hemihydrochloride, NaOAc, E t0 H /H 2 0 , 4 h, 76%  (II) P FP O H , DCC, 
D CM , 1 h, 89%  (iii) N H 2O H .H C I, NaOAc, E t0 H /H 2 0 , 30 min 54%  (iv) TBAF, TH F, 15 min, 86%

Scheme 2.11: Synthesis of (2.03).
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2.4.1 S pectral in te rp re ta tio n  o f (2.03)

High resolution mass spectrometry (HRMS) analysis o f  the compound gave an m/z o f  459.1778  

corresponding to the mass o f  the protonated form o f  (2.03). The infra-red (IR) spectrum shows 

peaks at 3425 cm ', 3135 cm ‘ and 1674cm ‘ corresponding to 0 -H , N-H and C = 0  stretches 

respectively. As in the case o f  the oxime (2.33) .  the hydroxamic acid (2.03)  and its 

intermediates through the synthetic pathway existed both in syn and anti- forms at the oxime 

ether position, exhibiting the same or very similar RfS to each other making their separation very 

difficult. Taking into consideration the spontaneous interconversion between the isomers of 

(2.33), it was decided to not make any further attempt to isolate (2.03)  in both its syn and anti 

forms after initial purification using preparative thin layer chromatography (TLC). As a result 

the spectra obtained on (2.03) ,  showed a significant doubling o f  some peaks indicative o f  an 

approximate 2:1 ratio between the major and minor isomers.

Signals corrsesponding to each isomer is most evident in the region between 4.5 to 5.0 ppm, 

where two peaks are witnessed. These integrate together for two protons and can be assigned as 

two singlets corresponding to the protons o f  the oxime ether linkage, shifted far downfield 

resulting from significant deshielding as they neighbour both an oxygen atom and a hydroxamic 

acid. The four methoxy groups in this compound show significant doubling o f  peaks in the 

region between 3.64 ppm and 3.95 ppm, as do the two CH2 units within the B-ring seen as 

multiplets between 2.76 ppm and 3.03 ppm. The aromatic and double bond region shows five 

protons with similar degree o f  signal overlap between isomers. Two broad singlets complete the 

spectrum; at 5.78 ppm the phenolic hydroxyl group can be observed, whereas the broad singlet 

seen at 8.34 is attributable to the proton attached to the nitrogen o f the hydroxamate moiety.

The doubling o f  signals is more pronounced in the ’̂ C NMR spectrum with the appearance o f  

42 signals in total in a compound that only contains 23 carbons in total Figure 2.4. Inspection o f  

the spectra show that the majority o f  these peaks however are paired, with each pair o f  peaks
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v is ib le  in an approxim ate 2:1 ratio su g g estin g  th is is the ratio o f  the p resence o f  the major 

isom er re lative to the m inor isom er. C on sid erin g  the pairing o f  the peak s, there are three pairs o f  

C H 2 p eaks v is ib le ; tw o  in the aliphatic region  corresp on d in g  to the ring C H 2 peaks, w h ile  

another pairing appears in the region  o f  70  ppm corresp on d in g  to the C H 2 unit in the o x im e  

ether com p on en t o f  the m o lecu le . T he m ethoxy  carbons d o  not sh o w  any pairing su g g estin g  

there is no d ifferen ce  in reson ance at these p osition s and accou n tin g  for there not b e in g  an exact  

d ou b lin g  in the am ount o f  peaks seen  in the spectrum . T here are ten CH sign a ls  in the arom atic  

region  corresp on d in g  to  the 5 CH carbons that are exp ected  in the structure. It is a lso  p o ss ib le  to 

ob serve a d ou b lin g  o f  the ester carbonyl peak at 167.6  ppm . T he hydroxam ate C = N  peak can be 

attributed to  that resonatin g  sligh tly  upfield  o f  the ester at 162 .7  ppm . S ix teen  quaternary peaks 

in the reg ion  from 128 .2  ppm to 159.3 ppm sh o w  the presen ce  o f  the exp ected  9 quaternary 

carbons.
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F igu re  2.3: 'H  N M R  sp e c t ru m  o f  (2.03).
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Figure 2.4: '^C N M R  spectra o{ (2.03).

2.4.2 Expansion of the linker between the RS180 and hydroxamate groups.

Following the successful completion o f the synthesis o f (2.03), it was decided to investigate i f  

chain length between the oxime moiety and the hydroxamic acid group affected activity. This 

objective should be attainable using 3-(aminooxy)propanoic acid (2.33)  and 4- 

(aminooxy)butanoic acid (2.34)  as the hydroxylamines in the oxime formation reaction with 

(2.07).

Cl o
(2.33) (2.34)

Figure 2.5: Hydroxylamine salts required for the synthesis of (2.04) and (2.05).
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As these compounds are not commercially available, their synthesis was required before further 

advancement. It has been shown that treatment o f  the benzophenone oxime with bases including 

Na metal and NaH produce the benzophenone oxime (2.35)  anion which can participate in the 

bimolecular substitution (SN 2 ) reaction to O-alkylate the oxime.^'^ Utilising the alkylation 

properties o f  the anion would theoretically lead to the synthesis o f  a benzophenone oxime ether 

which upon hydrolysis in aq. would result in an efficient pathway toward the required

functionalised hydroxylamines.

Benzophenone oxime (2.35)  is easily synthesised by reflux o f  benzophenone with N H 2OH.HCI 

in H 20/E t0H  over 10 h in near quantitative y i e l d . I n i t i a l  attempts toward the alkylation o f  

(2.35)  with the readily available 3-bromopropanoic acid (2.36)  and 4-chlorobutanoic acids 

(2.37)  to yield benzophenone oxime ethers (2.38)  and (2.39)  proved unsuccessful (Scheme 

2.12). The generation o f  the benzophenone oxime was afforded through use o f  2 equivalents o f  

either NaOMe, sodium metal or NaH. Following a reaction period o f  30 min, the cessation o f  H2 

gas evolution was noted with the observation o f  a discernible yellow colour o f  the oxime anion 

at its most intense with the use o f  NaH as base. Upon addition o f  the alkyl halides, either 3- 

bromopropanoic acid or 4-chlorobutyric acid, the quenching o f  the yellow colour suggested 

consumption o f  the oxime anion. Unfortunately, this was due to the acid base reaction between 

the anion and the carboxylic acid group o f  the alkyl halide. Further attempts to pre-form the 

carboxylate salts using DIPEA to circumvent the acid-base reaction with the oxime anion 

evidenced no improvements on reaction progress.
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o
(i)

N
,0 H

(A) (ii), (iii) or (iv)

(B) (vi) or (vi)

( 2 .35) n=1 ( 2 .38) 
n=2 ( 2.39)

(i) NH2 OH.HCI, EtOH/HzO (1:3), 10 h, 98%  (ii) 2 Eq Na°, 30 min, N2 , DMF (iii) NaH (60 %), Nj, DMF, 20 min (iv) 
NaOM e, DMF, N2 , 30 min, (v) 3 -b rom opropanoic  acid, DIVIF, 10 min (vi) 4-ch lorobutanoic  acid, DIVIF, 10 min

S ch em e 2 .12: In itia l a ttem p ts to w a rd s b en zo p h en o n e  o x im e  eth ers (2.38)  an d  (2.39) .

As illustrated in Scheme 2.13, it was ultimately decided to mask the acidic nature o f  the starting 

materials by effecting their esterification directing the oxime anion towards attack at their alkyl 

halide centre. The sweet smelling esters (2.40)  and (2.41)  were obtained by reaction o f  a 4 M 

1,4-dioxane solution o f HCI in EtOH over 12 h in moderate respective yields o f  48% and 37%, 

however these yields could easily be improved upon after taking particular care with the work 

up procedure. These products are volatile and prone to evaporation with the reaction solvent 

during the rotary evaporation step. These esters successfully alkylated the benzophenone oxime 

generated using NaH in DMF under an N 2 atmosphere as desired furnishing (2.42)  and (2.43)  in 

respective yields o f  50% and 43%. Finally, (2.33)  and (2.34)  were obtained as their HCI salts 

upon their overnight hydrolysis o f  both the oxime and ester groups using concentrated HCI in 

DCM at room temperature. These products were obtained as white powders following repeated 

washing with hexane to remove the benzophenone side product.
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o

X =B r, n=1 ( 2 .36)  
X =C I, n=2 ( 2 .37 )

(i)
O

X=B r, n=1 ( 2 .40) ,  48 %  
X=C I, n=2 ( 2 .41) , 37%

r
0 ^ 0

(iv)

a ) X =B r, n=1 ( 2 .42) ,  50%
b) X =B r, n=2 ( 2 .43) ,  4 3 %

O

%  
cr NH3

n=1 ( 2 .33) ,  70%  
n=2 ( 2 .34) ,  73%

(i) 4 M H C I/1 ,4 dioxane, E tO H, 12 h (ii) ( 2 .35) ,  6 0 %  N aH , N j, 30  min 
(iii) a ) ( 2 .40 )  or b) ( 2 .41) ,  10 h (iv) Cone. HCI, D C M , 12 h

Scheme 2.13: Synthesis of (2.JJ) and (2.34).

Having successfully synthesised (2.33)  and (2.34), the path to the synthesis o f compounds 

(2.04) and (2.05) was now clear. The procedure adopted was identical to that used to secure 

(2.03)  (Scheme 2.14). The synthesis o f these compounds was achieved with (2.07)  being 

converted to (2.04) and (2.05) with total percentage yields o f 17% and 52% respectively, 

comparing to 31.5% for the synthesis o f (2.03). The only change in reaction conditions needed 

was observed in the oximination reaction, where increased reaction times o f 24 h and 16 h were 

required for the synthesis o f (2.44) and (2.45)  respectively relative to the 4 h reaction time 

required for synthesis o f (2.09). In conclusion, the successful replication o f this synthesis should 

have further applications for future expansion o f the series o f compounds being prepared in the 

group, as it suggests that this is a robust pathway towards the synthesis o f hydroxamic acid 

based DMLs. By utilisation o f a wider variety o f linker groups for example, a large family o f 

these compounds could be synthesised based on this work. In fact, Coogan^^^ and Stack '̂"* have 

already applied this methodology to their work achieving the synthesis o f their own DMLs 

containing the hydroxamic acid functional group.
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O P fpOH

'O T B D M S'O T B D M SO T B D M S

>=N •= N

{ 2 .07) n= 2 , 85 %
n= 3 , ( 2 .45 ), 93 %

(iii)

O
^ N H  

0 - ( - 4 n  OH

(iv)

O T B D M S

n= 2 , ( 2 .48), 6 1 %  
n = 3 , ( 2 .49), 7 4 %

>=N

O H
O ,

n= 2, ( 2 .46), 4 6 %  
n= 3 , ( 2 .47) ,  8 9%

O
. V-NH

n= 2 , ( 2 .04),  7 2 %  
n= 3 , ( 2 .05) ,  85 %

(i) a )  ( 2 .33) ,  N aO A c, E t0 H /H 2 0 , 2 4  h o r  b )  ( 2 .34) ,  N aO A c, E tO H /H zO , 16 h (ii) P F P O H , D C C , 
D CM , 1 h (iii) N H 2O H .H C I, N aO A c, E 1 0 H /H 2 0 , 3 0  m in (iv) TBA F, T H F, 15 min.

Schem e 2.14: Final synthesis o f  com pounds (2. 04)  and (2. 05).

2.4.3 Spectra of (2.04) and (2.05).

In the 'H NMR spectrum o f (2.04) ,  the multiplet seen at 2.54 ppm corresponds to the methylene 

bridge adjacent to the carbonyl. Whereas this signal would be expected to resonate as a triplet 

similar to those seen in its precursor compounds including (2.40)  and (2.42),  the appearance o f  

less defined multiplet structures is attributable to the compound’s dual isomers. The multiplet at 

3 ppm integrating to 4 H shows no deviation from those expected from the B-ring CH2 protons. 

The multiplet at 3.72 ppm integrating to 2 H is consistent with that expected for a CH2 unit 

neighbouring an oxygen atom. Four signals integrate to a combined total o f  12 methoxy protons 

between 3.55 ppm and 3.95 ppm. Similar to (2. 03)  the splitting o f their signals is due to the 

appearance o f  a major isomer and a minor isomer o f the compound. The peaks in this region are 

consistent with those expected to arise from the 4 methoxy peaks in the system. A broad signal
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at 5 .8  ppm in d ica tes the p resen ce  o f  p h en o lic  proton, a su ggestion  supported by the exp ected  

disappearance o f  the T B D M S  groups in the furthest upfield  region . B etw een  6 .5  ppm  and 7 .0 0  

ppm  there are a ser ies o f  m ultip lets integrating to 5 protons, con sisten t w ith  the 1 a lk en e proton  

and 4  arom atic protons in the co m p o u n d ’s structure.

' ^ O

•=N
NHOH

OH
7.00 6.75
Chem ical Shift (ppm)

6.50

1h esp

1h.<

3.00 2.75
Chem ical Shift (ppm)

2.50

1 58 0.99 2 43 0.84
LJ LJ

7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 0.54.0
C hem ical Shift (ppm)

3.0 2.5 2.0

Figure 2.6: 'H N M R  spectrum of (2.04).

T h e ‘^C N M R  spectrum  a lso  su g g ests  the presen ce  o f  the com poun d  as a m ixture o f  its isom ers. 

In the region  b etw een  2 0  ppm  and 70  ppm , there are 8 C H 2 s ig n a ls , representing 4 pairs o f  

sig n a ls  for the four C H 2 carbons. T here are 4 sign a ls betw een  55 pm and 6 0  ppm , again  

con sisten t w ith  th ose  exp ected  from  the m eth oxy  substituted carbons. T en sign a ls appear 

b etw een  100 and 130 ppm  on the D E P T  90  con sisten t w ith  5 pairs o f  CH sign a ls . F inally  the 

peak  at 169.2  ppm su g g ests  that o f  the carbonyl group o f  the h yd roxam ic acid  fu n ction a lity . The  

peak at 164.3 is con sisten t w ith  that o f  the o x im e  quaternary carbon. F inally , the m ass spectrum
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shows an m/z ratio o f  493.1816 consistent with 493.1825, the calculated m/z o f  the sodium 

adduct o f  (2.04).

DEPT 90 2-04 esp

MHi i m i i i | m i | i i i i | i i i n t n i n i m n i n i i i i | i i i i | i i i i | i i i i | i i i i i i i M| i i t n i n n i i i n n n | i i i i f n iqiirTTTiTT| in i | n m i n i i m i p i i rTTnn i i i i | i n i | i n Ti mr ] i i i
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Chemical Shift (ppm)

F ig u re  2.7: N M R  sp e c tra  o f  (2.04).

The 'H NMR spectrum o f  (2.05)  is similar to that o f  (2.04)  showing multiplets integrating to 

two protons each at 1.4 ppm, 2.4 ppm and 3.7 ppm, consistent with the expected resonances o f  

the 6 protons in the oxime ether side chain. The methoxy groups show similar splitting o f  their 

signals as do the aromatic signals. There is abroad singlet peak at 8.18 ppm corresponding to the 

proton bound to the hydroxamic acid functional group’s nitrogen, while at 5.7 ppm, the broad 

peak o f  the phenolic proton is evident.

The '^C NMR spectrum displays a similar pattern to that seen in (2.04) ,  with an extra pair o f  

CH2 signals seen in the furthest upfield region, showing the extra carbon in the side chain. The 

quaternary peaks at 170.1 ppm and 165.4 ppm are consistent with the hydroxamate carbonyl
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carbon and the oxime carbon respectively. The m/z o f  487.2084 is consistent with that o f  the 

(M+H)' ion o f  487.2075.

2-05.esp

0 5 5  3.19 1.33 1.42 0.88 2.98 5.382.24 3.20 2.500.81 2.20 2 12
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Figure 2.8: *H NM R spectrum  of (2.05).

2-05 dept 90 esp

2-05 13C esp

Chemical Shift (ppm)

Figure 2.9: '^C N M R spectra o f (2.05).
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2.4.4 Synthesis of compounds (2.50) -  (2.52).

In order to quantify the expected importance of the hydroxamate functional group on biological 

activity, the carboxylic acid analogues (2.50)-(2.52) of these compounds were synthesised 

following the TBAF mediated deprotection of the carboxylic acid intermediates (2.09), (2.44) 

and (2.45). This step was performed with the high efficiency, affording each carboxylic acid in 

high yields o f 79% to 85% after 15 min reaction time.

OH

-=N

'OTBDMS
O ,

(i)
►=N

^ O

OH
O .

O^
. VOH

n=1, (2.09) 
n=2, (2.44) 
n=3, (2.45)

n=1, (2.50), 79% 
n=2, (2.51), 82% 
n=3, (2.52), 85%

(I) 1M TBAF in THF, THF, 0 °C, 15 min 

Scheme 2.15: Synthesis of the carboxylic acids (2.50)-(2.52).

2.5 Synthesis of aniline analogues of (2.03).

Further expansion of the series o f hydroxamic acid based DMLs was accomplished, replacing 

the C-ring phenol with an aniline group, while still bearing the ortho methoxy group as before. 

The synthesis o f aniline compound (2.02) has previously been accomplished by our group 

showing excellent anti-proliferative activity similar to that o f R S I80. It is anticipated that this 

C-ring modification would have similar improvements on the effects o f (2.03), while also 

providing an attachment point for small, neutral amino acids that are known substrates for APN. 

As previously mentioned. APN expression is known to be high in various tumours including 

those o f the thyroid, colon, and prostate."'''’ Accordingly, the attachment o f amino acids

cleaved by this enzyme, for example leucine, could lead to a more selective targeting o f these
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types o f  cancers, releasing compound (2.06)  in a more controlled manner at the tumour site 

similar to the colon cancer targeting amino acid prodrugs o f  5-aminosalicylic acid.^^^ 

Furthermore, the introduction o f  an amino acid could potentially enhance the water solubility o f  

these compounds.^^"* In order to study the effects o f  this modification, the synthesis o f  

compound (2.06)  and its aniline leucine conjugate, (2.53) ,  was accomplished as detailed in the 

following sections following the application o f  the palladium catalysed Suzuki-Miyaura 

reaction^^^ to form the tricyclic ring structure.

■=N

NH

OH

= N

NH

NH

( 2.06) ( 2.53)

F igure  2.10: S ynthe t ic  ta rg e ts  (2. 06)  a n d  (2.53).

2.5.1 The Suzuki Reaction

The versatility o f  the Suzuki reaction makes it a very useful tool in synthetic organic chemistry, 

originally facilitating the coupling between aryl organoboronic acids and aryl or vinyl halides 

using a palladium based catalyst.^^* The scope o f  the reaction has however been expanded since 

its initial report to include unconjugated compounds including alkyl halides as substrates^^^ 

following development o f  a range o f  novel catalysts^^* to improve the activation o f  this reaction. 

Further expansion has allowed the use of  “pseudohalides” such as triflates and tosylates as 

reaction substrates.^^’ Suzuki reactions have been used during important stages in the total 

syntheses o f  many natural products including the marine sponge derived MT stabilising agents 

discodermolide^^“ and epothilone A.” ' The coupling o f  7-membered rings containing vinyl
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triflates to a range o f organoboronic acids and esters has previously been reported,suggesting 

the possibility for adoption o f this synthetic methodology into the synthesis o f our compounds. 

This is advantageous, as the Suzuki protocol enables the employment o f milder reaction 

conditions, with the use o f water as a co-solvent simplifying the handling o f the reaction relative 

to the organolithium coupling detailed toward the synthesis o f (2.01). In the synthesis o f the 

aniline compounds, the vinyl triflate (2.54) and aryl boronic ester (2.55) are first prepared, prior 

to coupling using a Suzuki procedure (Scheme 2.16).

' O

OTBDPS
' ^ O

\ O
.0 ,

OTBDPS
O

NHBoc
NHBoc

(2.54) (2.55) (2.56)

(I) K2 C O 3 , Pd(PPh 3 )4 , Toluene/HzO/EtOH (6:1:1), 60 °C, 50 min, 83%

Scheme 2.16: Suzuki coupling of vinyl triflate (2.54)  and aryl boronic ester (2.55).

2.5.2 Preparation of the AB Ring system for Suzuki reaction.

The protocol developed within the group,^’'* involves the modification o f the TBDPS protected 

fused bicyclic ketone (2.25) to form the vinyl triflate (2.54). This transformation is effected in a 

single synthetic step in high yield o f 90% using the trifla ting reagent 2-[N,N- 

bis(trifluoromethylsulfonyl)amino]-5-chloropyridine to react with the oxygen centre o f the 

enolate anion o f (2.25) generated upon its treatment with lithium diisopropylamide (LDA) over 

2 hours at -78 “C in THF.
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(i) (ii)
OTBDPS

OTBDPS

(2.54)

(i) LDA, THF, -70 °C, 2 h (ii) 2-[N,N- Bis(trifluoromethylsulfonyl)amino]-5-chloropyridine, THF,-78 °C, 3 h, 91% 

Scheme 2.17: Single step transformation of (2.25) to (2.54).

2.5.3 Preparation of Aryl Boronic Ester C-ring.

5-Bromo-2-m etiioxyaniline, an intermediate synthesised and tcindiy donated by Coogan,^^^ was 

converted to the required boronate ester in two steps beginning with the /er/-butyl carbamate 

(Boc) protection o f the aniline following a 12 h reflux with di-tert-butyl dicarbonate at 90 °C in 

T H F  to afford (2.57). Another palladium catalysed cross coupling reaction conducted, in a 

similar vain to the Suzuki coupling, namely the M iyaura borylation^^^ o f (2.07) afforded the 

desired C-ring (2.55). in this example, the bromine was replaced with the boronate functionality 

following reflux with bis-pinacolatodiboron in D M S O  for 90 min at 80 °C using K O A c as the 

base and 0. 3 molar equivalents o f the widely used ferrocene derived catalyst PdCl2(dppf).^^''

(i) (ii)

NHBoc

NHBoc

5-Bromo-2-methoxy aniline (2.57) (2.55)

(i) Boc20,THF, 90 °C, 12 h, 89%  (ii) bis dipinacolatodiboron, 
KOAc, PdCl2(dppf) DM SO, 80 °C, 90 mln, 98%

Scheme 2.18: Synthesis of (2.55)
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2.5.4 Suzuki coupling of (2.54)  and (2.55).

The Suzuki coupling reaction to form (2.56) was mediated using the palladium catalyst 

Pd(PPh3 ) 4  as outlined in Scheme 2.16. The reaction conditions were carefully monitored as 

elevated temperatures were seen to lead to degradation of the products resulting in drastically 

lowered yields. Maintaining the temperature at 60 °C and no higher than 80 °C was an important 

requirement to effect this transformation, with the optimal reaction time observed to be 50 min. 

These conditions permitted the transformation to occur smoothly in conversion rates of up to 

83%.

2.5.5 Synthesis of compounds (2.06)  and (2.53).

TBDPS deprotection of (2.56) using a 3 h reaction time with TBAF in THF at 0 °C afforded the 

alcohol (2.58) in 81% yield. Following the oxidation of this alcohol with DMP at 0 °C over 10 

min, the ketone (2.59) was isolated in 82% yield. This intermediate was retained as it was 

necessary for the completion of the synthetic pathway toward (2.06). The 

fluorenylmethyloxycarbonyl (Fmoc) protected alcohol (2.60) was kindly donated by Breen^ ’̂ 

and similarly oxidised using DMP in 96% yield to yield ketone (2.61).

' " O

OH

NHR
O

OTBDPS

NHBoc
O

NHR
O

(2.56) R=Boc.(2.58) R=Boc, ("2.59; 82%
R=Fmoc, (2.60) R=Fmoc, (2.61) 96%

(1)1 M TBAF in THF, THF, 0 °C, 3 h, 81% (II) DMP, DCM, 0 °C, 10 min

Scheme 2.19: Synthesis of ketones (2.59)  and (2.61).

Whereas (2.59) was retained as seen in Scheme 2.19, the Fmoc group of (2.61) was removed 

using TBAF deprotection at 0 °C within 30 mins to yield the free aniline (2.02) f"Scheme 2.20).
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This allowed conjugation o f the aniline to Fmoc protected leucine. The reaction was activated 

using the peptide coupling reagent bromo-tris(pyrrolidino)-phosphonium hexafluorophosphate 

(PyBrop)^^^ to prevent racemisation o f the leucine group. The successful coupling was observed 

after a reaction time o f 6 h to afford the leucine conjugate (2.62)  in 86% yield.

NHFmoc
O

(i)

NH

O
(ii)

FmocHN

( 2.61)  ( 2 .02) ( 2 .62)

(I) 1MTBAF in THF, THF, 0°C , 30 min (11) N-Fmoc Leucine, PyBrop, DIPEA, DCM, 0 °C, 6 h, 86%

Scheme 2.20: Conjugation of (2.02)  to Fmoc-Leucine.

Following the isolation o f the ketones (2.59)  and (2.62),  they were reacted with (O- 

carboxymethyl) hydroxylamine hemihydrochloride using the same oximination procedure as 

previously described to yield oxime ethers (2.63)  and (2.64). A fter their conversion to activated 

PFP esters (2.65) and (2.66), they were reacted with N H 2OH.HCI over 1 h in H20/Et0H to 

introduce the hydroxamate functionality. Final compound (2.03)  was afforded via the 

deprotection o f the Boc protecting group using a 1:1 mixture o f TFA in DCM. After 2 min 

reaction time, the hydroxamic acid with the free aniline was isolated in yield o f 58%. As (2.62) 

is Fmoc protected, a different deprotection strategy was required, using the same TBAF 

approach as used in the deprotection o f (2.61). This transformation furnished (2.53)  in 54% 

yield.
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NHR
O,

(i)

OPfpOH
Op

•= N-= N
(ii)

NHRNHR
O ,

R=Boc, ( 2.59) 
R=Fmoc-Leu ( 2.62)

R=Boc, ( 2.63) 
R=Fmoc-Leu ( 2.64)

R=Boc, ( 2.65) 
R=Fmoc-Leu ( 2.66)

(iii)

NH p OHO
-= N>=N

R=Boc, (iv) 
R=FmocLeu, (v)

NHR NHR
O. O ,

R=Boc, ( 2.67) 
R=Fmoc-Leu ( 2.68)

R=H, ( 2 .06) 
R=Leu ( 2.53)

(I) (O-carboxymethyl) hydroxylamine hemihydrochloride, NaOAc, E10H/H20, 24 h 
(ii) PFPOH, DCC.DCM, 1 h (iii) NH2OH.HCI, NaOAc, EtOH/HzO, 30 min
(iv) 1:1 TFA/DCM, 0 °C, 2 min, 58% (v) TBAF, THF, 15 min. 0 °C, 54%.

Scheme 2.21: Final synthesis of compounds (2.06)  and (2.53) .

Tiie spectra o f compound (2.06)  siiowed distinct similarities with those observed for compounds 

(2.03)  to (2.05)  with particular closeness observed to that o f (2.03),  the phenol bearing the same 

chain length in the oxime ether side chain with its only CH2 signal observed as broad singlet at 

4.57 ppm. The spectra show the similar doubling o f peaks as previously observed. The NMR 

spectra o f (2.53)  show the similarities to that o f (2.06), the side chain protons appearing at 4.51 

ppm as a split singlet. There is the added complexity o f the leucine side chain, manifesting itself 

with 3 peaks in the furthest upfield region representative o f the leucine portion o f the conjugate; 

a doublet at 0.95 ppm, a multiplet at 1.5 ppm integrating to two protons and a multiplet at 1.75
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ppm corresponding to the aliphatic leucine protons. A dditionally, a broad peak at 8 .30 ppm 

suggests the presence o f  the amide bond supporting the structure o f  (2.53).
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2.6 Biological Evaluation of Compounds Synthesised in Chapter 2.

The biological activity o f  the compounds synthesised within this chapter was evaluated using 

three assay protocols. As stated in the introduction to this chapter these are the APN inhibition 

a s s a y , t h e  MTT cell proliferation assay^'^ and the cell migration assay.^'^ In total, nine 

compounds whose synthesis is described within this chapter were evaluated and are grouped as 

follows;

Group I : The three hydroxamic acid DMLs with the phenolic C-ring (2. 03), (2.04)  and (2. 05)  in 

addition to the oxime (2.32),  Group 2: The two aniline containing hydroxamic acid DMLs 

(2.06) and (2.53)  and Group 3: The three carboxylic acids (2.50),  (2.51)  and (2.52).

2.6.1 APN Inhibition Assay.

APN inhibition was determined using the spectrophotometric assay originally described by 

Melzig.'^"’'’ By measurement o f  the compound’s effect on the hydrolysis o f  the known APN 

substrate L-leucine-/?-nitroanilide (2.69)  to its yellow pigmented p-nitroaniline (2. 70)  over a 

range o f  concentrations including a dimethylsulfoxide (DM SO) blank in a 96 well plate using 

the Fluorstar Optima plate reader, the percentage inhibition at each concentration was calculated 

using the formula:

APN inhibition% = 100 -  [(absorbance o f  test sample/absorbance o f  DMSO blank)]* 100.

NH
N

NO

( 2.69)

NO.

( 2. 70)

Schem e 2.22: T he APN m ediated hydrolysis of su b stra te  L-leucine-p-nitroanilide.
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Non-linear regression analysis o f the plot of log concentration versus normalised percentage 

inhibition was performed using GraphPad Prism 5'’''̂  software to calculate the IC50 values in |iM 

for each of these compounds, the results of which are tabulated in Table 2.1. The IC50 were 

measured relative to that o f a control compound, bestatin whose APN inhibitory IC50 was 

calculated as 32.55±1.40 |iM SEM.

Com pound APN
inhibition

(HM)

SEM

(2.03) 8.70 ±1.10

(2.04) 62.49 ±1.05

(2.05) 36.97 ±1.05

(2.32) >400 n/a

(2.06) 18.00 ±1.08

(2.53) 1^21 ±1.09

(2.50) >400 n/a

(2.51) >400 n/a
(2.52) >400 n/a

Bestatin 32.55 ±1.40

T ab le  2.1: IC 5 0  (^M )  values o f  tes t c o m p o u n d s  syn thesised  w ith in  this c h a p te r ’s w o rk  m e asu red

using  th e  APN inh ib it ion  assay.

Graph 2.1 shows a representative example of the graphs produced using the Prism software 

illustrating the effect o f (2.03), the highest performing compound in the assay. The graph shows 

the percentage inhibition of the enzyme over a range o f log concentration o f the compound 

versus normalised percentage inhibition.
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(2.03)  APN inhibition

100n

80-

60-

40-

1 0 1 2 3
Log Concentration (|iM)

Graph 2.1: APN inhibition of (2.03).

2.6.2 M TT Cell Proliferation Assay

The M TT assay is a colourimetric assay used to measure the activity o f the living cells 

fo llow ing their treatment with the compounds from Groups I, 2 and 3. The procedure, first 

reported by Mosmann^'^ measures the mitochondrial reduction o f the yellow pigmented 

tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (M TT) (2. 70)  

fo llow ing incubation o f various concentrations o f drug compounds at 37 °C for 72 h. After this 

time an M TT solution in cell medium is added to each well, effecting a mitochondrial reductase 

cleavage o f the tetrazolium ring to form the dark blue formazan crystals (2. 71)  inside the living 

cells, but not the dead cells.

Enzymatic Reduction

Cr"N

( 2.71)( 2.70)

Scheme 2.23: Cleavage of the tetrazolium ring observed in the MTT assay
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F o llo w in g  the recon stitu tion  o f  th ese  crysta ls in su itab le solvents,^^’ the quantification  o f  the 

form azan ’s purple absorbance can be perform ed u sin g  the F luostar O ptim a 96  w ell plate reader. 

T he sen sitiv ity  o f  th is protocol m eans that on ly  a relatively  lo w  ce ll d ensity  is required for this 

m easurem ent a llo w in g  the u se o f  9 6  w e ll p lates facilita tin g  m easurem ent o f  the e ffec t on ce ll 

proliferation  o f  m any com p ou n d s in a short am ount o f  tim e. O ther tetrazolium  sa lts in clud ing  

X T T  and M T S h ave been  d ev e lo p ed  to  introduce greater sen sitiv ity  to  the assay  and in the case  

o f  the w ater so lu b le  M T S, a stock  so lu tion  o f  th is salt can be added d irectly  to ce ll m edium  

m ean in g  there is no requirem ent to rep lace the ce ll m edium  after the 72  h incubation  period,^^* 

h ow ever th is w ou ld  not be ideal in our case  as the F -I2 K  m edium  em p lo y ed  in our protocol is 

co lou red , it w ou ld  have a notab le e ffec t on the m easu rem en t’s sen sitiv ity . T he assay has sh ow n  

w id e u sage in the m easu rem en t o f  cancer ce ll proliferation^^^ and has lo n g  been  used  on prostate 

cancer ce ll lin es in clu d in g  P C -3, the ce ll line used  in m easurem ent o f  th ese com p ou n d ’s anti­

proliferative activ ity

M easurem ent o f  the absorbance o f  each  w e ll at 48 5  nm , correspond ing  to a range o f  drug 

concentrations and a 0 .1%  D M S O  blank in trip licate, a llo w s  ca lcu la tion  o f  the percentage  

inh ib ition  o f  ce llu lar  activ ity  u sin g  the form ula:

IO O-[(absorbance o f  sam p le)/(ab sorb an ce o f  D M S O  blank sam p le)]*  100.

F o llo w in g  statistical an a ly sis o f  the data ob tained  usin g  G raphPad Prism , IC 50 va lu es w ere  

obtained  u sin g  a n on -linear regression  o f  the lo g  concentration  versus norm alised  percentage  

inh ib ition  plot. T he resu lts o f  th ese  a ssa y s are d etailed  in T able 2 .2 . T he IC 5 0  o f  a control 

com p ou n d  used  to  eva lu ate the a c tiv itie s , C om bretastatin  A -4  w as m easured  as 2 0 .4 4 ± 1 .6 9  nM  

SE M .
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Compound IC5o(PC-3 
Cells) (nM)

SEM

(2.03) 108.7 ±1.10

(2.04) 189.3 ±1.14

(2.05) 116.1 ±1.17

(2.32) 19.6 ±1.12

(2.06) 291.0 ±1.08

(2.53) 576.3 ±1.10

(2.50) 97.94 ±1.16

(2.51) 375.1 ±2.5

(2.52) 648.1 ±3.05

CA-4 20.44 ±1.69

T a b le  2.2: T h e  IC 5 0  (nlM) values o f  tes t co m p o u n d s  syn thesised  w ith in  th is  c h a p te r ’s w o rk  m e a s u re d  

us ing  th e  M T T  assay a f t e r  72h in c ub a t ion  period .

2.6.3 Cell M igration Assay

A number of methods have been used to experimentally evaluate the migration potential o f cells 

using complex sets of apparatus, the most common of which is the Boyden chamber.^'" 

However a relatively inexpensive method to evaluate ceil migration has been developed^'^ and 

achieved widespread use as a dependable method to this end.’” ' This assay, commonly 

known as the “scratch assay” involves the growth of a confluent monolayer o f cells before 

creating a scratch in the cell monolayer using a 200 |iL pipette tip. Taking images o f the size of 

the cellular breach over a period o f time allows the measurement o f the relative cell migration 

potential of the PC-3 cells following treatment with test compounds. One drawback associated 

with this assay is the requirement to manually measure the open wound area by inspection of 

each o f the series of images acquired. This is a tedious task, however a computer program 

Tscratch. developed by the CSE lab in the Swiss Federal Institute of technology in Zurich, has 

enabled a more automated approach towards these measurements achieving comparable results 

to those calculated manually in drastically reduced times '̂*  ̂ showing widespread acceptance for
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completion of this analysis since its in tro d u c tio n .T h is  software was accordingly used in the 

analysis of the images taken during the course o f our migration assay protocol.

Images were acquired at four time points (0 h, 24 h, 36 h and 48 h) using an Olympus CKX41 

inverted microscope and its associated Cell'' software before analysis using Tscratch. Initially 

each compound was evaluated at 5 |iM, 10 nM and 20 final concentrations to determine the 

highest performing compounds. After this initial screening, the compounds (2. 03), (2.06), (2.51) 

and (2.32)  were tested in triplicate allowing measurement of one compound from each of the 

groups outlined as above at these concentrations, with the exception of (2.03)  which showed a 

high degree o f toxicity to cells at 20 ^M. However after showing anti-migratory activity at 

lower concentrations, this compound was evaluated at 2.5 nM, 5 and 10 ^M. Both 

combretastatin A-4, in final concentrations o f 5 |jM, 10 |aM and 20 fiM, and bestatin in 

concentrations o f 40 |iM and 80 |xM were used as experimental control compounds.

At 24 h. 36 h and 48 h, the spontaneous migration distances were measured as 147.91 nm, 

231.51 nm and 270.55 nm showing near complete closure o f the wound. The spontaneous 

migration distances for each test compound, CA-4, 80 |j M bestatin and 0.1% DMSO blank are 

detailed in Table 2.3 below.
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Compound Cone

Cell
Migration

(nm)
24 h

Ceil
Migration

(nm)
36 h

Cell
M igration

(nm)
48 h

(2.03) 2.5 
5 îM 
10

158.66±26.79
128.01i3.41
101.45±7.96

196.8U 25.30 
140.11±14.22 
104.89± 14.74

245.08± 17.20 
186.94± 10.80 
124.00± 12.63

(2.06) 5 |,iM 
10 nM
20 m

178.43±12.41
143.61±5.49

141.35±20.33

232.65±4.67
192.14±7.55

158.97±20.72

242.68±9.40
197.66±10.18
197.36±28.62

(2.51) 5 nM 
10
20 [iM

I38.22±I6.42
I33.90±15.28
125.61±20.36

158.80±2.96
176.61i3.40

173.95±20.91

I88.86±16.99 
206.57± 14.60 
188.71±28.63

(2.32) 5
10
20 nM

146.76±28.I0 
112.40±5.72 
99.27± 13.84

184.27±9.75
164.21±8.12

150.08±20.73

200.32±I8.98 
193.85±1.32 

165.39± 1.072
CA-4 5

10 nM
20

114.93±7.17 
I08.05±8.53 
81.37±3.60

137.90±16.27
I33.05±4.82

122.12±10.26

167.74±7.96
I59.58±14.74
150.95±12.64

(2.01) 5
10 nM 
20 nM

I27.92±9.99
I02.67±17.17
89.99±23.89

I81.39±21.32
I55.35±13.75
140.05±23.69

234.09±38.30 
172.04± 16.76 
156.42±10.75

Bestatin 80 |xM I42.52±6.29 188.61±7.40 208.70±8.88
0.1%

DMSO 176.02±8.51 240.93±7.21 277.30± 12.09

Table 2.3: The measured cell distances for tested compounds (±SEM).

The highest performing compounds at this concentration was the hydroxamic acid (2.03) with 

migration distances of 101.45 nm, 104.89 nm and 124 nm at 10 concentration showing 

significant inhibition of the migration over DMSO blank and CA-4 at this concentration over 48 

h in particular. DMLs (2.32) and (2.51) also displayed an anti-migratory effect relative to the 

DMSO blank at all concentrations, whereas the aniline hydroxamic acid displayed an effect 

only at concentrations of 10 |iM and above in contrast with its phenolic counterpart (2.03) 

which was the highest performing compound under these conditions. It is not currently 

understood as to why there would be such a deviation in activity between these two compounds. 

At 20 (iM, the oxime (2.32) showed a large anti-migration effect over the first 24 h performing
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similarly to CA-4, however the effect is not as strong over the second 24 h period, with (2.03) 

showing a longer lasting effect. Parent compound (2. 01)  showed higher anti-migratory effect 

over the first 24 h than (2. 03), however the effect associated with the hydroxamic acid was 

evidenced to be longer lasting.

From this data which is detailed in photographic form in Figure 2.15 below, it is seen that (2.03) 

has the greatest effect on migration o f  the compounds studied, followed by that o f  (2.32)  which 

shows slightly reduced activity relative to the performance o f  CA-4 under the same conditions. 

It is only at the higher concentrations and towards the end o f  the experimental timeframe where 

there is an antimigratory effect relative to that seen in CA-4 in the rem aining two compounds 

studied (2.51)  and (2.06).
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Graph 2.5: Cell m igra tion  distance measured fo r  (2.32) over 24 h, 36 h and 48 h.
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2.7 Discussion and Conclusion

The work described in this chapter outlines the successful synthesis o f  a series o f  novel dual 

targeting APN and tubulin inhibiting agents. These compounds contain the hydroxamic acid 

functionality which is known to effectively target peptidases implicated in invasion metastasis 

and angiogenesis in the proliferation o f cancers including APN and L T A 4H . The effect o f  the 

carbon chain linking the hydroxamic acid to the microtubule targeting component o f  the 

compound was investigated by synthesis o f  compounds (2.04)  and (2. 05). Additionally aniline 

compound (2.06)  and its leucine conjugated adduct (2.53)  were synthesised to illustrate the 

effect o f  a nitrogen bearing C-ring on anti-proliferative, antimigratory and anti-APN activity.

Firstly, the APN inhibition data shows the effect o f  the hydroxamic acid moiety in the in vitro 

inhibition assay. I’he highest performing compound observed using the protocol outlined by 

M elzig was hydroxamic acid (2. 03)  with its iCjo o f  8.70 liM registering a significant 4-fold 

increase in APN relative to the control compound bestatin with a measured IC50 o f 32.55 ^M.

While extension o f  the carbon chain in the oxime ether linker unit did not completely attenuate 

activity, it did lead to diminished activity relative to the lead compound (2.03). No discernable 

trend was observed with compound (2.05)  possessing the three carbon linker unit displaying 

greater inhibitory effect over that observed by (2.04). On a similar set o f  oxime ether linked 

hydroxamic acids, there was also no observable link between carbon chain length and APN 

inhibitory a c t i v i t y . I n  fact the only other compound showing activity greater than that 

observed for bestatin was aniline (2.06)  also bearing the simplest oxime ether linker. As detailed 

in chapter 2, the Zn̂  ̂ centred binding site o f  APN possesses hydrophobic pockets either side o f  

the metal centre. A potential inhibitor therefore would exert its greatest effect when possessing a 

hydrophobic group nearest to its zinc binding group (ZBG). In our systems, the tricyclic
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structure contains two aromatic rings whicii could function in such hydrophobic interactions. 

The result o f  extending the carbon chain could be to separate the hydrophobic component o f  the 

compound from its desired binding site diminishing the strength o f  interactions required for the 

APN inhibitory effect.

With the extension o f  the chain, there is however greater potential to further characterise the 

side chain with the required hydrophobicity. The chapter details a robust synthetic method 

whereby hydroxylamines can be added to (2.07)  via an oximation condensation reaction. By 

derivatisation o f  this chain with bulky aliphatic or aromatic groups, to be located near the 

hydroxamic acid, the hydrophobic character o f  the compound could be suitably increased.

The chain length extension could alternatively be achieved using a phosphinic acid functionality 

could be introduced in place o f  the hydroxamic acid. The phosphorous in the ZBG has a higher 

valency that nitrogen, allowing it more subsituents attached to its centre to potentially possess 

hydrophobic chains either side o f  the ZBG to strengthen interactions with the host enzyme. 

Using this functional group could be a preferred method to enhance activity than a simple 

carbon chain extension.

The importance o f  the hydroxamic acid in APN inhibition is evident as the carboxylic forms 

(2.50)-(2.52) show no inhibition o f  the enzyme at high concentrations. The importance o f  the 

hydroxamic acid moiety is further seen resulting from the ineffectiveness o f  oxime (2.32)  in 

APN inhibition, showing the increase in anti-APN effect is not due to the oxime group. The 

inactivity o f  oxime and carboxylic acid derivatives is established to result from their 

incapability to form a five membered chelated ring.’*

In contrast to its fortunes in the APN inhibition assay, oxime (2.32)  showed the greatest anti­

proliferative effect in the MTT assay displaying an IC50 o f  19.6 nM, positively comparable to
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control com pound CA-4 (IC 5 0  20.44 nM), but show ing slightly lower activity than (2.01). The 

other com pounds in the series all display nanom olar activity with carboxylic acid (2.50)  and 

hydroxamic acid (2.03)  and (2.06)  displaying IC 5 0S in the region o f  100 nM. Leucine conjugate 

(2.53)  displays the w eakest effect on cell proliferation with an I C 5 0  o f 648.1 nM. This is 

surprising as other aniline com pounds such as (2. 02)  exhibit strong anti-proliferative effects and 

the treatm ent o f  the compound in medium for 72 h should grant sufficient time for cleavage o f 

the am ide to yield the active com pound (2.06). However, (2.06)  itself doesn’t exhibit the same 

anti-proliferative effect as its phenolic counterpart (2.03).

The migration assay illustrates the anti-m igratory effects o f  the test com pounds over 

concentrations ranging between 5 ^M  and 20 |iM  relative to the untreated cells and cells treated 

with 80 ^M  bestatin. Com pounds (2.03)  and (2.32)  exhibiting the greatest effect over the 2 day 

timescale. DML (2.03)  exhibits a long lasting effect, with a slowdown in migration rate at high 

concentrations over the second 24 h period. This could be due to the observed (2.01)  following 

the hydrolytic cleavage o f  the oxime bond in the assay conditions.

In conclusion, this chapter describes the synthesis o f  a series o f  novel com pounds which are 

proven to inhibit cell proliferation and cell migration. With further developm ent, these 

com pounds could function as potential new lead com pounds in cancer chemotherapy.
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Chapter 3

3.1 Introduction

Following the encouraging cell proliferation and migration data generated with both (2. 03)  and 

(2.32)  in particular, it was decided to expand upon the pharmacophore already described in 

Section 2.1. Accordingly, it was envisaged that the migration o f  the carbonyl functional group 

from the 7-position to the neighbouring carbon would result from a simple modification to the 

synthesis o f  RSI 80 yielding the novel compounds, phenol (3.01)  and its aniline analogue (3. 02). 

One reason for interest in such migration o f  the carbonyl functional group is the resultant 

breakage o f  conjugation throughout the molecule. Certain reactions in the synthetic pathway 

toward R S I 80 have shown to be problematic owing to the potential formation o f  additional 

conjugation throughout the molecule as has been noted most clearly in the side reaction during 

the TBAF deprotection o f  alcohol (2.25)  where elimination o f  the protected alcohol functions to 

yield a conjugated diene derivative. In compound (3. 01),  the extra separation between the 

alkene and carbonyl groups should prevent any such elimination from happening to the related 

intermediate in its own synthesis, serving to protect the target structure’s integrity. The removal 

o f  conjugation is also expected to improve the efficiency o f  any subsequent substitution 

reactions at the carbonyl position by inhibiting any possibility o f  side reactions including the 

Michael addition^"*^ to the alkene centre o f  the enone moiety.

Thus, it is hypothesised that this simple alteration to our already established scaffolds could be 

very valuable from a number o f  viewpoints. Firstly, being the creation o f  an entirely new family 

o f  compounds exhibiting potential anti-proliferative activity and secondly by doing so in a 

fashion that improves on the efficiency of  the synthesis o f  these compounds over the related 

series based on R S I80, by way o f  prevention o f  the potential conjugation o f  the compound to 

act as a driving force for side reactions.
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Upon successful completion o f  their synthesis, subsequent modification to the carbonyl group in 

particular would allow for the creation o f  a new family o f  hydroxamic acid based dual inhibitors 

(3.03-3.05). Likewise, in an analogous manner to the work o f  White and Breen^^  ̂ the C-ring 

phenolic or anilino groups can be exploited for the direct attachment o f  APN peptides based on 

bestatin as represented by (3.06).

HO

(3.01) R=OH,
(3.02) R=NH2

NH

OH

NH-

HO

(3.03) n=2,
(3.04) n=3,
(3.05) n=4

(3.06)

Figure 3.1: A selection of potential new analogues of RS180 th a t could be synthesised as p a r t of the

w ork  outlined in this chapter.

In this chapter the synthetic strategies employed to facilitate the development o f  this new family 

o f  compounds, in particular the efforts taken toward the synthesis o f  (3.01)  are discussed.

3.2 Synthesis and Discussion.

3.2.1 Synthetic strategy.

As outlined in Scheme 3.1, our strategy was envisaged to involve the initial reduction o f  2,3,4- 

trimethoxybenzaldehyde with NaBH 4 , followed by conversion o f the resultant alcohol (3.08)  to 

its benzyl bromide (3.09)  using phosphorous tribromide (PBrs) at -10 °C as previously 

performed by Shah.^°^  ̂ Subsequent bimolecular substitution (SN 2 ) o f  the bromide with sodium  

cyanide (NaCN) was expected to facilitate the synthesis o f  the nitrile, 2-(2,3,4-
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trimethoxyphenyl) acetonitrile (3.10), which follow ing treatment with ally! magnesium bromide 

was expected to afford the ketone intermediate (3.11). Its reduction with NaBH4 and protection 

with TBDPSCl should theoretically furnish the alkene (3.13). It was anticipated that smooth 

conversion o f (3.13) to the primary alcohol (3.14) could be carried out using the method o f 

Rowan et in their synthesis o f macrocycles derived from cinchona alkaloids. This alcohol 

could be oxidised to the carboxylic acid (3.15), as per the method developed by Corey and 

Schmidt using pyridinium dichromate in Subsequent cyclisation in an analogous

fashion to that outlined in the previous chapter would form the bicyclic ketone (3.16)^'^ whose 

TBDPS functionality could be removed using TBAF in THF to yield (3.17). Subsequently, the 

target compound (3.02) would then be obtained in a fashion similar to R S I80, namely the 

overnight organolithium addition o f (2.13) to afford (3.18). Oxidation o f the secondary alcohol 

to the ketone (3.19) using DMP, followed by the deprotection o f the phenol protecting group 

using TBAF was expected to yield the target compound, (3.01).

(i) (ii)

( 3 .07)

(iv)

( 3 .08)

,0 (V)

( 3 . 11)

(vii), (viii) O TBD PS (ix)

( 3. 14)

(ill)

1 

( 3 .09) 

O H

( 3. 10)

( V i)

( 3 . 12) ( 3 . 13)

I Y

-

( X ) ,  ( X i)

I L
H O ^ O

( 3 . 15)

OTBD PS

O 
( 3 . 16)

(xii) (xiii)

O 
( 3. 17)

OH

(xiv)

O TB D M S

( 3. 18)

(X V )

"OTBDMS OH

( 3 .19) ( 3 .01)

(i) NaBH4, M eO H (ii) RBfj, DCM  (iii) NaCN, D M SO  (iv) Allyl Bromide, Mg, TH F (v) NaBH4, M eO H  
(vi) TBDPSCl, Imidazole. DM F (vii) Borane-THF complex, diglyme (viii) Trimethylanilinium  

N-oxide dihydrate (ix) PDC, DM F (x) Oxalyl Chloride, DM F, DC M  (xi) SnCU, DC M  (xii) TBAF, TH F  
(xiii) n-BuLi. C-R IN G , TH F (xiv) Dess-Martin periodinane, DCM  (xv) TBAF. THF.

Scheme 3.1: Original synthetic strategy towards (3.01).
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3.2.2 Discussion

As stated in the previous section, the plan was to follow a very similar synthetic approach to 

that undertaken in the synthesis o f R S I80, starting with the modification of 2,3,4- 

trimethoxybenzaldehyde (2. 15)  through a series of reactions to yield the carboxylic acid (3. 15). 

Upon furnishing this compound, the Friedel-Crafts acylation reaction used in the previous 

chapter would yield the structure with a 7-membered ring fused to the 2,3,4-trimethoxyaryl ring

(3. 15)  forming the AB ring structure o f our target compound. This reaction and the subsequent 

C-ring addition would proceed in a manner similar to that observed in the synthesis of RS180.

O

Acylation
OTBDPS

OHO ^ O

( 3. 15) ( 3. 16)

Scheme 3.2: The carboxylic acid intermediate (3. 15)  and the cyclised compound (3. 16). Two key 

intermediate compounds toward the synthesis of (3.01).

The initial objective was to accomplish the synthesis of (3. 15). Compound (3. 07)  was reduced 

to the alcohol (3.08)  using NaBH 4 in methanol (M eO H) at 0 °C over 15 mins in an almost 

quantitative yield. The two subsequent reactions, namely the bromination o f (3.08)  to compound 

(3. 09)  using PBra in dichloromethane (D C M ) at -10 “C and its subsequent room temperature 

SN 2 reaction with NaCN in D M SO  to yield nitrile (3.10)  were more complicated than 

anticipated, with care needed to ensure optimal reaction yields.

The bromination step proved, as expected, to be quite exothermic, requiring a low reaction 

temperature and dropwise addition o f PBra to prevent an overvigorous reaction leading to
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generation o f  m ultiple undesirable products. Reaction tim es o f  longer than 90 min also led to 

the breakdown o f  the product, lim iting the optimal reaction tim e to 1 h. No attem pt was made to 

purify this compound using column chrom atography, as previous attem pts to do so resulted in 

its degradation on silica.^”’*’ It was therefore directly reacted with NaCN to form the nitrile 

(3.10). The best results for this reaction were obtained when the benzyl brom ide (3.09) was 

added dropwise to a stirred solution o f NaCN in DMSO. This procedure yielded (3.10) with 

conversion rates as high as 80% over the two reactions from the alcohol, whereas the reverse 

order utilised in the work o f  Shah^”’“ showed much dim inished yield {circa 40% ) obtained, 

representing a very costly loss o f  compound at such an early stage o f  this synthesis.

O O
0 ) (ii)

O H
(iii)

B r

^  ^  ' o '

( 3.07) ( 3.08) ( 3.09)  ( 3. 10)

(i) N a B H 4 , M e O H , 0  °C , 9 8 % , (ii) P B ra , D C M , - 1 0  °C , (iii) N a C N , D M S O , 2 0  ° C , 8 0 %  ( o v e r  tw o  s te p s ) .

Schem e 3.3: T he synthetic pathw ay tow ard com pound (3 . 10) .

Problems were encountered in the subsequent stage o f  the synthesis, where it was initially 

envisaged that the Grignard reaction^"** o f  the nitrile (3.10) with allyl magnesium  bromide would 

yield the ketone (3.11). Unfortunately, this m ethod provided zero conversion o f  the starting 

material over the course o f  several days, under various conditions including activation at 

increased tem peratures up to 100 °C and the use o f  1,2-diiodoethane. A literature search showed 

W eiberth et al achieved this desired transform ation with the addition o f  copper (!) salts to the 

reaction mixture,^"*’ however our attem pts showed no im provem ents in the progress o f  the 

reaction. A num ber o f  alternative procedures for the elaboration o f  the nitrile to yield (3.11) 

were subsequently considered as outlined in Schem e 3.4.
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(3 .22 ) (3 . 12 )

(i) Mg, Allyl Brom ide, Cu(l)Br, THF, 3 days, 80  °C, (ii) 2 5 M NaOH, M eOH, 25  °C, 68% , (iii) LiAIH^, THF, -20  °C, 75%  
(iv) PDC, DCM, 0 °C, 70%  (v) DIBAL, THF, -78 °C, N j (vi) Mg, Allyl Bromide, THF, 6 h, 75%.

S chem e 3.4: o f  in it ia l  a t te m p ts  to  co n v e r t  the  n itr i le  to a lcohol (3. 12).

There are reports in the literature suggesting the possibility o f  the conversion o f the nitrile 

(3.10) to the corresponding aldehyde (3.22) using diisobutylaluminium hydride (D1BAL).^*° It 

was anticipated that the Grignard reaction could easily convert this aldehyde to (3.12), allowing 

further advancement o f  the synthesis. Unfortunately our attempts using DIBAL at -78 °C in 

THF under N 2 . failed to secure the aldehyde (3.22).

It was thus decided to pursue a slightly longer synthetic pathway beginning with the basic 

hydrolysis o f  the nitrile (3.10) by reflux with an aq. 2.5 M NaOH in MeOH over the course o f  3 

days to yield the carboxylic acid (3.20). Attempts to furnish the aldehyde (3.22) directly at this 

stage using the same DIBAL method as previously outlined had a similar outcome, 

necessitating the reduction o f  the carboxylic acid to alcohol (3.21) using LiAIH4 at -20 °C and 

its subsequent oxidation using pyridinium dichromate (PDC) in DCM to give the aldehyde 

(3.22). Subsequently, the Grignard reaction furnished the alcohol (3.12) in a yield o f  75%.
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However, it was clear at this stage there were drawbacks to this procedure. Firstly the length o f  

tim e required to proceed to this relatively early stage in a long synthesis w asn’t particularly 

desirable, as the basic hydrolysis step required 3 days for com pletion o f  reaction. There was also 

a significant increase in the num ber o f  steps required com pared to the original plan and this 

m anifested itself in the poor overall yield o f  (3. 12),  with just 0.35 g o f  this com pound retrieved 

from 10.00 g o f  2,3,4-trim ethoxybenzaldehyde. As this represented a total yield o f  just 2.7%  at 

such an early stage in the synthesis, it was clear that other m ethods should be pursued in order 

to m axim ise the amount o f  given interm ediates going forward.

One further attempt to reduce (3. 10)  to (3.22)  using N aBH j in MeOH following a procedure 

previously used by McHugh^^' did function albeit in the rather low yield o f  just 10% and thus 

not functioning as an im provem ent on our previous results.

3.2.3 Synthesis o f (3.21) via a W ittig reaction

The W ittig Reaction^”  is a com m only used and reliable method for the conversion o f carbonyl 

com pounds (mainly aldehydes or ketones) to alkenes by their reaction with a phosphonium 

ylide. An ylide is a reactive species containing both a positive charge and a negative charge on 

adjacent atoms (as seen in Figure 3.2) and phosphonium  ylides are formed using a suitable base 

to deprotonate the relatively acidic proton neighbouring the phosphorous atom. This reaction 

has found wide use in many m ultistep syntheses proving to be a reliable synthetic tool to the 

organic chemist.^”  The key step o f  the reaction mechanism involves a transition state w here a 

four mem bered ring interm ediate collapses to produce the desired alkene and a by product 

which possesses the strong P = 0  bond, the form ation o f  which acts as the driving force behind

1 • • 2 5 4this reaction.
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Ph 10
non-stabilised 
ylide (3.23)

Fast,
irreversible

Ph-

P h '

Ph
I
P = 0

Ph

Ph'/I.

8)
stabilised ylide

(3.24) R eversible,
More favoured 

^  For ring collapsey

R

O

P h .

P h '’

Ph
I
P = 0

^ ^ 'P ^ - 0  
P h ' Ph

Reversible, 
unfavoured for 
collapse ofring.

^ ^ 'P o
P h ' Vh

(i) (ii)

Figure 3.2: G eneral m echanism  for the W ittig reaction for (i) non stabilised and (ii) stabilised

phosphonium  ylides.

A nother reason for the W ittig reaction finding such wide usage is due to the generally reliable 

prediction o f  the stereochemistry o f  the alkene product. Reactions effected using non stabilised 

ylides, represented by (3.23), react to form Z alkenes acting via kinetic control. By contrast 

stabilised phosphonium ylides, represented by (3.24), which have the ability to stabilise the 

negative charge on the reactive carbon undergo slower reactions to form the E alkene via 

therm odynam ic c o n tr o l .N e ig h b o u r in g  electron w ithdrawing groups such as carbonyls 

com m only function to stabilise this charge. Other variations to the reaction conditions can also 

be used to influence the stereoselectivity. The exclusion o f  lithium salts,^^^ lower reaction 

tem perature and use o f  polar aprotic solvents favour the formation o f  Z alkenes.^^’ A drawback 

o f  this reaction is the formation o f  triphenylphospine oxide, which tends to be difficult to 

rem ove from reaction mixtures. M odifications such as the Horner-Wadsworth-Emmons^^^ 

reaction use phosphonate salts that yield a water soluble by-product that is more easily removed 

upon aqueous work-up.

At this point in our investigations, the W ittig reaction was used to furnish the alkene (3.25) from 

the starting material, 2,3,4-trim ethoxybenzaldehyde and the ylide o f  

m ethyltriphenylphosphonium  bromide as previously reported by K iesele et alP^ This reaction



proceeded in a near quantitative yield, over 2 days in contrast to the reported 6 h. Subsequent 

hydroboration o f the ali<ene product using a complex o f borane in THF (BH3.THF) in diglyme 

at 0 °C and oxidation o f this organoborane complex upon its reflux with TM ANO at 100 °C 

over 2 h yielded the primary alcohol (3.2I).^‘'̂  This alcohol was subsequently oxidised to the 

aldehyde (3.22) using PDC in 70% yield before its conversion to (3.12) as performed 

previously. While this pathway showed an observable improvement, it was limited by the 

relatively low amount o f starting material that could be used with a lim it seemingly reached at 4 

g o f 2,3,4 trimethoxybenzaldehyde compared to 10 g in the original pathway’s initial 

borohydride reduction step to yield (3.09). The amount yielded at the alcohol stage was the 

highest using this approach where the Grignard reaction was attempted on (3.22). Ultimately 

this approach was superseded by the follow ing method described, which used the same number 

o f synthetic steps without relying on a 2 day W ittig reaction, affording a larger amount o f (3.16) 

in less time.

(i) (ii), (iii)

(3 .25 ) (3.21)

(i) methyltriphenylphosphonium bromide, 18-crow n-6, K2 C O 3 , THF, N 2 , 80 °C , 2 days, 96%  

(ii) BH3-TH F, diglyme, 0 °C , 1 h (iii) T M A N O  dihydrate, 100 °C , 70%

Scheme 3.5: Synthesis of alcohol (3.21)  using W ittig  approach.

Although this approach yielded higher amounts o f the alcohol (3.12), we felt alternative 

chemistry on the nitrile (3.10) might serve as a convenient way to synthesise this intermediate. 

The chemistry involved was inspired by the work o f Lee and Lin^^’  who performed the addition 

o f allyl bromide to 2-phenylacetonitrile using a Lewis acid catalysed, zinc promoted Barbier- 

style reaction. This method proved to be the most successful thus far with a particular progress 

made due to the very sw ift fashion in which the reaction proceeded. After a 30 min reaction
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time, the desired compound (3.11) was obtained directly from (3.10) using ailyl bromide, zinc 

dust and a catalytic amount o f  A IC I3 in a relatively high yield o f  82%.

N

(i) .0

(3 .10 ) (3 .11 )

(I) Allyl Bromide, Zn dust, AICI3 , THF, 0 °C, 82%

Schem e 3.6: A p p ro ach  used  to  successfu lly  syn thesise  (3. 11).

There was one major problem with this reaction step however, resulting from the incorrect 

work-up procedure being used leading to the acid catalysed isomerisation o f  the product to the 

enone (3.12a) which appears as a spot slightly below that o f  the target compound on I'LC. The 

formation o f (3.12a) was shown as it had the same mass as that o f  (3.12), while its NMR spectra 

showed a new signal integrating to three protons, corresponding to that o f  the terminal methyl 

group, with the associated absence o f  any CH2 peaks in the ’’C NMR spectrum. The reaction 

was initially quenched using 2 M aq. HCI, however as it was clear the acid played a part in the 

undesired isomerisation, its concentration was subsequently reduced to a 1 M solution. A 

speedy work-up procedure was also required, lowering the time the acid and product would be 

associated with one another, while washing the combined organic extracts twice with water 

before subjecting them to column chromatography. Following these steps carefully allows the 

complete diminishment o f  this undesired side reaction, which has the potential to destroy the 

entire yield o f  this reaction step. Prevention o f this also resulted in a much simplified 

purification procedure due to these two compounds having similar RfS.
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o
1+

o

o .0

(3.11) (3.11a)

Scheme 3.7: The acid catalysed isomerisation of (3.11).

Reduction o f  (3.11) with N aBH 4 in MeOH at 0 °C yielded the alcohol (3.12) within 20 min in 

near quantitative yield. Subsequent protection o f  the alcohol with TBDPSCI was achieved 

following overnight reaction catalysed by imidazole in 93% yield. In order to furnish the 

primary alcohol (3.14) in a satisfactory yield, the oxidative hydroboration reaction using a BH 3 - 

THF complex to furnish an organoborane intermediate which was subsequently hydrolysed 

using trimethylanilinium N-oxide (TMANO) dihydrate as following the same procedure used 

within this group^“  and by Rowan el in their synthesis o f  macrocycles derived from 

cinchona alkaloids. The stability o f  other protecting groups promoted as being stable to the 

conditions o f  the hydroboration reaction,^^' namely an acetate protecting group (3.26) and a 

trifluoroacetate (TFA) group (3.27) were also investigated. Unfortunately the progress o f  the 

hydroborations o f  these compounds was minimal, with their complete deprotection being 

observed, leaving only the TBDPS group as a viable option for the completion o f  this synthesis.

Pyridium dichromate, or the Cornforth reagent,^^^ has commonly found use as a selective 

reagent for the oxidation of  primary alcohols to aldehydes using aprotic solvents, mainly DCM, 

to prevent further oxidation to the carboxylic acid and enables oxidation o f  acetals to esters.^*^ 

As reported by Corey and Schmidt, it is however possible to promote oxidation o f  alcohols to 

carboxylic acids using the correct solvent. In this scenario, this is achieved using DMF as 

solvent and duly yielded (3.15) in a yield o f  70%,^“’’ under conditions milder than those seen 

when using the similarly chromium based Jones’ reagent.
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(3.11)

(i) •OH

(3.12)

(ii), (iii) or (iv)

(3 .13) R = TBDPS
(3.26) R = Ac
(3 .27 ) R = CF3C=0

( V ) ,  ( V i )
•OTBDPS

OH

(3 .14)

(vii) OTBDPS

HO'

(3 .15)

(i) NaBH4, MeOH, 0 °C, 97% (ii) TBDPSCI, Imidazole, DMF, 13 h, 93% (iii) AcaO, NEtj, DMAP, 
□CM , 85% (iv) trifluoroacetic anhydride, DCM, -10 °C, 79% (v) BH3-THF, Diglyme, 0 °C  

( V i )  TMANO dihydrate, 100 °C, diglyme, 70% (vii) PDC, DMF, 75%.

Schem e 3.8: Final synthetic pathw ay tow ards (3.15).

3.2.4 Attempted cyclisation of (3.15).

Cyclisation o f (3.15)  was expected to occur using the identical method as that employed for the 

synthesis o f (2.25)  as detailed in chapter 2. However follow ing multiple reaction attempts, TLC 

analysis appeared to show only minimal reaction progress under a variety o f conditions 

fo llow ing the addition o f SnCU. Closer inspection showed significant deprotection, resulting in 

formation o f /m-butyldiphenylsilanol (TBDPSOH), represented by a higher spot on the plate 

and there was also a new spot with a similar Rf to the starting material. A fter work up and 

purification o f the reaction mixture by flash column chromatography, NMR analysis o f the 

lower compound on TLC showed it to be that o f the 5-membered lactone (3.28). Only trace 

amounts o f the desired product (3.16) was isolated from the crude mixture.
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OTBDPS

( 3 .16)  minor product

+ TBDPSOH+

OTBDPS•OTBDPS

HO

( 3 . 15)

( 3 .28)  major 
product

(I) Oxalyl chloride, DMF, DCM, 0 °C, 2 h (ii) tin (IV) chloride, DCM, Range of temperatures from -78 °C to 0 °C, 1 h. 

Scheme 3.9: Result of the attempted cyclisation of (3.07) to form 5-membered lactone (3.28).

While the progress o f the reaction was monitored closely, TLC showed that the formation o f the 

acyl halide intermediate proceeded as expected, evidenced by the evolution o f CO2 gas as oxalyl 

chloride was added dropwise to the reaction. Removal o f the solvents at this stage also yielded a 

similarly yellow oily residue to that obtained in the analogous step for the synthesis o f (2.25).

This suggests that the problem occurs upon addition o f the SnCU to the mixture where the 

Lewis acid catalyst should function by association with the chlorine atom o f the acyl halide (i), 

before the elimination o f the tin complex via donation o f lone pairs from the keto-oxygen. This 

forms [SnCls]', which subsequently regenerates to SnCU and a chloride ion while 

simultaneously forming a positively charged acylium ion ( iii)  that reacts with the electron rich 

aryl ring in a nucleophilic aromatic substitution reaction. The free chloride ion acts as a base to 

complete the cyclisation, restoring aromaticity to the system as illustrated in Scheme 3.10.
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nCI,

OTBDPS

Sn

OTBDPS

-SnCI,

(i) (ii) (iii)

OTBDPS
OTBDPS

(iv) (V)

Scheme 3.10: Expected mechanism for successful Friedel-Crafts acylation of (3.15).

In order for the lactone to form, there must be some interaction between the oxygen bound to 

the TBDPS group and the forming acylium ion. Although it would seem unlikely that the bulky 

protecting group would disintegrate so easily, the acylium ion̂ "̂* is a very strong electrophile 

and there are free lone pairs o f electrons on the oxygen that would be close enough to interact 

with the ion to form the 5 membered ring structure as shown above. The chloride ion that 

should be present to restore aromaticity in fact promotes the removal o f the TBDPS group 

completing the formation o f the lactone product. This also confirms the origin o f TBDPSOH as 

it forms upon hydrolysis during the reaction’s aqueous work up.

Q.TBDPS

Scheme 3.11: Mechanism of formation of (3.28).
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Upon examination o f the differences between the differing fates o f the two structures when 

undergoing this reaction, it is evident why this side reaction did not occur when conducting this 

transformation during the synthesis o f R S I80. As shown in Scheme 3.12, the theoretical 

intermediate formed would be a four membered lactone. In this case, the bond angle between 

the four atoms in the ring is 90°, which deviates from the desired angles o f 109.57° for 

tetrahedral carbons and 120° in the case o f the carbon at the centre o f the carbonyl group. The 

bulkiness o f the TBDPS group also serves to repel the completion o f this bond formation.^*’ 

Such strain results in the swift collapse o f the lactone bond before the chloride mediated 

cleavage o f the O-Si bond. The resultant 7-membered ring structure that forms as required is 

free from strain and is much more stable thermodynamically than the potential competing 

product.

'.OTBDPS

(i) (ii)
Higher ring strain 
NOT FAVOURED

Or
OTBDPS

(iii)

Lower ring strain 
FAVOURED

Scheme 3.12: Effects of ring strain preventing the lactone forming in RS180 synthesis.

However in the case o f the more recently attempted cyclisations, it is seen that a 5 membered 

lactone is formed. Unlike its 4 membered counterpart, there is not as much associated ring 

strain, bestowing enough stability on the newly forming ring to remain until completion o f its 

formation by chloride attack at the silicon centre. Five-membered rings have in general been 

shown to form the quickest,^^*" as a result o f the proximity o f the atoms central to the reaction to 

each other. In principle. Scheme 3.11 above suggests how closely the orbitals o f the oxygen and 

acylium ion overlap, suggesting the ease with which the electron exchange occurs. Finally,
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these observations are in accordance with Baldwin’s rules of cyclisation where the 4-exo-dig 

cyclisation in Scheme 3.12 is disfavoured while the 5-exo-dig cyclisation o f (3.28)  is 

favoured.^’

in spite o f these problems, it was attempted to prevent the deprotection from happening by 

using lower amounts of Lewis acid, thus potentially slowing down the reaction and hopefully 

encouraging formation of the desired 7-membered ring. Unfortunately, no reaction occurred at 

all when less than 0.20 molar equivalents o f tin (IV) chloride was used. Raising this amount to 

0.25 molar equivalents resulted in the total formation of (3.28)  albeit with a longer reaction time 

required to effect this transformation.

Increased reaction temperature also showed no improvement on the progress of the reaction 

towards the desired 7-membered ring compound. At -78 °C, no reaction occurred, however, 

once the temperature was raised to -40 °C, deprotection and lactonisation was favoured once 

more.

Having attempted this reaction on several occasions, there was at least sufficient quantities of 

(3.08)  generated, to enable its structure to be elucidated spectroscopically and to complete the 

deprotection o f the TBDPS group, using 1 M tetrabutylammonium fluoride (TBAF) in THF at 0 

“C, to afford the alcohol (3.17)  over 3 h.

O T B D P S p H

(3 0 8 )  (3.17)

(I) 1M TBAF in THF, THF, Nj, 0  °C, 3 h. 

Scheme 3.13: Completion of the synthesis of (3.17).
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3.2.5 Structural Elucidation of (3.17).

A s a key in term edia te  in the desired  syn thesis o f  these com pounds it w as necessary  to  ensure  

the correct identity  o f  th is com pound  before proceed ing  further. F irstly  the M S spectrum  

show ed an m /z at 267 .1213  under positive ion isation  cond itions co rre la ted  to  the m ass o f  the 

pro tonated  species o f  (3. 17).

3200 2400 2000 ISOO 1600 1400 1000 300 600 400 0

Figure 3.3: IR spectrum of (J.7 7̂ .

T he IR spectrum  show ed  a strong  broad peak  at 3487 cm ' ind icative o f  the presence o f  an 

alcohol functional g ro u p , w hile  the stro n g  peak  at 1674 cm  ' suggests th e  presence o f  a carbonyl 

g roup. The low  frequency  o f  v ib ration  co rre la tes to  a carbonyl in con jugation  w ith  a 

neighbouring  arom atic  group.

T he 'H  N M R  spectrum  show s the characteristic  elem en ts obse rved  in the spectrum  o f  the 

ana logous com pound  in the syn thesis  o f  R S I 80. T here are 6 pro tons in the reg ion  betw een  2 

ppm  and 3 ppm , co rre la tin g  to  the 3><CH2 groups in the B -R ing  o f  the m olecu le. T hree s ing le ts  

in teg rating  to  9 p ro tons in the reg ion  betw een  3.93 ppm  and 4.03 ppm  correspond  to  the th ree  

m ethoxy  g roups a ttached  to  the A -ring  in a  s im ilar fash ion  to  its rela ted  com pound . A t 4 .40
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ppm, there is a multiplet signal that integrates to 1 proton, being the proton attached to the same 

carbon that is attached to the hydroxyl group. Finally a singlet peak at 7.04 ppm is seen to be the 

aromatic hydrogen in the A-Ring. This peak suggests that the cyclisation reaction previous to 

this deprotection did proceed as intended. Before this point there was the appearance o f the two 

doublets in the aromatic region. After cyclisation, one o f these signals disappeared as expected 

due to its substitution by the carbonyl group. Overall the 'H NMR spectrum is consistent with 

that expected o f (3.17), while showing similarities to the spectra o f the corresponding analogue 

in the synthesis o f RS180.

bwmSOp.001.001.1 r . es p

M02^r. s.)

o in_ h- CN 
O  C£> O )  
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3.0 2.5 2.0 0.5

Figure 3.4: 'H NIMR Spectrum of (3.17).

The ‘^C NMR spectrum and its associated DEPT 135 and DEPT 90 spectra also show no 

anomalies regarding the identity o f (3.17). On first look at the '^C NMR spectrum it does 

however appear that there are only 13 signals. In the DEPT 135 spectrum however, it is clear 

that one o f the signals caused by tertiary carbon at 76.2 ppm was masked by the chloroform 

peaks. There are 5 quaternary peaks between 128.8 ppm and 151.4 ppm with an additional one 

that can be seen at 205.3 ppm suggesting the presence o f a ketone and 5 quaternary aromatic
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carbons in the compound. 2 tertiary carbons appear: the aforementioned one at 76.2 ppm relates 

to the aliphatic CH unit attached to the hydroxyl group, while the signal at 109.4 ppm correlates 

to the aromatic CH. Three secondary carbons resonate at the most upfield region o f the 

spectrum between 16 ppm and 34 ppm correlating to the aliphatic CH2 units in the B-ring. Three 

CH3 signals between 55 ppm and 62 ppm correlate to the three methoxy groups attached to the 

A-ring. When taken into consideration together, this evidence all points toward the identity o f  

the compound being that o f  (3.17).

bwm 30 dept 90.esp

bwmSOdept 135.esp

BWM 30 CARBON,ESP
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Figure 3.5: '^C NMR of

3.3 Introduction of the hydroxyl group after cyclisation

Although we had been successful in synthesising this intermediate, it was o f  too low a yield to 

allow further elaboration towards (3.01), our target compound. Numerous attempts had been 

made to obtain this compound, yet the highest amount o f  compound obtained from the start o f  

the synthesis was still too little for further synthetic manipulation. In total, the yield up to this 

stage was 3 mg (0.011 mmol) from 10 g (51.71 mmol) o f  2, 3, 4 - trimethoxybenzaldehyde 

starting material, giving an overall yield o f  0 .2% up to this relatively early stage o f  the
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synthesis. As a result, other m ethods were investigated, hopefully leading to improvements in 

the yield to enable further progress. A new synthetic approach was attem pted, focussing on the 

introduction o f  the hydroxyl functionality to a pre-cyclised compound.

3.3.1 Initial attem pts to circum vent the cyclisation issue.

During the course o f  his work, McCormack^^* was able to introduce a bromine to the benzylic 

position o f  the B-ring. This followed from a few steps starting with the PPA mediated 

cyclisation o f  carboxylic acid (3.29)  to yield the annulone com pound (3.30). Subsequently, a 

radical brom ination reaction o f  the aryl ring (3.31)  using N -brom osuccinim ide (NBS), which 

serves as a mild source o f  m olecular Br2 and initiated by ultraviolet (U V ) light and the radical 

initiator l,l'-azobis(cyclohexanecarbonitrile) (ACN) was used to effect the transition.

Unfortunately, despite the high yields reported for this transform ation, only minima! reaction 

progress was observed during our attem pts (Schem e 3.14). Had this transform ation been 

successful and the subsequent brom ination o f  the benzylic position followed without problems, 

the procedure used by Zhang^^^ in his doctoral thesis would have been adopted to this work 

whereby an alkene functionality would have been introduced starting from the benzylic 

position. If this alkene was epoxidised using MCPBA and the resulting epoxide treated to 

catalytic hydrogenation conditions, it should have been possible to furnish (3. 17)  w ithout facing 

the problem atic Friedel-Crafts acylation step.
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o

O'^Br

Br o

(3.29) (3.30) (3.31)

(i) PPA, heat, 1 h. (ii) NBS, ACN, alpha, alpha, aipha-trifluorotoiuene, UV light 

Scheme 3.14: Attempted synthesis of (3.31) via radical bromination.^^*

In combination with the previous woric relating to the W ittig  reaction these studies did inspire a 

new perspective regarding the direction o f our work. Heretofore, the work hinged on the alcohol 

functionality being built into the molecule before the cyclisation step, whereas after this point it 

was recognised that there was potential for the introduction o f the hydroxyl group subsequent to 

cyclisation. it was however dependent on devising a suitable procedure for insertion o f the 

alkene functionality at the benzylic position to facilitate the subsequent epoxidation step.

alkene as per the synthesis o f compound (3.25). In this case a more complicated phosphonium 

salt. (3-carboxypropyl)triphenylphosphonium bromide (3.32), was used in an attempt to 

synthesise the unsaturated carboxylic acid (3.33)  in one step from 2,3,4- 

trimethoxybenzaldehyde (2.07).

As previously declared, an unstabilised ylide such as that formed by its deprotonation with 

sodium bis(trimethylsilyl)amide (NaHMDS) would be expected to form the Z alkene 

selectively. This would be desirable as this isomer “ locks”  the alkene in close proximity to the 

aryl ring facilitating progression o f the Friedel-Crafts cyclisation. When (3.33)  is an E-alkene,

3.3.2 Using the W ittig reaction towards the synthesisis of (3.34).

A solution to this problem would be to revisit the W ittig reaction, to allow introduction o f an
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the desired reaction between aryl group and acyl halide will only happen in an intermolecular 

fashion as the two reaction centres are too far away to interact with each other.

Unfortunately studies by Maryanoff et report that a reversal of the expected

stereochemistry is noted with this particular ylide due to a “stereochemical drift” in the 

transition state. This is due to the presence of the carboxylic acid which ionises in the basic 

conditions required for ylide generation, appearing to have a stabilising effect on the 

intermediates, preventing its immediate collapse, facilitating a stereochemical shift, eventually 

allowing the E isomer to form preferentially as illustrated in Figure 3.2.

In spite o f this report, it was attempted to promote the formation o f the Z isomer using the 

conditions that are conventionally more favourable to its formation, namely keeping the reaction 

temperature low (-78 °C rising to 0 °C), using an Na' salt and not one with an Li* counter cation 

as a base and using THF as a solvent in order to overcome the “stereochemical drift”.

Unfortunately these attempts failed to operate as desired, leading exclusively to the production 

of the E isomer (3.33E), as identified by measuring the coupling constant in the 'H NMR for the 

benzylic alkene proton. As it neighbours only one proton it should resonate as a doublet, doing 

so with a large coupling constant o f 16.04 Hz. It is possible to distinguish between cis and trans 

alkenes using the coupling constants, as the protons in trans alkenes interact more strongly with 

each other leading to larger coupling constants in the region of 11-18 Hz, while cis alkenes 

exhibit lower J values in the area between 6-15 Hz.

Despite this, an attempt at the Friedel-Crafts acylation of this compound was made, using the 

same procedure as that for the attempted synthesis o f (3.16), in the hope that interaction 

between the alkene and the acidic SnCU would lead to a formation o f a tin complex with the 

alkene reverting its stereochemistry to that required for the cyclisation, as illustrated in Scheme
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3.15. Unfortunately, this modification to the aikene didn’t proceed, leading to the retrieval o f 

starting material upon work up.

Br

Ph^Pt XOOH

(3.32)

Iiir-
(3.07)

(i)

" 0 ' '

HO

(3.33Z) Desired 0% (3.33E) Undesired 100%

(ii)

Cl-Sn-CI

(iii)
O

Cl

(i) NaHMDS, THF.-70 °C (ii) Oxalyl chloride, DMF, DCM, 0 °C (iii) SnCU, DCM, -10 °C 

Scheme 3 .15: Synthesis of (3.27E) and its subsequent use in the first attempt to synthesise (3.34).

To overcome this problem, it was decided to methylate (3.32)  to yield the ester phosphonium 

salt (3.35). Reaction o f this reagent with 2,3,4-trimethoxybenzaldehyde would theoretically 

yield the Z-isomer o f the methyl ester o f (3.33)  as the ester functionality serves to mask the 

carboxylic acid moiety, preventing charged side chain participation in the stabilisation o f the 

transition state reverting the condition to being under kinetic control to yield the Z aikene as is 

most common.

Dissolution o f the phosphonium salt in MeOH followed by the bubbling o f dry HCl gas, 

generated using K ipp’s apparatus,^™ through the solution yielded (3.35)  efficiently in 3 h. The 

product was purified by work up between aqueous sodium bicarbonate (NaHCO^) and DCM 

removing any unwanted starting material. In a similar fashion to above, this compound 

underwent the W ittig procedure to yield (3.36)  in a high yield.
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Although this reaction was originally performed at -78 °C in order to ensure stereoselectivity, it 

was observed that this temperature impeded reaction progress. Increase of the temperature to 0 

°C furnished the desired Z alkene in 2 h as determined using the coupling constants. The lower J 

value o f 11.36 Hz for the doublet at 6.47 ppm is indicative o f there being a cis alkene.

A drawback with this reaction was the difficulty in obtaining the product in pure form as it 

possessed a similar Rf to the starting benzaldehyde and the reaction never proceeded to 100% 

completion. As a result, it was realised that using 0.75 equivalents o f the benzaldehyde relative 

to the 1 equivalent o f ylide was the optimal ratio between the two reactants. This allowed easier 

purification, however if there was some starting material remaining, this could be simply 

removed in the next step. Within 1 h. the hydrolysis of the ester o f (3.36) to the acid (3.33Z) 

was completed using aqueous 2.5 M aq. NaOH in THF, with a simple acid-base extraction 

being sufficient for high purity.

Ph.P-.
^ Br-

^C O O H

C O O M e

( i v ) ,  ( V )

H O  'O

(i) M eO H , NCI, 3 h, 6 5 %  (ii) N aH M D S, 0  °C , 2 h, 75  %  (iii) O xalyl C hloride,

DMF, DCM, 0 °C , 2 h (iv) S n C ^ , -1 0  °C , DCM, 1 h, 6 3%

Schem e 3.16; Synthetic pathw ay tow ards (3.34).

As seen in Figure 3.6, comparison o f the NMRs o f (i) (3.33E) and (ii) (3.33Z) show the

difference in the coupling constants o f  the alkene signals and that the stereochemistry o f the Z
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alkene was conserved after the ester’s hydrolysis. Subsequent cyclisation o f  this acid using 

standard Friedel-Crafts acylation yielded (3.34).

M 0 6 ( m  )M 0 3 ( d )

1.02
L JM 0 3 (d )

Chemical Shift (ppm)

Figure 3.6; C om parison of NMRs for (i) (3.33E) and  (3.33Z). T he  benzylic p ro ton 's  signals remain 

labelled. In (ii) it is seen to have a lower coupling constant indicating the m a jo r  presence of a trans

alkene.

A lthough relatively high yields o f  63%  had been achieved for this transform ation, there were 

also tim es when there would be as little as 10% conversion. It was difficult to determ ine the 

explain why this was the case. This step did prove to often be problem atic and while it has 

functioned it proved to be a bottleneck in this synthetic pathway.

After successfully furnishing (3.34) ,  it was attem pted to use the sam e hydroboration step as 

before^^® to selectively oxidise the alkene to the desired alcohol (3.17)  in one step. However, 

this d idn’t proceed as expected, yielding a com plex m ixture o f  products presum ably due to side 

reactions involving the borane reduction o f  the carbonyl as has been shown to occur with 

pinacolone in THF.^^'
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To furnish the alcohol it was thus decided to fo llow  Zhang’s procedure^^^ by treating the alkene 

with MCPBA in DCM and subsequently hydrogenating the resulting epoxide (3.35) to 

selectively yield (3.17) as illustrated in Scheme 3.17.

(ii)

O

(3.34) (3.37)

(i) M C P B A , D C M , 0 °C  (ii) H 2 , 10%  Pd/C , 10 h.

Scheme 3.17: Planned synthesis of (3.17).

O H

(3.17)

However, when the reaction was attempted, it appears that the electron rich trimethoxyaryl ring 

had a detrimental effect on this reaction as opposed to the unfunctionalised ring in Zhang’s 

work, as the two key side reactions namely the Baeyer-Villiger reaction^^^ and nucleophilic acid 

catalysed epoxide ring opening^^^ functioned in tandem to form the lactone (3.3/i) (Scheme 

3.18). It is not known precisely which order these reaction steps occur, however it is likely that 

it is arbitrary, depending simply on the instantaneous position o f the reaction centres to each 

other. In the scheme outlined above, it suggests that the peroxyacid MCPBA attacks the ketone 

directly, forming the unstable tetrahedral intermediate. Upon collapse o f this intermediate, the 

alkyl bond between the carbonyl carbon and the aryl ring breaks, while simultaneously bonding 

to the positively charged oxygen formed after the nucleophilic attack. This in turn breaks the O- 

O single bond, generating 3-chlorobenzoic acid, which protonates the oxygen in the epoxide 

weakening the bond between it and the carbon priming it for nucleophilic attack by the 

chlorobenzoate anion to furnish (3.38).

In itia lly it was assumed that the ‘H NM R spectrum was unclean as there were aromatic peaks 

symptomatic o f the presence o f 3-chlorobenzoic acid (3-CBA), a by-product o f the desired
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epoxidation which is commonly known to be difficult to remove from reaction mixtures. 

Washing with aq. N a2C 0 3  multiple times usually proves sufficient enough to purge the mixture 

o f the 3 -C B A . However, the peaks remained in the 'H  N M R  spectrum after numerous washes in 

a 1:1 mixture with the rest o f the peaks on the molecule, suggesting conjugation o f 

chlorobenzoic acid to the bicyclic ring system. There was also a lack o f a ketonic carbonyl peak 

in the ' ’C N M R  spectrum suggesting the absence o f the ketone in the desired product. The 

appearance o f an unexpected peak at 164.7 ppm suggests the formation o f the lactone via 

B ayer-V illiger reaction. A fter studying the M S confirmed that the compound isolated had a 

mass o f 459.0632 which correlates to the mass o f the sodium adduct o f (3.38)  thus confirming 

its identity as that o f the undesired product.

o.

0

(3.37 )
Cl

(3 .38 )

Scheme 3.18: Mechanisms of the Baeyer-Villiger and 3-CBA mediated ring opening of the epoxide

resulting in the formation of (3.38).

Consultation with the literature^’ '̂̂ '̂' showed that this phenomenon had been documented 

previously. In order to prevent the side reactions from happening it was required that a base was 

used to buffer the solution scavenging any acid remaining in the mixture. A  10% solution o f aq. 

N a2C 0 3  was used for this purpose also creating a biphasic reaction which would enable the 

desired product (3.37)  to remain in the organic layer separate from the chlorobenzoic acid in the
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aqueous preventing occurrence o f  tiie undesired side reactions. The desired com pound (3.37)  

was obtained in a moderate yield o f  54%. Subsequent catalytic hydrogenation using a 10% Pd/C 

functioned to yield (3.17)  in a moderate yield o f  74%. However these results were not 

replicable, resulting from the trace am ounts alw ays afforded upon repetition o f  the problem atic 

cyclisation o f  (3.34). As there were other areas o f  the research that were starting to show  better 

results and a significant am ount o f  tim e had been placed on this area o f  research with low or 

inconsistent returns, it was decided at this point to direct our attention towards other aspects o f  

the work with the intention o f  revisiting this m olecule at a future stage.

3.4 Conclusions

At the onset o f  this project it was intended to expand the pharm acophore o f  our com pounds in 

what originally appeared to be a relatively sim ple m odification o f  the pre-existing scaffold. 

What transpired in actuality was a series o f  challenging barriers ranging from unfavourable 

therm odynam ic conditions to more sim ple problem s such as the acidic nature o f  the reaction. 

Ultimately regardless o f  the approaches taken toward the synthesis, there was a point at which it 

was im possible to proceed any further due to a lack o f  available compound to advance the 

synthesis. This point appeared to arrive just as the synthesis o f  com pound (3.17)  was com pleted 

utilising the two most successful synthetic pathways. It is unfortunate that not enough o f  this 

com pound was furnished after all the exhaustive efforts, as we were quite near to com pleting 

the primary goal o f  synthesising com pound (3.01),  which would have enabled us to evaluate at 

least its activity as a VTA, if  not facilitate syntheses o f  novel hydroxam ic acid containing 

DMLs.

However, reaching this far through the synthetic pathway does show that there is potential for 

the synthesis o f  this com pound to be com pleted. Following on from com pound (3. 17)  there are a 

series o f  steps that are analogous to those perform ed in Chapter 2 to yield RSI 80.
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Further to this, there is the realisation that a better way to furnish (3.22)  must be found. 

H owever many o f  our options have already been exhausted. TBDPS protection o f  alcohols is 

one o f  the most stable m ethods o f  restricting an alcohol’s reactivity. The O-Si bond tends to be 

stable facing even the most coarse reaction conditions,^^' so to have faced a situation like this 

proved to be quite an unexpected challenge.

The replacem ent o f  the protecting group at this stage to one capable o f  dim inishing the 

nucleophilic effect o f  oxygen’s electronic charge could end up being useful to overcom e this 

problem. To this end it was considered using the trifluoroacetate group to act as such, however 

its failure to resist the conditions presented by hydroboration step m eant it was unlikely to 

remain intact after the Friedel-Crafts cyclisation.

One solution that was left unexplored through the course o f  the research was the possibility o f  

using acetal or dithiane protecting g r o u p s . T h e  use o f  these would be advantageous 

through the perspective o f  the carbonyl functionality already being tied up in a stable 5 or 6 

m em bered ring structure, thus preventing a reaction similar to the lactone formation. While 

there is this clear advantage over any other protecting group m entioned thus far, the major 

draw back is the notorious difficulty in their selective removal, traditionally requiring harsh 

conditions such as M ilder m ethods for their removal have been devised in recent times

including D ess-M artin periodinane^’ ,̂ and During his work, Shah^‘” “ however

did look at this type o f  protection achieving success at the cyclisation stage. The drawback in 

this situation was there being no method efficient enough with w hich to effect its deprotection. 

If it w ere possible to discover a mild m ethod for this deprotection, it could lead to a very 

efficient pathway tow ards the target com pound.
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Potentially, a cyclic acetal could also be useful to inhibit the lactonisation reaction. H owever 

these would be less stable towards the reactions conditions than their dithiane counterparts, 

meaning the chances o f  their survival in the Friedel-Crafts conditions is not expected to be high.

The work undertaken in this chapter is still not com pletely resolved, but there is still potential 

for a satisfactory conclusion at some point. The work described here highlights several potential 

drawbacks, should the synthesis to ever be revisited.
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Chapter 4

4.1 Introduction

The objectives o f  the woric detailed in this chapter are to synthesise DMLs o f  the RSI 80 series 

o f  compounds detailed in Chapter 2 in combination with curcumin (diferuloylmethane) (4.01), 

the principal curcuminoid isolated from the Indian spice Curcuma longa (turmeric), known 

commonly as a flavourant in Indian curry dishes but also for displaying a range o f  positive 

biological effects including anti-bacteriaP’ ,̂ chemopreventive,^*" anti-oxidant and anti­

inflammatory effects.^*' This is in addition to an ever expanding array o f  evidence suggesting it 

could have a very important role in the modulation o f  various pathways implicated in 

carcinogenesis including arachidonic acid metabolism,^*^ angiogenesis,^®’ TN F-a  mediated 

apoptotic pathways,^*'^ NF-kP transcription resulting in down regulation o f  many cell control 

oncogenes including c-Myc and cyclin HIF and downregulation o f  MMPs.^*’ A

recent report has also shown the recognition o f  curcumin and a number o f  synthetic analogues at 

a distinct binding site in tubulin, 32 A from the colchicine-binding site, functioning to prevent 

tubulin assembly.^** Additionally, curcumin has been shown to inhibit APN activity following 

its irreversible binding.

in Chapter 1, it is seen that cancer is a complex process implicating the mutation o f  several 

biological pathways in tandem towards the rapid uncontrolled proliferation o f  cells.^^ A 

compound possessing the ability to target multiple pathways can therefore be seen as 

advantageous to single targeting agents. Resulting from the wide ranging pleiotropic effects o f  

curcumin, it has been identified as a potentially beneficial addition to the R S I80 scaffold in 

order to generate a powerful novel anti-cancer DML amalgamating the anti-proliferative, anti- 

angiogenic, anti-migratory , anti-invasive and anti-tubulin effects o f  the two

component compounds.
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The structure o f  curcumin (4.01) is very interesting, displaying an array o f  functional groups 

postulated to be responsible for its effects. The com pound is in effect a dim er o f  two arom atic o- 

m ethoxyphenol rings linked via a fully conjugated linker unit containing a central p-diketone 

functionality. The phenolic groups have been suggested to be responsible for its anti-oxidant 

activities via free radical scavenging.^*’ The p-diketone functionality in the conjugated bridge 

between arom atic rings displays tautom erisation to an enol form (4.01a). Both tautom eric forms 

have been shown to interact with enzym es in a num ber o f  distinct modes in vitro and in silico. 

These include chelation o f  the both forms to Cu^^ and reaction at the carbonyl centres,

covalent association with sulfur containing residues o f  enzymes via Michael reactions,^’ ' and 

hydrogen bonding interactions with local enzymes.^’  ̂ As the binding affinity o f  the compound 

to Zn^* com plexes is diminished relative to Cu^" and Fe^" complexes^’® and the nature o f  its 

binding to APN is i r r e v e r s i b l e , i t  is likely that covalent interactions are observed in the case 

o f  its APN inhibitory activity.

(4.01) ( ^ 0 1  a)

F ig u re  4.1: T h e  t a u to m e r ic  s t ru c tu re s  o f  th e  p -d ike tone  func t iona l i ty  o f  c u rc u m in  responsib le  fo r

its vastly  va r ied  ac tiv ity  (4 .01).

4,1.1 The bioavailability o f  curcumin.

In spite o f  its prom iscuous biological effects, curcum in has been shown to be well tolerated in 

vivo, with clinical trials data showing a tolerance towards treatm ent with high doses o f  12 g per 

day.^”  Additionally, lower rates o f  gastrointestinal cancers in areas o f  the world, including
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India, wiiere curcumin dishes form a major part o f the diet suggest the beneficial

property o f curcumin inhibiting its clinical use is that o f its poor bioavailability resulting from

orally per day, it was seen peak plasma levels o f 0.41-1.75 liM  were achieved just 1 h after the 

d o s i n g . T h i s  low observable amount o f curcumin in the system clearly prevents it from 

exerting the positive effects observed in in vitro  as in clinical trials into the use o f curcumin for 

treatment o f colorectal cancer showed insufficient systemic concentrations to effect the 

inhibition o f hepatic metastasis from this cancer phenotype.^’ ^

In accordance with the wide range o f functional groups exhibited in curcumin, the possibility 

for metabolism through a number o f pathways is observed. These can be seen through the 

phenolic group’s conjugation to glucuronide sugars (4.02) typically observed in first pass 

metabolism, or through the reduction o f the enones in the structure’ s bridge between phenols to 

the less active dihydrocurcumin (4.03) and tetrahydrocurcumin (4.04), facilitating its swift 

removal from the system.

chemopreventive effect associated with daily intake o f curcumin^’ ''. The most disadvantageous

its poor absorption and rapid metabolism^^^ In studies where up to 12 g o f curcumin is ingested

HOO OHHOOC

O
O O

(4 .02)

(4.03) (4 .04)

Figure 4.2: Metabolites of curcumin
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4.1.2 Improved Delivery o f Curcumin.

N u m erou s approaches have been  in vestiga ted  to  increase the ob served  lev e ls  o f  curcum in in the 

plasm a and tissu e . T he co-ad m in istration  o f  curcum in  w ith  piperine,^’ ’ a con stitu en t o f  black  

pepper sh ow n  to inhibit the m etab o lic  en zy m es  P -g lycop rote in  and C Y P 3A 4,^ ’* d ecreased  the 

e lim in a tion  h a lflife  o f  curcum in resu ltin g  in an increase o f  154%  in its b io a va ilab ility . S im ilarly  

co-ad m in istration  o f  curcum in w ith  naringenin  has been  sh ow n  to increase the life  span o f  

Ehrlic a sc ites  carcinom a m ice  by 87.5% .^’ ’ C on sid erin g  the m inute intrinsic b ioava ilab ility  o f  

curcum in  in the sy stem , the increase o f  curcum in  lev e ls  ob served  upon the co -adm in istration  o f  

th ese  com p ou n d s still d oes not lead  to the required am ounts o f  sy stem ic  curcum in  to exp lo it  

fu lly  its potential b io lo g ica l activ ity . T he use  o f  other d elivery  sy stem s su ch  as the use o f  

curcum in  nanoparticles (N Ps)^”® and m icellu lar  curcum in^”' for the im proved  treatm ent o f  co lo n  

cancer is currently b ein g  in vestigated .

For exam p le , stud ies have been undertaken in vestiga tin g  the p o ss ib ility  o f  con ju gating  

curcum in  to Fe304  N P s u sin g  a citrate linker w h ich  resulted  in increased  tum our suppression  

activ ity  relative to curcum in  a l o n e . I n  another approach used  to increase ce llu la r  uptake, the 

em u lsio n  d iffu sion  evaporation  o f  the so lu b ilisa tio n  p o lym er p o ly la c tic -c o g ly c o lic  acid (P L G A ) 

has form ed uniform  sized  spherical N P s  o f  curcum in , in creasin g  the b ioav a ila b ility  o f  curcum in  

2 6 -fo ld , sh o w in g  a 9 -fo ld  increase on  the results ob tained  w ith  the co -ad m in istration  o f  

curcum in  w ith piperine.^**^ N a n o em u ls io n s  o f  curcum in w ith paclitaxel h ave a lso  sh ow n  

e ffe c tiv e  intracellular d elivery  o f  the com p ou n d s w ith SK O V 3 and S K O V 3 T R  hum an ovarian  

ad en ocarcin om a c e lls , su g g estin g  th e  potentia l use o f  th is te ch n o lo g y  for the direct targeted  

d elivery  o f  curcum in to  cancer cells.^®'*
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4.1.3 Synthetic Derivatives o f Curcumin.

In addition to tiiese approaches, a number o f  syntiietic derivatives have been synthesised in 

order to improve upon both its activity and distribution profile. Hydrazinocurcumin (4.05) is a 

derivative formed by the simple reaction o f  hydrazine with curcumin displaying 30-fold  

decrease in the proliferation o f bovine endothelial aortic cells (BAECs) relative to curcumin,’®̂ 

its observed IC50 o f  0.52 comparing favourably to 15 |iM in the case o f  curcumin. Recently 

it has been shown to exhibit potent activity against the proliferation o f breast cancer cells, 

showing decreased cell migration, increased apoptosis, decreased invasion and a depression in 

colony formation while showing an enhanced pharmacological profile relative to curcumin.’®̂ 

Its anti-APN activity has also been measured, however its IC50 o f  >100 |^M suggests no 

interaction with this enzyme. By comparison, curcumin shows greater potency with an IC5 0  o f  

10 |iM, relative to that o f  2.5 fxM measured for bestatin. Another curcumin derivative isolated 

from Curcuma longa preserving the (3-diketone moiety, demethoxycurcumin (4.06), itself 

shown to downregulate expression o f  MMP-9 in HUVEC cells to exhibit an anti-angiogenic 

effect,’”’ possesses an IC50 o f 2 0  |j M  in the same investigations, suggesting its requirement in 

the interaction with A PN .‘^̂  ̂ However, in contrast to hydrazine derivative (4.05), neither (4.06) 

nor (4.01) displayed activity against breast cancer cell proliferation.'’^̂

Figure 4.3: Curcumin derivatives hydrazinocurcumin (4.05) and demethoxycurcumin (4.06). 

Curcumin interacts with a binding site near the colchine tubulin site and has been shown to

ft  8 ft
inhibit the assembly o f  microtubules with an IC50 o f 20 |iM. Other derivatives o f

curcumin including (4.05) and (4.07) display IC50 values o f  23 |iM and 16 (.iM respectively, with

(4.05) (4.06)
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compound (4.07)  showing improved anti-proliferative and pro-apoptotic effects against HeLa 

cells relative to curcumin.^** The hydrogenated derivative o f  (4.07),  C086 (4.08)  dem onstrated 

5-fold to 7-fold more effective anti-proliferative activity against six colon cancer cell lines over 

curcumin. This derivative also downregulated the expression o f  NF-kP, VEGF and M M P-9 in a 

range o f  cell lines. It also showed an effect sim ilar to that o f  5-FU on tum our growth in SW 480 

tum our bearing mice.^°^

O O O O

(4.07) (4 .08)

Figure 4.4: Synthetic derivatives of curcumin, (4.07)  and C086 (4.08).

Other derivatives with varied substituents on the arom atic rings as exem plified by (4.09)  and 

(4. 10),  displayed anti-angiogenic effects perhaps m ediated through their effects on the 

dow nregulation o f  the expression o f  MMP-9 and VEGF.^*^

O OH O OH

Figure 4.5: Compounds (4.09)  and (4. 10) ,  both bearing additional substituents in the phenol rings.
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More radical curcumin derivatives with carbon chain lengths reduced to 5 (4. 11)  and 3 (4. 12)  

carbons between the tw o aromatic rings inhibited angiogenesis and proliferation o f  SVR cells. 

H owever, resulting from the high degree o f  truncation and lack o f  phenolic character, it is 

reasonable to be sceptical about the status o f  these com pounds, (4. 11)  in particular, as being  

described as being true curcumin derivatives.^'”

(4 . 11) ( 4 . 12)

F igu re  4.6: T r u n c a t e d  c u rc u m in  deriva t iv es  (4. 11)  a n d  ( 4. 12) .

Other groups have truncated the linker unit, with their screening results suggesting higher 

activity from a multitude o f  com pounds containing a 5 carbon linker unit and aikylation o f  the 

phenol group, w hile retaining a degree o f  freedom around the central carbonyl (i.e  tethering at 

this position using rings dim inished activity). Several o f  these com pounds show ed increased  

anti-proliferative activity with up to 50-fold  low er IC5 0  values than curcum in observed in a w ide  

range o f  tumour cell lines including D LD -1, SW 620 and H CT116 cell lines, w hile reducing 

gene expression resulting from the NF-kP signalling pathway and cell cyc le arrest in the G2-M  

phase.^" The most active o f  this fam ily o f  com pounds were G O -Y 030 (4. 13)  and GO-Y031  

(4 . 14).

(4 . 13) (4 . 14)

F igure  4.7: C u r c u m in  deriva tives  G O -Y 0 30  {■/. 13) a n d  G O -Y 031 {■). 14).
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O ther m odifications to the structure include the use o f  the fluorine substituents and pyridine 

rings in the derivatives, EF-24 (4.15) and EF-31 (4.16). Interestingly in these exam ples, there is 

a ring structure around the central carbonyl group, which m aintains activity conversely to a 

previous report which stated a ring at this position would be detrim ental to activity.^" EF-31 

showed almost com plete inhibition o f  tum our growth in mice bearing Tu212 xenografts at 

concentrations o f  25 mg kg ' and both showed high anti-proliferative activity against this cell 

line in vitro.^'^ M oreover, a greatly enhanced pharm acokinetic profile was w itnessed relative to 

curcum in with plasm a levels o f  drug being w itnessed after 6 hours.

F O F O

(4 .15)  ( 4 . 16)

Figure 4.8: Structures of EF-24 and EF-31

4.2 Synthetic Strategy

W hile mindful o f  the fact that many o f the curcum in derivatives synthesised have not been 

tested for APN activity, inspection o f our com pounds structure suggests that the B-ring in 

particular could be judiciously modified to allow for APN binding by incorporating structural 

features sim ilar to that contained on the curcum in structure. As our com pounds bearing the 

arom atic rings contain both the alkoxy and phenol substituents in their A and C-rings 

respectively and are effectively bridged together by an enone m ethylene strap on the B-ring, our 

com pounds already show some sim ilarities to that o f  curcum in. Further m odifications to the B- 

ring should allow for the inclusion o f  the Zn^^ chelating (3-diketone group to  increase further 

their curcum inic character. This could be introduced by m odifications during the synthesis o f
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the compounds to include the p-diketone moiety within the ring or subsequent to the synthesis 

o f  (2.07) by acylation at the carbon centre a to the carbonyl carbon to give compounds (4.77) 

and (4.18) respectively.

'OHOH

( 4 . 17)

F igure 4.9: Synthetic ta rge ts (4. 17)  and  (4. 18).

4.2.1 Synthesis o f

Our strategy towards the synthesis o f  these two DMLs was to use (2.07) as the starting point. In 

principle we felt that we could exploit the benzylic position for the synthesis o f  (4.17) and the 

relative acidity o f  the hydrogens adjacent to the carbonyl group for the synthesis o f  (4.18).

TBAFoxidation

OTBDMSOTBDMS OH

( 2.07) ( 4.19) (4. 17)

Schem e 4.1: O rig inal attem pts to synthesis curcum in  hybrid  (4. 17) .

Benzylic methylenes are known to be susceptible towards oxidation, and exploitation o f  this 

property could theoretically form (4.19), following the addition o f  just one oxidative step at this 

position, subsequent to the established synthesis o f  (2.07). However, due to the presence o f  the 

alkene in (2.07), a compatible oxidation technique must be identified to prevent its undesired
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oxidation as the loss o f unsaturation at this position has proven detrimental to these compounds 

activity. As this alkene, however, has shown stability towards PDC it was first decided to effect 

this transformation using a large excess o f this chromium based reagent over a prolonged period 

o f time. The reaction was frequently monitored over a period of seven days by TLC. However, 

even after this prolonged reaction time the only substance isolated was the unchanged starting 

material. Changing the oxidant to Jones’ reagent, a stronger chromium based reagent did little to 

enhance the rate o f the reaction resulting again in recovery o f the starting material. Subsequent 

to these, other methods were sought including the use of activated Mn0 2  and using Mn0 2  as a 

solid support for KMn0 4  as per the method employed by Shabaani et These methods 

yielded similar returns as the chromium mediated oxidations. A final attempt to effect this 

transformation employed the use o f Se0 2 ^''' but this reagent resulted in the breakdown o f the 

starting material to a complex mixture o f products. Having exploited most of the standard 

oxidants for this transformation without success our efforts changed towards the synthesis of 

(4.18).

It was decided to adopt a new approach towards the synthesis o f this novel DML, whereby the 

1,3 diketone functionality would be elaborated external to the B-ring using a well established 

procedure similar to the Ciaisen reaction.^'^ Hydrogens attached to carbons adjacent to 

carbonyls are electron deficient lending an acidic character at this position to allow the 

formation of the enolate anion upon treatment with a base o f suitable strength. This trait is 

exploited in the Ciaisen reaction leading to the formation o f 1, 3-diketones from the reaction of 

a ketone and an ester. Enolate anions have found use in a variety of reactions in total synthesis 

o f natural products.^'^

It was thus postulated that acylation o f (2.07) at the carbon centre a  to the existent ketone in the 

7 position via a Ciaisen style reaction would theoretically yield compound (4.20), which 

following phenol deprotection would yield the desired compound (4.18). The key addition
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reaction should be guided tow ards this product exclusively  as the o ther  carbon ne ighbouring  the 

ketone forms part o f  the conjugated  enone system  nega ting  its acidic charac ter  and d isa llow ing  

it from participation in undesired  side reactions often com m o n p la ce  with  enolation  processes. 

A no ther  consideration  in p reventing  side reactions is to p revent the possibility  o f  sym m etrical 

aldol condensa tion  o f  the starting material.^'^ This should  be overcom e by using a s trong base  to 

ensure  com plete  form ation  o f  the  enolate  anion in a short period o f  time. S trong non- 

nucleophilic bases such as N a H M D S  and lithium d i isopropy lam ide  (L D A ) have traditionally  

proven to be effective in the se lective direction  o f  the reaction  tow ards  one carbonyl group.

Deprotection q

'OTBDMS OH

(4.18)(4.20)

O

O Claisen

OTBDMS
O ,

Schem e 4.2: Synthetic pathw ay tow ards DM L (4. 18).

This modification  to  our  existing  scaffold at this position cou ld  be very advan tageous  as it 

w ou ld  be expected  to exhibit  firstly a w ide array o f  effects  o w in g  to  the presence o f  the 

curcum inoid  character,  while  the addition o f  a  the stericaily uncha ileng ing  acetyl ketone 

functionality w ou ld  not be expected  to d im inish  the  anti- tubulin  po lym erisa t ion  activity inherent 

with the RSI 80 series o f  com pounds.  Furtherm ore, upon d iscovery  o f  a robust synthetic  m ethod 

for the introduction o f  a second ketone group, subsequent m odif ications  could  realistically be 

m ade  to increase the chain  length external to the B-ring. facilita ting the  s im ple deve lopm ent o f  a 

num ber  o f  synthetic derivatives from this parent structure, thus potentia lly  crea ting  a new  series 

o f  com pounds  capable o f  exhibiting  an ti-cancer activity against m ult ip le  targets.
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4.2.2 Results and Discussion

Initial attempts at the acylation reaction involved the generation o f  the enolate anion o f  (2.07) 

via deprotonation at the carbon a  to the enone using a 0.25 M solution o f  lithium 

diisopropylam ide (LDA), prepared in situ at -78 °C by the standard reaction o f  equim olar 

equivalents o f  diisopropylam ine with butyllithium  (BuLi) in THF. The dropwise addition o f  this 

solution to compound (2.07) at -78 °C in THF yielded a dark red solution within 20 min, 

suggesting the formation o f  the enolate anion o f  (2.07). Attempts to form the acylated product 

using acetyl chloride showed the im m ediate quenching o f  the enolate anion as the distinct 

colour dissipated. However no reaction progress was observed by TLC (hexane/EtOAc 3:1). 

The literature reported that attempts by other groups to use acetyl chloride as a means to form a 

methyl ketone in this m anner were also unsuccessful.^'^ Similar results were observed when 

attem pting this synthesis with other acylating reagents such as acetic anhydride.

The desired transform ation was ultimately furnished using pyruvonitrile as the acylating reagent 

o f  the enolate in the same m anner as del M ar Rey et The transform ation proved very 

efficient yielding the desired compound (4.20) following 1 h reaction at -78 “C. Subsequent 

deprotection o f  the phenol yielded the target com pound (4.18) in 10 mins in 90% yield.

OH

OTBDM S

(4.20)

OH

OH

(4.18)

‘OTBDM S

(2.07)

(i) LDA, THF, -78  °C, 10 min (ii) pyruvonitrile, -78  °C, TH F, 1 h, 79%  (iii) 1M TBAF, THF, 0 °C, 10 min, 90% . 

Scheme 4.3: Synthesis of the curcumin derived DML (4.18).
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4.2.3 Structural Elucidation of compound (4.20).

As mentioned in the chapter’s introduction, curcumin exists in tautomeric forms due to the 

hydrogen bonding mediated stabilisation o f  the enol form o f this compound. It would be 

expected that (4.20) would similarly adopt all three tautomeric forms illustrated in Figure 4.10, 

complicating the resultant IR and NMR spectra. Investigations into the structure o f  this 

compound were required before completing the synthesis via the deprotection step outline in 

Scheme 4.3.

'OTBDMS
O ,

OH

OTBDMS

(4.20 b)

OH

'OTBDMS

(4.20 C)

Figure 4.10: The potential tau tom eric form s of com pound (4.20).

In reality, these spectra appeared relatively clean and the appearance o f only one product on 

TLC during reaction monitoring suggested that just one o f  these tautomers was produced, the 

spectral evidence suggesting the formation o f  (4.20 c). The most interesting peaks in the 'H 

NMR spectrum include that at 15.62 ppm, a singlet integrating to one proton. Peaks in the range 

o f  14 ppm to 16 ppm can be attributed to the characteristic resonance o f  a proton attached to an 

enol oxygen.^^® As tautomer (4.20 a) does not possess an enol proton, this can be discounted as 

the form which the product ultimately adopts. The CH proton alpha to both carbonyls would be 

expected to resonate more upfield at 4 ppm. The other interesting peak in this spectrum 

indicating the formation o f  (4.20 c) is that o f  the singlet integrating to three protons resonating 

at 2.52 ppm, which are representative o f  the terminal CH3 neighbouring the carbonyl outside the 

ring. The analogous protons for (4.20 h) would be observed slightly more upfield at around 2
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ppm. The '^C NM R spectrum shows adoption o f the enoi form in the 1,3-dilcetone functionality 

as evidenced by the appearance o f a single carbonyl peak at 197.4 ppm and an enol peak at 

174.8 ppm The methyl group outside the ring is seen at 25.9 ppm, in addition to the expected 

methoxy resonances between 55 ppm and 62 ppm. The 4 aromatic primary carbons and 1 signal 

for the alkene carbon are witnessed in the range between 100 ppm and 125 ppm, with 8 

aromatic quaternary carbons seen between 127 ppm and 155 ppm. The TBDMS peaks are seen 

upfield at 1.02 ppm, 18.5 ppm and 25.7 ppm.
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Figure 4.11; 'H  N M R  spectrum of (4.20).
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Figure 4.12: '^C NIVIR spectra o f (4.20)

The IR spectrum shows a stretch at 1711 cm ', which supports the identity o f the compound 

being (4.20 c). As there is a lower degree of conjugation around the carbonyl centre, it would be 

expected to show the stretching frequency at a higher wavelength than that seen in (4.20 h), 

which falls under the influence o f two neighbouring double bonds. The stretching vibration at 

3400 cm ' is indicative o f the enol hydroxyl group.

The stability o f this structure can be further rationalised by the high degree o f conjugation 

bestowed upon it throughout the tricyclic ring structure. The increased double bond character 

inside the B-ring strengthens the compound’s structure, with the potential for aromaticity 

through the molecule should a charged species similar to a tropylium cation form.^^'

Upon deprotection, the spectra for (4.18) are very similar to its precursor compound with the 

expected disappearance o f the two singlet peaks o f the TBDMS protecting group at 0.18 ppm
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and 1.01 ppm to be replaced with a singlet integrating for the phenol proton at 5 .69 ppm. In the 

'H NM R. the peak at 15.57 ppm is conserved show ing the enol functional group rem ains intact. 

The remainder o f  the spectrum supports the structure with 4 singlets integrating to 12 total 

protons in the region between 3.65 ppm and 4.01 ppm show ing the 12 m ethoxy protons 

contained in the com pound. The peak at 2.51 ppm show s the acetyl protons, w hile the 4 

aromatic protons and B-ring alkenyl proton are seen resonating between 6.40 ppm and 7.02  

ppm.
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Figure 4.13: 'H NM R spectrum of (4. 18)

The first signals to be noted in the ‘^C NM R spectrum are those at 197.5 ppm and 174.8 ppm 

show ing the presence o f  the carbonyl carbon and the enol carbon respectively. There is a CH 2 

peak at 23 .9  ppm, show ing the presence o f  the benzylic carbon in the B-ring. The four m ethoxy  

signals are seen between 56 ppm and 61 ppm. The fifth m ethyl group in this com pound is seen  

at 25.9  ppm show ing the one belonging to the acetyl group exo  to the (3-diketone. B etw een 109 

ppm and 121 ppm, 5 peaks are seen corresponding to the aromatic and alkene carbons in (4. 18).
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T here  are 9 additional quaternary  carbons in the region be tw een  127 ppm and 151 ppm 

co rrespond ing  to the am oun t expected  in the com pound. The m /z  o f  411 .1495 m atches  the m /z  

expected  from the (M -H ) '  ion, suggesting  the com pleted  synthesis  o f  the  target com pound.
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Figure 4.14: '^C N M R  spectrum of (4. 18)

4.3 Biological Evaluation of compound (4. 18).

Follow ing  the  successful synthesis  o f  (4. 18) ,  its anti proliferative, A P N  inhibitory and anti- 

m igra tory  effects w ere  m easured  using  the three assays used to eva lua te  the activity  o f  the series 

o f  co m p o u n d s  outlined in C hap te r  2.

4.3.1 APN  A ctivity o f (4.18).

A nti-A PN  activity w as m easured  using the sam e approach  as used for the  com pounds  

previously  described in C hap te r  2'^^'’ requir ing  a m odif ication  to factor in terference resulting
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from the distinctive yellow colour o f the compound (4.18) into the results. Whereas the 

colouration resulting from the hydrolysed substrate was measured only once after a time period 

o f 2  h in the standard assay, the change in absorbance was measured in the plate reader at 1 0 0  

time points over this period. The slope o f the line was determined using linear regression and 

the percentage of enzyme inhibition relative to the DMSO blank was calculated using the 

formula:

% inhibition = IOO-(slope of test sample)/(slope of DMSO blank)* 100

The IC50 value o f 79.56 |iM ±1.03 SEM was calculated following the plot o f log concentration 

versus normalised percentage inhibition. The control compound bestatin was measured as 

possessing an IC50 of 32.55 (xM ±1.40 SEM.

Com pound APN
inhibition

(MM)

SEM

(4.03) 79.56 ±1.03
Bestatin 32.55 ±1.40

Table 4.1: IC;oof APN inhibition for both (4. 18) and  bestatin.
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APN Inhibition (4.18)
100n

80-

60-

40-

1 0 1 2 3
Log concentration (^M)

G rap h  4.1: Percentage inhibition of APN versus log concentra tion  of (4. 18)

4.3.2 MTT Assay results.

The proMferation o f PC-3 cells was measured using the same procedure as outlined in Chapter 

2.^'^ The IC5 0  calculated was 335.9 nM ±1.12 SEM, comparing unfavourably to the control 

compound CA-4 which exhibited an IC50 of 20.44 nM ± 1.69 SEM.

Compound IC5o(PC-3 
Cells) (nM)

SEM

(4.18) 335.9 ± 1 . 1 2

CA-4 20.44 ±1.69

T able 4.2: IC 50  o f (4. 18)  and CA-4 ob tained from  the IMTT cell pro liferation  assay.

4.3.3 Cell M igration Assay Results.

Compound (4.18) showed a marked effect on cell migration at concentration o f 5 nM, 10 |xM 

and 20 |xM showing a halving o f the spontaneous migration rate over the time period. At 24 h, it 

showed comparable activity to that of CA-4, with a longer lasting effect illustrated by the 

migration distance witnessed after 48 hours especially at the high concentrations where ceil 

migration was observed as half that o f the control compound. The APN inhibitor bestatin
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showed an effect at 80 |J,M concentration less than that observed at any o f  these 

concentrations show ing that the an ti-m igratory  effect is not m ediated by its anti-A PN  

effect. The results o f  this assay are tabulated  in Table 4.3 detailed in photographic form  

in Figure 4.16 as in C hapter 2.

C om pound Cone

Cell
M igration

(nm )
24 h

Cell
M igration

(nm )
36 h

Cell
M igration

(nm )
48 h

(4.18) 5 nM 
10
20 nM

110.02± 17.92 
87.85±16.15 
95.16±20.76

164.63±39.08
108.92±3.62
103.98±6.30

167.81±14.81
169.59±27.93

188.04±6.91
CA-4 5

10
20 uM

114.93±7.17 
108.05±8.53 
81.37±3.60

137.90±16.27
133.05±4.82

122.12±I0.26

167.74±7.96
159.58±14.74
150.95±12.64

(2.01) 5 nM 
10
20 |iM

I27.92±9.99
102.67±I7.17
89.99±23.89

18l.39±21.32
155.35±I3.75
140.05±23.69

234.09±38.30 
172.04± 16.76 
156.42± 10.75

B estatin 80 uM I42.52±6.29 188.61 ±7.40 208.70±8.88
0.1%

DMSO 176.02±8.5I 240.93±7.21 277.30±12.09

T a b le  4.3: C ell m ig ra tio n  assay  re su lts  (±SEIVI) fo r (4. IS).
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0.1%  DM SO

Bestatin 80 }iM

F ig u re  4. 15: O b se rv ed  cell m ig ra tio n  fo llow ing  tr e a tm e n t o f  PC -3 cells w ith  (4. 18)  a t 10 nM

m e a su re d  o v e r 24, 48 a n d  72 h.
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(4.18)
300-1

E

c 200-
0
(0
0
i 100-
■55
0

0-

5 nM
CA-4 5 ^M 

H  10
S  CA-4 10 [iM 
^  20 )iM 
^  CA-4 20 nM 
^ 3  Blank 

■ I  Bestatin 80 riM

Time (h)

G ra p h  4.2: Cell migration distance m easured  for (4. 18)  over 24 h, 36 h and  48 h.

4.4 Discussion and Conclusion

The integration o f a p-diketone into the structure o f  (2. 01) was achieved follow ing one 

additional reaction step prior to its final deprotection. The compound (4.18)  could theoretically 

form the basis o f  a new series o f  com pounds as the elaboration (2.07)  in this m anner could be 

achieved relatively simply. At the outset o f  the investigations, it was fully intended to keep the 

added alkyl substituent o f  the p-diketone as small as possible to prevent the dim inishing o f  

biological activity due to steric bulk crowding the important carbonyl functionality. However, 

now that theoretically the enol ketone structure has been proven active in APN inhibition, larger 

groups can be used to investigate the effect, if  any, their added bulk could have in interactions 

with the biological targets. For exam ple, as stated in Section 2.7, the binding site in APN 

possesses hydrophobic pockets ready for exploitation using bulkier side chains than the methyl 

group in (4. 18).  Such m odifications could lead to further im provem ents in the series’ APN 

inhitory effect. The activity o f  (4. 18),  while promising, is much dim inished from control 

com pound bestatin ( IC 5 0 32.55 |iM ) and (2.03)  (IC 50  8.70 |iM ).
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Cell proliferation is inhibited in the nanomolar range as exemplified by the MTT assay results 

(Section 4.3.2) and the cell migration assay shows a greater anti-migratory activity than that o f  

CA-4 over the range o f  concentrations. In addition, the anti-migratory effect o f  the compound is 

greater than that observed in the parent compound (2.01), suggesting the benefit o f  added 

curcuminic character for anti-cancer activity.

Together, the biological data prove the synthesis o f  a novel compound with the potential to 

target multiple facets implicated in cancer spread. In future work, perhaps work could be done 

in order to solubilise the compound using phosphate ester pro-drugs similar to that o f  CA-4 

phosphate, providing a manner for the introduction o f  the important 1,3-diketone in a more 

clinically reliable manner. The phosphate ester o f  (2.01) has already been synthesised, 

suggesting the easy modification o f  (4.1H) in this way. As mentioned in the introduction to this 

chapter, much o f  the investigations into the anti-cancer effect o f  curcumin is orientated towards 

improvement o f  its bioavailability, which could realistically be achieved using this approach.
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Chapter 5

5.1 Introduction

Artemisinin (5.01) is a sesquiterpenene lactone containing a 1,2,4-trioxane ring, isolated from 

the Chinese herb, Artemesia annuaP^ This herb was traditionally used in Chinese medicine for 

the treatment o f  fever/^^ More recently, following the isolation o f  its principal active 

constituent, artemisinin, this compound and derivatives thereof have found widespread clinical 

use in the treatment o f  malaria. Indeed, in many instances they have replaced the more 

traditionally used anti-malarial agents such as quinine and chloroquine/^'* However owing to 

reports implicating the onset o f  resistance^^^ towards the treatment with artemisinin in isolation, 

the World Health Organisation(WHO) has discouraged monotherapy o f  artemisinin,^^^ 

recommending its administration in combination therapy with other anti-malarial compounds 

including mefloquine and piperaquine. Artemisinin and its derivatives are known to selectively 

target the Plasmodium  parasite showing little toxicity to normal host tissues. Its mode o f  action 

is unclear and still a cause o f  much debate,^^’ however one major argument suggests the 

opening o f  the trioxane ring upon interaction with high levels o f  Fe^^ in the parasite’s digestive 

vacuole generates highly reactive carbon centred radical intermediates, alkylating an array of  

parasitic proteins necessary for parasitic survival.

Two major disadvantages inherent with the drug are the need to isolate it from a natural source 

and its inherently low bioavailabilty. In redressing the first point, total syntheses have been 

reported as far back as 1982.^^’ As total syntheses o f  such large complex compounds are 

challenging procedures, these are rarely produced at large scales due to cost constraints. 

Consequently several methods have been devised to generate precursor compounds in culture, 

with a very recent report” ® showing the development o f  a Saccharomyces cerevisiae strain
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capable o f  generating  alm ost 16 tim es the am ount o f  p recu rso r com pound artem isin ic  acid

(5. 02)  re la tive to  p rev ious reported  p ro ce d u re s /^ '

T his large scale  p roduction  o f  artem isin ic  acid perm its the  generation  o f  sem i-syn the tic  

deriva tives o f  artem isin in  d isp lay ing  g rea ter w ater-so lub ility . T he m ost com m on sem i-syn the tic  

deriva tives are m odifications o f  the reduced  form  o f  artem isin in , d ihydroartem isin in  (D H A )

(5. 03) ,  an ac tive m etabolite  o f  artem isin in . T hese include the lipophilic artem ether (5. 04) ,  and 

the w ater-so lub le  succina te ester o f  D H A , artesunate (5. 05) .  T he generation  o f  th is w ater- 

so lub le form  o f  artem isin in  has resu lted  in a m uch m ore favourab le  pharm acok ine tic  p rofile  

than  the paren t compound.^^^

( 5.01)

'OH

( 5.03)

OH

O

( 5.04) ( 5.05)

Figure 5.1: The s tructures of artemisinin (5.01),  artesmisinic acid (5.02),  DHA (5.03) and  the 

semisynthetic derivatives a r tem ether  (5.04)  and  artesunate  (5.05).

5.1.1 The use of artemisinin and its derivatives for treatment of cancer.

In addition  to  its clin ical use in the trea tm en t o f  m alaria , s ign ifican t research  has suggested  the 

po ten tia l use o f  a rtem isin in  and its deriva tives for the trea tm en t o f  solid  tum ours. It has been

show n to induce apoptosis^^^ in resis tan t cell lines,^^'* inactivate N F -k(3,^^  ̂ up regu la te  death
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receptor 5 (DR5)^^^ inhibit angiogenesis^'^* and cell proliferation in a range o f  cell lines 

including those o f  p itu ita ry le u k a e m ia .^ ^ *  hepatic,^^’ and prostate^”*® cancer phenotypes.

One o f  the m echanism s underpinning its anti-cancer effects is sim ilar to its anti-m alarial mode 

o f  action. In developing tum ours, there is a requirem ent for heightened levels o f  iron relative to 

normal cells to enable further advancem ent o f  the cell c y c l e . A s  the endoperoxide bridge o f  

artem isinin is known to be highly tolerated in vivo and generates carbon centred radicals in the 

presence o f  iron, it has been postulated that artem isinin can selectively target cancer cells by 

generating these reactive species inside cancer cells only.’''  ̂ It has been shown to induce 

apoptosis in T47D  and M DA-M B-231 breast cancer cells through this mechanism.'^'*^ In fact, 

studies have show n the potential beneficial effect o f  conjugation o f  artem isinin to a range o f  

iron containing com pounds including transferrin and holotransferrin already shows benefits 

associated with its selective targeting o f  cancer cells containining increased levels o f  iron.’'*'*

In vivo, artesunate has been shown to inhibit the invasion and m etastasis o f  N SCLCs, inhibiting 

the expression o f  m ultiple targets involved in these processes including K-cadherin 

(CDH6), fibroblast growth factor receptor 4, Myc, transform ing growth factor beta 1 (T G F(il) 

and M M Ps 2 and 7. '̂’’ Artem ether has already shown beneficial results in the treatm ent o f  a 

patient with pituitary adenom a’''* while artesunate has been shown as effective in the reduction 

o f  a laryngeal squam ous cell carcinom a by 70% over tw o m onths treatm ent suggesting these 

com pound’s potential clinical benefits in the treatm ent o f  many cancer types.

Artemisinin displays an anti-m igratory effect on human m elanom a cell lines and has been 

shown to dow n-regulate im portant markers in the developm ent o f  cancer including M M P-9 and 

the ttvP3 integrin.^'** Similar effects have been noted with DHA in m urine lymphatic endothelial 

cells in addition to the upregulation o f  pro-apoptotic gene bax and dow nregulation o f the anti-
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apoptotic bcl-2 with diminished levels o f VEGFR-3 measured, further displaying the anti- 

angiogenic, anti-lymphangiogenic and anti-apoptotic effects o f artemisinin.

As shown in Figure 5.1, the majority of modifications to the structure o f artemisinin involves its 

functionalisation at the C-12 carbonyl. However, there have also been investigations towards 

the simplification o f the structure that replace the trioxane ring with a tetraoxane ring to 

generate a series of compounds containing the core cholic acid backbone that are more stable 

relative to artemisinin, even in acidic conditions with pH as low as 1.6 .̂ °̂ The stability o f the 

tetraoxane functional group allows for harsher modifications not possible in the trioxane ring 

structure including functional group reduction with L iA lH 4 . The cholic acid derived 1,2,4,5- 

tetraoxanes (5.06)  and (5.07),  bridged by the tetraoxane group, have shown similar 

antiproliferative activity against both HeLa and Fem-X cells to that o f cisplatin. Likewise, the 

tetraoxane (5. 08)  was also highly effective against the proliferation o f both melanoma (LO X  

IM V I)  and ovarian cancer ( IG R O V l) cell lines displaying LC 50 values in the range o f 60 nM for 

both cell lines.

OH

OH
OAc

XOC COX

OH
0-0

0-0

X=NH2 ( 5.06) (5  08)
X=0H  ( 5.07)

Figure 5.2: Semisynthetic tetraoxane artemisinin derivatives (5.06-5.08).

It is in adjuvant treatment that artemisinin has been shown to operate best. As examples, it has 

shown particularly promising effects in combination with y-radiotherapy against glioma cells.^ '̂ 

Furthermore these studies also showed the additive effect o f co-administration with transferrin, 

further supporting the role o f iron in the mechanism o f artemisinin’s anti-cancer action. DHA
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has been shown to ampMfy the effect o f gemcitabine towards pancreatic cancer ceils both in 

vitro and in vivo.^^^ Based on the promising anti-angiogenic data and observation that 

artemisinin type compounds show a degree of selectivity for iron-rich prostate cancer cells, this 

pharmacophore presents itself as the ideal partner to combine with our lead vasculature 

disrupting agents. There are many ideal partners from our suite o f compounds, but our primary 

focus here will be on RSI80 (2.01) and RSI76 (5.12) to generate these hybrid forms.

5.2 The synthesis of RSI 80-Artemisinin conjugates.

Previously within the group the synthesis of a novel conjugate of artemisinin and quinine was 

accomplished, displaying superior activity against both drug susceptible and resisistant strains 

o f Plasmodium falciparum  over artemisinin or quinine alone.

In the first instance, the strategy adopted was to utilise the phenolic group on (2.01) to couple 

artesunate (5.05), ultimately providing us with a hybrid where the tubulin component o f the 

design is presented in pro-drug from, but is expected to generate slowly the individual 

components again following hydrolysis. Using the coupling methodology employed by 

Horwedel et al in their synthesis o f betulin-artemisinin hybrids,^^^ the conjugate (5.09) was 

formed using l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) as a coupling reagent. 

Although EDCI functions in much the same way as DCC, the advantages o f using this coupling 

reagent results from the increased solubility in water o f its urea side product relative to that seen 

in DCC coupling, thus facilitating the simpler purification o f the desired products.
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OHO TB D M S

('2.07; ( 2 .01)  ( 5 .09)

(i) 1M TBAF in THF, THF, 0 °C, 10 min, 73%  (ii) Artesunate, EDC I, DM AP, DCM , N 2, 0 °C, 12 h, 59%

Scheme 5.1: Synthesis o f novel RS180-artem isinin hybrid  (5.09)

5.2.1 The synthesis of (5.09).

Following the synthetic scheme outlined in Scheme 5.1, the phenol (2.01) was generated in a 

moderate yield o f 73% upon its deprotection with 1 M TBAF in THF at 0 “C over 10 mins. This 

phenol was reacted with the activated ester formed between EDCI and artesunate for 12 h in 

D C M  using D M A P as an acylation catalyst to afford compound (5.09) as expected, in a modest 

yield o f 59%.

Notable in this reaction step is the appearance of the product (5.09) at a very similar Rf to that of 

the starting material (2.01) on TLC using hexane/EtOAc (1:1) as the mobile phase. The product 

could be visualised upon spraying with vanillin/H2S0 4  solution as a red spot of similar 

pigmentation to that exhibited by artesunate which itself appeared on the baseline o f the plate. A 

solution o f aq. Na2C 0 3  was used in the work up to remove any amounts o f the acidic artesunate 

and R S I80 facilitating a simpler purification o f (5.09) by column chromatography.

5.2.2 Structural Elucidation of (5.09).

A  complete spectroscopic study on (5.09) was carried out using a variety o f N M R  spectra 

including 'H , '^C, and DEPT spectra in addition to Total Correlation Spectroscopy (TO CSY),
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Heteroniiclear M ultip le-B ond Correla tion  (H M B C )  and H eteronuclear  Single Q uan tum  

Correla tion  (H S Q C ) N M R  spectra  as well as IR and H R M S  spectra.

A lthough  it is seem ingly  a very  com plex  com pound  at first g lance,  it is m ade up o f  tw o build ing  

blocks w hose  spectra  are already known. D ividing the  task  into two, w here  first the  peaks in the 

RSI 80 section o f  the com pound  w ere  s tudied before  those  o f  the ar tem isin in  com ponen t m akes  

assignm ent o f  signals a s im pler  task. The fo llow ing  num bering  schem e w as used (Figure 5.3)

21

)'0 ^  40

18

F igure  5.3: A tom ic  labelling  sys tem  used fo r  c o m p o u n d  (5.09).

The mass spectrum  in positive ionisation m ode was consis ten t w ith  the sod ium  adduct o f  

com pound  (5. 09) ,  with a g iven m /z  o f  759.3032. T he  IR spectrum  show s stretching vibrations at 

1700 cm ' and 1734 cm ' w hich  are indicative o f  those o f  the  enone  and ester functionality  

respectively on (5.09) .  In addition to this, the 'H  N M R  spectra  show ed  a total o f  50 protons 

while  there were  41 signals in the '^C N M R  spectrum , in agreem ent with  the postulated 

structure.
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Figure 5.4: 'H  NM R of com pound (5.09).
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In the carbon NM R, the peak at 203.3 ppm stands out as the carbonyl peak at C-7. In the HM BC 

spectrum, correlations with protons at 3.14 ppm and 2.72 ppm are evident, correlating to those 

on C-6 and C-5 respectively. Using the HSQC, these proton resonances are shown to correlate 

to carbon signals resonating at 45.2 ppm and 19.7 ppm w ith C-6 resonating further downfield 

relative to C-5, resulting from its pro.ximity to the carbonyl. Sim ilarly, H-5 shows more 

correlations in the HM BC to the aromatic proton o f the A -ring due to its closeness to this 

aromatic ring. In addition to the quaternary carbon at 128.7 ppm, H-5 also interacts with carbon 

resonances at 131.6 ppm and 150.2 ppm representing carbons 4, 10 and 11. As H-6 also 

correlates to 128.7 ppm, this resonance is assigned to C-11. The higher shift at 150.2 ppm 

would suggest this carbon falls under the influence o f  an electronegative group. Correlation to a 

singlet at 3.89 ppm integrating to 3H shows that this peak is responsible for the resonance o f  C- 

4, while identifying the peak at 3.89 ppm as the methoxy group at C-21, whose corresponding 

' ’C resonance is found at 61.0 ppm. C -1 1 shows an association with a proton at 6.37 ppm, a 

singlet integrating to one proton. Only the arom atic proton at C-1 is w ithin the three bonds at 

which HM BC functions optim ally, the corresponding carbon o f  which is seen at 111.2 ppm. H-1 

further couples to carbons with resonances o f  142.8 ppm and 150.7 ppm. These carbons also 

correlate to m ethoxy groups at 3.94 ppm and 3.63 ppm respectively. A lthough it is not possible 

to distinguish between these signals using the spectra obtained, it is known that due to the 

existence o f  resonance, the methoxy peak for the hydrogens at C-20 are shifted further upfield 

allow ing the peak at 3.63 ppm to be assigned at this position, and that at 3.94 to be given to H- 

19. HSQC shows their respective '^C chem ical shifts to be at 55.5 ppm and 60.5 ppm 

respectively. Furthermore, the quaternary carbons C-2 and C-3 can be definitively identified as 

those at 142.8 ppm and 150.7 ppm. W ithin the fused AB ring structure there are now only two 

atoms w ithout resonances assigned to them, being those associated with C-8 and C-9. HI shows 

long range coupling to the carbon at 134.6 ppm. indicating the chemical shift o f  C-9. This
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carbon shows long range interactions with the aromatic protons at 6.98 ppm and 7.00 ppm, 

while also correlating to the singlet appearing slightly upfield o f the aromatic region at 6.39 

ppm which is attributable to the alkene CH at position 8. The peak at 7.00 ppm couples with a J 

value o f 2 Hz to the signal at 7.31 ppm suggesting a meta relationship between protons, whereas 

the larger J value o f 8.5 Hz between the peaks at 7.31 ppm and 6.98 ppm suggest a ortho 

relationship, consistent with the assignment o f the doublet at 7.00 ppm as H-13, the doublet at 

6.98 ppm as H-14 and the double doublet at 7.31 ppm as H-15. Using the HSQC enables 

identification o f their respective carbons resonating at 123.6 ppm, 111.5 ppm and 127.1 ppm.

o
o
CM

n i - - - - - - - - - - - - - - - - - - - - r- - - - - - - - - - - - - - - - - - - ]- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - - - - r

6 4

Figure 5.6: Expansion of the H M B C  spectrum

There remains only one methoxy group to be assigned, that at position C-18, whose protons can 

therefore be seen as resonating at 3.88 ppm and carbon at 55.5 ppm. This proton resonance is 

seen to interact with C-16 at 151.8 ppm. Final inspection o f the aromatic region on the HMBC 

shows coupling o f H-13 and H-14 to a carbon at 138.7 ppm and H-13 and H-15 showing 

interaction with a carbon at 149.6 ppm. Checking the structure o f the molecule identifies C-12 

as being the peak with the resonance at 138.7 ppm and C-17 as resonating at 149.6 ppm.
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Exam in ing  tiie rem ainder o f  tiie m olecu le ,  there are tw o  functional g roups  w hich  instantly stand 

out, nam ely the tw o ester ca rbonyls  w hich  have resonances at 168.9 ppm  and 170.4 ppm  and the 

posit ioning o f  C-26  betw een  tw o oxygen  a tom s w hich should shift the 'H  resonance closer to 6 

ppm  than the case w here  only one oxygen  atom is seen. Using the H M B C  spectrum  again, the 

ester at 170.4 ppm is show n to correla te  to a hydrogen  resonating  as a double t at 5.81 ppm. This 

d ifferentiates the carbonyls  as only  C-25 is capable  o f  this interaction and  determ ines the 

location o f  H-26 on the ‘H N M R  spectrum. Both carbonyls  also interact with the m ultiple t 

s ignals between 2.82-2 .86 ppm and 2.91-2.95 ppm, both o f  w hich  integrate to 2H and 

reasonably  correlate to  the signal expected  for the succinate linker. Reference to the H SQ C  

show s their  carbons to resonate at 28.1 ppm  and 28.7 ppm respectively  with  C-26 seen to 

resonate at 91.8 ppm. U sing  the H-H C O S Y , H -26 is seen to couple  to a  multiplet, in tegrating to 

one proton at 2.57 ppm as expected  for H-27. This proton in turn couples  to the m ost upfield 

doublet in the spectrum  at 0.83 ppm  representing the resonance o f  the C H 3 protons at C-41. 

Additionally . H-27 coup les  to the  multiplet at 1.6 ppm integrating for one hydrogen, 

correspond ing  to H-28. in turn H-28 couples to a  multiplet in tegrating for the tw o  C-29 protons 

at 1.76 ppm. Using the  H SQ C  spectrum , C-29  resonates at 21 .5ppm , with C-27 and C-28 

resonating at 31.3 ppm and 44.7 ppm  respectively. U sing  the H M B C  spectrum  again identifies 

the quaternary  carbon C-33 as the  peak resonating  at 79.7 ppm. This in turn  correla tes on 

H M B C  spectrum to 'H  resonances at 5.45 ppm  and 1.32 ppm. O w in g  to  the  d ifferent chemical 

environm ents  in which both a tom s are situated it is easy to dist inguish  between  these peaks as 

the proton at position 34 is adjacent to  one oxygen  atom, shifting  it dow nfie ld  tow ards  5.45 

ppm. H-32 is then identified as the signal at 1.32 ppm.

H-34 couples through  H M B C  to the quaternary  carbon at 104.0 ppm  representing  the resonance 

o f  C-36 w hose identity is confirm ed as it couples  to the singlet at 1.44 ppm integrating for 3H 

belonging  to  C-40, w hose  C a rb o n ’s resonance in turn is observed  at 25.5 ppm. The m ultiple t at 

1.25 ppm is show n to couple  to C34, identifying it as H-35, show ing  a resonance in the '^C
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N M R  spectrum  at 29.2 ppm . T he final C H 3 g roup  to  be accoun ted  fo r is seen at 0 .96  ppm  and 

can be attribu ted  to  H -39, w ith  its carbon  resonance appearing  at 19.8 ppm . T his co u p les  to  the 

final CH pro ton  at 1.2 ppm  (H -31) by H M B C  correla tion . H -39 is also  seen co rre la tin g  to  the 

'^C peak  at 33 .7  ppm . T w o peaks associa ted  to  th is resonance are observed  due to  th e ir  position  

in d iffe ren t chem ical env ironm ents resu lting  from  th e ir  being  locked in position  w ith in  the  ring  

structure. T hese are seen at 1.00 ppm  and  1.72 ppm . The final signa ls to  be iden tified  w ere  those  

o f  the ring  C H 2  un its found at position  37 and 38. H -37 exh ib its  long range H-C co u p lin g  to  C- 

40 w ith  m u ltip le ts  at 1.70 ppm  and 2.36 ppm  each  in teg rating  to  IH . The final ‘^C signal 

resonates at 24.1 ppm  w hile  the p ro tons attached  to  th is carbon  are seen to  resonate  at 1.48 and 

1 . 8 8  ppm .

□

M m

—1------------- 1--------------1 I------------- 1--------------1--------------1--------------1 I I------------- 1—

2 1
 ' T

F2 Ippm]

F igure 5,7: Expansion of aliphatic region of H M BC of (5,09)
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' BB

F ig u re  5.8: E x pan s ion  o f  th e  H-H C O S Y  of  (5.09).

□
7.6 7.0 6.5 6.0 5.5 F2 [ppm]

F ig u re  5.9: E x p an s ion  o f  the  A ro m a t ic  reg ion  in the  H S Q C  o f  (5.09).
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F ig u re  5.10: E x pans ion  in th e  a l ip ha t ic  region fo r  th e  C -H  C O S Y  o f  (5. 09).

5.2.3 Synthesis o f  hybrid ('5.//^.

We know from previous studies by Breen that the C-7 position o f alcohoMc form o f (2.01) 

(RSI 76) is particularly amenable to the placement of substituents on it without drastically 

affecting the overall activity o f the tubulin component o f the design. Thus, with the synthesis of 

our second hybrid in this sequence, both components o f the hybrid are presented in active form.

One important parameter to consider here in choosing the starting material is the greater 

nucleophilicity of the phenoxide anion over than that o f C-7 secondary alcohol. Therefore, if 

R SI76 was used instead o f its silyl protected precursor there would be two potential points at 

which conjugation could occur and the reaction at the phenol centre would strongly dominate 

over that at the C-7 position. It is necessary for the protected form of R S I76 (2.07)  to undergo 

the coupling reaction prior to the deprotection o f the C-Ring TBDMS group in order to best 

furnish the target compound (5.11).



As planned, these two reactions proceeded to afford our second artemisinin conjugate. As 

expected during the synthesis o f (5.10), the reactivity o f the hydroxyl group was diminished in 

comparison to that o f the C-ring phenol requiring a longer reaction time at higher temperature to 

proceed as far as 46% completion after stirring for 7 days. As it was noted that there was not 

much additional conversion o f starting material after 48 h, subsequent attempts at this reaction 

were quenched after this time. The deprotection o f (5.10)  to yield final compound (5.11) 

proceeded sw iftly in 92% yield.

OH

'OTBDMS

( 5.10) ( 5 .11)

(i) Artesunate, EDCI, DMAP, DCM, N j, rt, 48 h, 46% (ii) 1M TBAF in THF, 0 °C, 92%  

Figure 5.11: Synthesis of novel RS176-artemisinin conjugate (5. 11).

5.3 Structural elucidation of compound (5.11).

Following the detailed description o f the spectra undertaken previously within this chapter for 

compound (5.09), the majority o f the peaks in this compound have already been explained, as 

the artesunate component retains the majority o f the features witnessed previously. There are 

however a number o f key differences associated between the spectra o f these two compounds. 

Firstly, the number o f hydrogens in the ‘H NM R spectrum has increased to 52 as a result o f the 

degree o f saturation increasing at the C-7 position. This manifests itse lf w ith the addition o f two 

new peaks resulting from the extra proton at C-7 and the free phenol group in the C-ring. These 

appear as a double double doublet w ith J values o f 10.4 Hz, 7.7 Hz and 5.0 Hz at 5.13 ppm and
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a broad singlet at 5 .67 ppm respectively. In the ‘^C NM R spectrum, the carbonyl peak at 203 

ppm is replaced with a CH peak at 72.5 ppm.

1H.ESP

CO

1H.ESP
^ V c o O > o o c M C O c s j O o r ^o o » “ o < o o :? ;r^ u 7
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Figure 5.12: ‘H N M R spectrum  of (5. 11).
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Figure 5.13: '^C N M R  spectrum  of (5.11).
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5.4 Synthesis of (5. 14).

Upon synthesis o f the two conjugates it was attempted to further use this methodology to 

introduce the artemisinin component o f these compounds at both o f the hydroxyl positions o f 

R S I76 to form an artemisinin dimer using (5.12)  as a rigid linker to study i f  the effect o f 

doubling the relative concentration o f artemisinin was beneficial to overall anti-cancer activity. 

Horwedel has reported a synthesis o f a dimeric artemisinin compound linked with betulin using 

2 molar equivalents o f artesunate,^^^ and it was thought that adopting a similar approach would 

furnish compound (5.13) from R S I76. Prior to the conjugation reaction, the silyl protecting 

group o f (2.07)  was removed using the standard TBAF methodology in 87% yield. Upon 

reaction o f (5.12)  with two equivalents o f artesunate, the product o f the reaction was isolated 

after 72 h and the mass spectrum o f the retrieved major compound suggested the formation o f a 

different compound.

H

OHOH

(ii) ^0 '

OHTBDMS

( 2 .07) ( 5 .12) ( 5. 13)

(i) 1M TBAF in THF, THF, 0 °C, 10 min, 87% (ii) 2.5 Eq artesunate, DMAP, DCM, Nj. rt, 72 h 

Scheme 5.2: Attempted synthesis of (5.12)  linked artemisinin dimer (5. 13).

Whereas compound (5.13)  would be expected to show a m/z o f 1101.5417 under positive 

ionisation conditions correlating to the (M +H )‘ ion, the mass spectrum exhibited a dominant 

peak w ith an m/z o f 737.3547, similar to the mass observed in both (5.09) and (5.11), 

suggesting the conjugation to just one molecule o f artemisinin. Revisiting previous
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considerations regarding tiie increaseded nucleophilicity o f phenol compared to that o f 

secondary alcohols, it was immediately considered the alternative isomer o f compound (5. 14) 

had formed as depicted in Scheme 5.3.

O

OH

'OH
O

(i)

OH

.0 O

(5.12) (5.14)

(i) 2.5 Eq artesunate, EDCI, DMAP, DCM, N2, rt, 72 h 

Scheme 5.3: Synthesis o f compound (5. 14).

It is likely that the increased steric bulk o f the compound derived upon addition o f artesunate to 

the phenol position serves to hinder the addition at the C-7 position o f the second artesunate 

equivalent by blocking the hydroxyl group from participating in the reaction. Considering the 

steric bulk o f the electrophiie in question, it is fair to assume that the reaction centres do not 

approach each other to the required proximity for the reaction to progress. Although the 

synthesis o f the initial target compound (5.14)  was unsuccessful, nevertheless the hybrid that 

formed was deemed a suitable comparator for future studies with (5.11).

5.4.1 Structural Elucidation of (5. 14).

In the 'H  NMR spectrum o f (5.14)  the region between 0 to 3 ppm is dominated by the peaks 

seen from the artemisinin component o f the compound, similar as expected to that observed 

w ith hybrids (5.09)  and (5.11). Relative to (5.11)  the most noticeable difference is the upfield 

multiplet at 4.15 ppm for H-7, as it no longer falls under the influence o f the ester carbonyl o f
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(5.11). The ''^C N M R shows a sim ilar shift slightly upfield o f  the signal at C-7 to represent a CH 

peak at 69.8 ppm. As expected there is no signal at -2 0 0 .0  ppm for the carbonyl seen in the 

original hybrid, (5.09). In conclusion, this fact alongside the disappearance o f  the phenolic 

hydroxyl group in the 'H  N M R spectrum  and the sim ilar mass as that obtained for com pound

(5.11), supports the form ation o f  the hybrid (5.14).
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F ig u re  5.14: 'H  N M R  sp e c t ru m  o f  (5. 14).
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Figure 5.15: '^C NMR spectra of (5. 14).

5.5 Biological Evaluation of Compounds (5.09),  (5.11)  and (5.14).

The biological activity o f the compounds synthesised within this chapter were evaluated using 

the MTT cell proliferation^'^ assay and the ceil migration assay using the same methods as 

outlined in Chapter 2.

5.5 .1  M T T  A ssa y .

The IC5 0  values (nM) for the three compounds are as tabulated in Table 5.1.

Com pound Cell 
proliferation  

IC50 (nM )

SEM

(5.09) 40.55 ±1.13

(5.11) 177.5 ± 1 . 1 1

(5.14) 97.94 ±1.16

CA-4 20.44 ±1.69
Table 5.1: IC5 0  values calculated for compounds (5. 09),  (5. 11)  and (5. 14)  for the MTT cell

proliferation assay.
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5.5.2 Cell migration assay

The “scratch assay” was employed as described in Chapter 2 to measure the effect o f these 

compounds on cell migration potential using 5 |,iM, 10 and 20 |iM o f test compounds over 

24-48 hours. Following an initial screening run the highest performing compounds namely 

(5.09)  and (5.11) were evaluated in triplicate. As shown in Table 5.2, both compounds exerted a 

significant anti-migratory effect on PC-3 cells relative to those treated with a blank control and 

80 o f bestatin. The effect o f (5. 11) on migration is shown to be almost comparable to that of 

CA-4 across the range of concentrations. However, the effect shown by (5.09)  is the greatest out 

o f all the compounds presented in this thesis, showing migration distances of 97 nm, 115 nm 

and 121 nm at 10 îM at concentration at 24 h, 36 h and 48 h respectively relative to CA-4 with 

measured distances o f 108 nm, 133 nm and 159 nm. The results are presented in Table 5.2 and 

shown in photographic form in Figure 5.13.

Compound Cone

Cell
Migration

(nm)
24 h

Cell
Migration

(nm)
36 h

Cell
Migration

(nm)
48 h

(5.09) 5 [iM 
10
20 |xM

110.61±9.21 
97.36±5.12 
92.12±6.21

124.27±5.52 
114.88±3.55 

112.90±12.39

143.37±6.88
121.42±9.50
111.26±3.08

5
10 nM 
20 nM

116.51±5.63 
108.33±9.78 

109.34±14.06

162.62±0.73
160.41±19.31
137.88±13.26

189.35±10.52 
176.76±15.10 
160.84± 17.73

CA-4 5 i^M 
10 
20

114.93±7.17 
108.05±8.53 
81.37±3.60

137.90±16.27
133.05±4.82

122.12±10.26

167.74±7.96 
159.58±14.74 
150.95± 12.64

(2.01) 5
10
20

I27.92±9.99
102.67±17.I7
89.99±23.89

181.39±21.32
155.35±13.75
140.05±23.69

234.09±38.30 
172.04± 16.76 
156.42± 10.75

Bestatin 80 nM 142.52±6.29 188.61±7.40 208.70±8.88
0.1%

DMSO 176.02±8.51 240.93±7.21 277.30±12.09

T a b le  5.2: C ell m ig ra tio n  d is tan ces  m e a su re d  fo r  (5.09)  a n d  (5. 11)  (±SEIV1).
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Figure 5. 16: Images acquired upon treatment with 10 IM of test compounds at 0 h, 24 h, 36 h and

48 h.
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5.6 Conclusion

The adaptation o f  artemisinin into the scaffold o f  (2.01)  was successfully achieved via 

exploitation o f  the succinate ester linkage o f artemisinin as intended at the outset o f  this work. 

The three hybrids in this novel family o f  compounds each showed inhibition o f  the proliferative 

activity o f  PC-3 prostate cancer cells in the MTT assay, with IC50  values in the low nanomolar 

range recorded for each o f  them.

The highest performing compound in the cell proliferation assay was (5.09),  formed between

(2. 01) and artesunate, w'hile the second highest performing compound was (5. 14),  the hybrid o f  

artesunate and (5. 12)  also at the phenolic position. Their inhibitory potential was approximately 

4-fold and 2-fold more pronounced than that obtained by (5. 11),  the C-7 linked hybrid o f  (5. 12)  

and artesunate. While not being conclusive, this does suggest that the phenolic ester in both 

(5. 09)  and (5. 14)  are both cleaved more rapidly than the alcoholic ester in (5. 11)  in the medium. 

Cleavage o f  this bond frees either (2. 01)  or (5. 12)  in addition to DHA permitting both 

components o f  the hybrid to exert their individual anti-proliferative effects. The ester at the C-7 

position would likely cleave at a later stage, tethering the more active anti-proliferative agent 

(5. 12)  for a longer time, diminishing its potential anti-proliferative over the assay timescale.

Notable is the observed I C 5 0  o f 40.55 nM for (5. 09),  showing significantly less than that o f  free

(2. 01),  exhibiting an IC5 0  o f  8.72 nM.^’"* This suggests the artemisinin component and (2. 01)  do 

not function synergistically to exert an enhanced anti-proliferative effect. However these 

compounds are among the highest active synthesised in this thesis’ work showing their potential 

as lead compounds o f  their own.

As stated in the introduction to this chapter, artemisinin has been shown to exert an anti- 

migratory effect by downregulation and deactivation o f proteins and integrins implicated in this 

process.^'** The cell migration assay proved the anti-migratory effect o f  artemisinin remained
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intact, particularly in (5.09) which showed a greater effect than CA-4 over all the concentrations 

the all observed time points suggesting an additive effect on activity by the artemisinin and 

R S180 components.

Ultimately, the work detailed in this chapter could fmd its most important function in the 

targeted delivery o f anti-tumour drugs to the tumour. The low toxicity o f artemisinin in addition 

to its reported specificity towards cancer cells containing heightened levels o f iron^"‘' suggests 

that this family o f compounds potentially be used in this way. The cleavage o f both the 

artemisinin peroxide bridge and ester linkage in tandem within the tumour mass could be of 

huge potential benefit. A wider series of similar compounds could be synthesised in many ways 

to this end. For example, the amide (5.15) contains the more stable peptide bond and can be 

synthesised using an analogous route from the anilino derivatives of (2.01)  exhibiting different 

pharmacokinetics to that o f the compounds synthesised already synthesised.

(5 . 15)

F ig u re  5.17: P o ten t ia l  novel am id e  d e r iv a t iv e  o f  (5. 09).

No studies have been performed on the hydrolysis o f these compounds as o f yet, however it 

would be interested to note the rate of ester bond cleavage. Modification at the C-12 alcoholic 

position of DHA could introduce a variety o f linker units between the two components opening 

up an interesting area for future work in the development o f targeted anti-tumour agents.
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Chapter 6: Chemistry Experimental

M elting points were determined using an Electrothermal® m elting point apparatus and were 

uncorrected.

Starting materials were obtained from Sigm a-Aldrich Ireland and were not characterised prior to 

use.

Infra-red (IR) spectroscopy was performed using a Perkin Elmer FT-IR spectrophotom eter 

Paragon 1000.

Nuclear M agnetic Resonance (N M R ) spectroscopy were performed using Bruker A vance 400  

NM R. Bruker A vance III 400  NM R and Bruker A vance 11 600 NM R m achines. A ll com pounds 

were dissolved  in CDCI3 prior to analysis unless otherwise stated. 'H NM R  were irradiated at 

400 M H z and at 100.71 M H z for '^C NM R unless otherwise stated. N M R  spectra were analysed  

using Bruker Topspin and A C D /N M R  Processor A cadem ic Edition Version 12.01. Peak 

positions were assigned relative to CHCI3 resonances at 7 .28 ppm for 'H NM R and 75.20 ppm, 

76.90 ppm and 78.16 ppm for '’C NM R. Abbreviations used: s =  singlet, d =  doublet, t =  triplet, 

q = quartet, dd =  double doublet, dt =  double triplet, m = multiplet, br =  broad, Q =  quaternary 

carbon.

High Resolution M ass Spectrometry (H R M S) was performed using the Fischer 

Therm oscientific LTQ-Orbitrap D iscovery. A nalysis o f  sam ples was performed using its 

associated Xcalibur software.

Column Chromatography was carried out using silica gel 60  (230-400  m esh) and thin layer 

chromatography with silica  gell G F-254 precoated aluminium  sheets (M erck Laboratories).
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Compounds were visualised using UV at 254 nm and an array o f spray reagents including 

vanillin/H2S0 4 , ninhydrin and KMn0 4  solutions.

Anhydrous DCM was prepared by distilling over CaHi for 24 h. Upon collection for reaction, 

the first 5% was rejected.

Anhydrous THF was prepared by refluxing over LiAIH4 for 24 h, before collecting the distillate 

in a flask containing sodium metal and benzophenone indicator. The resulting mixture was 

refluxed until acquiring an intense purple colour. The first 5% o f the obtained distillate was 

rejected before use.

Anhydrous DMF was purchased from Sigma-Aldrich Ireland.

6.1 Chapter 2 Synthesis

6.1.1 Synthesis o f  (Z )-3 -(2 ,3 ,4 -trim ethoxyp h en yl)acry lic  acid (2.16).

To a stirred solution o f 2, 3, 4 trimethoxybenzaldehyde (2.15) (26.23 g, 133.70 mmol) in 

pyridine (90 mL) and piperidine (2 mL) was added malonic acid (27.82 g, 267.30 mmol). The 

mixture was heated under reflux for 5 h and then at room temperature overnight. The mixture 

was acidified using 2 M HCl (200 mL) and washed with DCM (300 mL). The DCM layer was 

further washed with aq. HCl (2x150 mL, IxlOO mL). The DCM extract was dried over MgS0 4  

and concentrated in vacuo to give the product as a colourless solid.

Yield: 30.25 g, 127.00 mmol, 95%.

'H NM R (CDCIj, 400MHz) 6„ ppm: 3.90 (s, 3H, CHj), 3.93 (s, 3H, CLb), 3.96 (s, 3H, CH,), 

6.46 (dd. J1 = 16 Hz, J2 = 2.36 Hz, IH, Alkene CH), 6.73 (d, J = 8.72 Hz, ArH), 7.32 (d, J = 

8.72 Hz, IH, ArH), 8.02 (d, J = 16 Hz, IH, Alkene CH).
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'^C NMR (CDCI3, 100.71 MHz) 8  ̂ ppm: 55.6 (CH 3 ), 60.5 (CH,), 61.0 (CH3 ), 107.1 (CH), 

115.6 (CH), 120.7 (Q), 123.1 (CH), 141.6 (CH), 141.9 (Q), 153.1 (Q), 155.5 (Q), 172.4 (Q, 

COOH).

HRM S (+ESI): Calculated 238.0841. Found 237.0772 (M-H)'.

V„,„ (DCM)/cm ': 3387, 2978, 2942, 2832, 2571, 1678, 1589, 1497, 1425, 1285, 1271, 1170, 

1010, 922, 795, 676, 566, 492.

IMelting point: 160-162 °C.

6. 1.2 Synthesis o f  3-(2,354-trim ethoxyphenyl)propanoic acid (2.17).

(2.16) (15.00 g. 63.50 mmol) was dissolved in a 1:1 mixture o f EtOH (150 mL) and EtOAc (150 

mL). A catalytic amount of palladium (10% on carbon) was added to the flask. A septum was 

fitted and the flask was equipped with a H2 filled balloon. The mixture was stirred for 48 h with 

sporadic replacement o f the Hj balloon. At this time, the solvents were removed in vacuo, 

yielding the product as a colourless solid.

Yield: 15.30 g. 63.50 mmol, 100%.

'H NMR (CDCI3, 400MHz) 6 „ ppm: 2.63 (t, J = 7.44 Hz, 2H, CH2 ), 2.91 (t. J= 7.54 Hz, 2H, 

Cfcb), 3.86 (s, 3H, Chb), 3.89 (s, 3H, CH.,), 3.92 (s, 3H, CJ±,), 6.62 (d. J = 8.48 Hz, ArH, IH), 

8.87 (d, J= 8.48 Hz. ArH. IH).

'^C NMR (CDCI3,100.71 MHz) 8, ppm: 24.7 (CH 2 ), 34.4 (CH2 ), 55.5 (CH,), 60.3 (CH,), 60.4 

(CH,), 106.6 (CH), 123.3 (CH), 125.6 (Q), 141.7 (Q), 151.4 (Q), 152.0 (Q).

HRM S (+ESI): Calculated 240.0998. Found 239.0915 (M-H)’.

(DCM)/cm ': 3486 (OH stretch), 2940, 2836, 2648, 1709 (C =0 stretch), 1603, 1467, 

1418, 1275, 1051, 1015, 801.

Melting point: 65-67 °C.
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6.1.3 Synthesis o f 5-(3-(2,3i4-trim ethoxyphenyl)propanoyl)-2,2-dim ethyl-l,3- 

dioxane-4,6-dione (2. 19).

(2. 17)  (15.30 g, 64.22 mmol) was dissolved in DCM (40 mL) under anhydrous conditions and 

DMF (3 drops) was added to this stirred solution which was placed under N 2 at 0 °C. A solution 

o f  oxalyi chloride (2 M in DCM, 48.0 mL, 96.0 mmol) was added dropwise to the flask and 

reacted at this temperature for 2  h, at which time the solvents were removed under high vacuum 

for 3 h. A solution o f  DMAP (15.69 g, 128.44 mmol) and M eldrum ’s acid (9.26 g, 64.22 mmol) 

in DCM (70 mL) was then added to the formed acyl halide (2. 18)  by syringe. The resulting 

brown mixture was stirred for 1 h at 0 °C before consumption o f  the (2.18)  had been completed. 

DCM (200 mL) was added to the mixture which was washed with 2 M aq. HCl. (3><250 mL). 

The organic extracts were dried over MgS0 4  yielding {2. 19)  as a black solid. No further 

attempts were made to purify this compound which was used directly in the next step.

'H NM R (CDCI3, 400M Hz) 6 „ ppm: 1.74 (s, 6 H, 2xCH.,), 2.98 (t. J= 7.32 Hz, 2H, CH.), 3.32- 

3.41 (m, 2H, CH.), 3.87 (s, 3H, C H 3), 3.89 (s, 3H, C]±,), 3.93 (s, 3H, CH,), 6.61 (d, J= 8.52 Hz, 

1H, ArH), 6.89 (d, J =  8.52 Hz, 1H, ArH).

'^C NM R (CDCI3, 100.71 MHz) 6 cppm: 25.8 (CHj), 26.3 (CH.,), 36.2 (CH 2), 55.5 (CH,), 60.3 

(CH,), 60.5 (CH.,), 91.2 (Q), 104.4 (Q), 106.6 (CH), 123.5 (CH), 125.1 (Q), 141.7 (Q), 151.5 

(0 ) ,  152.1 (Q), 1 5 9 .7 (0 ) ,  160 .6 (0 ) ,  170.0 (2><C=0 ester), 196.6 (C = 0  ketone).

HRM S (+ESI): Calculated 366.1315. Found 365.1247 (M-H)'.

V „ 3, (D C M ) /c m ' ' :  2938 ,2853 , 1714, 1646, 1602, 1495, 1467, 1277, 1089, 1017, 798.

6. 1.4 Synthesis o f methyl 5-(2,3,4-trim ethoxyphenyl)-3-oxopentanoate (2.20).

(2.19)  (19.78 g, 53.99 mmol) was dissolved in toluene (400 mL) and MeOH (100 mL) and the 

mixture was heated under reflux for 3 h. The solvent was removed in vacuo yielding a black oil 

which was purified using FCC with hexane / EtOAc (5:1) as the mobile phase. The product was 

afforded as an oil with a slight yellow colour.
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Yield: 15.53 g. (52. 4 mmol, 82.5% from (2.17)).

'H NMR (CDClj, 400MHz) 8 h ppm: 2.84 (s, 4H, 2 XCH2 ), 3.47 (s, 2H, CHj), 3.74 (s, 3H, 

CH3 ). 3.85 (s, 3H, CH 3 ), 3.88 (s, 3H, CH3 ), 3.89 (s, 3H, CH 3 ), 6.60 (d, J = 8.44 Hz. IH, ArH), 

6.84 (d ,J  = 8.44 Hz. IH, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6 c ppm: 23.7 (CHj), 43.4 (CH 2 ), 48.6 (CH 2 ), 51.9 (CH 3 ), 55.5 

(CH3 ), 60.3 (CH 3 ), 60.4 (CH 3 ), 106.65 (CH), 123.5 (CH), 125.8 (Q), 141.8 (Q), 151.4 (Q), 152.0 

(Q), 167.2 (COOMe), 201.8 (C=0).

H R M S(+ESI): Calculated 296.1260. Found 319.1168 (M+Na)".

V...3 X (D CM )/cm '‘: 2940, 2836, 1747, 1717, 1602, 1498, 1497, 1314, 1233, 1050, 1017, 901, 

800.

6. 1.5 Synthesis of methyl 3-hydroxy-5-(2,3»4-trimethoxyphenyl)pentanoate (2.21).

To a stirred solution of (2.20) (15.03 g, 50.72 mmol) in MeOH (200 mL) at -10“C was added 

NaBH 4 (0.64 g, 16.91 mmol) over a period o f 5 min. The mixture was stirred on ice for 90 min, 

and at room temperature for a further 90 min at which time H2O (250 mL) was used to quench 

the reaction. The MeOH was then removed in vacuo and the aqueous layer was washed with 

EtaO (3x100 mL). The combined organic extracts were dried over MgS0 4  and concentrated to 

yield the product as a colourless oil.

Yield: 12.56 g, 42.1 mmol, 83%.

'H NMR (CDCij, 400MHz) 8 h ppm: 1.64 -  1.84 (m, 2H, CH2 ), 2.47 -  2.53 (m, 2H, CH,), 2.67 

-  2.74 (m, 2H, CH2 ), 3.2 (br s, 1H, O H i 3.71 (s, 3H, CH3 ), 3.85 (s, 3H, CH 3 ), 3.87 (s, 3H, CH 3 ), 

3.89 (s, 3H, CH3 ), 3 .9 6 -4 .0 3  (m, H, CHOH), 6.63 (d, J = 8.52 Hz. IH, ArH), 6.85 (d, J = 8.52 

Hz. 1H, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6 cppm: 25.1 (CH 2 ), 37.2 (CHj), 40.7 (CH 2 ), 51.3 (CH 3), 55.5 

(CH 3 ), 60.3 (CH 3 ), 60.6 (CH 3 ), 66.7 (CHOH), 106.9 (CH), 123.5 (CH), 126.9 (Q), 141.7 (Q), 

151.3 (Q), 151.6 (Q), 172.8 (Q, COOMe).

HRM S (+ESI): Calculated 298.1416. Found 321.1327 (M+Na)".
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(DCM)/cm ‘: 3488 (OH stretch), 2939, 2836, 1735 (C = 0  stretch), 1602, 1495, 1432, 

1278, 1232, 1199, 1164, 1 0 3 6 ,901 ,801 ,683 .

6. 1.6 Synthesis o f m ethyl 3-((tert-butyldiphenylsilyl)oxy)-5-(2,3»4- 

trim ethoxyphenyl) pentanoate (2.22).

(2.21) (12.00 g, 40.22 mmol) and imidazole (6.85 g, 100.55 mmol) were stirred in dry DMF (80 

mL) under an atmosphere o f  N 2 . To this solution was added slowly tert- 

butylchlorodiphenylsilane (13.27 g, 12.55 mL, 48.26 mmol) and the mixture was stirred 

overnight at room temperature. The product was isolated in crude form following partition 

between H2 O (100 mL) and Et20 (1x100 mL, 2x50 mL). The combined organic extracts were 

dried over M gS 0 4  and concentrated to give a colourless oil. Following purification by column 

chromatography using he.xane/EtOAc (50:1) as a mobile phase, the product was isolated as a 

colourless viscous oil.

Yield: 16.03 g, 29.86 mmol, 75%.

'H NM R (CDCI3, 400IV1HZ) 8 „p p m : 1.10 (s, 9H, ^Bu), 1.75-1.84 (m, 2H, CH3), 2.44-2.63 (m, 

4H, 2XCH2), 3.58 (s,3H, CH,), 3.80 (s, 3H, CH,), 3.86 (s, 3H, CH,), 3.87 (s, 3H, CH,), 4.229 - 

4.34 (m, IH, CHOH). 6.56 (d, J=8.52 Hz, IH, ArH), 6.63 (d, J=8.56 Hz, IH, ArH), 7.38-7.49 

(m, 6H, ArH), 7.69-7.79 (m, 4H, ArH).

'^C NM R (CDCI3, 100.71 MHz) 6, p p m : 19.4 (Q), 25.1 (CHj), 27.0 (CH,), 38.3 (CHj), 41.8 

(CH 2 ), 51.4 (CH,), 56.0 (CH,), 60.7 (CH,), 60.8 (CH,), 70.4 (CH), 107.2 (CH), 123.5 (CH), 

127.5 (CH), 127.6 (CH), 129.6 (CH), 129.6 (CH), 134.0 (Q), 135.9 (CH) 136.0 (CH), 142.2 (Q), 

151 .8 (0 ) ,  151.9 (Q), 171.9 (Q).

HRM S (+ESI): Calculated 536.2594. Found 559.2534 (M + N a)’.

(D C M )/cm ‘‘: 3071, 2933, 2857, 1739, 1602, 1494, 1466, 1273, 1199, 1150, 1042, 1018, 

822, 741, 703, 508.
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6. 1.7  Synthesis o f 3-((tert-butyldiphenylsilyl)oxy)-5-(2,3,4-

trim ethoxyphenyl)pentanoic acid (2.23).

(2.22) (16.00 g, 29.80 mmol) was dissolved in MeOH (150 mL) and THF (115 mL) and stirred 

on an ice bath at 0 °C. To this solution was added carefully over 10 min, a 2.5 M aq. NaOH 

solution (60 mL). Afiter 1 h the solution was removed from the ice bath and the reaction was 

allowed to proceed for a further 13 h before the starting material had been consumed. 2 M aq. 

HCl (70 mL) was used to quench reaction and the organic solvents were subsequently removed 

in vacuo. The product was extracted by washing the aqueous layer with Et20 (2x100 mL, 2x50 

mL). The combined organic extracts were dried over MgS0 4  to yield the product in crude form 

as a colourless solid. The product was purified by column chromatography to yield a colourless 

solid.

Yield: 13.45 g. 25.73 mmol, 86.3%.

'H NMR (CDClj, 400MHz) 6„ ppm: 1.07 (s, 9H, 1 ^ ) ,  1.73-1.82 (m, 2H, CHj), 2.39-2.55 (m, 

2H, CHj), 2.58 (d, J = 6.04 Hz, 2H, CH,), 3.75 (s, 3H, C J i) , 3.82 (s, 3H, 2 XCH3), , 4.23 (t. 

J=5.68 Hz. IH, CHOSi), 6.52 (d, J=8.48 Hz. IH, ArH), 6.60 (d, J=8.48 Hz, IH, ArH), 7.36-7.43 

(m, 6H, ArH), 7.67-7.72 (m, 4H, ArH).

'^C NMR (CDCI3. 100.71 MHz) 6 , p pm : 18.9 (Q), 24.6 (CH 2), 26.5 (C H 3), 37.5 (CH j), 55.5 

(C H j), 60.2 (CH 3 ), 60.4 (C H 3), 69.8 (CH), 106.7 (CH), 123.1 (CH), 127.1 (CH), 129.3 (CH), 

133.3 (Q), 134.3 (CH), 135.5 (CH), 141.7 (Q), 151.2 (Q), 151.4 (Q).

HRMS (+ESI): Calculated 522.2438. Found 545.2393 (M+Na)".

HRMS(-ESI): 521.2383 (M-H)'.

(DCM)/cm-': 3070, 3048, 2997, 2933, 2857, 1709 (C = 0 stretch), 1660, 1601, 1590, 1495, 

1466, 127, 1041, 941, 822, 703, 611, 506.

Melting point: 110-112 "C.
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6. 1.8 Synthesis o f 7-((tert-butyldiphenyIsilyl)oxy)-l,2,3-trim ethoxy-6,7,8,9- 

tetrahydro-5H-benzo[7]annulen-5-one (2.25).

A solution of (2.23) (10.38 g, 19.96 mmol) in dry DCM (50 mL) was stirred in an atmosphere 

o f N 2 at 0 °C. To this was added DMF (1 mL). After 5 min, a 2 M solution o f oxalyl chloride in 

DCM (49.64 mL, 99.29 mmol) was added slowly over 10 min. The mixture was stirred on ice 

for a further 30 min, before removal o f the ice bath and subsequent stirring for 90 min at room 

temperature. The solvents were then removed under high vacuum and allowed to dry under 

these conditions for 3 h. Following this period, the acid chloride (2.24) was reconstituted in 

DCM (65 mL) under an atmosphere o f N 2 and stirred in an ice/NaCl bath at -15 “C. A 1 M 

solution of SnCU (19.56 mL, 19.56 mmol) was added and the mixture was stirred for 1 h. The 

reaction was quenched by addition o f brine (50 mL) and the product was extracted by washing 

the aqueous layer with Et2 0  (3><50 mL). The combined organic extracts were then washed with 

H2O (100 mL) and dried with MgS0 4  before being concentrated to a colourless oil in vacuo. 

The product was afforded in pure form following column chromatography (hexane/EtOAc 6:1) 

as a colourless solid.

Yield: 5.66 g. 10.82 mmol, 55.3%.

'H NMR (CDCI3 , 400MHz) 8 „ ppm: 1.05 (s, 9H, !Bu), 1.80 - 2.05 (m, 2H, C J i) , 2.88 - 2.98 

(m, 2H, Chb). 3.85 (s, 3H, CH 3), 3.89 (s. 6 H, CH 3 ), 3.95 (s, 6 H, CH 3 ), 4.28-4.36 (m, IH, 

CHOSi), 7.16 (s, IH, ArH), 7.37-7.49 (m, 6 H, ArH), 7.62-7.71 (m, 4H, ArH).

'^C NMR (CDCI3 , 100.71 MHz) 8 e ppm: 18.9 (Q), 20.5 (CH 2), 26.4 (Q), 35.9 (CH 2 ), 49.8 

(CH 2 ), 55.5 (CH,), 60.4 (CH 3 ), 60.7 (CH 3), 67.8 (CH), 107.0 (CH), 127.2 (CH), 127.2 (CH), 

129.3 (CH), 129.3 (CH), 130.4 (Q), 133.3 (Q), 133.5 (Q), 134.2 (Q), 135.3 (CH), 135.4 (CH), 

145.0 (Q), 150.6 (Q), 150.9 (Q), 199.3 (C=0).

HRMS (+ESI): Calculated 504.2332. Found 527.2264 (M+Na)*.

V„.3 , (DCM)/cm ‘: 2933, 2856, 1671, 1590, 1486, 1407, 1324, 1193, 1110, 1074, 1028, 821, 

740, 703,611,506.

Melting point: 69-73 °C.
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6.1.9 Synthesis o f 6,7,8,9-tetrahydro-7-hydroxy-l,2,3-

trim ethoxybenzo[7]annulen-5-one (2. 12).

To a stirred solution o f (2.25) (1.12 g, 2.22 mmol) in THF (7 mL) at 0 °C under an atmosphere 

of N 2 , was added a 1 M solution o f TBAF in THF (2.22 mL, 2.22 mmol). The mixture was 

allowed to reach room temperature after 1 h and subsequently stirred at this temperature for a 

further 6  h until TLC had shown that the starting material had been consumed. The solvent was 

removed by the bubbling o f N 2 through it. The product was then obtained in a pure form as a 

yellow oil using column chromatography (hexane/EtOAc 2:1).

Yield: 0.45 g, 1.69 mmol, 76%.

'H NMR (CDCI3 , 400MHz) 6 „ ppm: 2.14-2.23 (m, 2H, C J i) , 2.94-3.13 (m, 2H, CHj), 3.85 (s, 

3H, CH 3 ), 3.89 (s, 3H, CH.,), 3.94 (s, 3H, CH,), 4.36 (m, IH, CHOH), 7.17 (s, IH, ArH).

'^C NMR (CDCI3 , 100.71 MHz) 6 eppiti: 20.6 (CH 2 ), 35.4 (CHj), 49.9 (CH 2), 55.5 (CH 3 ), 60.5 

(CH 3 ), 60.7 (CH 3 ), 66.7 (CH), 107.0 (CH), 130.5 (Q), 133.6 (Q), 145.3 (Q), 150.7 (Q), 151.1 

(0 ), 199.3 (C=0).

HRMS (+ESI): Calculated 504.2332. Found 527.2281 (M +Na)'.

(DCM)/cin ‘: 3401 (-OH stretch), 2933, 2854, 1726 (C = 0  stretch), 1580, 1596, 1490, 

1453, 1314, 1165, 1107, 1041,998, 736.

6.1.10 Synthesis o f 5-brom o-2-m ethoxyphenol (2.28)

5-Bromo-2-methoxybenzaldehyde (2.26) (5.00 g, 23.2 mmol) was dissolved in DCM (250 mL) 

at 0 ”C. To this solution was added drop-wise a solution o f MCPBA (6.2 g. 28 mmol) in DCM 

(100 mL) over 10 min. The ice bath was removed after 1 h and the mixture was allowed to stir 

for a further 24 h. The by-product 3-chlorobenzoic acid was removed by filtration, washing the 

filter paper with DCM. The DCM solution was washed with saturated aq. NaHCO, (5x100 mL), 

H2 O (3x100 mL) and brine (2x100 mL). This was dried over MgS0 4  and concentrated in vacuo 

to yield 5-bromo-2-methoxyphenyl formate as a yellow oil. This oil was placed in solution with
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MeOH (45 mL) and THF (35 rtiL). After stirring for 10 min at 0 °C, 2 M aq. NaOH (13 mL) 

was added dropwise and the mixture was stirred for 30 min. The ice bath was removed and the 

reaction proceeded for a further 3 h. 2 M aq. HCl (50 mL) was used to quench the reaction 

before the MeOH and THF were removed in vacuo. The acidic layer was washed with Et2 0  

(3x50 mL). The combined organic extracts were washed with 2 M aq. NaOH (3x50 mL). The 

aqueous layer was neutralised with 2 M aq. HCl, before the product was finally extracted with 

Et2 0  (3x50 mL). The organic solution which resulted from this extraction was dried over 

M gS04  and concentrated to a yellow oil in vacuo. Using a 3:1 mixture o f  hexane/EtOAc, the 

product was obtained as a colourless solid.

Yield: 3.75 g. 18.5 mmol, 80%.

'H NM R (CDCI3, 400M Hz) 8 „ ppm: 3.89 (s, 3H, C H 3), 5.68 (s, IH, ArOH), 6.73 (d, 

J=8.56Hz. IH, ArH). 6.9 (dd, J=8.52Hz. 2.32Hz, IH, ArH), 7.09 (d, J=2.12Hz, IH, ArH).

'^C NMR (CDCI3,100.71 MHz) 6c ppm: 55.6 (CH,), 111.1 (CH), 1 1 2 .8 (0 ) ,  H 7 .3 (C H ) ,  122.3 

(CH), 145 .4 (0 ) ,  146 .0 (0 ) .

HRM S (ESI): Calculated mass 201.9629. Found 202.8221 (M + H )’.

(DCM)/cm-': 3502 (-OH), 3072, 3007, 2941, 2840, 1697, 1591, 1480, 1260, 1217, 1125, 

1024, 887, 792, 621.

Melting point: 60-62 °C.

6.1.11 Synthesis o f (5-brom o-2-m ethoxyphenoxy)(tert-butyl)dim ethylsilane (2. 13)

(2.28) (3.75 g, 18.5 mmol), imidazole (3.14 g, 46.05 mmol) and tert-huXy\ dimethylsilylchloride 

(3.47 g, 23.02 mmol) were dried under vacuum in a three necked round bottom flask. The 

reaction vessel was filled with nitrogen at 0 °C before dry DMF (10 mL) was added. The 

mi.xture was stirred for 30 min at 0 °C before the temperature was allowed to rise to room 

temperature and stirred overnight. After 14 h, the reaction was quenched with H2O (20 mL) and 

the product was extracted with Et2 0  (3^30 mL). The combined organic extracts were dried over
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MgS0 4  and concentrated to a mobile oil. The product was isolated as a colourless oil after 

column chromatography (hexane/EtOAc 10:1).

Yield: 5.20 g, 16.49 mmol, 89%.

'H NMR (CDCh, 400MHz) 8„ ppm: 0.18 (s, 6H, IxCJi,), 1.02 (s, 9H, ^Bu), 3.81 (s, 3H, 

OMe), 6.73 (d, J=8.56Hz. IH, ArH), 7.00-7.03 (m, 2H, 2><ArH).

'^C NMR (CDClj, 100.71 MHz) 6, ppm: -5.1 (CHj), 17.9 (Q), 25.2 (CH.,), 55.1 (CH,), 111.8 

(Q), 112.7 (CH), 123.6 (CH), 123.9 (CH), 145.4 (Q), 149.9 (Q).

HRMS (ESI): Calculated mass 316.0494. Found 317.8089 (M +H)'.

(DCM)/cm ': 2954, 2930, 2857, 1585, 1496, 1471, 1463, 1441, 1269, 1225, 1132, 934, 

831. 784.

6. 1.12 Synthesis o f  9 -(3 -((tert-b utyld in iethylsily l)oxy)-4-m eth oxyp henyl)-2 ,3 ,4-  

tr im eth oxy-6 ,7 -d ih yd ro-5H -b en zo |7 |an in ilen -7-o l (2. 14).

To a stirred solution of (5-bromo-2-methoxyphenoxy)(tert-butyl)dimethylsilane (2.13) (6.43 g, 

20.27 mmol) in dry THF (15 mL) under N 2 at -78 °C in a cool bath of acetone and dry ice was 

added 2.5 M BuLi (8.1 mL, 20.27 mmol) dropwise over 10 min. This mixture was stirred for a 

further 20 min with further addition of THF used if a colourless precipitate formed. After this 

time, (2.13) (1.80 g, 6.75 mmol) in THF (10 mL) was added dropwise and stirred for 2 h at this 

temperature. The solution was allowed to 0 °C and was stirred overnight. Upon completion of 

the reaction, it was quenched using 1 M HCl solution (50 mL) and stirred for 5 min. The 

product was extracted using Et20 (3x50 mL). The combined organic extracts were washed with 

H2 O (50 mL) before being dried over MgS0 4  and concentrated in vacuo. The product was 

obtained in pure form following column chromatography (hexane/EtOAc 2:1) as a viscous 

yellow oil.

Yield: 1.98 g, 3.95 mmol, 58.5%.
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'H NMR (CDCI3 , 400MHz) 8 „ ppm: 0.17 (d, J=5.26 Hz. 6 H, IxC H j), 1.00 (s. 9H, ^Bu), 2.07- 

2.19 (m, 1 H, CH2), 2.31-2.61 (m, 2H, CHj), 2.98-3.12 (m, IH), 3.69 (s, 3H, CH3), 3.84 (s, 3H, 

CH3), 3.93 (s, 6 H, 2XCH.,), 4.14 - 4.25 (m, 1 H, CHOH), 6.27 (d. J=4.68 Hz, 1 H, ArH), 6.36 (s, 

1H, C=CH), 6.78 - 6.89 (m, 3H, 3xArH).

'^C NMR (CDCI3 , 100.71 MHz) 6, ppm: -5.0 (CH 3), 0.6 (CH 3), 21.2 (CH 2), 25.3 (CH 3), 43.0 

(CH 2 ), 55.1 (CH 3). 55.5 (CH3 ). 60.4 (CH3). 61.1 (CH 3), 69.4 (CH), 108.2 (CH), 111.1 (CH),

120.2 (CH), 121.1 (CH). 127.5 (Q), 130.7 (CH), 133.5 (Q), 134.9 (Q), 138.2 (Q). 141.0 (Q),

144.2 (Q), 150.1 (Q), 150.6 (Q).

HRMS (-ESI): Calculated 486.2438. Found 485.2445 (M-H).

V„ax (D CM )/cm '': 3499, 2934, 1643. 1488. 1453. 1407. 1343, 1266, 1117, 1030, 749.

6.1.13 Synthesis o f  9-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)-2,3,4- 

triinethoxy-5H-benzo|7|annulen-7(6H)-one (2.07).

To a solution of (2. 14) (0.50 g, 1.03 mmol) in DCM (10 mL) stirred at room temperature was 

added quickly Dess-Martin periodinane (0.87 g. 2.06 mmol). After 5 min o f stirring the reaction 

mixture was observed to have turned a reddish colour and monitoring o f the reaction using TLC 

(hexane/EtOAc 3:1) had shown it reached completion. Extraction o f the product between Et2 0  

(3x30 mL) and 5% aq. NaHC 0 3  solution (30 mL) furnished the product in its crude form. 

Following purification by column chromatography (hexane/EtOAc 3:1), the product was 

obtained as an oil with a slight yellow colouration.

Yield: 0.45 g. 0.90 mmol, 87.4%.

'H NMR (CDCI3, 400MHz) 8„ ppm: 0.13 (s, 6 H, 2 XCH3 silyl), 0.96 (s, 9H, iBu silyl), 2.67- 

2.70 (m, 2H, CH2 ). 3.10-3.13 (m, 2H. CLb). 3.58 (s, 3H, CH,). 3.85 (s, 3H, CJ±,), 3.89 (s, 3H, 

CH 3 ), 3.94 (s, 3H, Cj±,), 6.32 (s. 2H. Ix A r j i  lxC=CH), 6.79-6.82 (m, 2H, 2xArH), 6.87-6.90 

(m, IH, ArH).
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'^C NMR (CDCI3, 100.71 MHz) 8  ̂ ppm: -4.5 (2 XCH3 ), 18.4 (Q), 20.2 (CHj), 25.7 (SxCHj),

45.6 (CH2 ), 55.4 (CH 3 ), 55.9 (CH3 ), 60.9 (CH 3 ), 61.4 (CH 3), 111.3 (CH), 111.8 (CH), 121.7 

(CH), 122.9 (CH), 127.9 (CH), 128.3 (Q), 129.0 (Q), 129.3 (Q), 132.6 (Q), 135.3 (Q), 143.2 

(Q), 144.6 (Q), 149.9 (Q), 151.0 (Q), 151.8 (Q), 204.1 (C=0).

HRMS (+ESI): Calculated 507.2179, Found 508.2233 (M +Na)’.

(D CM )/ctn'': 2933, 2856, 2095, 1653, 1509, 1405, 1284, 1117, 809.

6.1.14 Synthesis o f  9-(3-((tert-butyId im ethylsilyl)oxy)-4-m ethoxyphenyl)-2,3»4- 

trim ethoxy-5H -benzo[71annuIen-7(6H )-one oxim e (2.31).

To a stirred solution of (2.07)  (0.20 g, 0.42 mmol) in EtOH (4 mL) and H2O (1 mL), was added 

NH 2OH.HCI (0.04 g, 0.46 mmol) and sodium acetate (0.06 g, 0.66 mmol). The resultant mixture 

was stirred at room temperature for 1 h, until complete consumption o f the starting material was 

observed using TLC (hexane/EtOAc 3:1). The mixture was diluted in H2O (10 mL) and the 

product was extracted using Et2 0  (3x15 mL). The product was isolated as a 2:1 mixture of 

isomers by column chromatography using hexane/EtOAc (6:1) as the mobile phase, in the form 

o f a yellow oil.

Yield: 0.16 g, 0.32 mmol, 76%.

'H NMR (CDCii, 400MHz) ShPPhi: 0.16 ( s , 6 H, 2 XCH3), 0.99 (s, 9H, ! ^ ) ,  2.95-3.03 (m, 4H, 

2 XCH2 ), 3.61 (s. 3H, OCH3 ), 3.87 (s, 3H, OCH 3 ), 3.92 (s, 6 H, 2 XOCH3 ), 6.31 (s, IH), 6.55 (s, 

IH), 6.83 (m, 2H), 6.95 (m, IH).

'^C NMR (CDClj, 100.71 MHz) 8c Ppm: -5.0 (CH 3), 13.7 (Q), 20.8 (CHj), 25.3 (CH 3 ), 29.3 

(CH 2 ), 55.0 (CH 3 ), 55.4 (CH3 ), 60.5 (CH 3 ), 61.0 (CH3 ), 110.0 (CH), 111.0 (CH), 121.2 (CH), 

122.0 (CH), 123.7 (CH), 128.2 (Q), 133.1 (Q), 136.2 (Q), 141.7 (Q), 144.0 (Q), 144.7 (Q),

149.6 (Q), 150.4(Q), 150.4 (Q).

HRMS (+ ESI): Calculated Mass 499.2390 Found 500.1702 (M+H").

(DCM )/cm-': 3482 (OH stretch), 1651 (C=N stretch), 1261, 1117, 1028, 750, 471.
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6.1.15 Synthesis o f 9-(3-hydroxy-4-m ethoxyphenyl)-2,354-trim ethoxy-5H- 

benzo[7]annulen-7(6H )-one oxime (2.32).

To a stirred solution of (2.32) (0.02 g. 0.04 mmol) in THF (1 mL) was added 1 M TBAF (0.04 

mL, 0.04 mmol). The mixture was stirred for 20 min after which TLC (hexane/EtOAc 1:1) 

showed complete consumption of starting materials. The solvents were removed in vacuo and 

the remaining residue was placed directly on a column. The product was isolated as a brown 

solid using a mobile phase system o f hexane/EtOAc (2:1).

Yield: 0.01 g, 0.039 mmol, 97%.

'H NMR (CDCb, 400MHz) 6„ ppm: 2.93-3.02 (m, 4H, 2 XCH3), 3.62 (s, 3H, OCH3), 3.91 (s. 

3H, OCH3). 3.93 (s. 3H, OCH,), 3.96 (s, 3H, OCH,), 6.34 (s, IH), 6.57 (s, IH). 6.84 (d. 

J=8.35Hz, 1H, ArH), 6.89 (d, J=8.92Hz, 1H, ArH), 6.95 (1H, s, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6, ppm: 21.3 (CH2), 29.8 (CHj). 56.0 (2 XCH3), 60.9 (CHj), 

61.5 (CH,), 110.2 (CH), 110.6 (CH), 115.3 (CH), 120.8 (CH), 124.4 (CH), 128.8 (Q), 133.5 

(Q), 137.3 (Q). 142.3 (Q). 145.0 (Q), 146.5 (Q), 150.1 (Q), 150.9 (Q).

H R M S(+ ESI): Calculated Mass 385.1525 Found 386.1598 (M+H ).

V™,, (D C M )/cm '‘: 3487, 2941, 2929, 1579, 1509, 1492, 1452, 1405, 1368, 1275, 1110, 1030, 

801, 763.

Melting point: 97-103 °C.

6.1.16 Synthesis o f 2-(((9-(3-((tert-butyldim ethylsilyl)oxy)-4-m ethoxyphenyl)-2,3,4- 

trim ethoxy-5H -benzo[7|annulen-7(6H )-ylidene)am ino)oxy)acetic acid 

(2.09).

To a stirred solution of (2.07) (0.07 g, 0.14 mmol) in EtOH (4 mL) and H2O (1 mL), was added 

(O-carboxymethyl) hydroxylamine hemi-hydrochloride (0.02 g, 0.16 mmol) and NaOAc (0.02 

g, 0.23 mmol). The resultant mixture was stirred at room temperature for 4 h, until complete
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consum ption o f  the starting material was observed using TLC (hexane/EtOAc 1:1). The mixture 

was diluted in H2O (10 mL) and the product w as extracted using Et20 (3x15 mL). The product 

was isolated as a 2:1 mixture o f  isomers by colum n chromatography using EtO A c/M eO H  (6:1) 

as the mobile phase, in the form o f a yellow  oil.

Yield: 0.06 g, 0.11 mmol, 76%.

'H NM R (CDCI3 , 400M Hz) 8 „ ppm: 0.16 (s, 6 H, Ix C H j), 0.99 (s, 9H, 'Bu), 2.75-3.05 (m, 4H, 

2 XCH2 ), 3.61 (s, 3H, OCH 3 ), 3.86 (s, 3H, O C H A  3.89 (s,3H, OCH 3 ), 3.91 (s, 3H, O C H 3), 4.71 

(d, 2H. O C H ,). 6.33 (s, IH), 6.50 (s, IH), 6.81-6.85 (m, 2H), 6.93-6.96 (m, IH).

'^C N M R (CDCI3 , 100.71 M Hz) 6 c ppm: -5.0 (C H 3), 0.58 (CH 3), 14.8 (C H 3), 18.0 (Q). 20.7 

(CH 2), 21.4 (CH 2), 25.3 (CH 3), 29.8 (CH 3), 32.5 (CH 2), 36.1 (CH 2), 54.9 (C H 3 ), 55.4 (CH 3 ), 

60.5 (CH 3 ), 60.9 (CH 3), 65.4 (CH j m inor isom er), 69.8 (CH 2 major isomer), 110.0 (CH), 110.9 

(CH m ajor isomer), 111.1 (CH m inor isom er), 117.0 (CH), 121.1 (CH m ajor isom er), 121.4 

(CH minor isomer), 122.0 (CH m ajor isom er), 122.3 (CH minor isomer), 122.6 (CH major 

isomer), 128.0 (Q m ajor isomer), 128.7 (Q  m inor isomer), 132.9 (Q m inor isom er). 133.0 (Q 

major isomer), 135.0 (Q m ajor isom er), 136.4 (Q m inor isomer), 141.8 (Q m inor isom er), 142.1 

(Q m inor isomer). 143.9 (Q m ajor isom er), 146.0 (Q major isomer), 146.6 (Q  m inor isomer), 

149.4 (Q m inor isomer) 149.6 (Q m ajor isom er), 150.3 (Q m inor isomer). 150.4 (Q  m ajor 

isomer), 150.5 (Q  m ajor isomer), 150.8 (Q  m ajor isomer), 161.8 (Q). 173.8 (Q, C = 0 ).

HRM S (- ESI): Calculated 557.2445 Found 556.2437 (M -H)'.

(D C M )/cm '‘: 2932, 2857, 1736, 1595, 1572, 1509, 1405, 1367, 1284, 1117, 1029, 925, 

880, 783.
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6.1.17 Synthesis o f perfluorophenyl 2-(((9-(3-((tert-butyldim ethylsilyl)oxy)-4- 

m ethoxyphenyl)-2,3»4-trim ethoxy-5H-benzo(7]annulen-7(6H)- 

ylidene)am ino)oxy) acetate (2.10).

To a stirred solution of (2.09) (0.44 g. 0.79 mmol) in DCM (3 mL) under an atmosphere o f N 2 at 

0 °C was added a solution of pentafluorophenol (0.15 g, 0.79 mmol) in DCM (1.5 mL). This 

was followed by the subsequent addition o f DCC (0.16 g, 0.79 mmol) in DCM (1.5 mL). The 

solution was stirred for 1 h, after which time the dicyclohexylurea by-product was removed via 

filtration. The mixture was then washed between H2O (20 mL) and Et2 0  (2 x 20 mL) to yield 

the product in crude form. Purification using column chromatography yielded the product in a 

2 : 1  mixture o f syn- and anti-isomers as a colourless oil.

Yield: 0.51 g, 0.70 mmol, 89%.

'H NMR (CDCI3, 400MHz) 6 „ ppm: 0.17 (s, 6 H, 2 x CH3 ). LOO (s, 9H, 'Bu), 2.75-2.83 (m, 

2H, CH 2 ), 2.93-3.08 (m, 2H, CH2 ), 3.61 (s, 2H, OCH, major isomer), 3.62 (s. IH, OCH., minor 

isomer), 3.91 (s, 2H, OCH^ major isomer), 3.92 (s, 2H, OCH3 major isomer), 3.93 (s, IH, OCH3 

minor isomer), 3.94 (s, IH, OCH 3 minor isomer), 4.17 (s, IH, CH2 minor isomer), 5.01 (s, IH, 

CH? major isomer), 6.31 (s, IH, ArH major isomer), 6.36 (s, IH, ArH minor isomer), 6.52 (s, 

IH, ArH major isomer), 6.81-6.87 (m, 2H), 6.93-6.98 (m, IH), 7.03 (s, IH, minor isomer).

'^C NMR (CDCI3,100.71 MHz) 8 c ppm: 0.6 (CH.,), 18.0 (Q), 20.7 (CHj major isomer), 21.40 

(CH 2 minor isomer), 25.2 (CH 3), 32.5 (CH 2 major isomer), 36.1 (CH2 minor isomer), 55.0 

(CH 3), 55.4 (CH3 ), 60.4 (CH3 ), 61.0 (CH3 ), 69.3 (CH2 minor isomer), 69.5 (CH2 major isomer),

110.0 (CH), 110.9 (CH major isomer), 111.0 (CH minor isomer), 117.1 (CH), 121.1 (CH major 

isomer), 121.5 (CH minor isomer), 122.0 (CH major isomer), 122.3 (CH minor isomer), 122.6 

(CH), 128.0 (Q), 128.7 (Q), 132.9 (Q), 133.0 (Q), 136.0 (Q), 136.4 (Q), 141.8 (Q), 142.1 (Q),

144.0 (Q), 146.0 (Q), 146.3 (Q), 149.5 (Q minor isomer), 149.6 (Q major isomer), 150.3 (minor 

isomer), 150.4 (Q major isomer), 150.5 (Q major isomer), 150.8 (Q minor isomer), 158.4 (Q), 

161.9 (Q, C=N), 165.7 (Q, C = 0  major isomer), 165.8 (Q, C = 0  minor isomer).

HRMS (+ ESI): Calculated mass 723.2287. Found 724.2301 (M +H)'.
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(D CM )/cm '': 2931, 2857, 1732, 1596, 1572, 1493, 1367, 1284, 1263, 1117, 1030, 880,

783 .

6.1.18 Synthesis o f  2 -(((9-(3-((tert-b utyld im ethylsily l)oxy)-4-m eth oxyp henyl)-2 ,3 ,4- 

trim eth oxy-5H -b en zo[7)ann u len -7(6H )-y lid en e)an iino)oxy)-N - 

hydroxyacetam ide (2.11).

A solution o i (2.10) (0.0997 g, 0.138 mmol), NH 2 OH.HCI (0.105 g, 0.151 mmol) and DiPEA 

(0.019 g, 0.151 mmol) in DMF (2 mL) under N 2 was stirred at room temperature for 30 min. At 

this time, the product was extracted by washing between 0.5 M HCl (15 mL) and Et20 ( 3 x 1 5  

mL). The combined organic extracts were washed with H2O (15 mL) and dried over MgS0 4 . 

Following concentration in vacuo, the product was purified as a mixture o f syn- and anti­

isomers using column chromatography with EtOAc as the mobile phase as an oil with a 

yellowish colouration.

Yield: 0.0419 g, 0.074 mmol, 53.5%.

'H NMR (CDCI3, 400MHz) 6 „ ppm: 0.17 (s, 6H, 2xCH,), 1.00 (s. 9H. 'Bu), 2.72-2.93 (m, 2H, 

CH2 ), 2.96-3.08 (m, 2H, CHj), 3.63 (s. 3H, OCH 3 ), 3.86 (s, 2H, OCH3 major isomer), 3.87 (s, 

IH, O C iii minor isomer), 3.91 (s, IH, OCH 3 minor isomer), 3.93 (s, 2H, OCH 1 major isomer), 

3.93 (s, 2H, OCH3 major isomer), 3.94 (s, IH, OCH3 minor isomer), 4.67 (s, IH, CH2 minor 

isomer), 4.70 (s, IH, CH2 major isomer), 6.32 (s, IH, ArH major isomer), 6.37 (s, IH, ArH 

minor isomer), 6.49 (s, IH, ArH), 6.80-6.89 (m, 2H), 6.94 (s, IH, ArH major isomer), 6.96 (s, 

1H, ArH minor isomer), 8.72 (br s, 1H, NH).

‘̂ C NMR (CDCI3, 100.71 MHz) 8, ppm: -4.5 (CHjOSi), 1.0 (CHjOSi), 18.5 (Q), 21.1 (CH2 

major isomer), 22.7 (CH2 minor isomer). 25.7 ('Bu), 29.7 (CH 2 major isomer), 33.2 (CH 2 minor 

isomer), 55.4 (CH3), 55.9 (CH3), 60.9 (CH3), 61.4 (CH3), 71.9 (CH2), 109.1 (CH minor isomer), 

110.6 (CH major isomer), 111.5 (CH), 121.5 (CH), 121.8 (CH), 122.4 (CH), 122.6 (CH), 128.1 

(Q), 129.1 (Q), 133.0 (0 ), 133.3 (Q), 136.2 (Q), 136.6 (Q), 142.4 (Q), 144.6 (Q), 147.0 (Q),
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147.6 (0 ), 150.1 (Q), 150.9 (Q), 151.1 (Q), 151.1 (Q), 151.4 (Q), 154.5 (Q, C=N), 162.8 (Q, 

C=0).

HRMS (- ESI): Calculated Mass 572.7220. Found 571.2495 (M-H) '.

(DCM)/cm'‘: 3212 (OH stretch), 2932, 2857, 1670, 1596, 1493, 1406, 1282, 1117, 1076, 

981,840.

6.1.19 Synthesis o f N-hydroxy-2-(((9-(3-hydroxy-4-m ethoxyphenyl)-2,3,4- 

trim ethoxy-5H-benzo[7Jannulen-7(6H )-ylidene)am ino)oxy)acetainide (2.03).

To a stirred solution o f (2. 11) (0.0419 g, 0.0732 mmol) in THF (1 mL) at 0 °C under an 

atmosphere o f N 2 , was added a 1 M solution of TBAF (0.08 mL, 0.08 mmol). The mixture was 

stirred at this temperature for 30 min. TLC analysis showed that the starting material had been 

consumed. The solvent was removed by the bubbling o f N 2  through it. The product was then 

obtained in a 2 : 1  mixture o f syn and anti isomers as a yellow oil using column chromatography 

(hexane/EtOAc 2:1).

Yield: 0.029 g, 0.063 mmol, 86.4%.

'H NMR (CDCI3, 400MHz) 8 „ ppm: 2.76-2.78 (m, IH, C J i  ring minor isomer), 2.83-3.00 

(m, 3H, mixture of isomers CH 2 ring), 3.63 (s, 2H, OCH 3 major isomer), 3.64 (s, IH, OCH3  

minor isomer), 3.89 (s, 2H, OCH 3  minor isomer), 3.91 (s, 2H, OCH 3  minor isomer). 3.92 (s, 2H, 

OC|iT major isomer), 3.93 (s, 2H, OCH 3  major isomer), 3.94 (s, 2H, OCH 3  major isomer), 4.68 

(s, 2H, CH 2  major isomer), 4.87 (s, 2H, CH^ minor isomer), 5.87 (br s, IH, ArOH), 6.34 (s, IH, 

ArCH major isomer), 6.53 (s, IH, ArCH minor isomer), 6.82-6.93 (m, 3H, 3><ArCH), 8.85 (br s, 

lH ,N H O H ).

'^C NMR (CDCI3,100.71 MHz) 6c ppm: 21.1 (CH2 major isomer), 21.8 (CH2 minor isomer), 

33.3 (CH2 major isomer), 36.8 (CH2 minor isomer), 56.0 ( 2 XCH3 ), 61.0 (CH3), 61.5 (CH3), 69.0 

(CH2 minor isomer), 71.9 (CH2 major isomer), 110.2 (CH alkene), 110.6 (CH), 111.5 (CH 

minor isomer), 115.2 (CH major isomer), 115.3 (CH major isomer), 115.4 (CH minor isomer).
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120.8 (CH m ajor isom er), 121.1 (CH minor isomer), 122.8 (CH m ajor isomer), 122.9 (CH 

m inor isomer), 123.4 (Q), 128.2 (Q), 129.0 (Q), 133.0 (Q), 133.1 (Q), 133.2 (Q), 136.7 (Q), 

137.0 (Q), 142.3 (Q), 142.4 (Q), 142.7 (Q), 145.1 (Q), 145.2 (Q), 146.3 (Q) 146.7 (Q). 146.9 

(Q), 147.0 (Q), 150.1 (Q), 151.1 (Q), 159.3 (Q), 162.7 (Q, C=N), 167.6 (Q, C = 0).

HRM S (+ ESI): Calculated Mass 458.1689. Found 459.1778(M +H )'.

V „.„ (D C M )/cm -': 3425, 2936, 1674, 1509, 1450, 1405, 1371, 1282, 1247, 1109, 1074, 1030, 

732.

6. 1.20 Synthesis of benzophenone oxime (2.35).

To a stirred suspension o f  benzophenone (9.11 g, 50 m mol) in H2 O (60 mL) and EtOH (20 mL) 

was added N H 2 OH.HCI (5.14 g, 74 m mol) and N aO A c (10.14 g, 125 mmol). Following heating 

o f  the mixture for 10 h at 90 °C, the product was extracted between H 2 O (50 mL) and EtaO 

(3x50 mL). The com bined organic extracts were dried over M gS 0 4  and concentrated in vacuo. 

The resultant colourless solid was purified using colum n chrom atography (hexane/EtOAc 4:1) 

to yield the product as a colourless solid.

Yield: 9.65 g. 48.92 mmol, 98%.

'H NM R (CDCI3, 400M H z) 6„ ppm: 7.33 -  7.43 (m, 4H, 4><ArH), 7.47 -  7.53 (m, 6H, 

6xA rH ).

'^C N M R (CDCI3, 100.71 M Hz) 6  ̂ ppm: 127.5 (CH), 127.8 (CH), 127.9 (CH), 128.8 (CH),

128.8 (CH), 129.2 (CH), 132.1 (ArQ), 135.6 (ArQ), 157.6 (C=N).

HRM S (ESI): C alculated 197.0815. Found 196.0722 (M -H)'.

V „ ,,(D C M )/c m  ':  3061, 1658, 1598, 1562, 1447, 1317, 1278, 1176, 9 4 1 ,7 6 3 ,6 3 8 .

M elting Point: 137-139 “C.



6.1.21 Synthesis of ethyl-3-broinopropanoate (2.40).

To a stirred solution o f  3-bromopropanoic acid (4.05 g, 26.4 mmol) in EtOH (30 mL) was added 

a 4N solution o f  HCl in 1,4-dioxane (5 mL). The mixture was stirred at room temperature for 12 

h. Following removal o f  the EtOH in vacuo, the mixture was diluted with DCM (125 mL). This 

was then washed with saturated aq. NaHCOs (100 mL), followed by brine (100 mL). The 

organic extract was dried using M gS0 4  before being concentrated in vacuo to yield the product 

as a colourless liquid.

Yield: 2.00 g. 11.04 mmol, 48%.

'H NM R (CDClj, 400MHz) 6 „ ppm: 1.24 (t, J = 7.04 Hz, 3H, C H 3), 2.87 (t, J= 6.56 Hz, 2H, 

C H 2), 3.54 (t, J= 7 Hz, 2H, CLb), 4.15 (q, J=7.04, 2H, CH:).

'^C NM R (CDCI3, 100.71 MHz) 6, ppm: 13.7 (CH,), 25.6 (C H 2), 37.2 (CHj), 60.5 (CHj), 170.0 

(C =0).

HRM S (ESI): Calculated mass 179.9786. Found 181.0852 (M + H )^

V„.,, (DCM)/cm ':  3552 (w), 2982, 2938, 2907, 2874, 1740, 1476, 1446, 1374, 1236, 1210, 

1135, 1018, 921, 849, 613.

6.1.22 Synthesis of ethyl-4-chlorobutanoate (2.41).

To a stirred solution o f  4-chlorobutanoic acid (3.00 g, 24.4 mmol) in EtOH (30 mL) was added 

a 4N solution o f  HCl in 1,4-dioxane (5 mL). The mixture was stirred at room temperature for 12 

h. Following removal o f  the EtOH in vacuo, the mixture was diluted with DCM (125 mL). This 

was then washed with saturated aq. NaHCOa (100 mL), followed by brine (100 mL). The 

organic extract was dried using M gS0 4  before being concentrated in vacuo to yield the product 

as a colourless liquid.

Yield: 1.1 g, 8.97 mmol, 36.7%.
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'H NMR (CDCI3 , 400MHz) 6 h  ppm: 1.20 (t, J = 7Hz, 3H, CH3), 2.04 (q, J = 6.52 Hz, 2H, 

CH2 ), 2.43 (t, J = 7 Hz, 2H, CH2), 3.54 (t, J = 6.52 Hz, 2H, CH2 ), 4.08 (q, J = 7.04 Hz, 2H, 

Chb).

‘̂ C NMR (CDCI3 . 100.71 MHz) 8 cppm: 13.6 (CH 3 ), 27.1 (CH2 ), 30.7 (CH2), 43.6 (CHj), 60.0 

(CH2), 172.1 (C=0).

HRMS(ESI+): Calculated 150.0448. Found 151.0521 (M+H)".

V„,a, (D CM )/cm '': 2982, 2940, 2875, 1740, 1445, 1419, 1375, 1244, 1209, 1147, 1028, 786, 

651.

6.1.23 Synthesis o f  ethyl 3 -(((d iph en ylm ethylen e)am ino)oxy)p rop anoate (2.42).

Under an atmosphere o f N 2 , (2.35) (0.40 g, 2.02 mmol) was dissolved in DMF (5 mL). To this 

solution was added 60% NaH (0.12 g. 3.04 mmol). The mixture was allowed to stir until going a 

clear yellow colour and cessation of H2 gas generation was noted. In a separate flask, (2.40) 

(1.25 g. 2.63 mmol) was dissolved in DMF (2 mL) and added to the oxime salt dropwise over 5 

mins. The resultant mixture was left to stir overnight at room temperature before the product 

was extracted between H2O (20 mL) and Et20 (3x20 mL). The combined organic extracts were 

washed with H2O before drying over MgS0 4  and concentration to yield a colourless solid in 

vacuo. The target compound was furnished in its pure form following flash column 

chromatography (hexane/EtOAc 9:1) as a colourless oil.

Yield: 0.30 g, 1 mmol, 50%.

'H NMRCCDClj, 400MHz) 6HPpm: 1.22 - 1.29 (m, 3H, CHj), 2.73 - 2.81 (m, 2H, CH 2), 4.16 

(q, J = 7.04 Hz), 4.49 (t, J = 6.52 Hz, 2H, CHj), 7.32 -  7.54 (m, lOH, lOxArH).

‘^C NMR (CDCI3 , 100.71 MHz) 6 c ppm: 13.8 (CH 3), 34.6 (CHj), 60.1 (CH 2), 69.5 (CH 2), 127.5 

(CH), 127.6 (CH), 127.8 (CH), 128.4 (CH), 128.8 (CH), 128.9 (CH), 132.7 (ArQ), 136.0 (ArQ), 

156.8 (C=N), 171.1 (C=0).

HRMS (ESI+): Calculated mass 311.1521. Found 334.1250 (M+Na)".

V„.ax(DCM)/cm-': 3058, 2981,2939, 1739, 1444, 1373, 1186, 1042, 1029, 978, 773,696.
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6. 1.24 Synthesis o f ethyl 4-(((diphenylm ethylene)am ino)oxy)butanoate (2.43).

Under an atmosphere o f N2 , (2.35) (0.40 g, 2.02 mmol) was dissolved in DMF (5 mL). To this 

solution was added 60% NaH (0.12 g, 3.04 mmol). The mixture was allowed to stir until going a 

clear yellow colour and cessation o f H2 gas generation was noted, in a separate flask. (2.41) 

(0.40 g, 2.63 mmol) was dissolved in DMF (2 mL) and added to the oxime salt dropwise over 5 

mins. The resultant mixture was left to stir overnight at room temperature before the product 

was extracted between H2O (20 mL) and Et20 (3x20 mL). The combined organic extracts were 

washed with H2O before drying over MgS0 4  and concentration to yield a colourless solid in 

vacuo. The target compound was furnished in its pure form following flash column 

chromatography (hexane/EtOAc 9:1) as a colourless oil.

Yield: 0.27 g. 0.86 mmol, 43%.

'H NMR (CDCI3 , 400MHz) 6 , 1  ppm: 1.27 (t, J = 7.04 Hz. 3H. CH.,), 2.04 -  2.11 (m, 2H, CH2 ), 

2.41 (t, J = 7.52 Hz, 2H, CJhT), 4.14 (q, J = 7.04 Hz, 2H, CHj), 4.25 (t, J = 6 Hz, 2H, C'tb), 7.31 

-7 .5 8  (m, lOH, lOxArH).

'^C NMR (CDCI3 . 100.71 MHz) 6 eppm: 13.7 (CH3), 24.3 (CH2), 30.4 (CHj), 59.9 (CHj), 73.0 

(CH2), 127.4 (CH), 127.6 (CH). 127.8 (CH), 128.3 (CH), 128.8 (CH), 128.8 (CH). 132.9 (ArQ). 

136.1 (ArQ), 156.3 (C=N). 172.9 (C=0).

HRMS (ESI): Calculated mass 311.1521. Found 334.1400 (M +Na)'.

(D C M )/cm '': 3058, 2978, 2935, 2874. 1738. 1494, 1444, 1372, 1253, 1179, 1055, 983, 

773,696.

6.1.25 Synthesis o f 3-(am inooxy)propanoic acid hydrochloride (2.33).

To a stirred solution o f (2.42) (0.30 g, 1.00 mmol) in DCM (5 mL), was added concentrated 

HCl solution (3 mL). The resultant solution was stirred overnight at room temperature after 

which time the volatile solvents were removed in vacuo. Upon reconstitution in Et20 (5 mL).
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the target com pound precipitated out as a colourless solid at 0 °C. Filtration o f  the m ixture and 

repeated w ashing with Et2 0  yielded the com pound in pure form as a colourless solid.

Yield: 0.10 g. 0.70 mmol, 70%.

'H N M R (C D jOD, 400M H z) 8„ ppm: 2.72-2.81 (m, 2H, CH 2 ). 3.33 (br s, 0.5H, N H 2 ), 4.36 (d, 

J = 5 H z , 2H, CH 2 ), 10.37 (b rs , IH , COOH).

'^C N M R (CDCI3, 100.71 M Hz) 8c ppm: 32.0 (CH 2), 69.9 (CH 2), 170.6 (C = 0).

M elting point: 101 “C.

HRM S (ESI): Calculated Mass 105.0426 Found 103.056 (M -H)'.

V,„,, (D C M )/cm '': 3479, 2918, 1752, 1260, 1275, 764.

6. 1,26 S y n th esis  o f  4 -(a m in o o x y )b u ta n o ic  acid  h y d ro ch lo r id e  (2.34).

To a stirred solution o f  (2.43) (0.30 g, 0.96 mmol) in DCM (5 mL), was added concentrated 

HCl solution (3 mL). The resultant solution was stirred overnight at room tem perature after 

w hich tim e the volatile solvents were removed in vacuo. Upon reconstitution in Et20 (5 mL), 

the target compound precipitated out as a colourless solid. Filtration o f  the m ixture and repeated 

w ashing with Et20 (10x5 mL) yielded the com pound in pure form as a colourless solid.

Yield: 0.11 g. 0.70 mmol, 73%.

'H N M R (CD3OD, 400M H z) 8h  ppm: 1.95 -  2.05 (m, 2H, CH2), 2.41 -  2.53 (m, 2H, CH2), 

4.06 -  4.14 (m, 2H, CH2NH3 ), 4.93 (s, 3H, NH,^).

‘^C N M R (CD3OD 100.71 M Hz) S^ppm: 22.2 (CH 2), 28.8 (CHj), 73.5 (O C H 2), 174.4 (C = 0 ). 

M elting point: 123-129 °C.

H RM S (ESI): Calculated Mass 119.0582 Found 118.0510 (M -H)'.

V „ 3x (D C M )/cm  ':  3583, 3400, 2929, 1751, 1416, 1370, 1260, 1073, 956, 827.
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6.1.27  Synthesis o f 3-(((9-(3-((tert-butyldim ethyIsilyl)oxy)-4-m ethoxyphenyl)-2,3,4- 

trim ethoxy-5H -benzo[7]annulen-7(6H )-yIidene)am ino)oxy)propanoic  

aciA.(2.44)

To a stirred solution o f  (2.07) (0.07 g. 0.14 mmol) in EtOH (4 mL) and H2 O (1 mL), was added 

(2.33) (0.09 g, 0.51 mmol) and NaOAc (0.06 g, 0.69 mmol). The resultant mixture was stirred at 

room temperature for 3 h, until complete consumption o f  the starting material was observed 

using TLC (he.xane/EtOAc 1:1). The reaction was quenched using 1 M aq. HCl (15 mL) and the 

product was extracted using Et2 0  (3x15 mL). 7'he combined organic extracts were dried over 

M gS 0 4 , filtered and concentrated in vacuo. The product was isolated as a mixture o f  isomers by 

column chromatography using EtOAc/MeOH (6:1) as the mobile phase, in the form o f  a yellow 

oil.

Yield: 0.07 g. 0.12 mmol. 85%.

'H N M R (C D C lj  400M Hz) 6„ppm : 0.19 (s, 6 H, 2 XCH3 TBDM S), 0.95 (s, 9H, tBu, TBDMS), 

2.51 - 2.58 (m, 2H, C H 2 ), 2.84 - 2.90 (m, 2H, ring C H 2 ), 2.94 - 3.01 (m, 2H, ring C j i ) ,  3.59 (s, 

3 H, Cl±,), 3.72 - 3.77 (m, 2H. CH,), 3.86 (s, 3H, CH, major isomer), 3.86 (s, 3H, C ii, minor 

isomer), 3.90 (s, 3H, CHjt minor isomer), 3.90 (s, 3H, C H 3 major isomer), 3.92 (s, 3H, C H 3 

major isomer), 3.93 (s, 3H, CHi minor isomer), 6.35 (s, IH, C=CH minor isomer), 6.36 (m, IH, 

C=CH major isomer), 6.54 (s, 1H, ArH), 6.77 - 6 . 8 8  (m, 2H, 2xArH), 6.92 - 7.03 (m, 1H, ArH). 

'^C NM R (CDCI3, 100.71 MHz) 6, ppm: 0.5 (CH3), 17.6 (Q TBDMS), 20.3 (CH 2 major 

isomer), 21.2 (CH 2 minor isomer), 25.2 (CH3, ‘Bu TBDMS), 27.8 (CH 2 minor isomer), 31.2 

(CH 2 major isomer), 36.2 (CH 2 major isomer), 36.5 (CH 2 minor isomer), 55.5 (CH3), 55.7 

(CH3), 60.0 (CH3), 60.3 (CH3), 65.1 (CH 2 minor isomer), 67.1 (CH 2 major isomer), 109.6 (CH 

minor isomer), 110.3 (CH major isomer) 111.1 (CH major isomer), 111.2 (CH minor isomer), 

117.1 (CH minor isomer), 119.2 (CH major isomer), 122.3 (CH minor isomer), 122.4 (CH 

minor isomer), 122.7 (CH major isomer), 122.8 (CH major isomer), 124.3 (CH minor isomer), 

125.4 (CH major isomer), 129.1 (Q major isomer), 129.8 (Q minor isomer), 131.9 (Q minor 

isomer), 133.0 (Q major isomer), 135.6 (Q minor isomer), 136.5 (Q major isomer), 141.2 (Q
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major isomer), 142.2 (Q minor isomer), 144.3 (Q major isomer), 146.1 (Q minor isomer), 148.9 

(Q minor isomer), 149.4 (Q major isomer), 150.2 (Q major isomer), 150.2 (Q minor isomer), 

151.0 (Q major isomer), 151.4 (Q minor isomer), 157.6 (Q minor isomer), 162.3 (Q, C=N), 

176.2 (C=0).

HRMS (ESI -): Calculated Mass 571.2601 Found 570.2540 (M-H)'.

V„,„ (DCM )/cm‘‘: 3425, 2933, 1637, 909.

6.1.28  Synthesis o f  4 -(((9-(3-((tert-b utyld im ethylsily l)oxy)-4-m eth oxyp henyl)-2 ,3 ,4- 

trin iethoxy-5H -benzo[7]annulen-7(6H )-yIidene)am ino)oxy)butanoic acid  

(2.45)

To a stirred solution of (2.07) (0.08 g, 0.16 mmol) in EtOH (4 mL) and H2 O (1 mL), was added 

(2.34) (0.18 g, 1.20 mmol) and NaOAc (0.10 g, 1.21 mmol). The resultant mixture was stirred at 

room temperature for 16 h, until complete consumption of the starting material was observed 

using TLC (hexane/EtOAc 1:1). The reaction was quenched with 1 M aq. HCI (20 mL) and the 

product was extracted using Et2 0  (3><25 mL). The combined organic extracts were washed with 

H2 O (20 mL), dried over MgS0 4 , filtered and concentrated in vacuo. The product was isolated 

as a mixture of isomers by column chromatography using EtOAc/ MeOH /formic acid 

( 1 0 : 1 :0 . 1 ) as the mobile phase, in the form of a yellow oil.

Yield: 0.09 g. 0.15 mmol, 93%.

'H NMR (CDCI3 400MHz) 8 h ppm: 0.17 (s, 6 H, 2><Cii,), 1-00 (s, 9H, 'Bu TBDMS), 1.29 - 

1.35 (m, 2H, CH2), 2.45 - 2.54 (m, 2H, CH2), 2.94 - 3.12 (m, 4H, 2 XCH2 ), 3.60 (s, 3H, CH, 

minor isomer), 3.61 (s, 3H, CH3 major isomer), 3.68 - 3.72 (m, 2H, CH2), 3.84 (s, 3H, CH3 

minor isomer), 3.85 (s, 3H, CH3 major isomer), 3.90 (s, 3H, CHj major isomer) 3.91 (s, 3H, 

CH 3 minor isomer), 3.93 (s, 3H, CHj minor isomer), 3.94 (s, 3H, CH 3 major isomer), 6.36 (s, 1 

H, C=CH), 6.48 (s, IH, ArH major isomer), 6.50 (s, IH, ArH, minor isomer), 6.91 (s, 1 H, 

ArH), 6.96 - 7.01 (m, 2H, ArH).
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'^C NMR (CDClj, 100.71 MHz) 6, ppm: -0.5 (CH.,), 16.5 (Q TBDMS), 19.5 (CHj major 

isomer), 21.3 (CH2 major isomer), 21.5 (CH 2 minor isomer), 23.2 (CH 2 minor isomer), 26.0 

(CH3, ‘Bu TBDMS), 28.8 (CH2 minor isomer), 30.2 (CH2 major isomer), 36.5 (CH2 major 

isomer), 36.9 (CH2 minor isomer), 55.6 (CH3), 55.8 (CH3), 60.5 (CH3), 61.0 (CH3), 64.3 (CH2 

minor isomer), 67.8 (CH2 major isomer), 110.1 (CH minor isomer), 110.9 (CH major isomer)

111.8 (CH major isomer), 112.2 (CH minor isomer), 118.5 (CH minor isomer), 119.2 (CH 

major isomer), 122.6 (CH minor isomer), 122.8 (CH minor isomer), 122.7 (CH major isomer),

122.9 (CH major isomer), 124.2 (CH minor isomer), 125.1 (CH major isomer), 129.3 (Q major 

isomer), 129.6 (Q minor isomer), 132.2 (Q minor isomer), 133.0 (Q major isomer), 135.9 (Q 

minor isomer), 136.5 (Q major isomer), 141.2 (Q major isomer), 142.2 (Q minor isomer), 144.4 

(Q major isomer), 145.8 (Q minor isomer). 148.1 (Q minor isomer), 148.4 (Q major isomer), 

150.2 (Q major isomer), 150.6 (Q minor isomer), 151.0 (Q major isomer), 151.4 (Q minor 

isomer), 158.4 (Q minor isomer), 158.9 (Q major isomer) 163.4 (Q, C=1M), 177.5 (C=0).

IMS (ESI -): Calculated Mass 585.2738. Found 585.2685 (M-H)'.

V„ax(DCM )/cm ‘: 3372, 2999, 1721, 1641, 1052, 921,837.

6.1.29 Synthesis o f  p erfluorophenyl 3 -(((9 -(3 -((tert-b u ty ld im eth ylsily l)oxy)-4-  

m eth oxyph en yl)-2 ,3 ,4 -trim ethoxy-5H -benzo[7]an n ulen -7(6H )-  

ylidene)am in o)oxy) propanoate. (2.46)

To a stirred solution of (2.44) (0.101 g, 0.175 mmol) in DCM (3 mL) under an atmosphere o f N 2 

at 0 “C was added a solution o f pentafluorophenol (0.034 g, 0.18 mmol) in DCM (1 mL). This 

was followed by the subsequent addition of DCC (0.037 g, 0.18 mmol) in DCM (1 mL). The 

solution was stirred for 1 h, after which time the dicyclohexylurea by-product was removed via 

filtration. The mixture was then washed between H2 O (10 mL) and Et20 (3x10 mL) to yield the 

product in crude form. The combined organic phases were dried using MgS0 4 , filtered and the 

solvents were removed under reduced pressure. Purification using column chromatography
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yielded tiie product in a mixture o f syn- and anti-isomers as a colourless oil using a 5:1 mixture 

o f hexane/EtOAc as the mobile phase.

Yield: 0.06 g, 0.081 mmol, 46.4%.

'H NMR (CDCI3, 400MHz) 8 „ ppm; 0.19 (s, 6 H, 2 XCH3 ), 0.95 (s, 9H, ’Bu), 2.59 - 2.71 (m, 

2H, CH2 ), 2.84 - 3.01 (m, 4 H,2 ><CH2 ), 3.59 (s, 3H, CH 3 ), 3.77 (m, 2H, CH 2 ), 3.90 (s, 3H, CH 3  

minor isomer), 3.90(s, 3H, CH 3  major isomer), 3 .9 l(s, 3H, CH3  minor isomer), 3.93 (s, 3H, CH 3  

major isomer), 3.94 (s, 3H, CH 3  major isomer), 3.95 (s, 3H, CH 3  major isomer), 6.39 (2><s, IH, 

C=CH), 6.60 (d .J= l 1.54 Hz, 1 H), 6.84 - 6.89 (m, 1 H), 6.91 - 6.99 (m, 2 H).

'^C NMR (CDCI3, 100.71 MHz) 6 , ppm: -4.9 (CH3), 18.3 (Q TBDMS), 20.5 (CH2 major 

isomer), 21.0 (CH2 minor isomer), 25.7 (CH3, 'Bu TBDMS), 29.3 (CH2 minor isomer), 30.9 

(CH2 major isomer), 36.6 (CH2 major isomer), 36.9 (CH2 minor isomer), 55.6 (CH3), 55.7 

(CH3), 60.0 (CH3), 60.2 (CH3), 64.7 (CH2 minor isomer), 66.9 (CH2 major isomer), 110.1 (CH 

minor isomer), 110.5 (CH major isomer) 111.6 (CH major isomer), 111.9 (CH minor isomer), 

116.8 (CH minor isomer). 119.2 (CH major isomer), 120.9 (Q), 122.4 (CH minor isomer), 122.7 

(CH minor isomer), 122.9 (CH major isomer), 123.2 (CH major isomer), 124.3 (CH minor 

isomer), 125.4 (CH major isomer), 127.8 (Q), 129.7 (Q major isomer), 129.9 (Q minor isomer), 

131.2(Q), 131.7 (Q), 132.9 (Q minor isomer), 133.3 (Q), 133.5 (Q major isomer), 135.9 (Q 

minor isomer), 136.8 (Q major isomer), 139.1 (Q). 141.2 (Q major isomer), 142.0 (Q minor 

isomer), 144.7 (Q major isomer), 146.3 (Q minor isomer), 148.9 (Q minor isomer), 149.7 (Q 

major isomer), 150.4 (Q major isomer), 150.8 (Q minor isomer), 151.1 (Q major isomer), 151.5 

(Q minor isomer), 157.6 (Q minor isomer), 164.3 (Q, C=N), 169.7 (C=0).

HRMS (ESI +): Calculated Mass 737.2443. Found 760.2325 (M +Na)'.

V „,,(D C M )/cm -': 3012, 2987, 1639, 1052, 939, 671.
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6. 1.30 Synthesis o f perfluorophenyl 4-(((9-(3-((tert-butyldim ethylsilyl)oxy)-4- 

m ethoxyphenyl)-2,3,4-trim ethoxy-5H -benzo[7]annulen- 

7(6H)ylidene)ainino)oxy) butanoate.(2.'^7^

To a stirred solution (2.45) (0.20 g, 0.34 mmol) in DCM (3 mL) under an atmosphere o f  N 2 at 0 

°C was added a solution o f  pentafluorophenol (0.06 g, 0.34 mmol) in DCM (2 mL). This was 

followed by the subsequent addition o f  DCC (0.07 g, 0.34 mmol) in DCM (2 mL). The solution 

was stirred for 1 h. after which time the dicyclohexylurea by-product was removed via filtration. 

The mixture was then washed between H 2 O (20 mL) and Et2 0  (3x20 mL) to yield the product 

in crude form. The combined organic extracts were dried over MgSO^, filtered and concentrated 

in vacuo. Purification using column chromatography with hexane/EtOAc 4:1 as the mobile 

phase yielded the product in a mixture o f  syn- and anti-isomers as a colourless oil.

Yield: 0.23 g. 0.31 mmol, 89%.

'H NM R (CDCI3, 400MHz) 8 „ ppm: 0.17 (s, 6 H, 2 XCH3 ), 0.96 (s. 9H, 'Bu), 1.29 - 1.40 (m, 

2H, CHj), 2.50 (m, 2H, C J i ) .  2.94 - 3.13 (m, 4H, 2 XCH2 ), 3.60 (s, 3H, C H 3 ), 3.69-3.72 (m, 

2H.CH?). 3.84 (s, 3H, C H 3 major isomer), 3.85 (s, 3H, CH 3  minor isomer), 3.92 (s, 3H, C H 3 

minor isomer), 3.93 (s, 3H, CH 3 minor isomer), 3.94 ((s, 3H, 2 xCH .3 major isomer), 6.40 (s, IH, 

C=CH major isomer), 6.41 (s, IH, C=CH minor isomer). 6.47 - 6.58 (m, IH, ArH), 6.72 - 6 . 8 6  

(m, 1H, ArH), 6.90 - 7.07 (m, 2H, ArH).

'^C NM R (CDCI3, 100.71 MHz) 6, ppm: -5.1 (CH3), 18.6 (Q TBDM S), 20.4 (CH2 major 

isomer), 21.4 (CH 2 minor isomer), 23.1 (CH 2 minor isomer), 23.5 (CH 2 major isomer), 26.0 

(CH3, 'Bu TBDMS), 28.9 (CH2 minor isomer), 31.7 (CH2 major isomer), 36.4 (CH2 major 

isomer), 36.8 (CH2 minor isomer), 55.4 (CH3), 55.6 (CH3), 60.1 (CH3), 60.4 (CH3), 65.3 (CH2 

minor isomer), 67.1 (CH2 major isomer), 110.5 (CH minor isomer), 110.6 (CH major isomer) 

111.3 (CH major isomer), 111.8 (CH minor isomer), 116.2 (CH minor isomer), 119.6 (CH 

major isomer), 121.0 (Q), 122.9 (CH minor isomer), 123.1 (CH minor isomer), 123.3 (CH 

major isomer), 123.8 (CH major isomer), 124.6 (CH minor isomer), 125.8 (CH major isomer), 

127.8 (Q), 129.2 (Q major isomer), 129.7 (Q minor isomer), 131.4 (Q), 131.8 (Q), 132.9 (Q

201



minor isomer), 133.1 (Q), 133.5 (Q major isomer), 136.0 (Q minor isomer), 136.8 (Q major 

isomer), 138.7 (Q), 140.9 (Q major isomer), 142.0 (Q minor isomer), 144.7 (Q major isomer), 

146.5 (Q minor isomer), 148.9 (Q minor isomer), 149.5 (Q major isomer), 150.6 (Q major 

isomer), 150.9 (Q minor isomer), 151.3 (Q major isomer), 151.6 (Q minor isomer), 157.8 (Q 

minor isomer), 164.9 (Q, C=N), 168.9 (C=0).

HRMS (ESI +): Calculated Mass 751.2600. Found 774.2486 (M +N a)\

V„ax (D CM )/cm '': 2946, 1732, 1626, 1476, 1298, 1157, 1043, 882, 692.

6. 1.31 Synthesis o f  3 -(((9 -(3-((tert-b uty ld im ethylsily l)oxy)-4-m eth oxyp henyl)-2 ,3 i4- 

trim eth oxy-5H -b en zo[7]ann u len -7(6H )-y lid en e)am in o)oxy)-N - 

h ydroxypropanam ide (2.48).

To a stirred solution of the (2.46) (0.051 g, 0.071 mmol), in EtOH (2 mL) and H2O (0.5 mL) 

was added NH2OH.HCI (0.0078 g, 0.113 mmol) and NaOAc (0.0129 g, 0.158 mmol). After 1 h, 

the mixture was diluted in H2O (5 mL) and the EtOH was removed in vacuo. The product was 

subsequently extracted by washing between H2O (15 mL) and Et2 0  (3x15 mL). The combined 

organic extracts were washed with H2O (15 mL) and dried over MgS0 4 . Following 

concentration in vacuo, the product was purified as a mixture o f syn- and anti- isomers using 

column chromatography with EtOAc/MeOFl /formic acid (95:5:1) as the mobile phase as an oil 

with a yellowish tinge.

Yield: 0.025 g, 0.043 mmol, 60.5%.

'H NMR (CDCI3, 400MHz) 6 h ppm: 0.19 (s, 6 H, 2 XCH3), 1.07 (s, 9H, 'Bu), 2.55 - 2.65 (m, 

2H, CJI2), 2.89 - 3.08 (m, 4H, 2 XCH2), 3.59 (s, 3H, CH3), 3.74 - 3.81 (m, 2H, CH3), 3.86 (s, 3H, 

CH3 minor isomer), 3.87 (s, 3F1, CHj major isomer), 3.90 (s, 3H, CH3 major isomer), 3.91 (s, 

3H. CH3 minor isomer), 3.92 (s, 3F1, CH3 minor isomer), 3.93 (s, 3H, CHj major isomer), 6.39 

(s, 1 FI, C =C H  major isomer), 6.40 (s, 3F1, C =C H  minor isomer), 6.53 - 6.59 (m, IH, ArH), 6.81 

- 6 . 8 8  (m. IH, ArH), 6.92 - 7.01 (m, 2H, ArH).
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'^C NM R (CDClj, 100.71 M Hz) 6^ ppm : -5.0 (CH,). 18.0 (Q TBDMS). 20.5 (CH 2 major 

isomer), 21.0 (CH 2 minor isomer), 25.7 (CH 3 , 'Bu TBDMS), 28.3 (CH 2 minor isomer), 

31.3(CH2 major isomer), 36.1 (CH 2 major isomer), 36.8 (CH 2 minor isomer). 56.3 (CH 3 ), 56.4 

(CH 3 ), 60.9 (CH 3 ), 61.3 (CH 3 ), 64.8 (CH 2 minor isomer), 66.9 (CH 2 major isomer), 110.6 (CH 

minor isomer). 110.9 (CH major isomer) 111.2 (CH major isomer). 111.7 (CH minor isomer),

117.1 (CH minor isomer). 120.0 (CH major isomer). 121.3 (CH minor isomer). 121.9 (CH 

minor isomer). 122.4 (CH major isomer). 122.8 (CH major isomer), 124.6 (CH minor isomer). 

125.6 (CH major isomer). 129.0 (Q major isomer). 129.9 (Q minor isomer), 131.6 (Q minor 

isomer), 133.5 (Q major isomer), 135.6 (Q minor isomer), 136.4 (Q major isomer), 141.0 (Q 

major isomer), 142.4 (Q minor isomer), 144.6 (Q major isomer), 145.9 (Q minor isomer), 148.6 

(Q minor isomer), 148.9 (Q major isomer), 150.2 (Q major isomer), 150.6 (Q minor isomer),

151.2 (Q major isomer), 151.6 (Q minor isomer), 157.6 (Q), 163.9 (Q, C=N), 169.8 (C=0). 

HRIMS (- ESI): Calculated Mass 586.2710. Found 587.2797 (M +H )‘.

(DCM )/cm ‘: 3276, 2985, 2800, 1675, 1621. 1499. 1180, 1062, 919, 840.

6.1.32 Synthesis of 4-(((9-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)-2,354- 

trimethoxy-5H-benzo[7]annulen-7(6H)-ylidene)ainino)oxy)-N- 

hydroxybutanamide (2.49).

To a solution of the (2.47) (0.20 g, 0.27 mmol) in EtOH (4 mL). H2 O (1 mL) and DCM (1 mL) 

was added NH 2 OH.HCI (0.0295 g. 0.42 mmol) followed by NaOAc (0.0460 g. 0.42 mmol). 

After 1 h, the EtOH was removed in vacuo, and the product was extracted between H2 O (20 

mL) and Et2 0  (3><25 mL). The combined organic extracts were washed with H2 O (15 mL), 

dried over MgS0 4  and fiUered. Following concentration in vacuo, the product was purified as a 

mixture of syn- and anti- isomers using column chromatography with EtOAc/

MeOH/formic acid (95:4:1) as the mobile phase and was obtained as a yellow oil
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Yield: 0.12 g, 0.20 mmol, 74%

'H NM R (CDClj, 400M H z) 8 „ ppm: 0.16 (s, 6 H, 2 XCH3), 0.98 (s, 9H, ’Bu), 1.25 (dt. J=4.89, 

2.32 Hz, 2 H, CH 2 ), 2.31 - 2.44 (m, 2H, CH 2 ), 2.95 - 3.17 (m, 4H, CH 2 ), 3.61 (s, 3H, Cl±, m ajor 

isomer), 3.62 (s, 3H, C H 3 m inor isom er), 3.68 - 3.73 (m, 2H, CH?). 3.84 (s, 3H, C H 3 m inor 

isomer), 3.85 (s, 3H, CH3 m ajor isomer), 3.87 (s, 3H, CH3), 3.93 (s, 3H, CHj m inor isomer), 

3.94 (s, 3H, CH 3 m ajor isomer). 6.30 (s, IH , C=CH m inor isomer), 6.32 (s, IH , C=CH major 

isomer) 6.44 - 6.52 (m, IH , ArH), 6.81 - 7.07 (m. 3H, ArH).

'^C NM R (CDCI3, 100.71 M Hz) 6, ppm: -4.9 (CH 3), 18.0 (Q TBDM S), 19.9 (C H 2 m ajor 

isomer), 21.5 (CH 2 m ajor isomer), 21.7 (CH 2 m inor isomer), 24.1 (CH 2 m inor isom er), 26.9 

(CH 3 , 'Bu TBDM S), 28.5 (CH 2 m inor isomer), 31.9 (CH 2 major isomer), 35.9 (C H 2 m ajor 

isomer), 36.7 (CH j m inor isomer), 56.6 (CH 3), 56.9 (C H 3), 61.0 (CH 3), 61.4 (C H 3), 65.9 (CH 2 

m inor isomer), 68.9 (C H 2 m ajor isom er), 110.4 (CH m inor isomer), 110.9 (CH m ajor isomer) 

112.0 (CH m ajor isomer), 112.9 (CH m inor isomer), 117.8 (CH m inor isom er), 119.8 (CH 

m ajor isomer), 122.4 (CH m inor isomer). 122.7 (CH m inor isomer). 122.8 (CH m ajor isomer). 

123.5 (CH m ajor isomer). 124.2 (CH m inor isomer). 125.8 (CH m ajor isomer), 129.3 (Q  major 

isomer), 129.9 (Q m inor isomer), 132.2 (Q m inor isomer), 133.4 (Q m ajor isom er), 135.9 (Q 

m inor isomer), 137.5 (Q  major isomer), 141.2 (Q  major isomer), 142.6 (Q minor isom er), 144.4 

(Q m ajor isom er), 145.9 (Q minor isomer), 148.2 (Q m inor isomer), 148.4 (Q m ajor isomer), 

150.2 (Q m ajor isom er), 150.3 (Q  m inor isomer), 151.1 (Q major isomer), 151.7 (Q  m inor 

isom er), 158.9 (Q m inor isomer), 159.1 (Q m ajor isomer) 161.9 (Q. C=N), 1 6 8 .9 (C = 0 ).

HRM S (- ESI): Calculated Mass 600.2867. Found 599.2812 (M -H)'.

V„,a, (DCM )/cm  ':  3311, 2917, 2822, 1691, 1625, 1122, 1089, 921, 762.
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6. 1.33 Synthesis of N-hydroxy-3-(((9-(3-hydroxy-4-inethoxyphenyl)-2,3,4- 

trimethoxy-5H-benzo[7]annulen-7(6H)-ylidene)amino)oxy)propanainide. 

(2.04)

To a stirred solution o f (2.48)  (0.0214 g. 0.036 mmol) in THF (1 mL) at 0 °C under an 

atmosphere o f N 2 , was added a 1 M solution of TBAF (0.05 mL, 0.05 mmol). After stirring at 

this temperature for 15 min, the reaction mixture was diluted in H2O (15 mL) and then extracted 

using Et2 0  (3x20 mL). The combined organic extracts were dried over MgS0 4 , filtered and 

concentrated in vacuo. Following column chromatography using EtOAc/MeOH /formic acid 

(95:4:1) the product was obtained as a mixture o f syn and anti isomers as a yellow oil.

Yield: 0.0123 g, 0.026 mmol, 72.3%.

'H NMR (CDCI3 , 400MHz) 6 1 , ppm: 2.52 - 2.56 (m, 2H, CFL), 2.92-3.10 (m, 4H, 2 XCH2 ), 

3.59 (s, 3H, C J i) . 3.70 - 3.75 (m, 2H, CFb), 3.86 (s. 3H, CH, minor isomer), 3.87 (s, 3H, CH., 

major isomer), 3.92 (s, 3H, CH^ minor isomer), 3.93 (s, 3H, CH^ major isomer), 3.94 (s, 3H, 

C ]ii major isomer), 3.95 (s, 3H, CH 3 minor isomer), 5.58 - 5.74 (br s, 1 H, ArOH), 6.43 - 6.61 

(m, 2H, 1 xC=CH, 1XArH), 6 . 8 8  (m, 1H, ArH), 6.94 - 7.06 (m. 2H, ArH).

'^C NMR (CDCii, 100.71 MHz) dc ppm: 21.3 (CH 2 major isomer), 21.5 (CH 2 minor isomer), 

27.6 (CH 2 minor isomer), 31.2 (CH 2 major isomer), 35.2 (CH 2 major isomer), 36.1 (CH 2 minor 

isomer), 55.9 (CH 3 ), 56.1 (CH 3 ), 59.6 (CH 3 ), 60.4 (CH 3 ), 64.7 (CH 2 minor isomer), 67.2 (CHj 

major isomer), 110.3 (CH minor isomer), 110.9 (CH major isomer) 112.4 (CH major isomer),

113.2 (CH minor isomer), 117.5 (CH minor isomer), 120.0 (CH major isomer), 122.3 (CH 

minor isomer), 122.5 (CH minor isomer), 123.7 (CH major isomer), 123.8 (CH major isomer),

124.3 (CH minor isomer), 125.4 (CH major isomer), 129.1 (Q major isomer), 129.9 (Q minor 

isomer), 132.0 (Q minor isomer), 133.0 (Q major isomer), 135.2 (Q minor isomer), 136.1 (Q 

major isomer), 140.7 (Q major isomer), 141.9 (Q minor isomer), 145.3 (Q major isomer), 146.1 

(Q minor isomer), 148.8 (Q minor isomer), 149.1 (Q major isomer), 150.2 (Q major isomer), 

150.8 (Q minor isomer), 151.2 (Q major isomer), 151.5 (Q minor isomer), 155.6 (Q minor 

isomer), 164.3 (Q, C=N), 169.2 (Q, C =0).
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HRM S (+ ESI): Calculated M ass 470.1927. Found 493.1816 (M +Na)'

(D C M )/cm  ':  3401, 2982, 1689, 1534, 1332, 1101, 1063, 732.

6.1.34 Synthesis o f N-hydroxy-4-(((9-(3-hydroxy-4-methoxyphenyl)-2,354- 

trim ethoxy-5H-benzo[71annulen-7(6H)-ylidene)am ino)oxy)butanainide 

(2.05).

To a stirred solution o f  (2.49)  (0.051 g. 0.085 m mol) in THF (1 mL) at 0 °C under an

atm osphere o f  N 2 , was added a 1 M solution o f  TBAF (0.11 mL, 0.11 mmol). A fter stirring at

this tem perature for 15 min, the reaction m ixture was diluted in H2 O (15 mL) and then extracted 

using Et2 0  (3x20 mL). The com bined organic extracts were dried over M gS 0 4 , filtered and 

concentrated in vacuo. Following colum n chrom atography using EtOAc/ MeOH /form ic acid 

(95:4:1) the product was obtained as a m ixture o f  syn and anti isomers as a yellow  oil.

Yield: 0.0356 g. 0.073 mmol, 85%.

'H NM R (CDCI3, 400M H z) 8 „ ppm: 1.41-1.45 (m, 2H, C H 2 ), 2.27 - 2.37 (m, 4H, 2 XCH2 ), 

2.92-3.06 (m, 4H, 2xC H t). 3.61 (s, 3H, CH 3 m ajor isomer), 3.62 (s, 3H, C H 3 m ajor isomer), 

3.67 - 3.77 (m, 2H, CH 2 ), 3.84 (s, 3H, C H 3 m inor isomer), 3.87 (s, 3H, CHj), 3.93 (s, 3H, C H 3 

m inor isomer), 3.94 (s, 3H, C H 3 m ajor isomer), 5.70 (br s, IH, ArOH), 6.27 - 6.37 (m, 1 H,

C=CH), 6.43 - 6.54 (m, IH , ArH), 6.79 - 7.07 (m, 3H, ArH).

'^C NM R (CDCI3,100.71 M Hz) 6c ppm: 20.2 (C H 2 m ajor isomer), 21.3 (CH 2 m ajor isomer), 

21.9 (CH 2 m inor isomer), 23.5 (CH 2 m inor isom er), 29.8 (CH 2 m inor isomer), 31.4 (C H 2 m ajor 

isomer), 36.0 (CH2 m ajor isomer), 37.2 (CH2 m inor isomer), 56.0 (CH3), 56.4 (CH3), 61.5 

(CH3), 61.8 (CH3), 64.9 (CH2 m inor isomer), 68.5 (CH2 major isomer), 110.4 (CH m inor 

isomer), 111.4 (CH m ajor isomer) 112.3 (CH m ajor isom er), 112.9 (CH m inor isomer), 118.5 

(CH m inor isomer), 119.8 (CH m ajor isomer), 122.6 (CH m inor isomer), 122.9 (CH m inor 

isomer), 123.6 (CH m ajor isomer), 124.8 (CH m ajor isomer), 125.2 (CH m inor isomer), 125.9 

(CH m ajor isomer), 129.3 (Q m ajor isom er), 129.9 (Q m inor isomer), 132.2 (Q m inor isomer).
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132.9 (Q major isomer), 134.3 (Q minor isomer). 136.5 (Q major isomer), 141.2 (Q major 

isomer), 142.2 (Q minor isomer), 144.4 (Q major isomer), 144.8 (Q minor isomer), 149.1 (Q 

minor isomer), 149.3 (Q major isomer), 151.2 (Q major isomer), 151.7 (Q minor isomer), 152.5 

(Q major isomer), 153.0 (Q minor isomer), 155.4 (Q minor isomer), 156.9 (Q major isomer), 

165.4 (Q ,C=N ), 170.1 (C=0).

HRMS (+ ESI): Calculated Mass 486.2002. Found 485.1911 (M-H)'.

(D CM )/cm '‘: 3389, 1673, 1614, 1523, 1450, 1282, 1109, 1030, 732.

6. 1.35 Synthesis o f  2-(((9 -(3 -h ydroxy-4-m eth oxyph en yl)-2 ,3 ,4 -tr im eth oxy-5H -  

b en zo |7 |an n u len -7 (6H )-y lid en e)am in o)oxy)acetic  acid (2.50).

To a stirred solution o f (2. 09)  (0.05 g. 0.09 mmol) in THF (1 mL) at 0 ”C under an atmosphere 

o f N 2, was added a 1 M solution o f TBAF (0.10 mL, 0.10 mmol). After 15 min, TLC analysis 

showed that the starting material had been consumed. The solvent was removed under a stream 

of N 2. before the product was obtained in its pure form as a yellow oil.

Yield: 0.03 g. 0.067 mmol, 75%

'H NMR (CDCI3, 400MHz) 6„ ppm: 2.76-3.05 (m, 4H, 2 XCH2), 3.61 (s, 3H, OCH,), 3.85 (s, 

3H, OCH3 major isomer), 3.89 (s, 3H, OCH3 major isomer), 3.91 (s, 3H, OCH3 minor isomer), 

3.91 (s, 3H, OCH3 major isomer), 3.93 (s, 3H, OCH3 minor isomer), 4.55 (s, 2H, CH? minor 

isomer), 4.59 (s, 2H, CH2 minor isomer), 5.68 (s, IH, Ar-OH), 6.30 (s, IH, C=CH major 

isomer), 6.36 (s, IH, C=CH minor isomer), 6.52 (s, IH, ArH), 6.82-6.85 (m, 2H, 2><ArH), 6.93- 

6.97 (m, IH, ArH).

HRMS (- ESI): Calculated Mass 443.1580. Found 442.1495.

V„ax (D CM )/cm '': 3412, 2929, 1734, 1644, 1020, 947, 675.
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6. 1.36  Synthesis o f  3 -(((9 -(3 -h yd roxy-4 -m ethoxyphenyl)-2 ,394-tr im eth oxy-5 H - 

benzo[7]annulen-7(6H )-y lidene)a in ino)oxy)propanoic acid. (2. 51)

To a stirred solution of (2.44) (0.0212 g, 0.04 mmol) in dry THF (1 mL) under an atmosphere of 

N2 at 0 “C was added 1 M TBAF in THF (0.15 mL, 0.15 mmol). After stirring for 10 min, the 

product was extracted using Et2 0  (3x10 mL) and H2O (10 mL). The combined organic extracts 

were dried using MgS0 4 , filtered and concentrated in vacuo. The resultant residue was purified 

using flash column chromatography (EtOAc/formic acid 99:1), yielding the product as a yellow 

solid.

Yield: 0.0145 g, 0.031 mmol, 79%.

'H NMR (CDCI3, 400MHz) 6„ ppm: 2.53 - 2.66 (m, 2 H, CH 2 ), 2.85 -  2.90 (m, 2H, CH2 ), 

2.94-2.99 (m, 2H, CH2 ), 3.59 (s, 3H, CHj), 3.77 (m, 2H, CHj), 3.89 (s, 3H, CH-, minor isomer), 

3.90 (m, 3H, CH3 major isomer), 3.92 (s, 3H, CH;i minor isomer), 3.93 (s, 3H, major isomer) 

3.95 (s, 3H, CH 3 major isomer), 3.96 (s, 3H, CH^ minor isomer), 5.45 (s, IH, ArOH), 6.39 (m, 

IH, C=CH), 6.58 (s, IH, ArH major isomer), 6.62 (s, IH, ArH minor isomer), 6.84 - 6.89 (m, 1 

H, ArH), 6.92 - 6.98 (m, 2H, 2xArH).

'^C NMR (CDCI3, 100.71 MHz) 8c ppm: 21.4 (CH2 major isomer), 21.8 (CH2 minor isomer),

27.9 (CH 2 minor isomer), 30.9 (CH 2 major isomer), 34.7 (CH 2 major isomer), 35.9 (CH 2 minor 

isomer), 55.9 (CH3), 56.3 (CH3), 59.9 (CH3), 60.4 (CH3), 64.3 (CH2 minor isomer), 69.1 (CH2 

major isomer), 110.3 (CH minor isomer), 111.0 (CH major isomer) 112.4 (CH major isomer), 

113.4 (CH minor isomer), 117.9 (CH minor isomer), 120.3 (CH major isomer), 122.4 (CH 

minor isomer), 122.9 (CH minor isomer), 124.1 (CH major isomer), 124.6 (CH major isomer),

125.1 (CH minor isomer), 125.8 (CH major isomer), 129.1 (Q major isomer), 130.2 (Q minor 

isomer), 132.2 (Q minor isomer), 133.6 (Q major isomer), 135.7 (Q minor isomer), 136.4 (Q 

major isomer), 141.0 (Q major isomer), 142.1 (Q minor isomer), 145.3 (Q major isomer), 146.4 

(Q minor isomer), 148.8 (Q minor isomer), 149.4 (Q major isomer), 150.4 (Q major isomer),

150.9 (Q minor isomer), 151.5 (Q major isomer), 151.8 (Q minor isomer), 165.1 (Q, C=N),

178.2 (Q ,C = 0).
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HRMS (- ESI): Calculated Mass 457.1737. Found 456.1679 (M-H)'.

V„,ax(DCM)/cm ': 3398, 3001,2001, 1698, 1628, 1040,913,736.

6. 1.37  Synthesis o f 4-(((9-(3-hydroxy-4-m ethoxyphenyl)-2,3i4-trim ethoxy-5H - 

benzo|7]annulen-7(6H )-ylidene)am ino)oxy)butanoic acid. (2.52)

To a stirred solution o f (2.45) (0.07 g, 0.12 mmol) in dry THF (2 mL) under an atmosphere of 

N 2 at 0 °C was added 1 M TBAF in THF (0.20 mL, 0.20 mmol). The reaction was quenched 

after 10 min by addition o f H2 O (15 mL) and the product was extracted using Et2 0  (3x20 mL). 

The combined organic extracts were dried using MgS0 4  and concentrated in vacuo. The 

resultant residue was purified using flash column chromatography, with a mobile phase of 

EtOAc/formic acid (99:1) yielding the product as a yellow solid.

Yield: 0.04 g, 0.085 mmol, 70%.

'H NMR (CDCI3, 400MHz) 8„ppm: 1.39-1.51 (m, 2H, CH 2 ), 2.58 (td, J=7.65, 3.26 Hz, 2H, 

CH 2 ), 2.94 - 3.14 (m, 4H, 2x CH 2 ), 3.61 (s, IH, CH, major isomer), 3.61 (s, IH, CH, minor 

isomer), 3.68 - 3.72 (m, 2H, CH 2 ), 3.85 (s, 3H, CH 3 ), 3.90 (s, IH, CH, major isomer), 3.91 (s, 

IH, CH3  minor isomer), 3.94 (s, IH, CH 3 minor isomer), 3.95 (s, IH, CH 3 major isomer), 5.50 

(br s, IH, ArOH), 6.36 (s, IH, C=CH), 6.48 - 6.50 (m, IH, ArH), 6.92 (m, 1 H, ArH), 6.96 - 

6.99 (m, 2H, 2><ArH).

‘^C NMR (CDCI3,100.71 MHz) 6 c ppm: 20.8 (CH2 major isomer), 21.3 (CH2 major isomer), 

22.7 (CH 2 minor isomer), 23.2 (CH 2  minor isomer), 30.1 (CH 2 minor isomer), 32.4 (CH 2 major 

isomer), 35.8 (CH2 major isomer), 36.7 (CH2 minor isomer), 56.0 (CH3), 56.2 (CH3), 61.0 

(CH3), 61.3 (CH3), 66.7 (CH2 minor isomer), 69.9 (CH2 major isomer), 109.8 (CH minor 

isomer), 110.9 (CH major isomer), 111.9 (CH major isomer), 112.5 (CH minor isomer), 118.5 

(CH minor isomer), 119.3 (CH major isomer), 121.6 (CH minor isomer), 122.9 (CH minor 

isomer), 123.8 (CH major isomer), 124.7 (CH major isomer), 124.9 (CH minor isomer), 125.6 

(CH major isomer), 129.3 (Q major isomer), 130.1 (Q minor isomer), 132.2 (Q minor isomer).
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132.7 (Q major isomer), 134.9 (Q minor isomer), 136.8 (Q major isomer), 141.4 (Q major 

isomer), 142.8 (Q minor isomer), 144.9 (Q major isomer), 150.6 (Q minor isomer), 150.7 (Q 

minor isomer), 150.9 (Q major isomer), 151.3 (Q major isomer), 151.5 (Q minor isomer), 152.5 

(Q major isomer), 152.9 (Q minor isomer), 155.1 (Q minor isomer), 156.6 (Q major isomer), 

165.4 (Q ,C=N), 179.1 (C=0).

HRM S (- ESI): Calculated Mass 471.1893. Found 470.1808.

V„.3 , (DCM)/cm ': 3339, 2999, 1712, 1610, 1333, 1079, 737.

6.1.38 Synthesis o f 7-((tert-butyldiphenylsilyl)oxy)-2,3,4-trim ethoxy-6,7-dihydro- 

5H -benzo|7]annulen-9-yl trifluorom ethanesulfonate (2.54).

To a three-necked round bottomed flask under an atmosphere of N2 at -78 °C in an acetone/C02 

cooling bath was added diisopropylamine (1.00 g. 1.40 mL, 10.00 mmol) and dry THF (10 mL). 

To this was added 2.5 M BuLi in THF (4.00 mL, 10.00 mmol) dropwise. The resultant mixture 

was stirred for 20 min after which time a solution of (2.25) (2.50 g, 5.00 mmol) in THF (10 mL) 

was added. This mixture was stirred for a further 2 h at this temperature before the addition of a 

solution o f 2-[N,N- bis(trifluoromethylsulfonyl)amino]-5-chloropyridine (2.90 g, 7.50 mmol) in 

THF (10 mL). Following further stirring for 2 h, the reaction was quenched with the slow 

addition of 2 M aq. HCl (40 mL). Following extraction o f the organic compounds into Et20 

(3x50 mL), the combined organic extracts were washed once with H2 O (50 mL), dried over 

MgS0 4 , filtered and concentrated in vacuo. The product was purified using column 

chromatography, eluting using hexane/EtOAc (9:1) to yield a colourless oil.

Yield: 2.89 g, 4.53 mmol, 90.8%.

'H  NM R (CDCI3, 400MHz) 8„ ppm: 1.23 (9H, s, C(CH 3)3), 1.92 (IH , m, CH2 ), 2.27 (IH , m, 

CH 2 ), 2.59 (IH , m, CH2 ), 3.00 (IH , m, CH2 ), 3.76 (3H, s, O Me), 3.87 (3H, s, OMe). 3.93 (3H, s, 

OMe). 4.30 (IH,  m, CHOSi), 6.13 (IH,  d, J=4.7Hz, C=CH), 6.82 (IH,  s, ArH), 7.38-7.48 (6H, 

m, 6xArH) 7.67-7.78 (4H, m, 4xArH).
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'^C NMR (CDCI3, 400MHz) 6, ppm : 19.1 (O. tBu). 20.4 (CHj), 26.6 (CH3), 39.7 (CH 2 ), 56.0 

(CH 3 ), 60.9 (CH 3 ), 61.5 (CH 3 ), 6 8 . 6  (CHOSi) 106.0 (CH), 126.6 (CH) 127.0 (Q) 127.7 (2xCH), 

127.8 (2xArCH), 129.0 (Q), 129.7 (Q), 133.4 (Q), 133.6 (Q), 134.8 (2xCH), 135.26 (Q), 135.78 

(2xCH), 143.54 (Q), 143.88 (Q), 150.89 (Q), 151.52 (Q).

H R M S(+ ESI): Calculated Mass 659.1723. Found 659.1707 (M +Na)’.

(DCM )/cm-': 3482, 3071, 3050, 2999, 2893, 1654, 1595, 1569, 1348, 1267, 943, 838, 803,

636.

Melting Point: 40-43 “C.

6 .1 .39  Synthesis o f  tert-buty l 5 -b rom o-2-m eth oxyph en y!carb am ate (2.57).

To as stirred solution o f 5-broino-2-methoxy aniline (5.1 g, 25.24 mmol) in THF under an 

atmosphere o f N2 was added di-rer/-butyi dicarbonate (11.02 g, 50.48 mmol). The resulting 

mixture was stirred under reflux at 90 °C for 12 h. The reaction mixture was quenched by 

addition o f H2O (50 mL) before removal o f THF in vacuo. The products were extracted with 

Et2 0  (3x50 mL) and the combined organic extracts were dried over MgSOa before filtration and 

removal of the solvent in vacuo. Excess Boc anhydride was removed under high vacuum before 

the product was isolated in its pure form using hexane\EtOAc 3:1 as the mobile phase.

Yield: 5.20 g. 16.49 mmol, 89%.

‘H NMR (CDCI3, 400MHz) 6„ ppm : 1.53 (s, 9H, 'Bu(Boc)). 3.85 (s, 3H, CH3), 6.70 (d. J=9.00 

Hz, IH, ArH), 7.07 (d ,J= 1 0 H z, IH. ArH). 7.08 (s, 1H, ArH), 8.29 (br s, lH ,N H Boc).

'^C NMR (CDCI3,100.71 MHz) 6, ppm : 27.8 (CH 3 (Boc)), 55.4 (CH 3 ), 84.7 (Q (Boc)), 110.7 

(CH), 120.1 (CH), 124.2 (CH), 128.9 (Q), 146.0 (Q), 146.3 (Q), 151.9 (CONH).

MS (ESI): Calculated Mass 200.9789. Found 201.9855 (M+H) .

(D C M )/cm '': 3440, 2982, 1810, 1730, 1522, 1377, 1235, 1071,846.

Melting Point: 110 °C.



6.1.40 Synthesis of tert-butyl 2-methoxy-5-(4,4,5,5-tetramethyl-l,3,2- 

dioxaborolan-2-yl)phenylcarbainate (2.55).

To a stirred solution o f  (2.57) (3.07 g, 10.20 m m ol) in DM SO (30 mL) was added KOAc (4.00 

g, 40.77 m mol), bis-pinacolatodiboron (4.14 g, 16.31 mmol) and PdCl2 (dppf) (0.30 g, 0.03 

mmol). The resulting m ixture was stirred at 80 °C for 90 min. Upon com pletion o f  the reaction, 

the product was extracted between H 2 O (50 mL) and Et2 0  (3x50 mL). The com bined organic 

extracts were subsequently washed with H 2 O (50 mL) before being dried over M gS 0 4 , filtered 

and concentrated in vacuo. The resulting residue was purified using column chrom atography, 

eluting with a 6:1 m ixture o f  hexane/EtO A c. The com bined hom ogeneous fractions were 

com bined and reduced to yield the product as a colourless solid.

Yield: 3.43 g. 10.08 mmol, 98%.

‘H N M R  (CDCI3, 400M Hz) 8 „ ppm: 1.33 (s, 12H, 4xC H ,), 1.55 (s, 9H, ^Bu), 3.90 (s, 3H, 

OM e), 6 . 8 6  (d, J=8.03Hz, IH , ArH), 7.01-7.11 (m, IH , ArH), 7.42-7.49 (m, IH , ArH), 8.34- 

8.57 (m, lH ,N H B oc).

'^C NM R (C D C I3,100.71 MHz) 6  ̂ppm: 24.4 (CH3), 24.6 (CH ,), 55.1 (CH 3 ), 83.1 (Q), 108.8 

(CH), 123.6 (Q), 127.0 (CH), 129.3 (CH), 149.6 (Q), 152.2 (Q), 158.9 (C = 0  Boc).

MS (ESI +): Calculated mass 372.1958, Found 395.1895 (M+Na)*.

V„.,,(DCM )/cm  ‘: 3443, 2979, 1732, 1604, 1536.

Melting Point: 44 -47 °C. 

6.1.41 Synthesis of tert-butyl (5-(7-((tert-butyIdiphenylsilyI)oxy)-2,3,4-trimethoxy- 

6,7-dihydro-5H-benzo|7]annulen-9-yl)-2-methoxyphenyl)carbamate (2.56).

(2.54) (1.40 g, 2.20 m m ol), (2.56) (1.16 g, 3.30 mm ol), K 2 CO 3 (0.91 g, 6.59 m m ol) and 

Pd(PPh 3 ) 4  (0.25 g, 0.21 m m ol) were com bined in a m ixture o f  toluene (18 mL), EtOH ( 6  mL) 

and H 2 O ( 6  mL) and stirred at 60 °C for 50 min. Following com pletion o f  the reaction, 

monitored by TLC, the product was extracted between 10% aq. N aH C 0 3  (40 mL) and Et2 0
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(3x40 mL). The combined organic extracts were washed over MgS0 4 , filtered and concentrated 

in vacuo. The resultant residue was purified using Flash Column Chromatography using a 5:1 

mixture of hexane/EtOAc as the eluting solvent, affording the product as a yellow oil.

Yield: 1.29 g, 1.81 mmol, 82.7%.

'H NMR (CDCI3, 400MHz) 8 „ ppm: 1.32 (s, 9H, tBu), 1.34 (s, 9H, tBu), 2.07-2.21 (m, 3H), 

2.73-2.81 (m, IH). 3.60 (s, 3H, CH3), 3.82 (s. 3H, CHj), 3.84 (s, 3H, CH.,), 3.90 (s, 3H, CH3), 

4.09-4.17 (m, IH, CHOSi), 6.62 (s, IH, C=CH), 6.83-6.91 (m, IH, ArH), 7.01 (d, J=4.52 Hz, 

IH, ArH), 7.30-7.34 (m, 2H, 2><ArH), 7.39 (dd. J=18.6 Hz, 7.5Hz, 4H, 4xArH), 7.60 (m, 4H, 

4xArH), 7.74 (d, J=6.53 Hz, 2H, 2xArH), 8.41-8.55 (m, 1H, NHBoc).

'^C NMR (CDCI3,100.71 MHz) 6 , ppm: 19.2 (CH 3 ), 21.9 (CHj), 27.0 (CH 3 ), 28.4 (CH 3 ), 43.8 

(CH 2 ), 55.8 (CH 3 ), 56.0 (CH 3 ), 60.8 (CH3 ), 61.5 (CH3 ), 71.3 (CH), 80.4 (C O O Q C H ,),) 108.8 

(CH), 109.4 (CH), 118.1 (CH), 122.2 (CH), 127.4 (2x£H ), 127.5 (2xCH), 127.8 (Q), 128.0 (Q), 

129.4 (CH), 129.4 (CH), 133.0 (CH), 134.2 (Q), 134.4 (Q), 134.4 (Q), 134.5 (Q), 135.7 (2><CH), 

135.8 (2xCH), 137.9 (Q), 141.1 (Q), 147.1 (Q), 150.6 (Q), 150.8 (Q), 152.7 (C=0).

HRMS (+ ESI): Calculated Mass 709.3435. Found 710.3508 (M +H )\

V„,a, (DCM)/cm ‘: 3440, 2982, 1810, 1771, 1595, 1522, 1372, 1235, 1071, 846.

6.1.42 Synthesis of tert-butyl 5-((Z)-6,7-dihydro-7-hydroxy-2,3,4-trimethoxy-5H- 

benzo|7]annulen-9-yl)-2-methoxyphenylcarbamate (2.58).

To a stirred solution o f (2.57)  (1.10 g, 1.54 mmol) in dry THF (4 mL) under a blanket o f N 2 at 0 

°C was added dropwise a 1 M solution o f TBAF in THF (1.65 mL, 1.65 mmol). The mixture 

was allowed to elevate to room temperature over 1 h and allowed to stir for a further 2 h. Upon 

completion o f the reaction, the solvents were removed under a stream o f N 2 before being 

purified using column chromatography (hexane/EtOAc 2:1) furnishing the product as a 

colourless oil.

Yield: 0.59 g. 1.25 mmol, 81.1 %.
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‘H NMR (CDCI3, 400MHz) 8 „ ppm: 1.53 (s, 9H. tBu). 2.32-2.60 (m, 2H, CH j), 3.00-3.09 (m, 

2H, CH2), 3.70 (s, 3H, CH3), 3.90 (s, 3H. CH3), 3.92 (s, 3H, CH3), 3.94 (s, 3H, CH3), 4.13-4.22 

(m, IH, CHOH), 6.36 (d, J=5 Hz. IH, ArH), 6.39 (s, IH, C=CH). 6.79 (s, 2H, 2xArH), 7.09 (s, 

1H, ArH), 8.18 (br s, 1H, NHBoc).

'^C NMR (CDCI3, 100.71 MHz) d, ppm: 21.4 (CH j), 22.3 (Q, ^Bu), 27.9 (CH3 (Fmoc)), 42.9 

(CH2), 55.3 (CH3), 55.6 (CH3), 60.4 (CH3), 61.1 (CH3). 69.4 (CHOH), 108.4 (CH), 109.0 

(ArCH), 117.1 (CH), 122.0 (CH), 127.5 (Q), 127.7 (Q), 131.5 (CH), 133.7 (QC), 134.9 (Q), 

138.4 (Q), 140.9 (Q), 147.7 (Q), 150.3 (Q), 150.6 (Q), 152.28 (Q).

HRMS (+ ESI): Calculated mass 494.2155, Found 494.2211.

V „ 3 x(DCM )/cm ': 2066.14, 1643.67, 1528.58, 1488.47, 1406.30.

Melting Point: 180 °C.

6.1.43 Synthesis o f  tert-butyl 5 -((Z )-6 ,7-d ih yd ro-2 ,3 ,4-trim ethoxy-7-oxo-5H - 

benzo[7]ann u len-9-y l)-2-n iethoxyp h en ylcarb am ate (2.59).

To a stirred solution o f (2.58) (0.50 g, 1.06 mmol) in DCM (10 mL) at 0 °C was added Dess- 

Martin periodinane (0.90 g. 2.12 mmol) over a period o f 2 min. After 10 min, the reaction was 

quenched by addition o f 10% aq. NaHCO, (30 mL). Following the extraction of the product 

using Et2 0  (3x30 mL), the combined organic extracts were dried over MgS0 4 , filtered and 

concentrated in vacuo. Purification by column chromatography (hexane/EtOAc 3:1) yielded the 

product as a colourless oil.

Yield: 0.41 g, 0.87 mmol, 82%.

'H NMR (CDCI3, 400MHz) 6„ ppm: 1.51 (s, 9H, ^Bu), 2.68-2.78 (m, 2H, C J i) , 3.09-3.23 (m, 

2H, CH 2 ), 3.63 (s, 3H, CH 3 ), 3.90 (s, 3H, CH 3 ), 3.93 (s, 3H, CH 3 ), 3.95 (s, 3H, CH 3 ), 6.40 (s, 

IH, C=CH), 6.41 (s, IH, ArH), 6.85 (d, J=8.03 Hz. IH, ArH), 6.96 (d, J=7.53 Hz, IH, ArH), 

7.10 (s, 1H, ArH), 8.09 (br s, 1H, NHBoc).
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'^C N M R  (CDCI3 , 100.71 MHz) 6 eppm: 19.8 (CHj), 27.9 (CHj), 45.0 (CHj), 55.3 (CH 3 ), 55.7 

(C H 3 ), 60.5 (CH 3 ), 60.9 (CH 3 ), 108.9 (CH), 111.7 (CH), 118.3 (CH), 123.1 (CH), 127.4 (Q), 

127.9 (CH), 128.8 (Q), 132.1 (Q), 135.1 (Q), 142.8 (Q), 147.7 (Q), 149.5 (Q), 150.6 (Q), 151.7 

(Q), 152.1 (NHCOBoc), 203.54 (C =0).

H RM S (+ ESI): Calculated Mass 469.2101. Found 470.2165 (M + H ) \

(DCM )/cm ‘: 3436, 2975, 1727, 1528, 1364, 1246, 1116, 1030, 810, 765.

6. 1.44 Synthesis o f (9H-fluoren-9-yl)m ethyl (2-m ethoxy-5-(2,3,4-trim ethoxy-7-oxo- 

6,7-dihydro-5H -benzo[7]annulen-9-yI)phenyl)carbam ate (2.61).

To a stirred solution o f  (9H-fluoren-9-yl) methyl (5-(7-hydroxy-2,3,4-trimethoxy-6,7-dihydro- 

5H-benzo[7]annulen-9-yl)-2-methoxyphenyl)carbamate (0.25 g, 0.42 mmol) in DCM (5 mL) at 

0 °C was added Dess-Martin Periodinane (0.27 g, 0.50 mmol). After 10 min, the reaction was 

quenched by the addition o f  10% aq. NaHCOs (25 mL) and the product was extracted into Et2 0  

(3x30 mL). The combined organic extracts were dried over M gS 0 4 , filtered and concentrated in 

vacuo to yield a residue which was subsequently purified using flash column chromatography 

(hexane/EtOAc 3:1) furnishing the product as a colourless oil.

Yield: 0.24 g, 0.41 mmol, 96.4%.

‘H N M R  (CDCI3, 400M Hz) 8„ppm : 2.71-2.78 (m, 2H, CH2), 3.13-3.20 (m, 2H, CH2), 3.63 (s, 

3H, C i i ) ,  3.91 (s, 3H, CH3), 3.96 (s, 3H, C H ,), 3.97 (s, 3H, CH3), 4.30 (t, J=6.48 Hz, IH. CH 

(Fmoc)), 4.51 (d, J=7.04 Hz, 2H, CHj (Fmoc)), 6.39 (s, IH), 6.42 (s, IH), 6.90 (d, J=8.04 Hz, 

IH, ArH), 7.06 (d, J=8.04 Hz. IH, ArH), 7.35 (t, J=7.52 Hz, 2H, ArH (Fmoc)), 7.44 (t. J=7.52 

Hz, 2H, ArH, (Fmoc)), 7.65 (d, J=7.04 Hz, 2H, ArH (Fmoc)), 7.80 (d, J=7.00 Hz, 2H, ArH 

(Fmoc)), 8.12 (br s, IH, NHFmoc).

'^C N M R  (CDCI3 , 100.71 MHz) 6 eppm: 19.8 (CHj), 45.1 (CH), 46.7 (CHj), 55.4 (CH 3 ), 55.7 

(CH 3 ), 60.5 (CH 3 ), 60.9 (CH 3 ), 6 6 . 6  (CH 2 ), 109.2 (CH), 111.6 (CH), 119.6 (CH). 123.6 (CH). 

124.6 (CH), 126.7 (CH), 127.4 (CH), 128.1 (CH), 128.8 (Q), 132.0 (Q), 135.2 (Q), 140.9 (Q),
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142.9 (Q), 143.3 (Q), 147.9 (Q), 149.5 (Q), 150.6(Q ), 151.4 (Q), 152.7 (Q, CONHFm oc), 203.5 

(C = 0  ketone).

HRMS (ESI): Calculated Mass 591.2257. Found 592.2339 (M +H )’.

V „.,,(D C M )/cm  ':2 9 8 3 , 1731, 1701, 1501, 1414, 1231, 1062, 732.

6.1.45 Synthesis of 9-(3-amino-4-methoxyphenyl)-2,3,4-trimethoxy-5H- 

benzo[7|annulen-7(6H)-one (2.02).

To a stirred solution o f  (2.61) (0.20 g, 0.34 mmol) in THF (1 mL) under a blanket o f  N 2 at 0 °C 

was added a 1 M solution o f  TBAF (0.40 mL, 0.40 mmol). After 5 min, the solvents were 

removed under a stream o f  N 2 and the product was purified via flash column chrom atography as 

a colourless oil, eluting with a mobile phase o f  2:1 hexane/EtOAc.

Yield: 0.12 g, 0.32 mmol, 94%.

'H N M R (C D C l3, 400MHz) 8 „ ppm: 2.69-2.78 (m, 2H, C ] i ) ,  3.11-3.18 (m, 2H, CH 2 ), 3.65 (s, 

3H, CH 3 ), 3.91 (s, 6 H, 2 XCH3 ), 3.96 (s, 3H, CH 3 ), 6.38 (s, IH , C=CH), 6.43 (s, IH , ArH), 6.71- 

6 .82 (m , 3H. 3xArH).

'^C NMR (C D C I3,100.71 MHz) 6eppm: 19.8 (CH 2 ), 45.2 (CH 2 ), 55.1 (CH 3 ), 55.6 (C H 3 ), 60.5 

(CH 3 ), 61.0 (CH j), 109.3 (CH), 111.5 (CH), 115.1 (CH), 119.3 (CH), 127.3 (CH), 128.6 (Q). 

132.2 (Q), 135.0 (Q), 135.3 (Q), 142.7 (Q), 147.6 (Q), 149.4 (Q), 150.5 (Q), 151.9 (Q), 203.9 

(C = 0).

HRMS (ESI+): Calculated 369.1576. Found 370.1627 (M+H)", 392.1443 (M + N a)\ 

V„a,(DCM )/cm ‘: 3583, 2932, 1731, 1531, 1450, 1248, 1099, 901,703.
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6. 1.46 Synthesis o f (9H-fluoren-9-yI)inethyl (l-((2-m ethoxy-5-(2,3,4-trim ethoxy-7- 

0 X 0 - 6 ,7-dihydro-5H -benzo(7]annulen-9-yl)phenyl)am ino)-4-niethyl-l- 

oxopentan-2-yl)carbam ate (2.62).

To a stirred solution o f  (2.02)  (0.05 g. 0.14 m mol) under an atm osphere o f  N 2 in dry DCM (5 

mL) at 0 °C was added dropw ise a solution o f  N -Fm oc Leucine (0.14 g, 0.41 m mol), PyBrop 

(0.10 g, 0.20 mmol) and DIPEA (0.10 mL, 0.54 m m ol) in dry DCM (2 mL). The reaction 

tem perature was allowed to reach room tem perature and stirred for a subsequent 6  h. After 

quenching with 1 M aq. HCI (15 mL), the product was extracted into Et2 0  (3x20 mL). The 

com bined organic extracts w ere dried over M gS 0 4 , filtered and concentrated in vacuo. The 

product was purified using flash colum n chrom atography (stationary phase; silica gel 230-240 

mesh, m obile phase 2:1 hexane/EtO A c). All hom ogeneous fractions were collected and the 

solvents were evaporated to afford (2.62)  as a yellow  oil.

Yield: 0.081 g, 0.12 mmol, 8 6 %.

'H NM R (CDCI3, 400M Hz) 6 „p p m : 0.89 (d. J=6.52 Hz, 6 H, 2 XCH3 (Leu)), 1.51-1.54 (m, IH , 

CH (Leu)). 1.70-1.81 (m, 2H, CH . (Leu)), 2.70-2.77 (m, 1H, CH), 3.11 -3.20 (m, 2H, C H ,), 3.62 

(s, 3H, CI±,), 3.89 (s, 3H, CFi,). 3.92 (s, 3H, CH.,), 3.96 (s, 3H, C H ,), 4.25 (t, J=6.25 Hz, IH , 

CH (Fm oc)), 4.46 (d, J=6.5 Hz, 2H, CFT (Fm oc)), 5.29 (d, J=6.5 Hz, IH , C=CH), 6.37 (s, IH , 

A rH), 6.39 (s, IH , ArH), 6 . 8 8  (d, J=8.00 Hz. IH , ArH), 7.08 (d, J=7.04 Hz, IH , ArH), 7.32 (t, 

J=7.28 Hz, 2H, A rH (Fm oc)), 7.42 (t, J=7.52 Hz, 2H, A rH (Fm oc)), 7.61 (d, J=8.12 Hz, 2H, 

ArH(Fm oc)), 7.79 (d, J=8.04 Hz, 2H, ArH(Fm oc)), 8.30 (s, IH , N H CO ), 8.36 (s, IH , NHCO). 

'^C N M R (CDCI3,100.71 MHz) 8eppm: 19.8 (C H j), 22.5 (C H 3), 24.8 (CH), 41.0 (CH 2 ), 45.1 

(C H 2 ), 46.7 (CH), 54.0 (CH), 55.5 (C H 3 ). 55.7 (C H 3 ), 60.5 (C H 3 ), 61.0 (C H 3 ), 6 6 . 8  (C H 2 ), 109.2 

(CH), 111.6 (CH), 119.6 (CH ), 120.2 (CH), 124.5 (CH ), 124.8 (CH), 126.4 (Q), 126.6 (CH).

127.3 (CH). 128.2 (CH), 128.7 (Q), 131.9 (Q), 135.1 (Q). 140.8 (Q). 142.9 (Q), 143.2 (Q).

143.3 (Q), 148.3 (Q), 149.5 (Q), 150.6 (Q), 151.3 (Q), 169.7 (CONH Leu), 203.5 (C = 0  

Ketone).

H R M S (ESI-H); Calculated Mass 704.3098. Found 727.2979 (M+H)".
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V „ 3 x (D CM )/cm -': 3411, 2987, 1731, 1667, 1293, 991, 703.

6.1.47 Synthesis of 2-(((9-(3-((tert-butoxycarbonyl)am ino)-4-m ethoxyphenyI)- 

2,3,4-trimethoxy-5H-benzo[71annulen-7(6H)-ylidene)amino)oxy)acetic acid 

(2.63).

To a stirred solution o f (2.59) (0.0381 g, 0.081 mmol) in EtOH (2.5 mL) and H2 O (0.5 mL), was 

added (O-carboxym ethyl) hydroxylam ine hem i-hydrochloride (0.0115 g. 0.105 m mol) and 

NaOAc (0.0107 g. 0.129 mmol). The resultant m ixture was stirred at room tem perature for 4 h, 

until complete consum ption o f  the starting material was observed using TLC (hexane/EtOAc 

1:1). The mixture was diluted in H 2 O (10 mL) and the product was extracted using Et2 0  (3x15 

mL). The product was isolated as a mixture o f  isomers by colum n chromatography using EtOAc 

as the mobile phase, in the form o f a yellow  oil.

Y ield: 0.0307 g. 0.056 mmol, 70%.

'H  N M R  (C D C I3 , 400M H z) 8 h ppm : 1.51 (s, 9H, 'Bu), 2.75-2.79 (m, 1H, C J i  m inor isomer), 

2.90-2.97 (m, IH , CH 2  m ajor isomer), 2.97-3.02 (m, IH , CH 2 m ajor isomer), 3.02-3.06 (m, IH, 

CH 2 m inor isomer), 3.63 (s. 3H, OCH3), 3.89 (s, IH, OCH3 minor isomer). 3.90 (s, 2H, OCH3 

m ajor isomer), 3.91 (s, 2H, OCH3 major isomer), 3.92 (s, IH , OCH3 minor isomer), 3.92 (s, 2H, 

OCH3 major isomer), 3.94 (s, IH , OCH3 m inor isomer), 4.67 (s, IH , CH2 minor isomer), 4.69 

(s, IH, CH 2  major isomer), 6.34 (s, IH, ArH m ajor isomer), 6.38 (s, IH , ArH m inor isomer), 

6.55 (s, 1H), 6.80-6.86 (m, 1H, ArH), 6.95-7.03 (m, 2H), 7.12 (s, 1H, NHBoc).

'^C N M R  (C D C I3 , 100.71 M H z) 8 eppm : 14.2 (Q), 21.3 (CH 2 major isomer), 21.9 (CH 2  m inor 

isomer), 28.4 (CH 3 ), 29.7 (CH 2 m inor isomer), 30.3 (CH 3 m inor isomer), 32.9 (CH 2 major 

isomer), 55.7 (CH 3 ), 56.1 (C H 3 ), 60.8 (CH 3 ), 61.3 (CH 3 ), 70.1 (CH 2 minor isomer), 70.3 (CH 2  

m ajor isomer), 109.4 (CH), 110.9 (CH m ajor isomer), 111.9 (CH minor isomer), 123.3 (CH), 

123.5 (CH), 123.6 (CH), 127.7 (Q), 128.2 (Q), 128.5 (Q), 130.0 (Q), 133.4 (Q), 136.6 (Q), 

142.3 (Q), 146.4 (Q), 147.5 (Q), 150.0 (Q), 162.0 (Q, C=N), 174.0 (Q ,C O O H ).
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HRMS: Calculated Mass 542.2264. Found 541.2206 (M-H)'.

(D C M )/cm '‘: 3432, 3318, 2930, 1726, 1589, 1490, 1368, 1248, 1077, 1030, 810, 736.

6. 1.48 Synthesis o f 2-(((9-(3-(2-((((9H -fluoren-9-yl)m ethoxy)carbonyl)aiiiino)-4- 

m ethylpentanam ido)-4-m ethoxyphenyl)-2,3,4-triniethoxy-5H - 

benzo|7]annulen-7(6H )-ylidene)am ino)oxy)acetic acid (2.64).

To a stirred solution o f  (2.62) (0.0650 g, 0.092 mmol) in EtOH (1.5 mL) and H 2O (0.5 mL), was 

added (O-carboxymethyl) hydroxylamine hemi-hydrochloride (0.0197 g, 0.18 mmol) and 

NaOAc (0.0123 g. 0.150 mmol). The resultant mixture was stirred at room temperature for 4 h, 

until complete consumption o f  the starting material was observed using TLC (hexane/EtOAc 

1:1). The mixture was diluted in H2O (10 mL) and the product was extracted using Et20 (3x15 

mL). The product was isolated as a mixture o f  isomers by column chromatography using EtOAc 

as the mobile phase, in the form o f  a yellow oil.

Yield: 0.0494 g, 0.064 mmol, 69%.

'H NM R (CDCI3, 400M Hz) 6 „ ppm: 0.93 (d. J=6Hz, 6H, 2><Cli), 1.19-1.22 (m, 2H, C H 2 ), 

2.01-2.03 (m, IH, CH), 2.56-2.58 (m, IH, CH), 2.77-2.80 (m, IH, IxC H ,),  2.99-3.06 (m, 3H, 

3 XCH2 ), 3.64 (s, 3H, CH j minor isomer), 3.65 (s, 3H, CHj major isomer), 3.85 (s, 3H, CH 3 

major isomer), 3.86 (s, 3H, CHi minor isomer), 3.87 (s, 3H, CH? major isomer), 3.88 (s, 3H. 

C H 3 minor isomer), 3.92 (s, 3H, CH 3 major isomer), 3.93 (s, 3H, C H 3 minor isomer), 4.38 (s, 

2H, CH 2 major isomer), 4.39 (s, IH, CHi minor isomer), 4.54-4.55 (m, 2H, CH 2 (Fmoc)), 4.68- 

2.70 (m, IH, CH(Fmoc)), 6.40 (s, IH, C=CH), 6.51 (s, IH, ArH), 6.87-6.90 (m, 2H, 2><ArH), 

6.99-7.01 (m, IH, ArH), 7.35-7.37 (m, 2H, 2><ArH(Fmoc)), 7.44-7.46 (m, 2H, 2><ArH(Fmoc)), 

7.52-7.54 (m, 2H, 2><ArH(Fmoc)), 7.60-7.62 (m, 2H, 2><ArH(Fmoc)), 8.15-8.35 (2><br. S, 2H, 

2 xC 0N H ).

'^C NM R (CDCI3,100.71 MHz) Scppm: : 19.5 (CH2 minor isomer), 20.8 (CH2 major isomer), 

22.3 (C H i major isomer), 22.9 (CH3 minor isomer), 24.3 (C H  minor isomer), 24.9 (CH major
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isomer), 41.1 (CH 2 major isomer), 41.4 (CHj minor isomer), 45.2 (CH2 minor isomer), 45.7 

(CH2 major isomer), 46.5 (CH minor isomer), 46.9 (CH major isomer), 53.1 (CH minor 

isomer), 54.0 (major isomer), 56.0 (CH3), 56.4 (CH3), 61.5 (CH3), 61.8 (CH3), 64.9 (CH 2 minor 

isomer), 65.6 (CH 2 major isomer), 67.9 (CH 2 minor isomer), 68.5 (CH 2 major isomer), 110.4 

(CH minor isomer), 111.4 (CH major isomer) 112.3 (CH major isomer), 112.9 (CH minor 

isomer), 118.2 (CH major isomer), 118.5 (CH minor isomer), 119.4 (CH minor isomer), 119.8 

(CH major isomer), 122.6 (CH minor isomer), 122.9 (CH minor isomer), 123.6 (CH major 

isomer), 123.9 (Q major isomer), 124.1 (Q minor isomer), 124.8 (CH major isomer), 125.2 (CH 

minor isomer), 125.9 (CH major isomer), 126.6 (CH major isomer), 126.8 (CH minor isomer), 

127. 7 (CH major isomer), 128.1 (CH minor isomer), 128.5 (CH minor isomer), 128.7 (CH 

major isomer), 129.4 (Q major isomer), 130.0 (Q minor isomer), 132.3 (Q minor isomer), 132.8 

(Q major isomer), 134.3 (Q minor isomer), 136.5 (Q major isomer), 141.2 (Q major isomer), 

142.2 (Q minor isomer), 143.2 (Q major isomer), 143.8 (Q minor isomer), 144.4 (Q major 

isomer), 144.8 (Q minor isomer), 149.1 (Q minor isomer), 149.3 (Q major isomer), 151.2 (Q 

major isomer), 151.7 (Q minor isomer), 152.5 (Q major isomer), 153.0 (Q minor isomer), 155.4 

(Q minor isomer), 156.9 (Q major isomer), 165.4 (Q, C=N), 173.2(C=0), 178.1 (C =0).

HRMS: Calculated Mass 777.3261. Found 776.3189.

V„.,, (DCM )/cm ‘‘: 3532, 3411,2981, 1731, 1678, 1335, 1057, 1039, 834, 701.

6.1.49 Synthesis o f perfluorophenyl 2-(((9-(3-((tert-butoxycarbonyl)am ino)-4- 

m ethoxyphenyl)-2,3»4-trim ethoxy-5H-benzo|7|annulen-7(6H )- 

ylidene)am ino)oxy)acetate (2.65).

To a stirred solution o f (2.63) (0.0312 g, 0.058 mmol) in DCM (1 mL) under an atmosphere of 

N 2 at 0 “C was added a solution o f pentafluorophenol (0.0116 g, 0.063 mmol) in DCM (0.75 

mL). This was followed by the subsequent addition o f DCC (0.0137 g. 0.063 mmol) in DCM 

(0.75 mL). The solution was stirred for 1 h, after which time the dicyclohexylurea by-product
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was removed via filtration. The crude DCM residue was then concentrated in vacuo to be 

purified using column chromatography with hexane/EtOAc (7:1) as the mobile phase yielding 

the desired compound as a colourless oil, in a mixture o f syn- and anti- isomers.

Yield: 0.029 g. 0.0412 mmol, 71%.

'H NMR (CDCI3, 600MHz) 6h ppm: 1.51 (s, 3H, 'Bu minor isomer), 1.52 (s, 3H, ’Bu major 

isomer), 2.76-2.80 (m, IH, ring C II2 minor isomer), 2.97 (br s, IH, ring CH? major isomer), 

3.00-3.05 (m, 2H, ring CH?. mixture of isomers), 3.62 (s, IH, OCH3 minor isomer), 3.63 (s, 2H, 

OCH^i major isomer), 3.90 (s, IH, OCH 3 minor isomer), 3.93 (s, 4H, 2 x OCH3 major isomers), 

3.94 s, IH , OCH 3 minor isomer), 4.97 (s, IH, CH? minor isomer), 5.01 (s, IH, CH? major 

isomer), 6.35 (s. IH major isomer), 6.38 (s, IH, minor isomer), 6.56 (s, IH), 6.82-6.86 (m, IH). 

6.94-6.97 (m, IH major isomer), 6.99-7.02 (m, IH minor isomer), 7.05 (s, IH, NHBoc), 7.08 (s, 

1H, ArH minor isomer), 7.09 (s, 1H, ArH major isomer).

'^C NMR (C D C I3 ,151.71 iVIHz) 6c ppm: 21.2 (CH 2 major isomer), 21.9 (CH 2 minor isomer), 

24.8 (Q), 25.4 (Q). 28.3 (CH3 minor isomer). 28.3 (CH3 major isomer). 32.8 (CH2 major 

isomer). 36.3 (CH2 minor isomer), 55.8 (CH3), 56.1 (CH3), 60.9 (CH3), 61.4 (CH3), 69.7 (CH2 

minor isomer), 69.9 (CH2 major isomer), 109.4 (CH), 111.0 (CH major isomer), 112.0 (CH 

minor isomer), 117.8 (CH), 123.3 (CH), 123.6 (CH), 127.6 (Q), 127.7 (Q), 129.3 (Q), 133.4 

(Q), 136.6 (Q), 137.0 (Q), 138.7 (Q), 142.3 (Q), 142.6 (Q), 146.5 (Q), 147.1 (Q), 147.5 (Q), 

147.7 (0 ), 149.9 (Q), 150.0 (Q), 150.9 (Q), 152.8 (Q), 158.7 (Q), 162.4 (Q, C=N), 166.0 (Q, 

C=0 major isomer), 166.3 (Q, C=0 minor isomer).

HRMS (- ESI): Calculated Mass 723.2287. Found 724.2244 (M+H)*.

V„ 3 x (DCM)/cm ': 3005, 1724, 1478. 1275. 1026. 764.

6. 1.50  Synthesis o f  perfluorophenyl 2-(((9 -(3 -(2 -((((9H -fluoren -9-  

y l)m eth oxy)carb on yl)am in o)-4-m eth ylp en tan an iid o)-4 -m eth oxyp h en yl)-
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2,3,4-trim ethoxy-5H -benzo|71annulen-7(6H )-ylidene)ainino)oxy)acetate

(2.66).

To a stirred solution o f (2.64) (0.0401 g, 0.051 mmol) in DCM (1 mL) under an atmosphere of 

N 2 at 0 °C was added a solution of PFP (0.0105 g, 0.057 mmol) in DCM (0.75 mL). This was 

followed by the addition of DCC (0.0117 g, 0.057 mmol) in DCM (0.75 mL). The solution was 

stirred for 1 h, after which time the dicyclohexylurea by-product was removed via filtration. The 

crude DCM residue was then concentrated in vacuo to be purified using column 

chromatography with hexane/EtOAc (7:1) as the mobile phase yielding the desired compound 

as a colourless oil, in a mixture o f syn- and anti- isomers.

Yield: 0.038 g, 0.0403 mmol, 79%.

'H NMR (CDClj, 600MHz) 6„ ppm: 0.93 (d, J=6.5 Hz, 6H, 2xCHj), 1.21-1.27 (m, 2H, CH2 ), 

1.81-1.85 (m, IH, CH), 2.44-2.47 (m, IH, CH), 2.74-2.77 (m, IH, IxC iL), 2.92-3.05 (3H, 

3 XCH2 ), 3.60 (s, 3H, CH 3 minor isomer), 3.62 (s, 3H, CHi major isomer), 3.87 (s, 3H, CHj 

minor isomer), 3.88 (s. 3H, CH3  major isomer), 3.90 (s, 3H, CH 3 major isomer), 3.91 (s, 3H, 

CH, minor isomer), 3.95 (s, 3H, CH 3 ), 4.31-3.33 (m, IH, CH (Fmoc)), 4.50-4.54 (m, IH, CH 

(Fmoc)), 4.74 (br. s., 2H, CH 2 ), 6.35 (s, IH, C=CH), 6.49 (s, IH, ArH), 6.79-6.83 (m, 2H, 

2xArH), 6.96-6.98 (m, IH, ArH), 7.39-7.41 (m, 2H, 2xArH (Fmoc)), 7.50-7.52 (m, 2H, 2xArH 

(Fmoc)), 7.59-7.61 (m, 2H, 2xArH (Fmoc)), 7.75-7.78 (m, 2H, 2xArH (Fmoc)), 8.28 (br s, 2H, 

2xCONH).

‘̂ C NMR (CDCI3,151.71 MHz) 8 c ppm: 19.8 (CH 2 minor isomer), 20.5 (CH 2  major isomer), 

22.4 (CH, major isomer), 23.0 (CH, minor isomer), 24.1 (CH minor isomer), 24.9 (CH major 

isomer), 41.3 (CH 2 major isomer), 41.5 (CH 2 minor isomer), 45.2 (CH 2 minor isomer), 45.8 

(CH 2 major isomer), 46.4 (CH minor isomer), 47.0 (CH major isomer), 53.5 (CH minor 

isomer), 54.1 (CH major isomer), 56.2 (CH,), 56.3 (CH,), 61.5 (CH,), 61.9 (CH,), 65.0 (CH 2  

minor isomer), 65.4 (CH 2 major isomer), 67.6 (CH 2 minor isomer), 68.4 (CH 2 major isomer), 

110.0 (CH minor isomer), 111.2 (CH major isomer) 112.1 (CH major isomer), 112.9 (CH minor 

isomer), 118.1 (CH major isomer), 118.5 (CH minor isomer), 119.5 (CH minor isomer), 119.7
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(CH major isomer), 122.6 (CH minor isomer), 123.0 (CH minor isomer), 123.6 (CH major 

isomer), 123.9 (Q major isomer), 124.3 (Q minor isomer), 124.8 (CH major isomer), 125.5 (CH 

minor isomer), 125.9 (CH major isomer), 126.7 (CH major isomer), 126.9 (CH minor isomer), 

127.7 (CH major isomer), 128.1 (CH minor isomer), 128.5 (CH minor isomer), 128.9 (CH 

major isomer), 129.4 (Q major isomer), 130.0 (Q minor isomer), 130.5 (Q major isomer), 130.7 

(Q minor isomer). 130.9 (Q major isomer), 131.3 (Q minor isomer), 131.8 (Q minor isomer),

132.0 (Q major isomer). 132.3 (Q minor isomer). 132.5 (Q major isomer), 132.9 (Q major 

isomer), 133.3 (Q minor isomer), 133.7 (Q major isomer), 134.0 (Q major isomer), 134.4 (Q 

minor isomer), 136.7 (Q major isomer), 141.3 (Q major isomer), 142.1 (Q minor isomer), 142.8 

(Q minor isomer), 142.9 (Q major isomer). 143.4 (Q major isomer), 143.9 (Q minor isomer),

144.1 (Q major isomer), 144.9 (Q minor isomer), 149.4 (Q minor isomer), 149.7 (Q major 

isomer), 151.4 (Q major isomer), 151.8 (Q minor isomer), 152.6 (Q major isomer), 153.6 (Q 

minor isomer), 155.1 (Q minor isomer), 156.2 (Q major isomer), 165.6 (Q, C=N), 173.1 (C =0),

176.1 (C =0).

HRMS (- ESI): Calculated Mass 943.3103. Found 966.2991 (M+Na)*.

(D C M )/cm '‘: 2929, 1711, 1332, 1110, 1000, 732.

6.1.51 Synthesis o f  tert-buty l (5-(7-((2-(hydroxyam ino)-2-oxoethoxy)in iino)-2 ,354-  

tr im eth oxy-6 ,7 -d ih yd ro-5H -b en zo |7 ]an n u len -9 -y l)-2 -  

m eth oxyph en yl)carbain ate  (2.67).

A solution o f (2.65) (0.0292 g, 0.0412 mmol), NH 2 OH.HCI (0.0029 g, 0.0412 mmol) and 

NaOAc (0.0034 g, 0.0412 mmol) in EtOH (1 mL) and H2 O (0.5 mL) was stirred at room 

temperature for 30 min. At this time, EtOH was removed in vacuo and the product was 

extracted extraction between 0.5 M aq. HCl (15 mL) and Et20 (3x15 mL). The combined 

organic extracts were washed with H2 O (15 mL) and dried over MgS0 4 . Following
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concentration in vacuo, the product was purified using column chromatograpiiy with EtOAc as 

the mobile phase as a yellow oil in a mixture o f syn and anti isomers.

Yield: 0.0194 g. 0.0346 mmol, 84.4%.

'H NMR (CDClj, 400MHz) 6h  ppm: 1.51 (s, 6 H, 'Bu major isomer), 1.53 (s, 3H 'Bu minor 

isomer), 2.74-2.76 (m, IH, ring CH? minor isomer), 2.98-3.04 (m, 3H, ring CH? + ring CH? 

major isomer), 3.62 (s, 2H, OCHj major isomer), 3.64 (s, IH, OCH 3 minor isomer), 3.89 (s, IH, 

O C lii minor isomer), 3.91 (s, 2H, OCH 3 major isomer), 3.92 (s, 2H, OCH3 major isomer), 3.92 

(s, IH, OCH 3 minor isomer),3.93 (s, 2H, OCH 3 major isomer), 3.94 (s, IH, OCH 3  minor 

isomer), 4.68 (br s, 2H, CH?). 6.35 (s, IH, ArCH major isomer), 6.39 (s, IH, ArCH minor 

isomer), 6.51 (s, IH, Alkene CH), 6.82 (m, IH, ArCH), 6.91-6.94 (m, IH, ArCH), 7.10 (s, IH, 

ArCH major isomer), 7.13 (s, 1H, ArCH minor isomer), 8.13 (s, 1H, NHOH).

'^C NMR (CDCI3,151.71 MHz) 8eppm: 14.2 (Q), 21.4 (CHj major isomer), 21.8 (CHj minor 

isomer), 28.3 (CH3 minor isomer), 28.4 (CH3 major isomer) 29.8 (CH2 minor isomer), 33.0 

(CH2 major isomer), 55.9 (CH3), 56.5 (CH3), 60.9 (CH3), 61.4 (CH3), 70.0 (CH2 minor isomer), 

70.5 (CH2 major isomer), 109.5 (CH minor isomer), 110.9 (CH major isomer), 111.3 (CH major 

isomer), 111.7 (CH minor isomer), 123.5 (CH major isomer), 123.6 (CH minor isomer), 123.7 

(CH major isomer), 123.9 (CH minor isomer), 125.6 (CH major isomer), 125.9 (Q minor 

isomer), 126.1 (CH minor isomer), 126.6 (Q major isomer), 127.5 (Q major isomer), 127.9 (Q 

minor isomer), 128.6 (Q major isomer), 128.9 (Q minor isomer), 129.5 (Q minor isomer), 130.0 

(0  major isomer), 133.5 (Q minor isomer), 133.9 (Q major isomer), 136.7 (Q major isomer), 

136.8 (Q minor isomer), 144.5 (Q minor isomer), 145.1 (Q major isomer), 147.1 (Q major 

isomer), 147.9 (Q major isomer), 162.3 (Q C=N), 168.4 (O C=0).

HRMS (- ESI): Calculated Mass 557.2373. Found 556.2340 (M-H)‘.

(D C M )/cm '': 3556, 3005, 1724, 1478, 1275, 1026, 764.
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6. 1.52 Synthesis o f (9H -fluoren-9-yl)m ethyl (l-((5-(7-((2-(hydroxyam ino)-2- 

oxoethoxy)im ino)-2,3,4-triinethoxy-6,7-dihydro-5H -benzo[7]annuleii-9-yl)- 

2-m ethoxyphenyl)aniino)-4-inethyl-l-oxopentan-2-yl)carbam ate (2.68).

A solution of (2.66) (0.035 g, 0.0371 mmol), NH 2 OH.HCI (0.00277 g, 0.0400 mmol) and 

NaOAc (0.0035 g. 0.0422 mmol) in H2O (1 mL) and EtOH (3 mL) was stirred at room 

temperature for 30 min. At this time, EtOH was removed in vacuo and the product was 

extracted by washing between 0.5 M aq. HCI (15 mL) and Et2 0  ( 3 x 1 5  mL). The combined 

organic extracts were washed with H2O (15 mL) and dried over MgS0 4 . Following 

concentration in vacuo, the product was purified using column chromatography with EtOAc as 

the mobile phase as a yellow oil in a mixture of syn and anti isomers.

Yield: 0.0227 g, 0.0287 mmol, 77.4%.

'H NMR (CDCI3, 400MHz) 6„ppm: 0.92 (m, 6 H, 2><CHi), 1.18-1.40 (m, 2H, CHj), 1.84 (m, 

IH, CH). 2.30 (m, IH, CH). 2.68-3.13 (m, 411, 2 XCH2 ), 3.57 (s, 3H, CH, major isomer), 3.61 (s, 

3H, CHi minor isomer), 3.84 (s, 3H, CH^ major isomer), 3.85 (s. 3H. CH? major isomer), 3.91 

(s, 3H, CH 3 minor isomer), 3.93 (s, 3H, CHi major isomer), 4.24 - 4.33 (m, IH, CH), 4.46-4.57 

(m, 2H, CH 2), 4.61-4.65 (m, 2H, CH 2 ), 6.29 (s, IH, C=CH minor isomer) 6.31 (s, 1 H, C=CH 

minor isomer), 6.54 (s, IH, ArH), 6.79-6.98 (m, 2H, 2xArH), 7.06-7.14 (m, IH, 2><ArH), 7.31- 

7.40 (m, 2H, 2 x ArH(Fmoc)), 7.43-7.49 (m, 2H, 2><ArH(Fmoc)), 7.51-7.59 (m, 2H,

2xArH(Fmoc)), 7.64-7.73 (m, 2H,2x ArH(Fmoc)), 8.23-8.46 (m, 2H, 2xCONH)).

'^C NMR (CDCI3, 151.71 MHz) 6 c ppm: 19.9 (CH2 minor isomer), 20.4 (CHj major isomer),

22.4 (CH^ major isomer), 22.9 (CH3 minor isomer), 24.5 (CH minor isomer), 25.0 (CH major 

isomer), 41.3 (CH2 major isomer), 41.6 (CH2 minor isomer), 45.3 (CH2 minor isomer), 45.8 

(CH2 major isomer), 46.3 (CH minor isomer), 46.7 (CH major isomer), 53.0 (CH minor 

isomer), 53.7 (CH major isomer), 56.1 (CH3), 56.4 (CH3), 61.3 (CH3), 61.5 (CH3), 64.4 (CH2 

minor isomer), 64.6 (CH2 major isomer), 68.0 (CH2 minor isomer), 68.1 (CH2 major isomer),

110.4 (CH minor isomer), 111.6 (CH major isomer) 112.6 (CH major isomer), 113.4 (CH minor 

isomer), 118.1 (CH major isomer), 118.6 (CH minor isomer), 119.7 (CH minor isomer), 119.9
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(CH major isomer), 122.7 (CH minor isomer), 123.2 (CH minor isomer), 123.8 (CH major 

isomer), 124.0 (Q major isomer), 124.4 (Q minor isomer), 124.8 (CH major isomer), 125.3 (CH 

minor isomer), 126.0 (CH major isomer), 126.8 (CH major isomer), 127.0 (CH minor isomer), 

127.7 (CH major isomer), 128.3 (CH minor isomer), 128.7 (CH minor isomer), 128.9 (CH 

major isomer), 129.4 (Q major isomer), 130.1 (Q minor isomer), 132.5 (Q minor isomer), 132.7 

(Q major isomer), 134.3 (Q minor isomer), 136.4 (Q major isomer), 141.2 (Q major isomer), 

141.9 (Q minor isomer), 143.2 (Q major isomer), 144.5 (Q minor isomer), 149.0 (Q minor 

isomer), 149.3 (Q major isomer), 151.2 (Q major isomer), 151.4 (Q minor isomer). 152.8 (Q 

major isomer), 153.0 (Q minor isomer), 155.1 (Q minor isomer), 155.9 (Q major isomer), 165.0 

(Q ,C=N ), 170.1 (C =0), 173.1 (C=0).

HRMS (- ESI): Calculated Mass 792.3370. Found 815.3249 (M +Na)’. 

V „ax(D C M )/cni'':3541,3111,2991, 1722, 1612,1478, 1026, 764.

6.1.53 Synthesis o f  2 -(((9 -(3-a in in o-4-m eth oxyp henyl)-2 ,3 ,4-trim eth oxy-5H - 

ben zo |7 )an nu len -7(6H )-y lid en e)am ino)oxy)-N -hyd roxyacetam id e (2.06).

Under an atmosphere o f N 2 , (2.68) (0.07 g, 0.12 mmol), was dissolved in DCM (1.5 mL) and 

stirred for 2 min at 0 °C. TFA (1 mL) was added dropwise to the flask as the solution turn a 

yellow colour. The mixture was stirred for 15 min, before the removal o f the volatile 

constituents using a stream o f N 2 gas. The product was isolated following an extraction between 

5% aq. NaHCOi (10 mL) and Et2 0  (3x10 mL). The organic layers were combined and washed 

with H2 O before being dried over MgS0 4 . Removal of the solvent yielded the product as a 

yellow solid.

Yield: 0.032 g. 0.07 mmol, 58.3%.

'H NMR (CDCI3, 600MHz) 8 h ppm: 2.73-2.77 (m, IH, CH 2 ), 2.85-3.04 (m, 3H, mixture of 

ring CHt). 3.62 ((s, 3H, CH 3 major isomer), 3.64 (s, 3H, CH 3 minor isomer)), 3.89 ((s, 3H, CH 3 

minor isomer), 3.91 (s, 3H, CH 3 major isomer)), 3.92 ((s, 3H, CH3 major isomer), 3.93 (s, 3H,
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CHs minor isomer)), 3.93 ((s, 3H, CH3 major isomer), 3.94 (s, 3H, CH3 minor isomer)), 4.36 (br 

s, IH, N H 2 ), 4.67 (s, 2H, CH 2 ), 6.34 ((s, IH, C=CH major isomer) 6.39 (s, IH, C=CH minor 

isomer)), 6.51 ((s, IH, ArH major isomer), 6.56 (s, IH, ArH minor isomer)) 6.81-6.85 (m, IH, 

ArH (mixture of isomers)), 6.90-6.96 (m, IH, ArH (mixture of isomers)), 7.10 ((s, IH, ArH 

major isomer), 7.13 (s, IH, ArH minor isomer)).

'^C NMR (CDCI3 , 151.71 MHz) 6 c ppm: 21.2 (CH2 major isomer), 21.9 (CH2  minor isomer), 

29.7 (CH2 minor isomer), 32.8 (CH2 major isomer), 55.7 (CH3), 56.1 (CH3), 61.1 (CH3), 61.3 

(CH3), 70.1 (CH2 minor isomer), 70.3 (CH2 major isomer), 109.4 (CH minor isomer), 111.9 

(C=CH), 117.7 (CH minor isomer), 123.3 (CH minor isomer), 123.5 (CH minor isomer), 123.7 

(2xCH major isomer), 125.4 (CH), 126.3 (CH minor isomer), 126.8 (Q major isomer), 127.6 (Q 

major isomer), 127.7 (Q minor isomer), 128.2 (Q minor isomer), 128.4 (Q major isomer), 128.5 

(Q major isomer), 129.3 (Q minor isomer), 129.8 (Q minor isomer), 130.5 (Q major isomer), 

133.2 (Q minor isomer), 133.4 (Q major isomer), 134.1 (Q major isomer), 136.8 (Q major 

isomer), 137.1 (Q minor isomer), 142.3 (Q minor isomer), 142.7 (Q major isomer), 146.4 (Q 

major isomer), 147.3 (Q major isomer), 149.9 (Q minor isomer), 150.0 (Q major isomer), 150.7 

(Q minor isomer), 150.9 (Q major isomer), 153.6 (Q C=N), 164.7 (Q C=0 ).

HRMS (+ ESI): Calculated Mass 457.1849. Found 458.1907 (M+H)'.

(DCM)/cm ': 3583,2929, 1731, 1463, 1266, 1117, 851,702.

6. 1.54 Synthesis o f  2 -am in o-N -(5-(7 -((2 -(h yd roxyain in o)-2 -oxoeth oxy)im in o)-2 ,3 ,4 -  

tr im eth oxy-6 ,7 -d ih yd ro-5H -b en zo |7 ]an n u len -9 -y l)-2 -m eth oxyp h en y l)-4 - 

m eth ylp en tan am id e (2.53).

To a stirred solution of (2.68)  (0.0200 g, 0.0252 mmol) in dry THF (4 mL) under a blanket of  

N 2 at 0 °C was added dropwise a 1 M solution of TBAF in THF (0.04 mL, 0.04 mmol). The 

mixture was allowed to elevate to room temperature over 10 min. Upon completion of the
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reaction, the solvents were removed under a stream o f N2 before being purified using column 

chromatography (hexane/EtOAc 2:1) furnishing the product as a colourless oil.

Yield: 0.0777 g, 0.0136 mmol, 54%.

'H NMR (CDCI3 , 400MHz) 8 h ppm: 0.86-0.96 (m, 6 H, 2 XCH3), 1.22-1.35 (m, 2H, CH,), 1 -70- 

1.83 (m, IH, CH), 2.24-2.36 (m, IH, CH), 2.74-3.02 (m, 4H, 2 XCH2), 3.36 (br s, 1 H, NH2), 

3.58 (s, 3H, CH 3 minor isomer) 3.60 (s, 3H, CH3 major isomer), 3.82 (s, 3H, CH 3), 3.89 (s, 3H, 

CH3 major isomer), 3.91 (s, 3H, CH3 minor isomer), 3.94 (s, 3H, CH3), 6.30 (s, IH, C=CH 

minor isomer), 6.31 (s, IH, C=CH major isomer), 6.53 (s, IH, ArH minor isomer), 6.54 (s, IH, 

ArH major isomer), 6.81-6.93 (m, 2H, 2><ArH), 7.08 (s, IH, ArH minor isomer), 7.11 (s, IH, 

ArH major isomer).

‘^C NMR (CDCI3 , 100.71 MHz) 8 c ppm: 19.8 (CH2  minor isomer), 20.5 (CH2  major isomer), 

22.5 (CHi major isomer), 24.2 (CH minor isomer), 24.8 (CH major isomer), 41.3 (CH2 major 

isomer), 41.6 (CH2 minor isomer), 45.5 (CH 2 minor isomer), 45.9 (CH2 major isomer), 53.4 

(CH minor isomer), 54.1 (CH major isomer), 56.2 (CH3), 56.6 (CH3), 61.7 (CH3), 61.9 (CH3), 

65.1 (CH2 minor isomer), 65.9 (CH2 major isomer), 110.5 (CH minor isomer), 111.6 (CH major 

isomer) 112.4 (CH major isomer), 113.0 (CH minor isomer), 118.5 (CH major isomer), 118.9 

(CH minor isomer), 122.9 (CH minor isomer), 123.2 (CH minor isomer), 124.1 (Q minor 

isomer), 124.7 (CH major isomer), 126.4 (CH major isomer), 126.8 (CH minor isomer), 129.3 

(Q major isomer), 130.0 (Q minor isomer), 132.4 (Q minor isomer), 132.9 (Q major isomer), 

134.3 (Q minor isomer), 136.1 (Q major isomer), 141.9 (Q major isomer), 143.1 (Q minor 

isomer), 146.8 (Q minor isomer), 147.3 (Q major isomer), 151.2 (Q major isomer), 151.7 (Q 

minor isomer), 152.5 (Q major isomer), 152.8 (Q minor isomer), 155.8 (Q minor isomer), 156.9 

(Q major isomer), 161.0 (Q, C=N), 169.1 (C=0), 171.2 (C=0).

HRMS (+ ESI): Calculated mass 570.2690, Found 569.2601.

(D CM )/cm '‘: 3314,3101,2929, 2016, 1731, 1671, 1638, 1422, 1001,756.
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6.2 Chapter 3 Synthesis

6.2.1 Synthesis of (2, 3, 4 - Trimethoxyphenyl) methanol (3.08).

To a stirred solution o f 2, 3, 4-trimethoxybenzaldehyde (10.50 g, 532 mmol) in MeOH (150 

mL) was added NaBH4 (2.65 g, 70 mmol) at 0 °C. The progress o f the reaction was monitored 

by Thin Layer Chromatography (TLC) using hexane/EtOAc 4:1 as the mobile phase. After 30 

min, the reaction was quenched by the addition o f H2O (100 mL). MeOH was removed from the 

mixture in vacuo. The product was extracted with Et20 (1x150 mL, 2><75 mL). The organic 

extracts were combined, dried over MgS0 4  and concentrated to a yield the product as a 

colourless oil.

Yield: 10.25 g, 51.71 mmol, 98%.

'H NMR (CDCb, 400MHz) 6„ ppm: 3.88 (s. 3H, CH.O, 3.90 (s. 3H, CH,), 3.98 (s. 3H, CH.,), 

4.64 (d, J= 6 .12 Hz, 2H, CHj), 6.66 (d, J=8.44Hz, 1H, ArH), 7.00 (d, J = 8.44Hz, 1H, ArH). 

'^CNM R(CDCl3, 100.71 MHz) 6  ̂ppm: 55.5 (CHj), 60.3 (CH.,), 60.7 (CH.,), 61.1 (CH,), 122.9 

(CH), 126.4 (CH), 141.4 (CH), 141.4 (Q), 151.2 (Q), 152.9 (Q).

HRMS (ESI): Calculated Mass 198.0892. Found 221.0775 (M +Na)'.

(DCM)/cm ':  3411, 2939, 2878, 2836, 1602, 1496, 1237, 1017, 896, 804, 688, 509.

6.2.2 Synthesis of 1 - (Bromomethyl) -2, 3, 4 -  trimethoxybenzene (3.09)

A  solution o f (3.08) (5.00 g, 25.2 mmol) in dry DCM (35 mL) was stirred at -10 “C in an 

ice/NaCI bath. After 10 min, PBra (13.65 g, 4.75 mL, 50.5 mmol) was added dropwise by 

syringe. The reaction was monitored by TLC. After 90 min, the reaction was quenched with 

10% aq. Na2C0 3  (50 mL) in ice H2O and washed with Et20 (75 mL). The organic extract was 

washed with 10% aq. NaHCOj (3><50 mL), dried over MgS0 4  and concentrated in vacuo at a 

low temperature to prevent degradation o f the product. The product was obtained as a colourless 

oil after being placed under high vacuum for 2 h. The product was not purified and further and 

was used in directly in the following reaction.
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'H NMR (CDCI3 , 400MHz) 8h  ppm : 3.88 (s, 3H, CH.,), 3.89 (s, 3H, CH 3 ), 4.04 (s, 3H, CH3 ), 

4.57 (s, 1H, C tbB r), 6 . 6 6  (d, J = 8.56Hz, 1H, ArH), 7.07 (d, J = 8.56Hz, 1H, ArH).

V„,ax (DCM)/cm ': 2936, 2827, 1460, 1409, 1067, 1009, 795.

6.2.3 Synthesis o f  2 - (2, 3, 4 - T rim ethoxyphenyl) aceton itrile (3.10)

NaCN (2.75 g. 56.1 mmol) was stirred in DMSO (120 mL) at 25 °C for 30 min, ensuring 

maximum dissolution of the salt in the solvent. To this mixture was added (3.09) (4.90 g, 18.7 

mmol). The mixture was stirred for 2 h, before TLC (hexane/EtOAc 4:1) had shown that the 

reaction had proceeded to completion. The mixture was diluted with H2O (100 mL) and the 

product was extracted with Et2 0  (1x100 mL, 2x50 mL). The combined organic extracts were 

washed with H2O (100 mL), dried over MgS0 4  and concentrated in vacuo to produce a yellow 

oil. Column chromatography was used to isolate the product as a colourless solid using a hexane 

/ EtOAc 9:1 mixture as the mobile phase.

Yield: 3.2 g, 15.4 mmol, 62% over 2 steps).

'H NMR (CDCI3, 400MHz) 8h  ppm : 3.66 (s, 2H, C J i) , 3.89 (s, 3H, CH3), 3.90 (s, 3H, CH3), 

3.99(s, 3H, CH3), 7.03 (d, J= 8 .6 8 Hz, IH. ArH), 7.03 (d, J = 8 .6 Hz. ArH).

'^C NMR (CDCI3 , 100.71 MHz) S^ppm: 17.9 (CH 2 ), 55.6 (CH 3 ), 60.3 (CH 3 ), 60.4 (CHj), 106.6 

(ArCH), 115.6 (Q), 115.9(Q), 123.0 (ArCH), 141.6 (Q), 150.9(Q). 153.5(0).

HRMS (ESI): Calculated Mass 208.0968. Found 208.0286 (M+H ).

V„,ax (DCM)/cm'‘: 3621 w, 2941 s, 2250 m (C=N), 1603 s, 1496 s, 1420 s, 1260 s, 1097 s, 801 

s, 6 8 8  s.

Melting point: 45-47 °C 

6.2.4 Synthesis o f  2 - (2, 3, 4 - T rim ethoxyphenyl) acetic acid (3.20)

(3.10) (1.18 g, 5.69 mmol) was stirred at room temperature in EtOH (20 mL). A 2.5 M solution 

o f sodium hydroxide was prepared and added to the reaction vessel (30 mL). The solution was 

heated under reflux for 2.5 days, before TLC (hexane/EtOAc 2:1) had shown that the reaction 

had proceeded mostly to completion. EtOH was removed by rotary evaporation. The basic
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mixture was washed with Et2 0  (3x20 mL), before acidification with 2 M aq. HCl. The acidic 

layer was washed with Et2 0  (3x30 mL). The combined organic extracts were dried over MgS0 4  

and concentrated in vacuo to produce a brown oil. The product was purified using column 

chromatography to yield a colourless solid.

Yield: 0.88 g. 3.89 mmol, 6 8 %.

'H NMR (CDCI3 , 400MHz) 8 „ ppm: 3.64 (s, 211, CH 2 ), 3.85 (s, 3H, CH 3 ), 3.88 (s, 3H, CHj), 

3.91 (s, 3H, CH 3 ) , 6 . 6 6  (d. J=8.52Hz, IH, ArH), 6.92 (d, J=8.52, IH, ArH).

'^C NMR (CDCI3 , 100.71 MHz) 8  ̂ ppm: 55.9 (CH 3 ), 60.7 (CH 3 ), 60.8 (CH 3 ), 107.1 (ArCH), 

119.8(Q), 124.9 (ArCH), 142.1 (Q), 151.8 (Q), 153.4 (Q), 176.7 (COOH).

HRMS(ESI): Calculated Mass 226.0841. Found 225.1121 (M ).

(DCM)/cm ‘: 3583, 2929, 1707, 1520, 1275, 1002, 764.

Melting point: 87-93 "C.

6.2.5  Synthesis  o f  2 - (2, 3, 4 - tr im ethoxyphenyl)  ethanol (3 .21)

LiAlH 4 (1.34 g, 27 mmol) was added slowly to a round bottomed fiask containing THF (20 

mL). The mixture was stirred at -25 °C with the assistance o f a deep cooler. (3.20) (1.75 g, 7.73 

mmol) was added slowly to this fiask. After 30 min, the temperature was allowed to rise gently 

to room temperature and the reaction was stirred overnight. The reaction was quenched slowly 

using 2 M aq. HCl (25 mL). The alcohol was extracted with Et2 0  (3x30 mL). The combined 

organic extracts were washed with H2 O (50 mL), dried over MgS0 4  and the solvent was 

removed in vacuo yielding an off-white oil. This was purified using column chromatography 

(hexane/EtOAc 3:1) to furnish the product as a colourless mobile oil.

Yield: 1.23 g. 5.79 mmol, 75%.

'H NMR (CDCI3 , 400MHz) 6 „ ppm: 2.85 (t, J=6.4Hz, 2H, CLL), 3.79-3.83 (m, 2H, CH,), 3.88 

(s, 3H, CH 3 ), 3.90 (s, 3H, CH 3 ), 3.92 (s, 3H, CH,), 6.65 (d, J=8.44Hz, IH, ArH), 6 . 8 8  (d, 

J=8.44Hz, IH, ArH).

'^C NMR (CDCI3,100.71 MHz) S^ppm: 33.0 (CHj), 55.5 (CH,), 58.5 (CH 3 ), 60.5 (CH3 ), 62.9 

(CH 2 ), 106.8 (CH), 119.8(Q), 124.1 (CH), 141.8 (Q), 151.5 (Q), 152.0 (Q).
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H R M S  (E S I): C alcu la ted  212 .1049 . F ound 211 .0965  (M -H )'.

V „,„ (D C M )/c m '':  3411 (br, -O H ), 2936, 2835, 1495, 1466, 1285, 1077, 1057, 1016, 799.

6.2.6 Synthesis of 2 - (2, 3, 4 - trimethoxyphenyl) acetaldehyde (3.22).

PDC (0.68 g, 3.13 m m ol) w as p laced  in a dry th ree  necked  flask  under an a tm osphere  o f  N 2 . 

Dry D C M  (10 m L ) w as added  to  the  flask  and the  suspension  w as stirred  for 5 m in  at 0 °C. A 

so lu tion  o f  (3.21) (0 .6  g, 2 .85  m m ol) in D C M  (5 m L ) w as added  d ropw ise  to  the flask  and the 

m ix ture w as stirred  for 30 m in , before being  a llow ed  to  rise to  room  tem peratu re . A fter 90 m in, 

the reaction  m ix tu re  w as p laced  th rough  a silica  gel p lug  to  rem ove any ch rom ium  salts. The 

light green  oil tha t rem ained  afte r rotary evapo ration  w as sub jected  to  co lum n ch rom atography . 

A 6 :1 m ix ture o f  hexane and E tO A c w as used to  iso late the product as a  ye llow ish  oil.

Y ield : 0 .46  g, 2 .19  m m ol, 70% .

'H  N M R  (C D C I 3 , 4 0 0 M H z) 6 „ p p m : 3.66 (s, 2H . CHj), 3.89 (s, 6 H, 2 XCH3 ), 3 .99  (s, 3H , 

CH,), 6.67 (d, J= 8 .56H z, IH , A rH ), 6 . 8 8  (d, J= 8 .56H z, IH , A rH ), 9 .70 (t, J= 2 .08H z, IH , CHO). 

'^C  N M R  (C D C I 3 , 100.71 M H z) 6 c p p m : 44.3 (CHj), 55.5 (CH3), 55.7 (CHj), 60.3 (CHj), 106.6 

(CH), 124.7 (CH), 131.1 (Q ), 141.7 (Q ), 151.6 (Q ), 158.6 (Q ), 199.5 (Q ).

H R M S  (E S I + ): C alcu la ted  M ass 210 .0892. F ound 2 1 1 .0957(M +H  ).

V „ a x (D C M )/c m '':  3593, 2988 , 2 9 6 1 ,2 8 4 2 1 6 8 9 , 1591, 1467, 1385, 1299, 1201, 1098, 9 4 2 ,8 1 2 .

6.2.7 Synthesis of 2-(2,3,4-trimethoxyphenyl)acetaldehyde (3.22): Attempt 2.

(3.10) (1 .05  g, 5.1 m m ol) w as stirred  at 0 °C in M eO H . N aB H 4 (0 .52  g, 13.7 m m ol) pow der w as 

added  slow ly to  avoid  an overv igo rous reaction . T he m ix ture w as stirred  fo r 6  h, show ing  

neg lig ib le  p roduct conversion . A fu rther 2 equ ivalen ts o f  N aB H 4 w as added (0 .37  g, 10 m m ol). 

T he reaction  w as hea ted  u nder reflux  fo r 3 h, before TL C  show ed  no  fu rther reaction  progress. 

M eO H  w as rem oved  in vacuo a fte r the  add ition  o f  H 2 O  (30  m L) to  quench  th e  reaction . The 

aqueous layer w as w ashed  w ith  E t2 0  (3 x 2 0  m L). The com bined  organic ex trac ts  w ere  dried  

o v er M gS 0 4 , and co n cen tra ted  by ro tary  evaporation . A co lum n isolated  a sm all am ount o f  the 

desired  product using  hexane/E tO A c 7:1 as the m obile  phase.
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Yield: 0.11 g, 0.54 mmol, 10%.

Characterisation o f this compound is previously documented.

6.2.8 Synthesis of l-(2, 3, 4 - trimethoxyphenyl)pent-4-en-2-ol (3.12) Attempt 1.

To a stirred solution o f (S.22) (0.40 g. 1.90 mmol) and Mg turnings (0.12 g, 5.00 mmol) in dry 

THF (10 mL) under an atmosphere o f N 2 was added dropwise allyl bromide (0.32 mL. 3.60 

mmol). The reaction was monitored using TLC (hexane/EtOAc 4:1) which showed 

consumption of the starting material after 6  h. The product was extracted between H2 O (30 mL), 

added slowly to quench any remaining Mg, and Et2 0  (3><30 mL). The combined organic 

extracts were dried with MgS0 4  filtered and concentrated m vacuo, leaving a colourless oil, 

which was purified via column (hexane/EtOAc 4:1) to yield the product as a colourless oil. 

Yield: 0.36 g, 1.43 mmol, 75%.

'H NMR (CDCI3 , 400MHz) 8„ ppm: 2.24-2.35 (m, 2H, CLb), 2.67-2.85 (m, 2H, C j i ) ,  3.84- 

3.93 (m, 1H, CHOH), 3.85 (s, 3H, CH.,), 3.87 (s, 3H, CH_,), 3.89 (s, 3H, CH 3 ). 5.14-5.19 (m, 2H, 

Alkene CH2 ), 5.85-5.94 (m, IH, alkene CH), 6.65 (d, J=8.44Hz, IH, ArH), 6 . 8 8  (d, J=8.48Hz. 

1H, ArH).

'^C NMR (CDCI3 , 100.71 MHz) 8c ppm: 37.0 (CH 2 ), 41.0 (CH 2 ), 55.5 (CH.,), 60.3 (CH.,), 60.4 

(CH,), 71.0 (CH), 106.8 (CH), 117.2 (CHj), 123.9 (CH), 124.7 (CH). 134.5 (Q), 141.7 (Q), 

151.5 (0 ), 152.2 (Q).

HRMS (ESI): Calculated Mass 252.1362. Found 251.1298 (M ).

(DCM)/cm'': 3434 (br, -OH), 3075, 2935, 2834, 1640, 1494, 1466, 1416, 1257, 1045, 908, 

796, 669.

6.2.9 Synthesis of l,2,3-trimethoxy-4-vinylbenzene (3.25).

A stirred suspension o f 2,3,4-trimethoxybenzaIdehyde (3.53 g, 18.00 mmol), 

methyltriphenylphosphonium bromide (7.71 g. 21.59 mmol), K2 CO., (11.93 g, 86.36 mmol) and 

18-crown-6 was heated under an atmosphere o f N 2 at 80 °C for 2 days. The reaction was
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monitored by TLC (hexane/EtOAc 4:1) and upon consumption of the starting material the THF 

was removed in vacuo. The residue was diluted in H2O (50 mL) and extracted into Et2 0  (3x50 

mL). The organic extracts were combined, washed with H2O (50 mL), dried over MgS0 4 , 

filtered and concentrated in vacuo to yield a colourless oil, from which the product was 

obtained in pure form using column chromatography hexane/EtOAc 4:1 as the mobile phase as 

a colourless oil.

Yield: 3.35 g (17.28 mmol, 96%).

'H NMR (CDCI3, 400MHz) 8 „ ppm: 3.89 (s, 3H, CH,), 3.90 (s, 3H, CH,), 3.91 (s, 3H, CH 3 ),

5.22 (dd, J=11.00 Hz, J=1.50 Hz, IH, CH=CH 2), 5.68 (dd, J=17.70 Hz, J= 1.40 Hz, IH, 

CH=CH 2 ), 6.70 (d, J= 8.50 Hz, IH, ArH), 6.95 (dd, J=17.70 Hz, J=11.20 Hz, IH, CH=CH 2 ),

7.23 (d, J=8.50 Hz, IH, ArH).

'^C NMR (CDCI3 , 100.71 MHz) 6, ppm: 56.0 (CH.,), 60.9 (CH3 ), 61.2 (CH 3 ), 107.6 (CH), 

113.2 (CH 2 ), 120.6 (CH), 124.8 (Q), 131.0 (CH), 142.3 (Q), 151.5 (Q), 153.3 (Q).

HRMS (ESI): Calculated Mass 194.0943. Found 217.0838 (M+Na)'.

(DCM )/cm ‘: 3583, 2879, 1957, 1595, 1456, 1353, 1289, 1026, 853.

6.2.10 Synthesis o f  2 - (2, 3, 4 - tr im eth oxyp henyl) ethanol (3.21) M ethod 2

To a stirred solution o f (3.25) (3.00 g, 15.45 mmol) in diglyme (80 mL) under an atmosphere of 

N 2 was added dropwise a 1 M solution o f BH3 in THF (46.4 mL, 46.4 mmol). The resultant 

mixture was stirred at 0 °C for 1 h after which time the THF was removed under low pressure. 

To the remaining solution was added Trimethylanilinium N-oxide (8.58 g, 77.25 mmol) and the 

mixture was stirred at 100 °C for 2 h. The product was extracted by washing with warm H2 O 

(100 mL) and Et2 0  (3x70 mL). The combined organic extracts were washed with warm H2 O 

(5x100 mL) removing as much diglyme as possible. They were then dried over MgS0 4 , filtered, 

concentrated in vacuo. Following flash column chromatography using hexane/EtOAc 2:1 as the 

mobile phase, the title compound was obtained as a colourless oil.

Characterisation of this compound is previously documented.
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6.2.11 Synthesis of 1 - (2, 3, 4 - trimethoxyphenyl) pent-4-en-2-one (3.11)

(3. 10) (3.00 g. 14.5 mmol) and zinc dust (3.78 g. 58 mmol) was stirred in dry THF THF (45 

mL) at 0 °C before dropwise addition o f  allyl bromide (2.63 g, 1.9 mL, 21.71 mmol). After 10 

min, AICI3 (0.77 g, 5.8 mmol) was added quickly. The mixture was stirred for 20 min at this 

temperature and stirred for a further hour at room temperature. TLC (hexane/EtOAc 4:1) 

indicated that the reaction had proceeded to completion. 1 M aq. HCl (75 mL) was added and 

stirred for 5 min to quench the reaction. The zinc solid was removed by decanting the mixture 

into a conical flask. The product was extracted by washing with Et2 0  (3><50 mL). drying the 

combined organic extracts over M gS 0 4 , and the mixture concentrated to give a dark yellow oil. 

The compound was isolated as a colourless oil following column chromatography using a 10:1 

mixture o f  hexane/EtOAc as the mobile phase.

Yield: 2.98 g. 11.89 mmol. 82%.

'H N M R  (CDCI 3 , 400M Hz) 6 „ ppm: 3.22 (d, J=7Hz, 2H. CIT,), 3.65 (d, J=9.32Hz. 2H, CHj), 

3.79 (s. 3H, C tb ) ,  3.83 (s, 3H, C tb ) ,  3.84 (s, 3H, CH.,), 5.08-5.17 (m, 2H, H = C C tb ) ,  5.88-6.20 

(m, 1H, alkene C=CH), 6.63 (d, J =  3.24Hz, 1H, ArH), 6.79 (d, J=8.52Hz, 1H, ArH).

'^C NM R (CDCI 3 , 100.71 MHz) 6 c ppm: 43.2 (CHj), 46.4 (CHj), 55.4 (CH 3), 60.2 (CH 3), 60.2 

(CH 3 ), 106.7 (CH), 118.2 (CH 2 ), 120.2 (Q), 124.6 (CH), 126.4 (Q), 130.2 (CH), 141.6 (Q), 

151.4 (Q), 206.1 (C = 0).

HRM S (ESI): Calculated 250.1278, Found 251.1279 (M+H)".

(DCM )/cm ‘: 2941, 2838, 1719 (C = 0),  1496, 1468, 1290, 1043, 750.

6.2.12 Synthesis of l-(2, 3, 4 - trimethoxyphenyl)pent-4-en-2—ol (3.12) Attempt 2.

(3.10)  (2.20 g. 8 . 8  mmol) was stirred at 0 “C in MeOH (40 mL). N aBH 4 (0.37 g, 9.68 mmol) 

was added slowly, and the reaction was stirred for 5 min before removal o f  the ice bath. TLC 

(hexane/EtOAc 4:1) showed completion o f  the reaction within 20 min. H2O (40 mL) was added, 

and the MeOH was removed by rotary evaporation. The aqueous solution was washed with
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Et2 0  (3x30 mL), the combined organic extracts were dried with MgS0 4  and concentrated in 

vacuo, leaving a colourless oil. This was purified via column (hexane/EtOAc 4:1) to give the 

product as a colourless oil.

Yield: 2.16 g, 8.56 mmol, 97%.

Characterisation of this compound is previously documented.

6.2.13 Synthesis of (l-(2 , 3, 4-trimethoxyphenyl) pent-4- en- 2-yloxy) (tert-butyl) 

diphenylsilane (3.13)

(3.12) (2.45 g. 9.7 mmol) was stirred with imidazole (1.65 g, 24.2 mmol) in dry DMF (10 mL) 

under N 2 . Tert-b\i\y\ diphenylsilylchloride (2.9 mL, 11.1 mmol) was added and the reaction 

proceeded for 12 h. TLC (4:1 hexane/EtOAc) showed that the reaction had proceeded to 

completion. Brine (90 mL) was added to quench the reaction. The product was extracted with 

Et2 0  (2x90 mL, 2x50 mL). The combined organic extracts were washed with H2O (100 mL), 

dried over MgS0 4  and dried in vacuo leaving a colourless oil which was purified via column 

chromatography using a 50:1 mixture o f hexane / EtOAc.

Yield: 4.12 g, 9.02 mmol, 93%.

'H NMR (CDCI3, 400MHz) 6„ ppm: 1.04 (s, 9H, ^ ) ,  2.07-2.12 (m. 2H, CLb), 2.68-2.8 (m, 

2H, CH2 ), 3.66 (s, 3H, CH3), 3.83 (s, 3H, CH3), 3.85 (s, 3H, CHj), 4.05-4.08 (m, IH, CHOSi), 

4.90-5.02 (m, 2H, CH2 alkene), 5.80-5.85 (m, IH, CH alkene), 6.54 (d, J=8.48Hz, IH, ArH), 

6.70 (d, J=8.48Hz, IH, ArH), 7.29-7.37 (m, 6 H, ArH), 7.39-7.44 (m, 2H, ArH), 7.54-7.57 (m, 

2H, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6, ppm: 19.4 (Q), 27.1 (CH3 ), 37.4 (CH2 ), 40.8 (CH2 ), 56.0 

(CH 3 ), 60.6 (CH 3 ), 60.7 (CH 3 ), 73.4 (CH), 106.9 (CH), 117.0 (CH 2 ), 125.0 (Q), 125.6 (CH), 

127.4 (CH), 129.4 (CH), 134.4 (Q), 134.6 (Q), 135.1 (CH), 136.1 (CH), 152.2 (Q), 152.3 (Q). 

HRMS (ESI): Calculated Mass 490.7058. Found 513.2427 (M +N a)'.

V„,a, (D CM )/cm '': 3071, 3047, 2997, 2957, 2931, 2856, 1494, 1466, 1416, 1111, 1044, 822, 

702, 507.
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6.2.14 Synthesis of l-(2, 3, 4 - trimethoxyphenyl) pent-4-en-2-yl acetate (3.26)

(3.10) (0.30 g. 1.2 mmol) was stirred in distilled DCM (5 mL) under N 2 , followed by addition of 

triethylamine (NEt,) (0.4 mL, 1.44 mmol). Acetic Anhydride (0.35 ml, 0.37 g, 3.6 mmol) was 

added and the mixture was stirred for a further 5 min. DMAP (0.45 g, 3.6 mmol) was then 

added and the mixture was stirred overnight. After 16 h. TLC (hexane/EtOAc 4:1) showed the 

reaction had completed. The reaction was quenched with 2 M aq. HCl (20 mL), and the aqueous 

layer was washed with Et20 (3><30 mL). The combined organic extracts were washed with H2 O 

(50 mL), dried over MgS0 4  and the solvent was removed in vacuo. The product was purified as 

a colourless oil by column chromatography using a 10:1 mixture o f hexane/EtOAc as the 

mobile phase.

Yield: 0.3 g. 1.02 mmol, 85%.

'H NMR (CDClj, 400IVIHZ) 6 „ ppm: 1.91 (s, 3H. Cl±,), 2.22-2.34 (m, 2H, CH2 ), 2.67-2.85 (m, 

2H, CH 2 ), 3.78 (s, 3H, CHj), 3.85 (s, 3H, CH,), 5.01-5.13 (m, 3H, CH. alkene + CHOH), 5.70- 

5.80 (m, 1H, CH alkene), 6.54 (d, J=8.52Hz, 1H, ArH), 6.78 (d, J=8.48Hz, 1H, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6, ppm: 20.5 (CH,), 33.3 (CH 2 ), 35.4 (CH 2 ), 55.3 (CH,), 60.1 

(CH,), 60.2 (CH,), 72.7 (CH), 106.2 (Q l) , 117.1 (CH 2 ), 122.3 (Q), 124.4 (CH), 133.3 (CH), 

141.6 (0 ), 151.7 (Q), 152.0 (Q), 169.5 (C=0).

6.2.15 Synthesis of 4-((tert-butyldiphenylsilyl)oxy)-5-(2,3»4-
trimethoxyphenyl)pentan-l-ol (3.14).

(3.13) (3.00 g. 6.1 mmol) was stirred in 2-methoxyethyl ether (70 mL) at 0 °C for 10 min under

N 2 . To this solution, a 1 M solution o f BH,-THF (18.3 mL, 18.3 mmol) was added dropwise. 

After 10 min the ice bath was removed. A further 50 min passed, when the THF was removed 

by rotary evaporation. Trimethylamine N-oxide dihydrate (4.74 g, 42.7 mmol) was then added 

to the flask, which was equipped with a reflux condenser. The mixture was heated under reflux 

for 2 h, by which time the reaction had completed. The reaction mixture was diluted with 

EtOAc (100 mL) and washed with warm H2O (100 mL). The organic layer was washed a 

further 6 times with H2 O (100 mL), dried over MgS0 4  and concentrated in vacuo to give a
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yellow oil. This oil was purified using 3:1 hexane/EtOAc as a mobile phase for the resulting 

column. This yielded the product as a colourless mobile oil.

Yield: 2.17 g, 4.26 mmol, 70%.

'H NMR (CD Cb, 400MHz) 6 H P p m :  1.57-1.65 (m, 4H, 2 ><CH2), 2.71-2.78 (m, 2H, CH2 ), 3.58- 

3.6 (m, 2H, CH2 ), 3.68 (s, 3H, CH,), 3.82 (s, 3H, CH3), 3.84 (s, 3H, CH3), 4.02-4.06 (m, IH, 

CHOSi), 6.52 (d, J=8.52Hz, IH, ArH), 6.61 (d, J=8.44Hz, IH, ArH), 7.34-7.45 (m, 6 H, ArH), 

7.59-7.61 (m, 2H, ArH), 7.63-7.67 (m, 2H, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6^ ppm : 13.7 (Q), 18.8 (Q), 26.6 (CH 3), 27.0 (CH2 ), 28.6 

(CH 2), 36.7 (CH 2), 55.4 (CH 3), 58.5 (CH 3), 60.1 (CH 3), 62.4 (CHj), 71.4 (CH), 106.5 (CH), 

124.3 (Q), 124.9 (CH), 126.9 (CH), 129.0 (CH), 133.8 (Q), 135.5 (CH), 141.6 (Q), 151.5 (Q). 

HRMS (- ESI): Calculated Mass 522.2438. Found 521.1628 (M').

(DCM)/cm'': 3422 (-OH), 3047, 3070, 2997, 2932, 2856, 1602, 1495, 1467, 1416, 1275, 

1039, 703.

6.2.16 Synthesis o f  4 -((tert-b u ty ld ip henylsily l)oxy)-5-(2 ,3 ,4-

trim eth oxyp henyl)p en tan oic acid (3.15).

(3.14) (1.6 g, 3.1 mmol) was dissolved in DMF (2.5 mL). This was added dropwise to a 

suspension o f PDC (3.55 g, 9.45 mmol) in DMF (6.5 mL) and stirred overnight at room 

temperature. After 21 h, TLC showed that the starting material had been consumed. The 

reaction was quenched using H2O (50 mL). The product was extracted with Et2 0  (3x30 mL). 

The organic extracts were washed with H2O (3x50 mL). Following the washings, it was dried 

with MgS0 4  and the solvent was removed in vacuo. The product was purified by column 

chromatography (3:1 hexane/EtOAc) and obtained as a colourless gel.

Yield: 1.18 g, 2.33 mmol, 75%.

'H NMR (CDCI3, 400MHz) 8 „p p m : 1.14 (s, 9H, ^Bu), 1.64-1.87 (m, 2H, CH2 ), 2.43-2.59 (m, 

2H, CH2 ), 2.73-2.88 (m, 2H, CFb), 3.71 (s, 3H, CH3 ), 3.86 (s, 3H, CH 3), 3.87 (s, 3H, CH 3),
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4.09-4.17 (lH ,m ,CHOSi) 6.56 (d, J=8.56 Hz, ArH), 6.61 (d, J=8.04 Hz, ArH), 7.41-7.49 (m, 

6H, ArH), 7.72-7.81 (m, 4H, ArH).

'^C NMR (CDClj, 100.71 MHz) 6, ppm: 18.8 (Q), 26.7 (CH.,), 28.9 (C H j), 29.8 (C H j), 36.7 

(C H j), 55.5 (CH3), 60.1 (CH3), 60.2 (CH.,), 72.3 (CH), 106.5 (CH), 123.7 (Q), 124.8 (CH), 

127.1 (C H ), 129.2 (CH), 133.5 (Q), 135.6 (CH), 141.6 (Q), 151.6 (Q), 151.9 (Q), 179.9(C =0). 

HRMS (- ESI): Calculated Mass 522.2438. Found 521.4470 (M').

(DCM)/cm-': 3505 (br, OH), 1643 (C = 0 stretch), 1102, 703.

6.2.17  Synthesis o f  8 -((ter t-b u ty ld ip h en y lsily l)oxy)-l,2 ,3 -tr im eth oxy-6 ,7 ,8 ,9 - 

tetrah yd ro-5H -b en zo[7]an iiu len -5-on e (3 . 16).

(3.05)  was stirred in dry DCM (3 mL) at 0 °C under N2 for 5 min. Dry DMF (3 drops) was 

added, followed by the dropwise addition o f 2 M oxalyl chloride solution in DCM (0.34 mL, 

0.77 mmol). After 30 min the ice bath was removed and the temperature was gradually allowed 

to rise to room temperature. After 45 min, the reaction vessel was heated gently for a further 45 

min. TLC analysis showed that the carboxylic acid starting material had been consumed. The 

solvents were removed under high vacuum and the vessel remained under vacuum for 3 h to 

ensure dryness of the acyl halide. DCM (10 mL) was added and the mixture was stirred in an 

ice/NaCl bath at -15 “C. SnCU (1 M in DCM) was then added dropwise (0.20 mL, 0.20 mmol). 

The mixture was stirred at this temperature for 1 h. Upon completion, brine (20 mL) was used to 

quench the reaction. The aqueous layer was washed with Et20 (3x20 mL). The organic extracts 

were dried over MgS0 4  and on the rotary evaporator at room temperature. This yielded a yellow 

oil which was purified by column chromatography. 3 compounds were isolated. Fraction 1 was 

seen to be ter/-butyl silanol by 'H NMR. Fraction two liberated trace amounts o f  the desired 

compound {3. 16).  Fraction three delivered (3.28)  in high yield.

Side product -  Compound (3. 08)

Yield: 0.015 g, 0.025 mmol, 6.2%

239



'H NM R (CDClj, 400M Hz) Sj,: 1.04 (s, 9H, iBu), 2.71-2.79 (m, 2H), 2.83-2.89 (m, IH), 2.98-

3.03 (m, IH), 3.72 (s, 3H, CH3), 3.86-3.88 (m. IH ), 3.90 (s, 3H, CH3), 3.94 (s, 3H, CH3), 4.30- 

4.38 (m, IH , CHOH), 7.37 (s, IH , ArH), 7.37-7.47 (m, 6 H, ArH), 7.63-7.68 (m, 4H, ArH).

'^C NM R (CDCI3 , 100.71 MHz) 6, p p m : 1.0 (Q), 19.1 (Q), 26.8 (CH 3 ), 32.1 (C H 2 ), 47.6 

(CH 2 ), 56.0 (CH 3 ), 60.6 (C H 3 ), 60.9 (C H 3 ), 68.3 (CH), 104.6 (CH), 127.6 (CH), 127.7 (Q),

128.3 (CH), 133.5 (Q), 135.7 (CH), 147.5 (Q), 150.9 (Q), 152.1 (Q), 196.1 (Q).

HRMS (-1- ESI): C alculated M ass 504.2332. Found 505.2397 (M +H )'.

V „ ,,(D C M )/c m ‘':  3487, 2933, 1674, 1486, 1486, 1324, 1193, 1154, 1029, 822, 741 ,701 .

(3.28)

'H N M R (C D C l 3 , 400M Hz) 8 n p p m : 1.96-2.01 (m, 1H), 2.20-2.28 (m, 1 H), 2.45-2.49 (m, 2H), 

2.84-2.90 (m, IH ), 3.01-3.06 (m , IH), 3.85 (s, 3H, C H 3 ), 3.88 (s. 3H, C H ,), 3.91 (s, 3H, CH 3 ), 

4.74 (quintet, J = 6.64Hz. 1H, CH ), 6.63 (d, J=8.48H z, 1H. ArH), 6.89 (d, J=8.48Hz, 1H, ArH). 

'^C NM R (CDCI3 , 100.71 MHz) 6c ppm : 26.7 (C H j), 28.2 (CH 2 ), 34.7 (CH j), 55.5 (C H 3 ), 60.2 

(CH ,), 60.4 (CH 3 ), 80.2 (CH ), 106.7 (CH), 121.3 (Q), 124.7 (CH), 141.6 (Q), 151.5 (Q), 152.4 

(0 ) , 176.8 (C = 0).

HRMS (+ESI): Calculated M ass 266.1152. Found 267.1209 (M+H").

V „ .,(D C M )/c m  ':  3435, 3071 ,2958 , 1731, 1710, 1603, 1472, 1360, 1236, 1154, 8 5 3 ,7 4 1 ,6 0 8 .

6.2.18 Synthesis of 6,7,8,9-tetrahydro-8-hydroxy-l,2,3-

trimethoxybenzo[7]annulen-5-one (3.17).

To a stirred solution o f  (3.J6) (0.01 g. 0.02 m mol) in dry THF (0.5 mL) was added TBAF (0.05 

mL, 0.05 m m ol) under a blanket o f  N 2 at 0 °C. The resultant mixture was stirred for 3 h until 

TLC analysis had show n com plete consum ption o f  the starting material. The solvent was 

removed and the product was purified as a yellow  oil using flash colum n chrom atography 

(hexane/EtO A c 1:1).

Yield: 0.003 g, 0.011 m m ol, 56.3%.
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'H NMR (CDCI3, 400MHz) 5h  ppm: 2.07-2.12 (m, 2H, CH2 ), 2.28-2.36 (m, 2H, CH 2 ), 2.69 - 

3.06 (m, 2H, CH2 ), 3.93 (s, 3H, CH3 ), 3.97 (s, 3H, CH 3 ), 4.03 (s, 3H, CH 3 ), 4.36-4.43 (m, 1 H, 

CHOH), 7.04 (s, 1 H, ArH).

'^C NMR (CDCI3,100.71 MHz) 6eppm: 16.9 (CHj), 33.8 (CH 2 ), 33.8 (CHj), 55.5 (CH 3 ), 60.3 

(CH 3 ), 61.5 (CH 3 ), 76.2 (CH), 109.4 (CH), 128.8 (Q), 139.2 (Q), 145.4 (Q), 151.1 (Q), 151.4 

(0 ) , 205.3 (C =0).

HRMS (+ESI): Calculated Mass 266.1152. Found 267.1213 (M+H").

(DCM)/cm ‘: 3425 (OH stretch), 2938, 1671 (C = 0  stretch), 1589, 1487, 1454, 1407, 

1306, 1231,1193,1132, 1093, 1054, 1030,922.

6.2 .19  Synthesis o f  6 ,7 ,8 ,9 -te tra h y d ro -l,2 ,3 -tr im eth o x y b en zo |7 |a n n u len -5 -o n e  

(3.30).

(3.29) (2.90 g, 10.8 mmol) was dissolved in polyphosphoric acid (PPA). The mixture was 

mildly heated periodically in a H2 O bath, and using the tip of a pasteur pipette was stirred for 1 

h. ice H2O (200 mL) was used to quench the reaction and this was washed with Et2 0  (3><75 

mL). The organic layers were combined, dried over MgS0 4  and concentrated by rotary 

evaporation to yield a yellow oil. The product was isolated from this mixture by column 

chromatography (hexane/EtOAc 10:1) as a colourless oil.

Yield: 1.61 g. 6.4 mmol, 59.3%.

'H NMR (CDCI3, 400MHz) 6„ ppm : 1.79-1.85 (m. 4H, 2x CH 2 ), 2.72 (t, J=4.8Hz, 2H, CH2 ), 

2.95 (t. J=5.8Hz, 2H, CHj), 3.85 (s, 3H, CH 3 ), 3.89 (s, 3H, CH 3 ), 3.94 (s, 3H, CH 3 ), 7.13 (s, IH, 

ArH).

'^C NMR (CDClj, 100.71 MHz) 5̂  ppm: 20.4 (CH 2 ), 22.4 (CH 2 ), 24.5 (CHj), 40.3 (CH 2), 55.5 

(CH 3 ), 59.9 (CHj), 60.9 (CHj), 106.9 (CH), 128.4 (Q), 133.9 (Q), 145.4 (Q), 150.5 (Q), 151.0 

(0 ) , 204.5 (C=0).

HRMS (+ESI): Calculated Mass 250.1205. Found 251.1266 (M+H^).
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6.2.20 Attempted Synthesis of 4-broino-6,7,8,9-tetrahydro-l,2,3-triinethoxy 

benzo[7]annulen-5-one (3.31).

Compound (3.30) (0.50 g, 2.00 mmol) was dissolved in a.a,a-trifluorotoluene. N- 

Bromosuccinimide (0.53 g, 3 mmol) and 2, 2 '-azocyclohexanecarbonitrile (0.50 g, 0.2 mmol) 

were added to the mixture which was stirred at room temperature. A UV light was shone at the 

flask to initiate the reaction. However TLC showed that nothing had happened. Two 150W 

lamps were then used to replace the UV light source, and the mixture started turning orange. 

After 5 mins, it had turned a pale yellow. TLC showed that there were 8 distinct spots. No 

further effort was made to purify this compound.

6.2.21 Synthesis of (E) 5-(2,3,4-trimethoxyphenyl) pentanoic acid (3.33E).

3-Carboxypropyl triphenylphosphonium Bromide (6.50 g, 15.1 mmol) was stirred in dry THF 

(15 mL) under N2. The suspension was stirred at room temperature for 15 min before the 

addition o f a 1 M solution of NaHMDS in THF (30 mL, 30 mmol). This was stirred for a further 

30 min resulting in the formation of a red solution. This solution was placed in a cooling bath at 

-70 °C and allowed 30 min to cool to this temperature. A solution o f 2, 3, 4- 

trimethoxybenzaldehyde (2.55 g, 13.2 mmol) in dry THF (5 mL) was prepared and then added 

dropwise to the flask over 5 min. The reaction was stirred for 2 h at the low temperature before 

the temperature o f the cooling bath was allowed to rise to 0 °C. At this temperature, the reaction 

was quenched with 2 M aq. HCl (50 mL). The acidic solution was washed with Et20 (3><50 

mL). The organic layer was washed with 2 M aq. NaOH (3x40 mL) so as to isolate the acidic 

compound. The basic layer was re-acidified using 2 M aq. HCl to a pH o f 4 and the product was 

extracted using Et20 (3x50 mL). The combined organic extracts were dried over MgS0 4  before 

being concentrated to a yellow oil. The product was isolated as a colourless solid by column 

chromatography using hexane/EtOAc 2:1 as the mobile phase.

Yield: 2.37 g, 8.9 mmol, 68%.
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'H NMR (CDCI3 , 400MHz) 6„ ppm: 2.48 -2.61 (m, 4H, 2XCH2), 3.87 (s, 3H, CH3), 3.88 (s, 

3H, CH 3 ), 3.89 (s, 3H, CHj), 5.61-5.70 (m, IH, CH alkene), 6.14 (d. J=16.04 Hz. IH, CH 

alkene), 6.67 (d, J= 8 . 8  Hz, IH, ArH), 7.13 (d, J=8.5 Hz, IH, ArH).

'^C NMR (CDCI3 . 100.71 MHz) 8 c ppm: 27.8 (CHj), 33.4 (CHj), 55.5 (CH 3 ), 60.4 (CH,), 60.6

(CH,), 107.2 (CH), 120.2 (CH). 123.9 (Q), 124.8 (CH), 127.0 (CH), 141.8 (Q), 150.6 (Q), 152.4 

(0 ), 178.2(0).

HRMS (-ESI): Calculated Mass 266.1154. Found 265.1072 (M ).

(DCM)/cm ‘: 3482 (COOH stretch), 2937 (CH stretch). 2841 (CH stretch). 1776, 1737

(COOH stretch). 1595, 1495, 1416, 1291, 1200, 1014, 798, 696.

6.2.22 Synthesis  o f  (3-m ethoxypropyl)  tr iphenylphosphonium  brom ide (3.35) .

Compound (3.32) (10.00 g, 23.3 mmol) was dissolved in MeOH (500 ml.) and stirred at room 

temperature. Hydrogen chloride gas was added to the flask until the pH o f the reaction mixture 

had reached pH 1 before further stirring for 3 h. The MeOH was removed by rotary evaporation 

to yield a yellow oil. This was reconstituted in DCM (50 mL) and unreacted starting material 

was removed using a 5% aq. NaHCO, solution (4x30 mL). The DCM solution was dried over 

MgS0 4  and dried in vacuo to yield the product as a colourless solid.

Yield: 6.73 g, 15.2 mmol, 65%.

'H NMR (CDCI3, 400MHz) 6„ ppm: 1.95 (broad s, 2H, C J i) , 2.67 (broad s, 2H, CH2 ), 3.13 

(broad s, 2H, CH2 ), 3.67 (s, 3H, OMe). 7.67-7.89 (m, 15H, 15xArH).

'^C NMR (CDCI3,100.71 MHz) 6 c ppm: 0.5 (CH 2 ), 17.6 (CHj), 32.6 (CH 2 ), 51.3 (CH 3 ), 130.0 

(Q), 133.0 (Q), 134.7 (Q), 173.2 (C=0).

^'P NMR (CDCI3 ) 6 p: 25.39 (s).

HRMS: Calculated Mass 442.0697. Found 363.1503 M* .

V „ , a x  (DCM)/cm ‘ :  3499 (OH stretch), 1642, 1438, 1190, 1113, 996, 723, 690, 542.

Melting point: 182-189°C
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6.2.23 Synthesis of (Z)-methyl 5-(2,3,4-trimethoxyphenyl)pent-4-enoate (3.36).

Freshly ground (3.35) (5.00 g. 11.27 mmol) was stirred in dry THF (10 mL) under N 2 . To the 

resulting suspension was added 1 M NaHMDS in THF (22.5 mL, 22.5 mmol) dropwise, 

resulting in the formation o f a dark red solution. After 30 min, a solution o f 2, 3, 4- 

trimethoxybenzaldehyde (2.21 g, 11.27 mmol) in THF (5 mL) was added dropwise. After 2 h, 

TLC showed that the reaction had gone to completion. 2 M aq. HCl (50 mL) was added, and the 

product was extracted by washing with Et2 0  (3x50 mL). The combined organic extracts were 

dried with MgS0 4  and concentrated in vacuo yielding a yellow oil. Column chromatography 

was used to isolate the product using a 10:1 hexane/EtOAc mixture as the mobile phase.

'H  NM R (CDCI3 , 400MHz) 8 „ ppm ; 2.38-2.42 (m, 2H, C J i) , 2.53-2.58 (m, 2H, CHj), 3.63 (s, 

3H, OMe). 3.79 (s, 3H, OMe). 3.84 (s, 3H, OMe), 3.85 (s, 3H, OMe). 5.55-5,62 (m, IH, alkene 

CH), 6.47 (d, J= n .3 6 H z, IH, Alkene CH), 6,62 (d, J= 8 .6 Hz, IH, ArH), 6.92 (d, J= 8 .6 Hz, IH, 

ArH),

'^C NM R (CDCI3 , 100.71 M Hz) 6 , ppm : 23.7 (CH 2 ), 28.1 (CHj), 51.1 (CH 3 ), 55.5 (CH 3 ), 60.5 

(CH3 ), 107.1 (CH), 120,1 (CH), 123.5 (Q), 124.0 (CH), 127.3 (CH), 141.8 (Q), 150.6 (Q), 152.3 

(Q), 173.0 (C=0).

HRMS: Calculated Mass 280.1311. Found 279.1334 (M-H)'.

V„,a, (DCM )/cm-‘: 2944, 2843, 1736, 1682, 1590, 1495, 1417, 1290, 1115, 1035, 806,515.

6.2.24 Synthesis of (Z)-5-(2,3,4-trimethoxyphenyl)pent-4-enoic acid (3.33Z).

Compound (3.36) was dissolved in MeOH (35 mL). To this mixture, was added 2.5 M aq. 

NaOH (10 mL). The mixture was stirred for 30 min before TLC showed that the methyl ester 

had been completely hydrolysed. H2O (30 mL) was added to the mixture and MeOH was 

removed in vacuo. This aqueous solution was washed with Et2 0  (3x30 mL), removing any 

remaining 2, 3, 4-trimethoxybenzaldehyde. The aqueous layer was thus acidified with 2 M aq.
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HCl and washed with Et2 0  (3x50 mL). The combined organic extracts were dried over MgS0 4  

and concentrated to yield the product as a colourless oil.

Yield: 1.95 g. 7.33 mmol, 65% over two steps).

'H NMR (CDCI3 , 400MHz) 8 „ ppm: 2.47-2.51 (m, 2H, CHb), 2.56-2.64 (m, 2H, CH 2 ), 3.85 (s, 

3H, CH.,), 3.89 (s, 3H, CH.,), 3.90 (s, 3H, CH 3 ), 5.62-5.68 (m, IH, alkene CH), 6.53 (d. 

J= 11.52Hz, 1H, CH 2 alkene), 6.67 (d, J= 8 .6 Hz, 1H, ArH), 6.95 (d, J=8.56Hz, 1H, ArH).

'"C NMR (CDCI3 , 100.71 MHz) 8 eppm: 23.4 (CH 2 ), 33.6 (CHj), 55.5 (CH 3 ), 60.5 (CH 3 ), 106.4 

(CH), 123.4 (Q), 123.7 (CH), 124.9 (CH), 129.0 (CH), 141.8 (Q). 151.2 (Q), 152.4 (Q). 178.7 

(C =0).

HRMS(+ESI): Calculated Mass 266.1154. Found 265.1031 (M-)'.

V„ 3 x (DCM)/cm ':  3482, 2937, 2841, 1776, 1737, 1595, 1495, 1416, 1291, 1200, 1014, 798, 

696.

6.2.25 Synthesis o f (Z)-6,7-dihydro-l,2 ,3-trim ethoxybenzo|7 |annulen-5-one (3.34).

(3.33Z) was dissolved in dry DCM (10 mL) and stirred on ice under a blanket o f N 2 for 5 min. 

Dry DMF (3 drop) was then added, followed by the dropwise addition o f a 2 M oxalyl chloride 

solution in DCM (1.4 mL, 2.8 mmol). After 30 min the ice bath was removed and the 

temperature was gradually allowed to rise to room temperature. After 45 min, the reaction 

vessel was heated to 45 °C for the next 45 min. The mixture was placed under high vacuum for 

3 h. At the end o f this period, DCM (15 mL) was added and the mixture was stirred in an 

ice/NaCi bath at -15 ”C. SnCU (1 M in DCM) was added dropwise (0.81 mL, 0.81 mmol). The 

mixture was stirred at this temperature for the next hour. Upon completion, brine (35 mL) was 

used to quench the reaction. The aqueous layer was washed with Et2 0  (3x40 mL). The organic 

extracts were dried over MgS0 4  and on the rotary evaporator at room temperature. This yielded 

a violet oil which was purified by column chromatography (hexane/EtOAc 8:1) to give the 

product as a colourless oil.

Yield: 0.38 g. 1.53 mmol, 63%.
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'H NMR (CDCI3 , 400MHz) 8h  ppm: 2.47 (dd. J= 11.8Hz,J=5.8Hz, 2H, CH2 ), 2.92-2.95 (m, 

2H, CH2 ), 3.85 (s, 3H, CH3 ), 3.93 (s, 3H, CH 3 ), 3.95 (s, 3H, CH3 ), 6.20-6.25 (m, IH, alkene 

CH), 6 . 8 6  (d, J=7.4Hz, IH, C=CH), 7.31 (s, IH, ArH).

'^C NMR (CDClj, 100.71 MHz) 8 c ppm: 23.6 (CH 2 ), 43.0 (CH2 ), 55.9 (CH.,), 60.9 (CH 3), 61.2 

(CH3 ), 108.3 (CH), 123.5 (CH), 124.3 (Q), 131.7 (CH). 132.8 (Q), 146.0 (Q), 151.4 (Q), 152.0 

(Q), 201.6 (C=0).

HRMS: Calculated Mass 248.1049. Found 247.0951 (M-H)'.

V„ax(DCM)/cm ‘: 2942, 1732 (C =0), 1657, 1461, 1339, 1115, 667.

6.2.26 Synthesis o f 3,4,5,6-tetrahydro-6-hydroxy-7,8,9-trim ethoxy-2-oxo-2H - 

benzo|b|oxocin-5-yl 3-chlorobenzoate (3.38).

(3.34) (0.15 g, 0.6 mmol) was dissolved iti DCM (3 mL) and stirred at room temperature for 10 

min. To this, a solution o f MCPBA (0.14 g, 0.6 mmol) in DCM was added drop-wise. After 13 

h, 10% NaHS0 4  (25 mL) was added to quench the reaction. The product was extracted with 

DCM (3x20 mL) and the combined organic extracts dried over MgS0 4  and concentrated by 

rotary evaporation. Column (2:1 hexane/EtOAc) isolated the product as a colourless solid.

Yield: 0.09 g, 0.21 mmol, 35%.

'H NMR (CDCI3 , 400MHz) §„ Ppm: 1.60-1.65 (m, IH), 1.97-2.01 (m, 2H, CH,), 2.26-2.31 

(m, IH), 3.86 (s, 3H, CH3 ), 3.89 (s, 3H, CH 3 ), 3.93 (s, 3H, CH,), 4.64 (s, IH, CH-O), 4.77 (d, 

J=8.44Hz, IH), 5.82 (s, IH), 6.90 (s, IH), 7.34-7.36 (m, IH), 7.36-7.38 (m, IH), 7.98 (d, 

J=7.8Hz, IH), 8.08 (s, IH).

'^C NMR (CDCI3 , 100.71 MHz) 8 c ppm: 24.4 (CH 2 ), 37.4 (CH2 ), 56.0 (CH 3), 60.7 (CH 3 ), 60.9 

(CH 3), 65.8 (CH 2 ), 69.3 (CH), 101.3 (CH), 103.2 (Q), 115.6 (Q), 128.0 (CH), 129.6 (CH), 129.8 

(CH), 132.0 (Q), 133.0 (CH), 134.5 (Q), 137.8 (Q), 141.5 (Q), 152.9 (Q), 154.6 (Q), 164.7 (Q). 

HRMS (+c ESI): Calculated 436.0925. Found 459.0632 (M+Na ).
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6.2.27 Synthesis o f 6,7,8,9-tetrahydro-8,9-epoxy-l,2,3-

trim ethoxybenzo[7]annulen-5-one (3.37).

(3.34) (0.10 g, 0.4 mmol) was dissolved in DCM (4 mL) and 10% sodium carbonate solution 

(10 mL). This biphasic mixture was stirred at 0 °C for 10 min. A solution of MCPBA (0.17 g, 

0.69 mmol) in DCM was also prepared. This was added dropwise to the biphasic mixture over 5 

min. TLC (hexane/EtOAc 4:1) was used to monitor the progress o f the reaction. After 2.5 h, 

DCM (30 mL) and 10% aq. Na2C0 3  (20 mL) was added and the DCM layer was separated. This 

was washed with 10% aq. Na2C0 3  (4x20 mL). 5% aq. NaHCO.^ (20 mL) and brine (20 mL). 

The DCM extract was dried over MgS0 4  and concentrated in vacuo. The product was isolated 

using column chromatography (4:1 hexane/EtOAc).

Yield: 0.06 g, 0.216 mmol. 54%.

'H NMR (CDCI3, 400MHz) 6„ ppm: 2.16-2.29 (m. 2H, CLb), 2.55-2.62 (m, IH), 2.83-2.91 

(m. IH), 3.64-3.67 (m. IH. CH), 3.89 (s, 3H, Chb), 3.94 (s, 3H, CH3), 3.97 (s, 3H, CLb), 4.29 

(d, J=4.28Hz, IH, CH), 6.91 (s, IH, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6 , ppm: 21.8 (CH 2 ), 37.9 (CHj), 51.4 (CH), 55.5 (CH), 55.9 

(CH), 60.4 (CH 3 ), 60.4 (CHj), 61.1 (CH.,), 107.4 (CH), 120.7 (Q), 129.3 (Q), 144.6 (Q), 152.9 

(Q), 153.2 (Q), 203.2 (C=0).

HRMS (+ESI): Calculated Mass 264.0998. Found 265.1079 (M+H ).

(DCM )/cm ‘: 2941, 1717, 1590, 1464, 1342, 1290, 1119, 1031, 930, 801.

6.2.28 Synthesis o f 6,7,8,9-tetrahydro-8-hydroxy-l,2,3-

trim ethoxybenzo|7|annulen-5-one (3. 17).

6, 7, 8, 9-tetrahydro-8, 9-epoxy-1, 2, 3-trimethoxybenzo [7] annulen-5-one (0.04 g, 0.15 mmol) 

was dissolved in EtOAc (5 mL). To this stirring solution was added Palladium (5% on Carbon) 

(catalytic amount). The round bottomed flask was equipped with a Hydrogen balloon and the 

reaction proceeded for a further 3 h. The palladium was removed by filtration and the filter

247



paper was washed with EtOAc. EtOAc was removed in vacuo and the product was isolated as a 

colourless oil by column chromatography (hexane/EtOAc 1:1).

Yield: 0.03 g. 0.11 mmol, 72%.

Characterisation of this compound is previously documented. (Section 6.2.18).
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6.3 Chapter 4 Synthesis

6.3.1 Synthesis of l-(9-(3-((tert-butyldimethylsilyl)oxy)-4-inethoxyphenyl)-7- 

hydroxy-2,3,4-trimethoxy-5H-benzo[71annulen-6-yl)ethanone (4.20).

(2.07) (0.07 g, 0.144 mmol) was dissolved in dry THF (1 mL) under a blanket o f N 2 and stirred 

at -78 °C. To this solution was added dropwise a 0.25 M solution o f LDA (1.16 mL, 0.29 

mmol). The mixture was stirred for 10 min affording a dark red solution. Pyruvonitrile (0.011 g, 

0.144 mmol) was dissolved in THF (0.5 mL) and added dropwise to the red solution over 2 min. 

After stirring for 1 h at -78 °C, the reaction was quenched using 0.5 M aq. HCl (20 mL) and 

washed with Et2 0  (3x15 mL). The combined organic extracts were washed with H2 O (2x20 

mL) and dried using MgS0 4 . After concentration in vacuo, the product was purified using 

column chromatography (hexane/EtOAc 8 :1) to yield the product as a red viscous oil.

Yield: 0.06 g. 0.113 mmol, 79%.

'H NMR (CDCI3 , 400 MHz) 6 „ ppm: 0.18 (s, 6 H, 2xCH,), 1.01 (s, 9H, tBu). 1.28 (br s, 2H, 

CH 2 ), 2.51 (s, 3H. OCH 3 ), 3.63 (s, 3H. OCH.,), 3.88 (s, 3H, OCH,), 3.92 (s, 3H, OCH,), 4.02 (s, 

3H, OCH 3 ), 6.38 (s, IH), 6.62 (s, IH), 6 . 8 8  (d, J=8.46Hz, IH, ArH), 6.94 (d, J=4.46Hz, IH, 

ArH), 7.01 (dd,J=8.36Hz, 4.8Hz. IH, ArH), 15.62 (s, lH ,C=C -O H ).

'^C NMR (CDCI3 , 100.71 MHz) 6, ppm: -4.4 (CHj), 1.2 (CH 3 ), 18.6 (Q), 23.6 (CH 2 ), 25.8 

(CH 3 ), 55.4 (CH 3 ), 56.0 (CH 3 ), 60.9 (CH 3 ), 61.4 (CH,), 109.3 (CH), 110.7 (Q), 111.5 (CH), 

121.9 (CH), 123.0 (CH), 123.4 (CH), 127.7 (Q), 132.1 (Q), 135.0 (Q), 143.7 (Q), 144.7 (Q), 

148.7 (0 ), 150.9 (Q), 151.6 (Q), 151 .7(0), 174.83 (C=C-OH), 197.4 (C=0).

MS (-(- ESI): Calculated Mass 526.2387. Found 525.2319 (M-H)'.

V„,a, (DCM)/cm ': 3400 (-OH), 3055, 2931, 1711, 1510, 1266, 1119, 740.
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6.3.2 Synthesis o f l-(7-hydroxy-9-(3-hydroxy-4-m ethoxyphenyl)-2,3,4- 

triinethoxy-5H-benzo[71annulen-6-yl)ethanone (4.18).

To a stirred solution o f (4.20) (0.04 g, 0.075 mmol) in THF (1 mL) was added a 1 M TBAF 

(0.04 mL, 0.075 mmol) in THF. The mixture was stirred for 10 min. TLC (hexane/EtOAc 1:1) 

showed complete consumption of starting materials. The solvents were removed in vacuo and 

the remaining residue was placed directly on a column. The product was isolated as a yellow- 

red solid using a mobile phase system of hexane/EtOAc (2:1).

Yield: 0.028 g, 0.067 mmol, 90%.

‘H NMR (CDCh, 400 MHz) 6„ ppm: 1.29 (br s, 2H, CHj) 2.52 (s, 3H, OCH3 ), 3.66 (s, 3H, 

OCH3), 3.89-3.91 (m, 2H, CH2 ), 3.94 (s, 3H, OCH,), 3.96 (s, 3H, OCH 3 ), 4.01 (s, 3H, OCH3 ), 

5.69 (s, IH, ArOH), 6.41 (s, IH), 6.65 (s, IH), 6.89 (d, J=8.32Hz, IH, ArH), 6.98-7.02 (m, 2H, 

2xArH), 15.57 (s, IH, C=C-OH).

'-*C NMR (CDCI3, 100.71 MHz) 8eppm: 23.6 (CHj), 25.6 (CH.,), 56.0 (CHj), 56.1 (CH 3 ), 60.9 

(CH 3), 61.4 (CH3 ), 109.4 (CH), 110.3 (CH), 110.7 (Q), 115.6 (CH), 121.2 (CH), 123.7 (CH), 

127.8 (Q), 132.0 (Q), 135.7 (Q), 145.4 (Q), 147.2 (Q), 148.7 (Q), 150.9 (Q), 151.6 (Q), 174.7 

(C=C-OH), 197.5 (C=0).

MS (+ ESI): Calculated Mass 412.1522. Found 411.1495 (M-H)'.

Melting point: 75-78 °C.

V„,a, (DCM)/cm'': 3430 (OH stretch), 2938, 2851, 1736 (C =0 stretch), 1582, 1554, 1509, 

1492, 1289, 1117, 1029, 963,703.
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6.4 Chapter 5 Synthesis

6.4.1 Synthesis o f  (Z )-8 ,9 -d ih yd ro-5 -(3 -h yd roxy-4 -m eth oxyp h en y l)-l,2 ,3 -  

tr im eth oxyb en zo |7 ]an n u len -7 -on e (2.01).

To a stirred solution o f (2.07) (0.20 g, 0.41 mmol) in THF (1 mL) under N 2 at 0 °C was added a 

1 M solution TBAF (0.041 mL, 0.41 mmol) in THF. The mixture was stirred for 10 min. After 

TLC (hexane/EtOAc 1:1) had shown complete consumption o f starting materials, the solvents 

were removed in vacuo and the remaining residue was placed directly on a column. The product 

was isolated as a yellow solid using a mobile phase system o f hexane/EtOAc (2:1).

Yield: 0.11 g. 0.29 mmol, 73%.

'H NMR (CDCI3, 400MHz) 8 „ ppm: 2.72 (2H, t. J=7Hz, CH.), 3.16 (2H. t, J=6 Hz CH 2 ). 3.65 

(3H, s, CH.,), 3.90 (3H, s, CH.,), 3.91 (3H, s, CH,), 3.93 (3H, s, CH,), 5.63 (IH , s, br, ArOH), 

6.39 (1H, s, C=CH), 6.39 (1H, s, ArH), 6.87 (1H, d, J=8.3Hz ArH), 6.92 (2H, m, 2x ArH).

'^C NMR (CDCI3, 100.71 MHz) 6 , ppm: 20.1 (CH 2), 27.5 (CH 3), 55.9 (OMe). 55.9 (CH,), 60.8 

(CH,), 61.3 (CH,). 110.0 (CH,). 111.8 (CH), 115.3 (CH), 121.0 (CH), 128.0 (CH), 129.0 (Q), 

132.3 (Q), 135.9 (Q), 143.1 (Q). 145.1 (Q), 147.2 (Q), 149.8 (Q), 151.0 (Q), 151.5 (Q), 204.0 

(C =0).

MS (+ ESI): Calculated Mass 370.1416. Found 369.1561 (M-H)'.

V„ax (DCM)/cm ': 2099, 1643, 1509, 1493.

Melting point: 149-152 °C.

6.4.2 Synthesis o f  (5.09)

Under an atmosphere o f N 2 . a solution o f (2.01) (0.0232 g, 0.062 mmol) was dissolved in dry 

DCM (2 mL). To this solution was added artesunate (0.0240 g. 0.062 mmol) in DCM (1 mL). 

followed by EDCl (0.0144 g. 0.075 mmol) in DCM (1 mL) and finally by a solution of DMAP
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(0.031 g, 0.250 m mol) in DCM (1 mL). The m ixture was stirred under these conditions for 12 h. 

Extraction between 5% aq. N a 2 C 0 3  (20 mL) and Et2 0  (3 x 20 mL) afforded the product. The 

com bined organic layers were washed with H 2 O (20 mL) and dried using M gS 0 4  and 

concentrated in vacuo to yield the product in crude form. Following column chrom atography 

(Hexane/EtO A c 3:1), the desired com pound was isolated as a colourless solid.

Yield: 0.027 g, 0.036 mmol, 59.3%.

'H NM R (CDCI3 , 400M H z) 6 h ppm; 0.84 (d, J=7 Hz, 3H, CH 3 ), 0.97 (d, J= 6  Hz, 3H, CH j), 

1.02-1.13 (m, 2H, 2xring C H 2 ), 1.27-1.37 (m, 3H, 2xC H . lu ring  CH 2 ), 1.43 (s, 3H, C H 3 ), 1-46- 

1.56 (m, IH, ring CH 2 ), 1.59-1.67 (m, IH , ring CH), 1.70-1.79 (m, 2H, Ixring  CH, lu rin g  

C H ,), 1.86-1.92 (m, IH , ring CH 2 ), 2.00-2.08 (m, IH , ring CHj), 2.38 (td, J,=14.1 Hz, J2=4 Hz, 

IH, ring C J i ) ,  2.53-2.60 (m, IH , 2H, ring C H ,), 2.72 (dd. J,=7 Hz, J2=4.5Hz. 2H, C H 2 ), 2.85 

(q, J=7 Hz, 2H, CH 2 ), 2.90-3.02 (m, 2H, CH 2 ), 3.14 (t, J=6 Hz, 2H, ring CH ,), 3.63 (s, 3H, 

O C iii), 3.88 (s, 3H, O CH 3 ), 3.90 (s, 3H, O C H ,), 3.95 (s, 3H, OCH 3 ), 5.45 (s, IH , O -CH -C), 

5.82 (d, J=10 Hz, IH , O-CH-O), 6.37 (s, IH), 6.39 (s, IH), 6.98 (d, J=8.5 Hz, IH), 7.01 (d, J=2 

Hz. 1H), 7.29 (dd, J = 8.4 Hz, J = 2 Hz, 1H).

'^C NM R (CDCI3 , 100.71 M Hz) 8 c ppm: 1 1 .6 (C H 3 ), 19.7 (CH 2 ), 19.8 (C H ,), 21.5 (C H j), 24.1 

(CH 2 ), 25.5 (CH 3 ), 28.1 (CH 2 ), 28.7 (CH j), 29.2 (C H 2 ), 31.3 (CH), 33.6 (CH 2 ), 35.7 (C H 2 ), 36.8 

(CH), 44.7 (CH), 45.2 (C H 2 ), 51.1 (CH), 55.5 (2 XCH3 ), 60.5 (CH 3 ), 61.0 (CH 3 ), 79.7 (Q), 91.1 

(CH), 91.8 (CH), 104.0 (Q), 111.2 (CH), 111.5 (CH), 123.6 (CH), 127.1 (CH), 127.9 (CH), 

128.7 (Q), 131.6 (Q), 134.6 (Q), 138.7 (Q), 142.8 (Q), 149.5 (Q), 150.2 (Q), 150.7 (Q), 151.3 

(Q), 169.8 (C = 0 ), 170.4 (C = 0 ), 203.6 (Q, C = 0).

MS (+ ESI): Calculated M ass 734.3302. Found 759.3032 (M+Na)".

M elting point: 117-124 °C.

V„ax (D C M )/cm  ':  3418, 2925, 1756, 1657, 1453, 1362, 1116, 764.
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6.4.3 Synthesis of (5.10).

Under an atmosphere o f Nj, a solution o f (2.07)  (0.09 g, 0.18 mmol) was dissolved in dry DCM 

(2 mL). To this solution was added artesunate (0.072 g, 0.18 mmol) in DCM (1 mL) followed 

by EDC (0.0426 g, 0.222 mmol) in DCM (1 mL) and finally by a solution o f DMAP (0.090 g, 

0.74 mmol) in DCM ( I mL). The mixture was stirred under these conditions for 48 h. Extraction 

between H2O (20 mL) and Et2 0  (3x20 mL) afforded the product. The combined organic layers 

were dried using MgS0 4  and concentrated in vacuo to yield the product in crude form. 

Following column chromatography (hexane/EtOAc 3:1), the desired compound was isolated as 

a colourless solid.

Yield: 0.07 g, 0.082 mmol, 46%.

'H NMR (CDCI3, 400MHz) 8„ ppm: 0.14 (d, J=5Hz, 6 H, C l i ) ,  0.86 (d, J= 6  Hz, 3H, CH.,), 

0.97 (d, J= 6  Hz, 3H, CH.,), 0.98 (s, 9 H ,’Bu), 1.32-1.37 (m, 4H), 1.44 (s, 3H, CH3), 1.45-1.5 (m, 

3H), 1.60-1.67 (m, 2H), 1.70-1.84 (m, 2H), 1.86-1.94 (m, 1H), 2.00-2.22 (m, 3H), 2.33-2.44 (m, 

2H), 2.50-2.63 (m, 2H), 2.65-2.81 (m, 2H), 3.01-3.10 (m, IH), 3.63 (s, 3H, OCH 3 ), 3.82 (s, 3H, 

OChb), 3.91 (s, 3H, OCH.,), 3.92 (s, 3H, OCH 3 ), 5.13-5.23 (m, IH, CHOH), 5.46 (s, IH, 

OCHC), 5.83 (d, J= 9.5 Hz, IH, OCHO), 6.12 (d, J= 5Hz, IH, C=CH) 6.35 (s, IH, ArH), 6.76 

(d, J=2.1 Hz, IH, ArH), 6.81 (d, J=6.7Hz. 1H, ArH), 6 . 8 8  (d, J=6.7Hz, 2.1 Hz, 1H, ArH).

'^C NMR (CDCI3, 100.71 MHz) 6 , ppm: -5.0 (CH 3 (TBDMS)), 11. 6  (CH,), 18.0 (Q(TBDMS)), 

19.8 (CH.,), 21.0 (CH 2 ), 21.5 (CHj), 24.1 (CH 2 ), 25.3 (CH.,.'Bu), 25.5 (CH,), 28.6 (CHj), 28.8 

(CH 2 ), 29.2 (CH 2 ), 31.3 (CH), 33.6 (CHj), 35.7 (CH 2 ), 36.8 (CH), 39.6 (CH 2 ), 44.8 (CH), 51.0 

(CH), 55.0 (CH 3 ), 55.5 (CH 3 ), 60.4 (CH,), 61.2 (CH 3 ), 70.7 (Q), 72.0 (CH), 91.0 (CH), 91.7 

(CH), 104.0 (0 ), 108.5 (CH), 111.1 (CH), 120.3 (CH), 121.1 (CH), 126.0 (CH), 126.9 (Q),

133.4 (Q), 134.5 (Q), 139.2 (Q), 141.1 (Q), 144.1 (Q), 150.2 (Q), 150.3 (Q), 150.7 (Q), 170.7 

(C =0), 170.9 (C =0).

MS (+ ESI): Calculated Mass 852.4324. Found 875.4000 (M +Na)'.

Melting point: 126-129 °C.

(DCM)/cm ': 3517, 2929, 1737, 1509, 1263, 1115, 1036, 839.
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6.4.4 Deprotection to yield

To a stirred solution o f (5.10) (0.05 g, 0.058 mmol) in dry THF (2 mL) under an atmosphere of 

N 2 at 0 “C was added 1 M TBAF in THF (0.10 mL, 0.10 mmol). After stirring for 10 min, the 

product was extracted using Et2 0  (3x20 mL) and H2 O (20 mL). The combined organic extracts 

were dried using MgS0 4  and concentrated in vacuo. The resultant residue was purified using 

flash column chromatography (hexane/EtOAc 1:1), yielding (5.11) as a colourless solid.

Yield: 0.04 g, 0.052 mmol, 92%.

'H NMR (CDCI3, 400MHz) 6h  ppm: 0.82 (d, J=7.20 Hz, 3H, CH 3 ), 0.94 (d, J= 6  Hz, 3H, C J i) , 

0.98-1.05 (m, IH, ring CH2 ), 1.21-1.37 (m, 4H, 2xring CH, 2xring CH2 ), 1.40 (s, 3H, CH3 ), 

1.42-1.52 (m, IH, ring CH2 ), 1.55-1.63 (m, IH, ring CH), 1.65-1.78 (m, 2H, 2 ><ringCH2 ), 1.82- 

1.91 (m, IH, r in g C ii) ,  1.96-2.05 (m, 1H, ring CH2 ), 2.07-2.14 (m, IH, ring CH), 2.28-2.40 (m, 

2H, 2xring CH2 ), 2.45-2.73 (m, 7H, 2 xCH 2 ,ring CH, 3xring CH 2 ), 3.01-3.10 (m, IH, C J i) , 3.65 

(s, 3H, CH,), 3.87 (s, 3H, CH 3 ). 3.88 (s, 3H, CH,). 3.89 (s, 3H. CFb), 5.13 (ddd, J= 10.4 Hz. 

7.7Hz. 5.0Hz, IH, CHOC), 5.40 (br s, IH, -OH), 5.41 (s, IH, OCHC), 5.76 (d, J=9.8 Hz, IH, 

OCHO), 6.10 (d, J= 5 Hz. IH, C=CH), 6.32 (s, IH, ArH), 6.76 (s, 2H, 2xArH), 6 . 8 6  (s, IH, 

ArH).

'^C NMR (C D C I3,100.71 MHz) 8cppm: 12.1 (CH 3), 20.2 (CH 3 ), 21.5 (CH 2), 22.0 (CH 2 ), 24.6 

(CH 2), 26.0 (CH 3), 29.1 (CH2 ), 29.2 (CH 2 ), 31.8 (CH), 34.1 (CH 2 ), 36.2 (CH2 ), 37.3 (CH), 40.0 

(CH 2 ), 45.2 (CH), 51.6 (CH), 56.0 (CH 3 ), 56.1 (CH 3 ), 60.9 (CH 3 ), 61.6 (CH 3 ), 72.5 (CH), 80.2 

(Q), 91.5 (CH), 92.2 (CH), 104.5 (Q), 109.0 (CH), 110.3 (CH), 114.3 (CH), 120.0 (CH), 127.0 

(CH), 127.4 (Q), 134.5 (Q), 134.8 (Q), 139.6 (Q), 141.7 (Q), 145.3 (Q), 146.3 (Q), 150.8 (Q), 

151.3 (Q), 171.2 (C =0), 171.4 (C=0).

HRMS (+ ESI): Calculated Mass 736.3459 Found 735.3376 (M-H)'.

Melting Point: 109-114 °C.

V„ax (D C M )/cm '': 3429, 2857, 1737, 1509, 1406, 1264, 1115, 1036, 839, 737.
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6.4.5  S ynthesis o f  9 -(3-hyd roxy-4-m eth oxyph en yl)-2 ,3?4-tr im eth oxy-6 ,7-d ih yd ro- 

5H -b en zo[7]an n u len -7-o l (5.12).

To a stirred solution of (2.07) (0.30 g, 0.62 mmol) in THF (1 mL) under N 2 at 0 °C was added a 

1 M solution TBAF (0.62 mL, 0.62 mmol) in THF. The mixture was stirred for 10 min. After 

TLC (hexane/EtOAc 1:1) had shown complete consumption o f  starting materials, the solvents 

were removed in vacuo and the remaining residue was placed directly on a column. The product 

was isolated as a yellow oil using a mobile phase system of hexane/EtOAc (2:1).

Yield: 0.20 g. 0.53 mmol, 86%.

'H  NM R  (CDCI3, 400MHz) 8h ppm: 2.06-2.14 (IH, m, CH 2 ), 2.29-2.37 (IH, m, CH 2 ), 2.26- 

2.55 (1H, m, CHb), 2.63 (1H, br s, OH), 2.99-3.04 (1H, m, CH,), 3.66 (3H, s, CH3), 3.88 (3H, s, 

CiiO, 3.89 (3H, s. CHi), 3.91 (3H, s. CH.,). 4.10-4.18 (IH, m, CHOH), 6.02 (IH, s br, OH), 6.28 

(1H, d. J = 5 Hz. C=CH), 6.36 (1H, s , ArH), 6.78 (2H, s, 2xArH), 6.89 ( IH, s, ArH).

'■’C NM R (CDCI3, 100.71 MHz) 6 , ppm: 21.1 (CHj), 43.3 (CH 2 ), 56.0 (2xOMe). 60.9 (OMe).

61.6 (OMe). 69.7 (CHOH), 108.8 (CH), 110.4 (CH), 114.4 (C=CH) 119.8 (CH), 128.0 (Q), 

131.8 (CH), 134.6 (0).  135.3 (Q), 138.5 (Q), 141.4 (Q), 145.4 (Q), 146.4 (Q), 150.7 (Q), 151.1 

(0).

M S (+  ESI): Calculated Mass 371.1573. Found 371.1484 (M-H)'.

(DCM )/cm '': 3411,2935, 2838, 1717, 1580.

6.4.6 Synthesis o f  (5.14).

To a stirred solution of (5.13) (0.10 g. 0.27 mmol) in dry DCM (2 mL) under a blanket of N 2 

was added sequentially artesunate (0.19 g, 0.54 mmol) in DCM (1 mL), EDCI (0.042 g, 0.27 

mmol) in DCM (1 mL) and DMAP (0.12 g, 1 mmol) in DCM (1 mL). The mixture was stirred 

for 72 h before the reaction was quenched in H2 O (20 mL) and washed with Et20 (3x20 mL). 

The combined organic extracts were dried over MgS 0 4  and filtered before concentration in 

vacuo isolated the product in crude from. The product was obtained as a colourless solid using
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Flash Colum n Chrom atography collecting each hom ogeneous fraction using hexane/EtO A c 1:1 

as mobile phase.

'H N M R  (C D C I3 , 400M H z) 6 h p pm : 0.81 (s, J= 7.20 Hz. 3H, CH 3 ), 0.94 (d, J=6.2 Hz. 3H, 

CH 3 ), 1.27-1.36 (m, 3H), 1.41 (s, 3H, CH.,), 1.43-1.51 (m, 2H), 1.57-1.62 (m, IH ), 1.66-1.78 

(m, 3H), 1.83-1.91 (m, 2H), 1.97-2.02 (m, IH), 2.05-2.14 (m, IH ), 2.27-2.37 (m, 2H), 2.43- 

2.60 (m, 3H), 2.80-2.85 (m, 2H), 2.87-3.04 (m, 3H), 3.67 (s, 3H, C H 3 ), 3.81 (s, 3H, CH 3 ), 3.87 

(s, 3H, CH 3 ), 3.89 (s, 3H, C H ,), 4.14-4.17 (m, IH , CHOH), 5.42 (s, IH , O CH C), 5.79 (d, J=9.90 

Hz. IH , OCHO), 6.27 (d, J=5.1 Hz, C=CH), 6.34 (s, IH , ArH), 6 . 8 8  (d, J= 8 . 6  Hz, ArH), 6.99 

(d, J= 2 .1 Hz, 1H, ArH), 7.13 (d, J= 8 . 6  Hz, 2.1 Hz, 1H, ArH).

'^C N M R  (C D C I3 , 100.71 M H z) 8 epp iti: 12.0 (C H 3 ), 20.2 (CH 3 ), 21.8 (C H 2 ), 22.0 (CH 2 ), 24.6 

(CH 2 ), 25.9 (CHj), 28.7 (CH 2 ), 29.3 (C H 2 ), 31.8 (CH), 34.1 (C H 2 ), 36.2 (C H 2 ), 37.2 (CH), 43.4 

(CH 2 ), 45.2 (CH), 51.5 (CH), 55.9 (C H 3 ), 56.0 (C H ,), 60.8 (CH 3 ), 61.5 (C H ,), 69.8 (CH), 80.1 

(0 ) , 91.5 (CH), 92.2 (CH), 104.5 (Q), 108.6 (CH), 112.0 (CH), 122.4 (CH ), 126.3 (CH), 128.1 

(0 ) , 132.1 (CH), 134.7 (Q), 137.8 (Q), 139.4 (Q), 141.5 (Q), 145.3 (Q), 149.0 (Q), 150.5 (Q), 

151.2 (Q), 170.3 (C = 0 ), 170.8 (C = 0).

MS (-1- ESI): Calculated Mass 736.3459. Found 737.3547 (M + H )’.

V„.,, (D C M )/cm '': 3499, 2928, 1757, 1510, 1150, 1017.

M elting poin t: 121-126 °C.
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Biological Experimental

7.1 Introduction

The biological activity o f the synthesised compounds was assessed using the APN inhibition 

assay, the MTT cell proliferation assay and the cell migration assay as described in their 

corresponding chapters. Prior to this evaluation, all residual solvents were removed upon 

placement o f the compounds in vacuo for several days. Stock solutions of compounds were 

obtained by weighing quantities using a microbalance and reconstituting in DMSO. Sequential 

dilution of these stock solutions afforded solutions o f appropriate concentration for assay.

7.2 Aminopeptidase N UV Spectrophotometric Assay

The APN inhibition activity o f the test compounds was determined using a UV 

spectrophotometric assay as detailed in Chapter 2.'^^’’ The enzymatic hydrolysis o f L-Leucine-/?- 

nitroanilide APN in the presence o f the test compounds was measured by spectrophotometry. 

By comparing the blank absorbance with the test absorbance the observed percentage inhibition 

was calculated.

7.2.1 Materials

Bestatin, aminopeptidase N, L-Leucine-/?-nitroanilide, Leucine aminopeptidase (microsomal 

from porcine kidney. Type Vl-S, lyophilized powder, 15-25 units/mg protein), and 4-(2- 

Hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES) were purchased from Sigma- 

Aldrich®. Greiner 96-well cell culture U-bottom microplates were purchased from Cruinn, 

Ireland.
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7.2.2 Equipment

Fluostar O ptim a 96 well plate reader equipped with a therm ostat function

7.2.3 Buffers and Solutions

HEPES buffer consisting o f  50 mM HEPES dry pow der and 154 mM NaCl was prepared with 

deionised water. The pH o f  the resultant solution was adjusted to 7.4 by the dropwise addition 

o f  2.5 M aq. NaOH aqueous solution. The buffer was then stored at 4 °C.

The substrate solution containing 2 mM L-Leucine-/?-nitroanilide was prepared using HEPES 

buffer.

The enzym e solution containing 95 mU leucine am inopeptidase was prepared using HEPES 

buffer.

7.2.4 Assay protocol

The 2 mM enzym e substrate (L-Leucine-/?-nitroanilide) solution (50 |iL) and HEPES buffer 

solution (40 ^L) were pipetted into each well o f  a 96 well plate. The test com pound solution (50 

HL), control containing DM SO (0.1% ) in HEPES buffer (50 |iL ) or 200 ^M  bestatin solution in 

HEPES (50 i^L) were then added to their assigned wells. Upon com m encem ent o f  the enzym atic 

hydrolysis upon addition o f  95 mU enzym e solution (10 |iL) to each well, each test well o f  the 

96 well plate contained a final volum e o f  200 ^L. The plate was incubated at 37 °C for 2 h. The 

absorbance at 405 nm was then determ ined using the Fluostar O ptim a m icroplate reader. The 

200 |iM  bestatin solution in HEPES acted as negative control w hile the solutions containing 

DM SO (0.1% ) in HEPES w ere used as positive controls. A blank containing HEPES buffer 

(150 |iL ) and substrate (50 |iL) only also acted as a negative control. Each concentration o f  

com pound was assayed in triplicate. Furtherm ore, all assays were carried out on three separate 

occasions. APN inhibitory activity w as determ ined by com parison to blank controls.
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7.2.5 Plate reader settings

M easurem ent typ e K in etic , 1 c y c le  o f  2 0  readings

A b sorb an ce w a v e len g th  4 0 5  nm  

T em perature 3 7  °C

Sh ak in g  O n ce before first m easurem ent, 15 seco n d s, d oub le orbital

7.2.6 Interpretation of data

P ercentage inh ib ition  w as ca lcu la ted  accord in g  to  the fo llo w in g  form ula:

P ercentage Inhib ition  (% ) =  [(b lank ab sorbance-test ab sorb an ce)/B lan k  absorbance] x  100

T he results w ere  an a ly sed  u sin g  G raphPad Prism  so ftw are. D o se -resp o n se  curves w ere ob tained  

by p lotting  the p ercen tage A P N  inh ib ition  (% ) against log  (com p ou n d  concentration ). N o n ­

linear regression  w as used  to an a ly se  the data. T he best fit IC 50  v a lu es ±  SE M  w ere  then  

ca lcu la ted  usin g  G raphPad Prism .

260



7.3 MTT Cell proliferation assay

T he M T T  assay w as  used to assess  the  antiproliferative activity  o f  the novel com pounds  

syn thes ised .  This  assay, initially descr ibed  by M osm ann  et is quantita tive  colorim etr ic  

assay  w h ich  detects  viable, but not dead  cells by generating  a signal proportional to the degree 

o f  ce llu lar  function  . In the  p resence o f  viable cells, the ye l low  te trazole M T T  is reduced  by an 

ac tive  m itochondria l reductase  en z y m e  system , to  afford  purple  fo rm azan  crystals.  These 

crysta ls  are then d isso lved  in D M S O  to g ive a co loured  solution w h o se  abso rbance  is detected 

us ing  the  m icroplate  reader.

7.3.1 Materials

D im ethyl su lfox ide (D M S O ).  thiazolyl b lue te trazolium  brom ide  (M T T ),  foetal bovine  serum  

(FB S),  s trep tom ycin /pen ic il l in  solu tion  and 0 .25%  tryps in /E D T A  so lu tion  w ere  all purchased 

from S igm a-A ldr ich® , Ireland. Phosphate  buffered  saline (PB S) tablets  w ere  purchased  from 

Invitrogen, Ireland. G re iner  C E L L S T A R ®  75 cm^ cell culture flasks and G re iner  96-well PS 

cell culture  U -bottom  m icrop la tes  w ere  purchased  from Cruinn, Ireland.

7.3.2 Equipment

Fluostar  O p tim a  96 well plate reader  equ ipped  with  a therm osta t  function  

N u A ire  class II b iological safety  cabinet

O ly m p u s  C K X 4 I  inverted m ic roscope  (M ason  Techno logy ,  Ireland)

7.3.3 Test compounds

All D M S O  stock so lu tions w ere  diluted in cell culture m ed ium  affo rd ing  a final D M S O  

concen tra t ion  o f  <  0.1% . Contro l so lu tions consis ted  o f  0.1 %  D M S O  in cell culture  m edium .
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7.3.4 Cell line

T he PC -3 hum an prostate ad en ocarcin om a ce ll line w as purchased from  L G C  Standards, U K . 

T he c e lls  w ere  cultured in F 12K  m edium  su p p lem en ted  w ith  10% F B S  and 10 m L /L  

p en ic illin /strep tom ycin  so lu tion . C ell cu lltures w ere  kept at 37  °C in a hu m id ified  atm osphere, 

con ta in in g  5%  C O 2 at all tim es.

7.3.5 Cell m aintenance and sub-culture

C ell culture exp erim en ts w ere perform ed in a N u A ire  c la ss  11 b io lo g ica l sa fe ty  cabinet, 

fo llo w in g  a scep tic  tech n iq u es at all tim es to prevent contam ination . T he c e lls  w ere cultured in 

75 cm^ ce ll cu lture fla sk s usin g  15 m L o f  co m p le te  m edium . T he ce ll culture m ed iu m  w as  

typ ica lly  rep laced  every  2 d ays. C ells  w ere m on itored  usin g  an O lym p u s C K X 41 inverted  

m icroscop e  (M ason  T ech n o lo g y , Ireland). C e lls  w ere sub-cu ltured  into fresh  flask s o n ce  they  

had reached 7 0 -80%  co n flu en ce . T he protocol fo llo w ed  for su b-cu lture w as as fo llo w s;

T he o ld  m edium  w as rem oved  from  the ce ll cu lture flask . T he ce ll m on o layer  w as g en tly  rinsed  

w ith  P B S  so lu tion  (1 0  m L ). T ryp sin /E D T A  so lu tion  (3 m L ) w as added and the c e lls  w ere  

incubated  at 37  °C  until 90%  o f  the c e lls  acquired  a rounded m orp h o logy . T h e flask  w as tapped  

to en cou rage detachm ent o f  the c e lls  and co m p le te  m edium  (5 m L ) w as added. T he con ten ts o f  

the flask  w a s then transferred to a sterile  cen tr ifu ge tube. T he flask  w as rinsed  w ith  a further 

aliquot o f  m edium  (5 m L ) and th is w as a lso  added to  the cen tr ifu ge tube. T he ce ll su sp en sion  

w as cen tr ifu ged  at 1000 rpm at 25 °C for 5 m in . T he supernatant w as rem oved  and fresh  

m edium  (2 -3  m L ) w as added to  the tube to re-susp en d  the ce ll p ellet. N e w  flask s con ta in in g  

fresh m edium  (1 5  m L ) at 3 7  °C  w ere prepared in parallel. T he ce ll su sp en sio n  w a s then su b ­

cultured into th ese  n ew  flask s at 1:4 or 1:6 seed in g  d en sitie s  and returned to th e  incubator. A fter  

2 4  h, the c e lls  w ere exam in ed  under the m icroscop e  and the m ed ium  w as rep laced  w ith  fresh, 

pre-equilibrated  m edium .
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7.3.6 Cell count

A haemocytometer was used to estimate the cells density in cell suspensions used in the MTT 

cell proliferation assay. Once cells reached 70-80% confluence, same procedure as above was 

followed. After the centrifugation step, the cell pellet was re-suspended in 10 mL o f  cell 

medium, upon removal o f  the supernatant. The haemocytometer was cleaned thoroughly with 

70% ethanol solution and the cover slip was affixed using gentle pressure and circular motions. 

The haemocytometer was filled by carefully pipetting the appropriate volume o f  suspension (10 

|iL) onto the haemocytometer, adjacent to the cover slip filling the haemocytometer by capillary 

action. The haemocytometer was then viewed under the microscope using the x4 objective lens 

to maintain focus on the grid lines. The number o f  cells in the 16 corner squares was counted 

using a hand tally counter. Cells were only included in the count if  they were within the square 

or positioned on the left or top boundary lines. This process was repeated for the 

haemocytometer’s 5 sets o f  corner squares (including the middle set o f  16 squares). The average 

count was obtained by dividing the total cell count for the 5 sets o f  squares by 5. The 

haemocytometer is designed so that the number o f  cells in on set o f  16 corner squares is 

equivalent to the number o f  cells x lOVml. Therefore, to calculate the number o f  cells/ml, the 

average count o f  cells was multiplied by 10 (depending on the total volume o f  cell suspension) 

and then by 1 O'*.

7.3.7 Assay protocol

PC-3 cells were seeded into a 96-well plate at a density o f  2000 cells per well using an 

appropriate volume o f  cell suspension. The volume o f  liquid in each well was then adjusted to 

180 nL. The plate was incubated for 24 h at 37 °C. Compound test solutions or control solutions 

o f  either CA-4 or 0.1% DM SO  blank (20 |iL) were then added to each well and the plate was 

incubated for 72 h at 37 °C. After incubation, the cell medium was removed and 0.5 mg/mL 

M TT solution in complete medium (200 |iL) was added. The plate was then incubated for a 

further 4 h. The supernatant was then removed from the plate and the purple formazan crystals
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d isso lv ed  in D M S O  (1 8 0  |iL ). A b sorb an ce v a lu es for the resu lting so lu tion s w ere ob tained  u sin g  

the F luostar O ptim a 96  w e ll p late reader. E ach com pou nd  concentration  w a s tested  in 

quadruplicate and each  experim ent w as perform ed three independent tim es.

7.3.8 Plate reader settings

M easurem ent typ e K in etic , 1 c y c le  o f  20  readings

A b sorb an ce w avelen g th  4 8 5  nm  

T em perature A m b ien t

S h ak in g  O n ce before  first m easurem ent, 10 seco n d s , d ou b le  orbital

7.3.9 Interpretation of data

T he percentage grow th  inh ib ition  w a s ca lcu la ted  accord in g  to the fo llo w in g  form ula:

P ercentage grow th  Inhibition (% ) =  [(control ab sorbance-test ab sorbance)/contro l absorbance] x 

100

Statistical a n a ly s is  o f  the data w as carried out u sin g  G raphPad Prism , version  5. T he n orm alised  

percentage in h ib ition  w as plotted  aga in st the log (com p ou n d  con cen tration ) and an a lysed  by 

n on -linear regression . T he best fit IC 50 v a lu es ±  SE M  w ere then ca lcu la ted  by Prism .

7.4 Cell Migration Assay

T he ex ten t o f  ce ll m igration  upon treatm ent o f  com p ou n d s w as m easured u sin g  the scratch  

assay as deta iled  in chapter 2 . '̂̂
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7.4.1 Materials

B esta tin , D im eth y l su lfo x id e  (D M S O ), foetal b o v in e  serum  (F B S ), strep to m y cin /p en ic illin  

so lu tio n  and 0 .25%  tryp sin /E D T A  so lu tion  w ere all purchased  from  S ig m a -A id r ich ® , Ireland. 

P h osp hate buffered  sa lin e  (P B S ) tab lets w ere  purchased  from  Invitrogen , Ireland. G reiner  

C E L L S T A R ®  75 cm ^ ce ll cu lture fla sk s and G reiner 1 2 -w e ll PS ce ll cu lture p lates, sterile  w ith  

lid  w ere  purchased  from  C ruinn, Ireland.

7.4.2 Equipment

N u A ire  c la ss  II b io lo g ica l sa fety  cab inet.

O ly m p u s C K X 4I inverted  m icro sco p e  (M ason  T e c h n o lo g y , Ireland).

O ly m p u s C ell^  so ftw are  

T scratch  softw are.

7.4.3 Test compounds

A ll D M S O  stock  so lu tio n s w ere d ilu ted  in ce ll cu lture m edium  to  afford  a final D M S O  

con cen tration  o f  < 0 .1 % . C ontrol so lu tio n s  co n sisted  o f  0.1 % D M S O  in ce ll cu lture m edium .

7.4.4 Cell line

T h e PC -3 hum an prostate ad en ocarcin om a  ce ll lin e  w a s purchased  from  LG C  Standards, U K . 

T h e c e lls  w ere cultured in F 12K  m edium  su p p lem en ted  w ith  10% F B S  and 10 m L /L  

p en ic illin /strep to m y c in  so lu tion . C ell cu lltu res w ere  kept at 37  °C in a h u m id ified  atm osphere  

co n ta in in g  m ain ta in in g  5%  C O 2 le v e ls  at all tim es.
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7.4.5 Cell maintenance and sub-culture

PC-3 human prostate cells were m aintained in a Nuaire class II biological safety cabinet

following the sam e procedure as outlined in Section 7.3.5 above.

7.4.6 Cell migration assay protocol

Once cells had reached 70-80%  confluence and isolated in pellet form follow ing the procedure 

as detailed in Section 7.3.5, they were resuspended in F-12K medium (3 mL). To a 75 cm^ cell 

culture flask was added F-12K medium  (30 mL) and incubated for 30 m in at 37 °C in the Nuaire 

class II biological safety cabinet. The cell suspension (1 mL) was added to the 75 cm^ cell 

culture flask and incubated for 5 mins. To each well o f  a 12 well plate was added the resulting 

cell culture suspension (1.3 mL). The cells were incubated for 24 h, before replacem ent o f  the 

medium. Once the cells had reached 70-80%  confluence, a scratch was made in the centre o f 

each well with a sterile plastic 200 fxL pipette tip. Cells were incubated w ith a 0 .1%  DM SO 

blank solution, increasing am ounts o f  test com pound as detailed in the corresponding chapters, 

(2. 01),  CA-4 and bestatin. Images o f  the w ounds were acquired using the O lym pus CKX41 

inverted m icroscope at 4x m agnification and its associated C ell'' softw are at 0 h, 24 h, 36 h and 

48 h. The wound areas at these tim e points w ere m easured using Tscratch softw are and 

com pared to the 0 h area to determ ine the m igration distance. Each com pound w as tested in 

triplicate and each experim ent was perform ed three individual times.

7.4.7 Interpretation of data

The cell m igration distance was calculated by subtracting the wound width at each tim e point 

from the width at 0 h. W ound width at 0 h was calculated by m easuring its distance in pixels. 

Each pixel is calibrated to represent 0.8625 nm. Pictures acquired were in 2080x1044 

resolution. Converting pixel distance to wound width (nm) was achieved using the form ula:

W ound width =  0 .8625x2080xpixel distance.
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Statistical analysis o f  the data was carried out using G raphPad Prism, version 5. The cell 

m igration distances were analysed using a group table, show ing the average cell m igration 

distance ± SEM.
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