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Abstract
Chapter one and two of this thesis describe the synthesis of novel migrastatin derivatives.  Migrastatin, 1, is a fourteen-membered macrocycle isolated by Japanese researchers from the Streptomyces platensis.  It has been shown to inhibit tumour cell migration.  The total synthesis of migrastatin and a number of analogues have previously been described.  However it has been found that analogues of the migrastatin core are up to one thousand times more active than migrastatin itself.  As a result, current work focuses on the synthesis of new analogues of the migrastatin core.  Much of the previous research has focused on closed macrocycles.  However recent work suggests that the acyclic ring-closing metathesis pre-cursors also display activity.  In this thesis, the synthesis of acyclic ester analogues of migrastatin will be described.  Previous efforts have focused on relatively flexible structures.  However in this study, the analogues synthesised incorporate aromatic rings such as 2, and sugars such as 3, and can be considered to be more rigid structures.  Efforts towards the ring-closing metathesis of these acyclic compounds are also described.


Figure 0.1 Migrastatin, 1¸and acyclic ester analogues, 2 and 3
Chapter three seeks to investigate the conformations of a number of migrastatin analogues.  It focuses on trying to rationalise on difficulties in obtaining ring closed products from more constrained substrates.  This chapter also includes a study as to whether the structures of the macrolactone core of migrastatin, obtained from modelling using Macromodel™, are supported experimentally by examining NMR data for the macrolactone.  It seeks to investigate how well the modelling can predict the structure of the macrocycle.
Chapter four describes the synthesis of a number of dimeric compounds.  These are dimers of allylated aromatic compounds prepared by cross metathesis reactions.  A vast number of stilbenoid natural products exist within the literature.  However di-aryl compounds with a four-carbon inter-aryl bridge incorporating an alkene such as 4 and 5 are much less investigated.  Chapter four contains a description of research on the synthesis of such dimers.  Previously synthesised compounds appear to show that the two aryl rings must be in close proximity to one another for activity and as a result trans stilbenoids have shown little activity.  It appears that it is the proximity of the aromatic rings to one another rather than the stereochemistry of bridging atoms which is of most importance for biological activity.  It is hoped that, although the inter-aryl bridge is longer, that the increased flexibility this affords will allow both the cis and trans compounds to show activity.  


Figure 0.2 Diaryl compounds with four-carbon inter-aryl bridge incorporating an alkene
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Symbols and Abbreviations
α 			Alpha
Ac			Acetyl
AcOH			Acetic acid
Ac2O			Acetic anhydride
All			Allyl
aq.			Aqueous
Ar			Aromatic
β			Beta
BAIB			Bis(acetoxy)iodobenzene
 BF3.Et2O		Boron trifluoride diethyl etherate 
Bn			Benzyl
Boc			tert-butoxycarbonyl
br s			Broad singlet
Bu, n-Bu		Normal (primary) butyl 
t-Bu			tert-butyl
C			Degrees celsius
CA-4			Combretastatin A-4
CM			Cross metathesis
cm-1			Wavenumber
COSY			Correlation Spectroscopy
CuI			Copper iodide
δ			Chemical shift in ppm downfield from TMS
d			Doublet (spectral)
dd			Doublet of doublets (spectral)
ddd			Doublet of doublets of doublets (spectral)
DCC			Dicyclohexylcarbodiimide
DCU			Dicyclohexylurea
DEPT			Distortionless Enhancement by Polarisation Transfer
DIAD			Diisopropyl azodicarboxylate
DIBAL-H		Di-iso-butylaluminium hydride
DIPEA			Diisopropylethylamine
DMF			N,N-dimethylformamide
DMP			Dess-Martin periodinane
DMSO			Dimethylsulfoxide
dq			Doublet of quartets (spectral)
dt			Doublet of triplets (spectral)
eq.			Equivalents
ES-HRMS		High-Resolution Mass Spectrometry - Electrospray Ionization 
Et			Ethyl
EtI			Iodoethane
EtOH			Ethanol
Et2O			Diethylether
EtOAc			Ethyl acetate
FTIR			Fourier transform infrared (spectroscopy)
Gal			Galactose
Glc			Glucose
h 			Hours
HCl			Hydrochloric acid
HLA			Haasnoot De Leeuw Altona
HMBC 		Heteronuclear multiple bond correlation
HPLC			High performance liquid chromatography
HSQC 			Heteronuclear single quantum correlation
Hz			Hertz
IBX			2-iodoxybenzoic acid
Im			Imidazole
IR			Infrared (spectroscopy)
iso-Pr			Isopropyl
 J			Coupling constant (nmr), in Hz
K			Degrees Kelvin
kDa			Kilo Dalton
LACDAC		Lewis acid catalysed diene aldehyde cyclocondensation 
lit.			Literature reference
m			Multiplet
M			Molar
M+			Mass of the molecular ion (mass spectrometry)
Me			Methyl
MeI			Iodomethane
MeCN			Acetonitrile 
MeOH			Methanol
MHz			Megahertz
min			Minutes
mL, µL		Millilitre, microlitre
mol, mmol		Mole, millimole
mM,µM		Millimolar, micromolar
Mp			Melting point
NaH			Sodium hydride
NMR			Nuclear Magnetic Resonance
NOE			Nuclear Overhauser Effect
NOESY		Nuclear Overhauser Effect Spectroscopy
NaOMe		Sodium methoxide
OPLS			Optimised potentials for liquid simulations
OTf			Trifluoromethanesulfonate/triflate
p-TSA  		para-toluene sulfonic acid monohydrate
Ph			Phenyl
PPh3			Triphenylphosphine
ppm			Parts per million (NMR)
PPTS	`		Pyridinium para-toluenesulfonate
Pr, n-Pr		Normal (primary) propyl 
Pyr			Pyridine
q			Quartet (spectral)
RCM			Ring-closing metathesis
ROM			Ring- opening metathesis
 Rf			Retention factor
ROE			Rotating-frame Overhauser Effect 
ROESY		Rotating-frame Overhauser Effect Spectroscopy 
rt			Room temperature
 [α]D			Specific rotation
s			Singlet (spectral)
SN2			Bimolecular nucleophilic substitution
t			Triplet (spectral)
td			Triplet of doublets (spectral)
tt			Triplet of triplets (spectral)
TBAF			Tetrabutylammonium fluoride
TBS			tert-butyldimethylsilyl
TBDPS 		tert-butyldiphenylsilyl
TEMPO		2,2,6,6-Tetramethylpiperidinooxy
TES			Triethylsilyl
THF			Tetrahydrofuran
TLC			Thin Layer Chromatography
VEGF			Vascular endothelial growth factor
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Chapter 1 Introduction to cancer and migrastatin
1.1 Cancer
Cancer is one of the leading causes of death in the western world.  According to statistics from the National Cancer Institute in the U.S.A. 41 % of people born today will be diagnosed with some form of cancer in their lifetime1.  The term cancer covers a broad range of medical diseases which all involve unregulated cell growth.  Cancer cells, which are often called malignant cells, divide too quickly resulting in out of control cell growth and tumour formation.
1.2 Cell Migration
Cell migration is a fundamental process in all organisms from simple unicellular organisms such as the amoeba to complex multi-cellular organs such as mammals.  Cell migration is the coordinated movement of cells in particular directions to specific locations within the body.  Tissue formation during embryonic development, wound healing and immune responses all involve cell migration and consequently it is a central process in the growth and maintenance of multi-cellular organisms.  Cells often migrate in response to, and toward, specific external signals.  Errors in cell migration can result in vascular disease, tumour formation and metastasis2,3.  As the mechanisms of cell migration are not fully understood an inhibitor of cell migration would have potential not only as a drug therapy but also in helping to establish the mechanism of cell migration.  An improved understanding of the mechanism by which cells migrate could lead to the development of novel therapeutic strategies for controlling invasive tumour cells.  Cell migration of tumour cells is a crucial part of tumour angiogenesis, cancer cell invasion and metastasis.  Thus its inhibition could have multiple beneficial effects in the treatment of cancer. 
Migration begins with an initial protrusion of the plasma membrane at the front (leading edge) of the cell.  The protrusions are driven by the polymerisation of a network of cytoskeletal actin filaments and are stabilised through the formation of adhesive complexes.  These adhesive complexes are regions of the plasma membrane where integrin receptors, actin filaments, and associated proteins cluster together.  As the cells migrate, the small, newly developing adhesive complexes at the front of the cell grow and strengthen into larger, more organised adhesive complexes.  These serve as points of traction over which the body of the cell moves. Finally, release of adhesions at the rear results in a net displacement of the cell.  Tension, the actin and myosin filament network, the Rho/Rac family of signalling molecules, and microtubules are all important in cell migration and must be coordinated by the cell in order for migration to occur4. 
 (
Horwitz, A.R.; Parsons, J.T. Science, 
1999
, 
286
, 1102
)






Figure 1.1 Overview of cell migration by Horwitz et al. in Science4
Migrating cells are thought to have a polarity i.e. a front and a back.  Without this they would attempt to move in all directions at once.  However the mechanisms that regulate the formation of adhesive complexes at the cell’s leading edge and the release of focal adhesions at the cell's rear remain unclear at a molecular level.  In a cell that is moving in a random way the front frequently changes as different regions of the cell form a new front guiding it in new and different direction5.  This polarity in the cell is reflected at the molecular level by a restriction of certain molecules to particular regions of the inner cell surface.  
It is believed that microtubules and filamentous actin are important for establishing and maintaining a cell’s polarity6,7.  As a result drugs which inhibit or damage actin filaments or inhibit the formation of tubulin microfilaments can inhibit cell migration.  The synthesis of analogues which seek to inhibit migration by the inhibition of actin will be discussed in chapter two and analogues which seek to inhibit tubulin formation will be discussed in chapter four.
1.3 Metastasis
Metastasis is a multistep cascade whereby a tumour spreads from its initial primary site to a second site through the lymphatic system or the blood stream.  In order for metastasis to be successful, tumour cells must form new blood vessels, undergo cell migration/invasion, attach and invade a distant capillary bed, and this new tumour must then vascularise and multiply8.  The failure of any of these steps could result in the failure of metastasis.  Although there have been many advances in cancer research, much still remains unclear in our understanding of the disease and the development of metastatic lesions remains the primary cause of death for most cancer patients9.   
 (
Wirtz, D.; Konstantopoulos, K.; Searson, P.C. 
Nature Reviews Cancer
, 
2011
, 
11
, 512, Figure 1
)Drugs which could inhibit the formation of new tumours or increase the successful containment of solid primary tumours are of interest.  Small molecules which might modulate the relocation of cells could be useful as in vitro probes aimed at increasing our understanding of the transduction sequence which culminates in metastasis10.  Ultimately their effects could be realised in a clinical setting11  






Figure 1.2 Overview of Metastasis by Wirtz et al in Nature Reviews Cancer12
1.4 Angiogenesis
For metastasis to occur the cancer cell must form new blood vessels to gain access to the blood and lymphatic system in order to feed.  The process of these blood vessels forming is called angiogenesis. 
In order for cells to grow they must have access to both oxygen and nutrients.  Mammalian cells are found within 100-200µm of blood vessels as this is the diffusion limit for oxygen and in order for cells to survive they must have access to both oxygen and nutrients.13  This is also true of tumours.  Tumours can’t grow beyond a critical size or metastasise to a secondary site unless they form new blood vessels by either vasculargenesis or angiogenesis.  
Cancer cells can produce both pro- and anti-angiogenic molecules.  Their contribution changes with tumour type, growth, regression and relapse13.  Highly vascularised tumours increase the chances of the tumour entering the circulatory system and metastasising.  As a result a negative correlation has been observed between patient survival and increased degree of vascularisation in a number of tumour types14,15   
The process of angiogenesis can be split into three steps – proliferation of endothelial cells, breakdown of the extracellular matrix and migration of the endothelial cells.  Inhibition of any stage of this process would stop the blood vessels from forming.  Compounds which could inhibit the migration of endothelial cells are the focus of this work.
The make-up and properties of the tumour vasculature has significant implications for anti-angiogenic drug development.  The tumour blood vessel walls are not always made entirely of endothelial cells.  Instead they may be lined with a mixture of cancer cells and endothelial cells or lined solely with cancer cells.13  Tumour vessels often lack the protective mechanisms that normal vessels possess making them more susceptible to changes in oxygen and hormone levels.  They tend to be highly disorganised, dilated, of uneven diameter and have an excessive number of branches.  This leads to an irregular blood flow resulting in hypoxic and acidic areas within a tumour16.  The irregular blood flow also has implications for drug treatment leading to different amounts of drug therapy reaching different areas of the tumour17.  Recent research has shown that tumours with poor vascularisation may in fact respond better to anti-angiogenic treatment than those tumours that are highly vascularised and may only require a very low dose of an angiogenic inhibitor18.  
Bevacizumab (Avastin) was the first drug successfully developed primarily as an angiogenesis inhibitor19.   Since then many angiogenesis inhibitors have entered clinical trials and several have been approved by the FDA such as Erlotonib, Endostatin, Sorafenib and Sunitinib20.  
Angiogenesis is involved in a wide range of diseases including cancer, peptic ulcers21, ocular neovascularisation22 and diabetic retinopathy20.  The broad range of diseases which have been shown to be angiogenesis dependent highlight the potential of anti-angiogenic treatments in modern medicine.  It is possible that an angiogenesis inhibitor which has been approved for the treatment of one type of cancer could be used to treat another type of tumour.  Within our group the focus of our synthetic work has been on cell migration inhibitors which inhibit angiogenesis in breast and gastrointestinal tumours.  More recently however some compounds have also been tested for their ability to inhibit angiogenesis in diabetic retinopathy.   
 (
Hida, K.; Hida, Y.; Shindoh, M. Cancer Sci. 2008, 99, 460, Figure 1
)






Figure 1.3 Overview of angiogenesis and metastasis in cancer by Hida et al in Cancer science23
1.5 Drug Discovery through Natural Product Synthesis
Organic synthesis of natural products began in 1828 with Wohler’s synthesis of urea24.   Progress in the field was slow at first, limited by the purification and analytical methods available.  Advances in those two key areas have given rise to rapid progress in synthesis.  New and more complex products are constantly being isolated.  New synthetic routes to many of these increasingly complex natural products are continuously being published, often giving access to compounds in quantities that would be otherwise unavailable. 
The process of drug discovery through the use of natural products is well established.  In 2007 Newman reported that of all the drugs available to the west and Japan 52 % were either natural products or inspired by natural products25.  This rose to 65 % when he looked at anti-cancer drugs.  The advent of combinatorial chemistry was responsible in the 1990’s for a shift away from using natural products as leads for drugs discovery.  However Newman’s review also suggests that although combinatorial chemistry continues to play a major role in the drug development process, it is also clear that the trend toward the synthesis of complex natural product-like libraries has continued.  As Danishefsky stated in 2002, “a small collection of smart compounds may be more valuable than a much larger hodgepodge collection mindlessly assembled”26.
Whilst in some cases the natural product itself can serve as a drug, more often than not it serves as a template for further investigations and enhancements of its activity before leading to eventual drugs.  The modified natural product may not be available through biosynthetic pathways27,28.  Instead it may only be possible to obtain the desired modified natural product through chemical synthesis.  Through diverted total synthesis access can be gained to a wide range of modified structures not otherwise available.  This approach has also been followed in the case of migrastatin, 1 (figure 1.4), which has been used as a lead compound in our group and a number of others.  The total synthesis and activity of migrastatin and its analogues will be discussed in chapter 2.
1.6 Glutarimide Containing Natural Products 
Cycloheximide (6), is a protein synthesis inhibitor which has been known for decades, however its precise mechanism of action is still unclear.  The glutarimide portion of 6 is also seen in the family of glutarimide containing natural products migrastatin (1), lactidomycin (7), iso-migrastatin (8) and dorrigocin A (9) and dorrigocin B (10).  Cycloheximide is the most common laboratory reagent used to inhibit protein synthesis.   It has been shown to block the elongation phase of eukaryotic translation29.  
Given that migrastatin, iso-migrastatin and the dorrigocins all contain glutarimide side chains similar to cycloheximide it is possible that they would act in a similar way to cycloheximide and as a result the library of compounds were screened for activity against the proliferation of several tumour cell lines.
Lactidomycin (7) and a number of analogues were found to selectively inhibit cell translation and consequently cell translation and also to have an anti-proliferative effect on tumour cell lines30.  The 14-membered migrastatin analogues and the linear dorrigocin analogues showed little cytotoxicity which is in agreement with previous reports31-34.  Although 1 and 10 are isomers of 8, they had no effect on protein synthesis even at high doses whereas iso-migrastatin and lactidomycin were found to have potent anti-proliferative activity.  Despite their structural similarities 7 and 8 were found to block the elongation step of eukaryotic translation by completely different mechanisms.30  This suggests that the mechanism by which they inhibit cell migration may not necessarily be the same either. 

Figure 1.4 Glutarimide containing natural products – migrastatin (1), cycloheximide (6), lactidomycin (7), iso-migrastatin (8), dorrigocin A (9) and dorrigocin B (10)
1.7 Migrastatin
Migrastatin, (1) is a novel natural product lead in anticancer drug discovery because of its potent inhibitory effect on cell migration.  It was isolated from a cultured broth of Streptomyces platensis and its relative and absolute stereochemistry was determined by single crystal X-ray analysis of its N-p-bromophenacyl derivative 1136 (figure 1.5).  It was found to contain four asymmetric centres in the lactone ring and a further asymmetric centre in the side chain.  The configurations were found to be 8S, 9S, 10R, 13R and 14S.  Migrastatin is readily soluble in a wide range of organic solvents such as methanol, acetone, ethyl acetate, chloroform and DMSO.  However it is practically insoluble in water and n-hexane34.  
Migrastatin is a potential therapeutic agent.  It is a non-cytotoxic glutarimide–containing compound possessing a 14-membered macrolactone ring, and has been reported to inhibit in vitro migration of human oesophageal cancer EC17 cells and mouse melanoma B16 cells33,34.



 (
Naganawa, H. T.
 
Y
.
; Naganawa, H
.; Nakae, K.; Imoto, M.; Shiro, M.; 
Matsumura, K
.
; Watanabe, H
.; K
itahara, T
. 
J. Antibiot.
 
2002
, 
55
, 
443, 
Figure 2
.
)
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Figure 1.5 Above – Single crystal X-ray analysis 11 by Naganawa et al36 (ortep diagram of 11). Below - Migrastatin (1) and N-p-bromophenacyl derivative of migrastatin (11).
Migratory inhibitory activity of migrastatin is not dependent on cytotoxicity or inhibition of protein synthesis.  Migrastatin had a significant effect on cell migration of human oesophageal cancer EC17 cells in a 24 h wound healing assay (figure 1.6).  Migrastatin at 1 µg/mL significantly inhibited cell migration and at 3 µg/mL completely inhibited cell migration. 
Migrastatin also inhibited the migration of mouse melanoma B16 melanoma cells in a chemotaxicell chamber assay with an IC50 of about 3.0 µg/ml.  However it did not inhibit DNA synthesis at up to 30µg/ml when tested for inhibitory activities on macromolecular synthesis33.  RNA and protein synthesis were slightly inhibited by migrastatin at this level but significantly less than cycloheximide.  



 (
Nakae, K.; Yoshimoto, Y.; Sawa, T.; Homma, Y.; Hamada, M. T., T; Imoto, 
M. 
J. Antibiot.
 
2000
, 
53
, 113
4, Figure 4
.
)








Figure 1.6 Results of wound healing assay by Imoto et al33.  The wound was introduced in EC17 cells (A).  The cells were incubated in the absence of migrastatin (B), with 1.0 µg/ml of migrastatin (C) and with 3.0 µg/ml of migrastatin (D).  B-D were photographed under phase-contrast microscopy after 24 hours. 
1.8 Iso-migrastatin and the biosynthesis of migrastatin
Imoto et al. first isolated migrastatin33 and Karwowski et al. first isolated and determined the structures of dorrigocin A and B.  With this information Licari et al. re-examined the fermentation of Streptomyces platensis and found that it did in fact produce migrastatin, dorrigocin A and B and also a new analogue, iso-migrastatin (8)37.  The Shen group were investigating biosynthetic pathways in microorganisms with a view to carrying out combinatorial biosynthesis with the glutarimide containing polyketide molecules.  Combinatorial biosynthesis can be defined as the generation of novel analogues of natural products by genetic engineering of biosynthetic pathways.  It complements synthetic organic methods that are often extremely costly both financially and environmentally particularly as molecular targets become more complex38.  Shen et al. found that inactivating one of the pathways in Streptomyces platensis stopped the production of all four of the previously isolated metabolites and another new metabolite, 12, which they called 13-epi-dorrigocin A.39  This suggested that they all share the same biosynthetic machinery something which is highly unusual in polyketide biosynthesis.  
Based on this, Shen reported that migrastatin and  dorrigocin A and B are not bona fide natural products but that instead they are metabolites of iso-migrastatin39.  

Figure 1.7 Iso-migrastatin (8) and 13-epi-dorrigocin A (12).


The Shen group carried out fermentation in the absence of resin and extraction of this broth indicated the presence of all five metabolites.  The fermentation was then carried out in the presence of a resin, XAD-16.  The resin was chosen for its ability to sequester hydrophobic metabolites.  In this instance a new set of metabolites were detected and those extracted in the absence of the resin were no longer detected at a significant level.  The major product isolated in the presence of the resin was found to be iso-migrastatin.  While it was stable in anhydrous solvents, iso-migrastatin underwent rapid conversion to migrastatin, 13-epi-dorrigocin A and dorrigocin A and B in aqueous solution.The facile water mediated rearrangement of iso-migrastatin is shown in scheme 1.1.
The Shen group then set about producing a library of glutarimide polyketide related products.  Through fermentation procedures they were able to isolate a further eight new compounds related to iso-migrastatin.  These eight new compounds were then converted to a glutarimide library featuring the migrastatin, lactidomycin and dorrigocin A and B scaffolds.  The compounds were also subjected to cysteine 1,4-addition giving a further ten compounds and a library of over forty compounds40.  




Scheme 1.1 Water mediated rearrangement of iso-migrastatin39
The library of compounds was tested for cell migration inhibition using a wound healing assay and 4T1 mouse mammary tumour cells.  These cells were chosen as they spread rapidly to lymph nodes, lungs and other proximal organs and mimic tumour cell metastasis in humans thus providing an excellent model41.  Some of the compounds were found to inhibit tumour cell migration with potencies far greater than that of iso-migrastatin and close to that of the migrastatin core40.  Shen and co-workers suggested that the inhibition of cell migration is dependent on the macrolide structure as none of the dorrigocin or related acyclic compounds were active in the scratch wound-healing assays42.  The most obvious example of this was seen when the activities of 1, 9 and 12 were compared.  Fourteen of the 12-membered ring compounds were more potent inhibitors than migrastatin.  This could suggest that the 12-membered ring iso-migrastatin analogues are better inhibitors than migrastatin analogues43.  However given the wide range of activity within the 12-membered analogues, it is clear that other structural features are also at work  namely in the glutarimide side chain, the oxidation state of the C2-C3 bond α to the carbonyl and changes in the substituent groups at C8, C9 and C17 (see figure 1.8).  
According to the results of Danishefsky and co-workers in the absence of the glutarimide side chain activity is increased.  In one case the macrolide core was found to be up to one thousand times more active than migrastatin itself.  However Shen and co-workers report that the glutarimide side chain is important for activity particularly when the substituents at C17 are considered.  They found that hydroxylation at C17 dramatically increased activity.  This contrast in the results of Danishefsky and Shen may suggest that there are multiple molecular targets or that different drug-target motifs make themselves available to different analogues.  Analogues where the C2-C3 double bond had been reduced showed less cell migratory inhibition.  In one case, where all other factors remained the same, reduction of the C2-C3 double bond resulted in a complete loss of activity.  Increased macrolide polarity through C8 and/or C9 oxygenation resulted in an increase in activity, although not as greatly as oxygenation at C17.  

Figure 1.8 Compound 13.  
Compound 13, where there was an absence of oxygenation at both C8 and C9, showed activity comparable with that of the macrolactam and macroketone analogues synthesised by Danishefsky et al.41.  It also showed significantly better activity than other compounds which differed only in oxygenation at C8 and/or C9.  This may be due to the   hydrophobicity of 13, however given the current lack of understanding of inhibitor-target interactions, this remains unconfirmed42.  
Cytotoxicity of all the compounds was generally low suggesting that the results of the scratch wound-healing assays are generally independent of effects induced by cell killing.  The cytotoxic IC50s for all the new compounds were well above those found for cell migration inhibition, a highly desirable trait in an anti-metastatic agent43.
The successful isolation of this library of compounds also supported the theory that iso-migrastatin is the main metabolite of Streptomyces platensis and it also provided possible intermediates for the post-polyketide synthase (PKS) steps for the biosynthesis of iso-migrastatin.  It can now be suggested that following PKS the intermediate could be converted to iso-migrastatin in four simple steps - hydroxylation, O-methylation, dehydration and enoyl reduction (scheme 1.2)40.  It is suggested that the enzyme MgsI reductase is responsible for the enoyl reduction of the C16-C17 olefin, the enzyme MgsK P-450 hydroxylase is responsible for C8 hydroxylation and MgsJ O-methyltransferase is responsible for O-methylation of the hydroxyl at C8.  The biosynthesis of the glutarimide side chain remains poorly understood44.
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Scheme 1.2 Post-polyketide synthase steps in the biosynthesis of iso-migrastatin
1.9 Fascin target for Migrastatin
Fascin is the primary actin cross-linker in filopodia and is needed to crosslink actin filaments into straight, compact, rigid bundles45-49.  Elevated levels of fascin messenger RNA and protein in cancer cells have been correlated with intensive drug therapy, poor prognosis and shorter survival50-55.  Over-expression of fascin leads to increases in cell migration and invasion56,57.  It also contributes to a more aggressive clinical course of cancer53.
In 2010 Chen et al. reported that migrastatin targets the actin bundling protein fascin to inhibit its activity.  X-ray crystal structure studies showed that migrastatin analogues bind to one of the actin binding sites on fascin.  In order to understand the molecular basis by which migrastatin and its analogues work Chen and co-workers attempted to identify the target protein for the macroketone biochemically.  They synthesised biotin-labelled macroketone and used this in affinity protein purification.  Biotin-conjugated macroketone inhibited 4T1 breast tumour cell migration with a similar potency to that of the non-biotinylated macroketone58.  

Figure 1.9 Biotin-labelled macroketone
To show the structural basis for the inhibition of fascin function by migrastatin analogues, the X-ray crystal structures of fascin in the absence and presence of a migrastatin analogue was reported but later withdrawn by the authors58.
Despite the withdrawal of the X-ray structure the authors still believe that macroketone binding interferes with the binding of actin filament to fascin59.  Fascin functions as a monomer to bundle actin filaments, and it has been proposed that fascin has two actin-binding sites for this bundling activity60.   Tests carried out with a mutant fascin suggested that fascin isn’t needed for the proliferation of breast tumour cells in vitro.  This agrees with previous reports that migrastatin analogues have no effect on tumour cell proliferation in mouse models9.  They also showed some evidence that fascin is the protein target for macroketone in its inhibition of tumour cell migration, invasion and metastasis59.   
However it should be noted that there remains some disagreement over the proposal of Chen et al.  The structures published were withdrawn and Danishefsky has questioned whether fascin is in fact the target of migrastatin. 

1.10 Objectives
An initial objective of this work was the synthesis of a number of migrastatin analogues which would help to improve our understanding of migrastatin and its mode of action.  Analogues incorporating a sugar or aromatic moiety would confer rigidity on the structure from C1-C5 which had been lacking in previous analogues.    
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Chapter 2 Synthesis of Analogues of Migrastatin
One of the initial objectives of this work was the synthesis of analogues of migrastatin incorporating a sugar or an aromatic ring.  Previous work in the area has included total syntheses and the synthesis of numerous analogues.  Analogues have included macroketones, macrolactones, acyclic esters and more recently, macroethers.  None of the analogues previously synthesised incorporate an aromatic ring or a sugar.  It is hoped that these compounds would confer on the structure a rigidness which had not previously been observed.  
2.1 The total synthesis of (+)-Migrastatin
Total syntheses of (+)-Migrastatin have been carried out by the groups of Samuel Danishefsky and Janine Cossy1,2 in 26 and 27 steps respectively.  
Any synthetic plan would need to accommodate the (E)-configuration of the C6-C7 and C2-C3 double bonds, as well as the (Z)-configuration at the C11-C12 double bond.  In addition stereocontrol was required of the stereogenic centres at C8, C9, C10 and C13.  It would also be necessary to place the glutarimide at position C13.  Not only that but the glutarimide side-chain itself contains a stereocentre at C14 and a keto group at C15.
Figure 2.1 (+)-Migrastatin, 1
2.1.1 Cossy's synthesis of migrastatin 
Retrosynthetic analysis by Cossy et al. envisioned migrastatin being synthesised from the building blocks 14-16  
Figure 2.2 Cossy Building Blocks
The methyl ester 14 was transformed into the alcohol 17 in three steps.  Swern oxidation of 17 followed by treatment with but-2-enyl[tri(n-butyl)]stannane in the presence of MgBr2.OEt2 gave the unsaturated lactone 19 which contains three of the five stereogenic centres and the tri-substituted (Z)-C2-C3 double bond.  Luche reduction of 19 followed by protection of both hydroxyl groups followed by selective deprotection of the primary hydroxyl gave the allylic alcohol 20.  Alcohol 20 was oxidised to the aldehyde and treated with highly face-selective crotyltitanium complex Ti(S,S)-I to give the alcohol with good diastereoselectivity3.   The hydroxyl group at C13 was then protected with a TES group to give 21.  Selective dihydroxylation-oxidative cleavage of the terminal double bond gave an aldehyde that was then converted to the α,β-unsaturated ketone 22 by treatment with vinyl magnesium chloride followed by oxidation of the resultant allylic ketone.  Alkene 22 was reacted with allylglutarimide 15 using a CM reaction.  Alkene 15 had been synthesised in five steps from the commercially available diethyl allylmalonate.  The CM product was selectively hydrogenated to give 23.


Scheme 2.1 Cossy Total Synthesis of (+)-migrastatin (i)
 Selective deprotection of the hydroxyl group at C1 was followed by reaction with mixed anhydride to give the ester 24; 24 was selectively deprotected at C7 and then oxidised to the corresponding aldehyde using Takai conditions to give the diene 25.  Diene 25 was treated with the Grubbs II catalyst to produce the macrolactone which was deprotected to give (+)-migrastatin, 1. 


Scheme 2.2 Cossy Total Synthesis of (+)-migrastatin (ii) 
The overall synthesis was 27 steps.  The key steps being the syn,syn-stereoselective crotylstannylation to control the stereocentres at C5 and C6, a crotyltitanation to control the stereochemistry at C1 and C14, two ruthenium-catalysed ring-closing metatheses, one to control the (Z)-tri-substituted double bond at C2-C3 and the other to complete the macrolactone core and finally a ruthenium catalysed cross metathesis to install the glutarimide side chain1.   
2.1.2 Danishefsky's synthesis of migrastatin
The Danishefsky group has a long history in the development of novel, natural product inspired anti-cancer agents such as the epothilones4, taxol5 and radicicol6-8.  In each of these cases work within the Danishefsky group began with efforts towards the total synthesis of the natural product.  This was followed by direct modifications being made to the natural product; finally they work on a diverted total synthesis of the natural product which gives access to a wider range of natural product analogues.  There are a number of advantages to this approach.  Once the natural product has been synthesised, the group has enough compound to conduct an independent evaluation of the biology of the natural product in question.  In vitro studies of derivatives could lead to an informative structure-activity relationship (SAR) profile which could in turn guide the synthesis of further analogues with improved biological profiles.  In addition, if the biological target and mechanism of action is not known, efforts directed at target identification often give insight into the natural product’s mechanism of action.  For these reasons it is important that when the route for the diverted total synthesis is being designed that it is concise, flexible and readily scaleable as ideally it will be required to supply a significant amount of material for in vivo studies9.    
Retrosynthetic analysis led Danishefsky’s group to the building blocks in figure 2.3.  The key feature of the synthetic plan would use Lewis acid catalysed diene aldehyde cyclocondensation (LACDAC) thus exploiting chemistry that formed a central part of  the Danishefsky group’s research in the 1970’s and 1980’s10,11.  These reactions are far more selective than other additions of nucleophiles to aldehydes.  Through the use of chelating catalysts, especially magnesium bromide or titanium tetrachloride, α- or β-oxygenated aldehydes afford highly selective cyclocondensation reactions whose diastereofacial sense is opposite to that which occurs in the absence of such groups.  The outcome of these reactions is chelation controlled12.  

Figure 2.3 Building blocks 26-30
The Danishefsky route involved the use of a chelation controlled Lewis acid catalysed diene aldehyde cyclocondensation to give the stereocentres at C8, C9 and C10 as well as the (Z)-olefin at C11-C12.  This involved the use of the novel β,γ-unsaturated aldehyde 26.  Beginning with commercially available 2,3-O-isopropylidene-1-tartrate, the aldehyde was obtained in 3 steps- reduction, a diastereoselective divinyl zinc addition to the aldehyde generated in situ, methylation of the two hydroxyl groups and removal of the acetonide protecting group and finally glycol cleavage yielded the α-methoxy-β-vinyl aldehyde 262.  Reaction of 26 with the activated Danishefsky diene, 27, under the influence of TiCl4 gave the α-chelation controlled dihydropyrone 31.  Luche reduction13, Ferrier rearrangement14 and reductive opening followed by protection of the secondary hydroxyl group and oxidation of the primary alcohol yielded the key intermediate 32.  
Scheme 2.3 LACDAC reaction to form key intermediate 32
Propionyl oxazolidinone was reacted with 32 giving the aldol product 33.  Protection of the hydroxyl group and cleavage of the chiral auxillary gave the alcohol 34.  Introduction of the glutarimide moiety occurred using a Masamune-Roush variant of the Horner-Wadsworth-Emmons reaction following conversion of 34 to the β-ketophosphonate 35.  Interestingly this step and all those following could be carried out without the protection of the glutarimide nitrogen.  Conjugate reduction of 36 with the Stryker reagent15 and removal of the TES protecting group yielded alcohol 37.    A modified Yamaguchi procedure, RCM and cleavage of the silyl protecting group yielded (+)-migrastatin.
Scheme 2.4 Danishefsky total synthesis of (+)-migrastatin
2.2 Danishefsky's analogues of migrastatin
When the Danishefsky group became interested in migrastatin, they began with the total synthesis of migrastatin.  They then modified this structure by methylation of the nitrogen in the glutarimide side chain and also by reducing the C11-C12 double bond with the Stryker reagent16.  Whilst these compounds were slightly more potent than migrastatin itself Danishefsky et al. enjoyed considerably more success when they synthesised structures not available through the modification of migrastatin itself.  
In the case of any diverted total synthesis the synthetic plan would need to accommodate the (E)-configuration of the C6-C7 and C2-C3 double bonds, as well as the (Z)-configuration at the C11-C12 double bond.  In addition stereocontrol was required of the stereogenic centres at C8, C9, C10 and C13.  Danishefsky opted to follow a similar sequence of reactions to that in the total synthesis of migrastatin but with a different starting material.  Instead of starting with dimethyl 2,3-dispropylidene-1-tartrate they began with the commercially available (S)-3-benzyloxy-1,2-propanediol, 38.  The very bulky TBDPS protecting group was chosen to suppress possible β-chelation in the LACDAC sequence.  Luche reduction, Ferrier rearrangement and reductive opening followed as in the total synthesis of migrastatin to give 39.  As the analogues were not to contain the glutarimide side chain the synthetic route now changed.  Selective acetylation of and protection of the secondary hydroxyl as a MOM ether were carried out to give 40.    
Scheme 2.5 Danishefsky synthesis of (+)-migrastatin analogues
Removal of the silyl ether, oxidation and Tebbe olefination and ring-closing metathesis gave the MOM protected macrolactone, 419.  Further changes gave access to macrolactam analogues 42 and 43.  The design of the analogues was also aimed at probing different regions of migrastatin for their contributions to its activity.  
The analogues synthesised were tested for cell-migration inhibition using 4T1 mouse breast tumour cells which are highly aggressive and invasive.  They are commonly used as models for studying breast cancer, as the progressive spread of 4T1 cells to lymph nodes, lungs, and other organs can be seen to mimic the metastasis of human mammary cancer.  They used both the wound-healing assay and the more quantitative chamber cell migration assay.  The SAR quickly showed that in the absence of the glutarimide side-chain compounds proved to be up to 1000 times more active.  Four compounds were found to have activity greater than evodiamine, a natural product with potent anti-angiogenic and anti-migratory properties.  Whilst 44 and 45 were less potent than the core structures 42 and 43, they were still significantly more active than the natural product.  Furthermore the diverted total synthesis pathway is significantly simpler than the pathway to migrastatin itself.  Acetylation and oxidation of 45 resulted in a reduction in activity, as did hydrolysing the core structure 44.  A macrocyclic CF3-alcohol also displayed activity in the nanomolar range (101 nM).  Metabolic stability tests showed that migrastatin and 45 maintained their stability in mouse plasma over one hour.  However both 42 and 43 were easily hydrolysed perhaps due to the ester bonds being less sterically congested relative to those in other analogues.  When tested in a chamber cell migration assay in human endothelial cells (HUVECS) the migrastatin core and the macrolactone displayed activity in the nanomolar range unlike migrastatin 1 (IC50 65 µM), 42 (IC50 150 nM) and 43 (IC50 125 nM).  

Figure 2.4 Danishefsky’s macrolactam and macrolactone migrastatin analogues. IC50’s from chamber cell migration assay with 4T1 tumour cells.
The macrolactam 44 and macroketone 45 have been shown to block Rac activation17.  Rac is a small molecule GTPase and controls levels of cellular cGMP.  The Rac/cGMP pathway has recently been shown to be involved in the platelet derived growth factor induced fibroblast cell migration and lamellipodia formation18.  The migrastatin derivatives also nearly completely inhibit lung metastasis of metastatic mammary carcinoma cells in mouse models17.  They also inhibit metastasis of breast cancer cells, prostate cancer cells and colon cancer cells but not normal mammary-gland epithelial cells, fibroblasts and leukocytes.  This suggests they are specific inhibitors of tumour metastasis.
As a result Danishefsky looked to make even simpler analogues and this led to the synthesis of a number of macroether analogues.  The increased simplicity of the structures could lead to an increase in their attraction as potential drug candidates.   The group used the same reaction sequence as in the total synthesis of migrastatin up to 46.  46 was reduced with lithium borohydride to give a diol, which was followed by selective bromination of the primary alcohol and protection of the secondary alcohol with a TBS ether.   Etherification with sodium hydride, tertbutylammonium iodide and ring closing metathesis gave the macroether 47.  
Scheme 2.6 Danishefsky’s macroether migrastatin analogue 47
The macroether was found to inhibit cell migration both in vivo and in vitro in a concentration dependent manner.  When tested on normal human epithelial MCF10A cells an almost 1000-fold higher concentration was required for comparable inhibition with the macroketone 45.  Macroether was also found not to have a comparable effect on cell proliferation indicating its major biological effect is inhibition of cell migration rather than inhibition of cell proliferation19.  Treatment with the macroether didn’t reduce the viability of the cells tested in culture nor did the treatment suppress the rate of tumour growth in the same cell lines.  However treatment with 47 did appear to increase survival in mice injected with MDA231 breast cancer cells19.  However macroether 47 failed to inhibit metastatic tumour development once metastatic tumour cells had seeded to other organs.  A key role of fascin-1 in cell migration has been indicated.  Evidence suggests that in MDA231 and LM2 cells macroether interferes with a fascin-1-dependent migratory behaviour20-22.  Given these results and the non-toxic effects of the macroether even at high doses it has considerable promise as a specific cell migration inhibitor.
2.3 Murphy's analogues of Migrastatin
Within our group a number of migrastatin analogues have been synthesised through a different diverted total synthesis route.  The route chosen by our group has also been adapted to incorporate the preparation of novel dorrigocin A analogues17 which can be synthesised via intermediate 40.  Murphy’s synthesis was achieved starting with commercially available tri-O-acetyl-D-glucal.  The acetate groups were first removed using potassium carbonate and methanol.  The free hydroxyl groups were then protected with TBS groups.  Selective O desilylation of the primary hydroxyl was acheived using HF/Pyridine.  A Swern oxidation followed by reaction of the aldehyde with vinyl magnesium bromide gave a 1:1 mixture of diastereomers, 48a and 48b which were separable by flash column chromatography.  Both stereoisomers were used for synthesis of migrastatin analogues.
Scheme 2.7 Murphy’s synthesis of migrastatin analogue (i)
Methylation of the free hydroxyl group was followed by the exchange of silyl protecting groups for acetate protecting groups.  The next step involved an allylic rearrangement to give 49 followed by reduction of the latent aldehyde with lithium borohydride.  Importantly this reaction was quenched after only a minute to limit the migration of the acetate groups to either of the two free hydroxyl groups in the product, 50.
Zemplén deacetylation followed by protection of all three hydroxyls with silyl protecting groups gave 51.  Finally, selective deprotection of the primary hydroxyl group with acetic acid, THF and water in a 3:1:1 ratio gave the key intermediate 52.  
Regioselective esterification of the acetylated intermediate with heptenoyl chloride gave a triene.  However ring-closing metastasis of this diene proved challenging.  Numerous attempts (varying catalyst, concentration, solvent, temperature and reaction time) to obtain the product proved unsuccessful.  Reaction with 20 mol % Grubbs-II catalyst at 80 oC for five minutes proved best but had a poor yield and reaction of the other diastereomer in these and other conditions failed17.  This may have been due to competing metathesis processes.  As a result the acetate protecting group was removed and replaced with bulky TBS groups1.  It was hoped that the increase in steric bulk would block undesired metathesis products and gratifyingly after obtaining 54 in yields of up to 95 % it would appear that this is so.

Scheme 2.8 Murphy’s synthesis of migrastatin analogue (ii)
These analogues were evaluated for their effects on proliferation and migration in an acid phosphonate assay of 4T1 mouse breast cancer cells and human K4 IM synoviocyte cells.  Neither of these compounds were more potent inhibitors of proliferation or serum-induced migration than either evodiamine or Danishefsky’s compounds17. 
Further compounds were synthesised where the methyl group at C10 was replaced with a hydroxyl group.  Whilst 52 gave access to analogues of migrastatin there were a number of key differences between the intermediate 52, and migrastatin.  At C10 the stereochemistry 52 is opposite to migrastatin.  The methyl group at C12 in migrastatin is also missing in intermediate 52.  For this reason another synthesis towards a key intermediate 55 was designed.  55 would have the same stereochemistry at C10 and would provide a route to analogues more similar to migrastatin.

Figure 2.5 Differences between key intermediates 52 and 55 and migrastatin
This second synthesis started with the inexpensive and commercially available D-xylose.  Allylation was selectively carried out at C1 followed by protection of C3 and C5 with an isopropylidene protecting group and methylation of C2.  Isomerisation of the double bond was followed by the deprotection of C1 to give 56.  A Wittig reaction and removal of the isopropylidene protecting group with 60% acetic acid in water gave an open chain compound.  The three free hydroxyl groups were then protected with bulky silyl protecting groups to give 57.  The primary silyl protecting group was then selectively removed.  This free hydroxyl group was then oxidised with DMP to give the aldehyde 58.  
Scheme 2.9 Synthesis of Zhou Intermediate23
This aldehyde now gave access to both the cis and trans compounds depending on whether the Wittig reaction was carried out or a Horner-Wadsworth-Emmons (HWE) reaction.  Finally the HWE reaction was followed by a reduction with DIBAL hydride in DCM to give the key intermediate 55.  
An esterification reaction followed by macrocyclisation via ring-closing metathesis and deprotection led to analogues such as 60. 
Scheme 2.10 Example of Zhou Analogue 60        
2.4 Acyclic analogues24
Dias et al. synthesised the macrolactone core of migrastatin 42, and the migrastatin analogue 43 previously synthesised by Danishefsky.  They also reported the synthesis of two ester derivatives, which were initially synthesised as ring-closing metathesis pre-cursors.  However in each case ring-closing metathesis failed and as a result Dias deprotected the compounds and tested them alongside 42 and 61, the C-8 epimer of the macrolactone 43.  
The synthesis began with an asymmetric aldol addition of a titanium enolate derived from N-propionyloxazolidinone, 62, to give the aldol product 63.  The secondary alcohol was protected with a TBS group and then converted into the lactones 64a and 64b on the treatment with 4-methylmorpholine N-oxide (NMO) and catalytic amounts of OsO4 in acetone/H2O.  
Protection of the hydroxyl group of lactone 64a followed by reduction with LiAlH4 and subsequent selective protection of the primary hydroxyl group as its TBS ether gave 65.  Methylation followed by removal of the PMB group and oxidation of the resulting alcohol gave an intermediate aldehyde which was treated under olefination conditions to give 66.  Selective removal of the primary TBS ether followed by oxidation and olefination with a phosphonate ester under Ando’s conditions gave 67.  Esterification using DCC and DMAP followed by removal of the remaining TBS ether gave 68 and 6924.   
They investigated the activity of 68 and 69 and compared their activity with migrastatin analogues 42 and 61.  They tested the compounds using the wound-healing assay and encouraged by the results, they also tested the compounds using a Boyden-chamber cell migration assay using MDA-MB 213 human breast tumour cells.  


Scheme 2.11 Compounds tested by Dias 43, 61, 68 and 69
	Compound
	Cell-migration assay IC50 [nM]

	Cell-invasion assay IC50 [nM]


	61
	  34 ± 6
	7 ± 2

	42
	  14 ± 2
	5 ± 1

	68
	  22 ± 2
	9 ± 2

	69
	  53 ± 8
	33 ± 3

	Evodiamine
	280 ± 20
	590 ± 104


 Table 2.1 Results of cell-migration and cell-invasion assays
All of the compounds tested displayed significantly better activity than evodiamine.  The macrolactone 42 showed the best activity in both assays.  The acyclic ester compound 69 displayed better activity than both 61 and 68 in the cell-migration assay and only marginally less activity than the macrolactone 42 in the cell-invasion assay. The findings confirm previous studies that showed that selectivity for cancer-cell toxicity can be achieved using different migrastatin analogues such as macroketones, macrolactones and macrolactams.  These results highlight the possibilities for not only ring-closed compounds but also the deprotected ester compounds which have been much less well investigated.
2.5 Other Syntheses
Baba et al., reported a synthesis of the macrolide core of migrastatin25.  The last steps of the synthesis were similar to that of the Danishefsky group in that they used a Yamaguchi esterification which was followed by a macrocyclisation.  The key intermediate 70 for the esterification was the same as Danishefsky’s key intermediate,  in his total synthesis of migrastatin2 except that the protecting group chosen by Baba et al., at C9 was an MOM protecting group rather than the silyl protecting group chosen by Danishefsky.  The key steps in the synthesis included a dibutylboron triflate mediated Evans aldol condensation reaction26 as the first step and a late stage Horner-Wadsworth-Emmons reaction with Ando's phosphonate27-29 to give the (Z)-olefin exclusively at C11-C1225.  
Yadav & Lakshmi reported a synthesis of the C7-C15 fragment of migrastatin using desymmetrisation strategy30.  The synthesis was carried out in sixteen steps beginning with a lactone precursor 71, which was previously synthesised in their lab31,32.   
Figure 2.6 Intermediate of Baba, 70 and lactone pre-cursor of Yadav and Lakshmi, 71
2.6 Synthesis of Key intermediates 52 and 55
2.6.1 Synthesis of 52
Initial work on this project began with the synthesis of 52 following the route of Murphy et al.  The previous synthetic route to migrastatin analogues within the Murphy group which was repeated in the course of this work started with commercially available tri-O-acetal-D-glucal.  The first step was the removal of the acetate protecting groups using potassium carbonate and methanol and their replacement with bulkier tert-butyl dimethylsilyl (TBS) protecting groups 
on all free hydroxyl groups, 72.  Following this the TBS group at O-6 was selectively removed using HF/pyridine in 61 % overall yield.  


Scheme 2.12 Synthesis of diastereomers
This alcohol was then oxidised to the aldehyde 74 using the Swern oxidation.  The aldehyde was reacted without purification as Murphy et al. reported that attempts at flash chromatography led to a mixture of stereoisomers due to epimerisation at C-533.  Consequently the crude aldehyde was reacted with vinyl magnesium bromide to give a 1:1 mixture of diastereomers, 48a and 48b separable by flash chromatography (scheme 2.12).  The two diastereomers were then used separately for further synthesis of migrastatin analogues.  Methylation of the free 6-OH group was carried out using sodium hydride, iodomethane and catalytic amounts of 18-crown-6 to give 75 in 53 % yield.  The yield for this reaction was lower than had been previously been reported.  Whilst it appeared by TLC that the reaction had not reached completion if the reaction was stirred for longer another product was formed due to the migration of the silyl protecting groups.  
The silyl protecting groups were exchanged for acetate protecting groups in two steps to give 77.  This was necessary as the subsequent allylic rearrangement was not possible in the presence of the silyl groups33.  The silyl protecting groups were removed with tert-butylammonium fluoride in THF and the acetate groups were added with acetic anhydride in DCM.
  Scheme 2.13 Synthesis of key intermediate 52
The next step was an allylic rearrangement to give 49 and is the key step in the synthetic sequence.  The rearrangement involves a nucleophilic substitution reaction combined with an allylic shift in a glycal.  In the first step a delocalised allyloxocarbenium ion is formed usually in the presence of a Lewis acid such as boron trifluoride.  This ion then reacts in situ with an alcohol to give a mixture of α and β anomers of the glycoside with the double bond having moved to the 3,4 position. 
Scheme 2.14 Allylic re-arrangement 
The allylic rearrangement was carried out in the presence of water in THF at 80 oC to give a lactol which was lyophilised immediately on completion of the reaction.  This crude product was then reduced with lithium borohydride to give the desired acyclic intermediate 50.  The reduction was quenched after only one minute and gave 50 with a yield of 57% over the two steps.  This low yield is perhaps due to the tendency of the acetate groups to migrate onto the free hydroxyl groups of the product when the reaction time was longer.  This reaction proved to be inconsistent, working on some occasions to give the desired product as a clean white solid and in other attempts resulting in a dark black solid and impurities.  
Zémplen deacetylation with sodium methoxide and methanol followed by protection of the free hydroxyl groups with tert-butyl silyl protecting groups gave 51.  Regioselective desilylation under acidic conditions (AcOH/THF/H2O, 3:1:1) gave the key intermediate 52.  Further efforts towards the synthesis of analogues from 52 are discussed in section 2.9.  
2.6.2 A change of route
Other work within the Murphy group led to the design and synthesis of the intermediate 55.  55 was preferred over 52 as it gave analogues which more closely matched migrastatin.  Unlike 52, 55 had the same stereochemistry as migrastatin at C10 and the methyl group at C12 in migrastatin was also included.  As a result the synthesis of 55 was also undertaken.

Figure 2.7 Differences between key intermediates 52, 55 and the migrastatin core structure
The synthesis of 55 began with the inexpensive D-Xylose.   Xylose dissolved in allyl alcohol at elevated temperatures and resulted in the formation of the kinetically favoured34 allyl furanoside in the presence of pyridinium p-toluene sulfonate (PPTS).  PPTS is preferred to p-toluene sulfonate due to its milder acidity.  It has a pH of 3.0 in a 1.0 M solution facilitating its use in the presence of highly acid-sensitive alcohols35.  Baker et al. investigated the protection of xylose with isopropylidene protecting groups.  They found that the concentration of the sulphuric acid catalyst was important in determining whether the mono- or diisopropylidene derivative was formed.   They also found that PPTS gave the same selectivity34.   This also applied in the case of the allylation of the C1 position.  
Removal of the excess allyl alcohol and replacement with anhydrous acetone in the presence of anhydrous copper sulphate gave a 1:1 mixture of the α and β protected xylose derivatives. The combined yield of α- and β-products, 79, was 18-22 %.   Replacement of the copper sulphate with PPTS in the isopropylidene protection failed to result in an increased yield.  This is a drawback of the synthetic route and resulted in a much reduced quantity of material going forward.  All other steps proceeded in good yield.  It was found that the isopropylidene products and side products were difficult to dissolve in either the ether or water layer during work-up despite large quantities of both being used. 

Scheme 2.15 Synthesis of 56
This was followed by methylation of C2 with sodium hydride and 18-crown-6 in THF to give 80 in 78 % yield.  The allyl protecting group was then removed using the conditions of Gigg and Warren36 to yield 81.  The allyl protecting group was chosen due to the stability and accessibility of allyl ethers and also the ease of isomerisation and lability of the resulting prop-1-enyl ethers under acidic conditions.  The rearrangement of prop-2-enyl ethers to cis- prop-1-enyl ethers was first reported using base under vigorous conditions37 but later was found to be accelerated under milder conditions by the use of potassium tert-butoxide in dimethyl sulfoxide38.  In the case of compounds with no free hydroxyl groups it has been reported that the rearrangement is complete within fifteen minutes at 100 oC using equimolar quantities of potassium tert-butoxide39.  In the case of the xylose derivative however it was found that after 90 minutes the enol ether, 81, had formed. The aqueous layer was then separated and extracted using diethyl ether followed by ethyl acetate until no further product could be detected in the aqueous layer by TLC.   
Due to the presence of the acid labile isopropylidene protecting group an alternative to acid hydrolysis was required for removal of the enol ether to give the free hydroxyl group at C1.  Ozonolysis followed by alkaline hydrolysis of the ozonide or oxidation with alkaline permanganate have both been used.  A more convenient reaction involves mercuric salts such as mercury acetate.  The reaction was carried out in a biphasic mixture of THF/Water (4:1).  The reaction gave 56 in just 30 minutes.

Scheme 2.16 Synthesis of aldehyde 58     
Reaction with a Wittig reagent formed from the reaction of methyl triphenylphosphonium bromide with base in THF gave the olefin 57.  When carried out at -60 oC this reaction gave yields of 60 %.  When the reaction was carried out at -20oC and -78 oC the yield was reduced and in some cases no product was formed.  The isopropylidene protecting group was then removed with 60 % acetic acid in water to give the tri-hydroxylated compound 82.  Protection with tert-butyldimethylsilyl trifluoromethanesulfonate gave the fully protected compound 83.  Selective deprotection of the primary hydroxyl was carried out with para-toluene sulfonic acid to give 84 in good yield.  The free hydroxyl was then oxidised with Dess-Martin Periodinane (DMP).  When 58 was synthesised with commercially bought DMP the reaction yield was ~10 % lower than when carried out with DMP freshly prepared from oxone and 2-iodobenzoic acid.   
2.6.3 Horner-Wadsworth-Emmons Reaction
With the aldehyde 58 in hand it is possible to obtain the E or Z alkene.  A convenient method for olefin synthesis is the Horner-Wadsworth-Emmons reaction (HWE).  It is widely used for the synthesis of α,β-unsaturated esters40,41.  The phosphonate anions are strongly nucleophilic and react readily with aldehydes to form olefins.  Another advantage of the HWE reaction is that the phosphorous side products are easily removed as a water-soluble side product.  The reaction is generally carried out with bases such as n-butyllithium, potassium tert-butoxide and sodium hydride.  However Masamune and Rousch have developed mild conditions for the HWE reaction for substrates that are not stable to sodium hydride42,43.  Instead they use lithium chloride and DBU.  Danishefsky used these conditions in his total synthesis of migrastatin2.  
Tri-substituted alkenes can be readily synthesised in the HWE reaction using either α-branched phosphoryl reagents with aldehydes or by using ketones as the phosphoryl  component40.  The steric bulk of the phosphonate and electron-withdrawing groups play a critical role in the stereochemical control of the reaction of α-branched phosphonates with aliphatic aldehydes.44  In the case of the HWE reaction in scheme 2.17 it was found that when R1 was bulkier than R2 the formation of the E alkene was favoured and when R2 was bulkier than R1 the Z alkene was formed preferably.


Scheme 2.17 Effect of substituents on E or Z formation
The synthesis of (Z)-alkenes using the HWE reaction had proved less common.  However, Ando et al. prepared ethyl (diarylphosphono)acetate, 85, and reacted it with numerous aldehydes in the presence of the inexpensive sodium hydride or triton B in THF.  They obtained high yields and excellent  Z selectivity29,45.  

Figure 2.8 Ando’s phosphono acetates 
Conversely ethyl (dialkylphosphono)acetate, 86 resulted in the formation of predominantly (E)-alkenes.  Given the reversibility of the reaction, this latter observation can be explained by the formation of the thermodynamically more stable threo adducts (scheme 2.18).  In contrast the Z isomers are favoured by the (diarylphosphono)acetate reagents due to the predomination of the kinetically preferred erythro adducts which irreversibly collapse to the (Z)-alkenes29.  

Scheme 2.18 Reaction pathways in HWE reactions
The electrophilicity of the phosphorous in the ethyl (diphenylphosphono)acetate derived intermediate is increased by the electron-withdrawing character of the alkoxy group (pKa PhOH = 10.0 vs pKa CH3CH2OH = 16)46.  The enhanced reactivity of the intermediates results in a reduction in the reversibility of the reaction to reform the starting materials.  As a result greater amounts of the Z-olefin are formed.  In the case of α-methyl reagents 87, methyl ethyl (diphenylphosphono)acetate, the rate limiting step is the first carbanion attack on the aldehyde carbonyl.  Thus the bigger the substituents on the aryl group the higher the Z-selectivity.  Another possible reason for the substituent effects of the aryl group could be due to steric hindrance rather than electronic effects.  The aryl group may show enhanced kinetic selectivity for the erythro adducts.
Ando prepared ethyl (diphenylphosphono)acetate from commercially available triethyl phosphonoacetate, phosphorous pentachloride and phenol via ethyl (dichlorophosphono)acetate in 60 % yield overall.  However in the course of this work the ethyl (diphenylphosphono)acetate was prepared from ethyl bromoacetate, diphenyl phosphate and triethylamine.  This was then methylated by reaction with sodium hydride and iodomethane giving a yield of 52 % (scheme 2.19).  The ethyl (diphenylphosphono)acetate starting material (34 %) was also recovered during purification of the second step.  It proved to be very important that this reagent 87 was pure, as when reacted in the HWE reaction if any of 85 remained the aldehyde reacted preferentially with 85 to give the unmethylated alkene product.  
Scheme 2.19 Synthesis of Ando’s phosphonate
The HWE reaction was hence carried out and gave 90 in 68-72 % yield.  The reaction was carried out at -78 oC as Ando reported that lower reaction temperatures favoured Z-selectivity.46  The ester was then converted to the acid with DIBAL-hydride in hexane to give the key intermediate 55.  There was a small difference in yield when DIBAL-hydride in DCM was used.  However it was very important that the DIBAL-hydride was from a freshly opened bottle as when an older bottle was used the yield fell by more than 30%.

Scheme 2.20 Synthesis of 55
2.6.4 Discussion of synthetic pathway
The drawback of this sequence is the limited amount of the key intermediate 55 obtained.  The most obvious way of improving this would be to increase the yield of the first two steps (scheme 2.15).  On most occasions the yield was 18-22 % (14 - 16g).  On one occasion a yield of 35 % was obtained.  This was still significantly lower than the reported yield by Ireland et al (52%)47.   If the yield obtained was closer to the reported figure of Ireland et al. the the route would have been considerably more practical.  In an effort to investigate this drier copper sulphate was used and this made some difference.  Anhydrous acetone was investigated (commercial or laboratory dried) but there was no improvement in yield.  Molecular sieves were added to the copper sulphate promoted reaction with no improvement.  Increasing the reaction time for both the acetal formation (allylation) and isopropylidene protection reactions failed to result in a significantly improved yield.  Attempts at developing alternative routes included; allylation with sodium hydroxide and allyl bromide or using allyl chloroformate and palladium tetrakis triphenyl phosphine. Unfortunately these methods resulted in allylation at positions other than the anomeric position.  Reaction of allyl ethyl carbonate, tris(dibenzylideneacetone)dipalladium(0) and 1,4-bis(diphenylphosphino)butane gave the desired product on a 250 mg scale along with unwanted side products.  However this route was not investigated further as on scale-up the reaction would have been very costly.
2.7 Esterification Reactions
As esterification of 52 and 55 were next explored a short review of each reaction is included. There are numerous methods for the esterification of compounds – these include Fischer esterification, Mitsunobu reaction, Yamaguchi esterification and Steglich esterification.
Given the success of the Mitsunobu reaction in synthesising similar compounds previously within our group this was the first reaction attempted for the esterification steps.  
The Mitsunobu reaction is a mild reaction that converts a hydroxyl group into a potent leaving group which can be displaced by a number of nucleophiles.  Some uncertainty remains as to the identity of the intermediates and the roles they may play.
Nucleophilic attack of triphenylphosphine on diisopropyl azodicarboxylate (DIAD) quickly forms a betaine intermediate that is able to deprotonate the carboxylic acid (scheme 2.21).  DIAD then deprotonates the alcohol giving an alkoxide that can then form the key oxyphosphonium ion.  The ratio and interconversion of the intermediates is dependent on the pKa of the carboxylic acid and also on the solvent polarity48,49.    Hughes et al. reported that the formation of the DIAD-triphenylphoshine adduct is very fast. However the formation of the oxyphosphonium intermediate is slow and facilitated by the alkoxide.  The hydroxyl group must be deprotonated before the triphenylphosphine transfer occurs.  Therefore, the overall rate of reaction is controlled by carboxylate basicity and solvation50. 

 Scheme 2.21 Mechanism of the Mitsunobu Reaction
Despite the presence of several phosphorus intermediates the SN2 attack of the RCOO- on the oxyphosphonium intermediate is the only route which will result in the formation of the desired product.  This final step is only slightly sensitive to carboxylate basicity.  The competing elimination reaction can be reduced by using less basic carboxylate anions50.  
One issue with the Mitsunobu reaction can be the isolation and purification of products from the triphenylphosphine oxide and diethyl hydrazine dicarboxylate by-products. 
The Steglich esterification is a variation of an esterification with dicyclohexylcarbodiimide as a coupling reagent and 4-dimethylaminopyridine as a catalyst.  It is an adaptation of an older method for the formation of amides by means of DCC (dicyclohexylcarbodiimide) and 1-hydroxybenzotriazole.   This reaction generally takes place at room temperature and dichloromethane is generally a suitable solvent.  Because the reaction is mild, esters can be obtained that are inaccessible through other methods for instance esters of the sensitive 1,4-dihydroxybenzoic acid. A characteristic is the formal uptake of water generated in the reaction by DCC, forming the urea compound dicyclohexylurea (DCU).  
The DCC and carboxylic acid are able to form an O-acylisourea intermediate, which offers reactivity similar to the corresponding carboxylic acid anhydride.  The alcohol can now add to the activated carboxylic acid to form the stable DCU and the ester:  In practice, the reaction with carboxylic acids, DCC and alcohols requires the addition of approximately 5 mol% DMAP for the efficient formation of esters.  However in my own hands it was found that stoichiometric quantities of DMAP were required for optimum yield.  Initially the Steglich reaction was tried (scheme 2.22) in the presence of 30 mol% DMAP and stirred for two hours.  However this gave product in only 36% yield, when this was increased to 80 mol % the yield rose to 49%.  Finally DMAP was increased to 100 mol% and after two hours the yield had increased to 63 %.  It is thought that DMAP speeds up the reaction by nucleophilic catalysis as it is a stronger nucleophile than the alcohol.  This means it reacts with the O-acylisourea leading to a reactive amide ("active ester"). This intermediate cannot form intramolecular side products but reacts rapidly with alcohols. DMAP acts as an acyl transfer reagent in this way, and subsequent reaction with the alcohol gives the ester.  


Scheme 2.22 Steglich esterification
One further option used for esterification was conversion of the carboxylic acid to the acid chloride before reacting that with the alcohol.  This was carried out by reacting the acid with oxalyl chloride and a drop of DMF.  After two hours the alcohol was added and the reaction was stirred overnight.
2.8 Ring-closing metathesis
Ring-closing metathesis (RCM) is a commonly used reaction in the synthesis of C=C double bond containing natural products, particularly for the synthesis of large unsaturated rings.  Currently the absence of stereocontrol is due to the dependency of the catalytic ring closure on the energetic attributes of the product stereoisomers rather than being decided by the catalyst51.  In the case of small or medium rings Z alkenes are formed almost exclusively.  However as the ring size increases this is no longer the case and frequently the energy difference between the cis and trans isomers is insufficient for achieving a stereoselective synthesis.  In olefin metathesis the possible products all have similar energy values as they all contain an alkene.  Even if one isomer is sufficiently lower in energy, the catalyst isn’t always able to promote equilibration52. Usually the reaction conditions are used to dictate the product mixture.  In some cases a given reaction can be run in either direction to near completion.  Ring-closing metathesis reactions are often driven by the entropically favoured evolution of ethylene.  In the case of preparing larger macrocycles the reaction can also be controlled by extreme dilutions, where a larger dilution can favour the RCM reaction over the cross-metathesis (CM).  
Whilst metathesis reactions are commonly used in the synthesis of large macrocycles, one disadvantage of the reaction is the lack of stereocontrol at times.  When RCM or CM involves two unhindered alkenes the stereoisomeric purity is delicately balanced due to the reversibility of the reaction and also the higher reactivity of the Z alkene relative to the E alkene.  The kinetically generated Z alkene can easily undergo isomerisation to the E alkene51.  Whilst considerable research has been carried out into finding substrates with a preference towards forming Z alkenes, Yu et al. recently reported a number of catalysts which can control the stereochemical outcome of a reaction.  
In addition, conformation is critical in RCM, it can help or hinder the influence of the catalyst greatly52.  The conformation of a number of RCM-compounds will be discussed in detail in chapter three.
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Figure 2.9 Model for the origin of Z selectivity by Yu et al52.
 A general mechanism for metathesis is the Chauvin mechanism shown in scheme 2.23.  It starts with an initial turnover to produce 91 (Initiation).  Following this is a [2+2] cycloaddition reaction between the olefin 92 and the transition metal carbene 91 to give a metallocyclobutane 93.  This then collapses in a productive fashion to give a new olefin 94 and a new metal carbene (alkylidene) 95, which carries the alkylidene fragment R2.  Metal carbene 95 can then react with an olefin 96 to give a metallocyclobutane 97 which collapses to release 98 and reform 91, which can then re-enter the catalytic cycle.  The overall result being the formation of new olefin 9453.       
Scheme 2.23 Mechanism of ring closing metathesis
2.9 Esterification and subsequent RCM studies to give migrastatin analogues using 52 and 55
2.9.1 Sugar Analogues
The benzylated glucuronic acid 103, was synthesised in five steps from methyl α-D-glucopyranoside in DMF.  To this was added sodium hydride followed by benzyl bromide to give the per-O-benzylated pyranoside in 83 % yield.  This intermediate was then treated with acetonitrile, allyltrimethylsilane and trimethylsilyl triflate to give the α-allylated pyranoside, 100.  Selective exchange of the benzyl group for an acetate group at C6 gave 101, followed by Zémplen deacetylation and oxidation with bisacetoxyiodobenzene to give the glucuronic acid 103 which was used without further purification in the next step.     

Scheme 2.24 Synthesis of 103
In the case of the benzylated sugar, 103, the Mitsunobu reaction under the conditions described by Murphy et al. (triphenylphosphine, DIAD in toluene),  gave the ester 107 in only a 12 % yield54.  In contrast the reaction of the aromatic vinyl derivative 104 (scheme 2.25) with the key intermediate 52 using the conditions described by Murphy et al. gave the protected ester 105 in good yield (64 %).  Compound 105 was deprotected with TBAF to give 106.  
From this it could be concluded that the conditions previously used within the group were suitable for the aromatic acids but less suitable for the glucuronic acid.  In order to increase the yield and therefore make the best use of the key intermediate alternative reaction conditions were investigated.  The acid chloride was synthesised and its formation was supported by LRMS.  The acid chloride was used crude and reacted with the key intermediate 52 and gave 107 in 50 % yield (scheme 2.26).  The acid chloride of the glucuronic acid 103 was also reacted with the intermediate 55 which gave the ester 109 in 62 % yield.  Having improved the preparation of 107 and 109, RCM was next investigated.

 Scheme 2.25 Synthesis of 106
Initial attempts at ring-closing metathesis with 20 mol % Grubbs’s II catalyst in DCM at 45 oC did not succeed55.  Neither reaction proved successful although a trace amount of 108 was observed as evidenced by ESI mass spectrometry [M+Na]+.  Reactions with Grubbs I catalyst (7-30 mol%) in DCM6,56-58 failed. The reaction was repeated with Hoveyda Grubbs catalyst (10 mol%) in DCM59 but did not result in the formation of the desired products 108 and 110.  The reaction was carried out with 10 mol % Grubbs’ II in toluene33 and monitored by mass spectrometry.  Evidence of the formation of 110 was observed [M+Na]+.  After work-up only 8 % of the product was isolated.  The reaction was repeated however on this occasion 20 mol % of Grubbs’ II in toluene was added and the reaction was stirred at 80 oC33. A further 10 mol % in toluene was added after one hour and this was repeated until 40 mol % of the catalyst had been added.  The reaction was stirred for a further 3 hours until no starting material remained.  The mixture was cooled and the solvent was removed in vacuo immediately after the reaction flask had cooled.  Compound 110 was obtained (23 %, 4 mg) after purification by chromatography.
.  
Scheme 2.26 Attempted synthesis of 108 and 110.
A second sugar containing compound, 118 derived from D-galactose was prepared.  D-galactose was acetylated in the presence of acetic anhydride and iodine to give penta-acetyl galactopyranose 111.  This mixture was treated with allyltrimethylsilane, BF3.OEt2 in acetonitrile to give 112 which is an α-allyl C-glycoside.  Zémplen deacetylation gave 113 and was followed by the protection of the hydroxyl groups at C3 and C4 with an isopropylidene group, forming 114 in 70 % yield.  The hydroxyl group at C6 was stereoselectively protected as a TBS ether leaving the hydroxyl group at C2.  This free hydroxyl at C2 was alkylated and the TBS protecting group was then removed to give 117.  Oxidation at C6 gave the desired galacturonic acid, which was to be investigated in the synthesis of new macrocycles. 

Scheme 2.27 Synthesis of 118
With 118 in hand the esterification was attempted.  A Steglich esterification gave the product 119 in only 42 % yield.  The Mitsunobu reaction resulted in a similar yield of 47 % (1.0 eq of 55, 2 eq 118, 2.7 eq. PPh3, 3.2 eq. DIAD in toluene).  However when the Mitsunobu conditions were altered to the conditions of Zhou et al 60 (1.0 eq of 55, 1.5 eq 118, 1.5 eq. PPh3, 1.3 eq. DIAD in toluene) a significant improvement in the yield (68 %) was observed and only one equivalent of the alcohol was required.  With 119 in hand RCM of this protected ester did proceed with Grubbs’ II in toluene at 80 oC when stirred over two hours to give 120.  However the yield from the reaction was very poor at just 18 % even after the addition of 40 mol % of Grubbs’ II.  A trace amount of product was observed when the reaction was carried out in DCM. No reaction was observed with Grubbs’ I or Hoveyda Grubbs’ catalyst.  Attempts at the removal of the isopropylidene protecting group with up to 70 % acetic acid in water failed and resulted in the loss of the compound.  Deprotection of the TBS ethers from 119 in the ester with TBAF gave the diol 3 in 63 % yield.  As in the macrocycle 120, attempts at removal of the isopropylidene group from 3 were not successful.  


Scheme 2.28 Synthesis of 3 and 120
In addition both 103 and 118 were reacted with commercially available 2,7-octadienol (121).  In both cases this resulted in the formation of the 122 and 123.  Interestingly in the case of 122 the trans product was formed where as in 123 the cis product was formed (scheme 2.29).  


Scheme 2.29 Synthesis of 122 and 123
2.9.2 Benzomacrolactone Analogues
The synthesis of suitable aromatic compounds as building blocks was next explored.  The reaction of o-toluic acid with allyl bromide at -30 oC in the presence of diisopropylamine and n-butyl lithium (scheme 2.30) gave a mixture of the starting material, as well as the desired ortho substituted product 125 and a small amount its allyl ester.  It was essential that the acid was added in THF-Heptane.  In the absence of the co-solvent heptane, very poor yields were observed.  Replacement of anhydrous heptane with pentane resulted in a small decrease in yield.  Purification of 125 proved difficult.  The allyl ester was easily separated by column chromatography.  However the separation of 125 from 124 was more difficult.  Flash column chromatography proved ineffective, Kugleröhr distillation resulted in much of the starting material being removed with the ratio of starting material:product reduced from 4:1 to 1.5:1.  

Scheme 2.30 Synthesis of 125
The attempted esterification of 125 (1.5:1 mixture of 124 and 125) with the key intermediate 55 resulted in the formation of 126 alone.  The desired product was not detected.  A Steglich esterification was also attempted and again resulted solely in the formation of 126.   126 was deprotected with TBAF on THF to give the acyclic compound 127.  Similarly when 124 was reacted with commercially available 2,7-octadienol, the only product formed was 128.  This suggests that 55 strongly favours reaction with 124, most likely for steric reasons.  Steric hindrance may also explain the somewhat low yields for the esterification reactions when compared with the yields obtained in the synthesis of other migrastatin analogues lacking a sugar or aromatic moiety23,54,61.  It was still unexpected that some of the desired ester has not formed from 125.


Scheme 2.31 Esterification reactions of 125
Next a para-substituted aromatic compound 130 was synthesised starting with 4-hydroxybenzoate (scheme 2.32).  This was first allylated using potassium carbonate and allyl bromide in refluxing acetone to give the allyl aryl ether 129.  Heating induced the Claisen rearrangement of the allyl aryl ether in N,N-diethyl aniline which gave the rearranged product 130.  The hydroxyl group was then alkylated again before the ester was converted to the carboxylic acid.  







Scheme 2.32 Synthesis of series of p-aromatic carboxylic acids
Particularly when considering reactions with the key intermediates, it was important to consider the atom efficiency of reactions.  Whilst the Steglich esterification was in almost all cases successful it did require three equivalents of the alcohol unlike the Mitsunobu reaction which only required 1 equivalent of alcohol.  Given the limited quantities of the key alcohol intermediates 52 and 55, the Mitsunobu was preferred as although overall the Steglich esterification gave a slightly better yield than the Mitsunobu, the Mitsunobu required less of the valuable key intermediate (synthesis of 145).  However in the esterifications with the commercially available 2,7-octadienol (123) the Steglich esterification was generally preferred and gave a greater yield (synthesis of 140-144).  
The order in which reagents are added can be important in the Mitsunobu reaction.  Normally the alcohol, carboxylic acid and triphenylphosphine are dissolved in THF.  The DIAD is then added dropwise and the reaction is stirred for several hours.  However in some instances pre-forming the betaine can lead to an increased yield.  This is done by adding the DIAD to triphenylphosphine in THF, followed by the addition of the alcohol and then finally the acid.  Indeed in the case of 145 (scheme 2.33), pre-forming the betaine increased the yield by ~12%.  In some instances the DIAD is added at 0 oC.  However in my own hands this did not enhance the reaction yield.
This series of carboxylic acids (135 - 139) then underwent Steglich esterification with moderate yields.  The yields for Mistunobu reactions were slightly less (48–53 %).  Synthesising the acid chloride gave the product in similar yield to the Steglich esterification.  Interestingly although the 2,7-octadienol used was a cis/trans mixture, all of the products had a strong preference for the cis or trans product with only trace amounts of the other isomer being produced.  In the case of the para-substituted aromatics, it was still clear that only one product had been formed although it couldn’t be determined from the coupling constants whether the product formed was cis or trans.

Scheme 2.33 Efforts towards the synthesis of p-aromatic analogues
Surprisingly when subjected to ring-closing metathesis these compounds failed to react with up to 40 mol% of Grubbs’ II in toluene.  Unlike the other aromatic compounds which gave undesired products, in the case of the para-substituted compounds no reaction was observed.  
This was also true for 145, prepared by reaction of 136 with 55.  All attempts at closing this ring using Grubbs’ I, Grubbs’ II and Hoveyda Grubbs’ catalysts at 45 and 80 oC were unsuccessful.  No product was detected even with catalyst loadings of up to 40 % and reaction times of 24 hours.
It has been reported that Mitsunobu reactions can be enhanced by the presence of an ortho hydroxyl group62 (scheme 2.34).  As a result the allyl ester 146 was converted to the acid 147 (75 %).  Acid 147 was  reacted with the key intermediate 55 under the conditions of Zhou et al60 and this gave the ester 148 in 67 % yield.  Removal of the TBS groups from the compound was attempted with TBAF.  Whilst the reaction appeared to work by TLC and HRMS, the isolated yield was low and the NMR of the final product was poor.  Kugelröhr distillation of the product failed to improve the purity of the compound.  


Scheme 2.34 Synthesis of 148
Acid 147 was reacted with 2,7-octadienol to give the ester 151 (82 %) which was then alkylated.  The yield for the methylation was 69 %.  When 146 was methylated prior to acid formation and esterification with the octadienol 121, a yield of 92 % was obtained, significantly higher than the yield for reverse strategy.  Despite this the esterification followed by alkylation still gave a greater yield overall due to the presence of the ortho free hydroxyl group.


 Scheme 2.35 Synthesis of 151 and 154-157
RCM reactions of the alkylated esters in toluene at 80 oC resulted in cross-metathesis-RCM  products 158 and 159 (scheme 2.36) forming instead of the desired 14 membered macrocycle.  In an effort to address this, the dilution was reduced even further to 0.001 M.  However again, the 18-membered macrocycle was formed.  When the dilution was decreased to 0.001 M the reaction was much slower.  Cross-metathesis occurred between the allylic alkene C8-C9 and the di-substituted alkene C11-C12, with cyclopentene being formed as a side product in the reaction.  The cross metathesis also occurred when the reaction was carried out with Grubbs’ II in DCM at 45 oC.  A number of products are possible from this reaction, one of which is a 9-membered ring formed by RCM between the diene at C8-C9 and the diene at C11-C12.  It is thought that these 18-membered rings are preferred to 9-membered rings due to the decrease in transannular strain in the larger rings.  Transannular strain is one of the key reasons why 9-membered rings are difficult to make.  For ring sizes of 14 and above there is no transannular strain. 


Scheme 2.36 CM and RCM products 158 and 159
Fürstner et al. found reported the formation of 160 from metathesis reactions if the reaction was quenched immediately after TLC indicated that all of the starting material had been consumed (~50 mins).  However when the reaction was allowed to stir for longer 160 disappears and a cyclotrimer and other cyclooligomers were formed63.  When trying to form the macrocycle 163 they discovered that the reaction appears to proceed by first forming the acyclic dimer 162.  On prolonged heating 162 disappears and 163 becomes the major product.  When 162 was synthesised and isolated and then treated with Grubbs’ catalyst they again found that 163 was selectively formed demonstrating the reversibility of the metathesis reaction and how central this reversibility is to the formation of highly substituted macrocycles.  

 Scheme 2.37 RCM-CM dimerisation reactions from literature 
Smith et al. reported the synthesis of (-)-cylindrocycloprophane F.  A ring-closing metathesis dimerisation reaction was the key step in this synthetic pathway and was thought to be first time this strategy had been used in natural product synthesis64,65.   The reaction was highly efficient and selective.  This level of selectivity led them to suggest that the [7,7]-paracyclophane skeleton, 161 is the thermodynamically more favoured isomer.  The [7,7]-paracyclophane skeleton is formed due to the inherent reversibility of the reaction which through a series of olefin metatheses results in the formation of the energetically most favourable isomer.  The “head-to-head” dimerisation products were not detected due to the reversibility of the reaction and the low energy nature of the E,E “head-to-tail” dimer64.  Smith et al. synthesised two trienes which were predisposed towards forming the [6,8]-macrocycles.  However RCM of these trienes resulted again in the formation of 161 product supporting their proposed metathesis cascade65.   They obtained even higher efficiency with a Schrock catalyst and it would be interesting to see if this was also the case with 158.   

In the case of 158 it is suggested based on NMR analysis that the head-to-head dimer was formed rather than the head-to-tail dimer.  In the COSY coupling was not observed between the alkene protons H8 and H17.  Similarly examination of the NOESY showed that no interaction between H8 and H17 but did show all the expected interactions for the head-to-head dimer.  The HMBC provided the strongest evidence that the head-to-head dimer had formed.  H7 showed an interaction with the α-proton H8 and also the β-protons H4 and H6 H8 only coupled to H7.  However it would have been expected to also couple to the β-proton H10 if the head-to-tail dimer had formed.  H9 was also found only to interact with H10 and showed no interaction with H7, again an interaction would have been expected if the head-to-tail dimer had formed.  Further evidence of the formation of the head-to-head dimer was the HMBC interaction of H19 and H20. 



Figure 2.10 HMBC interactions on head-to-head and head-to-tail dimer
This was slightly surprising as a conformational search showed that the global minimum of the head-to-tail compound (77.85) was significantly lower than the global minimum of the head-to-head compound (107.64).   The coupling constants of the alkene protons showed second order effects and it is proposed that they are AA’BB’ systems.  The coupling constants could not be determined.  IR of the compound showed the presence of two alkenes at 1617 and 1614 cm-1.  A sharp peak was observed at 965 cm-1 indicating the presence of a trans alkene.  In addition a broad peak at 708 cm-1 was also observed which suggests the presence of a cis double bond.  Based on this it is proposed that the structure contains both a cis and trans double bond.  But it was not possible to determine which bond was cis and which was trans.  However based on the NMR data it is proposed that the head-to-head dimer had formed.   

2.10 Selected structural studies with 148, 151
Ring closure metathesis with 148 and 151 did not give the desired macrocyclic products.  Some of the structural aspects of these compounds were investigated in order to establish if they could explain this outcome.  They were:
1. Hydrogen bonding between the phenol hydroxyl group and neighbouring groups
2. Conformation of the diene components
2.10.1 Hydrogen bonding between the phenol hydroxyl group and neighbouring groups
The conformation of compounds can affect the success of RCM in particular how it may influence the interaction with the catalyst52.  One factor which may control the conformation of 148 and 151 is intra-molecular hydrogen bonding.   In some benzomacrolactones the β-OH group is not hydrogen bonded to the ester carbonyl group.  It was decided to investigate if this was the case for 148 and 151.  
The hydroxyl group proton of 151 appeared at ~10.9 ppm on the proton NMR.  The shift downfield can be accounted for by the relationship between the carbonyl group of the ester and the proton of the hydroxyl group.  The proton of the hydroxyl group is γ to the carbonyl of the ester and may be in almost the same plane resulting in increased deshielding and a shift downfield.  Large shifts downfield are also expected in β-carbonyl compounds where there is strong intra-molecular H-bonding.  The planar conformation of esters can influence conformation.   Donation from p orbital of oxygen to the π* orbital of the carbonyl results in the planar shape of an ester.  However there are two possible planar conformations, one with the R group cis to the oxygen and the other with the R group trans.  When R and O are cis additional stabilisation is possible as both lone pairs on oxygen are involved in bonding.  The first lone pair interacts with the C=O π* orbital and the second lone pair can donate into the σ* orbital of the C=O bond.  However when the R group is trans to O this is no longer possible.  As a result the cis conformation is generally the preferred one.  However in some esters such as lactones, the trans conformation is preferred for steric reasons and it is why lactones display reactivity more commonly associated with ketones than esters66.   
Figure 2.11 Ester conformations 
Examination of the literature showed the investigation of hydrogen bonding can be carried out using variable temperature infra-red spectroscopy or NMR.  Whilst variable temperature IR experiments were not possible in Galway, variable temperature NMR experiments were.  It is well known that the chemical shifts of hydroxyl groups are subject to variations in temperature, solvent and sample concentration.  Despite this no investigations of the chemical shift in hydroxyl groups using variable temperature NMR were found.  It is well known that the chemical shift of amide protons at different temperatures can indicate the presence of intra-molecular bonding67-69.  
The chemical shifts of hydroxyl groups are sensitive to the orientation of the hydroxyl group to its neighbours and as a result could be used to indicate the presence of intra-molecular hydrogen bonding in non-bonding deuterated solvents such as CDCl3.  In a hydrogen bonded hydroxyl/amide group, the carbonyl function causes the hydroxyl proton to be shifted downfield.  As the temperature increases, the hydrogen bond is weakened/lengthened and the hydroxyl proton is shifted downfield to a lesser extent i.e. a shift upfield is observed.  The value of the reduced temperature coefficient has been widely used to predict hydrogen-bond donors70.  Values which are greater than -5 ppb/K are thought to indicate that an amide proton is involved in intramolecular hydrogen bonding.  The lengthening of intermolecular hydrogen bonds, such as bonds to water, will be greater than for intramolecular hydrogen bonds and therefore will result in a greater chemical shift change.

Figure 2.12 Acyclic esters 148 and 151
The proton NMR of the two acyclic ester compounds 148 and 151 were obtained at five degree intervals from 273 to 318K.  In both compounds there are two possible intra-molecular hydrogen bonds.  Both contain only one hydrogen bond donor, the free hydroxyl group.  This hydroxyl group could form a hydrogen bond with either the ester carbonyl or the methoxy ether of the aromatic ring.  In both cases the chemical shift was observed to decrease with increases in temperature.  The chemical shift of the OH group was then plotted against the temperature to give figures 2.12 and 2.13.  The reduced temperature coefficients (Δδ/ΔT) were then calculated.  The reduced temperature coefficient is used to characterise the presence of intra-molecular hydrogen bonding in amides.  As no reduced temperature coefficient for intra-molecular bonding involving hydroxyl groups could be found within the literature, the value for intra-molecular amides was used71,72.   It was also found that no more than two data points were necessary for the accurate calculation of the reduced temperature coefficient.  The lack of data for hydroxyl group protons may be due to the speed at which they are exchanged71.  For compound 151 Δδ/ΔT was found to be – 3.46 ppb/K which is in agreement with the presence of an intra-molecular hydrogen bond.  For compound 148 Δδ/ΔT was found to be – 2.69 ppb/K which is also in agreement with the presence of an intra-molecular hydrogen bond73.  No overall pattern of a change in chemical shift was observed in the methoxy ether group 148.  A small shift downfield was observed between 303 and 313 K however this was reversed at 318 K with a larger shift upfield and a significant broadening of the peak. 

Figure 2.13 Hydroxyl shift with temperature for compound 148

Figure 2.14 Hydroxyl group shift with temperature for compound 151
2.10.2 Conformation of the diene components
The coupling constants (H11-H12) of the proton NMR of 151 confirmed that the E isomer had been synthesised.  This may partly explain the failure to successfully ring close this compound as in the E isomer the two terminal alkenes may be further apart although it is more likely to be due to the 5 member cyclopentene forming fast.  Instead attempts at RCM resulted in the formation of the 18-membered macrocycle 158 shown in scheme 2.36.
The 2D-NOESY for the protected open chain compound 148 showed all the expected interactions between protons. It also indicated that the methoxy group of the aromatic ring is orientated towards C4 of the aromatic ring rather than toward the hydroxyl group.   It also showed an interaction between H10 and H13.  This would suggest the Z product had been formed (as shown in Figure 2.10) as for the corresponding E isomer this inter-proton distance would be expected to be too far (> 4Å) for a NOESY interaction to be observed.  An inter-proton NOESY interaction was observed between the allylic proton H16 and H14 and H13.  This suggests conformer 148a or 148b is preferred to structure 148c in figure 2.15.  In addition an interaction was observed between the alkene protons H17trans and H14 supporting structures 148a and 148b.  The preferred conformation 148a and 148b could not be determined from the NMR data.  It would be expected that if 148b is accessible that RCM should be a difficulty for this substrate.

Figure 2.15 Possible conformations of 148
As a correlation has been observed between slow exchanging protons and intramolecular bonding it would be interesting to investigate this and see if the results would correlate with the results from the reduced temperature coefficients70.
2.11 Future Work
Yu and Wang et al. recently reported a procedure for the stereoselective RCM of large macrocycles52.  Their method involved the synthesis of a new catalyst rather than the more common approach of changing the substrate structure.  It would be interesting in the future to investigate the effect of these catalysts.  It could lead to a better yield in the RCM reactions; indeed it could allow the formation of the desired 14-membered rings in the unhindered compounds rather than the self-metathesis products which were obtained.     

 (
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Figure 2.16 Catalysts of Wang and Yu52
It will be interesting if the compounds prepared (3, 106, 122, 123, 127, 139, 148, 151) will prove to be active cell migration inhibitors.  Cell migration is a key step in angiogenesis (see 1.4).  Their synthesis described here provides the compounds for screening in cell migration and other assays.  The synthesis of compounds outlined herein will be of interest from a structure-activity viewpoint.
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3.1 Introduction
Computational chemistry is frequently used to gain an insight into how a molecule behaves and what its conformation may be, particularly, in the absence of an X-ray crystal structure.  NMR can provide a certain amount of information in relation to the conformation of a molecule which can be added to considering modelling.  In the studies described, the structures studied were subjected to conformational searching protocols and also energy minimisations were carried out.  All calculations were carried out with the Schrödinger Programme-Macromodel™.  In the previous chapter RCM was found to not occur efficiently for many substrates.  An objective was to study the conformation of the precursors and products by computational methods to try to gain insight into why the macrocyclisations did not work well.
3.2 Minimisation
Minimisation is the process of making small adjustments to a molecule’s geometry to result in the conformation at which the total energy is lowest.  This will then give a structure which is a local minimum.  Excess potential energy that a molecule has can be absorbed by the environment in vibrations of various sorts, driving the molecule towards a low energy conformation1.   Minimisations herein were carried out using the Optimised potentials for liquid solutions – all atom (OPLS-AA) force field in Macromodel™. Simulations in solvent-free conditions for up to 5000 iterations were used to ensure complete minimisation of each local minimum was obtained.
In molecular modelling a force field refers to the form and parameters of mathematical functions used to describe the potential energy of the molecule.  Force fields are derived from both experimental work and high-level quantum mechanical calculations.  There can be two subsets within a given force field, the all atom and united atom force field.   "All-atom" force fields provide parameters for every type of atom in a system, including hydrogen.  "United-atom" force fields treat the hydrogen and carbon atoms in methyl and methylen groups as a single interaction centre.
One advantage of the OPLS force field is that parameters have been included for specific types of molecules such as carbohydrates.  OPLS parameters have also been optimised to fit experimental properties of liquids, such as density and heat of vaporization, in addition to fitting of gas-phase torsional profiles.    
The total energy of the molecule consists of bonding and non-bonding interactions.  The stretch, bend, torsion and improper torsion comprise the bonding interactions and the van der Waals (VDW) and electrostatic contributions are the non-bonding interactions.  
3.2.1 Bonding Interactions
The stretching component of the total energy relates to the stretching of bond lengths within a molecule.  The accuracy of this figure depends on how accurately known the equilibrium bond length and bond stretching constant of a given bond are.  The same is true for the bond angle energy.  For both of these factors the parameters used in generating force fields in programmes such as Macromodel™ are obtained from X-ray diffraction and IR spectroscopy.  The torsion angle energy is a measure of the molecule’s ability to rotate around single bonds.   Torsion terms are used to keep sp2 atoms flat.  The tetrahedral shape of an sp3 atom is maintained by the bond angle terms but this is insufficient for sp2 atoms.  As a result another term, improper torsion is introduced.   This gives atoms a preference for planarity but allows distortion where necessary.  
When considering the conformation of the open chain compounds it is interesting to look at what Mohamedi et al  reported from unbranched alkanes using the Macromodel ™ MM2* force field.  They found that in short unbranched alkanes (C-C-C-C) the extended chain conformation is preferred due to optimal torsion angles in a four carbon chain.  However as the carbon chain lengthens the attractive van der Waals force begins to have the dominant effect and can easily counter balance the energetic cost of twists in the chain2,3.   This would imply that in the case of the acyclic macroketone compound 164 the expected conformation would be expected 164a (figure 3.1).  This structure with a six carbon unbranched alkyl chain, displays the twisting of the alkyl chain to give a hair pin as described by Goodman et al.3.  The hairpin structure would lead to a conformation where the two alkenes in the compound are closer together favouring ring closing metathesis.  If the alkyl chain was extended the alkenes would be much further away and ring-closure would be less likely.

Figure 3.1 Hairpin and extended chain alkene conformation  
It was found that the hairpin structure 164a had a lower total energy (79.74 kJ) when minimised than the extended structure 164b (284.10 kJ).  It was also found that the distance between the alkene groups in the minimised hairpin conformation, 164a, was almost half of that in the minimised untwisted conformation, 164b (table 3.1). 

[image: openprothairpinnoH.jpg]
Figure 3.2 Inter-alkene distance in 164 a - hairpin conformation.  This structure was obtained by minimisation using Macromodel, MM2* forcefield.

	
	164a - Hairpin
	164b - Extended

	C1 – C3 distance (Å)
	5.27
	11.41

	C1 – C4 distance (Å)
	6.61
	10.94

	C2 – C3 distance (Å)
	5.01
	11.38

	C2 – C4 distance (Å)
	6.30
	11.98

	Total Energy
	79.74
	284.10



Table 3.1 Distances between alkene protons in unsubstituted hairpin 164a and extended 164b alkenes. 
3.2.2 Non-bonding Interactions
The non-bonded interactions are distance-dependent and are calculated as the sum over all atoms with a separation of two atoms or more.  The closer interactions are handled by bond stretching and bond angle bending.  Usually these non-bonded interactions are split into van der Waals (VDW) and electrostatic interactions.  The VDW interaction results from instantaneous dipole interaction.  Two atoms won’t want to approach each other closer than the sum of their van der Waals radii unless they are in a chemical bond.  Simultaneously there are also attractive forces between molecules drawing them together.  The equation for determining VDW interactions takes account of both short range repulsions and London dispersion-attraction (or induced dipole-induced dipole attraction) forces.  At short distances the repulsion forces dominate but as the distances between interacting atoms grows the attractive forces tend to dominate.  
The electrostatic interactions are due to charge interactions within a molecule due to the polarised electron density in certain atoms groups.  In a carbonyl group the electron density is centred around oxygen and as a result the energy of interaction will be different depending on which way the carbonyl is aligned with other atoms in the molecule.  Alignment of two partial negative charges side by side is unfavourable compared with pairing a partial positive charge with a partial negative charge.  The direction the carbonyl group is pointed in the unprotected compounds such as 148, might lead to the possibility of hydrogen bonding between it and the deprotected hydroxyl group.  

Generally the electrostatic charge interaction is calculated using Coulomb’s Law.  
					Eqn 3.1
ε is the permittivity of the vacuum, r is the separation of the atoms and q1 and q2 are the partial charges of the atoms.  The energy of interaction is proportional to 1/r.  Electrostatic charge is one of the more controversial aspects of molecular modelling.  This is due to the ambiguity in choosing the best values for the calculation.  The assignment of the relative permittivity and of partial charge values varies greatly between force fields4.  
In the case of the substituted alkane chains present in 164a and 164b, it is expected that in both molecules, the bulky TBS groups would have a greater influence on the overall conformation than the unbranched alkyl chains.  This is supported by the very large contribution to the total energy by electrostatic interactions when TBS groups are present.  
3.3 Conformational Searches
In the case of migrastatin analogues discussed herein, it has not been possible to obtain crystal structures.  Conformational searches using computational chemistry offer further insights into the possible conformations of a compound.  Although molecules don’t always adopt exclusively the lowest energy conformation it is useful to know what the lowest energy conformation (global minimum) is and also to know what conformations are close in energy to this minimum as in general it will be structures with lower energy which are more likely to be populated and accessible to the molecule.  
In the cases discussed below, conformational searches were carried out using Macromodel™ programme with OPLS-AA force field within the Schrodinger Programme and using Monte-Carlo Search method (MMMC).  Monte Carlo searching is based on the idea that low energy conformations have structural features in common5.  If one low energy conformation of a molecule has been found then it is likely that other low energy conformations can be found by making small changes to first low energy conformation found.  One advantage of Monte Carlo methods is that the conformational search is completed quicker.  However one problem is determining when all low energy conformations have been found or when there is convergence.  In general, if all low energy conformers have been detected more than once the search is considered complete5.  For the conformational searches herein all isomers within 12 kJ/mol of the global minimum were retained and used in the subsequent analysis.  The conformers were minimised in a solvent free environment and energies calculated.  The compounds modelled in this study are shown in figure 3.3 and a detailed discussion of the data is provided in section 3.3. 
Unless dealing with near ionic systems the electrostatic charge interaction has a bigger influence on the energy of the molecule than the conformation of the molecule.  In the case of all of the TBS protected compounds in this study it is clear that when examining the total energy the electrostatic energy easily dominates all the other terms. This is thought to be due to the sheer number of electrostatic interactions owing the presence of the large number of atoms within the TBS groups rather than the strength of the individual electrostatic interactions.  In cases where the TBS groups were present they were the dominating factor in determining the potential energy of the compounds modelled herein.  The calculations of these compounds may not be reliable because the TBS groups appeared to contribute large electrostatic energies, the calculations for the compounds without TBS groups may be more reliable.  


Figure 3.3 Compounds modelled and discussed in this section of the thesis



3.4 o-Aromatic compounds 165 - 168


Figure 3.4 o-aromatic compounds 165-168
In both cases the global minimum structure found for the cis compounds 165 and 167 had lower total energy than the trans compounds suggesting that the trans alkenes is less stable and would be more difficult to synthesise.  That a trans alkene is less stable in a ring than the corresponding cis alkene indicates ring strain in 165 and 167.  This may indicate why the ring-closing metathesis is difficult to achieve. 
	
	165
	166
	167
	168

	Total Energy
	-114.861
	-55.243
	63.011
	77.354

	Stretch
	17.896
	18.856
	7.218
	6.325

	Bend
	81.077
	84.141
	36.046
	38.910

	Torsion
	26.112
	83.840
	95.593
	75.577

	Improper Torsion
		0.34
	0.049
	0.230
	0.216

	VDW
	27.384
	27.643
	36.288
	33.034

	Electrostatic
	-267.671
	-269.772
	-112.363
	-76.708



Table 3.2 Minimisation of o-aromatic compounds 165-168
Only two distinct conformer families were found for 165 which has the Z, Z configuration at C7-C8 and C11-C12 with their relative potential energies closely matching one another.  The shape of the molecule is interesting with the aromatic ring and the TBS group at C10 both pointing in the same direction giving the molecule almost a “U” shape (figure 3.5). 

[image: oaromcisTBSallconfsUshape.jpg]
Figure 3.5 All conformers of 165 in almost “U” shape
For the o-aromatic compound, 166, the conformational search indicated also a very rigid structure with only two distinct conformer families detected.  Throughout all conformers the structure was very similar with the key difference being the orientation of the aromatic ring and alkyl chain from C2 to C5 (figure 3.6).  

Figure 3.6 All conformers of compound 166.
In the deprotected cis o-aromatic compound 167 nine individual conformers were found.  Indeed when the conformers were examined it was found that although the backbone (C8-C12) had a similar conformation to 165, 167 was not as rigid as the TBS containing compound 165.  All atoms from C1-C7 showed some flexibility.  The lactone carbonyl and aromatic ring had different directional properties in different conformers.  
For compound 168, five distinct conformer families were found.  All bonds were found to be flexible and no structural features were found to be common to all five conformers.  Both the substituted alkyl chain from C8-C11 and the aromatic ring portion showed significant flexibility.   
The increased flexibility from C8-C11 in 167 and 168 in the absence of the TBS groups appears to suggest that the TBS groups confer rigidity to C8-11 on the molecules.  This supports previous synthetic work carried out by Cossy et al6 and in our group by Anquetin et al7. They both found that ring closing metathesis failed in the presence of the smaller acetate protecting groups but that when the protecting groups were switched to TBS ethers the reaction proceeded in good yield.  This could be due to the increasingly bulky protecting groups pre-organising the structure for the ring closing reaction.  The increased steric hindrance of the TBS groups would also increase steric hindrance at alkenes close by and could make ring formation more difficult.  However when the aromatic ring is incorporated into the molecule there is increased strain due to the presence of additional sp2 carbon atoms and the dialkenes may be prevented from pre-organising in a way that facilitates macrocyclisation.
3.5 Macroketones 169-172

Figure 3.7 Macroketones 169-172 
In the case of the macroketone compounds 169-172 the trans compounds were found to be of lower total energy than their cis counterparts.  This is in contrast with the results of the modelling on compounds 165-168 and supports the theory that there is less ring strain in this system which does not contain the two additional sp2 groups.  Thus the macrocyclisation can occur and lead to the thermodynamically stable product.  This agrees with the experimental results where 170 was efficiently formed in a highly selective manner from its diene precursor8.  
	
	169
	170
	171
	172

	Total Energy
	-148.592
	-155.148
	20.377
	17.127

	Stretch
	15.287
	19.993
	3.956
	3.781

	Bend
	86.220
	93.047
	31.676
	33.320

	Torsion
	15.981
	13.531
	66.114
	70.432

	Improper Torsion
	0.059
	0.071
	0.512
	0.027

	VDW
	-2.641
	4.443
	19.376
	13.993

	Electrostatic
	-263.498
	-286.233
	-101.257
	-104.425


                                                                                                                                              Table 3.3 Minimisation of macroketone compounds 169-172
Three distinct conformer families of 169 were found with a very rigid structure, only a small variation in structure was found between C1 and C6.  In all conformers both TBS groups were pointing in the same direction.  In contrast in 170 in all of the conformers the two TBS groups had different directional properties.
As a whole 169 was easily the most rigid structure of all the macroketone structures examined.  This was in contrast to the unprotected cis macroketone 171, which was much more flexible.  In 171 almost every bond showed some flexibility with C8-C10 being the only part of the macrocycle in which the structure was preserved throughout the conformers.  Flexibility in structure was observed in not only the alkyl moiety of the ring (C1-C5) but also in the orientation of the ketone.  The lowest energy conformer was flat between C5 and C8.  This feature was also seen in the minimised structure of compounds 178 and 180 and is shown later in figure 3.13.  As expected more conformers were found for 172 compared to 170.  Ketone 172 was even more flexible than 171 and didn’t have the flat bottom of the global minimum of 171 but was found to be quite a flat molecule overall unlike the o-aromatic structures which both appeared to form a “V” shape.


3.6 m-aromatic macrolactones 173-176


Figure 3.8 m-aromatic macrolactones 173-176
It can be seen that the trans compound, 176, displays a lower total energy than its cis counterpart 175.  The cis protected compound 173 is lower in energy than the trans compound 174.  However the difference in energy is relatively small and it would not be a surprise if based on this both the cis and trans alkene were formed from metathesis reactions.  This could explain why 174 was formed in a low yield by RCM.  This is in contrast with the o-aromatic compounds in which the cis isomers were significantly lower in energy.  This indicates that the ring strain in these compounds is less than the o-aromatics 165-168 but that there is greater strain than in the macroketone framework of 170.   
	
	173
	174
	175
	176

	Total Energy
	-89.914
	-88.386
	64.536
	60.955

	Stretch
	23.263
	22.406
	7.926
	7.9490

	Bend
	109.494
	91.984
	42.344
	47.488

	Torsion
	15.931
	52.443
	61.063
	65.220

	Improper Torsion
	0.220
	1.445
	0.425
	0.610

	VDW
	50.520
	49.405
	51.175
	55.113

	Electrostatic
	-280.341
	-306.069
	-98.399
	-115.425



Table 3.4 Minimisation of m-aromatic macroketone compounds 173-176
Surprisingly the TBS compound 173 had a number of different conformers with variations observed throughout the molecule.  The global minimum structure for the lactone framework was found to be relatively flat with the aromatic ring and the lactone all planar and the TBS substituted portion (C6-C12) protruding.  The global minimum of 174 was very similar and is shown in figure 3.9.  Lactone 174 had only five distinct conformer families with four being very similar and one having the aromatic ring almost perpendicular to its orientation in the other conformers.  
[image: catmacroketonetransrcmprotminimised.jpg]
Figure 3.9 Global minimum of 174
Of all the deprotected structures the trans isomer 175 was found to be the most rigid with only two distinct conformers observed.  This is particularly surprising as the protected 173 was found to be more flexible than most TBS protected compounds.  175 was flat between the lactone and C5.  A bend was observed at C5 and C13 but between C6 and C12 the molecule was also quite flat.  Five distinct conformers of 176 were observed.  Whilst the conformation was relatively conserved from C8-C11, the biggest difference was the orientation of the aromatic ring in one of the conformers, it was almost 90 o different to its orientation in other conformers (figure 3.10).
[image: catmacrolactonetransrcmdeprotallconf.jpg]        
Figure 3.10 All conformers of 176 
3.7 Macroketones 177-180


Figure 3.11 Macroketones 177-180
Table 3.5 shows that in the case of the macroketones 177 – 180, the trans compounds both have a lower global minimum than their cis counterparts suggesting that the trans product would be formed favourably.  Comparison of their Boltzmann factors indicates that the ratio of 179:180 would be 1:22.  180 has been synthesised by Danishefsky and within our group by RCM from the diene precursor which gave a very high selectivity for the trans compound.  That the presence of two TBS groups seem to increase relative stability of trans versus cis seems to be borne out in this case as the energy difference between cis and trans isomers is more similar for both protected and unprotected compounds in this case.

	
	177
	178
	179
	180

	Total Energy
	-74.917
	-80.415
	14.865
	7.151

	Stretch
	10.815
	11.206
	4.078
	4.054

	Bend
	59.410
	54.482
	37.378
	30.008

	Torsion
	14.414
	11.667
	21.286
	25.498

	Improper Torsion
	0.137
	0.092
	0.169
	0.094

	VDW
	9.140
	4.828
	6.508
	6.535

	Electrostatic
	-168.863
	-162.690
	-54.453
	-59.037



Table 3.5 Minimisation of compounds 177-180
Four distinct conformers of 177 were found.  The structure was rigid from C6-C11 with the main differences between conformers being the orientation of the ketone (figure 3.12).   Similarly 179 was rigid between C6-C11 with the orientation of the ketone being the key difference.  However overall it was more flexible than the TBS derivative 177.
[image: dl33tbstrans-all confs.jpg]                          
Figure 3.12 All conformers (no hydrogens shown) of the 177 (left) and 178 (right)
178 was found to be an unusually flexible structure for a TBS protected compound with the only rigid part of the molecule being about the C8-C9 bond.  When deprotected this flexibility only increased.  There was no common structural conformation running throughout all conformers with even the hydroxyl substituted backbone (C8-C10) proving flexible.  The global minimum structures of both 178 and 180 appeared to be flat between between C5 and C8 as was previously observed in the other macroketone structures (figure 3.13).  
                    
Figure 3.13 Global minimum structures of 178 (left) and 180 (right)
3.8 Conformational Studies on 181: comparing experiment and modelling.
3.8.1 Karplus Curve
The coupling constant between two protons depends on three key factors:
· The through bond distance between the protons, not the through-space interactions
· Electronegative substituents
· The dihedral angle between the two C-H bonds
The C-H bond lengths rarely vary significantly however the C-C bond lengths differ considerably.  A C-C single bond is much longer than a C-C double bond and this is reflected in the coupling constants. Similarly the coupling constants of benzene are slightly less than those in an alkene as the benzene bond lengths are slightly longer.  Also in a double bond the C-H bonds will be in the same plane and will be either cis (60o) or trans (180o) to one another. 
Electronegative substituents are withdrawing electrons from the C-H bond and therefore weakening communication between the bonds.  
However perhaps more important than both of those factors is the dihedral angle between the two C-H bonds.
The Karplus Equation describes the relationship between nuclear magnetic resonance couplings constants and the dihedral angle between two vicinal protons.  Karplus’s 1963 paper on the equation was the 17th most cited paper in JACS history when JACS celebrated its 125th anniversary in 2003 highlighting the enormous importance of the Karplus Equation in organic chemistry and NMR9.  
Previously chemists had noted that protons with a dihedral angle of 90o had no coupling interaction whereas those with dihedral angles of 0o to 90o showed a variety of coupling interactions.  However no one had defined a relationship between the different variations. 
Karplus observed that the coupling constant between two vicinal protons (protons on neighbouring carbons) is not zero, meaning that the two protons in fact interact, something which can only be seen due to the sensitivity of NMR.  He defined an equation relating the dihedral angle, θ, between H and H’ and the coupling constant, where H and H’ are vicinal protons.  
JHH’ = A + B cos θ + C cos 2θ, 						Eqn 3.2
where A, B and C are approximately constant for saturated hydrocarbons.  The result was a smooth hill and valley curve10,11.
Lemieux had measured coupling constants in vicinal protons in a large number of sugars.  He had observed that the coupling constant between axial protons was 2-3 times that of equatorial coupling constants but had not determined the cause of this12.  Lemieux’s data fit well with Karplus’ theory and also enabled Karplus to see the full potential of his equation in assigning the conformation of compounds.
The key features of the Karplus Curve are:
· Coupling is largest at 180o when the orbitals of the two C-H bonds are parallel. 
· Coupling is almost as large at 0o when the orbitals are in the same plane but not parallel. 
· Coupling is 0 at 90o as the orbitals are orthogonal and so can’t interact.  
· When the dihedral angle is 0o, 90o and 180o the curve is flattened and so J varies only slightly at angles around these regions.  However at 60o to 120o the angle of the curve is much steeper and so only a small difference in dihedral angle can result in a much larger difference in J value than at the flatter regions.  This is highlighted by the difference in J values between equatorial/equatorial and equatorial/axial couplings shown in figure 3.14.
· Although electronegative substituents will effect the J value one of the advantages of the Karplus equation is that it is relative and as a result the numerical value of J may vary but the relationship will still work.  
 (
http://www.chem.wisc.edu/areas/reich/chem605/index.htm
)






Figure 3.14 Karplus Equation and curve13
Many of the most useful functions of the Karplus Curve relate to alkenes.  Based on the Karplus Curve it can be determined that if two protons have a coupling constant of 8-12 Hz they are cis and trans if the coupling constant is 12-18 Hz.  It has also been found to be of enormous benefit in the conformational analysis of proteins and carbohydrates.  In proteins the main-chain dihedral angles are the essential element of how the polypeptide chain is folded and thus what its conformation is.  In carbohydrates the Karplus Curve has proved invaluable in determining product structure particularly in the key anomeric position where the difference between axial/axial (10-12 Hz), axial/equatorial (3-5 Hz) and equatorial/equatorial (2-3 Hz) hydrogen couplings allows the assignment of α and β conformations.   
3.8.2 Further Developments
Since Karplus first proposed his curve many chemists have sought to adapt his equation so as to take into account other factors which affect coupling constants such as electronegative substituents and the position of those same electronegative substituents.  In order to do this the electronegativities of elements must be agreed upon.  Many such as Altona14 and Haasnoot15 have chosen to use Huggins’ electronegativities adapted from Paulings’ electronegativities.  The Altona equation for vicinal 3 JHH (H-Csp3-sp3C-H) gives
3JHH = P1cos2θ + P2cosθ + P3 + ΣΔχi {P4 + P5cos2(ξi.θ + P6.|Δχi|)}		Eqn 3.3
The proton-proton torsion angle is θ.  ΣΔχi is the sum of the differences in electronegativity between the substituents of the HCCH fragment being examined.    P1- P6 are the parameters set empirically determined from examination of a dataset of coupling constants.  ξi is +1 or -1 depending on the orientation of the substituent.  The substituents will be considered as positive or negative depending on their orientation.  Substituents 120o clockwise from H are taken as positive and those 240 o clockwise are considered negative. 
The equation takes account of each of the four substituents on the carbon and the order of the substituents.  The sum is the sum over the four substituents.  The β substituents can be considered to have an opposite effect in terms of electronegativity to the α substituents and so can be considered as moderating the electronegativity of an α substituent14, this is known as the “beta effect”.  
The HLA adaptions of the Karplus curve mean that the simple and elegant relationship between the dihedral angle and the coupling constant has been lost.  However with the advent of programs which can carry out the calculations this is not a big impediment.  One such programme, MestReJ16, uses a Newman projection of the fragment under consideration and a plot of the J value against the torsion angle HCC’H’.  Since the development of the Karplus equation several other generalized Karplus equations have been proposed for the mutual dependence of J and the dihedral angle HCC’H’.  Of these the Haasnoot-de Leeuw-Altona equations (HLA) are by far the most widely used. As a result MestReJ implements the HLA equations as well as the more recent and precise Díez-Altona-Donders17 (DAD) equations, also developed by Altona’s group.  The Colluci-Jungk-Gandour18, the Barfield-Smith19,20 and the Karplus10,11 equations are also implemented by the program21.
[image: ]
Figure 3.15 MestReJ for HLA calculations
Compound 181 (figure 3.16) has been synthesised in the Murphy group at NUI Galway.  The objective in this thesis was to establish whether the conformations predicted as low energy conformations for 181 by Macromodel were in agreement with NMR data for 181.  First all low energy conformations for 181 were generated by conformational searching techniques.  A conformational search was carried out using the Monte Carlo search method MM2 in a solvent free environment.  For the conformational search all isomers within 12 kJ/mol of the global minimum were retained.  The global minimum compound was then minimised and used for subsequent analysis.  A number of conformers of 181 were found and the structure showed considerable flexibility throughout with only the C8-C10 backbone showing rigidity throughout the conformers.


Figure 3.16 Compound 181 
Analysis of the dihedral angles (C5-C11) of the 21 distinct conformers revealed there are 10 conformer families within 12 kJ of the global minimum.  Only two of these have potential energies within 6.0 kJ of the global minimum.  The dihedral angles of these two global minimum structures were compared with the J values obtained from the NMR spectrum of compound 181 which was synthesised previously in the Murphy group.  
All dihedral angles for 181 were measured from the minimised global minimum structure found using Hyperchem™ in the Macromodel Schrodinger Programme™ (solvent free environment, OPLS-AA forcefield, 5000 iterations).  The calculated J values in column B (table 3.6) for this structure were obtained by inputting the dihedral angle obtained from modelling of 181 and using the Karplus function on MestReJ™.  The calculated J values in column C (table 3.6) for this structure were obtained by inputting the dihedral angle obtained from modelling of 181 and using the HLA general β effect function on MestReJ™.   The calculated J values in column D (table 3.6) were obtained by hand by inputting the dihedral angle obtained from modelling of 181 into eqn 3.4.  
3JHH = Jo.cos2θ – K							Eqn 3.4
  Jo = 14(90o-180o), Jo = 10(0o-90o), K=0.			
K is a constant which in more developed versions of the Karplus equation takes account of electronegative substituents.  However on this occasion it was set at zero.  
Whilst the coupling constants for H3a, H3b and H5a and H5b of 181 were determined, it could not be determined which coupling constant applied to which coupling and as a result this section of the molecule was not included in table 3.6.  The coupling constants were measured on a 500 MHz NMR at 25 oC in CDCl3. 






Table 3.6 Comparison of predicted (based on conformer 1) and actual J values for compound 181
	
Protons Coupled (θ) - θ as predicted by the conformer 1 of 181
	A
J - 500 MHz, 25 oC, CDCl3
	B
J - calculated using Karplus on mestreJ
	C
J – calculated using HLA general β effect  on mestreJ
	D
J – calculated using eqn 3.4)

	H11 - H10 (-170.8)
	17.0
	10.1
	13.1
	13.6

	H10 - H9 (-60.6)
	1.8
	2.7
	3.5
	2.4

	H9 - H8 (-49.4)
	9.1
	4.0
	5.7
	4.2

	H8 - H7 (175.5)
	7.5
	10.2
	10.8
	13.9

	H7 - H6 (179.1)
	15.5
	10.3
	12.3
	14.0

	H6 - H5a (-56.1)
	Nd
	3.2
	3.6
	3.1

	H6 - H5b (58.2)
	10.1
	3.0
	3.3
	2.8



Table 3.7 Comparison of predicted (based on conformer 2) and actual J values for compound 181
	
Protons Coupled (θ) - θ as predicted by the second lowest energy conformer of 181
	A
J - 500 MHz, 25 oC, CDCl3
	B
J - calculated using Karplus on mestreJ
	C
J – calculated using HLA general β effect  on mestreJ
	D
J – calculated using eqn 3.4)

	H11 - H10 (-155.4)
	17.0
	8.8
	11.2
	11.6

	H10 - H9 (-67.4)
	1.8
	2.1
	2.6
	1.5

	H9 - H8 (-54.9)
	9.1
	3.3
	4.9
	3.3

	H8 - H7 (50.1)
	7.5
	3.9
	5.2
	4.1

	H7 - H6 (179.0)
	15.5
	10.3
	12.3
	14.0

	H6 - H5a (-55.4)
	Nd
	3.3
	3.7
	3.2

	H6 - H5b (172.2)
	10.1
	10.1
	11.8
	13.7


Nd Not determined, J values could not be calculated from the NMR spectrum
On examination of table 3.6 and 3.7 comparing the predicted and actual J values for 181 a number of things emerge.  Overall it can be seen that the J values determined from the NMR spectrum were at least in some cases in good agreement with those calculated from the dihedral angles determined by molecular modelling.  Firstly the Karplus calculations on MestReJ (column B) have obvious limitations.  The curve doesn’t go above ~10 Hz even at 180o.  If these higher couplings are ignored then for all other calculations the data in column B was as accurate as columns C and D.  The upper limit on J values is also a limitation of the Karplus equation itself and the HLA calculations both of which only go to ~14 (columns C and D).  Whereas in reality coupling constants are often higher than this, for example, trans alkenes with coupling constants of ~17 Hz are frequently observed.  In the case of J value calculations for H10-H11 it meant the computational calculations were very different to the actual J value. 
Overall the J values calculated using the HLA β-effect function in MestreJ were slightly higher than the coupling constants obtained using the Karplus function in MestreJ.  A larger study of coupling constants would be required to conclude which method is most accurate.   The differences between the calculated J values and the measured J values may be due to the structure flipping between conformations.  It is possible that the measured J values are averages of a number of conformations.  This may be the case for the observed coupling at H7-H8 where the coupling constant in table 3.6 is higher than the measured J value and the value in table 3.7 is lower than the expected J value.  The differences between conformers 1 and 2 are shown in figure 3.17 b.  The degree of population of the different conformations would also need to be considered to determine an accurate result.  In this limited study the relative populations of the different conformations was not determined.  However it is suggested that calculation of the population of different conformers could lead to more accurate results.  The conformational search showed that the structure is conserved between C9 and C12 (figure 3.17a) and this is reflected in the accuracy with which the coupling constants were predicted.  However the H8-H9 coupling constant is very different to those predicted and can’t be explained by other higher energy conformers found during the conformational search.  
    
Figure 3.17 a) all conformers of 181 – hydrogens removed b)  conformers 1 and 2 – hydrogens removed (the two lowest energy conformers of 181) c) conformer 1 of 181 d) conformer 2 of 181 
3.8.3 Comparison of NOE data with computational inter-proton distances
With the coupling constants in hand it was decided to compare the distances observed between hydrogens in the computationally minimised structure with NOESY data acquired from the synthesised compound.  A NOESY interaction can be observed for atoms up to 4 Å apart.  The strength of the interaction gives an indication on the closeness of the nuclei.  A combination of 1D and 2D NOESY were used.  The structures were acquired in CDCl3 on a 500 MHz NMR at 25 o.  The 1D NOE was acquired with 64 scans and a mixing time of 500 ms.  The 2D NOE had a mixing time of 200 ms, 16 scans and a relaxation time of 1s.  The spectra were processed with MestreNova and the 1D spectra were apodized with 1.5 Hz exponential functions prior to Fourier Transform.  Attempts at line broadening of the 1D spectra resulted in enhancement of the stronger interactions, however it also resulted in the weaker interactions no longer being visible and so was not used.  
The accurate measurement of inter-proton distances in organic molecules is a potentially powerful tool for establishing stereochemistry and conformational detail in a structure.  One option for measuring this is the Nuclear Overhauser Effect (NOE).   However the accuracy of inter-proton distances measured by NOE has been called into question and the literature contains many contrasting views on the subject22,23.  The lack of accuracy arises as NOE intensities can be affected by a number of factors other than inter-proton distance such as multiple-spin effects and conformational stability.  Advances in technology have reduced these perturbations.  From comparison with known inter-proton distances the accuracy of measured NOE inter-proton distances can be calculated.  Anderson et al. determined from NOESY spectra the inter-nuclear distances in prostaglandins to within 10 % of their actual value24.  In some situations this can prove helpful however it is not accurate enough for all conformational details to be obtained as in many cases the differences between proton distances in different conformations would be within this 10%23.
Butts et al. reported the determination of inter-proton distances in Strychnine, an organic molecule in non-viscous solvents.  They had accurate computational and crystallographic data available for comparison with the NOE determinations.  They determined the inter-proton distances based on NOE intensities for pairs of protons by standardising the intensity of each NOE peak against other intensities in the same selective 1D experiment.  They found that the initial rate approximation was accurate for mixing times up to 600 ms.  The initial rate approximation is the initial linear growth of exchange cross peaks.  It allows for the assumption that a pair of protons A and B can give rise to a build up of NOE intensity which for a given mixing time is proportional to the A-B cross-relaxation rate (σAB) according to eqn 3.3 where ηAB is the intensity of the NOE between A and B (B being the inverted spin) and τm is the experimental mixing time22.
           							Eqn 3.5
In addition in the fast tumbling regime, the cross-relaxation rate is proportional to the inter-proton distance (rAB-6) as in eqn 3.4 where k is constant and identical for each spin pair within a given selective inversion experiment.
								Eqn 3.6
In the case of a selective inversion of spin S in a given 1D-NOESY experiment where the NOE is allowed to build up for a time τm and k is constant then the ratio of the intensities of a pair of NOE signals ηA1S : ηA2S within the spectrum can be assumed to be proportional to their ratio of inter-proton distances (eqn 3.5).  This ratio is also independent of mixing time within the initial rate approximation (i.e. at mixing times up to 600 ms)23
						Eqn 3.7
Therefore once the NOE intensities ηA1S and ηA2S can be determined only one distance need be known in order to calculate the second.  Indeed this calculated distance can then be used to calculate a third distance and so on.  
Although in the case of compound 181 no one distance was accurately known.  The accuracy reported by the approach described by Neuhaus and Butts supported the concept that the relative intensities of the peaks on a given 1D NOE spectrum can be used to give an indication of the distance between protons.  In table 3.8 the 1D NOE interactions for compound 181 are shown and are classified as strong, medium or weak.  


Figure 3.18 Compound 181 
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Table 3.8 NOE Interactions of 181, X is a strong interaction, X is a weak interaction and X is a very weak interaction



Figure 3.19 2D NOESY of 181
A number of protons couldn’t be differentiated such as H3b, H2a and H2b which appear as a multiplet.  In other cases although J values could be determined, individual NOESY peaks were not determined due to overlapping signals as in the case of H6 and H11.  However it was still possible to obtain significant structural information to be combined and compared with the modelling information.  
The different orientations of the two protons at C13 was observed.  Two individual signals were observed on the proton NMR and different interactions were also observed on the NOESY.  Both H13a and H13b were found to interact with each other and the methyl group at C12.  However H13b was also found to interact with the methyl group at C10 suggesting the two substituents are directed towards each other.  
Interestingly H9 and H10 only showed a faint interaction suggesting they are quite far apart.  However these protons are on adjacent carbon atoms and the dihedral angle was found to be only ~ 60 o in the two lowest energy conformers, supported by the J value of 1.5Hz in the NMR spectrum.  With this angle the interaction would have been expected to be stronger.  The modelling data suggested the distance between the two protons is 2.93 Å, close enough for a stronger NOE interaction to be observed.  
A weak interaction was observed between H7 and H10.  It was thought that this might be slightly stronger as the distance between the two protons in the minimised structure was found to be 2.23 Å.  A much stronger crosspeak was observed between H7 and H9 and this was unexpected as the distance between H7 and H9 in the computed structure was 3.22 Å.
The coupling constant (H8-H9 J = 9.1 Hz) suggested that H8 and H9 were antiperiplanar   This is in agreement with other analogues synthesised where the H8 and H9 were antiperiplanar with an S configuration at C9 and an R configuration at C8.  This could not be corroborated by the NOE data as the signals for H8 and H9 were overlapping.  Only a weak interaction was observed between H8/9 and H6 and H7.  This correlates well with the distances predicted between H9 and H7 and H6 (3.22 and 3.8A).  However in the case of H8 the predicted distances in the global minimum structure are much smaller at 2.37 and 3.05A respectively and so a stronger interaction would have been expected in this case.  The dihedral angles at H8 varied between the two lowest energy conformers.   As a result the structure may be flipping between the two conformers and this could explain why a weaker than expected NOE interaction was observed.
The methyl group, CH3a, only showed only a faint interaction with the other methyl group CH3b suggesting that the two methyl groups are in opposite directions.  The methoxy group at C8 showed a strong interaction with H8/H9 and H6.
A faint interaction was observed between H8 and H11 and this was supported by the modelling.  The distance between the protons was 3.80 Å so only a weak interaction would be expected. 
They methyl group on the alkene, CH3b, was found to interact with H8/9.  The modelling data concurred with the distances measured as 2.59 Å and 3.16 Å respectively.  These distances suggest the interaction is between the methyl group and H5 rather than H6.  The distances between the methyl group and H6 and H7 were 5.03 Å and 4.96 Å so it is not surprising that no interaction was detected by NOE.  It is clear from the NOESY that this methyl group is directed into the ring as it shows a clear interaction with H3b and also the H4b/H2a/H2b cluster.  In this instance it is suggested that it isn’t interacting with H4b but only with H2a or H2b.  This was also the only interaction which was observed between protons on opposite sides of the ring.  It was thought a faint interaction might be observed between H4b and H13a as the distance was 3.74 Å.  Other than this no interaction was expected between H2a-H4b and H9-H11.  This is supported by the modelling data where the distance between protons on opposite sides of the ring was found to be greater than 4 Å.  Both the modelling data and the NOE showed interactions between H7 and H3b and H4b.  The distance between the methoxy group and H2b, the two protons furthest apart was found to be 6.98 Å.  
The methyl group, CH3a, only showed only a faint interaction with the other methyl group CH3b suggesting that the two methyl groups are pointed in opposite directions.  The methoxy group at C8 showed a strong interaction with H8/9 and H6 and H7.
The modelling suggested that an interaction would be observed between H8 and H11 and gratifyingly this was the case.  Although the interaction was quite faint given that the distance between them was 2.90 Å. 
3.9 Discussion 
When a molecule is forced to make bonds at angles that are less preferred then strain occurs.  This results in the molecule having a higher energy than would be the case in the absence of the less preferred angles.  Rings are compounds in which this is particularly obvious.  The energy of pentane is much lower than that of cyclopentane where the angles at carbon are 108o rather than 109.5 o.  The difference in angle varies depending on the ring size.  Rings of 3-4 carbons are classified as small, 5-7 as medium, 8-14 medium and greater than 14 as large25.  Ring strain is greatest in smaller rings.  In cyclopropane the bond angles are distorted to 60 o and as a result the ring strain is very high.  A normal tetrahedral carbon has bond angles of 109.5 o with four equivalent sp3orbitals.  However in cyclopropane the four orbitals differ.  The two orbitals involved in ring-bonding have more p character than s character and the two orbitals involved in outside bonding have greater s character.  This is because p orbitals have a preferred bond angle of 90 o rather than 109.5 o.  Given the bond angles of 60 o in  cyclopropane this increased p character in the inner orbitals helps to alleviate some of the strain26.   In five-membered rings and rings with 7-13 carbons another type of strain is observed, transannular strain.  This strain is due to interactions because the internal space in the ring is not large enough to comfortably accommodate all the substituents without them coming into conflict.  Cyclohexane can adopt a chair form in which each bond is in the gauche formation with bond angles of 120o thus minimising transannular and small angle strain and reducing the energy of the ring.  Figure 3.20 shows ring strain depending on ring size.  Rings of fourteen or more carbons are as strain free as cyclohexane.  Whilst transannular strain is at its greatest in eight to eleven-membered rings it can still have an effect in larger rings.   In three to five membered rings the bonds curve outwards.  Whilst in rings of greater than seven carbons the bonds bend inwards.  
 (
McMurry, J. 
Organic Chemistry
; 5th ed.; Thompson Learning, 122
)






Figure 3.20 Graph showing varying strain with respect to ring size - McMurry27
Double bonds are found in rings of every size.  The presence of the double bonds tends to increase stain by increasing the angle strain.  However in some cases the expected added strain can be reduced due to a reduction in the number of hydrogens and therefore the reduction in transannular strain.  In cyclopropane the ring angle is distorted from the desired angle by 50 o, however in cyclopropene the ring angle is distorted by 60 o thus increasing the ring strain.  In the case of smaller rings metathesis often leads to the compound polymerising rather than ring-closing in order to alleviate the increased strain.   Although a double bond can be incorporated into rings of any size, the conformation of the double bond is at times dictated by the ring size.  In small rings the double bond must be cis.  The ring must have eight members before a stable trans double bond could be first reported28.  In rings of ten members or less with an unsubstituted alkene the cis isomer is favoured.  However in rings of eleven carbons or more the trans isomer is favoured.  Using gas chromatography Cope et al. reported the equilibrium position of a number of medium-sized cycloalkenes in acetic acid solution at 25 oC with p-TSA as a catalyst (table 3.9)28,29.  The equilibrium was found to lie with the cis isomer in the eight-membered ring but as the ring size increased so too did the stability of the trans isomer and in the eleven and twelve-membered rings the trans isomer was favoured.     
	n
	K cis/trans

	8
	“very large”

	9
	232

	10
	12.2

	11
	0.4

	12
	0.5



Table 3.9 Acid catalysed isomerisation of cycloalkenes28,29
In addition to ring size substitution of the double bond can affect cis/trans isomerism in rings.  The addition of a methyl group to the double bond has been shown to decrease the stability of the trans isomer in larger rings29,30.  The presence of the methyl group at C12 in the C11-C12 double bond may also explain why this bond is stable in the ring as a cis alkene despite the fact that in many larger rings a trans alkene is favoured.  The synthesis of compounds such as 168, 172, 176 and 180 involves the incorporation of up to three double bonds into a fourteen membered ring.  The alkene double bonds add sp2 carbons into a fourteen-membered ring which may make increase the ring strain and make it more difficult to form the ring.  The examples within the molecular modelling in which the cis isomer was found to be more stable than the trans support this.  In addition the presence of a sugar or benzene ring into the structure may further increase the strain in the compounds 168 and 176.  This may explain why the RCM of 176 resulted in a poor yield when synthesised especially when compared with the yields for the RCM of 172 and 176.
3.10 Conclusion
Overall the molecular modelling supported the results from the synthetic work.  It suggests that in the case of the o-aromatic substrates compounds it could prove difficult to synthesise the macrocycle as was experimentally observed during this study.  This is due to the incorporation of sp2 carbons into the 14 membered ring which increase strain and possibly explains the lack of success in RCM reactions to produce these ring systems either at all or in low yield.  In some cases the cis isomer was calculated to be the more stable than the corresponding trans isomer indicating increased ring strain for the macrocycle, particularly for the o-substituted aromatic substrate.  Synthesis of macrocycles incorporating the cis isomer would be interesting for comparison with other analogues as previously only trans isomers have been synthesised and tested thus far.
Comparison of the coupling constants and distances obtained from the minimised structure of 181 with the NMR data from the synthesised compound were found to closely match each other with only a small number of structural differences found.  Many of these were due to the limitations of the parameters of the programme used to calculate the coupling constants.  In addition the distances between protons calculated from the modelling of 181 in most instances accurately predicted whether or not an interaction would be observed in the NOESY.  However in some instances a stronger interaction would have been expected given the distances predicted.  This may indicate that the distances may not be truly accurate.  In the future it would also be interesting to test the 1D comparison technique of Butts et al. described in section 3.4.3. This would be possible if one inter-proton distance in 181 was accurately known. 
The modelling also gave an insight into the conformation of the compounds.  It could also be seen that in general the macroketones had a flatter structure than the aromatic compounds.  The aromatic compounds all appeared to have a “V” or “tick” shape.  In most compounds the hydroxyl substituted backbone conformation remained quite rigid and the any flexibility was observed in the other parts of the molecule.  The orientation of the carbonyl of the ketone or lactone varied.  The orientation could lead to hydrogen bonding between the carbonyl and the OH substituents at C4 in compounds 168-176, at least according to the calculations.  Although as the hydroxyl group at C4 did not appear in the NMR this was not confirmed experimentally.  In the case of the m-aromatic compounds 173-176, hydrogen bonding would also be possible between the carbonyl and the OH substituent in the aromatic ring.
Conformational flexibility is particularly important in the substrates in terms of RCM.  Cossy et al. found that for RCM the bulky TBS groups were necessary6,31.  This was supported by previous work in this group which found that the presence of TBS groups were important in facilitating RCM.  In cases where the TBS groups were present they were the dominating factor in determining the potential energy of the compounds modelled herein.  The calculations of these compounds may not be reliable because the TBS groups appeared to contribute large electrostatic energies.  As a result the calculations for the compounds without TBS groups may be more reliable.  
In almost all cases when the TBS groups were removed more distinct conformers were found and greater flexibility was observed within the molecule supporting the proposal that the TBS groups reduce flexibility, this might facilitate RCM if the dialkene substrates with TBS groups were pre-organised for macrocyclisation.  Velasco-Torrijos and Murphy reported the metathesis of pre-organised bivalent carbohydrates.  They found that the configuration of the amides influenced the RCM outcome.  The Z-configured secondary amides restricted the formation of the macrocycle (3 %) and led instead to the formation of cross metathesis products32.  However when the reaction was carried out with a tertiary amide the alteration of the amide configuration pre-organised the alkenes so that RCM occurred and the dimeric macrocycle was the only product (96 %).  It may be that in the acyclic RCM pre-cursors of 170 and 178 the TBS groups are pre-organising the dialkenes for macrocylcisation.  However the incorporation of an aromatic ring into compound such as 166 and 176 may mean that this pre-organisation is no longer possible. 

     
Figure 3.21 Metathesis of pre-organised carbohydrate scaffolds of Velasco-Torrijos and Murphy32 
3.11 References
(1)	Goodman, J. M. In Chemical Applications of Molecular Modelling; The Royal Society of Chemistry: Cambridge, 1998, p 31-60.
(2)	Mohamedi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J. Comput. Chem. 1990, 11, 440.
(3)	Goodman, J. M. J. Chem. Inf. Comput. Sci. 1997, 37, 876-878.
(4)	Grant, G. H. R., W.G. Computational Chemistry; Oxford University Press: New York, 1995.
(5)	Goodman, J. M. In Chemical Applications of Molecular Modelling; The Royal Society of Chemistry: Cambridge, 1998, p 61-92.
(6)	Reymond, S.; Cossy, J. Eur. J. Org. Chem. 2006, 4800.
(7)	Anquetin, G.; Rawe, S. L.; McMahon, K.; Murphy, E. P.; Murphy, P. V. Chem. – Eur. J. 2008, 14, 1592-1600.
(8)	Zhou, Y. 2011 Personal communication Migrastatin analogues
(9)	Dalton, L. Chem. Eng. News 2003, 81, 37.
(10)	Karplus, M. J. Am. Chem. Soc. 1963, 85, 2870-2871.
(11)	Karplus, M. J. Chem. Phys. 1959, 30, 11.
(12)	Lemieux, R. U.; Kullnig, R. K.; Bernstein, H. J.; Schneider, W. G. J. Am. Chem. Soc. 1957, 79, 1005-1006.
(13)	Reich, H. J. 2011 http://www.chem.wisc.edu/areas/reich/chem605/index.htm
(14)	Altona, C.; Ippel, J. H.; Hoekzema, A. J. A. W.; Erkelens, C.; Groesbeek, M.; Donders, L. A. Magn. Reson. Chem. 1989, 27, 564-576.
(15)	Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; Altona, C. Tetrahedron 1980, 36, 2783.
(16)	Navarro-Vazquez, A.; Cobas, J. C.; Sardina, F. J.; Casanueva, J.; Daez, E. J. Chem. Inf. Comput. Sci. 2004, 44, 1680-1685.
(17)	Daez, E.; San-Fabian, J.; Guilleme, J.; Altona, C.; Donders, L. A. Mol. Phys. 1989, 68, 49.
(18)	Colucci, W. J.; Jungk, S. J.; Gandour, R. D. Magn. Reson. Chem. 1985, 23, 335.
(19)	Barfield, M.; Smith, W. B. J. Am. Chem. Soc. 1992, 114, 1574.
(20)	Smith, W. B.; Barfield, M. Magn. Reson. Chem. 1993, 31, 696.
(21)	Navarro-VÃ¡zquez, A.; Cobas, J. C.; Sardina, F. J.; Casanueva, J.; DÃ­ez, E. Journal of Chemical Information and Computer Sciences 2004, 44, 1680-1685.
(22)	David Neuhaus, M. P. W. The nuclear Overhauser effect in structural and conformational analysis; John Wiley: New York, 2000.
(23)	Butts, C. P.; Jones, C. R.; Towers, E. C.; Flynn, J. L.; Appleby, L.; Barron, N. J. Organic & Biomolecular Chemistry 2011, 9, 177-184.
(24)	Andersen, N. H.; Eaton, H. L.; Lai, X. Magn. Reson. Chem. 1989, 27, 515-528.
(25)	Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry; Oxford University Press: New York, 2001.
(26)	March, J. S., M.B. March's advanced organic chemistry: reactions, mechanisms, and structure 5th ed.; John Wiley & Sons Inc: New York, 2001.
(27)	McMurry, J. Organic Chemistry; 5th ed.; Thompson Learning, 2000.
(28)	Marshall, J. A. Acc. Chem. Res. 1980, 13, 213-218.
(29)	Cope, A. C.; Ambros, D.; Ciganek, E.; Howell, C. F.; Jacura, Z. J. Am. Chem. Soc. 1959, 81, 3153-3154.
(30)	Cope, A. C.; Moore, P. T.; Moore, W. R. J. Am. Chem. Soc. 1959, 81, 3153-3153.
(31)	Reymond, S.; Cossy, J. Tetrahedron 2007, 63, 5918-5929.
(32)	Velasco-Torrijos, T.; Murphy, P. V. Org. Lett. 2004, 6, 3961-3964.









Chapter 4: Aromatic dimers via cross metathesis reactions
4.1 Cancer									104
4.2 Stilbene/Stilbenoids							104
4.2.1 Resveratrol 							105
4.2.2 Pterostilbene 							106
4.2.3 Piceatannol 							107
4.2.4 Combretastatin 							107
4.3 Tubulin Interactive Mitotic Inhibitors 					108
4.4 Antivascular activity							109
4.5 Results and discussion							109
4.5.1 Previous syntheses of diaryl compounds			109
4.5.2 Bridge length							110
4.5.3 Cis or trans linkages						112
4.6 Dimerisation using self-metathesis and cross-metathesis			113
4.7 Cross and self-metathesis							114
4.7.1 Mechanism							115
4.7.2 Catalysts								115
4.8 Previous dimerisations in the literature					116
4.8.1 Natural product dimers						116
4.8.2 Carbohydrate dimers						117
4.9 Synthesis									118
4.10 Molecular modelling							124
4.11 Characterisation - Cis or trans						129
4.12 Suggested biological testing						131
4.13 Conclusion								133
4.14 References 								134

4.1 Cancer
Despite the progress that has been made cancer remains one of the leading causes of death in both the U.S.A. and most European countries1.  Almost one in four deaths in the USA in 2011 will be due to cancer2.  
Cancer can be defined as the abnormal growth of cells caused by multiple changes in gene expression leading to unregulated balance of cell proliferation and cell death and ultimately evolving into a population of cells that can invade tissues and metastasise to different sites, resulting in significant morbidity and if left untreated, death of the host1.  This very general definition overlooks the complexities and variations within cancer which have led to the difficulty in treating it.  The type of therapy used in order to achieve remission is dependent on tumour type.  Chemotherapy is largely unselective and acts against both cancerous and non-cancerous cells resulting in undesirable side-effects.  However as our understanding of the various pathways, genes, receptors and proteins that regulate cancer has increased so too has interest in using them as selective drug targets.  
4.2 Stilbene/Stilbenoids
Natural products have a long history of use in the treatment of disease and this is also true of cancer.  Although combinatorial libraries have been used for drug discovery natural products have also inspired many new anti-cancer drugs3,4.  The chemical synthesis of natural products and their analogues of natural products allows for the enhancement of the activity of the natural product.   
Stilbene, 182, is a diarylethene.  A diethylarene is a hydrocarbon consisting of a cis or trans ethene double bond substituted with a phenyl group on both carbon atoms of the double bond.  Stilbene itself is used in the manufacture of dyes and optical brighteners.  However a number of stilbene derivatives such as stilbenoids which are found naturally present in plants have shown anti-cancer activity and as a result are the focus of much research.  Stilbenoids are secondary products of heartwood formation in trees.   They are hydroxyl derivatives of stilbene.  
Stilbenoids have the ability to act as phytoalexins.  Phytoalexins are anti-microbial substances synthesised by plants during times of environmental stress or pathogenic attack.  They are broad spectrum inhibitors and a very chemically diverse range of substances with individual plant species having phytoalexins with different characteristics.   
Dihydrostilbenoid and polymethoxylated stilbenoid natural products have been isolated and shown to have anti-mitotic and anti-leukemic activity.  As a result many derivatives have been synthesised and evaluated as potential anti-cancer agents such as resveratrol (183) pterostilbene (184), piceatannol (185) and combretastatin A-4 (186). 
Figure 4.1 Potential Anti-cancer Stilbenoid Natural Products
4.2.1 Resveratrol (183)
Resveratrol, 183, a stilbenoid phytoalexin found in grapes and other food products, was purified and shown to have cancer chemopreventive activity in assays representing three major stages of carcinogenesis by Jang et al 5.  They reported that resveratrol acted as an anti-oxidant and anti-mutagen and induced phase II drug-metabolizing enzymes (anti-initiation activity); it mediated anti-inflammatory effects and inhibited cyclooxygenase and hydroperoxidase functions (anti-promotion activity); and it induced human promyelocytic leukemia cell differentiation (anti-progression activity)5.   Although results from the animal cancer models indicate the in vivo effectiveness of resveratrol is limited by its poor systemic bioavailability6, the compound is currently at the stage of preclinical studies for human cancer prevention6,7.  It has also been reported to inhibit low-density lipoprotein (LDL) cholesterol oxidation in humans8, to block platelet inhibition9 and to display vasodilating activities10.

4.2.2 Pterostilbene (184)
Pterostilbene, 184, is found in blueberries and grapes and is a phytoalexin.  It is very similar to resveratrol in structure.  It differs in that the hydroxyl groups on the disubstituted ring are methylated in pterostilbene.  This difference in structure makes a significant difference in bioavailability.  Whilst the in vivo effectiveness of resveratrol is limited due to its highly polar nature, pterostilbene displays much better pharmaco-efficacy11.  It enters the cell much more easily and has been shown to be more resistant to both degradation and elimination.  Studies have tended to focus on the trans isomer.       
Pterostilbene has been well investigated in the literature particularly by Rimando et al. at the U.S Agricultural Service’s Natural Products Utilization Research Laboratory.  They have published numerous papers and synthesised a wide range of analogues.  One of the most interesting aspects of the compound is its wide range of functionality.  Rimando et al have linked pterostilbene with blood cholesterol reduction, anti-cancer activity and anti-viral activity12-14. 
Along with piceatannol and resveratrol, pterostilbene has been shown to induce apoptosis in a number of human cancer cell lines15.  Methoxylation has been suggested to improve activity.  It has been suggested that the greater the number of methoxy groups the greater the anti-tumour activity15,16.   It has not yet been investigated if the length of the alkyl chain affects activity.  Rimando et al synthesised a wide range of stilbenes including a number of analogues with different substituents at the C-4’ position such as amino, nitro, methoxy, hydroxyl or halogens.   Both the cis and trans isomers were prepared and compared.  They found that although the trans compounds were better studied previously the cis compounds were in fact more active.   They also found that the majority of the compounds exhibited greater activity than both resveratrol and pterostilbene, both of which have been shown to prevent colon cancer in animals17.  The methoxy compounds showed significantly greater activity than the hydroxylated compounds.  Interestingly the carboxylic acid derivatives had only weak activity but the ester compounds were much more active.  However in the tests against HT-29 xenograft growth the esters were inactive, the methoxy compound, although it reduced tumour weight, was not found to be statistically relevant.  The cis compound was also found to have isomerised in vivo.  This explained why it had much lower activity in vitro than the trans compound but in vivo had the same activity as the trans isomer.  

It is known that trans and cis-stilbenes isomerise easily under the influence of light and as a result are often stored in the dark.  But it is also known that substituents on the phenyl rings affect isomerisation.  Cis-trans isomerisation has been shown to be reduced by 3,5-dimethoxyl substitution on one of the phenyl rings.  This is due to the interference of the methoxy groups with the delocalisation of π-electrons because of steric repulsion18,19 and is supported by isomerisation occurring when the methoxy group is replaced with an amino group which allows delocalisation of the amino lone pair of electrons resulting in twisting of the phenyl rings and consequently isomerisation.

4.2.3 Piceatannol (185)  
Piceatannol, 185, is a naturally occurring stilbenoid and a metabolite of resveratrol.  Piceatannol has been identified as the active ingredient of Melaleuca leucadendron (white tea tree), Cassia garretiana (Asian legume) and Rheum undulatum (Korean rhubarb), which are used in traditional herbal medicine20,21 and as the anti-leukemic compound in the seeds of Euphorbia lagascae, which is used in folk medicine to treat cancer, tumours and warts22.  Piceatannol is known to block LMP2A in vitro.  LMP2A is a viral protein-tyrosine kinase which has been implicated in leukemia, non-Hodgkin’s lymphoma and other diseases related to the Epstein-Barr virus also known as human herpes virus 4.  As a result piceatannol is of interest as an anti-cancer drug.  
4.2.4 Combretastatin 
Combretastatins are a class of stilbenoid natural phenols.   A number of different natural combretastatin compounds, Combretastatin A-1, A-4 and B-1, have been found in the bark of Combretum caffrum, a bush willow tree found in the Eastern Cape of South Africa.  
Combretastatin A-4, 186, has been found to be the most effective at inhibiting tubulin polymerisation.  Structure activity relationships showed that the 4-methoxy group of the B ring (figure 4.2) was important for the CA-4 analogues’ cytotoxicity.  Rotating the three A ring methoxy groups from the 3,4,5 positions reduced the cytotoxicity by more than 5 orders of magnitude23.  Longer ring substituents such as isopropyl groups were found to reduce tubulin binding and cytotoxicity for active cis compounds23,24.  As the dihydro compound has also been shown to be biologically active it is suggested that it is the orientation of the two aromatic rings to each other rather than the presence of the alkene that is necessary for activity.  It is hoped that by increasing the number of bridging carbons that activity will be observed.  The dihydro compound appears to be able to mimic the conformation of cis CA4.  It is hoped that compounds with a bridge-length of four could be arranged similarly to the cis CA-4 and thus to mimic its anti-tubulin activity.   It is thought proposed that this would be possible due to the free rotation of the saturated carbon atoms 1 and 4 in the bridge.
Figure 4.2 Combretastatin analogues
4.3 Tubulin Interactive Mitotic Inhibitors 
Cancer cells grow and metastasise through continuous mitotic cell division.  Drugs that inhibit cell division are called mitotic inhibitors. These drugs disrupt microtubules, the structures that pull the cell apart when it divides. Mitotic inhibitors are used in cancer treatment to stop the growth and eventual metastasis of the tumour.  Unlike normal cells, cancer cells are constantly dividing and this makes them more sensitive to inhibitors of mitotic division than normal cells.   
Mitotic inhibitors are derived from natural substances and prevent cells from undergoing mitosis by disrupting microtubule polymerisation, thus preventing cancerous growth. Microtubules are long protein polymers made from tubulin monomers.  Microtubules are a part of the cell cytoskeleton and extend through the cell and move cellular components around.  They are created during normal cell functions by assembling (polymerising) tubulin components, and are disassembled when they are no longer needed.  Microtubules are important not only in cell division but also in other cell processes such as signalling, migration and organisation.  Mitotic inhibitors interfere with the assembly and disassembly of tubulin into microtubule polymers. This interrupts cell division, usually during the mitosis phase of the cell cycle when two sets of fully formed chromosomes are supposed to separate into daughter cells.
Examples of mitotic inhibitors are used in the treatment of cancer and many others are being investigated.  Although the binding site varies, the mechanism of action is the same.  All interfere with the polymerisation of microtubules from tubulin.
4.4 Anti-vascular activity
Angiogenesis is an essential part of the growth of tumours and highly important for tumour metastasis.  As a result inhibition of angiogenesis is of great interest in the treatment of cancer.  Two types of drugs target angiogenesis, vascular targeting agents (VTA) and vascular disrupting agents (VDA).  VTAs are often referred to as anti-angiogenic agents or normalising agents.  They inhibit specific steps in the angiogenic process to stop new blood vessels ever forming.  In contrast VDAs attack mature tumour blood vessels causing them to collapse and resulting in a loss of access to oxygen and blood to the tumour.  VDAs have the advantage of being able to treat cancer at a later stage than VTAs.  Low molecular weight VDAs can distinguish between tumour and normal vasculature.  Tubulin polymerisation inhibiting compounds such as combretastatin are a part of this group.  CA-4P (187) is the most widely studied of the tubulin inhibiting VDAs and has entered clinical trials.25  Interestingly tubulin inhibiting agents can act as both VTAs and VDAs.  They act as VTAs by effecting microtubule dynamics thus causing in changes to endothelial cell functions such as cell motility and proliferation which are essential in angiogenesis.  They act as VDAs by effecting microtubule polymerisation causing changes in endothelial cell shape and resulting in selective damage of tumour vessels.
Figure 4.4 The phosphate pro-drug of CA-4, CA-4P (187)
4.5 Results and Discussion
4.5.1 Previous syntheses of diaryl compounds 
A broad number of ways of linking the aromatic rings have been published.  Diaryl compounds with one bridging atom have been reported such as ether, amine, amide, olefin and carbonyl linkages23,26-28.  In the case of combretastatin A-4 analogues, compounds with an olefin in place of carbonyl group have been shown to have equal or better activity than the parent compounds and are known as iso-combretastatin28.  Three-atom bridge analogues have been made in several ways.  Unsurprisingly given the popularity of ‘click chemistry’ reactions, in recent years a number of triazole bridging combretastatin analogues have also been synthesised29-31.  1,2,3-Triazoles have also been shown to have a variety of biological activities including cytotoxicity activity29.  The Wittig reaction and the Horner-Wadsworth Emmons reaction for the synthesis of alkenes have been commonly used in the synthesis of stilbene analogues.  Much less commonly used but of interest to our group are Grubbs’s catalysts and cross-metathesis (CM) reactions.  In some cases the lack of use of CM is due to the need for hetero dimeric compounds.  Homodimeric stilbene analogues have been investigated significantly less.  
Substitution at both positions 2 and 5 on aromatic rings in diaryl compounds has not been greatly investigated. Some compounds have been made and are shown in figure 4.5.  In each case the trans isomer was formed except for the synthesis by Kauffmann et al.  However it appears none of the compounds were investigated for biological activity32-35.  It is thought that given the interesting activities displayed by many stilbenes with other substitution patterns that further investigation of 2,5-substituted diaryls would be of interest.
Figure 4.5 2,5-substituted diaromatic compounds
4.5.2 Bridge Length
A clear correlation between bridge length and cytotoxicity of stilbenoid derivatives has not been established.  In many cases the bridge length has been poorly investigated.  One exception to this is analogues of combretastatin A-4 with the same substitution pattern as the natural product.  In this case two-atom bridge has proven to be the most active when compared with other bridge lengths previously synthesised36.  Biological investigations by Getahun et al. into the antimitotic activity of CA-4 analogues based on their ability to inhibit in vitro tubulin polymerisation and the binding of radio-labelled colchicine to tubulin failed to reveal an optimal bridge-chain length and appeared to vary depending on the aryl substituents rather than the bridge-atom chain length36.  None of the four-atom inter-aryl linkers contained an alkene 
The effect of the presence of substituents or alkenes on the bridging carbons has been poorly investigated.  In addition once the substitution pattern on rings A and B is changed the optimum bridge length has not been determined.  No optimum bridge length has been established with resveratrol or piceatannol derivatives.  
Whilst a number of three-atom bridged compounds have been reported, aromatic compounds with bridge-atom lengths longer than three atoms are much more poorly investigated and few have been evaluated for their activities.  However it should be noted that Kaffy et al. completed the synthesis of two stereospecific Z,E and E,Z vinylogues of combretastatin A-4 and two B-ring related analogues.  The two vinylogues had comparable IC50 values with combretastatin A-4 for tubulin inhibition.  However in acidic media, both compounds isomerised to the more stable E,E-butadiene resulting in a more than ten fold reduction in tubulin polymerisation.37
Figure 4.7 Examples of compounds of Kaffy et al. and Ty et al.
Following this Ty et al. synthesised a number of cis-locked vinylogous combretastatin analogues.  These analogues contained a cyclovinyl or cylopropyl-amide bridge.  The cyclopropyl group is considered an alkene bioisostere and it would also afford greater chemical stability than the previously synthesised Z,E and E,Z vinylogues.  The slightly lower than expected biological activity of the cyclopropyl compounds may be due to only one of the enantiomers in this racemic compound being active.  Molecular docking of compound 189 (figure 4.7) supports this showing that only one of the  enantiomers is a good ligand for tubulin.38   Also in the case of the compounds tested by Kaffy et al. cytotoxicity and inhibition of tubulin polymerisation were not correlated.37  Similarly Ty et al. also noticed that when they replaced the E-double bond with an amide tubulin inhibition was affected but not cytotoxicity.38   Cushman et al. also noticed that although replacement of the methoxy group ring B decreased potency they remained highly cytotoxic23.  It would be interesting to observe if this is the case in other four-atom bridge compounds.
Provot et al. investigated four and six-atom bridge compounds incorporating an alkyne moiety via palladium coupling reactions to give a series of enyne and enediyne compounds.  They sought to synthesise compounds which preserved the π-conjugated system and the linker constrained the two aryl rings in quasi ‘cis’ orientation.   However biological tests showed that only two of the compounds (190 and 191) inhibited tubulin activity and both were found to be fifty times less active than Combretastatin A-4 suggesting that the incorporation of triple bonds does not play a role in maximising anti-cancer activity39.
Figure 4.8 Examples of Enyne compounds of Provot et al. 
4.5.3 Cis or Trans Linkages
Whether cis or trans linkages are favoured varies depending on the stilbenoid.  In the case of pterostilbene and piceatannol the trans analogues are the more studied.  Cushman et al synthesised a number of cis- and trans-stilbenes.  Initial biological evaluation showed that the cis-stilbenes were far superior cytotoxic agents when compared with simultaneously obtained trans-stilbenes23.  They found that in the case of combretastatin A-4, the cis compound was most active followed by the dihydro-compound followed by the trans compound.  The increase in activity in the dihydro-compound may be due to the flexibility which allows it to adopt a similar conformation to the cis compound.  In the case of combretastatin analogues early results suggested that the trans analogues were active.  However later studies have shown that it is inactive but undergoes isomerisation over time to the more active cis stilbene over time23.  The activity of the dihydro-compounds suggests that it is not simply the presence of a cis double bond which is essential for activity but perhaps the orientation conferred on the aromatic rings by the cis double bond.  Other compounds which could also adopt a conformation similar to the cis CA-4 analogues should also be able to mimic its activity. 
Kaffy et al. completed the synthesis of two stereospecific Z,E and E,Z vinylogues of combretastatin A-4 and two B-ring related analogues.  The two vinylogues inhibited tubulin polymerisation with IC50 values of 2.3 and 2.0 µM, both comparable with combretastatin A-4.  However in acidic media both these compounds isomerised to the more stable E,E-butadiene.  This isomerisation resulted in a more than ten fold reduction in tubulin polymerisation inhibition suggesting that in the case of dienes at least one cis-double bond is necessary for tubulin inhibition37.  Woods et al. found that although trans isomers of combretastatin were inactive when tested for tubulin assembly inhibition when tested for tubulin affinity the trans compounds, with the exception of one isopropyl derivative, showed similar affinity to the cis compounds24.  
4.6 Dimerisation using self-metathesis and cross-metathesis
Experience exists within our group in the use of various Grubbs’ catalysts for ring closing metathesis reactions40-44.  However their use for self-metathesis and cross-metathesis reactions has been much less extensively examined within the Murphy lab.  
The cross-metathesis and self-metathesis of a number of aromatic allylic compounds were thus investigated as part of this thesis work.  There are over a hundred published syntheses of biaryls with a four atom bridge.  However that number plummets once substitution on the aromatic ring is introduced making the proposed compounds both novel and interesting.  A vast number of stilbene analogues exist both in nature and through synthetic means and have a wide variety of synthetic targets.    
Work within our group generally has a biological relevance and prior to beginning the synthesis a search was carried out to determine if such compounds would have a biological target.  Aromatic natural products with a similar substitution pattern were then investigated and it became immediately obvious that the substitution pattern on compound 130 (figure 4.9) strongly resembled that of one of the aromatic rings of combretastatin A-4.  By alkylating the free hydroxyl on each compound a number of analogues of each could also be obtained.  It was also considered that a cross-metathesis between two different substituents would be interesting.


Figure 4.9 Compounds 130 and 146
Given the increased bioavailability of pterostilbene when compared to resveratrol it is thought that the alkylated dimer analogues will prove to have greater in vitro bioavailability than the hydroxylated analogues.  As discussed the greater number of methoxy groups can also increase activity.  It has yet to be determined what is the optimum alkyl chain length and so analogues with a variety of alkyl chain lengths were synthesised.
4.7 Cross and Self-metathesis
Olefin cross-metathesis is an organic reaction that can be described as the intermolecular mutual exchange of alkylidene (or carbene) fragments between two olefins promoted by metal-carbene complexes45.  There are three main categories of reaction type; intermolecular enyne metathesis, ring-opening metathesis and cross-metathesis.  The cross-metathesis reaction was of particular interest to us in particular cross-metathesis dimerisation.  
The cross-metathesis reaction has many advantages over other carbon-carbon bond-forming reactions.  First and foremost high yields can be obtained under mild conditions and over short reaction times.  The reaction is catalytic and usually only 1-10 mol% of catalyst is required.  A wide number of functional groups are tolerated without the need for protecting groups.  In addition the alkene substrates are often cheaper and easier to prepare than the substrates required for other carbon-carbon bond forming reactions such as triflates, organostannanes boranes.  The reaction is also highly favourable environmentally as the only side product is usually ethylene gas.  The reversible nature of the CM reaction is of synthetic importance because it generally ensures the preferential formation of the most thermodynamically stable product.

4.7.1 Mechanism
The mechanism for cross-metathesis and self-metathesis reactions is similar to that for ring closing metathesis and is discussed in section 2.2.5.  Where RCM and self-metathesis are competing reactions, a smaller dilution generally favours the self- metathesis reaction over ring-closing metathesis.
In many cases the formation of the Z alkene product is difficult as the E alkene is lower in energy.  In a cross-metathesis reaction six products are possible - two Z alkene homocoupling products, two E alkene homocoupling products and two cross-metathesis products.
 (
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Figure 4.10 Z-selective cross-metathesis of terminal alkenes46
4.7.2 Catalysts
Prior to the development of a number of ruthenium catalysts (shown in figure 4.11) cross-metathesis reactions were little used in laboratories.  The reactions with molybdenum and tungsten catalysts were viewed as unpredictable and unselective.
Although still not as commonly used as the ring-closing metathesis reaction, the development of more functional group tolerant and robust ruthenium catalysts has seen an increase in the use of the cross-metathesis reaction.  

Figure 4.11 Ruthenium catalysts for metathesis reactions
Grubbs’ II contains non-labile, sterically hindered N-heterocyclic carbene ligands with strong σ-donor and poor π-acceptor properties, which help to stabilize the 14-electron ruthenium intermediates during metathesis.  It has a functional-group tolerance similar to that of bisphosphane-based catalyst Grubbs I, but has a reactivity closer to that of the highly active yet oxophilic molybdenum catalyst  [Mo(=CHCMe2Ph)(=NAr)(OCH(CF3)2Me)], and thus is far superior to Grubbs’ I in terms of reactivity.
4.8 Previous Dimerisations in the Literature
4.8.1 Natural Product Dimers
The total synthesis of cylindrocyclophanes by Smith et al. highlighted not only an impressive head-to-tail cross-metathesis dimerisation but also the usefulness of the reversibility of the cross-metathesis reaction47-49.  Cross-metathesis reactions in general give E/Z ratios of higher than 1:1 due to the preferential formation of the more thermodynamically stable product45.  However Smith et al. reported impressive ratios of 100:0 in their total synthesis shown in figure 4.12.  Despite the seven potential products only the macrocycles formed.  Neither the head-to-head dimerisation or the Z-olefin products were observed.   The cross-metathesis dimerisation of terminal olefins could be catalysed by Shrock’s catalyst, Grubbs’ I or Grubbs’ II to give the macrocyclic products.  The authors proposed that this exceptional selectivity is due to the reversible nature of cross-metathesis resulting in a cascade of reactions to form the single dimer product as long as the catalyst remained active.  Molecular modelling using Monte Carlo methods (MM2 force field) supported this.


Figure 4.12 RCM/CM to give Cylindrocyclophane F
Schreiber and Diver50 used 10 mol% Grubbs’ II to dimerise the immunosuppressant FK506.  Although a number of potential chelating groups are present within the molecule Shreiber and Diver were able to exploit the high functional group tolerance of Grubbs’ II to form the desired product in moderate yield at room temperature.
 Figure 4.13 Synthesis of FK 1012 by Schreiber and Diver et al
In the synthesis of a number of vancomycin dimers Nicolaou et al. utilised Grubbs’ II catalyst to form a number of cross-metathesis vancomycin analogues51.  The durability and robustness of the catalyst was highlighted by the fact the reactions were carried out in degassed water/DCM (95:5), the organic solvent probably being required for the catalyst initiation45.
4.8.2 Carbohydrate Dimers
The homodimerisation of carbohydrates was first reported using a tungsten aryloxoalkylidene complex52.  However Roy et al. found these conditions were unsuccessful with O-allyl glycosides as well as benzyl-protected sugar derivatives.  Instead they found that Grubbs I could be used to homo-dimerise a number of benzylated and acteylated allyl and vinyl sugars in good yield53.  The stereoisomeric mixtures varied however with E/Z mixtures varying from 1:1 to 5:1 in favour of the more thermodynamically stable E isomers.  They also carried out a cross-metathesis reaction to give a bifunctional sugar heterodimer (figure 4.14).  
A head to tail coupling was envisaged to give a C-linked pseudo-disaccharide.  C-allyl α-D-galactopyranoside 192 was treated with 2.0 eq of 6-O-allyl 193 or 6-vinyl derivatives 194 with Grubbs’ I catalyst gave the heterodimers 195 and 196 (67% and 89%  respectively).
 

Figure 4.14 Carbohydrate dimers of Roy et al.
Roy and Gan later prepared a number of divalent sialoside derivatives based on a CM reaction54.  For example, the dimerisation of sialosides in figure 4.14 promoted by Grubbs’ I allowed the isolation of three dimers. Yields were good using O-sialosides however the thiosialoside was a considerably less efficient CM partner as a result of the coordinating (and hence catalyst-poisoning) potential of sulfides. 
Figure 4.15 Divalent sialoside derivatives of Roy and Gan.
4.9 Synthesis
The initial synthetic plan involved the dimerisation of 130 and 146 followed by alkylation of the free hydroxyl group to give a number of analogues.  However this did not prove successful.  Attempts with Grubbs’ I (5-10 mol%) heated at reflux in either DCM or toluene either failed or resulted in a very low yield.  The catalyst was switched to Grubbs’ II (5 mol %) in DCM and a faint spot was observed by T.L.C when refluxed overnight.  Work-up of the reaction resulted in the recovery of much of the starting material and isolation of only a small amount of product.  However the formation of product was positive.  A number of papers have reported that increasing the catalyst loading could increase the yield.  Increasing the catalyst loading to 10 % resulted in a modest increase in yield, however overall the yield was still poor.  Previous work within the Murphy group on ring-closing metathesis had found that the presence of free hydroxyl groups in these reactions had led to a reduction in the yield of the reaction.  As a result it was decided to change the synthetic plan.  Instead of alkylating at the hydroxyl group after cross-metathesis, the hydroxyl group was alkylated prior to cross- metathesis.  It was hoped that this would improve the yield of the cross-metathesis reaction.  A further advantage of this would be a possible reduction in cost as Grubbs’ II is quite expensive and if the catalyst loading and scale of the reaction were to be increased the cost would also increase significantly.
Beginning with methyl 4-hydroxybenzoate, the hydroxyl group was allylated using potassium carbonate and allyl bromide in acetone at 70 oC.  A Claisen rearrangement gave 130 in 84 % yield.  130 was then alkylated.
Figure 4.16 Synthesis of analogues of 197 - 199 
A number of methods are available for the alkylation of alcohols.  Alkylation using iodomethane and potassium carbonate in acetone failed at room temperature but heating at reflux in acetone gave yields of product of 60-70%.  Similar yields were obtained when the reaction was carried out with sodium hydride and iodomethane in THF.  Self-metathesis carried out in refluxing DCM with Grubbs’ II was successful with most substrates, however the catalyst loading varied between 10-15 mol % with substrate.  All of the self-metathesis reactions of 130 were allowed to stir overnight. Interestingly the appearance of the compounds varied significantly depending on the alkyl groups present.  The ethoxy-allyl compound 197, gave a green solid and 198 was a dark brown oil.     
Figure 4.17 Efforts towards the synthesis of analogues 203-206

Analogues 203-206 were obtained by alkylating methyl 5-allyl-3-methoxysalicylate followed by self-metathesis.  The yields of these reactions were slightly lower than 197 – 199.  TLC and mass spectroscopy both indicated the successful synthesis of 203 and 205.  However in both cases the NMR indicated a large amount of starting material present with only small amounts of product observed.  In addition the NMR of both 203 and 205 both appeared to show the presence of a third aromatic proton, supported by both the chemical shift and the coupling constants.  Combined this data suggests that the desired products were not formed.
It was initially envisaged that the synthesis of 210 could be carried out starting with 2, 5-dihydroxybenzoic acid.  This would be converted to the aromatic triflate and a Suzuki coupling with allyl boronic acid pinacol ester would follow.  Two routes were considered.  The first route involved the protection of the aromatic groups with an isopropylidene protecting group followed by conversion of the remaining free hydroxyl group to the aromatic triflate.  The second involved the selective methylation of the ester, stereo-selective protection of the hydroxyl at C5 with a bulky TBS ether and methylation of the remaining free hydroxyl at C2.  The TBS ether was then cleaved and the hydroxyl converted to the aromatic triflate.  Although this route is longer each step gives a high yield and in most cases the reaction can be continued on without purification.  A number of Suzuki-Miyoura couplings using potassium allyltrifluorborate and allyl boronic acid pinacol acid ester were attempted (figure 4.18).  However  210 was not formed.   


Figure 4.18 Attempts at Suzuki-Miyaura Coupling
At this point it was decided to attempt a Stille coupling.  The synthesis of 210 began with the protection of salicylic acid.  The synthesis was initially attempted with 5-bromosalicylic acid.  This was protected by methylation of the carboxylic acid and hydroxyl group at C1 and C2.  Following this a Stille coupling was attempted.  An examination of the literature showed a large number of options for reaction conditions.  Whilst in recent years Stille cross-couplings have proved to be a powerful method of making carbon-carbon bonds55-58  there is still room for improvement particularly in the area of more versatile and easily available catalysts that operate under milder conditions59.  Currently most Stille couplings require temperatures of at least 45 oC and many are carried out at up to 70 oC thus greatly reducing the scope of the reaction60.  The most common reagents when using an aromatic bromide were allyltributyl stannane and Pd(PPh3)4 in toluene.  However the temperature, solvent and equivalents added of each reagent varied greatly throughout the literature.  

Figure 4.19 Efforts towards the synthesis of 211 
A number of reaction conditions (figure 4.19) were attempted before the product was successfully formed in reasonable yield.  The reaction was tried mainly in toluene but also in THF and DMF.  In initial attempts the toluene wasn’t degassed but repetition of these experiments with degassed toluene made no significant difference to the yield.  The temperature was varied from 45 oC to 70 oC.  Baldwin et al. reported that the use of copper(I) salts and cesium fluoride enhanced yields61.  Ling Zhou proposed the use of only cesium fluoride in addition to the palladium catalyst and allyl stannane62.  Some cases in the literature suggested that the reaction should be carried out in the dark.  None of these conditions significantly increased the reaction yield.   
Finally a reaction with 1.2 eq. organo stannane, 0.01 eq. of palladium catalyst and 1 eq. of aryl halide and refluxed at 65 oC overnight and quenched with KF in order to remove the stannane side products.  At this point it was noted that the reaction mixture hadn’t been stirring although the TLC showed that a reaction had taken place.  Based on this, the reaction was carried out again and monitored by TLC.  TLC showed that after four hours no further product was formed although a large amount of starting material remained.  If the reaction was left on longer than six hours a further spot was detected by TLC indicating the presence of a further side product.  The identity of this side-product was not determined.  
The dimerisation of 210 in DCM with catalyst loading of up to 30 mol % failed to result in product formation.  The reaction was also attempted at toluene with temperatures of up to 80 oC.  However no product was obtained with catalyst loadings of up to 30 mol % and with reaction times of up to 24 hours.
 
Figure 4.20 Synthesis of cross-metathesis product 212
Cross metathesis of 134 and 202 with 10 mol % Grubbs’ II resulted in the formation of the desired cross metathesis product 212.  However the yield was only 41 %.  It is suggested that increasing the catalyst loading or adjusting the equivalents of substrates added could lead to an increased yield.  The attempted cross-metathesis of 130 and 146 with 20 mol % Grubbs’ II in DCM at 45 oC resulted in the self-metathesis of 130.  The temperature was increased to 80 oC and the solvent was changed to toluene and again only self-metathesis products were obtained.  But in this case the self-metathesis products of 197 (46 %) was the main product, a small amount of the self-metathesis product of 203 (12 %) was also obtained.  The desired cross-metathesis product showed a clear molecular ion peak. However no cross-metathesis product was isolated.  
Figure 4.21 Cross-metathesis reaction

A number of dimerisations of carbohydrates were also carried out.  Self-metathesis of the fully benzylated sugar was successful with a yield of 68 %.  Increased catalyst loading could lead to an increased yield.  However self-metathesis with a free hydroxyl at C6 resulted in a much reduced yield of 6 % and when the hydroxyl was oxidised to the carboxylic acid and dimerised, no product was formed.  Although 213 was obtained, purification of the compounds proved difficult.  The benzyl protecting groups were not removed as this would have resulted in the reduction of the alkene bond in the bridge. 

Figure 4.22 Carbohydrate self-metathesis reactions
4.10 Molecular modelling
Significant differences in activity and reactivity exist between cis and trans analogues of previously synthesised stilbenoid compounds.  It is clear from biological testing done to date that the stereochemistry of the double bond is important.  It is also clear that the shape and orientation of the molecule is important for activity.  As mentioned earlier it is suggested that a butene linker with a single alkene double bond between C2 and C3 of the linker could mimic the shape of a shorter ethene bridge given the free rotation possible about C1 and C4 of the butene linker.  Molecular modelling studies of the cis and trans analogues of both the known two-atom bridge combretastatin A-4 (214 and 215) compounds and unknown four-atom bridge combretastatin analogues (216 and 217) were carried out to investigate this.  
All computational work was carried out using Macromodel™ a part of the Schrodinger Programme™.  The force field used was OPLS-AA (Optimized Potentials for Liquid Simulations –All Atom) and the calculations were carried out for solvent free conditions as well as in chloroform, water and octanol although only the solvent free conditions are presented here.  
Previous biological tests on combretastatin A-4 analogues have shown that the trans analogues are biologically inactive.  However they have also shown that both cis CA-4 analogues and dihydro combretastatin analogues are active.  It seems that the two aromatic rings need to be close to one another in space, however exactly how close, does not appear to have been determined yet.  In order for compounds to be active all that is known is that the rings must be closer together than in 215 (trans CA-4) as all trans compounds previously synthesised and tested have proven inactive.  Although the analogues with a four-atom bridge (216 and 217) would be expected to be further apart than two-atom bridge compounds (214 and 215) it was thought that this might not necessarily be the case.  Given the free rotation possible at the two unsaturated carbons in the four-atom bridge  the conformation of the four-bridge compounds might more closely resemble that of cis CA-4, 214 than trans CA-4, 215 and perhaps resemble “quasi” cis compounds.  Conformational searches (Monte-Carlo MCMM search in a solvent free environment) were carried out to determine the global minimum of each of the compounds 214 – 217 (figure 4.22) and then the distances between carbons was measured in these global minimum structures.   
Figure 4.23 Trans CA-4 and trans 4-atom bridge analogue of CA-4 
Conformational searches revealed differences in the structural appearance of the molecules.  In all cases the three-dimensional structures consisted of two planar or almost-planar ring systems which were tilted with respect to one another.  Minimised 214 appeared to have the second planar ring at a ~60-70o angle from the first planar ring.  This supports reports by McGown et al. that the planar rings should be tilted at 50-60o from one another23,24,63.   Conformational searches also revealed that the structure was quite rigid with the only changes being the orientation of the phenyl rings although it was only in a limited number of structures that angle of the planar rings varied by close to 90o with respect to one another.  In most structures the angle was much less.  Conformational searches of 216 and 217 showed that both favoured a bent conformation with the aromatic rings approaching each other.  These bent structures also support the measured distances between the two rings as previously discussed. In 215 the rings are as far apart as possible.  A much greater amount of variation between conformational structures was observed, as expected, in the case of 216 and 217.  
The distance between the two quaternary ring carbons (C1 and C7 in figure 4.23) in 216 and 217 was, as expected, further in 214 and 215.  Interestingly though, this was not the case when the shortest distance between any other two carbons in the two rings was measured, (table 4.1) indicating different spatial arrangements are possible for this type of analogue.  The shortest distance between two carbons on the two aromatic rings (C2 and C8) was smallest in 214.  The shortest distance between two carbons in the aromatic rings in 215 (C6-C8 figure 4.23) was almost 2 Å more.  If the four-atom bridge compounds 216 and 217 were to possibly be active the distance between the two rings would have to be shorter than the 5.25 Å observed in 215.  The results of the molecular modelling studies agreed with this, the results are summarised in table 4.1.  The shortest distance between the two carbons on the aromatic rings was found to be 3.94 Å (C2 and C8) in 216 (figure 4.24) and 4.37 Å (C2 and C8) in 217 (figure 4.25).  
	Compound
	C1-C7 distance(Å)
	Shortest distance between rings (Å)
	Furthest distance between rings (Å)

	214
	3.55
	3.56
	7.47

	215
	3.76
	5.25
	9.51

	216
	4.81
	3.94
	8.78

	217
	5.07
	4.33
	8.22



Table 4.1 Inter Aryl Distances 
The furthest distance between two carbons on the two aromatics rings was also measured (table 4.1).  This was again smallest in 214 (C5-C9) at 7.47 Å and longest in 215 at 9.51 Å with both of the four-atom bridge compounds 216 and 217 lying in between the two, although it should be noted that they were both closer to the distance in 214 than that of 215.  The distances between carbons on opposing sides of the aromatic rings (C3-5 and C9-11 in figure 4.23) in 215 were ~ 8.0 - 9.0 Å.  
The distances between carbons on opposing sides of the aromatic rings (C2-4 and C10-12 in figure 4.23) in 217 were ~ 7.0-7.8 Å.  These results suggest that it would be possible for both 216 and 217 to be biologically active as tubulin polymerisation inhibitors if in fact the distance between the two rings is the key factor in determining biological activity. 
Unfortunately it was not possible to support the molecular modelling data with NOE data as in all but 214 the protons are close to 4 Å apart, which is generally the upper limit for NOE between protons in small molecules. 

Figure 4.24 Distances between ring carbons in 216

Figure 4.25 Distances between carbons in 217
The potential energies of the minimised compounds are shown in table 4.2.  Unfortunately the potential energies of the four molecules can’t be directly compared as it is only possible to compare the potential energy of molecules with the same number of atoms.  Thus 214 and 215 can be compared as can 216 and 217.  The potential energy of compound 214 is slightly higher than 215.  But the difference is only small suggesting that in a reaction under thermodynamic control neither isomer would be significantly favoured.  The difference in potential energy between 216 and 217 is even smaller.  The energies of the minima can be used to calculate the ratios of the different forms.  This is done by comparing the ratios of their Boltzmann factors from equation 4.1
Botzmann Factor  =  exp(-E/RT)                                                                   Eqn 4.1
where E is the energy of the compound, R is the gas constant 8.314 J K-1 mol -1 and T is the temperature in Kelvin.  At room temperature, T ~ 300 K so room temperature RT = 2.49 kJ mol-1.  From this it is found that the ratio of 214:215 present is 1:900.  Thus in the case of cis and trans CA-4, the trans isomer is clearly the dominant conformation.  However the ratio of 216:217 present was found to be ~ 1:2.  Whilst the trans isomer 217 is the dominant isomer it is much less dominant than the trans form of CA-4, 215. 
	Energies of the global minima of 214-217

	 
	214
	215
	216
	217

	Total energy
	129.096
	112.172
	59.723
	57.935

	Stretch
	6.611
	6.652
	5.851
	5.792

	Bend
	41.046
	36.970
	31.050
	26.975

	Torsion
	8.133
	45.072
	15.594
	15.680

	Improper torsion
	0.377
	0.028
	0.029
	0.102

	VDW
	63.650
	69.926
	51.666
	54.262

	Electrostatic
	-50.721
	-46.475
	-44.466
	-44.877



Table 4.2 Energies of the global minima of 214-217
4.11 Characterisation - Cis or Trans
It is known that trans and cis-stilbenes isomerise easily under the influence of light and as a result are often stored in the dark.  But it is also known that the substituents on the phenyl rings affect isomerisation.  Cis-trans isomerisation has been shown to be reduced by 3,5-dimethoxyl substitution on one of the phenyl rings.  This is due to the interference of the methoxy groups with the delocalisation of π-electrons because of steric repulsion18,19.  It could explain why isomerisation in the presence of light was not observed in the case of 197 and also why even when isomerisation was induced with iodine, incomplete isomerisation occurred.  This is supported by the findings of Rimando et al.13  They found that compounds with a methoxy or ester substituent at the 4’ position failed to isomerise but those with an amino group did.  This may be due to delocalisation of the lone pair electron of the amino substituent in the other phenyl ring increasing the single bond character of the vinyl double bond perhaps resulting in the twisting of the rings and isomerisation to the trans compound.  Irreversible cis-to-trans isomerisation has been observed with some olefins of the series ArCH=CH-Bu.  However the cis-trans isomerisation also depends on ethylenic substituents64.      
NMR spectrum of the prepared compounds 197 and 198 were more complicated than expected.  The aromatic portion of the compounds was easily assigned as were the ester and ether moieties.  However the coupling of the alkyl and allylic protons proved harder to confirm.  They were clearly following second order effects.   
Figure 4.25 Structures of Bazan65
Comparison of NMR spectra with those of previously synthesised compounds was carried out.  Unfortunately in the case of spectra by Meier et al. the allylic protons were assigned as multiplets.32  Bazan et al.65 reported an AB system in the case of the vinyl protons in their compounds with a coupling constant of 16 Hz (figure 4.25).  This would support the idea that the NMR spectra showed second order effects. It was thought it could be an ABX2 spectrum.  In this case the AB part consists of two superimposed ab quartets (8 lines) which have normal intensities and line separations.  However many other forms of this appear in which one or more lines are superimposed.  It was thought that this might be the case in these compounds giving only six lines.  The X part of the spectrum should consist of six lines but often appears as an apparent doublet of doublets with the two outside peaks often too weak to appear on the spectrum.  Calculation of J values for the AB part gave J = 5.2, 3.6 and 1.5 Hz.  These values were almost identical to those calculated when the heptet was treated as a first order doublet of doublet of doublets. 
It is proposed that the allylic proton in compounds 197 and 198 appears as an AA’XX’ system in the proton NMR.  However the coupling constants were not determined.        
[image: NMR.bmp]
Figure 4.26 Proton NMR of 197
In the IR spectrum of 197 there is a strong peak at 1602 cm-1.  This peak indicates the presence of a conjugated C=C bond as expected.  However what is of significance in this peak is that it is a narrow peak indicating the presence of only one conformer be it cis or trans.  This is in agreement with the NMR spectrum which appears to also show the appearance of only one conformer.  However calculation of the coupling constant failed to conclude if the compound was cis or trans.  It is suggested that the peak at 985 cm-1 is due to the =C-H out of plane trans bending.  The cis out of plane bending would be expected to be a broad peak at ~700 cm-1.66  A cis configuration can be hard to characterise as it is broad and at ~700 cm-1 and can overlap with other structural components for example long aliphatic chains, aromatics and halogen compounds.  However in the case of this spectrum and that of other compounds in this series there are no peaks at ~ 700 cm-1 leading to the conclusion that the cis isomer is not present and the trans isomer has been formed67,68.  
4.12 Suggested Biological Testing
As the compounds may be VDAs and VTAs and therefore would inhibit angiogenesis they could be tested for the anti-vascular activity if they were found to be tubulin inhibitors.  Cell migration is a key step in angiogenesis (see section 1.4).  It is suggested that they could be screened using a wound healing assay.  The wound healing assay is relatively simple and inexpensive.  The assay mimics cell migration in vivo.  Once the cells have been grown a ‘wound’ is created by scratching the top layer of cells.  Pictures are taken at this point and at regular intervals to monitor the cell migration close to the wound.  
If the compounds were found to inhibit angiogenesis it would be important to determine if they were VDAs or VTAs.  Evensen et al. reported using biphasic profiling to do this.69  They developed a co-culture of human endothelial cells and vascular smooth muscle cells (vSMC) which resulted in the assembly of a network of tubular endothelial structures covered with vascular basement membrane proteins.  As this comprises of three components of blood vessels it can reflect several aspects of angiogenesis.     
At first endothelial cells (EC) are dependent on vSMC-derived vascular endothelial growth factor (VEGF) and sensitive to clinical anti-angiogenic agents. Following a phenotypic VEGF switch EC networks become resistant to anti-VEGF agents.  But mature EC networks remain sensitive to vascular disrupting agents.  This difference allows anti-angiogenic compounds to be investigated for their relative potency on immature and mature networks and classified as either vascular normalizing or vascular disrupting agents.  This assay has previously been used to test combretastatin analogues.
Many different assays are reported to have been used in tests on analogues of combretastatin.  One option for biological testing is the MTT assay on K562 leukaemia cells used by Odlo et al30 and Cushman et al.  MTT is a yellow tetrazole whose full name is 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.  When placed in living cells it is reduced to purple formazan.  Formazan dyes are artificial chromogenic products of the reduction of tetrazolium salts by dehydrogenases and reductases.  This assay could be used for screening and those compounds which exhibit high cytotoxicity could then be tested further for tubulin assembly inhibition.    

Figure 4.27 Reduction of tetrazolium to formazan

4.13 Conclusion
A number of diaryl compounds have been synthesised with each containing a 4-atom bridge with a double bond between C2 and C3.  Modelling suggests they can access conformations that would be interesting from a biological point of view.  The biological activities have yet to be investigated and may provide some interesting insights into the compounds.  Given the wide variety of activity displayed by stilbene and stilbenoids such as resveratrol, pterostilbene and combretastatin there is huge potential in diaryl compounds.  A further advantage to compounds such as these is the relative simplicity of their synthesis and the easy access to large quantities for testing.
In this study a number of self-metathesis reactions were successfully carried out.  These gave access to interesting compounds however the cross-metathesis reactions would give access to a much broader range of compounds in a small number of steps.  It would also give access to analogues that would more closely mirror pterostilbene and combretastatin.  This would potentially give a greater understanding into the modes of actions of these natural products.  It is thought that the cross-metathesis reactions could be enhanced by increasing the catalyst loading and also investigating the effects of varying the catalyst and perhaps trying Schrock’s catalysts.  More detailed experimentation with the reaction conditions would hopefully lead to higher a greater number of successful cross-metathesis reactions.  
It would also be interesting to see if 210 would undergo metathesis in the presence of a catalyst other than Grubbs’ II.  Self-metathesis of further aromatic allyls would provide an insight into why this compound failed to undergo self-metathesis given how structurally similar it is to compounds such as 130 and 146, both of which successfully underwent self-metathesis.
Previous work by Cushman had suggested that in the case of combretastatin analogues the key feature was the closeness of the aromatic rings rather than the presence of the alkene double bond.  Other structures which could mimic this conformation also proved active.  The molecular modelling carried out supports the theory that the four-atom linkers, both cis and trans would be able to mimic this conformation and that both of these compounds would allow the aromatic rings to be significantly closer together than in the inactive trans CA-4.
There is still considerable interest in natural products and their analogues as lead compounds for the generation of new anti-cancer agents.  It is hoped that small molecules such as those synthesised in this work could play an important part in combination cancer therapy.
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Experimental Data                                                      	                                                  Chapter 5

5.1 General experimental conditions
Optical rotations were determined at the sodium D line at 20°C. NMR spectra were recorded with 600, 500 and 400 MHz Varian spectrometers. Chemical shifts are reported relative to internal Me4Si in CDCl3 (δ 0.0), HOD for D2O (δ 4.84) or CD2HOD (δ 3.31) for 1H and Me4Si in CDCl3 ( 0.0) or CDCl3 ( 77.0) or CD3OD ( 49.05) for 13C. 1H NMR signals were assigned with the aid of COSY. 13C NMR signals were assigned with the aid of DEPT, gHSQCAD and/or gHMBCAD. Coupling constants are reported in hertz. The IR spectra were recorded using thin film on a NaCl plate or with ATR attachment. Low and high resolution mass spectra were in positive and/or negative mode as indicated in each case. Thin layer chromatography (TLC) was performed on aluminium sheets pre-coated with silica gel and spots visualized by UV and charring with H2SO4-EtOH (1:20), or cerium molybdate. Flash chromatography was carried out with silica gel 60 (0.040-0.630 mm) and using a stepwise solvent polarity gradient correlated with TLC mobility. Toluene, Et2O, DMF, CH2Cl2, MeOH and THF reaction solvents were used as obtained from a Pure Solv™ Solvent Purification System. Anhydrous pyridine was used as purchased from Sigma-Aldrich. Chromatography solvents, petroleum ether, cyclohexane and EtOAc were used as obtained from suppliers (Sigma-Aldrich).











5.2 Experimental Data


Tri-O- tert-butyl-dimethyl-silanyloxy-D-glucal (72)1
To tri-O-acetal-D-glucal (20.0g, 73.5mmol) in methanol (120mL) was added potassium carbonate (1.0g, 7.24mmol) and the solution was stirred overnight at room temperature.  The solvent was removed in vacuo.  Any remaining methanol was removed by co-evaporating with CHCl3 (3 x 40 mL) to give a brown syrup.  The syrup was dissolved in anhydrous DMF (100 mL) and imidazole (49.0g, 720 mmol) was added.  TBSCl (52.0g, 345 mmol) in DMF (80mL) was added via canula with stirring.  The solution was then stirred for 20h at room temperature.  The reaction was then poured into water (300mL) and the product was extracted with Et2O (4 x 500mL).  The combined organic layers were then dried over MgSO4 and the solvent was removed in vacuo.  Removal of the high-boiling TBS impurities was achieved by Kugelrohr distillation for 2h at 150 oC to give the fully TBS protected product, 72, (cyclohexane-EtOAc 97:3, Rf 0.83) as a pale orange oil (32.0g, 96 %), which was used in subsequent steps without further purification.
1H NMR (300 MHz, CDCl3) δ 6.32 (d, J = 6.1 Hz, 1H, H1), 4.69 (dd, J = 6.0 Hz, J 4.4 Hz, 1H, H2), 3.99 (ddt, J =  7.3, 3.6, 1.3 Hz,  1H, H5), 3.94 (dd, J = 11.2, 7.4 Hz, 1H, H6a), 3.89 (m, 1H, H3), 3.80 (m, 1H, H4), 3.76 (dd, J = 11.2 Hz, J = 3.5 Hz, 1H, H6b), 0.90 and 0.89 (2 x s, 27H, each s, SiC(CH3)3), 0.10, 0.08, 0.06 and 0.05 (4 x s, 18H, each s, Si(CH3)).  13C NMR (400 MHz, CDCl3) δ 143.0 (C1), 101.4 (C2), 80.1 (C5), 70.2, 66.7 (C3 and C4), 61.8 (C6), 26.0 and 25.9 (SiC(CH3)3), 18.4 and 18.0 (SiC(CH3)3) -4.2, -4.3 and –4.7 (CH3Si).  ESI-HRMS: calcd for C24H52 NaO4Si2 511.3071, found m/z 511.3076 [M+Na]+.  FTIR (film) νmax, 2954, 2932, 2887, 2859 (CH), 1649 (C=C), 1472, 1408, 1390, 1362, 1254, 1100, 1173, 1006, 963, 878, 838, 778, 669 cm-1.  [α]D = -29.0 (c 1.08, CHCl3);





(1Z,3R,4R,5R) 1-[3,4-Bis-(tert-butyl-dimethyl-silanyloxy)-3,4-dihydro-2H-pyran-2yl]-methanol (73)1
A solution of fully TBS-protected compound, 72, (32.0 g, 70.7 mmol) in anhydrous THF (540 mL) in a polypropylene bottle was cooled to 0 oC and a stock solution of HF (200 mL of stock solution prepared from HF.pyridine (25 mL) and anhydrous pyridine (125 mL) and anhydrous THF (125 mL) was added and the reaction flask was warmed to room temperature.  After 4 hours the reaction was quenched by the addition of first NaHCO3 (800mL) solution and then solid NaHCO3 until the pH was basic.  EtOAc (800 mL) was then added and the mixture was allowed to stir at room temperature for a further 10 minutes.  The organic layer was removed and the aqueous layer was extracted with EtOAc (3 x 500 mL).  The combined organic layers were dried over MgSO4 and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (cyclohexane-EtOAc 100:0 to 95:5) gave 73 (15.45g, 60 %), Rf 0.16 (cyclohexane-EtOAc 95:5) 
1H NMR (300 MHz, CDCl3) δ 6.39 (d, J = 6.3 Hz, 1H, H1), 4.72 (ddd, J = 6.2, 4.5, 0.9 Hz, 1H, H2), 4.06-4.01 (m, H5, 1H), 3.95 (app t, J = 3.8 Hz, H3, 1H), 3.89 (dt, J = 12.4, 5.7 Hz, 1H, H6a), 3.84-3.80 (m, 1H, H4), 3.74 (ddd, J = 12.4, 8.4, 4.7 Hz, 1H, H6b), 2.48 (dd, J =  8.3, 5.5 Hz, 1H, OH), 0.921, 0.915, 0.913, 0.907 (4 x s, 18H, each s, SiC(CH3)3), 0.133, 0.131, 0.127, 0.121 (4 x s, 12H, each s, –Si(CH3)); 13C NMR (400 MHz, CDCl3) δ 143.7 (C1), 101.2 (C2), 78.6 (C5), 70.6 (C4), 66.6 (C3), 61.8 (C6), 25.81, 25.76 (–C(CH3)3), 18.04, 18.01 (–C(CH3)3), -4.3, -4.4, -4.7 (–Si(CH3)); ESI-HRMS calcd for C18H37O4Si2 373.2230,  found m/z  373.2248 [M+H]+.  FTIR (film) νmax, 3460 (OH), 2954, 2929, 2895, 2858 (CH), 1649 (C=C), 1473, 1254, 1111, 1065, 837, 777 cm-1; [α]D = -59.8 (c 1.05, CHCl3).






 (1R) 1-[(1Z,3R,4R,5R) 3,4-Bis-(tert-butyl-dimethyl-silanyloxy)-3,4-dihydro-2H-pyran-2-yl]-prop-2-en-1-ol (48a) and (1S) 1-[(1Z,3R,4R,5R) 3,4-Bis-(tert-butyl-dimethyl-silanyloxy)-3,4-dihydro-2H-pyran-2-yl]-prop-2-en-1-ol (48b)1 
A solution of oxalyl chloride (0.6 mL, 7.0 mmol) in dry DCM (30 mL) was cooled to –78 oC and a solution of anhydrous DMSO (0.75 mL, 10.7 mmol) in dry DCM (10mL) was added dropwise. After stirring at low temperature for 20 minutes, the solution was allowed to warm to –40 oC and a solution of the alcohol 73 (2.0 g, 5.4 mmol) in dry DCM (15 mL) was added dropwise. The resulting white suspension was stirred for 20 minutes before triethylamine (2.3 mL, 16.3 mmol) was added dropwise and the mixture was stirred for a further 45 minutes at –40 oC, before it was allowed to warm to room temperature. After 4 hours, the solution was poured onto cold water (100 mL) and saturated NH4Cl solution (100 mL). The aqueous layer was extracted with DCM (4 x 250 mL) and the combined organic layers were washed with water (150 mL) and twice with saturated NaHCO3 solution (150 mL). Then organic layers were dried (MgSO4) and the solvent was removed in vacuo to afford the crude aldehyde, 74, as a yellow solid (2.01g). 
The aldehyde (2.01 g, 5.367 mmol) was dissolved in anhydrous THF (20 mL) and the solution was cooled to –78 oC. A solution of vinyl magnesium bromide (16.1 mL of 0.7 M solution in THF) was added dropwise and the resulting solution was stirred at low temperature for 45 minutes, and a further 2 hours at room temperature. The reaction was cooled to –20°C, and was quenched by dropwise addition of saturated NH4Cl solution (15 mL) and allowed to warm up to room temperature. The aqueous layer was extracted with Et2O (4 x 50 mL) and the combined organic layers were washed with brine (50 mL). The combined organic layers were dried (MgSO4) and the solvent was removed in vacuo. Flash column chromatography of the residue on silica gel (cyclohexane-diethyl ether 100:0 to 97:3) gave the product as an approximately 1:1 mixture of diastereomers (epimeric at C-6) in 72 % overall yield (0.84 g of 48a, 0.71 g of 48b), Rf (48a) = 0.45, Rf (48b) = 0.28 (cyclohexane-diethyl ether 90:10). 

Analysis data for 48a
1H NMR (500 MHz, CDCl3,) δ 6.45 (d, J = 6.3 Hz, 1H, H1), 5.97 (ddd, J = 16.8, 10.6, 4.9 Hz, 1H, H7), 5.37 (d, J = 17.0 Hz, 1H, H8trans), 5.22 (d, J=10.6 Hz, 1H, H8cis), 4.75 (app br t, J = 5.1 Hz, 1H, H2), 4.41 (br q, J = 6.8 Hz, 1 H, H6), 4.10 (br s, 1H, OH), 3.93 (d, J = 7.2 Hz, 1H, H3), 3.89 (m, 1H, H4), 3.51 (d, J = 6.9 Hz, 1H, H5), 0.91 (2 x s, 18H, each s, C(CH3)3), 0.14, 0.09 ppm (2 x s, 12H, each s, Si(CH3)); 13C NMR (500 MHz, CDCl3) δ 144.5 (C1), 137.8 (C7), 115.4 (C8), 99.6 (C2), 80.4, 71.4, 68.4, 65.1 (4s, C3 to C6), 26.9, 25.8 (2s, C(CH3)3) , 25.7, 18.0 (2s, each C(CH3)3), -4.4, -4.68, -4.75, -4.77 (4s, Si(CH3)2) ppm; ESI-HRMS calcd for C20H39O4Si2 399.2387, found m/z 399.2380 [M-H]-.  FTIR (film) νmax, 2931, 2858, 1643 (C=C), 1471, 1408, 1362, 1254, 1092, 1041, 1003, 924, 879, 839, 777, 671 cm-1;. [α]D = - 57.78 (c 1.03, CHCl3);
Analysis data for 48b
1H NMR (500 MHz, CDCl3) δ 6.39 (d, J = 6.3 Hz, 1H, H1), 5.85 (ddd, J =  17.4, 10.1, 6.9 Hz, 1H, H7), 5.43 (dd, J = 17.4, 1.5 Hz, H8trans, 1H), 5.25  (dd, J = 9.8, 1.5 Hz, 1H, H8cis), 4.75 (m, 1H, H2), 4.54 (broad s, 1H, H6), 3.97-3.94 (m, 1H, H3), 3.89 (m, 1H, H4), 3.80 (1H, m, H5), 3.07 (1H, broad s, OH), 0.90, 0.88 (2 x s, 18H, each s, –C(CH3)3, 0.11, 0.11, 0.10, 0.09 (4 x s, 12H, each s, -Si(CH3)) ppm; 13C NMR (500 MHz, CDCl3) δ 143.7 (C1), 137.2 (C7), 116.6 (C8), 101.2 (C2), 81.8, 70.3, 69.9, 66.4 (4s, C3 to C6), 25.9, 25.8 (2s, C(CH3)3), 18.1, 18.0 (2s, each C(CH3)3), -4.35, -4.36, -4.43, -4.8 (4s, Si(CH3)2) ppm; ESI-HRMS calcd for C20H40O4Si2Na 423.2363,  found m/z 423.2381 [M+Na]+; FTIR (film) νmax, 3460 (OH), 3068, 2954, 2931, 2895, 2858 (CH), 1649 (C=C), 1471, 1408, 1390, 1362, 1254, 1090, 1063, 1005, 916, 883, 837, 777 cm-1;   [α]D = -54.9° (c 1.01, CHCl3);


(1Z,3R,4R,5R,6S)  3,4-Bis-(tert-butyl-dimethyl-silanyloxy)-5-(1-methoxy-allyl)-3,4-dihydro-2H-pyran  (75)1
A solution of allyl alcohol 48a (0.80 g, 2.0 mmol) in THF (6.0 mL) was cooled to 0 oC and sodium hydride (116 mg of 60 % dispersion in mineral oil, 2.93 mmol) was added portion-wise, followed by methyl iodide (0.65 mL, 10.4 mmol) and finally 18-crown-6 (53 mg, 0.2 mmol). The reaction mixture was allowed to warm to room temperature and was stirred for a further 2 hours. It was cooled to 0 oC and was diluted with diethyl ether (10 mL) then quenched by cautious addition of saturated NH4Cl solution (2 mL) and allowed to warm to room temperature once more. The aqueous layer was washed with diethyl ether (3 x 10 mL), the combined organic layers were dried (MgSO4) and the solvent removed in vacuo.  Flash column chromatography of the crude material on silica gel (cyclohexane-diethyl ether: 100:0 to 90:10) to afford the methoxy derivative 75 as a colourless oil (0.49 g, 60 %), Rf = 0.45 (cyclohexane-diethyl ether 95:5).  
1H NMR (300 MHz, CDCl3) δ 6.38 (d, J =  6.3 Hz, 1H, H1), 5.83 (ddd, J =  17.3, 10.5, 6.8 Hz, 1H, H7), 5.36 (d, J =  17.3 Hz, 1H, H8a), 5.31 (d, J = 10.5 Hz, 1H, H8b), 4.73 (ddd, J = 6.1, 4.1, 1.1 Hz, 1H, H2), 4.13 (t, J = 7.0 Hz, 1H, H6), 3.94 (app t, J =  3.9 Hz, 1H, H3), 3.91 (app t, J =  3.6 Hz, 1H, H4), 3.75 (ddd, J =  7.2, 3.8, 1.3 Hz, 1H, H5), 3.29 (s, 3H, OCH3 ), 0.89, 0.86 (2 x s, 18H, each s, SiC(CH3)3), 0.09, 0.07, 0.06, 0.06 ppm (4 x s, 12H, each s, Si(CH3)).  13C NMR (400 MHz, CDCl3) δ 143.0 (C1), 135.1 (C7), 118.5 (C8), 101.6 (C2), 81.3 (C5), 77.9 (C6), 69.6 (C4), 67.4 (C3), 56.7 (OCH3), 26.0, 25.8 (2s, C(CH3)3), 18.2, 18.0 (2s, C(CH3)3), -4.1, -4.2, -4.2, -4.9 ppm (4s, Si(CH3)); ESI-HRMS calcd for C21H42NaO4Si2 437.2519,  found m/z 437.2527 [M+Na]+; FTIR (film) νmax, 3074, 2954, 2931, 2893, 2858 (CH), 1647 (C=C), 1464, 1254, 1109, 1092, 1063, 835, 777 cm-1; [α]D = -43.7 (c 3.1, CHCl3).


(1Z,3R,4R,5R,6S) 3,4-Dihydroxy-5-(1-methoxy-allyl)-3,4-dihydro-2H-pyran (76)1
To a solution of the methoxy compound (0.8 g, 1.7 mmol) in THF (40 mL) at 0 oC was added tetrabutylammonium fluoride (4.7 mL of 1.0 M solution in THF, 4.7 mmol) and the solution was allowed to warm to room temperature.  After stirring at room temperature for 12 hours it was diluted with EtOAc (20 mL) and saturated NH4Cl solution (20 mL).  The organic layer was separated, the aqueous layer was extracted with EtOAc (3 x 50 mL) and the combined organic layers were dried (MgSO4) and the solvent removed in vacuo. Flash column chromatography of the residue on silica gel (cyclohexane-EtOAc 1:1 to 1:0) gave the title compound 76 as a pale yellow oil (0.15 g, 48 %), Rf 0.10 (cyclohexane-EtOAc 1:1) 
1H NMR (500 MHz, CDCl3) δ  6.30 (dd, J =  6.0, 1.7 Hz, 1H, H1), 5.91 (ddd, J = 17.7, 10.0,  7.6 Hz, 1H, H7), 5.37-5.33 (m, overlapping signals, 2H, H8a and H8b), 4.69 (dd, J = 6.0, 2.1 Hz, 1H, H2), 4.25 (d, J = 7.3 Hz, 1H, H3), 4.15 (bs, 1H, OH), 4.05 (dd, J = 7.7, 2.4 Hz, 1H, H6), 3.87 (dd, J = 10.1, 7.4 Hz, 1H, H4), 3.77 (dd, J = 10.1, 2.5 Hz, 1H, H5), 3.64 (1H, bs, OH), 3.35 (3H, s, OCH3);   13C NMR (400 MHz, CDCl3) δ 143.2 (C1), 133.2 (C7), 118.6 (C8), 102.5 (C2), 80.0 (C6), 78.9 (C5), 70.4 (C3), 69.9 (C4), 57.4 (OCH3); ESI-HRMS calcd for C9H14O4Na 209.0790,  found m/z 209.0798 [M+Na]+; [α]D = -24.8° (c 1.04, CHCl3).


(1Z,3R,4R,5R,6S) 3,4-Bis-acetoxy-5-(1-methoxy-allyl)-3,4-dihydro-2H-pyran (77)1
To the diol 75 (0.15 g, 0.81 mmol) in DCM (7.7 mL) was added pyridine (1.6 mL, 8.05 mmol) and acetic anhydride (1.5 mL, 16.1 mmol) and the solution was stirred overnight at room temperature.  Ice (5 mL) was added and the stirred mixture was allowed to warm to room temperature, and was diluted with water (5 mL) and DCM (10 mL). The organic layer was separated and the aqueous layer was washed with EtOAc (3 x 50 mL) and the combined organic layers were dried over MgSO4 and the solvent removed in vacuo to afford the product 77 as a yellow oil (0.31 g, 72 %), Rf = 0.62 cyclohexane-EtOAc 1:1). 
1H NMR (300 MHz, CDCl3) δ 6.47 (d, J =  6.0 Hz, 1H, H1), 5.81 (ddd, J =  18.2, 10.4 ,7.9 Hz, H7, 1H), 5.39-5.31 (m, overlapping signals, 4H, H8cis, H8trans, H3 and H4), 4.77 (m, 1H, H2), 3.98 (dd, J = 8.4, 4.8 Hz, H5, 1H), 3.75 (dd, J =  7.7, 4.8 Hz, H6, 1H), 3.26 (s, 3H, OCH3), 2.06, 2.02 (2 x s, 6H, each s, COOCH3).   13C NMR (400 MHz, CDCl3) δ 170.5, 169.2 (2 x COOCH3), 146.1 (C1), 134.0 (C7), 120.4 (C8), 98.9 (C2), 79.1, 77.7, 67.9, 67.4 (C3 to C6), 56.8 (OCH3), 21.0, 20.8 (2 x COOCH3); ESI-HRMS calcd for C13H18NaO6 293.1001, found m/z 293.0994, [M+H]+.   FTIR (film) νmax, 3078, 2983, 2935, 2825 (CH), 1743 (C=O ester), 1649 (C=C), 1427, 1371, 1236, 1045, 958, 920, 822, 754 cm-1.  [α]D = -24.6 (c 4.8, CHCl3);





(2Z,4S,5R,6S) 4-Acetoxy-5-(1-methoxy-allyl)-4,5-dihydro-2H-pyran-1-ol (49)1
To 10 mL of water at 80 oC, in a flask from which light had been excluded, was added 77 (120 mg, 0.44 mmol) in THF (5 mL) and the mixture was stirred vigorously for 23 hours. The mixture was cooled rapidly and the sample was lyophilized. The solid (70 mg, 98%) obtained was employed crude in the next step.


(2Z,4S,5R,6S) 4-Acetoxy-6-methoxy-octa-2,7-diene-1,5-diol (50)1
To the hemiacetal (80 mg, 3.3 mmol) in anhydrous THF (10 mL) at 0 oC was added LiBH4 (1.9 mL of 2.0 M solution in THF, 3.8 mmol). After 60 seconds a solution of HCl (1.0 N) was added until no more effervescence was observed.  After stirring for 20 minutes at 0 oC the solution was allowed to warm to room temperature. The product was extracted with EtOAc (3 x 20 mL), the combined organic layers were combined, dried (MgSO4) and the solvent removed in vacuo to give 50 with a 45 % yield over two steps.
1H NMR (300 MHz, CDCl3) δ 5.98 (ddd, J =  10.7, 7.7, 6.2 Hz, 1H, H2), 5.70 (ddd, J  = 17.2, 10.3, 8.2 Hz, 1H, H7), 5.65 (t, J = 10.5 Hz, 1H, H3), 5.52 (dd, J  = 10.3, 4.9 Hz, 1H, H4), 5.40 (d, J  = 10.3 Hz, 1H, H8b), 5.31 (d, J = 17.1 Hz, 1H, H8a), 4.35 (dd, J = 13.1, 7.8 Hz, 1H, H1a), 4.06 (dd, J = 13.0, 6.2 Hz, 1H, H1b), 3.71 (dd, J = 6.5, 4.9 Hz, 1H, H5), 3.44 (dd, J = 8.1, 6.6 Hz, H6), 3.30 (s, 3H, OCH3), 2.09 (s, 3H, COOCH3) ppm;  13C NMR (400 MHz, CDCl3) δ 170.5 (COOCH3), 134.6 (C2), 134.0 (C7), 125.5 (C3), 120.6 (C8), 82.5 (C6), 74.1 (C5), 69.6 (C4), 58.3 (C1), 56.3 (OCH3), 21.2 (COOCH3) ppm.  [α]D = +51.8° (c 0.99, CHCl3); 


(Z,3S,4R,5S) 3-Methoxy-4,5,8-tri-(tert-butyl-dimethyl-silanyloxy)-octa-1,6-diene (51)1
To a solution of 50 (405 mg, 1.8 mmol) in anhydrous methanol at 0 oC was added sodium (76 mg, 3.3 mmol). The solution was allowed to warm to room temperature and after stirring for 2 hours, the solution was evaporated and 500 mg of yellow oil were obtained. To this crude product in 40 mL of DCM, tertbutyldimethylsilyltriflate (2.0 mL, 8.7 mmol) and 2,6-lutidine (2.0 mL, 17.2 mmol) were added. After stirring for 2 hours at room temperature, the reaction was quenched with NaHCO3 and extracted with DCM (3 x 50 mL), the combined organic layers were combined, dried (MgSO4) and the solvent removed in vacuo. Flash column chromatography of the residue on silica gel (cyclohexane-EtOAc 100:0 to 99:1) gave the fully TBS-protected compound 51 as a colourless oil (0.85 g, 91 % over two steps), Rf 0.70 (cyclohexane-EtOAc 95:5).
 1H NMR (500 MHz, CDCl3) δ 5.68 (ddd, J = 17.2, 10.4, 8.1 Hz,  1H, H7), 5.51 (m, 2H, H2,  H3), 5.26 (dd, J = 10.5, 2.0 Hz, H8cis), 5.21 (dd, 17.2, 2.0 Hz, 1H, H8trans), 4.40 (dd, J =  7.0, 3.1 Hz, 1H, H4), 4.22 (dd, J = 12.9, 5.7 Hz, 1H, H1a), 4.06 (dd, J = 12.9, 3.7 Hz, 1H, H1b), 3.62 (dd, J =  6.6, 3.2 Hz, 1H, H5), 3.41 (dd, J = 8.0, 6.7 Hz, 1H, H6), 3.22 (s, 3H, OCH3), 0.90, 0.89, 0.87 (3 x s, 27H, C(CH3)3), 0.07, 0.06, 0.05, 0.02 (4 x s, 18H, Si(CH3)2); 13C NMR (500 MHz, CDCl3) δ 135.5 (C7), 130.5 (2 x s, C2 and C3), 118.7 (C8), 84.2 (C6), 79.7 (C5), 69.5 (C4), 59.8 (C1), 56.2 (OCH3), 26.1, 26.0, 25.9 (3 x s, C(CH3)3), 18.4 and 18.2 (2 x s, C(CH3)3),  -4.2, -4.3, -4.7, -5.2 (4 x s, Si(CH3)2);  ESI-HRMS calcd for C27H58O4Si3Na 553.3541, found m/z 553.3521 [M+Na]+.  FTIR (film) νmax, 2955, 2930, 2858, 1640, 1473, 1253, 1149, 1080, 836, 776 cm-1.  [α]D = + 22.4° (c 0.99, CHCl3).








(Z,4S,5R,6S) 6-Methoxy-4,5-bis-(tert-butyl-dimethyl-silanyloxy)-octa-2,7-diene-1-ol (52)1
A solution of the fully TBS-protected product (373 mg, 0.7 mmol) in 20mL of a mixture of AcOH/THF/H2O (3/1/1) was stirred at room temperature during 42h. The reaction was quenched with solid Na2CO3 and extracted with Et2O (3 x 60 mL), the combined organic layers were combined, dried (MgSO4) and the solvent removed in vacuo. Flash column chromatography of the residue on silica gel (cyclohexane-EtOAc 100:0 to 95:5) gave the product 52 as a colourless oil (190 mg, 65 %) the diol as a pale yellow oil 0.15 g, 48 %), Rf 0.40 (cyclohexane-EtOAc 7:4).
1H NMR (500 MHz, CDCl3) δ = 5.72 (ddd J  = 17.3, 10.4, 8.0 Hz, 1H, H7), 5.68-5.60 (m, 2H, H2, H3), 5.27 (dd, J = 10.4, 1.9 Hz, 1H, H8b), 5.22 (dd, J = 17.3, 1.9 Hz, 1H, H8a), 4.55 (dd, J  = 8.4, 3.9 Hz, 1H, H4), 4.12 (m, 2H, H1), 3.66 (dd, J = 5.9, 4.0 Hz, 1H, H5), 3.48 (dd, J = 8.0, 5.9 Hz, 1H, H6), 3.23 (s, 3H, OCH3), 0.90, 0.89, 0.87 (3 x s, 18H, C(CH3)3), 0.07, 0.06, 0.05, 0.02 (4 x s, 12H, Si(CH3)2); 13C NMR (500 MHz, CDCl3) δ 135.6 (C7), 132.6 (C3), 129.6 (C2), 118.7 (C8), 84.1 (C6), 79.1 (C5), 69.0 (C4), 59.4 (C1), 56.3 (OCH3), 26.9, 26.1, 25.9 (3s, C(CH3)3), 18.4 and 18.2 (2s, C(CH3)3), -4.0, -4.2, -4.3, -4.7 (6s, SiCH3); ESI-HRMS calcd for C21H44O4Si2Na 439.2676, found m/z 439.2671 [M+Na]+.  FTIR (film) νmax, 3369, 3079, 2954, 2930, 2888, 2857, 1472, 1253, 1148, 1075, 836, 777 cm-1.  [α]D = +10.2° (c 1.01, CHCl3).



6-Allyloxy-2,2-dimethyl-tetrahydro-furo[3,2-d][1,3]dioxin-7-ol (79)2  
To a stirred solution of D-xylose (50 g, 0.33 mol) in of allyl alcohol (250 mL) at 110 OC was added pyridinium para-toluene-sulfonate (2.00 g, 0.8 mmol).  The solution was stirred at this temperature for twenty minutes before being lowered to 80 oC over 4 hours.  After 72 hours the flask was allowed to cool and concentrated under reduced pressure.  The residue was dissolved in toluene and solvent was removed under reduced pressure.  This was repeated four times to give 78 which was used directly in the next step.  To a stirred solution of the residue in acetone (1L) was added anhydrous copper sulphate (120 g).  After the reaction was stirred at room temperature for 48 hours, the mixture was filtered and concentrated under reduced pressure.   The residue was then diluted with 500 mL diethyl ether and 1 L of water.  The organic phase was separated and the aqueous layer was extracted with diethyl ether.  The combined organic extracts were dried over Na2SO4 and concentrated under reduced pressure.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc) gave the title compound 79 (21.25 g, 28 % over two steps) as a clear oil.  Rf 0.28 (petroleum ether-EtOAc 1:1).  
1H NMR (500 MHz, CDCl3) δ 5.92 (ddt, J = 16.7, 11.0, 5.5 Hz, 1H, OCH2CHCH2-α), 5.89 (dddd, J = 17.0, 10.8, 6.2, 5.2 Hz, 1H, OCH2CHCH2-β), 5.28 (dq, J = 17.0, 1.7 Hz, 1H, OCH2CHCH2-β), 5.35 (d, J = 4.2 Hz, 1H, H1α), 5.30 (dd, J = 17.2, 1.7 Hz, 1H, OCH2CHCH2-α), 5.22 (dd, J = 10.3, 1.4 Hz, 1H, OCH2CHCH2-α), 5.15 (dq, J = 10.5, 1.5 Hz, OCH2CHCH2-β, 1H), 4.96 (s, H1β,  1H), 4.37 (ddt, J = 12.7, 5.2, 1.6 Hz, 1H, OCH2CHCH2-α), 4.26 – 4.22 (m, 1H, H3/4α), 4.25 – 17 (m, H4β, H5β, 2H, overlapping signals), 4.20 – 4.13 (m, 2H, H2α, OCH2CHCH2-α, overlapping signals), 4.17 (s, 1H, H2β), 4.11 (d, J = 4.3 Hz, 1H, H3β), 4.11 – 4.07 (m, 1H, H3/4α), 4.05 (dd, J = 13.2, 2.9 Hz, 1H, H5aα), 4.00 (ddt, J= 12.9, 6.2, 1.3Hz,, 1H, H5bα), 3.96 (dd, J = 13.2, 2.4 Hz, 1H, H5bα), 3.93 (dd, J = 12.1, 5.2 Hz, OCH2CHCH2-β, 1H), 3.78 (dd, J = 12.1, 5.2 Hz, OCH2CHCH2-β, 1H), 3.32 (bs, 1H, OH-α), 3.00 (s, 1H, OHα), 1.43, 1.38 (2 x s, 6H, C(CH3)2-α), 1.34, 1.32 (2 x s, 6H, C(CH3)2-β).  13C NMR (500 MHz, CDCl3) δ 134.3 (CH2CHCH2-β), 133.6 (CH2CHCH2-α), 117.7 (OCH2CHCH2-α), 117.3 (OCH2CHCH2-β), 108.3 (C1β), 101.4 (C1α), 98.5 (C(CH3)2-β), 97.7 (C(CH3)2-α), 80.3 (C2β), 75.5 (C2α), 75.3 (C3β), 75.0 (C6β), 71.4 (C6α), 69.8 (OCH2CHCH2-α), 68.4 (OCH2CHCH2-β), 60.8 (C5β), 60.5 (C5α), 28.6 (C(CH3)2-α), 27.0 (C(CH3)2-β), 21.1 (C(CH3)2-β), 19.3 (C(CH3)2-α).  ESI-HRMS calcd for [C11H18O5Na] 253.1052, found m/z 253.1049 [M+Na]+;  FTIR (film) νmax, 3443, 2910, 1669, 1593, 1412, 1391, 1217, 1069, 994, 923, 839, 771 cm-1;  [α]D = -27.0 ° (c, 0.155, CHCl3)   




  
6-Allyloxy-7-methoxy-2,2-dimethyl-tetrahydro-furo[3,2-d][1,3]dioxine (80)3
79 (12 g, 52 mmol) was dissolved in THF (250 mL) and stirred at 0 o C under nitrogen.  Sodium hydride (2.50 g, 104 mmol) was added.  The temperature was increased to room temperature after the addition and stirred for two hours.  The temperature was then lowered to 0 OC and methyl iodide (25mL, 417 mmol) and 18-crown-6 (0.74 g, 2.6 mmol) were added.  The reaction was stirred overnight at room temperature.  The following morning most of the solvent was removed under reduced pressure.  The temperature was reduced to 0 OC and NH4Cl was added to quench the reaction.  The organic layer was separated and the aqueous phase was extracted with diethyl ether.  The combined organic layers were dried over Na2SO4 and concentrated under reduced pressure.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the product 80 as a pale yellow oil (8.75g, 69 %) with a 1:1 α/β ratio.
1H NMR (500 MHz, CDCl3) δ 6.00 – 5.89 (m, 1H, OCH2CHCH2-α), 5.88 (ddt, J = 22.8, 12.4, 6.2 Hz, 1H, OCH2CHCH2-β), 5.37 – 5.27 (m, 1H, OCH2CHCH2-α), 5.26 (ddt, J = 17.2, 3.7, 1.7 Hz, 1H, OCH2CHCH2-β), 5.25 (d, J = 4.4 Hz, 1H, H1α), 5.21 (d, J = 10.5 Hz, 1H, OCH2CHCH2-β), 5.16 – 5.10 (m, 1H, OCH2CHCH2-α), 5.00 (s, 1H, H1β), 4.33 – 4.27 (m, 2H, OCH2CHCH2-α, H3/4α), 4.22 (dd, J = 5.0, 1.5 Hz, 1H, OCH2CHCH2-β), 4.17 (q, J = 4.8 Hz, 1H, H3/4α), 4.15 (d, J = 4.3 Hz, 1H, H3/4β), 4.11 (dd, J = 12.5, 6.5 Hz, 1H, OCH2CHCH2-α), 4.10 (dt, J = 9.4, 4.5 Hz, 1H, H3/4β), 3.99 (ddd, J = 13.1, 6.1, 1.4 Hz, 1H, OCH2CHCH2-β), 3.98 (dd, J = 12.1, 4.7 Hz, 1H, H5aα), 3.90 (dd, J = 11.6, 4.9 Hz, 1H, H5aβ), 3.86 – 3.76 (m, 2H, H2α, H5bα), 3.78 (t, J = 5.9 Hz, 1H, H5bβ), 3.72 (s, 1H, H2β ), 3.47 (s, 3H, OCH3-α), 3.36 (s, 3H, OCH3-β), 1.40, 1.37 (2 x s, 6H, C(CH3)2-α), 1.35, 1.32 (2 x s, 6H, C(CH3)2-β).  13C NMR (126 MHz, CDCl3) δ 134.4 (OCH2CHCH2-β), 134.1 (OCH2CHCH2-α), 117.9 (OCH2CHCH2-α), 117.0 (OCH2CHCH2-β), 106.0 (C1β), 100.2 (C1α), 98.7 (C(CH3)2-α), 98.4 (C(CH3)2-β), 89.8 (C2β), 86.8 (C2α), 74.7 (C4β), 74.2 (C4α), 72.7 (C3β), 71.5 (C3α), 69.2 (OCH2CHCH2-α), 68.4 (OCH2CHCH2-β), 60.7 (C5β), 60.4 (C5α), 58.9 (OCH3-α), 57.8 (OCH3-β), 27.4 (C(CH3)-α), 27.1 (C(CH3)-β), 21.4 (C(CH3)-α) 21.1 (C(CH3)-β).  ESI-HRMS calcd for [C12H20O5Na] 267.1208, found m/z 267.1205 [M+Na]+.  FTIR (film) νmax, 2987, 2934, 2909, 1647, 1456, 1449, 1372, 1220, 1199, 1161, 1098, 1074, 1042, 993, 971, 923, 848, 763 cm-1.  [α]D = 36.0 ° (c, 0.7, CHCl3)   



7-Methoxy-2,2-dimethyl-6-propenyloxy -tetrahydro-furo[3,2-d][1,3]dioxine (81)3,4
80 (2.9 g, 11.87 mmol) was dissolved in DMSO and heated to 100 oC.  Potassium tert-butoxide (1.6 g, 14.53 mmol) was added and the reaction went from brown to black.  The reaction was stirred at this temperature for two hours.  The reaction was cooled solvent was removed under reduced pressure.  The residue was then diluted in EtOAc and water.  The organic layer was separated and the aqueous layer was extracted with EtOAc and diethyl ether until there was no product in the aqueous layer as shown by TLC.   The combined organic layers were dried over Na2SO4 and concentrated under reduced pressure.  Flash column chromatography of the crude brown oil on silica gel (petroleum ether-EtOAc 9:1) gave the product 81 as a pale yellow oil (2.5 g, 87 %) in a 2:1 α/β ratio. Rf 0.2 (petroleum ether-EtOAc 9:1).    
1H NMR (500 MHz, CDCl3) δ 6.19 (dq, J = 6.5, 1.7 Hz, 1H, OCHCHCH3-α), 6.14 (dq, J = 6.2, 1.7 Hz, 1H, OCHCHCH3-β), 5.39 (d, J = 4.2 Hz, 1H, H1α), 5.22 (s, 1H, H1β), 4.58 (dd, overlapping signals, J = 27.0, 6.5 Hz, 2H, OCHCHCH3-α , OCHCHCH3-β, overlapping signals), 4.30 (dd, J = 4.2, 2.3 Hz, 1H, H3α), 4.22 (q, overlapping signals, J = 4.3 Hz, 1H, H3β, H4β), 4.19 (q, J = 4.5 Hz, 1H, H4α), 3.97 (dd, J = 12.3, 4.5 Hz, 1H, H5aα), 3.94 (d, J = 4.9 Hz, 1H, H5aβ), 3.87 (q, overlapping signals, J = 2.2 Hz, 2H, H2α, H2β), 3.81 (dd, J = 5.1, 1.7 Hz, 1H, H5bα), 3.79 (d, J = 5.0 Hz, 1H, H5bβ), 3.49 (s, 3H, OMe-α), 3.43 (s, 3H, OMe-β), 1.62 (d, J = 6.9 Hz, 3H, OCHCHCH3-α), 1.61 (d, J = 6.9 Hz, 3H, OCHCHCH3-β), 1.40 (d, J = 1.1 Hz, 6H, C(CH3)2-α), 1.37 (s, 6H, C(CH3)2-β).  13C NMR (126 MHz, CDCl3) δ 142.2 (OCHCHCH3-α), 141.7 (OCHCHCH3-β), 106.5 (C1β), 104.5 (OCHCHCH3-α), 103.6 (OCHCHCH3-β), 101.56 (C1α), 98.51 (C(CH3)2-α), 98.45 (C(CH3)2-β), 89.26 (C2β), 86.37 (C2α), 75.8 (C3β), 74.2 (C3α), 72.5 (C4β), 71.9 (C4α), 60.5 (C5β), 60.2 (C5α), 59.0 (OMe-), 57.8 (OMe-β), 27.4 (C(CH3)-α), 26.7 (C(CH3)-β), 21.2 (C(CH3)-α), 21.0 (C(CH3)-β), 9.4 (OCHCHCH3-α), 9.4 (OCHCHCH3-β).  ESI-HRMS calcd for [C12H20O5] 267.1208, found 267.1201 [M+Na]+.  FTIR (film) νmax, 3525, 2987, 2937, 1733, 1454, 1373, 1223, 1198, 1099, 1072, 986, 966, 845, 735 cm-1; [α]D = +45.9 ° (c, 0.175, CHCl3).



7-Methoxy-2,2-dimethyl-tetrahydro-furo[3,2-d][1,3]dioxin-6-ol (56)3
81 (0.23 g, 0.96 mmol) was dissolved in 4:1 THF-Water and stirred at room temperature.  Mercury(II) acetate (0.34 g, 1.06 mmol) was added and the reaction was stirred at room temperature for 1 hour.  The reaction was quenched with the addition of NH4Cl and extracted with Et2O.  It was dried over Na2SO4 and concentrated under reduced pressure.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 2:1) gave the product 56 as a pale yellow oil (0.15g, 78 %) with a 1.0:1.5 α/β ratio.  
1H NMR (500 MHz, CDCl3) δ 5.61 (d, J = 4.0 Hz, 1H, H1α), 5.24 (d, J = 12.5 Hz, 1H, H1β), 4.31 (d, J = 3.0 Hz, 1H, H3β), 4.30 (d, J = 3.0 Hz, 2H, H3α, H4α), 4.09 (d, J = 2.0 Hz, 1H, H5aβ), 4.08 (d, J = 2.5 Hz, 1H, H5bβ), 4.00 (q, J = 2.3, 1H, H4β), 3.97 (dd, J = 4.5, 2.5 Hz, H5aα, H5bα, 2H), 3.71 (s, 1H, H2β), 3.66 (d, J = 4.0 Hz, 1H, H2α), 3.61 (d, J = 12.5 Hz, 1H, OH-β), 3.53 (s, 3H, OCH3-α), 3.44 (s, 3H, OCH3-β), 1.47 (s, C(CH3)2, 3H), 1.44 (s, 3H, C(CH3)2-α), 1.41 (s, C(CH3)2, 3H) 1.38 (s, 3H, C(CH3)2-α).  13C NMR (126 MHz, CDCl3) δ 101.1 (C1β), 97.9 (C(CH3)2-β), 97.3 (C1α), 88.6 (C2β), 84.7 (C2α), 72.1 (C4α), 72.0 (C3β), 71.9 (C3α), 70.9 (C4β), 61.1 (C5β), 60.6 (C5α), 59.2 (OCH3-α), 57.8 (OCH3-β), 29.7 (C(CH3)2-α), 29.0 (C(CH3)2-β), 19.3 (C(CH3)2-β), 18. 8 (C(CH3)2-β).  FTIR (film) νmax, 3426, 2990, 2938, 1754, 1724, 1453, 1424, 1379, 1197, 1123, 1097, 1070, 964, 844 cm-1; [α]D = -21.2 ° (c, 0.9, CHCl3) 


(3R,4S,5S) 4-(3-Methoxy-allyl)-2,2-dimethyl-[4,6]dioxan-5-ol (57)3
Methyl triphenyl phosphonium bromide (1.62 g, 4.6 mmol) was dissolved in THF (15 mL) and stirred at 0 oC.  To this was added n-butyl lithium (4.9 mmol, 4.1 mL of a 1.2 M solution in hexanes).  An yellow/orange colour was observed.  The mixture was stirred for one hour at 0 oC and then for two hours at room temperature.  The mixture was then cooled to -78oC and 56 (0.37 g, 1.8 mmol) in THF (3 mL) was added dropwise.   The reaction was stirred for one hour at - 78 OC and then allowed to warm to room temperature slowly.  The reaction was stirred overnight.  The reaction was cooled to 0 oC and NH4Cl was added to quench the reaction.  The aqueous layer was then extracted with EtOAc and diethyl ether until TLC showed that there was no further product in the aqueous layer.  The combined organic layers were dried over Na2SO4 and concentrated under reduced pressure.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 2:1) gave the title compound 57 as a pale yellow oil (0.22 g, 60 %).  Rf 0.32 (petroleum ether-EtOAc 1:1).  
1H NMR (500 MHz, CDCl3) δ 5.74 (ddd, J = 17.6, 10.5, 7.5 Hz, H2, 1H), 5.46 – 5.40 (m, H1trans, 1H), 5.37 (ddd, J = 10.5, 1.8, 0.7 Hz, H1cis, 1H), 4.01 (dd, J = 12.2, 1.6 Hz, H6a, 1H), 3.86 – 3.81 (t, J= 7.5 Hz, H3, 1H), 3.81 – 3.76 (m, H4, H6b, 2H), 3.46 (dd, J = 10.1, 1.6 Hz, H5, 1H), 3.34 (s, OCH3, 3H), 2.96 (d, J = 10.1 Hz, OH, 1H), 1.49, 1.48 (2s, C(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 133.9 (C2), 120.2 (C1), 99.5 (C(CH3)2), 83.4 (C3), 74.7 (C4), 66.2 (C6), 64.3 (C5), 57.2 (OCH3), 29.8 (C(CH3)2), 18.5 (C(CH3)2).  ESI-HRMS for [C10H18O4Na] calcd for 225.1103 Found m/z 225.1092, [M+Na]+.  FTIR (film) νmax, 3453, 2938, 1381, 1197, 1123, 1097, 1070, 1051, 965, 844, 757 cm-1; [α]D = - 15.0 ° (c, 0.56, CHCl3). 


(3R,4S,5S) 3-Methoxy-hex-1-ene-4,5,6-triol (82)3
57 (1 g, 4.94 mmol) was dissolved in 60% Acetic acid/Water (24 mL: 16 mL) and stirred at room temperature overnight.  Triethylamine was added to quench the reaction.  The reaction mixture was then concentrated under reduced pressure.  Flash column chromatography of the reside on silica gel (EtOAc-petroleum ether 9:1) gave the product 82 as a colourless oil (0.54g, 68 %).  Rf 0.17 (EtOAc-Petroleum ether 9:1). 
1H NMR (500 MHz, CDCl3) δ 5.76 – 5.66 (m, J = 18.0, 10.0, 1.8 Hz, H2, 1H), 5.42 (dd, J = 6.0, 1.5 Hz, H1, 1H), 5.39 (s, H1, 1H), 3.81 – 3.73 (m, H3, H6a, 2H), 3.73 – 3.66 (m, H5, H6b, 2H), 3.57 (dd, J = 7.0, 1.8 Hz, H4, 1H), 3.34 (s, 3H).  13C NMR (126 MHz, CDCl3) δ 134.1 (C2), 121.0 (C1), 84.0 (C3), 74.4 (C4), 70.4 (C5), 65.1 (C6), 56.5 (OCH3).  ESI-HRMS calcd for [C7H14O4Na] 185.0790, found m/z 185.0785 [M+Na]+.  FTIR (film) νmax, 3387, 2935, 1422, 1121, 1069, 1036, 911, 729, 685 cm-1.  [α]D = + 6.7 ° (c, 0.56, CHCl3)  
  


(3R,4S,5S) 4,5,6-Tris-(tert-butyl-dimethyl-silanyloxy)-3-methoxy-hex-1-ene (83)3
82 (0.11 g, 0.7 mmol) was dissolved in DCM (15 mL) and stirred at 0 oC.  To this was added triethylamine (0.42 g, 4.1 mmol).  The reaction was stirred for 5 mins before tert-butyldimethylsilyl trifluoromethanesulfonate (1.31 g, 4.7 mmol) was added.  The reaction was stirred for 2 hours before being quenched by the addition of satd. NH4Cl.  The organic layer was separated and the aqueous layer was extracted with DCM (3 x 20 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 20:1) gave the title compound 83 as a clear oil (0.29 g, 79 %).
1H NMR (500 MHz, CDCl3) δ 5.77 – 5.68 (ddd, J = 17.8, 10.5, 7.4 Hz, H2, 1H), 5.24 – 5.16 (m, H1cis, H1trans, 2H), 3.81 (dd, J = 10.2, 4.0 Hz, H6a, 1H), 3.71 (dt, J = 7.4, 3.6 Hz, H3, 1H), 3.64 (dd, J = 7.1, 5.7 Hz, H5, 1H), 3.59 (dd, J = 5.7, 3.6 Hz, H4, 1H), 3.54 (dd, J = 10.2, 7.1 Hz, H6b, 1H), 3.23 (s, 2H), 0.95 – 0.83 (m, C(CH3), 27H), 0.11 – -0.09 (m, Si(CH3)2, 18H). 13C NMR (126 MHz, CDCl3) δ 136.2 (CH2CHCH2), 117.3 (CH2CHCH2), 83.3 (C5), 76.2 (C4), 76.1 (C3), 64.4 (C6), 56.5 (OCH3), 26.2, 26.0, 25.9, 18.52 18.5, 18.3, (C(CH3)3), -3.8, -4.0, -4.6, -4.7, -5.1, -5.2 (Si(CH3)2).  ESI-HRMS calcd for C25H57O4Si3 505.3563, found m/z 505.3563 [M+H]+.  FTIR (film) νmax, 2930, 2858, 1472, 1252, 1090, 831, 773 cm-1; [α]D = + 25.3 ° (c, 0.245, CHCl3).   


(3R,4S,5S)2,3-Bis-(tert-butyl-dimethyl-silanyloxy)-3-methoxy-hex-1-en-6-ol (84)3
83 (0.378 g, 0.75 mmol) was dissolved in MeOH (10 mL).  The temperature was reduced to 0 oC and p-toluene sulfonic acid monohydrate (0.014 g, 0.075 mmol) was added and the reaction was stirred at 0 oC for two hours.  1 mL of triethylamine was added to quench the reaction.  The solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 20:1) to give the title compound 84 as a pale yellow oil (0.192 g, 66 %).  Rf 0.27 (petroleum ether-EtOAc 20:1).
1H NMR (500 MHz, CDCl3) δ 5.78 (ddd, J = 17.3, 10.5, 7.7 Hz, H2, 1H), 5.25 – 5.18 (m, H1cis, H1trans, 2H), 3.80 (dt, J = 6.1, 4.6 Hz, H5, 1H), 3.76 (dd, J = 7.7, 4.0 Hz, H3, 1H), 3.70 (t, J = 4.6 Hz, H6a, H6b, 2H), 3.63 (t, J = 4.0 Hz, H4, 1H), 3.26 (s, OCH3, 3H), 2.68 (t, J = 5.8 Hz, OH, 1H), 0.94 – 0.87 (m, C(CH3)3, 18H), 0.12 – 0.04 (m, Si(CH3)2, 12H).  13C NMR (126 MHz, CDCl3) δ 136.4 (C2), 117.5 (C1), 82.2 (C3), 77.6 (C4), 74.0 (C5), 63.9 (C6), 56.3 (OCH3), 26.0 (C(CH3)3), 25.9 (C(CH3)3), 25.8 (C(CH3)3), 18.3 (C(CH3)3), 18.2 (C(CH3)3), -3.4 (Si(CH3)3),  -4.3 (Si(CH3)3), -4.4 (Si(CH3)3), -4.5 (Si(CH3)3).  ESI-HRMS calcd for C19H42O4NaSi2 413.2519, found m/z 413.2518 [M+Na]+.   FTIR (film) νmax, 3407, 2972, 2248, 1381, 1216, 947, 907, 754, 703, 668 cm-1; [α]D = + 14.0 ° (c, 0.945, CHCl3).   



Hydroxy-l,2-benziodoxol-3(1H)-one (IBX)5
2-iodobenzoic acid (25 g, 0.10 mol) was added all at once to a solution of oxone (90.5 g, 0.15 mol) in deionised water (325 mL, 0.23 M) in a 1 L round-bottomed flask.  The reaction mixture was heated to 70oC over 20 minutes and stirred at that temperature for 3 hours.  Over time the reaction mixture became a finely dispersed suspension.  The suspension was then cooled to 5 oC and stirred at this temperature for 2 hours with slow stirring.  The mixture was filtered through a medium porosity sintered-glass funnel, and the solid was rinsed with water (3 x 50 mL) and acetone (2 x 50 mL).  The white crystalline solid was left to dry at room temperature overnight.  The mother and washing liquors were treated with Na2SO3 (35 g, 0.28 mol) and neutralised with NaOH (1 M) before disposal.  The product was obtained as a white crystalline solid (22.5 g, 80 %).   1H NMR (500 MHz, CDCl3) δ 8.21 (dd, J = 7.5, 1.6 Hz, 1H, Arom-H), 8.05 (dd, J = 8.5, 0.9 Hz, 1H, Arom-H), 7.86 (ddd, J = 8.5, 7.2, 1.6 Hz, 1H, Arom-H), 7.69 (td, J = 7.4, 1.0 Hz, 1H, Arom-H).



1,1,1-Triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one (the Dess−Martin reagent)6-8
IBX (22.5 g, 80.4 mmol) was added to a 1-L round-bottomed flask containing acetic anhydride (100 mL), TsOH.H2O (0.13 g, 0.76 mmol), and a magnetic stirring bar. The flask was equipped with a drying tube and was immersed in an oil bath at ca. 80 oC. The mixture was stirred for 2 hours and then cooled in an ice-water bath. The cold mixture was filtered through a fritted glass funnel followed by rinsing with anhydrous ether (5 × 15 mL). The resulting white crystalline solid (30 g, 89 %) was quickly transferred to an argon flushed amber-glass bottle and stored in a freezer.
1H NMR (CDCl3) δ 8.25 (dd, J = 7.5, 1.6 Hz, 1H, Arom-H), 8.00 (dd, J = 8.5, 0.9 Hz, 1H, Arom-H), 7.92 (ddd, J = 8.5, 7.2, 1.6 Hz, 1H, Arom-H), 7.71 (td, J = 7.4, 1.0 Hz, 1H, Arom-H), 2.26 (s, 9H, COCH3).



(3R,4S,5S) 4,5-Bis-(tert-butyl-dimethyl-silanyloxy)-3-methoxy-hex-1-en-6-al (58)3
84 (0.48 g, 1.2 mmol) was stirred in anhydrous DCM (15 mL) at 0 oC.  Anhydrous pyridine (0.29 g, 3.7 mmol) was added.  Dess-Martin Periodinane (0.62 g, 1.5 mmol) was added and the reaction was stirred for 30 minutes at 0 oC.  It was then stirred for three hours at room temperature.  The white suspension was then quenched by the addition of 3 mL of a 1:1 mixture of NaHCO3/Na2S2O3 and stirred vigorously for one hour.  The mixture was diluted with DCM and the organic layer was separated.  The aqueous layer was extracted with DCM and the combined organic layers were dried over Na2SO4 and concentrated in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 20:1) gave the aldehyde (0.31 g, 65 %) as a clear oil.  Rf 0.57 (petroleum ether-EtOAc 20:1).  
1H NMR (500 MHz, CDCl3) δ 9.68 (s, COH, 1H), 5.78 – 5.69 (m, H2, 1H), 5.23 (d, J = 1.2 Hz, H1, 1H), 5.20 (dd, J = 5.7, 1.2 Hz, H1, 1H), 3.93 (d, J = 5.2 Hz, H5, 1H), 3.82 (dd, J = 5.2, 2.7 Hz, H4, 1H), 3.69 (dd, J = 7.5, 2.7 Hz, H3, 1H), 3.09 (s, OCH3, 3H), 0.88 (s, C(CH3)3 9H), 0.87 – 0.84 (m, C(CH3)3 9H), 0.06 (d, J = 20.2 Hz, Si(CH3)2, 6H), 0.02 (d, J = 17.1 Hz, Si(CH3)2, 6H).  13C NMR (500 MHz, CDCl3) δ 199.4 (COH), 135.5 (C2), 118.1 (C1), 81.4 (C3), 78.3 (C4), 78.3 (C5), 56.5 (OCH3), 25.9 (C(CH3)3), 25.8 (C(CH3)3), 18.3 (C(CH3)3), 18.2 (C(CH3)3), -4.4 (Si(CH3)2), -4.4 (Si(CH3)2).  ESI-HRMS calcd for C19H41O4Si2 389.2543, found m/z 389.2528 [M+H]+; FTIR (film) νmax, 2931, 2858, 1732, 1472, 1255, 1089, 908, 815 cm-1; [α]D = + 18.5° (c, 0.7, CHCl3).  
    



Ethyl (diphenylphosphono) acetate (85)9 

Diphenyl phosphate (6.09 g, 26 mmol) was stirred in DCM at 0oC.  Triethylamine (3.95 g, 39.0 mmol) was followed by the dropwise addition of ethyl bromoacetate (3.47 g, 20.8 mmol) and the reaction was stirred at room temperature for two hours.  The reaction was quenched by the addition of water.  The aqueous layer was extracted with DCM (3 x 80 mL). The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) to give the product 85 as a clear oil (3.99 g, 48 %).
1H NMR (500 MHz, CDCl3) δ 7.36 – 7.30 (m, H2, H6, H8, H12, 4H), 7.25 – 7.22 (m, H3, H5, H9, H11, 4H), 7.22 – 7.17 (tdd, J = 1.0, 2.5, H4, H10, 2H ), 4.23 (q, J = 7.2 Hz, COOCH2CH3, 2H), 3.26 (d, J = 21.6 Hz, PCH2CO, 2H),  1.63 (s, P), 1.28 (t, J = 7.2 Hz, COOCH2CH3, 3H) ppm.  13C NMR (500 MHz, CDCl3) δ 164.90 (COOEt), 150.14 (C1, C7), 129.97 (C3, C5, C9, C11), 125.67 (C2, C6, C8, C12 ), 120.77 (C4, C10), 62.15 (CO2CH2CH3), 34.80 (PCH2), 33.71 (OCH2CH3) ppm.  FTIR (film) νmax 2987, 1735, 1590, 1488, 1282, 1183, 916, 759, 688 cm-1; ESI-HRMS C16H17O5PNa calcd for 343.0711, found m/z 343.0721, [M+Na]+.		



Ethyl (methyl diphenylphosphono) acetate (87)9

85 (1.0 g, 3.1 mmol) was stirred in DMSO in an ice-bath under nitrogen. Sodium hydride (0.14 g, 3.4 mmol of a 60 % dispersion in mineral oil) was added followed by the addition of iodomethane (0.53 g, 3.7 mmol). The reaction was allowed to warm to room temperature slowly and stirred for two hours.  The reaction was quenched by the addition of satd. NH4Cl.  The organic layer was separated and the aqueous layer was extracted with EtOAc (3 x 30 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 6:1) to give the product 87 as a clear oil (0.44 g, 42 %).  85 (0.35 g, 35 %) was also recovered.  
1H NMR (500 MHz, CDCl3) δ 7.30 (dd, J = 8.7, 7.3 Hz, H2, H6, H8, H12, 4H), 7.20 (dt, J = 7.7, 1.1 Hz, H3, H5, H9, H11, 4H), 7.18 – 7.14 (m, H4, H10, 2H), 4.22 (dt, J = 13.9, 7.1 Hz, COOCH2CH3, 2H), 3.37 (dq, J = 23.5, 7.3 Hz, PCHCO, 1H), 1.64 (dd, J = 19.3, 7.3 Hz, PCHCH3, 3H), 1.25 (t, J = 7.1 Hz, COOCH2CH3, 3H). 13C NMR (126 MHz, cdcl3) δ 168.75 (COOEt), 150.32 (C1, C7), 129.78 (C3, C5, C9, C11), 125.38 (C2, C6, C8, C12), 120.57 (C4, C10), 61.88 (CO2CH2CH3), 39.11 (PCHCH3), 14.10 (OCH2CH3), 11.78 (PCHCH3).  ESI-HRMS   calcd for C17H21O5P 335.1048, found m/z 335.1038 [M+H]+.  FTIR (film) νmax 2986, 1733, 1590, 1489, 1276, 1185, 920, 761, 689 cm-1.   







(3R,4S,5S) 4,5-Bis-(tert-butyl-dimethyl-silanyloxy)-3-methoxy-7-methyl-octa-2,7-dienoic acid ethyl ester (90)3
Andos Phosphonate 87, (0.20 g, 0.59 mmol) was dissolved in THF (10 mL) and stirred at 0 oC.  Sodium hydride (0.02 g, 0.82 mmol) was added.  The reaction was stirred for thirty minutes at 0 oC.  The temperature was then decreased to -78 oC.  The aldehyde 58 in THF (1mL) was added and the reaction was stirred for thirty minutes.  The temperature was then increased to 0 oC and the reaction was stirred overnight.  The following morning the orange/brown reaction mixture was quenched by the addition of satd. NH4Cl (1 mL) and the organic layer was separated.  The aqueous layer was extracted with EtOAc and the combined organic layers were dried over Na2SO4 and concentrated in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc) gave the title compound 90 as a clear oil (0.152 g, 51 %).  Rf 0.85 (petroleum ether-EtOAc 9:1).  
1H NMR (500 MHz, CDCl3) δ 6.06 (ddd, J = 8.5, 2.8, 1.3 Hz, H6, 1H), 5.72 (dddd, J = 17.0, 10.5, 6.4, 1.3 Hz, H2, 1H), 5.33 – 5.24 (m, H1cis, H1trans, 2H), 5.03 (d, J = 8.5 Hz, H5, 1H), 4.23 – 4.14 (m, OCH2CH3, 2H), 3.88 (s, H4, 1H), 3.59 – 3.58 (m, H3, 1H), 3.22 (s, OCH3, 3H), 1.90 (d, J = 1.4 Hz, CH3, 3H), 1.29 (t, J = 7.1 Hz, OCH2CH3, 1H), 0.89 (d, J = 3.4 Hz, C(CH3)3, 18H), -0.02 (m, 2 x Si(CH3)2, 12H).  13C NMR (126 MHz, CDCl3) δ 167.5 (COOEt), 145.6 (C6), 135.0 (C2), 126.0 (C7), 118.9 (C1), 78.7 (C3), 70.1 (C5), 60.5 (OCH2CH3), 56.3 (OCH3), 51.9 (C4), 26.2 (C(CH3)3), 26.03 (C(CH3)3), 20.66 (CH3), 18.61 (C(CH3)3), 18.23 (C(CH3)3), 14.49 (OCH2CH3), 0.15 (Si(CH3)2), -4.80 (Si(CH3)2).  ESI-HRMS calcd for C24H48O5Si2Na 495.2938, found 495.2935 [M+Na]+; [α]D = +24.7° (c, 0.105, CHCl3).      





(3R,4S,5S) 4,5-Bis-(tert-butyl-dimethyl-silanyloxy)-3-methoxy-7-methyl-octa-2,7-dien-1-ol (55)3
To a stirred solution of 90 (122 mg, 0.26 mmol) in DCM at – 78 oC was added a 1.0 M solution of DIBAL in DCM (1.3 mL).  The reaction was stirred for four hours.  The reaction was quenched by the addition of sat. sodium potassium tartrate and diluted with DCM.  The mixture was stirred vigorously for another 2 hours.  The organic layer was extracted and the aqueous layer was washed with DCM (3 x mL).  The organic layers were combined and dried over Na2SO4.  The reaction was concentrated under reduced pressure to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the product 55 as clear oil (85 mg, 76 %).  
1H NMR (500 MHz, CDCl3) δ 5.73 (ddd, J = 17.2, 10.4, 7.7 Hz, H2, 1H), 5.37 (dt, J = 8.8, 1.3 Hz, H6, 1H), 5.28 – 5.18 (m, H1cis, H1trans, 2H), 4.49 (dd, J = 8.8, 2.8 Hz, H5, 1H), 4.10 (dd, J = 12.0, 3.3 Hz, H8a, 1H), 3.93 (dd, J = 12.0, 7.6 Hz, H8b, 1H), 3.57 – 3.52 (m, H4, 1H), 3.49 – 3.45 (m, H3, 1H), 3.20 (s, OCH3, 3H), 2.13 (dd, J = 7.6, 4.3 Hz, OH, 1H), 1.82 (d, J = 1.5 Hz, CCH3, 3H), 0.91 (s, C(CH3)3, 9H), 0.86 (s, C(CH3)3, 9H), 0.09 (d, J = 1.1 Hz, Si(CH3)2,  6H), -0.01 (d, J = 11.0 Hz, Si(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 136.2 (C7), 135.3 (C2), 129.7 (C6), 118.0 (C1), 84.7 (C3), 79.7 (C4), 71.1 (C5), 61.8 (C8), 56.1 (OCH3), 26.3 (C(CH3)3), 26.0 (C(CH3)3), 22.1 (CH3), 18.7 (C(CH3)3), 18.2 (C(CH3)3), -3.9 (Si(CH3)2), -4.0 (Si(CH3)2), -4.2 (Si(CH3)2), -4.5 (Si(CH3)2).  ESI-HRMS calcd for C22H46O4Si2Na 453.2832, found 453.2823 [M+Na]+; [α]D = +21.1° (c, 0.36, CHCl3).    



Methyl 2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside (99). 
Methyl α-D-glucopyranoside (10 g, 51.5 mmol) was dissolved in DMF (250 mL) and cooled to 0 °C.  To this was added sodium hydride (60% in mineral oil dispersion, 10.3 g, 257 mmol) portion-wise over 1 hour. Benzyl bromide (31 mL, 257 mmol) was then added dropwise and the reaction was allowed to attain room temperature over 24 hours. The reaction was quenched via the slow addition of MeOH and diluted with EtOAc. The organic layer was washed with H2O, brine, dried over MgSO4 and the solvents were concentrated under reduced pressure. Flash chromatography of the residue (EtOAc-cyclohexane 1:8) gave 99 (23.7 g, 83%) as a yellow oil1H NMR (500MHz, CDCl3) δ 7.12–7.38 (20H, m, Ar-H), 4.99 (1H, d, J 10.9, PhCH2O), 4.84 (1H, d, J 10.7, PhCH2O), 4.83 (1H, d, J 10.9, PhCH2O), 4.81 (1H, d,  J 12.1, PhCH2O), 4.68 (1H, d,  J 12.1, PhCH2O),  4.64 (1H, d, J 3.6, H-1), 4.62 (1H, d, J 12.4 Hz, PhCH2O), 4.49 (1H, d, J 12.4, PhCH2O), 4.48 (1H, d, J 10.7, PhCH2O), 3.99 (1H, t, J 9.2 Hz, H-3), 3.71–3.77 (2H, overlapping signals, H-5 & H-6a), 3.62–3.68 (2H, overlapping signals,  H-4 & H-6b), 3.57 (1H, dd, J  5.6, 9.6, H-2), 3.39 (3H, s, OCH3);  13C NMR (125MHz, CDCl3) δ 138.7, 138.2, 138.1, 138.0 (each Ar-C), 128.7 (2s), 128.6, 128.5, 128.2, 128.2, 128.1 (2s), 128.0, 127.96, 127.8 (2s) (each Ar-CH), 98.2 (C-1), 82.1 (C-3), 79.9 (C-2), 77.7 (C-4), 75.7, 75.0, 73.4, 73.3 (each OCH2Ph), 70.1 (C-5), 68.6 (C-6), 55.1 (OCH3); ESI-HRMS calcd for C35H39O6Na 577.2555, found m/z 577.2566 [M+Na]+; FTIR (film) νmax 3032, 1605, 1495, 1161, 1048, 736 cm-1.


1-C-Allyl-1-deoxy-2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside (100)10. 
Compound 99 (15 g, 27 mmol) was placed under high vacuum and heated to 60 °C for 2 h. The resulting syrup was kept under an atmosphere of argon. Acetonitrile (300 mL) was added and the solution was cooled to 0 °C. Allyltrimethylsilane (12.8 mL, 81 mmol) was added and the mixture stirred for five min. Trimethylsilyl triflate (2.44 mL, 13.5 mmol) was added dropwise and the reaction was left to stir overnight at room temperature. Satd. NaHCO3 was added and the aqueous layer was extracted into EtOAc. The organic layers were combined and washed with H2O, brine and dried over MgSO4 and filtered. The solvent was concentrated under reduced pressure and the crude residue was purified via flash chromatography (EtOAc-Cyclohexane 1:7) to give 100 (11.7 g, 77%) as a white solid; 1H NMR (400 MHz, CDCl3) δ 7.40-7.00 (20H, m, Ar-H), 5.86-5.76 (1 H, ddt, J 17.1, 10.1, 7.0, CH2CH=CH2), 5.15-5.05 (2H, m, CH2CH=CH2), 4.92 (1H, d, J  10.9 Hz, OCH2Ph), 4.80 (2H, dd, J  2.9,  7.7, OCH2Ph), 4.69 (1H, d, J 11.6 Hz, OCH2Ph), 4.63-4.60 (2H, dd, OCH2Ph), 4.48-4.45 (2H, dd, OCH2Ph), 4.15-4.10 (1H, m, H-1), 3.82-3.73 (2H, overlapping signals, H-3 & H-2), 3.71-3.68 (1H, ddd, J 9.8, 4.3, 2.5, H-5), 3.65-3.60 (3H, overlapping signals, H-4 & H-6), 2.55-2.42 (2H, m, CH2CH=CH2); 13C NMR (100 MHz, CDCl3) δ 138.9, 138.4, 138.4, 138.3 (each Ar-C), 134.9 (CH2CH=CH2), 128.7, 128.6 (2s), 128.5, 128.2, 128.1 (2s), 128.0 (2s),127.9, 127.8 (2s) (Ar-C), 117.1 (CH2CH=CH2) 82.6, 80.3, 78.4, 75.8, 75.3 (OCH2Ph), 73.9 (CH), 73.7, 73.3 (OCH2Ph), 71.4 (CH), 69.2 (C-6), 30.1 (CH2CH=CH2); ESI-HRMS calcd for C37H41O5 565.2954, found m/z 565.2958 [M+H]+


1-C-Allyl-1-deoxy-2,3,4-tri-O-benzyl-α-D-glucopyranoside (102)10. 
Compound 100 (5 g, 8.8 mmol) was dissolved in Ac2O-CH2Cl2 (80 mL, 1:1) and cooled to -78 °C. To this was added trimethylsilyl triflate (0.5 mL µL, 2.6 mmol) dropwise. After 3 h, the reaction was brought to 0°C and quenched with satd. NaHCO3. Phases were separated and the aqueous phase was extracted into CH2Cl2. The combined organic layers were washed with brine, dried over MgSO4, filtered and the solvents were concentrated under reduced pressure to give the 6-O-acetylated intermediate 101 as a brown oil. The crude product was dried for 3 h under high vacuum and dissolved in MeOH (40 mL).  To this was added freshly prepared solution of NaOMe-MeOH (10 mL of a 1M solution). The reaction mixture was stirred at room temperature overnight. Solvents were removed and the crude residue was taken up in CH2Cl2 and washed with water, brine, dried over MgSO4, filtered and the solvents were concentrated under reduced pressure. The crude residue was purified via flash chromatography (petroleum ether-EtOAc 9:1) to give the title compound 102 as a white solid (3.3 g, 79 % over two steps); 1H NMR (500 MHz, CDCl3) δ 7.35-7.27 (m, Ar-H, 15 H), 5.76 (ddt, J = 17.1, 10.1, 7.0, 1H CH2CH=CH2), 5.12-5.07 (m, CH2CH=CH2, 2H), 4.93, 4.86, 4.81 (3 x d, J  = 10.9, 6H, each d, OCH2Ph), 4.06-4.03 (m, 1H, H1), 3.80 (apt t, J  = 8.8, 1H, H3), 3.75 (1H, ddd, J = 11.6, 4.4, 2.3 Hz, 1H, H6a), 3.69 (dd, J = 9.3, 5.8, H2, 1H), 3.65-3.59 (m, H6b, 1H), 3.54 (ddd, J 9.6, 4.2, 2.5, H5, 1H), 3.49 (t, J  = 8.5, 1H, H4), 2.52-2.42 (m, 2H, CH2CH=CH2); 13C NMR (125 MHz, CDCl3) δ 138.7, 138.1 (2s) (each Ar-C), 134.5 (CH2CH=CH2), 128.5, 128.4 (2s), 128.0, 127.9, 127.8 (2s), 127.8, 127.6 (each Ar-CH), 117.2 (CH2CH=CH2) 82.2 (C3), 80.1 (C2), 78.1 (C4), 75.4, 75.1 (each OCH2Ph), 73.6 (C1), 73.1 (CH), 71.6 (C6), 29.9 (CH2CH=CH2); ESI-HRMS calcd for C30H35O5 475.2484, found m/z 475.2480 [M+H]+


1-C-Allyl-1-deoxy-2,3,4-tri-O-benzyl-α-D-glucopyranoic acid (103)11
102 (0.5 g, 1.0 mmol) was dissolved in 3:1 acetonitrile/water (40 mL) and stirred.  [Bis(acetoxy)iodo]benzene (0.85 g, 2.6 mmol) was added followed by TEMPO (0.08 g, 0.5 mmol).  The reaction was stirred for three hours.  The reaction was quenched by the addition of 10 % w/v Na2S2O3.  The reaction mixture was diluted with EtOAc.  The organic layer was extracted and the aqueous layer was extracted with EtOAc (3 x 50 mL).  The organic layers were combined, dried over MgSO4 and filtered.  The solvent was removed in vacuo to give the product 103 as orange solid.  1H NMR (500 MHz, CDCl3) δ 10.00 (s, 1H, COOH), 7.31 (m, 15H, Ar-H), 5.76 (ddt, J = 17.0, 9.9, 6.8 Hz, 1H, CH2CHCH2), 5.09 (m, 2H, CH2CHCH2), 5.09 (d, J = 10.5 Hz, 1H, OCH2Ph), 4.93 (d, J = 10.5 Hz, 1H, OCH2Ph), 4.86 (d, J = 10.9 Hz, 1H, OCH2Ph), 4.81 (d, J = 10.8 Hz, 1H, OCH2Ph), 4.71 (s, 1H, OCH2Ph), 4.63 (d, J = 4.5 Hz, 1H, OCH2Ph), 4.61 (d, J = 5.2 Hz, 1H, OCH2Ph), 4.08 – 4.01 (m, 1H,H1), 3.78 – 3.73 (m, 1H, H3), 3.65 (dd, J = 11.6, 3.8 Hz, 1H, H2), 3.57 – 3.52 (m, 1H, H5), 3.50 (t, J = 9.0 Hz, 1H, H4), 2.52 – 2.43 (m, 2H, CH2CHCH2).  13C NMR (126 MHz, CDCl3) δ 171.2 (COOH), 141.1 (Ar-C), 138.2 (Ar-C), 134.6 (CH2CHCH2), 128.6, 128.0 (Ar-C), 127.7 (Ar-C), 127.7 (Ar-C), 127.1 (Ar-C), 117.3 (CH2CHCH2), 82.3 (C3), 80.2 (C2), 78.2 (C4), 75.5 (OCH2Ph), 75.2 (OCH2Ph), 73.8 (C1) , 73.3, 30.1 (CH2CHCH2).  ESI-HRMS calcd for C30H31O6 477.2121, found m/z 477.2132 [M-H]-.  




  
(12R,13S,14R,Z)-12,13-bis(tert-butyldimethylsilyloxy)-14-methoxyocta-10,15-dienyl 2-methoxy-6-vinylbenzoate (105)1
 
Acid 104 (57 mg, 0.14 mmol) was stirred in toluene (3 mL).  To this was added 52 (49 mg, 0.27 mmol) and triphenylphosphine (108 mg, 0.41 mmol).  Diisopropyl azodicarboxylate (111 mg, 0.55 mmol) was added dropwise.  The reaction was stirred at room temperature for two hours.  Satd. NH4Cl was added and the mixture was extracted with EtOAc (3 x 10 mL).  The organic layers were combined, washed with brine and dried over MgSO4.  The solvent was removed in vacuo to give the crude product as a bright yellow oil.  Flash column chromatography of the crude product on silica gel (cyclohexane-EtOAc 9:1,) to give the title compound 105 as a yellow oil (50 mg, 64 %).  
1H NMR (500 MHz, CDCl3) δ 7.31 (t, J = 8.1 Hz, 1H, H4), 7.16 (d, J = 7.8 Hz, 1H, H3), 6.83 (d, J = 8.2 Hz, 1H, H5), 6.69 (dd, J = 17.4, 10.9 Hz, 1H, H7), 5.79 – 5.61 (m, overlapping signals, 4H, H8cis, H10, H11, H15), 5.35 – 5.29 (m, 2H, H16), 5.26 (dt, J = 17.5, 1.1 Hz, 1H, H8trans), 4.93 (ddd, J = 13.0, 7.6, 1.4 Hz, 1H, H9a), 4.77 (ddd, J = 13.0, 5.7, 1.5 Hz, 1H, H9b), 4.50 (dd, J = 9.3, 3.0 Hz, 1H, H12), 3.82 (s, 3H, OCH3), 3.70 (dd, J = 6.7, 3.1 Hz, 1H, H13), 3.40 (dd, J = 8.1, 6.7 Hz, 1H, H14), 3.23 (s, 3H, Ar- OCH3), 0.91, 0.89 (2 x s, 18H, 2 x C(CH3)3), 0.09, 0.07, 0.07. 0.03 (4 x s, 12H, 2 x Si(CH3)2); 13C NMR (126 MHz, CDCl3) δ 172.5 (COOCH3), 161.2 (C2), 141.1 (C6), 140.0 (C15), 138.7 (C11), 138.1 (C7), 135.1 (C4), 129.0 (C10), 127.5 (C1), 124.0 (C16), 122.2 (C3), 121.9 (C13), 114.8 (C5), 89.0 (C14), 84.3 (C13), 73.9 (C12), 66.9 (C9), 61.0 (OCH3), 60.7 (Ar-OCH3), 30.8, 30.7 (C(CH3)3), 23.2, 23.0 (C(CH3)3, 0.52, 0.51, 0.47, 0.47 (Si(CH3)2).  ESI-HRMS calcd for C31H53O6Si2 577.3381, found m/z 577.3378 [M+H]+.  





(12R,13S,14R,Z)-12,13-bis(hydroxy)-14-methoxyocta-10,15-dienyl-2-methoxy-6-vinylbenzoate (106) 1 

105 (30 mg, 0.06 mmol) was dissolved in THF (1 mL).  To this was added tetrabutylammonium fluoride (0.38 mmol, 0.38 mL of a 1.0 M solution in THF).  The reaction was stirred for twenty-four hours at room temperature before being quenched by the addition of solid NH4Cl.  The organic layers were extracted with EtOAc (3 x 10 mL).  The organic layers were combined, washed with brine, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as an orange oil.  The crude product was purified by flash column chromatography (Petroleum ether-EtOAc, 1:3) to give the product as a pale orange solid (17 mg, 77%).
1H NMR (500 MHz, CDCl3) δ 7.32 (t, J = 8.1 Hz, 1H, H4), 7.16 (d, J = 7.9 Hz, 1H, H3), 6.83 (d, J = 8.5 Hz, 1H, H5), 6.67 (dd, J = 17.4, 11.0 Hz, 1H, H7), 5.92 – 5.80 (m, overlapping signals, 2H, H10, H11), 5.77 (ddd, J = 17.0, 8.8, 1.8 Hz, 1H, H15), 5.73 (dd, J = 17.4, 0.9 Hz, 1H, H8trans), 5.36 (dd, J = 10.5, 1.5 Hz, 1H, H16cis), 5.34 (dd, J = 10.9, 1.0 Hz, 2H, H8cis), 5.29 (dt, J = 16.8, 1.5, 1.0 Hz, 1H, H16trans), 5.08 – 5.00 (m, 1H, H9a), 4.86 – 4.78 (m, 1H, H9b), 4.60 (dd, J = 8.0, 5.1 Hz, 1H, H12), 3.82 (s, 3H, OCH3), 3.69 (dd, J = 7.9, 5.4 Hz, 1H, H14), 3.64 (t, J = 5.0 Hz, 1H, H13), 3.32 (s, 3H, Ar-OCH3).  13C NMR (126 MHz, CDCl3) δ 168.1 (Ar-COO), 156.6 (C2), 136.5 (C6), 134.6 (C15), 133.4 (C11), 133.4 (C7), 130.7 (C4), 127.0 (C10), 122.5 (C1), 120.3 (C16), 117.8 (C3), 117.5 (C8), 110.3 (C5), 82.9 (C14), 75.5 (C13), 68.3 (C12), 61.5 (C9), 56.5 (OCH3), 56.2 (Ar-OCH3), 29.8, 14.4.  ESI-HRMS calcd for C31H53O6Si2  347.1495,  found m/z 347.1502 [M-H]-.  



1-C-Allyl-1-deoxy-2,3,4-tri-O-benzyl-α-D-glucopyranoic acid (2Z,4R,5S,6R) 6-Methoxy-4,5-bis-(tert-butyl-dimethyl-silanyloxy)-octa-2,7-diene-1-ol (107)

103 (70 mg, 0.14 mmol) was stirred in DCM (5 ml).  To this was added oxalyl chloride (21 mg, 0.17 mmol) and two drops of DMF.  The reaction was stirred for two hours.  To this was added the alcohol 52 (52 mg, 0.13 mmol) in dry DCM.  Imidazole (12 mg, 0.17 mmol) was added and the mixture was stirred overnight.  1 mL of a 0.1 M solution of HCl was added and the reaction was stirred for a further thirty minutes.  DCM and water were added.  The organic layer was separated and the aqueous layer was extracted with DCM.  The organic layers were combined, dried over MgSO4 and filtered.  The solvent was removed in vacuo to give the crude product.  The crude product was purified by flash column chromatography (9:1, Cyclohexane-EtOAc) to give the product 107 as a pale yellow oil (58 mg, 50 %).
1H NMR (500 MHz, CDCl3) δ 5.80 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H, CH2CHCH2), 5.65 (tdd, J = 10.2, 8.1, 6.7 Hz, 2H, H8, H9), 5.41 (dq, J = 11.4, 5.7, 4.6 Hz, 1H, H13), 5.28 – 5.15 (m, 2H, H14), 5.15 – 5.01 (m, 2H, CH2CHCH2), 4.63 – 4.59 (m, 2H, OCH2Ph), 4.56 (d, J = 14.2 Hz, 1H, OCH2Ph), 4.53 – 4.46 (m, 2H, OCH2Ph), 4.39 (dd, J = 9.6, 2.9 Hz, 1H, H10), 4.35 (d, J = 5.5 Hz, 1H, OCH2Ph), 4.22 (dt, J = 9.2, 4.5 Hz, 1H¸ H1), 3.93 (t, J = 5.5 Hz, 1H, H3), 3.76 (t, J = 5.8 Hz, 1H, H2), 3.66 (app dd, overlapping signals, 2H, H11, H5), 3.49 (dd, J = 5.8, 4.0 Hz, 1H, H4), 3.36 (dd, J = 8.0, 6.6 Hz, 1H, H12), 3.21 (d, J = 4.0 Hz, 3H, OCH3), 2.59 – 2.50 (m, 1H, H7a), 2.40 (ddd, J = 14.5, 6.8, 5.0 Hz, 1H, H7b), 0.90, 0.86 (2 s, 18 H, 2 x C(CH3)3), 0.065, 0.059, 0.017, -0.015 (4 s, 2 x Si(CH3)2).  ESI-HRMS calcd for 566.3459, found m/z 566.3466 [M+H]+.




1-C-Allyl-1-deoxy-2,3,4-tri-O-benzyl-α-D-glucopyranoic acid-(2Z,10S,11S,12R) 12-Methoxy-10,11-bis-(tert-butyl-dimethyl-silanyloxy)-octa-8,13-diene-ol (109)
103 (34 mg, 0.07 mmol) was dissolved in toluene (1 mL).  To this was added triphenyl phosphine (19 mg, 0.053 mmol) and the alcohol 55 (20 mg, 0.047 mmol).  The reaction mixture was stirred and diisopropyl azodicarboxylate (12 mg, 0.06 mmol) was added dropwise.  After each drop was added the reaction was allowed to stir until the yellow colour had faded.  The reaction was stirred for two hours and quenched with NH4Cl.  The organic layer was separated and the aqueous layers were extracted with EtOAc.  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the product 109 as a pale yellow oil (26 mg, 62 %). 
1H NMR (500 MHz, CDCl3) δ 7.72 – 7.63 (m, 3H, Ar-H), 7.59 – 7.48 (m, 2H, Ar-H), 7.50 – 7.41 (m, 4H, Ar-H), 7.30 (dd, J = 4.9, 2.9 Hz, 9H, Ar-H), 7.18 (dd, J = 7.5, 1.9 Hz, 2H, Ar-H), 5.79 (ddt, J = 17.2, 10.3, 6.9 Hz, 1H, CH2CHCH2), 5.71 (m, 1H, H12), 5.52 (d, J = 9.2 Hz, 1H, H8), 5.25 (ddd, J = 10.5, 6.2, 2.1 Hz, 2H, CH2CHCH2), 5.11 (dd, J = 17.1, 1.7 Hz, 1H, H13trans), 5.04 (dd, J = 10.2, 1.9 Hz, 1H, H13cis), 4.72 (d, J = 12.3 Hz, 1H, H6a), 4.68 – 4.61 (m, 2H, OCH2Ph), 4.58 – 4.44 (m, 4H, 2 x OCH2Ph), 4.41 (dd, J = 9.0, 2.6 Hz, 1H, H9), 4.372 (d, J = 13 Hz, 1H, H6b), 4.36 (d, J = 4.8 Hz, 1H, H5), 4.22 (ddd, J = 9.1, 5.1, 3.5 Hz, 1H, H1), 3.91 (t, J = 5.1 Hz, 1H, H4), 3.74 (t, J = 5.5 Hz, 1H, H3), 3.52 (t, J = 7.5 Hz, 1H, H11), 3.46 (dd, J = 6.1, 3.5 Hz, 1H, H2), 3.39 (dd, J = 7.2, 2.5 Hz, 1H, H10),  3.19 (s, 3H, OCH3), 2.54 (ddd, J = 14.8, 9.0, 7.4 Hz, 1H, CH2CHCH2), 2.44 – 2.33 (m, 1H, CH2CHCH2), 1.62 (d, J = 1.4 Hz, 3H, CH3), 0.95 – 0.78 (m, 18H, C(CH3)3), 0.10, 0.05 -0.02, -0.07 (4 s, Si(CH3)2, 12H).  13C NMR (126 MHz, CDCl3) δ 170.1 (COOCH2), 135.3 (CHCHCH2), 134.6 (C12), 132.7 (C8), 132.3 (Ar-C), 132.2 (Ar-C), 129.7 (C7), 128.5 (Ar-C), 128.3 (Ar-C), 128.1 (Ar-C), 127.8 (Ar-C), 118.4 (CH2CHCH2), 117.2 (C13), 79.7 (C11), 79.4 (10), 76.1 (C4), 75.9 (C2), 75.3 (3), 73.5 (OCH2Ph), 73.4 (OCH2Ph), 73.2 (C5), 72.7 (OCH2Ph), 72.3 (C1), 70.0 (C9), 63.8 (C6), 56.2 (OCH3), 33.1 (CH2CHCH2), 26.3, 26.2 (2 x C(CH3)3), 21.20 (CH3), 18.6, 18.2 (2 s, C(CH3)3), -3.6, -3.9, -4.4, -4.5 (4 x s, Si(CH3)2).  ESI-HRMS calcd for C52H76O9Si2Na, 923.4926 found m/z 923.4926 [M+Na]+.  



1,2,3,4,6-Penta-O-acetyl-α/β-D-galactopyranose (111). 

To a suspension of D-galactose (100 g, 554 mmol) in Ac2O (500 mL) was added I2 (7 g, 55 mmol) . The reaction was cooled to 0 °C in an ice bath and strirred for 3 h. The reaction was quenched with sodium thiosulphate and extracted into CH2Cl2. The combined organic layers were washed with H2O, brine, dried over MgSO4, filtered and the solvents were concentrated under reduced pressure. The resulting yellow oil was recrystallised from ethanol to give 111 (205 g, 95%) (4:1 α:β ratio) as a white solid. 

Analytical data for the α-anomer 
1H NMR (500 MHz, CDCl3) δ 6.36 (1H, d, J 1.7, H-1), 5.48 (1H, s, H-4), 5.32 (2H, overlapping signals, H-2 & H-3), 4.32 (1H, t, J 6.6, H-5), 4.12 – 4.06 (2H, m, H-6), 2.14 (6H, s, CH3), 2.02 (3H, s, CH3), 2.00 (3H, s, CH3), 1.98 (3H, s, CH3); 13C NMR (125 MHz, CDCl3) δ 170.4, 170.2 (2s), 169.9, 169.0 (each C=O), 89.8 (C-1), 68.8 (C-5), 67.5 (C-4), 67.4, 66.5, 61.3 (C-6), 20.9, 20.7 (3s), 20.6 (each CH3)

Analytical data for the β-anomer
1H NMR (500 MHz, CDCl3) δ 5.72 (1H, d, J 8.3, H-1), 5.4 (1H, d, J  3.3, H-4), 5.3 (1H, dd, J 8.8, 9.8, H-2), 5.1 (1H, dd, J 10.3, 3.5, H-3), 4.35 (1H, m, H-5), 4.13 (2H, m, H-6), 2.20 (3H, s, CH3), 2.15 (3H, s, CH3), 2.09 (3H, s, CH3), 1.99 (3H, s, CH3), 1.95 (3H, s, CH3); 13C NMR (125 MHz, CDCl3): δ 170.2, 169.6, 169.4, 169.2, 167.7 (each C=O), 92.3 (C-1), 70.2, 68.4, 68.0, 65.1, 61.7, 20.5, 20.4 (2s), 20.3, 20.2 (each CH3)



1-C-Allyl-1-deoxy-2,3,4,6-tetra-O-acetyl-α-D-galactopyranoside (112). 
To a stirred suspension of 111 (30 g, 76 mmol) and allyltrimethylsilane (36 mL, 230 mmol) in Acetonitrile (150 mL) was added BF3.Et2O (47 mL, 380 mmol). The reaction was heated at reflux overnight, diluted with EtOAc and quenched with satd NaHCO3. Phases were separated and the aqueous layer was washed with EtOAc. The combined organic phases were washed with H2O, brine, dried over MgSO4, filtered and the solvents were concentrated under reduced pressure. Purification of the crude residue via flash chromatography gave 112 (21 g, 75%) as a viscous oil. Rf 0.6 (petroleum ether-EtOAc 2:1); 
1H NMR (500 MHz, CDCl3) δ 5.80–5.69 (1H, ddt, J 17.1, 10.1, 7.0, CH2CH=CH2), 5.42–5.40 (1H, m, H-4), 5.28–5.25 (1H, dd, J 4.8, 9.3 Hz, H-2), 5.22–5.21 (1H, dd, J  3.2, 9.3 Hz, H 3), 5.15–5.08 (2H, m, CH2CH=CH2), 4.31– 4.28 (1H, q, J  4.8, 10.0 Hz, H-1), 4.22–4.17 (1H, dd, J  8.8, 12.8 Hz, H-6), 4.12–4.06 (2H, overlapping signals, H-5 & H-6), 2.52–2.41 (1H, m, CHHCH=CH2), 2.32–2.22 (1H, m, CHHCH=CH2), 2.12 (3H, s, CH3), 2.07 (3H, s, CH3), 2.04 (3H, s, CH3), 2.03 (3H, s, CH3); 13C NMR (125 MHz, CDCl3) δ 168.1, 167.6, 167.5, 167.3 (each C=O) 130.8 (CH2CH=CH2), 115.3 (CH2CH=CH2), 69.1 (CH), 65.9 (CH), 65.6 (CH), 65.3 (CH), 59.2 (C-6), 28.7 (CH2CH=CH2), 18.7, 18.6, 18.5 (each CH3); ESI-HRMS calcd for C17H25O9 373.1498, found m/z 373.1492 [M+H]+.  FTIR (film, CHCl3), νmax 3319, 2978, 1741, 1634, 1513, 1432, 1370, 1254, 1042, 910 cm-1; [α]D +84° (c 0.01 in CHCl3);


1-C-Allyl-1-deoxy-α-D-galactopyranoside (113)12. 
Compound 112 (25 g, 67 mmol) was dissolved in MeOH (250 mL) and cooled to 0 °C. To this was added a solution of NaOMe-MeOH (13.4 mL of a 1M solution) and the resulting mixture was stirred at room temperature for 4 h. The reaction was acidified with Amberlite® resin, filtered and the solvents were concentrated under reduced pressure to give 113 (12.7, 93%) as a white solid. NMR data (1H and 13C) was in agreement with reported literature data12; 
1H NMR (500 MHz, CD3OD) δ 5.90 (1H, ddt, J 17.1, 10.1, 6.9, CH2CH=CH2), 5.10 (2H, m, CH2CH=CH2), 4.04 – 3.99 (1H, m), 3.97 (1H, s), 3.91 (1H, dd, J 8.6, 5.2), 3.77 (2H, dt, J 11.8, 8.1), 3.71 (1H, dd, J 7.8, 4.6), 3.35 – 3.31 (1H, m), 2.47 (1H, m, CH2CH=CHH), 2.40 (1H, m, CH2CH=CHH); 13C NMR (125 MHz, CD3OD) δ 135.3 (CH2CH=CH2), 115.4 (CH2CH=CH2), 74.2, 72.7, 70.5, 68.7, 68.5, 60.5, 29.7 (CH2CH=CH2); ESI-HRMS calcd for C9H17O5 205.1076, found m/z 205.1071 [M+H]+



1-C-Allyl-1-deoxy-3,4-O-isopropylidene-α-D-galactopyranoside12 (114). 
To a solution of 113 (10 g, 49 mmol) and dimethoxypropane (24 mL, 195 mmol) in acetonitrile (80 mL), was added p-TsOH monohydrate (186 mg, 1 mmol) and the reaction mixture was stirred for 2 h. H2O (15 mL) was then added and after 30 min the reaction was neutralized with triethylamine and the solvents were removed under reduced pressure. Flash chromatography of the crude residue on silica gel (CH2Cl2-EtOAc 1:9) afforded 114 (8.4 g, 70%) as white crystalline solid. NMR data (1H and 13C) was in agreement with reported literature data12. 
1H NMR (500 MHz, CDCl3) δ 5.86 (1H, ddt, J 17.1, 10.1, 7.0, CH2CH=CH2), 5.15-5.09 (2H, m, CH2CH=CH2) 4.33-4.25 (2H, overlapping signals), 4.08-4.02 (2H, overlapping signals), 3.87-3.77 (2H, overlapping signals), 2.45-2.30 (2H, overlapping signals), 2.20 (1H, m, CHHCH=CH2), 2.00 (1H, m, CHHCH=CH2), 1.47 (3H, s, isopropylidene CH3), 1.32 (3H, s, isopropylidene CH3); 13C NMR (125 MHz, CDCl3) δ 134.3 (CH2CH=CH2), 117.7 (CH2CH=CH2), 109.7 (isopropylidene C), 74.8 (C-2), 73.1 (C-4), 70.6 (C-3), 69.6 (C-1), 69.1 (C-5), 63.6 (C-6), 34.9 (CH2CH=CH2), 26.8 (CH3), 24.6 (CH3); ESI-HRMS: calcd for C12H20O5Na 267.1162, found m/z  267.1208 [M+Na]+


1-C-Allyl-1-deoxy-3,4-O-isopropylidene-6-tert-butyl-dimethyl-silanyloxy-α-D-galactopyranoside (115)12 

To a solution of diol 114 (1.5 g, 6.2 mmol) in anhydrous pyridine:CH2Cl2 (25:25 mL), tertbutyldimethylsilyl chloride (1.11 g, 7.4 mmol) and DMAP (60 mg, 0.3 mmol) were added sequentially. The reaction mixture was stirred overnight, diluted with CH2Cl2 and washed successively with 1 N HCl, water and brine. The organic extract was dried over Na2SO4 and concentrated in vacuo. Flash column chromatography of the residue on silica gel (Petroleum ether-EtOAc 5:1) gave the product 115 (1.74 g, 80 %).  Rf 0.58 (Petroleum ether-EtOAc 3:1).  
1H NMR (500 MHz, CDCl3) δ 5.85 (ddt, J = 17.0, 10.0, 7.0 Hz, CH2CHCH2, 1H), 5.15 (ddd, J = 17.0, 3.5, 1.3 Hz,  CH2CHCH2, 1H), 5.08 (ddt, J = 10, 2, 1.3 CH2CHCH2, 1H), 4.39 (dd, J = 7.3, 2.0 Hz, H4, 1H), 4.22 (dd, J = 7.3, 3.5 Hz, H3, 1H), 4.01 (dtt, J = 7.8, 4.1, 2.1 Hz, H1, H5, 2H), 3.83 – 3.64 (m, H2, H6a, H6b, 3H), 2.36 (m, CH2CHCH2, 2H), 2.06 (d, J = 4.5 Hz, OH,  1H), 1.48, 1.32 (2s, C(CH3)2, 6H), 0.89 (s, C(CH3)3, 9H), 0.06 (d, J = 1.7 Hz, SiC(CH3)2, 6H).  13C NMR (500 MHz, CDCl3) δ 134.5 (CH2CHCH2), 117.6 (CH2CHCH2), 109.1 (C(CH3)2), 74.7 (C3), 71.8 (C4), 70.6 (C5) , 70.1 (C1), 69.8 (C2), 62.7 (C6) , 35.1 (CH2CHCH2),  27.2 (C(CH3)2, 26.0 (C(CH3)3, 24.6 (C(CH3)2, 18.5 (C(CH3)2, -5.2, -5.3 (Si(CH3)2).  ESI-HRMS calcd for C18H34O5NaSi 381.2073 found 381.2073 [M+Na]+;  FTIR (film, CHCl3), νmax 3446, 2930, 2857, 1642, 1472, 13741252, 1211, 1083, 834, 776 cm -1;  [α]D= + 48.3 o (c, 0.24). 









1-C-Allyl-1-deoxy-3,4-O-isopropylidene-2-methyl-6-tert-butyl-dimethyl-silanyloxy-α-D-galactopyranoside (116)

115 (0.71 g, 2.0 mmol) was stirred in THF at 0 oC.  Sodium hydride (60% in mineral oil dispersion, 0.16 g, 4.0 mmol) was added in portions.  The reaction was stirred at 0 oC for 30 minutes before the temperature was increased and the reaction was stirred at room temperature for two hours.  The temperature was decreased to 0OC.  Iodomethane (1.0 mL, 15.8 mmol) and 18-crown-6 (26 mg, 0.1 mmol) were added.  The temperature was increased to room temperature and the reaction was stirred overnight.  The reaction was cooled to 0 oC and quenched with sat. NH4Cl.  The aqueous layer was extracted with EtOAc, dried over Na2SO4 and concentrated in vacuo to give an orange oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 10:1) gave the product 116 as a clear oil (0.74 g, 92 %).  Rf 0.81 (Petroleum ether-EtOAc 9:1). 
1H NMR (500 MHz, CDCl3) δ 5.79 (dddd, J = 16.8, 10.2, 7.6, 6.4 Hz, CH2CHCH2, 1H), 5.11 (ddd, J = 17.3, 3.4, 1.4 Hz, CH2CHCH2, 1H), 5.06 (ddd, J = 10.4, 2.1, 1.4 Hz, CH2CHCH2, 1H), 4.37 (dd, J = 7.3, 1.8 Hz, H4, 1H), 4.29 (dd, J = 7.3, 3.3 Hz, H3, 1H), 4.00 (td, J = 7.5, 3.2 Hz, H1, 1H), 3.90 (ddd, J = 7.9, 6.0, 1.8 Hz, H5, 1H), 3.75 (dd, J = 9.5, 7.9, H6a, 1H), 3.70 (dd, J = 9.5, 6.0), 3.44 (s, OCH3, 3H), 3.24 (t, J = 3.3 Hz, H2, 1H), 2.41 – 2.28 (m, CH2CHCH2, 2H), 1.49, 1.33 (2s, C(CH3)2, 6H), 0.89 (s, (s, C(CH3)3, 9H), 0.06 (d, J = 2.2 Hz, SiC(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 134.5 (CH2CHCH2), 117.0 (CH2CHCH2), 108.9 (C(CH3)2), 78.2 (C2), 71.9 (C4), 71.2 (C3), 70.6 (C1), 69.5 (C5), 62.3 (C6), 58.3 (OCH3), 34.4 (CH2CHCH2), 27.0 (C(CH3)2), 25.8 (C(CH3)3), 24.6 (C(CH3)2), 18.2 (C(CH3)3), -5.4 (Si(CH3)2), -5.6 (Si(CH3)2).  ESI-HRMS calcd for C19H36O5SiNa 395.2230, found 395.2239 [M+Na]+;  FTIR (film, CHCl3), νmax 2929, 2856, 1642, 1463 1381, 1250, 1210, 1153, 1090, 834 cm -1;   [α]D = + 24.0 ° (c, 0.26, CHCl3).
 



1-C-Allyl-1-deoxy--2-ethyl-3,4-O-isopropylidene-6-tert-butyl-dimethyl-silanyloxy-α-D-galactopyranoside 

114 (105 mg, 0.33 mmol) was stirred in THF at 0 oC.  Sodium hydride (60% in mineral oil dispersion, 26 mg, 0.66 mmol) was added in portions.  The reaction was stirred at 0 oC for 30 minutes before the temperature was increased and the reaction was stirred at room temperature for two hours.  The temperature was decreased to 0 OC.  Iodoethane (0.2 mL, 2.64 mmol) and 18-crown-6 (4 mg, 0.1 mmol) were added.  The temperature was increased to room temperature and the reaction was stirred overnight.  The reaction was cooled to 0 oC and quenched with sat. NH4Cl.  The aqueous layer was extracted with EtOAc, dried over Na2SO4 and concentrated in vacuo to give an orange oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 10:1) gave the product as a clear oil (0.74 g, 72 %).  Rf 0.76 (petroleum ether-EtOAc 9:1). 
1H NMR (500 MHz, CDCl3) ) δ 5.79 (dddd, J = 16.8, 10.2, 7.6, 6.4 Hz, CH2CHCH2, 1H), 5.11 (ddd, J = 17.3, 3.4, 1.4 Hz, CH2CHCH2, 1H), 5.06 (ddd, J = 10.4, 2.1, 1.4 Hz, CH2CHCH2, 1H), 4.37 (dd, J = 7.3, 1.8 Hz, H4, 1H), 4.29 (dd, J = 7.3, 3.3 Hz, H3, 1H), 4.00 (td, J = 7.5, 3.2 Hz, H1, 1H), 3.90 (ddd, J = 7.9, 6.0, 1.8 Hz, H5, 1H), 3.75 (dd, J = 9.5, 7.9, H6a, 1H), 3.70 (dd, J = 9.5, 6.0, H6b), 3.44 (s, OCH3, 3H), 3.24 (t, J = 3.3 Hz, H2, 1H), 2.41 – 2.28 (m, CH2CHCH2, 2H), 1.49, 1.33 (2s, C(CH3)2, 6H), 0.89 (s, C(CH3)3, 9H), 0.06 (d, J = 2.2 Hz, SiC(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 134.5 (CH2CHCH2), 117.0 (CH2CHCH2), 108.9 (C(CH3)2), 78.2 (C2), 71.9 (C4), 71.2 (C3), 70.6 (C1), 69.5 (C5), 62.4 (C6), 58.3 (OCH3), 34.4 (CH2CHCH2), 27.0 (C(CH3)2), 25.8 (C(CH3)3), 24. 6 (C(CH3)2), 18.2 (C(CH3)3), -5.4 (Si(CH3)2), -5.6 (Si(CH3)2).  ESI-HRMS calcd for C19H36O5SiNa 395.2230, found m/z 395.2239 [M+Na]+; FTIR (film, CHCl3), νmax 2929, 2856, 1642, 1463 1381, 1250, 1210, 1153, 1090, 834 cm -1; [α]D = + 24.0 ° (c, 0.0026, CHCl3).




1-C-Allyl-1-deoxy-3,4-O-isopropylidene-2-methyl-α-D-galactopyranoside (117)

116 (0.2 g, 0.53 mmol) was stirred in THF (5 mL).  Tetrabutylammonium fluoride (1.08 mL of a 1 M solution in THF, 1.08 mmol) was added and the reaction was stirred for two hours.  The reaction was quenched with the addition of satd. NH4Cl (2 mL).  The layers were separated and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the product 117 (0.09 g, 66 %) as a clear oil.  Rf 0.17 (petroleum ether-EtOAc 3:1). 
1H NMR (500 MHz, CDCl3) δ 5.85 – 5.75 (m, J = 18.5, 10.0, 1.2 CH2CHCH2, 1H), 5.13 (dq, J = 18.5, 3.0, 1.2 Hz, CH2CHCH2, 1H), 5.09 (ddt, J = 10.0, 2.1, 1.2 Hz, CH2CHCH2, 1H), 4.37 (dd, J = 7.0, 3.5, H3, 1H), 4.29 (dd, J = 7.0, 1.7, H4 1H), 4.07 (ddd, J = 7.5, 7.0, 3.5 Hz, H1, 1H), 3.97 (ddd, J = 6.6, 4.4, 1.9 Hz, H5, 1H), 3.83 (ddd, J = 11.3, 6.6, 2.8 Hz, H6a, 1H), 3.72 (ddd, J = 11.3, 9.4, 4.4 Hz, H6b, 1H), 3.45 (s, OCH3, 3H), 3.31 (t, J = 3.5 Hz, H2, 1H), 2.46 – 2.31 (m, 2H), 2.11 (dd, J = 9.4, 2.8 Hz, 1H), 1.50 (d, J = 0.7 Hz, C(CH3)2 3H), 1.35 (s, C(CH3)2, 3H).  13C NMR (126 MHz, CDCl3) δ 134.4 (CH2CHCH2), 117.4 (CH2CHCH2), 109.7 (C(CH3)2), 77.7 (C2), 73.5 (C4), 71.7 (C3), 70.9 (C1), 69.3 (C5), 63.6 (C6), 58.6 (OCH3), 34.5 (CH2CHCH2), 26.9 (C(CH3)2), 24.7 (C(CH3)2).  ESI-HRMS calcd for C15H25O4Si 281.1365, found m/z 281.1360 [M+H]+.  FTIR (film, CHCl3), νmax 3397, 2986, 2935, 2899, 1642, 1442, 1373, 1210, 1145, 1096, 1056, 994, 872 cm-1; [α]D = + 2.2 ° (c, 0.32, CHCl3). 






6-Allyl-7-methoxy-2,2-dimethyl-tetrahydro-[1,3]dioxolo[4,5-c]pyran-4-carboxylic acid (118)
117 (0.5 g, 1.79 mmol) was dissolved in Acetonitrile/Water (3:1).  Tempo (0.6 g, 0.36 mmol) and [bis(acetoxy)iodo]benzene (1.27g, 3.94 mmol) were added and the reaction was stirred at room temperature.  After two hours the reaction was quenched by the addition of satd. NH4Cl.  The product was extracted into EtOAc.  The organic layers were combined and dried over Na2SO4.  The solvent was removed in vacuo to give an orange solid (0.35 g).  The product 118 was used crude in the next step.  1H NMR (500 MHz, CDCl3) δ 5.82 – 5.73 (m, CH2CHCH2, 1H), 5.17 – 5.09 (m, CH2CHCH2, 2H), 4.66 (dd, J = 7.6, 1.9 Hz, H4,  1H), 4.51 (d, J = 1.9 Hz, H5, 1H), 4.45 (dd, J = 7.5, 2.8 Hz, H3, 1H), 4.16 (td, J = 7.3, 2.2 Hz, H1, 1H), 3.45 (s, OCH3, 3H), 3.29 (t, J = 2.5 Hz, H3, 1H), 2.42 (ddt, CH2CHCH2,  J = 41.3, 13.9, 7.2 Hz, 2H), 1.47, 1.33 (s, C(CH3)3, 6H).  13C NMR (126 MHz, CDCl3) δ 171.0 (COOH), 133.7 (CH2CHCH2), 118.2 (CH2CHCH2), 110.3 (C(CH3)2), 76.9 (C2), 73.1 (C4), 71.3 (C1), 70.1 (C3), 70.1 (C5), 58.8 (OCH3), 35.5 (CH2CHCH2), 26.6 (C(CH3)2), 24.4 (C(CH3)2).  ESI-HRMS calcd for C13H20O6SiNa 295.1158, found 295.1149 [M+Na]+; FTIR (film, CHCl3), νmax 3027, 2920, 1604, 1495, 1458, 1378, 1081, 1030, 725, 693 cm-1.









6-Allyl-7-methoxy-2,2-dimethyl-tetrahydro-[1,3]dioxolo[4,5-c]pyran-4-carboxylic acid (2Z,4S,5S,6R) 4,5-bis-(tert-butyl-dimethyl-silanyloxy)-6-methoxy-2-methyl-octa-2,7-dienyl ester (119)13
118 (12 mg, 0.05 mmol) was dissolved in toluene (1 mL).  To this was added triphenylphosphine (14 mg, 0.05 mmol) and the alcohol 55 (15 mg, 0.04 mmol).  The reaction mixture was stirred and diisopropyl azodicarboxylate (11 mg, 0.05 mmol) was added dropwise.  After each drop was added the reaction was allowed to stir until the yellow colour had faded.  The reaction was stirred for two hours and quenched with NH4Cl.  The organic layer was separated and the aqueous layers were extracted with EtOAc.  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the product 119 (16 mg, 69 %).     
1H NMR (500 MHz, CDCl3) δ 5.83 – 5.75 (m, 1H, CH2CHCH2), 5.70 (ddd, J = 17.2, 10.3, 7.8 Hz, H9, 1H), 5.55 (d, J = 9.7 Hz, H13, 1H), 5.30 – 5.19 (m, CH2CHCH2, 2H), 5.13 (ddd, J = 16.9, 3.3, 1.5 Hz, H14a, 1H), 5.08 (ddd, J = 10.1, 2.3, 1.0 Hz, H14b, 1H), 4.74 – 4.62 (q, J = 34.5, 12.0, H7, 2H), 4.57 (dd, J = 7.3, 2.2 Hz, H4, 1H), 4.52 (d, J = 2.2 Hz, H5, 1H), 4.46 (dd, J = 9.0, 2.4 Hz, H10, 1H), 4.43 (dd, J = 7.4, 3.2 Hz, H3, 1H), 4.17 (ddd, J = 8.0, 6.8, 2.8 Hz, H1, 1H), 3.53 (t, J = 7.6 Hz, H12, 1H), 3.45 (s, OCH3,  3H), 3.42 (dd, J = 7.5, 2.3 Hz, H11, 1H), 3.32 (t, J = 3.0 Hz, H2, 1H), 3.20 (s, OCH3, 3H), 2.50 – 2.37 (m, CH2CHCH2, 2H), 1.75 (d, J = 1.5 Hz, CH3, 3H), 1.48 (s, C(CH3)2, 3H), 1.32 (s, C(CH3)2, 3H), 0.90, 0.87 (2s, Si(CH3)2C(CH3)3, 18H), 0.053, 0.011, -0.022. -0.038 (4s, Si(CH3)2C(CH3)3, 12H, 1H).  13C NMR (126 MHz, CDCl3) δ 169.2 (COOCH2) , 135.3 (C13), 134.1 (CH2CHCH2), 133.0 (C9), 129.9 (C8), 118.5 (C14), 117.7 (CH2CHCH2), 110.2 (C(CH3)2), 84.9 (C12), 79.5 (C11), 76.9 (C2), 73.7 (C4), 71.2 (C1), 70.9 (C3), 70.1 (C5), 70.0 (C10), 63.5 (C7), 58.7 (OCH3), 56.2 (OCH3), 34.9 (CH2CHCH2), 26.8 (C(CH3)), 26.2, 26.0 (2 s, each s, Si(CH3)2C(CH3)3), 24.7 (C(CH3)), 21.2 (CH3), 18.6, 18.2 (2 x s, each s, C(CH3)3), -3.6, -3.9 (2 x s, each s, Si(CH3)2), -4.4, -4.5 (2 x s, each s, Si(CH3)2).  ESI-HRMS calcd for C35H64O9Si2 707.3987, found m/z 707.3976 [M+Na]+.  


(8Z,13E,10S,11S,12R) 10,11-Bis-(tert-butyl-dimethyl-silanyloxy)-2,12-dimethoxy-8,16,16-trimethyl-1,3,4,8-tetraoxa-tricyclo[11.6.1.014,18]eicosa-8,13-dien-6-one (120)
119 (20 mg, 0.030 mmol) was dissolved in toluene (100 mL).  The reaction was heated to 80 oC. To this was added Grubbs’ II (4.0 mg, 20 mol %) in toluene (2 mL).  The reaction was stirred overnight and then cooled to room temperature.  The solvent was removed in vacuo to give a crude dark brown solid.  Flash column chromatography of the residue on silica gel (9:1, petroleum ether-EtOAc) gave the title compound 120 as a clear oil (6 mg, 30 %).  1H NMR (500 MHz, CDCl3) δ 5.70 (ddd, J = 16.1, 8.4, 3.6 Hz, 1H, H13), 5.61 – 5.54 (m, 1H, H14), 5.52 (dd, J = 15.9, 6.3 Hz, 1H, H9), 5.22 (d, J = 9.8 Hz, 1H, H10), 4.90 (d, J = 16.2 Hz, 1H, H7a), 4.70 (dd, J = 7.5, 2.0 Hz, 1H, H5), 4.52 (d, J = 1.9 Hz, 1H, H6), 4.47 (d, J = 16.9 Hz, 1H, H7b), 4.43 (dd, J = 7.3, 2.8 Hz, 1H, H4), 4.21 (dt, J = 11.0, 2.6 Hz, 1H, H2), 3.64 (t, J = 7.2 Hz, 1H, H12), 3.46 (s, 3H, OCH3), 3.36 (dd, J = 7.9, 1.4 Hz, 1H, H11), 3.23 (s, 3H, OCH3), 3.22 – 3.17 (m, 1H, H3), 2.48 (ddd, J = 15.2, 11.1, 8.4 Hz, 1H, H15a), 2.19 – 2.10 (m, 1H, H15b), 1.65 (s, 3H, CH3), 1.50, 1.35 (2 x s, 6H, each s, C(CH3)2), 0.92, 0.87 (2 x s, 18H, each signal, C(CH3)3), 0.08, 0.02, -0.06, -0.08 (4 x s, 12H, Si(CH3)2).  13C NMR (126 MHz, CDCl3) δ 170.29 (COOCH2), 129.9 (C8), 129.9 (C9), 129.8 (C14), 127.6 (C13), 110.2 (C(CH3)2), 84.2 (C12), 80.9 (C11), 79.2 (C2), 73.7 (C4), 71.1 (C3), 70.1 (C5), 68.4 (C1), 68.0 (C10), 67.1 (C6), 59.0 (OCH3), 56.5 (OCH3), 33.7 (C15), 32.4 (C(CH3)3), 32.1 (C(CH3)2), 26.9 (Si(C(CH3)3), 26.3 (C(CH3)3), 26.1 (C(CH3)3), 24.6 (C(CH3)2), 22.1 (CH3), -3.3, -3.6, (2 x s, Si(CH3)2), -4.4, -4.6 (2 x s, Si(CH3)2. ESI-HRMS calcd for C35H64O9Si2 679.3674, found m/z 679.3681 [M+Na]+.  



6-Allyl-7-methoxy-2,2-dimethyl-tetrahydro-[1,3]dioxolo[4,5-c]pyran-4-carboxylic acid 4,5-dihydroxy-6-methoxy-2-methyl-octa-2,7-dienyl ester (3)
119 (15 mg, 22 mmol) was dissolved in THF (3 mL).  To this was added tetrabutylammonium fluoride (0.131 mmol, 0.131 mL of a 1.0M solution in THF) and the reaction was stirred for three hours.  The reaction was quenched by the addition of NH4Cl.  The organic layer was separated and the aqueous layer was extracted with EtOAc (3 x 1 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a bright red oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 1:3) gave the product as clear oil (4.2 mg, 42 %).
1H NMR (500 MHz, CDCl3) δ 5.79 (ddt, J = 14.0, 10.5, 7.0 Hz, 1H, CH2CHCH2), 5.81 – 5.71 (m, 1H, H13), 5.59 (dd, J = 9.0, 1.6 Hz, 1H, H9), 5.41 – 5.30 (m, 2H, H13a, H14b), 5.13 (dq, J = 17.1, 1.6 Hz, 1H, CH2CHCH2), 5.08 (ddd, J = 10.3, 2.1, 1.1 Hz, 1H, CH2CHCH2), 4.81 – 4.71 (m, 2H, H7), 4.60 (dd, J = 7.5, 2.2 Hz, 1H, H4), 4.55 (t, J = 7.0 Hz, 1H, H10), 4.54 (s, 1H, H5), 4.45 (dd, J = 7.5, 3.2 Hz, 1H, H3), 4.16 (ddd, J = 8.0, 6.9, 2.8 Hz, 1H, H1), 3.67 (dd, J = 8.1, 5.2 Hz, 1H, H12), 3.44 (s, 3H, OCH3), 3.39 (t, J = 3.8 Hz, 1H, H11), 3.33 (t, J = 3.0 Hz, 1H, H2), 3.30 (s, 3H, OCH3), 2.44 (tdd, J = 7.5, 4.4, 3.0 Hz, CH2CHCH2), 1.81 (d, J = 1.4 Hz, 3H, CH3), 1.48, 1.33 (2 x s, 6H, C(CH3)2).  13C NMR (126 MHz, CDCl3) δ 169.5 (COOCH2), 134.8 (C13), 134.3 (C8), 134.0 (CH2CHCH2), 129.9 (C9), 120.3 (C14), 117.8 (CH2CHCH2), 110.3 (C(CH3)2), 83.4 (C12), 76.7 (C2), 76.4 (C11), 73.8 (C4), 71.4 (C1), 70.8 (C3), 70.2 (C5), 67.8 (C10), 63.9 (C7), 58.8 (OCH3), 56.5 (OCH3), 35.0 (CH2CHCH2), 26.7, 24.7 (2 x s, C(CH3)2), 21.4 (CH3).  ESI-HRMS calcd for C23H36O9 479.2257, found m/z 479.2270 [M+Na]+.




1-C-Allyl-1-deoxy-2,3,4-tri-O-benzyl-α-D-glucopyranoic acid octa-8,13-dienyl ester (122)

To 103 (0.26 g, 0.53 mmol) in DCM (5 mL) was added DMAP (0.064 g, 0.42 mmol) and 2,7-octadienol (0.20 g, 1.58 mmol).  The mixture was stirred with a drying tube attached.  The temperature was reduced to 0 oC and N,N’-dicyclohexylcarbodiimde (0.12 g, 0.58 mmol) was added.  The reaction was stirred for two hours and gradually warmed to room temperature.  A cloudy suspension was observed.  The suspension was filtered over sintered glass funnel (porosity 3).  The filtrate was washed with 0.5 M HCl followed by sat. NaHCO3.  The organic layer was filtered and the solvent was removed in vacuo to give the crude product as a pale yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the product as a clear oil (0.24g, 76%).  
1H NMR (500 MHz, CDCl3) δ 7.36 – 7.27 (m, Ar-H, 12H), 7.21 (dd, J = 7.7, 1.8 Hz, Ar-H, 3H), 5.81 (ddt, J = 17.0, 10.3, 6.9 Hz, CHCHCH2, 1H), 5.77 (ddt, 17.0, 10.4, 6.7 Hz, H13, 1H), 5.75 – 5.65 (m, H8, 2H), 5.49 (dtt, J = 15.4, 6.4, 1.4 Hz, H9, 1H), 5.13 (dt, J = 16.9, 1.4 Hz, CH2CHCH2, 1H), 5.07 (ddd, J = 9.9, 2.1, 1.1 Hz, CH2CHCH2, 1H), 4.99 (dq, J = 17.5, 1.9 Hz, H14a, 1H), 4.97 – 4.92 (m, H14b, 1H), 4.66 (s, H7, 2H), 4.61 – 4.45 (m, 3 x OCH2Ph, 6H), 4.36 (d, J = 5.5 Hz, H5, 1H), 4.23 (ddd, J = 9.2, 4.9, 3.8 Hz, H1, 1H), 3.92 (t, J = 5.7 Hz, H4, 1H), 3.76 (t, J = 6.0 Hz, H3, 1H), 3.50 (dd, J = 6.1, 3.8 Hz, H2, 1H), 2.55 (dddt, J = 14.8, 9.7, 6.9, 1.2 Hz, CH2CHCH2, 1H), 2.40 (dddt, J = 14.8, 6.5, 4.9, 1.5 Hz, CH2CHCH2, 1H), 2.07 – 1.94 (m, H10, H12, 4H), 1.43 (dt, J = 14.9, 7.5 Hz, H11, 2H). 13C NMR (126 MHz, CDCl3) δ 170.0 (COOCH2), 138.5 (C13), 138.1, (C14), 136.7 (C9), 134.6 (CHCHCH2), 128.5 (2s), 128.5 (Ar-C), 128.3 (Ar-C), 128.2 (Ar-C), 128.1 (Ar-C), 127.9 (2s), 127.9 (Ar-C), 127.8 (Ar-C), 127.8 (Ar-C), 123.7 (C8), 117.2 (CH2CHCH2), 114.8 (C15), 76.5 (C2), 76.3 (C4), 76.0 (C3), 73.7 (OCH2Ph), 73.6 (OCH2Ph), 73.2 (OCH2Ph), 72.8 (C5), 72.5 (C1), 66.0 (C7), 33.3 (C12), 32.9 (CH2CHCH2), 31.7 (C10), 28.1 (C11).  ESI-HRMS calcd for C38H44O6, 619.3027, found m/z 619.3036 [M-H]-.  



6-Allyl-7-methoxy-2,2-dimethyl-tetrahydro-[1,3]dioxolo[4,5-c]pyran-4-carboxylic acid octa-2,7-dienyl ester (123)
118 (20 mg, 0.08 mmol) was dissolved in DCM.  Oxalyl chloride (11 mg, 0.09 mmol) was added followed by a drop of anhydrous DMF and the resulting mixture was stirred for two hours.  A mixture of 2,7-octadienol (9 mg, 0.07 mmol) and imidazole (6.4 mg, 0.09 mmol) in anhydrous DCM was then added and the reaction was stirred at room temperature overnight.  HCl (0.25 mL of a 0.1 M solution) was then added and stirring was continued for a further 10 minutes.  DCM (3 mL) and water (3 mL) were added.  The organic layer was separated and the aqueous layer was extracted with DCM (3 x 5 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 10:1) gave the product (19 mg, 63 %) as a pale yellow oil.
1H NMR (500 MHz, CDCl3) δ 5.84 – 5.72 (m, 3H, H8, H13, CH2CHCH2), 5.66 (dt, J = 10.5, 5.8 Hz, 1H, H9), 5.16 – 5.04 (m, 2H, CH2CHCH2), 5.00 (dt, J  = 17.0, 4.0 Hz, 2H, H14), 4.61 (dd, J = 7.4, 2.1 Hz, 1H, H4), 4.55 (d, J = 2.1 Hz, 1H, H5), 4.44 (dd, J = 7.4, 3.1 Hz, 1H, H3), 4.16 (td, J = 7.5, 2.8 Hz, 1H, H1), 4.09 (d, J = 5.2 Hz, 1H, H7), 3.43 (s, 3H, OCH3), 3.33 (t, J = 3.0 Hz, 1H, H2), 2.46 – 2.39 (m, 2H, CH2CHCH2), 2.05 (dd, J = 12.5, 5.3 Hz, 4H, H10, H12), 1.47 (m, 2H, H11) 1.33, 1.25 (2 x s, 6H, C(CH3)2).  13C NMR (126 MHz, CDCl3) δ 169.4 (COOCH2), 138.6 (CH2CHCH2), 136.4 (C8), 134.0 (C13), 129.4 (C9), 117.8 (CH2CHCH2), 114.8 (C14), 110.3 (C(CH3)2), 76.7 (C2), 73.8 (C4), 71.4 (C1), 70.7 (C3), 70.2 (C5), 63.8 (C7), 58.7 (OCH3) 33.3 (C10), 33.2 (C12), 29.8 (C(CH3)2), 28.1 (C11), 24.7 (C(CH3)2).  ESI-HRMS calcd for C21H33O6 381.2277, found 381.2282 [M+H]+.



2-But-3-enyl-benzoic acid (125)14

175 mL of anhydrous THF was stirred in a two necked round-bottom flask.  The temperature was reduced to -50 oC.  n-Butyllithium (41 mL of 2.2 M solution in hexanes, 91.81 mmol) was added dropwise.  Diisopropylamine (9.28 g, 91.8 mmol) was added and the reaction was stirred for 35 minutes.  A pale green colour was observed.  The reaction temperature was increased to -30 oC.  o-toluic acid 124 (5.0 g, 36.7 mmol) was dissolved in 30 mL of a 1:1 solution of THF/Heptane.  This solution was added to the reaction mixture dropwise and the reaction was stirred for two hours giving a deep red colour.  Allyl bromide (6.22 g, 51.4 mmol) in 15 mL of THF was added.  The reaction mixture was stirred for a further three hours.  The reaction mixture was allowed to warm to room temperature and the water was added.  The aqueous layer was extracted with diethyl ether (3 x 100 mL).  The organic layers were combined, dried over MgSO4 and filtered.  The solvent was removed in vacuo to give the crude product as a pale yellow solid.  This crude product was purified by Kugelrühr distillation at 65 oC to give a white solid which was found to be a 1:1.5 mixture of the product 125 and starting material 124 (2.26 g).  
Analytical data for 125
1H NMR (500 MHz, CDCl3) δ 12.26 (bs, 1H, COOH), 8.07 (t, J = 7.5 Hz, 1H, Ar-H), 8.07 (t, J = 7.5 Hz, 1H), 7.45 (dd, J = 7.5, 1.5 Hz, 1H, Ar-H), 7.31 – 7.23 (m, 2H), 5.90 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H, H9), 5.04 (dq, J = 17.0, 1.5 Hz, 1H, H10trans), 4.98 (dq, J = 10.5, 1.5 Hz, 1H, H10trans), 3.14 (t, J = 7.8 Hz, 1H, H8), 2.45 – 2.34 (m, 1H, H7).  13C NMR (126 MHz, CDCl3) δ 173.8 (COOH), 145.0 (C6), 138.3 (C9), 133.0 (C4), 131.9 (C2), 131.4 (C5), 128.3 (C1), 126.2 (C3), 115.1 (C10), 35.8 (C7), 34.3 (C8); ESI-HRMS calcd for C11H11O2 175.0759, found m/z 175.0778 [M-H]-.
Analytical data for 124
1H NMR (500 MHz, CDCl3) δ 12.26 (bs, 1H, COOH), 8.07 (t, J = 7.5 Hz, 1H), 7.42 (td, J = 7.5, 1.5 Hz, 1H), 7.31 – 7.23 (m, 2H, Ar-H), 2.66 (s, 3H, CH3).  13C NMR (126 MHz, cdcl3) δ 173.84 (COOH), 141.49 (C6), 133.08 (C4), 132.04 (C2), 131.73 (C5), 128.47 (C1), 125.96 (C3), 22.25 (CH3); ESI-HRMS calcd for C8H7O2 135.0446, found m/z 135.0434 [M-H]-.


(10S,11S,12R,Z)-10,11-bis(hydroxy)-12-methoxyocta-8,13-dienyl 2-methylbenzoate (127)
A 2:1 mixture of 124 and 125 (26 mg, 0.15 mmol) was dissolved in toluene (2 mL).  To this was added 55 and a drop of DMF to aid solubility.  Triphenyl phosphine (39 mg, 0.15 mmol) was added followed by the dropwise addition of diisopropyl azodicarboxylate (24 mg, 0.12 mmol).  The reaction was stirred for two hours.  Satd. NH4Cl (0.3 mL) was added to quench the reaction.  The organic layer was separated and the aqueous layer was extracted with EtOAc (3 x 2 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a bright yellow oil.  The crude product was purified by flash column chromatography (petroleum ether/EtOAc 9:1) to give 126 as a pale yellow oil (30 mg, 55%) which was used directly in the next step.  
126 (0.03 g, 0.05 mmol) was dissolved in THF (1 mL).  To this was added tetrabutyl ammonium fluoride solution (0.33 mL of a 1.0 M soln in THF, 0.33 mmol).  The reaction was stirred overnight.  The reaction was quenched by the addition of NH4Cl.  The organic layer was separated and the aqueous layer was extracted with EtOAc (3 x 1 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product as a bright orange oil.  The crude product was purified by flash column chromatography (1:3 Petroleum ether/EtOAc) to give the product 127 as an orange solid (14 mg, 79%). 
1H NMR (500 MHz, CDCl3) δ 7.91 (dd, J = 8.2, 1.5 Hz, 1H, Ar-H), 7.40 (td, J = 7.5, 1.5 Hz, 1H, Ar-H), 7.26 – 7.21 (m, 2H, Ar-H, Ar-H), 5.84 – 5.72 (m, 1H, H13), 5.65 (d, J = 8.8 Hz, 1H, H9), 5.40 – 5.31 (m, 2H, H14), 4.94 (d, J = 12.3 Hz, 1H, H7a), 4.81 (d, J = 12.3 Hz, 1H, H7b), 4.62 (dd, J = 8.9, 3.9 Hz, 1H, H10), 3.70 (dd, J = 8.0, 5.1 Hz, 1H, H12), 3.42 (t, J = 4.6 Hz, 1H, H11), 3.30 (s, 3H, OCH3), 2.60 (s, 3H, Ar-CH3), 1.89 (d, J = 1.3 Hz, 3H, CH3).  13C NMR (126 MHz, CDCl3) δ 167.6 (COOCH2), 140.5 (C8), 134.8 (C13), 132.3 (Ar-C), 131.9 (Ar-C), 130.8 (C1), 129.7 (C9), 125.9 (Ar-C), 125.2 (C2), 120.4 (C14), 83.4 (Ar-C), 76.5 (C12), 67.8 (C10), 63.6 (C11), 56.5 (C7), 22.0 (Ar-CH3), 21.8 (CH3). ESI-HRMS calcd for C18H23O5Na, 343.1521, found m/z 343.1532 [M+Na]+.  



2-methyl-benzoic acid 2,7-dienyl ester 12813
To a 2:1 mixture of 124 and 125 (1 g, 5.7 mmol) was dissolved in DCM in a round bottom flask equipped with a drying tube.  To this was added 2, 7-octadienol 121 (2.15 g, 17.1 mmol) followed by N, N’- dicylclohexylcarbodiimide (1.29 g, 6.3 mmol).  The temperature was reduced to 0 oC and 4-dimethylaminopyridine (0.55 g, 4.5 mmol) was added.  The reaction was stirred for two hours, warming to room temperature gradually.  The reaction mixture was filtered over a sintered glass funnel and the filtrate was washed with 0.5 M HCl and satd. NaHCO3.  The organic layer was filtered over a sintered glass funnel and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 7:1) gave the product 128 as a white solid (0.78 g, 81 %).
1H NMR (500 MHz, CDCl3) δ 7.91 (dd, J = 8.1, 1.5 Hz, 1H, (Ar-H), 7.39 (td, J = 7.5, 1.5 Hz, 1H, Ar-H), 7.26 – 7.20 (m, 2H 2 x Ar-H), 5.90 – 5.79 (m, 1H, H9), 5.80 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H, H13), 5.73 – 5.65 (m, 1H, H12), 5.01 (dq, J = 17.1, 1.7 Hz, 1H, H14trans), 4.98 – 4.94 (m, 1H, H14 cis), 4.74 (dd, J = 6.4, 1.1 Hz, 2H, H7), 2.60 (s, 3H, CH3), 2.14 – 2.03 (m, 4H, H10, H12), 1.51 (tt, J = 9.3, 6.7 Hz, 2H, H11).  13C NMR (126 MHz, CDCl3) δ 167.4 (COOCH2) 140.1 (C1), 138.5 (C13), 136.1 (C9), 131.8 (Ar-C), 131.6 (Ar-C), 130.5 (Ar-C), 129.8 (Ar-C), 125.6 (C2), 124.2 (C8), 114.7 (C14), 65.4 (C7), 33.1 (C12), 31.6 (C10), 28.1 (C11), 21.7 (CH3); FTIR (film) νmax, 2930, 1717, 1457, 1290, 1248, 1142, 1071, 969, 910, 736 cm -1.    





Methyl 4-allyoxy benzoate (129)15

Methyl 4-hydroxy benzoate (5 g, 32.9 mmol) was stirred in acetone (50 mL). To this was added allyl bromide (14.23 mL, 164.97 mmol) and potassium carbonate (22.70g, 138 mmol).  The reaction was stirred at 70oC overnight.  The following day the reaction was cooled and excess salts were filtered off.  The filtrate was concentrated giving a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the title compound 129 as a yellow oil (4.92 g, 78 %).  Rf 0.55 (petroleum ether-EtOAc 3:1)
1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 9.0 Hz, H2, H6, 2H), 6.93 (d, J = 9.0 Hz, H3, H5, 2H), 6.05 (ddt, J = 17.3, 10.5, 5.3 Hz, CHCH2CH2, 1H), 5.42 (dq, J = 17.3, 1.5 Hz, CH2CHCH2, 1H), 5.31 (dq, J = 10.5, 1.5 Hz, CH2CHCH2, 1H), 4.59 (dt, J = 5.3, 1.5 Hz, CH2CHCH2, 2H), 3.88 (s, COOCH3, 3H).  13C NMR (500 MHz, CDCl3) δ 167.0 (COOCH3), 162.4 (C4), 132.7 (CH2CHCH2), 131.7 (C2,C5,C6), 122.9 (C1), 118.2 (OCH2CHCH2), 114.4 (C3), 69.0 (OCH2CHCH2), 52.0 (COOCH3).  ESI-HRMS calcd for C11H12O3 193.0865, found m/z 193.0860 [M+H]+;  FTIR (film, CHCl3), νmax, 2952, 1712, 1604, 1509, 1434, 1276, 1261, 1167, 1103, 995, 846, 768, 695 cm-1. 




Methyl 3-Allyl-4-hydroxy-benzoate (130)16

129 (0.5 g, 2.6mmol) was stirred in N,N-diethylaniline (1mL, 6.25 mmol). The reaction was stirred at 200 oC overnight.  The following day the reaction was cooled and diluted with diethyl ether.  It was then washed three times with aq. HCl (10% w/v).  It was dried over Na2SO4, filtered and the solvent was removed in vacuo to give the crude product as a dark green oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 130 as a yellow oil (0.44 g, 88 %).  Rf 0.37 (petroleum ether-EtOAc 9:1).  
1H NMR (500 MHz, CDCl3) δ 7.85 – 7.81 (m, H2, H6, 2H), 6.87 – 6.84 (d, J = 8.0Hz, H3, 1H), 6.29 (bs, OH, 1H), 6.07 – 5.92 (m, CH2CHCH2, 1H), 5.16 (q, J = 1.5 Hz, CH2CHCH2, 1H), 5.14 (dq, J = 5.3, 1.5 Hz, CH2CHCH2, 1H), 3.89 (s, COOCH3, 3H), 3.43 (d, J = 6.4 Hz, CH2CHCH2, 2H). 13C NMR (500 MHz, CDCl3) δ 167.6 (COOCH3), 158.8 (C4), 135.9 (CH2CHCH2), 132.4 (C6), 130.1 (C2), 125.8 (C1), 122.5 (C5), 116.9 (CH2CHCH2), 115.6 (C3), 52.1 (OCH3), 34.8 (CH2CHCH2).  ESI-HRMS calcd for C11H12O3 191.0708, found m/z 191.0713 [M-H]-; FTIR (film, CHCl3), νmax, 3281, 1678, 1600, 1428, 1300, 1278, 1118, 786 cm-1. 



Methyl 3-Allyl-4-methoxy-benzoate (131)

130 (0.6 g, 3.1 mmol) stirred in acetone.  Anhydrous potassium carbonate (1.28 g, 9.3 mmol) was added followed by iodomethane (1.3 g, 18.6 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 131 as a clear oil (0.46 g, 72 %).  Rf 0.67 (petroleum ether-EtOAc 9:1).  
1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.82 (d, J = 2.2 Hz, H6, 1H), 6.84 (d, J = 8.6 Hz, H3, 1H), 5.97 (ddt, J = 17.8, 9.6, 6.7 Hz, CH2CHCH2, 1H), 5.07 (m, CH2CHCH2, 1H), 5.04 (dd, J = 1.4 Hz, CH2CHCH2, 1H), 3.86 (s, COOCH3, 3H), 3.85 (s, OCH3, 3H), 3.38 (d, J = 6.7 Hz, CH2CHCH3, 2H).  13C NMR (126 MHz, CDCl3) δ 167.0 (COOMe), 161.1 (C4), 136.2 (CH2CHCH2), 131.3 (C6), 129.8 (C2), 128.7 (C1), 122.3 (C5), 116.0 (CH2CHCH2), 109.7 (C3), 55.6 (OCH3), 51.8 (COOCH3), 34.1 (CH2CHCH2).  ESI-HRMS calcd for C12H15O3 207.1021, found m/z 207.1023 [M+H]+.  FTIR (film) νmax 2951, 1712, 1605, 1501, 1435, 1295, 1250, 1194, 1126, 1027, 992, 914, 767 cm-1.  



Methyl 3-Allyl-4-ethoxy-benzoate (132)

130 (0.6 g, 3.1 mmol) stirred in acetone.  Anhydrous potassium carbonate (1.28 g, 9.3 mmol) was added followed by iodoethane (2.9 g, 18.6 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 132 as a clear oil (0.43g, 63 %).  Rf 0.53 (petroleum ether-EtOAc 9:1)
1H NMR (500 MHz, CDCl3) δ 7.89 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.83 (d, J = 2.2 Hz, H6, 1H), 6.84 (d, J = 8.6 Hz, H3, 1H), 5.98 (ddt, J = 16.9, 10.0, 6.6 Hz, CH2CHCH2, 1H), 5.12 – 5.03 (m, CH2CHCH2, 2H), 4.10 (q, J = 7.0 Hz, OCH2CH3, 2H), 3.87 (s, OCH3,  3H), 3.40 (d, J = 6.6 Hz, CH2CHCH3, 2H), 1.44 (t, J = 7.0 Hz, OCH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 167.2 (COOMe), 160.6 (C4), 136.4 (CH2CHCH2), 131.4 (C6), 129.9 (C2), 128.9 (C1), 122.2 (C5), 116.0 (CH2CHCH2), 110.5 (C3), 63.9 (OCH2), 51.9, (OCH3), 34.5 (CH2CHCH2), 14.9 (OCH2CH3).  HRMS calcd for C13H16O3 221.1178, found m/z 221.1168 [M+H]+; FTIR (film) νmax 2981, 1713, 1604, 1500, 1436, 1295, 1157, 1192, 1127, 1041, 768 cm-1.  



Methyl 3-Allyl-4-propoxy-benzoate (133)

130 (0.6 g, 3.1 mmol) stirred in acetone.  Anhydrous potassium carbonate (1.28 g, 9.3 mmol) was added followed by iodoethane (3.2 g, 18.6 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 133 as a clear oil (0.45g, 62 %).  Rf 0.63 (petroleum ether-EtOAc 9:1)
1H NMR (500 MHz, CDCl3) δ 7.89 (dd, J = 8.6, 2.2 Hz, H2 , 1H), 7.83 (d, J = 2.2 Hz, H6, 1H), 6.84 (d, J = 8.6 Hz, H3, 1H), 5.98 (ddt, J = 16.8, 10.0, 6.6 Hz, CH2CHCH2, 1H), 5.12 – 5.02 (m, CH2CHCH2, 2H), 3.99 (t, J = 6.4 Hz, OCH2CH2CH3, 2H), 3.87 (s, OCH3, 3H), 3.40 (d, J = 6.6 Hz, CH2CHCH3, 2H), 1.84 (dtd, J = 13.7, 7.4, 6.4 Hz, OCH2CH2CH3, 2H), 1.06 (t, J = 7.4 Hz, OCH2CH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 167.2 (COOMe), 160.7 (C4), 136.5 (CH2CHCH2), 131.4 (C6), 129.9 (C2), 128.9 (C1), 122.1 (C5), 116.0 (CH2CHCH2), 110.5 (C3), 69.8 (OCH2CH2CH3), 51.9 (OCH3), 34.5 (CH2CHCH2), 22.7 (OCH2CH2CH3), 10.8 (OCH2CH2CH3).  ESI-HRMS calcd for C13H16O3 235.1334, found m/z 235.2343 [M+H]+;  FTIR (film) νmax 2967, 1714, 1605, 1501, 1436, 1295, 1255, 1192, 1127, 977, 768 cm-1. 



Methyl 3-Allyl-4-isopropyl-benzoate (134)

130 (0.6 g, 3.1 mmol) stirred in acetone.  Anhydrous potassium carbonate (1.28 g, 9.3 mmol) was added followed by 2-bromopropane (2.3 g, 18.6 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 134 as a clear oil (0.38g, 53 %).  Rf 0.59 (petroleum ether-EtOAc 9:1)  
1H NMR (500 MHz, CDCl3) δ 7.88 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.82 (d, J = 2.2 Hz, H6, 1H), 6.85 (d, J = 8.6 Hz, H3, 1H), 5.97 (ddt, J = 16.8, 10.0, 6.7 Hz, CH2CHCH2, 1H), 5.12 – 5.00 (m, CH2CHCH2, 2H), 4.64 (dt, J = 12.1, 6.1 Hz, OCH(CH3)2, 1H), 3.87 (s,  OCH3, 3H), 3.37 (d, J = 6.7 Hz, CH2CHCH3, 2H), 1.36 (d, J = 6.1 Hz, OCH(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 167.25 (COOMe), 159.6 (C4), 136.5 (CH2CHCH2), 131.6 (C6), 129.7 (C2), 129.5 (C1), 121.9 (C5), 115.9 (CH2CHCH2), 111.6 (C3), 70.3 (OCH(CH3)2), 51.9 (OCH3), 34.7 (CH2CHCH2), 22.2 (OCH(CH3)2).  ESI-HRMS cacld for C13H16O3 235.1334, found m/z 235.1333 [M+H]+;  FTIR (film) νmax 2979, 1714, 1604, 1501, 1495. 1436, 1252, 1193, 1128, 1109, 955, 767 cm-1.  



3-Allyl-4-hydroxy-benzoic acid (135)17

To 130 (1.12 g, 5.83 mmol) stirring in 2:1 MeOH/H2O (30:15) was added LiOH.H2O (3.67 g, 87.50 mmol).  The reaction was stirred at 60 oC overnight.  The following day the reaction was cooled to room temperature and quenched by the addition of concentrated HCl until the pH was 0-1.  Water was added and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the reaction was concentrated in vacuo to give a white powder,  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 7:1) gave the title compound 135 as a fine white powder (0.33 g, 77 %).  
1H NMR (500 MHz, CD3OD) δ 7.76 (d, J = 2.2 Hz, 1H, ), 7.74 (dd, J = 8.4, 2.2 Hz, 1H, H), 6.80 (d, J = 8.4 Hz, 1H), 5.99 (ddt, J = 16.8, 10.1, 6.6 Hz, 1H, CH2CHCH2), 5.09 – 5.00 (m, 2H, CH2CHCH2 ), 4.98 – 4.85 (bs, 1H, OH), 3.36 (dt, J = 6.6, 1.5 Hz, 2H).  13C NMR (126 MHz, CD3OD) δ 170.3 (COOH), 161.0 (C4), 137.7 (CH2CHCH2), 133.0 (C6), 130.8 (C2), 127.9 (C1), 122.5 (C5), 115.9 (C3), 115.4 (CH2CHCH2), 34.9 (CH2CHCH2).  ESI-HRMS calcd for C10H9O3, 177.0552, found m/z 177.0557 [M-H]-.  




3-Allyl-4-methoxy-benzoic acid (136)17

To 131 (0.46 g, 2.2 mmol) stirring in 2:1 MeOH/H2O (20:10) was added LiOH.H2O (1.87 g, 44.5 mmol).  The reaction was stirred at 60 oC overnight.  The following day the reaction was cooled to room temperature and quenched by the addition of concentrated HCl until the pH was 0-1.  Water was added and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the reaction was concentrated in vacuo to give a white powder,  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 7:1) gave the title compound as a white powder (0.33 g, 77 %).  Rf 0.24 (petroleum ether-EtOAc 3:1).  
1H NMR (500 MHz, CDCl3) δ 8.00 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.90 (d, J = 2.2 Hz, H6, 1H), 6.90 (d, J = 8.6 Hz, H3, 1H), 6.04 – 5.94 (m, CH2CHCH2, 1H), 5.08 (ddq, J = 13.8, 3.4, 1.7 Hz, CH2CHCH2, 2H), 3.90 (s, OCH3, 3H), 3.41 (d, J = 6.6 Hz, CH2CHCH3, 2H).  13C NMR (126 MHz, CDCl3) δ 171.8 (COOH), 161.9 (C4), 136.2 (CH2CHCH2), 132.0 (C6), 130.8 (C2), 129.0 (C1), 121.5 (C5), 116.2 (CH2CHCH2), 109.9 (C3), 55.8 (OCH3), 34.2 (CH2CHCH2).  ESI-HRMS calcd for C11H11O3 191.0708, found m/z 191.0715 [M-H]-;   FTIR (film) νmax 2841, 2534, 1666, 1603, 1416, 1301, 1251, 1021, 914, 769 cm-1
.  



3-Allyl-4-ethoxy-benzoic acid (137)17

To 132 (0.43 g, 1.95 mmol) stirring in 2:1 MeOH/H2O (20:10) was added LiOH.H2O (1.23 g, 29.2 mmol).  The reaction was stirred at 60 oC overnight.  The following day the reaction was cooled to room temperature and quenched by the addition of concentrated HCl until the pH was 0-1.  Water was added and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the reaction was concentrated in vacuo to give a white powder,  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound 137 as a fine white powder (0.25 g, 62 %).  Rf 0.33 (petroleum ether-EtOAc 3:1).
1H NMR (500 MHz, CDCl3) δ 7.97 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.90 (d, J = 2.2 Hz, H6, 1H), 6.87 (d, J = 8.6 Hz, H3, 1H), 5.99 (ddt, J = 16.9, 10.0, 6.7 Hz, CH2CHCH2, 1H), 5.12 – 5.05 (m, CH2CHCH2, 2H), 4.12 (q, J = 7.0 Hz, OCH2CH3, 2H), 3.45 – 3.38 (m, CH2CHCH3, 2H), 1.46 (t, J = 7.0 Hz, OCH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 177.78 (COOH), 161.3 (C4), 136.3 (CH2CHCH2), 132.0 (C6), 130.7 (C2), 129.1 (C1), 121.1 (C5), 116.2 (CH2CHCH2), 110.6 (C3), 64.0 (OCH2CH3), 34.4 (CH2CHCH2), 14.9 (OCH2CH3).  ESI-HRMS calcd for C12H13O3 205.0865, found m/z 205.0851 [M-H]- .  FTIR (film) νmax 2985, 2816, 2540, 1669, 1605, 1428, 1311, 1253, 1141, 1112, 1041, 915, 771, 666 cm-1.  




3-Allyl-4-propoxy-benzoic acid (138)17

To 133 (0.46 g, 1.92 mmol) stirring in 2:1 MeOH/H2O (20:10) was added LiOH.H2O (1.21 g, 28.77 mmol).  The reaction was stirred at 60 oC overnight.  The following day the reaction was cooled to room temperature and quenched by the addition of concentrated HCl until the pH was 0-1.  Water was added and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the reaction was concentrated in vacuo to give a white powder,  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound as a fine white powder (0.27 g, 64 %); Rf 0.30 (petroleum ether-EtOAc 3:1).
1H NMR (500 MHz, CDCl3) δ 7.97 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.89 (d, J = 2.2 Hz, H6, 1H), 6.87 (d, J = 8.6 Hz, H3, 1H), 5.99 (ddt, J = 16.9, 10.1, 6.7 Hz, CH2CHCH2, 1H), 5.15 – 5.03 (m, CH2CHCH2, 2H), 4.01 (t, J = 6.4 Hz, OCH2CH2CH3, 2H), 3.42 (dt, J = 6.7, 1.5 Hz, CH2CHCH3, 2H), 1.86 (dtd, J = 13.7, 7.4, 6.4 Hz, OCH2CH2CH3, 2H), 1.07 (t, J = 7.4 Hz, OCH2CH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 171.3 (COOH), 161.5 (C4), 136.3 (CH2CHCH2), 132.0 (C6), 130.7 (C2), 129.1 (C1), 121.0 (C5), 116.2 (CH2CHCH2), 110.5 (C3), 69.9 (OCH2CH2CH3), 34.5 (CH2CHCH2), 22.7 (OCH2CH2CH3), 10.8 (OCH2CH2CH3).  FTIR (film, CHCl3), νmax, 2969, 2946, 2881, 2538, 1669, 1603, 1425, 1309, 1252, 1139, 972, 910, 772, 667 cm-1; ESI-HRMS calcd for C13H15O3 219.1021, found m/z 219.1022 [M-H]-.  






3-Allyl-4-isopropyl-benzoic acid (139)17

To 134 (0.38 g, 1.63 mmol) stirring in 2:1 MeOH/H2O (16:8) was added LiOH.H2O (1.03 g, 2.45 mmol).  The reaction was stirred at 60 oC overnight.  The following day the reaction was cooled to room temperature and quenched by the addition of concentrated HCl until the pH was 0-1.  Water was added and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4 and the reaction was concentrated in vacuo to give a white powder,  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound as a fine white powder (0.18 g, 52 %).  Rf 0.48 (petroleum ether-EtOAc 3:1).  
1H NMR (500 MHz, CDCl3) δ 7.95 (dd, J = 8.6, 2.2 Hz, H2, 1H), 7.90 (d, J = 2.2 Hz, H6, 1H), 6.88 (d, J = 8.6 Hz, H3, 1H), 5.98 (ddt, J = 16.7, 9.9, 6.7 Hz, CH2CHCH2, 1H), 5.13 – 5.01 (m, CH2CHCH2, 2H), 4.71 – 4.62 (m, OCHC(CH3)2, 1H), 3.38 (d, J = 6.7 Hz, CH2CHCH3, 2H), 1.37 (d, J = 6.0 Hz, OCHC(CH3)2, 6H).  13C NMR (126 MHz, CDCl3) δ 171.7 (COOH), 160.4 (C4), 136.4 (CH2CHCH2), 132.3 (C6), 130.6 (C2), 129.7 (C1), 120.8 (C5), 116.1 (CH2CHCH2), 111.6 (C3), 70.4 (OCH(CH3)2, 34.7 (CH2CHCH2), 22.2 (OC(CH3)2.  ESI-HRMS calcd for C13H16O3 219.1021, found m/z 219.1023 [M-H]-; FTIR (film, CHCl3), νmax, 2981, 2541, 1674, 1604, 1448, 1425, 1306, 1250, 115, 1107, 914, 770, 667 cm-1.


3-Allyl-4-methoxy-benzoic acid octa-2,7-dienyl ester (141)
To 136 (45mg, 0.23 mmol) in DCM (2.0 mL) was added 4-dimethylaminopyridine (22 mg, 0.18 mmol) and 2,7-octadienol (87 mg, 0.69 mmol).  The flask was equipped with a drying tube and the temperature was reduced to 0 oC.  N,N-dicyclohexylcarbodiimide (52 mg, 0.25  mmol) was added and the reaction was stirred for two hours at 0 oC.  The cloudy suspension was filtered over a sintered glass funnel.  To the filtrate was added 0.5 n HCl.  The organic layer was extracted and washed with satd. NaHCO3.  The organic layer was extracted and filtered over a sintered glass funnel.  The organic layer was the dried over Na2SO4, filtered and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 141 as a clear oil (34 mg, 49 %).  Rf 0.95 (petroleum ether-EtOAc 9:1) 
1H NMR (500 MHz, CDCl3) δ 7.93 (dd, J = 8.6, 2.2 Hz, 1H, H2), 7.83 (d, J = 2.2 Hz, 1H, H6), 6.86 (d, J = 8.6 Hz, 1H, H3), 5.98 (ddt, J = 17.5, 9.5, 6.6 Hz, 1H, H8), 5.82 (dddd, J = 23.7, 13.3, 7.8, 4.0 Hz, 2H, H12, H17), 5.73 – 5.65 (m, 1H, H11), 5.08 – 5.03 (m, 2H, H9), 5.03 – 4.93 (m, 2H, H17), 4.73 (dd, J = 6.2, 1.1 Hz, 2H, H10), 3.88 (s, 3H, OCH3), 3.39 (d, J = 6.6 Hz, 2H, H7), 2.14 – 2.00 (m, 4H, H13, H15), 1.51 (dt, J = 14.9, 7.5 Hz, 2H, H14).   13C NMR (126 MHz, CDCl3) δ 166.3 (COOCH2), 160.9 (C4), 138.4 (C16), 136.1 (C8), 135.6 (C12), 131.2 (C6), 129.7 (C2), 128.5 (C1), 124.4 (C11), 122.4 (C5), 115.7 (C9), 114.6 (C17), 109.5 (C3), 65.2 (C10), 55.5 (OCH3), 34.0 (C7), 33.1 (C13), 31.5 (C15), 28.0 (C15).  ESI-HRMS calcd for C19H24O3 301.1804, found m/z 301.1811 [M+H]+.

3-Allyl-4-ethoxy-benzoic acid octa-2,7-dienyl ester (142)

To 137 (20 mg, 0.10 mmol) in DCM (2.0 mL) was added 4-dimethylaminopyridine (10 mg, 0.08 mmol) and 2,7-octadienol (36 mg, 0.29 mmol).  The flask was equipped with a drying tube and the temperature was reduced to 0 oC.  N,N-dicyclohexylcarbodiimide (21 mg, 0.11  mmol) was added and the reaction was stirred for two hours at 0 oC.  The cloudy suspension was filtered over a sintered glass funnel.  To the filtrate was added 0.5 N HCl.  The organic layer was extracted and washed with sat. NaHCO3.  The organic layer was extracted and filtered over a sintered glass funnel.  The organic layer was the dried over Na2SO4, filtered and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 142 as a clear oil (34 mg, 49 %).  Rf 0.92 (petroleum ether-EtOAc 9:1).
1H NMR (500 MHz, CDCl3) δ 7.90 (ddd, J = 8.6, 4.9, 2.3 Hz, 1H, H2), 7.85 – 7.80 (m, 1H, H6), 6.84 (dd, J = 8.6, 3.0 Hz, 1H, H3), 5.98 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H, H8), 5.87 – 5.75 (m, 2H, H12, H16 ), 5.72 – 5.64 (m, 1H, H11), 5.12 – 5.04 (m, 2H, H9), 5.03 – 4.91 (m, 2H, H17), 4.73 (dd, J = 6.2, 1.0 Hz, 2H, H10), 4.09 (q, J = 7.0 Hz, 2H OCH2CH3), 3.43 – 3.36 (m, 2H, H7), 2.14 – 2.04 (m, 4H, H13, H15), 1.51 (p, J = 7.5 Hz, 2H, H17), 1.44 (t, J = 7.0 Hz, 3H, OCH2CH3 ).  13C NMR (126 MHz, CDCl3) δ 166.5 (COOCH2), 160.6 (C4), 138.7 (C16), 136.4 (C8), 135.9 (C12), 131.4 (C6), 129.9 (C2), 128.8 (C1), 124.6 (C11), 122.3 (C5), 115.9 (C9), 114.8 (C17), 110.5 (C3), 65.5 (C10), 63.9 (OCH2CH3), 35.1 (C7), 33.3 (C18), 31.8 (C16), 28.2 (C17), 14.8 (OCH2CH3).  ESI-HRMS calcd for C40H52O6Na 651.3662, found 651.3646 [2M+Na]+,  




3-Allyl-4-propoxy-benzoic acid octa-2,7-dienyl ester (143)
To 138 (22 mg, 0.10 mmol) in DCM (2.0 mL) was added 4-dimethylaminopyridine (10 mg, 0.08 mmol) and 2,7-octadienol (33 mg, 0.3 mmol).  The flask was equipped with a drying tube and the temperature was reduced to 0 oC.  N,N - dicyclohexylcarbodiimide (23 mg, 0.11  mmol) was added and the reaction was stirred for two hours at 0 oC.  The cloudy suspension was filtered over a sintered glass funnel.  To the filtrate was added 0.5 N HCl.  The organic layer was extracted and washed with sat. NaHCO3.  The organic layer was extracted and filtered over a sintered glass funnel.  The organic layer was the dried over Na2SO4, filtered and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 143 as a clear oil (20 mg, 62 %).  Rf 0.75 (petroleum ether-EtOAc 9:1).  
1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 8.6, 2.3 Hz, 1H, H2), 7.83 (d, J = 2.2 Hz, 1H, H6), 6.83 (d, J = 8.4 Hz, 1H, H3), 5.98 (ddt, J = 16.8, 10.0, 6.6 Hz, 1H, H8), 5.88 – 5.75 (m, 2H, H13, H16), 5.72 – 5.65 (m, 1H, H11), 5.10 – 5.03 (m, 2H, H9), 5.03 – 4.92 (m, 2H, H17), 4.73 (d, J = 7.3 Hz, 1H, H10), 3.98 (t, J = 6.5 Hz, 2H, OCH2CH2CH3), 3.40 (d, J = 6.8 Hz, 2H, H7), 2.14 – 2.03 (m, 4H, H13, H15), 1.84 (dtd, J = 13.8, 7.5, 6.4 Hz, 2H, OCH2CH2CH3), 1.55 – 1.46 (m, 2H, H15), 1.06 (t, J = 7.4 Hz, 3H, OCH2CH2CH3 ).  13C NMR (126 MHz, CDCl3) δ 166.6 (COOCH2), 160.7 (C4), 138.7 (C16), 136.5 (C8), 135.9 (C12), 131.4 (C6), 129.9 (C2), 128.8 (C1), 124.7 (C11), 122.3 (C5), 115.9 (C9), 114.8 (C17), 110.5 (C3), 69.8 (OCH2CH2CH3), 65.5 (C10), 34.6 (C7), 33.3 (C13), 31.8 (C15), 28.2 (C14), 22.7 (OCH2CH2CH3), 10.8 (OCH2CH2CH3). ESI-HRMS calcd for C22H30O4 329.2117, found m/z 329.2113 [M+H]+.  



3-Allyl-4-isopropoxy-benzoic acid octa-2,7-dienyl ester (144)
To 139 (60 mg, 2.7 mmol) in DCM (3 mL) was added 4-dimethylaminopyridine (26 mg, 0.22 mmol) and 2, 7-octadienol (102 mg, 0.81 mmol).  The flask was equipped with a drying tube and the temperature was reduced to 0 oC.  N, N-dicyclohexylcarbodiimide (62 mg, 0.29 mmol) was added and the reaction was stirred for two hours at 0 oC.  The cloudy suspension was filtered over a sintered glass funnel.  To the filtrate was added 0.5 N HCl.  The organic layer was extracted and washed with sat. NaHCO3.  The organic layer was extracted and filtered over a sintered glass funnel.  The organic layer was the dried over Na2SO4, filtered and the solvent was removed in vacuo.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 144 as a clear oil (57 mg, 64 %).
1H NMR (500 MHz, CDCl3) δ 7.89 (dd, J = 8.6, 2.3 Hz, 1H, H2), 7.83 (d, J = 2.2 Hz, 1H, H6), 6.84 (d, J = 8.7 Hz, 1H, H3), 5.97 (ddt, J = 16.8, 10.0, 6.7 Hz, 1H, H8), 5.81 (dtt, J = 18.3, 10.2, 6.6 Hz, 2H, H12, H16), 5.73 – 5.64 (m, 1H, H11), 5.10 – 5.03 (m, 2H, H9), 5.03 – 4.93 (m, 2H, H17), 4.73 (dd, J = 6.4, 1.1 Hz, 2H, H10), 4.64 (dt, J = 12.1, 6.0 Hz, 1H, CH(CH3)2), 3.37 (d, J = 6.6 Hz, 1H, H7), 2.15 – 2.00 (m, 4H, H13, H15), 1.56 – 1.44 (m, 1H), 1.36, 1.35 (2s, 6H, CH(CH3)2).   13C NMR (126 MHz, CDCl3) δ 166.3 (COOCH2), 159.4 (C4), 138.4 (C16), 136.3 (C8), 135.5 (C12), 131.4 (C6), 129.5 (C2), 129.2 (C1), 124.4 (C11), 121.8 (C5), 115.6 (C9), 114.5 (C17), 111.3 (C3), 70.0 (C(CH3)2), 65.2 (C10), 34.5 (C7), 33.0 (C13), 31.5 (C15), 28.0 (C14), 21.9 (CH(CH3)2.  ESI-HRMS calcd for C42H56O6Na  679.3975 found m/z 679.3961 [2M+Na]+.  


3-Allyl-4-hydroxy-benzoic acid 4,5-bis-(tert-butyl-dimethyl-silanyloxy)-6-hydroxy-octa-2,7-dienyl ester (145)
Triphenylphosphine (19 mg, 0.071 mmol) was stirred in THF (3 mL).  To this was added diisopropyl azodicarboxylate (14 mg, 0.071 mmol) and 136 (20 mg, 0.047 mmol).  Lastly 55 (10 mg, 0.060 mmol) was added and the reaction was stirred at room temperature.  The reaction was stirred for two hours before quenching by the addition with the addition of satd. NH4Cl.  The layers were separated and the aqueous layer was extracted with EtOAc (3 x 5 mL).  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound as a pale yellow oil (9.18 mg, 0.33 %) 1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 8.6, 2.2 Hz, 1H, H2), 7.82 (d, J = 2.2 Hz, 1H, H6), 6.86 (d, J = 8.6 Hz, 1H, H3), 5.97 (ddt, J = 18.1, 9.4, 6.6 Hz, 1H, CHCH2CH2), 5.71 (ddd, J = 17.1, 10.5, 7.8 Hz, 1H, H14), 5.60 (dd, J = 8.9, 1.5 Hz, 1H, H10), 5.26 (ddd, J = 10.0, 2.3, 0.5 Hz, 1H, H15cis), 5.24 (ddd, J = 17.5, 2.5, 0.9 Hz, 1H, H15trans), 5.07 (dt, J = 4.3, 1.7 Hz, 1H, CH2CHCH2), 5.04 (t, J = 1.5 Hz, 1H, CH2CHCH2), 4.84 (d, J = 12.2 Hz, 1H, H8a), 4.70 (dd, J = 12.2, 0.9 Hz, 1H, H8b), 4.53 (dd, J = 9.1, 2.6 Hz, 1H, H11), 3.88 (s, 3H, OCH3), 3.57 (t, J = 7.5 Hz, 1H, H13), 3.47 (dd, J = 7.3, 2.5 Hz, 1H, H12), 3.39 (dt, J = 6.5, 1.6 Hz, 2H, OCH2CHCH2), 3.21 (s, 3H, OCH3), 1.84 (d, J = 1.4 Hz, 3H, CH3), 0.91, 0.88 (2 x s, 18H C(CH3)3), 0.07, -0.00 (2 x s, 2 x Si(CH3)2 Hz, 12H).  13C NMR (126 MHz, CDCl3) δ 171.3 (COOCH2), 157.7 (C4), 136.3 (CH2CHCH2), 135.4 (C14), 132.7 (C10), 131.5 (C9), 130.0 (C6), 128.8 (C1), 122.4 (C5) 118.4 (C15), 116.1 (CH2CHCH2), 109.8 (C3), 84.8 (C13), 79.5 (C12), 70.1 (C11), 63.2 (C8), 56.3 (OCH3), 55.7 (OCH3), 34.3 (CH2CHCH2), 29.9, 29.8 (2 s, 2 x C(CH3)3), 26.2, 26.1 (2 s, 2 x C(CH3)3), 22.9, (CH3), -3.6, -3.9, -4.4, -4.5 (4 s, Si(CH3)2.  ESI-HRMS calcd for  C33H56O6Na 627.3513, found m/z 627.3542 [M+Na]+



Methyl 5-allyl-3-methoxybenzoic acid (147)17

Methyl 5-allyl-2-hydroxy-3-methoxybenzoate (3 g, 13.5 mmol) stirred in MeOH/H2O (2:1) at 60 oC.  LiOH.H2O (8.5 g, 202.5 mmol) was added and the reaction was stirred overnight at 60 oC.  The reaction was cooled to room temperature and quenched with conc. HCl.  The aqueous layer was extracted with EtOAc and washed with H2O and brine.  The organic layers were concentrated in vacuo to give a pale pink powder.  This was passed through a silica plug (Petroleum ether-EtOAc, 9:1) to give the product 147 as a white powder (2.11 g, 75 %).
1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 2.0 Hz, H4, 1H), 6.93 (d, J = 2.0 Hz, H6 1H), 6.02 – 5.87 (m, CH2CHCH2, 1H), 5.12 (t, J = 1.5 Hz, CH2CHCH2, 1H), 5.09 (dd, J = 6.1, 1.5 Hz, CH2CHCH2, 1H), 3.91 (s, 3H), 3.34 (d, J = 6.6 Hz, CH2CHCH2, 2H), 2.06 (s, OH, 1H).     13C NMR (500 MHz, CDCl3) δ 174.40 (COOH), 151.10 (C1), 148.60 (C2), 137.05 (CH2CHCH2), 130.88 (C3), 121.26, (C6), 118.43 (C4), 116.49 (CH2CHCH2), 107.78 (C5), 61.16 (OCH3), 42.32 (CH2CHCH2); ESI-HRMS calcd for C11H12O4 calcd 207.0657 , found m/z 207.0664 [M-H]-;  FTIR (film, CHCl3), νmax, 2837, 2580, 1651, 1612, 1595, 1448, 1264, 1234, 1192, 1145, 1063, 907, 802, 715, 691 cm-1.  




5-Allyl-2-hydroxy-3-methoxy-benzoic acid (8Z,10S,11S,12R) 10,11-bis-(tert-butyl-dimethyl-silanyloxy)-12-methoxy-8-methyl-octa-8,13-dienyl ester (148)
To a stirred solution of 147 (32 mg, 0.15 mmol) in toluene (3 mL) was added 55 (44 mg, 0.10 mmol) and triphenylphosphine (40 mg, 0.152 mmol).  The solution was stirred for ten minutes and diisopropyl azodicarboxylate (27 mg, 0.13 mmol).  The reaction was stirred for stirred for two hours.  The reaction was quenched by the addition of satd. NH4Cl (0.5 mL) and diluted with EtOAc.  The organic layer was separated and the aqueous layer was extracted with EtOAc.  The combined organic layers were dried over Na2SO4, filtered and the solvent was removed in vacuo to give a pale yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 148 as a clear oil (45 mg, 72 %).    
1H NMR (500 MHz, CDCl3) δ 10.89 (s, 1H, OH), 7.21 (d, J = 2.0 Hz, 1H, H4), 6.87 (d, J = 1.9 Hz, 1H, H6), 5.93 (ddt, J = 17.5, 8.5, 6.8, 1H, Ar-CHCH2CH2), 5.72 (ddd, J = 17.2, 10.4, 7.7 Hz, 1H, H13), 5.63 (dd, J = 8.8, 1.7 Hz, 1H, H9), 5.30 – 5.20 (m, 2H, H14a, H14b), 5.11 – 5.03 (m, 2H, Ar-CH2CHCH2), 4.94 (d, J = 12.0 Hz, 1H, H7a), 4.72 (d, J = 12.0 Hz, 1H, H7b), 4.54 (dd, J = 9.0, 2.6 Hz, 1H, H10), 3.89 (s, 3H, OCH3), 3.56 (t, J = 7.5 Hz, 1H, H12), 3.51 – 3.46 (m, 1H, H11), 3.31 (d, J = 6.5 Hz, 2H, Ar-CH2CHCH2), 3.21 (s, 3H, OCH3), 1.85 (d, J = 1.4 Hz, 3H, CH3), 0.91 (s, 9H, C(CH3)3), 0.88 (s, 9H, C(CH3)3), 0.07, 0.04, 0.01, 0.01 (4s, 12H, each signal, Si(CH3)2).  13C NMR (126 MHz, CDCl3) δ 170.3 (Ar-COOCH2), 150.7 (C2), 148.6 (C3), 137.2 (C8), 135.4 (C13), 133.6 (C9), 130.3 (C1), 120.3 (C4), 118.4 (C14), 117.4 (C6), 116.3 (Ar-CH2CHCH2), 112.3 (C5), 84.7 (C12), 79.5 (C11), 70.3 (C10), 64.0 (C7), 56.3 (Ar-OCH3), 56.3 (OCH3), 39.8 (Ar-CH2CHCH2), 26.2, 26.2, 26.1, 26.0 (4 x s, each s, C(CH3)3),  21.7 (CH3), 18.6, 18.2 (2 x s, each s, C(CH3)3), -3.7, -3.9, -4.4, -4.5 (4 x s, each s, Si(CH3)2).  ESI-HRMS calcd for C33H55O7Si2 619.3484, found m/z 619.3486 [M-H]-.  



5-Allyl-2-hydroxy-3-methoxy-benzoic acid (8Z,10S,11S,12R) 10,11-dihydroxy-12-methoxy-8-methyl-octa-8,13-dienyl ester (149)
To 148 (10 mg, 0.016 mmol) in THF (2 mL) was added tetrabutyl ammonium fluoride (0.097 mmol, 97 µL of a 1M solution in THF).  The reaction was stirred overnight at room temperature.  The reaction was quenched by the addition of satd. NH4Cl (0.3 mL).  EtOAc (2 mL) was added and the layers were separated.  The aqueous layer was extracted with EtOAc.  The organic layers were combined, dried over Na2SO4 and filtered.  The solvent was removed in vacuo to give the crude product.  This was purified by flash column chromatography (petroleum ether-EtOAc 2:1) to give the product as a orange oil (4 mg, 64 %).  
(1H NMR (500 MHz, CDCl3) δ 10.78 (s, 1H, OH), 7.19 (dd, J = 9.0, 2.0 Hz, 1H, H4), 6.85 (d, J = 1.9 Hz, 1H, H6), 5.91 (dt, J = 30.2, 10.1 Hz, 1H, CH2CHCH2), 5.85 – 5.70 (m, 1H, H13), 5.66 – 5.60 (m, 1H, H9), 5.42 – 5.26 (m, 2H, H14), 5.07 (app p, J = 1.9 Hz, 2H, CH2CHCH2), 4.69 (d, J = 12.1 Hz, 1H, H7a), 4.52 (dd, J = 9.0, 2.6 Hz, 1H, H10), 4.38 (d, J = 12.6 Hz, 1H, H7b), 3.85 (s, 3H, OCH3), 3.65 (dt, J = 13.4, 4.6 Hz, 1H, H12), 3.43 – 3.37 (m, 1H, H11), 3.31 – 3.27 (m, 1H, Ar-CH2CHCH2), 3.26 (s, 3H, OCH3), 1.86 (d, J = 1.4 Hz, 1H, CH3).  ESI-HRMS calcd for C21H27O7 391.1757, found m/z 391.1757 [M-H]-.



12,13-Bis-(tert-butyl-dimethyl-silanyloxy)-2-hydroxy-3,14-dimethoxy-10-methyl-8-oxa-bicyclo[16.8.1]heptadeca-1(2),10,15,5(6),4-pentaen-7-one (150)
148 (20 mg, 0.03 mmol) was dissolved in toluene (60 mL).  The solution was heated to 90 oC.  Grubbs II (7.5 mg, 25 mol%) in toluene was added and the reaction was stirred at 90 oC for two hours.  Grubbs II (3 mg, 10 mol %) in toluene was added and the reaction was stirred for a further two hours.  The reaction was cooled and the solvent was removed in vacuo to give a dark brown crude product.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound 150 as a clear oil (7 mg, 36 %). 
1H NMR (500 MHz, CDCl3) δ 10.09 (s, 1H, OH), 7.59 (d, J = 2.0 Hz, 1H, H4), 6.92 (d, J = 1.9 Hz, 1H, H6), 5.91 (dt, J = 15.3, 7.4 Hz, 1H, H16), 5.76 – 5.69 (m, 1H, H11), 5.51 (dd, J = 15.9, 6.4 Hz, 1H, H15), 5.38 (dd, J = 9.6, 1.6 Hz, 1H, H12), 4.88 (dt, J = 17.0, 1.5 Hz, 1H, H9a), 4.68 (d, J = 16.8 Hz, 1H, H9b), 3.91 (s, 3H, OCH3), 3.83 (t, J = 7.1 Hz, 1H, H14), 3.49 (dd, J = 7.9, 1.6 Hz, 1H, H13), 3.33 (dd, J = 7.4, 4.1 Hz, 2H, H17), 3.27 (s, 3H, Ar-OCH3), 1.73 (d, J = 1.4 Hz, 3H, CH3), 0.95 (s, 9H, C(CH3)3), 0.82 (s, 9H, C(CH3)3), 0.07 (d, J = 26.4 Hz, 6H, Si(CH3)2), -0.11 (d, J = 66.5 Hz, 6H, Si(CH3)2) ppm.  13C NMR (126 MHz, CDCl3) δ 169.5 (Ar-COOCH2), 149.7 (C2), 148.4 (C3), 132.7 (C15), 130.0 (C16), 128.8 (C11), 127.8 (C10), 121.7 (C6), 117.5 (C4), 111.7 (C1), 83.9 (C14), 80.5 (C13), 68.7 (C12), 67.1 (C9), 56.7 (OCH3), 56.5 (Ar-OCH3), 35.3 (C17), 26.4 (C(CH3)3), 26.0 (C(CH3)3), 22.2 (CH3), 18.8 (C(CH3)3), 18.4 (C(CH3)3), -3.0 (Si(CH3)), -3.6 (Si(CH3)), -4.1 (Si(CH3)), -4.4 (Si(CH3)) ppm.  ESI-HRMS calcd for C31H51O7Si2, 591.3173, found m/z 591.3199 [M-H]-.  



5-Allyl-2-hydroxy-3-methoxy-benzoic acid octa-2,7-dienyl ester (151)
147 (2.5 g, 12 mmol) was dissolved in anhydrous DCM in 250 mL flask with a drying tube attached.  2,7-octadienol (5.1 mL, 36 mmol) was added followed by  DMAP (8.0 g, 1.17 mmol).  The reaction was cooled to 0oC and DCC (2.7 g, 13.2 mmol) was added.  The temperature was increased gradually to room temperature and stirred for one hour.  The mixture was filtered and the filtrate was washed with 0.5 N HCl and NaHCO3.  Both layers were filtered to remove the precipitate and the aqueous layer was extracted with DCM.  The combined organic layers were concentrated in vacuo to give a pale yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave the title compound as a clear oil (2.36 g, 62 %). Rf 0.68 (petroleum ether-EtOAc 9:1)
1H NMR (500 MHz, CDCl3) δ 10.92 (s, OH, 1H), 7.26 (d, J = 1.9 Hz, H6, 1H), 6.86 (d, J = 1.9 Hz, H4, 1H), 5.99 – 5.90 (m, H8, 1H), 5.90 – 5.83 (m, H12, 1H), 5.80 (ddd, J = 17.1, 6.7, 3.5 Hz, H16, 1H), 5.73 – 5.64 (m, H11, 1H), 5.09 (dd, J = 2.8, 1.3 Hz, H9a, 1H), 5.07 (dd, J = 3.0, 1.3 Hz, H9b, 1H), 5.01 (dd, J = 17.1, 1.8 Hz, H17a, 1H), 4.96 (dd, J = 10.1, 1.8 Hz, H17b, 1H), 4.78 (dd, J = 6.5, 1.3 Hz, H10, 2H), 3.88 (s, OCH3, 3H), 3.31 (dd, J = 6.6, 1.6 Hz, H7, 2H), 2.15 – 2.02 (m, H13, H15, 4H), 1.51 (dt, J = 15.0, 7.5 Hz, H14, 2H).  13C NMR (500 MHz, CDCl3) δ 170.27 (COOCH2), 150.64 (C2), 148.49 (C3), 138.45 (C16), 137.26 (C8), 137.12 (C12), 130.18 (C1), 123.56 (C11), 120.38 (C6), 117.30 (C4), 116.11 (C9), 114.82 (C17), 112.42 (C5), 66.19 (C10), 56.22 (OCH3), 39.73 (C7), 33.21 (C15), 31.70 (C13), 28.04 (C14).  ESI-HRMS calcd for C19H23O4 315.1596, found m/z 315.1597, [M-H]-.  FTIR (Film, CHCl3) νmax 2929, 2852, 1668, 1615, 1450, 1388, 1265, 1187, 1064, 969, 910, 793 cm-1.  


Methyl 5-allyl-2,3-dimethoxybenzoate (152)18
To a solution of methyl 5-allyl-2-hydroxy-3-methoxybenzoate (2 g, 9 mmol) in acetone (20 mL) were added potassium carbonate (6.22 g, 45 mmol) and methyl iodide (2.8 mL, 45 mmol).  The reaction was stirred at 70 oC overnight.  The mixture was cooled to room temperature and diethyl ether (10 mL) was added.   The salts were filtered off and washed with diethyl ether (2 x 10 mL). The filtrate was then concentrated to give the crude product.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the title compound 152 as a pale yellow oil (1.95 g 92 %). Rf  0.54 (petroleum ether-EtOAc 3:1)
1H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 2.1 Hz, H6, 1H), 6.88 (d, J = 2.1 Hz, H4, 1H), 5.94 (ddt, J = 15.9, 10.7, 6.8 Hz, CH2CH2CH2, 1H), 5.14 – 5.10 (m, CH2CH2CH2, 1H), 5.09 (t, J = 1.4 Hz, CH2CH2CH2, 1H), 3.90 (s, COOCH3, 3H), 3.88 (s, COCH3, 3H), 3.87 (s, COCH3, 3H), 3.35 (d, J = 6.7 Hz, CH2CH2CH2, 2H).  13C NMR (126 MHz, CDCl3) δ 172.2 (COOCH3), 152.3 (C2), 145.8 (C1), 137.3 (CH2CH2CH2), 135.8 (C1), 130.7 (C5), 123.6 (C6), 116.0 (CH2CHCH2), 114.8 (C4), 62.2 (COOCH3), 56.1 (2 x OCH3), 40.0 (CHCH2CH2).  ESI-HRMS calcd for C13H16O4 237.1127, found m/z 237.1134, [M+H]+;  FTIR (film, CHCl3), νmax, 2936, 1572, 1428, 1388, 1271, 1141, 1070, 993 cm -1.  





Methyl 5-allyl-2,3-dimethoxybenzoic acid (153)17
152 (1 g, 4.2 mmol) was dissolved in 2:1 methanol/H2O (60 mL).  LiOH.H2O (7 g, 169 mmol) was added and the reaction was stirred at 60 oC overnight.  The mixture was cooled to room temperature and acidified to pH 0-1 with concentrated HCl.  Water was added and the mixture was extracted with EtOAc and dried over Na2SO4.  The solvent was removed in vacuo to give the crude product as a pale red/brown oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound 153 as an off white solid (0.676 g, 72 %).  Rf 0.32 (Petroleum ether-EtOAc 3:1)
1H NMR (500 MHz, CDCl3) δ 11.11 (bs, 1H), 7.50 (app s, 1H), 6.99 (d, J = 1.8 Hz, 1H), 5.93 (dddd, J = 17.3, 14.5, 6.8, 1.0 Hz, 1H), 5.12 (d, J = 6.3 Hz, 1H), 5.09 (d, J = 1.2 Hz, 1H), 4.04 (d, J = 1.3 Hz, 3H), 3.91 (d, J = 1.0 Hz, 3H), 3.37 (d, J = 6.7 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 166.3, 152.1, 146.7, 137.0, 136.3, 123.2, 117.7, 116.6, 62.0, 56.1, 39.7;  ESI-HRMS calcd for C12H14O4 221.0814, found m/z 221.0818 [M-H]-;  FTIR (film, CHCl3), νmax, 3005, 2936, 2827, 1693, 1584, 1488, 1414, 1334, 1259, 1229, 1183, 1142, 1065, 999, 848, 793 cm-1.



5-Allyl-2,3-dimethoxy-benzoic acid octa-13,18-dienyl ester (154)
151 (0.2 g, 0.6 mmol) was stirred in acetone.  Anhydrous potassium carbonate (0.26 g, 1.9 mmol) was added followed by iodomethane (0.54 g, 3.78 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  The crude product was purified by flash column chromatography (5:1 Petroleum ether-EtOAc) to give the product 154 as a clear oil (0.138 g, 69 %).  Rf 0.89 (Petroleum ether-EtOAc 3:1)    
1H NMR (500 MHz, CDCl3) δ 7.15 – 7.11 (m, H6, 1H), 6.86 (d, J = 2.0 Hz, H4, 1H), 5.94 (ddt, J = 16.8, 10.1, 6.7 Hz, H10, 1H), 5.89 – 5.82 (m, H14, 1H), 5.83 – 5.74 (m, H18, 1H), 5.68 (dddd, J = 14.1, 6.9, 4.5, 1.2 Hz, H13, 1H), 5.11 (ddd, J = 7.5, 3.1, 1.5 Hz, H9a, 1H), 5.08 (t, J = 1.5 Hz, H9b, 1H), 5.00 (ddd, J = 17.1, 2.8, 1.4 Hz, H19trans, 1H), 4.95 (ddt, J = 10.2, 2.8, 1.4 Hz, H19cis, 1H), 4.75 (dd, J = 6.9, 1.2 Hz, H12, 2H), 3.86 (s, OCH3, 3H), 3.86 (s, OCH3, 3H), 3.35 (d, J = 6.7 Hz, H7, 2H), 2.12 – 2.03 (m, H15, H17, 4H), 1.50 (pd, J = 7.6, 1.9 Hz, H16, 2H).  13C NMR (126 MHz, CDCl3) δ 166.34 (COOCH2), 153.48 (C2),  147.46 (C3), 138.62 (C18), 136.92 (C8), 136.25 (C14), 126.16 (C1), 124.25 (C13), 121.97 (C6) , 116.47 (C9), 116.21 (C4) , 114.92 (C3), 114.80 (C19), 65.88 (C12), 61.09 (CH3), 56.19 (OCH3), 39.96 (C7), 33.26 (C17), 31.77 (C15), 28.21 (C16). ESI-HRMS calcd for C20H26O4Na 353.1729, found m/z 353.1728 [M+Na]+;  FTIR (Film, CHCl3) νmax 2934, 1725, 1639, 1488, 1427, 1333, 1262, 1180, 1059, 1006, 971, 910 cm-1. 




5-Allyl-3-methoxy-2-ethoxy-benzoic acid octa-2,7-dienyl ester (155)
151 (0.22 g, 0.70 mmol) was stirred in acetone.  Anhydrous potassium carbonate (0.29 g, 2.1 mmol) was added followed by iodoethane (0.66 g, 4.2 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 10:1) gave the title compound as a clear oil (0.16 g, 66 %).  Rf 0.71 (Petroleum ether-EtOAc 7:1)   
1H NMR (500 MHz, CDCl3) δ 7.13 (d, J = 2.0 Hz, H4, 1H), 6.85 (d, J = 2.0 Hz, H6, 1H), 5.93 (ddt, J = 16.0, 11.0, 6.6 Hz, H8, 1H), 5.84 (dtt, J = 15.3, 6.9, 1.5, H14, 1H), 5.79 (ddt, J = 17.5, 10.0, 7.0, H18, 1H), 5.68 (dtt, J = 15.1, 6.6, 1.5, H13, 1H), 5.10 (dq, J = 13.5, 1.6 Hz, H9a, 1H), 5.07 (app t, J = 1.6 Hz, H9b, 1H), 5.00 (dq, J = 17.3, 1.9 Hz, H19trans, 1H), 4.95 (ddt, J = 10.0, 1.9, 1.2 Hz, H19cis, 1H), 4.74 (dd, J = 7.5, 1.3 Hz, H12, 2H), 4.06 (q, J = 7.0 Hz, OCH2CH3, 2H), 3.84 (s, OCH3, 3H), 3.34 (d, J = 6.5 Hz, H7, 2H), 2.12 – 2.02 (m, H15, H17, 4H), 1.49 (tt, J = 8.3, 6.9 Hz, H16, 2H), 1.36 (t, J = 7.0 Hz, OCH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 166.5 (COOCH2), 153.6 (C2), 146.5 (C3), 138.6 (C18), 136.9 (C8), 136.2 (C14), 135.7 (C1), 126.4 (C5), 124.3 (C13), 122.0 (C4), 116.4 (C9), 116.1 (C6), 114.8 (C19), 69.8 (OCH2CH3), 65.8 (C12), 56.2 (OCH3), 39.9 (C7), 33.3 (C17), 31.8 (C15), 28.2 (C16), 15.6 (OCH2CH3).  ESI-HRMS calcd for C21H29O4 345.2066, found m/z 345.2068 [M+H]+; FTIR (Film, CHCl3) νmax 2930, 1726, 1666, 1487, 1463, 1334, 1261, 1183, 1060, 1034, 971, 910, 732 cm-1.  



5-Allyl-3-methoxy-2-propoxy-benzoic acid octa-2,7-dienyl ester (156)
151 (0.22 g, 0.7 mmol) was stirred in acetone.  Anhydrous potassium carbonate 0.29 g, 2.1 mmol) was added followed by iodopropane (0.71 g, 4.2 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound 156 as a clear oil (0.14 g, 56 %)  Rf 0.62 (Petroleum ether-EtOAc 7:1) 
1H NMR (500 MHz, CDCl3) δ 7.12 (d, J = 2.0 Hz, H4, 1H), 6.85 (d, J = 2.0 Hz, H6, 1H), 5.94 (ddt, J = 16.6, 9.1, 6.8 Hz, H8, 1H), 5.84 (dtt, J = 14.9, 6.8, 1.0, H14, 1H), 5.79 (ddt, J = 17.7, 10.5, 6.8, H18, 1H), 5.68 (dtt, J = 15.2, 6.6, 1.3, H13, 1H), 5.10 (dq, J = 8.8, 1.5 Hz, H9a, 1H), 5.07 (app t, J = 1.5 Hz, H9b, 1H), 5.00 (dq, J = 17.5, 1.8 Hz, H19trans, 1H), 4.95 (ddt, J = 10.5, 2.0, 1.1 Hz, H19cis, 1H), 4.73 (ddd, J = 7.3, 2.2, 1.0 Hz, H12, 2H), 3.94 (t, J = 7.0 Hz, OCH2CH2CH3, 2H), 3.83 (s, OCH3, 3H), 3.34 (d, J = 7.0 Hz, H7, 1H), 2.13 – 2.03 (m, H15, H17, 4H), 1.79 (app h, J = 7.4, 7.0 Hz, OCH2CH2CH3, 2H), 1.50 (ddd, J = 14.9, 8.0, 6.9 Hz, H16, 2H), 0.99 (t, J = 7.4 Hz, OCH2CH2CH3, 3H).  13C NMR (126 MHz, CDCl3) δ 166.6 (COOCH2), 153.5 (C2), 146.7 (C3), 138.6 (C18), 137.0 (C8), 136.3 (C14), 135.6 (C1),126.4 (C5), 124.3 (C13), 122.0 (C6), 116.4 (C9), 116.3 (C4), 114.8 (C19), 75.9 (OCH2CH2CH3), 65.9 (C12), 56.3 (OCH3), 39.9 (C7), 33.3 (C15), 31.8 (C17), 28.2 (C16), 23.4 (OCH2CH2CH3), 10.5 (OCH2CH2CH3).  ESI-HRMS calcd for C22H30O4 359.2222, found: 359.2215 [M+H]+; FTIR (Film, CHCl3) νmax 2932, 1727, 1486, 1463, 1333, 1261, 1182, 1059, 959, 910 cm-1.  


5-Allyl-3-methoxy-2-isopropoxy-benzoic acid octa-2,7-dienyl ester (157)
151 (0.22 g, 0.70 mmol) was stirred in acetone.  Anhydrous potassium carbonate (0.29 g, 2.1 mmol) was added followed by isopropyl bromide (0.52 g, 4.2 mmol) and the reaction was stirred at reflux overnight.  The following day the reaction was cooled to room temperature and the salts were filtered off.  The reaction was then concentrated in vacuo to give a crude yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 10:1) gave the title compound 157 as a clear oil (0.11 g, 44 %).  Rf 0.46 (petroleum ether-EtOAc 9:1)  
1H NMR (500 MHz, CDCl3) δ 7.12 (d, J = 2.0 Hz, H4, 1H), 6.85 (d, J = 2.0 Hz, H6, 1H), 5.94 (ddt, J = 16.8, 9.3, 6.8 Hz, H8, 1H), 5.84 (dtt, J = 14.9, 6.8, 1.0, H14, 1H), 5.79 (ddt, J = 19.75, 10.5, 6.8, H18, 1H), 5.68 (dtt, J = 15.2, 6.8, 1.3, H13, 1H), 5.10 (dq, J = 8.8, 1.5 Hz, H9a, 1H), 5.05 (app t, J = 1.5 Hz, H9b, 1H), 5.00 (dq, J = 17.1, 1.7 Hz, H19trans, 1H), 4.95 (ddt, J = 10.5, 2.2, 1.1 Hz, H19cis, 1H), 4.73 (ddd, J = 7.3, 2.3, 1.0 Hz, H12, 2H), 4.43 (hept, J = 6.1 Hz, 1H, OCH(CH3)3), 3.83 (s, OCH3, 3H), 3.34 (d, J = 7.0 Hz, H7, 1H), 2.14 – 2.04 (m, H15, H17, 4H), 1.50 (ddd, J = 14.9, 8.0, 6.9 Hz, H16, 2H), 1.25 (d, J = 6.1 Hz, 6H, OCH(CH3)2).  13C NMR (126 MHz, CDCl3) δ 166.6 (COOCH2), 153.5 (C2), 146.7 (C3), 138.6 (C16), 137.0 (C8), 136.3 (C12), 135.6 (C1),126.4 (C5), 124.3 (C11), 122.0 (C6), 116.4 (C9), 116.3 (C4), 114.8 (C17), 76.1 (CH(CH3)2), 65.9 (C10), 56.3 (OCH3), 39.9 (C7), 33.3 (C13), 31.8 (C15), 28.2 (C14), 22.3 (CH(CH3)2.    [M+Na]+; FTIR (Film, CHCl3) νmax 2928, 1668, 1480, 1463, 1334, 1265, 1185, 1064, 910, 794 cm-1.  


                      
2,14-dihydroxy-3,13-dimethoxy-18,23-dioxa-tricyclo[18.9.24.246,10] tetracosa-24(12),9,5,3,1(16),21,15,(11),14-octaene-17,24-dione (158) and 5-Allyl-2-hydroxy-3-methoxy-benzoic acid propenyl ester (156)
 
151 (70 mg, 2.2mmol) was dissolved in toluene (200 mL) and heated to 80 oC.  To this was added Grubbs’ II (18 mg, 0.44 mmol) in toluene (1 mL).  The reaction was stirred for two hours and monitored by mass spectroscopy before being allowed to cool to room temperature.  The solvent was removed in vacuo to give a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 9:1) gave 158 as a clear oil (25 mg, 51 %) and 159 as a pale yellow oil (17 mg).

Analytical data for 158
1H NMR (500 MHz, CDCl3) δ 10.67 (s, 2H, 2 x OH), 7.32 (d, J = 2.0 Hz, 2H, H4, H12), 6.88 (d, J = 2.0 Hz, 2H, H6, H15), 6.15 – 6.11 (m, 2H, H18, H21), 5.64 (td, J = 3.5, 1.7 Hz, 2H, H8, H9), 4.90 – 4.84 (m, 4H, H19, H22), 3.91 (s, 6H, 2 x OCH3), 3.38 – 3.34 (m, 2H, H7, H10).  13C NMR (126 MHz, CDCl3) δ 169.9 (2 x COOCH2), 150.6 (C3, C13), 148.4 (C2, C14), 131.1 (C1, C15), 130.4 (C8, C9), 128.9 (C20, C21), 120.5 (C4, C12), 118.0 (C6, C16), 112.6 (C5, C11), 63.7 (C19, C22), 56.4 (2 x OCH3), 38.6 (C7, C10).  ESI-HRMS calcd for C24H24O8 423.1369, found m/z 463.1381 [M+Na]+; FTIR (film) νmax, 2923, 2851, 1736, 1672, 1617, 1480, 1460, 1389, 1277, 1228, 1142, 1064, 965, 790, 731, 708 cm -1.  
Analytical data for 159 

1H NMR (500 MHz, CDCl3) δ 10.85 (s, 1H, OH), 7.28 (d, J = 2.0 Hz, 1H, H4), 6.88 (d, J = 2.0 Hz, 1H, H6), 6.04 (ddt, J = 17.3, 10.4, 5.7 Hz, 1H, H14), 5.94 (ddt, J = 18.1, 9.4, 6.6 Hz, 1H, H8), 5.43 (dd, J = 17.3, 1.5 Hz, 1H, H15trans), 5.33 (dd, J = 10.5, 1.3 Hz, 1H, H15cis), 5.14 – 5.04 (m, 2H, H9), 4.88 – 4.82 (m, 2H, H13), 3.89 (s, 3H, OCH3), 3.33 (d, J = 6.6 Hz, 2H, H7).  13C NMR (126 MHz, cdcl3) δ 170.1 (COOCH2), 150.6 (C3), 148.6 (C2), 137.1 (C8), 131.6 (C12), 130.2 (C1), 120.3 (C4), 119.0 (C13), 117.3 (C6), 116.1 (C9), 112.2 (C5), 65.9 (C11), 56.2 (OCH3), 39.7 (C7).



Compound 19 in Chapter 4 - used for comparison of NOE and coupling constants with data obtained by modelling.
1H NMR (500 MHz, CDCl3) δ 5.72 (m, 2H, H6, H11), 5.24 (ddt, J = 15.7, 7.6, 1.2 Hz, 1H, H7), 4.55 (dd, J = 13.0, 1.2 Hz, 1H, H13a), 4.30 (d, J = 13.1 Hz, 1H, H13b), 3.44 (dd, J = 17.0, 9.3 Hz, 1H, H8), 3.40 (dd, J = 9.5, 1.8 Hz, 1H, H9), 3.31 (s, 3H, OCH3), 2.82 (ddd, J = 17.0, 6.9, 1.5 Hz, 1H, H10), 2.78 (br s, 1H, OH), 2.42 (dt, J = 13.7, 6.2 Hz, 1H, H3a), 2.29 – 2.14 (m, 1H, H4a), 2.19 (ddd, J = 13.5, 8.8, 6.0 Hz, 1H, H3b), 2.01 (ddt, J = 14.0, 10.1, 2.5 Hz, 1H, H5a), 1.75 (s, 3H, CH3), 1.63 – 1.49 (m, 3H, H2a, H2b and H4b), 1.35 (dtt, J = 10.0, 7.5, 2.5 Hz, 1H, H5b), 0.94 (d, J = 6.9 Hz, 3H, CH3).  13C NMR (126 MHz, CDCl3) δ 173.9 (COOCH2), 135.4 (C8), 134.6 (C3), 129.2 (C7), 127.3 (C2), 84.0 (C5), 76.1 (C6), 65.0 (C1), 56.5 (OCH3), 34.4 (C10), 32.2 (C4), 30.1 (C9), 27.4 (C11), 23.6 (C12), 23.5 (CH3), 13.0 (CH3).



5-[4-(3-methyl 6-ethoxy-benzoate)but-2-enyl]-methyl 4-ethoxy-benzoate (197)
132 (150 mg, 0.64 mmol) was dissolved in DCM (10 mL).  The reaction was heated to 45 oC before Grubbs’s II (26.5 mg, 0.06 mmol) was added in DCM (1 mL).   The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the title compound 197 as a brown solid (105 mg, 80 %).
1H NMR (500 MHz, CDCl3) δ 7.88 (dd, J = 8.5, 2.3 Hz, 2H, H2, H12), 7.81 (d, J = 2.2 Hz, 2H, H6, H16), 6.82 (d, J = 8.7 Hz, 2H, H3, H13), 5.67 (m, 2H, H8, H9), 4.07 (q, J = 7.0 Hz, 4H, 2 x OCH2CH3), 3.87 (s, 6H, COOCH3), 3.36 (app dd, J = 8.5, 2.3 Hz, 4H, H7, H10), 1.39 (t, J = 7.0 Hz, 6H).  13C NMR (126 MHz, CDCl3) δ 164.0 (2 x COOCH3), 160.6 (C4, C14), 131.2 (C6, C16), 129.7 (C2, C12), 129.6 (C1, C11), 129.4 (C8, C9), 122.1 (C5, C15), 110.5 (C3, C13), 63.9 (2 x OCH2CH3), 51.9 (2 x COOCH3), 33.3 (C7, C10), 14.8 (2 x OCH2CH3).  ESI-HRMS calcd for C24H28O6Na 435.1784, found m/z 435.1770 [M+Na]+; FTIR (film) νmax, 2961, 1704, 1602, 1502, 1438, 1298, 1258, 1161, 1130, 1011, 985, 762 cm -1; CHN Analysis, Found C 69.57 %, H 6.90 %, O 23.03 %, Needs C 69.88 %, H 6.84 %, O 23.27 %.



5-[4-(3-methyl 6-propoxy-benzoate)but-2-enyl]-methyl 4-propoxy-benzoate (198)
133 (140 mg, 0.63 mmol) was dissolved in DCM (10 mL).  The reaction was heated to 45 oC before Grubbs’s II (26.5 mg, 0.063 mmol) was added in DCM (1 mL).   The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  The crude product was purified by flash column chromatography (3:1, Petroleum ether/EtOAc) to give the product as a pale green solid (115 mg, 83 %).
1H NMR (500 MHz, CDCl3) δ 7.87 (dd, J = 8.6, 2.3 Hz, 2H, H2, H12), 7.81 (d, J = 2.2 Hz, 2H, H6, H16), 6.82 (d, J = 8.6 Hz, 2H, H3, H13), 5.67 (AA’BB’, J = 13.0, 7.1, 5.0, 2.0, 1.1 Hz, 2H, H8, H9), 3.95 (t, J = 6.4 Hz, 4H, 2 x OCH2CH2CH3), 3.86 (s, 6H, 2 x COOCH3), 3.36 (app dd, J = 14, 8.3, 7.1 Hz, 2H, H7, H10), 1.78 (h, J = 7.4 Hz, 4H, 2 x OCH2CH2CH3 ), 1.01 (t, J = 7.4 Hz, 6H, 2 x OCH2CH2CH3 ).  13C NMR (126 MHz, CDCl3) δ 167.2 (2 x COOCH3), 160.7 (C4, C14), 131.2 (C6, C16), 129.7 (C2, C12), 129.5 (C1, C11), 129.3 (C8, C9), 122.0 (C5, C15), 110.4 (C3, C13), 69.7 (2 x OCH2CH2CH3), 51.9 (2 x COOCH3), 33.4 (C7, C10), 22.6 (2 x OCH2CH2CH3), 10.7 (2 x OCH2CH2CH3).  ESI-HRMS calcd for C26H32O6Na 463.2075, found m/z 463.2088 [M+Na]+; FTIR (film) νmax, 2964, 1709, 1597, 1508, 1439, 1292, 1257, 1161, 1130, 1015, 986, 758 cm -1.  




5-[4-(3-methyl 6-isopropoxy-benzoate)but-2-enyl]-methyl 4-isopropoxy-benzoate (199)
134 (90 mg, 0.40 mmol) was dissolved in DCM (10 mL).  The reaction was heated to 45 oC before Grubbs’s II (26.5 mg, 0.04 mmol) was added in DCM (1 mL).   The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 8:1) gave the title compound 199 as a pale green solid (48 mg, 55 %).
1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.6, 2.3 Hz, 2H, H2, H12), 7.81 (d, J = 2.3 Hz, 2H, H6, H16), 6.82 (d, J = 8.6 Hz, 2H, H3, H13), 5.64 (m, 2H, H8, H9), 4.61 (p, J = 6.1 Hz, 2H, 2 x OCH(CH3)2), 3.86 (d, J = 1.1 Hz, 6H, 2 x COOCCH3), 3.32 (app dd, 4H), 1.30 (d, J = 6.1 Hz, 12H).  13C NMR (126 MHz, CDCl3) δ 167.3 (2 x COOCH3), 159.7 (C4, C14), 131.5 (C6, C16), 130.2 (C1, C11), 129.6 (C2, C12), 129.3 (C8, C9), 121.8 (C5, C15), 111.6 (C3, C13), 70.2 (OCH(CH3)2), 51.9 (COOCH3), 33.6 (C7, C10), 22.1 (CH(CH3)2).  ESI-HRMS calcd for C26H32O6Na 463.2075, found m/z 463.2097 [M+Na]+ 




Methyl 5-allyl-2-ethoxy-3-methoxybenzoate (201)
To 146 (5 g, 22.5 mmol) in acetone (50 mL) was added K2CO3 (15.5 g, 112.6 mmol) and iodoethane (9 mL, 112.6 mmol).  The reaction was refluxed at 70 oC overnight.  The reaction was allowed to cool and the reaction mixture was filtered.  The filtrate was concentrated to give the crude product as a bright yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the title compound as a pale yellow oil (4.6 g, 82 %)
1H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 2.1 Hz, 1H, H2), 6.86 (d, J = 2.1 Hz, 1H, H4), 5.92 (ddt, J = 16.8, 9.8, 6.8 Hz, 1H, H8), 5.09 (dq, J = 9.8, 1.6 Hz, 1H, H9a), 5.06 (q, J = 1.6 Hz, 1H, H9b), 4.07 (q, J = 7.0 Hz, 2H, OCH2CH3), 3.86 (s, 3H OCH3), 3.82 (s, 2H, H7), 3.33 (d, J = 6.8 Hz, 1H, H7), 1.38 (t, J = 7.0 Hz, 3H, OCH2CH3).  13C NMR (126 MHz, CDCl3) δ 166.6 (COOCH3), 153.3 (C3), 146.3 (C2), 136.6 (C8), 135.4 (C1), 125.8 (C5), 121.6 (C6), 116.1 (C9), 115.9 (C4), 69.5 (OCH2CH3), 55.8 (OCH3), 51.7 (COOCH3), 39.6 (C7), 15.3 (OCH2CH3).  ESI-HRMS calcd for C14H19O4 251.1283, found m/z 251.1276 [M+H]+; FTIR (film) νmax, 1726, 1487, 1464, 1438, 1337, 1263, 1201, 1065, 909, 730 cm -1.




Methyl 5-allyl-3-methoxy-2-propoxy-benzoate (202)
To 146 (5 g, 22.5 mmol) in acetone (50 mL) was added K2CO3 (15.5 g, 112.6 mmol) and iodoethane (11 mL, 112.6 mmol).  The reaction was refluxed at 70 oC overnight.  The reaction was allowed to cool and the reaction mixture was filtered.  The filtrate was concentrated to give the crude product as a bright yellow oil.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 3:1) gave the title compound as a pale yellow oil (5.3 g, 89 %)
1H NMR (500 MHz, CDCl3) δ 7.13 (d, J = 2.1 Hz, 1H, H2), 6.86 (d, J = 2.1 Hz, 1H, H4), 5.93 (ddt, J = 16.8, 10.3, 6.7 Hz, 1H, H8), 5.10 (ddd, J = 8.1, 2.9, 1.4 Hz, 1H, H9a), 5.07 (t, J = 1.4 Hz, 1H, H9b), 3.96 (t, J = 6.8 Hz, 2H, OCH2CH2CH3), 3.87 (s, 3H, COOCH3), 3.83 (s, 3H, OCH3), 3.34 (d, J = 6.7 Hz, 2H, H7), 1.80 (h, J = 7.2 Hz, 2H, OCH2CH2CH3), 1.02 (t, J = 7.4 Hz, 3H, OCH2CH2CH3).  13C NMR (126 MHz, CDCl3) δ 167.0 (COOCH3), 153.4 (C3), 146.6 (C2), 136.8 (C8), 135.5 (C1), 125.9 (C5), 121.8 (C6), 116.2 (C9), 116.2 (C4), 75.7 (OCH2CH2CH3), 56.0 (OCH3), 51.9 (COOCH3), 39.7 (C7), 23.3 (OCH2CH2CH3), 10.3 (OCH2CH2CH3).  ESI-HRMS calcd for [C15H21O4] 265.1440, found m/z 265.1436 [M+H]+; FTIR (film) νmax, 1726, 1485, 1462, 1437, 1337, 1263, 1200, 1069, 995, 958, 910, 730 cm -1.




5-[4-(3-methyl 5-methoxy-4-propoxy-benzoate)but-2-enyl]-methyl  3-methoxy-2-propoxy-benzoate (206)
202 (20 mg, 0.08 mmol) was dissolved in DCM (10 mL).  The reaction was heated to 45 oC before Grubbs’s II (41 mg, 0.024 mmol) was added in DCM (1.5 mL).   The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound as a pale green solid (11 mg, 51 %).
1H NMR (500 MHz, CDCl3) δ 7.12 (d, J = 2.1 Hz, 2H), 6.84 (d, J = 2.1 Hz, 2H), 5.65 (m, 2H), 3.95 (q, J = 7.0 Hz, 4H, OCH2CH2CH3), 3.88 (s, 12H, 2 x COCH3, 2 x COOCH3 ), 3.35 – 3.30 (m, 4H, H7, H10), 1.80 (q, J = 4H, OCH2CH2CH3), 1.01 (t, J = 7.4 Hz, 6H, 2 x OCH2CH2CH3).   13C NMR (126 MHz, CDCl3) δ 167.1 (2 x COOCH3), 153.6 (C3, C13), 147.8 (C2, C12), 135.6 (C1, C11), 130.5 (C2, C12), 126.3 (C5, C15), 121.9 (C6, C16), 116.4 (C4, C14), 75.9 (2 x OCH2CH2CH3), 56.3 (2 x Ar-OCH3), 52.2 (2 x COOCH3), 38.7 (C7, C10), 23.5 (2 x OCH2CH2CH3), 10.5 (2 x OCH2CH2CH3).   ESI-HRMS calcd for C28H36O8, [M+Na]+, 523.2308, found m/z 523.2311.  



Methyl-5-bromo-2-methoxybenzoate (208)
5-bromosalicylic acid (1.0 g, 4.6 mmol) was stirred in 20 mL of DMF.  Potassium carbonate (2.75 g, 19.94 mmol) followed by methyl iodide (0.75 mL, 12.02 mmol) was added.  The solution was stirred overnight.  The organic layer was extracted with ethyl acetate and washed with 1 % HCl and brine.  It was dried over sodium sulfate and the solvent was removed in vacuo to give the crude product as a pale pink solid.  Flash column chromatography of the crude residue on silica gel (cyclohexane:EtOAc 1:1) gave the title compound 208 as a white solid (68 %).
1H NMR  (500 MHz, CDCl3):  δ 7.87 (d, 1H, J  2.60 Hz, H3), 7.52 (dd, 1H, J 8.88 & 2.61 Hz, H4), 6.84 (d, 1H, J  8.90 Hz, H6), 3.86 (s, 3H, COOCH3),  3.85 (s, 3H, COCH3).  13C NMR  (126 MHz, CDCl3):  δ 165.1 (COOCH3), 158.1 (C2), 135.9 (C4), 134.0 (C6), 121.6 (C1), 113.8 (C3), 112.1 (C5), 56.1 (COOCH3), 52.1 (COCH3); FTIR (film) νmax, 3628, 2950, 2842, 1734, 1594, 1489 cm-1; m.p. 39–40 oC.  




Methyl-5-Iodo-2-methoxybenzoate (209)
To 5-iodo salicylic acid (2g, 7.58 mmol) in 10 mL of anhydrous DMF was added K2CO3 (4.55g, 30.32 mmol) followed by methyl iodide (0.95 mL, 15.16 mmol).  The reaction was stirred at room temperature for 48 hours.  It was diluted with ethyl acetate and the organic layer was separated.  The aqueous layer was extracted with ethyl acetate and the combined organic layers were washed with 1 % HCl and brine.  They were dried over MgSO4 and the solvent was removed in vacuo to give the crude product as a white solid. Flash column chromatography of the crude residue on silica gel (cyclohexane:EtOAc 3:1) gave the title compound 209 (1.84 g, 83 %) as a white solid.
1H NMR  (500 MHz, CDCl3):  δ 8.04 (d, 1H, J 2.17 Hz, H2), 7.68 (dd, 1H, J 8.79 & 2.18 Hz, H4) 6.73 (d, 1H, J 8.82 Hz, H5), 3.87 (s, 3H, COOCH3), 3.85(3, 3H, COCH3), 13C NMR  (126 MHz, CDCl3):  δ 165.0 (COOCH3), 158.8 (C2), 141.9 (C4), 139.8 (C6), 122.1 (C1), 114.4 (C3), 81.7 (C5), 56.1 (COOCH3), 52.2 (COCH3); FTIR (film) νmax, 3383, 2961, 2840, 2307, 1702, 1588, 1485, 1394, 1254 cm-1.



Methyl-5-allyl-2-methoxybenzoate (210)

209 (1.0 g, 3.42 mmol) was dissolved in 15 mL of DMF and stirred at 80 oC.  Tetrakis(triphenylphosphine)palladium (0.79 g, 0.68 mmol) was added followed by allyl tributyl stannane (1.36 g, 4.11 mmol).  The reaction was stirred under nitrogen at 80 oC overnight.  The reaction was allowed to cool and a dark yellow mixture was observed.  To this was added saturated KF and the reaction flask was stirred for a further 90 minutes.  The aqueous and organic layers were separated and the aqueous layer was extracted with ethyl acetate.  The organic layers were combined, dried over MgSO4 and filtered.  The solvent was removed in vacuo to give the crude product as a yellow oil.  Flash column chromatography of the crude residue on silica gel (cyclohexane:EtOAc 9:1) gave the title compound as a pale yellow oil (0.324 g, 46 %).   
1H NMR (500 MHz, CDCl3) δ 7.60 (d, J = 2.3 Hz, 1H, H3), 7.26 (dd, J = 8.5, 2.3 Hz, 1H, H4), 6.89 (d, J = 8.5 Hz, 1H, H6), 5.92 (ddt, J = 15.7, 11.1, 6.7 Hz, 1H, H8), 5.07 (t, J = 1.5 Hz, 1H, H9a), 5.04 (dd, J = 6.9, 1.8 Hz, 1H, H9b), 3.87 (s, 3H, COOCH3), 3.85 (s, 3H, COCH3), 3.32 (d, J = 6.7 Hz, 2H, H7).  13C NMR (126 MHz, CDCl3) δ 166.6 (COOCH3), 157.5 (C2), 137.1 (C8), 133.5 (C4), 131.5 (C3), 122.1 (C1), 119.8 (C5), 116.0 (C9), 112.1 (C6), 56.1 (COOCH3), 52.2 (COCH3), 38.9 (C7).  




5-[4-(3-methyl-5-methoxy-4-propoxy-benzoate)but-2-enyl]-methyl-4-isopropoxy-benzoate (212)
To 202 (35 mg, 0.15 mmol) in DCM (10 mL) was added 134 (40 mg, 0.15 mmol).  The reaction was heated to 45 oC.  Grubbs’ II (13 mg, 0.02 mmol) in DCM (1 mL) was added.  The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound as a dark green solid (29 mg, 41 %).
1H NMR (500 MHz, CDCl3) δ 7.94 (dd, J = 8.6, 2.3 Hz, 1H, H12), 7.89 (d, J = 2.2 Hz, 1H, H16), 7.11 (d, J = 2.0 Hz, 1H, H6), 6.87 (d, J = 5.1 Hz, 1H, H4), 6.86 (d, J = 1.5 Hz, 1H, H13), 5.66 (AA’XX’, J = 14.5, 8.9, 4.5, 1.1 Hz, 2H, H8, H9), 4.66 (ddq, J = 18.1, 12.0, 6.0 Hz, 1H, OCH(CH3)2), 3.94 (t, J = 6.8 Hz, 2H, OCH2H2H3), 3.88 (s, 6H, 2 x Ar-OCH3), 3.82 (s, 3H, COOCH3), 3.37 (d, J = 5.9 Hz, 2H, H10), 3.32 (d, J = 5.8 Hz, 2H, H7), 1.79 (h, J = 7.1 Hz, 3H, OCH2CH2CH3), 1.33 (d, J = 6.0 Hz, 6H, OCH(CH3)2), 1.00 (t, J = 7.4 Hz, 3H, OCH2CHCH3).  13C NMR (126 MHz, CDCl3) δ 167.3 (COOCH3), 160.3 (COOCH3), 153.59 (C3), 146.7 (C2), 136.4 (C14), 132.9 (C1), 132.0 (C12), 130.5 (C11), 130.2 (C16), 130.2 (C15), 129.79 (C8, C9), 126.02 (C5), 121.94 (C6), 116.38 (C13), 111.60 (C4), 75.95 (OCH2CH2CH3), 70.3 (OCH(CH3)2), 56.3 (COOCH3), 52.2 (2 x ArOCH3), 38.8 (C10), 33.3 (C7), 23.5 (OCH2CH2CH3), 22.1 (OCH(CH3)2, 10.5 (OCH2CH2CH3). ESI-HRMS calcd for C27H34O7Na 493.2202, found 493.2211 [M+Na]+.  




1-[4-(1-C-1-deoxy-2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside)but-2-enyl]-1-deoxy-2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside (213) 
100 (100 mg, 0.18 mmol) was dissolved in DCM (10 mL).  The reaction was heated to 45 oC before Grubbs’s II (30 mg, 0.04 mmol) was added in DCM (1 mL).   The reaction was stirred at reflux overnight.  The reaction was cooled and the solvent was removed in vacuo to give the crude product as a dark brown solid.  Flash column chromatography of the residue on silica gel (petroleum ether-EtOAc 5:1) gave the title compound 213 as a dark brown solid (61 mg, 68 %).
1H NMR (500 MHz, CDCl3) δ 7.31 (td, J = 7.4, 6.9, 2.8 Hz, 36H Ar-H), 5.22 (m, 4H), 4.93 (d, J = 11.0 Hz, 2H, H8, H9), 4.81 (dd, J = 10.7, 4.8 Hz, 6H, 3 x OCH2Ph), 4.69 – 4.59 (m, 4H, 2 x OCH2Ph), 4.46 (dt, J = 12.1, 7.7 Hz, 6H, 3 x OCH2Ph), 4.11 – 4.03 (m, 2H, H1, H11), 3.80 – 3.72 (m, 4H, H2, H3, H12, H13), 3.70 (m, 2H, H5, H15), 3.63 (m, 6H, H4, H6, H14, H16), 2.47 – 2.38 (m, 4H, H7, H10).  13C NMR (126 MHz, CDCl3) δ 138.8, 138.3, 138.0 (Ar-C), 130.4, 128.4 (Ar-C), 128.3 (C8, C9), 128.3, 128.2, 127.9, 127.9, 127.8, (Ar-C) 127.7, 127.7, 127.7, 127.6 (Ar-C), 127.6, 127.0, 126.8, 126.3, 126.2 (Ar-C), 82.4, 80.1, 78.0 (C2, C3, C4, C12, C13, C14), 75.4 (OCH2Ph)  75.0 (OCH2Ph), 74.0 (C1, C11), 73.4 (OCH2Ph), 72.9 (OCH2Ph), 71.1 (C5, C15), 68.0 (C6, C16), 28.6 (C7, C10). ESI-HRMS calcd for C72H76O10Na 1123.5336, found m/z 1123.5344 [M+Na]+. 
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