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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS 

SCHOOL OF CHEMISTRY 

Doctor of Philosophy 

PART 1: PERMANGANATE PROMOTED BI-DIRECTIONAL OXIDATIVE 

CYCLISA TION 

PART 2: PERMANGANATE-MEDIATED ASYMMETRIC DIHYDROXYLATION 

by Riaz Bhunnoo 

The central non-adjacent bis-THF core of the Annonaceous acetogenin cis-sylvaticin 

has been established via the permanganate promoted asymmetric bi-directional 

oxidative cyclisation of a tetraene. The tetraene was obtained in five facile steps from 

commercially available triene 4.27 in good overall yield. Permanganate promoted 

asymmetric bi-directional oxidative cyclisation inserted the eight new stereogenic 

centres in good d.r., thus providing rapid access to this advanced intermediate. 

Elaboration of the bis-THF core is described, illustrating the possibility of both a linear 

and bi-directional approach to cis-sylvaticin. An approach to the butenolide portion of 

cis-sylvaticin is also described. The key step involved asymmetric alkynyl addition to 

butenolide-aldehyde 3.6 and proceeded with good levels of diastereoselectivity. 

The permanganate-mediated asymmetric dihydroxylation of enones has been 

demonstrated in the presence of a chiral quaternary ammonium salt. Dihydroxylation of 

a variety of enone substrates produced the corresponding diols with good levels of 

enantioselectivity (50-80% ee). The reaction is clean and fast, producing the 

corresponding benzoic acid as the main by-product. 
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Chapter 1 

The Annonaceous Acetogenins 

This chapter gives an overview of the characteristics of the Annonaceous acetogenins, 

including their structure and biological activities. Acetogenins exhibit in vivo and 

cytotoxic anti tumour activity, and provide promising leads in the combat against 

multi-drug resistant (MDR) tumours. These properties have stimulated wide interest 

in the synthesis of acetogenins and related compounds with similar structures. A few 

recent syntheses of non-adjacent bis-THF natural products are described.34
,42,50,57,62 

1.1 Introduction 

The Annonaceae (custard-apple family) is chemically one of the least known of the 

tropical plant families. Annonaceous acetogenins, a class of natural products with a 

wide range of biological activities, have been under the spotlight ever since the 

discovery of uvaricin 1.1 in 1982 (Figure 1.1).1 It was found that this acetogenin had 

in vivo anti-leukemic activity and this stimulated wide interest in the acetogenins. 

Structurally, the acetogenins are a series of C-35/C-37 natural products derived from 

C-32/C-34 fatty acids that are combined with a 2-propanol unit. They are usually 

classified by a long aliphatic chain bearing a terminal methyl-substituted a-fJ
unsaturated y-Iactone ring (sometimes rearranged to a ketolactone), with one, two or 

three tetrahydrofuran (THF) rings located along the hydrocarbon chain and a number 

of oxygenated moieties (hydroxyls, acetoxyls, ketones, epoxides) and/or double 

bonds.2 Some of these features are shown in the acetogenin annonisin 1.2 (Figure 

1.1 ). 

The acetogenins are readily soluble in most organic solvents. The usual method of 

isolation involves ethanol extraction of the dried plant followed by solvent partitioning 

to concentrate the compounds.3 
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'/ 0 

o 
Uvaricin 1.1 

Annonisin 1.2 

Figure 1.1 Examples of Annonaceous acetogenins. 

1.2 Structural Classification 

The Annonaceous acetogenins are classified into mono-THF 1.3, adjacent bis-THF 

1.4, non-adjacent bis-THF 1.5, tris-THF 1.6, THP non-classical 1. 7 and non-THF 1.8 

acetogenins, followed by subclassification of the y-lactone (Figure 1.2). 

Subclasses of acetogenins 

mono-THF 1.3 Adjacent bis-THF 1.4 Non-adjacent bis-THF 1.5 

/yQ-Qy\ 
OH R 

/yC)y\ 
OH R 

IH ~O, IH /'.. Fl.. 
X "---J '-/ Xu '0' '/ 

OH 

R= H, OH R = H, OH 

tris-THF 1.6 THP Non-Classical 1.7 Non THF 1.8 

R = H, OH x = -(CH2)-. epoxide, 
ketone, -CHOH 

Sub-types of the terminal lactone (butenolide) ring 

~1 n R2 

"",-~O 
o 

Hydroxylated 1.9 

R1 = H, OH 

R2 = H, OH 

l-qr 
o 

cis or trans 
ketolactone 1.10 

H0r( 
"",-~O 

o 

Ring hydroxylated 
and reduced 1.11 

Figure 1.2 Core units for the classification of Annonaceous acetogenins. 
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1.3 Structure Activity Relationships 

There are several generalisations that can be made concerning the structure-activity 

relationships (SAR's) of the Annonaceous acetogenins in relation to cytotoxicity:4-8 

1) bis-Adjacent-THF acetogenins are the most potent within the family, followed 

by non-adjacent bis-THF compounds, then mono-THFs and finally non-THFs. 

2) The terminal a-p-unsaturated y-Iactone is essential for activity. 

3) The shorter C-35 acetogenins are more potent than their C-37 counterparts if 

the structural features are kept constant. 

4) The spacer group that separates the hydroxyl-flanked THF and the y-Iactone 

has a crucial optimum length for maximum potency and selectivity. 

5) Three hydroxyl groups (two flanking the THF ring(s) and one somewhere 

along the hydrocarbon chain) are responsible for the optimal positioning and 

polarity required for activity. Any more than four hydroxyls results in a 

dramatic drop in potency. 

1.4 Biological Activity and Mechanism of Action 

The biological effects of Annonaceous acetogenins have great diversity and include 

antimalarial,9 antiparasitic and antimicrobial,1O antiprotozoal,11 and pesticidaI6,12,13 

activities. They are toxic to mosquito larvae, European com borers, spider mites, 

melon aphids, Mexican bean beetles, striped cucumber beetles, blowfly larvae and 

Colorado potato beetles. 6,14 In a study on German cockroaches,s high mortality was 

observed together with low resistance ratios. Such low pesticide resistance is likely to 

involve ATP-dependent factors. 

The most important biological property, however, is in vivo and cytotoxic antitumour 

activity,IS-19 and acetogenins have emerged as promising new leads in the combat 

against MDR tumours20,21 They are thought to be some of the most potent cytotoxic 

compounds known, showing inhibition of mitochondrial complex I in nanomolar 

concentrations.22 The acetogenins trilobacin23 and asiminocin24 have exhibited EDso 

values of <10-12 J..LglmL in several human tumour cell lines. Furthermore, acetogenins 
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show greater cytotoxity to cancerous cells over non-cancerous cells 14 which suggests 

that these agents are not general cytotoxins. 

The major target site of the Annonaceous acetogenins IS the mitochondrial 

NADH:ubiquinone oxidoreductase complex known as Complex 1. 14,25,26 Complex I 

plays an important role in the maintenance of the bio-energetic function of the cells by 

driving approximately one third of ATP synthesis.27 

Ubiquinone oxidoreductase, a membrane-bound enzyme, is essential in the 

mitochondrial electron transport system and is responsible for the transfer of electrons 

from NADH to O2 • It is thought that the THF core and flanking hydroxyls of 

acetogenins mimic the quinone head of the natural substrate ubiquinone and 

effectively inhibit this enzyme.28 Inhibition of this enzyme stops the translocation of 

protons out of the mitochondria, and without this transmembraneous electrochemical 

force, the production of ATP ceases.29 Depleted cellular A TP concentrations reduce 

the available cellular energy and ultimately result in cell death through apoptosis. 

This mechanism of action is particularly lethal to cancerous cells since they have a 

higher demand for A TP than regular cells. 30 

A second possible mechanism of action has also been suggested, which can occur at 
. 213132 the plasma membrane-bound enzyme NADH OXIdase as well as at Complex 1. ' , 

The central hydrophilic core of the acetogenins could bind to the polar glycerol groups 

located at the end of the phospholipid membrane. Once anchored here, the 

hydrophobic chain and essentially the terminating butenolide can penetrate the bilayer 

and interact with the ubiquinone dependant site in the electron-transport system.33 

This causes ATP production to cease in the cellular membrane resulting in apoptosis, 

thus inhibiting the growth of cancerous cells. 

1.5 Biosynthesis 

Biogenetically, the Annonaceous acetogenins are derived from the polyketide 

pathway. The THF and epoxide rings are thought to arise from isolated double bonds 

through epoxidation and cyclisation.3 The plants in this family choose to 

biosynthesise over 350 different acetogenins, with all of them being either C-32 or C-
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34 fatty acid derivatives, never C-30 or C-36. The dimension of cell and 

mitochondrial membranes33 (the sites of the target enzymes) may dictate this particular 

chain length, and it has probably evolved because it provides the optimum activity. 

Shorter acetogenins lose activity, and it is logical to assume that longer ones will also 

be less active. 

1.6 Synthesis of Non-Adjacent bis-THF Natural Products 

The synthesis of non-adjacent bis-THF natural products is an area where there are few 

examples, especially when compared with their adjacent bis-THF and mono-THF 

counterparts. It is an important area that requires further development especially since 

non-adjacent bis-THF compounds are some of the most potent anti-cancer agents 

known. The following section summarises recent literature syntheses in this area. 

1.6.1 Synthesis of (+)-4-Deoxygigantecin 

In 1998, Makabe et al. undertook the synthesis of (+ )-4-deoxygigantecin (1.12), an 

acetogenin containing trans-THF rings (Figure 1.3).34 

(+)-4-Deoxygigantecin (1.12) was isolated in 1992 by McLaughlin et al.35 however its 

absolute configuration was never reported. Makabe assumed that the absolute 

stereochemistry (excluding the C-4 centre) was identical to that of (+ )-gigantecin 

(1.13), an acetogenin whose absolute stereochemistry is known (Figure 1.3). 
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9H o 

OH 

(1.12) 

(+ )-4-Deoxygigantecin 

9H o 

OH OH 

(1.13) 

(+ )-Gigantecin 

Figure 1.3 The Annonaceous acetogenins (+)-4-deoxygigantecin (1.12) and (+)

gigantecin (1.13). 

Makabe and co-workers applied methodology that they had used previously in the 

synthesis of the mono-THFs trans-solamin and reticulatacin. 36 In these syntheses the 

starting compound was (+)-muricatacin (1.14), a previously synthesised37 acetogenin 

derivative containing two stereogenic centres which are found in both natural products 

(Scheme 1.1). As the same stereo genic centres are found in the acetogenin (+)-4-

deoxygigantecin (1.12), a similar approach was adopted. 

9H o 
0" 

OH 

(1.12) 

(+ )-4-Deoxygigantecin 

9H 

OP 

D 

- - 1) - ~ 
~Y"o"·Y'-./' 

OP OP 

===> ~O 
10 OH 

(+)-muricatacin (1.14) 

Scheme 1.1 Retrosynthetic analysis of (+ )-4-deoxygigantecin. 
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Synthesis of Part of the Left-Hand Fragment of 4-Deoxygigantecin 

(+)-Muricatacin (1.14) was protected then reduced with DIBAL-H to give lactol1.15, 

which after ring-opening and olefination afforded enyne 1.16 (Scheme 1.2). Their 

strategy focused upon epoxidation followed by acid-catalysed epoxide opening and 

subsequent THF ring formation. As there was no asymmetric induction in the 

epoxidation, there could be no control over the stereochemistry across the THF ring. 

Hence when applied to enyne 1.16, this sequence resulted in an inseparable mixture of 

trans-THF 1.17a and cis-THF 1.17b products. Separation was only possible after 

benzoyl protection of the alcohols, and isolation of the products revealed a 3:2 trans

THF 1.18a /cis-THF 1.18b ratio (Scheme 1.2). 

~ ~~PPh3+1- QH 
a,b 

. 0 0 -- . 0 OH ---
10 OH 10 OMOM c 10 OMOM 

(+)-muricatacin (1.14) 1.15 1.16 

~¢' 
" 10 ~ 0 

OMOM OH d 
1.17a + 

~ 
OMOM OH 1.17b 

e -
- ~ 1\ - # 
~y""O"·y~-

OMOM OBz 
+ 1.18a 

~ 
OMOM OBz 

1.18b 

ratio 1.18a/1.18b = 3:2 

Scheme 1.2 Synthesis of the left hand fragment of (+ )-4-deoxygigantecin (1.13) from 

(-)-muricatacin (1.14). Reagents and conditions: a) MOMCI, iPrNEt, CH2C}z; b) 

DIBAL-H, THF; c) NaOEt; d) (i) mCPBA; (ii) CSA; e) BzCI, pyridine. 

7 



Synthesis of the Right-Hand Fragment of 4-Deoxygigantecin 

Synthesis of the right-hand fragment began with the utilisation of White's method38 

for the synthesis of y-Iactone 1.20 (Scheme 1.3). Alkylation and deprotection of 

lactone 1.20 followed by oxidation with mCPBA and thermo-elimination gave alcohol 

1.22. Oxidation of alcohol 1.22 to aldehyde 1.23 and subsequent olefination using 

Takai's conditions39 gave the vinyl iodide 1.24 in excellent overall yield. 

White's J:iPh Method a 
/'""'--c O2 Et --

19-25% 
o 0 89% 

1.19 (7 steps) 1.20 

~OH 
o 0 95% 

~O 
o 0 

d -
1.22 1.23 

PhS 

~OTHP b,e 

o 0 82% 

1.21 

e -85% 

~I 
o 0 

1.24 

Scheme 1.3 Synthesis of butenolide portion 1.24. Reagents and conditions: a) 

NaHMDS, Br(CH2)30THP, THF-HMPA; b) p-TsOH, MeOH; c) (i) mCPBA, 

CICH2CH2CI; (ii) toluene, reflux; d) Dess-Martin periodinane, CH2Ch; e) CrCh, 

CHI3, THF. 

Completion of the Left-Hand Fragment of 4-Deoxygigantecin 

Elaboration of the left-hand fragment continued in order to install a second THF ring 

and provide a coupling partner for vinylic iodide 1.24. Benzoate ester 1.1Sa was 

hydrolysed and the resulting alcohol MOM protected to give alkyne 1.25 (Scheme 

1.4). Alkylation of 1.25 followed by reduction of the alkyne gave the corresponding 

trans-alkene 1.27. Deprotection of the acetonide and selective protection of the 

primary alcohol enabled activation of the secondary alcohol. Subsequent silyl 

deprotection and epoxidisation with inversion gave epoxide 1.28 in excellent yield. 

The epoxide was opened with TMS-acetylene and the resulting alcohol mesylated. 

Sharpless dihydroxlation40 and THF-ring formation gave bis-THF alkyne 1.29 in good 

overall yield (Scheme 1.4). 
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~ a, b 

10 ~ 0" 
86% OMOM OBz 

1.18a 

¢:-

OMOM 

1.26 

~ 

OMOM 

1.28 

9H 

OMOM 

1.30 

O.\: 
~¢:-

" 10 ~ 0 

,. 0 
I~ 

OM OM OMOM 

OMOM 
1.27 

39% 
OMOM 

1.29 

~ 
95% 

c,70% 

~ 

oJ( 
= 0 e-g 

66% 

9H 

66% 

(+ )-4-Deoxygigantecin 

(1.13) 

Scheme 1.4 Completion of the synthesis of (+ )-4-deoxygigantecin (1.13). Reagents 

and conditions: a) NaOH, MeOH; b) MOMCI, ipr2NEt, CH2Ch; c) n-BuLi, THF; d) 

Na/NH3, t-BuOH, THF; e) 60% AcOH; f) TBSCI, Et3N, DMAP, CH2Ch; g) (i) MsCI, 

Et3N, CH2Ch; (ii) TBAF, THF; (iii) 10% NaOH, THF; h) (i) TMS-acetylene, n-BuLi, 

BF3.Et20, THF; (ii) TBAF, THF; i) (i) MsCI, Et3N, CH2Ch; (ii) AD mix (1, t-BuOH

H20; (iii) Triton B, MeOH; j) 1.24, Pd(PPh3)4, Et3N, CuI, benzene; k) (i) H2, 

Rh(PPh3)3CI, benzene; (ii) BF3.Et20, Me2S. 

Pd(O)-catalysed cross coupling41 of alkyne 1.29 and vinyl iodide 1.24 gave enyne 1.30, 

which, after catalytic hydrogenation with Wilkinson's catalyst and MOM 

deprotection, afforded (+)-4-deoxygigantecin (1.13) (Scheme 1.4). The lH NMR data 

and the optical rotation were in agreement with that recorded for the natural product, 

thus they had succeeded in elucidating the absolute stereochemistry of (+)-4-

deoxygigantecin (1.13). 
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1.6.2 Synthesis of (+)-Gigantecin 

The acetogenin (+)-gigantecin (1.13) (Figure 1.3) is structurally identical to (+)-4-

deoxygigantecin (1.12) except that it has an extra hydroxyl group. Crimmins et al.42 

used a very different approach to its synthesis however, compared to Makabe's 

already described synthesis of (+ )-4-deoxygigantecin (1.12). They decided to split the 

natural product into three main subunits: the left hand THF fragment, the central THF 

fragment and the right hand butenolide fragment (Scheme 1.5). All three fragments 

would be accessible via an asymmetric glycolate aldol-ring closing metathesis 

sequence. 

(+ )-Gigantecin 

P9 H H 
. - 0 

~uo/"oP 
H/:Y \d 

o 

+x~o - p6 'L{ 
Me 

Scheme 1.5 Retrosynthetic analysis of (+ )-gigantecin. 

Synthesis of the Central THF Fragment of (+)-Gigantecin 

The synthesis began with the formation of glycolate 1.32 in three high-yielding steps 

from chiral epoxide 1.31 (Scheme 1.6). The following step implemented their newly 

developed protocol for asymmetric aldol reactions of complex glycolyl oxazolidinone 

chlorotitanium enolates.43 Under these conditions, a highly diastereoselective aldol 

reaction took place producing alcohol 1.34 in excellent yield and >20: 1 d.r. (major: all 

other isomers). Protection of the secondary alcohol and reductive cleavage of the 

chiral auxiliary gave primary alcohol 1.35. Oxidation to the aldehyde under Swern 

conditions44 and subsequent olefination gave diene 1.36 (Scheme 1.6). 
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j> a-c 

BnO --ro;; 
n"Bn L TIPS - CHO H9 H H ?Bn 

1.33 ~~ 0t' e, f 0VN~o ~ OBn --- ~.., 

0
110 II H d, 93% TIPS ~ 84% 

Xc 0 
1.31 1.32 1.34 

MOM~ H H OBn MOM~ H H OBn . . MOM~ H H 

TIPS #Y°t) ~1~io ~Ot) ~~oiO ~OBn 
// HO) ~ TIPS/~ ~ ~ H -

1.35 1.36 1.37 

Scheme 1.6 Synthesis of the central THF fragment of (+ )-gigantecin (1.13). Reagents 

and conditions: a) Me3SI, n-BuLi, THF, -10 to 25°C; b) NaH, BrCH2C02H, THF; c) 

Me3CCOCl, Et3N, THF, -78°C to 0 °C; (R)-lithio-4-benzyl-oxazolidin-2-one; d) 

TiCI4, ipr2NEt, N-methyl-2-pyrrolidinone, CH2Ch, -78°C to -40 °C, 1.33; e) 

MeOCH2Cl, ipr2NEt, DMAP, CH2Ch; f) LiBH4, MeOH, Et20, 0 °C; g) (COCl)2, 

DMSO, Et3N, CH2Ch; h) Ph3P=CH2, THF; i) Ch(CY3P)(IMes)Ru=CHPh, CH2Ch,40 

°C; j) BU4NF, THF. 

Exposure of diene 1.36 to Grubbs second-generation catalyst45 led to selective 

formation of a dihydrofuran in high yield with no evidence of reaction at the acetylene 

(Scheme 1.6). Subsequent desilylation gave alkyne 1.37. 

Synthesis of the Left-Hand THF Fragment of (+)-Gigantecin 

The left-hand THF fragment was constructed in similar fashion to the central THF 

fragment. The same aldol reaction was exploited affording alcohol 1.39 from 

glycolate 1.38 «ent)-1.32) in high yield (Scheme 1.7). Protection of the secondary 

alcohol and reductive cleavage of the chiral auxiliary gave primary alcohol 1.40. 

Oxidation of the alcohol and subsequent olefination resulted in diene 1.41. This 

underwent metathesis when exposed to Grubbs second-generation catalyst affording 

dihydrofuran 1.42 in excellent yield. Concomitant hydrogenation of the alkene, 

hydrogenolysis of the benzyl protecting group and oxidation of the alcohol produced 

aldehyde 1.43 in good overall yield. 
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9
Bn ! ~O! HO! a b. C d, e 

N ·,,/OBn - . ", ___ " _ 
nO H ' 74% 10 ~ H 0 H 'I 86% ~O H "I 90% 

o 0 HO OBn MOMa OBn 
1.38 1.39 1.40 

~o~ 
MOMa OBn 

f . . F\ g,h. . n 
990/: ~01l 83% ~0A1 

MOM a OBn MOMa 0 

1.41 1.42 1.43 

Scheme 1.7 Synthesis of the left-hand THF fragment. Reagents and conditions: a) 

TiCI4, ipr2NEt, N-methyl-2-pyrrolidinone, tridecenal, CH2Clz, -78 DC to -40 DC; b) 

MeOCH2CI, ipr2NEt, DMAP, CH2Clz; c) LiBH4, MeOH, Et20, 0 DC; d) (COCI)2, 

DMSO, Et3N, CH2Clz; e) Ph3P=CH2, THF; f) Clz(CY3P)(IMes)Ru=CHPh, CH2Clz, 40 

DC; g) H2, Pd/C, EtOH; h) (COClh, DMSO, Et3N, CH2Ch. 

Synthesis of the Butenolide Fragment of (+)-Gigantecin 

Alkylation of the sodium enolate of glycolate 1.44 with allylic iodide 1.45 gave 1.46 

in good yield and excellent diastereoselectivity (>98:2) (Scheme 1.8). Reductive 

cleavage of the chiral auxiliary and protection of the resulting alcohol gave protected 

diol 1.47. Lithium-halogen exchange of the vinyl bromide of 1.47 and reaction with 

CO2 provided the acrylic acid derivative, which gave ester 1.49 upon inversion of 

alcohol 1.48 under Mitsunobu conditions.46 Exposure of diene 1.49 to Grubbs second

generation catalyst and desilylation gave butenolide alcohol 1.50. Oxidation of the 

alcohol to the aldehyde and olefination under Takai's conditions39 afforded vinyl 

iodide 1.51. 
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CHMe2 a.71% CHMe2 66% PMSO d. e. 71% 

1.44 1.46 
o 

TSDPSO~:~~O 
PMs6 ~r 

1.49 I Me 

~ 
89% 

o 

HO~O 
PMs6 L{ 

1.50 
Me 

1.47 

~ 
62% 
I~r 

PMs6 'L.( 
Me 

1.51 

Scheme 1.8 Synthesis of the butenolide fragment. Reagents and conditions: a) 

NaHMDS, THF, -78 to 45 DC, 1.45; b) NaBH4, THF, H20; c) TBDPSCI, imidazole, 

CH2Clz; d) t-BuLi, THF, -78 DC, CO2; e) DEAD, Ph3P, THF, 1.48; f) 

Clz(CY3P)(IMes)Ru=CHPh, CH2Clz, 40 DC; g) 3HF-Et3N, CH3CN; h) (COCI)2, 

DMSO, Et3N, CH2Clz; i) CHI3, CrClz. THF. 

Combining the Three Fragments of (+)-Gigantecin 

With the three required fragments in hand, the assembly of (+ )-gigantecin (1.13) was 

undertaken (Scheme 1.9). Alkyne 1.37 was coupled to aldehyde 1.43 using the 

Carreira method for asymmetric acetylide addition.47
.4

8 The resulting propargylic 

alcohol was produced as a single detectable diastereomer and was subsequently 

protected to give enyne 1.52. 

Treatment of enyne 1.52 with hydrogen in the presence of PelIC led to the concomitant 

reduction of the double and triple bonds as well as the removal of the benzyl 

protecting group. Formation of the triflate and ensuing displacement with lithium 

trimethylsilyl acetylide produced acetylene 1.53 in excellent yield. Palladium

mediated coupling41 of acetylene 1.53 and vinyl iodide 1.51 afforded enyne 1.54. 

Selective hydrogenation of the enyne followed by removal of the protecting groups 

afforded (+ )-gigantecin (1.13) (Scheme 1.9). 
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n MOMO 

~oA1 + AO~oBn~ 
MOMO 0 H~ \=.! 68% 

1.43 1.37 

c-e 

92% ~+ 

1.53 

1.54 

~# 

PMBO 

o 

1.52 

I~r 
PMB6 L( 

f -

Me 

64% 

1.51 Me 

9,h 

43% 
(+ )-Gigantecin 

(1.13) 

OBn 

Scheme 1.9 Combining the three fragments. Reagents and conditions: a) Zn(OTf)2, 

(-)-N-methylephedrine, toluene, 1.37 then 1.43; b) MeOCH2CI, ipr2NEt, DMAP, 

CH2Clz; c) H2, Pd/C, EtOH; d) Tf20, Et3N, CH2Clz, -78 DC; e) Me3SiC=CH, n-BuLi, 

THF, HMPA, -78 DC; MeOH, 25 DC; f) Pd(PPh3)4, CuI, ipr2NEt, THF; g) H2, 

Rh(PPh3)3CI, benzene, EtOH, LiI; h) BF3.OEt2, Me2S, 0 DC. 

1.6.3 Synthesis of (+)-Eurylene and (+)-14-Deacetyleurylene 

The biologically active triterpene polyethers are natural products thought to be 

biogenetically derived from squalene. Little was known about their mechanism of 

action since they were formerly only available in restricted quantities from natural 

sources. The first total synthesis of (+)-eurylene (1.55) (Figure 1.4) was completed in 

1996 by Ujihara et al.,49 however a more attractive approach was published in 2000 by 

Morimoto et ai.,50 who utilised the same chemistry to synthesise (+)-14-

deacetyleurylene (1.56) (Figure 1.4). 

R = Ac (1.55) (+)-Eurylene 

R = H (1.56) (+)-14-0eacetyleurylene 

Figure 1.4 The triterpene polyethers (+)-eurylene and (+)-14-deacetyleurylene. 
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Interestingly, it has been shown that (+ )-14-deacetyleurylene (1.56) adopts a folded 

conformation and exhibits prominent cytotoxic activity on KB cells, whereas (+)

eurylene (1.55) possessing an extended conformation does not.51 ,52 The key steps in 

Morimoto's synthesis include the stereoselective construction of the trans and cis THF 

rings via rhenium(VII) and chromium(VI) oxidative cyclisation and differentiation of 

the 14-hydroxy group, 

Monoprotection of known diol 1.5753 followed by Sharpless asymmetric epoxidation54 

of the remaining allylic alcohol gave epoxide 1.58 with excellent enantioselectivity 

(98% ee) (Scheme 1.10). The pivaloate group was introduced regioselectively by a 

titanium-assisted epoxide opening to give diol 1.59 which was subsequently protected 

as the acetal 1.60. Desilylation of 1.60 and epoxidisation of the resulting allylic 

alcohol afforded epoxide 1.61. Opening of this epoxide in the presence of 

Ti(OMPM)4 and p-anisyl alcohol gave a 3: 1 mixture of 1 ,2-dioll1 ,3-diol. Removal of 

the acetal group, activation of both primary alcohols in the resulting tetrol and 

treatment with base produced diepoxide 1.63 in 41 % overall yield. 

~ a,b ''-.. ~J c HO~ 

HO~ ~OH 46% HO-Pa ~OTBS 83% HO"-! \)PV -LOTBS 

1.57 1.58 

h-j 

41% 
(4 steps) 

1.59 

1.63 

Scheme 1.10 Synthesis of the diepoxide unit. Reagents and conditions: a) TBSCI, 

imidazole, CH2Ch, rt; b) t-BuOOH, Ti(Oipr)4, D-(-)-DET, CH2Ch, -20°C; c) 

Ti(Oipr)4, PvOH, benzene, 0 °C; d) 2,2-dimethoxypropane, CSA, CH2Ch, 0 °C; e) 

BU4NF, THF, rt; f) t-BuOOH, Ti(Oipr)4, L-(-)-DET, CH2Ch, -20°C; g) Ti(OMPM)4, 

MPMOH, benzene, 60°C; h) AcOHlH20 (4: 1), rt; i) MsCl, py, CH2Ch, 0 °C --+ rt; j) 

K2C03, MeOH, rt. 
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Bi-directional alkylation of diepoxide 1.63 using the lithio derivative of neryl phenyl 

sulfide 1.64 gave the disulfide 1.65 as a mixture of diastereomers, whilst 

simultaneously removing the pivalate group (Scheme 1.11). Desulfurisation under 

Bouvault-Blanc55 conditions and selective acetylation of the secondary alcohol 

afforded diol acetate 1.66 in good overall yield. The MPM protecting group was 

converted into the 4-methoxybenzylidene acetal by interaction of the neighbouring 

hydroxyl group with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Subsequent 

acidic hydrolysis and oxidative cyc1isation with ten equivalents of the 

oxorhenium(VII) complex [(CF3C02) Re03'2CH3CN] in the presence of TFAA gave 

trans-THF product 1.67, leaving the right-hand side of the molecule intact. 

~ 
MPM 

1.63 

b, C 

78% 
(3 steps) 

d-f 

51% 

9 

47% 

1.65 

1.66 

1.67 

~ (1.55) 
80% (+)-Eurylene 

(1.56) 

(+ )-14-Deacetyleurylene 

Scheme 1.11 Completion of the synthesis. Reagents and conditions: a) TMEDA, 

THF, -78 °C ~ 0 DC; b) Na, THF/PrOH (2:1), reflux; c) AC20, py, rt; d) 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), CH2Clz, 0 DC; e) AcOHlH20 (4:1), rt; 

f) [(CF3C02) Re03'2CH3CN], TFAA, CH2Clz/CH3CN (9:1), -40°C; g) PCC, CH2Clz, 

rt; h) Ac20, py, rt. 
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Oxidative cyclisation of 1.67 with a stoichiometric amount of oxochromium(VI)

containing complex PCC, installed the second THF ring with complete cis 

diastereoselectivity affording (+ )-14-deacetyleurylene (1.56) (Scheme 1.11). 

Oxidative cleavage of the vicinal diol also occurred as a side reaction. It is postulated 

that the oxidative cyclisation occurs regioselectively since the formation of a 

dialkoxychromium intermediate IS favoured over a monoalkoxychromium 

intermediate. Selective acetylation of the 14-hydroxy group gave (+ )-eurylene (1.55). 

1.6.4 Synthesis of Bullatanocin (Squamostatin-C) 

In 2003, Mootoo and Zhu described an iodoetherification and olefin metathesis 

approach to the synthesis of non-adjacently linked THFs.56 They applied this 

methodology to the synthesis of the Annonaceous acetogenin bullatanocin. This 

approach is general, however, and could be applied to the synthesis of any non

adjacent THF acetogenin containing trans-THF rings. Their approach towards 

bullatanocin (1.68) focused upon an olefin cross-metathesis of two THF allylic alcohol 

components (Scheme 1.12), which were obtained using their previously published 

iodoetherification methodology. 57 

HO OH 

(1.68) 

Bullatanocin 

~+~OP 
PO OH OP 

Scheme 1.12 Retrosynthetic analysis ofbullatanocin. 
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Synthesis of the THF Components of Bullatanocin 

The synthesis began with Sharpless asymmetric dihydroxylation of diene 1.6940 

(Scheme 1.13). This afforded a mixture of products due to the lack of regiocontrol; 

the undesired diol 1.72 was recycled back to the starting material under alcohol 

iodination conditions. The combined yield of the desired diol 1. 70 (obtained in 92% 

ee) and the derived lactone 1.71 was 47%. Reduction of 1. 70 and 1.71 and subsequent 

acetonation afforded alcohol 1.73. 

Et02C~ 
1.69 

Et02C~ IJ , Ho"'Y 
1.70 OH 

~O~ 
1.71 OH 

~ HO 

b, C 
87% 

/ 

d,71O/~ ~ 
Et02C ~ OH 

1.72 

1.70/1.71 = 1:1 (47%) 
1.72 (51%) 

HOJ) IJ - Q"Y A-0 
1.73 

Scheme 1.13 Reagents and conditions: a) AD-mix-fi; t-BuOH/H20, MeS02NH2, 0 DC; 

b) DIBAL-H, THF, -78 DC ~ rt; c) 2,2-dimethoxypropane, CSA, CH2Ch, 0 DC ~ rt; 

d) Ph3P, h, imidazole, CH2Ch. 

Alcohol 1.73 was oxidised to the corresponding aldehyde and subsequent olefination 

and reduction produced allylic alcohol 1.74 as a single (E)-isomer in good overall 

yield (Scheme 1.14). Iodoetherification reaction of 1.74 using iodonium dicollidine 

perchlorate (IDCP) gave trans-THF 1.75 exclusively in 89% yield. This was 

converted to the epoxide under basic conditions and silylated to give the silyloxy

epoxide derivative. Opening of this epoxide with nonylmagnesiumbromide afforded 

allylic alcohol 1.76. 
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HO~ IJ 
q"'Y 
~o 

1.73 

HOIW 
I OH 

1.75 

a-e 

77% HofH 
~o 

1.74 

~ 
89% 

~ ,.~ D ~ 
Va y~o"y 61% 

MOMO OH 
1.76 

Scheme 1.14 Reagents and conditions: a) PCC, CH2Ch, rt; b) Ph3P=CHC02Me, 

CH3CN, reflux; c) DIBAL-H, CH2Ch, -78°C --)0 rt; d) iodonium dicollidine 

perchlorate (IDCP), CH3CN/H20, rt; e) K2C03, MeOH, rt; f) TBSCI, imidazole, 

CH2Ch, 0 °c --)0 rt; g) CH3(CH2)sMgBr, CuBr, THF, 0 °C; h) MOMCI, ipr2NEt, 

CH2Ch, 0 °C --)0 rt; i) BU4NF, THF, rt. 

A similar protocol was used to synthesise allylic ester 1.79. Alcohol (ent)-1. 73 was 

produced in similar yields to 1.73 using AD-mix-a in the route depicted in Scheme 

1.10. Oxidation, olefination and pivalation afforded olefin 1.77 as a 3:1 Z:E mixture 

(Scheme 1.15). 

~OH 
o~ 

(ent)-1.73 

a-e 

61% 

~OPV 
OH I 

1.78 

~~OPV 
O~ 1.77 

d -79% 

71% ~OPV e,f ----
OAe 

1.79 

Scheme 1.15 Reagents and conditions: a) (COClh, DMSO, Et3N, CH2Ch, -78°C --)0 

rt; b) Ph3P=CH(CH2)30Li, NaHMDS, toluene, -78°C --)0 rt; c) PvCI, DMAP, py, rt; 

d) iodonium dicollidine perchlorate (IDCP), CH3CN/H20, rt; e) BU3SnH, AIBN, 

toluene, reflux; f) AC20, DMAP, EtOAc, rt. 
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Iodoetherification led to an inseparable mixture of THF diastereomers 1.78; the 

mixture of trans-THFlcis-THF was found to be 11:1 by NMR analysis. The mixture 

of iodides 1.78 was subjected to a radical-mediated reduction followed by acetylation. 

This enabled chromatographic separation of the diastereomers and thus allyIic ester 

1.79 was isolated as a single isomer in excellent overall yield (Scheme 1.15). 

Combining the THF Fragments of Bullatanocin 

Mootoo and Zhu had planned on using a segment-tethering ring-closing metathesis 

(RCM) protocol to connect the two THF fragments, however this approach was 

severely hampered by low yields in the synthesis of the tethered precursor and also in 

the RCM step. Instead they utilised a cross-metathesis strategy; however, as can be 

envisaged, this would inherently lead to the problem of homodimer formation. 

Another problem is that allylic esters tend to have a deactivating effect in RCM 

reactions. 58 They speculated that by using allyIic alcohol 1.76 and a large excess of 

the allylic ester partner 1.79, they would produce the heterodimer as the major product 

(Scheme 1.16). 

After extensive experimentation, they found the optimum conditions involved using 

allylic alcohol 1. 76 and allylic ester 1.79 in a 1:4 ratio with two equivalents of catalyst 

1.80 added 18 h apart at rt. Alkene 1.81 was produced in high yield with an EIZ ratio 

of 3: 1 (Scheme 1.16). Hydrogenation followed by selective hydrolysis of the acetate 

afforded diol 1.82. MOM protection of the hydroxyl groups preceded removal of the 

pivalate ester. Conversion of the resulting alcohol to the iodide and treatment with 

triphenylphosphine in the presence of Hunig's base gave phosphonium salt 1.83 in 

good overall yield. 
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Mes-Ny N-Mes 
.;CI 
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PCY3 Ph 

1.80 

OPv 

1.81 E:Z = 3:1 

b, e! 88% 

OH OH 

1.82 

d-g ! 75% 

"0 
OMOM OMOM 

1.83 

Scheme 1.16 Reagents and conditions: a) 1.76/1.79 (1:4), 1.80 (2 eq), CH2Ch, rt; b) 

H2, PdlC, EtOAc; c) K2C03, MeOH; d) MOMCl, iPr2NEt, CH2Ch; e) NaOMe, 

MeOH; f) Ph3P, 12, imidazole, benzene; g) Ph3P, ipr2NEt, CH3CN. 

Synthesis of the Butenolide Portion of Bullatanocin 

The known butenolide-aldehyde 1.89 (Scheme 1.17) was synthesised using a 

modification of the method described by Keinan and Sinha. 59
,60 Mootoo and Zhu used 

a route described by Hoye et al.61 to synthesise methyl ester 1.88 as it was more 

practical than the method described by Keinan and Sinha. Thus diene 1.84 was 

subjected to double dihydroxylation with AD-mix-a affording tetrol 1.85. Activation 

of the primary alcohols, epoxide formation, ring opening with allylmagnesium 

bromide and subsequent silylation produced diene 1.86 in good overall yield. Radical

mediated oxidative cleavage produced primary alcohol 1.87 which was converted to 

the corresponding acid via the aldehyde. 
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Esterification afforded methyl ester 1.88 (Scheme 1.17). Conversion to aldehyde 1.89 

followed a sequence identical to that described by Keinan and Sinha.59,6o 

OH 

O~ O~ ~~~ 
y 50% 

O~ 

,~ ~ ¢ OH 

b t;;>H 60% ¢ OTBDPS 

'b 
1.84 

e --80% 

O~ 
1.85 

x~ 
OTBDPS 

f-h eX = CH20H 1.87 
63% X = C02Me 1.88 

OH 

~ 
22% 

QTBDPS 

O~ 

1.86 

TBDPS? rl"o 
O~ 

1.89 0 

Scheme 1.17 Reagents and conditions: a) AD-mix-a, t-BuOH/H20, MeSONH2, O°C, 

12 h; b) (i) TsCI, py; (ii) K2C03, MeOH; c) HC=CHCH2MgBr, CuI, THF; d) 

TBDPSCI, imidazole, CH2Ch; e) CAN, CH3CN/H20; f) PCC, CH2Ch; g) NaCI02, 

H202; h) DCC, DMAP, MeOH; i) (i) LDA, THF, -78°C; then (S)-2-(tetrahydropyran-

2'yloxy)propanal; (ii) 20% MeOH (aq), TsOH, rt; (j) (i) Et3N, CH2Ch, -20 ~ 0 °C; 

(ii) AD-mix-p, t-BuOH, H20, rt; (iii) NaI04, H20, CH2Ch-acetone, rt. 

Completion of the Synthesis of Bullatanocin 

The final sequence involved a Wittig reaction between aldehyde 1.88 and the ylide of 

phosphonium salt 1.82 to afford an E/Z mixture of alkenes (Scheme 1.18). Subsequent 

reduction of the E/Z mixture gave bis-THF 1.89, which, after global deprotection, was 

transformed into the natural product bullatanocin (1.68). 

22 



"'0 

OMOM OMOM 

1.82 

OMOM OMOM 

1.89 

3 PPh31 + TBDPS~ r<~ ~ 
O~ 39% 

1.88 0 

c --- (1.68) 
Bullatanocin 71% 

Scheme 1.18 Completion of the synthesis. Reagents and conditions: a) n-BuLi, THF, 

-78°C; b) H2, Rh(PPh3)3Cl, toluene; c) AcCl, MeOH/CH2Clz. 

1.6.5 Synthesis of Squamostatin-D 

A very different approach to another of the squamostatin family of non-adjacent bis

THF natural products was accomplished by Marshall et al.62 The key steps in their 

synthesis of squamostatin-D (1.90) (Figure 1.5) included the enantioselective addition 

of chiral oxygenated allylic tin and indium reagents to aldehydes. 

Squamostatin-D 

Figure 1.5 The Annonaceous acetogenin squamostatin-D. 

The synthesis began with the addition of (R)-y-alkoxy allylic stannane 1.9263 to 

aldehyde 1.9164 which gave the syn adduct as the only product (Scheme 1.19). 

Activation of the resultant alcohol afforded tosylate 1.93, which after treatment with 

TBAF, cyclised spontaneously to install the trans-THF ring in high yield. Protection 

of the secondary alcohol as the MOM ether afforded alkene 1.94. Concomitant 

reduction of the double bond and debenzylation, followed by oxidation of the primary 

alcohol afforded aldehyde 1.95. Treatment with (S)-a-alkoxy allylic stannane in the 

23 



presence of InCh gave the anti adduct which was subsequently protected to give 

MOM ether 1.97. Reduction of the double bond, desilylation and oxidation of the 

primary alcohol gave aldehyde 1.98 in excellent overall yield. 

o OTBS 

H~OBn 
OTBS 

1.91 

~ 
81% 

TBSO~snBU3 

1.96 OBOM 

g, h, 81% 

1.98 

1.94 

~ 
BU3Sn OMOM OTs QTBS 

1.92 ~ 
6 

a, b, 84% MOMO OTBS 
1.93 

e,f 
--0.-

OBn 
89% ~ 0 

MOMO H H OMOM 
1.95 

QMOM 

OBOM 

o 

OTBS 
i,j, k 

86% 

OBn 

o 

Scheme 1.19 The beginning of the synthesis of squamostatin-D (1.90). Reagents and 

conditions: a) 1.92, BF3'OEh; b) TsCI, py; c) TBAF, THF; d) MOMCI, ipr2NEt; e) 

H2/Pd-C, EtOH; f) Dess-Martin periodinane; g) 1.96, InCh, EtOAc; h) MOMCI, 

ipr2NEt; i) H2/Rh-A}z03, EtOAc; j) TBAF, THF; k) Dess-Martin periodinane. 

Marshall and co-workers decided to carry out an asymmetric alkynyl addition to 

aldehyde 1.98 in order to install the relevant stereogenic centre and introduce the side 

chain. Zinc reagent 1.100 was prepared from unsaturated ester 1.99 (Scheme 1.20). 

Addition of organozinc reagent 1.100 to aldehyde 1.98 in the presence of chiral 

diamine 1.101 afforded the alcohol in 90% ee, which was subsequently silylated to 

give TBS ether 1.102. Hydrogenolysis of the BOM protecting group and activation of 

the resulting alcohol gave tosylate 1.103. Cyclisation occurred spontaneously upon 

treatment with TBAF, thus producing bis-THF 1.104 in good overall yield. 
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Scheme 1.20 Installation of the second trans-THF ring. Reagents and conditions: a) 

Et2BH; b) Et2Zn; c) 1.98, 1.101, Ti(Oipr)4; d) TBSCI, imidazole, DMF; e) H2/Pd-C, 

EtOAc-EtOH; f) TsCI, py; g) TBAF, THF. 

The butenolide portion was introduced using a modification of the procedure 

described by Yao and WU.65 Thus TBS protected (S)-lactaldehyde 1.105 condensed 

with the lithio enolate of 1.104 to afford the aldol product (Scheme 1.21). Treatment 

with TBAF led to the lactone diastereomers 1.106 in high yield. Dehydration and 

global deprotection afforded squamostatin-D (1.90). 
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C, d 

91% 

1.105 

a, b, 78% 

(1.90) 
Squamostatin-D 

Scheme 1.21 Introduction of the butenolide segment. Reagents and conditions: a) 

1.105, LDA, THF; b) TBAF, THF; c) (CF3CO)20, Et3N; d) HCI, THF, MeOH. 

1. 7 Conclusions 

The biological activities of the Annonaceous acetogenins are wide-ranging. The most 

interesting biological property is the potent cytotoxic anti tumour activity, which is 

largely responsible for the considerable interest in their synthesis. The synthesis of 

non-adjacent bis-THF acetogenins is challenging, reflected by the few reported 

approaches towards them in the literature. In the syntheses described, some of the key 

steps in forming the core THF rings have included asymmetric epoxidation, 

metathesis, oxidative cyclisation of hydroxyalkenes, iodoetherification and y

oxygenated allymetal addition to aldehydes. Most interestingly, however, there are no 

syntheses that have installed the non-adjacent bis-THF core and adjacent stereogenic 

centres in one step via the oxidative cyc1isation of a tetraene using transition metal oxo 

specIes. 
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Chapter 2 

Oxidative Cyclisation Using Transition Metal Oxidants 

2.1 Potassium Permanganate Promoted Oxidative Cyclisation 

In 1924 Katz and Steche reported the oxidation of a 1,5-diene under neutral conditions 

using permanganate. They had difficulty in identifying the product however, and it 

was not until 1965 that Klein and Rojahn were able to elucidate the structure. Klein 

and Rojahn reported that the oxidation of 1,5-dienes structurally related to geraniol 

and nerol using potassium permanganate under slightly alkaline conditions afforded 

2,5-bis-hydroxymethyltetrahydrofurans.66 They obtained a crystal structure of the 

product from the oxidation of geranyl acetate 2.1 and found it was cis-THF-diol 2.2, 

implying that all three oxygen atoms had been delivered from the same face (Scheme 

2.1). 

35% ~OAC a -
2.1 

~OAC 
HO H - = 

OH 
2.2 

Scheme 2.1 Potassium permanganate-mediated oxidative cyc1isation. Reagents and 

conditions: a) KMn04, acetone, H20, CO2, ebullition. 

This was of particular interest since it allowed the synthesis of cis-THF -diols 

containing four new chiral centres in one step, starting from the appropriate 1,5-diene. 

In 1979, the synthetic utility of this transformation was realised by Walba et.al. 67 

Inspired by proposals from Sharpless on the mechanism of the oxidation of 0lefins,68 

Walba went on to propose a mechanism for the permanganate promoted oxidative 

cyc1isation (Scheme 2.2). The mechanism focused upon two [2+2] cycloadditions of 

Mn=O to each double bond on one face, followed by alkyl migration with retention 

and then elimination ofMn02. 
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Scheme 2.2 Oxidative cyclisation mechanism proposed by Walba et at. 

At the same time work was being carried out in Baldwin's laboratory on the 

permanganate promoted oxidative cyclisation of deuterated I ,5-dienes. 69 He proposed 

a mechanism based on [3+2] cycloadditions (Scheme 2.3). 

H 

~D H o H 
~D 

H"'f\{"H H [3+2] ~" 0 Mn04- H'~ D)~O 0 __ / H 
Mn, 

0/1 I '0 O'~ O~Mn~O -0 ~ 0 " 
l o "'H 

-0 2.8 2.9 2.10 

[3+2] 1 

H 

D~D H2O D~ Mn02 + H'" (j) H 
O-MnQ. .• ,H HO H H OH I '0 

2.12 
-0 0 

2.11 

Scheme 2.3 Oxidative cyclisation mechanism proposed by Baldwin et at. 

The first step of the proposed mechanism involves a [3+2] cycloaddition of 

permanganate to the more reactive double bond forming an unreactive cyclic Mn(V) 

ester 2.9 (Scheme 2.3). This then undergoes oxidation to a reactive Mn(VI) species 

2.10, facilitating a second [3+2] cycloaddition to the remaining double bond to form 
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intennediate 2.11, all on the same face. Hydrolysis affords the cis-THF-diol and by

product Mn02. 

This mechanism was corroborated by Lee et ai. 70 and Wolfe and Ingold71 since they 

reported indirect evidence for the presence of a Mn(Y) ester. Wolfe and Ingold 

proposed that the intennediate must have a co-ordination number greater than four. 

Strangely however, they found that when the reaction was carried out in 180 labelled 

water, an 180 atom was incorporated into the THF-dio1. 71 Since neither mechanism 

could explain this they concluded that a decision concerning the exact nature of the 

Mn(Y) intennediate should be deferred, and to this day the precise details of the 

mechanism remain unresolved. 

The yield for the oxidative cyclisation reported in early work was modest. This can be 

explained by a number of side-reactions occurring which lowered the yield. The 

Mn(Y) ester 2.9 could be hydrolysed prior to the second cycloaddition, which in the 

case of geranyl acetate 2.1 leads to the fonnation of an a-hydroxy ketone 2.13 

(Scheme 2.4). Oxidation of the remaining double bond and subsequent hydrolysis 

would lead to bis-a-hydroxy ketone 2.14, which could cyclise to produce lactol 2.15. 

~ KMn04 ~o \~p 
- OAe • /- HOf\ L OA:- Hn~~OAe 

2.1 2.13 2.14 

HO' ¥ /"'-..OAe )1 b~o' ! . 
2.15 

Scheme 2.4 By-products of the oxidative cyclisation. 
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Walba et aI. went on to investigate the effect of the double bond geometry on the 

relative stereochemistry (Scheme 2.5).67 They found that altering the geometry 

inherently changed the stereochemistry of the hydroxyl groups. They also looked at 

the selectivity of the reaction and found that the ratio of cis-THFltrans-THF was at 

least 97:3. 

~ ~ 
2.16 2.17 2.18 

~ 
HO H H OH 

y[;ty 
HO H H OH 

~ 
=- H 0 H =-

HO OH 

2.19 2.20 2.21 

Scheme 2.5 The effect of alkene geometry on the relative stereochemistry. 

With this information in hand, Walba et ai. went on to apply this chemistry to the 

synthesis of natural products. 72,73 They synthesised the B/C ring fragment of 

monensin (2.25), inserting the four stereogenic centres with correct relative 

stereochemistry in one step (Scheme 2.6). 

-D=(
C02Me 

EtO - -
EtO 

2.22 

Meo~C02Me 
- H / OH 

2.24 

a 

47% ~
Et 

: : C02Me 
EtO . - 0 = 

HO ~ H / OH 

,,~O~: B 
o 0 ~ 

"," ,__ C02H 

MeO 

2.23 

(2.25) 
Monensin 

b 

50% 

Scheme 2.6 Use of oxidative cyc1isation in the synthesis towards monensin (2.25). 

Reagents and conditions: a) KMn04, acetone, H20, pH 7.5, CO2, ebullition; b) 

CH(OMe)3, TsOH, benzene. 
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Although there are two double bonds in 2.22 open to initial attack by permanganate, it 

is usually the electron-deficient double bond which reacts first. This can be attributed 

to electronic effects which have been shown to significantly affect the rate of olefin 

oxidation by permanganate.74,75 

In 1990, Walba recognised that in order to realise the true potential of permanganate 

promoted oxidative cyclisations, the absolute stereochemistry would need to be 

controlled. He developed an asymmetric oxidative cyclisation 76 by making use of the 

fact that double bonds conjugated to a carbonyl group are more reactive to 

permanganate than aliphatic double bonds.77 An amide linkage to Oppolzer's 

camphorsultam78 or Evans oxazolidinone79 thus enabled relative asymmetric 

induction. 

Oxidation of the oxazolidinone enoate 2.26 gave a 3: 1 ratio of diastereomers, whilst 

oxidation with the camphorsultam enoate 2.29 gave a ratio in excess of 9: 1 (Scheme 

2.7). The low selectivity shown by the oxazolidinone enoate can be rationalised by 

the fact that it requires Lewis-acid chelation to give high selectivity. As K+ is not a 

strong Lewis acid and the reaction was conducted in a polar co-ordinating solvent the 

selectivity was compromised. 

Minor 
2.28 

2.29 

Scheme 2.7 Asymmetric induction in the oxidative cyclisation reaction. Reagents and 

conditions: a) KMn04, acetone, H20, CO2, ebullition; b) CH30MgBr. 
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Walba found that the major diastereomer 2.27 formed from oxidative cyclisation of 

the camphorsultam derived enoate 2.29 (Scheme 2.6) is consistent with attack from 

the Re face of the conjugated double bond. Camphorsultam enoates have been used as 

starting points in many acetogenin and polyether antibiotic fragment syntheses,80-83 for 

example Kocienski et al. used this approach to synthesise the THF core of polyether 

. h I' . 80 lOnop ore sa momycm. 

The permanganate promoted oxidative cyclisation of trisubstituted olefins is relatively 

high yielding and has also been used as the starting point in the synthesis of polyether 

antibiotic fragments. 76,84 Early work in our group focused upon the oxidation of 

trisubstituted I,S,9-trienes.85,86 After optimising the pH of the oxidative cyclisation 

reaction, lactone 2.32 could be accessed in good overall yield, furnishing an excellent 

intermediate for elaboration (Scheme 2.8). 

~co2Me 

2.30 

a - ~ HO . 
o H 0 ~. OMe 

HO - = 
OH 

2.31 

b J (55%, 2 steps) 

O~OMe 
OH 

2.32 

Scheme 2.8 Oxidation of a I,S,9-triene to a THF-lactone. Reagents and conditions: a) 

KMn04 (3 eg), AcOH (4 eg), pH 6.2 buffer, acetone-H20, -20 DC; b) NaI04/Si02, 

CHzCh. 

Many reports however, have claimed that the permanganate promoted oxidative 

cyclisation of mono- and di-substituted olefins are far less encouraging than with 

trisubstituted olefins, with low isolated yields of the cyclisation product (S_33%).87,88 

Recent work in our group showed that when the conditions used to oxidise 

trisubstituted olefin 2.30 were applied to dienoyl sultam 2.33, a low yield of 18% was 

obtained (ratio of 2.34/2.35 = 6.S: 1); also isolated was the a-hydroxy ketone 2.36 

(40%) (Scheme 2.9). 
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These findings were attributed to a lack of substrate solubility and hence the use of a 

phase-transfer reagent was investigated, as well as a number of different solvents and 

additives (Table 2.1). 

~N~ 
HO OHO"'S 

2.34 0 
+ 

a -- ~N~ 
HO OHO"'~\ 

2.35 0 
2.33 

Scheme 2.9 Oxidative cyclisation of dienoyl sultam 2.33. Reagents and conditions: a) 

See Table 2.1. 

Entry Solvent AcOH 2.3412.35Q (d.rl 

1 Acetone/H2O/ 3 eq 21 %, (7:1) 

pH 6.2 buffer 

2c CH2Ch 8 eq 31%, (6.5:1) 

3c Toluene 8 eq 50%, nla 

4c EtOAc 8 eq 55%, (6:1) 

5c Acetone 16 eq 62%, (6.5:1) 

6c Acetone Co-solventd 75%, (6.5:1)e 

Table 2.1 The effects of varying the conditions of the oxidative cyclisation (see 

Scheme 2.9). Q Combined isolated yield of THF-diols 2.34 and 2.35; b Ratio of 

2.3412.35 as estimated from I H NMR; c Reaction carried out with the addition of 10 

mol% adogen 464; d acetone/ AcOH (3 :2); e Reaction carried out without adogen 464 

gave identical results. 
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The results showed that a mixed solvent system of acetone/AcOH (3:2) greatly 

improved the yield. Furthermore, no phase-transfer catalyst was needed since the 

substrate and oxidant were sufficiently soluble in this system. Interestingly, there 

appeared to be little change in d.r. when varying the polarity of the solvent. This 

implied that chelation control was not involved in determining the initial facial attack 

of the enoate double bond.76 

2.2 Osmium Tetroxide Catalysed Oxidative Cyclisation 

Following the substantial amount of progress that had been made in the permanganate 

promoted oxidative cyclisation, Piccialli et al. investigated the use of osmium 

tetroxide in this reaction89 They reported that 5 mol% of osmium tetroxide, when 

used in conjunction with sodium periodate as co-oxidant, induced the oxidative 

cyclisation of 1,5-dienes. Both geranyl acetate 2.1 and neryl acetate 2.37 were 

oxidised to the corresponding cis-THF-diols 2.2 and 2.38 in 55% and 53% yield 

respectively (Scheme 2.10). 

2.1 2.2 

~OAC a -55% 
~OAC 

HO H - ~ 
OH 

53% 
'- D ~OAc ;r A"o'ry " 

OH 

)=I)=F0AC a -----
2.37 2.38 

Scheme 2.10 Oxidative cyclisation using osmium tetroxide. Reagents and conditions: 

a) OS04 (5 mol%), NaI04, DMF. 

Donohoe et al. used an osmium tetroxide/TMEDA complex under acidic conditions to 

effect the oxidative cyclisation reaction.9o They successfully oxidised 1,5-dienes to 

the corresponding cis-THF-diols in high yield using stoichiometric amounts of 

osmium tetroxide (Scheme 2.11). Recently, they have reported a catalytic version of 

this reaction using Me3NO as the stoichiometric oxidant, with yields of the oxidative 

cyclisation of 1,5-dienes ranging from 60-95%.91 
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~NHCOCCI3 
2.39 

~OH 
2.41 

a -83% 

~ 
69% 

H~NHCOCCI3 
OH 

2.40 

~O 
HO H - O~ 

2.42 

Scheme 2.11 Oxidative cyclisation using osmium tetroxide/TMEDA. Reagents and 

conditions: a) OS04, TMEDA, CH2Ch, -78°C; then MeOH, HCI, rt; b) (MeO)2CMe2, 

TFA. 

It is proposed that the osmium tetroxide/TMEDA complex acts as a willing hydrogen 

bond acceptor, and regioselectivity is therefore achieved using allylic amide or allylic 

alcohol substrates since they can direct the complex to the adjacent double bond. 

Mechanistically, the initial step involves the formation of an osmate ester, directly 

analogous to the first step of the permanganate-mediated oxidative cyclisation 

mechanism postulated by Baldwin69 (Scheme 2.3). 

Donohoe speculated that the role of the acid was to protonate the oxo ligands thus 

making the metal more electrophilic, or to promote whatever ligand exchange is 

necessary for the cyclisation to proceed. This is consistent with the water labelling 

experiments carried out by Wolfe and Ingold in permanganate-mediated oxidative 

cyclisations.71 As previously mentioned, they suggested ligand exchange occurred 

since a labelled oxygen was incorporated into the THF -diol. 

2.3 Ruthenium Tetroxide Catalysed Oxidative Cyclisation 

In 1981, Sharpless et al. were using a catalytic ruthenium tetroxide/periodate system 

in order to effect the oxidative cleavage of double bonds.92 When this system was 

applied to geranyl acetate 2.1, they observed oxidative cyclisation, a process Sharpless 

termed as 'abnormal oxidation' (Scheme 2.12). 

35 



The yield of the oxidative cyc1isation was modest and was accompanied by a cis-2-

keto derivative by-product 2.45 (Scheme 2.12). More interestingly however, control 

of the geometry across the THF ring was poor, with a cis-THF-diol 2.2/trans-THF

diol 2.44 ratio of 3: 1. Sharpless postulated that the trans-THF -diol formed in the 

presence of ruthenium tetroxide and not with permanganate because of differences in 

bond lengths and geometries in comparable intermediates. The second row transition 

metal ruthenium has longer bond lengths than permanganate and hence can allow the 

pathway leading to trans-THF -diols. 

2.1 ~ ~OAC + '" 0 -OAc+ '" Q -OAc HO H - = ;;;-A'o'TY '- ;;T A'o''Tno '-
OH OH 

2.2 2.44 2.45 

Sharpless: 39% Sharpless: 12% Sharpless: 18% 

Piccialli: 60-62% Piccialii: 7-9% Piccialli: 4-5% 

Scheme 2.12 Oxidative cyc1isation usmg ruthenium tetroxide. Reagents and 

conditions: a) Sharpless: RuCh·(H20)n (2.2 mol%), NaI04 (4.1 eq), CCI4, CH3CN, 

H20; Piccialli: RU02·2H20 (4 mol%), NaI04 (4 eq), EtOAc, CH3CN, H20, 0 0c. 

In order to address the problem of low yield, Albarella et al. 93 and more successfully 

Piccialli et al. investigated the oxidative cyc1isation of geranyl acetate 2.1 with 

ruthenium tetroxide (Scheme 2.12).94 Piccialli used this substrate because previous 

work in their group had shown that high yields could only be obtained when one of the 

double bonds was trisubstituted. The yield and efficiency of the oxidative cyc1isation 

of geranyl acetate 2.1 was greatly improved under their new conditions, with an 

improved cis/trans ratio (8:1) and a reduction in yield of the by-product. 

In a continuation of this work, Piccialli et al. looked at the ruthenium tetroxide

mediated oxidative polycyclisation process. This transformation installs up to five 

contiguous THF rings in a single step.95 
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Polycyclisation of famesyl acetate 2.46 afforded bis-THF-diol 2.47 (29%) and the 

corresponding C-2 ketone 2.48 (27%) as major products, together with trans-THF 

isomer 2.49 (2%) as a minor product (Scheme 2.13). The remaining mass balance was 

accounted for by cleavage products. The structural relationship between 2.47 and 2.48 

was confirmed by oxidation of2.47 to 2.48. 

~OAC ~ ~OAC+ ~OAC 

HO HO 

2.46 

OAc 

2.50 

2.53 

2.47 (29%) 

+~OAC 
HO H H 

2.49 (2%) 

a 

2.48 (27%) 

30% 
(combined yield) 

2.51 
+ 

a 

50% 

2.54 

OAc 

Scheme 2.13 Polycyclisation using ruthenium tetroxide. Reagents and conditions: a) 

RU02.2H20 (20 mol%), NaI04 (varying amounts: 2.46 - 4 eq, 2.49 - 5 eq, 2.52 -+ 

8 eq), EtOAc/CH3CN/H20 (3:3: 1). 

The first THF ring is formed with cis-stereoselectivity in accordance with the known 

reactivity of RU04.92 The cis-stereo selectivity of the second THF ring can be 

explained by invoking recent results from the related rhenium(VII) chemistry reported 

by Sinha et al. 96 They postulated that the stereochemistry of the second cyc1isation 

depends on the relative configuration of the two vicinal oxygen atoms installed after 
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the first cyclisation, and the ability of the first THF ring to chelate to the metal. A 

threo relationship between the two vicinal oxygens leads to a cis-THF, whilst an 

erythro relationship leads to a trans-THF. Piccialli and co-workers found that their 

results were in accordance with the former of these two rules. 

The effect of varying the amounts of Ru02.2H20 and NaI04 in the oxidation of 

farnesyl acetate 2.46 was investigated. It was found that when the amount of 

RU02.2H20 was kept constant, any increase in the amount of co-oxidant did not affect 

the yield of either product 2.47 or 2.48. However, the amount of co-oxidant required 

for the reaction to go to completion does depend on the number of double bonds 

present in the starting material. They found that an extra equivalent of NaI04 was 

required for each additional double bond. When the polycyclisation reaction was 

carried out using 20 mol% of RU02.2H20, bis-THF-dioI2.47 was formed as the major 

product; when 90 mol% of RU02.2H20 was used, C-2 ketone 2.48 was formed as the 

major product. The amount of trans-THF isomer 2.49 remained low throughout these 

experiments « 2.5%). 

Attempts to decrease the amount of C-2 ketone 2.48 formed in the reaction by 

reducing the reaction time led to incomplete reaction and the ratio of products 

2.47/2.48 remained unchanged. 

Reduction of a ketone flanking a cis-THF nng had been reported with high 

diastereoselectivity on a very similar system to C-2 ketone 2.48.97 Piccialli et al. 

attempted the reduction of C-2 ketone 2.48 and obtained a 2: 1 mixture of 2.47 and its 

C-2 epimer. Recycling the epimer via an oxidation/reduction sequence gave desired 

bis-THF -diol 2.47 in 79% yield over three steps. This improved the total yield of bis

THF-dioI2.47 from farnesyl acetate 2.46 from 29% to 51 %. 

Piccialli et al. went on to apply polycyclisation to various polyenes. Oxidation of 

geranylgeranyl acetate 2.50 gave a mixture of tris-THF diol 2.51 and the 

corresponding tris-THF ketone 2.52 in a combined 30% yield (Scheme 2.13). 

Oxidation of squalene 2.53 afforded penta-THF -diol 2.54 in 50% yield, corresponding 

to 87% per cyclisation. 
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2.4 Conclusions 

There are several transition metal oxo species that have been reported to effect the 

oxidative cyclisation of 1,5-dienes. Permanganate oxidations are high-yielding, 

however they require stoichiometric amounts of oxidant; the analogous osmium 

tetroxide and ruthenium tetroxide oxidative cyclisations have an advantage because 

they are catalytic. These two transition metal oxo species have further benefits. 

Oxidative cyclisations with osmium tetroxide proceed in high yield, whilst ruthenium 

tetroxide has been shown to effect polycyclisation, a transformation which has great 

potential in the synthesis of natural products containing adjacent-THF rings. 

However, permanganate has one major advantage over the other oxidants - it has been 

used effectively in asymmetric oxidative cyclisations, affording optically-enriched 

THF diols. The efficient synthesis of natural products ultimately requires control of 

the stereoselectivity; permanganate, when used in conjunction a chiral phase-transfer 

catalyst or in the oxidation of a substrate containing a chiral auxiliary, effectively 

meets this requirement. 
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Chapter 3 

An Introduction to the Proposed Work 

3.1 Synthesis Towards cis-Sylvaticin via Permanganate Promoted Bi-Directional 

Oxidative Cyclisation 

The permanganate promoted oxidation of dienes is known to afford cis-THF-diols in 

good yield inserting up to four new stereogenic centres in one step. The mono-THF 

acetogenin cis-solamin81 ,82 and bis-adjacent acetogenin membranacin83 have been 

successfully synthesised within our group using this reaction as a key step. Up until 

now, the permanganate promoted oxidation of polyenes has only been demonstrated 

on dienes and trienes, affording the mono-THF and adjacent bis-THF products 

respectively. In order to extend the synthetic utility of this reaction, we are going to 

investigate the bi-directional oxidative cyc1isation of a C2-symmetric tetraene. This 

powerful transformation will produce a non-adjacent bis-THF tetrol from an achiral 

substrate, effectively inserting eight new stereo genic centres in one step. 

Asymmetric induction can be achieved via the use of Oppolzer's sUltam.98 Using the 

results from previous asymmetric oxidative cyc1isations which utilised this chiral 

auxiliary,76,80 we can predict which face of the tetraene will be attacked. 

Initially, asymmetric oxidative cyc1isations will be carried out on an easily accessible 

tetraene substrate in order to assess the viability of the bi-directional oxidative 

cyclisation. A tetraene possessing the trans-trans-trans-trans geometry will be 

investigated, and once optimal conditions have been established, these will be applied 

to the cis-trans-trans-cis tetraene substrates. 

If a C2-symmetric tetraene is used, then desymmetrisation will have to occur at some 

point in the synthesis. We are therefore going to investigate two approaches to cis

sylvaticin 3.1, effecting desymmetrisation at different junctures (Scheme 3.1). Hexaol 

3.4 can be desymmetrised by mono-activation, resulting in an intermediate which can 

then undergo further elaboration to pentaol 3.2. 
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Diepoxide 3.3 can be ring-opened on the left-hand side of the molecule with 

nonylmagnesiumbromide leaving the other epoxide free for elaboration. 

R'O 

cis-Sylvaticin 

8 : 0 : : 0: OH 
HO H H OH HO H H OH 

3.2 3.3 
P = protecting group 

OH R'O OR' 

R' = activating group R' = activating group 

HO OH 

3.4 

XN = chiral auxiliary 

R02C~C02R 

R = Et, Me, XN 

R02C~X 

R = Et, Me 

X = CI, Br, I 

~ 

O~- ~O =\ ~ .,r 
3.5 

Scheme 3.1 Retrosynthetic analysis of cis-sylvaticin 3.1 showing both a linear and bi

directional approach. 
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3.2 Synthesis of the Butenolide Portion 

Synthesis of the right-hand side of the molecule will focus upon the use of butenolide 

aldehyde 3.6 (Scheme 3.2). This will be obtained from a tenninal alkene using Trost's 

butenolide methodology.99 The left hand side of the molecule could be converted into 

a terminal alkyne which would be coupled to butenolide-aldehyde 3.6 via an 

asymmetric alkynyl addition. 

cis-Sylvaticin 

~ + ~ rl'o ~ 
R H~ 

~ n 

o 
3.6 

Scheme 3.2 Retrosynthetic analysis ofthe butenolide portion. 

In the synthesis of (-)-mucocin 3.7 (Scheme 3.3), Evans et al.lOO installed the right

hand side of the molecule using an asymmetric alkynyl addition to butenolide

aldehyde 3.6 in high yield (81 %) and with good selectivity (d.r. = 20: 1). 

3.7 
(-)-Mucocin 

Scheme 3.3 The Annonaceous acetogenin (-)-mucocin 3.7. 
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Chapter 4 

Synthesis of a Non-Adjacent bis-THF Intermediate 

The following chapter summarises our initial efforts towards the core of cis-sylvaticin, 

starting with the synthesis of the tetraene substrate for bi-directional oxidative 

cyclisation. 

4.1 Synthesis and Extension of a Triene 

Triene 4.5 was synthesised with a view to extending to a tetraene. Dialkylation of 

dibromide (4.1) produced diketone 4.2 which was subsequently reduced to give diol 

4.3 in reasonable yield (Scheme 4.1). Activation of the alcohols and subsequent 

elimination gave triene 4.5 in good overall yield. 

0 0 
a 

OEt 
b 

Br~Br --- EtO 
# -

67% 64% 

(4.1) 4.2 
0 0 

0 OH 0 OMs 

# OEt c 
~ OEt d 

EtO EtO 
OH 0 OMs 0 

78% 

4.3 4.4 (2 steps) 

0 0 
# # # OEt e 

OH EtO - # # # 
32% EtO 

0 
4.5 4.6 

Scheme 4.1 Synthesis of a triene for extension to a tetraene. Reagents and conditions: 

a) EAA, LDA, THF, -70 DC; b) NaBH4, EtOH, 0 DC; c) Et3N, MsCI, 0 DC; d) DBU, 

CH2Clz, 0 DC; e) DIBAL-H, THF, -60 DC. 

In order to extend the triene to a tetraene, mono-reduction of one of the esters had to 

be accomplished, to enable activationlhalogenation and alkylation. It was thought that 

one equivalent of DIBAL-H may reduce one ester to the aldehyde and then once 
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formed, sodium borohydride could reduce the aldehyde selectively to the alcohol since 

this rarely reacts with esters. 

After the addition of one equivalent of DIBAL-H there was no aldehyde present 

(checked by TLC stains). The diester had been reduced to the more reactive aldehyde 

but was immediately reduced further to give alcohol 4.6 (Scheme 4.1). Substantial 

amounts of diester 4.5 remained so more DIBAL-H was added. This resulted in a by

product with both esters reduced. It was found that after repeating the reduction with 

varying amounts of DIBAL-H, 1.8 equivalents gave the optimum result, in that the 

hydroxyester 4.6 was the major product, obtained in 32% yield; starting material 

(31 %) was also recovered. 

Mesylation of alcohol 4.6 and reaction of the crude mixture with the dianion of EAA 

should have resulted in diester 4.8 (Scheme 4.2). Unfortunately the mesylate was 

extremely unstable and decomposed to give a mixture of eliminated product and 

starting material. Conversion of alcohol 4.6 to the bromide 4.7 was therefore 

attempted using phosphorus tribromide. The bromide 4.7 was formed but in very low 

yield « 5%), with the majority of the starting material destroyed. A subsequent 

attempt using triphenylphosphine and carbon tetrabromide produced the bromide 4.7 

in 87% yield (Scheme 4.2). The product was sufficiently stable to silica so 

purification was possible. 

0 0 
I a 

// // // Br 
EtO 

// // // OH EtO 

4.6 
87% 4.7 

X b 
ct 

0 
// // ~ OEt 

EtO 

4.8 0 0 

Scheme 4.2 Attempted extension to the tetraene. Reagents and conditions: a) CBr4, 

PPh3, CH2Ch, rt; b) (i) Et3N, MsCI, 0 °C; (ii) EAA, diisopropylamine, n-BuLi, THF, 

-70°C; c) EAA, LDA, THF, -70°C. 
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Attempted alkylation of bromide 4.7 to produce diester 4.8 was not successful 

(Scheme 4.2). After leaving the reaction to warm to rt, no product was evident and 

starting material was recovered. It is thought that deprotonation of the methylene 

adjacent to the enoate was the main problem, and that the bromide was relatively too 

stable for alkylation to compete with deprotonation. 

4.2 Wurtz Coupling 

A further effort towards the tetraene focused upon Wurtz coupling. It was envisaged 

that a diene terminating in an aUylic halide could be dimerised with the use of an 

appropriate metal. If successful this could be extended to dimerisation of two THF 

fragments, each individually elaborated, thus removing the need for desymmetrisation. 

The results of all attempted Wurtz couplings are summarised in Table 4.1. In all cases 

the products could not be isolated as their non-polar nature meant they co-eluted 

during chromatography. It is noteworthy that only the trans isomers were formed as 

shown by 1 H NMR spectroscopy. 
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R~' 

R~ 

R~ X 
R~R+ 

\ . 
R~ 

The expected Wurtz coupling product and two possible internal coupling (IC) 

products (see Table 4.1). 

Substrate Metal Eq Desired Internal P/IC SMiP Mass 

Product Couplinga . b 
ratIO RatioC recovery 

~Br Mn 1 Yes No nla 1 :3 10% 

4.9 Zn 1 No No nla nlad 15% 

~Br Ba 1 Yes No nla 10:1 78% 

0- 4.14 Ba 2 Yes Yes 3:1 1:1 50% 

~CI Ba 1.5 Yes Yes 8:1 2:1 80% 

0- 4.15 Ba 3 Yes Yes 1:1:1 1:3 30% 

Mn 1 Yes Yes 1:2: 1 nlad 18% 

~CI Zn 1 No No nla nlad 24% 

Ti 1 Yes Yes 1 :3: 1 nlad 35% 

4.21 Ba 1.5 Yes Yes 8:2:1 nlad 72% 

Table 4.1 Wurtz coupling using different substrates, metals and conditions. a Includes 

either of the two possible internal coupling (lC) products; b Product (P)/Internal 

Coupling (IC) product ratio (if there are two internal coupling products, the last two 

numbers of the ratio represent these); C Starting Material (SM)/Desired Product (P) 

ratio as shown by GCMS; if retention time of the desired product was not known, the 

most intense peak corresponding to the product was used; d Not applicable (nla) as 

starting material was consumed. 
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Wurtz couplings using manganese powder have been reported in the presence of 

carboxylic acids 101 and such a property would be useful in our synthesis. Initial 

couplings were attempted on the easily obtainable allylic bromide 4.9 which was 

coupled to fonn diene 4.10 in the presence of one equivalent of manganese powder 

(Scheme 4.3). 

Br~ 
a or b 

+-
4.9 4.10 

Scheme 4.3 Initial Wurtz coupling in the presence of manganaese and zinc. Reagents 

and conditions: a) Mn, CuCh, H20, rt; b) Zn, NH4CI, H20. 

The reaction afforded several products as shown by GCMS, many with low retention 

times. The GCMS trace showed one of these peaks corresponded to diene 4.10 

however the crude yield was very low (10%), hence manganese was not a viable 

reagent. The same reaction using one equivalent of zinc powder afforded many 

products but none of these corresponded to product as shown by GCMS. The mass 

recovery was also poor (15%). 

It was deemed appropriate to change substrate at this juncture to facilitate product 

characterisation. A substrate containing a phenyl ring and with fewer methylene 

groups was chosen. Synthesis of allylic halides 4.14 and 4.15 began with the readily 

available aldehyde 4.11 (Scheme 4.4). Homer-Wadsworth-Emmons (HWE) 

0lefination l02
,103 afforded trans-enoate 4.12, which was reduced to give allylic alcohol 

4.13 in high yield. This was converted to allylic bromide 4.14 and allylic chloride 

4.15, both in 68% yield. 
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o 

~o V 
a ~OEt 

91% 
4.11 4.12 

-L. 
80% 
~OH 

4.13 

cord 168% 

X=Br 4.14 
X = CI 4.15 

Scheme 4.4 Synthesis of allylic halides 4.14 and 4.15. Reagents and conditions: a) 

triethylphosphonoacetate, NaH, THF, rt; b) DIBAL-H, THF, -60°C; c) CBr4, PPh3, 

CH2Ch, rt; d) Et3N, MsCI, LiCI, DMF, 0 °C. 

Wurtz coupling of allylic bromide 4.14 using one equivalent of manganese (Scheme 

4.5) gave two peaks corresponding to the molecular weight of diene 4.16 and a 

starting material peak, as shown by GCMS. 

X = Br 4.14 
X = CI 4.15 

a orb 

4.16 

Scheme 4.5 Couplings using allylic halides 4.14 and 4.15. Reagents and conditions: a) 

Mn, CuCh, H20, rt; b) Li, biphenyl, Bah, THF, -78°C. 

'H NMR spectroscopy showed that the desired diene 4.16 was present but also showed 

the presence of a terminal double bond. This could correspond to either of the internal 

coupling products 4.19 or 4.20 (Scheme 4.6). Protonation of intermediate 4.18 could 

also result in a terminal alkene; protonation of intermediate 4.17 had not occurred, 

however, as the methyl group was not apparent in the 'H NMR spectrum. Allylic 

chloride 4.15 reacted identically to the bromide and the mass recovery was only 50% 

using either allylic halide. 
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~ V 
4.18 

4.14 

+ 

4.19 

~
: I 

I ~ I 
,,-;;; 

4.20 

Scheme 4.6 Possible internal coupling products. 

B · 104 105 h 1 . . d L' h' d.(:: b' h 1 anum ' was t e next meta mvestlgate. It mm was use to lorm a Ip eny 

radical which reduced barium iodide to reactive barium metal. It was crucial to dry 

the barium iodide before use. This has to be carried out at the correct temperature for 

the correct amount of time and at the correct pressure, since changes in the lattice 

structure may also accompany the drying process. 105 It was found that heating barium 

iodide to 150 °e for two hours at 0.5 mmHg produced a pale yellow/grey powder 

which proved efficient in the coupling. 

Initially, allylic chloride 4.15 was coupled using one equivalent of barium metal 

(Scheme 4.5). A single new peak corresponding to diene 4.16 was detected by 

GeMS; this was shown to be diene 4.16 by lH NMR spectroscopy. The mass 

recovery was good (78%) although the ratio of starting material to product was 10:1 as 

determined by GeMS; hence the amount of barium was increased in order to improve 

the conversion of starting material. 

The coupling of 4.15 was attempted using 1.5 equivalents of barium metal (Scheme 

4.5). The GeMS trace showed many peaks including starting material but of interest 

were two peaks corresponding to the molecular weight of desired diene 4.16 in a ratio 

of 8:1. The major product was confirmed to be diene 4.16 by lH NMR spectroscopy; 

the minor product was confirmed as one of the terminal double bond containing 

internal coupling products 4.19 or 4.20 (Scheme 4.6). The mass balance was 

promising (80%) although the ratio of starting material to product was still only 

around 2: 1 as determined by GeMS. 
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The quantity of residual starting material remained high so two equivalents of barium 

metal were used in an attempt to increase the conversion. Allylic bromide 4.14 was 

used in the coupling (Scheme 4.5) and as expected a larger quantity of starting 

material had been consumed (ratio of starting material to product = 1: 1 as determined 

by GCMS) however the mass recovery had decreased (50%). The selectivity was also 

compromised; the ratio of desired product 4.16 to internal coupling product 4.19 or 

4.20 was reduced to 3: 1 as shown by GCMS and IH NMR spectroscopy. 

For completion, allylic chloride 4.15 was coupled using 3 equivalents of barium metal 

(Scheme 4.5). A larger amount of starting material had been consumed (ratio of 

starting material to product = 1:3 as determined by GCMS) however the GCMS trace 

was messy, showing three peaks corresponding to the molecular weight of desired 

diene 4.16, as shown by GCMS (perhaps the desired product 4.16 and both internal 

coupling products 4.19 and 4.20). Furthermore, the mass recovery was poor (30%). 

Thus it appeared that greater quantities of barium not only reduced the selectivity but 

also degraded the product and starting material. 

Couplings using geranyl chloride 4.21 (Scheme 4.7) were attempted since it is readily 

available and as a trisubstituted olefin, it can be compared and contrasted to the 

disubstituted olefins already investigated. 

\ .. \=/CI ~ a,b,c,ord 

4.21 4.22 

Scheme 4.7 Wurtz coupling with geranyl chloride. Reagents and conditions: a) Mn, 

CuCh, H20, rt; b) Zn, NH4CI, H20; c) Cp2TiCh, iPrMgCI, THF, rt; d) Lithium, 

biphenyl, BaI2, THF, -78°C. 

Initial coupling using one equivalent of manganese powder1ol proceeded with 

complete consumption of the starting material, producing three peaks corresponding to 

the molecular weight of desired product 4.22 as shown by GCMS (Scheme 4.7). IH 

NMR spectroscopy showed that these products were the desired diene 4.22 and the 
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internal coupling products 4.23 and 4.24 (Scheme 4.8). The mass recovery was poor 

(18%), in accordance with the coupling using diene 4.9 (Table 4.1). 

MY. 
.,:; 

0 4.21 Y" --- + 
Ba 

MY 
- I 

4.23 4.24 

Scheme 4.8 Possible internal coupling products. 

The same coupling usmg one equivalent of zinc (Scheme 4.7) proceeded with 

complete consumption of the starting material and many products as shown by 

GCMS, however there was no sign of the desired diene 4.22 and also a poor mass 

recovery (24%). 

Titanium is another metal that has the capacity to induce allylic coupling of halides. 106 

The active species is CP2 TiCI which is formed in situ by the reduction of CP2 TiCh 

with iprMgCl. Wurtz coupling with one equivalent of CP2 TiCI (Scheme 4.7) 

proceeded with complete consumption of the starting material and showed three peaks 

corresponding to the molecular weight of desired diene 4.22, as shown by GCMS. IH 

NMR spectroscopy showed that these products were the desired diene 4.22 (Scheme 

4.7) and the internal coupling products 4.23 and 4.24 (Scheme 4.8). The mass 

recovery was not encouraging (35%). 

Barium metal had proved to be fairly efficient in couplings using allylic halides 4.14 

and 4.15 so the same protocol was used on geranyl chloride 4.21 (Scheme 4.7). The 

coupling was attempted using 1.5 equivalents of barium and this afforded diene 4.22 

as the major product, together with a small amount of both internal coupling products 

4.23 and 4.24 as shown by GCMS and IH NMR spectroscopy. Starting material 

remained (the ratio of starting material to product was 2: 1) and the mass recovery was 

72%. This result was similar to that obtained for disubstituted allylic chloride 4.15 

51 



except that with the trisubstituted olefin, the selectivity was compromised as there 

were two internal coupling products formed instead of one. 

Finally, to assess the effect of substrate polarity, a coupling using crotonoic acid 4.25 

was attempted in the presence of one equivalent of manganese powder (Scheme 4.9). 

No reaction occurred indicating that perhaps the substrate is deactivated by the 

presence of the enoic acid group. 

o a 

HO~Br -X-

4.25 

b 

o 
HO~OH 

o 
4.26 

'0 

HO~ 

Scheme 4.9 Coupling of crotonic acid. Reagents and conditions: a) Mn, CuCh, H20, 

rt; b) delocalisation of the radical in crotonoic acid 4.25. 

It appears that Wurtz coupling works better for disubstituted double bonds over 

trisubstituted double bonds. The optimum conditions involve the use of barium metal, 

and as this is a highly toxic metal, its use is not attractive in synthesis. Our efforts 

therefore reverted back to the bi-directional approach, which required the synthesis of 

dialdehyde 3.5 (Scheme 3.1). 

4.3 Synthesis of the Dialdehyde and Olefination 

Synthesis of the dialdehyde was accomplished using an adaptation of the procedure 

described by Hoye et al. 107 Following their procedure which utilises Upjohn 

dihydroxylation conditions,108 undesired polydihydroxylation occured gIvmg 

dialdehyde 3.5 in a low 24% yield after oxidative cleavage (Scheme 4.10). Diol 4.28 

is a white solid which appeared as the reaction progressed; after leaving the mixture to 

react further the solid became solubilised and polydihydroxylation occured. Hence it 

seemed logical to have a highly concentrated reaction mixture and to reduce the 

reaction time in order to promote crystallisation of the desired product. Gratifyingly, 
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the white solid remained and was collected by filtration. The yield of the reaction was 

increased and after oxidative cleavage, dialdehyde 3.5 was produced in 59% yield 

over two steps (Scheme 4.10). 

a r8~O OH1-b 59% 
(2 Steps) 

O~ =~O 'H ·Lr r 
3.5 

4.27 4.28 

Scheme 4.10 Synthesis of dialdehyde 3.5. Reagents and conditions: a) OS04, NMO, 

H20, CH2Ch, rt; b) NaI04-Si02, H20, CH2Ch, rt. 

In order to obtain the correct relative stereochemistry in the oxidative cyclisation, we 

required the cis-a-fJ-unsaturated ester; this could be obtained via cis-selective 

olefination of dialdehyde 3.5. A well-known trans-selective olefination for obtaining 

a-fJ-unsaturated esters is the HWE reaction. 102,103,109 The analogous cis-selective 

olefination has stimulated wide interest, llO-114 with the Still-Gennari llO olefination or 

modified versions favoured in synthesis. 1 15-117 

These reactions use a phosphonoacetate reagent containing electron-withdrawing 

groups which are attached to phosphorus. It is thought that these electron

withdrawing groups make phosphorus more electropositive, thus enabling elimination 

of the aldehyde-phosphonoacetate adduct faster than adduct equilibration. llo This 

process is assisted by a strongly dissociated base system such as KHMDSI18-crown-

6. 110 

The Still-Gennari method is useful for trisubstituted a-fJ-unsaturated esters, however 

modifications were necessary for application of this procedure to the synthesis of 

disubstituted cis-a-fJ-unsaturated esters. These modifications have been described by 

Kokin et al. 1l4 and more recently AndO. 1l8,119 They both used different electron

withdrawing groups on phosphorus to produce disubstituted cis-a-fJ-unsaturated esters. 

Kokin and co-workers used a 2,4-difluorophenoxy group, whilst Ando used a phenoxy 

group (Scheme 4.11). 
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o 
II 

PhO-r'H 
PhO 
4.32 

a --80% 

c --36% 

7? b 
AO-P --r / ""- 83% 

ArO 
4.30 

fX
~ 

Ar = I 
F .0 F 

o 0 
II II 

PhO-,P-""'v/"OEt 
PhO 

4.33 

~ 0 

Aro-r~OMe 
ArO 

4.31 

Scheme 4.11 Phosphonoacetate synthesis. Reagents and conditions: a) 2,4-

difluorophenol, Et3N, THF, 10 DC --? reflux; b) LiHMDS, methyl chloroformate, THF, 

-78 DC --? 0 DC; c) Et3N, ethyl bromoacetate, THF, 0 DC --? rt. 

We used a modification of the procedure described by Patois and Savignac120 in order 

to increase the yield of phosphonoacetate 4.31. Addition of the anion of 2,4-

difluorophenol to phosphonic dichloride 4.29 gave methylphosphonate 4.30 which 

was deprotonated and reacted with methyl chloroformate to afford phosphonoacetate 

4.31 in two high-yielding steps (Scheme 4.11). Phosphonoacetate 4.33 was 

synthesised using Ando' s procedure. 118 Hence deprotonation of diphenyl phosphite 

and reaction with ethyl bromo acetate afforded phosphonoacetate 4.33 in 36% yield. 

The yield was low due to impure diphenyl phosphite; it was not possible to purify this 

reagent so it was used crude. The synthesis of large quantities of phosphonoacetate 

4.33 was still feasible however, as diphenyl phosphite is a cheap, readily available 

starting material. 

Olefination under Still-Gennari conditions110 usmg phosphonoacetate 4.31 was 

attempted on commercially available aldehyde 4.34 in order to elucidate the optimum 

reaction conditions (Scheme 4.12). There was no reaction at -78 DC so the 

temperature was increased until reaction occurred, monitoring carefully by TLC as 

any unnecessary increase in temperature could compromise the Z:E selectivity. 

Olefination occurred at -50 DC thus affording methyl ester 4.35 in 70% yield and a 

Z:E ratio of 9: 1 as shown by isolated yields. 
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~o a ---70% 

4.34 

Scheme 4.12 Modified Still-Gennari olefination. Reagents and conditions: a) 4.31, 

KHMDS, 18-crown-6, THF, -50°C. 

Applying these conditions to dialdehyde 3.5 afforded dimethyl ester 4.36 in 62% yield 

(Scheme 4.13). Repeated purification was necessary to separate the product as it co

eluted with two other products - the cis-trans-trans-trans and trans-trans trans-trans 

isomers. For this reason, it was not possible to obtain a Z:E ratio from isolated yields. 

Estimation of the Z:E ratio by IH NMR analysis of the crude mixture was also not 

possible as the isomer signals overlapped. 

o 0 
II II 

ArO-r~OMe 

o~o 
H H 

ArO 4.31 

a,62% 

3.5 
~61% 

o 0---... 
II II 

PhO-f~OEt Et02C 
PhO 

4.33 

4.36 

4.37 

Scheme 4.13 Modified Still-Gennari olefination of dialdehyde 3.5. Reagents and 

conditions: a) KHMDS, 18-crown-6, THF, -50°C; b) KHMDS, 18-crown-6, THF, 

-10°C; then 3.5, -65 °C. 

Olefination usmg phosphonoacetate 4.33 under the modified conditions led to 

decomposition of dialdehyde 3.5. It was assumed that deprotonation was not 

occurring at -50°C and instead the base attacked the aldehyde causing 

polymerisation. Again the temperature was adjusted and deprotonation was found to 

occur at -10°C. Dialdehyde 3.5 was added at -78°C and in this case olefination 
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occurred at -65 DC, affording diethyl ester 4.37 in 61 % yield and a Z:E ratio of 9: 1 as 

ascertained by isolated yields (Scheme 4.13). 

4.4 Oxidative Cyclisation of a Tetraene 

With two tetraenes in hand, we were now able to assess the viability of the bi

directional oxidative cyclisation reaction. We decided to use the optimum conditions 

for the oxidation of dienes already established within our group. As there is no control 

over the facial selectivity the products would be racemic, but they would still have the 

correct relative stereochemistry. Dimethyl ester 4.36 was stirred in a (3 :2) mixture of 

acetone/AcOH at -30 DC and treated with 2.7 eq KMn04. The reaction afforded an 

inseparable mixture of bis-THF -tetrols (rac )-4.38 and 4.39 in a combined yield of 

28% (Scheme 4.14). 

4.36 

a! 28% 

Me02C ~ ~ ~ C02Me 
y~"O/~'Y Y!:'01"Y 
HO H H OH HO H H OH 

(rac)-4.38 

+ 

Me02C~C02Me 
HO H H OH HO H H OH 

4.39 

Scheme 4.14 Oxidative cyclisation of a tetraene. Reagents and conditions: a) KMn04 

(2.7 eq), adogen 464, acetone/AcOH (3:2), -30 DC ~ 0 DC. 

IH NMR analysis of the crude mixture showed the presence of an internal double 

bond, implying incomplete oxidation (Figure 4.1). Hence the amount of 

permanganate was increased to 4 equivalents. This resulted in a messier reaction by 

TLC and gave a decreased yield of24%. 
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Me02C, D./\ He{ pH r H '0' H '1 \.J-<: 
HO OH CO2 Me 

4.41 

Me02C D./\ q, pH 
YA"'O"A~ ~ 

HO OH C02Me 
4.42 

Figure 4.1 Possible incomplete oxidation by-products. 

It was clear that the oxidative cyclisation reaction would reqUIre optimising. 

However, the concept had now been proven and we focused our attention on 

ascertaining the relative stereochemistry and establishing whether or not asymmetric 

induction was possible. The oxidation of dienoyl sultam compounds generally affords 

THF-diols with high crystallinity. It was hoped that the same would be true of the 

oxidation of tetraenoyl sultam compounds in that it would be possible to obtain a 

crystal structure to confirm the absolute stereochemistry. 

4.5 Asymmetric Oxidative Cyclisation of a Tetraene 

It was decided that the most rapid access to a tetraenoyl sultam compound would be 

via olefination of dialdehyde 3.5 with the sultam-containing phosphonate (lS,2R)-4.45 

described by Oppolzer. 121
,122 We were only interested in establishing asymmetric 

induction at this point so using a substrate with the correct double bond geometry was 

not essential. Reaction of (lS,2R)-camphorsultam 4.43 with chloroacetyl chloride 

afforded chloride 4.44 in high yield (Scheme 4.15). Arbuzov reaction with triethyl 

phosphite afforded phosphonate (lS,2R)-4.45. 
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~NH ~N~CI ~O 0 a b N~~-OEt --- ---89% 79% I OEt 8, 8, 8=0 
11'0 11'0 II 

0 0 0 
4.43 4.44 (1 S,2R)-4.45 

Scheme 4.15 Synthesis of the sultam-bearing phosphonate (lS,2R)-4.45. Reagents and 

conditions: a) NaH, chloroacetyl chloride, THF, 0 °e ~ reflux; b) P(OEt)3, xylene, 

reflux. 

Selective trans HWE 0Iefination. 102,103,109 of dialdehyde 3.5 with (1S,2R)-4.45 

afforded tetraene 4.46 in excellent yield (Scheme 4.16). 

H 
0 ~ ~ 0 

H 3.5 

tgN 0 
a! 84% 

33 0 
N'-

=tgNA /)3:::'0 if~\ 0 0 XN 4.46 
IP:::'O 

b 128% 
0 

0 0 0 

XN XN + XN XN 
OH 

4.47 4.48 
4.47/4.48= 3:1 

0 0 

+ XN XN 

4.49 

Scheme 4.16 Asymmetric oxidative cyclisation. Reagents and conditions: a) (1S,2R)-

4.45, NaH, THF, 0 °e ~ rt; then 3.5,0 °e ~ rt; b) KMn04 (2.8 eq), acetone/AcOH 

(3:2), -30 °e ~ 0 °e. 
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Oxidative cyclisation with 2.8 eq of KMn04 produced an inseparable mixture of bis

THF-tetrols 4.47 and 4.48 in a combined yield of 28% (Scheme 4.16). Crude 

estimation of the \3C NMR peak heights suggested a 3: 1 mixture of diastereomers. 

The bis-THF -tetrol 4.49 was not isolated but is an expected minor product. 

It was thought that direct reductive cleavage of the mixture of bis-THF-tetrols 4.47 

and 4.48 would result in highly polar compounds, which would be very difficult to 

manipulate. Hence selective silyl protection of the central hydroxyl groups was 

undertaken using Corey's conditions for the silylation of hindered secondary 

alcohols. 123 This resulted in an inseparable mixture of bis-protected bis-THFs 4.50 

and 4.51 in a combined yield of 36% (Scheme 4.17). Crude estimation of the \3C 

NMR peak heights suggested a 3: I mixture of diastereomers. 

0 0 0 

XN XN + XN XN 

OH 

4.47 
4.47/4.48= 3:1 

4.48 

a 136% 

0 0 0 0 

XN XN + XN XN 

4.50/4.51 = 3:1 

Scheme 4.17 Silyl protection of the central hydroxyl groups. Reagents and conditions: 

a) 2,6-lutidine, TBSOTf, CH2Ch, -10°C. 

Reductive cleavage of this mixture using sodium borohydride resulted in varying 

degrees of desilylation thus affording a complex mixture of products. Mass 

spectroscopy showed that the mixture contained partially reduced and partially 

deprotected compounds, as well as the fully reduced and deprotected corresponding 

hexaol. The hexaol remained in the aqueous phase on work-up, along with other 

water soluble products and isolating these products proved difficult. A similar result 

was obtained with the more hindered TIPS bis-silylated tetrol. 
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Selective protection of the central hydroxyl groups of bis-THF-tetrols 4.47 and 4.48 

was attempted using a bridging methylene group. This was reasonably successful; 

however the organic solubility of the product had not increased dramatically. 

Protection as the more organic soluble benzylidene acetal was attempted but no 

reaction occurred; it is possible that the product formed but was too unstable and 

decomposed back to starting material. 

In order to proceed, reductive cleavage of the chiral auxiliary would have to be 

investigated, elucidating a procedure that wouldn't require an aqueous work-up. 

Before undertaking this task, we investigated the possibility of desymmetrisation at 

the dialdehyde. 

4.6 Desymmetrisation of the Dialdehyde 

The oxidative cyclisation of dienes is well established within our group and so a 

synthesis utilising this step was envisaged, with desymmetrisation occurring at the 

olefination step. Sultam containing phosphonate (lS,2R)-4.45 was added dropwise to 

dialdehyde 3.5 at -78°C in order to favour mono-olefination (Scheme 4.18). The 

unoptimised yield of mono-olefination product 4.52 was only 25% along with a low 

mass recovery, implying that dialdehyde 3.5 decomposed under the basic conditions. 

The remammg aldehyde was protected under Noyori's acetalisation conditions124 

affording acetal 4.53 in high yield (Scheme 4.18). Oxidative cyclisation of triene 4.53 

was not as efficient as expected affording THF-dio14.54 in 32% yield; deprotection of 

the aldehyde occurred under the acidic oxidation conditions and thus decomposition of 

the starting material resulted. 
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Scheme 4.18 Desymmetrisation of dialdehyde 3.5. Reagents and conditions: a) 

(lS,2R)-4.45, NaH, THF, rt, 30 min; then added to 3.5, -78 °C ~ -35°C; b) 1,2-bis

(trimethylsilyloxy)ethane, TMSOTf, CH2Clz, -78°C; c) KMn04 (1.5 eq), 

acetone/AcOH (3:2), -30 °C ~ -15°C. 

The efficacy of this approach was hampered by low yields; hence we reverted back to 

the bi-directional synthesis with a view to desymmetrisation at a later juncture. 
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Chapter 5 

Synthetic Studies Towards cis-Sylvaticin 

The following chapter summarises the synthesis towards cis-sylvaticin including an 

optimised route to the bis-THF core via the cis-trans-trans-cis tetraene, a solution to 

the reductive cleavage problem and our efforts in elaborating the left and right sides of 

the advanced bis-THF intermediate. 

5.1 Model Reductive Cleavage Studies 

Reductive cleavage of the chiral auxiliaries in 4.50 and 4.51 had produced a highly 

water soluble hexaol. This hexaol proved difficult to manipulate; hence we 

investigated the reductive cleavage using a model system in order to elucidate a 

procedure that would not require an aqueous work-up. Once established, this 

procedure could be applied in the reductive cleavage of 4.50 and 4.51. 

Model reductive cleavage studies were carried out on a simple THF-diol, which was 

accessible from the corresponding 1,5-diene. Olefination of trans-4-decenal (5.1) 

using sultam containing phosphonoacetate (IR,2S)-4.45 gave dienoyl sultam 5.2 

(Scheme 5.1). Oxidative cyclisation using 1.4 eq KMn04 produced THF-diol 5.3a in 

56% yield. IH NMR analysis of the crude reaction mixture showed the ratio of 

5.3a/5.3b was 7:1. 

As previously mentioned, when the hexaol is exposed to water, its re-extraction into 

organic solvent is very difficult. After reductive cleavage of THF-diol 5.3, the 

mixture was concentrated and CH2Clz was added to solubilise as much triol as 

possible in organic solvent prior to work-up. The organic phase was transferred to 

another flask and the remaining residue was worked up. The combined organic phases 

were concentrated and the triol was used crude in the next step. Activation of the 

primary alcohol afforded tosylate 5.4 in 63% yield over two steps (Scheme 5.1). 
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H 

~O 
(5.1) 

a -60% 

~ 
56% ~N~ :30, ~OT' 

HO OH cY~\ HO OH 
5.3a 0 5.4 

Scheme 5.1 Reduction and tosylation of THF-diol 5.3a. Reagents and conditions: a) 

(1R,2S)-4.45, NaH, THF, 0 °C ~ rt; then (5.1), 0 °C ~ rt; b) KMn04 (1.4 eq), 

acetone/AcOH (3:2), -30 °C ~ -15°C; c) (i) NaBH4, THF/H20 (3:1), -10 °C ~ 0 

°C; (ii) BU2SnO, benzene, reflux; then TsCI, rt. 

With this procedure in hand, we envisaged that this could be successfully applied to 

the tetraene. We decided to synthesise the correct tetraene substrate at this juncture in 

order to install the correct absolute stereochemistry, and then attempt the reductive 

cleavage. 
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5.2 Synthesis of the cis-trans-trans-cis Tetraene 

Hydrolysis of esters 4.36 and 4.37 gave the corresponding diacid 5.5 in excellent yield 

(Scheme 5.2). 

Me02C C02Me 

4.36 ----a,92% H02C C02H 

C02Et ------- 5.5 

4.37 

Scheme 5.2 Hydrolysis of the esters. Reagents and conditions: a) NaOH, NaHC03, 

MeOH/H20 (1 :3),95 DC; then citric acid (aq), HCI (aq). 

Coupling of Oppolzer's sultam to diacid 5.5 proved to be rather challenging. Initial 

efforts focused upon accessing tetraene 5.7 via the diacid dichloride. Once formed 

(often denoted by a deep yellow/orange colour) the diacid dichloride was added 

dropwise to a solution of the deprotonated sultam. 1 H NMR analysis of the crude 

product indicated a mixture of products with partial isomerisation occuring at the 

enoate double bond. Repeated purification was necessary since the isomers co-eluted 

and the desired tetraene 5.7 was produced in just 36% yield (Scheme 5.3). 

IH NMR analysis of the crude diacid dichloride showed no double bond isomerisation; 

thus it was logical to assume this was occurring after the coupling step. In order to 

minimise isomerisation, the temperature of the coupling step was reduced. This 

reduced the isomerisation however there was now a second product as shown by TLC 

which was thought to be the mono-coupled product. Bizarrely, we found that this was 

actually Michael addition product 5.8 (Scheme 5.3). The yield of the desired tetraene 

5.7 was 34%, the rest accounted for by Michael addition product 5.8; thus varying the 

temperature was not productive. 
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It is likely that double bond isomerisation at the enoate occurred at higher temperature 

via Michael addition of the sultam anion followed by elimination; lowering the 

temperature of the reaction enabled isolation of this adduct. 

o 
H02C~C02H ~ *F. 0 

75% F ~ j F 

5.5 ~ F F 
b,36%, 

or c,68% 

5.8 

o 
o F 

5.6 -F*F 
F F 

d 142% 

5.7 

Scheme 5.3 Coupling of Oppozler's sultam. Reagents and conditions: a) 

pentafluorophenol, DCC, EtOAc, rt; b) (i) (COCI)2, DMF, CH2Ch, 0 °C -- rt; (ii) 

(1S,2R)-camphorsultam 4.42, NaH, THF, 0 °C -- rt; c) (i) (COCI)z, DMF, CH2Ch, 0 

°C -- rt; (ii) (lS,2R)-camphorsultam 4.42, NaH, toluene, -10°C; then rt; d) (lS,2R)

camphorsultam 4.42, NaH, toluene, -70°C -- -10 °C. 

Efforts now focused upon varying the leaving group, starting with pentafluorophenol 

ester derivative 5.6, which was accessed via a straightforward coupling to diacid 5.5 

(Scheme 5.3). Unfortunately, this showed no improvement and a similar degree of 

isomerisation occured. Diacid 5.5 was reacted with methyl chloroformate to produce 

the mixed anhydride, which was then added to the deprotonated sultam at low 

temperature. Unfortunately, the sultam reacted at the wrong carbonyl centre resulting 

in starting material. 

The effect of solvent on the reaction was next investigated. It is possible that a polar 

solvent such as THF could aid isomerisation through stabilisation of the Michael 

addition product previously mentioned; a less polar solvent might eliminate this 
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stabilistation. It had already been established that isomerisation was not occurring at 

the diacid dichloride formation step (as shown by analysis of the IH NMR of the crude 

diacid dichloride); hence we investigated the coupling of the sultam via the diacid 

dichloride in a less polar solvent system. The coupling step was carried out in toluene 

and gratifyingly tetraene 5.7 was afforded in 68% yield without any noticeable 

isomerisation of the enoate functionality (Scheme 5.3). 

5.3 Optimisation of the Oxidative Cyclisation Reaction 

With the cis-trans-trans-cis tetraene in hand, the optimal conditions for bi-directional 

oxidative cyclisation were investigated in order to install the non-adjacent bis-THF 

core of cis-sylvaticin. The results are summarised in Table 5.1. The oxidative 

cyclisation produced three diastereomers, two of which co-eluted and were therefore 

inseparable. The two co-eluting diastereomers 5.9 and 5.10 (Scheme 5.4) had 

identical IH and 13e NMR data, and were only distinguishable after removal of the 

chiral auxiliaries. The third diastereomer 5.11 and the hydroxyketone by-product 5.12 

were isolated after repeated purification, hence it was not possible to ascertain an 

exact yield for either of these. 
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o 

5.7 

o 0 o 

. : 0 : 
HO H H OH OH 

5.9 5.10 
(ratio 5.9/5.10 = 3:1) 

o 

o 

5.11 5.12 

Scheme 5.4 Oxidative cyclisation of the tetraene. Reagents and conditions: a) see 

Table 5.1. 

Entry KMn04 PTCa Solvent t/min TIDC Yieldo 

1 3.5 eq Y AcetonelAcOH (3:2) 90 -30to-l0 14% 

2 3.2 eq N AcetonelAcOH (3:2) 30 -30 to -20 20% 

3 3.2 eq N Acetonel AcOH (3 :2) 150 -30 to-1O 18% 

4 2.8 eq N AcetonelAcOH (6:5) 25 -30 to -20 32% 

5 3.8 eq Y Et20lAcOH (4:1) 150 -30 to 0 18% 

6 3.5 eq Y EtOAc/AcOH (3:2) 60 -30 to-1O 25% 

7 3.2 eq Y EtOAc/AcOH (3:2) 90 -30 to -10 23% 

8 3.2 eq Y EtOAc/AcOH (4:1) 90 -30 to 0 28% 

9 3.5 eq Y EtOAc/AcOH (4:1) 90 -30 to 0 21% 

10 3.0 eq N Acetone/H2O
c 30 -30to-l0 28% 

NaMn04 

11 3.0 eq N Acetone/H2O
c 30 -30 to -10 41% 

Table 5.1 Oxidative cyclisation oftetraene 5.7 under different conditions (see Scheme 

504). a The phase-transfer catalyst (PTC) used was 10 mol% of adogen 464 (Y = Yes, 

N = No); b Combined yield of diastereomers 5.9 and 5.10; c The oxidant was added as 

a 004 M aqueous solution, which was mixed with 5.4 eq of AcOH prior to addition. 
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Initially, 3.5 eq of KMn04 was used to oxidise tetraene 5.7 since incomplete oxidation 

was observed with 2.7 eq and a decreased yield was observed with 4 eq (possibly due 

to oxidative cleavage). Oxidative cyclisation using the previously established solvent 

system of acetone/AcOH (3:2) at low temperature in the presence of a phase-transfer 

catalyst (PTe) gave a 14% yield (Table 5.1, Entry 1). As this solvent system is highly 

solubilising for polar compounds, the PTe was not necessary in subsequent 

experiments. 

Short and long reaction times produced similar results (Table 5.1, Entries 2 & 3), in 

accordance with the theory that the reaction is fast at low temperature but as the 

amount of Mn02 increases, further reaction is hindered as permanganate adsorbs onto 

its surface; the fast reaction is corroborated by the immediate colour change (purple to 

brown) when the oxidant is added. It was reasoned therefore, that the oxidant should 

be added in one portion and that the reaction should be conducted for a short amount 

of time at low temperature to minimise oxidative cleavage. Using 2.8 eq of KMn04 

and a larger amount of AcOH in the solvent system to minimise hydroxyketone 

formation resulted in a 32% yield (Table 5.1, Entry 4). 

Oxidative cyclisations conducted in Et20 and EtOAc required the presence of a PTe 

since KMn04 has limited solubility in these solvents. The oxidation in Et20 was very 

slow and required the most KMn04 to go to completion (Table 5.1, Entry 5). Even in 

the presence of the PTe, a larger solvent/ AcOH ratio was needed to solubilise the 

oxidant. After warming to 0 De the product was afforded in 18% yield. Oxidations in 

EtOAc produced similar yields to those in acetone; the highest yield obtained with 

EtOAc was 28% (Table 5.1, Entry 8). 

Previous experiments within the group had shown that the use of AcOH as co-solvent 

increased the yield of the oxidative cyclisation of dienes by reducing the amount of the 

hydroxyketone by-product. 125 Prior to this finding, the group had used aqueous 

KMn04 in the presence of a stoichiometric amount of AcOH. Owing to the 

idiosyncratic nature of this reaction, these conditions were applied to tetraene 5.7, with 

surprisingly promising results. 
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The use of 3 eq of KMn04, allowing the mixture to warm to -10°C over 30 min gave 

the product in 28% yield (Table 5.1, Entry 10). IH NMR analysis of the crude mixture 

showed the by-product contained an internal double bond; this indirectly suggested the 

presence of hydroxy ketone 5.12. 

Increasing the amount of permanganate to reduce the amount of hydroxyketone 5.12 

would probably cause a drop in yield, as had been observed previously. Hence we 

decided to keep the amount of oxidant unchanged, instead switching the oxidant to 

NaMn04, since it is known to have better solubility than KMn04. Oxidative 

cyclisation using 3 eq of NaMn04 afforded the bis-THF-tetrol in 41% yield (Table 5.1, 

Entry 11). Unfortunately, oxidative cyclisations using NaMn04 were not as efficient 

on a large scale. 

Predicted Ratio of Diastereomers 

It was predicted, on the basis of previous experiments on the oxidative cyclisations of 

dienoyl sultams,76,80 that the major product from the oxidative cyclisation of tetraene 

5.7 would be 5.9 (Scheme 5.4); this gives rise to a C2-symmetric diastereomer after 

cleavage of the chiral auxiliary. The oxidative cyclisations of dienoyl sultams have 

been shown to give an approximate 6: 1 ratio of diastereomers. 82 Based on this ratio, it 

was predicted that the ratio of the three diastereomers from the oxidative cyclisation of 

tetraene 5.7 would be 3:1:0.08. 

The facial selectivity can be explained by looking at the reactive conformation of the 

substrate prior to initial attack. In the presence of Oppolzer's sultam, facial attack of 

the enoate double bond is governed by the following conditions: 126 

• Reactive conformation of the CO-CC bond: of the two possible conformations 

which allow conjugation of the 1C-system, the s-cis-orientation is favoured both 

for steric reasons (0 < NR2) and because (Z)-enolates of amides are more stable 

than (E)-enolates. 

69 



• Orientation of the carbonyl group: it must lie either parallel or anti-parallel to the 

N-S bond. Other orientations are energetically less favoured since they lack 

mesomeric stabilisation with the lone pair of the amide nitrogen atom. 

CD In the most favoured conformation, one face of the double bond is effectively 

blocked by the chiral auxiliary, thus allowing selective attack upon the other 

face. 

In the presence of a Lewis acid containing two co-ordination sites, a syn-relationship 

between the C=O and S02 results in the transition state as chelate 5.13 forms (Figure 

5.1). The upper face of the enoate double bond is blocked by the camphor 

framework and hence attack is directed to the lower C(~) Re-face. 

R 

Mn04- 5.13 

C(~) = Re 

C(~) = Re 
Mn04-

R~)~~p 
4 H o-:::;lf' 
!~Oax 

Mn04- 5.14 

Figure 5.1 Directed facial attack of an enoyl sultam. 

In the absence of a chelating Lewis acid, the anti-relationship between C=O and S02 

is thought to be favoured (Figure 5.1). This is sterically favoured, but moreover 

electronically favoured, since this conformation minimises the dipole moment. The 

camphor framework in 5.14 is too distant to shield the enoate double bond, however 

the pseudo-axial S=O effectively blocks the lower face, thus directing attack to the 

upper C(~) Re-face. 

The same face is therefore attacked preferentially, regardless of whether there is a 

Lewis acid present or not, thus providing control over the facial selectivity. 
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5.4 Reductive Cleavage and Tosylation 

The reductive cleavage had already been shown to work effectively on the THF-diol 

system, thus the same procedure was applied to the bis-THF tetrols. The mixture of 

bis-THF tetrols 5.9 and 5.10 was treated with LiBH4 in THF at -10 °C for 30 min. 

The reaction appeared promising by TLC analysis so the modified work-up procedure 

was carried out. Hence the reaction mixture was concentrated and the residue 

dissolved in CH2Ch. After working-up the residue, the combined organic phases 

showed no sign of the desired hexaol; instead it was found in the aqueous phase. We 

reasoned that the hexaol can easily bind boron salts thus reducing its solubility in 

CH2Ch. It was clear that the hexaol was highly soluble in water and the use of 

aqueous acid in the work-up would have to be limited. 

The reductive cleavage was carried out again, however on this occasion the reaction 

was quenched by the addition of MeOH and then a small amount of dilute HCI. The 

mixture was concentrated and dry loaded on to silica. We reasoned that passing the 

crude residue through a short plug of silica would remove the boron salts; the only 

concern was whether or not the hexaol would irreversibly bind silica. Gratifyingly, 

after eluting with up to 70% MeOH/CH2Ch, hexaols 3.4 and 5.15 were produced in a 

combined yield of 62% (Scheme 5.5). Crude estimation of the l3C NMR peak heights 

suggested a 3: 1 mixture of diastereomers. 

The yield for the reductive cleavage was rather low, which may be due to the hexaol 

irreversibly binding silica. Another possibility is that after reduction to the 

corresponding aldehydes, lactolisation occured, leading to polar products which 

appeared on the baseline by TLC analysis, together with the boron salts. Perhaps if 

the reaction had been left for longer, the lactol would eventually have been reduced. 
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0 0 0 0 

XN XN + XN : 0: 
H6 H H OH 

XN 

5.9 5.10 
(ratio 5.9/5.10 = 3:1) 

EtNA 
a 162% 

XN = 

Iro 
0 

HO OH + HO OH 

3.4 
(ratio 3.4/5.15 = 3:1) 

5.15 

Scheme 5.5 Reductive cleavage of the chiral auxiliaries. Reagents and conditions: a) 

LiBH4' THF, -10 dc. 

With hexaols 3.4 and 5.15 in hand, we investigated their bis-tosylation. The tosylation 

reaction using BU2SnO and TsCI proceeds in two stages. Initially reaction with 

BU2SnO produces a dibutylstannoxane derivative; this then undergoes highly selective 

tosylation at the primary alcohol on exposure to TsCl. 

Use of the previously described conditions for tosylation led to a poor conversion 

(47%) as the hexaol was not soluble in benzene, even when heated to reflux. 

Switching the solvent to MeOH increased the yield (68%) but the product was 

accompanied by a co-eluting UV active by-product. This complicated purification and 

was presumably the MeOTs adduct. We therefore switched solvent to dioxane which 

increased the yield of 5.16 and 5.17 to 72% and eliminated the by-products (Scheme 

5.6). Crude estimation of the l3C NMR peak heights suggested a 3:1 mixture of 

diastereomers. 

The reaction III MeOH required a large excess of Et3N to go to completion but 

interestingly, when we attempted the reaction initially, we used 2 eq of Et3N which 

produced the mono-tosylate as a by-product in 10% yield. We realised that if we 

could optimise the yield of this by-product using the more efficient dioxane procedure, 

we could essentially effect desymmetrisation at this juncture. 
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HO OH HO ~ A 0 A OH 
+ 

HO OH 

3.4 5.15 
(ratio 3.4/5.15 = 3:1) 

a! 72% 

TsO OTs TsO : ~ 0 ~ OTs 

+ 
HO H H OH 

5.16 5.17 
(ratio 5.16/5.17 = 3:1) 

Scheme 5.6 bis-Tosylation of the diastereomeric hexaols. Reagents and conditions: a) 

Bu2SnO (2.4 eq), dioxane, reflux; then TsCl (2.1 eq), rt. 

5.5 Desymmetrisation via the mono-Tosylate 

Initial results from the mono-tosylation of hexaols 3.4 and 5.15 are shown in Table 

5.2. The three possible products 5.18, 5.19a, and 5.19b were all inseparable and crude 

estimation of the l3C NMR peak heights suggested a 3: 1 mixture of diastereomers, 

presumably 5.18/5.19 (where 5.19 = 5.19a + 5.19b). 

As the tosylation reaction proceeds in two stages, there are two points at which to vary 

the quantity of reagent in order to effect mono-addition. 

Initial experiments with 1.1 eq of BU2SnO and TsCl gave mono-tosylates 5.18 and 

5.19 in 29% yield with 42% recovered hexaol (Entry 1, Table 5.2). Increasing the 

amount of Bu2SnO and TsCl to 1.25 eq and 1.2 eq respectively gave similar yields 

(Entry 2, Table 5.2). Using 1 eq of BU2SnO and 3 eq TsCl gave mainly starting 

material (54%) with 22% mono-tosylate (Entry 3, Table 5.2). Increasing the amount 

of Bu2SnO and TsCl to 1.4 eq of each shifted the balance in favour of the bis-tosylate 

(32%) with 30% mono-tosylate and only 22% recovered starting material (Entry 4, 

Table 5.2). We decided to use 1.25 eq and 1.2 eq of BU2SnO and TsCl respectively 

(Entry 2, Table 5.2) as this gave a reasonable yield of product together with a 

reasonable amount of recovered starting material for recycling. Crude estimation of 

the l3C NMR peak heights suggested a 3: 1 mixture of diastereomers. 
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HO OH HO OH 
+ 

3.4 5.15 
(ratio 3.4/5.15 = 3: 1) 

a1 

TsO OH TsO OH 
+ 

5.18 5.19a 

(ratio 5.18/5.19 = 3:1) 

HO OTs 
+ 

5.19b 

Scheme 5.7 mono-Tosylation and the three expected products. Reagents and 

conditions: a) Bu2SnO, dioxane, reflux; then TsCI, rt, See Table 5.2. 

Entry BU2SnO TsCI SM mono-tosylate bis-tosylate 

1 1.1 eq 1.1 eq 42% 29% 14% 

2 1.25 eq 1.2 eq 35% 35% 21% 

3 1.0 eq 3.0 eq 54% 22% 10% 

4 1.4 eq 1.4 eq 22% 30% 32% 

Table 5.2 Optimisation of the mono-tosylation reaction (see Scheme 5.7). 

The mono-tosylates 5.18 and (±)-5.19 were converted into the corresponding mono

epoxides 5.20 and (±)-5.21 in 57% yield as a 3: 1 ratio of isomers as shown by l3C 

NMR analysis. Subsequent opening of the epoxide gave pentaols 3.2 and (±)-5.22 in 

58% yield, also as a 3:1 ratio ofdiastereomers as shown by crude estimation of the 13C 

NMR peak heights. 

Periodate-mediated oxidative cleavage of the 1,2-diols of pentaols 3.2 and (±)-5.22 

was attempted, as olefination of the corresponding aldehydes would effect 

deoxygenation at the correct position (Scheme 5.8). 
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There was no sign of an aldehyde peak however, as shown by 1 H NMR analysis of the 

crude reaction mixture. The major product was isolated and the IH NMR spectrum 

showed a characteristic lactol peak. We rationalised that lactols 5.23 and (± )-5.24 had 

formed as soon as oxidative cleavage to the aldehyde had occurred (Scheme 5.8). 

Use of Pb(OAc)4 in the oxidative cleavage reaction resulted in decomposition of the 

starting material. Due to insufficient material, the lactols could not be fully 

characterised, although a one-off olefination reaction was attempted on the material 

available. 

TsO OH TsO OH 

+ 

5.18 (ratio 5.18/(±)-5.19 = 3:1) (±)-5.19 

a1 

0 
OH 0 

OH 
+ 

5.20 (ratio 5.20/(±)-5.21 = 3:1) (±)-5.21 

b1 

OH 

+ OH 

3.2 (ratio 3.2/(±)-5.22 = 3: 1) 

c 1 

+ 

OH 
5.23 

(assumed ratio 5.23/(±)-5.24 = 3:1) 

Scheme 5.8 Elaboration of mono-tosylates 5.18 and (±)-5.19. Reagents and 

conditions: a) DBU, CH2C}z, 0 °C ~ rt; b) nonylmagnesium bromide, CuI, THF, -70 

°C ~ -40 DC; c) NaI04-Si02, H20, CH2Ch. 
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Olefination was attempted using the conditions described by Sinha et al. 127 Thus 

Wittig reagent (bromomethyl)triphenylphosphonium bromide was treated with 3 eq of 

tBuOK at -78°C before lactols 5.23 and (±)-5.24 were added (Scheme 5.9). 

+ 

(assumed ratio 5.23/(±)-5.24 = 3:1) 

Br 
+ 

5.25 

Scheme 5.9 Ring-opening of the lactols and olefination. Reagents and conditions: a) 

(bromomethyl)triphenylphosphonium bromide, tBuOK, THF, -78 °C ~ 0 DC, 2 h. 

TLC analysis of the crude reaction mixture showed a 1: 1 mixture of starting 

material/product and the presence of a UV active product. IH NMR analysis of the 

crude mixture showed a small aldehyde peak, which implied that the starting material 

had been a lactol and had formed the intermediate aldehyde during the reaction. Also 

present were weak bromo-olefin signals, which were in accordance with literature 

values. Mass spectrometry confirmed that the UV active product was Ph3P=O, which 

also implied that the olefination had occurred, however we could not be absolutely 

certain that 5.25 and (±)-5.26 were present (Scheme 5.9). As we couldn't confirm that 

olefination had occurred, and due to limited quantities of material we decided to 

concentrate on the bi-directional approach, with a view to effecting desymmetrisation 

at a later stage. 

5.6 Bi-Directional Approach to cis-Sylvaticin 

We had already shown that bis-tosylation occured in high yield. Work therefore 

continued on the bi-directional approach with conversion of bis-tosylates 5.16 and 

5.17 to the corresponding bis-epoxides 5.27 and 5.28 in 82% yield (Scheme 5.10). 
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Crude estimation of the I3C NMR peak heights suggested a 3:1 mixture of 

diastereomers. Attempts to desymmetrise here by ring-opening one epoxide were not 

fruitful since the starting material, mono-ring-opened and bis-ring-opened products all 

co-eluted, rendering purification impossible. The presence of the hydroxyl groups 

also made it difficult to ascertain how much cuprate was required for optimum results. 

TsO 

5.16 

5.27 

5.29 
(29%) 

+ 

OTs TsO 

+ 

(ratio 5.16/5.17 = 3:1) 

a 182% 

(ratio 5.27/5.28 = 3:1) 

b or cl 

5.31 
(16%) 

5.17 

5.28 

5.30 
(15%) 

OTs 

Scheme 5.10 Bi-directional extension of the bis-tosylate. Reagents and conditions: a) 

DBU, CH2Ch, 0 °C; b) TBSCI, imidazole, DMF, rt; c) 2,6-lutidine, TBSOTf, CH2Ch, 

-10°C (yields shown are for this method only). 

We decided to protect the alcohols as TBS ethers and initial silylation efforts utilised 

the mild TBSCllimidazole method (Scheme 5.10). The reaction appeared messy by 

TLC analysis and afforded the desired bis-silylated products 5.29 and 5.30 in a low 

combined yield of 12%. A more polar spot by TLC analysis was thought to be the 

mono-silylated product 5.31; this was isolated and subjected to the same silylation 

conditions. Mass spectrometry later showed that this polar TLC spot had actually 

corresponded to the inseparable mono-ring-opened products 5.32 and 5.33 (Scheme 
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5.11). Interestingly, silylation of the secondary alcohols of 5.32 and 5.33 had not 

taken place; instead a second ring-opening had occurred, affording the protected bis

chlorides 5.34 and 5.35. 

+ 

5.27 (ratio 5.27/5.28 = 3:1) 5.28 

a1 

CI + CI H 0 H ~ 
HO TBSO 

5.32 
a1 5.33 

CI CI CI ' 0 ' CI H H ~ 
+ HO TBSO 

5.34 5.35 

Scheme 5.11 By-products from TBS protection. Reagents and conditions: a) TBSCI, 

imidazole, DMF, rt. 

Work continued on silyl protection SInce separation of the TBS-protected 

diastereomers appeared feasible. The next conditions employed were those described 

by Corey et ai.,123 in which the more reactive silylating reagent TBSOTf was used to 

protect the hindered secondary alcohols. It was a concern that this reagent could cause 

the epoxides to open, however results from the previous silylation had shown that 

reaction at the epoxides is a problem even under the mildest of conditions; hence this 

procedure was worth investigating. The reaction looked promising by TLC analysis 

however the mass recovery was poor. The major isomer 5.29 was isolated in 29% 

yield, the minor isomer 5.30 in 15% yield and the mono-silylated product 5.31 in 16% 

yield (Scheme 5.10). It is possible that TBSOTf caused epoxide opening in a similar 

fashion to TBSCI; since exactly two equivalents of TBSOTf were used, the central 

hydroxyl groups may have been silylated to a lesser degree than observed with TBSCI, 

and hence these water soluble products could have been lost in the aqueous phase. 
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Gratifyingly, we were able to obtain a crystal structure for the minor isomer 5.30, which 

confirmed our assignment of its absolute stereochemistry. 

Figure 5.2 Crystal structure of the symmetrical bis-silylated mIllor Isomer 5.30, 

confirming the absolute stereochemistry. 

Finally, we attempted the desymmetrisation of bis-epoxide 5.29 (Scheme 5.12). 

Encouragingly, two products formed as shown by TLC analysis with good separation. 

The crude mass spectrum indicated the presence of the expected mono-ring-opened and 

bis-ring-opened products. The suspected mono-ring-opened product 5.36 was isolated, 

but showed no sign of the alkyl chain by IH NMR analysis. HRMS later showed that 

the ions which had corresponded to the mono-ring-opened and bis-ring-opened products 

were actually coincidental. The integrity of the commercially obtained Grignard 

reagent could not be ascertained and it is possible this reagent caused decomposition of 

the epoxide. Due to insufficient amounts of material and time constraints, mono-ring

opening was not investigated further. 
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: 0: 
H H ~ 

TBSO OTBS 
5.29 

a: , 

5.36 

Scheme 5.12 Attempted introduction of the alkyl chain. Reagents and conditions: a) 

nonylmagnesium bromide, CuI, THF, -70°C -+ -30°C. 

5.7 Synthesis of the Butenolide-Aldehyde 

A convenient way of installing the butenolide portion into a natural product is via the 

Alder-ene reaction. This reaction converts a terminal alkene into the butenolide in 

conjunction with a chiral prop argyl alcohol. In the synthesis of (+)-parviflorin 5.41, 

Trost et al. used the resulting double bond from the Alder-ene reaction to install an 

adjacent chiral centre via Sharpless asymmetric dihydroxylation and 

bromoacetoxonium chemistry (Scheme 5.13). As cis-sylvaticin also has a chiral 

centre adjacent to the butenolide, we needed to devise a method for its installation. As 

previously mentioned (Section 3.2), Evans et al. installed the right-hand side of (-)

mucocin using an asymmetric alkynyl addition to butenolide-aldehyde 3.6 in high 

yield (81%) and with good selectivity (d.r. = 20:1). We decided to use Trost's Alder

ene reaction on a simple alkene to establish the butenolide core. After elaboration to 

the aldehyde, asymmetric alkynyl additions would be investigated. 
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Scheme 5.13 Part of Trost's synthesis of (+)-parviflorin using bromoacetoxonium 

chemistry. Reagents and conditions: a) K3Fe(CN)6, (DHQ)2PHAL, OS04, MeS02NH2, 

t-BuOH, H20; b) CH3COBr, CH2Ch, rt; c) BU3SnH, AIBN, toluene; d) MeCOCl, 

MeOH, rt. 

Synthesis of butenolide-aldehyde 3.6 began with Alder-ene reaction of oct-1-ene 5.42 

(Scheme 5.14).99 Use of the catalyst RuCp(COD)Cl in conjunction with alkyne 5.43 

gave desired butenolide 5.44 and ester 5.45 in 45% and 14% yield respectively. Use 

of Trost's new catalyst [Ru(CH3CN)3Cp]PF6,128 gave the desired product 5.44 in an 

improved yield of 63%, whilst reducing the yield of by-product 5.45 to 9%; 

furthermore the reaction proceeded at ambient temperature. 

Dihydroxylation proceeded at the electron-rich alkene, producing diol 5.46 in 86% 

yield (Scheme 5.14). Subsequent periodate-mediated oxidative cleavage afforded 

butenolide-aldehyde 3.6 in 55% yield. This aldehyde proved to be very unstable so it 

was made freshly from the diol when required. 
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Scheme 5.14 Synthesis of but enol ide-aldehyde 3.6. Reagents and conditions: a) 5.43, 

RuCp(COD)Cl, MeOH, rt ~ reflux; b) 5.43, [Ru(CH3CN)3Cp]PF6, DMF, 0 °C ~ rt; 

c) OS04, NMO, CH2Ch, H20, rt; d) NaI04-Si02, CH2Clz, H20, rt. 

5.8 Asymmetric Alkynyl Addition 

There are many methods for the asymmetric addition of an alkyne to an aldehyde; the 

f: d . h" 1 h f . 129 most avoure In synt eSlS InVO ve t e use 0 organozInc reagents. Highly 

enantioselective alkynylzinc additions to aldehydes (up to 99% ee) have been achieved 

by Carreira and co-workers. 130 They generated alkynylzinc reagents from terminal 

alkynes with Zn(OTf)2 in the presence of an amine base and used a stoichiometric 

amount of a chiral amino alcohol N-methylephedrine to control the stereo selectivity. 

Pu l31 and Chani32 were the first to use BINOL in asymmetric alkynylzinc additions. 

They found that BINOL in association with a dialkylzinc reagent and Ti(iprO)4 

effected highly enantioselective alkynylzinc additions to aldehydes in up to 99% ee. 

We attempted the asymmetric addition of commercially available alkynes to 

butenolide aldehyde 3.6 using both methods since they both report excellent 

enantioselectivity. 
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Asymmetric addition of 6-chloro-I-hexyne to butenolide-aldehyde 3.6 in the presence 

of Zn(OTf)2, Et3N and N-methylephedrine 5.47 was unsuccessful (Scheme 5.15). lH 

NMR analysis of the crude product showed no product and no aldehyde peak. It is 

possible the chloride may have metallated and reacted with itself, or the aldehyde may 

have decomposed under the reaction conditions. 

The next method attempted was that described by Pu and Chan using the more robust 

I-dodecyne; this is the same method employed by Evans et al. 100 who achieved an 

81 % yield and a 20: I d.r. Asymmetric addition of I-dodecyne to butenolide-aldehyde 

3.6 in the presence of Et2Zn, Ti(PrO)4 and (R)-BINOL 5.49 gave the propargylic 

alcohol 5.50 in a disappointing 16% yield and 60% de (Scheme 5.15). The reaction 

was repeated with fresh Et2Zn which gave identical results. Possible reasons for the 

low yield include reaction at the wrong centre (i.e at the butenolide), or perhaps 

butenolide-aldehyde 3.6 did not survive the reaction conditions. This reaction was not 

investigated further due to insufficient material and time constraints. 

3.6 
5.48 

:7~b, 16% 

~J ~ OH 
HO 

~ 0 

5.49 5.50 

Scheme 5.15 Alkynylzinc additions to butenolide-aldehyde 3.6. Reagents and 

conditions: a) Zn(OTf)2, N-methylephedrine, toluene, Et3N, rt; then 6-chloro-I-hexyne, 

rt; then butenolide-aldehyde 3.6, rt; b) I-dodecyne, Et2Zn, toluene, reflux; then (R)

BINOL 5.49, Et20, Ti(PrO)4, rt; then butenolide-aldehyde 3.6, rt. 
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Chapter 6 

Concluding Remarks and Future Work 

A quick and reasonably efficient route to the non-adjacent bis-THF core 5.9 of cis

sylvaticin has been demonstrated via the permanganate promoted bi-directional 

oxidative cyc1isation of a tetraene. The tetraene substrate was available in five high 

yielding steps from the starting triene 4.27 (Scheme 6.1), with scope for altering the 

enoate double bond geometry or chiral auxiliary of tetraene 5.7. 

4.27 

o 

'0 ' H H ~ 
HO OR OR 

5.9 

HO OH 

3.4 

- 0 H 0 H ~ 
OR 

5.29 

Scheme 6.1 Overview of the synthesis of the core of cis-sylvaticin (only one 

diastereomer is shown). 

The bi-directional oxidative cyc1isation of 5.7 appeared inefficient, affording 5.9 (R = 

H) in only 41 % yield and as an estimated 3: 1 mixture of diastereomers (Scheme 6.1). 

It should be noted, however, that this powerful transformation installs eight new 

stereogenic centres in one step, equating to a yield of approximately 87% per 

stereogenic centre taking the 3: 1 ratio of diastereomers into account. Silyl protection 

of the central hydroxyls of 5.9 (R = H) afforded 5.9 (R = TBS/TIPS), however 

subsequent reductive cleavage of the chiral auxiliary proved unsuccessful. Perhaps 

the use of a different protecting group would enable separation of the diastereomers, 

either before or after reductive cleavage, thus affording an easily manipulated 

reduction product. 

84 



Reductive cleavage of the chiral auxiliaries gave a surprisingly low yield. We 

reasoned that a proportion of hexaol 3.4 had become irreversibly bound to silica after 

flash chromatography. Another possibility however is that incomplete reduction to the 

aldehyde occurred, followed by subsequent lactol formation. It would be interesting 

to see the effect of extended reaction time on the yield of the reaction. 

The mono-tosylation route appeared promIsmg but was inconclusive due to 

insufficient material. The optimised yield for mono-tosylation was 35% with 35% 

recovered starting material. Desymmetrisation could be improved at this juncture by 

anchoring one of the primary alcohols onto a solid-phase support and activating the 

remaining primary alcohol. This would eliminate the undesired bis-tosylation product 

and any cross-linked hexaol could be recovered after cleavage. A number of the 

subsequent steps could also be carried out on the solid-phase support. 

The bi-directional approach appeared promising and afforded bis-epoxide 5.29 (R = 

H) in good yield (Scheme 6.1). Subsequent protection of the secondary alcohols 

presented an opportunity to separate the diastereomers, although this step was low 

yielding. Further investigation is required into the protection of secondary alcohols in 

the presence of epoxides, and it may be beneficial to try different protecting groups. 

We were able to successfully prove the absolute stereochemistry of the minor 

diastereomer by analysis of the x-ray crystal structure. This confirmed the predicted 

relative stereochemistry for the oxidative cyclisation of cis-trans 1,5-dienes. The 

absolute stereochemistry of the minor diastereomer was as we had predicted and it is 

therefore highly probable that our prediction for the major diastereomer is also correct. 

Desymmetrisation of bis-epoxide 5.29 (R = TBS) could not be investigated fully due 

to insufficient material; however opening of a bis-epoxide has been shown to proceed 

in reasonable yield 107 and it is anticipated that a similar level of efficiency would be 

observed in our system. 

Whilst a bi-directional approach to cis-sylvaticin has its merits, any future approach 

should consider disconnecting the natural product back to the two mono-THF 

fragments 6.3 and 6.4, with a view to connecting the fragments at a later juncture 

(Scheme 6.2). 
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The advantages of such an approach are: 

• Individual elaboration of each fragment 

• Oxidative cyclisation of a diene, a reaction that proceeds in high yield 

• Facile separation of the two diastereomers 

• Easily manipulated compounds 

There are many ways in which the two fragments could be coupled, but by the far the 

most attractive lies in olefin metathesis since this is generally high-yielding and 

terminal olefins can be easily established within each fragment. As afore-mentioned 

(Section 1.6.4), Mootoo and Zhu used an olefin cross-metathesis reaction to synthesise 

the non-adjacent bis-THF natural product bullatanocin.56 A more efficient metathesis 

approach however, would utilise a silicon-tethered cross-metathesis, eliminating dimer 

formation and the need for a huge excess of either coupling partner. 100 The butenolide 

portion and adj acent stereogenic centre could be installed by reaction of the anion of y

lactone 1.2038 with epoxide 6.1 (Scheme 6.2). 
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Scheme 6.2 Retrosynthetic analysis of cis-sylvaticin with a metathesis approach 

towards the non-adjacent bis-THF core. 
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Chapter 7 

Phase-Transfer Catalysis and Dihydroxylation 

The following introductory chapter summarises the use of chiral phase-transfer 

catalysts and chiralligands in oxidation reactions in order to induce enantioselectivity. 

The use of permanganate and other oxidants in the dihydroxylation of olefins is also 

described. 

7.1 Permanganate-Mediated Phase-Transfer Oxidation 

The use of aqueous permanganate in synthesis is limited to the oxidation of organic 

compounds that are at least partially soluble in water. If the solubility is too low, then 

there is insufficient contact between the oxidant and the reductant, leading to a drastic 

reduction in the rate of reaction. A simple way to overcome this problem is to use 

polar organic solvent systems such as ethanol, acetone, pyridine, acetic acid and 

trifluoroacetic acid, however use of these solvents can lead to over-oxidation in some 

instances. An attractive alternative approach is provided by phase-transfer catalysis. 

One of the first examples of the use of phase-transfer assisted permanganate 

oxidations involved the oxidative cleavage of I-decene 7.1 into nonanoic acid 7.2 

(Scheme 7.1).133 Carboxylic acids are regularly observed as over-oxidation products 

in permanganate oxidations and this problem has been extensively investigated by 

Krapcho et al. 134 They proposed that this over-oxidation is propagated by hydroxide 

ions formed during the reduction of permanganate and found that the addition of acetic 

acid almost completely eliminated this problem. 
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a -
7.1 7.2 

Scheme 7.1 Early phase-transfer catalysed permanganate oxidation. Reagents and 

conditions: KMn04, Bu4N"Br", benzene, H20. 

Phase-transfer oxidations with permanganate can be performed in two ways: using 

either aqueous permanganate (liquid-liquid phase-transfer catalysis) or solid 

permanganate (solid-liquid phase-transfer catalysis). The factors that affect both these 

methods are identical; these are the ability of the phase-transfer catalyst to transport 

permanganate into the organic phase and the extent to which the ion pair will exist 

once there. 135 

Reagents such as tetrabutylammonium permanganate,136 benzyltriethylammonium 

permanganate137 and cetyltrimethylammonium permanganate138 have been reported as 

efficient phase-transfer catalysts. These reagents use an organic soluble quaternary 

ammonium cation to transport permanganate into non-polar solvents. Additionally, 

crown ethers can be used as phase-transfer agents139 through complexation of the 

potassium ion, thereby producing an ion pair that is soluble in organic solvents. 

The permanganate promoted phase-transfer oxidation of alkenes was studied in depth 

by Lee et ai.74
,75,140 Using methyl cinnamates as a model, they investigated the effect 

of phenyl ring substituents on the rate of reaction. They also looked at the effect of 

varying the chain lengths of the alkyl ammonium phase-transfer catalysts. The results 

showed that electron-withdrawing groups on the aromatic ring increased the rate of 

reaction and Lee therefore proposed a mechanism proceeding via an electron-rich 

transition state. Lee and co-workers also found that longer alkyl chains on the 

ammonium phase-transfer catalyst led to decreased rates of reaction. However, if one 

of the alkyl groups was replaced with a methyl group, the rate of reaction increased. 

Lee reasoned that the smaller methyl group allowed perrnanganate to get closer to the 

ammonium cation, thus producing a tighter ion pair; this led to the observed increase 

in the rate of reaction. 
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Lee proposed a mechanism which proceeded via a [2+2] cycloaddition between the 

olefin and pennanganate eventually leading to a [3+2] product 7.6 (Scheme 7.2). 

After initial cycloaddition, rearrangement occurs resulting in intennediate 7.5, which 

has an enolate type structure; this intennediate interacts with the ammonium cation 

giving it extra stabilisation. It is thought that electron-withdrawing groups on the 

phenyl ring increase the stability of this electron-rich intennediate. Further 

rearrangement results in Mn(V) ester 7.6. Whilst this mechanism has its merits, 

intennediate 7.5 appears prone to racemisation. Therefore it is highly likely that the 

Mn(V) ester 7.6 is fonned via a [3+2] cycloaddition, in accordance with Baldwin's 

mechanism (Scheme 2.3). 

[2+2] 

7.4 

Scheme 7.2 Lee's proposed mechanism for pennanganate-mediated phase-transfer 

oxidations. 

The pennanganate-mediated phase-transfer oxidative cyclisations of dienes were first 

carried out in our group in 2001 using a liquid-liquid system. 141 Oxidative cyclisation 

of dienes 7.7 and 7.9 in the presence of adogen 464 gave the corresponding THF-diols 

7.8 and 7.10 with varied results (Scheme 7.3). Most importantly however, it showed 

that this reaction could be carried out using non-polar substrates. Furthennore, 

asymmetric induction could be realised by simply switching to a chiral phase-transfer 

catalyst (CPTC). 
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Scheme 7.3 Permanganate-mediated phase-transfer oxidative cyc1isations. Reagents 

and conditions: a) 0.4 M KMn04 (2 eq), AcOH (4 eq), adogen 464 (0.4 eq), Et20. 

7.2 Chiral Phase-Transfer Catalysed Oxidation 

Work on chiral phase-transfer catalysts began in the 1970's with the pioneering work 

of Wynberg et al. 142 They used an alkaloid-based ammonium salt, quinine 7.12, to 

catalyse the asymmetric epoxidation of chalcone derivatives (Scheme 7.4). Initially 

they achieved ee's in the region of 25%. If the oxidant was switched from H202 to t

BuOOH or sodium hypochlorite, the stereochemical outcome was reversed. 143 It was 

later suggested that this was due to hydrogen bonding between hydrogen peroxide and 

the hydroxyl group.144 Wynberg and co-workers also described the use of another 

alkaloid ammonium salt quibec. 143 

o OMe 

Ph~ 
~e 

Ph . 0 a 

90%,25% ee 

7.11 7.13 

7.12 

Scheme 7.4 Early chiral phase-transfer catalysis. Reagents and conditions: a) H202 

(aq), 7.12 (5 mol%), toluene. 
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The encouragmg enantioselectivity stimulated wide interest in the asymmetric 

epoxidation of chalcones. Several groups attempted to improve the ee but with limited 
145-148 success. 

It was not until the late 1990's that a breakthrough was made. Lygo et ai. investigated 

the use of cinchona alkaloids in the chiral phase-transfer catalysed epoxidation of a-fJ

unsaturated phenones. 144
,149-152 They found that benzylation of the secondary alcohol 

in the catalyst resulted in vastly improved ee's. Thus O-benzyl-N-anthracenylmethyl 

cinchonidinium salts, when used in conjunction with sodium hypochlorite, gave 

between 70-98% ee (Scheme 7.5). It was also possible to prepare either enantiomer 

by using cinchonidine or its enantiomer cinchonine. Independently, Corey and Zhang 

had made the same discovery, however they had optimised the reaction conditions and 

were able to obtain higher ee's with identical substrates (Scheme 7.5).153 

0 00 

Ph~ 
a, 98%, 86% ee 

Ph~ 

)j{~ 
b, 96%, 93% ee 

7.14 7.15 

/ ~. r 
0 00 N~ 67 I Ph~ a, 75%, 98% ee Ph~ ~I 

b, 93%, 98% ee 
: I 7.22 7.16 F 7.17 F 

0 00 

~Ph a, 87%, 82% ee ~Ph 
MeO ..-:::: b, 70%, 95% ee MeO ..-:::: 

7.18 7.19 

0 
a, 92%, 77% ee 

~ ~ 5 I 
..-:::: 

7.20 7.21 

Scheme 7.5 Asymmetric epoxidation using cinchonidinium salt 7.22. Reagents and 

conditions: a) Lygo: 7.22 (1 mol%), 15% NaOCI (aq, 2 eq), toluene, rt; b) Corey: 7.22 

(10 mol%), KOCI (aq), toluene, -40 DC. 
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7.3 Permanganate Promoted Chiral Phase-Transfer Catalysed Oxidative 

Cyclisation 

The results from the asymmetric epoxidation of chalcone derivatives appeared very 

promising. Potentially, this methodology could be applied to other reactions using 

similar substrates. Having already established a method for the racemic permanganate 

promoted phase-transfer catalysed oxidative cyc1isation in our group, work began on 

the asymmetric version. 

Oxidative cyclisation of phenone 7.23 in the presence of cinchonidinium salt 7.22 at 0 

DC gave an enantiomeric excess of 39%.154 Lowering the temperature of the reaction 

to -30 DC and switching from a KMn04 (aq)/CH2Ch (liquid-liquid phase-transfer) 

system to a KMn04 (s)/CH2Ch (solid-liquid phase-transfer) system improved the ee to 

58% (Scheme 7.6).141 Substitution of the phenyl ring improved the ee to 75% for the 

para-bromo derivative 7.27. 

F'-ro ~ a 
o ~ 

47%.58% ee HO H H OH I h-

7.23 7.24 

~F ~ 
a 

o ~ 
50%.72% ee HO H H OH I h- F 

7.25 7.26 

~B' ~ a 
o ~ 

26%.75% ee HO H H OH I h- Br 

7.27 7.28 

Scheme 7.6 Chiral phase-transfer catalysed oxidative cyc1isation. Reagents and 

conditions: a) KMn04 (s, 1.6 eq), 7.22 (10 mol%), AcOH (6.5 eq), CH2Ch, -30 DC. 

These initial results were very promising and further chiral phase-transfer catalysed 

oxidative cyc1isation reactions were carried out in our laboratory, achieving ee's of up 

to 93%.125 Essentially, this demonstrated the application of the chiral phase-transfer 

methodology to a different reaction using similar substrates. 
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It would be interesting to investigate whether asymmetric dihydroxylation usmg 

permanganate could also be realised. 

7.4 Dihydroxylation Using Permanganate 

The permanganate dihydroxylation reaction is a stereospecific process which adds two 

hydroxyl groups across the same face of an olefin. It has been shown that the two 

oxygen atoms are transferred directly from the Mn04- ion from experiments with 180 

labelled permanganate. 155 This is in accordance with the mechanism described by 

Lee, in which a [2+2] cycloaddition occurs between an olefin and permanganate 

eventually leading to [3+2] product 7.6 (Scheme 7.2). What happens next to the 

hypomanganate ester is highly dependent upon the reaction conditions. Under 

conditions of high basicity, hypomanganate ester 7.6 can undergo hydrolysis to give 

Mn(V) intermediate 7.33, which is then converted into diol 7.34 or oxidised to Mn(VI) 

intermediate 7.32 (Scheme 7.7); both these processes are fast but dihydroxylation 

dominates if the hydroxide concentration is high (i.e. at high pH). Rearrangement of 

Mn(VI) intermediate 7.32 results in hydroxyketone 7.35. Under acidic conditions 

(low hydroxide concentration), the hypomanganate ester can undergo oxidation to the 

cyclic manganate(VI) diester 7.31, which undergoes cleavage to give aldehyde 7.29 at 

low pH, or hydrolysis via 7.32 to give hydroxyketone 7.35 at slightly acidic pH. 135 
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Scheme 7.7 Fate of the hypomanganate ester 7.6 under different conditions. 

The pH regions in which these different reactions occur are not sharply divided and 

consequently a mixture of products is obtained. Competition between ring-opening by 

the hydroxide ion and oxidation by Mn04- accounts for the mixture of products at 

mid-range pH. 

The main by-product is Mn(N) which is apparent as colloidal Mn02 in the reaction 

mixture. Mn02 is formed in the glycol pathway through hydrolysis and 

disproportionation of Mn(V) to Mn(VII) and Mn(N). Cleavage of hypomanganate 

ester 7.6 to aldehyde 7.29 readily occurs under strongly acidic conditions since the by

product Mn(III) is stable in acid; cleavage occurs to a lesser extent in neutral or basic 

solutions. 135 
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Dihydroxylation reactions using aqueous pennanganate have been known for over a 

century. In fact this reagent was originally used for the conversion of alkenes such as 

malearic and fumaric acid into the corresponding diols; a process known as the 

Wagner dihydroxylation reaction. 156 As previously mentioned, reactions using 

aqueous pennanganate need to be conducted in polar solvents or in conjunction with a 

phase-transfer catalyst to be effective. 

The use of a polar solvent such as aqueous ethanol in the dihydroxylation of 

cyc10hexene 7.36 produced the corresponding diol 7.37 in 33% yield,157 whilst 

dihydroxylation of 1,2-dimethyl-cyc1opentene 7.38 in aqueous acetone gave the 

corresponding diol 7.39 in 45% yield158 (Scheme 7.8). 

0 a CC
OH -33% OH 

7.36 (rac)-7.37 

0( b qOH -45% OH 

7.38 (rac)-7.39 

Scheme 7.8 Dihydroxylation using aqueous pennanganate in polar solvents. Reagents 

and conditions: a) KMn04, H20/EtOH; b) KMn04, H20/acetone. 

The yields obtained were low, however the use of phase-transfer catalysis greatly 

improved the efficacy of the reaction. In 1979, Ogino et al. 159 showed that 

benzyltriethylammonium chloride could be used as a phase-transfer reagent to effect 

dihydroxylation (solid-liquid phase-transfer catalysis). They oxidised alkene 7.40 to 

the corresponding Mn(V) diester and then quenched with aqueous solutions of varying 

pH (Scheme 7.9). If the aqueous solution was basic, diol 7.41 was fonned; if it was 

acidic dialdehyde 7.42 was produced. The results were in accordance with the Lee's 

proposed mechanism for pennanganate oxidation (Scheme 7.2) and con finned the fate 

of the Mn(V) diester under basic and acidic conditions (Scheme 7.7). 
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Scheme 7.9 Early phase-transfer dihydroxylation using permanganate. Reagents and 

conditions: a) (i) KMn04, benzyltriethylammonium chloride, CH2C}z, 0 °C; (ii) 3% 

NaOH; b) (i) KMn04, benzyltriethylammonium chloride, CH2C}z, 0 °C; (ii) 

AcOH/AcONa (aq), pH 3. 

The Mn(V) diester is known to be quite unstable in aqueous systems and only a 

transient existence had ever been detected prior to these experiments. The Mn(V) 

diester appeared to be long-lived in non-aqueous media, perhaps because it was 

complexed to the quaternary ammonium ion. Ogino postulated that the yield of the 

reaction was high because the Mn(V) diester was protected against oxidation by 

permanganate, and that in the absence of water hydrolysis could not occur. This route 

provided a simple method for the synthesis of a number diols and dialdehydes which 

would otherwise have been difficult to synthesise. It should be noted that a high yield 

(80%) was also obtained for the dihydroxylation of the terminal alkene 1-octene. 

Diols can also be obtained from phase-transfer assisted oxidations if the reactions are 

carried out in contact with an aqueous solution of sodium hydroxide (liquid-liquid 

phase-transfer catalysis). 160 A few examples of liquid-liquid phase-transfer 

dihydroxylations using various phase-transfer reagents are shown (Scheme 7.10). 
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Scheme 7.10 Phase-transfer dihydroxylation using pennanganate and various phase

transfer reagents. Reagents and conditions: a) KMn04, tetrabutylammonium bromide, 

CH2Ch, 20% NaOH;161 b) KMn04, dicyclohexano-18-crown-6, CH2Ch, 40% 

NaOH;162 c) KMn04, adogen 464, CH2Ch, 15% NaOH.163 

7.5 Dihydroxylation Using Osmium Tetroxide 

The dihydroxylation of olefins using osmium tetroxide was first discovered in the 

1930's by Criegee. I64,165 He showed that the reaction of stoichiometric amounts of 

OS04 with olefins was greatly accelerated in the presence of pyridine. 

The reaction was not catalytic however and as osmium is expensive and toxic, the use 

of co-oxidants to re-oxidise the Os(VI) glycolate by-products needed to be 

investigated. Early catalytic dihydroxylations were carried out in the presence of 

hydrogen peroxide; 166 this led to diminished yields however due to over-oxidation. 

The dihydroxylation reaction was improved in 1976 by the work of Sharpless and 

Akashi l67 who used the cheap co-oxidant t-BuOOH to re-oxidise the Os(VI) glycolate 

by-products. Later that year, the catalytic osmylation reaction was greatly enhanced 

by Van Rheenen et ai. \08 who used N-methylmorpholine N-oxide as the co-oxidant; 

this process became known as the Upjohn dihydroxylation reaction. Later in 1990, 

Minato et ai. 168 demonstrated the efficacy of the K3Fe(CN)6/K2C03 system. 

98 



It had already been shown that tertiary ammes could accelerate the osmylation 

reaction and thus asymmetric induction was possible through the use of chiral amine 

ligands. This ligand acceleration effect ensures that the reaction is funnelled through a 

pathway involving the chiral catalyst. 

Initial efforts by Sharpless to induce enantioselectivity focused upon the use of chiral 

pyridine derivatives. These ligands were unsuccessful however, due to their low 

affinity for OS04.169 They focused their attention on quinuclidine derivatives, which 

were known to have a high affinity for OS04. Initial experiments using the acetate 

esters of cinchona alkaloids as chiralligands (Figure 7.1, R = OAc) and stoichiometric 

amounts of OS04 produced the corresponding diols in moderate to good ee. 169 This 

later became catalytic when N-methylmorpholine N-oxide was employed as the co

oxidant. 170 
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Figure 7.1 Cinchona-based ligands for asymmetric dihydroxylation with osmIUm 

tetroxide. 

The ee's obtained from the catalytic reaction were moderate due to a second catalytic 

cycle and progress at this time was slow. There were three key discoveries in their 

group however which led to a dramatic increase in progress: 

1. Kwong found that the second catalytic cycle could be virtually eliminated by 

conducting the reaction in a two-phase t-BuOH/H20 system with K3Fe(CN)6 

as the stoichiometric re-oxidant (Scheme 7.11 ).171 
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Scheme 7.11 Dihydroxylation using OS04 in a two-phase system. 

Under these conditions, the only oxidant in the organic layer is OS04; this is in 

contrast to the Upjohn dihydroxylation system. Osmylation takes place in the 

organic layer. The resulting Os(VI) monoglycolate ester undergoes hydrolysis, 

releasing the diol and chiral ligand to the organic layer and Os(VI) to the 

aqueous layer, before its re-oxidation can occur; thus entry of the osmium 

glycolate into the second catalytic cycle is prevented. The use of 

K20s02(OH)4 as a non-volatile osmium source, in combination with the 

inorganic co-oxidant K3Fe(CN)6, enabled a pre-mix to be formulated 

containing all the reagents including the ligand. The commercially available 

"AD-mix" enables the reaction to be carried out easily. 

2. Amberg and Xu found that hydrolysis of the Os(VI) glycolate could be 

accelerated by MeS02NH2 (the sulfonamide effect).172 They found the 

reaction time could be as much as 50 times shorter in the presence of this 

additive. The sulfonamide effect allowed high catalytic turnovers even with 

sterically encumbered substrates, thus allowing tetra-substituted alkenes into 
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the scope of the reaction. Furthermore, the reaction could now be carried out 

at 0 DC instead of rt, which increased the selectivity. 173 

3. A new generation of ligands with two independent cinchona alkaloid units 

linked by a heterocyclic spacer were found to increase both the 

enantioselectivity and the scope of the reaction. These included ligands with 

either a phthalazine core172 or a diphenylpyrimidine core.174 These second 

generation ligands have now superceded the first generation (Figure 7.2). 

Second Generation Ligands 

N-N 
R0\-l-0R 

U 
7.51 

Phthalazine (PHAL) 
Ligands 

Ph 

RoAOR 

NyN 

Ph 

7.52 
Diphenylpyrimidine (PYR) 

Ligands 

First Generation Ligands 

o 

rJOR c,N gr= OR 
:::,..1 

1.0 
~ UNJlOR 

7.53 
Chlorobenzoate (CLB) 

Ligands 

7.54 
Phenanthryl Ether (PHN) 

Ligands 

7.55 
4-Methyl-2-quinolyl Ether (MEQ) 

Ligands 

Figure 7.2 The latest generation of dimeric PHAL and PYR ligands and their 

predecessors (R = DHQD or DHQ). 

These three key discoveries have led to a catalytic asymmetric dihydroxylation 

reaction which encompasses a broad range of alkenes and can induce excellent 

enantioselectivity (up to 99% ee) (Table 7.1). 
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Substrate PHAL(DHQD) PHAL(DHQ) 

~ 64%ee 66%ee 

~ 78%ee 76%ee 

Ph~Ph 99%ee 99%ee 

Ph~ 99%ee 97%ee 

TBSO 

93%ee 95%ee 

Table 7.1 Examples of the wide range of substrates that can undergo Sharpless 

asymmetric dihydroxylation. 

Recent work has focused upon overcoming both the high cost of the ligands and the 

toxicity problem associated with OS04 by recycling. Cinchona-based alkaloids have 

been immobilised by attaching them to solid organic polymers or inorganic 

supports. 175,176 This eased the separation of the ligands but compromised the high 

activity and enantioselectivity. More promisingly, soluble supported ligands have also 

been prepared which retain the high enantioselectivity and can be precipitated and 

filtered out after the reaction. 177 Catalyst recovery has been accomplished by 

anchoring OS04 onto an insoluble polymer support178 or by employing ionic liquids. 179 

The asymmetric dihydroxylation of olefins using osmium tetroxide is now a powerful 

process that has found widespread application in synthesis. 180,181 One example is 

found in the synthesis of a fragment of the anti-cancer compound (20S)-camptothecin 

7.56 (Scheme 7.12). This compound is an important anti-cancer lead, discovered 

through the screening of natural products. Comins reported a highly convergent 10-

step asymmetric synthesis of this target which utilised DE fragment 7.58 as the key 

chiral intermediate (Scheme 7.12).182 
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(20S)-Camptothecin 

7.56 

I "" + ccxN Br 

.0.0 Br 

7.57 

{{50 
H 0 

7.58 

Scheme 7.12 Retrosynthetic analysis of (20S)-camptothecin. 

However, preparation of DE fragment 7.58 required stoichiometric amounts of the 

expensive chiral auxiliary (-)-8-phenylmenthol. In order to overcome this obstacle, 

two groups investigated the possibility of introducing chirality into fragment 7.58 

using asymmetric dihydroxylation. 

Curran and K0183 investigated the asymmetric dihydroxylation of endocyclic enol 

ether 7.59 (Scheme 7.13). After oxidation to the corresponding lactone, analogous 

fragment 7.60 was obtained in 90% yield and 74% ee. 

(Y9 
~ 

Et 

7.59 

a, b 

90%,74% ee 000 
HO ~Et 

7.60 

Scheme 7.13 Dihydroxylation of an endocyclic enol ether by Curran and Ko. 

Reagents and conditions: a) AD-mix-,B, MeS02NH2, t-BuOH, H20, 0 °C; b) h/CaC03• 

Independently, Fang et al. 184 were investigating the synthesis of the key fragment 7.58 

via asymmetric dihydroxylation of enol ether 7.61 (Scheme 7.14). When the reaction 

was carried out using AD-mix-,B (containing (DHQDhPHAL), lactone 7.63 was 

obtained in 26% ee. When the reaction was repeated with (DHQDhPYR the same 

lactone was obtained in 94% ee. Furthermore, conversion of lactone 7.63 to the 

corresponding pyridone in dilute HCI afforded a crystalline enantiomerically pure 

product (> 95% ee) after filtration of the reaction mixture. 
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r wJ 
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Cy a, 26% ee c Cc;t I ~ ~ - I~ b, 94% ee ~. OH . 0 
Et E{ OH E{ OH 

7.61 7.62 7.63 

Scheme 7.14 Dihydroxylation of an endocyclic enol ether by Fang et al. Reagents and 

conditions: a) AD-mix-/1, MeS02NH2, t-BuOH, H20, 0 °C; b) (DHQD)2PYR, 

K3Fe(CN)6, K20s02(OH)4, K2C03, MeS02NH2, t-BuOH, H20; c) Iz/CaC03. 

7.6 Dihydroxylation Using Ruthenium Tetroxide 

In 1994, Shing reported the use of ruthenium(VIII) tetroxide, prepared in situ from 

ruthenium(III) chloride, in the dihydroxylation of olefins. 185 Due to the high redox 

potential of Ru(VIII) compared to Os(VIII), over-oxidation and fission were common 

side reactions. Plietker and Niggemanl86-188 looked into the ruthenium tetroxide

catalysed dihydroxylation of olefins known to be unreactive to osmium tetroxide. 

They found that the addition of catalytic amounts of protic acids led to a significant 

rate acceleration and consequently reduced the catalyst loading to 0.5 mol% whilst 

maintaining short reaction times (Scheme 7.15). They rationalised that the presence of 

acid enabled rapid hydrolysis of the intermediate Ru(VI) diester. 

Plietker and Niggeman also found that acid-labile functional groups such as allylic 

halides, esters and amides were compatible with the reaction conditions due to the 

short reaction time; even acetals could be dihydroxylated under adapted conditions. 
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Scheme 7.15 Ruthenium tetroxide-catalysed dihydroxylation. Reagents and 

conditions: a) 0.5 mol% RuCh, 20 mol% H2S04, NaI04 (1.5 eq), EtOAc/CH3CNIH20 

(6:6:1),0 DC, 5 min. 

7.7 Introduction to the Proposed Work 

Dihydroxylation systems using OS04 realise enantioinduction through the use of chiral 

ligands on the osmium centre1890r chiral auxiliaries present in the substrate.190-192 

Osmium tetroxide-catalysed dihydroxylation has great synthetic utility, however as 

osmium is toxic, volatile and expensive, its use on an industrial scale has been 

discouraged. 

The use of permanganate in industrial applications has become attractive owing to the 

recent introduction of a process for recycling manganese dioxide, the by-product from 

oxidations. 193 It is first oxidised to potassium manganate(VI) by oxygen in a 

concentrated potassium hydroxide solution and then converted to KMn04 

electrochemically. Permanganate is cheap and relatively non-toxic compared with 

OS04. 

Osmium tetroxide has one further pitfall in that it has a high affinity for electron-rich 

double bonds but is markedly less reactive towards electron-deficient double bonds. 

One example is in the synthesis of the C 14-C25 portion of the cytotoxic natural 
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product amphidinolide BI 7.71, where asymmetric dihydroxylation of enone 7.69 

produced diol 7.70 in only 35% yield after 1 Yz days (Scheme 7.16). 

QTBS 

OR 0 

OTBS 

7.69 R = TIPS 

OPMB 

a 

35%,86% ee 

Amphidinolide B1 
7.71 

HO 
OPMB 

QTBS 

OH 

OR 0 

OTBS 
7.70 R = TIPS 

Scheme 7.16 The key dihydroxylation step in the synthesis of a portion of 

amphidinolide Bl. Reagents and conditions: a) AD-mix-a, MeS02NH2, t-BuOH/H20 

(1:1),0 DC, 1 Yz days. 

Asymmetric induction in permanganate oxidation has been demonstrated in oxidative 

cyc1isation reactions via the use of chiral auxiliaries.76 Later on, within our group, this 

was extended to the use of chiral quaternary ammonium salts. 141 Good levels of 

enantioselectivity were obtained in the oxidation of 1,5-dienes in the presence of a 

chiral phase-transfer catalyst. 

Inoue et al. 194 showed that asymmetric permanganate dihydroxylation of styrene using 

chiral ammonium salts such as benzylmenthyldimethyl ammonium bromide gave very 

low levels of enantioselectivity « 5%). The efficiency of the asymmetric 

permanganate dihydroxylation reaction in the presence of a chiral phase-transfer agent 

is therefore yet to be proven. To our knowledge there has been no further progress in 

this area. 
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In this programme of research, dihydroxylation usmg permanganate will be 

investigated under phase-transfer conditions. Once optimised conditions have been 

established, asymmetric induction will be investigated through the use of a chiral 

phase-transfer agent. 

As previously mentioned, permanganate oxidations under basic conditions favour 

dihydroxylation; hence these reactions will be conducted in alkaline media. Initially, 

dihydroxylation studies will focus upon commercially available alkenes to elucidate 

the optimised reaction conditions. Once established, the investigation will focus upon 

the asymmetric dihydroxylation of enones. These are ideal substrates as 

permanganate has a high affinity for electron-deficient double bonds,74,75 and enones 

have been shown to undergo permanganate-mediated oxidative cyc1isation to the 

corresponding THF-diols in good levels of enantioselectivity125,141 
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Chapter 8 

Dihydroxylation Using Permanganate Under Phase-Transfer 

Conditions 

The following chapter describes the development of a new asymmetric 

dihydroxylation reaction using permanganate in the presence of a chiral phase-transfer 

agent. 

8.1 Dihydroxylation of Simple Alkenes 

Initial reactions were carried out on commercially available alkene 4-phenyl-l-butene 

8.1 under a variety of conditions (Scheme 8.1). Firstly, a solid-liquid phase-transfer 

protocol was followed as described by Ogino et al. 159 (Table 8.1, Entry 1). This 

involved the reaction of permanganate with the olefin in organic solvent in the 

presence of the phase-transfer catalyst adogen 464. After quenching with 3% NaOH 

(aq) solution, diol (rac)-8.2 was afforded in 29% yield. 

~ 
a 

B.1 

~OH 
V 

(rac)-B.2 

Scheme 8.1 Dihydroxylation of 4-phenyl-I-butene. Reagents and conditions: a) See 

Table 8.1. 

Entry Reagents and conditions Yield 

I KMn04 (1.5 eq), adogen 464 (1.5 eq), CH2Ch, 0 °C; then 3 % NaOH 29% 

(aq) 

2 KMn04 (1.5 eq), adogen 464 (1.5 eq), CH2Ch, 3 % NaOH (aq), 0 °C 66% 

3 KMn04 (1.5 eq), adogen 464 (1.5 eq), CH2Ch, pH 9 buffer (aq), 0 °C 65% 

Table 8.1 Dihydroxylation of 4-phenyl-I-butene (See Scheme 8.1). 
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The reaction was repeated using the biphasic protocol described by Weber et.al. 160 

(Table 8.1, Entry 2). This liquid-liquid phase-transfer protocol showed a marked 

improvement on the solid-liquid phase-transfer protocol, producing diol (rac)-8.2 in 

66% yield. It is possible that strongly basic conditions would lead to decomposition 

of the diol, especially if this methodology is to be extended to enones; thus it was 

deemed advantageous to reduce the pH whilst still maintaining a high 

diollhydroxyketone ratio (hydroxyketones form under mildly acidic conditions). 

A pH 9 buffer was used instead of 3% NaOH (aq) in the liquid-liquid phase-transfer 

dihydroxylation of 4-phenyl-I-butene 8.1 (Table 8.1, Entry 3). Diol (rac)-8.2 was 

produced in an almost identical 65% yield, thus the reduced pH had not detrimentally 

affected the efficiency of the reaction. The racemic mixture of products was separated 

by analytical chiral column chromatography and this confirmed the expected I: I 

mixture of enantiomers. 

Dihydroxylation of trans-stilbene 8.3 was attempted using the more basic biphasic 

conditions (Scheme 8.2). Diol (rac)-8.4 was obtained in 38% yield. 

a 
38% 

8.3 (rac)-S.4 

Scheme 8.2 Dihydroxylation of trans-stilbene. Reagents and conditions: a) KMn04 

(1.5 eq), adogen 464 (1.5 eq), CH2C}z, 3% NaOH (aq), 0 CC. 

The conditions established for the dihydroxylation of 4-phenyl-I-butene 8.1 and trans

stilbene 8.3 appeared promising. Our efforts now focused upon introducing 

asymmetric induction into the dihydroxylation of these alkenes. As previously 

mentioned (Section 7.2 and 7.3), cinchona-based alkaloids are effective chiral phase

transfer agents; hence the dihydroxylation reaction was conducted in the presence of 

8.5 (Scheme 8.3). Dihydroxylation of 4-phenyl-I-butene 8.1, in the presence of 8.5 

afforded diol 8.2 in 21 % yield (Scheme 8.3). The yield was low since only sub-
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stoichiometric amounts of the phase-transfer agent were used; furthermore, no 

enantiomeric excess was obtained as shown by analytical chiral chromatography. 

OH 

a,21% . ~OH U ~ 
B.1 (rac)-B.2 

a 

B.3 (rac)-B.4 

Scheme 8.3 Dihydroxylation in the presence of a chiral phase-transfer agent. Reagents 

and conditions: a) KMn04 (1.5 eq), 8.5 (20 mol%), CH2Ch, pH 9 buffer (aq), 0 dc. 

The dihydroxylation of trans-stilbene 8.3 was attempted in the presence of chiral 

phase-transfer agent 8.5 (Scheme 8.3). Diol 8.4 was not produced, however by

products including the hydroxyketone and benzoic acid were isolated. 

The lack of asymmetric induction in the dihydroxylation of 4-phenyl-I-butene 8.1 can 

be rationalised by this substrate not fitting optimally within the phase-transfer catalyst; 

a strong interaction between the ammonium cation and the substrate is required for 

asymmetric induction. Given this requirement, our efforts now focused upon the 

application of these conditions to enones, since these substrates would fit optimally 

within the phase-transfer agent. 
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8.2 Dihydroxylation of Enones 

Initially, enone substrates were synthesised using the HWE reaction. 102,I03,109 Arbuzov 

reaction of bromide 8.6 produced phosphonate 8.7 in 50% yield (Scheme 8.4). 

Deprotonation and reaction with valeraldehyde afforded enone 8.8 in 55% yield. The 

E-isomer was produced exclusively, as shown by IH NMR spectroscopy. 

~Br 
l) 

B.6 

a 
~ 

50% ~~'OEI V OEt 

b -----55% 

B.7 B.B 

Scheme 8.4 Enone synthesis. Reagents and conditions: a) P(OEt)3, xylene, reflux; b) 

NaH, valeraldehyde, THF, rt. 

Dihydroxylation of enone 8.8 using perrnanganate (Scheme 8.5) produced diol (rac)-

8.9 in 55% yield under achiral phase-transfer conditions (Table 8.2, Entry 1), whilst 

dihydroxylation using perrnanganate under chiral phase-transfer conditions produced 

diol 8.9 in 45% yield and an encouraging 50% ee (Table 8.2, Entry 2). 

o OH 

a - ~ 
B.B 8.9 

Scheme 8.5 Dihydroxylation of enone 8.8. Reagents and conditions: a) See Table 8.2. 

Entry Reagents and conditions Yield ee 

1 KMn04 (1 eq), adogen 464 (1 eq), pH 9 buffer, CH2C}z, 55% 0% 

O°C 

2 KMn04 (1 eq), 8.5 (100 mol%), pH 9 buffer, CH2C}z, 0 °C 45% 50% 

Table 8.2 Dihydroxylation of enone 8.8. 
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The absolute stereochemistry of the major enantiomer was determined from the x-ray 

crystal structure of the 4-bromo-phenyl derivative, crystallised to enantiomeric purity 

from hexane. 195 The facial selectivity can be explained using Lygo's model and the 

mechanism proposed by Corey153 (Figure 8.1). The a,j3-unsaturated enone lies within 

the chiral phase-transfer agent with the aryl group wedged between the ethyl and 

quinoline substituents on the quinuclidine ring; simultaneously, the carbonyl oxygen is 

placed as close to the ammonium cation as permitted by van der Waals forces. The 

permanganate ion forms an ion pair with the only accessible face of the ammonium 

cation and it is therefore in close proximity to the lower face of the enone double 

bond. Subsequent attack of the double bond occurs from the lower face, thus 

explaining the enantioselectivity. An aryl group such as 4-fluorophenyl has a stronger 

edge interaction with the quinoline ring than phenyl and often leads to better 

enantioselectivities. 

Figure 8.1 Facial selectivity in dihydroxylation reactions using cinchonidine-derived 

phase-transfer agent 8.5. 

Previous work within our group had shown that the chiral phase-transfer catalysed 

oxidative cyclisation of para-substituted phenone dienes gave higher ee's than their 

unsubstituted counterparts. 141 Subsequent dihydroxylation reactions were therefore 

conducted on para-substituted phenyl enone derivatives. 

The same protocol described for the synthesis of enone 8.8 was applied to the 

synthesis of the 4-fluoro-phenyl enone derivative 8.12 (Scheme 8.6). Phosphonate 

8.11 was afforded in 59% yield and after deprotonation and reaction with 

valeraldehyde, enone 8.12 was produced in 66% yield. The E-isomer was produced 

exclusively, as shown by IH NMR spectroscopy. 
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Scheme 8.6 Synthesis of 4-fluoro-phenyl enone. Reagents and conditions: a) P(OEt)3, 

xylene, reflux; b) NaH, valeraldehyde, THF, rt. 

Dihydroxylation of enone 8.12 using permanganate (Scheme 8.7) produced diol (rac)-

8.13 in 44% yield under achiral phase-transfer conditions (Table 8.3, Entry 1), whilst 

dihydroxylation using permanganate under chiral phase-transfer conditions produced 

dioI8.13 in 18% yield and 61% ee (Table 8.3, Entry 2). Lowering the temperature of 

the reaction to -15°C gave a 25% yield and increased the ee to 67% (Table 8.3, Entry 

3). 

F 

~ 
)l) 

8.12 

o OH 
a - F~ 

8.13 

Scheme 8.7 Dihydroxylation of 4-fluoro-phenyl enone 8.12. Reagents and conditions: 

a) See Table 8.3. 

Entry Reagents and conditions Yield ee 

1 KMn04 (1 eq), adogen 464 (1 eq), pH 9 buffer, CH2Ch, 44% 0% 

O°C 

2 KMn04 (1 eq), 8.5 (100 mol%), pH 9 buffer, CH2Ch, a °C 18% 61% 

3 KMn04 (1 eq), 8.5 (100 mol%), pH 9 buffer, CH2Ch, 25% 67% 

-15°C 

Table 8.3 Dihydroxylation of enone 8.12. 
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We had now shown that substitution of the phenyl ring improved the ee, and that this 

could be further enhanced by lowering the temperature. Our investigation continued 

with the para-methoxy phenyl enone derivative 8.16 (Scheme 8.8). Synthesis of the 

4-methoxy-phenyl enone derivative 8.16 via the established Arbuzov/HWE route was 

not successful however, with the formation of many by-products. The aldol reaction 

was therefore investigated as an alternative strategy to obtain the desired enone. 

Deprotonation of acetophenone 8.14 and reaction with valeraldehyde afforded 

hydroxyketone 8.15 (Scheme 8.8).196 Mesylation and elimination afforded enone 8.16 

in an unoptimised overall yield of 18%. The E-isomer was produced exclusively, as 

shown by 1 H NMR spectroscopy. 

~ 
MeoJl.) 

a -
8.14 

rM~~J 
8.15 

b,c 

18% 
(3 steps) 

~ 
MeoJl.) 

8.16 

Scheme 8.8 Synthesis of the 4-methoxy-phenyl enone 8.16. Reagents and conditions: 

a) LDA, THF, -78°C; then valeraldehyde, -78°C; b) MsCI, Et3N, CH2Ch; c) Et3N, 

CH2Ch, rt. 

Dihydroxylation of enone 8.16 using permanganate (Scheme 8.9) produced the diol 

(rac)-8.17 in 38% yield under achiral phase-transfer conditions with 14% recovered 

starting material (Table 8.4, Entry 1), whilst dihydroxylation using permanganate 

under chiral phase-transfer conditions produced diol 8.17 in 18% yield and 80% ee 

with 43% recovered starting material (Table 8.4, Entry 2). A UV active product also 

formed which was identified as methoxy-benzoic acid by NMR spectroscopy; hence a 

basic wash was introduced into the work-up procedure. 
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8.16 8.17 

Scheme 8.9 Dihydroxylation of 4-methoxy-phenyl enone 8.16. Reagents and 

conditions: a) See Table 8.4. 

Entry Reagents and conditions Yield ee 

1 KMn04 (1 eq), adogen 464 (1 eq), pH 9 buffer, CH2C}z, 0 38% 0% 

DC 

2 KMn04 (1 eq), 8.3 (100 mol%), pH 9 buffer, CH2Clz, 34% 80% 

-60 DC 

Table 8.4 Dihydroxylation of enone 8.16. 

8.3 Conclusions and Future Work 

In conclusion, a new approach to asymmetric dihydroxylation has been developed.197 

The initial enantioselectivities are promising and although relatively large quantities of 

the chiral quaternary ammonium salt are required, the concept has been proven. 

The substrates require the presence of a carbonyl group in order to bind optimally to 

the chiral phase-transfer catalyst, as confirmed by the lack of asymmetric induction in 

the dihydroxylation of 4-phenyl-I-butene 8.1. The asymmetric dihydroxylation 

reaction is therefore currently limited to a-ji-unsaturated enones that are able bind to 

the quaternary ammonium cation. 

Future work should therefore focus upon the use of different, more oxidatively robust 

chiral phase-transfer agents in the dihydroxylation reaction. If a suitable chiral phase

transfer agent was found, this could have the effect of generalising the reaction to 

cover a wider range of substrates, reducing the amount of chiral phase-transfer agent 

required and improving the current enantioselectivities. 
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The use of different metal-oxo species should also be investigated as this opens up the 

possibility of a catalytic reaction. 

The permanganate-mediated asymmetric dihydroxylation of enones will never contend 

with the osmium tetroxide-catalysed reaction. However, the racemic yields are 

promising and if a significant effort was put into improving the asymmetric 

dihydroxylation yields and enantioselectivities, the synthetic utility of this reaction 

would be greatly enhanced. An efficient permanganate asymmetric dihydroxylation 

reaction would be particularly useful in industrial applications where cost, toxicity and 

environmental impact are important considerations. 
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Chapter 9 

Experimental 

9.1 General Methods 

All air and moisture sensitive reactions were carried out under an inert atmosphere 

using oven-dried glassware. Dichloromethane was dried by distillation over 

CaH2 andTHF was distilled over Nalbenzophenone prior to use. Where appropriate, 

all other solvents and reagents were purified according to standard methods. 198 

Reactions were monitored by TLC using aluminium-backed plates coated with silica 

gel 60 containing a fluorescence indicator active at 254 nm; the chromatograms were 

visualised under UV light (254 nm) and by staining with 20% phosphomolybdic acid 

in ethanol, cerium sulphate/ammonium molybdate in 2M H2S04 (aq) or 10% aqueous 

KMn04. Flash column chromatography was performed with 40-63 )lm silica gel 

(Merck). IH NMR and l3C NMR were recorded on either a quad. IHPCPlp;J9F probe 

for computer switchable observation of IH, l3C, 31 p and 19F with 2H lock (5mm) with 

automatic sample changer, a dual IH/l3C probe for computer switchable observation of 

IH and l3C with 2H lock (5mm) or a dual probehead for computer switchable 

observation of IH and l3C with 2H lock (5mm) fitted with z-gradient coils with 

automatic sample changer. Fourier transform infrared (FTIR) spectra were recorded 

on a Perkin -Elmer 1600 FT-IR instrument, a Bio-Rad FTS 135 instrument using a 

Golden Gate adaptor or a Nicolet Impact 400 instrument using a Thunderdome 

adaptor. Absorptions were recorded in wavenumbers (em-I) and are described as 

strong (s), medium (m), weak (w) or broad (br). Melting points were obtained in open 

capillary tubes and are uncorrected. Low-resolution mass spectra were obtained on a 

Fisons VG platform single quadrupole mass spectrometer in either chemical ionisation 

or electron impact ionisation mode or on a Micromass platform mass analyser with an 

electro spray ion source. Chiral analytical HPLC was performed on either a HPI050 or 

HP1090 Series II LC system using a normal phase Chiralcel OD-H, Chira1cel OB-H, 

Chiralpak AD-H or Chiral CD-Ph column with 210 or 254 nm detection, eluting with 

IPA/hexane mixtures. GC analysis was carried out using a Varian 3800 fitted with an 
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autosampler connected to a Hewlett-Packard 3396 Series II integrator. Where the 

experimental procedure is reported as using the method of an analogous procedure, the 

quantities of all reagents required scaling according to the molar amount used. The 

buffer solution used in the aqueous permanganate-promoted oxidative cyclisation was 

an aqueous 4:1 mixture of 1116 M KHZP04 and 1/16 M NazHP04 at pH 6.5. 

Potassium permanganate was freshly ground prior to use. The buffer solution used in 

the asymmetric dihydroxylation reactions was obtained using a pH 9 buffer tablet 

from Griffin. 

9.2 Experimental Details 

(E)-Diethyl 3,1 0-dioxododec-6-enedioate (4.2) 

OEt 

o 0 

The procedure was carried out using the method described by Hoye et al. 199 Under an 

atmosphere of Nz, to a stirred solution of diisopropylamine (65.5 mL, 0.47 mol) in 

THF (400 mL) at -60°C was added nBuLi (1.35 M solution in hexane, 346 mL, 0.47 

mol) dropwise. The mixture was warmed to rt and stirred for 10 min before cooling to 

-70°C. Ethylacetoacetate (29.8 mL, 0.23 mol) was added dropwise and the solution 

warmed to rt and stirred for 1 12 h (mixture yellow ~ orange). The mixture was 

cooled to -60°C and 1,4-dibromo-2-butene (4.1) (25.0 g, 0.12 mol) in THF (130 mL) 

was added dropwise. After 45 min the mixture was warmed to rt and HzO (300 mL), 

citric acid (10% aq, 500 mL) and EtzO (300 mL) were added. The organic layer was 

separated and the aqueous layer extracted with EtzO (3 x 100 mL). The combined 

organic phases were dried (MgS04) and concentrated in vacuo to give an orange oil 

(29.1 g). Purification on SiOz (10 x 15 cm) eluting with EtzOlhexane (1:4 ---t 1:1) 

gave (E)-diethyl 3,1O-dioxododec-6-enedioate 4.2 (24.5 g, 0.08 mol, 67%) as an 

orange solid. Spectroscopic characterisation agreed with that published. 199 IR Yrnax 

(neat) 2978 (m), 2936 (m), 2903 (m), 1744 (s), 1711 (s), 1649 (w) cm-I; IH NMR (300 

MHz, CDCh) 8 5.40 (2H, t, J = 3.6 Hz, 2 x CHCHz), 4.16 (4H, q, J = 7.2 Hz, 2 x 

CHzCH3), 3.38 (4H, s, 2 x CHzCOzEt), 2.56 (4H, t, J = 7.2 Hz, 2 x 
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CH2C(O)CH2C02Et), 2.31-2.16 (4H, m, 2 x CHCH2), 1.25 (6H, t, J = 7.2 Hz, 2 x 

CH2CH3); 13C NMR (75 MHz, CDCh) 6 202.2 (C), 167.2 (C), 129.4 (CH), 61.4 

(CH2), 49.4 (CH2), 42.6 (CH2), 26.3 (CH2), 14.1 (CH3); LRMS (ES+) mlz 325 (42%, 

[M+Nat), 313 (65%, [M+ Ht), 267 (100%, [M-OEtt). 

(E)-Diethyl 3,1 0-dihydroxydodec-6-enedioate (4.3) 

o OH 

EtO 
OEt 

OH 0 

The procedure was carried out using the method described by Hoye et al. 199 Under an 

atmosphere ofN2, to a stirred solution of (E)-diethyl 3,1O-dioxododec-6-enedioate 4.2 

(13.4 g, 43.0 mmol) in EtOH (600 mL) at 0 DC was added NaBH4 (3.27 g, 160 mmol) 

in two portions 40 min apart. After a further 1 Y2 h, 2 M HCI (aq, 100 mL) was added 

cautiously and the mixture concentrated in vacuo to approximately 200 mL, 

whereupon CH2Clz (200 mL) was added. The organic layer was separated and the 

aqueous layer was extracted with CH2Clz (3 x 100 mL). The combined organic phases 

were dried (MgS04) and concentrated in vacuo to give a brown oil (10.1 g). 

Purification on Si02 (8 x 15 cm) eluting with EtOAclhexane (1: 1) gave (E)-diethyl 

3,1O-dihydroxydodec-6-enedioate 4.3 (8.63 g, 27.0 mmol, 64%) as a pale yellow oil. 

Spectroscopic characterisation agreed with that published. 199 IR Vrnax (neat) 3447 (br, 

s), 3049 (w), 2988 (m), 2936 (m), 1720 (s), 1645 (w); IH NMR (300 MHz, CDCh) 6 

5.43 (2H, t, J= 3.6 Hz, 2 x CHCH2), 4.14 (4H, q, J= 7.1 Hz, 2 x CH2CH3), 4.03-3.93 

(2H, m, 2 x CHOH), 3.10 (2H, s, 2 x CHOH), 2.47 (2H, dd, J = 16.4, 3.5 Hz, 2 x 

CHOHCHHC(O), 2.37 (2H, dd, J = 16.4,8.7 Hz, 2 x CHOHCHHC(O), 2.21-1.98 

(4H, m, 2 x CHCH2), 1.63-1.38 (4H, m, 2 x CH2CH2CHOH), 1.45 (6H, t, J = 7.1 Hz, 

2 x CH2CH3); 13C NMR (75 MHz, CDCh) 6 173.0 (C), 130.1 (CH), 67.4 (CH), 60.7 

(CH2), 41.3 (CH2), 36.1 (CH2), 28.6 (CH2), 14.2 (CH3); LRMS (ES+) mlz 339 (100%, 

[M+Nat). 
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(2E,6E, 10E)-Diethyl dodeca-2,6,1O-trienedioate (4.5) 

o 
EtO 

OEt 

o 

The procedure was carried out using the method described by Hoye et al. 199 Under an 

atmosphere ofN2, to a stirred solution of(E)-diethyI3,1O-dihydroxydodec-6-enedioate 

4.3 (8.53 g, 27.0 mmol) and MsCI (4.61 mL, 59.0 mmol) in CH2Ch (200 mL) at 0 °C 

was added Et3N (8.48 mL, 60.0 mmol). After 1 Y2 h H20 (100 mL) was added, the 

organic layer was separated and the aqueous layer was extracted with CH2Ch (2 x 100 

mL). The combined organic phases were dried (MgS04) and concentrated in vacuo to 

give the crude dimesylate 4.4 as an orange oil (12.9g, 27.0 mmol), which was used 

without further purification. Under an atmosphere of N2, to a stirred solution of the 

crude dimesylate 4.4 (12.9g, 27.0 mmol) in CH2Ch (250 mL) at 0 °C was added DBU 

(9.77 mL, 65.0 mmol) dropwise. After 1 Yz h 10% citric acid (aq, 200 mL) was added, 

the organic layer was separated and the aqueous layer was extracted with CH2Ch (2 x 

100 mL). The combined organic phases were dried (MgS04) and concentrated in 

vacuo to give an orange oil (26.0 g). Purification on Si02 (10 x 15 cm) eluting with 

EtOAc/hexane (1:3 - 1: 1) gave (2E,6E,1OE)-diethyl dodeca-2,6,1O-trienedioate 4.5 

(5.91 g, 21.0 mmol, 78%) as a pale yellow oil. All characterisation data agreed with 

that published. 199 IR Vrnax (neat) 3049 (m), 2983 (m), 2935 (w), 2898 (w), 1711 (s), 

1654 (s); lH NMR (300 MHz, CDCh) <5 6.95 (2H, dt, J = 15.7, 6.6 Hz, 2 x 

CHCHC(O)), 5.82 (2H, d, J = 15.7 Hz, 2 x CHCHC(O)), 5.44 (2H, t, J = 3.4 Hz, 2 x 

CHCH2CH2), 4.19 (4H, q, J = 7.2 Hz, 2 x CH2CH3), 2.35-2.21 (4H, m, 2 x 

CH2CHCHC(O)), 2.20-2.05 (4H, m, 2 x CH2CH2CHCHC(O)), 1.29 (6H, t, J= 7.2 Hz, 

2 x CH2CH3); l3C NMR (75 MHz, CDCh) <5 166.7 (C), 148.4 (CH), 129.8 (CH), 

121.6 (CH), 60.2 (CH2), 32.1 (CH2), 30.9 (CH2), 14.3 (CH3); LRMS (GCCI) 8.88 min, 

281 (100%, [M+Ht), 235 (22%, [M-OCH2CH3t). 

(2E,6E, 10E)-Ethyl 12-hydroxydodeca-2,6, 1 O-trienoate (4.6) 
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a 

Eta 
aH 

Under an atmosphere of N2, to a stirred solution of diethyl (2E,6E, 1 OE)-diethyl 

dodeca-2,6,1O-trienedioate 4.5 (1.00 g, 3.57 mmol) in THF (30 mL) at -60°C was 

added DIBAL-H (I M in hexane, 5.71 mL, 5.71 mmol) dropwise. After 1 h NRtCI 

(sat aq, 10 mL) was added followed by 2 M HCI (aq, 20 mL) and Et20 (30 mL). The 

organic layer was separated and the aqueous layer was extracted with Et20 (2 x 30 

mL). The combined organic phases were dried (MgS04) and concentrated in vacuo to 

give a colourless oil (0.820 g). Purification on Si02 (3.5 x 15 cm) eluting with 

Et20lhexane (3:2 ~ 9:1) gave (2E,6E,1OE)-ethyl 12-hydroxydodeca-2,6,1O-trienoate 

4.6 (0.27 g, 1.13 mmol, 32%) as a colourless oil. IR Y rnax (neat) 3418 (br,m), 3049 

(w), 2978 (m), 2926 (m), 2841 (m), 1711 (s), 1654 (s) cm-I; IH NMR (300 MHz, 

CDCh) 8 6.96 (lH, dt, J = 15.7, 6.7 Hz, C(O)CHCH), 5.82 (lH, dt, J = 15.7, 1.5 Hz, 

C(O)CHCH), 5.70-5.62 (2H, m, CHCHCH20H), 5.43 (2H, appt. q, J = 4.8 Hz, 

C(O)CHCHCH2CH2CHCH), 4.19 (2H, q, J= 7.1 Hz, CH3CH2) 4.09 (2H, d, J= 4.0 

Hz, CH20H), 2.26 (2H, appt. q, J = 6.7 Hz, C(O)CHCHCH2), 2.21-2.02 (6H, m, 

C(O)CHCHCH2CH2 and CH2CH2CHCHCH20H), 1.61 (IH, br s, CH20H), 1.29 (3H, 

t, J= 7.1 Hz, CH3CH2); 13C NMR (75 MHz, CDCh) 8 166.8 (C), 148.7 (CH), 132.3 

(CH), 130.8 (CH), 129.4 (CH), 129.1 (CH), 121.5 (CH), 63.7 (CH2), 60.2 (CH2), 32.1 

(CH2), 32.0 (2 x CH2), 30.9 (CH2), 14.3 (CH3); LRMS (GCCI) 8.52 min, 239 (16%, 

[M+Ht), 221 (59%, [M-OHt, 147 (100%, [M-(H20)-(C02Et)t); HRMS (ES+) 

CI4H2203Na+ Calcd. 261.1461, found 261.1460. 

(2E,6E, 1 OE)-Ethyl 12-bromododeca-2,6, 10-trienoate (4.7) 

a 
Eta 

Br 

The procedure was carried out using the method described by Zoretic et al. 20o Under 

an atmosphere of N2, to a stirred solution of (2E,6E, 10E)-ethyl 12-hydroxydodeca-

2,6,10-trienoate 4.6 (270 mg, 1.13 mmol) and PPh3 (440 mg, 1.70 mmol) in CH2Ch 

(20 mL) was added CBr4 (560 mg, 1.70 mmol) portionwise over 10 min. After a 

further 20 min the mixture was concentrated in vacuo and hexane (20 mL) was added. 
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Trituration produced a white solid which was removed by filtration, washing with ice

cold hexane (20 mL). The filtrate was concentrated in vacuo to give a yellow oil 

(0.450 g). Purification on Si02 (3.5 x 10 cm) eluting with EtOAc!hexane (1: 19) gave 

(2E,6E,1OE)-ethyl 12-bromododeca-2,6,1O-trienoate 4.7 (300 mg, 0.98 mmol, 87%) as 

a colourless oil. IR Vrnax (neat) 3026 (w), 2978 (m), 2935 (w), 2926 (m), 2841 (m), 

1716 (s), 1654 (s) cm-I; IH NMR (300 MHz, CDCh) 8 6.94 (1H, dt, J = 15.7, 6.7 Hz, 

C(O)CHCH), 5.82 (1H, d, J = 15.7 Hz, C(O)CHCH), 5.77-5.62 (2H, m, 

CHCHCH2Br), 5.45-5.39 (2H, m, C(O)CHCHCH2CH2CHCH), 4.18 (2H, q, J = 7.1 

Hz, CH3CH2), 3.94 (2H, d, J = 6.3 Hz, CH2Br), 2.25 (2H, appt. q, J = 6.7 Hz, 

C(O)CHCHCH2), 2.21-1.98 (6H, m, C(O)CHCHCH2CHz and CH2CH2CHCHCH2Br), 

1.29 (3H, t, J = 7.1 Hz, CH3CHz); !3C NMR (75 MHz, CDCh) 8 166.7 (C), 148.6 

(CH), 135.8 (CH), 130.3 (CH), 129.4 (CH), 126.7 (CH), 121.6 (CH), 60.2 (CH2), 33.5 

CH2), 32.1 (CH2), 31.9 (CH2), 31.7 (CH2), 30.9 (CH2), 14.3 (CH3); LRMS (GCCI) 

8.76 min, 303 and 301 (6%, [M+Ht), 223 and 221 (93%, [M-Brt) , 149 (100%, 

[CH2CHzCHCHCH2Brt); HRMS (ES+) CI4H210/9Br+ Calcd. 300.0725, found 

300.0726. 

(E)-EthyI5-phenylpent-2-enoate (4.12) 

o 

~OEt 

Under an atmosphere of N2, to a stirred solution of triethylphosphonoacetate (3.60 

mL, 18.1 mmol) in THF (30 mL) at 0 °C was added NaH (60% dispersion in mineral 

oil, 0.73 g, 18.1 mmol) portionwise over 10 min. 3-Phenylpropionaldehyde (4.11) 

(2.00 mL, 15.1 mmol) was added dropwise and the reaction warmed rt over 14 h. H20 

(30 mL) was added and the mixture extracted with Et20 (2 x 50mL). The combined 

organic phases were dried (MgS04) and concentrated in vacuo to give a pale yellow 

oil (3.10 g). Purification on Si02 (5 x 15 cm) eluting with EtOAc !hexane (1 :9) gave 

ethyl (E)-ethyl 5-phenylpent-2-enoate 4.12 (2.79 g, 13.7 mmol, 91 %) as a colourless 

oil. Spectroscopic characterisation agreed with that published.zol IR Vrnax (neat) 3087 

(w), 3061 (w), 3023 (w), 2981 (w), 2933 (w), 2860 (w), 1716 (s), 1654 (m), 1604 (w), 
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1497 (w) cm-I; IH NMR (300 MHz, CDCh) (5 7.36-7.26 (2H, m, Ar-H), 7.25-7.17 

(3H, m, Ar-H), 7.03 (lH, dt, J= 15.7, 6.8 Hz, CHCHC02Et), 5.87 (IH, dt, J= 15.7, 

1.4 Hz, CHCHC02Et), 4.20 (2H, q, J = 7.1 Hz, CH2CH3), 2.79 (2H, t, J = 7.8 Hz, 

PhCH2), 2.54 (2H, m, PhCH2CH2), 1.30 (3H, t, J= 7.1 Hz, CH2CH3); I3C NMR (75 

MHz, CDCh) (5 166.6 (C), 148.1 (CH), 140.8 (C), 128.5 (CH), 128.3 (CH), 126.1 

(CH), 121.8 (CH), 60.2 (CH2), 34.3 (CH2), 33.9 (CH2), 14.3 (CH3); LRMS (ES+) mlz 

227 (100%, [M+Nat). 

(E)-5-Phenylpent-2-en-l-01 (4.13) 

~OH 

Under an atmosphere of N2, to a stirred solution of (E)-ethyl 5-phenylpent-2-enoate 

4.12 (5.59 g, 27.4 mmol) in THF (l00 mL) was added DIBAL-H (1 M in hexane, 54.8 

mL, 54.8 mmol) dropwise. After 2 h NH4CI (sat aq, 100 mL), 2 M HCI (aq, 20 mL) 

and Et20 (100 mL) were added. The organic layer was separated and the aqueous 

layer was extracted with Et20 (2 x 100 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a pale yellow oil (3.82 g). Purification by 

vacuum distillation (l05 DC, 0.5 mmHg) gave (E)-5-phenylpent-2-en-l-01 4.13 (3.55 

g, 22.0 mmol, 80%) as a colourless oil. Spectroscopic characterisation agreed with 

that published.202 IR Vrnax (neat) 3333 (br, m), 3027 (w), 2925 (m), 2855 (m), 1669 

(w), 1603 (w), 1496 (w) cm-I; IH NMR (300 MHz, CDCh) (5 7.35-7.25 (2H, m, Ar

H), 7.24-7.16 (3H, m, Ar-H), 5.81-5.61 (2H, m, CHCH), 4.08 (2H, d, J = 4.3 Hz, 

CH20H), 2.73 (2H, t, J = 7.9 Hz, PhCH2), 2.44-2.33 (2H, m, PhCH2CH2); I3C NMR 

(75 MHz, CDCh) (5 141.7 (C), 132.3 (CH), 129.6 (CH), 128.5 (CH), 128.4 (CH), 

125.9 (CH), 63.7 (CH2), 35.5 (CH2), 34.0 (CH2); LRMS (GCCI) 7.87 min, 162 (6%, 

[Mt), 144 (100%, [M-H20t). 

1-((E)-5-Bromopent-3-enyl)benzene (4.14) 

~Br 
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The title compound was prepared according to the method outlined for 4.7, except 

using (E)-5-phenylpent-2-en-l-01 4.13 (1.00 g, 6.17 mmol). Purification by vacuum 

distillation (95°C, 0.5 mmHg) gave 1-((E)-5-bromopent-3-enyl)benzene 4.14 (0.950 

g, 4.20 mmol, 68%) as a colourless oil. Spectroscopic characterisation agreed with 

that published.203 IR Vrnax (neat) 3027 (w), 2925 (w), 2854 (w), 1660 (w), 1603 (w), 

1495 (w) cm-I; IH NMR (300 MHz, CDCh) () 7.35-7.26 (2H, m, Ar-H), 7.25-7.16 

(3H, m, Ar-H), 5.83 (1H, dt, J= 15.1,6.8 Hz, CHCHCH2Br), 5.73 (1H, dt, J= 15.1, 

7.0 Hz, CHCHCH2Br), 3.95 (2H, d, J = 7.0 Hz, CH2Br), 2.72 (2H, t, J = 7.5 Hz, 

PhCH2), 2.46-2.36 (2H, dt, J = 7.5, 6.8 Hz, PhCH2CH2); l3C NMR (75 MHz, CDCh) 

() 141.3 (C), 135.5 (CH), 128.4 (CH), 127.0 (CH), 126.0 (CH), 35.2 (CH2), 33.8 

(CH2), 33.3 (CH2); LRMS (GCC!) 8.20 min, 226 and 224 (2%, [M+Ht) , 91 (100%, 

[PhCH2t). 

1-((E)-5-Chloropent-3-enyl)benzene (4.15) 

~CI 

The procedure was carried out using the method described by Zhu et al. 204 Under an 

atmosphere of N2, to a stirred solution of (E)-5-phenylpent-2-en-l-01 4.13 (1.40 g, 

8.66 mmol), LiCI (1.10 g, 25.9 mmol) and Et3N (2.41 mL, 17.3 mmol) in DMF (40 

mL) at 0 °C was added MsCI (1.00 mL, 13.0 mmol). After 3 hat 0 °C the mixture 

was warmed to rt over 1 hand Et20 (50 mL) was added. The organic phase was 

washed successively with 2 M HCI (aq, 50 mL) and brine (sat aq, 50 mL), then dried 

(MgS04) and concentrated in vacuo to give a pale yellow oil (1.23 g). Purification by 

vacuum distillation (105 °C, 0.5 mmHg) gave 1-((E)-5-chloropent-3-enyl)benzene 

4.15 (1.08 g, 5.98 mmol, 69%) as a colourless oil. Spectroscopic characterisation 

agreed with that published.205 IR Vrnax (neat) 3028 (w), 2932 (w), 2857 (w), 1666 (w), 

1603 (w), 1495 (w) cm- I; IH NMR (300 MHz, CDCb) 8 7.26-7.36 (2H, m, Ph-H), 

7.26-7.16 (3H, m, Ar-H), 5.84 (1H, dt,J= 15.1,6.6 Hz, CHCHCH2CI), 5.67 (1H, dt,J 

= 15.1, 7.0 Hz, CHCHCH2CI), 4.10 (2H, d, J = 7.0 Hz, CH2CI), 2.73 (2H, t, J = 7.2 

Hz, PhCH2), 2.41 (2H, appt. q, J= 6.9 Hz, PhCH2CH2); l3C NMR (75 MHz, CDCh) () 
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141.4 (C), 135.1 (CH), 128.4 (CH), 128.3 (CH), 126.5 (CH), 126.0 (CH), 45.4 (CH2), 

35.2 (CH2), 33.8 (CH2); LRMS (GCCI) 7.87 min, 182 (6%, [Mt), 180 (18%, [Mt), 

91 (100%, [PhCH2t). 

(4E,8E)-Dodeca-4, 8-dienedial (3.5) 

H 

H 

The procedure was carried out using an adaptation of the method described by Hoye et 

al. 107 To a stirred solution of trans, trans, trans-l ,5,9-cyc1ododecatriene (4.27) (5.82 g, 

35.9 mmol) and 4-methylmorpholine N-oxide (50% aq, 16.8 g, 71.8 mmol) in CH2Clz 

(10 mL) was added osmium tetraoxide (2.5% wt in 2-methyl-2-propanol, 1.83 g, 0.18 

mmol) and the mixture stirred slowly at rt for 14 h (solid appeared after 2 h). The 

solid was collected by filtration, washing with H20 (3 x 100 mL) giving the crude diol 

4.28 as a pale brown solid (7.09 g, 36.0 mmol), which was used without further 

purification. To a stirred heterogeneous mixture of NaI04-Si02206 (72.6 g, 60.0 mmol) 

in CH2Clz (100 mL) at rt was added crude diol (7.09 g, 36.0 mmol) as a heterogeneous 

mixture in CH2Clz (50 mL). After 15 min the mixture was filtered washing with 

CHCh (3 x 50 mL) and the filtrate concentrated in vacuo to give a brown oil (5.60 g). 

Purification on Si02 (5 x 10 cm) eluting with EtOAclhexane (1:19 ~ 1:4) gave 

(4E,8E)-dodeca-4,8-dienedial 3.5 (3.61 g, 18.6 mmol, 52%) as a colourless oil. 

Spectroscopic characterisation agreed with that published. 107,207 IR Y rnax (neat) 2952 

(w), 2931 (w), 2861 (w), 1765 (m), 1723 (m) cm-I; IH NMR (400 MHz, CDCh) (5 

9.76 (2H, s, 2 x CHO), 5.51-5.34 (4H, m, 2 x CHCH), 2.49 (4H, t, J = 7.0 Hz, 2 x 

CH2CHO), 2.39-2.28 (4H, m, 2 x CH2CH2CHO), 2.07-1.99 (4H, m, 

CHCHCH2CH2CHCH); 13C NMR (100 MHz, CDC h) 8 202.4 (CH), 131.2 (CH), 

128.4 (CH), 43.6 (CH2), 32.4 (CH2), 25.3 (CH2); LRMS (ES+) mlz 217 (100%, 

[M+Nat). 
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Di(2,4-difluorophenyl) methylphosphonate (4.30) 

The procedure was carried out using the method described by Patois et at. 120 Under an 

atmosphere ofN2, to a stirred solution of2,4-difluorophenol (2.88 mL, 30.1 mmol) in 

THF (30 mL) at 10 DC was added Et3N (4.82 mL, 34.6 mmol) and the mixture stirred 

for 15 min. Methyl phosphonic dichloride (4.29) (2.00 g, 15.1 mmol) in THF (10 mL) 

was added dropwise and the reaction stirred at rt for 4 h (white ppt formed). The 

mixture was then heated to reflux for a further 3 h before cooling to rt. The mixture 

was filtered to remove Et3N.HCI, washed with THF (2 x 30 mL) and concentrated in 

vacuo to give a pale yellow oil (4.90 g). Purification by vacuum distillation (124 DC, 

0.5 mmHg) gave di(2,4-difluorophenyl) methylphosphonate 4.30 (3.97 g, 12.4 mmol, 

83%) as a colourless oil. Spectroscopic characterisation agreed with that published. 114 

IR Vmax (neat) 3058 (w), 1618 (w), 1507 (s) cm-1; IH NMR (400 MHz, CDCh) 8 7.26 

(lH, ddd, J = 8.8, 5.5, 1.5 Hz, COCFCHCFCHCH), 7.22 (lH, ddd, J = 8.8, 5.5, 1.5 

Hz, COCFCHCFCHCH), 6.94 (2H, ddd, J = 9.9, 8.5,2.9 Hz, 2 x CFCHCFCH), 6.87-

6.79 (2H, m, 2 x Ar-H), 1.94 (3H, d, J= 18.0 Hz, CH3); 13C NMR (100 MHz, CDCh) 

8 159.5 (C, dd, JC-F = 248.0, 10.2 Hz), 153.5 (C, dd, JC-F = 252.0, 12.4 Hz), 133.8 (C, 

d JC-F = 12.4 Hz), 123.6 (CH, dd, JC-F = 9.6, 3.4 Hz), 111.6 (CH, dd, JC-F = 23.2, 4.0 

Hz), 105.4 (CH, dd, JC-F = 27.1, 22.6 Hz), 11.6, (CH3, d, Jc-p = 144.1 Hz); 19F NMR 

(282 MHz, CDCh) 8 49.2 (IF, s, CF), 36.9 (IF, s, CF); 31 p NMR (121 MHz, CDCh) 

34.7 (P(O)); LRMS (GCCI) 7.86 min, 321 (100%, [M+Ht); HRMS (ES+) 

C13HlO0 3F4P+ Calcd. 321.0298, found 321.0299. 
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Methyl 2-di[ (2,4-difluorophenyl)oxy ]phosphorylethanoate (4.31) 

Under an atmosphere of N2, to a stirred solution of di(2,4-difluorophenyl) 

methylphosphonate 4.30 (1.00 g, 3.13 mmol) in THF (30 mL) at -78 DC was added 

methyl chloroformate (0.25 mL, 3.28 mmol). After 10 min LiHMDS (1M in THF, 

6.57 mL, 6.57 mmol) was added dropwise and the yellow mixture warmed to 0 DC 

over 1 Y2 h. After this time 2 M HCI (aq, 20 mL) and CH2Ch (30 mL) were added, the 

organic layer was separated and the aqueous layer was extracted with CH2Ch (2 x 30 

mL). The combined organic phases were dried (MgS04) and concentrated in vacuo to 

give a yellow oil (1.19 g). Purification by vacuum distillation (167 DC, 0.5 mmHg) 

gave methyl 2-di[(2,4-difluorophenyl)oxy]phosphorylethanoate 4.31 (1.05 g, 2.78 

mmol, 89%) as a colourless oil. Spectroscopic characterisation agreed with that 

published. 1l4 IR Vrnax (neat) 3066 (w), 1745 (m), 1619 (w), 1508 (s) em-I; IH NMR 

(400 MHz, CDCh) 8 7.26 (1H, ddd, J = 8.8, 5.5, 1.5 Hz, COCFCHCFCHCH), 7.22 

(1H, ddd, J = 8.8, 5.5, 1.5 Hz, COCFCHCFCHCH), 6.86 (2H, ddd, J = 10.0, 8.3,2.8 

Hz, CFCHCFCH), 6.74-6.80 (2H, m, Ar-H), 3.73 (3H, s, OCH3), 3.35 (2H, d, J= 22.0 

Hz, CH2); l3C NMR (100 MHz, CDCh) 8 164.2 (C, d, Jc-p = 5.8 Hz), 159.9 (C, dd, Jc-

F = 248.0, 10.2 Hz), 153.7 (C, dd, JC-F = 252.0, 12.4 Hz), 134.0 (C, dd, JC-F = 12.6,8.7 

Hz), 123.7 (CH, dd, JC-F = 9.7, 3.4 Hz), 111.7 (CH, dd, JC-F = 22.8, 3.9 Hz), 105.7 

(CH, dd, JC-F = 27.2, 22.4 Hz), 53.3 (CH3), 34.3 (CH2, d, Jc-P = 140.0 Hz); I9F NMR 

(282 MHz, CDCh) 8 49.7 (IF, s, CF), 37.2 (IF, s, CF); 3Ip NMR (I21 MHz, CDCh) 

22.8 (P(O)); LRMS (GCCI) 8.72 min, 379 (94%, [M+Ht), 130 (100%, [C6H4F20t). 
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Ethyl 2-[ di(phenyloxy)phosphoryl]ethanoate (4.33) 

The procedure was carried out using the method described by Ando et al. 118 Under an 

atmosphere ofN2, to a stirred solution of ethyl bromo acetate (15.0 g, 89.8 mmol) and 

diphenyl phosphite (20.7 mL, 108 mmol) in CH2Clz (150 mL) at 0 °C was added Et3N 

(15.0 mL, 108 mmol) dropwise (mixture orange). The mixture was warmed to rt over 

14 h (mixture orange - yellow slurry) before H20 (150 mL) was added. The organic 

layer was separated and the aqueous layer was extracted with CH2Clz (2 x 100 mL). 

The combined organic phases were dried (MgS04) and concentrated in vacuo to give a 

yellow oil (22.1 g). Purification on Si02 (12 x 15 cm) eluting with EtOAc/hexane (1:9 

- 1 :4) gave ethyl 2-[ di(phenyloxy)phosphoryl]ethanoate 4.33 (10.2 g, 31.9 mmol, 

36%) as a colourless oil. Spectroscopic characterisation agreed with that published. I 18 

IR Y max (neat) 2986 (w), 2933 (w), 1735 (m), 1590 (m) cm-I; IH NMR (400 MHz, 

CDCh) 8 7.41-7.34 (4H, m, Ar-H), 7.32-7.20 (6H, m, Ar-H), 4.28 (2H, q, J = 7.3 Hz, 

OCH2CH3), 3.31 (2H, d, J = 21.6 Hz, CH2C(O)), 1.32 (3H, t, J = 7.3 Hz, OCH2CH3); 

l3C NMR (100 MHz, CDCh) 8 164.9 (C, d, Jc-p = 6.3 Hz), 150.2 (C, d, Jc-p = 8.8 Hz), 

129.9 (CH, d, Jc-P = 1.0 Hz), 125.6 (CH, d, Jc-p = 1.5 Hz), 120.7 (CH, d, Jc-p = 4.9 

Hz), 62.1 (CH2), 34.2 (CH2, d, Jc-p = 137.0 Hz), 14.1 (CH3); LRMS (ES+) mlz 343 

(100%, [M+Nat); HRMS (ES+) C16H1805P+ Calcd. 321.0887, found 321.0884. 

(2Z,6E)-Methyl dodeca-2,6-dienoate (4.35) 

~C02Me 

The procedure was carried out using the method described by Gennari et al. 110 Under 

an atmosphere of N2, to a stirred solution of methyl 2-di[(2,4-
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difluorophenyl)oxy]phosphorylethanoate 4.31 (380 mg, 0.56 mmol) and 18-crown-6 

(740 mg, 2.80 mmol) in THF (10 mL) at -50°C was added KHMDS (0.5 M in 

toluene, 1.12 mL, 0.56 mmol) dropwise. After 10 min trans-4-decenal (4.34) (0.10 

mL, 0.53 mmol) in THF (5 mL) was added dropwise and the mixture stirred at -50°C 

for 1 h. After this time 2 M HCI (aq, 20 mL) and Et20 (30 mL) were added, the 

organic layer was separated and the aqueous layer was extracted with Et20 (2 x 30 

mL). The combined organic phases were dried (MgS04) and concentrated in vacuo to 

give a yellow oil (0.600 g). Purification on Si02 (3 x 15 cm) eluting with Et20lhexane 

(1:9) gave (2Z,6E)-methyl dodeca-2,6-dienoate 4.35 (80 mg, 0.37 mmol, 70%) as a 

colourless oil. IR Vrnax (neat) 2954 (m), 2926 (m), 2855 (m), 1726 (s), 1645 (m) em-I; 

IH NMR (400 MHz, CDCh) 8 6.24 (IH, dt, J = 11.8, 7.4 Hz, CHCHC02Me), 5.79 

(1H, dt, J = 11.8, 1.5 Hz, CHCHC02Me), 5.52-5.33 (2H, m, CH2CHCHCHz), 3.72 

(3H, s, OCH3), 2.73 (2H, appt. qd, J = 7.4, 1.5 Hz, CH2CHCHCOzMe), 2.19-2.10 

(2H, m, CH2CHzCHCHC02Me), 1.98 (2H, appt. q, J= 6.4 Hz, CH3(CHz)3CHZ), 1.10-

1.40 (6H, m, CH3CHzCHzCHz), 0.90 (3H, t, J = 6.8 Hz, CH3); l3C NMR (100 MHz, 

CDCh) 8 166.9 (C), 150.3 (CH), 131.6 (CH), 128.7 (CH), 119.3 (CH), 51.0 (CH3), 

32.5 (CHz), 31.8 (CH2), 31.4 (CHz), 29.2 (CHz), 28.9 (CH2), 22.5 (CHz), 14.1 (CH3); 

LRMS (GCCI) 6.95 min, 211 (100%, [M+Ht); HRMS (EI) Cl3HzzO/' Calcd. 

210.1618, found 210.1619. 

(2Z,6E, 1 OE, 14Z)-Dimethyl hexadeca-2,6, 1 0, 14-tetraenedioate (4.36) 

The procedure was carried out using the method described by Still and Gennari 110 

Under an atmosphere of Nz, to a stirred solution of methyl 2-di[(2,4-

difluorophenyl)oxy]phosphorylethanoate 4.31 (5.48 g, 14.5 mmol) and 18-crown-6 

(11.5 g, 43.5 mmol) in THF (100 mL) at -50°C was added KHMDS (0.5 M in 

toluene, 29.0 mL, 14.5 mmol) dropwise. After 10 min (4E,8E)-dodeca-4,8-dienedial 

3.5 (1.34 g, 6.90 mmol) in THF (40 mL) was added dropwise and the mixture stirred 

at -50°C for 1 h. After this time NH4CI (sat aq, 30 mL), 2 M HCI (aq, 20 mL) and 

EtzO (100 mL) were added. The organic layer was separated and the aqueous layer 
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was extracted with Et20 (2 x 100 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (11.0 g). Purification on Si02 

(10 x 15 cm) eluting with Et20lhexane (1:9 -+ 1:4) gave (2Z,6E,lOE,14Z)-dimethyl 

hexadeca-2,6,1O,14-tetraenedioate 4.36 (1.46 g, 4.77 mmol, 62%) as a colourless oil. 

IR Vrnax (neat) 2991 (w), 2949 (w), 2914 (w), 2845 (w), 1722 (s), 1645 (m) cm-I; IH 

NMR (400 MHz, CDCh) <5 6.23 (2H, dt, J= 11.6,7.4 Hz, 2 x CHCHC02Me), 5.78 

(2H, dt,J= 11.6, 1.8 Hz, 2 x CHCHC02Me), 5.50-5.37 (4H, m, 2 x CH2CHCHCH2), 

3.71 (6H, s, 2 x OCH3), 2.72 (4H, appt. qd, J= 7.4, 1.8 Hz, 2 x CH2CHCHC02Me), 

2.18-2.11 (4H, m, 2 x CH2CH2CHCHC02Me), 2.06-2.02 (4H, m, 2 x 

CH2CHCHCH2CH2CHCHC02Me); I3C NMR (100 MHz, CDCh) <5 167.0 (C), 150.3 

(CH), 131.0 (CH), 129.3 (CH), 119.6 (CH), 51.1 (CH3), 32.7 (CH2), 31.9 (CH2), 29.0 

(CH2); LRMS (GCCI) 8.96 min, 307 (68%, [M+Ht), 243 (100 %, [M-2(OMe)t); 

HRMS (EI) ClsH270 4+ Ca1cd. 307.i894, found 307.i892. 

(2Z,6E, 10E, 14Z)-Diethyl hexadeca-2,6, 10, 14-tetraenedioate (4.37) 

The procedure was carried out using the method described by Still and Gennari I IO 

Under an atmosphere of N2, to a stirred solution of ethyl 2-

[di(phenyloxy)phosphoryl]ethanoate 4.33 (1.98 g, 6.19 mmol) and 18-crown-6 (1.64 

g, 6.19 mmol) in THF (50 mL) at -10 DC was added KHMDS (0.5 M in toluene, 12.4 

mL, 6.19 mmol) dropwise (mixture yellow). After 5 min the mixture was cooled to -

65 DC and (4E,8E)-dodeca-4,8-dienedial 3.5 (0.57 g, 2.95 mmol) in THF (10 mL) was 

added dropwise. The mixture was allowed to warm to -50 DC for 1 h before H20 (50 

mL) and Et20 (50 mL) were added. The organic layer was separated and the aqueous 

layer was extracted with Et20 (2 x 50 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (2.50 g). Purification on Si02 

(5 x 15 cm) eluting with Et20/hexane (3:97 -+ 1:19) gave (2Z,6E,10E,14Z)-diethyl 

hexadeca-2,6,1O,14-tetraenedioate 4.37 (0.60 g, 1.80 mmol, 61%) as a colourless oil. 

Also isolated was (2Z,6E, lOE, 14E)-diethyl hexadeca-2,6, 10, 14-tetraenedioate 4.37a 

(0.15 g, 0.45 mmol, 15%). IR Vrnax (neat) 3038 (w), 2983 (w), 2910 (w), 2845 (w), 
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1718 (s), 1643 (m) em-I; IH NMR (400 MHz, CDCh) 8 6.21 (2H, dt, J = 11.6, 7.3 Hz, 

2 x CHCHC02Et), 5.76 (2H, dt, J = 11.6, 1.5 Hz, 2 x CHCHC02Et), 5.50-5.36 (4H, 

m, 2 x CH2CHCHCH2), 4.17 (4H, q, J = 7.2 Hz, 2 x CH2CH3), 2.71 (4H, appt. qd, J = 

7.3, 1.5 Hz, 2 x CH2CHCHC02Et), 2.14 (4H, appt. q, J = 7.3 Hz, 2 x 

CH2CH2CHCHC02Et), 2.06-2.01 (4H, m, 2 x CH2CHCHCH2CH2CHCHC02Et), 1.29 

(6H, t, J= 7.2 Hz, x CH2CH3); BC NMR (100 MHz, CDCh) 8 166.6 (C), 149.8 (CH), 

131.0 (CH), 129.4 (CH), 120.0 (CH), 59.9 (CH2), 32.7 (CH2), 32.0 (CH2), 28.9 (CH2), 

14.4 (CH3); LRMS (ES+) mlz 357 (100%, [M+Nat); HRMS (ES+) C2oH3IO/ Caled. 

335.2217, found 335.2212. 

(2Z,6E, 1 OE, 14E)-Diethyl hexadeea-2,6, 1 0, 14-tetraenedioate (4.37a) 

Data for isomer 4.37a: IR Vrnax (neat) 3033 (w), 2982 (w), 2922 (w), 2846 (w), 1718 

(s), 1646 (m) em-I; IH NMR (400 MHz, CDCh) 8 6.96 (lH, dt, J= 15.8,6.8 Hz, 2 x 

CHCHC02Et), 6.21 (lH, dt, J = 11.5, 7.3 Hz, 2 x EtC02CHCH), 5.82 (2H, dt, J = 

15.8, 1.5 Hz, 2 x CHCHC02Et), 5.76 (2H, dt, J = 11.5, 1.5 Hz, 2 x EtC02CHCH), 

5.50-5.36 (4H, m, 2 x CH2CHCHCH2), 4.17 (4H, appt. quin, J = 7.0 Hz, 2 x 

CH2CH3), 2.72 (4H, appt. qd, J = 7.0, 1.5 Hz, EtC02CHCHCH2 and 

CH2CHCHC02Et), 2.26 (2H, appt. q, J = 7.3 Hz, CH2CH2CHCHC02Et), 2.19-2.11 

(2H, m, EtC02CHCHCH2CH2), 2.06-2.01 (4H, m, 2 x 

CH2CHCHCH2CH2CHCHC02Et), 1.29 (6H, t, J = 7.0 Hz, x CH2CH3); BC NMR (100 

MHz, CDCh) 8 166.8 (C), 166.6 (C), 149.8 (CH), 148.7 (CH), 131.1 (CH), 130.8 

(CH), 129.4 (CH), 128.9 (CH), 121.7 (CH), 120.0 (CH), 60.2 (CH2), 59.9 (CH2), 32.7 

(CH2), 32.6 (CH2), 32.4 (CH2), 32.0 (CH2), 31.1 (CH2), 29.0 (CH2), 14.4 (2 x CH3); 

LRMS (ES+) mlz 357 (100%, [M+Nat); HRMS (ES+) C2oH3IO/ Ca1cd. 335.2217, 

found 335.2212. 
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(rae )-methyl (2R)-2-[(2R,5S)-5-((1S,4S)-1 ,4-dihydroxy-4-(2S,5R)-5-[(1R)-I-hydroxy-

2-(methyloxy)-2-oxoethyl]tetrahydro-2-furanylbutyl)tetrahydro-2-furanyl]-2-

hydroxyethanoate (4.38) 

Under an atmosphere of N l , to a stirred solution of (2Z,6E,IOE,14Z)-dimethyl 

hexadeca-2,6,1O,14-tetraenedioate 4.36 (21 mg, 0.07 mmol), AcOH (1.00 mL, 17.5 

mmol), acetone (1.5 mL) and adogen 464 (10 mg) at -30°C was added KMn04 (30 

mg, 0.19 mmol) in one portion (mixture purple ~ brown) and the mixture warmed to 

o °C over 1 14 h. NalSlOS (sat aq, 2 mL) was added to reduce the precipitated brown 

MnOl, and the mixture stirred until clear. NaCI (sat aq, 5 mL) and EtOAc (10 mL) 

were added, the organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 10 mL) and CHlCh (10 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (0.030 g). Purification on 

SiOl (1 x 10 cm) eluting with MeOH/CHlCh (1:19 ~ 1:9) gave (rac)-methyl (2R)-2-

[(2R,5S)-5-(( IS,4S)-1 ,4-dihydroxy-4-(2S,5R)-5-[( lR)-I-hydroxy-2-(methyloxy)-2-

oxoethyl]tetrahydro-2-furanylbutyl)tetrahydro-2-furanyl]-2-hydroxyethanoate 4.38 (8 

mg, 0.02 mmol, 28%) as a colourless oil. IR Vrnax (neat) 3410 (br, m), 2954 (m), 2928 

(m), 2883 (m), 1737 (s) cm-I; IH NMR (400 MHz, CDCh) (5 4.37 (2H, dd, J = 8.3, 3.8 

Hz, 2 x CHOHCOlMe), 4.27-4.19 (2H, m, 2 x CHCHOHCOlMe), 3.88-3.81 (2H, m, 

2 x CHlCHlCHOHCH), 3.73 (6H, s, 2 x OCH3), 3.45-3.39 (2H, m, 2 x 

CHlCHlCHOH), 1.98-1.73 (8H, m, 2 x CHOHCHCHlCH2CH), 1.69-1.50 (4H, m, 2 x 

CH2CHOH); l3C NMR (100 MHz, CDCh) (5 172.9 (C), 172.8 (C), 83.3 (CH), 83.2 

(CH), 80.5 (CH), 80.4 (CH), 73.9 (CH), 73.8 (CH), 72.9 (CH), 72.8 (CH), 52.7 (CH3), 

52.6 (CH3), 31.6 (CHl ), 31.0 (CHl ), 28.4 (CHl)' 28.3 (CH2), 25.9 (CHl ), 25.8 (CHl ); 

LRMS (ES+) mlz 429 (100%, [M+Nat); HRMS (ES+) Cl6H4108NSNa+ Calcd. 

429.1731, found 429.1731. 
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(2R)-N-(2-Chloroethanoyl)-camphor-l0,2-sultam (4.44) 

Under an atmosphere ofN2, to a stirred solution of (1S,2R)-camphorsultam 4.43 (3.00 

g, 3.89 mmol) in THF (100 mL) at 0 DC was added NaH (60% dispersion in mineral 

oil, 0.187 g, 4.67 mmol) portionwise and the mixture allowed to warm to rt over 30 

min. The mixture was cooled to 0 DC and chi oro acetyl chloride (0.37 mL, 4.67 mmol) 

was added drop wise. The mixture was stirred at rt for 3 h, then at reflux for a further 3 

h before NH4CI (sat aq, 40 mL), H20 (40 mL) and EtOAc (l00 mL) were added. The 

organic layer was separated and the aqueous layer was extracted with EtOAc (2 x 100 

mL). The combined organic phases were dried (Na2S04) and concentrated in vacuo to 

give a yellow sludge (4.57 g). Purification on Si02 (4 x 15 cm) eluting with 

EtOAclhexane (1:9 ---t 1 :4) gave (2R)-N-(2-chloroethanoyl)-camphor-l 0,2-sultam 4.44 

(3.60 g, 12.4 mmol, 89%) as a white solid. Spectroscopic characterisation agreed with 

that published. 125 Mp 110-112 DC; [a]25D -35.2 (CHCh, c 0.63); IR Vrnax (neat) 2961 

(m), 2884 (w), 1709 (s) cm-I; IH NMR (400 MHz, CDCh) 84.51 (2H, s, CH2CI), 3.93 

(IH, dd, J = 7.7, 5.1 Hz, CHN), 3.54 (1H, d, J = 13.6 Hz, CHHS02), 3.47 (1H, d, J = 

13.6 Hz, CHHS02), 2.25-2.07 (2H, m, CH2CHN), 2.01-1.84 (3H, m, CHCH2CHN 

and CH2CHCH2CHN), 1.50-1.31 (2H, m, CH2CCHN), 1.16 (3H, s, CH3C), 0.99 (3H, 

s, CCH3); l3C NMR (100 MHz, CDCh) 8 164.7 (C), 65.5 (CH), 52.7 (CH2), 49.2 (C), 

47.9 (C), 44.5 (CH), 42.5 (CH2), 38.0 (CH2), 32.8 (CH2), 26.4 (CH2), 20.7 (CH3), 19.9 

(CH3); LRMS (ES+) mlz 314 (100%, [M+Nat), 316 (37%, [M+Na]l· 

Diethyl-2-oxo-2-( (2R)-N-camphor-l 0,2-sultam )-ethylphosphonate (4.45) 

~ 
00 

N~~-OEt 
I OEt 
8=0 
II 
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The procedure was carried out using the method described by Oppolzer et al.lzl,lzz 

Under an atmosphere of Nz, to a stirred solution of (2R)-N-(2-chloroethanoyl)

camphor-IO,2-sultam 4.44 (3.60 g, 12.4 mmol) in xylene (100 mL) was added P(OEt)3 

(16.0 mL, 93.0 mmol) and the mixture heated at reflux for 14 h. The mixture was 

concentrated in vacuo to remove xylene and distilled under reduced pressure (100 °C, 

0.5 mmHg) to remove excess P(OEt)3 resulting in a yellow oil (4.10 g). Purification 

on SiOz (10 x 15 cm) eluting with EtOAclhexane (3:2 ~ 4:1) gave diethyl-2-oxo-2-

((2R)-N-camphor-1O,2-sultam)-ethylphosphonate 4.45 (3.85 g, 9.80 mmol, 79%) as a 

colourless oil. Spectroscopic characterisation agreed with that published. 125 [a ]Z5 D -

56.2 (CHCh, c 0.80); IR Vrnax (neat) 2963 (m), 2942 (m), 1692 (s) cm-I; IH NMR (400 

MHz, CDCh) 8 4.19 (4H, dq, J= 15.5, 7.0 Hz, 2 x OCHzCH3), 3.89 (1H, dd, J= 7.7, 

5.1 Hz, CHN), 3.56 (1H, dd, J= 20.4,15.6 Hz, C(O)CHH), 3.53 (1H, d, J= 13.6 Hz, 

CHHSOz), 3.45 (lR, d, J 13.6 Hz, CHHSOz), 3.22 (lH, dd, J = 20.4, 15.6 Hz, 

C(O)CHH), 2.22-2.03 (2H, m, CHzCHN), 1.99-1.82 (3H, m, CHCHzCHN and 

CHzCHCHzCHN), 1.34 (6H, dt, J = 7.0, 2.2 Hz, 2 x OCHzCH3), 1.37-1.29 (2H, m, 

CHzCCHN), 1.18 (3H, s, CH3C), 0.97 (3H, s, CCH3); l3C NMR (100 MHz, CDCh) 8 

163.6 (C), 65.3 (CHz), 62.9 (CHz, d, Jc-p = 6.2 Hz), 62.6 (CHz, d, Jc-p = 6.2 Hz), 52.9 

(CHz), 48.3 (C), 47.8 (C), 44.6 (CH), 38.2 (CHz), 34.9 (CHz, d, J= 137.3), 32.8 (CHz), 

26.5 (CHz), 20.7 (CH3), 19.9 (CH3), 16.4 (CH3, d, J = 4.0 Hz), 16.3 (CH3, d, J = 4.0 

Hz); 31p NMR (121 MHz, CDCh) 19.9 (P(O); LRMS (ES+) mlz 416 (100%, 

[M+Na]\ 

1, 16-(2R)-N-[(2E,6E, 1 OE, 14E)-16-0xo-2,6, 10, 14-hexadecatetraenoyl]-di-camphor-

10,2-sultam (4.46) 

Under an atmosphere of Nz, to a stirred solution of diethyl-2-oxo-2-((2R)-N-camphor-

1O,2-sultam)-ethylphosphonate 4.45 (405 mg, 1.04 mmol) in THF (15 mL) at 0 °C 

was added NaH (60% dispersion in mineral oil, 41 mg, 1.04 mmol). The mixture was 

warmed to rt over 30 min before cooling to 0 °C. (4E,8E)-Dodeca-4,8-dienedial 3.5 
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(100 mg, 0.52 mmol) in THF (5 mL) was added dropwise and the mixture warmed to 

rt over 14 h. H20 (30 mL) and EtOAc (50 mL) were added, the organic layer was 

separated and the aqueous layer was extracted with EtOAc (2 x 50 mL). The 

combined organic phases were dried (MgS04) and concentrated in vacuo to give a 

yellow oil (402 mg). Purification on Si02 (3 x 15 cm) eluting with EtOAc/hexane (1:4 

~ 2:3) gave 1, 16-(2R)-N-[(2E,6E, 10E,14E)-16-oxo-2,6, 1 0, 14-hexadecatetraenoyl]-di

camphor-1O,2-sultam 4.46 as a colourless oil (292 mg, 0.44 mmol, 84%). [a]2sD -78.4 

(CHCh, c 0.56); IR Vrnax (neat) 2959 (m), 2941 (m), 2892 (w), 2848 (w), 1680 (s), 

1638 (s) cm-I; IH NMR (400 MHz, CDCh) (5 7.08 (2H, dt, J = 15.1, 6.8 Hz, 2 x 

CHCHC(O)), 6.56 (2H, d, J = 15.1 Hz, 2 x CHCHC(O)), 5.50-5.35 (4H, m, 2 x 

CH2CHCHCH2), 3.93 (2H, dd, J = 7.5,5.3 Hz, 2 x CHN), 3.51 (2H, d, J= 13.8 Hz, 2 

x CHHS02), 3.43 (2H, d, J = 13.8 Hz, 2 x CHHS02), 2.31 (4H, appt. q, J = 7.2 Hz, 2 

x CH2CHCHC(O)), 2.20-2.06 (8H, m, 2 x CH2CH2CHCHC(O) and 2 x CH2CHN), 

2.05-2.00 (4H,m, 2 x CH2CHCHCH2CH2CHCHC(O)), 1.97-1.84 (6H, m, 2 x 

CHCH2CHN and 2 x CH2CHCH2CHN), 1.47-1.32 (4H, m, 2 x CH2CCHN), 1.18 (6H, 

s, 2 x CH3C), 0.98 (6H, s, 2 x CCH3); BC NMR (100 MHz, CDCh) (5 164.2 (C), 150.4 

(CH), 131.2 (CH), 128.8 (CH), 121.2 (CH), 65.3 (CH), 53.3 (CH2), 48.6 (C), 47.9 (C), 

44.9 (CH), 38.7 (CH2), 33.0 (CH2), 32.7 (CH2), 32.6 (CH2), 31.0 (CH2), 26.6 (CH2), 

21.0 (CH3), 20.0 (CH3); LRMS (ES+) mlz 695 (100%, [M+Nat); HRMS (ES+) 

C36Hs206N2S2Na+ Ca1cd. 695.3159, found 695.3144. 
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Inseparable mixture of (2R)-N-((2R)-2-(2S,5R)-5-[(1R,4R)-1 ,4-Dihydroxy-4-((2R,5S)-

5-( 1R)-1-hydroxy-2-[ (2R)-N-camphor-1 0,2-sultam]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-1 0,2-sultam (4.47) 

and (2R)-N-((2R)-2-(2S,5R)-5-[(1R,4S)-1 ,4-dihydroxy-4-( (2S,5R)-5-(1S)-1-hydroxy-2-

[(2R)-N-camphor -10 ,2-sultam]-2-oxoethyltetrahydro-2-furanyl) butyl]tetrahydro-2-

furanyl-2-hydroxyethanoyl)-camphor-10,2-sultam (4.48) 

4.47 

(ratio 4.47/4.48 = 3:1 after chromatography) 

Under an atmosphere ofN2, to a stirred solution of 1, 16-(2R)-N-[(2E,6E,lOE,14E)-16-

oxo-2,6,10,14-hexadecatetraenoyl]-di-camphor-10,2-sultam 4.46 (337 mg, 0.50 

mmol), AcOH (4 mL) and acetone (6 mL) at -30 °C was added KMn04 (222 mg, 1.40 

mmol) in one portion (mixture purple ~ brown) and the mixture warmed to -20°C 

over 25 min. Na2S20S (sat aq, 20 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. NaCI (sat aq, 10 mL) and EtOAc (20 mL) 

were added, the organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 20 mL) and CH2Cb (20 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (180 mg). Purification on 

Si02 (2 x 15 cm) eluting with MeOH/CH2Cb (1:49 ~ 3:47) gave an inseparable 

mixture of (2R)-N-((2R)-2-(2S,5R)-5-[(1R,4R)-1,4-dihydroxy-4-((2R,5S)-5-(lR)-1-

hydroxy-2-[(2R)-N-camphor-10,2-sultam]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam 4.47 and 

(2R)-N-( (2R)-2-(2S,5R)-5-[ (lR,4S)-1 ,4-dihydroxy-4-( (2S,5R)-5-( 1 S)-l-hydroxy-2-

[(2R)-N-camphor-1 0,2-sultam ]-2-oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-

furanyl-2-hydroxyethanoyl)-camphor-1O,2-sultam 4.48 (l08 mg, 0.14 mmol, 28%) as 
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a white foam. Data for major isomer 4.47: [a]25D -41.0 (CHCh, c 0.75); IR Vrnax (neat) 

3455 (w), 2961 (m), 2884 (m), 1690 (m) cm-I; IH NMR (400 MHz, CDCh) 8 4.61-

4.52 (4H, m, 2 x C(O)CHOH and 2 x C(O)CHOHCH), 4.00-3.83 (2H, m, 2 x CHN), 

3.88 (2H, td, J = 6.8, 4.8 Hz, 2 x CH2CHCHOHCH2), 3.55-3.41 (6H, m, 2 x CHHS02, 

2 X CHHS02 and 2 x CH2CHCHOHCH2), 2.28-2.19 (2H, m, CH2CHN), 2.14-2.01 

(6H, m, CH2CHN and 2 x CHOHCHCH2), 1.99-1.83 (10H, m, 2 x CHCH2CHN, 2 x 

CH2CHCH2CHN and 2 x CHOHCHCH2CH2), 1.68 (4H, d, J = 3.0 Hz, 2 x 

CHOHCH2), 1.47-1.31 (4H, m, 2 x CH2CCHN), 1.16 (6H, s, 2 x CH3C), 0.97 (6H, s, 

2 x CCH3); l3C NMR (100 MHz, CDCh) 8 172.0 (C), 83.4 (CH), 78.9 (CH), 74.0 

(CH), 73.7 (CH), 66.0 (CH), 53.2 (CH2), 49.1 (C), 48.0 (C), 44.8 (CH), 38.4 (CH2)' 

33.1 (CH2)' 28.3 (CH2), 26.5 (CH2), 21.1 (CH3), 20.0 (CH3); LRMS (ES+) mlz 795 

(100%, [M+Nat); HRMS (ES+) C36H56012N2S2Na+ Calcd. 795.3166, found 795.3147. 

(2R)-N-((2R)-2-(2S,5R)-5-[(1R,4R)-1 ,4-Di[ 1-(t-butyl)-I, I-dimethylsilyl]oxy-4-

((2R,5S)-5-( lR)-I-hydroxy-2-[ methyl( methylsulfonyl)amino ]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam (4.50) 

and (2R)-N-((2R)-2-(2S,5R)-5-[(1R,4S)-1 ,4-di[1-(t-butyl)-l, I-dimethylsilyl]oxy-4-

((2S,5R)-5-(1S)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam (4.51) 

4.51 

(ratio 4.50/4.51 = 3:1 after chromatography) 

The procedure was carried out using the method described by Corey et al. 123 Under an 

atmosphere of N2, to a stirred solution of (2R)-N-((2R)-2-(2S,5R)-5-[(1R,4R)-1,4-

dihydroxy-4-((2R,5S)-5-( lR)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-

l37 



oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor-IO,2-sultam 4.47 and (2R)-N-«2R)-2-(2S,5R)-5-[(IR,4S)-1,4-dihydroxY-4-

«2S,5R)-5-(IS)-I-hydroxy-2-[(2R)-N-camphor-IO,2-sultam]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-I 0,2-sultam 4.48 (70 

mg, 0.09 mmol) in CH2Clz (1.5 mL) at rt was added 2,6-lutidine (0.02 mL, 0.18 

mmol) dropwise. The mixture was cooled to -10 °C before TBSOTf (0.04 mL, 0.18 

mmol) was added dropwise. After 30 min H20 (2 mL) and EtOAc (4 mL) were 

added, the organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 4 mL). The combined organic phases were washed successively with 3 M 

KHS04 (aq, 5 mL), H20 (5 mL) and NaCl (sat aq, 5 mL). The organic phase was 

dried (MgS04) and concentrated in vacuo to give a yellow oil (65 mg). Purification 

on Si02 (1.5 x 15 em) eluting with EtOAclhexane (1:4 ---+ 1 :2) gave an inseparable 

mixrJre of {\2R\J-J\,U\{\2R)-2j2,~ 5R\-5- rr1 R LlR\_l Ll-(iirl-( t-butvl)-I 1--- ... l' t.. \ _, .... I l\.&. L, ........ , .&-,. -~L- ,'" .I / , 

dimethylsilyl]oxy-4-( (2R,5S)-5-( lR)-I-hydroxy-2-[ methyl(methylsulfonyl)amino ]-2-

oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor-l0,2-sultam 4.50 and (2R)-N-«2R)-2-(2S,5R)-5-[ (IR,4S)-1 ,4-di[ 1-(t-butyl)-

1, I-dimethylsilyl]oxy-4-«2S,5R)-5-(IS)-I-hydroxy-2-[ (2R)-N-camphor-l 0,2-sultam]-

2-oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor-IO,2-sultam 4.51 (34 mg, 0.03 mmol, 36 %) as a colourless oil. Data for 

major isomer 4.50: [a]25D -33.7 (CHCh, c 0.44); IR Vmax (neat) 3466 (w), 2959 (m), 

2927 (m), 2855 (m), 1696 (m) em-I; IH NMR (400 MHz, CDCh) 8 4.49 (2H, dd, J = 

8.0, 3.3 Hz, 2 x C(O)CHOH), 4.45 (2H, td, J = 8.0, 3.0 Hz, 2 x C(O)CHOHCH), 3.99-

3.90 (4H, m, 2 x CHN and 2 x CH2CHCHOHCH2), 3.71-3.60 (2H, m, 2 x 

CH2CHCHOHCH2), 3.50 (2H, d, J = 13.8 Hz, 2 x CHHS02), 3.42 (2H, d, J = 13.6 

Hz, 2 x CHHS02), 2.28-2.20 (2H, m, CH2CHN), 2.13-1.99 (6H, m, CH2CHN and 2 x 

CHOHCHCH2), 1.97-1.79 (lOH, m, 2 x CHCH2CHN, 2 x CH2CHCH2CHN and 2 x 

CHOHCHCH2CH2), 1.71-1.63 (4H, m, 2 x CHOHCH2), 1.53-1.31 (4H, m, 2 x 

CH2CCHN), 1.16 (6H, s, 2 x CH3C), 0.97 (6H, s, 2 x CCH3), 0.85 (l8H, s, 2 x 

C(CH3)3, 0.09 (12H, s, 2 x Si(CH3h); I3C NMR (100 MHz, CDCh) 8 171.4 (C), 82.2 

(CH), 78.2 (CH), 74.7 (CH), 73.5 (CH), 65.9 (CH), 53.2 (CH2), 49.0 (C), 48.0 (C), 

44.9 (CH), 38.5 (CH2), 33.1 (CH2), 29.9 (CH2), 28.4 (CH2), 27.1 (CH2), 26.5 (CH2)' 

26.1 (CH3), 21.1 (CH3), 20.0 (CH3), 18.3 (C), -4.1 (CH3), -4.3 (CH3); LRMS (ES+) 

mlz 1023 (100%, [M+Nat). 
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(2R)-N-[( 4E,8E, 12E)-14-0xo-4,8, 12-tetradecatrienal]-camphor-l 0,2-sultam (4.52) 

~~~: o 

H 
II 
o 

Under an atmosphere ofN2, to a stirred solution of diethyl-2-oxo-2-«2R)-N-camphor-

10,2-sultam)-ethylphosphonate 4.45 (610 mg, 1.55 mmol) in THF (15 mL) at rt was 

added NaH (60% dispersion in mineral oil, 65 mg, 1.63 mmol) portionwise. The 

mixture was added to a solution of (4E,8E)-dodeca-4,8-dienedial 3.5 (300 mg, 1.55 

mmol) in THF (10 mL) at -78°C dropwise. The mixture was allowed to warm to -35 

°C over 2 h before N~CI (sat aq, 15 mL), H20 (10 mL) and EtOAc (30 mL) were 

added. The organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 30 mL). The combined organic phases were dried (Na2S04) and 

concentrated in vacuo to give a yellow oil (600 mg). Purification on Si02 (3 x 15 cm) 

eluting with EtOAclhexane (1:9 ~ 3:7) gave (2R)-N-[(4E,8E,12E)-14-0xo-4,8,12-

tetradecatrienal]-camphor-1O,2-sultam 4.52 (171 mg, 0.39 mmol, 25%) as a colourless 

oil. [a]25D -56.0 (CHCh, c 0.38); IR Vrnax (neat) 2955 (m), 2850 (w), 1717 (m), 1682 

(s), 1638 (m) cm-I; IH NMR (400 MHz, CDCh) 8 9.75 (lH, s, CHO), 7.08 (1H, dt, J 

= 15.1,6.8 Hz, C(O)CHCH), 6.57 (1H, dt, J= 15.1,1.5 Hz, C(O)CHCH), 5.54-5.31 

(4H, m, 2 x CH2CHCHCH2), 3.93 (1H, dd, J = 7.4, 5.2 Hz, CHN), 3.51 (1H, d, J = 

13.6 Hz, CHHS02), 3.43 (lH, d, J = 13.6 Hz, CHHS02), 2.50 (2H, t, J = 7.0 Hz, 

CH2CH2CHO), 2.39-2.27 (4H, m, C(O)CHCHCH2 and CH2CH2CHO), 2.22-2.01 (8H, 

m, CH2CHN, CH2CH2CHCHCH2CH2CHO and C(O)CHCHCH2CH2), 1.97-1.85 (3H, 

m, CHCH2CHN and CH2CHCH2CHN), 1.48-1.31 (2H, m, CH2CCHN), 1.14 (3H, s, 

CH3C), 0.98 (3H, s, CH3C); l3C NMR (100 MHz, CDCh) 8 202.6 (CH), 164.1 (C), 

150.2 (CH), 131.3 (CH), 130.9 (CH), 128.8 (CH), 128.1 (CH), 121.0 (CH), 65.1 (CH), 

53.2 (CH2), 48.4 (C), 47.7 (C), 44.7 (CH), 43.5 (CH2), 38.5 (CH2), 32.8 (CH2), 32.5 

(CH2), 32.4 (CH2), 32.3 (CH2), 30.9 (CH2), 26.5 (CH2), 25.2 (CH2), 20.9 (CH3), 19.9 

(CH3); LRMS (ES+) mlz 456 (100%, [M+Nat); HRMS (ES+) C24H3504NSNa+ Calcd. 

456.2179, found 456.2180. 
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(2R)-N-[(2E,6E, 1 0E)-13-(1 ,3-Dioxolan-2-yl)-2,6, 1 0-tridecatrienoyl]-camphor-1 0,2-

sultam (4.53) 

The procedure was carried out using the method described by Noyori et at. 124 Under 

an atmosphere of N2, to a stirred solution of (2R)-N-[(4E,8E,12E)-14-0xo-4,8,12-

tetradecatrienal]-camphor-1O,2-sultam 4.52 (167 mg, 0.39 mmol) in CH2Ch (5 mL) at 

-78°C was added 1,2-bis-(trimethylsilyloxy)ethane (0.47 mL, 1.93 mmol) and 

TMSOTf(0.09 mL, 0.51 mmol) successively. After 30 min at -78°C the mixture was 

poured into NaHC03 (sat aq, 10 mL), the organic layer was separated and the aqueous 

layer was extracted with CH2Ch (2 x 10 mL). The combined organic phases were 

dried (MgS04) and concentrated in vacuo to give a yellow oil (192 mg). Purification 

on Si02 (2 x 15 cm) eluting with EtOAclhexane (1:4 ~ 3 :7) gave (2R)-N

[(2E,6E, 1 0E)-13-(1 ,3-dioxolan-2-yl)-2,6, 1 0-tridecatrienoyl]-camphor-1 0,2-sultam 

4.53 (154 mg, 0.32 mmol, 83%) as a colourless oil. [a]2sD -53.9 (CHCh, c 0.44); IR 

Vrnax (neat) 2985 (w), 2959 (m), 2918 (m), 2845 (w), 1681 (m), 1639 (m) cm-I; IH 

NMR (400 MHz, CDCb) 8 7.09 (1H, dt, J= 15.1,6.9 Hz, C(O)CHCH), 6.56 (lH, dt, 

J = 15.1, 1.5 Hz, C(O)CHCH), 5.52-5.33 (4H, m, 2 x CH2CHCHCH2), 4.87 (lH, t, J 

= 4.8 Hz, CH(O)2), 4.01-3.90 (3H, m, CHN and OCHHCHHO), 3.88-3.80 (2H, m, 

OCHHCHHO), 3.53 (1H, d, J = 13.8 Hz, CHHS02), 3.48 (1H, d, J = 13.8 Hz, 

CHHS02), 2.36-2.27 (2H, appt. q, J = 7.4 Hz, C(O)CHCHCH2), 2.22-2.00 (lOH, m, 

CH2CHN, CH2CH2CH(O)2, CH2CH2CHCHCH2CH2CH(Oh and 

C(O)CHCHCH2CH2), 1.99-1.85 (3H, m, CHCH2CHN and CH2CHCH2CHN), 1.76-

1.67 (2H, m, CH2CH(O)2), 1.48-1.31 (2H, m, CH2CCHN), 1.18 (3H, s, CH3C), 0.98 

(3H, s, CCH3); I3C NMR (100 MHz, CDCh) 8 164.1 (C), 150.3 (CH), 131.1 (CH), 

130.3 (CH), 129.4 (CH), 128.6 (CH), 121.0 (CH), 104.1 (CH), 65.1 (CH), 64.9 (2 x 

CH2), 53.2 (CH2), 48.4 (C), 47.8 (C), 44.7 (CH), 38.5 (CH2), 33.8 (CH2), 32.9 (2 x 

CH2), 32.5 (CH2), 32.5 (CH2), 30.9 (CH2), 27.1 (CH2), 26.5 (CH2), 20.9 (CH3), 19.9 

(CH3); LRMS (ES+) mlz 500 (100%, [M+Nat); HRMS (ES+) C26H390sNSNa+ Ca1cd. 

500.2441, found 500.2447. 
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(2R)-N-( (2R)-2-(2S,5R)-5-[( 1R,4E)-7 -(1 ,3-Dioxolan-2-yl)-1-hydroxy-4-

heptenyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-1 0,2-sultam (4.54) 

Under an atmosphere of N2, to a stirred solution of (2R)-N-[(2E,6E,10E)-13-(1,3-

dioxolan-2-yl)-2,6, 10-tridecatrienoyl]-camphor-1O,2-sultam 4.53 (143 mg, 0.30 

mmol), AcOH (4 mL) and acetone (6 mL) at -30°C was added KMn04 (71 mg,0.45 

mmol) in one portion (mixture purple ~ brown) and the mixture warmed to -15 DC 

over 1 'l4 h. Na2S205 (sat aq, 5 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. NaCI (sat aq, 5 mL) and EtOAc (10 mL) 

were added, the organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 10 mL) and CH2Clz (10 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (126 mg). Purification on 

Si02 (1.5 x 10 cm) eluting with EtOAclhexane (2:3 ~ 7:3) gave (2R)-N-((2R)-2-

(2S,5R)-5-[ (lR,4E)-7 -( 1 ,3-dioxolan-2-yl)-1-hydroxy-4-heptenyl]tetrahydro-2-furanyl-

2-hydroxyethanoyl)-camphor-1O,2-sultam 4.54 (50 mg, 0.10 mmol, 32%). [a]25D _ 

35.2 (CHCh, c 0.31); IR Vrnax (neat) 3439 (w), 2960 (m), 2887 (m), 1694 (m) cm-I; IH 

NMR (400 MHz, CDCh) 8 5.52-5.38 (2H, m, CH2CHCHCH2), 4.85 (1H, t, J = 4.8 

Hz, CH(O)2), 4.60-4.48 (2H, m, C(O)CHOH and C(O)CHOHCH), 4.20-4.05 (1H, m, 

CH2CHCHOHCH2), 3.99-3.92 (3H, m, CHN and OCHHCHHO), 3.91-3.81 (2H, m, 

OCHHCHHO), 3.56-3.40 (3H, m, CHHS02, CHHS02 and CH2CHCHOHCH2), 2.32-

2.16 (2H, m, CH2CHN), 2.15-1.99 (6H, m, CHOHCHCH2CH2CHCHOH and 

CH2CHCHCH2), 1.98-1.82 (5H, m, CHCH2CHN, CH2CHCH2CHN and 

CH2CHCHCH2), 1.76-1.66 (2H, m, CH2CH(O)2), 1.65-1.21 (4H, m, CH2CCHN and 

CHCHOHCH2), 1.15 (3H, s, CH3C), 0.96 (3H, s, CCH3); l3C NMR (100 MHz, 

CDCh) 8171.7 (C), 130.2 (CH), 129.7 (CH), 104.1 (CH), 83.1 (CH), 78.6 (CH), 73.5 

(CH), 73.3 (CH), 65.8 (CH), 64.8 (2 x CH2), 53.0 (CH2), 49.0 (C), 47.8 (C), 44.5 

(CH), 38.2 (CH2), 34.2 (CH2), 33.8 (CH2), 32.9 (CH2), 28.7 (CH2), 28.3 (CH2), 28.2 

(CH2), 27.1 (CH2), 26.4 (CH2), 20.9 (CH3), 19.9 (CH3); LRMS (ES+) mlz 550 (100%, 

[M+Nat); HRMS (ES+) C26H4108NSNa+ Calcd. 550.2445, found 550.2444. 
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(2S)-N-[(2E,6E)-2,6-DodecadienoyI]-camphor-l0,2-sultam (5.2) 

The title compound was prepared according to the method outlined for 4.46 except 

using (1R,2S)-4.45 (1.40 g, 3.56 mmol) and trans-4-decenal (5.1) (0.60 mL, 3.24 

mmol). Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane (1:9 ~ 2:3) 

gave (2S)-N-[(2E,6E)-2,6-dodecadienoyI]-camphor-l0,2-sultam 5.2 (0.76 g, 1.94 

mmol, 60%) as a colourless oil. Spectroscopic characterisation agreed with that 

published. 125 [a]25D + 67.3 (CHCh, c 0.63); IR Yrnax (neat) 2956 (m), 2927 (m), 2855 

(w), 1683 (s), 1639 (m) cm-I; IH NMR (400 MHz, CDCh) 8 7.09 (1H, dt, J= 15.1,6.9 

Hz, CHCHC(O)), 6.57 (1H, dt, J = 15.1, 1.5 Hz, CHCHC(O)), 5.51-5.34 (2H, m, 

CH2CHCHCH2), 3.93 (1H, dd, J = 7.5, 5.3 Hz, NCH), 3.51 (1H, d, J = 13.8 Hz, 

S02CHH), 3.44 (1H, d, J = 13.8 Hz, S02CHH), 2.32 (2H, appt. q, J = 7.3 Hz, 

CH2CHCHC(O)), 2.20-2.06 (4H, m, CH2CH2CHCHC(O) and NCHCH2), 1.97-1.84 

(5H, m, NCHCH2CH, NCHCH2CHCH2 and CH2CHCHCH2CH2CHCHC(O)), 1.47-

1.22 (8H, m, NCHCCH2 and CH3CH2CH2CH2CHCH), 1.19 (3H, s, CH3C), 0.98 (3H, 

s, CCH3), 0.89 (3H, t, J = 6.9 Hz, CH3CH2); BC NMR (100 MHz, CDCh) 8 164.3 

(C), 150.4 (CH), 132.1 (CH), 128.4 (CH), 121.2 (CH), 65.3 (CH), 53.3 (CH2), 48.6 

(C), 47.9 (C), 44.9 (CH), 38.7 (CH2), 33.0 (CH2), 32.7 (CH2), 32.6 (CH2), 31.5 (CH2), 

31.1 (CH2), 29.3 (CH2), 26.7 (CH2), 22.7 (CH2), 21.0 (CH3), 20.1 (CH3), 14.2 (CH3); 

LRMS (ES+) mlz 416 (100%, [M+Nat); HRMS (ES+) C22H3503NSNa+ CaIcd. 

416.2234, found 416.2237. 

(2S)-N-[(2S)-2-Hydroxy-2-((2R,5S)-5-((IS)-I-hydroxyhexyl)tetrahydro-2-

furanylethanoyl)]-camphor-l0,2-sultam (5.3) 
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The title compound was prepared according to the method outlined for 4.52 except 

using (2S)-N-((2E,6E)-2,6-dodecadienoyl)-camphor-1O,2-sultam 5.2 (111 mg, 0.28 

mmol) and KMn04 (62 mg, 0.39 mmol). Purification on SiOz (3.5 x 15 cm) eluting 

with EtOAclhexane (1:9 ~ 2:3) gave (2S)-N-[(2S)-2-hydroxy-2-((2R,5S)-5-((lS)-I

hydroxyhexyl)tetrahydro-2-furanylethanoyl)]-camphor-1O,2-sultam 5.3 (70 mg, 0.16 

mmol, 56%) as a colourless oil. Spectroscopic characterisation agreed with that 

published. 125 [af5D + 46.4 (CHCh, c 0.25); IR Vrnax (neat) 3454 (w), 2954 (m), 2936 

(w), 2874 (w), 1692 (m) cm-I; IH NMR (400 MHz, CDCh) <3 4.61-4.55 (2H, m, 

CHCHOHC(O) and CHCHOHC(O)), 3.97 (lH, dd, J = 5.2, 2.5 Hz, NCH), 3.87 (2H, 

td, J = 7.2, 4.5 Hz, CHzCHOHCHCHz), 3.52 (1H, d, J = 13.8 Hz, SOzCHH), 3.49-

3.44 (1H, m, CHzCHOHCHCHz), 3.45 (1H, d, J = 13.8 Hz, SOzCHH), 2.29-2.22 (1H, 

m, NCHCHH), 2.15-2.03 (3H, m, NCHCHH and CH2CHCHOHC(O)), 1.98-1.84 

(5H, m, NCHCHzCH, NCHCHzCHCHz and CHzCH2CHCHOHC(O)), 1.56-1.41 (4H, 

m, CHzCHOHCHCHz and NCHCCH2), 1.40-1.25 (6H, m, CH3CHzCH2CHzCHz), 

1.16 (3H, s, CH3C), 0.98 (3H, s, CCH3), 0.89 (3H, t, J= 6.9 Hz, CH3CHz); l3C NMR 

(100 MHz, CDCh) <3 172.0 (C), 83.4 (CH), 78.9 (CH), 74.0 (CH), 73.7 (CH), 66.0 

(CH), 53.2 (CHz), 49.1 (C), 48.0 (C), 44.8 (CH), 38.4 (CH2), 33.1 (CHz), 32.0 (CHz), 

28.5 (2 x CHz), 28.3 (CH2), 26.5 (CH2), 25.6 (CHz), 22.8 (CH2), 21.1 (CH3), 20.0 

(CH3), 14.2 (CH3); LRMS (ES+) mlz 466 (100%, [M+Nat); HRMS (ES+) 

C22H370 6NSNa+ Ca1cd. 466.2234, found 466.2238. 

(2R)-2-Hydroxy-2-(2R,5S)-5-[(IS)-I-hydroxyhexyl]tetrahydro-2-furanylethyl 

4-toluenesulfonate (5.4) 

OTs 

Under an atmosphere of Nz, to a stirred solution of (2S)-N-[(2S)-2-hydroxy-2-

((2R,5S)-5-((1S)-1-hydroxyhexyl)tetrahydro-2-furanylethanoyl)]-camphor-l 0,2-sultam 

5.3 (82 mg, 0.19 mmol) in THF (1.5 mL) and H20 (0.5 mL) at -10 °C was added 

NaBH4 (14 mg, 0.37 mmol) in one portion. After 30 min at -10 DC, the mixture was 

warmed to 0 °C over 1 h. The mixture concentrated was in vacuo to give a white solid 

(102 mg). The organic solid was dissolved in CH2Ch (5 mL) and decanted. To the 
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remaining inorganic solid was added 2 M HCl (aq, 5 mL), NaCI (sat aq, 5 mL) and 

EtOAc (10 mL). The organic layer was separated and the aqueous layer was extracted 

with EtOAc (2 x 10 mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give (R)-1-((2R,5S)-tetrahydro-5-((S)-1-hydroxyhexyl)furan-

2-yl)ethane-1,2-diol (68 mg) as a white solid, which was used without any further 

purification. Under an atmosphere of N z, to a stirred solution of (R)-1-((2R,5S)

tetrahydro-5-((S)-1-hydroxyhexyl)furan-2-yl)ethane-1,2-dioI (68 mg) in benzene (5 

mL) at rt was added BuzSnO (0.055 g, 0.22 mmol) and the mixture heated to reflux for 

3 h. The mixture was cooled to rt and TsCI (37 mg, 0.19 mmol) was added. After 14 

h the mixture was concentrated in vacuo to give a yellow solid (110 mg). Purification 

on SiOz (3.5 x 15 cm) eluting with EtOAclhexane (1:2 -+ 3:2) gave (2R)-2-hydroxy-2-

(2R,5S)-5-[ (1S)-1-hydroxyhexyl]tetrahydro-2-furanylethyl 4-toluenesulfonate 5.4 (45 

..... '" 0 12 ""''''''01 h~O/O\ as a C010"r1 ",SS 0;1 rN1Z5~ -125 rCHrl r 0 50)' TR V_n_ (nean 1115, . ~ 1..1.1.1.11. J., v-' /( J .1. ,-,".1..1.""' .1..1.. lVvJ U .I. • \ .... -... ..... 3, '"" . /, ... -- . JUQI\. / 

3346 (m), 2926 (m), 2856 (m) cm-I; IH NMR (400 MHz, CDCh) 8 7.81 (2H, d, J = 

8.3 Hz, 2 x C(S)CH), 7.35 (2H, d, J= 8.3 Hz, 2 x C(S)CHCH), 4.09 (2H, dd, J= 6.3, 

1.8 Hz, CHOHCHzOTs), 4.01 (lH, td, J= 6.7, 2.9 Hz, CHCHOHCHzOTs), 3.85 (lH, 

td, J = 6.9, 4.2 Hz, CHzCHOHCH), 3.78-3.72 (lH, m, CHOHCHzOTs), 3.48-3.40 

(lH, m, CHzCHOHCH), 3.08 (lH, s, CHOHCHzOTs), 2.46 (3H, s, CCH3), 2.31 (lH, 

s, CHOH), 2.02-1.82 (4H, m, CHzCHzCHCHOHCHzOTs), 1.50-1.41 (2H, m, 

CHzCHOHCH), 1.38-1.20 (6H, m, CH3CHzCHzCHzCHz), 0.91 (3H, t, J = 6.5 Hz, 

CH3CHz); l3C NMR (l00 MHz, CDCh) 8 145.1 (C), 133.0 (C), 130.0 (CH), 128.2 

(CH), 82.7 (CH), 78.6 (CH), 74.3 (CH), 71.8 (CHz), 71.6 (CH), 34.6 (CHz), 32.0 

(CHz), 28.2 (CHz), 27.9 (CHz), 25.5 (CHz), 22.8 (CHz), 21.8 (CH3), 14.2 (CH3); 

LRMS (ES+) mlz 409 (100%, [M+Nat); HRMS (ES+) C19H3006SNa+ Ca1cd. 

409.1655, found 409.1657. 

(2Z,6E, lOE, 14Z)-Hexadeca-2,6, 10, 14-tetraenedioic acid (5.5) 

The following procedure was also followed for the hydrolysis of (2Z,6E,10E,14Z)-

diethyl hexadeca-2,6, 10, 14-tetraenedioate 4.37. To a stirred solution of 
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(2Z,6E, IOE, 14Z)-dimethyl hexadeca-2,6,1O,14-tetraenedioate 4.36 (1.10 g, 3.60 

mmol) in MeOH (11 mL) and H20 (33 mL) were added NaOH (1.53 g, 38.2 mmol) 

and NaHC03 (0.30 g, 3.60 mmol) and the mixture heated at 95°C for 3 h. The 

mixture was cooled to rt and washed with CH2Ch (3 x 20 mL). The aqueous phase 

was separated, cooled to 0 °C and acidified with 10% citric acid (aq, 30 mL) and 2 M 

HCI (aq, 50 mL) until pH 1. The mixture was stirred for 30 min before EhO (100 mL) 

was added. The organic layer was separated and the aqueous layer was extracted with 

Et20 (2 x 50 mL). The combined organic phases were washed with 10% citric acid 

(aq, 100 mL), dried (MgS04) and concentrated in vacuo to give (2Z,6E,IOE,14Z)

hexadeca-2,6, 10, 14-tetraenedioic acid 5.5 (0.92 g, 3.31 mmol, 92%) as a pale yellow 

oil. No further purification was necessary. IR Vrnax (neat) 2980 (m), 2915 (br, m), 

2846 (m), 1692 (s), 1639 (m) cm-I; IH NMR (400 MHz, CDCh) 8 6.35 (2H, dt, J = 

11.6, 7.4 Hz, 2 x CHCHC02H), 5.81 (2H, dt, J = 11.6, 1.8 Hz, 2 x CHCHC0 2H), 

5.51-5.37 (4H, m, 2 x CH2CHCHCH2), 2.73 (4H, appt. qd, J 7.4, 1.8 Hz, 2 x 

CH2CHCHC02H), 2.15 (4H, appt. q, J = 7.4, 2 x CH2CH2CHCHC02H), 2.09-2.03 

(4H, m, 2 x CH2CHCHCH2CH2CHCHC02H); l3C NMR (100 MHz, CDCh) 8 172.2 

(C), 152.7 (CH), 131.0 (CH), 129.3 (CH), 119.5 (CH), 32.6 (CH2), 31.9 (CH2), 29.2 

(CH2); LRMS (ES-) mlz 391 (100%, [M+(CF3C02)n; HRMS (ES-) C16H2104- Calcd. 

277.1445, found 277.1439. 

(2Z,6E, 10E, 14Z)-bis(Perfluorophenyl) hexadeca-2,6, 10, 14-tetraenedioate (5.6) 

To a stirred solution of (2Z,6E,IOE,14Z)-hexadeca-2,6,10,14-tetraenedioic acid 5.5 

(213 mg, 0.77 mmol) and pentafluorophenol (0.16 mL, 1.53 mmol) in EtOAc (20 mL) 

at rt was added DCC (316 mg, 1.53 mmol) and the mixture stirred for 14 h (white ppt 

formed). The mixture was filtered washing with EtOAc (10 mL). The filtrate was 

concentrated in vacuo to give a white solid (840 mg). Purification on Si02 (3 x 15 

cm) eluting with CH2Chihexane (1 :49 ---7 1 :9) gave (2Z,6E, 1 OE, 14Z)-
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bis(perfluorophenyl) hexadeca-2,6,10,14-tetraenedioate 5.6 (349 mg, 0.57 mmol, 

75%) as a colourless oil. IR Vmax (neat) 3027 (w), 2987 (w), 2915 (w), 2846 (w), 1760 

(m), 1637 (w), 1516 (s) em-I; IH NMR (400 MHz, CDCh) 0 6.60 (2H, dt, J = 11.3, 7.4 

Hz, 2 x CHCHC(O)), 6.08 (2H, dt, J = 11.3, 1.5 Hz, 2 x CHCHC(O)), 5.52-5.37 (4H, 

m,2 x CH2CHCHCH2), 2.77 (4H, appt. qd, J = 7.4, 1.5 Hz, 2 x CH2CHCHC(O)), 

2.20 (4H, appt. q, J = 6.7 Hz, 2 x CH2CH2CHCHC(O)), 2.09-2.03 (4H, m, 2 x 

CH2CHCHCH2CH2CHCHC(O)); 13C NMR (100 MHz, CDCh) 8 161.6 (C), 156.3 

(CH), 142.7 (C), 140.8 (C), 140.2 (C), 139.3 (C), 138.2 (C), 136.8 (C), 131.4 (CH), 

128.8 (CH), 116.5 (CH), 32.6 (CH2), 31.6 (CH2), 29.5 (CH2); LRMS (ES+) mlz 633 

(100%, [M+Nat); HRMS (ES+) C28H2004FIONa+ Ca1cd. 633.1094, found 633.1099. 

1, 16-(2R)-N-[ (2Z,6E, 1 OE, 14Z)-16-oxo-2,6, 10, 14-hexadecatetraenoyl]-di-camphor

lO,2-sultam (5.7) 

Under an atmosphere of N2, to a stirred solution of (2Z,6E,IOE,14Z)-hexadeca-

2,6,10,14-tetraenedioic acid 5.5 (1.29 g, 4.64 mmol) and (COClh (0.81 mL, 9.28 

mmol) at 0 °C in CH2Ch (15 mL) was added DMF (0.05 mL) and the mixture allowed 

to warm to rt over 3 h. The mixture was concentrated in vacuo to give the crude acid 

chloride (1.40 g) as an orange oil, which was used without further purification. Under 

an atmosphere of N2, to a stirred solution of (IS,2R)-camphorsultam 4.42 (0.243 g, 

1.13 mmol) in toluene (50 mL) at 0 °C was added NaH (60% dispersion in mineral oil, 

0.418 g, 10.4 mmol) and the mixture warmed to rt over 30 min. The mixture was 

cooled to -10°C and crude acid chloride (1.40 g) in toluene (40 mL) was added 

dropwise. The mixture was stirred for 45 min at -10°C then warmed to rt over 45 

min. The mixture was cooled to 0 °C before H20 (50 mL) and Et20 (50 mL) were 

added. The organic layer was separated and the aqueous layer was extracted with 

Et20 (2 x 50 mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give a yellow oil (3.00 g). Purification on Si02 (5 x 15 em) 

eluting with EtOAclhexane (1 :4) gave 1, 16-(2R)-N-[(2Z,6E, 1 OE, 14Z)-16-oxo-
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2,6,10, 14-hexadecatetraenoyl]-di-camphor-1O,2-sultam 5.7 (2.12 g, 3.16 mmol, 68%) 

as a white foam. [afsD -72.1 (CHCh, c 0.75); IR Vrnax (neat) 2959 (m), 2915 (m), 

2844 (w), 1680 (s), 1630 (m) cm-I; IH NMR (400 MHz, CDCh) 8 6.45 (2H, dt, J = 

11.5, 1.5 Hz, 2 x CHCHC(O)), 6.32 (2H, dt, J = 11.5, 7.1 Hz, 2 x CHCHC(O)), 5.50-

5.36 (4H, m, 2 x CHzCHCHCHz), 3.93 (2H, dd, J= 7.3,5.3 Hz, 2 x CHN), 3.50 (2H, 

d, J = 13.8 Hz, 2 x CHHSOz), 3.43 (2H, d, J = 13.8 Hz, 2 x CHHSOz), 2.68 (4H, 

appt. qd, J = 7.3, 1.5 Hz, 2 x CHzCHCHC(O)), 2.20-2.06 (8H, m, 2 x 
CHzCHzCHCHC(O) and 2 x CHzCHN), 2.05-2.00 (4H, m, 2 x 

CHzCHCHCHzCHzCHCHC(O)), 1.98-1.84 (6H, m, 2 x CHCHzCHN and 2 x 

CHzCHCHzCHN), 1.47-1.32 (4H, m, 2 x CHzCCHN), 1.18 (6H, s, 2 x CH3C), 0.98 

(6H, s, 2 x CCH3); l3C NMR (l00 MHz, CDCh) 8 164.3 (C), 151.8 (CH), 131.0 (CH), 

129.2 (CH), 119.5 (CH), 65.2 (CH), 53.3 (CHz), 48.5 (C), 47.9 (C), 44.9 (CH), 38.8 

(CHz), 33.0 (CHz), 32.7 (CHz), 31.9 (CHz), 29.9 (CHz), 26.7 (CHz), 21.0 (CH3), 20.0 

(CH3); LRMS (ES+) mlz 695 (100%, [M+Nat); HRMS (ES+) C36Hsz06NzSzNa+ 

Calcd. 695.3159, found 695.3144. 

1, 14-(2R)-N-« 4E,8E, 12Z)-I-[2-«2R)-N-Camphor-l 0,2-sultam)-2-oxoethyl]-14-oxo-

4,8, 12-tetradecatrienyl)-di-camphor-l 0,2-sultam (5.8) 

o .: 9"~"" " N , 
- ~S 

&:''iO 0 '0 
s" o 

Data for Michael addition product 5.8: [afsD --45.9 (CHCh, c 0.19); IR Vrnax (neat) 

2986 (w), 2962 (w), 2918 (w), 2892 (w), 1684 (s), 1631 (m) cm-I; IH NMR (400 

MHz, CDCh) 8 6.45 (lH, dt, J = 11.5, 1.5 Hz, C(O)CHCH), 6.32 (IH, dt, J = 11.5, 

7.1 Hz, C(O)CHCH), 5.50-5.31 (4H, m, 2 x CHzCHCHCHz), 4.11-4.02 (IH, m, 

NCHCHzC(O)), 3.93 (lH, dd, J = 7.4, 5.2 Hz, CHN), 3.87 (IH, dd, J = 7.8, 5.0 Hz, 

CHN), 3.50 (3H, d, J = 13.8 Hz, 3 x CHHSOz), 3.43 (3H, d, J = 14.1 Hz, 3 x 

CHHSOz), 3.38 (lH, dd, J = 7.7, 5.2 Hz, CHN), 3.19 (IH, dd, J = 15.8, 5.3 Hz, 

CHHC(O)), 3.02 (IH, dd, J = 15.6, 7.9 Hz, CHHC(O)), 2.69 (2H, appt. qd, J = 7.3, 
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1.3 Hz, C(O)CHCHCH2), 

CH2CH2CH(N)CH2C(O) and 

2.23-2.05 (10H, m, C(O)CHCHCH2CH2, 

2 x CH2CHN), 2.04-1.99 (4H, m, 

C(O)CHCHCH2CH2CHCHCH2CH2), 1.95-1.82 (9H, m, 3 x CHCH2CHN and 3 x 

CH2CHCH2CHN), 1.80-1.67 (2H, m, CH2CHN), 1.49-1.29 (6H, m, 3 x CH2CCHN), 

1.19 (3H, s, CH3C), 1.17 (3H, s, CH3C), 1.14 (3H, s, CH3C), 0.98 (6H, s, 2 x CCH3), 

0.92 (3H, s, CCH3); l3C NMR (100 MHz, CDCh) () 169.2 (C), 164.3 (C), 151.7 (CH), 

131.0 (CH), 130.8 (CH), 129.2 (CH), 119.6 (CH), 65.4 (CH), 65.2 (CH), 64.3 (CH), 

53.3 (CH2), 53.1 (CH2), 50.9 (CH), 49.8 (C), 49.5 (CH2), 48.6 (C), 48.5 (C), 47.9 (C), 

47.8 (C), 45.2 (CH), 44.9 (CH), 38.8 (CH2), 38.6 (CH2), 38.3 (CH2)' 36.5 (CH2), 34.6 

(CH2), 33.1 (CH2), 32.9 (CH2), 32.8 (CH2), 32.7 (CH2), 31.9 (CH2)' 29.9 (CH2)' 26.7 

(CH2), 26.6 (CH2), 21.0 (CH3), 20.5 (CH3), 20.3 (CH3), 20.1 (CH3); LRMS (ES+) mlz 

910 (100%, [M+Nat); HRMS (ES+) C46H690sN3S3Na+ Ca1cd. 910.4139, found 

910.4165. 

Inseparable mixture of (2R)-N-( (2R)-2-(2R,5S)-5-[ (1 S,4S)-1 ,4-Dihydroxy-4-( (2S,5R)-

5-(1R)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam (5.9) 

and (2R)-N-((2R)-2-(2R,5S)-5-[( IS,4R)-1 ,4-dihydroxy-4-( (2R,5S)-5-(IS)-I-hydroxy-2-

[(2R)-N-camphor -10 ,2-sultam] -2-oxoethyltetrahydro-2-furanyl )butyl ]tetrahydro-2-

furanyl-2-hydroxyethanoyl)-camphor-l0,2-sultam (5.10) 

o ~,.\", 
" o . N 

H H:. ' 
HO OH O~~\ 

o 
5.9 

(ratio 5.9/5.10 = 3:1) after chromatography 
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Method A: 

Under an atmosphere ofN2, to a stirred solution of 1,16-(2R)-N-[(2Z,6E,IOE,14Z)-16-

oxo-2,6,10,14-hexadecatetraenoyl]-di-camphor-l0,2-sultam 5.7 (922 mg, 1.37 mmol), 

AcOH (15 mL) and acetone (18 mL) at -30°C was added KMn04 (607 mg, 3.84 

mmol) in one portion (mixture purple ~ brown) and the mixture warmed to -20°C 

over 25 min. Na2S205 (sat aq, 20 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. NaCI (sat aq, 20 mL) and EtOAc (50 mL) 

were added, the organic layer was separated and the aqueous layer was extracted with 

EtOAc (2 x 50 mL) and CH2Ch (50 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (1.02 g). Purification on Si02 

(3 x 15 cm) eluting with MeOHlCH2Ch (1 :49 ~ 3:47) gave an inseparable mixture of 

(2R)-N-((2R)-2-(2R,5S)-5-[(IS,4S)-1,4-dihydroxy-4-((2S,5R)-5-(IR)-I-hydroxy-2-

[(2R)-N-camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-

furanyl-2-hydroxyethanoyl)-camphor-l0,2-sultam 5.9 and (2R)-N-( (2R)-2-(2R,5S)-5-

[(1S,4R)-1 ,4-dihydroxy-4-((2R,5S)-5-(1S)-I-hydroxy-2-[(2R)-N-camphor-1 0,2-

sultam]-2-oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-

hydroxyethanoyl)-camphor-IO,2-sultam 5.10 (322 mg, 0.42 mmol, 30%) as a white 

foam. Data for major isomer 5.9: [af5D -59.9 (MeOH, c 0.52); IR Yrnax (neat) 3503 

(w), 2958 (m), 2881 (m), 1692 (m) cm-I; IH NMR (400 MHz, CDCh) 8 4.71 (2H, d, J 

= 4.0 Hz, 2 x C(O)CHOH), 4.40-4.32 (2H, m, 2 x C(O)CHOHCH), 3.96-3.92 (2H, m, 

2 x CHN), 3.87 (2H, td, J = 6.8, 4.8 Hz, 2 x CH2CHCHOHCH2), 3.65 (1H, br s, 

CHOH), 3.55-3.41 (6H, m, 2 x CHHS02, 2 X CHHS02 and 2 x CH2CHCHOHCH2), 

2.25-2.21 (2H, m, CH2CHN), 2.13-1.98 (6H, m, CH2CHN and 2 x CHOHCHCH2), 

1.97-1.83 (10H, m, 2 x CHCH2CHN, 2 x CH2CHCH2CHN and 2 x 

CHOHCHCH2CH2), 1.65 (4H, d, J= 2.8 Hz, 2 x CHOHCH2), 1.49-1.31 (4H, m, 2 x 

CH2CCHN), 1.16 (6H, s, 2 x CH3C), 0.98 (6H, s, 2 x CCH3); l3C NMR (100 MHz, 

CDCh) 8 171.0 (C), 83.1 (CH), 79.3 (CH), 73.9 (CH), 73.0 (CH), 65.5 (CH), 53.0 

(CH2), 49.2 (C), 48.0 (C), 44.7 (CH), 38.2 (CH2)' 32.9 (CH2)' 31.0 (CH2)' 28.3 (CH2), 

26.7 (CH2), 26.5 (CH2), 20.9 (CH3), 20.0 (CH3); LRMS (ES+) mlz 795 (100%, 

[M+Nat); HRMS (ES+) C36H56012N2S2Na+ Ca1cd. 795.3167, found 795.3206. 
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MethodB: 

Under an atmosphere ofN2, to a stirred solution of 1, 16-(2R)-N-[(2Z,6E,10E,14Z)-16-

oxo-2,6,1O,14-hexadecatetraenoyl]-di-camphor-l0,2-sultam 5.7 (S14 mg, 0.77 mmol), 

phosphate buffer (1.20 mL) and acetone (20 mL) at -30°C was added a mixture of 

KMn04 (0.4 M aq, S.80 mL, 2.30 mmol) and AcOH (0.24 mL, 4.13 mmol) dropwise 

over 10 min. The mixture was allowed to warm to -10°C over 30 min. Na2S20S (sat 

aq, 20 mL) was added to reduce the precipitated brown Mn02, and the mixture stirred 

until clear. NaCI (sat aq, 20 mL) and EtOAc (SO mL) were added, the organic layer 

was separated and the aqueous layer was extracted with EtOAc (2 x SO mL) and 

CH2Clz (SO mL). The combined organic phases were dried (MgS04) and concentrated 

in vacuo to give a pale yellow foam (490 mg). Purification on Si02 (1.S x IS cm) 

eluting with MeOHlCH2Clz (1:49 ~ 3:47) gave an inseparable mixture of (2R)-N

((2R)-2-(2R,SS)-S-[(IS,4S)-1,4-dihydroxy-4-((2S,SR)-S-(IR)-1-hydroxy-2-[(2R)-N

camphor-l0,2-sultam]-2-oxoethyItetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-

hydroxyethanoyl)-camphor-l0,2-suItam 5.9 and (2R)-N-((2R)-2-(2R,SS)-S-[(IS,4R)-

1 ,4-dihydroxy-4-( (2R,SS)-S-(1S)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-

oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor-l0,2-sultam 5.10 (166 mg, 0.22 mmol, 28%) as a white foam. Spectroscopic 

data were identical to that reported above. 

Method C: 

Under an atmosphere ofN2, to a stirred solution of 1, 16-(2R)-N-[(2Z,6E,1OE,14Z)-16-

oxo-2,6,1O,14-hexadecatetraenoyl]-di-camphor-1O,2-sultam 5.7 (109 mg, 0.16 mmol), 

phosphate buffer (O.2S mL) and acetone 4.20 mL) at -30°C was added a mixture of 

NaMn04 (0.4 M aq, 1.22 mL, 0.49 mmol) and AcOH (O.OS mL, 0.88 mmol) dropwise 

over 10 min. The mixture was allowed to warm to -10°C over 30 min. Na2S20S (sat 

aq, 20 mL) was added to reduce the precipitated brown Mn02, and the mixture stirred 

until clear. NaCI (sat aq, 20 mL) and EtOAc (SO mL) were added, the organic layer 

was separated and the aqueous layer was extracted with EtOAc (2 x SO mL) and 

CH2Clz (SO mL). The combined organic phases were dried (MgS04) and concentrated 

in vacuo to give a pale yellow foam (102 mg). Purification on Si02 (1.S x IS cm) 
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eluting with MeOHlCH2Cl2 (l:49 ~ 3:47) gave an inseparable mixture of (2R)-N

((2R)-2-(2R,5S)-5-[(IS,4S)-1,4-dihydroxY-4-((2S,5R)-5-(IR)-I-hydroxy-2-[(2R)-N

camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-furanyl)butyl ]tetrahydro-2-furanyl-2-

hydroxyethanoyl)-camphor-l0,2-sultam 5.9 and (2R)-N-( (2R)-2-(2R,5S)-5-[( IS,4R)-

1 ,4-dihydroxy-4-( (2R,5S)-5-( 1S)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-

oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor-l0,2-sultam 5.10 (51 mg, 0.07 mmol, 41%) as a white foam. Spectroscopic 

data were identical to that reported above. 

(2R)-N-( (2S)-2-(2S,5R)-5-[ (IR,4R)-1 ,4-dihydroxy-4-( (2R,5S)-5-( 1S)-I-hydroxy-2-

[(2R)-N-camphor -10 ,2-sultam] -2-oxoethyltetrahydro-2-furan yl)butyl ]tetrahydro-2-

furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam (5.11) 

~NO'HOH 
/?~O HO OH 

o 

Data for minor isomer 5.11: [a]25D -54.9 (MeOH, c 0.38); IR Vrnax (neat) 3475 (w), 

2961 (m), 2918 (m), 2887 (m), 1691 (m) cm-I; IH NMR (400 MHz, CDCh) 8 4.75-

4.68 (2H, m, 2 x C(O)CHOH), 4.41-4.32 (2H, m, 2 x C(O)CHOHCH), 3.94 (2H, dd, J 

= 7.9, 5.0 Hz, 2 x CHN), 3.90-3.84 (2H, m, 2 x CH2CHCHOHCH2), 3.59-3.40 (6H, 

m, 2 x CHHS02, 2 X CHHS02 and 2 x CH2CHCHOHCH2), 2.27-2.17 (2H, m, 

CH2CHN), 2.15-2.00 (6H, m, CH2CHN and 2 x CHOHCHCH2), 1.99-1.83 (lOH, m, 2 

x CHCH2CHN, 2 x CH2CHCH2CHN and 2 x CHOHCHCH2CH2), 1.68-1.64 (4H, m, 

2 x CHOHCH2), 1.50-1.25 (4H, m, 2 x CH2CCHN), 1.16 (6H, s, 2 x CH3C), 0.98 (6H, 

s, 2 x CCH3); l3C NMR (100 MHz, CDCh) 8 171.0 (C), 83.2 (CH), 79.3 (CH), 74.0 

(CH), 73.1 (CH), 65.5 (CH), 53.0 (CH2), 49.2 (C), 48.0 (C), 44.7 (CH), 38.2 (CH2), 

32.9 (CH2), 31.0 (CH2), 28.3 (CH2), 26.7 (CH2), 26.6 (CH2), 20.9 (CH3), 20.0 (CH3); 

LRMS (ES+) mlz 795 (100%, [M+Nat); HRMS (ES+) C36Hs6012N2S2Na+ Calcd. 

795.3167, found 795.3206. 
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Inseparable mixture of (2R)-N-[(2R,6Z, 1 05)-2, 1 O-dihydroxy-l 0-((2S,5R)-5-(lR)-I

hydroxy-2-[ (2R)-N-camphor-l 0,2-sultam]-2-oxoethyltetrahydro-2-furanyl)-3-oxo-6-

decenoyl]-camphor-l0,2-sultam and (2R)-N-[(2S,6Z, 1 05)-2, 1 O-dihydroxy-l 0-

((2S,5R)-5-( lR)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-

furan yl)-3 -oxo-6-decenoyl] -camphor-l 0,2-sultam (5.12) 

~"~'''' o .: 
N" 

\ 

O~s \\ o OH 0 

Data for hydroxyketone 5.12 (selected data - 5:1 mixture of inseparable isomers): 

[a]25D -58.9 (MeOH, c 0.31); IR Vrnax (neat) 3467 (w), 2960 (m), 2922 (m), 2884 (w), 

1762 (m), 1688 (m) em-I; IH NMR (400 MHz, CDCh) 8 5.51-5.36 (2H, m, 

CH2CHCHCH2), 5.13 (lH, s, C(O)CHC(O)), 4.68 (2H, d, J = 5.5 Hz, C(O)CHOH), 

4.40-4.33 (2H, m, C(O)CHOHCH), 4.13 (lH, s, C(O)CHOHC(O)), 3.97 (lH, dd, J= 

7.7,5.0 Hz, CHN), 3.93 (IH, dd, J= 7.5,5.0 Hz, CHN), 3.87 (IH, td, J= 6.8,5.0 Hz, 

CH2CHCHOHCH2), 3.65 (lH, br s, CHOH), 3.58 (lH, d, J = 13.8 Hz, CHHS02), 

3.54 (lH, d, J = 13.5 Hz, CHHS02), 3.50 (IH, d, J = 13.5 Hz, CHHS02), 3.46 (lH, d, 

J = 14.1 Hz, CHHS02), 3.44-3.37 (lH, m, CH2CHCHOHCH2), 2.65 (2H, t, J = 7.3 

Hz, CH2C(O)), 2.36-2.26 (2H, m, CH2CH2C(O)), 2.25-2.13 (2H, m, CH2CHN), 2.12-

1.99 (4H, m, CH2CHN and CHOHCHCH2), 1.98-1.81 (10H, m, 2 x CHCH2CHN, 2 x 

CH2CHCH2CHN, CHOHCHCH2CH2 and CHOHCH2CH2), 1.60-1.51 (2H, m, 

CHOHCH2), 1.49-1.31 (4H, m, 2 x CH2CCHN), 1.16 (6H, s, 2 x CH3C), 0.98 (6H, s, 

2 x CCH3); 13C NMR (l00 MHz, CDCh) 8 203.9 (C), 171.0 (C), 167.7 (C), 131.6 

(CH), 128.3 (CH), 83.1 (CH), 79.1 (CH), 76.1 (CH), 73.2 (CH), 72.9 (CH), 65.5 (CH), 

53.0 (CH2), 49.2 (C), 48.0 (C), 44.8 (CH), 44.6 (CH), 39.3 (CH2), 38.1 (CH2),33.9 

(CH2), 33.0 (CH2), 32.9 (CH2), 28.8 (CH2), 28.2 (CH2), 26.8 (CH2), 26.6 (CH2), 26.5 

(CH2), 26.3 (CH2), 21.1 (CH3), 20.9 (CH3), 20.0 (CH3); LRMS (ES+) mlz 777 (100%, 

[M+Nat); HRMS (ES+) C36H54011N2S2Na+ Ca1cd. 777.3061, found 777.3047. 
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Inseparable mixture of (IS,4S)-I,4-bis((2S,5R)-tetrahydro-5-((S)-1,2-

dihydroxyethyl)furan-2-yl)butane-l,4-diol (3.4) and (1R,4S)-I-( (2R,5S)-tetrahydro-5-

((R)-1,2-dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-5-((S)-1,2-

dihydroxyethyl)furan-2-yl)butane-l ,4-diol (5.15) 

HO OH HO OH 
+ 

3.4 5.15 

(ratio 3.4/5.15 = 3: 1 ) 

Under an atmosphere ofN2, to a stirred solution of (2R)-N-((2R)-2-(2R,5S)-5-[(IS,4S)-

1,4-dihydroxy-4-((2S,5R)-5-(IR)-I-hydroxy-2-[(2R)-N-camphor-lO,2-sultam]-2-

oxoethyltetrahydro-2-furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)

camphor -1 0,2-sultam 5.9 and (2R)-N-( (2R)-2-(2R,5S)-5-[ (1 S,4R)-1 ,4-dihydroxy-4-

((2R,5S)-5-(1S)-I-hydroxy-2-[(2R)-N-camphor-l 0,2-sultam ]-2-oxoethyltetrahydro-2-

furanyl)butyl]tetrahydro-2-furanyl-2-hydroxyethanoyl)-camphor-l 0,2-sultam 5.10 

(323 mg, 0.42 mmol) in THF (5 mL) at -10 °C was added LiBH4 (2 M in THF, 0.84 

mL, 1.67 mmol) dropwise. After 30 min at -10 DC, MeOH (3 mL) and 2 M HCI (0.5 

mL) were added and the mixture concentrated in vacuo to give a white solid (355 mg). 

Purification on Si02 (2 x 10 cm) eluting with MeOHlCH2Ch (1:9 ~ 7:3) gave an 

inseparable mixture of (1S,4S)-1,4-bis( (2S,5R)-tetrahydro-5-((S)-1 ,2-

dihydroxyethyl)furan-2-yl)butane-l,4-diol 3.4 and (1R,4S)-I-((2R,5S)-tetrahydro-5-

((R)-1 ,2-dihydroxyethyl)furan-2-yl)-4-( (2S,5R)-tetrahydro-5-( (S)-1 ,2-

dihydroxyethyl)furan-2-yl)butane-l,4-diol 5.15 (90 mg, 0.26 mmol, 62%) as a pale 

yellow oil. Data for major isomer 3.4: [af5D + 3.6 (MeOH, c 0.13); IR Yrnax (neat) 

3339 (s), 2941 (m), 2924 (m), 2883 (m) cm-I; IH NMR (400 MHz, MeOD) 8 3.75 

(2H, td, J = 6.8, 5.3 Hz, 2 x CHCHOHCH20H), 3.66 (2H, td, J = 6.5, 5.0 Hz, 2 x 

CH2CHOHCH), 3.53 (2H, td, J= 5.3,5.1 Hz, 2 x CHOHCH20H), 3.46 (2H, dd, J= 

11.0, 4.5 Hz, 2 x CHOHCHHOH), 3.37 (2H, dd, J = 11.0, 6.3 Hz, 2 x 

CHOHCHHOH), 3.33-3.27 (2H, m, 2 x CH2CHOHCH), 1.83-1.72 (4H, m, 2 x 

CH2CHCHOHCH20H), 1.67-1.58 (4H, m, CH2CH2CHCHOHCH20H), 1.52-1.44 

(4H, m, 2 x CH2CHOHCH); 13C NMR (100 MHz, MeOD) 8 83.9 (CH), 81.5 (CH), 

74.8 (CH), 74.5 (CH), 65.0 (CH2), 31.0 (CH2), 28.6 (CH2), 27.3 (CH2); LRMS (ES+) 
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mlz 373 (100%, [M+Nat); HRMS (ES+) C16H300sNa+ Calcd. 373.1833, found 

373.1840. 

Inseparable mixture of (2S)-2-((2R,SS)-S-(1S,4S)-1,4-Dihydroxy-4-[(2S,SR)-S-((lR)- 1-

hydroxy-2-[ 4-to luenesulfonyl] oxyethyl )tetrahydro-2-furan yl ]butyltetrahydro-2-

furanyl)-2-hydroxyethyl 4-toluenesulfonate (5.16) and (2S)-2-((2R,SS)-S-(lS,4R)-I,4-

dihydroxy-4-[ (2R,SS)-S-( (IR)-I-hydroxy-2-[ 4-toluenesulfonyl]oxyethyl)tetrahydro-2-

furanyl]butyltetrahydro-2-furanyl)-2-hydroxyethyl 4-toluenesulfonate (5.17) 

TsO OTs TsO OTs 
+ 

5.16 5.17 

(ratio 5.16/5.17 = 3: 1 ) 

The title compound was prepared according to the method outlined for 5.4, except 

usmg a mixture of (lS,4S)-1,4-bis((2S,5R)-tetrahydro-S-((S)-1,2-

dihydroxyethyl)furan-2-yl)butane-l,4-diol 3.4 and (lR,4S)-I-((2R,SS)-tetrahydro-S

((R)-1 ,2-dihydroxyethyl)furan-2-yl)-4-((2S,SR)-tetrahydro-S-((S)-1,2-

dihydroxyethyl)furan-2-yl)butane-l,4-diol 5.15 (31 mg, 0.09 mmol), 2.4 eq BU2SnO 

and 2.1 eq TsCI. Purification on Si02 (1.S x IS em) eluting with MeOH/CH2Ch (1:49 

-7 1 :24) gave an inseparable mixture of (2S)-2-((2R,SS)-5-(lS,4S)-1 ,4-dihydroxy-4-

[(2S,SR)-S-((IR)-I-hydroxy-2-[4-toluenesulfonyl]oxyethyl)tetrahydro-2-

furanyl]butyltetrahydro-2-furanyl)-2-hydroxyethyl 4-toluenesulfonate 5.16 and (2S)-2-

((2R,SS)-S-(IS,4R)-1 ,4-dihydroxy-4-[(2R,SS)-S-(( lR)-I-hydroxy-2-[ 4-

toluenesulfonyl]oxyethyl)tetrahydro-2-furanyl]butyltetrahydro-2-furanyl)-2-

hydroxyethyl 4-toluenesulfonate 5.17 (41 mg, 0.06 mmol, 72%) as a colourless oil. 

Data for major isomer 5.16: [a]25D -S.S (CHCh, c O.SO); IR Y rnax (neat) 3347 (m), 2949 

(m), 2920 (m), 2884 (m) em-I; IH NMR (400 MHz, CDCh) 8 7.80 (4H, d, J= 8.3 Hz, 

4 x C(S)CH), 7.3S (4H, d, J = 8.3 Hz, 4 x C(S)CHCH), 4.09 (2H, td, J = 6.6, 6.0 Hz, 2 

x TsOCH2CHOH), 4.02-3.89 (6H, m, 2 x TsOCH2CHOHCH), 3.84-3.74 (2H, m, 2 x 

CH2CHCHOHCH2CH2), 3.61 (lH, br s, OH), 3.48-3.38 (2H, m, 2 x 

CH2CHCHOHCH2CH2), 2.4S (6H, s, 2 x CCH3), 1.99-1.88 (4H, m, 2 x 

TsOCH2CHOHCHCH2), 1.87-1.7S (4H, m, 2 x TsOCH2CHOHCHCH2CH2), 1.68-
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1.SS (4H, m, CHOHCH2CH2CHOH); BC NMR (100 MHz, CDCh) (5 14S.2 (C), 132.8 

(C), 130.1 (CH), 128.1 (CH), 82.8 (CH), 79.S (CH), 74.6 (CH), 71.4 (CH2)' 71.1 

(CH), 31.2 (CH2), 28.2 (CH2), 26.0 (CH2), 21.8 (CH3); LRMS (ES+) mlz 681 (100%, 

[M+Nat); HRMS (ES+) C30R12012S2Na+ Calcd. 681.2010, found 681.2003. 

Compound S.17 (selected data - IR, IH NMR, LRMS & HRMS identical to S.16): l3C 

NMR (100 MHz, CHCh) (5 14S.2 (C), 132.8 (C), 130.1 (CH), 128.1 (CH), 82.7 (CH), 

79.4 (CH), 74.3 (CH), 71.4 (CH2), 71.1 (CH), 31.2 (CH2), 28.1 (CH2), 26.0 (CH2), 

21.8 (CH3). 

Inseparable mixture of (2S)-2-[ (2R,SS)-S-( (1 S,4S)-4-(2S,SR)-S-[ (1S)-1 ,2-

Dihydroxyethyl ]tetrahydro-2-furanyl-l ,4-dihydroxybutyl)tetrahydro-2-furanyl] -2-

hydroxyethyl 4-toluenesulfonate (S.18), (2S)-2-[(2R,SS)-S-((1S,4R)-4-(2R,SS)-S-[(IR)-

1 ,2-dihydrox yethyl ]tetrahydro-2-furanyl-l, 4-dihydroxybutyl)tetrahydro-2-furanyl]-2-

hydroxyethyl 4-toluenesulfonate (S.19a) and (2R)-2-[(2S,5R)-S-((IR,4S)-4-(2S,SR)-S

[(IS)-1,2-dihydroxyethyl]tetrahydro-2-furanyl-l,4-dihydroxybutyl)tetrahydro-2-

furanyl]-2-hydroxyethyI4-toluenesulfonate (S.19b) 

TsO OH TsO OH 

+ 

5.18 5.19a 

(ratio 5.18/5.19 = 3:1) 

HO OTs 
+ 

5.19b 

Under an atmosphere of N2, to a stirred solution of (1S,4S)-1 ,4-bis((2S,SR)-tetrahydro

S-((S)-1,2-dihydroxyethyl)furan-2-yl)butane-l,4-diol 3.4 and (1R,4S)-I-((2R,SS)

tetrahydro-S-((R)-1,2-dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-S-((S)-1,2-

dihydroxyethyl)furan-2-yl)butane-l,4-dioIS.1S (20 mg, 0.06 mmol) in dioxane (1 mL) 

at rt was added BU2SnO (18 mg, 0.07 mmol) and the mixture heated to reflux for 2Yz 

h. The mixture was cooled to rt before TsCI (13 mg, 0.07 mmol) was added. After 14 

h the mixture was concentrated in vacuo to give a yellow solid (4S mg). Purification 

on Si02 (3.S x IS cm) eluting with MeOHlCH2Ch (3:47 ---+ 1 :9) gave an inseparable 

ISS 



mixture of (2S)-2-[(2R,5S)-5-(( 1S,4S)-4-(2S,5R)-5-[(IS)-1 ,2-

dihydroxyethyl ]tetrah ydro-2-furanyl-l ,4-dihydroxybutyl)tetrahydro-2-furanyl]-2-

hydroxyethyl 4-toluenesulfonate 5.18, (2S)-2-[(2R,5S)-5-((1S,4R)-4-(2R,5S)-5-[(IR)-

1 ,2-dihydroxyethyl ]tetrahydro-2-furanyl-1 ,4-dihydroxybutyl)tetrahydro-2-furanyl]-2-

hydroxyethyl 4-toluenesulfonate 5.19a and (2R)-2-[(2S,5R)-5-((1R,4S)-4-(2S,5R)-5-

[( 1S)-1 ,2-dihydroxyethyl]tetrahydro-2-furanyl-l ,4-dihydroxybutyl)tetrahydro-2-

furanyl]-2-hydroxyethyl 4-toluenesulfonate 5.19b (10 mg, 0.02 mmol, 35%) as a 

colourless oil. Data for major isomer 5.18: [af5D -11.8 (CHCh, c 0.50); IR Vrnax 

(neat) 3374 (m), 2949 (w), 2909 (w), 2879 (w) cm-I; IH NMR (400 MHz, CDCh) () 

7.80 (2H, d, J = 8.3 Hz, 2 x C(S)CH), 7.35 (2H, d, J = 8.3 Hz, 2 x C(S)CHCH), 4.08-

4.01 (2H, m, TsOCH2CHOHCH and CHCHOHCH20H), 4.02-3.89 (3H, m, 

TsOCH2CHOH and CH2CHCHOHCH2CH2), 3.89-3.78 (2H, m, CH2CH2CHOHCH), 

3.70-3.62 (IH, m, TsOCH2CHOH), 3.60-3.52 (1H, m, CHOHCH20H), 3.51-3.41 (2H, 

m, CHOHCH2CH2CHOH), 2.45 (3H, s, CCH3), 2.00-1.74 (8H, m, 

TsOCH2CHOHCHCH2CH2 and CH2CH2CHCHOHCH20H), 1.69-1.61 (4H, m, 

CHOHCH2CH2CHOH); l3C NMR (100 MHz, CDCh) () 145.3 (C), 132.9 (C), 130.2 

(CH), 128.3 (CH), 82.9 (CH), 82.7 (CH), 80.9 (CH), 79.8 (CH), 74.6 (CH), 73.5 (CH), 

71.4 (CH2), 70.8 (CH), 64.0 (CH2), 31.4 (CH2), 28.5 (CH2), 25.6 (CH2), 21.9 (CH3); 

LRMS (ES+) mlz 527 (100%, [M+Nat); HRMS (ES+) C23H360toSNa+ Ca1cd. 

527.1921, found 527.1924. Compounds 5.19a and 5.19b (selected data - IR, IH 

NMR, LRMS & HRMS identical to 5.18): l3C NMR (100 MHz, CDCh) () 145.2 (C), 

132.8 (C), 130.1 (CH), 128.1 (CH), 82.7 (CH), 79.4 (CH), 74.3 (CH), 71.4 (CH2), 71.1 

(CH), 31.2 (CH2), 28.1 (CH2), 26.0 (CH2), 21.8 (CH3). 
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Inseparable mixture of (1S,4S)-I-((2S,SR)-tetrahydro-S-( (S)-1 ,2-dihydroxyethyl)furan-

2-yl)-4-((2S,SR)-tetrahydro-S-((S)-oxiran-2-yl)furan-2-yl)butane-l,4-diol (5.20) and 

(±)-(IR,4S)-I-((2R,SS)-tetrahydro-S-((R)-1,2-dihydroxyethyl)furan-2-yl)-4-((2S,SR)

tetrahydro-S-((S)-oxiran-2-yl)furan-2-yl)butane-1 ,4-diol (5.21) 

OH OH 
+ 

5.20 

(ratio 5.20/(±)-5.21 = 3:1) 

Under an atmosphere of N2, to a stirred solution of (2S)-2-[(2R,SS)-S-((1S,4S)-4-

(2S,SR)-S-[(IS)-1 ,2-dihydroxyethyl]tetrahydro-2-furanyl-l ,4-

dihydroxybutyl)tetrahydro-2-furanyl]-2-hydroxyethyl 4-toluenesulfonate 5.18, (2S)-2-

[(2R,SS)-S-((IS,4R)-4-(2R,SS)-S-[(IR)-1,2-dihydroxyethyl]tetrahydro-2-furanyl-I,4-

dihydroxybutyl)tetrahydro-2-furanyl]-2-hydroxyethyl 4-toluenesulfonate 5.19a and 

(2R)-2-[ (2S,SR)-S -( (IR,4S)-4-(2S,SR)-S -[ (I S)-1 ,2-dihydroxyeth yl ]tetrahydro-2-

furanyl-I ,4-dihydroxybutyl)tetrahydro-2-furanyl] -2-hydroxyethyl 4-toluenesulfonate 

5.19b (106 mg, 0.21 mmol) in CH2Ch (2 mL) at 0 °C was added DBU (O.OS mL, 0.32 

mmol). The mixture was allowed to warm to rt over 1 Yz h then concentrated in vacuo 

to give a pale yellow oil (148 mg). Purification on SiOl (1.S x IS cm) eluting with 

MeOH/CH2Ch (3:47 ~ I :9) gave an inseparable mixture of (IS,4S)-I-((2S,SR)

tetrahydro-S-((S)-1,2-dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-S-((S)-oxiran-

2-yl)furan-2-yl)butane-I,4-diol 5.20 and (±)-(1R,4S)-I-((2R,SS)-tetrahydro-S-((R)-1,2-

dihydroxyethyl)furan-2-yl)-4-((2S,SR)-tetrahydro-S-((S)-oxiran-2-yl)furan-2-

yl)butane-I,4-diol 5.21 (40 mg, 0.12 mmol, S7%) as a colourless oil. Data for major 

isomer: [a]25D + 6.9 (MeOH, c 0.44); IR Vrnax (neat) 3361 (m), 29S2 (w), 2921 (w), 

2880 (w) cm-I; IH NMR (400 MHz, MeOH) 8 3.76 {lH, td, J = 6.S, S.3 Hz, 

CHCHOHCH20H), 3.73-3.69 (1H, m, CH2(O)CHCH), 3.68-3.63 (2H, m, 

CH2CHCHOHCH2CH2 and CH2CHOHCH), 3.S3 (IH, td, J = S.7, S.4 Hz, 

CHOHCH20H), 3.48 (IH, dd, J = 11.0, 4.S Hz, CHOHCHHOH), 3.38 (IH, dd, J = 

11.3, 6.3 Hz, CHOHCHHOH), 3.34-3.26 (2H, m, CHOHCH2CH2CHOH), 2.90 (IH, 

td, J = 4.3, 2.8 Hz, CH2(O)CHCH), 2.63 (2H, dd, J = S.O, 4.3 Hz, CHH(O)CH), 2.50 

(2H, dd, J = S.O, 2.8 Hz, 2 x CHH(O)CH), 1.86-1.72 (4H, m, CH2(O)CHCHCHH, 
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CH2(O)CHCHCH2CHH and CH2CHCHOHCH20H), 1.70-1.55 (4H, m, 

CH2(O)CHCHCHH, CH2(O)CHCHCH2CHH and CH2CH2CHCHOHCH20H), 1.53-

1.43 (4H, m, CHOHCH2CH2CHOH); 13C NMR (100 MHz, MeOD) 8 84.7 (CH), 83.9 

(CH), 81.5 (CH), 80.3 (CH), 74.7 (CH), 74.6 (CH), 74.5 (CH), 65.0 (CH2)' 54.2 (CH), 

46.2 (CH2), 30.9 (CH2), 30.5 (CH2), 28.6 (CH2), 28.5 (CH2), 28.3 (CH2)' 27.3 (CH2); 

LRMS (ES+) mlz 355 (100%, [M+Nat); HRMS (ES+) C16H280 7Na+ Calcd. 355.1727, 

found 355.1719. Compounds (±)-5.21 (selected data - IR, IH NMR, LRMS & HRMS 

identical to 5.20): 13C NMR (100 MHz, MeOD) 8 84.6 (CH), 83.9 (CH), 75.3 (CH), 

75.2 (CH), 74.8 (CH), 28.5 (CH2). 

Inseparable mixture of (1 S,4S)-I-( (2S,5R)-tetrahydro-5-( (S)-1 ,2-dihydroxyethyl)furan-

2-yl)-4-( (2S,5R)-tetrahydro-5-( (S)-I-hydroxyundecyl)furan-2-yl)butane-l ,4-diol (3.2) 

and (± )-(1R,4S)-I-((2R,5S)-tetrahydro-5-((R)-1 ,2-dihydroxyethyl)furan-2-yl)-4-

((2S,5R)-tetrahydro-5-((S)-I-hydroxyundecyl)furan-2-yl)butane-l ,4-diol (5.22) 

OH OH 

+ 

3.2 

(ratio 3.2/(±)-S.22 = 3: 1) 

Under an atmosphere ofNz, to a stirred solution of CuI (86 mg, 0.45 mmol) in THF (3 

mL) at -70°C was added nonylmagnesium bromide (lM in EtzO, 0.90 mL, 0.90 

mmol) dropwise. The mixture was warmed to -20°C over 20 min (mixture white

grey) then cooled to -70°C. A solution of (IS,4S)-I-((2S,5R)-tetrahydro-5-((S)-1,2-

dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-5-((S)-oxiran-2-yl)furan-2-

yl)butane-l,4-diol 5.20 and (±)-(1R,4S)-I-((2R,5S)-tetrahydro-5-((R)-1,2-

dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-5-((S)-oxiran-2-yl)furan-2-

yl)butane-l,4-diol 5.21 (25 mg, 0.08 mmol) in THF (3 mL) was added dropwise and 

the mixture warmed to -40 °C over 1 h. NH4CI / NH40H (4: 1, aq, 10 mL) and EtOAc 

(10 mL) were added, the organic layer was separated and the aqueous layer was 

extracted with EtOAc (2 x 10 mL). The combined organic phases were washed with 

NaCI (sat aq, 20 mL), dried (MgS04) and concentrated in vacuo to give a yellow foam 

(25 mg). Purification on SiOz (1 x 15 cm) eluting with MeOHlCH2Ch (3:47 - 1:9) 
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gave an inseparable mixture of (lS,4S)-I-«2S,5R)-tetrahydro-5-«S)-1,2-

dihydroxyethyl )furan-2-yl)-4-( (2S,5R)-tetrahydro-5 -( (S)-I-h ydroxyundecyl)furan-2-

yl)butane-l,4-diol 3.2 and (±)-(lR,4S)-I-«2R,5S)-tetrahydro-5-«R)-1,2-

dihydroxyethyl)furan-2-yl)-4-( (2S,5R)-tetrahydro-5-« S)-I-h ydroxyundecyl )furan-2-

yl)butane-l,4-diol S.22 (20 mg, 0.04 mmol, 58%) as a colourless oil. Data for major 

isomer 3.2: [a]25D + 4.2 (MeOH, c 0.56); IR Vrnax (neat) 3351 (m), 2924 (w), 2854 (w) 

em-I; IH NMR (400 MHz, MeOD) 8 3.76 (lH, td, J= 6.5,5.3 Hz, CHCHOHCH20H), 

3.70-3.63 (3H, m, CH3(CH2)sCHOHCH, CH2CHCHOHCH2CH2 and 

CHOHCH2CH2CHOHCH), 3.56-3.50 (2H, m, CH3(CH2)SCHOHCH and 

CHOHCH20H), 3.48 (lH, dd, J = 11.3, 4.6 Hz, CHOHCHHOH), 3.38 (IH, dd, J = 

11.3, 6.3 Hz, CHOHCHHOH), 3.33-3.26 (2H, m, CHOHCH2CH2CHOH), 1.83-1.72 

(4H, m, CH3(CH2)SCH2CHOHCHCH2 and CH2CHCHOHCH20H), 1.71-1.57 (4H, 

m, CH3(CH2)SCH2CHOHCHCH2CH2 and CH2CH2CHCHOHCH20H), 1.52-1.44 (4H, 

m, CHOHCH2CH2CHOH), 1.41-1.28 (2H, m, CH3(CH2)sCH2CHOH), 1.24-1.12 

(l6H, m, CH3(CH2)s), 0.76 (3H, t, J= 6.8 Hz, CH3); l3e NMR (100 MHz, MeOD) 8 

84.5 (CH), 84.3 (CH), 84.1 (CH), 81.9 (CH), 75.1 (CH), 74.9 (CH), 74.0 (CH), 65.4 

(CH2), 34.9 (CH2), 33.4 (CH2), 31.2 (CH2), 31.1 (CH2), 30.8 (CH2), 29.2 (CH2), 29.0 

(CH2), 27.7 (CH2), 27.4 (CH2), 26.4 (CH2), 24.1 (CH2), 14.8 (CH3); LRMS (ES+) mlz 

483 (100%, [M+Nat); HRMS (ES+) C25~S07Na+ Calcd. 483.3292, found 483.3284. 

Compounds (±)-S.22 (selected data - IR, IH NMR, LRMS & HRMS identical to 3.2): 

l3C NMR (100 MHz, MeOD) 8 84.5 (CH), 84.2 (CH), 84.0 (CH), 75.2 (CH), 74.8 

(CH), 65.5 (CH2), 33.5 (CH2), 31.5 (CH2)' 30.9 (CH2). 

Inseparable mixture of (lR,4S,5S)-4-{(S)-3-Hydroxy-3-[(2S,5R)-5-«S)-I-hydroxy

undecyl)-tetrahydro-furan-2-yl]-propyl} -3,8-dioxa-bicyclo[3.2.1 ]octan-2-01 (S.23) and 

(±)-(IS,4R,5R)-4-{(S)-3-hydroxy-3-[(2S,5R)-5-«S)-I-hydroxy-undecyl)-tetrahydro

furan-2-yl]-propyl} -3,8-dioxa-bicyclo[3.2.1 ]octan-2-01 (S.24) 

OH 
5.23 (±)-5.24 

(ratio 5.23/(±)-5.24 = 3:1) 
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To a stirred heterogeneous mixture of NaI04-SiO/o6 (26 mg, 13 /lmol) in CH2Ch (1 

mL) at rt was added a solution of (lS,4S)-I-((2S,5R)-tetrahydro-5-((S)-1,2-

dihydroxyethyl)furan -2-yl)-4-( (2S,5R)-tetrahydro-5-( (S)-I-hydroxyundecyl )furan-2-

yl)butane-l,4-diol 3.2 and (±)-(1R,4S)-I-((2R,5S)-tetrahydro-5-((R)-1,2-

dihydroxyethyl)furan-2-yl)-4-((2S,5R)-tetrahydro-5-((S)-I-hydroxyundecyl)furan-2-

yl)butane-l,4-diol 5.22 (2.3 mg, 5 /lmol) in CH2Ch (1 mL) (mixture ~ pink). After 

45 min the mixture was filtered washing with CHCh (2 x 2 mL) and the filtrate 

concentrated in vacuo to give a pale pink oil (3.0 mg). Purification on Si02 (1 x 10 

cm) eluting with MeOH/CH2Ch (1:49 ~ 3:47) gave an inseparable mixture of 

(IR,4S,5S)-4- {(S)-3-hydroxy-3-[ (2S,5R)-5-( (S)-I-hydroxy-undecyl)-tetrahydro-furan-

2-yl]-propyl}-3,8-dioxa-bicyc10[3.2.1]octan-2-01 5.23 and (±)-(IS,4R,5R)-4- {(S)-3-

hydroxy-3-[(2S,5R)-5-((S)-I-hydroxy-undecyl)-tetrahydro-furan-2-yl]-propyl}-3,8-

dioxa-bicyc10[3.2.1]octan-2-01 5.24 (2.1 mg, 4.5 /lmol, 90%) as a colourless oil. IH 

NMR (400 MHz, MeOD) 8 4.32 (lH, dd, J= 17.8,4.5 Hz, CH2COCHOH), 3.79-3.68 

(4H, m, CH3(CH2)8CH2CHOHCH, CHCHOHCH2CH2, CH2C(O)CH and 

CH2C(O)CHCH2CH2CH), 3.61-3.55 (IH, m, CHOHCH2CH2CH(O)), 3.39-3.29 (2H, 

m, CH3(CH2)8CH2CHOH and CH2CHCHOHCH2), 1.85-1.71 (8H, m, 

CH3(CH2)8CH2CHOHCHCH2CH2 and CH2CH2CHCH(O)OH), 1.56-1.47 (4H, m, 

CHOHCH2CH2C(O)), 1.44-1.33 (2H, m, CH3(CH2)8CH2CHOH), 1.27-1.15 (16H, m, 

CH3(CH2)s), 0.80 (3H, t, J = 6.8 Hz, CH3); LRMS (ES+) mlz 451 (100%, [M+Nat); 

HRMS (ES+) C26~8406Na+ Ca1cd. 451.3030, found 451.3032. 

Inseparable mixture of (1 S,4S)-1 , 4-bis( (2S,5R)-tetrahydro-5 -( (S)-oxiran-2-yl )furan-2-

yl)butane-l,4-diol (5.27) and (1R,4S)-I-((2R,5S)-tetrahydro-5-((R)-oxiran-2-yl)furan-

2-yl)-4-( (2S,5R)-tetrahydro-5-( (S)-oxiran-2-yl)furan-2-yl)butane-l ,4-diol (5.28) 

o + 

5.27 5.28 

(ratio 5.27/5.28 = 3:1) 

Under an atmosphere of N2, to a stirred solution of (2S)-2-((2R,5S)-5-(lS,4S)-1,4-

dihydroxy-4-[ (2S,5R)-5-( (IR)-I-hydroxy-2-[ 4-toluenesulfonyl] oxyethyl)tetrahydro-2-
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furanyl]butyltetrahydro-2-furanyl)-2-hydroxyethyl 4-toluenesulfonate 5.16 and (2S)-2-

((2R,SS)-S-(1S,4R)-1 ,4-dihydroxy-4-[ (2R,SS)-S-(( 1R)-1-hydroxy-2-[ 4-

toluenesulfonyl]oxyethyl)tetrahydro-2-furanyl]butyltetrahYdro-2-furanyl)-2-

hydroxyethyl 4-toluenesulfonate 5.17 (102 mg, 0.16 mmol) in CHzCb (2 mL) at 0 DC 

was added DBU (0.07 mL, 0.47 mmol) and the mixture stirred for 3 h. The mixture 

was concentrated in vacuo to give a pale yellow oil (108 mg). Purification on SiOz 

(1.S x IS cm) eluting with MeOHlCHzCb (1:49 - 1:24) gave an inseparable mixture 

of (IR,4R)-1 ,4-bis((2R,SS)-tetrahydro-S-((R)-oxiran-2-yl)furan-2-yl)butane-l ,4-

(1S,4S)-1 ,4-bis((2S,SR)-tetrahydro-S-((S)-oxiran-2-yl)furan-2-yl)butane-1 ,4-diol 5.27 

and (lR,4S)-1-((2R,SS)-tetrahydro-S-((R)-oxiran-2-yl)furan-2-yl)-4-((2S,SR)

tetrahydro-S-((S)-oxiran-2-yl)furan-2-yl)butane-1,4-diol 5.28 (40 mg, 0.13 mmol, 

82%) as a colourless oil. Data for major isomer 5.27: [af5D + S.6 (CHCh, c 0.69); IR 

Vrnax (neat) 3440 (m), 2947 (m), 2919 (m), 2875 (m) em-I; IH NMR (400 MHz, 

CDCh) 8 3.92-3.8S (2H, m, 2 x CHz(O)CHCH), 3.84-3.77 (2H, m, 2 x 

CHzCHCHOH), 3.S4-3.43 (2H, m, 2 x CHzCHCHOH), 3.06-3.00 (2H, m, 2 x 

CHz(O)CHCH), 2.81 (2H, appt. t, J= S.O Hz, 2 x CHH(O)CH), 2.62 (2H, dd, J= S.O, 

2.6 Hz, 2 x CHH(O)CH), 2.01-1.89 (4H, m, 2 x CHz(O)CHCHCHH and 2 x 

CHz(O)CHCHCHzCHH), 1.88-1.72 (4H, m, 2 x CHz(O)CHCHCHH and 2 x 

CHz(O)CHCHCHzCHH), 1.71-1.S8 (4H, m, CHOHCHzCHzCHOH); l3C NMR (100 

MHz, CDCh) 8 83.3 (CH), 79.S (CH), 74.2 (CH), S3.2 (CH), 4S.9 (CHz), 29.7 (CHz), 

27.7 (CHz), 27.6 (CHz); LRMS (ES+) mlz 337 (100%, [M+Nat); HRMS (ES+) 

CI6Hz606Na+ Calcd. 337.1621, found 337.1621. Compound 5.28 (selected data - IR, 

IH NMR, LRMS & HRMS identical to 5.27): l3C NMR (100 MHz, CHCh) 8 83.4 

(CH), 79.4 (CH), 74.8 (CH), S3.S (CH), 4S.8 (CHz), 30.2 (CHz), 27.8 (CHz), 27.7 

(CHz). 

(t-Butyl) [ ((1S,4S)-4-[ l-(t-butyl)-I, I-dimethylsilyl]oxy-1-(2R,SS)-S-[(2S)oxiran-2-

yl]tetrahydro-2-furanyl-4-(2S,SR)-S-[(2S)oxiran-2-yl]tetrahydro-2-

furanylbutyl)oxy]dimethylsilane (5.29) 
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The title compound was prepared according to the method outlined for 4.48 except 

using a mixture of (IR,4R)-1,4-bis((2R,5S)-tetrahydro-5-((R)-oxiran-2-yl)furan-2-

yl)butane-l,4-(IS,4S)-1,4-bis((2S,5R)-tetrahydro-5-((S)-oxiran-2-yl)furan-2-yl)butane-

1,4-diol 5.27 and (IR,4S)-I-((2R,5S)-tetrahydro-5-( (R)-oxiran-2-yl)furan-2-yl)-4-

((2S,5R)-tetrahydro-5-((S)-oxiran-2-yl)furan-2-yl)butane-1 ,4-diol 5.28 (28 mg, 0.09 

mmol). Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane (2:23) gave (t

Butyl)[(( IS,4S)-4-[ 1-(t-butyl)-I, I-dimethylsilyl]oxy-l-(2R,5S)-5-[(2S)oxiran-2-

yl]tetrahydro-2-furanyl-4-(2S,5R)-5-[(2S)oxiran-2-yl]tetrahydro-2-

furanylbutyl)oxy]dimethylsilane 5.29 (14.1 mg, 30 /lmol, 29%) as a colourless oil. 

Also recovered was (t-butyl)[((IS,4R)-4-[ 1-(t-butyl)-I, I-dimethylsilyl]oxy-4-(2R,5S)-

5-[(2R)oxiran-2-yl]tetrahydro-2-furanyl-l-(2R,5S)-5-[(2S)oxiran-2-yl]tetrahydro-2-

furanylbutyl)oxy]dimethylsilane 5.30 (7.0 mg, 13 /lmol, 15%) as a crystalline solid 

and (IS,4S)-4-[ 1-(t-butyl)-I, I-dimethylsilyl]oxy-l-(2R,5S)-5-[(2S)oxiran-2-

yl]tetrahydro-2-furanyl-4-(2S,5R)-5-[(2S)oxiran-2-yl ]tetrah ydro-2-furanylbutan-l-o I 

5.31 (0.006 g, 0.014 mmol, 16%) as a colourless oil. Mp 51-52°C; [a]25D -6.3 

(CHCh, c 0.44); IR Vrnax (neat) 2954 (m), 2930 (m), 2883 (m), 2856 (m) cm-I; IH 

NMR (400 MHz, CDCh) (5 3.85 (2H, td, J= 6.9, 6.0 Hz, 2 x CH2CHCHOTBS), 3.73 

(2H, dt, J = 6.5, 5.8 Hz, 2 x CH2(O)CHCH), 3.66-3.59 (2H, m, 2 x CH2CHCHOTBS), 

2.99-2.94 (2H, m, 2 x CH2(O)CHCH), 2.79 (2H, appt. t, J= 5.0 Hz, 2 x CHH(O)CH), 

2.64 (2H, dd, J = 5.0, 2.5 Hz, 2 x CHH(O)CH), 2.02-1.93 (2H, m, 2 x 

CH2(O)CHCHCHH), 1.90-1.75 (4H, m, 2 x CH2(O)CHCHCHH and 2 x 

CH2(O)CHCHCH2CHH), 1.74-1.67 (2H, m, 2 x CH2(O)CHCHCH2CHH), 1.55-1.50 

(4H, m, CHOHCH2CH2CHOH), 0.90 (l8H, s, 6 x CCH3), 0.08 (6H, s, 2 x SiCH3), 

0.07 (6H, s, 2 x SiCH3); 13C NMR (100 MHz, CDCh) & 82.7 (CH), 79.5 (CH), 75.1 

(CH), 53.4 (CH), 45.9 (CH2), 29.2 (CH2), 28.5 (CH2), 26.8 (CH2), 26.1 (CH3), 18.4 

(C), -4.0 (CH3), -4.5 (CH3); LRMS (ES+) mlz 565 (100%, [M+Nat); HRMS (ES+) 

C2SH5406 ShNa+ Calcd. 565.3351, found 565.3357. 
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(t-Butyl)[(( lS,4R)-4-[ l-(t-butyl)-l, 1-dimethylsilyl]oxy-4-(2R,5S)-5-[(2R)oxiran-2-

yl]tetrahydro-2-furanyl-1-(2R,5S)-5-[ (2S)oxiran-2-yl]tetrahydro-2-

furanylbutyl)oxy]dimethylsilane (5.30) 

Data for isomer 5.30 (IR, LRMS & HRMS identical to 5.29): IH NMR (400 MHz, 

CDCh) 8 3.85 (2H, td, J = 6.9, 6.0 Hz, 2 x CH2CHCHOTBS), 3.73 (2H, dt, J = 6.5, 

5.8 Hz, 2 x CH2(O)CHCH), 3.64-3.58 (2H, m, 2 x CH2CHCHOTBS), 2.98-2.94 (2H, 

m, 2 x CH2(O)CHCH), 2.79 (2H, appt. t, J= 5.0 Hz, 2 x CHH(O)CH), 2.63 (2H, dd, 

J = 5.0, 2.5 Hz, 2 x CHH(O)CH), 2.02-1.93 (2H, m, 2 x CH2(O)CHCHCHH), 1.90-

1.76 (4H, m, 2 x CH2(O)CHCHCHH and 2 x CH2(O)CHCHCH2CHH), 1.75-1.67 

(4H, m, 2 x CH2(O)CHCHCH2CHH and CHOHCH2CH2CHOH), 1.55-1.50 (2H, m, 

CHOHCH2CH2CHOH), 0.90 (l8H, s, 6 x CCH3), 0.08 (6H, s, 2 x SiCH3), 0.07 (6H, 

s, 2 x SiCH3); l3C NMR (100 MHz, CDCh) 8 82.9 (CH), 79.5 (CH), 75.3 (CH), 53.4 

(CH), 45.9 (CH2), 29.4 (CH2), 28.5 (CH2), 26.9 (CH2), 26.1 (CH3), 18.4 (C), -4.1 

(CH3), -4.4 (CH3). 

(lS,4S)-4-[ l-(t-Butyl)-l, 1-dimethylsilyl]oxy-1-(2R,5S)-5-[(2S)oxiran-2-yl]tetrahydro-

2-furanyl-4-(2S,5R)-5-[(2S)oxiran-2-yl]tetrahydro-2-furanyIbutan-1-01 (5.31) 

Data for monosilylated product 5.31: [a]25D -5.9 (CHCh, c 0.31); IR Vrnax (neat) 3453 

(w), 2951 (m), 2928 (m), 2881 (m), 2857 (m) cm-I; IH NMR (400 MHz, CDCh) 8 

3.92-3.84 (2H, m, CH2CHCHOH and CH2CHCH(OTBS)CH), 3.83-3.73 (2H, m, 

CH2(O)CHCH and CHCHCH2(O)), 3.67 (lH, td, J= 5.7,5.5 Hz, CH2CHOTBSCH), 

3.44 (lH, td, J = 10.8, 5.9 Hz, CH2CHCHOH), 3.05-2.97 (2H, m, CH2(O)CHCH and 

CHCHCH2(O)), 2.82 (lH, dd, J = 5.0, 4.0 Hz, CHH(O)CH), 2.79 (lH, dd, J = 5.0, 4.0 

Hz, CHCHH(O)), 2.65 (lH, dd, J = 5.0, 2.7 Hz, CHH(O)CH), 2.61 (lH, dd, J = 5.0, 
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2.7 Hz, CHCHH(O)), 2.05-1.60 (12H, m, 2 x CH2(O)CHCHCH2CH2, 

CHOHCH2CH2CH(OTBS) and CH2CH2CHCHCH2(O)), 0.90 (9H, s, 3 x CCH3), 0.09 

(3H, s, SiCH3), 0.08 (3H, s, SiCH3); l3C NMR (100 MHz, CDCh) 8 83.2 (CH), 82.5 

(CH), 79.3 (CH), 79.2 (CH), 74.5 (CH), 53.3 (CH), 53.0 (CH), 45.7 (CH2), 29.5 

(CH2), 29.2 (CH2), 28.3 (CH2), 27.8 (CH2), 27.7 (CH2), 26.9 (CH2), 26.1 (CH3), 18.2 

(C), -4.1 (CH3), -4.4 (CH3); LRMS (ES+) mlz 451 (100%, [M+Nat); HRMS (ES+) 

C22~006 SiNa + Calcd. 451.2486, found 451.2487. 

(S)-5-Methyl-3-((E)-oct-2-enyl)furan-2(5H)-one (5.44) 

o 

Method A: 

The procedure was carried out using the method described by Trost et al.99 Under an 

atmosphere ofN2, to a stirred solution of oct-l-ene 5.42 (50 mg, 0.45 mmol) and (S)

ethyl 4-hydroxypent-2-ynoate 5.43 (76 mg, 0.53 mmol) in degassed MeOH (1.5 mL) 

at rt was added RuCp(COD)CI (2.0 mg, 6 )lmol) and the mixture heated at reflux for 2 

h. The mixture was concentrated in vacuo to give a yellow oil (62 mg), which was 

dissolved in Et20 (0.5 mL) and passed through Si02 (I x 8 cm) eluting with 

EtOAclhexane (I :2). The organic phase was concentrated in vacuo to give a pale 

yellow oil (60 mg). Purification on Si02 (I x 15 cm) eluting with acetonelhexane 

(1:19 ~ 1:9) gave (S)-5-methyl-3-((E)-oct-2-enyl)furan-2(5H)-one 5.44 (40 mg, 0.19 

mmol, 43%) as a colourless oil. Also isolated was (2Z,4E)-ethyl 2-((S)-2-

hydroxypropylidene)dec-4-enoate 5.45 (16 mg, 0.06 mmol, 14%) as a colourless oil. 

Spectroscopic characterisation agreed with that published.99 Data for compound 5.44: 

IR Vrnax (neat) 2957 (w), 2926 (m), 2857 (w), 1750 (8) cm-I; IH NMR (400 MHz, 

CDCh) 8 7.29 (lH, d, J = 1.5 Hz, CHCHCH3), 5.58 (lH, dt, J = 15.3, 5.7 Hz, 

CH2CHCHCH2), 5.47 (lH, dt, J = 15.3, 5.5 Hz, CH2CHCHCH2), 5.04-4.97 (IH, m, 

CHCH3), 2.96 (2H, d, J = 5.7 Hz, CHCHCH2), 2.03 (2H, appt. q, J = 6.9 Hz, 

CH2CHCH), 1.41 (3H, d, J= 6.8 Hz, CHCH3), 1.39-1.24 (6H, m, CH3CH2CH2CH2), 
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0.89 (3H, t, J = 6.9 Hz, CH3CHz); l3C NMR (100 MHz, CDCb) () 173.1 (C), 149.0 

(CH), 133.8 (CH), 133.2 (C), 123.9 (CH), 77.7 (CH), 32.0 (CHz), 31.0 (CHz), 28.6 

(CHz), 28.0 (CHz), 22.1 (CHz), 18.7 (CH3), 13.6 (CH3); LRMS (ES+) mlz 231 (100%, 

[M+Nat); HRMS (ES+) Cl3HzoOzNa+ Ca1cd. 231.1355, found 231.1354. 

Method B: 

Under an atmosphere of Nz, to a stirred solution of oct-l-ene 5.42 (0.450 g, 4.02 

mmol) and (S)-ethyl 4-hydroxypent-2-ynoate 5.43 (570 mg, 4.02 mmo!) in DMF (10 

mL) at 0 °C was added [Ru(CH3CN)3Cp]PF6 (8.7 mg, 0.21 mmol) and the mixture 

warmed to rt over 2 h. HzO (20 mL) and EtOAc (20 mL) were added, the organic 

layer was separated and the aqueous layer was extracted with EtOAc (2 x 20 mL). 

The combined organic phases were cL.ried (MgS04) and concentrated in vacuo to give a 

pale yellow oil (262 mg). Purification on SiOz (2.5 x 15 cm) eluting with 

acetone/hexane (1 :24) gave (S)-5-methyl-3-((E)-oct-2-enyl)furan-2(5H)-one 5.44 (529 

mg, 2.54 mmol, 63%) as a colourless oil. Also isolated was (2Z,4E)-ethyl 2-((S)-2-

hydroxypropylidene)dec-4-enoate 5.45 (88 mg, 0.35 mmol, 9%) as a colourless oil. 

Spectroscopic data were identical to that reported above. 

(2Z,4E)-Ethyl 2-( (S)-2-hydroxypropylidene )dec-4-enoate (5.45) 

o 

OH 

OEt 

Spectroscopic characterisation agreed with that published.99 Data for hydroxyester 

5.45: IR Y max (neat) 3432 (w), 2957 (w), 2926 (m), 2856 (w), 1714 (s), 1647 (m) em-I; 

IH NMR (400 MHz, CDCh) () 5.99 (1H, s, CHCCHOHCH3), 5.53 (1H, dt, J = 15.4, 

6.6 Hz, CHzCHCHCHz), 5.43 (1H, dt, J = 15.4, 5.5 Hz, CHzCHCHCHz), 4.34 (1H, 

dq, J= 10.3,6.3 Hz, CHOHCH3), 4.17 (2H, q, J= 7.2 Hz, CHzCH3), 3.54 (1H, dd, J= 

13.6, 5.8 Hz, CHCHCHH), 3.08 (lH, dd, J = 13.6, 6.8 Hz, CHCHCHH), 1.98 (2H, 

appt. q, J = 6.8 Hz, CHzCHCH), 1.72 (lH, d, J = 4.0 Hz, CHOH), 1.39-1.24 (6H, m, 

CH3CHzCHzCHz), 1.33 (3H, d, J = 6.3 Hz, CHCH3), 1.29 (3H, t, J = 7.2 Hz, 
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CH2CH3), 0.88 (3H, t, J = 6.9 Hz, CH3CH2); J3C NMR (100 MHz, CDCh) 8 166.8 

(C), 163.4 (C), 133.1 (CH), 126.7 (CH), 114.3 (CH), 70.9 (CH), 60.0 (CH2), 32.8 

(CH2), 32.6 (CH2), 31.5 (CH2), 29.2 (CH2), 22.6 (CH2), 22.4 (CH3), 14.4 (CH3), 14.2 

(CH3); LRMS (ES+) mlz 277 (100%, [M+Nat). 

(rac)-(S)-3-(2,3-Dihydroxyoctyl)-5-methylfuran-2(5H)-one (5.46) 

To a stirred solution of (S)-5-methyl-3-((E)-oct-2-enyl)furan-2(5H)-one 5.44 (27 mg, 

0.13 mmol) and 4-methylmorpholine N-oxide (50% aq, 61 mg, 0.26 mmol) in CH2Ch 

(1 mL) at rt was added osmium tetraoxide (2.5% wt in 2-methyl-2-propanol, 66 mg, 

6.5 !lmol). After 1 Yz h HS03 (aq, 2 mL), NaCl (sat aq, 2 mL) and CH2Ch (4 mL) 

were added. The organic layer was separated and the aqueous layer was extracted 

with CH2Ch (2 x 5 mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give a yellow oil (40 mg). Purification on Si02 (1 x 15 cm) 

eluting with EtOAclhexane (2:3 -+ 3:2) gave (rac)-(S)-3-(2,3-dihydroxyoctyl)-5-

methylfuran-2(5H)-one 5.46 (27 mg, 0.11 mmol, 86%) as a colourless oil. 

Spectroscopic characterisation agreed with that published.208 IR Y rnax (neat) 3440 (m), 

2953 (w), 2931 (m), 2859 (w), 1735 (s) cm-I; IH NMR (400 MHz, CDCh) 87.22 (IH, 

s, CHCHCH3), 5.11-5.02 (1H, m, CHCH3), 3.70-3.62 (1H, m, CHOHCH2), 3.47-3.39 

(1H, m, CH2CHOH), 3.08 (1H, dd, J= 10.3,5.8 Hz, CHOHCHH), 2.60-2.47 (3H, m, 

CHOHCHH and CH2CHOH), 1.56-1.46 (2H, m, CH3CH2), 1.43 (3H, dd, J = 6.8, 1.0 

Hz, CHCH3), 1.37-1.24 (4H, m, CH3CH2CH2CH2), 0.89 (3H, t, J= 6.8 Hz, CH3CH2); 

l3C NMR (100 MHz, CDCh) 8 175.0 (C), 152.4 (CH), 131.0 (C), 78.4 (CH), 73.9 

(CH), 72.6 (CH), 33.7 (CH2), 31.9 (CH2), 30.3 (CH2), 25.5 (CH2), 22.7 (CH2), 19.1 

(CH3), 14.1 (CH3); LRMS (ES+) mlz 265 (100%, [M+Nat); HRMS (ES+) 

Cl3H220 4Na+ Ca1cd. 265.1410, found 265.1408. 
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2-«S)-2,5-Dihydro-5-methyl-2-oxofuran-3-yl)acetaldehyde (3.6) 

To a stirred heterogeneous mixture of NaI04-Si02206 (207 mg, 0.17 mmol) in CH2Ch 

(100 mL) at rt was added (rac)-(S)-3-(2,3-dihydroxyoctyl)-5-methylfuran-2(5H)-one 

5.46 (25 mg, 0.10 mmol) as a heterogeneous mixture in CH2Ch (3 mL). After 45 min 

the mixture was filtered, washing with CHCh (3 x 5 mL) and the filtrate concentrated 

in vacuo to give a pale brown oil (23 mg). Purification on Si02 (1 x 15 cm) eluting 

with EtOAc/hexane (1: 1) gave 2-«S)-2,5-dihydro-5-methyl-2-oxofuran-3-

yl)acetaldehyde 3.6 (8.0 mg, 0.06 mmol, 55%) as a colourless oil. Spectroscopic 

characterisation agreed with that published. loo IR Vmax (neat) 2986 (w), 2934 (w), 

2909 (m), 2851 (w), 1749 (s), 1726 (s) cm-I; IH NMR (400 MHz, CDCh) 8 9.80 (1H, 

s, CHO), 7.42 (1H, d, J= 1.4 Hz, CHCHCH3), 5.12 (1H, qd, J= 6.9,1.4 Hz, CHCH3), 

3.49 (2H, d, J = 1.0 Hz, CHOCH2), 1.47 (3H, d, J = 6.9 Hz, CHCH3); l3C NMR (100 

MHz, CDCh) 8 196.2 (C), 173.2 (C), 153.6 (CH), 125.3 (C), 78.5 (CH), 39.3 (CH2), 

19.1 (CH3); LRMS (ES+) mlz 163 (100%, [M+Nat). 

(S)-3-«S)-2-Hydroxytetradec-3-ynyl)-5-methylfuran-2(5H)-one (5.50) 

Under an atmosphere of N2, to a stirred solution of dodec-l-yne (238 mg, 1.43 mmol) 

in toluene (1 mL) was added diethylzinc (0.15 mL, 1.43 mmol) and the mixture heated 

to reflux for 1 h. The mixture was cooled to rt before (R)-BINOL (41 mg, 0.14 

mmol), Et20 (6 mL) and TiePrO)4 (0.11 mL, 0.36 mmol) were added sequentially 

(mixture ~ yellow slurry). After 1 h 2-«S)-2,5-dihydro-5-methyl-2-oxofuran-3-

yl)acetaldehyde 3.6 (50 mg, 0.36 mmol) in Et20 (2 mL) was added dropwise and the 

mixture stirred for 2 h. After this time 2 M Hel (aq, 10 mL) and Et20 (20 mL) were 
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added, the organic layer was separated and the aqueous layer was extracted with Et20 

(2 x 20 mL). The combined organic phases were dried (MgS04) and concentrated in 

vacuo to give a yellow oil (227 mg). Purification on Si02 (2 x 15 cm) eluting with 

EtOAclhexane (1:4 - 1 :3) gave (S)-3-((S)-2-hydroxytetradec-3-ynyl)-5-methylfuran-

2(5H)-one 5.50 (16 mg, 0.05 mmol, 16 %) as a colourless oil. [a]25D + 9.3 (CHCh, c 

0.48); IR Vrnax (neat) 3418 (w), 2925 (m), 2854 (m), 1746 (s) cm-I; IH NMR (400 

MHz, CDCh) 8 7.25 (1H, d, J = 1.3 Hz, CHCHCH3), 5.06 (1H, qd, J = 6.9, 1.3 Hz, 

CHCH3), 4.68-4.60 (1H, m, CHOH), 2.71 (2H, d, J= 5.8 Hz, CHOHCH2), 2.18 (2H, 

td, J= 7.2,1.8 Hz, CH2CCCHOH), 1.52-1.46 (2H, m, CHzCH2CCCHOH), 1.45 (3H, 

dd, J= 6.9, 1.9 Hz, CHCH3), 1.38-1.24 (14H, m, CH3(CHz)7), 0.89 (3H, t, J= 6.7 Hz, 

CH3CH2); J3C NMR (100 MHz, CDCh) 8 174.0 (C), 152.5 (CH), 130.1 (CH), 86.7 

(C), 80.1(C), 78.5 (CH), 60.9 (CH), 34.3 (CH2), 32.0 (CHz), 29.7 (CH2), 29.4 (CH2), 

29.3 (CH2), 29.0 (CHz), 28.7 (CHz), 22.8 (CHz), 19.2 (CHz), 18.7 (CH3), 14.2 (CH3); 

LRMS (ES+) mlz 329 (100%, [M+Nat); HRMS (ES+) C19H3003Na+ Ca1cd. 329.2087, 

found 329.2082. 

(rae )-4-Phenylbutane-1 ,2-diol (8.2) 

~OH 
V 
Method A: 

The procedure was carried out using the method described by Ogino et al.
159 Under 

an atmosphere of Nz, to a stirred solution of 4-phenyl-I-butene (8.1) (0.68 ml, 4.54 

mmol) in CH2Clz (40 mL) at 0 °C was added a mixture of KMn04 (1.08 g, 6.81 

mmol), adogen 464 (3.16 g, 6.81 mmol) and CH2Clz (80 mL) dropwise (mixture 

purple - brown). The addition was at such a rate to maintain the temperature 

between 0-3 °C. The addition was complete after 40 min and the mixture stirred for a 

further 40 min. After this time 3% NaOH (aq, 60 mL) was added and the mixture was 

allowed to warm to rt over 14 h. Na2SZ05 (sat aq, 20 mL) was added to reduce the 

precipitated brown MnOz, and the mixture stirred until clear. The organic layer was 
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separated, and after the addition of NaCI (sat aq, 30 mL) the aqueous layer was 

extracted with CH2Ch (3 x 40 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (2.60 g). Purification on Si02 

(3.5 x 15 cm) eluting with EtOAclhexane (1:1) gave (rac)-4-phenylbutane-l,2-dioI8.2 

(0.20 g, 1.20 mmol, 29%) as a colourless oil. Spectroscopic characterisation agreed 

with that published.209 IR Yrnax (neat) 3380 (m), 2936 (w), 2931 (w), 1607 (w), 1498 

(w) cm-I; IH NMR (300 MHz, CDCh) (5 7.34-7.25 (2H, m, Ar-H) , 7.24-7.15 (3H, m, 

Ar-H), 3.78-3.68 (1H, m, CHOH), 3.64 (1H, dd, J = 11.4, 7.7 Hz, CHHOH), 3.46 

(1H, dd, J = 11.4, 7.7 Hz, CHHOH), 3.15 (2H, br d, CHOHCH20H), 2.88-2.75 (1H, 

m, PhCHHCH2), 2.74-2.72 (1H, m, PhCHHCH2), 1.84-1.70 (2H, m, PhCH2CH2); l3C 

NMR (75 MHz, CDCh) (5 141.9 (C), 128.6 (CH), 128.5 (2 x CH), 126.1 (2 x CH), 

71.7 (CH), 66.9 (CH2), 34.8 (CH2), 31.9 (CH2); LRMS (ES+) mlz 189 (100%, 

[M+Nat); 0% ee (ChiralPak OD-H, 20% IPAfnex, 9.36, 7.S7 min). 

Method B: 

Under an atmosphere of N2, to a stirred solution of 4-phenyl-l-butene 8.1 (0.68 mL, 

4.54 mmol) in CH2Ch (120 mL) at 0 DC was added adogen 464 (3.16 g, 6.81 mmol) 

and 3% NaOH (aq, 60 mL). KMn04 (1.08 g, 6.81 mmol) was added portionwise over 

45 min (mixture purple ~ brown) and the mixture stirred for a further 2 h at 0 DC. 

Na2S205 (sat aq, 30 mL) was added to reduce the precipitated brown Mn02, and the 

mixture stirred until clear. The organic layer was separated, and after the addition of 

NaCI (sat aq, 30 mL) the aqueous layer was extracted with CH2Ch (3 x 50 mL). The 

combined organic phases were dried (MgS04) and concentrated in vacuo to give a 

yellow oil (2.40 g). Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane 

(1: 1) gave (rac)-4-phenylbutane-l ,2-diol 8.2 (0.50 g, 3.00 mmol, 66%) as a colourless 

oil. Spectroscopic characterisation agreed with that published.209 Spectroscopic data 

were identical to that reported above. 

Method C: 

Under an atmosphere of N2, to a stirred solution of 4-phenyl-l-butene 8.1 (0.68 mL, 

4.54 mmol) in CH2Ch (120 mL) at 0 DC was added adogen 464 (3.16 g, 6.81 mmol) 
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and pH 9 buffer (aq, 60 mL). KMn04 (1.08 g, 6.81 mmol) was added portionwise 

over 45 min (mixture purple ~ brown) and the mixture stirred for a further 2 h at 0 

DC. Na2S205 (sat aq, 30 mL) was added to reduce the precipitated brown Mn02, and 

the mixture stirred until clear. The organic layer was separated, and after the addition 

of NaCI (sat aq, 30 mL) the aqueous layer was extracted with CH2Ch (3 x 50 mL). 

The combined organic phases were dried (MgS04) and concentrated in vacuo to give a 

yellow oil (2.40 g). Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane 

(1:1) gave (rae )-4-phenylbutane-l ,2-diol 8.2 (0.49 g, 2.97 mmol, 65%) as a colourless 

oil. Spectroscopic characterisation agreed with that published?09 Spectroscopic data 

were identical to that reported above. 

MethodD: 

Under an atmosphere of N2, to a stirred solution of 4-phenyl-l-butene 8.1 (0.10 mL, 

0.45 mmol) in CH2Ch (12 mL) at 0 DC was added 20 mol% chiral phase transfer 

catalyst 8.S (60 mg, 0.09 mmol) and pH 9 buffer (aq, 6 mL). KMn04 (110 mg, 0.68 

mmol) was added portionwise over 45 min (mixture purple ~ brown) and the mixture 

stirred for a further 2 h at 0 DC. Na2S205 (sat aq, 10 mL) was added to reduce the 

precipitated brown Mn02, and the mixture stirred until clear. The organic layer was 

separated, and after the addition of NaCI (sat aq, 10 mL) the aqueous layer was 

extracted with CH2Ch (3 x 10 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (102 mg). Purification on 

Si02 (1.5 x 15 cm) eluting with EtOAclhexane (1:1) gave 4-phenylbutane-l,2-dioI8.2 

(16 mg, 0.10 mmol, 21 %, 0% ee) as a colourless oil. Spectroscopic characterisation 

agreed with that published.209 Spectroscopic data were identical to that reported 

above. 

(rae )-1,2-Diphenylethane-l ,2-diol (8.4) 
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The procedure was carried out using the method described by Weber et.ai. 160 Under 

an atmosphere of N2, to a stirred solution of trans-stilbene 8.3 (0.50 g, 2.77 mmol) in 

CH2Ch (120 mL) at 0 °c was added adogen 464 (1.93 g, 4.16 mmol) and 3% NaOH 

(aq, 60 mL). KMn04 (0.66 g, 4.16 mmol) was added portionwise over 45 min 

(mixture purple ~ brown) and the mixture stirred for a further 30 min at 0 DC. 

Na2S205 (sat aq, 30 mL) was added to reduce the precipitated brown Mn02, and the 

mixture stirred until clear. The organic layer was separated, and after the addition of 

NaCI (sat aq, 30 mL) the aqueous layer was extracted with CH2Ch (3 x 50 mL). The 

combined organic phases were dried (MgS04) and concentrated in vacuo to give a 

yellow oil (2.50 g). Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane 

(2:3) gave (rac)-1,2-diphenylethane-l,2-diol 8.4 (0.23 g, 1.06 mmol, 38%) as a white 

solid. Spectroscopic characterisation agreed with that published.2\o Mp 136-137 °C 

(lit. 135-136 oC)2!!; lK Yrnax (neat) 3495 (s), 3384 (s), 2893 (m), i601 (w), 1491 (w); 

IH NMR (300 MHz, CDCh) 8 7.28-7.20 (4H, m, Ar-H), 7.18-7.10 (6H, m, Ar-H), 

4.71 (2H, br s, CHOHCHOH), 3.00 (2H, br s, CHOHCHOH); I3C NMR (75 MHz, 

CDCh) 8 139.9 (C), 128.3 (CH), 128.1 (2 x CH), 127.1 (2 x CH), 76.7 (CH); LRMS 

(GCCI) 8.67 min, mlz 184 (2%, [M+NH4t), 214 (7%, [Mt), 197 (24%, [M-OHt), 

180 (24%, [M-2(OH)t), 105 (100%, [PhC(O)t). 

(E)-1-Phenylhept-2-en-1-one (8.8) 

o 

Under an atmosphere of N2, to a stirred solution of diethyl 2-oxo-2-

phenylethylphosphonate 8.7 (2.10 g, 6.85 mmol) in THF (50 mL) at 0 °c was added 

NaH (60% dispersion in mineral oil, 0.33 g, 8.22 mmol) and the mixture stirred for 15 

min. Valeraldehyde (0.73 mL, 6.85 mmol) was added dropwise and the mixture 

warmed to rt over 14 h. H20 (50 mL) was added and the mixture was extracted with 

Et20 (2 x 50mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give a pale yellow oil (1.40 g). Purification by vacuum 

distillation (115°C, 0.5 mmHg) gave (E)-1-phenylhept-2-en-l-one 8.8 as a colourless 
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oil (0.83 g, 3.79 mmol, 55%). Spectroscopic characterisation agreed with that 

published.
212 

IR Yrnax (neat) 2957 (m), 2929 (m), 2871 (w), 1672 (m), 1619 (m), 1598 

(w) cm-
I
; IH NMR (300 MHz, CDCh) 8 7.97-7.91 (2H, m, Ar-H), 7.60-7.44 (3H, m, 

Ar-H) , 7.08 (lH, dt, J = 15.4, 6.9 Hz, C(O)CHCH), 6.89 (1H, dt, J = 15.4, 1.3 Hz, 

C(O)CHCH), 2.34 (2H, qd, J = 6.9, 1.3 Hz, CHCH2), 1.59-1.30 (4H, m, 

CHCH2CH2CH2), 0.95 (3H, t, J = 7.2 Hz, CH2CH3); 13C NMR (75 MHz, CDCh) 8 

191.2 (C), 150.3 (CH), 138.2 (C), 132.7 (CH), 128.7 (CH), 126.0 (CH), 32.7 (CH2), 

30.4 (CH2), 22.5 (CH2), 14.0 (CH3); LRMS (GCCI) 7.76 min, mlz 189 (100%, 

[M+Ht), 105 (35%, [PhC(O)t). 

(rae )-(2S,3R)-2,3-Dihydroxy-l-phenylheptan-l-one (8.9) 

OH 

Under an atmosphere of N2, to a stirred solution of (E)-I-phenylhept-2-en-1-one 8.8 

(250 mg, 1.33 mmol) in CH2Ch (20 mL) at 0 °C was added adogen 464 (620 mg, 1.33 

mmol) and pH 9 buffer (10 mL). KMn04 (210 mg, 1.33 mmol) was added 

portionwise over 15 min (mixture purple -t brown) and the mixture allowed to stir for 

a further 45 min. Na2S20S (sat aq, 20 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. The organic layer was separated, and after 

the addition of NaCI (sat aq, 10 mL) the aqueous layer was extracted with CH2Ch (2 x 

30 mL). The combined organic phases were dried (MgS04) and concentrated in vaeuo 

to give a yellow oil (862 mg). Purification on Si02 (3.5 x 15 cm) eluting with 

EtOAc/hexane (1 :4) gave (rae )-(2S,3R)-2,3-dihydroxy-l-phenylheptan-1-one 8.9 (160 

mg, 0.72 mmol, 54%) as a colourless oil. IR Y rnax (neat) 3432 (s, br), 3058 (m), 2950 

(s), 2931 (s), 2860 (m), 1682 (s), 1593 (s), 1578 (m) em-I; IH NMR (300 MHz, 

CDCh) 88.00-7.80 (2H, m, Ar-H), 7.68-7.40 (3H, m, Ar-H), 5.02 (lH, d, J= 1.3 Hz, 

C(O)CHOH), 3.94 (lH, td, J 6.9, 1.3 Hz, C(O)CHOHCHOH), 1.80-1.10 (6H, m, 

CHOHCH2CH2CH2), 0.93 (3H, t, J= 7.1 Hz, CH2CH3); 13C NMR (75 MHz, CDCh) 

8200.5 (C), 134.2 (C), 133.9 (CH), 130.3 (CH), 129.1 (CH), 128.7 (CH), 75.6 (CH), 
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73.1 (CH), 34.6 (CH2), 28.2 (CH2), 22.8 (CH2), 14.2 (CH3); LRMS (ES+) mlz 245 

(100%, [M+Nat); HRMS (ES+) C\3HIS0 3Na+ Calcd. 245.1148, found 245.1149. 

(2S,3R)-2,3-Dihydroxy-l-phenylheptan-l-one (8.9) 

Under an atmosphere of N2, to a stirred solution of (E)-I-phenylhept-2-en-l-one 8.8 

(75 mg, 0.40 mmol) in CH2Ch (7 mL) at 0 °C was added phase-transfer catalyst 8.5 

(63 mg, 0.40 mmol) and pH 9 buffer (3 mL). KMn04 (63 mg, 0.40 mmol) was added 

portionwise over 15 min (mixture purple -+ brown) and the mixture allowed to stir for 

a further 45 min. Na2S205 (sat aq, 10 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. The organic layer was separated, and after 

the addition of NaCI (sat aq, 5 mL) the aqueous layer was extracted with CH2Ch (2 x 

15 mL). The combined organic phases were dried (MgS04) and concentrated in vacuo 

to give a yellow oil (343 mg). Purification on Si02 (2.5 x 15 cm) eluting with 

EtOAc/hexane (1 :4) gave (2S,3R)-2,3-dihydroxy-l-phenylheptan-l-one 8.9 (41 mg, 

0.19 mmol, 45%, 50% ee) as a colourless oil. [a]25D -78.1 (CHCh, c 0.66); IR Vmax 

(neat) 3446 (m, br), 3058 (m), 2955 (m), 2932 (m), 2861 (m), 1681 (s), 1598 (m), 

1579 (m) cm-I; IH NMR (300 MHz, CDCh) 8 8.00-7.80 (2H, m, Ar-H), 7.68-7.40 

(3H, m, Ar-H), 5.02 (lH, d, J = 1.3 Hz, C(O)CHOH), 3.94 (IH, td, J = 6.9, 1.3 Hz, 

C(O)CHOHCHOH), 1.80-1.10 (6H, m, CHOHCH2CH2CH2), 0.93 (3H, t, J= 7.1 Hz, 

CH2CH3); \3C NMR (75 MHz, CDCh) 8 200.5 (C), 134.2 (C), 133.9 (CH), 130.3 

(CH), 129.1 (CH), 128.7 (CH), 75.6 (CH), 73.1 (CH), 34.6 (CH2), 28.2 (CH2), 22.8 

(CH2), 14.2 (CH3); LRMS (ES+) mlz 245 (100%, [M+Nat); HRMS (ES+) 

C\3HIS03Na+ Ca1cd. 245.1148, found 245.1149; 50% ee (ChiralPak OD-H, 20% 

IPAlhex, 6.18, 5.24 min). 
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Diethyl 2-(4-fluorophenyl)-2-oxoethylphosphonate (8.11) 

if
o ~ 

I 
~ \'OEt 
.0 OEt 

F 

The procedure was carried out using the method described by Oppolzer et al. 122 

Under an atmosphere of N2, to a stirred solution of 2-bromo-4-fluoroacetophenone 

(7.90 g, 36.4 mmol) (8.10) in xylene (50 mL) was added P(OEt)3 (8.80 mL, 51.0 

mmol) and the mixture heated at reflux for 3 h. The solution was concentrated in 

vacuo and the residue dissolved in Et20 (50 mL). The organic layer was extracted 

with 1M NaOH (aq, 2 x 50 mL). The aqueous layer was acidified (PH 4) with 2M 

HCI (aq, 50 mL) and then extracted with Et20 (2 x 50 mL). The combined organic 

phases were dried (MgS04) and concentrated in vacuo to give a pale yellow oil (6.38 

g). Purification by vacuum distillation (140°C, 0.5 mmHg) gave diethyl 2-(4-

fluorophenyl)-2-oxoethylphosphonate 8.11 (5.90 g, 21.5 mmol, 59%) as a colourless 

oil. Spectroscopic characterisation agreed with that published.212 IR Vrnax (neat) 2988 

(w), 1706 (m), 1597 (w), 1261 (s) cm-I; IH NMR (300 MHz, CDCh) 8 8.09-8.01 (2H, 

m, Ar-H), 7.18-7.00 (2H, m, Ar-H), 4.13 (4H, app. quin, J = 7.2 Hz, 2 x CH2CH3), 

3.59 (2H, d, J= 22.8 Hz, C(0)CH2), 1.37-1.17 (6H, t, J= 7.2 Hz, 2 x CH2CH3); l3C 

NMR (75 MHz, CDCh) 8 190.5 (C, d, Jc-p = 27 Hz), 166.2 (C, d, JC-F = 1019 Hz), 

133.1 (C), 132.0 (CH, d, JC-F = 38 Hz), 115.9 (CH, d, JC-F = 87 Hz), 62.9 (CH2, d, Jc-p 

= 26 Hz), 38.7 (CH2, d, Jc-p = 514 Hz), 16.4 (CH3, d, Jc-p = 24 Hz); LRMS (GCC!) 

8.29 min, mlz 275 (100%, [M+Ht), 123 (41%, [C6H4FC(O)t). 

(£)-1-(4-Fluorophenyl)hept-2-en-l-one (8.12) 

o 

F 

Under an atmosphere of N2, to a stirred solution of diethyl 2-(4-fluorophenyl)-2-

oxoethylphosphonate 8.11 (5.16 g, 18.8 mmol) in THF (100 mL) at 0 °C was added 
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NaH (60% dispersion in mineral oil, 0.75 g, 18.8 mmol) and the mixture stirred for 15 

min. Valeraldehyde (1.66 mL, 15.7 mmol) was added dropwise and the reaction 

warmed to rt over 14 h. H20 (100 mL) was added and the mixture extracted with 

Et20 (2 x 100mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give a pale yellow oil (4.20 g). Purification on Si02 (6 x 15 

cm) eluting with EtOAclhexane (1:9) gave (E)-I-(4-fluorophenyl)hept-2-en-l-one 

8.12 (2.14 g, 10.4 mmol, 66%) as a colourless oil. IR Y rnax (neat) 2959 (w), 2930 (w), 

2872 (w), 1670 (m), 1620 (s), 1597 (s), 1506 (m), 1224 (s) cm-I; IH NMR (300 MHz, 

CDCh) 8 8.10-7.92 (2H, m, Ar-H) , 7.22-7.01 (3H, m, Ar-H and C(O)CHCH), 6.86 

(lH, dt, J = 15.4, 1.3 Hz, C(O)CHCH), 2.33 (2H, qd, J = 7.0, 1.3 Hz, CHCH2), 1.60-

1.31 (4H, m, CHCH2CH2CH2), 0.95 (3H, t, J= 7.2 Hz, CH2CH3); l3C NMR (75 MHz, 

CDCh) 8 189.4 (C), 165.6 (C, d, JC-F = 1008 Hz), 150.5 (CH), 134.4 (C), 131.2 (CH, 

1 T _ "'I.r TT' ''''~ 5 /r"Tn "5 0 /r"TT -1 T - 0'1 H \ 32'1 f(",U \ '2(\ 4 (r'U \ 
G, JC-F - ':>0 nz), lL.':>. ~ \..,n), 11 .0 ~ \..,ll, U, JC-F - 0 I ~Zj, . I \. '-'~~2J, JV. \ '-'~~2h 

22.5 (CH2), 14.0 (CH3); I9F NMR (282 MHz, CDCh) 8 52.6 (IF, s, CF); LRMS 

(GCCI) 7.65 min, mlz 207 (100%, [M+Ht), 123 (32%, [C6&FC(O)t); HRMS (El) 

C13HIsOF+' Calcd. 206.1107, found 206.1103. 

(rac)-(2S,3R)-I-( 4-Fluorophenyl)-2,3-dihydroxyheptan-l-one (8.13) 

o OH 

F 
OH 

Under an atmosphere ofN2, to a stirred solution of (E)-I-(4-fluorophenyl)hept-2-en-l

one 8.12 (l00 mg, 0.49 mmol) in CH2Ch (20 mL) at 0 DC was added adogen 464 (230 

mg, 0.49 mmol) and pH 9 buffer (10 mL). KMn04 (80 mg, 0.49 mmol) was added 

portionwise over 15 min (mixture purple ~ brown) and the mixture allowed to stir for 

a further 45 min. Na2S20S (sat aq, 20 mL) was added to reduce the precipitated brown 

Mn02, and the mixture stirred until clear. The organic layer was separated, and after 

the addition ofNaCI (sat aq, 10 mL) the aqueous layer was extracted with CH2Clz (2 x 

30 mL). The combined organic phases were dried (MgS04) and concentrated in vacuo 

to give a yellow oil (420 mg). Purification on Si02 (1.5 x 15 cm) eluting with 

EtOAclhexane (1 :4) gave (rac)-(2S,3R)-I-( 4-fluorophenyl)-2,3-dihydroxyheptan-l-
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one 8.13 (52 mg, 0.22 mmol, 44%) as a white solid. Mp 56-57°C; IR Vrnax (neat) 

3570 (m), 3470 (m), 2959 (m), 2926 (m), 2874 (w), 1682 (s), 1602 (s), 1507 (m), 1243 

(s) cm-
I
; IH NMR (300 MHz, CDCh) 8 7.98-7.89 (2H, m, Ar-H), 7.40-7.00 (2H, m, 

Ar-H), 4.97 (1H, s, C(O)CHOH), 3.91 (1H, t, J = 6.2 Hz, C(O)CHOHCHOH), 1.80-

1.30 (6H, m, CHOHCH2CH2CH2), 0.95 (3H, t, J = 7.0 Hz, CH2CH3); l3C NMR (75 

MHz, CDCh) 8 198.9 (C), 166.6 (C, d, JC-F = 765 Hz), 133.0 (C), 131.7 (CH, d, JC-F = 

28 Hz), 116.6 (CH, d, JC-F = 65 Hz), 75.5 (CH), 73.2 (CH), 34.5 (CH2), 28.2 (CH2), 

22.8 (CH2), 14.2 (CH3); I9F NMR (282 MHz, CDCb) 8 58.9 (1F, s, CF); LRMS (ES+) 

mlz 263 (100%, [M+Nat); HRMS (ES+) Cl3H170 3FNa+ Calcd. 263.1054, found 

263.1055; Elemental calcd. for C13H170 3F: C, 64.99; H, 7.13. Found: C, 64.74; H, 

6.82. 

(2S,3R)-1-( 4-Fluorophenyl)-2,3-dihydroxyheptan-1-one (8.13) 

o OH 

F 
OH 

Method A: 

Under an atmosphere ofN2, to a stirred solution of (E)-I-(4-fluorophenyl)hept-2-en-l

one 8.12 (70 mg, 0.34 mmol) in CH2Clz (20 mL) at 0 °C was added phase-transfer 

catalyst 8.5 (220 mg, 0.34 mmol) and pH 9 buffer (10 mL). KMn04 (54 mg, 0.34 

mmol) was added portionwise over 15 min (mixture purple ---7 brown) and the mixture 

allowed to stir for a further 45 min. Na2S20S (sat aq, 20 mL) was added to reduce the 

precipitated brown Mn02, and the mixture stirred until clear. The organic layer was 

separated, and after the addition of NaCI (sat aq, 10 mL) the aqueous layer was 

extracted with CH2Clz (2 x 30 mL). The combined organic phases were dried 

(MgS04) and concentrated in vacuo to give a yellow oil (270 mg). Purification on 

Si02 (2.5 x 15 cm) eluting with EtOAclhexane (1 :4) gave (2S,3R)-I-(4-fluorophenyl)-

2,3-dihydroxyheptan-1-one 8.13 (15 mg, 0.06 mmol, 18%, 61 % ee) as a white solid. 

[a]2sD -4.2 (CHCb, c 0.31); Mp 56-57°C; IR Vrnax (neat) 3570 (m), 3470 (m), 2959 

(m), 2926 (m), 2874 (w), 1682 (s), 1602 (s), 1507 (m), 1243 (s) cm-I; IH NMR (300 
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MHz, CDCh) 8 7.98-7.89 (2H, m, Ar-H), 7.40-7.00 (2H, m, Ar-H), 4.97 (1H, s, 

C(O)CHOH), 3.91 (1H, t, J = 6.2 Hz, C(O)CHOHCHOH), 1.80-1.30 (6H, m, 

CHOHCH2CH2CH2), 0.95 (3H, t, J = 7.0 Hz, CH2CH3); 13C NMR (75 MHz, CDCh) 

8 198.9 (C), 166.6 (C, d, J C-F = 765 Hz), 133.0 (C), 131.7 (CH, d, JC-F = 28 Hz), 116.6 

(CH, d, JC-F = 65 Hz), 75.5 (CH), 73.2 (CH), 34.5 (CH2), 28.2 (CH2), 22.8 (CH2), 14.2 

(CH3); 19F NMR (282 MHz, CDCh) 8 58.9 (1F, s, CF); LRMS (ES+) mlz 263 (100%, 

[M+Nat); HRMS (ES+) C13H170 3FNa+ Calcd. 263.1054, found 263.1055; Elemental 

calcd. for C13H1703F: C, 64.99; H, 7.13. Found: C, 64.74; H, 6.82; 61 % ee (ChiralPak 

OD-H, 5% IPAlhex, 13.9, 12.7 min). 

Method B: 

As for method A using (E)-I-(4-fluorophenyl)hept-2-en-l-one 8.12 (70 mg, 0.34 

mmol), except that the reaction was conducted at -15°C and stirred for 3 h. 

Purification on Si02 (2.5 x 15 cm) eluting with EtOAclhexane (1 :4) gave (2S,3R)-I

(4-fluorophenyl)-2,3-dihydroxyheptan-l-one 8.13 (20 mg, 0.08 mmol, 25%, 67% ee) 

as a white solid. Spectroscopic data were identical to that reported above except: 

[a]25D -5 (CHCh, c 0.33); 67% ee (ChiralPak OD-H, 5% IP Alhex, 13.9, 12.7 min). 

(E)-I-( 4-Methoxyphenyl)hept-2-en-l-one (8.16) 

o 

MeO 

The procedure was carried out using the method described by Oare et al. 196 Under an 

atmosphere of N2, to a stirred solution of diisopropylamine (2.14 mL, 15.2 mmol) in 

THF (30 mL) at -20°C was added nBuLi (1.85 M in hexane, 8.20 mL, 15.2 mmol) 

dropwise. The mixture was cooled to -70°C and 4-methoxyacetophenone (8.14) 

(2.20 g, 14.6 mmol) in THF (20 mL) was added dropwise. After 30 min at -70°C, 

valeraldehyde (1.70 mL, 16.0 mmol) was added and the mixture stirred for a further 

45 min. NaHC03 (sat aq, 30 mL) was added, the layers were separated and the 

aqueous phase was extracted with EtzO (2 x 50 mL). The combined organic phases 
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were washed successively with cold 1 % HCI (aq, 100 mL), NaHC03 (sat aq, 100 mL) 

and NaCI (sat aq, 100 mL). The organic phase was dried (MgS04) and concentrated 

in vacuo to give the crude aldol product 8.15 (1.88 g, 7.97 mmo1, 55%) as a yellow 

oil, which was used without further purification. Under an atmosphere of N2, to a 

stirred solution of crude aldol product 8.15 (1.88 g, 7.97 mmol) in CH2Ch (20 mL) at 

o °C was added Et3N (1.33 mL, 9.56 mmol). After 15 min MsCI (1.10 mL, 9.56 

mmol) was added dropwise and the mixture stirred for a further 3 h. H20 (50 mL) 

was added, the layers were separated and the aqueous extracted with Et20 (2 x 50 

mL). The combined organic phases were washed successively with cold 1 % HCI (aq, 

100 mL), NaHC03 (sat aq, 100 mL) and NaCI (sat aq, 100 mL). The organic phase 

was dried (MgS04) and concentrated in vacuo to give the crude mesylate as a pale 

yellow oil (1.20 g, 3.82 mmol). This was used without any further purification. 

Under at'1- atmosphere of Nz, to a stirred solution of crude mesylate (1.20 g, 3.82 

mmol) in CH2Ch (30 mL) at rt was added Et3N (0.64 mL, 4.58 mmol). After 14 h, 

H20 (50 mL) was added, the layers were separated and the aqueous extracted with 

Et20 (2 x 50 mL). The combined organic phases were washed successively with cold 

1 % HCI (aq, 100 mL), NaHC03 (sat aq, 100 mL) and H20 (100 mL). The organic 

phase was dried (MgS04) and concentrated in vacuo to give a pale yellow oil (0.85 g). 

Purification on Si02 (3.5 x 15 cm) eluting with EtOAclhexane (1 :9) gave (£)-1-(4-

methoxyphenyl)hept-2-en-1-one 8.16 (0.56 g, 2.59 mmo1, 18%) as a colourless oil. 

Spectroscopic characterisation agreed with that published. 196 IR Y rnax (neat) 2957 (w), 

2931 (w), 2872 (w), 1665 (m), 1618 (s), 1598 (s), 1510 (m) em-I; IH NMR (300 MHz, 

CDCh) 8 8.00-7.92 (2H, m, 2 x CH30CCHCH), 7.06 (lH, dt, J = 15.4, 7.1 Hz, 

C(O)CHCH), 6.99-6.85 (3H, m, 2 x CH30CCHCH and C(O)CH), 3.88 (3H, s, 

OCH3), 2.32 (2H, q, J = 7.1 Hz, CHCH2), 1.57-1.32 (4H, m, CHCH2CH2CH2), 0.94 

(3H, t, J = 7.2 Hz, CH2CH3); I3C NMR (75 MHz, CDCh) 8 189.3 (C), 163.4 (C), 

149.2 (CH), 131.0 (CH), 125.6 (CH), 113.9 (CH), 55.6 (CH3), 32.7 (CH2), 30.5 (CH2), 

22.5 (CH2), 14.0 (CH3); LRMS (GCCI) 8.60 min, 219 (61 %, [M+Ht), 135 (100%, 

[C6H4(OCH3)COt)· 
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(rae )-(2S,3R)-2,3-Dihydroxy-l-( 4-methoxyphenyl)heptan-l-one (8.17) 

o OH 

MeO 
OH 

Under an atmosphere of N2, to a stirred solution of (.£)-1-( 4-methoxyphenyl)hept-2-

en-I-one 8.16 (70 mg, 0.32 mmol) in CH2Ch (20 mL) at 0 °C was added adogen 464 

(150 mg, 0.32 mmol) and pH 9 buffer (10 mL). KMn04 (51 mg, 0.32 mmol) was 

added portionwise over 15 min (mixture purple ~ brown) and the mixture allowed to 

stir for a further 45 min. Na2S205 (sat aq, 20 mL) was added to reduce the precipitated 

brown Mn02, and the mixture stirred until clear. The organic layer was separated, and 

after the addition of NaCI (sat aq, 10 mL) the aqueous layer was extracted with 

CH2Ch (2 x 30 mL). The combined organic phases were dried (MgS04) and 

concentrated in vacuo to give a yellow oil (240 mg). The crude was dissolved in EhO 

(20 mL) and washed with NaHC03 (sat aq, 25 mL). The organic phase was dried 

(MgS04) and concentrated in vacuo to give a pale yellow oil (210 mg). Purification 

on Si02 (2.5 x 15 cm) eluting with EtOAc/hexane (1:2) gave (rac)-(2S,3R)-2,3-

dihydroxy-l-(4-methoxyphenyl)heptan-l-one 8.17 (29 mg, 0.12 mmol, 38%) as a 

white solid. Mp 91-92 °C; IR Y rnax (neat) 3451 (w), 3390 (m), 2936 (m), 2865 (w), 

2841 (w), 1673 (m), 1602 (s), 1569 (w), 1512 (m) cm-I; IH NMR (300 MHz, CDCh) D 

7.93-7.86 (2H, m, 2 x (CH30)CCHCH), 7.02-6.95 (2H, m, 2 x (CH30)CCHCH), 4.95 

(1H, s, C(O)CHOH), 3.91 (lH, t, J= 6.8 Hz, CHOHCH2), 3.89 (3H, s, OCH3), 1.90-

1.60 (2H, m, CHOHCH2), 1.60-1.10 (4H, m, CH2CH2CH3), 0.82 (3H, t, J= 7.2 Hz, 

CH2CH3); 13C NMR (75 MHz, CDCh) D 198.6 (C), 164.4 (C), 131.1 (C), 126.6 (CH), 

114.3 (CH), 75.1 (CH), 73.4 (CH), 55.7 (CH3), 34.7 (CH2), 28.8 (CH2), 22.8 (CH2), 

14.2 (CH3); LRMS (ES+) mlz 527 (65%, [2M+Nat), 253 (21 %, [M+Ht), 153 (100%, 

[C6H5(MeO)C(O)t); Elemental ca1cd. for C14H2004: C, 66.65; H, 7.99. Found: C, 

66.43; H, 7.73. 
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(2S,3R)-2,3-Dihydroxy-l-( 4-methoxyphenyl)heptan-l-one (8.17) 

MeO 

Method A: 

Under an atmosphere of N2, to a stirred solution of (£)-1-( 4-methoxyphenyl)hept-2-

en-I-one 8.16 (70 mg, 0.32 mmol) in CH2Clz (20 mL) at 0 °C was added phase

transfer catalyst 8.5 (210 mg, 0.32 mmol) and pH 9 buffer (10 mL). KMn04 (51 mg, 

0.32 mmol) was added portionwise over 15 min (mixture purple -> brown) and the 

mixture allowed to stir for a fLlrther 45 min. Na2S20S (sat aq, 20 mL) was added to 

reduce the precipitated brown Mn02, and the mixture stirred until clear. The organic 

layer was separated, and after the addition ofNaCl (sat aq, 10 mL) the aqueous layer 

was extracted with CH2Clz (2 x 30 mL). The combined organic phases were washed 

with NaHC03 (sat aq, 25 mL), dried (MgS04) and concentrated in vacuo to give a 

yellow solid (250 mg). Purification on Si02 (2.5 x 15 cm) eluting with EtOAclhexane 

(1 :2) gave (2S,3R)-2,3-dihydroxy-l-( 4-methoxyphenyl)heptan-l-one 8.17 (34 mg, 

0.13 mmol, 42%, 60% ee) as a white solid. [a]2sD -14.1 (CHCh, c 0.54); mp 91-92 

°C; IR V max (neat) 3451 (w), 3390 (m), 2936 (m), 2865 (w), 2841 (w), 1673 (m), 1602 

(s), 1569 (w), 1512 (m) cm-I; IH NMR (300 MHz, CDCh) 8 7.93-7.86 (2H, m, 2 x 

(CH30)CCHCH), 7.02-6.95 (2H, m, 2 x (CH30)CCHCH), 4.95 (JH, s, C(O)CHOH), 

3.91 (IH, t, J = 6.8 Hz, CHOHCH2), 3.89 (IH, s, OCH3), 1.90-1.60 (2H, m, 

CHOHCH2), 1.60-1.10 (4H, m, CH2CH2CH3), 0.82 (3H, t, J = 7.2 Hz, CH2CH3); l3C 

NMR (75 MHz, CDCh) 8 198.6 (C), 164.4 (C), 131.1 (C), 126.6 (CH), 114.3 (CH), 

75.1 (CH), 73.4 (CH), 55.7 (CH3), 34.7 (CH2), 28.8 (CH2), 22.8 (CH2), 14.2 (CH3); 

LRMS (ES+) mlz 527 (65%, [2M+Na]l, 253 (21 %, [M+Ht), 153 (100%, 

[C6HS(MeO)C(O)t); Elemental calcd. for CI4H2004: C, 66.65; H, 7.99. Found: C, 

66.43; H, 7.73; 60% ee (ChiralPak OB-H, 10% IP Alhex, 21.6, 17.3 min). 
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MethodB: 

Under an atmosphere of N2, to a stirred solution of phase-transfer catalyst 8.5 (210 

mg, 0.32 mmol) in CH2Ch (20 mL) at -60°C was added KMn04 (51 mg, 0.32 mmol) 

in one portion. After 5 min (E)-1-( 4-methoxyphenyl)hept-2-en-1-one 8.16 (70 mg, 

0.32 mmol) in CH2Ch (5 mL) was added dropwise and the mixture stirred for 90 min. 

A mixture of pH 9 buffer (10 mL) and Na2S20S (sat aq, 10 mL) was added to reduce 

the precipitated brown Mn02, and the mixture stirred until clear. The organic layer 

was separated, and after the addition of NaCl (sat aq, 10 mL) the aqueous layer was 

extracted with CH2Ch (2 x 30 mL). The combined organic phases were washed with 

NaHC03 (sat aq, 25 mL), dried (MgS04) and concentrated in vacuo to give a yellow 

solid (240 mg). Purification on Si02 (2.5 x 15 cm) eluting with EtOAclhexane (1:2) 

gave (2S,3R)-2,3-dihydroxy-1-( 4-methoxyphenyl)heptan-1-one 8.17 (27 mg, 0.11 

mmol, 34%, 80% ee) as a white solid. Spectroscopic data were identical to that 

reported above except [a]2sD -31 (CHCh, c 0.44); 80% ee (ChiralPak OB-H, 10% 

IPAlhex, 21.6,17.3 min). 
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Chapter 10 
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Chapter 11 

Appendix 

X-ray data for 5.30 

Table 1. Crystal data and structure refinement details. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal 
Crystal size 
B range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to B= 25.00° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F 
Final R indices [F> 2o(F)] 
R indices (all data) 
Largest diff. peak and hole 

04sot0866 (RB4095/55rptTS) 
C2sHs406Sh 
542.89 
120(2) K 
0.71069 A 
Triclinic 
P-l 
a = 7.417(5) A 
b = 10.385(5) A 
c = 1O.651~5) A 
755.1(7) A 

a = 68.383(5)° 
[3= 83.788(5)° 
r = 82.900(5)° 

1 ( centro symmetric molecule) 
1.194 Mg / m3 

0.155 mm-1 

298 
Block; Colourless 
0.14 x 0.07 x 0.05 mm3 

3.33 - 27.63° 
-9::;; h ::;; 9, -13 ::;; k::;; 13, -13 ::;; I::;; 13 
12517 
3491 [R int = 0.0547] 
99.8 % 
Semi-empirical from equivalents 
0.9923 and 0.9786 
Full-matrix least-squares on F 
3491/0/168 
1.018 
Rl = 0.0455, wR2 = 0.0981 
Rl = 0.0665, wR2 = 0.1072 
0.335 and -0.283 e A-3 

Diffractometer: Nonius KappaCCD area detector (¢ scans and OJ scans to fill asymmetric unit ). Cell 
determination: DirAx (Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92-96.) Data collection: Collect 
(Collect: Data collection software, R. Hooft, Nonius B.V., 1998). Data reduction and cell refinement: 
Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology (1997) Vol. 276: Macromolecular 
Crystallography, part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Academic Press). 
Absorption correction: Sheldrick, G. M. SADABS - Bruker Nonius area detector scaling and 
absorption correction - V2.10 Structure solution: SHELXS97 (G. M. Sheldrick, Acta Cryst. (1990) 
A46 467-473). Structure refinement: SHELXL97 (G. M. Sheldrick (1997), University of G6ttingen, 
Germany). Graphics: Cameron - A Molecular Graphics Package. (D. M. Watkin, L. Pearce and C. K. 
Prout, Chemical Crystallography Laboratory, University of Oxford, 1993). Special details: All 
hydrogen atoms were placed in idealised positions and refined using a riding model. 
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Table 2. Atomic coordinates [x 104
], equivalent isotropic displacement parameters 

[A2 x 103
] and sit~ occupancy factors. Ueq is defined as one third of the trace of the 

orthogonalized UJ tensor. 

Atom x y Z Ueq Sof 
Sil 3046(1) 7921(1) 2355(1) 16(1) 1 
01 8750(2) 5503(2) 1236(2) 34(1) 1 
02 5243(2) 4935(1) 2778(1) 20(1) 1 
03 2539(2) 6566(1) 3717(1) 17(1) 1 
Cl 7453(3) 5502(2) 328(2) 31(1) 1 
C2 7846(2) 4270(2) 1511(2) 24(1) 1 
C3 6593(2) 3831(2) 2759(2) 21(1) 1 
C4 5482(2) 2640(2) 2873(2) 23(1) 1 
C5 3736(2) 2889(2) 3710(2) 22(1) 1 
C6 3946(2) 4277(2) 3863(2) 19(1) 1 
C7 2189(2) 5222(2) 3767(2) 17(1) 1 
C8 907(2) 4572(2) 4995(2) 21(1) 1 
C9 2417(2) 7710(2) 804(2) 24(1) 1 
CI0 5503(2) 8176(2) 2219(2) 23(1) 1 
Cll 1691(2) 9487(2) 2609(2) 20(1) 1 
C12 2187(3) 10826(2) 1461(2) 26(1) 1 
C13 2105(3) 9555(2) 3962(2) 29(1) 1 

C14 -358(2) 9377(2) 2626(2) 29(1) 1 
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