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Dans la première partie de cette thèse nous décrirons notre synthèse énantiosélective et 
convergente de la dysidiolide (1) qui est un produit naturel isolé d'une éponge marine provenant 

des Caraïbes. Ce sesterterpénoîde possède des propriétés antitumorales grâce à sa capacité 
d'inhiber la phosphatase Cdc25A récemment découverte. L'inhibition de cette e q m e  qui joue 
un rôle clé dans la division cellulaire pourrait potentieilement owrir la voie vers de nouveaux 
traitements contre le cancer. La complexité moléculaire de la dysidiolide combinée avec son 
activité biologique remarquabie font de ce produit nanuel une cible remarquable. Notre première 
synthèse de la dysidiolide (séquence linéaire la plus longue = 15 étapes, rendement global = 

5.3%), fut publiée à peu près en même temps que ceiles de E.J. Corey et de S.J. Danishefsky, 
permettant alors de déterminer la configuration absolue de la dysidiolide comme étant tel que 
décrit pour ent-1. Les étapes clées comportent (i) une réaction de Diels-Alder entre un diènophile 
doublement activé et un diène semicyclique chiral, et (ii) l'utilisation de notre méthode récemment 
développée permettant de construire des y-hy droxy butènolides par oxyfonctionnaiisation de 2- 

siloxyfùranes, comme dernière étape de la synthèse. Plus récemment, une version améliorée de 
notre synthèse initiale a été effectuée en utilisant une réaction de Diels-Alder avec un noweau 
diènophile chiral pour construire efficacement le squelette de la dysidiolide de façon 
complètement régio, endolexo et diastereofacialement sélective. Le rendement global pour cette 

nouvelle synthèse de en24 est de 9.8% (séquence linéaire la plus longue = 15 étapes, comme 
avant), soit presque le double du rendement obtenu lors de la première synthèse. 

Dans la deuxième partie de cette thèse, nous décrirons notre synthèse totale hautement 
convergente de la luffariellolide (2), produit naturel marin anti-inflammatoire. L'étape clée de 

cette synthèse comporte un couplage croisé sp3-sfl en présence de tetrachiorocuprate de lithium 

entre un chionire allylique et un noweau organométallique siioxyfurane qui promet être un réactif 
très utile pour la synthèse régiosélective de f3-homoallylbutènolides ayant un hydrogène ou un 
hydroxyl à la position y. Les études effectuées suggèrent que cette nouvelle méthodologie sera 

applicable à la synthèse de plusieurs autres produits naturels d'importance biomédicale. 



In the part of this thesis we describe an enantioselective, convergent total synthesis 
of the Cebbean sponge constituent dysidioiide (l), a novel antitumor sesterterpenoid that is the 

first reported natural product to inhibit the recently discovered phosphatase Cdc2SA Blocking 
this enzyme, which plays a key role in the celi cycle, may provide a new means for the treatment 

of cancer. This formidable combination of novel structure and highly sought biological properties 
makes dysidiolide an eminent target for synthesis. Our hrst route to dysidiolide (longest linear 
sequence = 15 steps, overall yield = 5.3%), published at about the same time as the syntheses of 
E. J. Corey and S. J. Danishefsky, ailowed the absolute configuration of the naaual product to be 
establis hed as depicted in ent- 1 1. Key steps include (i) a Diels-Alder reaction of a doubly 
activated dienophile with a chiral semicyclic diene, and (ii) the utilisation of newly developed 
methodology from Our group for regiocontrolled construction of the y-hydroxybutenolide 

moiety , based on oxyflnctionaiization of a 2-siloxyfuran ring, as the last step of the synthesis. 

More recentl y, a substantially improved version of our initial route was developed using a novel 
chiral difinctionalized dienophile for the Diels-Alder reaction which builds the dysidiolide 
skeleton with complete regio, endolexo and diastereofacial selectivity. The overall yield of our 
new synthesis of dysidiolide is 9.8% Oongest hear sequence = 15 steps, as before), a nearly 
twofold improvement over Our previous approach. 

In the second part of this thesis we detail a highly convergent total synthesis ofthe a d -  
inflammatory marine natural product 1uffanelIoIide (2). The key step involves lithium 
tetrachlorocuprate mediated sp3-sp3 cross-coupling between an allylic chlotide and a new 
siloxvfuran reagent which promises to be a versatile building block for the regiocontroiled 
assemblage of P-homoaüylbutenolides bearing a hydrogen or a hydroxyl group at the y-position. 

Prelirninary studies suggest that this methodology should be applicable to many other natural 
products of biomedical importance. 



ACKNOWLEDGEMENTS 

1 would like to begin by thanking ail of the people without whom much of this work 

would not have been accomplished. May these few words express at l es t  some of the gratitude 

that 1 have for each of tbem. 

First of aii, a sincere thanks to my professor John Boukouvalas who has encouraged me 
and guided me in the proper direction at ali times, whether in terms of research or personal 

progress. His counsel and support has been much appreciated and these have been the chief 
influence during my whole shidies. 

Also a special thanks to Dr. Y.-X Cheng, with whom 1 have collaborated on the total 

synthesis of dysidiolide. His example in and out of the laboratory has served as a powerful 
stimulation in my work and my interest for this field ofresearch. Many thanks are also expressed 

to Professor J. Brisson (Université Laval) for ber invaluable help in performing the mode1 

cdcdations. 

Last but definitely not least, 1 would iike to thank rny wife Maureen and my son Patrick 

who have been by my side, not only during the good moments, but ais0 d u ~ g  the more dBïcult 

periods that 1 faced during the course ofmy -dies. Their support has had a stabilizing eRect on 

my morde which sometimes varied fiom day to day. 





3 - 1 htroducti on.. . . . , . _ .. . . . -. . . .,,,,,,-,- ,,, -. , - -  .-. . - -. - -  -. - -. . --. . .--,-.-,-, 
3 . 2  Arïchidonic acid (AA) and subsequent enzymatic cascades ......... 

3 -3 Non-steroidai anti-idammatory dmgs (NSAIDs). . ..... ..... ..... . .. 

CHAPTER 4 NEW METaODOLOGY FOR CONSTRUCTING 
B-HOMOALLYL-SUBSTITUTED BUTENOLIDES 
AND y-EYDROXYBUTENOLIDES. 

TOTAL SYNTHESIS OF LUFFAMELLOLIDE ...., 



EXPERIMENTAL PART 

GENERAL REMARKS .................................................................... 83 

CHAPTER 1 DYSIDIOLIDE ..................................................... 84 

.... 1-1 Preparation of chiral diene ent-50 ..................................... .. 84 

1.2 Preparation of dienophile 56 ................................................. 89 

1.3 Preparation of chirai dienopme 84 .......................................... 93 

............................ 1 -4 Diels-Aider reactions and subsequent reduction 98 

............... ................ 1 . 5 Functionalization to intennediate enr-75.. ,, 1 04 
....................................... 1.6 Preparation of siloxyfiran reagent 80 110 

................................. 1.7 Completion of the synthesis of  dysidiolide 113 

............................................. CHAfTER 2 LUFFARIECLOLID E 118 

2.1 Preparation of building block 149 ........................................... 118 

............. 2 -2 S ynthesis of butenolide 1 52 and y-hydroxybutenolide 153 123 

2.3 Completion of the synthesis of LuEariellolide .............................. 126 

R E F E R E N C E S  ............................................................................... 129 



LIST OF TABLES, FIGURES, AND SCHEMES 

TABLES 

FIGURES 

FIGURE 1 Tautomensm of y-hydroxybutenolides with their acyclic isomers .... ... 3 

FIGURE 2 Mechanistic options for the oxidation of siloxyfurans .......anananan-ananananananan 6 

FIGURE 3 The ceIl division cycle ,-..,....-....-----.-.----.--.---......-..-..---.------ 13 

FIGURE 4 Conformational andysis of chiral diene 32 ............................... 28 

FIGURE 5 NOE experiments with diols 59 and 60 ..................-..-.----.----.. 36 

FIGURE 6 Inhibition of PLA2 with luffariellolide and manoalide ..... .....--------- 65 



SCHEME 1 
SCHEME 2 
scHEm 3 

SCHEME 4 

SCHEME 5 

SCHEZME 6 

SCHEME 7 

SCHEME 8 

SCHEME 9 

SCHEME 10 
SCHEME II 
SCHEME 12 
SCHEME 13 
SCHEME 14 

SCHEME 15 

SCHEME 16 
SCHEME 17 
SCHEME 18 
SCHEME 19 

SCHEME 20 

Cdks and Cyclins and their role in the cell cycle ................... 
a * The Gl /S transiqon checkpoint ...................................... 

Possible positive feedback loop at the @/S 
* . 

transition checkpoint .................................................. 
The G2/M transition checkpoint ..................................... 
Positive feedback loop at the G2/M transition checkpoint ........ 
Retrosynthetic analysis of dy sidiolide .............................. 
Synthesis of chiral diene ent-50 ..................................... 

........................ Synthesis of advanced intermediate ent-67 

Corey's enantioselective synthesis of dy sidiolide (ent-1 ) ........ 
........................ Danishefsky's synthesis of (;r)-dysidiolide 

............................... Biosynthetic pathway to prostanoids 
Total synthesis of dictyodenddlin-B (1 13) ....................... 
Total synthesis of mokupaiide (1 23) ............................... 
A unified approach to butenolides and y-hydrqbutenolides ... 
Preparation of intermediate 138 ..................................... 

..................................... Total synthesis of luffariellolide 
..................................... Preparation of siloxyfuran 149 

.......................... Summary of the synthesis of dysidiolide 
....................... Summaiy of the synthesis of luffariellolide 

Applications for the unifieci approach to butenolides 
and y-hydroxybutenolides .. ......................................... 



ABBREVIATIONS & SYMBOLS 

aq- 
MD 
Bn 

bp 
Bu 
Bz 
C 

Cak 
CBS 
Cdc 

Cdi 
Cdk 

COX 

CYC 
DCC 

DMAP 
DME 

DMF 
DNA 
Et 

Angstrom 
Arachidonic acid 
Acetyl 
Aqueous 
Specific rotation 

Benzyl 
Boiling point 
Butyl 
Benzoyl 
Concentration (for optical rotation) 
Cyclin activated kinase 
Corey, Bakshi, Shibata (protocol for the enantioselective reduction of carbonyls) 
Cell division cycle 
Cyclin dependant inhibitor 
Cych  dependant kinase 
Cy clooxygenase 
Cych 
Dicy clohexylcarbodiimide 
4-@imethylamino)pyndine 
1,2-@irnethorcy)ethane 
Dimethyifomarnide 
Deoxyribonucleic acid 
Ethy l 
Enantiomeric excess 

Gap phase 
Gaseous 



h 
HETE 
HMPA 
KPLC 
HRMS 
Hz 

G o  
IR 
LA 
Lit. 
M 

Me 

mP 
MF'F 
m/z 
Ms 
MS 
M O  
NMR 13C 
NMR IH 

Io2 

P 
PG 
Ph 
PL 
PON 
i-P r 

psi 

PY 
Rf 
rt 

How 
Hydroxyeicosatetraenoic acid 
HexamethyIphosphoramide 
High pressure liquid chmatography 
Hi-gh resolution mass spectrometry 
Hertz 

Concentration at which 50% inhibition occurs 
m e d  
Lewis açid 
Literature 
Mitosis phase 
Methyl 
Metting point 
Mitotic promoting factor 
Masdcharge (mass spectrometry) 
Mes y1 

Mass spectroscopy 
N-rnethylmorpholine oxyde 
Nuclear magnetic resonnance (for carbon) 
Nuclear magnetic resonnance (for proton) 
Singlet oxygen 
Phosphate 
Prostagiandin 
Phenyl 
P hospholipase 
Phosphoramidate 
iso-Propy 1 
Pounds per square inch 
Pyridine 
Retention factor 
Room temperature 



SAR 
S 

TBS 

TLC 
TMS 

TPS 
Ts 
Tx 

For NMR: 

Structure-acthity relationship 
Synthesis phase 
Threonine 
Tetrabutylammonium fluoride 
tert-Butyi dunethyIsily1 
tert-Butyl 
Trifiate 
Tetrahydrofïmn 

Tri-iso-prop ylsil y1 
Thin layer chromatography 
Trimethylsil y1 
Tetrapropylammonium permthenate 
fert-Butyl diphenylsilyl 
Tosyl 
Thromboxane 
Tyrosine 

B road signal 
Chernical displacement (fiom TMS as O ppm) 

Doublet 
Double doublet 
Double niplet 
Hertz 
Coupling constant in Hertz 
Md tiplet 
Quaciruplet 
Singulet 
Triplet 



INTRODUCTION 

The totai synthesis of naturd products is one of the most important and chaiienging fields 

of today's science. Traditionally, total synthesis has served as the ultimate proof of stnicture,l 
and in many cases, as the sole reliable means to elucidate relative and/or absolute configuration. 

Since most naturd products are ody available in M y  amounts fkom the natural source, 

economicaI access to such compounds can only be ensured by chernical synthesis. The 
phamacological evaluation and development of a bioactive naaual product is therefore precluded 

unless a satisfactory synthesis can be devised. Furthemore, the synthetic pathway can be fine- 
tuned to produce libraries of designed analogues that may provide clues to cellular targets 

essential to intraceliular signaihg pathways (e.g. cell cycle inhibition) that may in turn lead to 

clinical advances of considerable importance. h other words, advances in the field of natural 
product synthesis are inextrïcably W e d  to advances in life sciences, such as moleda r  biology 

and medi cine among others. 

To an organic chemist there is no greater challenge than attempting to reproduce nature's 

rnolecular architecture, and no greater satisfaction than to succeed in accomplishing this task. For 

the medicinai chemist, however, the game has not ended once the natural molecule has been 

synthesized in the laboratory. In fact, this is usuaiiy the s t h g  point of a medicinal chemistry 
project. The newly developed synthetic technology allows us to go much M e r  and produce a 
vast number of analogues, dways modming their structure, atom by atom if needs be, so that 
optimum activity and bioavailability can be achieved with a strict minimum of toxicity. 

This is the challenge that is met by today's pharmaceuticd industries and to a lesser extent 

by chemists in academia. Usually, the nanirai product serves only as the lead compound, and the 

final product, crafted after several years of research, can be substantiaily different - often simpler 

and easier to make than the prototypicai naniral product - while possessing a superior 

pharmacological profile that makes it a worthwhile dmg candidate. And so it is often with this 
concept in mind that chemists tum to the formidable undertaking of synthesizing one of nature's 

millions of moiecules. 



But with a rapidy growing number of potential targets, the greatest of challenge to the 
synthetic chemist is to have at his or her disposition methods that allow efficient access to the 
many different types of substnrctures and fùndonalities present in these mdedes.  Even though 
much progress has been accomplished toward this goal during the last few decades, many 

shortcomings stiil exist in view of the remarkable diversity and compldty present in the nanirai 
world. When considering Professor Paul Wender's definition of the ideal synthesis - one step 

and 1 00% yield - it is fairly clear that as a science (as weii as art) organic synthesis is still at its 

infancy . 

Consequently, there is a great need to develop new and more efficient methods in terms 

of yield, selectivity, and brevity, that would be economicaIly viable and applicable to the 
sy nthesis of structural1 y complex molecules. Especidy important nowaday s is the dwelopment 

of methods that are also environmentally fnendly or 'green' and therefore suitable for industrial 
scale synthesis. Much stiil remains to be accomplished in ail of these areas. 

Both dysidiolide (1)2 and luffariellolide (2)3, whose syntheses are described in this 
thesi s, po ssess a highly oxygenated heterocy clic unit, name1 y the y-hy droxy butenolide. This unit 

appears to be at least in part responsible for their biological properties, such as antitumor and 
anti-infiammatory activities, which are believed to arise through inhibition of phosphatase 
Cdc25A and phosholipase A2 (PLA2) respectively. 

O 

dysidiolide (1) 



Many other natural products possessing interesting biological properties, such as 
manoaiide (3)P and thorectolide (4),5 also contain a y-hydroxybutenolide unit Manoaiide is a 

potent anti-inflammatory agent that has undergone phase II clinicai trials for the treatment of 
p soriasis6 while thorectolide is an inhibitor of HIV- 1 nucleocapside and htegrasee5 

manoalide (3) thorectolide (4) 

It should be pointed out that the y-hydroxybutenolide ring (5) is in tautomerism with its 

acyclic isomer 6 (Fig. 1). Consequently, this heterocycle may be viewed as a masked f o m  of 
two highly reactive functionalities (e-g. aidehyde and carboxyiic acid groups) that may participate 
in chemicd reactions once bound to an enzyme, thereby causiag inhibition through covalent bond 
formation. From the medicinal chemist's standpoint, the y-hydroxybutenolide may be viewed as 

a non-classicai bioisostere of the phosphate group. 

Fig . 1 Tautomerism of y-hy droxy butenolides with their acy clic isomers 



Few methods for the preparation of y-hydroxybutenolides are descrïbed in the Iiterature.7 
The most commonly employed for their synthesis makes use of singiet oxygen (IO2).* One of 
these methods, reported by Faulkner in 1988, involves the photooxygenation of monosubstituted 
nirans 7 in the presence of polymer-bound rose bengai as sensituer. The resulting ozonides 8 

are deprotonated in situ by a stencaiiy hindered base and transformed into 9 with high 
regioselectivity (cf 9 vs t O). The minor regiomer 10 is rareiy observed when Hunig's base is 

used as the base. 

Base 

/ Major product 

0 10 

Minor product 

Unforhinately, this method often leads to modest yields and is only usefûl for smali scale 
synthesis.g Another limitation is the fact that this methodology only aiiows the synthesis of y- 

hydroxybutenolides with a substituent at the P position (cf 9). 

A more general method for the preparation of such y-hydroxybutenolides (12) involves 

the photooxygenation of tnaikylsilylsubstituted fûrans such as 11-10 The advantage of this over 
Faulkner's method is that y-hydroxybutenolides with diverse substitution patterns can be 

prepared with complete regiocontrol due to the directing effect of the tn-alkylsilyl group. 
Nonetheless, this method is limited by the several steps needed to prepare the required substrates 
(Il), and as with all photwxygenation reactions, the difncufty to upscale. 



It is with these shortcomings in mind that our group decided to develop a more generai 
and efficient method for the synthesis of y-hydroxybutenolides. The new method recently 

reported from our group7 makes use of a wide variety of mono- and disubstituted 2- 
trÏalkylsilyIoxyfirans 13 as substrates and these are readiiy available by silylation of the 

corresponding butenolides. Oxidation of 13 to the corresponding silyl esters 14 is achieved 
with high efficiency by the action of dimethyldioxlrane (15). Hydrolysis of 14 provides the 
corresponduig y-hydroxy butenolides 16 in consistently high to excellent ~ields.' It is worthy 

of note that isolation of product 14 is not necessary and that hydroiysis can be conducted directly 
in the same reaction vesse1 to yield the desired y-hydroxybutenolides (16) in one-pot façhion. 

Unlike IO2, the concentration of dioxirane 15 c m  be measured by iodomeaic titrationll 

and precise quantities of 15 can be conveniently used to ensure selective oxidation of the electron 
rich siloxyfiuan moiety in the presence of other sensitive functional groups such as double 
bonds. Even in the presence of a trisubstituted double bond, the siloxyfuran moiety of 17 is 
selectivel y oxi dized to its corresponding y-hydroxy butenolide 18 without epoxidation of the 

double bond? By virtue of the ready avaiiability of a wide range of siloxyfurans, high regio and 

chemoselectivity and excellent yields, this method is especially attractive for the synthesis of 
complex naturai products. 



As yet, the mechanism of oxidation has not been investigated. It is however possible to 

consider three distinct pathways leading to silyl ester 25 (FÏg II). FKSS an ionic pathway12 
involving nucleophilic attack at the C-5 position of uloxyfuran 19 wouId produce mitterion 20 

which would coiiapse to silyl ester 25 either directly or through epoxide 22. 

Fig. 2 Mechanistic options for the oxidation of siloxyfurans. 

Altematively, epoxidation of the siloxyfuran at either of the two double bonds through a 
'butterfiy' mechanisml3 and subsequent remrangement of these unstable epoxides (22 or 24) 

would produce the same silyl ester 25. The scope of this new methodology has been extended 
by the development of new siloxyfuran reagents and applications as key building blocks in the 

syntheses of dysidiolide (1) and luffixieilolide (2). 



ULTS AND DISCITSSION 



CHAPTER 1 

BIOLOGICAL BACKGROUND 

1.1 Introduction 

In order to beuer appreciate the interest and impact of the synthesis of dysidioiide (1) 
described in chapter 2, it is essentiai to understand the unique biological background of this 

naturd product. Indeed it is only after dysidiolide's novel biological pronle is understood 
that one can appreciate the curent chernical and biomedical interest in this molecule as weli 
as the need for M e r  work on this exciting new therapeutic lead. 

dysidiolide (1) 

A crucial development of relevance to dysidiolide was the characterization ofa  new 

protein phosphatase named CdcZSA which was shown to play a key role in the promotion 
of cellular proliferation.14 Because of the pivotal role of this e q m e  In the ce11 cycle* 
researchers immediately embarqued on the development of new biologicai assays to h d  
potential inhibitors of Cdc2SA. As was rnentiomed in the generd introduction, naturd 
products are a rich and invaluable source of novel biologically active compounds, and not 

suprisingly, the search for selecàve Cdc25A inhibitors began with the assay of naturd 
product extractS. 



The isolation of dysidiolide (1) nom the Cacibbean macine sponge @sida etheria 
was reported by Gunasekera at the end of 1996~ This secondary metabolite was found to 
be the first naturai product to inhibit phosphatase Cdc25A @Cs0 = values of 9.4 pM)? 

What is eqyaüy interesting is that dysidiolide also inhibits growth of A449 human lung 
carcinoma and P388 murine leukemia ceii Lines at sirnilar concentrations = values of 
4.7 and 1 -5 mM respectïvely) -2 However, because only Iunited amounts of dysidiolide (a 
few milligrams) were obtained fkom the marine sponge (0.05% fiom wet weight), M e r  
indepth studies wen precluded unless a chemical synthesis c d d  be devised. 

Prior our discussion of our total synthesis of dysidiolide, we will begin by a brief 
introduction of cancer and the cell cycle. This is necessaty in order to understand and 
appreciate the role of Cdc2SA as a key enqme and as dysidiolide's biological target 

1.2 Cancer 

Cancer is one of the most serious afflictions that threatens the lives of millions of 
individuals across the world. It has been reported that 6.6 million people worldw*de bave 

died from cancer in the year 1997 alone15 and that numbers are increasing. In Canada, 1 in 

2.4 men will be diagnosed with some form of cancer during their lifetime and siightiy less, 
1 in 2.9, for women (Table I)? 

It is interesting to note that lung cancer is the Ieading cause of cancer related deaths 
despite the fact that breast and prostate cancer are more common. This makes the patient 
with lung cancer more likely to die fkom the disease than would a patient with any other type 
of cancer.16 



Cancer in Canada 

All 1 l in 2 4  

Prostate -1 
All 

Breast 

Lung 

Women 

Table 1 

The phannaceuticai industry offers many different therapeutic regimens for fighting 
this deadly disease (Table m.17 The first category comprises antirnetabolites which are 
moiecules that are structuraily simiiar to normal cellular componuits.17 These are often 
nucleotide analogues or antagonists (purine or pyrimidine) while antibiotics usuaily fimaion 

b y complexing DNA and disrupting its normal functions. 

Alkylating agents on the other hand are reactive chernicals that alkylate the DNA's 
nucleotides and disrupt their normal functions.17 The toxicity of the allylating agents is 

nibstantial and often causes serious side effects, even in low dosage. Mechlorethamine 

(nitrogen mustard) is an example of such an dkylating agent which was even used in 

chernical warfare during WorId War 1 because of its high toxïcity . 



Anticancer drugs 

Akylating Agents - cytotoxic alkylation of DNA 
- most are c d  cycle nonspecifiic 

b 

- disraption of the mic~otubde system Mitotic _ M-Phase 

Hormones I - control of proliferation of ceUs 
- do not cause cytotoxic lesions 

Others I - interferons that affect ceIl prolifedon and 
modulate Ïmmmological responses 

Table II 

Other types of anticancer drugs involve mitotic spindle poisons such as Vuica 

al kaloids (ex. Vincristine, Vinblasthe, etc.. .) and the more popular Taxol (Paclitaxel). l 
These drugs function by disrupting the cytosqyeleton of cells by either causing the 
depolymerization or the termination of assembly of the cell's microtubules. Both 

mechanisms resuft in disfunctional cells that cannot proliferate normaily. There are also 
other types of drugs that antagonize hormone-stimulated processes or that affect ce11 
rnobiiity and proliferation. Even though many therapies exist to fight cancer, no cure has 
been found thus far. It is therefore most important to explore new avenues that might Iead to 

a potentially novel and viable therapy. 

In addition to taxol (26), marketed by Bristol-Meyers Squibb (annual sales = US$ 
813 millions) for the treatment of metastatic ovarian cancer,18 sweral other promising 

antitumor natural products have been recently described in the fiterature, such as epothïione 

A and B (27),19 eleutherobin ( ~ s ) , ~ O  and dysidiolide (l)? These natural products are 
excellent leads for the development of new anticancer dnigs. 



paciitaxei (Taxol) (26) 

It is important to note that, apart fiom dysidiolide (l), compounds 26, 27, and 28 

have similar mechanisms of action, that is, they aii exert their activity at the level of the 

disruption of the microtubules. The mechanism of action of dysidiolide (1) is novel and 
completely different, and will therefore be disnissed in more detail.. 

1.3 Cell division 

Before being able to understand how dysidiolide inhibits Cdc2SA and inMeres with 
cellular proliferation, one must consider some key events in the cell cycle, the biologicai 

cascade that leads to c d  division. As the ce11 divides to create two identical daughter ceiis, it 

must go through a multitude of biological processes that assure that each of the two new 

entities possess complete and identical genetic information that is fiee from error. Simply by 

obseMng the status of the genetic information of the cell, we are able to divide the ceil cycle 
in certain obvious phases Vig. 3)- 



The cell division cycle 

Fig. 3 

The different abbreviations are defined as following: G is for 'Gap', S is for 
'Synthesis', and M is for 'Mitosis'. Go is the indennite period of time in which the ceii in 
not engaged in cellular division, this is also cailed the quiescent or resting state. CeUs in this 
phase are either resting or accompiishing another activity that doesn't implicate cellular 

proliferation (such as synthesizing/secreting hormones, enzymes, etc). The ce11 can be 
brought out of this state by adequate rnitogenic stimulation (e.g. growth factors, 
differentiation inducers, etc) and can also r e m  to this state by negative rnitogenic 
stimulation (e.g . aatïproliferative cytokins, mitogen antagonists, etc) or improper growth 
conditions, 

Gl is the gap period in which the cell is engaged in the cellular division cycle, but 
has not yet cornmenceci the replication of its DNA At this stage, the celi c m  be brought 
back at any time into the resting state Go by any ofthe conditions emunerated above. 



In the S phase, the cell has now begun the replication of its DNA and is in the 

process of preparing two identical DNA copies to be handed down to each of the two 

daughter cells. In the @ phase, the two DNA copies are completed and the cell is getting 
ready to engage in the final process which involves the division of the mother ceii into two 

identicai daughter ceiis and is cailed the M phase. 

In the cell, biochemical mechanisms are in place to ensure that these phases are not 

interchangeable. For srample, ifthe ce11 couid bypass the S phase and go directiy nom fi 
to &, it would enter M phase and begin dividing into two daughter ceils but with only one 

DNA copy. This would result in apoptosis (meaning programmed cellular death) or the 

formation of abnomal cells with increased potential for neoplasia (transformation of nomal 

cens to cancerous ceils). On the other hand, if the cell in G2 could cross back into Gl and 

go through the S process once again, it would acquire four DNA copies instead of two. 

This would again cause entry into M phase with an abnomal genetic status and ultimately 

lead to apoptosis or risk of neoplasia- 

In order to insure that such abberations do not occur, the ceil has in place several 

checkpoints22 which allow irreversible foward progress from phase to phase only once all 

of the biochernical prerequisites have been met. Several such checkpoints have been 

identified and the List continues to grow year after year as new discoveries are made. 

Examples of checkpoints include the GiIS transition checkpoint, the DNA damage 
checkpoint, the Gz/M transition checkpoint, the spinde assembly checkpoint and the 

chromosome segregation checkpointu 

We will mostly focus on the GiIS and @/M transition checkpoints as these involve 
Cdc2S protein phosphatases which are especialiy relevant to our discussion. Another 

important fact is that the GiIS transition checkpoint is the moa critical checkpoint on which 

oncogenes and tumor suppressors often converge, mimicking persitent mitogenic 

stimulation.24 It is interesthg to note that the timing, entry, and irreversible crossing of 

both of these transition checkpoints are govemed by similar biochernical processes (Scheme 

1). This control is exerted by similar but biochemically distinct molecules that aLi work in a 
similar fashion, 



Scheme 1 

In ail cases we find a catalytic domain called a Cdk (Cyclin dependant kinsase) 

which is positively regulated by binding with a particular cyclin (regdatory unit) once it 
reaches a certain threshold level in the ~ e I l . 2 ~  This Cdk can dso  be negatively regulated by 

bindllig with a Cdi (Cyclin dependant inhibitor). 

Once bound with the corresponding cyclin, two residues of the Cdk, threonine-14 

and tyrosine-1 5, are inactivated b y phosphorylation by ceriain kinases. The inhibitory 
phosphorylation ensures that the activation of this key enzyme will only take place at the 

proper time. Subsequently, phosphorylation of the threonine-160 or 161 (depending on the 

Cdk) is accomplished by a Cak (Cyclin activated kinase) to give the proper three 

dimensionnal conformation to the enzyme. At this point, the Cdk is ready to begin its 
catalytic action, the only remaining task is the dephosphorylation of the two residues of its 

catalytic site. 



Once this is accomplished, the Cdk will initiate the phosphorylating cascade that 
creates the biological response and ïrreversibly drives foward the ceii to the next phase. The 
key enzyme that catalyses this double dephosphorylation is none other than Cdc25?6 In the 
human cells, there exkt three different foms of Cdc25, coined Cdc25A-C, which have 
specific roles at different checkpoints throughout the ce11 cycle. We will now examine in 
greater detail the GlIS transition checkpoint of the cell cycle and the role of Cdc25A 
(Scheme 2). 

Gl phase 

1 Expression 

'S S phase 

Expression 

-7 
M itogens 

Scheme 2 



Shown in Scheme 2 are some key biochemical processes that drive foward the ceii 
from the Go to the S phase. Adequate mitogenic stimuiation draws the ceil out of the Go 
quiescent state and into the phase. During this q phase, cyclin D is synthesized and, 
once it reaches its threshold level, it binds with the kinase C&4. This Cdk4/CycD complex 
is then actwated by Cdc25B to create a highly active kinase which initiates a 
phosphorylating cascade thereby producing a biologicai effect The presumed end r e d t  of 
this active Cdk4/CycD complex is to cause the expression of various genes necessaxy for 
the transit of the ceii nom the @ phase to the S phase. One of the proteins synthesized 
during this period is Cyclin E which, after attaining its threshold level, binds with the Cdk2 
kinase and forms a pre-active complex (CWCycE) in a similar fashion. This pre-active 

enzymatic cornplex, after undergoing double dephosphorylation by the Cdc25A protein 
phosphatase, becomes highly active and once again initiates a phosphorylation cascade of 

several relevant proteins which in tum affect the biochemicaliy irreversible transition 

between the Gl and S phase?' 

It is important to mention that anytime pnor to this G I S  transition checkpoint, the 

ce11 can be drawn back to the quiescent Go state b y proper negative mitogenic stimulation. 
But once the ceii crosses the Gi/S transition checkpoint, via the action of Cdc25q the cell 
is irreversibly engaged in ceiiular division. The cell at this stage is refractive to negative 
stimulation and cannot be tumed back- 

The biochemical implications of Cdc25A inhibition are tremendous. Failure to 

activate the Cdk4KycE complex would result in ceiiular inability to cross the Gi/S 
transition checkpoint, and therefore prevent progression toward DNA replication and 

ultimately, mitosis. This makes the Cdc25A protein phosphatase a key biological target for 
therapeutical intervention. 

Strong evidence that dysidioiide's anticancerous activity is a result of Cdc25A 
inhibition has been recently demonstrated by Danishefsky and c o w o r k e r ~ . ~ ~  These 
researchers found that certain types of cancerous ceus treated with racemic dysidiolide were 
effectively blocked in the Gl phase, m e r  enforcing the theory that inhibition of Cdc2SA 
would result in loss of mitogenic properties of the ceiis. 



It is weU know that oncogenes and tumor supressors often exert their oncogenic 
effects at the level of signal transduction, in strategic regdatory pathways, therefore 
mimieking persistent mitogenic stimulation, perturbing checkpoint control and uncouphg 
ceUs from environmental control.24 It is worthy to note that excessively high levels of 
Cdc25A and Cdc25B have beea observed in head and neck cancers29 and also more 
recently in primary non-mal1 cell lung cancer? In such cancers, there is a dear implication 
of the Cdc25A a d o r  Cdc25B in the cancerous ceus. ConsequentIy, Cdc25A and Cdc25B 

inhibitors have substautial potential as new drugs against severai types of cancers. 

Once activated, the Cdk2/CycE complex initiates a phosphorylating cascade and 

causes the cell to ineversibly enter the S phase. This results in the activation of biologically 
relevant substrates causing the expression of S phase genes which lead to the replication of 
the ceIl's DNA. The Cdk2 eventuaiiy dissociates fiom the cyclin E and binds to the S phase 
cyclin A to form a new Cdk2/CycA compex. This wmplex is also believed to be activated 
by Cdc25A in a similar fashion and wodd result in the expression of other important genes 
for the progression through the S phase. 

By looking at this criticai &/S transition checkpoint in greater detail, researchers 
have considered the possibility that it may function through a positive feedback loop 

(Scheme 3).3 Simply stated, a positive feedback loop is a sort of rnolecular switch which 
insures that upon activation, the biochemical reaction goes quickiy to completion so that 
there is no 'in between' response. 

And so according to this theory, once ail of the conditions have been met, Cdc25A 
causes the double dephosphorylation of a minute amount of the CdkUCycE complex which, 
because of its potent phosphorylating activity, phosphorylates certain residues of CdcZSA, 
modiQing its three dimensiornai conformation and increasing its activity. This activated 
Cdc25A then rapidly dephosphorylates the remaining amount of the inactive CdkUCycE 
complex and completes the loop3 1 
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This process resuits in an al1 or nothing response ensuring that, once the ce11 is ready 

to engage in the following phase, it does so in a complete and irreversible manner. 

The fascinatiog story of the Cdc25 protein phosphatases however does not end 

there. The second crucial checkpoint in the ce11 division cycle is the G2/M transition 

checkpoint and this involves the Cdc2/CycB complex (Scheme 4). 

Following processes analoguous to those taking place at the Gi/S transition 

checkpoint, Cyclin B binds to the Cdc2 kinase once it reaches its threshoid level to form the 

CdcZKycB complex. This complex is then phosphorylated on two of its catalytic site 

residues (threonine-14 and tyrosine-15) and activated by phosphorylation of the threonine- 
16 1 residue by a Cak This crucial pre-active CdcUCycB complex is caiied preMPF (pre- 
mitotic promoting factor). 



MPF preMPF [CDCZS) 

At this point, the ceii is ready to engage in mitosis (the process by which the mother 

ce11 divides to f o m  two new identical daughter ceils). AU that is required for this process to 

occur is the activation of preMPF into its active fom MPF. Once again, this is 
accomplished by a Cdc25 protein phosphatase, Cdc25C, which catalyses the 

dephosphorylation of the two phosphorylated residues of the catalytic site of the preMPF 

cornplex. 

Once activateci, MPF initiates a protein phosphorylating cascade which results in the 

expression of various genes goveming mitosis, causing biological processes such as 

nuclear envelope disassembly, chromosome condensation, constmction of the mitotic 
spuidles, etc. .? l 



By looking more closely at the activation of the Cdc21CycB complex (preMPF) by 

the protein phosphatase CdcZS, researchers have diswvered that another positive feedback 
loop is cleady invoived (Scheme 932 
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Following the same explanations given for the a / S  positive feedback loop, the 

CdcZlCycB complex functions as a similar m o l e d a r  switch. Cdc25C is the protein 

phosphatase that is hvolved in the activation of preMPF to MPF once ail of the required 
conditions have been met. Questions regarding the activation of this positive feedback loop 
&Il remain,33 and some researchen propose that Cdc25A might be the protein phosphatase 
that initiates the loop while Cdc25C is the one that completes it. However, firther research 
is required before a clear picture can emerge. 



Reasons to suppoit this theory include the observation that Cdc25A remains highly 
active throughout the S, G2 and M phases? The fact that Cdc25A remains active during 
this period however does not constitute proof that it plays a role in the activation of 

preMPF. This study also pointed out that Cdc2SA cm e5ciently dephosphorylate preMPF 
to MPF in vitro? 

Suice Cdc25A has the capacity to acitvate preMPF and has aiso been shown to 

remain active during this period of the ceii cycle, the proposed theory rem- plausible. If 
this proves to be the case, it would mean that Cdc25A is an enzyme with a crucial role in not 

one, but two strategic transition checkpoints of the ceil cycle. 

1.4 Therapeutic potentiai of Cdc25 inbibitors 

Researchers have recently discovered that the G2/M transition checkpoint is an 
inhibitory target of other important checkpoints in the celi.35 For example, cells with 
unreplicated or damaged DNA insure that they will not engage in mitosis prematurely (e-g. 

before the situation is corrected) by selectively inhibiting the Cdc25C protein 

phosphatase.36 

This inhibition control of Cdc25C prevents the activation of preMPF to MPF and 

therefore arrests al1 progression towards mitosis.37 This naturaily occurïng pathway 

underlines weli the strategic importance of the Cdc25 protein phosphatases. 

One can imagine how a similar strategy could be employed for the development of 

drugs that would fight proliferative diseases such as cancer by mimicking what the cell does 

on its own when unreplicated or damaged DNA are present in the cell. The search for 
Cdc25 protein phosphatase inhibitors is thus of great interest. 



Whether or not Cdc25A has a role in the @/M transition checkpoint wiii hopeWy 
be cleared by ongoing research. On the other hand, there is ample evidence that Cdc25A 
plays a critical role in the irreversible promotion of celi division via the @/S transition 

checkpoint The important role ofCdc25A in tbÏs crucial, strategically located checkpoint 

makes this enzyme an attractive biological target for new dmgs against cancer and other 
ce1 iular proliferation disorders. Cdc25 protein phosphatases offer brand new molenil ar 
targets and wÏiI hopefidly yield in due time potent inhibitors usefixi for therapy now that 

dysidiolide has opened the door. 

The German phannaceutical Company BASF Pharma has aiready invested 48 

million dollars to Mitotix (MA) in the search for new dmgs that would inhibit Cdc25 
phosphata se^.^ Nso, the recent cry stallisation and structural elucidation of the catalytic 
domain of Cdc25A will be of invaluable help to those interested in the discovery of new 
Cdc25A in hi bit or^.^^ Exciting new developments in this area are awaited with great 
interest, 

It is fair to conclude that the discovev of the first selective Cdc25A inhibitor 
dysidiolide has provided an excellent biological probe for studying the role ofCdc25A in 
the ceil cycle, and at the same time, a brand new lead in the search for a cure for cancer and 

other promerative diseases. 



TOTAL SYNTHESIS OF DYSIDIOLIDE 

2.1 Introduction 

Isolated by Gunesekera and coIieagues from the Carïbbean marine sponge Dysiideo 
etheria, dy sidiolide (1) is a novel sesterterpene y-hydroxy butenofide with the distinction of 

being the fia reported naturd product to inhibit protein phosphatase C ~ C ~ S A . ~  It also 
displays antitumor activity that may be a consequence of Cdc25A inhibition (for a detailed 
discussion see Chapter 1). In Light of the broad signals observed in the NMR spectra of 
dysidiolide, possibly as a resuit oflactol epimerization or restncted rotation of the lactol side 
chain, structural elucidation by spectroscopie methods proved pdcu1arly dificult. 
Ultimately, its gross structure and relative - but not absolute - configuration were 
established by single-crystal X-ray Waction (1 or enf-1). The unprecedented skeleton of 

dysidiolide, where the two side chains are only about 4 A apart, is beIieved to arise by an 
unusual cyciisation of a C25 isoprenoi d.2 

Dysidioiide's structure is a true testimony to the extraordinary moledar  architecture 

that can be found in nature. The formidable combination of unique stnictural features and 
highl y sought biological properties make dysidiolide an emiaent target for s ynthesis. 

dysidiolide (1) 



An enantioselective total synthesis of dysidiolide would not only establish its 
absolute configuration but would ais0 provide substantial quantities of the natural product 

for pharmacological evaluation and further pave the way to the synthesis of analogues of 

improved therapeutic performance. 

In designing a synthesis for this molecule one must address several stereochemical 

issues. The most chaiienging problem is the construction of the decalin core with the comect 

stereochemis~y of the four chiral centers, two of which are quartemaxy. 

Nso challenging is the assemblage of the y-hydroxybutenolide side-chah together 

with the CCstereocenter. Our goal was to devise a synthetic route that would requïre as few 

steps as possible and st i i l  be highly stereo- and enantioselectïve- In addition, we opted for 

maximun flexiblity thereby allowing the generation of analogue libraries fkom suitably 

fiinctionalized intermediates, 

2 . 2  Retrosynthetic analysis 

Since the absolute configuration of dysidiolide was not known at the outset of our 

work we decided to synthesize the enantiomer shown in the article describing the isolation 

and smicture of the naturd product (cf. 11.2 Our plan, retrosynthetically presented in 
Scheme 7, was to install the y-hydroxybutenolide moiety at a late stage in the synthesis. 

This would be accomplished by using the methodology recently developed in our group 
which involves the dimethyldioxirane oxidation of a si1 y loxyfiiran, followed b y hydrol y si s 
to the conesponding y-hydroxybutenolide? The question remained as to how the 

siloxyfuran rnoiety could be installed onto the carbon squeleton. A convergent approach 

wouid involve preparation of an organometallic reagent such as 29 and adding it directly to 

the aldehyde intermediate 30. In this marner, we would introduce the siloxfiran precursor 
required for the last step, and at the same t h e ,  install the alcohol group at C-4. 



Retrosynthetic analysis 

Scheme 6 

The question which remained was that of the stereoselectivity of the addition. 

Examination of Dreiding models revealed that the chiral environment surrounding the 
aidehyde, in partidar the stenc bulk of the other side-chain, would force the carbonyl into 

a conformation in which addition from the re-face of the carbonyl would be favored (as 
shown in Scheme 6).  This expectation was further supported by molecular mechanics 
cdculations using CHARMm forcefield quanta simulatuig software, which suggested that 
the conformer shown (30) is lower in energy by at lest  1,1 kcaVmo1 over those susceptible 
to undergo si-face attack. 

Aldehyde 30 would derive corn compound 31 wfuch would in turn be produced by 

a Diels-Aider reaction of chiral diene 32 with the doubly activated dienophile 33. The 
attractiveness of this approach stems fkom the fact that a i i  the chirality of dysidiolide denves 

fkom the single quartemary chirai center of the diene 32. 



A Iiterature survey reveaied that Diels-Alder reactions wîth doubl y activated, 
unsymmetricaliy substinited dienophiles are feasible under Lewis acid mediation and 
proceed with excellent emb/exo selectivity. 

In p i o n e e ~ g  studies, Vatenta and CO-workers have shown that Diels-Alder reaction 
of diene 34 with dienophile 35 in the presence of t h  tetrachloride provided a single adduct 

36," suggesting that it is the aldehyde and not the ester group of 35 that adopts the endo 
orientation with respect to the diene. The regioselectivity observeci is aiso in accord with our 

expectation regarding the outcome of the reaaion of 32 with 33 (Scheme 6). 

6 + d'O2Ms S ~ C I ~ _  only isomer 

OHC 0 OC, 5 min "*CHO 75% 
34 35 36 

In another example, the Diels-Alder reaction of bifunctionnal dienophile 38 with 

semi-cyclic diene 37, carried out at 160 OC in the absence of a Lewis acid, proceeded with 

complete endo selectivity with respect to the aldehyde group to e o r d  the regioisorners 39 

and 40 in 67 and 11% yield, respectively.4~ Presumably, the regioselectivity would 

improve under Lewis acid catalysis. 



As for the diastereofaciai selectlvity, it was predicted that aIlylic 1,2-strain (~192- 

strain) between the vinyIic proton and the larger substituent in the the pseudo-equatonal 

position would disfavor conformer (A) thereby favoring (B) where the larger substituent 
occupies the pseudo- axial position (Fig 4 ) s  Nonetheless, the merence in bulk between 

the two substituents is not that great so that a fair amount of conformer A may be present 

dong with B. 

The Iarger aûai substituent in A wouid partidy shield one of the two faces of the 

diene and would therefore result in diastereofacial selectivity. Molecular mechanics 

caldations on diene 32 showed an energy difference of approximately 0.8 kcaUmol in 

favor of conformer A vernis B. Some diastereofacial seledvity was therefore anticipated. 

Conformationai analysis of diene 32 

Having dedt with al1 stereochemical issues in the pian, we could now tum to the 
synthesis of dysidiolide by designing short routes to chiral diene 32 and dienophile 33. 



2.3 Preparation of chiral diene 50 

A systematic search of the fiterature revealed that drAngelo's protocol was the most 
efficient method to instali enantioselectively the qyarternary center in chiral diene 32 .43 In 
fact, it is by this method that commercially available ketone 45 and its enantiorner are 
prepared. 

Because ketone 45 is f d y  expensive, we decided to prepare this compound on a 

20-30 gram scale fiom racemic 2-methylcyclohexanone (41). The k s t  step involved 
refluxing together 41  and the desired enantiorner of chiral methylbenzyf amine (42) in 

toluene overnight in a DeanStark apparatus. Cnide chiral enamine 43 was obtained 

following distillation ofmost of the t0luene.4~ 

42 

MePh / A 5 days 

then H~O+ 
u 

44 

Dropwise addition of methyl acrylate to neat 43 and stimng for five days at room 
temperature accomplished diastereoselective Michael addition to yield chiral ketone 44 in 

70% yield (approximately 90% ee) after hydrolysis and distillation under reduced pressure. 

Reduction of both the ketone and ester functionalities of 44 was accomplished by 

using an excess of lithium aluminium h y d r i d e  In this manner, di01 45 was obtained as a 
mixture of diastereoisomers in quantitative yield. There was no need to separate these 
isomers since both of them were ultimately transfomed into the same compound (ketone 
47). 



The protecting group chosen for the primaiy alcohol was the b e q I  group because 
of its robust nature but its ready cleavage under a variety of conditions. Usiag one 
equivdent of sodium hydnde and a slight excess of benzyl bromide, selective protection of 
the primary alcohol group of di01 45 afKorded the desired monoprotected compound 46 in 
76% yield. 

This diastereoisomeric mixture 46 was oxidized using Ley's TPAP oxidation 
protoco14* to afford the desired chiral ketone 47 in quantitative yield. It is worth mentiming 
that when this protocol is used for large scale reactions, an ice bath must be at hand because 
of the exothennic nature of such oxidations- 

TPAP (m.) + oA 
NMO, CHzCll 
Mol-sieves / rt 

100% 
u 

47 



The final seps for the synthesis of chiral diene 50 involved the addition of a vinyl 

cerium reagent 4846 to ketone 47 which r e d t e d  in an inconsequential mixture of 

diastereoisomenc tertîary alcohols 49 which was dehydrated b y refluxing in a Dean-Stark 
apparatus in the presence of excess CuS04 to a o r d  diene 50 in 85% yield. 

u THF / rt 
47 

The preparation of the tertiary alcohol 49 was efficient when the organocenum 

reagent 48 was used. By using a highly oxophilic organocerium reagent, generated in situ 

from vinyl magnesium bromide and dry cec13,46 addition is greatly favored over 

deprotonation. However, good results could aiso be obtained by adding the ketone 47 
- dropwise to a solution of vinyl magnesium bromide at room temperature (inverse addition 

protocof). 

The overall yield for this five step synthesis of chiral diene 50 from commercially 

available chiral ketone 45 is approximately 65%. 

2.4 Preparation of dienophile 56 

The synthesis of difinctional dienophile 56 began with commercialiy available 

homopropargylic alcohol51 which was protected as its tri-iso-propylsilyl ether to Bord the 

known compound 52 in 95% yield-47 



H\\ TIPSCl - 
5 f imid./ DMF 

95% 

-ne 52 was then deprotonated with EtMgBr and added to ethyl cbiorofonnate to 
produce the propargylic ethyl ester 53 in 76% yie l~i?~ 

1 - EtMgBr / THF - 
52 2. CIC0,Et / THF 53 C02Et 

At this point, the crucial step of the synthetic pathway to the desired dienophile 56 

was carried out. This involved conjugate addition of a masked aldehyde fimctional group 
(cf. vinyl group) to this propargylic ester 53. Obtention of an isomeric mixture of adducts 
would render this route useless since it could not provide 56 in an isomencally pure fom 
following the unmashg of the carbonyl fùnction. A completely selective process was 
therefore necessary. 

The 1,4-addition of an in situ generated vinyl copper reagent (54) to propargylic 
ester 53 was successful when perforrned in ether under mild conditions (-78 but 
resulted in an inseparable 2: 1 mixture of isomers in favor of the desired frms isomer (56). 

Unfortunately, variation of the reaction conditions only led to a very smaii change of this 

modest selectivity. Eventually, the use of THE instead of ether as solvent was found to have 

a dramatic effect on selectivïty.50 With this sole modification, complete selectivity was 
observed in favor of the desired isomer 55 (as judged by proton and carbon m). 



O3 
THF / -78°C 
then MeOH Etoz 

83% (2 steps) 

=nyi copper reagent 54 in dry THF at -78 O C  was thus added in a l,4-fashion to 

propargylic ester 53 to afford isomerically pure diene 55. The cuprate reagent 54 was 

prepared by adding cornmerciaiiy available vinyl lithium (in THF) dropwise to a THF 
suspension of copper (1) iodide at -35 OC. Altematively, vînyl Lithium could be prepared in 

siru by adding four equivalents of phenyllithium to tetravinyl tin.51 

Immediately following the conjugate addition, diene 55 was submitted to miid 

ozonoly sis at -78 OC -52 This ozonol y sis accomplished selective oxidative cleavage of the 

terminal double bond of 55 to umask the desired aidehyde function thereby providing 

dienophile 56 in 7043% yield (2 steps). 

It is important to mention that strict control of the reaction temperature (-78 OC) was 
crucial to the success of the process since higher temperatures resdted in a low yield of 56, 

presumably due to oxidative deavage of the internai double bond of the diene. 

This synthetic route to difunctionai dienophile 56 is very practical both in tems of 

brevity and efficiency (four steps, 6û?! overail yield). The sequence could be carried out on 

a relatively large scale (10 g) which ailowed the preparation of substantiai quantities of the 

requisite dienophile 56. 



2 .5  Diels-Alder reaction of chiral diene 50 with dienopbile 56 

With chiral diene 50 and dienophiie 56 in han4 we couId now turn to the crucial 

Diels-Alder reaction. Dropwise addition of the anhydms Lewis acid EtAIC12 to a solution 

of chiral diene 50 and dienophile 56 in CH2C12 at -78 OC resulted in smooth formation of a 
2 -3 : 1 mixture of diastereofacial isomers 57 and 58 (76% yield). 

76% 
OTIPS 

€to2c8'* 
CHO 58 

It is important to mention that the degree of selectivity of this reaction is considerable 

since ody two of the eight possible isomeric products have been detected. What rernained to 

be determined was whether these two isomers were in fact facial isomers, and if this was 

the case, whether the major isomer arises by cycloaddition fkom the expected less hindered 
face of diene 50. 



Since these two isomers 57 (major) and 58 (minor) were difncult to separate by 
flash chromatography, they were directiy submitted to Super-Hydride reduction to afford 
the correspondhg diols 59 (major) and 60 (minor) in 43 and 18% yields respectively (2 
steps). 

E~o~c"' 
CHO 58 

tlPSO OH (2 steps) 

18% 

TIPSO 

These two isomenc diols (59 and 60) were then separately submitted to NOE 
experiments to dertermine their identities. 



StertochemicaI assignments of dioh 59 and 60 

OBn 

;-OH 
TIPSO 

TlPS 

Fig. 5 

No NOE effect was obsenred between the NMR signal of the angular proton and the 
equatorial methyl group of isomer 59 whereas a relatively strong NOE effect (10.2%) was 
obsenred between the same angular proton and the axial methyl group the minor isomer 60. 

On this basis, structure 59 was attributed to the major isomer. With the proper major isomer 
59 now available, we codd continue with the total synthesis of dy sidiohde. 



2.6 Functionalization to intermediate 67 

The next crucial step entailed deoxygenation of the two alcohol groups present in 59 

in order to install the requisite methyl substituents. The ideai means for accompiishing this 
task proved to be Ireland's phoshoramidate rneth~d?~ 

This protocol involves transformation of di01 59 to the correspondhg 
diphosphoramidate 61. This was best accomplished ushg MeLi as base foIlowed by 

treatment at room temperature with an excess of N,N,N7W-tetramethyldiamido- 
phosphorochloridate (PONC~).*~ The yield of the desired diphosphoramidate 61 was 58% 

afier purification b y flash chromatography . 

The next step consisted of treatment of 61 with lithium in ethyIamine.53 These 

strong reducing conditions (Benkeser reduction) not only accomplished double 

deoxygenation but also unmasked the benzyl-protected alcohol to give 62 in 70% yield. 

This reaction proved to be most efficient since it accomplished three synthetic 
transformations in a single operation. Fwthermore, it allows the overall route to be 

shortened by one step- 



The primary aIcohol 62 was then smoothly transformed to the corresponding 
tosylate 63 in 98% yield. 

TsCI / DMAP 

This tosylate 63 was then treated with an excess of iso-propenyl magnesium 
bromide (64) in the presence of a cataiytic amount of copper (I) iodide to fbrnish the sp2- 
sp3 cross-coupling product 65 in 90% yield.s4 



Compound 65 now possesses the dysidiolide unsaturated side-chah. Removal of 
the TIPS protecting group was accomplished by treatment with TBAF to afTord primary 
alcohol66 in quantitative yield. 

TBAF 
THF 
100% 

The so obtained primary afcohol 66 was then oxidized to the correspondhg 
al dehy de 67 in 95% yield following Ley's catalytic TP AP-oxidation protocol .45 

TPAP (cat.) - 
NMO / CH2C12 

95% 

The stage was now set for the end-game of the synthesis of dysidiolide. The final 
citical step involves the addition of an appropriate siloxyfuran reagent to aldehyde 67, 

simuitaneously setthg in place the siloxyfiiran moiety for the ensuing step, and at the same 

t h e ,  c r e a ~ g  the requisite secondaq alcohol group. 



2.7 Preparation of siloxyfuran reagent 72 

Preparation of the new siloxyfÙrm reagent 72 began with comrnercidy avdable P- 
tetronic acid (68). Using Jas' procedure, 68 was transformed into bromofbranone 69 in 
83% yield.55 

YL0 l DMF 

0 CH2C12 / O O C  - r t  - ho O 
68 83% 69 

The corresponding siloxyfur~~ll was prepared by treatment of 69 with Et3N and 
TIPSOTf according to the standard protoco17 to a o r d  known bromosiloxyfuran 7oS6 in 
95% yield. 

This bromosiloxyfuran 70 was then treated with a siight excess of n-BuLi at -78 OC 
in dry ether to accomplish bromine-lithium exchange.56y57 The resulting organolithium 
reagent 71 was transmetallated to the corresponding organotitanium reagent 72. 



This transmetallation to organotitanium 72 was necessary since its lithium 
counterpart 71 was presumed to be unstable in the light of previous experience with 3- 

firy~ithium.57 In this marner, the organotitanim reagent 72 could be prepared weiI in 
advance and kept at room temperature mtü needed for the ne* step. 

2 . 8  Completion of the synthesis of dysidiolide 

Treatment of aldehyde 67 with a solution of siloxyfuryltitanium reagent 72 in dry 

ether at -78 O C  provided a 2.2:l mixture of the two addition products 73 and 74, as 
determined by HPLC analysis of the crude reaction product. These two adducts were 

separated by flash chromatography to aEord diastereoisomericalIy pure dcohols 73 (major) 
and 74 (minor) in 58 and 14% yield, respectively . 

Et20 1 -78 OC 

CHO 58% OTIPS 14% O OTIPS 

The only reliable way to establish the identity of these two isomers (73 and 74) 
was to transform each of them individudly to the correspondhg y-hydroxybutenolide and 

compare the spectral data of the latter with those of natural dysidiolide. 



The major diastereoisomer 73 was treated with dimethyldioxirane (15) and the 
intemediate silyl ester (not shown) was hydrofysed in accord with the procedure devefoped 
in Our goup7 for making y-hydroxybutenolides. The so obtained product was a white 

crystallùie compound (95% yield) with s i d a r  physicai appearance to natural dysididide, a 
sample of which was kindly provided to us by Dr. Sarah Gunesekera of Harbor Branch 
Oceanographic Institution in Fort Pierce, Florida. 

On the other hand, oxidation of the minor diastereoisomer 74 i40rded 4-epi-1 as an 
oily compound (97%) whose spectral and analytical data (HPLC) were different from those 
of dysidi olide. 

HO"" h-. O OTlPS 



Further examination reveaIed that the major product 1 was identicai with a sample of 
natural dysidiolide by TLC, HPLC, R MS, and 13C NMR However, the sign of the 
optical rotation of 1 was opposite to that of the naaual product Therefore, the absolute 

corQuration of natural dysidiolide couid be assigned as depicted in ent-1. 

(+)-d y sidiolide (synthetic) 
mp 181-184 OC 
[alU, +10.5" 

(c O -5, MeOWCH2Cl, 1 : 1) 

e)-dysidiolide (naturai) 
mp 187-188 OC 

-1 1-l0 

(C 0.6, MeOH/CH2C12 1 : 1) 

Our total synthesis58?*9 has therefore unambiguously established dysidiolide's 

ab solute configuration. The route is convergent and reasonably efficient (longest l inear 

sequence = 15 steps; overall yield of 5.3%). Furthemore, the antipode of nanirai 
dy sidiolide is available for the fist time for biological evaluation- 

The Diels-Alder reaction between chiral diene 50 and dienophile 56 has proved to 

be very usefid for the preparation of the key intermediate 59. However, the facial selectivity 
observed for this reaction was modest and it would be most desirable to improve this 

sel ectivity . We thus decided to develop a second generation synthesis that wod d address 

this issue. Since the absolute configuration of dysidiolide was now known, we opted for 

the preparation of the natural dysidiolide enantiomer (ent-1). 



2 .9  Preparation of chiral diene enf-50 

The requisite chiral diene ent-45 was synthesired foIlowing the same secluence used 
to prepare chiral diene 55, but starting from chiral ketone ent-44 which was also 
commercidy avaiiable. The entire sequence dong with yields is shown below (Scheme 7). 

NMO, CH2C12 2. BnBr / EtzO 
ent-47 Moi.sieves / rt 

100% enf-46 0°C-rt  ent-45 
83% 

- 

THF / rt 

Scheme 7 



2.10 Preparation of chiral dienophile 84 

Early attempts to h d  an asymmetric version of the Diets-ALder reaction were 
unsuccessful. In the presence of various chiral Lewis acids (such as menthol derived 74) 

there was no reaction, even under forcing conditions (up to rt for several days). 

No reaction 

Modification of the ethyl ester of 56 to its chiral menthol denvative 75 did not Lead 
to an improved ratio of diastereofacial isomen. 

R'o~c"' 
CHO 

No change 
in ratio 

R'02 between 
77 76 and77 

(2.3 : 1) 
TlPSO 



Chiral dienophile 78 was prepared but did not react with diene ent-5-50 even under 
forcing conditions (up to rt for severd days). 

No react Ion 

Finally an excelient chiral dienoplile (79) was developed by replacing the ethyl 
residue of the ester by a phenylmenthyl group. Simple chiral dienophiles containing a 
phenylmenthyl ester moiety were first developed by ~ o r e y . 6 ~  It was expected that 7c- 

stacking of the phenyl with the double bond would block one face of the dienophile.61262 

The preparation of dienophile 84 begau with the same TIPS protected alkyne 52 
which, after deprotonation with EtMgBr, was trapped with cby carbon dioxide (gas) to 
f iord  the corresponding propargylic carboxylic acid 81 in 79% yie1d.~3 



I - EtMgBr / THF 
* 

52 2. CO2 f TEE H F h P S  81 

-78 O C  - rt O 
79% 

This carboxylic acid 81 was then condensed with commercïally available (-)- 
phenylmenthol(80) in the presence of DCC to give chiral ester 82 in 83% yield.64 

Michael addition of vinyl copper reagent 54 to t h i s  new chiral ester 82 afforded 
chiral diene 83 in quantitative yield. Because of this diene's relative instability, it was 

immediately submitted to the next step. 

T H F l - 7 8 0 ~  - 

then MeOH 



The tennina.1 double bond of83 was then selectively cleaved with ozone under mild 

conditions (-780C) to deliver chiral dienophile û4 in 68% yield (2 steps). 

6~ 83 OTIPS 
MeOWCH,C12 
(1 :I) / -78 OC 
68% (2 steps) 

It is again important to mention that strict contd of the temparahire (-78 OC) is 
cmcial to the success of this reaction- Higher temperatures resulted in pronounced drop in 
yield of 84, presumably due to the oxidative cleavage of the internai double and/or the 

phenyl group. 

2.1 1 Dieis-AIder reaction of chiral diene ent-50 and chiral dienophile 84 

Following the same protocol as for the previous Diels-Aider reaction, chiral diene 
ent-50 and chirai phenylmenthyl dienophile 84 provided a singie Diels-Alder adduct (85) in 
73% yield. 

84 OTIPS 



An insignincantly small signal on the cmde NMR spectra revealed the possible 
presence of another isomer in less than 3% yield- This smaii isomeric amount can simply be 
the result of the Diels-Alder reacti-on with the other enantiomer of the diene ent-50 since the 
ee of the starting material was about 90%- 

Slight modification of our Lewis acid using Danishefsky's protocol,65 resdted in a 

modest increase in the isolated yield of adduct 85- In this protocol TEIF is added to the 
reaction mixture to decrease the Lewis acid acidity of the catalyst and thus to avoid 

polyrnerization of the dier~e?~ 

The procedure consisted of premixing chiral dienophile 85 with an equimolar 
amount of dry THF and then treating the mixture with an excess of EtAiC12 at -78 OC. To 
this mixture (84') the chiral diene ent-50 (in dry CH2Cl2) was added dropwise and the 

reaction mixture was allowed to warm to room temperature. 

This reaction was cleaner than before (as judged by TLC) and led to an increase in 
the yield of adduct 85 fiom 73 to 79%. 



Reduction of the adduct 85 with Super-Hydride aorded the desired di01 ent-59 in 
88% yield. Io addition, the phenylmenthol a u f i a r y  80 was recovered in 97% yield. 

I 

LiBEt3H 

THF 
-78 OC -rt 88% 

TlPSO 
ent-59 80 

The yield of this improved Diels-Afder reaction combined with reduction was 69% 

as opposed to 43 % previously . This represents a consi derable improvement in the synthesis 

of the key intermediate enl-59 which is now produced in a completely stereoselective 

fashion- 

2.12 Functionalization to intermediate enf-67 

Advanceci intermediate enf-67 was synthesized using the same sequence foliowed to 

prepare compound 67 but started fiom di01 ent-59. The entire sequence dong with yields is 

shown below (Scheme 8). 



1- MeLi IDME/ 
TMEDA / rt * 

TsCl f DMAP 

M fK 
@ - +  ,8'+*@ P M  (cat.) ,S.+8 100% N'Mo / CH2C12 8888-' p?' .? 

95% 

f IPSO 
J ent-65 J ent-66 HO CHO ent-67 

Scheme 8 



2.13 Completion of the second generation synthesis of dysidiolide 

The total synthesis of naturd dysidiolide (ent-1) was now nearing completion. The 
last crucial step remaining was the addition of siloKyfuran reagent 72 to relay aldehyde ent- 

67. Attempts were also made at this stage to increase the selectÏvity of this addition Several 
trials using a chiral Iigand such as 86 (or its enantiomer) did not alter the stereoselectivity 
of the reaction, 

enf-74 

O OTlPS 

No change 
in ratio 
between 
enz-73 and 
enf-74 
(2.2 : 1) 

Our last attempt was to take advantage of the chiral environment surrounding the 
aidehyde group of enf-67. It was hoped that complexation of the aldehyde group to a bullcy 
Lewis acid would give a complex such as enf-67' and could influence the prefered 
conformation and therefore alter the ratio of CCepimeric products. 



For this purpose, the desired Lewis acid was prepared in situaccording to a 
literature pro~edure:~ cooled to -78 OC, and the ddehyde was added dropwise at this 
temperature to Bord complex ent-67'. The titanium reagent 72 was then added dropwise 
unal no more aldehyde could be detected by TLC. Examination of the crude reaction 
mixture by HPLC reveaied a slighly improved ratio (3.65 : 1) in favor ofthe desired adduct 
ent-73. 

OTl PS OTlPS 
ent-67' SI% 

72 

Et@ / -78 O C  ' 

O OTIPS 
14% 

Ratio of 
3-65 : 1 

(determined 
by HPLC) 

The slightiy lower yield of the major adduct (enM3) - from 58 to 51% - is due to 
the fact that a longer silica gel colurnn was required to separate the decomposed Lewis acid 
from the reaaion mixture, and this resulted in a some decomposition of the siloxyfizrans 
ent-73 and ent-74. 



The siloxyfuran ent-73 was then oxiciized following the protocol well estabfished by 
our new methodology7 to afford dysidiolide (ent-1) in 95% yield after hydroiysis. The 
synthetic compound was identical in al1 respects with an authentic sample of the natural 
product. 

ent-73 

O OTIPS 

CH#, 1 -78 O C  
> 

then, Am berlyst- 1 5 
Me2C0 / H20 / rt 

95% 

For the purpose of biologicd screening, siloxyfuran enl-74 was also oxidized and 
hy drol ysed to Bord  4-epi-dy sidiolide (4-epi-ent-1). 

15 

CH2C12 1-78 O C  - 
then, Amberly st-1 5 
MqCO I H20 I rt k p k z t - l  

97% - 
O OTIPS "O O O 

This second generation synthesis thus afTorded naturd dysidiolide (ent-1) in a 
similar number of steps (longest hear sepence = 15 steps) with an improved overall v e l d  
of 9.8% (5.3 % for the first generation synthesis). 



2.1 4 Corey and Danishefsky's total syntheses of dysidiolide 

A Little less than two weeks prior to the publication of our enantioselective synthesis 
of (+)-dysidiolide ( 1 ) , ~ 8  E-J- Corey's group from Harvard University published an 
enantioselective synthesis of (-)-dysidioiide (enta) (scheme 9).6' 

The Corey synthesis of enr-1 is considerabIy longer since they opted for a 
completel y Linear strategy . Their enantioselective synthesis begins with commercidly 
available diketone 87 and requires 28 steps to reach its ta rgd7  

Scheme 9 



One problematic step in their synthesis is the hydrogenation of the exocyciic double 
bond of intermediate 88. Because the stenc environment of the two faces of this double 

bond are not substantiaily different, the hydrogenation to the corresponding methyl group 
gves a 3 -7: 1 mixture of the two possible diastereoisomers 89 and 90. Unfortunately, this 

result could not be improved in their synthesis6' and so the decalin core of dysidiolide is not 

constructed in a completely selective fashion. In other words, this synthesis is very long 

and not entirely stereoselective, 

A .  interesting step in this synthesis is what they cal1 a biomimetic cationic 
rearrangement of terhary alcoho191 to the rearranged decaiin structure 92. Under the action 

of gaseous BF3 the t e r t i q  alcohol 91 is converted into a tertiary carbocation. The 
elimination of the TMS group then facilitates the migration of the adjacent methyl group to 

the carbocation. This reaction thus completes the assemblage of the decalin core in an 
elegant fashion. 

Addition of 3-lithiofuran (93) to aldehyde intermediate ent-67 then yielded a 1:l 
mixture of separable CCepimers (94). The wrong isomer was then oxidized to the 

corresponding ketone and then diastereoselectively reduced to the correct epimer (selectivity 
= 10: 1) using Corey's CBS catalyst. The installation of the y-hydroxybutenolide ring was 

accomplished by using singlet oxygen (photooxygenation). 

Danishefslq's group also reported a total synthesis of &)-dysidio~ide~~ (Scheme 
10) about a month &ter our enantioselective synthesis. As in Our case, Danishefsky used a 

Diels-Alder strategy to constmct the decab  core of dysidiolide. Although Danishefsky's 

synthesis is convergent (longest linear sequence = 14 steps), it is not enantioselective and 
therefore provides dysidiolide as a racemic mixture? 

Racemic diene (3-95 was made from ketone 41 while dienophile 97 was prepared 
from dioxolane 96. Danishefsky's construction of the decalin core makes use of a 

dioxolenium (Gassman) type activated dienophile (97). Along with the desired adduct e)- 
98 they isolated another isomer which has not been characterized. This exact selectivity 
observed in their Dielsader reaction has not been disclosed2* 



Scheme 10 

After WoW-Kishner reduction of W-98 to key intemediate (ir)-67 aAer several 
other steps, Danishefsky, iike Corey, added 3-lithiofbran (93) to the aldehyde intermediate 

(i)-94 which led to a 1 -65: 1 ratio in favor of the wrong C4-epimer. 

It is interesthg to note that for the same reaction Corey reported a 1 : 1 mixture of C4- 

epimers. Danishefsky repaired the relative stereochemistry of the wrong epimer by means of 

the Mitsunobu reaction. Again, Corey claims that the Mitsunobu reaction does not ~ o r k ! ~ '  
As in Corey's synthesis, the installation of the y-hydroxybutenolide moiety was 

accomplished by photooqgenation with singlet 0xygen.2~ 



AU three syntheses have succeeded in their p r i m ~ y  goal which was to find a route 
that wouid enable us to synthesize this fascinating naturd produa in the laboratoiy. Both 
our synthesis and Corey's synthesis were successful in establishing the absolute 
configuration of natural dysidioiide as ew-1. 

It is worthy of mention that our second generation synthesis is the oniy one that 
builds the dysidiolide core in a M y  stereocontrolied manner. 



INFLAMMATORY PROCESSES 

3.1 Introduction 

Diseases involvhg inflammation (such as psoriasis, arthritis, gout, etc) are not 
usually He threatening but are ofien very painful and debilitating?* Although existing 
therapeutic agents can provide relief in many cases there is stiIl a need for new and more 

effective treatments with fewer side effects. 

Idammatory processes are part of normal cellular fiinctions which respond to 

various p hy siological or pathological stimuli. To biological organisms, these cellular 

processes are absolutely essential since they mediate important functions such as 
immunological responses. 

Inflammation is a generd term which encompasses various biological processes that 
are initiated and modulated by a myrïad of distinct biological molecules (ex. hormones, 

prostaglandins, leukotrïenes, HETEs, etc). Many of these biomolecules are also linked in 

other processes such as cellular growth and differentiation, and each of these natural 
compounds possesses a distinct role and induces specific responses according to the 

biochemical pathway they target. 

In this chapter we wiii bnefly review some of the biological pathways that are 
relevant to the process of idammation. By understanding these processes and their role in 
various disorders, one can develop new dmg therapies by targeting key enzymes involved 

in such biochemicai pathways. 



3.2 Arachidonic acid (AA) and subsequent enzymatic cascades 

Many bioiogicdy important compounds involved in the inflammatory process are 
not stored within the ceii, and all derive fiom a single precursor molede; arachidonic acid 
(AA, 99) (Scheme 1 l)? Thus, each different molecuie is synthesized via a specific 
pathway, but al1 of these rnolecuies are derived fiom AA. The release (ex. during an 
inflammation reaction) of any ofthese bioactive compounds in the Iiving organism is then 
immediately preceeded by the biosynthesis of the compound in qye~tion.~* 

Cell Membrane Phospholipids 

1 lipases (e-g. PLA2) 

arachidonic acid (AA) 
99 

5-HPETE 107 4 CO.-1 & COX-2 
1 

Scbeme 11 



AUyiÏc peroxide PGG2 (100) is synthesized fiom AA (99) through the action of the 
enzymes COX-1 or COX-2 (cyclmxygenase 1 & 2). PGG2 c m  then be reduced by a 

hydroperoxidase to the corresponding atlylic alcohol101 (PG&) and this compound can 

be transformed to several other substances depending on the enzymatic pathway followed. 

Via the action of the thromboxane synthetase, PGH2 is transformed into 
thromboxane 102 (Tm+)- Prostanoids 103 (PGFz,), 104 (PGEz), 105 (PGD2) are also 

sy nthesized fiom 99 through the action of a reductase, a PGH-PGE isomerase or a PGH- 
PGD isomerase, respectively. The prostacyclin 106 (PGI2) is ais0 synthesized fiom the 

sarne compound 10 1 by the prostacyclin synthetase. 

Through a different biosynthetic pathway, AA (99) is transformed into 5-EPETE 
(107) by the action of the 5-Lipooxygenase. This allylic hydroperoxide 107 is the key 

precursor of a large number of other important bioactive substances called leukotrienes and 

HETES, 

Following what we have just discussed, one can easily understand the vital role of 

arachidonic acid (99) in this important biochemical pathway. AA truiy acts as the chief 

building block in the synthesis of many biologically important molecules. 

One important observation is that celiular levels of AA are extremely low, so Iow 
that they cannot account for the biosynthesis of any of the subsequent r n o l e c ~ l e s ~ ~  It has 
been discovered that arachidonic acid in cells is present in an ester5ed form, diredy 

attached to the cell membrane phospholipids. 

The release of AA f?om these phospholipids is therefore the first rate i i m i ~ g  step in 

the biosynthesis of any of these molecules. 



This release of AAfrom the ceii membrane phospholipids is accomplished by a 

specific enyme, caiied phosphoiipase A2 ( P L A ~ ) ~ ~  Many PLA2 enzymes d a  and Vary 
in terms of specinc fûnction, localizatïon, regdation, etc..? However, in all cases, PLA;? 
performs the hydrolytic cleavage of a molecule of AA from the ceU membrane 
phosphoiipids, which is the initiai and rate-limiting step in the biosynthesis of ali the pro- 

idammatory compounds mentioned earlier70 This strategic position of this e q m e  in the 

biological pathway makes PL& an eminent therapeutic target. 

It has been righâully stated that, when dealing with a partiailx in£iammatory 

disease, it is best to select as inhibitory targets enzymes that hc t ion  ïate in the biosynthetic 
pathway rather than early. The rationaie behind this statement is that inhibition late in the 

bi osy nthetic pathway will avoid inhib iting the synthesis of other important biologicaiiy 

active molecules that are beneficial and not involved in the pathology. This approach is 

essential when dealing with pathologies involving molecules or enzymes late in the 

enzymatic cascade, but some pathologies (iiammatory and auto-immune diseases) have 

been associated with abnomaily high concentrations of arachidonic and and elevated levels 
of PLA2 activity72. In these cases, selective PLA2 inhibitors have excellent potential as new 

drugs. 

Aiso worthy of mention is the fact that, as yet, not ail the roles and finctions of 
PLA2 are understood. It has been very recently proposed that PLA;! might be involved in 

the signaling pathway of apoptosis of human umbilical endotheliai ceils (HUVEC), and that 

the metabolism of AA might play an important role in this particular apoptotic signal- 
tranducti on sy stem? 

Even more intnguing was the recent discovexy that PLA2 ac t ive  and LU levels are 
increased in human colorectal cancers, therefore causing an increase in prostaglandin 
synthesis and tumor prornoti~n?~ 

As one c m  see, much research stiii needs to be carried out. Nonetheless, recent 
evidence suggests PLA2 inhibitors have outstanding potential as novel therapeutic agents. 



3.3 Non steroidal anti-inflammatory drugs (NSAIDs) 

Non steroidal anti-in.flammatory dmgs (NSAIDs) are dmgs that reduce the pain and 
swelling caused b y infiammation diseases. Unfortunatel y, these NSAIDs can produce side 

effects in patients who use them, but the side effects caused by these dmgs are usually 
milder than those caused by corticosteroids, which are dso used for the treatment of 
inflammation diseases.75 

Luffariellolide (2) is a sesterterpene that was isolated from the Palauan sponge 
Luffariella sp. and whose structure was reported in 1987.~ This naturd produa is an 
inhibitor of the important PLA2 enzyme. 

It is worthy of note that, not only did luff~el lol ide  inhibit hydrolysis of 
phosphatidyl chohe by bee venom PLA2 (IC5o = 0.23mM) in vitro, but this marine naturd 

product also inhibitecl induced inflammation in vivo in mice treated with phorbol myristate 
acetate (PMA) -3.76 

LuEariellolide (2) is slightly less potent than manoaiide (3), another marine natural 
product that inhibits PLA2 and has undergone phase II clinical trials for the treatment of 
psona~is .~  However, 1uffarieLioLide is distinguished fiom manoalide in that it is a reversible 
inhibitor of P L A ~ , ~  and therefore an important new lead since reversible inhibitors are 
preferred over irreversible one~. '~  



manoaiide (3) 

As mentiomed in the general introduction, the presence of a highly oxygenated y- 

hy droxy butenolide in molecules ofien confers interesting biological properties. In fa@ it 
bas been shown that the biological activity of manoalide is due, at leaa in part, to the y- 

hydroxybutenolide moiety. 

Luffariellolide and manoalide's similar mechanisms of action have been studied in 
some detail (Fig. 6). It has been shown that a lysine residue of PLA2 reacts with the 

aldehyde group of the luffariellolide acydic isomer l08? A condensation reaction takes 

place between both fùnctional groups to form a S W s  base (109) that can then close to the 

corresponding aminobutenolide 110.~8 This process is reversible and explains the 

reversi bI e inhibition of PLA2 b y Iuffariellolide.3 

Manoalide on the other hand possesses two masked aldehyde fundonal groups, one 
originating from the y-hydroxybutenolide moiety and the other from the lactol functional 

group. These two aidehyde groups can react in a similar fashion to afEord the double adduct 

111. The irreversible nature of the inhibition of PLA2 by manoalide may reflect the greater 

stability of complex 111. 

Several mechanistic studies on the inhibition of PLA2 by manoalide have been 

published? These studies are also pertinent to the IuEarieliolide mechanism of biological 
action since both compounds react similady with PLA2. 



Results obtained to date indicate that the lysine residues of PLA2 that react with 
manoalide are not part of the catalytic site.79 The condensation reaction of manodide with 
PLA2 seems to be multiple in the sense that several manodide molecules are covalentiy 
bound to PLA2. 

Inhibition of PL& with luffariellolide and manoalide 

- - - -- 

+ reversible inhibition of PLA2 

108 

Iuffariellolide (2) 

+ irreversible inhibition of PLA2 

COOH 

111 OH 
manoalide (3) 

Fig. 6 



It has been proposed that this binding might 0) alter the natura( conformation of 
PLA2 and disrupt its nomai functions, Çi) block the entry of substrates to PLA2's cataiytic 

site by virtue of manoalide's large iipophilic portion, or (iii) prevent PLA2 activity by 
lodging the lipophilic moiety of manoalide into the hydrophobie region of the catalytic 
site.** It is believed that lufFarielIoliders biological activity would be the resdt of similar 
interactions; the only Merence being that these would be  reversible? 

In view of the key role of PLA2 in the biosynthesis of a wide array of bioactive 
molecules, its inhibition by naturd products such as luffarieiiolide (2) and manoaiide (3) 

provides an interesting therapeutical avenue to modulate the activity of this crucial enzyme 
when pathology or deregulation ocnus. 



CHAPTER 4 

NEW METHODOLOGY FOR CONSTRUCTING 
B-HOMOALLYL-SUBSTITUTED BUTENOLIDES 

AND y-HYDROXYBUTENOLIDES. 
TOTAL SYNTAESIS OF LUFF'ARIELLOLIDE 

4 .1  Introduction 

Although luffârïeilolide (2) is a fairly simple molecule, it still represents a challenge 

to the synthetic chernist, especiaiiy when brevity and efficiency are the main preocnipations. 
Smicturally, luffarielloiide is characterized by the P-homodlyl-y-hydroxybutenolide unit 

which is also encountered in many other natural products: nearly al1 of them of marine 

ongin. To date, no synthesis of luff&rieIlolide has been reported in the fiterahire. Nor does 
there exist an ideal means for making P-homoallyIbutenolides bearhg a hydroxyl or 

hydrogen at the y-position. The latter Lactones are also found in nature, as exernplified by 

the antifeedent marine natural product lintenone (1 12).~l 



The persisting difficulty in constmcting p-homoailyl-y-hydroxybutenolides is 

illustrated b y a recently pub lished total synthesis of dictyodendrillin-B (1 13) (Scheme 1 Z), 

a simpler analogue of luffkrieiloiide isolated from the marine sponge Dictymknden&i~la.*2 

Unlike luffieilolide, dicty odendRUin-B contains a very simple Iipophy lic side-chairi 
(geranyl) that is found in many commerci ally available compounds (e-g. geranyl chloride, 
bromide, etc). Yet, the longest Iinear route involves seven steps while two pardel  
sequences were required to mach dictyodendrillin-B fiom a separable mixture of isomerïc 
key intermediates (119, 120 and 121, 122). 



Scheme 12 



Among existing methods for making non-hydrmylated p-homoaUylbutenolides, the 

most general is Weiler's protocolfl This methodology was applid in the synthesis of the 
marine natural product mokupalide (123) (Scherne 13)*3 and involves the coupling of 
sulphone 125 with dylic bromide 124 to S o r d  126, with subsequent removal of the 

sulphone group as Uustrated by the end-game of the synthesis of molaipalide. Aithough 

this method is nearly 20-years old, it is s t U  the most amaaive because it is convergent and 
makes use of readily available aiiylic bromides as substrates. 

phi+ 
Br 

125 O 
O 

NaH / HMPA / rt 1 

MeOH / 

- 
Mokupaiide (123) 

Scheme 13 

Our group has been interested for several years in the development of a unified 
general method for the synthesis of P-homoallyl-y-hydroxybutenolides and B- 
homoallylbutenolides, as weil as in applying such methology to the first synthesis of 

luffariellolide.@~*5 



The longstanding plan, retrosyntheticaIly presented in Scheme 14, has been to 
produce either 127 or 128 at will h m  the same precursor 129 which should be accessible 
by sp3-sp3 cross-couphg of an allylic halide with a new siloxyfuran building block 131. 

Scheme 14 

Tanis had reported related sp3-sp3 cross-coupling reactions between P-furylmethyl 
Grignard reagent (133) and allylic chlorides86 as exemplXed by the reaction ofgeranyl 
chloride (132) with 133. Nonetheless, previous attempts by François Maltais of this 
group to reproduce the literaaire preparation of 134 proved unsuccessfùl~** 



Efforts to couple siloxyfuran 131 with geranyI chloride are dso desaibed in the 
Ph.D. thesis of Maltais, but agaio, the desired cross-couphg could not be achievecL85 The 
problern was suspected to be the formation of the Grignard reagents (133 and 13 l p 5  

Although the original plan failed to materiaiize, a synthesis of IufEarieilolide was 
eventuaily achieved by using Weiler's method85383 The rewsite allylic bromide (139) was 
prepared by conventionai methods from the known suLfone 1 3 5 ~ ~  and aiiylic bromide 
13688 (Scheme 15). 

OAc 
136 

Scheme 15 

Weiler coupling of bromide 139 with sulphone 125 foliowed by dedphonylation 
delivered homoallylbutenolide 141, albeit in modest yieid (Scheme 16). This butenolide 
was subsequently silylated (142) and oxyfunctionalized to give luff~el lol ide by 
straightfomard application of the Boukouvalas-Lachance method.7.a 



NaH / HMPA 

125 R 

luff& el1 olide (2) OH 

Scheme 16 

Unforhinately, this synthesis was not as direct and convergent as originalIy planned 
(cf. Scheme 14). The yield of luffariellolide from ailylic dcohol 138 is 3.9% (5 steps).85 



4.2 Successful sp3-sp3 cross-coupting between siloryfurylmethyl 
magnesium ebloride (131) and dlylic chlorides 

Meanwh.de, several articles - not ody by Tanis86 but also by other authors,89 as 
well as Steeves Potvin (M-Sc. memoire,90 Prof.. Canonne's group, Université Laval) 
descnbe successful applications of Tanis-type coupiing in organic synthesis. We therefore 

decided to re-examine the feasibility of Our original plan (Scheme 14) with a view to 

applying this technoiogy to the synthesis of 1dEaieiiolida 

This meant that a new organometallic siloxyfuran 131 (Scheme 14) would have to 

br synthesized in order to attempt this crucial cross-coupfing reaction with an alIylic halide. 
The requisite precursor 149 had previously been prepared by Nicolas Lachance in this 

1 aboratory .g4 The route begins with commercially available 1,3-dihydroxyacetone dimer 
143 which was transformed in 3 steps to allylic alcohoi 1 47gL (Scheme 17) and 

subsequently to the corresonding aiiylic chloride 148 using Lalonde's pr0cedure.~2 

Et Q 
€10-P-CQE~ 

0 145 
NaH / THF 

- **1>-'02" ACO 

0 ° C - A  146 
94% I 

aq. 10% H~SOJ M ~ o H  

SOCl2 / Py rrrsoTf' 
mlCh 1 0 OC - OTI PS cH2cl2 / 0 O c  

149 74% 78% 148 O 147 O 

Scheme 17 



Next, lactone 148 was transformed to the corresponding siloxyfÙran 149 in 74% 

~ i e I d . * ~  At this point, the cruciai formation of the conesponduig Grignard reagent 131 was 
investigated tmder a variety of conditions and methods for activating magnesium turnings. 

It soon became apparent that proper activation of the rnagnesium Rvnings was the 
key to success. Activation of the metal was accomplished by washing successively with aq. 

10% HCl, water, acetone and ether. The activated magnesium turnings were then dried in a 

dessicator under vacuum using anhydrous phosphorus pentoxide as diying agent. The 
magnesium nunings were heated using a flame with rapid agitation under an atmosphere of 

dry nitrogen. Once cooled, the magnesium metal was then M e r  advitted by adding 1,2- 

dibromoethane and dry TKF. The resulting suspension was heated to reflux with stirring 

for approximately 15 minutes. During this time, evolution of a gas (ethylene) from the 

surface of the metai was observed. The activation of rnagnesium was confirmed by the 

appearance of a biack surface on the metd turnings. The THF was then cannuled out, 

replaced with dry TEE, and the reaction mixture brought to O OC. The allylic chloride 149 

was then added neat in one portion and the reaction mixture stimed for one hour, during 
which time ail of the allylic chloride was consumed as judged by TLC. 

To the in situ generated reagent 131, ailylic chloride 150 was added neat and in 
one portion, followed immediately by a cataiytic amount ( 5  mol %) of Kochi's salt 
(Li2cu~14).*6 After 15 minutes, extractive work-up provided siioxyfùran 151 which was 

submitted to the next step without purification. 



75% (2 steps) OH 

Hydrolysis of 151 cleanly a.Eorded butenolide 152 in 84% yield after purification 

on silica gel. On the other hand, dimethyldioxirane oxidation and subsequent hydrolysis in 
one-pot fashion3 afforded the y-hydroxybutenolide 153 in 75% yield (2 steps) after 

chromatography. Therefore, sp3-sp3 cross-coupling proceeded with at least 84% efficiency. 

The success of this copper salt catalyzed cross-coupling reaction opens the door to 

the total synthesis of luff'arieilolide (2) and many other bioactive natural products containing 
a butenolide or y-hydroxybutenolide unit. 

4 . 3  Efficient synthesis of luffariellolide 

Alcohol 138, an intermediate of the initial synthesis of luffariellolide, was 

transformed to the corresponding allylic chioride 154 in 77% yield using Stork's 
protocol.93 



MeLi / HMPA 
EttO / O  O C  

then, TsCI, LiCl 
77% 

With ailylic chloride 154 in hanci, the stage was now set for the crucial sp3-sp3 
cross-coupling with our new organometallic building block 131. 

Thus, generation of Grignard 131 from allylic chioride 149 followed by reaction 
with chloride 154 in the presence of a catalytic amount of Kochi's salt Hordeci the desired 
siloxyfiiran 142. 

OTlPS 

Li2CuC1, (cat.) / ïHF / O OC 

This siloxyfuran was directly submitted to dimethyldioxirane oxidation at -78 O C  to 
afford, after hydrolysis, Iufbiellolide in 74% yield (2 steps). 



The so obtained material was identical with the naturd product in ali  respects ( 

'H & 1 3 ~  NMR). The present route to luffariellolide is not only shorter but far more 
efficient than the previous approach outlined in Schemes 14 and 15. It involves only three 
steps from alcohol 138 (instead of 6 steps) and delivers the naturd product in 57% yield, as 
compared to 3.9% previously. 



CONCLUSION 

The novel biological activity of dysidioiide and its therapeutical potential have been 

discussed. Our first generation endoselective synthesis of 1 established the absolute 

configuration of natural dysidiolide as ent-1 (Scherne l8)?* The route is convergent and the 

overall yield of 1 is 5.3% (15 steps)?* Although this synthesÏs was highIy cornpetitive with 
those of E.J. corey67 and S.J. DanishefsIqr,zg we have developed an even more efficient 

second-generation synthesis of natural dysidiolide. 

= -  
dysidiolide (ent-1) 

Scheme 18 

This new synthesis dows for the nnt time the fidiy stereocontrolled constniaion of 

the dysidiolide core. It is also highly efficient by any standards delivering dysidiolide in 15 

steps and 9.8% overall yield from commercial chemicals. Moreover, the key intermediate 
ent-62 -which contains two dinerentiated alcohol groups- provides an excellent scaold for 

the generation of a wide varïety of novel dysidiolide aoalogs for SAR (Structure-Activity 
Relationship) studies- 



Mer a brief review on inflammation, we have described a univergent and efficient 
total synthesis of 1ufFârieliolide (2) (Scheme 19) , an in vivo potent anti-infammatory agent 
and reversible inhibitor of phosholipase A2 (PLA2). The yield of luffiieiiolide fiom the 
readily accessible alcohol 138 is 57% (3 steps) thereby a 15-fold improvement over a 
previous synthesis fiom the same alcohol(3 9% yield, 5 ~teps)!~ 

Scheme 19 



This improved syndiesis also serves to demonstrate the power of custom-designed 
methodology for constructing B-homoallyl-y-hydroxybutenolides and P-homoallyi- 

but enolides from the same siloxyfûran building block via sp3-sp3 cross-coupling (Scheme 
20). 

Scheme 20 

This methodology should readily provide access to many bioactive naturai products 
and analogues thereof. New applications are under study in our group. 





General Remarks 

The foilowing procedures were used udess otherwise noted. Oxygen- and moisture- 
sensitive reactions were carried out in flame-dried glassware sealed under a positive 

pressure of dry nitrogen- Moisture-sensitive Liquids and solutions as weil as anhydrous 

soIvents were transfered by s y ~ g e  or cannda through rubber septa 

Unless noted otherwise, ail commercial reagents, except solvents, were used as 
received . ?HF was freshi y di stilled under argon from sodium-potassium amalgam using 

benzophenone as an uidicator. Dry dichloromethane was distilied from CaH2 under argon. 
Anhydrous Et20 and DME were distilled from Li- under argon. 

NMR spectra were recorded on a Bruker AC300 spectrometer (1H at 300 

1 3 ~  at 75 MHt) or a Varian Unity-500 (IH at 500 MHz, 13c at 125 MHz). IR spectra were 

recorded on a PE-781 spectrometer. High resolution mass spectroscopy (IERMS) was 
performed by Mr. Gaston Boulay at the Mass Spectroscopy Laboratory, University of 

Sherbrooke. Elemental analyses were carrïed out at the Department of Chemistry, 
University of Montreal. TLC was performed on Merck Kiesegel 60 plates. Flash 

chromatograp hy was performed on KiesegeI 60 (23 0-400 mesh) siiica gel using redistilled 

solvents as eluents. HPLC analyses were perfomed on a Waters system equipped with a 
600E solvent delivery system, a 996 photodiode array detector and a W detector. A Nova- 

P&@ Ci8 column (3.9 x 150 mm, 4 p) was employed. 



CHAPTER 1 

TOTAL SYNTHESIS OF DYSIOLIDE 

1.1 Preparation of chiral diene enf-50 

Methyl 3-(1-methyl-2-oxocyelohexyl)propionntc enf-44 

y 2  

en10 42 

MePh / A 
41 

5 days 

enf-44 
70% 

To a solution of (RI-(+)-a-methylbenzylamine (ent-42; 24.50 g, 202.17 mmol) in toluene 

(200 ml) was added 2-methylcyclohexanone (41; 22.67 g, 202.17 mmol) in a Dean-Stark 
water separation apparatus and the reaction mixture was refluxed overnight under a nitrogen 

amiosphere. After most of the toluene was distilled out, methyl aciylate (2 1.80 mL, 242.60 

mmol) was added and the mixture was stirred at rt for five days. Hydrolysis of the resulting 
i d e  was done b y addition of AcOWH20 (50 mL, 1 0: 1) and stirring for 2 hours. Water was 
added, followed by solid NaCl, and the mixture was extracted with hexanes (3 x 120 mL). 
The combined extracts were washed with aq. 10% HC1 (60 mL), aq. sat. Na2C03 (60 d), 

bine  (60 mL), dned (MgS04), and concentrated in vacuo. Distillation of the resulting oïl 
under reduced pressure (147-152 *C/3.1 mm Hg) afforded enl-44 as a colorless oil(28.20 g, 

70%). TLC Rf = 0.23 (EtOAchexanes, 1/9); [a]2$ -34.g0 (c = 3 -07, EtOH); IR (fdm) orna 

2928s, 2859m, 1735s, 1699s, 1433m, 137Sm, 1299x11, 1 l94s, 1 169s. 1 120m, 1094m, 

983m c d ;  1H NMR (300 MHz, CDC13): 6 3.55 (s, 3H), 2.30-1.46 (m, 12H), 0.96 (d, J = 

1.9 Hz, 3H); 13C NMR (75 MHz, CDC13): â 214.5, 173.7, 51.4, 47.6, 39.0, 38.4, 32.3, 

28.7, 27.2, 22.2, 20.8 ppm. 

Enantiomer 44 was prepared in a sirnilar manner fiom 41 and 42 and exhibited the same 
spectral data as enr-44, and [a]2ZD +34.0° (c = 3 -00, EtOH). The spectral data were in accord 

with those reported in the literatureP3 



To a suspension of L i w  (2.30 g, 60.60 mmol) in dry Et20 (150 mL) at O "C under a 
nitrogen atmosphere was added dropwise a solution of ester ent-44 (6.00 g, 30.30 m o l )  in 

dry Et20 (50 mL). The reaction mixture was wanned to rt and refluxed for one hour. The 
unreacted L m  was carefuliy quenched with water at O OC and the salts were Ntered off, 

suspended in methylene chlonde (100 mL) and stirred for two hours. This process was 
repeated four times and the combined extracts were concentratedin vacuo. The residue was 

purified by flash chromatography over silica gel (EtOAdhexanes, 8:2) to aEord di01 ent-45 
(5 -2 1 g, 100%); TLC Rf = 0.41 (EtOAchexanes, 1 : 1); IR (film) u- 33 OObr, 2920s, 2855s, 

1449m, 1376m, 1 143w, 1054br, 982w, 896w cm-1; 1H NMR (300 MHz, CDCl3): 6 3.81 (s, 

lH), 3.52 (s, ZH), 3.30 (d, J = 11.2 Hz, 1H), 3.14 (s, lm, 1.63-0.88 (m, 12H), 0.84 (s, 

3H); 13C NMR (75 MHz, CDCl3): 6 75.7, 74.9, 63.2, 63.1, 37.5, 36.8, 35.1, 34.2, 30.1, 

29.7, 29.3, 25.9, 25.8, 24.6, 23.6, 22-8, 21.1, 21.0, 17.1 ppm. 

Enantiorner 45 was prepared in a similar manner from 44 and exhibited the same spectral data 

as ent-45. The spectral data were in accord with those reported in the fiterahire 



Benzyl monoprotectcd di01 ent-46 

To a s h e d  suspension of sodium hydride (60% in mineral oii, 0.64 g, 25.30 mmol) in dry 

Et20 (70 mL) was added dropwise a solution of di01 ent-45 (4.35 g, 25.30 mmol) in dry 
Et20 (20 mL) at O OC under a nitrogen atmosphere. m e r  sarring for two hours at rt, a 

solution of b e q l  bromide (3.2 mL, 26.57 mrnol) in THF (30 mL) was added dropwise at O 

OC and the reaction mixture was s h e d  at rt for anotber 16 hours. Water (50 mL) was added 

to dissolve the precipitate and the mixture was diluted with ether (1 50 mL). The organic layer 

was separated and the aqueous phase extracted with ether (2 x 50 mL). The combined extracts 

were washed with brine (2 x 20 d), dned (MgSO4) and concentrated in vacuo. The residue 

was purified by flash chromatography on silica gel (EtOAc/hexanes, 955,  9: 1 then 8:2) to 

firnish alcohol ent-46 (mixture of diastereoisomers; 5.55 g, 83%) as a colorless oil: TLC Rf 
= 0.38 (EtOAc-hexanes, 23); IR (film) umax 3410br, 2928s, 2857s, 1449m, 1 3 5 6 ~ ~  

1 O!Zbr, 73 lm, 694m cm-'; IH NMR (300 MHi,  CDC13): 6 7.30 (m, SH), 4.5 1 (4.50) (s, 

2H), 3.41 (m, 3H), 1.82-0.97 (m, 13H), 0.93 (0.87) (s, 3H). 

Enantiorner 46 was prepared in a similar manner from 45 and exhibited the same spectral data 
as ent-46, and HRMS (EI, 70 eV) m/z 262.193 8 w; Calcd for C17H2602, 262.1 9331. 



Ketone ent-47 

Tetrapropylammonium perruthenate (0.15 g, 0.43 mmol) was added in one portion to a 

stirred mixture of diol en?-46 (3.70 g, 14-10 mmol), 4-methylmorpholine-4-oxide (2.48 g, 

2 1.17 mmol), and 4 A molenilar sieves (7.0 g, O.Sg/mmoI) in dry CHZCI~ (60 mL) under 
nitrogen atmosphere at rt The reaction mixture was stirred for 1.5 hour at this temperature 
and filtered through a silica gel column (CH2C12 100%). Evaporation of the solvent 
afforded ketone ent-47 (3 -66 g, 100%) as a coIoriess oil: TLC Ry= 0.58 (EtOAchexanes, 
2:8); [a]25D 4.8* (c = 1.01, CHC13); IR (fdm): u, 2924s, 2850m, l7OOs, 1447m, 

1 3 6 0 ~ ~  1094s, 739m, 6921x1 cmœ1; IH NMR (300 MHz, CDCls): 6 7.30 (m, 5H), 4.48 (s, 
2H), 3.44 (t, J = 6.1 Hz, 2H), 2.36 (m, ZH), 1.89-1-22 (m, lOH), 1-05 (s, 3H); 13c 

NMR (75 MHz, CDCl3): 6 215.8, 138.5, 128.3, 127.6, 127.5, 72.8, 70.6, 48.3, 39.3, 

38-7, 34-0, 27.5, 24.2, 22.5, 21.0 ppm- 

Enantiomer 47 was prepared in a similar manner from 46 and exhibited the same spectral 
data as ent-47, and [ u ] ~ ~ ~  +39.0° (c = 3.0, CHC13); HRMS (CI, NH3) d z  260.1771 

w+; Caicd for C17H2402, 260-1776]. And. Calcd for Cl7H2402: C ,  78.42; 9-29. 

Found: C, 78.3 1; H, 9.3 1. 



u THF / rt 

ent-47 

To a suspension of anhydrous Ceci3 [obtained from C e C l g - r n  (10.26 g, 27.54 mmol) 

by heating first at 75 OC/3 mm Hg for 4 h and then at 135-140 O C / 3  mm Hg for 3 hl in 

THF (80 EL) was added a solution of ketone ent-47 (6.80 g, 26.12 mmol) in dry THF (20 

mL), foiiowed by a solution of vinylmagnesium bromide (1 M, 35.0 mL, 35.0 m o l )  

under a nitrogen atmosphere at rt. The reaction mixture was s h e d  at rt for 18 hours and 

diluted with ether (1 50 mL). Water (50 mL) was added dropwise and the mixture was 

s h e d  for another for two hours. The precipitate was fiItered off and washed with ether (2 

* 50 mL). The filtrate was evaporated in vamo to give a yellowish residue. The residue 

containing alcolol ent-49 was dissolved in benzene (1 50 mL) and CuS04-SH20 (9.8 1 g, 

3 9 -29 rnrnoL) was added. The resulting mixture was heated at reflux fior 1 0 h (Dean-S tark 

trap), allowed to cool to room temperature and filtered through Ceiite. Evaporation of the 

solvent gave a yellow oil which was purified by flash chromatography over silica gel 

(EtOAdhexanes, 3:97, then 5:95) to &ord diene ent-50 (6.01 g, 85%) as a colorless oil: 
TLC Rf = 0.49 (EtOAdhexanes, 1 :9); [a]2$ +14.3a (c = 1 -93, CHC13); IR (film): o, 

30 1 5m, 2928s, 2852s, 1620w, 1602w, 1492w, 1450m, 1358m, 1200rn, 1098s, I024w, 
984w, 900m, 730m, 692m cm-=; IH NMR (300 MHz, CDCls): 6 7.32 (m, SH), 6.28 (dd, 

J = 11.0, 16.9 Hz, lH), 5.86 (t, J = 4.0 Hz, lH), 5.28 (dd, J = 1.8, 16.9 Hz,  lH), 4.91 

(dd, J = 1.8, 11.0 Hz, IH), 4.50 (s, 2H), 3.43 (t, J = 6.3 Hz,  2H), 2.04 (d, J =  4.0 Hz, 
ZH), 1.72-1.17 (m, 8H), 1 .O6 (s, 3H); 13C NMR (75 MHz, CDC13): 6 143.6, 138.7, 

137.1, 128.3, 127.6, 127.4, 124.4, 112.8, 72-8, 71-2, 36.7, 36.0, 35.0, 26.9, 26.1, 

24.5, 19.0 ppm. 

Enantiomer 50 was prepared in a similar rnanner fkom 47 and exhibited the same spectral 
data as enl-50, and [a]2*D -1 9.7O (c = 1.10, CHC13); HRMS (EI, 70 eV) m/z 270-1988 

CM'; Cdcd for ClgH260, 270-1984]. Anal. Calcd for C1gH260: C, 84.39; H, 9.69. 
Found: C, 84-40; El, 9-94, 



1.2 Preparation of dienophile 56 

AIkyne 52 

H-"x$ TIPSCl 
51 imid./ DMF 

To a solution of 3-butyn-1-01 51 (1 0.00 g, 142.67 mmol) in dry DMF (250mL) was added 
imidazole (1 1.17 g, 164.07 mmol), TIPSCl(32.00 mL, 149.80 mmol) dropwise at rt, and 
the reaction mixture was stirred ovemi*ght under a nitrogen atmosphere. Water (5 mL) was 
added and the reaction m i m e  was poured into ice-cold water (400 mL). The product was 
extracted with EQO (3 x ISOmL) and the combined extracts were successively washed with 
aq. 10% HCI (15 mL), aq. sat. NaHC03 (25 mL), brine (50 mL), dned (MgS04), and 
concentrated zh vacuo. Distillation of the resulting crude yellowish oil under reduced 
pressure (100-102 OC / 2.8 mm Hg) afforded 52 (30.615 g, 95%) as a colorless oïl. TLC 
RI = 0.72 (EtOAchexanes, 1:9); IR (film): u, 3302m, 2932s, 2859s, 1460m, 13 82w, 
1 1 O%, 878m, 628m cm-1; *H NMR (300 MHi, CDC13): 6 3 -8 1 (t, J = 7.3 Hz, 2H), 2-42 

(dt, J = 2.7, 7.3 Hi, 2H), 1.94 (t, J = 2.7 Hz, lH), 1.06 (m, 21H); I3C NMR (75 MHz, 
CDCI3): 6 81.4, 69.3, 62.0, 22.9, 17.9, 12-0 ppm. 

The spectral data were in accord with those reported in the literat~re-~~ 



Ester 53 

TiPs-'$& 
1 - EtMgBr / THF 

52 2. CIC02Et / THF 53 C02Et 

To a stirred solution of etbylmagnesium bromide (3.0 M, 15.8 mL, 47.43 mmol) was 

added dropwise a solution of aikyne 52 (10.71 g, 47.30 m o l )  in dry THF (50 mL) at rt 
under a nitrogen atmosphere, and stimng was continued for another 2.5 hours. This 
solution was then added dropwise to a solution of ethyl chloroformate (5.70 g, 52.48 
mmol) in dry THF (50 mL) at -20 OC. The mixture was stirred at -1 5 OC for 30 minutes, 
warmed to 3 OC and kept at this temperature ovemight The precipitate was filtered off and 

washed with ice-cold ether (3 x 20 mL). The combined fdtrates were diluted with ether 

(150 mL), washed with brine (5 x 15 mL), dned (MgSO4) and concentrated in varno. The 

residue was purified by flash chromatography over silica gel (EtOAdhexanes, 2:98) to 
Hord ester 53 (10.61 g, 76%) as a colorIess oil: TLC Rf= 0.41 (EtOAchexanes, 1:9); IR 
(film): u, 29 18s, 2860s, 2240s, 1712s, 1 4 6 0 ~ ~  1384m, 1367111, I244s, 11 los, 1069s, 

1012m, 980s, 750111, 676m cm-'; 1H NMR (300 MHz, CDC13): 6 4.14 (q, J = 7.3 Hz, 

2H), 3.80 (t, J = 7.1 H i ,  ZH), 2.50 (t, J = 7-1 H i ,  2H), 1.22 (t, J = 7.3 Hz, 3H), 1.07 
(m, 21H); 13C NMR (75 MHz, CDCI3): 6 153.5, 86.1, 74.0, 61.6, 60.9, 23.0, 17.8, 

13 -9, 1 1.8 ppm; And. Calcd for C16H3003 Si: C, 64.38; EZ, 10.13. Found: C, 64.29; H, 
10.38. 



Diene 55 

To a solution of tetravinylh (3 -4 mL, 4.24 g, 18.7 mmol) in anhydrous THF (25 mL) was 
added rapidly a cyclohexane-ether (7:3) solution of phenyifïthium (1 -8 M, 4 1 -5 mL, 74.7 

mmol) under a nitrogen atmosphere at rt . Vigorous stirrïng was contïnued for 30 minutes 

and a precipitate formed. The dark solution was Htered through a cannula fitted with 

cotton, transfered to a fiask, and the precipitate was rinced with anhydrous THF (5 

mL). The dark vinyllithium solution was added dropwise to a suspension of recrystallized 
copper (I) iodide (7.02 g, 36.86 mmol) in dxy TH. (70 mL) at -30 OC. The resulting 

mixture was stimed for 15 minutes at this temperature and then cooled to - 78 OC and s h e d  

for another 10 minutes. To this mixture (containing vinyl copper reagent 54) was added 
dropwise a precooled (-78 OC) solution of ester 53 (5.00 g, 16.76 mmol) in dry THF (30 

mL). The reaction mixture was stirred for 2 hours at -78 OC, quenched by adding dropwise 

a precooled (-78 OC) solution of methanol(3 mL) in dry THF (1 5 mL), and warmed to n. 
The solvent was removed in vacuo and ether (200 mL) was added to precipitate the sdts 
which were subsequently filtered off through a pad of Fiorisil and washed with ether (200 

EL). Evaporation of the solvent in vamo followed by flash chromatography of the 

resulting oïl over silica gel @tG~c/hexanes, 2:98) gave diene 55 (5.46 g, 100%) as a 
colorless oil (contaminated with a small amount of tetraphenyl tin which was completely 
removed in the next step). TLC Rf= 0.39 (EtOAdhexanes, 1:9); IR (film): u, 2933s, 

2 8 5 9 ~ ~  1713s, 1600s, 1461m, 1372w, 1248m, 119 lm, 1 l56s, 1097s, 917m, 878m cmo1; 
1~ NMR (300 MHz, CDCI3): 6 6.36 (dd, J = 10.8, 17.4 Hi, lH), 5.82 (s, lH), 5.73 (d, 

J =  17.4- lH), 5.38 (d, J =  10.8 Hz, lH), 4.17(q, J=7 .1  Hz, 2H), 3.83 (t, J=6.9 

Hz, 2H), 3.09 (t, J = 6.9 Hi, 2H), 1.28 ( t, J = 7.1 Hz, 3H), 1.06 (m, 21H); 13c NMR 
(75 MHz, CDC13): 6 166.3, 153.5, 139.3, 120.6, 119.6, 62.9, 59.7, 30.8, 18.0, 14.2, 

11.9 ppm. Anal. Calcd for Ciflj403Si: C, 66.21; H, 10.50. Found: C, 66.16; H, 10.74. 



Dienophile 56 

JJ 
83% (2 steps) 

Through a solution of diene 55 (5.46 g, 16.73 mmoL) in CH2CL2/MeOH (150 mL, 1:l) 
was bubbled ozone at -78 OC until ail starting material was consumed according to TLC 

(requinng 4-10 hours). Methyl sulfide (2 II&) was added and the reaaion mixture was 

warmed to rt. The solvent was removed in vamo and the crude product was purified by 

flash chromatography over silica gel (EtOAchexanes, 2:98) to provide the desired 

dienophile 56 (3.84 g, 70%) as a colorless oil: TLC Rf= 0.33 (EtOAchexanes, 19); IR 
(film): umax 2 9 3 8 ~ ~  2863s, 2 7 1 0 ~ ~  1726s, 1 6 9 8 ~ ~  1462m, 1247m, 1 lgls ,  1 0 9 9 ~ ~  

1058m, 674m cm-1; 1H NMR (300 MHz, CDC13): 6 9.52 (s, 1H), 6.51 (s, lm, 423 (q, 

J = 7.1 Hz, 2H), 3.77 (t, J = 6.6 2H), 2.99 (t, 1 = 6.6 Hz, 2H), 1-30 (t, J = 7.1 Hz, 
3H), 1.06 (m, 21H); 13C NMR (75 MHz, CDC13): 6 194.1, 165.1, 151.4, 136.0, 61.7, 

61.0, 28.3, 17.9, 14.0, 11.8 ppm; Anal. Calcd for Ci7H3204Si: C, 62.15; H, 9.82. 

Found: C, 62.20; H, 9.96. 



1.3 Preparation of chiral dienophiie 84 

Carboxylic acid 81 

1- EtMgBrITHF 

2. CO2 1 THF 
-78 OC - rt O 

79% 

To a solution of ethyhnagnesium bromide (3.OM, 6.20 mL, 18.58 mrnol) in dry THF (50 

rnL) was added alkyne 52 (4.00 g, 17.70 mmol) in dry THF (50 mL) under nitrogen 
atrnosphere at rt over a penod of approximately 15 minutes. The reaction mimure was 
stirred for 1 -5 hour at this temperature and cooled to -78 OC. Dry CO2 (g) was then 

bubbled through the reaction mixture. The mixture was waxmed to rt and stirred overnight 
under a CO2 atmosphere, diluted with Et20 (100 d), and then water (80 mL) was added 

and the aqueous phase was acidified with aq. 10% HCL. The product was extracted with 

Et20 (3 x 80 mL) and the combined extracts were washed with brine (50 mL), dried 

(MgS04), and concentrated in vucuo. The residue was purified by flash chromatography 

over sifica gel (EtOAchexanes, 2:8, then 4:6) to afTord carboxyiic acid 81 (3.98 g 79%) 

as a colorless oïl : TLC Rf = 0.16 (EtOAchexanes, 2:s + 2 drops of CH3COZH); IR (film): 
u,,, 3070br, 2924s, 2230s, 1694s, 1459m, I408m, 1385m, 1260m, 109m, 1068w, 

10 1 1 w, 992w, 878m cm-1; 1~ NMR (300 MHz, CDCl3): 6 10.68 (s, IH), 3 -87 (r, J = 6.9 

Hz, 2H), 2.59 (t, J = 6.9 Hz, ZH), 1.08 (21H); 13C NMR (75 MHz, CDC13): 6 157.8, 

89.2, 73.4, 60.7, 23.1, 17.4, 11.8 ppm. HRMS (CI, NH3) m h  271.1725 w + + l ;  Cdcd 
for C i4H2703 Si, 27 1.1 7291. 



ChiraI ester 82 

DCC / D m  
CH2C12 

O 
83% 

To a solution of carboxylic acid 8 1 (3 00 mg, 1.1 1 mmol) and commercially available (-)-8- 
phenylmenthol 80 (5 16 mg, 2.22 mmoI) in dry CH2C12 (5 mL) was added at O OC DMAP 

(27 mg, 0.222 mol ) ,  followed by DCC (458 mg, 2.22 mmol) in two portions under a 
nitrogen atmosphere. The ice bath was removed and the reaction mixture was stirred at n 
for another 6 hours and then quenched with water (2 mL), diluted with Et20, and extracted 

with ether (3 x 80 mL). The combined extracts were successively washed with aq. 10% 

HCI (1 0 mL), s a t  aq. NaHCO3 (1 5 mL), brÏne (20 mL), dried @igSO4), and concentrated 

i l 2  vacuo. The residue was purified by flash chromatography over silica gel 

(EtOAchexanes, 2/98, then 5/95 and 1/9) to afford ester 82 (446 mg, 83%) as a white 

yellowish oil, and chiral alcohol 80 (186 mg). Ester 82 exhibited the following data: 
[a]21D +7.g0 (c = 2.01, CHC13); TLC Rf = 0.63 (EtOAchexanes, 2:s); IR (film): u, 

2915s, 2240s, 1704s, 1601w, 1460m, 1389m, 1247s, 1108s, 1068s, 880m c d ;  1H 
NMR (300 MHz, CDCI3): 6 7.30-7.11 (m, SH), 4.87 (dt, J = 4.4, 10.7 H z ,  l m ,  3.83 (t, 

J = 7.2 Hz, 2H), 2.51 (5 J = 7.2 H z ,  2H3, 2.02-1.89 (m, 2H), 1.62-0.82 (m, 36H); 13C 

NMR (75 MHz, CDC13): 6 152.9, 150.6, 127.9, 125.4, 125.0, 85.7, 76.1, 74.2, 60.9, 

50.4, 41.3, 39.8, 34.3, 31.2, 27.0, 26.7, 26.0, 23.0, 21.6, 17.8, 11.8 ppm. HRMS (CI, 

NH3) d z  485.3441 Flf+l; Calcd for C30HQg03Si, 485.34531. 



Chiral diene 83: Procedurt A 

(y C L i  
54 %Ofps - THFL78OC - 

/ then MeOH 

A vinyllithium solution 12.2M in THF, purchased from Organornetallics Inc., E. 
Hampstead, NH., 15.6 mL, 34.38 mm011 was added dropwise to a suspension of 

recrystallized copper (1) iodide (3.273 g, 17.19 mmol) in dry THF (60 mL) under a 
nitrogen atmosphere at -30 OC. The resulting was stirred for 15 minutes at thîs 
temperature, cooled to -78 O C ,  and stirred for an additional 10 minutes- To this mixture 

(containing vinyl copper reagent 54) was added dropwise a precooled (-78 OC) solution of 

ester 82 (4.164 g, 8.59 mmol) in dry THF (20 mL). The reaction mixture was stirred for 2 
hours at -78 OC and quenched by adding dropwise a precooled (-78 OC) solution of MeOH 

(2 mL) in dry THF (10 mL) and the reacti-on mixture was wanned to rt. The solvent was 
removed in vacuo and ether (200 mL) was added to precipitate the salts which were 

subsequently fdtered off through a pad of Florisil and washed with ether (150 mL). 
Evaporation of the solvent m vacuo followed by flash chromatography over silica gel 

(EtOAchexanes, 2:98, then 5:95) produced chiral diene 83 (4.37 g, 98%) as a colorless 
oil. [a]2GD + 2 1 . 2 O  (c = 1.12, CHC13); TLC Rf= 0.38 (EtOAdhexanes, 5:95); 1H NMR 
(300 MKz, CDC13): 6 7.40-7.00 (m, SH), 6.23 (dd, J = 17.4, 10.8 Hz, lH), 5.70 (d, J = 

17.4 Hz, lH), 5.36 (d, J = 10.8 Hz, IH), 5.13 (s, 1H), 4.86 (dt, J = 4.2, 10.7 Hz, lH), 
3.82 (t, J = 6.8 H i ,  2H), 3.03 (t, J = 6.8 Hz, 2H), 2.10-1.91 (m, ZH), 1.72-0.82 (m, 
36H); 13C NMEZ (75 MHr, CDC13): 6 165.4, 152.9, 151.5, 139.4, 128.1, 125.3, 124.7, 

120.9, 119.2, 73.5, 63.0, 50.6, 41.8, 39.6, 34.5, 31.2, 30.7, 27.4, 26.6, 25.2, 21.7, 

18.0, 11.9 ppm. 



Chiral diene 83: P rocedure B 

To a solution of te t ravinyl~ (8 10 @, 4.30 mmol) in dry THF (10 mL) was added at rt a 

cyclohexane-ether (7:3) solution of phenyllithium (1.8 M, 9.6 mL, 17.2 m o l )  under a 
nitrogen atmosphere. Vigorous stirrïng was continued for 30 minutes and a precipitate 

formed. The dark solution was fiitered through a cannula fitted with cotton and transfered 

to a dry flask. The dark vinyllithmm solution was added dropwise to a suspension of 
recrystallized copper O iodide (1 -638 g, 8.60 m o l )  in dry THF (25 mL) at 3 0  OC. The 
resulting mixture was stirred for 15 minutes at this temperature, cooled to -78 OC, and 

stirred for a .  additional 10 minutes. To this mixture (containing vinyl copper reagent 54) 
was added dropwise a precooled (-78 OC) solution of ester 82 (2.00 g, 4.127 mmol) in dry 
THF (10 mL). The reaction mixture was s h e d  for 1.75 hours at -78 OC, quenched by 

adding dropwise a precooled (-78 OC) solution of MeOH (2 mL) in dry THF (10 mL), and 

warmed to rt. The solvent was removed in vacuo and ether (IO0 mL) was added to 

precipitate the salts which were subsequently filtered off through a pad of Florisil and 
washed with ether (100 mL). Evaporation of the solvent in vacuo followed by purification 

by flash chromatography over silica gel (EtOAchexanes, 2:98, then 9 9 5 )  provided diene 

83 (2.82 g) as a colorless oil (containing a smail amount of tetraphenyl tin which was 

completely removed in the next aep). 



Chiral dienophile 84 

O3 

(1~1) / -78 O C  
68% (2 steps) 

Through a solution of chiral diene 83 (2. 1 1,4.127 mmoL) in CH2C12/MeOH (50 mL, 1 : 1) 
was bubbled ozone at -78 OC untiI ail the starting material was consumed according to TLC 

(4 hours). Methyl sulnde (1 mL) was added and the reaaion mixture was warmed to rt, 
concentrated in v m o  and the residue was purified by flash chromatography over silica gel 
(EtOAchexanes, 2:98, then 5:95) to provide dienophile 84 (1 -44 g, 68%) as a yellowish 
white oil: [ a ] 2 6 D  +8-2O (c = 2.09, CHC13); n C  Rf = 0.36 (EtOAdhexanes, 1:9); IR 
(film): u- 2930s, 2860s, 1701s, 1460m, 1249m, 1 197s, 1099s, 880m, 762m cm-=; IH 

NMR (300 MHr, CDCl3): 6 9.30 (s, lH), 7.30-7.06 (m, SH), 5.58 (s, lH), 4.90 (dt, J = 

4.4, 10.7 Hz, IH), 3.73 (t, J = 6.7 Hz, 2H), 2.88 (m, ZH), 2.15-0.80 (m, 38 H); 13C 
NMR (75 MHz, CDCl3): 8 194.1, 164-1, 151.7, 150.6, 136.7, 227.9, 225.2, 124.8, 

74.7, 61.8, 50.3, 41.5, 39.4, 34-4, 31-2, 29.0, 28.0, 26.2, 23.3, 21.6, 17.9, 11.8 ppm. 

HRMS (CI, NH3) m/z 515.3564 wf+l; Calcd for Cj 1H~104Si, 51 535561. 



1.4 Diels-Alder reaction and subsequent reduction 

CHO 
~t02-f + 

\ 
56 OTIPS 

a % y n  CHO 

E~o~c"' 
CHO 5s 

A solution of ethylaluminium dichloride (1 .O M in hexanes, 8.26 mL, 8.26 mmol) was 

added dropwise to a stirred solution of chiral diene 50 (1 -5 I g, 5.5 1 mmol) and dienopI.de 
56 (1 -8 1 g, 5 -5 1 m o l )  in CH2C12 (50 mL) under a nitrogen atmosphere at -78 OC. The 
reaction mixture was stirred at -78 OC for 20 minutes and poured into ether (200 mL) and 

sat. aq. NaHCO3 (20 mL). nie organic layer was separated, washed *th brine (20 mL), 
dried (MgS04), and concentrated in vacuo. The residue was purified by flash 

chromatography over silica gel (EtOAdhexanes, 1: 15) to give a colorless oïl consisting of 

diastereoisomers 57 and 58 (ratio = 2.3:l as determined by IH-NMR; 2.52% 76%). 

These isomers were not easy to separate and therefore were used as a mixture in the next 

step. For the purpose of characterization, a small amount of the major isomer (57) was 
separated by chrornatography: TLC Rf= 0.33 (EtOAchexanes, 1:9); [a]22D +64.g0 (c = 

1.3, CHC13); IR (film): O, 2932s, 2863s, 1720s, 1 4 5 5 ~ ~  1370s, 1170s, 1094s, 879s, 

732s, 675m cm-1; 1H NMR (300 MHz, CDCIj): S 9.84 (s, IH), 7.33 (m, SH), 5.40 Gr, 

iH), 4.49 (s, 2H), 4.12 (q, J = 7.0 Hz,  2H), 3.75 (t, J = 7.0 Hz, 2H), 3.41 (t, J = 6.1 

Hz, 2H), 2.93 (dd, J = 5.5, 11.4 Eb, lH), 2.48 (m, ZH), 2.24 (m, ZH), 1.95 (m, 
lH),l.80-1-50 (m, 7H), 1.30-1.07(m, 9H), 1.03 (d, J =  2.9 Hi, 18H), 0.99 (s, 3H); 13c 
NMR (75 MHz, CDCI3): 6 205.7, 174.2, 144.1, 138.5, 128.2, 127.4, 127.3, 116.5, 

72.8, 70.9, 60.4, 59.5, 51-3, 41.7, 41-4, 39.9, 38.9, 34-1, 33.2, 30.5, 25.9, 25.4, 24.5, 

21.8, 17.9, 13.9, 11.8 ppm; HRMS (CI, NH3) m/z 615.4073 w++NH3; Cdcd for 
C3&105NSi, 615-4081]. And. Calcd for C36H5805Si: C,  72.19; 6 9.76. Found: C ,  
72.18; H, 9.47. 



Diols 59 and 60 

E ~ O ~ C "  

CHO 58 

To a solution of the 57/58 mixture (2.80 g, 4.68 mmol) in dry THF (25 mL) cooled at -78 
OC was added dropwise a TW solution of LiEtjBH (1 -0 M, 18-80 mL, 18.80 mrnol) 
under a nitrogen atmosphere. The reaction mixture was stirred at -78 OC for 30 minutes, 

warmed to -30 OC, stirred for one hou, and carefkily quenched by addition of water at -30 
OC (2 mL). The reaction mixture was warmed to O OC and sat aq. NaHC03 (20 mL) was 
added foliowed by an aq. 30% hydrogen peroxide solution (8 mL). After stùring for one 
hour at rt, the reaction mixture was diluted with ether (200 d), the organic layer 
separated, and the aqueous layer extracted with ether (2 x 50 mL). The combined extracts 
were washed with brine (30 mL), dried (MgSO4), and concentrated in vanro. The residue 
was purined by flash chromatography on silica gel (EtOAc/hexanes, 15) to fûrnish di01 59 
(1  -5 1 g, 43% from 57) and di01 60 (0.60 g, 18% from 58). 



Major di01 59: Colorless oil; TLC Rf= 0.3 1 (EtOAc/hexanes, 15); [a ]2ZD +42.8O (c = 

2.2, CHC13); IR (film): U- 3340~, 2 9 3 0 ~ ~  2 8 6 0 ~ ~  1 6 5 5 ~ ~  14544 13534 1 2 3 7 ~ ~  

1 197w, logos, 1066s, 1032s, 1008m, 877m,728m, 689m cmœ1; 1~ NMR (300 MHz, 
CDC13): S 7.32 (m, 5H), 5.28 (d, J = 2.7 Hz, IH), 5.01 (br, lH), 4.78 @r, lH), 4.45 (s, 

2H), 3.93 (t, J = 10.5 Hz,  lH), 3.80-3.60 (m, 4H), 3.40 (m, 3H), 1.80-2.00 (m, SH), 
1.67-1.47 (m, X), 1.28-1.09 (m, 7 '  1.14 (4 J = 4.6 Hz,  18 H), 1.04 (s, 3H); 13c 

NMR (75 MHz, CDC13): 6 144.7, 138.4, 128.2, 127.4, 127.3, 117.0, 72.8, 71.1, 67.8, 

73-3, 59.1, 42-3, 39-9, 39-8, 39-6, 33.3, 28-7, 264, 25.8, 24.8, 22-4, 17.8, 11-7 ppm.; 
HRMS (CI, NH3)  m/z 559.4178 W + l ;  Calcd for C3&04Si, 559-4182]. And. Calcd 
for C3&gO&i: C, 73-06; H, 10.46, Found: C, 73.32; H, 10-62- 

The enantiomer of 59 (ent-59) exhibited identical spectral data, and [a]*ZD 40.4" (c = 

0.82, CHCl3). 

Minor di01 60: Colorless oÏl; TLC Rf= 0.23 (EtOAdhexanes, 15); [a]2ZD -21.S0 (c = 

1.9, C x 1 3 ) ;  IR (film): um,, 3360br, 2930s, 2860s, 1645w, 1450s, 1378m, 1 3 6 0 ~ ~  

1240111, 1080s, 878s, 8IOw, 730s, 680s cm-1; 1~ NMR (300 MHi, CDCls): 6 7.30 (m, 
SH), 5.28 (s, Ifl), 4.68 (br, lH), 4.51 (s, 2H), 3-93 (t, J = 10.5 Hz, lH), 3-79-3.59 (m, 

4H), 3.47 (t, J = 6.6 Hz, ZH), 3.32 (t, J = 9-8 Hz, IH), 2-03 ( d, J = 11.2 Hz, l m ,  

1.93-1.12 (m, 17H), 1.09 ( d, J = 4.9 Hz,  18H), 1.04 (m, 2H), 0.97 (s, 3ES); 13c NMR 
(75 MHz, CDC13): 6 146.1, 138-7, 128.3, 127.6, 1275, 115.0, 72.9, 71-4, 68.2, 63.4, 

59.3, 40.0, 39.2, 37.4, 29.4, 26.3, 24.3, 23.0, 17.9, 11.8; HRMS (CI, MI3) m/z 
559.4 178 LMC+1; Calcd for C34H5904Si, 559.4 1821. 



Diels-Alder Adduct 85: Procedure A 

c o e n  

To a solution of chiral dienophile 84 (1.15 g, 2.37 mmol) and chiral diene ent-50 (775 
mg, 2.85 mmol) in dry CH2CI2 (50 mL) cooled to -78 OC was added dropwise a solution 

of ethyIaluminium dichloride (1 -0M in hexanes, 2.9 mL, 2-9 m o l )  under a nitrogen 
atmosphere and the m i m e  was stïrred for IS minutes at -78 OC, then poured into ether 

(100 mL) and saturated NaHCO3 (20 mL), and extracted with ether (3 x 60 mL). The 
cornbined organic extracts were washed with brine (20 mL), dried (MgSO& and 

concentrated in vacuo. The residue was purified by flash chromatography on sîlica gel 

(EtOAc/hexanes, 5 :95, then 93 :7, then 9: 1) to give 85 as a colorless oil (1 -3 O4 g, 73 %). 
TLC Rf= 0.3 1 (EtOAchexanes, 1:9); [a]2% - 8 2 Y  (c = 1.00, CHCL3); IR (film): Umax 

2930s, 2862s, 1720s, 1456m, 1366m, 12L7my 1092s, 1009m, 883m, 763m, 732my 
698m cm-l; IH NMR (300 MHz, CDC13): 6 9.71 (s, lm, 7.36-7.09 (m, SH), 5-22 (m, 

lH), 4.77 (dt, J = 4.3, 10.7 Kr, lH), 4.47 (s, 2H), 3.64 (m, IH), 3.38 (m, 3H), 2.55 
(dd, J = 5.7, 11.6 Hz, lH), 2.22-0.85 (m, 56H); "C NMR (75 M m  CDC13): 6 205.6, 

173.0, 151.9, 144.0, 138.5, 128.2, 127.8, 127.5, 127.3, 125.3, 124.8, 116.7, 74.5, 

72.7, 70.9, 59-9, 50.3, 50.1, 43.5, 41.7, 41.3, 39-8, 39-5, 39.3, 34.5, 34.3, 33.0, 31.1, 

30.5, 28.4, 26.4, 26.0, 24.5, 24.4, 24.1, 21.8, 21.6, 17.9, 11.8 ppm. HRMS (CI, N H 3 )  

m/z 785.55 19 ml; Calcd for C~&705Si, 785.55401. 



Diels-Alder Adduct 85: Procedure B 

To a solution of chiral dienophile 84 (216 mg, 0.44 mmol) in dry CH2C12 (7 mL) cooled at 
-78 OC was added successively under a nitrogen atmosphere dry THF (35 a, 0.44 mmol), 
a solution of ethyiaiuminium dichioride dropwise (1.OM in hexanes, 630 pL, 0.63 mmol) 

and a solution of chiral diene ent-50 (100 mg, 0.37 mmol) in dry CH2C12 (2 mL). The 
reaction mixture was s h e d  at -78 OC for 5 minutes, warmed to s h e d  for another two 

hours, and poured into ether (50 mL) and sat. aq. NaHCO3 (20 mL). The mixture was 
extracted with ether (3 x 40 mL) and the combined extracts were washed with brine (20 

mL), dried @lgSO*), and concentrated in vacuo. The residue was purified by flash 
chromatography over silica gel (EtOAchexanes, 2:98, then 4196, then 694) to give 85 

(220 mg, 79%) as a colorless oil. 



LiBEt3H 
THF 

-78 OC -rt 
OH/I OH 88% TlPSO 

ent-59 80 

To a solution of Diels-Alder adduct 85 (1 50 mg, 0.198 mmol) in dry TEP (8 mL) cooled 
at -78 OC was added dropwise a solution of Super-Hydride in THF (1-OM, 790 pL, 0-79 

m o l )  under a nitrogen atmosphere. The reaction mixture was stirred at -78 OC for 30 

minutes, warmed to f i  stirred for another 30 minutes at this temperature, cooled to O OC 

and carefill y quenched with water (20 mL). The mixture was extracted with ether (3 x 50 

mL) and the combined extracts were washed with b ~ e  (20 mL), dried (MgS04), and 
concentrated in vanro. The residue was punfied by flash chromatography over silica gel 
(EtOAdhexanes, 1:9) to give alcohol80 (45 mg, 97%) and di01 ent-59 (778 mg, 83%) as 
a colorl ess oil . 



1.5 FunctionaIüatioa to intermediate enf-67 

Diphosphoramidate ent-61 

1- MeLi / DME / 
TMEDA / rt 

ï8" 2. (MetN)zP(0)C1 

""J OH 
64% 

TlPS TlPSO OPON 

An ether solution of MeLi (1.2hd, 3 -3 mL, 3 -98 m o l )  was added dropwise to a stirred 

solution of di01 ent-59 (795 mg, 1-42 rnmol) in DME-TMEDA (28 mL, 3 : 1) under a 
nitrogen atmosphere at O OC and d e r  stimng for one hour at rt, (Me2N)2P(O)Cl(2.6 mL, 

17.0 mrnol) was added. The reaaion mixture was stirred for another 18 hours at rt, aq. 

sat. NaHC03 (30 mL) was added, and stirring was continued for another hour. The 
reaction mixture was extracted with EtOAc (4 x IO0 mL) and the combined extracts were 
successively washed with an aq. sat CuSO4 solution (2 x 20 mL), brine (50 mL), dried 

(M~SOI), and concentrated in vamo. The residue was purified by flash chromatography 

over silica gel (MeOWEtOAc, 1 :9) to Bord diphosphoramidate ent-61 (0.750 mg, 64%) 
as a pale yellow oil: TLC Rf= 0.23 (MeOHEtOAc, 1:9); [a]27D -27.5' (c = 2.41, 

CHC13); IR (film): umx2930s, 2860s, 1630w, 1451m, 1299m, 1 2 0 2 ~ ~  1090m, 1063m, 

1024m, 985s, 877m, 749m, 671m cm-'; LH NMR (300 MHz, CDCl3): 6 7.28 (m, SH), 
5.36 (br, lH), 4.45 (s, 2H), 4.05-3.70 (m, 6H), 3.38 (m, 2H), 2.63 (d, J = 4.6 Hz, 
12H), 2.60 (d, J = 4.8 Hi, 12H), 2.39-1.13 (m, 16H), 1-05 (m, 21H), 0.97 (s, 3H); 13C 

NMR (75 MW2, CDC13): 6 144.2, 138.6, 128.2, 127.4, 127.3, 116.3, 72.8, 71.2, 68.3, 

65.3, 59.7, 40.6, 39.7, 39.6, 36.5, 36.4, 36.3, 33.8, 29.4, 25.9, 24-5, 22.3, 18.0, 11.9 

PPm- 

Enantiomer 61 was prepared in a similar marner fmm 59 and exhibited the same spectral 
data as en?-61, and [ u ] ~ ~ ~  +26.O0 (c = 2.3, CHC13); HRMS (Er, 70 eV) m/z 826.5309 

wvl'; Calcd for C4~H~oO~N&Si, 826-5322]. Anal. Calcd for C42Hso06N&Si* 1 SH2O: 

C, 59.06; H, 9.79; N, 6-56. Found: C, 59.12; H, 10.07; N, 6-57- 



Alcohol ent-62 

PH 
Li 

ru*- E W 2  / O OC 

OPON 
70Yo 

TlPSO TlPSO 

A solution of diphosphoramidate entdl(950 mg, 1.1 5 m o l )  in dry THFk-BuOH (1 0: 1, 

8.7 mL) was added over a penod of 50 minutes dropwise to a blue solution of lithium wire 

(175 mg, 25.22 m o l )  in anhydrous ethylamine (25 mL) under a nitrogen atrnosphere at O 

OC; the rate of addition was controiied so that the color of the solution remained blue. The 

mixture was stirred for 10 minutes and solid ammonium chlonde was carefblly added until 
the blue color disappeared. The reaction mixture was then Left standing at rt overnight so 

that most of the ethylamine evaporated. The residue was then dissoived in water (20 mL) 
and extracted with ether (3 x 60 mL). The combined extracts were washed with brine (20 

mL), dried (MgSO4), and concentrated in vucuo. The resulting Light yellow oil was purified 

b y flash chromatography over silica gel (EtOAchexanes, 1 : 1 O) to fumish alcohol ent-62 
(3 50 mg, 70%) as a col orless oïl: TLC Rf = 0.49 (EtOAc/hexanes, 1 : 10); [a]z% -52S0 (c 
= 1.58, CHCl3); IR (film): orna, 3340br, 2930s, 2860s, 1 6 7 0 ~ ~  1460m, 1378rn, 1 2 4 7 ~ ~  

1098s, 1065s, 1014m, 882m, 676m cm-1; 1H NMR (300 MHz, CDCI3): 6 5.30 (t, J = 3.4 

Hz, lH), 3.73 (t, J = 8.1 Hz, 2H), 3.65 (m, lH), 3.47 (m, 1H). 2.00 (br, 4H), 1.74- 

1.42 (rn, lOH), 1.25-1.07 (m, SH), 1.05 (d, J =3.1Hz, 18H), 1.04 (m, 3H), 0.97 (s, 
3H), 0.80 (d, J = 6.7 Hz, 3H), 0.79 (s, 3H); 13C NMR (75 MEb, CDC13): 6 117.1, 63.3, 

60.4, 42.1, 41.0, 39.7, 35.4, 33.3, 33.0, 31.6, 29.2, 28.2, 26.0, 22.4, 22.1, 18.0 (fi), 
14.9, 12.1 ppm. 

Enantiomer 62 was prepared in a simiIar manner from 61 and exhibited the same spectral 
data as enl-62, and [ u I * ~ ~  +53.4O (c = 1.3, CHC13); HRMS (Er, 70 eV) m/z 436.3730 
[M'; Calcd for C2@5202Si, 436-3736]; And. Calcd for C27Hj202Si: C, 74.25; H, 
12.00. Found: C, 74.47; l3, 12-35, 



Tosylate ent-63 

p T s  

..f 
TsCl f DMAP 

CH2C12 / a ,u.u8b 

98% - Çb, 
TlPS 

J TIPSO 

Tosyl chloride (162 mg, 0.85 mmol) was added to a solution of alcohol ent-62 (3 10 mg, 
0.71 mmol) and DMAP (130 mg, 1.06 mmol) in CH2Cl2 (7 mL) under nitrogen 
atmosphere at rt and the reaction mixture was stirred at this temperature for 12 hours. The 
mixture was diluted with ether (50 mL), washed with aq. 10% HCI (SmL), aq. sat. 

NaHC03 (5 mL), brine (ad), and dried (MgSOq). Evaporation of the solvent in vamo 

afforded a Iight yeilow oil which was puRfied by flash chromatography over silica gel 
(EtOAchexanes, 1:20) to give tosylate ent-63 (412 mg, 98%) as a colorless oil: TLC Rf = 

0.69 (EtOAchexanes, 1: 10); [al2% -30.6O (c = 0.90. CHCls); IR (nlm): umax 293 Os, 

2863s, 1597w, 1457m, 1360111, 1 186s, 1174s, 1 0 9 5 ~ ~  917m, 878m, 810q 658m cm-'; 
'H NMR (300 MEZz, CDC13): 6 7.77 (d, J = 8.2Hz, 2H), 7.33 (ci, J =  8.2 Hz, ZH), 5.27 

(t, J = 3.5 Hz, lH), 3.98 (m, 2H), 3.68 (m, 2H), 2.44 (s, 3H), 1.74-1.09 (m, 19H), 

0.97 (d, J = 2.3 Hz, 18H), 0.90 (s, 3H), 0.82 (s, 3H), 0.76 (d, J = 6.7 Hz,  3H); I3c 

NMR (75 MHz, CDCI3): 6 144.5, 133.3, 129-7, 127.8, 117.4, 115.7, 71.6, 60.0, 41.1, 

39.2, 35.5, 33.1, 25.8, 24.0, 22.3, 21.6, 18.1, 14-9, 12.0 ppm, 

Enantiomer 62 was prepared in a similar manner fiom 63 and exhibited the same spectral 
data as ent-62, and [a]22D +3 1-9O (c = 0.60, CHClj); HRMS (CI, N H 3 )  m/z 59 1.3892 

w++l;  Calcd for C ~ ~ H S ~ O I S S ~ ,  591.39031; Anal. Calcd for C34H5804SSi: C, 69.10; H, 
9.89. Found: C, 69-37; H, 9.90. 



Silyl Ether ent-65 

A solution of isopropenyhagnesium bromide (64; 0.5 M, 15.6 mL, 7.8 mmoL) was 
added dropwise to a solution of ent-63 (710 mg, 1.20 m o l )  and reqstaliized copper (I) 
iodide (1 85 mg, 0.96 mmol) in dxy THF (25 mL) at -40 OC under a nitrogen atmosphere. 

The reaction mixture was warmed to O OC, stirred for 7 hours at this temperature, 

quenched with MeOH (2 mL) and concentrated in vacuo. The residue was diluted with 
ether (1 50 mL) and nItered through a pad of FLorisil. Evaporation of the solvent followed 

by purification by flash chromatography over silica gel (hexanes 100%) provided enta5 
(518 mg, 94%) as a colorless oil: TLC Rf = 0.26 (hexanes 100%); [a]24D -29.4O (c = 

1-23, CHC13); IR (film): umax 2933s, 2862s, 1645w, 1455x11, 1370111, 1092s, 1009w, 

991w, 880s, 808w, 675111 cm-'; IH NMR (300 MHz, CDC13): 6 5.3 1 (5 1 = 3.6 Hz, 1H), 

4-67 (s, IH), 4.65 (s, lH), 3.72 (m, 2H), 1.97-1.86 (m, 3H), 1.76 @r, lH), 1.69 (s, 

3H), 1.63-1.07 (m, 17H), 1.06 (d, J = 2.5 Hi, I8H), 0.97 (s, 3H), 0.87 (s, 3H), 0.82 
(d, J = 6.8 Hi, 3H); 13C NMR (75 MHz, CDC13): 6 146.8, 145.4, 117.0, 109.4, 59.7, 

42.0, 41.2, 39.8, 38.7, 37.3, 35.6, 32.7, 31.5, 29.4, 26-1, 22.5, 22.5, 22-4, 17.7, 14-8, 

12.3 ppm. 

Enantiomer 65 was prepared in a similar manner from 63 and exhibited the same spectral 
data as ent-65, and [a]2ZD +25.0° (c = 1.20, CHC13); HRMS (EI, 70 eV) mlz 460.4107 

Fr'; Calcd for C~0&60Si,  460.41 001; Anal. Calcd for C30H560Si: C, 78.19; H, 12.25. 

Found: C, 78.57; H, 12-58, 



Alcohol enf-66 

A solution of tetrabutylammonium fluoride (lM, 0.90 mL, 0.90 mmoi) was added to a 
solution of silyl ether ent-65 (291 mg, 0.63 mmol) in dry THF (5 mL) under a nitrogen 
atmosphere at rt The resulting m i m e  was stirred at rt for 5 hours. Afbr addition of water 

(1 drop), the mixture was concentrated in vacuo and purified by flash chromatography over 

silica gel (EtOAc/hexanes 1:s) to fiord dcohol en166 (19 1 mg, 100%) as a colorless oïl: 
TLC Ri= 0.3 (EtOAcllmcanes, 15); [a]24D -65-9O (c = 0.76, CHC13); IR (film): u- 

3400br, 3020w, 2930s, 2860m, 164% 1443m, 1371m, 1050br, 880m cm-1; 1H NMR 
(300 MHz, CDC13): 6 5.29 (t, I = 3.5 Hz, lH), 4.68 (s, lH), 4.66 (s, lH), 3.66 (t, 1 = 

7.8 Hz, 2H), 1.98-1.74 (m, 6H), 1.71 (s, 3H), 1.65-1.00 (m, 13H), 0.98 (s, 3H), 0.85 
(s, 3H), 0.81 (d, J = 6.7 Hi, 3H); 13C NMR (75 MHz, CDCl3): 6 146.9, 143.2, 117.0, 

109.4, 59.8, 42.0, 41.2, 39.9, 38.7, 37.2, 35.6, 32.9, 31.5, 29.4, 26.1, 22.6, 22.5, 

14.8 ppm. 

E n d o m e r  66 was prepared in a similar manner from 65 and exhibited the same spectral 
data as ent-66, and [ a ] 2 Z D  +55.2O (c = 1.6, CHCl3); HRMS (EI, 70 eV) m/z 304.2772 

[M'; Calcd for Cz1H360, 304-2766]. Anal. Cdcd for C21H360: C, 82.83; H, 11.92. 

Found: C, 82.72; H, 12-06. 



Aldehyde enf-67 

TPAP (cat,' 

Tetrapropylammonium pemithenate (TPAP; 5 mg, 0.014 mmol, 4 mol%) was added in 

one portion to a stirred mixture of alcohol ent-66 (1 12 mg, 0.37 mmol), 4- 

methylmorpholine Coxide (65 mg, 0.56 mmol), and powdered 4 A molecular sieves (250 

mg) in dry CHzCI2 (5 mL) under a nitrogen atmosphere at rt. The reaction mixture was 
stirred at rt for 1 .S hour and filtered through a pad of silica gel (CH2C12 100%). 

Evaporation of the solvent m vanroprovided aldehyde ent-67 (106 mg, 95%) as a 
colorless oil: TLC Rf= 0.50 (EtOAdhexanes, 1: 10); [a ]2SD -71.0° (c = 2.98, CHCI3); IR 
(film): u,, 2920s, 2715w, 1 7 3 5 ~ ~  1646w, 144Sm, 1370m, 1060br, 880m cm-1; 1H 
NMR (300 hEk, CDC13): 6 9.88 (t, J = 3.2, IfI), 5.33 (t, J = 2.8 Hz, lH), 4.66 (s, lH), 

4.64 (s, lH), 2.32 (dd, J = 3.2, 14.2, lH), 2.23 (dd, J = 3.2, 14.2 HZ, lH), 2-08-1.71 

(m, 7H), 1.67 (s, 3H),1.66-1-08 (m, 9H), 1.07 (s, 3H), 0.98 (s, 3H), 0.84 (d, J = 6.4 
Hz, 3H); I3C NMR (75 MHz, CDC13): 6 204.4, 146.2, 145.0, 117.1, 109.7, 47.1, 42.5, 

42.0, 40.0, 38.6, 37.6, 37.0, 33.0, 31.6, 29-4, 26.0, 23.0, 22-5, 22-4, 22.3, 14.8 ppm. 

Enantiomer 67 was prepared in a similar manner fiom 66 and exhibited the same spectral 
data as enr-67, and [a]22D +75.4' (c = 0.7, CHC13); HRMS (EI, 70 eV) d z  258.2347 

W'-C~H~O; Calcd for Cp~H30,258-235 11. 



1.6 Preparation of süoryfuran reagent 72 

Brornofuranone 69 

(COBr)2 l DMF 
* 

0 CH,Cl, 1 O OC - rt 

To a solution of tetronic acid (68) (8.34 g, 83 -33 mmol) and DMF (8.40 mL, 108.33 
m o l )  in dry CH2Cl2 (200 mL) cooled at O OC was added dropwise a solution of oxalyl 

bromide in CH2C12 (2.OM, 50 mL, 100 mmol) over a period of one h o u  under a nitmgen 
atmosphere. The reaction mixture was warmed to a after three houn and quenched with 
water (250 mL). The phases were separated and the aqueous phase was extracted with 

Et20 (2 x 100 mL). The combined extracts were washed with aq. sat. NaHCO3 (50 d), 

brine (50 mL), dried (MgS04), and concentrated in vama Purification of the residue by 
flash chromatography over silica gel (EtOAc/hexanes, 2575) aEorded 69 (1 1 -2 g, 83 %) as 
a white solid (mp = 78.1 OC). TLC Rf = 0.24 (EtOAc/hexan=s, 2:8); 1~ NMR (300 MHz, 
CDC13): 6 6.32 (î, J = 1.8 Hz, IH), 4.84 (d, J = 1.5 Hg 2H); 1 3 ~  NMR (75 M m  
CDCi3): 6 170.7, 146.1, 121-6, 74.8 ppm. 

The spectral data were in accord with those reported in the literature? 



Bromosilyloxyfuran 70 

To a solution of brornofuranone 69 (1.50 g, 9.20 m o l )  in dry CH2Cl2 (25 mL) was 
added dropwise Et3 N (1 -7 d, 1 1 -96 mmol) under a nitrogen atmosphere at O OC. M e r  15 

minutes of stirring, TIPSOTf (2.70 mL , 10.12 mmol) was added dropwise and the 
reaction mixture stirred at O OC for one hour. The readon was quenched with aq. 1% 

NaOH (2 mL) and the mixture stirred for another 15 minutes. Water (30 mL) was added 
and the product was extracted with CH2C12 (2 x 50 mt). The combined extracts were dried 
(MgS04), and the yellowish residue was immediately purified by flash chromatography 
over a short column (approximately 2 cm) of silica gel (100% hexanes) to yield 70 (2.79 g, 
95%) as a coIorless oil, TLC Rf = 0.86 (100% hexanes); IR (film) v- 3 142w, 2940m, 

2861s, 1608~~ 1533m, 1462m, 1357111, 1268111, 1190rn, 1099m, 956m, 918rn, 880111, 
830m, 748m, 684m cm-1; 1~ NMR (300 MEk, CDC13): 6 6.84 (d, J = 1.2 Hi, 1H), 5.25 

(d, J = 1.3 Hz, lH), 1.25 (m, 3H), 1.02 (d, J = 7.0 Hr, 18H); 1 3 ~  NMR (75 MHz, 
CDC13): 6 156.6, 127.0, 100.3, 87.6, 17.3, 12.0 ppm. 

The spectral data were in accord with those reporteci in the Literature.56 



Siloxyfaran reagent 72 

To a solution of bromosiloxyfbran 70 (970 mg, 3 -04 mmol) in dry Et20 (6 ml) was added 
dropwise a solution of n-BuLi (2.6hC 1.46 mL, 3.80 mol) under a nîtrogen atmosphere 
at -78 OC and the reaction mixture was stirred for another 30 minutes at that temperature. 

The mixture (containing lithiofiiran 71) was added dropwise to a solution of Cln(Oi-Prh 
(1 .OM, 3 -65 mL, 3 -64 mmol) in a dry centrifugation tube at -78 OC. The dark reaction 
mixture was stirred for 30 minutes at -78 OC, allowed to watm to and stirred for another 

30 minutes. The mixture containing siloxyfuran reagent 72 was centrifbged for 
approximately 15 minutes at high speed to precipitate the salts from the solution after which 
it was ready for use. 



1.7 Completion of the synthesis of dysîdiolide 

Preparation of siloxyfurans 73 and 74: Procedure A 

58% O OTIPS OTlPS 

The titanium reagent 72 (ca. 0.27 M., 1.35 mL, 0.36 mmol) was added dropwise to a 
solution of aldehyde 67 (27 mg, 0.089 m o l )  in dry Et20 (1 ml) under a nitrogen 
atmosphere at -78 OC. The muthire was stined for 40 minutes at -78 OC, quenched with 

water (1 ml) at the same temperature, allowed to warm to rt, diluted with water (20 ml), 
and extracted with Et20 (5 x 15 ml). The combined extracts were washed with b ~ e  (10 

ml), dried (MgSOj), and concentrated in vaam The residue was immediately purified by 
flash chromatography over a column (8-10 cm) of oven-dried silica gel 
(Hexanes/EtOAc/Et3N, 96:3:1) to give 73 (28.5 mg, 58%) and 74 (6.9 mg, 14%). These 
epimers were formed in a ratio of 2 2  : 1 (73 : 74), as detennined by HPLC of the crude 
reacbon mixture, 



Preparation of siloxyfurans eut-73 and enf-74: Procedure B 

To a solution of co~mercially available 2,6-di-terbbutyl-4-methylphenol (263 mg, 1.18 
mmol) in dry toluene (3 mL) was added dropwise a solution of trimethyIdiuninTum (2.0w 
300 pL, 0.59 1 rnmol) under a nitrogen atmosphere at rt and the mixture was stirred at that 

temperature for one hour and cooled to -78 O C .  A solution of ddehyde ent-67 (59.5 mg, 
0.197 mmol) in dry Et20 (3 mL) was added dropwise at -78 O C .  To this h i s e ,  the 

titanium reagent 72 was added dropwise at the same temperature until no aldehyde could 
be detected by TLC. The reaction mixture was quenched with water (3 ml) at -78 OC, 

warmed to rt, diluted with water (20 ml), saturated with solid NaCl, and extracted with 

Et20 (4 x 25 ml). The combined extracts were washed with brine (10 mi), dried (MgS04), 
and concentrated in v a m .  The residue was immediately purified by flash chromatography 
over a 1 0 cm coiumn of oven-dried silica gel @aüuies/EtûAc/Et3N, 98 : 1 : 1, then 95 :4: 1) to 
fumish epimeric alcohols ent-73 (34 mg, 5 1%) and ent-74 (14 mg, 14%). These epimers 
were fomed in a ratio of 3.65 : 1 (ent-73 : enî-74), as determined by HPLC of the crude 
reaction mixture- 



Major isomer ent-73: Colorless oil; TLC & = 0.45 (EtOAc / hexanes, 1 :9), IR (nlm) 
u, 3440s, 2920s, 1722m, 1630m, 1563m, 1451m. 1370m, 1254111, 1075br. 9574 

8 7 7 q  834w, 790 w, 675w cm-=; 1H NMR (300 MHz, CDCls): 6 6.70 (s, 1H), 5.3 1 

@r-s, lH), 5-15 (s, l m ,  4.69 (m, IH), 4.67 (s, lH), 4.61 (s, lH), 2.00-1.74 (4 6H), 

1-65 (s, 3H), 1.58-1.50 (III, SH), 1.30-1.16 (m, 7H), 1.08 (d, J = 7.1 Hz, 18H), 1.05 (s, 

3H), 1.03-1.00 (m, 4H), 0.95 (s, 3H), 0.87 (d, J = 6.5 Hz, 3H); 13C NMR (75 MHz, 
CDCl3): 6 157.1, 150.2, 146.1, 132.5, 127.2, 117.1, 109.8, 82.6, 64.6, 41.6, 40.0, 

38.5, 36.2, 33.4, 29.7, 26.1, 22.3, 21.9, 17.7, 17.5, 15.0, 12.3, 12.2 ppm. 

Enantiomer 73 exhibited the same spectral data as ent73, and HRMS (EI, 70 eV) m/z 

542.4163 w+; Calcd for C34H5803 Si, 542.41 551. 

Minor isomer ent-74: Colorless oil; TLC Rf= 0.51 (UOAd hexanes, 1:9); lH NMR 
(300 MHr, CDCS): 6 6.72 (s, lH), 5.32 @r.s, lm, 5.14 (s, lm ,  4.66 (m, IH), 4.65 (s, 

2H), 1.95 (t, J = 7.4 Hz, 2H), 1.82-1.78 (m, 4H), 1.68 (s, 3H), 1.59-1.50 (m, 6H), 
1-31-1.16 (m, 10H), 1-09 (d, J=7.1 Hz, 18H), 0.99 (s, 3H), 0.94(s, 3H), 0.76 (d, J =  
6.4 Hz, 3H); 13C NMR (75 MHz, CDC13): 6 157.1, 146.5, 132.63, 127.3, 117.0, 109.5, 

82.6, 65.6, 38.6, 33.0, 26.1, 22.5, 22.4, 17.5, 14.8, 12.2 ppm. 

Enantiomer 74 exhibited the same spectral data as ent-74, and HRMS (EX, 70 eV) m/z 

542.41 63 w; Calcd for C3a5*03Si, 542.41 551. 



Dysidiolide (ent-1) 

To a solution of ent-73 (55 mg, 0.102 m o i )  in acetone (5 mi) was added dropwise a 

solution of dimethyldioxirane (15; 0-OSM in acetone, 2.3 mL, O. 1 15 mmol) under a 
nitrogen atmosphere at -78 OC. The reaction mixture was stirred for one hour at this 
temperature and the solvent was evaporated in vamo at -78 OC. The residue was dissolved 

in acetone (5 ml) and water (0.7 ml) was added foiiowed by Amberlyst-15 (30 mg). The 
reaction mixture was stirred at rt for 1-5 hour and then the resin was filtered off, rinsed 

with MqCO (20 d) and the solvent evaporated in vamo to give a pale yellow solid. The 
crude product was washed with hexanes (2 x 1.5 ml) to B o r d  pure ent-l(39.5 mg, 95%) 
as a white solid (m-p. 18 1-1 84 OC); TLC Rf = 0.3 1 (CH2C12/MeOH, 955); HPLC (Ci8 

column): t~ = 6.90 min (85% MeOH-15% H20, flow rate = 1 mL/min) and 9.1 3 min 
(70% CH3CN-30% H20, flow rate =1 &min); [a]24D -10-3* (c = 0.64, MeOH / 

CH2C12, 1:l); IR ( 'Br)  u- 3320br, 2920s, 1735s7 1644w, 14411~~  1266m, 1247m, 

1128s, 940s cm-l; IH NMR (500 MHz, d6-DMSO): 6 7.84 (s, lH), 6.12 @r.s, 1H), 5.94 

@r.s., la, 5.29 (s, lH), 5.23 (brs, 1H), 4.64 (s, lH), 4.60 (s, LH), 4.47 (br-s, br-s, 

1H), 2.23 @r.s, lH), 1.98 (m, lH), 1.90 (bu, 3H), 1.78 (d, J = 9.9 HZ, 2H), 1.78- 
1.62 (m, IH), 1.62 (s, 3H), 1.51-1.49 (rn, SH), 1.23 (m, 2H), 1.12 (br-s, 2H), 1.01 (m, 
2H), 0.94 (s, H), 0.85 (m, 2EI), 0.82 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, ds- 
DMSO): 6 170.5 (br), 145.3, 116.1 @r), 115.8 (br), 110-0, 98.1 (br), 64.2 (br), 41.0 

@r), 37.9, 36.4 @r), 33.1 @r), 29.7 Dr), 25.9, 22.1, 21.7, 21.4 Pr), 14.9 ppm. 

Enantiomer 1 was prepared in a similar manner from 73 and exhibited the same spectral 
data as ent-1, and [a]22D f 10SO (c = 0.5, MeOH / CHzCI2, 1:l); MS (CI, MJ): 

403(M++l, 22), 385 (74), 377 (38), 341 (14), 301 (46), 285 (31), 259 (66), 176 (lOO), 

161 (25), 147 (20), 121 (30), 109 (23), 95 (28); HRMS (CI, N H 3 )  m/z 403.2854 w+l; 
Calcd for C25H3904,403.2848]. The spectral data were in accord with those reported in 
the literature.2 



To a solution at -78 OC of ent-74 (1 5.5 mg, 0.0286 mmol) in acetone (3 ml) under nitrogen 

atmosphere was added dropwise a solution of dunethyidioxirane (15; 0.05M in acetone, 

0.63 mL, 0.03 1 5 m o l )  and the reacti on mixture was stirred for one hour at this 
temperature and the solvent was evaporated in vanro at th is  temperature. The crude residue 

was dissolved in acetone (5 ml), water (0.7 ml) was added, followed by Amberlyst-15 (15 

mg), and the reaction mixture was stirred at rt for 1 -5 hour. The Amberly st-1 5 was then 
fiitered off, rinced with MQCO (15 mL) and the solvent evaporated in vamo. The crude 
product was purfied by flash chromatography over silica gel (CH2C12/MeOH, 955) to 

afford 4-epi-ent-l as a colorless oil (97%, 11.1 mg): TLC Rf = 0.3 1 (CH2C12/MeOH, 

95:s); HPLC (Ci8 column): Rt = 7.77 min (85% MeOH-15% H20, flow rate = 1 d m i n ) ;  
[a]24D -92.4" (c = 0.33, MeOH / CH2C12, 1 : 1); IR (film): u- 3370br, 2930s, 1747s, 

1645w, 1448m, 1375m, 1332w, 1134111, 1 0 6 2 ~ ~  950111, 884- 810w, 735w, 69% cm-$ 
lH NMR (500 m, do-DMSO): 6 7.89 (br-s, 1H), 6.14 (s, lH), 5.83 @r, l m ,  5.32 (s, 

lH), 5.26 (s,lH), 4.62 (s, lH), 4.60 (s, iH), 4.52 (br-s, lm, 2.70 e r s ,  1H), 1.99- 

1.76 (m, 4H), 1.74 (d, J = 10.3 Hk,  2H), 1.63 (s, 3H), 1.54 (br-S. 2H), 1.45 (d, J = 

12.7 Hz,  2H), 1.35-0.97 (m. 7H). 093 (s, 6H), 0.76 (d, J = 6.6 E b ,  3H): 13c NMR (75 
MHz, d6-DMSO): 6 170.6, 145.9, 116.1 (br), 109.9, 65.2, 38.2, 36.2, 32.7, 26.3, 22.5, 

22-0, 14.9 ppm, 

Enantiomer 4-epi-1 was prepared in a similar marner fiorn 74 and exhibited the same 
spectral data as 4-epi-ent-1, and [a]22D +65.0° (c = 0.55, MeOH / CHSlz 1 : 1); MS (CI, 

m3): 403(M++1, 22), 385 (58), 377 (15), 341 (9, 301 (46), 285 (22), 259 (55), 176 
(IOO), 16 1 (16), 149 (lS), 121 (26), 109 (13), 95 (12); HRMS (CI, m) d z  403.2854 

w+l; Calcd for C25H3904,403 -28481 - 



LUFFARIELLOLIDE (2) 

2.1 Preparation of building block 149 

To a solution of commercialiy available 1,3-dihydroxyacetone dimer 143 (1 5.0 g, 166.5 

mmol) in pyridine (60 mL) was added dropwise excess acetic anhydride (60 mL) with 

penodic cooling using an ice bath to avoid excessive heating. The reaction mixture was 

stirred ovemight at rt and then diiuted with EtOAc (400 mL). The mixture was repeatedly 

washed with aq. 10% HCl until the aqueous phase remained acidic. The organic layer was 
then washed twice with water foilowed by repeated washing with sat. aq. NaHCO3 until the 

aqueous phase remained basic. The organic layer was then washed with brine (2 x 70 mL), 
dried (MgSOq), and concentrated in vumo. The residue was then purZed by flash 

chromatography (Et20/hexanes, 70/30, then Et20 100%) to afford 1,3-diacetoxyacetone 

144 (20.51 g, 71 %) as an oily solid (mp = 4648 OC); TLC Rf = 0.20 (Ett(lmexanes, 111); 
IR (film): u,, 2980111, 2936m, 1745s. 1417s, 1 3 7 3 ~ ~  1235s, 1173s, 1129s, 1 0 5 2 ~ ~  

1037s, 9 8 4 ~  905m, 848m cm-'; 1~ NMR (300 MHz, CDCl3): 6 4.73 (sa 4H), 2.15 (s, 

6H). 

The spectral data were in accord with those repofied in the literat~re-~l 



Ethyl 3J-diacetoxymethyl acrylate 146 

O 145 * 
NaH / THF 

0°C-A 
94% 

To a suspension of NaH (95%, 3.125 g, 123.7 -01) in dxy THF (100 mL) at O OC under 
a nitmgen atmosphere was added the commercidly available Emmons-Homer reagent 145 

(24.5 mL, 123.7 rnmol) dropwise and the mixture was stirred for one hour at this 

temperature. 1,3-Acetoxyacetone 144 (20.5 g, 1 17.8 mmol) in dry THF (1 00 mL) was 

then added dropwise to the reagent 115 and the mixaire was s h e d  at O OC for one hour, 

after which it was re3uxed for another hour. The reaction mixture was cooled to poured 

into brine (100 mL), and extracted with ether (5 x 80 mL). The combined ether extracts 
were then dried (MgSO1), and concentrated in vacuo. The resulting cmde iiquid was 

distilled under reduced pressure (90-1 10 OC) to afford the desired ethyl 3,3- 

diacetoxyrnethyl acrylate 146 (23.5 g, 94%); TLC Rf = 0.49 (EtzOhexanes, VI); IR 
(film): umax 3000m, 1 7 5 5 ~ ~  1670m, 12305, 1160s, 1045s c d ;  1H NMR (300 MHz, 
CDC13): 6 5.99 (s, IH), 5.24 (s, 2H), 4.71 (s, 2H), 4.18 (q, 1 = 7.2 Hz, ZH), 2.12 (s, 

3H), 2.07 (s, 3% 1-28 (t, J = 7.2 Ht, 3If). 

The spectral data were in accord with those report4 in the literat~re-~l 



MeOH / A 
68% 

To a solution of ethyl 3,3-diacetoxymethyl acrylate 146 (23Sg, 110.8 mmol) in MeOK 
(45 d) was added dropwise aq. 10% &SO4 (45 mL) and the mixture was refluxed for 
two hours. Solid NaHCO3 was then added until the solution was neutralized. The salts 

were then filtered off, washed with MeOH, and the solvent concentrated to approximately 
10% of its onginai volume. Water (50 mL) was then added and the product was extracted 

with EtOAc (5 x 100 mL). The combined extracts were then dned (MgSO4) and 
concentrated in vacuo. The crude product was then pwified by flash chromatography over 
silica gel (EtOAdCH2C12, 1/ 1 then EtOAc 100%) to afford 4-(hydroxymethy1)-2-(5H)- 
Furanone 147 (8.59 g, 68%); mp = 50-52°C; TLC Rf = 0.25 (EtOAcKH2C12, VI); IR 
(film): u,, 3380br, 3100w, 1730~~ 1640x11, 1450m, 1250m, 1 140m, 1065m, 1010m, 

900m, 850m cm-'; 1H NMR (300 M W  CDC13): 6 6.03 (s, IH), 4.86 (s, 2H), 4.59 (s, 

2H), 2.38 (s, 1H); 1% NMR (75 MHz, CDC13): 6 174.5, 170.9, 114.3, 71.5, 58.6 ppm. 

The s p e d  data were in accord with those reported in the literature?l 



To a solution of 4-(hydroxymethy1)-2-(5H)-kanone 147 (820 mg, 7.19 mmol) in dry 
CH2C12 (20 mL) at O OC under a nitrogen atmosphere was added pyridine (880 pL, 10.79 

rnmol) under a nitrogen atmosphere followed by a solution of SOC12 (1 -6 mL, 21 -58 

mmol) in dry CH2C12 (20 mL). The temperature was then graduaüy increased so that the 

reaction mixture was refluxed for a period of approximately 3 hours until no starting 
materiai could be detected by TLC. The solvent was evaporated with a Stream of dry 

nitrogen and the residue was poured into water (20 mC) and CH2Cl2 (50 mL) and extracted 

with CH2C12 (2 x 50 mL)- The combined extracts were then washed with water (2 x 20 

mL), dried WgSO4), and concentrated ih vacuo. The crude residue was filtered over silica 

gel (Et20 100%) to afZord 4-chloromethyl-2-(5H)-kanone 148 as a slightly yeilow oil 
(742 mg, 78%): TLC Rf = 0.80 (EtOAc/CH2C12, 1:l); IR (fùm): u,, 3098111, 2927m, 

1922w, 1750s, 1644s, 1435s, 1350111, 1318s, L267s, 1233s, 1 l68s, 1 l26s, 1030s, 882s, 
830111, 735s, 698s, 612m c d ;  IH MbfR (300 MHz, CDCl3): 6 6.04 (d, J = 1.4 f4 lH), 

4.82 (d, J = 0.9 H z ,  2H) 4.36 (s, 2H); 1 3 ~  NMR (75 MHz, CDC13): 6 172.4, 164.0, 

118.0, 71.4, 37.7 ppm- 

The spectral data were in accord with those reporteci in the literature92 



TIPSOTf / Et3N 

OTlPS 
148 74% 

To a solution of 4-chloromethyf-2-(SEI)-furanone 148 (526 mg, 3.96 mmol) in dry 
CH2C12 (15 mL) at O O C  was added Et3N (520 jL, 5-16 mmol) and the reaction mixture 

was stirred for 10 minutes. TIPSOTf (1.1 mL, 3.97 mrnot) was then added dropwise and 

the mixture was stirred for 45 minutes. A solution of NaOH (1%, 1 mL) was added to the 

reaction mixture and after another 10 minutes of sfimng, the mixture was poured into Et20 

(50 mL) and water (50 mL) and extracted with Et20 (2 x 50 mL). The combined extracts 

were dried (MgS03  and concentrated in vacuo. The resulting liquid was rapidly purified 

by flash chromatography (hexanes 100%) on a short column of silica gel (1-2 cm) to afEord 
4-(chloromethy1)-2-(triisopropylçi1yloxy)- 149 (839 mg, 74%) as a coloriess oil. 
TLC Rf = 0.42 (hexanes 100%); IR (film): o, 2930s, 2 8 5 7 ~ ~  1618s, 1518s, 1457m, 

1335m, 1292s, 12594 1205s, 11 10m, 992m, 953s, 877s, 835s, 684s cm-1; IH NMR 
(300 MHr, CDC13): 6 6.85 (s, lm, 5.22 (s, lH), 4.38 (s, ZH), 1.23 (m, 3H) 1.09 (d, J = 

7.1 Hz, 18H); 1% NMR (75 MHz, CDCb): 6 167.5, 129.6, 123.5, 84.2, 38.1, 17.4, 

12.0 ppm. 

The spectral data were in accord with those reported in the 1iterature.M 



2.2 Synthesis of butenolide 152 and y-hydroxybutenolide 153 

Magnesium hirnings (212 mg, 8.70 -01) were activated by washing successively with 

aq. 10% HCl, water, acetone and ether, and dried in a vaccum dessicator. The turnings 
were then flame heated, aliowed to cool, and 1,2-dibromoethane (75 pL,, 0.87 mmof) and 

dry THF (4 mL) were added under a nitrogen atmosphere. The mixture was heated to 
reflux, s h e d  for 15 minutes, and the THF was cannuled out and replaced with dry TWF 
(3 mL). The resulting suspension was cooled to O O C  and 4-(chlorornethy1)-2- 
(uiisopropyisily1oxy)-furan 149 (835 mg, 2.89 m o l )  was added at once. Stirring was 
continued for one hour f i e r  which no more starting matenal could be detected by TLC. 
Dry THF (2 mL) was added, the reaction mixture was divided into two parts placed into 
two separate dry vials at O OC. In each of these vials was then added l-chloro-3-methyl-2- 
butene (150; 80 a, 0.70 mmol) at O OC, followed immediately by a solution of Li2CuCl4 

(0.1 My 350 a, 0.035 mmol) in THF. Each reaction mixture was stirred for 20 minutes at 

that temperature and then poured (in pardel fashion) into water (50 mL) and Et20 (50 

mL), and a solution of aq. sat. W C 1  was added until the two layers separated. The 
product was extracted with Et20 (3 x 50 mL), washed with brine (25 mL), dried (MgS04), 
and concentrated in vamo to afford crude product 151 as a yeilowish oil that was used in 
the next step without M e r  purification; TLC Rf = 0.8 1 (EtOAc/hexanes, 1 :9); 1H NMR 
(300 MHz, CDC13): 6 6.57 (s, lH), 5.12 (t, J = 7.0 Hi, lH), 5.02 (s, lH), 2.3 1 (m, 2H), 

2.18 (t, J = 7.3 Hz, 2H), 1.66 (s, 3H), 1.57 (s, 3H), 1.24 (m, 3H), 1.07 (d, J = 7.0 
18H); 13C NMR (75 MHz, CDC13): S 156.5, 131.6, 127.5, 126.5, 123.9, 85.1, 28.1, 

25.8, 25.5, 17.4, 15-1, 12.0 ppm. 

The spectral data were in accord with those reported in the literature." 



To a solution of crude sïiyloxyfiiran 151 (approximateIy 112 mg) in Me2CO (10 ml) and 
water (5 drops) was added Amberlyst-15 (25 mg) and the mixture was stirred at rt for 45 

minutes. The resin was nItered off, washed with MqCO (15 d), and the solvent was 

evaporated in vanro. The resulting oii was purified by flash chromatography on silica gel 

(EtOAchexanes, 1 5 : 8 5,  then 2: 8) to a£€ord pure 4-[(3 E)4methyl-3 -pentenyl]-2-(5H)- 

fùranone 152 as a colorless oil(98 mg, 84%). TLC Rf = 024 (EtOAc/hexanes, 2:8); IR 
(film): u, 2 9 1 0 ~ ~  1778s, 1746s, l634m, 1442m, 1167m, 1129~ 1039m, 880m cm-1; 
LH NMR (300 MIIz, CDC13): 6 5.75 (t, J = 1.3 Hz, lH), 5.00 (dt, J = 1.1, 6.9 Hz, 1H), 
4.66 (d, J = 0.9 Hz, lH), 2.38 (t, J = 7.3 Hz, 2H), 2.21 (m, 2H), 1.62 (s, 3H), 1.54 (2, 
3H); 13C NMR (75 MHz, CDC13): 6 174.0, 170.3, 133.6, 121.9, 115.3, 73.0, 28.5, 

25.5, 25.4, 1 7-6 ppm. 

The spectral data were in accord with those reported in the literature84 



To a solution of crude silyloqfuran 151 (approximately 112 mg) in dxy CHzClz (10 mL) 
at -78 O C  was added a solution of dimethyldioxirane (15; OJM, approximately 0.4 mL) 
until no more starring material could be detected by TLC. The reaction mixture was stirred 
at -78 OC for one hour and concentrated in vanro at this temperature. The crude oil was 
dissolved in M-O (1 0 ml) and water (5 drops) was added foiiowed by Amberlyst-15 (25 

mg). The mixture was then stirred at n for 1 -5 hour d e r  which the Amberlyst-15 was 
filtered off, washed with M e C o  (1 5 mL), and the solvent mporatedin vama The crude 

oil was purified by flash chromatography on silica gel (EtOAdhexanes, 2:8, then 2575) to 

afford pure 5-Hy droxy-4[(3 E)4methyl-3-p entenyl]-2-( 153 as a colorless 
oil (88 mg, 75%). TLC Rf= 0.32 (EtOAc/hexanes, 3:7); IR (füm): umax 3300s, 2910s, 
1740s, 1648s, 1442m, 1377m, 1332m, 1272m, 1180m, 1 lZSs, 948s, 885m, 730w cm-1; 
'H NMR (300 MHz, CDCls): 6 6.01 (s, lH), 5.81 (s, lH), 5.76 (s, lH), 5.06 (t, J = 6.5 

Hz, 2.50 (m, lH), 2.39 (m, lH), 2.28 (m, 2H), 1.67 (s, 3H), 1.60 (s, 3H); 13C NMR 
(75 MHz, CDC1,): 6 172.2, 170.0, 133.5, 122.1, 117.2, 99.4, 27.6, 25.5, 25.0, 17.6 

PPm. 

The spectral data were in accord with those reported in the litaature-g4 



2.3 Completion of the synthesis of luffariellolide (2) 

(E,E)-l-Chioro-3,7-dimethyl-9-(2,6,6-trimethyl-l-cyclohesen-l-yl)-2,6- 

nonadiene 154 

MeLi I HMPA 
EtzO l O OC CI 

To a solution of allylic dcohol 138 (30 mg, 0.103 mmol) in dry Et20 (1.5 mL) at O O C  

under a nitrogen atmosphere was successively added triphenylmethane (2 mg) as uidicator, 

HMPA (40 mL, 0.3 5 d m m o l ) ,  and MeLi (1 -3 M, 80 mL, 0.105 mmol) over a period of 
1 5 mioutes. A solution of tos y1 chloride (22 mg, 0.108 1 mmol) in dry Et20 ( O S  mL) was 
added dropwise to the reactîon mixture over a period of 15 minutes. Solid LiCl (5 mg, 

0.103 mg) was fmaliy added at O OC and the reaction mixture was warmed to n and stirred 

for another 5 hours. Subsequently, Et20 (50 mL) was added and the organic phase was 

washed successively with water (2 x 20 d) and brine (20 d), dned (MgSO4)? and the 
solvent was evaporated in vacuo. The resulting oil was Gltered on silica gel (hexanes 
100%) to affiord pure allylic chloride 154 (25 mg, 77%)). TLC Rf = 0.65 (hexanes 100%); 

IR (film): u- 2908s, 1 6 6 0 ~ ~  1445m, 1377m, 1358m, 1252m, 1 1 8 8 ~ ~  1177m, 1094w 
cm-l; IH NMR (300 MHz, CDC13): 6 5.45 (t, J = 8.0 Hz, lH), 5.10 (m, lH), 4.10 (d, J 

= 8.0 Hz, 2H), 2.13 (m, 4H), 1.99 (m, 4H), 1.90 (s, 3H), 1.88-1.52 (m, lOH) ,  1.41 (m, 
ZH), 1.00 (s, 6H); 1 3 ~  NMR (75 MHz, CDC13): 6 142.6, 137.0, 136.5, 126.8, 122.7, 

120.2, 41.0, 40.1, 39.7, 39.3, 34.9, 32.6, 29.4, 28.5, 27.8, 25.9, 19.7, 19.4, 16.0, 

15.9 ppm; HRMS (El 70 eV) m/z 308.2271 w*; Calcd for C20&3C1,308.2265] 



Magnesium tumings (76 mg, 3.12 m o l )  were activated by washing successively with aq. 

10% HCL, water, acetone and ether, and dried in a vacnim dessicator. The tumings were 
then flame heated, ailowed to cool, and 1,2-dibromoethane (30 &, 0.3 12 mmol) and dry 

THF (2 mL) was added under a nitrogen atmosphere. The mixture was heated to reflux, 

stirred for 15 minutes, and the THF was cannuled out and replaced with dry THF (1 mL). 
The resulting suspension was cooled to O OC and the 4-(chloromethy1)-2- 

(trïisopropylsilyloxy)-fiiran 149 (300 mg, 1.04 mmol) was added. Stiming was 
continued for one hour after which no starhg matenai could be detected by TLC. Dry THF 
(2 mL) was added and 10% of the volume was transfered to a dry viai at O OC. The aüylic 
chloride 154 (15 mg, 0.048 mmol) in dry THF (1 mL) was added to organometallic 
reagent 131 at O OC foliowed immediately by a solution ofLizCuC4 (0.1 M, 50 pL, 0.005 

mmol) in THF. The reaction mixture was stirred for 20 minutes at this temperature and then 
poured into water (40 mL) and Et20 (40 mL), and portions of aq. sat.  CI were added 

until the layers separated. This mixture was extracted with Et20 (3 x 40 mL), dned 

(MgS04), and concentrated in vacuo. The so obtained oii (142) was used in the next step 

without firther purification. TLC Rf = 0.77 @exanes 100%); IR (fh): u- 2908s, 

166Ow, 1445m, 1377rn. 1358m, 1252m, 1 l88w, 1 177m, 1094w cm-1; 1H NMR (300 
MHz, CDC13): 6 6.58 (s, lH), 5.21-4.94 (m, 3H), 2.37-1.89 (m, 14H), 1.65-1.53 (m, 

1 lH), 1.42 (m, 2H), 1.31-1.17 (m, 3H), 1.09 (d, J = 7.1 Hz, 18H), 1.06 (s, 6H); 13C 
NMR (75 MHz, CDC13): 6 156.5, 137.1, 135.9, 135.3, 127.6, 126.8, 126.5, 123.8, 

123.5, 85.1, 40.2, 39.7, 39.6, 34.9, 32.6, 29.6, 28.5, 28.0, 27.8, 26.5, 25.9, 19.7, 

19.4, 17-4, 15.9, 12-1, 10.5 ppm. 
The spectral data were in accord with those reported in the ~iterahire.8~ 



Luffariellolide 2 

then, Arnbedyst-15 
Me2C0 / H20 / a 

74% (2 steps) 

To a solution of silyloxyfuran 142 in dry CH2Cl2 (10 mL) at -78 OC was added 

sequentidy a solution of dimethyldioxirane (15; 0.1M; approximately 100 PL) until no 

starting material could be detected by TLC. After stimng the reaction mixture at -78 OC for 

one hour, the solvent was removed in vacuo at this temperature. The ail obtained was 

dissolved in M q C O  (10 ml), water (5 drops) was added followed by Amberlyst-15 (25 

mg), and the mixture was stirred at rt for 1.5 hours. The resin was then filtered off, 

washed with Me2CO (20 mL), and the solvent evaporated in vacuo. The resulting oïl was 

p d e d  by flash chromatography over silica gel (EtOAchexanes, 2:8, then 25:75) to a o r d  

pure 1uffarielIoIide 2 as a colorless oil (88 mg, 74%). TLC Rf = 0.33 (EtûAchexanes, 

3:7); IR (film): u- 3300br, 2900s, 1760s, 1632w, 1432m, 1369w, 1347w, 1322w, 
1259w, 11 17m, 936m, 872w, 841w, 723w cmi; 1~ NMR (300 MHz, CDCls): 6 6.00 

(d, J = 7.6 Hz, lH), 5.86 (s, IH), 5-11 (t, J = 6.5 Hi, 2H), 4.21 (br, lH), 2.59-2.28 (m, 
4H), 2.09-1.98 (m, 8H), 1.91 (t, J = 6.1 Hz, 2H), 1.64 (s, 6H), 1.60-1.53 (m, SH), 
1.43-1.39 (m, 2H), 0.99 (s, 6H); 13C NMR (75 MHi ,  CDCI,): 6 171.1, 169.1, 137.3, 

137.0, 136.2, 126.8, 123.1, 121.8, 117.8, 98.7, 40.2, 39.7, 39.5, 34.9, 32.6, 28.5, 

27.8, 27.6, 26.4, 25.1, 19.7, 19.4, 16.1, 15.9 ppm. 

The spectral data were in accord with those reported in the literature3 
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