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Ab stract

Asymmetric Diels-Alder reactions of 2-(trimethylsilyloxy)cyclohexa-1 ,3­

diene 17a, 6,6-dim ethyl-2- (trimethylsil yloxy)cyclohe xa-1 ,3-diene 17b , and

5,5-dimethyl-2-(trimethylsilyloxy)cyclohe xa-1,3-diene 17c with severa l chira l

acetylened icarbo xylates were conducted. Modest levels of diaste reoselectivity

were obtained for several examples.

Semiempirical molecularorbitalcalculations for the Diels-Alderreactions

of 2-hydroxy ana logues of these dienes with di-t-butyl acety lenedica rboxyla te

were carried out to help interpretthe experimentalresults. Four transtionstates

having very similar relativeenergies were obtained for each diene-dienophile

combination. The calculations also supported an asynchronous transition state

with the shorter incipient bond nearest the electron-donating trimethylsi loxy

group . It follows that the ester group further from the trimethylsiloxy group most

likely adop ts a "fixed" , parallel-planar conformation to activate the triple bond for

attack, whereas the other este r is perpendicular to the incoming diene .

(3-Phenylsulfonyl-2-propynyl) 2-(5,5-dimethyi-2-oxocyclohex-3-en yl)

ethanoate 223 and «E)-3-phenylsulfonyl-2-propenyl) 2-(5,5-dimethyl-2-

«( 1,1-dimethylethyl)dimethylsilyl )oxy}cyclohe xa-1,3-dienyl)ethanoate 231 could

serve as precursors in the synthesisof pentalenolactones. Our synthesis of
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these compounds was based on alkylation of 4,4-dimethyl-2-cyclohexen-1-one

20c with 2-halo esters similar to compound 146.

Various2-bromoesterswere prepared and convertedto their

corresponding 2-iodoequivalentsvia the Finkelstein reaction. These 2-iodo

esters were found to undergo alkylation in good yield with 4,4-dimethyl­

2-cyciohexen-1-one 20c. In this manner, (3-phenylthio-2-propynyl)

2-(S,S-dimethyl-2-oxocyclohex-3-en yl)ethanoate 205 was synthes ized from

(3-phenylthio-2-propynyl) 2-iodoethanoate 204 . Treatme nt under kinetic

conditions gave the desired diene, (3-phenylthio-2-propynyl) 2-(S,S-dimethyl -2­

«( 1,1-dimethy lethyl)dimethylsilyl)oxy)cyclohexa-1,3-dienyl)ethanoate 220 .

Activatio n of the alkyne , by oxidation to the suifone , gave (3-pheny lsulfon yl­

2-propynyl) 2-(S,S-dimethyl-2-oxocyclohex-3-eny l)ethanoate 223 .

A similar route involving (E}-3-phenylsulfonyl-2-propen-1-01227 as the

starting alcohol resu lted in «E}-3-phenylsulfonyl-2-propenyl) 2-(S,S-dimethyl­

2-oxocyclohe x-3-enyl)ethanoate 230 . Diene formation under thermodynamic

conditions gave «E}-3-phenylsulfonyl-2-propenyl) 2-(S,5-dimethyl-2-

«(1 ,1-dimethylethyl)dimethyls ilyl)oxy)cyciohexa-1 ,3-dienyl)ethanoate 231.
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Part 1

ASYMMETRIC DIELS-ALOER STUDIES INVOLVING CHIRAL

ACETYLENIC DIESTERS

Introduction

Since its initial discovery in 1928,1the Diels-Alder reaction has found

widespread application in the field of organic chemistry and has evolved into an

invaluable tool for the synthetic organic chemist . The Diels-Alder reaction is a

[4n.+2xJ cycloaddition involving the reaction of a conjugated diene and a

dienoj)hile to yield a product referred to as an adduct. The reaction of butadiene

and ethylene to give cyclohexene is the simplest example (Scheme 1).

( -- o
Scheme 1. Basic Diels-A1derreaction.

Conjugated dienes may exist in the s-cis geometry or the s-trans

geometry . Only those with the s-cis conformation are suitable as Diels-A1der

dienes because this allows overlap of the p-orbitals (Figure 1a) of the diene and

the dienophile in the transition state (Figure 1b).



Agure 1. Oiene geometry necessary for a Oiels-AJder reaction .

Open-chain dienes such as butadiene and 1-methoxy-3-{trimethylsilyloxy)-

1,3-butadiene exist in both the s-etsand s-trans forms . When the Gibbs

fre~nergy diffe rence (aG) between the twoconformers is large , the rate of

reaction for such dienes is affected by the position of equilibrium between the

two forms . When the diane substitution pattern is such tha t steric strain resu lts

when the diene is in the cisoid form . the diene is very slow to react.

The dienophile in a Dials-Alder reaction can be a moJecule containing a

double or triple bond which partic:ipates as the 2:n: component in the

c:ydoaddition . In fact, a single compound can parti cipate in a Oiels-Akler

reaction as both the diane and the dienophile, as in the dimeriZation of

cydopentadiene (Scheme 2).



c o
Scheme 2. Dimerization of cydopentadiene.

Wh ile the 271: component is us ually carbon-based. heteroatomic

dienophi les are also routinely used (Figure 2).

Figure 2. Examples of som e commonly used dienophiles.

The reaction rate for a Diels-Alder reaction correlates weDwith the

substituents on the diene and dienophiJe and is best expla ined using frontier

molecular orbital (FMO) theory . According to this theory, during a {4 + 2)

c:ycIoaddition. the highest occupied molecular orbital (HOMO) of one compone nt

interacts with the lowest unoccup ied molecu lar orbital (l UMO) of the other . For

any Diels-AJder reaction there are twopossible interactions : HOMO (diene ) ­

l UMO (dienophile) . and LUMO (diene ) - HOMO (dienophile) . The HOMO -

LUMO pair that predom inates in the transition state is the one having the smaller

energy separat ion and is respons ible for the observed reactivity . Saue r and
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Sustmamr classrtied three types of Die!s-Alder reactions based on these HOMO

- LUMO interactions (FogtJre3) .

LUMO

HOMO

Diene Dienophile

x
N.......

Figure 3. Frontier molecular orbitals for the three types of Diels-AJder
reaction .

These are referred to as "nonnal" electron-demand, "inverse" electron-demand

and "neutra r electron-demand Oiels-A!der reactions. In the most common type

of niels-Alder. the "narmar electron-demand. the stronger intera ction is between

the HOMO (diene) and the LUMO (dienop hile). Since eIectJorrwithdrawing

substituents lower the energy of the HOMO and LUMO moJecutar orbitals and

eJectron.donating substituents increase them, for a "normar eleclron-demand

Oiels-Alder reaction electron-donating substituents on the diene and/or

electron-withdrawing substituents on the dienophile will accelerate the reaction .

For an "inverse" electron-demand Die/s-Alder, the lUMQ (diene) . HOMO

(dienophile) interaction predom inates. Thus . the reaction will be accelerated by



adding eIec:tron-withdrawing substituents to the diene and/or eJectron..donating

substituents to the dienop hile. Unlike a "normar' Die ls-Afder, the presence of

eJec:tron..withrawing groups on the dienophile will slow the reaction . In the

"neutra r eIedron-demand Diels-Alder, ne ither the HOMO (diene) - LUMO

(d_ ile) no< the LUMO (diene) - HOMO (d_ile) predominates. Bo1I1

HOMO · LUMO interactio ns are of similar importance . Any substituent added

would result in an increase in reactivity because the gain in stabiliZation by

strengthening one interaction is greater than the 50ss incurred by wea kening the

other.

FMO theory can also be used to rationalize the reg ioselect ivity of the

Diels-Alder reaction," Diels-Alder reactions between twounsymmetrical addends

could resu lt in two regiotsomeric adduets . as illustrated for the Diels-Alder

reaction of 2-ethoxybutadiene and methyt acrylate (Sche me 3).

E~

".,. -..
Sch eme 3. Possible regioisomeric products for the Diels-A1der reaction of
2-ethoxybutadiene and methyl ecrytate .



The diene and dienophile could react to give either the "meta'"adduct or the

"para" adduct. The terms orlho, meta and pata are borrowed from nomenclature

associated with disubstituted aromatic systems to describe the relative positions

of the substituents for the Diels-Alder adducts. Of the t'NO regioisomers shown

above . only the "pan/" product is formed in an appreciable amount,' This

observation cannot be attributed to electronic effects since replacement of the

electron-donating ethoxy substituent withan electron-attracting cyano substituent

results in the same regiochemical preference," although the reaction is no longer

regiospecific. Steric factors are also unable to account for regioselectivity in the

Diels-Alder reaction . Reaction of 1-methoxybutadiene with acrolein gives the

more stericaUy congested "orlho" adduct as the only product (Scheme 4) .:sa

Scheme 4. Dieis-Alder reaction of 1-methoxybutadiene with acrolein.

Houk used FMO theory to explain regioselectivity.' For symmetrical and/or

symmetrically-substituted dienes and dienophiles, the orbital coefficients of the

frontier orbitals at the terminal ends are necessarily the same . For

unsymmetrical addends, however, the coefficients are not equal , result ing in

polarization of the FMO's. Houk concluded that the regioselectivity results from

preferential bonding of the larger terminal coefficients on each addend in the



transition state." For the reaction of 2-ethoxybutadiene and methyl aaylate, a

"nonnar electron-demand Diels-Afder reaction, the principal interaction in the

transition state is HOMO (diene) • LUMO (dienophile). The coe fficients for this

interaction have been cak:ulated by Anh at 8/.7 and are shown in Figure 48 .

Thus,accordi ng to FMO theory, it follows that the -para- add ud is preferentially

fonned (Frgure 4b ).

b
Figure 4. a) Coeffi cients of the frontier orbita ls of 2-etho xybutadien e and
methyt acrylate , and b) preferential ovenep of HOMC-LUMO orbital s.

Oiels-Akter reactions may resu lt in the foon ation of as many as fou r new

stereogenic centers . Since the Diels-Alder reaction is highly stereoselective, this

accounts fo r its widespread application in the synthesis of complex natural

products. Stereoselectivity is the result of several facto rs during the

cydoaddition. Aider and Stein· first observed that the relative configuration of

the reactants is conserved in the Diels-Alder addue:tsand later named th is the

"cis principle .- This observation is the result of suprafacia l add ition of the diene

onto the dienophile, and vice ve~a. For example , dimethyt maleate and

dimethyl fumarate will read with butadien e to give a cycIohexen e product having

cis- and trans-ester functionarrties, respectively (Sdleme 5) .
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Sch eme 5. Diels-Ald er reaction of butad iene with dimethyl maleate and
dimethyl fumarate.

For DieIs-AIder reactions of unsymmetricat dienes and dienophiles. the re a re two

(racem ic) d iastereomeric transition states possible , resulting in the

corresponding (racemic) diastereomeric products , re ferred to as the endo- and

exo-adduets (SCheme 6).

~\ -+ EJtz- Q"R \ ; , z
4 z R' H

Sl ....o-transition statez

If: -+

~
= ~tf' R Z

endc:Hransitonstate

Scheme 6. Endo- and exo-adducts resulting from the DieIs-Alder reaction
of unsymmetrical addends .



The endo transition state usually involves more steric interactions . However , in

most Diels-Alder reactions it leads to the major , if not exclusive , product under

kinetic conditions . This observation has been attributed to secondary orbital

interactions , which stabilize the endo mode of addition (Figure 5).

~\
~

~
~8"~ • •• lUMO of

endo-transiton stale
exo-t ransition state acrolein

/' - primary orbital interaction

",••,'" - secondary orbital interaction

Figure 5. Secondary orbital interactions in the endo transition state.

Another aspect of stereose lectivity occurs when the two faces of the diene

and/or dienophile are non-eq uivalent. Cycloaddition may take place preferentially

on one face rather than the other. This is referred to as a-facial

diastereoselectivity, and the two modes of attack are called syn- and

anti-add ition . These terms are used in a relative sense , as illustrated in Figure 6.

For the R-substituted cyclopentadiene, the addition of a dienophile to the top

face of the dlene is considere d syn to R, whereas the additio n of a dienophile to

the bottom face of the diene would be considered anti to R. This terminology is

also applicab le for additions to plane-non symmetric dienophiles. For the
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disubst ituted cyclopentened ione shown in Figure 6, addi t ion of a diene to this

dienoph ile can be either syn to R2 or anti to RZ"

5yn anti

~ ~
~R 4 R1

H R,

n n 0

anti syn

Fig ur e 6. Syn - and anti-addition to a R-substituted cyclopentad iene and a
disubstituted cyclopentened ione .

The first example of the dramatic acce lerat ion of Diels-Alder react ions by

catalysis was reported by Yates and Eaton in 1960 .' Since then , Lew is acid

catalyzed Diels-A lder react ions have become increasingly popu lar , allowing

access to adducts us ing much milder cond itions and involving dienophlles of low

react ivity . Furthermore , Diels -Alder reactions catalyzed by Lewis acids are not

only faster, but tend to be more regioseleclive and endo-selective compared with

the non-catalyzed equivalent. For example, reaction of trans -1,3-pentadiene and

methy l acry late gave a 9 : 1 arrha/meta ratio in the absence of catalysis ; this

increased to 49 : 1 when aluminum trichloride was present." These

cbservations have subsequently been expla ined using FMO theory.~· 1 1 The

increased rate and regioselectivity are due to coordination of the Lew is acid with

the electron-withdra wing group of the dienoph ile , result ing in a net lowering of
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II. Asymmetric Dlels-AIder Reactions of Chlral Acetylenedlcarboxyfate8.

If at least one of the Oiels-AJder components (d:ene. dienophile or

catalyst) is chiraJ. the possibil ity of asymmetJic inductio n exists. For the

unsymmetrica l addends shown in Scheme 6. the absolute configuratio n of C-1

and C-2 depends on whichfaces of the diene and dienoph ile reaet during the

reaction . Uttimatety . there are four possible stereoisomeric products. as shown

in Figure 7.

( '1...><
Yz
~ H

A tendo) B (exo) C tendo ) 0 (axo)

Figure 7. Four possible stereoisomeric products from the Diers-Alder
reaction of two unsymmetrical addend s.

If eithe r the diene or dienophiJe shows high facia l selectivity, one of the fou r

possible exCHtndo pairs will predominate . Furthermo re, most Diels-AJder

reactions give a predominance of the endo- produet. especia lly under conditio ns

of catalysis by a Lewis acid. Thus , it is likely that only one of these four products

woukt predom inate . resulting in an asynvnebic bias.

The vast majority of examples of asymmetric Diels-Alder reactio ns have

so far involved chiral dencchnes." In fact. Keralev and Murl ~ first demo nstrated

the possibility of asymmebic induction in the Diels-Alder reaction by reacting
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(-)-dj..{R)-menthyl fumarate with isoprene. Most ehira l dienophiles include a

chiral auxiliary attached to the dienophile through an ester or amide linkage,

snowing for both ease of synthesis and subsequent removal of the auxiftary . The

most successti.d auxiflaries indude menU10lderivatives. camphor derivatives and

oxazolidiones. with the best optical y;elds generally occurring in the presence of

a lewis acid . One example of the high asymmetric induction attainable tor

asymmetric Oiels-AJder reactions using miral dienophile s is shown in SCheme 7.

Reactio n of the campho r-derived suttam 1 with cydopentadiene in the presence

of ethyl aluminum dichloride gave 2 in 98% diastereomeric excess (de) ."

o EtAIClz/ -7a OC-­CHA
~~y;fto

SCheme 7. Asymmetric Diefs-AJder reaction of cycIopentadie ne with
N-enoylsultam 1.'•

Symmetry has also been used to advantage within chira l dienophiles to

enhance stereoselectio n. Chiral fumarate esters such as 3 have been shown to

give high diastereoselect ivity,l S. t. even in the absence ot a Lewis acid catalyst.

This phenomenon is referred to as the cooperative blocking effect. The
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increased diastereoselectivity is a consequence of both auxiliaries directing the

diene to the same face of the dienophile. In 3. the (S)-proline benzyl esters have

been found to adopt the configuration shown (Scheme 8) ,15 with both benzyl

esters blocking the si-face of the dienophile. Thus, attack of cyclopentadiene is

directed preferentially to the re-face . Reaction of the acrylate equivalent of 3

with cyclopentadiene under identical conditions gave only 62%

diasterecselecnvity."

c 0 0Sz1

~---:=;oo~
.'10

BzIO,l;
o ~o
~ ~:£)o,BzI

100% yield 0 0
(de a7% )

Scheme 8. Increased asymmetric induction by cooperative blocking
groups.1!

There have been fewer examples using chiral dienes than chiral

dienophiles. The incorporation of chiral substituents into dienes is not

straightforward since most dienes are electron-rich and contain no carbonyl

groups for convenient linkages. In most cases, chiral groups have been

attached to the diene via an oxygen. This has resulted in problems with diene

synthesis as well as difficulties in cleavage of the resulting ethers. The
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development of chiraJ dienes as an integral part of asymmetric Diels-Ald er

readions has also been nmited by the disappointing diastereosele<::tivit

obtained in many examples. A diene which has given satisfactory resutts was 5

(Scheme 9),17first syntheslzed by Trost. I I

Scheme 9. Asymmetric Oiels-Ald er reaction of diene 5 with acrolein."

In the past several years, the most popula r approach to asymmetric

DieIs -Aider reactions was to use chiral catalysts. mainly in the form of Lewis

acids . Since the diene and dienophile do not require the addition of any chiral

groups, steps requ ired to add and remove the chiral auxiliaries are eliminated.

Chirallew'is acid com plexes of aluminum . titanium and boron have yielded the

best results . For exa mple , the chiral titanium(1V) complex 7. shown in Scheme

10. was used in the asym metric Diels-AJder reaction of 8 with isoprene to yield 9

in high enan tiomeric excess (ee) .I'
Unlike ethylenic dienophiles, acetylenic dienophiles have been litt le

investi gated in asym metric Diels-A1der reactions. Evans reported an example of



16

an asymmetric Diels-A1der reaction involving acetylenic imide 10 and

cyclopentadiene under Lewis acid conditions to yield 11 in 50% de {Scheme

11).20

•
7 (5mo1%).ooc ~o

94%y>eId
(ee94%)

Sche me 10. An example of an asymmetric Die Is-Alder reaction utilizing a
chiral titanium complex as a catalyst ,.

o 0 0 tQ:x./ 00 •
Et~Cf,-20OC

~ 82% yield
(de 50%)

10 11

Scheme 11. Asymmetric Diels-Alder reaction of chiral imide 10 with
cyclcpentadiene."

Very recently , Yamamoto reported ena ntioseleetive catalyt ic Diels-Alder

reactions of cyc lohexadiene and cyclopentadiene with severa l acetylemc

aldehydes ." Excellent enantioselectivities were obtained in several examples.

Reaction of 3-iodopropynal with cyclopentadiene in the presence of the chirsl

boron complex 12 gave 13 in good yield with an 81% ee (Scheme 12).2'
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17

o 10mol% 12-.
·78 OC JbI

13

Scheme 12. Example of an asymmetric Diels-Alder reaction involving an
acetylenic aldehyde in the presence of a chiral catalys t."

OH CO,R
OH

L Benzene roCO,Rd -rt ">- co,R">- ">-

"'" 46% yieJd14 15 R ~ ~. de 83 %

Scheme 13. Asymmetric Diels-A1der reaction of chlral
acetylenedicarboxylate 15 with o-QOM 14.22

As part of an investigation of aryltetralins. Charlton reported asymmetric

Diels-AIder reactions of chiral bis(methyi (S}-Iactyt) acetylenedicarboxylate (15)

with various orthoquinodimethanes (o-OoM's). phenylbutadiene and an

lsobenzofuran." The observed diastereoselectivities varied. with ratio s of

diaste reomers ranging from 1 : 1.2 to 1 : 5. The most highly ciastereceeiective

example involved « -hydroxy-a.Q DM (14) shown in Scheme 13. for whi ch
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hydrogen-bonding in the transition state was possible. To date . these have been

the only studies using chira! acetyfenedicarboxytates in asymmetric Diels-AJder

reactions .
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III. Mechanism of the Diels-Alder Reaction

The mechan ism of the Dieis-Aider reaction has been debated for over fifty

years. A great deal of investigation has been done to unlock the nature of the

transition state (s) involved.2.23 For a Diels-Alde r reaction. the formatio n of the

two new (J bond s may take place in either a concerted or a stepwise fashion. as

shown in Scheme 14.

aJ

b)

(

(

( 'J
"

~synchronous-

--+--+

( )
"asynchronous-

(1
zwitte Jionic

--+ --+

(jI'

diradica l

o

o
Sch eme 14. Possible mechanisms for a Diels-Alder reaction: a) one-step
concerted pathway; b) two-step pathwa y.
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For the concerted pathway, both new bonds would be partially formed in a single

transition state . If the two bonds are formed to exactly the same extent, it is

considered a symmetrical (synchronous) transition state . If one of the new (J

bonds is formed to a greater extent than the other , it is referred to as a

unsymmetrical (asynchronous) transition state. The stepwise pathway involves

the formation of an intermediate having only one of the two new bonds formed .

This intermediate coul d either be diradical or zwitterionic in nature.

Subsequently. the second bond is formed to yield the adduct Thus, the

mechanism would involve twokinetically distinct steps .

The first transition state proposal for the Oiels-Alder reaction was by

wasserman" in 1935 . He carried out thermodynamic and kinetic studies of

benzoquinone and cycIopentadiene. From this work , he propo sed that the

dienophile addition to cvctopentadiene was concerted, and that the bond lengths

in the transition state should be not much longer than 2.0 A.l4 Shortly

afterwards. Littman proposed diradicals as intermediates in the Diels-Alder

reactio n." For the next fifty years there was fierce disagreement as to which of

these two proposed mechanisms was correct . Sauer and Sustrnann" sum up the

struggle between those who supported the concerted mechanism and those who

supported the stepwise mechanism. They state, "Very often, however , and not

only in the case of Diels-Alder reactions, one is succumbed to the danger of

trying to interpret all reactions of a given type in a uniform way ." The modem

view holds that there is no mechanism which can be used in exclusivity to
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explain all the Dieis-Ald er cycIoadditions. However. the consensus is that most

thermal Diels-AIder reactions take place via a concerted, if often an

asynchronous, mechanism.

0

~¢o X f:;

"" 0 -.........
0

° Q:9 X f:;-.....~

Y-
0

: °
' : , . H'

A

Scheme 15. Diels-Alder reaction of d.-butadiene with cis- and
trans-d ideutereoethylene.2$

This is supported by several factors. including the syn stereospecificity of

the Dials-Alder reaction. Addition of dimethyl maleate and dimethyl fumarate to

butadiene always results in the cis- and tnIns-substituted products, respectively.

If the reaction occurred via a stepwise mechanism, it wou ld result in

stereochemical scrambling, unless the diradical or zwitl:erionic intermediate

proceeds to product faster than rotation can occur. This possibility was ruled out
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for the prototype Dials-Alder reaction of butadiene and ethylene through an

elegant study by Houk at al.28 Reaction of 1,1.4.4-tetradeuteriobutadiene with

cis-and trans-dideuterioethylene resulted in the exclusive formation of the cis­

and trans-adducts. respectively (Scheme 15). The potential diradical

intermediate A shown in Scheme 15 would have a very low barrier of rotation

about bond 8 . It would be on the order of D-O.4 kcallmol.28 Even if the barrierte

cyclization of the diradical were negligible. a mixture of products would have

resulted .

Further evidence supporting the concerted nature of the Diels-Alder

reaction resulted from asymmetric Diels-Alder reactions carried out by Tolbert

and Al i.%1.211 They attempted to probe Dieis-Alder transition state geometry by

determining the amount of asymmetric induction resulting from the cycloaddition

of dialkyl fumarates containing one or two chiral auxiliary groups with

diphenylisobenzofuran and anthracene (Table 1). If the concerted mechanism

were operating , the asymmetric induction achieved when two chiral groups are

present should be the arithmetic product of that induced when only one chiral

group acts independenUy.

If the mechanism is not concerted, the two chiral groups are in different

environments with respect to the new a bonds, with only one of the groups

attached to a bond·fonning center in the transition state . Thus, the asymmetric

induction due to one chiral group would be greater than that for the other and

their results would no longer be additive. The experiments indicated a concerted
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mechanism. FOI"example . the diastereomeric ratio obta ined for the reaction of

methyl J.bomyl fumarate with anthracene was 1.25 : 1.21 Therefore. the

pred ided asynvnebie ind uction of di-l-bomyl fumarate was ( 1 .25~ : 1 (i.e .• ' .56 :

1). The diastereomeric ratio of 1.53 produced was with in experimental error of

the value predicted. The uncatalyzed Diels-Alder reaction was said to exhibit

cooperativity in asymmetric Inductio n, indicating that It must take place by a

synchronous mechanism. However. this trend was not followed in the presen ce

of Lewis acids. Tol bert and AJj interpreted this cbeervaton as an indication of a

trans ition state that was unsymmetri cal or asyncbrc ncus ." However, Konovalov

and Kiselev" interpreted the catatyzed reaction differently. They reasoned that

in a catalyzed reaction one ester group is comple xed with aluminum chlorid e.

thus, the other free ester group could no longer be considered equivalent

The refore. the initia l cond ition for coopera tivity of the effect is not fulfill ed .

Table 1. Oiastereomeric ratios for add ition of dialkyl fumarates to
anthracene and diphenylisobenzofuran.u ,a

0

ceo JOOi<
~I .&' .&' .& o 0

p,

JOOi< ~M~ -+"- ~

Ph Ii

B
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Tab le 1, ccnrd.

Diene R R' diastereomeric ratio

A Me Me 1

A Me I-bomyI 1.25

A I-bomyI I-bomyI 1.53 [1.561

A M. knenthyl 1.18

A I-menthyl l-menthyl 1.36 [1.39']

B M. M. 1

B M. f..bomyl 1.4 1 (exc)

B /-bernyl M. 1.53 (endo)

B #-bornyl I-bomyt 2.08 [2.161

• Numbers In brackets represent pred icted ratios based on add itivity .

KJE's have also been used extensive ly for elucidating the reaction

mechan ism of the Diels-Alder reaction.JO Molecules whCh differ only in isotopic

substitution move along the same potential energy surface . The isotope effect

observed for a given reaction is determined by this single potential energy

surface . conseque ntly providing a probe as to the nature of a particu lar transitio n

state . KIE's can be divided into twogeneral types . primary and secondary. A

primary KJE can be seen when bonds to an isotop ic ato m(s) are form ed and/or

broken in the course of a reactio n and second ary KIE's are said to be involved if

no bonds to the isotopic atom(s) are formed or broken in the rate-de termining
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step of a reaction. Secondary KJE"s are often only observed when the re is some

force..consta nt change between reactant and transition state involving the

isotop ically substituted position . For examp le. this could indud e a ch ange of

bond type , such as a change in hybridization or it could involve som e change in

the spatial environment around the isotopic atom . The Diefs-Alder reaction

involves a change in hybridization of the four bonding atom s from s,l to s,r as

the reaction proceed s. The refore . it is well suited for study using these

second ary KJE's. Secondary KJE"s are usually determined by direct rate

measurem ents on labe led substrat es, however, rt is poss ible to mea sure them at

natural abunda nce . Competitive methods be fween labeled and unlabeled

substrat es were often used if the desir ed precis ion could not be achieved,

especially in the earl ier studies.

Van Sickle 3
' first reported the use of second ary KJE's to study the

Dials-Alde r reaction of cycJopentad iene and maleic anhydride. Cyclopen tadiene

was reacted wTtha mixture of do· and d2-maleic anhydride of known composition.

A small inverse KIE with an average value of 0.943 was obtained for kJ"o.3'

Rodin and Van Sickle szextended this WOfkby carrying out several other

Diels-AJder reactions with the symmetrical addends shown in Tat»e 2.
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Table 2. kJko values for Diefs-.AJder reecncns of various symmetlic
dienes and dienophiJes corrected to 25 "C.:IZ

Diane DienophiJe kJkv (per deuterium)

*= 4 0.971

¢ 4 1.00

'*' 4 0.952

¢ ~
0.935

'*' ~
0.943

The KlE's were calculated using the equat ion.

kH log (CIH I IIHO)_._--
leo log (aoJ ao O)

8H 0 - initial alnCet\tration of protio reactanl
Boo - initial conc:entnItion of deuterio rextant
8H • amount remaining after partial reaction completion
SO - amount remaining after partial l'NCtion completion

An average value for the isotope effect was calculated, corrected to 25 °C. on a

per deuterium basis . These small inverse KIE values supported an early

Oiels-AJder tran sition state , which is very much like the reactants in nature .



q:'
Z

Seltzer followed this work up with a verycomprehensive study of the

retro-Diels-A1der reaction of 16, derived from 2-methytfuran and maleic

anhydride (Scheme 16).3:s

J~: ~
~'

x 0

16 ~~ ~ : ~: ~.1CR~"ZH=H
c) Z -O,X -Y -R=H
d) X" O,Y =Z = R- H
el Y -O, X=Z=R=H
f) R=O, X=Y=Z -H

Scheme 16. Re~Diels-Alder reactions of the adducts derived from
V2!'10US deuterated 2-mettlylfuran and maleic anhydride
derivatives.

Six different isomers , having deuterium at various positions , were

synthesized and the relative isotopic rates determined."

k/k" = 1.16 ,0.01

kJk~ :: 1.08 2: 0.01

k/k, = 1.03 ,0.01

k/k" = 1.00 , 0.04

The isotopic rate ratio for kJk,. was cons istent with either a stepwise

decomposition (the second step being rapid) with a kJko of 1.16 for one

deuterium atom or a concerted mechanism with an average kJkoof 1.08 per

deuterium atom . A kJk.; of 1.08 indicates that bond b must be breaking in the
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rate detennining step . However. the reaction could not be a slow rupture of bond

b followed by a fast rupture of bond a because the isotopic rate ratio for k'~

would be much less than the value of 1.00 obtained. This narrowed the possible

mechanisms to a stepwise cleavage with an equal probability of bond a or bond

b breaking in the rate determining step . followed by fas t cleavage of the other

bond . or a concerted mechanism with partial cleavage of both bond a and bond

b. Seltzer attempted to distinguish between these by deuterating the methyl

substituent and study ing the effect. The rate ratio for 1</k,was interpreted as

being too small for a stepwise pathway because a radical on the carbon attached

to the methyl should result in much larger secondary KIE's. The Diels-Alder

reaction of the slightl y unsymmetrical diane. 2-methylfuran. with the symmetrical

dienophile. maleic anhydride was found to be consistent with a concerted

mechanism, however no conclusions about synchroneity of the reacti on were

made using these techniques."

Gajewski et a/.:W studied secondary KIE's for the Diels-Alder reactions of

isoprene with a variety of dienophiles. They reported KIE's for the Diels-Alder

reactions of do-' d2• and d. -isoprene with a variety of dienophiles. Unlike

previous studies, the dienophiles used ranged from sym metrica l to very

unsymmetrical in type (Table 3) . Acrylonitrile reacts with isoprene to give a 3 ; 7

mixture of regio isomers. In both cases, the KIE at the 0. site of acrylonitrile was

very small, indicating very weak bond formation. The inverse KIE 's at the l3 site

were only half of the maximum value expected , indicating that the transition state
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did not have a fuDyfanned bond, therefore was not a diradicaL The results

suggested an early unsymmetrical transition state . With the more unsymmetrical

dienophile. 1.1-dicyanoethene. the results were similar. but a litUe more extreme.

The KIE's at the t' site of t .f-dicyancemene were hattlo three-quarters of the

maximum. indicating an even more asynchronous transition state, which was

approaching a diradical in nature . For the symmetrical 0( nearly symmetrtcal

dienoph iles the KlE's at both C-1 and C-4 of the diene were between one-quarter

and one-ha lf of the maxi mum va lue expected . Gajews ki co ncl uded this wa s

consistent with a nea rly synchronous, concerted pathway. However . the

pc*..s:bi1it': of a synchronous tra nsition state was within the limits of experimental

error.

A novel study of secondary KIE's in the Diels-Alder react ion was recentl y

reported by Singleton st al .:IS Instead of determining KIE's via competition

stud ies of isotopica lly labeled and unlabeled mat erials. Singleton dete rmin ed

KIE's for a Diels-Alder reactio n at natural abunda nce . As reactions proceed . the

sta rting materials become enriched in the isotopica lly slower -rea cting

components . Wh en the reaction approa ches com pletio n, the sm an KJE's

become magn ified . Recovery and NMR analysis of the unreacted starti ng

material gave KIE's with high certainty. The methyl group of isop rene was used

as the "internet standard- and assumed to have a KIE of 1.00 . Analysis of the

reading ce nters of the diene. positions 1 and 4, revealed that the proportion of

13C incre ased and the prop ortion of deuterium decreased (F igure 8). The KIE's
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for the non-reaetingcentres , <;.CsandH,were~ry small, as wasexpected.

S ingleton concluded that the results were in line witha concerted mechanism.

however. pronouncedKlE differencesfor 2Hsubstitution on C, over Col indicated

some asynchronicity in bondfonnation to C, versus Col at the transitionstate.

Tabl.3. Diels-Alder reaction of da-.d,.- and d..-ec prene witha variety of
symmetricand unsymmetricdienophiles.:Iot

Dienophile Product dJ1 .1-.d: d,/',4-d, Max. expected
Regioisomer (Temp. -'C)

H>=<H
5-eyano 1/1.02 1/ 1.10

1.22(100)

H CN 4-cyano 1/ 1.13 1 / 0 .99

H CN 5.5-dq.,no 1/1.02 1/1.26

H>=<CN

1.35 (25)
4,4-dicyano 1 / 1.28 1/ 0.98

Me<J,C H
isomer 1 1 / 1.09 1/ 1.1'

r<CN 1.35 (25)
isomer2 1/ 1.11 1/1.12

:>==<: 1/1 .05 1/1.05 1.22 (100)

Me<l,C H
, J1.13 1/ 1.08 1.35 (25)) ==<ro}Ae

Meo,cr<<>,Me 1/1.09 1 / 1.05 1.22 (100)
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1 00 1.001(2) / 0.956(5)

(~H,C j ,H,/' 1022(3)iJ<_0908(5)
1¥_0.93B<41

0._51/7 ~'-....'.017(2)
1.000(3) ""-

0 .968(5)

Figure 8. 2Hand 'SC KJE's for recovered isoprene, with standard
deviations in parentheses.)I;

Uu· also attempted to study the degree of asynchronicity in the transition

state of the uncata lyzed Dials-Alde r reaction . The rela tive reaction rates of

dienes 17.~ (Figure 9) were determined competitively with various symmetrical

dienophiles.

4

3rl5
iMS~6

1

17.

TMSO~'"''
17b

TMSOo-

170

Figure 9. Trimethyfsilyfoxy dienes used in rate studies .

If the Diels-Ald er reaction were asynchronous, carbon 1 should be the site of the

shorter incipient benet. Therefore , it wa s theorized that 17b should react slowe r

than 17c due to a steric interaction with one of the methyl groups .
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Table oL» Ratios of reactionrates detennined by competitive
experimentsfor Diels-AJder reactions of dienes 17a< with
various dienophiles.'

reaction relative rate ratios
entty dienophile conditions

17b : i7e 17a : 17b 17a : 17e0

<~
benzene

1 30 h (2 : 1) 9 : , 18 : 1
reflux00

...J( benzene
2 ,. ~ 30 min 1.5 : 1 1.1 :1 1.6 : 1

"i rt

0

<0
benzene

3 30 h (2.3 ; 1) 7 : 1 16 : 1
reflux

0

9 benzene
4 16 h 1 :1 (27 : 1) 27 : ,

reflux

co,El
benzene

5 L 48 h (11 : 1) 2.3 : 1 25 ; 1
reflux

X chlorofonn
6 10 min (1 : 4.6) 55 : 1 12 : 1

rt

• Ratios In parentheses are derivedfromthe other two resultswith the
same dienophile.
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If this stenc interaction is not affecting the rate , the n one or both of these dienes

should react at least with the same rate as 178 . The results of the co mparative

rate study are given in Table 4.

For all the dienophiles, exduding N-phenyt-1.2 ,4-tria zoline-1 .J.d ione

(PTAD) , the cydoadditions of diene 17a proceeded much faster than those of

dienes 17b and i7e. indicating there is steric repulsion present in the transition

state . The similar rates of reaction of aDthree dienes with PTAO were

rationaliz ed by Liu by co nsiderin g the Reactivity-5electivfty Principl e. " It states

that the selectiv ity of a species varies inversely with its rea ctiv ity . Since

triazolinediones are among the most rea ctive djeno philes known. the lack of

selectivity was not surpris ing. Tetracyanoethylene reacted with 17e qu ite a bit

faster than with 17b indating the transition state was very unsymmetrical

(asynchronous) and that the reaction could have occurred by a different

mech anism . The oth er ethylenic dienophiles had simi lar relative rates of reaction

with die nes 17b and 17e . This was cons istent with a synchron ous or nearly

synchronous transition state .

The results for the ac:etyfenic dienophae. diethyt ace tyienedicarboxylate .

differed substantiaUy from the ethY'enic dienop M es in that dienes i 7a and i 7b

reacted at simi lar rates . Furthermore , i7b reacted fa ste r tha n Hc. As

ment ioned previou sly, if the transition state were asynchro nou s, i7e should have

reacted faster. Th is suggested that the tra nsition sta te is asynchronous, but
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tipped in the opposite direction to tetraeyanoethy1ene. with carbon 4 being the

site of the shorter incipient bond ! However. the results could sti ll be rationaliZed

two ways by a synchronous pathwa y. The inductive effect of the d imethyl group s

of 17b may com plement the activati ng effect of the trim ethylsiloxy g roup . Thus.

wit h a sterically less demanding dienophile the steric hindrance is balanced by

"electro nica lly derived" rate enhancement. The other possi bility is tha t because

there is rotational freedom of the carboxyethyf group s, the este r further from the

trimeth yfsilo xy group may adopt a "fixed". parallel-planar confOfTl'lation to activate

the trip le bond. whereas the other ester may be more conformationally mob ile. It

may rotate to avoid unfavourab le steoc intera ctions .

If th is expla nation were correct , one would expect 17c to be more

sensitive to a chi ral auxiliary than 17b be cause of the sterie interaction of the

Mpar8M plane-parallel este r wit h a methyl group . Thu s. we decided to synt hesize

several chira l acetylened icarboxylates . Asymmetric Diels-AJder react ions of

the se dienophiles with d ienes 17a-e were carried out to further inves tig ate the

surp rising rate differences observed with diethyl acetv'enedicarboxylate . As well.

due to the lack of examples of asymmetric Diels-AJder reactions involving chiral

ace tylenedicarboxyla tes. reactions with other dienes were investiga ted .
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IV. Results

(i). Synthesis of 2·Trim.thylsilyl-1.~eloh.xadi.n.s

Enones 20a-e were required from which to synthesize the trime thyls ilyl

dienes for the Diels-Ald er reacti ons with the chira l acetyle nedicarboxylates. Of

these. only enone 2Gb wa s not commercially ava ilable. It was prepared

accord ing to Hiegers procedu re- via the tosyt hydrazone of 5 .5-dime thyl--1.3-

cydohexaned ione (Sche me 17). Dienes 17a-e were prepared according to

procedures outl ined by Uu" (Sch eme 18), which involved deprotonatio n of the

requ ired ketones with lith ium diisop ropylam ide (LOA) followed by tra ppi ng with

chlorotri methy lsilane (TMSCI).· ·.a Sin ce both kinetic and the rmodynamic

produ cts are possi ble for er.ones 20. and 2Gb that would result in 17a . 21 . and I

or 17b. 21b respectively, kinetic con ditions were empl oyed . Under these

cond itions only the desired diene s. 17a anc:l17 b. were obta ined .

18 19 2Gb

Scheme 17. Preparat ion of 5 ,5-di met hyl-2..cyc1ohexe n- 1-(1ne .:M
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17 21

a" R, = R,=H
b: R, = CH). Rz "'H
c: R, ·H.R2 =~

Scheme 18. Synthes is of trimethylsilyf dienes 17.-e_~

a: R] = H
b: R) =C H,

Cleavage of the trimethyfsilyl group was preval ent if the diene s came in contact

with trace amounts of water and/or acid. Therefore. solvents which were used

had to be anhydrou s and acid-free . The pure dienes . obtained by vacuum

distillation . could be stored for several months in the refrigerator (at ca. 2-4 "C)

under nitrogen.

20c

Et)N-­TBSOn

22

Scheme 19. Synthesis of diene 22 using thermodynamic conditions .

Initial ly, diene 22 was also prepared in modest yie ld by dep rotonation of

20e using LOA followed by subseq uent trapp ing with tetf·butyldimethylsilyl

trifluoromethanesutfonate (TBSOTf). However, 22 was produ ced more efficiently
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by using thennodynamic conditions similar to those descrft:led by Danishefskyu

and Fukumoto .Q Thus. addition of TBSOTf to a dich.loromethane solution of 20c

and triethylamine at 0 "C res ulted in complete conversion to 22 in~ than th irty

minutes (SCheme 19). Init ial atte mpts to purify 22 by fla sh chromatography led

to some produ ct decomposition. However. 22 was obtained in exce llent yield by

run ning the crude reaction mixture through a plug of silica gel.

(ii ). Syn thesis of Chlral Acety lened icarboxylates

Acetylenedicarboxylates have been commonly used in organic synthesis

as dienophiles in intermolecular Dials-Alder reactio ns. However. the vast

majority of exam ples involve either the dimethyl or diethyl esters. The usual

mode of synthesis is by direct esterification of acety lenedicarboxylic acid ;

howe ver, in some cases addition of the alcohol to the triple bond resurts in

com plica ted mixtures.Q In fact. attempts to synthesize diaryl deriva tives by way

of acid catalys is. by base condensation , and also via acetylenedicarbonyl

chlo ride fa iled to yield the desired esters in grea ter than 18% yield ." Rece ntly, in

an attempt to circumvent th is problem , Chartton repo rted a four-s tep synthesis of

several acetylenedicarboxylates by an indirect route.R.45 His approach involved

esterification of dibromofumary l chloride followed by deb rom ination to affor d the

corresponding acetylen ic diesters (Sche me 20) .



38

co,H

X~l B<, PCl, x=-+ -----+

/RC>i
oo,p. )(oo,p.l Zn

4-

Sche me 20. Synthesis of acetylenedicarboxylate diesters by way of
2.3-dibrom ofuma ric aOO.45

As a result of these synthet ic difficulties, only a few chira l acetyrened iesters ha ve

been reported , including the <+menthor- and methyl (S)-lactate deriva tives! S

The alcohols that we chose as chi ral 8uxlliaries included

(1R.2S. 5R)-(-)--me nthol (23). [(1S}-endoJ-(-)-bomeol (24). ' 2-methoxypodocarpa­

e.11.13-trien-19-o1(26), and ( 1R.2S.5R)-{-~henytmenthol (29 ). Compou nds

23 and 24 are available commercially (F lQure 10). Compou nd 26 was prepared

from methyl o-methytpodoca rpate (25) by reduction of the meth yl ester.

Reduction using three equivalen ts of lith ium aluminum hydride (LiAlHJ in

tetra hydrofuran (THF) proved sluggish a t room temperature. The reaction was

only about 50% complete after twelve hours. However, smooth conversi on of 25

to 26 took place upon heating the reaction mixture to reflux (Scheme 21).
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Figure 10. Commercially avail able chira l auxiliaries .

25

UAJH.-.
THF, reflux

26

Scheme 21. Reduction of methyl ester 25 to yield ch iral auxil iary 26 .

Synthesis of 29 followed procedures outlined by Corey and Ens~ and

described in depth by Oft." Conjuga te addition of phenytmagnesium bromide to

(Rr{+)-pulego ne (27) gave the trans and the cis (1-methyl- 1-phe nylethyl)-

cycIohexanones (28) in a ratio of 85 : 15 after equilibratio n in base ($cheme 22).

Flash chromatography of a small portio n of this mixture provided homogeneous

samples of the epimers and thus permitted complete characterization of both the

major (trans-28) and minor isomers (cis-28). Following red uction of the ketone

mixture by sod ium and z- propancl. the desired alcohol 29 , having chemical shifts



consis tent with those reported by Ort,.. was isolated from a mDdure of four

diastereomers by careful flash chromatography.

PhMg8r . CUBr
~

KOH / EIOH

27 trans-28 cis-28 29

Scheme 22. Synthesis of (1R.2S.5R}-{- )-8-phenylmenthol (29).

Synthes is of three chiral acetylenediesters was achieved by

transesterification of d iethyl acetylenedicarboxylate in refluxing benzene with 8 •

10 mol %~toluenesulfonjc acid (PTsOH) as the acid catalyst (Scheme 23).

Reaction of d iethyl acetyienedicarboxytate with four or fivemolar equjyalents of

23. 24 and 26 gave acetylenediesters 30, 31 and 32. respective ly (Figure 11).

The excess alcohol was recovered by flash chromatography and used in

subsequent reactions. Under these conditions . optima l yields were obtained

after refluxing for about seven days .

co,El

III
co,El

5 equtv. R*OH

benzene . pTsOH

~

reeux
7 days

Scheme 23. Synthesis of chiral acetylen edicarboxyiates.
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Figure 11 C ' 33
OielS-Alde~ st~~~1 acetylenedicarboxyl. ates used in asymmetric
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Attempts to synthesize the acetylenediester 33 were not nearty as

successful. Reaction of 29 with diethyt acetylenedicarboxytate , utilizing the

establ ished cond itions . resu lted in the appearance of a newnon-potar

ccmpound . which. accord ing to thin layer chrom atog raphy (TlC). seemed

cons istent with that expected for 33 . However . isolation of this material by flash

chroma tograp hy provided an impure compound for which the '1(; NMR spectrum

lacked both the ester and acetylenic signals expected for the product

Unexpected new 1JC NMR signals that indicated the presence of a new double

bond appeared at 5 144.1 and 119.2. The IR spectrum lacked both an hydroxyl

absorption as in 29 , and an ester absorption expected for acetyfenedicarboxylate

33. It was conduded that 29 had slowly dehydrated under the reaction

conditions to give 34 as the major produ ct (Figure 12).

+0--
34

Figure 12. Reaction byproduct isolated from the attempted
transesterification of diethyl acetylenedicarboxyiate with 29 .

An attempt was made to synthesize 33 by way of the acetylenedicarbonyl

dichloride'" Preparation of this dichloride proved problematic since the

by-product. phosphorous oxychloride. could not be separated from the desired

acid chloride by distillation. Furthermore, efforts to synthesize 33 via Charlton 's

proced ure2:t..s were also unsuccessful. Attempted transesterffication of diethyl
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acetylenedicarboxylate by base catalysis using conditions similar to those

reported by necscco." with 4-dimethytaminopyridine (4- DMAP), gave only

starting material even after refluxing in benzene for ten days . As well , attempted

transesterffication using a weaker acid catalyst. oxalic acid , resulted in

esterification of the catalyst instead of transesterfficaoon of diethyl

acetyienedicarboxylate. Ultimately. a low yield of 33 was obtained by heat ing a

benzene solution of 29 and diethyl acetylenedicarboxylate to 70 OCfor twelve

days with pTsOH as the catalyst. Under these conditions. only a small amount

of deh ydration took place . In fact . nearly 80% of 29 was recovered following

reaction at this lowe r temperature. We conjecture that the addition of the phenyl

group to menthol resulted in an increase in the steric hindrance around the

alcohol function, compared to 23 . causing the transesterification to be slowed

dramatically .

(ill) . Asymmetric Diels-AJder Reactions

With dienes 17a-e and several chlrat acetylenediesters in hand .

Diels-Alder reactions could be carried out, beginning with dienophile 30 (Scheme

24) . Reaction of 17a with an excess of 30 proceeded smoothly to give the

expected Diels-Alder adducts 35a , as a mixture of two inseparable

diastereomers, in good yield after only one day of reflux in benzene. Only one of



the two expected diastereorners is shown in Scheme 24. although both were

present Furthennore. we did not attem pt to detennine which of these was the

major adduct. Attempts to purify 35a by flash chroma tography proved

troublesome since the silyl enol ether was almos t entirety hydrolyzed under these

cond itions . The cofumn fractions containing 358 and 36a were recom bined and

rectu omatographed to give 36a in good yield. The IR spectrum of 36a ind icated

the presence of two dis tin ct caroonyl signals at 1731 an" and 1713 an" . due to

the ketone and unsaturated esters , respectively. ' H NMR and ':teNMR spectra

of 36a showed that both diastereomers were present in nearly equal amounts.

Using COC~ as the solve nt . no signals were suffi cient ly separated in the ' H NMR

spectrum to obtai n the d iast ereomelic ratio by integ ration, but when the solvent

was changed to C,O, both of the bridgehead proto ns. C-1H and C-4H. were

resolved to give distinct signals for ea ch diastereome r. 'H NMR signals for C- 1H

were found at 5 3.79 and 3.73. where as those correspond ing to C-4H were found

at S 3.16 and 3.10 . Accurate integratio n of these signal pairs using a large

number of acquisitions (64) and long dela y times (10 sec) to account for T ,

diffe rences gave a d iastereomeric ratio of 1.22 : 1.

Treatment of 17b with an exce ss of 30 gave the expected Diels-Ald er

adducts 35b using similar reaction conditions. Subsequent purification yielded

36b in good yie ld . The 'H NMR spectru m in ClOt gave separate signals for both

of the bridgehead hydrogens. C-1H signals were found at S 3.49 and 3.4 1.
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whereas C-4H signals occurred at S 3.16 and 3.09 . Accurate integration gave a

diastereomeric ratio of 1.02 : 1.

The Diel$-Alder reaction of 17c with 30 was very sluggish as compared to

the corresponding reactions of dienes 1701 and 17b. Even after extended

reaction times only a low yiekf of 36c was obtai ned . 'H NM R signals in C,O, for

e-1H occu rred al S 3.74 and 3.67. whereas those forC-4H we re found at S2.83

and 2.74 . The diastereome ric ratio was determined to be 1.45 : 1.

17

a: R, "~ " H

b: R, "~.Rz . H

e: R, "' H. Rz - CH,

Scheme 24. Asy mmetric Diels-Ald er addu cts obta ined from reaction of
dieries 17a-c with dimenthyr acety lenedicarboxytate.
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37

Scheme 25. By-product 37. formed as a result of retro-Oiels-Aider
reactions of adducts 35a-c.

Along with the expected Oiels-AIder adducts . 35a-c . a readion byprod uct

was also isolated which was common to all three reactio ns. but in varying

amounts. The proportion of th is materia l, with respect to the adduets . tended to

increase as a function of reaction time. It was a very UV-active materia l. and it

had a higher pola rity than either the initial Diefs-Alder add ucts . 35a-c . or the

hydro lyzed products . 36a-c. The IR spectrum conta ined a broad signal centred

at 3361 err' . indicating the presence of an acid ic hydroxy group and a carbonyl

peak at 1710 an>' . Its lH NMR spectrum contained aroma tic signals at 6 7.70.

6.97 and 6.88 , each with an integ ration of one hydrogen . This indicated a

trisubstituted aroma tic system containing both electron-donating and

electron-withdrawi ng groups. Its nC spectrum lacked the ketone signal (ca. 210

ppm ) common to 36a-c and conta ined 6 signals in the double-bond region as

compared to 4 (2 pairs) in 36a-c. This material was assigned the structure 37.
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the result of retnH>iels-Aider reactions of the initially formed adducts 35a-c in

the refluxing benzene (Scheme 25 ). To ronfirm tha t the aromatic by-product

was only fann ed from the sifyf~ ether adducts. 35.a-c. and not formed from

the hydrolyzed keto prod ucts . 36.-c, the synthesis of 37 directty from 36b was

attempted us ing the original reaction conc:Irtions. However, only 3Gb was

recovered. without a trace of the retro-Oiels-Alder product. 37.

Simila r Die ls-Ald e r reactio ns we re carried out involving 31 and dienes

17a-c (Scheme 26) . The resulting Diels-A lder adduets (39a-c) were hydrolyzed

to the co rresponding ketones (40a-c) before any purifi cation was attempt ed .

This was accomplished by treatment of the reaction residues with d ilute He l in

methanol. effecting clean hydrolysis of the sHy!enol ethers. Purifw:ation of the

resutting mixtu res by flas h chromatography gave ketones 4Oa-c in modest to

good yie ld . Once again . a reaction by-product. 38 , (Figure 13) was isolated in

varying amounts from each reaction. the resu lt of the retro-Oiels-Alder reaction of

the initial adducts . 39a-c.

38

Figure 13. By-prod uct 38 . fonned as a result of retro-D iels-A lder
reactions of adducts 39.~.
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Treatment of 17a with three molar equivalents of 31 gave a modest yield

of adduets 40a after refluxing for three days . As for 36a-c. the only signals in the

lH NMR spectrum which had a possibility of clean separation were those for the

bridgehead hydrogens. However. determination of the diastereomeric ratio for

4O.a was not as straightforward as discussed previously. TheH NMR signals for

C-1 H did not separate in either CDC~ or CaDa. and the signals for C-4H did not

separate in CDC~ and only partially separated in CeDe- However, from these

partially resolved 'H NMR signats at S 3.10 and 3.09 . the diastereome ric ratio

was determined to be 1 : 1.

Diene 17b was heated with approximately two and one-half equivalents of

31 to give adducts 4Gb in 66 % yield after five days, following acid treatment.

The relative amount of 38 obtained from this reaction was quite high . In fact . the

combined yield of purified COband 38 was greater than 94%. This ma y be an

indication that the reaction was heated for longer than necessary, resulting in a

significant yield of the retro-Diels-AJder product. The diastereomeric ratio of COb

could only be determined from the C-1H bridgehead proton signal in the lH NMR

spectrum using either CeDeor CDC!, as the NMR solvent Integration of the

C-1H signals et s 3 .42 and 3.40 in CeDegave a diastereomeric ratio of 1 : 1.

Similar to our experience with dienophile 30. the Diels-A1der reaction of

diene 17c with 31 was quite slugg ish. A 33% yield of hydrolyzed adducts COe

was obtained after six days using approximately five and one-half equivalents of
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dienophile. This long reaction time resulted in product degradation to give a high

yield of the Il:ltro-Diels-Alder by-product 38 in proportion to the isolated ,

hydrolyzed products 4Oc. The IH NMR spectrum of 40c showed C4H signals at

5 2.70 and 2.67. and integration of these indicated that the diastereornenc ratio

was 1.03 : 1.

"" 0'CtR',y R,

"- '",
17

a: R1"'R z; H
b: R1"CH1. Rz..H
c: R1 . H, Rz - CH3

31 ~
. .s-

", so'" '" O~

HC/"oO" ° 39

~40

Scheme 26. Asymmetric Oiels-A1der reactions of dienes 17a-c with
dibomyl acetylenedicarboxylate.

Treatment of diene 22 with 32 gave a 56% yield of the expected

Diels-Alder adduets (41) after refluxing for nine days using greater than a

five-fold excess of diene 22 (Scheme 27). Unlike the adducts obtained from the

TMS-dienes (17a-c), 41 could be purified by flash chromatography without

hydrolysis of the TBS enol ether . In fact, the diastereomers could even be
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partially separated during the purification. A diastereomeric ratio of 1 : 1 was

determined by integration of the C-1H signals centred at 0 3.29 and 3.26 in the

lH NMR spectrum using CDC!, as solvent Along with adducts 41 was iso lated

42, the result of the retro-Diels-AIder reaction (Figure 14).

22

Scheme 27. Asymmetric Diels-A1der reaction of diane 22 with chiral
acetylenedicarboxytate 32.

.2
Figure 14. Re~Diels-Alder by-produd 42.
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Attempted Oiets-Alde r reaction between 33 and diene i7e was not as

successful. Even after refluxing for ten days with an excess of the diene

(approximately fou rteen I'TlOlar equivalents), no new signals were found in the 'H

NMR spectrum that were consistent with those expected for a Diels-Alder

adduct.. The dienophile (33) appeared to be very unreactive. tis ' H NMR signals

were still prese nt. rema ining unchanged throughout the course of the attempted

reaction .

Several other attem pts to find asymmetric bias of chira[

acety lenedica rboxylates included the Oiels-AJder reactio n of 30 with

1-methoxy-3-(trimethylsilyl)- 1.3-butadiene (Danishefsky's diene) (43) , as shown

in Scheme 28. A slight excess of 30 with 43 in refloxing benzene did not yield

the expected Oiels-A)der adducts (44). Analys is of the 'H NMR spectrum of the

isolated produ ct showed a material with three aroma tic pro tons at 5 7.70. 6.97

and 6.88 . Al so. a broad pea k at 3361 ern" in the IR spectrum indicated the

presence of an hydro xy group . These values were identical with those observed

for 37. the retro-O iels-Ald er byprod uct isolated from the reaction of 30 with

dienes 17a-<:. Apparently , the initia lly formed adduct qu ickly aromatized to 37

with a concomitant Jossof methanol.
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Schem e 28. Attempted asymmetic Diels-AJder reaction of Oanishefsky's
diene and dimenthyf acetylenedicarboxytate.

Diene 49 was synthesized according to Rub in's procedure (Scheme 29).51

Deprotonation of 4-methy1-2-pentanone (45) with LDA under kine tic cond ition s

followed by a lkytation with isobutyra ldehyde (.s) gave l3-hyd roxy ketone 1t7 upon

protonation. Crud e 47 was dehydrated by refl uxing in dichloromethane with

trifluoroacetic acid (TFA) to yield enone 48 as the maj or product Deprotonation

of 48 with LOA under kinetic conditions. followed by treatment withTBSOTf gave

49 as a mixtu re of two products. which were separated by flash chro matography.

Theoretica lly, four geo metric isomers were pos sible as products from this

reaction, (E,E)49, (Z,E)-4 9. (Z.Z>-49 and (E•.l)-.c9. However. because the



53

reaction was carried out under kinetic conditions. isomerization of the (E)-alkene

present in 48 was not likely. Therefore. the two products were very likely

(E,E)-49 and (Z,.E}-49. To differentiate between the two, NOE experiments were

undertaken, saturating the C-3H signals at Ii 4.51 and 4.59 in the 'H NMR

spectrum . for the major and minor compounds. respectively. The major

constituent of 49 gave an NOE to the C-5 and/or C-6 hydrogen(s), thus , this

compound was {Z,E)-49 . The minor product was consistent with (E,E)-49 . giving

no measurable NOE to the C-S and/or C-6 hydrogen(s) and a small NOE to the

meth yl groups attached to silicon .

45 46 47

1TFA
~,~

1 ).18:- .; ~ 1 1 6- .;",.. ~ .": T TBSOTf /' ". _ -.....:;i<' "I
(Z,E)-49 48

Scheme 29. Synthesis of diene (Z,E).49 from 4-methyl-2-pentanone (45).

Initial attempts to utilize (Z,E}-49 as a diene in a Diels-Alder reaction with

30 were not successful. Reaction of an excess of 30 with (Z ,E)-49 in refluxing

benzene gave no indication of adduct formation after five days . Attempts using

longe r reaction times and higher boiling solvents such as toluene resulted in
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complex mixtures which made adduct isolation impossible. Oiels-AJder adducts

50 were finally obtained using high pressure Diels-Alder (HPDA) conditions. The

HPDA reaction (185,000 psi) of 30 with49 in dichloromethane at room

temperature gave a 24% yield of adducts 50 (Scheme 30).

Scheme 30. High pressure Diels-Alder reaction of diane (Z,E>-49 with
dimenthyl acetylenedicarboxyrate.

This was supported by the presence of two pairs of ester signals and four pairs

of double bond signals in the 1'(; NMR spectrum of the product . The '3CNMR

spectrum indicated the formation of two diastereomers in a nearly 2 : 1 ratio .

The only diastereomeric signals to separate cleanly in the 'H NMR spectrum

were those due to C.3H. centred at 5 3.06 and 3.01. Accurate integration of the
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'H NMR signals for C3H gave a diastereomeric ratio of 1.78 : 1. Adduets 50

could not be fully characterized because the sample readily undE!fwent aerial

oxidation to give the aromatic diester 51. The ''(; NMR spectrum of 51

contained about one-half of the number of signals present in SO. a mixture of

diaste reomers. An aromatic signal appeared in the 'H NMR spectrum of 51 at I)

e.rr.

There was some question as to whether the ratio measured was the

diastereomeric ratio of the DieIs-Alder add uct or the ratio of cis and trans

isomers, the result of a double Michael reaction. To ensure that 50 was in fact a

mixture of Oiels-Alder adducts, the HPDA reaction of (Z,E)-4 9 and di-tert -butyl

acetylenedicarboxylate (52) was carried out under similar conditions (Sch eme

31). Adduct 53 showed only one set of 'H NMR signals . including a single signal

for C-3H centred at S3.02. This was strong evidence that adduets 50 were the

result of a Diets-Alder reaction. since only one isomer was formed in reacting the

non-ch iral acety1enedicarboxylate 52 with diene (Z,E)-t9.

(Z,E)-4 9 52

HPOA­CH~2 ~
. """

I I
18 S 3 -butyl

53

Scheme 31. High pressure Diels-Alder reactio n of diene (Z.E}-49 with 52.



56

V. Discussion and Modeling Studies

(I). Experimental Findings

The syntheses of dienophiles 30. 31, and 32 by transesterification of

diethyl acetylened icarboxylate with alcohols 23. 24. and 26 respectively, in the

presence of an acid catalyst proceeded smoothly . However , attempted reactions

to synthesize 33 by the same procedure using 29 were surprisingly sluggish. by

comparison . The cause for this lack of reactivity was not obvious . Both 23 and

29 are secondary alcohols with very similar structures, yet the relat ive rates of

reaction are substantially different. Synthesis of 30 by Chartton 's method was

also slralghtfOlward , however, reaction of 29 with dibromofumaryl chloride using

identical conditions was not nearly as successful. For compo und 23. the methyl

groups of the isopropyl group mayhave rotated away from the reacting alcohol

center , however , for compound 29. steric interactions with either a methyl or

pheny l group could not be avoided. The increase in steric bulk around the

alcohol center inhibited the reaction considerably.

Chiral dienophile 31 gave little or no diastereoselectivity in the asymmetri c

Oiels·Alder reactions with dienes 17a-c . All diastereomeric ratios were , within

experimental error , 1 ; 1. These results were discouraging since camphor

derivatives have been shown to be effective chiral auxiliaries in other asymmetric
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Diels-Alder reactions.sa53 For instance, Tolbert had successfully used dibomyf

fumarate to induce asymmetric induction in reactions with several diene systems.

including anthracene and 1,3-diphenylisobenzofuran.:l7·:ze For the uncatalyzed

Diels-Alder reaction with anthracene, dibomyl fumarate gave higher

diastereoselectivity than the dimenthyl equivalent. For a given dienophile. no

single chiral auxiliary has been shown to be capable of asymmetric induction with

a wide vanety of dienes, thus . the lack of diastereoselectivity observed for the

Diels-A1der reactions of 31 with 17a-c could merely indicate that 24 was

unsuitable as a chiral auxiliary in the present study.

Other camphor derivatives were also considered as possible chiral

auxiliaries, including 54 and 55 (Figure 15}.52 In comparison to 24, most of these

have increased substitution on the carbon immediately next to the alcohol .

Because of the considerable difficulties encountered in synthesiz ing acetylenic

esters of more congested alcohols , e.g. 33, we did not pursue this idea any

further.

54 55

Figure 15. Other examples ct camphor-denved chiral auonanes ."
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The Diels-Alder reaction of 32 with diene 22 also gave little evidence of

diastereoselectivity. We thought that by using a very large chiral auxiliary, the

chance of interaction with the diene would be greater . Each unit was so large

that we antic ipated that the number of conformers might be limited . since some

possible conformations would involve unfavourable stenc interactions between

the auxiliaries. However, for dienophile 32, the closest stereogenic carbon is

four bonds away from the nearest incipient bond. Thus. the geometrical

differences may have been too distant to induce diastereoselection during the

Diels-Alder reaction .

Figure 16. Preferred conformation of aliphatic esters ."

The lack of chiral induction may also have been related to a lack of rigidity

in the ester conformation of dienophile 32. A syn-periplanar arrangement of the

ester group (angle O=C-O-C near 0 ., has been shown to be the lowest energ y

confonnation of aliphatic esters .54 Furthermore. a hydrogen of the attached alkyl

group also prefers to be syn to the carbonyl oxygen (Figure 16).17 For 32 . there

are two hydrogens present on the first carbon of the chiral auxiliary . Therefore.

there are at least two preferred confonnations for the chirat auxiliary with respect
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to the attached carbonyl. The stenc preference exhibited towards an incoming

diene by one conformer may be cancelled by the other, resulting in little

diastereoselectivity.

Unlike chiral dienophiles 31 and 32. 30 proved to be capable of

asymmetric induction with dienes 17a and 17c . The level of d iastereoselectivity

observed for these uncatalyzed Diels-Alder reactions was lower than we

anticipated. but selectivity was comparable with Chartton's results for bis(methyl

(S}-Iactyl) acetylenedicarboxyfate in reactions with dienes for which

hydrogen-bonding in the transition state was not possible.Z2 As we had

pred icted . diene 17c showed chiral induction whereas diene 17b did not This

supported our hypothesis of a synchronous transition state in which the "para "

ester of the acetylenedicarboxylate is planar and the ester closer to the

trimethylsiloxy group is free to rotate . However, the observation of

diastereoselectivity for the Diels-Alder reaction of 17a with 30 was surpri sing .

We had hypothesized that the only important interaction in the transition state

would be between one of the gem-dimethyls of the diene and the incoming

dienophile. Dlene 17a contains no dimethyl group . The only substituent making

the diene unsymmetrical is the 2-silyloxy group . Therefore, its role in the

asymmetric Diels-Alder reactions of dienes 17a-e with the chira l

acetylenedicarboxylates may have been prematurely discounted.



60

Since 23 had shown some promising results , we decided to use 29 as a

chiral auxiliary. Compound 29 had been shown to be much more effective than

23 in many instances." As mentioned previously, a lot of effort was expended to

synthesize the corresponding acetylenedicarboxylate. 33 . Consequently, we

were disappointed when 33 did not react with 17e. The etenc bulk of 33 may

have prevented the asymmetric Diels-AJder reaction from occurring.

A 1.78 : 1 diastereomeric ratio was obtained for the asymmetric

Dials-Alder reaction of (Z,E)-49 and 30 . Again, only the 2-s ilyloxy substituent

renders the diene unsymmetricaL Rubin at at. had reported that (Z,£>-49 was

quite unreactive. Their attempts to effect a Dieis-Aider reaction of this diene with

CIQusing thermal conditions (25-110 °C) had failed .$1 We experienced similar

results until the high pressure Diels-A1der reaction was attempted. The success

of this technique has been attributed to large negative activation volumes.": 55

The diastereomeric ratio obtained for adducts 50 was the highest we observed

for our uncatalyzed asymmetric Diels-Alder reactions. The degree of chiral

induction we observed for the asymmetric Diels-Alder reactions of 30 with

various dienes appeared to be linked to the steric bulk of the dtene . Diene 17a,

with a 2-silyloxy group. gave a de of 10%, diene 17c. with a 2-silyloxy group and

a gem-dimethyl group, gave a de of 18%. and (Z,E}-49. with a 2-silyloxy group

and two isopropyl groups. gave a de of 28% . As the steric bulk increases, so

does the asymmetric induction.
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(iI) . Modeling Studies

To aid in the understanding of our experimental result s, semiemp irica/

molecular orb ital calculation s at theAJA1 511levei were used to identity the

transiti on states for the Diels-Alder reactions of d i-t-butyl acetyle nedicarboxytate

with the 2-hydro xy analogues of dienes 17a-e (FlQure 11) .

HOJJ-
57. 57b 57c

Figure 17. Dienes 57a-<: used in mo lecular Otbital calcu lations .

Di-t-butyl acety1enediearboxylate appea red well suited as a dienop hile for

these theoretical studies becau se the t-butyl group has 3-fold symmetry about

the point of atta chment, thus the number of different alkoxy confonnation s to be

calculated was minimiZed. Also. the t-butyl group compared well. in term s of

sten c bulk, to the environments around the alcohol functionalities of the ch iral

auxil iaries used in the expe rimenta l work . Di-t-butyl acetylened icarboxylate

contained fewer atoms than the ch irar dien ocnnes. which reduced the com puter

time needed for Ule calculations. Similarly , 57a-e were used as the dienes to

redu ce the size of the calcu lations .
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The transition states were obtained using the SPART~ computational

package . The AM1 calculations yielded four potential transition states for the

Diels-Alde r reaction of di-t-butyl acetylenedicarboxyfate with each diane (Figure

18 and Appendix A). Frequency calculations gave only one negative eigenvalue

for each, confirming that all four were indeed transition states. In all cases the

ester groups were found to be parallel. or nearly parallel to the plane of the

reacting diane . However . the transition states differed in the conformations of

the ester-carbcnyts with respect to the diane . Each carbonyl group of the

acetylenedicarboxylate could be orientated either towards or away from, the 41t

component of the diane during reaction. corresponding to the four transition

states depicted in Figure 18.

Some geometrical and energetic properties for the calculated transition

states of the Diels-Alder reactions of di-t-butyl acety1enedicarboxylate with dienes

57a-c are tabulated in Tables 5-7. The distances between reacting carbons

have been labeled r, and r2, with r, referring to the distance between carbon 1 of

the diene and the corresponding acetylenic carbon and r2 referring to the

distance between carbon 4 of the diene and the corresponding acetylenic

carbon . Computed heats of formation (tJ1,) have also been provided for each

transition state .
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Figure 18. Transition states obtained fromAM 1 calculationsfor the
Diels-Aider reactionsof dienes 57a~ withdj·l-butyl
acety\enedicarboxylate.

Table 5. Transitionstate properties calculated by AM1 forthe Diels-Alder
reactionof diene 57. withdi-t-butylacetylenedicarboxyfate.

Transitionstates t, (A) r, (A) !>H,(kcaVmoQ
58_ 2.04 1 2.241 -119.8

58b 2.045 2.239 -119.9

SSc 2.045 2.245 -119.9

SSd 2.04 3 2.245 -120.1

Avg. value 2.044 2.242
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Table 6. Transition state properties calculated by AM1 for the Diets-Alder
reaction of diane 57b with di-t-butyl acetylenedica.rboxylate.

Transition states r,(A) r, (A) liH, (keal/mol)

59. 2.041 2.263 -125 .1

59b 2.044 2.261 -125.1

59c 2.048 2.252 -125.3

59d 2.048 2.252 -125 .5

Avg . value 2.045 2.257

Table 7. Transition state properties calculated by AM1 for the Diels-Alder
reaction of diane 57c with di-t-butyl acetylenedica.rboxylate.

Transition states r,(A) ra(A) Mi l (kcaUmol)

50. 2.082 2.209 -125

50b 2.074 2.217 -125

50c 2.076 2.222 -125.1

50d 2.064 2.216 -125.3

Avg. value 2.079 2.216

For the computational studies , the relative energies of all four transition

states obtained for each diane (57a~) were essentially identicaL In fact, the

energy difference between the lowest energy transition state (d) and the highest

energy transtion state <a>was less than 0.5 kcal/mol for any given diane (57a<)

and dienophile (52) combination. The results of the computational studies

indicated that the chiral inductions that we did observe may be as good as can

be expected with simple chiral acetylenedicarboxylates and dlenes 17a-c. For



65

the non-chiral acetylenediester 52. there are four different transition states with

nearly identical energies. Thus. experimentally one should expect reaction to

take place via all four planar conformations of the dienophile if the chiral

acetylene dicamoxylates behave in the same manner . We might therefore

expect very little chiral induction because different confonners of the dienophile

might react with different, even opposite stertc biases .

The computational work also revealed that the transition states are

asynchronous for dienes 57a-c. but not tipped in the direction suggested by the

rate studies . The shorter incipient bond is near the electron-donating

trimethylsiloxy group . as we would have intuitively expected. This may be an

indication that the symmetrical dienophile may not be symmetrical in the

tr..r"~~ion state of the Diels-Alder. Unpublished work by Singleton and Leung

predicted asynchronous transition structures for the Diels-Alder reactions of

butadiene. a symmetrical diene . with maleic acid (61), malealdehyde (62), and

acetylene dicarboxaldehyde (63) (Figure 19) .57 The prediction of uns ymmetical

transit ion states for these RHF calculations , at first glance , seems quite

surpris ing considering that both the diene and dienoph iles are symmetrical. For

maleic acid and malealdehyde. strong steric and electronic interact ions between

the substituents may result in geometrical adju stments, caus ing the dienophiles

to become unsymmetrical. However, no such interactions will exist for acetylene

dicarboxaldehyde. This may be an indication that the corresponding aldehyde s

are not co-planar in the transition state .
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I
6. 62 63

Figure 19. Oienophiles used by Singleton and Leung for
computational studies.57

Our AM1 calculations indicated very liWe confonnational bias in the

achiral acetylenedicarboxylate. However . we did obtain modest asymmetric

induction in some instances . This contradiction implies that a higher level of

calculation would be required to expose potentially larger differences in the

transition state energies . A recent ab initio study by Morokuma et af.58 of the

Diels·Alder reaction between acetylenedicarboxylic acid and cyclopentadiene

has shown the transition state to be extremely unsymmetrical. One of the

carboxyl groups adopts a plane-parallel conformation. with respect to the

incoming diane. while the other carboxyl is perpendicular and retained overlap

with the second . non-reacting e-bcnd of the acetylene moiety. Morokuma et al .

attribute the lack of symmetry to activation of the acetylene by the parallel-planar

carboxyl, which makes the dienophile carbon that is further from the

parallel-planar carbonyl more positively charged, and thus more reactive. An

X-ray structure of dimenthyl acetyfenedicarboxylate (30) indicates that this

confonnational preference might also be present in more complex, ctnrat
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acetylenedicarboxylates.Sf In the solid state, the ester groups were found to be

orthogonal to each other, which suggested the possibility of resonance

interaction between the carboxyls and the twomutually perpendicular 1t systems

of the alkyne . If this conformational rigidity for 30 were also present in solution. it

could explain the diastereoselectivity in our Diels-Alder reactions .

Our AM1 calculations supported an asynchronous transition state for

which carbon 1 (Figure 9) is the site of the shorter incipient bond. Furthermore.

our experimental results withdimenthyl acetylenedicarooxytate (30) seemed to

indicate a conformational preference in the transition state even though the AM1

calculations were unable to explain this . Thus. the ester group further from the

trimethylsiloxy group most likely adopts a "fixed", parallel-planar conformation to

activate the triple bond for attack. whereas the other ester is perpendicular to the

incoming diene . This would explain the large difference in relative reaction rates

observed by Liu for dienes 17a-b , as compared to diene 17c . For diene 17c, the

parallel-planar ester will interact with the methyl groups of the diene. whereas for

dienes 17a-b this unfavourable stenc interaction is absent. Furthermore. a

higher degree of diastereoselectivity for the Diels-A1derreaction of 30 with diene

17c , as compared to dienes 17a·b . would be expected .



66

VI. Experimental

General Methods

Diisopropylamine. pyridine. and triethy1amine were freshly distil~ from

Ca~ THF was fres hly d istilled from sodiumlbenzophenone . Othe r sotvents

were distilled or were of ACS Grade . Sodium iodide and zinc( l l) chloride were

dried for 6 h at 60 "C and eo<t. respective ly, under vacu um. and stored in a

desiccator until used . Activated zjnc metal wa s prepared by washing with 6 M

Her , water , aceto ne , and diethyl et her, and then dried und er vacuum for 2 h. All

reactions were perfo rmed under dry nitrogen or argon. Solutions were dried

after work -up with either anhydrous MgSO•• K,COJ or Na2SO•. Products were

usually purified by flash chromatog raphy on silica gel with elution with hexane or

petroleu m ether contai ning an increasing proportion of ethyl acetate or diethyl

ether . IR spectra were recorded as thin films on a Mattson FT-IR instrum ent.

Nudear magnetic resonance (NMR) spectra were obta ined in CDC!, solution

unless otherwise noted. on a General Electric GE 300-NB (300 MHz for ' H)

instrument For 'H NMR. chemical shifts are relative to internal teuamethytsilane

(TMS). ':teNMR spectra are at 75 MHz in CDCr, unless otherwise noted ;

che mical sh ifts are relative to the so lvent reso nance . Coupling constants (.I) are

in Hz; apparent mult iplicities are reported here because in many instances the

signals are second order. The assignment of NMR signals were made on the

basis of che mica l shift considerations as well as APT , CO SY, and HETCO RR
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experiments where ambiguities remained. NOE measurements were on

thoroughly degassed CDC!, solutions. NOE data were obtained from sets of

inter1eaved 'H experiments (16K) of 8 transients cyded 12-16 times through the

list of irradiated frequencies. The decoupler was gated on a continuous wave

mode for 6 s with sufficient attenuation to give a 70-90% reduction in intensity of

the irradiated peak.. Frequency changes were preceded by a 60 s delay . Four

scans were used to equilibrate spins before data acquisition. but a relaxation

dela y was not applied between scans at the same frequency. NOE difference

spectra were obtained from zen>fjlled 32K data tables to which a 1·2 Hz

exponentialline-broadening function had been applied . NOE data are reported

as : saturated signal (enhanced signal , enhancement). Mass spectra l data

were from a V.G. Micromass 7070HS instrument and are reported as: mle (% of

largest peak) . A Hewlett-Packard system (5890 gas chromatograph coupled to a

5970 mass selective detector) equipped with a Hewlett-Packard 12.5-metre

fused -silica capillary column with aoss-finked dimethytsilicone as the stationary

phase was used for gas chromatography-mass spectrometry (Gc.MS). Me lting

po ints (mp) were detenn ined on a FtSher-Johns me lting po int apparatus and are

uncorrected.
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2-(Trimethylsityloxy)cyclohexa-1,3-dlene (178).

1
1MSO~6

3VS
4

n-Butyllithium (1.6 M in hexanes, 12 mL, 19 mmol) was added dropwise to

a solution of diisopropyfamine (1.74 g, 17.2 mmol) in THF (55 mL) at 0 "C. This

solut ion was maintained at 0 "C for 30 min. then it was cooled to -78 °c for 30

min. A solution ct z-cyclche xen -t-one (1.50 g. 15.6 mmol) in THF (10 mL) was

added dropwise to the solution . After 1 h. TMS CI (3.56 g, 32.8 mmol ) was

added . and the mixture was maintained at -78 "C for a further 1.5 h before it was

allowed to warm to rt. After stirring for 1 h. the THF was evaporated , and the

residue was taken up in anhydrous pentane (60 mL). The Liel precipitate was

removed by filtration . Evapora tion of the pentane followed by vacuum distilla tion

(35-37 "C at 3 mm Hg) gave 178 (2.05 9,78%) as a colourless liquid. IR: 3048,

3025 (weak), 2957,1649.1594.1401 ,1251.1198. 909 crr r'. 'H NMR: I) 5.86

(1H. dt, J = 4.0. 9 .9 Hz. C-4H). 5.69 (l H. dq . J= 1.8. 9.9 Hz. C-3H). 4 .88 ( l H. dt .

J = 1.8. 4.0 Hz, C-1H). 2.22-2.03 (4H, m, C-5Hz• C-6Hz). 0.19 {9H. s, (CHJJSi).

"c NMR: 6 148.0 (C-2). 128 .9 (C=C). 126.3 (C=C), 102.4 te-n, 22.6 (CH,).

21 .7 (CHJ . 0.2 « CHJ ,SQ. MS, 169 (12. M' + 1). 188 (10. M' ). 167 (9), 151 (7).

147 (20). 145 (11). 86 (59). 75 (30). 73 (100). 68 (8). 67 (9), 58 (10).
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6,6-oimethyf-2~trimethytsllyloxy)cyclohexa.1 .3-diene (17b) .

1MSO~

3VS ·

4

n-Butytlithium (1.6 M in hexanes . 11 rnt, 17 mmol) was added dropwise to

a solution of diisopropylamine (1.34 g. 13.2 mmol ) in THF (40 mL) at 0 "C. This

solution was maintained at 0 "C for 30 min . then it was cooled to -78 "C for 30

min . A solution of 5.5-dimethyJ..2..cycfohexen-1-one (1.50 g, 12.1 mmol) in THF

(5.0 mL) was added dropwise to the solution . After 1 h. TMSCI (2.75 g, 25.3

mmol ) was added . and the mixture was maintained at -78 "C for a furthe r 2 h

before it was allowed to warm to rt. After stirring for 1.5 h, the THF was

evaporated . and the residue was taken up in anhydrous pentane (60 ml). The

Liel prec ipitate was removed by filtration . Evaporation of the pentane followed

by vacuum distillat ion (29-31 "Cat 0.8 mm Hg) gave 17b (1.89 g, 80%) as a

colourless liquid . IR: 3047 (weak), 3018 (weak), 2958 , 1649, 1592 ,1401,1252

(broad) , 846 (broad) em". 'H NMR: 5 5.76 (l H, dt . J:::4.1.10.0 Hz, C-4H).

5.66 (lH. dq , J = 1.8. 10.0 Hz, C-3H) , 4.65 (lH, symme trical m. C-1H) , 2.05 (2H,

dd , J::: 1.8, 4.1 Hz. C-5H 2). 1.00 (6H. s, 2 x C-6CH J). 0.18 (9H, 5 , (CHJhSi). UC

NMR: 6 146 .5 (C-2), 127 .5 (C=C), 125 .1 (C=C), 114.8 te-n, 38 .0 (C-S), 31 .8

(C-6) , 28 .7 (2 x C-6CHJ, 0.1 «CHJ ,Sij. MS: 197 (3, M" +1),196 (10, M-), 181

(100) ,165 (53) , 105 (4), 91 (101,82 (18), 75 (20), 73 [77).
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5.~imethyl.2-{bim.thy1sllyloxy)cyclohexa.1.~1.n. (i7e).

1lMsoq<r 6
3~ 5

4

n-Butyll ithium (2.5 M in hexanes. 4.7 mt, 12 mmol) was added dropwise

to a solution ofdijsoprop ylamine (1.08 g, 10.7 mmol) in THF (40 mL) at 0 OC.

After 30 min. a solution of 4,4-dimethyl-2..c:yclohexen--1-one (1.20 g. 9.66 mmol)

in THF (5.0 mL) was added dropwise. After 1 h, TM SCI (2.20 g. 20.3 mmaO was

added . and the reaction mixture was maintained at 0 etC for a further 2 h bef ore it

was allowed to wann to rt After 1 h the THF was evaporated, and the res idue

was taken up in anhyd rous pentane {SOmL}. The UCI precip itate was removed

by filtration . Evaporation of the pentane foUowedby vacu um distillation (29-31

"C at 0.8 mm Hg) gave 17e (1.45 g. 76%) as a colo urtess liquid. IR 304 1.3017

(wea k), 2958 . 1653. 1596 . 1404. 13n , 1251, 1205. 897. 845 ern". ' H NMR: s

5.55 (2H, m, C-3H. <:-4H). 4.79 (l H. tt, J = 1.4. 4.6 Hz, C-1H), 2.12 (2H. d. J:

4.6 Hz,~HJ. 1.01 (SH. s. 2x C-SCHJ, 0.19 (9H. S, (CH,) sSi). 13C NMR: c5

147.1 (C-2). 140.1 (<:-4), 123.7 (C-3) , 101.5 (C-l) . 37.0 (C-6 ), 31 .2 (C-5). 27 .7 (2

x C-5CHJ , 0.2 «CHJ,S~. MS (from GC-MS); 196 (28 . M·). 182 (16). '81 (100).

'65 (46). 75(24). 73 (62). 45 (17).
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5,5-Dimethyl·Z-cyclohexen.1-one (2Gb).

:¢:-
Concentrated H2SO. (5 drops) was added to a solution of

5.5--dimethyf-1,3-cyclohexanedione (5.67 g. 40 .4 mmol) and p-toluenesulfon­

hydrazide (7.66 g. 41.1 mmol) in methanol (100 mL). After 20 min . a beige

precipitate began to form. After stirring for 12 h. the methanol was evaporated

under vacuum. Potassium carbonate (44 .2 g, 320 mmol) and water (200 rnL)

were added . This resulted in a slightly exothennic reaction with a colour change

from beige to orange. Steam distillation of the resulting mixture yielded a largely

aqueous distillate (1 l ). This mixture was saturated with NeCI and extracted with

diethyl ether (4 x 65 mL). The combined ether extracts were washed with brine

(40 mL), and then dried (MgSOJ . Solvent evaporation followed by flash

chromatography (elution with 3% ethyl acetate-hexane) gave 2Gb (2.28 g, 46%)

as a colourless oil. IR: 3036 (weak), 2960.1679,1469 (weak), 1389 , 1243 em" .

lH NMR: s 6.88 (1H, dt, J =4.1, 10.1 Hz, CM3H), 6.03 (1H, dt, J =2.0, 10.1 Hz.

C-2H), 2.28 (2H, s, e-6H 2) . 2.26 (2H, dd, J = 2.0, 4.1 Hz, C-4H2) , 1.06 (6H, s. 2 x

C-SCHJ . -c NMR: a 199.9 (C-l), 148.4 (C-3) , 128.8 (C-2), 51.7 (C-S), 39.8

(C-4) , 33.8 (C-5), 28.2 (2 x C-5CHJ. MS: 125 (1, M" + 1), 124 (11 , M") , 109 (3),

81 (6),68 (100).
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5,5-Dimeth yl-2-{(1.1-dlmethylethyl)-dimethylsltyl)oxy)cyeloheu-1,3-diene

(22) ,

,
TBSO~1Y 6

3 "" 5
4

A solutionof 4,4-dimethyl-2-cyc1ohexen-1-one (0 .238 9. 1.92 mmol) in

dichloromethane(10 rnL) was cooledto 0 ee.and triethylamine (O.3Dg. 0.41 mt,

3.0 mmol) was added dropwise. After 10 min. TBSOTf (O.73 g. 0.64 mL 2.8

rnmoQwas added, and the icebath was removedafter 15 min. After45 min, the

orange mixture was poured into diethylether (100 mL). The organic solution

was washed witha saturated aqueous NaHC01 solution (2 x 15 mL), and brine

(1S mL), and then dried (MgSO~COJ. Solventevaporation followedby flash

chromatography (elution with 3% diethytether-petroleumether) gave 22 (0.436

g. 95%) as a colour1ess oil. IR: 2958. 1654. 1472. 1363. 1254 , 1206, 891. 839.

782 an" . 'H NMR: 6 5.56-5.54 (2H, m. C-3H, C4H), 4 .80-4.75 (' H,

symmetrica l m, C-'H), 2.11 (2H, d, J= 4.8 Hz, C-6H,), ' .0' (6H, s , 2 x C-SCHJ ,

0.93 (9H, s , (CHJ, C{CH,j,Sl) , 0.'3 (6H, s , (CHJ ,C(CHJ ,Sl). " c NMR: 6 '47.4

(C-2). ' 39.9 (C4), ' 23.9 (C-3I, ' 0 ' .5 (C-' ), 37.0 (C-6), 31.2 (C-5). 27.7 (2 x

C-5CHJ, 25.7 «CH,),C(CHJ ,Si), 16.' « CHJ, C(CHJ,Sij, 0.13 « CHJ,C( CHJ,Si).

MS: 239 (4 , M' + n , 238 (17, M'l , 224 (6), 223 (31), '82 (11), '81 (45), 167 (9),
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165 (11), 127 (5) ,126 (37). 107 (10), 105 (6), 91 (14), n flJ, 75 (100 ), 73 (59),

59 (15) ,

(E}-2.7-Dimethyl-5-octen-4-0ne (48).

8!i-01
o

To a solution ofdiisopropylamine (5.2 g. 7.2 mt. , 51 mmol) in THF (10 mL)

cooled to 0 DC was added n-butyllithium (2.5 Min hexanes. 20 mL, 51 mmol)

dropwise over 10 min. After a further 10 min, the mixture was cooled to -78 "C

and 4-rnethyt-2-pentanone (4 .99 g, 49.8 mmor) in THF (8.0 mL) was added

dropwi se . After stirring for 20 min, isobutyraldehyde (3 .60 g, 49 .9 mmol) in THF

(10 ml) was added dropwise. The reaction was allowed to warm to rt over 6 h to

yield a yellow . gelat inous mixture. This was quenched with water (25 mL), and

the organ ic layer separated. The aqueous layer was acidified with 3 M aqueous

Hel (35 mL) , and it was extracted with diethyl ether (3 x 35 rnL). The combined

organ ic solutions were washed with water (20 ml). a saturated aqueous

NaHC03 solution (20 mL), and brine (20 mL). and then dried (N~SOJ. The

crude ~-hydroxy ketone 47 was obtained after the solvent was removed by

evaporation.

The crude 47 was added to a solution of dichloromethane (20 mL) and

trifluoroacetic acid (5.9 g. 4.0 mL, 0.052 mol). The mixture was hea ted to reflux
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for 12 h. After cooling,the mixturewas dilutedwithdiethylether (100 mL) and

washed withwater (15 mL), a saturated aqueousNaHC03 solution(15 ml) and

brine (15 mL). After drying(N~SOJ and solventevaporation,vacuum distillation

(75 OCat 2-3 mm Hg) gave 48 (4 .07 9, 53%) as a yellowoil. IR: 2960. 1696 ,

1671. 1628, 1467 , 1366 em". lH NMR : 0 6.78 (1H. dd , J= 6.6 .18.0 Hz, C-6H ).

6.04 (IH , dd, J = 1.4, 16.0 Hz.C-5H), 2.52-2.38 (I H, d of septets , J = 1.4, 8.8

Hz, C-7H) , 2 .4 1 (2H . d. J = 6.8 Hz. C-3H 2) . 2.16 (1H. septet. J = 6.8 Hz . C-2H) ,

1.07 (6H. d, J= 6 .6 Hz. C-7CH). C-8H,). 0 .94 (6H, d, J= 6.8 Hz, C-1H J• C-2CH)}.

"c NMR: 5 200 .9 (C-4), 153.3 (C-6), 127.9 (C-5), 49.1 (C-3), 31.0 (C-7) , 25 .1

(C-2), 22 .7 (2 x CHJ , 21.3 (2 x CH,). MS; 308 (0.5, 2 M'), 265 (24), 181 (7), 179

(4),155 (5, M' + I ), 154 (4, M'l , 153 (9),139 (7) , 124 (' 6), 111 (10), 97 (20), 85

(100),69 (18), 57 (47), 55 (10).

(Z,E)-2, 7-Dimethyl-4-{«1 ,1-dimethylethyl)dimethylsilyl)oxy)-3.5-octadiene

(Z,E-49) and (E,E) .2,7-dimethyl-4-«((1,1-dimethylethyl)dimethylsllyl)oxy)­

3.S..actadiene (E,E-49) .

\ -t--v~ ,W
I }-<4 \,

OlBS

(Z,E}-49 (E,E)-49
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A solution ofdiisopropylamine (0.16 g, 0.23 mt.,1.6 mmol) in THF (10 ml )

was cooled to 0 OCand n-butyflithium (2.5 M in hexanes, 0.59 mL, 1.5 mmol) was

added dropwise. After stirring for 10 min , the solution was cooled to -78 ac.

Dropwise addition of 48 (0.208 g, 1.35 mmol ) in THF (3.0 mL) over 10 min

resulted in a pale yellow solution . After stirring at _78 °C for 40 min . TaS OTf

(0.39 g, 0.34 mt, 1.5 mme!) was added . The mixture was maintained al-78 OC

overnight . then slowly allowed to warm to It. Most of the THF was evaporated.

and the mixture was diluted with pentane (40 rnl) . The resu lting precipitate was

removed by filtra tion . Solvent evaporation followed by flash chromatography

(elution with 1% ethyl acetate-hexane) gave (Z.~ (0.251 g. 69%) and

(E,E)-49 (0.02 1 g, 6%) as colourless oils . For (Z,£) -49. 1R; 3028 (weak) , 2959 ,

1623 ,1 464 .1 362.1256.1010,839. B08. na em". 'H NMR: is 5.75-5 .73 (2H,

m, C-5H, C-8H), 4.51 (l H, d , J= 9.7 Hz, C-3H), 2.78-2 .61 (l H, m, C-2H),

2.38-2.22 (1H, m, C-7H), 0.998 (6H, d, J= 6.7 Hz, C-7CH3• C-BH:J. 0.995 (9H. s.

(CHJ,C(CHJ,Si), 0.95 (6H, d, J = 6.7 Hz, C-1H" C-2CHJ , 0.11 (6H, S,

(CH:J3C(CH:J2Si). NOE data : 4.51 (5.75-5.73 , 5%; 2.78-2 .61.1 %). 13C NMR: 8

146.3 (C4 ), 136.2 (C-8) , 125 .9 (C-5), 121 .0 (C-3), 30.8 (C-7), 26.0

«CH,),C(C HJ,Si), 24.9 (C-2), 23 .1 (C-l , C-2CHJ, 22 .4 (C-7CH" C-8), 18.5

«C HJ,C(CHJ,Si), -3.7 «C HJ,C( CHJ,Si). MS: 269 (2, M- +1), 268 (1 , M-), 253

(26), 225 (36) , 211 (7), 169 (17), 153 (7), 93 (8), T7 (8), 75 (100), 74 (8), 73 (94),

59 (15), 57 (9).
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For {E,E)-49. 'H NMR: S 6 .14 (1H. d. J = 15.3 Hz. C-5 H), 5.95 (1H. dd. J

= 6.9,1 5.3 Hz, C-6H), 4.59 (l H. d. J= 9.7 Hz, C-3H). 2.58 (l H. d of septets, J=

8.6,9.7 Hz, C-2H), 2.37 (l H. septet, J= 6.9 Hz. C-7H), 1.02 (6H. d, J= 6.8 Hz, 2

x CHJ, 0.98 (6H. d, J = 6.7 Hz, 2 x CHJ, 0.96 (9H. S, (CHJ,C(CH,),S;) . 0.12 (6H,

S, (CH,) ,C(CHJ2Si). NO E data: 4 .59 (2.58, 1%; 0.12, 0.5%).

Dimenthyl acetylen edic arboxylate (30).

-II
a ~..••z, 3'4 '

~.~.~~. 5"

4.~1 2 '0
6

3' ##~.

»:
Oiethyl acetylenedicarboxylate (2.45 g. 2.30 rnt, 14 .4 mmol),

(1R.2S.5R) -{+ menthol (10 .05 g. 64 .3 mmol) and pTsOH (0 .251 g. 1.32 mmol)

were dissolvedin benzene (50 ml) . The mixturewas heated to reflux, and

reactionprogresswas monitoredby TLC. After 7 days, evaporationof the

solvent undervacuum yieldeda yellow oil. Flash chromatography (elution with

3% ethyl acetate-hexane) gave 30 (5.40 g, 96%) as a colourless solid: mp:

135-136 °C. IR: 2960,2924, 1712.1263 crrr" . 'H NMR: c') 4.84 (2H. dt, J = 4.5,

10.8 Hz. C-, 'H, C-l"H), 2.06-1.99 (2H, m, C-6'H. , C-a"H.l. 1.98-1.82 (2H,

doublet of septets , J= 2.7, 6.9 Hz, C-TH. C-7"H) , 1.75- 1.64 (4H , rn. C-J' H. ,
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C-3"H •. C-4'H •. C-4 "HJ. 1.56-1.39 (4H. m, C-2'H. C-2 MH . C-S'H , C-S"H) ,

1.14-0 .97 (4H . m. C-3'H •. C-3 "H., C-6 'H•. e-a"H.>, 0 .92 (6H , d. J = 6.9 Hz,

C-7'CH3 • C-7"CH J) . O.91..Q.84 (2H, m. C-4'H •. C-4"HJ, 0.91 (6H . d. J = 6.9 Hz.

C-7'CH" C-7"CH, ), 0.76 (6H, d, J = 7.0 Hz, C-5'CH" C-5"CHJ. "c NMR: 5

151.6 (2 x CoO) , 77 .5 (C-l', C-1"), 74.6 (esC), 46.7 (C-2', C-2"), 40.4 (C.a',

C-6") , 33.9 (C-4', C-4") , 31.4 (C-5', C-5") , 26.0 (C-7', C-7'1, 23.1 (C-3' , C-3"),

21.9 (C-7'CH" C-7"CHJ, 20 .7 (C-7'CH" C-7"CHJ, 16.0 (C-5'CH" C-5"CHJ .

MS: no M' ; 155 (1),1 39 (27), 136 (97), 137 (7), 124 (4), 123 (40), 97 (14), 96

(27),95 (100), 83 (71), 82 (30), 81 (80), 69 (40), 67 (19), 57 (29), 55 (54). Ana l.

calcd. for C2.H380 .: C 73.79. H 9.81; found: C 73.87. H 9.75.

Oibomyl acetylenedicarboxylate (31) .

3~)5"
2~"

gl
~O

6' 2'

l '
~ 3'

4'
7'

Diethyt acetylenedicarboxyfate (1 .0 g, 0.94 mt., 5.9 mmol), {(1S}-endoH-r

borneol (4 .0 g. 26 mmol), and pTsOH (0.12 g, 0.63 mmol) were dissolved in
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benzene (25 ml ). The mixturewas heated to reflux. and reactionprogress was

monitoredby TLe . After7 days, evaporationof the solventundervacuum

yieldeda yellowoil. Flashchromatography(elution with 1% ethyl

acetate-hexane) gave 31 (1.95 g, 86%) as colourlesscrystals: mp: 87-86 DC.

IR: 2957.2883. 1719.1454.1379.1258 ern". lH NMR: s 5.02 (2H. ddd, J=

2.1,3.4,9.9 Hz, C-2'H, C-2"H), 2.45-2.34 (2H, rn, C-3'H, C-3"H), 2.02-1.89 (2H,

m. C-5'H, C-5"H), 1.85-1.68 (4H, m, C-4'H, C-4"H, C-6'H, C-6"H), 1.41-1.23 (4H,

m. C-5'H, C-5"H, C-6'H, C-6"H) , 1.07 (2H, dd, J =3.4. 14.0 Hz, C-3'H, C-3"H).

0.90 (6H, 5, C-7'CH3• C-7"CH:J. 0.89 (6H. S, C-TCH 3 , C-7"CH3) , 0.87 (6H. S,

C-1'CH3• C-1"CH3) . 13C NMR: 0 152.4 (2 x C=O), 83.4 (C-2'. C-2'1. 74.9 (c eC),

49.0 and 48.0 (C-1'. c-r. c-r .C-7"), 44.7 (C-4'. C-4") . 36.4 (C-3', C-3"). 27.9

(CH,), 26.9 (CH,), 19.6 (C-l'CH" C-7"CH,), 18.8 (C-l'CH" C-7"CH,), 13.4

(C-l 'CH" C-l "CH,). MS: 387 (1, M' +1), 386 (4, M') , 250 (0.5), 249 (0.9), 153

(4),137 (45),136 (82), 121 (31), 110 (44),109 (15), 108 (12), 95 (100), 93 (39),

92 (11), 81 (48), 80 (15), 79 (8), 69 (20), 67 (13), 55 (17). HRMS: calcd for

C2.H$olO.: 386.2455; found: 386.2479 .
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(1S.4aS.10aR)-1.2,3.4.4a.9 .10 .10a-Cc:tlhydro-6-<n.lhoxy·1 .......;methyf.1.

phen anthrenemethanol (26) .

A suspension of LiAlH. (1.56 Q, 41 .1 mmol) in THF (20 mL) was cooled to

o OCand a solution of methyl o-methylpodoca rpate (25) (4.16 g. 13.8 mmcl) in

THF (30 ml ) was added dropwise over 30 min. The mixtu re was maintained at 0

"C for 3 h. then allowed to wann sJowty to rt. TLC after 15 h indicated only 50%

conversion . therefore. the mixture was heated to reflux for 24 h. The mixture

was then cooled to 0 "C and a solution of 9 : 1 methanoVwater (20 ml ) was

added dropwise resulting in gas evolution. This was followed by dropwise

addition of 10% aqueous NH. CI (30 mL). After stirring for 1h, the mixture was

diluted with diethyCether (100 ml), water (50 ml ), and a saturated aqueous

NH..CI solution (40 ml ). The organic layer was separated . and the aqueous

layer was extraded with diethyl ether (4 x 75 ml). Aqueous Hel (1M. 20 mL)

was used to neutra lize the aqueous layer after the second ether extraction. The

combined organic solutions were washed withwater (30 mL), and brine (30 mL).

and then dried (MgSOJ . Solvent evaporation gave a th ick yellow oil, whichwas
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purifiedby flashchromatography(elution witha solventgradient from20 to 30%

ethylacetate-petroleum ether) to provide26 (3.57 g, 94%) as a colourlessoil.

which crystallized upon standing: mp: 93-93 .5 OC. IR: 3384 (broad) , 2927,

1610. 1574 (weak), 1501 . 1467. 1376. 1247, 1042 em", 'H NMR : S 6.95 (1H. d,

J = 8.4 Hz, C-BH), 6.80 (1H, d, J = 2.6 Hz, C-5H) . 6.66 (1H. dd . J = 2.6, 8.4 Hz,

C-7H), 3,86 (1H, d, J = 10,9 Hz. c..1CHOH), s.rr(3H, S, C-60CH,), 3,54 (1H, d,

J = 10.9 Hz . C-1CHOH) , 2.92-2 .70 (2H. m. C-9HJ, 2.33-2 .24 (1H, symmetrical

m, C-4H.>. 2.02-1.85 (2H. m, C-2H•. C-10H J . 1.80-1 .56 (3H , m, C-3 H2• C-10 H.),

1.5 1-1 .38 (2H . m, C-4H ., C-10aH), 1.35-1 .24 (1H. m. C-1CH20 H), 1.18 (3H . s.

C-4aCH ,) , 1.10-0.95 (1H, m. C-2H.) , 1.05 (3H. S, C-1CH:J. NOE data: 6.95

(6.66, 4%; 2.92-2.70, 1%),6.80 (3.n, 2%; 2.33-2.24,10%; 1.18,1 %),

2.92-2 .70 (6.95. 6%; 2.02-1.85, 1%), 2.33-2 .24 (6.80. 10%; 1.51-1.38. 5%;

1.18,1 %),2.02-1 .85 (2.92-2 .70. 1%; 1.80-1.56.2%; 1.10-0 .95 .1 %),1 .51-1 .38

(2.33-2.24,6%; 1.10-0.95,1 %),1 .18 (8.95, 4%; 3.86, 13%; 3.54,4%;

2.33-2.24. 2%). ' ~C NMR: s 157.6 (G-6) . 151.0 (C-5a ). 129.8 (C-8 ), 127.1

(C-lla). 110.9 (C-7), 110.2 (c..5), 65.2 (c..1CH,OH), 55.2 (C-60CHJ , 51.1

(C-10a), 38.9 (C-4), 38.7 and 37.9 re-i. C-4a), 35.1 (C-2), 30.1 (C-9), 26.8

(C-1CH,), 25.6 (C-4aCH,), 19.2 (c..10), 19.0 (c..3). MS: 275 (20, M' + 1), 274

(100, M'), 259 (8), 243 (6), 242 (1), 241 (37),229 (1), 215 (4), 213 (4), 201 (16),

199 (8),187 (12).185 (10), 175 (9),174 (11),173 (37),172 (9),171 (27), 162
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(10),161 (78), 159 (22) ,158 (11),148 (11),147 (73),135 (17), 134 (13),129

(10), 128 (12), 121 (36), 115 (15), 91 (14),81 (13),55 (18).

BIS(1S,4aS,10aR}--1 .2.3,4,4a.9.10,10a..()Ctahydro-6-methoxy.1 ,4a-dlmethyl.1 .

phenanthrenemethyl) acetylenedlcarboxylate (32).

Diethyl acetylenedicarboxytate (0.276 g, 1.62 mmol) , 26 (2.02 g. 7.36

mmol) and pTsOH (0.024 9, 0.12 mmol) were dissolved in benzene (15 mL) .

The mixture was heated to reflux and reaction progress was monitored by TlC.

After 7 days , evaporation of the so lvent under vacuum yielded a yellow oil . Flash

chromatography (elution with a solvent gradient from 10 to 20% ethyl

acetate-petroleum ether ) provided 32 (0.905 g. 89%) as a colourless solid : mp:

65-67°C. IR: 2930.1720,1610.1574 (weak), 1502. 1469, 1376 (wea k), 1248.
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1044 . 788 an-I. 'H NMR: 6 6.96 (2H, d. J = 8." Hz.C-B'H. e-a"H). 6.80 (2H, d.

J = 2.6 Hz.C-5'H, C-5"HJ, 6.67 (2H, dd , J = 2.6 , 8.4 Hz.C-TH, C-7"H), 4.53 (2H.

d, J = 11.2 Hz.C-l 'CHOH, C-l "CHOH), 4.15 (2H, d, J = 112 Hz.C-l 'CHOH.

C-1"CHOH), srr (6H. S, C-8'OCH,. e-a"OCHJ . 2.95-2.71 (4H. m, C-9'H1•

C-9"H2) . 2.35-2.25 (2H, symmetricalm.~'H•• C-4"HJ . 2.04-1 .94 (2H. m.

C-l0'H. , C-10"HJ , 1.86-1.39 (12H, m, C-2'H., C-2"H. , C-3'H,. C-3"H,. C-4'H. ,

C-4"H•. C-10'H•. C-10'"H•. C-10a'H. C-10a"H). 1.20 (6H, S, C-4a'CH" C-4a"CHJ .

1.16-1.05 (2H, m, C-2·H., C-2'"HJ, 1.08 (6H, S , C-l 'CH,. C-l "CH,). -c NMR: •

157 .8 (CO', C-Oi, 1522 (2 x ester C=O), 150.4 (C-5a', c-Sa j , 129 .8 (C-B',

C-6 j , 126.8 (C-Ba' , C-Baj , 111.1 (C-T , C-7i, 1102 (C-5', C-5j . 74.9 (C-2.

C-3), 69 .5 (C-l' CH,OH, C-l "CH,OH), 55.2 (C-6'OCH" CO"OCH,), 51.1 (C-l 0a',

C-l 0s' ), 38.6 (C-4', C-4 j, 37.8 and 37.3 (C-l' , c-r. C-4a' , C-4a"), 35.6 (C-2',

C-2') , 29.9 (C-9', C-9 j , 27.1 (C-l'CH" C-l" CH,), 25.6 (C-4s 'CH" C-4a"CH,),

19.2 (C-l 0', C-l 0j , 18.8 (C-3', C-3j. MS , 627 (8, M" + 1), 626 (27, Mi , 625

(65).370 (2), 369 (3), 257 (6), 256 (11), 255 (8), 243 (4). 242 (9) , 241 (36), 199

(12). 187 (18), 185 (24), 175 (14).1 74 (18), 173 (39),1 72 (15), 17 1 (27), 161

(100), 159 (23), 158 (11), 146 (7), 147 (53), 135 (13), 134 (12),121 (34),95 (12),

91 (9), 83 (11), 81 (15),69 (11), 55 (27) . HRMS, ca lcd f", C~H~O., 626 .3605:

found: 626 .362 5.
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(2S.5R)-S-Methyt.2-( 1-methyM-phenyiethyl)cyclohexa no ne (trans- 28) an d

(2R,5R)--S-methyt .2-(1-methyl.1..phenylethyl}cyclohexanone (cis- 28)•

.~
~

3 t

3e 2'

~O 3'
"

trans-28 cis-28

To a suspension of magnesiu m (5.55 g. 0.228 mol) in diethyl ether (30

mL) was added one- tenth of a solution of bromobenzene (39.3 g. 0.250 mol) in

diethyl ether (SOmL). The mixture was heated to reflux until Glignard reagent

began to form . Aft er the initial reflux subsided . addition of the bromobenzene

solution was continued with stirring at such a rate that gentle reflux was

mainta ined . After the addition was complete. the red-brown solutio n was heated

to reflux for 1 h. then cooled to rt using an ice bath.

A suspens ion of copper(l) bromide (2.2 g, 0.015 mor) in dieth yl ether (30

mL) was cooled to -20 acand stirred vigorousty while the solution containing the

Grignard reagent was added dropwise via a canula using nitrogen pressure . The

resulting green -black solution was stirred at -20 DC for 30 min. A solutio n of

(R)-(+)-p ulegone (17.0 g, 0.112 mor) in diethyJether (25 mL) was added

dropwise . with stirring over 2.5 h. and the resulti ng solutio n was kept at ·20 ac
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ovemight The dark gree n solution was then carefu lly poured into M:e-<:old 2M

aqueous HO (150 rnL) with vigorous stirring . The organic layer was separated

and filtered while the aqueous layer was saturated with NH4C1 and extracted with

diethyl ether (3 x 50 mL). The combined organ ic layers were washed with a

saturated aqueous NaHCOJ solution (20 mL). and the solvent was evaporated

under reduced pressure to yield a crude oity product (- 35 g) .

This crude product was added to a solution of ethano l (300 ml), water (40

rnL) and KQH (35 .0 g, 0.624 mol) and refluxed for 3 h. The mixture was

concentrated to 100 mL under reduced pressure, and water (250 mL) was

added . The aqueous layer was saturated with NaCl and extracted with diethyl

ether (4 x 60 mL). After drying (MgSOJ and sotvent evaporation . the crude

mixture was distilled unde r reduced pressu re (1.5 mm Hg). Four fractio ns were

collected . Fractions 1 and 2 (boiling range : up to 135 OC)contained mostly

biphenyl . Fraction 3 (boi ling range: 135-14 2 "C) conta ined prima rily ketone 28

and a little biphen yl, whereas fraction 4 (boiling range : 142 -147 OC) conta ined

the main quantity of ketone 28. Fraction 3 was decan ted away from the

crystalline bipheny( into fractio n 4 to g ive 28 (20.4 g, 79 %) as a yellow oil. This

crude product was used direcUy in the reduction step . A smal l sample was

purffied by flash chromatog raphy (eluti on with 4% ethyl aceta te-h exane). For

tnms-28. IR: 3089 (weak) , 3058 (we ak) , 2954 , 1711,1 600 (weak), 1446 em" .

lH NMR : a 7.29 (4H, m, C-2'H, C-3' H, C-S'H, C..s'H), 7.t6 ( t H, m, C4'H), 2.67
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(IH, ddd, J= 1.1,4.7,12.7 Hz, C-2H), 2.24 (IH, ddd , J= 2.2,3.9,12.5 Hz,

c<;H,j, 2.01 (IH, dt, J= 0.8,12.5 Hz, c<;H,j, 1.92-1 .66 (3H, m, C-3H., C-4H. ,

C-5H), 1.53-1 .13 (2H, m, C-3H., C-4H,j , 1.48 (3H, S, C-2CCH,Ph), 1.40 (3H, S,

C-2CCH,Ph), 0.96 (3H, d, J=6.1 Hz, C-5CH,) . "c NMR: a 211.1 (C-l), 149.8

(c·n. 127.9 (C-3' , C-51, 125.7 (C-2', C<;1, 125.4 (C-41, 59.4 (C-2) , 52.2 tc-ei

38.9 (C-2C(CH,),Ph), 36.1 (C-5), 34.6 (C-4), 28.9 (C-3), 26.5 (C-2CCH,Ph), 23.7

(C-2CCH,Ph), 22.2 (C-5CH,). MS: 231 (1, M' + 1), 230 (8. M' ). 131 (2), 120

(11),119 (100),112 (31),111 (3), 91 (20),79 (4), rt (3), 41 (13). HRMS: calcd

for C"HnO : 230 .1670: found: 230.1672 .

For cis-28. IR: 3096 (weak), 3058 (weak), 2958 . 1710 . 1620 (weak) em" .

'H NMR: 0 7.32 (4H. m, C-2'H, C-3'H. C-5'H. CO'H), 7 .18 (1H. m, C-4'H). 2.66

(I H, dd, J= 6.3.10.0 Hz, C-2H), 2.48 (IH, dd,J. 5.7,13.0 Hz, c<;H,j,

2.34-2.20 (1H. m, C-SH), 1.99 (1H, ddd, J = 1.6.4.7,13.0 Hz, C-6H.>,1.aD-1.20

(4H, m, C-3H., C-3H •. C-4H•. C4HJ, 1.46 (3H, s, C-2CCH JPh), 1.43 (3H. s.

C-2CCH JPh), 0 .90 (3H . d. J= 7.4 Hz. C-5CHJ . 13CNMR : 0 212 .3 (C-1), 149.3

(C-l'), 128.0 (C-3', C-5') , 125.9 (C-2'. c<;'), 125.6 (C-4') , 59.6 (C.2) , 50.3 (C-6),

39.5 (C-2C(CH,) ,Ph) , 32.2 (C·5), 31.2 (C-4), 27.2 (C-2CCH,Ph), 24.8 (C-3), 24.0

(C-2CCH,Ph), 19.3 (C-5CH,) . MS: 231 (1, M' + 1), 230 (5, M') , 131 (2), 120 (9),

119 (100).112(29),111 (4),91 (19), 79(4), rt (3), 41 (11). HRMS: calcdlor

C"H 220: 230 .1670 ; found: 230.1667.
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(1R.2S.5R)-5-Methyl·2-(1~ethyl-1-phenylethyl}cycloh8xanol (29) .

4~6
3U

©
~1~ OH

6' Z5,0 3,

4'

A suspension of sodium (6.03 g. 0.262 mol) in toluene (90 mL) was

heated to reflux. A solution of 2-propanol (15.0 9. 19.1 mL, 0.250 mmcl) and c;s-

and trans-28 (ca. 19.5 g. 84.7 mmol ) in toluene (20 mL) were added dropwise to

this mixture over 90 min . The rate of addition was such that controlled refluxing

was maintained. The mixture was refluxed for 8 h, and the resulting

yellow -orange solution was cooled to 0 °C. Ethanol was added slowly until most

of the sodium was quenched. The mixture was then poured into ice-water (100

mL) after diluting with diethyl ether (125 mL). The organic layer was separated.

and the aqueous layer was saturated with NaC! and extracted with diethyl ether

(4 x 50 ml). The combined organic layers were washed with brine (2 5 ml) and

dried (MgSOJ. Solvent evaporation gave a red oil which was vacuum distilled

(138-143 DC at ca. 0.5 mm Hg) to yield crude 29 (15.3 g, 78%), composed of 4

epimers as a yellow oil. Careful column chromatography of -1-5 9 samples

(elution with 4% ethyl acetate-hexane) gave 29 (8.24, 42%) as a colourless oil.

IR: 3564 , 3430 (broad) , 3088 (weak), 3057 (weak) , 3030 (weak), 2919, 1600,
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1496.1455.1368.1030 em". lH NMR: 5 7.42-7.37 (2H. m, C-2 'H. C-6'H).

7.35-7 .28 (2H , m, C-3'H, C-S'H), 7.18 (1H. m, C-4'H) . 3.53 (1H . symmetrical m,

C-1H) , 1.84 {1H, symmetricalm. C-6HJ , 1.76-1.58 (3H. m, C-2H. C-3H•. C4HJ,

1.39 (1H. m, C-5H) , 1.42 (3H, s. C-2CCH3Ph), 1.29 (3H , s. C-2CCH 3Ph) ,

1.12-0.77 (3H. m,C-3H., C4H.. ~HJ, 0.87 (3H, d, J=6.6 Hz. C-5CHJ . "c

NMR: 5 151.3 (C-11. 128.4 (C-3', C-51. 125.7 (C-2', C-4' , C-61, 12.9 (C-1). 54.1

(C·2) , 45.3 rc-e). 39.7 (C-2C(CHJ'ph), 34.8 (C-4). 31.5 (C-5), 28 .7

(C-2CCH,Ph) , 26 .4 (C-3), 24.2 (C-2CCH,Ph), 22.0 (C-5CHJ. MS: 232 (0.6, M' ),

214 (6), 120 (36),119 (100), 118 (51),105 (26), 95 (11). 91 (51), 86 (8), 84 (13),

79 (10), 77 (8), 55 (9).

Bis«1R,2S.5R)-8-phenylmenthyl} acetylenedicarboxylate (33) and

(4R)-4-methyl-1-(1-methyl·1..phenylethyl)cyclohexene (34) .

5-<5'>-,­
6~

o :-"Q\" a••
~'.. v~, ='~ e-
4'~ 2 0

a ~-
·-D'-

5 . -

33
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A solution of 29 (0 .448 g. 1.93 mmol), diethyl acetylenedicarboxylate

(O.0935 g. 0.550 mmol) and pTsOH (0.018 g. 0 .095 mmol) in benzene (15 ml)

was heated to 70 "C for 14 days . Solvent evaporation followed by flash

chromatography (elution with6% ethyl acetate-petroleum ether) gave 33 (11 .1

mg. 4 %)as a yellow oil. 34 (25 .1 mg. 6%) as a colourless oil and 29 (0 .348 g,

78%) was recovered as a colourfessoil. For 33 . IR: 3058 (weak) , 3024 (weak),

2955.1715.1257.1028 em". 'H NMR: 0 7.33-7 .25 (BH, m, C-2'''H, C-2'-H.

C-3·-H. C-3·"H . C-S"H. C-S""H. C-S"'H,C-S-H). 7.18-7.11 (2H. m. C-4'''H.

C4''''H), 4.90 (2H, dt. J= 4.4,10.7 Hz. C-1'H, C-1"H), 2.04-1 .86 (4H. m, C-2'H,

e-2"H, C-6'H •. c.s"HJ. 1.66-1 .32 (6H , m, C-3'H •. C-3"H • . C4'H ., C-4"H•. C-S'H.

C-S"H). 1.34 (6H. e. C-2·CCH,Ph . C-2"CCH,Ph). 1.27 (6H. s. C-2·CCH,Ph .

C-2"CCH JPh), 1.20-0 .75 (6H , m, C-3'H. , C-3"H., C4'H., e-4"H•. C-8'H" C-6"H.),

0.88 (6H. d. J= 6.5 Hz. C-S'CHJ• C-5MCHJ. lJC NMR: 0 151 .2 (C_1'R,C-1"" ),

1S0.3 (C-1. C-4). 128.1 (C-3·... C-3"". C-S..•• C·S""), 12S.S (C-4'". C-4""), 12S.4

(C-2..••C-2.....C-S"'. C-S·"1. 77.6 tc-r, C-l "). 74 .6 (C-2. C-3) . SO.S(C-2·. C-2").

41 .3 (C-S'. C-S"). 39.8 (C-2·C(CHJ,Ph. C-2"C(CHJ ,Ph). 34 .2 (C-4'. C-4"). 31.4

(C-S·. C-S"), 26 .7 (C-3·. C-3"l. 26.6 (C-2·C(CHJ,Ph. C-2"C(CHJ,Ph) . 21 .7

(C-S·CH,. C-S"CHJ . MS: 542 (1. M'). 423 (1). 327 (1). 21S (14). 214 (27). 120

(26), 119 (100), 118 (47). 10S (47). 9S (9). 91 (33). 81 (7). 79 (6). 69 (S). SS (10).
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For 34. IR: 3056 (weak), 3022 (weak), 2923 ,1600.1493.1454 em" , 'H

NMR: 8 7.34-7.23 ('H. m. C-2'H. C-3·H. C-5'H, C-6'H). 7 .15 (l H. m. C-4'H).

5.67 (lH , rn. C-2H). 2.21 (lH . m. C-3HJ . ca. 1.90-1 .40 (5H. m. C-3H•. C-4H.

C-5H•. C-6H 2) . 1.39 (3H . S , C-1CCH, Ph), 1.36 (3H, S, C-1CCH,Ph ). ca. 1.25-0.95

(lH . m. C-5HJ . 0.93 (3H. d. J= 6.7 Hz, C-4CH,). - c NMR: s 149.4 rc-r),

144.1 (C-l). 127.9 (C-3' . C-5,. 126 .1 (C-2·. C-6'). 125.4 (C-4·). 119.2 (C-2). 43 .5

(C-1C(CH,),Ph ). 34.2 (C-3). 31.6 (C-5). 29.1 (C-1CCH,Ph). 28.4 (C-4). 27 .8

(C-1CCH,Ph). 25.8 (C-6). 21.8 (C-4CH,). MS: 215 (11, M-. 1). 214 (60. M-).

200 (1'). 199 (94). 17 1 (26). 157 (27). 144 (13), 143 (76) .131 (11), 129 (31),

128 (12),119 (100), 118 (10),117 (11), 115 (11) .105 (22) , 95 (32). 91 (69).79

(15),77 (17) . 69 (16), 55 (19). HRMS: calcd for C1lJH22: 214.1720; found:

214 .1719.
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Oimenthyl blcyclo[2.2.2]oet-s.n~2-one-s,6-dicarboxylate (36a) and

dimenthyl 4-hydroxyphthalate {37}.

o~: 0 ..2\2' 3'o-!(')4"
3

04 !1
6

6\~

5:J.
' ,>r-

"2'
S' 3'

S' 4'

36.

Diene 17. (0.254 g. 1.51 mmol) and acetylenic dienophile 30 (3.00 g. 7.68

mmo!) were added to benzene (40 ml). The dienoph ile was dissolved with

stirring , and the mixture was heated to reflux for 27 h. Solvent evaporation

followed by the addition of a small amount of pentane gave part ial precip itation

of the excess dienophile. Flash chromatography (elution with 1.5% ethyl

acetate-hexane) gave a mixture of the TM S enol ether 35a (minor) and the

corresponding ketone 36a (major). Flash chromatography (e lution with solvent

gradient from 1 to 7% ethyl acetate-hexane) gave 36a (0.461 g, 63%) as a pale

yellow oil and 37 (O.069 g. 10%) as a white solid. For 36a (81 .22 : 1

diastereomeric mixture) . IR: 2956,2871 ,1731 ,171 3,1639, 1454, 1377, 1263

en-. 'H NMR: 8 4.87-4 .74 (2H, m, C-1'H, C-1"H). 3.59 (1H, m, C-1H), 3.37

(1H, m, C-4H), 2.25-1.37 (18H. m, C-2'H. C-2"H, C-3Hz• C-3'H. , C-3"H" C-4'H. ,

C-4"H., C-5'H, C-S"H, C-6'H. , C-6"H. , C-7Hz' C-7'H, C-7"H, C-8Hz), 1.17-0.81
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(18H. m, C-3'H•. C-3RH. , C4'H•. C4"H•. e-6 'H•. e-e "H•. 2 x C-TCH 3, 2 X

c-rcll,), 0.80 (1.5H, d, J= 7.1 Hz, e-5'CH, orC-5"CHJ, 0.79 (1.5H, d, J= 7.1

Hz, C-S'CH,or C-S"CHJ , D.n (3H, J = 7.1 Hz. C-S'CH3 or C-S"CHJ . 13CNMR :

(Some 13C signals are present for both diastereomers. others overlap and appear

as one. Theoretically , this C30compound could have 60 1'(: signals.) S 209.12

and 209 .07 (C-2) . 165.2 and 165 .1 (ester C=O), 16 3.7 (2e. este r C=O ). 143 .3

and 143.1 (C-5) , 134.0 and 133.7 (C-6), 75 .60 . 75 .56 . and 75 .5 (4C . C- 1', C-, "),

49 .6 rzc. C-1 ), 46.8, 46 .74 and 46 .70 (4C , C-2 ', C-2" ), 40 .6 and 40 .5 (4C . C-6' ,

C<'l"), 39.0 (2C, C-3), 35.10 and 35.06 «(;4), 34.1 (4C, C-4', (;4"), 31.3 (4C,

C-5' , C-5"), 26.13, 26.08, 26.0 and 25.9 (C-7' , C-7") , 24.0 and 23.9 (C-8) , 23.3

and 23.2 (4C, C-3' , C-3"), 22.73 and 22.69 (C-7), 22.0 (4C, C-7'CH" C-7"CHJ,

20 .8 and 20.7 (4C, C-7'C~. C-7"CH,), 16.2 and 16.1 (4C, C-5'C HJ, C-5"CH,).

MS: 348 (4, M" -138),210 (100),193 (3),192 (24), 150 (3), 151 (6), 139 (23),

138 (4),123 (7) , 97 (10), 95 (10), 85 (17) , 83 (93), 81 (13), 69 (25), 57 (23) , 55

(32). HRMS: caled forC2QH2IOS(M· - CtOH,J: 348.1935; found: 348.1929 .

~
OH

5 3

60 0 7"
1 2 ~

o 0 O~" ;2"3"
.~, TIl 4"

~2:" " 5"

4' 3'

37
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For 37: mp: 175-176 "C. IR: 336 1 (broad), 2956 . 1710 , 1603 , 1580 .

1455. 12n (broad), 1128 em". 'H NMR : a 7.70 (1H . d. J = 8.5 Hz. C-6H), 7.40

(I H. br m. OH). 6 .97 (IH. d. J =2.6 Hz. C-3H). 6.68 (IH , dd, J =2.6, 8.5 Hz,

C-SH), 4 .91 (2H, apparent dq, J= 4.2. 11.1 Hz, C-1'H. C-1"H). 2.30-2.07 (2H, m,

e-s 'H•. C-6"HJ , 2.03-1 .89 (2H. symmetricalm, C-7'H . C-7"H), 1.84-1 .37 (BH. m.

C-2'H . C-Z"H, C-3 'H. , C-3 "H•. C4'H•• C4"H. , C-5'H , C-S"H). 1.20-0 .85 (6H. m.

C-3'H•. C-3 "H•. C-4 'H•. C-4 "H. , C-6'H.,. C-6"HJ , 0.93 (3H . d. J = 6.4 Hz, C-TCH,

or C-T'CHJ . 0.92 (3H . d, J =6.7 Hz. C-TCH, or C-7"CH,) , 0.90 (3H, d, J = 7.1

Hz. C-7 'CH, or C-7"CHJ. 0 .89 (3H , d, J= 7.3 Hz. C-7'CH J or C-7"CH,) . 0.83 (3H.

d, J:::6.9 Hz. C-S'CHJ or C-S"CH,). 0 .79 (3H . d. J = 7.0 Hz, C-5 'CH) or C-5"CHJ.

"e NMR : S 168.4 (este r C=O) , 165.9 (esterC=O), 158 .7 (C-4). 136 .6 (C-2),

131.6 (C-6) , 122 .7 (C-l) , 116 .8 (C-5), 115.3 (C-3), 76 .0 and 75.2 rc-r. C-l") ,

47 .1 (C-2'. C-2"), 40 .7 and 40 .3 (C-6' , C-<l"), 34.3 (<;-4 ', <;-4"), 31.5 (C-5', C-5"),

26.2 and 26 .0 (C-T . C-n, 23.4 and 23 .3 (C-3', C-3"), 22 .1 (C-TCH" C-7"CHJ.

20 .9 (C-7'CH 3 • C-7"CH J , 16 .4 and 16 .2 (C-S'CH 3 • C-S"CH 3) . M$ : no M· , 321

(3), 184 (9), 183 (100),166 (9),165 (63),139 (18),138 (38) ,1 23 (15), 97 (12),

96 (11), 95 (47), 83 (30), 82 (14), 81 (34), 69 (33) , 67 (11), 57 (23), 55 (42).

Anal. calcd. for CaH 4205: C 73.31, H 9.24: found: C 73 .37 . H 9.17.
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Dimenthyl 7.7-dimethylblcyclo[2.2.2]oct-5-en·2-one-S,~lcarboxylate(36b)

and dimenthyl 4-hydroxyphthalate (37).

0rt('0~"3"0-1()."

3. '0');J0r '.\t
"

S' 3'

5' 4'

36b

Diene 17b (0.228 Q, 1.16 mmol) and acetylenicdienophile 30 (3.17 g,

8.12 mmol) were added to benzene (40 mL) . The dienophile was dissolved with

stirring , and the mixture was heated to reflux for 30 h. Solvent evaporation

followed by the addition of a small amount of pentane gave partial precipitation

of the excess dienophile. Flash chromatography (elution with 3% ethyl

acetate-hexane) was initially unsuccessfu l. The column fractions were

recombined and flash chromatography using Fluorisil (elution with 7.5% ethyl

acetate-hexane) gave 36b (0.401 g, 67%) as a colourless oil and 37 (0.034 g,

6%) as a white solid . For36b (a 1.02 : 1 diastereomeric mixture). IR: 2956.

2871 ,1736,1713,1657,1265,1 238 em". 'H NMR: S 4.8&4 .73 (2H, m, C-1'H,

C-l"H). 3.27 (lH. m. ~H). 3.22 (0.5 H. s, C-1H). 3.19 (O.SH••• C-1H).

2.23-1.99 (4H. m.~H,. C-6·H•• C-6-HJ. 1.96-1.78 (2H. rn.C-7'H. C-7"H).

1.75-1 .36 (10H. rn, C-2'H. C-2"H . C-3·H•• ~"H••~·H..~"H•• C-S·H. C-S"H.
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C-8HJ, ' .11.Q.82 (18H, m, C-3'H•. C-3"H•• C4'H•. C-4"H., e-a'H •• C-6 "H., 2 x

C-TCH" 2 x C-7"CHJ , 1,11 (3H, e, C-7CHJ. 1.00 (l ,5H. S , C-7CHJ , 0,99 (l ,5H,

s, C-7CHJ, 0,79 (3H, d, J =6,9 Hz. C-5'CH, or C-S"CHJ , 0.75 (3H, d. J =6.9 Hz,

C-S"CHJ or C-5'CHJ. UC NMR: a 209 .2 and 209 .1 (C-2) , 165.5 and 165.4

(ester C=O) , 163.83 and 163.78 (ester C=O) , 142.9 and 142.8 (C-5) , 133.8 and

133.4 (C-6) , 75.44, 75.41 and 75.3 (4C, c-r. C-1"J,62.2 and 61.9 (C-1), 46.8,

46.74 and 46.72 (4C, C-2', C-2"), 40.5 (4C, C-6 ', C-6") , 39.7 (2C, C-8) , 37.44

and 37.37 (C-3), 35.6 and 35.38 (C-4), 35.5 and 35.43 (C-7) , 34.1 (4C, C-4',

C-4"), 31.3 (4C. C-5', C-5"), 30.4 ( 2C, C-7CHJ, 29.6 and 29.4 (C-7CH,) , 26.3.

26.2, 25.9 and 25.8 (C-T , C-7i, 23.5, 23.4 and 23.0 (4C, C-3', C-3"), 22.0 (4C,

C-TCHJ . C-7"CH 3) . 20 .8 and 20.6 (4C . C-TCHJ• C-7"CH:J, 16.4 and 16.0 (4C.

C-5'CH" C-5"CH, ). MS: 515 (0.3, M' +1), srr(4), 376 (15), 240 (8), 239 (57),

238 (100), 222 (4), 221 (19),220 (98),179 (12) , 178 (19),139 (56), 138 (15),

123 (8), 97 ( 27), 95 (29), 84 (13), 83 (100), 81 (33),69 (69), 67 (11), 57 (60).

HRMS : caredfor C72HuO s(M· - C10H,J : 376 .2248 ; found: 376.2221 .
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Dimenthyl 8,8-dimethylbicyclo(2.2.2]oct-S-en-2-on.s,$.dlcarboxylate (36c)

and dimenthyl 4-hydroxyphthalate (37).

Diane 17c (0.155 g. 0.787 mmol) and acetytenic dienophile 30 (2.22 g.

5.68 mmol) were added to benzene (40 mL). The mixture was heated to reflux

for 5 days . Solvent evaporation followed by the addition of a small amount of

pentane gave partial precipitation of the excess dienophile. Flash

chromatography (elution with 5% ethyl acetate-hexane) gave poor separation.

The column fractions were recombined , and flash chromatography (elution with

2.5% ethyl acetate-hexane) gave 36c (O.145 g, 36%) as a colourless oil and 37

(0.044 g, 12%) as a white solid . For 36c (a 1.45 : 1 diastereomeric mixture) . IR:

2956.2871. 1734, 1112. 1639. 1265, 1240 an" . lH NMR: S 4.8s.4.74 (2H, m,

C-1'H, C-1"H), 3.45 (1H. m, C-1H), 2.90 (0.41H, t, J = 2.7 Hz. C-4H) . 2.85

(0.59H , t, J= 2.7 Hz, C-4H). 2.47 (1H. dd. J = 2 .7.18.9 Hz, C-3H), 2.16-2 .03

(3H. m, C-3H , C-6'H., C-6"HJ , 1.96-1 .79 (2H, symmetrical m, C-7'H , C-7"H) ,

1.79-1 .35 (10H , m. C-2'H , C-2"H, C-3'H., C-3"H., C-4'H., C-4"H., C-S'H, C-S"H ,

C-7H z), 1.16 (3H, s, c.sCHJ, 1.14-0.87 {18H , m, C-3'H., C-3"H., C-4'H. , C-4"H•.



98

C-8'H, . C-6"H•. 2 x C-TCH 1• 2 X C-7"CHJ . 1.06 (3H. S, c-eca,»0.80-0.75 (6H,

m. e-5·CH,. e-5"CH,). "c NMR: 6 209.5 and 209.4 (e-2) . 165.4 and 165.3

(ester C=O), 164.2 and 164.0 (ester C=O ). 144 .4 and 143.9 (C-S), 133.6 and

133 .2 tc-ei 75.61.75.57.75.5 and 75 .4 rc-r,e-l i . 51.6 and 51.2 rc-n, 47.0.

46.9,46.80.46.76 and 46.7 (BC. C-4, C-2', C-21 . 40.6, 40.5 and 40.4 (4C. C-6',

e-6i . 38 .7 (2C. e-n,35.5 and 35.4 (e-3). 34 .14 (4C. c-r.e-4i . 34.08 (2C.

c-sx 31.5 . 31.4 and 31.3 rec,c-eca, c-s.e-5i. 282 (2C. c-scaj .26 .3. 26.0

a nd 25.9 (4C. c-r . e-1i. 23 .6. 23.3. 232 a nd 23.1 (e-3·. e-3i . 22.0 (4C.

c-r ca, e-7"CH,). 20.8 and 20.6 (4C. c-rca; e-7"CH,). 16.5. 16.3. 16.1 a nd

16.0 (e-5·CH,. e- 5"CH,) . MS: 515 (0.1. M' +1). 3n (1). 376 (4). 238 (100). 221

(4). 220 (28). 179 (5). 139 (17). 138 (5). 123 (3). 97 (10). 95 (12). 83 (51) . 81

(10). 69 (21). 57 (19). 55 (34). HRMS: calcd for CRHuO. (M' - C" H,,) :

376.2248 ; found: 376.2251.

Oibomyt bieyc lo[2.2.2J0d-6-en-2-one-S.6-dlcarboxylate (403) and dibomyl

4-hydroxyphthalate (38).

40a
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Diene 178 (0.124 g. 0 .737 mmoI) and the acetylenic dienoph ile 31 (O.8 19

g. 2.12 mmo!)were added to benzene(25 ml). The mixture was heated to

reflux for 3 days . FoI1owing solvent evapora tion, methanol (10 ml) and 0 .5 M

aqueous Hel (0.5 ml) wereadded to the mixture. Th is was stirred for 1 h then

diluted with diethyfether (20 ml ) and ethyl acetate (10 mL). The organic

solution was washed with brine (5 ml) and water (5 rnl), and then dried

(MgSOJ. Solvent evaporation followedby flash chromatography (elution with

4% ethyfacetate-hexane) gave 40a (0 .162 g, 46 % ) as a yellowsolid and 38

(0.037 g. 11%) as a white solid. For40a (a 1 : 1 diastereomeric mixture): mp:

130-131 "C. IR: 2955. 2879. 1730. 1715. 1639, 1454. 1258 ern". 'H NMR: 5

S.08-4 .96 (2H, m, e-2 'H, e- 2"H), 3.63 (l H, m, e-1H ), 3.41 (1H, m, e-4 H),

2.46-2.31 (2H, symmetrical m, e-3 'H, e- 3"H), 2.23 (1H, m, e-3H), 2.14 (1H, dd,

J= 2.4,18.6 Hz, e-3 H), 2 .08-1.63 (10H, m, e-4 'H, e-4"H , e- S'H, C-S"H, c-en,

e-s"H, e-7H " e-s H,), 1.37- 1.21 (4H, m, e-S'H, e-S"H, e-s 'H, e-s"H), 1.16-1.02

(2H, rn. e-3 'H, e- 3"H), 0,92 (3H, s, CIl,), 0.91 (3H, s, CHJ , 0.884 (3H, s, CIl,),

0.876 (3H, s, CIl,), 0.87 (3H, s, CIl,), 0.86 (1.SH, s, CIl,), 0.8S (1.SH, s, CHJ .

"c NMR: 5 209.2 and 209 .1 (e-2) , 16S.8 (2C, ester C=O), 164.3 (2C, ester

C=O), 143.4 and 143.3 (C-S), 134.1 (2C, c-e i, 81.44, 81.40, 81.34 and 81.27

(e- 2', C-2"), 49.82 and 49 .78 te-n.49.02, 48.97, 47,93 and 47.89 (8C, C-1',

c-v, c-r. C-7"), 44.8 (4C, C-4', C-4"), 39.1 and 39.0 (e-3) , 36.6, 36.4 and 36.3

(4C, c-a. e-3 "), 3S.24 and 3S.20 (e-4) , 2B.O, 27.94, 27.90 and 27.2 (BC, C-S',
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C-5", C-6', C-6'1, 24.1 and 24.0 (C-8). 22.8 and 22.7 (C-7), 19.4 (4C, C-TCH"

C-7"CH,) , 18.8 (4C, C-7'CH" C-T' CH,) , 13.60 and 13.56 (4C, C-l'CH"

C-1"CH,) . MS, 463 (1, M" + 1), 482 (2, M"J, 347 (3), 348 (11), 211 (1),210 (10).

153 (15),138 (89),137 (100) , 136 (49),135 (10), 122 (3), 121 (20), 109 (32),

108 (8),107 (8), 95 (35), 93 (17), 81 (73), 69 (17). 67 (10). HRMS, calcd for

:~":'30
1 2

o 0 ~2"3.
6' 2' 1 r:

S'~·"s. ·-
38

For 38: mp: 214-215 "C. IR: 3371 (broad), 3021 (weak), 2957 , 1709.

1605 , 1580 , 1453 em" . 'H NMR : 1) 7.70 (1H. d, J = 8.5 Hz, C-6H), 7.57 (1H. br

S, OH), 7.03 (1H, d, J = 2.5 Hz, C-3H), 6.91 (lH, dd. J= 2.5, 8.5 Hz. C-5H), 5.06

(2H , symmetrical m. C·2'H. C_2nH), 2.42 (2H . symmetrical m, C-3'H. CM3MH),

2.07-1.85 (2H, rn, C-5'H, C-5"H), 1.85-1.65 (4H, m. C-4'H, C-4"H, C-6'H, C-6"H).

1.41-1.18 (5H, m. C-3'H orC-3"H, C-5'H, C-5"H, C-6'H, C-6"H) , 1.13 (l H, dd, J=

3.4, 13.8 Hz, C-3'H or C-3"H), 0.92 (6H, S, 2 x CH,), 0.89 (3H, S, CH,) , 0.88 (6H,

S, 2 x CHJ. 0.87 (3H. s. CHJ. 1:SC NM R: 5 16 9.4 (ester C=O) , 167.0 (ester
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<:=0),1592 (C-4) , 1362 (C-2), 131.5 (ca), 122.4 (C-1), 117.1 (C-5), 115.6

(C-3 ), 82.0 and 812 (C-2', C-2j, 48.9 and 47.9 (C-1', c-r . C-T , C-1i, 44 .8

(C-4 ', C-4"J, 36.5 and 36.1 (C-3', C-3 "J, 28.0, 27.9, 27.3 and 27.1 (C-5', C-5",

c-e, ca"J, 19.7 (C-7'CH" C-7"CHJ , 18.8 (C-7'CH" C-7"CHJ , 13.5 (C-1'CH"

C-1"CHJ . MS: 455 (0.6, M' + 1), 454 (3, M' ), 318 (0.1), 302 (0.6), 301 (2), 183

(2), 153 (1), 138 (12), 137 (100), 136 (6), 95 (12), 93 (8), 81 (50),69 (12), 67 (8),

55 (7). HRMS : calcdfor CaH.Os: 454 .2717 ; found: 454.2686.

Dibomyt 7.7-e1imethylblcyclo[2.2.2]oct-s.n-2-one-5.6-dtcarboxytate (40b)

and dibomyl ~ydroxyphthalate(38) .

40b

Diane 17b (0.122 9,0.619 mmol) and acetylenicdienophile 31 (0.542 9,

1.40 mmo l) were added to benzene (2 5 mL). The mixture was heated to reflux

for 5 days. Following solventevaporation. methanol (10 ml ) and 0.5 M aqueous

Hel (0.5 mL) were added to the mixture. This was stirredfor 1 h thendiluted

with diethyl ether (20 mL) and ethyl acetate (10 ml ). The organic solution was
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washed with brine (5 mL) and water (5 mL), and then dried (MgSO.). Solvent

evaporation followedby flash chromatography (elutionwith7% ethyl

acetate-hexane) gave 40b as a yellow solid (0 .208 g, 66 %) and 38 (0.0779 ,

28%). For40b (a 1 : 1 diastereomericmix1ure): mp: 189·190 °C. IR: 2957,

2875, 1732, 1713, 1640, 1265, 1234 em" . 'H NMR: 5 5.07-4.94 (2H, m. C-2'H,

C-2"H), 3.33 (1H, m, C-4H), 3.23 (0.5H, s, C-1H), 3.22 (0.5H, s, C-1H), 2.41-2.31

(2H, m, C-3'H, C-3"H), 2.20 (1H, m, C-3H), 2.08 (1H, dd, J = 2.3, 16.5 Hz, C-3H),

1.96-1.53 (8H, m, C-4'H, C-4"H, C-5'H, C-5"H, C-6'H, C-6"H, C-8H,), 1.38-1.06

(6H, m, C-3'H, C-3"H, C-5'H, C-5"H, CoS'H, C-6"H), 1.13 (3H, s. C-7CH,), 1.05

(1.5H, s, C-7CH,), 1.04 (1.5H, s. C-7CH,), 0.92 (3H, s, CH,) , 0.91 (3H, s. CH,),

0.882 (3H, s. CH,), 0.878 (3H, s, CH,), 0.87 (3H, s. CH,), 0.86 (1.5H, s. CH,) ,

0.84 (1.5H, s. CH,). v c NMR: 5 209.0 and 208.9 (C-2) , 165.8 (2C, ester C=O),

164.5 (2C, ester C=O), 142.8 and 142.6 (C-5), 134.4 and 134.1 (COS), 81.25,

81.20,81.1 and 81.0 (C-2', C-2"), 62.4 and 62.3 (C-1), 48.92, 48.89, 48.83 and

47.81 (8C, C-1', C-1", C-T, C-7"), 44.71 and 44.66 (4C , C-4', C-4") , 39.8 and

39.7 (C-8), 37.4 and 37.3 (C-3), 36.6, 36.22 and 36.17 (4C, C-3', C-3") , 35.6 and

35.52 (C-7), 35.48 and 35.3 (C-4), 30.4 (2C, C-7CH,), 29.7 and 29.6 (C-7CH,),

27.9, 27.8 and 27.1 (8C, C-5', C-5", C-6', C-6"), 19.6 (4C, C-T CH" C-7"CH,),

18.7 (4C, C-T CH" C-7"CH,), 13.50 and 13.46 (4C, C-l'CH" C-1"CH,). MS: 511

(0.4, M' + 1), 510 (0.6, M') , 375 (2),374 (7), 239 (3), 238 (23),179 (2),178 (1),

153 (8),138 (33), 137 (100), 136 (19),121 (8), 109 (12), 95 (21), 93 (12), 81
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(80),69 (20), 67 (10), 57 (14), 55 (12). HRMS: calcd for CuH~O.: 510.3343 ;

found : 510.3325.

Dibomyl 8,8-dimethylbicyclo[2.2.2]oct-S..n.2-one-5,6-dicarboxylate (40c)

and dibomy' 4-hydroxyphthalate (38).

400

Diene 17c (0.122 g. 0.622 mmol ) and the acetytenicdienophile 31 (1.35 g.

3.49 mmol) were added to benzene (25 ml). The dienophile was dissolved with

stirring, and the mixture was heated to reflux for 6 days . Following solvent

evaporation . methanol (10 ml) and 0.5 M aqueous Hel (0.5 mL) were added to

the residue. This was stirred for 1 h then diluted with diethyf ether (20 ml) and

ethyl acetate (10 ml). The organic solution was washed with brine (5 ml), and

water (5 ml), and then dried (MgSO. ). Solvent evapora tion followed by flash

chromatography (e lution with 5% ethyt acetate-petroleum ether) gave 40c (0.104

9,33 %) as a white solid and 38 (0.050 g. 18%) as a white solid. For40c (a 1.03

: 1 diastereomericmixture): mp: 177-178 OC. IR: 2957.2875.1731 ,1712.
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1639.1454.1 267 eer' . 'H NMR: 6 5.10-4 .94 (2H. m, C-2'H, C-2'"H). 3.51 (1H.

m, C-l H), 2.90 (O,SH, ~ J =2,5 Hz.C-<lHl, 2.88 (0.5H. ~ J. 2.5 Hz.C-<lH), 2.49

(l H. dd . J= 2.5,1 9.0 Hz.C-3Hl , 2.46-2 .31 (2H. m, C-3'H, C-3"H). 2.12 (I H, dd.

J= 2.5. 19.0 Hz.C-3Hl. 1.92·1 .61 (8H, m, C-<l'H, C-<l"H, C-S'H. C-5"H. C-6'H,

C-6"H. C-7H,), 1.4Q.l .03 (6H. m, C-3'H. C-3"H. C-S'H. C-5"H, C-S'H. e-s"H),

1.18 (3H. s , C-SCH,J, 1.10 (1.5H. S, C-SCH,), 1.09 (1.5H. s, C-SCH,J, 0.93 (3H,

S, CH,J, 0 .91 (3H, S, CH,J, 0.89 (3H. S, CH,J. 0.88-1l.86 (6H, m, 2 x CH,J, 0.85

(3H , s. CHJ . ,3C NMR: 209 .3 and 209 .2 {C-2}. 166.2 (2C, ester C=O). 164.4

(2e. ester C=O) , 145.3 and 145.0 (C-5). 133 .1 and 132.8 (C-6), 81 .4, 81.3. 81.2

and 81.1 (C-2 ', C-Z"), 51.4 and 51 .2 (C-1 ), 49 .0. 48.9, 47 .9 and 47 .8 (BC. C-1',

c-r. C-T , C-7"l, 47 .3 and 47 ,1 (C-<l). 44 .8 (4C. c-r.C-<li . 38.8 a nd 38 .7 (C-7),

36 .5, 36 .4. 36 .30 and 36.26 (C-3', C-31 . 35.5 and 35.4 (C-3). 34.3 and 34.3

(C-S). 31.6 and 31.5 (C-SCH,), 282 (2C, C-SCH,J. 27.91. 27.88 , 27 .21 and 27.17

(8C. C-S'. C-5", C-6'. C-6i , 19.6 (4C. C-TCH" C-7"CH,J, 18.8 (4C, C-T CH"

C-7"CH,J, 13.5 (4C. C-l 'CH" C-l "CH,J. MS: 511 (0.1. M' + 1). 510 (0.3. Mi ,

375 (1), 374 (6), 239 (3). 238 (20). 220 (2), 179 (2). 138 (24),137 (100), 136

(13), 121 (6). 109 (8), 108 (3). 95 (23), 93 (11), 82 (9), 81 (76),69 (24), 67 (16),

57 (7), 55 (10). HRM$ : calcd for C:uHxPs eM· -e,oH,.>; 374 .2092 : found:

374.2084 .
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7,7-D imethyl-s-{«l ,l-dimethylethyljdimothyloiIyI)oXYlbiCYClo[2.2.2)oc:ta.2,5­

d ien ..2.,3-dicarboxylate. bla«1S..,IaS.10aR)--1.2.3 ........9.10.10a­

octahydro-6-methoxy-1,4a-d imethyl ·1-p henanthrenemethyl) este r (41) and

.-.c:((1.1-d imethy1ethyl)dlmethytsilyf}oxy)phthali c ac id , bis «1S ,4aS.10aR).

1.2.3 .4.4a .9,10 ,10a-oetahydro-6-methoxy·1,oCa-dlmethyl.1-phenanthrenemet

hyl)ester (42).

41

Diene 22 (O.328 g. 1.38 mmol) and acety len ic dienophile 32 (0.164 g.

0.262 mme!) were added to benzen e (3.5 ml). The mixture was heated to reflux

for 9 days . React ion progress was monitored by TLC. Solvent evaporation.

followed by flash chromatogra phy (elution with a solven t grad ient from 5 to

12.5% diethyl ether-petrole um ether) gave 41 (0.127 g, 56%) as a colourless oi l
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and42(O.040g,19%)asaviscousyellowoiI. For41 . IR 2931.1712.1650.

1631,1610.1502.1470.1260,1249 an". 'H NMR s 6.95 (2H, d. J= 8.4 Hz.

C-6'H, C-6"H), 6.60 (2H, d, J = 2.3 Hz, C-5'H, C-5"H), 6.66 (2H, dd, J = 2.3, 6.4

Hz. C-TH. C-7"H) , 5.18-5 .14 (1H, symmetrical m, C-6H) . 4.5D-4.40 (2H . m,

C-1'CHO. C-1 "CHO) , 4 .15-4 .05 (2H . symmetrical m, C-1'CHO, C-,"CHO), 3.76

(6H, S , C-6'OCH" C-6"OCH,) , 3.52 (1H, rn, C-4H), 3.29 (0.5H, d, J = 6.6 Hz,

C-1H), 3.26 (0.5H, d, J= 6.6 Hz, C-1H), 2 .94-2.70 (4H, m. C-9'H" C-9"H,) ,

2.34-2 .24 (2H. m. C-4'H•. C4"He>. 2.05-1 .27 (16H, m, C-2'H •. C-2"H•. C·3'Hz•

C-3"Hz• C4'H•. C4"H. , C-8Hz• C-10'Hz• C-10"Hz• C-10a'H, C-10a"H) . 1.22 (6H.

s, C-4a'CH3 , C-4a "CHJ. 1.17 (3H, S, C-7CHJ. 1.08-0 .82 (11H . m, C-1'CH].

C-1"CH" C-2'H., C-2"H. , C-7CH,) , 0.92 (4 .5H, S, 0.5 x (CH,),C(CH,) ,S i), 0.91

(4.5H, s, 0.5 x (CH,),C(CH,), Sij , 0.139 (3H , s. (CH,),CCH,Si ), 0.136 (3H, s.

(CHJ ]CCH]Si). 13C NMR: s 166.7 and 166.5 (ester C=O). 166.1 and 166.0

(ester C=O), 156.8 and 158.6 (C-5), 157.7 (4C, C-6', C-6i, 150.6 (4C, C-5a',

C-5ai , 145.8, 145.5, 140.4 and 139.9 (C-2 , C-3), 129.8 (4C, C-6', C-6") , 126.9

(4C, C-8a', C-6a"), 111.0 (4C, C-7', C-7"), 110.2 and 110.1 (4C, C-5', C-5"),

103.9 and 103.8 (C-6) , 67.5 and 67.3 (4C , C-1·CH zO. C-1"CH zO). 55.2 (4C ,

C-6'OCH" C-6"OCH,), 51.2 (5C, C-1Da', C-10a", C-1), 51.1 (C-l), 46 .4 and 46.3

(C-4), 40.1 (2C, C-6), 39.1 (2C, C-7), 38.7 (4C, C-4', C-4"), 37.9 (4C, C-4a',

C-4a"), 37.46, 37.41 and 37.36 (4C. C-1'. C-1"), 35 .96. 35.90, 35.86 and 35.8

(4C, C-2', C-2"), 30.8 and 30.6 (C-7CH,), 30.06, 30.02 and 29.97 (4C, C-9',
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C-9j. 27.7. 27.34 and 27.30 (6C. C-7CH" C-l'CH,. C- l"CH ,J, 25 .6 (IDC,

C-4a ·CH,. C4a"CH" (CH,J,C(CH,J'&1. 19.34. 19.29 . 19.25 and 19.21 (C-la',

C-10"l. 16.9 (4C, C-3'. C-3j, 18.0 (2C. (CH,),C(CH,J,sQ, -4.5 and -4.6 (4C,

(CH,J,C(CH,J,&1. M$ ; 553 (0.9), 552 (2), 297 (5). 280 (3), 279 (16), 274 (3),

273 (4). 257 (33) . 256 (87), 255 (20), 254 (8), 24 1 (16).221 (8), 187 (9). 186 (8),

185 (27). 175 (15), 174 (21), 173 (23), 172 (10), 171 (11), 162 (12), 161 (100),

159 (10), 147 (25), 121 (13),83 (9), 69 (8), 55 (19).

Distinctsignalsfor the 2 diastereomers were obtained by comparisonof

13C NMR spectraof samples enriched inone diastereomer or the other. First

diastereomer. 166.5.166.1.158 .6. 145.5. 140.4.103.9,46.4. 37.46.35.96.

35.8, 19.34,19.21. Second diastereorner: 166.7.166.0. 158.8.145.8. 139.9.

103.8. 46 .3.37.41. 35.90 . 35.86, 19.29.19.25 .

42
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For42 . IR: 2930 . 1n 3. 1605.1573. 1502. 1471. 1263 ern". 'H NMR: 6

7.73 (l H, d. J= 8.5 Hz.C-6H). 7.04 (l H, d. J = 2.4 Hz.C-3H), 6 .96 (2H. d. J =

8.4 Hz.C-8'H, C-8"H). 6.94 (l H, dd . J = 2.4. 8.5 Hz.CoSH), 8.82 (2H,

symmetrical m, C- S'H, c.s"H) , 6 .67 (2H, dd. J= 2.6. 8.4 Hz. C-TH. C-T'H). 4 .sa

(l H, d. J= 11.0 Hz.Col 'CHO or Col"CHO), 4.54 (l H, d, J = 11.0 Hz.Col 'CHO or

C-1"CHO), 4 .22 (1H. d. J:s. 11.0 Hz, C-1 'CHO or C-1"CH O). 4 .18 (1 H. d, J::::. 11 .0

Hz. C-1 'CHO orC-' ''CHO), 3.18 (6H. S, c.6'OCH" C-6"OCHJ, 2.96-2 .7 1 (4H. m.

Co9'H,. Co9·HJ . 2.35-2 .28 (2H. rn, e-4·H. , e-4·HJ . 2.07-1.38 (14H, m. Co2·H••

C-Z"H•. C-3'H, . C-3 "H,. C4 'H•. C4"H., C- 10'H,. C-10"H, . C· 10a'H, C- 10a"H),

1.26 (3H. s, C-4a'CH, orC-4a"C H,) . 1.24 (3 H. S , C-4a 'CH, or C-4a"CHJ.

1.18-0 .95 (2H . m. C-Z 'H•. C-Z"HJ . 1.11 (3H , s, C-1'CH, or C- 1·CH,), 1.09 (3H. s,

Col'CM,or Col·CHJ , 0.99 (9H. s . (CHJ ,C(CHJ,SQ. 024 (6H. s.

(CHJ,C( CHJ,Si). "c NMR : 6 168 .2 and 166 .7 (ester C==O), 158.5 (C-4) . 157 .7

(2C. C-6' . c-e-i 150 .7 (2C. c-s«. CoSa"). 135.9 (Co2).131 .2 (C-6). 129.8 (2C.

c-s.e-9"). 127.0 (2C, e-9a·. e-aa"). 123.7 (Col). 121.5 (COS). 119.9 (e-3). 111.0

(2C. Cor, Co7"l. 110 .2 (2C, cos', e-5"), 68 .3 and 68.2 (Col 'CH,o, Col · CH,O).

55.2 (2C. C-6'OCH, . C-6"OCHJ . 51.3 (2C. ColO. '. CoIOa"). 38.7 (2C, c-e, C... ·) .

37.9 (2C, e-4a·. e-4a"). 37.5 a nd 37 .4 (Col '. Col"). 38.0 (2C. Co2'. Co2"). 30.1

(2C. Co9·. Co9"), 27.5 and 27.4 (Col 'CH" Col · CHJ. 25.7 (2C. e-4a·CH,.

C"'a"CH,). 25.6 (CHJ,C(CHJ,S i), 19.3 (2C. Cola' . C-l0·) . 19.0 re-s.C-3"), 18.2

«C HJ,C(CHJ ,Sij , ... .4 (CHJ ,C(CH,l,S ij. MS: 552 (1. M' -256), 297 (4). 280
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m=~m.=~=~~~~~~~_~

221 (15) , 187 (10), 185 (25), 175 (14),174 (20), 173 (24), In (10), 17 1 (11),

162 (13), 161 (100), 159 (11), 147 (26), 121 (16), 83 (9), 69 (8), 55 (19).

Attempted Dieis-Aider between Danish.faley's diene and dimenthyf

acetylenedtcarboxylate (30).

A solution of 1-methoxy-3-(trimethytsilyloxy)-1.~utadiene (0.180 Q. 1.04

mmol) and 30 (0.453 g, 1.16 mmol) in benzene (15 mL) was heated to reflux

under a nitrogen atmosphere . Reaction progress was monitored by TLC. The

reaction was stopped after 5 days and the solvent evaporated under vacuum .

Flash chromatography (elution with 5% ethyl acetate-hexane) gave 37 (0.368 g.

n %) as a white solkl : mp: 175-176 OC.

3,6-b is (1-Methylethyl)4{{{1.1-dimetftyf.thyl)dim.thyf.i1y1)oxy)cyclohexa~

1,4-di ene.1,2-dicarbo xyf ic ac id, bis -(1,1-d lmethyfethyf) ester (53).

Diene 49 (0.0764 g, 0.285 mmol) and di-tert-butyl acetylenedicarboxylate

(0.287 g. 1.27 mmol) were added to a high pressure reaction vessel.
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Dichloromethane(2 mL) was added and the mixture sub;eded to highpressure

(12,585 atm or 185 .000 psi) for 1 day.· The mixturewas removedand TLC

indicated mostof the diene had reacted. Flash chromatography (elutionwith 5%

diethyl ether-35 % hexane-petroleum ether) gave 53 (0 .0276 g. 20%) as a ye llow

oil. IR: 2961 , 1n1 . 1680. 1473. 1393. 1367 , 1255 . 1156. 845 em". 'H NMR: s

4.76 (lH . d. J = 4.1 Hz. C-5H). 3.10 (l H. dt. J = 4.1. 6.2 Hz. c-sm,3.02 (l H.

dd. J = 3.0. 6.2 Hz. C-3H), 2.1>2.02 (1H. m, C-6CH(CHJ2)' 2.00 (1H, doublet of

septets . J= 3.0. 7.0 Hz. C-3CH(CHJ,) . 1.49 (18H. e. 2 x OC(CHJJ. 1.07 (3H. d.

J = 7.0 Hz. C-3CHCH,). 0.98 (3H. d. J = 6.7 Hz. caCHCHJ . 0.97-ll.94 (3H. m,

C-3CHCHJ . 0.94 (9H. s , (CHJ,C(CHJ,SO . 0.88 (3H. d. J= 8.7 Hz. C-aC HCHJ .

0.19 (3H. s . (CHJ ,CCH,S O. 0.18 (3H. s , (CHJ,CCH,SO. "c NMR: s 168.3

(es ter C=O). 168 .6 (esler C=O). 151.0 (C-4 ). 140.0 and 133.7 tc-i , C-2). 99 .5

(C-5). 81.2 and 81.1 (2 x OC(CHJ J . 46 .1 (C-3) . 45.4 (cal. 32 .4 (C-3CH(CHJ,.

31.1 (C-6CH(CHJ,). 28.0 (2 x OC(CHJ J . 25 .9 «(CHJ ,C(CHJ ,SO. 22 .5

(C-3CHCHJ . 21.4 (C-6CHCHJ. 19.7 (C-3CHCHJ . 18.6 (C-6)CHCHJ. 18.1

«(CHJ,C(CHJ,SO. -4.3 «CHJ ,C(CHJ,SO. MS: no M-. 409 (0.2). 365 (5). 339

(5). 321 (5). 305 (3). 298 (7). 297 (35). 280 (20). 279 (1001. 221 (7). 165 (5). 86

(17). 84 (28). 75 (8). 73 (32). 57 (63).

.. Note: Reactants sent to Or. Michael Kerr at Acadia University, Wolfville. Nova

Scotia for the high pressure Diels-AJder reaction. An unknown amount of the

diane was lost in transit,thereforethe reactionyield mustactuallybe higher.
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3,6-bis (1-Methylethyl)4-{(1,1-dimethylethyl)adimethylsilyl)oxy)cyclohexa-

1.4-dlene-1,2-dicarboxyllc acid. dimenthyl ester (50) and 3,6-bis

(1~.thylethyl)-4-({(1.1-dimethylethyl)dimethylsilylloxy)phthalicacid,

dlmenthyt ester (51).

50

Diene 49 (46.6 mg. 0.174 mmol) and acetylenic dienophile 30 (O.30B g.

0.789 mmol) were added to a high pressure reaction vessel. Dichloromethane

(2.0 rnL) was added, and the mixture was subjected to high pressure (12,585

atm or 185,000 psi) for 3 days . The mixture was removed after each 24 h

period. and reaction progress was monitored by TLC. The dichloromethane was

evaporated using a stream of nitrogen. Flash chromatography (elution with 2.5%

ethy! acetate-hexane) gave poor separation. Preparative thin layer

chromatography using the same solvent system yielded 50 (O.02n g, 24%) as a

colourless oil. For 50. only 'H NMR and ,'(: NMR are given . The adduct

oxidiZed to the corresponding aromatic compound (51) before complete spectral

analysis was done. The aromati c by-product was fully characterized . For 50: 'H
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NMR: 5 4.81-4 .69 (3H. m, C-5H, C-l'H . C-l "Hl, 3.18 (l H, m. C-6H), 3.09-3 .04

(O.64H. dd , J =2.5, 6 .2 Hz, C-3H). 3.03-2.99 (O.36H, dd, J =2.2. 8.2 Hz. C-3Hl,

2.28-1.81 (6H. m, C-3CH. C6CH. C-6'H•. c.6"H•. C-7'H. CrH), 1.74-1.24 (BH,

m, C-2'H. C-2"H, C-3'H., C-3"H. , C-4'H., C-4"H. , C-S'H, C-S"Hl. 1.16-0.80 (39H.

m, 2 x C-3C HCH,. 2 x C-6CHCH, . (CHJ3C(CHJ~Si . C-3'H.>C-3"H•. C-4'H, .

C-4 "H•. C-6 'H•. C-6"H•. 2 x C-7'CH,. 2 x C-7"CH 3) , 0.So-O.72 (6H . m. C-S'CH, .

C-S"CH,), 0.20 (3H, S, (CHJ3CCH,Si), 0.18 (3H . e, (CHJ,CCH,Si). -c NMR : 0

168.6 and 168.3 (ester C=O). 166 .6 and 165.8 (ester C=O ), 151.5 and 150.4

(C-4) , 142.4 and 138 .9 and 131 .3 (C1 , C-2), 99 .9 and 98.7 (C-5), 75.1. 74 .9 and

74.7 (4C , C-l ', c-ri 47.2, 47 .1 and 47 .0 (4C. C-2', C-2;, 48 .5 and 46.3 (C-3l ,

45 .4 and 45 .2 (C-6) , 40 .6, 40 .5. 40 .4 and 40 .3 (C-6' , e-6'1. 34.3 and 34.2 (4C .

C-4' , C-4;, 33.3. 32.3 , 31.4. 31.2, and 30.5 (8C, C-3CH(CHJ " C-6CH(CHJ "

C-S', C-S"), 26 .03, 25.96 . 25.86 .25.7 and 25.5 noc. (CHJ3C{C H,)2Si. C-7' ,

C-7 "), 23 .7 . 23 .3. 23.0 and 22.8 (SC, C-3CHCH, . C-3', C-3"), 22 .1 (4C. C-7'CH3•

C-7"CH, ). 2 1.4 , 21.2. 21.0. 20.9 and 20 .8 (6C . C-6 CHCH , . C-T CH" C-7"CHJ .

19.4 (2C. C-3CHCHJ . 18.8. 18.5. 18.3 and 18.2 (4C, C-SCHCH , .

(CH,),C(CH,hSi). 16.3. 15.8 and 15.7 (4C.C-5'CH~. C-S"CHJ . -4 .2 and -4 .3 (4C .

(CHJ,C(CHJ,Si).
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51

For 51: IR: 2957,1720.1591 . 1463. 1326, 1263. 1192. 830 ern". 'H

NMR: s 6.77 (1H. s. C-5H) , 4.88-4 .78 (2H, symmetrical m, C-1'H . C-1"H), 3.18

(1H. septet , J= 6.7 Hz. C-6CH (CHJ 2)' 2.93 (1H. septet. J= 7.0 Hz.

C-3CH(CHJ,). 2.37-2.00 (4H. m.~·H•.~"H•. G-TH. G-7"HJ. 1.75-1.36 (8H,

rn. C-2 'H. C-2"H, C-3'H•• C-3"H•• C-4'H •• C-4"H•• C-S'H, C-5"H), 1.33 (3H. d. J=

6.9 Hz, C-3CHCH sorC-6CHCHs)' 1.32 (3H. d. J= 6.9 Hz, C-3CHCH sor

C-8CHCHJ . 1.21 (3H. d. J = 7.2 Hz, ~CHCH, ore-3CHCHJ, 1.18 (3H. d. J =

7.2 Hz. C-6CHCHsor C-3CHCHJ. 1.15-0 .80 (6H . m, C-3'H, . C-3"H , . C4'H, .

e-4"H . , C-8'H•• C-8"HJ . 1.03 (9H, s, (CH,J,C(CHJ ,Si). 0.95 (3H, d. J = 6.7 Hz,

C-7'CHsor C-7"CHJ. 0.94 (3H, d. J = 6.5 Hz. C-1'CH, or C-7"CHJ . 0.89 (3H, d. J

= 7.1 Hz. C-7"CH sor C-7'CH s), 0.88 (3H , d, J = 7.1 Hz. C-7"CH, or C-TCH,),

0.81 {3H , d, J = 6.9 Hz. C-5'CH sor C-S"CHJ. 0.80 (3H. d. J'" 7.0 Hz, C-5'CH, or

C-5"CH,) . 0.33 (3H, S, (CHJ;sCCHsSi). 0.32 (3H , 5 , (CHJ ,CCH,S i). 13C NMR : 5

169.1 (eeter OeO) , 168.4 (esterC=O). 156.3 (e-4J, 145.7 (C-8), 135.4 (G-3J,
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131 .9 (~2), 123.0 (~1), 116.7 (~5), 76.0 and 75.8 (~1 ', ~l "l , 46 .9 and 46.8

(~2', ~2"l, 40 .5 and 40 .0 (e-6' ,~, 34.2 (~', ~"l , 31.5 (~5'. ~5"l, 31.1

and 30 .3 (C-3CH(CH,)" C6CH(CH,),) , 26.2 «CH,),C(CH,),SQ, 25.5 and 25.2

(~T. ~T"), 24 .3 and 24 .0 (~CH(CH,), or ~CH(CH,),) , 23 .0 and 22 .8 (C-3',

="l, 22 .1 (~TCH" ~7"CH,) , 21 .0 (C-TC H" ~7"CH,) , 20 .8 and 20 .6

(~CH(CH,), or =CH(CH,)" 18.8 «CH,),C(CH,),SQ, 16.1 and 15.6 (C-5'CH"

C-5"CH,), -3.6 «CH,), C(CH,),SQ. MS: no M", 518 (0.2),517 (0.5), 381 (3), 380

~~~~~-~-~=-~~=~-~
307 (11), 306 (25), 305 (100), 279 (7), 139 (4),138 (5),137 (2), 123 (4), 97 (10),

95 (18), 88 (14), 84 (27), 83 (53 ), 81 (18),73 (43), 89 (31), 67 (9), 57 (25), 55

(47 ).



115

Part 1/.

INVESnGAnONS OF AN INTRAMOLECULAR DIELs.Al..DER APPROACH

TO THE PENTALENDLACTDNES

Introduction

In 1957 Celmer. at the Pfizer pharm aceutical company. reported the

isolation of a new antibiotic from a Streptomyces broth culture.eo The substance,

initially named PA-132. was subsequently called pentalenolactone (64) (Figure

20) .

64

Figure 20. Penta tenolaetone .

Th is sesquiterpene lactone has bee n fo und to exhibit a broad spectrum of

activity against a wide variety of organ isms . including Gram-positive and

Gram-negative bacteria. It has bee n shown to block glycolysis by selective

inhibition of glyceraldehyde-3-phosphate dehydrogenase from both prokaryotic

(Escherichia coli, Baci/lus subtilis) as well as eukaryotic sources (yeast. spinach ,
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rabbit muscle}," This irreversible inactivation of glycerafdehyde-3-phosphate

dehydrogenase results from specifi c reaction with all four active-site cyste ines of

the tetrameric enzyme .12 Pentalenolaetone has also been reported to exhibit

potent and specific antiviral activity .A

Further work with various Streptomyces species revealed that

pentalenolactone was produced along wfth numerous co-metabolites. These

include pentalenolaetones A-B . D-Hand o-P (Figure 21) .114 From a typical

fermentation. pentalenolaetone was obtained as the major component while the

other pentalenctactcnee were isolated as minor components." The isolation of

pentalenene (66), the parent sesquiterpene hydrocarbon , along with these new

members of the pentalenolaetone famil y sparked a multitude of biosynthetic

studies . These lactones were thought to represent possible intermediates or

shunt metabolites.

Early labeling studies by Cane supported a mevalonic patbwa y."

Furthermore, the role of pentalenene (66) as a precursor of the more oxidized

pentalenolactones was established by feeding experfments." In 1992, as a

result of intensive investigation, Cane proposed a biosynthetic pathwa y for the

formation of pentalenolactone in Streptomyce s species (Scheme 32).8'

Pentalenene (66) is formed from enzyme-catalyzed cyclization of

trans ,trans·famesyl pyrophosphate (65). Oxidation of pentalenene (66) is

thought to result in the formation of deoxypentalenic acid (67) .
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Figure 21. Pentalenoladones isolated from Streptomycesspecies .

Subsequentoxidativecleavage, dehydrogenation, and epoxidationwouldyield

pentalenoractone F (68) . Ge neration of an intennediate such as 69 . followed by
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methyl migration and proton loss. wou ld result in pentalenolactone (U). The

pentalenolactones not part of the main biosynthetic pathwa y were said to be a

resu lt of rearrangement or oxidation of vario us intennediates.

5665

64 70 69

Scheme 32. Cane's proposed biosynthetic pathway for
pentalenoractcne."

As a result of their interesting biogenesis and promising biologica l

properties. the synthesis of pentalenolactones aroused considerable interest

Access to this family of sesquiterpenes offers a formidable challenge . Synthesis

requires not only construction of a functiona lized diquinane core , but also

introduction of an a-ory &-4actonemoiety in a stereoselective manner as wen as

creation of a qu aternary carb on centre. To date, tota l syntheses of

pentarenolactone. pentalenola done E. penta lenolaetone F. pentalenolactone G
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and pentalenolactone P have been reported. however, only one of these has

been a chiral synthesis .

The first total synthesis of a member of the pentalenolactone family of

antibiotics was of pentalenolactone itself . Danishefsky's approach used

Oiels-Alder methodology to control several key stereocenters and to elaborate

the 5-lactone ring system (Scheme 33).81.81 The Dieis-Aider adduct (11) of

dimethyl acetylenedicarboxylate and cycIopentadiene was used as the starting

matertat . Diol formation was followed by acetonide formation. saponification and

dehydration to give 72. Reaction of 72 with Danishefsky's diane resulted in the

formation of the Diels--Alderadduct 73. Treatment with Ba(OH)~ resulted in

unmasking of the enone . hydrolysis to the diacid , and decarboxylation to give 74.

Formation of the A-ring lactone present in pentalenolaetone, followed by ester

reduction and Wittig olefination gave 76 . Unmasking of the dial was followed by

oxidative cleavage and selective methylation. Ring C was synthesized using a

Darzen's type condensation of the (E)·arkene and an acid chloride. Following

introduction of the stereoselective C-ring methyl group, fonnation of the

a-methylene lactone was accomplished by way of the enaminolactone in 60%

yield . Introduction of B-ring unsaturation to give 80 in modest yield was followed

by epoxide formation via the hemiacetal using Sharpless technology.

Saponification yielded the desired pentalenolactone in a disappointing 12% yield

from 80. Oanishefsky's synthesis required 33 synthetic operations in a 0.2%

overall yield .
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Schlessinger adlieved a formal synthesis of pentalenolae.tone by selective

acylation and alkytation of encaate ions to generate a Be ring system with

appropiate functionalization for introduction of the fused lHactone ring._.10

EnoIate generation from the vinyiogous ester of compound 82 resulted in

cydization to give the desired bicydo(3.3.0}odane (SCheme 34) . Introduction of

the B-ring ester gave 83 . which possessed the cis relationship between the allyl

group and the carboxylate residue required for !adone formation. To form the

required unsaturated ester present in ring B. the unconjugated ketone was

reduced and subsequently elim inated. Lactone formation was accomplished by

initial formation of the lectcl. followed by oxidation .

Scheme 34. Schless inger's forma l synthesis of pentalenoladone... · 70
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Introduction of the stereoselective methyl of ring C was accomplished in a

similar manner to Danishefsky, however. reduction gave a disappointing 2 : 1

mixture of methyl group epimers. Fonnation of the a-methylene lactone was

accomplished in modest yield, however, it was accompanied by a "fortuitous

experimental event. - · 1O The 2 : 1 epimeric methyl mixture was now detennined

to be the desired j3-methyl isom er, exdusively! SchJessingets formal synthesis

was a dramatic improvement, with 10 fewer steps and a 1o-fold increase in

overall yield.

Unlike pentalenctactcne. pentalenolaetone E contains a gem-dimethyl

group . The first synthes is of pentarenotactone E. as the methyl ester , was

accomplished by Paquette (Scheme 35).71.n His strateg y was also centred

around formation of a suitably constructed bicyd o[3.3.0] ring system .

Regiospecffic enclete formation of 4.4-dimethyf-2-cyclopentenone , followed by

condensation with 3-methoxy4-bromocrotonate, gave 88, after hydrolysis of the

vinyl ether . Cyclization, in the presence of sodium ethoxide, gave the des ired

diquinane ring system . Ketal formation and reduction of the ester were followed

by vinyl ether formation (a9). ctatsen rearrangement initial ly gave a product

containing an aldehyde and exocyclic methylene. Attack of methoxide on the

aldehyde, followed by intramolecular Michael addition to the unmasked enone

gave 90 as a single stereoisomer. Introduction of the B ring ester was

accomplished via the vinyl iodide, however , a 2.2 : 1 mixture of regioisomers was

produced. Furthermore, unmasking of the &-Iaetone also led to a mixture of
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doub~ bond isomers (2.5 : 1) with the minor product being the desired 92.

Completion of the total synthesis to< pentalenoladone E was accomproshed

using the protoool established by Schlessinger in the synthesis of

pentalenoladone.

92 91 90

Sch em e 35. Paquette's synthesis of penta lenolaetone E meth yl ester ," 72

Cycliza tion of farnesyl pyrophosp hate resu lts in hum ulene. a biosynthetic

precursor to the pentalenolaetones.- Matsumoto at al. eanied out extensive

investigations of biomimetic cycfizati ons of humulene and its derivatives. This

wor1<:. resulted in the synthesis of pentarenolactones E and F (Scheme 36).n

Transannular cyclizaoon of compo und 93 resulted in 94 . close ly related to

pental enene (66) . All the carbo ns for the ABC ring syste m of the

pentalenolactones were in place . Hydrobora tion-o xidation and elimination were
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followed by oxidation of the s..ringmethyl . Several synthetic transfonnations

resulted in the sHylenol ether 96 as the major product, with the less-substituted

enol ether as a reaction by-product. Formation of the corresponding a-bromo

ketone was followed by synthesis of diane 97. Epoxide formation, oxidative

cleavage. and reduction gave pentalenolactone E methyl ester (98) in 14 steps

from 93, in an overall yield of 4%. Oxidation of the a.-methyfene gave

pentalenolactone F methyl ester in low yield.

>eQ: 0

, ,
'"",

93 94

"xr--r
95

'·- 12._e-lion

''''''''''''''

98 97 96

Scheme 36. Synthesis of pentalenolactone E by Matsumoto at a/.73

Cane has not only been instrumental in the biosynthetic studies of

penlalenolactones, he has also made valuable synthetic contributions. In 1984,

Cane and Thomas reported a fonnal synthesis of pentalenolaetone E based on
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an intramolecular carbene reaction at an unactivated bridgehead C-H bond to

generate the A-ring (Scheme 37)." The diquinane ring system was constructed

in ten steps from 3.3-dimethylglutarate in an overall yield of 8%. Compound 100

was strikingly similar to 89. found in Paquette's synthesis, although Cane's

approach to 100 was centered around an intennolecular (2 + 2} reaction .

Treatment of 100 with glyoxalyl chloride tosylhydrazone in the presence of silver

cyan ide gave the desired glyoxalyl ester. Subsequent treatment with

triethylamine gave the desired diazo ester (101). Carbena insertion gave 45 % of

the desired lactone (102 ). Reduction. deketalization and treatment with acidi c

methanol gave 90 and 103. Compound 90 had been an intermediate in

Paquette's synthesis of pentalenolactone E. however. both compounds were

suited to the purpose of elaborati on to pentarenolaetone E.

103 90 102

Scheme 37. Formal synthesis of pentalenolaetone E by Cane and
Thomas."
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Taber and Schuchardfs approach to pentalenolactone E differed from the

previous attempts, which had been cente red around dissection of the A-ring

lactone , leading to a bicycfo[3.3.0]octan-3-0ne. Their approach involved

dissection of the C-ring , leaving a spiro precursor with the AS ring system intact

(Scheme 38) .75.7e Similar to Cane and Thomas. the key step of the synthesis

was an intramolecular C-H insertion. which took place in high yield to give 108.

Reduction and elimination of the ketone was followed by an oxidation to yield 92 .

completing the formal synthesis of pentalenolactone E. The oxidation step

proved unsatisfactory, taking place in 30% yield , with only a 3 : 1 preference for

oxidation of the less-h indered methylene. By taking advantage of symmetry to

simplify the synthesis, 92 could be formed in only eleven step s from

4,4-dimethylcyclohexanone. The key step was very successful, however the

overall yield was poor.

104 105 106

92 108 107

Scheme 38. Formal synthesis of pentalenolatone E by Taber et al.75
• 7ll
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Moo and Tsuji reported the formal synthesis of chiral pentalenolactone E

methy1 ester in 1988 (Sch eme 39).n Key to the enantioselective synthesis was

the baker's yeast-mediated kinetic resolution of diqu inane 109 .

Oyclcpropanaticn of 110 with dichlorocarnene gave 111. after reductive

dechlorination. Hydrogenolytic cleavage, followed by functional group

manipulation gave the desired bicycllc alcohol (+)-100. Compound (+}-1QO was

subsequently converted into (-)-pentalenolactone E methyl ester using

procedures previously described." :n. 1.

1.CliCI,IN.ott

~
2. (n.8u I.NF
3.U't-BuOH

(+)-109 110 111

(+)-100 112

Scheme 39. Synthesis of chlral bicyclic alcohol (+)-100 by Mori and
Tsuii."

Marino and Silve ira applied a general route to annulated

cyclopentanones. via a stepwise (3 + 2] process, to the formal synthesis of the

methyl ester of pentalenolactone E (Scheme 40) .11 Formation of the silyl enol
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ether of 113. followed by cyclopropanation. gave the key intermediate 114.

Fluoride ion-mediated fonnatian of the j-cxc ester enolate 115 followed by an

addition-cyclization sequence gave diquinane 117 in excellent yield . A 1 ; 1

mixture of cis/trans stereoisomers was obtained. Hydrolysis of the ethyl ester

improved the rati o marginally. These isomers were separated. and the cis

isomer carried on to 92. a key intermediate of Paquette's synthesis.71, t::l

Compound 92 was synthesized from 4.4-dimethyl-2-cyclopentenone in 13 steps.

with an overall yield of 11%.

Scheme 40 . Synthesis of 92 by Marino and Silveira.7I

The intramolecular Pauecn -ghand reaction has also proven usefu l for

formation of the diquinane system of the pentalenclactcnes.P 80 Hua et al. used

this reaction along with a lA-addition reaction of sulfinylallyl anion as part of a
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tonn al synthesis of penta lenola d one E (Scheme 41).-''' Cobalt carbonyt

promoted co-cycUzation provided diquinane 120 in good yiekt Reaction of the

anion of pAotytallyl sulfoxide with 120 gave the expected 1,4-add uct. After

reducing the ketone, attempted acetyla tion gave an unexpected result. It was

found that acetyl atio n was accompanied by reduction of the sulfoxide to a

sulfide . Subsequent ozonolysis and fluorid e ion-mediated lactoniZation yie lded

122. Functional group manipu lation yielded a mixture of epimeric acetals (90

and 103). This constituted a formal synthesis since these had been carried on to

pentalenofadone E by both Paquette71
•
n and Cane."

90 & 103 122

Scheme 41. Fonnal synthesis ofpentalenolaclone e by HUBeta/..:I.·1

Previous synthe ses of pen talenolactone E by Cane and Tho mas?4as well

as Men and Tsuji" ha d used bicydic alcohol 100 as an intennediate. Oppolzer
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and co-workerslQ have described a synthesis of 100 using a paltadium-cataJyzed,

tandem intramolecular al¥afion-carbonytation sequence (Sdleme 42 ). Reaction

of aldehyde 123 with vinylmagnesium bromide and trapping with methyi

chlorofonnate gave carbona te 124 . This intermed iate was set up for the auc:i al

allylation-carbonylation step , which took place in modest yie ld to give

bicyclooctenone 125. Oppolzer et al,1Q used Barton's radicak:hain method to

reduce 126 to the requited alcohol (100) . This eleven step procedure provided

alcoho l 100 in 20% overall yield.

12 3

'tku
100

124

'.- .!,""""""'"

,~
o 0 00,"-

U

126

Scheme 42. Synthes is of 100 by Oppolzer and co-workers ."

Unlike pentalenolactone E, there has been only one total synthesis of the

more highly oxygenated pentalenolaetone G. Pirrung and Thomso n used the

intramolecular photochemical cycIoaddition of enone-a ceta ls to tonn the A-ring
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lad:one (Sdleme 43) .e:s. .. lewis acid-catalyzed condensation of orthoformate

128 with d ienol ether 121 gave enone ace tal 129 in good yield. Photochemical

reaction gave 130 , having the required cis stereochemistry for the Iadone ring.

Redu ction. allenic glycos ide exch ange for meth yl , epoxid ation and oxidati on

gave 131 . Ring expansion in the presen ce of lith ium bromid e followed by

conversion of the B-ring ketone to a cycIopentene-carboxylate. using Stille

methodology, gave 132 . Following oxidation and ketarlZation. introd uction of the

a -methylene group lead to 1301. Several more synthetic steps gave the de sired

pentalenotactone G methyt ester . Pimmg has also used this me thodology in a

fonnal synthes is of pentalenoladone E methyl ester."

127

132

~ ,~ 0.-./
~~o.-./

12.

131 130

133 134 135

Scheme 43 . Synthesis of pe ntalenolactone G methyl ester by Pirru ng
and Thomson.IS."
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The first total synthesis orpentalenolactone P methyt ester was disdosecl

by Paquette et aI. in 1992 {Scheme 44 ).· · In synthesizing th is compou nd . a

strategy was deve loped that was completely tolerant to the cyclopropane ring on

the congested concave surface of the core diquinane framework. Oiels-Ald er

reaction of 1-methylcycloheptabiene and turnary( chloride. using either high

pressure or thermal conditions . gave 137, after modification . The

stereochemical course of the Diels-Ald er reactio n was affected by the etenc role

of the methyl group. This resulted in endo additio n of the proximal carbonyl.

allowi ng for d iffe rentiation of acid residu es through lactone formation.

Esterification of the free acid. reduction of the lacton e, and protection gave

aceto nide 138 . Formation of the a,p-unsatu rated ester was accompa nied by

aceta l cleavage. Silylation of the diel. followed by reducti on of the ester gave

139 . In the key step of the synthesis . oxa-d f-J't-metnanerearrangement of 1.co

result ed in 141 in excellent yield . fonowing sapon ification . Trea tment of diol 141

with acetic anhydride and bie thylamine resulted in protection of the primary

alcohol and forma tion of the a.tkmsaturated ketone 142, after oxidatio n.

Compo und 143 was formed using the same proced ure prev ious ly descri bed by

Paquette": n for pentalenolactone E. Formation of the cycl ope ntene-ca rboxylate

closely followed the conditio ns used by Pirrung and Thomson" in the synthesis

of pentarenolactone G. Introduction of the a..methylene moiety, followed by

oxidation . completed the 32-step synthe sis of penta lenolaetone P methy l este r.
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141 1411 139

142 143 144

Schem e 44. Paquette's synthesis of pentalenolad one P methyl ester .lJ$. ·

The goal of our research was to deve lop a short. high-yie lding route to

one of the two ma in types of pentalenolaetones . those with gem-dimethyls in the

C ring (SCheme 45) . Furth erm ore , realization of this route wo uld lead to

pentalenolactones in opt ical ly activ e form . Using enc ne 20c as our starti ng

materi al . enolate formatio n (145) and alkylation with a chiral 2-halo ester such as

1.6 could lead to 147 . Compound 146 cou ld be derived from ch iral 2~loro
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propionyl chloride and an appropriate alcohol . conta ining a chiral alkynyl

sulfoxide . lntrarnoiecular Diels-Alder reaction of 147 would lead to 148. after

hydrotysis. In the key step . oxa-dk-methane rearrangement of 148 would lead

to pentalenolaetone precursor 149 . having the ABC ring system and cis-fused

lactone already in place. Reduction and homologation would provide

pentalenolaetone 0 (150). This route provides ample opportunity for introduction

of other funetionalities which would make all the gem-dimethyl pentale nolactones

accessible (Figure 21) .

-00 t1o~ 0\\ o1-.
20c 145

c- c-
146 147

1·
>Ci}-- >Cb=o

~ ~o-}) -}) +--

150 149 148

Scheme 45. Proposed synthetic route to penta lenolaetones containing
gem-di rnethyls .
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II. Resu lts an d Discussion

The use of an oxa-d~l"I:-methane rearrangement of a

bicyd0(2.2.2]octenone as the key step of a synthesis is not a novet concept A

large amount of wack with these bridged bicyclic ketones has shown their

photochemical reactivity to be quite genera !.17 The oxa-c i-e-metha ne

rearrangements show a high degree of stereochemical control. proceed in high

yield and can be carried out at high concentrancns." Furthermore, optically

active compound s undergo enantiospecific rearrangements. These featu res

have resulted in the applicati on of the oxa-dl-e-metnane rearrangement in the

syntheses of a number of natural prod ucts . especially sesquiterpe nes conta ining

two or three fused five..membered rings . The bicyd0[2.2.2]octenones required

tor the se rearrangements are easily assem bled using a Diels-Ald er reaction .

There fore . precedence exists to allow the design of syntheses in which the

photochem ical rearra ngement is preceded by a Diels-Alder reaction .

As shown in Scheme 44 , Paquette et aI. applied this method ology in the

synthe sis of pentalenolad one P methyl ester .fl. · This approach was also

utilized by Demuth and Hinsken in the first tota l synthesis of enantio merically

pure (-}-silphiperfol-6-en-5-one (154) (Sche me 46) ." Intermolecular Diels-AJder

reactio n of diene 151 with ma leic anhydride gave (+)·152. after electro lytic

decarboxylation. Photochemical rearrangement of (+).152 afforded triqu inane
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(-)-153 in 70% yield . Further functional group manipulation completed the

synthesis of H -s iJphiperfoj.6..en-5-0ne (154) .

(-)-153

~ ;f
(+)-152

~~·l
/y0MEM

-- c=<:t)
R

J-.rO
d5
j R

(-)-154

Scheme 46 . Total synthesis of enantiomericaJly pure
(-)-silphipe rfo l..f)..en-5-0ne by Demuth and Hinsken."

151

~.,.

1MSJ:J'

Very recently. Singh st a/. disclosed the tota l synthesis of racem ic

68(':lI-ca pnellene, a lineartriquinane, us ing the Diels-Alder-oxa-d i-n:-methane

rearrangement strategy (Scheme 47) .,g Spiro-epoxycyclohexa-2,4-dienone 155

was accessible from the corresponding hydroxymethyl ~sol derivative by

oxidation . Capture of this diane by Diels-A1der reaction with cyclopentadiene

gave 157 , after severa l synthetic operations. Oxa-di-e-enethene rearrangement

of 157 gave triquinane 158 in 64% yield. possessing the desired stereochemica l
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disposition of rings. substituents and function groups present in .6,1I(121-capnellene.

The synthesis was completed in 13 synthetic operations from the p-cresol

derivative .

[u ]
155

159

o - ~
\

~~~ ?\
t> ~

158 157

Scheme 47. Synthesis of a8Ct 2l-capnellene by Singh and co-workers."

(i). Initial Alkylation Studies

Initially, model studies for the alkylation of 4,4-dimethyl-2-cyclohe xen-

t-one (20c) with simple z-nalc esters were undertaken. The enolate of 20c was

formed by deprotonation witha slight excess of LOA at -78 "C. Attempted

alkylation with ethyl bromoacetate gave the expected y-keto ester 160 in 38%

yield (Scheme 48). This yield was not considered discouraging since the

conditions had not been optimized . We then attempted alkylat ion with a 241alo

ester which more closely resembled 146. Addition of bromoacetyl bromide to a 0
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"C solution of pyridine and 2-prop~ in diethyl ether gave 161 in 85% yield

(Sdleme 48) . Reaction of 161 with 20c gave the expected y-keto ester 162 in

only 9% yiekt after flash chromatography. It appeared that the identity of the

2-halo ester affected the reaction outcome. Compound 161 has an acidic:

alkynyl hydrogen which is not present in ethyl bromoacetate. Due to this

concem , we decided to replace the hydrogen with another substituent.

0 0

Q 0

¢J(~Br~o""""""'"
lDA--

20. 160

0
(g- o

B'~, ~ -. B'~~
OH ~

161

0 0

Q
0

lDA ~o-JPB'~ -- I 0~
161

162
200

Sc heme 48.

Magee and Kabanyane had reported a convenient procedure for the

preparation of allcynyl phenyl sulfides.to Fonn ation of the dianion of 2..propynol

at -30 "C using n-butyllithium, followed by treatme nt with a pre-mixed solution of

phenyl disulfide and iodomethane in THF, gave 163 in 84% yield (Scheme 49).
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Reaction of 163 with a slight excess of2-brornopropionyl bromide and pyridine

resulted in the expected 2-bromo est er (1") in 96% yield . The use of a srlQht

excess of the acid bromide instead of a stoichiometric or slight excess of alcohol

always gave a higher yield . This is most likely a result of some unavoidable

degrada tion of the mois ture-sensitive acid brom d e.

I I == ' OH + Pn5-SPh + Mel
fJ-8uU(2eq)----- OH

PhS == "
163

OH
PhS == /

163

Jo~
Lr SPh

164

200

J.. LOA )ylyo~SPh

~ -~h --*+ t).( B
164 165

Scheme 49.

Compound 164 was wen-euited to the pentalen olaetone synthesis since it

contained the eventual A·ring methyl and a dienophile suitable for an

intramolecu lar Diels·Ald er reaction. Attempted alkylation of 20c with 164 did not

result in 165 (Scheme 49). Instead . alcohol 163 was isolated in 83% yield .
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based on the starting 2-bromo ester (1U ). TLC and crude ' H NMR showed that

20e rema ined unchanged. The enolate of 20e appeared to have abstraded the

proton a. to the carboxy( of 1".resulting in its subsequent deg radation (Scheme

50). This result illustrated thal2-brom o esters were not suita ble as alkyfating

agen ts for eno ne 20e since proton abstraction occu ned preferential ly ove r the

desired S~ substitution . Podraza and Bassfie ld had repo rted that alkylatio n of

3-methyl-2..cyc1ohexen-1-one and 2..cyc1ohexen-1-one with ethyl bromoacetate.

using similar conditions. gave the desired j-ketc esters in good yields." These

contra sting results indicated there may be a steric effect present due to the

dimethyl group in 20e.

Scheme SO.

These initial alkylation reactions were discouraging. Although 2-bromo

esters, contai ning functionalities amenab Je to the synthesis of gem-dimethyl

pent alenolactones . could be prepared in high yield. attem pted alkylation s to form

synthetic precu rsors to 147 did not appear to be access ible using our initia l

app roach .
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(ii) . Reformatsky Approach

The Refonna tsky reaction in its classical form . as shown in Scheme 51. is

the reaction of a carbonyl compou nd, usual ly an a ldehyde or ketone, with an

a-hal o ester in the presence of zinc metal to furnish . after hydrolys is. a p-hydroxy

ester." Since its discovery, the scope af tha Reforma tsky reaction has been

extended beyond these very restricted conditions. Furstne r broadened the

defin ition to include anreactions resutting from metal insertions into

carbon--halogen bonds activated by carbonyl- or carbonyl-derived groups in

vicinal or vinylogous positions with a variety of electtophiles .~

x-_
R t • R2 • H. alkyl. aryl

R 0ZnX

R:X:::~EI

~o·
X~t

167

Scheme 51. Classical Refo rmatsky reaction.

The reaction can be regarded as being simila r to the Grign ard react ion

with 166 as an intermediate analog ous to RMgX. The exact nature of

intermediate 166 has been the subject of much controversy."
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o OH

EtO~Rz
167
L= solvent

R1. R2=H,alkyl.af'/l

L B,
--zf,

0" .....0

~
R,

RO ,
171

L\ tBr

R~:)-R'
170

Scheme 52. The minimum energy reaction path for the Reformatsky
reaction obtained from computational studies."

X-Ray crystallography of the solid intermediate indicated the Reformatsky

reagent was dimeric, possessing characteristics of both the C~ and o-metenatec

enolates." Dewar and Merz used computational studies to obtain the minimum

energy reaction path for this reaction. shown in Scheme 52." These results

reinforced the dimeric nature of the Reformatsky reagent (i SS), however,

reaction involved the formation of a c..metatlated monomer (169), which

underwent a (1,3)-shift to give the O-metallated enolete (170). Intermediate 170

underwent C-C bond formation through a metallo-Claisen rearrangement to give

the ~hydroxy ester (167) after hydrolysis .
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Our interest in the Refonn atsky reaction stemmed from W'Of1c by Panouse

and Sann ie.- They had reported that the Reforma tsky reaction of enone 172

wfth ethyl bromoa<:etale gave an undisclosed yie ld of the 3-substituted enone

173 (Scheme 53). For compound 173. introduction of a methyf group at C-2. a

dimethyl group at C-5'. and modification of the ester group would yie ld an

intermediate we lJ-suited to our approach to the pentalenclactones. A similar

reaction sequence involving modified reagen ts was thus attempted .

172
15:

, 0 OEI

Zn "--. 2'? t)

o 3' 4 ' 5'

173

Scheme 53. Reforma tsky reaction reported by Panouse and San oie."

The gem-d imethyl group requ ired in the synthes is could be eas ily

accommcxla ted using deriva tives of the commercially available

5,5-dimethyl-1 ,3-cyclohexanedione (18). Reaction of 18 with excess me thanol in

the presence of an acid cata lyst furnished a 95% yie ld of the des ired enone

(174), after chromatography (Scheme 54). Also. 18 was reacted with a slight

excess of isopropenyl acetate (175) at 60°C using benzene as the solvent. An

81% yield of 176 was obta ined following distillation . Earty attempts to synthesize

176 in refluxing benzene appe ared to be highly successful, with isolated yie lds



144

greater than 90% . However, once yields appeared to top 100%, it was soon

realized that the diacetoxy derivative (177) was being produced as a by-product

By reducing the temperature and closely monitoring the reaction progress by

TLC. this could be avoided .

18

18

Scheme 54.

)lo~ ~
175

174

176

Ther e are twogeneral strategies for activating zinc to be used in the

Refonnatsky reaction involving either cleaning of the metal surface to remove the

deactivating zinc oxide layer or achieving a fine distribution of meta l, usually

accomplished by reduction of zinc halides . Of these two methods, the second

has been shown to result in higher yields under much milder conditions. As a

result , we reduced zinc(lI) chloride using lithium naphthalide. following a
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procedure originally reported by Rleke," to generate activated zinc suitable for

our Refonnatsky reactions.

zna2 + U

Scheme 55.

In _

~
178

To lest this procedure a simplified Reformatsky reaction, involving a

saturated ketone, was attempted. Reduction of pre-ened zinc(lI) chloride with

lithium naphthalide in 1,2-.dimethoxyethane after stirring for fifteen hours yielded

activated zinc as a fine black powder. SUbsequently, this was used in the

Reformatsky reaction of ethyl 2-bromopropionate and cyclohexanone to furnish a

72% unoptimized yield of IJ-hydroxy ester 178 (Scheme 55). Attempted

Reformatsky reactions of enones 174 and 176 with ethyl2-bromopropionate,

using identical conditions. did not result in 179 (Table 8). Compound 174 was

recovered unchanged whereas 176 hydrolyzed to give 5.5-dimethyl-1 ,3-

cyclohexanedione (i8). Several attempts to circumvent this by changing the

reaction solvent, the identity of the halide and the amount of reducing agent were

all unsuccessful (Table 8).
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Tabl.8. Unsuccessfu l Reformatsky reaction conditions.

174 ; R;z CH3
176 ; R '" CH3CO

179

enone equivalents of solvent zinc
lithium used halide

174 2 diethyl ether ZnCI,

174 2 THF ZnCl2

174 2 1,2-dimethoxyethane zosr,

174 4 diethylether zoe-,
176 2 diethyl ether ZnCl z

176 3 1.2-dimethoxy ethane ZnCI,

Fol lowing the initial attempts using act ivated zinc derived from zin c

halides , we decided to try the classica l Ref ormatsky conditions. Zinc meta l (20

mesh) was activated by washing with dilute hydrochloric acid. and a mixture of

benze ne and diethyl ether was used as the solvent. This solvent mixture had

been shown to be superio r to benzene alone . especially for less reactive

ketones ." Reaction of ethyl2-bromopropionate and 174 under Reformatsky

cond itions failed to show any indication of product . Once again. only starting

materia l was recovered . Reaction with 176 proved to be more fruitfu l.
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Compou nd 176 reacted with the Refonnatsky reagent derived from activated

Zinc metal and ethyl2-bromopropionate to form 179 in 67% yield . after acidic

hydro lysis (Scheme 56). Initially, it wa s suspected the product might be

~-hydroxy ester 180 . however, the absence of a hydroxyl signal in the IR

spectrum suggested otherwise. Unmasking of the enone probab fy occurred

during the acidic workup .

o -/ HO~ +~A ~~. ~4 ~ of}-
176 180 179

o

~4 + '1!o~ ~ ~o~
oQ,..

Scheme 56.

We now hoped to introduce a mod ified 2-halo ester possessing a potential

dienop hile. The synthesis of a suitable 2-bromo ester proved to be

straig htforwa rd. 2-Bromopropanoyl brom ide readed with 2-propynol. in the
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presence of pyrid ine, to give a 93 % yiekt of 181 (Scheme 56). The Reformatsky

rea ction of 181 with enone 176 furnished the desired enone 182 in 62 % yieid.

utiHzing the usual benzene...diethyl ether solvent It was anticipated that d iene

formation wou ld y;ekfa product suitable for an intramolecular Diels-Alder

reaction.

fo~
18804

183

o

t~18s4
184

f ig ure 22. Expected and observed products for the attempted d iene
forma tion .

Howe ver , deprot onation of 182 with one equ ivalent of lOA..followed by

the add ition ofTBSCI at -78 "C did not give the desired d iene 183 (Fig ure 22).

The cru de '~ NMR spectru m indica ted a silyl enol ether had formed

concurrentty with the disappearance of the enone carbonyl signal of 182 at &

199.5. As would be expected for diene 183 , the sp' carbon region now

contained four signals. however, it appeared that only one of these had attached

protons. This was suppo rted by the presence of only one double bond proton at

a5.73 in the ' H NMR spect rum. Furth erm ore . the 'H and lieNMR signals for

the 2-propynyt este r portio n rema ined intact . Deproto nation had removed the
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proton a to the ester. resulting in the conjugated silyl enol product 184 (Figure

22) .

The addition of twoequivalents of base was contemplated , but it was

feared that problems would arise as a result of the acidic alkynyl hydrogen.

Thus, we synthesized 185 in 95 % yield from the corresponding acid bromide

and 3-substituted alcohol (Scheme 57) . Surprisingly, the attempted Refonnatsky

reaction of 185 with enone 176 resulted in no indication of desired product . Only

signals representative of enone 176 and the debrominated 185 were observed.

o
Br~Br

OH pyrid ine
PhS _ / ----+

163

J-o~ .z.,
Lr SPh

~+
AcO~

176

Scheme 57.

o 0

A.~ *A~SPhbr '" $Ph ~

o 186

HOc5'°~SPh
187

The Reformatsky reaction of 185 and cyclohexanone gave only a 44% yield of

the expected product (187) . Compound 163 , resulting from degradation of 185 ,
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was also obta ined in 12% yield , based on the amount of starting 2.-bromo ester.

This lack of desired reactMty wasa rd:tle baffling considering the earlier results .

Rather than pursue this avenue any further. we chose to explore a new route

based on 2-ha lo acetaje.

(iii). The Aceta l Approa ch

In many synthetic studies, cyclic herm-acetals have often been used as

synthetic precursors for lactones. In fact. severa l total syntheses of the

pentalenolactones have used this approach to fonn the A ring laeto ne.&-n. IO-I··

-- As illustrated in Scheme 58, acidic hydrotys is of cycli c hemi-acetal 188

would result in a Iactol , which could be oxidiZed to the co rresponding lactone

(189).

188

Sch eme 58.

189

The results of the Refonnatsky reactio ns and the initia l alkyl ation attempts

both seemed to indicate the relatively acid ic c- prc ton of the 2-halo esters was
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causing problems. Our approach was to alky\ate 20C with a 2-ha1oace tal. which

cou ld be converted to a lactone foDow;ng the intramolecula r Die/s..AJder reaction .

Aceta l 191 was obtained in 50% yield by reacting two equivalents of

propa rgyl alcohol with propionaldehyde (190) in the presence of a cata lytic

amount of pyricfinium p.toluenesulfonate (PPTS) (Scheme 59). Thus . we

0 PPTS
~~/ OH

~ -- o~
190 191

0 Q 0

~H -- ""H190 ~ Br3G

192 193

Scheme 59.

assumed that the same reaction with 2-bromopropionaldehyde (193) would yield

a 2-bromo aceta l suitable for aJkylation. Prepara tion of 193 wa s not

stratg htfotward. Th e adual bromin ation of 190 was accomp lished us ing

pyridin ium brom ide perbrom ide (192),- however isolati on proved to be difficu lt.

With in minutes of removing the solvent. 193 had polymerized . As a resu lt,

purification, by distillat ion or otherwise. was impossible . Thi s problem could be

bypas sed by add ing benzene, the solvent to be used for the acetylation, before

removing the diethyl ether used in the brom ination step . Reaction of th is solution
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of 193 with twoequivalents of propargyl alcohol yielded an inseparable mixture

of mono- and di-2-propynyl acetals.

R1• Rz=Me, Et. Proau

Scheme 60.

Okabe and Tada had described the preparation of 2-bromo acetate similar

to 195 involving more complex:aldehydes {Scheme 60).'00 We adapted this

procedure to propionaldehyde (1S0) . Azeotropic removal of ethanol from a

benzene solution of biethyt orthoformate and excess 2-propynol yielded the

desired orthoformate 194, after distillation (Scheme 61).

OH
~ ( /O),CH(CH,CH,O),CH /

194

° °
~H a" -- ~:3

OH
/

190

Sch eme 61.

pTsOH
---'-------+

O~

'{O~
195
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FofIowing Okabe and Tada 's procedure. an ethereal solution of 190 was readed

with one equ ivalent of bromine . The resu tMg 2-bromopropanaJ(193) was used

directly in the synthes is of 195 by refluxing in the presence of four equ ivalents of

2-propynot and a small amount of orthofo rmat e 194 . A 38% yield of 2-bromo

aceta l 195 was obtained afte r disti llation.

Oeprotonation of 20e with LOA at ·78 "C t followed by the additi on of 195

gave none of the expected product (196) (Scheme 62). The crude 'H NMR

spectrum ind icated 20e to be unchanged while the 2-bromo aceta l had partial fy

decomposed.

20c

Scheme 62.

LOA

~
)l)yo~

X ._~-JP
196

We were concerned that 195 was not reactive enou gh as an a tkylating

agent for 20e . For 195. if the reaction was to occu r, the brom ine wou ld be

displaced from a secondary carbon. By using a primary carbo n as the reacting

center and using a better leaving group. we hoped to improve OUf chance for

alkylatio n.
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o

~N-8'
o--

PhS~OyO,-""

197 B~

Scheme 63.

LOA­HMPA

Starting Material
Recovered

Several groups had reported the synthesis of various 2-hafo acetele by

reacting alkyl vinyl ethers with alcohols in the presence of

N·bromosuceinimide.,01 Using a similar approach. react ion of ethyl vinyl ether

with 163 gave a 75% yield of 197 (Scheme 63). Compound 197 was reacted

with a slight excess of sodium iodide in refluxing acetone for two days . The'H

NMR spectrum of the crude reaction mixture showed the reaction to be 40%

complete . Wrth the addition of three equivalents of sodium iodide and refluxing

for a further two days, 198 was obtained in 78% yield . Attempted alkylation of

20c with 198 in the usual manner resulted in no reaction (Scheme 63). In fact ,
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the -aude- 'H NMR spectnm was so clea n that the only signals present 'Here

those for the two starting materials .

Following this disappointing result, it appeared that any attempt to alkylate

20e with a 2-ha lo acetal would be unsucces sful. However, recent work by Royer

et al. sparked our interest in this area once mcre.t" They had reported

alkylation of 199 with two equivalents of 2-bromoethanal diethyl acetal (200) at

-78 OC using three equivalents of LOA and five equivalents of HMPA (Scheme

64). Compo und 201 was obtained in 84% yield. We reacted 20e with 200 us ing

the same conditions. GeMS indicated that only starting materia ls were presen t

Scheme 64.
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(iv). Alkylation Studies Revisited

As a result of the limited success with the Reformatsky approach and the

apparent unreactivily of 2-halo acetals as alkyfating agents for 20c , we

reexamined our initial alkylation approach to intermed iate 147. The 2-hromo

esters used in the initial studies were quite unreactive as alkylating agents for

encne 20c (Figure 23).

X=Br
R1 =H, CH,

Figure 23. 2-Halo esters used in the initial alkylation studie s.

Introduction of a better leaving group might result in the «-carbon being more

receptive to attack. Thus , we decided to substitute iod ine in place of brom ine.

e-rode esters are not generally available commercially, however the y have been

synthesized by deprotonation of the corresponding ester with a strong base ,

followed by the addition of iodine .1
o:J This would not lead to chiral a.-halo esters ,

therefore we took a different approach . Our intention was to synthes ize 2-iodo

esters from the readily accessible 2-bromo esters by halide exchange,

sometimes called the Finkelstein reaction (Scheme 65) .37 This is an equilibrium

process , that takes advantage of the fact that sodium iodide is very much more

soluble in acetone than is sodium bromide .
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The reaction of commercially available ethyl bromoacetate with sodium

iodide in refluxing acetone gave an 84% yield of ethyl2--iodoacetate (203)

(Scheme 66) . Alkylation of 20c with 203 proceeded smoothly, "' THF at -78 "C.

to give a 79% yie ld of the des ired eno ne 160 . Th is was a substantial

improvement over the 38% reported for ethyl2-bromoacetate. The a-fado

version of 185 was prepared in a similar manner using Finkelste in conditions to

give an excelle nt yield of 204 . We found tha t reduction of the temperature to

about 45 "C resulted in a higher yield of produ ct, with minimal decomp osition .

Deprotonation of 20e with LOA, fo llowed by the addition of 204 resu lted in

50% conversion to the desired product (205) by ' H NMR. Addition of

appro ximate ty two equivalents of HMPA resulted in a 70% yield of purified 205

(Schem e 67) . RoaDy, we had found a via ble method for alkylating 20e with

«-halo esters. Severa l by-p roducts were also iso lated . resulting from

degradation of 204 in a simila r manner to that shown in Scheme 50.

Comp ounds 163 and 206 were obta ined in 15 and 7% yields. respectiv ely, based

on 204 (Figure 24) .
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203

o

"'~

6
20c

...

LDA-
Jlo~t SPh

185

Sch em e 66.

OH
PhS /

163

o
",",one (-0

Nal -----+- ~
"'" SPh

204

//,~O~Ph
.,# 0 ~

PhS 206

Figure 24. By-products iso lated along wTthcompound 205.

Conversion of the enone 205 to a d iene suitable for the intra lTlOfecular

Diels-AJder appeared to be possible us ing two general methods. The ketone

could be red uced and elimina ted or converted to its silyi enol ether. Initiall y, we

chos e the redu ction-elimination seque nce . Red uct ion of 205 usi ng NaS H... in the

presence of cect ;gave an 80% yield of the des ired al lylic al cohol 207 (Scheme

67) . The ratio of trans : cis isome rs wa s detenn ined from the crude 'H NMR
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spectrum to 0021 : 1. We assumed the approach otthe reducing agent wou ld

be opposite that of the newty-added ester fu nctionality to give the cis isomeras

the major product, however . NOE experiments indica ted otherwise. The large

ester substituent most likely occup ies the equatorial position. Since the ester

and the gem-d irnethyts have a 1.3-relationship. the equ atorial methyl will be on

the same side of the ring as the ester. As a result , the reducing agent must have

approached from the same side as these substituents to avoid the axial methyl

group, thereby giving the trans isomer as the major product.0 0
00~PhQ (o~Ph

LOA-----.
HMPA

204 205
20c 1NaBH.

~.
CeO ,

OH ~Ph
~ o ..p-

M, a

~207....-
pyndine

Sch e me 67.

Attempted mesylation of 207 at 0 OCwith two equivalents of mesyl

chloride in the pres ence of excess pyridine appeared successful by TLC .

However, the yield obtained was never greater than 50%. The only recognizable

product was lactone 208. the result of cycIiza tion (Scheme 67).
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As an attemative to the reduction-erun ination sequence, we attempted to

convert the ketone of 205 to an alkene by way of an enol biflate.- Folbwing a

procedure by Jigajinni and Wightma n.lOS compound 205 was reacted with triflic

anhydride. in the presence of 2,6-1utic1ine. Instead of forming the desired enol

bifIate . the only compound obtained upon purification was 209 . in 47% yield

(Scheme 68). The reaction conditions were obviously too harsh for 205,

resulting in cleav age of the ester and hydrolysis of the alkyne .

Scheme 68 .

TI,o-­2,6-Iutidine

of))rs

209

As part of our synthetic investigations . several other encne esters were

synthesized in good yield. Unlike 205 . these substrat es contained the A-ring

methyt group requ ired in the pentale nolactone synthesis. The Fink elstein

reaction of 18 1 gave 210 in 89 % yield. Oeprotonation of 20e using one

equivalent of LOA. followed by the addition of 210 gave 211 in 62 % yield

(Scheme 69). The diastereo meric ratio was determined to be 3.0 : 1 from the

crude ' H NMR spectru m. Using a similar sequence, 213 was obtained in 73%

overall yield from commerci ally availab le ethyl 2-bromopropanoate (Scheme 70).
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The diastereome ric ratio of 213 was fou nd to be very similar to that of 211. at 2.9

: 1.

+~
181

Nal
--+

a

+~I

210
2De

Scheme 69.

Mo~
X 8

211

In an attempt to convert the eno ne of 213 directly to a diene. we

employed the Shapiro reaction.'Oll Follow ing a procedure successfully used by

Grieco,llJ51:c treatment of 213 with p-tol uenesulfonhydrazide gave a 78 % yield of

tosythyclrazone 214 (Sdleme 70) . Treabllent of 214 in THF at a "C with five

equivalents of LOA. bcwever, failed to yield the expeded diene product. The

crude 'H NMR spectrum indicated that 214 was still presen t. unchanged. The

origin of this inactivity is unclear . however . deproton atio n a to the ester may

result in a stab le anion which undergoes no furth er reaction .

Sod ium borohydride reduction of 213 in metha nol at 0 OCresu lted in the

desired alcohol (215) in 69% yield (Scheme 70). This yield was surp risingly low
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for such an uncomplicated cyc\ohexenone derivative . Compound 216. the

lactone by-product. was also obtained in 8% yield abng wTththe recovery of 11%

of the starting mate rial. We found that inaeasing the reaction time to allow aDof

213 to read resulted in a proportionate increase in the amoon1 of by-product

formed . Lad:one fonna tion for alc0hoi 215 seemed to be occurring faster than

for 207.

0
0

o~

I 213

l=
HCl

J~+ A
1 _ X 20C

212 !~~A
Nal

---+

so,T"

..\'"

QY~

tWA 0
~o~ ~ QOH"" ,L /o~
t)< ~ 1 H+I 1\

216 215

Scheme 70 .

Previous experiments to eliminate the allylic alcohol using basic conditions

had been fruitless . We attempted to synthesize diene 217 using Nishtguchi"s
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method. ' 111 A mixture of Si02 and CuS04(3 : 1 by weight) was pre-dried at 240 "C

for one hour. Compound 215 was refluxed with a suspension of this material in

toluene. The TLC indicated the fannation of twonew compounds of very similar

polarity. They could not be separated by flash chromatography, however , the

mass spectrum showed a molecular ion of mle 208. consistent with the expected

diene 217 . The absence of an hydroxy1absorption in the IR spectrum was

consistent with this . Unexpectedly, the carbonyl region contained two strong

absorptions at 1732 and 1709 ern". Some double bond migration had occurred

following dehydration, resulting in a mixtu re of 217 and 218 (Scheme 71). The

migration of the alkene was a blow to our strategy . This result indicated double

bond migration would be probable at high temperature, the condition necessary

for any attempted Diels-Afde r reaction .

Scheme 71.

toluene-­",fl~

~o~
X ~17

Double bond migration could be avoided if the sHylenol ether of 213 were

synthesiZed. Using conditions similar to those reported by Reusch l O8 and
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Ireland .- deprotonation of 213 was effected using one equ ivalent of LOA at -78

'"C. Add ition of TBSOTf gave diane 219 in 25% yield , after purification by flash

chromatography. Althou gh the yield was poor, we attempted the same reacti on

with 205. using identica l conditions. We were pleased when a 51% yield of 220

was obta ined (Schem e 72 ). Compound 220 was accom pan ied by an 8% yield of

221. proba bly the result of some degradation in the prese nce of strong base. and

a 20% recovery of starting mate rial. Final ly, we had a substrate suttable for the

intramolecu lar Dials-Alder reaction .

o 0-../

I 213

LOA­TBSOTf

~O~Ph

X &205

Sch eme 72.

LOA­TBSOTf

188 0 fo!,
'Q- ~

220 Ph

Toward s this end . 220 was refluxed in benzene for twe lve days, while

monitoring reactio n progress by TLC. Flash chromatography yielded a
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compound for which the IR spectrum contained absorption maxima at 2198 .

1745 and 1682 cm-'.consistent with the presence of an alkyne. ester, and

unsaturated ketone, respectively_ The T3C NMR spectrum was strikingly similar

to the starting enone 205. except for the characteristic TBS signals at b 25.9,

18.3 and -3 .5. Instead of reacting in a Diels-Alder fash ion . 220 had undergone a

silyl migration to give 222. which must be a more thermodynamically stable

product (Scheme 73) .

-.,.--reflux

(rY
0 O~SPh m-CPBA

I -.
205

Scheme 73.

~~
222 SPh

c;,\ .......Ph

~O~\
X ~ 223

The apparent lack of reactivity of 220 in the intramolecular Diets-Alder

reaction prompted us to explore methods to activate the dlencphue. Oxidation of

205 using three equivalents of mCPBA. in a mixed solvent consisting of

dichloromethane and chloroform. gave an 94% yield of sulfone 223 (Scheme

73) . Separation problems plagued the first few experiments. however the use of
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~CO:t instead of the usual NaHCO, remedied the problem, successfu lly

removing the m-chlorobenzoic acid produced in the reaction .

Formation of the enolate of 223 using kinetic conditions. followed by

treatment with TBSOTf . gave an inseparable mixture of two compounds in a 2.1 :

1 ratio . TbeH NMR spectrum indicated both compounds contained a TBS

group and other signals compared favourably with diene formation. Surpris ingly.

there was no absorption in the alkyne region (2000- 2200 em") of the IR

spectrum. This was confirmed by the absence of the alkyne carbon signa ls in

the v c NMR spectrum, which for 223 appeared at a88.0 and 82.6. The ' H NMR

spectrum revealed that W A had added to the alkynyl sulfone. by 1,4-addition.

resulting in enamine 224 (SCheme74). Subsequent hydrolysis. either on workup

or during purification. gave 225 as the minor component Additions of LOA are

rarely observed since it is considered a non-nudeophilic base . This seemed to

indicat e the alkynyl sulfone was quite prone to a Michael -type addition .

There fore . we decided to attempt diena fonna tion using a base known to

be even less nucleophilic. Deprotonation of 223 with lithium

hexamethyldis ilazide (UHMDS) at -78 "C in THF, followed by the addition of

TBSOTf resulted in a 53% yield of 226 (Scheme 74). Again , the alkyne had

been attacked in a Michael fashion. most likely by UHMDS. Unlike the previous

experime nt, no TBS diene was isolated. It may have been hydrolyzed during the

workup .
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o
"

LOA­TBSOn

223

o ~S.,..Ph

¢Jr0--/ 'b ~
TBSOTf

223

SCheme 74.

M
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226

Since the alkynyl sulfone was so prone to 1.4-addition. we turned to the

synthesis of a vinyi sulfone equivalent of 223 . The synthes is of alcohol 227 had

been previously reported by Jackson et al.110 1-Chloro-2.~xypropane

(epichlorohydrin) and t'NO equivalents of sodium benzenesulfinate were refluxed

in a mixed solvent of water and DMF (20 : 1) to yield 227 in 72% yie ld (Sche me

75). The reaction of a basic solution of 227 with bromoacetyl bromid e. in diethyl

ether at 0 OC, gave 228 in 88% yield. Treatment of 228 with sodium iodide. in

acetone at 40 "C. proceed ed deanly to give 229 . The alkylation of 20e with 229

using the usua l kinetic conditions gave 230 in 58% yield (Schem e 75) .
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230 20e

168

Scheme 75 .

As an alternative to the formation of the TSS diene using kinetic

conditions. we reacted 230 with TBSOTf and triethylamine in dich loromethane at

a "C.4 1
. C2 To ourdeflQh l. an 83% yield 01231 was obtained using these

thermodyn amic conditions (Scheme 76) . The reaction was complete after about

fifteen minutes. Compound 231 was refluxed in toluene for six days . TLC

indicated the formation of several new compounds. Flash chrom atogra phy of

the crude sample resulted in the isolation offour compounds. including a 12%

recovery of 231. A 7% yield of the hydrolyz ed diene (230) was also obta ined .

The IR spectrum of the thirdcomponent showed absorption maxima consiste nt
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with an ester, at 1745 en', and a conjugated carbonyt , at 1680 ern". The ' H

NMR spectrum indicated the vinyl sulfone was still present, wTtha dou blet of

triplets at &6.97 and another at 6 6.59. Comparison of the 'H NMR and ''c NMR

spectral data for 222 wrth this new compound confirmed that 231 had undergone

a TaS migration in a similar manner to 220 to give 232 in 29% yield (Scheme

76) . The IR spectrum of the fourth compound was consistent with the presence

~o 0\ '''~"'1850 --.
?' ....~

'" I
'0,Ph

231

i~233

Schem e 76.

of a saturated ester and an unsaturated keto ne, containing absorption maxima at

1745 and 1666 em". The 'H NMR spectrum showed the vinyl sulfone

component to be unchanged. The double bond region of the 13CNMR spectrum

contai ned ten signals, the same number present in the nC NMR spectru m of 231

and two more than the eight present in 230 . There were no signals in the 'H and
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UC NMR spectra characteristic of a TBS moiety. Thus . the compound was

assigned the structure 233 . Compound 233 probably formed as a result of

elimination of the TBS group in 232. The attempted intramolecular Diels-AIder

reaction of 231 failed to yield the desired adduct

In contrast , the intramolecular Dieis-Alder reaction of a similar system .

234 was reported by Fukumoto at81.42 to give the expected adduct 235 (Scheme

77). Several key differences between 231 and 234 may have led to the sharp

contrast in reactivity . The gem-dimethyl group of 231 may have played a etenc

role, preventing the diene and dienophile from obtaining the necessary overlap

for the Diels~Alder reaction to occur . Another obvious difference was the

all-carbon tether of 234 versus the ester group present in the tether of 231. A

literature search revealed that this fact may have been an important factor .

TBSO~ O~
V ~ - ~

Scheme 77. 42

234 235

It has been reported by Boeckman et af. that tnenee contain ing an ester in

the chain linking the diene and dienophile are resistant to cyclization.?" His

attempts to cyclize 236 were unsuccessful (Figure 25) ."'b The unreactive nature

of 236 was attributed to an unfavourable lack of overlap of the ester oxygen
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non-bonding electrons with the carbonyl group in the reactive conformation

(23n . Jung and Gefvay attributed the reduced reactivity to a min imiza tion of the

d ipole effect. tt Z Thus. 238 is preferred over 239. the conformation requ ired for

the intramoecular Diels-AJder to occur.

~o ~oOM~ 0
236 237

1 it-
f

tr-
238

239

Figure 25.1II
1l, 112 Theo ries put forward to explain the failure of

intramolecula r Oiels-AJcler reactions invoM ng dienoph iles atta ched by
ester-conta ining tethers .

With the lack of success in cycfizing 231, we turned to an intermolecu lar

Dieis-Alder approach . Fonna tion of the siry! enol ether of 213 with TBSOTf and

triethylam ine at 0 OC in dichloromethane yielded a 72% yield of 219 (Scheme

78) , as compared with 25% using kinetic conditions . Followin g a proced ure used

by Jackson et a/.,l1Oprotected-alcohol 240 was synthesized in 88% yield by

treatment of 227 with TBSCI and imidazole. in DMF at 25 "C. Reflu xing of 219
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with three and one-half equivalents of 2.oW in toluene for six days gave no

ind ication of adduct. n.C revealed that only the two starting mate rials were

prese nt, unchanged. This result seemed to ind icate that the gem-d'imeth yl group

might have been playing a bigger role than orig inaRy thought. since the

esler-<:onta in ing tether was no longe r present

~~
Et3N &yo~--TBSOTf

219

OH OlB S

PhSO,~
imiCIazole

PhSo,~-227
TBSCl 240

J

~
OTBS.. 10IUene .......-...... ma_

Scheme 78.

Thi s result was useful since the pre viou s intramolecular Oiels-Ald er

substrates, 220 and 231, had experienced a significant amount of TBS migration

at reflux temperatures for extended period s of time . Introduction of the methyl

group a to the ester seemed to have slowed or stopped this process . The

synthesis of a substrate , equivalent to 231 wrth the methyl presen t, might provid e
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a compound which could be subjected to higher reaction temperatures. possibly

resulting in the desired DieJs-Alder adduct Furthermore. Jung and Gervay have

shown that 238. when R = Me, R' =H. shows roughly four times the rate of

cycloaddition exhibited by 238 . where R = R' = H.1I2 Introduction of alkyt groups

in the tether led to conformational changes , resulting in rate increases . Our work

in this area has only been partially completed. To date . the required z-rcdc ester

(242) has been synthesized in 88% overall yield from 2-bromopropionyl bromide

and 227 (Scheme 79).

°Br~Br

Scheme 79.

JO\ Na, yto\t ------.. 1

241 I So,Ph 242 I So, Ph

Other Mure work incfudes the attempted high pressure Diels-Alder

reaction ofTBS diene 231 . Since the reaction is carried out at room temperature

the migration may not be a problem. Also . we intend to tak e advantage of the

incred ible susceptibility of alkynyl sulfones to undergo 1.4-addition. Initiall y, we

hope to react 20c with a sulfone equivalent of alcohol 163 by a double Michael

reaction. If this if successful. elaboration of both substrates could result in the
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formation of the bicycIo{2.2.2}octanone required for the synthesis of the

gen><fmelhyt pen1alenolacIDn.

In our initial approach to the pentalenolactones, we were expecting the

photochemical step to be the key ste p of the synthes is. To present, this has not

materialiZed because we have not been successful in forming the required

Diels-AJder adduct. however, our wofX has exposed some novel chemistry and

expanded some old ideas . The alkylation of enones and ketones with a -halo

esters has ofte n been used in synthetic schemes. However . when the halide is

not attached to a primary center. yields have often been very low. Our use of the

Finkelstein reaction to convert the readily accessible e-chlcrc and bromo esters

to their more reactive 000 equivalents provides a convenient high-yielding route

to alkyla ting with secondcuya-halo esters. The intriguing migration of the TBS

group in refluxing benzene and toluene mtght be used to advantage in futu re

syntheses of natural products . This reaction can provide access to enones from

their corresponding ketones using neutral cond itions. Also. the incred ib le

susceptibility of the alkynyl sulfones to undergo Michael addition with amine

bases provides a convenient route for the conversion of an alkyne to a ketone.

In its usual form. the Refonnatsky reacti on is often used for the fonnation of

ll~hydroxy esters or a.P-unsaturated est ers. Our work has expanded its scope

as a source of vinylogous p-enone esters by attacking 3~substituted enones.
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III. Experimental113

(2-Propynyl) 2-bromoethanoate (161).

o

0 1'
Br 2'

1 O~~3'
2 ~

2-Propynol (1.47 g. 26.2 mmol) in diethyl ether (50 mL) was cooled to 0

°C. Pyridine (2.24 g, 2.29 mt, 28 .3 mmol) was added dropwise, and the solution

was stirred for 15 min. Bromoacetyl bromide (4.40 g. 1.90 ml, 28.3 mmol ) was

added dropwise resulting in the immediate formation of a white precipitate. The

reaction mixture was stirred for 5 h while slowly wanning to rt. The pyridin ium

salt was removed by filtration through a sintered-glass funnel containing Celite .

The filtrate was washed with 2 M aqueous Hel (15 mL) , brine (10 mL) and dried

(MgS04) . Solvent evaporation followed by flash chromatography (elution with

20% ethyl acetate-hexane) yielded 161 (3.27 g, 85%) as a colourless oil. IR:

3294 .2131 ,1746.1437,1371.1280,1153 em", 'H NMR: S 4.78 (2H, d, J =

2.3 Hz. C-1'H 2) . 3.89 (2H, S, C-2H 2) . 2.54 {1H , t, J= 2.3 Hz. C-3'H}. 13C NMR: 0

166.4 (C-l ), 76.5 (C-21, 75 .7 (C-3'), 53.5 {C-11, 25.1 (C-2). M5: no M' , 123

(28) , 121 (29), 97 (65), 95 (14), 93 (15), 83 (15) , 69 (7),56 (23), 55 (8), 42 (21),

39 (100).
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(Z-Propynyl) 2-{5.5-dimethyl·2~xocyclohexoo3-enyt)ethanoate(162) .

o

~
, , 2 ' 0 1PT

3' <»:2..
4,1 ~ r-

5

A THF (20 ml) solution ofdiisopropytamine (0.317 9, 0.439 mL, 3.13

mmol) was cooled to 0 "C. n-Butyllithium (2.5 M in hexanes. 1.5 mt, 3.6 mmol)

was added dropwise . The reaction mixture was cooled to -78 "c after 1 hand

4,4-dimethyl-2-cyclohexen-1-one (0.300 g. 2.42 mmol) was added dropwise in

THF (10 ml) to the solution . Afterstining fora further 1.5 h, compound 161

(0.469 g, 2.65 mmol) was added to the reaction mixture . The solution was left to

slowly warm to rt overnight. The THF was removed under vacuum, and the

reaction mixture was diluted with diethyl ether (80 ml). After quenching with

water (25 mL), the organic layer was separated. and the aqueous layer was

extracted with diethyl ether (2 x 30 rnl) . The combined organic layers were

washed with brine (20 mL) and dried (MgSOJ . Solvent evaporation followed by

flash chromatography (elution with 20% ethyf acetate-hexane) gave 162 (0.049

g, 9%) as a colourless oil. IR: 3287 , 2962,2128 (weak), 1743. 1679. 1378 ,

1160 ern". ' H NMR: a 6.63 (1H, dd , J::: 2.0, 10.0 Hz, C-4'H), 5.B5 (1H, d, J:::

10.0 Hz, C-3'Hl, 4 ,72 (2H, d, J= 2,4 Hz, C-l "H,l, 3.04 (l H, m, C-l'H), 2 ,93 (1H,

dd, J= 6.0 ,16,5 Hz, C-2Hl, 2.49 (lH, t, J= 2.4 Hz, C-3"Hl, 2,30 (l H, dd, J = 6.9,

16.5 Hz, C-2H), 1.89 (1H, ddd. J= 2.0, 4.9, 13.4 Hz. C-6'H). 1.76 (1H, apparent
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t, J = 13.4 Hz, C-8'H), 1.25 (3H, S, C-5'CH,) , 1.16 (3H, S, C-5'CH,) . "c NMR: s

199.0 (C-2i, 171.6 (C-l) , 159 .0 (C-4'), 125.9 (C-3'), n .6 (C-2"), 74.8 (C-3'" 51.9

(C-l "), 42 .2 (C-8i, 39.7 (C-li, 34.2 (C-2), 33.7 (C-5" 30.4 (C-5'CH,) , 25.1

(C-5'CH,). MS: 220 (11, M'), 205 (16),165 (23),164 (29),136 (11),123 (10),

122 (15), 121 (11),96 (100), 82 (11), 81 (24),67 (17) , 55 (8), 53 (11). HRMS:

3-Phenylthio-2-propyn·1-o1 (163).

3' 2'

4'15"'-"s ~ 1
~~OH
5' 6'

A THF (120 ml) solutionof2-propynoJ (2.00 g, 2.08 tnt, 35 .7 mmol)was

cooledto -30 "C. OiphenyldisulflCle (8.42 g. 38.6 mmol) and iodomethane (S.6

g. 2.4 mL, 39 mmol) were dissolved in THF (30 ml), and stirred for 1 hat rt.

tJ-.Butyllithium (2.5 M in hexanes, 30 mL. 75 mmcl) was added dropwiseover 20

min to the cooled alcohol solution. Near the end of the addition. the solution

thickened; however, wanningit for a few minutesseemed to reversethis. After

stirring for a further 30 minat -30 DC, the sulfidesolutionwas added over15 min,

and the mixturewarmedto rt overnight. Solvent evaporationwas followed by

dilution withdiethyl ether (150 ml) . This was washed withwater (35 ml) and 0.1

M Hel (35 ml). The resulting aqueous fayer was extracted withdiethyl ether (3 x

30 ml), and the combined organic layers were washed withbrine (35 ml) and
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dried (MgSOJ . Solventevaporation followedby flash chromatography(elution

with20% ethyl acetate-hexane) gave 163 (4 .92, 84%) as a yellow oil. IR: 3339

(broad), 3061 (weak), 2186.1583,1478,1442.1065,997,739.688 an -I. 'H

NMR; S 7.43 (2H, m, G-2'H, C-6'H) , 7.33 (2H, rn, G-3'H, G-5'H), 7.22 (l H, m,

G-4'H), 4.49 (2H, s. G-1HJ , 2.12 (IH, brs, OH). "c NMR; S 132.1 (G-l'), 129.2

(G-3', C-5), 126.7 (G-4) , 126.3 (G-Z', C-6), 97.3 (G-2), 73.0 (G-3), 51.9 (G-l ).

M$ ; 166 (5, M- + 2), 165 (11, M- + 1), 164 (100. M-), 163 (10),147 (10),134

(11),110 (14),103 (24),102 (12), 91 (14),87 (63), 86 (8), 78 (16),77 (25). 71

(11),69 (13). 85 (7),59 (16), 58 (9).

(3-Phenylthio-2-propynyl) 2-bromopropionate (164) .

~
o l'

2 2'
10~3' 2-

r '''s:©::
5"

a-Phenylthlo-z-prcpyn-t-ot (163 ) (2. 18 g. 13.3 mmol) in diethyl ether (70

ml) was cooledto 0 OC. Pyridine (1 .37 g. 1.40 rol, 17.3 mmol) was added

dropwise, and the reactionwas stirredfor 1 h. Dropwiseadditionof

z-brorncprcpancyt bromide(3.73 g, 1.B1 mt, 17.3 romel) resultedin the

formationof a yellowprecipitate. After stirringat a °C for 2 h the reaction was

warmed to rt. After 12 h. the pyridiniumsalt was removedbyfiltrationusinga
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sintered-glassfunnel containing Celita. The organiclayer was washedwith1 M

aqueous Hel (10 ml), a saturated aqueous NaHCOs solution(10 mL) and brine

(10 ml). Drying (MgSOJ and solvent evaporation gave a red-orange oil, which

was purified by flash chromatography (elution with10% ethyl acetate-hexane) to

give 164 (3.80 g, 96%) as an orange oil. IR: 3075 (weak), 2199. 1746, 1583 .

1479.1443,1330,1214.1150.740,688 em". 'H NMR: 6 7.43 (2H. m. C-2"H.

~"H), 7.35 (2H, m, C-3"H, C-5"H), 7.26 (lH, m. C-4"H), 5.00 (2H, m, C-"H ,),

4.41 (1H . q. J= 7.0 Hz, C-2H), 1.85 (3H. d. J= 7.0 Hz . C-3HJ. 13CNMR: 5

169.5 te-n. 131 .7 (C-l "), 129.3 (C-3", C-5"), 126.9 (C-4i, 126.5 (C-2", ~"),

92.3 (C-21, 75 .6 (C-3'), 54.4 (C-11. 39.4 (C-2), 21.5 (C-3). MS: 300 (23, Mi ,

298 (24, M"), 220 (15), 219 (100) ,164 (18) ,163 (40),147 (39),146 (67),145

(38) ,1 37 (5), 135 (11),121 (9), 109 (13),107 (14),103 (68),102 (SO), 91 (18),

67 (17) , 77 {37}, 70 (14) , 69 (35), 51 (36). HRMS: calcd for C12Hl179Br02S:

297 .9663; found: 297.9682 and forC ,:H 11' IBr0 2S: 299 .9642: found:

299.9644.

3-Methoxy-5,5.odlmethyl·2-cyclohexen-1.one (174) .

~
l l0 .

3 5
4
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Amberlyst 15· ion-ex change resin (ca. 1 g) was added to a methanol

(250 mL) _ of 5,5-dimelhy1-1,3-cydohexanedione (5,00 9, 35,7 mmol),

After stirring for 2 days at It. the resin was removed by adding Celite (ca . 10 g) to

the reaction solution and filtering through a plug of silica gel (elution with 50%

ethyl acetate-hexane). The solvent was removed under vacuum , and the

resulting 011 was purified by flash chromatography (elution with 30% ethyl

acetate-hexane) to yield 174 (5.23 g. 95%) as a colourfess oil. IR: 2960 , 1658.

16 10, 1462, 1375. 1224, 1155.1 016. 824 ern". ' H NMR: s 5.37 (1H. S, C-2H),

3.70 (3H, s. OCHJ . 2.28 (2H. 5 , C-4Hz), 2.21 {2H, S, C-6Hz}, 1.08 (6H. 5, 2 x

C-5CHJ. "c NMR: 6 199.2 (C- l), 176.8 (C-3), 101.0 (C-2I , 55.5 (OCHJ , 50.6

(C-6), 42.5 (C-4) , 32.4 (C-5), 28 .1 (2 x C-SCHJ . MS: 154 (30, M' ), 139 (7) , 98

(100) , 69 (29), 68 (70), 41 (11), 40 (25).

S.S-Oimethyl~xocyclohex~1 -enyl etha noate (176).

4
°3,

° 2' 1 4'

~0 1 ' SO

2 "

A benzene (25 ml) solution of 5,5-di methy f-1,:kyclohexanedione (8.04 g,

57 .4 mmol) , isopropenyl acetate (6.29 g. 6.91 mL, 62.8 mmol) and pTsOH (80.4

mg. 0.423 mmol) was heated to 60 "C. Afte r 18 h. solvent evaporation under

vacuum gave a red solution . After adding KaCO~ (65.2 mg, 0.472 mmol),
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vacuumdistillation (94-96 OC at 3.5 mm Hg) gave 176 (8.41 g, 81%) as a

colourless oil. IR: 2962 , 1n1, 1673.1643. 1361. 1198, 1181 , 1116 cn-'. 'H

NMR: 6 5.91 (1H, t, J= 1.1 Hz, c..2'H), 2.42 (2H, d, J= 1.1 Hz. c..s'H,), 2.27

(2H, S, C4'H2) . 2.22 (3H, S, e-ZHJ, 1.11 (6H . S, 2 x C-5'CHJ. "c NMR: 0

199.4 (c..3i , 168.0 and 167.4 (c..1, c..1i, 116.4 (C-n 50.7 (C-4i, 42.1 (C-6').

33.1 (c..5i, 28.1 (2 x C-5'CHJ, 21.2 (c-z). MS: 182 (6, M-), 140 (12), 125 (6),

84 (63), 69 (15), 43 (100), 41 (10).

EthyI2-(1~hydroxycyclohexyl)propanoate (178).

~
o I "

3 2 1 0 ...............2­

HO I'
2' 6'

3' S
4'

Zinc(lI) chloride (3.27 g, 24 .0 mmol) and naphthalene (0.65 g. 5.1 mmol)

were added to 1,2-dimethoxyethane (20 mL). Lithium(0.396 g, 57.1 mmol),

whichhad been cut in smallpieces.was added. and the reactionwas stirredat It

for ca. 15 h. Shortlyafterthe addition, the reactionmixtureturned dark and was

somewhatexothermic. Stirring was stoppedand the black powdersettledto the

bottomof the round-bottomed flask. After 90 min, the bulk of the solventwas

removedby syringe.andthe remainderof the solventwas removedunder

vacuum. Diethylether (25 ml) was added, followedby one-tenth of the ethyl
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2-bromopropanoate (3.91 g, 2.80 ml, 21.6 romol) , and the flask was equipped

with a reflux condenser . After cooling to QOC , a mixture ot the remaining ester

and cycIohexanone (2.12 g. 21.6 mmol) was added over 15 min. Removal of the

ice bath resulted in the reaction mixture heating to reflux . The reflux rate was

controUed using the ice bath , and once the reaction ceased to reflux. it was

heated externally to reflux for 2 h. The reaction solution was poured into ice-cold

0.1 M aqueous Hel (20 mL), and diethyl ether (50 mL) was added. After stirring

for 15 min the organic layer was separated. and the aqueous layer was extracted

with diethyl ether (2 x 15 ml). The combined organic layers were washed with

brine (15 ml) and dried {MgSOJ. Solvent evaporation and flash

chromatography (elution with 5% ethyl acetate-hexane) gave 178 (3.10 g, 72%)

as a colourless oil. IR; 3515.2936,1727,1182 em" . 'H NMR: a 4.17 (2H,

symmetrical m, e-1"H2) . 3.04 (1H, S , OH). 2.49 (1H, q, J = 7.2 Hz , C-2H) ,

1.75-1.15 (10H, m, C-2'H 2• C-3'H 2, C-4 'H2• C-5'H2, C-6 'HJ , 1.28 (3H . t, J= 7.1

Hz, C-2"HJ, 1.19 (3H, d, J= 7.2 Hz, C-3HJ. "c NMR: s 176.9 (C-1), 71.2

tc-r), 60 .4 (C-'''), 47 .8 (C-2) , 36 .9, 33.6 (C-2', C-6') , 25.6, 21 .9, 2 1.5 (C-3', (;4',

C-51, 14.1 (C-2") , 11.4 (C-3) . MS: 200 (3, M') , 183 (1 1), 157 (28) , 144 (21), 111

(17),109 (15), 102 (100), 99 (88), 98 (28) , 81 (53), 74 (67), 69 (14), 57 (16) ,88

(30),55 (42). HRMS: calcd for C"H200 ,: 200.1411 ; found : 200 .1417 .
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Ethyl 2-(5,S-dimethyl-3-oxocyclohex-1-enyl}propanoate (179).

o ,"
2 'O~2·

I'
2'~ S'

o 3' 4' 5'

To a mixed solvent of diethyl ether (10 ml) and benzene (5 ml) was

added activated Zn metal (20 mesh . granular) (1 .92 g, 29.4 mmol) . Ethyl

2-bromopropanoate (2.79 g. 2.00 mL, 15.4 mmol) and 176 (2.03 g. 11.1 mmol )

were added to the addition funnel along withdiethyl ether (5 rnl) and benzene

(1S rnL). One-tenth of this mixture and a few crystals of iodine were added to

the reaction mixture . Upon heating to a gentle reflux . the jodine colour soon

faded . The remainder of the ester mixture was added alternately with the iodine

(3.89 g. 15.3 mmol) over the next 45 min . The mixture was refluxed for a further

4 h and carefully poured into a mixture of ice (ca. 25 ml) and concentrated Hel

(20 ml). Diethyl ether (50 ml) was added, and the solution was stirred for 10

min . The organic layer was separated , and the aqueous layer was extracted with

diethyl ether (3 x 35 mL). The combined organic layers were washed with water

(10 ml), an aqueous saturated solution of NaHC03(20 ml), an aqueou s

saturated solution of N~Sa03 (15 mL). and brine (15 ml) and then dried

{MgSOJ . Solvent evaporation followed by flash chromatography (elution with

25% ethyl acetate-hexane) yielded 179 (1.65 g, 67%) as a colourless oil. IR:
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2979.1737,1672,1468,1390.1194 em". lH NMR: 0 5.97 (1H. s . C-2'H). 4.16

(2H, q, J= 7.1 Hz, C-1"H,) , 3.29 (1H, q, J= 7.2 Hz, C-2H), 2.24 (2H, S, C-4'H,),

2.22 (2H, AB quartet, J= 17.6 Hz, ~'H,), 1.34 (3H, d, J= 7.2 Hz, C-3H,) , 1.25

(3H,t, J=7.1 Hz, C-2"H,), 1.06 (3H, S,~'CH,), 1.03 (3H, S, C-5'CH,) . "c

NMR: I) 199.7 (C-3) , 172.2 (C-1), 160.2 (C-1), 125.8 (C-2) , 61.0 (C-1"), 61.0

(C-4), 47.0 (C-2), 41.5 (~), 33.5 (C-5') , 28.2 (C-5'CH,) , 27.7 (C-5'CH,) , 14.9

(C-3), 14.0 (C-2"). MS, 224 (32, M"), 209 (13),167 (10),151 (13), 136 (11),1 35

(100),123 (19), 112 (22),81 (10), 67 (10) , 55 (9), 53 (10). HRMS, caled for

CI3H2Q03: 224.1411; found: 224 .1407 .

(2-Propynyl) 2-bromopropanoate (181) .

..... 1 l ' 2'
3 2(1 'O~3'

Br

A diethylether (10 ml) solutionof2-propynol (0.19 g. 0.19 ml, 3.3 mmol)

was cooledto 0 OC. After5 min pyridine(0.31 g. 0.31 mt, 3.9 mmol)was added.

After stirringfor 30 min. 2-bromopropanoyf bromide(0.62 g, 0.30 mL, 2.8 mmol)

was added dropwise, resulting in the immediateformationof a pale yellowsolid.

Afterwarmingto rtover3 h, the pyridinium saltwas removedbyfiltration through

a sintered-glassfunnelcontaining Celite. The filtratewas dilutedwithdiethyl

ether (40 ml) and washed with1M Hel (10 ml), and 5% aqueous NaHC03 (10

ml), and then dried(MgSOJ . Flash chromatography{elution with10% ethyl
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acetate-hexane) gave 181 (0.509 g. 93%) as a pale yellow oil. IR: 3295 . 2131

(weak), 1746 . 1447 . 1377. 1334. 1218, 1155 ern". lH NMR: 5 4.77 (2H,

symmetrical m, Co1'H,), 4.40 (1H. q, J = 7.0 Hz. Co2Hl, 2.53 (lH, t, J = 2.5 Hz.

G-3'H), 1.85 (3H, d, J= 7.0 Hz, G-3H,). "c NMR: s 169.4 (Co1). 76 .7 (Co2),

75 .6 (G-3) . 53.3 (Col) . 39.2 (Co2). 21 .5 (Co3). MS: no M'. 137 (12) ,135 (14).

111 (33). 109 (42), 107 (42), 56 (10), 55 (12), 39 (100).

(2.propynyl) 2-(5.5-dimethyl-.3-oxDcyclohex-1-enyl}propanoate (182) .

To a mixed solvent ofdiethy[ ether (10 ml) and benzene (5 rnL) was

added activated Zn metal (20 mesh , granular) (0.438 g, 6.70 mmol) . Compound

181 (0.657 g, 3.44 mmol) and 176 (0.451 g, 2.46 mmol) were added to the

addition funnel along with diethyt ether (5 rnL) and benzene (10 mL) . One-tenth

of this mixture and a few crystals of iodine were added to the reaction mixture .

Upon heating to a gentle reflux. the iodine colour soon faded . The rema inder of

the ester mixture was added altematelywith the iodine (0.931 g. 3.67 mmol) over

the next 30 min. The mixture was refluxed for a further 2.5 h. and carefully

poured into a mixture of ice (- 25 mL) and concentrated Hel (15 mL). Diethyl
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ether (40 ml) was added, and the solutionwas stirredfor 15 min. The organc

layer was separated. and the aqueous layer was emaeted with diethyt ether (3 x

30 mL). The comb ined organ ic Iayefs were washed withwater (10 mL), a

saturated aqueous NaHC03 solution(20 mL), a saturated aqueous N~~OJ

solution(15 ml), and brine (15 mL) and the n dried (MgSOJ . Solvent

evaporationfollowedby flash chromatography(elution with 15% ethyf

acetate- hexane) yielded 182 (O.359 g, 62 %) as a colour1essoiL IR: 3282 ,2961.

2127 (weak), 1744 , 1667, 1460. 1369. 1171 an>'. IH NMR: 0 5.97 (1H . s,

C-2 'H), 4 .70 (2H, symmetrical m, C- 1nHz)' 3.34 (1H. q, J = 7 .1 Hz, C-2H), 2 .49

(1H. t, J = 2.5 Hz. C-3"H), 2 .24 (2H . s, C-4 'HJ , 2 .23 (2H . symmetrical m, C-6 'Hz),

1.37 (3H, d, J = 7.1 Hz. C-3H,), 1.05 (3H, s. C-5'CHJ , 1.04 (3H, S, C-5'CH J . ''C

NMR: s 199 .5 (C-31. 171.4 (C-l ), 159.3 (C- l1 , 126.2 (C-21. n. l (C-2") , 75.2

(C-3"), 52.4 (C-l"), 51.0 (C-41, 46 .8 (C-2), 41 .5 (~, 33.6 (C-51, 28 .2

(C-5'CHJ . 27 .8 (C-5'CH,), 14.9 (C-3). MS: 234 (50, M"J, 219 (23), 187 (12),135

(100) , 123 (26), 121 (11), 107 (11), 95 (18), 93 (11), 91 (14) , 83 (10) , 81 (17),79

(12) , 77 (9) , 67 (17), 55 (17) , 53 (2D). HRMS: calcd for C,.H ,.O ,: 234 .125 5:

found: 234 .1246 .
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(3..phenylthio-2-propynyl) 2~romoethanoate(185).

o
Sr II l' 2'

~O~
2 ~ :©::

.-
A diethyl ether (80 mL) solution of 163 (3.00 g, 18.3 mmol) was cooled to

o °C. Pyridine (1 .9 g. 1.9 mL, 24 mmol) was added dropwise. and the mixture

was stirred for 1 h. Bromoacetyl bromide (4 .8 9, 2 .1 mt.,24 mmoJ) was added

dropwise resulting in the formation of a cream-coloured precipitate. After stirring

at 0 "C for 2 h. the mixture was warmed to It and stirred for another 12 h. The

pyridinium salt was removed by filtration using a sintered-glass funnel containing

Celite and washed with diethyl ether (4 x 20 mL). The filtrate was washed with

1M aqueous Hel (10 mL). a saturated aqueous NaHC03 solution (10 mL) and

brine (10 mL) . Drying (MgSOJ and solvent evaporation gave a red-orange oil,

which was purified by flash chromatog raphy (elution with 10% ethyl

acetate-hexane) to yield 185 (4.97 9, 95%) as a yellow oil. IR 3074 (weak),

219B, 1746 , 15B3, 1479, 1442 , 1366 , 1274, 1141,965,740, 6BB em" . lH NMR

s 7.40 (2H, m, C-2"H, C-<l"H),7.32 (2H, m, C-3"H, C-5"H), 7 .22 (1H, m, C-4"H),

4.97 (2H , S, C-1 'H:l)' 3.86 (2H, S, C-2H 2) . 1~ NMR : 5 166 .3 (C-1) , 131.4 (C-1 '1.

129 .2 (C-3", C-5"), 128 .8 (C-4 ") , 126.3 (C-2", C-<l"l , 92.3 (C- 2'), 75.6 (C-3'), 54 .5

(C-l ) , 25 .3 (C-2) . MS; 286 (19, M"), 284 (19 , M1 , 208 (12) , 205 (92) , 184 (18),
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163 (31),147 (39) ,146 (62 ),145 (45), 135 (17), 123 (11), 121 (17) , 109 (10),

103 (100 ), 102 (64) , 95 (10), 93 (11), 91 (27),87 (20) , tr (59), 70 (21) , 69 (53),

65 (12), 58 (13), 51 (62), 50 (17). HRMS : caled forC"H,n BrO,S: 283.9507;

found : 283.9496 and for C"Hv "BrO:rS: 285.9488; found : 285 .9496 .

(3-Phenylthlo-2·propynyl) 2-(1-hydroxycyclohexyl)ethanoate (1S7)•

...
:©:~

~crt7OH21 o~ 2'"
l ' ,. 2"•. ..

s-

Activated zinc metal (20 mesh , granular) (0 .381 g. 5.83 mmol) was added

to a THF (20 mL) solution ofcyclohexanone (0.269 g. 2.74 mmol) . THF (10 mL),

185 (0.665 g. 2.33 mmol) and benzene (5.0 ml) were added to the addition

funne l. About cne-tentn of thi s solution was added to the reaction mixture aJong

with a sma ll am ount of jcdine. The rea ction was heated to reflux, and the

remainder of the ester solution was added alternately with the iodine (0.74 g.

2.92 mmo/) over 15 min. The mixture was refluxed for a further 4 h and poured

into a mixture of ice (25 mL) and concentrated Hel (15 ml). otethyl ether (SO

mL) was added. and the solution was stirred for 10 min. The organic layer was

separated. and the aqueous layer was extracted with diethyl ether (3 x 25 mL).

The comb ined organ ic layers were washed with a saturated aqueous NaHC03
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solution (2 x 20 ml), a saturatedaqueousN~S203 solution(10 ml ), and brine

(10 mL) andthen dried(MgSOJ. Solvent evaporationfollowedby flash

chromatography (elution with 15% ethyl acetate-hexane) gave 187 (0.309, 44% )

as a pale yellow oil and 163 (78 mg, 12%) asa colourless oil. For 187 . 1R:

3497 (broad), 3061 (weak), 2933. 2198. 1729 . 1479 . 1443 . 1169. 1125 crrr' . 'H

NMR: s 7.42 (2H. m. e-2 '"H. C<l"H). 7.34 (2H, m, e- 3"'H , e-5 "H) . 7.24 (l H. m,

e-4 "'H), 4.93 (2H, S , e-l "H,), 3.16 (l H, broad S , OH), 2.53 (2H, S, e-2H ,),

1.7D-1.27 (10H. m, c-za; e-3'Hz. e-4'Hz. C-S'H, . e-6'HJ . 13C NMR : 45 172.0

(e-l), 131.7 (C-1"1, 129.2 (e-3"', C-5"), 126.8 (e-4"1, 128.4 (e-2 ", C-6'''), 92.9

(e- 2"), 74.9 (e- 3"), 70.1 (e-1') , 53.0 (C-1"), 45.2 tc-z) . 37.3 (C-2', C-6'), 25.5

(e-4 '), 21.9 tc-s. e- 5l MS: 304 (15, M'), 164 (45), 163 (39),1 62 (16),147

(100),146 (27), 145 (14),1 35 (9),123 (10), 110 (11),103 (79),102 (28), 99 (31),

98 (11), 87 (12), 86 (21), 81 (38), n (21), 69 (13),55 (20), 51 (14). HRMS:

caledforC l1H2003S: 304.1132; found: 304 .1131.

1,1..Bis(2-propynoxy)propane (191) .

A benzene (35 mL) solution of 2-propynol(11.6 g, 12.0 mL. 206 mmol),

propanal (6.0 g, 7 .5 mL, 103 mmol) and pyridinium p-toluenesulfonate (ca. 0.20
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g. ca . 0.80 mmoO was heated to 45 °C. The reaction solution was stirred for 12 h.

then refluxed for a further 8 h. The yellow-orange solution was then vacuum

distilled (5a.61 "C at ca. 2.5 romHg) to yield 191 (7.81 g. 50%) as a colourless

oil . IR: 3295 , 29n. 2120 .1465,1351 ,1121 .1056 em" . 'H NMR: .5 4 .74 (1H.

t, J = 5.8 Hz. C-1H) , 4.24 (4H, d. J =2.4 Hz, 2 x C-1 'HJ. 2.44 (2H , t, J =2.4 Hz.

2 x e-3'H), 1.69 (2H, dq , J= 5.8, 7.4 Hz, e-2HJ, 0.95 (3H, t, J= 7.4 Hz, e-3HJ.

"c NMR : 0 102.5 (c-i), 79 .7 (2 x e-21, 74.1 (2 x c-aj, 53.0 (2 x c.n, 26.1

tc-z). 8.6 (C-3) . Ma: no M', 137 (5),123 (IB), 97 (38) , n (12) , 70 (15) , 67 (10) ,

57 (41) , 55 (24), 39 (100) .

Tris(2-propynoxy)methane (194).

~
~

~o

'~3'
l ' 2'

A benzene (300 ml) solution of 2-propynol (39.2 g, 699 mmol) , triethyl

orthoformate (14.8 g, 99.9 romol) , and H2S04 (6 drops) was heated to 50 "C for

12 h. After replacing the condenser with a distillation column , the reaction was

heated to reflux . and the ethanol was slowly removed azeotropically over 2 - 3 h.

Once 125 mL had been collected, benzene (100 rol) and 2-propynol (9.63 9,

172 mmol) were added. and the ethanol was removed azeotropically once again .



191

After repeating the process again. the IH NMR spectrum of the distillate showed

no sign of ethanol. The reaction was cooled to rt and a saturated aqueous

NaHCO, solution (100 ml) was added. The resulting mixture was extracted with

diethyl ether (2 x 100 ml) . The combined ether layers were washed with a

saturated NaHCO, solution (20 ml) and dried (K:zCOJ. Solvent evaporation

gave a yellow-brown oil. which was vacuum distilled (84-92 DCat 3.5 mm Hg) to

yield 194 (6.62 g. 37%) as a yellow oil. IR: 3294.2123. 1093. 1048 em". lH

NMR: S 5.64 (1H, s, C-1H) , 4.31 (6H, d, J= 2.5 Hz, 3 x C-1'H ,), 2.47 (3H, t, J=

2.5 Hz, 3 x C-3'H) . ''C NMR: S 110.1 (C-1), 76.6 (3 x C-2 '), 74.7 (3 x C-3'),

52.3 (3 x e-n , MS: no M' , 177 (2, M' -1), 139 (2),124 (7), 123 (100), 77 (13),

65 (9), 55 (25), 41 (29),39 (96) .

2-Bromo-1,1-bis(2-propynoxy)propane (195).

rr
3~ ...-::-=

2!, 1 0 l ' 2' 3'

Bromine (6.9 g, 2.2 rnt, 43 mmol) in dichloromethane (2.0 ml) was added

to a diethyl ether (10 ml) solution of propanal (2.5 9. 3.1 ml; 43 mmol) over 45

min . using a water bath to moderate the temperature. The reaction mixture was

stirred for 24 h at rt, and benzene (20 mL) was added. This solution was cooled

to 0 -cand I<zC03(4.3 g) and N~~03 (1.15 g) were added . The reaction
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mixture was then warmed to rt, and it was stirred a further 3 h. The precipitated

salts were removed by filtration, and the filtrate was placed in a round-bottomed

flask along with pTsOH (0 .25 g) and 2-propynol (9.63 g. 10.0 tnt, 172 mmcl).

The flask was equipped with a condenser. and the mixture was refluxed for 2.5

h. Upon cooling , a saturated aqueous NaHCO, solution (50 ml) was added , and

the mixture was extrad ed with diethyl ether (3 x 40 mL). The combined organ ic

layers were washed with a saturated aqueous NaHCO, solution (20 ml) and

dried {~COJ. Solvent evaporation followed by vacuum distillation (90-93 "C at

ca. 5 mm Hg) gave 195 (3 .74 g. 38%) as a pale yellow oil. IR: 3294,2121,

1448, 1352. 1080, 1048 cm'' . ' H NMR: s 4.87 (1H. d. J= 4.9 Hz. C-1H), 4.38

(4H. m, 2 x C-1'H2) . 4.13 (1H, dq, J = 4.9. 6.9 Hz, C-2H), 2.51 (2H, t. J = 2.4 Hz,

2 x C-3'H), 1.70 (3H, d, J = 6.9 Hz. C-3HJ. 13C NMR: c5 102.3 (C-1), 78.8 (2 x

C-2'). 75 .2 (C-3). 75 .1 (C-3') , 55 .6 (C-1/, 55 .4 (C-l') , 47 .8 (C-2), 20 .0 (C-3). MS:

noM- , 177 (18), 175 (17), 123 (76),113 (10), 77 (19), 67 (11). 65 (11), 57 (11),

55 (25), 41 (40), 39 (100) .

2-Bromo-1..ethoxy-1-(3-phenylthio-2-propynoxy)ethane (197) .

l ' ~Z'rX 1

-

5-([j~ B'

4'" 3'"
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Compoond 163 (0.654 g. 3.98 mmol) and~imMle (0.850 g.

4 .77 mmoI) in dichloromethane (20 ml) were cooledto -30 "C. 1-Ethoxyethene

(0.34 g. 0.45 mL.4.76 mmoOwas diluted in dichloromethane(2.5 mL) and

added dropwiseover 1 h. The reactionwas kept at -30 "Cfor 3 h then left to

wann to rt OYeI'Ttight The reactionmixturewas dilutedwith dichloromethane (60

mL) and washed withwater (10 ml), 2 M aqueous He l (10 ml ), and brine (10

mL) and then dried (MgSOJ . Flash chromatography (e lution with 5% ethyl

acetate-hexane) gave 197 (0.937 g, 75%) as a yellow oil. IR: 3061 (weak) ,

2976,2184.1582,1479.1442. 1345. 1120, 1061, 1024 , 740 ,688 ern". 'H NMR:

6 7.43 (2H, m, C-2'"H, C-6"'H), 7 .34 (2H, m, C-3-H . C-5"'H), 7 .25 (1H, m.

C-4-H ). 4 .91 (1H, ~ J = 5.4 Hz, C-1H), 4.53 (2H. s, C-1'HJ , 3.70 (2H,

symmetrical m, C-1-HJ, 3.43 (2H, d. J= 5.4 Hz.C-2H;r) ' 1.25 (3H. t, J= 7.1 Hz.

C-2"H,). -c NMR: 6 132.1 (C-1i. 129 .3 (C-3-, C-5i , 126 .8 (C-4i, 126.5

(C-2" , C-6i. 100.3 (C-1), 94 .6 (C-2') , 74 .2 (C-31, 63.0 (C-1"). 55 .1 (C-11, 31.6

(C-2), 15.2 (C-n. MS: 316 (0.9, MI , 314 (0.9, M1 , 153 (10).151 (10). 149 (7),

148 (29) , 147 (100). 135 (17). 125 (21). 123 (23), 121 (11), 116 (9). 115 (79),

m.~_~~n~n ~ro~~~53~M_

HRMS: calcd for C13H ,.1tIBrO
zS: 313.9976; found : 313.9978 and for

CnH,: 'BrOzS: 315.9955; found: 315.9970 .
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1-Ethoxy-2-iodo-1-{~henylthlo-2.propynoxy)ethan. (198).

_ ~r o-{2"
~ X

'-©J~- I

4'" 3M
•

Compound 197 (0.937 g. 2.97 mmol) in acetone (3.0 ml) was added

dropwfseto an acetone(4.0 mL) solutionof sodiumiodide(0.542 g, 3.61 mmol).

The reactionmixturewas heated to refluxfor48 h. Analysisof a smallsample

by 'H NMR spectroscopy indicated40% conversion to product. Additional

sodiumiodide(1.20 g. 8.01 mmol)was added. and the mixturewas refluxed for a

further48 h. The resulting NaSr was removed by filtration througha

sintered-glass funnelcontainingOelite . Solventevaporation yielded a white

precipitatein an orangeoil. Pentane (40 mL) and diethylether (20 mL) were

added and the solution again filtered. The filtrate was dried (MgSOJ . and the

solvent evaporated to yield 198 (0 .843 g. 78 %) as an orange oil. IR: 3060

(weak), 2975. 2184.1583.1479.1341 ,1111,1059, 1023,739 em". lH NMR: 5

7.44 (2H, m, C-2'"H, C-6'"H). 7.35 (2H, m, C-3-H . C-S-H) , 7.25 (I H, m, C-4"'H),

4.83 (1H, t, J =5.4 Hz, C. 1H), 4.51 (2H, s, C.1'Hz), 3.67 (2H, symmetricalm,

C-l"H ,) , 3.28 (2H, d, J= 5.4 Hz, C-2H,) , 1.25 (3H, t, J= 7.1 Hz, C-2"HJ . - c

NMR: 5 132 .1 (C-l -l , 129.3 (C-3'''. C-S"'), 126 .8 (<:-4"'),126.5 (C-2'", C-S- l ,

100.4 (C-l), 94 .7 (C-2'l, 74.1 (C-3'), 62 .6 (C-l "). 54.9 te-n . 15.1 (C-2"), 5.0
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(C-2). MS: 362 (2, tK), 235 (2), 199 (10), 171 (27), 149 (10), 148 (40), 147

(100), 135 (14),121 (14), 116 (10), 115 (76) ,109 (8), 104 (9),103 (70),91 (19),

n (33), 71 (25), 70 (14), 69 (17), 51 (27). HRMS: calcd for C"H"IO,S:

361.9839; found: 361.9815 .

Ethyl 2-iodoethanoate (203) .

°, II I'
~O/'.....2'

2

Sodiumiodide(15.1 g, 0.101 mol) was dissolvedin acetone(110 mL) and

ethyl bromoacetate(14.0 g. 84.0 mmol)was added dropwise, resulting in

immediate precipitate fonnation. The reactionmixturewas heatedto reflux for

12 h thencooled to rt and filteredthrougha sintered-glassfunnel. washing with

acetone (2 x 15 mL). The volumeof the red-orenqe solutionwas reduced to 30

mL under vacuumand pentane (120 ml) was added. resultingina grey-green

precipitate. Filtration, drying(MgSOJ and solvent evaporation gave 203 (15.2 g.

84%) as a pale yellowoil. IR: 2982,1732.1417.1366.1264 err'. 'H NMR: 0

4.21 (2H, q, J= 7.1 Hz, C-l 'HJ , 3.69 (2H, S, C-2HJ , 1.28 (3H, t, J= 7.1 Hz,

C-2'HJ . " c NMR: S 168.7 (C-l), 62.0 (C-n, 13.8 (C-2'), -5.3 (C-2). MS: 214

(60, M-), 186 (45), 169 (46), 142 (13), 141 (23), 128 (4), 127 (8), 87 (46), 59 (13),

45 (10), 29 (100).
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Ethyl2-(5,5-dimethyl·2-oxocyclohex+enyl)ethanoata (160).

3'ift,O l' 21°-;>2..
4' I.. ,.

5

A THF (10 ml) solution of diisopropy{amine (O.i9S g. 0.270 mt, 1.93

mmol) was cooled to -30 "C. n-Butyllithium (2.5 M in hexanes, 0.71 mt, 1.77

mmol) was added dropwise , and, after stirring for 20 min . 4,4-dimethyl-

2-cyclohexen-1-one (O.203 g, 1.61 mmol) in THF (2.0 ml) was added dropwise.

After stirring for 1 h. compound 203 (0.429 g. 2.00 mmol) was added . and the

reaction was kept at -30 OCfor 2 h, then left to warm slowly to rt overnight. Afte r

removing the solvent under vacuum , the reaction mixture was diluted with diethyl

ether (50 ml) and quenched with water (10 rnl). The organic rayer was washed

with brine (10 ml) and dried (MgSOJ. Solvent evaporation followed by flash

chromatography (elution with 15% ethyl acetate-hexane) gave 160 (0.27 3 g.

79%) as a colourless oil. IR: 2962. 1736, 1681 , 1470, 1374. 1266 , 1178 cm'' .

'H NMR: IS 6.62 (1H. dd, J= 2.0,10.0 Hz, C-4'H), 5.84 (1H, d, J::::10.0 Hz ,

C-3'H), 4.18 (2H. symmetrical m, C-1"H 2) , 3.02 (1H , m, C-1'H), 2.88 (1H, dd , J =

5.5,16.5 Hz, C-2H), 2.24 (lH, dd, J= 7.1,16.5 Hz, C-2H), 1.87 (1H, ddd , J =

2.0 ,4.9,13.1 Hz, C-S'H), 1.75 (1H, apparentt, J= 13.1 Hz, C-S'H), 1.28 {3H , t. J

= 7.2 Hz, C-2"HJ, 1.24 (3H, s , C-5'CHJ, 1.15 (3H, s , C-5'CHJ. vc NMR: S

199.4 (C-2') , 172.5 (C-l) , 159.0 (C-41 , 126.1 (C-31. 60 .5 (C-l'1, 42.4 (C-6'), 39.8
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(C-11, 34.5 (C-2), 33.7 (C-51, 30.5 (C-S'CHJ, 252 (C-5'CHJ, 14.2 (C-2'l MS:

210 (15, Ml, 195 (28),185 (48) ,184 (30),149 (12),137 (11),138 (18), 123 (17),

122 (18),121 (30), 108 (10), 96 (100), 95 (10), 93 (11), 81 (29),79 (10), rt (11) ,

68 (11), 67 (23), 53 (16). HRMS : calcd for C12HII03: 210 .1255 ; found :

210 .1246 .

Ethyl 2....odopropanoate (212).

0
0 l'

3 ~2'
2 1 0

I

Ethyl 2-bromopropanoate (8.0 9, 5.7 mt, 44 mmol) was added dropwise

to an acetone (60 mL) solution of sodium iodide (9.28 g. 61.9 mmol) , resulting in

precipitation of NaBr about halfway through the addition . The solution was

heated to 40 "C overnight. The sodium bromide was removed by filtration

through a sintered-glass funnel containing Celite . Solvent evaporation followed

by the addition of pentane (100 mL) and diethyl ether (40 mL) resulted in the

formation of a green precipitate. The solution was again filtered. using a

sintered-glass funnel, and dried (MgSO.). Solvent evaporation gave 212 (9.34 g,

93%) as a yellow oil. IR: 2982.1731.1446,1369.1330.1208.1135 em". 'H

NMR: 5 4.47 (1H, q, J= 7.0 Hz, C-2H), 4.21 (2H, dq, J= 1.5,7.1 Hz, C-1'H2) ,

1.96 (3H, d. J = 7.0 Hz, C-3HJ, 1.28 (3H, t, J = 7.1 Hz, C-2'HJ. "c NMR: S
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171.8 (C-1), 61.7 (C-11, 23.3 (C-3) , 13.7, 13.2 (C-2. C-21- MS: 228 (22. M' ),

183 (8), 155 (22 ), 101 (42). 73 (9) , 45 (12) , 29 (100).

Ethyt 2-(5.5-djm.thyl.2~xoeyeloh.x-3-eny1)propanoate (213).

o 3

3'~'Z1'210Y2"
4' 6'

5

A THF (50 rnL) solut ion of diisopropylamine (2.7 g. 3.7 mt, 27 mmol) and

HMPA (8.7 g. 8.4 mt , 48 mmol ) was cooled to ·78 DC. n-Butyllithium (2.5 M in

hexanes . 9.9 mL, 24.7 mmol) was added dropwis e , and . after stirring for 20 min,

4 ,4-dimethyl-2 -cydohexen-1-one (2.92 g. 23.5 mmol) in THF (5.0 mL ) wa s

add ed dropwi se over 15 min. Afte r 1 h, compound 212 (6 .07 g. 26 .6 mm ol) in

TH F (5.0 mL) was added ove r 10 min. The reaction was kept at -78 ac for 18 h.

the n wa rmed to rt for 2 h. The reaction mcture was quenched with water (10

mL) and most of the THF was removed under vacuum. After the add ition of

diethyl ether (200 mL), the solution was washed with water (4 x 10 mL ), and

brine (20 mL ) and then dried (MgSOJ . Sotvent evaporation yielded a pale yellow

oil. Flash chromatography (elution with 15% ethyiacetate-petroJeum ether) gave

213 (4.10 g. 78%) as a colourless oil, composed of two diasterecmers. The

diastereomeric ratio was determined to be 2.9 : 1 by 'H NMR spectroscopy .

Major isomer: IR: 3021 (weak), 2962, 1732,1682,1468, 1393,1195. 1178,
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1062 crrr' . 'H NMR : li 6.61 (1H . dd, J= 1.1, 10.0 Hz.C-4'H) . 5.82 (1H . d. J=

10.0 Hz, C-3'H) . 4 .17 (2H , symmetrical m, C-1"HJ. 3.10-2 .99 (2H , m, C-1'H ,

C-2H), 1.76 (2H, m, C-6H,), 1.28 (3H, tJ= 7.1 Hz, C-2"HJ . 1.22 (3H, s.

C-5'CHJ , 1.17 (3H, s, C-5'CHJ, 1.09 (3H, d, J = 7.0 Hz, C-3HJ . ' 'C NMR: 5

199.0 (C-21, 175.9 (C-1), 158.7 (<:-41,126.4 (C-31, 60.3 (C-l ") , 44.9 (C-n. 37.9

(C-2, C-61, 33.5 (C-51, 30.8 (C-5'CHJ , 24.9 (C-5'CHJ, 14 .2 (C-2"), 12.7 (C-3).

MS: 224 (8, MO), 209 (21), 179 (34), 178 (13),1 63 (10),1 51 (27),150 (12), 135

(22), 125 (11), 124 (96), 123 (39), 122 (8), 109 (38), 96 (100), 95 (19), 81 (22),

69 (14) , 67 (21), 55 (27), 53 (17). HRMS : calcd forC'3H2Q0:J: 224.1411 ; found:

224 .1413.

Minor isomer: IR: 3020 (weak), 2962 , 1731, 1680. 1468.1378. 1198.

1152, 1066 em" . 'H NMR: is 6.60 (1H, dd. J= 2.0 . 10.0 Hz. C-4'H), 5.84 (1H, d.

J = 10.0 Hz, C-3'H). 4 .13 (2H. dq, J= 0.6, 7.1 Hz, C- 1"H2) . 3.01 (1H, m. C-2H),

2.83 (1H, dt, J = 4.5,14.0 Hz, C-1'H), 1.93 (l H, m. C-6H), 1.75 (1H, ddd, J = 2.1,

4.8, 13.0 Hz, C.aH), 1.24 (3H, t, J =7.1 Hz, C-2"HJ , 1.21 (3H, d, J =7.2 Hz,

C-3HJ, 1.20 (3H, s. C-5'CHJ , 1.17 (3H, S, C-5'CHJ . -c NMR: 5 198.8 (C-2'),

174.6 (C-1), 158.4 (<:-41, 126.7 (C-3'), 60.4 (C-l"), 45.4 (C-l1, 38.6 (C-2, c-e).

33.5 (C-51, 30.7 (C-5'CHJ, 25.4 (C-5'CH,), 14.2 (C-2") , 13.3 (C-3). MS: 224

(10, M"), 209 (13), 179 (38), 178 (15), 168 (14), 163 (10), 151 (24), 150 (13),13 5

(21), 124 (79), 123 (32), 109 (51), 96 (100), 95 (26), 91 (10), 81 (23),69 (13), 67

(21), 55 (26) , 53 (17). HRMS : caled forC'3H2003: 224 .141 1; found: 224 .1406.
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Elhyl2~5.5-<lI...lhyl-2-l("""'lhylph.nyloulfonyl}hydrazonol·

3qclohexenyf)propanoate (21. ).

~d~
1"
=0

.J<

Qfr
' Nz J 0-;»:

3", t 1 1. Z'

• . 6'..
Enone 213 (0.704 g. 3.14 mmol) in THF (3 ml ) was added to a THF (25

mL) solutio n of jHoluenesulfonhydrazide (0.591 g. 3.17 mmol). Concentrated

He l (5 drops) was added , and the reaction was stirred under a N2 atmosphere

for 48 h at rt. Dry benzene (10 mL) was added. the solvent was evapo rated , and

the process was repeated. The resulting yellow viscous oil was pu rified by flash

chromatography (elution with 25% ethyl acetate.petroleum ether ) to give 214

(0 .95 g, 78%) as a viscous yelJowOl1. The product contained a mixture of two

disstereom ers. IR (for mixture): 3216 .2961, 1730. 1339. 1168 . 786 ern".

Distinguishable NMR signals for the minor diastereomer are reported sep arately .

For the major diastereomer: 'H NMR: 5 7.87 (2H. d. J :z:: 8.2 Hz, C-2-H,

C-6 '''H ), 7.69 (1H. broad S, NH), 7.31 (2H. d. J = 8.2 Hz, C-3"'H , C-S'''H). 6.11

(1H. d . J= 10.2 Hz.e-J·H). 6 .07 (1H. d. J = 10.2 Hz.C... ·H). ' .16 (2H.
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symmetrical m. C-t "HJ. 3.07 (2H. m. C-1'H. C-2H), 2.42 (3H. S, C-4"'CHJ. 1.55

(1H. rn. e-<l'H), ca. 1.30 (1H, m. <:-8'H), 1.26 (3H, t, J= 7.1 Hz, C-2"HJ . 1.07

(3H. s. C-5·CHJ. 1.03 (3H, s. C-5·CHJ. 0.68 (3H, d. J = 6.8 Hz, C-3HJ . "c

NMR; 8 176.1 (C-1), 152.9 (C-21, 151.5 (C-41, 143.9 and 135.4 (C-l '", C-4'") ,

129.4 (C-3"', C-5"1, 128.2 (C-2'", e-<l"'l, 113.6 (C-J1, 60.4 (C-1"l , 38.4 and 38.3

(C-l ', C-2), 37.8 (<:-81,33.7 (C-51, 30.4 (C-5'CHJ , 25.8 (C-5'CHJ , 21.6

(C-4"'CHJ , 14.2 (C-2"), 11.9 (C-3). M5 ; 392 (1, M') , 347 (6), 237 (10), 208 (13),

179 (40),137 (33),135 (41),120 (12),119 (24),108 (18),107 (79),105 (15), 96

(11),95 (11), 93 (51), 92 (21), 91 (74),79 (19), n (27), 67 (11) , 65 (28), 55 (16).

53 (11). HRMS : calcd for C,.HnO,N25 (M· - C2H sO): 347 .1428 ; found:

347.1456 .

For minordiastereomer. 'H NMR : 5 2.95 (1H. dt, J= 4 .8.13.0 Hz,

C-1'H) , 2.74 (tH, symmetricalm, C-2H) , 1.21 (3H, t, J:. 7.2 Hz. C-2"H:J. 1.05

(3H, 5, C-5'CHJ . "c NMR; 8 174.7 (C-1), 151.4 (C-4') , 143.8 (C-l"' orC-4''').

128.4 (C-2"', C-<l"'), 113.8 (C-3'), 60.3 (C-1"), 39.9 and 39.1 (C-1' , C-2), 39.7

(C-<l'). 33.8 (C-51, 26.2 (C-5'CHJ , 14.1 (C-2'1, 12.9 (C-3) .
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Ethyl (2R"'.1'~:rR").-2-(2-hydroxy-5.5.cfim.thylcyc:fohex-3-enyl}propanoate

(trans-2iS), ethyl (2R".1·R*.2·S-}-2-(2-hydroxy-S.5-dimethylcyclohex-3~nyl)

propanoate (cis-2iS) and {1S*.6R",7S*)4,4,7-trimethyl-9-oxablcyclo[4.3.0]

non-Z ...n-a-cne (Zi6).

¢lt
~H 3

3" , 1 0 ...............2..
I 1 1"

4' 6'

5'

trans-2iS

Q1t
~ :

3' • 1 0 ...............2..I 1 1"
4' 6'

5

cis-2iS

if
o

1 7

2 6

3
1

4 5

216

Enone 213 (0.513 g, 2.29 mmol) and CeCI3"7Hp (1.06 g. 2.84 mmol )

were added to methanol (15 mL) , and the solution was cooled to 0 "C. NaBH.

(0.103 g, 2.72 mmol) was added in one portion . resulting in gas evolution. The

reaction was stirred for 12 h before it was quenched with a saturated aqueous

NH4CI solution (10 rnL). Following evaporation of most of the methanol. a

saturated aqueous NH.CI solution (30 mL) and water (30 rnL) were added , and

the resulting solution was extracted with diethyl ether (3 x 50 mL) and ethyl
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acetate (50 ml). The combined organic layers were washed withbrine (15 ml)

and dried (MgSOJ. Solvent evaporation, followed by flash chromatography

(elution with20% ethylacetate-petroleum ether) gave 213 (0 .107 g. 11%) as a

yellow oil . 216 (0 .060 g. 8%) as a yellow oil, and 215 (0 .691. 69%) as a

colourless oil. Compound 215 was composed of twodiastereomers . IR (for

mixture): 3417 (broad), 3015 (weak) , 2957, 1731, 1466, 1373. 1193. 1046 em".

MS (for mixture) : no M', 211 (9), 181 (12),180 (31),170 (21),165 (23), 137

(17), 125 (35),124 (100) ,119 (19),109 (41) , 107 (54), 102 (30), 98 (38), 97 (58),

96 (17), 95 (11), 93 (18), 91 (22),83 (23), 81 (18),79 (18), 77 (22) , 74 (29), 71

(11), 70 (21), 89 (31), 67 (26), 65 (11) , 57 (14), 55 (58), 53 (27), HRMS (for

mixture): calcd for C'3H2203: 226.1568; found: 226.1542; calcd for C'2H'1I0]

{M· - CHJ : 211.1333; found: 211.1343 . Distinguishable signals fer the minor

diastereomer are reported separately. For the major diastereomer: 'H NMR: S

5.47 (2H, m, C~3'H. C-4'H) , 4 .16 (2H. symmetrical m, e-t"H2) , 3.97 (tH. d, J =

9.0 Hz, C·2'H), 2.87 (1H, dq, J=4.6, 7.6 Hz, C·2H), 2.08 (1H, m, C·l'H), 1.53

(lH, broad S , OH), ce. 1.30 (2H, m, C-6'H,), 1.26 (3H, t, J= 7.1 Hz, C·2"HJ, 1,11

(3H, d, J = 7.6 Hz, C-3HJ, 1.01 (3H, S, C-5'CHJ, 0.99 (3H, S, C-5'CHJ, "c

NMR: S 176,6 (C-l), 139,1 (C-41, 128.4 (C·31, 69.7 (C-2') , 60.3 (C-l "), 41 .9

(C-1'), 39.8 (C-2), 37.2 (C-61, 33.0 (C-51, 31.0 (C-S'CHJ, 27,7 (C-5'CHJ, 14.3

(C-2"), 11.3 (C-3) .
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For minordiastereomer. 'H NMR: is 2.78 (1H , dq, J= 3.1 , 7 .3 Hz, C-2H).

1.92 (l H, m. C-l'H). -c NMR: a 138.5 (C-41, 68.9 (C-21, 60 .5 (C-l"), 42.4

(C-l1, 40.7 (C-2), 38.9 (C-61, 29.0 (C-5'CHJ, 27.9 (C-5'CHJ, 13.3 (C-2").

For216: 'H NMR : s 5.89 (1H. d , J= 10.0 Hz . C-3H), s.n (1H. dd . J =

4.5 ,10.0 Hz. C-2H), 4 .79 (1H. apparentt, J= 4 .5 Hz, C-1H), 2.42 (1H. dq. J=

1.5,7.6 Hz, C-7H), 2.28 (1 H. symmetrical m. C-6H ), 1.54 (1H. ddd . J= 1.2, 4 .8.

13.2 Hz, C-5H), 1.38 (3H, d, J . 7.6 Hz, C-7CHJ, 1.31 (l H, t, J = 13.2 Hz, C-5H),

1.05 (3H. s, C4CH~). 1.00 (3H. s, C-4CHJ. NOE data: 4.79 (s.n. 2%; 2.28,

2%). -c NMR: a 177.3 (C-8), 144.8 (C-3), 119.8 (C-2), 73 .2 (C-1), 43.1 (C-8),

38.5 and 38.4 (C-5, C-7), 31.9 (C-4), 30.1 (C-4CHJ , 27.2 (C-4CH,), 15.5

(C-7CHJ . MS (fromGC-MS): 180 (11, M'), 165 (5),152 (11) ,125 (10), 124

(100), 121 (22) , 109 (20),107 (29), 96 (18), 95 (12), 93 (54), 91 (32), 82 (13), 81

(13), 79 (21), 77 (25), 69 (45), 67 (33), 65 (12), 55 (38), 53 (21), 51 (12).

Attempted dehydration of 215 .

EthyI2-(5,5-dimethyl-1,3-cyclohexadienyl)propanoate (217).

¢ft,:
3' ~ 1 0 <:»:2"

4,1~: ,.
5'

CuSO./SiO, (0.524 9 SiD, . 0 .175 9 CuSOJ and toluene (10 mL) were

added to a round-bottomed flask. The allyfic alcohol 215 (0 .193 g, 0.852 mmol)
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was added and the mixtureheated to reflux. The reactionwas monitoredby TlC

and removed after 1h. The reactionmixturewas filteredto removea solid. The

filtratewas washed withdiethylether (3 x 10 mL). Aftersolventevaporation,

flash chromatography(elutionwith7.5% ethylacetate-petroleumether) gave an

inseparable mixtureof various double bond isomersof 217 (0.096 g, 54%) as a

colourless oil. IR (mixture): 2955 . 1733. 1709 . 1620 (weak) , 1587 (wea k), 1462 .

1230 .1188,1099. Readily discernible signals fer the 'H NMR of the mixture: a

6.43 (lH, dt. J= 2.2,10.2 Hz, C=CH), 5.99 (lH, dt, J= 4.3,10.2 Hz,C=CH) ,

5.90-5 .71 (2H. m, 2 x C=CH) , 5.47 (1H. m C=CH), 4.21 (2H. Q. J= 7.1 Hz,

OCHzCHJ.4.16 (2H, 'I. J= 7.2 Hz. OCH zCH3) , 3.15(1H. q, J=6.9 Hz. CH3CH).

1.31 (3H, t, J = 7.1 Hz, OCH,CH,) , 0.96 (6H, S, (CH,),C) , 0.91 (6H, s. (CH,), C).

MS (mixture) ; 208 (21, M1, 193 (12), 147 (13),135 (26),133 (30),120 (14), 119

(100), 107 (22), 105 (23), 102 (12), 91 (36). 79 (17), rt (25). 65 (12).

EthyI2-(5,5-dimethyl-2..(((1.1-dimethylethyl)dlmethylsilyl)oxy)

.1,3-cyclohexadlenyl)propanoate (219).

'1;1.'0 3

3'~'-"::::::1'2 °............... 2·

4' I 6" 1 ' "

5
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A dichloromethane (3.0 ml) solutionof 213 (0.222 g. 0.989 mmol) was

cooledto 0 "C. Following dropwiseadditionof biethytamine(0.17 g. 0.23 tnt ,

1.7 mmel), TBSOTf (0.414 g. 0.360 mL, 1.57 mmel) was added andthe reaction

was slowlywarmedto rt, After 2 h. the reactionmixturewas pouredintodiethyl

ether (100 mL) and washedwith a saturatedaqueous NaHCO, solution (3 x 15

ml), and brine(20 ml) and then dried (~COJ. So lvent evaporationfolfowedby

flashchromatography (elutionwith 9% diethylether-hexane) gave219 (0.241 g,

72%) as a colourless oil. IR: 3021 (weak), 2957. 1731.1 656. 1464,1377. 1282,

1253.1205,110 7,869. 839, n g em". 'H NMR: S 5.62 (1H. d. J= 9.8 Hz ,

C-3'H), 5.49 (1H, d, J = 9.8 Hz, C-4'H), 4.11 (2H, q, J = 7.1 Hz. C-1"H, ), 3 .88

(1H, q, J= 7.1 Hz, C-2H), 2.07 (1H, d, J= 18.2 Hz, C-6'H), 1.92 (l H, d , J = 18.2

Hz, C-6'H), 1.23 (3H, t, J =7.1 Hz, C-2"HJ, 1.17 (3H, d, J =7.1 Hz, C-3HJ, 1.00

(3H, s , C-5'CHJ , 0.98 (12 H, s , C-5'CH" (CHJ ,C(CHJ,Si), 0 .15 (3H, s,

(CHJ,CCH,Si). 0.13 (3H, S, (CH,>:,CCH,Si). 1'C NMR: 5 174.8 (C-1), 142 .2

(C-2) , 138.6 (C-4 '), 123 .4 (C-3'), 112.4 (C-11. 60 .3 (C-1"), 37 .8 (C-2), 37.1 (C-6' ),

31 .5 (C-5'), 27.9 (C-5'CHJ , 26 .7 (C-5'CH,), 25 .8 «CHJ,C(CHJ,Si), 18.1

«CHJ,C(CHJ ,S i), 14.4 (C-3), 14.2 (C-2j, -3.9, -4.1 «C HJ,C(CHJ,Si) . MS: 339

(8 . M"). 293 (8), 292 (18), 281 (18), 2IT (16), 265 (35), 249 (11), l IT (12), 91 (9),

75 (52), 73 (100), 59 (13). HRMS: calcdforCleH,.O~Si: 338.2275; found:

338.2263.
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(2-Propynyl) 2-iodopropanoate (210).

J"2'3 2\' O~3'

To a solutionof sodium iodide(1.48 g. 9.87 mmol) in acetone (15 ml)

was added 181 (1.40 g, 7.35 mmol), resulting in immediateprecipitateformation.

The mixturewas heated to 40 DCfor 12 h. thencooledto rt and filteredthrougha

sintered-glassfunnel. Solvent evaporation, followedby the additionof pentane

(100 ml) and diethytether (30 mL) resulted in a grey-greenprecipitate.

Filtration. drying(MgSOJ of the filtrate, and solventevaporationgave 210 (1.55

g, 89%) as a pale yellow oil. IR: 3293 .2130 (weak), 1738 , 1446 , 1375, 1331 ,

1199 .1130 em". 'H NMR : a 4.75 (2H, symmetricalm, C-1'H 2) . 4.52 (1H. q. J=

7.0 Hz, C-2H), 2.53 (1H, t, J = 2.5 Hz, C-3'H), 1.98 (3H, d, J= 7.0 Hz, C-3HJ .

"c NMR: 5 171.1 (C-l ), 76 .8 (C-21, 75.5 (C-3'), 53.2 rc-r i, 23.2 (C-3) , 11.7

(C-2). MS: 238 (11, M-), 183 (2),155 (15),127 (7),111 (27),56 (10), 55 (13),

53 (11), 39 (100 ). HRMS : caredforCeH710~: 237.9493; found: 237 .9489 .

(Z..propynyl) 2-(S.5-dimethyl-2-oxocyclohex..3-enyl)propanoate (211) .

¢:t,O l' 3 1 O~3"
3' I 2 , - 2"

4' 6'
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A THF (15 ml) solution of diisopropylamine (0.56 g. O.n ml. 5.5 mmol)

and HMPA (1.8g, 1.7 rnt, 9.9 mmol) was cooled to -78 OC. n-.Butyflithium (2.5 M

in hexanes , 2.10 mt, 5.23 mmol) was added dropwise , and the LOA solution

warmed to aOC over 15 min. After recooling to -78 "C, 4,4-dimethyl-2­

cyclohexen -1-one (0 .612 g. 4.93 mmof) , diluted in THF (1.0 ml), was added

dropwise over 5 min. After 1 h. 210 (1.42 g. 5.97 mmol) in THF (1.0 mL) was

added dropwise . The reaction was maintained at -78 DC for 18 h. then warmed

to rt for 2 h. The reaction mixture was quenched with water (4 mL) and most of

the THF was removed under vacuum. After the addition of diethyl ether (100

ml), the solution was washed with water (3 x 15 mL), and brine (10 mL) and

then dried (MgSOJ . Solvent evaporation followed by flash chromatography

(elution with 15% ethyl acetate-petroleum ether) gave 211 (0.721 g. 63%) as a

pale yellow oil, composed of two diastereomers. The diastereomeric ratio was

determ ined to be 3.0 : 1 by 'H NMR spectro scopy. Major isome r: IR: 3270,

2962 ,2128,1741 ,1679,1460,1378,1168,1063 ern" . 'H NMR : 5 6.62 (l H.

dd , J= 1.8, 10.0 Hz, C-4'H), S.83 (IH , d. J = 10.0 Hz, Co3'H), 4.73 (2H,

symmetrical m, C~l "H:J, 3.16-2.99 (2H, rn, C-1'H, C-2H), 2.48 (l H, t. J= 2.4 Hz,

C-3"H), 1.83-1.88 (2H, m, C-6'H,), 1.23 (3H, S , CoS'CH,), 1.17 (3H, S , CoS'CH,),

1.12 (3H, e . J = 7.0 Hz, C-3H,). "c NMR: 5 19B.7 (Co2'), 17S.1(Col), IS8 .8

(C-41, 126.3 (C-3I , 77.8 (Co2i , 74 .8 (Co3'I , 51 .9 (Coli, 44.9 (Col '), 37 .9 (C-2),

37.8 (C-6I , 33 .6 (Co61, 30.6 (CoS'CH,), 24 .9 (CoS'CH,), 12 .6 (C-3). MS: 234 (3,
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M1. 219 (8). 179 (13). 178 (8). 151 (12). 135 (11). 12' (100) . 123 (20). 122 (7).

109 (2'). 96 (83). 95 (15). 81 (19). 69 (11). 67 (20). 55 (23). 53 (17). HRMS:

calcd for C14H1. 0 3: 234.1255; found: 234 .1265.

Minorisomer: IR: 3271.3022 (weak), 2962, 2128.1742.1 679.1468.

1379. 1192. 1144 . 1066 an-I. 'H NMR : IS6.61 (1H. dd. J = 2.0, 10.0 Hz, C-4'H).

5.84 (1H. d, J= 10.0 Hz. C-3 'H) , 4 .68 (2H. symmetrical m, C-' ''HJ, 3.03 (1H. m,

C-2H). 2.90 (IH. dt. J= • .• • 14.1 Hz.C-l 'H). 2.44 (I H. t, J = 2.5 Hz.C-3"H). 1.96

(I H. m. = H). 1.76 (I H. ddd. J = 2.1. ' .7. 13.0 Hz.C-6'Hl. 1.23 (3H. d. J= 72

Hz. C-3HJ . l .21 (3H. e. C-5·CHJ . 1.17 (3H. s. C-5·CHJ . vc NMR: s 198.5

(C-21. 173.8 (C-l ). 158.6 (C-41. 126.6 (C-31. 77.2 (C-21 . 7' .6 (C-31. 51.9

(C-l1. '5.' te-n, 38.7 (C-61. 38.' (C-2). 33.6 (C-51. 30.6 (C-5·CHJ. 25.3

(C-5·CHJ. 13.0 (C-3). MS: 234 (3. M·). 219 (5). 179 (18). 178 (2'). 151 (12).

135 (12). 12' (100). 123 (23). 122 (8). 109 (45). 96 (87). 95 (29). 91 (12). 81

(25).77 (11). 69 (13). 68 (11). 67 (25). 55 (30). 53 (22). HRMS: calcd for

C,.H II0 3: 234.1255; found: 234 .1264 .

(3.phenylthl~2-propynyl) 2-iodoethanoate (204) .

~~~2' ~ ~ 2"

;©::
5"
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Compound 185 (1.66 g, 5.82 mmol) in acetone (5.0 ml)was ad ded

dropwise to an acetone (20 mL) sofution of sod ium iodk:le (1 .20 g. 8 .01 mmol ).

and the mixture was heated to 50 "C overnight The sodium bromide was

removedby filtrationthrougha sintered-glassfunnel containing Celite. Sotvent

evaporationunder vacuum, followedby the additionof pentane (40 mL) and

diethytether (30 mL) resulted in the formation of a white precipitate. This was

again removedby filtrationthrougha sintered-gtass funnel containing Celite.

Drying(MgSOJ and solvent evaporationunder vacuum gave 204 (1.86 g. 97 %)

as a pale yellow oil. IR: 3054 (weak), 2198. 1738. 1582, 1479. 1442. 1248.

1086. 740 em". lH NMR: ~ 7.43 (2H. m, C-2"H. C-6"H), 7.35 (2H. m, C_3M H.

C-5"H), 7.25 (1H, m,~"H), 4.97 (2H, s. C-l' H,), 3,75 (2H, S , C-2H,). "c NMR:

• 168.1 (C-l) , 131.6 (C-l1, 129.3 (C-3", C-51 , 126 .9 (~1, 126.5 (C-2", C-lr),

92.4 (C-2'), 75.7 (C-31, 54.6 (C-11. -6.3 (C-2). MS: 332 (22 , M1 , 206 (10), 205

(68), 169 (13), 164 (4 1), 163 (34), 147 (36),146 (43), ' 45 (33), 141 (10), 135

(17), 127 (5), 121 (13), 111 (13), 109 (11), 103 (100 ), ' 02 (59), 91 (36), 87 (16),

ss (10), 78 (8) , rr (51), 70 (17), 69 (40), 85 (11), 55 (14), 51 (52), 50 (12) ,

HRMS: calcd for C1lHeI02S: 331.9370; found: 331.9400.



211

(3-Phenytthi~2..propynyl) 2-(5.5-dimethyl·2-oxocyclohex~nyl)ethanoate

(205) and (3--phenyfth lo-2-p ropyny() 2-(3-phenylttllo-Z-propynoxy)ethanoate

(206 ).

3-

2'"~'-

o ~~s-

~
, . 2 1 0 #3" lr

3' 2~

.' I 6' ' "
5

205

To a solution of THF (20 ml ) and HMPA (0.90 g. 0.87 mt, 5.0 mmol) wa s

added diisop ropylam ine (0 .31 g. 0.42 ml, 3.0 mmol) dropwise. The solution was

cooled to -78 "C and n-butytlithium (2.5 M in bexa nes. 1.0 ml, 2.5 mm ol) was

added dropwise. After stirring for 20 min. 4 .4-d imethyl-2-cyc1ohexen- 1-one

(0 .315 g. 2.54 mmol) in TH F (3.0 ml) was added dropwise over 15 min. After 1

h. 204 (0.916 g. 2.76 mmol) was added over 20 min. The mixture was kept at

-78 "C overnight before it slowty warmed to rt.. After removing the solvent. the

residue was diluted with d iethyl ether (100 mll and washed with water (3 x 10

ml), and brine (10 ml) and then dried (MgSOJ . Solvent evapo ration followed

by flash chrom atography (15% eth yl aceta te-he xane ) gave 205 (0 .580 g. 70%)

as a colourless oil and 206 (0.036 g, 7%) as a pale yellow oil . For 205: IR:

3060 (weak), 296 1, 2197. 1743 , 1680, 1583, 1479 , 1376 , 1265 . 1156 ern". IH
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NMR: 5 7.43 (2H. m, C-2"·H. C-6"·H). 7.34 (2H. m C-3"·H. C-5-H) . 7 .24 (lH . m.

C-4-H) . 6.62 (l H. dd. J = 1.3. 10.0 Hz.C-4·H). 5.64 (l H. d . J = 10.0 Hz. C-3·H).

4 .95 (2H. s, C-1"H2) . 3.04 (1H, apparent septet. C-1'H), 2.94 (1H. dd, J= 5.7.

16.3 Hz.C-2H). 2.31 (l H. dd . J= 7.0. 16.3 Hz. C-2H). 1.88 (lH . ddd . J=1 .6. 4.7.

12.9 Hz. C-6·H). 1.75 (l H. t. J= 13.5 Hz.C-6·H). 1.22 (3H. s. C-5'CH,) . 1.13 (3H.

s. C-5·CH,). ''C NMR: 5 199 .1 (C-21. 171.8 (C-l ). 159.1 (C-4'). 131.9 (C-n.

129.2 (C-3- . C-5"·). 126 .8 (C-4"1. 128 .4 (C-2·". C-6"1. 128.0 (C-3'). 93 .4 (C-2·1.

74.5 (C-3 "). 53 .1 (C-l" ). 42 .2 (C-61. 39.9 (C-l1. 34.8 (C-2). 33.7 (C-5·). 30.4

(C-5·CH,). 25.2 (C-5·CH,). MS: 328 (4. MO). 185 (100). 147 (15). 148 (29), 145

(15). 123 (11).1 09 (7).103 (30). 102 (19), 77 (13). 69 (9). 67 (8). 51 (8). HRMS:

calcd for C,gH2110)S: 328.1132; found: 328.1117.

3-

4-r(Y~
5"'~s 0.- ~~ '"3~ Q 2~

2' 1~
l ' 2 "" Srzy2'" 3....

~J~4·N.
5 -

206

For 206: IR: 3060 (weak), 2193. 1759, 1583, 1479 , 1442, 1187, 1116,

739 em". 'H NMR: S 7.42 (4H. m, C-2"'H. C-2""H, C-6"'H. C-6""H), 7 .33 (4H.

m. C-3"·H. C-3·-H . C-5'"H. C-5-H). 7.23 (2H. m. C-4·"H. C-4....H). 5.00 (2H. s.
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C-1"H,) , 4,56 (2H, e. C-1'H,). 4.29 (2H. s. C-2H,) . -c NMR s 169.2 (C-1),

131.9 an d 131.7 (C- l " , C-1""), 129.3 (C-3" . C-3"", C-5- . C-5"'1. 126.83 and

126 .77 (C"- . C-4"") , 126.4 (C-2"', C-2-, C-6- . C-6"j, 93 .6 a nd 92.6 (C-2'.

C-2j, 75.5 and 75 .4 (C-3', C-3j , 65 .9 (C-2), 59 .4 (C-11, 53.4 (C-l "). MS: 368

(2, Mi , 22 1 (21), 163 (12), 147 (59), 103 (100), n (25), 69 (14), 51 (14).

Attempted fonnation of the enol triflate of 205 .

Phenylth io 2-propenoate (209).

5'

2fOAj(
I 1 S 2'

3

A dichloromethane(15 ml) solution of 205 (0.1n g, 0.540 mmel) was

cooled to -15 "C and triflicanhydride (0.20 g, 0 .70 mmol) was added . The

reaction mixtureturnedyellow soon after addition . 2,6-Lutidine(81 mg, 0.76

mmel) was added dropwise, and the mixturewas stirredfor 3 h. The brown

solutionwas dilutedwithdichloromethane (75 ml) and washed with1 M Hel (15

ml) and saturated aqueous NaHC03 solution(15 ml). After drying (MgS0 4) and

solventevaporation. flashchromatography (elution with 10% ethyl

acetate-he xane) gave 209 (23 .7 mg. 27%) as a yellow oil. IR: 3076 (weak),

1683.1632.1478. 1441. 1393.1159 ,994 , rte em" , 'H NMR: a 7.43 (SH. m,

Ph). 6 .43 (2H , m, C-3H 2) , 5.77 (1H, dd. J = 2.2.9.0 Hz. C-2H ). 13C NMR : 0
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188 .4 (e-1). 134 .6. 134.4. 129.5. 129 2 . 127.4. MS: 164 (10. M1. 109 (7). 65

(7). 55 (100) . HRMS: calcd for C,H,OS: 164 .0295; found: 164 .0290.

(3-Phe nyl"'lo-2-propynyl) (1'R" ,2'R")-2~2-1lydroxy-5.$.dlme"'y1

cyclohex-3-enyl}ethanoata ( f1Bns-207) and (~henytthlo-2-propynyr)

(1'!r,2·S*)-2-(2-hydroxy-S,5-d lmethytcyclohex.).enyl)ethanoate (cis-207).

trans- 207 cis-207

CeCl, '7H,O (0.376 g. 1.04 mmoI) and 205 (0.264 g. 0.863 mmol)we",

added to methanol (5 mL) and cooled to 0 "C. Addition of NaSH.. (4 1.7 mg, 1.10

mmol) resulted in gas evolution. After 30 min . the ice bath was removed . and

the mixture was stirred for 1.5 h. Foftowing soWentevaporation, d iethyl ethe r (60

ml), water (30 mL) and NH..CI (10 mL) were added to the residue. The organic

layer was separated. and the aqueous laye r was extracted with d iethyf ether (3 x

50 mL). The combined organ ic layers were dried (MgSOJ, and the solvent was

removed to yield an orange oil . Flash chromat ograp hy (elutio n with 40% ethyl

acetat e-hexane) gave 207 (0.228 g. 80%) as an Inseparable mixture of trans-207
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and cis-207 . Thetrans : cis ratiowas detennined to be 21 : 1 by integrationof

the'H NMR spectrum oftheaude sample. IR (for mixture): 3476.3061 (weak)

3016 (weak) , 2957 , 2197 .1742. 1583 . 1479 , 1442 . 1267, 1154 ern". For

trans-207: tH NMR: 0 7.42 (2H. m, C-Z-H, e-s "'H). 7.34 (2H. m. e-s "'H.

C-S"'H), 7.23 (1H, m, C-4 "'H), 5.47 (2H . apparent s. C-3'H. C-4' H), 4 .93 (2 H. s.

C-1"Hz)' 3.87 (1H. apparent t. J= 8.3 Hz, C-Z'H), 2.76 (1H. dd. J .. 5.7.15.2 Hz.

C-2H). 2 .29 (1H. dd, J . 7 .6,15.2 Hz, C-2H). 2.17-2.00 (2H. m, C-1'H. OH). 1.53

(l H, dd . J. 2.5, 13.2 Hz, C-B'H). 1.27 (1H, apparent t, C-B'H). 1.03 (3H, S,

C-5'CH,), 0 .96 (3H, s, C-5'CH,). NOE data (for mixture): 5.47 (3.67. 3%; 1.03,

1%; 0 .96 ,1 %),3.67 (5.47. 2%; 2.76 , 1%; 2.29, 2%; 127. 1%),2.76 (3.67 , 1%;

2.29 , 10%),2.29 (5.47 , 1%; 2.76,10%; 1.27,1 %),2.17-2.00 (5.47 . 2%; 2.76,

3%; 2.29, 1%; 1.27 ,1 %; 1.03 ,1%). 1.53 (2.29, 1%; 1.27,6%; 1.03, 1%;

0.96.1 %), 1.27 (3.87. 2%; 2.76. 1%; 2.29.1 %; 1.53. 12%; 0.96. 1%). I]C

NMR: • 172.9 (C-l ). 139.1 (C-41, 131.9 (C-1i , 129.2 (C-3- . C-6i . 127 .9

(C-31. 126.8 (C-4i, 126 .4 (C-2- , C-Bi . 93 .3 (C-2i, 74.5 (C-3i, 72.2 (C-21,

63 .0 (C-1i, 41.7 (C-B1, 38.3 (C-2). 37 .3 (C-11, 32.9 (C-61. 30.8 (C-5'CH,), 28 .0

(C-5'CH,). MS (for mixture): no M', 183 (3), 165 (68). 164 (33), 163 (15). 148

(27) ,147 (98), 146 (14), 145 (11) , 134 (19) ,1 23 (13),1 21 (13). 115 (23), 110

(52) , 109 (15), 108 (16) ,107 (32), 103 (100 ),102 (24), 95 (16), 93 (17), 91 (22),

87 (29) , 83 (13), 82 (15), 79 (15), 78 (11) , n (56),70 (12), 69 (52), 67 (20) , 65

(16), 55 (4 1), 53 (14) ,51 (46), 50 (13) .
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For cis-207 ; distinct signals in 'H and '~ NMR for the minor product. 'H

NMR: 6 2.67 (lH, dd , J. 8.0, 17.4 Hz, C-2H), 1.04 (3H, S, C-5'CHJ , 1.00 (3H,

S, C-5'CHJ . -c NMR: 6 51.9 (C-11. 30.1 (C-5'CHJ, 26.7 (C-5'CHJ .

Attempted mesylation of as-207 and trans-207.

(1R*.6R"}-4.4-0imethyl-9~xabicyclo[4.3.O]non-2-en-8~ne (208).

A pyridine (2.9 g , 3.0 mL, 37 mmol) solution of 207 (0.141 g, 0.427 mmel )

was cooled to 0 "C. Mesyl chloride (0.063 9. 0.550 mmol) was added dropw ise,

and the reaction was stirred at 0 "C for 12 h. A white solid was removed by

filtration. The organic solvent was removed by vacuum distillation to yield a dark

orange oil . Ethyl acetate (60 ml) was added. and the organic layer was washed

with water (3 x 5 ml) and NaCI (10 rol). After drying (MgSOJ . the solvent was

removed. and the residual pyridine was removed using a vacuum pump to

provide an orange oit (0.099 g). It was composed of 208 and 163 . in a ratio of

1.3 : 1, respectively. For 208: l H NMR: 8 5.93 (1H , d, J= 10.0 Hz, C-3H ), 5.79

(1H , dd, J = 4.5,10.0 Hz, C-2H) , 4.71 (1H, apparentt, J= 4.5 Hz, C-1H), 2.88

(lH, dd, J. 8.1, 17.4 Hz, C-7H), 2.85 (l H, m, ~H), 2.26 (lH, d, J. 17.4 Hz,
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C-7H) , 1.50 (1H, ddd, J= 1.2, 4.8, 13.2 Hz, C-5H), 1.27 (lH, m, C-5H), 1.05 (3H,

S , C-4CHJ , 1.01 (3H, S , C-4CHJ. MS (from GC-MS): 166 (11, M"), 151 (9), 138

(12),124 (22),110 (100),107 (35),105 (23), 95 (17), 93 (21), 91 (42),82 (42),

81 (13),79 (42), rr (23) , 69 (23), 67 (40), 65 (18), 55 (37), 53 (24),51 (21).

(3~hen)'lthio-2-propynylJ 215,5-dimethyl-2-«((1.1.odimethylethyl)

dimethylsllyl)Oxy)-1,3-cyclohexadlenyl)ethanoate (220) and

~«1 .1.cfimethylethyl)dimethyrsllyl)oXY)·'-phenylthio-1-propyne (221).

x :©- s- ' "s( 0 _
/ ' 0 S 1'" 3

'Qrt' , ,2, o~ 2-
3 I '" '" 2"
4' 6'

5

220 221

A THF (10 mL) solutionofdiisopropylamine (0.08 g. 0.10 mL. 0.74 mmol)

was cooledto -78 OC. n-Butyllithium (2.5 M in hexanes.0.27 mt, 0.68 mmol)

was addeddropwise. After20 min, 205 (0.212 g. 0.645 mmcl) in THF (2.5 mL)

was added dropwise. After60 min, TBSOTf (0.25 g. 0.22 mt, 0.97 mmol)was

added. and the reactionwas stirredovernight. Following solventevaporation,

the residuewas dlfutedwithdiethylether(100 mL), and washed with water (2 x

10 mL) and brine(10 rnL). After drying(MgSOJ and solventevaporation, flash



218

chromatography (elutionwitha sotventgradientof 3 to 27% ethyl

acetate-hexane)gave 205 (0.043 g. 20%) as a colour1ess oil. 220 (0.145 g. 51%)

as a yellowoiland 221 (0.015 g. 8%) as a colour1ess oil. For 220: IR: 3040

(weak), 2956. 2198 (weak), 1744 . 1663 . 1583. 1480, 13n. 1254. 1217 . '140

em". IH NMR: 0 7.46-7 .20 (5H , m, C-2"'H, C-3"'H, C-4"'H, C-S"'H, C.·6'"H), 5.60

(1H. d. J= 9.8 Hz, C-3·H). 5.51 (lH. d. J= 9.8 Hz. C-4·H). 4.90 (2H. s . C-1"H,).

3.20 (2H. s. C-2H,). 2.12 (2H. e. C-6·H,j. 1.00 (6H. s . 2 x C-5·CH,j . 0.94 (9H. s ,

(CH,),C(CH,),Si) . 0 .12 (6H. s , (CH,),C(CH,),Sij. »c NMR: 5 171.1 (C-1). 143.8

(C-2·). 139.1 (C-41. 132.0 (C-1·i . 129 .2 (C-3- . C-Si . 126 .7 (C-4 - ). 126 .4 (C-2....

C-6"1. 123.1 (C-3'). 106.5 (C-l1. 93 .6 (C-2"). 74 .6 (C-3i . 41 .1 (C-6'). 35 .1 (C-2).

31 .8 (C-5·). 27.6 (2 x C-S'CH,). 25 .7 «CH,),C(CH,) ,Si). 18.1 «CH ,),C(CH ,),Si).

-4 .1 «CH 3) 3C(CHJzSi).

For 221 : IR: 3076 (weak), 2956 . 2187 (weak), 1584 . 1472, 1443, 1363.

1256 , 1096,837 crrr'. lH NMR: s 7.44-7 .20 (5H, m, Ph), 4.55 (2H, e. C-3H:J,

0.92 (9H. s. (CH,),C(CH,),Si ). 0 .14 (6H. e, (CH,),C(CH,),Si) . -c NMR: 5 132.7

(C-l1. 129 .1 (C-3·. C-5·). 126.5 (C-4'). 126 .3 (C-2·. C-6'). 98 .1 (C-2). 71.7 (C-l ).

52 .6 (C-3). 25 .8 «CH,),C(CH,),S i). 18.3 «CH,),C(CH,) ,Sij . -5.1

«CH,),C(CH,),Si) . MS: no M". 221 (24). 192 (17) .191 (100) . 187 (42) .148 (9),

147 (88).103 (62). n (28). 75 (47). 73 (52). 69 (17). 59 (15). 57 (17). 51 (20).
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Attempted Diels-Alder reaction of 220 .

(3-Phenylthio-2-propynyl) 2-(5,5-dimethyl-1-«1,1-dimethylethyl)

dimethylsiIy1r2-oxoc:yclohex-3 ..nyl}ethanoate (222) .

5'"
s-rA 4"'

o''/-- S~3-

~
', ~ 2"'

3, 2' 2 1 O~3"
I l' 1" 2

4' 6'

5'

A solution of 220 in benzene (2 .0 mL) was heated to reflux under a

nitrogen atmosphere . The rea ction progress was monitored by TLC . After 12

days the solvent was evaporated under vacuum . Flash chromatography (elution

with5% ethyl acetate-hexane) gave 222 (12.5 mg, 21%) as a colourlessoil and

205 (0.114 g. 25%) as a colourless oil along with an undetermined amount of the

startingdiene. For 222: IR: 2958. 2198 (weak) , 1745, 1682 , 1254 . 1178. 1146 .

1070,838 ern". 'H NMR: 6 7.42 (2H. m, C-2"'H. e-e"'H). 7.36 (2H. m, C-3'''H,

G-S'"H), 7.2S (1H, m, e-4"'H), 6.67 (1H, dd, J; 1.4, 10.2 Hz, C-4'H), S.92 (1H, d,

J = 10.2 Hz, C-3'H ), 4.92 {1H, doublet, J= 16.5 Hz. C-1"H}, 4.86 (1H, doublet. J

= 16.5 Hz, C-1"H), 2.97 ~1H, d, J= 15.4 Hz , C-2H), 2.74 (1H, d, J= 15.4 Hz,

G-2H), 2.22 (1H, d, J;14.4 Hz, e-s'H), 2.12 (1H, dd, J; 1.4, 14.4 Hz, C-6'H),

1.29 (3H, s, e-s'CHJ , 1,12 (3H, s, G-S'CHJ , 0.84 (9H. s, (CHJ,C(CHJ,Si ), 0.22

(3H, s, (CHJ ,CCH,Si), -11.06 (3H, s, (CHJ,CCH,SQ. vc NMR: s 196.1 (C-2') ,
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169.7 (C-1), 159 ,7 (C41, 131.8 (C-1"'). 129,3 (C-3 "' , C-5 "1, 128,8 (C4"'). 126.4

(C-2" ', C-O"1. 124.6 (C-31, 93 .2 (C-2i, 74,8 (C-3 i , 53.0 (C-1 '1, 46 .9 (C-01, 42.9

(C-2). 33.5 (C-5' ). 30 ,9 (C-5'CHJ, 29.4 (C-5'CHJ , 25 ,9 «(CHJ,C(CHJ,Si), 18.3

«C HJJC(CHJ2S i), -2.9 «CHJ,CCH,Si). -3 .5 «CHJ, CCH3S i). C-1 ' signal must be

overtapped. MS : no M", 149 (15), 148 (35), 147 (100 ),104 (10), 103 (100), 96

(26),81 (7),77 (15), 75 (35) , 73 (26), 69 (10), 57 (8) ,

(~henylsulfonyl-2-propynyl) 2-(S,5-dimethyI42-oxocyclohex-:S-enyl)

ethanoate (223) .

3"'

~\ 2'ifJ:::
o ~~2 \\ 6'"

~
' l ' 1 0 # 3,,0

3' 2"
4,1 6' 0 1"

5

A dichloromethane (4 0 mL) solution of 205 (0 .429 g, 1.31 mmol) was

cooled to 0 °C. m-CPBA (55%, 0.804 g. 2.56 mmol) was dissolved in chlorofonn

(20 mL) , and this was added over 5 min. The ice bath was removed , and the

reactionmixturewas stirredfor 12 h. TLC indicatedthe reactionto be

incomplete, therefore more m-cPBA (55% , 0.519 g. 1.65 mmol) was added , and

the solution was stirred a further 12 h. A saturated aqueous NaaCO, solution (60

mL), water (50 ml) and dichloromethane(50 mL) were added. and this was
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stirredfor 5 min. The organic layerwas separated. andthe aqueous layer was

extracted with didlloromethane {4 x 50 mL}. The combinedorga nic layers we re

washed withbrine(30 rnL) and dried (MgSOJ . and the solventwas removed.

Flash chromatography(elution with40% ethyfaoetate-petroleum ether) gave 223

(0.445 g, 94%) as a white sofld: rnp: 87.5-88.0 "C. IR: 2962. 2214. 1749. 1an .

1447. 1336. 1164. 1088. 732 em-to 'H NMR: 5 8.02 (2H. m, C-2-H. e-s -H),

7.71 (lH , m, C4-H ), 7.60 (2H, m, C-3-H . C-5-H ), 6.63 (1H. dd , J= 2.0 , 10.0

Hz. e-4'H), 5.83 (1H . d, J = 10.0 Hz. e-3'H), 4.86 (1H, doublet.,J= 16.7 Hz .

C-1"H), 4.60 (lH , doublet . J= 16.7 Hz. C-1"H), 3.03 (1H, m, C-l'H), 2.65 (l H,

dd , J= 6.3, 16.6 Hz, C-2H), 2.29 (l H, dd , J = 6.6 ,1 6.6 Hz, C-2H), 1.64 (1H, ddd,

J= 2.0,5.1,13.1 Hz, C-6'H). 1.75 (l H, apparent l J= 13.1 Hz. C-6'H), 1.24 (3H,

S, C-5'CH,). 1.16 (3H. S, C-5'CH,). -c NMR: 6 196.6 (C-21. 171.2 (C-l) , 159.2

(C41. 140.9 (C-1i , 134.5 (C4i. 129.4 (C-3- . C-5i , 127.6 (C-2" . C-6i, 125 .6

(C-J1 . 68.0 (C-2i, 62.6 (C-J 1, 50.9 (C-1"l, 42.2 (C-61 , 39 .6 te-n,34 .1 (C-2),

33.6 (C-51, 30.4 (C-5'CH,), 25.2 (C-5'CH,). MS: 360 (2. M1 . 161 (1), 165 (13),

164 (14), 125 (12), 123 (7), 122 (13),1 2 1 (7),1 15 (9), 96 (100), 91 (7),62 (7 ), 61

(21),77 (27). 66 (8). 67 (19), 65 (7), 53 (13). 51 (16). HRMS: ca lcd for

C,.H acPsS: 360 .1030 ; found: 360 .1021 .
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Attempted TBS dien. fonnation from 223.

({E)-2-{B is (1-methyfethyl)amlno }-3-phe ny lsulfonylprop-2.enyf)

2-{5.5-dimethyl-2-{« 1.1-dimethylethyl)dirnethylsity l)oxy) cyclohexa.1,3­

dienyl)ethanoat8 (224) and (2-oxo-3-phenylsulfonylpro pyl)

2-(5,5-d lmethyl-2-{«1.1-dlmethylethyl)dimethylsilyl}oxy)cyc lohexa _1.3­

dienyl}ethanoate (225).

X( I I

/Q:f'0 2 /'--..~":'3' ~1' 1 0 ~ 3~
I ,.

4' 5' 0=6':::'0
5' 6'" 2-

,. 0 3"
4·

224

X '·'
S( :©"' 4'"/ ' 0 0 0

iff' l ' 2 1 O~'s 1.0 3"
3' I ~ 1- 2" 3- 'b 2'"

4' ..

s

225

A solution of diisopropylamine (0.067 g, 0.660 mmol) in THF (S.D mL) was

cooled to a "C and n-buty lJithium (2.5 M in hexanes. 0.24 tnt , 0.60 mmol) was
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added dropwise . The ~ution was stirred for 20 min. then added to a THF (7 .0

mL) _ of 223 (0207 g. 0 .574 mmoI) ccoled to -78 "C. TBSOTf (0 .2 12 s ,

0 .804 mmoI) was added to the solution of 223 5 min before dropwise additionof

the LOA solution. This was maintained at -78 "C for 4 h. then wanned to rt.

Solventevaporation was followed by the addition of dfethylethe r (150 ml). The

organic solutio n was washed with water (2 x 15 mL) and brine (15 mL). and then

dried {MgSOJ_ Following solvent evaporation. flash chromatography (elution

with 25% ethyl acetate-hexane) gave 0.118 9 of an inseparable mixture of 224

and 225 as a yellow oil. 'H NMR analysis of the mixture indicated a ratio of2 .1 :

1 of 224 and 225. IR (for mixture): 2957,1738.1662 (weak), 1562. 1254 , 1135.

1082 em" . For 22 4 from the spectra otthe mixture: 'H NMR : l) 7.92-7 .44 (5H.

m. Ph ), 5.56 (1H, d , J = 9 .9 Hz, C-3'H orC-4'H), 5.49 (l H, d , J= 9.9 Hz, C-3'H or

C-4'H), 5.33 (1H. s , C-3"H). 5.08 (2H. S , C-1"H,), 3.73 (2H, septet, J= 6 .9 Hz, 2 x

(CH,),CHN), 2.99 (2H. s . C-2H,). 2.00 (2H, S , C-6'H,), 1.25 (12H, d. J = 6 .9 Hz, 2

x (CH,),CHN), 0.99 (6H, s . 2 x C-5'CH,) , 0 .92 (9H, S, (CH,),C(CH,),S ij, 0 .09 (6H.

S, (CH,),C(CH,),S ij. "c NMR: s 170.6 (C-1), 150 .6 (C-21, 146 .0 (C-1"1, 143.6

(C-21. 139.1 (C-41, 131.6 (C-4i , 128.8 (C-3-. C-5i . 126 .2 (C-2"'. C-6i , 123.0

(C-31. 106.2 (C-11, 98.7 (C-31, 58.0 (C- l 1 , 48 .4 (2 x (CH,),CHN), 41.1 (C-6').

34 .9 (C-2) , 31 .8 (C-51, 27 ,6 (2 x C-5'CH,), 25.7 «CH,),C(CH,) ,Sij , 20.2 (2 x

(CH,),C HN). 18 .0 «CH,), C(CH,),S;), -4.1 «C H,),C(CH,),S;) .
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For 225 from the spectra of the mixture: 'H NMR : 6 7.92-7 .44 (5H. m,

Ph) , 5.61 (1H. d. J= 10.0 Hz, C-3'H or C-4'H), 5.53 (1H , d. J= 10.0 Hz, C-3'H or

C-4'H), 4.91 (2H, S, C-l"H,) , 4.20 (2H, S, C-3"H,), 3.25 (2H, S, C-2H,), 2.11 (2H.

S, C-6'H,), 1.00 (6H, S, 2 x C-S'CH,), 0.94 (9H, S, (CH,),C(CH,},Si), 0.11 (6H, S ,

(CH,},C(CH,},SQ. "c NMR: 5 170.8 (C-1), 143 .6 (C-2'), 139.2 (C-4), 138.3

(C-1"'), 134.5 (C-4"'). 129.4 (C-3-, C-Si. 128.4 (C-2-, C-6'"), 123.0 (C-3) , 106.2

(C-11. 66.3 and 64.2 (C-1", C-3"), 41 .0 (C-6), 34.6 (C-2), 31.6 (C-S), 27.6 (2 x

C-5'CH,) , 25 .7 «CH,},C(CH,},SO, 16.0 «CH,},C (CH,},SO, -4.1 «(CH,},C(CH,),Si).

Attempted TBS dlene fonnation.

(2.()xo--3·phenylsutfonylpropyl) 2.(5,5-dim8thyl~2-oxocyclohex-3-enyl)

8thanoate (226) .

so-

3'ift'O l' 21O~\~:~
I '" 2 3" 0

4' 6'

5'

To a solution of 1,1,1.3 .3.3-hexamethyldis ilazane (0.105 g, 0.650 mmol) in

THF (3.0 mL), cooledto DOC. was added n-butylfithium (1.6 M in hexanes, 0.37

mt., 0 .60 mmol) dropwise. This solution was maintained at 0 gc for 30 min. then

added to a -78 "C solution01223 (0.196 g, 0.542 mmol) in THF (10 mL) . After 5

min, TBSOTf (0.21 Q, 0.78 mmol) was added to the orange solution. The
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mixturewas maintainedat ·78 OC for 6 h. then it was allowed to warm to rt. After

quenching with water, the solvent was removedand replaced by diethytether

(150 ml ). The solution was washed with water (2 x 15 ml) and brine (15 mt ),

and then dried {MgSO J . Solvent evaporationfollowed by flash chromatography

(50% ethyl aceta te-hexane) gave 226 (0.110 g. 53%) as a white sotid. IR: 3065

(weak), 2962 . 1738. 1678. 1326. 1157. 788 an-I. TH NMR: S 7.92 (2H. m,

C-2- H,~-H). 7.68 (1H. m, <:-4- H). 7.58 (2H. m, C-3-H . C-5- H), 6 .63 (1H, dd.

J = 2.0 , 10.0 Hz. <:-4'H). 5.84 (1H. d, J= 10.0 Hz, C-3'H), 4 .90 (2H, S, C-1"H,),

4 .32 (1H, doublet. J = 13.8 Hz. C-3"H), 4.26 (1H, doublet. J = 13.8 Hz. C·3"H).

3.07 (1H, m, C-l 'H), 2.94 (l H, dd. J= 6.2,16.2 Hz. C-2H). 2.34 (1H, dd, J. 6.6,

16.2 Hz, e-2 H), 1.91 (1H. ddd. J= 2.0, 4.8. 13.6 Hz, C-S'H), 1.76 (1H. apparent

t J = 13.6 Hz. C-6'H), 1.23 (3H, S, C-5'CH,). 1.15 (3H, S, C-5'CH,). ''C NMR: S

199 .1 (C-21, 192.2 (C-2i , 171.7 (C-1), 159.3 (<:-41. 138.3 (C-1;, 134 .4 (<:-4;,

129.3 (C-3- , C-5; . 128 .4 (C-2-, ~;, 125.9 (C-31, 68 .5 and 64 .0 (C-1". C-3i ,

42 .1 (C-61 , 39 .9 (C-n. 34.1 (C-2), 33.8 (C-51, 30.4 (C-5'CH,). 25 .1 (C-5'CH,).

MS: srr (0.6 , M" - 1), 382 (1), 166 (11). 165 (100), 184 (24), 141 (9), 137 (6) ,

136 (10), 125 (19),123 (17),121 (18). 109 (8),108 (17), 96 (78) . 95 (11), 93

(15),91 (16).81 (22),79 (13), 78 (19), n (91), 69 (12), 67 (29) , 65 (12), 55 (12).

53 (21), 51 (39),50 (14).
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(E)-3--Phenytsutfonyl.2-propen-1-o1 (227).

3' 2' 0 OH

"~~~
.. .. 1\ 3

Benzenesulfinic acid sodium salt (8.36 g, 50.9 mmol) was dissolvedin a

solution of DMF (5.0 ml ) and water (100 mL). After dissoMng the salt.

ep ichlorohydrin (9.6 9. 8.1 ml, 0 .10 mol) was added. and the solution wa s

heated to refluxwhereupona white solid began to precipitate. Refluxing was

stoppedafter 6 h. and the reactionwas COCIIed to rt and stirred for 18 h. The

mixture was cooled in an icebath , and the white solidwas collected by filtration

througha sintered..glass funnel. The solidwas washed withice-coIdwater (2 x

15 ml), partiallydried under suction and dried under vacuum (ca. 1 mm Hg, 60

°C) for about 10 h. Recrystallizatio n from aceton e gave 227 (7 .2 1 g. 72 %) as

colourlesscrystals: mp: 142.G-142.5 "C. IR: 3491,3054,1630 (w), 1454. 1285,

1142. 1085an·1
• lH NMR (CD,COCDJ : S 7.92 (2H.m,C-2'H. C-6'H). 7.72 (1H.

m, <:-4'H), 7 .64 (2H, m, e-3'H, C-S'H), 7.08 ('H, m, e-2H), 6.71 ( ' H, apparent dt,

J =2.3, '4.4 Hz, e-3H ), 4.37 (3H, m, e-1H" OHIo "c NMR (CD,COCD,): s

148 .0 (e-2), '42.3 (e-l1 , 134.2 (<:-41, 130 .3 (e-3', e-51, '30.1 (e-3), 128.3

rc-z. e-B1, 81.1 (e- , ). MS: '98 (2 , M1 , 170 (10), '69 (100), 125 (33), 97 (9),

94 ( '3), 91 (17),78 (38), 77 (78), 65 (7), 57 (50) , 5' (52), 50 (' 4) .
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«E)-3.phenytsulfonyl.2..propenyl) 2-bromoethanoate (228) .

o l ' 3'
Br~ ./'.... 2~ IP 2"10- ""'" 'S:©" "2 II 0 3

o 6" 4"

5"

(.E)-3--Phenylsutfonyl-2~propen-1-o1 (227) (1.06 g. 5.35 mmel) was

suspended in THF (60 mL). Pyridine (0 .55 9, 0.56 mt, 7.0 mmol) was added

dropwise. and the reactionwas stirredfar 3Dmin. Bromoacetyl bromide(1.4 g,

0.61 mt., 7.0 mmol)was added dropwiseat rt, resulting in a cream-coloured

precipitate and the generation of heat After stirring the mixtureovernight, the

pyridinium bromidesaltwas removedby filtration through a sintered-glassfunnel

containing Celite. The THF was removed, and the residuewas dilutedwith

diethyl ether (100 mL). The organic layer was washed with 1 M aqueous Her (10

ml) , a saturated aqueous NaHCOJ solution(10 ml), and brine (10 mL), and then

dried (MgSOJ . Solventevaporationfollowed by flash chromatography(elution

with 40 % ethyl acetate-petroleum ether) gave 228 (1.50 g, 88 %) as a pale yellow

oil. IR: 3060.1745,1636 (weak) , 144 7. 1316. 1281. 1147 , 1086 em" . 'H NMR:

s 7.90 (2H, m. C-2"H, e-s"Hl, 7 .68 (lH , m, C-4"Hl, 7.56 (2H, m, C-3"H, C-5"H),

6 .99 (lH, dt , J = 4.0, 15.1 Hz, C-2'Hl, 6 .63 (l H, d~ J= 2.1,15.1 Hz, C-3'H), 4.88

(2H, dd , J= 2.1, 4.0 Hz, C-l'HJ, 3.86 (2H, S, C-2HJ . "c NMR: 0 166 .3 (C-l) ,

139 .6 (C-l"), 138.2 (C-2'), 133.7 (C-4"), 131 .8 (C-31, 129.4 (C-3", C-5"), 127,8
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(C-2", C-8"J, 62.8 (C-11. 24.9 (C-2). MS: 320 (0.05, M1,199 (9), 198 (73), 197

(15), 181 (11), 179 (59), In (62), 169 (22) , 143 (9), 125 (100), 123 (80), 121

(84), 97 (18), 95 (14), 93 (14), 84 (11), 78 (24), n (92), 57 (51), 51 (28). Anal.

ca lcd. for Cl1 HuBrO.S : C41.40. H 3.47; found: C41.37 . H 325.

«E)-3.phenylsulfonyl-2..propenyf) 2-iodoethanoate (229) .

o l' 3'
~~/P 2"

1 0 S~" 3"2 II 0
o 6" 4 ft

5"

A solution of sodium iodide(2.43 g. 16.2 mmol) in acetone (12 mL) was

cooled to a "C. and the bromoester 228 (4 .22 g. 13.2 rnrno{) in ace tone (5.0 mL)

was added dropwiseresuttingin the immediate formationof a white precipitate.

The reactionwas heated to 40 "C for 12 h. and the sodiumbromide was

removed from the red solutionby filtrationthrougha sintered-glass funnel

containing Celite . Solventevaporationfollowed by flash chromatography (elution

with40% ethytacetate-petroleumether) gave 229 (4.64 g, 96%) as a pale yellow

solid: mp: 57-58 "C. IR: 3058, 1739. 1640 (weak), 1447. 1308. 1265 . 1147.

1097 em" . ' H NMR: 6 7.90 (2H, m, C-2"H, e-s"H), 7.66 (I H, m, C-4"H), 7.56

(2H, m, C-3"H, C-5"H), 7.00 (IH , dt, J = 4.0, 15.2 Hz, C-2'H), 6.66 (IH, dt , J =

2.1. 15.2 Hz. C-3'H), 4.85 (2H. dd . J = 2.1, 4 .0 Hz. C-1'H2) . 3.72 (2H. S, C-2 H2) .
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''C NMR: 6 167 .8 (C-l), 139.7 (C-l"), 138.4 tc-z), 133.7 (C-4"), 131.6 (C-3'),

129.4 (C-3" , C-5"), 127.8 (C-2", C-6 "), 62 .5 (C-n. -6 .9 (C-2). MS: 366 (0.5, M') ,

239 (4), 225 (36),198 (22),197 (13), 181 (61) , 169 (100 ),168 (9), 141 (16), 125

(70) , 97 (12), 78 (14), 77 (52) , 57 (16) , 51 (11) . Anal. calcd . for C"HnIO.S: C

36.08. H 3.03 ; found : C 36.07 , H 2.84.

«E)..J.Phenyisurfonyl-2~ropenyl) 2-(5,5-dimethyl.2-oxocyclohex-3-enyl)

ethanoate (230).

5-

~
'" 4"'00 0

• 2 2" \.\ ...
3'~1'1 O~~,1'" 2'" 3I 1" 3" 0
4' 6'

5

A solution ofdiisopropylamine (0.10 g. 0.13 ml, 0.95 mmol ) and HMPA

(0.32 g. 0.32 mt, 1.8 mmol) in THF (8.0 ml) was cooled to 0 <>C. n-Butyllithium

(2.5 M in hexanes . 0.40 mt, 1.0 mmol) was added dropwise. and the solution

was stirred for 30 min. 4,4·Dimethyl-2-cyclohexen-1-one (0.109 g. 0.879 mmol)

in THF (2.0 mL) was then added dropwise, and the mixture was stirred for a

further 40 min. After cooling to -78 OCand stirring for 20 min , 229 (0.354 g,

0.965 mmoJ)in THF (3.0 mL) was added over 5 min . The mixture was

maintained at -78 '"Cfor 18 h, then warmed to rt Solvent evaporation was

followed by dilution with diethyl ether (200 mL) . The organic solution was
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washed withwater (3 x 10 ml ), and brine (15 mL). and then dried (MgSOJ .

Solvent evaporationgave a yellowoil, which was purifiedby flash

chromat ography (elution with30% ethyl aceta te.petroleum ether) to give 230

(0.184 g. 58%) as a pale yellowoil. IR: 3060 (weak), 2962. 1743. 1Bn, 1639,

1447.1319, 1283, 1148.1086 em". 'H NMR: a 7.91 (2H, m, C-2'''H, C-S"'H),

7 .64 (l H, m, C4"'H), 7.55 (2H, m, C-3"'H, C-5'"H), 7 .00 (l H, dt, J= 3.9,15.2 Hz,

C-2"H), 6.67 (l H, dt, J = 2.0, 15.2 Hz , C-3"H), 6.62 (l H, dd, J= 1.6, 10 .0 Hz,

C-4 'H). 5.81 (1H. d, J= 10.0 Hz. C-3 'H), 4 .83 (2H. symmetrical m, C-' ''HJ, 3.02

(l H. m, C-l 'H), 2.82 (l H, dd , J = 6 .5 ,1 6.6 Hz, C-2H), 2.30 (l H, dd , J = 6 .2 , 18.6

Hz. C-2H) , 1.84 (1H, ddd, J= 1.9 , 5.4. 13.2 Hz, C-6H) . 1.75 (1H. appar ent t, J=

13.2 Hz, C-6H), 1.22 (3H, S, C-5'CH,), 1.14 (3H, S, C-S'CH,). vc NMR: s 199.0

(C-2'), 171 .5 (C-l), 159.2 (C4'), 139 .6 (C-l "'), 139.3 (C-2;, 133.5 (C4"'), 131 .2

(C-3"), 129.7 (C-3"', C-5'''), 127 .7 (C-2"', C-6"'), 125 .8 (C-3'), 6 1.5 (C- l") , 42 .3

(C-61, 39 .8 (C-l1, 34. 3 (C-2), 33 .7 (C-5' ), 30.4 (C-5'CH,), 25 .1 (C-5'CH,). MS:

362 (4, M'), 181 (8), 165 (48), 164 (25), 125 (25), 123 (11),122 (14), 96 (100).

86 (17), 84 (27), 81 (20). rr (26) , 67 (16), 59 (15), 53 (10), 51 (12). HRMS:

carcd forC,eH220s S: 362.1187; found: 362 .1190.
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«E)-3-Phenylsulfonyl-2-propenyl) 2-(5.5-dimethyl-2-({(1 .1-dimethylethyl)

dimethylsilyl)oxy)cyclohexa.1,3-dienyl)ethanoate (23i).

~
' 2' OSi(CH,),C(CH,),

.' f "l" 2

S' S' 1~~"96"' 5'"
o ' " W---15" '"

3" ~'"M

A solution of 230 (0.136 g, 0.374 mmol) in dichloromethane (2.0 ml) was

cooled to 0 OC and triethylamine (60 mg. 0.083 rru.,0.59 mmol)was added

dropwise. After stirring for 10 min, TBSOTf (0.14 g, 0.12 mt , 0.53 mmol) was

added dropwise, andthe reaction slowlywanned to rt. After2 h. the mixturewas

poured intodiethylether (100 ml) and washed with a saturated aqueous

NaHCO) solution(3 x 15 mL), and brine(10 rnL), and thendried(MgSOJK:zCOJ.

Solventevaporationfollowed by flashchromatography (elution with15% ethyl

acetate-hexane) gave 231 (0.147 g. 83%) as a colourless oil. IR: 3062 (weak),

2956.1743.1662,1322,1 254,1214,1149,1087 ern". 'H NMR: 5 7.89 (2H. m,

C-2'"H, C-6'"H), 7 .64 (IH , m, e-4'"H) , 7.54 (2H. m, C-3'"H, C-5'"H), 6.99 (I H, dt ,

J= 3.9, 15.2 Hz, C-2"H), 6.55 (1H, dt, J= 2.2,15.2 Hz, C-3"H), 5.56 (IH , d, J =

9.4 Hz, C-3'H), 5.50 (IH , d, J= 9.4 Hz, e-4'H) , 4 .76 (2H, dd, J= 2.2,3.9 Hz,

C-l "H,) , 3.16 (2H, S, C-2H,), 2.06 (2H, S, C-6'H,), 0.96 (6H, S, 2 x C-5'CH,), 0.90

(9H, S, (CH,),C(CH,),S;), 0.08 (6H, s , (CH,),C(CH ,),Sij . "c NMR: • 170.7
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(C- l), 143 .9 (C-2') , 139.9 (C-1'"), 139 .5 (C-2j, 1392 (C-4', 133 .6 (C-4i , 131.3

(C-3i , 129 .3 (C-3- , C-5i , 127.8 (C-2- , C-8i, 122.9 (C-3' , 106 .0 (C-'" 61.3

(C-li, 41.3 (C-61 , 35 .1 (C-2), 31.7 (C-S', 27.5 (2 xC-S'CH ,), 25.6

«CH,),C(CH,),Sij , 18.0 «CH,),C(CH,),Sij, -4.1 « CH,),C(CH,),S<l. MS, 476 (1,

Mi,461 (3),420 (13), 419 (44) , 252 (12), 251 (53 ),239 (18), 238 (15), 237 (18),

235 (10), 223 (12), 210 (10), 209 (13), 199 (13), 195 (18), 194 (59), 193 (13),

181 (13), 179 (39), 135 (14 ), 125(37) , 117 (11), 105 (24), n (15), 75 (42) , 73

(100), 59 (14). HRMS: caJed forC25~05SSi ; 476 .2051: found: 476.2047.

Attempted intramolecular OI.Is-Alder reaction of 231.

«.E)-3-Phenyfsulfonyl-2-propenyt) 2-{5.5-dimethyl-1-«1 ,1.c:fimethylethyl)

dimethylsilyl)-2-oxoeyclohex-3-enyl)ethanoate (232) and

«E)-3-phenylsulfonyl-2..propenyl) 2-(5.5-dimethyl -2-oxocyclohexa-3.6-

dienyl)ethanoate (233).

~
z 0 Si(CH,),C(CH,),

d'
1 2 1

6' 2" 0 6"" S-

O ::--S-M-,.(Q)4-
~ r 3-

232
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A solution 01231 (74 .6 mg . 0.156 mmol) in toluene (2 .5 ml) was heated

to reflux,and reactionprogress was monitoredby TLC. After 6 days, the solvent

was evaporated. and flashchromatography of the residue(elutionwith 15% ethyl

acetate-petroleum ether) gave 230 (6.6 mg, 12%) as a colourless oil, 231 (5 mg.

7 %) as a pale yellow oil. 232 (22 mg. 29%) as a colourless oil. and 233 (10 mg.

18%) as a colourlessoil. For 232: IR: 3062 (weak) , 2958.1745, 1680 , 1447,

1321.1254,1150,1087 an " . 'H NMR: S 7.91 (2H. m, C-2"'H, e-s' ''H). 7.65

(1H. m. C-4-H). 7.56 (2H. m. C-3-H . C-5·"H). 6.97 (1H. dt, J= 4.0 .15.1 Hz.

C-2"H). 6.65 (1H. dd. J= 1.4. 10.2 Hz. C-4·H).6.59 (lH . dt. J= 1.7. 15.1 Hz.

e-3"H). 5.87 (1H. d, J= 10.2 Hz , C-3'H), 4.74 (2H. symmetrical m, C-1"H z), 2 .94

(l H. d. J= 15.5 Hz, C-2H). 2.68 (lH. d. J= 15.5 Hz, C-2H). 2.17 (l H. d. J = 14.5

Hz. C-6·H). 2.07 (lH . dd. J= 1.6. 14.5 Hz. C-6·H). 1.28 (3H. s . C-5·CH,). 1.12

(3H. e. C-5·CHJ . 0.80 (9H. s . (CHJ,C(CHJ ,Si). 0.15 (3H. s. (CHJ,CCH,Si). -0.08

(3H. s. (CHJ,CCH,Sij. "c NMR: 5 196.1 (C-2·). 169.4 (C-1). 159.7 (C-4').

139.9 (C-l ·"). 139.0 (C-21. 133.6 (C-4-). 131.5 (C-3·1. 129.3 (C-3 .... C-5"'). 127.8

(C-2"·. C-6"1. 124.5 (C-31. 74.7 (C-11. 61 .5 (C-11 . 47.1 (C-6'). 42.9 (C-2). 33.5

(C-51. 30.9 (C-5·CHJ. 29.5 (C-5·CHJ . 25 .7 «CHJ,C(CHJ,Sij. 18.2

((CHJ,C(CHJ,Si). -2.9 and -3.5 «(CHJ, C(CH,),Si). MS: no M". 435 (13). 237

(18).209 (21).195 (15). '81 (14). 163 (11). 135 (8).128 (7).125 (100).117 (11).

97 (8). 96 (37). 81 (8).77 (17). 75 (30). 73 (24).
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For 233 : IR: 3057 (weak), 2968, 1745, 1666 , 1837, 1447, 1408, 1309 ,

1147,1101 em-to 'H NMR: s 7.91 (2H. m, C-2"'H, C-6"'H). 7.64 (1H. m, C-4 '"H),

7.58 (2H, m, G-3"'H, G-5- H), 8 .98 (1H, dt, J = 4.0, 15.1 Hz, C-2"H), 8.84 (1H, dd,

J= 2.9, 9.9 Hz, <:4' H), 8.74 (1H, m, e-B 'H), 6.61 (1H, dt, J = 2.1,15.1 Hz,

G-3"H), 8 .17 (1H, d, J = 9.9 Hz, G-3'H), 4.81 (2H, dd , J = 2.1, 4.0 Hz, G-1"H,) ,

3.32 (2H, d, J = 0.7 Hz, G-2H,), 1.27 (6H, 5 , 2 x G-5'CH,). "c NMR: 6 184.7

(G-21, 170.0 (G-2), 158.8 (G-41, 154 .9 (C-61, 139.9 (G-1" 139.2 (G-2"), 133.5

(<:4,, 1312 (e-3") , 130.7 (G-11, 129 .3 (G-3- , e-5" 127.8 (G-2- , e-B" 126.6

(G-31, 61.7 (G-1"), 38 .3 (e-51, 35.1 (G-2), 28 .8 (2x G-5'CHJ . MS: 360 (0.8,

Ml , 219 (1), 181 (8), 179 (5), 163 (25) , 162 (100 ), 161 (17), 147 (10), 135 (58),

134 (52),1 25 (36) , 121 (7) , 107 (17), 106 (11) ,1 05 (12), 97 (11), 92 (13), 9 1

(48),79 (14), n (46) , 65 (13), 53 (9), 51 (19).
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(E)-3-«((1,1..[)lmethylethyl)dlmethyfsilyl)oxy)-1-phenylsulfonyl-1-propene

(240).

(E)-3-PhenylsulfonyI-2-propen-1-o1(227) (1.13 g, 5.70 mmol) was

dissolved in DMF (10 mL). A solution of imidazole (0.438 g, 6 .43 mmol) in OMF

(5.0 mL) was added dropwise, followedby the additionofTBSCI (0.953 9. 6.32

mmol) in DMF (S.DmL). This was stirredat It overnight. The mixture was diluted

withpetroleumether (200 ml) and washed with a saturatedaqueous NaHCO)

solution(3 x 15 mL) andbrine(2 x 15 mL). Drying (~CO:J . followedby solvent

evaporation yielded 240 (1.56 g, 88%) as a colourless oil. IR: 3065 (weak ),

2955.1638,1447,1308.1258.1146 em". 'H NMR: 67.90 (2H, m, e-2 'H,

~'H), 7.58 (3H, m, C-3'H, C-4'H, C-5'H) , 7.04 (lH , dl, J= 2.9,14.6 Hz, C-2H),

6 .61 (1H, dt , J= 2.3, 14.6 Hz, C-1H), 4.38 (2H, I, J= 2.4 Hz, C-3H,) . 0.88 (9H, S,

(CHJ ,C(CHJ ,S i), 0.05 (6H, s , (CHJ ,C(CHJ,Si). »c NMR; 5 145.8 (C-2), 140 .5

(C-11 , 133 .2 (C-41, 129.3 (C-l ), 129 .2 (C-3', C-51, 127.6 (C-2',~1, 61 .4 (C-3),

25.7 «CHJ,C(CHJ,Si), 18.3 «CHJ,C(CHJ,S ij, -5.5 «CHJ,C(CHJ,Si). MS; no

M" 297 (1), 257 (4), 256 (8), 255 (43),141 (2), 135 (34), 125 (11),115 (6),114

(12),113 (100 ), 99 (11), 97 (7), n (26), 75 (39), 73 (27),59 (9), 57 (7).
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«E).3.Phenyisulfonyl-2-propenyl) 2-bromopropanoate (241).

3~~~
6"'~4·

S-

A suspension of (E}-3-p heny\sutfonyl- 2-propen..1<01 (227) (2.31 g. 11.7

mmol) in THF (100 mll was coo led to DOC. and pyridine (1.2 g. 1.2 mt.. 0.015

mol) was added dropwise . After 15 min. 2-bromopropanoyl bromide (3.2 g. 1.5

mt.,0.015 mol) was added. resulting in the formation of a cream-coloured

precipitate. The mixture was stirred overnight. during which time it slowly

wanned to rt, The mixture was filtered through a s intered~lass funnel conta ining

Ce lite. The solven t was removed from the filtra te under vacu um, and the res idue

was redissolved in diethyl ether (200 ml). The solutio n was washed with 1M

aqueous He l (20 mll, water (20 ml), a sa tu rated aq ueo us NaHCOJ solution (20

ml), and brine (15 mL), and then dried (MgSOJ - Solvent evaporation followed

by flash chromatography (40% ethyl acetate-petroleum ether) gave 241 (3 .60g.

93%) as a yellow 011. IR: 3060.1746.1638 .1447.131 9. 1281.1218. 1148 .

1086 eer' . lH NMR: 6 7.90 (2H. m, e-2 "H. C-6"H). 7.75 (tH. m,~·H). 7.56

(2H, m, C-3"H, C-5"H), 7 .00 (IH, dt, J =3.9. 15.2 Hz, C-2'Hl, 8 .65 (I H, dt, J =
2.0,15.2 Hz, C-3'H), 4.88 (2H, m, C-l 'H,), 4.40 (I H. q, J= 8.9 Hz, C-2H), 1.87

(3H, d, J= 8.9 Hz, C-3H,). "c NMR; a 169 .2 (C-l 1. 139.8 (C-l"l, 138 .5 (C-2'),

133 .7 (<:4 "1, 131.6 (C-3'I, 129.3 (C-3", C-S"l, 127,7 (C-2", C-<;"l, 62.4 (C-11.
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39.0 (C-2), 21,4 (C-3) , MS: 334 (1). 332 (1) both M', 199 (7).198 (58), 197 (21),

193 (48),191 (51), 181 (13), 169 (14), 137 (65).135 (66),126 (9),125 (100),

109 (53), 107 (54). 97 (15), 78 (20), rt (83),57 (19),56 (25), 55 (16). Anal.

calcd. for C'2HI3BrO.S: C 43 .26. H 3.93; found: C 43.30. H 4.08 .

«E}-3-Pheny1sulfonyl-2-propenyl) 2-iodopropanoate (242).

0
0 l' 3' 0

3 ~ II 2n2l~S::©" .." 0 3
I 0

6- 4"
5"

A solutionof sodium iodide(1.84 g, 12.3 mmol) in acetone (8.0 ml) was

cooledto 0 <Ie and 241 (3.21 g. 9.65 mmo/), dissolvedin acetone (5.0 mt.). was

added dropwise. White solidbeganto formin the yellow solutionafterseveral

minutes. After heatingat 40 OC for 12 h. the insolublesodium bromidewas

removedby filtration usinga sinteredglassfunnelcontainingCelite. Solvent

evaporationfollowedby flash chromatography (elutionwith 40% ethyl

acetate-petroleum ether) gave 242 (3.48 g. 95%) as a yellow oil. IR: 3059

(weak), 1738. 1638 (weak) , 1447, 1319, 1282. 1200 . 1148, 1086 em". 'H NMR:

5 7,90 (2H, m.C-2"H, C-6"H), 7,65 (1H, m. C-4"H) , 7.58 (2H , m, C·3"H , C-5"H) ,

7.01 (1H, dt, J= 3.9,15,2 Hz, C-2'H), 6.68 (lH, dt, J= 2.0,15.2 Hz, C-3'H), 4,86

(2H, symmetrical m, C-1'H), 4.51 {1H, q, J= 7.0 Hz, C-2H}, 1.95 (3H, d, J= 7.0

Hz. C-3H,) . "CNMR: 5 170.9 (C-l), 139,7 (C-11. 138.6 (C-2'), 133.7 (C-4"),
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131.6 (C-31, 129 ,4 (C-3", C-5"), 127,8 (C-2", e-s"), 82.2 (C-l1, 23 .1 (C-3), 11.5

(C-2). MS, 380 (0.1, M') , 254 (I) , 253 (8), 239 (9),198 (7),197 (10), 183 (39),

182 (17),181 (100), 155 (47),126 (7),125 (94), 97 (13), 78 (11) , n (53), 57 (7) ,

56 (23), 55 (35). Anal. cared. for C12H nIO.S: C 37.91, H 3.45 ; found: C 38.17.

H3.42.
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Appendix A

Transition structures obtained from Semiempirical molecular orbital

calculations at the AM1 level using the SPARTAN8 computational package.
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TransitiOn Structure 59a
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Transition Structure 59b
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Transition Structure 60a
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Transition Structure 6Gb
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Transition Structure 60c
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AppendixB

The selected 'H NMR spectra of the synthetic samples were arranged

according to the orde r in which they appear in the text For the instrument

employed. see General Methods in Part one .
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