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Abstract

Several of the factors that influence substrate based control of diastereoselection in
Cp2Z1(Il) mediated enyne cyclizations have been illuminated by examination of an
extensive series of substituted enynes. An eminently practical, catalytic,
photopromoted Pauson-Khand reaction that proceeds under mild reaction
conditions (50 - 55 °C) under 1 atm of CO was developed. The photopromoted
Pauson-Khand reaction 1s compatible with substrates bearing of a wide variety of
functional groups and substitution patterns. In some instances, substrate
modification resulted in improved yields and increased diastereoselection. Studies
directed toward the synthesis of carbacyclin resulted in a short enantiocontrolled
synthesis of the epi-carbacyclin core. The key steps of this synthesis were an Evans
syn-aldol- condensation and ring closure by the catalytic photopromoted Pauson-
Khand reaction. »




1. Introduction

In recent years, the development of new transition metal mediated processes
has become one of the most active and exciting areas of research in synthetic -
chemistry. The power of metal mediated processes often lies in their ability to
confer a high degree of molecular complexity to inexpensive aﬁd structurally simple
starting materials with relatively little cost or effort. The direct foﬁnation of
bicyclic metallocyclopentenes from simple enynes by group IV metallocene
reagents illustrates the synthetic potential of this class of reactions. Because ’Fhe
intermediate metallocyclopentenes can be further functionalized by a variety of
electrophiles, an array of cyclic products 1s available from the same acyclic
precursor.

In order to further understand factors that contribute to substrate control of
diastereoselectivity iri Cp2Zr(II) mediated enyne cyclizations, a diverse series of
substituted enynes has been sypthesized and subsequently studied in cyclization
reactions. The results of these experiments led to the evolution of several synthetic
strategies directed toward the synthesis of carbacyclin. The key ring forming step of
these syn_thetic endeavors focused oﬁ the use of a Cp,Zr(Il) mgdiated enyne

cyclization and tandem carbonylation sequence. The search for an improved
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cyclization protocol to effect this transformation has led to the development of a

novel, catalytic photopromoted Pauson-Khand reaction.




2. Background

2.1 EarlyZirconinm(ll)Chemistry

In 1985, Negishi reported that a zirconocene equivalent, i.e. "CpzZr",
generated by the treatment of CpzZrCl: with Mg and HgCh was effective for
converting various non-terminal enynes to zirconocyclopentenes (Scheme 1)1
The chemistry of these metallocycles proved to be diverse and powerful, in that
functionalized carbocycles could be obtained from simple acyclic precursors. The
intermediate zirconocycles could be protonated to yield the methyhdine substituted

cyclopentanes, treated with CO (I atm), to provide the corresponding a-silyl

IMS

IMS
[----= —TMS Cp2ZrCI2
(CH2n - >

Mg, HgClI2 (CH2 JU y ZrCp2
n=1,2

Scheme |



cyclopentenones, or treated with I, to give the 1-vinyl-4-alkyl diiodo derivatives, all
in moderate yields. Negishi later reported that treatment of Cp,ZrCl, with two
equivalents of #-BuLi at low tefnperatures offered an easy and economical method
for the in situ preparation of a éirconocene equivalent.” This disclosure resulted in
the rapid acceptance of “zirconocene” as a useful synthetic reagent. The flourish of
research since Negishi's initial disclosure has resulted in many contributions leading
to the rich and interesting.chemistry of zirconium(ﬁ) species.Zb’3
Some heteroatom linkages were found not only to be tolerant of the reaction

conditions, but increased the -reactivity of 1- or 2-substituted alkenynes (Scheme
2).* Substituted alkeneé with a carbogenic tether failed to react in the usual manner,
but instead dimerized to give zirconocylcopentadienes in good yield. The
heteroatom contraétion offered by a benzylamine linkage resulted in the expected
zirconocyclopentene product even with substituted alkenes. Oxygen tethers
resulted in com_plex product mixtures,’ although with dienes (vide infi-a, section 2.3

(Chapter 2, subsection 3)) this reactivity has been attenuated to become a route to

allylic- and propargyliczirconocene derivatives.®




™S \ T™S
Cp2zrCI2 Cp2zrCI2
BnN ZrCp2
n-BuLi (2 eq) n-BuLi (2 eq)
CH3 X = NBn X= CH2 / T™S
Cp2zrCI2
n-BuLi (2 eq)
X=0

Complex mixtures
Scheme 2

Fagan and Nugent later showed that zirconocyclopentadienes effectively
transmetallated with main group electrophiles to afford main group heterocycles
(Table 1).7 Substrates | and 2 were easily prepared from 2-butyne or 2,8-
decadiyne Entry 3 was prepared by the addition of I-cyano-5-heptyne to a solution
of CpZZr(Zt-Bu)2reduced in situ in the in the presence of
bis(tnmethylsilyl)acetylene These preparations represented a superior route to

these main group heterocycles



Table I. Main Group Heterocycles by Metallacycle Transfer from
Zirconium.

Electrophile Product Element, (Yield)
E =P, (85%)

I. PhECI2 As, (76%)
Sh, (78%)
Bi, (70%)

2. EXI2 E =S, (55%)
Se, (50%)

3. SXI2 (65%)"

Based on recovered starting material.

Although both the sp2and sp3carbons bound to zirconium effectively
transmetallate to main group electrophiles, they have sufficiently different
nucleophilicity to allow selective mono functionalization The sp3carbon reacts
readily with one equivalent of electrophile, whereas initial reaction at the sp2carbon
is virtually unknown. Deuteration of a zirconocyclopentene with deutero-methanol
(I eq) followed by aqueous work-up afforded the cyclopentane in excellent yield
with deuterium incorporation solely on the methyl group Treatment of the
zirconocycle with methanol (1 eq) followed by an acidic deuterium oxide quench
provided the cyclopentane with deuterium incorporation solely at the vinylic
position 8 Other electrophiles, such as iodine also followed the same reactivity

pattern (Scheme 3).9



TMR
a) MeOD (I eq)

a) MeOH (I eq)

Rh

Scheme 3

Lipshutz has shown that catalytic Cu(l) converted the zirconium bound sp2

carbon of a zirconocyclopentene into a highly reactive cuprate intermediate that

rapidly undergoes 1,4-addition to a,P-unsaturated enones (Scheme 4).10

a) EtMgCl (2.0 eq)
Cp2ZrCI2 .- — ....... >

b) Pr-C=C-Pr b) cat. CuCl 2LiCl
c) H20

Scheme 4
Zirconocyclcopent-3-enes, derived from the reaction of CpzZrCl2reduced in
situ in the presence of conjugated dienes (e g. isoprene), demonstrate diverse
reactivity and high nucleophilicity (Scheme 5) 4 They may be viewed as

allylzirconocene derivatives which react with polar or non-polar 7t-systems. It is



interesting to note that polar Tt-systems reacted adjacent to the methyl group while

nonpolar jr-systems reacted with the less hindered carbon

Scheme 5



2.2 Diastereoselectivity in Zirconinm(Il) Enyne Cyclizations

The elucidation of processes that control the relative and absolute
stereogenesis of chemical transformations is critical for mechanistic interpretations
and planning synthetic strategies. In 1989, RajanBabu and Nugent described the
first example of substrate control in stereoselective “zirconocene” mediated enyne
cyclizations 11 Cyclization of 6-siloxy-non-9-en-4-yne afforded cis- and trans-

alkylidinecyclopentanes in a 2.5 to | ratio in 94% overall yield (Scheme 6).

Scheme 6
Armed with the knowledge that “zirconocene” mediated enyne cyclizations
occurred with moderate substrate derived stereocontrol, they prepared an
enantiomerically pure 4[3,5,6a-trisubstituted enyne that cyclized to give
diastereomenc alkylidmes in an 8 to | ratio in 71% overall yield (Scheme 7). The

epimenc trisubstituted enyne provided only one diastereomenc product
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TBSO TBSO CH3 TBSO CH3
CH3 a) Cp2Zr(O-Bu)2 H
b) H20 'CH3
8to1l
TBSO.
CH3 a) Cp2Zr(O-Bu)2
b) H20
only product not observed
Scheme 7

No rational analysis of the influences of ring substitution on stereoinduction
of zirconium(ll) mediated enyne cyclizations was undertaken until Livinghouse and
Lund, in a preliminary communication, examined a series of singly substituted
enynes 2 Excellent levels of diastereoselection were observed in that each example
gave only a single diastereomeric product (Table 2). The intermediate
zirconocyclopentenes formed from the zircomum(ll) enyne cyclizations can
equilibrate to the thermodynamically most stable product, although rationalization
of the stereochemical outcome has also been based on kinetic arguments 13 Further
exploration of stereoinduction in zirconium(ll) mediated cyclizations of

monosubstituted enynes constitutes part of this thesis 4



n

Table 2. Diastereoselective Cyclizations with CpzZr(M-Bu)Z

Entry Substrate Product
R10 R10
1 R1=TBS, R2=TMS
2 R1=TBS, R2= SCH3
3 R1=Li, R2= SCH3 R1=H, R2= SCH3
TMS
-TMS
OR OR
4 R=TBS
5 R=Li R=H
TMS
-TMS
RO RO
6 R=TBS
7 R=Li R=H

u Isolated yield. No other diastereomers observed.

2.3 Zirconium(ll) Diene Cyclizations

The zirconium(ll) carbometallation reactions of non-conjugated dienes

Yield"

79%
53%
70%

68%
70%

78%
81%

remained unexplored until 1989, when Nugent and Taber showed that dienes were

efficient substrates for reductive bicyclization..5The intermediate zirconium

metallacyclopentanes can be trapped with a variety of electrophiles such as Br:,

main group electrophiles (including BCI13),16and CO, usually in excellent yield
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(Table 3). Note in entry three the major diastereomer was the trans-

bicyclo[3.3 Ojoctane

Table 3. Cyclization of Dienes with CpzZr(H-Bu)Z and varied Electrophilic
Capture

Entry Diene Electrophile Product Yield0

|

C 02 C Q @C 80%b
) OAc

C Ph2SnCI2 CC ﬁbz 67%
3

C ole) O 53%=

4 LO— / HO—v /-"~"'? ‘dCUb
H+ HO—'''vAV 2CH3 3%
CH3

5
Br2 63%

alsolated yield of major diastereomer (shown). For entries | and 2 the presence of
another diastereomer was not disclosed "~The crude product was treated with acetic
anhydride / pyridine prior to chromatography.c 14 to | diastereomer ratio in 53%
combined yield

The use of Cp+ZrCU (Cp* = pentamethylcyclopententadienyl anion) instead
of CpzzrClz reversed the usual trend of /raws-cyclopentanes (or trans-
bicyclo[3.3.0]octanes) and gave c/s-substituted cyclopentanes (or cis-
bicyclo[3.3.0joctanes) as the major diastereomer. The high cost of Cp* and the

need for stoichiometric quantities of Cp+ZrCU has precluded the adaptation of this

reagent in synthesis. However, the discovery that CpzZrClz could be used
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catalytically in the formation of cyclic carbometallated products from non-
conjugated dienes was an exciting developmentI7 With only a catalytic amount of
zirconium reagent required, even costly homochiral metallocene reagents could be
used BBEfficient conversion required that Bu*Mg be used as the stoichiometric
reagent, although only 60% of the products are dimetallated (Scheme 8).19 This
shortcoming limits further functionalization of the intermediate cyclopentanes and

has hindered its adoption as a new synthetic tool.

Cp2zrCI2
+ Bu2Mg

2.5 mol %
2:1

All cyclopentanes trans :cis =2 :

Scheme 8

2.4 Cyclopentenones

The carbonylation of zirconocyclopentenes (Scheme 1) and
zirconocyclopentanes (Table 3) is perhaps the most powerful reaction in the arsenal

of zirconocene chemistry In the reaction, an acyclic carbogemc enyne is
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transformed into a functionalized bicyclic enone which can be manipulated into
more elaborate structures Negishi's synthesis of pentalenic acid2 and
iridomyrmecm?2L and Mori's formal synthesis of dendrobineZball demonstrate the
utility of this powerful method (Scheme 9) In the last example, the substrate

suffers from fragmentation of the nitrogen and propenyl moiety (c.f, Scheme 2).

pentalenic acid

b) CO, 41%

b) CO, 62%

Scheme 9
Yields of ketones obtained from zirconocycles are consistently better when
derived from dienes compared to their enyne counterparts (Scheme 10). In the first
example, the diene underwent cychzation and carbonylation in excellent yield,
whereas the enyne was a poor substrate 2 The enyne in example one uniquely
incorporated two equivalents of CO. In the second example, the corresponding

enyne failed to incorporate any CO at all.Z 1t is important to note that when the
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intermediate zirconocyclopentene was quenched with water, the cychzed product
was obtained in high yield Zirconocyclopentanes have been converted into
cyclopentanones by insertion of an isonitnle followed by hydrolysis of the resulting
imide.24

Example 1

Example 2

Reagents: (a) I. Cp2Zr(H-Bu)2;ii. CO; ill. H30+; (b) I. Cp2Zr(H-Bu)2; ii. 10% HCI

Scheme 10
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Several other highly successful methods exist for prepaﬁng bicyclic
cyclopentenone derivatives. The elegant method of Buchwald used a catalytic
amount qf Cp,Ti(PMe;), and a stoichiome’;ric amount of isonitrile to convert enyne
into bicyclopentenones (in 40-80% yield).*> The key ~to thé successful
implementation of this methodoiogy required the use trialkylsilylnitriles, which are
in equilibrium with a small amount of trialkylsilylisonitrile; this essentially reduces
the concentration of free isonitrile in solution to almost zero. ‘The methodology
worked with substrates that fail with titanocene or zirconocene, including enynes
containing sensitive functional groups (e.g., esters, oxygen tethers). The mgthod as
initially- described may not see widespread adoption because the extremely air and
moisture sensitive nature of the catalyst necessitates that fhe reactions be perforrﬁed
in a dry box. However, the in situ generation of Cp;Ti(PMes), from air-stable
Cp.TiCl; and two .equivalents of n-BuLi in the presence of PMe; appears to provide
an easy route to an equally active catalyst.”® The mgthod 1s perhaps most limitgd n
requiring only non-terminal alkynes. Hdwever, since this writing, a communication
by Buchwald has appeared that efnploys the commercially available Cp,Ti(CO); in
catalytic quant-iti‘es.27 This methodology worked successfully with a variety of
enynes containing sensitive functioﬁality, 1,2-disubstituted alkenes and one example

of a primary alkyne. However, the reaction required 2.3 atm of CO. Buchwald
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suggested that the two catalyst systems do not go through the same
titanacyclopentene intermediate, but offered no ex'planation.

A sécénd communication by Buchwald desc':ribi‘ng the synthesis of énones
employing a nickel catalyst has appeared.zs. This catalyst system used a ligana
derrved from 1,2-diaminocyclohexane. The focus of this work is clearly to develop

an asymmetric variation of this reaction.

2.5 The Pauson-Khand R_eaction

Perhaps one of the most convergent methods for the synthesis of
cyclopentenones is the Pauson-Khand reaction, which represents a formal [2+2+1]
cycloaddition involving an alkyne, alkene and carbon monoxide (S.cheme li). This
subject has been extensively reviewed.”” The Pauson-Khand reaction successfully
generates cyclopentenone derivatives by both inter- and intramolecular variations.
In a typical procedure, the enyne is mixed with one equi'valent of Co02(CO)s and
then heated (either at reflux or ‘in‘a sealed tube) for several hours to days. Common
Asolvents are heptaﬁe, toluene and acetonitrile. The syﬁthetic'utility of the Pauson-
Khand reaction was en.hanced when it was disclosed that silica gel, ;certiary amine
N—oxides and DMSO markedly.accelerate the reaction.®® The Pauson:Khand

reaction works with enynes containing sensitive functionality, including esters,
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oxygen tethers and pﬁmary alkynes. (The first example of a zirc;onbcene mediated
cyclization-carbonylation reaction of a pseudo ferminal ;alkyne was recently
reported).”!

The alkyne=Co,(CO)s complexes fo;r_néd in the mitial stages of the reaction
are typically air-stable compounds and are readily isolated and characterized. No
‘later intermediates in the mechanistic pathway have; yet been identified. The next
step requires heat or amine oxides to promote CO disassociation followed by
alkene complexation to the vacant coordination site on cobalt. Irreversible alkene
insertion then occurs in the rate determining step, also setting the stereochemistry in
chiral substrates. Next, migratory CO insertion followed by reductive elimination
furnishes the enone as its Co(CO)s complex. Another reductive elimination
affords the fmél product and regenerates the Co,(CO)sL, metal catalyst. In
principle, the thermal Pauson-Kha‘nd reaction should be ca:talytic. Indeed, low
levels of catalytic turnover have beeﬁ observed, but the high temperaturés required
for CO disassociation probably decompose the transient _unbound Coy(CO)Ly

catalyst (vide infra, section 3.5).”
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2+241 (@) - C02(COYgL
ce e O T od;
Co02(CO)g &3

Co(CO)3

+Co CQr(b

Co (@0)3
(Co)3 o)

Scheme 11

A major disincentive to the large scale use of the classical Pauson-Khand
reaction rests in its requirement for stoichiometric quantities of Co2(CO)g2
However, Jeong and collaborators recently reported that selected 1,6-enynes could
be converted to the corresponding cyclopentenones in the presence of CO (at 4-5
atm pressure), 3-5 mol % Coz(CO)S and 10-20 mol % (PhO)]? at 120 °C 3
Although highly significant as one of a very limited number of successful accounts
involving truly catalytic quantities of Co2(CO)s, 34 the relatively strenuous conditions
of the Jeong procedure may discourage its widespread adoption in many laboratory
settings or for use with sensitive substrates The development of a photo-promcted
catalytic Pauson-Khand reaction requiring only I atm of CO constitutes part of this
thesis. :

A variety of other reagents capable of effecting the Pauson-Khand reaction

also exist. The tungsten based reagent W(CO)SeTHF has been shown to promote

the Pauson-Khand reaction in a batch-catalytic manor, but in only poor to moderate
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(ca. 25-65%) yield.s.35 The Pauson-Khand reaction i'S‘é.ISO promoted By 1ron
carbonyl complexes under strenuous conditions (2 eq Fe(CO)s, 135-140 °C, 4-5
atm CO, 21-64. h) and with poor to moderate yields.* Recenﬂy, Sato demonstrated
that the (n’-propenyl)Ti(O-i-Pr), complex could mediate carbonylation of enynes.*’
Only two examples \;slere given, both in poor yiela. Finally, bicyclic enones are
obtainea from by treating a 1,6-diyne with catalytic Rh(acac)(CO), in the presence

of stoichiometric trialkylsilané under 15 atm of CO.*®
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3. Results and Discussion

The elucidation of processes that control relative and absolute stereogenesis
has become central to the practice of selective organic synthesis. In this context,
transformations mediated by transition metals have gained increasing recognition as
a powerful means for achieving reaction selectivity. This characteristic is derived,
in part, from the ability of transition metals to serve as vehicles for both substrate®
and reagent4) based stereocontrol The intramolecular Pauson-Khand reaction has
been utilized quite frequently for the construction of fused 2-cyclopenten-1-ones
{vide supra, section 2.5). Although numerous studies addressing the
diastereoselective nature of this cobalt-centered annotation have appeared,
comparatively little has been reported regarding the corresponding CpzZr(l1)
mediated cychzations 4L The potential utility of Group IV metal templated

cychzations for the synthesis of bioactive [3,4] fused cyclopentenones warranted

Cp2ZrIL)n n
[ Rx 7

Scheme 12
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continuation of the initial investigations of substrate directed stereocontrol in Zr-

enyne cyclizations (Scheme 12).'""

‘3.1 Preparation of 5-Substituted-1,6-Heptenynes

The first substrate targeted for study was S-hydroxymethyl-l-trimethylsilyl—
hept-7-en-1-yne 9 (Scheme 13). The analogous 5-hydroxy substrate shoWed
excelleﬁt stereoselectivity in zirconoceﬁe mediated cyclizations (vide supra, section
2.2) and the stereochemistry of the product should be readily determined by NOE
spectroscopy. Furthermore, the potential products derived from 'the 5-
hydroxymethyl bearing substrate woﬁld closely resemble the prostaglandin skeleton.
Earl'y work by Katzenellenbogen prompted us to explore selective deconjugative a-
alkylation of the dianioﬁ dérived from crotonic acid.”* Unfortunately, this
methodology is most successful with activatéd electrophiles (e.g. allylic and
benzylic). The homopropargylic electrophiles 4 and 4b ar‘e prone to elimination,.

. further exacerbating the problem. 'Simple. nonactivated electrophiles less prone to
eliminate, such és butyl bromide, alkylated in moderate yield to provided the a-
alkylated deconjugated acid. However, with competiﬁg elimination and y-
alkylation reactions, at best the desired product 8 was obtained inconsistently in-

exceedingly poor yield (< 10%) (Scheme 14). Of course, various solvents and
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solvents and solvent mixtures (THF, EtzO, 1,2-DME), bases (LDA, lithium
diethylamine, KHMDS), and additives (HMPA, triethanolamineborate)43 were tried

and found to be ineffectual

21 LDA a) T™S
OLi
X = Br, 4a
X= 1, 4b
TMS
TMS TMS
Scheme 13

Alkylation of methyl crotonate derived enolates proved somewhat more
fortuitous. The best results afforded the desired deconjugated a-alkylation product
ester 8 in 8% yield, which was reduced (LiAIH4) to provide the desired substrate 9
(which was also protected as it TBS ether 10) (Scheme 14). Although this
procedure provided analytical quantities of the desired product, it offered no entry
into a useable supply of material for serious study. The zirconocene cychzation

studies concerning this compound are therefore incomplete.
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Reagents: () i. LDA; ii4b; (b) LAH; (c) TBDMSCHmidazole
Scheme 14

Another avenue towards the desired enyne 10 was envisaged by alkylation of
a crotonic acid derived Wemreb amide, because of the proven utility of alkylation
of acetic acid Weinreb amides.44 The crotonic acid Wemreb amide was
deprotonated (LDA/THF, -78 °C) and treated with allylbromide as a model
electrophile. However, no products derived from alkylation were observed, nor was
any starting material recovered This result was consistent with the observation that
Wemreb amides bearing alpha substituents can undergo a unwelcomed retro-ene
reaction after enohzation 4 Although possible, this mode of reactivity does not
appear to happen with acetic acid Weinreb amides.

The deconjugative alkylation of crotonic acid tertiary amides was next
examined The alkylation of 3-alkyl (cyclic or acyclic) substituted crotonamides has
been exploited by Sniekus for natural product synthesis (Scheme 15).46 Although
the successful conversion of amides to alcohols usually requires harsh reaction
conditions,47 Brown's LIAI(OEt)2H:2 reagent appeared to be an excellent candidate
for a mild reduction of the deconjugated amides 4648 Alkylation of A*-methyl aniline

crotonamide was initially investigated because these tertiary amides generally
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reduce directly to the alcohol with L:AlH.. Unfortunately, alkylation of TV-methyl
aniline crotonamide with either bromo- or iodohomopropargyllic electrophiles 4a or

4b was unsuccessful

92%

Scheme 15

Fortunately, the deconjugative alkylation of dialkyl tertiary crotonamides
under identical conditions gratifyingly afforded the desired a-alkylated
deconjugated amides 14a and 14b as the sole products, albeit in low (30-50%) yield
(Scheme 16). For reproducible yields the choice of which electrophilic halide
employed was found to be critical The dimethyl and diethyl amide enolates
required I-iodo-4-tnmethylsilyl-3-butyne 4a and I-bromo-4-tnmethylsilyl-3-butyne
4b, respectively, for appreciable product formation. It is interesting to note that two

closely related amide enolates could have markedly different reactivities.



26

LiAI(OEt)Hb T™MS

b) - TMS 14a, R = Me, 52%
0 14b, R = Et, 41%  0'

R = Me, X = Br 4a
R=ELX= 14b
LAH

c) NHAClag T™S

NEt2 16
Scheme 16

With enynes 14a and 14b in hand, their reduction to the corresponding
alcohols was examined Surprisingly amides 14a,b were found to be completely
impervious to Brown's LIAI(OEt)2H2reducing reagent Eventually it was
discovered that treating the tertiary amides at -10 °C with the monoethoxy complex
LiAI(OEt)H3effectively reduced the amide to the reconjugated aldehyde 15
(Scheme 16) Apparently, the stabilizing influence of a 3-alkyl substituent (c.f.
Scheme 15) is required to prevent reconjugation 4> A variety of mild work-ups,
such as inv;rse quenching into buffered solutions followed by immediate reduction
to the alcohol, offered no improvement. However, this new reduction procedure
represents a potentially valuable and mild method for the reduction of tertiary
amides. Other reagents proven to be effective for converting tertiary amides to

alcohols were investigated, including the ate complex derived from diisobutyl
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aluminum hydride3 (Dibal-H) and w-butyllithium, lithium triethylborohydnde5l
(Super-Hydride*) and borane-hthium pyrrolidide 2

Because p-hydroxy amides are readily hydrohzable, Evans' prolinol based
chiral auxiliary was examined for these alkylations 53%4 Although Evans had not
demonstrated the utility of deconjugative alkylations, the Evans' chiral amide
proved to be a remarkably effective alkylating agent (Scheme 17). The desired
enyne 18 was procured in 64% isolated yield The absolute stereochemical
assignment of 18 is based on literature precedent33 Unfortunately, hydrolysis
conditions for this P-hydroxy amide proved too harsh and resulted in reconjugation.

0]

OH
17

The last attempt for an effic ent synthesis of enyne 9 utilized a 4-bromobut-
1-yne equivalent, as depicted in Scheme 18 It was anticipated that the activated
electrophile 1-iodo-3-chloro-2-butene 21 should be a superior electrophile, without
suffering from problematical elimination. The conversion to the terminal acetylene

should proceed according to literature precedent®
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Scheme 18

The commercially available I-chloro-3-chloro-2-butene was converted
quantitatively (Nal, acetone) into the light sensitive I-iodo-3-chloro-2-butene 21
immediately before use This allylic iodide was added to the enolate of methyl
crptonate (LDA, -78 °C) and provided the unexpected dialkylation product 25 in
88% unoptimized yield (Scheme 19) While experiments were undertaken to favor
the monoalkylation product, tnene 25 was converted to endiyne 30 as a test
substrate. Triene 25 was reduced to the alcohol (LiAIH4), silylated and treated with
potassium 3-ammopropanamide to afford the endiyne 28 Even though the
silylether 27 was desilylated by the harsh conditions employed for the elimination,
yields of endiyne 30 were found to improve dramatically when the silylated triene
27 was employed (83%, both steps). Endiyne 28 was subsequently converted to the
bis-silylated enyne 30 [I. (a) M-BuLli, (b) TMSC1; (c) HClag 2. TBDMSCI-
imidazole (92% overall)] This endiyne was subjected to Zirconium(Il) mediated
cyclization conditions, afforded a plethora of unidentified products. Attempts to

maximize formation of the monoalkylation product 22 were unsuccessful
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Reagents: (a) i. LDA;ii. 21; (b) i. LAH; (c) i. TBDMSCI-imidazole; ii. KHN(CI1i)3NH2 (83%);
(d) i. 2.1 eq n-BulLi; ii. 2.2 eq TMSCI iii. 10% HClaqg, 6 hr (95%); (e) TBDMSCI-imidazole (97%).

Scheme 19
Fortunately, the three novel amido enynes 14a,b and 19 and the amine 16
were shown to be extraordinary substrates for zirconocene mediated enyne

cychzation {vide infra, section 3.3).

3.2 Preparation of4-Substituted-l,6-Heptenynes

With a variety of 5-substituted-1,6-heptenynes in hand, the preparation of a
series of 4-substituted-1-trimethylsilyl hept-6-en-l-ynes afforded the next
challenges. Retrosynthetic analysis of the desired enynes indicated that rupture of
bond a would require the use of an allemc nucleophile and an unknown aldehyde.
Cleavage of bond b would greatly simplify the nucleophilic component but would

necessitate the use of an extremely unstable aldehyde. The solution was to use a
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novel 4-trimethylsilyl but-3-yn-I-al equivalent (Scheme 20) based on the Normant

acetylene synthesis,%and proceed via path b.

IMS ,SnBu3

- CHCI2
Scheme 20

The aldehyde surrogate, 4,4-dichlorobutanal 48, was prepared in 67%
overall yield by the addition of dichloromethyllithium to bromo- or 2-(2'-iodoethyl)-
1,3-dioxolane 45 at -85 °C, followed by hydrolysis of the dioxolane moiety (2:1
acetone: 10% HClaj (Scheme 21). Addition of allyl magnesium chloride to the
aldehyde was uneventful and furnished the key intermediate 49 in 98% yield O-
silylation (TBSCI-imidazole) and conversion of the geminal dichloride 50 into
terminal acetylene 51 required slow portion-wise addition of LDA (3.5 eq) at -78
0C followed by electrophilic capture with TMSCI57at -78 °C. This protocol

provided the 1,6-enynes 51 and 52 after O-desilylation (HFaCH3CN).
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r CI2CHLI c o H+, H20 C2HgMCI
-85 °C CHCI2 7golo CHCI2 98%
45 85% 47 48
HO CHCI2 rBscitimid. CHCI2 a) 3.5 LDAL-78 °C T™S
TBSO TBSO
94% b) TMSCI1-78 0C

87%

-TMS
HFag-CH2CN Lla

52
Scheme 21

A series of 4-substituted-6-methyl-1-tnmethylsilyl hept-6-en-I-ynes was
then prepared in a manner analogous to that used to prepare 51, except aldehyde 48
was treated with methallyl magnesium bromide (Scheme 22). A SEM ether proved
to be a much better leaving group than a TBS ether, and the only isolated material
from the LDA mediated elimination was the bis-elimination product 69 With an
authentic sample of 69 in hand, it was found by G C analysis that 69 was present
in the elimination reaction undertaken to form 57a, although only as a minor

component.



32

0 T™S
TBSO
48 57a
CHCI2 a) 3.5 LDA, -78 °C ™S ™S
SEMO SEMO
b) TMSCI, -78 °C
58 69 60, Not Observed
Scheme 22

The next targets were 4-hydroxymethyl-1-tnmethylsilyl hept-6-en-1-yne and
various derivatives. Alkylation of commercially available diethyl allyl malonate
with propargyl bromide, /ran.s-estenfication to the methyl ester and decarboxylation
(NaCl, wet DMF)3® afforded key intermediate 68 (Scheme 23). The 4-(hydroxy-
methyl)-1 -hepten-6-yne derivatives 71, 72 and 76 were prepared by reduction
[1. LiIAIH4, 2. (a) n-BuLi; (b) Me”SICl, (c) HClag and silylation
[TBDMSCI-imidazole, DMF (48% overall for 71 or SEMCV/(Z-Pr)2NEt (37%
overall for 72)], or an exhaustive methylationISEM. ether formation protocol for 76

[I. (8 CHi; (b) Me3SiCl, (c) HClag, 2. SEMCV/(Z-Pr)2NEt (34% overall)].
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NaCl LiAIH4 = = a) n-BulLi
vV v —
wet DMF  H3CO7 89% ~ HOA" b) TMSCI
62% c) 10% HCli
68 69 92%
— IMS Silylation = —TMS = —_—TMS
HO TBSO SEMO
70 71 72
a) 3.1 eq CH3Li /| — = —TMS SEMCI = —TMS
68
b) TMSCI HO (APr)2NEt  SEMO
c) 10% HClag 99%
53%
Scheme 23

3.3 Cp2(Zr) Mediated Enyne Cyclizations

With a variety of new substrates in hand, the focus of attention turned
toward the further exploration of discoveries already communicated from these
laboratories, specifically to the utilization of CpzZr(I1) complexes for the annulation

of 2,3-disubstituted alkylidenecyclopentane derivatives. Zirconocene mediated
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cyclization of enynes bearing carboxamido moieties at the 3-position (e.g.; 14a,b
and 19, counting from the alkene) initially proved problematic (c.f.', Scheme 24),
unlike their previously cyclized hydroxy substituted counterparts 80 and 81 (entries
1 gnd 2, Table 4). Although cyclization could be achieved to some extent using the
standard set of reaction conditions, substrate to product conversion was typically
below 70% even when 2.1 equiv of Cp,Zr(n-Bu), was utilized. [The standard
protocol involves treatmént of 1 gquiv Cp2ZrCl; in THF with n-BuLi1 (2 equiv) at
-78 °C followed by the addition of the appropriate enyne substrate and suBgequent
stirring (-78 °C, 0.5 h then 25 °C, 12 h) to generate the corresponding
zirconocyclopentene‘].2 In light of the possibility that 14a,b and 19 might be
anomalous with respect‘to their rate of cyclization, we theorized that competitive
decomposition of the active Zr(IT) species might be responsible for the observed
nefficiency of conversion. It was previously .s‘hown that complexation with 4-
dimethylaminopyridine (DMAP) confered enhanced stability on low valent
zirconocéne complexes.59 In aqcordance with the foregoing hypothesis, cyclization '
of carboxamides 14a,b and 19 were performed in the_presence of 1 equiv each of
Cp2Zr(n-Bu), and DMAP. Unfortunately, the yields did not improve. When 2
equiv each of CpZr(n-Bu), and DMAP were utilized, the efficiency of cyclization |
was gratifyingly restored for the above substrates, to provide the

alkylidenecyclopentanes 84a,b and 85 in 91%, 93% and 94% isolated yield
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respectively. These results constituted the first examples of carboxamido
containing substrates to succefs'sﬁ';llsr undergo ziréopium(II) mediated bicyclization.
It was possible, that the carboxam‘ido functionality was involved in a previously
unobserved Zr—ligat;ion- effect, and may have been responsible for observed
turpitude of the intended ;:yclization.'. In addition, for each of the ébove cases a very

“high levlel of stereoselectivity was observed as a consequence of substrate controlled
cyclization. Specifically, the alkylidenecyclopentanes 84a,b and 85, the indicated
products were forméd in greater than 30:1, 99:1 and 50:1 isomeric purity,
respectively, as determined by capillary G.C. Th;ese results are summarized in
Table 4. In no .éases were any other diastereémers observed.

For carboxamido enynes 14,b and 19 the use of s-trictly alkoxide-free
butyllithium was essential for the successful implementation of this cyclization
strategy. Apparently _alkoxides ca’;alyze the 1somerization of the in@tial
alkylidenecyclopentane to the indicated cyciopentene (Scheme 24). A deuterium

quench showed no deuterium incorporation o to the carbonyl.
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86 14b 84b 87
upto 1:1

Reagents: (a) 2 eq Cp2Zr(AhBu)2, 2 eq DMAP with trace alkoxides\
(b) H20; (c) 2 eq Cp2Zr(AT-Bu)2, 2 eq DMAP; (d) D20

Scheme 24

These stereochemical results are more easily understood when considered
with the results previously reported from these laboratories for the cyclization of the
allyhc enynes 80 and 81 bearing a 5-silyloxy or hydroxy substituent (Table 4).
Under the standard conditions (3 equiv of AABuLI in the case of 80), led to the
formation of the trans alkylidenecyclopentanes 90 and 91 in a highly
stereocontrolled fashion and in very good yield 12 In the case of 80 two
diastereomeric cyclization products were formed in a 14:1 ratio with the trans
isomer predominating. For 81, a single stereochemically homogeneous product 91
was formed as a consequence of CpzZr(Il) mediated annotation In the instances of
90 and 91, evidence for relative stereochemistry derived both from NOE
spectroscopy and single-crystal X-ray analysis. The splitting patterns and chemical
shift data for the alkylidenecyclopentanes 90 and 91 were closely analogous with
one another Similarly, no observable NOE was detectable between Haand Hb

(although other strong NOE s from the C-2 methyl group to the vinylic methine
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were observable). See Table 4 entry 1 for a definition of H, and Hy. In the case of
91, thé trans relationship of the pendant methyl and hydroxy substitue;nts as well as
the £’ geometry of the alkylidene moiety were ultimately confirmed via single-
crystal X-ray analysis of the corresponding 4-phenylbenzoate ester.'? The
assignment of relative stereochemistry for 84a;b and 85 is tentative, as it rests
strictly on the absence of NOE's between the vicinal hydrogens H, and H;, and on
analogy with tﬁe stereochemical outcome of the cyclizations tiqat lgd to 90 and 91.

In this connection, the cycli.zation of amine 31 might be'se’en as
stereochefnically informative (Table 4). Exposure of 31 to Cp2Zr(n-Bu), under the
ste;ndard set of experimental conaitions (no DMAP) provided a predominént
diastereomeric alkylidenecyclopentane 95 (stereoselectivity > 40:1) in 88% yield
upon protonolysis. As in the previoué cases, no detectable NOE was observed
between H, and Hy,. However, a strong NOE was observable between H;, and the -
CH,N(Et), methylene. In light of the corpus of data preéented above, 1t 1s \‘/ery
likely that the stereochemical outcome of the cyclizations 84a,b and 85 1s
analogous.

Unlike the 5-hydroxy substituted enyne 81 which cyclized in 81% yield, the
diligently sought 5-hydroxymethyl enyne 9 failed to provide any recogrizable cyclic
pfoduéts, although the enyne itself was completely consumed during the course of

the reaction (Scheme 25). When converted to the corresponding TBS ethg'r, enyne
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7 cyclized in 50% yield under standard conditions as a sole diastereomer based
strictly on capillary G C analysis The highly acid-sensitive alkylidenecyclopentane
93 was inseparable from unreacted starting material by flash chromatography. Use
of an excess of Cp2Zr(«-Buy2 (with or without the stabilizing influence of DMA?)
conferred no better conversion but surprisingly resulted in an increase in side
products This reaction may have been further beleaguered by the necessity of

performing the reaction on extremely small scales.

TMS TMS
OH X OTBS
92, Not Observed 9 or 10 93, Stereochemisty
Unknown

Reagents: (a) (10:X = OTBS) i. Cp2Zr(0O-Bu)2, -78 °C to rt, 12 h; ii. H20, 50%
conversion, (b) (9: X = OH) i. n-BuLi; ii. Cp~Zr(O-Bu)2, -78 °C to rt, 12 h; iii. H20

Scheme 25
The excellent diastereoselectivity observed for the preceding five
cyclizations of can be rationalized as arising from mmimiza ion of quasi 1,3-diaxial
interactions and 1,3-allylic strain@ by the adoption of conformers of the type 97 by
the CpZZr-Blkyne complex prior to cyclization (Scheme 26). According to the
following mechanistic interpretation, reductive elimination of butane from CpZZrfo-
Bu)2 followed by enyne complexation with loss of |-butene2should generate the

transient zirconacyclopropenes 97 for which there are two extreme precyclization
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conformers (e g., 97 and 97') Conformers corresponding to 97" are expected to be
disfavored energetically as a consequence of 1,3-allylic strain between the proaxial
substituent at C-5 and a methylene hydrogen bound to C-1 and by quasi 1,3-diaxial
interactions. Accordingly, cyclization via conformers corresponding to 97, in which
allylic 1,3-strain is minimized, should occur preferentially to provide the exo
substituted zirconocyclopentenes 84b A complete summary of these cyclizations

appears in Table 4

98 84b: R = C(O)NEfe, (93%)

Scheme 26
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Table 4. Preparation of Alkylidinecyclopentanes by Cyclization of Substituted
Enynes with CpiZr(W-Bu)2

Entry Substrate Product Yield"
TMS

TM™MS
78%
81%

OR

4 10, R=TBS 50%
5 9, R=Hff 0%

-TMS
6 14a, R = C(O)NMe2 84a 91%
| 14b, R = C(O)NEt2 84b 93%
8 31, R= CHANEt2 95 88%
94%

TBSO

94%

"Isolated yield. No other diastereomers observed. Ref. 12. cRef 11. The
lithium alkoxide was pre-formed with H-BuLi (1.0 eq) before addition of
CpZr(H-Bu)2
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The Zr(II) mediated cyclization of several 1-hepten-6-yne substrates bearing
a single C-4 substituent were subsequently examined. From the standpoint of
substrate der.ived ste;eocbntrol,- substituents of this variety were not expected to be
as influential as those prpximate to the sites of ring formation. Accordingly,
attempted cyqlization' of the alkoxide 70 failed and resulted in consumption of
starting material as with alkoxide 6 (Table 5). Fortunately, cyclization of 71 under
the usual conditions (vide supra, this séction5 proceeded without mncident to furnish
the predominately frans alkylidenecyclopentanes 99a and 99b (99a / 99b = 2) in
89% yield. The size of the silyloxy protectiﬁg group had little effect on the
diastereoselectivity, as 73 cyclized with nearly identical diastereoselection (iOOa /
100b = 2.1). Cyclization of 76 under analogous conditions provided 105a and
105b (105a /105b = 11) in 99% isolated yield. In the case of 99a and 99b, the
minor isomer 99b gave a NOE between the C-2 and C-4 hydrogens as would be
expected for a molecule possessing cis disposed substituents. In addition, the
TBDMSOCH, 'H resonance of the minor isomer 99b appeared as multi-line pattern
(2 dd, & 3.40) which could possibly be a consequence of resﬁiqted rotation (as
might be expected for the cis 1somer) §vhereas the TBDMSOCH, signal of 99a
appeared as a sharp doublet centered é‘; 3 3.46.- For 100a and 100b, the absence of

a NOE between the C-2 and C-4 methines of the major isomer 100a is consistent
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with a tram stereochemical relationship of these hydrogens. Although quite
suggestive, the foregoing data must be viewed as inconclusive and accordingly, the
precise stereochemical outcome for the cychzations of 70-73 remains tentative The
diastereoselectivities observed for the cychzations of 70-73 can be viewed as
arising from nonbonded interactions that are related in origin but smaller in
magnitude than those of the preceding series (i.e., 14a,b, 19 and 31). The
precychzation conformer where the C4-substituent occupies a pseudoequatonal
position would result in bicycle 101" with the substituent on the exo face (Scheme
27). Accordingly, structure 101" would be preferred because of a reduction in
pseudodiaxial interaction between the C4-substituent and one of the

cyclopentadienyl rings  Protonolysis would afford predominately the tram isomer

Minor Product Major Product

Scheme 27
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Cyclizations of enynes bearing oxygen substituents at the 4-position were
next briéﬂy examined. Exposﬁrc of 51 to CpZZ_r(n-Bu)é (1.1 equiv)y 1n the usual
manner gave the alkylidenecyclopentanes 103a.and 103b (103a /103b = 15 in 80%'
yield after protonation. In concordance with both previous hydroxymethyl analogs,
the alkoxide derived from in situ deprotonation of 50 [Cp,Zr(n-Bu), + n-BuLi (1
equiv)j also proved incompatible with Zr(II) mediated cyclization. Once again, the
pre.cyc‘le was completely consumed under the normal reaction condition. This study
) showed that enynes bearing remote alkoxy substituents have been demoﬁstrably
inferior substrates résulting in low-yields of cyclized products compared to their
ether cquntefparts. The observed stereochemical outcome of the C4-substituted |
enynes is" directly related to the relative size of the substituent ipso to the C4 carbon.

A complete summary of the 4-substituted enyne cyclizations appears in Table S.
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Table 5. Preparation of Alkylidinecyclopentanes by Cyclization of Substituted
Enynes with CpzZr(M-Bu)2

Entry Substrate (Major Diastereomer) Ratio Yield"
TVB
y-—= —TMB
R \ rk 7
I 50, R = OH6 102 - 0%
2 51, R=0TBS 103 11 80%
e
'w—  1cC
C
3 70, R=0OH6 98, R=0H - 0%
4 71, R=0TBS 99 2:1 80%
5 73, R = OSEM 100 2.1:1 99%
TVB
/v = —T\VB
6 75, R = OH6 104, R =OH - 0%
7 76, R = OSEM 105 111 99%

alsolated yield of combined diastereomers.  The lithium alkoxide was preformed
with M-BuLi (1.0 eq) before addition of CpZZr(M-Bu)2

Enynes bearing substituted alkenes were next examined. Enynes 57a and
82a were treated with Cp2ZZr(M-Bu)2 (1.1 equiv) in the usual manner, however, the
expected alkyldenecyclopentanes were not obtained. The use of non-coordinating

solvents such as toluene did not improve the situation. Intermolecular dimerization
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of two alkynes appeared to be the primary mode of reactivity. However, the enyne
83a bearing geminal substitution at C-4 interestingly afforded the
alkyhdenecyclopentane 83b (Scheme 28). This reactivity is consistent with the
known reactivity of substituted alkenes (c.f. Scheme 2) and is a manifestation of

the Thorpe-Ingold effect {vide infra, 3.4).

TMS

A

"ch3
CH3

T™MS

H3C 0
83a

Scheme 28
In summary, several of the factors that appear to influence substrate based
control of diastereoselection in CpiZr(ll) promoted enyne cychzations have been
illuminated. Although the stereochemical outcome for the preceding annulations
has not yet been unequivocally established in all cases, it is evident that a high level
of stereocontrol can often be achieved by way of this transition metal-based

reaction
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3.4 Attempted Syntheses ofCarbacyclin

With the successful zirconium mediated cychzation of a variety of
substituted enynes, many of which showing excellent levels of substrate controlled
diastereoselection, the synthesis of carbacyclm and isocarbacyclm was undertaken.
There has been a great deal of interest recently in the synthesis of prostacyclin,&l
carbacyclm 1066 and of their analogs due to its promising pharmacology. A
zircomum(1l) mediated cychzation-carbonylation sequence could potentially
construct the bicyclic core of carbacyclm in one step from a simple linear structure

(Scheme 29)

TMS
TBSOli S A

108 OTBS |I
TMS

=>

Scheme 29
The key cychzation step would require substrate derived stereocontrol of a

disubstituted enyne The competing or synergistic effect of the juxtaposed
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| substituents on the stereochemical outcome of a zirconocene mediated cyclization
was uncertain. In earlier zirconocene mediated cyclizations (vide supra) it was
shown that 4-silyloxy substituted 1,6-enynes offered little stereocontrol whereas all
the 5-substituted 1,6-enynes showed high levels of 1,2-stereoinduction. It was
anticipated that thé overwhelming influence of the more proximal substituent would
determine the stereochemical outcome of the cyclization. As shown
retrosynthetically (Scileme 30), the requisite precyclic enyne for the zirconocene
cyclization-carbonylation protocol could be assembled quickly, by a deconjugative
anti—aldél employing a homochiral crotonate derived enolate and a 3-butyn-1-al
surrogate.® The efficacy of 4,4-dichlorbutanal as a 3-butyn-1-al surrogate was
amply demonstréted earlier. Finally, the absolute stéreochemistry .could be obtained
by utilization of a suitable chiral auxiliary X..

In any given aldol reaction, four possible products could be obtained
(Scheme 30): two diastereomers (syn vs. anti, S vs. A) and both enantiomers (1zr
vs. 25;5). Therefore, both reaction diastereoselection (S; + S; vs. A; + A,) and
enantioselect‘ion (S \;s. Sz or Aj vs. Ay) mﬁst be considered. Scheme 30 illustratgs
this specifically for the aldol reaction dépicted retrosynthetically above. The
carbacyclin core requires the anti (A) configuration with the absolute

stereochemistry of (Ay).
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Scheme 30

The first attempt to implement this aldol strategy employed the methodology
of Oppolzer &4 A-Acyl sultam 111 was converted to its Silyl-Ar O-ketene acetal 112
(TBDMSOTT, TEA, -100%) which could be isolated as a white crystalline material
or prepared and used in situ. Exposure of 112 to a solution of Lewis acid
(TBDMSOTT, ZnCl2or TiCl4) and 4,4-dichlorobutanal under the published
conditions [(a) -78 °C, CH2CI2 5 min, (b) NH4Cla] resulted in complete recovery
of unreacted sultam 111 (Scheme 31). This result was clearly very surprising and

unexpected because of the wide acceptance and use of chiral sultams in synthesis.
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Reagents: (a) TBDMSOTf, TEA, ~100%; (b) 4,4-dichlorobutanal, Lewis Acid, -78 °C

Scheme 31

To verify the experimental integrity of the method, known propionoyl sultam
114 was prepared and treated with propanal (ref. 64b) according to the literature
procedure but instead of the expected aldol product 116b, the acyl sultam was
quantitatively recovered unchanged (Scheme 32). The failure of this well
documented and important industrial procedure was mildly perplexing. It was
found that the aldol reaction of aldehydes 115a-c with sultam 114 failed to react
according the published procedure, and that allowing them to warm to it resulted in
poor diastereoselection. However, conditions were developed (-40 OC, 4-12 h) that
proved gratifyingly efficient (85-95% G C., typically -70% isolated yields) for the
construction of the advertised anti-aldols. Presumably, the erroneous protocol was
a typographical oversight. With the demonstrated efficiency of this new procedure,
efforts were made to condense the crotonoyl sultam 111 with aldehydes 115a-c, but
yields were disappointingly low (<30% isolated). Furthermore, crotonoyl sultam

111 failed to react altogether with 4,4-dichlorobutanal
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114 116a-c

Key: ForllSac and 116a-c: a: R = Me; bhRr= Et; c: R = APr.

Reagents: (a) TBDMSOTf, TEA, -100%; (b) RCHO 115ae, Lewis acid, -78 OC;
(c) RCHO115a-c, Lewis acid, -40 °C.

Scheme 32

Another well established and proven chiral auxiliary for the preparation of
enantiomencally pure syn-aldols was developed by Evans & These amino acid or
norephedrine derived oxazohdinone chiral auxiliaries have gained wide acceptance
in academics and industry (Si Scheme 30, and path a. Scheme 33). This
methodology was greatly extended by Heathcock to permit the fabrication of anti-
aldols and “non-Evans” syn aldolsfrom the same starting oxazolidmones (Scheme
33).6 Heathcock showed that when the Evans' boronate enol ethers were treated
with aldehydes precomplexed with Lewis acids, the stereochemistry was altered to
provide anti-aldols (A: Scheme 30, and path b, Scheme 33) and “non-Evans” syn
aldols (S2Scheme 30, and path ¢, Scheme 33) with excellent diastereoselectivity
and yield (Scheme 33). The use of large Lewis acids, such as diethyl aluminum
chloride, maximizes the formation of the anti-aldol product by favoring an open

transition state (path b, Scheme 33).
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Scheme 33
This methodology offered an attractively expedient route into the requisite
carbacyclin precyclic chain (Scheme 29). Although the aldol reaction of chiral
crotonic acid derived oxazolidinones for the preparation of syn aldols is well
documented/” these imides suffer from undesirable side reactions and
condensations in the presence of Lewis acids, therefore, the desired anti-aldol via
path b when R = CHICHZ2remains unobtainable by this course. Since the synthetic

goal required the anti-aldol derived from a crotonoyl enolate, and the Oppolzer and
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Evans methods were unsuitable, a new route was designed that offered the option
of delayed installation o fthe terminal olefin by elimination of an innocuous leaving

group later in the synthesis (Scheme 34).

Bu Bu

TBSOI TBSOI d) TBSOl

OTBS

NaH198%

Reagents: (a) i. (O-Bu)2BOTf1TEA,; ii. RCO1EfeAICI1-110°C to -58 °C; (b) TBDMSOTf1
2,6-Lutidine; (C) NaBH4, LiCILEtOH; (d) TBDMSCl-imidazole. 42% overall

Scheme 34
The synthesis began by treating the novel 4'-chlorobutenoyl imide 128 with
dibutylborotnflate and triethyl amine at O°C After one hour, the CH2Cl2 solution
containing the boron enolate was cooled to -90 °C and treated with a solution of
4,4-dichlorobutanal, precomplexed with Et2AICI at -HO «C, and then warmed to
-58 °C and held at this temperature for 18 h The extremely cold temperatures used
for the aldehyde-Lewis acid complexation were absolutely necessary to prevent the

formation of undesirable aldehyde self condensation products. The general
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conditions employed were based on the experimental protocol best described by

Hoffman.®” Subsequent silylation of the secondary hydroxyl after oxidative work-

up and reductive removal of the recyclable chiral auxiliary [1. (a) TBDMSOTT -2,6-

lutidine; 2. NaBH,y, LiCl, EtOH; 3. TBDMSCl-imidazole) afforded the anti-aldol
131 in 42% overall yield for three steps. Alcohol 131 was converted to its Mosher's
eéter and f;)und to Be enantiomerically pure by G.C,, 'H and *C NMR.

The interesting 2'-hydroxy—2-alky1 tetrahydrofuran 132 wés likely _formed_ by
intramolecular attack of a transient alkoxide formed during the reduction step.
Treating alcohol 131 with 1 equiv of NaH in THF for 10 min followed by aqueous
work-up also afforded fetrahydrofl;ran 132 in near quantitative yield. This
constitutes a new and powerful method for the genéral synthesis of homochiral 2'-
hydroxy-2-alkyl tetrahydrofurans. Most importantly, because the relative and
absolute stereochemistry is set by established aldc;l methodology, all four possible
tetrahydrofurans can be synthesized with equal ease. There has been a great deal of
recent interest in mono-substituted tetrahydrofurans, and this procedure appears to
be superior to the other methods.** |

All that remained was the elimination of the gem-dihalide and the primary
- chloride into an alkyne a'nd alkene, respectively, to furnish the desired precyclic
enyne 108. Chlorodecane was used as a model substrate to find suitable conditions

for the elimination into 1-decene. It was found that chlorodecane could be
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conveﬁed into 1-decene i.n >95% yield by treatmént with LDA-THF and HMPA (1
equiv each) at 0° C for 3 days. It was anticir;ated that the cold and rapid conditions
used for acetylene formation (vide supra) would convert 134 into acetylenic 135
while lgaving the primary chloride unchanged. This halide could then be eliminated
to the primary olefin in a second step. Unfortunately, the elimination / silylation
conditions (LDA or KNH,) proved incompatible with 134 and complex mixtures
resulted. The primary chloride was then converted into the al@l- 1odide 137 (Nal,
acetone, cat K;CO3) which was then subjected to the usual elimination conditions,
however, without improved results. The catalytic base used in the Finkelstein
reaction was essential for any reasonable conversion without complete
decomposition of both reactant and product. Even with this modification, clean
conversion to 137 was never achieved. Another synthetic option could be to
displace the primafy chloride with a lithtum aryl selenide, which could be converted
into alkene 140 under mild o.xidi.zing conditions. Towards this-end, crude iodide
137 was treated with iithium p-chlorophenyl selenide in THF / DMF, but the only

gradual decomposition of 137 was observed.
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CHCI2 \ TMS
TBSOI" a) LDA/ HMPA /  TBSOM
X b) TMSCI
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134, X = Cl— | 135
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\  (P-Cl)PhSeLi
\

[ — 'CHd2 .o, /NCHCI2
TBSOI'< ....V T1BSoI-V
n Se(P-CI)Ph
OTBS OTBS
139 140
Scheme 35

Further studies concerning the elimination were delayed, because the
synthesis of an epi-carbacyclm enyne was accomplished (Scheme 36). The boron
enolate of 7V-butenoyl oxazolidinone 145 was treated with 4,4-dichlorobutanal (-78
°C —0°C) to afford the syn-aldol 146 in 92% vyield after oxidative work-up.
Although TBS ether formation (TBDMSOTT, 2,6-lutidine) was uneventful, the
reduction (NaBH4, LiCl, EtOH) occurred in only 55% unoptimized yield. Finally,
TBS ether formation (TBDMSCI-imidazole, 99%) and elimination / alkyne
transformation [(a) 3.3 equiv LDA / HMPA, (b) | I equiv TMSCL1] gratifyingly
secured enyne 148 Although enyne 148 possesses the incorrect stereochemistry at
C-4, if bicyclopentenone formation were successful it was thought that the

stereochemistry could be corrected later by Mitsonobu inversion.
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CHCI2
HO'
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> YO o >
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H3C™ Y 51%
145 146 Rh
Scheme 36

Enyne 148 was then exposed to the key zirconium(ll) mediated reductive
bicychzation / carbonylation reaction (Scheme 37). After treatment with Cp2Zr(A)-
Bu)2(-78 °C it, 12 h) a quenched aliquot (H20) showed the absence of starting
material and >90% conversion to a single material that was likely the
alkylidmecyclopentane 150, formed by protonation of zirconocyclopentene 149
However, upon treatment of zirconocyclopentene 149 with CO and then either I2 or
5% HCI ag a multitude of products was obtained, none of which was identified as

bicyclopentenone 151
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TMS 1
TBSO TBSO TBSO
OTBS OTBS OTBS
TBSO
Reagents: (a) Cp2Zr(H-Bu)2; (b) CO; (c) H20
Scheme 37

To test the efficacy of the zirconium(ll) / carbonylation protocol, enyne 152
was exposed to the usual carbonylation conditions. Two bicyclopentenones were
obtained in 77% combined isolated yield, with the predominant product being

derived from desilylation of the relatively labile vinyltnmethylsilane (Scheme 38).

TMS
H3CO-A Y— —FMs a) Cp2Zr(H-Bu)2 H3C o} H 3CO
H3CO— b) CcO C) HCIaq H3CO-/'"'"" A H3CO
152 77% 153a 6:1 153b
Scheme 38

The failure of enyne 148 to successfully undergo the reductive bicyclization /
carbonylation sequence was thoroughly disconcerting. One of the major limitations
of the zircomum(ll) cychzation / carbonylation protocol appears to be the necessity
for gm-disubstitution along the tether connecting the reactive centers. The most
suitable substrates for zircomum(ll) mediated cychzation / carbonylation utilized

such substitution (c.f. Scheme 9).
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The increased reactivity of substrates bearing gem-substituents between the
reactive centers has been known for some time as the Thorpe-Ingold Effect es The
Thorpe-Ingold Effect theorized that substitution about a central methylene causes an
angular contraction of the internal angle 0 (Scheme 39). This angular compression
results in moving the two reactive substituents, X and Y, closer together so they can
react more readily.

HH H3C CH3
X(H2C)rO (C H MY x(H2C)D (C H 2)mY  X(H2C)rO (C H 2)my
6i 62 63

01> Q@>63

Scheme 39

It was later postulated that there are more syn rotamers (in the gauche
conformation) with gemmal substitution than in the unsubstituted case where the
anti rotamer is clearly preferred (Scheme 40).70 An excellent analysis of these two
phenomenon was provided by Jung and Gervey.z1 By studying an intramolecular
Diels-Alder reaction that effectively separated angular compression and the rotamer
effect, they were able to demonstrate that the enhanced reactivity is in fact due to
the reactive rotamer effect and not simply angular compression. Regardless of

semantics, the phenomena is still commonly referred to as the Thorpe-Ingold effect.
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Scheme 40

In any case, the lack of gemmal substitution about precyclic enyne 148 was
undoubtedly the cause for the observed lack of efficient carbonylation. One
possible solution may be to oxidize the C-4 hydroxy to a ketone and protect it as an
acetal, thus providing gem-substitution. This option, however, clearly lacks any
elegance. Although we sought to employ novel or relatively unexplored reagents to
construct the bicychc pentenone 109, the use of an alternative cyclization /
carbonylation reagent was now explored Because the chemistry of Co2(CO)S for
use in tiie stoichiometric Pauson-Khand reaction has been extensively developed
and implemented in synthesis, it was applied to enyne 148 Exposure of enyne 148
to stoichiometric Co2(CO)S in toluene for | h followed by heating to reflux under an
atmosphere of CO for 12 h failed to provide pentenone 109. This result was a

strong impetus to explore / develop other carbonylating agents.
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3.5 Catalytic Pauson-Khand Reactions

At about this time, Jeong and coworkers reported the first truly catalytic
variation of the Pauson-Khand reaction.” Although highly significant, the
conditions employed are somewhat harsh (5 mol % Co,(CO)s, 20 mol % P(OPh);, 3
atm CO, 120 °C) and require the L‘lse of a high pressure bomb. Jeong proposed'that '
the triphenyl phosphite served as a ligand to stabilize the unbound active catalyst.
The ﬁse of bridging ligands in the Pauson-Khand reaction has not been reported,
although the synthesis of méthylene bridged phosphine and phosphite complexes of
Co,(CO)g has.”™ ’Ideally, the Pauson-Khand reaction should be catalytic and
require only ambient temberatures and pressures. The févored enthalpy of a
bider_ltate ligand could potentially effect thé Pauson-Khand reaction by helping
~ prevent scission of the Co-Co bond.” We hoped any potential stabilizing effect of
a bridging ligand‘may allow the reaction to proceed at ambient pressures of CO.
Even though mildly electron rich phosphines and phosphites cause

73a,b

disproportionation of Coz(CO)s to the ionic salt [Co(CO)s]z, ™ this pathway could
be initially circumvented by alkyhe precomplexation pfior- to ligand addition.

Furthermore, the obvious goal for any ligand assisted catalytic Pauson-

Khand reaction would be the generation of optically active products from achiral
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substrates by the employment of a suitable homochiral ligand. Kerr” has
demonstrated that when an achiral enyne-Co,(CO)s complex.is treated with one
equi\}alent of a homochiral carbohydrate derived diphenylphosphine, a hea;ly 1:1
diastereomeric mix;cure of pﬁosphine bound complexes is obtained. D.iastereomers
are generated when tile phosphine binds to a cobalt bound either to the terminal or
internal carbon. Separation of these digstereomefs by HPLC followed by Pauson-
Khand cyclization generates complementary chiral enones each in >99 % ee.”® This
suggests that for an asymmetric, catalytic Pauson-Khand rgaction, theuseof a .
monodentat‘e ligand must be precluded. The generation of a homochiral methylene
bridged diphosphine could easily be irﬁagined by analogy to DIOP, CHIRAPHOS,
DuPHOS, or BINOL.

The bridging ligapds 168 and‘169 were chosen for 1nitial study because of
their similar sterics, but greatly diffe-rentiated electron properties. Table 6
summarizes some results for the Pauson-Khand reaction with bridging ligands 168

and 169 under various qonditions.
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Table 6. Various Conditions in the Thermal Catalytic Pauson-Khand Reaction

EtO2C, 10 mol % Co2(CO)8
Et02C" X----= conditions ©
170a 170b
(Y IrgdT .
169

Entry  Solvent Tempz  atms Time Additivess G C Yield"
| DME gac 3 atm 48 h none 99%/0%
2 DME IIO0C 3atm 48 h none 90% / 0%
3a DME rt 3 atm 72 h 12 mol % 168 80%/ 10%
3"  DME  130°C 3am  &h I - 187%
4 DME reflux | atm 12 h 1 80% /0%
5 Diglyme 1100C lam 12 h 1 _145%

Diglyme 165°C  3atm  72h ! - 134%
7a DME rt 3 atm 24 h 12 mol % 169 98%/0%
70" DME  1100C 3am  24h 1 - 194%
8 DME IIO0C 3atm 24 h 24 mol % 169 70%/18%
9 Diglyme 1100C | atm 48 h 12 mol % 169 -121%
10 DME reflux | atm 12 h 1 70% / 25%
11 DMA 11O 0C | atm 48 h 1 100% /0%
12 DMA 1100C | atm 48 h and CH3CN (xs) 100% /0%
13c DME rt 3 atm 0.2 h 169 and somcation -/ 10%

“Yields refer to (starting material / product). bReactions 2b and 7b were simply
placed into a preheated oil bath after the time indicated for part a. cNo further
catalytic activity was observed with extended times dlsolated yield with 5 mol %
Co2(CO)S. eFor reactions employing ligands 168 or 169, the Co2(CO)S and enyne
were premixed for 30 mm followed by ligand complexation for | h prior to
irradiation f Boiling point of 1,2-DME: 85 °C; diglyme: 162 °C. 8Reactions run at
3 atm were set to 3 atm initially. After heating internal pressure likely increased to
5-6 atm.
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A few entries in Table 6 are worthy of comment. Without the effect on any
stabilizing ligands there is no observed .catalytic activity (entries 1 and 2). Under
identical conditions with either bidentate ligand the desired bicyclopentenone was

-obtained in excellent yield (entries 3b and 75). This suggests that the catalyst is
stabilized by either electron rich or poor bridging ligands. Jeong implied that only
triphenyl phosphite was a suitable ligand. Erhplqying two equivalents of bidentate
ligand 169 was detrimental to the reaction (entry 8). However, attempts to perform
the reaction at atmospheric pressure with either ligand met with only moderate
success (entries 5 and 9). The data suggested that high pressﬁreé as well as high -
temperatures were essential. To maintain a sufficient concentration of dissolved
CO in solution at high temperatures, high boiling solvents Wére required (compare
entries 4 and 5).

None of these results were particularly encouraging until irradiation with a
high inteﬁsity visible light was attempted. It has previously been disclosed that
tertiary amine N-oxides and DMSO markedly a.ccelerate stoichiometric Pauson- -
Khand reactions.®’ These reagents have been proposed to fun'ction via the oxidative
removal of CO, thefeby providing an émpty coordination site for alkene
complexation. For many years it has been known that various metal carbonyl
complexes undergo photo-induced CO dissociation.”” 1t is therefore most

surprising that this simple expedient has not been reported in connection with
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facilitating the Pauson-Khand reaction. The initial attempts at photo;pro.rnotion -
using 10 mol % COz(CO)g under 1 afrh CO were not éati.sfyiné in that only low
levels (<- 30%) of substrate conversioﬁ were realized. These results remained
promising, because the method was' sufficiently mild that there was no obse;'ved
decomposition of either starting materials or products. Ulﬁmately it was discovered
that the purity of Co 2(C0)87.8 as well as the choice of an apbropriate light source™

- were both critically .important for succ'essfui catalytic"reactions (T;lble 7). In
addition, reaction temperatures in‘the range of 50 °C seemed to be particularly
advantageous. When enyne 170a and 5 mol % Co,COg were stirred under an
atmosphere of CO in coﬁplete darkness, a catalytic 'tumover of 6 was observed
(entry 5). Higher temperatures lead to rapid decomposition of the active catalyst
under otherwise identical conditions. The maximum catalyst observed turnover for
the reactioﬁ was 60 (entry 2). Amoﬁg ;che several light s;)urces examined, the Q- _
Beam® MAX MILLIONT™ 1 000,000 candlepower spotlight dist'ributed byl

" Brinkmann, Inc. proved extraordinary for photoinitiation.
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Table 7. Photopromotion in the Pauson-Khand Reaction

EtO2C cat. Co2(C0)8, hv BO2CV Ar X - 0
BtO2C™ \ = 1atm CO, DME, temp HCRA ] 7
170a 170b

Entry Temp mol % cat. hv source Yielda
I 50-55°C 5 Q-Beami Irradiation 95%
2 50 - 55 0C 0.5 Q-Beami Irradiation 30%
3 <17°C 5 Q-Beami Irradiation NR
4 52 °C 5 Vitalitei Irradiation 64%
5 52 °C S) Darkness 28%

alsolated yields. All reactions ran for 12 h, except entry | which was complete in 4
hours.

After these initially exciting results, various solvents were then screened for
the carbonylative cyclization of enyne 170a to the corresponding cyclopentenone

170b under I atm of CO (Table s)
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Table 8. Effect of Solvent on the Photopromoted Pauson-Khand Reaction

EtO2C, 5 mol % Co2(CO)8, hv EC2ON A r A o
EtO20X \ = | atm CO, 55 °C, solvent HQC N J Vv =
170a 170b

Entry Solvents Time (h) Yield (G.C. / Isolated)s
I 1,2-DME 4 98% / 95%
2 EtOAC 4 93%/87%
3 Diglyme 12 81%/69%
4 Toluene 4 76%/62%
5 TFE 12 -/59% m
6 1,2-DCE 12 93% / 53%*
7 THF 4 60% / 53%
8 Hexane 4 17%/5%
9 CH3XN 4 NR
10 MeOH 4 NR

N
aProducts were isolated by preparative TLC. bThere was a lot of apparent
polymeric baseline material in this reaction c¢Degassed.

Of the various solvents tested 1,2-DME was the most efficacious, although
EtOAc, diglyme and toluene were also found to be reasonable. It may be possible
to increase the yield in the industrially favored solvent toluene with additives. For
effective photo-promotion it is critical that the solvent employed be rigorously
degassed prior to use Furthermore, 1,2-DME distilled from a deep blue solution of
sodium benzophenone-ketyl immediately before use was sufficiently oxygen free

that it required no further processing.
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Because of Jeong's report,72the potential stabilizing effect of triphenyl
phosphite on the Coz(CO)K catalyst was examined under photo-promotion
conditions. Interestingly, the phosphite was found to hinder product formation at

both high and low temperatures (Table 9).

Table 9. Effect of Temp and P(OPh)s on the Photopromoted Pauson-Khand

Reaction
5 mol % Co2(CO0)8, hv
E,02C> @( YV o
EtO2Gs 1 atm CO, diglyme
170a 170b

Entry Temp Additives Yield"
I 120 °C 20 mol % P(OPh)3 29%
2 120 °C none 55%
3 50 - 55 °C 20 mol % P(OPh)3 61%
4 50 - 55 °C none 69%

aProducts were isolated by preparative TLC.

At this point, the photopromoted Pauson-Khand reaction as designed
appeared very promising. The initial goal of achieving enone formation under 1
atm CO had been realized, but the reaction required an air sensitive catalyst. As
most alkyneeCo2(CO)s complexes are more stable than Coz(CO)K, several of these
complexes were prepared®and their efficacy as a Coz(CO)K equivalent retaining
catalytic-Pauson Khand activity was examined These complexes necessarily need

to allow disassociation of free Coz(CO)6L,, and subsequent ligation to the enyne
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substrate. That is, simply a formal trans-ligation from one alkyne to another was
required. Electron poor alkynes, such bi.s-triﬂuoromethyl acetylene, are extremely
stable compounds and no trans-ligation with therﬁ has been observed. Electron rich
alkynes, éuch as N,N-diethylpropargyl amine readily undergo trans-ligation but are
not air stable complexes. The prdpensity for several alkyne-Co,(CO)s complexes
to undergo trans—iigation is (In incfeasing order): (CFs),, < (COOCH3), < (CgHs), <
(CH3)(CsHs) < (CHs), < H(Ce¢Hs) ~ H(CH3) < H, < (CHNCH,Hs),. It was not
clear what effect irradiation might have on the eas‘e of tran.s-ligation among various
alkyne complexes.

| The alkynéoCoz(CO)s complexes der‘ived from reaction of bis-
trimethylsilylacetylene, diphenylacetylene, 2-butyne, acetylene or N,N-
diethylpr(;pargyl amine with (-Ioz(CO')g were examined for catalytic photopromoted
Pauson-Khand activity with enynes 170a and 193a. Only the complex derived from
acetylene showed any catalytic activity. Specifically, a 0.1 M solution of tosamide
193a in 1,2-DME containing 5 mol % of 2-butynesCo(CO)s was irradiated for 24
. hours at 55 °C under 1 atm of CO, after which the reaction became heterogeneous.
G.C. analysis of the crudg reaction mixture showed 50% conversion to enone 193b.
No modifications were found fo extend catalysis to terminal alkyne 170a.
Furthermore, only the bis-trimethylsilylacetylene and diphenylacetylene complexes

_proved to be appreciably air stable.
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To test another means to circumvent the need for ultra-pure Coz(COs, -
enynes 170a and 193b were treated with an excess t3 equiv) of low-grade, partially
decomposed Coz(CO)g in 0.1 M DCM under an atmosphere of CO for 24 h.
Isolation By chromatography on silica gel or alumina as previously described®
afforded the desired alkyne°Co2(CO)s complexes. A catalytié amount (5 mol %) of
these complexeé demonstrated catalytic activity equal to the use of free Coz(CO)s, if

used immediately after purification.

3.6 Applications of the Photopromoted Pauson-Khand Reaction

To test the generality of this new reaction, a series of enynes were
synthesized and subjected ;co‘ the standard set of reaction conditions (5 mol %
Co,COs, 0.1 M in 1,2-DME, hv, 50-55°C). Substrates 170a,180a,186a,189a were
prepared by the alkylation of various diethyl m.alonate dg:rivativgs (vide-supra,
section 3.2). The results from Co,(CO)s mediated catalytic i)hotopr.omoted eﬁyne-

CO cyclizations involving a range of substituted malonate derivatives is shown in

Table 10.
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Table 10. Catalytic Pauson-Khand Photocyclizations of Malonate Derivatives
Under | atm C O

Entrya Substrate Product Yield0 (%)
I EtO2C, Et02><Z o
EtO2C" \--—--—-= EtO2 O_
170a 170b
EtO2C EtO2C == O
EtO2C EtO2C
171a 171b
MeO
MeO—O "\ - X
173a, R=H 74
174a, R=TBS 174b 30
EtO2C
Eto2C" \ -——--= —R
176a, R=H 91
179a, R= Ph 84
CH3
N 0 W o
O 7chs N.R.
Rh
182a 182b
MeO MeO—v / —
MeO-""" \ A
185a 185b

aUnless otherwise noted, all reactions were conducted using 5 mol % Co2CO)8and
substrate concentration of 0.1 M in 1,2-DME under irradiation for 12 h at 50-

55 °C. 6All yields given in this table correspond to isolated, chromatographically
purified products. clrradiation time =4 h  Reaction performed with 10 mol %
Co2CO)8
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Several of the results presented in Table 19 are worthy of commént. The
successful conversion of 171a to 17 1b demonstrates the utility 6f this new
pﬁotochemi'cal procedure for the cyclization of 1,7-enynes. The efﬁcient cyclization
of 173a shows the 'co‘mpétibility of the prescribed reaction conditions with a free
- hydroxyl moiety. The relatively labile primary propargylic silyl ethier 174a cyclized
in considerably poorer yield. Entriés 4 and 5 indicate the method tolerates both
alkené ana alkyne subétitution. However, the corresponding disubstituted ether
182a failed to cyclize under the uéual conditions. Interestingly, carbonylative
photocyclization of 185a furnished 185b to the complete exclusion of the isomeric
1H-cyclopenta[c]furan-5-one. The latter result and the failure of ethér 182ato
unde;go cyclization are presumably both manifestations of the Thorpe-Ingold effect
(vide supra, séction 3.4).

The selective cyclization of 189a to 189b is most significant. Cyclization gf
189a under Jeong's réaction conditions (120 °C) reportedly’ gives rise to 189b and
189c¢ (58%, 1:1 diastereomer ratio)*>® admixed with 19% of the elimination product
189d (Séheme 41). However, under our phptopromoteci conditions, 189a cycliéed
with complete stereochemical integrity in 67% isolat;ed'yield. Only a trace of the

elimination product 189d was observed.
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Et02Q
EtO2C \----=
189a 67% 189b trace 189d
Jeong's
RS S T e ——— »
Conditions
" 189b 11 189c y 189d
Y
58% 19%
Scheme 41

Several enynes with a/7-toluenesulfonamide linker (prepared by the
alkylation of various p-toluenesulfonamides [NaH, THF / DME or K2COs /
acetone]) that underwent cyclization are presented in Table 11. These substrates
further demonstrate the generality of the new photopromoted Pauson-Khand

reaction
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Table ... Catalytic Pauson-Khand Photocyclizations of Tosamide Derivatives
Under | atm CO

Entry" Substrate Product Yield*
(%)

| N
o' ) 0Oo

192a 192b
2
TsN -BCQt =0
N----= —Rh
Rh
193a 193b
3 HC
o |ax>°
195a 195b,c
Ott | 1

substrate concentration of OIM in 1,2-DME under irradiation for 12 h at 50-

55 °C  Allyields given in this table correspond to isolated, chromatographically
purified products, except where noted ”Obtained as an inseparable | | to I
mixture of diastereomers

3.7 Ligand Effects on Diastereoselectivity in the Photopromoted Pauson-Khand
Reaction
The remarkable level of substrate controlled diastereoselection observed in
the Zirconium(ll) mediated cyclizations appeared to be lacking in the
photopromoted Pauson-Khand reaction (e g., 195a — 195b). Two possible
methods for improving diastereoselection may include reagent or substrate derived

stereocontrol. The stenc demands of the metal catalyst could be increased by
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suitably coordinating ligands. For this tactic to be successful, the ligand would

need to remain bound to the cobalt catalyst during the ring forming steps. Another

option would be to modify the substrate; e.g., by utilizing alkyne protecting groups,

for increased substrate derived stereocontrol.

It would clearly be a superior solution to develop one ligand-modified
catalyst gompatible with a variety of subs‘trates’ than depending on .substr‘ate
" modification for enhanced diastereoselection. Towards ’chisf goal, a wide.y‘ariety of
ligands were screened, and the _results tabulated in thé following four tables (Tables
12-15). Substrates 170a and 1952; served as models for testing the various ligands,
some of which are presented graphically in Figure 1. The achiral enyne 170a was
used to screen some ligands for catalytic turnover, to minimize use of the more
precious substrate 1953. Ligands that’passed this test were then examined with the

" 195a to appraise the ligands influence on diastereoselection.
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J-X"N(CH32
(H3C)2N AN (CH3)2
<N INGBR C T O
212 213 214 215

Figure |

The reaction appears tolerant of a wide range of monodentate amines, except
for the highly electron rich DMAP Bidentate amines proved to be much more
detrimental for the malonate substrate than for the tosamide (Table 12, entries 13-
15 and Table 14, entries 7-11). Tl e three electronically similar but stencally
differentiated bidentate amines in Table 14 demonstrate no obvious trends based on
their increasing stenc demands. Electron poor phosphines and phosphites were also
suitable additives. Again two equivalents of electron rich monodentate phosphines
or phosphites interfered more than one equivalent, but their methylene bridged

bidentate analogues resulted in further attenuation of catalytic activity (Table 13).



Table 12. Effect of Nitrogen Based Ligands on Photopromoted Pauson-Khand

Cyclizations

FohC

170a

Entry mol % cat
I 5
2 5
3 10
4 10
5 10
6 10
7 10
8 10
9 10
10 10
1 10
12 10
13 4
14 5
15 5
16 5
17 5
18 5

1 atm CO, Ligands

mol % ligand

22
250

22
250

21
21
21
105
n
n

200

cat. Co2(C0O)8, hv, DME Eto2C
EtO2C

170b

ligand0
none

none, 3 atm CO

pyridine
]

2,6-lutidene

DMAP

DABCO
methylpyrrolidme
(CHYIZNCHZN(CH3)2
(-)-sparteine

/X v AN (CH3)2
kd \ANOH3R
Il

(toluene)
2,6-lutidine (toluene)

YieldO
95%*
87%/ 10
4% [ 84%
3%/91%
1% / 92%
4% [/ 85%
4% [/ 92%
3%/89%
3%/89%
3% / 90%
3% / 90%
4% / 90%
28%/61%
-/>95%"'

90%/8%
89%/9%'

-[79%f
-/>95%/

aUnless otherwise noted, the enyne and Co2CO)8were premixed for 30 min prior
to addition of ligand and the resulting mixture was stirred for an additional ca. 30
min after ligand addition and before irradiation. hThe CoCQO)8and ligand were
premixed for 30 mm prior to addition of ligand and the resulting mixture was stirred
for an additional ca. 30 min after ligand addition and before irradiation cYields are
G C vyields and refer to (starting material / product). disolated in 65% vyield, no

optical rotation observed e Solvent: 1,2-dichloroethane ~ Solvent: toluene.
8 Isolated yield.



Table 13. Effect of Non-Nitrogen Based Ligands on Photopromoted Pauson-

Khand Cyclizations

B02C
EtO2C
170a

Entry mol % cat
I 5
2 5
3 10
4 5
5 5
6 5
7 5
8 10
9 10
10 10
n 5
12 5
13 5
14 5
15 5
16 5
17 5
18 10
19 10
20 5
21 10

| atm CO, Ligands

mol % ligand

5.5
12
12
6
6
12
12
n

21
n
n
12

5.5

5.5
n
n
22
22
12

250

cat. Co2(C0O)8, hv, DME BEO2C

BOPA JV =
170b

liganda
none
Ph2PCH2PPh2
Ph3P
P(OPh)3
(0-MeOPh)2PCHZP(")
(FECCHO)P
(FECXCHO)P
(FEC2ZCHO)2PCHZPC)
(CeFHP
(Ca=H3F
phosphorole
tripodylphosphite
HMPA
169°
169"

Ph3As
MeAsPh2
(CeH1)3AsE
(CeH1D3Asa
tetrahydrothiophene
thiophene

Yield"
95%'
84% /6%
70%/ 16%
-/ 56%
93% / 5%

-/186%
80%/ 14%
88%'
-/>95%
22% / 55%
52%/35%
60% / 35%
95%/0%
84% / 6%
95%/0%
-1 98%

-/ 80%
61%/20%
25% / 66%
63%/33%
-/>95%

4Unless otherwise noted, the enyne and Co2(CO)gwere premixed for 30 min prior
to addition of ligand and the resulting mixture was stirred for an additional ca. 30
min after ligand addition and before irradiation. hThe Co2(CO)gand ligand were
premixed for 30 mm prior to addition of ligand and the resulting mixture was stirred
for an additional ca. 30 mm after ligand addition and before irradiation. cYields are

G C yields and refer to (starting material / product). dlIsolated yield. eThe

phosphine and Co2CO)8Were premixed for 33 h prior to addition of the enyne
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.Although the additives appeared to have a similar effect (;n catalysis with
chiral tosamide 195a, in no case was a significant improvement in
diastereoselection achieved. It is interesting that the electron rich tri-z-butyl
phosphine did not initiate decomposition of the catalyst (Table 15, entry 10). This
may be due to the large cone angle of this. ligand.*' The very electron poor
trifluorophosphine ligand had little effect on the diastereoselectivify, -but‘is had a
large influence on the rate of cyclization. Whereas most the entries in the following
tables required at leasf 12 hours for compietipn, with PF;, the cyclization was done
cleanly in less tlhan four hours.® This apparent rate en‘hanqement ha;s not Been
examined with other substrates. The most efficacious ligands yet examined appears
to be several amine based ligands (Table 12) and 2-methylthio-2-thiazoline (Table
15, entries 20-22). These ligands allowed for efficient substrate to product
conversion with the best obseﬁed improx'rement in diastereoselectivity (1.4 to 1).
However, when enyne 230a was examined with the aminé ligands not improvement
'in diastereoselectivity was observed. With enyne 230a and the thiazoline ligand,

catalytic activity was completely suppressed. This ligand survey should be

“considered as a preliminary study directed towards the logical design of homochiral

ligands for asymmetric catalysis.
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Table 14. Effect of Nitrogen Based Ligands on Diastereoselectivity in
Photopromoted Pauson-Khand Cyclizations

H3C
cat. Co2(C0O)8, hv, DME

H3C H3Q
TSN\ 1 atm CO, Ligands g -Boom *TI\O( 0

195a 195b 195¢
ratio
Entry mol % cat  mol % ligand ligand0 exo to endo Yield"
I 5 none solvent: DME 11 90%'
2 5 none solvent: TFE-DME, 2:1 13 2%/ 86%'
3 5 none solvent: TFE 14 -/185%
4 10 100 2,6-lutidine 14 -/100%
5 10 23 DMAP 15 57% / 33%
6 10 12 A-methylmorpholine 14 55%/14%
7 10 12 (CHYNCHN(CH32 14 4% | 87%
8 10 12 13 72%/12%
9 10 12 C T D Tl 5% / 72%"
10 10 12 " 0.8 6% / 76%*
1 10 12 2,2'-oxazoline 15 69% / 34%
12 10 12 ! 14 5%/ 72%'

“Unless otherwise noted, the enyne and Co2CO)S were premixed for 30 mm prior
to addition of ligand and the resulting mixture was stirred for an additional ca. 30
min after alkyne addition and before irradiation hThe CoCO)S and ligand were
premixed for 30 mm prior to addition of alkyne and the resulting mixture was
stirred for ar additional ca. 30 mm after enyne addition and before irradiation
cYields are G C yields and refer to (starting material / product). dSolvent: TFE-
1,2-DME, 2:1. elsolated yield.
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Table 15. Effect of Non-Nitrogen Based Ligands on Diastereoselectivity in
Photopromoted Pauson-Khand Cyclizations

H3C
cat. Co2(C0)8, hv, DME
TsN
X 1 atm CO, Ligands
195a 195b 195¢
ratio
Entry mol % cat  mol % ligand ligandO exo to endo YieldO
I 5 none solvent: DME 11 90%e
2 5 none solvent: TFE-DME, 2:1 13 2% / 86%/
3 5 6 (FEC2CHO)ZPCH2PCi) 11 54%/37%
4 10 12 (FBC2CHO)FP 0.9 -/183%
5 10 12 (FEC2CHO)ZPPh 1.0 -1 78%
6 10 12 (FBC2CHO)2P(0-Z-Bu) 1.2 24% [ 44%
7 10 12 ((0-CF3Ph)2PCHZ2P(™) 1.0 -165%
8 10 12 ((o-CF3Ph)P 13 39% / 54%
9 5 10.5 (CeFHP 1.2 55%'
10 10 21 (Z-Buy 13 -1 79%
1 5 XS8 PF3
12 10 n DMA 11 80%7/10%
13 10 21 Ph3Asa 13 28% / 60%
14 10 21 Ph3As6 13 35%/55%
15 10 none cat [Ph3As*Co(CO)3J2 13 57% | 43%Z
16 10 12 Ph2AsCH2AsPh2 1.2 28% / 60%
17 10 12 Ph2AsCH2AsPh2% 1.2 35% / 55%
18 10 22 (CéHn)2As 14 7% / 93%
19 10 22 (CeHN)2As 14 6% / 94%
20 10 n 2-methylthio-2- 14 -/86%
thiazolme
21 10 21 I 14 -186%
22 10 200 I 14 1 72%
23 10 21 thiophene 13 24% | 65%
24 5 200 thiophene 11 -/ 85%
See Table 14 , Xxd

Solvent: TFE-1,2-DME, 2.1 "lsolated yield yNormalized ratio. 8 The atmosphere
was supplied by a balloon filled with PF3and CO ca. Itol
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Most of these ligands cause decomposition of free Co2(CO)s in solution,
however, when bound as an alkyne complex little decomposition is observed. To
attempt to quantify this phenomenon the alkyne comﬁlex [2-butyne]eCo,(CO)s was
prepared and expo'ssed to seve'ral ligands and the resulting mixture was
subsequently examined by NMR. The representafive ligands examiﬁed were:
tribhenylphosphine, bis(diphenylphosphino)methane (DPM), triphenylarsi.ne,
tricyclohexylﬁsine, pyridine.and DMAP. The complex was tl"eated with two
equivéllents of each ligand, exc;ept_for the bidentate DPM, of which only 1
equivalént was used. After mixing, each solution was examined by NMR after 30
min to 1 h. In no case was there any significant changes in the chemical shifts of
either the ligand or the cobalt complex. However, there was considerable loss of
resolution in the spectra of all the ligands in the presence of the cobalt - alkyne
complex.

The samples were then Q-Beam irradiated for 30 min. The samples
gradually warmed from room temperature fo 50 °C over 25 min, and were irradiated
at 50 °C for an additional 5 min. In the NMR spectra of the samples treated with
either the PPh; or DPM ligand, changes were observed in the NMR spectra after
irra.diation. Specifically, a new, broad signal Was observed at 2.2 ppm just upfield

of the complexed alkyne CH3's at 2.8 ppm. Additionally, a new signal in the Bc
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NMR spectra was also 6bserved slightly up field at 19.3 ppm from the cobalt
complexed alkyne CHj; at 20.3 ppm. No changes Were observed in the*'P NMR
with PhsP. However, two new singlets at (-26.0 and -25.7 ppm) upfield from the
DPM singlet (-21.8 pém) was observed. Both the PhzAs and (CgHi1)3As samples
showed a similar change in the 'H NMR. In. the case of (C¢Hj;1)3As, a new signal ét
21.0 ppm downfield frorﬁ the cobalt complexed alkyne CHs at 20.1 ppm 1n the Be
NMR spectra was clearly observable. The''H NMR spec-tra of the pyridine sample
showed consfderable deformatién of the normal pyridine proton spectrum to two
broad peéks, one centered at 9.3 ppm and the other at 7.4 ppm. Both the amine
samples showed the growth of a very small signal at 1’.7 ppm in the "H NMR
spectra, but no changes in the BC NMR were obser.ved. |

After another 1.5 h of irradiation (1 h at 50-55 °C) both phosphine éamples
showed considerable decomposition and were not r’neasurable by NMR
spectroscopy, presufﬁably due to the presence of paramagnetic material. However,
ﬁeither arsine complex h'ad'decomposed‘ and the apparently new signals mentioned
above had grown considerably. Speciﬁcally, in the case of (C¢Hi1)3As the new
signals mentioned above had grown to equal intensity of original signals (before

- irradiation).
Although these results suggest that the ligands modify the cobalt - alkyne

complex, the nature of this modification is not clear. It is plausible that
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| photopr_omc.)ted CO disassociation generates a free coordination site on cobalt, -
which is subséquently filled by the ligan;i. Very little about the mode of action 6f
external ligands on the photopromoted Pauson-Khand reaction can be inferred 'fr‘om
these observations. That is, even if ligation were complete in these studies, in the
photopromoted Pauson-Khand reaction other conditions must be considered: ligand
binding may be incomplete, may not be prese;nt n the key ring forming steps, the‘
ligated species may react slower than the uncoordinated catalyst, etc.

One of the fe\;v ligands that does not induce disproportionation of Coy(CO)s
1s Ph;As. The kﬁown, stable [Ph3AS°Co(CO)3']2 complex was prepared and tested
under standard photopromoted P;auson—Khand conditions.® With tosamide 195a
there was no observed improvement in diastefeoselection and only poor catalytic
turnover (Table 15, entry 14). ’i“his catalyst was also tested with enyne ilSa, but

again poor catalytic turnover was observed with a decrease in diastereoselection.

3.8 Substrate Derived Stereocontrol in the Photopromoted Pauson-Khand
Reaction
Since little improvement in diastereoselection was realized by reagent
control, substrate modification was next examined. There have been many studies

concerning substrate derived stereocontrol in the classical stoichiometric Pauson-
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Khand reaction. For 5-substituted 1,6-enynes improved diastereomer ratios are

obtained by increasing the steric demands of the alkyne terminus (Scheme 42)&

coacop >Xpp- .

R
TBSO heptane, 110 0C Lqq, R TBSO R
215a, R = Me, 65% 215b 33tol 215¢
216a, R = TMS, 79% 216b 24t01  216¢c
Scheme 42

The accepted explanation for this phenomenon states that because of
pseudodiaxial interaction between the OTBS ether at the propargyhc position in
221" and the alkyne terminus R favors, alkene insertion is favored to occur by
conformation 221 (Scheme 43). If alkene insertion occurs by conformation 221 to
give intermediate cobalt complex 222, then in the final product the OTBS ether will

occupy the exo face.
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Cog(CO)Q Co(CO)2
= —R 2 CO
TBSO
Co(C0)3
Co R
TBSO TBSO (cox
reductive
elimination
- [Co2(CO)QLN
______________ >
Co(CO)3 TBSO R
TBSO
coco TBSO R
Major Product Minor Product
Scheme 43

The same rationale is often used to explain a similar trend observed with 3-
substitued 1,6-enynes, although the allylic substituent is much further away from the
alkyne terminus. There was surprisingly scant experimental evidence to support
this view, i.e., studies concerning systematic changes of the alkyne terminus /? on a
substrate with allylic substitution. Experiments presented later in this thesis offer
evidence to support this hypothesis. However, studies in which the allylic group
was modified suggest that increased steric requirements at the allylic position confer
markedly improved diastereoselection. Instead of rationalizing this phenomenon
simply by the reduction of pseudodiaxial interactions, a more plausible explanation

rests in minimization of allylic 1,3 strain in the precychzation conformers (Scheme



86

44). If alkene insertion occurs via conformer 226 where the bulky allylic
substituent occupies a pseudoequatonal position and A(U) strain is minimized, the
substituent will occupy the exo face of the resultant bicycle Furthermore, this

mode of cychzation also minimizes any potential diaxial interaction

(CO3 R R

Major Product Minor Product
Scheme 44

To further explore substrate derived stereocontrol, enynes of the general type
depicted in Scheme 44 appeared to be excellent candidates for study. It was
presumed that the alkyne terminus of substrate 230a (Scheme 45) could easily be
alkylated to prepare a variety of substrates with different protecting groups. When
enynes 215a or 230a were exposed to the usual photopromoted Pauson-Khand
conditions both failed to cyclize in greater than 50% yield, even with high catalytic
loading. This was a disconcerting result since both substrates cyclized readily in the

traditional Pauson-Khand reaction. Both substrates appeared to undergo cychzation
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via a previously inoperative pathway to provide products consistent with 215d
(Tabie 16).85 Aﬁer considerable effort, it wés a relief to discover that 2,2.2-
trifluoroethanol (TFE) as a co-solvent alleviated the problem, and the desired
enones were obta}ined in high yield.

The ratio of diasterépmeric products obtained from cyclization of enyne '
215a was lower (2.5 to 1) than that ’reported in the 1‘.iterature (33to1). This
discrepéncy appears to be due to solvent effects (Tablé 16). When enyne 215a was
treated with stoichiometric CO;(CO)g at 55 °C, in a non-coordinating solvent such
as hexane, the observed ratio increased to 3.6 to 1. However, when 2:1 TFE-1,2-
DME was use'd' as solvent, the ratio was identical to that obtained by the catalytic
photopromoted Pauson-Khand (2.5 to l).' When the complex obtaingd from
combining enyne 215a with stoichiometric Co,(CO)s in TFE-1,2-DME as solyent,
was treated with excess N-methylmorpholine-N-oxide at 0 °C, again the same ratio

was obtained (2.5 to 1). .
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Table 16. Diastereoselectivity Dependence on Solvent

Co2(C0O)8
"K VM3 conaitions *

TBSO TBSO CH3 TBSO CH3 TBSO |
215a 215b 215¢ "215d"

Entry  Equiv. Co2(CO)g Solvent0 Promoter Ratio5b to ¢

[ 0.05 DME hv 21 to |

2 0.05 TFEDME hv 2510 |

3 1.0 Hexane =G 3.6to |

4 1.0 TFE DME $ec 2510 |

5 1.0 TFEDME NMO, O0C 2510 |

b . [ 2
mixtures.

These results suggested that the same diastereomenc ratios are obtained with
either the conventional stoichiometric or photopromoted Pauson-Khand reaction
Although the NMO procedure (Table 16, entry 5) failed to improve the
diastereomer ratio, this is not unprecedented,& it has been shown that for certain
substrates greatly improved diastereoselectivity may be realized by conducting the
oxidation at -78 0C.8 For the photopromoted Pauson-Khand reaction cold
conditions are not an option, as temperatures in the range of at least 55 °C appear
necessary {vide supra. Table 9)

Although tnmethylsilyl substituted alkynes are superb substrates in the
stoichiometric Pauson-Khand reaction, the presence of the tnmethylsilyl group

inhibits cyclization in the photopromoted Pauson-Khand reaction (c.f. Table 20).
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A search for a‘suitabl*y- bulky alternative protecting group Began with aryl and alkyl
sulfenyl ethers. Any potential group utilized for substrate derived diastereocontrol
* must obviously be readily removed after cyclization. Unlike the mildly acidic
- conditions required to desilylate a vinyl o-silyl enone, the strongly reducing
conditions necessary to remove tl;é sulfenyl ethers would likely reduce the bicyclic
enones to ketones, a potentially serious disadvantage, and limit the variety of
. tolerant functionality. Regardless, a series of alkyné modified precyclization enynes
was prepared by deprotonat_.i.on of acetylene 230a followe_d by electrophilic capture
(Scheme 45) [(a) n-BuLi or LDA-THF, THF / HMPA, -78 °C, 5 min; (b) “E”].
The use of n-BuLi insteaci of LDA-THF improved yields and was essential in some
cases to prevent allene formation. The ethoxy alkyne 244a was prepared by the

addition of lithium ethoxyacefylide to a solution 2,2-dimethyl-4-propenal followed

by silylether formation [1. (a) LiC=COEt, THF, -78 °C; (b) NH4Cl,q, 2. TBDMSCI- -

imidazole (71% overall)].
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a) LDA, THF / HMPA // y //
=T H -780C15 min -E=-SCH3’
TBSO b) E TBSO TBSO
230a 231b, 62% 234a, 74%

E = CH3SCN1f-BuSCN, lolSSO2 ol, mesitylSSO”tol, (O-Me)PhSSO2ol
Prepared with n-BulLi:

lilli
CH3

TBSO TBSO

236a, 83% 238a, 91% 240a, 68%
CH3

Scheme 45

The cyclization study began with enyne 231a which gratifyingly underwent

photopromoted catalytic Pauson-Khand cyclization cleanly and in superb yield to

provide cyclopentenones 231b,c in 99% combined isolated yield as a 3.9 to |

mixture of diastereomers. This substrate cychzed in better yield and with better

selectivity than its parent primary acetylenic enyne, without the use of any TFE co-

solvent.
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Table 17. Effect of Alkyne Substitution on Propargyl Substituted Enynes

/., 5 mol % Co2(CO)8
hv, 1 atm CO

TBSO TBSO o R TBSO
Entry R Solvent Ratio bto ¢ Yield"
1,230a H DME - <50%
2, 230a H TEE: DME 16 80%
3,231a SCH3 DME 3.9 99%
4, 234a STol DME 2.4 95%
5, 236a SMesityl DME 21 55%
6, 238a S(O-Me)Ph DME 2.3 22%
7, 240a S(Z-Bu) DME 2.2 (stoic)6 56%
8, 240a S(Z-Bu) TEE: DME 1.9 (stoic)6 :
9, 244a OEt DME 0.72 84%

alsolated yield, except where noted. c Stoichiometric Co2(CO)g.

The toluoyl sulfenyl ether cyclized with moderate selectivity (2.5 to 1) in
excellent yield (95%). Surprisingly, the increased steric bulk of the 0z7/zo-methyl
and mesityl sulfenyl ethers resulted in a decrease of both selectivity and yield
(Table 17, entries 5 and 6) These experiments do not clarify if electronics (phenyl
vs alkyl) or simple sterics interfere with the cyclization. The bulky sulfenyl tert-
butyl group completely prevents any catalytic turnover despite its electronic
similarity to the sulfenyl methyl group. Enones 240b,c were prepared by Q-Beam*
irradiation of a mixture containing stoichiometric Co2(CO)S and enyne 240a in 1,2-

DME or TFE-1,2-DME solvent mixtures. Only poor diastereoselection was
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observed. Ofthe sulfenyl ethers examined, the sulfenyl methyl is the most
promising and potentially valuable for several reasons. It confers a synthetically
useful improvement in diastereoselection, it should be easily removed, and it is easy
to install. At this point, it appears that the sulfenyl based modifiers presented herein
fail to improve diastereoselection as effectively as the trimethylsilyl group.

This is the first example of reversal of normal stereochemistry for a mono-
substituted enyne without external ligands 8 The assigned stereochemistry is based
on the observed NOE s indicated below (Figure 2). Furthermore, the proton
assignments are fully consistent with 1H and 13C heteronuclear correlation, 13C 90 °
DEPT and 1C 135 ° DEPT NMR experiments  All the other C4 or C6-substituted
bicyclic enones prepared herein, the major product bears exo substitution. The
endo and exo products are easily identifiable by simple one-dimensional H NMR
spectroscopy, as the endo proton is shielded by the enone, and is shifted upfield by

as much as | ppm.

5%

Figure 2
It was interesting to observe that presence of sulfur had a visible effect on

the color of the reaction solution. With sulfur containing substrates the reaction's
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color becomes nearly black within minutes, whereas with the other substrates, the
solution remained a brilliant red. In nearly all cases the solution becomes
heterogeneous with concurrent catalyst decomposition after the reaction was
complete

Krafft found that bishomopropargylic sulfides can chelate to a vacant
coordination site on cobalt, thus stabilizing the cobalt center and slowing
cyclopentenone formation (Scheme 46). A homopropargylic sulfide substituent
also chelated to cobalt, but did not retard cyclopentenone formation If the sulfur
were bound at a chiral position, the chelation effect may result in enhanced
diastereoselectivities. To test this hypothesis, enyne 254a bearing a MTM
protecting group8j was prepared and subjected to the usual catalytic photopromoted
Pauson-Khand conditions, but no products were observed even with extensive

reaction times.

254a

Scheme 46

Next, attention focused on exploring enynes with heterocyclic linkages.
With the successful cychzation of several tosamide tethered substrates, ether linked

enynes were considered Initial accounts concerning ethereal substrates reported
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only poor yiglds of cyclopentenones were obtained. However, the use of modifiers
such as NMO, DMSO and silica gel allow for the prepafation of

5% Attempts to cyclize methallyl

cyclopenta[c]furan-5-ones in excellent yields.
propargyl e.t'her 256a by the usual catalytic photoprc;moted Pauson-Khand reaction
met with minimal success, in that the desired cycloi)entenone was obtained in only
- 22% yield (Table 14).”! No solvent or ligand modifications were found to defeat
this shortcomiﬁg. Fortunately, when enyne 256a was alkylated with methylsulfenyl
" cyanate, the r_esultant enyne 257a feadily underwent cyclization. The
sulfenylmethyl moiety incorporated in the structure resulted in two beneficial
consequences for this substrate: both the yield and diastereomeric ratio were
increased to synthetically useful levels. Although the tert-butyl sulfenyl ether could
be difficult to remove from the final product, it was examined strictly for theoretical

considerations. In this case, the catalyst activity was not impinged upon, and the

diastereoselectivity was markedly increased.
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Table 18. Alkyne Substitution Effects with Allylic Ethers

5 mol % Cg2(C0)8, hv

1 atm CO, DME

Substituent, R = Ratio b ¢
<23%
2,257a SCH3 12:1 81%
3, 258a S(?-Bu) 42 1 78%

alsolated yield.

Because of the significant improvement in selectivity and yield achieved for
enyne 256a by simply introducing a sulfenyl methyl substituent, tosamide 195a was
converted to 261a and subjected to the usual cychzation conditions (Scheme 47).
Unfortunately, the diastereoselectivity only increased from | 1to Ito 1 4to | This
somewhat surprising result offered no better improvement in selectivity than was

achieved with the variety of ligands discussed above.

5 mol % Co2(CO)8 o
TSN + TSN

= —SCH3 hv, DME, 87%

261a l4tot
Scheme 47

Enyne 264a (Scheme 48) bearing propargyhc methyl substitution was
prepared and subjected to the usual photopromoted Pauson-Khand conditions, but
cychzation was arrested, even with TFE as co-solvent. However, when the reaction

was performed in neat TEE, the desired cyclopentenone was obtained in an
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astonishing 99% isolated yield as a 30 to | mixture of diastereomers. This striking
example amply demonstrates the solvent dependency of the photopromoted Pauson-
Khand reaction. Furthermore, the generation of enone 264b,c by Buchwald's®

method offers selectivity of only 5to |

0,
o 5 mol % Cog(CO)8, hv o + 9]
—= —FRh 1 atm CO, solvent
H3C Rh
264a Solvent: Yield >30to 1  264c
1,2-DME 0%
TFE 99%
Scheme 48

All of the substrates subjected to photopromoted Pauson-Khand cychzations
to this point have benefited from either the Thorpe-Ingold effect or heteroatom
contraction. Indeed, of the catalytic methods for cyclopentenone formation only
Buchwald has successfully cyclized substrates linked by a simple unsubstituted or
mono-substituted tether2 To further explore the scope of the new photopromoted
Pauson-Khand reaction, two substrates designed specifically to address this issue
were prepared and examined.

During the course of preparation of either enyne 269a or 271a, the classic
method to effect acetylenic desilylation (cat. NaOH, MeOH) was found to result in

poor yields due to product decomposition. Specifically, when allylic or propargyhc
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silyl ether moieties resided within the substrate, decomposition was the favored
reaction path Converting the silyl ethers to hydroxyl moieties resolved the
decomposition problem, but necessitated extra steps, and an unstable and volatile
alcohol was formed (Scheme 49). In a recent synthesis of calicheamicmone, Clive
reported an undesired acetylenic desilylation while attempting an a-bromo
dehalogenation (AgNQO3, pyridine, THF, H2D) After several trials, it was
discovered that the amount of water in the reaction is critical for successful
desilylation. With slightly less water than Clive described, the reaction becomes
heterogeneous and desilylation fails to proceed beyond 10% conversion Under
optimized conditions, selective desilylation of 267 to 269a was achieved in 88%
isolated yield in less than one hour. Without any further misfortune, enynes 269a

and 271a were both secured

TMS
0
NaOH, MeOH AgNO3/ py
I THF / H20
TBSCI-imid.
HO TBSO
268 269a

Scheme 49
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Enyne 269a cyclized without incident to afford bicyclopentenones 269b and
269c in excellent yield although only moderate diastereoselection was observed.
This represents the first reported high-yielding synthesis of an “unactivated”
bicyclopentenone derivative by transition metal catalysis (Since the time of this
writing, Buchwald has reported the successful conversion of similar aliphatic
enynes in better yields, ref. 27, chapter I, section 4).

cat CoAcops, v *OO0o0

I atm CO, 1,2-DME

TBSO TBSO TBSO
269a 87% 269b 14:1 269c
Scheme 50

Enone 271b,c, however, proved to be a much more elusive goal, and enyne
271a only underwent cyclization surreptitiously (Scheme 51). Not only was TFE
required as a co-solvent, but enyne 271a requires filtration through basic alumina
immediately prior to cyclization. With proper substrate preparation and
optimization of reaction conditions, enones 271b and 271c were consistently
obtained in moderate yields as a 1.0 to | mixture of diastereomers. It was
anticipated that sulfenyl methyl incorporation would improve both
diastereoselectivity and yield of allylic ether enyne 272a, but this was not realized.
In contrast to prior examples, thiomethyl ether formation had unfortunately no
effect on yield or diastereoselectivity. However, it did obviate the necessity for

immediately prior purification
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TBSO TBSO TBSO
cat. Co2(CO0)8, hv

= —R 1atm CO, TFE-DME

271a, R=H, 57%
272a, R = SCH3, 58%

Scheme 51
Silanes such as 275a and 277a would be interesting substrates because of
the increase in molecular complexity readily achieved by sequential Pauson-Khand
cychzation followed by silyl-to-hydroxyl conversion.2 With 5 mol % catalyst,
enyne 277a (R = H) appeared to have cyclized to only a limited extent (15% by

G C), but more efficient conversion was not realized Enynes similar to 275 were

not examined.

Scheme 52
With such a diversity of enynes examined, attention then returned to the
carbacyclin synthesis. Epi-carbacyclin precursor 148 was desilylated (NaOH,

MeOH, 90%) and subjected to the usual photopromoted Pauson-Khand cychzation
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conditions. Although catalytic turnover was poor, the desired enone 280b was
obtained in 70% unoptimized yield as a single isomer.

— - 20 mol % Co2(CO)g, hv,
TBSO TBSO

1 atm CO, 550C11,2-DME
70%
OTBS OTBS

280a
Scheme 53
The excellent diastereoselection observed in this cyclization is consistent
with studies conducted by Schore.8 He evaluated syn and anti 3,4-disubstituted
enynes, and found that the syn-enyne 285a afforded an 11 to | ratio of the expected
exo-substituted enyne In contrast, the anti enyne 286a showed decreased

diastereoselection and a 3 to | ratio of enones was obtained

H3C, H3C, ¢ H3C,
a) C02(00)3 D-OX
HOH T
= b) ONMe3 m
285a 50% 285b 11 tot 285c¢
C H3C H
a) Co2(CO)8
HOI1 HOH
= b) ONMe3
286a o8% 287b 3to 1 287¢

Scheme 54
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j
A variety of énynes failed to participate in the photopromoted catalytic
Pauson-Khand reaction (Table 19). These included all 1-trimethylsilyl-alkynes
examined, most freé alcohols and all .intermolecular examples. Intermolecular
studies were conducted with excess norbornene or 2,3-dihydrofuran either neat or
in a vartety of solvénts (néat, toluene, 1,2-DME, TFE, 1,2-DME-TFE). Three
different alkynes were examined under each set of reaction conditions: 1-octyne, 1-
methylthio-}-octyne, and phenyl acetylene. The successful developmént of an~

intermolecular annulation strategy was not achieved.
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Table 19. Unsuccessful Substrates for Photopromoted Pauson-Khand
Cyclizations

Entry Enyne Anticipated Product Yield"
1,229 NR
2 NR
3,216a R1=TBS, R2=TMS NR
4, 240a R1= TBS, R2= S(V-Bu) NR
5, 254a R1= MTM, R2=H NR
6, 152 NR
7, 196a NR
8, 197a NR
8, 182a N.R.
9, 290a NR
MeO-' MeO—'
10, 291a R=H 33%
11,292a R=TMS 42%
12,297a 15%

° 5 mol % catalyst was usually employed Yields are G C vyields.
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3.9 Rhodium Catalyzed Cycloisomerizations

'The extremely intense visible light generated by the halogen bulb employed
in these experiments was readily available without considerable financial
im"estment until recent years. Photopromotion of the Pauson-Khand reaction may
have been examiﬁed by other researches }}reviously, but they undoubtedly met with
minimal success. Since this l‘ight source 1s rgiatively new, other metal 'carbonyl

catalysts (either prepared or purchased commercially) were examined for Pauson-

" Khand activity under irradiation with bench-mark enyne 170a: Ru3(CO)ya,

[CpMo(CO)s3]z, Ruz(CO)12 with (FsC2,CHO);P and phosphole, Fe;(CO)s, Rh(acac),-
'I;MSOTf, (Indenyl)Rh(COD), [Rh(COE)CIl], with (FsC,CHO);P and phosphole,
(In)Rh(COD) with‘ (FsC2CHO)sP and phosphole, .[CpRu(CO)z]z, Rez(CO)yo, CoBr,
/Zn>® Only the first two metal carbo-nyls and Rh(acac),-TMSOT{ showed
cyclopentenone formation. With 5 mol % catalytic loading in 1,2-DME under the
usual irradiation conditions, the ruthenium and molybdenum complexes each
showed 2% conversion into bicyclic enone 170b by G.C.M.S.. With 10 mol %
catalytic loading the Rh(acac),-TMSOTf shovx‘red stoichiometric conversion to the
desired cyclopentenone, but no catalytic activity.

More signiﬁc?mtly, of the rhodium catalysts examiﬁed, [Rh(COE)Cl],
generated cycloisomerization products instead of the.'anticipated Pauson-Khand

adduct. These reactions represent novel rhodium catalyzed cycloisomerization
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reactions (Schemes 54 and 55).% Specifically, treatment of enyne 175a with | or 2
equivalents "FeCHO”P and [Rh(COE)CI]: under an atmosphere of Ar or CO
provided afforded alkyhdene cyclohexene 298 in excellent (>80% G.C.) yields.
Under optimized conditions (I mol % [Rh(COE)CI]:, 2 mol % (CACHO"P under
an atmosphere of CO at 55 °C, 24 h) provided diene 298 in 87% isolated yield The
use of a CO atmosphere generated a homogeneous and nearly colorless complex,
whereas the use of Ar resulted in a much darker, heterogeneous solution with lower

catalytic activity.

EtO2Cz [Rh(COE)2CI]2

Eto2C” CO, 1,2-DME, 55 0C  EtO2Cli

EtO2C
170a 87% 298

Scheme 55
Tosamide 192a was next examined under the same reaction conditions, and
the interesting cyclopropane moiety 299 was generated in 72% G.C. conversion.
Using 5 mol % catalyst did not improve the conversion. Complexation of alkyne
192a with Co:(CO)g did not sufficiently change its Rfvalue to allow separation by
silica gel chromatography. Final separation of the cyclopropane from unreacted

starting material was achieved by subsequent Pauson-Khand cyclization.
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[Rh(COE)2CII2

TsNX
CO, 1,2-DME, 55 0C  Tgnx5~
192a 72% (G.C.) 299
(Ph3P)3RhCI (5-10 mol %)
PhCON -
X. CH3CN1reflux, N2 PhCON PhCONX* J
301 302 303
20% not observed
Scheme 56

Cyclohexadiene 298 was previously synthesized by a similar isomerization
reaction catalyzed by Wilkinson's catalyst (5 mol % Rh, acetonitrile, 80 °C, 73%).%
Gngg also examined substrates with a heteroatom tether, and found that amide 301
produced cycloisomerization product 302 in poor yield without cyclopropane
formation. Thus initially, this new catalyst appears to offer better yields and

different reactivity with heteroatom tethered enynes.
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- 4. Conclusions

Several of the factors that influence substrate based control of
diaster.eoselecti(_)n in Cp,Zr(II) mediated enyne cyclizations ha-ve been illuminated
by examination of an extensive series of substituted enynes. It is evident that a high
level of Stereoéontrol can often be achieved with the Cp,Zr(II) mediated enyne |
cyclization protocol. Based on the diastereoselgctivity observed with model
substrates in the Cp,Zr(II) cyclization study, several synthetic strategies directed
toward the synthesis of carbacyclin .have been examined. Failure of the Cp2Zr(IT)
methodology to effect the key cyclization of an epi-carbacyclin ﬁrecycle led to the
explération of .altemative reagents.

These efforts have resulted in the development of an eminently practical,
catalytic, photopromoted Pauson-Khand reaction that proceeds under mild reaction
conditions (50 - 55 °C) under 1 atm of CO. The photopromoted Pauson-Khand
reaction has Been shown to be compatible witﬁ substrates bearing of a wide variety
of functional groups and substitution patterns. Many of the solvent and ligand
dependencies of the reaction have been revealed. In some instan;:es, substrate
modification resulted in improved yields and increased diastereoselection.

Finally, synthetic studies directed toward the synthesis of carbacyclin have

resulted in a short enantiocontrolled synthesis of the epi-carbacyclin core. The key
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steps of this synthesis were a syn-aldol condensation and ring closure by the

catalytic photopromoted Pauson-Khand reaction.
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5. Experimehtal Section

5.1 General Experimental Details-

The purification of common solvents and reagents is outlined in Table 20.

. .o . 96
For a comprehensive listing of acronyms and abbreviations, see reference ™.

‘Table 20. Puﬁﬂcation of Common Materials

Material Drying Agent Method
THF, Et,0, 1,2-DME Na’ Benzophenone-ketyl Distillation
Acetonitrile CaH, !

'2,6-Lutidine
2-Methoxyethyl Ether
(Diglyme)
Methylcyclohexane
Pyridine
Toluene
N,N-Dimethyl Acetamide
(DMA)

N ,N-Dimethyl Formamide
(DMF)
Hexamethylphosphoramide
(HMPA)

2° and 3° amines
Triphenylphosphite [P(OPh)s]
(n-Bu);SnCl

4-N,N-Dimethylaminopyridine

LiAlH,-Triphenylmethane®

CaH;
LiAlH,-Triphenylmethane®
’ CaH,

CaS0q,

Vac. Distillation

l Fract. Distillation

Fract. Distillation
Fract. Distillation

(DMAP) Sublimation
Trifluoromethanesulfonic acid -
(Triflic acid, TFOH)’’ Fract. Distillation

||||||

“Material was distilled from a red solution of LiAlH,-triphenylmethane.
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Hydrocarbon solvents and benzene were purified by repeatedly stirring over
fresh concentrated sulfuric acid until no discoloration occurred, .wash\ed with water
and distillation from potassium. Zirconocene dichlori'de was purchased from
Boulder Scientific and was purified by continuous extraction (45 g of zirconocene
dichloride) through a pad of dry Celite (4 cm diameter by 10 cm) with CH,Cl,

(200 mL) and the resulting: cr’ystals were dried in vacuo. Dicobalt octacarbonyl was
either purchased from Strem Chemicals, stored in a glove box and used as received,

or was purified by recrystallization from hexane or by sublimation at 50 mTorr at 25

_ °C. Deuterated chloroform was purified by filtration through basic alumina (pipet) -

immediately before use.

The molarities for organolithium reagents were preferably detgrmined by
titration with N-pivaloyl-o-toluidine as previously described.”® In addition, the
molarities for organolithium and alkylmagnesium halide reagents were sometimes
established by titration with 2-butanol and eitﬂerl,lO-phenanthroline (at 0 °C) or
2,2-bipyridyl (at 25 °C), respegtively, as indicators. Unless otherwise noted, all
reactions were carried out under an atmosphere of e_1rgon99 in flamed, oven-dried
Pyrex vessels.

'H NMR and *C NMR were measured at 300 or 250 MHz and 75 or
62.9 MHz, respectively, with either a Bruker AC-300, DPX300 or DRX250

spectrometer, unless otherwise stated. "H NMR and C NMR chemical shifts are
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reported as & values in ppm relative to the residual proton sighals in CDC]3 or CsDs
(*H 8=7.24 or 7.15) or the CDCl; or CeDs tr.iplet (PC 8=77.0 or 128.7). '"HNMR
coupling constants are reported in Hz and refer to apparent multiplicities and not |
true coupling constants. Muitiplicity is indicated as follows: s (singlet); d’
(doublét); t (triplet); q (quartet); p (pentet); sx (sextet); br '(broad); m (multiplet);

app d (apparent doublét); app t (apbarent triplet); dd (doublet of doublets); etc.

NOE difference spectra for the Co,(CO)s derived cycloﬁentenones and later
compound; were obtained on either a Brukér AC-300, DPX300 or DRX250
spectrometér with low decoupling irradiation power ,(typi;:ally 40L, or 70 d‘B) and
long irradiation times (10 seconds). This extremely useful NOE protocol for small
molecules §vas provided by Ma;'tha D. Bruch formerly .of thé University of
Delaware NMR Spectrometry Center, and is gratefully ac’:knowledged.

Infrared spectra were typically recorded on a Bruker IFS 25 IR, when available.
Electron impact mass spe.ctra (70-eV) were recorded with a Hewlett Packard 5970
series mass selective detector. High resolution ‘mass spectra were recorded on a VG
Instruments 70E-HF spectrometer. Analytical gas chromatographs were obtained
for all préducts on a Varian Mode] 3700 gas chromatograph equipped with a flame
ionization detector and either an Alltech Econocap SE-54 bonded phase column (15
m length, 0.54 mm id, and 1.2 pm film thickness) or a Heliflex (Alltech)

RSL150BP bonded phase column (30 m length, 0.32 mm id, and 0.25 um film
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thickness). Except where noted, diastereomer ratios were determined by G.C.
analysis.of ccrude reaction mixtures. Preparative gas chromatography was
performed on a Varian 3300 Gas Chromatograph equipped with a 10% OV-17 on
chrorﬁosorb column (2 m length, 2 mm 1d). Thin layer chromatogréphy (TLC) was
performed on Machery-Nagel Polygram® SIL G/UV 54 plates supplied by Alltech
and Associates. Preparative thin layer chromatography was performed on 1 mm
thick silica gel 60 glass plates manufactured by Whatman. Gradient flash'® column
chromatography was performed with Merck silica gel 60, unless otherwise
described. Optic;cll rotation measurements were measured without temperature
control at approximately 25 °C with a Perkin-Elmer 241 MC Polarimeter.

LDA-THF complex was prepared by dropwise addition of #-BuLi (5.1 mL,
9.8 M in heptane, 50 mmol) toa solution of N, N-diisopropylamine (7.0 mL,
50 mmol) in THF (4 rﬁL, 50 mmol) and methylcyclohexane (34 mL) cooled to
-78 °C. The solution was allowed to warm to 0 °C and this complex was titrated by
the method of Vedejs'”' prior to use. The solution was stable indefinitely at -20 °C
and was only allowed to warm to 0 °C while in use.

The following materials were made according to literature methods: (45,55)-
3-('(E)-2-bu’cen(')yl)-4-m~ethy1-5-phenyl-2-oxazc_)lidinone,1080 (4S5)-3-((E)-2-butenoyl)-
4-,(1-methylethyl)-2foxazélidone (including spectral da'lta),m8c D,L-10-

camphorsulfonyl chlo_ride,loz ()-(15)-10-camphorsulfonamide,'*
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camphorsulfonamme, 138 (S)-camphor sultam,1B Bu2Mig, 104 di-n-butylboryl
tnfluoromethanesulfonate,1 2,2-dimethyl-4-pentenal, 106 lithium cyclopentadienide
and lithium pentamethylcyclopentadienide, 107 (4*S)-4-(l-methylethyl)-2-
oxazolidinone, 138 (47?,5S)-4-methyl-5-phenyl-2-oxazolidinone, 1B
methylenebis(dichlorophosphine),1®tetrabutyl ammonium perruthenate (TBAP),110
/ -toluoylsufenyltoluoylsulfonate, 11l 1-(tnbutylstannyl)-allene, 112
tnfluorophosphine, 113 [(tnmethylsilyl)oxy]ethoxymethyl chloride (SEM-CI),14
tnmethylsilyl triflate (TMSOTT),115 /er/-butyldimethylsilyl Inflate (TBDMSOTf or
TBSOT),155Cp2M(PMe22 M = Ti or Zr, 116 Cp+ZrCl2 17 triethanolamine borate, 118

Rieke magnesium (Mg*),119 zinc chloride TMEDA complex.1D

5.2 Enynes

4-Trimethylsilyl-3-butyn-I-ol.

— ——20H e » TMS—= -~ x OH
A vigorously stirred solution of 3-butyn-I-ol (2.0 mL, 25 mmol) in THE (200 mL)
was cooled to -78 °C and a solution of M-BuLi (5.30 mL, 9.90 M in heptane, 52.2
mmol) was added in one portion. The resulting viscous suspension was stirred for |
h at -78 °C and then treated with chlorotnmethylsilane (6.98 mL, 55 mmol). The

dry ice-acetone bath was removed and the reaction stirred for 12 h The reaction
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mixture was then poured into a separatory funnel containing H20 (500 mL) and
saturated aqueous NH4Cl (100 mL). The mixture was extracted with hexane (3 x
100 mL) and the combined organic portions were washed with H20 (25 mL), brine
(50 mL) and concentrated in vacuo The residue was transferred to a polyethylene
beaker with the aid of EtOAc (30 mL) and treated with cone. HF (approx. 5 mL).
After stirring 5 mm the reaction was diluted with H20 (500 mL), transferred to a
separatory funnel and extracted with 1:3 EtOAc-hexane (4 X 75 mL). The
combined organic phases were washed with H20 (2x5 mL), saturated aqueous
NaHCOs (2x15 mL), brine (20 mL), dried (Na2SO*, filtered and concentrated in
vacuo Bulb-to-bulb distillation (80 °C, | Torr) of the resultant oil afforded 3.31 g
(92%) the title compound as a colorless oil: H NMR (CDCIs) 5 3.69 (t,J = 6.3 Hz,
2H, CH2), 2.48 (t,J= 6.3 Hz, 2H, CH2), 1.62 (s, 1H, OH), 0.14 (s, 9H, Si(CH3?3),

ICNMR (CDCI3 5 103.4, 85.5, 60.8, 24.1,-0.04.

4-Bromo-I -tnmethylsilyl-1 -butyne (4a).

TMS-=—A0H  —oooeeeen > IMS— - ABr
A magnetically stirred solution of 4-tnmethylsilyl-3-butyn-1-ol (3.32 g, 23 mmol)
and PPhz (6.93 g, 26.45 mmol) in CH2Cl2 (120 mL) maintained at less than 10 0C
was treated with finely powdered A-bromo-succinamide (4.50 g, 25.3 mmol) under

an atmosphere of argon. After 5 min the reaction was warmed to it, stirred for 30
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min and quenched with methanol (0.5 mL). The flask containing the reaction
mixture was concentrated on a rotary evaporator in vacuo at 35 °C until precipitates
formed. Bulb-to-bulb distillation (80 °C , 0.5 Torr, 15 mm) from the residue
afforded 4.32 g (98%) of the title compound 4a as a colorless oil: H NMR
(CDCI3) 5 3.40 (W = 7 4 Hz, 2H, CH2), 2.74 (W = 7.4 Hz, 2H, CH2), 0.13 (s, 9H,
Si(CZz33), 13 NMR 5 (CDCI3) 103.9, 87.2, 29.8, 25.0, 0.6, IR (thin film) 2959,

2177, 1419, 1270, 843, 860, 636 cm"1l

4-lodo-1-tnmethylsilyl-1-butyne (4b).
IMS—= A0 H  —eeeeemee - TMS-=-—

To a magnetically stirred solution of 4-tnmethylsilyl-3-butyn-1-ol (6.45 g, 45.3
mmol), PPh3(15.5 g, 59.0 mmol), imidazole (5.25 g, 79.4 mmol) in 1:4 CH3CN-
Et30 (250 mL) was added 13(11.5 g, 95.3 mmol) in Et30 (60 mL) via canula at 25
°C. If necessary, additional Et30 may be added to aid the transfer of I3 After 5 min
the reaction was quenched with methanol (I mL) and concentrated in vacuo. The
solids were triturated with hexane (3 x 75 mL) and the combined organic layers
washed with H30 (20 mL), saturated aqueous Na3530s (2 x 20 mL), brine (20 mL),
dried (MgSO3), filtered and concentrated in vacuo. Bulb-to-bulb distillation (80 OC,

| Torr) afforded 10 4 g (91%) of 4b as a colorless oil: .H NMR (CDCI3 5 3.19 (t, J
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= 7.6 Hz, 2H, C//2), 2.76 (V = 7.6 Hz, 2H, CZ22, 0.13 (s, 9H, Si(CZZ33), 1

NMR (CDCI3 5 105 8, 87.6, 25.8, 1.5, 0.6.

Methyl 2-ethenyl-6-(tnmethylsilyl)-5-hexynoate (8)

According to the general procedure for the preparation of LDA for 14a, a solution
of methyl crotonate (0.5 g, 5 mmol) in THF (3 mL) was added to a magnetically
stirred solution of LDA (5.1 mmol) in THF (15 mL) maintained at -78 °C. After | h
a solution of 4-iodo-1-tnmethylsilyl-1 -butyne (1.51 g, 6.0 mmol) and HMPA (2.15
g, 12.0 mmol) in THF (8 mL) cooled to -78 °C was added dropwise over 3 min.
After 3 h a solution of saturated aqueous NHA4CI (5 mL) in THF (30 mL) was added
in one portion The reaction mixture was allowed to warm to rt and was diluted
with H20 (100 mL) and pentane (25 mL) The organic layer was separated and the
aqueous layer was extracted with pentane < x 25 mL) and the combined organic
layers were washed with H2O (3x15 mL), saturated aqueous NaHCO3(10 mL),
brine (10 mL), dried (Na2SO4), filtered and concentrated in vacuo. Chromatography
of the residual oil on silica gel (hexane for elution) afforded 84 mg (8%) of the title
compound as a colorless oil: IH NMR (CDCI3 5 5.78 (ddd, J= 18.5, 9 8, 8.7 Hz,

1H, CZZ=CH2), 5.19-5.08 (m, 2H, CH=CZZ2), 3.67 (s, 3H, OCZZ3); 3.20-3.13 (m,
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1H, CH), 2.23-2.18 (m, 2H, CH2C=C), 2.03-1.90 (m, 1H, CtfH), 1.76-1.68 (m, 1H,
CHitf), 0.12 (s, 9H, Si(Ctf3): IR (thin film) 3083, 2957, 2175, 1739, 1640, 1435,

1250, 1203, 1161, 923, 760, 699, 639 cm"1l

I-(Tnmethylsilyl)-5-(hydroxymethyl)-6-hepten-1-yne (9).

OH

To a magnetically stirred suspension OfLiAIH4 (20.9 mg, 0.55 mmol) in Et30 (I
mL) cooled to 0 °C was added dropwise EtOH (32.2 pL, 0.55 mmol) over | min
The solution was warmed to it for 2 h then cooled to - 15 0C and
dimethylcarboxamide 14a (118 mg, 0.50 mmol) in Et30 (0.5 mL) was added
dropwise The solution was warmed to -10 OC and stirred for | h. The reaction
mixture was added dropwise to an aqueous solution of citric acid (5 mL, 0.5 M
citric acid solution in half-saturated brine) maintained at or below -5 °C  After the
addition was complete the reaction mixture was transferred to a separatory funnel
and the organic phase was separated and added to a pH 7 0 aqueous phosphate
buffer solution (20 mL, 1.0 M) maintained at 0 °C. The aqueous phase was
extracted with Et30 (2x5 mL) and the combined organic layers were separated
from the aqueous phosphate buffer and washed with a 0 °C saturated aqueous

solution OfNaHCO3s (2x5 mL) and dried (NaSO4) for 5 min at 0 °C. The solution
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was filtered and then added to a solution of LiAIH, (76 mg; 2.0 mmol) in Et,O (2
mL) at rt over 3 min. After_ stirring for 15 min the remaining LiAIH, was cautiously
quenched wi;th aqueous 10% HCI (10 mL) and the organic layer separated. The
aqueous layer was extracted with Et,0 (2‘x' 5 mL) and the combined organic layers
were washed with brine (5 mL), dried (Na;SOy), filtered and concentrated in vacuo.
Chromatography of the residual oil on silica gel (2% EtOAc/hexane for elution)
afforded 18 mg (18%, both steps, typical yields 0-22%) of the title compound as a
colorless oil. Most of the recovered material (ca. 75% mass) was the alcohol from
the reduction of the corresponding conjugated aldehyde (15).

Alternatively, the title compound may be prepared by reduction of methyl 2-

ethenyl-6-(trimethylsilyl)-5-hexynoate, 8, with LiAIH, according to the general

procedure utilized for 69: 'H NMR (CDCls) & 5.57 (ddd, J = 19.6, 10.8, 8.7 Hz,
1H, CEHCH), 5.18-5.07 (m, 2H, CHCH,), 3.56 (app dd, J- 10.7,63 Hz, 1H,
CHHOBR), 3..43 (appdd,J=10.7,7.6 Hz, 1H, CHHOH), 2.30 (s, 1H, OH), 2.30-,
210 (m, 3H, CH and CHy), 1.68-1.57 (m, 2, CHy), 0.12 (s, 9H, Si(CHy)s); °C

NMR (CDCls) & 139.4, 118.6, 107.7, 85.6, 66.0, 46.7, 30.3, 18.3, 0.8.
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I-(Tnmethylsilyl)-5-[(I, I -dimethylethyl)dimethylsiloxymethyl]-6-hepten-1-yne (10).

The title compound was prepared according to the general procedure for 71 to
afford 8 mg (82%) of the title compound as a clear oil: 1H NMR (CDCb) 8 5 57
(ddd, J = 21.4, 10.7, 10.7 Hz, C"=CH2), 5.08-5.01 (m, 2H, CH=CZZ2), 3.57-3.45
(m, 2H, CZ220), 2.36-2.12 (m, 3H, CZZand CZ22), 1.73-1.69 (m, 1H, C7ZH), 1.50-
1.33 (m, 1H, CHZZ), 0.86 (s, 9H, C(CZZ3)3), 0.24 (s, 9H, Si(CZZ3)3), 0.00 (s, 6H,

Si(C2232.

2-(Trimethylsilyl-3-butyne)-2-butenal (15).

Attempts to separate the above aldehyde resulted in isolation of the conjugated
crotonaldehyde: H NMR (CDCI3 8 9.35 (s, 1H, CZZ0), 6.68 (q, J= 7.0 Hz, 1H,
C=CZzZCH3), 3.30 (t,J= 7.2 Hz, 2H, CZ2), 2.48 (t,J= 7.2 Hz, 2H, CZ2), 2.03 (d, J

= 7.0 Hz, 3H, CHCZZ3), 0.11 (s, 9H, Si(CZZ3?3).
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7V,AN-Dimethyl-2-buteneoyl carboxamide

An oven-dried, 1-L, three neck round-bottomed flask was equipped with a Teflon
coated magnetic stir bar, reflux condenser, addition funnel, and a glass stopcock. A
continuous argon inlet was attached to the top of the addition funnel and a CaSO4
drying tube was attached to the top of the reflux condenser. The flask was cooled
m a dry ice-acetone bath and charged with MA-dimethylamine (24.8 g, 0.55 mol)
and Et"O (300 mL). A solution of 2-butenoyl chloride (26.1 mL, 0.20 mol) in Et20
(200 mL) was added dropwise over 30 min to the vigorously stirred solution. The
cold bath was subsequently removed and the reaction mixture was heated at reflux
for 30 min The mixture was cooled, and the resulting suspension was filtered
through Celite (18 cm diameter by 10 cm) and the solids washed with EtzO (4 x 25
mL) The filtrate was concentrated in vacuo and the residual oil was purified by
fractional distillation (14 Torr) to afforded 21.9 g (97%) of the title compound as a
colorless oil: H NMR (CDCI3) 56.82 (dg, J= 14.9, 6.9 Hz, 1H, CZZCH3), 6.23
(dd, J= 15.0, 1.8 Hz, 1H, COC//), 3.02 (s, 3H, NCZZ3), 2.95 (s, 3H, NCZZ3), 1.83
(dd, J= 6.9, 1.6 Hz, 3H, CHCZZ3), 13 (CDCI3 5 166.6, 140.6, 121.9,37.1,35.3,
17.9; IR (thin film) 3472, 3022, 2937, 1661, 1615, 1496, 1446, 1397, 1154, 924,

683,628 cm"l
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AMW-Diethyl-2-buteneoyl carboxamide.

0 @)
/'~ JUXNER

A solution of MTV-diethylamine (16 8 mL, 163 mmol) in EtzO (60 mL) was added
dropwise over 30 min to a magnetically stirred solution of 2-butenoyl chloride (6 83
g, 65.3 mmol) in EtzO (100 mL) maintained at 0 °C. After the addition was
complete the NaCl-ice bath was removed and the reaction was heated at reflux for
30 mm. The resulting suspension was filtered through Celite (10 cm diameter by 10
cm) and the solids were subsequently washed with Et20 (4 x 25 mL) The filtrate
was concentrated in vacuo and the residual oil was purified by bulb-to-bulb
distillation to afforded 6.83 g (74%) of the title compound as a colorless oil: H
NMR (CDCI3) 6 6.77 (dt, J= 6.9, 4.1 Hz, 1H, CZZCHJ), 6 08 (app dd, J= 14.9, 1.6
Hz, 1H, COC//), 3.26 (app q,J=7.3Hz, 4H,NC//2), 1.73 (dt,J=6.9, LI Hz, 3
H, NCHXZZ3), 1.02 (dt, J= 17.2, 7.1 Hz, 3H, CH2CZZ3); 13 NMR (CDCI3 5 165,
141, 122, 143, 141, 19, 15,13, IR (thin film) 3533, 3223, 2972, 1665, 1615, 1455,

1288, 1148, 901,683,628 cm"1l

MArDimethyl-1-(tnmethylsilyl)-6-hepten-1-yne-5-carboxamide (14a).

IMS

NMe2
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A solution of 7-BuLi (2.53mL, 434 M ip heptane, 11.0 mmol) was added
dropwise to a magnetically stirred solution of DIPA (1.68 mL, 12.Q mmol) in THF
(300.mL) maintained at -78 °C. After 10 min the mixture was warmed to 0 °C, then
recooled to -78 °C. After stirring for an additional 15 min at -78 °C a solution of
N,N—diethy1-2-butenecarboxyamide (.1 .13 g, 10.0 mmol) in THF (10 mL) was added
dropwise and the reaction mixture was stirred for 1 h at -78 °C. The resulting
mixture was subsequently allowed to warm to 23 °C, held at this temperature for
1.5 h and then recopled to -78 °C. A solution of 4-i0do-1-trimethylsilyl-1-butyne
(3.14 g, 12.0 mmol) in THF (10 mL) was then introduc.ed and the reaction mixture
allowed to warm to rt overnight. The resulting solution was diluted with half-
saturated aqueous NH.CI (200 mL) and the organic phase separated. The aqueous
phase was extracted with 1:1 EtzO;CHzClz (3 x 50 mL). The combined organic
phases were washed with 10% aquedus H,SO4(2x5 mL), H20 (5 mL), saturated
aqueous NaHCOs (5 mL), brine (10 mL), dried (MgSO,), filtered and conceptratéd
in vacuo. Chromatography of the residual oil on silica gel (20% EtOAc/hexane for
elution) afforded 1.23 g (52%) of 14a as a viscous yellow oil: 'H NMR (CDCl3) 8
5.75 (ddd, J=17.0, 10.4, 8.5 Hz, 1H, CH=CH,), 5.10 (m, 2H, CH=CH,), 3.51
(app q,J=7.8 Hz, 1H, COCH), 3.04 (s, 3H, NCHs), 2.‘93 (s, 3H, NCHj3), 2.21 (t,J
= 6.7 Hz, 2H, CH,C=C), 1.92 (app hx, J = 6.7 Hz, 1H, CHCH,CH>), 1.64 (app hx,

J=6.7 Hz, 1H, CHCH,CHy,), 0.10 (s, 9H, Si(CH3)3); °C NMR (CDCls) 5 173.5,
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173.2, 117.7, 107.5, 86.1, 46.0, 37.3, 36.4, 31.5, 18.1, 0.8; IR (thin film) 3079,

2959, 2173, 1650,1397, 1250, 1039, 842, 760, 698, 638 cm"1

A AN-Diethyl-2-ethenyl-6-(tnmethylsilyl)-5-hexynamide (14b).

A solution of M-BuLi (2.53 mL, 4 34 M in heptane, 11 0 mmol) was added
dropwise to a magnetically stirred solution of DIPA (I 68 mL, 12.0 mmol) in THF
(300 mL) maintained at -78 °C. After 10 min the mixture was warmed to 0 °C, then
cooled to -78 OC. After stirring for an additional 15 min at -78 °C a solution of N,N-
diethyl-2-buteneamide (1.41 g, 10.0 mmol) in THF (10 mL) was added dropwise
over 5 min and the reaction mixture was then stirred for | h at -78 OC. The resulting
mixture was subsequently allowed to warm to 23 OC, held at this temperature for
1.5 h and then recooled to -78 °C. A solution of 4-iodo-1-(trimethylsilyl)-1-butyne
(3.02 g, 12.0 mmol) in THF (10 mL) was then introduced dropwise, the -78 °C bath
was removed and the reaction mixture allowed to stir 9 h The resulting solution
was quenched with half-saturated aqueous NH4Cl (200 mL) and the organic phase
was separated. The aqueous phase was extracted with I:1 EtzO-CHzCL (3 x

50 mL). The combined organic phases were washed with 10% aqueous HzSo4 (2 X

5mL), HzO (5 mL), saturated aqueous NaHCOz (5 mL), brine (10 mL), dried
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(MgSCX), filtered and concentrated in vacuo. Chromatography of the residual oil on
silica gel (20% EtOAc/hexane for elution) afforded 1.08 g (41%) of 14b as a light
yellow oil: HNMR (CDCI3) 5 5.83 (ddd, J= 17.6, 10.4, 8.4, Hz, 1H, CZZ=CH2),
5.10 (m, 2H, CH=CZZ2), 3.34 (m, 5H, COCZZ and NCZZ2), 2.2 (m, 2H, CZZXC=C),
1.94 (app sx,J= 6.7 Hz, 1H, COZZCH?2), 1.68 (app sx,J= 6.7 Hz, 1H, COZZCH2,

| 19 (t,J= 7 15 Hz, 3H, CZZ3), 1.08 (t,J= 7.2 Hz, 3H, CZZ3), 0.11 (s, 9H,
Si(CZ733); 13 NMR (CDCI3 5 172.7, 137.9, 117.3, 107.5, 86.0, 45.9, 42.4,41.2,
32.0, 18.1, 15,5, 13.3,0.8; IR (thin film) 2963,2173, 1647, 1632, 1449, 1250,

1139, 1043, 918, 843, 638 cm"L m/z 265 (M+), 192, 165, 100, 73.

3-(Diethylaminomethyl)-7-(tnmethylsilyl)-1-hepten-6-yne (16).

TMS
IMS

To a magnetically stirred solution of L.AlH: (8.5 mg, 2.2 mmol) in Et20 (5 mL) at
22 °C was added a solution of 3¢ (80 mg, 0.3 mmol) in Et20 (0.3 mL) in one
portion The reaction mixture was heated at reflux for 36 h, then cooled to 0 °C.

To the cooled reaction mixture was added H20 (2 mL) and aqueous NaOH (I mL,
2.0 M) After 15 mm of vigorous stirring at room temperature the organic layer was
separated and the aqueous layer was extracted with Et20 (3x5 mL) The

combined organic layers were washed with brine (2x2 mL), dried (MgSo4),
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filtered and concentrated in vacuo. Chromatography of the residual oil on basic
alumina (1% EtOAc/hexane for elution) afforded 56 mg (74%) of 3e as a clear oil:
HNMR (CDCI3 5 551 (m, 1H, CH=CH2), 5.02 (m, 2H, CH=CZZ2), 2.48 (dt,J =
6.9, | 8 Hz, 4H, N(CZZ2CH3)), 2.29 (m, 2H, NCZZ2), 2.15 (m, 2H, CZZC=C), 1.75
(m, IH, CZ2), 1.24 (m, 2H, CZZZCH2XC=C), 0.96 (t, J= 7 | Hz, 6H, CZ23, 0 11 (s,
9H, Si(CZZ3)3); 13 NMR (CDCI3 5 141.1, 115.4, 107.6, 84.4, 57.9, 47.3,41.5,
31.4, 17.6, 11.5, 0.1, IR (thin film) 3076, 2175, 1639, 1453, 1250, 1041,914, 841,

760, 637 cm™, m/z 149 (MH+- TMS, -Et), 121, 93, 73 (TMS)

(25)-2-(hydroxymethyl)-I-(but-2'-enoyl)pyrrolidine (17).

OH
A mixture of (2S)-2-(hydroxymethyl)-pyrrolidine (3 401 g, 33.6 mmol) and 2-
butenoic acid anhydride (5.23 g, 35.3 mmol) was heated at 75 °C for 6 h then
cooled to 20 °C and diluted with Et20 (100 mL). The solution was washed with 2
M aqueous NaOH (I x 50 mL, 3x10 mL), dried (Na2SO*, filtered and
concentrated in vacuo. Bulb-to-bulb distillation of the residue afforded 6.17 g
(91%) ofa colorless oil: HNMR (CDCI3) 6 6.92 (dg, J= 14.9, 6.9 Hz, 1H,
CZZCH3), 6.10 (dd, J= 150, 1.7 Hz, IH, CZZCHCH?3), 5.0 (s, IH, 0Z/), 4.3 (m, 1H,

NCZZCh 20H), 3.52-3.62 (m, 4H, CZZ20H and NCZZ2), | 81-1.96 (m, 6H), 1.6 (m,



125

1H); 13 NMR (CDCI3) 5 167.9, 143.0, 123.5,68.1,61.9, 48.6, 28.9, 25.1, 18 7; IR

(thin film) 3381, 2952, 2876, 1660, 1593, 1450, 1192, 1053, 965, 901, 827 cm'l

(25',2'5)-1-[2,-Ethenyl-6'-(trimethylsilyl)-5'-hexynoyl]-2-(hydroxymethyl)pyrrolidine

(18).

A solution of Zi-BuLi (4.39 mL, 4.78 M in heptane, 21.0 mmol) was added
dropwise to a magnetically stirred solution of DIPA (3.08 mL, 22 mmol) in THF
(60 mL) maintained at -78 °C. The resulting mixture was warmed to 0 °C and then
recooled to -78 OC After stirring for an additional 15 min at -78 °C, a solution of
(2S)-2-(hydroxymethyl)-I-(2'-butenoyl)pyrrolidine (2.52 g, 10 mmol) in THF

(20 mL) was added dropwise and the resulting mixture was stirred for 15 min at -
78 OC. The reaction mixture was allowed to warm to 22 0C, held at this
temperature for 45 min and then recooled to -78 °C. A solution of 4-iodo-I-
(tnmethylsilyl)-1 -butyne (2.52 g, 10 mmol) in THF (10 mL) was then introduced
and the resulting solution was stirred for a further 15 min at -78 °C whereupon
stirring was continued for 6 h at 0 °C. After stirring for an additional 3 h at 25 °C

the reaction mixture was quenched with half-saturated aqueous NFLCI (10 mL) and
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the mixture was concentrated in vacuo to approximately 20 mL The resulting
heterogeneous mixture was extracted with |:1 CHzClz-EtzO (5x15 mL), washed
with brine (5 mL), dried (NazSO.*), filtered and concentrated in vacuo
Chromatography of the residual oil on silica gel (50% EtOAcZhexane for elution)
afforded | 87 g (64%) of 18 as a colorless oil: HNMR (CDCL) 8 5 50 (ddd, Jr=
16.0, 9.8, 8.5 Hz, 1H, CZZ=CH2), 5.10 (m, 2H, CH=CZZ2), 4 89 (m, 1H, OH), 4 18
(m, 1H, NCZZCHzOH), 3.65-3 48 (m, 4H, CZZNCHCZZzOH), 3.37 (app q,J =

7.9 Hz, COCZ2),2 21 (t,J = 6.6 Hz, 2H, CZZX=C), 1.91-1.84 (m, 4H), 1.64-1 55
(m, 2H), 0.09 (s, 9H, Si(CZz33); 13C NMR (CDCI3 5 174.7 (Q, 136.7 (CH), 1181
(CH2), 107.1 (O, 86.2 (O, 67.8 (CH2), 61.8 (CH), 48.3 (CH2), 48 | (CH), 30.9
(CH2), 28 8 (CH2), 25.0 (CH2), 18 0 (CH2), 0.7 (CH3), IR (thin film) 3394, 3079,

2957, 2171, 1621, 1615, 1435, 1249, 1047, 842, 760, 668, 637 cm"1L

(25,2'S)-1-[2'-Ethenyl-6'-(tnmethylsilyl)-5'-hexynoyl]-2-[[( 1,1-
dimethylethyl)dimethylsilyloxy]methyl]pyrrolidine (19).

TMS

A solution of 16 (4.26 mmol, 1.25 g), imidazole (10.2 mmol, 0.696 g), and t-

butyldimethylsilyl chloride (4.65 mmol, 0.706 g) in DMF (8 mL) was magnetically
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stirred at 45 °C for 30 h. Thé cooled reaction mixture was poured into saturated
aqueous NaHCO; (30 mL) and extracted with Et,O (3-x 20 mL). The combined .
organic extracts were-washed with 10% aqueous H,SO4 (5 mL), ﬁzo (5 mL), brine
(10 mL), dried MgSOQ,), filtered and concentrated in vacuo. The resulting oil was
nitially pﬁriﬁed by chromatography on silica gel (20% EtOAc/hexane for elution).
Final purification by bulb-to-bulb distillation afforded 1.42 g (82%) of 19 as a
viscous clear oil: [o]p -21.0 (¢ 8.2, CsHe), 'H NMR (CDCls) § 5.74 (ddd, J = 18.5,
10.4, 8.6 Hz, 1H, CH=CHy), 5.09 (m, 2H, CH=CH2), 4.13 (m, 1H, NCHCH,0),
3.68 (d,J = 4.5 Hz, 2H, CH,08i), 3.52 (m, 2H, NCH,), 3.32 (m, 1H, COCH), 2.21
t,J= 6.8 Hz, 2H, CH,C=C), 2.10-1.07 (m, 6H,-CH>), 0.82 (s, 9H, C(CHj);) 0.08,
(s, 9H, Si(CHs)s), 0.00 (s, 3H, Si(CHs)s), 0.03 (s, 3H, Si(CHs),); °C NMR (CDCls)
8 172.0,137.4, 1175, 107.6, 86.0,‘ 59.1,58.9,482,479,31.1, 27.7, 26.5,24.9,
22.6,18.1, 0.8, -4.8; IR (thin film) 3082, 2241, 1643, 1490; 1467, 1379, 1260,
1117, 1057, 1002, 912, 733, 687, 645 cm’™; m/z 407 (M), 350, 262, 73; high

resolution mass spectrum caled for C;2HyNO,Si, (M") 407.2676, found 407.2667.
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5.3 Endiyne Derivatives

Methyl 2-ethenyl-2-(3-chlorobut-2-ene)-5-chloro-hex-6-eneoate (24)

0]

OMe

cl

To a magnetically stirred solution of LDA (11.0 mmol) in 1:2 THF-DME (75 mL)
(prepared according to the general procedure utilized for 14a) cooled to -78 °C was
added a solution of methyl crotonate (1.0 g, 10 mmol) in THF (2 mL) in one
portion. After Ih at -78 °C the reaction mixture was allowed to warm to 0 °C and
was maintained at that temperature for | h. The reaction mixture was cooled to -78
0C and a solution of cis and /ra/?s-2-chloro-4-iodo-2-butene (2.38 g, 11,0 mmol),
HMPA (2.15 g, 12.0 mmol) in 1:2 THF-DME (10mL) cooled to -78 °C was added
via cannula After | h the dry ice-acetone bath was removed and the reaction
mixture was allowed to warm to rt. After 3 h a saturated aqueous solution of
NHA4CI (10 mL) was added and the solution was concentrated in vacuo The
residue was diluted with H20(10 mL) and hexane (10 mL). The organic layer was
separated and the aqueous layer was extracted with hexane (2x10 mL) and the
combined organic layers were washed with H20(10 mL), saturated aqueous
NaHCO3(5 mL), brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo.

Chromatography of the residual oil on silica gel (5% EtOAc/hexane for elution)
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afforded 1.22 g (88% based on electrophile) of the title compound as a mixture of
cis/trcms isomers and as a colorless oil IH NMR (CDCb) 5 5.96-5.86 (m, 1H,
C=CHitf), 5.35-5.29 (m, 2H, Ctf), 5.25-5.07 (m, 2H, C=CtfH), 3.69-3.64 (m, 3H,
OCtf3), 2.57-2.53 (m, 4H, Ctf2), 2.04 (br s with fine structure, 6H, Ctf3), 13 NMR
(CDCI3 5 175.3 (O, MO O(CH), 133.1 (Q, 121.5 (CH), 116.2 (CH2), 52.7 (CH3J),
35.6 (CH2), 27.1 (CH3J); IR (thin film) 3083, 2553, 2520, 1735, 1665, 1438, 1342,

1207 (br), 1050, 820, 629 cm"L

5-Ethenyl-5-hydroxymethyl-2,8-dichloro-nona-2,7-diene (26).

The title compound was prepared according to the general procedure utilized for 69
to afford 26 as a mixture of cis/trans isomers and as clear oil H NMR (CDCI3) 5
5.74-5.64 (m, IH, Ctf= CHH), 5.44-5.39 (m, 2H,Ctf x2), 5.21-5.15 (m, 1H,
CH=CHtf), 5.05-4.99 (m, 1H, CH=CtfH), 3 41-3.39 (m, 2H, Ctf20H), 2.27-2.23
(m, 4H, Ctf2), 2.08-2.02 (m, 6H, Ctf3), 1.75-1.71 (m, 1H, OH); 13 NMR (CDCI3

major isomer) 8 142.7, 132.6, 121.9, 115.7, 67.7, 46.1, 34.1, 27.0.
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5-Ethyenyl-5-(hydroxymethyl)nona-I ,8-diyne (28).
OH OTBDMS

HO
a a

Alcohol 26 was silylated according to the general procedure utilized for 71 to
afford 5-Ethenyl-5-[( I, 1)-dimethylethyl)dimethylsiloxymethyl]-2,8-dichloro-non-
2,7-diene (27) which was used without further purification. Silylether 27 was
treated with potassium diammopropane according to the general literature
procedure to afford 0.56 g (83%, both steps) of alcohol 28 as a colorless oil after
gradient silica gel chromatography (hexane to 10% EtOAc/hexane for elution): H
NMR (CDCI3 5 5.56 (dd, J= 180, 11.2 Hz, 1H, Cff=CHH), 5.21 (app d with fine
structure, J = 11.2 Hz, 1H, CH=CHff), 5.00 (app dd with fine structure, J= 18 3,
0.9 Hz, 1H, CH=CffH), 3 49 (s, 4H, Cff20H), 2.13 (app dt,J= 7 5, 2.6 Hz, 4H,
Cff2C=C), 1.95 (t,J = 2.6 Hz, 2H, C=CH), 1.65 (app t,J= 7.5 Hz, 4H, Cff2), (Off
not observed), 13 NMR (CDCI3 5 142.4 (OH), 116.5 (CH2), 85 4 (0), 69 0 (OH),

66.0 (CH2), 45.1 (0), 33.5 (CH2), 13.8 (CH2

5-Ethyenyl-5-(hydroxymethyl)non-1,9-(trimethylsilyl)-1,8-diyne (29).
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The title compound was prepared according to the general procedure utilized for 70
to afford 161 mg (95%) of 30 as a clear oil: HNMR (CDCI3) 55 52 (dd, J= 17.6,
11.0 Hz, IH, CJf=CHH), 5.17-5.13 (m, 1H, CH=CHJf), 4 98-4.92 (m, 1H,
CH=CJfH), 3.46 (s, 2H, CJf20H), 2.18-2.13 (m, 4H, CH2C=C), 1.65-1.58 (m, 4H,
CJf2, 0.92-0.83 (m, 1H, Off), 0.09 (s, 18H, Si(CJf33), 13 NMR (CDCI3) 6 142.7
(CH), 116.1 (CH2), 108.3 (O, 85.2 (Q, 66.0 (CH2), 45.2 (Q, 34.0 (CH2), 15.2
(CH2), 0.7 (CH3); IR (thin film) 3412, 2083, 2175, 1636, 1454, 1418, 1250, 1042,

1002, 920, 840, 700, 690, 641 cm'L

5-Ethyenyl-5-[(1,I)-dimethylethyl)dimethylsiloxymethyl]non-1,9-(trimethylsilyl)-

1,8-diyne (30).

™S TMS

™S
HO IMS TBDMSO

The title compound was prepared according to the general procedure utilized for 71
to afford 49 mg (97%) of 30 as a clear oil: 1H NMR (CDCI3) 8 558 (dd, J= 18.0,
11 1Hz, 1H, CJf=CHH), 5.06 (dd, J= 11.1, 0.8 Hz, 1H, CH=CHJf), 4.90 (dd,J =
18.0, 0.8 Hz,, 1H, CH=CJfH), 3.37 (s, 2H, CJf20Si), 2.13 (app dt, J= 10.7, 8.0 Hz,
4H, CHXC=C), 1.63 (app dt,J= 8.5, 7.6 Hz, 4H, CJf2, 0 86 (s, 9H, C(CJf33, 0.11
(s, 18H, Si(CJf3)3), 0.00 (s, 6H, Si(CJf32); 13 NMR (CDCI3 5 142.7 (CH), 115.1

(CH2), 108.6 (O, 84.8 (C), 67.2 (CH2), 44.9 (C), 34.4 (CH2), 26.6 (CH3), 18.9 (Q,
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15.4 (CH2), 0.9 (CH3), -4.9 (C//3); IR (thin film) 3083, 2957, 5858, 2176, 1472,

1250, 1109, 1006, 760, 640 cm'l, m/z 377 (M+- 57), 303, 231, 147, 73.

54 C4-Hydroxy-1,6-Heptenynes

2-(2'-Chloroethyl)-1,3-dioxolane (44).

The title compound was prepared by a modified literature method.22L Accordingly,
after the addition of acrolein the reaction was allowed to warm to 23 °C and was
then transferred to a separatory funnel. After about one hour, the lower layer was
removed and the remainder was extracted with an equal portion of CH2CI2. The
organic layers were combined and washed with H20 (100 mL), transferred to a
Erlenmeyer flask and treated with solid NaHCO3until the acid was neutralized.
The reaction mixture was then filtered, washed with saturated aqueous NaHCO3
(100 mL), brine (100 mL), dried (Na2SO*, filtered and concentrated in vacuo.
Fractional distillation of the residual oil [Lit. 64 °C (14 mm)] afforded 114 g (58%)
of the title compound 44 as a clear oil: 13 NMR (CDCI3) 5 101.8 (C/7), 64.8

(CII2), 395 (ClI2), 36 8 (C//2)
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2-(2'-l1odoethyl)-1,3-dioxolane (45).

To a magnetically stirred solution of 2-(2'-chloroethyl)-I,3-dioxolane 44 (41 g, 0.3
mol) in acetone (350 mL) at 23 0C was added Nal (50 g, 0.33 mol) in one portion
After the ensuing exotherm subsided, the reaction mixture was heated at reflux for
12 hours in the dark. The reaction mixture was cooled to rt, concentrated in vacuo,
and the residue was treated with H20 (200 mL) and 20% EtOAc-hexane (200 mL)
and the organic layer was separated The agqueous layer was extracted twice with
200-mL portions of 20% EtOAc-hexane and the combined organic layers were
washed with brine (100 mL), saturated aqueous sodium thiosulfate (40 mL), brine
(100 mL), and dried (MgSO”. The solution was filtered through a pad of neutral
alumina (8 cm diameter by 10 cm) which was subsequently extracted with 20%
EtOAc-hexane (3 x 20 mL). The filtrate was concentrated in vacuo to afford 65 g
(95%) of the title compound 45 as a light sensitive, yellow oil which was suitable
for use without further purification. HNMR (CDCI2) 54 88 (t,J =4 4 Hz, 1H,
CHO?2), 3.93-3.82 (m, 4H, CH20), 3.16 (t, J= 7.4 Hz, 2H, CJT2), 2.20-2.11 (m,

2H, CH2), 13C NMR (CDCI3) 5 103.8 (CH), 84.9 (CH2), 37.9 (CH2), -2.0 (CH2).
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2-(3',3'-Dichloropropyl)-I,3-dioxolane (47).

To a magnetically stirred solution of H-BuLi (40 mL, 10 M in heptane, 0.40 mol) in
EtzO (150 mL) and THF (300 mL) cooled to -110 °C was added CHzClz (38 mL,
0.6 mol) dropwise at such a rate that the internal reaction temperature was
maintained below -90 °C. After 20 min at -90 °C, a solution of 2-(2'-iodoethyl)-
1,3-dioxolane 45 (45.6 g, 0.2 mol) in THF (50 mL) was added dropwise while the
temperature was maintained at -90 oC. The reaction mixture was then cooled to
-110 °C and a solution of 1:1 THF-HMPA (200 ml) was added dropwise at such a
rate that the internal reaction mixture's temperature was maintained below -90 °C
After the addition the solution was maintained at -90 °C for 30 mm, and then
warmed to -85 °C and maintained at this temperature for 20 min A solution of I |
10% aqueous HzSCL-THF (280 mL) was then rapidly introduced and the reaction
was allowed to warm to it. The organic layer was separated and the aqueous layer
was extracted with 20% EtOAc-hexane (2 x 200 mL) and the combined organic
layers were concentrated in vacuo. The residue was diluted with hexane (400 mL)
and washed with HzO (2 x 50 mL), saturated aqueous NH4Cl (2 x 200 mL),
saturated aqueous NaSOa (50 mL), brine (100 mL), and dried (MgSO~. The

combined aqueous layers were treated with cone. HCI (150 mL) and heated at
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reflux for 10h before disposal. The dried organic solution was filtered through a
pad of neutral alumina (s cm diameter by 5 cm) which was subsequently extracted
with 20% EtOAc-hexane (2x10 mL). The filtrate was concentrated in vacuo and
purified by fractional distillation (118 °C, water aspirator) to afford 31.4 g (85%) of
the title compound 47 as a clear oil: H NMR (CDCh) 5584 (t,J = 6.0 Hz, 1H,
GtfClI2), 4.90 (V = 2.9 Hz, 1H, O2Ctf), 3.97-3.82 (m, 4H, OCtf2), 2.31 (m, 2H,
Ctf2), 1.90 (m, 2H, Ctf2); 13 NMR (CDCI3 5 103.8, 74.0, 65.7, 38.4, 30.5; IR
(thin film) 2958, 2885, 2762, 1476, 1411, 1236, 1141, 1028, 943, 906, 750,

651 cm"l, m/z 187, 185, 183 (M+- H), 148, 112, 73.

4,4-Dichlorobutanal (48).

<® | A

A magnetically stirred solution of 47 (9.25 g, 50 mmol) in I 1 10% aqueous HCI-
acetone (200 mL) was heated at reflux for 24 h. The reaction mixture was
subsequently concentrated in vacuo and then extracted with Et20 (3x30 mL). The
combined organic phases were washed with H20 (15 mL), brine (15 mL), dried
(MgSO4), filtered and concentrated in vacuo. Fractional distillation of the resultant
oil (93 °C, 14 mm Hg) afforded 5.57 g (79%) of the title compound 48 as a clear
oil: HNMR (CDCI3 5 9.64 (s, 1H, CtfO), 5.78 (t,J= 5.8 Hz, IH, CtfCI2), 2.66

(t,J = 6.9 Hz, 2H, COCtf2), 2.35 (m, 2H, Ctf2CHCI2), 1 NMR (CDCI3 5 200.1,
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72.9,40.1, 36 I, IR (thin film) 2939, 2848, 1726, 1446, 1352, 1255, 1133, 1071,

927, 746, 676 cm"1, m/z 144, 142, 140 (M+), 105, 76, 75.

7,7-Dichloro-4-hydroxy- 1-heptene (49).

0]

h/ "X //x chci2

To a magnetically stirred solution of 4,4-dichlorobutanal 48 (1.41 g, 10 mmol) in
EtzO (5 mL) maintained at -10 °C was added a solution of allylmagnesmm chloride
(17 mL, 0.63 M in THF, 10.7 mmol) dropwise over 20 min. After stirring for | h at
0 C the reaction mixture was poured into ice cold H20 (10 mL) and acidified with
10% aqueous H2SO4 The resultant mixture was then extracted with Et20 (3 x

10 mL) and the combined organic phases were washed with brine (3x5 mL), dried
(Na2S0O4), filtered and concentrated in vacuo Chromatography of the residual oil
on silica gel (20% EtOAc/hexane for elution) afforded 1.78 g (98%) of the title
compound 49 as a colorless oil: 1H NMR (500 MHz, CDCI3) 5 5.81 (m, 2H,
CZZCl> and CZZ=CH2), 5.03 (m, 2H, CH=CZZ2), 3.7 (m, 1H, CZZOH), 2.45-2.35 (m,
1H, CZ2), 2.35-2.18 (m, 2H, CZZ29), 2.18-2.10 (m, 1H, CZ2), 1.85 (s, 1H, OH),
1,75-1.65 (m, 1H, CZ22), 1.65-1.58 (m, IH, CZZ2); 13 NMR (125 MHz, CDCIJ

6 134.7, 119.6, 74.3, 70.3, 42.8, 40.7, 33.3, IR (thin film) 3380, 3078, 1640, 1448,

1234, 1071, 998, 924, 865, 784, 747 cm"L
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7,7-Dichloro-4-[[( I, I-dimethylethyl)dimethylsilylJoxy]-1-heptene (50).

CHCI2 CHCI2
HO TBDMSO

7,7-Dichloro-4-hydroxy-1-heptene (49) was silylated according to the general
procedure utilized for 71 to afford 1.37 g (94%) of the title compound 50 as a clear
oil which was suitable for use without further purification: IH NMR (CDCb)
55.74 (m, 2H, CZZCHz and CZZCl9), 5.03 (m, 2H, CZZCHY), 3.75 (m, 1H, CZZOH),
2.22 (M, 4H, CZ2), Les (M, 2H, CZ22), 0 87 (s, 9H, C(CZZ33), 0.04 (s, s H,
Si(CZz3)2); 13C NMR (CDCI3 5 135.2, 117.9, 74.5, 71.6, 42.5, 40.2, 33.2, 26.6,
18.8, -3.6, -3.9, IR (thin film) 3078, 2852, 1642, 1472, 1255, 1091,9160, 836, 775

cm'l

4-[[(I1,1-Dimethylethyl)dimethylsilylJoxy]-1-(trimethylsilyl)-s -hepten-1-yne (51).

CHCI2 -TMS
TBDMSO TBDMSO

To a magnetically stirred solution of 50 (300 mg, 1.0 mmol) and HMPA (348 p.L
2.0 mmol) in THF (5 mL) maintained at -78 0C was added a solution of LDA-THF
(2.17 mL, 0.85 M in methylcyclohexane, 1.0 mmol). After approximately 10 min
an additional solution of LDA-THF (1.17 mL, 0 85 M in methylcyclohexane,

1.0 mmol) was added followed by a further portion of LDA-THF (I 76 mL, 0.85 M
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in methylcyclohexane, 1.5 mmol) 20 min later. The reaction mixture was stirred for
2 h and then warmed to 0 °C. After 45 min the reaction mixture was cooled to -

78 OC and chlorotnmethylsilane (0.19 mL, 1.5 mmol) was introduced After 2 h the
reaction was quenched with 10% aqueous H2SOa4 (5 mL). The mixture was
allowed to warm to room temperature, extracted with hexane (3x10 mL) and the
combined organic layers were washed with H20 (5 mL), saturated aqueous NHACI
(5 mL), brine (3x5 mL), dried (MgSO4), filtered and concentrated in vacuo.
Chromatography of the residual oil on silica gel (1% EtOAc/hexane for elution)
afforded 258 mg (87%) of 51 as a colorless oil: H NMR (CDCI3) s 5.80 (dddd, J
= 14.4, 10.6, 8.3, 8.3 Hz, 1H, CZZ=CH2), 5.02 (m, 2H, CH=CZZ2), 3.84 (m, 1H,
CZZ0), 2.36 (M, 4H, CZ29), 0.87 (s, 9H, C(CZZ33), 0.12 (s, 9H, Si(CZZ3)3), 0.07 (s,
3H, Si(CZz3)2), 0.05 (s, 3H, Si(CZZ3)2); 13T NMR (CDCI3 s 135.3, 118.1, 105.3,
86.9, 71.6, 42.1, 29.1, 27.2, 18.8, 0.7, -3.7, -3.8, IR (thin film) 3078, 2178, 1251,

1098, 916,841, 808, s6s8, 642 cmi*L; m/z 295 (M+- H), 255, 239, 223, 147, 73.

4-Hydroxy-1-(tnmethylsilyl)-6 -hepten-1-yne (52).

Enyne 52 was prepared by the O-desilylation of 51 according to a literaturei
procedure: H NMR (CDCI3 s 5.72 (m, 1H, CZZ=CH2), 5.04 (m, 2H, CH=CZZ2),

3.69 (m, 1H, CZZOH), 2.33 (m, 2H, CZZC=C), 2.20 (m, 2H, CZZ2), 1.90 (s, 1H,



139

0ll), 0.04 (s, 9H, Si(CZz3)3; ICNMR (CDCI3)s 134.1, 118.2, 103.0, 87.7, 69.1,
40.6, 28.1,0.0, IR (thin film) 3417 (hr), 3076, 2959,2176, 1642, 1421, 1250, 1020,

917, 842, 760, m/z 182 (M ) 109, 73.

7,7-Dichloro-4-hydroxy-2 methyl- 1-heptene (53).

The title compound was prepared according to the general procedure utilized for 49
except that methallymagnesium chloride was used instead of allylmagnesmm
chloride for afford 3.26 g (90%) of the title compound as a clear oil: H NMR
(CDCI3 5582 (t,J= 58 Hz, 1H, CZZCl2), 4.87 (appt,J= 1.6 Hz, 1H, C=CHZ2),
4 78 (s, 1H, C=CZZH), 3.77-3.69 (m, 1H, CZZOH), 2.48-2.10 (m, 4H, overlapping
CZ2:'s), 1.83 (d,J = 2.8 Hz, IH,0ZZ), 1.78-1.58 (m, 2H, CZ2), 1.73 (s, 3H, CZ23),
13C NMR (CDCI3) 5 142.8 (Q, 114.6 (CH2), 74.4 (CH), 68.4 (CH), 47.0 (CH2),
40.8 (CH2), 33.7 (CH3), 23.0 (CH3); IR (thin film) 3414, 3075, 2934, 1647, 1446,

1276, 1082, 895, 782, 747 cm

7,7-Dichloro-4-[[(1, I-dimethylethyl)dimethylsilylJoxy]-2 methyl-1-heptene (54).
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The title compound was prepared according to the general procedure utilized for
71, and was purified by silica gel chromatography (10% EtOAc/hexane for elution)
to afford 2.94 g (76%) of the title compound as a clear oil: H NMR (CDCI3 5 5.76
(W =6.1Hz, 1H, CtfCl2), 4.77 (appt, J= 1.7 Hz, IH, C=CHtf), 4 70 (s, 1H,
C=CtfH), 3.92-3.83 (m, 1H, Ctf0), 2.45-2.05 (m, 4H, overlapping Ctf2), 1.83-1.50
(m, 2H, Ctf2), 1.71 (m, 3H, Ctf3), 0.87 (s, 9H, C(Ctf33), 0.04 (s, s H, Si(Ctf33),
13T NMR (CDCI3 s 142.9 (C), 114.1 (CH2), 74.7 (CH), 70.4 (CH), 46.6 (CH2),

40.0 (CH2), 33.1 (CH2), 26.6 (CH3), 23.6 (CH3), 18.8 (Q, -3.7 (CH3J, -3.9 (CH3

4-[[(1,1-Dimethylethyl)dimethylsilylJoxy; - 1-trimethylsilyl-s -methyl-6 -hepten- 1-yne

(57).

The title compound was prepared according to the general procedure utilized for
51, and was purified by silica gel chromatography (hexane for elution) to afford 138
mg (43%, see 69) of the title compound as a clear oil: H NMR (CDCI3) 5 4.78 (s,
1H, C=CHitf), 4.70 (s, 1H, C=CtfH), 3 98-3.89 (m, 1H, CtfOSi), 2.40-2.10 (m, 4H,
Ctf2), 1.72 (s, 3H, Ctf3), 0.87 (s, 9H, C(Ctf3)3), 0.13 (s, 9H, Si(Ctf33), 0.08 (s, 3H,
Si(Ctf3), 0.05 (s, 3H, Si(Ctf3), IR (thin film) 3076, 2967, 2857, 2178, 1649, 1471,

1363, 1251, 1059, 1028, 839, 775, 643 cm"1 m/z 310 (M+), 73.
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7,7-Dichloro-4-[(2-trimethylsilylethoxy)methoxymethyl]-2 methyl-1-heptene (58).

SEMO

The title compound was prepared according to the general procedure utilized for
76: HNMR (CDCI3)55.78 (t,J =6.1 Hz, 1H, CHCX2), 4.75 (d with fine structure,
J= 7.0, 2H, C=CH2), 4.65 (dd, J= 125 and 7.3 Hz, 2H, CH20), 3.82-3.63 (m, 1H,
CHO), 3 64-3.54 (m, 2H, CH20), 2 40-2.26 (m, 3H), 2.12-2.08 (m, 1H), | 85 (m,
1H), 1.72 (s, 3H, CH3J), 1.68-1.58 (m, 1H), 0.91 (s, 2H, CJf2Si), 0.00 (s, 9H,
Si(CJf33); 13C NMR d 142.7, 114.0, 94.3, 74.9, 74.3, 68.2, 43.8, 40.2, 31.1, 23.3,

188,-0.7.

6-Methyl-1-trimethylsilyl-3,6-heptadien-1-yne (59).

This product was occasionally generated in the elimination/silylation reaction for
the preparation of compounds such as 57, especially with SEM ethers. 1H NMR
(CDCI3 56.18 (dt, J= 16.5, 7.0 Hz, 1H, CIf=CHC=C), 5.54-5 48 (m, 1H,
CH=CJfC=C), 4.76 (s, 1H, C=CHJf), 4.70 (s, 1H, C=CJfH), 2.76 (d, 2H, CJf2),
1.69 (s, 3H, CJf3, 0.16 (s, 9H, Si (CIfY3I; 13C NMR (CDCI3 5 143.7, 143.6,

1125, 111.9, 104.6, 93.9, 42.1,23.0,0.6.
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5.5 C4-Hydroxymethyl-1,6-Heptenynes

Diethyl 2-(2-propenyl)-2-(2-propynyl)propan-1,3-dioate (66)

To a magnetically stirred solution of oil-free NaH (1.82 g, 55 mmol) in 2:5 THF-
DMF (50 mL) maintained at 0 OC was added dropwise diethyl allyl malonate (10.0
g, 50.0 mmol). The reaction mixture was subsequently stirred for 1.5 h at 25 oC,
recooled to o oC, and propargyl bromide (6.54 g, 55 mmol) was introduced and the
reaction allowed to warm to rt After 24 h the reaction was poured into ice-cold
HzO (100 mL). The organic layer was separated and the aqueous layer extracted
with hexane (2 x 20 mL). The combined organic layers were washed with H20 (2 x
15 mL), brine (20 mL), dried (MgSO4), filtered and concentrated in vacuo.
Fractional distillation of the resulting oil afforded 111g (94%) ofes as a clear oil:
HNMR (CDCI3 s 5.61 (m, 1H, CZZ=CH2), 5.15 (m, 2H, CH=CZZ2), 4.18 (q, J =
7.2 Hz, 4H, OCZZ), 2.76 (m, 4H, CZ29), 1.98 (t,J = 2.7 Hz, 1H, C=CZZ), 1.22 (t,J =
7.2 Hz, s H, CZZ3); 13 NMR (CDCI3 5 170.3, 132.4, 120 3, 79.6,71 9, 62.3,37.1,

23.2, 14.7.
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Dimethyl 2-(2-propenyl)-2-(2-propynyl)propan-1,3-dioate (67).

A magnetically stirred solution of diethyl ester 66 (2.38 g, 10.0 mmol) and NaOH
(68 mg, 1.7 mmol) m methanol (15 mL) was heated at reflux. When G C analysis
of a quenched (H20) aliquot indicated complete conversion of starting material
after 14 h, the cooled reaction was subsequently concentrated in vacuo and the
residue was dissolved in hexane (25 mL), washed with brine (10 mL), dried
(MgSO4), filtered and concentrated in vacuo to afford | 85 g (ss%) of 67 as a clear
oil which was suitable for use without further purification: 1H NMR (CDCI2) s 5.62
(m, 1H, CZZ=CH2), 5.15 (m, 2H, CH=CZZ2), 3.71 (s, sH, OCZZ3), 2.78 (m, 4H,
CZ22), 1.98 (W = 2.6 Hz, | H, C=CZZ), 13C NMR (CDCI3) 5 170.0, 132.4, 120.4,
79.5, 72.1, 57.6, 53.3, 37.3, 23.4, IR (thin film) 3293, 3081, 2121, 1741, 1438,
1147, 926, 854, 654 cm"L m/z 210 (M+), 195, 151.

Better yields were achieved if the above reaction was performed with

anhydrous sodium methoxide instead of sodium hydroxide
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Methyl-2-(2-propenyl)-5-pentynoate (68 ).

H3CO

A magnetically stirred solution of dimethyl 2-(2-propenyl)-2-(2-propynyl)propan-
1,3-dioate 67 (1.76 g, 8.82 mmol), NaCl (0.515 g, 8.82 mmol), H20 (318 pL,

17.6 mmol) in DMF (s mL) was heated at reflux for 36 h. The cooled reaction
mixture was subsequently poured into H20 (100 ml), and extracted with hexane (4
X 25 mL). The combined organic fractions were washed with H20 (10 mL), brine
(20 mL), dried (MgSO4), filtered and concentrated in vacuo Chromatography of
the residual oil on silica gel (10% EtOAc/hexane for elution) afforded 111 mg
(62%) of the title compound s8 as a colorless oil: 1H NMR (CDCI3) 5 5.61 (m, 1H,
CZZ=CH2), 5.00 (m, 2 H, CH=CZZ2), 3.57 (s, 3H, CZZ3, 2.5 (m, 1H, CZZCO), 2.3 (m,
4H, CZ22), 1.90 (t,J = 2.5 Hz, 1H, C=CZZ), 13 NMR (CDCI3) 5 174.4, 134.9,
118.0, 81.6, 70.5, 52.1, 44.4, 35.5, 20.8, IR (thin film) 3299, 3080, 2122, 1741,

1438, 921.4 cm'L

4-(Hydroxymethyl)-6-hepten-1-yne (69).

H3CO HO
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A solution of methyl 2-(2-propenyl)-5-pentynoate 68 (2.07 g, 13.5 mmol) in EtzO
(5 mL) was added dropwise to a magnetically stirred solution OfLiAlH4 (387 mg,
10.2 mmol) in EtzO (100 mL) at a rate sufficient to maintain a gentle reflux. The
reaction mixture was heated at reflux for 3 h, cooled to 0 0C and HzO (20 mL) was
added dropwise, followed by 10% aqueous HzSO4 (50 mL). The layers were
separated and the aqueous phase was extracted with EtzO (4 x 20 mL). The
combined organic layers were washed with brine (15 mL), dried (NazSO4), filtered
and concentrated in vacuo. Chromatography of the residual oil on silica gel (10%
EtOAc/hexane for elution) afforded 1.50 g (89%) of the title compound 69 as a
colorless oil: 1H NMR (CDCI3 s 5.72 (ddt, J= 17.4, 10.0, 2.5 Hz, 1H, CZZ=CH2),
5.01 (m, 2H, CH=CZZ2), 3.58 (m, 2 H, HOCZZ?), 2.33 (s, 1H, ZZ0), 2.23 (m, 2 H,
CZZCH=CH2), 2.12 (t,J = 7.2 Hz, 2H, CHIC=C), 1.94 (t,J = 2.4 Hz, 1H, C=CZ2),
1.7 (m, 1H, HOCHzCZZ), ICNMR (CDCI3 s 136.6, 117.4, 83.0, 70.4, 65.2, 40.1,
35.4, 20.4, IR (thin film) 3350 (br), 3303, 3078, 2117, 1641, 1438, 1033, 917 cm"L

miz 124 (M), 83.

4-(Hydroxymethyl)-I-(trimethylsilyl)-6-hepten-I-yne (70).

A solution of zz-BuLi (4.86 mL, 4 78 M in heptane, 23.3 mmol) was added to a

magnetically stirred solution of 4 -(hydroxymethyl)-6 -hepten-1-yne (69) (1.37 g,
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111 mmol) in THF (50 ml) maintained at -78 °C. After | h, chlorotnmethylsilane
(2.65 g, 24.4 mmol) was added in one portion and the reaction mixture was allowed
to warm to room temperature After 2 h, 10% aqueous HCI (30 mL) was added and
the heterogeneous mixture was vigorously stirred for ¢ h. The organic layer was
separated and the aqueous phase was extracted with 1:4 EtOAc-hexane (3 x

20 mL). The combined organic layers were washed with brine (15 mL), dried
(NazSCL), filtered and concentrated in vacuo Chromatography of the residual oil
on silica gel (20% EtOAc/hexane for elution) afforded 2.00 g (92%) of the title
compound 70 as a colorless oil: HNMR (CDCL) 5 5.70 (dddd, J= 17.2, 10.0,
7.2, 7.2 Hz, 1H, CZZ=CH2), 4.99 (m, 2H, CH=CZZ2), 3.54 (m, 2H, CZZ20H), 2.26
(m, 2H, CZ2C=C), 2.12 (ddd, J= 6.9, 6.9, 0.9 Hz, 2H, CZZCH=CH2), 2.02 (s, 1H,
OH), | 78 (m, 1H, CZ2), 0.06 (s, 9H, Si(CZz3)3); 13T NMR (CDCIJ 5 136.7, 117.42,
105.9, 87.1, 65.6, 40.4, 35.6, 22.1, 0.7, IR (thin film) 3354, 3078, 2174, 1938,

1641, 1250, 1034, 843, 760, 698 cm '; m/z 196 (M+), 165, 155, 123, 73.

4-[[(1,1-Dimethylethyl)dimethylsilylJoxymethyl]-1-(trimethylsilyl)-6 -hepten-I -yne

(71).
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A solution of 4-(hydroxymethyl)-1-(tnmethylsilyl)-s -hepten-1-yne 70 (282 mg,

I 44 mmol), imidazole (235 mg, 3.46 mmol), and /-butyldimethylsilyl chloride
(238 mg, 1.58 mmol) in DMF (2.8 mL) was magnetically stirred at room
temperature for s h. The reaction mixture was subsequently poured into saturated
aqueous NaHCOg (50 mL) and the transfer was quantitated with hexane (5 mL).
The organic phase was separated and the aqueous phase was extracted with hexane
(3x10 mL). The organic layers were washed with HgO (5 mL), brine (10 mL),
dried (MgSO4), filtered and concentrated in vacuo to afford 438 mg (98%) of 71 as
a colorless oil which was suitable for use without further purification: IH NMR
(CDCI3 6 578 (m, 1H, CZZ=CH2), 5.00 (m, 2H, CH=CZZ2), 3.55 (m, 2H, CZZ0),
2.25 (d, J = 6.2 Hz, 2H, CZ2C=C), 2.12 (m, 2H, CZZCH=CH?2), | 73 (m, 1H, CZ2),
0.88 (s, 9H, C(CZz3)3), 0 12 (s, 9H, Si(CZZ33), 0.03 (s, 6 H, Si(CZZ32), 13T NMR
(CDCI3 s 137.2, 117.1, 106.5, 87.0, 64.8, 40.6, 35.3, 26.6, 21.7, 21.4, 0.8, -4.7, IR

(thin film) 3079, 2175, 1641, 1250, 1104, 841, 776 cm"L m/z 310 (M+), 253, 73.

4-(2-(tnmethylsilylethoxy)methoxymethyl)-1-trimethylsilyl-e -hepten-1-yne (72).

The title compound was prepared according to the general procedure for 76 to
afford 70 mg (74%) of 72 as a clear oil: H NMR (CDCI3) & 5.7 (m, 1H, CZZ=CH2),

5.0 (m, 2H, CH=CZZ2), 4.62 (s, 2H, OCZZ20), 3.6 (m, 2H, CZZCH2TMS), 3.47 (d, J



148

=4 o Hz, OCZZ2CH), 2.15 (app dt, Jr= 7.2, 0.8 Hz, 2H, CHXCC), 1.8 (m, IH, CM),
0.9 (m, 2H, CZZTMS), 0.11 (s, 9H, Si(CZz3)3), -0 01 (s, 9H, Si(CZZ3)3); 13 NMR
(CDCI3S 136 7, 117.3, 105.8, 95.7, 86 .6, 69.9, 65 6,38 5,35 6,22.1, 188, 0 8,

-0.7, IR (thin film) 3078, 2175, 1641, 1249, 1059, 937, 840, 760, 694 cm'l

4-(1,1-Dimethyl- 1-hydroxymethyl) - 1-(trimethylsilyl)-6 -hepten- 1-yne (75).

To a magnetically stirred solution of methylhthium (11.6 mL, 1.38 M in Et20,
16.0 mmol) maintained at -35 °C was added ss (761 mg, 5 mmol) dropwise over
45 min. After | h the reaction mixture was allowed to warm to o °C and then
maintained at that temperature for Ih  The solution was subsequently cooled to -
78 oC, chlorotnmethylsilane (2.53 mL, 20 mmol) was added and the reaction
mixture was allowed to warm to 22 oC. After 4 h, 10% aqueous HCI (20 mL) was
added and the heterogeneous mixture was vigorously stirred for 12 h The organic
layer was separated, the aqueous layer was extracted with Et20 (4x10 mL) and the
combined organic extracts were washed with H20 (2 mL), saturated aqueous
NaHCO3z (2x5 mL), brine (5 mL), dried (Na2SO*, filtered and concentrated in
vacuo Chromatography of the residual oil on silica gel (10% EtOAc/hexane for

elution) afforded 597 mg (53%) of the title compound 75 as a clear oil: 1H NMR
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(CDCI3) 5 5.72 (m, 1H, CZZ=CH2), 5.00 (m, 2 H, CH=CZZ2), 2.40-2.03 (m, 4 H,
CZ2), 1.55 (m, 1H, CZ2), 1.19 (s, 3H, CZZ3), 1.15 (s, 3H, CZZ3), 0.06 (s, 9H,
Si(CZz3)3), 13 NMR (CDCI3 s 138.2, 116.9, 107.2, 87.8, 73.9, 47.9, 34.2, 28.9,
27.9, 20.1, 0.5; IR (thin film) 3420 (hr), 3077, 2963, 2173, 1640, 1426, 1374, 1250,

994,913, 813, 760, 698, 643 cm"1

4-[1,1-Dimethyl-1-[(2-trimethylsilyl)ethoxymethyl]Joxymethyl; - 1-tnmethylsilyl-6 -

hepten-1-yne (76).

A magnetically stirred solution of 4-(1, I-dimethyl-1-hydroxymethyl)-1-
(tnmethylsilyl)-s -hepten-1-yne 75 (103 mg, 0.459 mmol) in CH2Cl2 (I mL) was
treated with diisopropylethyl amine (289 pL, 2.06 mmol) and SEMCI (80 mg,

0.48 mmol). After | h the reaction mixture was concentrated in vacuo and the
residue was triturated with hexane (4x5 mL). The combined organic extracts were
washed with H20 (5 mL), brine (5 mL), dried (MgSO,,), filtered and concentrated
in vacuo Chromatography of the residual oil on silica gel (5% EtOAc/hexane for
elution) afforded 162 mg (99%) of 76 as a clear oil: 1H NMR (CDCI3) 5 5.82 (m,
1H, CZZ=CH2), 5.02 (m, 2H, CH=CZZ2), 4.72 (s, 2H, OCZZ20), 3.60 (m, 2H,
CZZ:CH2TMS), 2.41-2.08 (m, 4H, CZZ2), 1.75 (m, 1H, CZ2), 1.21 (app d, J = 2.5 Hz,

6 H, CZZ3, 0.90 (M, 2H, CZZZTMS), 0.11 (s, 9H, Si(CZZ33), 0.00 (s, 9H, Si(CZZ33):
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13 NMR (CDCI3) 5 138.6, 116.5, 107.7, 89.7, 86.5, 79.0, 65.6, 47.6, 34.3, 24.9,
24.7, 20.2, 18.9, 0.7, -0.7; IR (thin film) 3077, 2174, 1640, 1250, 1090, 1071, 916,

840, 760, 650 cm"L, m/z 354 (M+), 281, 223, 131, 73.

Diethyl 2-(2-methyl-2-propenyl)propan-1,3-dioate (77).

) )

This compound was prepared according to a general literature procedure: H NMR
(CDCI3 54.76 (s, 1H, C=CHH), 4 70 (s, IR, C=CTTH), 4.16 (9, J= 7.1 Hz, 4H,
OCH2), 3.54 (t, J= 7.7 Hz, 1H, CH), 2.58 (d,J= 7.7 Hz, 2H, CH2), 1.72 (s, 3H,

CTTd, 1.23 (t, J= 7.1 Hz, 6H, OCHXTTY).

Diethyl 2-(2-methyl-2-propenyl)-2-(2-propynyl)propan-1,3-dioate (78).

0] 0

a

Diethyl 2-(2-methyl-2-propenyl)propan-1,3-dioate 77 was alkylated according to the
general procedure utilized for 66 (with propargyl bromide as the electrophile) to
afford 2.47 g (98%) of the title compound as a clear oil after purification by short-

path distillation (14 Torr): HNMR (CDCI3)54 88 (appt,J= 1.7 Hz, 1H,
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C=CUH), 4.83 (s, 1H, C=CHU), 4.25-4.10 (m, 4H, OCH2), 2.81 (br s, 4H,
overlapping CH2), 2.00 (t, J =2.6 Hz, 1H, C=CH), 1.64 (s, 3H, C//3), 1.23 (app t, J
= 14.3 Hz, 6H, OCU2CH2), 13C NMR (CDCI3 8 170.8, 140.7, 116.8, 80.1, 72.2,

62.3, 57.1,40.1,23.9, 23.4, 14.7.

Dimethyl 2-(2-methyl-2-propenyl)-2-(2-propynyl)propan-1,3-dioate (79a).

@) ) 0 0

Diethyl 2-(2-methyl-2-propenyl)-2-(2-propynyl)propan-I,3-dioate 78 was trans-
estenfied according to the general procedure utilized for 67 (except that 10 mol %
NaOCH3was employed instead of NaOH) to afford the title compound as a clear
oil which was used immediately in the next step: H NMR (CDCI13) 54.89 (app t, J
= 1.5 Hz, 1H, C=CHfl), 4.82 (s, 1H, C=CfIH), 3.71 (s, 6H, OCfI3), 2.82 (s, 2H,
Cfl2), 2.81 (s, 2H, Cfl2), 2.00 (t,J = 2.7 Hz, 1H, C=Cfl), 1.62 (s, 3H, Cfl3; 1

NMR (CDCI3 5 171.2, 140.6, 125.7, 117.0, 79.9, 72.3, 53.3,40.3,23.8, 23.5.

4-Hydroxymethyl-6-methyl-6-hepten-1-yne (79b).

HO

I A*
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Dimethyl 2-(2-methyl-2-propenyl)-2-(2-propynyl)propan-l,3-dioate 79a was
decarboxylated according to the general procedure utilized for 68 to afford methyl
2-(2'-methyl-2'-propenyl)-5-pentynoate as an oily material contaminated with up to
15 mol % of the diester. This crude material was reduced according to the general
procedure utilized for 69, and was easily purified by silica gel chromatography
(10% EtOAc/hexane for elution) to afford 1.17 g (62%, both steps) of the title
compound as a clear oil: H NMR (CDCI3) 6 4.68 (s, 1H, C=CUH), 4.63 (s, IR,
C=CHU), 3.59-3.46 (m, 2H, CZZ0H), 2.15 (dddd, J= 30.0, 8.1, 5.5, 2.6 Hz, 2H,
CZZC=CH), 1.98 (d, J= 7.3 Hz, 2H, CZ2), 1.86 (t, ] =2.6 Hz, 1H, C=CZZ), 1.85-
1.77 (m, 2H, CZZand OH), 161 (s, 3H, CZZ3, 13 NMR (CDCI3 5 144.0 (Q,
113.1 (CH2), 83.1 (Q, 70.5 (O), 65.5 (CH2), 39.8 (CH2), 38 | (CH), 22.8 (CHJ),

20.6 (CH2)

4-[(1,1-Dimethylethyl)dimethylsiloxymethyl]-6-methyl-6-hepten-1-yne (81).

The title compound was prepared according to the general procedure utilized for 71
to afford 1.93 g (95%) of 81 as a clear oil: 1H NMR (CDCI3) 8 4.76 (s, 1H,
C=CHZ2), 4.70 (s, 1H, C=CZzH), 3.60-3.50 (m, 2H, CZ20), 2.22-2.20 (m, 2H,

CZZXC=CH), 2.05 (app d, J= 6.4 Hz, 2H, CZ22), 1.89 (t, J = 2.5 Hz, 1H, C=CZ2),
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1.88-1.80 (m, 1H, CH), 1.69 (s, 3H, Ctf3), 0.87 (s, 9H, C(Ctf33), 0.03 (s, 6H,
Si(Ctf32); 13C NMR (CDCI3) 6 144.0, 112.9, 83.5, 70.0, 64.9, 39 4, 38.6, 26.6,
22.9, 20.4, 19.0, -4.7; IR (thin film) 3313, 3076, 3955, 2857, 2118, 1650, 1471,

1255, 1009, 1006, 837, 776, 622 cm"1

4-[(1,1-Dimethylethyl)dimethylsiloxymethyl]-6-methyl-1-(tnmethylsilyl)-6-hepten-

1-yne (82a).

To a magnetically stirred solution of 81 (374 mg, 1.47 mmol) in THF (8 mL)
maintained at -78 0C was added a solution of M-BuLi (0.83 mL, 1.96 M in heptane,
1.63 mmol). After | h chlorotrimethylsilane (0.235 mL, 1.85 mmol) was added in
one portion and the reaction mixture was allowed to warm to it and then treated
with saturated aqueous NFLCI (I mL) and hexane (5 mL). The organic layer was
separated and the aqueous layer was extracted with hexane (2x5 mL) and the
combined organic layers were washed with brine (I mL), saturated aqueous
NaHCO3(2x2 mL), brine (2 mL), dried (MgSO4), filtered and concentrated in
vacuo to afford 474 mg (99%) of the title compound as a clear oil suitable for use
without further purification: H NMR (CDCI3 8 4.75 (s, 1H, C=CHtf), 4.69 (s,

1H, C=CtfH), 3.58-3.53 (m, 2H, Ctf20), 2.25-2.22 (m, 2H, Ctf2ZC=C), 1.85-1.80
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(m, 1H, CM), 1.69 (s, 3H, Ctf3), 087 (s, 9H, C(Ctf33), 0.09 (s, 9H, Si(Ctf3)3), 0.03
(s, 6H, Si(Ctf32); 13 NMR (CDCI3 6 144.3 (Q, 112.8 (CH2), 106.6 (Q, 86.4 (Q,
64.9 (CH2), 39.4 (CH2), 38.7 (CH), 26.6 (CH3, 23.0 (CH3), 21.8 (CH2), 19.0 (Q,
0.8 (CH3), -4.7 (CH3), IR (thin film) 3075, 2957, 2175, 1650, 1471, 1250, 1106,

841,776, 645 cm'l

2,2-Dimethyl-[5-(2,-methyl-2,-propenyl)-5-(3'-trimethylsilyl-2'-propyne)-1,3-dioxane

(83a)

The title compound was prepared according to the general procedure utilized for
82a to afford 84 mg (99%) of 83a as a clear oil suitable for use without further
purification: HNMR (CDCI3) 5 4.88 (s, 1H, C=CHtf), 4.75 (s, 1H, C=CtfH), 3.64
(s, 4H, Ctf20), 2.40 (s, 2H, Ctf2), 2.09 (s, 2H, Ctf2), 1.76 (s, 3H, Ctf3, 1.38 (s, 3H,
Ctf3), 1.37 (s, 3H, Ctf3), 0.09 (s, 9H, Si(Ctf3)3); 13 NMR (CDCI3 6 141.6 (Q,
116.0 (CH2), 104.7 (C), 98.7 (Q, 88.5 (Q, 67.7 (CH2), 40.6 (CH2), 36.8 (Q, 26.4
(CH3), 25.8 (CH3), 24.6 (CH2), 22.7 (CH3J), 0.7 (CH3); IR (thin film) 3075, 2960,

2862, 2174, 1642, 1452, 1370, 1250, 1220, 1112, 1071, 1039, 812, 760 cm"1
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5.6 CpiZr(ll) Mediated Cyclizations

2.2- ([[dimethyl]cyclopentylidene]methyl)tnmethylsilane-4-spiro-5'-(2,2-dimethyl-
1.3- dioxane) (83b).

TMS

Enyne 83a (42 mg, 0.15 mmol) was cyclized according to the general procedure
utilized for 99 to afford 30 mg (71%) of 83b in unoptimized yield. The product
was found to be 100% homogeneous by analytical capillary G C.: HNMR (CeDe) 5
5.46 (app t,J= 1.9 Hz, 1H, C=CH), 3.52 (s, 4H, CH20), 2.64 (d, J= 1.9 Hz, 2H,
Cff2=CH), 1.47 (s, 3H, Cff3), 138 (s, 3H, Cff3), 1.28 (s, 2H, Cff2, 1.03 (s, 6H,
C(Cff33, 0.25 (s, 9H, Si(Cff33), 13 NMR (C6D6) 5 170.5, 118.0, 98.4, 70.1, 48.1,

43.5, 41.6, 40.4, 31.6, 27.1, 22.6, 0.7.

(la,2b,3£)-ff, ff-Dimethyl-2-methyl-3-[(tnmethylsilyl)methylene]cyclopentane-I-

carboxamide (84a).

SiMe3
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Enyne 14a (59 mg, 0.25 mmol) was cyclized according to the procedure utilized for
14b to afford 54 mg (91%) of the title compound as light yellow oil: 1H NMR
(C6D6) 8 5.43 (app d, J= 4.3 Hz, 1H, C=CH), 3.15 (m, 1H, CZZCH3), 2.68 (s, 3H,
NCZZ3), 2.63-2.47 (m, 2H, CZZ9), 2.25 (m, 1H, COCZZ), 1.93-1.60 (m, 2H, CZ2),
1.09 (d,Jr=2.3 Hz, 3H, CHCZZ3), 0.18 (s, 9H, Si(CZZ33), 13 NMR (C6D6) 5 174.3,
166.3, 117.5, 49.7, 46.6, 36.9, 36.0, 32.8, 29.1, 17.6, 0.6; IR (thin film) 3393, 1717,

1636, 1458, 1380, 1247, 1138, 840 cm"1, m/z 239 (M+), 224, 167, 73.

(1a,2P,3£)-7VJZ-Diethyl-2-methyl-3-[(tnmethylsilyl)methylene]cyclopentane-I-
carboxamide (84b).

SiMe3

A solution of M-BuLi (0.36 mL, 5.9 M in heptane, 21 mmol) was added to a
magnetically stirred solution of CpZZrCI2(307 mg, 1.05 mmol) and DMAP

(107 mg, 1.08 mmol) in THF (10 mL) maintained at -78 °C. After 10 min the dry
ice-acetone bath was removed and the vigorously stirred reaction mixture was
allowed to warm to -10 °C As soon as the reaction mixture became homogeneous
(usually at -20 OC) the resulting yellow solution was recooled to -78 °C. A solution

of 14b (132 mg, 0.5 mmol) in THF (0.15 mL) was then added dropwise and the
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resultipg mixture was held at <78 °C for 15 min. The dry ice-ac;etone bath was
subsequently removed, the reaction flask was wrapped in foil and the vigorously
stirred solution was allowed to gradually warm to 25 °C. After 10 h at 25 °C, H,O
(1 mL) was added, the reaction mixture was stirred for an additional 5 min and then
10% aqueous H,SO4 (1 mL) was added. After 1 hi the supernatant solution was
decanted and filtered through‘ a pad of silica gelj (1 cm diameter by 2 cm) which was
‘subsequently extracted with Et;0 (3 x 10 mL). The filtrate was washed with H,O
(35 mL), and the organic layer was separated. The aqueous layer was extracted
with Et,0 (3 x 15 mL) and the combined organic layers were washed with 10%
a;queous H,S04 (5 mL), H;O (5 mL), gaturated aqueous NaHCOs (5 mL), brine

(5 mL), dried (MgSOy), filtered and concentrated in vacuo. Chromatography of the

residual o1l on silica gel (15% EtOAc/hexane for elution) afforded 123 mg (93%) of

84b as a colorless oil: "H NMR (CDCl) & 5.19 (app d, J = 2.1 Hz, 1H, C=CH),
3.34 (app sx,J="7.1 Hz, 4H, NCH,), 2.79-2.67 (m, 1H, CHCH3), 2.61-2.48 (m,
1H, CH>), 2.36 (m, 1H, CHCO), 2.29 (m, 1H, CH,), 1.90-1.65 (m, 2H, CH,), 1.09
(dt,.}= 15.8, 7.0 Hz, 6H, NCH,CH,), 0.9 (d, J = 6.6 Hz, 3H, CH), 0.04 (s, 9H,
Si(CHs)s); “C NMR (CDCl3) § 174.5, 165.5, 117.3,49.5, 46 .4, 42 4, 41.2; 323,
29.5, 16.9,15.7, 13.9, 0.4; IR (thin film) 3393, 2960, 1624, 1458, 1381, 1247,
1138, 840 cm™; m/z 267 (M), 194, 167, 73; high resolution mass spectrum calcd

for C1sHpsNOSi (M) 267.2018, found 267.2010.
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(1f,2ct/?,3P)-2-Methyl-3-[ I-oxo-[-1-[2f-(1,1-
dimethylethyl)dimethylsilyloxymethyl]pyrrolidino]]-

methylcyclopentyhdenemethyl]tnmethylsilane (85)

The enyne 19 (205 mg, 0.25 mmol) was cyclized according to the procedure
described above for 84b to afford 193 mg (94%) of 85 as a light yellow oil. [eqd -
10(c 1.0, C6HB); HNMR (CDCI3 55.18 (app t, J = 2.3 Hz, 1H, C=CH), 4.15 (m,
1H, NCZZCH2), 3.72-3.61 (m, 2H, CZ20), 3 59-3.30 (m, 3H, NCZZ2and COCZz),
2.62 (m, 1H, CZZCHJ), 2.60-1.68 (m, 8H, CZZ2), 0.99 (d,J = 6.6 Hz, 3H, CHCZZ3),
0.82 (s, 9H, C(CZZ3)3), 0.03 (s, 9H, Si(CZZ33), 0.00 (s, 3H, Si(CZZ3)2), -0.02 (s, 3H,
Si(Czz32); 13 NMR (CDCI3 5 173.4, 164.8, 116.7, 64.7, 63.1, 58.4, 51.1, 47.7,
46.0, 31.6, 27.6, 25.9, 21.8, 18.1, 16.4, -0.3, -5.4; IR (thin film) 3037, 2955, 2858,
1645, 1422, 1321, 1249, 1103, 841, 967 cm"L, m/z 409 (M), 352, 167, 73; high

resolution mass spectrum calcd for C2Ht3aNO2Si2(M ) 409.2832, found 409.2850.
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Deuterated Diethyl cycle (86).

-TMS

NEt2
Enyne 14b (66 mg, 0.25 mmol) was cyclized according to the procedure utilized for
84b, except that after 12 ha solution of 80% AcOD in D20 (2 mL) was added
After | h H20 (10 mL) and Et20 (10 mL) were added and the organic layer
separated. The aqueous phase was extracted with Et20 (2x5 mL) and the
combined organic layers were washed with 10% aqueous H2So4 (2 mL), H20 (2
mL), saturated aqueous NaHCOZ2 (5 mL), brine (5 mL), dried (MgSO*, filtered and
concentrated in vacuo Chromatography of the residual oil on silica gel (15%
EtOAc/hexane for elution) afforded 51 mg (76%) of 86 as a colorless oil: H NMR
(C6D6) 5 3.22 (g, J= 7.1 Hz, NCZZ2CH3) 3.15 (shoulder, m, 1H, CZZCHJ), 2.75 (q, J
= 7.0 Hz, 2H, NCZZ2CH3), 2.55 (m, 1H, CZZCO), 2.25 (m, 2H, CZZZCHCO), 1.95
(m, 1H, CZ22) 1.73 (m, 1H, CZ2) 1.07 (d, J = 5.6 Hz, CZZD), 0.97 (t, J= 7.1 Hz,
NCH2CZZ3), 0.70 (t, J= 7.2 Hz, 3H, NCH2CZZ3), 0.18 (s, 9H, Si(CZZ3)3. 13 NMR
(CeDOS 173.8, 166.4, 117.4, 50.2, 47.1,42.5,41.6,33.0, 30.1, 17.1 (t,J =20.3

Hz), 15 8, 14.2, 0.6, m/z 269 (M), 73.
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ArA/-Diethyl-2-methyl-3-[(tnmethylsilyl)methyl]-1-cyclopentene-1-carboxamide

(87).

An analytical sample was purified by preparative gas chromatography. IH NMR
(CeD6) 5 3.5 (m, 1H, CHCO), 3.25 (m, 2H, NC//2), 2.85 (m, 2H, NC//2), 2.55 (m,
1H, COC//), 2.25 (m, 1H, CHCH2CZ2), 2.10 (m, 1H, CHCZZ?), 1.90 (m, 1H,
CHCZZ2), 1.64 (s, 3H, CH3), 1.58 (s, | H, CZZ5i), 1.53 (s, | H, CZZi), 0.97 (t,J =
7.0 Hz, 3H, NCH2CZZ3), 0.76 (t,J= 7.0 Hz, 3H, NCH2CZZ3), 0.08 (s, 9H,
Si(CZZ23)3), 1T NMR (CeD6)S 174.5, 136.8, 101.6, 52.8, 42,5,41,1,39.1,28.6,

20.3, 15.7, 14.1, 0.0; m/z 267 (M+), 194, 167, 73.

[[5-[(1,1-Dimethylethyl)dimethylsilyloxymethyl]-2-methylcyclopentylidene]-

methyljtnmethylsilane) (93).

SiMe3
-TMS
A"CHS3
OTBDMS DTBDMS

The enyne 10 was cyclized according to the general procedure utilized for 99 to

afford an oil that possessed 93% of the theoretical mass. Analytical capillary G C



analysis of the crude reaction mixture indicated two peaks: one corresponding to
33% starting material (by coinjection) and another to 67% of a new material H
NMR (CDCIs) analysis of the crude reaction mixture showed an apparent quartet at
5.45 ppm, which is consistent with a vinyl proton of the title compound No other

characterization was successful

(1a,2p,3£)-1-(MArDiethylaminomethyl)-2-methyl-3-
[(tnmethylsilyl)methylene]cyclopentane (95).

SiMe3

NEt2 NEt2
Enyne 31 (38 mg, 0.15 mmol) was cyclized according to the general procedure
utilized for 73 except after stirring for 10 h the reaction was treated with H20
(2 mL) and heated at 35 °C for 2 h. The reaction mixture was allowed to cool and
then treated with aqueous NaOH (I mL, 2 M) and Et20 (2 m *) and the organic
layer was separated. The agqueous phase was extracted with Et20 (4x2 mL) and
the combined organic layers were washed with brine (2x2 mL), dried (MgSO*,
filtered and concentrated in vacuo. Chromatography of the residual oil on basic
alumina (1% EtOAc/hexane for elution) afforded 31 mg (88%) of 95 as a pale

yellow oil: IH NMR (CDCI3)5 5.48 (app q,J = 2.4 Hz, 1H, C=CH), 2.52-2.25 (m,
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4H, NCZZ2CH3), 2.23-2.09 (m, 2H, NCZZ2and 1H, CZZC=C), 1.95-1.86 (m, 1H,
CZZX=C), 1.86-1.78 (m, 1H, CZZCH3), 1.54-1 40 (m, 1H, CZZCHN), 1.26-1 11 (m,
2H, CZ22), 0.95 (d, J = 6.8 Hz, 3H, CHCZZ3), 0.90 (t, J = 7.0 Hz, 6H, NCHXZZ3),
0.20 (s, 9H, Si(CZz33), 13C NMR (CéD6) 5 168.9, 117.6, 59.3, 48.6, 47.5, 46.5,
32.5, 31.3, 19.3, 13.1, 0.7; IR (thin film) 1621, 1459, 1382, 1247, 1203, 1068, 870,
839, 690 cm"1, m/z 253 (M+), 180, 151, 86, high resolution mass spectrum calcd for
CisH3INSi (M+) 253.2226, found 253.2230. The stereochemical assignment is

consistent with the observed NOE s

1.2% IMS

[[4-[(1,1-Dimethylethyl)dimethylsilyloxymethyl]-2-
methylcyclopentylidene]methyl]tnmethylsilanes (99a and 99b).

SiMe3

To a vigorously stirred mixture of 73 (77.6, 0.25 mmol) and Cp2ZrCI2 (80 mg,
0.27 mmol) in THE (3 mL) maintained at -78 °C was added a solution of H-BuL.i
(116 pL, 4 78 M in heptane, 0.552 mmol). After 15 min the dry ice-acetone bath

was removed, the reaction vessel was wrapped in foil, and the reaction mixture was
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allowed to warm to 25 °C and :stirred at this terﬁperature for 10'h. The reaction
mixture was ;quenched- with H,O (1..mL) followed by the addition of 10% aqueous |
H,SO0, (5 mL) 5 min later. After 1 h the resultant mixture was extracted with
hexane (3 x 15 mL). The combined organic phases were washed with H,O (5 mL),
saturated aqueous NaHCO; (5 mL), brine (5 mL), dried (MgSOy) and filtered
through a i)ad of silica gel (1 cm diameter by 1.5 cm) which was subsequently
extracted with hexane (3 x 2 mL). The filtrate was poncentrgted in vacuo to afford
69 mg (89%) of 99a and 99b as a .colorless oil. GLC analysis indicated 99.6%
conversion to a 2.1 to 1 mixture of diastereomers: #rans-99a: 'H NMR (CéDs)

8 5.42 (m, 1H, C=CH), 3.46 (d, J = 6.0 Hz, 2H, OCH>), 2.62 (m, 1H, CH>), 2.35
(m, 1H, CHCH3), 2.22-2.10 (m, 2H, CH; and CH), 1.88 (m, 2H,=CH2), 1.09-(d,J =
6.8 Hz, CHs), 0.97 (s, 9H, -C(CH5)3), 0.20 (s, 9H, Si(CHz)s), 0.05 (s, 6H,
Si(CHs)y); cis-15a 5.40 (m, 1H, C=CH), 3.40 (2 dd, J = 6.4, 4.0 Hz, 2H, OCH,),
2.62 (m, 1H, CH,), 2.38 (m, 1H, CHCHz), 2.22-2.10 (m, 2H, CH, and CH), 1.78
(m, 1H, CH>), 1.30 (m, 1H, CH>), 1.04 (d,J=7.0 Hz, '3H, CH3), 0.97 (s, 9H, -
C(CH3)s), 0.19 (s, 9H, Si(CH3)s), 0.05 (s, 6H, Si(CHs)); °C NMR (CsDe) 5 168.0
and 162.4, 1183 and 117.4, 67.7 and 67.4, 42.6 and 41.9, 41.2 and 40.8, 39.1 and
37.3,37.4 and 36.6, 26.8,21.1, 19.2, 0.6, -4.5; IR (thin film) 1632, 1471, 1249,

1099, 838, 774, 685 em™; m/z 255 (M" - fBu), 180, 73; high resolution mass
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spectrum calcd for CIH360Si2(M+) 312.2305, found 312.2313 (cis) and 312.2321

(trans)

[[4-[I-(2-tnmethylsilylethoxy)methoxymethyl]-2-methylcyclopentylidene]methyl]tn-
methylsilane (100a and 100b).

SiMe3

Enyne 73 (49 mg, 0.15 mmol) was cyclized according to the general procedure
utilized for 99a,b to afford 49 mg (99%) of 100a and 100b as a clear oil asa 2.1to
I {tram.cis) mixture of diastereomers: trazis-lOOa: H NMR (C6D6) 5 ; 5.42 (m,
1H, CCH), 4 61 (s, 2H, OCH20), 3.63 (m, 2H, CZZCHZTMS), 3 41 (m, 2H,
CHCZZ20), 2.74-2.11 (m, 4H, CZ22), 1.90 (m, 1H, CZ22), 1.06 (d,J= 6.7 Hz, 3H,
CZ23), 0.95 (m, 2H, CZZZTMS), 0.18 (s, 9H, Si(CZZ33), 0.00 (s, 9H, Si(CZZ3)3), 1
NMR () 6 167.2 (Q, 117.5 (OH), 95.8 (CH2), 72.6 (CH2), 65.7 (CH2), 42.5 (OH),
39.5 (CH2), 37.1 (CH2), 21.1 (OH), 19.1 (CH3), 19.0 (CH2), 0.6 (CH3J), -0.6 (CH3);

IR (thin film) 1623, 1376, 1248, 1109, 1058, 836, 691 cm"L m/z 328 (M), 197, 73
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[[3-[(1,1-Dimethylethyl)dimethylsilyloxy]-5-

methylcyclopentylidene]methyl]tnmethylsilanes (103a and 103b).

Enyne 51 (74 mg, 0.25 mmol) was cyclized according to the general procedure for
99a,b to afford 60 mg (80%) of 103a and 103b as a colorless oil asa I.1to |
mixture of diastereomers: 1H NMR (CeDe) 5 5.47 (app g, J = 2.3 Hz, 1H, C=CH)
and 5.43 (app g, J= 24 Hz, 1H, C=C//), 4.23-4.18 and 4.15-4.06 (m, 1H, OC//),
2.82 and 2.72 (m, 1H, CZZCH3), 2.55-2.25 (m, 4H, CH2), 2.00-1.83 (m, 4H, CH2),
1.13 (d,J = 6.9 Hz, 3H, CH3 and 1.06 (d,J = 6.9 Hz, 3H, CH3), 0.96 and 0.94 (s,
9H, CCH3), 0.17 and 0.16 (s, 9H, Si(CZZ3)3), 0.05 (s, 12H, Si(CZZ3)2), 13 NMR
(CeD6) 6 166.1 and 165.3 (0), 118.8 and 118.6 (CH), 73.3 and 72.9 (CH), 44.9 and
44.7 (CH2), 44.0 and 43.9 (CH2), 40.3 and 39.4 (CH), 26.7 (CH3), 20.3 and 19.8
(CHJ, 189 (0O, 0.6 (CH3J), -3.8 (CH3), IR (thin film) 643, 1462, 1248, 1055, 837,
774, 689 cm"1, m/z 297 (M+- H), 241, 167, 147, 133, 73, high resolution mass

spectrum calcd for CigH"OSi2(M ) 298 2148, found 298.2159 and 298 2159.
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[[4-[1,1-Dimethyl-1-[(2-tnmethylsilylethoxy)methoxymethyl]]-2-
methylcyclopentylidene]methyl]trimethylsilanes (105a and 105b)

SiMes

Enyne 76 (71 mg, 0.20 mmol) was cyclized according to the general procedure for
utilized 99a,b to afford 73 mg (99%) of 105a and 105b as an 11 to | mixture of
diastereomers: ?raws-105a: IH NMR (CeDe) 5 5.45 (app g, J= 2.3, 1H, C=CH),
4.72 (s, 2H, OCH20), 3.66 (m, 2H, CZZZCH2TMS), 2.56 (m, 2H, CH2), 2.35 (m,
IR, CZZCHJ), 1.95-1.71 (m, 2H, CZ2), 1.14 (m, 9H, overlapping C(CZZ32and
CHCZz3), 0.94 (m, 2H, CZZZTMS), 0.21 (s, 9H, Si(CZZ33), 0.00 (s, 9H, Si(CZZ3)3),
13T NMR (CeDe) 5 167.7, 116.8, 90.2, 76.8, 65.6, 50.2, 42.8, 36.9, 34.9, 25.8, 25.1,
19.1, 18.9, 0.7, -0.5; IR (thin film) 1632, 1459, 1379, 1248, 1056, 937, 768 cm"L;
m/z 283 (M+- TMS), 225, 209, 131, 73; high resolution mass spectrum calcd for

C 114002512 (M") 356.2567, found 356.2563.
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5.7 Carbacyclin Synthesis

(45)-3-(4'-chlorobutanoyl)-4-(methylethyl)-1,3-oxazolidin-2-one (128).

To a magnetically stirred solution of NaH (1.44 g, 60 mmol) in THF (300 mL)
cooled to 0 °C was added (4S)-(-)-4-(methylethyl)-2-oxazolidinone (6.46 g, 50
mmol) in one portion The reaction mixture was allowed to warm to it and was
stirred for 10 h. The thick suspension was then cooled to 0 0C and 4-chlorobutryl
chloride (9.16 g, 65 mmol) was added and the solution was allowed to warm to rt
After 1.5 h saturated aqueous NH4ACI (50 mL) was added dropwise with caution.
Next, HzO (50 mL) was added and volatile material was removed in vacuo. The
resulting heterogeneous mixture was extracted with EtOAc (3 x 100 mL) and the
combined organic phases were washed with 2.0 M aqueous NaOH (2 x 25 mL),
saturated aqueous NaHCOj (25 mL), brine (25 mL), dried (NazSO4), filtered and
concentrated in vacuo. Initial purification by chromatography of the residual oil on
silica gel (15% EtOAc/hexane for elution) followed by bulb-to-bulb distillation
afforded 9.82 g (84%) of 128 as a white crystalline solid: mp 39-40 °C; [cc]a +77.5

(c 8.9), H NMR (CDCI3) 5 4.41-4.37 (m, 1H), 4.27-4 15 (m, 2H), 3.10-3.01 (m,
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2H), 2.35-2.29 (m, 1H), 2.11-2.04 (m, 2H), 0.87 (d,J= 7.2 Hz), 0 83 (d,J= 6.9
Hz), 13C NMR (CDCI3 5 172.1, 154.0, 63.5, 58.5, 44.0, 32.7, 28.5,27.2, 17.9,

14.7, 10.5, IR (thin film) 1779, 1699, 1386, 1245 cm"l

(4152'/?,3,7?)-3-(2'-(2-chloroethyl)-3'-hydroxy-6',6,-dichlorohexanoyl)-4-methylethyI-

I,3-oxazolidin-2-one (129).

To a magnetically stirred solution of (4<S)-3-(4'-chlorobutanoyl)-4-(methylethyl)-I,3-
oxazolidin-2-one 128 (3.50 g, 15.0 mmol) in CH2Cl2 (60 mL) maintained at 0 °C
was added TEA (2.40 mL, 17.2 mmol), followed by the dropwise addition of
dibutylborotnflate (4.52 g, 16.5 mmol). The reaction mixture was stirred for | h at
0 OC and then cooled to -78 °C. Meanwhile, to a magnetically stirred solution of
4,4-dichlorobutanal (3.81 g, 27.0 mmol) in CH2Cl2 (54 mL) cooled to -110 °C was
added a solution of diethylalummum chloride (58 mL, 1.0 M in hexane, 58 mmol)
cooled to -78 OC. The resulting aldehyde-Lewis acid solution was allowed to warm
to -78 °C and was stirred for 5 min. To the cold aldehyde solution, the solution of
the boron enolate was added dropwise via canula. The reaction mixture was

gradually warmed to -58 °C over 20 min and maintained at this temperature for 18
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h. The reaction mixture was then recooled to -78 °C and a solution of 30% aqueous
H202 (5 mL) in MeOH (30 mL) was added dropwise, allowing I min between
drops at first. After the addition was complete, a solution of 30% aqueous H202
(25 mL) in MeOH (75 mL) was added dropwise and the reaction mixture was
allowed to warm to 0 °C and was diluted with H20 (100 mL) The phases were
separated and the aqueous phase was extracted with three 100-mL portions of
EtOAc The combined organic phases were washed with saturated aqueous
NaHCO3(2x10 mL), brine (50 mL), dried (Na2S04), filtered and concentrated in
vacuo Chromatography of the residual oil on silica gel (15% EtO Ac/hexane for

elution) afforded 5.50 g of a colorless oil containing a mixture of compounds

(45',2'1?,3'1?)-3-(2'-(2-chloroethyl)-3'-[[( I, 1 -dimethylethyl)dimethylsilyl]oxy]-6',6'-

dichlorohexanoyl)-4-methylethyl-I,3-oxazolidin-2-one (130).

To a magnetically stirred solution of crude (4S,27?,37?)-3-(2'-(2-chloroethyl)-3'-
hydroxy-6',6'-dichlorohexanoyl)-4-methylethyl-1,3-oxazolidin-2-one 129 (5.50 g,
from the above reaction) and 2,6-lutidine (4.37 mL, 37.5 mmol) in CH2CI2 (225

mL) maintained at 0 °C was added dropwise t-butyldimethylsilyltriflate (5.17 mL,
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22.5 mmol). After 10 min the reaction mixture was allowed to warm to 23 °C and
stir for another 10 min To the resulting solution was added saturated aqueous
NHA4CI (30 mL) and the resulting phases were separated. The aqueous phase was
extracted with CH2Cb (3 x 30 mL) and the combined organic layers were washed
with saturated aqueous NH4CI (2 x 20 mL), brine (20 mL), dried (MgSO4) and
filtered. Chromatography of the residual oil on silica gel (15% EtOAc/hexane for
elution) afforded 8.07 g of an impure colorless oil. High resolution (CI/NH?) mass

spectrum calcd for C2OHjeCbNO4Si (M+H) 488 1557, found 488 1541.

(21?,3/?)-2-chloroethyl-3-[[(l,]-dimethylethyl)dimethylsilyl]oxy]-6,6-

dichlorohexanol (131).

OTBDMS CHCI2

TBDMSOI'

To a magnetically stirred solution OfNaBH4 (1.25 g, 33 mmol) and LiCl (1.40 g, 33
mmol) in EtOH (HO mL) cooled to 0 °C was added imide 130 (from the above
reaction) in THE (30 mL). The reaction was allowed to warm to 23 °C and was
stirred for 12 h A solution of aqueous 10% HCI (100 mL) was added, cautiously at
first. Volatiles were removed in vacuo. The resulting heterogeneous solution was

extracted with EtOAc (4 x 200 mL) and the combined organic phases were washed
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with saturated aqueous NaHCOs (50 mL), brine (50 mL), dried (NasSO4) and
filtered. Gradient chromatography of the residual oil on silica gel (5-10%
EtOAc/hexane for elution) afforded 2.40 g (44%, three steps) of the title compound
as a colorless oil. This compound was found to be >99% enantiomerically pure
based on analysis of it's Mosher's ester [a]o +6.2 (¢ 14.9, CHCIs); H NMR
(CDCI355.76 (t, J= 5.6 Hz, 1H, CHCX2), 3.90-3.81 (m, 2H, CH20), 3.68-3.54 (m,
3H, C //and CH2CX), 2.54 (br s, 1H, OH), 2.22-2.14 (m, 2H), 2.03-1.98 (m, 1H),
1.89-1.78 (m 2H), 0.87 (s, 9H, C(CH33, 0.09 (s, 3H, SiCZf3), 0.08 (s, 3H, SiCZ3);
13T NMR (CDCI3 5 74.3 (CH), 73.3 (CH), 61.5 (CH2), 43.3 (CH2), 40.8 (CH),
39.5 (CH2), 31.2 (CH2), 30 4 (CH2), 25.8 (CH3), 17.9 (Q, -4.3 (CH3J), -4.6 (CH3);
IR (thin film) 3442, 2956, 2858, 1472, 1388, 1362, 1258, 1084, 837, 776, 660 cm"L;
m/z (M+); high resolution mass spectrum calcd for Ci4H22CI302Si

(M) 362 1002, found 361.9998.

(25, 1Z2?2)-2-(1 -[[ (1, I-dimethylethyl)dimethylsilylJoxy]-4',4'-dichlorobutyl)-

tetrahydrofuran (132).

xVz O OTBDMS

Cl
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From the above reaction, 0.303 g (5.6%) of the title compound was isolated after

chromatography.

TBDMSOh TBDMSOh

The title compound may be prepared by an alternative method. To a
magnetically stirred solution NaH (3.6 mg, 0.15 mmol) in THF (I mL) was added
alcohol 131 (36.0 mg, 0.1 mmol) in THF (1.5 mL). After stirring at 23 °C for 18
hours, saturated aqueous NH4CI (10 mL) and EtOAc (5 mL) was added and the
resulting phases were separated. The aqueous phase was extracted with EtOAc (2 x
5 mL) and the combined organic layers were washed with brine (5 mL), dried
(MgS04) and filtered Chromatography of the residual oil on silica gel (5%
EtOAc/hexane for elution) afforded 32.0 mg (98%) of the title compound as a
colorless oil: [a]D-17 (c 3.4, CHCI3; HNMR (CDCB)S 5.76 (V = 5.9 Hz, 1H,
CHCI2), 3.87-3.79 (m, 2H, CH20), 3.73-3.66 (m, 2H, CH20), 3.51 (app t,J= 8.1
Hz, 1H, CHO), 2.40-2.16 (m, 3H), 1.93-1.48 (m, 4H), 0.85 (s, 9H, C(CH3)3), 0.04
(s, 3H, SiCH3), 0.03 (s, 3H, SiCH3); 13 NMR (CDCI3 5 73.8 (CH), 73.1 (CH),
711 (CH2), 68.2 (CH2), 44.6 (CH), 38.2 (CH2), 31.3 (CH2), 28.7 (CH2), 25.8

(CH3), 18.0 (O, -4.1 (CH3), -4.7 (CH3; IR (thin film) 2930, 2857, 1472, 1387,
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1472, 1387, 1361, 1256, 1082, 940, 837, 676 cm"1 High resolution mass spectrum

calcd for CMH202SiCI2 (M+H)+327 1313, found 237 1321.

(2R,3R)-1-chloro-3-[[( I, I-dimethylethyl)dimethylsilylJoxymethyl]-4-[[( 1,1-

dimethylethyl)dimethylsilylJoxy]-7,7-dichloroheptane (134).

A solution of (27?,3/?)-2-chloroethyl-3-[[(I,I-dimethylethyl)dimethylsilylJoxy]-6,6-
dichlorohexanol 131 (1.56 g, 4.3 mmol), imidazole (0.73 g, 10.7 mmol), and t-
butyldimethylsilyl chloride (0.71 g, 4.7 mmol) in DMF (8 mL) was magnetically
stirred at room temperature for 8 h. The reaction mixture was subsequently poured
into saturated aqgueous NaHCOZ2 (50 mL) and the transfer was quantitated with 6:1
liexane-Et20 (10 mL). The organic phase was separated and the aqueous phase
was extracted with 6:1 liexane-Et20 (3 x 25 mL). The organic layers were washed
with H20 (5 mL), brine (10 mL), dried (MgSO4), filtered and concentrated m vacuo
to afford 1 93 g (94%) of the title compound as a colorless oil which was suitable
for use without further purification: [a]n +15.4 (¢ 13.3, CHCI2; 1H NMR (CDCI2
55.75 (t, 1H, CTfCI2), 3.91-3.94 (m, 1H, CTfO), 3.66-3.48 (m, 4H, CTT20 and
CTTXI), 2.39-2.25 (m, IH), 2.22-2.18 (m, 1H), 1.98-1 86 (m, 2H), 1.76-1.57 (m,

3H), 0 87 (s, 18H, C(CTT2?2), 0.08-0.02 (m, 12H, SICTT?; 13 NMR (CDCI2) 5 73.8
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(CH), 71.6 (CM), 62.8 (CH2), 44.1 (CH), 43.8 (CH2), 40.3 (CH2), 30.0 (CH2), 28.8
(CH2), 25.9 (CH3 not resolved), 18.2 (Q, 18.0 (Q, -4.3 (CH3), -4.5 (CH3), -5.4
(CH3), -5.6 (CH3); IR (thin film) 2955, 2858, 1982, 1472, 1388, 1361, 1258, 1090,
1005, 938, 836, 775, 667 cm"1, High resolution mass spectrum calcd for

COHICINOALSI (M+) 476.1867, found 476.1863.

5.8 epi-Carbacyclin Synthesis

(21?,3b,47? 58)-3-(2'-Ethenyl-3'-hydroxy-6',6'-dichlorohexanoyl-4-methyl-5-phenyl-
I,3-oxazohdin-2-one (146)

CH3 ©

To a magnetically stirred solution of imide 145 (1.47 g, 6.0 mmol) in CH2CI2(24
mL) cooled to -78 °C was added a solution OfBu2BOTf (1.81 g, 6.6 mmol) in
CH2CI2 (6 mL), followed by TEA (0.79 g, 7.8 mmol) 5 min later. After stirring for
| hat-78 °C, the reaction mixture was allowed to warm gradually to 0 0C, and the
solution was maintained at this temperature for 45 min. The reaction mixture was
recooled to -78 °C and a - 78 °C solution of 4,4-dichlorobutanal 48 (1.27 g, 9.0
mmol) in CH2CI2( 9 mL) was added via a micro 22 gauge cannula. After stirring

for 1 h at -78 OC the reaction mixture was gradually warmed to 0 °C and maintained



I i

175

at this temperature fo'r 1 h. A solution of MeOH (18 mL) aﬁd 1.0MpH7.0
phosphate buffer (6 mL) cooled to 0 °C was added in one portion, then a solution of '
30% aqueous H,0; (6 m'L) and MeOH’ (6 mL) was added dropwise over 5 min.

The résulting heterogeneous mixture was vigc")rouslj stin;ed for 2 h and then
extracte?d with EtOAc-hexane i:l (3 x 50 mL). The combined organic phases were .
washed with saturated aqueous, NaHCOs (25 mL), brine (25 mL), dried (Na;SO,),
filtered and concentrated in vacué. Chromatc;graphy of the residual oil on silica gel
(5% EtOAc/hexane for elution) afforded 2.23 g (92%) of the title compc;und asa
colorless_;)il: [o]p 60 (c 2.3, CHCL), 'H NMR (CDCls) § 7.42-7.23 (m, SH,
aromatic H's), 5.93 (ddd, J=19.1,9.9, 8.9 Hz 1H, CH-.——CHZ), 582 (t, 1H,J=6.0
Hz, CHCl,), 5.65 (d,J=7.3 Hz, 1H, PhCH), 5.40-5.34 (;h, 2H, CH=CH2), 4.83-
4.74 (m, 1H, CHOH), 4.49 (dd, J=8.9,3.6 Hz, 1H, C,-CH), 4.03-3:98 (m, 1H,

, .CHCH:,), 3.12 (br s, l|H, OH), 2.51-2.20l(m, 2H, CH,), 1.76-1.64 (m; 2H, CH>),
0.83 (d, ] = 6.7 Hz, 3H, CHs), *C NMR (CDCL;) § 173.6 (C), 152.4(C), 133.0 (C),
130.6 (CH), 128.8 (CH), 128.7 (CH), 125.6 (CH), 121.6 (CH,), 78.8 (CH), 73.5
(CH) 70.7 (CH) 54.6 (CH), 52.4 (CH), 40.0 (CHy), 30.3 (CHp), 14.1 (CHs); IR |
(thin ﬁlm) 3511, 3068, 2984, 2932, 1782, 1693, 1633, 1352, 1304, 933, 806, 767,
738, 700 cr_r'i'l; high resolution mass spectrum calcd .for C13H21C12NO4 (M)

385.0847, found 385.0850.
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(272315477 58)-3-(2'-Ethenyl-3'-[[( I, I-dimethylethyl)dimethylsilyl]oxy]-6',6'-

dichlorohexanoyl-4-methyl-5-phenyl-1,3-oxazolidin-2-one (146)

The title compound was prepared according to the general procedure utilized for
130 to afford 652 mg (90%) of 146 as a clear oil: [a]D15.9 (c 6.92, CHCI3), H
NMR (CDCI3) 6 7.46-7.23 (m, 5H, aromatic /fs), 5.99 (ddd, J= 19.4, 10.2, 9.2 Hz,
1H, CZZ=CH2), 582 (t, IH, J= 5.6 Hz, CZZCl2), 5.60 (d, J= 7.1 Hz, 1H, PhCZ2),
5.28-5.20 (m, 2H, CH=CZZ2), 4.77-4.67 (m, 1H, CZZOH), 4.49 (dd, J= 9.2, 5.5 Hz,
1H, C2CZ2), 4 17-3.32 (m, 1H, CZZCHY), 2.34-2.25 (m, 2H, CZZ9), 1.91-1.80 (m,
2H, CZ22), 0.88-0.69 (m, 12H, CZZ3 and C(CZZ3)3), 0.06 (s, 3H, Si(CZZ3), 0.04 (s,
3H, Si(CZz3; BCNMR(CDC135 171.9(C), 152.7 (Q, 133.14 (Q, 133 11 (OH),
128.9 (OH), 125.6 (OH), 119.7 (CH2), 79.0 (OH), 73.7 (OH), 72.1 (OH), 55.2
(OH), 53 4 (OH), 38 7 (CH2), 31.1 (CH2), 25 8 (CH3J), 18.0 (Q, 14.2 (OH3,-I 2
(CH3),-1.6 (CHJ); IR (thin film) 3080, 2931, 2858, 1782, 1699, 1699, 1637, 1456,
1349, 493 cm"1, high resolution mass spectrum calcd for C*H3CI2NCASi (M+)

499.1712, found 499.1719.
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(3F',45)-3-Hydroxymethyl-4-[[( 1, I-dimethylethyl)dimethylsilylJoxy]-7,7-dichloro-1-

heptene.

The title compound was prepared according to the general procedure utilized for
131 to afford 359 mg (55%) of the title compound as a clear oil: [a]Jo not observed
(c 0.83, CHCI3; H NMR (CDCI3) 5 5.76-5.65 (m, 2H, CTZ=CH2and CZZCl2),
5.23-5.11 (m, 2H, CH=CZZ2), 3.83 (dt, J= 3.1, 6.2 Hz, 1H, CZZOSi), 3.72 (dd, J =
10.6, 6.8 Hz, 1H, CZZHOH), 3.57 (dd, J= 10.6, 7.5 Hz, 1H, CHZZOH), 2 42-2.34
(m, 2H, CZ22), 1.90 (br s, 1H, OH), 1.74-1.69 (m, 2H, CZZ2), 0.88 (s, 9H, C(CZZ3)3,
0 08 (s, 3H, Si(CZZ3), 0.06 (s, 3H, Si(CZZ3); 13 NMR (CDCI3 5 135.2 (OH), 118.9
(CH2), 73.4 (OH), 72.4 (OH), 63.2 (CH2), 51.5 (OH), 40.0 (CH2), 30.4 (CH2), 25.8
(CH3), 18.0 (C), -4.3 (CH3), -4.6 (CH3); IR (thin film) 3403, 3076, 2956, 2857,
1640, 1463, 1254, 1103, 1034, 920, 837, 776, 663 cm'l; high resolution (CIZNH3)

mass spectrum calcd for ChHACI1202Si (M ) 327 1314, found 327 1298.
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(35',48)-3-[[(I, I-dimethylethyl)dimethylsilylJoxymethyl]-4-[[( 1,1-

dimethylethyl)dimethylsilyl]Joxy]-7',7'-dichloro-1-heptene (147).

The title compound was prepared according to the general procedure utilized for
134 to afford 0.23 g (99%) o f the title compound as a clear oil: [eqa | 48 (¢ 10.1,
CHCI3, HNMR (CDCI3 5 5.32-5.28 (m, 2H, CZZ=CH2and CZZCl?), 5.16-5.05
(m, 2H, CH=CZZ2), 3.90 (dt,J = 2.5, 6.5 Hz, 1H, CZZOSi), 3.72 (dd,J=9.9, 7.9 Hz,
1H, CZZHQOSi), 3.49 (dd, J= 9.9, 6.1 Hz, 1H, CHZZOSi), 2.23-2.12 (m, 3H,
and CZ2), 1.74-1.66 (m, 2H, CZ29), 0.98 (s, 18H, C(CZZ33x 2), 0.06 (s, 6H, Si(CZZ3),
0 04 (s, 6H, Si(CZZ3; 13C NMR (CDCI3) 5 135.7 (CH), 117.9 (CH2), 73.6 (OH),
70.1 (CH), 63.3 (CH2), 51.8 (CH), 39.9 (CH2), 31.5 (CH2), 25.9 (CH3 not
resolved), 18 I (C, not resolved), -4.2 (CHJ), -4.6 (CH3J), -5.2 (CHJ), -5.3 (CH3J), IR
(thin film) 3078, 2955, 2858, 1472, 1256, 1098, 1036, 919, 836, 775 cm"1; high
resolution (CIZNH3) mass spectrum calcd for C20oHAXID 2Si2 (M+HT 441.2178,

found 441.2177.
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(35',45)-3-[[( I, I-dimethylethyl)dimethylsilylJoxymethyl]-4-[[( 1,1-

dimethylethyl)dimethylsilylJoxy]-8-tnmethylsilyl-1-heptene-6-yne (148).

The title compound was prepared according to the general procedure utilized for 51
to afford the title compound 148 as a clear oil in excellent yield: [odd 6.9 (c 2.03,
CHCI3, HNMR (CDCI3) 8 5.73-5.61 (m, 1H, CZZ=CH2), 5.17-5.10 (m, 2H,
CH=CZZ2), 4 08 (dt, J= 1.9, 6.2 Hz, 1H, CZZOSi), 3.62 (dd, J= 10.0, 9.1 Hz, 1H,
CZZHOSi), 3.48 (dd, J= 10.0, 6.2 Hz, 1H, CHZZOSIi), 2.54-2.45 (m, 1H, CZ2), 2.33-
2.31 (m, 2H, CZ22), 0 88 (s, 9H, C(CZZ3)3), 0.86 (s, 9H, C(CZZ33), 0 12 (s, 9H,
Si((CZz33), 0 06 (s, 6H, Si(Czz3), 0.03 (s, 3H, Si(CZz3), 0.02 (s, 3H, Si(CZZ3); 1C
NMR (CDCI3) 5 134 7 (CH), 118 4 (CH2), 104 4 (Q, 86.3 (Q, 69.5 (CH), 63.3
(CH2), 51.8 (CH), 27 O(CH32), 25.94 (CH3J), 25.87 (CH3J), 18.2(C), 181 (Q, 0.1
(CHD), -4.3 (CH?J), -4.9 (CH3J), -5.1 (CHJ), -5.3 (CH3J), IR (thin film) 3076, 2956,
2858, 2177, 1472, 12514, 1105, 1037, 920, 838, 776, 667, 642 cm 1 high
resolution (CIZNH3) mass spectrum calcd for CZTWOZXSi3 (M +H)+441.3040, found

441.3045.
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Bis(4,4-methoxymethyl)hept-6-en-1-yne (152)

MeO ™S

MeO

Bis[2,2-methoxymethyl)]-3,3a,4,5,6-pentahydro-(1//)-pentalene-5-one (153a) and
6-Tnmethylsilyl-bis[2,2-methoxymethyl)]-3,3a,4,5-tetrahydro-(1//)-pentalene-5-one
(153b)

IMS

To a solution of enyne 152 (254 mg, 1.0 mmol) and CpzZrClz (321 mg, 1.1 mmol)
in THF (8 mL) cooled to -78 °C was added dropwise a solution of H-BuLi (0 84
mL, 2 5 M in heptane, 2.1 mmol). After stirring for 10 mm at -78 °C the solution
was allowed to warm slowly to it and stir for an additional 18 h. The flask was
subsequently immersed in -5 °C cold bath and the Ar atmosphere was exchanged
for CO with the internal reaction temperature being maintained at 0 °C. After
stirring for 1 h at 0 °C, the reaction mixture was allowed to warm to it and was
stirred for an additional 18 h. A degassed solution of aqueous 10% HCI was then
added and after stirring for 10 mm EtOAc (10 mL) was added and the organic layer
was separated. The aqueous layer was extracted with EtOAc (3x10 mL) and the

combined organic layers were washed with saturated aqueous NaHCOs (10 mL),
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brine (10 ml) dried (N 3%2804), filtered and concentrated in vacuo. Tﬁe residual

‘ rﬁate;ial was purified by chromatography on silica gel to afford 140 mg (66%) of -
desilylated pen’_tenon.e 153a and 30 mg (11%) of 153b. 153a; 'H NMR (CsDs¢) &
5.75 (s, 1H, C=CH), 3.11 (s, 3H, OCHs), 3.08 (d, /= 3.1 Hz, 2H, OCHZ), 3.05 (s,
| 3H, OCHs), 2.95 (app q, J;—- 8.8 Hz, 2H, OCH,), 2.64-2.57 (m; 1H),235(dd,J =
17.6, 6.6 Hz, 1H), 2.23 (dd, J = 25.5and 17.6 Hz, 1H), 1.85-1.77 (m, 2H), 0.76
(app t,J = 12.2 Hz, 1H); >C NMR (CsDs) & 208.3, 186.7,125.1,125.0,77.4,77.0,
58.9,58.8,49.6,442,42.7,37.3,34.0;, IR (thiﬁ film) 3171, 2740, 1705, 1634,
1456, 1107 om™. 153b: 'H NMR (CsDs) 8 3.17-2.90 (m, 10H, CH,OCH?3), 2.34
(dd,J=16.8, 7.1 Hz, 1H), 2.01 (dd, /= 8.3, 3.7 Hz, 1H), 1..77 (dd,J=16.9, 4.6
Hz, 1H), 1.68 (dd,J=12.2,7.7 Hz, 1H), 1.22 (dd, J=11.9, 10.0 Hz, 1H), 0.90-

0.81 (m, 2H), 0.38 (s, 9H, Si(CHs)s.
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5.9 Photopromoted Pauson-Khand Reactions

Photopromoted Pauson-Khand Reactions should not be performed in
standard round-bottomed flasks unless some precautions are taken to prevent the
warm solvent vapors from contacting the rubber septum. The best solution to this
problem was to utilize schlenk flasks equipped with a 15 ¢m air or water cooled
condenser between the rubber septum and the top of the flask. The schlenk flasks
also allow for efficient flushing of the reaction vessel with CO.

General procedures for the preparation of bicyclopentenones by the
photopromoted Pauson-Khand Reaction:

Procedu;‘e A: A solution of enyne (0.5 mrﬂol) and dicobalt octacarbonyl (8.5
mg, 0.025 mmol, 5 mol %) in degassed 1,2-DME (5 mL) was magnetically stirred
at rt under an atmosphere of CO. After 30 min, thé reaction was irradiated. During
the course of the irradiation, the poéition of the lamp was adjusted such that the
internal reaction temperature was maintained between 50-55°C. After 12 hithe
irradiation was discontinued and the cooled reaction mixture was diluted with
EtOAc (15 mL), washed with brine (2 x 2 mL), dried (IN a;S0y,), filtered and
concentrated in vacuo. The residual material was purified by ‘ﬂash chromatography
on silica gel (3 O% EtOAc/hexane to 50% EtOAc/hexane gradient for e.luti.or.l) to

afford the enone.
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Procedure B: The experiment was performed as described for procedure A,
except that after the irradiation the reactiori solution was concentrated in vacuo and
then purified by flash chromatography on silica gel (30% EtOAc/hexan_e to 50%
EtOAc/hexane gradient for elution) to afford the en;)ne without any additional
work-up.

Procedure C: A solution of enyne (0.5 mmol) and dicobalt octacarbonyl (8.5
mg, 0.025 mmol, 5 mol %) in degassed 1,2-DME (1.7 mL) was magnetically stirred
at rt under an atmosphere of CO for 30 minutes. The solution was then treated with
TFE (3.3 mL), and aftér 5 min, the reaction was irradiated. During the course of
the irradiation, the position of the lamp was adjusted such that the internal reaction
temperature was maintained between 50-55 °C. After 12 h the irradiation was
discontinued and the cooled reaction mixture reaction solution was conc_ent.rate'd in
vacuo and then purified by flash chromatography on silica gel (30% EtOAc/hexane
to 50% EtOAg:/hexané gradient for elution) to afford the enone.

For brepar;tive scale, longer irradiation times are required. Accordingly, a
solution of enyne 170a (4.76 g, 20.0 mmol) and dicobalt octacarbonyl (274 mg, 0.8
mmol, 4 mol %) in degassed 1,2-DME (200 ‘mL)' was magnetically stirred at 1t
under an atmosphere of Cé for 30 min. The reaction was then irradiated for 16 h at
50-55 °C. The reaction mixture lwas concentrated in vacuo and the resuiting oil was

purified by flash chromatography on silica gel (10% EtOAc/hexane to 50%
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EtOAc/hexane gradient for elution) to afford 4.41 g (83%) ofenone 170b as a

yellow oil.

Methane bis[bis(1,1,1,3,3,3-hexafluoroisopropyl)phosphite] (168).

H NMR (CDCI3 5 4.62-4.50 (m, 4H, CR), 2.50 (V = 7.1 Hz, 2H, CHY), 1

NMR (CDCI3 5 120.5 (dt,/ =21.3, 282.1Hz), 75.1 (m), 46.1(t,/= 34.7 H2)

Methane bis[bis((I-methyl)ethyl)phosphine] (169).

HNMR (CéD6) 5 1.70 (app p,J =7.1Hz, 4H, CH), 1.35 (br s, 2H, CH1), 1.12-
1.05 (m, 24H, CH3; 13C NMR (CsD6) s 25.4 (t,/=5.1 Hz, CH), 20.8 (t,/ = 8.7
Hz, CH3), 20.1 (t,/= 6, CHJ, 154 (V = 60.4 Hz, CHY), IR (thin film) 2947,

2866, 1460, 1382, 1363, 880, 776.

Diethyl 2-(2-propenyl)-2-(2-propynyl)propan-1,3-dioate (170a).1

HNMR (CDCI3 8 5.67-5.52 (m, 1H, CZZ=CH2), 5.18-5.08 (m, 2H, CH=CZZ2),

4.17 (q,/ = 7.2 Hz, 4H, 2 CH20), 2.78-2.75 (m, 4H, 2 CZ2)), 1.87 (t,/ = 2.6 Hz,
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1H, C=CH), 1.21 (t,J= 7.2 Hz, sH, 2 C//3), 13C NMR (CDCI3 s 169.6 (Q, 131.7
(O, 119.7 (CH2), 78.9 (Q, 71.3 (CM), 61.6 (CH2), 56.6 (Q, 36.3 (CH2), 22 6
(CH2), 14.0 (CH3): IR (thin film) 3287, 3078, 2982, 2937, 2126, 1734, 1441, 1323,

1248, 1013,653 cm"1

3,3a,4,5-Tetrahydro-5-oxo0-2,2(l//)-pentalenedicarboxylic acid diethyl ester (170b)

Enyne 170a was cyclized according to general procedure A except that only 4 h of
irradiation were required to give 127 mg (95%) of the title compound 170b as a
slightly yellow oil after chromatographic purification. I1H NMR (CDCIs) 5 5.89 (s,
with fine structure, 1H, C=CH), 4.24-4.13 (m, 4H, 2 CTf20), 3.35-3.18 (m, 2H),

3 14-3.00 (m, 1H), 2.76 (dd,J= 12.7, 7.6 Hz), 2.59 (dd,J= 17.9, 6 4 Hz, 1H), 2 09
(dd, J= 17.8, 3.2 Hz, 1H), 1.70 (app t, J= 12.7 Hz, 1H), 1.21 (app q,J =7.3 Hz,
sH), 13C NMR (CDCI3) 5209.1 (Q, 185.2 (C), 1713 (C), 170.6 (C), 125.4 (CH),
61.9 (CH2), 61.8 (CH2), 60.8 (Q, 44.9 (CH), 42.0 (CH2), 38.8 (CH2), 35.0 (CH2),
13.8 (CH3J), IR (thin film) 3086, 2982, 2938, 1733, 1636, 1465, 1445, 1278, 1254,

1179, 1063,900, 860 cm"1
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Diethyl 2-(3-butenyl)-2-(2-propynyl)propane-1,3-dioate (171a).

Et02C

Et02C

The title compound was prepared by the alkylation of diethyl propargyl malonate
according to the general procedure utilized for 66 1H NMR (CDCb) 8 5.56-5.63
(m, 1H, CZZ=CH2), 4.58-4.86 (m, 2H, CH=CZZ2), 4.07 (q,J= 7.1 Hz, 4H, CZ20),
2.22-2 19 (m, 2H, CHXC=C), 2.06-1 99 (m, 2H, CZZ2), 1.93-1.82 (m, 3H, CZZ and
C=CZZ), 1.13 (t,J= 7 | Hz, 6H,2 CZZ3, 13C NMR (CDCI3 s 169.7 (Q, 137.1
(CH), 1149 (CH2), 78.6 (CH), 71.1 (Q, 61.2 (CH2), 56.3 (Q, 30.9 (CH2, 28 0
(CH2), 22.6 (CH2), 13.8 (CH3; IR (thin film) 3286, 3079, 2981, 2939, 2123, 1734,
1642, 1448, 1367, 1271, 1240, 915, 859, 643 cm"], high resolution (CIZNH3) mass

spectrum calcd for CmH2  (M+H)" 253.1440, found 253.1451.

1,2,4,6,7,7a-hexahydro-2-ox0-57Z-indene-5,5-dicarboxylic acid diethyl ester (171b).

Et02C
Enyne 179a was cychzed according to general procedure A to afford 126 mg (74%)
of the title compound 179b as a clear oil. 1H NMR (CDCI3) s 5.87 (s, 1H, C=CZ2),

4.16-4.06 (m, 4H, CZ20), 3.39 (dd,J = 4.2, 0.6 Hz), 2.65-2.39 (m, 4H), 2.12-2.04

(m, 1H), 1.96-1.80 (m, 2H), 1.28-1.23 (m, 1H), | 16(dt, J= 1.9, 7.2 Hz, s H, CZZ3),
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13T NMR (CDCI3) 5 207.8 (C), 178.7(0, 170.7(0, 169.3(0, 129.4 (CH), 61.8
(CH2), 61 4 (CH2), 56.3 (O, 41.7 (CH2), 40.5 (CH), 35.2 (CH2), 30 49 (CH2),
30.46 (CH2, 13.8 (CH3J); IR (thin film) 3072, 2981, 2935, 2871, 1731, 1710, 1628,
1447, 1367, 1276, 1196, 1142, 1069, 1025, 860 cm"; high resolution mass

spectrum calcd for CisH200s (M+) 280.1311, found 280.1312.

Bis(5,5-methoxymethyl)oct-7-en-2-yn-I-ol (173a).

The title compound was prepared by the general hydroxymethylation protocol
described for 181 1H NMR (CDCI3) 5 5.77-5.63 (m, IH CZZ=CH2), 5 04-4 97 (m,
2H, CH=CZZ2), 4.16 (hr s, 2H, C=CCZZ-0H), 3.24 (s, 6 H, 2 CH3), 3.19-3.12 (m,
4H, CZ20), 2.76 (br s, 1H, OZ2), 2.14 (t, Jr= 3.1 Hz, 1H, C=CZZ), 2.06 (d,J= 7.5
Hz, 2H, CZZ2CH), 13 NMR (CDCI3) 5 133.7 (CH), 117 s (CH2), 82.5 (Q, 804
(C), 74.3 (CH2), 59.1 (CHJ), 50.9 (CH2), 41.7 (Q, 36.2 (CH2), 22.3 (CH2; IR (thin
film) 3145, 3075, 2890, 2752, 2067, 1639, 1747, 1438, 1108, 1011, 918 cm'], high
resolution (CIZNH3) mass spectrum calcd for Ci2H2i0 3 (M+H)T213.1491, found

213.1483.
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6-[(hydroxy)methyl]-bis[2,2-(methoxymethyl)]-3,3a,4,5-tetrahydro-(1//)-pentalene-

5-one (173b).

Enyne 185a was cyclized according to general procedure B except that more polar
solvents for flash chromatography on silica gel were utilized (50% EtOAc/hexane
to EtOAc gradient for elution) to afford 96 mg (80%) of the title compound 185b
as aclear oil HNMR (CDCI3 5 4.24 (br s, IR, C=C//), 3.32-3.28 (m, 5H, CH3O
and OCH2), 3.25 (s, 3H, CH30), 3.17 (dd, J= 16 s, 8.9 Hz, 2 H), 3.08-2.97 (m,
IR), 2.86 (br s, 1H, OH), 2.59-2.45 (m, 3H), 2.08-1.97 (m, 2H), 1.02 (app t,J =
12.3 Hz, 1H); 13 NMR (CDCI3 s 210.3 (Q, 184.1 (O), 134.4 (Q, 77.4 (CHD),
77.0 (CH2), 59.2 (CH3), 59.1 (CH3J), 56.1 (CH2), 50.0 (Q, 42.8 (CH2), 42.1 (CH2),
37.2 (CH2), 32.8 (CH2); IR (thin film) 3431,2958, 2876, 2741, 1701, 1663, 1199,
1107, 989, 940, 874 cm'L; high resolution (C1ZNH3) mass spectrum calcd for

C13H2104 (M +HT 241.1449, found 241.1440.

Bis(5,5-methoxymethyl)-I-[[(I,I-dimethylethyl)dimethylsilylJoxy]-7-octen-2-yne
(174a).
MeO—v MeO—v

MeO—x MeO—x X
OH OTBS
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The title compound was prepared by the general procedure utilized for 71. 1H
NMR (CDCI3) 5 5.83-5.69 (m, 1H, CU=CH2), 5.08-5.02 (m, 2H), 4.29 (V = 2.1
Hz, 2H, CH2C=C), 3.29 (s, 6 H, 2 CH30), 3.24-3.18 (m, 4H,), 2.19 (t, J= 2.1 Hz,
1H, C=CH), 2.12 (d, J= 7.5 Hz, 2H, CH2CU), 0.88 (s, 9H, C(CH?3)), 0.10 (s, 6 H,
Si(CH3)2); 13C NMR (CDCI3) 5 134.0 (CH), 117.8 (CH2), 81.9 (Q, 80.7 (Q, 745
(CH2), 59.2 (CH3), 52.0 (CH2), 41.9 (Q, 36.4 (CH2), 25.8 (CH3), 22.4 (CH2), 18 3
(0, -5.1 (CH2), IR (thin film) 3079, 2953,2810, 1639, 1473, 1370, 1255,1199,

1109, 1079, 1000, 917, 808, 777, 667 cm'L

6 -[[ I, 1-dimethylethyl[(dimethylsilyl)oxy]]methyl]-bis[2 ,2 -(methoxymethyl)J-

3,3a,4,5-tetrahydro-(1//)-pentalene5-one (174b).

Enyne 173b was cyclized according to the general procedure in 32% G C yield
Alternatively, this compound was prepared by silylation of penenone 173b by the
general procedure utilized for 71. 1H NMR (CDCI3) s 4.42-4.32 (m, 2H), 3.35-
3.34 (m, 5H, CH30 and CH20), 3.27 (s, 3H), 3.18 (dd, J= 17.5, 5.5 Hz, 2H), 3.05-
2.93 (m, 1H), 2.76 (d, J= 18.3 Hz, 1H), 2.55-(dd, J= 18.0, 6.4 Hz, 1H), 2.43 (d, J
= 18.4 Hz, IH), 2.10-1.94 (m, 2H), 0.99 (app dd, J= 12.3, 12.3 Hz, 1H), 0.87 (s,

9H, C{CH3)), 0.04 (s, 3H, Si(CZZ3), 0.03 (s, 3H, Si(CZZ3); 13C NMR (CDCI3) 5
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208.7 (O, 183.9 (O, 135.0 (0), 77.5 (CH2), 77.0 (CH2), 59.3 (CH3), 59.1 (CH3),
57.3 (CH2), 50.0 (O, 42.9 (CH), 42.2 (CH2), 37.4 (CH2), 33.5 (CH2), 25.9 (CH3),
18.3 (O, -5.5 (CH3); IR (thin film) 2955, 2928, 2826, 1706, 1671, 1472, 1461,
1256, 1190, 1109, 837, 778, 668 cm'L; high resolution mass spectrum calcd for

CiosH3404Si (M+) 354.2226, found 354.2219.

Diethyl 2-(2-methyl-2-propenyl)-2-(2-propynyl)propan-1,3-dioate (176a).

EtOzC /MM

EtO2C" \--—- =E

The title compound was prepared by the alkylation of diethyl methallyl malonate
according to the general procedure utilized fores IH NMR (CDCI3) s 4.83 (t,J =
15 Hz, 1H, C=CffH), 4.79 (s, 1H, C=CHff), 4.23-4.07 (m, 4H, OCff2), 2.77-2.74
(m, 4H, Cff2), 1 96 (t, IH, C=Cff), 1.60 (s, 3H, Cff3), 1.19 (app V = 7.1 Hz, 6 H),
13T NMR (CDCI3S 169.9(C), 139.9 (Q, 115.0 (CH2), 79.2(0,71.4 (CH),61 5
(CH2), 56.3 (O, 39.3 (CH2), 23.1 (CH3), 22.6 (CH2), 13.8 (CH3), IR (thin film)

3286, 3079, 2983, 2939, 2123, 1734, 1645, 1446, 1206, 1076,1020, 903 cm"1
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3,3a,4,5-Tetrahydro-3a-methyl-5-o0x0-2,2(l//)-pentalenedicarboxylic acid diethyl

ester (176b)

Enyne 180a was cyclized according to general procedure A to afford 127 mg (91%)
of the title compound 180b as a yellow oil. 1H NMR (CDCI3) 5 5.75 (d,J = 1.6 Hz,
1H, C=CH), 4.19 (q, J= 7.2, 2H, OCH2), 4.11 (dg, J= 1.1, 7.0 Hz, OCJT?), 3.44
(dd, J= 17.7, 2.2 Hz, IH), 3.12 (d, J= 17 7 Hz, IH), 251 (d,J= 13 7 Hz, 1H),
2.31 (s, 2H), 2.17 (d, J= 13.7 Hz), | 23-1.14 (m, 6 H, CH2CZ33), 1.09 (s, 3H, CJJ3);
13C NMR (CDCI3 5208 s (Q, 188.2(C), 171.4 (Q, 1711 (Q, 124.2 (CH), 124.1
(CH), 62.0 (CH2, two peaks), 60.0 (Q, 51.7 (CH2), 49.7 (Q, 44.4 (CH2), 34.2
(CH2), 26.5 (CH3), 13.9 (CH3, 13 s (CHJ), IR (thin film) 3076, 2981, 2874, 1734,

1715, 1637, 1232, 1179, 1061, 859 cm"1

Diethyl 2-(2-methyl-2-propenyl)-2-(3-phenyl-2-propynyl)propan-1,3-dioate (179a).

Et02Q
Et02C

The title compound was prepared by the alkylation of diethyl methallyl malonate
according to the general procedure utilized forss 1IH NMR (CDCI3)s 7.35-7.23

(m, 5H), 491 (t, J= 15 Hz, IH), 4.88 (t, J =0.6 Hz, IH), 4.25-4.05 (m, 4H), 3 03
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(s, 2H), 2.80 (s, 2H), 1.68 (s, 3H), 1.24 (t, J= 14.4 Hz, 3H); 13C NMR (CDCI3
6 170.1 (Q, 140.0(C), 131.5 (CH), 128.1 (CM), 127 s (CR), 123.2 (Q, 116.1
(CH2), 84.7 (O, 83.6 (Q, 61.5 (CH2), 56.6 (Q, 39.5 (CH2), 23.4 (CH2), 23.2

(CH3, 13.9 (CH3); IR (thin film) cm"1

3,3a,4,5-Tetrahydro-3a-methyl-5-oxo-I-phenyl-2,2(1//)-pentalenedicarboxylic acid
diethyl ester (179b)

Rh

Enyne 179a (79 mg, 0.25 mmol) was cyclized according to general procedure B to
afford 78 mg (91%) of the title compound 179b as a clear oil. I1H NMR (CDCI3)
57.51-7.30 (m, 5H), 4.26 (q, J= 7.1 Hz, 3H), 4.07-4.02 (m, 3H), 3.77 (d,J= 183
Hz, 1H), 3.24 (d, J= 18 3 Hz, 1H), 2.60 (d, J= 13.6 Hz, 1H), 2.55 (s, 2H), 2.55 (d,
13.6 Hz, 2H), 2.26 (d,J= 13.6 Hz, 1H) 1.28 (t, J= 7.1 Hz, 3H), 1.20 (s, 3H), 1.14
(t,J = 7.1 Hz, 3H); ICNMR (CDCI3 5206.9 (Q, 182.0 (Q, 171 8 (0, 171.2(0,
134.1 (O, 130.8 (O, 128.7 (CH), 128.4 (CH), 128.2 (CH), 62.2 (CH2), 62.1 (CH2),
60.7 (O, 52.4 (CH2), 47.8 (O, 44.2 (CH2), 34.6 (CH2), 26.9 (CH3J), 14.0 (CH3,
13.8 (CH3J); IR (thin film) cm'Z; high resolution mass spectrum calcd for C2jH2405

(M+) 356.1624, found 356.1629.
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3-Phenyl-2-butyn-1-ol (181).

Ph - [ [ » Rh-=—V
OH

To a solution of phenylacetylene (11.0 mL, 100 mmol) in EtzO (100 mL) cooled to
ca -78 OC was added a solution of M-BuLi (46 mL, 2.5 M in heptane, 115 mmol) in
one portion After 5 min the dry ice-acetone bath was removed and the reaction was
allowed to warm to o °C and was maintained at this temperature for 15 min
Paraformaldehyde (2.16 g, 120 mmol) was subsequently added portion-wise over
15 mm by temporary removal of the reaction flask's septum. Thereafter, the ice
bath was removed and the resultant mixture was allowed to warm to it and was
diluted with THE (30 ml) to facilitate stirring. After 3 h the reaction was poured
into a separatory funnel containing saturated aqueous NH4CI (150 mL) and the
organic layer was separated. The aqueous layer was extracted with a 50-mL portion
of ether the combined organic layers were washed with brine, dried (NazSO4),
filtered and concentrated in vacuo. The resulting material was purified by bulb-to-
bulb distillation (0.2 mm Hg, 0 °C trap) to afford 12.6 g (95%) of the title
compound as a clear oil. *HNMR (CDCl3) s 7 46-7.16 (m, 5H, Aromatic H), 4.47
(s, 2H), 2.7 (br s, 1H, OH), 13C NMR (CDCI3) 5 131.6, 128.3, 128.2, 122.6, 87.3,
85.4, 51.3, IR (thin film) 3327, 3081, 3060, 2922, 2864, 2235, 1598, 1489, 1442,

1258, 1032, 953,756, 691 cm'L
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I-(2-methyl-2-propenyloxy)-3-phenyl-2 -propyne (182)

A solution of 3-phenyl-2-butyn-1-ol (2.64 g, 20.0 mmol, 181) in THF (2.5 mL) was
added portion-wise over 10 min to a suspension of NaH (0.576 g, 24.0 mmol)
cooled in an ice bath The reaction mixture was subsequently allowed to warm to
rt, and a solution of methallyl chloride (3 mL, ca. 30 mmol) and cat Nal (10 mol %,
0.26 g) in THF (10 mL) was added via cannula The ice bath was removed after 15
min and the reaction was allowed to warm to rt The resulting solution was diluted
with water (400 mL) and hexane (50 mL) The organic layer was removed and the
aqueous layer was extracted with hexane (3 x 50 mL) and the combined organic
layers were washed with water (25 mL), brine (25 mL), dried (MgSCL), filtered and
concentrated in vacuo. The resulting material was purified by bulb-to-bulb
distillation (0.25 mm Hg, o °C trap, 100 °C tank) to afford 3.43 g (92%) of the title
compound as a clear oil in excellent yield H NMR (CDCL) 5 7.46-7.43 (m, 2 H,
Aromatic H), 7.30-7.28 (m, 3H, Aromatic H), 5 03 (s, with fine structure, 1H,
C=CTTH), 4.94 (s, with fine structure, 1H, C=CHTT), 4.34 (s, 2H), 4.03 (s, 2H), 1.77
(s, 3H), ICNMR (CDCI3S 141.6(C), 131.7 (CH), 128.3 (CH), 128.2 (CH), 123.8
(Q, 112.9 (CH2), 86.1 (O, 85.2 (Q, 73.7 (CH2), 57.7 (CH2), 19.5 (CHJ), IR (thin

film) 3079, 2849, 2283, 1490, 1442, 1085, 901, 757, 691 cm"1
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Bis(5,5-methoxymethyl)-I-(2-propenoxy)-oct-7-en-2-yne (185a).

H NMR (CDCI3 5 5.95-5.68 (m, 2H, CZZ=CH2), 5.23-5.01 (m, 4H, CU=CH2),
4.11 (t,J= 1.9 Hz, 2H, C=CCZZ20), 4.01 (d,J= 5.7 Hz, 2H, OCZZ2CH), 3.27 (s,
with fine structure, 6 H), 3.22-3.16 (m, 4H), 2.19 (t, J= 1.8 Hz, 2H, CZ2C=C), 2.11
(d,J= 7.6 Hz, 2H), 13 NMR (CDCI3 5 134.2 (OH), 133.8 (OH), 117.8 (CH2),
117 4 (CH2), 83.6 (0), 77.8 (0), 74.4 (CH2), 70.1 (CH2), 59.1 (CH?J), 57.6 (CH2),
41.8 (0), 36.3 (CH2), 22.3 (CH2): IR (thin film) 3076, 2979, 2923, 2810, 2753,
1635, 1448, 1108, 919 cm™], high resolution mass spectrum calcd for C 1sH2403

(M4 252.1725, found 252.1719.

6-[(2-propeneoxy)methyl]-bis[2,2-(methoxymethyl)]-3,3a,4,5-tetrahydro-(177)-

pentalene-5-one (185b).

Enyne 186a was cychzed according to general procedure A, except that 12.5 mol %
dicobalt octacarbonyl was used, to give 113 mg (67%) of the title compound 186b

as a clear oil. H NMR (CDCI3) 5 5.93-5.80 (m, 1H, CZZ=CH2), 5.28-5.11 (m, 2H,
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CH=CZZD), 4.16-4.04 (m, 2H), 3.94 (dt, J= 5.6, 1.1 Hz, CZ2), 3.34 (d,J= 14 Hz,
2H), 3.33 (s, 3H, CZZ&30), 3.27 (s, 3H, CZZ0), 3 19 (app dd, J= 13 &, 8.9 Hz, 2H),
3.06-3.00 (m, 1H), 2.59-2 45 (m, 3H), 2.10-1.97 (m, 2H), 1.16 (app t, J= 12.2 Hz,
1H), 13C NMR (CDCI3 6 208.7 (Q, 185.8 (Q, 134.7 (OH), 132.8 (0), 116.9
(CH2), 77.4 (CH2), 77.0 (CH2), 71.7 (CH2), 62.6 (CH2), 59.2 (CH3), 59.1 (CH3),
49.9 (0), 42.8 (OH), 42.1 (CH32), 37.3 (CH2), 33.3 (CH2), IR (thin film) 3085,
2923, 2824, 2737, 1705, 1668, 1450, 1199, 1106 cm"1; high resolution mass

spectrum calcd for CisHz2404 (Mt) 280.1675, found 280.1673.

4-Acetoxy-2-buten-1-ol (188).

HO OAc
HNMR (CDCI3) s 5.81-5.73 (m, 1H), 559-5 51 (m, IH), 4.59 (d,J = 6.9Hz, 2H),
417 (d,J= 6.4 Hz), 2.68 (hrs, IH , OZ2), 1.99 (s, 3H, CZZ3), B NMR (CDCI3) 5
133.3, 125.2, 60.0, 58.1, 20.8, IR (thin film) 3419, 3030, 2939, 1738, 1374, 1237,

1030, 842 cm 1

czs-Diethyl 2-(4-acetoxy-2-butenyl)-2-(2-propynyl)propan-I ,3-dioate (189a).

OAc
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To solution of 4-acetoxy-2-buten-1-ol (1.12 g, 8.68 mmol) in ether (25 mL) cooled
to 0 °C was added methanesulfonyl chloride (1.04 g, 9.12 mmol) followed by the
careful dropwise addition of tnethylamine (1.02 g, 9.98 mmol) over 3 min The
resulting solution was allowed to warm to it and was stirred for | h and then
filtered The clear solution was added to the anion of diethyl allyl malonate and
processed as previously described for 66 to afford the title compound in excellent
yield. I1H NMR (CDCI3) 5 5.73-5.63 (m, IHCTf=CH), 5.47-5.37 (m, 1H,
CH=C//), 4.62 (dd,J = 6.9, 1.6 Hz, 2H), 4.16 (app dq,d = 2 5, 7.1 Hz, 4H, CHX),
2.84 (d, with fine structure, J= 8.1 Hz, CH2CH), 2.74 (d,J = 2.8 Hz, 2H,
CH2C=C), 2.01 (s, 3H, COCH2), 1.99 (t,J= 2.5 Hz, IHC=C//), 1.21 (t,J= 7.1
Hz, 6H, 2 CH2), 13 NMR (CDCI3) 6 170.7 (Q, 169.5 (Q, 128.3 (OH), 127.4
(OH), 78.7 (OH), 71.6 (0), 61.7 (CH2), 60.2 (CH2), 56.5 (O), 30.1 (CH2), 22.7
(CH2), 20.8 (CH3), 14.0 (CH3), IR (thin film) 3282, 2983, 2993, 1732, 1446, 1372,

1289, 1209, 1096, 1027, 956, 857 cm"1l

[ram-4-[(acetoxy)methyl]-3,3a,4,5-tetrahydro-5-0x0-2,2(IH)-pentalenedicarboxylic

acid diethyl ester (189b).
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Enyne 189a was cyclized according to general procedure A, except that 10 mol %
of dicobalt octacarbonyl was used, to furnish 113 mg (67%) of the title compound
189b as a clear oil H NMR (CDCb) 5 5.90 (s, with fine structure, 1H, C=CH),

4 24-4.13 (m, 5H, CH20), 4.02 (app dd, J= 11.3, 8.9 Hz, IH CH/Z0), 3.38-3.18
(m, 3H), 2.87 (app ddd, J = 87, 6.9, 4.6 Hz, 1H, CHCU20), 2.58 (dd, J= 12.7, 7.6
Hz, 1H), 1.98 (s, 3H, COCHi), 1.88 (app t,J= 12.9 Hz, 1H), 1.23 (app q,J=7.4
Hz, 6H); 13C NMR (CDCI3 5 207.4 (Q, 185.2 (Q, 1713 (0), 170.6(C), 170.4
(0), 124.5 (OH, two peaks), 62.3 (CH2), 62.2 (CH2), 62.0 (CH2), 61.4 (CH2), 60.5
(0), 48.4 (OH), 47.7 (OH), 35.2 (CH2), 34.0 (CH2), 20.7 (CHJ), 13.9 (CH3); IR
(thin film) 2982, 1733, 1638, 1446, 1326, 1252, 1186, 860 cm"1l The indicated

stereochemistry is consistent with the following observed NOE s

yV-(2-propenyl)-A-(2-propynyl)-4-methylphenylsulfonamide (192a).

mp 60.8-61.5 °C (EtOAc/hexane), H NMR (CDCI3)5 7.62 (d, J = 8.3 Hz, 2H,
Aromatic 77), 7.17 (d,J = 8 | Hz, 2H, Aromatic H ), 560-5.53 (m, IH CZZ=CH2),

5.20-5.10 (m, 2H, CU=CH2), 3.97 (d, J= 2.4 Hz, 2H, CHXC=C), 3.70 (d, J= 6.5
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Hz, 2H, CZZ2CH=CH2), 2.30 (s, 3H, CZZ3), 1.89 (V = 2.4 Hz, 1H, C=CZZ), 13
NMR (CDCI3) 5 1435 (0), 1363 (Q, 132.0 (OH), 129.5 (OH), 127.7 (OH), 119.8
(OH2), 73.6 (CH2), 49.0 (CH2), 35.8 (CH2), 21.5 (CH3), IR (thin film) 3257, 3049,

2987, 2885,2117, 1646, 1601, 1425, 1330, 1165, 989, 809 cm"1

2,3,3a,4-tetrahydro-2-[(4-methylphenyl)sulfonyl]-cyclopenta[c]pyrrol-5(17/)-one

(192b)

Enyne 192a was cyclized according to general procedure A to afford 112 mg (81%)
of the title compound 192b as a yellow solid, which was recrystallized to a slightly
tan solid, mp 145.2-148 0°C (EtOAc/hexane), HNMR (CDCI3) 8 760 (d, J= 8.3
Hz, 2H, AromaticZ2), 7.23 (d, J= 8.2 Hz, 2H, Aromatic Z2), 5.87 (s, IH C=CZ2),
421 (d,J= 16,5 Hz, 1H), 3.94-3.88 (m, 2H), 3.10-2.96 (m, 1H), 2.53-2.43 (m,
2H), 2.32 (s, 3H, CZZ3, 1.98-1.90 (m, 1H), 13 NMR (CDCIJ 5 207.2 (O), 178.6
(0), 144.0 (C), 133.7 (C), 129.9 (OH), 127.4 (OH), 126.1 (OH), 52.4 (CH2), 47.5
(CH2), 43.9 (OH), 39.7 (CH2), 21.4 (CH3); IR (KBr) 3067, 1711, 1648, 1343, 1162,

1090, 827, 673 cm'l
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Ar(1-Methyl-2-propenyl)-Ar(3-phenyl-2-propynyl)-4-methylphenylsulfonamide

(193a)

x— —Rh

mp 73.5-75.2 0C (EtOAc/hexane); H NMR (CDCI3) 5 7.67 (d, J = 8.3 Hz, 2H,
AromaticH), 7.17-7.09 (m, 5H, Aromatic//), 6.95 (dd,J =7.7, 1.4 Hz, 2H,
Aromatic//), 5.76-5.63 (m, 1H, CZZ=CH2), 5.25-5.14 (m, 2H, CH=CZZ2), 4.20 (s,
2H, CZZC=C), 3.78 (d, J= 6.5 Hz, 2H , CZZCH=CH2), 2.22 (s, 3H, CZZ3), 1
NMR (CDCI3 5 143.4(C), 136.2 (Q, 132.1 (CH), 1315 (CH), 129.5 (CH), 128.4
(CH), 128.1 (CH), 127 8 (CH), 122.3 (Q, 119.7 (CH2), 85.7 (0,81.8 (0, 49.3
(CH2), 36.8 (CH2), 21.4 (CH3); IR (KBr) 3086, 3056, 3015, 2963, 2908, 2855,
1696, 1596, 1441, 1350, 1162, 1119,943, 901, 816 cm™], high resolution mass

spectrum calcd for CigHigNO2S (M") 325.1136, found 325.1129.

2,3,3a,4-tetrahydro-2-[(4-methylphenyl)sulfonyl]-6-phenyl-cyclopenta[c]pyrrol-

5(1ZZ)-one (193b).

Ph

Enyne 193a was cyclized according to general procedure A to afford 149 mg (75%)

of the title compound 193b as a yellow solid, which was recrystallized to a white
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solid, mp 165.2-166.5 °C (EtOAc/hexane), HNMR (CDCI3) 5 7.67 (d, J= 81 Hz,
2H, Aromatic//), 7.40-7.24 (m, 7H, Aromatic//), 4.58 (d, J= 16.8 Hz, 1H), 4 06-
3.98 (m, 2H), 3.20-3.07 (m, 1H), 2.72 (dd, J= 17.8, 6.4 Hz), 2.57 (dd, J= 10.6, 9.8
Hz), 2.34 (s, 3H, C//3), 2.19 (dd, J= 17.9, 3.7 Hz, 1H); 13 NMR (CDCI3) 5 205.2
(O, 171.7(C), 143.8 (O, 135.9 (0, 133.9 (0, 129.8 (CH), 128 8 (CH), 128 5
(OH), 128.1 (CH), 127.2 (CH), 51.9 (CH2), 48.2 (CH32), 41.7 (CH), 40.6 (CH2),
21.3 (CH3); IR (KBr) 3056, 2923, 1709, 1661, 1245, 1158, 1093, 904, 816 cm"L
high resolution mass spectrum calcd for CQHigNO3S (M+) 353.1086, found

353.1088.

A”-(I-Methyl-2-propenyl)-//-(2-propynyl)-4-methylphenylsulfonamide (195a).

TsN

A suspension of methallyl tosamide (4.63 g, 20.5 mmol), K2Z203(3.69 g, 1.3 eq,
26.7 mmol) and propargyl bromide (3.18 g, 1.3 eq, 26.7 mmol) in ace one (42 mL)
was heated at reflux. After 24 h the reaction was determined to be complete by
TLC and was subsequently concentrated in vacuo. The residue was dissolved in
H20 (25 mL) and EtOAc (40 mL) and the organic layer was separated. The
aqueous layer was further extracted with another 40-mL portion of EtOAc and the

combined organic phases were washed with brine (12 mL), dried (MgSO”, filtered
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and concentrated in vacuo. The residue was recrystallized from 0.5 mL of ether and
25 mL of 20% EtOAc/Hex to afford 3.75 g (69%) of the title material as nearly
white crystals from the first recrystallization: mp 64.2-65.3 °C (EtOAc/hexane), IH
NMR (CDCI3) 5 7.78 (d,J = 7.9 Hz, 2H, Aromatic H), 7.26 (d, J = 8.0 Hz, 2H,
Aromatic#), 5.80-5.68 (m, 1H, CZZ=CH2), 5.16-5.10 (m, 2H, CH=CZZ2), 4.56-4.48
(m, IH, CZ2), 4.13 (dd, J= 18.8 and 2.4 Hz, 1H, CZZHC=C), 3.85 (dd, J= 18.8,2.4
Hz, 1H, CHZZC=C), 2.40 (s, 3H, CZZ3, 2.13 (W = 2.4 Hz, 1H, C=CZZ), 1.25 (d,J =
6 8 Hz, 3H, CHCZZ3; 13 NMR (CDCI3) 5 143.2 (Q, 137.9 (Q, 137.4 (OH), 129.4
(OH), 127.5 (OH), 117.0 (CH2), 80.2 (OH), 72.2 (O), 54.8 (OH), 32.3 (CH2), 21.4
(CHJ), 17.1 (CH3); IR (KBr) 3254, 2989,2113, 1597, 1334, 1149, 1094, 1014, 893
cm'l, high resolution mass spectrum calcd for CrHi2ZNO2ZS (M+) 263.0980, found

263.0987.

2,3,3a,4-tetrahydro-2-[(4-methylphenyl)sulfonyl]-3-methyl-cyclopenta[c]pyrrol-

5(1ZZ)-ones (195b,c)

Enyne 195a was cychzed according to general procedure A to afford 130 mg (90%)
of the title compound 195b as an oily paste, which was found to bea I 1to |

diastereomenc mixture IH NMR (CDCI3) 5 7.71 (d, J= 8.2 Hz, 2H, Aromatic Z2),
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762 (d,J- 8.2Hz 2H, Aromatic/7), 7.30-7.27 (m, 4H, Aromatic//), 6.02 (s, 1H,
C=CH), 5.79 (s, 1H, C=CZ/), 4.36 (d, J= 16.7 Hz, 1H), 4.23-4.09 (m, 4H), 2.97-
2.27 (m, 3H), 2.50 (dd, J= 17.8, 6.3 Hz, 1H), 2.37 (s with shoulder, 6.5 H), 2.30
(d,J= 6.6 Hz, 0.5H), 2.05 (dd, J= 14.8, 3.5 Hz, 1H), 1.93 (dd, J= 17.9, 3.2 Hz,
1H), 1.55 (d, J= 5.9 Hz, 3H), 0.98 (d,J = 6.7 Hz, 3H), 13 NMR (CDCI3 5 208.0
(C), 206 8 (C), 178.6 (Q, 176 2 (C), 144 0 (C), 143.8 (Q, 135 8 (C), 133 6 (C),
129.9 (CH), 129.8 (OH), 127.4 (OH), 127.0 (OH), 126.2 (OH, two peaks), 125.2
(OH, two peaks), 61.9 (OH), 56.3 (OH), 52.0 (OH), 49.8 (CH2 two peaks), 47.3
(OH), 46.3 (CH2), 39.3 (CH2), 37.2 (CH2), 21.4 (CHJ), 20.5 (CH3), 15.9 (CH3J); IR
(KBr) 2971, 2928, 2973, 1715, 1652, 1598, 1448, 1344, 1164, 1092, 818, 700 cm'],
high resolution mass spectrum calcd for Ci3HNNO3S (M+) 291.0921, found

291.0929 and 291.0926.

7V-(2-propenyl)-7V-(3-trimethylsilyl-2-propynyl)-4-methylphenylsulfonamide (196a).

TsN TsN
N—- = N—= —TMS

The title compound was prepared by the general method utilized for 51. mp 60.0-
61.1 °C (EtOAc/hexane); IH NMR (CDCI3) 5 7.69 (d,J = 8.4 Hz, 2H, Aromatic
H), 7.26 (d, J = 8 4 Hz, 2H, Aromatic//), 5.77-5.65 (m, 1H, CZZ=CH2), 5.28-5.19

(m, 2H, CH=CZZ2), 4.07 (s, 2H, CZZ2C=C), 3.78 (d, J= 6.5 Hz, 2H, CZ2CH), 2.39
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(s, 3H, CH3), 0.04 (s, 9H, Si(CZz3)3), 13C NMR (CDCI3) 6 143.3 (C), 136.3 (Q,
132.0 (CR), 1295 (CR), 127.8 (CR), 119.7 (CH2), 98.0 (Q, 91.0 (Q, 48 9 (CH2),
36.8 (CH2), 21.5 (CH3), -0.4 (CH3), IR (KBr) 3083, 3042, 2966, 2175, 1445, 1442,

1347, 1323, 1254, 1162, 843, 812 cm"1

Ar(4-pentenyl)-Ar(2-propenyl)-4-methylphenylsulfonamide (197a).

H NMR (CDCI3 6 7.66 (dt, J =8.2, 1.9 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 5.67-
5.54 (m, IR), 5.19-5.09 (m, 2H), 3.76(d,J= 6.4 Hz, 2H), 3.17 (d, J= 7.3 Hz, 2H),
2.39 (s, 3H), 2.17 (dt,J = 2.6, 7.1 Hz, 2H), 1.92 (t,J=2.6, 1H), 1.74 (app p,J =
7.3 Hz, 2H); 13 NMR (CDCI3 5 143.7 (Q, 137.2 (Q, 1335 (CH), 130.1 (CR),
127.6 (CH), 119.4 (CH2), 83.6 (Q, 69.4 (CH), 51.5 (CH2), 46.8 (CH2), 27.7 (CH2),
21.9 (CH3), 16.2 (CH2): IR (thin film) 3288, 3084, 3070, 2118, 1643, 1340, 1160,
1092 cm*Z; high resolution mass spectrum calcd for CisHIINO2S

(M ) 277.1136, found 277.1142.
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5.10 Diastereoselective Photopromoted-PKR Cyclizations

5,5-Dimethyl-1-octen-6-yne-4-ol (214).

HO
To a solution of propyne (3.12 g, 77.9 mmol) in THF (75 mL) cooled to -78 °C was
added a solution of M-BuLi (30.5 mL, 2.30 M in heptane, 70.0 mmol, 0.9 eq) over
10 min  The resulting reaction mixture was stirred for an additional | h, and was
then treated with a solution of 2,2-dimethyl-4-penten-1-al (7.00 g, 62.3 mmol, 0.8
eq) in THF (15 mL) in one portion. The dry-ice acetone bath was removed and the
exothermic reaction was allowed to warm to rt. After being stirred for an additional
I h, the reaction mixture was treated with saturated aqueous NFLCI (25 mL). The
organic phase was separated and the aqueous phase was extracted with EtzO (3 x
25 mL) and the combined organic fractions were washed with brine (25 mL), dried
(NazSO*, filtered and concentrated in vacuo The residue was subjected to
gradient flash chromatography on silica gel (hexane to 5% EtOAc/hexane for
elution) to afford 7.96 g (84%) of the title compound as a colorless oil: H NMR
(CDCI3 5 5 86-5.73 (m, 1H), 5.05-4.99 (m, 2H), 3.99-3.98 (m, 1H), 2.13-2.01 (m,
2H), 1.95 (br's, 1H), 1.80 (d,J= 2.3 Hz, 3H), 0.90 (d, J= 3.4 Hz, 6H); 13T NMR

(CDCI3) 8 135.1 (CH), 117.3 (CH2), 81 9 (Q, 78.7(C), 70.4 (CH), 42.7 (CH2),
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38.6 (Q, 22.6 (CH3), 22.4 (CH3), 3.4 (CH3: IR (thin film) 3418, 3075, 2228, 1639,

1024 cm"1

5,5-Dimethyl-4-[[(I,I-dimethylethyl)dimethylsilyl]Joxy]-I-octen-6-yne (215a).

HO TBSO
The title compound was prepared from 0.552 g (3.63 mmol) of 215a according to
the general experimental procedure utilized for 71, except that the reaction required
48 h, to afford 0.88 g (91%) of 215a as a colorless oil: H NMR (CDCI3) 6 5.87-
5.73 (m, 1H), 5.02-4.98 (m, 2H), 3.96 (app g, J= 2.1 Hz, 1H), 2.16-2.04 (m, 2H),
1.81 (d, J= 2.1 Hz, 3H), 0.89-0.85 (m, 15H), 0 12(s, 3H), 0 07 (s, 3H); ICNMR
(CDCI3 6 135.6, 116.9, 81.2, 79.4, 70.8, 42.6, 39.2, 25.9, 22.7, 22.6, 18.2, 3.42,

-4.3, -5.2; IR (thin film) 3079, 1640, 1076 cm'L

TransA-[[(1,1-dimethylethyl)dimethylsilylloxy]-4,5,6,6a-tetrahydro-3,5,5-thmethyl-

2(1/1)-pentalenone (215b).

Enyne 215a (66 mg, 0.25 mmol) was cyclized according to general procedure C to
afford 54 mg (74%) of a 2.5 to | diastereomeric mixture of bicyclopentenones 215b

and 215c¢ as determined by G C analysis of the crude reaction mixture. 215b:
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HNMR (CDCI3 5 4.06 (s, I1H), 3.26-3 18 (m, IH), 2.68 (dd, J= 18 I, 6.2 Hz,
1H), 2.02-1.93 (m, 2H), 1.72 (m, 3H), 1.09 (s, 3H), 101 (dd,J= 12.7, 7.0 Hz, 1H),
0.85 (s, 9H), 0.78 (s, 3H), 0.08 (s, 3H), 0.01 (s, 3H), 13C NMR (CDCI3 5 211.5

(O, 180.6 (O, 132.0 (O, 76.2 (CM), 45.1 (Q, 44.0 (CH2), 43.1 (CH2), 39.3 (CH),
29.0 (CH3), 25.7 (CH3), 24.0 (CH3, 18 1 (Q, 8 8 (CH3), -4.6 (CH3), -4.9 (CH3J), IR

(thin film) 1713, 1676, 1472, 1257, 1090, 766 cm"1l

Gs-4-[[(1,I-dimethylethyl)dimethylsilyl]Joxy]-4,5,6,6a-tetrahydro-3,5,5-tnmethyl-

2(1/)-pentalenone (215c).

HNMR (CDCI3) 5 4.55 (s, 1H), 2.84-2.24 (m, 1H), 2 62 (dd,J= 17.9, 6.7 Hz,
1H), 1.98-1.88 (m, 2H), 1.80 (t,J= 1.83 Hz, 3H), 1.23 (dd,J= 13.2, 84 Hz, 1H),
0.94 (s, 9H), 0.81 (s, 3H), 0.11 (s, 6H); 13C NMR (CDCI3 5 210.7 (Q, 179.8 (Q,
132.2 (0, 80.5 (CH), 44.0 (CH2), 43.8 (Q, 43.7 (CH2), 35.2 (CH), 28.9 (CH3),
25.9 (CH3), 24.6 (CH3), 18.0 (Q, 7.8 (CH3J, -4.4 (CH3); IR (thin film) 1711, 1671,

1472, 1252, 1133 cm'l
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4,4-Dimethyl-7-hepten-1-yne-3-ol (229).

HO
To a solution of bis-tnmethylsilyl acetylene (2.81 g, 16.5 mmol, 1.1 eq) in THF (60
mL) cooled in a NaCl-ice bath was added LiBr (1.56 g, 18.0 mmol, 1.2 eq) in three
portions. When the internal reaction temperature returned to <5 °C, a 0 OC solution
of methyllithium (15.8 mL, 1.0 M in 90% cumene-THF, 15.8 mmol, 1.05 eq) was
added in one portion, and the resulting solution was allowed to warm to it. After
being stirred for 24 h, the reaction flask was cooled in a NaCl-ice bath and a
solution of 2,2-dimethyl-4-penten-1 -al (1.68 g, 15.0 mmol) in THF (5 mL) was
added at such a rate that the internal reaction temperature remained below 20 °C.
After stirring 4 h at it, the reaction mixture was treated with saturated aqueous
NHA4CI (50 mL) and concentrated in vacuo. The resulting heterogeneous mixture
was diluted with EtzO (50 mL) and the organic phase was separated The aqueous
pnase was extracted with Et20 (2 x 50 mL) and the combined organic fractions
were washed with H20 (15 mL), brine (25 mL), dried (Na2SO4), filtered and
concentrated in vacuo. The residual oil was diluted with MeOH (20 mL) and
subsequently treated with NaOH (I pellet, ca. 60 mg). After stirring for 24 the
solution was concentrated m vacuo and the residue was subjected to gradient flash

chromatography on silica gel (hexane to 5% EtOAc/hexane for elution) to afford
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I 08 g (52%) of the title compound as a colorless oil: H NMR (CDCb) 5 5.90-5.76

(m, 1H), 5.09-5.04 (m, 1H), 4.05 (d, J= 2.0 Hz, IH), 2.43 (d,J =2.0 Hz, 1H),
2.27-2.03 (m, 2H), 0.95 (s, 3H), 0.94 (s, 3H): 13C NMR (CDCI3) 5 134.7 (CH),
117.7 (CH2), 83.4 (CH), 74.1 (Q, 70.0 (CH), 42.6 (CH2), 38.4 (Q, 22.5 (CH3),

22.3 (CH3), IR (thin film) 3418 (hr), 3307, 3076, 2115, 1639, 1040 cm"1

4,4-Dimethyl-5-[[( I, I-dimethylethyl)dimethylsilylJoxy]-1-hepten-6-yne (230a).

The title compound was prepared from 0.69 g (5.0 mmol) of 229 according to the
general experimental procedure utilized for 71 except that the reaction required 48
h to afford 0.98 g (78%) of 230a as a colorless oil: H NMR (CDCI3 250 MHz)
8 5.88-5.63 (M, 1H), 5.06-4.98 (m, 2H), 4.00 (d, 2.25), 2.09 (app d with fine
structure, J= 7.5 Hz, 2H), 0.92 (s, 3H), 0.91 (s, 3H), 0 89 (s, 9H), 0.14 (s, 3H),

0.08 (s, 3H); 13 NMR (CDCI3) 5 135.8 (CH), 118.0 (CH2), 84.8 (Q, 74.2 (CH),

711 (CH), 43.2 (CH2), 39.7 (Q, 26.5 (CH3, 23.3 (CH3, 23.2 (CHJ, 18.9 (Q, -3.7

(CHJ), -4.6 (CH3); IR (thin film) 3311, 3077, 1640, 1472, 1252, 1091, 838 cm"L
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7Tra«s-5,5-dimethyl-4-[[(l J-dimethylethyl)dimethylsilyl]oxy]-4,5,6,6a-tetrahydro-

2(1/N)-pentalenone (230b).

TBSO TBSO

Enyne 230a (63 mg, 0.25 mmol) was cyclized according to general procedure C
except that 10 mol % Co2(CO)g was employed to afford 56 mg (80%) ofa 1.6to |
diastereomeric mixture of bicyclopentenones 230b and 230c as determined by G C
analysis of the crude reaction mixture. 230b: 1H NMR (CDCls, 250 MHz) 5 5.9 (d,
J= 2.5 Hz, 1H), 4.08 (s, IH), 3.49-3.26 (m, IH), 2.66 (dd,J= 18.0, 6.8 Hz, 1H),
2.05-1.94 (m, 2H), 1.08 (s, 3H), 1.07 (dd, J= 12.8, 8.0 Hz, 1H), 0.88 (s, 3H), 0.87
(s, 9H), 0.07 (s, 9H), 0.01 (s, 3H), 13 NMR (CDCI3 5 211.0 (C), 188 8 (0), 125.0
(OH), 77.0 (OH), 44.7 (O), 44.3 (CH2), 43.0 (CH2), 41 6 (OH), 28.8 (CH3), 25.4
(CH3), 23.4 (CH3), 17.9 (O), -4.7 (CH3J), -5.2 (CH3), IR (thin film) 3076, 1717,

1645, 1471, 1250, 1082, 838 cm'1l

Czs-5,5-dimethyl-4-[[(l,I-dimethylethyl)dimethylsilyl]oxy]-4,5,6,6a-tetrahydro-

2(1/)-pentalenone (230c).

TBSO TBSO
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H NMR (CDCI3, 250 MHz) 6 5.94 (app t,J =2.0 Hz, 1H),4.45 (d,J= 16 Hz,
1H), 3.02-2.89 (m, 1H), 2.63 (dd, J= 17.8, 6.7 Hz, 1H), 2.06-1.92 (m, 2H), 1.28
(dd, J= 13.2, 84 Hz, 1H), 1.15 (s, 3H), 0.90 (s, 9H), 0.82 (s, 3H), 0.07 (s, 3H),
0.06 (s, 3H), 13C NMR (CDCI3) 6 210.1 (Q, 192.2 (Q, 124.0 (CH), 79.4 (OH),
44.7 (CH), 44.0 (CH2), 43.9 (0), 37.2 (CH), 29.2 (CH3), 25.8 (CH3), 24.6 (CH3),

18.2, -4 7 (CH3, -4.9 (CH3).

4,4-Dimethyl-5-[[( 1, I-dimethylethyl)dimethylsilyl]Joxy]-7-thiomethyl-1-hepten-6-

yne (231a).

TBSO TBSO
To a solution of alkyne 230a (315 mg, 1.2 mmol) in THF (3 mL) was added a -20
°C solution of LDA»THF (2 04 mL, 0 67 M solution in methyl cyclohexane, LI
eq) After stirring for 30 mm, CH3SCN (97 mL, 1.15 eq) was added neat and the
resulting solution was allowed to warm to it and stir overnight. The solution was
subsequently treated with half-saturated aqueous NaHCO3(10 mL) and ihe
resulting mixture was extracted with three 10-mL portions of ether The combined
organic phases were washed with H20 (5 mL), brine (5 mL), dried (MgSO4),
filtered and concentrated in vacuo The residue was subjected to flash

chromatography on silica gel (hexane for elution) to afford 234 mg (63%) of the



212

title compound as an air-sensitive yellow oil: H NMR (CDCb) 8 5 86-5.73 (m,

1H), 5.03-4.98 (m, 2H), 4.08 (s, 1H), 2.35 (s, 3H), 2.14-2.00 (m, 2H), 0 88 (s with
fine structure, 15H), 0.12 (s, 3H), 0.07 (s, 3H), 13 NMR (CDCI3) 6 135.2 (CR),
1171 (CH2), 93.4 (O, 71.4 (CR), 42.7 (CH2), 39.4 (C), 25.8 (CH3), 22.8 (CH3),
22.7 (CH3), 19.0 (CH3), 18.2 (C), -4.2 (CHJ), -5.1 (CH3); IR (thin film) 3075, 2186,
1639, 1091, 837 cm"1 high resolution mass spectrum calcd for Ci2ZH3002SiS (M )

326.1736, found 326.1733.

7raziv-5,5-dimethyl-4-[[(l,I-dimethylethyl)dimethyIsilyl]Joxy]-3-methylthio-

4,5,6,6a-tetrahydro-2(l//)-pentalenone (231b)

TBSO TBSO SCH3

Enyne 231a (75 mg, 0.25 mmol) was cyclized according to general procedure B
except that 10 mol % Co2(CO)S was employed to afford 80 mg (98%) ofa 3.9to |
diastereomeric mixture of bicyclopentenones 231b and 231c as determined by G C
analysis of the crude reaction mixture. 231b: Rf= 0.45 (10% EtOAc/Hex), H NMR
(CDCI3)54.19 (s, IR), 3.11-3.21 (m, IR), 2.72 (dd, J= 17.9, 6.8 Hz, 1H), 2.33 (s,
3H), 2.08-2.01 (m, 2H), 1.10 (s,3H), 1.06 (dd, J= 13.0, 6.6 Hz, IH),0.85(s, 9H),
0.81 (s, 3H), 0.11 (s, 3H), 0.02 (s, 3H), 13 NMR (CDCI3) 5 207.2 (Q, 183.8 (Q,

130.6 (O, 76.9 (CR), 45.0 (C), 44.7 (CH2), 42.9 (CH2), 39.8 (CR), 28.9 (CH3,
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25.7 (CH3), 23.8 (CHJ), 18.1(Q, 14.4 (CH3), -4.5 (CH3), -4.9 (CH3); IR (thin film)
cm"1; high resolution mass spectrum calcd for CnH3QCASIS (NT) 326.1736, found
326.1736. The assigned stereochemistry is consistent with the following observed

NOE data:

OTBS SCH3

C/s-5,5-dimethyl-4-[[( I, I-dimethylethyl)dimethylsilylJoxy]-3-methylthio-4,5,6,6a-

tetrahydro-2( I/ffpentalenone (231c).

TBSO TBSO SCH3

Rf= 0.23 (10% EtOAc/Hex), H NMR (CDCI3 5 4.58 (s, 1H), 2.92-2.83 (m, 1H),

2.70 (dd,J= 17.1, 7.0 Hz), 2.32 (s, 3H), 2.08 (dd, J = 17.7, 3.5 Hz), 1.94 (dd, J

13.1, 10.0 Hz, 1H), 1.28 (dd, Jr= 13.1, 8.2 Hz), 1.14 (s, 3H), 0.95 (s, 9H), 0.85 (s,
3H), 0.19 (s, 3H), 0.10 (s, 3H), 13 NMR (CDCI3 6 206.6 (Q, 183.8 (Q, 130.5
(O, 80 3 (CM), 44 | (CHz), 43 6 (CHz), 36.3 (CH), 29 6 (C), 28 7 (CHJ), 26.1
(CH3), 24.6 (CH3J), 18.2 (Q, 15.0 (CH3), -4.1 (CH3J), -4.3 (CH3); IR (thin film)
1711, 1620, 1249, 1132, 838 cm"], high resolution mass spectrum calcd for
CiTH302SSi (M+) 326.1736, found 326.1730. The assigned stereochemistry is

consistent with the following observed NOE s
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3.9

Allene elimination product (232).

TBSO S(f-Bu)
Rf=0 S| (Hex); HNMR (CDCI3 250 MHz) 5 6.09 (d,J= 16.2 Hz, 1H), 5 79-
5.63 (m, 1H), 5.50 (d,J= 16.2 Hz, 1H), 5.03-4.94 (m, 2H), 2.03 (dt,J=7.4, LI
Hz, 2H), 1.40 (s, 9H), 0.98 (s, 6H); 13 NMR (CDCI3 5 153.2 (CH), 135.5 (CH),
1180 (CH2, 107.3 (CH), 95 9,48 6 (Q, 47.6 (CH2), 37.6 (Q, 31.0 (CH2), 27.1

(CHJ), IR (thin film) cm"1

4,4-Dimethyl-5-[[( I, I-dimethylethyl)dimethylsilylJoxy]-7-[(4-methylphenyl)thio]-I -

hepten-6-yne (234a).

TBSO TBSO

The title compound was prepared from 252 mg (10 mmol) of enyne 230a as
described for the preparation of 231a (except that the during work-up the combined
organic phases were washed with 2.0 M aqueous NaOH (5 mL)) which afforded

268 mg (75%) of 234a as a slightly yellow oil: 1H NMR (CDCI3 57.32 (d,J= 8.2
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Hz, 2H), 7.13 (d, J= 8.2 Hz, 2H), 5.42-5.38 (m, 1H), 5.11-5.05 (m, 2H), 4.24 (s,
1H), 2.32 (3, 3H), 2.22-2.10 (m, 2H), 0.97 (d, J= 3.4 Hz, 6H), 0.92 (s, 9H), 0.16 (s,
3H), Oiil (s, 3H), 13 NMR (CDCI3 5 136.4 (Q, 135.1 (OH), 129.9 (OH), 129.4
(0), 126 6 (OH), 117.3 (0%), 98 9 (0), 71 6 (OH), 42.8 (0%), 39 6 (0), 25 8
(CH3), 22.9(CH3), 22 S(CH3J), 20.9(CH3), 18.2 (0), -4.2(CH3), -5.1(CH3), IR (thin
film) 3075, 2182, 1640, 1492, 1250, 1090, 837 cm"] high resolution mass spectrum

calcd for C2H340SSi (M+) 374.2100, found 374.2109.

7>fim-5,5-dimethyl-4-[[( 1, | -dimethylethyl)dimethylsilyl]Joxy]-3-[ (4-

methylphenyl)thio]-4,5,6,6a-tetrahydro-2(1//)-pentalenone (234b).

TBSO TBSO STol

Enyne 234a (90 mg, 0.25 mmol) was cyclized according to general procedure B
except that 10 mol % Co2CO)s was employed to afford 92 mg (95%) ofa 2.4 to |
diastereomeric mixture of bicyclopentenones 23b and 234c as determined by G C
analysis of the crude reaction mixture. 234b: Rf= 0.37 (10% EtOAc/Hex); H NMR
(CDCI357.18 (d, J= 6.3 Hz, 2H), 7.03 (d, J= 8.2 Hz, 2H), 4.28 (s, 1H), 3.40-
3.30 (m, I1H), 2.81 (dd, J= 17.9, 6.9 Hz, IH), 2.27 (s, 3H), 2.13-2.04 (m, 2H), 1.14
(overlapping, s with fine structure, 4H), 0.88 (s, 9H), 0.82 (s, 3H), 0.13 (s, 3H),

0.04 (s, 3H); ICNMR (CDCI3 5 205.9 (C), 187.1 (0), 136.9(C), 132.0(C), 130.4
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(CH), 129.5 (OH), 129.4 (C), 76.8 (OH), 45.0 (0), 44.7 (CH2), 43.0 (CH2), 40.2
(OH), 29.0 (CHJ), 25.8 (CH3), 24.0 (CH3), 21.0 (CH3), 18 1 (0), -4.4 (CH3), -4.9
(CH3); IR (thin film) 1721, 1627, 1492, 1251, 1086, 837 cm"L high resolution mass

spectrum calcd for C23H340SSi (NT) 402.2049, found 402.2059.

C/5-5,5-dimethyl-4-[[( I, I-dimethylethyl)dimethylsilylJoxy]-3-[(4-

methylphenyl)thio]-4,5,6,6a-tetrahydro-2(l//)-pentalenone (234c).

Rf=0 13 (10% EtOAc/Hex), H HNMR (CDCI3) 8 7.20 (d, J= 6.2 Hz, 2H), 7.00
(d,J= 8.2 Hz, 2H), 4.69 (s, IH), 3 02-2.93 (m, IH), 2.71 (dd,J= 17.7,7.1 Hz,

IH), 2.26 (s, 3H), 2.07-1.98 (m, 2H), 1.35 (dd, J= 13.2, 8.0 Hz, 1H), 1.20 (s, 3H),
0.92 (s with fine structure, 12H), 0.17 (s, 3H), 0.11 (s, 3H), 13T NMR (CDCI3

5 205.0 (O, 186.9 (Q, 136.0 (Q, 130.8 (Q, 130.1 (CH), 129.4 (CH), 128.8 (Q,
80.5 (CH), 44.2 (Q, 44.1 (CH2), 43.6 (CH2), 36.6 (CH), 28.9 (CH3), 26.1 (CH3),
24.8 (CH3), 21.0 (CH3), 18.2 (Q, -4.1 (CHJ), -4.3 (CHJ), IR (thin film) 1717, 1622,
1250, 1250, 1162 cm'], high resolution mass spectrum calcd for C23H340SSi (M+)

402.2049, found 402.2046.
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(4-methylphenyl)-2,4,6-tnmethylphenyl)sulfenyl sulfonate (235).

02

A three neck, 250-mL round bottomed flask was equipped with a magnetic stirring
bar, thermometer, rubber septum and Dewar-type cold finger The top of the cold
finger was sealed with a rubber septum and was connected to an oil bubbler. The
flask was charged with mesitylthiol (5.67 g, 37.3 mmol) and CCU (40 mL). The
cold finger was cooled to -78 °C and chlorine gas (previously condensed and tared
in a test tube) was slowly introduced via cannula directly above the CCU solution.
The chlorine gas was introduced at such a rate that HCI evolution was not too
vigorous, nor did the internal reaction temperature exceed 35 °C (about 20 min).
The cold finger was then adjusted to 0 °C, and argon was bubbled through the
solution for 20 min After this time, the flask was immersed in an ice bath and after
the internal reaction temperature was below 5 °C, sodium /Moluenethiosulfonate
trihydrate (8.58 g, 37.0 mmol) was added in one portion The ice bath was removed
and the reaction was allowed to warm to it After stirring at it for 4 h, H20 (40 mL)
and CH2C12 (20 mL) were added and the organic layer was separated The aqueous
phase was extracted with CH2CI2(2 x 20 mL) The combined organic fractions
were washed with saturated aqueous K2CO2 (20 mL), brine (30 mL), dried

(MgS04), filtered and concentrated m vacuo from a 35 °C water bath. When nearly



all the CCU was removed, the warm flask was disconnect from the rotary
evaporator and hexane (100 mL) was rapidly introduced with swirling The
resulting white crystals (8.12 g, 71%) were suitable for use without further
purification: 1H NMR (CDCI3) 6 7 47 (dt, J = 2.0, 8.0, 2H), 7.21(d, J = 8.0 Hz,
2H), 6.90 (s, 2H), 2.41 (s, 3H), 2.27 (s, 3H), 2.12 (s, 6H), 13 NMR (CDCI3)

5 145.3 (O, 144.7 (O), 142.0 (Q, 141.7 (Q, 129.7 (Q, 127.4 (OH), 1236 (Q,

21.7 (CH3), 21.6 (CH3), 21 3 (CH3); IR (KBr) 3027, 1731, 1654, 1140, 661 cm"L

4,4-Dimethyl-5-[[(I, I-dimethylethyl)dimethylsilyl]loxy]- 7-[[(2,4,6-

tnmethylphenyl)thio]-1-hepten-6-yne (236a).

To a solution of enyne 230a (165 mg, 0.65 mmol) and HMPA (140 mg, 0.78 mmol,
1.2 eq) in THF (2 mL) cooled to -78 OC was added a solution of M-BuLi (0.33 mL,
2.20 M in heptane, 0.73 mmol, LI eq) dropwise over | min. After 5 min, a
solution of mesityl sulfonate 235 (240 mg, 0.78 mmol, 1.2 eq) in THF (2 mL)
cooled to -78 °C was added via cannula and the resulting solution was allowed to
warm to rt was stirred overnight. After 10 h, the solution was treated with half-
saturated aqueous NH4CI (6 mL) and the aqueous phase was separated. The

agueous phase was extracted with Et30 (3x15 mL) and the combined organic
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fractions were washed with H20 (3x5 mL), brine (20 mL), dried (MgSQO4), filtered
and concentrated in vacuo The residue was purified by silica gel chromatography
(hexane for elution) and afforded 218 mg (83%) of the title compound as a
colorless oil: Rf=0.67 (5% EtOAc/Hex), 1H NMR (CDCI3) 6 6.92 (s, 2H), 5.83-
5.69 (m, 1H), 5.02-4.93 (m, 2H), 4.03 (m, 1H), 2.93 (s, 6H), 2.26 (s, 3H), 2.11-1.96
(m, 2H), 0.86 (s with fine structure, 15H), 0.03 (s, 3H), 0.01 (s, 3H), 13T NMR
(CDCI3S 141.9(Q, 139.1 (O, 135.3 (CR), 129.2 (CR), 126.5(0, 117.1 (CH2),
91.2 (O, 74.8 (O, 71.4 (CR), 42.7 (CH2), 39.6 (O, 25.8 (CHJ), 22.8 (CH3J), 22.7
(CH3), 21.8 (CH3), 21.0 (CH3), 18.2 (O, -4.4 (CH3), -5.2 (CH3), IR (thin film)
3077, 2182, 1470, 1249, 1090, 836 cm"], high resolution mass spectrum calcd for

C2H380SSi (M+) 402.2413, found 402.2412.

Truns-5,5-dimethyl-4-[[(1, I-dimethylethyl)dimethylsilylJoxy]-4,5,6,6a-tetrahydro-3-

[(2,4,6-trimethylphenyl)thio]-2( 1//)-Pentalenone (236b)

— = - - SMesityl
TBSO TBSO SMesityl

Enyne 235a (90 mg, 0.26 mmol) was cychzed according to general procedure B
except that 10 mol % Co2ACO)8was employed to afford 92 mg (94%) ofa 2.4 to |
diastereomenc mixture of bicyclopentenones 236b and 236¢ as determined by G C

analysis of the crude reaction mixture. 236b: IH NMR (CDCI3 5 6.82 (s, 2H), 4.33
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(s, IH), 3.28-3.18 (m, IH), 2.61 (dd,/= 17.6, 6.7 Hz, IH), 2.48 (s, 6H), 2.23 (s,
3H), 2.04-1.91 (m, 2H), 1.21 (s, 3H), 1.00 (dd, J= 12.8,8.4, 1H), 0.96 (s, 3H), 0 89
(s, 9H), 0.17 (s, 3H), 0.13 (s, 3H), 13 NMR (CDCI3 5 205.3 (Q, 179.6 (Q, 142.7
(0, 138.4 (0O, 130.5 (O, 128.8 (CM), 125.4 (C), 76.8 (OH), 45.4 (C), 43.9 (CH2),
43.7 (CH2), 40.3, 29.3 (CH3), 25.8 (CH3J), 24.0 (CH3), 22.4 (CH3), 21.0 (CH3), 18.2
(0), -4.3 (CH3), -4.7 (CH3), IR (thin film) 1716, 1601, 1463, 1251,1127, 1084, 837
cm"1; high resolution mass spectrum calcd for C2ZH3S02SiS (M”) 430.2362, found

430.2354.

C/5-5,5-dimethyl-4-[[( 1, I-dimethylethyl)dimethylsilyl]Joxy]-4,5,6,6a-tetrahydro-3-

[(2,4,6-trimethylphenyl)thio]-2(l//)-pentalenone (236c).

SMesityl
TBSO TBSO SMesityl

H NMR (CDCI3) 8 6 85 (s, 2H), 4.66 (s, 1H), 2.88-2.78 (m, 1H), 2.52 (dd, J =
17.5, 6.8 Hz, IH), 2.45 (s, 6H), 2.22 (s, 3H), 1.69-1.90 (m, 2H), 1.28 (dd,J= 13.0,
8 8 Hz, 1H), 1.19 (s, 3H), 0.98 (s, 9H), 0.96 (s, 3H), 0.26 (s, 9H), 0.14 (s, 3H); 1
NMR (CDCI3) 5 204.2 (0), 178.8 (0), 142.6 (0), 137.8 (0), 129.9 (C), 128.6 (OH),
126.2 (0), 80.5 (OH), 44.4 (CH2), 44.2 (0), 43.7 (CH2), 36.1 (OH), 29.2 (CH3),

26.2 (CH3), 25.1 (CH3), 24.4 (CH3J), 21.0 (CH3), 18.2 (0), -3.9 (CH3), -4.0 (CH3);
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IR (thin film) 1716, 1601, 1463, 1251, 1127, 1084, 837 cm"Z high resolution mass

spectrum calcd for C2SH3802SiS (M+) 430.2362, found 430.2361.

(4-methylphenyl)-2,4,6-trimethylphenyl)sulfenyl sulfonate (237).

The title compound was prepared by the general procedure utilized for 235 to afford
18.0 g (76%) of 237 as white crystals: H NMR (CDCI3 5 7.40 (d, J = 8 | Hz, 2H),
7.19 (d, J= 81 Hz, overlapping with 7.38-7.09 (m), 6H), 2.40 (s, 3H), 2.13 (s, 3H),
ICNMR(CDCi3S 145.1 (0), 144.6 (0), 141.1 (O), 138 7 (CH), 132.2 (CH),
131.4 (CH), 129.8 (CH), 127.9 (CH), 127.7(C), 127.3 (CH), 22.1 (CH3), 21.0

(CH3), IR (KBr) 3064, 1731, 1620, 1322, 1142, 1079, 792, 679 cm"L

4,4-Dimethyl-5-[[( I, I-dimethylethyl)dimethylsilyl]Joxy]-7-[(2-methylphenyl)thio]-1-

hepten-6-yne (238a).

S(o-MePh)
TBSO TBSO

The title compound was prepared from 218 mg (0.83 mmol) of enyne 230a as
described for the preparation of 236a which afforded 412 mg (91%) of238a as a

slightly yellow oil: H NMR (CDCI3 8 7.65 (d, J= 7.8 Hz), 7.24-7.19 (m, 1H),
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7.12 (d,J = 4.2 Hz), 6.90-5.76 (m, 1H), 5.07-5.02 (m, 2H), 4.25 (s, 1H), 2.31 (s,
3H), 2.23-2.08 (m, 2H), 0.98 (s, 3H), 0.97 (s, 3H), 0.93 (s, 9H), 0.14 (s, 3H), 0.12
(s, 3H), 13C NMR (CDCI3 8 135.5 (CR), 135.4 (Q, 1325 (Q, 130.6 (CR), 127.2
(CR), 127.0 (CR), 126.8 (CR), 117.8 (CH2), 99.7 (Q, 72.0 (CR), 71.8 (C), 43.2
(CH2), 40.0 (O, 26.2 (CH3), 23.3 (CH3J, 23.2 (CH3), 19.8 (CH3, 18.6, -3.8 (CH3),
-4.8 (CH3), IR (thin film) 3072, 2182, 1639, 1590, 1470, 1250, 836 cm"L high

resolution mass spectrum calcd for C2H340SSi (M ) 374.2100, found 374.2108.

7ram-5,5-dimethyl-4-[[( ], I-dimethylethyl)dimethylsilyl]Joxy]-3-[(2-

methylphenyl)thio]-4,5,6,6a-tetranydro-2(1//)-pentalenone (238b)

)— = — S(0-MePh)
TBSO TBSO S(O-MePh)

Enyne 238a (133 mg, 0.35 mmol) was cyclized according to general procedure B to
afford 31 mg (22%) of a 2.4 to | diastereomenc mixture of bicyclopentenones 238b
and 238c as determined by G C analysis of the crude reaction mixture. 238b: Rf=
0.56 (20% EtOAc/Hex), H NMR (CDCI3) 5 7.14-6.92 (m, 4H), 4.28 (s, IR), 3.44-
3.35 (m, IR), 2 86 (dd,J= 17.9, 6.9 Hz, IH), 2.43 (s, 3H), 2.19-2.07 (m, 2H), 1.14
(s and m overlapping, 3H and 1H), 0.88 (s, 3H), 0.86 (s, 9H), 0.11 (s, 3H), 0.03 (s,
3H); 13C NMR (CDCI3) 5 206.5 (Q, 189.3 (Q, 137.6 (Q, 133.2 (Cf, 103.7 (CH2),

129.0 (CH2), 128.7, 126.8 (CH2), 126.7 (CH2), 77.2 (CH2), 45.4 (Q, 44.9 (CH2),
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43.5 (CH2), 40.9 (CM), 29.5 (CH3), 26.5 (CH3), 24.4 (CH3), 20.9 (CHJ3), 185 (Q,
-4.02 (CH3J), -4.44 (CHJ), high resolution mass spectrum calcd for CZZHWOZSSi

(IVT) 402.2049, found 402.2051.

C/5-5,5-dimethyl-4-[[( 1, 1-dimethylethyl)dimethylsilylJoxy]-3-[(2-

methylphenyl)thio]-4,5,6,6a-tetrahydro-2(ITZ)-pentalenone (238c¢).

TBSO TBSO S(0-MePh)
Rf= 0.38 (20% EtOAc/Hex); 1H NMR (CDCI3) 6 7.12-6.93 (m, 4H), 4.70 (s, 1H),
3.07-2.97 (m, 1H), 2.75 (dd, J= 17.8, 7.0 Hz, 1H), 2.41 (s, 3H), 2.13-2.00 (m, 2H),
1.38 (dd, J= 13.3, 8.2 Hz, 1H), 1.20 (s, 3H), 0.96 (s, 3H), 0.90 (s, 9H), 0.13 (s,
3H), 0.10 (s, 3H), 13 NMR (CDCIJ 6 205.4, 188.6, 137.4, 134.2, 130.4, 128.2,
126.4, 126.1, 80.7, 44.7, 44.3, 40.0, 37.3, 29.3, 26.4, 25.2, 20.9, 18.6, -3.8, -3.9, IR
(thin film) 3061, 1722, 1625, 1470, 1251, 1086, 838 cm'l high resolution mass

spectrum calcd for CZHwWOZ2SSi (M ) 402.2049, found 402.2049.

(4-Methylphenyl)-[ I, I-(dimethylethyl)sulfenyl] sulfonate (239).

Rf=0.29 (10% EtOAc/Hex): H NMR (CDCI3 8 7.8 (d, J= 8.3 Hz, 2H), 7.29 (d, J

= 8.3 Hz, 2H), 2.42 (s, 3H), 1.42 (s, 9H): 13C NMR (CDCI3) 6 144.4 (Q, 144.1 (C),
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129.8 (Q, 127.1 (CM), 55.2 (0), 30.9 (CH3), 21.7 (CH3), IR (KBr) 3090, 3068,

1593, 1460, 1117, 814 cm"1

4,4-Dimethyl-5-[[(1, I -dimethylethyl)dimethylsilyl]Joxy]- 7-[(I, I-dimethylethyl)thio]-

1-hepten-6-yne (240a).

= —S(NBu)
TBSO TBSO

The title compound was prepared from 284 mg (1.12 mmol) of enyne 230a as
described for the preparation of 231a, except utilizing /-butylthiocycanate as
electrophile, which afforded 290 mg (98%) of 240a as a slightly yellow oil:
HNMR (CDCI3 6 5.88-5.72 (m, 1H), 5.05-4.56 (m, 2H), 4.15 (s, IH), 2.19-2.04
(m, 2H), 1.39 (s, 9H), 0.93 (s, 3H), 0.91 (s, 3H), 0.88 (s, 9H), 0.13 (s, 3H), 0.07 (s,
3H), 13 NMR (CDCI3 8 135.3 (CH), 117.2 (CH), 97.5 (Q, 74.6 (C), 71.6 (CH),
475 (O, 42.9 (CH2), 39.7 (C), 30.7 (CH3), 30.5 (CH3), 25.9 (CH3), 22.9 (CH3J),
183 (O, -4.1 (CHJ), 5.1 (CH3); IR (thin film) 3076, 2176, 1639, 1471, 1250,
1091, 1051, 837 cm™], high resolution (CI/NH3)mass spectrum calcd for

CiIH370SSi (M+1)+341.2334, found 341.2324.
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7ra/75-5,5-dimethyl-4-[[( I, -dimethylethyl)dimethylsilyl]Joxy]-3-[( 1,1-

dimethylethyl)thio]-4,5,6,6a-tetrahydro-2(1//)-pentalenone (240Db)

S(f-Bu)
TBSO TBSO S(J-Bu)

A solution of enyne 240a (85 mg, 0.25 mmol) and Coz(CO)* (91 mg, 0.27 mmol,
.1 eq) in2:1 TFE-DME was irradiated for 12 h under an atmosphere of CO and
the resulting material was purified by chromatography on silica gel (10-30%
EtOAc/hexane for elution) to afford 52 mg (56%) ofa 1.9to | diastereomenc
mixture of bicyclopentenones 240b and 240c as determined by G C analysis of the
crude reaction mixture. 240b: waxy solid, Rf= 0.43 (10% EtOAc/Hex); H NMR
(CDCI3) 5 4.24 (s, IH), 3.33-3.21 (m, 1H), 2.79 (dd, J= 17.5, 6.9 Hz, 1H), 2.12-
2.01 (m, 2H), 1.34 (s, 9H), 1 11 (s, 3H), 1.10 (dd, J= 13.0,7.1 Hz, IH),0 88 (s,
3H), 0.84 (s, 9H), 0.13 (s, 3H), 0.01 (s, 3H); 13 NMR (CDCI3 5 208.7 (O), 191.0
(0, 129.6 (O, 76.9 (CH), 42.2 (C), 45.1 (Cf, 44.7 (CH2), 43.4 (CH2), 40.5 (CH),
32.5 (CH3), 29.4 (CH3J), 25.9 (CH3J), 24.3 (CHJ), 18.3 (Q, -4.2 (CHJ), -4.7 (CHJ);
high resolution mass spectrum calcd for CaH”"O zSSi (M+) 368.2205, found

368.2211.
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Cw-5,5-dimethyl-4-[[(1, 1-dimethylethyl)dimethylsilylJoxy]-3-[( 1,1-

dimethylethyl)thio]-4,5,6,6a-tetrahydro-2(1//)-pentalenone (240c).

Rf=0.23 (10% EtOAc/Hex); mp = 89.9-97.4 °C, H NMR (CDCI3 5 4.62 (s, IR),
2.94-2.84 (m, IH), 2.72 (dd, J= 17.2, 7.0 Hz, IH), 2.05 (dd, J= 17.3, 4.0 Hz, 1H),
1.97 (dd, J= 13.2, 10.2 Hz, 1H), 1.32 (s and m overlapping, 10H), 116 (s, 3H),
0.95 (s, 9H), 0.90 (s, 3H), 0.20 (s, 3H), 0.09 (s, 3H); 13C NMR (CDCI3) 5 208 1,
189.8, 129.3, 80.6, 46.9, 43.9, 43.2, 37.0, 32.2, 29.7, 28.9, 26.3, 25.0, 18.3, -3.6,
-3.3, IR (melt) 1716, 1609, 1742, 1250, 1084, 838 cm™] high resolution mass

spectrum calcd for CzoHMCNSSI (M ) 368.2205, found 368.2198.

4,4-Dimethyl-1-ethoxy-7-hepten-1-yne-3-ol (243).

HO

To a solution of ethoxy acetylene (0.84 g of a 50% solution in hexane, 6.0 mmol,
1.2 eq) in THE (10 mL) cooled to -78 °C was added a solution of Ti-BuLi (2.37 mL,
2.32 M in heptane, 5.5 mmol, 1.1 eq) dropwise over 5 min and the reaction mixture
was stirred for an additional 5 min. Next, 2,2-dimethyl-4-penten-1-al (0.56 g, 5.0

mmol, 1.0 eq) was added neat. The dry-ice acetone bath was removed and the
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reaction mixture was allowed to warm to rt while being vigorously stirred. After
stirring for 10 mm at 26 °C, the reaction mixture was treated with a saturated
aqueous solution of NaHCOs (5 mL) and diluted with EtzO (15 mL). The organic
layer was separated and the aqueous layer was extracted with EtjO (2x15 mL) and
the combined organic fractions were washed with HjO (5 mL), brine (10 mL) and
concentrated in vacuo. The residue was purified by gradient flash chromatography
on silica gel (2-10% EtOAc/Hex for elution with ca 0 | % TEA added) to afford

0 847 g (93%) of the title compound as a colorless oil: H NMR (CDCls) 5 5.89-
5.75 (m, 1H), 5.07-4.99 (m, 2H), 4.07 (q,J= 7.1 Hz, 2H), 4.06 (s, 1H), 2.15-2.04
(m, 2H), 1.70 (br s, 1H), 1.35 (t,J= 7.1 Hz, 3H), 0.91 (s, 3H), 0.90 (s, 3H); 1
NMR (CDCI3 5 135.7 (CH), 117.7 (CH2), 95.0 (Q, 74.9 (CH2), 70.6 (CH), 43.3
(CH2), 39.3 (O, 38.2 (Q, 23.1 (CH3), 23.0 (CH3), 14.8 (CH3); IR (thin film) 3440

(br), 3075, 2263, 1640, 1234, 1007, 912 cm"1

4,4-Dimethyl-5-[[(l,I-dimethylethyl)dimethylsilylJoxy]-7-ethoxy-I-hepten-6-yne

(2443).

HO TBSO
A solution of TBSCI (178 mg, 1.18 mmol, 1.05 eq) and imidazole (191 mg, 2.80

mmol, 2.5 eq) in DMF (I mL) was stirred for 10 min at rt and subsequently treated
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with a solution of alcohol 243 (205 mg, 1.12 mmol) in DMF (0.25 mL). The
resulting solution was stirred for 96 h and then diluted with 6 :1 hexane-ether (20
mL) and saturated aqueous K2COs (20 mL). The organic layer was separated and
the aqueous layer was washed with 6 :1 hexane-ether (2x15 mL). The aqueous
layers were combined and washed with a 25-mL portion of water, brine (25 mL),
dried (MgSCL), filtered and concentrated in vacuo. The residual material was
purified by flash chromatography on silica gel (hexane for elution) to afford 248 mg
(76%) of the title compound as a colorless oil 1H NMR (CDCl3) 5 5 87-5.73 (m,
1H), 5.02-4.97 (m, 2H), 4 05 (q,J= 7.1 Hz, 2H), 4.06 (s, IR), 2.14-2 01 (m, 2H),
1.35 (t,J= 7.1 Hz, 3H), 0.89 (s, 9H), 0 88 (s, 3H), 0 87 (s, 3H), 0.12 (s, 3H), 0.06
(s, 3H); 13C NMR (CDCI3) 8 136.1 (CH), 117.2 (CH2), 94 4 (C), 74.5 (CH2), 70 9
(CH), 43.1 (CH2), 39.8 (Q, 38.8 (Q, 26.2 (CH3), 23.2 (CH3), 23.1 (CH3J), 186 (Q,
14.8 (CH3), -3.7 (CH3J), -4.8 (CHJ), IR (thin film) 3076, 2264, 1640, 1250, 1067,
1005, 837 cm"L high resolution (CIZNH3) mass spectrum calcd for CnH3302Si

(M4 297.2250, found 297.2244.

rra/tt’-5,5-dimethyl-4-[[(l,1-dimethylethyl)dimethylsilylJoxy]-3-[(ethyl)oxy]-

4,5,6,6a-tetrahydro-2(17/)-pentalenone (244b).

TBSO TBSO OEt
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Enyne 244a (74 mg, 0.25 mmol) was cyclized according to general procedure B,
except that flash chromatography was performed with 2% EtOAc/hexane for
elution, to afford 68 mg (84%) ofa 0.72 to | diastereomenc mixture of
bicyclopentenones 244b and 244c as determined by G C analysis of the crude
reaction mixture. 244b: Rf= 0.22 (5% EtOAc/Hex), H NMR (CDCE) 5 4.28 (s,
1H), 4.24-4.13 (m, 2H), 3.17-3.10 (m, 1H), 2.65 (dd, J= 18.2, 6.4 Hz, 1H), 2.02-
1.91 (m, 2H), 1.29 (t,J =7.0 Hz, 3H), 1.08 (s, 3H), 1.03 (dd,J= 12.8, 7.6 Hz, 1H),
0.87 (s, 3H), 0.86 (s, 3H), 0.08 (s, 3H), 0.02 (s, 3H), 13 NMR (CDCI3) 6 205.6
(Cf, 158.5 (0), 148.0 (O, 76.6 (CH), 66.2 (CH2), 46.5 (Cf, 44.2 (CH2), 43.2 (CH2),
36.6 (CH), 29.8 (CH3), 26.2 (CH3), 24.3 (CH3), 18.6 (Q, 15.9 (CH3), -4.1 (CH3), -
4.5 (CH3); IR (thin film) 1712, 1663, 1472, 1257, 1127, 838 cm™], high resolution
(CIZNH3) mass spectrum calcd for CigH3403Si (M+1)+ 325.2199, found 324.2192.

The indicated stereochemistry is consistent with the following NOE data:

0%

TBSO
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C/5-5,5-dimethyl-4-[[( 1, I-dimethylethyl)dimethylsilyl]Joxy]-3-[(ethyl)oxy]-4,5,6,6a-

tetrahydro-2(1//)-pentalenone (244c).

TBSO TBSO OEt
H NMR (CDCI3 8 4.42 (s, 1H), 4.24-4.13 (m, 2H), 2.76-2.68 (m, 1H), 2.56 (dd, J
=177, 6 4 Hz, 1H), 1.97 (dd,J= 17.7, 2.8 Hz, 1H), 1.84 (dd,/= 12.9, 9.2 Hz,
1H), 1.24 (t,J= 7.0 Hz, overlapping with CH//, 4H), 1.10 (s, 3H), 0.91 (s, 9H),
0.90 (s, 3H), 0.12 (s, 3H), 0.09 (s, 3H); 13 NMR (CDCI3) 6 205.6 (0), 163.9 (Q,
149.0 (O, 79.7 (CH), 66.3 (CH2), 45.0 (Q, 44.7 (CH2), 42.8 (CH2), 33.4 (CH),
29.0 (CHJ), 26.3 (CH3, 25.4 (CHJ), 18.7 (Q, 16.0 (CH3), -4.4 (CH3); IR (thin film)
cm”Z; high resolution (CIZNH3) mass spectrum calcd for CigH303Si (M+) 324.2199,
found 324.2195. The indicated stereochemistry is consistent with the following

NOE data:

5%

TBSO
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7-Chloro-4,4-dimethyl-5-[[( I, I-dimethylethyl)dimethylsilyl]oxy]-1-hepten-6-yne

(2443).

TBSO TBSO

HNMR (CDCI3 5 585-5.71 (m, 1H), 5.05-4.98 (m, 2H), 4 00 (s, 1H), 2.15-2.00
(m, 2H), 0.91 (s, 6H), 0.90 (s, 9H), 0 13 (s, 3H), 0.07 (s, 3H); 13 NMR (CDCI3)
6 135.0 (CH), 117 4 (CH2), 70.9 (CH), 69.6 (Q, 63.3 (Q, 42.6 (CH2), 39.4 (CH3),
25.8 (CH3), 22.6 (CH3), 22.5 (CH3), 18.2 (Q, -4.4 (CH3), -5.3 (CH3), IR (thin film)

3077, 2234, 1640, 1472, 1250, 1101, 1062, 837 cm"1

4,4-Dimethyl-5-[[(methylthio)methyl]oxy]-1-hepten-6-yne (254a).

To a solution of alcohol 214 (152 mg, 1.0 mmol) in DMSO (3 mL) cooled to 10 °C
was added a mixture of acetic anhydride (2.15 mL) and acetic acid (384 pL) over |
min After 3 d the resulting solution was poured into a sat. aqueous solution of
NaHCO3(50 mL) cooled to 0 OC, and the resulting mixture was vigorously stirred

for 3 h while warming to rt The resulting mixture was extracted with three 50-mL
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portions of CH2CI2 and the combined organic phases were washed with H20 (2 x
50 mL), sat aqueous NaHCO3(50 mL), dried (MgSO4), filtered and concentrated
in vacuo to afford 35 mg (16%) of the title compound after chromatography on
silica gel (1% EtOAc/Hex for elution). IH NMR (CDCI3) 5 5.87-5.77 (m, 1H),
504-5.02 (m, 2H), 4.76 (app d,J =2.7 Hz, 2H), 4.13 (app g, J= 2.0 Hz, 1H), 2.10
(m, 5H), 1.84 (d, J= 2.0, 3H), 0.93 (s, 3H); 13 NMR (CDCI3 5 135.0 (OH), 117.2
(OH2), 82.9 (0), 75 9 (O), 73 9 (OH), 72.9 (OH2), 43 0 (OH2), 38.0 (0), 23 2 (OH3),
22.9 (OH3), 14.2 (CH3J), 3.5 (CH3J); IR (thin film) 3075, 2228, 1639,1471, 1300,
1050 cm"1, high resolution mass spectrum calcd for CiZH200S (M+) 212.1235,

found 212.1242.

3-Methyl-3-(2-propynloxy)-1-propene (256a).

O\ =

HNMR (CDCI3) 5 5.72-5.60 (m, I1H), 5.24-5.15 (m, 2H), 4.18-3.98 (m, 3H), 2.36
(t,J = 2.4 Hz, IH), 1.25 (d,J= 6.1 Hz, 3H), 13C NMR (CDCI3 5 139.2 (OH),
116 9 (CH2), 80.3 (OH), 75.9 (OH), 73.7 (0), 55.1 (CH2), 21.1 (CH3), IR (thin film)

3301,3081,2115, 1647, 1084 cm"1
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7Tra«5-3a,4-dihydro-3-methyl-1//-cyclopenta[c]furan-5(3//)-one (256b)

Enyne 256a (110 mg, 1.0 mmol) was cyclized according to general procedure B,
except that flash chromatography was performed with 10% EtOAc/Hex for elution
to afford 31 mg (22%) ofa 5.0 to | diastereomenc mixture of bicyclopentenones
256b and 256¢ as determined by G C analysis of the crude reaction mixture. 256b:
Rf= 0.20 (50% EtOAc/Hex); H NMR (CDCI3 5 6.00 (app g, J= 2.0 Hz, 1H),
4.72 (d,J= 16.2 Hz, 1H), 4.56 (d,J= 16.2 Hz, 1H), 3.56-3.45 (m, 1H), 2.46-2.26
(m, 1H), 2.57 (ddd, J= 17.6, 6.4, 0.6 Hz, 1H), 2.07 (ddd, J= 17.6, 3.6, 0.6 Hz,
1H), 139 (d, J= 6 Hz, 3H); 13 NMR (CDCI3) 5209.0 (Q, 185.3 (Q, 124.5 (OH),
79.6 (OH), 66.2 (CH2), 52.3 (OH), 38.6 (CH2), 19.3 (CH3):; IR (thin film) 3083,

1716, 1651, 1645, 999, 846 cm"1

3-methyl-3-(3-methylthio-2-propynloxy)-I-propene (257a).
O\ O\
= %— = —SCH3
The title compound was prepared from 220 mg (2.0 mmol) of enyne 257a as

described for the preparation of 236a to afford 96 mg (31%) of 257a as a slightly

yellow oil: Rf=0.41 (5% EtOAc/Hex); HNMR (CDCI3 5 5.65 (ddd, J= 17.7,
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10.2, 7.7 Hz, 1H), 5.23-5.12 (m, 2H), 4.22 (d, 1H), 4.08 (d,/= 16.2 Hz, 1H), 4.04-
4.16 (m, 1H), 2.35 (s, 3H), 1.23 (d, J= 6.3 Hz, 3H), 13 NMR(CDCI3$S 139.2
(CH), 117.0 (CH2), 89.5 (Q, 77.7 (Q, 75.6 (CH), 56.1 (CH2), 21.1 (CH?J), 19.0
(CH3); IR (thin film) 3078, 2180, 1642, 1081 cm"Z high resolution mass spectrum

calcd for C8H130S (M4) 157.0687, found 157.0691.

7ram-3a,4-dihydro-3-methyl-6-methylthio-1//-cyclopenta[c]furan-5(3//)-one

(257D).

Enyne 257a (65 mg, 0.42 mmol) was cyclized according to general procedure B to
afford 63 mg (81%) ofa 11.9 to | diastereomenc mixture of bicyclopentenones
257b and 257c as determined by G C analysis of the crude reaction mixture. 257b:
Rf=0.45 (50% EtOAc/Hex), white crystals, mp: 67-78 0C, HNMR (CDCI3
5471 (dd,J = 16.3, 1.5 Hz, IH), 4.55 (dt,J= 16.3, 1.43 Hz, I1H), 3 49-3.40 (m,
IH), 2.76-2.68 (m, 1H), 2.64 (dd,J=6.4, 17.1 Hz, 1H), 2.36 (5, 3H),2 11 (dd,] =
17.4, 2.9 Hz, 1H), 1.36 (d, J= 6 0 Hz, 3H), 13 NMR (CDCI3 5 205.1 (Q, 176.1
(C), 132.9 (O, 79.9 (CH), 66.6 (CH2), 51.3 (CH), 38 8 (CH2), 19.4 (CH3), 14.6
(CH3); IR (thin film) 1709, 1629, 1442, 1067 cm"], high resolution mass spectrum

calcd for CgH1202S (M ) 184.0558, found 184.0556.
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Cu-3a,4-dihydro-3-methyl-6-methylthio-1//-cyclopenta[c]furan-5(3//)-one (257c).

SCH3
Rf- 0.32 (50% EtOAc/Hex), waxy tan colored semi-solid, H NMR (CDCI3)
5 4.59 (s with fine structure, 2H), 4.54-4.43 (m, 1H), 3.42-3.34 (m, 1H), 2.63 (dd, J
= 180, 6.6 Hz), 2.40 (s, 3H), 2.17 (dd, J = 16.7, 3.5 Hz, I1H), 0.94 (d, J = 6.6 Hz,
3H), high resolution mass spectrum calcd for CgHnO3S (M+) 184.0558, found

184.0553.

3-methyl-3-(3-[(l,I-dimethylethyl)thio]-2-propynloxy)-1-propene (258a).

— N— = —S(f-Bu)
The title compound was prepared from 146 mg (1.3 mmol) of enyne 256a as
described for the preparation of 236a to afford 186 mg (71%) of 258a as a slightly
yellow oil: Rf= 0.31 (5% EtOAc/Hex); H NMR (CDCI3) 5 5 65 (ddd, J= 17.5,
10.2, 76 Hz, IH), 5.21-5.10 (m, 2H), 4.28 (d, 16.4 Hz, 1H), 4.15 (d, J= 16.4 Hz,
1H), 4 10-3.99 (m, 1H), 1.36 (s, 9H), 1.23 (s, 3H), 1.20 (s, 3H), 13C NMR (CDCIJ

6 139 4 (CH), 117.0 (CH3), 93.9 (Q, 75.7 (Q, 75.4 (CH), 56.3 (CH3J3), 47.7 (Q,
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30 3 (CHg), 21.2 (CHg), IR (thin film) 3079, 2175, 1643, 1366, 1083 cm high

resolution mass spectrum calcd for ChHi80S (M+) 198.1078, found 198.1071.

7mm-3a,4-dihydro-6-[( 1, I-dimethylethyl)thio]-3-methyl-1//-cyclopenta[c]furan-

5(3/)-one (258b)

Enyne 258a (40 mg, 0.20 mmol) was cychzed according to general procedure B
except that gradient flash chromatography was performed with 5-10% EtOAc/Hex
for elution to afford 35 mg (78%) ofa 41 6 to | diastereomeric mixture of
bicyclopentenones 258b and 258c as determined by G C analysis of the crude
reaction mixture. 258b colorless needles, mp 70-71 °C, H NMR (CDCI3) 5 4.76
(dd, J= 17.0, 1.0 Hz, 1H), 4 61 (dt,J= 17.0, 1.2 Hz, IH), 3.56-3.47 (m, 1H),2 89-
2.82 (m, IH), 2.73 (dd,J= 17.6, 6.6 Hz, 1H), 2.15 (dd,J= 17.1, 3.6 Hz, 1H), 1.40
(d,J =6.0 Hz, 3H), 1.27 (s, 9H); IICNMR (CDCI3 5205.4 (Q, 191.2(C), 129.4
(C), 79.9 (CH), 67.0 (CH2), 50.7 (CH), 48.4 (Q, 38.4 (CH2), 31.7 (CH3), 19.2
(CH3), IR (thin film) 1713, 1633, 1365 cm"], high resolution mass spectrum calcd
for Ci2Hi802S (M ) 226.1028, found 225.1021. The structural assignment is

consistent with the following NOE data:
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2.5%

C/5-3a,4-dihydro-6-[(l,I-dimethylethyl)thio]-3-methyl-1//-cyclopenta[c]furan-

5(3//)-one (258¢).

S(1-Bu)
S(NBu)

IH NMR (CDCIs) s 4.67 (s with fine structure, 2H), 4.64 (m, 1H), 3.54-3.95 (m,
1H), 2.71 (dd,J= 17.9, 6.7 Hz, IH), 2.22 (dd, J= 17.9, 4.0 Hz, 1H) 1.2 (s, 9H),
0.95 (d, J= 6.6 Hz, 3H), high resolution mass spectrum calcd for CnHisOzS (M )

226.1028, found 225.1034.
Ar-(I-Methyl-2-propenyl)-A”-(3-methylthio-2-propynyl)-4-methylphenylsulfonamide

(261a)

TsN TSN\
SCH3
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The title compound was prepared by alkylation of enyne 195a (132 mg, 0.5 mmol)
according to the general procedure utilized for 231a to afford 66 mg (43%) of261a
as a yellow oil: H NMR (CDCI3 6 7.76 (d,J= 8.2 Hz, 2H), 7.27 (d, J= 8.2 Hz,
2H), 5.78-5.68 (m, 1H), 5.13-5.08 (m 2H), 4.57-4.49 (m, 1H), 4.20 (d, J = 18.7 Hz,
IH), 3.95 (d, J= 18.7 Hz. 1H), 2.39 (s, 3H), 2.21 (s, 3H), 1.20 (d, J= 6 9 Hz, 3H),
13T NMR (CDCI3)S 143.1 (0), 138.1 (Q, 137.6 (CH), 129.3 (CH), 127.3 (OH),
116.8 (CH2), 89.1 (0), 75.9 (C), 54.8 (CH), 33.7 (CH2), 21.4 (CH3), 18.6 (CHJ),
17.1 (CH?3); IR (thin film) 3087, 3067, 2187, 1639, 1597, 1336, 1157 cm"L high
resolution mass spectrum calcd for CisHIINO252

(M+) 309.0857, found 309.0864.

2,3,3a,4-tetrahydro-2-[(4-methylphenyl)sulfonyl]-3-methyl-6-methylthio-

cyclopenta[c]pyrrol-5(1//)-ones (261b,c)

TsN

Enyne 261a (33 mg, 0.11 mmol) was cychzed according to general procedure B, to
afford 31 mg (87%) ofa 1.4 to | diastereomenc mixture of bicyclopentenones 261b
and 261c as determined by G C analysis of the crude reaction mixture Due to the
poor diastereoselection observed, the inseparable tosamides were not further

characterized
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3-(I-Methyl-3-phenyl-2-propynloxy)-1-propene (264a)

H NMR (CDCI3 5 7.50-7.49 (m, 2H), 7.44-7.28 (m, 3H), 6.02-5.90 (m, 1H), 5.39-
5.19 (m, 2H), 4 43 (q,J= 6.7 Hz, 1H), 4.33 (app dd, J= 11.2, 5.1 Hz), 4.05 (app
dd,J= 125, 6.3 Hz, 1H), 1.53 (d,J = 6.7 Hz, 3H); 13 NMR (CDCI3) 5 134.6
(OH), 131.7 (OH), 128.2 (OH), 124.9(C), 122.8(C), 117.2 (CH2), 89.0 (C), 85.0

(0), 69.6 (CH2), 65.0 (OH), 22.2 (CH3; IR (thin film) cm'l

7><ms-3a,4-dihydro-I-methyl-6-phenyl-1//-cyclopenta[c]furan-5(3//)-one (264b)

Enyne 264a (93 mg, 0.5 mmol) was cyclized according to general procedure C
except that the alkyne and Co2CO)g were precomplexed | h before irradiation to
afford 105 mg (99%) ofa 50 to | diastereomeric mixture of bicyclopentenones
264b and 264c as determined by G C analysis of the crude reaction mixture 264b:
H NMR (CDCI3 8 7.50-7.30 (m, 5H), 4.84 (q, J= 6.5 Hz, 1H), 4.34 (t, J= 7.6 Hz,
IH), 3.42-3.33 (m, IH), 3.24 (dd, J= 11.0, 7.6 Hz, 1H), 2.78 (dd, 18.0, 6.3 Hz),
2.26 (dd, J= 18.0, 3.5 Hz, 1H), 1.54 (d,J=6 4 Hz, 3H), 13 NMR (CDCI3

5207.0 (0), 179.9 (0), 134.7 (O), 130.8 (O), 128.4 (OH), 128.3 (OH), 72.3 (OH),
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71.2 (CH2), 41.7 (CH), 39.6 (CH2), 21.2 (CH3); IR (thin film) 3057, 1744, 1710,
1496, 1445, 1133, 1045 cm"1 The structural assignment is consistent with the

following NOE data:

12%

1.5%

5-[[(1, 1-Dimethylethyl)dimethylsilylJoxy]-I -hepten-6-yne (269a)

TBSO
IHNMR (CDCI3 5 5.78 (dddd,J= 16.9, 10.0, 6.5 Hz, 1H), 504 (m, 2H), 4.32 (dl,
J =6.4, 2.0 Hz, 1H), 2.35-2.12 (m, 3H), 1.77-1.68 (m, 2H), 0.86 (s, 9H), 0.14 (s,
3H), 0.08 (s, 3H); 13C NMR (CDCI3 6 137.9 (CH), 114 9 (CH2), 85.5 (Q, 72.2
(CH), 62.2 (CH), 37.8 (CH2), 29 3 (CH2), 25.8 (CH2), 18.2 (C), -4.5 (CH3), -5.0

(CH3), IR (thin film) 3311, 3080., 1641, 1472, 1252, 1094, 837 cm"L

Trans-4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]-4,5,6,6a-tetrahydro-2(l//)-

pentalenone (269b).

TBSO TBSO
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Enyne 269a (90 mg, 0.40 mmol) was cyclized according to general procedure B,
except that gradient flash chromatography was performed with hexane to 10%
EtOAc/Hex for elution to afford 88 mg (87%) ofa 1.4 to | diastereomenc mixture
of bicyclopentenones 269b and 269c as determined by G C analysis of the crude
reaction mixture. 269b: Rf=0.42 (30% EtOAc/Hex); H NMR (CDCI3) 5 5.90 (d, J
= 2.2 Hz, 1H), 4.72 (app t, J= 5.6 Hz, IH); 3.24-3.12 (m, 1H), 2.65 (dd,J= 18 I,
6.3 Hz, 1H), 2.14-2.13 (m, 2H), 2.04 (dd,J= 18.1, 2.9 Hz, 1H), 1.94-2 81 (m, 1H),
| 11-1.08 (m, 1H), 0 86 (m, 1H), 0.09 (s, 9H), 0 05 (s, 3H), 13 NMR (CDCIJ
5211.2 (Q, 188.3 (0), 125.0 (CH), 68.5 (OH), 42.9 (OH), 42.8 (CH2), 37.0 (CH2),
28.5 (CH2), 25.8 (CH3), 18 | (O), -4.5 (CH3), -4.7 (CH3); IR (thin film) 3015, 1716,
1640, 1472, 1463, 1253 cm"]; high resolution mass spectrum calcd for CMH"MO2Si

(Mt) 252.1546, found 252.1551.

Czs-4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]-4,5,6,6a-tetranydro-2( 1//)-

pentalenone (269c).

TBSO TBSO

Rf= 0.35 (30% EtOAc/Hex), H NMR (CDCI3) 5 5.99 (t, J= 1.8 Hz, 1H), 4.94
(app dd, J =9.4, 4 4 Hz, 2 96-2 85 (m, 1H), 2 62 (dd,J= 18.0, 6.4 Hz, IH), 2.40-

2.28 (M, 1H), 2.15-2.04 (m, 2H), 1.88-1.76 (m, 1H), 1 53-1.40 (m, 1H), 0 89 (s,
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9H), 0.09 (s, 3H), 0.08 (s, 3H); 13C NMR (CDCI3) 6 210.0 (Q, 192.0 (Cf, 124.4
(CM), 70.5 (CM), 43.5 (CH2), 41.7 (CM), 35.5 (CH2), 29.0 (CH2), 25.8 (CH3), 18.2
(C), -4.8 (CH3), -4.9 (CH3), IR (thin film) 1712, 1644, 1252, 1112,838 cm'], high

resolution mass spectrum calcd for Ci4H2402Si (M") 252.1546, found 252.1553.

7-(Trimethylsilyl)-1-hepten-6-yn-3-ol (81)

-TMS

HO
H NMR (CDCI3 8 5.85 (m, 1H, C=Cff), 5.18 (m, 2H, C=Cff2), 4.25 (app q,
J =6.2 Hz, 1H, OC//), 2,75 (hr s, 1H, Off), 2.32 (m, 2H, Cff2), 1.72 (app dd, 2H,
Cff2), 0.12 (s, 9H, Cff3, 13C NMR (CDCI3 5 140.3, 114.7, 85.0, 71.7, 35.4, 15.9,
0 0; IR (CCl4) 3542, 3084 cm"1; high resolution mass spectrum calcd for CioHigOSi

(M") 182.1122, found 182.1116.

3-[(1,1-Dimethylethyl)dimethylsilyloxy]-7-(tnmethylsilyl)-1-hepten-6-yne (80).

-TMS -TMS

HO TBSO
HH NMR (CDCI3) 8 5.76 (m, 1H, C=Cff), 5.08 (m, 2H, C=Cff2), 4.22 (app q,
J =6.2 Hz, 1H, OC//), 2.25 (m, 2H, Cff2), 1.65 (m, 2H, Cff2), 0.88 (s, 9H, Cff3),

0.12 (s, 9H, Cff3), 0.05 (s, 3H, Cff3), 0.02 (s, 3H, Cff3; 13 NMR (CDCI3) 8 141.2,
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114.2, 107.2,84.7, 72.2, 36.8, 25.9, 18.2, 15.9, 0.2, -4.3, -4.8; IR (CCIl4) 3084,
2173 cm"], high resolution mass spectrum calcd for C16H320Si2 (NT) 296.1983,

found 296.1982.

3-[(I,1-Dimethylethyl)dimethylsilyloxy]-I-hepten-6-yne (271).

To a solution of silyl acetylene 81 (0.593 g, 2.0 mmol) in THF (21 mL) was added
pyridine (0.85 mL, 5.25 eqg, 10.5 mmol), H20 (4.5 mL), and AgNO3(1.07 g, 3.15
eq, 6.3 mmol). The flask was immediately flushed with Ar, sealed with a
polyethylene stopper and wrapped in foil. After | hr G C analysis indicated with
reaction was complete Brine (40 mL) was then added and the heterogeneous slurry
was vigorously stirred for 20 min. The mixture was then filtered through a pad of
Cehte and the phases were separated, and the aqueous phase was extracted with
CH2CI2(3 x 20 mL). The combined organic phases were dried (MgSO4), filtered,
concentrated in vacuo, and immediately subjected to chromatography on basic
alumina (hexane for elution) to afford 0.380 g (85%) of the title compound as a
colorless oil: 1H NMR (CDCI3) 5 5.87-5.63 (m, IH), 5.19-5.01 (m, 2H), 4.25-4.17
(m, 1H), 2.25-2.18 (m, 2H), 1.92 (V = 2.7 Hz, 1H), 0.88 (s, 3H), 0.05 (s, 3H),

0.02 (s, 3H); 13C NMR (CDCI3) 8 141.1 (CH), 114.4 (CH2), 845 (Q, 72.3 (CH),
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68.4 (OH), 36.7 (CH2), 26.0 (CH3J), 18.3 (0), 14.4 (CH2), -4.3 (CH3J), -4.8 (CH3);
IR (thin film) 3314, 3081, 2120, 1645, 1252, 1090, 838 cm’L high resolution mass

spectrum calcd for Ci3H2Z0Si (M+1) 225.1661, found 225.1668.

Trans-6-[[(1,1-Dimethylethyl)dimethylsilyljoxy]-4,5,6,6a-tetranydro-2( 1//)-
pentalenone (271Db).

TBSO TBSO

BaC — <h>>

High Rf
Enyne 271a (112 mg, 0.50 mmol) was cyclized according to general procedure C,
except that 12.5 mol % Co2CO)R was employed and immediately prior to
cyclization enyne 271a was subjected to chromatography on basic alumina (hexane
for elution). These modifications afforded 72 mg (57% optimized yield ) ofa 1.0 to
| diastereomeric mixture of bicyclopentenones 271b and 271c. The diastereomenc
ratio was determined by NMR integration of the C3-vinylic protons after minimal
chromatogiaphy on silica gel. 271b: Rf=0.37 (20% EtOAc/Hex); IH NMR
(CDCI3) 6 5.85 (d,J= 1.2 Hz, IH), 3.73 (app dd, J= 16.5, 9.0 Hz, IH), 2.99-2.91
(br m, 1H), 2.84-2.72 (m, 1H), 2.64-2.44 (m, 2H), 2.27-2.10 (m, 3H), 0.86 (s, 9H),
0.04 (s, 6H), 13 NMR (CDCI3 6 210.3 (C), 187.0 (C), 126.5 (CH), 77.3 (CH),
53.8 (CH), 40.8 (CH2), 35.0 (CH2), 25.8 (C), 25.2 (CH3), 18.0 (C), -4.6 (CH3), -4.7

(CH3); IR (thin film) 3074, 1715, 1639, 1623, 1255, 1082, 1048 cm’L high
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resolution (CIZNH3) mass spectrum calcd for Ci4H2302Si (M+H)+253.1524, found

253.1625.

C/5-6-[[(l,I -Dimethylethyl)dimethylsilylJoxy]-4,5,6,6a-tetrahydro-2(l//)-
pentalenone (271c).

TBSO TBSO

r — <X-

Low Rf
Rf=0.28 (20% EtOAc/Hex), H NMR (CDCI3) 5 5.89 (d, J =1.8 Hz, 1H), 4.20 (t,
J =3.75 1H), 2.96-2.88 (m, 1H), 2 66-2.55 (m, 2H), 2.33-2.11 (d,7 = 4.8 Hz, 2H),
2.23-2.11 (m, IH) 2.04-1.93 (m, IH), 0.80 (s, 9H), 0.01 (app d,J =4.2 Hz, 6H);
13T NMR (CDCI3 5 211.9 (0), 189.4 (Q, 125.6 (CH), 70.7 (CH), 52.9 (CH), 36.8
(CH2), 36.2 (CH2), 25.7 (CH3), 24.3 (CH2), 18.1 (Q, -4.6 (CH3), -5.0 (CH3J), high
resolution (CIZNH3) mass spectrum calcd for CidH2302Si (M+H)+253.1524, found

253.1628.

3-[[(I,1-Dimethylethyl)dimethylsilylJoxy]-7-methylthio-I-hepten-6-yne (272a).

The title compound was prepared by alkylation of enyne 271a (224 mg, 1.0 mmol)
according to the general procedure utilized for 236a to afford 238 mg (88%) of

272a as ayellow oil: H NMR (CDCI3) 55.76 (ddd,J= 17.1, 10.4, 6.0), 5 15 (app



246

dt,J= 17.1, 1.5 Hz, 1H), 5.02 (app dt,J= 10.5, 1.5 Hz, IH),4.18(app q,J= 183
Hz, 1H), 2.32 (s, 3H), 2.32-2.25 (m, 2H), 1.66-1 60 (m, 2H), 0.97 (s, 9H), 0.05 (s,
3H), 0.01 (s, 3H), 13 NMR (CDCI3) 5 141.4 (CH), 114.6 (CH2), 93.3 (Q, 72.7
(CH), 70 5 (O, 37.2 (CH2), 26.3 (CH3J), 19 6 (CH3), 186 (C), 164 (CH2, -39
(CH3), -4.5 (CH3); IR (thin film) 3076, 2190, 1643, 1252, 1090, 837 cm"L; high
resolution mass spectrum calcd for CnH”OSSi

(M+) 270.1474, found 270.1483.

7><ms-4-[[(1, 1-Dimethylethyl)dimethylsilylJoxy]-3-methylthio 4,5,6,6a-tetrahydro-
2(1/)-pentalenone (272b).

TBSO TBSO

Enyne 272a (67 mg, 0.25 mmol) was cychzed according to general procedure C,
except that gradient flash chromatography was performed with 2-10% EtOAc/Hex
for elution, to afford 44 mg (59%) ofa I.I to | diastereomenc mixture of
bicyclopentenones 272b and 272c as determined by G C analysis of the crude
reaction mixture. 272b: Rf=0.27 (10% EtOAc/Hex); IH NMR (250 MHz, CDCI3
5 3.70 (app q with fine structure, 1H), 2.95-2.85 (m, 1H), 2.81-2.50 (m, 3H), 2.35
(s, 3H), 2.27-2.11 (m, 2H), 2.06-1.89 (m, 1H), 0.86 (s, 9H), 0.03 (s, 6H); 13 NMR

(CDCI3) 6 205.9 (O, 180.1 (C), 1325 (Q, 77.3 (CH), 52.3 (CH), 40.5 (CH2), 34.9
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(CH2), 25.7 (CH3), 25.4 (CH2), 18.0 (Q, 14.3 (CH3), -4 6 (CH3), -4.7 (CH3), IR
(thin film) 1707, 1622, 1471, 1254, 836 cm"Z, high resolution mass spectrum calcd
for CIH202SIS (M ) 298.2423, found 298 1423. The indicated stereochemistry is

consistent with the following NOE data:

Cs"4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]-3-methylthio-4,5,6,6a-tetrahydro-
2(1/1)-pentalenone (272c).

TBSO TBSO

Rf- 0.15 (10% EtOAc/Hex), H NMR (CDCI3) 8 4.23 (app t, J = 3.6 Hz, 1H),
2.91-2.86 (m, 1H), 2.73-2.50 (m, 2H), 2.41-2.36 (m, 2H), 2.31 (s, 3H), 2.22-2.08
(m, 1H), 2.04-1.97 (m, 1H), 0.79 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); 1T NMR
(CDCI3 8 207.4 (O, 184.1 (Q, 131.4(C), 70.6 (CH), 51.3 (CH), 36.3 (CH2), 35.9
(CH2), 25.6 (CH3J), 24.5 (CH2), 18.1 (Q, 14 8 (CH2), -4.6 (CH2), -5.0 (CH2); IR
(thin film) cm™], high resolution mass spectrum calcd for CIH2602SiS (M4

298 2423, found 298.1426. The indicated stereochemistry is consistent with the

following NOE data:
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SCH3
(35',45)-3-[[( I, I-dimethylethyl)dimethylsilylJoxymethyl]-4-[[( 1,1-
dimethylethyl)dimethylsilyl]oxy]-hept-I-ene-6-yne (280a).

T™MS
TBSO TBSO

0TBS OTBS
To a solution of 148 (163 mg, 0.37 mmol) in MeOH (4 mL) was added NaOH (1.4
mg, 10 mol %). The reaction vessel was subsequently flushed with Ar, sealed with
a polyethylene stopper and the solution was stirred for 24 h. The resulting solution
was concentrated m vacuo and the residue was purified by chromatography on
silica gel (5-10% EtOAc/Hex gradient for elution) to afford 123 mg (90%) of the
title compound as a colorless oil. I1H NMR (CDCI3) 5 5.75-5.63 (m, IH,), 5.19-
5.13 (m, 2H,), 4.09 (ddd, J = 80, 5.9, 2.0 Hz, 1H), 3.63 (dd, J= 10.0, 8.7 Hz, 1H),
3.50 (dd, J= 10.0, 6.1 Hz, 1H), 2.56-2.48 (m, IH), 2.32-2.27 (m, 2H), 1.94 (t,J =
2.7 Hz, 1H), 0.87 (s, 9H), 0 86 (s, 9H), 0.06 (s, 6H), 0.03 (s, 3H), 0.02 (s, 3H); 1
NMR (CDCI3 8 134.6 (OH), 118.6 (CH2), 81.5 (OH), 70.0 (O), 69.4 (OH), 63.4
(CH2), 50.0 (OH), 25.9 (CH3), 25.8 (CH3), 25.5 (CH2), 18.0 (C), -4.3 (CH3), -4.9

(CH3), -5.2 (CH3), -5.3 (CH3; IR (thin film) 3315, 3078, 2129, 1640, 1472, 1256,
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1101, 836, cm'] high resolution (CIZNH3) mass spectrum calcd for C20H41025i2

(NM-T) 369.2645, found 369.2641.

(55,6%',6a/?)-5-[[(1, I-dimethylethyl)dimethylsilylJoxy]-4-[[(1,1-
dimethylethyl)dimethylsilylJoxymethyl]-4,5,6,6a-tetrahydro-2(1//)-pentalenone

(280b)

A solution of 280a (57 mg, 0.15 mmol) and Co2(C0O)8(5.2 mg, 10 mol %) in 1,2-
DME was stirred under a CO atmosphere for 30 min, whereupon the resulting red
solution was Q-Beam irradiated for 24 h G C analysis of several aliquots indicated
that the reaction stopped at 50% conversion so an additional portion of Co2CO)8
was added (5.2 mg in 0.5 mL 1,2-DME, 10 mol %, 20 mol % total). After a further
12 h of irradiation the reaction was complete. The resulting solution was
concentrated in vacuo and the residue was purified by chromatography on silica gel
(EtOAc/Hex gradient for elution) to afford 43 mg (70%) of the title compound as a
colorless oil and as a single diastereomer: Rf=0.58 (30% EtOAc/Hex); H NMR
(CDCI3 6 5.86 (app q, J= 1.7 Hz, IH), 4.48 (app t,J =4.9 Hz, IH), 3.86 (dd,J =
10.0, 6.4 Hz, 1H), 3.70 (dd, J= 10.0, 7.6 Hz, 1H), 3.11-3.03 (m, 1H), 2.90 (dd, J =

20.0, 5.5 Hz), 2.64-2.51 (m, 2H), 2.15 (dd, J= 18.1, 3.3 Hz, 1H), | 62-1.51 (m,
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1H), 0.86 (s, 18H), 0.05 (s, 6H), 0.01 (s, 6H), 13 NMR (CDCI3) 6 210.4 (Q, 188.0
(0, 1255 (CM), 73.9 (CR), 62.7 (CH2), 53.6 (CH), 47.3 (CM), 42.2 (CH2), 39.0
(CH2), 25.9 (CH3J), 25.7 (CH3), 18.2 (Q, 18.0 (Q, -4.6 (CHJ, -5.1 (CH3J), -5.3
(CHJ), IR (thin film) 1713, 1636, 1472, 1256, 1067, 853 cm"1; high resolution mass

spectrum calcd for C2H41Si2 (M™) 397.2554, found 397.2582.

(45)-3-(4'-chlorobutanoyl)-4-(methylethyl)-1,3-oxazohdin-2-one.

O o O o
OARA &Z-Xzai 0A nANzx/M'

A solution of oxazoline 128 (3.25 g, 13.9 mmol) and Nal (2.71 g, 15.0 mmol) in
acetone (20 mL) was gently heated to reflux for 36 h in the dark, after which time
H20 (20 mL) was added and the mixture was concentrated vacuo The residue
was dissolved in CH2CI2 (50 mL) and was subsequently washed with half-saturated
Naz2S203(10 mL), saturated aqueous NaHCO3(10 mL) and brine (10 mL). The
solution was dried (MgSO4), filtered and concentrated in vacuo. The solid residue
was recrystallized from toluene/hexane to afford 4.20 g (93%) of the title compound
as yellow needles, mp 63-65 °C (toluene/hexane) IH NMR (CDCI3) 8 4.38 (app p,
J= 3.9 Hz, 1H), 4.25 (t,J=8.6Hz, IH), 4.19 (dd, J= 9.1, 3.2 Hz, IH), 3.23 (t,J =
6.9 Hz, 2H), 3.12-2.94 (m, 2H), 2.37-2.27 (m, 1H), 2.14 (app p,J = 6.9 Hz, 2H),

0.87 (d,J= 7.1Hz, 3H), 0.83 (d,J= 6.9 Hz, 3H); 13C NMR (CDCI3) 8 171.6(C),
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154.0 (Q, 63.4 (CH2), 58.4 (CH), 36.2 (CH2), 28.3 (CH), 27.8 (CH2), 17.9 (CH3),

14 6 (CH3), 5.3 (CH2); IR (thin film) 1786, 1698, 1488, 1388, 1209 cm"L

Bis-(5,5-methoxymethyl)-1-[3-(tnmethylsilyl)-2-propynoxy]-oct-7-en-2-yne (292).

H—= -/ IMS—=
The title compound was prepared by the general procedure utilized for 51 1H NMR
(CDCI3) 6 5.49-5.35 (m, 1H, CZZ=CH2), 4.76-4.69 (m, 2, CH=CZZ2), 3.88 (s, with
fine structure, 4H, CZZ20CZ22), 2.95 (s, 6H, 2 CZZ30), 2.90-2.84 (m, 4H, 2 CZ220),
| 87 (V = 2.0 Hz, CZZ22C=C), | 79 (V = 7.5 Hz, 2H, CZZ2CH), -0.18 (s, 9H,
Si(CZZ3)), 13C NMR (CDCI3) 6 133.8 (CH), 117.9 (CH2), 100.9(C), 91.6(C), 84.3
(C), 770 (C), 74 4 (CH2), 59.2 (CH3), 56 9 (CH2), 56 8 (CH2), 418 (C), 36 4
(CH2), 22.4 (CH2), -0.2 (CH3); IR (thin film) 3076, 2958, 2810, 2751, 2174, 1639,

1446, 1345, 1251, 1109, 1051, 1044,917, 844, 760 cnrl

I, 1-Dimethyl-3-(2-propynloxy)-1-propene (293).

0X

H NMR (CDCI3) 5 5.33-5.28 (m, 1H), 4.08 (d,J = 2.4 Hz, 2H), 4.02 (d,J= 7.1

Hz, 2H), 2.39 (t, J = 2.4 Hz, 1H), 1.72 (s, 3H), 1.67 (s, 3H); 13 NMR (CDCI3)
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8 138 | (O, 120.3 (CH), 80.1 (CH), 74.0 (Q, 66.0 (CH2), 56.8 (CH2), 25.7 (CH3),
18 O(CH3), IR (thin film) 3298, 2115, 1674, 1442, 1075 cm'L

I-(Methylthio)-1-OCtyne (296).
C6H1CCSCH3

H NMR (CDCI3 5 2.32 (s, 3H), 2.25 (t, V= 7.0 Hz, 2H), 1 47 (p, J= 7.3 Hz, 2H),
1.26-1.21, m, 6H), 0.86 (t, J= 6.7 Hz, 3H); 13 NMR (CDCI3 5 93.3 (Q, 69.7 (Q,
31.3 (CH2), 28.7 (CH2), 22.5 (CH2), 20.0 (CH2), 19.3 (CH3), 14.0 (CH3), IR (thin

film) 1466, 1312, 976 cm'l

3-Butenyl-2-diphenyl-I-ethenylsilane (297a).

Ph2Si- -

A solution of 4-trimethylsilyl-3-butenylmagnesium bromide (4.8 mmol) in THF (5
mL) was added vinyldiphenylchlorosilane (4.4 mmol, 1.07 g) neat and the resulting
solution was heated to reflux for 7h The resulting solution was treated with H2C*
(15 mL) and 50% Et20-liexane (15 mL) and the organic layer was separated. The
aqueous layer was extracted with 50% Et20-liexane (2x10 mL) and the combined
organic layers were dried (MgSO*, filtered, concentrated in vacuo and filtered
through a silica gel plug (I cm d x 3 cm, 20% EtOAc/hexane for elution) to afford

151 g of a colorless oil. A portion of this oil (483 mg, 1.44 mmol) was dissolved
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in MeOH (5 mL) and a pellet of NaOH (97 mg, 1.7 mmol) was added and the
resulting solution was vigorously stirred for 4 h after which time the resulting
solution was treated with H20 (50 mg, 2.7 mmol) and concentrated in vacuo The
residual material was purified by flash chromatography on silica gel (5%
EtOAc/hexane for elution) to afford 0.215 g (57%, two steps) of the title compound
as a thick, slightly yellow oil IH NMR (CDCI3 5 7.57-7.26 (m, 10H), 6 49 (dd, J
=20.2, 147 Hz, 1H), 6.25 (dd, J= 14.7, 3.7 Hz, 1H), 580 (dd, J= 20.2, 3.7 Hz,
1H), 2.28 (dt with fine structure, J= 2.6, 8.6 Hz, 2H), 1.95 (t, J= 2.6 Hz, 1H), 1.50
(t with fine structure, J =8.4 Hz, 2H); 13 NMR (CDCI3 5 136.3 (CH2), 135.2
(CH), 133.9 (CH), 133.7 (Q, 129.6 (CH), 127.9 (CH), 86 4 (Q, 67.8 (CH), 13.2
(CH2), 12.9 (CH2), IR (thin film) 3301, 3068, 3049, 2115, 1589, 1428, 1112, 900

cm'l.

Rhodium derived cyclohexadiene (298).

EtO2C
HNMR (CDCI3 6643 (dd, J= 175, 10.6 Hz, 1H), 5.53 (s, 1H), 5.07 (d,J= 6.0
Hz, 1H), 5.03 (s, 1H). 4.16 (q,J= 7.1 Hz, 4H), 3.06 (app d,J=8.4Hz, 2H), 121

(t, J= 7.1 Hz, 6H); 13C NMR (CDCI3) 8 171.9(C), 140.0(C), 132.4 (CH), 126.8
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(CE), 114.8 (CH2), 61.4 (CH2), 58.8 (Q, 40.7 (CH2), 39.1 (CH2), 13 9 (CH3J), IR

(thin film) 3090, 3049, 1733, 1644, 1596, 1250 cm*1

Rhodium derived cyclopropane (299).

tsnX”"j

H NMR (CDCI3 5 7.62 (d, J= 8.1 Hz, 2H), 7.28 (d, J= 8.1 Hz, 2H), 6 30 (d,J =

8 1Hz, 1H), 5.37 (dd,J= 8.1, 55 Hz, IH) 3.85 (d,J= 11.5 Hz, IH), 3.02 (dd,J =

115 Hz, 1H), 2.40 (s,3H), 1.55-1.47 (m, 1H), 1.14-1.05 (m, IH), 0.77 (app dt, J
8.3, 4.6 Hz, 1H), 0.32 (app q,J =4 8 Hz, 1H); 13 NMR (CDCI3 5 143 6 (Q,
135.1 (O, 129.7 (CH), 127 O(CH), 121.2 (CH), 111.9(CH), 40.9 (CH2), 21.5
(CH3J), 18.3 (CH), 13.4 (CH2), 7.1 (CH), IR (thin film) 3103, 3076, 3006, 1936,
1645, 1343, 1175, 1105 cm"], high resolution mass spectrum calcd for Ci3HisSNO2S

(M+) 239.0823, found 239.0816.
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