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The intramolecular Pauson—-Khand (PK) reaction of
enynes has become one of the most powerful tools for the
construction of cyclopentenone-fused bicyclic compounds. In
particular, due to the reliability and efficiency of the cycliza-
tion of 1,6-enynes, this reaction has been widely applied to the
synthesis of complex products with bicyclo[3.3.0]octane
skeletons.ll In the case of 3-substituted 1,6-enynes, it is well
known since the pioneering work of Magnus et al.”l that the
reaction occurs with moderate to high exo stereoselectivityl*!
(the substituent at the allylic position on the starting enyne
ends up on the less sterically crowded exo face of the bicyclic
product).

Although it is generally assumed that electron-poor alkenes
are unsuitable substrates for PK reactions,*4 we recently
reported that certain 1-sulfinyl-1,6-enynes undergo intramo-
lecular PK cyclizations in acceptable yields and in a highly
stereoselective manner.’] Encouraged by these results, we
envisioned the use of other electron-poor sulfur-substituted
olefins, such as vinyl sulfones.’! Here we report that the
readily available racemic or enantiopure 1,6-enynes with y-
oxygenated a,(-unsaturated phenylsulfone structures are not
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only excellent substrates in intramolecular PK reactions, but
also that cyclization takes place with a reversal selectivity, that
is, endo instead of exo selectivity.”)

Following our usual method of synthesis of (E)-y-hydroxy-
a,B-unsaturated phenyl sulfones,®l several differently substi-
tuted 1-phenylsulfonyl-3-hydroxy-1,6-enynes (substrates 1a,
3a,5a,and 7al) were prepared in one step by the piperidine-
promoted condensation of the corresponding aldehydes with
phenylsulfonyl p-tolylsulfinylmethane in acetonitrile at 0°C
(78-84% yield, Scheme 1). Next, to study the effect of

Enynes b (R®= TIPS)

Enynes a Enynes ¢ (R®= CH,OEt)
o)
R? R2><i 0,Ph borc ><j 0,Ph
2
R ! 78-84% 90-96% R
1,357
o] 2,4,6,8

Rz>{iH/ d >Ci borc ><:/;

R? R! 60-73% R 80-85%

Scheme 1. Synthesis of the starting 1,6-enynes 1-8. a) PhSO,CH,SOTol,
piperidine, CH;CN, 0°C; b)TIPSOTY, 2.6-lutidine, CH,Cl,, RT;
c) CICH,0OEt, DIPEA, CH,Cl,, RT; d) vinylmagnesium bromide, THF,

—78 °C. TIPSOT( = triisopropylsilyl trifluoromethanesulfonate; DIPEA =
N,N-diisopropylethylamine.

substitution at the y-position, the hydroxy group of these
enynes was protected as the triisopropylsilyl (TIPS) ether
(substrates b) and ethoxymethyl ketal derivatives (substrates
¢). To evaluate precisely the effect of the sulfonyl group on the
reactivity and stereoselectivity of the PK reaction, the
corresponding 1-unsubstituted 3-oxygenated 1,6-enynes were
readily prepared by addition of vinylmagnesium bromide to
the appropriate aldehyde (synthesis of alcohols 2a, 4a, 6a,
and 8al) followed by protection of the hydroxy group
(substrates 2b—c, 4b—c¢, 6b—c, and 8b—c¢) (Scheme 1).

Table 1 summarizes the results of the PK cyclizations of
enynes 1-8 under the usual conditions with an amine N-oxide
promoter:['% initial formation of the alkyne dicobalt complex
by reaction with [Co,(CO)s] in CH,Cl, at room temperature
followed by addition of 6 equiv of trimethylamine N-oxide
(TMANO). Incomplete conversion was observed under these
standard conditions with enynes 7, and so the reaction was
performed in the presence of TMANO and molecular
sieves!'!l (entries 15, 17, and 19).

Remarkably, in spite of the electron-poor character of the
C—C double bond of the vinyl sulfones 1, 3, 5, and 7, these
compounds reacted completely after 2—-3h to give the
corresponding bicyclic PK adducts, in most cases as the only
detectable compounds ("H NMR) after removal of the cobalt
by-products by filtration through Celite. From a synthetic
viewpoint, it is noteworthy that the yields of PK products from
1-sulfonylated 1,6-enynes (70-79 % yields for cyclopente-
nones 9, 11, 13, and 15) are generally higher than those
obtained from the corresponding 1-unsubstituted enynes
(cyclopentenones 10, 12, 14, and 16; 38-79% yield), and
that there is no significant decrease in efficiency on going
from the 4,4-dimethyl series 5 and 7 (Thorpe —Ingold effect)
to the 4-unsubstituted series 1 and 3.0
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Table 1. Pauson-Khand reactions of enynes 1-8.

reductive desulfonylation of en-

R30 RO 4 X RO 4 X do-9b, endo-9¢, and endo-13b
R2><jx 2[CoCl g2 NG . with activated zinc (NH,CI,
R2 — R' b MeNO s? o2 THF/H,0, RT) furnished in
CHzClz, RT R! Rl excellent yields endo-10b
endo exo (93%), endo-10¢ (94%), and
Entry Enyne X R! R? R? Product  endolexol®  Yield® [%] (endol [%])  endo-14b (91 %), respectively.
1 b SOPh H H TIPS 9b 92/8 74 (66) In addition, the structure of
2 2b H H H TIPS 10b 46/54 54 endo-9b was unequivocally
3 1c SO,lh H H  CHOEt 9¢ >98/<2 76 (76) proved by X-ray diffraction.!'*]
4 2¢ H H H  CHOEt 10c 28/72 72 Although the assumed multi-
5 3b SO,Ph  Me H TIPS 11b 91/9 73 (63) step mechanism of the PK re-
6 4b H Me H TIPS 12b 32/68 46 p o
7 3¢ SO,Ph Me H CH,OEt 11c¢ 93/7 77 (71) action makes rationalization of
8 4c H Me H CH,OEt 12¢ 25/75 38 the stereochemical outcome
9 5a SO,Ph H Me H 13a 80/20 601! difficult, two main factors are
10 6a H H o Me H 14a 36/64 >0 usually invoked in diastereose-
11 5b SO,Ph H  Me TIPS 13b 39/61 71 (25) lective PK cvelizations: th
12 6b H H Me TIPS 14b 10/90 63 ective PX cyclizations: the con-
13 5c SO,,h H  Me CHOEt 13c¢ 67/33 74 (47) formational preferences of the
14 6¢ H H Me CH,OEt 14c 20/80 79 starting complex prior to metal-
150¢] 7a SO,Ph Ph Me H 15a 76/24 754 lacycle formation ™ and the
16 8a H Pho Me H 16a 17/83 42 thermodynamic stability of the
176 7 SO,Ph  Ph  Me TIPS 15b 94/6 7814l 10dy . y
18 8b H Ph Me TIPS 16b <2/>98 45 putative key cis-cobaltacycle
19kl 7c SO,Ph  Ph Me CH,OEt 15¢ 87/13 79l intermediates.> 1l In the case
20 8c H Ph Me CHZOEt 16¢ 16/84 46 of the 1_Sulf0nylated_176_

[a] Determined by '"H NMR spectroscopy after removal of the cobalt by-products by filtration. [b] Of pure exo +
endo adducts after chromatography on silica gel. [c] In parentheses: yield of pure endo-4-sulfonylcyclopentenone
after chromatography. [d] The endo + exo adducts could not be separated by chromatography on silica gel.

[e] Reaction conditions: Me;NO (6 equiv), molecular sieves (4 A), toluene, RT.

However, the most outstanding result concerns the stereo-
selectivity of the cyclization. As expected for allylically
substituted 1,6-enynes, the PK reactions of enynes 2 and 6
were moderately exo selective, and, in agreement with the
model proposed by Magnus et al.,?! which predicts a higher
exo selectivity with increasing size of the substituent at the
alkyne terminus, the PK reactions of the alkyne-substituted
series 4 and 8 were somewhat more exo selective than those of
2 and 6, respectively. Interestingly, the PK reactions of the
sulfonylated enynes 1, 3, 5, and 7 were endo selective in most
cases (values in bold in Table1), even in the alkyne-
substituted series 3 and 7, which proves the strong capacity
of the phenylsulfonyl group to reverse the “natural” exo
selectivity of the process. Thus, in the four sulfonylated series
the endo-bicyclo[3.3.0]oct-1-en-3-one was obtained with high
(entries 7, 9, and 17) or complete stereoselectivity (entry 3),
whereby the pronounced reversal of stereoselectivity in the
case of the pairs of enynes 1¢/2¢ (entries 3 and 4), 3c/de
(entries 7 and 8) and 7b/8b (entries 17 and 18) is especially
remarkable. Furthermore, apart from the adducts 15, the rest
of endo/exo mixtures of 4-sulfonylcyclopentenones (adducts
9, 11, and 13) were readily separated by simple chromatog-
raphy on silica gel.

The exol/endo configuration of the sulfonylated cyclopente-
nones 9, 11, 13, and 15 was evident from spectroscopic data.["*!
In addition, the homogeneity of the stereochemical assign-
ments was confirmed in several cases by hydrolysis of the O-
protected PK adducts (products b,¢) to the corresponding
alcohols (products a), and by chemical correlation between
sulfonylated and unsulfonylated cyclopentenones. Thus, the

Angew. Chem. Int. Ed. 2000, 39, No. 16
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enynes, both effects could oper-
ate in the same direction, pro-
viding a reasonable explanation
for the observed major forma-
tion of the endo isomer
(Scheme 2). Thus, as we had

starting complex cis-cobaltacycle intermediate adduct
H SO2Ph
Hoy [P S0,Ph | Co(CO)s H ,SO2Ph
— AN
M Co(CO); ™
TR OR R‘
OR
A
Jpy =3.55.0 Hz in endo
* enynes 1 and 3 (CDCl3)
H CO)3
B /\R‘ .
RO }/ N SO,Ph Co CO)s
R SO,Ph
H 2 H  S0,Ph

B

D exo

PhSO, / OR in 1,3-parallel arrangement

Scheme 2. Proposed mechanism for the observed endo-selective reaction.

noticed in other y-oxygenated a,fB-unsaturated phenyl sul-
fones,'”l the conformation A (OR and H, in 13-parallel
arrangement) would probably be more stable than conforma-
tion B (H, and H, in 1,3-parallel arrangement), as is deduced
from the low value of J;, (3.5-5.0 Hz, CDCL;) in the starting
enynes 1 and 3. This leads to the cis-cobaltacycle C, in which
the OR and SO,Ph groups are located on opposite faces of the
bicyclic structure, which finally affords the endo adduct. In
contrast, the less stable conformation B (H; and H, in anti
relationship) would produce the presumably less stable cis-
cobaltacycle D (intermediate in the formation of the exo
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adduct), which is likely destabilized with respect to C due to
the 1,3-parallel steric interaction between the OR and SO,Ph
groups (Scheme 2).

For the application of the results shown in Table 1 to the
synthesis of enantiopure 6-oxygenated endo-bicyclo[3.3.0]oct-
1-en-3-ones, optically pure 1-sulfonyl-1,6-enynes were re-
quired. Some years ago we described a practical lipase-
mediated kinetic resolution of a wide structural variety of (£)-
y-hydroxy-a.f-unsaturated sulfones based on their highly
enantioselective acetylation with lipase PS (Pseudomonas
cepacia lipase) as catalyst in an organic solvent.!'s] Pleasingly,
under these conditions the reaction of (£)-1a stopped at 50 %
conversion (48 h in toluene as solvent) and afforded 49 % of
the alcohol (S)-1al"! and 46 % of the acetate (R)-1d1"" after
flash chromatography, both in very high optical purity (98.5 %
ee for (§)-1a (HPLC, Chiralpak AS) and >96 % ee for (R)-1d
("H NMR, [Pr(hfc),]). Protection of (S)-1a as ketal (S)-1¢[*%]
and subsequent PK cyclization afforded (4R,5R,65)-9¢!! as
the only isolated product (72 % yield). Finally, zinc-mediated
reductive desulfonylation furnished the enantiomerically pure
endo-substituted cyclopentenone (5R,65)-10¢"! (94 % yield,
98.5% ee (HPLC, Chiralcel OD); Scheme 3).

EtOCH,0, |y ,SOPh EtOCH,O 4

HO
. ——
#)-1a-2> SOPh be <:b:o d <:t>:o
== 72% 94%

(S)-1a, 49%, 98.5% ee
+ (R)-1d, 46%, > 96% ee

(4R, BR, 6S)-9c (5R, 6S)-10c

98.5% ee

Scheme 3. Enantioselective synthesis of 6-oxygenated endo-bicyclo-
[3.3.0]oct-1-en-3-ones. a) Lipase PS, vinyl acetate, molecular sieves, tol-
uene, RT; b) CICH,OEt, DIPEA, CH,Cl,, RT; ¢) [Co,(CO)s], CH,Cl,, RT;
TMANO, RT; d) Zn, NH,Cl, THF/H,O, RT.

In summary, we have demonstrated that «,f-unsaturated
sulfones can be useful substrates in intramolecular PK
reactions. Interestingly, unlike the usual stereochemical
behavior of allylic substituted 1,6-enynes, the intramolecular
PK cyclizations of differently substituted (F)-1-phenylsulfon-
yl-3-oxygenated-1,6-enynes occur with moderate to high endo
selectivity. As these sulfonylated enynes are readily available
in both racemic and enantiopure forms, and the sulfonyl group
can be easily removed from the cyclopentenone products, this
overall procedure represents an efficient stereocomplemen-
tary Pauson — Khand approach to the asymmetric synthesis of
6-substituted bicyclo[3.3.0]oct-1-en-3-ones. The application of
this procedure to the stereoselective synthesis of triquinanes is
underway.

Experimental Section

(4R.5R,65)-9¢: A solution of enyne (S)-1¢ (187 mg, 0.61 mmol) in CH,Cl,
(5mL) was added dropwise to a stirred solution of [Co,(CO);] (250 mg,
0.73 mmol) in CH,Cl, (5 mL) under argon atmosphere at room temper-
ature (RT). The solution was stirred for 10 min, and TMANO (407 mg,
3.66 mmol) was added in one portion. The resulting solution was stirred for
3h at RT and filtered through a pad of Celite, which was washed with
diethyl ether (30 mL). The combined solvents were evaporated and the
residue was purified by flash chromatography (hexane/ethyl acetate 5/1) to
afford 155 mg of (4R,5R,65)-9¢ (76 %) as a white solid. M.p. 73-74°C;
[a]® =+241 (c=04, CHCL); '"H NMR (CDCl;): 6 =799-796 (m, 2H),
7.70-755 (m, 3H), 5.92 (m, 1H), 4.65 (m, AB,2H), 428 (t,/=4.1 Hz, 1H),
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4.23 (d,/=4.4 Hz, 1H), 3.59 (m, 1H), 3.51 (m, 2H), 2.71 (m, 2H), 2.24 (m,
2H), 1.21 (t, J=70Hz, 3H); C NMR (CDCl;) 6 =198.1, 185.0, 138.6,
134.0,129.2,129.1, 125.0, 93.8, 76.3, 68.3, 63.7, 53.2, 32.5, 24.3, 15.1; analysis
calcd for C;;H,,05S: C 60.70, H 5.99, S 9.53; found: C 60.46, H 6.42, S 9.92.
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Cyclization of Terminal Diynes Catalyzed by
Thiolate-Bridged Diruthenium Complexes:

A Simple Synthetic Route to endo-Macrocyclic
(Z)-1-En-3-ynes**

Yoshiaki Nishibayashi, Masashi Yamanashi,
Issei Wakiji, and Masanobu Hidai*

Homogeneous catalysis by polynuclear transition metal
complexes has been receiving much attention because the
multimetallic sites are expected to provide unique reaction
sites for activation and transformation of substrate molecules.
These sites are anticipated to differ significantly from those of
conventional monometallic centers coordinated by ancillary
ligands.! Toward this end, our studies have long been focused
on the synthesis and reactivity of polynuclear noble-metal
complexes with bridging sulfur ligands.” Recently, we
found that the thiolate-bridged diruthenium complexes
[Cp*RuCl(u,-SR),RuCp*Cl] (1-3)(Cp*=n>-CsMes; R=
Me, Et, nPr) catalyze the head-to-head Z dimerization of
terminal alkynes containing straight-chain aliphatic and func-
tional groups.®! Although mononuclear ruthenium complexes
such as [Cp*Ru(L)H;] (L =phosphane) also catalyze the
dimerization of terminal alkynes, such a highly regio- and
stereoselective dimerization of a wide range of terminal
alkynes has never been realized.! We

have now extended our study of the Cp\ cp*
catalytic activity of the diruthenium /RI/“‘_\R|U\SR
complexes to include the cyclization of c
terminal diynes. Preliminary results are 1; R =Me
described here. SR

4, R=iPr

Trost and co-workers have reported
the palladium-catalyzed cyclization of
a,w-diynes to give the corresponding exo-macrocyclic 1-en-
3-ynes in moderate yields and high regio- and stereoselectiv-
ities.] In sharp contrast, synthetic routes to endo-macrocyclic
1-en-3-ynes are extremely limited.’l Actually, six steps are
necessary to prepare (Z)-1-cyclododecen-3-yne from cyclo-
dodecanone and the total yield is less than 5 %.% To the best
of our knowledge, there is no report of a synthetic method for
endo-macrocyclic (Z)-1-en-3-ynes from a,w-diynes.’]

Treatment of 1,15-hexadecadiynel® (6a) in methanol in the
presence of [Cp*RuCl(u,-SMe),RuCp*Cl] (1) (10 mol %) at
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