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We previously reported the geminal carbo-functionalization
reaction of alkynes on treatment of 3-siloxy-1,3-dien-7-ynes 1
with [W(CO)6] or [ReCl(CO)5] under photoirradiation to give
bicyclo[3.3.0]octane derivatives 2 in good yield (Scheme 1).[1]

The reaction was thought to proceed through nucleophilic
attack of the silyl enol ether moiety to the electrophilically
activated alkyne followed by attack of the generated alkenyl
metallic species A to the a,b-unsaturated silyloxonium moiety
at the position b to the metal to give bicyclic carbene complex
intermediate B, which gave the product through 1,2-hydrogen
shift with regeneration of the catalyst.[2] We then thought of
the possibility of carrying out a similar geminal carbo-
functionalization reaction by employing one-carbon-atom
elongated substrates (3-siloxy-1,3-dien-8-ynes 3) with the
expectation that 5-exo attack of the silyl enol ether moiety
followed by ring closure (geminal carbo-functionalization)
would give bicyclo[3.3.0]octane derivative D having a carbene
complex moiety as a substituent on the bridgehead carbon
atom. As there is no a-hydrogen atom at the carbene complex
moiety, 1,2-hydrogen shift is not possible and the behavior of

this intermediate is intriguing (Scheme 1). We now report that
1,2-alkyl migration[3] occurred at the generated carbene
moiety to give ring-expanded products by employing 3-
siloxy-1,3-dien-8-yne derivatives as substrates, to stereoselec-
tively obtain synthetically useful bicyclo[4.3.0]nonane deriv-
atives, whose configuration was different from that of the
Diels–Alder adduct.

We first examined the reaction of 3-siloxy-1,3-dien-8-yne
3a with the geometry of the silyl enol ether moiety as (Z)[4] by
using various electrophilic transition-metal catalysts.
Although [W(CO)5(thf)] or [ReCl(CO)5] gave the products
in reasonable yield (45 % and 78 %, respectively),[5] the
cationic gold catalyst gave the best result. Thus, treatment of
3a with 10 mol % of [AuClPPh3]/AgSbF6

[6] in the presence of
molecular sieves (4 �) gave bicyclo[4.3.0]nonane derivative
4a, a formal [4+2] cycloadduct, as a single stereoisomer in
92% yield (Scheme 2).[7,8] Interestingly, the configuration of
the product was different from that of the thermal Diels–
Alder adduct 5 obtained stereoselectively by heating a
solution of (Z)-3 a in toluene for 1.5 h.[9] Thus, two diastereo-
isomers[10] of the same bicyclo[4.3.0]nonane derivative were
obtained selectively by choosing AuI-catalyzed or thermal
conditions.

Next, we examined the reaction of 3-siloxy-1,3-dien-8-yne
derivative 3a with the geometry of the silyl enol ether moiety
as (E)[4] under thermal and AuI-catalyzed conditions
(Scheme 2). In this case, (E)-3a did not undergo thermal

Scheme 1. Tandem cyclization of dienol silyl ethers.

Scheme 2. AuI-catalyzed and thermal cyclization of dienynes 3a.
E = CO2Me; TIPS= triisopropylsilyl; M.S.= molecular sieves; DCE = di-
chloroethane.
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Diels–Alder reaction; however, treatment of (E)-3a with
10 mol% AuI catalyst at room temperature afforded a good
yield of the same product as obtained in the AuI-catalyzed
reaction of (Z)-3a.

The proposed mechanism of the reaction is shown at the
bottom of Scheme 2. First, zwitterionic intermediate E was
generated by 5-exo nucleophilic attack of the silyl enol ether
moiety to the electrophilically activated p-alkyne complex.[11]

The alkenyl metallic species underwent intramolecular attack
at the b position of the metal to the a,b-unsaturated silyl
oxonium moiety to generate bicyclic unstable carbene com-
plex F. Finally, the carbene moiety underwent 1,2-alkyl
migration of the benzylic carbon atom, the electron density
of which was higher than the other neighboring methylene
carbon atom, to give the product with regeneration of the
catalyst.

Support for the mechanism of the reaction was obtained
by the following experiments (Scheme 3). Treatment of (Z)-
3a with 25 mol% of [AuClPPh3]/AgSbF6 in the presence of

7.5 equivalents of CD3OD gave monocyclic ketone 6,[12] the
hydrolyzed product of the exo-cyclized zwitterionic inter-
mediate E, in which most of the deuterium was observed at
the one side of the alkene. Furthermore, treatment of an
internal alkyne derivative 7 with 10 mol% of cationic AuI

catalyst gave bicyclo[3.3.0]octane derivative 8, geminal carbo-
functionalization product, which was produced by 1,2-hydro-
gen shift at the carbene complex moiety. In addition, although
the type of the metal catalyst is different, treatment of (E)-3h
with 10 mol% [ReCl(CO)5] gave tricyclic compounds 9 and
10, which were produced by insertion of the carbene complex
moiety into the neighboring C�H bonds in the carbene
complex intermediate related to F.[13, 14] These results sup-
ported the proposal that the reaction proceeded through exo-
cyclization and 1,2-alkyl or 1,2-hydrogen shift occurred from
the carbene complex intermediate containing a bicyclo-
[3.3.0]octane skeleton.

The stereoselectivity of the reaction could be explained as
follows. Concerning the first cyclization, H was thought to be
more favorable than I because of steric repulsion between the
TIPS group and the phenyl substituent, and the second
cyclization proceeded preferentially via transition state TS-1,
because the phenyl group in another possible transition state
TS-2 is oriented toward the concave position (Scheme 4).[15]

We next examined the generality of this AuI-catalyzed
stereoselective cyclization reaction (Table 1). The substrates 3
with phenyl or alkyl groups for R1 and R3 were cyclized to
afford the corresponding bicyclic enol silyl ethers in good

yield (Table 1, entries 1–3). Even the reaction of substrates
without the geminal-diester moiety (3 d and 3e) also pro-
ceeded to afford the corresponding bicyclic enol silyl ethers
albeit in somewhat lower yields (Table 1, entries 4 and 5). The
substrates containing nitrogen or oxygen atoms in the tether
were also cyclized to afford the corresponding bicyclic enol
silyl ethers in good yield (Table 1, entries 6–9). All these
products were obtained as a single diastereomer, whose
configuration was different from that of the thermal Diels–
Alder reaction.[16]

Interestingly, when the reaction of internal alkyne 7,
which gave 1,2-hydrogen shift product 8 on treatment with

Scheme 3. Trapping of intermediates. E =CO2Me; Ts =p-toluenesul-
fonyl.

Scheme 4. Transition states of gold-catalyzed tandem cyclization.

Table 1: Tandem cyclization of E- or Z-dienynes 3a–i.

Entry Substrate R1, R2, R3 X Product (yield [%])

1 (E)-3a Ph, H, Ph C(CO2Me)2 4a (75)
2 (E)-3b Ph, H, Me C(CO2Me)2 4b (82)
3 (E)-3c Me, H, Ph C(CO2Me)2 4c (88)
4 (Z)-3d Ph, H, H CH2 4d (45)
5 (Z)-3e Ph, Me, H CH2 4e (76)
6 (E)-3 f[a,b] Ph, H, Ph N�Ms 4 f (72)
7 (E)-3g[a,c] Ph, H, Me N�Ts 4g (77)
8 (E)-3h[a,c] Me, H, Me N�Ts 4h (68)
9 (Z)-3 i Ph, H, Me O 4 i (66)

[a] Reaction temperature was 80 8C. [b] Ms = methanesulfonyl. [c] Ts =p-
toluenesulfonyl.
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cationic AuI catalyst, was carried out with 10 mol% of AuCl3/
AgSbF6,

[17] 1,2-alkyl migration occurred to give bicyclo-
[4.3.0]nonane derivative 11 in 70 % yield (Scheme 5) .[18] It
is thought that, in case of the highly electron-deficient cationic

AuIII carbene complex intermediate, 1,2-alkyl migration is
accelerated by the highly electrophilic character of the
carbene carbon atom, whereas in the moderately electron-
deficient AuI carbene complex, 1,2-hydrogen shift became the
favorable reaction pathway.[19] Thus, two types of product
could be obtained selectively by the appropriate choice of the
AuI or AuIII catalyst.

In summary, we have developed gold-catalyzed geminal
carbo-functionalization of 3-siloxy-1,3-dien-8-ynes 3 to give
bicyclo[4.3.0]nonanes 4 stereoselectively through a ring-
expansion reaction of the bicyclic carbene complex inter-
mediates. The reaction gave synthetically useful bicyclo-
[4.3.0]nonane derivatives 4 whose configuration is different
from that of the thermal Diels–Alder adduct.

Experimental Section
General procedure: 3-Siloxy-1,3-diene-8-yne (0.1 mmol) in degassed
dichloroethane (1 mL) was added to a mixture of [AuClPPh3]
(0.01 mmol), AgSbF6 (0.01 mmol), and activated 4 � molecular
sieves (100 mg). After the mixture was stirred for 1 h at room
temperature, the reaction mixture was filtered through a short pad of
silica gel, and the filtrate was concentrated under reduced pressure.
The residue was purified by preparative thin layer chromatography
(PTLC) to give the bicyclic compound.
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