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GaCl3 Promoted one-step a,a-diethynylation and
a,a-diethenylation reactions of silyl enol ethers
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Abstract—In the presence of GaCl3 and 2,6-di(tert-butyl)-4-methylpyridine, a-monosubstituted silyl enol ethers were a,a-diethynyl-
ated with a chlorosilylacetylene in one step. An analogous reaction using a silylacetylene gave a,a-diethenylated ketones.
� 2006 Elsevier Ltd. All rights reserved.
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Dialkylation at the carbonyl a-position is a useful
method to construct quaternary carbon centers.1,2

One-step a,a-diethynylation and a,a-diethenylation,
however, were not known, although such compounds
with highly functionalized quaternary carbons could
have various potential uses in organic synthesis. Several
stepwise methods were reported: An a,a-diethynylated
a-hydroxy ketone was prepared from an a,a-dimethoxy-
alkanoate and lithium acetylide followed by deacetaliza-
tion;3 a,a-diethenyl propanoates were obtained by the
pyrolysis of 5-methylbicyclo[2.1.0]pentanecarboxylates;4

a,a-bis(b-hydroxyethyl)phenylacetonitrile was con-
verted to a,a-diethenylphenylacetic acid by elimination;5

a,a-diethenylated thioesters were synthesized by the
sequential ethenylation of silyl enol ethers.6

Previously, we reported GaCl3 catalyzed a-ethynylation
reaction of a,a-disubstituted silyl enol ethers with chloro-
triethylsilylacetylene 2.7 This catalytic a-ethynylation,
however, did not proceed with a-monosubstituted silyl
enol ethers. Described here is the finding that one-step
a,a-diethynylation of such silyl enol ethers takes place
under appropriate conditions (Scheme 1). The a,a-dieth-
enylation of silyl enol ethers with triethylsilylacetylene 4
is also described.

As described previously,7 the reaction of 6-trimethylsil-
oxy-5-undecene 1a (cis:trans = 1:2) and 2 (6 equiv) in
the presence of a catalytic or a stoichiometric amount
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of GaCl3 in methylcyclohexane at 130 �C gave very small
amounts of the ethynylated product, if any. The addition
of 2,6-di(tert-butyl)-4-methylpyridine (1.0 equiv),8 how-
ever, gave a considerable amount of a,a-diethynylated
ketone. Under an argon atmosphere, a mixture of 1a, 2
(6 equiv), and GaCl3 (1.0 equiv) in chlorobenzene was
heated at 150 �C for 5 h, and 5,5-bis(triethylsilylethyn-
yl)-6-undecanone 3a was obtained in 48% yield.9 The
diethynylation proceeded at the same a-carbon, and
the gallium enolates involved in this reaction should be
generated in two different modes: (1) transmetalation
of silyl enol ether 1a and GaCl3; (2) deprotonation of
the ethynylated ketone 6a with GaCl3 (Scheme 2).8

The reaction could be applied to several silyl enol ethers
derived from acyclic and cyclic ketones, and a,a-diethyn-
ylated ketones 3a–i were obtained in modest yields
(Table 1). The reactivity of silyl enol ethers derived from
cyclic ketones was influenced by the ring size (entries
8–10). While large membered ring compounds 1i and
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Table 1. a,a-Diethynylation reaction of silyl enol ether

Cl SiEt3
2 (6 eq)

+

OSiMe3

1
 GaCl3 (1 eq)

2,6-di(t-Bu)-4-Mepyridine (1 eq)

 chlorobenzene, 150 oC
3

O SiEt3

SiEt3

Entry Substrate Product Time/h Yield/%

R R
OSiMe3

O
R

R

SiEt3

SiEt3

1 R = n-Bu a 5 48
2 R =Me b 5 25
3 R = Et c 5 42
4 R = n-C9H19 d 5 36
5 R = i-Pr e 5 35
6 R = Ph f 5 23

7 n-Pr
OSiMe3

g
O

n-Pr

SiEt3

SiEt3
5 42

OSiMe3

n

O SiEt3

SiEt3n

8 n = 1 h 1.5 6
9 n = 7 i 12 32a

10 n = 10 j 5 30b

a 7i was obtained in 6% yield.
b 7j was obtained in 3% yield.
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1j gave a,a-diethynylated ketones 3i and 3j in acceptable
yields (entries 9 and 10), the reaction of 2-trimethylsil-
oxy-1-cyclohexene 1h gave 3h only in 6% yield (entry
8). Notably, small amounts of a,a,a 0,a 0-tetraethynylated
ketones 7i and 7j were obtained in the former reactions.

Since GaCl3 was regenerated by the b-elimination, the
a,a-diethynylation reaction can in principle be catalytic.
A mixture of 1a and 2 (6 equiv) in chlorobenzene was
heated at 150 �C with GaCl3 (20 mol %) and 2,6-di-
(tert-butyl)-4-methylpyridine (20 mol %) for 2 h giving
3a in 34% yield (Scheme 3). It could be calculated that
1 mol of GaCl3 was used for 3.4 times of the C–C bond
formation.

The products could be desilylated giving the parent a,a-
diethynyl ketones. When 3a and 3i were treated with tet-
rabutylammonium fluoride (6 equiv) and acetic acid
(2 equiv) in THF at 0 �C for 4 h, 8a and 8i were obtained
both in 91% yields (Scheme 4).

It was noted that C–C bond cleavage occurred in the
presence of an excess silyl enol ether. When 1a
(1.5 equiv) and 2 were reacted with GaCl3 (1 equiv)
and 2,6-di(tert-butyl)-4-methylpyridine (1 equiv) at
150 �C for 5 h, 3a was obtained in 11% (based on 2),
which was accompanied by 1-triethylsilyl-3,3-di(triethyl-
silylethynyl)-1-heptyne 9 in 43% yield (based on 2). The
product 9 should be formed via deacylation of 3a by
nucleophiles such as silyl enol ether or chloride, which
was followed by the ethynylation of the organogallium
intermediate 10 (Scheme 5).10

The above results suggested that a,a-ethenylation could
also proceed using GaCl3 by reacting silyl enol ethers
with a silylated acetylene.6 Silyl enol ether 1a (1.5 equiv)
and 4 were reacted with GaCl3 (1 equiv) and 2,6-di(tert-
butyl)-4-methylpyridine (1 equiv) in chlorobenzene at
150 �C for 45 min. Then the reaction was quenched with
water, and the 1H NMR analysis of the mixture showed
the presence of a-(c-gallio-c-silylethenyl)-a-silylethenyl
ketone 11a in 41% yield, d 6.09 (d, 1H, J = 19 Hz),
5.90 (d, 1H, J = 19 Hz), and 6.24 (s, 1H). When the
mixture was treated with 6 M HCl in THF for 2 h,
5,5-bis(2-triethylsilylethenyl)-6-undecanone 5a was
obtained in 40% yield.11 The a,a-diethenylation reaction
could be applied to several silyl enol ethers (Table 2).

To summarize, a-monosubstituted silyl enol ethers
reacted with a chlorosilylacetylene in the presence of
GaCl3 and 2,6-di(tert-butyl)-4-methylpyridine giving
a,a-diethynylated ketones. When a silylated acetylene
was reacted, a,a-diethenylated ketones were obtained.
These reactions provide carbonyl compounds possessing
highly functionalized quaternary a-carbon centers.



Table 2. a,a-Diethenylation of silyl enol ether
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4
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 2,6-di(t-Bu)-4-Mepyridine (1 eq)

 chlorobenzene, 150 oC
 2) 6 M HCl, THF, r.t., 2 h

O
SiEt3

SiEt35

Entry Substrate Product Time/min Yield/%a

R R
OSiMe3

O
R

R

SiEt3

SiEt3

1 R = n-Bu a 45 40
2 R = Et c 45 37
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