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ABSTRACT

An intramolecular σ-bond metathesis between carbon�carbon and silicon�silicon bonds took place on treatment of a disilane tethered to a
cyclobutanone with a palladium(0) catalyst, furnishing a silaindane skeleton as well as an acylsilane functionality at once.

The reactivities inherent in most organic compounds
reside in their π-bonds or polar σ-bonds. On the other
hand, in the past decade, organic chemists have devoted
keen and ever-increasing attention to reactions involving
direct cleavage of nonpolar σ-bonds1 such as a carbon�
hydrogen bond from a synthetic perspective.2 Such reac-
tions are not only of scientific novelty but also of consider-
able potential to improve the efficiency of synthesis. We
describe herein the palladium-catalyzed intramolecular

σ-bond metathesis3 between carbon�carbon4�6 and
silicon�silicon single bonds.7 The unique swapping of
the group of 14 elements takes place on treatment of a
disilane tethered to a cyclobutanone8 with a palladium(0)
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catalyst, simultaneously giving rise to a silaindane skeleton
as well as an acylsilane functionality.
Disilane 1a, which was tethered to a cyclobutanone

unit through an o-phenylene linker, was prepared from
o-bromo-R-methylstyrene through introduction of a dis-
ilanyl group followed by a standard [2 þ 2]-cycloaddition
reactionwith dichloroketene.9Thedisilane 1a thus obtained
was treatedwith 5mol%ofCpPd(π-allyl) and 20mol%of
P(n-Bu)3

10 in p-xylene at 130 �C (eq 1). After 60 h, the
acylsilane 2a was isolated in 81% yield together with the
decarbonylated alkylsilane 3a (16%). The structure of
2a was elucidated by a comprehensive set of NMR spectra
(1H, 13C, DEPT, COSY, HMQC, HMBC, and NOESY)
and finally verified by derivatization to the known nitrile.9

Thus, both the silicon�silicon σ-bond of the disilanyl
group and the carbon�carbon σ-bond of the cyclobuta-
none unit were cleaved, and the originally bonded group of
14 elementswere swapped to result inσ-bondmetathesis. It
necessitates cleavage of both the carbon�carbon and
silicon�silicon linkages. Depicted in Scheme 1 is a possible
mechanistic scenario. Oxidative addition of the sili-
con�silicon bond onto palladium(0) generates bis-
silylpalladium(II) A,7,11 in which the palladium(II) center
is located in close proximity to the cyclobutanone unit. The
σ-bond between the carbonyl carbon and the R-carbon
undergoes oxidative additiononto the palladium(II) center
to give rise to bicyclic palladium(IV) intermediate B.12,13

Reductive elimination of the sp3 carbon�silicon bond
furnishes the (R-silaindan-3-ylacetyl)silylpalladium(II)
C,14 which then follows two pathways. One is direct
reductive elimination to afford acylsilane 2a with

regeneration of palladium(0).15,16 The other is a decarbo-
nylation/reductive elimination pathway which leads to the
formation of alkylsilane 3a.17

Cyclopropane 4, which was produced through direct
decarbonylation of the cyclobutanone unit under the
rhodium-catalyzed reaction conditions,8a,18 was not ob-
served in the reaction mixture. Furthermore, the simple
cyclobutanone lacking a disilanyl group 5 remained intact
under thepresentpalladium-catalyzed reaction conditions.
These experimental results suggested that initial activation
of the cyclobutanone prior to the disilane activation was
unlikely. Instead, we assume that the silicon�silicon bond
is initially activated to locate the palladium(II) center in
close proximity to the carbon�carbon bond next to the
carbonyl, inducing its oxidative addition.

Various disilanes having phenylene-type linkers success-
fully underwent the σ-bond metathesis to afford the corre-
sponding silaindanes in good yields (Table 1). Both electron-
donating and -withdrawing substituentswere allowedon the
phenylene linker (entries 1 and 2). A thiophene linker also
worked to give 2e (entry 4). For the substituents at the
3-positions of the cyclobutanones, functionalized alkyl as

Scheme 1. Proposed Mechanism
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well as phenyl groups were suitable (entries 6�8). The
disilane having a hydrogen atom there, however, gave the
corresponding silaindane in only 20% yield.19

Reactivities peculiar to acylsilanes were briefly examined
using the product 2a. For example, irradiation with UV light
(λ = 360 nm) generated a siloxycarbene species with the
aryl�Si linkage remaining intact (eq 2). The resulting carbene
underwent insertion into water and the following elimination
of trimethylsilanol afforded aldehyde 6 in 73% isolated yield
based upon 2a.20 Addition of phenyllithium to 2a prompted
the Brook rearrangement to give a carbanion (eq 3).21 Sub-
sequent methylation with methyl iodide afforded tert-alkyl
silyl ether 7 as a mixture of diastereomer (1.9:1). These
transformations demonstrated that the acylsilanes produced
by the present σ-bond metathesis serve as versatile platforms
for the synthesis of functionalized silaindane derivatives.

In summary, we have presented a unique example of the
σ-bond metathesis reaction between carbon�carbon and
silicon�silicon bonds. The process involves activation of
carbon�carbon and silicon�silicon σ-bonds, which are
both far less reactive than π-bonds or polar σ-bonds.
Whereas the full potential awaits further exploration, the
present reaction provides a prototype of a highly atom-
economical method, which dispenses with a substitution
process, for the synthesis of organosilicon compounds.
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Table 1. Palladium-Catalyzed σ-Bond Metathesis between
Carbon�Carbon and Silicon�Silicon Linkagesa

aReaction conditions: 5 mol % of CpPd(π-allyl), 20 mol % of P(n-
Bu)3, p-xylene (0.1 M), 130 �C, 60 h unless otherwise noted. b Isolated
yields. c 10mol%of CpPd(π-allyl) and 40mol%of P(n-Bu)3 were used.
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