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Abstract: The Sc(OTf)3-catalyzed [3+2] cycloaddition of
allylsilanes to b-silyl-a,b-unsaturated ketones (b-silylenones)
has been developed to form five-membered syn-1,3-disilylke-
tones diastereoselectively through the rearrangement of the
silicon substituents on the allylsilane. Stabilization of the
carbocation intermediates by a double silicon effect plays a key
role in directing the course of the reaction to favor the [3+2]
cycloaddition pathway over simple allylation.

Multisubstituted cyclopentane derivatives with defined
configurations constitute key structural motifs in many
biologically active compounds, such as prostaglandins[1] and
carbafuranose derivatives,[2] and their stereoselective syn-
thesis is therefore of clear importance. Among the methods
available for the stereoselective construction of cyclopentane
rings, intermolecular [3+2] cycloaddition reactions are one of
the most direct and efficient methods. For example, palla-
dium- or nickel-catalyzed cycloaddition of trimethyleneme-
thane precursors as 1,3-dipoles has been widely used for
decades.[3] However, in contrast to these transition-metal-
catalyzed processes, the TiCl4-mediated [3+2] cycloaddition
reaction involving allenylsilanes as the three-carbon unit
proceeds with rearrangement of the silicon substituents.[4]

This type of reaction has been expanded by Knçlker and
others to include the use of allylsilanes as the three-carbon
unit.[5] However, the development of catalytic methods for
[3+2] cycloaddition reactions has not yet been extensively
studied.

Our research interest has focused on the acid-catalyzed
reactions of simple alkenes with unsaturated carbonyl com-
pounds bearing silicon substituents at the appropriate posi-
tion. Although various methods involving the use of silicon-
substituted alkenes, such as allylsilanes or silyl enol ethers,
have been reported since their discovery by Mukaiyama[6] and
Sakurai and Hosomi[7] in the 1970s (Scheme 1a), the effect of
silicon substitution at electron-deficient alkenes has seldom
been studied. We recently reported the acid-catalyzed con-

jugate addition of styrene derivatives to b-silylenones, in
which the silicon substitution effect plays a crucial role in the
selective alkenylation (Scheme 1b).[8] Herein, we report the
reaction of allylsilanes with b-silylenones catalyzed by Lewis
acid, which leads to the selective formation of cyclopentane
rings bearing two silicon substituents (Scheme 1c).

As a result of optimization trials, scandium triflate
Sc(OTf)3 was found to be the best catalyst for the [3+2]
cycloaddition of allyltrimethylsilane (2a) to b-silylenone 1a,
with cycloadduct 3a being obtained in 60% yield (Table 1,
entry 1). Under these conditions, the conjugate allylation
product 4a was formed as a byproduct in only 12 % yield.
Significantly, no [3+2] cycloadduct was observed when the
reaction was performed under the same conditions with other
enones bearing a methyl, isopropyl, or tert-butyl group at the
b-position (entries 2–4). The use of other triflate salts of
transition-metal or main-group metals, such as indium,
gallium, or bismuth, led to lower yields of cycloadduct 3a
than obtained with scandium (entries 5–7).[8] Trimethylsilyl
triflate (Me3SiOTf) and triflic acid (HOTf) both showed very
low catalytic activity, which is in contrast to the reported
direct alkenylation reaction (entries 8 and 9).[9, 10] Surprisingly,
the product selectivity changed dramatically with the use of
a stoichiometric amount of titanium chloride (TiCl4); under
these conditions, allylation product 4a was obtained as the
major product in 76 % yield (entry 10).

The optimized conditions established for the present
[3+2] cycloaddition reaction could be applied to a range of b-
silylenones 1a and 1e–l, and allylsilanes 2a–f, possessing
a variety of silicon substituents such as Me3Si, Et3Si, PhMe2Si,

Scheme 1. Lewis acid mediated addition reactions of alkenes to b-
silylenones.
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Ph3Si, tBuMe2Si, tBuPh2Si, iPr3Si, and (Me3Si)3Si (Table 2).
When allyltriisopropylsilane was used, indium triflate [In-
(OTf)3] worked as a better catalyst than Sc(OTf)3, affording
the product 3 l in 82% yield. The reaction with allylsilane 2 f,
bearing a super silyl [Si(SiMe3)3] group, afforded the cyclo-
adduct 3 m almost quantitatively (99% yield). Along with
phenyl ketones, methyl, isobutyl, and isopropyl ketones were
also applicable, giving the expected products 3n–q.[11]

The relative configuration of the cycloadducts was
determined by X-ray crystallographic analysis of product
3q, which bears two Ph3Si groups.[12] The crystal structure
showed that the two silicon substituents are in a cis config-
uration, whereas the carbonyl group is trans to the two silicon
substituents (Figure 1).

The selectivity of the reaction with respect to the
formation of cycloadducts and allylation products can be
explained by assuming that cationic intermediates are pos-

itive induction from the silicon substituents (Scheme 2). First,
the carbonyl group of b-silylenone 1, activated by Sc(OTf)3

acting as a Lewis acid, undergoes nucleophilic attack from the
C�C double bond of allylsilane 2 to form intermediate A
(Scheme 2a). This intermediate then undergoes cycloaddition
after silyl migration through transition state B to give 3 as
a single diastereoisomer. The conjugate allylation reaction

Table 1: Lewis acid catalyzed reaction of enones 1a–d with allyltrime-
thylsilane (2a).[a]

Entry Enone Catalyst Conv. Yield
1 [%][b] 3 [%][b] 4 [%][b]

1 1a Sc(OTf)3 100 74 (60)[c] 12
2 1b Sc(OTf)3 46 0 12
3 1c Sc(OTf)3 0 0 0
4 1d Sc(OTf)3 0 0 0
5 1a In(OTf)3 100 45 16
6 Ga(OTf)3 100 38 32
7 Bi(OTf)3 100 7 0
8 Me3SiOTf 5 0 5
9 HOTf 5 0 5
10 TiCl4

(1.0 equiv)
100 19 81 (76)[c]

[a] Reaction conditions: enone 1 (0.20 mmol), allylsilane 2a
(0.60 mmol), and Sc(OTf)3 (20 mmol) in ClCH2CH2Cl (1.5 mL) at 25 8C
for 3 h. Cycloadduct 3 was obtained as a single diastereomer, the relative
conformation of which is shown. [b] Determined by 1H NMR spectros-
copy. [c] Yield of isolated product.

Table 2: Sc(OTf)3-catalyzed [3+2] cycloaddition reaction of enone 1 with
allylsilane 2.[a]

[a] Reaction conditions: enone 1 (0.20 mmol), allylsilane 2 (0.60 mmol),
and Sc(OTf)3 (20 mmol) in ClCH2CH2Cl (1.5 mL) at 25 8C for 3 h. Yields
of isolated product are shown. The products were obtained as a single
diastereoisomer. [b] The reaction time was 6 h. [c] In(OTf)3 was used
instead of Sc(OTf)3.

Figure 1. ORTEP of 3q. Ellipsoids are set to 50% probability; a solvent
atom and all hydrogen atoms except for those attached to the five-
membered ring are omitted for clarity.
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would also be expected to proceed through intermediate A ;
however, in this case, the counteranion of the Lewis acid
catalyst attacks the silyl group Si2, which is followed by
elimination of the catalyst to afford the corresponding silyl
enol ether (Scheme 2b).

Carbocation A is stabilized by the b-silicon effect (usually
observed in the acid-catalyzed reaction of allylsilanes)[13] from
silyl group Si2, derived from the allylsilane 2, and by the g-
silicon effect from silyl group Si1, derived from silylenone
1.[14–17] Therefore, the carbocation moiety and the scandium
enolate are close to each other in space at the most stabilized
conformation of intermediate A, resulting in an acceleration
of the subsequent cycloaddition step as a result of the reduced
activation barrier. Thus, the origin of the product selectivity
observed in the [3+2] cycloaddition is probably the stabiliza-
tion of transition state B, which leads to cycloaddition
involving the transfer of silyl group Si2.[18] The high diaste-
reoselectivity can also be explained by comparing the stability
of intermediate A with another possible intermediate A’ that
is disfavored by the steric interaction between the silyl group
Si2 and the enolate moiety.

To extend the scope of the reaction further and obtain
other substituted five-membered cycloadducts, the reaction of
substituted allylsilanes was examined. The Sc(OTf)3-cata-
lyzed reaction of a-methylated allylsilane 2g with silylenone
1a proceeded well to afford the corresponding 1,2,3,4-
tetrasubstituted five-membered product 3r as a mixture of
diastereoisomers [Eq. (1); 83% yield; d.r. of major isomer/
others = 68:32].[19] However, b-methylated allylsilane 2 h also

reacted under identical conditions to give
the conjugate allylation product 5 in 71%
yield, without formation of the [3+2]
cycloadduct [Eq. (2)]. The reactivities of
g-methylated allylsilanes (E)- and (Z)-2 i
were very low, and no cycloadduct was
observed in the reaction mixture [Eq. (3)].
The reaction of cyclic allylsilane 2j pro-
ceeded with In(OTf)3 as catalyst to provide
cycloadduct 3 t as a single diastereoisomer
incorporating the bicyclo[3.2.1]octane
backbone [Eq. (4)].

Cycloadducts bearing two silyl sub-
stituents with a single relative configura-
tion could be readily transformed stereo-
specifically into cyclopentanes bearing two
or three functional groups. Cycloadduct 3 i,
bearing two identical silyl groups
(SiMe2Ph), readily underwent protonolysis
with fluoroboric acid (HBF4·OEt2,

10 equiv) to form bis(fluorosilyl)cyclopentane 6 exclusively
(Table 3, entry 1). Further transformation proceeded under
the standard conditions of Tamao–Fleming oxidation[20] to
give the corresponding syn-1,3-diol 8 as a single diastereoiso-
mer in 62 % yield. To our surprise, monofluorinated com-
pound 7 was quantitatively obtained when 3 i was treated with
a reduced amount of HBF4·OEt2 (2.5 equiv) at lower temper-
ature for a shortened reaction time (entry 2).[21] Oxidation of
7 gave mono-ol 9 in 91 % yield, with the phenyldimethylsilyl
group remaining unaffected.

To summarize, we have developed a diastereoselective,
Sc(OTf)3-catalyzed [3+2] cycloaddition of allylsilanes with b-
silylenones that affords multisubstituted five-membered
products in good yields. The reaction proceeds under mild
conditions, and a range of silyl substituents are suitable.
Compared with previous systems in which only bulky silyl
groups could be used,[5,10] the finding that even less hindered

Scheme 2. Proposed origin of the diastereoselectivity and product selectivity based on
a plausible reaction pathway.
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silyl groups such as the trimethylsilyl group can cause the
selective cycloaddition is a particular advantage of the current
system. The double silicon stabilization effect efficiently
enhanced the reactivity towards cycloaddition, resulting in
the suppression of conjugate allylation byproduct formation.
The highly selective oxidation of two identical silyl substitu-
ents at different positions is significant because it allows the
two substituents to be converted into different functional
groups that can be independently used for subsequent
derivatization. Further investigations into the synthetic ap-
plication of this reaction toward the construction of biolog-
ically active compounds as well as the development of an
enantioselective version of the reaction are in progress.
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