
Formation and Reactivity of
Silacyclopropenes Derived from
Siloxyalkynes: Stereoselective
Formation of 1,2,4-Triols
Timothy B. Clark and K. A. Woerpel*

Department of Chemistry, UniVersity of California, IrVine, California 92697-2025

kwoerpel@uci.edu

Received July 5, 2006

ABSTRACT

Silver phosphate-catalyzed silylene transfer to siloxyalkynes provided silacyclopropenes possessing a silyl enol ether functional group. Copper-
catalyzed insertions of carbonyl compounds afforded the corresponding oxasilacyclopentenes. The embedded silyl enol ether functionality
was treated with various aldehydes and a catalytic amount of Sc(OTf) 3 to provide dioxasilacycloheptanones, which resulted from an aldol
addition/rearrangement. Stereoselective reduction or allylation of the cyclic ketone, followed by n-Bu4NF deprotection, provided high yields of
1,2,4-triols possessing four contiguous stereocenters.

Oxasilacyclopentenes have proven to be versatile intermedi-
ates for the synthesis of a variety of valuable products,
including highly substituted allylic alcohols,â-hydroxy
ketones, 1,3-diols, and other polyoxygenated substrates.1-4

The synthesis of oxasilacyclopentenes can be achieved with
complementary regiochemistry either by intramolecular hy-
drosilylation of propargylic alcohols1 (1, Scheme 1) or by

the insertion of carbonyl compounds into silacyclopropenes
(3).3,5,6 We describe herein the construction of oxasilacyclo-
pentene silyl enol ethers (2, R2 ) OSiR3) from the ring

expansion of 1-silyloxy silacyclopropenes. Subsequent treat-
ment of the silyl enol ether with various aldehydes pro-
vided stereoselective formation of dioxasilacycloheptanones,
precursors to 1,2,4-triols, through a Sc(OTf)3-catalyzed
Mukaiyama aldol reaction/1,3-Brook rearrangement se-
quence.
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Scheme 1. Formation of Oxasilacyclopentenes
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Oxasilacyclopentenes7a,b were constructed from alkynes
4a,b by a two-step, one-flask procedure.3,7 Silver phosphate-
catalyzed silacyclopropenation of triisopropylsilyl- andtert-
butyldimethylsilyl-protected ynols4a,b proceeded at 70°C
to provide high yields of silacyclopropenes6a,b with the
desired silyl enol ether functionality (Scheme 2).8,9 Although

it was not clear that such highly functionalized silacyclo-
propenes would be stable,6a,b could be prepared and
handled with little difficulty using silver-catalyzed di-tert-
butylsilylene transfer conditions. Copper iodide-catalyzed
insertion of butyraldehyde into silacyclopropenes6a,b
provided oxasilacyclopentenes7a,b, with high regioselec-
tivity (g99:1). The selective functionalization of the C-Si
bond in the presence of the silyl enol ether moiety demon-
strates the high reactivity of the strained ring silane.10

Although the silyl enol ether of silacyclopropene6a was
less reactive than the C-Si bond, the enol ether moiety of
oxasilacyclopentene7aparticipated in Lewis acid-catalyzed
Mukaiyama aldol reactions11 that incorporate a second
aldehyde into the resulting product. Treatment of7a with
benzaldehyde and a catalytic amount of BF3‚OEt2 provided
aldol adduct8 stereoselectively (Scheme 3).12,13 Formation

of 8 may occur by addition of the enolate, resulting from
desilylation of7a,14 to benzaldehyde followed by a 1,3-Brook
rearrangement.15 In addition to the aldol addition/rearrange-

ment product8, R-silyloxy ketone9 was observed (Scheme
3). Treatment of isolated aldol adduct8 with BF3‚OEt2
resulted in the formation of9, suggesting that a fluoride-
mediated retro-aldol reaction had occurred.

Optimized conditions for the Lewis acid-catalyzed con-
struction of aldol addition/rearrangement product8 were
established using oxasilacyclopentene7a. A Lewis acid that
could catalyze the aldol reaction without decomposition of
8 was desired. Upon screening Lewis acids,16 Sc(OTf)3
provided aldol product8 without formation of ketone9. The
optimal reaction conditions utilized 20-25 mol % of
Sc(OTf)3, 1-3 mol % of camphorsulfonic acid (CSA), and
2/1 toluene/methylene chloride as solvent (eq 1). The reaction

selectivity and yield were sensitive to acid, but a catalytic
amount of acid was required to initiate the process.14 Both
butyraldehyde and isobutyraldehyde participated in the aldol
reaction with7a to provide dioxasilacycloheptanones10and
11 in high yield and selectivity (eq 1). Oxasilacyclopentene
7b also provided aldol product8, but the observed yield and
selectivity were diminished.

The scope of oxasilacyclopentenes that could be con-
structed and utilized in this transformation was extended by
nucleophilic addition to oxasilacyclopentene acetals. Acetal
7c was synthesized by the CuI-catalyzed insertion of ethyl
formate into the C-Si bond of the in situ generated
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Scheme 2. Construction of Oxasilacyclopentenes7a,b

Scheme 3. Boron Trifluoride-Catalyzed Mukaiyama Aldol of
7a
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silacyclopropene6a in 83% yield and>99:1 regioselectivity.
Lewis acid-mediated nucleophilic substitution reactions of
acetal7cprovided oxasilacyclopentenes7d and7e(Scheme
4).17 Addition of allyltrimethylsilane proceeded in high yield

with SnBr4 and 2,6-lutidine. Nucleophilic addition of silyl
enol ether12 was catalyzed by Sc(OTf)3 to provide7eas a
single diastereomer. Oxasilacyclopentene7d also participated
in the aldol addition/rearrangement reaction to provide the
desired adduct13 in high yield and selectivity (eq 2).

The cyclic ketone8 provided access to 1,2,4-triols with
four contiguous stereocenters in high selectivity. Reduction
of aldol product8 with LiAlH 4 at -98 °C provided alcohol
14 in g99:1 diastereoselectivity (Scheme 5). Addition of

allylmagnesium chloride to8 at -98 °C afforded tertiary
alcohol15 in 92:8 diastereoselectivity. Deprotection of14

and 15 with n-Bu4NF18 provided 1,2,4-triols19 16 and 17
possessing four contiguous stereocenters.

Functionalizations of ketone8 with the two different
nucleophiles (Scheme 5) involve addition to opposite faces,
which was not anticipated. The selectivity of the addition of
LiAlH 4 is consistent with the solid-state structure of the
starting material. Analysis of the X-ray crystal structure of
8 reveals the steric congestion that blocks hydride addition
syn to the propyl substituent (Figure 1). The butyl (at C2)

and propyl (at C4) substituents lie nearly perpendicular to
the carbonyl group (C3), blocking access to this face of the
carbonyl through the Bürgi-Dunitz angle.20 Approach to the
other face is impeded by thetert-butyl substituents. Only
small nucleophiles, such as a hydride,21 are able to approach
over the t-Bu substituent. Because neither trajectory is
favorable, nucleophiles with increased steric bulk (as com-
pared to a hydride) are too hindered to add to either face of
the carbonyl.22

The reversal in selectivity of the Grignard reagent results
from the different mechanism of its nucleophilic addition.
The addition of allylmagnesium chloride to8 does not
proceed through standard nucleophilic attack on the carbonyl.
Unlike other Grignard reagents,22 allylmagnesium chloride

(17) Attempts to prove the relative stereochemistry of7e by chemical
derivatization and crystallization were unsuccessful, so the stereochemistry
was assigned by close analogy. See: Bear, T. J.; Shaw, J. T.; Woerpel, K.
A. J. Org. Chem.2002,67, 2056-2064.
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6487-6498. (b) Murakami, M.; Oike, H.; Sugawara, M.; Suginome, M.;
Ito, Y. Tetrahedron1993,49, 3933-3946.
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Scheme 4. Nucleophilic Addition to Acetal7c

Scheme 5. Formation of 1,2,4-Triols16 and17

Figure 1. X-ray crystal structure of8.
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can react with carbonyl compounds via single-electron
transfer (SET)23,24or through a six-membered ring transition
state.25 In the case of ketone8, the six-membered transition
state is unlikely due to the steric congestion of8. A
mechanism involving SET would result in an oxygen-
stabilized radical with two possible conformersA and B
(Figure 2).26 Addition of the allyl radical to conformerA

was preferred due to decreased steric congestion of the
required trajectory. The conformational change induced by
SET allows addition by pseudoaxial attack to anomeric
radical A by requiring an alternative trajectory (compared

to ketone8) by which the allyl radical adds to the anomeric
radical.

In summary, siloxyalkynes could be converted to 1,2,4-
triols stereoselectively via silacyclopropenes and oxasila-
cyclopentenes through an aldol addition/rearrangement re-
action. Oxasilacyclopentene acetal7c allowed access to
substrates with various substitution patterns. Upon stereo-
selective allylation or reduction of the ketone, 1,2,4-triols
16 and17 were obtained in five steps and 56-63% overall
yield from siloxyalkyne4a.
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Figure 2. Formation of alcohol15 by radicalA.
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