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ABSTRACT
In this Account, we describe the development of stereospecific,
stereoselective, regioselective, and chemoselective carbon-carbon
bond-forming reactions of silacyclopropanes that occur under mild
conditions. By appropriate choice of metal salt catalyst, the
regiochemistry of these reactions may be tuned to give the desired
product. Stereoselective nucleophilic substitution reactions and
stereospecific oxidation of the C-Si bond to a carbon-oxygen bond
demonstrate that the products of these reactions serve as useful
intermediates for the synthesis of polyoxygenated organic mol-
ecules.

Introduction
The strain energy released upon cleavage of three-
membered ring compounds1,2 can be harnessed to ac-
complish powerful stereoselective transformations in
organic synthesis. For example, cyclopropanes have seen
numerous applications in synthesis,3,4 as have their coun-
terparts, the oxiranes5 and aziridines.6 In contrast, the
synthetic potential of strained three-membered ring si-
lanes (silacyclopropanes) as intermediates for stereose-
lective synthesis has not been examined. We found this
situation to be paradoxical considering the unique reac-
tivity of silicon compounds and their important role in
organic chemistry.7,8 Although significant contributions to
silacyclopropane chemistry have been reported by Sey-
ferth et al.,9-13 Ando et al.,14 and others,15-17 the reactions
of silacyclopropanes have not been extended to organic
synthesis.

Since the preparation of the prototypal silacyclopro-
pane 1 in 1975 by Seyferth,9 the knowledge of the

fundamental chemistry exhibited by this highly strained18

functional group has grown to include carbon-carbon
bond formation reactions13,14,19,20 and stereospecific pro-
tonolysis.21 New methods for silacyclopropane synthesis
have also been developed22 that allow for the stereospe-
cific silacyclopropanation of alkenes, leading to cis- and
trans-2.23 To apply the reactions of silacyclopropanes to

organic synthesis, however, many key issues remained to
be elucidated, including the stereo- and regiochemistry
of ring-opening, functional group compatibility, and reac-
tion generality. Furthermore, the products of silacyclo-
propane reactions had not been converted into syntheti-
cally useful compounds that did not possess silicon atoms.

We initiated our studies to explore the carbon-carbon
bond-forming reactions of silacyclopropanes as new
methods for the stereoselective synthesis of polyoxygen-
ated organic compounds. We were particularly attracted
to the demonstration that carbonyl compounds would
insert into the C-Si bond of silacyclopropane 1, a reaction
first discovered by Seyferth et al.13 We envisioned that we
could insert various carbonyl compounds into chiral
silacyclopropanes such as 3 to obtain oxasilacyclopen-
tanes 4 (eq 1). If the insertion reaction were stereospecific,

then different diastereomers of 4 could be prepared from
the appropriate silacyclopropanes 3. The synthetic utility
of these transformations would be revealed upon oxida-
tion of the C-Si bond24-27 to form diol 5 with three
contiguous stereogenic centers.

The plan outlined in eq 1 raised a number of funda-
mental issues that would need to be addressed before
realization of our goal. At the time we commenced our
studies, the carbonyl insertion reaction13 had not been
demonstrated for silacyclopropanes other than 1. It was
not clear whether the stereochemistry of the starting
silacyclopropane 3 would translate to the insertion prod-
uct 4, particularly since Seyferth et al. had shown that the
carbonyl insertion reaction with 1 might involve diradical
intermediates.13 In addition, questions regarding the re-
giochemistry, chemoselectivity, and functional group
tolerance of the insertion reaction had not been ad-
dressed. We planned to investigate these key issues in
order to develop the insertion methodology with silacy-
clopropanes. The synthetic utility of this methodology
could then be extended by preparing silacyclopropanes
as single enantiomers, an area which also had not been
examined previously.
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Over the course of the past few years, we have explored
the reactions of silacyclopropanes and shown the syn-
thetic utility of these reactions for the stereoselective
synthesis of functionalized diols and triols. We have
focused on the reactions of Boudjouk-type silacyclopro-
panes23 such as cis- and trans-2 because they were easily
prepared in one step from alkenes and could be obtained
as single diastereomers. Our investigations have illumi-
nated new aspects of the fundamental reactivity of these
strained silanes, in particular the stereochemistry of their
reactions. In this Account, we describe the development
of stereospecific, stereoselective, regioselective, and
chemoselective carbon-carbon bond-forming reactions
of silacyclopropanes that occur under mild conditions. We
also demonstrate that the products of these reactions serve
as useful intermediates for the synthesis of polyoxygenated
organic molecules with several stereogenic centers.

Reactions of Silacyclopropanes
To determine whether silacyclopropanes would undergo
stereospecific insertions, we first focused on ring-opening
reactions with aldehydes. Although silacyclopropanes cis-
and trans-2 reacted with benzaldehyde under thermal
conditions (g100 °C), the desired oxasilacyclopentane
products 6-9 were accompanied by significant quantities
of side products. In the presence of Lewis bases,19

however, the insertion reactions with benzaldehyde pro-
ceeded rapidly at or below room temperature with inver-
sion of configuration (eqs 2 and 3).28,29 This acceleration
is consistent with the initial formation of a more reactive
pentacoordinate siliconate intermediate between the cata-
lyst and the silacyclopropane.30

The development of insertion reactions with benzal-
dehyde served as an important advance in our studies
because it proved that silacyclopropane stereochemistry
would translate to product stereochemistry. Unfortunately,
this Lewis base-catalyzed transformation was not general.
Under the basic conditions optimized for benzaldehyde,
aldehydes such as crotonaldehyde and isobutyraldehyde
afforded only silyl enol ether products.29 Attempts to
catalyze insertion with less basic reagents such as Bu4NF,
Bu4NCl, and HMPA resulted in either no reaction or
enolization.

In our search for nonbasic nucleophilic catalysts to

effect insertion reactions of silacyclopropane trans-2, we
discovered that formamides insert with high diastereose-
lectivity (eq 4).31

This reaction was unexpected since the carbonyl group
of an amide is unreactive to most nucleophiles.32 The
formation of oxasilacyclopentane 10 from trans-2 indi-
cated that this reaction proceeds with retention of sila-
cyclopropane configuration, the opposite to the stereo-
chemical course exhibited with aldehydes (eqs 2 and 3).
The stereospecificity of the formamide insertion could not
be rigorously determined, however, because the cis ste-
reoisomer of the starting material decomposed at elevated
temperatures before insertion (eq 5). To explain the

stereochemistry observed for insertion into trans-2 (eq 4),
we proposed31 that this reaction proceeds via a Lewis
acid-base complex 11.33-35 The formation of adduct 11
also accounts for the different reactivity observed for
trans-2 with formamides as compared to that for alde-
hydes. Coordination of the amide to the electrophilic
strained-ring silane both enhances the nucleophilicity of
the silacyclopropane and activates the formyl group for
internal nucleophilic attack.36,37

Further investigations determined that formamides
insert into the more substituted C-Si bond of unsym-
metrical silacyclopropane 12 with high regioselectivity (eq
6). Selective cleavage of the more substituted C-Si bond

of 12 to give product 13 is also consistent with the inter-
mediacy of a Lewis acid-base adduct such as 11. With
silacyclopropane 12, two possible pentacoordinate sili-
conate intermediates, 14 and 15, must be considered.
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Whereas complex 15 suffers from steric repulsion between
the tert-butyl groups on silicon and the axial isopropyl
group, the alternate intermediate 14 does not. Reaction
through siliconate 14 affords the observed product 13.

We envisioned that N,O-acetals such as 10 and 13
would serve as precursors to oxocarbenium ions which
could be transformed into more functionalized oxasila-
cyclopentanes, but the high acid sensitivity of these
materials created some difficulties in their handling.
Although these acetals could be handled under anhydrous
and nonacidic conditions, exposure to even mildly acidic
conditions (such as standing as solutions in CDCl3) led
to extensive hydrolysis. We found it convenient to convert
the formamide insertion products to more stable and
synthetically useful acetates such as 16 (vide infra). For
example, N,O-acetal 10 was hydrolyzed to a mixture of
hemiacetals which was acetylated to obtain a single
diastereomer of acetate 16 (eq 7).31,38 The stereochemistry

of 16, which has been proven by X-ray crystallography,39

is likely the thermodynamically favored diastereomer,
since it is obtained from a mixture of hemiacetals. The
route to acetate 16 could not be extended to the cis-
dimethyl analogue because the silacyclopropane cis-2 did
not insert under the corresponding thermal conditions.

We developed an alternate route to the elusive cis-
dimethyl acetate 18 in the course of our studies of the
ring-expansion of silacyclopropanes with isocyanides, a
reaction first developed by Weidenbruch et al.40 The
milder conditions of the isocyanide insertion allowed us
to avoid the high-temperatures required for the forma-
mide insertion. We demonstrated that this reaction pro-
ceeds with retention of silacyclopropane configuration
(eqs 8 and 9).41 As with the reactions of formamides,

isocyanide insertions occur into the more substituted C-Si
bond of an unsymmetrical silacyclopropane. Treatment
of the resulting iminosilacyclobutanes such as cis-17 with
mild acid led to hydrolysis of the C-Si bond followed by
imine hydrolysis. Acetylation of the resulting product
afforded the previously inaccessible cis-dimethyl acetate
18 (eq 9).41

Concurrent with our research on the isocyanide inser-
tion reaction (eqs 8 and 9), we were also searching for a
way to catalyze the insertion of formamides into the
thermally sensitive silacyclopropane cis-2. Acids and
bases (both Brønsted and Lewis) were ineffective as
catalysts for the amide insertion, primarily leading to
decomposition or hydrolysis products. When we expanded
our attempts to include metal salts, we observed that
copper salts (10 mol % CuI, CuCN, or CuBr2) effectively
catalyzed the amide insertion into cis-2, as well as sila-
cyclopropanes trans-2 and 12, at or below room temper-
ature.42 As with the thermal formamide insertions, ste-
reospecific retention of configuration was observed (eqs
10 and 11). The copper-catalyzed insertion of a formamide
into unsymmetrical silacyclopropane 12 occurred at the
more substituted C-Si bond (eq 12), but with even higher
regioselectivity (>99:1) than was observed previously.

Based on a number of transformations designed to
elucidate the mechanism, we believe that the copper-
catalyzed insertion reaction proceeds by transmetalation
of silicon to copper to form organocopper intermediate
22 (eq 13).42 The transmetalations of silanes to copper,43-46

as well as palladium,47 have been demonstrated previ-
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ously. The activation of the amide toward nucleophilic
attack likely occurs by silylation with the silyl halide48

generated in situ.
The discovery of the copper-catalyzed insertion not

only provided milder conditions for amide insertion,
but it also expanded the generality of the insertion
reaction with respect to the carbonyl compound. For
example, we had been unable to insert nonaromatic
aldehydes or ketones under any conditions. Under the
influence of copper catalysts, however, insertions of R,â-
unsaturated aldehydes and even esters (vide infra) were
achieved with high diastereoselectivity and excellent re-
giocontrol (eq 14). Saturated aldehydes could not be
coaxed into reaction, even at elevated temperatures (eq
15).

Our proposed transmetalation mechanism for the
copper-catalyzed insertion reaction is consistent with
the enhanced reactivity of R,â-unsaturated aldehydes
over their saturated analogues. The alkylcopper species
formed upon transmetalation could undergo oxidative
addition to form oxy-π-allyl intermediate 25. Silylation
of this species to form 26, followed by reductive elimina-
tion, would afford oxasilacyclopentane 24 (eq 16).
This pathway would not be accessible to saturated alde-
hydes.

This mechanistic analysis led to the development of
the insertion of saturated aldehydes into silacyclopro-
panes. We reasoned that the generation of organometallic
intermediates from metal salts other than copper, includ-
ing those incapable of oxidative addition processes, would
allow a wider range of carbonyl compounds to insert. We
tested this hypothesis experimentally and determined that
zinc salts catalyze the insertions of aliphatic and aromatic
aldehydes and ketones. To our surprise, the zinc-catalyzed
insertions of substrates such as butyraldehyde occurred
into the less substituted C-Si bond with >99:1 regiose-
lectivity (eq 17).49 This experiment represents the first time
that we had been able to functionalize the less substituted
C-Si bond selectively.

The complementary regioselectivity of insertion exhib-
ited by different metal salt catalysts extends beyond
saturated aldehydes to include the particularly powerful
insertion of formate esters. By the appropriate choice of
either zinc or copper salts, we can access either regioiso-
meric acetal 28 or 29 with >99:1 regioselectivity as
mixtures of anomers (eqs 18 and 19). These acetals serve
as precursors to oxocarbenium ions that have proven to
be useful intermediates for the synthesis of polyoxygen-
ated organic compounds (vide infra).

The differences in regioselectivity and reactivity ob-
served for the zinc- and copper-catalyzed insertions (eqs
18 and 19) indicate that these reactions proceed by
different pathways. In the case of the copper-catalyzed
reaction, we have accumulated significant evidence that
is consistent with a transmetalation mechanism. In con-
trast, ZnBr2 most likely activates the carbonyl compound,
while the bromine atom may coordinate to the silicon
atom of the silacyclopropane (as shown in transition
structure 30) to enhance the nucleophilicity of the strained
ring. This pathway is similar to the mechanisms proposed
for the Lewis acid-catalyzed cyanosilation50 and hydrosi-
lylation51 of aldehydes and ketones as well as the additions
of other organometallic species to carbonyl compounds.52,53

Formation of the 1,3-regioisomer would occur to avoid
unfavorable steric interactions between the substituent on
the silacyclopropane and the carbonyl substrate as shown
in 31.
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In contrast to copper and zinc salts, palladium com-
plexes catalyze different carbon-carbon bond-forming
reactions of silacyclopropanes. The reactions of silacyclo-
propanes cis- and trans-2 with alkynes in the presence of
palladium catalysts allowed us to investigate the stereo-
chemistry of both insertion and silylene-transfer pro-
cesses.54,55 When cis-2 was treated with phenylacetylene
and a catalytic quantity (0.2-3.0 mol %) of PdCl2(PPh3)2,
two silicon-containing products were obtained (eq 20).

Silole 32, the product of reductive coupling of two alkynes
by a silylene or silylenoid species, was accompanied by
the production of cis-2-butene.56 In addition, insertion
product 33 was formed with high diastereoselectivity as
the cis stereoisomer. Silacyclopropane trans-2 also formed
silole 32, accompanied by trans-2-butene, but only a trace
amount of the insertion product (1%) was observed.
Investigations into the mechanism of these transforma-
tions suggested that they proceed by oxidative addition
of in situ-generated Pd(0) complexes into the C-Si bond
of cis-2 to provide palladacyclobutane cis-34 (eq 21).56-58

Intermediate 34 can undergo stereospecific alkyne inser-
tion or continue in the catalytic cycle to afford silole
product 32.

When internal alkynes were employed in reactions
with palladium catalysts, silacyclopropenes such as
35 were obtained in high yield with no trace of silole
products (eq 22).57 A control experiment verified that

the palladium complex catalyzes silylene transfer. In
the absence of a palladium catalyst, <10% of silylene
transfer is observed under conditions in which com-
plete silyl transfer is observed with the catalyst.57 We
demonstrated that the palladium catalyst was still
able to carry out oxidative addition on silane 35, but
that this process must be reversible. The silacyclo-
propenation of alkynes shown in eq 22 represents a
practical metal-catalyzed synthesis of these strained-ring
silanes.

Synthetic Applications of Silacyclopropane
Reactions
With the successful development of highly stereoselective
carbon-carbon bond-forming reactions of silacyclopro-
panes, we explored the conversion of these insertion
products into compounds that did not possess silicon
atoms. The original plan, as outlined in eq 1, led us to
examine the oxidation of the C-Si bonds in aldehyde
insertion products such as 6 (eq 23). The C-Si bond

proved to be resistant to all modifications of the standard
Tamao oxidation protocol because of the steric hindrance
at the silicon atom.24-27 To circumvent this problem, we
developed new conditions59 for the oxidation of silanes
that employ a strong base, a fluoride source such as CsF
or Bu4NF, and t-BuOOH. Our basic conditions have
proven to be useful for the oxidation of sterically hindered
alkoxysilanes as well as phenylsilanes, particularly those
acid-sensitive substrates that do not tolerate standard
oxidation conditions.60

Once we had demonstrated the ability to oxidize the
C-Si bonds of the insertion products, we wanted to use
the oxasilacyclopentane acetates resembling 37 to access
more highly functionalized compounds for synthetic
applications (eq 24). In the presence of a Lewis acid, the

acetate moiety of 37 could act as a leaving group to
generate an oxocarbenium ion which could then be
attacked by nucleophiles (such as allylic silanes and silyl
enol ethers) to afford substitution product 38. Oxidation
of the product 38 to the resulting diol would provide a
series of functionalized 1,3-diols 39 which were inacces-
sible using the aldehyde insertion reaction. To implement
this plan, we set out to determine whether the nucleo-
philic substitution reactions would be stereoselective.

The reactions of oxasilacyclopentane acetals resembling
37 with nucleophiles in the presence of Lewis acids
proceeded with high diastereoselectivity for a number of
substrates.38,61,62 For example, the reaction of acetate 40
with allyltrimethylsilane afforded allylation product 41
with excellent diastereoselectivity (eq 25). The stereo-
chemistry of this compound was determined by oxidation
to the diol 42 (eq 26) and analysis of the derived ac-
etonide.63 When a silyl enol ether such as 43 was used as
a nucleophile, an additional stereocenter was also con-
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trolled to obtain product 44 with high diastereoselectivity
(eq 27).

Predicting the sense of selectivity for the nucleophilic
substitution reactions of oxasilacyclopentane acetals proved
to be more difficult than initially expected. For example,
we anticipated that the reaction of acetate 16 with
allyltrimethylsilane would afford predominately the 1,2-
trans product. Instead, the 1,2-cis product was formed
preferentially with excellent diastereoselectivity (Scheme
1). The stereochemistry of oxasilacyclopentane 46 was
determined after oxidation and conversion to the ac-
etonide 47.63,64 We observed similar contrasteric selectivi-
ties in the nucleophilic substitution reactions of sterically
hindered tetrahydrofuran acetals.65 Our investigations of
these unusual selectivities led us to pursue the factors that
control the stereoselective reactions of five-membered ring
oxocarbenium ions. This work has led to the development
of a general stereoelectronic model for nucleophilic ad-
ditions to five-membered oxocarbenium ions.66 Applica-
tion of this model suggests that the 1,2-cis product 46 is
the result of “inside attack” on oxocarbenium ion 45 from
the bottom face (Scheme 1).62

Recently, we have extended our studies of oxasilacy-
clopentane acetal chemistry by devising a two-step syn-
thesis of oxasilacyclopentane acetals 48 from R,â-unsat-

urated esters (eq 28).67 Conjugate addition of a hydrosilyl

anion to an enoate provided the â-hydrosilyl ester, which
was capable of hydrosilylation in the presence of fluoride
ion. Nucleophilic substitution on the resulting acetals 48
with allyltrimethylsilane proceeded with high diastereo-
selectivity (eq 29) to afford products 49 which are analo-
gous to those obtained using silacyclopropane insertion
methodology. We envisioned that this approach would be
amenable to the preparation of enantiomerically pure
oxasilacyclopentane acetals and allow us to access a more
diverse array of products.

New Directions
Although our examples of stereoselective insertion and
nucleophilic substitution reactions have proven the syn-
thetic utility of strained-ring silicon compounds, we feel
that there are still large advances to be made in this area.
Our goal at the outset of this project was to expand the
limited scope of carbon-carbon bond-forming reactions
of silacyclopropanes to applications in stereoselective
synthesis. Now, the limitations of this chemistry have
shifted to the paucity of silacyclopropanes that are avail-
able. We plan to address this issue by developing the
silacyclopropanation of functionalized chiral alkenes to
obtain enantiomerically pure silacyclopropanes which can
undergo further stereo- and regioselective insertion reac-
tions. Ultimately, we envision employing a one-step
protocol for the in situ silacyclopropanation and ring-
expansion of an advanced synthetic intermediate to
convert a chiral alkene to a stereodefined polyoxygenated
moiety.

Our first advance in this direction is the diastereose-
lective silacyclopropanation of functionalized chiral alk-
enes. For example, silacyclopropanation of cyclohexene
50, which was prepared in two steps from 1,3-cyclohexa-
diene,68 afforded silane 51 as a single diastereomer (eq
30). Further transformations of this chiral silacyclopropane
allowed us to construct highly substituted cyclohexanes
such as 52 with high diastereoselectivity (eq 30).

We are also exploring whether we can use the stereo-
chemistry of oxasilacyclopentane products to influence the

Scheme 1
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stereochemical outcomes of further transformations on
these compounds. For example, the stereochemistry of
silacyclopropane cis-2 was translated to the stereochem-
istry of the ethyl ketone 44 (eq 27), which might be used
to control the stereochemistry of subsequent aldol reac-
tions (eq 31). This sequence would allow access to highly
oxygenated organic compounds rapidly and stereoselec-
tively.

Conclusion
Although many challenges still lie ahead, we are closer to
our goal of developing silacyclopropanes as intermediates
for stereoselective organic synthesis. During our investiga-
tions, we have learned much about the reactivity of these
strained-ring silanes and the stereochemistry of their ring-
opening reactions. We have shown that silacyclopropanes
react with carbonyl compounds under mild conditions.
These reactions are stereospecific, as well as highly stereo-,
regio-, and chemoselective. By appropriate choice of
catalyst, the regiochemistry of these reactions may be
tuned to give the desired product. Stereoselective nucleo-
philic substitution reactions and stereospecific oxidation
of the C-Si bond to a carbon-oxygen bond allow silacy-
clopropanes to be converted to synthetically attractive 1,3-
diols for the synthesis of polyoxygenated organic mol-
ecules with several stereogenic centers.
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