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Abstract: Silacyclopropanes reacted with carbonyl compounds under mild conditions (10 mol % metal salt,
<22 °C) in a stereospecific and highly stereo-, regio-, and chemoselective fashion. In most cases, Cul or
CuBr, were the optimal catalysts although ZaBrorked comparably well in a few examples. Insertion occurred

with retention of configuration and, in the case of enals and formamides, with high diastereoselectivity at the
newly formed stereogenic centers. For unsymmetrical substrates, insertion occurred at the more substituted
carbon-silicon bond with complete regioselectivity. Competition experiments demonstrated that formamides
reacted faster than enals, which reacted faster than enoates; saturated aldehydes did not undergo insertion.
With a cis-disubstituted silacyclopropane, products of silylene transfer were observed. The stereochemistry,
regiochemistry, and chemoselectivity of carbonyl insertion as well as the silylene transfer processes can be
explained by a mechanism involving transmetalation of silicon to copper.

Introduction as KQ-Bu or high temperatures>(L00°C), respectively. These
conditions severely limit the generality of the reactions to non-
enolizable aldehydes and thermally robust silacyclopropanes.
Therefore, the development of mild conditions to effect reactions
of silacyclopropanes would expand greatly the application of

Silacyclopropanes are reactive strained ring compounds that
undergo a variety of carbercarbon bond-forming reactions.
The insertion reactions of substrates such as aldehyateb
alkyneg were first observed by Seyferth in his seminal studies h ds i . hesi
with hexamethylsilirane. The generality of these transformationst ese compounds in organic synthesis.

has been extended recently to include other silacyclopropanes !N this paper, we describe the catalysis of insertion reactions
such astrans1? allowing aldehydes? formamides and by metal salts such as Cul. These conditions allow formamides

isocyanide& to undergo insertion reactions (see for example, 25 well asa,f-unsaturated aldehydes, ketones, and esters to

eq F). We demonstrated that the growing family of insertion INSertinto the carbonsilicon bond of silacyclopropanes at or
below 22°C. The insertions proceed stereospecifically, with

o high chemoselectivity, and with complete regioselectivity in the
tBu. £Bu C/NJLH B tBu case of unsymmetrical silacyclopropanes. These reactions are
s +Bu-Si-Q a likely to result from transmetalation of the carbesilicon bond
Me “Me Hexanes Me™ ™\ NQ to form an intermediate orgar_lometallic species. This mec_hanism
trans-1 120 °C Me is consistent with observations of copper-catalyzed silylene
193 % 2 transfer and the high reactivity of unsaturated aldehydes as
(by "H NMR) one diastereomer compared to their saturated analogues.

reactic_ms of s_ilacyclopropanes helds promise for synthetic Metal-Catalyzed Insertion Reactions

organic chemistry because the insertion products can be

oxidized1° to afford oxygenated organic compourfefstl.12 Because high temperatures limited the formamide insertion

The drawback to the insertion reactions of aldehydarsd reaction to thermally robust silacyclopropahdgeq 1), we

amide$ has been that they require strongly basic catalysts suchsearched for methods to catalyze the formamide insertion. We
(1) Seyferth, D.; Duncan, D. P.. Shannon, M Qrganometalic.984 were prewousl_y uneble to determlpe the stereospemﬂcr_[y of this

3, 579-583 and references therein. B insertion reaction with respect to silacyclopropane beceissk

(2) Seyferth, D.; Duncan, D. P.; Shannon, M. L.; Goldman, E. w. decomposed at the temperatures required for insertion (&g 2).
Organometallics1984 3, 574-578.
(3) Boudjouk, P.; Samaraweera, U.; Sooriyakumaran, R.; Chrusciel, J.;  (8) Smitrovich, J. H.; Woerpel, K. AJ. Org. Chem1996 61, 6044—

Anderson, K. RAngew. Chem., Int. Ed. Engl988 27, 1355-1356. 6046.
(4) Bodnar, P. M.; Palmer, W. S.; Shaw, J. T.; Smitrovich, J. H.; (9) Fleming, I.Chemtracts: Org. Chenl996 9, 1-64.
Sonnenberg, J. D.; Presley, A. L.; Woerpel, K.JAAmM. Chem. So4995 (10) Jones, G. R.; Landais, Yetrahedronl996 52, 7599-7662.
117, 10575-10576. (11) Shaw, J. T.; Woerpel, K. AJ. Org. Chem.1997, 62, 6706
(5) Bodnar, P. M.; Palmer, W. S.; Ridgway, B. H.; Shaw, J. T.; 6707.
Smitrovich, J. H.; Woerpel, K. AJ. Org. Chem1997, 62, 47374745. (12) Shaw, J. T.; Woerpel, K. ATetrahedron1997, 53, 16597
(6) Shaw, J. T.; Woerpel, K. Al. Org. Chem1997, 62, 442-443. 16606.
(7) Kroke, E.; Willms, S.; Weidenbruch, M.; Saak, W.; Pohl, S.; (13) Control experiments indicate thas-1 is more thermally labile than
Marsmann, HTetrahedron Lett1996 37, 3675-3678. trans-1.
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Hexanes
120 °C
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were assigned using nuclear Overhauser effect (NOE) spectro-

scopic methods.

The copper-catalyzed insertion of formamides into unsym-
metrical silacyclopropanes proceeded with complete regiose-
lectivity. Insertion into isopropyl-substituted silacyclopropane

All' manner of catalysts, either Brgnsted or Lewis bases (for gi7 occurred at the more substituted carbsilicon bond to

example, K@Bu, F) or acids (for example, camphorsulfonic
acid, SnCJ, BF;-OELb, TiCly), failed to provide more than trace

quantities of insertion products for eitheis-1 or trans-1. In

contrast, the use of 10 mol % of a metal salt catalyst lowered tBu, ,t+Bu

the temperatures required for insertion by more than 400
thus allowing cis-1 to participate in formamide insertion
reactions. When a cold«78 °C) solution ofcis-1 and Cul in
CH,Cl, was treated witiN-benzylN-methyl formamide3,4
insertion occurred upon warming to 22 over 3 h (eq 3). This

t-Bu
tBu_ ,tBu o) -Bu-Si-
o 10 mol% Cul t+Bu-Si-O
L : BN @)
l CH,Cl, Me "N
Me Me 252 (
Me -781022°C Me Me
cis-1 3 72% 4
293:7
diastereoselectivity

reaction provided predominately one stereocisomét,GFacetal
4 as determined usingH NMR spectroscopy? Other metal
salts such as ZnBrand InC} also proved to be effective
catalysts, although some isomerization of¢fedimethyl adduct
4 to the trans-dimethyl isomer5 was observed. Control ex-
periments indicated that halide ions (LiBr, KBr, andBiBr)
were not responsible for the catalysis.

The copper-catalyzed insertion of formamiglénto trans-1

afford a single stereoisomer NfO-acetald (eq 7) as determined

o {-Bu
. 10 mol% Cul +Bu-Si-O
Si + Bn\NJLH TR B0 ()
) ) —781022 °C N
i-Pr Me )
72% ipr Me
8 3 9

one stereoisomer

using GC-MS.18 This regiochemical preference is similar to
that observed for the thermal formamide inserfion.

The mild conditions employed for formamide insertion (10
mol % copper salt=22 °C) can be applied to reactions with a
variety of carbonyl compounds (eq 8, Table'd)n all cases,

t-Bu
1
t-Bu\Si,l-Bu O 10 mol% catalyst t+-Bu-Si-O
+ U .R' (8)
1 2 o

Nipy RV OR? -78t022°C -

8 i-Pr

10

Table 1. Copper-Catalyzed Addition of Silacyclopropa8eo
Carbonyl Compounds (Eq 8)

(eq 4) confirmed that these insertion reactions are stereospecific,

t-Bu
+Bu_ ,tBu 0  By—Si-
o 10 mol% Cul +Bu-Si-O
sC oeng M ° _Bn (4)
A . CHCl,  Me™ NN
Me Me Me —781022°C E o Me
o Me
74%
trans-1 3 (by 4 NMR) 5
one stereoisomer by
"HNMR

and carbonr-carbon bond formation occurs with retention of
configuration. The relative stereochemistries of the methyl-

bearing stereocenters fb,O-acetals4 and5 were proven by

diastereo-
1 2 0 CYAL]
entry R R2 catalyst product vyield (%) selectivityb
Ph H CuBr, 10a 82° 91:9
2 ~oMe y cuBr,  10b 74 98:2
Me
3 ./<xMe H CuBr, 10c 75 >99:1
4 —CH=CH(CHp)s— Cul  10d 63 65: 35
5 *v~Me Me cuBr,  10e 78 62 : 38¢
* Me
6 nPr H Cul - no reaction® -

aYield of purified materials® As determined on the basis of GC
analysis unless otherwise indicatédh addition, 7% ofL1was isolated.
dAs determined usingH NMR spectroscopys No reaction was
observed after heating at 86 for 3 days in a sealed NMR tube. CuBr

correlation to materials of known stereochemistry (eqs 5 and also did not catalyze the reaction.

6).51216The stereochemistries of the labile acetal stereocenters

t-Bu t-Bu
1. CUSO4, Hzo L
tBu-Si-0 64% yield from cis-1; +Bu-Si-0 5)
Me ”"’}l/ PhMgBr Me Ph
Me Me 83% Me
4 cis-6
tBu tBu
t-Bu-Si-O HOAc, H,O0  t+Bu-Si-O ©)
Me™ NN’ 75% overall  Me y OH
Me Me from trans-1 Me
5 7

(14) This formamide was used to simplify spectral analyses.

(15) The minor amount<7%) of N,O-acetal5 detected by'H NMR
spectroscopy is most likely due to the presencerans2-butene as an
impurity in commercially availableis-2-butene, from which silacyclopro-
panecis-1 was made. The typical purity afis-1 is =95%.

insertion occurred at the more substituted carbsiticon bond
with complete regioselectivity. Only net 1,2-addition was
observed with unsaturated carbonyl compounds. The saltCuBr
which was most likely reduced to CuBr under the reaction
conditions!®2%proved to be the optimal catalyst in many cases.
Even 1 mol % of CuBy provided high yields of insertion
products. Addition to benzaldehyde (entry 1) was accompanied
by the formation of hydride transfer product (7%), a process

(17) Palmer, W. S.; Woerpel, K. AOrganometallicsl997, 16, 1097~
1099.

(18) The stereochemistries of insertion products derived fBomere
determined by analysis of NOE data. A summary of these data is provided
as Supporting Information.

(19) Bleaching of the characteristic blue-green color of copper(ll) salts
was observed upon addition of the silacyclopropane. The reduction of
palladium(ll) salts with silacyclopropanes was demonstrated: Seyferth, D.;
Shannon, M. L,; Vick, S. C.; Lim, T. F. GJrganometallics1985 4, 57—

62.
(20) The reduction of copper(ll) to copper(l) by pentafluorosiliconates

(16) The stereochemistry of these products was proven rigorously. The was reported: Yoshida, J.-i.; Tamao, K.; Kakui, T.; Kurita, A.; Murata,

details are provided as Supporting Information.

M.; Yamada, K.; Kumada, MOrganometallics1982 1, 369-380.
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that was also observed under thermal conditfdReactions with

unsaturated aldehydes occurred with high diastereoselectivity t-Bu\Si/f'BU

at the newly formed stereogenic centers (entries 2 ardd 3).
Using our previously reported conditions with enolizable

aldehydes such as crotonaldehyde, only silylenol ethers were

observed. Enones also provided 1,2-addition products (entries

J. Am. Chem. Soc., Vol. 121, No. 595999

{-Bu
0 t-Bu-Si-0
. __10mol% Cubr, _ 12)
pr MeO” “H -78t022°C OMe
8 70% -Pr
78 : 22 diastereoselectivity
16

4 and 5); attempts to encourage 1,4-addition to cyclohexenone

by addition of MgSiCP2 or Sc(OTf}?3 led to the isolation of
significant amounts of enolized produk2 (eq 9)2* In contrast

t-Bu_

/\O,SiT
11

,1-Bu
i-Pr

(0]
tBu

tBu, . tBu @ +Bu-Si-0
Si /Pr
L, 10mol% 10 mol% Cul @
i-Pr

8 additive

addmve 10d : 12
MesSiCl  61:39
Sc(OTf)3 7 :93 (41% yield)

to the reactions witl,3-unsaturated aldehydes, no reaction was

observed with alkyl aldehydes, even at elevated temperatures

(entry 6).
Esters also inserted into the carbesilicon bond of silacy-

clopropanes to provide ketal adducts. Treatment of silacyclo- 17b.R'=tBu

propane8 with ethyl crotonate in the presence of catalytic
quantities of CuBr led to the formation of a mixture of
diastereomeric ketal$3 (eq 10). Although the structure a3

EtO__._Me tBu
tBu,_,tBu Y tBu-Si-O Ot
Si ol P (10)
-Pr 10 mol% CuBr,
-78t022 °C -Pr
55 : 45 diastereoselectivity
13

was assigned usinH and3C NMR spectroscopies, its acid
lability precluded complete characterization. Attempts to purify
13 by chromatography over silica gel led to the isolation of
hydrolysis productl4 and elimination productl5 (eq 11).

{-Bu
SiO, t Bu +Bu-Si-O
13— tBu-si e + Iy 7
OH -Pr LPr
40% from 8 27% from 8
14 15

Treatment of silacyclopropar&with methyl formate afforded
acetall6 as a mixture of diastereomers (eq 12). We previously
demonstrated the utility of such acetals in synth&sis.

(21) Use of 10 mol % Cul with crotonaldehyde led to a 64% yield of
10b as an 87:13 mixture of diastereomers; ZnBfforded a 62% yield of
an 87:13 mixture. An 87:13 mixture was observed for Cul-catalyzed
insertion of tiglic aldehyde. These mixtures permitted comparison of NOE
data between the major and minor diastereomers.

(22) Corey, E. J.; Boaz, N. Wletrahedron Lett1985 26, 6015-6018.

(23) Lipshutz, B. H.; Sclafani, J. A.; Takanami, J. Am. Chem. Soc.
1998 120, 4021-4022.

(24) The connectivity of this structure was determined using COSY
experiments.

Not only did a wide range of carbonyl compounds (namely,
formamides, enals, enones, and esters) participate in insertion
reactions, but silacyclopropanes differentiated between the
different carbonyl compounds with high chemoselectivity.
Competition experiments were conducted in which silacyclo-
propaned was mixed with an excess of two carbonyl compounds
in the presence of copper salts; the relative amounts of insertion
products were measured usitijNMR spectroscopy. The order
of reactivity was found to be formamid# > crotonaldehyde
> ethyl crotonate. These reactions were completely chemose-
lective: in each pairwise experiment, only one insertion product
was observed.

The regio- and stereoselectivity observed for the insertion of
crotonaldehyde into silacyclopropa8evas observed with other
monosubstituted substrates. Silacyclopropdriesith n-butyl
and tert-butyl substituents reacted with complete regioselec-
tivity at the more substituted carbesilicon bond (eq 13, Table

t-Bu
tBu,_ B 0 +Bu-Si-0
Z—\ Rl R2)J\H 10 mol% CuBr, wpe (19
-781t022 °C R
17a, R' = n-Bu
18

Table 2. Stereoselectivity of the Addition of Silacycloproparks
to Carbonyl Compounds (Eq 13)

entry R R? product vyield (%) diastereoselectivity
1 n-Bu Ph 18a 61° 90:10
2 n-Bu CHC=CHMe 18b 54 95:5
3 tBu Ph 18c 59 89:11
4 t-Bu CHC=CHMe 18d 56 99:1

aYield of purified materials® As determined on the basis of GC
analysis.° Accompanied by<5% of 19a 9In addition, 26% of19b
was isolated.

2).25 Hydride transfer products9a (<5%) and19b (26%) were
the only significant side-products observed in the reactions with
benzaldehyde.

tBu tBu
oy

19a, R' = n-Bu
19b, R' = tBu

Silylene Transfer Reactions and Evidence for a
Transmetalation Mechanism

The metal salt catalyzed insertion of carbonyl compounds
into silacyclopropanes represents a significant improvement over
the thermal and nucleophile-catalyzed conditions previously
reportec®® The dramatic rate acceleration provided by the
catalyst as well as the stereospecificity, high stereo- and regio-
selectivity, and high chemoselectivity suggest that this trans-
formation will find use in organic synthesis. The mechanism
for catalysis is not easily elucidated, however. Whatever ex-
planation is chosen to rationalize these results, it must ad-

(25) The stereochemistry dBawas determined unambiguously (ref 5).
The stereochemistries GBb—d were assigned by analogy.
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dress the relative reactivity of carbonyl compounds (form- dioxasilolane213! as predominately one stereoisomer (eq®£5).
amide> enal> enoate) and the lack of reactivity of saturated

t-Bu_ ,t+Bu

aIdehyo!gs. . . . . tBu_ ,tBu PhCHO S{_ HFepyridine HQ  OH

An initial analysis of the metal salt catalyzed insertion might Si — 0 . 0 0 —— [ (15)

o . AN\, 10mol% Cul \/ 61% "
suggest that the salt acts as a Lewis acid to activate the carbonylme Me 5500 of  pn from osq Ph Ph
compound toward nuc_lt_aophilic attack by the silacyclopropane. cis-1 21 22
A six-membered transition state such2éscould be considered dias 93:7/ i
lastereoselectivity

in which the metal complex brings both nucleophile and
electrophile together, reminiscent of catalyzed nucleophilic

additions to carbonyl grougé.If this were the case, carbonyl The stereochemistry @1 was assigned by desilylation to afford

trans-hydrobenzoin Z2) as a 93:7 mixture of diastereomers as
determined on the basis & NMR spectroscopic analysts.
Product21 results from trapping of in situ-derived silylene by

Me 4 —tBu reductive dimerization of benzaldehy#eEnones also trapped
o :'\,_Bu the liberated silylene (eq 16). Theésilylcyclohexanone23

H X
B .

R™ O---M 0

Xn- B -
. U PR Cul-2Lil
20 + oy (9
Me” e 781022°C; o

compounds, which are relatively hard Lewis bases, would be 85% tBu” “tBu

expected to interact most favorably with hard Lewis acids. cis-1 23

Contrary to this expectation, the softer Lewis acids Cul and

ZnBr, proved to be superior catalygk.Furthermore, this  Presumably arises from silylene trapping followed by hydrolysis.
mechanism does not explain why crotonaldehyde reacted The observation of silylene-derived produ@tsand23 is not

rapidly, whereas its saturated analogue, butanal, resisted insertiofgasily rationalized by consideration of Lewis aclaise adducts
even at elevated temperatures. between the metal salt and the carbonyl compound. These

To resolve these issues and to determine the role of the metalfaxper!mgnts have implications beyond.the mechanlsm for
salt, we monitored control experiments using NMR spectros- insertion: they suggest that _copper-m_edlated silylene t_ransfer
copy. ThelH and3C NMR spectra (CBCly) of formamide3 may be conducted under mild conditions. To date, silylene
were not affected by the presence of Cul, indicating that the transfer. has re_quwedss either temperatures _above @2or
amide and metal salt do not inter&&tSeparate control ex- photolytic condltlonsZ’,;) 3&a3I8th0ugh metal-mediated processes
periments, however, demonstrated an interaction between sila-h"’“/e bee_n reportéd: T .
cyclopropanes and Cul. Usings as solventcis-1 liberated Deuterium incorporation experiments were conducted to

cis-2-butene stereospecifically in the presence of Cul (eq 14), intercept any intermediates resulting from a reaction between
the silacyclopropane and the metal salt. Treatment of silacy-

clopropanecis-1 with MeOD and 10 mol % of Cul provided

Me ¢

t-Bu_ ,t-Bu . - . .
si Cul //\ t-Bu\Sif'Bu (14) the volatile deuterated silar#&t as a single stereocisomer (eq
Me Me CDzCl Me  Me .. 17). The reaction ofrans-1 under similar conditions led to a
. or
-1
CIS: CSDS +Bu
tBu_ ,tBu MeOD (5 equiv) +Bu-Si-OMe
. Si
andtrans-1 generatedrans-2-butene?® Butene was liberated ' T 10mol% Cul Me p 7
more rapidly fromcis-1 thantrans-1,3° and monosubstituted Me™ ] Me CH,Cl, Me
silacyclopropan@ liberated alkene only upon heating. Presum- i 48% ”
ably,_the si_licon_ atom was produced as a silylene or sinquoid one sterecisomer
species (vide infra). These results clearly suggest a direct by 'H and 2H NMR

reaction between the copper salt and the silacyclopropane that
cannot be accounted for by a mechanism involving Cul strictly single stereoisomer that was distinct fr@#h3° The stereochem-

as a Lewis acid. - — — )
. . . . (31) This compound was identified on the basis of its spectral properties.
. The extrusion of a sHerng species from 5'!aCyC|0pr9pane The rapid hydrolysis of this dioxasilolane was reported by Corey: Corey,
cis-1 by copper salts was confirmed in preparative experiments E. J.; Hopkins, P. BTetrahedron Lett1982 23, 4871-4874.

with substrates other than formamigeTreatment otis-1 with (32) When this transformation was performed starting-@8 °C and
the reaction solution was warmed to 2Z, dioxasilolane21 was

PhCHO and 10 mol % of Cul (or CtdLil) at 22 °C provided accompanied by 13% dafis-6 as a 63:37 ratio of diastereomers.
(33) Clerici, A.; Porta, OJ. Org. Chem1985 50, 76—81.
(26) For a review that includes the use of metal complexes to catalyze  (34) Stable silylenes have been observed to effect dimerization of
carbonyl additions, see: Evans, D. 8ciencel988 240, 420-426. aldehydes to form dioxasilolane products: Jutzi, P.; Eikenberg, D.; Bunte,
(27) Maitlis observed that weak Lewis acids catalyzed rearrangement E.-A.; Mohrke, A.; Neumann, B.; Stammler, H.-Grganometallics1996
reactions of cyclopropane-containing strained ring compounds: Kaiser, K. 15, 1930-1934.

L.; Childs, R. F.; Maitlis, P. MJ. Am. Chem. S0d.971, 93, 1270-1272. (35) Seyferth, D.; Annarelli, D. C.; Duncan, D. Brganometallics1982
(28) Copper(ll) salts lower the barrier to inversion of amides by 1, 1288-1294.
preferential coordination to the amide nitrogen: Cox, C.; Ferraris, D.; (36) Yamamoto, K.; Okinoshima, H.; Kumada, W.Organomet. Chem.
Murthy, N. N.J. Am. Chem. S0d.996 118 5332-5333. 1971, 27, C31-C32.
(29) Butene was also observed using .CD as solvent. The stereo- (37) Okinoshima, H.; Yamamoto, K.; Kumada, Nl. Am. Chem. Soc.
chemistry of the butene could not be unambiguously determined, however, 1972 94, 9263-9264.
because théH NMR signals ofcis- andtrans-2-butene are not well resolved (38) Tamao, K.; Sun, G.-R.; Kawachi, 8. Am. Chem. Sod995 117,
in this solvent. 8043-8044.
(30) Palmer, W. S.; Woerpel, K. AOrganometallics1997, 16, 4824 (39) No deuteriomethanolysis was observed at@2n the absence of

4827. copper salts.
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istries of the methanolysis products were assigned tentatively
by analogy to transformations of silacyclopropanes that proceed
with retention of configuration (egs 3, 4, and 14). We observed
similar stereospecific methanolysis using fluoride catalysis,
where silane24 was also formed exclusively fromis-1.
Consideration of the insertion, silylene transfer, and metha-
nolysis experiments together suggests a mechanism involving
transmetalation of the silacyclopropane to form an organome-
tallic reagent (eq 18). Retention of configuration at the migrating

{-Bu

tBu, FBU  MX,  |tBu-Si-X
Si — 18
MX ( )

Me n-1
Me Me
Me
cis-1 25

MX,, = Cul, CuBr, ZnBr,

carbon atom of the silacyclopropane is consistent with trans-
metalations of alkyl groups from main group organometallic
compounds to metaf¥. Aryl, alkenyl, and alkynyl carbon
silicon bonds have been demonstrated to undergo transmetalatio
to form carbor-copper bond444 In addition, transmetalation

of silacyclobutenes with copper salts was recently postut&ted.
Cyclopropanes are known to experience ring-opening reactions,
similar to those in eq 18 with mercury(1§, zinc(Il),*” and
electrophilic platinum(l1}8 salts?® Reaction of the organome-
tallic intermediate25 with carbonyl compounds would lead to
the observed insertion products (for example, eq 3).

The transmetalation mechanism is also compatible with the
regioselectivity observed for unsymmetrical silacyclopropanes.
Transmetalation at the more substituted carbon atoi® \o&
the four-centered transition st4t&°26 (eq 19) would generate

$

tBu
, ..mi-Bu |
t‘BU\Si, t-Bu CuX I'Pr—:/s!'\t-Bu +-Bu-Si—X (1 9)
. b
Cu--X Cu

P kr

8 favored FPr
26 27

organocopper intermedia®y. The alternative transition struc-
ture 28 would suffer from an unfavorable steric interaction
between theert-butyl groups and the isopropyl group.

(40) For some examples of the stereochemistry of transmetalation
reactions, see: (@) Silicon to palladium: Hatanaka, Y.; Hiyamd, Am.
Chem. Soc199Q 112, 7793-7794. (b) Tin to copper: Falck, J. R.; Bhatt,
R. K.; Ye, J.J. Am. Chem. Socl995 117, 5973-5982. (c) Boron to
palladium: Ridgway, B. H.; Woerpel, K. Al. Org. Chem1998 63, 458—

460. Matos, K.; Soderquist, J. A. Org. Chem1998 63, 461-470.

(41) Ikegashira, K.; Nishihara, Y.; Hirabayashi, K.; Mori, A.; Hiyama,
T. Chem. Commuril997 1039-1040.

(42) Ito, H.; Sensui, H.; Miura, K.; Hosomi, AChem. Lett1997 639—

640.

(43) Ito, H.; Arimoto, K.; Sensui, H.; Hosomi, Aletrahedron Lett1997,
38, 3977-3980.

(44) Kang, S.-K.; Kim, T.-H.; Pyun, S.-J. Chem. Soc., Perkin Trans.
11997 797-798.

(45) Xi, Z.; Fischer, R.; Hara, R.; Sun, W.-H.; Obora, Y.; Suzuki, N.;
Nakajima, K.; Takahashi, ™. Am. Chem. S0d.997, 119, 12842-12848.

(46) Lambert, J. B.; Chelius, E. C.; Bible, R. H., Jr.; Hajdu,JEAm.
Chem. Soc1991, 113 1331-1334.

(47) Sugimura, T.; Futagawa, T.; Mori, A.; Ryu, |.; Sonoda, N.; Tai, A.
J. Org. Chem1996 61, 6100-6103.

(48) Ikura, K.; Ryu, |.; Ogawa, A.; Sonoda, N.; Harada, S.; Kasai, N.
Organometallics1991, 10, 528-529.

(49) For additional examples, see: Ryu, |.; Matsumoto, K.; Kameyama,
Y.; Ando, M.; Kusumoto, N.; Ogawa, A.; Kambe, N.; Murai, S.; Sonoda,
N. J. Am. Chem. S0d.993 115 12330-12339 and references therein.

(50) For a recent discussion of transmetalation from tin to palladium,
see: Casado, A. L.; Espinet, .Am. Chem. S0d.998 120, 8978-8985.
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28

The transmetalation mechanism explains the lack of reactivity
of saturated aldehydes and the higher reactivity of enals versus
enoates. Silyl halides, which would be produced in situ under
the copper-catalyzed conditions, are known to accelerate the
conjugate addition of organocupratesdgs-unsaturated car-
bonyl compoundg?5%53 Chlorosilane-promoted conjugate ad-
dition reactions have also been reported for isoelectronic
nickel(0) complexe8*55 The silyl halide generated upon
transmetalation of silacyclopropaBewith a copper salt could
play a similar role. Coordination of the enal to transmetalation
product27 followed by oxidative addition would form the oxy-
sr-allyl complex30 (Scheme 1). Oxidative addition would occur
faster for an enal than for an enoate, and would not be possible

or a saturated aldehyde. Silylation of the axyallyl unit by

the silyl halide would generate the six-membered tirgppper-

(Il adduct 31. Reductive elimination from this intermediate
would provide the 1,2-addition produt@b. Conversely, a net
1,4-addition to thex,3-unsaturated carbonyl compound would
require formation of an eight-membered ring intermediate, which
should be disfavored.

Scheme 1
t-Bu tBu
L Me ' o
tBu-Si—X OHC X tBu-Si—x |l
Cu H/CU—_l
i-Pr -Pr Me
27 29
+Bu, tBu t-Bu Q
Si. | 0
10b Jj )O tBu-Si—X
Pr Clu iL %%
X Me iPr Me
31 30

The anomalous reactivity of formamides using copper cata-
lysts can also be accounted for by in situ formation of a silyl
halide upon transmetalation. In the presence of silyl chlorides,
organometallic reagents such as organozinc species react with
formamides to form silylatetl,0-acetal$® Transmetalation of
a silacyclopropane would generate both the organometallic
species and the silyl halide required for this reaction. The silyl
halide moiety of27 would activate the amide toward nucleo-
philic attack by formation of an intermediate such3&(eq
20). Carbon-carbon bond formation at the activated carbonyl

(51) Horiguchi, Y.; Komatsu, M.; Kuwajima, Tetrahedron Lett1989
30, 7087-7090.

(52) Lipshutz, B. H.; Dimock, S. H.; James, B.Am. Chem. So4993
115 9283-9284.

(53) Bertz, S. H.; Miao, G.; Rossiter, B. E.; Snyder, JJPAm. Chem.
Soc.1995 117, 11023-11024.

(54) Grisso, B. A.; Johnson, J. R.; Mackenzie, PJBAm. Chem. Soc.
1992 114 5160-5165.

(55) Other oxaphilic reagents, such as organozinc reagents, promote
similar reactions: Montgomery, J.; Oblinger, E.; Savchenko, AJ\AmM.
Chem. Soc1997, 119, 4911-4920.

(56) Lang, R. W.Helv. Chem. Actal988 71, 369-373.
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Me,

tBu gy X @ N-Bn tBu
tBu-S—X 3 oAl o0 tBu-Si-0 B (20
Cu O u - N7 n(20)
ou Ve
i -Pr
FPr Pr
27 32 9

group would provide silylatetll,0-acetal9. Whereas silylation
of a nucleophilic amide carbonyl is precedentéf, silylation
of the less nucleophilic carbonyl group of an3-unsaturated
aldehyde ester is unlikeff.As a result, the formamide displays
heightened reactivity relative to amf-unsaturated aldehyde
or ester.

In the absence of a highly reactive substrate such as for-
mamide3, the -silyl organometallic reager&3 derived from
cis-1 would undergo #-silyl elimination reaction (eq 213?61

{-Bu
t-Bu-Si-X IY-Bu
" cul 7™ M Me * tBu-Si-Xx (1)
e Cu
Me
X=1,Br 34
33

This operation would liberate butene stereospecifically to

generate a metal-bound silylene species. The precise structur§

Franz and Woerpel

metrical substrates, insertion occurred at the more substituted
carbon-silicon bond with complete regioselectivity. Competi-
tion experiments demonstrated that formamides reacted faster
than enals, which reacted faster than enoates; saturated aldehydes
did not undergo insertion. With a cis-disubstituted silacyclo-
propane, products of silylene transfer were observed. The
stereochemistry, regiochemistry, and chemoselectivity of car-
bonyl insertion as well as the silylene transfer processes can be
explained by a mechanism involving transmetalation of silicon

to copper.

Experimental Section

General. General experimental details are provided as Supporting
Information. Microanalyses were performed by Atlantic Microlab,
Atlanta, GA. Analytical gasliquid chromatography (GLC) was
performed on a Hewlett-Packard 5890 Level 4 chromatograph, equipped
with split-mode capillary injection system and a flame ionization
detector. Fused silica capillary columns (200.32 mm) wall-coated
with DB-1 (J & W Scientific) were used with helium as the carrier
gas. All reactions were carried out under a stream of nitrogen in
glassware that had been flame-dried. Silacyclopropanes were stored
and handled in an Innovative Technologies nitrogen atmosphere drybox.
Solvents were dried and distilled prior to use.

1-Oxa-3,4-dimethyl-5-(1N-benzylN-methylamino)-2,2-ditert-bu-
tyl-silacyclopentane (4).To a cooled {78 °C) solution of silacyclo-
ropanecis-1 (=95:5 cis/trans, as determined on the basi¥-bNMR
pectroscopy) (0.200 g, 1.01 mmol), in 8 mL of &H, were added

of this intermediate can only be surmised, but we postulate thatcy (0.019 g, 0.10 mmol) ani-benzyN-methyl formamides (0.452

it is silylenoid 34. This structure is similar to the lithium
silylenoid species invoked for silylene transfar the zinc
reagents postulated for carbene tran&ée. Alternatively, a
copper(lll) silylene structure35 could describe the copper

t-Bu,_.t-Bu
S

Cu-X
35

species. This species might react as a metal-bound silylenoid
or it might liberate freet-Bu,Si%* The silylene or silylenoid

g, 3.03 mmol). The mixture was allowed to warm to°22and stirred
for 3 h, and then 10 mL of EN/MeOH (2:1) was added. The mixture
was concentrated in vacuo. The resultant yellow oil was extracted with
3 x 5 mL of hexanes/BN (95:5), and the combined layers were washed
with 3 x 10 mL of sodium potassium tartrate (saturated aqueous), 2
10 mL of KO, dried (NaSQ;), and concentrated in vacuo to afford
product4 (0.25 g, 72%) as a colorless oil consisting of83:7 @:5)
mixture of diastereomers as determined by analysisl?dMR spectral
data.*H NMR (500 MHz, CDC}): 6 7.31 (m, 5H), 4.25 (dJ = 9.9,
1H), 3.86 (d,J = 13.9, 1H), 3.71 (dJ = 13.9, 1H), 2.28 (s, 3H), 2.18
(m, 1H), 1.41 (m, 1H), 1.07 (s, 9H), 1.05 (d,= 6.8, 3H), 1.03 (s,
9H), 0.95 (d,J = 6.8, 3H).'*C NMR (125 MHz, CDC}): ¢ 140.5,

intermediate can be trapped, as demonstrated by reactions with|2g 7, 128.0, 126.5, 97.5, 57.9, 37.8, 34.9, 28.6, 28.1, 22.0, 20.7, 18.9,

benzaldehyde (eq 15) or cyclohexenone (eq 16).

Conclusions

We have demonstrated that silacyclopropanes reacted with
carbonyl compounds under mild conditions (10 mol % metal
salt, <22 °C) in a stereospecific and highly stereo-, regio-, and
chemoselective fashion. In most cases, Cul or Guiare the
optimal catalysts although ZnBworked comparably well in a
few examples. Insertion occurred with retention of configuration,
and in the case of enals and formamides, with high diastereo-

selectivity at the newly formed stereogenic centers. For unsym-

(57) Trichlorosilanes, for example, interact with formamides: (a) Koba-
yashi, S.; Nishio, KJ. Org. Chem1994 59, 6620-6628. (b) Iseki, K.;
Mizuno, S.; Kuroki, Y.; Kobayashi, YTetrahedron Lett1998 39, 2767
2770.

(58) Lipshutz, B. H.; Aue, D. H.; James, Betrahedron Lett1996 37,
8471-8474.

(59) Randolph, C. L.; Wrighton, M. Sl. Am. Chem. S0d.986 108 8,
3366-3374.

(60) Wakatsuki, Y.; Yamazuki, H.; Nakano, M.; Yamamoto,JYChem.
Soc., Chem. Commu991, 703-704.

(61) Marciniec, B.; Pietrazuk, G. Chem. Soc., Chem. Commaf95
2003-2004.

(62) Denmark, S. E.; Edwards, J. P.; Wilson, SJRAm. Chem. Soc.
1992 114, 2592-2602.

(63) Charette, A. B.; Marcoux, J.-F.; Beger-Garipy, F.J. Am. Chem.
Soc.1996 118 6792-6793.

(64) Tilley, T. D. InThe Silicon-Heteroatom Bon®atai, S., Rappoport,
Z., Eds.; Wiley: New York, 1991; pp 245364.

12.5, 11.2. IR (thin film): 3064, 2957, 1472, 1363, 1069, 912tm
High-resolution mass spectrometry (HRMS) (chemical ionization (CI)/
isobutane):m/zcalcd for GiHz/NOSi (M"), 347.2664; found, 347.2648.
1-Oxa-3,4-dimethyl-5-(1N-benzylN-methylamino)-2,2-ditert-bu-
tyl-silacyclopentane (5).The procedure used for the synthesis4of
was employed using silacyclopropatrans-1 (0.202 g, 1.02 mmol),
Cul (0.020 g, 0.10 mmol), and-benzylN-methyl formamide3 (0.492
g, 3.30 mmol). After extraction, produbtwas isolated as a colorless
oil along with small amounts of formamid®(a 74% yield could be
estimated frontH NMR spectroscopy):H NMR (500 MHz, CDCH}):
0 7.27 (m, 5H), 4.07 (dJ = 9.6, 1H), 3.87 (dJ = 13.8, 1H), 3.71 (d,
J=13.8, 1H), 2.29 (s, 3H), 1.76 (m, 1H), 1.20 (b= 7.5, 3H), 1.08
(s, 9H), 1.00 (s, 9H), 0.99 (3H), 0.93 (m, 1HJC NMR (125 MHz,
CDCl): 6 140.4, 128.6, 128.1, 126.6, 99.4, 58.1, 42.5, 35.4, 28.1, 28.0,
24.4, 21.5, 21.2, 15.7, 13.1. IR (thin film): 3064, 1471, 1364, 1069,
912 cntt. HRMS (Cl/isobutane):m/z calcd for GiH3z/NOSi (M™),
347.2664; found, 347.2647.
4-Isopropyl-5-(N-benzylIN-methylamino)-2-ditert-butyl-1-oxa-2-
silacyclopentane (9).The procedure used for the synthesisdoias
employed using silacyclopropaB¥ (0.150 g, 0.706 mmol), Cul (0.015
g, 0.079 mmol), andN-benzylN-methyl formamide3 (0.334 g, 2.24
mmol). After extraction, produ@ was isolated as a colorless oil (0.176
g, 69%). Only one diastereomer of product was obtained on the basis
of GC—MS analysis*H NMR (500 MHz, CDC}): 6 7.32 (m, 5H),
4.31(d,J=10.0, 1 H), 3.85 (dJ = 13.7, 1H), 3.72 (dJ = 13.7, 1H),
2.13 (s, 3H), 1.96 (m, 2H), 1.03 (s, 9H), 0.98 (s, 9H), 0.93)(&, 6.9,
3H), 0.71 (dJ = 6.7, 3H), 0.67 (ddJ = 14.7, 7.8, 1H), 0.52 (dd] =
14.7, 12.5, 1H)13C NMR (125 MHz, CDC}): 6 140.4, 128.8, 128.0,
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126.6, 96.2, 58.4, 45.4, 34.9, 27.9, 27.7, 27.6, 22.2, 20.9, 20.3, 16.1,insertion was followed using silacyclopropa®€).118 g, 0.555 mmol),

4.5. IR (thin film): 2958, 2857, 1471, 1365, 1011 cmHRMS (GC- CuBr, (0.009 g, 0.040 mmol), and 2-methyl-2-butenal (0.180 mL, 2.14
MS, electron ionization (El)): m/z calcd for G.H3NOSi (M%), mmol). After extraction, GC analysis of the unpurified product showed
361.2801; found, 361.2803. a pair of diastereomerd.Q¢) in a ratio of 99:1. The resulting oil was
4-1sopropyl-5-phenyl-2-ditert-butyl-1-oxa-2-silacyclopentane (10a). purified by flash chromatography (5:942:88 CHCl./hexanes) to yield
Representative Procedure for Copper-Catalyzed InsertionTo a the product as a clear oil (0.123 g, 75%) as an inseparable mixture of

cooled (-78°C) solution of silacyclopropan&(0.200 g, 0.937 mmol) diastereomers. The resonances for each isomer were identifiable in the
in 8 mL of CH,Cl, were added CuBr(0.023 g, 0.102 mmol) and spectra! Combustion analysis and IR data were obtained for the
benzaldehyde (0.300 mL, 2.82 mmol). The mixture was allowed to mixture of diastereomers. IR (thin film): 2960, 1472, 1365, 1068, 982
warm to 22°C and was stirred for 12 h, and then 5 mL of MeOH was cm™. Anal. Calcd for GgHzsOSi: C, 72.90; H, 12.24. Found: C, 72.82;
added. The mixture was treated with 10 mL of sodium potassium tartrate H, 12.26.

(saturated aqueous), and the aqueous layer was extracted wittD3 10c. 'H NMR (500 MHz, CDCh): ¢ 5.49 (m, 1H), 3.95 (dJ) =

mL of CH,Cl,. The combined organic layers were washed with 10 mL  10.8, 1H), 1.83 (m, 1H), 1.66 (d,= 6.2, 3H+ m, 1H) 1.65 (s, 3H),

of brine, dried (NaSQy), and concentrated in vacuo. After extraction, 1.08 (s, 9H), 1.06 (s, 9H), 0.93 (d= 6.9, 3H), 0.81 (dJ = 6.7, 3H),

GC analysis of the unpurified product showed a pair of diastereomers 0.73 (dd,J = 14.6, 7.4, 1H), 0.65 (dd] = 14.6, 12.5, 1H)3C NMR

in a ratio of 91:9 as well as productl. Purification by flash (125 MHz, CDC}): 6 136.1, 123.4, 87.6, 46.6, 27.8, 27.7, 27.2, 22.4,
chromatography (0:16810:90 CHCl./hexanes) yielded1 (0.020 g, 21.0, 20.1, 15.5, 13.3, 10.1, 4.9. HRMS (6MS, EI): m/zcalcd for
7%) and a mixture of diastereomet8aas colorless oil. The mixture CigH360Si (M), 296.2535; found, 296.2544.

of diastereomers solidified over several days (0.246 g, 82%). Combus-  viinor cis Isomer of 10c.'H NMR (500 MHz, CDC}, not all signals
tion analysis and IR data were obtained fbba as a mixture of were sufficiently resolved)d 5.53 (m, 1H), 4.60 (dJ = 8.4, 1H),
diastereomers. IR (thin film): 3030, 1471, 1386, 1068, 1019'cm 1.67 (s, 3H), 1.61 (d) = 6.7, 3H), 1.51 (m, 1H), 1.09 (s, 9H), 1.07 (s,
Anal. Calcd for QoH34OSiZ C, 73.95; H, 11.76. Found: C, 73.89; H, 9H), 0.97 (d,J — 6.6, 3H), 0.88 (dJ — 6.3, 3H)_13C NMR (125 MHZ,
11.72. The resonances for each diastereomer were identifiable in theCDC|3) o 1361, 12401 869, 4941 307’ 289, 284, 228, 227’ 2147
spectra. 20.2,14.9,13.1, 11.4. HRMS (GO, El): m/zcalcd for GgHaOSi

10a.'H NMR (500 MHz, CDCJ}) 0 7.29 (m, 5H), 4.52 (dJ = (M+), 296.2535; found, 296.2535.

10.7, 1 H), 1.84 (m, 1H), 1.58 (m, 1H), 1.14 (s, 9H), 1.07 (s, 9H), 0.89
(d,J= 6.7, 3H), 0.81 (d,J = 6.8, 3H), 0.78 (m, 2H)**C NMR (125
MHz, CDChk): 6 143.7, 128.2, 127.4, 126.6, 83.3, 53.3, 27.8, 27.7,
26.5, 22.5, 21.1, 20.3, 15.5, 5.3. HRMS (6MJIS, EIl): m/zcalcd for
CoH330Si (M — H)*, 317.2301; found, 317.2302.

Minor cis Isomer of 10a.H NMR (500 MHz, CDC}, distinctive
peaks):0 7.29 (m, 5H), 5.18 (dJ = 8.3, 1H), 2.29 (m, 1H), 1.53 (m,
1H), 1.09 (s, 9H), 1.00 (s, 9HIC NMR (125 MHz, CDCH): 6 141.6,
129.3,127.6,127.2, 83.5,51.2, 31.4, 28.7, 28.4, 22.3, 21.7, 21.2, 20.0
11.2. HRMS (GG-MS, EIl): m/z calcd for GoH3s0Si (M — H)™,
317.2301; found, 317.2299.

1-(Benzyloxy)-1-[2-(3-methyl-1-butenyl)]ditert-butylsilane (11).

Oxasilacyclopentane 10dThe representative procedure for copper-
catalyzed insertion was followed using silacycloprop&8n@®.228 g,
1.07 mmol), Cul (0.019 g, 0.10 mmol), and 2-cyclohexene-1-one (0.350
mL, 3.64 mmol). After extraction, GC analysis of the unpurified product
showed a pair of diastereomefi(l) in a ratio of 65:35. The resulting
oil was purified by flash chromatography (5:950:90 CHCl,/hexanes)
to yield each diastereomer of product as a clear oil (0.197 g, 60%
combined). Combustion analysis and IR data were obtained for products
'10d as a mixture of diastereomers. IR (thin film): 3036, 1473, 1384,
1082, 958 cm!. Anal. Calcd for GeH3OSi: C, 75.40; H, 10.76.
Found: C, 75.49; H, 10.79.

1H NMR (500 MHz, CDC}): & 7.35 (m, 4H), 7.25 (m, 1H), 5.82 (dd, 10d. 'H NMR (500 MHz, CDC}): 6 5.72 (m, 1H), 5.64 (dJ =
1= 17, 0.9, 1H), 5.49 (@) — 2.0, 1), 5.02 (5. 1H), 2.50 (. 1r)  10-L, 1H), 2.08 (m, 1H), 1.89 (m, 2H), 1.79 (m, 1H), 1.69 (m, 1H),
1.09 (s, 18H), 1.06 (dJ = 6.8, 6H).2*C NMR (125 MHz, CDCY): 6 1.56 (m, 3H), 1.01 (s, 9H), 1.00 (s, 9H), 0.98 (m, 1H), 0.93Xes

155.2, 141.6, 128.2, 126.7, 125.6, 124.4, 66.2, 31.3, 28.7, 23.5, 21.4,6-3, 3H), 0.90 (dJ = 6.5, 3H), 0.61 (ddJ) = 14.9, 12.7, 1H).*C
HRMS (B1): mizcalod for GuHoOS (M - Caty-. 2611675, found, - NMR (125 MHz, CDCI): 0 1303, 127.9, 79.9, 54.3, 38.2, 31.0, 29.7,
261.1670. ’ 28.4, 28.1, 25.2, 23.8, 22.0, 19.7, 19.7, 10.0. HRMS (Cl/isobutane):

4-Isopropyl-5-(1-propenyl)-2-ditert-butyl-1-oxa-2-silacyclopen- m/z (?alcd for GeHa6OSi (M), 308.2535; found, 308.2528.
tane (10b).The representative procedure for copper-catalyzed insertion  Minor Isomer of 10d. *H NMR (500 MHz, CDC}): 6 5.74 (m,
was followed using silacycloproparg(0.070 g, 0.35 mmol), Cugr ~ 1H), 5.58 (dd,J = 11.0, 1.0, 1 H), 2.11 (m, 1H), 1.93 (m, 1H), 1.86
(0.008 g, 0.035 mmol), and crotonaldehyde (0.100 mL, 1.21 mmol). (M, 1H), 1.70 (m, 1H), 1.64 (m, 1H), 1.60 (m, 2H), 1.52 (m, 2H), 1.03
After extraction, GC analysis of the unpurified product showed a pair (S 9H+ m, 1H), 1.02 (s, 9H), 0.96 (d} = 6.5, 3H), 0.87 (dJ = 6.5,
of diastereomerslQb) in a ratio of 98:2. The resulting oil was purified ~ 3H), 0.57 (t.J = 14.1, 1H).**C NMR (125 MHz, CDC}): 6 136.2,
by flash chromatography (5:958.5:85 CHCl,/hexanes) to yield the ~ 128.8, 79.7, 55.6, 31.3, 30.2, 28.7, 28.5, 25.5, 22.9, 22.7, 20.5, 19.7,
major diastereomer and an enriched sample of the minor diastereomer8.2, 11.1. HRMS (Cl/isobutane)m/z calcd for GoHssOSi (M"),
(0.074 g, 74% combined}. Combustion analysis and IR data were ~308.2535; found, 308.2526.
obtained for the mixture of diastereomers. IR (thin film): 2958, 1471, 4-1sopropyl-5-methyl-5-(2-methyl-1-propenyl)-2-ditert-butyl-1-
1365, 1068, 1000. Anal. Calcd for,#1340Si: C, 72.27; H, 12.13. oxa-2-silacyclopentane (10e)-he representative procedure for copper-

Found: C, 72.00; H, 12.11. catalyzed insertion was followed using silacycloprop&n@®.124 g,
10b. *H NMR (500 MHz, CDC}): 6 5.66 (m, 1H), 5.40 (ddJ = 0.584 mmol), CuBr(0.010 g, 0.044 mmol), and mesityl oxide (0.200
15.2, 7.8, 1H), 3.93 (dd] = 10.2, 8.0, 1H), 1.75 (m, 1H), 1.71 (d, mL, 1.75 mmol). After extraction, analysis of the unpurified product

=6.5, 3H), 1.61 (m, 1H), 1.02 (s, 18H), 0.91 (= 6.9, 3H), 0.79 (d, by 'H NMR spectroscopy showed a pair of diastereoma&@®(in a
J = 6.8, 3H), 0.69 (ddJ = 14.7, 7.9, 1H), 0.61 (dd] = 14.6, 12.5, ratio of 62:38. The resulting oil was purified by flash chromatography
1H). 13C NMR (125 MHz, CDC}): ¢ 133.8, 127.7, 82.6, 50.4, 27.8,  (95.5:0.5 hexanes/g) to yield the products as a clear oil (0.142 g,

27.6, 27.3, 22.6, 20.8, 19.9, 17.8, 15.8, 5.0. HRMS {@&(LS, El): 78% combined). Analytical data were obtained for produ€isas a
m/z calcd for G/H3,0Si (M), 282.2379; found, 282.2376. mixture of diastereomers. IR (thin film): 2931, 2857, 1474, 1370, 1105
Minor cis Isomer of 10b. 'H NMR (500 MHz, CDC}): 6 5.68 (m, cm L. Anal. Caled for GoH3sOSi: C, 73.47; H, 12.33. Found: C, 73.29;

1H), 5.46 (m, 1H), 4.53 (dd] = 9.9, 7.2, 1H), 1.83 (m, 1H), 1.69 (dd,  H, 12.25.
J = 6.5, 1.6, 3H), 1.60 (m, 1H), 1.32 (m, 1H), 1.04 (s, 9H), 1.02 (s,  10e.'H NMR (500 MHz, CDC}): 6 5.34 (dd,J = 1.5, 1.0, 1H),

9H), 0.95 (d,J = 6.7, 3H), 0.83 (dJ = 6.4, 3H), 0.47 (tJ = 14.1, 1.86 (d,J = 1.5, 3H), 1.74 (m, 1H), 1.68 (d} = 1.0, 3H), 1.60 (m,

1H). *3C NMR (125 MHz, CDC}): 6 130.0, 128.7, 82.3, 49.6, 31.0,  1H), 1.25 (s, 3H), 1.03 (s, 9H), 0.98 (s, 9H), 0.95 Jd= 6.5, 6H),

29.7, 28.6, 28.1, 22.4, 21.1, 19.6, 17.8, 10.0. HRMS (&S, El): 0.83 (m, 1H), 0.48 (m, 1H)}*C NMR (125 MHz, CDC}): 6 132.8,

m/z calcd for G/H3,0Si (M*), 282.2379; found, 282.2381. 131.5, 83.2, 55.6, 30.8, 28.6, 28.1, 27.9, 24.4, 23.7, 21.9, 20.6, 19.7,
4-Isopropyl-5-(1-methyl-1-propene)-2-ditert-butyl-1-oxa-2-sila- 19.1, 8.9. HRMS (Cl/isobutane)m/z calcd for GgHzsOSi (M),

cyclopentane (10c)The representative procedure for copper-catalyzed 310.2692; found, 310.2696.



956 J. Am. Chem. Soc., Vol. 121, No. 5, 1999

Minor Isomer of 10e. *H NMR (500 MHz, CDC}): 6 5.39 (dd,J
=1.5,1.0, 1H), 1.87 (dJ = 1.0, 3H), 1.66 (dJ = 1.0, 3H), 1.63 (m,
1H), 1.53 (s, 3H), 1.52 (m, 1H), 1.01 (s, 9H), 0.99 Jd= 6.5, 3H),
0.95 (s, 9H), 0.94 (dJ = 7.5, 3H), 0.93 (m, 1H), 0.49 (m, 1H)3C
NMR (125 MHz, CDC}): ¢ 135.3, 127.4, 82.9, 57.7, 31.7, 31.4, 28.4,
28.3, 27.5, 23.5, 22.8, 20.4, 19.8, 19.7, 11.7. HRMS (Cl/isobutane):
m/zcalcd for GgH3s0Si (M*), 310.2692; found, 310.2696.

Di-tert-butyl-(3-methyl-2-butyl) —(1,3-cyclohexadien-2-oxy)si-
lane (12).To a cooled 78 °C) solution of silacyclopropan (0.053
g, 0.25 mmol) in 2 mL of CHCI, were added Cul (0.005 g, 0.03 mmol),
Sc(OTf) (0.013 g, 0.026 mmol), and 2-cyclohexene-1-one (0.080 mL,
0.83 mmol). The mixture was allowed to warm toZ2and was stirred
for 9 h, and then 5 mL of D was added. The aqueous layer was
extracted with 2x 10 mL of CHCl,. The combined organic layers
were washed with 10 mL of brine, dried (M), and concentrated
in vacuo. The resulting oil was purified by flash chromatography (5:
95-10:90 CHCly/hexanes) to yield the product as a clear oil (0.032
g, 41%)."H NMR (500 MHz, CDC}): 6 5.92 (m, 2H), 5.57 (m, 1H),
2.12 (m, 3H), 2.03 (m, 1H), 1.51 (m, 1H), 1.03 (®= 6.4, 3H), 1.02
(s, 9H), 0.94 (s, 9H), 0.94 (d,= 6.5, 3H), 0.77 (dJ = 6.7, 3H), 0.74
(m, 1H).13C NMR (125 MHz, CDC}): § 141.1, 128.2, 125.4, 121.4,
48.9, 34.0, 27.8, 27.4, 22.5, 22.2, 21.2, 21.0, 20.7, 20.5, 10.6. IR (thin
film): 2959, 1471, 1386, 1101, 785 cth HRMS (El): m/zcalcd for
C15H250Si (M — C4Hg — 2H)*, 249.1675; found, 249.1672.

Reaction of Silacyclopropane 8 with Ethyl Crotonate (Egs 10,
11). To a cooled {78 °C) solution of silacyclopropan8 (0.148 g,
0.697 mmol) in 6 mL of CHCI, were added CuBr(0.016 g, 0.070
mmol) andtrans-ethyl crotonate (0.150 mL, 2.20 mmol). The mixture
was allowed to warm to 22C and was stirred for 12 h, and then 5 mL
of H,O was added. The mixture was treated with 10 mL of sodium
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(CDCls, 125 MHz): 108.1, 104.9, 55.6, 54.9, 51.7, 50.6, 31.1, 30.5,
28.1, 27.8, 27.6, 27.4, 22.1, 21.6, 21.1, 20.3, 20.3, 19.8, 19.4, 18.9,
8.6, 7.0. HRMS (Cl/isobutane)n/z calcd for GsHz,0.Si (M — H)t,
271.2093; found, 271.2097. Anal. Calcd fors83,0,Si: C, 66.11; H,
11.84. Found: C, 66.21; H, 11.73.

Major Isomer of 16. *H NMR (500 MHz, CDC}): ¢ 4.63 (d,J =
6.9, 1H), 3.43 (s, 3H), 1.70 (m, 2H), 1.03 (s, 9H), 1.00 (s, 9H), 0.93
(d,J = 6.6, 3H), 0.89 (dJ = 6.5, 3H), 0.83 (ddJ = 15.0, 8.6, 1H),
0.51 (dd,J = 15.0, 11.5, 1H).

Minor Isomer of 16. *H NMR (500 MHz, CDC}): 6 4.92 (d,J =
4.3, 1H), 3.36 (s, 3H), 1.56 (m, 2H), 1.04, (s, 9H), 1.01 (s, 9H), 0.94
(d,J= 6.5, 3H), 0.91 (dJ) = 6.3, 3H), 0.84 (ddJ = 14.3, 7.3, 1H),
0.52 (dd,J = 14.4, 12.4, 1H).

4-(1-Butyl)-5-phenyl-2-ditert-butyl-1-oxa-2-silacyclopentane (18a).
The representative procedure for copper-catalyzed insertion was fol-
lowed using silacyclopropari&Ze® (0.060 g, 0.265 mmol), CuB(0.023
g, 0.010 mmol), and benzaldehyde (0.100 mL, 0.984 mmol). After
extraction, GC analysis of the unpurified product showed a pair of
diastereomersl@a) in a ratio of 90:10 {8a) as well as product9a
Purification by flash chromatography (0:162:98 ethyl acetate/
hexanes) yielded a diastereomeric mixture of prodiigsas a colorless
oil (0.054 g, 61%). The structures and stereochemistries8afand
19awere previously reported.

4-(1-Butyl)-5-(1-propenyl)-2-ditert-butyl-1-oxa-2-silacyclopen-
tane (18b).The representative procedure for copper-catalyzed insertion
was followed using silacyclopropaid&a(0.147 g, 0.650 mmol), CuBr
(0.014 g, 0.062 mmol), and crotonaldehyde (0.175 mL, 2.11 mmol).
After extraction, GC analysis of the unpurified product showed a pair
of diastereomers18b) in a ratio of 95:5. Purification by flash
chromatography (5:9520:80 CHCl.,/hexanes) yielded a diastereomeric

potassium tartrate (saturated aqueous), and the aqueous layer wamixture of productd8bas a colorless oil (0.103 g, 56%). Combustion

extracted with 3x 10 mL of CH.Cl,. The combined organic layers
were washed with 10 mL of brine, dried (M), and concentrated
in vacuo. The unpurified produdt3 was characterized on the basis of
IH NMR and *C NMR spectroscopy*H NMR (500 MHz, CDC},
distinctive peaks for mixture of two isomerg)5.92 (m, 2H), 5.62 (d,
J =15, 1H), 5.40 (dJ = 15, 1H), 3.47 (m, 4H), 1.06 (s, 9H), 1.04 (s,
18H), 1.01 (s, 9H)!3C NMR (125 MHz, CDC4, distinctive peaks for
mixture of two isomers)s 133.5, 130.1, 127.1, 126.0, 107.9, 107.0,
57.1, 56.6, 55.4, 55.0, 28.5, 28.2, 28.1, 27.8. Purification by flash
chromatography (2:9810:90 ethyl acetate/hexanes) yielded products
14 (0.084 g, 40%) and5 (0.053 g, 27%), each as a clear oil.
1-(Di-tert-butyl-hydroxysilyl)-2-isopropyl-hex-4-ene-3-one (14)H
NMR (500 MHz, CDC}): 6 6.88 (m, 1H), 6.26 (ddJ = 15.5, 1.5,
1H), 2.81 (m, 1H), 2.03 (m, 1H), 1.88 (dd~= 6.5, 1.5, 3H), 1.83 (bs,
1H), 1.03 (m, 1H), 0.98 (s, 9H), 0.97 (s, 9H), 0.96 Jd= 6.5, 3H),
0.79 (d,J = 6.5, 3H), 0.65 (m, 1H)!}3C NMR (125 MHz, CDC}): 6

analysis and IR data were obtained f8b as a mixture of diastere-
omers. IR (thin film): 2959, 1471, 1364, 1001, 963 ¢mAnal. Calcd
for Ci1gH3¢0Si: C, 72.90; H, 12.24. Found: C, 72.76; H, 12.14.
18b. 'H NMR (500 MHz, CDC}): 6 5.66 (m, 1H), 5.41 (m, 1H),
3.72 (t,J=8.8, 1 H), 1.71 (dJ = 6.4, 3H), 1.46 (m, 3H), 1.29 (m,
3H), 1.01 (s, 18Ht+ m, 2H), 0.90 (tJ = 6.9, 3H), 0.39 (ddJ = 14.6,
11.9, 1H).13C NMR (125 MHz, CDCY}): 6 133.4, 127.6, 85.5, 44.9,
33.7,30.2, 27.7, 27.6, 22.8, 20.5, 19.8, 17.8, 14.7, 12.8. HRMS{GC
MS, El): m/zcalcd for GgH3OSi (M), 296.2535; found, 296.2532.
Minor cis Isomer of 18b. 'H NMR (500 MHz, CDC}, distinctive
peaks):0 4.19 (m, 1H). HRMS (GE&MS, El): m/zcalcd for GgHze
OSi (M"), 296.2535; found, 296.2538.
4-tert-Butyl-5-phenyl-2-di-tert-butyl-1-oxa-2-silacyclopentane (18c).
The representative procedure for copper-catalyzed insertion was fol-
lowed using silacycloproparirb (0.186 g, 0.822 mmol), CuB(0.023
g, 0.010 mmol), and benzaldehyde (0.280 mL, 2.74 mmol). After

204.4, 142.4,130.6, 52.6, 31.5, 27.8, 27.5, 21.1, 20.9, 20.3, 18.2, 17.8,extraction, GC analysis of the unpurified product showed a pair of

5.6. IR (thin film): 3489, 2959, 2858, 1682, 1471 tmHRMS (CI/
isobutane): m/z calcd for G/H330.Si (M — H)*, 297.2250; found,
297.2252. Anal. Calcd for 5H340.Si: C, 68.39; H, 11.48. Found: C,
68.46; H, 11.44.
4-Isopropyl-5-(1-propenyl)-2-ditert-butyl-1-oxa-2-silacyclopent-
4-ene (15)H NMR (500 MHz, CDC}): ¢ 6.19 (d,J = 15, 1H), 6.08
(m, 1H), 2.81 (m, 1H), 1.08 (ddl = 7.0, 1.0, 3H), 1.05 (m, 2H), 1.00
(s, 18H), 0.98 (dJ = 6.8, 6H).:°3C NMR (125 MHz, CDC}): 6 148.6,
124.8, 121.5, 119.1, 27.3, 26.9, 21.4, 20.3, 18.1, 7.4. IR (thin film):
2960, 2931, 2858, 1471, 1387 cinHRMS (Cl/isobutane)m/zcalcd
for C17H30Si (M), 280.2222; found, 280.2221.
4-Isopropyl-5-methoxy-2-ditert-butyl-1-oxa-2-silacyclopentane (16).

The representative procedure for copper-catalyzed insertion was fol-

lowed using silacyclopropar@(0.299 g, 1.41 mmol), CuBr(0.026 g,
0.12 mmol), and methyl formate (0.280 mL, 4.53 mmol). After
extraction, GC analysis of the unpurified product showed a pair of
diastereomerslg) in a ratio of 78:22. The resulting oil was purified
by flash chromatography (1:92:98 ethyl acetate/hexanes) to yield

the product as a clear oil (0.269 g, 70%) as an inseparable pair of

diastereomers 180 in a ratio of 89:11 as well as produdtOb.
Purification by flash chromatography (0:1:605:85 CHCl,/hexanes)
yielded productl9b as a colorless oil (0.070 g, 26%) and a diastere-
omeric mixture of productd8c as a colorless oil (0.162 g, 59%).
Combustion analysis and IR data were obtainedlféc as a mixture

of diastereomers. IR (thin film): 3030, 1472, 1365, 998 énAnal.
Calcd for GiH360Si: C, 75.84; H, 10.91. Found: C, 75.73; H, 10.93.

18c.'H NMR (500 MHz, CDC}): 6 7.37 (d,J = 7.9, 2H), 7.29 (t,
J=17.5,2H), 7.23 (m, 1H), 4.58 (d,= 10.4, 1H), 2.06 (m, 1H), 1.12
(s, 9H), 1.07 (s, 9H), 0.99 (dd,= 14.7, 7.3, 1H), 0.86 (dd] = 14.6,
12.4, 1H), 0.71 (s, 9HY:C NMR (125 MHz, CDC}): 6 145.2, 128.4,
127.75, 127.68, 83.3, 55.8, 32.8, 28.7, 27.82, 27.80, 21.1, 20.2, 10.0.
HRMS (EI): m/zcalcd for GoHs30Si (M — CHg)*t, 317.2301; found,
317.2297.

Minor cis Isomer of 18c.*H NMR (500 MHz, CDC}, distinctive
peaks):0 5.14 (d,J = 8.3, 1H), 2.64 (m, 1H), 1.11 (s, 9H), 0.73 (s,
9H). HRMS (El): m/zcalcd for GoH330Si (M — CHg)*, 317.2301;
found, 317.2294.

1-(Benzyloxy)-1-[2-(3,3-dimethyl-1-butenyl)]ditert-butylsilane (19b).

diastereomers. The resonances for each isomer were identifiable in thelR (thin film): 3066, 1474, 1386, 1360, 1108 ciH NMR (500

IH NMR spectrum. Combustion analysis, IC NMR, and mass
spectrometry data were obtained fd¥ as a mixture of diastereomers.
IR (thin film): 2958, 1472, 1365, 1203, 1111, 1017 &mC NMR

MHz, CDCk): 6 7.39 (dd,J = 7.5, 0.5, 2H), 7.33 (t] = 7.6, 2H),
7.24 (t,J=7.3, 1H), 5.75 (dJ = 0.9, 1H), 5.30 (dJ = 1.0, 1H), 5.11
(s, 2H), 1.13 (s, 9H), 1.10 (s, 18H¥C NMR (125 MHz, CDCY): &



Copper-Catalyzed Insertions of Silacyclopropanes

J. Am. Chem. Soc., Vol. 121, No. 595999

157.7, 141.0, 128.2, 126.9, 126.6, 122.4, 67.2, 37.7, 30.5, 29.4, 22.4.determined on the basis 8H NMR spectroscopy) (0.152 g, 0.767

HRMS (Cl/isobutane):m/zcalcd for GiH3s0Si (M — H)*, 331.2457;
found, 331.2450.
4-tert-Butyl-5-(1-propenyl)-2-di-tert-butyl-1-oxa-2-silacyclopen-
tane (18d).The representative procedure for copper-catalyzed insertion
was followed using silacyclopropad&b (0.205 g, 0.906 mmol), CuBr
(0.023 g, 0.010 mmol), and crotonaldehyde (0.240 mL, 2.90 mmol).
After extraction, GC analysis of the unpurified product showed a pair
of diastereomers1@8d) in a ratio of 99:1. Purification by flash
chromatography (5:9515:85 CHCl,/hexanes) yielded a diastereomeric
mixture of productd8d as a colorless oil (0.154 g, 56%). Combustion
analysis and IR data were obtained f&fd as a mixture of diastere-
omers. IR (thin film): 2954, 1472, 1364, 990 cinAnal. Calcd for
CigH360Si: C, 72.90; H, 12.24. Found: C, 73.02; H, 12.26.

18d.H NMR (500 MHz, CDC}): 6 5.65 (m, 1H), 5.48 (m, 1H),
4.10 (t,J = 9.0, 1 H), 1.69 (ddJ = 6.4, 1.4, 3H), 1.64 (m, 1H), 1.02
(s, 18H), 0.91 (s, 9H), 0.84 (dd,= 14.9, 8.0, 1H), 0.72 (dd} = 14.8,
12.2, 1H).13C NMR (125 MHz, CDC¥): 6 136.5, 127.2, 81.9, 54.5,
33.0, 28.8, 27.8, 27.6, 20.7, 19.9, 17.9, 9.4. HRMS (EBh)zcalcd for
Ci1gH360Si (M), 296.2535; found, 296.2536.

Minor cis Isomer of 18d. *H NMR (500 MHz, CDC}, distinctive
peaks):d 4.49 (m, 1H), 1.72 (dJ = 6.5, 3H).13C NMR (125 MHz,
CDCls, distinctive peaks)d 135.9, 125.0, 74.8, 54.6, 30.6, 29.7, 28.6,
13.5. HRMS (El): m/z calcd for GgH30Si (M*), 296.2535; found,
296.2538.

Hydrobenzoin (22).To a solution of silacyclopropares-1 (90:10
cis/trans, as determined By NMR spectroscopy) (0.204 g, 1.03 mmol)
and 8 mL of CHCI, were added CuBr(0.024 g, 0.106 mmol) and
benzaldehyde (0.350 mL, 3.44 mmol) at 22. The reaction mixture
was stirred for 5 h, and then 2 mL of MeOH was added. The mixture

mmol) in 1.5 mL of CHCI, were added 1.5 mL of Ce2Lil (0.5 M
solution in tetrahydrofuran (THF)) and 2-cyclohexene-1-one (0.250 mL,
2.50 mmol). The mixture was allowed to warm to 22 and was
stirred for 5 h. The reaction mixture was treated with 5 mL of NH
CI/NH4OH (9:1, saturated aqueous) and stirred for 1 h. The aqueous
layer was extracted with 2 10 mL of CHCl,. The combined organic
layers were washed with 10 mL of brine, dried ¢S&y), and
concentrated in vacuo to afford a white solid. The solid was purified
by flash chromatography (5:95.0:90 ethyl acetate/hexanes) to yield
the product as a white crystalline solid (0.158 g, 80%). The structure
of product23was assigned on the basis of two-dimensidhigiH and
1H,13C correlated NMR experiments: mp 106810°C. *H NMR (500
MHz, CDCh): 6 2.57 (m, 1H), 2.45 (] = 14.1, 1H), 2.43 (m, 1H),
2.30 (m, 1H), 2.19 (m, 1H), 2.07 (m, 1H), 1.79 (bs, 1H), 1.78 (b,
12.9, 3.0, 1H), 1.68 (m, 1H), 1.46 (m, 1H), 1.07 (s, 9H), 1.06 (s, 9H).
13C NMR (125 MHz, CDC}): 6 212.3, 43.8, 42.1, 30.2, 28.4, 28.3,
27.6,27.3,21.6, 21.5. IR (KBr): 3541, 2933, 1698, 1471, 1239, 1079
cm L. HRMS (El): m/zcalcd for G4Hp50,Si (M*), 256.1858; found,
256.1857. Anal. Calcd for &H250.Si: C, 65.57; H, 11.00. Found: C,
65.62; H, 11.04.

(3-Deuterio-sechutyl)di- tert-butylmethoxysilane (24).To a cooled
(=78 °C) solution of silacyclopropaneis-1 (99:1 cis/trans, as
determined on the basis # NMR spectroscopy) (0.057 g, 0.29 mmol)
in 2 mL of CH,Cl, were added Cul (0.007 g, 0.04 mmol) and MeOD
(0.120 mL, 2.95 mmol). After the mixture was allowed to warm to 22
°C and was stirred for 7 h, 10 mL of @ was added. The aqueous
layer was extracted with 10 mL of CHCl,. The combined organic
layers were washed with 10 mL of brine, dried ¢S&), and
concentrated in vacuo to obtain a colorless oil. The oil was purified by

was treated with 10 mL of sodium potassium tartrate solution (saturated filtering through a plug of silica gel (ethyl acetate) to yield the product

aqueous), and the aqueous layer was extracted with 20 mL of
CH.Cl,. The combined organic layers were washed with 10 mL of brine,
dried (NaSQy), and concentrated in vacuo to afford a yellow oil.
Unpurified21 was characterized on the basistdfNMR spectroscopy
and mass spectrometid NMR (500 MHz, CDC}): 6 7.17 (m, 4H),
7.28 (m, 6H), 4.78 (s, 2H), 1.25 (s, 18H). HRMS (Ein/zcalcd for
Ci1gH21Si0, (M — C4Ho)*, 297.1331; found, 297.1309. For further
characterization, the silylene ketal was deprotected: A solution of
unpurified21in 8 mL of THF at 22°C was treated with excess HF (2
mL, 70% solution in pyridine). After 50 min, excess pyridine was added
and the reaction was partitioned between 10 mL of NakiG@turated
aqueous) and 10 mL of GBlI,. The organic layer was washed with
10 mL of NaHCQ, 10 mL of H0, 2 x 10 mL of CuSQ (aqueous),
10 mL of brine, dried (Ng5Qs), and concentrated in vacuo to afford
pale yellow crystals. Analysis of the unpurified product usiigNMR
spectroscopy showed the formation of hydrobenz@® @s a 92:8
(trans/cis) mixture of stereoisomers. The solid was purified by flash
chromatography (10:9650:50 ethyl acetate/hexanes) to afford hy-
drobenzoin 22) as a white crystalline solid (0.134 g, 61% from
silacyclopropanecis-1). The spectral data match reported values for
the trans isomer 02233
3-(Di-tert-butylhydroxysilyl)cyclohexane-1-one (23)To a cooled
(—78 °C) solution of silacyclopropaneis-1 (90:10 cis/trans, as

as a colorless oil (0.032 g, 48%H NMR (500 MHz, CDC}): 6 3.58
(s, 3H), 1.81 (m, 1H), 1.13 (dl = 7.4, 3H), 1.05 (s, 9H), 1.04 (s, 9H),
1.02 (m, 1H), 0.97 (dJ = 7.3, 3H).?2H NMR (77 MHz, CHCE): 6
1.25.13C NMR (125 MHz, CDC}): 6 52.2, 29.1, 29.0, 25.0 ({Jcp =
19.2), 22.2, 22.0, 20.4, 14.5, 13.9. HRMS (Cl/isobutarmm)z calcd
for Ci13H3z0DOSI (M + H)*, 232.2208; found, 232.2204.
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