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Fachbereich Chemie, Universität Kaiserslautern, Erwin-Schrödinger-Strasse,
D-67663 Kaiserslautern, Germany

Stepan Sklenak, Prince Xavier, and Yitzhak Apeloig*

Department of Chemistry and the Lise MeitnersMinerva Center for Computational Quantum
Chemistry, TechnionsIsrael Institute of Technology, Haifa 32000, Israel

Received June 8, 2001

Diazo esters 1 (N2dC(SiR3)COOMe; R ) Me (1a), Et (1b), i-Pr (1c)) have been decomposed
in styrene, 1-hexene, and cyclohexene under Cu, Rh, or Ru catalysis as well as by
photochemical means with the objective to evaluate the effectiveness and diastereoselectivity
of the respective cyclopropanation reaction. With styrene and 1-hexene as substrates, the
ability of the catalysts followed the order CuOTf > [Ru2(CO)4(µ-OAc)2]n ≈ Rh2(OAc)4, but
even CuOTf (copper(I) triflate) did not promote cyclopropanation of 1-hexene with the bulky
1c. Cyclopropanation of cyclohexene with 1a,b succeeded only with the ruthenium catalyst.
In all cases, the diastereoisomer having the silyl group anti to the vicinal methyl or phenyl
substituent(s) was formed preferentially. In contrast, in the photochemical reactions of 1a,c
with styrene and of 1a with 1-hexene the diastereoisomer having the silyl group syn to the
vicinal substituent(s) was formed preferentially. The fluoride-induced desilylation of
cyclopropanes 2a,c,e was accompanied by a loss of stereochemical integrity. The X-ray crystal
structure analysis of the cyclopropane (E)-2f has been determined. The relative thermo-
dynamic stabilities of various 2-R-1-X-cyclopropanecarboxylates (R ) Me, Ph; X ) Me, t-Bu,
SiH3, SiMe3, Si(i-Pr)3) have been calculated by density functional theory methods. These
calculations show that for X ) SiMe3 and R ) Ph the syn-anti energy difference is ca. 0,
while for R ) Me the anti isomer is more stable.

Introduction

The transition-metal-catalyzed decomposition of a
diazo compound in the presence of an alkene is an
important method in cyclopropane synthesis.1 The
catalyst metal2 and its ligands3-5 usually do not affect
the diastereoselectivity of the cyclopropanation reaction
to a large extent.6 For reactions with simple alkyl
diazoacetates, the less sterically encumbered trans (or

anti or exo) diastereomer is usually obtained as the
major product in a ratio of less than 2-3 from mono-
substituted alkenes and less than 4 from 1,2-disubsti-
tuted alkenes. Preferential formation of the thermo-
dynamically disfavored cis (or syn or endo) isomer is the

† Fax: +49-731-5022803. E-mail: gerhard.maas@chemie.uni-
ulm.de.
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exception.4b,5 Stereocontrol by the diazo compound has
attracted less attention, since most systematic studies
have been carried out with simple diazoacetic esters.
While the use of a bulky ester residue does not per se
guarantee a marked and predictable change of diaste-
reoselectivity, significantly enhanced trans selectivity
has been found in special cases, where a bulky diazo-
acetic ester was combined with the “right” catalyst.3,7

Surprisingly little is known about the diastereoselec-
tivity of disubstituted diazo compounds. Only recently,
exceptionally high diastereoselectivities (up to 98:2)
have been reported for cyclopropanations of monosub-
stituted alkenes with vinyldiazoacetates8 and phenyl-
diazoacetates8c,9 catalyzed by dinuclear dirhodium pro-
linates and carboxamidates or by a copper bis(1,3-
oxazoline) complex. Therefore, we decided to study to
what extent the diastereoselectivity of cyclopropane
formation could be controlled by utilizing diazo(trialkyl-
silyl)acetates having SiR3 groups with different steric
demand. Schöllkopf and co-workers10 have already
studied the photolysis of ethyl diazo(trimethylsilyl)-
acetate in the presence of simple alkenes such as
isobutene, cis- and trans-2-butene, 2-methyl-2-butene,
and 2,3-dimethyl-2-butene. With cis-2-butene, they
observed only a 54:46 preference for the cyclopropane
which had the Me3Si group anti to the two vicinal
methyl groups. Ruthenium(I)-catalyzed cyclopropana-
tion of mono- and disubstituted alkenes with methyl
diazo(trimethylsilyl)acetate also exhibited a preference
for the sterically less congested diastereomer.11

In cyclopropanation reactions with diazo(trialkylsilyl)-
acetates, the choice of the catalyst is expected to be more
crucial for the effectiveness of the reaction than in
simple diazoacetates, since the diazo carbon atom is not
only sterically shielded by the trialkylsilyl group but
also rendered less nucleophilic by the π-acceptor char-
acter of the SiR3 group.12 For smooth decomposition, a
rather electrophilic catalyst, such as copper(I) triflate
(CuO3SCF3 ) CuOTf) and rhodium(II) perfluoro-
butyrate (Rh2(pfb)4), is therefore required.13 On the
other hand, it was to be expected that these catalysts
would be deactivated by olefin coordination, and there-
fore, the success of the catalytic cyclopropanation could
not be predicted. A similar dilemma has been described
for the rhodium(II) carboxylate catalyzed decomposition
of rather non-nucleophilic diazo compounds in the
presence of 2-propanol, where the decomposition rate
decreased as the catalyst became more electrophilic; in
this case, alcohol coordination to the catalyst is the
likely reason.14

Results and Discussion

Cyclopropanation Reactions. Silyldiazo esters 1a-
c, which exhibit significantly different steric bulk of the
respective R3Si group, were chosen for the present
study. Copper(I) triflate, Rh2(pfb)4, and Rh2(OAc)4 were
selected as catalysts; the first two catalysts had already
been found to decompose 1a-c smoothly in an inert
solvent, whereas Rh2(OAc)4 had proven to be less well
suited and did not decompose 1c.13 Diazo esters 1a-c
were decomposed by slow addition to styrene or 1-hex-
ene containing these catalysts, to obtain cyclopropanes
2 (Scheme 1). The results are given in Table 1, which
also includes experiments utilizing the ruthenium(I)
complex [Ru2(CO)4(µ-OAc)2]n (6), a compound that has
already been shown to catalyze formation of cyclopro-
panes 2a,b in acceptable yield.11

For the reactions sampled in Table 1, the effectiveness
of the catalysts for cyclopropanation follows the order
CuOTf > [Ru2(CO)4(µ-OAc)2]n ≈ Rh2(pfb)4 . Rh2(OAc)4.
Copper triflate catalyzed each cyclopropanation reaction
except for the combination of 1c with 1-hexene, whereas
Rh2(OAc)4 was only applicable to carbene transfer from
1a to styrene. The rather low temperature needed for
the latter reaction (50 °C) was surprising, since we have
observed earlier13 that 1a was not decomposed by Rh2-
(OAc)4 to an appreciable extent after 3 h in benzene at
80 °C. Use of the rhodium catalysts and of the ruthe-
nium catalyst 6 led to considerable oligo- or polymeri-
zation of styrene and 1-hexene. Limitations of the
catalytic method were encountered with the sterically
most demanding diazo ester 1c. It is known that both

(7) Aratani, T.; Yoneyoshi, Y.; Nagase, T. Tetrahedron Lett. 1977,
2599.

(8) (a) Davies, H. M. L.; Hutcheson, D. K. Tetrahedron Lett. 1993,
34, 7243. (b) Davies, H. M. L.; Peng, Z.-Q.; Houser, J. H. Tetrahedron
Lett. 1994, 35, 8939. (c) Davies, H. M. L.; Bruzinski, P. R.; Fall, M. J.
Tetrahedron Lett. 1996, 37, 4133. (d) Davies, H. M. L.; Rusiniak, L.
Tetrahedron Lett. 1998, 39, 8811.

(9) Doyle, M. P.; Zhou, Q.-L.; Charnsangavej, C.; Longoria, M. A.;
McKervey, M. A.; Garciá, C. F. Tetrahedron Lett. 1996, 37, 4129.

(10) Schöllkopf, U.; Hoppe, D.; Rieber, N.; Jacobi, V. Liebigs Ann.
Chem. 1969, 730, 1.

(11) Maas, G.; Werle, T.; Mayer, D.; Alt, M. Tetrahedron 1993, 49,
881.

(12) Recent review on electronic effects of silyl groups: Bassindale,
A. R.; Glynn, S. J.; Taylor. P. In The Chemistry of Organosilicon
Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: Chichester, U.K.,
1998; Vol. 2, Part 1, Chapter 7.

(13) Maas, G.; Gimmy, M.; Alt, M. Organometallics 1992, 11, 3813.
(14) Cox, G. G.; Miller, D. J.; Moody, C. J.; Sie, E.-R. H. B.;

Kulagowski, J. J. Tetrahedron 1994, 50, 3195.
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CuOTf 15 and Rh2(pfb)4
16 form stable complexes with

alkenes, and it can safely be assumed that dissociation
of a coordinated alkene molecule followed by association
of the diazo compound is necessary to initiate the
catalytic process.1a,b,17 Obviously, the bulky 1c can no
longer replace the 1-hexene ligand at the catalyst metal,
whereas with the less strongly coordinating styrene,
catalysis by CuOTf becomes effective when the olefin
concentration is lowered by dilution with CH2Cl2.
Catalyst 6 has not been reported to form stable olefin
complexes. In this case, we assume that coordination
of the bulky diazo ester 1c to the ruthenium metal with
concomitant cleavage of the coordination polymer of 6
is no longer possible.

A different consequence of lowering the alkene con-
centration by dilution was observed in the Rh2(pfb)4-
catalyzed reaction between 1b and styrene. With a
styrene to diazoacetate ratio of only 5:1, cyclopropana-
tion no longer occurred and ketene 4 was formed by
intramolecular transformation of the carbene or metal-
carbene intermediate.13

Cyclopropanes 2a-f were obtained as mixtures of
diastereomers. The configurational assignment is based
mainly on one or more of the following chemical shift
differences in the 1H and 13C NMR spectra.10,11,18 (a) The
1H NMR signals for COOMe and SiCH, respectively, in
2a,c,e,f appear at higher field when these groups are
cis to the phenyl substituent. (b) The resonance for 2-H
in 2a-f appears at lower field in the Z isomers (i.e.,
with 2-H cis to COOMe). (c) The 13C NMR signal of the
ester carbonyl of all E isomers is found at higher field
than in the Z isomers as a consequence of the γ effect.
The correctness of these assignments was confirmed by
a crystal structure determination of the cyclopropane
(E)-2f, which could be separated from the Z diastere-
omer by column chromatography (Figure 1 and Table
2). According to the stereochemical assignments, the
E-isomer, in which the SiR3 group is positioned trans
to the vicinal ring substituent R1, dominated in all cases.
As the results for the CuOTf-catalyzed cyclopropanation
of styrene with 1a-c show, the preference for this
isomer did not increase dramatically from SiMe3 to
Si-(i-Pr)3 (see below for further discussion). The incom-
plete set of available data shown in Table 1 does not
allow us to draw general conclusions concerning the
dependence of the diastereoselectivity on the catalyst.
Investigations on alkene cyclopropanation using ethyl
diazoacetate have shown that copper catalysts in gen-
eral produce a higher trans selectivity than rhodium
catalysts.2,3 We made the same observation for the
cyclopropanation of styrene with 1a but not for 1-hex-
ene. On the other hand, the diastereoselectivity obtained
for both alkenes is very similar for Rh2(pfb)4 and [Ru2-

(15) (a) Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc. 1973, 95,
1889, 3300. (b) Evers, J. T. M.; Mackor, A. Recl. Trav. Chim. Pays-
Bas 1979, 98, 423.

(16) (a) Schurig, V. Inorg. Chem. 1986, 25, 945. (b) Doyle, M. P.;
Mahapatro, S. N.; Caughey, A. C.; Chinn, M. S.; Colsman, M. R.; Harn,
N. K.; Redwine, A. E. Inorg. Chem. 1987, 26, 3070.

(17) It should be recalled that dinuclear rhodium carboxylates have
only one open coordination site per metal atom, while copper(I) has
two; this difference may also lead to a different cyclopropanation
mechanism in the copper case: (a) Doyle, M. P.; Griffin, J. H.; Bagheri,
V.; Dorow, R. L. Organometallics 1984, 3, 53. (b) Anciaux, A. J.; Hubert,
A. J.; Noels, A. F.; Petiniot, N.; Teyssié, P. J. Org. Chem. 1980, 45,
695.

(18) (a) Reichelt, I.; Reissig, H.-U. Chem. Ber. 1983, 116, 3895. (b)
Kunkel, E.; Reichelt, I.; Reissig, H.-U. Liebigs Ann. Chem. 1984, 512.

Table 1. Cyclopropanation of Styrene and
1-Hexene with Silylated Diazo Esters 1a-ca

diazo
ester

catalyst
(amt (mol %))

T
(°C)

yield of
2b (%)

(E)-2:
(Z)-2c

other products
(amt (%))

Styrene (R1 ) Ph)
1a CuOTf (7.3) 20 82 3.6 (4.0)

Rh2(OAc)4 (6) 50 48 3.4 3 (14)
Rh2(pfb)4 (2.5) 70 53 1.7
6 (3.4) 70 67 1.8 (2.2)
hν 20 28 0.65

1b CuOTf (6.8) 20 61 4.2 (4.7)
Rh2(OAc)4 (6) 90 nr
Rh2(pfb)4 (2.8) 90 <38d ∼1.9
Rh2(pfb)4 (2.8) 90e 4f

1c CuOTf (9) 20 nr
CuOTf (9) 20e 63 4.7
hν 20 30 0.37

1-Hexene (R1 ) C4H9)
1a CuOTf (5.6) 20 53 2.9

Rh2(OAc)4 (6) 63 nr
Rh2(pfb)4 (4.5) 20 47 3.2
6 (3.2) 63 89 3.2 (3.5) 5 (5)
hν 20 73 0.83

1b CuOTf (8.2) 20 52 3.0
Rh2(pfb)4 (2.8) 63 nr
6 (4.3) 63 57 1.3g

1c CuOTf 63 nr
Rh2(pfb)4 (2.8) 20 nr

a Reactions were carried out in neat alkene unless stated
otherwise. b Yields of isolated products are given; nr ) no reaction.
Cyclopropanes formed from styrene are as follows: 2a from 1a,
2c from 1b, 2e from 1c. Cyclopropanes formed from 1-hexene are
as follows: 2b from 1a, 2d from 1b. c Ratios as determined by 1H
NMR integration are given first; values obtained by HPLC
integration are given in parentheses. d Product could not be
obtained in analytically pure form. e Solvent CH2Cl2; styrene to
diazoester ratio 5:1. f After addition of MeOH, [Et2(MeO)Si]CH(Et)-
COOMe was isolated (48% yield13). g Determined after distillation.

Figure 1. Structure of (E)-2f in the solid state.

Table 2. Selected Bond Lengths (Å), Bond Angles
(deg), and Torsion Angles (deg) for (E)-2f

C1-C2 1.548(6) C1-C4 1.488(6)
C1-C3 1.501(6) C1-Si 1.901(4)
C2-C3 1.493(7) C2-C6 1.492(6)

C2-C1-C3 58.6(3) C2-C1-C4 115.9(3)
C2-C1-Si 121.4(3) C4-C1-Si 114.1(3)
C1-C2-C3 59.1(3) C1-C2-C6 123.0(4)
C3-C2-C6 122.7(4) C1-C3-C2 62.3(3)

Aa-C2-C6-C7 -11.8(6)
Bb-C1-C4-O1 68.4(6)

a A ) midpoint of C1-C3 bond. b B ) midpoint of C2-C3 bond.
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(CO)4(µ-OAc)2]n. A control experiment with 2a (E:Z )
3.6) indicated no geometrical isomerization by Rh2(pfb)4
at 70 °C.

To evaluate the influence of the catalytic reaction
mode on the diastereoselectivity as compared to cyclo-
propanation with free carbenes, we carried out photoly-
ses of 1a,c in styrene and of 1a in 1-hexene. We were
surprised to find that, in all cases, the Z isomers of
cyclopropanes 2a,b,e were formed predominantly, i.e.,
with the phenyl or n-Bu in 2b and silyl substituent syn
to each other (in contrast to the catalytic reaction mode)
and even to a higher extent when the bulky Si(i-Pr)3
group was involved, the Z:E product ratios for 2a,e
being 1.5 and 2.7, respectively (Table 1). This result is
opposite to Schöllkopf’s observations,10 when he started
from 1b and cis-2-butene or 2-methyl-2-butene (see
Introduction); moreover, it seems to contrast with the
general experience in carbene chemistry,19 according to
which the thermodynamically favored cyclopropane is
formed preferentially. To examine this point further, we
studied the relative thermodynamic stabilities of dia-
stereomeric pairs of various 2-R-1-X-cyclopropane-1-
carboxylates by theoretical calculations (see below).

Decomposition of 1a by catalytic amounts of CuOTf,
Rh(II) carboxylate, or 6 in cyclohexene gave rise to
different products (Scheme 2 and Table 3). Bicyclo[4.1.0]-
heptanecarboxylate 7a was obtained only with 6 as
catalyst, and as expected,2-4 the preference for the
diastereomer with the bulky SiMe3 group in an exo
position (anti-SiMe3) was higher than in the case of the
monosubstituted alkenes. CuOTf catalysis produced the
formal carbene dimers 9, similar to decomposition of 1a
in an inert solvent.13 On the other hand, catalysis by

Rh2(OAc)4 or Rh2(pfb)4 led to product 8 (besides some
azine 3), apparently resulting from allylic C/H insertion.
Formation of allylic insertion products is commonly
observed as a side reaction during copper-catalyzed
decomposition of diazomalonate esters in cyclohexene,
but not of simple diazoacetic esters,20 and it is the major
pathway in rhodium-catalyzed reactions of cyclohexene
with 2,6-di-tert-butyl-4-methylphenyl diazoacetate,3b

2-phenyldiazoacetate esters,21 and diazomalonates.21

While a number of mechanisms can be envisaged,1a,b,20,22

addition of a highly electrophilic23 metal-carbene in-
termediate (perhaps better viewed as a rhodium-
stabilized carbocation) to the alkene and subsequent
proton loss appears as a straightforward rationalization
in the case of 1a and the two rhodium(II) carboxylates.
The different reactivities of the metal-carbene complex
derived from 1a and catalyst 6 can be related to its
reduced electrophilicity, as evidenced by their low
propensity to react with the aromatic nucleus.11

Ruthenium-catalyzed decomposition of 1b in cyclo-
hexene gave cyclopropane 7b, and in contrast to the case
for 7a, the 7-anti-SiEt3 isomer was obtained practically
exclusively.

Since the catalytic reactions yield cyclopropanes 2a-f
with a preference for the diastereomer which has the
ester group in a position cis to the vicinal ring substit-
uents R1, a desilylation reaction24 with retention of
configuration would produce the thermodynamically less
stable cis-cyclopropanecarboxylate as the major diaste-
reomer.25 This approach would be stereocomplementary
to the direct cyclopropanation of the same alkenes with
unsubstituted diazoacetic esters. However, fluoride-
induced desilylation of 2a with CsF, KF, or NBu4F
yielded the cyclopropanecarboxylate 10 with a diaste-
reomer ratio close to 1 (Scheme 3).

These findings probably reflect the fact that the
stereochemical information was lost at the stage of an
anionic intermediate, for which the structures of an
ester enolate or of rapidly interconverting pyramidal
cyclopropyl anions can be proposed.26 Our DFT calcula-

(19) (a) Kirmse, W. Carbene Chemistry, 2nd ed.; Academic Press:
New York, 1971; p 288. (b) Moss, R. A.; Jones, M., Jr. In Reactive
Intermediates; Jones. M., Jr., Moss, R. A., Eds.; Wiley: New York, 1981;
Vol. 2, p 59. (c) Stang, P. J. Acc. Chem. Res. 1982, 15, 348. (d) Minkin,
V. I.; Simkin, B. Ya.; Glukhovtsev, M. N. Russ. Chem. Rev. (Engl.
Transl.) 1989, 58, 662.

(20) Wulfman, D. S.; Linstrumelle, G.; Cooper, C. F. In The
Chemistry of Diazonium and Diazo Groups; Patai, S., Ed.; Wiley: New
York, 1978; Part 2, Chapter 18.

(21) Mueller, P.; Tohill, S. Tetrahedron 2000, 56, 1725.
(22) Davies, H. M. L.; Hansen, T.; Churchill, M. R. J. Am. Chem.

Soc. 2000, 122, 3063.
(23) Padwa, A.; Austin, D. J.; Price, A. T.; Semones, M. A.; Doyle,

M. P.; Protopopova, M. N.; Winchester, W. R.; Tran, A. J. Am. Chem.
Soc. 1993, 115, 8669.

(24) Paquette, L. A. Chem. Rev. 1986, 86, 733.
(25) The fluoride-induced desilylation of methyl 1-(trimethylsilyl)-

cyclopropanecarboxylate is known; however, this example has no
stereochemical implication: Paquette, L. A.; Blankenship, C.; Wells,
G. J. J. Am. Chem. Soc. 1984, 106, 6442.

(26) Reissig, H.-U.; Böhm, I. J. Am. Chem. Soc. 1982, 104, 1735.

Scheme 2 Table 3. Products and Yields of Catalytic
Decomposition of 1a,b in Cyclohexene

diazo
ester

catalyst
(mol %)

temp
(°C)

products
(yieldsa (%))

1a CuOTf (8) 20 9 (36, E/Z ≈ 2.7)
Rh2(OAc)4 (3.7) 83 8 (32), 3 (4)
Rh2(pfb)4 (5.5) 20 8 (47)
6 (3.4) 83 7a (54b)

1b 6 (3.4) 83 7b (61c)
a Yields of isolated products are given. b 7-anti-SiMe3 to 7-syn-

SiMe3 ratio 7.0. c The 7-anti-SiEt3 diastereomer was isolated in
95% purity (1H NMR).
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tions (see below) indicate that the structure of the anion
of methyl 1-cyclopropanecarboxylate is pyramidal but
the barrier for its inversion is only 1.9 kcal/mol, as
compared to 15.5 kcal/mol for the parent cyclopropyl
anion. Analogous results were obtained when 2c and
2e were desilylated with NBu4F in THF. On the other
hand, reduction of 2a with LiAlH4 gave a diastereomeric
mixture of alcohols 11 with virtually complete retention
of stereochemistry.

Calculations of Thermodynamic Stability and
Geometries of 1,2-Disubstituted Cyclopropanecar-
boxylates. A. Methods. Calculations were carried out
using density functional methods27 (DFT) with the
hybrid B3LYP functional28 and the polarized 6-31G**
basis set.29 For some systems conventional molecular
orbital ab initio calculations at the HF/6-31G* level29

were also performed. All caclulations were carried out
using the Gaussian 98 series of programs.30 The geom-
etries of all species were fully optimized using the
B3LYP method and the polarized 6-31G** basis set
(denoted as B3LYP/6-31G**//B3LYP/6-31G**). Fre-
quency calculations were used to characterize the
stationary points as minima and to obtain zero-point
vibrational energies (ZPEs). For the discussion we use
the B3LYP/6-31G**//B3LYP/6-31G** energies corrected
for unscaled zero-point energy differences, referred to
in the text as the B3LYP results. For comparison we
have also calculated all species using the MM231a,b and
MM331c force-field methods. The calculated absolute
energies and the ZPEs of all calculated species are given
in the Supporting Information.

B. Relative Thermodynamic Stability of the
Isomeric Products. To model the relative stabilities

of the stereoisomeric (E)-and (Z)-cyclopropanes 2 quan-
titatively, we have calculated the relative stabilities of
the model compounds 12a-e and 13a-e. Compounds
12a-e model the products in the addition of 1 to
1-hexene (i.e., 2b,d), where a methyl group models the
n-butyl substituent used in the experiments. This
modeling is justified, as the steric sizes of methyl and
n-butyl, as expressed by their A (or Es) values32 (see
below), are similar. Compounds 13a-e model the
products in the addition of 1 to styrene (i.e., 2a,c,e) as
well as 4-bromostyrene (i.e., 2f). In addition to the
experimental systems we have also examined 12 and
13 with X ) CH3, SiH3, t-Bu (i.e. 12a/13a, 12b/13b, and
12d/13d, respectively). Furthermore, we have also
calculated the E/Z pairs of several 1-methyl-2-X-cyclo-
propanes (14) and 1-phenyl-2-X-cyclopropanes (15), in
which the carboxylate group present in 12 and 13 is
omitted. In 14 and 15 the energy difference between the
syn and anti isomers provides a direct measure of the
interactions between X and the methyl (in 14) and
phenyl (in 15), relative to their interactions with
hydrogens.

The results of the density functional B3LYP/6-31G**
calculations as well as the force-field calculations for
12-15 are presented in Table 4. Since the E,Z nomen-
clature is not uniform in the series of compounds studied
(e.g., when X is changed from methyl to silyl, the E
isomer becomes the Z isomer and vice versa), we use
the anti/syn designation (anti indicating that X is trans
to the methyl in 12 or to the phenyl in 13, respectively),
as shown in the formulas

The data in Table 4 show that for the relatively small
CH3 and SiH3 substituents X, the syn isomer (in which
X is syn to a methyl (in 12) or to a phenyl (in 13)) is
more stable than the anti isomer, where the methyl (or

(27) (a) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms
and Molecules; Oxford University Press: New York, 1989. (b) Koch,
W.; Holthausen, M. C. A Chemist’s Guide to Density Functional Theory;
Wiley-VCH: Weinheim, Germany, 2000.

(28) (a) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
(b) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(29) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: Ney York, 1986.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.7; Gaussian, Inc.: Pittsburgh, PA,
1998.

(31) (a) MM2 calculations were carried out using the software
package PCMODEL, which is a PC version of the MMX package,
developed by Serena Software, P.O. Box 3076, Bloomington, IN 47402-
3076. (b) MM2* calculations were carried out using the software
package MacroModel: Mohamadi, F.; Richards, N. G. J.; Guida, W.
C.; Liskamp, R.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C.
MacroModel V3.5X. J. Comput. Chem. 1990, 11, 440. The MM2* force
field treats electrostatics and conjugation differently than the original
MM2 force field. Further information can be obtained from the user’s
manual of MacroModel. (c) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H. J.
Am. Chem. Soc. 1989, 111, 8551, 8566, 8576. The MM3(96) package
is available from Tripos, Inc., 1699 South Hanley Road, Suite 303, St.
Louis, MO 63144.

(32) See for example: Eliel, E. L.; Wilen, S. H.; Mander, L. N.
Stereochemistry of Organic Compounds; Wiley: New York, 1994;
Chapter 11.4.
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phenyl) is syn to the COOMe group. The syn-anti
energy difference is small for R ) methyl (-0.2 kcal/
mol in 12), but it is significantly larger for R ) Ph (-1.4
kcal/mol for X ) SiH3 and -1.8 kcal/mol for X ) CH3 in
13). These results are somewhat unexpected in view of
the A values of the relevant groups, which follow the
order phenyl > methyl > silyl > COOMe (Table 5).
Thus, the calculations predict that, in 13a, the phenyl
substituent prefers by 1.8 kcal/mol to be syn to a CH3
group at C-1 (A ) 1.74 kcal/mol), rather than to the
“smaller” COOMe group (A ) 1.2-1.3 kcal/mol). Thus,
the steric interactions exerted by groups in the axial
and equatorial positions of substituted cyclohexanes
(which form the basis for the A scale) are not good
measures for their steric interactions in 12 or 13. This
may be due to conjugative effects associated with
interactions of the COOMe substituent with the cyclo-
propane ring. Support for this interpretation is found
upon examining the preferred conformation of the
COOMe group in the anti vs syn isomers. Thus, in the
syn isomers of 12a,b and 13a,b, where the carboxylate
group is syn to the small hydrogen and thus can adopt

the best conformation for conjugation with the cyclo-
propyl ring, the carboxylate group adopts a gauche
conformation in which the electron-deficient 2p(C) car-
bonyl orbital is properly aligned to overlap with one of
the cyclopropyl C-C bonds (the O1-C4-C1-C2 dihe-
dral angle θ is 33-35°, and the atom numbering is
according to Figure 1). In the anti isomer the syn alkyl
or phenyl groups force the carboxylate to rotate to 46-
65°, reducing the conjugation with the cyclopropyl ring
and thus raising its energy. In the parent methyl
cyclopropanecarboxylate, the calculated barrier for rota-
tion of the carboxylate group is quite high (6.2 kcal/mol),
indicating the significant interaction between the car-
boxylate group and the cyclopropane ring and the angle
dependence of this interaction. Rotation of the COOMe
group from θ ) 33° to θ ) 60° requires ca. 1 kcal/mol.

When the size of the X group is increased, i.e., with
X ) SiMe3 and t-Bu, the energy of the syn isomer (where
the R‚‚‚X steric interactions occur) is raised relative to
that of the anti isomer. For the 2-methyl series 12, anti-
12c (X ) Me3Si) is 1.3 kcal/mol more stable than syn-
12c. For the bulkier X ) t-Bu (12d), ∆E(syn-anti)
increases to 3.3 kcal/mol. In the 2-phenyl series 13, syn-
13b (X ) SiH3) is 1.4 kcal/mol more stable than anti-
13b, while for 13c (X ) SiMe3) ∆E(syn-anti) is nearly
zero and with X ) t-Bu, anti-13d is more stable than
syn-13d by 2.3 kcal/mol. In both 12 and 13 substitution
of X ) SiH3 by SiMe3 destabilizes the syn isomer relative
to the anti isomer by ca. 1.4 kcal/mol and substitution
of X ) SiMe3 by the larger t-Bu increases ∆E(syn-anti)
by 2.3 kcal/mol. The fact that, for each of the substitu-
ents, the preference for the anti isomer is smaller by
ca. 1.2-1.5 kcal/mol for the phenyl-substituted cyclo-
propanes 13 than for the analogous methyl-substituted
cyclopropanes 12, seems confusing at first sight in view
of the larger A value of a phenyl group (2.8 kcal/mol) as
compared to that of a methyl group (1.74 kcal/mol).
However, in the environment of the cyclopropyl ring the
phenyl ring apparently exhibits a smaller effective
volume due to its highly unsymmetrical shape, in
contrast to the spherically symmetric methyl group.
These unusual “effective sizes”, where the methyl group
is larger than the phenyl group, is merely another
demonstration of the fact that the transfer of measures
of steric sizes of groups from one molecular system to a
different one may be misleading.

What is the effective steric size of the Si(i-Pr)3 group,
the largest group used in the experimental study?
Although the volume of the Si(i-Pr)3 group is much
larger than that of the Me3Si group, the calculations
reveal that when attached to a cyclopropyl ring the
effective sizes of the Si(i-Pr)3 and SiMe3 groups are not
very different. Thus, in 12e, the syn-anti energy
difference is only 2.8 kcal/mol, 1.5 kcal/mol larger than
for X ) SiMe3. Furthermore, the syn-anti energy
difference in 12e is 0.5 kcal/mol smaller than for X )
t-Bu, although the volume of Si(i-Pr)3 is much larger
than that of the t-Bu group. The same trend is found in
1-methyl-2-X-cyclopropanes (14), the ∆E(syn-anti) val-
ues being 2.1, 3.6, and 4.3 kcal/mol for X ) SiMe3,
Si(i-Pr)3, t-Bu, respectively. Force-field MM231a and
MM2*31b calculations show that also the A value of the
Si(i-Pr)3 group of 3.2 kcal/mol (0.7 kcal/mol larger than
that of SiMe3) is 1.5-1.7 kcal/mol smaller than that of

Table 4. Calculated Relative Energies (kcal/mol)
of 1-R-2-X-cyclopropane-1-carboxylates and

1-R-2-X-cyclopropanesa

∆E(syn-anti)

structure R X B3LYPb MM2 MM3(96)

12a CH3 CH3 -0.2 0.4 0.2
12b CH3 SiH3 -0.2 (-0.4c) 0.5 -0.1
12c CH3 SiMe3 1.3 1.3 1.2
12d CH3 t-Bu 3.3 4.3 3.5
12e CH3 Si(i-Pr)3 2.5 5.9 3.9
13a Ph CH3 -1.8 0.1 1.0
13b Ph SiH3 -1.4 0.2 0.4
13c Ph SiMe3 -0.1 0.6 0.8
13d Ph t-Bu 2.3 2.0 2.3
13e Ph Si(i-Pr)3 5.5d 6.6 6.7
14a CH3 CH3 1.5 1.5 1.4
14b CH3 SiH3 1.4 1.2 1.5
14c CH3 SiMe3 2.1 1.9 2.8
14d CH3 t-Bu 4.2 4.7 4.5
14e CH3 Si(i-Pr)3 3.5 (3.6d) 6.8 6.4
14f CH3 SiEt3 2.0 (2.1d) 3.4 3.7
14g CH3 Ph 0.8 0.4 1.3
14h CH3 COOMe 1.3 0.5 1.0
15a Ph CH3 0.8 0.4 1.3
15b Ph SiH3 0.9 0.2 1.1
15c Ph SiMe3 2.3 1.8 1.8
15d Ph t-Bu 3.0 2.3 3.2
15e Ph Si(i-Pr)3 4.5 6.8 5.7
15f Ph SiEt3 2.3d 2.8 2.9
15g Ph COOMe 2.8d 0.7 1.0
15h Ph Ph 2.6d 0.8 0.9

a A positive value indicates that the anti isomer is more stable
than the syn isomer. b At B3LYP/6-31G**//B3LYP/6-31G** includ-
ing unscaled zero point energy (ZPE) corrections. c At HF/6-31G*//
HF/6-31G* including unscaled ZPE corrections. d At B3LYP/6-
31G*//B3LYP/6-31G* including unscaled ZPE corrections.

Table 5. Experimental A Values (kcal/mol) of
Relevant Groupsa,b

R A value R A value

H 0.0 SiH3 1.45, 1.52
COOMe 1.2-1.3 SiMe3 2.5
Me 1.74 t-Bu 4.7, 4.9
Et 1.79 Si(i-Pr)3 3.2c

Ph 2.8
a Free energy difference between equatorial and axial 1-R-

cyclohexanes. b Reference 32. c Calculated using the MM2* force
field.31b
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t-Bu. When the other group on the cyclopropyl ring is a
phenyl, the Si(i-Pr)3 group shows a larger steric size
than t-Bu by 1.5 kcal/mol: i.e., ∆E(syn-anti) is 3.8 kcal/
mol for 13e and 2.3 kcal/mol for 13d. The MM2 and
MM3 force-field values are in general similar to the
B3LYP results for all systems, except for the systems
substituted with a Si(i-Pr)3 group (i.e. 12e, 13e, 14e,
and 15e), for which the force-field methods overestimate
(more so the MM2 method) by ca. 2-3 kcal/mol (Table
4) the steric effect of the Si(i-Pr)3 group.

What can be concluded from the calculations regard-
ing the interpretation of the experimental results? For
the experimentally studied system 1a with X ) SiMe3,
if product stability alone dictates the stereochemistry
of the products, we would expect to obtain mostly (E)-
2b in the reaction with 1-hexene and a roughly 1:1
mixture of (E)- and (Z)-2a in the reaction with styrene.
Experimentally, a small excess of the Z product is
observed in the photochemical reactions of 1a with both
1-hexene and styrene. This noncorrespondence between
the observed products and the relative thermodynamic
stability of the E and Z products indicates an early
transition state (TS) (i.e., a TS where the steric repul-
sions in the products are not well developed). This
conclusion is further supported by the experimental fact
that the E/Z (anti/syn) product ratio even decreases for
the larger Si(i-Pr)3 group (although, as pointed out
above, only by ca. 1 kcal/mol); i.e., in the photochemical
reaction of 1c with styrene the (E)-2/(Z)-2 (anti-2/syn-
2) product ratio is 0.37, indicating clearly in view of the
significantly higher thermodynamic stability of (E)-2e,
relative to (Z)-2e (calculated to be 5.5 kcal/mol, i.e. 13e
in Table 4), that the R1 and SiR3 groups are not close
in space in the TS of the reaction. At this point we have
no convincing explanation for the stereochemistry of the
photochemical cyclopropanation reaction and we plan
further experimental and computational studies to
clarify this point.

Conclusions

We have shown that for the effectiveness of cyclopro-
panation of styrene, 1-hexene, and cyclohexene with
diazo(trialkylsilyl)acetates 1 (a, SiMe3; b, SiEt3; c, Si-
(i-Pr)3), the influence of several reaction parameterss
method of decomposition, nature of catalyst, and olefin
concentrationsis much more crucial than for simple
alkyl diazoacetates. For cyclopropanation of styrene and
1-hexene, copper(I) triflate appears to be the best
catalyst, but it also reaches its limits when the most
bulky diazoacetate (1c) is applied. The complex [Ru2-
(CO)4(µ-OAc)2]n was found to be well suited for cyclo-
propanation reactions involving 1a,b; in particular, it
was the only one that catalyzed the cyclopropanation
of cyclohexene while the rhodium carboxylate catalysts
gave rise to the allylic C-H insertion product.

In contrast to the photochemical cyclopropanations of
styrene and 1-hexene, which yield predominantly the
Z isomers of 2a,b,e, the catalyzed version yields the
thermodynamically favored E diastereomer (according
to DFT calculations) with all three olefins studied. The
diastereomer ratio is rather sensitive to the steric bulk
of the trialkylsilyl group of 1 when cyclohexene is
cyclopropanated but surprisingly is hardly sensitive to
the size of the SiMe3, SiEt3, and Si(i-Pr)3 groups, in the

case of the two monosubstituted alkenes studied. Den-
sity functional theory calculations show clearly that the
observed product diastereomer ratios do not reflect the
relative stabilities of the isomeric E and Z products: i.e.,
the reactions are not thermodynamically controlled.
This is not unexpected for the transition-metal-catalyzed
reactions, where both trans- and cis-selective cyclo-
propanations are known and where it is assumed that
the interaction between the metal-carbene intermedi-
ate and alkene can take a stereochemical course that
may be governed by a combination of several different
steric factors and electronic factors as well (see, for
example, refs 17a and 33). On the other hand, the
preference for the sterically more congested diastere-
omer in the case of photochemical cyclopropanation
reactions with 1a-c is surprising. Although we are not
aware of a systematic study of this issue, the examples
reported in the literature give the impression that, in
general, free carbenes react with alkenes to give the
sterically less congested cyclopropane preferentially (but
often at a ratio not far from 1). Our preliminary results
call for a more detailed experimental and theoretical
study, and it appears that diazo(trialkylsilyl)acetates,
bearing silyl groups of tunable steric demand, are the
appropriate candidates.

Experimental Section

General Information. 1H NMR spectra: Bruker WP 200
(200 MHz), Bruker AM 400 (400 MHz), and AMX 500 (500
MHz) instruments; chloroform (δ 7.24) or dichloromethane (δ
5.32) as internal standard. 13C NMR spectra: Bruker AM 400
(100.6 MHz) and AMX 500 (125.8 MHz) instruments; chloro-
form as internal standard (δ 77.0). All NMR spectra were
recorded in CDCl3. IR spectra: Perkin-Elmer IR 397 instru-
ment; wavenumbers (cm-1) are given. Elemental analyses:
Perkin-Elmer EA 240 instrument. The following compounds
were prepared by published procedures: 1a,34 1b,13 1c,34

Cu(O3SCF3)‚0.5C6H6,15a Rh2(C3F7COO)4,35 and [Ru2(CO)4(µ-
OAc)2]n (6).36

Catalytic Decomposition of 1a-c in an Alkene: Gen-
eral Procedure. Under an argon atmosphere, a solution of
diazo ester 1 (2-5 mmol) in the alkene (ca. 10 mL) was added
dropwise over a period of 2-3 h to the same alkene (10 mL)
containing the catalyst (3-8 mol %), and the mixture was
stirred until the evolution of dinitrogen had ceased (5-12 h).
This mixture was filtered over a pad of neutral Al2O3 to remove
the catalyst (inefficient in the case of Rh2(pfb)4). Excess alkene
was distilled off (eventually also oligomers that had been
formed), and the products were isolated by vacuum distillation
(Kugelrohr), column chromatography (Merck Lobar columns,
LiChroprep Si-60, 40-63 µm), or a combination of both. The
cyclopropanation of styrene, 1-hexene, and cyclohexene with
1a catalyzed by 6 has already been described.11

The diastereomer ratios of the cyclopropanes 2 and 7 were
determined by integration of appropriate 1H NMR signals. In
some cases (Table 1), these ratios were also determined by
analytical HPLC (Merck/Hitachi LiChromatograph with L-6200
gradient pump and UV detector; column LiChrospher RP-18
Merck; eluent acetonitrile (Chromasolv, Riedel de Haen)/
water), assuming the same response factors for both diaster-

(33) Davies, H. M. L.; Bruzinski, P. R.; Lake, D. H.; Kong, N.; Fall,
M. J. J. Am. Chem. Soc. 1996, 118, 6897.

(34) Allspach, T.; Gümbel, H.; Regitz, M. J. Organomet. Chem. 1985,
290, 33.

(35) Drago, R. S.; Long, F. R.; Cosmano, R. Inorg. Chem. 1982, 21,
2196.

(36) Crooks, G. R.; Johnson, B. F. G.; Lewis, J.; Williams, I. G.;
Gamlen, G. J. Chem. Soc. A 1969, 2761.
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eomers. In those cases where the diastereomer ratio of isolated
cyclopropanes could be compared with the (approximate) ratio
found in the product mixture before chromatographic or
distillative workup, no substantial difference could be detected.

Photochemical Cyclopropanation with 1a and 1c:
General Procedure. A solution of the diazo ester (2-3 mmol)
in the alkene (45 mL) was irradiated with a high-pressure
mercury lamp (Philips HPK 125 W, λ ) 300 nm) until
evolution of N2 had ceased. The alkene was distilled off
(styrene, 40-50 °C/0.01 mbar; 1-hexene, 20 °C/0.01 mbar), and
the cyclopropane was isolated by Kugelrohr distillation (2a,
70 °C/0.01 mbar; 2b, 75 °C/0.02 mbar; 2e, 90 °C/0.01 mbar).

Methyl (E)- and (Z)-2-Phenyl-1-(triethylsilyl)-1-cyclo-
propanecarboxylate (2c). These isomers were obtained from
1b and styrene. Bp: 90 °C/0.01 mbar (Kugelrohr). 1H NMR
(400 MHz): (E)-2c, δ 0.76 (dq, SiCH2), 1.10 (t, CH2CH3), 1.26
(dd, J ) 7.8, 4.9 Hz, 1 H), 1.99 (dd, J ) 6.5, 4.9 Hz, 1 H), 2.48
(pseudo-t, 2-H), 3.38 (OMe); (Z)-2c, δ 0.38 (m, Si-CH2), 0.87
(t, SiCH2CH3), 1.49 (dd, J ) 6.9, 4.3 Hz, 1 H), 1.81 (dd, J )
8.9, 4.3 Hz, 1 H), 2.78 (dd, 2-H), 3.77 (OMe). 13C NMR: (E)-
2c, δ 2.7, 7.4, 13.7, 22.0, 27.5, 51.1, 126.1-128.2, 129.8, 172.6;
(Z)-2c, δ 3.6 (SiCH2), 7.5 (CH2CH3), 15.8 (C-3), 19.1 (C-1), 31.4
(C-2), 51.6 (OMe), 126.1-128.2, 137.4 (aromatic ipso C), 176.1
(CdO). IR (film): 1710 cm-1 (CdO). Anal. Calcd for C17H26O2-
Si (290.5): C, 70.29; H, 9.02. Found: C, 69.7; H, 9.0.

Methyl (E)- and (Z)-2-Butyl-1-(triethylsilyl)-1-cyclo-
propanecarboxylate (2d). These isomers were obtained from
1b and 1-hexene. Bp: 90 °C/0.01 mbar (Kugelrohr). Partial
separation of the diastereomers was achieved by column
chromatography. 1H NMR (400 MHz): (E)-2d, δ 0.55 (dq,
SiCH2), 0.82-0.88 (t and m, 4 H), 0.93 (t, SiCH2CH3), ca. 1.00-
1.40 (m, 8 H), 3.62 (OMe); (Z)-2d, δ 0.62 (q, SiCH2), 1.38 (dd,
1 H), 1.62 (mc, 1 H, 2-H), 3.59 (OMe); the remaining signals
overlap with those of the E isomer at δ 0.82-0.93 and 1.00-
1.40. 13C NMR: (E)-2d, δ 2.8, 7.4, 13.9, 15.3 (J ) 161.3 Hz,
C-3), 16.5 (C-1), 22.5/28.9/31.6 (-(CH2)3-), 23.9 (C-2), 51.2,
174.6; (Z)-2d, δ 4.6 (Si-CH2), 7.6 (SiCH2CH3), 13.9 (C3H6CH3),
17.9 (J ) 162.9 Hz, C-3), 22.4 (C-2), 23.9 (C-1), 28.9/30.8/32.0
(-(CH2)3-), 51.4 (OMe), 176.8 (CdO). IR (film): 1710 cm-1

(CdO). Anal. Calcd for C15H30O2Si (270.5): C, 66.61; H, 11.18.
Found: C, 66.4; H, 11.0.

Methyl (E)- and (Z)-2-Phenyl-1-(triisopropylsilyl)-1-
cyclopropanecarboxylate (2e). These isomers were ob-
tained from 1c and styrene. Bp: 90 °C/0.01 mbar. 1H NMR
(400 MHz): (E)-2e, δ ca. 0.95-1.10 (m, 21 H, CHMe2), 1.25
(dd, J ) 7.9, 5.2 Hz, 1 H), 1.90 (dd, J ) 6.5, 5.2 Hz, 1 H), 2.53
(dd, J ) 7.9, 6.5 Hz, 2-H), 3.18 (s, OMe); (Z)-2e, δ 0.72 and
0.92 (2 × d, diastereotopic CHMe2), 0.75-0.90 (m, CHMe2),
1.51 (dd, J ) 7.2, 4.5 Hz, 1 H), 1.71 (dd, J ) 9.0, 4.5 Hz, 1 H),
2.60 (dd, J ) 9.0, 7.2 Hz, 2-H), 3.60 (s, OMe); 13C NMR: (E)-
2e, δ 11.8 (Si-CH), 14.1 (C-3), 19.0 (CHCH3), 22.5 (C-1), 27.3
(C-2), 51.1 (OMe), 126.4-129.9 (aromatic CH), 137.6 (aromatic
ipso-C), 172.6 (CdO); (Z)-2e, δ 12.4, 15.6, 19.0, 20.4, 31.4, 51.6,
126.4-129.9, 138.2, 176.5. IR (film): 1708 cm-1 (CdO). Anal.
Calcd for C20H32O2Si (332.5): C, 72.2; H, 9.7. Found: C, 71.6;
H, 9.6.

Methyl (E)- and (Z)-2-(4-Bromophenyl)-1-(triisoprop-
ylsilyl)-1-cyclopropanecarboxylate (2f). A solution of 1c
(0.82 g. 3.2 mmol) and of 4-bromostyrene (1.83 g, 10.0 mmol)
in dichloromethane (20 mL) was added dropwise over 6 h to a
solution of the same alkene (1.83 g, 10 mmol) and of copper(I)
triflate (80 mg) in dichloromethane (20 mL). After filtration
over a pad of neutral alumina, the mixture was separated by
column chromatography (silica gel, petroleum ether/ethyl
acetate (97:3)) to give first unchanged bromostyrene and then
pure, crystalline (E)-2f (0.20 g, 15%, mp 69 °C) followed by a
mixture of (E)- and (Z)-2f (0.20 g, 15%, E:Z ) 3.3, mp 54-69
°C) and a fraction (0.10 g) with (Z)-2f as the major component.
Spectral and analytical data of (E)-2f: 1H NMR (500 MHz) δ
1.05-1.25 (m, 21 H, CHMe2), 1.34 (dd, J ) 7.9, 5.3 Hz, 1 H,
3-H1), 1.92 (dd, J ) 6.3, 5.3 Hz, 1 H, 3-H1), 2.53 (dd, J ) 7.9,

6.3 Hz, 1 H, 2-H), 3.29 (s, OMe), 7.05/7.36 (AA′BB′, 4 H, C6H4);
IR (film) 1708 cm-1 (CdO); 13C NMR (125.8 MHz) δ 11.8 (Si-
CH), 14.3 (C-3), 18.96 (CHCH3), 19.0 (CHCH3), 22.7 (C-1), 26.7
(C-2), 51.2 (OMe), 120.3, 129.8, 131.0, 136.7, 172.4 (CdO).
Anal. Calcd for C20H31BrO2Si (411.1): C, 58.38; H, 7.59.
Found: C, 58.09; H, 7.95. 1H NMR data for (Z)-2f in the
diastereomeric mixture: δ 1.55 (dd, J ) 7.7, 5.1 Hz, 3-H1), 1.78
(dd, J ) 9.2, 5.1 Hz, 1 H, 3-H1), 2.59 (dd, J ) 9.2, 7.7 Hz, 2-H),
3.68 (s, 3 H, OMe), 7.18/7.36 (AA′BB′, 4 H, C6H4).

Dimethyl 2,3-Diaza-1,4-bis(trimethylsilyl)butadiene-
1,4-dicarboxylate (3). The yellow oil obtained after Kugelrohr
distillation at 90 °C/0.03 mbar solidified on standing at 4 °C.
1H NMR (200 MHz): δ 0.24 (s, SiMe3), 3.75 (s, OMe). Further
purification was not possible, due to the small amount of
material available. Anal. Calcd for C12H24N2O4Si2 (316.5): C,
45.54; H, 7.64; N, 8.84. Found: C, 46.2; H, 7.7; N, 7.5.

Methyl 7-anti-(Triethylsilyl)bicyclo[4.1.0]heptane-7-
carboxylate (7b). After removal of excess cyclohexene at 20
°C/0.3 mbar, the product was isolated by column chromatog-
raphy (eluent ether/petroleum ether (3:7)) and Kugelrohr
distillation at 150 °C/0.3 mbar; yield 61%. 1H NMR (400
MHz): δ 0.44 (q, SiCH2), 0.83-0.91 (t and m, CH2CH3 and
1,6-H), 1.03-1.15 (m, 4 H), 1.80 (mc, 4 H), 3.56 (s, OMe). 13C
NMR: δ 2.3 (SiCH2), 7.2 (CH2CH3), 17.0 (C-1,6), 20.4 and 20.8
(C-2,3,4,5), 20.6 (C-7), 50.8 (OMe), 173.0 (CdO). Anal. Calcd
for C15H28O2Si (268.5): C, 67.11; H, 10.51. Found: C, 66.9; H,
10.4.

Methyl r-(2-Cyclohexenyl)-r-(trimethylsilyl)acetate (8).
This product was obtained as a 1.4:1 mixture of diastereomers;
bp 60 °C/0.02 mbar (Kugelrohr). 1H NMR (400 MHz): δ 0.09
(s, 9 H, SiMe3), 0.9-2.1 (m, 6 H, -(CH2)3-), 2.01/1.91 (2 × d,
1 H, CHCO), 2.63 (m, 1 H, 1-H of cyclohexenyl), 3.60/3.61 (3
H, OMe), 5.43-5.72 (m, 2 H, CHdCH). 13C NMR (major /minor
isomer): δ -1.5/-1.3 (SiMe3), 20.5/21.1 (t), 25.1/24.1 (t), 29.3/
29.3 (t), 34.7/35.0 (C-1), 43.5/44.1 (CHCO), 50.7/50.8 (OMe),
131.3/128.3 and 130.0/127.2 (CHdCH), 175.3/175.3 (CdO). IR
(film): 1728 (CdO), 1438, 1252, 843 cm-1. Anal. Calcd for
C12H22O2Si (226.4): C, 63.66; H, 9.79. Found: C, 63.5; H, 9.6.

Desilylation of 2a. A solution of CsF (162 mg, 1.07 mmol)
in THF/methanol (10 mL, 1:1) was added to a solution of 2a
(231 mg, 0.93 mmol, E:Z ) 3.0) in THF/methanol/water (20
mL, 4:4:1). After 72 h, the solvent was evaporated, and the
residue was dissolved in ether (5 mL). This solution was
washed with water and dried, and methyl 2-phenylcyclopro-
panecarboxylate (10, E:Z ) 1.2) was isolated by Kugelrohr
distillation at 60 °C/0.01 mbar; yield 83%. The 1H and 13C NMR

Table 6. Data for Crystal Structure Analysis of
(E)-2f

empirical formula C20H31BrO2Si
fw 411.45
cryst dimens, mm 0.62 × 0.42 × 0.23
temp, K 183(2)
cryst syst monoclinic
space group (No.) P21/c (14)
a, Å 14.601(1)
b, Å 8.862(1)
c, Å 17.278(2)
R, deg 90
â, deg 108.04(1)
γ, deg 90
Z 4
Dcalcd, g cm-3 1.286
θ range (min/max), deg 1.47/22.50
µ(Mo KR), cm-1 19.9
no. of measd data 3627
no. of unique data 2773
Rint 0.0297
no. of obsd data (I > 2σ(I)) 2185
no. of ref params 228
R1 (obsd/all data)a 0.0459/0.0644
wR2 (obsd/all data)a 0.1155/0.1368

a R1 ) ∑(|Fo| - |Fc|)/∑|Fo|; wR2 ) [∑[w(Fo
2 - Fc

2)2]/∑[(wFo
2)2]]1/2.
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values were in agreement with literature data.9,18a Anal. Calcd
for C11H12O2 (176.2): C, 74.98; H, 6.87. Found: C, 75.1; H,
6.9.

(E)- and (Z)-(2-Phenyl-1-(trimethylsilyl)cyclopropyl)-
methanol (11). A solution of 2a (0.46 g, 1.85 mmol, E:Z )
3.0) in ether (30 mL) was added to LiAlH4 (0.21 g, 5.56 mmol)
in ether (30 mL), and the mixture was refluxed for 5 h. After
cooling, excess LiAlH4 was destroyed with water, and the
precipitate that had formed was dissolved by addition of KOH
pellets. The product was extracted with ether (3 × 10 mL) and
isolated by Kugelrohr distillation at 75 °C/0.04 mbar: yield
87%; mixture of diastereomers, E:Z ) 2.8. 1H NMR (400
MHz): (E)-11, δ 0.16 (SiMe3), 0.97 (dd, J ) 7.6, 4.9 Hz, 1 H),
1.09 (t, 1 H), 2.24 (dd, J ) 7.6, 5.8 Hz, 2-H), 3.25/3.55 (AB, J
) 11.7 Hz, CH2OH); (Z)-11, δ -0.19 (s, 9 H), 0.89 (dd, 1 H),
1.16 (t, 1 H), 2.24 (m, 2 H), 3.30/3.89 (AB, J ) 11.7 Hz, 2 H).
13C NMR: (E)-11, δ -2.5 (SiMe3), 11.8 (C-3), 17.5 (C-1), 24.3
(C-2), 65.5 (CH2OH), 128.1-129.8, 138.3 (ipso-C, Ph); (Z)-11,
δ -1.0, 11.4, 18.5, 28.1, 71.5, 128.1-129.8, 139.6. IR (film):
3500 cm-1 (br, OH), 1265/1250 s, 1038 s. Anal. Calcd for C13H20-
OSi (220.3): C, 70.8; H, 9.1. Found: C, 70.9; H, 9.2.

X-ray Crystal Structure Analysis of (E)-2f. Crystals
were obtained from low-boiling petroleum ether. The reflection
data were collected on a Siemens P4 diffractometer at room

temperature. The structure was solved and refined with the
SHELXTL software (Bruker ARX GmbH, Karlsruhe, Ger-
many). Crystal data and refinement results are given in Table
6 and selected values of bond geometry in Table 2. Further
technical details as well as positional and thermal parameters
are found in the Supporting Information.
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