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Abstract: The cyclopropanation reaction of an alkene with a metal carbenoid has been studied by means
of the B3LYP hybrid density functional method. The cyclopropanation of ethylene with a lithium carbenoid
or a zinc carbenoid [Simmons-Smith (SS) reagent] goes through two competing pathways, methylene
transfer and carbometalation. Both processes are fast for the lithium carbenoid, while, for the zinc carbenoid,
only the former is fast enough to be experimentally feasible. The reaction of an SS reagent (ClZnCH2Cl)
with ethylene and an allyl alcohol in the presence of ZnCl2 was also studied. The allyl alcohol reaction was
modeled with an SS reagent/alkoxide complex (ClCH2ZnOCH2CHdCH2) formed from the SS reagent and
allyl alcohol. Two modes of acceleration were found. The first involves the well-accepted mechanism of
1,2-chlorine migration, and the second involves a five-centered bond alternation. The latter was found to
be more facile than the former and to operate equally well both with ethylene and with aggregates of SS
reagent/alkoxide complexes. Calculations on the SS reaction with 2-cyclohexen-1-ol offer a reasonable
model for the hydroxy-directed diastereoselective SS reaction, which has been used for a long time in
organic synthesis.

A reaction between iodomethylzinc iodide and an olefin that
produces a cyclopropane compound was first reported by
Simmons and Smith in 19581 and is now called the Simmons-
Smith (SS) reaction. Although iodomethylzinc iodide prepared
from CH2I2 and metallic zinc was the original SS reagent, the
Furukawa reagent prepared by a halogen-metal exchange
reaction between Et2Zn and CH2I2

2 is also used widely for
synthesis because of its reproducibility. Several zinc carbenoids
(XZnCH2Y) composed of chloro/iodo and chloro/chloro com-
binations are as effective as the original iodo/iodo combination
(hence, ClZnCH2Cl was mainly studied in the present work).3

Winstein et al. reported the first application of the SS reaction
to an allylic alcohol in 1959,4 which represents an early example
of the use of a heteroatom group as a “directing group”. The
SS reaction with an allylic alcohol has distinct advantages over
the reaction with a simple olefin in relation to the reaction rate
and stereocontrol. Rickborn reported that the SS reactions of
allylic alcohols are much faster than those of simple olefins
(ca. >1000 times) and that the reaction with a cyclic allylic
alcohol takes place in such a manner that the cyclopropane ring
forms on the same side as the hydroxyl group (Scheme 1).5

The SS reaction withcis-5-methyl-2-cyclohexen-1-ol was 3.35

times faster than that with the correspondingtrans-alcohol
(entries 3 and 1 in Scheme 1). The rate constant of the
cyclopropanation with 2-cyclohexen-1-ol lies between those of
cis- and trans-5-methyl-2-cyclohexen-1-ols (entry 2).

Numerous variants of the SS reagents have been explored in
organic syntheses, but little is known about their reaction
pathways. Earlier mechanistic controversy focused on the
dichotomy between a methylene transfer mechanism and a
carbometalation mechanism (Scheme 2). It was originally
suggested that the SS reaction occurs by a one-step methylene
transfer mechanism, in which the pseudotrigonal methylene
group of iodomethylzinc iodide adds to an olefinπ-bond and
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forms two new C-C bonds simultaneously, accompanying a
1,2-migration of the halide anion from the carbon atom to the
zinc atom (path A in Scheme 2). There is experimental evidence
for the SS reagent that contradicts with path B, and thus path
A has been widely believed to represent the experimental reality.
For lithium carbenoids, on the other hand, the alternative
carbometalation/cyclization pathway has received experimental
support.6 The study of the factors that determine the reaction
pathways of metal carbenoid addition to olefins is, therefore,
still in question.7

More recent discussions have focused on the role of Lewis
acids, especially chiral Lewis acids. Various working models
reported in the literature are summarized in Scheme 3. One
model proposed by Wittig8,9 assumes that ZnI2 coordinates the
leaving iodine atom, and all others assume that either the leaving
iodine atom undergoes 1,2-migration to the neighboring zinc
atom (i.e., b and d; path A in Scheme 2) or it leaves simply by
itself (a and e). The Wittig proposal has thus far received little
attention, and the great majority of the literature and textbooks
assume the 1,2-halide migration. Perhaps the most significant
lack of common understanding is the fundamental reactivity of
the SS reagent, as implied by the existence of three schools of
arrow formalisms, drawing an arrow from carbene to the olefin
(Scheme 3c and d), an arrow from the olefin to the carbene
carbon (e), or two arrows simultaneously (f).8,10

As summarized in the previous paragraph, there has been a
paucity of information on the mechanism of the SS reaction,
which is due largely to the difficulties in carrying out suitable
experimental studies: the SS reagent is unstable under the
reaction conditions, making both precise kinetics studies and
identification of reactive species difficult. The Cambridge
Crystallographic Data Base has four structures related to the
SS reagent. Aµ-chloro-bridged dimer, (CF3CCl2ZnCl‚Et2O)2,11

is a genuine SS reagent, although it is inactive due to the strong
electron-withdrawing effects of the many halogen atoms. The
other crystal structures of SS-related reagents are those of
(ClCH2)2Zn stabilized with a didentate ligand,12 but it is still
unclear as to what extent this structure is relevant to the
mechanism of the SS reaction.

We describe the mechanism of the SS reaction examined with
the aid of density functional theory focusing on various unsolved
issues of the SS reaction, including (1) the methylene transfer/
carbometalation dichotomy, (2) Lewis acid acceleration, (3) the
allylic alcohol reaction, (4) Lewis acid effects and aggregate
formation in the allylic alcohol reaction, and (5) the diastereo-
face-directing effect in the reaction of 2-cyclohexen-1-ol.13

Together with some recent theoretical studies,14 the present
studies provide mechanistic information that is not obtainable
by experimental methods.

Computational Method

Calculations were performed with the Gaussian 94 and Gaussian
98 programs.15 Most of the calculations were performed using the
density functional theory B3LYP method, which is a hybrid functional
of the Hartree-Fock and density functional methods,16 using a split
valence basis set with polarization functions for heavy atoms. The
B3LYP results were compared with the HF, MP2, and other results
when necessary. Ahlrichs’ SVP17 all-electron basis set was used for
the zinc atom, and the 6-31G* or 3-21G* basis set18 was used for other
atoms (denoted here as B3LYP/631A and B3LYP/321A, respectively).
The Hay-Wadt effective core potential (ECP), LANL2DZ, was used
for the iodine atom.19

Structures were optimized without any geometrical assumption,
unless otherwise noted. Zero imaginary frequencies for equilibrium
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structures and one for transition structures (TSs) were confirmed by
the normal coordinate analysis. The intrinsic reaction coordinate (IRC)
analyses of some reactions were performed at the B3LYP/631A level.20

The energies were recalculated at the B3LYP/631A level for the HF/
321A geometry (Table 1).21 Energetics are discussed on the basis of
the potential energy. The self-consistent reaction field (SCRF)22 method
(polarized continuum model) was applied to the molecular geometry
obtained at the B3LYP/631A level to estimate the effect of the polarity
of bulk solvent on the energies.

Results and Discussion

1. Methylene Transfer versus Carbometalation.To start
the investigation, we examined the possibility of free carbene
formation from the SS reagent. Elongating the C1-Cl bond in
ClZnCH2Cl, we obtained a zinc carbene complex structure as
a stationary point (eq 1), which, however, is the transition state
for the exchange of the two chlorine atoms. The result indicates
that free carbene and zinc-carbene complex intermediates are
unlikely reactive intermediates in the SS reaction.

There has been experimental evidence that the SS reaction
does not take place via a carbometalation mechanism (path B

in Scheme 2),8 and hence it was concluded that the reaction
takes place via a methylene transfer pathway (path A). On the
other hand,R-halomethyllithium reagents cyclopropanate olefins
via both a methylene transfer and a carbometalation/cyclization
mechanism depending on slight stereochemical differences in
the substrate.6 The reason for such a metal-dependent dichotomy
has remained unclear. To investigate the diversity of the reaction
pathways, we compared the cyclopropanation reaction with
LiCH2Cl (1) and ClZnCH2Cl (5) along the two reaction
pathways A and B shown in Figures 1 and 2, respectively.13,14b

In the methylene transfer pathway (path A in Scheme 2),
concerted [2+ 1] addition takes place to provide a cyclopropane
ring through the transition structure (TS)3 or 7, respectively.
On the other hand, in the carbometalation pathway (path B),
insertion reaction of an olefin to the metal-carbon bond occurs
to produce an intermediate (4 or 8, respectively) through the
four-centered TS2 or 6. A subsequent intramolecular substitu-
tion reaction of4 or 8 produces the cyclopropane product.

The two reaction pathways of the cyclopropanation were
examined first for the lithium carbenoid. As shown in the energy
diagram (Figure 1), the energy difference between2 and3 is
very small, the former is higher in energy than the starting
material by 2.1 kcal/mol, and the latter is 3.8 kcal/mol higher
in energy than the starting material. These data agree with the
experimental fact that the two pathways compete with each other
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(21) To confirm the accuracy of the theoretical method, we made a comparison
of the activation energies of the cyclopropanation reaction of5 with ethylene
for various methods. As shown in Table 1, B3LYP, MP2, and MP4 energies
(for the B3LYP geometry) are similar to that obtained by the coupled cluster
method (CCSD(T)) (∆Eq ) 19.5 kcal/mol, entry 1) and were judged to be
reliable. The geometry obtained by HF/321A (data not shown) is similar
to that obtained by the B3LYP method, and the activation energy obtained
by a single point calculation at the B3LYP/631A level is similar to that
obtained at the CCSD(T)/631A level (entries 5 and 6). The B3LYP/631A//
HF/321A data are therefore used for the studies of very large systems (vide
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8991-8998. (b) Wong, M. W.; Frisch, M.; Wiberg, K. B.J. Am. Chem.
Soc.1991, 113, 4776-4782.

Table 1. Activation Energies of the Cyclopropanation Reaction of
Ethylene with 5 Obtained by Several Methods

entry method ∆Eq

1 CCSD(T)6311A//B3LYP/631A +19.5
2 MP4/631A/B3LYP/631A +20.0
3 MP2/631A/B3LYP/631A +21.7
4 B3LYP/631A +17.3
5 B3LYP/631A/HF/321A +18.4
6 HF/321A +6.0

Figure 1. Cyclopropanation of ethylene with LiCH2Cl (B3LYP/631A
level). Bond lengths are given in angstroms, and energies relative to SM
are shown in kilocalories per mole. In all figures in this article, starting
materials, reactants, reaction intermediates, transition structures, and products
are denoted as SM, RT, INT, TS, and PD, respectively.
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in cyclopropanation reactions with lithium carbenoids.6 Several
points are noteworthy as to the structures of the stationary points.
The chlorine atom is already detached from the methylene
carbon (C1) in the starting chloromethyllithium (1), and the
methylene group is almost sp2 hybridized (dihedral angle H-C-
Li-H ) 178.0°, angle Li-C-H ) 126.4°, angle H-C-H )
107.2°). The lithium carbenoid can be regarded as a complex
between methylene carbene and lithium chloride. The core four-
centered part of the TS of carbometalation (2) is similar to that
of MeLi addition to ethylene,23 and the TS of the methylene
transfer 3 can be viewed as the transition state of SN2
displacement of the chlorine atom by ethylene (note that the
Li-C1 bond is not greatly elongated; see also discussion in
Figure 3).

Very different energetics were obtained for the zinc car-
benoid: the methylene transfer pathway is overwhelmingly
favored over the carbometalation pathway (Figure 2). The TS
of the carbometalation pathway (6) is C1 symmetric, as with2.
Although TS 6 has a structure similar to that of TS2, the
activation energy (30.7 kcal/mol) is much higher than that of
the carbolithiation (2.1 kcal/mol). This high activation energy
is due to the energy required to cleave the covalent C-Zn bond,
which is larger than the energy to achieve bond reorganization
in 2 involving the breakage of the ionic C-Li bond. The
activation energy of the methylene transfer pathway (7) is much
lower (17.3 kcal/mol), which is a reasonable value for the SS
reaction that takes place around room temperature.24 Note that
the lithium carbenoid reactions take place at lower temperatures
(e.g., -78 °C). The Cl2-Zn-C1 bond that is linear in the
starting SS reagent5 (i.e., favored geometry for a Zn(II) species)
is bent in the TS to accommodate the incoming Cl1 anion, which

in turn indicates that the leaving-group ability of the Cl1 is
enhanced by association with the zinc atom in the TS. Such a
Lewis acid assistance coincides with the prevailing hypothesis
of the 1,2-halide migration (vide supra).

The cyclopropanation with iodomethylzinc iodide was also
examined at the B3LYP/631A level (see ref 25). The activation
energy (13.1 kcal/mol) was found to be ca. 4.2 kcal/mol lower
than that of7, and the geometry of the TS was essentially the
same as that of the chlorozinc reagent (Figure 3b).

Analysis of the potential energy surface along the IRC (Figure
3) confirms that the SS reagent (5) and ethylene are connected

(23) Nakamura, M.; Nakamura, E.; Koga, N.; Morokuma, K.J. Chem. Soc.,
Faraday Trans. 1994, 29, 1789-1798.

(24) The calculated13C kinetic isotope effect (KIE) with tunnel correction of
the two TSs6 and7 is as follows: C1, 1.029; C2, 1.027; C3, 1.071 in6;
C1, 1.066; C2, 1.003; C3, 1.008 in7 (scale factor of 0.9804: Wong, M. W.
Chem. Phys. Lett.1996, 255, 391-399. Theory of KIE: Bigeleisen, J.J.
Chem. Phys.1949, 17, 675-678). The trend in KIEs for7 differs
significantly from that of6 and hence will serve as experimental evidence
to differentiate the reaction pathway.

(25) Cyclopropanation of ethylene with iodomethylzinc iodide at the B3LYP/
631A level. The optimized structures as shown below are virtually the same
as the structure reported previously.14c,d

Figure 2. Cyclopropanation of ethylene with ClZnCH2Cl (B3LYP/631A
level). Bond lengths are given in angstroms, and energies relative to SM
are shown in kilocalories per mole.

Figure 3. The energetics of the SS reaction in Figure 2: (a) energy change,
(b) bond length changes, and (c) natural population charge in IRC analysis
near7 at the B3LYP/631A level.
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to the product9 via 7 without any intermediate. When one looks
into the details of Figure 3b, one may note that the C1-C2 bond
formation and the C1-Cl1 bond cleavage occur in a concordant
manner, but the C1-Zn bond cleavage occurs at a later stage
of the reaction. The C1-Cl1 bond at TS7 (S ) 0) is stretched
by as much as 25%, but the C1-Zn bond is stretched by only
7% as compared with the respective bonds in the starting
material5.

The data in Figure 3c (natural population charge) reveal that
the reaction takes place in two stages. The first event takes place
between the reactants (5 + ethylene) on the way to TS7. The
chlorine atom Cl1 gains negative charge, while the methylene
group (C1H2) and the olefin (C2H2 and C3H2) lose electrons.
This change of charge density as well as the elongation of the
C1-Cl1 bond (Figure 3b) around7 indicate that the key event
in the SS reaction is a nucleophilic displacement of the leaving
halide group with an olefin. The second event takes place on
the way from7 to the product (aroundS ) 5). The electron
densities at C2H2 and C3H2 increase again because of the
C1-Zn bond cleavage that results in the formation of a neutral
cyclopropane ring. In summary, the methylene transfer pathway
takes place through two stages: an SN2-like displacement
reaction by ethylene on halomethylzinc, followed by cleavage
of the C1-Zn bond to give the cyclopropane ring (vide infra).

2. Lewis Acid Acceleration of the SS Reaction. Cyclopro-
panation of Ethylene. Having established the methylene
transfer pathway as the dominant mechanism of the SS
cyclopropanation reaction, we next investigated how a Lewis
acid (LA) might accelerate the reaction. Zinc halide (ZnCl2),
which forms in situ as a byproduct of the cyclopropanation and
is known to accelerate the SS reaction,26 was used as a model
Lewis acid. An ether complex of dimeric 1,1,1-trifluoro-2,2-
dichloroethylzinc chloride, (CF3CCl2ZnCl‚Et2O)2,11 has a di-
µ-chloro-dizinc(II) four-centered structure and was used to
generate structure10 to act as a model of the ZnCl2/SS reagent
complex. We also considered its “open” cluster11, wherein
the “closed” chloride bridge structure in10 opens to form a
five-centered structure (Figure 4). In11, ZnCl2 directly activates
the Cl1 leaving group, and the C1-Cl1 bond is elongated. The
open cluster11 is less stable than10 (by 3.5 kcal/mol). The
energetics of the reaction pathways, modes 1 and 2, are also
shown in Figure 4.

In mode 1 activation,10 (Cs) reacts with ethylene in a single-
step reaction with retention ofCs symmetry throughout the
reaction course along the IRC. The reaction proceeds through
12 to give a product14 (a complex between a cyclopropane
and a zinc chloride dimer) with 44.9 kcal/mol exothermicity.
The 1,2-migration of Cl1 from C1 to Zn1 is taking place in12.
In comparison with the prototypical reaction (ClZnCH2Cl +
ethylene,∆Eq ) 17.3 kcal/mol, B3LYP/631A),∆Eq in mode 1
is 4.7 kcal/mol lower (12.6 kcal/mol).27 Coordination of the
Lewis acid ZnCl2 on Zn1 facilitates the 1,2-chloride migration
in the reaction pathway. The Cl1-C1 bond is elongated (32%
longer than in10), but the C1-Zn bond is not cleaved yet (0.9%
elongated).

IRC analysis of the mode 2 pathway reveals that11, 13, and
a cyclopropane product are smoothly connected with each other
along the IRC. The five-centered complex11 (Cs) reacts with
ethylene via13 (C1) with 7.8 kcal/mol activation energy (mode
2), which is much lower than that in mode 1 activation. In
addition, mode 2 is thermodynamically favored over path A by
1.3 kcal/mol. The Cl1-C1 bond fission takes place in a five-
centered manner, and Cl1 becomes attached to Zn2 later along
the IRC. Ethylene approaches the methylene carbon, and the
leaving chlorine atom is moving in the direction opposite to
that of ethylene. As shown in the global energy diagram in
Figure 4, the SS reagent11 goes to the cyclopropane product
with lower activation barrier than does the isomer10. This is
due to better stabilization of the leaving chloride anion with
the Lewis acid ZnCl2. It is shown below that the energy
difference of the two activation models is much larger in the
reaction of a zinc alkoxide cluster encountered in the SS reaction
of an allylic alcohol.

3. The SS Reaction of Allylic Alcohol.Experimental studies
showed that the SS reaction of allyl alcohol is much faster
(>1000 times) than that of a simple olefin.5 We investigated
this phenomenon in several stages: (1) an intramolecular
cyclopropanation reaction of monomeric (allyloxy)ZnCH2Cl in
the absence and the presence of ZnCl2, (2) an intramolecular
cyclopropanation reaction of dimeric (allyloxy)ZnCH2Cl in the
absence and the presence of ZnCl2, and (3) tetrameric (allyloxy)-
ZnCH2Cl with ZnCl2. Recent experimental studies on the
structures of halomethylzinc alkoxides by Charette et al. revealed
that allyloxyzinc species exist as a monomer in a benzene

(26) Denmark, S. E.; O’Connor, S. P.J. Org. Chem.1997, 62, 584-594.
(27) ∆Hq ) 17.3 kcal/mol at 0 K,∆Sq ) -32.5 cal/(mol K), and∆Gq ) 26.2

kcal/mol at 0 °C, 1 atm. These values are reasonable for a concerted
cycloaddition. The kinetic parameters of inter- and intramolecular Diels-
Alder reactions: Grimme, W.; Wiechers, G.Tetrahedron Lett. 1987, 28,
6035-6038.

Figure 4. Cyclopropanation of ethylene with ClZnCH2Cl in the presence
of a Lewis acid ZnCl2 (B3LYP/631A level). Energies relative to the starting
materials (SM) are shown in kilocalories per mole. Bond lengths in
optimized structures are shown in angstroms.
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solution and a tetramer in the solid phase.28 The present step-
by-step approach therefore provides useful information on the
actual events in the reaction mixture, where the monomeric
pathway and aggregation can compete with each other.

A. Allyloxyzinc Monomer and Its ZnCl 2 Complex. We
examined first the monomeric reaction pathway of the cyclo-
propanation of allyl alcohol, as shown in Figure 5. It is known
experimentally that the SS cyclopropanation of a free allylic
alcohol takes place through initial formation of an allylic
alkoxide.29 The product, cyclopropylmethoxide17, forms from
15 through the transition state of the cyclopropanation of16.
The calculated activation energy is 35.7 kcal/mol and is far
higher than the energy expected from the experimental condi-
tions (0°C in CH2Cl2). The forming C-C bonds in TS16 are
longer than those of the cyclopropanation of ethylene (2.4 and
2.6 Å, respectively), suggesting that TS16 is earlier than the
TS of the latter case. The angle O-Zn-C in 15 is 172°, and
the corresponding angle in16 is 125°. One can speculate that
such a large structural change causes a large deformation energy
and raises the activation energy. We therefore calculated
hypothetical bent structures of CH3ZnOH of Cs symmetry (see
ref 30). The decrease of the bond anglesθ from 172° to 125°
resulted in destabilization of the molecule by as much as 13.8
kcal/mol.

We also examined the SS reaction of ethylene with chloro-
methylzinc methoxide (18) to evaluate electronic effects of the

alkoxy group (Figure 6, at the B3LYP/631A level). While the
SS reaction with halomethylzinc alkoxide (not allyloxide) has
proved not to be an experimentally feasible reaction, the
activation energy was found to be 18.4 kcal/mol, which is only
1.1 kcal/mol higher than that of ClZnCH2Cl (7) (in Figure 2).29,31

The above results show that the high activation energy with16
is due to bending of the linear O-Zn-C bond in the TS (16)
of the reaction of allyloxyzinc complex15 rather than due to
the electronic effect of the allyloxy group.

Given the unrealistically high activation energy in the
monomeric reaction pathway, we studied the effect of a Lewis
acid (Figure 7, modes 1 and 2). Coordination of ZnCl2 to the
oxygen atom of allyl alcohol resulted in the formation of20,
which possesses a four-centered dinuclear zinc complex struc-
ture. Such structures have been frequently suggested as reactive
species, as shown in Scheme 3. The activation energy remained
very high (29.4 vs 35.7 kcal/mol in Figure 5). The angle
C-Zn-O in the starting material20 decreased to 149°, and
thus a part of the energetic cost of C-Zn-O bending in the
TS is paid already at the starting stage.

The mode 2 pathway with allyl alcohol was also studied, and
the results are shown on the right-hand side of Figure 7. The
mode 2 activation is much more effective than mode 1 as to
the C-C bond formation, but overall energetic loss against the
latter is evident. The much lower affinity of ZnCl2 for a chlorine
atom than for an oxygen atom resulted in the large energy loss
in mode 2 against mode 1.

The properties of reactants, complexes, and TSs may differ
considerably between the gas phase and the solution phase. Two
types of effects of the solvent on the reaction pathway were
examined, the bulk polarity and the explicit solvent coordination
for the conversion of20 to 22. When the dipole moment of
CH2Cl2 (a solvent frequently used in the SS reaction; dielectronic
constant,ε ) 9.814 at 0°C) is considered with the SCRF
method22 (without structure optimization), the activation energy
decreased by 1.5 kcal/mol to 26.4 kcal/mol. This reduction of
the activation energy may be due to stabilization of the
polarization of the C1-Cl bond. Explicit solvent coordination
was investigated next.

When a Lewis base solvent, dimethyl ether, was allowed to
coordinate to Zn1 in 20, the activation energy (from20ato 22a)
increased by 6 kcal/mol (Figure 8). When a chloromethane
molecule was allowed to coordinate to the same Zn1 atom as in
20b, the activation energy (from20b to 22b) decreased by 1.1

(28) Charette, A. B.; Molinaro, C.; Brochu, C.J. Am. Chem. Soc.2001, 123,
12160-12167. Although the authors did not observe aggregates of
halomethylzinc alkoxide in a benzene solution, the participation of an
aggregate species in the SS reaction cannot be excluded, as pointed out by
the authors.

(29) Charette, A. B.; Brochu, C.J. Am. Chem. Soc. 1995, 117, 11367-11368.
Halomethylzinc aryloxide and halomethylzinc triflate, which contain less
coordinative ligands than an alkoxide ligand, are more effective cyclopro-
panating reagents than the conventional halomethylzinc halides. Yang, Z.
Q.; Lorenz, J. C.; Shi, T.Tetrahedron Lett. 1998, 39, 8621-8624. Charette,
A. B.; Francoeur, S.; Martel, J.; Wilb, N.Angew. Chem., Int. Ed. 2000,
39, 4539-4542.

(30) Bent structures of CH3ZnOH (B3LYP/631A level).
(31) Although the theoretical activation energy of ca. 18 kcal/mol predicts the

cyclopropanation reaction of halomethylzinc alkoxide to be as feasible as
that of halomethylzinc halide, the former reaction is very sluggish at ambient
temperature without activation by a Lewis acid.28 This inconsistency in
the experimental observation and the theoretical activation energy can be
explained by considering the generation of higher aggregates of zinc species,
in which the zinc atom of the carbenoid is coordinatively saturated, as shown
in the following sections.

Figure 5. Structures and energetics of cyclopropanation of allyl alcohol
with ClZnCH2Cl via a monomeric alkoxide complex (B3LYP/631A level).
Bond lengths are shown in angstroms. Energies relative to15 are shown in
kilocalories per mole.

Figure 6. Cyclopropanation of ethylene with chloromethylzinc methoxide
(18) at the B3LYP/631A level.
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kcal/mol to 28.3 kcal/mol. The Lewis base solvent attenuates
the Lewis acidity of the zinc atom and slows down the SS
reaction.

B. Allyloxyzinc Dimer and Its ZnCl 2 Complex. Zinc
alkoxides (e.g.,15 and18) form higher aggregates in the solid
phase,28,32 and such aggregates are considered a necessary
intermediate of ligand exchange processes in Schlenk-type
equilibria of organozinc reagents. We thus investigated the
reaction of the aggregate starting with dimer models. The di-
µ-oxo bridged species24 in Figure 9 is a model dimer and
undergoes an intramolecular cyclopropanation with a 28.0 kcal/
mol activation energy (25). This result indicates that such a
higher aggregate itself is unlikely as a reactive intermediate of

the SS reaction, in agreement with the experimental observa-
tions.28

Coordination of a Lewis acid such as ZnCl2 to the chlorine
atom of the SS reagent is found to reduce the activation energy
in the dimer model. The ZnCl2 complexes26 and27 in Figure
10 are the dimer models of mode 1 and mode 2 activation,
respectively. The effect of mode 1 activation with ZnCl2 (26 to
28) was found to be negligible (∆Eq ) 27.9 kcal/mol; Figure
10, mode 1). Zn1 lies far (2.40 Å) from the oxygen atom in28,
and there is no true coordination between the two atoms, because
the O1 atom is tricoordinated in26and hence no longer a Lewis
base.

In sharp contrast to the negligible effect of the mode 1
activation on the activation energy of the cyclopropanation,
mode 2 activation on24 (Figures 10 and 11, mode 2) was found
to lower the barrier height to ca. 13 kcal/mol. Unlike the O1

atom, the Cl1 atom is not involved in the aggregate, and therefore
coordination of ZnCl2 to the Cl1 group takes place easily. In
these gas-phase calculations, we located a nonproductive

(32) Shearer, H. M. M.; Spencer, C. B.Acta Crystallogr., Sect. B1980, 36,
2046-2050.

Figure 7. Energy profile of cyclopropanation of allyloxide monomer with
ClZnCH2Cl in the presence of ZnCl2 (B3LYP/631A level). Mode 1:
coordination of ZnCl2 to oxygen. Mode 2: coordination of ZnCl2 to Cl1.
Bond lengths are shown in angstroms. Energies relative to the starting
materials are shown in kilocalories per mole.

Figure 8. Solvation model of the cyclopropanation of allyloxide monomer
with ClZnCH2Cl (B3LYP/631A level). (a) Me2O coordination to Zn atom
(Zn1) of the SS reagent and (b) MeCl coordination to the same Zn atom.

Figure 9. Cyclopropanation of allyloxide dimer with ClZnCH2Cl (B3LYP/
631A level). Bond lengths are shown in angstroms. Energies relative to24
are shown in italic.

Figure 10. Lewis acid activation model of cyclopropanation of allyloxide
dimer with ClZnCH2Cl (B3LYP/631A level). (a) Mode 1, ZnCl2 coordina-
tion to O1, and (b) mode 2, to Cl1. Bond lengths are shown in angstroms.
Energies relative to26 are shown in parentheses.
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intermediate27, where the added zinc chloride is held among
Zn1, Cl1, and the olefin. The TS of the cyclopropane formation
(29) was located 19.1 kcal/mol above27. Even considering the
3.6 kcal/mol energy difference between26 and27 (Figure 11),
mode 2 activation is favored over mode 1 activation by 5.1 kcal/
mol (29 - 28) in terms of the barrier height of the methylene
transfer. The trimetallic TS29 involves a rigid polycyclic
framework. The dihedral angle C2-C3-C4-O in 29was found
to be 132° and agrees with the value experimentally suggested
in Denmark’s asymmetric SS reaction (ca. 150°).26

C. Allyloxyzinc Tetramer and Its ZnCl 2 Complex. In the
solid state, CH3OZnCH3 exists as a cubic tetramer32 and may
also do so in a weakly coordinative solvent. We therefore
investigated the effect of ZnCl2 complexation on the reaction
of a tetrameric complex of the allyloxy-type SS reagent. Because
of the large size of the calculations, we performed the calcula-
tions here at the level of B3LYP/631A//HF/321A. The optimized
structures are shown in Figure 12. In30a, where, in the initial
geometry, we put ZnCl2 closer to the oxygen atom of the allyl
alkoxide (i.e., mode 1), the O1-Zn1 distance became 4.03 Å
after geometry optimization. The alkoxide oxygen, O1, coordi-
nates to three zinc atoms so that it is no longer a sufficiently
strong Lewis base to accept ZnCl2. In 30b (mode 2), ZnCl2 is
attached to the chlorine atom Cl1 (Zn-Cl1: 2.49 Å). Because
of this coordination,30b is 5.1 kcal/mol more stable than30a.
From 30b, we obtained the TS of cyclopropanation31 with
mode 2 activation, which lies 12.9 kcal/mol above30b, whereas
a TS with mode 1 activation could not be obtained (because of
the lack of Lewis acidity of the Zn2 atom).

In both the dimeric and the tetrameric models, the allyloxy
oxygen atoms in the aggregates are no longer basic and hence
are unlikely to serve as an anchor to a Lewis acid. On the other
hand, the efficiency of the Lewis acid activation of the halide
group on the carbenoid carbon atom is not affected by the
aggregation state of the zinc allyloxide moiety. Charette’s recent
studies have shown that monomeric halomethylzinc alkoxide
(e.g.,15) is the only experimentally observable dominant species
in benzene solution,28 and the present study suggests that such

a monomeric species may remain quite unreactive even in the
presence of one molecule of a Lewis acid. Therefore, some kind
of multimetallic aggregate involving the allyloxyzinc SS reagent
is likely to be a reactive intermediate.

D. The SS Reaction with 2-Cyclohexen-1-ol.The hydroxy-
group-directed SS reaction of 2-cyclohexen-1-ol is a pioneering
example of a functional-group directed stereoselective reaction.32

The kinetic effect as shown in Scheme 1 is rather subtle (i.e.,
a rate constant difference of only 3.35 times); nonetheless, we
examined this case because of its historical and practical
importance. Two conformers of cyclohexenols,O-pseudoequa-
torial and O-pseudoaxial 2-cyclohexen-1-ols, were used as
models of cis- and trans-5-methyl-2-cyclohexen-1-ols. The
methyl group, which occupies the equatorial position in each
half-chair conformer of the cyclohexenol, was omitted for
simplicity.

The model pathway for the pseudoequatorial cyclohexenol
is shown on the right-hand side of Figure 13 (at the B3LYP/
631A//B3LYP/321A level). Two complex structures,32and33,
were found. Whereas33 is a nonproductive complex,32 goes
smoothly to the TS of cyclopropanation34. The TS 34 for
pseudoequatorial cyclohexenol is similar to that for the allylic
alcohol (e.g., as to the two forming C-C bonds, 2.59 and 2.42
Å, and the angle C1-C2-C3, 67.2°). The dihedral angle O-C4-
C3-C2 is 140.0° and again is in good agreement with Denmark’s
suggestion.26

The reaction pathway of the cyclopropanation with pseudo-
axial cyclohexenol is shown on the left-hand side of Figure 13.
Two complexes (36 and37), transition state38, and cyclopro-
pane product39 were obtained. The energetics of the two
pathways are compared. As seen from the energy diagram, the
pseudoequatorial pathway is favored by 0.8 kcal/mol over the
alternative (calculation at 25°C to be 80% selective: Curtin-

Figure 11. Energy profile of Lewis acid activation model of cyclopropa-
nation of allyloxide dimer with ClZnCH2Cl (B3LYP/631A level). Energies
relative to the starting materials are shown in kilocalories per mole.RT* ,
representing an intermediate of the mode 2 pathway, was optimized with
restriction of the dihedral angle Zn1-CH2-Cl-Zn2 to avoid an artifact of
the gas-phase calculation, that is, the interaction between the CdC π bond
and Zn2 (found in the nonproductive intermediate27).

Figure 12. Modes 1 and 2 activation models of the tetrameric cluster
(B3LYP/631A//HF/321A).
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Hammet conditions being satisfied). The 0.8 kcal/mol energy
difference is perhaps too small to be truly meaningful, yet it is
still in accord with the experimental results (experimental
relative rate constants of 3.35:1 in Scheme 1 correspond to 0.73
kcal/mol energy difference). As the geometries of the Zn2-
containing fragment in34and38are very similar to each other,
the major difference between these two TSs resides in the
conformation of the cyclohexene moiety.

Conclusion

The present studies revealed that the reaction pathway of
cyclopropanation with a metal carbenoid depends on the nature
of the metal cation and its aggregation state. With lithium
carbenoid, two paths, methylene transfer and carbometalation/
elimination reaction pathways, have similar activation energies.
On the other hand, the methylene transfer pathway is the favored
reaction course in the SS reaction.

The methylene transfer reaction takes place through two
stages: an SN2-like displacement of the leaving group by the
olefin (A), followed by cleavage of the C-Zn bond (B) to give
the cyclopropane ring. The formalism of the reaction is
illustrated in Scheme 4.

The SS reagent reacts much faster with an allylic alcohol
than with a simple alkene.5 It is known that an allyloxy zinc

SS reagent forms quickly upon mixing the SS reagent and the
allylic alcohol (Scheme 5).29 Therefore, the faster rate seems
to be due to the intramolecular nature of the methylene transfer.
As shown above, however, the reality is more complex because
the monomeric complex15 undergoes intramolecular cyclo-
propanation with an extremely high activation energy (Scheme
5a).

Two events appear to be involved in the cyclopropanation
reaction of the allyloxy zinc complex (Scheme 5b): oligomer-
ization of the Zn-O moiety and coordination of the leaving X
group by the Lewis acid (ZnX2), which can be added on purpose
or is generated in situ as a byproduct of the SS reaction.
Although a monomeric halomethylzinc alkoxide is a predomi-
nant species in solution, ligand-scrambling of halomethylzinc
alkoxides suggests the existence of an aggregate as a short-
lived intermediate.28 The Lewis acid coordination to the halogen
atom on the halomethyl ligand (-CH2X), which has been fully
elaborated in the present studies, is likely to be a key event in
the SS cyclopropanation reaction. After all of the theoretical
and experimental studies, however, the origin of the very fast
SS reaction of an allylic alcohol is not entirely clear. In light of
the low reactivity of experimentally and theoretically identifiable
monomers (Scheme 5a), we suggest two possibilities (Scheme
5b and c). One is the involvement of the allyloxyzinc dimer,
which was discussed in the text. A similar but mechanistically
different possibility is the involvement of a mixed aggregate of
the allyloxyzinc and Lewis acid aggregates, such as (ZnX2)2.

Our model provides little information on the mechanism of
asymmetric cyclopropanation induced by a chiral Lewis acid.
On the basis of the present results, however, one can speculate
that the enantioselectivity arises from the diastereoisomerism
as to the orientation of the allyloxy group relative to the zinc

Figure 13. Energy profile of the SS reaction withO-pseudoequatorial and
axial cyclohexenol (B3LYP/631A//B3LYP/321A level). Bond lengths are
given in angstroms, and relative energies from32 are given in kilocalories
per mole.

Scheme 4

Scheme 5
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alkoxide cluster containing the chiral Lewis acid (LA*, Scheme
6). Diastereoselective coordination on the leaving group X can
also play some role.

The faster rate of the SS cyclopropanation of 2-cyclohexen-
1-ol in an O-pseudoequatorial conformation than in anO-
pseudoaxial one has been the subject of considerable speculation.
It was once ascribed to the dimeric transition state shown in
Scheme 3a and recently ascribed to the deactivation of theπC-C

orbital by interaction with theσC-O* orbital, which is absent in
the pseudoequatorial conformer.33-35

The present calculations predict that the pseudoequatorial
isomer reacts 4 times faster than the pseudoaxial one. The
estimated rate difference is close to the experimental value of
3.35, which is rather too small to discuss in detail. Nonetheless,
our model supports the argument in ref 35; that is, the electron-
withdrawing C-O bond retards the reaction in this conforma-
tion, because the SS reaction is essentially a nucleophilic
substitution of the X leaving group on the zinc carbenoid by
the olefin. We expect that the models that we have proposed
will be useful for the design of new SS reagents to achieve
higher selectivity and new reactivity.36
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