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The mechanistic understanding of the Simmons-Smith (SS)
reaction1 entered a new phase since the recent discoveries that
an added Lewis acid dramatically accelerates the SS reaction2-4

and a chiral Lewis acid effects enantioface selective cyclopro-
panation of allylic alcohol.5 Various models of Lewis acid effects
have been suggested, but neither detailed experimental nor
theoretical analysis on the Lewis acid participation has been
reported so far.6 With the aid of density functional theory
(B3LYP/631A),7 we have investigated the ZnCl2 acceleration of
the SS reaction of ethylene and allyl alcohol through comparison
among mono- to pentametallic organozinc clusters and found two
different modes of Lewis acid acceleration (paths A and B,
Scheme 1). Path B, which involves direct Lewis acid activation
of the leaving halogen atom3 (TS2), was found to be a more facile
process than more popular path A involving 1,2-chlorine migration
(TS1).
The Lewis acid effects were examined first for ethylene and

two isomeric aggregates of ClZnCH2Cl‚ZnCl2, RT1 andRT2
(Scheme 1). The di-µ-chlorodizinc(II) structure inRT1 is a
ubiquitous structure and is found for CF3CCl2ZnCl‚ZnCl2‚Et2O)2,8
which can be viewed as an inactivated SS reagent.RT2 is a
less stable isomer ofRT1 (by 3.5 kcal/mol). InRT2, the Cl1

leaving group is directly activated by ZnCl2, and the C1-Cl1 bond
is elongated.
In path A, RT1 (Cs) reacts with ethylene in a single step

reaction with retention ofCs symmetry throughout the reaction
course along intrinsic reaction coordinate (IRC), going directly
to a product (cyclopropane+ 2ZnCl2) with 57.5 kcal/mol
exothermicity throughTS1. The 1,2-migration of Cl1 from C1

to Zn1 is taking place inTS1. When compared with the prototypal
reaction (ClZnCH2Cl + ethylene,∆Eq ) 17.3 kcal/mol, B3LYP/
631A),5c,9∆Eq in path A is 4.7 kcal/mol lower (12.6 kcal/mol).10

In TS1, the activation is caused by Lewis acid activation of Zn1

through ZnCl2 complexation. The C1-Cl1 bond is elongated
(32% than inRT1), but C1-Zn bond is not cleaved yet (0.9% elongated). This geometrical feature as well as the charge

change11 indicates that the reaction is essentially an SN2 displace-
ment of Cl1 with ethylene. Such a picture is consistent with
experimental data.12

The five-centered complexRT2 (Cs) is very reactive, reacting
with ethylene viaTS2 only with 7.8 kcal/mol activation energy
(Scheme 1, path B).TS1 is C1 symmetric to minimize electro-
static interaction between Cl1 and Cl2 atoms. RT2, TS2, and a
cyclopropane product (not shown) are smoothly connected along
IRC. The C1-Cl1 bond fission takes place in a five-centered
manner, and Cl1 becomes attached to Zn2 later along IRC. Path
B is kinetically favored over path A by 1.3 kcal/mol (TS2 -
TS1).
Next, the allylic alcohol reaction was examined in four stages

(Scheme 2 and Figure 1): a monometallic speciesRT3, its ZnCl2
complex (RT4), a dimer modelRT5, and its two isomeric ZnCl2
complexes (RT6 and7). Very rapid SS cyclopropanation of a
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Scheme 1a

a Bond lengths and energy changes in italic at B3LYP/631A level are
shown in angstroms and in kcal/mol, respectively. Total energies ofRT1,
RT2, TS1, andTS2are-5438.64437,-5438.63714,-5517.20711, and
-5517.20918 hartrees, respectively.
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free allylic alcohol13 takes place through formation of a ternary
complex involving at least one molecule each of an allylic
alkoxide, SS reagent, and a Lewis acid. Structures such asRT4
have been suggested as reactive species.4,14

The monomerRT3 (Scheme 2) cyclopropanates with∆Eq )
35.7 kcal/mol.15 The energy cost of bending the linear O-Zn-
C1 bond (172.2°) in RT3, characteristic to coordination-free
monomeric Zn(II) species,16 to the 124.6° geometry in the TS of
cyclopropanation (not shown) is a major contributor to the higher
activation energy (ca. 10 kcal/mol). Deactivating effect of the
alkoxy group also contributes to the activation energy (CH3-
OZnCH2Cl is deactivated by 3.5 kcal/mol than ClZnCH2Cl toward
ethylene). The activation ofRT3 in mode A (i.e.,RT4) lowers
∆Eq to 29.4 kcal/mol. When the dipole moment of CH2Cl2 (a
frequently used solvent, 0°C; ε ) 9.814) is considered with the
self-consistent reaction field method17 (applied without structure
optimization), the energy becomes 26.4 kcal/mol. Because of
the high Lewis basicity of the O1 atom inRT3, a five-centered
complex corresponding toRT2 is overwhelmingly (by 23 kcal/
mol) less stable thanRT4, and hence, mode B activation is
unimportant on a monometallic species. The energy barrier
starting from the ZnCl2 complexRT4 (29.4 kcal/mol) is still too
high to account for the experiments.
Experimentally, a zinc alkoxide monomer such asRT3 may

not exist in solution, and will form higher aggregates.18 The
model dimerRT5 (Scheme 2) is a tight di-µ-oxo-bridged species
and undergoes intramolecular cyclopropanation with 27.9 kcal/
mol activation energy (structure not shown), which is quite high.

The effect of mode A activation with ZnCl2 (RT6 to TS3) was
found to be negligible (∆Eq ) 27.8 kcal/mol; Figure 1a).19

We then examined mode B activation onRT5 (Figure 1b).
Coordination of ZnCl2 to Zn1 of RT5 on the vacant coordination
site forms a stable complexRT7, where the added zinc chloride
is held among Zn1, Cl1, and the olefin. Moving C1 toward the
olefin led smoothly (along IRC) to the cyclopropane forming TS
(TS4) notably with only 19.1 kcal/mol activation energy (∆Hq

17.9 kcal/mol,∆Sq -2.6 e.u.,∆Gq 18.7 kcal/mol at 25°C, 1 atm).
Even by taking the 3.6-kcal/mol energy difference betweenRT6
andRT7, mode B activation is kinetically favored over mode A
activation by 5.1 kcal/mol (TS4- TS3). This is due to the loss
of Lewis basicity of O1 in RT5 (cf. RT3 vide supra), which will
also be the case in a tetramer.20

The trimetallicTS4 involves a rigid polycyclic framework. The
dihedral angle C2-C3-C4-O in TS4was found to be 132°, and
agrees with the ca. 150° value experimentally suggested in the
Denmark asymmetric SS reaction.14,21

The present studies revealed several pieces of new mechanistic
information. First, ZnCl2 lowers the energy barrier of methylene
transfer through two potentially competing modes of Lewis acid
activation. It is thus probable that the SS reaction under
conventional conditions benefits from Lewis acid assistance,3 since
zinc halide is generated in situ in the reaction. Theory favors
five-centered migration of the halide leaving group (path B) rather
than the 1,2-halide migration mechanism, which has been
described in the literature for many years.1

Second, mode B is particularly favorable for the SS reaction
of oligomeric allyl oxide SS reagent (TS4) and provides a new
working model of asymmetric SS reaction. It is also likely that
the reactive precursorRT7 and functionally related species20 will
form in various other ways. Such possibilities may account for
the experimental diversity of optimum conditions of asymmetric
SS reactions. Finally, the present research provides one of the
growing numbers of examples of metal cluster participation in
synthetically important organometallic reactions.22
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Figure 1. Cyclopropanation of allyl oxide dimer with ClZnCH2Cl
(B3LYP/631A level): (a) mode A, ZnCl2 coordination to O1 and (b) mode
B, to Cl1. Bond lengths are given in angstroms. Energies relative toRT6
are given in parentheses. Total energies ofRT6, RT7, TS3,andTS4are
-7105.23548,-7105.22976,-7105.19103, and-7105.19935 hartrees,
respectively.
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