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ABSTRACT: A computational study using a hybrid DFT method
(M06) on the cyclopropanation of endo-dicyclopentadiene with
Simmons−Smith zinc carbenoids is reported. Each channel
proceeds via the methylene-transfer mechanism with a reactant
complex (RC) and subsquently a asynchronous transition state
(TS). The channels with monomeric IZnCH2I attacking the
double bonds from the exo-face have a much lower barrier (about
16.17−18.43 kcal/mol) in the gas phase, compared with the
channels from the endo-face (21.80−31.13 kcal/mol). Thus, P1
and P3 are the primary cyclopropanated compounds, and P5 is the
sole final product, representing remarkable stereospecificity. When
considering the bulk solvent effect of diethyl ether, the barriers are
decreased about 0.50−7.77 kcal/mol due to more “destabilizatio-
n”of RC than TS. The solvated (ICH2)2Zn can further reduce the barriers about 0.18−2.30 kcal/mol. In addition, the solvated
IZnCH2I and (ICH2)2Zn do not change the reaction pathways and retain the stereospecificity. Our computational results agree
with the experimental observations quite well and suggest that both IZnCH2I and (ICH2)2Zn might be the active species in the
real reaction system. Regarding the solvent effect, the polar continuum model is more realistic than the direct involvement of
diethyl ether molecules.

■ INTRODUCTION

In 1958, Simmons and Smith reported a synthesis strategy for
cyclopropanated compounds involving the reaction of cyclo-
hexene with iodomethylzinc iodide.1,2 Subseqently, they treated
endo-dicyclopentadiene (endo-DCPD) with methylene iodide
and an equivalent amount of zinc−copper couple in refluxing
ether and obtained a single saturated product of pentacyclo-
[6.3.1.02,7.03,5.09,11]dodecane (P5, 63%) and two isomeric
cycloolefins C11H14 (P1, 12%; P3, 11%), along with unreacted
starting materials (14%) (see Scheme 1).3 Since that report, the
efficacious and facile Simmons−Smith reaction has been widely
employed to prepare various cylcopropanated compounds.4−11

To explain the reaction, Simmons and Smith proposed a
methylene-transfer mechnism with a concerted [1 + 2] addition
via a butterfly-type transition state, accompanied by the

migration of halide from carbon to metal atom.2 Later, a two-
step carbometalation mechanism involving a four-centered
transition state was also postulated (see Scheme 2).12−14 The
presence of mechanistic dichotomy inspired many theoretical
studies. Bernardi used DFT method to investigate the reaction
between ClCH2ZnCl and ethene and found that the concerted
methylene-transfer channel has a lower barrier with respect to
the insertion channel.15 Nakamura reported that methlyene-
transfer represents the reaction reality for the cylcopropanation
of ethene with LiCH2Cl or ClZnCH2Cl.

13,14 Recent calcu-
lations also suggest that the methylene-transfer pathway is
dominant in cyclopropanation using aluminum carbe-
noids.16−18 Furthermore, some researchers elucidated the
influence of carbenoid structure on the cyclopropanation.
Zhao reported that geminal dizinc carbenoids (RZn)2CHI (R =
Et or I) can substantially lower the reaction barrier, compared
with monomeric zinc carbenoids.19 Hermann and Boche
elaborated the influence of leaving group X (X = F, Cl, Br, I,
OH) on the nature of XZnCH2X carbenoids and concluded
that IZnCH2I has the lowest barrier.20 Also, samarium
carbenoids are reported to show properties similar to those
of lithium carbenoids.21,22
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Scheme 1. Experimental Results from the Cyclopropanation
of endo-DCPD with Zinc Carbenoids in Diethyl Ether
Solvent
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Meanwhile, under real conditions, cylcopropanation reac-
tions are usually conducted in oxygen-containing solvents.23

The solvent effect might be very significant not only on the
structure of the carbenoid but also on the reaction barrier.24

For example, n-BuLi itself is a hexamer (n-Bu6Li6) in the solid
state. However, in polar solvents such as diethyl ether,
tetramers and dimers of n-BuLi become predominant.25 The
calculation implemented by Lawrence showed that dimers,
trimers, and even tetramers may coexist in THF solution, along
with free lithium carbenoids.26 Ke and co-workers illustrated
that the aggregation of lithum carbenoids enhances the
methylene-transfer pathway.27 For zinc carbenoids, Simmons
and Rickborn reached the same conclusion that a mixture of
IZnCH2I and (ICH2)2Zn is formed as a result of Schelenk-type
equilibrium in diethyl ether.23,28 Then, Fabisch and Mitchell
experimentally detected (ICH2)2Zn by NMR, but it is not clear
whether these carbenoids can promote the cyclopropanation
reaction.29

On the other hand, most of the previous theoretical studies
are confined to the cyclopropanation of simple and symmetrical
olefins such as ethene, whereas the cyclopropanation
mechanism of multicyclic olefins such as endo-DCPD were
insufficiently investigated. The low symmetry of endo-DCPD
with two double bonds makes the reaction channel more
complicated, which is different from that of simple alkenes.
Moreover, the cyclopropanation of endo-DCPD is very
attractive in the synthesis of advanced aerospace fuel30 due to
its high density and energy.31−33 In this work, we carried out a
computational study on the cyclopropanation of endo-DCPD
with zinc carbenoids using a hybrid DFT method (M06),
focusing on the effects of diethyl ether solvent and (ICH2)2Zn.

■ COMPUTATIONAL DETAILS
All the stationary molecules and transtition states were fully optimized
with hybrid density functional M06.34,35 The 6-311+G(d,p) basis set
was implemented for C, H, Zn, and O atoms, and the LANL2DZ basis
set36−38 was used for the I atom. The combined basis set was

Scheme 2. Methylene-Transfer and Carbometalation Mechanisms for Cyclopropanation with Carbenoids

Scheme 3. Anticipated Cyclopropanated Compounds of endo-DCPD with Zinc Carbenoids
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abbreviated to BS in the following discussion. Analytical frequency
calculations at the same level were performed to confirm the optimized
stuctures as either a minimum or a first-order saddle point, as well as
to obtain the sum of electronic and zero-point energy. Intrinsic
reaction coordinate (IRC) calculations39,40 at the same level were
performed to confirm that the optimized transition states correctly
connect their corresponding reactants and products. Natural bond
orbital (NBO) analysis41,42 was performed to check the charge
distributions of related atoms. All the calculations were carried out in
the Gaussian 09 package.43 If not mentioned, the solvent-corrected
geometries and energies were calculated with the self-cosistent
reaction field (SCRF) method (polar continuum model).44,45

■ RESULTS AND DISCUSSION

1. Cyclopropanation of endo-DCPD with Monomeric
IZnCH2I in the Gas Phase. As mentioned in the introduction,
the methylene-transfer mechiansm is more favorable in the
cyclopropanation reaction, so only this mechiansm was
considered in this work. The carbenoid can attack both C
C bonds in norbornyl and cyclopentyl rings (denoted as NB
and CP, respectively) from different directions, and various
primary and complete cyclopropanated compounds can be
expected (see Scheme 3).
a. Primary Cyclopropanation of endo-DCPD. The

optimized structures and calculated energies of starting
materials (SM), reaction complexes (RC), transition states
(TS), and product complexes (PC) with ZPE correction on the
primary cyclopropanation of endo-DCPD to form P1−P4 in the
gas phase are displayed in Figure 1. The most stable
monomeric IZnCH2I in the gas phase possesses a special
geometry structure with I1, Zn, I2, and C1 planar (the I2−C1−
Zn−I1 dihedral angle is −0.246°), and the length of C1−I2, C1−
Zn, and Zn−I1 is 2.183, 1.932, and 2.429 Å, respectively. The
Zn−C1−I2, I2−C1−H, Zn−C1−H, and H−C1−H angles are
105.3°, 106.1°, 114.3°, and 109.7°, respectively (see Figure 3),
which indicates that the carbon atom in the monomeric zinc
carbenoid is almost sp3 hybridized. This is very distinct from
the almost sp2 hybridization in LiCH2I and ISmCH2I.

14,21 As
the zinc carbenoid approaches the NB CC bond, the
interaction between the zinc vacant p orbital and CC π
orbital promotes the formation of π-type complexes (RC1,
RC2). The NBO calculations reveal that natural charges of Zn
decrease from 0.871 in isolated IZnCH2I to 0.854, 0.815 in
RC1, RC2, respectively, and the C1 charges decrease
respectively from −1.155 to −1.168, −1.182. This reflects the
increment of the electron density of C1 and Zn in π-type
complexes, which stabilizes the π-type complexes and
significantly reduces the energy of reactants by 8.00 and
11.92 kcal/mol, respectively (see Figure 1). Subsequently, the
two complexes evolve into transition states (TS1, TS2) that
have the energy of 10.43 and 19.21 kcal/mol, respectively.
Then the cleavage of C1−I2 and C1−Zn leads to the formation
of C1−C3 and C1−C2 bonds.
As RC1 (RC2) goes to TS1 (TS2), the π electrons shift from

the C2C3 π orbital to C1−I2 σ* orbital, pushing the electrons
in the C1−I2 σ orbital to the I2 atom. In approaching the TS,
the electrons from the C1−I2 σ-bond facilitate the formation of
a Zn−I2 bond. Furthermore, this electron transfer contributes
to the partial formation of C1−C2, C1−C3 and the partial
breaking of C1−I2. The length of the C1−C2 bond is slightly
different from that of the C1−C3 bond in both TSs, reflecting
asynchronous addition of methylene to the CC bond. This
result is in agreement with the reports that monomeric Ti, Zn,
Al, Sm, and Li carbenoids with low symmetry react with

ethylene in an asynchronous manner.17−19,27 Furthermore, the
planar ethylene moiety undergoes significant pyramidalization
(5.57° and 21.25° for C2, 4.71° and 19.85° for C3 in TS1 and
TS2, respectively), which demonstrates that the sp2→sp3

rehybridization of C2 and C3 is required for the formation of
the cyclopropane ring.
The reactions on the CP CC bond are similar to those on

the NB CC bond (see Figure 1). The energy of the reactant
complexes (RC3, RC4) is 7.79 and 11.75 kcal/mol lower than
that of SM2, respectively. In TS3 and TS4, the C1−C2 bond is
longer than the corresponding C1−C3 bond, which is also
significant evidence for asynchronous addition on the CP C
C bond.
The calculated barrier for R1 and R3 (18.43 and 16.17 kcal/

mol) is much lower than that for R2 and R4 (31.13 and 22.25
kcal/mol), respectively (see Figure 1), demonstrating that
IZnCH2I tends to approach the double bond from the exo-face.
After the TS geometries are carefully checked, it is found that
the access from the endo-face (R2, R4) leads the CC bond
to undergo considerable pyramidalization (21.25° and 7.33° for
C2, 19.85° and 10.18° for C3, respectively). Meanwhile the
pyramidalization with exo-access (R1, R3) is much smaller
(5.57° and 2.4° for C2, 4.71° and 6.32° for C3, respectively). As
a result, the RC→TS evolution with the access from the endo-
face has to overcome higher energy barrier. In addition, the
energy gap between the frontier orbitals (LUMO and HOMO)

Figure 1. The reaction profiles of the primary cyclopropanation of the
NB (R1, R2) and CP (R3, R4) CC bond of endo-DCPD with
monomeric IZnCH2I (M06/BS level) in the gas phase. The bond
lengths are given in angstroms. Energies relative to the starting
materials are shown in the parentheses.
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(see Table 1) of P1 and P3 is, respectively, 0.006 and 0.008 au
higher than that of P2 and P4, which suggests that P1 and P3

are more stable. The thermodynamically favorable products (P1
and P3) predict the stereospecificity of cyclopropanation.
Actually, P1 and P3 appear in amounts equal to those of the
primary compounds in the experiment.3 Thus, in the following
section, only the further cyclopropanation of P1 and P3 are
considered.
b. Complete Cyclopropanation of P1 and P3. As shown in

Figure 2, when monomeric IZnCH2I approaches the remaining
double bond in P1 and P3, π-type complexes (RC5−RC8) are

formed with the energy of reaction systems lowered. Then the
reactions go from RCs to TSs by overcoming the energy
barrier. The discrepancy in bond length of C1−C3 and C1−C2

in TS5−TS8 also reveals the asynchronous addition to the
double bond. Note that the structural changes from RC to the
corresponding TS can reflect the order of the reaction barrier.
The elongation of the C1−I2 bond in TS6 is 0.115 Å longer
than that in TS5, so the barrier of R6 is higher (4.48 kcal/mol)
than that of R5. Similarly, the elongation of the C1−I2 bond in
TS8 is 0.295 Å longer than that in TS7, so R8 has a barrier 3.87
kcal/mol higher than that of R7 (see Figure 2).
The calculated barriers (see Figure 2) show that R5 and R7

are more facile to occur while R6 and R8 are not, which implies
that the monomeric IZnCH2I still tends to attack the remaining
CC bond from the exo-face. The two channels both lead to
the stereospecific final product P5, in agreement with
experimental results.3 In fact, P5 (0.239 au) has the highest
LUMO−HOMO energy gap among all the possible complete
cyclopropanated products (see Table 1).

2. Cyclopropanation of endo-DCPD with Monomeric
IZnCH2I in Diethyl Ether Solvent. The bulk solvent effect on
the cyclopropanation with monomeric IZnCH2I was inves-
tigated using the PCM solvation. Although the direct
involvement of solvent molecules is possible, the result
indicates that the former is more realistic (see below). Diethyl
ether solvent does not significantly change the structures of
solvated monomeric IZnCH2I (see Figure 3) and transition

states (TS1′−TS8′) (see Figure 4). The C1−Zn, C1−I2, and
Zn−I1 bond lengths of solvated IZnCH2I are just slightly
elongated by 0.018, 0.004, and 0.049 Å and the I2−C1−H, Zn−
Cl−H, and H−C1−H angles are 0.7°, 0.7°, and 0.2° smaller
than that in the gas phase, respectively. I1, Zn, C1, and I2 are still
planar because the I2−C1−Zn−I1 dihedral angle is 0.530°. For
TS1′−TS8′, the difference between the length of the C1−C2

and C1−C3 bonds confirms the asynchronous behavior of
solvated monomeric IZnCH2I.
Although the absolute energies are lower than in the case of

the gas phase, both RCs and TSs are “destabilized” in diethyl
ether solvent because their energies relative to the starting
materials(SM) are raised to some degree (see Table 2).
Furthermore, the “destabilization” is more obvious for the RCs,

Table 1. Energy Gaps (au) between the LUMOs and
HOMOs of P1−P7 Computed at the M06/BS Level

in gas phase in diethyl ether

LUMO HOMO Eg LUMO HOMO Eg

P1 −0.028 −0.252 0.224 −0.027 −0.253 0.226
P2 −0.030 −0.248 0.218 −0.030 −0.248 0.218
P3 −0.028 −0.253 0.225 −0.027 −0.254 0.227
P4 −0.030 −0.247 0.217 −0.029 −0.247 0.218
P5 −0.028 −0.267 0.239 −0.027 −0.267 0.240
P6 −0.029 −0.263 0.234 −0.028 −0.263 0.235
P7 −0.030 −0.266 0.236 −0.029 −0.267 0.238

aEg = LUMO − HOMO

Figure 2. The reaction profiles of the complete cyclopropanation of
P1 (R5, R6) and P3 (R7, R8) with the monomeric IZnCH2I in the gas
phase (M06/BS level). The bond lengths are given in angstroms.
Energies relative to the starting materials are shown in the parentheses.

Figure 3. The geometries of zinc carbenoids involved in this study
computed at the M06/BS level. The bond lengths are given in
angstroms.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo3015616 | J. Org. Chem. 2012, 77, 10065−1007210068



so the barriers decrease compared with the cases in the gas
phase. For example, the total energy of RC1′ is 3.81 kcal/mol
higher than that of RC1 while TS1′ is just 2.52 kcal/mol higher
than TS1; therefore, the barrier of R1′ decreases from 18.43
kcal/mol in the gas phase to 17.14 kcal/mol in solvent.
Additionally, NBO analysis reveals that the C1 and Zn natural

charges of RC1′−RC8′ are more positive compared with those
of RC1−RC8 (see Table 3). For example, the natural charges
of C1 increase from −1.179 in RC1 to −1.168 in RC1′, and the
Zn natural charges rise from 0.854 to 0.949. The increment of
C1 and Zn charges suggests the enhanced electrophilicity of
IZnCH2I in solvated reactant complexes, which also contributes
to the improved reactivity in cyclopropanation.

As illustrated in Table 2, the barriers for IZnCH2I attacking
from the exo-face (R1′, R3′, R5′, R7′) are much lower than that
of their competitive channels from the endo-face (R2′, R4′,
R6′, R8′), predicting that the reaction in solvent still shows
stereospecificity. The energy gap between the frontier orbitals
(see Table 1) of P1, P3, and P5 is, respectively, 0.008, 0.009,
and 0.005 au higher than that of P2, P4, and P6 in solvent. As a
result, P1 and P3 are the primary cyclopropanated compounds,
and P5 is the sole final product, in agreement with experimental
results.3

The direct involvement of diethyl ether solvent was also
assessed by considering the monomeric IZnCH2I coordinated
with one diethyl ether molecule. Two reaction channels (R1C,
R3C) with coordinated IZnCH2I attacking NB and CP CC
bonds from the exo-face were probed. As shown in Figure 5, in
the TSs (TS1C, TS3C), the Zn atom is coordinated by the O
atom of diethyl ether with a Zn−O bond of 2.143 and 2.142 Å,
respectively. Although the lengths of C1−I2, C1−C2, and C1−C3

in TS1C and TS3C are almost the same as those in TS1′ and
TS3′, the C1−I2−Zn−C1 dihedral angle in TS1C and TS3C

(−140.7° and −137.8°, respectively) is much different from
that in TS1′ and TS3′ (both 180°). This indicates that the

Figure 4. The geometries of the transition state of the cyclopropanation with monomeric IZnCH2I in diethyl ether solvent computed at the M06/BS
level. The bond lengths are given in angstroms.

Table 2. Relative Energies (kcal/mol) of Reactant
Complexes, Transition States, and Barriers for the Reaction
Channels in Diethyl Ether Solvent Computed at the M06/BS
Level

reaction channelsa E (RC) E (TS) ΔE (barrier)

R1′ −4.19 12.95 17.14
R2′ −2.06 21.30 23.35
R3′ −4.07 11.60 15.68
R4′ −5.76 14.00 19.77
R5′ −3.84 11.78 15.62
R6′ −3.94 15.73 19.67
R7′ −4.10 13.00 17.10
R8′ −2.53 20.32 22.85
R1″ −5.20 10.26 15.47
R2″ −5.54 18.39 23.93
R3″ −4.10 9.27 13.37
R4″ −6.96 12.95 19.91
R5″ −3.83 10.09 13.92
R6″ −4.92 14.57 19.49
R7″ −5.60 9.93 15.53
R8″ −6.09 17.42 23.51

aR1′−R8′ represent the channels with monomeric IZnCH2I in diethyl
ether solvent. R1″−R8″ represent the channels with (ICH2)2Zn in
diethyl ether solvent.

Table 3. Natural Charges of C1 and Zn in Reactant
Complexes Computed at the M06/BS Level

in gas phase (RC)
in diethyl ether

(RC′)

(ICH2)2Zn in
diethyl ether

(RC″)

reaction
channels C1 Zn C1 Zn C1 Zn

1 −1.179 0.854 −1.168 0.949 −1.160 1.194
2 −1.168 0.815 −1.160 1.011 −1.161 1.217
3 −1.182 0.856 −1.172 0.964 −1.158 1.238
4 −1.176 0.819 −1.167 0.895 −1.163 1.218
5 −1.176 0.854 −1.168 0.974 −1.157 1.241
6 −1.168 0.810 −1.169 0.868 −1.165 1.224
7 −1.179 0.857 −1.169 0.960 −1.158 1.192
8 −1.169 0.844 −1.168 1.023 −1.165 1.224
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planar monomeric IZnCH2I is transformed into pyramidal
geometry when one diethyl ether molecule coordinates a Zn
atom, due to the strong electronic repulsion between O and the
two iodine atoms.
Compared with the PCM solvation (see Table 3), the

electrophilicity increase for coordinated monomeric IZnCH2I
in the π-complexes (RC1C and RC3C) is not so much. The
natural charge of C1 is −1.182 and −1.189 in RC1C and RC3C,
and the Zn charge is 0.887 and 0.897, respectively. As a result,
the barrier of R1C and R3C (17.90 and 15.82 kcal/mol) is slight
higher than that of R1′ and R3′ (17.14 and 15.68 kcal/mol),
respectively. This result indicates that the direct involvement of
the solvent molecule is less possible than the PCM solvation.
3. Cyclopropanation of endo-DCPD with (ICH2)2Zn in

Diethyl Ether Solvent. Theoretical and experimental research
studies have shown that (ICH2)2Zn will be formed in diethyl
ether solvent via Schelenk-type equilibrium,23,28,29 but it is not
clear whether this carbenoid plays a role in the cyclo-
propanation reaction. As displayed in Figure 3, the dihedral
angle I2−C1−Zn−I1 in solvated (ICH2)2Zn is 110.4°,
predicting that the I2 and I1 are not planar. This is very
distinct from the monomeric IZnCH2I in the gas phase and
solvent. In this structure, the distance between the two iodine
atoms is maximized, so that the electrostatic repulsion and

steric hindrance are the lowest, resulting in the highest stability
among all possible conformations. In contrast, the Zn−C1(2)−
H, H−C1(2)−H, I2−C1(2)−H, and Zn−C1(2)−I2 angles in
(ICH2)2Zn are almost identical to those in solvated monomeric
IZnCH2I, which suggests that C1 and C2 in (ICH2)2Zn are also
sp3 hybridized. Furthermore, the length of C2−Zn and C2−I1 is
identical to that of C1−Zn and C1−I2, respectively, so that both
methylene moieties in (ICH2)2Zn can react with the CC
bond of endo-DCPD. The difference between the C1−C3 bond
and C1−C2 bond in TS1′−TS8″ (see Figure 6) means that
(ICH2)2Zn also accesses the NB and CP CC bonds in an
asynchronous manner.
Similar to the cyclopropanation with monomeric IZnCH2I,

the reaction with (ICH2)2Zn also proceeds via a butterfly-type
TS (see Figure 6). The C1 atom on one of the methylene
moieties partially bonds with C3 and C4, forming a rudimental
cyclopropane ring. The C1−I2 bond is simultaneously elongated
into partial fragmentation, and finally this bond is completely
broken with the electron-rich I2 atom attaching to the Zn atom.
Unlike the reaction with IZnCH2I, the byproduct is IZnCH2I
instead of ZnI2, which can participate in the formation of
(ICH2)2Zn again.
Notably, the involvement of (ICH2)2Zn can decrease the

barriers (0.18−2.30 kcal/mol) of most reaction channels,

Figure 5. The geometries of the transition state of the cyclopropanation with monomeric IZnCH2I coordinated with one diethyl ether molecule
computed at the M06/BS level. The bond lengths are given in angstroms.

Figure 6. The geometries of the transition state of cyclopropanation with (ICH2)2Zn in the diethyl ether solvent computed at the M06/BS level.
The bond lengths are given in angstroms.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo3015616 | J. Org. Chem. 2012, 77, 10065−1007210070



compared with the case of monomeric IZnCH2I in solvent (see
Table 2). The barriers of R1″, R3″, R5″, R7″ are much lower
than their competitive reactions (R2″, R4″, R6″, R8″). That is,
(ICH2)2Zn facilitates the reactions and retains the stereo-
specificity. The natural charges of C1 and Zn atom in most of
RC″ are increased when compared with those in the
corresponding RC′ (see Table 3), indicating the further
enhanced electrophilicity of (ICH2)2Zn in RC″.21 Taking
reaction channel 1 as an example, the natural charges of C1

increase from −1.168 in RC1′ to −1.160 in RC1″ and the Zn
natural charges rise from 0.949 to 1.194. The increase in
electrophilic character of (ICH2)2Zn in RC″ is believed to
contribute to the high reactivity. This result shows that the
reaction channels with (ICH2)2Zn are more preferred than
those with monomeric IZnCH2I. Therefore, in the real solvated
system, the active carbenoids might be a mixture of monomeric
IZnCH2I and (ICH2)2Zn. However, it is difficult to determine
which one contributes more to the reaction at the present stage.

■ CONCLUSION
The cyclopropanation of endo-dicyclopentadiene occurs via a π-
complex and succeeding an asynchronous transition state. The
carbenoids tend to attack the CC bonds from the exo-face
and show lower barriers, compared with channels from the
endo-face. Thus, a high stereospecificity is obtained. Diethyl
ether solvent notably decreases the reaction barriers because of
more “destabilization” of reactant complexes (RC′) than of
transition states (TS′). The PCM solvation is more realistic
than the direct involvement of solvent molecules. Moreover,
when solvated (ICH2)2Zn is involved, the reaction barriers are
further decreased, so it is very possible that the mixture of
IZnCH2I and (ICH2)2Zn serves as the active carbenoids in
reality. In all the calculations (in the gas phase or solvent,
IZnCH2I and (ICH2)2Zn carbenoids), P1 and P3 are the
primary cyclopropanated products and P5 is the sole final
product, in good agreement with the experimental results.
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