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Density functional theory calculations for the lithium carbenoid-promoted cyclopropanations in aggregation
and solvation states are presented in order to investigate the controversy of the mechanistic dichotomy,
that is, the methylene-transfer mechanism and the carbometalation mechanism. The methylene-transfer
mechanism represents the reaction reality, whereas the carbometalation pathway does not appear to compete
significantly with the methylene-transfer pathway and should be ruled out as a major factor. A simple
model calculation for monomeric lithium carbenoid-promoted cyclopropanations with ethylene in the
gas phase is not sufficient to reflect the reaction conditions accurately or to determine the reaction
mechanism since its result is inconsistent with the experimental facts. The aggregated lithium carbenoids
are the most probable reactive species in the reaction system. The calculated reaction barriers of the
methylene-transfer pathways are 10.1 and 8.0 kcal/mol for the dimeric (LiCH2F)2 and tetrameric (LiCH2F)4
species, respectively, compared with the reaction barrier of 16.0 kcal/mol for the monomeric LiCH2F
species. In contrast, the reaction barriers of the carbometalation pathways are 26.8 kcal/mol for the dimeric
(LiCH2F)2 and 33.9 kcal/mol for the tetrameric (LiCH2F)4 species, compared with the reaction barrier of
12.5 kcal/mol for the monomeric LiCH2F species. The effects of solvation were investigated by explicit
coordination of the solvent molecules to the lithium centers. This solvation effect is found to enhance
the methylene-transfer pathway, while it is found to impede the carbometalation pathway instead. The
combined effects of the aggregation and solvation lead to barriers to reaction in the range of 7.2-9.0
kcal/mol for lithium carbenoid-promoted cyclopropanation reactions along the methylene-transfer pathway.
Our computational results are in good agreement with the experimental observations.

Introduction
Carbenoid-promoted cyclopropanation reactions are a very

important method to produce cyclopropanes. Since the pioneer-

ing work by Simmons and Smith1,2 using IZnCH2I reacted with
olefins to form cyclopropanes, many efforts have been invested
in this field not only for synthetical utilities3-8 but also for
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theoretical interest.9-16 There has long been a mechanistic
discussion about these cyclopropanation reactions, that is, a
methylene-transfer pathway and a carbometalation pathway (see
Scheme 1).10,11,13,17,18The methylene-transfer mechanism was
originally proposed by Simmons and Smith2 and is a concerted
[1 + 2] addition through a butterfly-type transition state (TSM),
accompanied by a migration of the halide anion from the carbon
atom to the metal atom. On the other hand, the two-step
carbometalation mechanism involves a four-centered transition
state (TSC) to give intermediate1 followed by an intramolecular
substitution to furnish the cyclopropane.11,17-19

The mechanistic dichotomy for carbenoid-promoted cyclo-
propanation reactions is suggested to be metal dependent. For
zinc carbenoids, Wittig reported an experimental proof for the
methylene-transfer pathway,17 and theoretical comparison11,13

also suggests that the methylene-transfer pathway represents the
reaction reality. Aluminum carbenoid-promoted cyclopropana-
tions were first found experimentally by Yamamoto and co-
workers,20 and recent calculations suggested that the methylene-
transfer pathway is predominantly favored and that the
competition from the carbometalation pathway is negligible.21

Lithium carbenoids were found early in the 1960s to give the
expected arylcyclopropanes in the presence of olefins at-10

°C with the yields ranging from fair to good.22 However, the
controversy of the mechanistic dichotomy for lithium carbenoid-
promoted cyclopropanations has not yet been resolved. Hoberg
reported that carbometalation might operate,19 whereas Burger
has thought carbometalation should be unreasonable.23 Hoff-
mann and Nakamura suggested in later publications that
methylene-transfer and carbometalation pathways might compete
in lithium carbenoid-promoted cyclopropanations.11,13,18Naka-
mura and co-workers calculated the cyclopropanation reaction
of LiCH2Cl with C2H4 at the B3LYP/6-31G* level and found
that the transition-state energy for the methylene-transfer
pathway is 3.8 kcal/mol and that for the carbometalation is 2.1
kcal/mol. They suggested that there was a competition between
these two pathways. Samarium carbenoids,24,25 having similar
properties to the lithium carbenoids, may also have this
mechanistic dichotomy.14,15 Experimental evidence is still not
available to determine this mechanistic controversy. Which
pathway represents the reaction reality? Does competition
between them exist in the reaction reality? Further investigation
is necessary to settle this fundamental mechanistic question.

It has been experimentally documented that the LiCH2-
halogen carbenoids are much more reactive than the LiCH2-
OR for cyclopropanation reactions.12,26-28From experimental
experience, it is evident that the LiCH2-halogen can cyclo-
propanate olefins efficiently even at-78 °C.12,22However, the
low tendency of the LiCH2OR carbenoids for cyclopropanations
was reported by Schöllkopf et al. They found that the reactions
of LiCH(Ph)-OPh with olefins only give cyclopropanes in very
low yields. The influence of the leaving groups, X (X) F, Cl,
Br, I, and OH), on the carbenoid character of the LiCH2X was
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SCHEME 1. The Methylene-Transfer Mechanism and Carbometalation Mechanism for Carbenoid-Promoted
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studied theoretically by Boche and co-workers.12 They focused
only on the methylene-transfer mechanism and found that
different LiCH2-halogen carbenoids have rather similar low
transition-state energies, but the LiCH2-OH has a roughly 2.5
times higher transition-state energy than that of the LiCH2-
halogen. The different influences of the X substituents on the
mechanistic dichotomy of the lithium carbenoid-promoted
cyclopropanations, however, have not yet been examined further.
In the light of our continuing interest on carbenoid-promoted
cyclopropanation reactions,14-16,21,29we have performed quan-
tum mechanical studies on cyclopropanations of the LiCH2X
(X ) halogen and OR) carbenoids with ethylene along the
methylene-transfer and carbometalation pathways to help de-
termine the reaction mechanism.

Organolithium compounds are often depicted as mononuclear
species. However, such compounds are, in fact, aggregated spe-
cies (see a review by van Koten et al. and reference therein30).
The different aggregation states may exhibit different properties
and reactivities.31 For instance,n-BuLi itself is a hexamer (n-
Bu6Li6) in the solid state, and this aggregation state is at least
partially retained in solution in apolar media; however, in sol-
vents such as diethyl ether, the presence of tetramers and dimers
becomes predominant.32 A NMR study revealed that the TME-
DA solvate of 2-lithiobenzofuran and 2-lithiobenzothiophene
is dimeric in toluene, similar to the calculated dimeric structures
for fluoromethyllithium and chloromethyllithium.31,33A recent
computational study of mixed aggregates of chloromethyllithium
with lithium dialkylamides was reported by Pratt.34 All of these
results might be expected to have some resemblance to the
LiCH2X carbenoids. Some early reports suggested that the ther-
modynamics of dissociation of carbenoids to produce free car-
bene depends on the states of aggregation.3,9bThese aggregated
species are important for the interpretation of the reaction pro-
perties and the information related to mechanism(s) of the cyclo-
propanations. To our knowledge, there have been no studies
examining how the aggregated lithium carbenoids influence the
reactivities of the lithium carbenoid-promoted cyclopropana-
tions. Here, we are pleased to report a computational study of
the cyclopropanations of the aggregated lithium carbenoid
species with ethylene on both methylene-transfer and carbo-
metalation pathways. Our results show that the methylene-trans-
fer pathway is highly favored over the carbometalation pathway
in the aggregation states. Comparison of different substituted
lithium carbenoid (LiCH2-halogen and LiCH2OR)-promoted
cyclopropanations in aggregation states strongly supports our
results and is in good agreement with the experimental observa-
tions.

Solvent molecules may be strongly coordinated, and it is
essential to include this effect in realistic models of the structures
and reactivity of reactive species in the solution phase.31

Persistent coordination of polar solvent molecules to organo-
lithium in the liquid solution phase has been well-documented

by NMR spectroscopy, kinetics, and computational methods,
as well X-ray crystal structural characterization.36-42Recently,
Pratt and co-workers reported structural studies on lithium
carbenoids in ethereal solvent.31,43 In the study of the reaction
of the analogous organolithium compound MeLi with formal-
dehyde, Hæffner showed that the solvent has a pronounced
effect on these reactions and results in mechanism variations.35

A recent study by Zhao et al. also revealed that solvation has a
different effect on the mechanistic dichotomy for cyclopropa-
nations of a samarium carbenoid with ethylene.14 However, to
our knowledge, the explicit solvation effect on the lithium
carbenoid-promoted cyclopropanations has not been considered
in previous theoretical studies. Here, we have investigated how
solvation affects the mechanism by explicitly coordinating
solvent molecules to the monomeric and aggregated lithium
carbenoids. Explicit solvation has substantially different effects
on the mechanistic dichotomy. Explicit solvation enhances the
methylene-transfer pathway but impedes the carbometalation
pathway. The combined aggregation and solvation effects make
the reaction barrier of the methylene transfer decrease to the
7.2-9.0 kcal/mol range, whereas the reaction barrier of the
carbometalation pathway is predicted to be much higher. Our
study indicates that calculations simply with the monomeric
species in the gas phase cannot accurately reflect the real
reaction. The investigation shows how both aggregation and
solvation influence the reaction mechanism(s) for lithium
carbenoid-promoted cyclopropanation reactions and also offers
insight into the reaction mechanisms of many aggregated
organometallic compounds in polar solvents.

Computational Methods
All molecules and transition states were fully optimized with

the density functional theory (DFT) using the hybrid B3LYP density
functional.44,45Analytical frequency calculations at the same level
were done in order to confirm the optimized structures to be either
a minimum or a first-order saddle point, as well as to obtain the
zero-point energy (ZPE) correction. Intrinsic reaction coordinate
(IRC) calculations46,47 were performed to confirm the transition
states connecting the relevant reactants and products. All geometry
optimizations, frequency calculations, and IRC calculations were
carried out with the 6-311G** basis set48-50 for all of the atoms of
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8, 1688-1696.
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reactions. The Boys localization procedure51,52 was performed to
obtain localized Kohn-Sham orbitals53 (LOs). Natural bond orbital
(NBO) analysis was performed at the same level as the one used
for geometry optimization.54 All of the calculations were carried
out using the Gaussian 03 program.55 For the computational facility,
LiCH2F was selected as an example for the LiCH2-halogen
carbenoids commonly used in experiments. A previous study
showed that different LiCH2-halogen carbenoids have rather similar
reactivities during cyclopropanations.12 LiCH2OH was selected as
the model for the LiCH2OR carbenoids, which has a low tendency
for cyclopropanations, as documented experimentally. These reac-
tions usually take place in ether solvent. The aggregation states
for the carbenoid LiCH2X are denoted as (LiCH2X)2 and (LiCH2X)4

for the dimer and tetramer, respectively, in all of the figures and
tables presented here. To estimate the solvation effect, we added
dimethylether (DME) molecules explicitly coordinated to the lithium
centers of the lithium carbenoids. The lithium carbenoids coordi-
nated with DME molecules are denoted as (LiCH2X)m/(DME)n (m
) 1, 2, and 4;n ) 0, 1, 2, and 4) in all of the figures and tables
presented here. The polarized continuum model (PCM)56 for ether
solvent (ε) 4.335) was also applied to estimate reaction barriers
using Bondi’s set of atomic radii.57

According to previous studies,9,11,12 these cyclopropanation
reactions begin with the starting materials [SM) (LiCH2X)m/
(DME)n + C2H4; m ) 1, 2, and 4;n ) 0, 1, 2, and 4]. The SM
first forms the reactant complex (RC). On the methylene-transfer
pathway, the formed RC furnishes cyclopropane in a concerted way
through the butterfly-type transition state (TSM). On the carbo-
metalation pathway, the RC goes upon the four-centered transition
state (TSC) to form the intermediate (IM), which then gives the
products by a subsequent intramolecular substitution reaction.
According to the previous studies of the mechanism dichotomy,
the intramolecular substitution process to produce the cyclopropanes
will not be discussed further in this paper.11,13,14

Results and Discussion

A. Cyclopropanations of the Monomeric LiCH2X (X ) F
and OH) Carbenoids with Ethylene.The calculation results
of cyclopropanations of the monomeric LiCH2X (X ) F and
OH) with ethylene along methylene-transfer and carbometalation
pathways are shown in Figure 1.58 The carbenoid character of
LiCH2X (X ) halogen and OR) has attracted experimental and
theoretical attentions for some time. The most stable isomer of
the monomer LiCH2X is the one that has a X-bridged, carbon-

lithium bond,3,9,31,59as shown in SM in Figure 1. Study of the
electronic structures of carbenoids helps to understand the origin
of the mechanistic dichotomy. With the aid of Boys’ localized
Kohn-Sham orbitals, we found that the LO1 of LiCH2F
represents the C1-X σ* bond, which is quite close to the empty
p orbital of the simplest carbene, singlet methylene. This orbital
prefers a reaction with nucleophiles in the direction indicated
by the arrow in Figure 2.9a The electrophilic attack of the C1-X
σ* bond on theπ bond of the ethylene leads to the formation
of the butterfly-type TSM1 on the methylene-transfer pathway.
On the other hand, LO2 is responsible for the strong nucleophilic
C1-Li σ bond of LiCH2F, which is quite close to the filled sp2

orbital of the simplest carbene methylene and prefers a nucleo-
philic attack in the arrow direction, as shown in Figure 2. The
donor of the C1-Li σ bond to theπ* ethylene orbital leads to
the formation of the four-centered transition state TSC1 along
the carbometalation pathway. There is a significant difference
between the electronic features of these two transition states.
As shown in Figure 2, LO3 of TSM1 represents the interaction
between the C1-X σ* bond of the carbenoid LiCH2F and the
π bond of the ethylene. The donor of theπ electrons assists to
cleave the C1-X σ bond. One can also see that the C1-Li σ
bond interacts with theπ* ethylene orbital, leading to the partial
formation of the C1-C2 σ bond and the weakening of the C1-
Li σ bond in LO4. Therefore, it is reasonable to describe the
TSM as a carbenoid LiCH2X with decomplexed LiX, approach-
ing C2H4.12 As for carbometalation, theπ orbital is polarized
toward the C2 atom, leading to the interaction between the C2

atom and the Li atom, as shown in LO5. LO6 of TSC1 represents
good overlap of the C1-Li σ bond and the polarizedπ* orbital
of ethylene in the four-centered transition state, which leads to
the strong interaction between the C1 and C3 atoms to form the
C1-C3 σ bond. Therefore, the TSC can be viewed as the
simultaneous addition of the methylene nucleophile and the
metal electrophile in a push-pull manner.60

SM1 first forms aπ-type reactant complex, RC1, which is
lower in energy by 8.2 kcal/mol. The formed RC1 then goes
upon the transition state TSM1 along the methylene-transfer
pathway or upon the TSC1 along the carbometalation pathway.
The transition-state energies (relative to SM) of TSM1 and TSC1
are calculated to be 7.8 and 4.3 kcal/mol, respectively. The
calculated transition-state energy of the methylene-transfer
pathway is very similar to that obtained by Boche at the MP2/
6-311G** level (7.4 kcal/mol). Energy analysis shows that the
transition-state energy for the carbometalation pathway is lower
than that for the methylene-transfer pathway. A similar result
was reported by Nakamura and co-workers for the cyclopro-
panation reaction of LiCH2Cl with ethylene at the B3LYP/6-
31G* level. They found that the energy of the transition state
for the methylene-transfer pathway is 3.8 kcal/mol and that for
the carbometalation is 2.1 kcal/mol. They suggested that there
may be competition between these two pathways.11,13 Only
judging by the relative energies for the transition states in the
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State; Academic Press: New York, 1968.
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Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
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03, revision D.01; Gaussian, Inc.: Wallingford, CT, 2004.
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calculation for the cyclopropanations of the monomeric LiCH2F
with ethylene in the gas phase, the carbometalation pathway
can compete with and even be more favored than the methylene-
transfer pathway.

The calculation result of the cyclopropanation of LiCH2OH
with ethylene was depicted in Figure 1B. Changing the
substituent F to OH, one can see that the distances of the Li-
C1 (2.084 Å) in TSM2 is 36.1% longer than that of the SM2
(1.531 Å), whereas the distances of the Li-C1 (2.084 Å) in
TSM1 is only 24.5% longer than that of the SM1 (1.590 Å).
The elongation of O-C1 bonds from SM2 to TSM2 is 4.6%,

which is also more than that of the F-C1 from SM1 to TSM1
(4.0%). The distances of the C1-C2 and C1-C3 bonds (C1-
C2, 2.092 Å; C1-C3, 2.455 Å) in TSM2 are smaller than those
in TSM1 (C1-C2!, 2.258 Å; C1-C3!, 2.529 Å). These suggest
that TSM2 is a later transition state compared to TSM1 with a
much higher transition-state energy of 19.0 kcal/mol. As for
the carbometalation pathway, the distances of Li-C2 (2.035 Å)
and C1-C3 (2.185 Å), the key geometric parameters for the
transition state TSC2, are longer than those of the TSC1 (values
of 2.028 and 2.132 Å, respectively), indicating that TSC2 is an
earlier transition state compared to TSC1. The transition-state

FIGURE 1. Reaction profiles of the monomeric lithium carbenoid LiCH2X (A, X ) F and B, X) OH)-promoted cyclopropanations of ethylene
along the methylene-transfer and carbometalation pathways (B3LYP/6-311G** level). Selected parameters are given in Å. Energies relative to the
starting materials (SM) LiCH2X + ethylene) are shown in kcal/mol in the parentheses. Lithium is shown in purple, oxygen is shown in red, and
fluorine is shown in green.
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energy of TSC2 for the carbometalation pathway is only 1.1
kcal/mol. This is much lower than that of TSM2 for the
methylene-transfer pathway (19.0 kcal/mol).

These results are surprising in that the methylene-transfer
pathway cannot compete with the carbometalation pathway in
the cyclopropanation of LiCH2OH with ethylene. However, does
the carbometalation pathway represent the reaction reality or
really compete with the methylene-transfer pathway in experi-
ments? This question still remains unsettled when considering
the experimental facts that the LiCH2-halogen carbenoids are
much more reactive than the LiCH2-OR for cyclopropanation
reactions.12,26-28 The LiCH2-halogen can cyclopropanate olefins
efficiently even at-78 °C, but the reactions of the LiCH2OR
carbenoids with olefins only give cyclopropanes in very low
yields. The reaction barrier (relative to RC) for LiCH2OH along
the carbometalation pathway is 8.8 kcal/mol, lower than that
for LiCH2F (12.5 kcal/mol). This obviously contradicts the
experimental observation that the LiCH2-halogen carbenoids
are much more reactive than the LiCH2-OR. The reaction
barrier for LiCH2OH along the methylene-transfer pathway is
26.7 kcal/mol, which is much higher than that for LiCH2F with
the value of 16.0 kcal/mol. This is, on the contrary, in qualitative
agreement with experimental results. Although the calculation
results show that the reaction barriers for the carbometalation
pathways are lower than those for the methylene-transfer
pathways, the carbometalation may not operate due to their
inconsistency with the experimental observations. These simple
model calculations for cyclopropanations of monomeric LiCH2X
with ethylene in the gas phase are not sufficient to reflect the
reaction reality or to determine the reaction mechanism. The
carbenoid is undoubtedly solvated and aggregated in the reaction
solution.9a We will discuss the cyclopropanations of the lithium
carbenoids with ethylene in aggregation and solvation states so
as to determine a better description of the reaction mechanism.

B. Cyclopropanations of LiCH2X (X ) F and OH)
Carbenoids with Ethylene in Aggregation States.Organo-
lithium compounds are, in fact, aggregated species in the
reaction systems.30 The different aggregation states exhibit
different properties and reactivities.31 As reported in previous
studies, dimers and tetramers are the most stable aggregation
states for organolithium compounds in a polar solvent.32 Here,
we investigate the dimeric and tetrameric LiCH2X (X ) F and
OH) carbenoids and their cyclopropanation reactions with
ethylene to estimate the effect of aggregation on the reaction
reactivities and to determine the most likely reaction mechanism.
The reaction profiles and the optimized geometries are shown
in Figure 3.

The optimized geometries of the dimeric LiCH2X (X ) F
and OH) carbenoids haveC2h symmetry, as shown in Figure
3A and B. These structures are very similar to those of the
dimeric LiCH2F and LiCH2Cl previously studied by Pratt et
al.31 The methylene group is stabilized by the lithium-lithium
bond (2.349 Å) in the dimeric (LiCH2F)2 species (see SM3 in
Figure 3A) where the distances of the C1-Li1 and C1-Li2 bonds
are 2.239 and 2.133 Å, respectively. The aggregation of two
monomeric LiCH2F to form the dimeric (LiCH2F)2 is strongly
exothermic by-44.6 kcal/mol in the gas phase. As depicted in
Figure 3A, the dimeric (LiCH2F)2 species first forms a reactant
complex, RC3, with ethylene. Because of the aggregation, the
stabilization energy of thisπ-type interaction decreases to 4.2
kcal/mol, from 8.2 kcal/mol for the monomeric LiCH2F case.
As the reaction goes along the methylene-transfer or the
carbometalation pathways, there are significant differences
attributed to the aggregation of the carbenoids. The most
interesting result is that the transition-state energy of TSM3 for
the methylene-transfer pathway decreases to 5.9 kcal/mol,
whereas the transition-state energy of TSC3 for the carbometa-
lation pathway increases significantly to 22.6 kcal/mol, com-
pared to the monomeric LiCH2F + ethylene system. Considering
the lesser stabilization of the reactant complex, the reaction
barrier for the methylene-transfer pathway is 10.1 kcal/mol,
which is 5.9 kcal/mol lower than that of the monomeric case.
In contrast, the reaction barrier for the carbometalation pathway
is 26.8 kcal/mol, which is much higher than that of the
monomeric case (12.6 kcal/mol). The enhancement of the
reactivity for the methylene-transfer pathway can be understood
by structural analysis of the transition state. As the ethylene
approaches the methylene, the leaving fluorine atom strongly
interacts with both of the two lithium ions. The lengths of the
Li1-F and Li2-F bonds are 1.735 and 1.871 Å, respectively,
as shown in Figure 3A. As discussed in section A, the character
of TSM can be described as a carbenoid species with decom-
plexed LiX, approaching C2H4. The formation of the Li-X bond
can compensate for other structural changes in the transition
state.12 The interaction of two lithium ions with the leaving
fluorine in the TSM3 compensates much more than that of the
TSM1, which has only one formed Li-F bond. This leads to a
lower transition-state energy for the TSM3. On the other hand,
the geometry of the TSC1 for the carbometalation changes in a
very different manner. As depicted in Figure 3A, the Li2-C1

bond in the TSC3 has been completely cleaved compared to
that in RC3 and SM3. Moreover, there is no compensation for
the interaction of the lithium ions and the fluorine atom because
the Li1-F bond (1.863 Å) is longer than that of the RC3 (1.770

FIGURE 2. Localized Kohn-Sham orbitals (LOs) of LiCH2F, TSM1, and TSC1. All of the LOs (0.02 isovalue) were obtained at the B3LYP/
STO-3G level for the B3LYP/6-311G** geometries.
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Å) and the Li2 atom and F atom have no interaction with each
other. Furthermore, the less positive natural charge distribution
on the lithium ion (0.847) of the (LiCH2F)2 than that (0.889) of
the LiCH2F makes the lithium electrophile addition in the
transition state relatively more difficult. Thus, the carbometa-
lation pathway has a much higher reaction barrier of 26.8 kcal/
mol and cannot compete with the methylene-transfer pathway,
of which the reaction barrier is only 10.1 kcal/mol.

The most stable isomer of the tetrameric (LiCH2F)4 species
is S4 symmetric, as shown in Figure 3C. The four lithium ions
interact with each other to form a tetrahedral structure in the
(LiCH2F)4 species, where each of the methylene groups is
stabilized by a three-lithium ring. The aggregation of two
dimeric (LiCH2F)2 to form the tetrameric (LiCH2F)4 is also
strongly exothermic by-31.2 kcal/mol in the gas phase. The
stabilization energy of the reactant complex RC5 relative to SM5
is slightly lower by 1.1 kcal/mol compared to that of the RC3
due to the multiple aggregation of the tetrameric (LiCH2F)4
species compared to that of the dimeric (LiCH2F)4 species. As
for the methylene-transfer pathway, the transition-state energy
of TSM5 is decreased slightly by 1.0 kcal/mol compared to that
of the TSM3. One can see that, except for the formation of Li1-F
and Li2-F bonds, there also exists a certain interaction between
the Li3 and F atoms to compensate for other structural changes
in TSM5. The distance between the Li3 and F atoms is 2.659 Å,
which is closer than the sum of their van der Waals radii. This
further decreases the reaction barrier of the methylene-transfer
pathway to 8.0 kcal/mol. With regard to the carbometalation
pathway, larger structural changes from the SM5 and RC5 to
the transition state TSC5 can easily be identified compared to
that of the (LiCH2F)2 case. The Li2-C1 and Li3-C1 bonds are
both completely cleaved in the TSC5, indicating the reaction
needs to overcome a higher barrier. It is also disadvantageous
for the carbometalation that the natural charge distribution in
the lithium ion further decreases from 0.847 for (LiCH2F)2 to
0.828 for (LiCH2F)4. In the tetrameric aggregation case, the

reaction barrier of the carbometalation pathway (33.9 kcal/mol)
increases even further from that of the methylene-transfer
pathway (8.0 kcal/mol).

Because it has been experimentally documented that the
LiCH2-halogen carbenoids are much more reactive than the
LiCH2-OR for cyclopropanation reactions,12,26-28 a study of
the LiCH2OH carbenoids with ethylene in their aggregation
states was also carried out here to estimate the different
reactivities between these two kinds of lithium carbenoids. The
reaction profiles and the geometries are shown in Figure 3B
and D. The dimeric (LiCH2OH)2 species is exothermic by 47.7
kcal/mol relative to the two monomeric LiCH2OH species, and
the tetrameric (LiCH2OH)4 species is exothermic by 32.0 kcal/
mol relative to the two dimeric (LiCH2OH)2 in the gas phase.
Similar to the aggregated LiCH2F carbenoids, the aggregated
LiCH2OH carbenoids can also lower the reaction barrier of the
methylene-transfer pathway from 26.7 kcal/mol for monomeric
LiCH2OH to 21.4 kcal/mol for dimeric (LiCH2OH)2 and to 20.9
kcal/mol for tetrameric (LiCH2OH)4. On the other hand, the
reaction barrier of the carbometalation pathway increases from
8.8 kcal/mol for monomeric LiCH2OH to 24.6 kcal/mol for
dimeric (LiCH2OH)2 and to 31.9 kcal/mol for tetrameric (LiCH2-
OH)4 due to the large structural changes occurring from RC4
to TSC4 and from RC6 to TSC6, similar to the case of the
LiCH2F carbenoids in their aggregation states. These results are
much different than those for the monomeric LiCH2OH car-
benoid, where the reaction barrier for the methylene-transfer
pathway (26.7 kcal/mol) is much higher than that of the
carbometalation pathway (8.8 kcal/mol). The methylene-transfer
pathway is obviously much more favored in the aggregation
states. The reaction barriers of the methylene pathway are 21.4
kcal/mol for the dimeric (LiCH2OH)2 and 20.9 kcal/mol for the
tetrameric (LiCH2OH)4, which are much higher than those for
the dimeric (LiCH2F)2 (10.1 kcal/mol) and tetrameric (LiCH2F)4
(8.0 kcal/mol). This is in good agreement with the experimental
observations that the LiCH2-halogen carbenoids are much more

FIGURE 3. Reaction profiles of the aggregated lithium carbenoid (LiCH2X)m (A, X ) F andm ) 2; B, X ) OH andm ) 4; C, X ) F andm
) 4; D, X ) OH andm ) 4)-promoted cyclopropanations of ethylene along the methylene-transfer and carbometalation pathways (B3LYP/6-
311G** level). Selected parameters are given in Å. Energies relative to the starting materials [SM) (LiCH2X)m + ethylene] are shown in kcal/mol
in the parentheses. Lithium is shown in purple, oxygen is shown in red, and fluorine is shown in green.
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reactive than the LiCH2-OR for cyclopropanation reactions,
and it provides an explanation for the experimental reactivity
of these lithium carbenoids.12,26-28

The above calculation of cyclopropanations of the lithium
carbenoids with ethylene in their aggregation states reveals that
the reaction barrier of the methylene-transfer pathway decreases
from 16.0 kcal/mol for the monomeric LiCH2F carbenoid to
10.1 kcal/mol for the dimeric (LiCH2F)2 carbenoid and then to
8.0 kcal/mol for the tetrameric (LiCH2F)4 carbenoid. The
aggregated lithium carbenoids are more stable species than the
monomeric ones in the gas phase and exhibit different properties
and reactivities. The clustering lithium ions in the aggregation
states can compensate the transition states more for the
methylene-transfer pathway than for the monomeric lithium
carbenoid case. This makes the cyclopropanation of lithium
carbenoids with ethylene more efficient and indicates that the
aggregated lithium carbenoids are the most probable reactive
species in the reaction systems. In the aggregation states, the
carbometalation reaction pathway needs to overcome large
structural changes from the reactant complex to the transition
state. The reaction barriers for the carbometalation pathway in
aggregation states are so high [26.8 kcal/mol for the dimeric
(LiCH2F)2 carbenoid and 33.9 kcal/mol for the tetrameric
(LiCH2F)4 carbenoid] that the carbometalation pathway cannot
compete with the methylene-transfer pathway and should not
contribute significantly to the cyclopropanation reactions. The
comparison of different influences of substituents X on the
reaction mechanisms shows that the calculation results for the
aggregation states are in good agreement with the experimental
observations. These computed results for the aggregation states
more accurately reflect the reaction realities.

C. The Explicit Solvation Effect on the Reaction Mech-
anism of Lithium Carbenoid-Promoted Cyclopropanations
with Ethylene. Cyclopropanation reactions are usually carried
out in polar organic solvents for various carbenoid reagents.
Polar solvent molecules may be strongly coordinated. The
solvent effect can be very important in realistic models of the
structures and reactivity of carbenoids in the solution phase.31

The lithium carbenoids usually promote cyclopropanations in
ether solvent. Here, we present a detailed computational study
to investigate the solvation effect on the mechanistic dichotomy,
that is, the methylene-transfer and the carbometalation, for the
lithium carbenoid-promoted cyclopropanation reactions by
explicitly coordinating one and two DME molecules to the
lithium center. The reaction profiles and the optimized geom-
etries for the explicitly solvated LiCH2F carbenoid along the
methylene-transfer and the carbometalation pathways are shown
in Figure 4.

The coordination of one solvent molecule to LiCH2F to form
a LiCH2F/DME species is exothermic by 19.2 kcal/mol. The
LiCH2F/DME species has a carbenoid moiety similar to that of
the unsolvated LiCH2F. The Li-C1 and Li-F bond lengths are
elongated slightly from 1.744 and 1.915 Å in the unsolvated
LiCH2F to 1.784 and 1.945 Å in the LiCH2F/DME species. A
reactant complex RC7 can also be formed by theπ-type
interaction between the ethylene and the lithium center. Because
of the coordinated solvent molecule, the stabilization energy of
this π-type interaction is only 3.7 kcal/mol, lower by 4.5 kcal/
mol than that of the unsolvated LiCH2F with ethylene. The
transition-state energy of TSM7 increases by only 0.9 kcal/mol
due to the explicit coordination of one solvent molecule to the
lithium center, as shown in Figures 1A and 4A. On the other

hand, the transition-state energy of TSC7 is 7.8 kcal/mol,
increased by 3.5 kcal/mol due to the explicit coordination of
one DME to the lithium center. The reaction barrier for the
carbometalation pathway is similar to that of the unsolvated
LiCH2F + C2H4 system, attributed to the increase of the
transition-state energy and the decrease of the stabilization
energy of theπ-type reactant complex. The reaction barrier for
the methylene-transfer pathway decreases to 12.4 kcal/mol,
lower by 3.6 kcal/mol compared to that of the corresponding
unsolvated case. This enhanced reactivity should be the
composite effect of the stabilization of the solvated LiCH2F/
DME species and the decreasing stabilization of the reactant
complex between the solvated LiCH2F/DME species with
ethylene, which come from the incorporation of the solvent
molecule. The strong interaction (19.2 kcal/mol for one DME)
between the oxygen atom of the solvent molecule and the
lithium center weakens the interaction of the reactive species
with ethylene. The increased reactivity for this pathway can also
be readily understood by an increase in the electrophilic
character of the methylene in the LiCH2F/DME species. NBO
analysis revealed that the natural charge of the C1 atom, which
is supposed to be responsible for the reactivity of the carbenoid
species along the methylene-transfer mechanism, increases from
-0.602 in LiCH2F to -0.565 in LiCH2F/DME. This makes the
methylene accept theπ electrons of the olefin more readily.
On the contrary, the transition state of the carbometalation
pathway should be described as the simultaneous addition of
the methylene nucleophile and the metal electrophile in a push-
pull manner, as discussed in section A. Because of the
coordination of solvent molecule to the LiCH2F, the natural
charge of the lithium ion becomes less positive and goes from
0.889 in LiCH2F to 0.842 in LiCH2F/DME and is accompanied
by the less negative charge distribution in the C1 atom. This
makes the addition of the methylene nucleophile and the metal
electrophile relatively difficult, leading to a higher transition-
state energy for the carbometalation pathway.

The coordination of a second solvent molecule to LiCH2F/
DME to form a LiCH2F/(DME)2 species is exothermic by 12.1
kcal/mol. As shown in Figure 4B, the stabilization energy
between the LiCH2F/(DME)2 and ethylene for RC8 is only 1.4
kcal/mol, which is further decreased by 2.3 kcal/mol compared
to that for RC7. As for the methylene-transfer pathway, the
transition-state energy of TSM8 (8.1 kcal/mol) decreases slightly
by 0.6 kcal/mol due to the explicit coordination of the second
solvent molecule to the LiCH2F/DME species. Considering the
decreasing stabilization for the reactant complex RC8, the
reaction barrier of the methylene-transfer pathway becomes 9.5
kcal/mol, and this is decreased by another 2.9 kcal/mol
compared to that for the LiCH2F/DME system (12.4 kcal/mol).
Evidence can also be seen from the natural charge distribution
on the C1 atom, which becomes a lesser negative value (-0.556)
compared with those of the LiCH2F/DME (-0.565) and LiCH2F
(-0.602) species. On the other hand, the transition energy of
TSC8 for the carbometalation pathway increases to 12.6 kcal/
mol when a second solvent molecule is explicitly coordinated
to the system. This makes the carbometalation pathway have a
higher reaction barrier of 14.0 kcal/mol, despite the lower
stabilization for the reactant complex RC8. One can see that
the natural charge distribution on the lithium ion becomes lower
and lower [going from 0.889 for the LiCH2F species to 0.842
for the LiCH2F/DME species and then to 0.830 for the LiCH2F/
(DME)2 species]. On the basis of the character of the transition
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state of the carbometalation pathway, the lesser negative natural
charge distribution on the C1 atom and the lesser positive natural
charge distribution on the lithium ion obviously make the
carbometalation pathway more difficult.

The above calculations of the cyclopropanations of the lithium
carbenoids with ethylene by explicitly coordinating solvent
molecules to the lithium center exhibit an interesting trend for
the methylene-transfer pathway. The strong interaction of the
solvent molecules with the lithium center weakens the interac-
tion of the lithium carbenoid species with ethylene. The reactant
complexes were found to be lower and lower in stability (going

from -8.2 kcal/mol for RC1 to-3.7 kcal/mol for RC7 and
then to -1.4 kcal/mol for RC8) relative to their starting
materials. It is expected that the interaction of the carbenoid
species with ethylene becomes very weak and can be negligible
in a fully solvated system. The reaction barriers for the
methylene-transfer mechanism systematically decrease as more
solvent molecules are added to the species (going from 16.0
kcal/mol for no DME solvent added to 12.4 kcal/mol for one
DME added and to 9.5 kcal/mol for two DME added). The
reaction barriers for the methylene-transfer pathway can be
reasonably described as an exponential decay process as the

FIGURE 4. Reaction profiles of the explicit solvated lithium carbenoid LiCH2F/(DME)n (A, n ) 1; B, n ) 2)-promoted cyclopropanations of
ethylene along the methylene-transfer and carbometalation pathways (B3LYP/6-311G** level). Selected parameters are given in Å. Energies relative
to the starting materials [SM) LiCH2F/(DME)n + ethylene] are shown in kcal/mol in the parentheses. Lithium is shown in purple, oxygen is
shown in red, and fluorine is shown in green. The coordinated solvent molecules are shown in the wireframe type for conciseness.
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number of DME molecules goes fromn ) 0 ton ) 2, as shown
in Figure 5. To further consider the bulk solvation effects, the
PCM model was utilized for ether solvent (ε ) 4.335) to the
LiCH2F/(DME)2 + ethylene system at the B3LYP/6-311G**
level of theory. The computed reaction barrier with ZPE
correction included for the methylene-transfer pathway is 9.4
kcal/mol. This is almost the same as in the case of the reaction
system explicitly coordinated with two DME molecules (9.5
kcal/mol), indicating that the explicit coordination of two DME
molecules to the lithium center is sufficient to reflect the effect
of solvation. This can be regarded as a best limit as two more
DME molecules are coordinated to the lithium carbenoid. In
contrast, the transition-state energies for the carbometalation
pathway become noticeably higher and range from 4.3 kcal/

mol for no DME added to 7.8 kcal/mol for one DME added
and then to 12.6 kcal/mol for two DME added. Considering
the decreasing stabilization of theπ-type reactant complexes,
the reaction barriers remain higher at 14.0 kcal/mol due to the
explicit coordination of two solvent molecules to the lithium
center. In combination with the continuum solvation model PCM
(ether solvent,ε ) 4.335), the computed reaction barrier of the
carbometalation pathway with ZPE correction included is 16.2
kcal/mol for the LiCH2F/(DME)2 + ethylene system at the
B3LYP/6-311G** level of theory. This barrier is obviously
higher than that (12.5 kcal/mol) of the LiCH2F + ethylene
system in the gas phase. The coordination of solvent molecules
makes the lithium ion have a lesser positive charge distribution
and the C1 atom have a lesser negative charge distribution. This
leads the reaction barriers of the carbometalation pathway for
LiCH2F to remain higher. These results suggest that the solvation
effect helps make the methylene-transfer pathway more favor-
able than the carbometalation pathway and that the strong
interaction between the lithium ion and the solvent molecules
appears to impede the carbometalation pathways.

D. Combined Effects of Aggregation and Solvation on the
Reaction Barrier for Lithium Carbenoid-Promoted Cyclo-
propanation Reactions. We have clarified in the previous
sections that the calculations based on the monomeric lithium
carbenoid in the gas phase are not sufficient to accurately reflect
the experimental observations of the cyclopropanation reactions
or to determine the reaction mechanism. We also showed that
the methylene-transfer pathway is more favored than the
carbometalation pathway and that the latter cannot compete
effectively with the former and should be ruled out in aggrega-
tion states. The solvation effect can enhance the methylene-
transfer pathway; however, it impedes the carbometalation

FIGURE 5. Reaction barriers (B3LYP/6-311G**, kcal/mol) of the
methylene-transfer pathway for the LiCH2F/(DME)n + ethylene system
as a function of the number of DME molecules (n ) 0, 1, and 2).

FIGURE 6. Models of cyclopropanations of the (LiCH2F)2/(DME)n (n ) 2 and 4) carbenoids with ethylene along the methylene-transfer pathway
(B3LYP/6-311G** level). Selected parameters are given in Å. Energies relative to the starting materials [SM) (LiCH2F)2/(DME)n + ethylene] are
shown in kcal/mol in the parentheses. Lithium is shown in purple, oxygen is shown in red, and fluorine atom is shown in green. The coordinated
solvent molecules are shown in the wireframe type for conciseness.
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pathway. Considering that the solvation effect impedes the
carbometalation pathway, the carbometalation pathway is
predicted to be more unfavored in the aggregation and solvation
states. Calculations were carried out here to estimate enhance-
ment of the cyclopropanation reaction along the methylene-
transfer pathway in the aggregation and solvation states. As
shown in Figure 6, the (LiCH2F)2/(DME)2 species is a dimeric
(LiCH2F)2 carbenoid explicitly coordinated by one DME on each
of the lithium centers. The (LiCH2F)2/(DME)2 species can be
considered as a solvated dimeric carbenoid formed by two
solvated LiCH2F/DME species, of which the dimerization
energy is predicted to be-33.8 kcal/mol at the B3LYP/6-
311G** level of theory. Furthermore, the dimerization energy
of (LiCH2F)2/(DME)4, formed by two corresponding LiCH2F/
(DME)2 species, is predicted to be-22.5 kcal/mol at the same
level, indicating that the aggregated lithium carbenoid species
are stable in their solvation states. The reaction barrier decreases
to 7.2 kcal/mol due to the explicit coordination of one DME to
each of the lithium centers, compared to the reaction barrier of
10.1 kcal/mol for the unsolvated dimeric (LiCH2F)2 carbenoid.
This enhanced reactivity is mainly attributed to the lesser
stabilization of the reactant complex. As shown in Figures 3A
and 6, the stabilization of the RC9 relative to SM9 is 1.4 kcal/
mol, which is lower by 2.8 kcal/mol than that of the RC3,
whereas the transition-state energy of TSM9 (5.8 kcal/mol) is
similar to that of TSM3 (5.9 kcal/mol). The coordination of a
second solvent molecule to each of the lithium centers in the
(LiCH2F)2/(DME)2 forms the (LiCH2F)2/(DME)4 species, as
shown in Figure 6. The reaction barrier for the (LiCH2F)2/
(DME)4 species, on the other hand, increases slightly to 7.8
kcal/mol due to a second coordinated solvent molecule, indicat-
ing the saturation of the reactivity enhancement of the solvent
effect. One can see in the TSM10 of Figure 6 that the Li1-C1

(3.007 Å) bond is almost broken due to the bulk coordination
of the DMEs to the Li1 atom. The distances of the C1-C2 (2.387
Å) and C1-C3 (2.699 Å) are slightly shorter than those of the
TSM9 (C1-C2, 2.428 Å; C1-C3, 2.708 Å), indicating that TSM-
10 is a relatively late transition state compared to TSM9. The
larger structural change from RC10 to TSM10, compared with
those from RC9 to TSM9, makes the transition-state energy
slightly higher (6.9 kcal/mol). This suggests that a decrease of
the exposure of the centers in the aggregation states may
somewhat reduce the reactivity enhancement of the solvation
effect. The reaction barrier using the PCM model for ether
solvent (ε ) 4.335) to the (LiCH2F)2/(DME)4 + C2H4 system
is calculated to be 9.0 kcal/mol, at the same level with ZPE
correction included. This is consistent with the barriers calcu-
lated by the explicit solvation model and can be considered as
the average effect of the solvation on the reaction barrier. The
reaction barrier for the tetrameric (LiCH2F)4 carbenoid in its
solvation states can also be predicted to be 7.2 kcal/mol using

the PCM model, which is slightly lower than that of the
unsolvated case (8.0 kcal/mol). Thus, the reaction barriers of
the methylene transfer for the LiCH2F carbenoid in its aggrega-
tion and solvation states are calculated to be in the 7.2-9.0
kcal/mol range. These values are in good agreement with the
experimental condition for a variety of carbenoid species that
have also been studied theoretically; the LiCH2-halogen can
cyclopropanate olefins efficiently even at-78°C. The samarium
carbenoids (8.8 kcal/mol barrier estimated from calculations)
can also cyclopropanate olefins efficiently at-78 °C;14 the
aluminum carbenoids (12.8 kcal/mol barrier estimated from
calculations) can cyclopropanate olefins at about-40 °C,21 and
the zinc carbenoids (21.2 kcal/mol barrier estimated from
calculations) usually cyclopropanate olefins at room temperature.
This also indicates that our results calculated for aggregation
and solvation states reflect the reaction reality of the lithium
carbenoid-promoted cyclopropanations very well.

Summary and Concluding Remarks

Density functional theory calculations for selected lithium
carbenoid-promoted cyclopropanations in aggregation and sol-
vation states were presented to examine the mechanistic
dichotomy, that is, the methylene-transfer and carbometalation
mechanisms. The methylene-transfer mechanism represents the
reaction reality more accurately, whereas the carbometalation
pathway cannot compete with the methylene-transfer pathway
and does not appear to make a significant contribution. Our
results also indicate that calculations simply with the monomeric
species in the gas phase, usually used in previous studies, are
not sufficient to reflect the reaction reality or even lead to false
results. The more accurate reaction mechanism modeling should
be carried out in aggregation and solvation states. This work
may provide a helpful hint to the solution of the reaction
mechanisms of many aggregated organometallic compounds in
polar solvents.

The simple model calculations for the monomeric lithium
carbenoid-promoted cyclopropanations with ethylene in the gas
phase are not sufficient to reflect the reaction reality or to deter-
mine the reaction mechanism. These calculations reveal that
monomeric LiCH2F has a barrier of 16.0 kcal/mol for the meth-
ylene-transfer pathway and a barrier of 12.0 kcal/mol for the
carbometalation pathway. The monomeric LiCH2OH, on the
other hand, has a barrier of 26.7 kcal/mol for the methylene-
transfer pathway and a barrier 8.8 kcal/mol for the carbometa-
lation pathway, as listed in Table 1. The reaction barrier for
the LiCH2OH along the carbometalation pathway is the lowest
one among them. This obviously contradicts the experimental
observations that the LiCH2-halogen carbenoids are much more
reactive than the LiCH2-OR for cyclopropanation reac-
tions.12,26-28

TABLE 1. Reaction Barriers (kcal/mol) Computed at the B3LYP/6-311G** Level for the Cyclopropanations of the Lithium Carbenoids with
Ethylene

Monomer
LiCH2X/(DME)n

Dimer
(LiCH2X)2/(DME)n

Tetramer
(LiCH2X)4/PCMa

n ) 0 n ) 1 n ) 2 n ) 0 n ) 2 n ) 4 (LiCH2X)4 (LiCH2F)4/PCMa

barrier-Mb (X ) F) 16.0 12.4 9.5 10.1 7.2 7.8 8.0 7.2
barrier-Cc (X ) F) 12.5 11.5 14.0 26.8 33.9
barrier-M (X ) OH) 26.7 22.7 21.5 21.4 20.9
barrier-C (X) OH) 8.8 24.6 31.9

a The reaction barrier with the ZPE correction included was calculated using the PCM model for the tetrameric (LiCH2F)4 + C2H4 system.b Barrier-M
are the reaction barriers of the methylene-transfer pathway.c Barrier-C are the reaction barriers of the carbometalation pathway.
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The calculations of the cyclopropanations of the lithium
carbenoids with ethylene in aggregation states reveal that the
reaction barrier of the methylene-transfer pathway decreases
from 16.0 kcal/mol for the monomeric LiCH2F carbenoid to
10.1 kcal/mol for the dimeric (LiCH2F)2 carbenoid and to 8.0
kcal/mol for the tetrameric (LiCH2F)4 carbenoid, as summarized
in Table 1. In the aggregation states, the clustering lithium ions
can compensate more for the structural changes in the transition
states of the methylene-transfer pathway compared to that in
the monomeric lithium carbenoid case. This makes the cyclo-
propanation of lithium carbenoids with ethylene more efficient
and indicates that the aggregated lithium carbenoids are the most
likely reactive species in the reaction systems. In contrast, the
reaction barrier for the carbometalation pathway in the aggrega-
tion states increases significantly from 12.5 kcal/mol for the
monomeric LiCH2F carbenoid to 26.8 kcal/mol for the dimeric
(LiCH2F)2 carbenoid and to 33.9 kcal/mol for the tetrameric
(LiCH2F)2 carbenoid, as listed in Table 1. The carbometalation
pathway cannot compete with the methylene-transfer pathway
and should be ruled out in the aggregation states. The reaction
barriers of the methylene pathway are 21.4 kcal/mol for dimeric
(LiCH2OH)2 and 20.9 kcal/mol for tetrameric (LiCH2OH)4. The
reaction barriers of the carbometalation for aggregated LiCH2-
OH are higher (24.6 and 31.9 kcal/mol for the dimer and the
tetramer, respectively) than the reaction barriers of the meth-
ylene-transfer pathway in their aggregation states. Comparison
of the differently substituted lithium carbenoid (LiCH2X and
LiCH2-halogen)-promoted cyclopropanations in aggregation
states strongly supports our results and is in good agreement
with the experimental observations.

The solvation effect on the cyclopropanations of the lithium
carbenoids with ethylene was investigated by explicitly coor-
dinating solvent molecules to the lithium ion of LiCH2F. The
solvation effect helps make the methylene-transfer pathway more

favored than the carbometalation pathway. The reaction barrier
for the methylene-transfer mechanism decreases systematically
from 16.0 kcal/mol for no DME solvent added to 12.4 kcal/
mol for one DME added and to 9.5 kcal/mol for two DME
molecules added, as listed in Table 1. In contrast, the transition-
state energy for the carbometalation pathway becomes system-
atically higher, leading to a higher reaction barrier (about 14.0
kcal/mol). The coordination of the solvent molecules to the
lithium center impedes the carbometalation pathways.

In summary, in the experimental reaction systems, the
carbometalation pathway should not make a significant contri-
bution because of its higher reaction barrier in the aggregation
state and the impediment effect of the solvation for this pathway;
the reaction barriers of the methylene-transfer mechanism fall
in the range of 7.2-9.0 kcal/mol, as listed in Table 1. These
results for the methylene-transfer pathway agree well with the
experiments that show that the LiCH2-halogen carbenoids can
cyclopropanate olefins efficiently even at-78 °C, indicating
that the calculation results in the aggregation and solvation states
more accurately reflect the reaction reality of the lithium
carbenoid-promoted cyclopropanations.
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