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Abstract: A computational study of the cyclopropanation reactions of divalent samarium carbenoid ISmCH2I
with ethylene is presented. The reaction proceeds through two competing pathways: methylene transfer
and carbometalation. The ISmCH2I species was found to have a “samarium carbene complex” character
with properties similar to previously investigated lithium carbenoids (LiCH2X where X ) Cl, Br, I). The
ISmCH2I carbenoid was found to be noticeably different in structure with more electrophilic character and
higher chemical reactivity than the closely related classical Simmons-Smith (IZnCH2I) carbenoid. The effect
of THF solvent was investigated by explicit coordination of the solvent THF molecules to the Sm (II) center
in the carbenoid. The ISmCH2I/(THF)n (where n ) 0, 1, 2) carbenoid methylene transfer pathway barriers
to reaction become systematically lower as more THF solvent is added (from 12.9 to 14.5 kcal/mol for no
THF molecules to 8.8 to 10.7 kcal/mol for two THF molecules). In contrast, the reaction barriers for
cyclopropanation via the carbometalation pathway remain high (>15 kcal/mol). The computational results
are briefly compared to other carbenoid reactions and related species.

Introduction

Cyclopropane moieties have been found in a wide range of
natural and unnatural compounds that exhibit important biologi-
cal activities and in an array of substances used as starting ma-
terials and intermediates in organic synthesis.1-30 This has mo-

tivated a large number of research groups to develop new and
wide-ranging methods to produce cyclopropanated products.1-61
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The Simmons-Smith reaction is a popular method for synthe-
sizing cyclopropanated products from olefins using a reagent
formed from CH2I2 and a Zn-Cu couple.35 After the discovery
of the Simmons-Smith cyclopropanation reaction,35 a great deal
of work has been done to improve and develop alternative
methods to produce similar active reagents.36-61 Many of these
Simmons-Smith-type reagents and related carbenoids are
thought to be formed from CH2I2 (or other polyhalomethanes)
and a metal atom and have general RMCH2X structures, where
R is some atom or functional group, M is a metal atom like Zn,
Li, or Sm, and X is a halogen atom Cl, Br, or I. A metal atom
is not always required and ultraviolet photolysis of CH2I2 in
the presence of olefins gives cyclopropanated products with high
stereospecifity and little C-H insertion reaction.31-33 Several
experiments observed isopolyhalomethane species following
ultraviolet photolysis of polyhalomethanes in condensed phase
environments.62-71 Density functional theory (DFT) calculations
for the reaction of isodihalomethanes (CH2X-X where X )
Cl, Br, I) with ethylene72,73 found they reacted with ethylene
via a one step mechanism similar to that for Simmons-Smith
carbenoids (XZnCH2X).51,74-82 Time-resolved resonance Raman

experiments showed that CH2I-I reacts with cyclohexene
solvent to form an I2 leaving group on the 5-10 ns time-scale,83

and this combined with theoretical results73,74 indicates that
CH2I-I is the carbenoid species mainly responsible for the
ultraviolet photolysis of CH2I2 method for cyclopropanation of
olefins and a reaction mechanism was proposed.73,74,83 The
CH2I-I carbenoid has only one atom less than the classical
Simmons-Smith type carbenoid (IZnCH2I an interesting species
to compare to Simmons-Smith type carbenoids to elucidate
the role of the metal atom.80

The Simmons-Smith carbenoid (IZnCH2I) is difficult to react
with highly substituted CdC bonds.33,35 Many methods devel-
oped for cyclopropanation of olefins are not able to achieve
total control of diasteroselectivity in the synthesis of polysub-
stituted cyclopropanes. Some methods require the use of toxic
reagents or cannot react effectively with CdC bonds that are
tri- or tetrasubstituted to make a cyclopropanated product.
However, there have been experimental reports of using Sm/
CH2I2 reagents to make cyclopropanated allylic alcohols with
complete stereospecificity with respect to the olefin geometry
by Molander and co-workers54,56,57 and to produce cyclopro-
propylcarboxamides with complete stereospecificity fromR,â
unsaturated amides with di-, tri- and tetrasubstituted CdC bonds
by Concellón and co-workers.61 Several stereoselective reactions
of the Sm/CH2I2 and/or the Sm/CH2ICl reagents have also been
reported for cyclopropanation of allylic alcohols by Lautens and
co-workers58,59and Cossy, Blanchard, Meyer.60 The Sm/CH2I2

carbenoid is believed to be one of the most efficient and highly
diastereoselective cyclopropanating reagents.54,56,57,61Their cy-
clopropanation reactions are usually performed by addition of
a solution of olefin and 3-4 equiv of CH2I2 in THF solvent to
a slurry of 3-4 equiv of Sm metal or Sm(Hg) in THF solvent
at -78 °C and high yields of cyclopropanated products can be
produced at low temperatures.54,56,57,61This indicates that the
Sm/CH2I2 carbenoid species is very reactive and much more
reactive than the classical Simmons-Smith (IZnCH2I) carbenoid
that requires relatively high temperatures for cyclopropanation
reactions.35 The high reactivity for the Sm/CH2I2 cyclopropana-
ting reagents may possibly be accounted for by assuming the
formation of a Sm(II) carbenoid such as ISmCH2I. The Sm/
CH2I2 reagent responsible for the cyclopropanation reactions
has been proposed to be the ISmCH2I species by both Molander
and co-workers54,56,57and Concello´n and co-workers.61 Despite
the synthetic importance of the Sm/CH2I2 cyclopropanating
reagents, there have apparently been no theoretical work reported
for their reactions or for the characterization of the probable
carbenoid species responsible for the reactions. It is also not
clear what the role the THF solvent has in the cyclopropanation
reactions. There is a compelling need for a detailed understand-
ing of the reaction mechanism for the Sm/CH2I2 promoted
cyclopropanation reactions and a better knowledge of the
structure and properties of the active Sm (II) carbenoid species
(ISmCH2I) compared to related Simmons-Smith type car-
benoids such as IZnCH2I.
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We note that recent density functional theory calculations
have proven very useful to elucidate the cyclopropanation reac-
tion mechanism(s) of Simmons-Smith type carbenoids and
related lithium carbenoids by a number of research groups.51,74-82

To our knowledge, there have been no similar calculations done
for the ISmCH2I carbenoid species, and this is probably due to
the difficulty in dealing with the lanthanide Sm atom. DFT
calculations for Sm and other lanthanide complexes have only
been recently reported in the literature by several different
groups and are still relatively rare.84-92,104Theoretical calcula-
tions for chemical reactivity are even rarer for lanthanide com-
plexes. To our knowledge, there have been only a few reports
such as those by Maron, Eisenstein and Perrin for the H
exchange and C-H activation reactions of selected lanthanide
complexes89-91 and by Sherer and Cramer for characterizing
methane metathesis of several lanthanide complexes.92

In this paper, we present a hybrid DFT (B3LYP) study for
the ISmCH2I + CH2CH2 cyclopropanation reactions. To our
knowledge, this is the first computational study of the cyclo-
propanation reactions for a Sm (II) carbenoid species (or for
that matter any lanthanide carbenoid species). We found the
ISmCH2I carbenoid to have a “samarium carbene” complex
character with properties similar to previously investigated
lithium carbenoids (LiCH2X where X) Cl, Br, I) but noticeably
different than the closely related classical Simmons-Smith
(IZnCH2I) carbenoid. The effect of THF solvent was also
examined at the DFT level by explicit coordination of the solvent
THF molecules to the Sm (II) center in the ISmCH2I carbenoid.
We briefly discuss our results in relation to other metal
carbenoid reactions and experimental results for Sm/CH2I2

promoted cyclopropanation reactions.

Computational Details

The hybrid B3LYP or UB3LYP density functional method93-95 was
used to investigate the cyclopropanation reaction mechanisms of the
ISmCH2I carbenoid with ethylene. The probable effect of solvent on
the reactions was explicitly considered by coordination of tetrahydro-
furan (THF) molecules to the Sm (II) atom of the carbenoid species.
The cyclopropanation reaction mechanism with coordination of one
and two THF solvent molecules to the ISmCH2I carbenoid are denoted
as ISmCH2I/(THF)n (n ) 1, 2) in all of the figures and tables presented
here and were compared with the reactions of the parent Sm (II)
carbenoid ISmCH2I with ethylene, in which the solvent THF molecules
are absent. The stationary structures of the potential energy surfaces
were fully optimized withC1 symmetry at the B3LYP level of theory.
Analytical frequency calculations were performed 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 correction. IRC
calculations96 were performed to confirm the optimized transition state
correctly connects the relevant reactants and products.

Geometry optimization for all reactants, intermediates, transition
states and products as well as the frequency calculations were carried
out with the 6-311G** basis set for the carbon and hydrogen atoms of
the Sm carbenoid moiety (CH2 group) and the ethylene (CH2dCH2)
group. These carbon and hydrogen atoms are expected to affect the
reaction barriers more than the other carbon, hydrogen, and oxygen
atoms in the THF solvent molecule. Thus, a smaller 6-31G* basis set
was employed for the carbon, hydrogen and oxygen atoms of the THF
solvent moiety in order to keep the calculations tractable. The lanl2dz
basis set97 (which combines the Hay-Wadt relativistic core potential)
was used for the iodide atom. The relativistic core potentials (RECPs),
optimized by the Stuttgart-Dresden group,100-102 were used for the
Sm (II) atom. Unless specifically noted in the text, all calculations used
the “large core” RECP in which 5s, 5p, and 6s electrons were explicitly
treated as “valence” electrons with the remaining electrons replaced
by the RECP.100,101 Thus, 10 valence electrons RECP were used for
the Sm (II) center. In addition, in this “large core” RECP, the partially
filled 4f6 electrons which do not participate actively in the bonding
were also included in the core for a total of 52 electrons. The RECPs
were used in combination with their optimized basis set with an
additional f polarization function. The “large core” RECP basis set is
denoted as 6-311A in the Results and Discussion section. The energies
of the stationary structures were refined by the single-point calculations
done at the B3LYP level of theory using a larger hybridized basis set
referred to as 6-311B. The 6-311B basis set is composed of the standard
6-311++G** basis set for C and H atoms of the Sm carbenoid moiety
(CH2 group) and the ethylene (CH2dCH2) group, a SDB-aug-cc-PVTZ
basis set set98,99 that includes two sets of d, one set of f polarization
functions and each set of s, p, d, f diffuse functions in conjunction
with the Stuttgart-Dresden-Bonn relativistic core potential for the
iodide atoms and the basis sets for the other atoms are the same as
used in the 6-311A basis set. The larger hybridized basis set 6-311B is
composed of 409 basis functions contracted from 755 primitive
Gaussian functions for the reaction system of ISmCH2I/(THF)2 + C2H4.

For comparison purposes, one set of the “small core” RECP cal-
culations was done to compare with the corresponding “large core”
RECP calculations for the ISmCH2I + C2H4 reaction system. The “small
core” RECPs combined with their optimized basis set and one additional
g polarization function for the reactants, transition states and products
of the reaction system of ISmCH2I + C2H4 were employed on the
samarium (II) atom in which the 4f6 shell was explicitly treated as
valence electrons.102 The basis sets used remains unchanged for all the
other atoms (C and H atoms for CH2 in the carbenoid moiety and C2H4

group). All calculations were carried out using theGaussian 98program
suite.103
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Results

The optimized stationary structures (minima, saddle points)
on the potential energy surfaces of the reactions are depicted
schematically in Figures 1, 2, and 3 with selected key geometry
parameters (bond lengths and bond angles). The detailed
structural parameters and energies for the structures determined
here are collected in the Supporting Information. The relative
energies relative to the starting materials (Sm) ISmCH2I/
(THF)n + C2H4 wheren ) 0, 1, 2 with ZPE corrections with
different basis sets (6-311A and 6-311B with “small core” and
”large core” RECP for Sm) are tabulated in Table 1. The relative
energies including ZPE for the different reaction pathways are
shown graphically in Figure 4.

A. Cyclopropanation Reaction of the Sm (II) Carbenoid
ISmCH2I with Ethylene. Figure 1 displays the optimized
geometry found for the Sm (II) carbenoid ISmCH2I, the reactant
complex RC1, and the transition states TS1 and TS2 for
reactions with ethylene through two different pathways to
produce cyclopropane (c-C3H6) and SmI2. One pathway involves
a one-step methylene transfer mechanism through TS1 where
the pseudotrigonal methylene group of the carbenoid adds to
the ethyleneπ-bond to form two new C-C bonds asynchro-
nously. This is accompanied by a 1,2-migration of the iodine
anion from the carbon atom to the Sm atom. The three-centered
transition state is similar to that proposed by Molander and co-
workers54,56,57and Concellon and co-workers61 to explain the
stereochemical features of this type of reaction. Another pathway
is a carbometalation process, in which a [2+ 2] addition of
ethylene to the Sm-C bond for the carbenoid proceeds to
produce an intermediate IM1 through a four-centered transition
structure TS2. A subsequent intramolecular substitution reaction
of IM1 produces the final cyclopropane product. In the
methylene transfer pathway, the Sm carbenoid ISmCH2I ap-

proaches ethylene (C2H4) in an asymmetric manner and reacts
with one of the CH2 groups from above the molecular plane.
In the carbometalation process, the ethylene molecule simul-
taneously moves to the Sm carbenoid to reach the Sm and C
atoms in the carbenoid. Aπ-complex RC1 is formed when the
two molecules move toward one another and can be regarded
as the reactant complex for these two reaction pathways.π-type
reactant complexes were also found in calculations done for
lithium (LiCH2X) and Simmons-Smith type zinc (XZnCH2X)
carbenoids. Recent MP2(full)/6-311++G** calculations pre-
dicted a stabilization energy of 11.1 kcal/mol for theπ complex
of LiCH2Cl and CH2CH2.78 Previous B3LYP/6-311G**//B3LYP/
DZVP calculations obtained a stabilization energy of 4.0 kcal/
mol for theπ complex of ClZnCH2Cl and CH2CH2.74

Inspection of Figure 1 shows that the geometry of the active
Sm(II) carbenoid species ISmCH2I can be viewed as a complex
between methylene carbene (CH2) and samarium diiodide
(SmI2). The C-I1 and Sm-I1 bond lengths are 2.335 Å and
3.280 Å, respectively, at the large core RECP level of theory,
and the corresponding bond lengths are 2.338 and 3.220 Å,
respectively, at the small core RECP level of theory. Both C-I1

and Sm-I1 bond lengths are noticeably elongated compared to
the C-I and Sm-I bond lengths in the Simmons-Smith zinc
carbenoid IZnCH2I (the C-I bond length was reported to be
2.193 Å in ref 80) and SmI2 (the Sm-I bond length is 3.056 Å
in this work). The Sm-C-I1 bond angle is only 83.4° and this
is much smaller than the Zn-C-I bond angle of 111.0° in the
Simmons-Smith zinc carbenoid (IZnCH2I).80 The I-Sm-I
bond angle of 144.5° for ISmCH2I is only slightly larger than
that of the free SmI2 molecule (140.2°). The H-C-Sm-H
dihedral angle is calculated to be 164.7° and 164.8° at the large
core and small core RECP levels of theory, respectively. This
indicates the carbon atom of the Sm carbenoid is close to asp2

hybrid structure and is much different from the almostsp3

hybridization structure of the carbon atom for the IZnCH2I zinc
carbenoid that has a corresponding dihedral angle (H-C-
Zn-H) of 124.2°.80 The Sm-C-H angle is 128°, and the
H-C-H angle is 106.5° in the ISmCH2I carbenoid. This is
consistent with the ISmCH2I carbenoid carbon atom having
noticeable sp2 character with the Sm-C-H angles increasing
from 120° and the H-C-H angle decreasing from the about
120° expected for an sp3 hybridized carbon. All of the above
structural features of the Sm(II) carbenoid suggest that it has a
“samarium carbene complex” structure. This is very similar to
the structures obtained for several lithium carbenoid species
where the H-C-Li-H dihedral angle was reported to be about
178.0° which indicates the lithium carbenoids (LiCH2X) have
an almostsp2 hybridization for their carbon atom.78,81 The
ethylene CH2CH2 η2 coordination to the Sm carbenoid to form
the reactant complex RC1 does not significantly change the
geometry of the carbenoid species except for the Sm-C and
Sm-I bond lengths that become slightly elongated. Theη2

Sm-C bond lengths are computed to be 3.270 and 3.249 Å at
the large core RECP level of theory and 3.152 and 3.170 Å at
the small core RECP level of theory.

Examination of Figure 1 for the methylene transfer pathway
shows the C1-C2 distance in TS1 is 2.353 Å, and this is 0.234
Å shorter than the C1-C3 distance (values from the large core
RECP calculations). The planar ethylene molecule undergoes
a significant pyramidalization of about 10.4 degrees for C2 in

Table 1. B3LYP/6-311A and B3LYP/6-311B Calculated Relative
Energies (E) with Zero-Point Energies (ZPE) Corrections Relative
to the Starting Materials (SM ) ISmCH2I/(THF)n + C2H4) where n
) 0, 1, 2

species
B3LYP/6-311A

(B3LYP/6-311B)a

B3LYP/6-311A
(B3LYP/6-311B)
with small coreb

ISmCH2I + C2H4 0.0 (0.0) 0.0 (0.0)
RC1 -7.4 (-6.3) -9.2 (-7.5)
TS1 5.5 (8.2) 5.1 (7.8)
TS2 9.7 (11.8) 6.1 (9.3)
IM1 -10.2 (-8.7)
c-C3H6 + SmI2 -45.9 (-44.0)
ISmCH2I + THF + C2H4 23.3 (23.2)
ISmCH2I/THF + C2H4 0.0 (0.0)
RC2 -4.5 (-3.8)
TS3 5.8 (8.2)
TS4 10.9 (12.9)
IM2 -8.7 (-7.6)
c-C3H6 + SmI2/THF -48.7 (-46.5)
ISmCH2I + 2THF + C2H4 42.6 (42.5)
ISmCH2I/(THF)2 + C2H4 0.0 (0.0)
RC3 -2.7 (-2.3)
TS5 6.1 (8.4)
TS6 14.2 (15.5)
IM3 -5.5 (-4.5)
c-C3H6 + SmI2/(THF)2 -52.2 (-48.0)

a The values are computed from 6-311A or 6-311B (the values in
parentheses) basis sets with large core RECP for Sm (see the 6-311A and
6-311B basis set descriptions in the computational details).b The values
are computed from 6-311A or 6-311B (the values in parentheses) basis
sets with small core RECP for Sm.
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the TS1 structure and this indicates the onset of thesp2 f sp3

rehybridization required for cyclopropane formation, whereas
the pyramidalization is only 0.5 degrees for C3. This reflects
the asynchronous approach of the CH2CH2 molecule for the

cyclopropanation reaction. The C2dC3 and C1-Sm bond lengths
are elongated by 0.011 and 0.030 Å respectively upon going
from the reactant complex (RC1) to the transition state (TS1).
The interaction of the ISmCHI2 moiety with theπ olefin orbitals

Figure 1. Schematic diagrams of the optimized geometry from the B3LYP/6-311A computations(see the basis sets description in the computational details)
for the samarium (II) carbenoid ISmCH2I, reactant complex RC1, the intermediate IM1 as well as the transition states for the cyclopropanation with ethylene.
TS1 ) transition state for the methylene transfer pathway for reaction of ISmCH2I with ethylene. TS2) transition state for carbometalation pathway for
reaction of ISmCH2I with ethylene. Selected structural parameters (the geometrical parameters in parentheses are from the small core RECP calculation) are
shown for each species with the bond lengths in Å and the bond angles in degrees.

Figure 2. Schematic diagram of the optimized geometry from the B3LYP/6-311A computations for the one THF solvated samarium (II) carbenoids ISmCH2I/
THF, the reactant complex RC2, the intermediate IM2 as well as the transition states for the cyclopropanation of ISmCH2I/THF with ethylene. TS3)
transition state for the methylene transfer pathway for the reaction of ISmCH2I/THF with ethylene. TS4) transition state for the carbometalation pathway
for reaction of ISmCH2I/THF with ethylene. Selected structural parameters are shown for each species with the bond lengths in Å and the bond angles in
degrees.
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are mainly responsible for the slight lengthening of the C2dC3

and C1-Sm bonds. Relatively large changes are associated with
the I1-C-Sm angle, the I1-Sm-I2 angle, the C1-I1 and
Sm-I1 distances that vary from 83.4°, 153.1°, 2.337 Å, and
3.280 Å, respectively in RC1, to 71.7°, 149.3°, 2.781 Å, and
3.175 Å,respectively in TS1. Meanwhile, the C1-I1 bond (2.781
Å) becomes nearly broken and the Sm-I1 bond (3.175 Å)
becomes almost formed in TS1. These changes in the bond
lengths and bond angles are attributed to partial formation of

the SmI2 byproduct in the transition state (TS1). It is evident
that TS1 is the transition state of the concerted reaction from
the RC1 reactant complex toc-C3H6 + SmI2 products. Vibra-
tional analysis showed that the TS1 structure has one imaginary
frequency (283i cm-1) and was confirmed to be the first-order
saddle point connecting the corresponding reactants and products
by IRC calculations.

In the carbometalation pathway, an insertion reaction of
the ethylene to the Sm-C bond occurs to produce the inter-
mediate IM1 through the four-centered TS2 transition state. The
Sm-C2 interaction increases significantly from 3.270 Å in RC1
to 2.735 Å in TS2. The C2-C3 bond weakens somewhat from
1.334 Å in RC1 to 1.401 Å in TS2 and the C1-C3 bond forms
to a significant extent and goes from a distance> 3.00 Å in
RC1 to 1.882 Å for TS2. This is accompanied by weakening
of the C1-I and C1-Sm bonds from 2.337 Å and 2.605 Å,
respectively in RC1, to 2.533 Å and 2.720 Å, respectively in
TS2. The preceding changes suggest that as RC1 goes to TS2
the C-C-C moiety forms and is on its way to making a propyl
group as found in IM1. The I-Sm-I angle undergoes a large
change from 153.1° in RC1 to 124.1° in TS2. This suggests
the Sm interaction with the C2 and C3 atoms increases enough
to make it appear to have more four coordination character in
TS2 than in TS1, which still has a large I-Sm-I angle of
149.3°. These changes in structure as RC1 goes to TS2 appear
somewhat larger than that experienced as RC1 goes to TS1,
which was discussed in the preceding paragraph. This suggests
there may be a larger barrier for RC1 to TS2 than to TS1.
Vibrational analysis found that the optimized TS2 structure had

Figure 3. Schematic diagram of the optimized geometry from the B3LYP/6-311A computations for the two THF solvated samarium (II) carbenoids ISmCH2I/
(THF)2, the reactant complex RC3, the intermediate IM3 as well as the transition states for the cyclopropanation of ISmCH2I/(THF)2 with ethylene. TS5)
transition state for the methylene transfer pathway for the reaction of ISmCH2I/(THF)2 with ethylene. TS6) transition state for the carbometalation pathway
for reaction of ISmCH2I/(THF)2 with ethylene. Selected structural parameters are shown for each species with the bond lengths in Å and the bond angles
in degrees.

Figure 4. Schematic diagram showing the computed relative energies (in
kcal/mol) at the B3LYP/6-311A and B3LYP/6-311B (the data in paren-
theses) levels for reactions of ISmCH2I/(THF)n (n ) 0, 1, 2) with ethylene
with the transition states and products energies given relative to the starting
materials [SM) ISmCH2I/(THF)n + C2H4 (n ) 0, 1, 2)].
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one imaginary frequency (364.4i cm-1) and TS2 was confirmed
to be the first-order saddle-point connecting the corresponding
reactants and products by IRC calculations.

Inspection of Table 1 and Figure 4 shows the reaction for
the methylene transfer pathway has a barrier of 5.5 kcal/mol
(with ZPE correction) and is exothermic by about 45.9 kcal/
mol at the B3LYP/6-311A level. These values are relative to
the separated reactants of ISmCHI2 and CH2CH2. The barrier
becomes 5.1 kcal/mol with ZPE corrections at the B3LYP/
6-311A level with a small core RECP basis set for the Sm atom.
The B3LYP single point calculations using the 6-311B basis
set gave results in reasonable agreement with those found for
the 6-311A basis set. The relative energies at the B3LYP/
6-311B systematically increase by 0.4 to 4.2 kcal/mol for all
the stationary structures compared to the B3LYP/6-311A relative
energies. However, the systematic increase in energy in the
B3LYP/6-311B calculations does not change the relative order
of the actual reaction barrier heights for the methylene transfer
and carbometalation pathways. For example, the reaction barrier
heights at the B3LYP/6-311B level for the reaction system of
ISmCH2I + C2H4, ISmCH2I/THF + C2H4 and ISmCH2I/(THF)2

+ C2H4 are calculated to be 14.5, 12.0, and 10.7 kcal/mol,
respectively for the methylene transfer pathway. This is only
an increase of 1.0 to 1.9 kcal/mol compared to the calculated
reaction barrier heights (13.5, 10.3, 8.8 kcal/mol) for the B3LYP/
6-311A computations. For the carbometalation pathway, the
reaction barrier heights at the B3LYP/6-311B level for the
reaction system of ISmCH2I + C2H4, ISmCH2I/THF + C2H4,
and ISmCH2I/(THF)2 + C2H4 are calculated to be 18.1, 16.1,
and 17.8 kcal/mol, respectively, similar to the corresponding
values (17.1, 15.4, 16.9 kcal/mol) of the B3LYP/6-311A
calculations. This suggests that the B3LYP/6-311A calculations
using a large core RECP for the Sm atom are reasonably reliable
for further calculations of larger systems to predict reaction
barriers for the methylene and carbometalation pathways. The
reaction barriers of B3LYP/6-311A and B3LYP/6-311B calcu-
lations for the methylene transfer pathway are also in good
agreement with the calculated value (the data shown in the last
column of Table 1) from the corresponding calculations that
make use of a small core RECP basis set for the Sm atom. This
suggests the reaction barriers obtained using the large core RECP
basis set for the Sm atom are reliable and the 4f electrons likely
do not participate actively in the bonding and do not contribute
substantially in these reactions. Inspection of Table 1 and Figure
4 suggests that both the methylene transfer and carbometalation
mechanisms are competing pathways for the Sm (II) promoted
cyclopropanation reactions. The relative order of the reaction
barriers for the two reaction pathways are predicted to be the
same for the different basis sets (either large core or small core
RECP for the Sm atom and the 6-311A basis set compared to
the 6-311B basis set). The B3LYP/6-311A calculation results
will be mainly used hereafter.

The relatively low barriers found for the two different
pathways for the Sm promoted (ISmCH2I) cyclopropanation
reactions can mainly be attributed to the following two reasons.
First, there are only relatively small structural changes for the
Sm (II) carbenoid (ISmCH2I) moiety upon going from the
reactant complex to the transition states. Thus, not much energy
is needed to go from the reactant complex to the transition states.
Second, the Sm (II) carbenoid (ISmCH2I) has strong electro-

philic character. NBO analysis obtained from the large core
RECP calculations indicates that the natural charges on Sm atom
are 1.701 for ISmCH2I and 1.698 for RC1. This is similar to
the lithium carbenoids LiCH2X (X ) F, Cl, Br, I) and lanthanide
(II) metallocences including Sm(II)Cp2.104 The NBO charge for
Sm(II) of about 1.7 for ISmCH2I is similar to the charge for
Sm(II) of about 1.899 for the SmCp2 complex.104

The existence of a stable precursor complex between the
carbenoid and ethylene would increase the reaction barriers.
As seen in Figure 1 and Table 1, the reactant complex RC1 is
lower in energy by 7.4 kcal/mol at the B3LYP/6-311A level
of theory than the starting materials (SM). This stabilization
energy becomes 9.2 kcal/mol for the analogous calculations
that use the small core RECP basis set for the Sm atom. These
calculations indicate that the actual reaction barriers would
be increased by 7-10 kcal/mol from the reactant complex
compared to the barriers calculated from the SM. However,
this is probably not the actual case in solutions. We know that
the cyclopropanation reactions usually occur in polar solvents,
for instance, the THF solvent is used for most of the Sm (II)/
CH2I2 promoted cyclopropanation reactions. These solvent
molecules would be expected to have stronger coordination
ability to the metal center compared to the ethylene molecule
(or other olefin molecule). This will likely block the coordination
of ethylene (or olefin) to the metal center or at least decrease
the stabilization energy between the carbenoid and ethylene.
We shall discuss the THF solvent effect in more detail in the
next section.

B. Cyclopropanation Reactions of THF Solvated Sm (II)
Carbenoids ISmCH2I/(THF) n (n ) 1, 2) with Ethylene: Why
is THF Used as a Solvent for Sm(II) Carbenoid Promoted
Cyclopropanation Reactions?Cyclopropanation reactions are
usually done in polar organic solvents for a number of carbenoid
reagents. For the Sm promoted cyclopropanation reactions, THF
is almost exclusively used as the solvent. THF has also been
found to be a ligand in most reported Sm(II) crystal struc-
tures.105-107 Here, we present a detailed computational inves-
tigation of the Sm(II) promoted cyclopropanation reactions by
explicitly coordinating one and two THF molecules to the Sm
(II) atom. Figure 2 depicts the optimized geometries found for
the one THF solvated starting materials (SM) ISmCH2I/THF
+ CH2CH2), theπ-type reactant complex RC2, the intermediate
IM2, and the corresponding transition states TS3 and TS4.
Inspection of Figure 2 shows that the formation of the solvated
carbenoid species ISmCH2I/THF with one THF solvent mol-
ecule coordinated to the Sm atom does not significantly change
the geometry of most of the carbenoid moiety ISmCH2I except
for the Sm-C, Sm-I1 and Sm-I2 bond lengths that become
slightly elongated by 0.04-0.06 Å. The H-C-Sm-H dihedral
angle in the ISmCH2I/THF complex is calculated to be 166.0°,
and this is 1.3° larger than that of the ISmCH2I complex,
indicating a slight change of hybridization for the carbon atom.
A π-type reactant complex RC2 can also be formed when an
ethylene molecule coordinates to the Sm (II) center of the one
THF solvated carbenoid species ISmCH2I/THF. The forma-
tion of theπ complex RC2 causes a significant decrease of the

(105) Evans, W. J.; Grate, J. W.; Choi, H. W.; Bloom, I.; Hunter, W. E.; Atwood,
J. L. J. Am. Chem. Soc. 1985, 107, 941-946.

(106) Evans, W. J.; Drummond, D. K.; Zhang, H. M.; Atwood, J. L.Inorg.
Chem.1988, 27, 575-579.

(107) Giesbrecht, G. R.; Cui, C. M.; Shafir, A.; Shafir, A.; Arnold, J.
Organomellics2002, 21, 3841-3844.
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I1-Sm-I2 angle, which becomes 138.6° from 154.9° in
ISmCH2I/THF complex. The interaction of the ISmCH2I moiety
with the π olefin orbitals is also responsible for a slight
lengthening of the Sm-C, Sm-I1, SmI2, Sm-O and C2-C3

bonds in RC2, which are shortened by 0.01-0.03 Å compared
to the ISmCH2I/THF species. The H-C-Sm-H dihedral angle
in RC2 is predicted to be 165.2°, and this is only 0.5° larger
than that of the ISmCH2I/THF species.

Similar to the reaction of the parent Sm(II) carbenoid
ISmCH2I with ethylene, the one THF solvated reaction of
ISmCH2I/THF + CH2CH2 occurs through two competing
pathways: methylene transfer and carbometalation. Vibrational
analysis showed that the optimized TS3 and TS4 structures each
have one imaginary frequency of 286i cm-1 and 362.6i cm-1

respectively. These transition state structures were confirmed
to be the first-order saddle point connecting the corresponding
reactants and products by IRC calculations. The structural
changes taking place during the methylene transfer and carbo-
metalation for the ISmCH2I/THF + CH2CH2 system are similar
to those found for the reactions without THF present. There
are some modest differences in the structural changes for the
ISmCH2I/THF + CH2CH2 system that can be attributed to the
coordination of THF to the Sm atom.

Examination of Table 1 and Figure 4 shows the one THF
solvated reaction for the methylene transfer pathway has a
barrier of 5.8 kcal/mol (with ZPE correction) and is exothermic
by about 48.7 kcal/mol relative to the starting materials. The
barrier increases by only 0.3 kcal/mol due to explicit coordina-
tion of one THF solvent molecule to the parent samarium
carbenoid. On the other hand, the reaction for the carbometa-
lation pathway has a higher barrier of 10.9 kcal/mol including
the ZPE correction for the B3LYP/6-311A calculations. The
barrier increases by 1.2 kcal/mol compared to the corresponding
unsolvated reaction. In addition, coordination of one THF
solvent molecule stabilizes the Sm carbenoid by 23.3 kcal/mol
compared to the unsolvated Sm carbenoid. The stablization
energy (4.5 kcal/mol) coming from the interaction between the
one THF solvated carbenoid and ethylene was decreased
significantly by 2.9 kcal/mol. Therefore, the actual barrier for
the methylene transfer pathway becomes 10.3 kcal/mol and this
is decreased by 3.2 kcal/mol compared to the analogous barrier
for the unsolvated case (13.5 kcal/mol). This enhanced reactivity
should be the composite effect of the stabilization of the solvated
Sm carbenoid species and the destabilization of the solvated
Sm carbenoid species with ethylene reactant complex which
comes from the incorporation of the THF solvent molecule. The
strong interaction (23.3 kcal/mol for one THF solvent) between
the oxygen atom in THF and the Sm(II) atom weakens the
interaction of the Sm carbenoid species with ethylene. The
increased reactivity for the reaction can also be readily
understood by an increase in the electrophilic character of the
solvated Sm carbenoid species. NBO analysis reveals that the
natural charges for the Sm atom are increased from 1.701 and
1.698 in ISmCHI2 and RC1 to 1.724 and 1.719 in ISmCH2I/
THF and RC2, respectively. The group charges for SmCH2I1,
which is supposed to be responsible for the reactivity of the
carbenoid species, are also increased from 0.818 and 0.812 in
ISmCHI2 and RC1 to 0.825 and 0.818 in ISmCHI2/THF and
RC2, respectively. The charge increase of the Sm atom in the
solvated carbenoids could be accounted for by greater ionic

character for the Sm atom compared to the unsolvated car-
benoids as more THF solvent molecules are coordinated to the
Sm(II) carbenoids. As THF molecules are coordinated to the
carbenoids, both the Sm-I and Sm-C bonds are weakened as
shown in Figures 2 and 3 and the negative charges in both the
I1 and I2 atoms become more negative, indicating a more
carbene-like complex for the THF-solvated carbenoids. Schleyer
and co-workers104also suggested the Sm(II) atom for the SmCp2

complex has noticeable ionic character.
Figure 3 displays the optimized geometry found for the two

THF solvated Sm (II) carbenoid ISmCH2I/(THF)2, the reactant
complex RC3 and the transition states TS5 and TS6 for the
reactions with ethylene through two different pathways to
producec-C3H6 and SmI2/(THF)2. As shown in Table 1 and
Figure 4, the two THF solvated reaction of ISmCH2I/(THF)2

+ CH2CH2 has a barrier of 6.1 kcal/mol and is exothermic by
about 52.2 kcal/mol for the methylene transfer pathway. The
barrier increases by another 0.3 kcal/mol due to explicit
coordination of the second THF solvent molecule to the one
THF solvated Sm carbenoid. The reaction for the carbometa-
lation pathway has a higher barrier of 14.2 kcal/mol. The barrier
increases significantly by 3.3 kcal/mol compared to the corre-
sponding one THF solvated reaction. Similar to one THF
solvated reaction, the coordination of a second THF solvent
molecule stabilizes the samarium carbenoid by 42.6 kcal/mol
compared to the unsolvated Sm carbenoid and this is only
slightly smaller than the twice (<2 × 23.2 kcal/mol) stabilization
energy of the one THF solvated carbenoid species. The
stabilization energy of 2.7 kcal/mol between the two THF
solvated carbenoid and ethylene was further decreased by
another 1.5 kcal/mol compared to the one THF solvated
carbenoid system. The actual barrier for the methylene transfer
pathway becomes 8.8 kcal/mol and this is decreased by another
1.5 kcal/mol compared to the actual barrier for the one THF
solvated carbenoid species (10.3 kcal/mol). It is expected that
coordination of a third THF solvent molecule would stabilize
the carbenoid species further and decrease the stabilization
energy of theπ reactant complex further. Upon saturation of
the Sm (II) center by coordination of THF solvent molecules
one by one, the reactivity of the solvated carbenoid species
would become relatively constant. We note the actual barriers
of the unsolvated and solvated reactions for the methylene
transfer pathway can be reasonably described as an exponential
decay process as the number of THF goes fromn ) 0 to n )
2 as shown in Figure 5. However, the actual reaction barriers
for the carbometalation pathway do not appear to change
substantially or with a clear trend by coordination of THF
solvent molecules. To examine bulk solvation effects, the
polarized continuum (PCM) solvation model111 was utilized for
THF (ε )7.58) to the unsolvated reaction system (RC1, TS1,
and TS2) at the B3LYP/6-311B level. The reaction barriers from
RC1 to TS1 and TS2 were computed to be 9.0 and 12.7 kcal/
mol with ZPE corrections for the methylene transfer and
carbometalation pathways, respectively. These results are

(108) Arduengo, A. J., III.; Tamm, M.; McLain, S. J.; Calabrese, J. C.; Davidson,
F.; Marshall, W. J.J. Am. Chem. Soc.1994, 116, 7927-7928.

(109) Kasani, A.; Michael, F.; Ronald, G. C.J. Am. Chem. Soc.2000, 122,
726-727.

(110) Evans, W. J.; Perotti, J. M.; Brady, J. C.; Ziller, J. W.J. Am. Chem. Soc.
2003, 125, 5204-5212.

(111) (a) Miertus, S.; Scrocco, E.; Tomasi, J.Chem. Phys.1981, 55, 117. (b)
Miertus, S.; Tomasi, J.Chem. Phys.1982, 65, 239. (c) Cossi, M.; Barone,
V.; Cammi, R.; Tomasi, J.Chem. Phys. Lett.1996, 255, 327.

(ISmCH2I) Promoted Cyclopropanation Reactions A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 49, 2003 15207



consistent with the calculated actual reaction barriers of 10.7
and 17.8 kcal/mol from RC3 to TS5 and TS6 at the B3LYP/
6-311B level, in which two THF molecules were coordinated
to the Sm atom of reaction systems. This is also consistent with
the barrier trend demonstrated in Figure 5 for the exponential
decay of the methylene transfer pathway as a function of the
number of THF molecules and can be regarded as a best limit
as two more THF molecules are coordinated to the Sm(II)
carbenoid.

There are some systematic changes in the structure, the charge
distribution and the relative energies for the Sm carbenoid
species, the reactant complexes, the intermediates, the transition
states and the final products as a function of THF solvent
molecules added to the system. For instance, the bond distances
of Sm-C1, Sm-I1, Sm-I2, Sm-C2 and Sm-C3 in the
carbenods ISmCH2I/(THF)n (n ) 0, 1, 2), RC1, RC2, RC3,
methylene transfer transition states TS1, TS3, and TS5 and
carbometalation transition states TS2, TS4, and TS6 (including
the C1-C3 distances for the carbometalation pathway) become
systemically elongated as the number of THF goes fromn ) 0
to 2 with no exception. The bond angles I1-Sm-I2 and
I1-C1-Sm become systematically larger for the above-men-
tioned structures as the number of THF molecules goes fromn
) 0 to 2 with an exception that the bond angle I1-Sm-I2 in
RC1 is smaller than in RC2. However, the bond distances of
C1-I1 and C1-C2 become systematically shortened in the
methylene transfer transition states TS1, TS3, and TS5. The
C1-I1 distances in the carbenoid species and reactant complexes
with ethylene remain almost the same. The Sm related bond
distances for the intermediates IM1, IM2, and IM3 and by-
products SmI2(THF)n (n ) 0, 1, 2) exhibit similar trends as the
number of THF goes fromn ) 0 to 2. The natural charge
distribution for the Sm atom and the group SmC1H2I1 becomes
more positive as the number of THF goes fromn ) 0 to 2.
Energetically, the actual reaction barriers become smaller and
the reaction enthalpies become more exothermic for the meth-
ylene transfer pathway as the number of THF goes fromn ) 0
to 2, indicating the methylene transfer is the favored pathway.
However, for the carbometalation pathway, the actual reaction
barriers have no specific trend and the reaction enthalpies for

formation of IM1, IM2, and IM3 become less and less exo-
thermic, suggesting it is not the favored pathway for the
reactions.

Discussion

We note that our predicted Sm (II) carbenoid species can be
described as tetracoordinated or pentacoordinated Sm (II)
complexes. Theπ complex RC2 can be best described as a
distorted tetrahedron with four different ligands, CH2I1, ethylene
group, I2 and one THF. Theπ complex RC3 can be described
as a distorted trigonal bypyramid, with one THF and ethylene
occupying the axial positions, and I2, one THF and CH2I1 group
occupying in equatorial positions. We compare selected geom-
etry parameters for the Sm carbenoids to those found experi-
mentally for other Sm(II) complexes in the Supporting
Information.105-110

Our studies indicate that the reactions promoted by the Sm
(II) carbenoid (ISmCH2I) occur with relatively low barriers to
the methylene transfer pathway which is moderately more
favored than the carbometalation pathway. The reaction barriers
computed for the methylene transfer pathway (12.9 to 8.8 kcal/
mol depending on how many THF molecules are coordinated
to the Sm atom) are in reasonable agreement with experimental
reaction conditions that show the cyclopropanation reaction can
take place at low temperatures such as-78 °C.54,56,57,61It is
worth noting that the reactivity for the Sm (II) carbenoid
(ISmCH2I) is similar to that found previously for several lithium
carbenoids (LiCH2X where X) Cl, Br, I).77,78,81Recent MP2-
(full)/6-311++G** calculations predicted a barrier of 6.9 kcal/
mol for the reaction of LiCH2Cl + CH2CH2.78 We note that
the lithium carbenoid reactions experimentally take place at low
temperatures (e.g.,-78 °C)104-106 and these reaction conditions
are very similar to those used for some of the Sm (II) carbenoid
(ISmCH2I) cyclopropanation reactions.54,56,57,61 The similar
reaction barriers and reaction conditions for the lithium and Sm
(II) carbenoids implies there are some similarities in the
chemical reactivity for these two kinds of carbenoids and this
is reasonably consistent with our present computational results.
From the viewpoint of the H-C-M-H dihedral angle (M)
Li, Sm, Zn and values of 178°, 164.7°, and 124.2°, respectively),
the carbon atom in the ISmCH2I and LiCH2X carbenoid species
has moresp2 character than that in the Simmons-Smith
IZnCH2I carbenoid. This feature as well as the detailed structural
information discussed in section A indicate the ISmCH2I
carbenoid can be considered to be a “samarium carbene
complex” with properties similar to the lithium carbenoids. Our
calculations for the ISmCH2I carbenoid also indicate it under-
goes only relatively small structural changes from the reactant
complexes to the methylene transfer transition states implying
that not much energy is required to go from the reactant
complexes to their transition state. We also found the ISmCH2I
carbenoid has stronger electrophilic character than the Sim-
mons-Smith carbenoid (IZnCH2I). These results help provide
a reasonable explanation for why the ISmCH2I carbenoid is
experimentally substantially more reactive than the classic
Simmons-Smith (IZnCH2I) carbenoid.

Sm (II) carbenoid (ISmCH2I) cyclopropanation reactions are
mainly done in THF solvent experimentally.54,56,57,61 We
explored the role of THF solvent on the ISmCH2I cyclopropa-
nation reactions by explicitly coordinating one and two THF

Figure 5. Barriers (B3LYP/6-311B, kcal/mol) to reaction calculated from
the reactant complex to the transition state for the for reactions of ISmCH2I/
(THF)n (n ) 0, 1, 2) with ethylene for the methylene transfer pathway as
a function of the number of THF molecules.
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molecules to the Sm atom. These calculations exhibited an
interesting trend for the methylene reaction pathway as the THF
solvent molecules were added to the system. The ISmCH2I/
(THF)n (wheren ) 0,1,2) carbenoid reactant complexes with
ethylene (RC1-RC3) were found to be less stable (going from
-7.4 kcal/mol for RC1 to-2.7 kcal/mol for RC3) relative to
their starting material (SM) ISmCH2I/THF + CH2dCH2),
whereas the transition states (TS1, TS3, and TS5) changed only
modestly from about 5.5 kcal/mol for TS1 to 6.1 kcal/mol for
TS5. This leads the barriers for the cyclopropanation reactions
to become systematically lower as more THF solvent is added
(from 12.9 kcal/mol for no THF molecules to 10.3 kcal/mol
for one THF molecule and 8.8 kcal/mol for two THF molecules).
In contrast, the transition states for the carbometalation pathway
tend to become noticeably higher and range from 9.7 kcal/mol
for no THF molecules to 10.9 kcal/mol for one THF molecule
and 14.2 kcal/mol for two THF molecules. This leads the
reaction barriers for cyclopropanation via the carbometalation
pathway to remain high (17.1 kcal/mol for zero THF, 15.4 kcal/
mol for one THF and 16.9 kcal for two THF molecules). These
results suggest the THF solvent helps make the methylene
pathway substantially more favorable than the carbometalation
pathway.

The incorporation of the THF solvent molecules into the
ISmCH2I/(THF)n (where n ) 0,1,2) carbenoid results in
moderate destabilization of the solvated Sm carbenoid with
ethylene reactant complex species (RC2 and RC3) relative to
the starting materials. This is likely due to the strong interaction
of the oxygen atom in THF with the Sm(II) atom that then
weakens the interaction of the Sm carbenoid species with
ethylene. The increased reactivity for the ISmCH2I/(THF)n (n
) 1,2) carbenoid reactions can also be partially attributed to
there being an increase of the electrophilic character of the
solvated Sm carbenoid species where the natural charges for
the Sm atom and the group charges for the SmCH2I1 moiety
are systematically increased from ISmCHI2, ISmCHI2/THF to
ISmCHI2/(THF)2 and/or from RC1, RC2, to RC3 as found from
NBO analysis. This suggests that as THF is added to the
ISmCH2I/(THF)n (n ) 0,1,2) carbenoid the olefin molecule
reactant complex becomes less stable and can be displaced by
the THF solvent in a fully solvated carbenoid species found in
THF solvent. There is recent experimental evidence to support
this view for the role of the THF solvent in the Sm (II) carbenoid
cyclopropanation reactions. Evans and co-workers110synthesized
several unsolvated lanthanide metallocenes containing tethered
olefin cyclopentadienyl ligand, [(C5Me4)SiMe2(CH2CHdCH2)]2-
Ln (where Ln) Sm, Eu, Yb), with the olefin oriented toward
the metal in the solid state. As THF solvent was added to the
[(C5Me4)SiMe2(CH2CHdCH2)]2Sm complex the alkene NMR
proton and carbon resonances were shifted significantly con-
sistent with THF solvent displacing the olefin in the solution
phase. This is not unexpected since THF would be expected to
be a better donor than the olefin and could displace it. The
interaction between the solvated carbenoid and ethylene becomes
weaker as THF molecules are added. This makes the reactant

complex have character becoming more similar to that of the
corresponding separated solvated carbenoid and ethylene mol-
ecule. The strong interaction between the Sm atom and THF
molecules combined with coordination of the THF molecules
to the Sm atom appears to block the carbometalation pathway.
This is consistent with the changes we observe in the ISmCH2I/
(THF)n (n ) 0,1,2) carbenoid with olefin molecule reactant
complexes as THF molecules are added to the system in our
present computational study and the recent experimental results
of Evans and co-workers110 for the behavior of the [(C5Me4)-
SiMe2(CH2CHdCH2)]2Sm complex as THF solvent is added.

Conclusion

A theoretical investigation of the cyclopropanation reactions
of the ISmCH2I carbenoid with ethylene was given. The
ISmCH2I carbenoid was found to possess a “samarium carbene
complex” character with a structure, properties, and chemical
reactivity similar to previously studied lithium carbenoids
(LiCH2X where X ) Cl,Br,I) but significantly different from
the related classical Simmons-Smith carbenoid (IZnCH2I). This
helps explain why the ISmCH2I carbenoid cyclopropanation
reactions are able to occur at low temperatures. The ISmCH2I
carbenoid cyclopropanation reactions could proceed via a
methylene transfer pathway or a carbometalation pathway. The
effect of THF solvent on the cyclopropanation reactions was
investigated by additional calculations using explicit coordina-
tion of the solvent THF molecules to the Sm (II) center in the
ISmCH2I carbenoid. The barriers for the ISmCH2I/(THF)n

(where n ) 0,1,2) carbenoid methylene transfer pathway
reactions became progressively lower as additional THF mol-
ecules were added with the barrier decreasing from 12.9 kcal/
mol for ISmCH2I to 8.8 kcal/mol for ISmCH2I/(THF)2. How-
ever, the barriers to reaction for the carbometalation pathway
stayed relatively high (>15 kcal/mol). These results suggest that
the THF solvent helps to enhance the chemical reactivity of
the ISmCH2I/(THF)n carbenoids toward olefins. The strong
interaction between the oxygen atom in the THF molecule and
the Sm(II) atom weakens the interaction of the Sm carbenoid
species with ethylene. This destabilizes the reactant complexes
while inducing an increase of the electrophilic character of the
solvated Sm carbenoid species and these two effects appear
mainly responsible for the increased reactivity for the carbenoid
reactions in THF solvent.
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