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Abstract: A computational study of the cyclopropanation reactions of divalent samarium carbenoid ISmCH_l
with ethylene is presented. The reaction proceeds through two competing pathways: methylene transfer
and carbometalation. The ISmCH.l species was found to have a “samarium carbene complex” character
with properties similar to previously investigated lithium carbenoids (LIiCH.X where X = ClI, Br, I). The
ISmCH_l carbenoid was found to be noticeably different in structure with more electrophilic character and
higher chemical reactivity than the closely related classical Simmons—Smith (IZnCH.l) carbenoid. The effect
of THF solvent was investigated by explicit coordination of the solvent THF molecules to the Sm (ll) center
in the carbenoid. The ISmCH.l/(THF), (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 tivated a large number of research groups to develop new and

Cyclopropane moieties have been found in a wide range of wide-ranging methods to produce cyclopropanated produfts.
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The Simmons-Smith reaction is a popular method for synthe-

experiments showed that GH-l reacts with cyclohexene

sizing cyclopropanated products from olefins using a reagent solvent to form andleaving group on the-510 ns time-scal&?

formed from CHI, and a Zr-Cu couple®® After the discovery
of the Simmons-Smith cyclopropanation reactiéha great deal

and this combined with theoretical resti#$* indicates that
CHyl—1 is the carbenoid species mainly responsible for the

of work has been done to improve and develop alternative ultraviolet photolysis of CHl, method for cyclopropanation of

methods to produce similar active reagei§t§! Many of these

olefins and a reaction mechanism was propd3étis3 The

Simmons-Smith-type reagents and related carbenoids are CH.l—I carbenoid has only one atom less than the classical

thought to be formed from Cit, (or other polyhalomethanes)
and a metal atom and have general RM&Htructures, where

Simmons-Smith type carbenoid (IZnClHan interesting species
to compare to SimmonrsSmith type carbenoids to elucidate

R is some atom or functional group, M is a metal atom like Zn, the role of the metal ato?.

Li, or Sm, and X is a halogen atom ClI, Br, or I. A metal atom

is not always required and ultraviolet photolysis of £Hn

The Simmons-Smith carbenoid (1IZnCHl) is difficult to react
with highly substituted &C bonds*3:35 Many methods devel-

the presence of olefins gives cyclopropanated products with highoped for cyclopropanation of olefins are not able to achieve

stereospecifity and little €H insertion reactio 32 Several

total control of diasteroselectivity in the synthesis of polysub-

experiments observed isopolyhalomethane species followingstituted cyclopropanes. Some methods require the use of toxic
ultraviolet photolysis of polyhalomethanes in condensed phasereagents or cannot react effectively witk=C bonds that are

environment$§2-71 Density functional theory (DFT) calculations

for the reaction of isodihalomethanes (£&-X where X =

Cl, Br, I) with ethylené?73 found they reacted with ethylene

via a one step mechanism similar to that for Simme8mith

carbenoids (XZnCEK).51.7482 Time-resolved resonance Raman
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tri- or tetrasubstituted to make a cyclopropanated product.
However, there have been experimental reports of using Sm/
CHal, reagents to make cyclopropanated allylic alcohols with
complete stereospecificity with respect to the olefin geometry
by Molander and co-worket$%%:57 and to produce cyclopro-
propylcarboxamides with complete stereospecificity fragf
unsaturated amides with di-, tri- and tetrasubstituteeDdbonds

by Concellm and co-worker8! Several stereoselective reactions
of the Sm/CHI, and/or the Sm/CHCI reagents have also been
reported for cyclopropanation of allylic alcohols by Lautens and
co-worker§85%and Cossy, Blanchard, Mey&The Sm/CHl,
carbenoid is believed to be one of the most efficient and highly
diastereoselective cyclopropanating reageéhts>"-61Their cy-
clopropanation reactions are usually performed by addition of
a solution of olefin and 34 equiv of CHil, 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 temperaturgs657.61This indicates that the
Sm/CHl, carbenoid species is very reactive and much more
reactive than the classical Simmet8mith (IZnCHl) carbenoid

that requires relatively high temperatures for cyclopropanation
reactions’® The high reactivity for the Sm/Cjtb cyclopropana-

ting reagents may possibly be accounted for by assuming the
formation of a Sm(ll) carbenoid such as ISm&ZHThe Sm/
CHqal, reagent responsible for the cyclopropanation reactions
has been proposed to be the ISmCsépecies by both Molander
and co-worker®-5657and Concella and co-worker§! Despite

the synthetic importance of the Sm/@H 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/&Hpromoted
cyclopropanation reactions and a better knowledge of the
structure and properties of the active Sm (Il) carbenoid species
(ISmCHl) compared to related SimmoaSmith type car-
benoids such as 1ZnCGH
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5910
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10 625.
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We note that recent density functional theory calculations Computational Details

have proven very useful t_o eIumdatQ the cyclopropan_anon reac-  1ne hybrid B3LYP or UB3LYP density functional metH§d® was

tion mephanlsm(s) Of, SimmonasSmith type carbenoids and used to investigate the cyclopropanation reaction mechanisms of the
related lithium carbenoids by a number Of. re.search grélﬂﬁs‘?z ISmCH,| carbenoid with ethylene. The probable effect of solvent on
To our knowledge, there have been no similar calculations donetne reactions was explicitly considered by coordination of tetrahydro-
for the ISmCHI carbenoid species, and this is probably due to furan (THF) molecules to the Sm (Il) atom of the carbenoid species.
the difficulty in dealing with the lanthanide Sm atom. DFT The cyclopropanation reaction mechanism with coordination of one
calculations for Sm and other lanthanide complexes have only and two THF solvent molecules to the ISmgkdarbenoid are denoted
been recently reported in the literature by several different as ISmCHI/(THF), (n=1, 2) in all of the figures and tables presented
groups and are still relatively rapé-921%Theoretical calcula- here and were compared with the reactions of the parent Sm (Il)
tions for chemical reactivity are even rarer for lanthanide com- carbenoid ISmCH with ethylene, in which the solvent THF molecules

plexes. To our knowledge, there have been only a few reportsare absent. The stationary structures of the potential energy surfaces
- . . were fully optimized withC, symmetry at the B3LYP level of theory.

such as those by M_aro_n’ Elsen$t6|n and Perrin for th_e H Analytical frequency calculations were performed in order to confirm

exchange and €H activation reactions of selected lanthanide the optimized structures to be either a minimum or a first-order saddle-

complexe®~°! and by Sherer and Cramer for characterizing point as well as to obtain the zero-point energy correction. IRC
methane metathesis of several lanthanide compRéxes. calculation& were performed to confirm the optimized transition state
In this paper, we present a hybrid DFT (B3LYP) study for correctly connects the relevant reactants and products.
the ISmCHI + CH,CH; cyclopropanation reactions. To our Geometry optimization for all reactants, intermediates, transition
knowledge, this is the first computational study of the cyclo- states and products as well as the frequency calculations were carried
propanation reactions for a Sm (ll) carbenoid species (or for out with the 6-311G** basis set for the carbon and hydrogen atoms of
that matter any lanthanide carbenoid species). We found thethe Sm carbenoid moiety (GHyroup) and the ethylene (GHCH,)
ISMCHI carbenoid to have a “samarium carbene” complex group. These_ carbon and hydrogen atoms are expected to affect the
character with properties similar to previously investigated reaction barriers more than the other carbon, hydrogen, and oxygen

o . . _ . atoms in the THF solvent molecule. Thus, a smaller 6-31G* basis set
ht.hlum carbenoids (LICKHX where X= Cl, Br, ) bqt notlcea_bly was employed for the carbon, hydrogen and oxygen atoms of the THF
different than the closely related classical Simmoe8mith

. solvent moiety in order to keep the calculations tractable. The lanl2dz
(1ZnCHgl) carbenoid. The effect of THF solvent was also pasis séf (which combines the HayWadt relativistic core potential)
examined at the DFT level by explicit coordination of the solvent \as used for the iodide atom. The relativistic core potentials (RECPSs),
THF molecules to the Sm (Il) center in the ISm&darbenoid. optimized by the StuttgartDresden group!®-1°2 were used for the
We briefly discuss our results in relation to other metal Sm (Il) atom. Unless specifically noted in the text, all calculations used
carbenoid reactions and experimental results for SralCH  the “large core” RECP in which 5s, 5p, and 6s electrons were explicitly

promoted cyclopropanation reactions. treated as “valence” electrons with the remaining electrons replaced
by the RECP%01 Thus, 10 valence electrons RECP were used for

(84) Adamo, C.; Maldivi, PJ. Phys. Chem. A998 102, 6812-6820. the Sm (Il) center. In addition, in this “large core” RECP, the partially

(85) Adamo, C.; Maldivi, PJ. Phys. Chem. A999 103 7554-7554. filled 4f8 electrons which do not participate actively in the bonding

86) Maron, L.; Eisenstein, Ql. Phys. Chem. 200Q 104, 7140-7143. . .
2873 Gordon, J. C.: Giesbrecht, G_yR_; Clark, D. LQ Hay, P. J.; Keogh, D. W.; Were also included in the core for a total of 52 electrons. The RECPs

E%ZR'; Scott, B. L.; Watkin, J. GOrganometallics2002, 21, 4726~ were used in combination with their optimized basis set with an
(88) Clark, D. L.; Gordon, J. C.; Hay, P. J.; Martin, R. L.; Poli, Brgano- additional f polarlza_tlon function. The “Ia_\rge Cgre” RE(_:P basis set is
metallics2002 21, 5000-5006. denoted as 6-311A in the Results and Discussion section. The energies
(89) Eisenstein, O.; Maron, L1. Organomet. Chen2002 647, 190-197. ; i i _nOi i
(90) Eisenstein’ O.. Maron, L1 Am. Chem. So@00L 123 1036-1039. of the stationary structures were reflngd by the single p_0|_nt calculgtlons
(91) Maron, L.; Perrin, L.; Eisenstein, @. Chem. Soc., Dalton Tran2002 done at the B3LYP level of theory using a larger hybridized basis set
534-539. referred to as 6-311B. The 6-311B basis set is composed of the standard
(92) Sherer, E. C.; Cramer, C. Qrganometallics2003 22, 1682-1689. % . P . .
(93) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. 6-311++G** basis set for C and H atoms of the Sm carbenoid moiety
(94) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. (CH: group) and the ethylene (GHCH,) group, a SDB-aug-cc-PVTZ
(95) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. i ,99 i iz ati
(96) Gonzalez, C.. Schlegel, H. B. Chem. Phys1989 90, 2154;J. Phys. basis set sé%®* that includes two sets of d, one set of f polarization
Chem.199Q 94, 5523-5527. _ _ functions and each set of s, p, d, f diffuse functions in conjunction
(97) (@) Dunning, T. H., Jr.; Hay, P.lh Modern Theoretical Chemistrchafer, with the StuttgartDresder-Bonn relativistic core potential for the

H. F., lll., Ed.; Plenum: New York, 1976; pp-128. (b) Hay, P. J.; Wadt,

W. R. J. Chem. Phys1985 82, 270-283. () Wadt, W. R.; Hay, P. J. iodide atoms and the basis sets for the other atoms are the same as

Chem. Phys1985 82, 284-298. (d) Hay, P. J.; Wadt, W. RIl. Chem. used in the 6-311A basis set. The larger hybridized basis set 6-311B is
(©8) ';\’Ahg’rfi-nlg’J*%EiM?ZIv_.?g%‘nzle?mann AL, Chern. Phy<2001, 114, 3408-3420. composed of 409 basis functions contracted from 755 primitive
(99) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, Mol. Phys 1993 Gaussian functions for the reaction system of ISEHAHF), + CoHa.

80, 1431. For comparison purposes, one set of the “small core” RECP cal-
(100) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actal989 75, . P purp ' . : « »

173-194. culations was done to compare with the corresponding “large core

(101) Dolg, M.; Stoll, H.; Preuss, HTheor. Chim. Actal993 85, 441—-450. RECP calculations for the ISmGH+ C,H, reaction system. The “smalll
(102) Dolg, M.. Stoll, H.; Pruss, HJ. Chem. Phys1989 90, 1730-1734. core” RECPs combined with their optimized basis set and one additional

(103) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. 7 . .
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.; @ polarization function for the reactants, transition states and products
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.  of the reaction system of ISmGH+ C,H,; were employed on the

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, . . . L
M Cammi, R.- Mennucci, B.. Pomelii, C.. Adamo, C.: Clifford, S..  samarium (Il) atom in which the &fshell was explicitly treated as

0cr|1_tirski, J.; Petel;ssokn, G. A, Aya:qa, P. kT';‘CUi’ Q.; Morokuma, K.; valence electron¥? The basis sets used remains unchanged for all the
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B : :

Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; other atoms (C an,d H atoms for _G'Hl the cgrbenmd mOIety and8y
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;  group). All calculations were carried out using thaussian 9grogram
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;  gyjtel03

Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. Baussian 98Gaussian, Inc., Pittsburgh, PA, (104) Kaupp, M.; Schleyer. P. V. R.; Dolg, M.; Stoll, H. Am. Chem. Soc.
1998. 1992 114, 8202-8208.
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Table 1. B3LYP/6-311A and B3LYP/6-311B Calculated Relative proaches ethylene (8,) in an asymmetric manner and reacts
Energies (E) with Zero-Point Energies (ZPE) Corrections Relative

to the Starting Materials (SM = ISmCH l/(THF), + C2Ha) where n with one of the CH QVOUPS from above the molecular plar]e.
=0,1,2 In the carbometalation process, the ethylene molecule simul-
B3LYP/6311A taneously moves to the Sm carbenoid to reach the Sm and C
B3LYP/6-311A (B3LYP/6-311B) atoms in the carbenoid. A-complex RC1 is formed when the
species (B3LYP/6-311B)" with small core® two molecules move toward one another and can be regarded
ISMCHyl + CoHy 0.0 (0.0) 0.0 (0.0) as the reactant complex for these two reaction pathwajpe
RC1 —7.4(6.3) —9.2(-7.5) reactant complexes were also found in calculations done for
g% 3:3 gfé) 2‘& g% lithium (I._iCHZX) and Simmons-Smith type zinc (XZnCIjX)
IM1 ~10.2 -8.7) carbenoids. Recent MP2(full)/6-31#G** calculations pre-
c-CaHg + Smh —45.9 (-44.0) dicted a stabilization energy of 11.1 kcal/mol for theomplex
ISmCHl + THF + CoH, 23.3(23.2) of LICH,Cl and CHCH,.”8 Previous B3LYP/6-311G**//B3LYP/
ISMCHI/THF + CoHa 0.0 (0.0) . . S
RC2 ~45(-3.8) DZVP calculations obtained a stabilization energy of 4.0 kcal/
TS3 5.8 (8.2) mol for thesr complex of CIZnCHCI and CHCH,.”
ITMS; _15'79((_172.'2)) Inspection of Figure. 1 shows that the geometry of the active
¢-CsHg + SMLITHF —48.7 (-46.5) Sm(ll) carbenoid species ISmGlHan be viewed as a complex
ISMCHl + 2THF + CoH4 42.6 (42.5) between methylene carbene (g§Hand samarium diiodide
'ng‘3CH2"(THF)2+ CaHa g-g (05)3 (Smb). The G-1* and Sm-I* bond lengths are 2.335 A and
TS5 6.1((8.4)) 3.280 A, respectively, at the large core RECP level of theory,
TS6 14.2 (15.5) and the corresponding bond lengths are 2.338 and 3.220 A,
IM3 —5.5(-4.5) respectively, at the small core RECP level of theory. BotH'C
¢-CgHg + SMB/(THF), —52.2 (-48.0)

and Sm-11 bond lengths are noticeably elongated compared to
aThe values are computed from 6-311A or 6-311B (the values in the C-I _and Sm-1 bond lengths in the SimmonrsSmith zinc
parentheses) basis sets with large core RECP for Sm (see the 6-311A anccarbenoid 1ZnCHl (the C—I bond length was reported to be

6-311B basis set descriptions in the computational det&ilEhe values i i
are computed from 6-311A or 6-311B (the values in parentheses) basisz'l93 Aiin ref 80) and Sral(the Sm-I bond length is 3.056 A

sets with small core RECP for Sm. in this work). The Sm-C—I* bond angle is only 83%and this
is much smaller than the ZC—I bond angle of 111.0in the
Results Simmons-Smith zinc carbenoid (1IZnCH).8° The I-Sm-—I

The optimized stationary structures (minima, saddle points) Pond angle of 1445for ISmCH is only slightly larger than
on the potential energy surfaces of the reactions are depictedthat of the freg Sml molecule (140.2. The H-C—Sm-H
schematically in Figures 1, 2, and 3 with selected key geometry dihedral angle is calculated to be 16%and 164.8 at th('_:' large .
parameters (bond lengths and bond angles). The detailed®Ore and small core RECP levels of theory, r_es_pectlvely. This
structural parameters and energies for the structures determinedidicates the carbon atom of the Sm carbenoid is closests a

here are collected in the Supporting Information. The relative NYPrid structure and is much different from the almest
energies relative to the starting materials (SmISmCH!/ hybridization structure of the carbon atom for the 1ZrnC#nc

(THF), + CoHs wheren = 0, 1, 2 with ZPE corrections with carbenoid that has a corresponding dihgdral angle GH
different basis sets (6-311A and 6-311B with “small core” and Zn—H) of 124.2.5 The Sm-C—H angle is 128, and the
"large core” RECP for Sm) are tabulated in Table 1. The relative H~C—H angle is 106.5in the ISmCHI carbenoid. This is
energies including ZPE for the different reaction pathways are consistent with the ISmCH carbenoid carbon atom having
shown graphically in Figure 4. noticeable spcharacter with the SmC—H qngles increasing

A. Cyclopropanation Reaction of the Sm (Il) Carbenoid from 120 and the H-C—H angle decreasing from the about
ISmCH,l with Ethylene. Figure 1 displays the optimized 120 expected for an sphybridized carbqn. All of the ab_ove
geometry found for the Sm (I1) carbenoid ISmgHhe reactant structural features of the Sm(ll) carbenoid suggest that it has a
complex RC1, and the transition states TS1 and TS2 for “samarium carbene complex” structure. This is very similar to
reactions with ethylene through two different pathways to the structures obtained for several lithium carbenoid species
produce cyclopropane{CsHe) and Sms. One pathway involves where the H-C—Li—H dihedral angle was reported to be about
a one-step methylene transfer mechanism through TS1 wherel 78.0 which indicates the lithium carbenoids (LiGK) have
the pseudotrigonal methylene group of the carbenoid adds to@n almostsp? hybridization for their carbon atorf#:?! The
the ethylener-bond to form two new €C bonds asynchro- ethylene CHCH, 7?2 coordination to the Sm carbenoid to form
nously. This is accompanied by a 1,2-migration of the iodine the reactant complex RC1 does not significantly change the
anion from the carbon atom to the Sm atom. The three-centereddeometry of the carbenoid species except for the-Snand
transition state is similar to that proposed by Molander and co- Sm—I bond lengths that become slightly elongated. Tjte
worker$45657and Concellon and co-workétsto explain the Sm—C bond lengths are computed to be 3.270 and 3.249 A at
stereochemical features of this type of reaction. Another pathway the large core RECP level of theory and 3.152 and 3.170 A at
is a carbometalation process, in which a+22] addition of ~ the small core RECP level of theory.
ethylene to the SmC bond for the carbenoid proceeds to Examination of Figure 1 for the methylene transfer pathway
produce an intermediate IM1 through a four-centered transition shows the &-C2 distance in TS1 is 2.353 A, and this is 0.234
structure TS2. A subsequent intramolecular substitution reactionA shorter than the &-C3 distance (values from the large core
of IM1 produces the final cyclopropane product. In the RECP calculations). The planar ethylene molecule undergoes
methylene transfer pathway, the Sm carbenoid ISaICGip- a significant pyramidalization of about 10.4 degrees féirC
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HCSmH= 164.7°
(164.8°)

Methylene Tranfer
— TSI —_— C-C3]‘16 + Smlz
SM = ISmCH,I +CH,CH, —
e TS2 _— IM1
RC1 Carbometalation

3.300

83.6°

1.334

(1.335) HCSmH= 165.0°
(164.7%

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 (Il) carbenoid ISmGHreactant 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 ISih®@ith ethylene. TS2= transition state for carbometalation pathway for

reaction of ISmCH 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 A and the bond angles in degrees.

HCSmH=166.0°
Sm-0=2.557 Sm-0=2.559

154.9°

1.345

m Methylene Tranfer

e TS3 —

SM = ISmCH,I/THF +CH,CH, —

L TS4 —_— M2
RC2 Carbometalation

o o
©3.297, 3200
A 1 B

Figure 2. Schematic diagram of the optimized geometry from the B3LYP/6-311A computations for the one THF solvated samarium (1) carbenoigs ISmCH
THF, the reactant complex RC2, the intermediate IM2 as well as the transition states for the cyclopropanation ofl/[B#fChith ethylene. TS3=

transition state for the methylene transfer pathway for the reaction of ISHIGH with ethylene. TS4= transition state for the carbometalation pathway

for reaction of ISmCHI/THF with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and the bond angles in

degrees.

the TS1 structure and this indicates the onset ofsfite—~ sp? cyclopropanation reaction. Thé<€C3 and G—Sm bond lengths
rehybridization required for cyclopropane formation, whereas are elongated by 0.011 and 0.030 A respectively upon going
the pyramidalization is only 0.5 degrees fof. This reflects from the reactant complex (RC1) to the transition state (TS1).
the asynchronous approach of the £LHl, molecule for the The interaction of the ISmCHImoiety with thesw olefin orbitals
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HCSmH=161.1°

ﬁethylene Tranfer TS5 ¢-C3Hg + SmlL/(THF),

RC3 — TS6 —_— IM3
Carbometalation

Figure 3. Schematic diagram of the optimized geometry from the B3LYP/6-311A computations for the two THF solvated samarium (Il) carbenoig ISmCH
(THF),, the reactant complex RC3, the intermediate IM3 as well as the transition states for the cyclopropanation i ASHE)A with ethylene. TS5=

transition state for the methylene transfer pathway for the reaction of ISIHCHF), with ethylene. TS6= transition state for the carbometalation pathway

for reaction of ISmCHI/(THF), with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and the bond angles
in degrees.

142 156 the Smj byproduct in the transition state (TS1). It is evident
that TS1 is the transition state of the concerted reaction from
the RC1 reactant complex ®CsHg + Smk products. Vibra-
tional analysis showed that the TS1 structure has one imaginary
frequency (283i cmt) 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 SmC bond occurs to produce the inter-

o SmOHTHE) * Gl § A\ asmﬁh;)n mediate IM1 through the four-centered TS2 transition state. The
o g \—Jj‘gg Sm—C2 interaction increases significantly from 3.270 A in RC1
w 522 to 2.735 A in TS2. The & C2 bond weakens somewhat from
1.334 Ain RC1 to 1.401 A in TS2 and the-€C? bond forms
Carbometalati Methylene Transfer to a significant extent and goes from a distarrcé.00 A in
Reaction Coordinate RC1 to 1.882 A for TS2. This is accompanied by weakening

Figure 4. Schematic diagram showing the computed relative energies (in Of the C—I and C—Sm bonds from 2.337 A and 2.605 A,
kcal/mol) at the B3LYP/6-311A and B3LYP/6-311B (the data in paren- respectively in RC1, to 2.533 A and 2.720 A, respectively in
theses) levels for reactions of ISm@HKTHF), (n = 0, 1, 2) with ethylene TS2. The preceding changes suggest that as RC1 goes to TS2
with the transition states and products energies given relative to the starting : ; . . i
materials [SM= ISMCHl/(THF), + CoHa (0 = 0, 1, 2)]. the C-C—C moiety forms and is on its way to making a propyl
group as found in IM1. The+Sm—I angle undergoes a large
are mainly responsible for the slight lengthening of te=C8® change from 1537in RC1 to 124.1 in TS2. This suggests
and G—Sm bonds. Relatively large changes are associated withthe Sm interaction with theGand G atoms increases enough
the '=C—Sm angle, the I-Sm—12 angle, the &-I! and to make it appear to have more four coordination character in
Sm—I* distances that vary from 83,4153.F, 2.337 A, and TS2 than in TS1, which still has a large-$m—I angle of
3.280 A, respectively in RC1, to 7£,7149.3, 2.781 A, and 149.3. These changes in structure as RC1 goes to TS2 appear
3.175 A respectively in TS1. Meanwhile, thé-@* bond (2.781 somewhat larger than that experienced as RC1 goes to TS1,
A) becomes nearly broken and the Sit bond (3.175 A) which was discussed in the preceding paragraph. This suggests
becomes almost formed in TS1. These changes in the bondthere may be a larger barrier for RC1 to TS2 than to TS1.
lengths and bond angles are attributed to partial formation of Vibrational analysis found that the optimized TS2 structure had
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one imaginary frequency (364.4i ci) and TS2 was confirmed  philic character. NBO analysis obtained from the large core
to be the first-order saddle-point connecting the corresponding RECP calculations indicates that the natural charges on Sm atom
reactants and products by IRC calculations. are 1.701 for ISmCH and 1.698 for RC1. This is similar to

Inspection of Table 1 and Figure 4 shows the reaction for the lithium carbenoids LiCkX (X = F, Cl, Br, I) and lanthanide
the methylene transfer pathway has a barrier of 5.5 kcal/mol (1) metallocences including Sm(I)Gp°* The NBO charge for
(with ZPE correction) and is exothermic by about 45.9 kcal/ SM(ll) of about 1.7 for ISmCH is similar to the charge for
mol at the B3LYP/6-311A level. These values are relative to SM(Il) of about 1.899 for the SmGromplex:®*
the separated reactants of ISmGldhd CHCH,. The barrier The existence of a stable precursor complex between the
becomes 5.1 kcal/mol with ZPE corrections at the B3LYP/ carbenoid and ethylene would increase the reaction barriers.
6-311A level with a small core RECP basis set for the Sm atom. AS seen in Figure 1 and Table 1, the reactant complex RC1 is
The B3LYP single point calculations using the 6-311B basis |0wer in energy by 7.4 kcal/mol at the B3LYP/6-311A level
set gave results in reasonable agreement with those found forof theory than the starting materials (SM). This stabilization
the 6-311A basis set. The relative energies at the B3LYP/ €nergy becomes 9.2 kcal/mol for the analogous calculations
6-311B systematically increase by 0.4 to 4.2 kcal/mol for all that use the small core RECP basis set for the Sm atom. These
the stationary structures compared to the B3LYP/6-311A relative calgulatlons indicate that the actual reaction barriers would
energies. However, the systematic increase in energy in theP® increased by 710 kcal/mol from the reactant complex
B3LYP/6-311B calculations does not change the relative order C0mpared to the barriers calculated from the SM. However,
of the actual reaction barrier heights for the methylene transfer tis is probably not the actual case in solutions. We know that
and carbometalation pathways. For example, the reaction barriefn€ cyclopropanation reactions usually occur in polar solvents,
heights at the B3LYP/6-311B level for the reaction system of fOr instance, the THF solvent is used for most of the Sm (1l)/
ISMCHl + CoHa, ISMCHITHF 4 CH, and ISmCHI/(THF), CHal, promoted cyclopropanation reactions. These splvgnt
+ C,H, are calculated to be 14.5, 12.0, and 10.7 kcal/mol, molecules would be expected to have stronger coordination

respectively for the methylene transfer pathway. This is only ability to the metal center compared to the ethylene molecule
an increase of 1.0 to 1.9 kcal/mol compared to the calculated (or other olefin molecule). This will likely block the coordination

reaction barrier heights (13.5, 10.3, 8.8 kcal/mol) for the B3LYp/ Of €thylene (or olefin) to the metal center or at least decrease

6-311A computations. For the carbometalation pathway, the the stabilization energy between the carbenoid and ethylene.
reaction barrier heights at the B3LYP/6-311B level for the We shall discuss the THF solvent effect in more detail in the

reaction system of ISmMG#H + CoHy, ISMCHI/THF + CoHa, next section.

and ISMCHI/(THF), + C,H, are calculated to be 18.1, 16.1, _ B: Cyclopropanation Reactions of THF Solvated Sm (If)
and 17.8 kcal/mol, respectively, similar to the corresponding C@rPenoids ISmCHI/(THF) » (n = 1, 2) with Ethylene: Why

values (17.1, 15.4, 16.9 kcal/mol) of the B3LYP/6-311A IS THF Used as a Solvent for Sm(Il) Carbenoid Promoted

calculations. This suggests that the B3LYP/6-311A calculations CYClOPropanation Reactions?Cyclopropanation reactions are
using a large core RECP for the Sm atom are reasonably reliableUSually done in polar organic solvents for a number of carbenoid
for further calculations of larger systems to predict reaction _reagljents. Forlthe_ ST promoted cr:]ycloplropanatlon Leactltlans, THF
barriers for the methylene and carbometalation pathways. The'fs a QOSt EXC uflve %ulsed as the so ng' THF has also been
reaction barriers of B3LYP/6-311A and B3LYP/6-311B calcu- '°und (o0 be a ligand in most reporte Sm(ll) crystal struc-

105-107 I I 1 -
lations for the methylene transfer pathway are also in good tgreg. ¢ rl]-lerse, vlvle presentda det|a|led computatlona! |nvebs
agreement with the calculated value (the data shown in the lastt!92tion of the m(ll) promoted cyclopropanation reactions by

column of Table 1) from the corresponding calculations that explicitly coordinating one and wo THF molecules to the Sm

make use of a small core RECP basis set for the Sm atom. This(”) atom. Figure 2 depicts Fhe optimi_zed geometries found for
suggests the reaction barriers obtained using the large core REC&%OHHEJHihSOIV?ted start:ngtmater:alséihzllstrr? C.thll TH';. ¢
basis set for the Sm atom are reliable and the 4f electrons likely 2CH,), thez-type reactant complex  the Intermediate

do not participate actively in the bonding and do not contribute :MZ’ atr_1d thfeF_correszpoEdlngt;\ratntsr,:tl?cn statt_es Tfstﬁ ano: Ttslé
substantially in these reactions. Inspection of Table 1 and Figure nspection ot Figure 2 shows that the formation o the solvate

4 suggests that both the methylene transfer and carbometalatioﬁ:alrbenOIOI species ISmGHTHF with one THF solvent mol-

mechanisms are competing pathways for the Sm (Il) promoted ?hcglee%ﬁ;?:nffr?}?s:g? ;g]?;?k:g :;zsn?;teilglr;flcantlé/ecr;ange
cyclopropanation reactions. The relative order of the reaction 9 y y ISmCekcep

. . . for the Sm-C, Sm-11 and Sm-12 bond lengths that become
barriers for th<=T two reactlpn pathways are predicted to be the slightly elongated by 0.040.06 A. The H-C—Sm—H dihedral
same for the different basis sets (either large core or small core

RECP for the Sm atom and the 6-311A basis set compared toangle in the ISmCR/THF complex is calculated to be 168,0

the 6-311B basis set). The B3LYP/6-311A calculation results gnq th.ls IS 1.'3 larger than that. qf the ISmGH complex,
. . indicating a slight change of hybridization for the carbon atom.
will be mainly used hereafter.
) . ) A z-type reactant complex RC2 can also be formed when an
The relatively low barriers found for the two different gy jene molecule coordinates to the Sm (1) center of the one
pathways for the Sm promoted (ISm@lHcyclopropanation e solvated carbenoid species ISm@MAHF. The forma-

reactions can mainly be attributed to the following two reasons. tion of the s complex RC2 causes a significant decrease of the
First, there are only relatively small structural changes for the
Sm (1) carbenoid (ISmCH) moiety upon going from the ~ (10%) Evfnj'XV,;,.J'bﬁéﬁﬁ?‘s‘]é(\fgggq%fgﬂia%?m'"'H”mer‘ W. E.; Awood,
reactant complex to the transition states. Thus, not much energy(106) Evans, W. J.; Drummond, D. K.; Zhang, H. M.; Atwood, J.lhorg.

is needed to go from the reactant complex to the transition states. %*i‘ggg-éﬁ?’ 2(73'_5;_5;‘5073; C. M: Shafir, A: Shafir, A: Amold, J.
Second, the Sm (Il) carbenoid (ISm@Hhas strong electro- Organomellics2002 21, 3841-3844.
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['-Sm—12 angle, which becomes 138.6rom 154.9 in character for the Sm atom compared to the unsolvated car-
ISmMCHI/THF complex. The interaction of the ISmGHnoiety benoids as more THF solvent molecules are coordinated to the
with the z olefin orbitals is also responsible for a slight Sm(ll) carbenoids. As THF molecules are coordinated to the
lengthening of the SmC, Sm-11, SmB, Sm-0O and G-C3 carbenoids, both the Sat and Sm-C bonds are weakened as
bonds in RC2, which are shortened by 6-@03 A compared shown in Figures 2 and 3 and the negative charges in both the
to the ISmCHI/THF species. The HC—Sm—H dihedral angle I and P atoms become more negative, indicating a more
in RC2 is predicted to be 165.2and this is only 0.5larger carbene-like complex for the THF-solvated carbenoids. Schleyer
than that of the ISmCH/THF species. and co-worker®*also suggested the Sm(Il) atom for the SmCp

Similar to the reaction of the parent Sm(ll) carbenoid Complex has noticeable ionic character.
ISMCH,l with ethylene, the one THF solvated reaction of  Figure 3 displays the optimized geometry found for the two
ISMCHI/THF + CH,CH, occurs through two competing THF solvated Sm (ll) carbenoid ISmGHTHF),, the reactant
pathways: methylene transfer and carbometalation. Vibrational complex RC3 and the transition states TS5 and TS6 for the
analysis showed that the optimized TS3 and TS4 structures eacHeactions with ethylene through two different pathways to
have one imaginary frequency of 286i chand 362.6i cm? producec-CgHs and Sm/(THF).. As shown in Table 1 and
respectively. These transition state structures were confirmedFigure 4, the two THF solvated reaction of ISmZKTTHF),
to be the first-order saddle point connecting the corresponding + CH2CHz has a barrier of 6.1 kcal/mol and is exothermic by
reactants and products by IRC calculations. The structural 2P0out 52.2 kcal/mol for the methylene transfer pathway. The
changes taking place during the methylene transfer and carbo-Parrier increases by another 0.3 kcal/mol due to explicit
metalation for the ISMCHWTHF + CH,CH, system are similar ~ coordination of the second THF solvent molecule to the one
to those found for the reactions without THF present. There 1HF solvated Sm carbenoid. The reaction for the carbometa-
are some modest differences in the structural changes for thelation pathway has a higher barrier of 14.2 kcal/mol. The barrier

ISMCHI/THF + CH,CH, system that can be attributed to the increases significantly by 3.3 kcal/mol compared to the corre-
coordination of THF to the Sm atom. sponding one THF solvated reaction. Similar to one THF

S . solvated reaction, the coordination of a second THF solvent
Examination of Table 1 and Figure 4 shows the one THF - . .
. molecule stabilizes the samarium carbenoid by 42.6 kcal/mol
solvated reaction for the methylene transfer pathway has a

barrier of 5.8 kcal/mol (with ZPE correction) and is exothermic Zl(im;]ﬁarsen(iaﬁlczert[]heanutrl]wseoi\\;/?ct:zg(zing grltzsglfrfol?rs]?at;irl]ilzsatli?)nonly
by about 48.7 kcal/mol relative to the starting materials. The ghty ’

L - . energy of the one THF solvated carbenoid species. The
barrier increases by only 0.3 kcal/mol due to explicit coordina- =
. : stabilization energy of 2.7 kcal/mol between the two THF
tion of one THF solvent molecule to the parent samarium -

. . solvated carbenoid and ethylene was further decreased by

carbenoid. On the other hand, the reaction for the carbometa-
lation pathway has a hiaher barrier of 10.9 keal/mol includin another 1.5 kcal/mol compared to the one THF solvated
th(le ZFI?E c\cl)v ()e/ct'on forlgthe BBL\I(P/G SliA calc Iat'(lnn uTlhg carbenoid system. The actual barrier for the methylene transfer
barrier | N Ib 1.2 keal/mol i dtoth diations. di pathway becomes 8.8 kcal/mol and this is decreased by another
armerincreases by 1.2 kcaimol compared to e COresponcingy gy 4j/mol compared to the actual barrier for the one THF
unsolvated reaction. In addition, coordination of one THF

solvent molecule stabilizes the Sm carbenoid by 23.3 kcal/mol solvated carbenoid species (10.3 kcal/imol). It is expected that

. _ 7 coordination of a third THF solvent molecule would stabilize
compared to the unsolvated Sm carbenoid. The stablization

4.5 keal/mol i f the int tion bet th the carbenoid species further and decrease the stabilization
energy (4.5 kcal/mol) coming from the interaction between the energy of thex reactant complex further. Upon saturation of

one. THF solvated carbenoid and ethylene was de_creaseqhe Sm (Il) center by coordination of THF solvent molecules
significantly by 2.9 kcal/mol. Therefore, the actual barrier for one by one, the reactivity of the solvated carbenoid species
the methylene transfer pathway becomes 10.3 kcal/mol and this '

i d d by 3.2 keal/mol d 1o th | barri would become relatively constant. We note the actual barriers
Is decreased by 3.2 kcal/mol compared to the analogous barrery e | nsolvated and solvated reactions for the methylene

for the unsolvated case (13.5 kcal/mol). T,h,'s ephanced reactivity o nsfer pathway can be reasonably described as an exponential
should be the composite effect of the stabilization of the solvated decay process as the number of THF goes from 0 to n =

Sm carbenoid species and the destabilization of the solvated2 as shown in Figure 5. However, the actual reaction barriers
Sm carbenoid species with ethylene reactant complex whichfOr the carbometalation pathway do not appear to change
comes from the incorporation of the THF solvent molecule. The substantially or with a clear trend by coordination of THF
strong interaction (23.3 kcal/mol for one THF solvent) between solvent molecules. To examine bulk solvation effects, the

the oxygen atom in THF and the Sm(ll) atom weakens the ;4764 continuum (PCM) solvation mo#iwas utilized for
interaction of the Sm carbenoid species with ethylene. The 1 (¢ =7.58) to the unsolvated reaction system (RC1, TS1
increased react|V|_ty for th_e reaction can__also be readily 5,q TS2) at the B3LYP/6-311B level. The reaction barriers from
understood by an increase in the electrophilic character of the g1 19 TS1 and TS2 were computed to be 9.0 and 12.7 kcal/
solvated Sm carbenoid species. NBO analysis reveals that th,,q| with ZPE corrections for the methylene transfer and

natural charges for the Sm atom are increased from 1.701 and.gpometalation pathways, respectively. These results are
1.698 in ISmCHJ and RC1 to 1.724 and 1.719 in ISmgH
THF and RC2, respectively. The group charges for SmEH (108) Arduengo, A. J., lll.; Tamm, M.; McLain, S. J.; Calabrese, J. C.; Davidson,

. . . .. F.; Marshall, W. JJ. Am. Chem. S0d.994 116, 7927-7928.
which is supposed to be responsible for the reactivity of the (109) Kasani, A.; Michael, F.; Ronald, G. @. Am. Chem. So@00Q 122,

carbenoid species, are also increased from 0.818 and 0.812 irth) EZVG;?ZN 3. Perot, J. M. Brady, 3. C.; Zillr, J.WAm. Chern. Soc
ISmCHL and RC1 to 0.825 and 0.818 in ISmGHIHF and 2003 125 5204-5212. B ' T

B P ; (111) (a) Miertus, S.; Scrocco, E.; Tomasi,Chem. Phys1981, 55, 117. (b)
RC2, respectively. The charge increase of the Sm atom in the Miertus, .. Tomasi, Chem. Physl982 65, 239. (¢) Cossi. M.; Barone,

solvated carbenoids could be accounted for by greater ionic V.; Cammi, R.; Tomasi, JChem. Phys. Lettl99§ 255, 327.
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14 - formation of IM1, IM2, and IM3 become less and less exo-
thermic, suggesting it is not the favored pathway for the
13| reactions.

Discussion
12}

We note that our predicted Sm (Il) carbenoid species can be
described as tetracoordinated or pentacoordinated Sm (ll)
complexes. Ther complex RC2 can be best described as a
distorted tetrahedron with four different ligands, £Hethylene
0F group, F and one THF. Ther complex RC3 can be described
as a distorted trigonal bypyramid, with one THF and ethylene
9l occupying the axial positions, ang} bne THF and Ckl* group
occupying in equatorial positions. We compare selected geom-
8 . . . etry parameters for the Sm carbenoids to those found experi-
0 1 2 mentally for other Sm(ll) complexes in the Supporting

Number of THF solvent molecules Information105-110

Figure 5. Barriers (B3LYP/6—31:I:B, kcal/mol) to reaction c_alculated from Our studies indicate that the reactions promoted by the Sm
ErT"f_'rFe)i“ztna”:t 8‘”T'plze)xv;ﬁgh;;’}f}gig‘?grsfséegqoét:]@elefgé rt‘iggts']?e”rspc;ft'h%g(;gs (I1) carbenoid (ISmCHI) occur with relatively low barriers to
a function of the number of THE molecules. the methylene transfer pathway which is moderately more
favored than the carbometalation pathway. The reaction barriers
consistent with the calculated actual reaction barriers of 10.7 computed for the methylene transfer pathway (12.9 to 8.8 kcal/
and 17.8 kcal/mol from RC3 to TS5 and TS6 at the B3LYP/ mol depending on how many THF molecules are coordinated
6-311B level, in which two THF molecules were coordinated to the Sm atom) are in reasonable agreement with experimental
to the Sm atom of reaction systems. This is also consistent with reaction conditions that show the cyclopropanation reaction can
the barrier trend demonstrated in Figure 5 for the exponential take place at low temperatures such-&88 °C.>*°6:57611t is
decay of the methylene transfer pathway as a function of the worth noting that the reactivity for the Sm (Il) carbenoid
number of THF molecules and can be regarded as a best limit(ISmCHyl) is similar to that found previously for several lithium
as two more THF molecules are coordinated to the Sm(ll) carbenoids (LiICHX where X= Cl, Br, 1).”"-"88!Recent MP2-
carbenoid. (full)/6-311++G** calculations predicted a barrier of 6.9 kcal/
There are some systematic changes in the structure, the charggol for the reaction of LICHCI + CH,CH,.”® We note that
distribution and the relative energies for the Sm carbenoid the lithium carbenoid reactions experimentally take place at low
species, the reactant complexes, the intermediates, the transitiofemperatures (e.g-78 °C)1%+-%and these reaction conditions
states and the final products as a function of THF solvent are very similar to those used for some of the Sm (Il) carbenoid
molecules added to the system. For instance, the bond distance§ SMCHl) cyclopropanation reactiorf8:%557.61 The similar
of Sm-C!, Sm~1!, Sm-12, Sm-C? and Sm-C® in the reaction barriers and reaction conditions for the lithium and Sm
carbenods ISmCH2I/(THR)(n = 0, 1, 2), RC1, RC2, RC3, (II) carbenoids implies there are some similarities in the
methylene transfer transition states TS1, TS3, and TS5 andchemical reactivity for these two kinds of carbenoids and this
carbometalation transition states TS2, TS4, and TS6 (including iS reasonably consistent with our present computational results.
the G—C8 distances for the carbometalation pathway) become From the viewpoint of the HC—M—H dihedral angle (M=
systemically elongated as the number of THF goes fnom0 Li, Sm, Zn and values of 178164.7, and 124.2, respectively),
to 2 with no exception. The bond angles-Bm—I12 and the carbon atom in the ISmGHand LiCH,X carbenoid species
I1-C1—Sm become systematically larger for the above-men- has moresp? character than that in the SimmenSmith
tioned structures as the number of THF molecules goes from 1ZnCHal carbenoid. This feature as well as the detailed structural
= 0 to 2 with an exception that the bond angle-$m—I2 in information discussed in section A indicate the ISmCH
RC1 is smaller than in RC2. However, the bond distances of carbenoid can be considered to be a “samarium carbene
C!—I1! and G—C2? become systematically shortened in the complex”with properties similar to the lithium carbenoids. Our
methylene transfer transition states TS1, TS3, and TS5. Thecalculations for the ISmCHi carbenoid also indicate it under-
C!—I1 distances in the carbenoid species and reactant complexegoes only relatively small structural changes from the reactant
with ethylene remain almost the same. The Sm related bondcomplexes to the methylene transfer transition states implying
distances for the intermediates IM1, IM2, and IM3 and by- that not much energy is required to go from the reactant
products SmKTHF), (n = 0, 1, 2) exhibit similar trends as the =~ complexes to their transition state. We also found the ISpiCH
number of THF goes froorm = 0 to 2. The natural charge carbenoid has stronger electrophilic character than the Sim-
distribution for the Sm atom and the group Sti@ becomes ~ mons-Smith carbenoid (IZnCH). These results help provide
more positive as the number of THF goes fron= 0 to 2. a reasonable explanation for why the ISmCidarbenoid is
Energetically, the actual reaction barriers become smaller andexperimentally substantially more reactive than the classic
the reaction enthalpies become more exothermic for the meth-Simmons-Smith (IZnCHl) carbenoid.
ylene transfer pathway as the number of THF goes fnom0 Sm (1) carbenoid (ISmCH) cyclopropanation reactions are
to 2, indicating the methylene transfer is the favored pathway. mainly done in THF solvent experimentaf§56.57.61 we
However, for the carbometalation pathway, the actual reaction explored the role of THF solvent on the ISm@lHdyclopropa-
barriers have no specific trend and the reaction enthalpies fornation reactions by explicitly coordinating one and two THF

1}

Reaction barriers (kcal/mol)
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molecules to the Sm atom. These calculations exhibited ancomplex have character becoming more similar to that of the
interesting trend for the methylene reaction pathway as the THF corresponding separated solvated carbenoid and ethylene mol-
solvent molecules were added to the system. The ISghCH ecule. The strong interaction between the Sm atom and THF
(THF), (wheren = 0,1,2) carbenoid reactant complexes with molecules combined with coordination of the THF molecules
ethylene (RC+RC3) were found to be less stable (going from to the Sm atom appears to block the carbometalation pathway.
—7.4 kcal/mol for RC1 to—2.7 kcal/mol for RC3) relative to  This is consistent with the changes we observe in the ISgICH
their starting material (SM= ISmCHI/THF + CH,=CH,), (THF), (n = 0,1,2) carbenoid with olefin molecule reactant
whereas the transition states (TS1, TS3, and TS5) changed onlycomplexes as THF molecules are added to the system in our
modestly from about 5.5 kcal/mol for TS1 to 6.1 kcal/mol for present computational study and the recent experimental results
TS5. This leads the barriers for the cyclopropanation reactions of Evans and co-worke¥s for the behavior of the [(EMey)-

to become systematically lower as more THF solvent is added SiMe,(CH,CH=CHy,)].Sm complex as 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). o o ) )
In contrast, the transition states for the carbometalation pathway A theoretical investigation of the cyclopropanation reactions
tend to become noticeably higher and range from 9.7 kcal/mol Of the ISmCHI carbenoid with ethylene was given. The
for no THF molecules to 10.9 kcal/mol for one THF molecule SMCHl carbenoid was found to possess a “samarium carbene
and 14.2 kcal/mol for two THF molecules. This leads the Complex” character with a structure, properties, and chemical
reaction barriers for cyclopropanation via the carbometalation réactivity similar to previously studied lithium carbenoids
pathway to remain high (17.1 kcal/mol for zero THF, 15.4 kcal/ (LICH2X where X = CI,Br,]) but significantly different from

mol for one THF and 16.9 kcal for two THF molecules). These the related classical SimmonSmith carbenoid (IZnCH). This
results suggest the THF solvent helps make the methyleneh€lPS explain why the ISmC# carbenoid cyclopropanation

pathway substantially more favorable than the carbometalation "€actions are able to occur at low temperatures. The ISthCH
pathway. carbenoid cyclopropanation reactions could proceed via a

The incorporation of the THF solvent molecules into the methylene transfer pathway or a carbometalation pathway. The
ISMCH/(THF), (where n = 0,1,2) carbenoid results in effect of THF solvent on the cyclopropanation reactions was
moderate destabilization of the solvated Sm carbenoid with investigated by additional calculations using explicit coordina-
ethylene reactant complex species (RC2 and RC3) relative totion of the solvent.THF moleculles to the Sm (Il) center in the
the starting materials. This is likely due to the strong interaction SMCHl carbenoid. The barriers for the ISm@HTHF),
of the oxygen atom in THF with the Sm(ll) atom that then (Wheren = 0,1,2) carbenoid methylene transfer pathway
weakens the interaction of the Sm carbenoid species with €actions became progressively lower as additional THF mol-
ethylene. The increased reactivity for the ISm@ETHF), (n ecules were added with the barrier decreasing from 12.9 kcal/
= 1,2) carbenoid reactions can also be partially attributed to Mol for ISmCH to 8.8 kcal/mol for ISmCHI/(THF),. How-
there being an increase of the electrophilic character of the €ver, the bgrrlers.to reaction for the carbometalation pathway
solvated Sm carbenoid species where the natural charges foStayed refatively highx15 kcal/mol). These resuits suggest that
the Sm atom and the group charges for the Smi€Chhoiety the THF solvent helps to enhance the chemical reactivity of
are systematically increased from ISMGHBMCHL/THF to the ISmCHI/(THF), carbenoids toward olefins. The strong

ISMCHL/(THF), and/or from RC1, RC2, to RC3 as found from  Intéraction between the oxygen atom in the THF molecule and
NBO analysis. This suggests that as THF is added to the the Sm(ll) atom weakens the interaction of the Sm carbenoid

ISMCHI/(THF), (n = 0,1,2) carbenoid the olefin molecule spe_cigs with ethylgne. This destabilizes the_ _reactant complexes
reactant complex becomes less stable and can be displaced by/hile inducing an increase of the electrophilic character of the
the THF solvent in a fully solvated carbenoid species found in Solvated Sm carbenoid species and these two effects appear
THF solvent. There is recent experimental evidence to support Mainly responsible for the increased reactivity for the carbenoid
this view for the role of the THF solvent in the Sm (II) carbenoid "€&ctions in THF solvent.

Conclusion

cyclopropanation reactions. Evans and co-worksynthesized Acknowledgment. This research has been supported by grants
several unsolvated lanthanide metallocenes containing tetheredrom the Research Grants Council of Hong Kong (HKU/7087/
olefin cyclopentadienyl ligand, [Mes)SiMey(CH,CH=CH,)] - 01P) to D.L.P.

Ln (where Ln= Sm, Eu, Yb), with the olefin oriented toward
the metal in the solid state. As THF solvent was added to the
[(CsMey)SiMey(CH,CH=CH,)].Sm 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 become
weaker as THF molecules are added. This makes the reactangA030280T

Supporting Information Available: Selected output from the
DFT calculations showing the Cartesian coordinates, total
energies and vibrational zero-point energies for the 1ISaiCH
(THF), (n = 0,1,2) carbenoid reactants, transition states and
products for the cyclopropanation reactions investigated here
and shown in Figures-14. This material is available free of
gharge via the Internet at http://pubs.acs.org.
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