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Density functional theory calculations are reported for the cyclopropanation reactions of selected
aluminum carbenoids with ethylene for two reaction channels: methylene transfer and carbometalation.
The aluminum carbenoids react with ethylene via an asynchronous attack on gigeddpl of ethylene
with a relatively high barrier (1115 kcal/mol). In contrast, the reaction barriers for cyclopropanation
via the carbometalation are much higher (about 30 kcal/mol). These computational results are in good
agreement with experimental results, and this suggests that the methylene transfer process is favored and
the competition from the carbometalation pathway is negligible. Thef8HCH,Cl carbenoid (reaction
barrier of 11.3 kcal/mol) is found to be the most reactive carbenoid in thg)¢8IEH X (X = ClI, Br,

) series of carbenoids, and the (g#AICH.l carbenoid is the least reactive one. The present computational
results are briefly compared with previously reported results for related lithium, samarium, and zinc
carbenoids. The trend of the cyclopropanation reaction barrier of the carbenoids compared s LiCH
(6.8 kcal/mol)~ ISmCHI (5.5 kcal /mol) < (CH3),AICHI (12.8 kcal/mol)< 1ZnCHal (21.2 kcal/mol).

These results are qualitatively consistent with the agreement between carbenoid character and experimental
conditions needed for efficient reaction.

Introduction reported use of diiodomethane and a Zn/Cu couple to react with
olefins to form cyclopropane units by Simmons and Sr#ith,
much research has been done to develop improvements or alter-
native techniques to form active reagents similar to the Sim-
mons-Smith reagent that can make cyclopropane-containing
products from olefins with high efficiency and stereoselectiv-

ity 16—23 iti i i i
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Cyclopropane-containing molecules are found in a wide range
of natural and unnatural compounds that display important
biological activities and in many substances used as starting
materials and intermediates in organic synthé&sié Since the
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the generation of samarium carbenoids by using a samarium/reported a possible alternative carbometalation/methylene trans-
mercury amalgam in conjunction with GH, and these car-  fer pathway. In this paper, several aluminum carbenoid promoted
benoids are believed to be one of the most efficient and highly cyclopropanation reactions are investigated using theoretical
diastereoselective cyclopropanating reagents. In 1985, Yama-methods for the first time. We found that these aluminum

moto and co-worke?é discovered the dialkyi(-iodoalkyl)- carbenoids have a carbenoid character similar to the classical

aluminum carbenoids (see speciésin Scheme 1). The

Simmons-Smith carbenoids previously investigated using

cyclopropanation reactions with these aluminum carbenoids aredensity functional theory calculations, while they are more

usually performed by addition of a solution of olefin and2
equiv of CHl; in CH,CI; solvent at—40 °C, and high yields
of cyclopropanated products can be produteBurthermore,

reactive than SimmonrsSmith carbenoids. These aluminum
carbenoids are noticeably different from lithium and samarium
carbenoids that have a “metal carbene complex” charé&ter.

the aluminum carbenoid has a different character in chemose-Our result for the aluminum carbenoids shows that the meth-

lectivity from other analogous carbenoi##s25 Because of this

ylene transfer pathway is favored and competition from the

unusual character of aluminum carbenoids, it is important to carbometalation pathway is very small. This is in good agree-
better understand the chemical reactivity of the aluminum ment with experiment$+26 We briefly compare our present
carbenoid species and their cyclopropanation mechanism(s). results for the aluminum carbenoid promoted cyclopropanation
It has been proposed that the carbenoid-promoted cyclopro-reactions to those related Zn, Li, and Sm carbenoids to better
panation reactions of interest proceed through two likely reaction understand the factors that determine the reactivity of the
pathways: methylene transfer and carbometalation (see Schemearbenoids and the reaction pathways of metal carbenoid
2). The reaction mechanism is system-dependent. For zincpromoted cyclopropanation reactions.
carbenoids, it is thought that the methylene transfer mechanism
represents the reaction realffy3° Samarium carbenoid cyclo-
propanation reactions are believed to have some competition
between the methylene transfer mechanism and the carbometa- The hybrid B3LYP density functional meth&d* was used to

Computational Details

lation mechanism!-32 As for lithium carbenoids, Hoffmarih
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50, 4412-4414. (b) Maruoka, K.; Sakane, S.; Yamamoto,®ig. Synth.
1989 67, 176-179.
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investigate the cyclopropanation reaction mechanisms of the
aluminum carbenoids with ethylene. The stationary structures of
the potential energy surfaces were fully optimized at the B3LYP
level of theory. Analytical frequency calculations at the same level
of theory were performed in order to confirm the optimized
structures to either a minimum or a first-order saddle point as well
as to obtain the zero-point energy correction. Furthermore, intrinsic
reaction coordinate (IRC) calculatiGhsvere performed to confirm
that the optimized transition states correctly connect the relevant
reactants and products. Geometry optimization for all of the
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Figure 1. Schematic diagrams of the optimized geometry from the B3LYP/6-311G** computations for the aluminum carbengjd (CH
AICHCI, reactant complex RC1, the intermediate IM1, and the transition state for the cyclopropanation with ethyleretrdigition

state for the methylene transfer for reaction of ¢BHICH,CI with ethylene. TS2= transition state for carbometalation for reaction of
(CHs)-AICHCI with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and the bond angles
in deg.

reactants, intermediates, transition states, and products as well a€3Hg) and (CH).AICI. The methylene transfer pathway involves
the frequency calculations were carried out with the 6-311G** basis a concerted [21] addition through a transition state, TS1, in
set for all atoms of the reactions investigated except that the which the pseudotrigonal methylene group of the carbenoid adds
6-311G** basis set for iodine atom is taken from ref 36. To consider tg the ethylener-bond to form new &C bonds asynchronously.
solvent effects on the reactions of interest, the polarized continuum Thjs process is accompanied by a 1,2-migration of the Cl anion
model (PCM) was applied to the calculations. Single-point energy from the carbon atom to the aluminum atom. According to the
calculations were done at the B3LYP/PCM/6311G** level of yansition state proposed by Simmétsand Moser® this
theory. All of the calculations were carried out using the Gaussian “butterfly” transition structure can explain the stereochemical

98 and Gaussian 03 program suftés. features of this type of reaction. Another pathway named a
. . carbometalation process involves a-2] addition of ethylene
Results and Discussion to the AI-C bond to form an intermediate (IM1) through a four-

The optimized stationary structures (minima, saddle points) centered transition state (TS2). A subsequent intramolecular

on the potential energy surfaces of the reactions investigated inSubstitution reaction of this intermediate produces the final
this work are depicted schematically in Figures5l Selected ~ cyclopropane product. In the methylene transfer pathway, the
key geometry parameters (bond lengths and bond angles) forAl carbenoid (CH).AICHCl approaches ethylene from above
these structures are also shown in Figure$ &and Tables 1 the molecular plane in an asymmetric manner, while in the
and 2. The relative energies for the different reaction channels c@rbometalation process, the ethylene molecule simultaneously
are shown graphically in Figures 4 and 5. moves to the Al carbenoid to formzacomplex, whl_ch can be
Cyclopropanation Reaction of the Al Carbenoid (CHs)Al- regarded as the reactant complex for both reaction pathways.

CH,Cl with Ethylene. The optimized geometry for the Al N the transition structure TS1, the ethylene molecule has
carbenoid (CH),AICH,Cl is shown in Figure 1 along with the ~ changed its planar structure with a significant pyramidalization

optimized geometry of the reactant complex (RC1) and the Of about 7.3 for C?, which indicates that the 3p— sp’
transition states (TS1, TS2) for cyclopropanations of ethylene rehybridization is necessary for cyclopropane formation, whereas
through two different pathways to produce cyclopropane (c- the pyramidalization of €is only 0.8. There is another
significant piece of evidence for an asynchronous approach of
(36) Glukhovtsev, M. N.; Pross, A.; McGrath, M. P.; RadomJLChem. the CHCH, molecule in the methylene transfer mechanism.
Phys.1995 103 1878-1885. The C—C2distance in TS1is 2.362 A, which is 0.207 A shorter

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 3 A : : i
M. A.; Cheeseman, J. R.; Zakrzewfki, V. G.; Montgomery, J. A.; Stratmann, than the ¢ C distance. ,The 'nteraCtlons,Of the (@bN(?Hz
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. Cl moiety with thezr-olefin orbital are mainly responsible for

N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, the slight lengthening of €=C® bond and &-Al bond from
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, F.; Ochterski, J.; the reactant complex (RC1) to the transition state (TS1), where

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; 3 .
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. the CG=C? bond length is elongated by 0.016 A and the-C

V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Al bond length is elongated by 0.029 A, respectively. Relatively
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;; Peng,  |arge changes are associated with the Ci—Al and CI—-Al—

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; 1 ~ 1 A :

Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; C*angles and the € Cl and A-C distances, which vary from
Replogle, E. S.; Pople, J. &aussian 98Revision A.11 andaussian 03
revision C.02; Gaussian Inc.: Pittsburgh, PA, 1998. (38) Moser, W. RJ. Am. Chem. Sod.969 91, 1135-1140.
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Figure 2. Schematic diagrams of the optimized geometry from B3LYP/6-311G** level computations for the aluminum carbengjd (CH
AICHBr, reactant complex RC2, the intermediate IM2, and the transition state for the cyclopropanation with ethyleretrdigstion

state for the methylene transfer for reaction of BHICH,Br with ethylene. TS4= transition state for carbometalation for reaction of
(CHs)-AICHBr with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and bond angles in
deg.

CHAIH=1435°
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Figure 3. Schematic diagrams of the optimized geometry from the B3LYP/6-311G** level computations for the aluminum carbenoid
(CHs),AICH.I, reactant complex RC3, the intermediate IM3, and the transition state for the cyclopropanation with ethylengrarSgion

state for the methylene transfer for reaction of GHICH,I with ethylene. TS6= transition state for carbometalation for reaction of
(CHa),AICH,I with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and bond angles in deg.

102.0, 37.3, 1.859 A, and 1.997 A in RC1 to 6.,767.3, barrier of 11.3 kcal/mol in (Ch),AICH,CI and is exothermic
2.405 A, and 2.027 A in TS1, respectively, as shown in Figure by about 38.9 kcal/mol at the B3LYP level of theory, indicating
1. Notably, in the transition state TS1, th&-Cl bond becomes  that the cyclopropanation reaction of (@WAICH,CI with
nearly broken and the electron-rich Cl atom is attracted by the ethylene proceeds less easily (with a barrier of 11.3 kcal/mol)
metal center to result in an almost complete-&ll bond. These than the reaction of LiCECI with CH,CHj,, which has a barrier
changes in the bond lengths and angles are attributed to partiabf 6.8 kcal/mol, as shown in Table 2, but much more easily
formation of the (CH),AICI byproduct in the transition state.  than the reaction of CIZnC4€l + CH,CH, + CH,CH,, which

The Al—CI interaction is believed to give a sufficient compen- has a barrier of 21.2 kcal/mol, as shown in Table 2. Vibrational
sation for the weakening of the AIC! bond from RC1 to TS1. analysis shows that the TS1 structure is a first-order saddle point
As shown in Figure 5, the methylene transfer pathway has awith only one imaginary frequency of 289i ch) and the IRC



Aluminum Carbenoid Promoted Cyclopropanation Reactions

0414

Organometallics, Vol. 25, No. 15, Z(8%

a g boe] ~ ¢
o] T «] 11.9kcal/mol "]
) 11.3kcal/mol = ° 5, 0657
o5t 20 54
5 o 2 5 o
5 5 2
5] (CH;),AICH,CI+CH,CH, ] (CH3),AICH,Br+CH,CH, * *1 (CH;),AICH,I+CH,CH,
°*7 methylene transfer »ss] Methylene transfer \ o1 methylene transfer
Reaction Coordinate Reaction Coordinate Reaction Coordinate
e ro g e
b>84m 31.2kca1 c>6 oer 321kcal/m b>5 082
o = o o8
5oe]l X0 o o
= § o] XY 5 o
os1{ (CH3),AICH,CI+CH,CH, ““{(CH3),AICH,Br+CH,CH, & TR Gch
0s2{ carbometalation carbometalatlon oss{ (CH3), )
0ss] osr carbometalation i i
Reaction Coordinate ' Reactlon Coordmate Reaction Coordinate
Figure 4. Potential energy profiles along the reaction coordinate.
31.2 TS6
1 i“ ﬁ \
,', \\ TS4
1,
i W TS2 128 TS5
11 N 2
11y [} T
"III, ‘\‘\ /M\ ‘\ TS3
11 7 \
M \\  SM=(CH;), AICH,X (X=Cl, Br, I) I,’,'—g‘ﬂ'\\\\ 81
I \ + CH,CH, i’ W\
1"y [N} 19 A
1y (R ] Wy
11y A / J W
I W - ! WA
i RC2 A5 2" gy S —=LS—i/ RC2 VY
il RC3 - ’ W16 // Recs \‘
/ Ro1 24 2.3 v \ \ F-cénsﬂm;g)zmx
oy \ (X=Cl, Br, |
-16.8 | ;,’I,' IM3 s Vi ’
93 /7 Im2 E ‘:-‘?, 287 |p
216 /M1 ] ~
g v Br-p
- carbometalation w methylene transfer ‘—'3-&-9-=C|‘P

Reaction Coordinate
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AICH X (X = ClI, Br, I) + CH,CH, with the transition states and products energy given relative to the separated reactants.

Table 1. Calculated Bond Lengths and Bond Elongation in
the TSn (n = 1, 3, 5) as Compared to the Bond Lengths of
the RCn (n = 1, 2, 3), Respectively

Cl—Al Cl-X Al—
X r[A] elong.[%] Tr[A] elong.[%] r[A] elong.[%]
| 2.035 2.31 2.819 26.58 2.705 —17.83
Br 2.032 2.11 2.579 27.54 2.459 -19.92
Cl  2.027 1.50 2.405 29.37 2.296 —23.44

Table 2. Activation Energies and Experimental Conditions
for the Reactions of Various Carbenoids with Ethylene

With regard to the carbometalation pathway, there is an
insertion reaction of the ethylene to the-AT! bond to produce
the intermediate IM1 through a four-centered TS2 transition
state. Compared with the methylene transfer pathway, the
carbometalation pathway has larger changes in the geometry
from the reaction complex to the transition state. The-@#
interaction increases significantly from 2.869 A in RC1 to 2.046
A'in TS2. The @—C8 goes from a distance of 3.296 A in RC1
to 2.073 A in TS2. This is accompanied by the weakening of
the C—Al bonds from 1.997 A in RC1 to 2.358 A in TS2. It

barrier (kcal/mol)

(39) Cyclopropanation of ethylene with LiGHand 1ZnCHl at the
B3LYP/6-311G** level of theory. The optimized structures obtained shown

methylene experimental : =z h
reactive species  transfer carbometalation  condition (1) below are virtually similar to the structures reported previo@gly.
A
LiCHl 6.8 (7.5) 7.7 (8.5} —78°Ce : e s
ISMCHI 5.5 9.7 —78°C¢ 0%, Sl Qe
(CHa)2AICH,I 12.8 31.2 —40°Ce ,\‘;?/ N B H - "-C(“‘\ 99 l‘c‘—.H
IZnCHal 21.2 36.5 ~25°C! Li—Cci 2032 03¢ T H 2316 ‘0.579
_ ] ) ) 50 H Hitg Ll Hit, antH
aValues in parentheses are from single-point energies computed at the H” 1416 Wy H” 1346 “H
CCSD(T) level using the structures optimized with the B3LYP/6-311G**  HCLiH=178.8° )
method, corrected by ZPE energies from frequency analysis at B3LYP/6- >
311G**. b Values from ref 32¢ Value from refs 21, 299 Value from ref \ | . NS e "
40. ¢ Value from ref 241 Value from refs 15, 44. S e zi \D WH
o NG || i
. . . |——2Zn—CT; ;2249 ~
calculations (see Figure 4a) confirmed that TS1 connects the o H 20167 /2228 H 2260 2517
. 1y ||I|I n o
corresponding reactant RC1 and productsseldand (CH).- H” 1427 : :' 1348 o

AICI. Thus, it is evident that TS1 is the transition state of the HCZnH=1264°

concerted reaction of (CHRAICHCl with ethylene through the
methylene transfer pathway.

(40) Molander, G. A.; Etter, J. Bl. Org. Chem1987, 52, 3942-3944.
(41) Wittig, G.; Wingler, F.Chem. Ber1964 97, 2146-2164.
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is interesting that the €-Cl bond length and the AICI
interaction change only very slightly during the process from
RC1 to TS2. This is different from the methylene transfer
pathway and indicates that the -ACI interaction contributes
little to the weakening of the &-Al bonds of TS2 in the

Li et al.

CH, on the methylene transfer route to gHg and (CH)All
products. The geometry of TS5 is similar to that of TS1 and
TS3. The reaction has a barrier height of 14.4 kcal/mol and is
exothermic by 28.7 kcal/mol at the B3LYP/6-311G** level of
theory, which is slightly higher than the barriers of (§H

carbometalation process. Thus, more energy is needed toAICH,Cl and (CH),AICH,Br carbenoids, as shown in Figure
overcome the barrier of the carbometalation pathway from RC1 5. This indicates that (CHLAICHI is the least reactive one

to TS2. The reaction barrier height at the B3LYP/6-311G**
level of theory for the reaction system of (gBAICH,Cl +

CH,CH, is calculated to be 31.2 kcal/mol, as shown in Figure
5. The barrier height of 31.2 kcal/mol predicts that the reaction

does not occur easily under room-temperature conditions.

among the (Ch),AICH2X (X = ClI, Br, I) series of carbenoids.
We found that the cyclopropanation reaction of (ZHAICH.I

with ethylene (this has a barrier of 14.4 kcal/mol) proceeds much
less easily than the reaction of LiGH+ CH,CH, (with a barrier

of 6.8 kcal/mol)?8-3°but much more easily than the reaction of

Vibrational analysis found that the optimized TS2 structure had 1ZnCH,l + CH,CH, (this has a barrier of 21.2 kcal/mol, see

one imaginary frequency of 381i cthand was confirmed to

Table 2). In the carbometalation pathway, the geometry of TS6

connect the corresponding reactants and products by IRC(391icnt?) is very similar to that of TS2 and TS4. The reaction
calculations (see Figure 4e). To examine bulk solvation effects has a barrier of 32.8 kcal/mol and is exothermic by about 16.8
on the reactions of interest, the polarized continuum model kcal/mol at the B3LYP/6-311G** level of theory, as shown in

(PCM) was utilized for dichloromethane solvert € 8.93).
All of the single-point energy calculations were done at the
B3LYP/PCM/6-311G** level of theory for the reaction systems

Figure 5. The TS5 and TS6 were confirmed to connect the
corresponding reactants and products by IRC calculations (see
Figure 4c,g). The barriers calculated with the PCM method (to

(RC, TS). The reaction barriers from RC to TS were computed take into account the solvent effect of gEl,) are 12.9 and
with the ZPE corrections included. The barriers decrease by 32.1 kcal/mol for the methylene transfer and carbometalation

0.5 and 0.3 kcal/mol for the methylene transfer and the

pathways, respectively. These results also suggest a helpful

carbometalation pathways, respectively, indicating that the enhancement for the reactivity of the carbenoid gGRICH:I
dichloromethane solvent has a slightly positive effect on the toward ethylene.

chemical reactivity.

B. Cyclopropanation Reaction of the Al Carbenoid
(CH3),AICH 2Br with Ethylene. The (CH),AICH,Br carbenoid
is produced by replacing the Cl atom with a Br atom in gZH
AICH,CI. The transition state (TS3) (299i cr) was found for
the reaction of (Chk),AICHBr with CH,CH, on the methylene
transfer pathway to c+4Els and (CH).AIBr products. The
geometry of TS3 is very similar to that of TS1. The reaction

There are several common features of the three transition
states (TS1, TS3, and TS5). First, thé-&X (X = ClI, Br, |)
bonds are mostly broken in TS1, TS3, and TS5. Second, the
C'—Al bonds are only slightly elongated compared with those
of the reactant complexes. There also exist some differences in
the structures of the three transition states (TS1, TS3, and TS5).
For instance, the &X (X = Cl, Br, I) bonds are elongated by
29.37%, 27.54%, and 26.58% from RC1, RC2, and RC3 to TS1,

has a barrier of 11.9 kcal/mol and is exothermic by about 34.4 TS3, and TS5, respectively. Similarly, the-AC! bonds are

kcal/mol at the B3LYP/6-311G** level of theory, as shown in
Figure 5. Compared to the reaction of (§$AICH,CI + CH,-
CH,, the reaction barrier of (CHLAICH,Br + CH,CH,
becomes higher by 0.6 kcal/mol while the exothermicity of the

elongated by 1.5%, 2.11%, and 2.31% from RC1, RC2, and
RC3 to TS1, TS3, and TS5, respectively (as shown in Table
1). It is worth noting that there exists a good correlation between
the structural parameters of the transition states and the

reaction becomes smaller by 4.5 kcal/mol. This suggests thatcorresponding cyclopropanation reaction barriers. For example,

(CHs),AICHBr is slightly less reactive than (G)AICH,CI.

We found that the cyclopropanation reaction of @ZAICH -

Br with ethylene proceeds less easily (with a barrier of 11.9
kcal/mol) than the reaction of LiCiBr with CH,CH; (this has

a barrier of 6.5 kcal/mol® but much more easily than reaction
of BrZnCH;Br + CH,CH; (this has a barrier of 19.2 kcal/mah.

As for the carbometalation pathway, the geometry of TS4
(381i cnT?) is very similar to that of TS2. This reaction has a
barrier of 32.1 kcal/mol and is exothermic by about 19.3 kcal/
mol at the B3LYP level of theory, as shown in Figure 5. The
barrier of the reaction of (CpHLAICH,Br is a little higher than
that of (CH;),AICH,CI, probably due to less interaction between

the more elongated the!€X (X = Cl, Br, 1) bond, the lower
the barrier. This behavior is also associated with a lesser
elongation of the &-Al bond and a greater shortening of the
Al—X bond. As discussed above, the stronger Klinteraction

can give more sufficient compensation for the weakening of
the Al—-C! bond from RC to TS. These results help explain
why the (CH),AICH,CI carbenoid is the most reactive one of
the (CH),AICHX (X = ClI, Br, 1) carbenoids. Evidence can
also be found from the natural charge distributions obtained by
natural bond orbital (NBO) analysis. The natural charge bf C
is —0.881,—0.942, and-1.070 for the (CH);AICHCI, (CHs)2-
AICHBr, and (CH),AICH.l carbenoids, respectively. The least

the metal and halogen in the transition state. The TS3 and TS4negative nature charge of'@akes the (Ch) AICH.CI car-
transition states were also confirmed to connect the correspond-benoid the most electrophilic, indicating that the {JHAICH -
ing reactants and products by IRC calculations (see Figure 4b,f). Cl carbenoid is the most reactive one in the gBHICH X (X

Taking the solvation effect into account, we found that the

= ClI, Br, I) series of carbenoids.

dichloromethane solvent helps to enhance the chemical reactivity D. Comparison of Cyclopropanation Reactions of LiICHl,

of the reaction of (Ch),AICH,Br with ethylene. The barriers

ISmCHo3l, (CH3),AICH 2l, and 1ZnCH ;| Carbenoids. In recent

decrease by 1.1 and 0.6 kcal/mol for the methylene transfer andyears, many research groups have reported theoretical investiga-

the carbometalation pathways, respectively.

C. Cyclopropanation Reaction of the Al Carbenoid
(CH3),AICH 2l with Ethylene. Changing the Br atom to an |
atom in the (CH),AICH,Br carbenoid leads to formation of
the (CH),AICH,I carbenoid. A transition state (TS5) (330i
cm1) was found for the reaction of (GHAICH,l with CH-

tions for the reaction mechanisms of carbenoid-promoted
cyclopropanation reactions. It is interesting that the reaction
mechanism is system-dependent. For zinc carbenoids, it is
widely accepted that the methylene transfer mechanism repre-
sents the reaction reali#j3° For samarium carbenoids, Zhao
et al®? reported that samarium carbenoid promoted cyclopro-
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panation reactions are thought to have competition between theof higher energy and a*c—x bond of lower energy, indicating
methylene transfer and the carbometalation pathways to a certaira stronger electrophilic character of the carbendiéiherefore
extent. As for lithium carbenoids, Hoffmann observed that either the lithium carbenoid has the strongest carbenoid character and
the carbometalation pathway or the methylene transfer pathwayreacts with olefins most efficiently. With the HC—M—H
is feasible3! which is also supported by Nakamura and dihedral angle value of 1647and a C orbital hybridization
co-workerd® using computational methods. The metal center value in the G-I bond of sp®5 the samarium carbenoid can
of the carbenoid is the most important factor to determine the be considered to have a carbenoid character similar to the lithium
reaction mechanism for the cyclopropanation reaction. Lithium carbenoid and can also promote cyclopropanation very ef-
carbenoid has almost completely ionic bond character in the ficiently. However, the aluminum carbenoid has a lessér sp
Li—C bond, which makes the process of carbometalation easier hybridized carbon atom (the-HC—M—H dihedral angle value
with a barrier height of about 7.7 kcal/mol. The samarium is 146.9) and a lower p-character of the C orbital in the-C
carbenoid has a similar ionic bond nature in the-Sinbond, bond (the hybridization value is %) so that it undergoes a
so it is also believed to have some competition between the relatively large structural change from the reactant complex to
methylene transfer mechanism (with a barrier of about 5.5 kcal/ the methylene transfer transition state, implying that it needs
mol) and the carbometalation mechanism (with a barrier of about to overcome a relatively higher reaction barrier. For the zinc
9.7 kcal/mol). The aluminum carbenoid and the zinc carbenoid carbenoid, the carbon atom in it has almost sparacter (the
favor the methylene transfer pathway over carbometalation H-C—M—H dihedral angle value is 1264 Furthermore it
pathway, because of the more covalent nature of the&CNbond. has the lowest p-character of the C orbital in thel®ond
As shown in Table 2, the reaction barriers of the carbometalation With a hybridization value of . This indicates that the zinc
pathways are much higher than those of the methylene transfercarbenoid is the least reactive cyclopropanation reagent among
pathways for both aluminum carbenoid and zinc carbenoid. ~these four kinds of carbenoids. The above comparison is
Holger Hermann et @ studied the potential energy surface qualitatively consistent with the experimental reaction conditions

for the reaction between ethylene and LiCBihd found a barrier as shOV\_/n in Table 2 ar_1d helps to _prowde a reasonaple
height of about 6.6 kcal/mol. Zhao et &l.used density explanation for understanding some basic factors that determine

functional theory calculations to examine the Simme8mith the reactivity of these types of carbenoids and their .reaction
reaction and found a barrier height €20.0 kcal/mol for the pathways for metal carbenoid promoted cyclopropanation reac-

I1ZnCHlI; reagent cyclopropanation reaction. The ISmC&hd tions.

(ZnI),CHI carbenoids were also studied by Zhao e¥alhe )

barrier energies for selected Li, Zn, Sm, and Al carbenoids Conclusion

computed at the same level of theory are given in Table 2. From , i paner we have studied the potential energy surfaces
Table 2 we observed that the barrier heights for the reactions¢,. ihe reactions between ethylene and @BBICHX (X =
increase in the following order, with computed barrier heights ¢ gy |y carbenoids. The results from these calculations are
given in parentheses: LiGH(6.8 kcal/mol)~ ISmCH (5.5 compared to results for other related carbenoids (i.e., biCH
keal /mol) < (CH3) AICH:I (12.8 kcal/mol) < 1ZnCH;l (21.2 ISmCHyl, and 1ZnCHy). This DFT approach represented model
kcal/mol). Lithium and samarium carbenoids are the most systems for aluminum carbenoid promoted cyclopropanation
reactive cyclopropanation reagents, and they can cyclopropanatgeactions. Two reaction channels were investigated: methylene
olefins at—78 °C. The aluminum carbenoid can also promote transfer and carbometalation. The energy barriers for the
cyclopropanation reactions at relatively low temperatures be- methylene transfer pathway (&15 kcal/mol) are significantly
cause of their relatively low activation energies. However, the gmaller than those of the carbometalation pathway (about 30
zinc carbenoid reacts with olefins at relatively high temperatures kcal/mol). The methylene transfer process is favored and the
since it has noticeably higher activation energies. As shown competition from the carbometalation process is very small, and
above, the reactivity of the Li, Sm, Al, and Zn carbenoids of thjs is consistent with experimental results. We have also
interest is mainly determined by the carbenoid character gemonstrated that the methylene transfer transition state cor-
attributed to the metaicarbon bond. The more ionic bond  responds to a three-centered structure similar to that originally
character the metalcarbon bond has, the more reactive the suggested by Simmo#é and MoseR® Reactant complexes
carbenoid, and the less advantage the methylene transfelocated on the reaction surface appear to form without any
pathway has in its competition with the carbometalation parrier. Among the (Ch.AICH2X (X = ClI, Br, I) series of
pathway. Although the lithium carbenoid has the lowest carbenoids, the (CHLAICH,CI carbenoid is the most reactive
activation energy, it can react with olefins through both the (with a barrier of about 11.3 kcal/mol), while the (©BAICH I
methylene transfer and carbometalation mechanisms. Thus, thearbenoid is the least reactive. The relatively lower barrier for
aluminum carbenoids are thought to be potential cyclopropa- the (CH),AICHCI carbenoid is mainly due to the following:
nation reagents with good reactivity and are able to undergo an increase of its electrophilicity by the halogen and the smaller
efficient cyclopropanation reactions with olefins at abeutO structural changes that occur in the (§#AICHCI carbenoid

°C. Evidence can also be seen from the hybridization characteras the reaction goes from the reactant to the transition state.
of the C orbital in the &1 bond obtained by NBO analysis (M Our results are consistent with and can help explain the

= Li, Sm, Al, Zn hybridization values of $p7, sp>3 spg7, experimental observation that Al carbenoids can undergo
and sp”, respectively) and the HC—M—H dihedral angles efficient cyclopropanation reactions with olefins-a40°C. The

of the various carbenoids (M Li, Sm, Al, Zn values of 178.8 comparison of the cyclopropanation reactions of L{GH
164.7,32146.9, and 126.4, respectively). Witha HC—M—H ISmCH,l, (CH3)2AICH,I, and 1ZnCHl carbenoids shows that

dihedral angle value of 178 8the carbon atom is almost the more carbenoid character there is, the more reactive the
completely sphybridized in the lithium carbenoid, accompanied carbenoid is, and the less advantage the methylene transfer has
with the highest p-character of the C orbital in the-KCbond, in its competition with the carbometalation mechanism. The
of which the hybridization value is $p’. The higher p-character  trend of the carbenoid reaction reactivity is LiglH6.8 kcal/

of the C orbital in the &1 bond corresponds to @—x orbital mol) ~ ISmCHl (5.5 kcal /mol) < (CHs)2AICH,l (12.8 kcal/
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mol) < 1ZnCHal (21.2 kcal/mol), which is consistent with Supporting Information Available: Selected output from the
experimental results. ab initio calculations showing the Cartesian coordinates, total

Acknowledgment. This research has been supported by the energies, and vibrational zero-point energies for the reactants,
Scientific Research Foundation for the Returned Overseaslransition states, and products for the reactions investigated here.
Chinese Scholars, State Education Ministry and grants from the This material is available free of charge via the Internet at
Sun Yat-Sen University and Northwest Normal University to http://pubs.acs.org.

C.Y.Z. and the Research Grants Council of Hong Kong (HKU-
7021/03P) to D.L.P. OMO060333Q



