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Abstract: Density functional theory calculations for the cyclopropanation reactions of several mono zinc
carbenoids and their corresponding gem-dizinc carbenoids with ethylene are reported. The mono zinc
carbenoids react with ethylene via an asynchronous attack on one CH; group of ethylene with a relatively
high barrier to reaction in the 20—25 kcal/mol range similar to other Simmons—Smith type carbenoids
previously studied. In contrast, the gem-dizinc carbenoids react with ethylene via a synchronous attack on
both CH, groups of ethylene and substantially lower barriers to reaction (about 15 kcal/mol) compared to
their corresponding mono zinc carbenoid. Both mono zinc and gem-dizinc carbenoid reactions can be
accelerated by the addition of Znl, groups as a Lewis acid, and this lowers the barrier by another 1.0—-5.1
kcal/mol and 0.0—5.5 kcal/mol, respectively, for addition of one Znl, group. Our results indicate that gem-
dizinc carbenoids react with C=C bonds with significantly lower barriers to reaction and in a noticeably
different manner than Simmons—Smith type mono zinc carbenoids. The three gem-dizinc carbenoids have
a substantially larger positive charge distribution than those in the mono zinc carbenoids and, hence, a
stronger electrophilic character for the gem-dizinc carbenoids.
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metal complexé$18-20.30give useful methods for cyclopropa-

Smith reaction of XZnChX (X= Cl and I) with CHCH, have

nation of electron-deficient and electron-rich double bonds. A been reported. The potential energy surface for the reaction

variety of the Norrish-Yang reaction was recently found to be

useful to produce cyclopropane products for some moleétiles.

between ethylene and (chloromethyl)zinc chloride (a model
system for the SimmonsSmith cyclopropanation reaction)

Ultraviolet photolysis of diiodomethane in solutions containing using the B3LYP/6-311G** method was examined by Bernardi
olefins has also been found to make cyclopropanated productsand co-worker8! A relativistic core potential approazhwas

with high stereospecificity at room temperatdte3® These are

used to study the Simmon$mith cyclopropanation reaction

only a few examples of the various methods that have beenand predicted it to be exothermic by 33.57.8 kcal/mol with
developed over the years to produce cyclopropanated prod-a barrier height of about 14.3 kcal/mol. Density function theory

ucts!—50
The Simmons-Smith reaction is a commonly used method

(B3LYP) calculations have been used to examine the effects of
a Lewis acid like ZnCGl molecules on the Simmors$Smith

for synthesizing cyclopropanated products from olefins, and the reaction by Nakamura and co-workéf$* Boche and co-

reactive species is produced from diiodomethane and-a Zn
Cu couple?®® Following the ground-breaking work of Simmons
and Smith®> many efforts were invested to develop improve-

worker$>56also employed density functional theory calculations
to examine the SimmonrsSmith reaction and found a barrier
height of ~17 kcal/mol for the 1ZnCH reagent cyclopropa-

ments and alternative techniques to form active reagents similarnation reaction. We have recently employed density functional
to the Simmons Smith reagent that are able to make cyclo- theory calculations to study the Simmer8mith reaction with
propanated products from olefins with high efficiency and a view to comparing it to the closely related but much more

stereoselectivity®5° A procedure that involves alkyl group

reactive CHI—I species’

exchange between diethylzinc and diiodomethane to make a A number of isopolyhalomethane species such as isodi-

carbenoid species was developed by Furuk&s alternative
method to produce the SimmonSmith reagent that uses the
addition of CHl, to freshly prepared EtZnl was developed by
Charette and Marcou®. Some reagents with the general
structure “ROZnCH” (R = alkyl or allyl) are unreactive toward
olefins in the absence of a Lewis aé¢fHowever, one reagent
(likely with a RCOOZnCHI structure and made by mixing
stoichiometric amounts of EZn, trifluoroacetic acid and Cit)

iodomethane (CH—I) have been observed and identified in
room-temperature liquids using nanosecond and picosecond
time-resolved resonance Raman spectrostopi/and in low-
temperature matrix€%%* using infrared spectroscopy. The
reaction of isodihalomethanes (@kt+X, where X=1, Br, Cl)

with ethylene have been examined using density functional
theory calculatiorf$-%6and showed that the GH-1 photoprod-

uct species easily reacted with a barrier of only 2.9 kcal/mol

converted styrene to its corresponding cyclopropane in higher with ethylene via a one-step mechanism similar to that found

yield than when the classic SimmenSmith reagent is useti.
A new family of iodomethylzinc aryloxide cyclopropanating
reagents based on an “ArOZn@Hstructure (where Ar is an

for Simmons-Smith carbenoids (XZnC}X).51-57 Recent nano-
second time-resolved resonance Raman experiments showed that
CHal —I reacts with cyclohexene solvent to form anrolecule

aromatic group) were observed to be very effective for the leaving group on the510 ns time scalé’ Both experimental
cyclopropanation of unfunctionalized olefins by Charette and and theoretical results indicate that &€HI is most likely the

co-workers?’
There are not as many theoretical studies of the Simmons

methylene transfer agent for the cyclopropanation reaction of
olefins via ultraviolet photoexcitation of diiodomethane, and a

Smith type carbenoids compared to the large number of reaction mechanism was propo$e8® The very reactive
experimental investigations for their cyclopropanation reactions CH,l—I carbenoid species has only one atom less than the

with olefins®1-57 Several theoretical studies of the Simmens
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classical SimmonsSmith carbenoid (IZnCHl) and presents an
intriguing prototype for comparison to SimmenSmith type
carbenoids.

Charette and co-workers recently reported the first evidence
for the formation of a geminal dizinc carbenoid that was found
to be very reactive and able to compete successfully with mono
zinc carbenoids to undergo cyclopropanation reactions with
olefins5° The gemdizinc carbenoid(s) displayed remarkable
reactivity toward several different olefins with the cyclopropa-
nation reaction being very rapid<(5 min) and providing
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excellent yields at 0°C.5% This indicates thegemdizinc states connected the relevant reactants and products. Geometry opti-
carbenoid(s) are significantly more reactive than typical Sim- mization for all reactants, transition states and products as well as the
mons-Smith reagents. In this paper, density functional theory frequency calculations were carried out with the 6-311G** basis set
calculations are presented for several mono zinc carbenoids ander @l the pure carbenoid cyclopropanation reactions with ethylene.
their correspondingemdizinc carbenoids and their cyclopro- This _ba5|s setis denoteq as B.Sl he(gafter. For.the cyclopropanation
panation reactions with ethylene in order to better understandreactlons of t.he. car benoids with addition of ;mhth ethylene, the

the chemical reactivity of thgemdizinc carbenoids compared geometry optimization and frequency calculations were done with the

. . : . - 6-311G** basis set for all C, H, Zn atoms and one | leaving atom (the
to the traditional SimmonsSmith type mono zinc carbenoid  4iom denoted as fin the figures). The lanl2dz basis e{which

species. To our knowledge, this is the first theoretical study of combines the HayWadt relativistic core-potential) was used for all
the cyclopropanation reactions of gemdizinc carbenoid  the other | atoms. The hybrid basis set is denoted as BS2 hereafter and
species. The cyclopropanation reactions of mono zinc carbenoidscontains 440 basis functions contracted from 730 primitive Gaussian
RZnCHb, EtCHIZnR (where R= Et or 1) with ethylene were  functions for the (IZmCHI + 3Znl, + C:H4 system. All of the
found to proceed asynchronously via a preferential attack on calculations were done using the Gaussian 98 program uite.

one CH group of ethylene with barriers to reaction in the-20
24.6 kcal/mol range. The changes in the structures of the
transition state relative to the parent carbenoid for these mono The optimized stationary structures (minima, saddle points)
zinc carbenoids were found to be similar to those previously on the potential energy surfaces of the reactions are depicted
obtained for related SimmonSmith carbenoidd™>" and  schematically in Figs. 1, 2, 3, and 4. Selected key geometry
isopolyhalomethane carbenofd$>However, thegemdizinc parameters (bond lengths and bond angles) are also shown in
carbenoids were found to have substantially lower barriers to Figures 4. The detailed structural parameters and energies
reaction compared to their analogous mono zinc carbenoid for the structures determined in this study are collected in the

Results and Discussion

compound when the second ZnR =R or Et) group is
introduced to form thegemdizinc carbenoid. This appears to

Supporting Information. The relative energies including zero-
point energies (ZPE) are shown graphically in Figure 5.

be due to the synchronous attack of the carbenoid carbon atom A cyclopropanation Reactions of Mono Zinc Carbenoids

toward both CH groups of ethylene as well as to the small
structural changes that take place in thé-Zan’—11—C! moiety

RZnCHI ,, EtCHIZnR (where R = Et or I) with Ethylene.
Figure 1 displays the optimized geometry found for the mono

as the reactions proceed from the reactants to the transition,c carbenoids RZNCH)J EtCHIZnR (where R= Et or 1) and

structures. The effect of the addition of Zrds a Lewis acid
was also explored for both mono zinc agdmdizinc cyclo-
propanation reactions and found to lower the barrier further by
about 5.1 kcal/mol and 65.5 kcal/mol respectively for
addition of one Znd group. The Lewis acid effect becomes
smaller as the number of Znlbecome larger and appears to be
described as an exponential decay as the number gfgts
from n = 0 to n = 3. Thegemdizinc carbenoids with one to
three Zn} groups were found to give very efficient cyclopro-
panation reactions with ethylene on the order 8.7 kcal/mol to

their transition states (TS1 to TS4) for reactions with ethylene
to produce c-CzHsl, c-CsHsEt, EtZnl, and Zrd. All four
carbenoids approach ethylenek) in an asymmetric manner
and react with one of the GHroups from above the molecular
plane. A weak complex may be formed when the two molecules
move toward one another, but this has little effect on the
chemical reaction and will not be discussed further. A transition
state (TS1) was found on the waydeCsHsl and EtZnl products

for the reaction of the carbenoid EtZnGhivith C,H4, whereas
another transition state (TS2) was observed for the reaction of

7.3 keal/mol. These results are consistent with Charette and cohe carbenoid 1IZnCHliwith C;Ha. A transition state (TS3) was

workers experimental observation that very efficient cyclopro-
panation of olefins bygemdizinc carbenoids are observed at 0

found on the way to the-C3HsEt and Znp products for the
reaction of the EtCHIZnl carbenoid with,84. The EtCHIZnlI

°C and supplant the competition reactions of the corresponding c5rhenoid is one of the isomers of the EtZnGEarbenoid. A

mono zinc carbenoid®.

Computational Details

The B3LYP density functional methét’2was employed to examine
the cyclopropanation reaction mechanisms of the RZnCétid
EtCHIZnR (R= Et or I) mono zinc carbenoids and the (RZDHI (R
= Et or I) geminal dizinc carbenoids with ethylene. The cyclopropa-
nation reaction mechanism of addition of one or more,Zmgecies

transition state (TS4) was found for the reaction of EtCHIZnEt
with C2H4.

Examination of Figure 1 shows the molecule EtZngHI
approaches C}CH, in an asynchronous manner. Thé—C2
distance in TS1 is 2.204 A, and this is 0.36 A shorter than the

(73) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154; Gonzalez,
C.; Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.

and EtZnl to the carbenoids have also been investigated and compared?4) Dunning, T. H., Jr.; Hay, P. In Modern Theoretical Chemistrychafer,

with those of the pure carbenoids. The stationary structures of the
potential energy surfaces were fully optimized us@gsymmetry at

the B3LYP level of theory although some of the stationary structures
have pseud@s symmetry. Analytical frequency calculations were done
in order to confirm the optimized structures to be either a minimum or
a first-order saddle-point as well as to obtain the zero-point energy
correction. IRC calculatiorfdwere performed to confirm the transition

(68) Becke, A. DJ. Chem. Phys1993 98, 1372-1377.

(69) Scott, A. P.; Radom, L]. Phys. Chem1996 100, 16 502-16 513.
(70) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.
(71) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(72) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 58, 785-789.

H. F., lll, Ed.; Plenum: New York, 1976; pp-128. (b) Hay, P. J.; Wadt,
W. R.J. Chem. Physl1985 82, 270-283. (c) Wadt, W. R.; Hay, P. J.
Chem. Phys1985 82, 284-298. (d) Hay, P. J.; Wadt, W. Rl. Chem.
Phys.1985 82, 299-310.
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oA
22044 '.}.564

1

1.35

179.3°

EZnCHI, + CHy=CH, ~ ——= TSI —»  C3Hsl+ EtZnl

1ZnCHI, + CHy=CH,

EtCHIZnl + CH5=CH, _— TS3 —_— ¢-C3HEL + Znl,

EtCHIZnEt+ CHy=CH; ——m= TS4 —_— ¢-C3HsEt + EtZnl

Figure 1. Schematic diagrams of the optimized geometry from the B3LYP/BS1 computations for the mono zinc carbenoids RZRCRIR Et or I)

as well as the transition states for the cyclopropanation of these species with ethylerre t/E®%ition state for reaction of EtZnCilith ethylene. TS2

= transition state for reaction of IZnCHkWith ethylene. TS3= transition state for reaction of EtCHIZnl with ethylene. TS4ransition state for reaction

of EtCHIZnEt with ethylene. Selected structural parameters are shown for each species with the bond lengths in A and the bond angles in degrees.

C!—C8 distance. The planar ethylene molecule has a significant are mainly responsible for the slight lengthening of tfe=C?
pyramidalization of about F5at C? in the TS1 structure that  and G—2Zn bonds. Relatively large changes are associated with
indicates the onset of thg? — sp? rehybridization required  the C—Zn—C angle, G-I and Zn-1* distances that vary from

for cyclopropane formation, while the pyramidalization is only 179.4, 2.203, and 3.406 A in EtZnCHlto 146.3, 3.073, and

2° for the C. This reflects the asynchronous approaching of 2.689 A in TS1. Meanwhile, the’&1% bond (3.073 A) is nearly
CH,CH, for the cyclopropanation reaction. Thé=€C3 and G— broken and the Zalt bond (2.689 A) is almost formed in TS1.

Zn bond lengths are increased by 0.022 and 0.088 A, respec-These changes in the bond lengths and angles are attributed to
tively, in going from the reactants to the transition state. The the EtZnl molecule being partially formed in the transition state.
interaction of the EtZnCHImoiety with thex olefin orbitals It is evident that TS1 is the transition state of the concerted

12906 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002
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(EtZn),CHI+ CHy=CH; — = TS5 — ¢-C3HsZnEt + EtZnl

o

EtZnCHIZnl + CH=CH;  ——— TS6 —_— ¢-C3HsZnEt + Znl,

(Znl),CHI+ CHy=CH;  —— Ts7 —_— e-C3Hsl + Znl,

Figure 2. Schematic diagram of the optimized geometry from the B3LYP/BS1 computations fgethdizinc carbenoids (EtZaLHI, EtZnCHIZnl, and
(1Zn),CHI as well as the transition states for the cyclopropanation of these species with ethylere trB@Sition state for the reaction of (EtZ@HI with
ethylene. TS6= transition state for reaction of EtZnCHIZnl with ethylene. TSTransition state for reaction of (IZgJHI with ethylene. Selected structural
parameters are shown for each species with the bond lengths in A and the bond angles in degrees.

reaction from EtZnCHI + CH,CH, reactants toc-CsHsl + were mixed and aliquots were quenched witODThe relative
EtZnl products. Vibrational analysis shows that the optimized percentages of the CgJICDHI,, and CHDI produced con-
TS1 structure has one imaginary frequencies of 302i‘camd firmed the existence of mono zinc agémdizinc carbenoids

the transition structure was confirmed to be the first-order saddlein the experimental reaction systéfhWe shall discuss more
point connecting the corresponding reactants and products bydetails of thegemdizinc carbenoids reaction mechanism in the
IRC calculations. following sections.

Relative to the separated reactants of EtZnCétid CH- Replacement of the ethyl group with iodine atom in EtZngHI
CHa, the reaction has a barrier of 24.5 kcal/mol and is produces the IZnCHicarbenoid. The transition state (TS2) was
exothermic by about 27.7 kcal/mol at the B3LYP/BS1 level, found for the reaction of IZnCHIwith CH,CH, on the way to
including the ZPE correction, as shown in Figure 5a. The barrier c-C3Hsl and Znb. The geometry of TS2 is very similar to that
height of 24.5 kcal/mol predicts that the reaction does not occur of TS1. The reaction has a barrier height of 20.0 kcal/mol and
easily under room-temperature conditions and cannot explainis exothermic by about 24.8 kcal/mol at the B3LYP/BS1 level,
the experimental results of Charette and co-wofRehat found including the ZPE correction, as shown in Figure 5 (a).
that appreciable reaction could occur at a temperature of only Compared to the reaction of EtZnGHt CH,CH,, the reaction
0 °C. This suggests the reaction could take place at a relatively barrier of 1ZnCH}p + CH,CH, was lowered by 4.5 kcal/mol
low temperature and they proposed that geminal dizinc car- while the exothermicity of the reaction became smaller by 2.9
benoids could be the more reactive species for the cyclopro- kcal/mol. This suggests that 1ZnCHIlis a more reactive
panation reaction observed experiment&lijo obtain evidence  carbenoid than EtZnCHlI The reaction barrier is even smaller
for the formation ofgemdizinc carbenoid species, the reagents by 1.0 kcal/mol than that of Simmonr$mith cyclopropanation
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c-CyHeZnl + (Znl,),

(1Zn),CHYZnL,™ + CHy=CH, —_— TS11 ——  cGHsZnl + (Znly),

Figure 3. Schematic diagram of the optimized geometry from the B3LYP/BS2 computations for the carbenoids species/ZamCafd (IZnyCHI/Znl;

as well as the transition states for the cyclopropanation of these species with ethylene. Two possible pathways are indicated in the figurethe path A,
leaving I atom is directly coordinated to the Zatom in Znb, whereas one of the | atoms in Zris coordinated to the Znin the carbenoid to form a
five-center complex. In path B, the Zn and | atoms inZale coordinated to the | and Zn atoms in the 1Zn group of carbenoid species respectively to form

a four-center complex. TS8 transition state for the reaction of IZnCifnl, with ethylene along path A. TS$ transition state for reaction of 1ZnCHh|

Znl, with ethylene along path B. TSX8 transition state for reaction of (IZgGHI/Znl, with ethylene along path A. TS1# transition state for reaction of
(1Zn),CHI/Znl, with ethylene along path B. Selected structural parameters are shown for each species with the bond lengths in A and the bond angles in
degrees.

reaction of 1ZnCHI + CH,CH, at the same level of theory the ZPE correction, as shown in Figure 5b. There was no

with ZPE correctior? evidence for the formation of the very stable carbenoid
The carbenoid EtCHIZnl is one of the isomers of the EtCHIZnl from the recent experiment$Therefore, this car-
EtZnCHLb carbeonoid. Isomerization of EtZnCktb EtCHIZnI benoid can be ruled out from the current reaction system though

is exothermic by as much as 36.8 kcal/mol at the B3LYP/BS1 the reaction barrier of 21.1 kcal/mol for the cyclopropanation
level with ZPE correction. A transition state (TS3) was found reaction is similar to that for the other mono zinc carbenoids.
for the cyclopropanation reaction of EtCHIZnl withpld, on Changing the iodine atom to an ethyl group in the EtCHIZnlI
the way to the products-CsHsEt and Znj. The barrier height leads to formation of the EtCHIZnEt carbenoid. A transition
was calculated to be 21.1 kcal/mol and the reaction to be state (TS4) was found for the reaction of EtCHIZnEtwith £H
exothermic by 21.8 kcal/mol at the B3LYP/BS1 level, including CH, on the way toc-CsHsEt and EtZnl. The geometry of TS4
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,‘1.93 .
2422+ 2419

1.349

(1Zn),CHI/Znly+ CH,=CH, =~ —— = TS12 _ e-C3HeZnl + (Znly),

(1Zn),CHI2Znl,+ CHy=CHy ~ —— = TS13 _ c-C3HsZnl + (Znly)y

(1Zn),CHI3Znly+ CHy=CHy ~ ————= TS14 _— e-C3HsZnl + (Znly),

Figure 4. Schematic diagram of the optimized geometry from the B3LYP/BS2 computations for the carbenoid speci&H(IZi)l2), (n=1, 2, 3) as

well as the transition states for the cyclopropanation of these species with ethylene=T&tBition state for the reaction of 1ZnCynl, with ethylene.

TS13= transition state for reaction of 1ZnChi(Znl,), with ethylene. TS14= transition state for reaction of (IZsGHI/(Znl,); with ethylene. Selected
structural parameters are shown for each species with the bond lengths in A and the bond angles in degrees.

is similar to that of TS3. The reaction has a barrier height of elongated by 39.5%, 43.7%, 41.1%, and 38.0% more for the
24.6 kcal/mol and is exothermic by 27.9 kcal/mol at the B3LYP/ TS1, TS2, TS3, and TS4, respectively, compared to the
BS1 level, including the ZPE correction, as depicted in Figure corresponding parent carbenoid. Thé&-@n bonds in TSt

5 (b). TS4 are elongated 0.088 A, 0.073, 0.044, and 0.061 A,

There are several common features of the four transition statesrespectively, compared to the corresponding carbenoid.Fhe |

(TS1-TS4). First, the &I bond is mostly broken in TS1, TS2, Zn—C angles or 1-Zn—1 angles are 13490 136.3, 132.7,

TS3 and TS4. Second, thé-Zn bond is only slightly elongated  and 127.8 for TS1—-TS4, respectively. The formation 0tEZn
compared with those of the parent carbenoid. Third, the Znl bond in TSETS4 is only elongated by 0.21, 0.16, 0.192, 0.26
or the EtZnl molecules are nearly formed in the transition states. A, respectively, compared to the byproduct Zat EtZnl. It is
There also exist some differences in structures of the four interesting to note that there exist a good correlation between
transition states TSATS4. For instance, the - bond is the structural parameters of the transition states and the
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(c) keal/mol (d) keal/mol TSIZ'
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b:Y=IZn, Y = Etzn a:Y=12nCHI,, n=1

cY=Y=izn b: Y= 1ZnCHI/Znl,® n=2 262
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Reaction Coordinate Reaction Coordinate
€
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| 14.2
]
Ye CZH, """""""""""""""""" Z.=n(_lz1n),cm/<zm,)n
a: Y= (1Zn),CHI, n=1 b n=2
b: Y= (1Zn),CHIZnI,® n=2 6 c:n=3

c: Y= (Zn),CHizn, Y n=2 21.1

1Zn-c-CjH, + (Znly),

Reaction Coordinate Reaction Coordinate

Figure 5. Schematic diagram showing the computed relative energies (in kcal/mol) for reactions of the mono zinc carbenoids BZrCEtlor 1) (a),
EtCHIZnR (R= Et or 1) (b), thegemdizinc carbenoids (EtZaEHI, EtZnCHIZnl, and (1IZm)CHI (c), 1ZnCHL and 1ZnCHb/Znl, (d), (IZn),CHI and
(1Zn)2CHI/Znl; (e), and (1IZn)CHI/(Znly), (f) with ethylene with the transition states and products energies given relative to the separated reactants. Values
for Figure 5a-c are from B3LYP/BS1 calculations and values for Figure-bdre from B3LYP/BS2 calculations of this work.

corresponding cyclopropanation reaction barriers. For instance,the properties and chemical reactivity of tgemdizinc ca-
the degree of elongation (39.5%, 43.7%, 41.1%, and 38.0%) of benoids (RZmCHI (R = Et or 1), we have theoretically
the C—I bond for TS1-TS4 correlates with the barrier height  investigated their cyclopropanation reactions with ethylene and
(24.5, 20.0, 21.1, 24.6 kcal mdl for TS1-TS4) of the compare them with the reactivities of the corresponding mono
reactions. The more elongated the-C! bond is, the lower the  zinc carbenoids. To our knowledge, this is the first theoretical
barrier. The bond lengths of+Zn and the 1-Zn—C or '— study of gemdizinc cabenoids and their cyclopropanation
Zn—I bond angles in TStTS4 have a similar correlation with  reactions.
the reaction barrier. The smaller tile-Zn bond, the lower the Figure 2 displays the optimized geometry found for glees
barrier; the larger the'+-Zn—C or '-Zn—I bond angles, the  dizinc carbenoids (EtZaLHI, EtZnCHIZnl, and (1IZn)CHI and
lower the barrier. The cyclopropanation reactions for these monotheir transition states (TS5, TS6, and TS7) for reactions with
zinc carbenoids are similar to those for related Simm@msith ethylene to produce EtZa-CsHs, 1Zn-c-C3Hs, EtZnl, and Znj.
carbenoid3~57 and isopolyhalomethane carbencids. All three gemdizinc carbenoids approach ethylene in a sym-
B. Cyclopropanation Reactions of Geminal Dizinc Car- metric or nearly symmetric manner and synchronically attack
benoids (RZn)»CHI (R = Et or I) with Ethylene. A recent both of the CH groups from above the molecular plane. A
study reported the first experimental evidence for the formation transition state (TS5) was found on the way to the products
of a geminal dizinc carbenoid specRésTo better understand  EtZn-c-CgHs and EtZnl for the reaction of thgemdizinc
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carbenoid (EtZn)CHI with CH,CH,, whereas another transition up mostly of changes in thel€C? C'-Znl, C'—I! bond
state (TS6) was observed for the reaction of ¢gemdizinc lengths and +C'-zn! and G—C2—C! bond angles. The
carbenoid EtZnCHIZnl with gH,. A transition state (TS7) was  reaction vector with ethylene is 0.B61-c2> + 0.12A1_c1-zn1
found on the way to the productsCsHsl and Znk for the + 0.2%Ac3-c2-c1 — 0.06Rc1-zn1 — 0.43Rcy-;. Further IRC
reaction of thegemdizinc carbenoid (IZCHI with CyHa. computations were done to confirm the TS5 transition state
As shown in Figure 2, the molecule (EtZ@8HI approaches  smoothly connects the corresponding reactants and products.
CH,CH; in a synchronous way. The TS5 structure approxi- Our computations indicate that the reaction of (EeHI with
mately possessess symmetry if the two ethyl groups are not  ethylene proceeds essentially via a concerted process (i.e., an
concerned. TheCs mirror is along with the @HI* plane and elementary reaction).
divides the G=C® bond into two equivalent Cigroups. The Figure 5¢ schematically displays the potential energy profiles
C'—C? distance in TS5 is 2.321 A, and this is only 0.006 A for thegemdizinc cyclopropanation reactions. The barrier height
shorter than the €-C3 distance. The planar ethylene molecule for the reaction of (EtZniCHI +C,H4 was calculated to be 15.2
has a significant pyramidalization of about &t both C and kcal/mol and exothermic by about 19.5 kcal/mol at the B3LYP/
C?in the TS5 structure that indicates the onset ofdife—~ sp? BS1 level of theory with the ZPE correction included. The
rehybridization required for the substituted cyclopropane forma- reaction barrier of (EtZRCHI + C,Hy4 is lowered by as much
tion. This reflects the synchronous approach towarc,CHhtp as 9.3 kcal/mol whereas the exothermicity of the reaction of
for the reaction. The &C3 and C—Zn bonds in the TS5  (Etzn),CHI + C,H, is lowered by 8.5 kcal/molcompared to
structure are increased by 0.02 and 0.018 A, respectively, the corresponding mono zinc carbenoid with ethylene. The
compared to those found for the reactants. The largest changeelatively small barrier of thgemdizinc carbenoid with ethylene
is associated with the+C'—Zn! bond angle that varies from  is consistent with the small structural changes as it goes from
104.6 to 75.8 in the TS5 structure. Meanwhile, thé-a* bond the reactant to the transition state TS5. The reaction barrier is
(2.881 A) is nearly broken and the Zitt bond (3.060 A) is  also in reasonable agreement with the experimental reaction

almost formed in TS5. These changes in the bond lengths andconditions that show the cyclopropanation reaction can take
angles are attributed to the EtZnl molecule being partially place at a temperature of°@.5°
formed in the transition state. Another structural feature is that  \ye can obtain two more carbenoids: (IZ&H! and

the Zrt—2zn? distance is only slightly elongated in going from  g47ncHiznl by replacement of the ethyl groups with iodine
reactant (3.328 A) to transition state (3.434 A). The-Zm atoms in the carbenoid (EtZa@QHI. The transition state (TS7)
distance is in the range of related binuclear zinc crystal ;o< found for the reaction of (1IZsgHI with CH,CH, on the
structures? It is interesting to note that both the parey@m way to 1Znc-CsHs and Znb. TS7 is very similar to TS5 in

dizinc carbenoid and TS5 structures look like a flattened g\ cture. The TS7 structure approximately posse€seym-
tetrahedron for the mainframework of ZnZn?—I1—C%. When metry. TheCs mirror is along the @!H plane and divides the

the reactant molecules approach the,CHj, it looks IiI§e the C?=C® bond into two equivalent C{groups. The reaction has
C'H group move closer above the ethylene plane while the Zn 5 papyjer height of 15.0 kealimol at the B3LYP/BS1 level,

i 1
and Zrf move sllghtly closer to !atom tp form the Etznl including the ZPE correction (shown in Figure 5c). The barrier
molecule. The bridged latom, which partially connects both height is lowered to 14.2 kcal/mol when the B3LYP method

zinc atoms, could significantly stabilize the transition state. It combined with the hybridized BS2 basis set is used and the

i 1
sklloulld be not_ed that_the elongation degree of the_Zh and ZPE correction is included. This is only 0.8 kcal/mol smaller
C_ —I” bonds n TS5 is much smallgr than those in the r‘rj&ono than the barrier with B3LYP/BS1, indicating the smaller BS2
zmcC;'SL for m(s;;[anlce, the glongatl_on 0f 0.088 and 0.87 A for 1 ,qiq get does not change the barrier height significantly. The
the —AZn and _I, bonds in TS11is Qecreased 00.018 and o4 ction is exothermic by 22.0 kcal/mol at B3LYP/BS1 level
0..622 in TS5. This suggests that., in contrast to the mono \\ith ZPE correction. Compared to the reaction of (E&ZH!
zinc analogous TSI, there are relatively small changes in the | CH,CHy, the reaction barrier of (IZaHI + CH,CH is

1 2_ 111 !

stru_cture of the whole tetrahedral framewc_)r_k zan—|—C . lowered by only 0.2 kcal/mol, whereas the exothermicity of the
as _|t_goes from the reactant to the trgnsm_on st_ate TS5 't_ 'S reaction is larger by 2.5 kcal/mol. The small barrier difference
anticipated that the two strongly Lewis acidic zinc atoms in between TS5 and TS7 indicate that the reactiviti Rdizinc
TS5 can stabilize the leaving iodine atom while for those single carbeonoids ((RZaLHI, where R= Et or I) would not change
zmc_(_;arbenmds qnly_on_e Lewis acidic zinc atom in TS1 €an 50 much by changing R substitutes in that the electrophilicity
stabilize the leaving iodine ato_r_n. That is to say,lthe leavmg of the central carbonate carbon has been saturaigehirdizinc
byproduct EtZnl can be stabilized by an Etzd'-Zn’Et carbenoids due to the introduction of the second zinc atoms.

moiety. As for the formation of the cyclopropane ring, the .o horacter is also subiect to the hvbridi dizinc
averaged &-C2 and C—C3 distance in TS5 is only 2.324 A, carbenoid J ybridizgeim

hich i h shorter than th 2.384 A) in TS1. Th
which is much shorter than those ( ) in © " The reaction of hybridizedyemdizinc carbenoid EtZa

relatively small changes in structure predict that the barrier to CHIZn! with ethv] imilar t i tate TS6
reaction will be fairly low for the (EtZn)CHI +C,H,4 reaction. ni with €thyléne possesses a similar transition state
Vibrational analysis shows that the optimized TS5 structure o the way to 1Zne-CgHs and EtZnl. In contrast to TS5 and
TS7, the transition state TS6 has no symmetry and the molecule

1o e megnary reavney of 301 S The Sgonvecty L5 sproacns Gy o synvonous mamner
ponding 9 9 The G—C2 distance in TS6 is 2.404 A, and this is 0.029 A

matrixes shows the internal coordinate reaction vectors are madeshorter than the & C? distance. Compared to the larger

i > 3 102 i
(76) Kaminskaia, N. V.; Spingler, B.; Lippard, S.J.Am. Chem. So@00Q shortening (9'36 A) from_€ Cto C C for the reaction of
122 6411-6422. the mono zinc carbenoid EtZnCHMwith C,H4 the small
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difference between the }€C3® and G—C? distance for the
reaction system EtZnCHIZnl with 1, indicate that essentially

the Lewis acid Zrd on some SimmonsSmith type cyclopro-
panation reaction®.’7.78Nakamura and co-workers have also

it can be approximately regarded as an synchronous attack. Theheoretically investigated Lewis acid acceleration in the Sim-

barrier height for this reaction is calculated to be 15.1 kcal/mol
and to be exothermic by 23.9 kcal/mol at the B3LYP/BS1 level
of theory with the ZPE correction included.

mons-Smith reactior?354
Before discussing the additive effect of the Lewis acidaZnl
we make a comparison of the basis sets BS1 and BS2 mentioned

There are some common structural features of the threein the computational details. To help assess the accuracy of the

transition states (TS5TS7) that are worth noting. Thel€
Zn'—C (Et) or G—Zn'—I bond is linear or nearly linear (179.4
177.7, 178.9 for (EtZn),CHI, EtZnCHIZnl, and (1Zn)CHI,

respectively) in the reactants (i.e., favored geometry for a Zn-

(I) species) is slightly bent (171°6174.5, 165.8, for TS5,
TS6, and TS7, respectively) in the TSs. However, tHe-C
Zn'—C (Et) or G—Zn'—I bonds in the reactions of the single

smaller BS2 [the 6-311G** basis set for all C, H, Zn atoms
and one leaving iodine atom (which is referred’tm the figures

and is expected to affect reaction barriers more than the other
iodine atoms) and the lanl2dz basis set with Hslyadt
relativistic effective core potential for all other iodine atoms],
we performed B3LYP/BS2 optimizations for the reactions of
IZnCHI, + C,H4 and (IZnpCHI + C,Hg4. As shown in Figure

zinc carbenoids with ethylene are bent significantly as they go 5d.e, the reaction barriers (referred to as T TS7in Figure
from the reactants to the transition states. Other structural 5d,e) are calculated to be 18.8 and 14.2 kcal/mol, respectively,

features in TS5TS7 in general exhibit comparatively smaller
changes relative to their reactants than the transition states TS1
TS4 relative to their mono zinc carbenoid reactants.

In summary, the reactivity of the thrgemdizinc carbenoids

studied here are similar to one another and there is not much

difference for the three reaction barriers. The barrier height for
the cyclopropanation reactions follow (IZQHI + CoHy <
EtZnCHIZnl + C,Hy < (EtZn)CHI +C,H4. However, com-

at the B3LYP/BS2 level with ZPE corrections. These values
are lowered by only 1.2 and 0.8 kcal/mol respectively compared
to the corresponding results at B3LYP/BS1 level of theory. The
CCSD(T)//IB3LYP/BS2 single point calculations for the reaction
of 1ZnCHI, 4+ CoH4 is found to be 20.0 kcal/mol without ZPE
correction. This value becomes 20.2 kcal/mol with ZPE cor-
rection. The above values are in excellent agreement with those
calculated at the B3LYP/BS1 level and confirm the results at

pared to the reactions of the corresponding mono zinc carbenoidd€ B3LYP/BS2 level of theory should be reliable for further

with ethylene, the barriers are significantly lowered by introduc-
ing the second ZnR (RI or Et) group. The main reason for
the large lowering is due to the increase of the electrophilicity

by introducing the second zinc atom. Natural population analysis

shows that the natural group charges in the groups of ZpCHI
for the mono zinc carbenoids EtZnCHind 1ZnCH} are 0.56
and 0.59 respectively and the groups of,ZHII for the three
gemdizinc carbenoids (EtZaTHI, EtZnCHIZnl, and (IZmCHI

calculations of larger systems. All calculations for the cyclo-
propanation reactions of carbenoids with addition of,Zmith
ethylene were done at the B3LYP/BS2 level of theory so as to
be tractable within our available computational resources.
There are two possible pathways for complexation of,Znl
to the mono zinc carbenoids IZnCHOnNe path is to have the
leaving I atom directly coordinated to the Zmtom in Znb,
whereas one of | atoms in Znis coordinated to the Zrin the

are 1.19, 1.20, and 1.21, respectively. It is evident that the threeCarbenoid to(:)orm a five-centered complex and is denoted as
gemdizinc carbenoids possess a substantially larger positive [ZNCHIZ/Znl2® hereafter and in the figures. The other path is

charge distribution than those in the mono zinc carbenoids,

indicating the strong electrophilic character for themdizinc
carbenoids. This is consistent with the fact thatdleezdizinc

carbenoids have much lower barriers than those of mono zinc
carbenoids to the cyclopropanation reactions. Furthermore, the

group charges qualitatively correlate with the ordering of the
electrophilic degree of the carbenoids. For instance, the IZaCHI
+ CoH4 reaction has a smaller barrier than those of EtZnCHI
+ CyHg, qualitatively consistent with the positive charge
distribution of the group ZnCHlin 1ZnCHlI; being larger than
that in EtZnCH}. The charge distributions of the group 2n
CHI in the threegemdizinc carbenoinds have similar correlation
with the reaction barriers. Another reason for the large lowering

of the barrier is due to the small structural changes as the

structures of the moiety Zr-Zn?—11—C! as the reaction goes

to have the Zn and | atoms in Zntoordinated to the | and Zn
atoms in the 1Zn group of 1ZnCHIto form a four-centered
complex and is denoted as IZnGHInI,B) hereafter and in the
figures. The two complexes are essentially the same in energy
with ZPE corrections although they have different coordination
modes. A five-centered transition state (TS8, Path A) was found
on the way to the producisCsHsl and the dimer (Zr), for

the reaction of the carbenoid 1ZnCHVith CH,CH,, whereas

a four-centered transition state (TS9, Path B) was observed for
the reaction of the carbenoid 1ZnCHuVith CH,CH,. Examina-

tion of the TS8 structures shown in Figure 4 finds that the
C!—1" bond is almost broken and elongated by 41.2% more than
in complex 1ZnCH/Znl,®, but G—Znl is not cleaved yet and
elongated by only 2.7% more than in complex IZn@@hl,®),
Although the molecules IZnCHIapproach CHCH, in an

from the reactants to the transition states. A third reason is that2Synchronous manner, similar to the analogous mono zinc

formation of the cyclopropyl ring occurs synchronously and the
reactions of thgemdizinc carbenoids- C;H4 have much later
transition states than those of mono-zinc carbengidS;H,.

C. Additive Effect of the Znl, on the Cyclopropanation
Reactions of Mono Zinc 1ZnCHI, and Geminal Dizinc
(1Zn) ,CHI Carbenoids with Ethylene. It has been known for

a number of years that an added Lewis acid can dramatically
accelerate cyclopropanation reactions. Several experimental

carbenoid, the differences between thé—C3 and G—C?
distances for TS8 and TS9 are only 0.076 and 0.161 A,
respectively, smaller than in TS2 (0.227 A). This suggests the
reaction process becomes more and more symmetric as one goes
from TS2 and TS9 to TS8.

Figure 5d schematically displays the potential energy profiles
for the cyclopropanation reactions for the addition of 2Zi

(77) Denmark, S. E.; @onnor, S. PJ. Org. Chem1997, 62, 584-594.

groups have extensively investigated the aggregation effect of (78) Denmark, S. E.; @onnor, S. PJ. Org. Chem1997, 62, 3390-3401.
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was shown that the path A is more feasible than path B. The
barrier height for path A for the reaction of IZnCHnI,® +
CyH4 was calculated to be 13.7 kcal/mol and the reaction is
exothermic by 26.2 kcal/mol at the B3LYP/BS2 level of theory
with the ZPE correction included The reaction barrier of
IZNCHI/Znl,® 4+ C,Hy is lowered by 5.1 kcal/mol compared
to the corresponding mono zinc carbenoid with ethylene. The
barrier height for path B for the reaction of 1IZnGi#nI,®)
+C,H4 was calculated to be 17.8 kcal/mol and the reaction to
be exothermic by 22.8 kcal/mol at the B3LYP/BS2 level with
the ZPE correction. The reaction barrier of 1ZnGEhl1,® +
C,H4 is lowered by only 1.0 kcal/mol compared to the
corresponding mono zinc carbenoid with ethylene. It is interest-
ing to note that the barriers become noticeably lower as the
reaction process becomes more symmetric.

Similarly, two possible pathways were found for the reaction
of (1Zn),CHI + C,H,4 on the way to the products IZo+CsHs
and dimer (Znd),. Path A involves a five-centered complex
(1Zn),CHI/Zn1,® and a corresponding transition state, whereas
path B involves a popular 1,2-iodine migration. It was shown
in Figure 5 (e) that the barrier height for path A for the reaction
of (1Zn),CHI/ZnI®™ +C,H,4 was calculated to be 8.9 kcal/mol
and to be exothermic by 21.1 kcal/mol at the B3LYP/BS2 level
of theory with the ZPE correction included. The reaction barrier
of (1Zn),CHI/ZnI;®™ + CyH4 is lowered by 5.3 kcal/mol
compared to the corresponding pugemdizinc carbenoid
reaction system (I1ZaCHI + C;H,4, in which no Lewis acid
Znly is involved. The barrier height for path B for the reaction
of (1Zn),CHI/ZnI,® +C,H, was calculated to be 14.9 kcal/
mol the reaction to be exothermic by 16.6 kcal/mol at the
B3LYP/BS2 level with the ZPE correction. Surprisingly, the
reaction barrier of (IZm)CHI/Zn1,® + C,H, is deactivated by
0.7 kcal/mol compared to the corresponding to dleezdizinc

Reaction Barriers (kcal/mol)

1 | 1
0 1 2

Number of ZnI2

~

Figure 6. Energy barriers to the cyclopropanation of (IZDHI/(Znl2), (n
= 0 ~3)with ethylene plotted versus the number of Zodmbined to the
carbenoid. Values are from B3LYP/BS2 calculations of this work.

in the bond lengths and angles are attributed to the dimeg)eZnl
molecule being partially formed in the transition state.

Figure 5f schematically displays the potential energy profiles
for the addition of Znj in gemdizinc cyclopropanation reac-
tions. It was shown that the symmetric approach process is the
most feasible among the three pathways for the reaction of Znl
addedgemdizinc with ethylene. The barrier height for the
reaction of (1Zn)CHI/Znl, + C,H4 was calculated to be 8.7
kcal/mol and the reaction to be exothermic by 21.3 kcal/mol at
the B3LYP/BS2 with ZPE correction. The reaction barrier of
(1Zn),CHI/Znl, + CyH4 is lowered by 5.5 kcal/mol compared
to the puregemdizinc carbenoid with ethylene, but this is only
0.2 lower than in path A. The relatively small barrier of the

carbenoid with ethylene. The reason for such deactivation could 9emdizinc carbenoid with ethylene is consistent with the small

possibly be due to the effect Lewis acidity has on a saturated
Zn! atom of thegemdizinc carbenoids due to the ineffective
coordination mode. The structural changes for deexdizinc
carbenoids have similar trends for the Zatlded to the mono
zinc carbenoid systems.

In addition to the two pathways mentioned above, a sym-

structural changes as it goes from the reactant to transition state
TS12. The reaction barrier is also in excellent agreement with
the experimental reaction conditions where the cyclopropanation
reaction can take place at a temperature 6€0

To investigate the aggregation effect of Zrntwo and three
Znl, were added to the reaction system symmetrically as shown
in Figure 4. The dimer and trimer (Zph (n = 2, 3) were

metric approach process was also found for the reaction SyStemsymmetricaIIy coordinated to the pugemdizinc carbenoids.

(1Zn),CHI/Znl; + CzH4. In this approach mode, one of the |
atoms in Zn} is symmetrically coordinated to the two zinc atoms
opposite of the H atom of the carbenoid (IZ8HI, whereas
the Zn atom in Znd is directly coordinated to the leaving |

Similar to the TS12, TS13, and TS14 were found as the
transition states for the reaction systems (BHI/(Znly),

(n = 2,3) + C,H4 on the way to the products 1Zo+C3Hs +
(Znly)n (n = 3, 4). The barrier height for the reaction of

atom. This then produces a cage-like complex and the 'eaVing(IZn)2CH|/(Zn|2)2 + C,H,4 was calculated to be 7.4 kcal/mol at

I" atom bond is elongated compared to the uncoordinated | atom.

This kind of cage-like transition state could stabilize thatbm
leaving group as a whole. Examination of the structure TS12
finds that the degree of elongation of-@' and G—2Zn! or
C!'—zr? is smaller than that in TS10 and TS11. For instance,
the G—2zn' bond is elongated by only 0.03 A (0.2%) more than
in the parent carbenoid complex. Thé-@' bond is almost
broken and elongated by 0.625 A (28.0%) more than in the

the B3LYP/BS2 with ZPE correction. This is 1.3 kcal/mol
smaller than the system (I1ZzQHI/Znl, + C;H,. The barrier
height for the reaction of (1ZaLHI/(Znly); + CHs was
calculated to be 7.3 kcal/mol at the B3LYP/BS2 with ZPE
correction. This is only 0.1 kcal/mol smaller than the system
(1Zn),CHI/(Znl,), + CoH4. It is apparent that the Lewis acid
effect becomes smaller and smaller as the number of Znl
become larger and larger. This appears to be described as an

parent carbenoid complex. The largest change is associated witlexponential decay process as the number of goks fromn

the I-C1—Zn! bond angle that varies from 108.% 87.T in

the TS5 structure. Another structural feature for TS12 is note-
worthy. The G—Zn'—I bond that is nearly linear (173)in the
reactant complex is now slightly bent (16%.3These changes

= 0 ton = 3 as shown in Figure 6.

D. Brief Comparison of Cyclopropanation Reactions of
Mono Zinc Carbenoids RZnCHI,, EtCHIZnR (where R =
Et or 1) and Geminal Dizinc Carbenoids (RZn),CHI (R =
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Et or ) to Those of LiCH ,l and CH,l —I Carbenoids. It is to the enhanced reactivity of tlgemdizinc carbenoids relative
interesting to note that theoretical studies of the very reactive to their corresponding mono zinc carbenoids.

LICH2X (where X=F, Cl, Br, and I) and Chl—I carbenoid
species have found these carbenoids react in an asynchronousl
and preferentially attack one Glgroup of ethylen&-5457.65n Density functional theory calculations have been presented
a manner very similar to the SimmonaSmith mono zinc for the cyclopropanation reactions with ethylene for several
reaction®57 The LiICH,X species are known to be very mono zinc carbenoids and their correspondiggmdizinc
reactive carbenoids and react with olefins even at low carbenoids. The mono zinc carbenoids RZngHAtCHIZNR
temperaturé®-81 and a quantum chemical study found the (where R= Et or I) react with ethylene by preferentially
barrier for the cyclopropanation reaction of Ligkvith ethylene attacking one Chkligroup of ethylene in an asynchronous manner
to be about 7.4 kcal/m&P The LiCH,l carbenoid undergoes  with barriers to reaction in the 224.5 kcal/mol range. The
relatively small changes in its structure as it proceeds from changes in the structures of the transition states relative to the

gonclusion

reactants to the transition state compared to the Sim#®msth parent carbenoid for these mono zinc carbenoids were found to
carbenoid$~5 This is similar to the behavior of ttgemdizinc be relatively large and similar to those previously obtained for
carbenoids examined here and is consistent with the smallrelated SimmonsSmith carbenoidd=5" and isopolyhalo-
barriers to reaction found for both the LiGHand gemdizinc methane carbenoidé5566 The gemdizinc carbenoids were

carbenoids. The Cit—I| carbenoid has an even lower barrier observed to have significantly lower barriers to reaction of about
to reaction with ethylene (about 2.9 kcal/nfélhan either the 15 kcal/mol. This indicates that when the second ZnR(Br
LiCH.l or thegemdizinc carbenoids. The GiH-I species has  Et) group is introduced to form thgemdizinc carbenoid the

a charge distribution for the GHmoiety that is similar to a barrier to reaction becomes substantially lower. This lower
CHal* catiorP®®5and thus CHI—I exhibits noticeable electro-  barrier for thegemdizinc carbenoids is mainly due to the
philic behavior and a chemical reactivity not much greater than following: an increase of the electrophilicity by introducing
singlet methylene toward=€C bonds®#6> The metal ions in the second zinc atom, the synchronous reaction of the carbenoid
the organometallic carbenoids also influence the charge distribu-carbon atom toward both GHyroups of ethylene and to the
tion of the carbenoid and appear to help bring the, Gidiety small structural changes that occur in thelZ@n?—|1—C!

near the &C bond, so that the cyclopropanation reaction can moiety as the reactions go from the reactants to the transition
occur. Itis interesting to note that there is usually an asymmetric states. Both mono zinc argemdizinc cyclopropanation reac-
character for the atoms attached and adjacent to the carbon atontions were investigated for the effect of addition of Zak a

to be transferred in the cyclopropanation reaction of the LXGH Lewis acid. Addition of one Znlgroup was found to lower the
RZnCHb, and EtCHIZnR (R= Et or I) mono zinc carbenoids  barrier further by about-15.1 kcal/mol and 65.5 kcal/mol,

as well as the SimmonrsSmith (ICH,Znl) carbenoid and all of respectively, for the mono zinc aiggmdizinc cyclopropanation
these carbenoids react in an asynchronous manner preferentiallyeactions. As the number of Zrbecome larger, the Lewis acid
attacking one CH group of ethylenél=>" The very reactive effect becomes smaller and can approximately be described by
CHyl—1 carbenoid also displays this asymmetry and reacts in a an exponential decay as the number ofZgdes frorn = 0 to
manner similar to the SimmorsSmith type carbenoid species. n= 3. Thegemdizinc carbenoids with one to three Zigiroups

In contrast, the (RZaLHI (R = Et or I) gemdizinc carbenoids  were found to give facile cyclopropanation reaction with
have a high degree of symmetry about the C atom to be ethylene with barriers to reaction of only 8.7 kcal/mol to 7.3
transferred to the €C bond during the cyclopropanation kcal/mol. Our results indicate that the gem-dizinc carbenoids
reactions and this appears to correlate with the synchronousare substantially more reactive than their mono zinc carbenoids.
attack of both CH groups of ethylene for thesgemdizinc This is consistent with and can help explain the recent
carbenoids. Inspection of the structures of TS5, TS6, and TS7 experimental results of Charette and co-workers that fgemd
provide support for the synchronous reaction being correlated dizinc carbenoids can undergo efficient cyclopropanation reac-
to the symmetry of the carbenoid species about the C atom totions with olefins at 0°C and compete effectively with their
be transferred during the cyclopropanation reaction. The corresponding mono zinc carbenofs.

(1Zn),CHI carbenoid is very symmetric and has-C bonds of
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(2.409 and 2.380 A) than those in TS5 and TS7 associated withthe final corrections to the paper. The version published on the
the more symmetrigemdizinc carbenoids. Comparison of our Web 10/3/2002 and the print version are correct.

izi i se previously found . . .
resuilts for thegemdizinc carbenoids to those p y Supporting Information Available: Selected output from the

for LICH2X, CHzl~1, and mono zinc SimmonsSmith type density functional theory calculations showing the Cartesian
carbenoids indicate that the more synchronous reaction and the y y 9

: . coordinates, total energies, and vibrational zero-point energies
smaller changes in the carbenoid structure as one goes fro 9 P 9

the reactant to the transition state both contribute significan'[lymfor the mono zinc and gem-dizinc carbenoid _reactants_, traq3|t|on
states, and products for the cyclopropanation reactions inves-
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