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Abstract: The cyclopropanation reaction of an alkene with a metal carbenoid has been studied by means
of the B3LYP hybrid density functional method. The cyclopropanation of ethylene with a lithium carbenoid
or a zinc carbenoid [Simmons—Smith (SS) reagent] goes through two competing pathways, methylene
transfer and carbometalation. Both processes are fast for the lithium carbenoid, while, for the zinc carbenoid,
only the former is fast enough to be experimentally feasible. The reaction of an SS reagent (CIZnCH,CI)
with ethylene and an allyl alcohol in the presence of ZnCl, was also studied. The allyl alcohol reaction was
modeled with an SS reagent/alkoxide complex (CICH,ZnOCH,CH=CH,) formed from the SS reagent and
allyl alcohol. Two modes of acceleration were found. The first involves the well-accepted mechanism of
1,2-chlorine migration, and the second involves a five-centered bond alternation. The latter was found to
be more facile than the former and to operate equally well both with ethylene and with aggregates of SS
reagent/alkoxide complexes. Calculations on the SS reaction with 2-cyclohexen-1-ol offer a reasonable
model for the hydroxy-directed diastereoselective SS reaction, which has been used for a long time in
organic synthesis.

A reaction between iodomethylzinc iodide and an olefin that Scheme 1

produces a cyclopropane compound was first reported by OH OH ety R' R® ke
Simmons and Smith in 195&nd is now called the Simmons _@ SHale 1 H Me 1.00
Smith (SS) reaction. Although iodomethylzinc iodide prepared R'— R 2 H H 217
from CH,l, and metallic zinc was the original SS reagent, the ~ ®? R2 3 Me H 335

Furukawa reagent prepared by a halogeretal exchange

reaction between EZn and CHI,? is also used widely for Scheme 2 X .

synthesis because of its reproducibility. Several zinc carbenoids A X

(XZnCH.Y) composed of chloro/iodo and chloro/chloro com- M—GH M He

binations are as effective as the original iodo/iodo combination X PathA_ Ho/ Y\ H H;C'SC:H

(hence, CIZnCHCI was mainly studied in the present wofk). M_C/HZ H*C % H H
Winstein et al. reported the first application of the SS reaction TS (methylene transfer) product

to an allylic alcohol in 1959 which represents an early example T

of the use of a heteroatom group as a “directing group”. The ~ HC=CH. X ¢ 7

SS reaction with an allylic alcohol has distinct advantages over path B M_»_\CH M g LS

the reaction with a simple olefin in relation to the reaction rate B Vo 8 — " \f,o H2

and stereocontrol. Rickborn reported that the SS reactions of :,C C/: H Sy

allylic alcohols are much faster than those of simple olefins K(A; ':Tﬁ‘é?gle” TS (carbometalation) _ intermediate

(ca. >1000 times) and that the reaction with a cyclic allylic
alcohol takes place in such a manner that the cyclopropane ring
forms on the same side as the hydroxyl group (Schenfe 1).
The SS reaction witkis-5-methyl-2-cyclohexen-1-ol was 3.35

times faster than that with the corresponditigns-alcohol
(entries 3 and 1 in Scheme 1). The rate constant of the
cyclopropanation with 2-cyclohexen-1-ol lies between those of
t Present address: Division of Chemistry, Graduate School of Science, Cis- andtrans-5-methyl-2-cyclohexen-1-ols (entry 2).

Hokkaido University, 060-0810 Sapporo, Japan. Numerous variants of the SS reagents have been explored in

(1) Simmons, H. E.; Smith, R. DI. Am. Chem. Sod 958 80, 5323-5324. . . R . .

(2) Furukawa, J.; Kawabata, N.; NishimuraJétrahedron Lett1966 7, 3353- organic syntheses, but little is known about their reaction
3355. hways. Earlier mechanisti ntroversy f n th

(3) (a) Denmark, S. E.; Edwards, J. R.Org. Chem1991, 56, 6974-6981. pf’ﬂ ays ariie echanistic_controversy Ocuse.d on the
(b) Denmark, S. E.; Edwards, J. P.; Wilson, SJRAm. Chem. S0d.992 dichotomy between a methylene transfer mechanism and a
114, 2592-2602. i ; i

(4) (@) Winstein, S.. Sonnenberg, J.: de VriesJLAm. Chem. Sod959 81, carbometalation mechamsm (Scheme 2). It was originally
6523-6524. (b) Winstein, S.; Sonnenberg,JJAm. Chem. Sod961 83, suggested that the SS reaction occurs by a one-step methylene
32353244, transfer mechanism, in which the pseudotrigonal methylene

(5) (a) Chan, J. H.-H.; Rickborn, B. Am. Chem. Sod968 90, 6406-6411. . X I .
(b) Staroscik, J. A.; Rickborn, Bl. Org. Chem1972 37, 738-740. group of iodomethylzinc iodide adds to an olefinbond and
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Scheme 3 " As summarized in the previous paragraph, there has been a
(@ CHol | () H paucity of information on the mechanism of the SS reaction,

|—7h . @%N/SOZF} A which is due largely to the difficulties in carrying out suitable
/ TCHy N—2zn cH, EUE experimental studies: the SS reagent is unstable under the
solvent—=2Z0—1 \ 7 N A

reaction conditions, making both precise kinetics studies and
identification of reactive species difficult. The Cambridge
Crystallographic Data Base has four structures related to the
SS reagent. A-chloro-bridged dimer, (Cf£ClLZnCI-Et,0),,11

is a genuine SS reagent, although it is inactive due to the strong
electron-withdrawing effects of the many halogen atoms. The
other crystal structures of SS-related reagents are those of
(CICHy)2Zn stabilized with a didentate ligadd but it is still
unclear as to what extent this structure is relevant to the
mechanism of the SS reaction.

We describe the mechanism of the SS reaction examined with
the aid of density functional theory focusing on various unsolved
issues of the SS reaction, including (1) the methylene transfer/
carbometalation dichotomy, (2) Lewis acid acceleration, (3) the
allylic alcohol reaction, (4) Lewis acid effects and aggregate
formation in the allylic alcohol reaction, and (5) the diastereo-
face-directing effect in the reaction of 2-cyclohexen-2%l.
Together with some recent theoretical studiethe present
studies provide mechanistic information that is not obtainable
by experimental methods.

forms two new C-C bonds simultaneously, accompanying a Computational Method

1,2-migration of the halide anion from the carbon atom to the  cajculations were performed with the Gaussian 94 and Gaussian
zinc atom (path A in Scheme 2). There is experimental evidence 98 programs$ Most of the calculations were performed using the
for the SS reagent that contradicts with path B, and thus path density functional theory B3LYP method, which is a hybrid functional
A has been widely believed to represent the experimental reality. of the Hartree-Fock and density functional methotfsusing a split

For lithium carbenoids, on the other hand, the alternative valence basis set with polarization functions for heavy atoms. The
carbometalation/cyclization pathway has received experimental B3LYP results were compared with the HF, MP2, and other results
support The study of the factors that determine the reaction when necessary. Ahlrichs’ SWPall-electron basis set was used for

. . . . i - * - * i 1
pathways of metal carbenoid addition to olefins is, therefore, € Zinc atom, and the 6-31G* or 3-21G* basis'Sefas used for other
still in question’ atoms (denoted here as B3LYP/631A and B3LYP/321A, respectively).

) ) ~ The Hay-Wadt effective core potential (ECP), LANL2DZ, was used
More recent discussions have focused on the role of Lewis for the iodine atoni?

acids, especially chiral Lewis acids. Various working models  structures were optimized without any geometrical assumption,
reported in the literature are summarized in Scheme 3. Oneunless otherwise noted. Zero imaginary frequencies for equilibrium
model proposed by Wittfg assumes that Zpkoordinates the 1D Behm 3. Loz S Do H WEA Al Chemi993 619
leaving iodine atom, and all others assume that either the leaving!™ S, 3+ Lotz S. D.i Herrmann, W. &. Anorg. Allg. Cheml.993 619,
iodine atom undergoes 1,2-migration to the neighboring zinc (12) Denmark, S. E.; Edwards, J. P.; Wilson, S.JRAm. Chem. Sod.991,

. ) . . . 113 723-725. Charette, A. B.; Marcoux, J.-F.;"Beger-Garigy, F. J.
atom (i.e., b and d; path A in Scheme 2) or it leaves simply by am. Chem. Sod996 118 6792-6793. Charette, A. B.; Marcoux, J.-F.;
itself (a and e). The Wittig proposal has thus far received little Molinaro, C.; Beauchemin, A.; Brochu, C.; Isabel, £ Am. Chem. Soc.

\ o . 200Q 122, 4508-4509.
attention, and the great majority of the literature and textoooks (13) A part of this paper was described in: (a) Hirai, A.; Nakamura, M.;

_hali i i ianifi Nakamura, EChem. Lett1998 927—-928. (b) Nakamura, E.; Hirai, A.;

assume the 1,2-halide mlgr_atlo_n. Perhaps the most S|g_n!f|cant Nakamura, M. Am. Chem. S0d098 120 8445845,
lack of common understanding is the fundamental reactivity of (14) (a) Comparison between cyclopropanation and2€spinsertion: (a)
the SS reagent, as implied by the existence of three schools of ~ Berardi, |; Bottini, A,; Miscione, G. R, Am. Chem. S0d997 115

X . X 12300-12305. (b) A theoretical study on the methylene transfer pathways
arrow formalisms, drawing an arrow from carbene to the olefin
(Scheme 3c and d), an arrow from the olefin to the carbene
carbon (e), or two arrows simultaneously £

(6) Stiasny, H. C.; Hoffmann, R. WChem-Eur. J. 1995 1, 619-624.

(7) For a review of the structure and reactivity of metal carbenoids and their
analogues: Boche, G.; Lohrenz, J. C. Ghem Reyv. 2001, 101, 697—
756.

(8) Wittig, G.; Wingler, F.Chem. Ber1964 97, 2146-2164.

(9) Friedrich, E. C.; Lunetta, S. E.; Lewis, E.JJ.Org. Chem1989 54, 2388~

2390.

(10) Such a lack of consistency is frequently seen in the literature despite the
earlier demonstration of the higher reactivity of electron-rich olefins in the
SS reaction. Proposed mechanisms of Lewis acid acceleration: (a) Chan,
J. H.-H.; Rickborn, B.J. Am. Chem. Socl968 90, 6406-6411. (b)
Takahashi, H.; Yoshioka, M.; Ohno, M.; Kobayashi,Tetrahedron Lett
1992 33, 2575. (c) Charette, A. B.; Brochu, G. Am. Chem. S0d.994
116, 2651. (d) Kitajima, H.; Ito, K.; Aoki, Y.; Katsuki, KBull. Chem.
Soc. Jpnl1997 70, 207.
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of cyclopropanation of ethylene with lithium carbenoids and zinc carbenoids
was reported recently, and a conclusion essentially the same as ours has
been drawn. Hermann, H.; Lohrenz, J. C. W.7hHdu A.; Boche, G.
Tetrahedron200Q 56, 4109-4115. (c) DFT (BP and BLYP) calculations

on the same system with (relativistic) effective core potentials, (R)ECPs,
for iodine and zinc were reported, where the transition structure and
activation energy of the SS reaction were essentially the same as those of
the present work: Dargel, T. K.; Koch, W. Chem Soc, Perkin Trans.
21996 877. (d) The same model was examined by Fang and Phillips using
the B3LYP method with large basis sets (6-311G** or larger). While the
activation energy of the SS reaction varies from ca. 10 to 20 kcal/mol
depending on the method and basis sets, the structural feature of the
transition structure in the present work is in good agreement with that
reported in the reference: Fang, W.-H.; Phillips, D. L.; Wang, D.-Q.; Li,
Y.-L. J. Org. Chem 2002 67, 154-160. (e) For an earlier Hikel MO
study, see: Hida, MBull. Chem. Soc. Jpri967, 40, 2497-2501. (f) A
theoretical investigation on the reaction mechanism of the cyclopropanation
of olefins with monomeric metal carbenoids, which included LiGH
1ZnCH,l, and a variety of iodomethylzinc aryloxide, has been reported by
Phillips and Fang: Wang, D.; Phillips, D. L.; Fang, W.-Btganometallics
2002 21, 5901-5910.
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Table 1. Activation Energies of the Cyclopropanation Reaction of b lati
Ethylene with 5 Obtained by Several Methods meth){g}ﬁ %ﬁnSfer

entry method AE*
1 CCSD(T)6311A//B3LYP/631A +19.5
2 MP4/631A/B3LYP/631A +20.0
3 MP2/631A/B3LYP/631A +21.7 3 -
4 B3LYP/631A +17.3 £ /
5 B3LYP/631A/HF/321A +18.4 § o
6 HF/321A +6.0 i~ 2
O|INT4 . \
S| i
N ] @256 @ TT7e- R i \
structures and one for transition structures (TSs) were confirmed by CI\ BRRRREE. S Ch. . )
the normal coordinate analysis. The intrinsic reaction coordinate (IRC) Li. CHp Lin "PD
analyses of some reactions were performed at the B3LYP/631A%vel. J -73.0
The energies were recalculated at the B3LYP/631A level for the HF/
321A geometry (Table 13 Energetics are discussed on the basis of . Cl s % "\3 "
the potential energy. The self-consistent reaction field (S€Rrthod 22 \‘gH v
(polarized continuum model) was applied to the molecular geometry cl ,',-'%Cf L'®é1/H
obtained at the B3LYP/631A level to estimate the effect of the polarity o ’% S W& \H o \H
of bulk solvent on the energies. SONUH |H g GH VR
Li < L= ~~ H ' VT H
. . 1.95 H HY 142 H ~oi=—c2’
Results and Discussion R H” . ~y
1

1. Methylene Transfer versus Carbometalation.To start Figure 1. Cyclopropanation of ethylene with LiG&l (B3LYP/631A
the investigation, we examined the possibility of free carbene level). Bond lengths are given in angstroms, and energies relative to SM
formation from the SS reagent. Elongating the-Cl bond in are shown in kilocalories per mole. In all figures in this article, starting
. . materials, reactants, reaction intermediates, transition structures, and products

CIZnC_ZHZCI, we_ obtained a z_mc carbene gomplex str_u_cture S are denoted as SM. RT. INT, TS, and PD, respectively.

a stationary point (eq 1), which, however, is the transition state

for the exchange of the two chlorine atoms. Th(_a result ir_1dicates in Scheme 2§, and hence it was concluded that the reaction

that free carbene and zinc-carbene complex intermediates arqakes place via a methylene transfer pathway (path A). On the

unlikely reactive intermediates in the SS reaction. other handg-halomethyllithium reagents cyclopropanate olefins
via both a methylene transfer and a carbometalation/cyclization

al ol TT ¥ 1 mechanism depending on slight stereochemical differences in
~/ _ zm-o{l | = TR the substraté The reason for such a metal-dependent dichotomy
Cl—2n—CH; = | o N D has remained unclear. To investigate the diversity of the reaction
+ 45.0 keal/mol pathways, we compared the cyclopropanation reaction with

(the vector of the imaginary frequency shown by arrows) LiCH2C| (l) and ClZﬂCHCl (5) anng the two reaction

pathways A and B shown in Figures 1 and 2, respectil®&kp
There has been experimental evidence that the SS reactiorin the methylene transfer pathway (path A in Scheme 2),
does not take place via a carbometalation mechanism (path Bconcerted [2+ 1] addition takes place to provide a cyclopropane

- _ _ — _ ring through the transition structure (TS)or 7, respectively.
(1s) g';s%’é%‘JM_Tr/ﬂ\?;kséﬁée}’své’mszfr?"e?_e'h'j' i'éi%,”{ : '\’F','e\g'r’sjsggf'sg?'ﬁ:; On the other hand, in the carbometalation pathway (path B),

gontgci_merg, i/ A-i: RaghavachJari,BK.; é’%l-Llahanl}, N3 A.é tZ«}atkrzewsEl;i, \é. insertion reaction of an olefin to the metalarbon bond occurs

.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; . . .

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; to produce an intermediaté ©Or 8, reSPeCt|Ve|y) through the
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; = four-centered TR or 6. A subsequent intramolecular substitu-
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- . . f h |

Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision D.1; Gaussian, tion reaction of4 or 8 produces the cyclopropane product.

Inc.: Pittsburgh, PA, 1995. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; The two r tion thw. f th lopr nation wer
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; e O. eactio Pa. ays o .e cyclop opa} atio ere
Montgomery, J. A., Jr.. Stratmann, R. E.; Burant, J. C.; Dapprich, S.. €xamined first for the lithium carbenoid. As shown in the energy
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; i i i i
Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; dlagram (Flgure 1)’ the _ene_rgy dlﬁerence betweeand3 is .
Adamo, C.: Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; cui, Vvery small, the former is higher in energy than the starting
Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; i i i
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. matenal by 2.1 kcal/mo.l, and the, latter is 3.8 kcal/mol hl,gher
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin,  in energy than the starting material. These data agree with the
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, ; i

A Challacombe, M.: Gill. P. M. W.. Johnson. B Chen. W.: Wong. M. experimental fact that the two pathways compete with each other

W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,

J. A. Gaussian 98revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998. (21) To confirm the accuracy of the theoretical method, we made a comparison
(16) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. Bhys of the activation energies of the cyclopropanation reacticwath ethylene
Chem 1994 45, 11623-11627 and references therein. for various methods. As shown in Table 1, B3LYP, MP2, and MP4 energies
(17) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577. (for the B3LYP geometry) are similar to that obtained by the coupled cluster
(18) Split valence basis set (6-31G): Ditchfield, R.; Hehle, W. J.; Pople, J. A. method (CCSD(T))AE* = 19.5 kcal/mol, entry 1) and were judged to be
J. Chem. Physl971, 54, 724-728. Hehre, W. J.; Ditchfield, R.; Pople, J. reliable. The geometry obtained by HF/321A (data not shown) is similar
A. J. Chem. Physl972 56, 2257-2261. Polarized basis set: Hariharan, to that obtained by the B3LYP method, and the activation energy obtained
P. C.; Pople, J. ATheor. Chim. Actdl973 28, 213-222. by a single point calculation at the B3LYP/631A level is similar to that
(19) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 270-283. Wadt, W. R.; obtained at the CCSD(T)/631A level (entries 5 and 6). The B3LYP/631A//
Hay, P. JJ. Chem. Physl985 82, 284-298. Hay, P. J.; Wadt, W. R. HF/321A data are therefore used for the studies of very large systems (vide
Chem. Phys1985 82, 299-310. infra) with the single point calculation using the B3LYP method (entries 5
(20) (a) Fukui, K.Acc. Chem. Res1981 14, 363-368. (b) Ishida, K; and 6).
Morokuma, K.; Komornicki, AJ. Chem. Physl977, 66, 2153-2156. (c) (22) (a) Wong, M. W.; Wiberg, K. B.; Frisch, MJ. Chem. Phys1991, 95,
Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154-2161. (d) 8991-8998. (b) Wong, M. W.; Frisch, M.; Wiberg, K. Bl. Am. Chem.
Schlegel, H. B.; Gonzalez, Q. Phys. Cheml199Q 94, 5523-5527. Soc.1991, 113 4776-4782.
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carbometalation (( ((
(path B) (a) +20 ) [ )
TS6 methylene transfer s n
—_ (path A) £ on .
'+30.7\ § .l
Ti? > -20 L1
’,: ‘\\ P ;17‘3‘ E (( g
E s \\\ sM /,” N -40 N T "_(g'_ll
3 ; L (b) 7 77}
g ! 30 \ 35 .02
B / - = \:': ~
?, ClZnCtngI (5) .s_g’ 3.0
/ ethylene ‘\ g
INT S/ 2 o5 !
[ o]
—_——— '\‘ o f
-27.4 Tl cl Y
Seeall ] \
cl ¢l Zn, 2.0 &
\ ----a CI” ~ ‘P
Zn CH, //_\ ‘_DS 'Y
42.1 15 1 ¢
: ol +0.3 >>
2 1.84 o (c)
1 Cl ¥ N t <
/C : \ Leecil/H SRt S A
< 25 o _Znlgg'  H 5 ©°04a A
~ Zn—Cl Cr—"~s7 5 3 08 Aaa
OfF—ZnigrCn| g 2% O ~H S04 ——AASSe R CH, 4 MRS A
Ho| HOY % 3% 2 * ®e, x ®
~ 2~ N _ ®
uC TS, H et 3 o'l o *
H” 135 “H I3 . o
5 6 7 g 0.4 [ ]
Figure 2. Cyclopropanation of ethylene with CIZnGEI (B3LYP/631A ‘27’ * % % % X * ®
level). Bond lengths are given in angstroms, and energies relative to SM | C'Hz
are shown in kilocalories per mole. °
1 ¢ cecc%
in cyclopropanation reactions with lithium carbendid@everal 08 4yt —t— —— >
; ; ; -10 0 5 10
points are _noteworthy as to the structures of the stationary points. RT s (7) PD (9)
The chlorine atom is already detached from the methylene (5) + ethylene $ [amu™:Bohr]
carbon (@) in the starting chloromethyllithium1j, and the :
methylene group is almost3pybridized (dihedral angle HC— g-;"ge% e enargetics of tgez ?s o opulaton chasae R e
T s~ T ond length changes, and (c) natural population charge in analysis
Li—H = 178.0, angle Li-C—H = 126.4, angle H-C—H near? at the B3LYP/631A level

107.2). The lithium carbenoid can be regarded as a complex
between methylene carbene and lithium chloride. The core four-in turn indicates that the leaving-group ability of thel @
centered part of the TS of carbometalati@hié similar to that enhanced by association with the zinc atom in the TS. Such a
of MeLi addition to ethylen@? and the TS of the methylene  Lewis acid assistance coincides with the prevailing hypothesis
transfer 3 can be viewed as the transition state q§2S  of the 1,2-halide migration (vide supra).
displacement of the chlorine atom by ethylene (note that the The cyclopropanation with iodomethylzinc iodide was also
Li—C! bond is not greatly elongated; see also discussion in examined at the B3LYP/631A level (see ref 25). The activation
Figure 3). energy (13.1 kcal/mol) was found to be ca. 4.2 kcal/mol lower
Very different energetics were obtained for the zinc car- than that of7, and the geometry of the TS was essentially the
benoid: the methylene transfer pathway is overwhelmingly same as that of the chlorozinc reagent (Figure 3b).
favored over the carbometalation pathway (Figure 2). The TS  Analysis of the potential energy surface along the IRC (Figure
of the carbometalation pathwa)(is C; symmetric, as witt2. 3) confirms that the SS reage) @nd ethylene are connected
Although TS6 has a structure similar to that of T the
activation energy (30.7 kcal/mol) is much higher than that o

f (24) The calculated®C kinetic isotope effect (KIE) with tunnel correction of
the two TSs6 and7 is as follows: @G, 1.029; G, 1.027; G, 1.071 in6;

the carbolithiation (2.1 kcal/mol). This high activation energy C?, 1.066; C, 1.003; C, 1.008 in7 (scale factor of 0.9804: Wong, M. W.
. . Chem. Phys. Lettl996 255 391-399. Theory of KIE: Bigeleisen, J.
is due to the energy required to cleave the covalerZ@bond, Chem. Phys.1949 17, 675-678). The trend in KIEs for7 differs

which is larger than the energy to achieve bond reorganization significantly from that of6 and hence will serve as experimental evidence

. . . L . to differentiate the reaction pathway.

in 2 involving the breakage of the ionic €Li bond. The (25) Cyclopropanation of ethylene with iodomethylzinc iodide at the B3LYP/
activation energy of the methylene transfer pathwgyg much 631A level. The optimized structures as shown below are virtually the same

R as the structure reported previoustyd
lower (17.3 kcal/mol), which is a reasonable value for the SS P P S

-

, r 1
reaction that takes place around room temperattiNate that o '
the lithium carbenoid reactions take place at lower temperatures 9 o ‘\ri
(e.g., =78 °C). The CF—zZn—C! bond that is linear in the o /f\}/ 1314 250 7 vy
starting SS reagest(i.e., favored geometry for a Zn(Il) species) ——zi——clY,, % — ,\QiH
. i } . ) . 248 7 195 '\ H -983 |\
is bent in the TS to accommodate the incomingalion, which H AT

h o \o

+ ethylene HS V7 H
(23) Nakamura, M.; Nakamura, E.; Koga, N.; Morokuma, X.Chem. Soc., >C:C:
Faraday Trans 1994 29, 1789-1798. - H™ 435 H-

2344 J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003
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to the produc® via 7 without any intermediate. When one looks
into the details of Figure 3b, one may note that the-C? bond
formation and the &-CI* bond cleavage occur in a concordant
manner, but the &Zn bond cleavage occurs at a later stage
of the reaction. The €-CI' bond at TS7 (S= 0) is stretched
by as much as 25%, but the€Zn bond is stretched by only
7% as compared with the respective bonds in the starting
material 5.

The data in Figure 3c (natural population charge) reveal that

the reaction takes place in two stages. The first event takes place ;

between the reactants - ethylene) on the way to T3 The
chlorine atom Cl gains negative charge, while the methylene
group (GHy) and the olefin (EH, and CH,) lose electrons.

This change of charge density as well as the elongation of the

C!—CI* bond (Figure 3b) around indicate that the key event
in the SS reaction is a nucleophilic displacement of the leaving

halide group with an olefin. The second event takes place on

the way from7 to the product (aroun® = 5). The electron
densities at @4, and CH, increase again because of the
C!—Zn bond cleavage that results in the formation of a neutral

cyclopropane ring. In summary, the methylene transfer pathway

takes place through two stages: an23ike displacement
reaction by ethylene on halomethylzinc, followed by cleavage
of the G—2Zn bond to give the cyclopropane ring (vide infra).
2. Lewis Acid Acceleration of the SS Reaction. Cyclopro-
panation of Ethylene. Having established the methylene

SM
CIZNCH,Cl + ZnCly
+ ethylene

—
— TS12 /0.0
E iy K . TS13
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E N \RT .~ 90}
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Figure 4. Cyclopropanation of ethylene with CIZnGEl in the presence

transfer pathway as the dominant mechanism of the SSofa Lewisacid ZnGl(B3LYP/631A level). Energies relative to the starting

cyclopropanation reaction, we next investigated how a Lewis
acid (LA) might accelerate the reaction. Zinc halide (Z)Cl
which forms in situ as a byproduct of the cyclopropanation and
is known to accelerate the SS reactfnyas used as a model
Lewis acid. An ether complex of dimeric 1,1,1-trifluoro-2,2-
dichloroethylzinc chloride, (Cf£CLZNnCI-Et,0),,!! has a di-
u-chloro-dizinc(ll) four-centered structure and was used to
generate structurk0to act as a model of the Zng8S reagent
complex. We also considered its “open” clustel, wherein
the “closed” chloride bridge structure 0 opens to form a
five-centered structure (Figure 4). 14, ZnCl, directly activates
the CI leaving group, and the&CI* bond is elongated. The
open clusterll is less stable thadO (by 3.5 kcal/mol). The

materials (SM) are shown in kilocalories per mole. Bond lengths in
optimized structures are shown in angstroms.

IRC analysis of the mode 2 pathway reveals thBt13, and
a cyclopropane product are smoothly connected with each other
along the IRC. The five-centered compl&k (Cy) reacts with
ethylene vial3 (C;) with 7.8 kcal/mol activation energy (mode
2), which is much lower than that in mode 1 activation. In
addition, mode 2 is thermodynamically favored over path A by
1.3 kcal/mol. The G—C? bond fission takes place in a five-
centered manner, and‘decomes attached to Ztater along
the IRC. Ethylene approaches the methylene carbon, and the
leaving chlorine atom is moving in the direction opposite to

energetics of the reaction pathways, modes 1 and 2, are alsqhat of ethylene. As shown in the global energy diagram in

shown in Figure 4.

In mode 1 activationl0 (Cs) reacts with ethylene in a single-
step reaction with retention o€s symmetry throughout the

Figure 4, the SS reageftl goes to the cyclopropane product
with lower activation barrier than does the isoni€x This is
due to better stabilization of the leaving chloride anion with

reaction course along the IRC. The reaction proceeds throughthe ewis acid ZnGl It is shown below that the energy

12 to give a productl4 (a complex between a cyclopropane
and a zinc chloride dimer) with 44.9 kcal/mol exothermicity.
The 1,2-migration of CGlfrom C! to Zn' is taking place in2.

In comparison with the prototypical reaction (CIZngH +
ethylene AE* = 17.3 kcal/mol, B3LYP/631A)AE* in mode 1

is 4.7 kcal/mol lower (12.6 kcal/mofy. Coordination of the
Lewis acid ZnC} on Znt facilitates the 1,2-chloride migration
in the reaction pathway. The €C! bond is elongated (32%
longer than irl0), but the @—Zn bond is not cleaved yet (0.9%
elongated).

(26) Denmark, S. E.; O’'Connor, S. P. Org. Chem1997, 62, 584-594.

(27) AH* = 17.3 kcal/mol at 0 KASF = —32.5 cal/(mol K), andAG* = 26.2
kcal/mol at 0°C, 1 atm. These values are reasonable for a concerted
cycloaddition. The kinetic parameters of inter- and intramolecular Biels
Alder reactions: Grimme, W.; Wiechers, Getrahedron Lett1987, 28,
6035-6038.

difference of the two activation models is much larger in the
reaction of a zinc alkoxide cluster encountered in the SS reaction
of an allylic alcohol.

3. The SS Reaction of Allylic Alcohol.Experimental studies
showed that the SS reaction of allyl alcohol is much faster
(>1000 times) than that of a simple olefinVe investigated
this phenomenon in several stages: (1) an intramolecular
cyclopropanation reaction of monomeric (allyloxy)Zn&in
the absence and the presence of Zn(@) an intramolecular
cyclopropanation reaction of dimeric (allyloxy)Zn@&l in the
absence and the presence of Zn&hd (3) tetrameric (allyloxy)-
ZnCH,CI with ZnCl,. Recent experimental studies on the
structures of halomethylzinc alkoxides by Charette et al. revealed
that allyloxyzinc species exist as a monomer in a benzene
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Figure 5. Structures and energetics of cyclopropanation of allyl alcohol
with CIZnCH,CI via a monomeric alkoxide complex (B3LYP/631A level).
Bond lengths are shown in angstroms. Energies relatii® tre shown in
kilocalories per mole.

solution and a tetramer in the solid phd&&he present step-
by-step approach therefore provides useful information on the

— —_ C| i
& i o€l B
SN o_,/ V., o
SN HeCO—Zn—CH, 104 A8 7740857
ClZnEHzcl TS 7198 CH 175 1.98 keal/mol o~ 258 |;|;|_|
HO +35.7 — cg/J on 2 18 3 [N
~ /16 ~/ 1257 /1 ,_,‘;,' \3)6’
o~ ,’, “‘ O ré'?/’ ';'§ H i _\‘P/H
= ,,’ HZC’”‘C’, ('.:‘\H + ethylene H'C1?30~H
= /\ VLOHTe T 19
E P ; N Figure 6. Cyclopropanation of ethylene with chloromethylzinc methoxide
] SHCIM N K N (18) at the B3LYP/631A level.
= “RT/ \
3 — 0.0 \ . .
S ci, 15 . alkoxy group (Figure 6, at the B3LYP/631A level). While the
c @ \ . . . . .
L & SS reaction with halomethylzinc alkoxide (not allyloxide) has
q‘?CHZ o proved not to be an experimentally feasible reaction, the
Q@ A activation energy was found to be 18.4 kcal/mol, which is only
&Y ° \ . . .
8/ 172 Zn W 1.1 kcal/mol higher than that of CIZnGEI (7) (in Figure 2)2°:31
\ % 02, “.PD 350 The above results show that the high activation energy %6th
HoCruyo = H e, e T is due to bending of the linear-€Zn—C bond in the TS16)
H™ 134 "H 2 “C—CH, . .
H*~1.50 of the reaction of allyloxyzinc comple&5 rather than due to

the electronic effect of the allyloxy group.

Given the unrealistically high activation energy in the
monomeric reaction pathway, we studied the effect of a Lewis
acid (Figure 7, modes 1 and 2). Coordination of zZntl the
oxygen atom of allyl alcohol resulted in the formation 24,

| in th i . h h .~ which possesses a four-centered dinuclear zinc complex struc-
actLrJ]a even;s in the r(_eacnon mixture, w _(;re t E mﬁnomer|c ture. Such structures have been frequently suggested as reactive
pathway and aggregation can compete with each other. species, as shown in Scheme 3. The activation energy remained

A. _AIIon>_<yzinc Monomer _and lts_anIZ Complex. We very high (29.4 vs 35.7 kcal/mol in Figure 5). The angle
examined first the monomeric reaction pathway of the cyclo- C—Zn—0 in the starting materia?0 decreased to 149and

propanation of allyl alcohol, as shown in Figure 5. It is known
experimentally that the SS cyclopropanation of a free allylic
alcohol takes place through initial formation of an allylic
alkoxide?® The product, cyclopropylmethoxider, forms from

15 through the transition state of the cyclopropanatiori@f
The calculated activation energy is 35.7 kcal/mol and is far
higher than the energy expected from the experimental condi-
tions (0°C in CHyCl,). The forming C-C bonds in TSL6 are
longer than those of the cyclopropanation of ethylene (2.4 and
2.6 A, respectively), suggesting that T8 is earlier than the
TS of the latter case. The angle-@n—C in 15is 172, and

the corresponding angle it6 is 125. One can speculate that

such a large structural change causes a large deformation energ ) X o s
d examined, the bulk polarity and the explicit solvent coordination

and raises the activation energy. We therefore calculate
hypothetical bent structures of GEhOH of Cs symmetry (see
ref 30). The decrease of the bond anglesom 172 to 125
resulted in destabilization of the molecule by as much as 13.8
kcal/mol.

We also examined the SS reaction of ethylene with chloro-
methylzinc methoxidel(8) to evaluate electronic effects of the

(28) Charette, A. B.; Molinaro, C.; Brochu, @. Am. Chem. So001, 123
12160-12167. Although the authors did not observe aggregates of
halomethylzinc alkoxide in a benzene solution, the participation of an

thus a part of the energetic cost of-Zn—0O bending in the
TS is paid already at the starting stage.

The mode 2 pathway with allyl alcohol was also studied, and
the results are shown on the right-hand side of Figure 7. The
mode 2 activation is much more effective than mode 1 as to
the C-C bond formation, but overall energetic loss against the
latter is evident. The much lower affinity of Zn{br a chlorine
atom than for an oxygen atom resulted in the large energy loss
in mode 2 against mode 1.

The properties of reactants, complexes, and TSs may differ
considerably between the gas phase and the solution phase. Two
Eypes of effects of the solvent on the reaction pathway were

for the conversion oR0 to 22. When the dipole moment of
CH.CI, (a solvent frequently used in the SS reaction; dielectronic
constant,e 9.814 at 0°C) is considered with the SCRF
method? (without structure optimization), the activation energy
decreased by 1.5 kcal/mol to 26.4 kcal/mol. This reduction of
the activation energy may be due to stabilization of the
polarization of the &-CI bond. Explicit solvent coordination
was investigated next.

When a Lewis base solvent, dimethyl ether, was allowed to

aggregate species in the SS reaction cannot be excluded, as pointed out bycoordinate to Zhin 20, the activation energy (frorR0ato 229

the authors.

(29) Charette, A. B.; Brochu, G. Am. Chem. S0d 995 117, 1136711368.
Halomethylzinc aryloxide and halomethylzinc triflate, which contain less
coordinative ligands than an alkoxide ligand, are more effective cyclopro-
panating reagents than the conventional halomethylzinc halides. Yang, Z.
Q.; Lorenz, J. C.; Shi, TTetrahedron Lett1998 39, 8621-8624. Charette,

A. B.; Francoeur, S.; Martel, J.; Wilb, N\Angew Chem, Int. Ed. 200Q
39, 4539-4542.
(30) Bent structures of CiAnOH (B3LYP/631A level).

172° 125°  CH,4
HO—Lzn)-CH, HO—7Zn
[0.0 keal/mol] [+13.8 keal/mol]
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increased by 6 kcal/mol (Figure 8). When a chloromethane
molecule was allowed to coordinate to the saméatom as in
20b, the activation energy (fror0b to 22b) decreased by 1.1

(31) Although the theoretical activation energy of ca. 18 kcal/mol predicts the
cyclopropanation reaction of halomethylzinc alkoxide to be as feasible as
that of halomethylzinc halide, the former reaction is very sluggish at ambient
temperature without activation by a Lewis aéfdThis inconsistency in
the experimental observation and the theoretical activation energy can be
explained by considering the generation of higher aggregates of zinc species,
in which the zinc atom of the carbenoid is coordinatively saturated, as shown
in the following sections.
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Figure 8. Solvation model of the cyclopropanation of allyloxide monomer the SS reaction, in agreement with the experimental observa-

with CIZnCH,CI (B3LYP/631A level). (@) MeO coordination to Zn atom tions?28
(Znh) of the SS reagent and (b) MeCl coordination to the same Zn atom.  Coordination of a Lewis acid such as Za@b the chlorine

) atom of the SS reagent is found to reduce the activation energy
kcal/mol to 28.3 kcal/mol. The Lewis base solvent attenuates i, the dimer model. The Zngtomplexe26 and27 in Figure

the Lewis acidity of the zinc atom and slows down the SS 1 gre the dimer models of mode 1 and mode 2 activation,

reaction. . _ . respectively. The effect of mode 1 activation with Zp(d6 to
B. Allyloxyzinc Dimer and Its ZnCl, Complex. Zinc  5g) \yas found to be negligibleAE* = 27.9 kcal/mol; Figure
alkoxides (e.g.15 and18) form higher aggregates in the solid 10, mode 1). Zhlies far (2.40 A) from the oxygen atom B8,

phase?®32 and such aggregates are considered a necessanjng there is no true coordination between the two atoms, because
intermediate of ligand exchange processes in Schlenk-typee & atom is tricoordinated i6 and hence no longer a Lewis
equilibria of organozinc reagents. We thus investigated the pyqe.

reaction of the aggregate starting with dimer models. The di- |y sharp contrast to the negligible effect of the mode 1
#-oxo bridged specie&4 in Figure 9 is a model dimer and  gcivation on the activation energy of the cyclopropanation,
undergo_es an intramolecular c_yclopropana_ttmn with a 28.0 kcal/ ode 2 activation o84 (Figures 10 and 11, mode 2) was found
mol activation energy2s). This result indicates that such a {5 |ower the barrier height to ca. 13 kcal/mol. Unlike thé O
higher aggregate itself is unlikely as a reactive intermediate of atom, the Clatom is not involved in the aggregate, and therefore

(32) Shearer, H. M. M.; Spencer, C. Bcta Crystallogr., Sect. B98Q 36, coordination of ZnGl to thg ct group takes place eaSIIy' In .
2046-2050. these gas-phase calculations, we located a nonproductive
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intermediate27, where the added zinc chloride is held among

Znt, CI%, and the olefin. The TS of the cyclopropane formation dihedral angle O'-C*-C%-C% = 128.7"

(29) was located 19.1 kcal/mol abo2&. Even considering the 31(+7.8)

3.6 kcal/mol energy difference betwe2and27 (Figure 11), Figure 12. Modes 1 and 2 activation models of the tetrameric cluster
S o (B3LYP/631A//HFI321A).

mode 2 activation is favored over mode 1 activation by 5.1 kcal/

mol (29 — 28) in terms of the barrier height of the methylene a monomeric species may remain quite unreactive even in the

transfer. The trimetallic TS29 involves a rigid polycyclic presence of one molecule of a Lewis acid. Therefore, some kind

framework. The dihedral angle?€C3—C*—0 in 29 was found of multimetallic aggregate involving the allyloxyzinc SS reagent

to be 132 and agrees with the value experimentally suggested is likely to be a reactive intermediate.

in Denmark’s asymmetric SS reaction (ca. 59 D. The SS Reaction with 2-Cyclohexen-1-ollhe hydroxy-

C. Allyloxyzinc Tetramer and Its ZnCl , Complex. In the group-directed SS reaction of 2-cyclohexen-1-ol is a pioneering
solid state, CHOZnCH; exists as a cubic tetranférand may example of a functional-group directed stereoselective reagtion.
also do so in a weakly coordinative solvent. We therefore The kinetic effect as shown in Scheme 1 is rather subtle (i.e.,
investigated the effect of Zng€tomplexation on the reaction  a rate constant difference of only 3.35 times); nonetheless, we
of a tetrameric complex of the allyloxy-type SS reagent. Because examined this case because of its historical and practical
of the large size of the calculations, we performed the calcula- importance. Two conformers of cyclohexendspseudoequa-
tions here at the level of B3LYP/631A//HF/321A. The optimized torial and O-pseudoaxial 2-cyclohexen-1-ols, were used as
structures are shown in Figure 12.30a where, in the initial models of cis- and trans-5-methyl-2-cyclohexen-1-ols. The
geometry, we put ZnGlcloser to the oxygen atom of the allyl  methyl group, which occupies the equatorial position in each
alkoxide (i.e., mode 1), the ©©-Zn! distance became 4.03 A half-chair conformer of the cyclohexenol, was omitted for

after geometry optimization. The alkoxide oxyger, €oordi- simplicity.

nates to three zinc atoms so that it is no longer a sufficiently  The model pathway for the pseudoequatorial cyclohexenol
strong Lewis base to accept ZnClin 30b (mode 2), ZnQ is is shown on the right-hand side of Figure 13 (at the B3LYP/
attached to the chlorine atom?@Zn—CI%: 2.49 A). Because  631A//B3LYP/321A level). Two complex structured? and33,

of this coordination30bis 5.1 kcal/mol more stable th&0a were found. Wherea33 is a nonproductive comple82 goes

From 30b, we obtained the TS of cyclopropanati@i with smoothly to the TS of cyclopropanatid@®¥. The TS 34 for
mode 2 activation, which lies 12.9 kcal/mol ab®&@&b, whereas pseudoequatorial cyclohexenol is similar to that for the allylic
a TS with mode 1 activation could not be obtained (because of alcohol (e.g., as to the two forming-€C bonds, 2.59 and 2.42
the lack of Lewis acidity of the Zhatom). A, and the angle &C2—C?, 67.2). The dihedral angle 6C*—

In both the dimeric and the tetrameric models, the allyloxy C®—CZ?is 140.0 and again is in good agreement with Denmark’s
oxygen atoms in the aggregates are no longer basic and hencesuggestiort®
are unlikely to serve as an anchor to a Lewis acid. On the other The reaction pathway of the cyclopropanation with pseudo-
hand, the efficiency of the Lewis acid activation of the halide axial cyclohexenol is shown on the left-hand side of Figure 13.
group on the carbenoid carbon atom is not affected by the Two complexes36 and37), transition stat&8, and cyclopro-
aggregation state of the zinc allyloxide moiety. Charette’s recent pane product39 were obtained. The energetics of the two
studies have shown that monomeric halomethylzinc alkoxide pathways are compared. As seen from the energy diagram, the
(e.g.,15) is the only experimentally observable dominant species pseudoequatorial pathway is favored by 0.8 kcal/mol over the
in benzene solutioP? and the present study suggests that such alternative (calculation at 25C to be 80% selective: Curtin
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Figure 13. Energy profile of the SS reaction witb-pseudoequatorial and As shown above, however, the reality is more complex because

axial cyclohexenol (B3LYP/631A//B3LYP/321A level). Bond lengths are  the monomeric compled5 undergoes intramolecular cyclo-

given in angstroms, and relative energies fr8&mare given in kilocalories propanation with an extremely high activation energy (Scheme
per mole.

5a).

Two event r involved in th lopropanation
Hammet conditions being satisfied). The 0.8 kcal/mol energy reacti(())ne o(fathz Zﬁ?l?)iy tzc;nlzecomgleid(Scr:e?ngyscbc))P ;?;O:;te?_
difference is perhaps too small to be truly meaningful, yet it is ization of the Zr-O moiety and coordination of the leaving X
still in accord with the experimental results (experimental roup by the Lewis acid (Zn}, which can be added on purpose
relative rate constants of 3.35:1 in Scheme 1 correspond to 0‘73?” is generated in situ as ,a byproduct of the SS reaction.
kca""?‘?' energy d|ff_erence). As the ge_on_1etr|es of the-Zn Although a monomeric halomethylzinc alkoxide is a predomi-
contalnl_ng fr‘?‘gme”‘ I84and3gare very similar to ea(?h other, nant species in solution, ligand-scrambling of halomethylzinc
the major difference between these two TSs resides in the

f . fth loh . alkoxides suggests the existence of an aggregate as a short-
conformation of the cyclohexene moiety. lived intermediaté® The Lewis acid coordination to the halogen
Conclusion atom on the halomethyl ligand-CHX), which has been fully

' ' elaborated in the present studies, is likely to be a key event in
The present studies revealed that the reaction pathway ofthe SS cyclopropanation reaction. After all of the theoretical

cyclopropanation with a metal carbenoid depends on the natureand experimental studies, however, the origin of the very fast
of the metal cation and its aggregation state. With lithium SS reaction of an allylic alcohol is not entirely clear. In light of
carbenoid, two paths, methylene transfer and carbometalation/the low reactivity of experimentally and theoretically identifiable
elimination reaction pathways, have similar activation energies. monomers (Scheme 5a), we suggest two possibilities (Scheme
On the other hand, the methylene transfer pathway is the favoredsp and c). One is the involvement of the allyloxyzinc dimer,
reaction course in the SS reaction. which was discussed in the text. A similar but mechanistically
The methylene transfer reaction takes place through two different possibility is the involvement of a mixed aggregate of
stages: an &-like displacement of the leaving group by the the allyloxyzinc and Lewis acid aggregates, such as @nX
olefin (A), followed by cleavage of the-€Zn bond B) to give Our model provides little information on the mechanism of
the cyclopropane ring. The formalism of the reaction is asymmetric cyclopropanation induced by a chiral Lewis acid.
illustrated in Scheme 4. On the basis of the present results, however, one can speculate
The SS reagent reacts much faster with an allylic alcohol that the enantioselectivity arises from the diastereoisomerism
than with a simple alkenelt is known that an allyloxy zinc as to the orientation of the allyloxy group relative to the zinc
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Scheme 6

The present calculations predict that the pseudoequatorial
isomer reacts 4 times faster than the pseudoaxial one. The
estimated rate difference is close to the experimental value of
3.35, which is rather too small to discuss in detail. Nonetheless,
our model supports the argument in ref 35; that is, the electron-
withdrawing C-O bond retards the reaction in this conforma-
tion, because the SS reaction is essentially a nucleophilic
substitution of the X leaving group on the zinc carbenoid by
the olefin. We expect that the models that we have proposed

alkoxide cluster containing the chiral Lewis acid (LA*, Scheme ill be useful for the design of new SS reagents to achieve
6). Diastereoselective coordination on the leaving group X can higher selectivity and new reactivif.

also play some role.
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