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Abstract: A detailed mechanism for the Kulinkovich hydroxycyclopropanation reaction has been explored
with density functional theory calculations on the reactions between R1COOMe and Ti(OMe)2(CH2CHR2) (R1

and R2 are hydrogen and alkyl groups). Addition of ester to titanacyclopropane is found to be fast, exothermic,
and irreversible. It has a preference for theR-addition manifold over theâ-addition manifold in which its
cycloinsertion transition states suffer from the steric repulsion between the R2 and ester. The following
intramolecular methoxy migration step is also exothermic with reasonable activation energy. The cyclopropane-
forming step is the rate-determining step, which affords the experimentally observed cis-R1/R2 diastereoselectivity
in the R-addition manifold by generating cis-R1/R2 1,2-disubstituted cyclopropanol when R1 is primary alkyl
groups. On the contrary, the unfavoredâ-addition manifold offers the diastereoselectivity contradicting the
experimental observations. The effects of R1 and R2 on the regio- and stereoselectivity are also discussed.

Introduction

The Kulinkovich hydroxycyclopropanation reaction1-8 is an
efficient synthetic method that allows esters to react with
dialkoxytitanacyclopropanes, readily generated in situ from
Grignard reagents and XTi(O-i-Pr)3 (X ) O-i-Pr, Cl, and Me),

or even with subsequent alkene ligand exchange,1f,5,6b-d,h to
yield valuable organic intermediate cyclopropanols.9 Both
intermolecular and intramolecular Kulinkovich reactions have
been well developed. In addition to its easy operation, another
salient feature of the Kulinkovich reaction is attributed to its
intrinsic cis-R1/R2 diastereoselectivity obtained in the absence
of any chelating substituents in the substrate: When R1 is
hydrogen or primary alkyl groups, the final 1,2-disubstituted
cyclopropanol has its R1 and R2 in a cis relationship, regardless
of the size of R2 group, as exemplified by several examples
shown in Scheme 1a2b,c,h,3,7,10and b.2b,c,10 However, when R1

becomes secondary or tertiary alkyl groups, a mixture of cis

(1) For recent reviews, see: (a) Kulinkovich, O. G.; de Meijere, A.Chem.
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tytskaya, T. S.Zh. Org. Khim. 1989, 25, 2244. (b) Kulinkovich, O. G.;
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Savchenko, A. I.; Sviridov, S. V.Zh. Org. Khim.1991, 27, 1428;J. Org.
Chem. USSR (Engl. Transl.)1991, 27, 1249. (d) Kulinkovich, O. G.;
Sviridov, S. V.; Vasilevskii, D. A.Synthesis1991, 234. (e) Kulinkovich,
O. G.; Sorokin, V. L.; Kel’in, A. V. Zh. Org. Khim. 1993, 29, 66. (f)
Kulinkovich, O. G.; Savchenko, A. I.; Sviridov, S. V.; Vasilevski, D. A.
MendeleeV Commun. 1993, 230. (h) Kulinkovich, O. G.; Bagustskii, V. V.
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9345.
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(f) Mizojiri, R.; Urabe, H.; Sato, F.Tetrahedron Lett. 1999, 40, 2557. (g)
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9919. (b) Lee, J.; Kim, Y. G.; Bae, J. W.; Cha, J. K.J. Org. Chem. 1996,
61, 4878. (c) Lee, J.; Kim, H.; Cha, J. K.J. Am. Chem. Soc.1996, 118,
4198. (d) Lee, J.; Kang, C. H.; Kim, H. J.; Cha, J. K.J. Am. Chem. Soc.
1996, 118, 291. (e) Cho, S. Y.; Lee, J.; Lammi, R. K.; Cha, J. K.J. Org.
Chem. 1997, 62, 8235. (f) Lee, K. L.; Kim, S.-I.; Cha, J. K. J. Org. Chem.
1998, 63, 9135. (g) Sung, M. J.; Lee, C.-W.; Cha, J. K.Synlett1999, 561.
(h) Park, S.-B.; Cha, J. K.Org. Lett. 2000, 2, 147. (i) Cho, S. Y.; Cha, J.
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Org. Chem.1997, 62, 1675. (c) Achmatowiz, B.; Jankowski, P.; Wicha, J.
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(9) For general reviews of the unique properties of cyclopropanols, see:
(a) Gibson, D. H.; Depuy, C. H.Chem. ReV. 1974, 74, 605. (b) Salaun, J.
Top. Curr. Chem. 1988, 144, 1.

(10) For the stereochemistry of R2 ) Me while R1 ) i-Pr,c-Pr andt-Bu
in the reactions between R1COOMe and in situ generated Ti(O-i-Pr)2(CH2-
CHR2), see Table 4 in ref 1a.

Scheme 1
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and trans 1,2-disubstituted cyclopropanols can be observed
(Scheme 1c10). Corey et al. have also explored an enantiose-
lective version of this reaction by using a chiral dialkoxytitana-
cyclopropane catalyst.3

A detailed understanding of the reaction mechanism is
necessary to rationalize the observed diastereoselectivity and
enantioselectivity, and to design better catalysts with higher
enantioselectivity. Figure 1 summarizes the proposed reaction
mechanism in the literature by Kulinkovich1a,2b,c and Corey3

along with our own thoughts.
The catalytic version of the Kulinkovich reaction is initi-

ated by the ligand-exchange reaction of Grignard reagent with
Ti(OR)4 affording a metastable dialkyl titanium complex, which,
in turn, undergoesâ-hydride elimination to produce the reactive
species of titanacyclopropane and the corresponding alkane
(Figure 1).11 Like other metal-alkene and-alkyne complexes
of Ti and Zr, the dialkoxytitanacyclopropane complex is still a
putative species. Nevertheless, its rich chemistry has been
exploited intensively in organic synthesis.1,12-15

The following reaction between ester and titanacyclopropane
is the key part of the Kulinkovich hydroxycyclopropanation,
which is assumed to start with a formation of complex (COM),
followed by cycloinsertion reaction to produce an oxatitanacy-
clopentane intermediate (IN1). An intramolecular methoxy
migration from the former carbonyl carbon atom to the titanium
atom then transforms IN1 to a second intermediate (IN2).
Finally, an intramolecular cyclopropane-forming step converts
IN2 to titanium cyclopropanolate (TCP) complex (Figure 1).
To complete the catalytic cycle, the TCP reacts with alkylmag-
nesium bromide to regenerate dialkyl titanium complex with a
concomitant liberation of magnesium cyclopropanolate, which
is eventually hydrolyzed to the ultimate product, cyclopropanol.

When R2 * H, the formation of IN1 has two distinctive
manifolds, R-addition andâ-addition, leading toR-IN1 and
â-IN1, respectively. The regiochemistry encountered in this step

could be critical since the two intermediates could potentially
result in very different diastereoselectivities. At present, there
is no solid evidence to prefer one to the other. For example,
Kulinkovich first preferredâ-addition manifold2c and later
favored theR-addition manifold.2f Corey preferred theâ-addition
manifold primarily based on the observation that zirconium-
catalyzed carbomagnesiation of olefins occur in aâ-addition
fashion.16

In this paper, we present a detailed theoretical study on the
mechanism of the Kulinkovich hydroxycyclopropanation reac-
tion. Detailed reaction potential energy surfaces have been
obtained to support the preference of theR-addition over the
â-addition manifold. The rate-determining cyclopropane-forming
step is also the stereo-determining step, which reproduces the
experimentally observed cis-R1/R2 diastereoselectivity to give
cis 1,2-disubstituted cyclopropanol in theR-addition manifold.
In contrast, the cyclopropane-forming step offers the opposite
diastereoselectivity in the unfavoredâ-addition manifold.

Computational Strategy and Details

Four reactions have been studied, as shown in Scheme 2. For the
reactions I and II, the detailed mechanism was explored. Each structure
was fully optimized with the B3LYP17-19 method using the HW3 basis
set according to Frenking’s definition,20 which was constructed by the
contraction scheme [3311/2111/311]+ ECP21 on a 10-electron core
for the titanium atom and the 6-31G* basis set for carbon, oxygen,
and hydrogen atoms. Harmonic vibrational frequencies were calculated
for each structure of reaction I.22 For reaction II, this calculation was
limited to several key species, including10c, 11c, 14, 15c, 15t, 17t,
18t, 22c, and 22t (see Figure 4 for the labeling of these stationary
points), to understand the features of the regio- and stereoselectivities.

For reactions III and IV, calculations were carried out for several
structures related to their respective regio- and stereochemistry.

(11) Epstein, O. L.; Savchenko, A. I.; Kulinkovich, O. G.Tetrahedron
Lett. 1999, 49, 5935.

(12) For the utility of metallocene-alkene and-alkyne complexes of
Ti and Zr: (a) Yasuda, H.; Nakamura, A.Angew. Chem., Int. Ed. Engl.
1987, 26, 723. (b) Buchwald, S. L.; Neilsen, R. B.Chem. ReV. 1988, 88,
1047. (c) Negishi, E. InComprehensiVe Organic Synthesis; Trost, B. M.,
Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol. 5, p1163. (d) Negishi,
E.; Takahashi, T.Synthesis1988, 1. (e) Buchwald, S. L.; Fisher, R. A.
Chim. Scr. 1989, 29, 417. (f) Negishi, E.Chim. Scr. 1989, 29, 457. (g)
Broene, R. D.; Buchwald, S. L.Science1993, 261, 1696. (h) Negishi, E.;
Takahashi, T.Acc. Chem. Res.1994, 27, 124. (i) Hanzawa, Y.; Ito, H.;
Taguchi, T.Synlett1995, 299. (j) Ohff, A.; Pulst, S.; Lefeber, C.; Peulecke,
N.; Arndt, P.; Burkalov, V. V.; Rosenthal, U.Synlett1996, 111. (k) Negishi,
E.; Takahashi, T.Bull. Chem. Soc. Jpn.1998, 71, 755. (l) Negishi, E.;
Montchamp, J.-L.: Zirconocenes. InMetallocenes, Synthesis, ReactiVity,
Applications; Togni, A., Halterman, R. L., Eds.; Wiley-VCH: Weinheim,
1998; Vol. 1, pp 241-312. (m) Beckhaus, R.: Titanocenes. InMetallocenes,
Synthesis, ReactiVity, Applications; Togni, A., Halterman, R. L., Eds.; Wiley-
VCH: Weinheim, 1998; Vol. 1, pp 153-230. (n) Rosenthal, U.; Pellny,
P.-L.; Kirchbauer, F. G.; Burlakov, V.Acc. Chem. Res. 2000, 33, 119. For
the stoichiometric use of CpTi(CH3)2Cl in synthesis, see: (o) Fairfax, D.;
Stein, M.; Livinghouse, T.Organometallics,1997, 16, 1523. (p) McGrane,
P. L.; Livinghouse, T.J. Am. Chem. Soc.1993, 115, 11485 and references
therein.

(13) For the generation and utility of (ArO)2Ti(η2-alkene) and (ArO)2-
Ti(η2-alkyne) complexes: (a) Johnson, E. S.; Balaich, G. J.; Rothwell, I.
P. J. Am. Chem. Soc.1997, 1199, 7685. (b) Johnson, E. S.; Balich, G. J.;
Fanwick, P. E.; Rothwell, I. P.J. Am. Chem. Soc.1997, 119, 11086. (c)
Waratuke, S. A.; Thorn, M. G.; Hill, J. E.; Waratuke, A. S.; Johnson, E.
S.; Fanwick, P. E.; Rothwell, I. P.J. Am. Chem. Soc.1997, 119, 8630. (d)
Okamoto, S.; Livinghouse, T.J. Am. Chem. Soc. 2000, 122, 1223.

(14) Titanacyclopropanes react with amides: (a) Chaplinski, V.; de
Meijere, A. Angew. Chem.1996, 108, 491;Angew. Chem., Int. Ed. Engl.
1996, 35, 413. (b) Winsel, H.; Gazizova, V.; Kulinkovich, O.; Pavlov, V.;
de Meijere, A.Synlett1999, 1999. (c) Lee, J.; Kim, Y. G.; Bae, J. G.; Cha,
J. K. J. Org. Chem.1996, 61, 4878. (d) Lee, J.; Cha, J. K.J. Org. Chem.
1997, 62, 1584.

(15) For the recent utility of (RO)2Ti(η2-alkene) and (RO)2Ti(η2-alkyne)
complexes: (a) Suzuki, D.; Urabe, H.; Sato, F.Angew. Chem., Int. Ed.
2000, 39, 3290. (b) Okamoto, S.; Subburaj, K.; Sato, F.J. Am. Chem. Soc.
2000, 122, 11244. (c) Hamada, T.; Mizojiri, D.; Urabe, H.; Sato, F.J. Am.
Chem. Soc.2000, 122, 7138. (d) Hanazawa, T.; Okamoto, S.; Sato, F.Org.
Lett. 2000, 2, 2369. (e) Urabe, H.; Nakajima, R.; Sato, F. Org.Lett. 2000,
2, 3481. (f) Urabe, H.; Hideura, D.; Sato, F. Org.Lett.2000, 2, 381. (g) de
Meijere, A.; Stecker, B.; Kourdioukov, A.; Williams, C.Synthesis2000,
929. (h) Morlender-Vais, N.; Solodovnikova, N.; Marek, I.Chem. Commun.
2000, 1849. (i) Morlender-Vais, N.; Kaftanov, J.; Marek, I.Synthesis, 2000,
917.

(16) Hoveyda, A. H.; Morken, J. P.; Houri, A. F.; Xu, Z.J. Am. Chem.
Soc.1992, 114, 6692.

(17) (a) Becke, A. D.J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R.Phys. ReV. B 1988, 37, 785.

(18) For reviews of density functional theories, see: (a) Parr, R. G.; Yang,
W. Density Functional Theory of Atoms and Molecules; Oxford University
Press: New York, 1989. (b) Ziegler, T.Chem. ReV. 1991, 91, 651. (c)
Density Functional Methods in Chemistry;Labanowski, J., Andzelm, J.,
Eds.; Springer: Berlin, 1991.

(19) B3LYP calculations give relative energies of the various structural
transition metal intermediates to be within∼5 kcal/mol of the actual
energies: (a) Dunietz, B. D.; Beachy, M. D.; Cao, Y.; Whittington, D. A.;
Lippard, S. J.; Friesner, R. A.J. Am. Chem. Soc.2000, 122, 2828. (b) Ricca,
A.; Bauschlicher, C. W.Theor. Chim. Acta1995, 92, 123. (c) Ricca, A.;
Bauschlicher, C. W.J. Phys. Chem. 1995, 99, 5922. (d) Ricca, A.;
Bauschlicher, C. W.J. Phys. Chem.1997, 101, 8949. (e) Glukhovstev, M.
N.; Bach, R. D.; Nagel, C. J.J. Phys. Chem.1997, 101, 316. (f) Blomberg,
M. R. A.; Siegbahn, P. E. M.; Svensson, M.J. Chem. Phys.1996, 104,
9546.

(20) (a) Jonas, V.; Frenking, G.; Reetz, M. T.J. Comput. Chem.1992,
13, 919. (b) Johns, V.; Frenking, G.; Reetz, M. T.Organometallics1993,
12, 2111.

(21) Hay, P. J.; Wadt, W. R.J. Chem. Phys.1985, 82, 299.
(22) IRC calculations were performed at the HF/3-21G level for the three

transition states in reaction I to follow reaction pathways. (a) Gonzalez,
C.; Schlegel, H. B.J. Chem. Phys. 1989, 90, 2154. (b) Gonzalez, C.;
Schlegel, H. B.J. Phys. Chem.1990, 94, 2435.

5778 J. Am. Chem. Soc., Vol. 123, No. 24, 2001 Wu and Yu



Bond orders reported are the Wiberg bond indices23a calculated by
means of natural bond orbitals (NBO).23b,c The charges reported are
Mulliken atomic charges (hydrogen atoms are summed into heavy
atoms). All calculations were carried out with the Gaussian 98 program
package.24

Results and Discussion

The Cartesian coordinates and energies of all of the species
for the reactions I-IV are provided in the Supporting Informa-

tion. Unless otherwise mentioned, all relative energies discussed
within this context are free energies at 298 K (denoted as∆G298).

Reaction I (R1 ) H, R2 ) H). The geometries and relative
energies of all of the stationary points of the reaction of Ti-
(OMe)2(CH2CH2) (1) + HCOOMe are given in Figure 2 and
Table 1, respectively. Meanwhile, the potential energy surface
for this reaction both in unscaled zero-point energy (ZPE)
corrected electronic energy (∆E0) and free energy (∆G298) are
given in Figure 3.

Ti(OMe)2(CH2CH2) 1. While dialkoxytitanacyclopropanes
are key species involved in the Kulinkovich hydroxycyclopro-
panation and other reactions,1,14-15 their structures have not been
reported except for those of their analogues.25 The B3LYP/HW3
optimized Ti(OMe)2(CH2CH2) 1 displays a distorted tetrahedral
structure (nearC2ν symmetry) with the C-C bond length of
1.482 Å, close to that of a C-C single bond (1.54 Å) but
significantly longer than that of a CdC double bond (1.34 Å),
suggesting that this species is best described as titanacyclopro-
pane rather than titanium(II)-olefin complex, in agreement with

(23) (a) Wiberg, K. B.Tetrahedron1968, 24, 1083. (b) Reed, A. E.;
Weinstock, R. B.; Weinhold, F.J. Chem. Phys. 1985, 83, 735. (c) Reed, A.
E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88, 899.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Oritz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision A.1; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(25) (a) Thorn, M. G.; Hill, J. E.; Waratuke, S. A.; Johnson, E. S.;
Fanwick, P. E.; Rothwell, I. P.J. Am. Chem. Soc.1997, 119, 8630. (b)
Cohen, S. A.; Auburn, P. R.; Bercaw, J. E.J. Am. Chem. Soc.1983, 105,
1136.

Figure 1. Proposed reaction mechanism for the Kulinkovich hydroxycyclopropanation carried out between R1COOMe and 2 equiv of BrMgCH2-
CH2R2 in the presence of Ti(OR)4.

Scheme 2

Table 1. B3LYP/HW3 Computed Reaction Parameters for the
Stationary Points of Reaction I with R1 ) R2 ) Ha

1 +
HCOOMe 2 3 4 5 6 7 8

∆Eele 0.0 -15.8 -15.1 -39.5 -22.9 -43.4 -26.8 -56.0
∆E0 0.0 -13.8 -12.9 -36.1 -20.9 -42.1 -25.7 -54.1
∆H298 0.0 -14.0 -13.7 -36.9 -22.0 -42.2 -26.3 -55.0
∆G298 0.0 -1.6 0.1 -22.8 -6.1 -28.8 -11.6 -41.9

a ∆Eelec, ∆H298, and∆G298 are the electronic energy, enthalpy, and
free energy (T ) 298.73 k), respectively, while∆E0 is ZPE corrected
electronic energy.

KulinkoVich Hydroxycyclopropanation Reaction J. Am. Chem. Soc., Vol. 123, No. 24, 20015779



the conclusions from other theoretical investigations.26 Further-
more, the bond orders of C-C (1.14) and Ti-C (0.72) as well
as the strong bond dissociation energy (BDE) of 56.2 kcal/mol
calculated at the B3LYP/HW3 level by the reaction of Ti-
(OMe)2(CH2CH2) f Ti(OMe)2 + C2H4 are evidence of the large
extent of titanacyclopropane character of this active species.

Cycloinsertion Step. We were able to locate a complex
(COM) of Ti(OMe)2(η2-olefin)(η2-ester) 2 formed by 1 and
HCOOMe (Figure 2). The ester’s carbonyl fragment coordinates
to the metal center in anη2 fashion, as indicated by the
coplanarity of the Ti, CdO, and CdC fragments. According to
the frontier molecular orbital theory,27 there is a good overlap
between the HOMO of1 and the LUMO (π*) of the carbonyl
group, as shown in Scheme 3. Thus, the complexation is quite
favorable. Compared to the interaction between HOMO1 (-7.95
ev) and LUMOHCOOMe (4.91ev), the contribution from the
interaction between HOMOHCOOMe (-12.51 ev) and LUMO1
(2.89 ev) is small due to the large energy gap of the latter pair

greater than that of the former pair. Theη2 coordination of ester
is further well documented by the bond lengths and bond orders
of Ti-O4 (2.143 Å and 0.61) and Ti-C3 (2.312 Å and 0.33).
As a π acceptor, ester’s carbonyl coordination leads to a net
charge transfer from1 to the ester by 0.19 e.

There is a significant interaction between C2 and C3 in the
complex2, indicated by the bond order of 0.30 between them.
Vibrational frequency calculation supports complex2 as a
minimum instead of a saddle point. It is found that the geometry
of cycloinsertion transition state (TS1)3 is very similar to that
of the complex2. The C2‚‚‚C3 distance in3 is 2.088 Å, only
0.3 Å shorter than that in2. Our calculations predict that the
cycloinsertion step is very facile with activation free energy of
1.7 kcal/mol with respect to complex2. Meanwhile, the reaction
is very exothermic with a liberation of free energy of 21.2 kcal/
mol. Obviously, the formation of a Ti-O bond in IN1 4 is
responsible for the high exothermicity of this cycloinsertion step
(bond enthalpies for Ti-O and Ti-C bonds are 160.7( 2.2
and 101.1( 6.9 kcal/mol,28 respectively).

Intramolecular Methoxy Migration Step. An intramolecular
methoxy migration transition state (TS2)5 that is proposed by
Corey has been located. A geometrical comparison of TS25
and IN26 reveals that TS25 is a late transition state with the

(26) (a) Lauher, J. W.; Hoffman, R.J. Am. Chem. Soc.1976, 98, 1729.
(b) Dewar, M. J. S.; Ford, G. P.J. Am. Chem. Soc.1979, 101, 783. (c)
Akermark, B.; Almemark, M.; Almlof, J.; Backvall, J.-E.; Roos, B.; Stogard,
A. J. Am. Chem. Soc.1977, 99, 4617. (d) Albright, T. A.; Hoffmann, R.;
Thibeault, J. C.; Thorn, D. L.J. Am. Chem. Soc.1979, 101, 3801. (e)
Steigerwald, M. L.; Goddard, W. A., III.J. Am. Chem. Soc.1985, 107,
5027. (f) Bender, B. R.; Norton, J. R.; Miller, M. M.; Anderson, O. P.;
Rappe, A. K.Organometallics1992, 11, 3427.

(27) Albright, T. A.; Burdett, J. K.; Whangbo, M. H.Orbital Interactions
in Chemistry; John Willey & Sons: New York, 1985.

(28) Kerr, J. A. InCRC Handbook of Chemistry and Physics 1999-
2000: A Ready-Reference Book of Chemical and Physical Data, 79th ed.;
Lide, D. R., Ed.; CRC Press: Boca Raton, FL, 1998.

Figure 2. Geometries of all the stationary points for the reaction I. Values in parentheses and boxes are bond orders and Mulliken atomic charges,
respectively. Distances and angles are in Å and degrees, respectively.
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O5-C3 bond (1.865 Å) almost broken while the Ti-O5 bond
(2.009 Å) formed to a large extent. IN26 is a pentacoordinated
Ti(IV) complex with a distorted trigonal bipyramidal (TBP)
structure, where C1, O5, and O9 form its equatorial plane while
O4 and O7 occupy the two axial apexes. It is observed that in
IN2 6, oxygen O4 uses its lone pair to coordinate to Ti to form
a five-membered ring with an envelope conformation, in which
Ti, O4, C3, and C2 lie in the same plane (the dihedral angle is
1.7°) while C1 is somewhat out of this plane with dihedral angle
of C1-C2-C3-O4 ) 13.4°. It is important to note that the three
alkoxyl groups in IN26 arrange around the titanium center in
a clockwise fashion to avoid the lone pair interactions between
neighboring oxygen atoms, as substantiated by the fact that full
optimization starting from the geometry with one methoxyl
orientating anticlockwise converges to the geometry of IN26
shown in Figure 2.

Our calculations predict that this step has activation and
reaction energies of 15.2 and-6.0 kcal/mol with respect to IN1
4 in terms of∆E0. In terms of∆G298, the activation barrier is
increased to 16.7 kcal/mol, still a very reasonable value even
for those Kulinkovich reactions performed below room tem-
perature. Energy release of only 6 kcal/mol for the migration
step is understandable. This step does not have a net formation
of a Ti-O single bond as the dative Ti-O4 bond in IN26 is
substantially weaker compared to a Ti-O single bond.

Intramolecular Cyclopropane-Forming Step. The cyclo-
propane-forming reaction leading to the formation of TCP can
be envisioned as a Lewis-acid assisted intramolecular nucleo-
philic addition, where Ti, C1, and C3 atoms in IN26 act as

Lewis acid, nucleophile, and electrophile, respectively (see their
Mulliken charges in Figure 2).

The nucleophilic attack of C1 to C3 not only needs the C1
and C3 distance to be shortened to some extent in the transition
state, but also requires the carbonyl group to rotate by about
90° so that it becomes nearly parallel to the equatorial plane.
As shown in Figure 2, the cyclopropane-forming transition
state29 7 still possesses a distorted TBP structure, in which the
envelope conformation of the five-membered ring has the C1-
C2-O4-Ti plane nearly perpendicular to the carbonyl plane of
C2-C3-O4-HR1. The forming C1-C3 bond in TS37 has a
length of 2.003 Å, and the attack angle of C1-C3-O4 is about
109.6°.30 Meanwhile, the Ti-C1 bond in TS37 is elongated to
2.285 Å from 2.152 Å in IN26.

Another striking feature of TS37 is that its two hydrogen
atoms attached to C1 become quite different. The H1t-C1-Ti
and H1c-C1-Ti are about 91° and 112°, respectively, differing
by about 21°. The H1t‚‚‚Ti distance is 2.546 Å, while the
H1c‚‚‚Ti distance is 2.876 Å. In addition, the C1-H1t bond (1.095
Å) is somewhat longer than the C1-H1c bond (1.089 Å). All of
these indicate that there is an agostic effect involving the C1-
H1t bond and the Ti center.31 Mulliken charge analyses give
some support to this interaction. The H1t has a positive charge
of 0.22 units, while that of the H1c is 0.19 units (both of them
have a positive charge of 0.17 units in IN26). Furthermore,

(29) Another TS3 corresponding to the rotation of the carbonyl group
to the opposite direction has similar geometry and energy to TS37.

(30) Houk, K. N.; Paddon-Row: M. N.; Rondan, N. G.; Wu, Y.-D.;
Brown, F. K.; Spellmeyer, D. C.; Metz, J. T.; Li, Y.; Loncharich, R. J.
Science1986, 231,1108.

(31) (a) Brookhart, M.; Green, M. L. H. J. Organomet. Chem.1983,
250, 395. (b) Brookhart, M.; Green, M. L. H.; Wong, L.-L.Prog. Inorg.
Chem.1988, 36, 1. (c) Koga, N.; Obara, S.; Morokuma, K.J. Am. Chem.
Soc.1984, 106, 4625. (d) Koga, N.; Morokuma, K.Top. Phys. Organomet.
Chem.1989, 3, 1. (e) Obara, S.; Koga, N.; Morokuma, K.J. Organomet.
Chem.1984, 270, C33. (f) Ziegler, T.; Tschinke, V.; Becke, A.J. Am. Chem.
Soc.1987, 109, 1351. (g) Koga, N.; Morokuma, K.Chem. ReV. 1991, 91,
823. (h) Weiss, H.; Enrig, M.; Ahlrich, R. J. Am. Chem. Soc.1994, 116,
4919. (i) Wu, Y.-D.; Peng, Z.-H.J. Am. Chem. Soc.1997, 119, 8043. (j)
Haaland, A.; Scherer, W.; Ruud, K.; McGrady, G. S.; Downs, A. J.; Swang,
O. J. Am. Chem. Soc.1998, 120, 3762.

Figure 3. Potential energy surface of the reaction between Ti(OMe)2(CH2CH2) (1) computed with the B3LYP/HW3 method. Solid and dashed
lines represent free energies (∆G298) and ZPE corrected electronic energies (∆E0) relative to the reactants, respectively.

Scheme 3
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the bond orders for Ti to H1t and H1c are 0.016 and 0.006,
respectively, supporting the agostic interaction in the former
pair. As will be discussed later, this feature might be important
to the diastereoselectivity of the Kulinkovich reaction.

The cyclopropane-forming step is the rate-determining step
due to its activation free energy of 17.2 kcal/mol, being slightly
higher than that of the migration step (16.7 kcal/mol). This step
is also exothermic by about 12.0 kcal/mol in terms of∆E0.

After analysis of each step of reaction I, a conclusion reached
here is that the reaction mechanism shown in Figure 1 is very
feasible for the transformation of ester and titanacyclopropane
to cyclopropanol due to the low activation free energy of 17.2
kcal/mol as well as the high exothermicity (ca.-54.1 kcal/mol
of reaction I in terms of∆E0). Meanwhile, the downhill potential
energy surface discloses that the cycloinsertion, migration, and
cyclopropane-forming steps are all irreversible. The irrevers-
ibility of the cycloinsertion step implies that the regiochemistry
encountered here is under kinetic control when R2 * H. As
will be discussed in the next section, the irreversible cycloin-
sertion step prefers theR-addition manifold, in which the
cyclopropane-forming reaction is both the rate-determining and
stereo-determining step possessing the experimentally observed
diastereoselectivity.

Reaction II (R1 ) R2 ) Me). Origin of the Preference for
the r-Addition Manifold . For reaction II, bothR-addition and
â-addition manifolds are possible. In addition, the R1(Me) and
R2(Me) groups can be either cis or trans to each other. Therefore,
there are four possible pathways (R-cis, R-trans, â-cis, and
â-trans). As shown in Figure 4, our calculations indicate that
the overall reaction potential energy surface is similar to that
of reaction I with irreversible cycloinsertion, migration, and
cyclopropane-forming reactions. Therefore, the regiochemistry
for this reaction is determined by the relative stabilities of the
cycloinsertion TS1s in the four competitive paths.

In contrast to the commonly acceptedâ-addition manifold,
the potential energy surface in Figure 4 shows that the reaction
favors theR-addition manifold over theâ-addition manifold:
In terms of electronic energy (∆Eele), both TS111cand11t in
the R-addition manifold are lower than TS118t in the â-trans
path, the lowest TS1 in theâ-addition manifold, by about 1.5
kcal/mol (Figure 4). In terms of∆G298, this difference is
increased to 2.8 kcal/mol (Figure 5), which corresponds to a
selectivity ratio of 106:1, implying that theâ-addition manifold
can be ruled out.

The higher energies of the two cycloinsertion TS1s in the
â-addition manifold relative to those in theR-addition manifold
are obviously attributed to the steric repulsions: R1 and R2 in
TS1 18c are eclipsed to each other with a CR1‚‚‚CR2 distance
of 3.062 Å (This is referred to as R1‚‚‚R2 repulsion); R2 is also
eclipsed to methoxyl group attached to the carbonyl carbon in
TS118t with CR2‚‚‚O5 of 2.903 Å (This interaction is denoted
as R2‚‚‚O repulsion) (see Figure 5 and Supporting Information).
Due to the same reason, the complexes10cand10t formed in
the R-addition manifold are more stable than complexes17c
and17t in the â-addition manifold.

The preference of theR-addition manifold should not be
limited to the present case. It should be extended to almost all
cases with R1 and R2 as alkyl groups since TS1 in theâ-addition
manifold suffers from R2‚‚‚ester steric repulsion. One exception
would be the case when R1 is hydrogen atom. In this case, the
R1‚‚‚R2 repulsion in theâ-cis TS1 becomes a H‚‚‚R2 repulsion,
which should be small enough so that theâ-addition could
compete with theR-addition. This will be examined with the
reaction IV.

A recent experiment supporting thisR-addition manifold
comes from an analogue reaction between ketone and diiso-
proxy(η2-propene)titanium generated by Sato’s reagent (Ti(O-
i-Pr)4 + 2 i-Pr-MgBr), where the cycloinsertion product is from

Figure 4. Potential energy surface of the reaction II computed with the B3LYP/HW3 method. All energies are electronic energies without ZPE
corrections (∆Eele, kcal/mol) with respect to the reactants. The t and c stand for the trans and cis relationship of the R1 and R2 groups in each
species, respectively.
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R-addition (eq 1).15h A similar R-addition mechanism was also
observed in the polar addition reactions of aldehydes to alkene-
zirconocenes, which were supposed to be kinetically con-
trolled.12h,32

Our calculations also indicate that theâ-addition manifold
leads to more stable IN1s than theR-addition. For example,
IN1 19c is more stable than IN112t by about 1.0 kcal/mol in
terms of∆Eele. As displayed by reaction I, although the C2-C3

bond in cycloinsertion TS13 is eclipsed, it becomes staggered
in the IN1 4 (Figure 2). Due to the same reason, R1‚‚‚R2 or
R2‚‚‚O5 repulsion in IN119c is reduced. IN112t in theR-trans
path, on the contrary, would suffer from some steric interaction
involving R2 and the metal center (for structures of these IN1s,
see the Supporting Information). Thus, if the cycloinsertion
reaction were reversible, theâ-addition would be the favored
pathway. This might be the situation for some ring-expansion
reactions of alkene-zirconocenes with olefines, which favor
the â-addition fashion.12h,16

Origin of the cis-R1/R2 Diastereoselectivity.The potential
energy surface of reaction II indicates that the rate-determining
step in theR-addition manifold is still the cyclopropane-forming
step, which can transform14 to cis-R1/R2 TCP 16c or trans-
R1/R2 TCP 16t, depending on the relative energies of their
corresponding TS3s,15c and15t.

In accordance with experimental observations, the preferred
R-addition manifold is predicted to have an exclusive cis-R1/

R2 diastereoselectivity, as indicated by a 2.9 kcal/mol stability
of TS315crelative to TS315t in terms of∆G298. An inspection
of the geometries of the two TS3s depicted in Figure 6 indicates
that there is considerable steric interaction between the two cis
methyl groups (R1‚‚‚R2 repulsion) in TS315c, which has a
(R1)H‚‚‚H(R2) distance of only 2.25 Å. On the other hand, the
R1‚‚‚R2 repulsion is absent in TS315t. Consequently, what is
the origin of the preference for the cis-R1/R2 TS3 15c?

As pointed out earlier, due to a pentacoordination of C1 in
TS37 of reaction I, the H1t involves an agostic interaction with
Ti. In TS3 15c, the Ti-C1-H1 angle is only 83°, with a
Ti‚‚‚H1 distance of 2.440 Å. Thus, TS315c benefits from an
agostic interaction (denoted as (C1)H‚‚‚Ti). On the other hand,
in TS315t, the Ti-C1-CR2 and the Ti-C1-H1 angles are 96°
and 112°, respectively. Therefore, the agostic interaction in TS3
15t is absent, as indicated by the distance of its H1‚‚‚Ti of 2.961
Å. In addition, the R2 methyl group in15t suffers from steric
interactions with the metal center. Due to the small Ti-C1-
CR2 angle, two of the R2 methyl hydrogens are only about 3.0
Å away from Ti (this steric interaction is denoted as R2‚‚‚Ti
repulsion).33 On the contrary, the R2‚‚‚Ti repulsion in TS315c
is absent because all its (R2)H‚‚‚Ti distances are over 3.3 Å
(its CR2-C1-Ti angle is about 118°, 22° larger than that in
TS3 15t).

In contrast, our calculations reveal that theâ-addition
manifold has trans-R1/R2 diastereoselectivity instead. As shown
in Figure 6B, the C2-C3 bond becomes nearly eclipsed in TS3
22c, which has the two methyl groups cis to each other. It is
about 1.3 kcal/mol less stable than TS322t, which has two
methyl groups trans to each other. The preference for the latter
transition state is obviously due to its smaller steric repulsion
involving R2‚‚‚O than the R1‚‚‚R2 repulsion in the former. This
is parallel to the stabilities of the two products: TCP16t is
more stable than TCP16c by 0.6 kcal/mol in terms of∆Eele.
The two cycloinsertion TS1s18t and 18c in the â-addition
manifold also reflect this trend with TS118t being more stable
than TS118c by about 1.3 kcal/mol in terms of∆Eele.

Thus, ifâ-addition manifold were the favored pathway, trans-
R1/R2 cyclopropanol would be the major product. This is in
contradiction to experimental observations, further supporting
the conclusion that theR-addition manifold is the favored
pathway.

To summarize, theR-addition manifold is generally favored.
The cis-R1/R2 cyclopropane-forming transition state is stabilized
by the (C1)H‚‚‚Ti agostic interaction but destabilized by the
R1‚‚‚R2 repulsion. The trans-R1/R2 cyclopropane-forming transi-
tion state is destabilized by the R2‚‚‚Ti repulsion. When R2

increases its size, both R1‚‚‚R2 and R2‚‚‚Ti repulsions increase.
As a result, the cis-R1/R2 cyclopropane-forming transition state
is still favored over the trans-R1/R2 cyclopropane-forming
transition state due to the existence of additional agostic
interaction in the former. However, when R1 becomes larger
while R2 is still the methyl group, only the adverse R1‚‚‚R2

repulsion in the cis-R1/R2 cyclopropane-forming transition state
increases while the other interactions in both cis and trans TS3
remain almost unchanged, leading to a decrease in the stability
of the cis-R1/R2 TS3 with respect to the trans-R1/R2 TS3.
Therefore, the preference for the cis-R1/R2 cyclopropanol is
reduced; the trans-R1/R2 cyclopropanol might even become the
dominant product (Scheme 1c). This is tested with the reaction
III, which is presented in the next section.

(32) Takahashi, T.; Suzuki, N.; Hasegawa, M.; Nitto, Y. Aoyagi, K.;
Saburi, M.Chem. Lett.1992, 331.

(33) The (R2)H‚‚‚Ti interaction in 15t is ascribed as steric repulsion
instead ofR-agostic interaction due to the long distance of (R2)H‚‚‚Ti (3.0
Å)31c,h (the bond orders of two (R2)H‚‚‚Ti are only 0.004 and 0.006,
respectively).

Figure 5. Calculated structures of complex and transition state for
the cycloinsertion step in theR-cis andâ-trans paths of reaction II.
The values in parentheses are calculated relative free energies (∆G298,
kcal/mol) of these structures with respect to the reactants.
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Reaction III (R 1 ) t-Bu, R2 ) Me). Since the study of
reaction III is aimed at understanding the diastereoselectivity,
we only concentrated on the stereo-determining cyclopropane-
forming step in theR-addition manifold (theâ-addition should
be excluded due to R2‚‚‚ester repulsion in its cycloinsertion TS1,
larger than that displayed in reaction II). In agreement with our
analysis of the origin of the diastereoselectivity, the preference
for the cis-R1/R2 TS324cover the trans-R1/R2 TS324t almost
disappears due to the increased R1‚‚‚R2 repulsion in the former,
which has two close (R1)H‚‚‚H(R2) contacts (the two close
H‚‚‚H distances are 2.129 and 2.392 Å, respectively. see
Figure 7).34

In addition, it is found that the activation free energy from
IN2 23 to TS324t is 23.7 kcal/mol, 6 kcal/mol larger than that
in reaction II (17.8 kcal/mol). The higher activation energy of
reaction III compared to reaction II is likely the main reason
the standard reaction conditions (20° in THF) are not suitable
for the Kulinkovich reactions when R1 is secondary and tertiary
alkyl groups.10

Reaction IV (R1 ) H, R2 ) Me). We reasoned that the
possibleâ-addition manifold could be fulfilled in a special case
of R1 ) H in that the R1‚‚‚R2 repulsion in itsâ-cis path TS1
would become a negligible H‚‚‚R2 interaction, making this path
very competitive (on the contrary, theâ-trans path can still be
ruled out due to the R2‚‚‚O repulsion in its TS1). Within our
expectation, theâ-cis TS126c is more stable than theR-cis
TS1 25c and R-trans TS125t by about 0.2 kcal/mol (For
structures, see Supporting Information). This suggests that both
R- andâ-addition manifolds can occur in this special case.

(34) The experimental results (Scheme 1c) gave a ratio of trans to cis
product of 2.5:1, which corresponds to an estimated stability of trans-R1/
R2 TS3 over cis-R1/R2 TS3 by about 0.6 kcal/mol in terms of free energy.
Calculations in the gas phase give a preference to cis- over trans-R1/R2

TS3 by about 0.1 kcal/mol. This discrepancy can be reconciled by taking
into account the solvent effect: Structure24t is more polar than24c (2.72
to 2.17 D), suggesting that polar solvent can stabilize24t more effectively
than24c. Within our expectation,24t is calculated to be more stable than
24cby about 0.7 kcal/mol in terms of free energy in THF (ε ) 7.58) utilizing
the PCM35 solvation model on the gas-phase geometries. It should be noted
that the discrepancy might simply caused by the uncertainty of calculations.

Figure 6. Calculated cyclopropane-forming transition states TS3s for the reaction II. (A)15cand15t in theR-addition manifold. (B)22cand22t
in the â-addition manifold. The Roman and italic values in parentheses are relative free energies (∆G298) and ZPE corrected electronic energies
(∆E0), respectively. Distances and angles are in Å and degrees, respectively.
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For theR-addition, the R1‚‚‚R2 interaction in the cis-R1/R2

TS3, which still benefits from an agostic interaction, is almost
negligible. Therefore, the cis-R1/R2 cyclopropanol product in
this manifold is expected to be exclusive.

Figure 8 shows the cis- and trans-R1/R2 TS3s of theâ-addition
manifold. These structures are geometrically similar. The cis-
R1/R2 TS327cis calculated to be about 0.5 kcal/mol more stable
than the trans-R1/R2 TS3 27t, apparently due to the steric
interaction between the R2 and the O4 in the latter structure. It
is expected that this preference would be increased when R2

becomes larger. Thus, the cis-R1/R2 cyclopropanol is expected
to be the major product.

Therefore, the calculations indicate that even when bothR-
andâ-addition manifolds can take place when R1 ) H, these
reactions still afford the cis-R1/R2 cyclopropanol. This is in
agreement with the experimental observations that when R1 )

H and R2 ) n-Bu, n-C6H13, Ph,36 only cis-R1/R2 cyclopropanols
are obtained (Scheme 1b).

Conclusions

The density functional theory studies of the reactions between
ester R1COOMe and titanacyclopropane Ti(OMe)2(CH2CH2R2)
reveal that the following mechanism is quite plausible for the
Kulinkovich reaction: It starts with the formation of a complex

(35) Tomasi, J.; Persico, M.Chem. ReV. 1994, 94, 2027.
(36) When R1 ) H and R2 ) Ph, it is expected that only theR-addition

occurs due to the electronic stabilization caused by the Ph group that can
lower energy of the TS1 when it is in theR position. See the reactions of
(alkene)zirconocenes with different alkenes: (a) Takahashi, T.; Seki, T.;
Nitto, Y.; Saburi, M.; Rousset, C. J.; Negishi, E.J. Am. Chem. Soc.1991,
113, 6266. (b) Takahashi, T.; Kageyama, M.; Denisov, V.; Hara, R.; Negishi,
E. Tetrahedron Lett. 1993, 34, 687. (c) Coperet, C.; Negishi, E. Xi, Z.;
Takahashi, T.Tetrahedron Lett. 1994, 35, 695 and see also ref 12h.

Figure 7. Calculated cyclopropane-forming transition states TS3s in theR-addition manifold for the reaction III. The Roman and italic values in
parentheses are relative free energies (∆G298) and ZPE corrected electronic energies (∆E0), respectively.

Figure 8. Calculated cyclopropane-forming transition states TS3s27t and27c in theâ-addition manifold for the reaction IV. The Roman and italic
values in parentheses are relative free energies (∆G298) and ZPE corrected electronic energies (∆E0), respectively.
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between the ester and titanacyclopropane, followed by an
irreversible cycloinsertion reaction to generate an intermediate
of oxatitanapentane, which then undergoes intramolecular
methoxy migration from the formal carbonyl carbon atom of
the ester to titanium to afford the second intermediate.37 The
last step corresponds to the cyclopropane-forming reaction,
which is the rate-determining step, to yield titaniumcyclopro-
panolate complex. Each step of this process is predicted to be
facile with exothermicity.

When R1 and R2 are alkyl groups, the Kulinkovich reaction
favors theR-addition manifold over theâ-addition manifold
since the cycloinsertion transition states of the latter involves
R2‚‚‚ester repulsion. The rate-determining cyclopropane-forming
step is also the stereo-determining step, which prefers to give
cis-R1/R2 1,2-disubstituted cyclopropanols exclusively when R1

is primary alkyl groups. The complete cis-R1/R2 diastereose-
lectivity is due to the existence of an agostic interaction in the
cis-R1/R2 cyclopropane-forming transition state (TS3) and the
R2‚‚‚Ti repulsion in the trans-R1/R2 TS3. Only when R1 becomes
secondary and tertiary alkyl groups and R2 ) Me, the increased
R1‚‚‚R2 repulsion will decrease the stability of the cis-R1/R2

TS3 relative to that of the trans-R1/R2 TS3, leading to a lower

diastereoselectivity. The favorableR-addition is further sup-
ported by the calculation result that theâ-addition leads to the
formation of trans-R1/R2 product, which is opposite to the
experimental observations.

Only in a special case with R1 ) H and R2 ) alkyl groups
can the â-addition manifold compete with theR-addition
manifold. The cis-R1/R2 diastereoselectivity is still expected for
this case.
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(37) We do not rule out the alternative mechanism of nucleophile
(RMgBr, iPrO-, R′O-) first attacking on titanium to yield a complex which
would deliver methoxide to a Lewis acid (refs 2b, c)
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