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Abstract: The Cp,Zr-catalyzed hydrosilylation of ethylene was theoretically investigated with DFT and MP2—
MP4(SDQ) methods, to clarify the reaction mechanism and the characteristic features of this reaction.
Although ethylene insertion into the Zr—SiH; bond of Cp.Zr(H)(SiHs) needs a very large activation barrier
of 41.0 (42.3) kcal/mol, ethylene is easily inserted into the Zr—H bond with a very small activation barrier
of 2.1 (2.8) kcal/mol, where the activation barrier and the energy of reaction calculated with the DFT-
(B3LYP) method are given and in parentheses are those values which have been corrected for the zero-
point energy, hereafter. Not only this ethylene insertion reaction but also the coupling reaction between
Cp2Zr(CzH4) and SiH, easily takes place to afford Cp.Zr(H)(CH.CH,SiH3) and Cp.Zr(CH,CHz)(SiH3) with
activation barriers of 0.3 (0.7) and 5.0 (5.4) kcal/mol, respectively. This coupling reaction involves a new
type of Si—H o-bond activation which is similar to metathesis. The important interaction in the coupling
reaction is the bonding overlap between the d,-z* bonding orbital of Cp.Zr(C-Hs) and the Si—H ¢* orbital.
The final step is neither direct C—H nor Si—C reductive elimination, because both reductive eliminations
occur with a very large activation barrier and significantly large endothermicity. This is because the d orbital
of Cp2Zr is at a high energy. On the other hand, ethylene-assisted C—H reductive elimination easily occurs
with a small activation barrier, 5.0 (7.5) kcal/mol, and considerably large exothermicity, —10.6 (—7.1) kcal/
mol. Also, ethylene-assisted Si—C reductive elimination and metatheses of Cp,Zr(H)(CH,CH,SiH3) and
Cp2Zr(CH2CH?3)(SiH3) with SiH, take place with moderate activation barriers, 26.5 (30.7), 18.4 (20.5), and
28.3 (31.5) kcal/mol, respectively. From these results, it is clearly concluded that the most favorable catalytic
cycle of the CpyZr-catalyzed hydrosilylation of ethylene consists of the coupling reaction of Cp,Zr(CzH,)
with SiH, followed by the ethylene-assisted C—H reductive elimination.

Introduction which consists of the SiH o-bond activation of silane by a
The transition-metal-catalyzed hydrosilylation of alkene is one transition metal complex, alkene insertion into the-M bond,
of the important synthetic reactions of organic silicon com- and Si-C reductive elimination, as shown in Scheme 1. Later,
poundst This reaction is of considerable interest from both the modified Chalk-Harrod mechanism was proposed for the
points of view of organometallic chemistry and theoretical rhodium-catalyzed hydrosilylation of alkene, which consists of
chemistry because of several reasons: one of them is that thehe Si-H o-bond activation of silane by a transition metal
catalytic cycle involves many interesting elementary steps complex like that in the ChatkHarrod mechanism, alkene
includingo-bond activation and alkene insertion into the-M insertion into the M-SiR; bond, and C-H reductive elimina-
or M—SiRs bond, and the other is that the reaction mechanism tion, as shown in Scheme!#£:1° Evidence of this mechanism
is flexible and depends on the kinds of transition-metal is that vinylsilane is produced as a byproduct in the rhodium-
elements. For instance, the ChalkHarrod mechanism was
proposed for the platinum-catalyzed hydrosilylation of alkehe, ~ (2) Chalk, A. J.; Harrod, J. FI. Am. Chem. Sod.965 87, 16.

(3) (a) Schroeder, M. A.; Wrighton, M. S. Organomet. Chenl977, 128
345. (b) Reichel, C. L.; Wrighton, M. Snorg. Chem 1980 19, 3835. (c)

TKyoto University. Randolph, C. L.; Wrighton, M. SI. Am. Chem. S0d.986 108 3366. (d)
* Kumamoto University. Seitz, F.; Wrighton, M. SAngew. Chem., Int. Ed. Engl988 27, 289.

(1) (a) Tilley, T. D. InThe Chemistry of Organic Silicon Compounésitai, (4) (a) Milan, A.; Towns, E.; Maitlis, P. MJ. Chem. Soc., Chem. Commun.
S., Rappoport, Z., Eds.; John Wiley & Sons Ltd.: New York, 1989; p 1981, 673. (b) Milan, A.; Fernandez, M.-J.; Bentz, P.; Maitlis, P. DA.
1415. (b) Ojima, I. InThe Chemistry of Organic Silicon CompounBsatai, Mol. Catal. 1984 26, 89.

S., Rappoport, Z., Eds.; John Wiley & Sons Ltd.: New York, 1989; p (5) (a) Onopchenko, A.; Sabourin, E. T.; Beach, D.JLOrg. Chem1983

1479. (c) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. 48, 5101. (b) Onopchenko, A.; Sabourin, E. T.; Beach, D1.lOrg. Chem.
Principles and Applications of Organotransition Metal Chemistdni- 1984 49, 3389. (c) Onopchenko, A.; Sabourin, E. T.; Beach, DJ.LOrg.

versity Science Books: Mill Valley, CA, 1987; p 564. Chem.1987 52, 4118.

3332 m J. AM. CHEM. SOC. 2004, 126, 3332—3348 10.1021/ja0304345 CCC: $27.50 © 2004 American Chemical Society



Cp2Zr-Catalyzed Hydrosilylation of Ethylene

ARTICLES

Scheme 1
H-SiR,
Oxidative H
Addition M
M \SiR,
Hz
CH,
Chalk-Harrod
GHa .
/SIR3
EHZ ANV
iR c—C
3 /,— Hy Hy \ H
Reductive I\EA\SiR3
Elimination ;

Modified Chalk-Harrod H:C=—CH,

H ) Ethyl
/ ylene
M SiRs / Insertion
Cc—C
Hz H

catalyzed hydrosilylation of alkene; because vinylsilane is
formed from M(H)(CHCH(R)SiRy) (or M(H)(CH(R)CH.SIRs))
throughs-H abstraction, formation of vinylsilane means that
alkene is inserted into the MSiR; bond3~710 However, we
should remember the possibility that formation of vinylsilane

does not necessarily mean there is evidence of the modified
Chalk—Harrod mechanism, because it can be produced through

the C—H o-bond activation of alkene followed by the reductive
elimination between vinyl and silyl grougéOther evidence is
the spectroscopic detection of Cp*Co[P(ONMEIH(Bu)CH-
(SiEt)-u-H]* in the cobalt-catalyzed hydrosilylation of alkelie.
We theoretically investigated both the platinum-catalyzed hy-
drosilylation of ethylen® and the rhodium-catalyzed hydrosi-
lylation of ethylené* and clarified the reasons that the platinum-

Cp,Zr(CH,=CHEt) + 2H,SiPh, —
n-BuSiHPh, + Cp,Zr(H)(SiHPh) (1)

in Scheme 2. Waymouth and his collaborata@iso proposed a
similar reaction mechanism, as shown in Scheme 3. In these
reaction mechanisms, neither the alkene insertion into théiZr
bond nor the alkene insertion into the-Z3iR; bond is involved,
but the coupling reaction between £Zp(alkene) and silane is
involved. Kambe and his collaborators catalytically synthesized
vinylsilane from alkene and various silane:-%iPhy (X = ClI,
SPh, SePh, or TePh), with 4rCl,.1® They suggested that
vinylsilane was produced through not only alkene insertion into
the Zr—SiR; bond but also the coupling reaction between-Cp
Zr(alkene) and silane, as shown in Scheme 4. Recently,
Takahashi and his collaborators reported the reaction ef Cp
Zr(alkene) with chlorosilane and its Ge and Sn analogues, Cl
EPh (E = Si, Ge, or Sn}? In their work, they proposed the
coupling reaction between gZr(alkene) and H-SiRs, as shown
in Scheme 5. All of these reports suggest that theZGp
catalyzed hydrosilylation of olefin proceeds through a new
mechanism including the coupling reaction betweenZtp
(alkene) and silane. However, there is no direct evidence of
this coupling reaction, and it is ambiguous why this reaction
can take place in the Gpr-catalyzed hydrosilylation of alkene.
On the other hand, insertion of ethylene into the-Zityl
and Hf-silyl bonds was experimentally reported, while it
occurred very slowly° This report suggests that the zirconium-
catalyzed hydrosilylation of alkene proceeds through the modi-
fied Chalk—Harrod mechanism. In the hydrosilylation of alkene
catalyzed by organolanthanide and organoyttrium complexes
which are similar to the organozirconium complexes, however,

catalyzed and the rhodium-catalyzed hydrosilylations take placethe Chalk-Harrod mechanism was proposed as a plausible

through Chalk-Harrod and modified ChatkHarrod mecha-
nisms, respectiveli?14

mechanism, except that the product release step was not usual
Si—C reductive elimination but-bond metathesi&: 22 Above-

However, the third mechanism was experimentally suggestedmentioned reports indicate that there is considerable confusion

by Takahashi, Negishi, and their collaborat8ré which the
product was produced through the reaction obZfalkene)

in the discussion of the reaction mechanism of the zirconium-
catalyzed hydrosilylation of alkene. Thus, a detailed investiga-

and silane (eq 1). Shortly thereafter, the catalytic cycle including tion is necessary to clarify the catalysis of zirconium complexes.

the metathesis-like coupling reaction betweenZtfalkene) and
silane was proposed by Corey and his collaborttas shown

(6) (a) Ojima, I.; Yatabe, M.; Fuchikami, D. Organomet. Cheni984 260,
335. (b) Ojima, I.; Clos, N.; Donovan, R. J.; Ingallina,@xganometallics
199Q 9, 3127.

(7) Oro, L. A.; Fernandez, M. J.; Esteruelas, M. A.; Jimenez, MJ.SVlol.
Catal. 1986 37, 151.

(8) Ruiz, J.; Bentz, P. O.; Mann, B. E.; Spencer, C. M.; Taylor, B. F.; Maitlis,
P. M. J. Chem. Soc., Dalton Tran%987, 2709.

(9) Bergens, S. H.; Noheda, P.; Whelan, J.; BosnichJ.BAm. Chem. Soc.
1992 114, 2128.

(10) Duckett, S. B.; Peruz, R. NDrganometallics1992 11, 90.

(11) Vinylsilane is produced from alkenes through theKCo-bond activation
of alkenes followed by reductive elimination between vinyl and silyl
groupst! This means that the formation of vinylsilane does not necessarily
provide evidence of the modified Chatiklarrod mechanism. (b) Ruiz, J.;
Bentz, P. O.; Mann, B. E.; Spencer, C. M.; Taylor, B. F.; Maitlis, P.JM.
Chem. Soc., Dalton Tran4987 2709.

(12) Brookhart, M.; Grant, B. EJ. Am. Chem. Sod.993 115 2151.

(13) (a) Sakaki, S.; Ogawa, M.; Musashi, Y.; Arai,Jl.Am. Chem. S0d.994
116, 7258. (b) Sakaki, S.; Mizoe, N.; Sugimoto, @rganometallics1998
17, 2510. (c) Sakaki, S.; Mizoe, N.; Musashi, Y.; Sugimoto, M.Mol.
Struct. (THEOCHEM)1999 461-462 533. (d) Sakaki, S.; Mizoe, N;
Sugimoto, M.; Musashi, YCoord. Chem. Re 1999 190-192 933.

(14) Sakaki, S.; Sumimoto, M.; Fukuhara, M.; Sugimoto, M.; Fujimoto, H.;
Matsuzaki, SOrganometallics2002 21, 3788.

(15) Takahashi, T.; Hasegawa, M.; Suzuki, N.; Saburi, M.; Rousset, C. J.;
Fanwick, P. E.; Negishi, E.-U0. Am. Chem. S0d.99], 113 8564.

(16) Corey, J. Y.; Zhu, X.-HOrganometallics1992 11, 672.

In this work, we theoretically investigated the &£p-catalyzed
hydrosilylation of alkene with the DFT and MPMP4(SDQ)
methods. Our purposes are to elucidate the reaction mechanism
and to clarify the reasons that the reaction mechanism of the
CpZr-catalyzed hydrosilylation and the mechanisms of others
such as Pt- and Rh-catalyzed hydrosilylations are different. Our
emphasis of the efforts here is to present theoretically a very
complicated new reaction mechanism which involves a new type
of Si—H o-bond activation reaction between £Zp(alkene) and
silane, to elucidate the key interaction that plays a crucial role
in the coupling reaction, and to clarify the reason that thge- Cp
Zr-catalyzed hydrosilylation of alkene takes place through a very
complicated reaction mechanism.

(17) Kesti, M. R.; Waymouth, R. MOrganometallics1992 11, 1095.

(18) Terao, J.; Torii, K.; Saito, K.; Kambe, N.; Baba, A.; SonodaAxgew.
Chem., Int. Ed1998 37, 2653.

(19) Ura, Y.; Hara, R.; Takahashi, Them. Lett1998 195.

(20) Arnold, J.; Engeler, M. P.; Elsner, F. H.; Heyn, R. H.; Tilley, T. D.
Organometallics1989 8, 2284.

(21) Fu, P.-F.; Brand, L.; Li, Y.; Marks, T. J. Am. Chem. Sod995 117,
7157.

(22) Molander, G. A.; Nichols, P. J.; Noll, B. @. Org. Chem1998 63, 2292.

(23) Dask, A. K.; Wang, J. Q.; Eisen, M. ®rganometallics1999 18, 4724.
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o Becke. A DPhvs. Re. A 1988 38 3098. (b Becke. A. DJ. Ch ing a frequency calculation and examining what geometry changes are
24 é?ysizgeé 08 564){3%' e 838, - (b) Becke, A. DJ. Chem. going to occur in the imaginary frequency. We present Supporting
(25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. Information Figures S-tS-8 to show the value of the imaginary
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induces a very small entropy change, as will be discussed below. The
former method apparently overestimates the entropy effects and the
thermal energy of the solution reaction, because translation and rotation
movements are highly suppressed in solution. On the other hand, the
latter method underestimates the entropy effects and the thermal energy,
because translation and rotation movements are not completely sup-
pressed in solutioff. The true value would be intermediate between
the value by the former method and that by the latter one, and more or
less close to the free energy change estimated by the latter method,
when the reaction is carried out in solution. Because this ambiguity
remains in the estimation of the entropy and thermal energy, we will
discuss each elementary step based on the usual total energy changes
with and without zero-point energy correction. We will then discuss
the energy changes along the entire catalytic cycle based on both the
usual total energy change and the free energy change at 298 K. Of
course, the free energy change does not differ so much from the total
energy change in the elementary steps that involve neither the formation
of adduct nor the release of product. Also, the free energy change that
is evaluated by considering only vibration movements does not differ
so much from the total energy change. The significant difference
between the free energy change and the total energy change is observed

frequency and the geometry changes that are going to occur in thein the elementary process that involves either the formation of adduct

imaginary frequency.

or the release of product, when translation, rotation, and vibration

Two kinds of basis set systems were used here. The smaller systemmovements are considered in the estimation of free energy.

(BS-l) was employed in geometry optimization. In this BS-I, core

The Gaussian 98 program package was used for all of these

electrons (up to 3d) of Zr were replaced with effective core potentials calculation$® Population analysis was carried out with the method
(ECPs) proposed by Hay and Wadt, and its valence electrons wereproposed by Weinhold et &l. Contour maps were drawn with the

represented with a (311/311/111) &€ore electrons of Si (up to 2p)

were also replaced with ECPs, and its valence electrons were

represented with a (21/21/1) $étwvhere a d-polarization function was
addec® For C and H atoms, usual 6-31G basis ¥etere used, where

Molden program package.

We carried out theoretical calculations with a reabZpspecies,
while we adopted SilHand ethylene as models of silane and alkene,
respectively, to save CPU time. In this work, we investigated the usual

a d-polarization function was added to the C atom of ethylene and a ethylene insertion into the ZiH and Zr-SiH; bonds, because these
p-polarization function was added to the hydride ligand and the H atom reactions have been reported experimentaiind theoretically? Also,

of SiH, that converts into the hydride ligai®l.The better basis set

we investigated the coupling reactions betweepZg({tC,H,) and SiH,

system (BS-Il) was employed in the evaluation of energy and population leading to CpZr(H)(CH.CH,SiH3) and CpZr(SiHs)(CzHs). A total of

changes. In BS-Il, a (541/541/211/1) Bét-*2was used for Zr with
the same ECPs as those of BS-I. For Si, the Huzir&yening
(531111/521/1) set was employéavith a d-polarization function of
which the exponent was taken from the works of the Schaefer gfoup.
For C and H, 6-31G(d,p) sets were ugeé’ where the d- and
p-polarization functions were excluded from the Cp ligand.

four reaction courses were examined. The final step is either thé C
reductive elimination of CZr(H)(CH,CH,SiHs) or the Si-C reductive
elimination of CpZr(SiHz)(C;Hs), in general. We investigated both
reductive eliminations because the ethylene insertion into theHZr
bond of CpZr(H)(SiHs) yields CpZr(SiHs)(C.Hs) and the coupling
reaction between Ggr(C;H4) and SiH yields CpZr(H)(CH,CH,SiHs)

We evaluated free energy changes at 298 K, in two ways. In one and CpZr(SiHs)(C2Hs), as will be discussed below. In addition, we

way, translation, rotation, and vibration movements were taken into
consideration in the estimation of the thermal energy and free energy,
where all substrates were treated as ideal gas. The DFT/BS-I method
was adopted to calculate vibration frequencies without a scaling factor.
In the other way, vibration movements were considered in the estimation
of the thermal energy and free energy, but translation and rotation
movements were not taken into consideration, because this hydrosily-
lation was carried out in solution in which the translation and rotation
movements are highly suppressed. In the former method, entropy
significantly decreases upon formation of adduct from two molecules,
as expected. In the latter method, on the other hand, formation of adduct

(26) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(27) Wadt, W. R.; Hay, P. . Chem. Phys1985 82, 284.

(28) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,Ghem. Phys.
Lett. 1993 208 237.

(29) Ditchfiled, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54, 724.

(30) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.

(31) Couty, M.; Hall, M. B.J. Comput. Cheni996 17, 1359.

(32) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hievarth, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,Ghem. Phys.
Lett. 1993 208 111.

(33) Dunning, T. H.; Hay, P. J. IMethods of Electronic Structure Theory
Schaefer, H. F., Ed.; Plenum: New York, 1977; p 1.

(34) The exponentf(= 0.50) of the 3d-polarization function of Si was taken
from the many works of the Schaefer group. See, for instance: Brinkmann,
N. R.; Tschumper, G. S.; Schaefer, H.JxChem. Physl1999 110, 6240
and references therein.

(35) In solution, translation and rotation movements are not completely free

but are highly suppressed. This means that the thermal energy and the
entropy deviate very much from the true values if we treat substrates as
ideal gas. However, when we estimate the thermal energy and the entropy
by considering only vibration movements, the values are underestimated,
because translation and rotation movements are not completely suppressed
but somewhat contribute to the thermal energy and the entropy in solution;
for instance, the translation movement considerably occurs as shown by
the rapid diffusion rate, and the rotation movement somewhat occurs in
nonpolar solvent. Also, the solvation structure changes upon formation of
the precursor complex, which contributes to the entropy effect. Unfortu-
nately, we do not know how to estimate partition functions of translation
and rotation movements in solution. One of the reasonable ways is to
estimate thermal energy and entropy with and without translation and
rotation movements and to compare free energy changes evaluated by two
methods, as described in the text.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; 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.; Cliford, 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.; Ortiz,
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..Aaussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.
(37) Reed, A. E.; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 849 and
references therein.
(38) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De€00Q 14, 123.
(39) Endo, J.; Koga, N.; Morokuma, KOrganometallics1993 12, 2777.

(36)
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Figure 1. Geometry changes in the ethylene insertion into thetZand Zr-SiH; bonds of CpZr(H)(SiHs) 1. Bond lengths are in angstroms. In parentheses
are the relative energies (kcal/mol) tIpwhere the DFT(B3LYP)/BS-Il method was employed.

investigated ethylene-assisted-8 and Si-C reductive eliminations
and metatheses of gfr(H)(CH,CH,SiHz) and CpZr(SiHz)(C.Hs) with
SiH,, because direct€H and Si-C reductive eliminations are difficult,
as will be discussed below.

Results and Discussion

Reaction between CpZr(H)(SiH 3) and Ethylene.Because
our present DFT calculations showed that the ISioc bond of
SiH,4 easily underwent the oxidative addition to&Zp with no
barrier, we omitted the discussion of the-8i oxidative addition
to the CpZr species. Here, we start to investigate the reaction
of ethylene with Cgzr(H)(SiHs), 1. As shown in Figure 1,

in which MP2 calculations showed that ethylene was easily
inserted into the ZrH bond with a small activation barrier of
3.8 kcal/mol®

On the other hand, the other structure of the ethylene complex,
CpZr(H)(SiHs3)(CoHy), 3, could be optimized, in which ethylene
took a position near the SgHgroup, as shown in Figure 1.
Although a transition state would exist between the reactant
and 3 like TS;—»a, we omitted its optimization, because the
ethylene insertion into the ZSiH; bond is concluded to be
very difficult (vide infra). In3, ethylene is far from the Zr center
with little lengthening of the &C double bond. Actually3 is
not very stable as compared to the reactant C,H; (see

ethylene approaches the Zr center through transition statebelow). From3, ethylene is inserted into the Z6iH; bond

TSi1-24, to afford an insertion product, Gpr(SiHz)(CzHs), 2A.

The geometry ofTS;—,a does not seem to correspond to
ethylene insertion into the ZH bond, because the ZC and
C—H distances are very long. Actually, geometry changes in

through transition stat&Ss—4a, to afford CpZr(H)(CH,CH,-
SiH3), 4. In this TS3-4a, the SiH; group considerably changes
its direction toward ethylene with little lengthening of theZr
Si distance. The ZrC distance is still 2.889 A, which is

the imaginary frequency correspond to the approach of ethyleneconsiderably longer than that of the proddctThis feature is

to the Zr center and distortion of &r(H)(SiHs), as shown in
Supporting Information Figure S-1. Thus, this is the transition

quite different from that observed in the ethylene insertion into
Pt—H, Pt=SiH;, Rh—H, Rh—SiH3;, Ni—CHs, Cu—H, and Cu-

state for ethy|ene approach to the Zr center. However, an CHs bonds in which the metaialkyl bond is almost formed at

ethylene complex, GZr(H)(SiH3)(C,H4), could not be opti-

the transition stat&*1440410ne of the plausible reasons is that

mized, and the geometry optimization of this ethylene complex €thylene approaches the Zr center with difficulty because of

led to the insertion product, GPr(SiHz)(C.Hs), 2A; in other
words, the ethylene insertion into the-Z bond proceeds with
no barrier after this transition state. A similar result has been
reported in the previous theoretical study of hydrozirconatfon,

3336 J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004

the steric repulsion with two Cp ligands; note that two Cp

(40) Sakaki, S.; Musashi, Mnorg. Chem.1995 34, 1914.
(41) Tomita, T.; Takahama, T.; Sugimoto, M.; SakakiOBganometallic2002
21, 4138.
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Table 1. Activation Barrier (E;) and Energy of Reaction (AE) of
the Ethylene Insertion into the Zr—H and Zr—SiH3 Bonds
(kcal/mol)

Ethylene Insertion into the ZrH Bond

E2 AEP
DFT 2.1 —24.6
MP2 5.8 —41.4
MP3 3.5 —-32.6
MP4(DQ) 3.2 —-32.7
MP4(SDQ) 3.0 —34.2
Ethylene Insertion into the ZrSiHz; Bond
BE® E2 AEb
DFT 2.4 41.0 —-17.519.1)
MP2 —-5.5 35.9 —29.3 (-23.8)
MP3 —2.6 47.8 —24.5(21.9)
MP4(DQ) —-25 48.2 —23.8 (-21.3)
MP4(SDQ) —-2.6 44.5 —24.3(21.7)

aThe energy difference between the reactant complex and the transition
state.” The energy difference between the reactant and the product. A
negative value means that the reaction is exotherifiibe energy difference

could not perform MP4(SDQ) calculations in the product release
steps due to the large size of the system. We will present our
discussion based on the DFT method with some caution, which
will be described below in more detail.

Reaction between CpZr(C,H4) and SiHs. As shown in
Figure 2, silane, Silfj approaches the Zr center of £Zp(C,H,),
5, to afford two kinds of reactant complexes,ZH{C>H4)(SiHs),
6A and6B, where the H atom of SilHtakes a position close to
ethylene in6A and the SiH group takes a position close to
ethylene in6B. In these reactant complexes, the-2thylene
distance becomes longer thanSrand the G=C double bond
becomes shorter to 1.442 and 1.440 A @A and 6B,
respectively, than that (1.471 A) 6f These geometrical changes
suggest that the interaction between ethylene and the Zr center
becomes weak by the interaction between,3iRd the Zr center.
Actually, the interaction between the Zr center and Sisl
considerably strong, which will be discussed below in more
detail. Also, the StH bonds of6 A and6B are slightly longer

between the reactant complex and the reactants. A negative value meang¢han that of free Sihby ca. 0.02 and 0.04 A, respectively, and

that the reactant complex is more stable than the reactants.

ligands open toward the H and Silgroups bound with the Zr
center but ethylene must approach the Zr center from the
direction in which two Cp ligands do not open (see Figure 1).
As shown in Table 1, the binding energy (BE) of the reactant
complex, the activation barrieEf), and the energy of reaction
(AE) are calculated with various methods, where the BE value

the Zr—H distance is rather similar to the Zhydride bond
distance. These features resemble well those of the complex
that involves an agostic interaction between the metal center
and the Si-H bond31* This suggests that these reactant
complexes are formed through the interaction similar to the
agostic interaction. Because the-$l bond of6B is longer than

that of 6A, the interaction between the Zr center and Sii

6B is stronger than that i6A, which is consistent with the fact

is defined as the energy difference between the reactant complexy o the distance between the Zr center and ethylene is shorter

and the reactants, th& value is the energy difference between
the transition state and the reactant complex, and\thealue

is the energy difference between the product and the reactants
Apparently, all of the computational methods employed here
show that the ethylene insertion into the-#t bond takes place
with nearly no barrier and significantly large exothermicity. This
result agrees well with the previous theoretical work of
hydrozirconatiorf® On the other hand, all of the computational
methods here indicate that the ethylene insertion into the Zr
SiH3; bond requires a very large activation barrier. This result
is consistent with the experimental result that the alkene insertion
into the Zr—silyl and Hf—silyl bonds needs a very long reaction
time 20 In general, the ethylene insertion into the18iH; bond
needs a larger activation barrier than does the insertion into the
M—H bond because the Sitgroup has a directional galence
orbital but the H(hydride) ligand has a spherical 1s orBitéf.
Thus, it should be clearly concluded that the,Dpcatalyzed
hydrosilylation of alkene does not proceed through the modified
Chalk=Harrod mechanism.

We wish to mention the reliability of the computational
method here. The DFT method provides a considerably smaller
AE value than does the MP4(SDQ) method in both insertion
reactions, while a similar activation barrier was calculated from
both the DFT and the MP4(SDQ) methods. BecauseAke
value converges upon going from MP2 to MP4(SDQ), the MP4-
(SDQ) method is considered reliable. Also, the binding energy
(BE) of the reactant comple3 was calculated to be positive
by the DFT method, while the MP2VIP4(SDQ) methods
provide —3 to —6 kcal/mol of the BE value. This is probably
because the DFT method with the B3LYP functional does not
incorporate well the dispersion enef§@nd underestimates the
binding energy. Thus, the MP4(SDQ) method is better than the
DFT method for the ethylene insertion reactions. However, we

in 6A than that in6B.

In the transition stat@ Sga—2a leading to2A, the H atom is
moving from the Si atom to ethylene, where the-Bidistance
somewhat lengthens by ca. 0.1 A but the i€ distance is still
long (2.190 A). The Z+C distance is only 0.093 A longer than
that of the producRA. These features indicate that the—Zr
alkyl bond is already formed in this transition state but theHC
bond is not formed yet and the-SH bond is still kept. One of
the important geometrical features is that the-HBr distance
(1.980 A) is similar to the Z+hydride bond ofl. This indicates
that a considerable bonding interaction exists between the Zr
center and the H atom that is moving from the Si atom to
ethylene, while the SiH bond is almost kept in the transition
state.

In the other transition stafESgs—44 leading to4A, the Si-H
distance becomes considerably longer than that of freq, SiH
and the SiC distance is about 0.37 A longer than that of the
product4A. The Zr—C distance (2.290 A) is almost the same
as that of4A. These features again indicate that the formation
of the Zr—alkyl bond is already completed in the transition state
but the formation of the SiC bond is on the way. An important
feature of this transition state is that the Si atom takes a five-
coordinate structure. This suggests that the Si atom takes
hypervalency in the transition state. Because of this hyperval-
ency, this reaction easily proceeds, as will be discussed below
in more detail.

The BE,E, andAE values are listed in Table 2. Apparently,
all of the calculations show that the coupling reaction between
CpZr(CzH4) and SiH, easily occurs with either nearly no barrier
to afford 2A or a very small barrier to affordA. It is also

(42) Forinstance: (a) Kristhan, S.; Pulay,Ghem. Phys. Letil994 229, 175.

(b) Perez-Jorda, J. M.; Becke, A. Bhem. Phys. Lettl995 233 134.

J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004 3337



ARTICLES

Sakaki et al.

2006 1.540

TSgp_ga (150.7iem™)

6A TSgq-24 (91.3icm™!) 2A
(-7.9) (-24.9)
AE,=0.3

1.793

1.847
()

(-7.4)
AE,=5.0

(-17.8)

Figure 2. Geometry changes in the coupling reaction betwees?@,H.), 5, and SiH. Bond lengths are in angstroms. In parentheses are the relative
energies (kcal/mol) t&, where the DFT(B3LYP)/BS-Il method was employed.

Table 2. The Stabilization Energy (BE)?2 of the Reactant Complex,
the Activation Barrier (E,),? and the Energy of Reaction (AE)¢ in
the Reaction between Cp,Zr(C2H,) and SiH4 (in kcal/mol)

Reaction Leading to GZr(CzHs)(SiHs), 2A

metal center, as described abd¥@he energy of reactiom\E)
calculated by the DFT method is much smaller than that
calculated with the MP2MP4 methods such as that of ethylene
insertion reactions (see below). TA& value converges te-33

BE Ea AE to —35 kcal/mol in the reaction leading A and—24 to —25
DFT —8.2 0.3 —24.9 (-16.7) kcal/mol in the reaction leading A upon going from MP2
MP2 199 18 34 Ejgg to MP4(SDQ). Thus, the MP4(SDQ) method is considered
MP4(DQ) —15:8 1:2 _33:3 (—17:8) reliable for estimating theAE value, but the DFT method
MP4(SDQ) —-16.6 0.8 —35.9(-19.3) underestimates th&E value in the coupling reaction between
Reaction Leading to GZr(CH,CH,SiHz)(H), 4A szZr.(C2H4)' and SiH. On the other hapd, all pf .the methods
here including the DFT method provide a similAE value
BE E. AE .
relative to the reactant complex. These results suggest that the
,E)A';E :;g'i 2(3) :%Z'g 852;;1) DFT method underestimates the dispersion energy in all of the
MP3 _194 6.5 —24.4 (-5.0) species here to a similar extent and the energy change after the
MP4(DQ) —20.0 6.3 —24.4 (—4.4) reactant complex is reliably calculated with the DFT method,

aThe energy stabilization of the reactant complex relative to the sum of
CpZr(CzH4) and SiH. A negative value represents that the reactant complex
is more stable than the reactarit¥he energy difference between the
reactant complex and the transition st&t€he energy difference between

the product and the sum of reactants. A negative value represents that th

reaction is exothermic.

noted that the BE value is considerably large in MR2P4-

It is of considerable interest to clarify the important interaction
in this coupling reaction. The contour maps of HOMO at the
transition state3 Sga—2a and TSge—4a are shown in Figure 3.
Both contour maps clearly display that the stramgback-
donating interaction is formed between theadbital of Zr and
the z* orbital of ethylene. One of the important features here
is that the Si-H o* orbital starts to mix into ther-back-donating

(SDQ) computations. This means that the interaction betweenorbital in a bonding way in these transition states; this orbital
the Zr center and SiHis considerably strong, as mentioned mixing leads to the StH bond fission and either formation of
above. Although the similar activation barrier is calculated with C—H and ZrSiH; bonds inTSga—_24 or formation of G-Si

all of the methods adopted here, several discrepancies areand Zr—H bonds inTSeg—4a, as is schematically shown in
observed between the DFT method and the others. For instanceScheme 6. Thus, it is reasonably concluded that the strong
the DFT method underestimates the BE value, as compared tar-back-donation is necessary to achieve this coupling reaction.
the other methods. This is because the DFT method cannotActually, CpZr(CzH,) involves much stronget-back-donation
incorporate well the dispersion energy that plays an important than does PtG{PHs)(C;Hy), as follows: The NBO charge of
role in the interaction between thebond and the transition  CyH4 is —0.709e in CpZr(CoHy4) but —0.137e in PtCI(Pk)2-

3338 J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004



Cp2Zr-Catalyzed Hydrosilylation of Ethylene ARTICLES

(A) TSga-24 (B) TSgp_4a

Figure 3. Contour maps of HOMOs of the transition states of the coupling reaction betwe@n(CgH,), 5, and SiH. Contour values are 0.6;0.0125,
+0.025,40.0375, and so on (in@ au=3/?), where the HF/BS-Il method was employed.
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(CoHy), where these populations were calculated with the DFT/
BS-Il method?3 The very strong ghr* interaction between the  zr into which thes* orbital of ethylene overlaps in a bonding
Zr center and gHy results from the fact that Gir has ad  way. This means that the bonding interaction exists between
orbital at much higher energy than does BtRHs), as was  the Zr center and the H atom, which is consistent with thetZr
previously shown by u$' Because of the very strongback- distance that is similar to the Zhydride bond distance. In the
donation interaction, the Zr¢€ls) moiety in CpZr(CzHa) is HOMO of TSgs_4g, the bonding interaction between the Si atom
understood in terms of a metallocyclopropane ring and the and the C atom of ethylene is clearly observed. Thus, the Si
coupling reaction is characterized to lebond metathesis  atom takes a five-coordinate system, as discussed above. More
between the ZrC bond of metallocyclopropane and the-$i important is that ther-back-donation of the ZrC;H, moiety
bond, as shown in Scheme 7. The high energy of the d orbital provides negative charge on the C atom because the negatively
of CpZr is also responsible for new reaction courses of the charged species tends to take an axial position of the hypervalent
product release step in the £Zp-catalyzed hydrosilylation of  sj atom. Again, it is clearly shown that the very strondpack-
alkene, as will be discussed below. donation of the Z+C,H4 moiety is necessary for this hyper-
At the end of this section, we wish to mention the relations yalency.

between the HOMO and the ZH bonding interaction observed Si—C Reductive Elimination of Cp,Zr(SiH 3)(CH2CH3), 2.
in TSea—24 and between the HOMO and the hypervalency of The reductive elimination was experimentally proposed as the
the Si atom observed iMSgg-48. IN the HOMO 0f TSga—24, final step of the catalytic cycle in genefallthough 2A is
the H atom is involved in the positive phase of theodbital of directly formed through the ethylene insertion into the-Br
(43) The effective core potentials and basis sets of the same quality as that ofbond f"md the cogplmg_ re_actl_on betwe.erkm.zH‘l) and.S.IH’

BS-l were used in the geometry optimization with the DFT(B3LYP) the Si—C reductive elimination oRA is considered difficult

e o Hectons L o 1l e pit vt e o bcause one of the H atoms of he ety group takes ar

21/1) sets, respectivel§-28 Electron populations were evaluated with the ~ Unfavorable position for the approach of the Sioup to the

same ECPs and better basis sets, (541/541/111) set for Pt, while the sameethy| group We Optimized the rotation isomers. as shown in
basis sets were used for Cl and%P28.31 : !

(44) Sakaki, S.; Takayama, T.; Sugimoto, ®rganometallic2001, 20, 3896. Figure 4. The rotation isomer2B and 2C are slightly more
In this work, the d orbital energy of Gpr is compared to that of Pt(R}.
The former is at much higher energy than the latter. The d orbital o(PtCI stable thanZA’ Where_ZB possesses the ethyl group almost
(PHs) is considered to be much lower than that of P{RH perpendicular to the SiZr—C plane an®@C possesses the ethyl
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(:I)ZZI‘ + (:H:;CHzSiHj

—_—

TS;pr  (40.3) R (33.4)
AE,=41.8

TSAm;p s (25.0)

2A (0.0) AE,=26.5 Cp:Zr—-|| + CH;CH,SiH,

5 (—6.4)

TSBy—s (28.7)
AE,=30.7

Figure 4. Geometry changes in the-SC reductive elimination of GZr(C,Hs)(SiHs), 2. Bond lengths are in angstroms. In parentheses are the relative
energies (kcal/mol) t@A, where the DFT(B3LYP)/BS-Il method was employed.

group on the SiZr—C plane but in the direction reverse from (TSAzs-s and TSB,c—s) were optimized, as shown in Figure
that of2A. The transition state of the rotation was not optimized 4; in TSA2g-s, ethylene approaches the Zr center so as to push
here because such rotation easily occurs in general. ThRE Si  the SiH; group toward the ethyl group, while iWSByc-5
reductive elimination proceeds through the transition state ethylene approaches the Zr center so as to push the ethyl group
TS2-r, to afford CpZr R and CHCH,SiH; (see Figure 4). In toward the SiH group. In TSAz-5 the Zr—Si distance
TS,s-r, the Zr—Si and ZrC distances lengthen to 3.114 and moderately lengthens to 2.953 A, but the direction of thesSiH
2.498 A, respectively, while the SC distance is 2.033 A, which  group slightly changes toward the ethyl group. On the other
is only 0.1 A longer than that of the product. This transition hand, the Z+C distance somewhat lengthens to 2.691 A, and
state is product-like. Consistent with its geometry, the activation the alkyl group considerably changes its direction toward the
barrier and the endothermicity are very large (41.9 and 33.4 SiHs group. The Si-C distance is 2.351 A, which is consider-
kcal/mol, respectively), where the activation barrier and the ably longer than that of the product. These features suggest that
energy of reaction calculated with the DFT(B3LYP)/BS-Il the Zr—SiHz bond is almost kept while the ZC bond fission
method are given hereafter because the MWMP4(SDQ) and the Si-C bond formation are on the way in this transition
methods could not be applied to the product release step suclstate. The distance between ethylene and the Zr center is about
as ethylene-assisted reductive elimination and metathesis (se®.2 A longer than that of GZr(C;Ha), 5, and the E&=C distance
below) because of their large size. It should be clearly concludedis shorter than that 0. Although the ethylene coordination
that this direct S+-C reductive elimination is very difficult. We  with the Zr center has not been completed yet in this transition
stopped to optimize the transition state of the-Sireductive state, ethylene is approaching the Zr center, and theffylene
elimination starting fron2B and2C, considering the very large  distance indicates that the bonding interaction exists between

activation barrier and endothermicity of this reaction. the Zr center and ethylene. This bonding interaction contributes
We then examined the ethylene-assisted-Gireductive  to the stabilization of the transition state.
elimination leading to CgZr(C;Hs), 4, and CHCH,SiH;, In the other transition stat€SB,c-s, the Zr—Si distance is

because our previous theoretical work showed that the coordina-2.763 A, which is almost the same as that28, while the

tion of ethylene decreased the activation barrier of the reductive Silyl group is changing its direction toward the ethyl group. The
eliminatiort314 and Ozawa et al. experimentally reported that Zr—C distance considerably lengthens to 2.827 A. TheGSi
alkyne accelerated the-SC reductive elimination of Pt(Si}- distance is 2.390 A, which is considerably longer than the usual
(CH3)(PRs)2.% In this reaction, two kinds of transition states Si—C bond, and the ethyl group also changes its direction toward
the SiH; group. These geometrical features indicate that the Zr
(45) Ozawa, F.; Hikida, T.; Hayashi, T. Am. Chem. S0d.994 116, 2844. SiH3; bond is still kept in this transition state while the-%&
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>B + SiH, \
CpZZ \ + CH3CH2SiH3
H
2C + SIH4 / 1 (6.7
+ SiH,
\ .
szz< + CyH,
SiH3
+ SiH, / 6 (-13.7)

TSDyeg  (22.7)
AE, =24.7

Figure 5. Geometry changes in the metathesis osZfIC,Hs)(SiHs), 2, with SiHs. Bond lengths are in angstroms. In parentheses are the relative energies
(kcal/mol) to2A, where the DFT(B3LYP)/BS-Il method was employed.

bond formation and the ZC bond fission are on the way. An  group. The Zrethyl distance lengthens to 2.694 A by ca. 0.39
important difference between these two transition states is A, and the ethyl group is changing its direction toward thesSiH
observed in the distance between the Zr center and ethylenegroup. However, the SiC distance is still 2.281 A, which is
ethylene is closer to the Zr centerfi®Azs—s5 than inTSByc—s. somewhat longer than that of the product. From these geo-
This means that ethylene contributes more to the stabilization metrical features, it is reasonably concluded that thetZbond

of TSAzs-5 than that ofTSByc—s. As shown in Figure 4, this  formation is on the way but the SH bond is almost kept and
ethylene-assisted SC reductive elimination needs the activa- the ethyl group is moving to the SiHnoiety of SiH;, with a
tion barrier of 26.5 kcal/mol for the former transition state and change in its direction toward SiHn this transition state. The
the barrier of 30.2 kcal/mol for the latter transition state. These activation barrier is 28.3 kcal/mol, which is much smaller than
activation barriers are much smaller than that of the direeCSi that of the direct Si-C reductive elimination. This is because
reductive elimination. Also, it is noted that the ethylene-assisted the Zr—SiHz bond is kept as it is iA and2B and the Z+H
Si—C reductive elimination is considerably exothermic. From bonding interaction is almost formed in this transition state.

these results, it should be reasonably concluded that thi€ Si From2C, the metathesis proceeds through the transition state

reductive elimination is considerably accelerated by ethylene TSB,c-1 to afford CpZr(H)(SiHs), 1, and CHCH,SiHs. In this

coordination. reaction, SiH approaches the Zr center between the;3iRd
Metathesis of CpZr(CH ,CH3)(SiH3), 2, with SiHs. Cp,- ethyl groups. INTSB,c-1, the C-Si distance is 2.203 A, and

Zr(CH,CH3)(SiH3), 2, also undergoes metathesis with giks the Zr—ethyl distance lengthens to 2.924 A. These geometrical
shown in Figure 5. FroB, the metathesis takes place through features indicate that the Zethyl bond is almost broken while
TSAzs-1 to afford CHCH,SiHz with concomitant formation the Si—C bond formation is on the way. The ZH distance is

of CpZr(H)(SiHs), 1. In this reaction, Sijapproaches the Zr  1.860 A, while the Si-H distance is 1.728 A. Thus, the-SH
center from the side of the ethyl group. Ti®Azs-1, the Zr—H bond becomes somewhat weak in this transition state, while
distance is 1.909 A, which is almost the same as that while the Zr—H bond formation is almost completed. The activation
the Si-H distance moderately lengthens to 1.605 A and the barrier (36.7 kcal/mol) o SB,c-1 is considerably larger than
SiH; moiety of SiH, is changing its direction toward the ethyl that (28.3 kcal/mol) of TSAzs-1. However, a significant
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Figure 6. Geometry changes in the-& reductive elimination of CgZr(H)(CH,CH,SiH3), 4. Bond lengths are in angstroms. In parentheses are the relative
energies (kcal/mol) tdA, where the DFT(B3LYP)/BS-Il method was employed.

difference in geometry is not observed betw8éA,5-; and
TSByc-1 except for the position of the ethyl group. The
difference in thek, value betwee SAg—1 and TSB,c—; would

theoretical calculation with more realistic hydrosilane would
facilitate the hydrosilylation as compared to the hydrogenation.

C—H Reductive Elimination of Cp,Zr(H)(CH ,CH,SiH3),

be attributed to the steric repulsion between the ethyl group 4. Although4A is directly formed through the ethylene insertion
and Cp ligands, as follows: The ethyl group must approach into the Zr-SiH; bond and the coupling reaction betwe&n

the Cp ligands to change its direction toward SiTSByc-1,

as shown in Figure 5, while the ethyl group is distant from the
Cp ligands inTSA2z-1. As a result, the steric repulsion between
the ethyl group and Cp ligands is largerTi®B,c-1 than that

in TSAE-1.

If the orientation of Sikd becomes reverse iiSAz-1 and
TSBoc-1, CpZr(SiHs), and GHg are formed as products. These
transition statesTSCyg—s and TSD,c—, Were optimized, as
shown in Figure 5, and the activation barrierT®Cys—s Was
estimated to be 25.1 kcal/mol and thatTDyc-¢ Was 24.7
kcal/mol (the DFT/BS-II method). These activation barriers are
slightly smaller than that of SA,s-;1. Thus, the hydrosilylation

and SiH, we optimized the rotation isoméB, which is slightly
more stable thadA, as shown in Figure 6. The transition state
of the rotation around the -©C bond was not optimized here
because this rotation is expected to occur easily. ThéHC
reductive elimination takes place through two kinds of transition
states,TSA4a-r and TSB4g-r, to afford CpZr R and CH-
CH,SiHj3, as shown in Figure 6. In the transition std®A4a—r,
the Zr—H distance slightly lengthens to 1.905 A by only 0.045
A, and the Zr-C distance slightly lengthens to 2.341 A by only
0.028 A. These bond lengths suggest that theland Z—C
bonds are almost kept SA4a-r. On the other hand, the-€H
distance of 1.408 A suggests that the-i& bond formation is

would compete with the hydrogenation. Consistent with these on the way. In the other transition stat&Bys—r, the Zr-H
computational results, Takahashi and his collaborators reporteddistance (1.892 A) is similar to that ®5Ass-r, while the CG-H
that hydrosilane was completely consumed but the yield of distance is slightly shorter and the-Z€ distance is somewhat

hydrosilylated product did not reach 100%, while byproduct
was not clearly describédf the bulky substituent is introduced
in the Si atom instead of the H atoMSCog—s and TSDoc—g
would become more unstable, becauseZL{5iRs), becomes
less stable due to the steric repulsion of two bulky silyl groups.
H,SiPh was used in the experimental wofk.Thus, the
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longer than those of SAss-r. The E; values, 25.5 kcal/mol
for TSB4g—r and 31.2 kcal/mol fol SA4s-r, are much smaller
than that (41.9 kcal/mol) of the direct-SC reductive elimina-
tion. However, the €H reductive elimination is significantly
endothermic like that of the direct-SC reductive elimination.
Thus, the direct €H reductive elimination is difficult, too, like
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Figure 7. Geometry changes in the metathesis 0bZH)(CH2CH.SiHs), 4, with SiHs. Bond lengths are in angstroms. In parentheses are the relative
energies (kcal/mol) t@B, where the DFT(B3LYP)/BS-Il method was employed.

the direct S-C reductive elimination. Here, we omitted further
discussion of the direct-€H reductive elimination.

We then examined the ethylene-assistegHC reductive
elimination. As shown in Figure 6, this ethylene-assiste¢HC

CH,SiHs), 4, with SiHs. This metathesis proceeds through two
kinds of transition stateg,SA4s-1 andTSBys-1, to afford Cp-
Zr(H)(SiHs3), 1, and CHCH,SiHs, as shown in Figure 7. In one
transition statd SA4g-1, SiH4 approaches the Zr center between

reductive elimination takes place through the transition state the H and CHCH,SiH; ligands. The Si-H distance consider-

TSA4s-5 to afford CpZr(C:Hg), 5, and CHCH,SiHz. In

ably lengthens to 1.885 A by 0.39 A, and the-Bi distance is

TSA4s-s, ethylene approaches the Zr center from the side of 2.822 A, which is almost the same as that obZiH)(SiHs).

the H ligand. The ZrH distance moderately lengthens, while
the Zr—C distance considerably lengthens. Thekdistance

is 1.424 A, and the alkyl group is changing its direction toward
the H ligand. The Zrethylene distance is slightly longer than
that in CpZr(CzH4), which indicates that ethylene coordination
considerably contributes to the stabilization of this transition
state. As a result, the activation barrier (5.0 kcal/mol) is very
small. Also, it should be noted that the—®& reductive

However, the G-H distance is still long (1.494 A), and the
Zr—C distance somewhat lengthens to 2.599 A by 0.286 A.
These geometrical features indicate that the-Zir bond is
already formed but the Zralkyl bond is weakened, and the H
atom is moving from the Siklgroup to the alkyl group. This
transition state is essentially the same as that of heterolyild C
o-bond activation of benzene by Pd(Il) compt&xn the other
transition statelT SB4g-1, SiH, approaches the Zr center from

elimination becomes remarkably exothermic in the presence ofthe side of the alkyl group. In this transition state, the-3&i

ethylene. The other transition stat&Bsa—s was also optimized.

In this transition state, the ZH distance little lengthens, while
the Zr—C distance considerably lengthens. Thekdistance

is still 2.773 A, and ethylene is much further away from the Zr
center. These geometrical features suggest that thél rond

is almost kept while the Zralkyl bond fission and the formation

distance is somewhat longer and the-Hidistance is somewhat
shorter than those ofSA4g-1, while the C-H distance is
somewhat longer than that ®5A4g-1. The H atom is moving
from the SiH group to the alkyl group in this transition state,
too, like that iNnTSA4g-1.

The activation barrier o SA4s-1 is evaluated to be 18.4

of the ethylene coordinate bond are on the way. The activation kcal/mol, and that oTSB,g_; is 24.0 kcal/mol. The exother-

barrier (20.9 kcal/mol) is smaller than that of the directiC
reductive elimination but larger than that f68Ass-5. Thus, it
should be concluded that the ethylene-assistetH@eductive
elimination easily occurs throughSA4s-5s with a moderate
activation barrier and considerable exothermicity.
Metathesis of CpZr(H)(CH ,CH,SiH3), 4, with SiH,. The
other possible reaction course is metathesis oZ@pl)(CH,-

micity is considerably large (13.8 kcal/mol). It should be
concluded here that the metathesisdofith SiH, takes place
much more easily than the direct-®l reductive elimination.
Although the geometrical features are similar in both transi-
tion states, the activation barrier 86B4s-1 is somewhat larger

(46) Biswas, B.; Sugimoto, M.; Sakaki, Srganometallics200Q 19, 3895.
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Figure 8. Energy changes in the catalytic cycle including the ethylene insertion into thid Bond followed by either the ethylene-assisted Sireductive
elimination or the metathesis with Sikcal/mol unit). (a) Total energy changes without correction of the zero-point energy. (b) Total energy changes with
correction of the zero-point energy. (c) Gibbs free energy cha@jeat 298 K, where only vibration movements are taken into the estimation of the thermal
energy and entropy. (d) Gibbs free energy char@®® &t 298 K in the gas-phase reaction, where translation, rotation, and vibration movements are taken
into the estimation of the thermal energy and entropy.

than that ofTSA4s-1. This difference is interpreted in terms of  zero-point energy. The free energy changes at 298 K are also
the position of SiH. In TSB4g-1, SiH, takes a position nearto  shown in these figures, where thermal energy and entropy were
the Cp ligands, as shown in Figure 7; note that two Cp ligands evaluated either with consideration of translation, rotation, and
open in the direction to the H(hydride) and &H,SiHz ligands vibration movements or with only consideration of vibration
but SiH, must approach the Zr center from the direction to which movement$® Because the DFT(B3LYP) method tends to
two Cp ligands close. This geometry gives rise to the steric underestimate the energy of reaction, as was described above,
repulsion between SiHand two Cp ligands. ITSA4-1, On the ethylene insertion and the coupling reaction are much more
the other hand, SilHapproaches the Zr center from the direction exothermic by about-810 kcal/mol than those shown in Figures

to which two Cp ligands open. As a result, the activation barrier 8—10. However, the underestimation of the reaction energy does

of TSA4s-1 is smaller than that oT SB4g-1. not interfere with the discussion of the reaction course, because
If the orientation of silane becomes reverse to those in the exothermicity of each elementary step is considerably large
TSA4s_1 andTSByg_1, then different products, GAr(H), and and we do not need to take into consideration the reverse

SiHsCH,CH,SiHs, would be produced. We optimized such reaction in each elementary step. Thus, the correct discussion

transition statesTSCag_7 andTSD4g_7, as shown in Figure 7. of the reaction mechanism can be presented here based on the

The activation barrier 6TSCyg_7 is evaluated to be 36.8 kcal/  DFT-calculatedE, values.

mol and that ofTSD4g-7 is 24.6 kcal/mol, being larger than As discussed above, both &p(H)(SiHs), 1, and CpZr-

that of TSAzg—1. Thus, CpZr(H); and SiHCH,CH,SiH; would (C2Ha), 5, can play the role of the active species, if they are of

not be formed in the GZr-catalyzed hydrosilylation of alkene.  similar stability. If 1 was much more stable th&nwe needed
Energy Changes along the Catalytic CycleSummarizing to excludesS from the active species and vice versa. Thus, we

the above results, the catalytic cycle including ethylene insertion MUst investigate the relative stabilities bands, first. All of

into the ZrSiH; bond should be excluded because this insertion the computational methods here indicate that the energy of

needs the very larg. value and the very large activation free reaction of eq 2 is small: 0.3 kcal/mol with th'e DFT/BS-II

energy AG>), as shown above (see also Supporting Information method, and-5.1, —0.1, 0.6, and 1.7 kcal/mol with the MP2/

Figure S-9 (B)). Also, the direct SiC reductive elimination of BS-II, MP3/BS'”] MP4(DQ)/BS-II, and MP4(SDQ_)/BS'” )

CpsZr(C,Hs)(SiHs) and the direct &H reductive elimination methods, respectively. The free energy change of this reaction

of CpoZr(H)(CH,CH,SiHz) need the considerably largs and is also small £-3.2 kcal/mol at 298 K).

AG®* values with considerably large endothermicity (see above ) )

and Supporting Information Figure S-9). Thus, the catalytic = CRZI(H)(SiHg) 1+ CH,—~ Cp,Zr(C,H,) 5+ SiH,  (2)

cycles including these elementary processes are excluded from

the discussion. Remaining catalytic cycles are the ethylene Thus, both CgZr(H)(SiHs), 1, and CpZr(C;Hy), 5, can play

insertion into the Z+H bond followed by either ethylene-  the role of the active species.

assisted StC reductive elimination or metathesis with QjH Starting from1, the ethylene insertion into the ZH bond

and the coupling reaction between £ZfC,Hs) and SiH occurs with the very smalt, value of 2.1 (2.8) kcal/mol and

followed by ethylene-assisted < reductive elimination, the considerably largAE value of—24.6 (—19.9) kcal/mol, to

ethylene-assisted -SC reductive elimination, or metathesis with  afford CpZr(CH,CHzs)(SiH3), 2, as shown in Figure 8, where

SiH4. The energy changes along these catalytic cycles are showrthe E; and AE values with zero-point energy correction are in

in Figures 8-10. In these figures, we present the activation parentheses and those values without zero-point energy correc-

barrier E;) and the energy of reactiodE) calculated by the tion are out of parentheses hereafter. The activation free energy

DFT(B3LYP)/BS-Il method with and without correction of the  (AG°¥) of this insertion is moderately large (11.6 kcal/mol) in
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Figure 9. Energy changes in the catalytic cycle including the coupling reaction e21Qp,Has) with SiHs, to afford CpZr(CzHs)(SiHs), followed by either

the ethylene-assisted-SC reductive elimination or the metathesis with $ifdcal/mol unit). (a) Total energy changes without zero-point energy. (b) Total
energy changes with correction of the zero-point energy. (c) Gibbs free energy cl@&fge 298 K, where only vibration movements are taken into the
estimation of the thermal energy and entropy. (d) Gibbs free energy ch@figat298 K in the gas-phase reaction, where translation, rotation, and vibration
movements are taken into the estimation of the thermal energy and entropy.

the gas phase, because two molecules combine with each othetion state. In solution, such a big increase in thé°* value

to afford this transition state. Because this reaction is carried does not occur because translation and rotation movements are
out in such a solvent as THF, the free energy change estimatechighly suppressed in solution. These results indicate that both
in the gas phase is much larger than that of the real reattion. the ethylene-assisted -SC reductive elimination and the
We also evaluated th&G°* value by considering only vibration ~ metathesis with silane occur with much difficulty in the gas
movements where translation and rotation movements werephase but take place with a moderate activation energy in
omitted in the estimation. Thus, the estimat®@°* value is solution.

—1.7 kcal/mol. It is likely that this value is too smalkbecause Starting from5, the coupling reaction with Siftakes place
this value is estimated under the assumption that the translationto afford either Cgzr(CH,CHz)(SiHs), 2, or CpZr(H)(CH,-

and rotation movements are completely suppressed in theCH,SiHz), 4. The E; and AE values of the coupling reaction
solution. The true value is intermediate between these two leading to 2 are 0.3 (0.7) and—24.9 (—21.3) kcal/mol,

values?’® From the intermediat, the ethylene-assisted-<Si respectively, as shown in Figure 9, and those of the coupling
reductive elimination and the metathesis with $teke place reaction leading td are 5.0 (5.4) ane-17.8 (—16.5) kcal/mol,
to afford CHCH,SiH; with concomitant formation of Gir- respectively, as shown in Figure 10. TA&** andAG® values

(CoHy), 5, and CpZr(H)(SiHs), 1, respectively. Th&, andAE of the former coupling reaction are 2.0 (1.0) and5.1 (-11.4)
values of the ethylene-assisted reductive elimination are 26.5kcal/mol, respectively, and those of the latter reaction are 6.6
(28.9) and—4.9 (—5.0) kcal/mol, respectively, and those of the  (6.6) and—20.7 (~7.1) kcal/mol, respectively. The reason for
metathesis are 28.3 (31.5) ard.2 (—4.6) kcal/mol, respec-  the much less negativeG® value of the gas-phase reaction is
tively. The activation free energ\AG°¥) and the free energy  easily understood in terms that the product is formed from two
change AG®) of the ethylene-assisted<Si reductive elimina- molecules, CgZr(C,H,) and SiH. However, theAG°* value is
tion are 30.4 (43.7) and 0.8-@.0) kcal/mol, respectively, where  similar to the E; value, because the free energy difference
values without parentheses are estimated by considering onlybetween the precursor compléB andTSgs_4a is taken as the
vibration movements and those in parentheses are free energ\AG°* value (note that Siljcombines with CgZr(C;H,) to afford
changes in the gas phase hereafter. At&* and AG® values 6B in which entropy considerably decreases already). The
of the metathesis are 30.1 (43.9) an@.4 (—4.8) kcal/mol, intermediate2 undergoes either the ethylene-assistedCSi
respectively. The considerably largeG°* values in the gas  reductive elimination or the metathesis with $ilds discussed
phase are reasonably interpreted in terms that either ethyleneabove. From the intermediatg the ethylene-assisted—
or SiH; combines with CgZr(C,Hs)(SiHs) to afford the transi-  reductive elimination takes place to afford @EH,SiH3 with
concomitant formation of GZr(C,Ha), 5, where theE; andAE
(47) (a) This negative activation free energy seems strange, because the transitionyalues are 5.0 (7.5) and10.6 (—7_]_) kcal/mol, respectively,
state, TS;—2a, is formed by two molecules. This result comes from the . . ot ° .
assumption that translation and rotation movements are completely sup- @ Shown in Figure 10. ThAG®* and AG® values of this
pressed in the solution. When only vibration movements are considered in reductive elimination are 6.5 (19.9) an2.8 (—5.4) kcal/mol,
estimation of entropy, it is not unlikely that the entropy increases upon . ot . . .
going fromlb-'r CoHato TSl_éA, Eecause thi§Sl_dZA involves?very weak ) respectively. TheAG®* value in the gas phase is considerably
interaction between 41, and the Zr center and as a result a very smal I i i
vibration frequency bétween them. (b) The translation and yrotation large, because ethy.lt.ane Comblr.les WIthBW)(CHZCHZSIHa)
movements are not completely suppressed but not completely free in the t0 afford the transition state in this ethylene-assistedHC
real solvent system. Thus, the tru&s°* value is intermediate between reductive elimination. On the other hand, theG°* value

these two values;-1.7 and 11.6 kcal/mol, where the latter value was X i
estimated under the assumption that translation and rotation movements bbecomes moderately large when translation and rotation move-

(48) ?:r;gg?qsel;etse;{(éfae,' K. M. S.; Karwowski,Handbook of Atomic Data ments ar(_a no_t tak_en into ConSideratioh' Algcundergoe_s the
Elsevier Science Publ.: Amsterdam, 1976. metathesis with Sikto afford CHCH,SiH3z with concomitant
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Figure 10. Energy changes in the catalytic cycle including the coupling reaction eZiQ@p,Ha) with SiHa, to afford CpZr(H)(C.H4SiHs), followed by
either the ethylene-assisted-@& reductive elimination or the metathesis with Sigkcal/mol unit). (a) Total energy changes without zero-point energy. (b)
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the estimation of the thermal energy and entropy. (d) Gibbs free energy ch@fgat (298 K in the gas-phase reaction, where translation, rotation, and
vibration movements are taken into the estimation of the thermal energy and entropy.
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Figure 11. Theoretically proposed catalytic cycle of the Zpcatalyzed hydrosilylation of alkene. Values in parentheses are the activation barrier and the
energy of reaction (kcal/mol) catalyzed with the DFT/BS-II method.

formation of CpZr(H)(SiHs), 1, where thek, and AE values occur with difficulty in the gas phase but they easily take place
are 18.4 (20.5) ane-10.9 (—8.5) kcal/mol, respectively. The  in solution. Finally, four catalytic cycles are compared in Figure
AG®* and AG® values of this metathesis are 19.0 (32.8) and 11, in which only the modified ChatkHarrod mechanism is
—6.0 (—8.2) kcal/mol, respectively. The considerably lafg@®* not involved because the ethylene insertion into the SiHs
value in the gas phase is easily interpreted in terms that thebond is very difficult. From Figures-811, it is clearly concluded
transition state is formed from two molecules, .Zi{SiHs)- that the most favorable catalytic cycle is the coupling reaction
(C,Hs) and SiH, like the transition state of the ethylene-assisted between Cgzr(C,H4) and SiH, followed by the ethylene-
C—H reductive elimination. However, thé\G°* value is assisted €&H reductive elimination.

moderately large when it is evaluated without translation and  However, we cannot neglect the possibility that,Zp
rotation movements. TheskG°* values suggest that both the catalyzed hyrosilylation of ethylene proceeds through the
ethylene-assisted-€H reductive elimination and the metathesis ethylene insertion into the ZH bond followed by the meta-
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E(Zr-Si) = 55.2 . _ E(Zr-H) = 80.7 : N _
E(Zr-C)=57.3 AE =—6.4 E(Zr-C,H,) = 39.8 E(Zr-C)= 573 AE=-13.5 E(Zr-C,Hy) = 39.8

SiH; H
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I~~~ —_— . ~ "
— Pz/ \ C,Hs C,HeSiH, L CPzZI‘\\ CHSIH;, —  C,HeSill,
+SiH, / +CHy / /
E(Si-H)=95.9 1 SiH; HSi H
_ E(Si—C) = 82.6 E(C-H) = 106.1
E, =265 E(Zr-H) = 74.6 Eq =184 E(Zr-H) =746
AE = 6.4 AE=-13.8

E(Zr-SiH;) = 39.8
aValues (in kcal/mol) are calculated with the DFT/BS-1I method.

E(Zr-SiH3) = 56.2
aValues (in kcal/mol) are calculated with the DFT/BS-II method.

thesis with SiH, when the concentration of Sitis much larger
than that of ethylene. Under such conditiohss formed to a
much greater extent thah Complex1 easily undergoes the
ethylene insertion into the ZH bond to afford2, from which
the metathesis with Sittakes place to afford C4€H,SiHs with the transition states and the product, too.
concomitant formation ofl.. Note that the ethylene-assisted Bond energies related to the metathesis are also shown in
Si—C reductive elimination less easily occurs than the metathesisScheme 8. In the metathesis ofZZ{CH,CHs)(SiHs) with SiH,,
with SiHs under such conditions. Corey et'dland Waymouth  the Si-H bond is broken in addition to the ZC,Hs bond, while
et al!’” experimentally proposed the metathesis 0bZ3(H)- the Zr—H bond is formed in the product-side and the-B&iH3
(CH:CHzR) with hydrosilane and that of Gpr(alkyl). with bond is still kept in the product. Thus, the product-side is very
hydrosilane, respectively. much stabilized. The same situation is observed in the metathesis
It should be noted that the present theoretical calculations of Cp,Zr(H)(CH,CH,SiHs) with SiHg, as shown in Scheme 9.
support the experimental proposal of the coupling reaction  Finally, we wish to explain the reason that the direct Si
between CgZr(alkene) and silan&:17 Also, new findings are  and C-H reductive eliminations are very difficult in the gp
presented here, as follows: The direetld and Si-C reductive Zr-catalyzed hydrosilylation of alkene. As is well known, the d
eliminations are very difficult, but both the ethylene-assisted orbital energy becomes lower upon going to the right-hand side
reductive elimination and the metatheses ofZ2(H)(CH,CH,- from the left-hand side in the periodic table, as previously
SiHz) and CpZr(CH2CHs)(SiHs) with SiHs can occur much  calculated'” This means that the Zr(ll) center$a d orbital at
more easily than the direct-SC and C-H reductive elimina- higher energy than Pt(R}; for instance, the gorbital (HOMO)
tions. of CpZr is calculated to be-2.92 eV, and that of Pt(Pf is
Reasons that CpZr(H)(CH 2CH,SiH3) and CpyZr(CH »- at —4.46 eV with the DFT(B3LYP)/BS-Il method, where their
CH3)(SiH3) Undergo Easily Ethylene-Assisted SiC and structures are taken to be the same as those eZrQH>)
C—H Reductive Eliminations and Metathesis with SiH,. The and Pt(PH)2(CzHy), as typical geometry. As a result, the direct
reason that ethylene-assisted-Siand C-H reductive elimina- reductive eliminations of GiZr(H)(CH,CH,SiHz) and CpZr-
tions easily take place is reasonably understood in terms of bond(CH,CHg3)(SiH3) are very difficult. We believe that this is a
energies. In the direct SIC reductive elimination, the ZSiH; general trend and that both metathesis and ethylene-assisted
and Zr-C;Hs bonds are broken and the-8T bond is formed, reductive elimination play important roles in the early transition-
as shown in Scheme 8. In the ethylene-assistedCSeductive metal complexes.
elimination, the coordinate bond of ethylene with the Zr center
is formed, in addition to the formation of the-SC bond. The
coordinate bond of ethylene is calculated to be 39.8 kcal/mol, A new reaction mechanism of the transition-metal-catalyzed
which considerably contributes to the stabilization of the hydrosilylation of ethylene is theoretically proposed here, which
product. In the transition state, ethylene is approaching the Zr involves a new type of SiH o-bond activation and a product
center, and the coordinate bond of ethylene with the Zr center release process via ethylene-assistegHCeductive elimination.
is formed to some extent. This bonding interaction considerably = Because the two species, £Zp(C;H4) and CpZr(H)(SiHa),
contributes to the stabilization of the transition state. Essentially are similar in stability, we investigated reaction courses starting

the same feature is observed in the ethylene-assisted C
reductive elimination, as shown in Scheme 9; in this case, not
only C—H bond formation but also the coordinate bond of
ethylene with the Zr center contributes to the stabilization of

Conclusions
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from these two species. The ethylene insertion into the Zr
SiH; bond of CpZr(H)(SiHs) needs a very large activation
barrier Ex = 41.8 kcal/mol), where the activation barrier
calculated with the DFT(B3LYP) method is in parentheses.
Thus, the CgZr-catalyzed hydrosilylation of alkene does not
take place through the modified Chalklarrod mechanism. On
the other hand, ethylene is easily inserted into thelibond
with a very small activation barrieEq = 2.1 kcal/mol), to afford
CpZr(SiHz)(CHLCH3). Also, CpZr(CyHy) reacts with Sik to
afford CpZr(H)(CH,CH,SiH3) and CpZr(CH,CHz)(SiH3) with
very small activation barriers of 5.0 and 0.2 kcal/mol, respec-
tively. In general, the final step is either direct-@& or direct
Si—C reductive elimination in the modified Chatidarrod or

Chalk—Harrod mechanism, respectively. However, these direct

C—H and Si-C reductive eliminations need a very large
activation barrier, and moreover they are significantly endo-

reaction, unlike the platinum- and rhodium-catalyzed hydrosi-
lylation of alkene. One of the characteristic features ofAp
is that the 4d orbital of the Zr center is at a high energy; in
other words, CgZr(C,H,) involves a very strong,gdz* back-
donation interaction between the Zr center and ethylene, due
to the strong Lewis basicity. The coupling reaction between Cp
Zr(C;Hg) and SiH, proceeds through the bonding overlap
between the StH o*-orbital and d-z* back-donation orbital.
Because of the strong Lewis basicity of &£p, the direct S+-C
and C-H reductive elimination cannot occur, but both ethylene-
assisted €H and Si-C reductive eliminations, as well as
metathesis of GZr(H)(CH,CH,SiH3) and CpZr(SiH3)(CHy-
CHs) with SiH,, participate in the product release step.

In conclusion, this reaction mechanism including the new type
of Si—H o-bond activation arises from the fact that£Zphas
an occupied d orbital at high energy; in other words, the

thermic. Thus, these direct reductive eliminations cannot occupied d orbital of the Ggr catalyst at high energy leads to
participate in the catalytic cycle. However, the ethylene-assistedsignificant differences in the reaction mechanism of theAtp

C—H and SiC reductive eliminations easily occur with

catalyst and the mechanisms of others such as Pt(0) and Rh(l)

moderate activation barriers, 5.0 and 26.5 kcal/mol, respectively, catalysts.

and considerably large exothermicity,13.5 and—6.4 kcal/

mol, respectively. The other possible process in the product

release step is metathesis of ZgH)(CH,CH,SiH3) and Cp-
Zr(CH,CHg3)(SiHs3) with SiH4. These metatheses take place with
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Apparently, the most favorable catalytic cycle is the coupling
reaction between G@gr(C;Hs) and SiH, followed by the
ethylene-assisted-€H reductive elimination.

On the other hand, when Sitéxists in excess in the solution
but ethylene does not sufficiently exist in the solutionZp
(H)(SiRs), 1, is formed to a much greater extent than,@p
(CoHy), 5, becausd and5 are in thermal equilibrium with each
others. Under such condition, plays the role of an active
species and the Gpr-catalyzed hydrosilylation of ethylene takes
place through the ethylene insertion into the—B bond
followed by the metathesis of GPr(SiRs)(CzHs) with SiHg, to
afford the product with concomitant formation of £p(H)-
(SiHg).

It is of considerable interest to clarify the reason that-Cp
Zr-catalyzed hydrosilylation takes place through the coupling
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of them were carried out with PC cluster computers from our
laboratory.

Supporting Information Available: Figure of transition state
structures with imaginary frequency and the important move-
ments of each nuclei in the imaginary frequency. Figure of
energy changes along the catalytic cycle including ethylene
insertion into the Z+H bond followed by the direct SiC
reductive elimination and that including ethylene insertion into
the Zr—SiHz; bond followed by the direct €H reductive
elimination. Cartesian coordinates of important species including
transition states (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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