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Abstract: The geometry and bonding nature of Cp(CO)2W(CtCH)(SiH2) (1) and the reaction leading to

the formation of 1 from Cp(CO)2W(Si(H)2CtCH) (9) were theoretically investigated with DFT, MP2 to MP4-
(SDTQ), and CCSD(T) methods, where 9 and 1 were adopted as models of the interesting new complexes

reported recently, Cp*(CO)2W(Si(Ph)2CtCtBu) and Cp*(CO)2W(CtCtBu)(SiPh2), respectively. Our com-
putational results clearly indicate that 1 involves neither a pure silacyclopropenyl group nor pure silylene
and acetylide groups and that the silylene group strongly interacts with both the W center and the acetylide
group. Frontier orbitals of 1 resemble those observed in the formation of silacyclopropene from silylene
and acetylene. The frontier orbitals, as well as the geometry, indicate that the (CCH)(SiH2) moiety of 1 can
be understood in terms of an interesting intermediate species trapped by the W center in that formation
reaction. Complex 1 is easily formed from 9 through Si-C σ-bond activation with moderate activation barriers
of 15.3, 18.8, and 15.8 kcal/mol, which are the DFT-, MP4(SDTQ)-, and CCSD(T)-calculated values,
respectively. This reaction takes place without a change of the oxidation state of the W center. Intermediate
9 is easily formed from Cp(CO)2W(Me)(H3SiCtCH) via Si-H oxidative addition, followed by C-H reductive
elimination. The bonding nature of 9 is also very interesting; the nonbonding π-orbital of the H2SiCCH
moiety is essentially the same as that of the propargyl group, but the π-conjugation between Si and C
atoms is very weak in the π-orbital, unlike that in the propargyl group.

Introduction

Transition metal-silylene complexes are important and
interesting research targets in coordination chemistry, organo-
metallic chemistry, and synthetic chemistry.1-5 The geometry,
bonding nature, and electronic structure are of considerable
interest for comparison between transition metal-silylene
complexes and their carbon analogues. The important role of
these complexes as intermediates was also proposed in various
metal-catalyzed transformation reactions of organosilicon com-
pounds. To understand well their properties and reaction
behavior, a considerable effort has been made to isolate

transition metal-silylene complexes.1-5 The first example of
an isolated transition metal-silylene complex was reported by
Schmidt and Welz in 1977.6 However, (CO)4Fe(dSiMe2NHEt2),
which they synthesized, was very unstable, and its X-ray
characterization was not successful. In 1987, Zybill and Mu¨ller
synthesized a transition metal-silylene complex and presented
the first structural evidence for the TMdSi unit (TM ) transition
metal).7 Since then, many successful results have been reported
on the syntheses and characterization of transition metal-
silylene complexes.1-5 For instance, the Ogino group8 and the
Pannell group9 successfully synthesized many transition metal-
silylene complexes, from disilanyl complexes through a 1,2-
silyl shift. The Tilley group successfully synthesized base-
stabilized ruthenium-silylene complexes10 and then base-free
osmium- and platinum-silylene complexes.11 The Corriu12 and
Braunstein groups13 successfully synthesized HMPA- and
amine-stabilized silylene complexes, respectively. The 1,2-H
shift from a silyl ligand to a metal center was also employed to
synthesize transition metal-silylene complexes.14-16 It is noted
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thatσ-bond activation was involved as an important process in
these syntheses of transition metal-silylene complexes. Besides
these studies, transition metal-silylene complexes have also
been synthesized by ligation of free silylene with the metal
center.17-21

The transition metal-silylene complex has attracted consider-
able interest, as well.22-26 The silylene species involves a singlet
spin state, and as a result, the sp2 lone-pair orbital and the empty
p-orbital (Scheme 1) play important roles in the interaction with
the metal center. This means that the coordinate bond with the
transition-metal center is expected to be similar to that of CO.
Unexpectedly, however, transition metal-silylene complexes
are not stable, unlike transition metal-CO complexes. In this
regard, the geometry and the bonding nature of transition metal-
silylene complexes were theoretically discussed in many
works.22-25 The reaction of a transition metal-silylene complex
is another attractive research subject for theoreticians. For

instance, Hall and collaborators theoretically investigated the
hydrosilation reaction catalyzed by a ruthenium-silylene com-
plex.26

Recently, an interesting tungsten complex with composition
Cp*(CO)2W(CtCtBu)(SiPh2) was synthesized from Cp*(CO)2-
(MeCN)W(Me) and the alkynylsilane (HPh2SiCtCtBu),27 as
shown in Scheme 2. Cp*(CO)2W(CtCtBu)(SiPh2) is understood
in terms of a tungsten-silylene complex stabilized by an
intramolecular charge-transfer (CT) interaction with the acetylide
group, as schematically shown byForm-A in Scheme 3, which
is a new canonical structure of a transition metal-silylene
complex. Two other renderings of this complex were also
experimentally proposed: one is a tungsten complex involving
a silacyclopropenyl group (Form-B), and the other is a tungsten
complex with a four-membered ring including silyl and alkenyl
groups (Form-C). It is worthwhile to investigate theoretically
the bonding nature of Cp*(CO)2W(CtCtBu)(SiPh2) and to
clarify which structure is correct. The formation of this
compound is also very interesting, because this reaction takes
place through a variety ofσ-bond activation processes, as
follows. In the experimentally proposed reaction scheme,27 the
first step is displacement of coordinated MeCN by the silyl-
acetylene to give an intermediate Cp*(CO)2W(Me)(HSi(Ph)2Ct

CtBu) (I-1, Scheme 2), followed by Si-H oxidative addition
to the W center to form the second intermediate, Cp*(CO)2W-
(Me)(H)(Si(Ph)2CtCtBu) (I-2). The next step is C-H reductive
elimination of methane to form the third intermediate,

Cp*(CO)2W(Si(Ph)2CtCtBu) (I-3), and the final step is either
Si-C σ-bond activation to affordForm-A andForm-C or Si-C
bond formation to affordForm-B (Scheme 3). If eitherForm-A
or Form-C is correct, Cp*(CO)2W(CtCtBu)(SiPh2) is produced
via a 1,2-alkynyl shift from a tungsten-1-alkynylsilyl complex,
I-3, which, to our knowledge, is an interestingR-Si-C σ-bond
activation.28 Thus, it is worthwhile to investigate theoretically
this formation reaction. Also, the bonding nature and geometry
of I-3 are interesting, becauseI-3 is considered to be a
silapropargyl complex, i.e., a silicon analogue of a propargyl
complex; no such species has been reported yet, while the silicon
analogue of aπ-allyl complex has been experimentally re-
ported.29

In the present study, the bonding nature of Cp*(CO)2W(Ct

CtBu)(SiPh2) and Cp*(CO)2W(Si(Ph)2CtCtBu) I-3 and the
reaction leading to the formation of Cp*(CO)2W(CtCtBu)-
(SiPh2) from Cp*(CO)2W(Me)(HSi(Ph)2CtCtBu) were theoreti-
cally investigated with DFT, MP2 to MP4(SDTQ), and CCSD-
(T) methods. The main purposes of this work are to present a
proper understanding of the geometries and bonding nature of
these complexes and to clarify electronic processes and char-
acteristic features of the transformation fromI-1 to Cp*(CO)2W-
(CtCtBu)(SiPh2).
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Computational Details

We employed here Cp(CO)2W(CtCH)(SiH2) (1) as the simplest
model of Cp*(CO)2W(CtCtBu)(SiPh2). Geometries were optimized
with the density functional theory (DFT) method, where the B3PW91
functional was adopted for the exchange-correlation terms.30,31 The
B3PW91 functional presented a much better agreement of the optimized
geometry of1 with the experimental one of Cp*(CO)2W(CtCtBu)-
(SiPh2)27 than the B3LYP30,32and MPWPW9131,33functionals (see Table
S1, Supporting Information). We ascertained that none of the equilib-
rium geometries exhibited an imaginary frequency and each transition
state exhibited only one imaginary frequency. Energy was evaluated
with DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where the
DFT-optimized geometries were adopted.

Two kinds of basis set systems, BS-I and BS-II, were used in this
work. In BS-I, the usual LANL2DZ34 basis set was employed for W.
The cc-pVDZ basis set35 was employed for Si, C, and O, and the 6-31G
basis set was used for H.36 This BS-I system was used for geometry
optimization. The basis set effects on the optimized geometry were
examined with the 6-31G(d)37 basis set for Si, C, and O and the
Huzinaga-Dunning38 basis set for Si. However, no significant differ-
ence was observed between BS-I and these basis set systems (see Table
S1). In BS-II, the valence electrons of W were represented with a (541/
541/111/1) basis set34,39,40 with the same effective core potentials as

those of BS-I. For the other atoms, the same basis sets as those of
BS-I were employed. This BS-II was used to evaluate energy and
population changes.

The Gaussian 03 program package (revision C.02)41 was used for
all these computations. Population analysis was carried out with the
method proposed by Weinhold et al.42 Molecular orbitals were drawn
with the MOLEKEL program package (version 4.3).43

Results and Discussion

In this article, we discuss first the bonding nature and
geometry of Cp*(CO)2W(CtCtBu)(SiPh2) and then the reaction
leading to its formation from Cp*(CO)2W(Me)(Si(Ph)2HCt
CtBu). Also, we discuss the bonding nature and characterization

of Cp*(CO)2W(Si(Ph)2CtCtBu) in comparison with those of
similar propargyl/allenyl complexes.

Geometry of Cp(CO)2W(CtCR1)(SiR2
2) (R1 ) H, Me, or

tBu; R2 ) H or Me). The optimized geometry of Cp(CO)2W-
(CtCH)(SiH2) (1) agrees well with the experimental one,27

except for a few geometrical parameters: the W-Si and Si-
C1 distances are moderately longer but the W-C1 and Si-C2
distances are moderately shorter than the corresponding experi-
mental values (see Figure 1 and Table 1 for important geo-
metrical parameters). Introduction of Me andtBu groups on the
acetylide C atom leads to excellent agreement of the optimized
geometry with the experimental one, as will be discussed below
in more detail.

For a better understanding of the geometry and bonding nature
of 1, we optimized an ideal complex, Cp(CO)2W(CtCH)(SiH2)
(2), in which the acetylide group is at a position opposite to the
SiH2 group, as shown in Figure 1; in other words, no interaction
exists between these two moieties. The W-C1 and C1-C2
distances of2 agree well with those of a typical tungsten-
acetylide complex.44 Silacyclopropene3 was also optimized,
as shown in Figure 2. The Si-C and C-C distances of3 agree
well with the experimental values.45

The Si-C1 and Si-C2 distances in1 are considerably longer
than the Si-C bond of3. Consistent with these long Si-C1
and Si-C2 distances, the C1-C2 distance of1 is somewhat
shorter than that of3. Also, the C1-C2 distance is longer in1

(30) (a) Becke, A. D. Phys ReV. A. 1988, 38, 3098. (b) Becke, A. D.J. Chem.
Phys. 1993, 98, 5648.

(31) (a) Perdew, J. P. InElectronic Structure of Solids ’91; Ziesche, P., Eschrig,
H., Ed.; Akademic Verlag: Berlin, 1991; p 11. (b) Perdew, J. P.; Chevary,
J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais,
C. Phys. ReV. B 1992, 46, 6671. (c) Perdew, J. P.; Chevary, J. A.; Vosko,
S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais, C.Phys.
ReV. B 1993, 48, 4978. (d) Perdew, J. P.; Burke, K.; Wang, Y.Phys. ReV.
B 1996, 54, 16533.

(32) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.
(33) Adamo, C.; Barone, V.J. Chem. Phys. 1998, 108, 664.
(34) Hay, P. J.; Wadt, W. R.J. Chem. Phys. 1985, 82, 299.
(35) (a) Dunning, T. H., Jr.J. Chem. Phys. 1989, 90, 1007. (b) Woon, D. E.;

Dunnin, T. H.g, Jr.J. Chem. Phys. 1993, 98, 1358.
(36) Ditchfield, R.; Hehre, W. J.; Pople, J. A.J. Chem. Phys.1971, 54, 724.
(37) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys. 1972, 56,

2257. (b) Hariharan, P. C.; Pople, J. A.Theor. Chim. Acta1973, 28, 213.
(c) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; Defrees, D. J.; Pople, J. A.J. Chem. Phys1982, 77, 3654.

(38) Dunning, T. H., Jr. InModern Theoretical Chemistry, Vol. 3; Schaefer, H.
F., III, Ed.; Plenum: New York, 1976; pp 1-28. The d polarization function
(ú ) 0.3247) implemented in the Gaussian 03 program package (revision
C.02) was used for Si.

(39) Couty, M.; Hall, M. B. J. Comput. Chem. 1996, 17, 1359.

(40) Ehlers, A. W.; Bohme, D. S.; Gobbi, A.; Hollwarth, A.; Jonas, V.; Kohler,
K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.Chem. Phys. Lett. 1993,
208, 111.

(41) Pople, J. A.; et al.Gaussian 03, Revision C.02; Gaussian Inc.: Wallingford,
CT, 2004.

(42) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. NBO,
Version, 3.1.
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Scheme 2. Formation of Cp*(CO)2W(CtCtBu)(SiPh2) from Cp*(CO)2W(Me)(MeCN)

Scheme 3. Three Possible Limiting Forms of
Cp*(CO)2W(CtCtBu)(SiPh2)
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than in 2. It is noted that the acetylide moiety is somewhat
distorted in1 (C1-C2-H angle) 145.7°), unlike the linear
alignment in2. The W-C1 distance of1 is almost the same as
that of2, while the W-Si distance of1 is longer than those of
2 and a typical donor-stabilized tungsten-silylene complex.8m,46

Consistent with the longer W-Si distance in1 than in2 and
the longer Si-C1 and Si-C2 distances in1 than in3, the sp2

lone-pair orbital of SiH2 expands neither toward the W center
nor toward the midpoint of the C1-C2 bond; i.e., the sp2 lone-
pair orbital expands at an angle of 35° with the W-Si bond
and at an angle of 14° with the Si-C1 bond, as shown in Figure
1.

All these geometrical features of1 suggest that the CCH-
(SiH2) moiety in 1 is neither a pure silacyclopropenyl group
nor the sum of pure silylene and acetylide groups. It is likely
that the CCH(SiH2) moiety is intermediate between them, which
will be discussed below in more detail.

To shed light on the CCH(SiH2) moiety, we investigated the
formation of silacyclopropene from silylene and acetylene, as
shown in Figure 2. This reaction takes place without barrier, as

previously reported by Gordon et al.47 and Koch et al.48 Because
no precursor complex could be optimized in this reaction, the
starting geometry4-1 was optimized under the assumption that
the SiH2 plane was parallel to the C-C bond. In4-1, the Si-C
distances are long and the sp2 lone-pair orbital of SiH2 makes
a large angle (72.9°) with the Si-C bond. Upon going to4-3

from 4-1, the sp2 lone-pair orbital of SiH2 is changing its
direction toward the center of the C-C bond, with concomitant
formation of two Si-C bonds. The angle (14.3°) between the
sp2 lone-pair orbital and the Si-C1 bond in1 is smaller than
that (26.3°) of 4-2 but larger than that (1.1°) of 4-3. The Si-
C1 and Si-C2 distances of1 are not very much different from
those of4-2. From these geometrical features, it is concluded
that the CCH(SiH2) moiety of1 is similar to the HCCH(SiH2)
species halfway to the formation of silacyclopropene from
silylene and acetylene; in other words, the CCH(SiH2) moiety
of 1 is understood to be an interesting intermediate species
trapped by the W center in the reaction leading to the formation
of silacyclopropene.

Substituent effects on the geometry of1 were investigated
by introducing Me andtBu on C2 and Me on Si (see1-Mea,
1-tBu, and 1-Meb in Figure 1). Introduction of Me andtBu
groups on C2 considerably shortens the W-Si distance by 0.061
and 0.052 Å, respectively, and considerably lengthens the Si-
C2 distance by 0.092 and 0.081 Å, respectively (see1-Mea
and 1-tBu in Figure 1). The C1-C2 bond also becomes
moderately shorter upon introduction of Me andtBu groups on
C2. Consistent with the shortening of the W-Si distance, the
angle between the sp2 lone-pair orbital of SiH2 and the W-Si
bond decreases to 25.4° in 1-Meaand 27.4° in 1-tBu, compared
to 35.4° in 1. These optimized geometries of1-Mea and1-tBu
extremely agree with the experimental one. On the other hand,
the presence of Me groups on Si little changes the geometry,
except for moderate lengthening of the W-Si distance in

(46) Sakaba, H.; Tsukamoto, M.; Hirata, T.; Kabuto, C.; Horino, H.J. Am. Chem.
Soc. 2000, 122, 11511.
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(48) Koch, R.; Bruhn, T.; Weidenbruch, M.Organometallics2004, 23, 1570.

Figure 1. DFT/BS-I-optimized geometriesa of Cp(CO)2W(CtCR1)(SiR2
2) (R1 ) H, Me, or tBu; R2 ) H or Me). aBond lengths are in angstroms, and bond

angles are in degrees.

Table 1. Selected Optimized Parameters of
Cp(CO)2W(CtCR1)(SiR2

2)a

1,
R1 ) H,
R2 ) H

1-Mea,
R1 ) Me,
R2 ) H

1-tBu ,
R1 ) tBu,
R2 ) H

1-Meb,
R1 ) H,
R2 ) Me

expt,b

R1 ) tBu,
R2 ) Ph

W-Si 2.616 2.555 2.564 2.661 2.567
W-C1 2.014 2.051 2.047 2.004 2.050
Si-C1 1.968 1.958 1.957 1.978 1.937
Si-C2 1.957 2.049 2.038 1.958 2.009
C1-C2 1.299 1.283 1.286 1.300 1.270
∠W-Si-C1 49.7 52.0 51.7 48.5 51.9
∠C1-Si-C2 39.0 37.3 37.5 38.6 37.5

a Bond lengths are in angstroms, and bond angles are in degrees.
b Reference 27.
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1-Meb. These substituent effects will be discussed below on
the basis of the bonding nature.

Bonding Nature of Cp(CO)2W(CtCH)(SiH2) (1). To
clearly understand the bonding nature of1, we investigated the
molecular orbitals of1. The HOMO and HOMO-1 mainly
consist of a W d-orbital, as shown in Figure 3A. The presence
of two doubly occupied d-orbitals is consistent with the 2+
oxidation state of W (d4 system). The HOMO-2 of1 closely
resembles the HOMO of silacyclopropene, and the HOMO-6
of 1 is similar to the HOMO-2 of4-1 ∼ 4-3 (see also Figure
2). These features suggest that the HOMO-2 and HOMO-6 of
1 mainly consist of the sp2 lone-pair and empty p-orbitals of
silylene and theπ- andπ*-orbitals of acetylide. The sp2 lone-
pair orbital of silylene overlaps with theπ*-orbital of acetylide

in a bonding way, because theπ*-orbital is at higher energy
than the sp2 lone-pair orbital, and with theπ-orbital of acetylide
in an antibonding way, because theπ-orbital is at lower energy
than the sp2 lone-pair orbital, as shown in Scheme 4A. As a
result, the contribution of the C1 p-orbital considerably decreases
and that of the C2 p-orbital considerably increases, which leads
to the HOMO-2. In other words, the HOMO-2 involves CT from
the sp2 lone pair of silylene to theπ*-orbital of acetylide and
a four-electron repulsion between the sp2 lone pair of silylene
and theπ-orbital of acetylide. The HOMO-6 is formed through
slightly different orbital mixing: theπ-orbital of acetylide
overlaps with the sp2 lone-pair orbital of silylene in a bonding
way because the HOMO-6 is the most stable in energy among
the molecular orbitals consisting of theπ- and π*-orbitals of

Figure 2. Changes of geometry,a total energy,b and important Kohn-Sham orbitalsb in the formation of silacyclopropene from silylene and acetylene.
aDFT/ BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in degrees.bDFT/BS-II calculation.cIn parentheses are
experimental values.45

Figure 3. Several important Kohn-Sham orbitals observed in Cp(CO)2W(CtCH)(SiH2) (1) and ideal complex Cp(CO)2W(CtCH)(SiH2) (2). In parentheses
are orbital energies (in eV).
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acetylide and the sp2- and p-orbitals of silylene. Into this overlap,
the empty p-orbital of silylene mixes in a bonding way with
theπ-orbital of acetylide because the empty p-orbital is at higher
energy than theπ-orbital. The π*-orbital of acetylide also
slightly mixes into this orbital in a bonding way with the sp2

lone-pair orbital of silylene. These orbital mixings lead to
bonding overlap of the deformedπ-orbital of acetylide with
the empty p- and sp2 lone-pair orbitals of silylene, as shown in
Scheme 4B. In other words, the HOMO-6 involves CT from
the π-orbital of acetylide to the empty p-orbital of silylene.

Comparison of1 with 2 provides us information of the W-Si
and W-C1 bonding nature of1. In 2, the SiH2 moiety is bound
to the W center through donation from the sp2 lone-pair orbital
to the empty d-orbital of W, which is observed in the HOMO-6
of 2, as shown in Figure 3B. In1, on the other hand, there is
no clear bonding overlap, but a deformed bonding overlap
between W and Si centers is observed in the HOMO-2, as shown
in Figure 3A. This deformed overlap can be easily understood
in terms of the bonding orbital between the sp2 lone-pair orbital
of silylene and theπ*-orbital of acetylide (Scheme 4A)
interacting with the empty d-orbital of W. Although silacyclo-
propene is formed from silylene and acetylene in the absence
of Cp(CO)2W, SiH2 cannot completely change its orientation
toward the C1-C2 bond in the presence of Cp(CO)2W. This is
because the bonding overlap between the sp2 lone pair of SiH2

and the empty d-orbital of W suppresses the complete change
of the SiH2 orientation. Also, the occupied dz2-orbital overlaps
well with the empty p-orbital of SiH2 in 2, to allow the dπ-p
back-donating interaction, which is observed in the HOMO-1
of 2. However, the dz2-orbital does not form such an interaction
in 1, as shown by the HOMO of1. These results indicate that
1 does not involve a pure silylene group, unlike2, which is
consistent with the discussion based on the geometrical features.
In 2, the HOMO-3 involves the bonding overlap between the
π-orbital of acetylide and the unoccupied dxy-orbital of W
(Figure 3). Its antibonding counterpart is the HOMO. Similar
orbitals are observed in the HOMO-5 and the HOMO of1,
respectively. The HOMO-8 of1 and 2 involves a bonding

interaction between the unoccupied dxz-orbital of W and the sp
lone pair of acetylide. These results suggest that the interaction
between acetylide and W in1 is similar to that of the normal
acetylide ligand, which is consistent with the similar W-C1
distances in1 and2.

From all these results, it can be clearly concluded that the
CCH(SiH2) moiety of1 is neither a pure silacyclopropenyl group
nor the sum of pure silylene and acetylide groups. In1, the
acetylide group strongly interacts with silylene through the CT
from theπ-orbital of acetylide to the empty p-orbital of silylene
and the CT from the sp2 lone pair of silylene to theπ*-orbital
of acetylide. Despite these strong CT interactions, the CCH-
(SiH2) moiety does not change to a pure silacyclopropenyl group
because of the bonding interaction between the sp2 lone-pair
orbital of silylene and the empty d-orbital of W. Thus, the CCH-
(SiH2) moiety of1 is understood to be an interesting intermediate
species which is trapped by the W center in the reaction leading
to the formation of silacyclopropene from acetylene and silylene.

Substituent Effects on the Bonding Nature of Cp(CO)2W-
(CtCR1)(SiR2

2). Significant substituent effects on the Si-C
and W-Si distances were observed when Me andtBu groups
were introduced on the C2 atom, as described above. These
substituent effects are interpreted in terms of theπ- and π*-
orbitals of the acetylide group. Their orbital energy becomes
higher upon introduction of electron-donating substituents, as
shown in Table 2. Both the bonding interaction of the acetylide
π-orbital with the silylene empty p-orbital and the antibonding
interaction of the acetylideπ-orbital with the silylene sp2 lone-
pair orbitals become stronger as theπ-orbital of acetylide
increases in energy. Considering that the introduction of Me
and tBu groups on C2 increases the Si-C2 distance, it is
concluded that the antibonding interaction is greater than the
bonding interaction. In other words, the repulsive interaction
between the sp2 lone-pair orbital of silylene and theπ-orbital
of acetylide is still strong in1. This repulsive interaction shifts
the direction of the lone-pair orbital of silylene toward the W
center from the C1 atom in1-Mea and1-tBu. As a result, the
electron-donating substituent on C2 strengthens the coordinate

Scheme 4 Table 2. π- and π*-Orbital Energies of Acetylene and sp2

Lone-Pair and Empty p-Orbital Energies of Silylene

[HsC≡CsR1]b

orbital energya (eV)

orbital R1 ) H R1 ) Me R1 ) tBu

π -7.78 -7.15 -7.02
(-10.6) (-9.99) (-9.85)

π* -0.67 0.14 0.09
(3.57) (4.38) (4.31)

SiR2
2
c

orbital energya (eV)

orbital R2 ) H R2 ) Me

sp2 lone pair -6.01 -5.19
(-8.47) (-7.68)

p -3.28 -2.19
(0.26) (1.29)

a The DFT/BS-II calculation. In parentheses are Hartree-Fock orbital
energies (BS-II).b Orbitals of free HCCR1 are presented, where the geometry
was taken to be the same as that in Cp(CO)2W(CtCR1)(SiR2

2) (R1 ) H,
Me, or tBu; R2 ) H or Me) (see Figure S1, Supporting Information).
c Orbitals of free silylene are presented. Geometries are optimized with the
DFT/BS-I method.
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bond of silylene with the W center, which shortens the W-Si
distance in1-Mea and1-tBu compared to that in1.

Introduction of Me on Si raises the energy of the sp2 lone-
pair orbital and the empty p-orbital of the silylene (Table 2).
As the sp2 lone-pair orbital becomes higher in energy, both the
bonding and antibonding interactions of the sp2 lone pair of
silylene with theπ*- and π-orbitals of acetylide, respectively,
become stronger. However, the bonding interaction between the
empty p-orbital of silylene and theπ-orbital of acetylide
becomes weaker. Because these effects compensate each other,
the Si-C1, Si-C2, and W-C1 distances change little in1-Meb.
However, the W-Si distance becomes moderately longer in
1-Meb than in1. This is interpreted as follows: The electron-
donating group on Si decreases the participation of the empty
p-orbital in the bonding interaction with theπ-orbital of
acetylide but increases the participation of the sp2 lone pair in
the bonding interaction with theπ*-orbital of acetylide. As a
result, the direction of the lone-pair orbital of SiH2 shifts toward
C1, which weakens the W-Si interaction and thereby increases
the W-Si distance.

Conversion from Cp(CO)2W(Me)(SiH3CtCH) to Cp-

(CO)2W(Si(H)2CtCH). We wished to investigate the reaction

from Cp(CO)2W(Me)(SiH3CtCH) (5) to Cp(CO)2W(Si(H)2Ct
CH) because interesting elementary steps and intermediates are
involved. This conversion takes place through two steps. In the
first step,5 converts to Cp(CO)2W(Me)(H)(Si(H)2CtCH) (6)
through Si-H oxidative addition. In the second step,6 converts

to Cp(CO)2W(Si(H)2CtCH)(CH4) (7) through reductive elimi-
nation of methane.

The conversion of5 to 6 takes place without any barrier, as
shown in Figure 4. Geometry optimization of5 smoothly leads
to 6, where the geometry of5 was optimized with the Si-H
distance fixed to be the same as that of the free HCCSiH3

molecule. The Si-H bond gradually lengthens and the W-Si
and W-H distances gradually shorten upon going to6 from 5.
In 6, the Si-H distance is 2.320 Å, and the W-H and W-Si
distances are 1.735 and 2.579 Å, respectively. These geometrical
features indicate that the Si-H σ-bond is completely broken
and the W-Si and the W-H bonds are formed in6. This
conversion reaction is considerably exothermic, as shown in
Table 3. Though the DFT-calculated reaction energy (∆E) is
moderately different from the MP4(SDTQ)-calculated value, the
∆E value fluctuates little upon going to MP4(SDTQ) from MP2,
suggesting that the MP4(SDTQ) value is reliable.

To understand this conversion reaction, we examined several
important molecular orbitals. In5, HOMO and HOMO-1 mainly
consist of a d-orbital, while the other three d-orbitals are
involved in unoccupied space (see Figure S2A, Supporting
Information). These results indicate that the W center takes a
2+ oxidation state in5. In 6, it is noted that only one d-orbital
of W is in occupied space and the remaining four d-orbitals are
in unoccupied space, which clearly shows that the doubly
occupied dz2-orbital becomes unoccupied and the W center takes
a 4+ oxidation state in6 (see Figure 4 for the coordinate
system). The HOMO-4 involves the bonding overlap between

Figure 4. Geometrya and energyb changes resulting from the conversion of Cp(CO)2W(CH3)(H3SiCtCH) (5) to Cp(CO)2W(CH3)(H)(H2SiCtCH) (6).
aDFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in degrees.bDFT/BS-II calculation (in kcal/mol).
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the 1s-orbital of H and the empty dz2-orbital of W, and the
HOMO-1 involves the bonding overlap between the sp3 lone
pair of Si and the empty d-orbital of W (see Figure S2B). All
these results are consistent with our understanding that the Si-H
oxidative addition takes place in this process.

The intermediate6 converts to Cp(CO)2W(Si(H)2CtCH)-
(CH4) (7) through transition stateTS6-7, as shown in Figure 5.
In TS6-7, there is only one imaginary frequency (885.6i cm-1),
involving the movement of the hydride ligand toward the Me
ligand. In this transition state, the W-C distance lengthens
moderately (by 0.076 Å) to 2.367 Å, and the W-H distance
becomes slightly longer. The C-H distance is still long. These
geometrical features indicate that the W-H and W-C bonds
are maintained and the C-H bond is not yet effectively formed
in TS6-7; in other words, this transition state is reactant-like.
In 7, the C-H distance is 1.134 Å, which clearly shows that
methane is completely formed in7 and interacts with the W
center through a weak interaction, similar to the agostic
interaction because its C-H distance is somewhat longer than
the usual C-H bond. This reaction takes place easily with
moderate activation barrier and either very small exothermicity
(DFT/BS-II) or small endothermicity (MP4(SDTQ)/BS-II) (see
Table 3); the activation barrier somewhat fluctuates at MP3 but
converges upon going to MP4(SDTQ) from MP2. Also, the
MP4(SDTQ)-calculated value is almost the same as the DFT-
calculated value. The moderate activation barrier is consistent
with the reactant-likeTS6-7. Though the reaction energy is
slightly different between DFT and MP4(SDTQ) methods, the

difference is not large, indicating that this reaction is almost
thermoneutral. The orbital changes observed in this reductive
elimination are the reverse of those observed in the oxidative
addition of the Si-H bond. We omitted detailed discussion here;
see Figure S2 in the Supporting Information for orbital changes
in this reductive elimination and the corresponding discussion.

Methane dissociation from7 leads to a coordinatively
unsaturated complex, Cp(CO)2W(Si(H)2CtCH) (8), with mod-
erate destabilization energy, where the geometry of8 was taken
to be the same as that of7, except for the absence of a methane
moiety. The destabilization energy (DE) is evaluated to be 8.2
and 17.5 kcal/mol with the DFT and MP4(SDTQ) methods,
respectively (Table 3). Because the DFT method does not
incorporate well the dispersion interaction, which participates
considerably in the interaction of methane with the metal center,
the MP4(SDTQ)-calculated value is more reliable here than the
DFT-calculated value. In8, the CtC triple bond does not
interact with the W center. The geometry optimization of8

smoothly leads to Cp(CO)2W(Si(H)2CtCH) (9), in which the
CtC triple bond coordinates with the W center, as shown in
Figure 6. The CtC triple bond gradually approaches the W
center in the reaction. Consistent with this geometry change,
one of theπ-orbitals of the CtC triple bond becomes consider-
ably lower in energy (see Figure S3, Supporting Information).
The approach of the CtC triple bond to the W center induces
a change in the direction of the sp3-orbital on Si which interacts
substantially with the W center in8, to increase the sp3-orbital

Table 3. Activation Barrier (Ea), Reaction Energy (∆E), and Destabilization Energy (DE) in the Conversion Reactions from
Cp(CO)2W(Me)(H3SiCtCH) (5) to Cp(CO)2W(Me)(H)(Si(H)2CtCH) (6), from 6 to Cp(CO)2W(CH4)(Si(H)2CtCH) (7), and from

Cp(CO)2W(Si(H)2CtCH) (8) to Cp(CO)2W(Si(H)2CtCH) (9)a

conversion of
5 to 6

conversion of
6 to 7

methane dissociation
from 7 (7 f 8)

conversion of
8 to 9

method
∆E

(kcal/mol)
Ea

(kcal/mol)
∆E

(kcal/mol)
DE

(kcal/mol)
∆E

(kcal/mol)

DFT -11.4 10.7 -0.6 8.2 -31.2
MP2 -13.0 10.0 2.9 18.4 -45.8
MP3 -14.7 16.0 2.6 10.2 -26.6
MP4(DQ) -15.4 14.4 3.9 13.4 -34.9
MP4(SDQ) -15.5 14.8 3.7 13.9 -34.5
MP4(SDTQ) -14.2 11.8 2.6 17.5 -43.3

a Ea is the energy difference between transition state and reactant,∆E is the energy difference between product and reactant, and DE is the destabilization
energy induced by methane dissociation. BS-II was employed.

Figure 5. Geometry changesa resulting from the reductive elimination of methane from Cp(CO)2W(Me)(H)(Si(H)2CtCH) (6) to afford Cp(CO)2W(CH4)-
(Si(H)2CtCH) (7). aDFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in degrees.bArrow in TS6-7 represents
important movement of atom in imaginary frequency. Imaginary frequency is given in parentheses. DFT/BS-I calculation.
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energy. However, the energy does not increase much because
this sp3-orbital changes to the HOMO of a silapropargyl-type
Si(H)2CtCH species, which will be discussed below in detail.
As a result, the conversion of8 to 9 takes place easily, with no
barrier and considerably large exothermicity, as shown in Table
3. The DFT-calculated exothermicity (31.2 kcal/mol) is similar
to the MP4(SDQ)-calculated value (34.5 kcal/mol) but some-
what smaller than the MP4(SDTQ)-calculated value (43.3 kcal/
mol), suggesting that the exothermicity is between 31 and 43
kcal/mol. Thus, it can be considered that this process is
considerably exothermic.

Geometry and Bonding Nature of Cp(CO)2W(Si(H)2Ct
CH) (9). Here, we wish to discuss the bonding nature of9
because this species is of considerable interest. It is considered
to be the Si analogue of a transition metal-propargyl complex,
and such a species has not been reported yet. To clarify the
characteristic features of9, we optimized the model propargyl

complex, Cp(CO)2W(C(H)2CtCH) (9C). As shown in Figure
7, the C1-C2 distance of9 is almost the same as that of9C.
The Si-C1 (1.826 Å) and C1-C2 (1.269 Å) bond distances of
9 are intermediate between the Si-C single and the SidC

Figure 6. Geometrya and energyb changes resulting from the conversion of Cp(CO)2W(Si(H)2CtCH) (8) to Cp(CO)2W(Si(H)2CtCH) (9). aDFT/BS-I
optimization was carried out. Bond lengths are in angstroms, and bond angles are in degrees.bDFT/BS-II calculation (in kcal/mol).

Figure 7. Geometrya of Cp(CO)2W(C(H)2CtCH) (9C) and geometry changesa resulting from the conversion of Cp(CO)2W(Si(H)2CtCH) (9) to Cp(CO)2W-
(CtCH)(SiH2) (1). aDFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in degrees.bArrows in TS9-1 represent
important movement of atoms in imaginary frequency. Imaginary frequency is given in parentheses. DFT/BS-I calculation.
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double bonds and between CdC double and CtC triple bonds,
respectively;R(Si-C) ) 1.895 and 1.717 Å in H3Si-CH3 and
H2SidCH2, respectively, andR(C-C) ) 1.334 and 1.209 Å in
H2CdCH2 and HCtCH, respectively, where the DFT/BS-I-
optimized values are presented. The Si-C1-C2 angle of the
[Si(H)2CCH]- ligand in 9 is 140°, which is similar to that of
9C. All these geometrical features suggest that the [SiH2CCH]-

ligand in 9 can be considered as a silicon analogue of theη3-
propargyl/allenyl group. Of course, some differences between
9 and 9C are observed. For instance, the W-C2 distance is
somewhat longer in9 than in9C, while the W-C1 distance of
9 is much longer than that of9C. These results are not
surprising. Because Si is larger than C, the W-Si distance of
9 is longer than the W-C3 distance of9C, which leads to the
longer W-C1 and W-C2 distances in9 than in9C.

To investigate the coordinate bond of the [Si(H)2CCH]-

ligand, we examined several important molecular orbitals of9
and9C, as shown in Figure 8A,B. The HOMO and HOMO-1
of 9 mainly consist of a d-orbital, similar to the HOMO and
HOMO-1 of1. The remaining three d-orbitals are in unoccupied
molecular orbitals in both complexes. These results are con-
sistent with the fact that the W center takes a 2+ oxidation
state in9 and9C. There are two important molecular orbitals
for the interaction: HOMO-2 and HOMO-6. Because these
orbitals involve the bonding interaction between the Si(H)2CCH
moiety and W, we first discuss frontier orbitals of•Si(H)2CCH
and the usual propargyl groups. The HOMO of both•Si(H)2CCH
and•C(H)2CCH is a nonbondingπ-orbital (ænπ) which consists
of p-orbitals of terminal C and Si (or C) atoms, as shown in
Figure 8C,D. Although the two p-orbitals of the terminal C
atoms contribute to the HOMO to almost the same extent in
•C(H)2CCH, the p-orbital of Si contributes more to the HOMO
than that of C in•Si(H)2CCH. This is because the p-orbital of
Si is at higher energy than that of C; for instance, the p-orbital
of •SiH3 is at-5.39 eV, and that of•CH3 is at-6.41 eV, where
orbital energies calculated with the DFT/BS-II method are
presented (Hartree-Fock orbital calculation provides a similar
energy difference between them).49 The HOMO-2 is, however,
considerably different between•C(H)2CCH and•Si(H)2CCH; it
is the usualπ-orbital in •C(H)2CCH, which is similar to the
π-orbital of π-allyl group. In•Si(H)2CCH, on the other hand, it
is similar to theπ-orbital of the CdC double bond to which
the p-orbital of Si moderately contributes. The shape of the
HOMO is easily understood in terms of allyl-type orbital mixing,
as follows: The p-orbital of Si overlaps with theπ-orbital of
acetylide in an antibonding way, as shown in Scheme 5A,
because the p-orbital is at higher energy than theπ-orbital. The
π*-orbital of acetylide mixes into this orbital in a bonding way
with the p-orbital of Si, to weaken the antibonding overlap
between the p-orbital of Si and theπ-orbital. This mixing
significantly decreases the contribution of the C1 p-orbital and
increases very much that of the C2 p-orbital to affordænπ. This
ænπ-orbital overlaps with the empty d-orbital of W in a bonding
way to form the HOMO-2 of9. In •C(H)2CCH, the p-orbitals
of three C atoms overlap with each other in a bonding way, to
form the HOMO-2 (æπ), as shown in Scheme 5B. Thus, the
æπ-orbital delocalizes to the terminal C atom. Thisæπ-orbital
overlaps with the acceptor orbital of W in a bonding way to

afford the HOMO-6, as shown in Figure 8B. The different shape
of the HOMO-2 of•Si(H)2CCH is interpreted in terms of the
higher energy of the Si p-orbital. Because the p-orbital of Si is
at much higher energy than that of C, as described above, the
former orbital contributes much less to the HOMO-6 than the
latter orbital, as shown in Scheme 5C. As a result, theæπ-orbital
moderately delocalizes onto the Si atom, as shown in Figure
8C. Because of the rather localizedæπ-orbital of •Si(H)2CCH,
the HOMO-6 of9 is considerably different from that of9C, as
shown in Figure 8A,B.

From all these results, it should be concluded that, although
9 is considered to be the Si analogue of a propargyl/allenyl
complex and the nonbondingπ-orbital is similar to that of the
propargyl/allenyl group, the conjugation between Si and C atoms

(49) The HF-calculated p-orbital of•SiH3 is at-7.85 eV and that of•CH3 is at
-10.47 eV.

Figure 8. Several important Kohn-Sham orbitals observed in Cp(CO)2-

W(Si(H)2CtCH) (9), Cp(CO)2W(C(H)2CtCH) (9C), and their fragments,
•Si(H)2CCH and•C(H)2CCH. In parentheses are orbital energies (in eV).

Scheme 5
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is very weak in theπ-orbital, unlike theπ-orbital of the usual
propargyl/allenyl group, in which considerable conjugation is
clearly observed.

Conversion of Cp(CO)2W(Si(H)2CtCH) (9) to Cp(CO)2W-
(CtCH)(SiH2) (1). BecauseForm-A is the correct representa-
tion of Cp(CO)2W(SiH2)(CtCH) (1), as discussed above, the
conversion of9 to 1 involves R-Si-C σ-bond activation via
the interesting 1,2-alkynyl shift, which takes place through the
transition stateTS9-1, as shown in Figure 7. In the imaginary
frequency ofTS9-1, the direction of the sp-orbital of the Ct
CsH group is changing toward the W center. As a result, the
W-C1 distance shortens to 2.369 Å and the W-C2 distance
lengthens considerably to 3.278 Å inTS9-1. At the same time,
the Si-C1 distance lengthens to 1.915 Å inTS9-1, while it is
still shorter than that in1 by 0.053 Å. All these results indicate
that the Si-C1 σ-bond and the W-C2 bond of9 are going to
be broken and the W-C1 bond is going to be formed inTS9-1.
Interestingly, the W-Si distance ofTS9-1 is shorter than those
of 9 and 1 by 0.089 and 0.177 Å, respectively. The C1-C2
distance ofTS9-1 is shorter than those of9 and1, too. These
interesting geometry changes relate to the interaction between
[Si(H)2CCH]- and the W center, which will be discussed below.

This conversion reaction takes place easily with a moderate
activation barrier of 15.3 (15.8) kcal/mol and a small exother-
micity of 4.9 (0.7) kcal/mol, as shown in Table 4, where the
DFT- and CCSD(T)-calculated energies are given without and
in parentheses, respectively. The CCSD(T) and DFT methods
present a similar activation barrier, but the MP4(SDTQ) method
presents a moderately larger value. On the other hand, the DFT-
calculated exothermicity is moderately larger than the others.
It is likely that the DFT- and CCSD(T)-calculated activation
barriers and the MP4(SDTQ)- and CCSD(T)-calculated exo-
thermicities are reliable.

The d-orbital population of W changes little upon going to1
(5.77e) from9 (5.77e), but it is moderately larger inTS9-1

(5.85e) than in9 and1, where the DFT/BS-II-calculated values
are given in parentheses. We found above that W has a 2+
oxidation state in both9 and 1. This is consistent with the
d-orbital populations being almost the same in9 and1. These
results indicate that the conversion from9 to 1 takes place
without changing the oxidation state of W. The moderate
increase in W d-orbital population inTS9-1 relates to the
interactions in the transition state, as will be discussed below.

It is of considerable interest to clarify the reason why the
R-Si-C σ-bond activation takes place easily with a moderate
activation barrier. To clearly understand thisR-Si-C σ-bond

activation, we carried out an intrinsic reaction coordinate (IRC)
calculation and examined the molecular orbitals along the
reaction coordinate, as shown in Figure 9, where energies of
three important orbitals are plotted against the reaction coor-
dinate (see Figure 9B). One is HOMO-8, which mainly consists
of the Si-C1 bonding orbital in9. This orbital energy does not
change very much in the reaction, although the Si-C bond is
broken. This is because the sp lone-pair orbital of acetylide
decreases the bonding overlap with the sp3-orbital of the silyl
group by changing its orientation from the Si atom toward the
W center, but it starts to overlap with the acceptor orbital of
W, as shown in Scheme 6. On the other hand, the HOMO-6
increases considerably in energy upon going to9-5 from 9 and
then becomes considerably lower in energy upon going to1
from 9-5 (see Figure 9 for9-1 to 9-8). These changes are easily
understood in terms of the interaction of the acetylideπ-orbital
with either the acceptor orbital of W or the empty p-orbital of
the silylene. The HOMO-6 of9 mainly consists of the bonding
interaction between theπ-orbital of acetylide and the acceptor
orbital of W, as shown in Figure 8A. Because the acetylide
moiety changes its orientation upon going toTS9-1 from 9, the
bonding overlap between the acetylideπ-orbital and the acceptor
orbital of W decreases, as shown in Figure 9, which increases
the HOMO-6 energy. However, the acetylideπ-orbital starts
to overlap with the empty p-orbital of silylene upon going to1
from 9-5, to stabilize the HOMO-6 in energy.

The HOMO-2 energy changes in a complicated manner: it
first increases and reaches the maximum beforeTS9-1. It then
decreases upon going to9-5 from 9-3. At TS9-1, it is decreasing.
After 9-5, it changes little. The HOMO-2 of9 mainly consists
of the bonding overlap between the empty d-orbital of W and
theænπ-orbital, as shown in Figure 8A. The energy increase in
the early stage of the reaction is easily understood in terms of
the bonding overlap between the p-orbital of C2 and the empty
d-orbital of W becoming small upon going to9-3 from 9, as
clearly observed in Figure 9. Upon going from9-3 to 9-5

throughTS9-1, silylene is gradually formed. Its lone-pair orbital
overlaps with the W center in a bonding way aroundTS9-1,
which lowers the HOMO-2 in energy, as shown in Figure 9.
This is consistent with the shorter W-Si distance and the larger
W d-orbital population atTS9-1 compared to those in9 and1.
In the latter half of this reaction from9-5 to 1, silylene changes
its direction toward the C1 atom, which decreases the overlap
between the lone-pair orbital and the acceptor orbital of W,
increasing the energy of HOMO-2. However, theπ*-orbital of
acetylide starts to overlap with the lone-pair orbital of silylene
in a bonding way upon going to1 from 9-5, which decreases
the HOMO-2 energy. Because these two effects compensate
each other, the HOMO-2 energy changes little in the latter half
of the reaction.

From these results, three important conclusions are ex-
tracted: (1) The origin of the activation barrier is the weakening
of the bonding interaction between theænπ-orbital of the
silapropargyl group and the acceptor orbital of W. (2) The

Table 4. Activation Barrier (Ea)a and Reaction Energy (∆E)a in the

Conversion of Cp(CO)2W(Si(R2)2CtCH) (9) to
Cp(CO)2W(CtCH)(SiH2) (1)

method Ea (kcal/mol) ∆E (kcal/mol)

DFT 15.3 -4.9
MP2 20.7 0.4
MP3 14.0 -1.4
MP4(DQ) 15.5 -0.1
MP4(SDQ) 14.8 -0.9
MP4(SDTQ) 18.8 -0.6
CCSD(T) 15.8 -0.7

a Ea is the energy difference between transition state and reactant, and
∆E is the energy difference between product and reactant. BS-II was
employed.

Scheme 6
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π-orbital of acetylide is stabilized in energy by the interaction
with the empty p-orbital of silylene. (3) The lone pair of silylene
is stabilized in energy by the interaction with theπ*-orbital of
acetylide. In other words, the driving force for the 1,2-alkynyl
shift is the CT interactions between theπ-orbital of acetylide
and the empty p-orbital of silylene and between the lone-pair
orbital of silylene and theπ*-orbital of acetylide.

Conclusions

The geometry and bonding nature of Cp*(CO)2W(CtCtBu)-
(SiPh2) and all the steps of the reaction leading to its formation
from Cp*(CO)2W(Me)(HSi(Ph)2CtCtBu) were theoretically
investigated with DFT, MP2 to MP4(SDTQ), and CCSD(T)
methods, where Cp(CO)2W(CtCH)(SiH2) (1) and Cp(CO)2W-
(Me)(Si(H)3CtCH) (5) were adopted as their models, respec-

Figure 9. Changes in potential energy and orbital energies resulting from the conversion of Cp(CO)2W(Si(H)2CtCH) (9) to Cp(CO)2W(CtCH)(SiH2) (1).
See Figure 7 for9, TS9-1, and1. aReaction coordinates from IRC calculation with the DFT/BS-I method.bDFT/BS-II calculation. In Hartree-Fock orbitals,
essentially the same energy changes are observed (see Supporting Information, Figure S4).
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tively. The geometrical features and the bonding nature indicate
that 1 is neither a pure silacyclopropenyl complex of W nor a
pure silylene acetylide complex of W. Although no pure
silacyclopropenyl group is formed in1, the orbitals of1 resemble
well those observed in the formation of silacyclopropene from
silylene and acetylene. Those orbitals are formed through
interactions of theπ- andπ*-orbitals of acetylide with the lone
pair and empty p-orbitals of silylene. In1, CT occurs from the
π-orbital of the acetylide moiety to the empty p-orbital of
silylene, and simultaneously the other CT occurs from the sp2

lone-pair orbital of silylene to theπ*-orbital of acetylide. From
these frontier orbitals, as well as the geometry of1, it can be
concluded that the CCH(SiH2) moiety of 1 is an intermediate
species trapped by the W center in the formation of silacyclo-
propene from silylene and acetylene. The substituent on the
acetylide group considerably influences the geometry of1.

Complex 1 is formed from 5 through several steps, as
follows: Cp(CO)2W(Me)(Si(H)3CtCH) (5) first converts to
Cp(CO)2W(H)(Me)(Si(H)2CtCH) (6) with no barrier and
considerable exothermicity through Si-H oxidative addition.
Then,6 converts to Cp(CO)2W(CH4)(Si(H)2CtCH) (7) through
the reductive elimination of methane, with a moderate activation
barrier of 10.7 (11.8) kcal/mol, where the DFT- and MP4-
(SDTQ)-calculated energies are given without parentheses and
in parentheses, respectively. This reductive elimination is almost
thermoneutral. After methane dissociation from7, coordination
of the CtC triple bond to W takes place with no barrier and a
large exothermicity of 31.2 (43.3) kcal/mol, to afford Cp(CO)2-

W(Si(H)2CtCH) (9). Finally,9 converts to Cp(CO)2W(CtCH)-
(SiH2) (1) throughR-Si-C σ-bond activation with moderate
activation barriers of 15.3, 18.8, and 15.8 kcal/mol and
exothermicities of 4.9, 0.6, and 0.7 kcal/mol, which are
calculated with the DFT, MP4(SDTQ), and CCSD(T) methods,
respectively. This moderate activation barrier arises from the

stabilization of theπ-orbital of acetylide by the bonding
interaction with the empty p-orbital of silylene and that of the
lone pair of silylene by the bonding interaction with theπ*-
orbital of acetylide. In other words,R-Si-C σ-bond activation
easily occurs via a 1,2-alkynyl shift because of these bonding
interactions.

Complex9 is a silicon analogue of theη3-propargyl/allenyl
complex of W, but the delocalization in [H2SiCCH]- is much
less than that in [H2CCCH]-. The nonbondingπ-orbital of the
H2SiCCH moiety is essentially the same as that of the propargyl
group, but theπ-conjugation between Si and C atoms is very
weak, unlike the sufficientπ-conjugation in the propargyl
complex. Thus,9 is understood in terms of 50% of the Si
analogue of a tungsten-η3-propargyl complex and 50% of a
tungsten-alkynylsilyl complex.
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