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Abstract: The geometry and bonding nature of Cp(CO),W(C=CH)(SiH,) (1) and the reaction leading to

1
the formation of 1 from Cp(CO),W(Si(H).C=CH) (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),W(Si(Ph),C=C'Bu) and Cp*(CO),W(C=C'Bu)(SiPh,), 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 o-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),W(Me)(H;SiC=CH) via Si—H oxidative addition, followed by C—H reductive
elimination. The bonding nature of 9 is also very interesting; the nonbonding z-orbital of the H,SICCH
moiety is essentially the same as that of the propargyl group, but the z-conjugation between Si and C
atoms is very weak in the s-orbital, unlike that in the propargyl group.

Introduction transition metat-silylene complexe$:® The first example of

an isolated transition metakilylene complex was reported by
Schmidt and Welz in 197%However, (CO)Fe=SiMe,NHEL),
which they synthesized, was very unstable, and its X-ray
characterization was not successful. In 1987, Zybill aridiédu
synthesized a transition metadilylene complex and presented

complexes and their carbon analogues. The important role c)fthe first structural evidence for the H¥5i unit (TM = transition

o
these complexes as intermediates was also proposed in variou&€tal)’ Since then, many successful results have been reported
metal-catalyzed transformation reactions of organosilicon com- ©n the syntheses find characterization of transition metal
pounds. To understand well their properties and reaction Silylene complexes.® For instance, the Ogino grotipnd the

behavior, a considerable effort has been made to isolate Pannell groupsuccessfully synthesized many transition metal
silylene complexes, from disilanyl complexes through a 1,2-

Transition metatsilylene complexes are important and
interesting research targets in coordination chemistry, organo-
metallic chemistry, and synthetic chemistry. The geometry,
bonding nature, and electronic structure are of considerable
interest for comparison between transition mesilylene

t Kyoto University. silyl shift. The Tilley group successfully synthesized base-
§$UEULIn%titute f(?tr Fundamental Chemistry. stabilized rutheniumsilylene complexé$ and then base-free
onoku University. . . . 1 12
(1) Tilley, T. D. In The Silicon-Heteroatom BondPatai, S., Rappoprt, Z., osmium- and platinum-silylene complexe$! The Corrit?and

Eds.; Wiley: New York, 1991; Chapters 9 and 10, pp 245, 309. (b) Eisen, Braunstein groug$ successfully synthesized HMPA- and
M. S. In The Chemistry of Organic Silicon Compoun&appoport, Z., . - . .
Apeloig, Y., Eds.; Wiley: New York, 1998; Vol. 2, Chapter 35, p 2037. amine-stabilized silylene complexes, respectively. The 1,2-H

(2) Sharma, H. K.; Pannell, K. HChem. Re. 1995 95, 1351. i i i
(3) (a) Bratnstein. P : Knorr, MJ. Organomet. Chem99s 500, 21. (b) shift from a silyl I_|gand to ametal center was zilisao e_mployed to
Braunstein, P.; Boag, N. MAngew. Chem., Int. E®001, 40, 2427. synthesize transition metasilylene complexe$t16 It is noted

(4) (a) Ogino, H.; Tobita, HAdv. Organomet. Cheni998 42, 223. (b) Ogino,
H. Chem. Recor®002 2, 291. (c) Okazaki, M.; Tobita, H.; Ogino, H.
Dalton Trans 2003 493. (6) Schmidt, G.; Welz, EAngew. Chem., Int. Ed. Engl977, 16, 785.

(5) Corey, J. Y.; Braddock-Wilking, hem. Re. 1999 99, 175. (7) zZybill, C.; Muller, G. Angew. Chem., Int. Ed. Engl987, 26, 669.
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instance, Hall and collaborators theoretically investigated the
hydrosilation reaction catalyzed by a rutheniusilylene com-
plex26

Recently, an interesting tungsten complex with composition
Cp*(CORW(C=CBu)(SiPh) was synthesized from Cp*(C®)

(MeCN)W(Me) and the alkynylsilane (HRBIC=C'Bu)2?’ as
thato-bond activation was involved as an important process in shown in Scheme 2. Cp*(C@)(C=C'Bu)(SiPh) is understood
these syntheses oftr_a_nsition mt_etailylene complexes. Besides in terms of a tungstensilylene complex stabilized by an
these studies, transition metadilylene complexes have also jntramolecular charge-transfer (CT) interaction with the acetylide
been synthesized by ligation of free silylene with the metal group, as schematically shown Bgrm-A in Scheme 3, which

17-21
center. _ _ _ is a new canonical structure of a transition mesilylene
The transition metatsilylene complex has attracted consider- complex. Two other renderings of this complex were also

i —26 i i i i ) - . .
able interest, as well-26 The silylene species involves a singlet experimentally proposed: one is a tungsten complex involving

spin state, andasa result,. thé leme-pair or_bital a.nd the empty o silacyclopropenyl groug=orm-B), and the other is a tungsten
p-orbital (Scheme 1).play important roles in the mteractlon. with complex with a four-membered ring including silyl and alkenyl
the metal center. This means that the coordinate bond with thegroups Form-C). It is worthwhile to investigate theoretically

transition-metal center is expe_c_ted to be similar to that of CO. the bonding nature of Cp*(C@N(C=CBu)(SiPh) and to
Unexpectedly, however, transition metailylene complexes . . - K .
clarify which structure is correct. The formation of this

are not stable, unlike transition metaCO complexes. In this . . . . .
. " compound is also very interesting, because this reaction takes

regard, the geometry and the bonding nature of transition metal | throuah a variety ob-bond activation pr
silylene complexes were theoretically discussed in many?ﬁce IO;? ava eyto” ° acd a Ot' poci%?ﬁ;’ as
works?2-25 The reaction of a transition metasilylene complex f_o ows. in 3 exlperlmen a ]}/ propdqse :jeel\l: 'g?\lsg h e'l |
is another attractive research subject for theoreticians. For Irst step Is ISp acgment ot coor inated Me X y the silyl-

acetylene to give an intermediate Cp*(Q@)(Me)(HSi(Ph}C=
CBu) (I-1, Scheme 2), followed by SiH oxidative addition

(8) (a) Tobita, H.; Ueno, K.; Ogino, HChem. Lett1986 1777. (b) Tobita,
H.; Ueno, K.; Ogino, HBull. Chem. Soc. Jpri988 61, 2797. (c) Ueno,

K.; Tobita, H.; Shimoi, M.; Ogino, HJ. Am. Chem. Sod988 110, 4092.
(d) Tobita, H.; Ueno, K.; Shimoi, M.; Ogino, H.. Am. Chem. S0d.99Q

112, 3415. (e) Ueno, K.; Tobita, H.; Ogino, K&hem. Lett199Q 369. (f)

Takeuti, T.; Tobita, H.; Ogino, HOrganometallicsL991, 10, 835. (g) Ueno,
K.; Ito, S.; Endo, K.; Tobita, H.; Inomata, S.; Ogino, Brganometallics
1994 13, 3309. (h) Tobita, H.; Wada, H.; Ueno, K.; Ogino, Brgano-
metallics1994 13, 2545. (i) Ueno, K.; Nakano, K.; Ogino, KEhem. Lett.
1996 459. (j) Ueno, K.; Masuko, A.; Ogino, HOrganometallics1997,

16, 5026. (k) Okazaki, M.; Tobita, H.; Ogino, HChem. Lett1997 437.
() Wada, H.; Tobita, H.; Ogino, HChem. Lett1998 993. (m) Ueno, K;
Sakai, M.; Ogino, H.Organometallics1998 17, 2138. (n) Ueno, K.;
Masuko, A.; Ogino, HOrganometallics1999 18, 2694. (o) Tobita, H.;
Sato, T.; Okazaki, M.; Ogino, HJ. Organomet. Chen200Q 611, 314.
(p) Minglana, J. J. G.; Okazaki, M.; Tobita, H.; Ogino, Bhem. Lett.

to the W center to form the second intermediate, Cp*(80)
(Me)(H)(Si(Ph)C=C'Bu) (I-2). The next step is €H reductive
elimination of methane to form the third intermediate,

1
Cp*(CORLW(Si(PhpC=C'Bu) (I-3), and the final step is either
Si—C o-bond activation to afforéform-A andForm-C or Si—C
bond formation to affordForm-B (Scheme 3). If eithelForm-A
or Form-C is correct, Cp*(COMW(C=C'Bu)(SiPh) is produced
via a 1,2-alkynyl shift from a tungsteriL-alkynylsilyl complex,
I-3, which, to our knowledge, is an interestingSi—C o-bond

2002 406.

(9) (a) Pannell, K. H.; Cervantes, J.; Hernandez, C.; Cassias, J.; Vincenti, S.
Organometallics1986 5, 1056. (b) Jones, K. L.; Pannell, K. H. Am.
Chem. Soc1993 115 11336. (c) Jones, K. L.; Pannell, K. l@rgano-
metallics2001, 20, 7.

(10) Straus, D. A.; Tilley, T. D.; Rheingold, A. L.; Geib, J. $. Am. Chem.
So0c.1987 109 5872.

(11) (a) Grumbine, S. D.; Tilley, T. D.; Rheingold, A. U. Am. Chem. Soc.
1993 115 358. (b) Grumbine, S. D.; Tilley, T. D.; Arnold, F. P.; Rheingold,
A. L.J. Am. Chem. S0d.993 115, 7884.

(12) (a) Corriu, R. J. P.; Lanneau, G. F.; Chauhan, B. FOiganometallics
1993 12, 2001. (b) Corriu, R. J. P.; Chauhan, B. P. S.; Lanneau, G. F.
Organometallics1995 14, 1646. (c) Chauhan, B. P. S.; Corriu, R. J. P.;
Lanneau, G. F.; Priou, C.; Auner, N.; Handwerker, H.; Herdtweck, E
Organometallics1995 14, 1657.

(13) Bodensieck, U.; Braunstein, P.; Dech, W.; Faure, T.; Knorr, M.; Stern, C.
Angew. Chem., Int. Ed. Engl994 33, 2440.

(14) Chen W.; Edwards, A. J.; Esteruelas, M. A.; Lahoz, F. J.; Olivan, M.;

o, L. A. Organometalllcsl996 15, 2185.

(15) (a) MlcheII G. P.; Tilley, T. DAngew. Chem., Int. EAL998 37, 2524.
(b) Michell, G. P.; Tilley, T. D.J. Am. Chem. Sod998 120, 7635. (c)
Peters, J. C.; Feldman, J. D.; Tilley, T. . Am. Chem. S0d.999 121,
9871.

(16) Sakaba, H.; Tsukamoto, M.; Hirata, T.; Kabuto, C.; HorinaJHAm. Chem.
Soc.200Q 122 11511.

(17) Denk, M.; Hayashi, R. K.; West, R. Chem. Soc., Chem Comm894

33.

activation?® Thus, it is worthwhile to investigate theoretically
this formation reaction. Also, the bonding nature and geometry
of 1-3 are interesting, becausk3 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 ar-allyl complex has been experimentally re-
ported??

In the present study, the bonding nature of Cp*(@@)C=

1
C'Bu)(SiPh) and Cp*(CO)W(Si(PhyC=C'Bu) I-3 and the
reaction leading to the formation of Cp*(C@®Y(C=CBu)-
(SiPh) from Cp*(CORW(Me)(HSi(Ph)C=C'Bu) 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 fréth to Cp*(CORW-

(18) Gehrhus, B.; Hitchcock, P. B.; Lappert, M. F.; Maciejewski,Q4gano- (C=C'Bu)(SiPh).

meta||ICSJ.998 17, 5599.

(19) Petri, S. H. E.; Eikenberg, D.; Neumann, B.; Stammler, H. G.; Jutzi, P.
Organometallics1999 18, 2615.

(20) Woo, L. K.; Smith, D. A.; Young, V. G., JlOrganometallics1991, 10,
3977

(27) Sakaba, H.; Yoshida, M.; Kabuto, C.; Kabuto,JXAm. Chem. So2005
127, 7276.

(28) (a) Burger, P.; Bergman, R. G. Am. Chem. Sod 993 115 10462. (b)
Klei, S. R.; Tilley, T. D.; Bergman, R. @rganometallic001, 20, 3220.
(c) Klei, S. R.; Tilley, T. D.; Bergman, R. Grganometallics2002 21,
4648. (d) Okazaki, M.; Suzuki, E.; Miyajima, N.; Tobita, H.; Ogino, H.
Organometallics2003 22, 4633. (e) Suzuki, E.; Okazaki, M.; Tobita, H.
Chem. Lett2005 34, 1026.

(29) Sakaba, H.; Watanabe, S.; Kabuto, C.; Kabutal.Kdm. Chem. So2003
125, 2842.

(21) Feldman, J. D.; Mitchell, G. P.; Notle, J. O.; Tilley, T. . Am. Chem.
Soc 1998 120, 11184.

(22) Cundari, T. R.; Gordon, M. S. Phys. Chem1992 96, 631.

(23) Marquez, A.; Sanz, J. B. Am. Chem. Sod 992 114, 2903.

(24) Jacobsen, H.; Ziegler, Drganomettallics1995 14, 224.

(25) Boheme, C.; Frenking, G®rganometallics1998 17, 5801.

(26) Beddie, C.; Hall, M. BJ. Am. Chem. So@004 126, 13564.
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Scheme 2. Formation of Cp*(CO),W(C=C'Bu)(SiPh;) from Cp*(CO),W(Me)(MeCN)
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Scheme 3. Three Possible Limiting Forms of
Cp*(CO),W(C=C'Bu)(SiPhy)
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Computational Details

We employed here Cp(C@)(C=CH)(SiH,) (1) as the simplest
model of Cp*(CO)W(C=C'Bu)(SiPh). Geometries were optimized
with the density functional theory (DFT) method, where the B3PW91
functional was adopted for the exchange-correlation téfi#isThe

those of BS-I. For the other atoms, the same basis sets as those of
BS-1 were employed. This BS-Il was used to evaluate energy and
population changes.

The Gaussian 03 program package (revision G'0&2as used for
all these computations. Population analysis was carried out with the
method proposed by Weinhold et“dlMolecular orbitals were drawn
with the MOLEKEL program package (version 443).

Results and Discussion

In this article, we discuss first the bonding nature and
geometry of Cp*(COMW(C=C'Bu)(SiPh) and then the reaction
leading to its formation from Cp*(CQW(Me)(Si(PhyHC=
CBu). Also, we discuss the bonding nature and characterization

1
of Cp*(CO)RW(Si(PhpC=C'Bu) in comparison with those of
similar propargyl/allenyl complexes.

Geometry of Cp(CO)LW(C=CR?)(SiR%) (R = H, Me, or
Bu; R2 = H or Me). The optimized geometry of Cp(C&W-

B3PW9L1 functional presented a much better agreement of the optimized(C=CH)(SiH,) (1) agrees well with the experimental offe,

geometry ofl with the experimental one of Cp*(C@)/(C=C'Bu)-
(SiPhy)?” than the B3LYP®32and MPWPW9%-33functionals (see Table
S1, Supporting Information). We ascertained that none of the equilib-

rium geometries exhibited an imaginary frequency and each transition . .
g girary red Y qmental values (see Figure 1 and Table 1 for important geo-

state exhibited only one imaginary frequency. Energy was evaluate
with DFT, MP2 to MP4(SDTQ), and CCSD(T) methods, where the
DFT-optimized geometries were adopted.

Two kinds of basis set systems, BS-l and BS-Il, were used in this
work. In BS-I, the usual LANL2DZ* basis set was employed for W.
The cc-pVDZ basis s&twas employed for Si, C, and O, and the 6-31G
basis set was used for #.This BS-I system was used for geometry

except for a few geometrical parameters: the-8¥ and Si-
C1 distances are moderately longer but the @1 and Si-C2
distances are moderately shorter than the corresponding experi-

metrical parameters). Introduction of Me didi 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(G®J(C=CH)(SiH,)

optimization. The basis set effects on the optimized geometry were (2), in which the acetylide group is at a position opposite to the

examined with the 6-31G(#) basis set for Si, C, and O and the
Huzinaga-Dunning® basis set for Si. However, no significant differ-

ence was observed between BS-I and these basis set systems (see Tab?e

SiH, group, as shown in Figure 1; in other words, no interaction
xists between these two moieties. The-@®/1 and C+C2

S1). In BS-II, the valence electrons of W were represented with a (541/ distances of2 agree well with those of a typical tungsten

541/111/1) basis s&t*4with the same effective core potentials as

(30) (a) Becke, A. DPhys Re. A. 1988 38, 3098. (b) Becke, A. DJ. Chem.
Phys 1993 98, 5648.

(31) (a) Perdew, J. P. IBlectronic Structure of Solids '9Ziesche, 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. Re. B 1992 46, 6671. (c) Perdew, J. P.; Chevary, J. A.; Vosko,
S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; FiolhaisPRys.
Rev. B 1993 48, 4978. (d) Perdew, J. P.; Burke, K.; Wang, fhys. Re.
B 1996 54, 16533.

(32) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(33) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.

(34) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 299.

(35) (a) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. (b) Woon, D. E.;
Dunnin, T. H.g, JrJ. Chem. Phys1993 98, 1358.

(36) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54, 724.

(37) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
2257. (b) Hariharan, P. C.; Pople, J. Pheor. Chim. Actd 973 28, 213.
(c) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; Defrees, D. J.; Pople, J. B. Chem. Phy4982 77, 3654.

(38) Dunning, T. H., Jr. IModern Theoretical Chemistry, Vol; Schaefer, H.
F., lll, Ed.; Plenum: New York, 1976; pp-128. The d polarization function
(¢ = 0.3247) implemented in the Gaussian 03 program package (revision
C.02) was used for Si.

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

acetylide complex* Silacyclopropene8 was also optimized,
as shown in Figure 2. The SC and C-C distances 08 agree
well with the experimental values.

The Si—C1 and Si-C2 distances i are considerably longer
than the Si-C bond of3. Consistent with these long SC1
and SiC2 distances, the CI1C2 distance ofl is somewhat
shorter than that d3. Also, the C1-C2 distance is longer ift

(40) Ehlers, A. W.; Bohme, D. S.; Gobbi, A.; Hollwarth, A.; Jonas, V.; Kohler,
K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Ghem. Phys. Let993

208 111.

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

(42) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. NBO,
Version, 3.1.

(43) (a) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber,MOLEKEL 4.3 Swiss
Center for Scientific Computing: Manno, Switzerland, 26@002. (b)
Portmann, S.; Lthi, H. P.MOLEKEL, An Interactive Molecular Graphics
Tool. CHIMIA 200Q 54, 766-770.

(44) Pin, C.-W.; Peng, J.-J.; Shiu, C.-W.; Chi, Y.; Peng, S.-M.; Lee, G.-H.
Organometallics1998 17, 438.

(45) Tutsui, S.; Sakamoto, K.; Kabuto, C.; Kira, Irganometallics1998 17,
3819.
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i,
‘%} of SiH,

1

Direction of sp*
lone pair orbital OF

1-Meb

Figure 1. DFT/BS-I-optimized geometriésf Cp(COpW(C=CRY)(SiR?%) (R! = H, Me, or'Bu; R? = H or Me).2Bond lengths are in angstroms, and bond

angles are in degrees.

Table 1. Selected Optimized Parameters of
Cp(CO)2W(C=CR)(SiR%,)?

1, 1-Mea, 1-Bu, 1-Meb, expt,”

RI=H, Ri=Me, R!=8Bu R!=H, RI=8y,

R?=H R?=H R2=H R? = Me R? = 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-Cc2 1.299 1.283 1.286 1.300 1.270
Ow-Si—C1 49.7 52.0 51.7 48.5 51.9
0dc1-si—C2  39.0 37.3 37.5 38.6 37.5

previously reported by Gordon etdland Koch et af® Because
no precursor complex could be optimized in this reaction, the
starting geometry_; was optimized under the assumption that
the Sik; plane was parallel to the-&C bond. In4_;, the Si-C
distances are long and the?dpne-pair orbital of SiH makes

a large angle (7229 with the SiC bond. Upon going td_3
from 4_;, the sp lone-pair orbital of SiH is changing its
direction toward the center of the-&C bond, with concomitant
formation of two Si-C bonds. The angle (1£Bbetween the
sp? lone-pair orbital and the SiC1 bond inl is smaller than
that (26.3) of 4_, but larger than that (1°) of 4_3. The Si-

aBond lengths are in angstroms, and bond angles are in degrees.C1 and S+-C2 distances of are not very much different from

b Reference 27.

than in2. 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 ofl is almost the same as
that of 2, while the W-Si distance ofl is longer than those of
2 and a typical donor-stabilized tungstesilylene complexm-46
Consistent with the longer WSi distance inl than in2 and
the longer S-C1 and Si-C2 distances iri than in3, the sp
lone-pair orbital of SiH expands neither toward the W center
nor toward the midpoint of the G1C2 bond; i.e., the $done-
pair orbital expands at an angle of°3&ith the W—Si bond
and at an angle of R4with the S-C1 bond, as shown in Figure
1.

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

To shed light on the CCH(Si} moiety, we investigated the

those of4_,. From these geometrical features, it is concluded
that the CCH(SiH) moiety of 1 is similar to the HCCH(Sik)
species halfway to the formation of silacyclopropene from
silylene and acetylene; in other words, the CCH($ioiety
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 bivere investigated
by introducing Me andBu on C2 and Me on Si (sek-Mea,
14Bu, and 1-Meb in Figure 1). Introduction of Me anéBu
groups on C2 considerably shortens the-®i distance by 0.061
and 0.052 A, respectively, and considerably lengthens the Si
C2 distance by 0.092 and 0.081 A, respectively ($ddea
and 1-Bu in Figure 1). The C%+C2 bond also becomes
moderately shorter upon introduction of Me dBd groups on
C2. Consistent with the shortening of the-\8i distance, the
angle between the 3jjone-pair orbital of SiH and the W-Si
bond decreases to 25.ih 1-Meaand 27.4 in 1-Bu, compared
to 35.4 in 1. These optimized geometries bfMea and1-Bu
extremely agree with the experimental one. On the other hand,

formation of silacyclopropene from silylene and acetylene, as the presence of Me groups on Si little changes the geometry,
shown in Figure 2. This reaction takes place without barrier, as except for moderate |engthening of theA8i distance in

(46) Sakaba, H.; Tsukamoto, M.; Hirata, T.; Kabuto, C.; HorinaJ HAm. Chem.
Soc 2000 122 11511.
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(47) Chung, G.; Gordon, M. SOrganomettalics1999 18, 4881.
(48) Koch, R.; Bruhn, T.; Weidenbruch, MOrganometallics2004 23, 1570.
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HOMO

Energy (kcal/mol)
' 3
HOMO-2

5]
=

Si-C distance (Angstrom)

Figure 2. Changes of geometd/fotal energy, and important KohrSham orbitalzin 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 d&JF&RS-1I calculation.CIn parentheses are

experimental value®.

J ob T

J ﬁg
HOMO  HOMO-1 HOMO-2 HOMO-5 HOMO-6 HOMO-8
(-5.4) (-6.0) (-7.3) (-8.4) (-10.1) (-10.9)

HOMO HOMO-1 HOMO-2  HOMO-3 HOMO-6 HOMO-8
(-5.7) (-6.0) (-7.0) (-7.3) (-8.7) (-9.8)
(B) Cp(CO),W(C=CH)(SiH,) 2
Figure 3. Several important KohaSham orbitals observed in Cp(G@)(C=CH)(SiH) (1) and ideal complex Cp(C@W(C=CH)(SiH,) (2). In parentheses
are orbital energies (in eV).

1-Meb. These substituent effects will be discussed below on in a bonding way, because th&-orbital is at higher energy
the basis of the bonding nature. than the splone-pair orbital, and with the-orbital of acetylide
Bonding Nature of Cp(CO);W(C=CH)(SiH;) (1). To in an antibonding way, because therbital is at lower energy
clearly understand the bonding naturelpfve investigated the  than the splone-pair orbital, as shown in Scheme 4A. As a
molecular orbitals ofl. The HOMO and HOMO-1 mainly result, the contribution of the C1 p-orbital considerably decreases
consist d a W d-orbital, as shown in Figure 3A. The presence and that of the C2 p-orbital considerably increases, which leads
of two doubly occupied d-orbitals is consistent with theé 2  to the HOMO-2. In other words, the HOMO-2 involves CT from
oxidation state of W (#system). The HOMO-2 of closely the sp lone pair of silylene to ther*-orbital of acetylide and
resembles the HOMO of silacyclopropene, and the HOMO-6 a four-electron repulsion between the’ fgne pair of silylene
of 1 is similar to the HOMO-2 o#_; ~ 4_3 (see also Figure  and ther-orbital of acetylide. The HOMO-6 is formed through
2). These features suggest that the HOMO-2 and HOMO-6 of slightly different orbital mixing: thes-orbital of acetylide
1 mainly consist of the Splone-pair and empty p-orbitals of  overlaps with the shlone-pair orbital of silylene in a bonding
silylene and ther- andz*-orbitals of acetylide. The gdone- way because the HOMO-6 is the most stable in energy among
pair orbital of silylene overlaps with the*-orbital of acetylide the molecular orbitals consisting of the andz*-orbitals of

(A) Cp(CO),W(C=CH)(SiH,) 1
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Scheme 4 Table 2. z- and 7*-Orbital Energies of Acetylene and sp?
Lone-Pair and Empty p-Orbital Energies of Silylene
[H—C=C—RYP
Ho-ooo
H™== orbital energy? (eV)
orbital R'=H Rl = Me R!=Bu
T —7.78 —7.15 —7.02
Hoo___ . (—10.6) 9.99) (9.85)
=8O ‘ * ~0.67 0.14 0.09
(3.57) (4.38) (4.31)
SiR%*
[ .fo . | . i‘ QS O?‘ orhital energy? (V)
il *O &0 d — H orbital RZ=H R?=Me
Hy sp? lone pair —6.01 —5.19
Main Small Small Very small (—8.47) (7.68)
p —-3.28 -2.19
(A) HOMO-2 (0.26) (1.29)
OT‘ . ID . Qg O(l". S @ O aThe DFT/BS-II calculation. In parentheses are HartrBeck orbital
Cce® i /S b ®CO 'QD(':‘ energies (BS-1)P Orbitals of free HCCRare presented, where the geometry
iy H Y was taken to be the same as that in Cp(¥@C=CR")(SiR%) (R! = H,
H Hy Me, or Bu; R = H or Me) (see Figure S1, Supporting Information).
Main Small Small Very small ¢ Orbitals of free silylene are presented. Geometries are optimized with the
DFT/BS-I method.
(B) HOMO-6

interaction between the unoccupieg-drbital of W and the sp
lone pair of acetylide. These results suggest that the interaction
between acetylide and W ihis similar to that of the normal
acetylide ligand, which is consistent with the similar\@1
distances irl and 2.

From all these results, it can be clearly concluded that the

acetylide and the $pand p-orbitals of silylene. Into this overlap,
the empty p-orbital of silylene mixes in a bonding way with
thesr-orbital of acetylide because the empty p-orbital is at higher
energy than ther-orbital. The w*-orbital of acetylide also
slightly mixes into this orbital in a bonding way with the2sp
lone-pair orbital of silylene. These orbital mixings lead to . ; ; . A
bonding overlap of the deformed-orbital of acetylide with ~ CCH(SiHb) moiety ofis neither a pure silacyclopropenyl group

the empty p- and €done-pair orbitals of silylene, as shown in  NOF the sum of pure silylene and acetylide groupslirthe
Scheme 4B. In other words, the HOMO-6 involves CT from acetylide group strongly interacts with silylene through the CT

the 7r-orbital of acetylide to the empty p-orbital of silylene. from thesr-orbital of acetylide to. the empty p-orbital of si!ylene
Comparison ofl with 2 provides us information of the WSi and the CT from the sidone pair of silylene to ther*-orbital

and W-C1 bonding nature . In 2, the Sith moiety is bound of acetylide. Despite these strong CT interactions, the CCH-

to the W center through donation from theé &gne-pair orbital (SiH,) moiety does not change to a pure silacyclopropenyl group

to the empty d-orbital of W, which is observed in the HOMO-6 Pecause of the bonding interaction between telepe-pair
of 2, as shown in Figure 3B. I, on the other hand, there is  OrPital of silylene and the empty d-orbital of W. Thus, the CCH-

no clear bonding overlap, but a deformed bonding overlap (SiH2) moiety of1is understood to be an interesting intermediate
between W and Si centers is observed in the HOMO-2, as shownSPecies which is trapped by the W center in the reaction leading
in Figure 3A. This deformed overlap can be easily understood t© the formation of silacyclopropene from acetylene and silylene.
in terms of the bonding orbital between theé kme-pair orbital Substituent Effects on the Bonding Nature of Cp(COjW-

of silylene and thes*-orbital of acetylide (Scheme 4A) (C=CR)(SiR?%). Significant substituent effects on the-ST
interacting with the empty d-orbital of W. Although silacyclo- and W-Si distances were observed when Me &Bd groups
propene is formed from silylene and acetylene in the absencewere introduced on the C2 atom, as described above. These
of Cp(CO»W, SiH, cannot completely change its orientation substituent effects are interpreted in terms of #heand 7*-
toward the C+C2 bond in the presence of Cp(C®J. This is orbitals of the acetylide group. Their orbital energy becomes
because the bonding overlap between tid@pe pair of Sik higher upon introduction of electron-donating substituents, as
and the empty d-orbital of W suppresses the complete changeshown in Table 2. Both the bonding interaction of the acetylide
of the SiH, orientation. Also, the occupiedzebrbital overlaps sr-orbital with the silylene empty p-orbital and the antibonding
well with the empty p-orbital of Siklin 2, to allow the d—p interaction of the acetylide-orbital with the silylene splone-
back-donating interaction, which is observed in the HOMO-1 pair orbitals become stronger as theorbital of acetylide

of 2. However, the d-orbital does not form such an interaction increases in energy. Considering that the introduction of Me
in 1, as shown by the HOMO df. These results indicate that and 'Bu groups on C2 increases the—%i2 distance, it is

1 does not involve a pure silylene group, unliRewhich is concluded that the antibonding interaction is greater than the
consistent with the discussion based on the geometrical featuresbonding interaction. In other words, the repulsive interaction
In 2, the HOMO-3 involves the bonding overlap between the between the Splone-pair orbital of silylene and the-orbital
m-orbital of acetylide and the unoccupiedy@rbital of W of acetylide is still strong irl. This repulsive interaction shifts
(Figure 3). Its antibonding counterpart is the HOMO. Similar the direction of the lone-pair orbital of silylene toward the W
orbitals are observed in the HOMO-5 and the HOMO1of center from the C1 atom ih-Mea and 1-Bu. As a result, the
respectively. The HOMO-8 ofl and 2 involves a bonding electron-donating substituent on C2 strengthens the coordinate
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Figure 4. Geometr§ and energy changes resulting from the conversion of Cp(@@JCHs)(HzSiC=CH) (5) to Cp(COYW(CHz)(H)(H2SiC=CH) (6).
aDFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in @BgFEAS-II calculation (in kcal/mol).

bond of silylene with the W center, which shortens the-8f
distance inl-Mea and 1-'Bu compared to that if.

Introduction of Me on Si raises the energy of thé kme-
pair orbital and the empty p-orbital of the silylene (Table 2).
As the sp lone-pair orbital becomes higher in energy, both the
bonding and antibonding interactions of the? épne pair of
silylene with thes*- and -orbitals of acetylide, respectively,

to Cp(COIW(SIi(H),C=CH)(CH,) (7) through reductive elimi-
nation of methane.

The conversion 06 to 6 takes place without any barrier, as
shown in Figure 4. Geometry optimization ®Emoothly leads
to 6, where the geometry d§ was optimized with the SiH
distance fixed to be the same as that of the free HCgSiH
molecule. The StH bond gradually lengthens and the-\8i

become stronger. However, the bonding interaction between theand W-H distances gradually shorten upon goingtsom 5.

empty p-orbital of silylene and ther-orbital of acetylide

In 6, the Si-H distance is 2.320 A, and the ¥WH and W-Si

becomes weaker. Because these effects compensate each othelistances are 1.735 and 2.579 A, respectively. These geometrical

the Si-C1, Si—C2, and W-C1 distances change little irMeb.
However, the W-Si distance becomes moderately longer in
1-Meb than inl. This is interpreted as follows: The electron-

features indicate that the -SH o-bond is completely broken
and the W-Si and the W-H bonds are formed i6. This
conversion reaction is considerably exothermic, as shown in

donating group on Si decreases the participation of the empty Table 3. Though the DFT-calculated reaction eneyi)(is

p-orbital in the bonding interaction with the-orbital of
acetylide but increases the participation of thélspe pair in
the bonding interaction with the*-orbital of acetylide. As a
result, the direction of the lone-pair orbital of Sishifts toward
C1, which weakens the WSi interaction and thereby increases
the W—Si distance.

Conversion from Cp(CO),W(Me)(SiH;C=CH) to Cp-
1
(CO),W(Si(H),C=CH). We wished to investigate the reaction
1
from Cp(COYW(Me)(SiH;C=CH) (5) to Cp(COYW(Si(H).C=

moderately different from the MP4(SDTQ)-calculated value, the
AE 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. 15, 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 irb. In 6, it is noted that only one d-orbital
of W is in occupied space and the remaining four d-orbitals are

CH) because interesting elementary steps and intermediates ar@ unoccupied space, which clearly shows that the doubly
involved. This conversion takes place through two steps. In the occupied g-orbital becomes unoccupied and the W center takes

first step,5 converts to Cp(CQW(Me)(H)(Si(H,C=CH) (6)
through Si-H oxidative addition. In the second stéconverts

a 4+ oxidation state in6 (see Figure 4 for the coordinate
system). The HOMO-4 involves the bonding overlap between
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Table 3. Activation Barrier (E,), Reaction Energy (AE), and Destabilization Energy (DE) in the Conversion Reactions from
Cp(CO),W(Me)(HzSiC=CH) (5) to Cp(CO).W(Me)(H)(Si(H).C=CH) (6), from 6 to Cp(CO),W(CHa)(Si(H).C=CH) (7), and from

Cp(CO),W(Si(H).C=CH) (8) to Cp(CO)2W(Si(H).,C=CH) (9)2

conversion of conversion of methane dissociation conversion of

5t06 6to7 from 7 (7 — 8) 8t09

AE E, AE DE AE
method (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
DFT —-11.4 10.7 —0.6 8.2 —31.2
MP2 —13.0 10.0 29 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

aE,is the energy difference between transition state and readtgrig the energy difference between product and reactant, and DE is the destabilization
energy induced by methane dissociation. BS-Il was employed.

(885.6i cm™)"

Figure 5. Geometry changésesulting from the reductive elimination of methane from Cp(&&@(Me)(H)(Si(HC=CH) (6) to afford Cp(CO)W(CHa)-
(Si(H).C=CH) (7). @DFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in dégreesin TSs_7 represents
important movement of atom in imaginary frequency. Imaginary frequency is given in parentheses. DFT/BS-I calculation.

the 1s-orbital of H and the emptyzebrbital of W, and the difference is not large, indicating that this reaction is almost
HOMO-1 involves the bonding overlap between thé leme thermoneutral. The orbital changes observed in this reductive
pair of Si and the empty d-orbital of W (see Figure S2B). All elimination are the reverse of those observed in the oxidative
these results are consistent with our understanding thatthtd Si addition of the Si-H bond. We omitted detailed discussion here;

oxidative addition takes place in this process. see Figure S2 in the Supporting Information for orbital changes
The intermediates converts to Cp(CQW(Si(H),C=CH)- in this reductive elimination and the corresponding discussion.
(CHy) (7) through transition stat€Ss-7, as shown in Figure 5. Methane dissociation fron? leads to a coordinatively

In TSe—7, there is only one imaginary frequency (885.6i¢jn unsaturated complex, Cp(CAY(Si(H);C=CH) (8), with mod-
involving the movement of the hydride ligand toward the Me grate destabilization energy, where the geomet8\eés taken
ligand. In this transition state, the YWC distance Ie_ngthens to be the same as that Bfexcept for the absence of a methane
moderately (by 0.076 A) to 2.367 A, and the-W distance  mgjety. The destabilization energy (DE) is evaluated to be 8.2
become_s slightly Iong_er._The{H distance is still long. These 544 17.5 kcal/mol with the DET and MP4(SDTQ) methods,
geometrical features indicate that the-W and W-C bonds respectively (Table 3). Because the DFT method does not
are maintained and the-H bond is not yet effectively formed  jncorporate well the dispersion interaction, which participates
in TSe-7; in other words, this transition state is reactant-like. cqngjgerably in the interaction of methane with the metal center,
In 7, the C-H distance is 1.134 A, which clearly shows that e \Mp4(SDTQ)-calculated value is more reliable here than the
methane is completely formed inand interacts with the W 5t caiculated value. Ir8, the G=C triple bond does not

center through a weak interaction, similar to the agostic jeract with the W center. The geometry optimizationgof
interaction because its€H distance is somewhat longer than

1
the usual G-H bond. This reaction takes place easily with smoothly leads to Cp(C@)V(Si(H)2C=CH) (9), in which the
moderate activation barrier and either very small exothermicity C=C triple bond coordinates with the W center, as shown in
(DFT/BS-II) or small endothermicity (MP4(SDTQ)/BS-Il) (see Figure 6. The &C triple bond gradually approaches the W
Table 3); the activation barrier somewhat fluctuates at MP3 but center in the reaction. Consistent with this geometry change,
converges upon going to MP4(SDTQ) from MP2. Also, the one of ther-orbitals of the G=C triple bond becomes consider-
MP4(SDTQ)-calculated value is almost the same as the DFT- ably lower in energy (see Figure S3, Supporting Information).
calculated value. The moderate activation barrier is consistentThe approach of the=C triple bond to the W center induces
with the reactant-likeTSg—7. Though the reaction energy is achange in the direction of the3sprbital on Si which interacts
slightly different between DFT and MP4(SDTQ) methods, the substantially with the W center i, to increase the Sporbital
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Energy (kcal/mol)

-30 -

-35

3.7 3.2 27 2.2
W-C1 distance (A)

—
Figure 6. Geometry and energy changes resulting from the conversion of Cp(@®{Si(H),C=CH) (8) to Cp(COW(Si(H),C=CH) (9). 2DFT/BS-I
optimization was carried out. Bond lengths are in angstroms, and bond angles are in d&F&&3S-11 calculation (in kcal/mol).

<C3C1C2 = 147.1° <SiC1C2 = 140.0°
9C 9 TSo.4 1
(260.6i cm™)"

1 1

Figure 7. Geometry of Cp(COYW(C(H),C=CH) (9C) and geometry chang&esulting from the conversion of Cp(COY(Si(H),C=CH) (9) to Cp(CO}W-
(C=CH)(SiH) (1). aDFT/BS-I optimization was carried out. Bond lengths are in angstroms, and bond angles are in dégrees.in TSy, represent
important movement of atoms in imaginary frequency. Imaginary frequency is given in parentheses. DFT/BS-I calculation.

energy. However, the energy does not increase much because
this sgg-orbital changes to the HOMO of a silapropargyl-type
Si(H),C=CH species, which will be discussed below in detail.
As a result, the conversion 8fto 9 takes place easily, with no . o

. ; L . to be the Si analogue of a transition metptopargyl complex,
barrier and considerably large exothermicity, as shown in Table ) .

. S and such a species has not been reported yet. To clarify the

3. The DFT-calculated exothermicity (31.2 kcal/mol) is similar characteristic features & we optimized the model propargyl
to the MP4(SDQ)-calculated value (34.5 kcal/mol) but some- —_— P propargy
what smaller than the MP4(SDTQ)-calculated value (43.3 kcal/ complex, Cp(COMW(C(H),C=CH) (9C). As shown in Figure
mol), suggesting that the exothermicity is between 31 and 43 7, the C}-C2 distance oB is almost the same as that €.
kcal/mol. Thus, it can be considered that this process is The Si-C1 (1.826 A) and C+C2 (1.269 A) bond distances of
considerably exothermic. 9 are intermediate between the-& single and the SiC

. .
Geometry and Bonding Nature of Cp(COYW(Si(H).C=
CH) (9). Here, we wish to discuss the bonding nature9of
because this species is of considerable interest. It is considered
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double bonds and betweer=C double and &C triple bonds,
respectivelyR(Si—C) = 1.895 and 1.717 A in k8i—CHs and
H.Si=CH,, respectively, aniR(C—C) = 1.334 and 1.209 A in
H,C=CH, and HG=CH, respectively, where the DFT/BS-I-
optimized values are presented. The-Sil—C2 angle of the
[Si(H).CCH]J ligand in9 is 14, which is similar to that of
9C. All these geometrical features suggest that the JSIEH]~
ligand in9 can be considered as a silicon analogue ofithe
propargyl/allenyl group. Of course, some differences between
9 and 9C are observed. For instance, the\@2 distance is
somewhat longer i8 than in9C, while the W-C1 distance of
9 is much longer than that 09C. These results are not
surprising. Because Si is larger than C, the-8i distance of
9is longer than the WC3 distance 0BC, which leads to the
longer W-C1 and W-C2 distances i® than in9C.

To investigate the coordinate bond of the [SHECH]™
ligand, we examined several important molecular orbital8 of
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 of 1. 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 @xidation
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 SIiGQH
moiety and W, we first discuss frontier orbitals &i(H),CCH
and the usual propargyl groups. The HOMO of b&iH),CCH
and*C(H),CCH is a nonbonding-orbital (¢n-) 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),CCH, the p-orbital of Si contributes more to the HOMO
than that of C irrSi(H),CCH. This is because the p-orbital of
Si is at higher energy than that of C; for instance, the p-orbital
of *SiHz is at—5.39 eV, and that diCHs is at—6.41 eV, where
orbital energies calculated with the DFT/BS-Il method are
presented (HartreeFock orbital calculation provides a similar
energy difference between thefiThe HOMO-2 is, however,
considerably different betwee@(H),CCH and*'Si(H),CCH; it
is the usualz-orbital in *C(H),CCH, which is similar to the
sr-orbital of sz-allyl group. In*Si(H),CCH, on the other hand, it
is similar to thes-orbital of the G=C 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 theorbital of
acetylide in an antibonding way, as shown in Scheme 5A,
because the p-orbital is at higher energy thantfwebital. The
sr*-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 the-orbital. This mixing
significantly decreases the contribution of the C1 p-orbital and
increases very much that of the C2 p-orbital to affgrg. This
@ne-Orbital overlaps with the empty d-orbital of W in a bonding
way to form the HOMO-2 o®. In *C(H),CCH, the p-orbitals
of three C atoms overlap with each other in a bonding way, to
form the HOMO-2 ), as shown in Scheme 5B. Thus, the
@~-orbital delocalizes to the terminal C atom. Tlig-orbital
overlaps with the acceptor orbital of W in a bonding way to

(49) The HF-calculated p-orbital 08iHs is at—7.85 eV and that ofCH; is at
—10.47 eV.
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Figure 8. Several important KohnSham orbitals observed in Cp(C®O)

1 1
W(Si(H),.C=CH) (9), Cp(COYW(C(H),C=CH) (9C), and their fragments,
*Si(H),CCH and*C(H),CCH. In parentheses are orbital energies (in eV).
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afford the HOMO-6, as shown in Figure 8B. The different shape
of the HOMO-2 of*Si(H),CCH 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 resultgtherbital
moderately delocalizes onto the Si atom, as shown in Figure
8C. Because of the rather localized-orbital of *Si(H),CCH,
the HOMO-6 0of9 is considerably different from that &C, 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 nonbondingorbital is similar to that of the
propargyl/allenyl group, the conjugation between Si and C atoms
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Table 4. Activation Barrier (E;)? and Reaction Energy (AE)? in the Scheme 6

1
Conversion of Cp(CO),W(Si(R?),C=CH) (9) to
Cp(CO),W(C=CH)(SiH2) (1)

method E, (kcal/mol) AE (kcal/mol)
DFT 15.3 -4.9 H 2 1=c
MP2 20.7 0.4 H i |
MP3 14.0 -1.4 _
MP4(DQ) 15.5 -0.1 activation, we carried out an intrinsic reaction coordinate (IRC)
mgigg% ig'g :8-2 calculation and examined the molecular orbitals along the
CCSD(T) 158 0.7 reaction coordinate, as shown in Figure 9, where energies of

three important orbitals are plotted against the reaction coor-
2E, is the energy difference between transition state and reactant, anddinate (see Figure 9B). One is HOMO-8, which mainly consists
AE ils thé:‘ energy difference between product and reactant. BS-Il was of the Si-C1 bonding orbital ird. This orbital energy does not
employed. change very much in the reaction, although the Gibond is
broken. This is because the sp lone-pair orbital of acetylide
decreases the bonding overlap with thé-gbital 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
Conversion of Cp(CORW(Si(H),C=CH) (9) to Cp(CO).W- W, as shown in Scheme 6. On the other hand, the HOMO-6
(C=CH)(SiH>) (1). Becausd~orm-A is the correct representa-  increases considerably in energy upon going-tefrom 9 and
tion of Cp(COYW(SiH,)(C=CH) (1), as discussed above, the then becomes considerably lower in energy upon going to
conversion of9 to 1 involves a-Si—C o-bond activation via from 9_5 (see Figure 9 fof_; to 9_g). These changes are easily
the interesting 1,2-alkynyl shift, which takes place through the understood in terms of the interaction of the acetytiderbital
transition statel So-1, as shown in Figure 7. In the imaginary  with either the acceptor orbital of W or the empty p-orbital of
frequency ofTSg-4, the direction of the sp-orbital of the=€ the silylene. The HOMO-6 08 mainly consists of the bonding
C—H group is changing toward the W center. As a result, the interaction between the-orbital of acetylide and the acceptor
W—C1 distance shortens to 2.369 A and the-®2 distance  orbital of W, as shown in Figure 8A. Because the acetylide
lengthens considerably to 3.278 ATiSy_;. At the same time, moiety changes its orientation upon goingn®y—; from 9, the
the Si-C1 distance lengthens to 1.915 ATiSe-1, while it is bonding overlap between the acetylid@rbital and the acceptor
still shorter than that i by 0.053 A. All these results indicate  orbital of W decreases, as shown in Figure 9, which increases
that the St-C1 o-bond and the W C2 bond of9 are going to the HOMO-6 energy. However, the acetylideorbital starts

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

be broken and the WC1 bond is going to be formed Ss-;. to overlap with the empty p-orbital of silylene upon goinglto
Interestingly, the W-Si distance off S¢- is shorter than those  from 9_s, to stabilize the HOMO-6 in energy.
of 9 and1 by 0.089 and 0.177 A, respectively. The €12 The HOMO-2 energy changes in a complicated manner: it

distance ofTSy—; is shorter than those &and1, too. These  first increases and reaches the maximum bel@e ;. It then
interesting geometry changes relate to the interaction betweendecreases upon going%os from 9_s. At TSq1, it is decreasing.
[Si(H).CCH]~ and the W center, which will be discussed below. After 9_s, it changes little. The HOMO-2 & mainly consists
This conversion reaction takes place easily with a moderate of the bonding overlap between the empty d-orbital of W and
activation barrier of 15.3 (15.8) kcal/mol and a small exother- the ¢ -orbital, as shown in Figure 8A. The energy increase in
micity of 4.9 (0.7) kcal/mol, as shown in Table 4, where the the early stage of the reaction is easily understood in terms of
DFT- and CCSD(T)-calculated energies are given without and the bonding overlap between the p-orbital of C2 and the empty
in parentheses, respectively. The CCSD(T) and DFT methodsd-orbital of W becoming small upon going &3 from 9, as
present a similar activation barrier, but the MP4(SDTQ) method clearly observed in Figure 9. Upon going frofns to 9_s
presents a moderately larger value. On the other hand, the DFTthroughTSy-1, silylene is gradually formed. Its lone-pair orbital
calculated exothermicity is moderately larger than the others. overlaps with the W center in a bonding way aroufy-;,
It is likely that the DFT- and CCSD(T)-calculated activation which lowers the HOMO-2 in energy, as shown in Figure 9.
barriers and the MP4(SDTQ)- and CCSD(T)-calculated exo- This is consistent with the shorter¥&i distance and the larger

thermicities are reliable. W d-orbital population af Sg_1 compared to those i@ and1.
The d-orbital population of W changes little upon goindlto  In the latter half of this reaction froi_s to 1, silylene changes
(5.77e) from9 (5.77e), but it is moderately larger iiSg—1 its direction toward the C1 atom, which decreases the overlap

(5.85e) than i® and1, where the DFT/BS-II-calculated values  between the lone-pair orbital and the acceptor orbital of W,
are given in parentheses. We found above that W has-a 2 increasing the energy of HOMO-2. However, titeorbital of
oxidation state in bot® and 1. This is consistent with the  acetylide starts to overlap with the lone-pair orbital of silylene
d-orbital populations being almost the same&iand1. These in a bonding way upon going tb from 9_s, which decreases
results indicate that the conversion frdnto 1 takes place the HOMO-2 energy. Because these two effects compensate
without changing the oxidation state of W. The moderate each other, the HOMO-2 energy changes little in the latter half
increase in W d-orbital population iTSg-; relates to the of the reaction.
interactions in the transition state, as will be discussed below. From these results, three important conclusions are ex-
It is of considerable interest to clarify the reason why the tracted: (1) The origin of the activation barrier is the weakening
a-Si—C o-bond activation takes place easily with a moderate of the bonding interaction between then,-orbital of the
activation barrier. To clearly understand thisSi—C o-bond silapropargy! group and the acceptor orbital of W. (2) The
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1
Figure 9. Changes in potential energy and orbital energies resulting from the conversion of GA(SHH),C=CH) (9) to Cp(COYW(C=CH)(SiH,) (1).
See Figure 7 foB, TSe-1, andl. 2Reaction coordinates from IRC calculation with the DFT/BS-I methbé&T/BS-II calculation. In HartreeFock orbitals,
essentially the same energy changes are observed (see Supporting Information, Figure S4).

mr-orbital of acetylide is stabilized in energy by the interaction Conclusions

with the empty p-orbital of silylene. (3) The lone pair of silylene The geometry and bonding nature of Cp*(G@)C=C'Bu)-

is stabilized in energy by the interaction with th&-orbital of (SiPhy) and all the steps of the reaction leading to its formation
acetylide. In other words, the driving force for the 1,2-alkynyl from Cp*(CORW(Me)(HSi(PhyC=C'Bu) were theoretically
shift is the CT interactions between theorbital of acetylide investigated with DFT, MP2 to MP4(SDTQ), and CCSD(T)
and the empty p-orbital of silylene and between the lone-pair methods, where Cp(C@)(C=CH)(SiH,) (1) and Cp(CO)W-
orbital of silylene and ther*-orbital of acetylide. (Me)(Si(HEC=CH) (5) were adopted as their models, respec-
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tively. The geometrical features and the bonding nature indicate stabilization of thes-orbital of acetylide by the bonding

that1 is neither a pure silacyclopropenyl complex of W nor a
pure silylene acetylide complex of W. Although no pure
silacyclopropenyl group is formed Iy the orbitals ofL resemble

interaction with the empty p-orbital of silylene and that of the
lone pair of silylene by the bonding interaction with th#-
orbital of acetylide. In other words,-Si—C o-bond activation

well those observed in the formation of silacyclopropene from easily occurs via a 1,2-alkynyl shift because of these bonding
silylene and acetylene. Those orbitals are formed through interactions.

interactions of ther- andr*-orbitals of acetylide with the lone
pair and empty p-orbitals of silylene. Ih CT occurs from the
m-orbital of the acetylide moiety to the empty p-orbital of
silylene, and simultaneously the other CT occurs from ttfe sp
lone-pair orbital of silylene to the*-orbital of acetylide. From
these frontier orbitals, as well as the geometnipit can be
concluded that the CCH(SiHmoiety of 1 is an intermediate

species trapped by the W center in the formation of silacyclo-

Complex9 is a silicon analogue of thg3-propargyl/allenyl
complex of W, but the delocalization in pPSICCH]™ is much
less than that in [CCCH]~. The nonbondingr-orbital of the
H,SiCCH moiety is essentially the same as that of the propargyl
group, but ther-conjugation between Si and C atoms is very
weak, unlike the sufficientz-conjugation in the propargyl
complex. Thus9 is understood in terms of 50% of the Si
analogue of a tungsten3-propargyl complex and 50% of a

propene from silylene and acetylene. The substituent on thetungsten—alkynylsilyl complex.

acetylide group considerably influences the geometrg. of
Complex 1 is formed from5 through several steps, as
follows: Cp(COYW(Me)(Si(HEC=CH) (5) first converts to
Cp(COYW(H)(Me)(Si(HpC=CH) (6) with no barrier and
considerable exothermicity through-Sil oxidative addition.
Then,6 converts to Cp(CQW(CHyg)(Si(H),C=CH) (7) through
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(SDTQ)-calculated energies are given without parentheses and

in parentheses, respectively. This reductive elimination is almost

thermoneutral. After methane dissociation fr@ntoordination
of the G=C triple bond to W takes place with no barrier and a
large exothermicity of 31.2 (43.3) kcal/mol, to afford Cp(GO)

W(Si(H),C=CH) (9). Finally, 9 converts to Cp(CQW(C=CH)-
(SiHy) (1) througho-Si—C o-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,

Supporting Information Available: Complete ref 41; geom-
etries of HCCR (R! = H, Me, or'Bu); several important Kohn
Sham orbitals observed in the conversion ®fto 7 and
discussions; changes of orbital energy in the conversi@tof
9; changes of HartreeFock orbital energy in the conversion
of 9 to 1; effects of functional and basis set on the structural
parameters ofl; and Cartesian coordinates and total energies
of important species, including transition states. This material
is available free of charge via the Internet at http://pubs.acs.org.

respectively. This moderate activation barrier arises from the JA0625374
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