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The geometries and bonding nature of interesting new tunggtsitaallyl/»3-vinylsilyl complex Cp-
(COXW(73-H,SICHCH,) (1) and tungsten vinyl silylene complex Cp(GRJ(CHCH,)(SiH,) (2) and the
conversion reaction of to 2 were theoretically investigated with the density functional theory (DFT)
and CCSD(T) methods, wherk was adopted as a model of Cp*(GR)(173-Me,SiICHCMe). The
nonbondingr orbital (pn;) of the 3-H,SICHCH, group is similar to that of they3-allyl group except
that the Si p orbital more contributes ¢o., than tte C p orbital. On the other hand, theorbital (¢-)
of the 3-H,SICHCH, group is considerably different from that of thé-allyl group; thez-conjugation
between the Si and C atoms is very weak, unlike that ofifhallyl group in whichsz-conjugation is
considerably strong. Thug,can be understood to be a species between tungdténylsilyl and tungsten
n3-silaallyl complexes. From the geometry and frontier orbitalsan be understood to be a tungsten
vinyl silylene complex in which charge transfer interaction between the silylene and vinyl groups is very
weak. Complexl is much more stable thahby 21.0 (20.9) kcal/mol, but Cp(C@W(3-H,SIiCCH) @)
is less stable than Cp(CQY(CCH)(SiH,) (4) by 0.7 (4.9) kcal/mol, where the CCSD(T)- and DFT-
calculated values are given without and in parentheses, respectively. This means that the gfagsten
silaallyl/®-vinylsilyl complex can be isolated but the tungsten vinyl silylene complex cannot, unlike the
tungsten acetylide silylene complex Cp*(G@)CCBu)(SiPh) which was isolated recently. Complex
1 converts ta2 with a large activation barrier of 34.2 (33.2) kcal/mol, whlieasily converts ta@ with
a moderate activation barrier of 15.8 (15.3) kcal/mol. These differences belveeet3 can be interpreted
as follows: Though the SiC bond is weak irl, the W—(#3-H,SiCHCH,) interaction is considerably
strong. Moreover, the Wvinyl and silylene-vinyl interactions are very weak iB. On the other hand,
the Si~C bond is strong but the W(#3-H,SiCCH) interaction is weak iB. Moreover, the W-acetylide
and silylene-acetylide interactions are very strong4nThe reasons are discussed in detail.

Introduction Scheme 1. Formation of Cp*(COW(53-Me;SiCHCR,) (A1)
The silaallyl species is of considerable interest because it is ﬁ
the simplest of all conjugate systems including the Si element. . |
Unfortunately, the silaallyl species is not stable and a free | HSiMexCH=CRy) 1 e Wemino
silaallyl species has not been isolated yet, to our knowlédge. $ -MeCN, -CH, e\Si/i\\l/R ReH
|

However, interaction with a transition-metal complex is expected OC  NCMe Me R R-Me
to stabilize the silaallyl species. In this regard, transition-metal
complexes ofy3-1-silaallyl (73-H,SICHCH,) are interesting
compounds in coordination chemistry, organometallic chemistry,
and synthetic chemisty:* Many efforts were made to isolate

a transition-metal®-silaallyl complex, as follows: In 1976,
Sakurai and his collaborators reported the preparatioyf-af

Al

silapropenyl complexes of iron(I’.However, the same authors
corrected that the compound synthesized was actuallyjthe
vinyldisilane complex of irod The#3-1-silaallyl complex Cp*-
(PMes)Ru(3-PhSICHCH,) was synthesized by thermolysis of
Cp*(PMe&3).RU Si(CH=CH,)Ph,}, but details were not pre-
sented'. Recently, a stable tungstef1-silaallyl complex, Cp*-

*To whom correspondence should be addressed. E-mail:
sakaki@moleng.kyoto-u.ac.jp.

TKyoto University. ' (COXW(73-Me,SiCHCMe) (A1), was successfully isolated via
Illju(kl)llslniﬂtut_e |f_<|)r '}:(und_amemaLCh’\?rrll(lsgy_- 9 Am. Chem. S Si—H o-bond activation of dimethylvinylsilane HM8i(CH=
a akural, H.; Kamilyama, Y.; Nakadalra, J. Am. em. S0C H H
1976 98, 7453. (b) Sakurai, H.; Kamiyama, Y.; Mikoda, A.; Kobayashi, CMez)a with C.p*(.CO)ZW(MeCN)Me’ as shown in Schemél.
T.; Sasaki, K.; Nakadaira, YJ. Organomet. Chent98Q 201 C14. (c) The n7°-coordination of MeSICHCMe; was clearly seen in its
Sakurai, H.; Kamiyama, Y.; Nakadaira, ¥.Organomet. Chen198Q 184, X-ray structure. In the reaction of Cp*(C@Y(MeCN)Me with
13. similar diphenylalkynylsilane HRSi(C=C'Bu), on the other

(2) Radnia, P.; Mckennis, J. 8. Am. Chem. Sod 980 102 6349.

(3) Dai, X.; Kano, N.; Kako, M.; Nakadaira, YChem. Lett1999 717.

(4) Dysard, J. M.; Tilley, T. D.; Woo, T. KOrganometallic2001, 20, (5) Sakaba, H.; Watanabe, S.; Kabuto, C.; Kabuta].kdm. Chem. Soc
1195. 2003 125, 2842.
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Scheme 2. Formation of Cp*(CO}W/(CC'Bu)(SiPhy) (B2)
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hand, not a similar tungsten;>-1-silaalkynyl complex,  rig,re 1. Geometry changes by the conversion reaction of
Cp*(CORW(7*-PhSICCBuU) (B1), but a tungsten acetylide CS(CO)ZW(ne'-HzSiCHyCI—b) 1%Cp(éo>W(CHCW)(SiHZ) 2 The
silylene complex, Cp*(CQW/(CCBU)(PhSIi) (B2), was iso-  DFT/BS-I method was used. Bond lengths are in angstroms, and
lated, whileB1 was proposed as an intermediate in the formation pond angles are in degrees. Note indicated by superscript b: The
reaction ofBZ, as shown in Scheme®We also theoretlcally imaginary frequency is given in parentheses_ ArrowsT By,
investigatedB1 andB2 and found that their bonding nature and  represent important movements of atoms in imaginary frequency.
electronic structures were very interestinghus, it is worth

investigating the bonding nature of the similg¥-1-silaallyl evaluated with the DFT, MP2 to MP4(SDTQ), and CCSD(T)
complexAl in comparison with they>-1-silapropargyl and the  methods, where the DFT-optimized geometries were adopted.
usuali*-allyl complexes and to clarify the reasons why was Two kinds of basis set systems, BS-I and BS-II, were used in

isolated buB1 was not and why2 was isolated but the similar  this work. In BS-I, the usual LANL2D# basis set was used for
vinyl silylene complex Cp*(CQV(CHCMe,)(SiMe,) (A2) was W, cc-pVDZ basis setd were used for Si, C, and O atoms, and
not. the 6-31G basis set was used for'HThis BS-I system was

In the present work, we theoretically investigated the employed for geometry optimization. In BS-Il, valence electrons
geometries and bonding nature of Cp(@®Ji3-H,SiCHCH) of W were represented with the (541/541/111/1) basi$ Setwith
(1) and Cp(COMW(CHCH,)(SiH,) (2) and the conversion the same effective core potentials as those of LANL2DZ. The same
reaction of1 to 2 with the density functional theory (DFT), basis sets as those ofI BS;jI were Lijsed for the otii1er atoms. This
MP2 to MP4(SDTQ), and CCSD(T) methods, whdrand 2 BS-Il system was employed to evaluate energy changes.

. . The Gaussian 03 program pack#geas used for all these
were adopted as models Al andA2, respectively. Our main computations. The Laplacian of the electron density was evaluated

purposes here are (1) to clarify characteristic features of the it the MOLDEN program package (version 4%8and molecular
geometry and bonding nature bfn comparison with its carbon  orhitals were drawn with the MOLEKEL program package (version
analogue Cp(CQW(#n3-H,CCHCH,) (1C) and 3-1-silaprop- 4.3)18

argyl analogue Cp(CQW(33-H,SICCH) @3), where 3 was

adopted as a model &1, (2) to evaluate the relative stabilities Results and Discussion
of 1 and2, and (3) to clarify the reasons wtywas isolated
but the similar tungstem?-silapropargyl complex3 was not In this paper, we report first the geometries and bonding

and why the tungsten vinyl silylene compl2xvas not isolated nature ofl and2 and then discuss the conversion reactiot of
but the similar tungsten acetylide silylene complex Cp(®®) to 2 in comparison with the conversion 8fto 4. Finally, we
(CCH)(SiH) (4) was isolated, wherd was investigated as a  discuss the reasons whywas isolated bug was not.
model ofB2. Geometry and Bonding Nature of 1 The optimized
geometry ofl agrees with the experimental oheyhere the
. . W-—Si and W-C2 distances are moderately shorter and the
Computational Details W—C1, Si-C1, and C+C2 distances are moderately longer

Geometries were optimized with the DFT, where the B3P#791 than the cor_respondmg expenmental values; see Flgure 1 and
functional was adopted for the exchange-correlation terms. This is Table 1 for important geom_etrlcal parameters. Introduction of
because the optimized geometry of the similar complex Cp{@©) Me groups on the C2 and S|_atoms Ieads_ to excellent agreement
(CCR)(SIR) by the B3PW91 functional agrees well with the of the optlmlged geometry Wlth the gxperlmental one (see Table
experimental orfebut the geometry optimized by the B3LYP 1). The W=Si and W-C2 distances il are modeiately longer
functionab1%is somewhat different from the experimental one, as than those of3 by 0.033 and 0.022 A, respectively, and the
we reported recently. We ascertained that each equilibrium
geometry did not exhibit any imaginary frequency and each  (11)Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 299.

transition state exhibited only one imaginary fr ncy. Energy was __ (12) (2) Dunning, T. H., JdJ. Chem. Phys1989 90, 1007. (b) Woon,
sition state exhibited only one imaginary frequency. Energy was ) i<’ Lo e s Chem. Phys1993 98, 1358,

(13) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl1971,
(6) Sakaba, H.; Yoshida, M.; Kabuto, C.; Kabuto,XAm. Chem. Soc 54, 724. (b) Hehre, W.; Ditchfield, R.; Pople, J. A. Chem. Phys1972

2005 127, 7276. 56, 2257.
(7) Ray, M.; Nakao, Y.; Sato, H.; Sakaba, H.; SakakiJ SAm. Chem. (14) Couty, M.; Hall, M. B J. Comput. Chenil996 17, 1359.
Soc 2006 128 11927. (15) Ehlers, A. W.; Bohme, D. S.; Gobbi, A.; Hollwarth, A.; Jonas, V.;
(8) (a) Becke, A. DPhys Re. A 1988 38, 3098. (b) Becke, A. DJ. Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking,@Giem. Phys. Lett.
Chem. Phys1993 98, 5648. 1993 208 111.
(9) (a) Perdew, J. P. IElectronic Structure of Solids '9Ziesche, P., (16) Pople, J. A.; et alGaussian 03 revision C.02; Gaussian Inc.:

Eschrig, H., Eds.; Akademic Verlag: Berlin, 1991; p 11. (b) Perdew, J. P.; Wallingford, CT, 2004. See ref S1 of the Supporting Information for the
Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. complete reference for Gaussian 03.

J.; Fiolhais, CPhys. Re. B 1992 46, 6671. (c) Perdew, J. P.; Chevary, J. (17) (a) Flikiger, P.; Luhi, H. P.; Portmann, S.; Weber, NIOLEKEL

A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais, 4.3, Swiss Center for Scientific Computing: Manno, Switzerland, 2000
C. Phys. Re. B 1993 48, 4978. (d) Perdew, J. P.; Burke, K.; Wang, Y.  2002. (b) Portmann, S.;Ithi, H. P. MOLEKEL, An Interactive Molecular

Phys. Re. B 1996 54, 16533. Graphics Tool Chimia200Q 54, 766-770.
(10) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b) (18) Schaftenaar, G.; Noordik, J. H. MOLDEN, A Pre- and Post-
Miehlich, B.; Savin, A.; Stoll, H.; Preuss, Ehem. Phys. Leti989 157, Processing Program for Molecular and Electronic Structule€omput.-

200. Aided Mol. Des200Q 14, 123-134.
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Table 1. Selected Optimized Parametefsof )
Cp(CO),W(n3-R?%SICHCRY,) (R! = H or Me; 0,
R2 = H or Me)

1 1-Mea 1-Meb exptP
(R'=H, (R'=Me, (R'=Me, (R'=Me,
R2=H) R2=H) R2=Me)  R?=Me)

W-Si 2.561 2.549 2.581 2.571
W-C1 2.291 2.303 2.293 2.281
W-C2 2.331 2.454 2.427 2.419
Si—C1 1.826 1.833 1.835 1.801
Ci1-C2 1.425 1.424 1.427 1.410
—SiCl1C2 116.9 120.9 123.9 122.0

aThe DFT(B3PW91)/BS-I method was used. Bond lengths are in
angstroms, and bond angles are in degreBeference 5.

Si-C1-C2 plane
(A) Cp(CO),W(n’-H,SiCHCH,) 1
.0
o,
C

1C 5

Figure 2. Geometries of Cp(CQW(r3-H,CCHCH,) 1C and Cp-
(CORW(CHCH,)(SiHy) (5). The DFT/BS-I method was used. Bond
lengths are in angstroms, and bond angles are in degrees.

W-—C1 distance ofl is considerably shorter than that ®hby
0.133 A (see ref 7 for the optimized geometry &f This
significantly shorter W-C1 distance inl suggests that the
W-—C1 interaction is stronger ibithan in3. The SiC1C2 angle
of 1 is smaller than that o8 by 23.7°, because the C1 atom
takes sp hybridization in1 but sp hybridization ir8.
For better understanding of the geometry and bonding nature .
of 1, we optimized tungstens-allyl complex1C, as shown in C3-C1-C2 plane
Figure 2. The C+C2, W—C1, and W-C2 distances and the 3
SiC1C2 angle ofl are almost the same as thoseld. (B) Cp(CORW(-HCCHCH;) 1C
The Laplacian of the electron density provides clear informa-
tion on the bonding characteristits22 The Laplacian plot on
the Si-C1-C2 plane ofl indicates accumulation of electron
density between the C1 and C2 atoms but little accumulation

of electron dinsity b(;atl\.Neen the Si and C1 atc|>m.s, asfskllown Nand the other is the region between the W and Si atoms, as
Figure 3A, where red lines represent accumulation of electron ¢pown“in Figure 4A. In1C, on the other hand, electron

density and blue lines represent depletion of electron density. ;.\ mulation occurs in the region between W and the- C2

On the other hand, the Laplacian plot on the- @A—-C3 plane 1 3 mojety (Figure 4B): note that the electron accumulation
of 1C represents accumulation of electron density between the o veen W and the GiC2 moiety is combined with that
C1 and C2 atoms a_md_ between the C1 Z.ind C3_ato_ms _(Figurebetween W and the CGI1C3 moiety at the C1 atom. From these
3B). These results indicate that the—®l1 interaction inl is results, it is concluded that the interaction between W wihd
much weaker than the G31 interaction in1C and that the H,CCHCH, is delocalized over three C atoms 1€ but the
n-allyl moiety is well conjugated buj®-silaallyl is not. In1, interaction between W angB-H,SiCHCH, is not delocalized
the Laplacian plots of the WC1-Si and W-C1-C2 planes  y,+ separated into two interactions inone is the interaction
exhibit that electron accumulation occurs in the separated ponveen W and the silyl group, and the other is that between
regions; one is the region between W and the-C2 moiety,  \y and the vinyl group. In other words,is not a pure tungsten

- ne-silaallyl complex, but it is a species betweghsilaallyl and
(19) (a) Bader, R. F. WAtoms in Molecules: a Quantum Thepry 773-silylvinyl complex
Clarendon: New York, 1990. (b) Bader, R. F. \@hem. Re. 1991, 91, ’

Figure 3. Laplacian of the electron density on the-®11—-C2
plane in1 and on the C3 C1—-C2 plane inlC. Contour values are
0.0,40.1,40.2, .... Red and blue lines represent accumulation of
electron density and depletion of electron density, respectively.

893. . _ These features presented by the Laplacian plots should be
g% '(:r;ér;klngMG-:FF‘rll_J_llchig-Chem- ?19'-'_221%%%0107 71107§;2 O Li reflected in molecular orbitals. As shown in Figure 5, the
a) Fan, M. F.; Lin, Z0rganometallic f . u, _ . . . .

D.: Lam, K. C.. Lin, Z. Organometallic2003 22, 2827. HOMO and HOMO— 1 of 1 mainly consist of d orbitals like
(22) (a) Sakaki, S.; Yamaguchi, S.; Musashi, Y.; Sugimoto, M. those of1C. The remaining three d orbitals are unoccupied in

3rgago[(nekt_. Cgegﬂool 635 13_3. (%ggméti, T41 ;gkapzslms, I-;__SUQiméJto, both1 and1C, which is consistent with the-2 oxidation state

. aKakl, . rganometa ICS . (C akajima, i 14 H _ _
Yokogawa, D.; Nakao, Y.; Sato, H.; Sakaki,rganometallic2004 23, of W (q system) .ml and1C. The HOMO— 2 e.md H.OMO
4672. (d) Nakajima, S.; Sumimoto, M.: Nakao, Y.: Sato, H.; Sakaki, S.; © are important inl because these two orbitals include the

Osakada, KOrganometallics2005 24, 4029. bonding interaction between the;5ICHCH, moiety and the
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W-Si-C1 plane W-C1-C2 plane
(A) Cp(CO),;W(n’*-H,SiCHCH)) 1

W-C1-C3 plane
(B) Cp(CO),W(n’-H,CCHCH,) 1C

W-C1-C2 plane

Figure 4. Laplacian of the electron density on the\8i—C1 and
W-C1-C2 planes ofl and on the W-C3—C1 and W-C1-C2
planes oflC. Contour values are 0.@;0.01,+0.02, .... Red and

Ray et al.

different from that of *H,CCHCH,, as follows: ¢n, of
*H,CCHCH, is symmetrical; in other words, the p orbitals of
terminal C atoms contribute 9., to the same extent (Figure
6A). On the other hand, the p orbital of Si contributes more to
@n than that of terminal C2 irH,SICHCH, (Figure 6B). This
is because the p orbital ¢iH; is at much higher energy-6.39
eV) than that ofCH; (—6.41 eV), where orbital energies are
calculated with the DFT/BS-1I method; note that Hartré®ck
orbitals show similar energy differences between tRémhe
@ny Orbitals of*H,SICHCH, and*H,CCHCH, overlap with the
SOMO of *Cp(COYW (Figure 6D) in a bonding way to form
the HOMO— 2 of 1 and1C. Because the Si p orbital contributes
more togn, than tre C p orbital, the W-Si overlap is much
larger than the WC2 overlap in the HOMG- 2 of 1. On the
other hand, the WC2 overlap is the same as the- W3 overlap

in the HOMO — 2 of 1C.

The HOMO — 1 of both*H,SICHCH, and*H,CCHCH; is a
bondings orbital (p,), but a significantly large difference is
observed between them, as follows: The p orbitals of all three
C atoms contribute tg,, and thereforeg is well delocalized
in *H,CCHCH; (Figure 6A). On the other hand, the p orbital of
Si contributes much less tp, than that of C3 (Figure 6B). As
a result, the conjugation between the Si and C atoms is very
weak in ¢, of *H,SICHCH,. This is interpreted in terms of
orbital energy and orbital overlap; becaysg is at much higher
energy thanp, and the Si p orbital is at much higher energy
than that of C, as described above, the Si p orbital contributes
much more tapn, but much less t@, than that of C. Also, the
longer Si-C bond distance than the—C distance leads to
smaller overlap between the Si pda p orbitals. Certainly,

blue lines represent accumulation of electron density and depletionthe Laplacian of the electron density shows much smaller

of electron density, respectively.

W center. To discuss these bonding orbitals, we will first
examine frontier orbitals of the 1-silaallyl groupl,SICHCH,,
and the usual allyl groupH,CCHCH; (see Figure 6A,B). The
SOMO of both*H,SICHCH, and*H,CCHCH; is a nonbonding

ot orbital (¢n-), Which consists of p orbitals of terminal C2 and
Si (or C3) atoms. It is noted that,, of *H,SICHCH, is much

HOMO
(-5.6)

Q :

HOMO-1
(-6.2)

conjugation between the Si and C1 atom4 than that between
the C1 and C3 atoms ibC, as discussed above. This orbital
of *H,SICHCH, and *H,CCHCH, overlaps with the acceptor
orbital (LUMO) of *Cp(CO}W (Figure 6D) in a bonding way
to form the HOMO— 5 of 1 and1C. Because ther orbital of
the G=C double bond contributes much more to, of
*H,SICHCH, than the Si p orbital, the HOMG- 5 of 1 is
considerably different from that dfC, as shown in Figure 5.

HOMO-2
(-6.5)

HOMO-5
(-8.4)

(A) Cp(CO),W(n’-H,SiCHCH,) 1

=

HOMO
(-5.3)

HOMO-1
(-6.0)

A

3

HOMO-2
(-6.9)

HOMO-5
(-8.7)

(B) Cp(CO),W(n’-H,CCHCH,) 1C
Figure 5. Several important KohnSham orbitals inl and 1C. Kohn—Sham orbital energies (eV) are given in parentheses.
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(2) The Si p orbital contributes little tg,, indicating thatp,
is understood in terms of the orbital between two C atoms.
‘3TJ‘|'(':E (3) As a result, ther-conjugation between Si and C atoms is
much smaller than that of thg-allyl group. (4) Complexl is
LUMO SOMO (HOMO) ~ HOMO-1 understood to be a species betwegavinylsilyl and 3-1-

.14 92}\) H (ci:L)CH ] (84 [-12.0] silaallyl complexes. (5) These features arise from the fact that
: : the p orbital of Si is at higher energy than that of C and the

Si—C distance is longer than the-C distance.

Geometry and Bonding Nature of 2Cp(COYW(CHCH,)(SiH,)
4 is understood to be a tungsten acetylide silylene complex in

LUMO SOMO (HOMO)  HOMO-1 which charge transfer (CT) occurs from theorbital of the
(-1.1) [3.0] (-5.3) [-7.5] (-7.8) [-11.0] acetylide moiety to the empty p orbital of the silylene and
(B) ‘H;SiCHCH, simultaneously the reverse CT occurs from thé Ispe pair

orbital of the silylene to the* orbital of the acetylid€. Though
similar bonding interactions are expectedZinseveral differ-
M 7»%\-) 8 ences are observed betwezand4, as follows: The W-C1,
Si—C1, and S+C2 distances i2 are significantly longer than
LUMO  HOMO(SOMO) HOMO-2 those of4 by 0.183, 0.079, apd.0.393 A respeptively (see Figure
¢1.0)[3.1] (-6.0) [-8.5] (-8.8) [-12.3] 1 and ref 7 for the optimized geometries @f and 4,
(C) ‘H,SiCCH respectively). The longer WC1 bond of2 suggests that the
- W-—vinyl bond in2 is weaker than the Wacetylide bond ir%.
: The significantly longer StC1 and S+C2 distances of2
' . suggest that the interaction between the silylene and vinyl groups
: is much weaker i2 than that between the silylene and acetylide
groups in4. On the other hand, the WSi distance in2 is
significantly shorter than that af, indicating that the W-si-
LUMO HOMO (SOMO)  HOMO-1 lylene interaction is stronger i@ than in 4. Consistent with
(-2.8)[0.6] . (-54) [-7.9] (-3.9)[-8.0] these geometrical features, the &me pair orbital of silylene
i . (D) ~Cp(CORW o expands toward the W center at a small angle of Wwih the
Figure 6. Several_lmportant Ko_hHSham orbitals in the fragments  \n/—sj pond and at a large angle of 50\ith the Si-C1 bond
"H2CCHCH, “H,SICHCH, *H,SICCH, and'Cp(COpW. Kohn— in 2. On the other hand, its direction considerably shifts toward
Sham and HF orbital energies (eV) are given in parentheses and,[he C1 atom from the W center # the lone pair orbital makes
brackets, respectively. a considerably large angle of 38.4ith the W—Si bond and a
Apparently, the HOMG- 5 of 1 mainly contains the coordinate ;%?fﬁﬂﬁ;i@gg;?ﬁg t?]r;grl:az];g'vjz\/’@q tLheegigrgitrt;lot;drﬁ:}cﬁ
bond of the G=C double bond with the empty d orbital of W. -
On the other handyp, of *H,CCHCH, interacts with the empty ?r:gerf:;:nowht;aé;rﬁ{Ot:etf:?ssjé?eedse features deeply relate to
d orbital of W in1C to form the delocalized bonding interaction The Laplacian plots on the S'Cl—.CZ plane clearly show
between the W center and three C atoms. In conclusjén,
H,SICHCH; interacts with the W center through the coordinate glih:;hse Iilgcfgogrﬁgﬁg:nmztr;o?hgtet‘l;":tﬁeteme tﬂg"iﬂ; ;ned ;{:‘gl
g%?g%i]:,\t,h?ncl?xh?glﬁl_S?ggi,gﬁgﬁﬁ?égg?stkﬁthutwf Vc\;/f acetyhd_e groups id (Flgu_re 7). These_results |nd|_cate that the
center through the coordinate bonds of delocalizgdand e interaction between the s_llylene and vinyl g_roupQ i8 weaker
orbitals with the LUMO of Cp(COM in 1C. These results are  than that between the silylene and acetylide groups ihe
consistent with the Laplacian plots &fand 1C, as discussed ~ La@placian plot on the W-Si—C1 plane (Figure 8) shows that
above. the electron accumulation between the W center and silylene is
The HOMO — 1 of 1C consists of the bonding overlap larger in? than in4, indicating that the Wsilyleng bond is
between ther* orbital (¢,+) of the »3-allyl group and the stronger in2 than in4. Also, thg electron aqcumulatlon between
HOMO — 1 of *Cp(COBW. This is a typicabr-back-donation the W center and the acetyllde_group4ns_larger than th_at
interaction. On the other hand, theback-donation ot is much between the W center and the \_/|ny_l grou;2_|(F|_gu_re 8). This
different from that of 1C, as follows: The Si p orbital result suggests th_at thechFyllde Interaction i is stronger
contributes little to the HOMG- 1 of 1. This is because the Si tha_lrrllqths(\)/\;;\gnyl ;ntjg&tgf Ilnzi‘ > main <t 6a W d
i i .G i e an of 2 mainly consist 6a
g;%}?ﬁgﬁ%ﬂ%ﬁ?ﬁ:g3:236?;719;”';2%5ﬂ%ﬁgualgtfli}g orbital. The presence of these two doubly occupied d orbitals
understood in terms of the-back-donation from the occupied Ilj OC(I\)/lnSISte;t Wléh |—|t(h)eLM%) OX|$I§1t|0|n jtattr? o{) w éﬁsystetm). "I['.he
d orbital of W to thesr* orbital of the C=C double bond. —<can — f1nclude the bonding interactions
These features relate to the geometrylafs follows: The of the W center with the sinIene_ and vinyl groups, as shown_ in
Si-C1 (1826 A) and C£C2 (1425 A) bond distances i Figure 9. Both are somewhat diferent from the corresponding
are intermediate between the-% single and S&C double , —ecan — 6 of 4 (see ref 7 for the orbita
bonds and between the-C single and &C double bonds, ~ Pictures of4). The HOMO — 2 of 2 mainly consists of the

respectivelyR(Si—C) = 1.895 A, R(S=C) = 1.717 A,R(C— bonding overlap between the empty d orbital of W and tite sp
C) = 1.542 A, andR(C=C) = 1.334 A, where the DFT/BS-I-
optimized values are present%é*d. (23) The HF-calculated p orbital 08iH; is at —7.85 eV, and that of

. . *CHsis at—10.47 eV.
From these results, the following conclusions are presented: ™ (24) pFT(B3PW91)/BS-I-optimized geometries 0f$#CHs, HoSi=

(1) The Si p orbital contributes more ¢g,, than the C p orbital. CHz, CH3—CHjs, and CH=CH, were taken, respectively.
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that between the silylene and acetylide group4 ias described
above and in Figure 7. Moreover, the?dpne pair orbital of
silylene expands outside the ¥8i—C1 triangle in2, unlike
that of4. In the HOMO— 7 of 2, bonding overlap is observed
between the Si and C1 atoms, while its position is different
from those of both the gdone pair and empty p orbitals of
silylene. These features of the HOMO© 2 and HOMO— 7
are interpreted in terms of orbital interactions among the sp
lone pair and empty p orbitals of the silylene group and tie sp
lone pair orbital of the vinyl group as follows: TheZ%slone
pair orbital of the silylene overlaps with the’dpne pair orbital
of the vinyl group in an antibonding way. Into this antibonding
. overlap, the empty p orbital of the silylene mixes in a bonding
Si-C1-C2 plane way with the spg lone pair orbital of the vinyl group, as shown
(A) Cp(CORW(CHCH)(SIH;) 2 (B) Cp(CO)W(CCH)(SIH,) 4 in Scheme 3A, because the empty p orbital of the silylene is at

Figure 7. Laplacian of the electron density on the-§1-C2 higher energy than the antibonding overlap; thé Ispe pair
plane of2 and4. Contour values are 0.8;0.025,+0.05, .... Red and empty p orbitals of SiHare at—6.2 and —3.2 eV,

and blue lines represent accumulation of electron density and . S .

depletion of electfon density, respectively. Values (au) ir)ll the respectively, and the %poqe pair of .CHCHZ s at—7.9 eV,
negative region are given in parentheses. Whe_:re thg _KthrSham orbital energies are preserte@ihese
orbital mixings lead to formation of the HOMG 2. In the
bonding counterpart of the HOM® 2, the sg lone pair orbital

of the vinyl group overlaps with the 3jpone pair orbital of the
silylene in a bonding way, into which the empty p orbital of
the silylene mixes in a bonding way, as shown in Scheme 3B,
because the empty p orbital of silylene is at higher energy than
the s lone pair orbitals of the vinyl and silylene groups. These
orbital mixings lead to formation of the HOM® 7. In other
words, in 2, the sp lone pair orbital of the vinyl group
participates in the CT interaction with the silylene group,
whereas ther orbital of the vinyl group participates little in
the CT with the silylene. I, on the other hand, both the

and zz* orbitals of the acetylide group participate in the CT
interaction with the silylene group, as discussed previoUsly.

W-Si-C1 plane W-C1-C2 plane The reason for these significant differences betw2emd 4
(A) Cp(CO),W(CHCH,)(SiH,) 2 can be understood in terms of the differences in geometry
~ between the vinyl and acetylide groups, which will be discussed
below.

From the above-discussed geometrical features, the Laplacian
of the electron density, and orbital pictures, it is clearly
concluded tha? can be understood as a tungsten vinyl silylene
complex in which the CT interaction between the vinyl and
silylene groups is weak.

Relative Stabilities of 1 and 2 and Conversion Reaction
of 1 to 2. Before discussing the relative stabilities and the
activation barrier of the conversion reaction dfto 2, we
examine briefly what computational method presents reliable
results of the energy change. The CCSD(T) and DFT methods
present similar activation barriers, as shown in Table 2, while

N

. the MP4(SDTQ) method presents a moderately larger activation

W-Si-C1 plane W-C1-C2 plane barrier than the CCSD(T) and DFT methods; see Supporting
(B) Cp(CO),W(CHCH,)(SiH;) 4 Information Table S1 for MP2- to MP4(SDTQ)-calculated

Figure 8. Laplacian of the electron density on the\8i—C1 and values. Moreover, the barrier moderately fluctuates around the

W—C1-C2 planes of2 and 4. Contour values are 0.6:0.025, MP2 and MP3 levels and somewhat increases upon going to

+0.050, .... Red and blue lines represent accumulation of electronthe MP4(SDTQ) level from the MP4(SDQ) level. The reaction
density and depletion of electron density, respectively. Values (au) energy depends much less on the computational methods, while
in the negative region are given in parentheses. the MP4(SDTQ) method presents a larger reaction energy than
the CCSD(T) and DFT methods. In the conversion reaction of
lone pair orbital of silylene. However, bonding interaction is 3 to 4, the MP4(SDQ), MP4(SDTQ), and CCSD(T) methods
little observed between the silylene and vinyl groups in this present similar reaction energies, while the DFT method presents
HOMO — 2, while considerably large bonding overlap between a moderately larger exothermicity than the othieFsom these
the silylene and acetylide groups is observed in the HOMO  results, it is concluded that the CCSD(T) method presents
2 of 4. This significant difference in the HOMG 2 between
2 and4 is consistent with the much smaller accumulation of  (25) The geometries of the silylene and vinyl groups were taken to be
electron density between the silylene and vinyl groupatiman the same as those b
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HOMO-2 HOMO-5 HOMO-7
(-7.0) (-8.7) (:9.5)

Cp(CO),W(CHCH,)(SiH;) 2
Figure 9. Several important KohnSham orbitals ir2. In parentheses are the orbital energies (eV).

Scheme 3 of the relative stabilities, the tungstef1-silaallylf;3-vinylsilyl
H ‘ complex was isolated experimentally but the similar tungsten
& ey Q H . Q ,;H n3-1-silapropargyljs-alkynylsilyl complex was not, while the
O — 7'Q ¢ — ib C tungsten acetylide silylene complex was isolated experimentally
s HH HH \\C HH \\\ but the similar tungsten vinyl silylene complex was not.
H 1 “u | \\H It is very important to clarify whethet easily converts t@.
H H This reaction takes place via-Si—C o-bond activation like
Main Small  Small the conversion reaction & to 4.7 Apparently, the geometry
(A) HOMO-2 changes by the conversion reactiorildb 2 are similar to those
of 3 to 4,7 as shown in Figure 1. Thus, we mention only
I important geometrical changes here. Upon going to the transition
‘ ! o “ / stateTS;—, from 1, the Si—C1 distance moderately lengthens
= ZI C\\ to 1.907 A by 0.081 A and the GiC2 distance moderately
: o shortens to 1.348 A by 0.077 A. Significantly large changes
H I H are observed in the orientation of the ©22 bond and the
W—C2 distance. The direction of the%prbital of the CH=
Small Main Small CH, group changes much more toward the W centeF$a_,
(B) HOMO-7 than that of the sp orbital of the=8CH group inTSz—4; the
WC1C2 angle increases by 77.dpon going tol'S;—» from 1,
but it increases by 589upon going toTS;z—4 from 3. This
direction change induces the considerably large lengthening of

== ()%QQ

+

+

n
i ‘C< SR A ¥
Lo =T
oy m i ;{

Table 2. Activation Barriers (E;)? and Reaction Energies
(AE)2 of the Conversion Reactions of 1 to 2 and of 3 to 4

conversion reaction dfto2  conversion reaction & to 4° the W—C2 bond inTS;_». Also, the W-C1 bond considerably
Ea AE Ea AE lengthens by 0.274 A upon going 8- from 1, which is in
method  (kcalimol)  (kcal/mol)  (kcalfmol) (kcal/imol) contrast with the slight decrease of the-\@1 bond by 0.055
DFT 33.2 20.9 15.3 —4.9 A upon going toTS3-4 from 3.
CCSD(T) 34.2 21.0 15.8 -0.7

The activation barrier of the conversion reactionldb 2 is
e i o encn v calulated 0 be 34:2 (33.2) kil (e Table 2), e tha
Il was employed® Iggference 7¢ See Supportinpg Information Table S1 for of the conversion reaction & t‘? 4.'5 moderate, being 15.8
MP4(SDTQ)-calculated values. (15.3) kcal/mol’ These results indicate that the tungstgh
silaallyl/z3-vinylsilyl complex 1 is stable, unlike the tungsten
reliable results. Here, we present a discussion based on they®-silapropargyl®-alkynylsilyl complex3. The origin of the
CCSD(T)- and DFT-calculated values. large activation barrier of the conversion reactionldb 2 is
Complex1 converts ta2 with a large endothermicity of 21.0  easily understood by inspecting the geometry chang&Sjn,
(20.9) kcal/mol (see Table 2), where the CCSD(T)- and DFT- and the bonding interactions df The G=C double bond
calculated values are given without and in parentheses, respeceoordinates with the W center Iy as discussed above, and the

tively, hereafter. On the other hand,converts to4 with a coordinate bond is much strongerirthan in3, which will be
moderate exothermicity of 0.7 (4.9) kcal/mol (Table 2). These discussed below. We already found that the-@2 bond
results clearly indicate thdtis much more stable thathbut 3 lengthens much more and the- M1 bond lengthens moderately

is moderately less stable thdn Consistent with these results more inTS;—, than inTS;—4. These geometry changes suggest
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Table 3. Interaction Energies (INT) Calculated between the
H,SICHCH, and Cp(CO),W Moieties in 1 and between the
H,SIiCCH and Cp(CO),W Moieties in 3

INT? (kcal/mol)
method 1 3
DFT 110.3 102.0
cCcsD(T) 122.1 112.7

aINT = E(1 or 3) — E[*Cp(COW] — E{*H2SICHCH, or *H,SIiCCH].
BS-Il was employed? See Supporting Information Table S2 for MP4(SDTQ)-
calculated values.

that the coordinate bond of the<C double bond with the W
center is almost broken iMS;—,. This bond breaking induces
a larger energy loss ifiS;—» than inTSz—4. As a result, the
conversion reaction of to 2 needs a larger activation barrier
than that of3 to 4.

Reasons Why 1 Is Isolated but 3 Is Not and Why 4 Is
Isolated but 2 Is Not In the conversion reaction dfto 2, the
bonding interaction between the Cp(G®) and »3-silaallyl/
n3-vinylsily groups and the SiC bond are broken. The
interaction energy between the Cp(G®@) and HSICHCH,

Ray et al.

Table 4. Si—C Bond Energies Esi—c) in H3SICHCH, and

H3SiCCH?
Esi—c? (kcal/mol)
method H3SICHCH, H3SiCCH
DFT 50.6 86.4
ccsD(T) 46.8 83.3

2The geometries are the same as thosd iand 3 (see Supporting
Information Figure S2 for the geometrie8)Esi-c = Ey(H3SiCHCH, or
H3SICCH) — E(*SiHs) — E; ("CHCH; or *CCH). ¢ See Supporting Informa-
tion Table S3 for MP4(SDTQ)-calculated values.

SiCCH. The LUMO 1.1 eV) of*H,SICHCH, is at an energy
similar to that (1.0 eV) of*H,SiCCH (see Figure 6B,C). Thus,
the z-back-donation contributes similarly to the coordinate
bonds ofl and 3. From these results, it is concluded that the
stronger CT from ther orbital of vinyl to the d orbital of W is
responsible for the stronger interaction between the Cp{O)
and BSICHCH, moieties than that between the Cp(G®)and
H,SiCCH moieties.

On the other hand, the SC bond is considerably stronger
in H3SICCH by 36.5 (35.8) kcal/mol than ing8iCHCH; (see

moieties is calculated with various methods, as shown in Table Tapje 4 and Supporting Information Table S3), where the

3. Thoug_h the MP4(SDQ)- and MP4(SDTQ)-calculated values geometries of WSICCH and HSICHCH, were taken to be the
are considerably larger than the DFT- and CCSD(T)-calculated same as those df and3.26 This is easily interpreted in terms

values (MP4(SDTQ)-calculated values are given in Supporting
Information Table S2), the CCSD(T)-calculated value is mod-
erately larger than the DFT-calculated value. However, their
differences betweehand3 are similar in the DFT and CCSD-

of the SOMO energies 0CHCH, (sp? lone pair orbital) and
*CCH (sp lone pair orbital). The SOMG-{.7 eV) of*CHCH,

is at much higher energy than that10.1 eV) of*CCH, where
the Kohn-Sham orbital energies are presemtédhe SOMO

(T) methods. Thus, we believe that a reliable discussion can b_eof *SiH; is at —5.5 eV?7 Because the energy difference in
presented based on DFT- and CCSD(T)-calculated values. Thisgonmos betweetCHCH, and*SiHs is considerably smaller than

interaction energy irl is larger than the interaction energy
between the Cp(CQ)V and HSICCH moieties irB by 9.4 (8.3)

that betweenCCH and*SiHs, the Si—C bond is considerably
weaker in HSICHCH, than that of HSICCH; see eq 1.

kcal/mol (see Table 3). The reason is easily understood, as 1y W-silylene and W-acetylide interactions i# are very

follows: The SOMOs ofH,SICHCH, and*H,SiCCH are the
@ny Orbitals, which overlap with the d orbital (SOMO) of W to
form the HOMO — 2 of both 1 and 3 (see Figure 5A and
Supporting Information Figure S1 for orbital picturesloand
3, respectively). The SOMO—5.3 eV) of *H,SICHCH, is at
moderately higher energy than thatg.0 eV) of *H,SICCH,
where the Kohr-Sham orbital energies are presented (see
Figure 6B,C). The SOMO ofCp(CO}W is at an energy of
—5.4 eV, which is between the SOMO energiesSICHCH,
and*H,SiCCH (see Figure 6D). The covalent bond eneAyoy

is approximately represented by eq 1,

AE 1)

whereea andeg are the orbital energies of the SOMOs ghd

_ 2
cov = lep — €gl T Blep — €5l

different from the usual W silylene and W-acetylide bonds,
because a considerably strong silyleeetylide interaction is
formed in4. Thus, we evaluated the Wsilylene, W-vinyl,

and silylene-vinyl interaction energies i@ and the W-silylene,
W-—acetylide, and silyleneacetylide interaction energies 4

in an approximate manner, as shown in Scheme 4; for instance,
when the vinyl moiety is eliminated froi®, the W—vinyl and
silylene—vinyl interactions are broken. Thus, the energy loss
corresponds to the sum of the-Winyl and silylene-vinyl
bonding interactions, as shown in Scheme 4A. The silytene
vinyl interaction was evaluated as the energy difference between
2 and 2, as shown in Scheme 4C, where the geometrg’ of
was taken to be the same as thalaéxcept for the positions

of the CO and CHCHIgroups; their positions were exchanged
with each other so as not to allow the CHZ#toup to interact

is the resonance integral. Equation 1 indicates that the covalent i, the Sikb group. The energy difference betwerand 2’
bond energy increases with an increase in the energy difference.rasnonds to the silylenainyl interaction. These values are

between two SOMOs. Because the energy difference betweeng

the SOMOs of°*H,SICHCH, and *Cp(CO»W is not very
different from that between the SOMOs @fi,SICCH and
*Cp(COW, it is likely that the W~Si bond energies are similar
in 1 and3. The HOMO— 1 of *H,SiCHCH, and the HOMO—

2 of *H,SICCH are thep,, orbitals, which overlap with the empty
d orbital (LUMO) of *Cp(CO)W in a bonding way to form the
HOMO — 5 of 1 and the HOMO- 7 of 3, as discussed above.
Because this is a CT interaction and thg orbital (—7.8 eV)
of *H,SICHCH; is at higher energy than that $1,SICCH (—8.8
eV), the W—(C=C) coordinate bond of is stronger than the
W—(C=C) coordinate bond oB8. The HOMO — 1 mainly
includes ther-back-donation interaction i and 3. This is
formed by CT from the doubly occupied d orbitals (HOMO
1) of *Cp(CO}W to thes* orbitals of *H,SICHCH, and*Hy-

ummarized in Table 5 (see Supporting Information Table S4
for MP4(SDTQ)-calculated values).

The W-silylene bond of2 is stronger than that of by 5.0
(5.9) kcal/mol, which is consistent with the above discussion
based on the Laplacian of the electron density. This is because
the sp lone pair orbital of silylene expands toward the W center
in 2 but its direction changes toward the C1 aton#jras we
discussed previousfyjn other words, the Spone pair of the

(26) In both HSICHCH, and HSICCH, the third H atom connected
with Si was placed on the WSi bond line ofl and 3, respectively, with
the usual Si-H distance (1.490 A); see Supporting Information Figure S2A
for the geometries.

(27) The geometries 0BiHs, *CHCH,, and*CCH were taken to be the
same as those ih and3; see Supporting Information Figure S2B for the
geometries.
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Scheme 4

OC“““yw\"’””"co — OC\\\\\‘yw""'mIICO + CH=CH,
H,Si<—CH

Sk,

(A) AE = DE (W-CH=CH,) + DE (SiH,-CH=CH,)

H,Si

oy

ocv Nmeg o oc\w‘“‘“‘w\'"vuco + SiH,

H,Si—CH
AN

GH
\CH2

(B) AE = DE (W-SiH,) + DE (SiH,-CH=CH,)

OC/W\CO — OC/W\CHCHz

H,Si—CH H,SiT €O
\ 2
\\CHZ

2 2

(C) AE = DE (SiH,-CH=CH,) = E(2) - E(2")
Table 5. W—Silylene, W—Vinyl, and Silylene—Vinyl Bond

Energies (DE} in 2 and W—Silylene, W—Acetylide, and
Silylene—Acetylide Bond Energies (DE} in 4

DE (kcal/mol) in2 DE (kcal/mol) in4
metho® W-SiH, W—CHCH, SiH,—CHCH, W—SiH, W—CCH Sit,—CCH

DFT 39.9 43.6 47.4 34.0 88.8 74.6
CCSD(T) 42.0 50.2 43.0 37.0 77.0 64.9

aSee Scheme 4 for the DE calculation method. BS-Il was employed.
b See Supporting Information Table S4 for MP4(SDTQ)-calculated values.

silylene overlaps better with the empty d orbital of W2ithan

in 4. The W—vinyl bond of 2 is considerably weaker than the
W—acetylide bond oft by 26.8 (45.2) kcal/mol. The silylere
acetylide interaction is much stronger than the silyteviayl
interaction by 21.9 (27.2) kcal/mol. These results are also
consistent with results of the Laplacian of the electron density.
The reason will be discussed below in more detail. As shown
in Scheme 5, the sum of the W3-H,SICHCH,) and Si-C
bond energies inl is larger than that of the Wvinyl,
W-—silylene, and silylenevinyl interaction energies i2 by
33.7 (30.0) kcal/mol. Interestingly, this energy difference is
similar to the endothermicity of the conversion reactiorl ¢

Organometallics, Vol. 26, No. 18, 20PY

Scheme 5

Cp(CO)ZW(nS-HZSiCHCHz) 1 —  Cp(CO),W(CHCH,)(SiH;) 2

W-vinyl: 50.2 (43.6)
W-(1*-H,SiCHCH,): 122.1 (110.3) W-silylene: 42.0(39.9)
Si-C: 46.8 (50.6) Silylene-vinyl:  43.0 (47.4)
Total: 168.9 (160.9) Total: 135.2 (130.9)

Difference = + 33.7 (30.0)

Cp(CO)2W(n3-HZSiCCH) 3 —  Cp(CO),W(CCH)(SiH,) 4

W-acetylide: 77.0 (88.8)
W-(’-H,SiCCH):  112.7 (102.0) W-silylene: 37.0 (34.0)
Si-C: 83.3 (86.4) Silylene-acetylide: 64.9 (74.6)
Total: 196.0 (188.4) Total: 178.9 (197.4)

Difference = +17.1 (-9.0)

CCSD(T)/BS-11 and DFT/BSII-calculated values (in kcal/mol unit) are presented
without and in parenthesis, respectively.

(T)-calculated energy difference betwe8nand 4 is much
smaller than that betweehand?2. Thus, it is concluded th&
is less easily isolated thah even if we take the CCSD(T)-
calculated energy changes.

From these results, we can easily understand the reasons why
1 was isolated bu2 was not. Though the SiC bond is weak
in 1, the W—(°-H,SiCHCH,) interaction is considerably strong.
Moreover, the W-vinyl and silylene-vinyl interactions are very
weak in2. As a result,1 was isolated bu was not. On the
other hand, the SiC bond is strong ir8 but the W—(#3-H,-
SiCCH) interaction is weak. Moreover, the-Vécetylide and
silylene—acetylide interactions are very strongdinAs a result,
4 was isolated buB was not.

Reasons Why the W-Acetylide Bond Is Stronger Than
the W—Vinyl Bond. It is of considerable interest to clarify the
reasons why the Wacetylide bond is stronger than the
W-vinyl bond, because this is one of the important factors in
stabilizing4 relative to3. We also evaluated the Winyl bond
energy in an ideal compleX (Figure 2), in which the vinyl
group was placed at the side opposite the silylene to evaluate
the pure W-vinyl bond energy. Also, the pure Wacetylide
bond energy was calculated from the similar ideal complex Cp-
(COXLW(CCH)(SiH) (6) (see ref 7 for the optimized geometry
of 6). The W~vinyl bond of5 is considerably weaker than the
W-—acetylide bond 06 by 31.5 (35.1) kcal/mol (see Supporting
Information Table S5), which is consistent with the large
difference between the Wvinyl and W—acetylide bond ener-
gies in2 and4. This reason is interpreted in terms of the energy
difference in the valence orbitals between the vinyl and acetylide
groups; the sp lone pair orbital of the acetylide is at lower energy
(—11.1 eV) than the $done pair orbital 6.6 eV) of the vinyl
group, where the KohaSham orbital energies are presemgd.
Because these orbitals are at lower energy than the SOMO of
*Cp(COYW(SiH,), which is at—5.2 eV28the energy difference
between the valence orbitals of the Cp(@W]SiH,) and
acetylide groups is larger than that between the Cp{@0)
(SiH,) and vinyl groups, which leads to the stronger-@tetyl-
ide bond than the Wvinyl bond; see eq 1.

2, suggesting that the bond energies evaluated here are reliable. \we also evaluated the wsilylene bond energy i ands6.

On the other hand, the sum of the-\{#*-H,SiCCH) and Si-C
bond energies ir8 is smaller than that of the Wacetylide,
W-—silylene, and silyleneacetylide interaction energies #h

by 9.0 kcal/mol, where the DFT-calculated values were adopted.

In the CCSD(T) calculations, the sum of the-\{#3-H,SiCCH)
and SC bond energies ir3 is larger than that of the
W-—acetylide, W-silylene, and silyleneacetylide interaction
energies iM by 17.1 kcal/mol. Though this energy difference
is the reverse of the relative stabilities ®and4, the CCSD-

The pure W-silylene bond energies are similar in bdifand

6 (see Supporting Information Table S6), as expected. On the
other hand, the Wsilylene bond of2 is stronger than that of

4, as discussed above. This is because tRdéosie pair orbital

of the silylene expands toward the W center 2nbut it
considerably deviates from the ¥&i line in 4; it makes angles

(28) The geometries ©€EHCH,, *CCH, andCp(COYW(SiH,) were taken
to be the same as those 5rand6.
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Scheme 6

(A) Cp(CO),W(CHCH:)(SiH,)2  (B) Cp(CO),W(CCH)(SiH:) 4

of 7.5° and 35.4 with the W—Si bond in2 and4, respectively.
This significantly large difference arises from the difference
between the silylerevinyl and silylene-acetylide interactions,
which will be discussed below.

Reasons Why the Interaction between the Silylene and
Vinyl Groups Is Weaker Than That between the Silylene
and Acetylide Groups It is also very important to clarify the
reason why the silylenevinyl interaction is much weaker than
the silylene-acetylide interaction. A strong CT between the
silylene and acetylide moieties is observed4jmas discussed
previously’ Unlike 4, on the other hand, a weak CT is observed
between the silylene and vinyl moietiesdnas discussed above.
First, we examined ther and z* orbitals of the vinyl and
acetylide groups. Tha andx* orbitals are at—7.6 and—0.4
eV, respectively, in the vinyl group and a9.1 and—1.3 eV,
respectively, in the acetylide grodpThese results suggest that
the st orbital of vinyl forms a stronger CT with the empty p
orbital of silylene but ther* orbital of vinyl forms a weaker
CT with the sp lone pair orbital of silylene. Usually, silylene
is considered to be electron-accepting. Thus, the former CT is

more important than the latter one, which leads to the expecta-

tion that the silylenevinyl interaction is stronger than the
silylene—acetylide interaction. This is not consistent with the
computational results. Thus, tleandz* orbital energies of
the vinyl group are not responsible for the weak interaction
between the silylene and vinyl groups, and another factor must
be responsible for it.

The z orbital of the vinyl group is perpendicular to the=C
C bond and does not expand well toward the empty p orbital
of the silylene moiety, as shown in Scheme 6A. This is because
the sp orbital of the vinyl group must expand toward the W
center and, therefore, the<€C double bond deviates from the
best position to form the CT interaction with the silylene group;
in other words, itst orbital cannot overlap well with the empty
p orbital of the silylene group, and the CT interaction between
the silylene and vinyl groups is weak & On the other hand,
the sp orbital of the acetylide group is collinear with theC
bond, and ther and 7* orbitals of acetylide are cylindrical
around the &C triple bond, as shown in Scheme 6B. Thus,
the G=C triple bond can form a strong CT with the silylene
moiety in4.

Conclusions

The geometry and bonding nature of interesting new tungsten
n3-silaallyl/n3-vinylsilyl complex 1 and tungsten vinyl silylene

(29) The geometries of the vinyl and acetylide groups were taken to be
the same as those bhand4, respectively.

Ray et al.

complex 2 and the conversion reaction df to 2 were
theoretically investigated with the DFT, MP2 to MP4(SDTQ),
and CCSD(T) methods, whetewas adopted as a model of
Cp*(CORW(773-Me,SICHCMe). The nonbondingz orbital
(¢nx) of the 3-H,SICHCH, moiety of 1 is similar to that of
the i73-allyl group except that the Si p orbital contributes more
to ¢n, than the C p orbital. On the other hand, theorbital
(@) of 1is considerably different from that of thg-allyl group;

the m-conjugation between the Si and C atoms is very weak,
unlike that of thesS-allyl group in which z-conjugation is
considerably strong. Thu&,can be understood to be a species
between tungstens-vinylsilyl and tungstery3-silaallyl com-
plexes.

Because our previous work indicated that similar tungsten
ne-silapropargylj®-alkynylsilyl complex3 easily converted to
tungsten acetylide silylene compldxwe theoretically inves-
tigated tungsten vinyl silylene compléx which is similar to
4. The sp lone pair orbital of the silylene group expands toward
the W center ir2, and therefore, a strong ¥silylene interaction
is formed in2, while a very weak CT interaction is formed
between the vinyl and silylene groupsanFrom these results,

2 is understood to be a pure tungsten vinyl silylene complex,
unlike 4 in which a strong CT interaction is formed between
the acetylide and silylene groups.

Complex1 is much more stable thahby 21.0 (20.9) kcal/
mol, while 3 is less stable thad by 0.7 (4.9) kcal/mol. These
differences can be interpreted as follows: Though theCSi
bond is weak in1, the W—(33-H,SiCHCH,) interaction is
considerably strong. Moreover, the-Winyl and silylene-vinyl
interactions are very weak i As a result,1 is much more
stable tharR. On the other hand, the SC bond is strong i3,
but the W-(3-H,SiCCH) interaction is weak. Moreover, the
W—acetylide and silyleneacetylide interactions are very strong
in 4. As a result3 is less stable tha#. Thus,1 can be isolated
but 2 cannot, while4 can be isolated bug cannot.

Complex1 converts to2 with a large activation barrier of
34.2 (33.2) kcal/mol, while3 easily converts to4 with a
moderate activation barrier of 15.8 (15.3) kcal/mol. The larger
activation barrier of the conversion reaction bfo 2 can be
interpreted as follows: The coordinate bond of the@double
bond with the W center is much strongerirthan in3. This
coordinate bond of the-€C double bond is almost broken in
the transition state. Thus, this bond breaking induces a large
energy loss, which is one of the origins of the large activation
barrier.

It is worth discussing the significantly large differences
betweenl and3 and betweer2 and4. The ¢, orbital of *Hy-
SICHCH; is at higher energy than that ¢fl,SICCH, which
leads to formation of a stronger W;3-H,SiCHCH,) interaction
of 1 than the similar W-(3-H,SiCCH) interaction of3. The
energy difference between the?gpbital of vinyl and the SOMO
of Cp(COYW(SiH,) is much smaller than that between the sp
orbital of acetylide and the SOMO of Cp(CA(SiH,), and
therefore, the W-vinyl bond of 2 is considerably weaker than
the W—acetylide bond o#f because the covalent bond energy
increases with an increase in the energy difference between two
orbitals. The vinyl group interacts with the W center using its
sp? orbital, which leads to a very unfavorable orientation of the
C=C double bond for the interaction with silylene. On the other
hand, the acetylide group interacts with the W center using its
sp orbital and ther and * orbitals surround the €C triple
bond in a cylindrical way, characteristics of which are favorable
for the interaction with silylene. As a result, the silylengnyl
interaction in2 is much weaker than the silyleracetylide
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interaction of4. These results indicate that the tungsign Science, Sports, and Culture. Some theoretical calculations were
silaallyl/®-vinylsilyl complex 1 can be isolated but the tungsten performed with SGI workstations of the Institute for Molecular
vinyl silylene complex2 cannot, unlike the tungsten acetylide Science (Okazaki, Japan).
silylene complex Cp(CQW(CCH)(SiH,) 4.

From these results, we emphasize that the isolation of Supporting Information Available: Complete reference for
Cp(COW(3-RL,SICCR) is challenging and also predict that ~Gaussian 03, several important KehBham orbitals observed in
a variety of transition-metaj®-silaallyl/;®-vinylsilyl complexes 3. geometries of EBICCH, HSICHCH, “CHCH, and *CCH,
can be synthesized by a method similar to that of the Sakaba’—Vinyl and W-acetylide interaction energies i and 6,
and Tilley groups. respectively, W—glylene interaction energies |E.and 6, total

electron populations of—4, 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.
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