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Abstract: Ab initio calculations at the second-orderghNer-Plesset perturbation theory (MP2) level have been
performed on thecis and trans isomers of the title model complex. For tloés isomer, the optimized structure
shows a H-Si interaction distance of 1.813 A, in close agreement with the experimental value of 1.769 A for
cis-Mo(CO)(depe)(H--SiHPh). Analysis of the density Laplaciarvfp) around the Me-(H-+-Si) triangle reveals

a predominantly covalent MeSi bond and a likely dative H—~Mo bond, with a heavily curved +Si bond path,
suggesting that the ++Si covalent interaction is severely weakened. Traesstructure is 9.9 kcal/mol less stable
than thecisisomer, caused by the competition of metal d-electrons between CO-at8l,tand is manifested by the
shorter H--Si distance of 1.715 A. The inability to locate a stable 7-coordinate structure with-Sikistance
greater than 2.5 A suggests that a classicainclassical tautomerism analogous to that in some dihydrogen complexes
seems not very likely, and the optimized structure for a pentagonal bipyramidal 7-coordinate isomer with H and Si
not neighboring is 6.5 kcal/mol less stable than the obseciesomer. Study of the rotation of the-HSi unit
around the Me-(H---Si) “bond” gives a rotation barrier of about 10 kcal/mol caused by the competition of Mo
d-electrons for back-bonding similar to that for ttn@nsisomer. On the basis of molecular orbital arguments, both
the Mo complex and the widely studied piano-stool complexes Mn(CpYE®)SiR;) can be regarded as
pseudooctahedraPdvL ¢ which is a particularly stable class of complexes. The difference of the nature of bonding
between H-H and H-Si complexes is also discussed in terms of orbital interaction.

Introduction C—H interaction with metals suggests possipjeéC—H o
) o ) ) coordination mode%. In this sense the recognition gf-H—
The subject of €H bond activation has become an intensive SR, complexes is extremely important since Si is in the same
area of research for more than three decaddse to the group as C.

tremendous interest in converting saturated hydrocarbons in
petroleum to useful products, and a number of catalyti¢HC
cleavage processes involving transition metal complexes have

been developedl. While the detailed reaction pathway is still widely studied “nonclassical” dihydrogen complexegsilane

; : )
not clear, extensive studies of the analogous Btand HSIRy complexes with the HSi o bond coordinated to the metal center

coordinations to transition metal centers have resulted in the ..o long been suggested as possible intermediates of hydrosi-
understanding of the possible crucial reaction steps and inter-5iion.  The existence of #Si interaction in hydrosilyl

mediates for Chicoordination and activation. Gas phase studies complexes has been recognized since £388ich was surpris-
of methane interaction with bare metal atoms show similarity ingly earlier than the discovery of the first nonclassical
i 2 3 - i — . . . .
with the well-knowny,?*- or 5>-BHs~ complexes with M-H—B dihydrogen complex W(CQ)P4-Prs),(H—H) in 198410 Since
bridges (with or without M-B interactions}, while the agostic then a large number of piano-stool complexes (with cyclo-
. ) . el .
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Apart from serving as a model of-€H bond activationy?-
H—SiR; complexes are also an important subject of organo-
metallic catalysis in its own right. In comparison with the
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Figure 1. cisvstranscoordination of H-X (X = SiRs, H, C) in the
silane complexl and the dihydrogen complexand the agostic €H
interaction in3.

were precisely characterized by neutron diffraction, confirming
the short H--Si contact in these complexes. An extended
Hiickel theoretical study on the model system MnCp(§£&) -
SiHg)13 suggested that@bonding-back-bonding model similar
to the Dewar-Chatt model for the well-knowmr complexes
can be applied to this group of piano-stool-t$i complexes.
The recent synthesis and X-ray diffraction study of the
pseudooctahedral molybdenum complexes Mo(CORRA(H----
SiRs)14 1 (P—P = depe, SiB = SiHPh;42P—P = dppe, SiR
= SiH3'Y) provide the first examples of a non-piano-stool
mononuclear ® octahedral complex with aingle H--Si
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Figure 2. The four isomeric structures—7 of Mo(CO)H(SiHs)(PHs)4
considered in this work.

will be discussed. We hope this work will arouse further interest
in the study of silane coordination as a model of i€ bond
activation.

interaction. The syntheses and characterizations of two analo-

gouszn?-H, complexes with the same metal fragniératlow a
useful comparison betweerr+H and H--Si coordination. An
intriguing feature of the silane complexgss that the H--Si
moiety iscis to the carbonyl. This is in contrast to the known
transition metal carbonyl dihydrogen complex4s for ex-
ample, Mo(CO)(depefjH.), 2, and complexes with agostic-H
interactions, e.g., Mo(CO)(dppe)B (with Mo in close contact
with one of the phenylic €H bonds of about 2.8 AY where
one carbonyl is always found to eansto the g-coordinated
ligand (Figure 1). This indicates important differences of the
nature of bonding between-HH and H--Si complexes.

In this work we provideab initio studies of the model
complexcis-Mo(CO)(PH)4H(SiHs) and some of its hypothetical

isomers. The structure, orbital interaction, and nature of the

Mo—H-—Si triangular interaction will be emphasized. The
observation that only theisisomer is formed will be explained.

Comparisons with the widely studied pseudo-three-legged piano-
stool silane complexes will be made, and the difference of the
nature of bonding between dihydrogen and silane complexes

(10) (a) Kubas, G. J.; Ryan, R. R.; Swanson, B. J.; Vergamini, P. J.;
Wasserman, H. 3. Am. Chem. Sod984 106, 451. (b) Kubas, G. J,;
Ryan, R. R.; Wroblewski, DJ. Am. Chem. S0&986 108 1339. (c) Kubas,
G.J; Unkefer, C. J.,; Swanson, B. J.; FukushimaJEAm. Chem. Soc.
1986 108 7000. (d) Kubas, G. JAcc. Chem. Red988 21, 120.
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significantly smaller than the sum of their van der Waals radii, and does
not necessarily suggest any form of-B interaction.

(12) (a) Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Rheingold, A. L.
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33, 2954.
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Puerta, M. C.; Valerga, PJ. Chem. Soc., Chem. Commuad®893 1750.
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Computational Details

Four isomers of the model complex Mo(CO)(BHH(SiH3)
were considered, as shown in Figure 2, where the two chelating
diphosphines in the experimental complexes were replaced by
four PH; ligands for theoretical simplicity. Some theoretical
studies of the effect of using Rthstead of the realistic organic
phosphines show that this simplification will lead to an error
of 3 kcal/mol for the relative energié&l® and thus the
conclusions below will not be qualitatively affected by the above
simplification. Structure4 corresponds to the experimentally
observed complex with the -HSi moiety cis to the carbonyl
and with the two moieties mutually perpendicular, whileH
Si wastrans to CO in 5. For the pentagonal bipyramidal
structure6 any possible H-Si interactions were precluded by
the intervening phosphine. In structurg an overall Cs
symmetry was defined by the plane containing both CO and
H---Si bonds, thus making the two moieties lie on the same
plane.

Previous theoretical studies on polyhydride complexes have
concluded thatab initio optimization at the second-order
Mgller—Plesset purturbation theory (MP2) level with effective
core potentials (ECPs) and doulderalence basis sets provides
reasonable predictions on the structures and stabilities of
classical and nonclassical doordination for second- and third-
row transition metal complexé8. In the present study the atoms
Mo, Si, and P were described by the ECPs of Wadt andPHay
with a doubleg valence shell, and the standard 6-31g basis sets
were used for C, O, and H. A single unscaled d polarization
function with exponent 0.262 was added t&SiThe basis set
described here is assigned as BS1. Using this basis set, all
geometries were optimized at the MP2 level involving all
geometric parameters within the overall symmetries specified;
i.e., no local symmetry or structural constraints were imposed.

Although the BS1 basis set reproduces, as will be shown later,
experimental molecular geometries well, one might be concerned
with the importance of polarization functions of phosphorus
atoms (of the phosphine ligands) on the overall balance of

(18) Lin, Z.; Hall, M. B.J. Am. Chem. S0d.992 114, 2928.

(19) Haberlen, O. D.; Rosch, N. Phys. Chem1993 97, 4930.

(20) Wadt, W. R.; Hay, P. 1. Chem. Phys1985 82, 299.

(21) Andzelm, J.; Huzinaga, SGaussian Basis Sets for Molecular
Calculations Elsevier: New York, 1984.
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Table 1. Bond lengths (A), Bond Angles (deg), and Relative Energies (kcal/mol) for the Four Isomers of Mo(GH{&#Hs) Compared
with those of the Experimental Compléx

1 (exptl) 4 5 6 7

C=0 1.189 1.229 1.217 1.234 1.215
Mo—C 1.932 1.944 1.988 1.932 1.973
Mo—Pxis 2.446-2.491 2.513-2.518 2.486-2.490 2.492-2.535 2.484
MO—Pyans—HSi 2.548 2.551 N/A N/A 2.540
M0—Pyans—CO 2.549 2.569 N/A 2.555 2.578
Mo—Si 2.501 2.563 2.631 2.595 2.580
Mo—H 1.695 1.753 1.794 1.769 1.753
H---Si 1.769 1.813 1.715 4.041 1.754
C—Mo—Si 73.0 79.9 153.4 94.4 109.5
C—Mo—H 92.0 95.7 153.4 99.9 66.9
C—MO0—Pyans—CO 170.3 172.4 N/A 176.9 167.5
rel energy N/A 0.0 9.9 6.5 10.7

bonding-back-bonding interactions. Therefore, a much better
basis set (BS2), which supplements the BS1 basis set with
polarization functions on those atoms directly attached to the
molybdenum center (i.e., 6-31g** for C and H, and d functions v
of exponent 0.34 on all the P atofis was used to calculate oc
the SCF electron density for use by the Laplacian analysis.

Ab initio calculations were performed using tBaussian 94
softwaré? on a Silicon Graphics Onyx and a Hewlett-Packard
750/100 workstation, and electron density analysis was done |
with the AIMPAC packag® on a Silicon Graphics Indigo2 ™y
workstation. i

> d,, 1-#«
Results and Discussion . "'. 3

Structure and Molecular Orbital Analysis of cissMo(CO)- dy; =H=
(PH3)4H(SiH3). The MP2-optimized structure for the model ~ bS \
complex4 is shown in Figure 2, which can be directly compared (fj@ ‘H‘ y
to the experimental complexis-Mo(CO)(dppe)(H---SiHP), \
in which the coordinated hydrogen atom is located by X-ray "_H_ ------
crystallography:*® The important bond lengths and angles are
summarized in Table 1. All relative structural parameters in
the experimental complex are preserved in the calculated ) #

5 M-L o bonding MOs

structures: the phosphingsans to the carbonyl and H-Si
moiety have larger MeP distances+2.56 A) than the others PH;
(~2.51 A), which is indicative of theérans influence of the
m-accepting carbonyl and thet-accepting H-+-Si moiety. Of
closer resemblance is the geometry of the-Nid---Si) triangle.
The H-Mo—Si angle is about 45 and the H:-Si interaction ocC |
distance is 1.813 A, in very good agreement with the experi- PH,
men.tally dgtermlngd ,1,'769 A. Th.er.efor'e, pne can have Figure 3. Qualitative molecular orbital interaction diagram fo{or
confidence in the reliability of MP2 optimization in reproducing 4).
the H--Si distance typical of the observed nonclassical hy-
drosilane complexes (1.64..85 A). OC—Mo—Si angle, which is significantly smaller than 98as
A qualitative molecular orbital (MO) interaction diagram of noted in Table 1) are close to 9@0The metal fragment provides
the metal fragment and the+8iH; moiety is presented in  a nonbonding t,y" set (two of them being stabilized by the
Figure 3. Both the experimental and the MP2 optimized two acceptingz* orbitals of CO) and a hybridized,drontier
geometries of the Mo(CO)(P# unit can be very well ap-  orbital directed toward the +Si moiety?> If the silane is
proximated by a square pyramidd-MILs fragment derived regarded as a single coordination unit, the--Bi moiety
from an octahedron, since all the-IM—L angles (except the  provides ar bonding and aw* antibonding orbital. As shown
(22) Frisch, M. J; Trucks, G. W.; Schiegel, H. B, Gill, P. M. w.; N Figure 3, the aorbital interacts with thes bonding orbital
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A ; Peterson, G. Of H***Si, and the ¢, orbital of thetyq set interacts with the*
C.; g"‘?”égr?i?eﬂy' \3'-A|i;o iz%aaxaghag,_ K(.:;i oAsll_cln_v?/gEim'J M. sﬁgfgr?g\r/zeévsg,_ _orbital of H---Si, \_/\{hich is similar to th_er* back-bonding orbital
N.ana&/akkar‘a, A éhallacombé, M F.;eng, c.Y,; Aya]é, P.Y.; Cheri, W m*the .more familiacr complgxes .(Wlth tfet* .rEpIa(.:ed by .the
Wong, M. W. Andres, J. L.; Replogle, E. S.; Gomperts, R.: Martin, R. L.. 0" orbital). Such back-bonding fills the* antibonding orbital
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- of H---Si and tends to break the bond. In this sense the orbital

gordon, 'V'I-? GOS-ZI?IEZ’ ﬁ-?lggg'ev J. MBaussian 94 (Résion B.3) interaction diagram bears a close relationship with the Dewar
aussian, Inc.: Ittsourgn, .

(23) Biegler-Kanig, F. W.; Bader, R. F. W.: Tang, T.-HL Comput.  Chatt model ofr complexes. ,

Chem.1982 3, 317. Coordination Environment around Si. When one treats

(24) The notion &*-accepting” is used to distinguish the electron-  the silicon to be bonded to four hydrogens and the molybdenum
accepting character of the-HSi unit from the more commoa-accepting

character as in electronegative ligands such as GR~, and $-, sincec (25) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
and ¢* orbitals are of different symmetry. in Chemistry Wiley: New York, 1985.
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Figure 4. Coordination environment around Si4h

center, a highly distorted trigonal bipyramid (TBP) results,
typical of 5-coordination, with the coordinated H occupying one
of the axial positions (Figure 4). A TBP coordination around
Siis also observed in several hypervalent silicon compoéhds.

Fan et al.

Figure 5. Laplacian §?o) of the valence electron density 4fon the
plane defined by the MeH:---Si triangle, with atom labels and bond
paths on the right.

It has been recognized that, in such hypervalent compounds,basis set. The Laplacian plot based on the BS1 basis set does
the presence of one or more electronegative ligands allows thenot differ too much from the one presented in Figure 5.
electrons in excess of the octet to be localized around the Therefore, one can conclude that a moderate size of basis set

ligands, and hence they do not contribute to the valence shellcan provide a qualitatively correct result. In Figure 5, solid

of the central atord’

To examine the significance of the hypervalence of Si in the
H---Si interaction, we have reoptimized structdrevith the d
polarization function on Si removed. The--5i interaction
distance becomes 1.953 A, which is significantly longer than
that of the experimentally determined 1.769 A, even allowing
for experimental errors in the location of H. Thus, the d
polarization function on Si is vital in the accurate determination
of the H--Si distance, as is evident in theoretical studies of
main-group hypervalent compountfs.

The tendency of Si to become “hypervalent” may be an
important factor that discriminates silane-$i coordination
from either dihydrogen HH or methane €H. It has already
been discussed that botf3-H, and72-H—CHs; correspond to
“an early stage of oxidative additiori®. As C is in the second
row, it strongly prefers 4-coordination, which obeys the octet

lines representv?p < 0, indicating local electron density
concentration, and dotted lines repres&fp > 0, i.e., local
electron density depletion.

Some features of interest in the Laplacian plot can be noted.
Firstly, the Mo-P bond has local concentrations at P and
depletions at Mo, indicating a dative bond through the lone pair
of P (the other two Me-P bondscis to H:+-Si are out of the
Mo—(H---Si) plane due to the tilting of the MeSi bond, and
hence, the P centers are not shown in the plot). Focusing on
the Mo—(H---Si) triangle, an ordinary covalent M¢5i bond
is revealed by one local concentration for each of Mo and Si;
the Mo—H bond is essentially a dative H-Mo interaction,
similar to P~Mo. The bond path of H-Si is significantly
curved inward, with the turning point inclined toward Si,
implying that the H-Si covalent bond is significantly weakened.
This is in contrast to the situation in nonclassical dihydrogen

rule. Indeed examples of stable molecules with 5-coordinated complexes, where the +HH covalent bonding nature is es-

carbon are very rar®. This prevents the carbon from having
strong interactions with five ligands, and heng&émethane
complexes prefer to have the coordinatedHCbond essentially
intact and have little metalC interaction. In contrast, we have
shown that Si has significant interactions (both ionic and

sentially retained?

Examining the area around Mo, there are four “corners” of
concentrations bulging from the otherwise circular contour,
corresponding to the metajydrbital. One of the corners points
almost directly to the electron concentration of the silicon,

covalent) with four hydrogens and the metal center, thus indicating the predominantly covalent Mdi interaction.

allowing the H-Si coordination to be “at a later stage of
oxidative addition”.

Electron Density Laplacian Analysis of the Mo—H:--Si
Interaction. To further elucidate the nature of the:--+Bi

Density Laplacian analyses of classical and nonclassical forms
of dihydride complex€® indicate that there is a high degree of
electron density concentration between the two hydrogens for
nonclassical complexes, but twoNH bonds for classical ones,

interaction, an electron density analysis based on the Laplacianwhich are consistent with the qualitative MO interaction scheme
(V2p) of the SCF valence electron density (hereafter referred between the metal and the classical or nonclassigéiind®°

to as thedensity Laplaciajof 4 was performed on the plane
defined by the Me-(H---Si) triangle, on the basis of Bader’s
atoms-in-molecules theo). This kind of density Laplacian

For the present silane complex we find an intermediate case:
there are large degrees of density concentrations in bothHio
and Mo—Si bonds, but there is still appreciable concentration

analysis has been extensively used to study the nature ofbetween the H-Si moiety (although as noted the bond path is

chemical interactiond, in particular, the nature of bonding
between “classical” and “nonclassical” dihydride compleies.
Figure 5 presents such a Laplacian plot4drased on the BS2

(26) (a) Patai, S., Rappoport, Z., Edfie Chemistry of Organic Silicon
Compounds Wiley: Chichester, U.K., 1989. (b) Corriu, R. J. B.
Organomet. Chen199Q 400, 81. (c) Patai, S.; Rappoport, Zhe Silicon-
Heteroatom BongdWiley: Chichester, U.K., 1991.

(27) (a) Reed, A. E.; Schleyer, P. ¥.Am. Chem. S0499Q 112 1434.
(b) Jug, K.; Fasold, Bnt. J. Quantum Chenl992 41, 687. (c) Ramsden,
C. A. Chem. Soc. Re 1994 23, 111.

(28) (a) Hahre, W. J.; Pople, J. Ab Initio Molecular Orbital Theory
Wiley: New York, 1986. (b) Cooper, D. L.; Cunningham, T. P.; Gerratt,
J.; Karadakov, P. B.; Raimondi, M. Am. Chem. So0d.994 116, 4414.

(29) (a) Maugh, T. H.Science1983 222, 403. (b) Olah, G. A.
Hypercarbon ChemistryWiley: New York, 1986. (b) McMurry, J. E.;
Lectka, T.Acc. Chem. Red.992 25, 47.

(30) Bader, R. F. WAtoms in Molecules: a Quantum Thep@iaren-
don: New York, 1990.

heavily curved inward).

Judging from the evidence of structure, MO interaction, and
density Laplacian analysis, it is difficult to dichotomize the
silane complexX (or 4) into either classical or nonclassical as
in the M—H, case. However, as stated above, the & bond
is severely weakened, the M&i covalent bond is significant,
and the H gains a large degree of hydride character. Thus,

(31) (a) Carroll, M. T.; Cheeseman, J. R.; OsmanJRPhys. Chem.
1989 93, 5120. (b) Kempf, J. V.; Rohmer, M. M.; Poblet, J. Bl. Phys.
Chem.1991, 95, 4698. (c) Kempf, J. V.; Rohmer, M. M.; Poblet, J. M.
Am. Chem. Sod992 114, 1136. (d) Downs, J. W.; Swope, R.J.Phys.
Chem.1992 96, 4034. (e) Bo, C.; Sarasa, J. P.; Poblet, JJMPhys. Chem.
1993 97, 6362. (f) Gillespie, R. J.; Bytheway, I.; Dewitte, R. S.; Bader, R.
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z Scheme 1Enantiomeric Interconversion df Passing
i ' through the Assume@s “Transition” State7, with the
% Atoms Defining the Symmetry Plane in Bold
" " i
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Figure 6. Competition of the metal 5" set of d orbitals in (a) the 4 7 4

transisomer5 and (b) theC; structure?.
pseudooctahedral structure (i.4), Therefore, the classical

(or 4) lies closer to the classical extreme rather than nonclassical,nonclassical equilibrium as suggested by the presence of two

the close contact of H and Si being facilitated by the ease of Si isomeric forms in solution seems not very likely. The failure

to form hypervalent coordination. to obtain a truly classical isomer for such systems with close
Stabilities of the cisand trans Isomers. In the experimental H---Si contact is also described in a previous theoretical study

complexesl, only thecis isomer was formed by the addition  with pseudo-three-legged piano-stool complebéesioreover,

of silane H-SiR; to the 5-coordinate compleg,'* although the experimental evidence that the two tautomers are of similar

the reaction leading to the formation of theans isomer energy denies the possibility that the observed equilibrium is

probably involves little molecular rearrangement and steric of the cis = transtype.

hindrance. Considering the ease of 5-coordinate complexes to However, we are able to obtain an optimized 7-coordinate

undergo Berry pseudorotation, the reaction product is very likely pentagonal bipyramidal structuée in which the H and Si are

to be thermodynamically controlled. This strongly suggests that not adjacent, but with an intervening BHhus precluding any

the electronic structure of thes form is much more favorable  possible H--Si interactions. We find that this isomer lies 6.5

than thetransform. We have therefore calculated a hypothetical kcal/mol above the most stable structure (4., It is surprising

transstructureb, which is 9.9 kcal/mol higher than tteés form. that the destabilization caused by the competition of metal d
With such a high energy, the&ans structure would be too  electrons (as shown by the relative energy of 9.9 kcal/mol for
thermodynamically unfavorable with respect to tieisomer. 5) is more severe than the disruption of the 13i interaction

The optimized structure & shows signs of a smaller extent  in 6, which suggests that the covalent-#8i interaction in5
of M—H-++Si o* back-bonding relative to theis structure. The (and more so irl or 4) is severely diminished.
carbonyl bond length is 0.01 A shorter, the-t$i distance is Given the experimental evidence that the “tautomerism”
also shorter by 0.1 A, and the Mdd and Mo-Si bond lengths  observed in solution has an interconversion barrier of about 10
are significantly longer than those of tles isomer. In terms kcal/mol (judging from the variable temperature NMR spec-
of MO interaction, the destabilization of theansisomer can  trum), and the two tautomers have similar structures (also based
be explained by the competition of the d electrons between the on the solution NMR spectrum), we propose that the rotation
carbonyl and H-Si (Figure 6a). This competition resultsina of the H--Si unit about the Me-(H:+-Si) “bond” may be a
smaller extent of Mo d—~ H-+-Si o* back-bonding, and hence  possible mechanism of the interconversion of the two forms of
the H--Si distance becomes shorter. With tieconformation, 1
the carbonyl and H-Si interact withdifferentd orbitals (the Rotation of H---Si. Facile rotation of the H-Si moiety
two COz* orbitals interact with ¢z and dz and H--Siinteracts  about the axis through the metal and perpendicular toSH
with dy) of the tyg set, and hence do not suffer from such has been observed in several hydrosilyl complékeghich is
destabilization due to the competition of metal d electrons. The gn important aspect of the dynamics of such complexes. To
preference of twor-accepting ligands to interact with different  estimate the activation barrier and to investigate the cause of
metal d orbitals is also evident in thensdiolefin complex, such a barrier in the presently studied complex, we have
in which the two G=C bonds are perpendicular to each offfer.  calculated a hypothetical optimized transition structure for the
Density Laplacian analysis &falso indicates a larger degree  jnterconversion of the two enantiomerso{Scheme 1). The
of H---Si interaction, namely, that the-HSi bond path is less  assumed transition structufehas a globatCs symmetry with
curved, and the molybdenum d electron concentration points the symmetry plane defined by Mo, CO, the ftansto CO,

more to the center of the -HSi unit. . and the H--Si moiety. It represents a molecular geometry
Possibility of Classicat-Nonclassical Tautomerism Analo-  \yhjch the enantiomeric interconversion is likely to pass through.
gous to That of Dihydrogen Complexes. To investigate Structure7 has an energy 10.7 kcal/mol higher than that of

whether a truly classical 7-coordinate isomer with neighboring 4 which is similar to the value of 9.9 kcal/mol B Examina-

H and Si exists, and hence a classigabnclassical tautomerism  tion of the structural parameters & in Table 1 shows
as suggested by the original authors is possitileve started  resemblance ot to thetransisomers, namely, that the carbonyl
geometry optimizations without any structural constraints with anq 1--Sj bond lengths are similar. In terms of MO interaction,
two of the possible geometries for 7-coordination: a pentagonal gimilar competition of metal d electrons asSroceurs (Figure
bipyramid and a capped octahedfo(with the hydride inthe  gp) pyt in this case it is the orientation of the-+8i moiety

capping position). In both cases the optimized structures turn that forces the sharing of one of the metal d orbitals with
out to be the same as the one based on the expenmenta[:arbonyL

(33) (a) Byrne, J. W.; Blaser, H. V.; Osborn, J. A.Am. Chem. Soc. The experimentally observed tautomerism process could be
1975 97, 3871. (b) Carmona, E.; Marin, J. M.; Poveda, M. L.; Atwood, J.  related to the above process of-+$i rotation about the Me
L.; Rogers, R. D.; Wilkinson, GAngew. Chem1982 94, 467.
(34) Clark, H. C.; Hampden-Smith, M. Coord. Chem. Re 1987, 79, (35) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnhth
229. Ed.; Wiley: New York, 1988.
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[ mirror images ——————— studied molybdenum complex, and hence there is also close
o o) o] similarity between the MO interactions of the two types of
C q C g H c complexes: In the piano-stool complexes it was concluded
P/,,,,a |Sl A\ P/,N|1H L Si"/,/’l"l\![o”/P that electron-dqnatlng Ilgand§ tend to lengthen thejSH
/M°\ A 7 °\ - 7 o Fjlstancg, anq this can be explained by the; genéﬂdlde orbital
P \ P P ) P P | interaction diagram. The electron-donating ability of theset
p P P is increased by the-donating ligands, which in turn populates
the o* orbital of H---Si and weakens the interaction.
[ notmirror images ——————] The 7-coordinate classical isomércan be compared with
o o) o the “trans’ conformation 9 (where the H and SiRligands
C g ¢ Si. u ¢ occupy opposite vertices of the square base) of the piano-stool
[ ", 1\/‘10 ‘\Sié Pf//,,. Nllo” “H__ Si";'"“ Nll(f’/P st_rlrjlctures (dFigure 8b)._ _For pian(l)-st_ozl hygrosilarlle comhplexFeIS
= with second-row transition metals, it has been shown that the
i ‘ et ol ’ e P<|_>P isomer with close H-Si contact (the €is’ form) is more stable
P\) P\) 'P than thetrans form (in which the hydride and silyl ligands

occupy opposite vertices of the square bd8eYhe present
study also shows that the-HSi form 4 is more stable tha6
with H and Si not in contact. This is an indication that the
H---Si interactions in these two types of complexes are still
significant in providing additional stabilization to those com-
plexes that can form close-HSi contact.

The presently studied system provides an additional flexibility
not present in the piano stools: maaccepting ligand such as
CO can be placetrans to H:--Si, while this is not possible
with the piano-stool complexes.

It seems likely that an important driving force for the-+5i
interaction is the strong tendency for a transition metal complex
to become @ 6-coordinate whenever the electronic structure

Figure 7. Relationship between the rotational isomerslpfiemon-
strating the loss of enantiomeric character due to chelation.
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of H T allows. Indeed to our knowledge there are examples neither
C SiR, OC SiRy of pseudo-5-coordinate hydrosilane complexes with close H
o 1 (or 4) Si contact nor 7-coordinate classical hydrosilane complexes with
8 H and Si more than 2.5 A apart (there are two 7-coordinate
mononuclear complexes with neighboring 43iRs*+H ligands3®
(b) @ PR, and for one of thed® it has been shown that a weal¢-+Si
R,P PR, interaction still exists for a HSi distance of about 2.3%).
{ \ E/ Hence, the stabilization due to the-F8i interaction is not strong
NTO enough to compensate for the destabilization caused by the
c\ unfavorable orbital interactions of 5- or 7-coordination.
B Comparisons with Pseudooctahedral Mls(H2) Complexes.

H RySi

Theoretical studies with this class of dihydride complexes show
that the nonclassical dihydrogen form is favored by the presence
of a late transition metal, which has contracted d orbitals, and
strongz-acceptor ligandsransto H,.8¢ Similarities can also
be found in the H-Si complexes. In the transition metal
nonclassical hydrosilane complexes theoretically studied thus
far, the H--Si interaction distance is less than 2.5 A, and at
least one carbonyl ligand is present. However,dis@arrange-
ment of CO and H-Si causes the coordinated+$i bond to
become elongated, and thus-8i lies closer to the classical
end (to our knowledge there are as yet no examples-ofSH
complexes with CQGransto H---Si).

The extent of metabH—X o* back-bonding is the most

Mn
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1>

C
o (0]
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Figure 8. Structural analogies between the piano-stool and pseudooc-
tahedral complexes.
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(H---Si) axis. In the absence of chelations (of the phosphine
ligands), the 18Brotation product is an enantiomeric isomer.
However, for the experimentally studied molybdenum complex
1, the two forms corresponding té and 4 are no longer
enantiomers due to the chelation (Figure 7), thus resulting in

significantly different NMR spectra and relative energies for
the two isomeric forms. The rotation barrier of about 10 kcall important factor in determining the structures and stabilities of

mol is consistent with the variable temperature NMR spectrum. the nonclassical forms of HX coordination. In the dihydrogen
AIth_ough the above postulation is consistent with bot_h the_ case, the HH o* orbital lies high in energy, and it is not quite
experimental results and our present theoretical calculations, 'tsusceptible to M~o* back-bonding. The presence oftns
still requires further experimental and theoretical confirmation. z-acceptor ligand like CO further prevents such back-bonding
Comparisons with Pseudo-Three-Legged Piano-Stool  and keeps the HH distance close to that of uncoordinateg H
MCpL 2(H-*-SiRs). The complex MnCp(CQJH--*SiRs)isthe  wjith H-Si coordination, however, the* orbital lies at lower
first recognized class of complexes with close-8i interac- energies, so it is able to formMo* back-bonding. When the
tions? and there are close structural similarities between the carbonyl and H-Si aretransto each other, there will definitely

piano-stool complex8 and the presently studied pseudoocta- he competition between them for the metal d electrons, since
hedral complex, as shown in Figure 8a. Electronically, if the

; ; ; ; _ ; (36) (a) Barron, A. R.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B.
cyclope_ntadlenyl "ga'.“d .IS Vl.ewed _as a 6-electron ligand J. Chem. Soc., Dalton Tran4987 837. (b) Luo, X.-L.; Schulte, G. K;
occupying three coordination sites, this group of complexes can pemou, P.: Crabtree, R. Hiorg. Chem.199Q 29, 4268.

be treated as®doctahedral, which is similar to the presently (37) Lin, Z.; Hall, M. B. Inorg. Chem.1991, 30, 2569.
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there are two carbonyt* orbitals available for back-bonding.  each other, the completely filled metgl; set of d orbitals

The bettero™-accepting ability of the H-Si moiety actually interacts with different antibonding orbitals of the two ligands
destabilizes thérans orientation. (two with CO and one with H-Si). In both thetransorientation

In transition metal dihydride complexes, the nonclassical form 5 and thecis one, with GO and H--Si parallel,7, there is
(with a H—H distance of~0.8 A) has the two hydrogensans competition between the antibonding ligand orbitals with one
to carbonyl, while the classical form (with a-HH distance>1.7 of the metal d orbitals. The resulting destabilization is estimated

A) prefers thecis position. This is also the case for the to be about 10 kcal/mol for both isomeric structures, which is
hydrosilane complex: theisform has a longer H-Si distance significantly greater than the loss of the ki interaction in
(1.813 A) than that of therans form (1.715 A). However, the 7-coordinate isomet.

unlike the dihydride analogs, thas form does not become There are close structural and electronic similarities between
completely classical due to the additional stabilization of silicon the presently studied pseudooctahedral complexes and the widely
hypervalent coordination. investigated pseudo-three-legged piano-stool complexes. Both

It should be emphasized that back-bonding from the metal d can be regarded as & 6-coordinate system, which has been
orbitals to ther* or ¢” orbitals of the accepting ligands causes recognized as a particularly stable class of compléxes.
the stabilization of the complexs a wholedue to the removal We can summarize the difference between%i and H-H
of electron density from the electropositive metal center (as coordination as follows: Isy?-silane complexes the coordinated
shown by the stability ofl or 4 relative to the other isomers), H-—Si bond is weakened significantly, with the main covalent
but the nonclassicatansCO—(H---Si) isomer is destabilized  bonding of the metal to silicon; thus, it lies closer to the classical

due to the competition of metal d electrons. hydridosilyl extreme. Iny?H, complexes the HH bond

_ remains essentially unperturbed by the-M, ¢* back-bonding,

Conclusions and it lies closer to the nonclassical dihydrogen extreme.
The H-Si o bond in silanes SiHRserves as a moderately Finally, we note that there are examples of silane complexes

strongo” acceptor ligand in transition metal complexes. The With H---Si distances approaching the-3i distance in the
o*-accepting character is manifested in the structure of the Uncoordinated silane ligands, including the apparently 8-
pseudooctahedral complek namely, that the MeP bond ~ Ccoordinate complex Ir(P§uHa(SiR);* and the recently syn-
lengthtransto H---Si is lengthened to a similar extent as that thesized bent titanocene “agostic-$1" complex TiCp(trans
transto CO. t-BUC=CSiHMe,).3° Thus, the structural variety of silane

An analysis of the density Laplacian around the Mo ~ Complexes may be as rich as the dihydrogen complexes, and
(H-+-Si) triangle reveals that the H is essentially hydridic in further experimental and theoretical studies would result in a
character, its close approach to the Si center being facilitatedMore thorough understanding of the nature ef$i coordina-
by the ease of silicon to become hypervalent. The covalent tion, and hence the important process efi€bond activation.
bonding between the metal Mlfragment and the H-Si unit
is mainly through silicon. This is in sharp contrast to tffe
H, complexes in which there is a marked density concentration
between the two hydrogens. JA960717F

The cis preference of the molybdenum complex can be (38) Luo, XL Crabtree, R, FJ. Am. Chem. S0d989 111 2527
explained by molecular orbital interaction arguments. In the (39 Onff, A.; Kosse, P.; Baumann, W.; Tillack, A.; Kempe, R.r{p
cis orientation4 with C=0 and H--Si bonds perpendicular to  H.; Burlakov, V. V.; Rosenthal, UJ. Am. Chem. Sod.995 117, 10399.
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