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Summary: In view of the current experimental interest
in the title reaction, the barrier for the 1,2-shift in (H,Si)-
HSi=0 to H8i—OSiH, is investigated by means of ab
initio calculations with flexible basis sets and electron
correlation. It is found that the 1,2-silyl shift takes place
under relatively mild conditions.

Silicon-oxygen doubly bonded compounds, silanones,
are currently of growing interest.! In a series of papers,?
we have calculated that the parent silanone is kinetically
stable to isomerization as well as unimolecular destruc-
tion.22* It is of natural interest to investigate whether an
appropriately substituted silanone would undergo isom-
erization.

Barton and co-workers®® have continued to search for
such experimental evidence and recently found that the
copyrolysis of cyclotetrasiloxane and butadiene affords
silacyclopentene.* They attempted to interpret this finding

(1) For a current review, see: Raabe, G.; Michl, J. Chem. Rev. 1985,
85, 419.

(2) (a) Kudo, T.; Nagase, S. J. Organomet. Chem. 1988, 253, C23. (b)
J. Phys. Chem. 1984, 88, 2833. (c) Organometallics 1986, 5, 1207. (d)
J. Am. Chem. Soc. 1985, 107, 2589. (e) Chem. Phys. Lett. 1986, 128, 507.

(3) Hussmann, G.; Wulff, W. D.; Barton, T. J. J. Am. Chem. Soc. 1983,
105, 1263.

(4) Barton, T. J.; Hussmann, G. P. J. Am. Chem. Soc. 1985, 107, 71581.

(5) Linder, L.; Revis, A.; Barton, T. J. J. Am. Chem. Soc. 1986, 108,
2742.
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Figure 1. HF/6-31G* optimized geometries of 1, 2, and the
transition state (middle) for the 1,2-silyl shift, in angstroms and
degrees.

Table I. Barriers and Heats of Reaction (kcal/mol) for the
1,2-8Silyl Shift in 1 to 2

level of theory® barrier  heat of reactn
HF/6-31G* 30.7 316
HF/6-31G** 30.7 -31.6
HF/6-31+G(2d,p) 20.4 -27.6
MP2/6-31G** 25.1 -19.6
MP3/6-31G** 26.1 -25.0
MP4SDTQ/6-31G** 24.5 -19.5
MP2/6-31+G(2d,p) 23.5 -17.5
MP3/6-31+G(2d,p) 24.3 -23.0
MP4SDTQ/6-31+G(2d,p) 22.9 -18.0
+ ZPC 22.7 -18.0

?For geometries, see Figure 1.

in terms of the silylsilanone to siloxysilylene isomerization
via a 1,2-silyl shift. However, an alternative mechanism
has also been suggested* because a sizable barrier was
calculated by us for the parent silanone.”< We report now
the ab initio calculations of the 1,2-silyl shift in (H,Si)H-
Si=0 (1) to HSi—O0SiH; (2).

In this report, all geometries were fully optimized at the
Hartree—Fock (HF) level with the 6-31G* basis set® and
identified as equilibrium or transition structures by cal-
culating analytically the Hessian matrices. Energies were
improved at the HF/6-31G* geometries with the larger
basis sets and electron correlation. In the following, the
symbol “//” means “at the geometry of”.

In the isomerization of 1 to 2, a relatively weak Si-Si
bond is broken and a strong Si-O bond is formed. Re-
flecting this, the isomerization is ca. 18 kcal/mol exo-
thermic (Table I), unlike the isomerization of the parent
silanone which is approximately thermoneutral.??= In

(6) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654.
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addition, it is interesting to note that the isomerization of
1 to 2 proceeds via a least-motion path of C, symmetry,
as shown in Figure 1, while the parent silanone isomerizes
via an out-of-plane path of C; symmetry.?2=

As Table I shows, the barrier for the 1,2-silyl shift in 1
to 2 is 30.7 keal/mol at the HF/6-31G* level. Addition
of a set of p-type polarization functions on hydrogens (i.e.,
HF/6-31G**/ /6-31G*) has no effect on the barrier height.
On the other hand, the inclusion of a set of diffuse sp
function’ and double sets of d-type polarization functions®
on heavy atoms (i.e., HF/8-31+G(2d,p)/ /6-31G*) lowers
the HF /6-31G* barrier only by 1.3 kcal/mol. These sug-
gest that at the HF level the further extension of the basis
set has no significant effect on the barrier height.

Thus, the effect of electron correlation was incorporated
by means of Mgller-Plesset (MP) perturbation theory up
to full fourth-order (MP4SDTQ)® in the core-frozen ap-
proximation. As Table I shows, the MP calculations drop
the HF barriers by ca. 6 kcal/mol: this dropping is rather
insensitive to the order of perturbation. The most reliable
energies at the MP4SDTQ/6-31+G(2d,p)/ /6-31G* level
yield a barrier of 22.9 kcal/mol for the 1,2-silyl shift in 1
to 2. Zero-point correction (ZPC) made with the HF/6-
31G* harmonic vibrational frequencies yields a final pre-
diction of 22.7 kcal/mol for the classical barrier.

The predicted barrier is drastically small compared with
that of 61 kcal/mol for the 1,2-H shift in the parent sila-
none. It appears that the relatively small barrier of 22.7
kcal/mol is readily surmountable at 610 °C where Barton
and co-worker carried out their experiment:* conventional
transition-state theory allows us to estimate the rate con-
stant on the order of 7.2 X 10° s (AH* = 20.8 kcal/mol
and AS* = -8.3 eu)!? at the temperature. On the other
hand, the reverse reaction 2 — 1 is unlikely to proceed
under mild conditions, as is apparent from Table I. In fact,
no experimental evidence for the isomerization of siloxy-
silylene to silylsilanone has been found.!

The relatively small barrier for the 1,2-silyl shift is
probably ascribable to the hypervalent ability of the
shifting silicon at the transition state.!! At this point, it
is instructive that the barrier for the 1,2-SiF; shift in
(SiF3)HSi=0 to HSi—OSiF; was calculated to be 18.4
kcal/mol at the MP4SDTQ/6-31G*//6-31G* level and is
6.1 kcal/mol lower at the same level than that for the
1,2-SiH, shift. This lowering corresponds to the fact!? that
very electronegative substituents like F enhance the hy-
pervalent bonding. In addition, it is important to note that
the silicon atom in the SiF; group is more positively
charged and thereby can interact more strongly with the
negatively charged oxygen atom to be attacked.

In summary, we hope that the present calculations help
obtain the definite experimental evidence for the inter-
conversion of a silanone and a silylene.’®* The further

(7) Clark, T.; Chandrasekhar, J.; Spritznagel, G. W.; Schleyer, P. v. R.
J. Comput. Chem. 1983, 4, 294.

(8) Frisch, M. J.; Pople, J. A.; Binkley, J. 8. J. Chem. Phys. 1984, 80,
3265.

(9) MP2: Binkley, J. S.; Pople, J. A. Int. J. Quantum Chem., Symp.
1975, 9, 229. MP3: Pople, J. A.; Binkley, J. S.; Seeger, R. Int. J. Quan-
tum. Chem., Symp. 1976, 10, 1. MP4: Krishnan, R.; Frisch, M. J.; Pople,
J. A. J. Chem. Phys. 1980, 72, 4244.

(10) The thermodynamic quantities were evaluated with the statistical
treatment, using the MP4SDTQ/6-31+G{2d,p)//6-31G* energies and the
HF/6-31G* geometries and frequencies.

(11) For the mobility of silyl groups in silene and disilene, see: Nagase,
S.; Kudo, T. J. Chem. Soc., Chem. Commun. 1984, 1392; Organometallics
1984, 3, 1320. Nagase, S.; Kudo, T.; Ito, K. In Applied Quantum Chem-
istry; Smith, V. H., Schaefer, H. F.; Morokuma, K., Eds.; D. Reidel
Publishing: Dordrecht, 1986; pp 249-267.

(12) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272. Reed,
A. E.; Weinhold, F. J. Am. Chem. Soc. 1986, 108, 3586 and references
cited therein.
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details of this work together with some other 1,2-shifts will
be published in due course.

Acknowledgment. All calculations were carried out
at the Computer Center for the Institute for Molecular
Science, by using the GAUSSIAN 82 program!4 in the
library program package.

(13) We have recently found that in the triplet state the 1,2-silyl shift
proceeds without a significant barrier.

(14) Binkley, d. S.; Frisch, M. J.; DeFrees, D. J.; Rahgavachari, K.;
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. GAUSSIAN
82 program, Department of Chemistry, Carnegie-Mellon University,
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Summary: Reaction of either Cp(NO)Mo(n?)-C(O)-p -tol)-
Fe(CO).Cp (3) (p-tol = p-tolyl) or Cp(CO)}NO)Mo=—C-
(OLIR (1) with I, gives the n?-acyl complexes Cp(NO)-
(DMo(n*-C(OR (4) (R = p-tol, 4-t-BuCgH,, Me). Oxidation
of 4 (R = aryl) gives carboxylato complex 5, while feac-
tion of 4 (R = p-tol) with PMe; gives at least a 95:5 ratio
of diastereomers of the ylide complex Cp(NO)1)Mo(n>-C-
(O)PMeg)-p -tol) (6).

The chemistry of transition-metal acyl complexes com-
mands interest on the basis of their role in CO insertion
reactions! and more recently in serving as templates for
highly diastereoselective enolate reactions.? We recently
reported the synthesis of two isomeric heterodinuclear
u-aeyl compounds, cis- and trans-Cp(CO)Fe(u-C(0)-p-
tol) (u-COYMo(NO)Cp, formed via reaction of Cp(CO)-
(NO)Mo=C(OLi)R (la, R = p-tol) and Cp(CO),Fe-
(THF)*BF,” (2). During the course of this reaction we
isolated a thermally unstable dinuclear intermediate and
on the basis of spectroscopic data proposed the novel
structure 3 shown in eq 1.8 In order to obtain additional

ou tolyl
Cp({CO)HNO)Mo z= + Cp(CO),Fe(THF)*BF,” ==—a= Cp(NO)Mo== F&(CO),Cp (1)
1a p-tolyt 2 3

chemical evidence for this structure, we attempted to ox-
idatively cleave the proposed metal-metal bond with iodine
to give Cp(CO),Fel and a perhaps more tractable molyb-
denum acyl complex. We report here (1) the successful

(1) See for instance: (a) Casey, C. P.; Baltusis, L. M. J. Am. Chem.
Soc. 1982, 104, 6347-6353. (b) Webb, S. L.; Giandomenico, C. M.; Hal-
pern, J. Ibid. 1986, 108, 345-347.

(2) (a) Theopold, K. H.; Becker, P. N.; Bergman, R. G. J. Am. Chem.
Soc. 1982, 104, 5250-5252. (b) Davies, S. G.; Dordor-Hedgecock, I. M.;
Warner, P.; Jones, R. H.; Prout, K. J. Organomet. Chem. 1985, 285,
213-223 and references therein. (c¢) Rusik, C. A.; Tonker, T. L.; Tem-
pleton, J. L. J. Am. Chem. Soc. 1986, 108, 4652-4653. (d) Liebeskind,
L. S.; Welker, M. E.; Fengl, R. W. Ibid. 1986, 108, 6328-6343.

(3) Bonnesen, P. V.; Baker, A. T.; Hersh, W. H. J. Am. Chem. Soc.
1986, 108, 8304-8305.
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