2354 J. Am. Chem. Soc. 1992, 114, 2354-2359

It is possible that even though the gauche transition state (5) does
not involve intramolecular hydrogen bonding, it may preferentially
lead to the solvate (CH;CH,0~H,0); however, the experimental
studies indicate that the ethoxide-water complex is the major
product,’*® whereas the theoretical studies predict that the gauche
elimination should have a significantly larger barrier (5.2
keal/mol) than the antiperiplanar elimination. Additional evidence
against competing pathways is found in the calculated vibrational
frequencies. On the basis of zero-point energy differences, the
calculations predict that the barriers for both the antiperiplanar
and gauche eliminations of CD;CD,0CH; are about 1.1 kecal/mol
above those of CH;CH,OCH,, and therefore both pathways
should give similar kinetic isotope effects.’?3? Our calculated
differences in transition state barriers are in good accord with
Bierbaum and Bowers’ earlier estimate.” Using their statistical
rate model and the observed kinetic isotope effects, they predicted
that the barrier in CD;CD,0CD,CDs; is 1.1 keal/mol greater than
that in CH;CH,OCH,CH,. Given the present theoretical results,
it seems unlikely that a cyclic transition state is involved in the
gas-phase reactions of HQ~ with ethers, and therefore another
explanation must be found for the different isotope effects observed
in the two product channels. Although it is not completely con-
sistent with the energy dependence that de Koning and Nibbering
reported,® a rational explanation is that the reaction involves only
an antiperiplanar pathway? and that a second isotope effect is

(31) In all previous theoretical studies of E2 eliminations, nearly linear
proton transfer geometries (base—Hz~Cg) have been observed (see ref 2, 3, 6).

(32) The zero-point-energy differences predict a smaller isotope effect for
the antiperiplanar and gauche eliminations of the (HO—-DCH,CH,0CH,)
system (a transition state barrier difference of about 0.8 kcal/mol compared
to the all hydrogen substrate). Therefore, both primary and secondary isotope
effects are important in these reactions. Experimentally, de Koning and
Nibbering have noted this result; see ref 8.

(33) Attempts to analyze the theoretical results with a simple RRKM
dynamics approach (see ref 27a) led to unrealistically low rates and excep-
tionally large ky/kp values. Undoubtedly these errors result from treating
low-frequency vibrations as harmonic oscillators rather than as hindered rotors
(the differences cannot be explained solely on the basis of errors in the cal-
culated barrier). Although beyond the scope of the present study, a more
sophisticated dynamics treatment is appropriate for a system that is charac-
terized by many low-frequency vibrations and the possibility of tunnelling (see
ref 27¢c-¢).

active in the partitioning between solvated and unsolvated products.

Conclusions

For B-elimination reactions with a high degree of Ely-like
character, the preference for periplanarity is greatly reduced.
Because the carbon-leaving group bond is hardly broken in the
transition state, there is little advantage to hyperconjugation and
partial w-bond formation. As a result, steric effects can become
important in determining the preferred conformation. Synperi-
planar transition states are only possible when the advantage of
conjugation outweighs the steric disadvantages of an eclipsed
conformation. In El-like reactions, this is not necessarily true
and gauche transition states are possible. These effects are almost
perfectly balanced in the reaction of HO~ with CH;CH,0CH;,
where a gauche transition state is slightly more stable than a
synperiplanar transition state. This highlights the fact that in
E1,-like syn eliminations, the transition state barrier is relatively
insensitive to the torsional angle (Hs~C4~C,-X). However, an-
tiperiplanar transition states generally are preferred for gas-phase
B-eliminations because they allow for conjugation within a stag-
gered conformation. Further studies on the effect of substitution
in E2 transition states have been completed and will be published
subsequently .’
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(34) Although entropy may slightly favor the gauche elimination (the small
torsional barrier and the presence of two gauche pathways should increase the
entropy), the large difference in activation energy (5.2 kcal/mol) should ensure
that antiperiplanar eliminations dominate.

(35) Syn—gauche transition states have been observed in other systems, and
the borderline between synperiplanar and syn-gauche transition states has
been investigated: Gronert, S. Manuscript in preparation.
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Abstract: Calculations at the CI-SD/6-31G* level of theory have been performed in order to determine the effect on the A-H
bond dissociation energy (BDE) in X-AH; (A = C and A = Si) of replacing X = H;C- by X = H,C=CH- and H,Si=CH-
and of replacing X = H,Si- by X = H;C=SiH- and H,Si=SiH-. The conjugative stabilization energies (CSEs) of the resulting
allylic radicals have been obtained from the energies calculated to be required to twist a terminal AH,® group out of conjugation.
Except for X = H;C=CH- and H,Si=CH- in X-CH}', these two definitions of allylic resonance energy give nearly identical
values. The reason for the calculated difference between ~ABDE and CSE in HyC—=CH-CH," and in H,Si=CH-CH," is
discussed. It is also found that, with the exception of H,Si=CH-SiH,’, the calculated allylic resonance energies are generally
those expected from the * BDEs in H,C=CH,, H;C=SiH;, and H,Si=SiH,. It is shown that pyramidalization at silicon
lowers the resonance energy of H,Si=CH-SiH," from that expected, based on the strength of the C-Si = bond in H;C=SiH,.

The results of ab initio calculations show that substituents, X,
affect the A-H bond dissociation energy (BDE) of X-AH; dif-
ferently, depending on whether A is carbon or silicon.! For A
= C, as well as for A = Si, X groups that can delocalize the
unpaired electron in the X-AH," radical tend to lower the A-H

¥ Present address: Frank J. Seiler Research Laboratory, U.S. Air Force
Academy, USAFA, Colorado 80840-8628.

0002-7863/92/1514-2354803.00/0

BDE. However, since carbon forms stronger = bonds than silicon,?
conjugative stabilization of the radical formed by breaking the
A-H bond is generally found to be more important for A = C
than for A = Si.

(1) Coolidge, M. B.; Borden, W. T. J. Am. Chem. Soc. 1988, 110, 2298.
(2) Review: Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272.
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Table I. CI-SD/6-31G* Energies Calculated at (U)YHF/6-31G* Geometries

J. Am. Chem. Soc., Vol. 114, No. 7, 1992 2355

X-AH, X-AH,'¢ X-AH,'?
X A=C A =Si A=C A =Si A=C A =Si

CH, -79.5040 -330.5020 -78.8490 -329.8678

H,C=CH -117.4470 -368.4434 -116.8142 -367.8098 -116.7898 -367.8095
H,Si=CH -368.4122 -619.4223 -618.7896 -367.7596 -618.7884
SiH, -330.5020 -581.4909 -329.8491 -580.8624

H,C=SiH -368.4255 -619.4191 -367.7862 -618.7920 -367.7731 -618.7914
H,Si=SiH -619.4222 -870.4226 -869.8036 —618.7703 -869.7947

2 AH," group conjugated with the = bond in unsaturated X groups. ® AH," group rotated out of conjugation with the = bond in X.

Our calculations revealed an important effect of substituent
electronegativity on the A-H BDE in X-AH;. For bothA =C
and A = Si, the A-H BDE was found to increase with the
electronegativity of X. Substituent electronegativity affects the
A-H BDE:s in this way because the amount of s orbital character
in the A-H bond of X-AH, increases with the electronegativity
of X Since, especially for 7 electron donating substituent groups,
conjugative stabilization of X-SiH,’ is of relatively minor im-
portance, compared to conjugative stabilization of X-CH,",
substituent electronegativity has a very strong effect on the
strengths of Si-H bonds.!

Our previous study was confined to substituents that were either
« electron donor groups (e.g., NH,) or = electron acceptor groups
(e.g., BH,) but that did not themselves contain = bonds. Although
it is well known experimentally that the = bonds that are present
in vinyl and phenyl substituents result in the BDEs of allylic and
benzylic C-H bonds being 12-14 kcal/mol lower than the C-H
BDEs in saturated molecules,® the Si-H BDE is apparently
unaffected by the presence of an adjacent phenyl group.’
Moreover, the EPR spectra of both 1-silaallylic® and 1-silabenzylic’
radicals show the unpaired spin density to be largely, though not
completely, localized on silicon.

The present computational study was motivated by the desire
to understand in detail the effect of an adjacent = bond on C-H
and Si-H BDEs. We also wanted to compare the computed
barriers to rotation and spin densities in the resulting allylic and
silaallylic radicals. For completeness, our study included, in
addition to vinyl, both possible silavinyl substituents and also
disilavinyl. Herein we report the results of our calculations.

Computational Methodology

Geometries were optimized® with RHF calculations for closed-shell
molecules and with UHF calculations for radicals, using the 6-31G* basis
set.” For allylic and other radicals in which delocalized wave functions
are a possibility, UHF calculations are preferred to ROHF calculations
for geometry optimizations.!® In order to obtain energies that contain
the effects of electron correlation, CI-SD calculations were performed
at the RHF and UHF optimized geometries.

CI-SD calculations, which give pure doublet wave functions for rad-
icals, are preferable to UMP calculations, which do not. The latter are
based on the application of Melier-Plesset perturbation theory!! to UHF

(3) Bent, H. A. Chem. Rev. 1961, 61, 275.

(4) Review: McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem.
1982, 33, 493. The most recent experiments give a value of 13.5 £ 1.}
kcal/mol for the lowering of the BDE that results from replacement of alkyl
by vinyl: Roth, W. R.; Bauer, F.; Beitat, A.; Ebbrecht, T.; Wiistefeld, M.
Chem. Ber. 1991, 124, 1453. Doering, W. von E.; Roth, W. R.; Bauer, F.;
Boenke, M.; Breuckmann, R.; Ruhkamp, J.; Wortmann, O. Chem. Ber. 1991,
124, 1461.

(5) Walsh, R. Acc. Chem. Res. 1981, 14, 246. Wetzel, D. M.; Salomon,
K. E.; Berger, S.; Brauman, J. I. J. Am. Chem. Soc. 1989, 111, 3835.

(6) Jackson, R. A.; Zarkadis, A. K. Tetrahedron Letr. 1988, 29, 3493,

(7) Sakurai, H.; Umino, H.; Sugiyama, H. J. Am. Chem. Soc. 1980, 102,
6837,

(8) RHF and UHF optimized geometries and energies are available as
supplementary material; ordering information is given on any masthead page.

(9) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213.

(10) Unless constrained by symmetry, ROHF wave functions for radicals
that are known to be delocalized exhibit localization and thus give optimized
geometries that are grossly incorrect. Because UHF wave functions contain
some correlation between electrons of opposite spin, they do not exhibil ar-
tifactual symmetry breaking and localization. Reviews: Borden, W. T.;
Davidson, E. R.; Feller, D. Tetrahedron 1982, 38, 737. Davidson, E. R.;
Borden, W. T. J. Phys. Chem. 1983, 87, 4783.

(11) Meller, C.; Plesset, M. S. Phys. Rev. 1936, 46, 618. Pople, J. A.;
Binkley, J. S.; Seeger, R. Int. J. Quantum Chem. 1976, S10, 1.

Table II. Calculated (CI-SD/6-31G*) Decreases in A-H Bond
Dissociation Energies (~ABDEs) Caused by Unsaturated
Substituents, X, in X-AH; and Calculated (CI-SD/6-31G*)
Conjugative Stabilization Energies (CSEs) in X-AH,"* (kcal/mol)

-ABDE (X-AH,)* CSE (X-AH,’)

X A=C A=Si A=C A=Si
CH, 0 0
H,C=CH 13.9 0.45 15.3 0.2
H,Si=CH 33.06 0.9 315 0.8
SiH, 0 0
H,C=SiH 8.5¢ 0.9¢ 8.2 0.4
H,Si=SiH 14.2¢ 6.0° 13.6 5.6

“ A positive value indicates a lowering of the A-H BDE. ®BDE rel-
ative to X = CH,. °BDE relative to X = SiH,.

wave functions, and UMP calculations tend to give correlated wave
functions which still contain the higher spin states that contaminate UHF
wave functions.!? Spin contamination is especially severe in the UHF
wave functions for allylic radicals. In the UHF wave functions for the
radicals studied by us, S? ranges from 0.97 for allyl to 1.31 for trisilaallyl.
For a pure doublet wave function S? is 0.75.

Geometries were optimized and energies were calculated with the
Gaussian 86 package of ab initio programs.!* Spin population analyses
on the CI-SD wave functions were obtained with MELDF,!* which
projects populations computed with a split-valence basis set onto an
equivalent minimal basis set,!® thus facilitating analysis. Because of the
large number of configurations involved in the CI-SD calculations, per-
turbation theory was used to select the most important configurations for
the MELDF population analyses. The CI-SD wave functions were
truncated so that less than 5% of the correlation energy was lost.

Results and Discussion

Table I gives the energies computed at the CI-SD level with
the 6-31G* basis set. From the CI-SD energies the calculated
amount by which various substituents, X, reduce the A-H BDE
in X-AH; were obtained for A = C and A = Si. The reductions
in BDEs are given in Table II, relative to X = H;C-and X =
H;Si-. We have discussed previously the effect on the BDE’s of
methane and silane of replacing a hydrogen with a methyl or a
silyl group.!-1¢

The ~ABDEs in Table II are actually the energies for the
reactions

X-AH,* + H;C-AH,; — X-AH; + H,C-AH,* N
and
X-AH,' + H;Si-AH; — X-AH, + H;Si-AH," (2)

depending on whether substituent X has carbon or silicon attached
to atom A. Since the reactions in eqs 1 and 2 are isodesmic,

(12) Gil}, P. M. W,; Pople, J. A.; Radom, L.; Nobes, R. J. Chem. Phys.
1988, 89, 7307.

(13) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K,;
Melius, R.; Martin, R.; Stewart, J. J. P.; Bobrowicz, F.; Rohifing, C. M.;
Kahn, L. R.; Defrees, D. J; Seeger, R.; Whiteside, R. A.; Fox, D. J; Fluder,
E.; Pople, J. A. GAUSSIAN 86; Carnegie-Mellon University: Pittsburgh, PA,
1986.

(14) Developed at the University of Washington by McMurchie, L., Eibert,
S., Langhoff, S., and Davidson, E. R., and modified by Feller, D., and
Rawlings, D.

(15) Davidson, E. R. J. Chem. Phys. 1967, 46, 3319.

(16) Using CI-SD, rather than (U)MP4SDTQ energies,! we calculate that
a methyl substituent lowers the C-H BDE of methane by 4.3 kcal/mol but
raises the Si-H BDE of silane by 0.1 kcal/mol. In contrast, a silyl substituent
lowers both A-H BDEs—that of methane by 5.6 kcal/mol and that of silane
by 3.5 kcal/mol.
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cancellation of errors makes the relative BDEs in Table II more
accurate than the absolute A-H BDEs computed at the CI-
SD/6-31G* level.?

One way to attempt to disentangle possible electronegativity
effects of substituents on BDEs from radical stabilizing conjugative
effects is to calculate the energetic cost of twisting the substituent
out of conjugation.! The conjugative stabilization energies (CSE)
given in Table II are defined as the energies required to twist the
unsaturated group, X, in the X-AH,"* radicals out of conjugation
with the AH,* radical center. With the exception of H,C—=CH-
CH;' and H,Si=CH-CH,’ (vide infra), the CSEs in Table II
are within 1 kcal/mol of the relative BDEs. This agreement
demonstrates that the major way the unsaturated substituents in
Table II affect A-H BDEs is by providing conjugative stabilization
for the radicals formed.

The ~ABDE:s in Table II show that unsaturated substituents
have a much greater effect on lowering C-H, compared to Si-H,
BDEs. Moreover, the CSEs in Table II demonstrate that this
difference is due to the fact that unsaturated groups, X, provide
much more conjugative stabilization for X—CH,* radicals than
for X-SiH,* radicals. These results indicate that, for each sub-
stituent group, = bonding to a carbon-centered radical provides
more stabilization than does 7 bonding to a silicon-centered radical.

This conclusion is wholly consistent with the relative strengths
of = bonds to carbon and to silicon. The BDEs of = bonds
involving carbon and silicon are: w-C=C =~ 65 kcal/mol,'®!
x-C=Si ~ 35 kecal/mol,2%?! and =-Si=Si ~ 23 kcal/mol.21??
Based on these = BDEs, one would anticipate that the stabilization
provided by = bonding to the carbon radical center in X-CH,"
would, for all four unsaturated X groups in Table II, exceed that
furnished by = bonding to the silicon radical center in X-SiH,".

Allylic Radicals with Different Terminal Groups

1-Silaallyl (2). The significantly greater strength of a C=C
m bond, compared to a C=Si = bond, is responsible for the finding
that, of the substituents in Table I1, the X = H,Si=CH- group
is computed to provide the greatest lowering of the C-H BDE
in X~CHj;. Cleavage of a C-H bond in 1 generates allylic radical

CH _— CH -—
H8i%  “CH, HSIP “GH,
1 2a
CH - CH

>~
HoSI” NCH, HsSi”~ NCH,
2b 3

2, which can be represented by two resonance structures, 2a and
2b. The fact that the latter contains a C=C = bond, instead of
the C=Si = bond in the former, suggests that 2b makes a much
larger contribution to the structure of the radical than 2a. Thus,
upon cleavage of a C-H bond in 1, an allyl radical is formed in
which the C=Si 7 bond in 1 is replaced by a stronger = bond
that is largely localized between two carbon atoms.

Several pieces of additional data are in accord with this ex-
planation of why X = H,Si=CH- lowers the C-H BDE more
than any of the other substituents in Table II. For example, if
2b contributes more than 2a to the structure of 2, the H,C=CH-
group in 3 should have little effect on lowering the Si-H BDE
in X-SiH;. In fact, as shown in Table II, X = H,C=CH-
decreases the Si-H BDE by only 0.4 kcal/mol, compared to X
= CH,-. The very small effect of vinyl on the calculated BDE

(17) Hehre, W. J.; Radom, L.; Schieyer, P. v R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986; pp 271-324. For evi-
dence of the accuracy with which relative BDEs can be computed, see: Ni-
colaides, A.; Borden, W. T. J. Am. Chem. Soc. 1991, 113, 6750.

3 (18) Douglas, J. E.; Rabinovitch, B. S.; Looney, F. S. J. Chem. Phys. 1958,
23, 315.

(19) Benson, S. W. J. Chem. Educ. 1965, 42, 502. Benson, S. W. Ther-
mochemical Kinetics, 2nd ed.; Wiley: New York, 1976; pp 63-65, using the
upwardly revised heat of formation for ethyl radical (Parmar, S. S.; Benson,
J. Am. Chem. Soc. 1989, 111, 57 and references cited therein).

(20) Dobbs, K. D.; Hehre, W. J, Organometallics 1986, 5, 2057.

(21) Schmidt, M. W.; Truong, P. N.; Gordon, M. S. J. Am. Chem. Soc.
1987, 109, 5217 and references therein.

(22) Hrovat, D. A.; Sun, H.; Borden, W. T. THEOCHEM 1988, 163, 51.
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of an adjacent Si-H bond is totally consistent with the experi-
mental finding that phenyl has a negligible effect on the BDE of
an adjacent Si-H bond.’

The energy required to twist the H,C=CH- group out of
conjugation with the SiH," radical center in 2 is minimal,
amounting to only 0.2 kcal/mol.? In contrast, the energy required
to twist the H,Si=CH- group out of conjugation with the CH,*
radical center is large, amounting to 31.5 kcal/mol. The difference
of 31.3 kcal/mol between the energies required to rotate about
the C-C bond and the Si-C bond in 2 is about the same as the
difference of 32.6 kcal/mol between the ~ABDEs in forming 2
from, respectively, 3 and 1. Not surprisingly, both differences
are approximately the same as the difference of about 30 kcal/mol
between the strengths of C=C and C=Si = bonds.

From the foregoing discussion, it is easy to understand why in
allylic radical 2 the UHF optimized C-C and C-Si bond lengths
(1.353 A and 1.849 A) are very similar to those (1.325 A and
1.878 A) in the same radical with the H,C=CH- group rotated
out of conjugation with the SiH,* radical center. Loss of con-
jugation also has little effect on the degree of pyramidalization
of the SiH, group. The SiH, pyramidalization angle, ¢ (the angle
between the H-Si-H bisector and the extension of the C-Si bond)
increases by only 2.7°, from ¢ = 48.0° in 2 to ¢ = 50.7°, when
the H,C=CH- group is rotated out of conjugation.

In contrast, there are, as expected, substantial differences be-
tween the C-C and C-Si bond lengths of 2 and those (1.477 A
and 1.700 A) of the much higher energy radical with the
H,Si=CH- group twisted out of conjugation with the CH,"
center. In the latter geometry the existence of a full Si~C = bond
also results in complete planarization of the SiH, group, while
the CH," center is slightly pyramidalized (¢ = 13.0°).

Despite the fact that both energetics and the geometry of 2
indicate that 2b contributes much more to its structure than 2a,
the calculated unpaired electron densities in 2 suggest some de-
localization of unpaired spin from the SiH,* center into the
H,C=CH- group. At the CI-SD level the computed unpaired
electron densities at the heavy atoms are 0.94 at silicon, —0.04
at the central carbon, and 0.09 at the carbon of the terminal
methylene group. This finding, that the unpaired spin in 2 resides
mainly on the SiH, group but that positive unpaired spin also
appears at the doubly-bonded carbon which is 8 to it, is in
qualitative accord with the experimental results for 1-silaallylic®
and 1-silabenzylic’ radicals.

In good agreement with the experimental finding that the Si-H
hyperfine coupling constant in 2¢ is essentially the same as that
in CH,SiH,",* we calculate the CI-SD unpaired spin density of
0.94 at Si in 2 to be almost the same as the 0.97 that we compute
in the methylsilyl radical. However, the size of the C-H hyperfine
coupling constant reported for the 8 carbon in 26 is indicative of
a spin density at this carbon that is roughly three times larger
than the value of 0.09 that we calculate at the CI-SD level of
theory.?

1,2-Disilaallyl (5). The relative strengths of C=S8i and Si=Si
= bonds account for the substantial effect of the X = H,Si=SiH
group on the C-H BDE of X-CH; (4), the very much smaller
effect of X = H,C=SiH on the Si-H BDE of X-SiH; (6), and

(23) The existence of a barrier to rotating the = bond back into conjugation
with the SiH,* center is indicated by the vibrational analysis at the C; twisted
geometry, which finds this geometry to have no imaginary frequencies and,
thus, to correspond to a local energy minimum.

(24) Krusic, P. J.; Kochi, J. J. Am. Chem. Soc. 1969, 91, 3938. Bennett,
S. W,; Eaborn, C.; Hudson, A.; Jackson, R. A.; Root, K. D. J. J. Chem. Soc.
A 1970, 348.

(25) Although our population analysis was carried out at the CI-SD level
of theory, the geometry for 2 at which it was performed was optimized at the
UHEF level. Since the UHF wave function for 2 is strongly contaminated by
quartet and higher spin states, it is conceivable that the UHF wave function
underestimates the amount of 7 bonding to Siin 2 and thus gives an optimized
geometry with Si too pyramidal and/or with too long a C-Si bond. In order
to test this possibility, we reoptimized the UHF geometry of 2 with ¢ at Si
constrained to be 20° smaller than at the fully optimized UHF geometry.
CI-SD calculations at the constrained geometry did find a 30% increase in
the spin density at the terminal methylene group, but the CI-SD energy was
1.5 kcal/mol higher than at the fully optimized UHF geometry.
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SiH [—— SiH ~—
H,Si% “CH, HSi% “GH,
4 5a
SiH - SiH

. O . ~
H 817" NCH, H,Si”"  NCH,
5b 6

the barriers to rotation in the radical (5) that results from ho-
molytic A-H bond cleavage in both these X-AH; molecules. The
differences of 13.3 kcal/mol in the ~ABDEs between 4 and 6 and
13.2 keal/mol in the barriers to rotating about the C-Si and Si-Si
bonds in § are both close to the difference of about 12 kcal/mol
between the estimated strengths of C=Si and Si=Si = bonds.

Despite the fact that 5 is expected to resemble 5b more than
5a, the geometry of 5 is calculated to be intermediate between
those of the radicals formed by rotating the H,C=SiH- and the
H,Si=SiH- groups out of conjugation. The optimized C-Si and
Si-Si bond lengths in 5, respectively, 1.796 A and 2.281 A, may
be compared with the corresponding bond lengths of 1.701 A and
2.329 A in the nonconjugated radical formed by rotating the
H,C=SiH- group? and of 1.854 A and 2.126 A in the non-
conjugated radical formed by rotating the H,Si=SiH- group.?
The Si-Si bond in 5 is shorter only by 0.048 A than in the non-
conjugated radical that results from rotation of the H,C=SiH-
group, but the C-Si bond in 5 is 0.095 A longer than in the
nonconjugated radical formed by rotation of the H,Si=SiH-
group.

The unexpectedly long C-Si bond in 5 is almost certainly a
consequence of the pyramidalization at both these atoms in 5. The
pyramidalization angles are ¢ = 8.0° at C and ¢ = 32.0° at the
central Si. Pyramidalization at the central Si is in the opposite
direction from that at C and also from that at the terminal SiH,’
center, for which ¢ = 45.0°. Presumably, anti-pyramidalization?’
occurs at the central Si, in order to maintain as much bonding
as possible with the highly pyramidalized, terminal SiH,* center
in 5, for, when the latter group is rotated out of conjugation, the
central Si becomes planar.

Maximum bonding with the central Si in 5§ is presumably the
origin of the pyramidalization found at the terminal CH, group.
On twisting the terminal SiH, group out of conjugation, pla-
narization of the CH, group accompanies planarization of the
central Si. The pyramidalization angle at the terminal SiH,’
center is little affected by twisting it out of conjugation with the
C-Si = bond; ¢ is calculated to increase by only 2.1°.

As in the case of 2, the unpaired spin density in 5 resides largely
on the terminal silicon. At the CI-SD level the calculated unpaired
electron densities at the heavy atoms in 5 are 0.95 at the terminal
Si, —0.06 at the central Si, and 0.13 at C. Somewhat greater
interaction between the SiH,* center and X = CH,=SiH-in 5,
compared to X = CH,=CH- in 2, is indicated by comparison
of the calculated spin densities in the two radicals. This finding
is consistent with the greater change in bond lengths in 5 than
in 2, on going from a conjugated geometry to one with the SiH,*
center rotated out of conjugation.

Allylic Radicals with Identical Terminal Groups

For unsymmetrical allylic radicals, the results described in the
previous section show that the greatest amount of stabilization
in X-AH;* is provided when the = bond formed between A and
the atom in X that is adjacent to A is much stronger than the
m bond in X. For symmetrical allylic radicals, i.e., allylic radicals
with identical terminal groups, the strength of the partial = bond
that is made between A and X should be proportional to the
strength of the full = bond in the unconjugated X group.?®

(26) Vibrational analysis at the C, geometry of the twisted radical finds
two imaginary frequencies, one of which corresponds to anti-pyramidalization
of the doubly bonded silicons.2” Therefore, the transition state for rotating
about the C=Si bond in $a has lower symmetry and slightly lower energy than
the C, geometry that we optimized.

(27) For reviews and discussions of anti-pyramidalization see: Malrieu,
J.-P.; Trinquier, G. J. Am. Chem. Soc. 1989, 111, 5916. Borden, W. T. Chem.
Rev. 1989, 89, 1095.
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Therefore, the expected order of increasing CSEs would be
HzSI=SiH'SlH2. < sti=CH_SlH2. == H2C=SiH'CH2. <
H,C=CH-CH,*. Moreover, based on the Si=Si, Si=C, and
C=C = bond strengths,'¥22 the CSEs in the symmetrical allylic
radicals would be expected to increase in the ratios of about
1:1.5:1.5:3.

The actual ratios, computed from the data in Table II, are
1:0.1:1.5:2.7. Thus, except for H,Si=CH-SiH,*, which appears
to have an anomalously small CSE, the CSEs increase in the
expected order, and their ratios are also about what might be
expected from the ratios of the strengths of the Si=Si, Si=C,
and C=C = bonds.

2-Sila- and 1,3-Disilaallyl Radicals. The reason why H,Si=
CH-SiH,’ is computed to have a much lower CSE than H,C=
SiH-CH,*, when both contain C-Si = bonds, is revealed by a
comparison of the optimized geometries for these two allylic
radicals. The terminal SiH, groups in the former radical are both
highly pyramidalized, with ¢ = 41.0°. The central carbon is also
pyramidalized with ¢ = 15.0°. The direction of its pyramidal-
ization, anti to the two terminal SiH, groups, presumably max-
imizes bonding to these two highly pyramidalized centers.

In contrast to H,Si=CH-SiH,", the equilibrium geometry of
H,C=SiH~CHj' is calculated to be planar.> Since there is only
one Si center in the latter radical, and it is bonded to two carbons,
any possible stabilization due to silicon pyramidalization in this
radical is apparently overcome by the decrease in = bonding that
would result. As a consequence of the planar geometry of
H,C=SiH~-CH,’, the C-Si bond lengths of 1.778 i are signif-
icantly shorter than the 1.813 A bond lengths in H,Si=CH-SiH,".

The contrast between the highly pyramidalized geometry of
H,Si=CH-SiH ;" and the planar geometry of H,C=SiH-CH,*
provides an attractive explanation of the finding that H,Si=
CH-SiH,’ is computed to have a much lower CSE than H,C=
SiH-CH,". This explanation was tested computationally by
constraining the SiH, groups in H,Si=CH-SiH,* to be planar,
both in the conjugated structure and in the structure with one SiH,
group rotated out of conjugation. CI-SD calculations at the UHF
geometries optimized with this constraint led to a computed CSE
for H,Si=CH-SiH,* of 7.4 kcal/mol. This value is quite close
to the CSE of 8.2 kcal/mol computed for H,C=SiH-CH,".

1,2,3-Trisilaallyl Radical. In the UHF optimized geometry for
H,Si=SiH-SiH,’, the terminal SiH, groups are highly pyram-
idalized, with ¢ = 44.0°, and the central Si group too is highly
pyramidalized, in an anti fashion, with ¢ = 42.0°. It should be
noted that for H,Si=SiH,, which contains a full Si-Si double
bond, anti-pyramidalized geometries are calculated at comparable
levels of theory.?'227 Since, even with planar Si centers in
H,Si=SiH-SiH,", the two terminal SiH, groups can form only
partial double bonds to the central silicon, the large amount of
anti-pyramidalization found for the more weakly 7 bonded silicon
centers in H,Si=SiH-SiH," is not surprising.?

(28) This follows from simple Hiickel theory. Ignoring possible effects of
the difference between the electronegativities of the central and terminal atoms
in a symmetrical allyl radical, in Hiickel theory the CSE is (2v/2 - 2)8 ~ 0.88,
and 28 is the strength of a full = bond between the central and terminal atoms.
For a discussion of the effect of electronegativity differences on reducing the
CSEs in symmetrical allylic radicals see: Feller, D.; Davidson, E. R.; Borden,
W.T.J. Am. Chem. Soc. 1984, 106, 2513.

(29) In order to assess the effect of the substantial spin contamination (S?
= 1.31) in the UHF wave function for 1,2,3-trisilaallyl on its optimized
geometry, we reoptimized the geometry at the ROHF level, so that a pure
doublet wave function was obtained. Symmetry-breaking in the ROHF wave
function!® was avoided by imposing C, symmetry on it. At the ROHF op-
timized geometry the silicons were slightly less pyramidalized (¢ = 33.0° at
the terminal silicons and ¢ = 31.6° at the central silicon) than at the UHF
optimized geometry, and the ROHF energy was 2.0 kcal/mol lower at the
former geometry. However, the CI-SD energies at the two geometries were
essentially the same, suggesting that the geometry optimized at the CI-SD
level would probably be found to be intermediate between those obtained at
the UHF and ROHF levels and to have a CI-SD energy very close to that
obtained at both of these two geometries. In 1,2,3-trisilaallyl radical, as in
H,Si==SiH,,2%" the energy appears to be relatively insensitive to the amount
of pyramidalization at silicon, so that the amount of pyramidalization found
is highly dependent on the type of wave function used to optimize the geom-
etry.
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What is somewhat surprising is that, when the silicon centers
in H,Si=SiH-SiH;"* are constrained to be planar, the CSE ac-
tually decreases, from 5.6 kcal/mol to 5.0 keal/mol. This contrasts
with the finding for H,Si=CH-SiH,* and for numerous other
molecules studied by us,* where constraining = bonded atoms
to planarity increases the CSE, often substantially. In contrast,
constraining the silicons in H,Si=SiH-SiH,* to planarity raises
the energy of the fully conjugated geometry slightly more than
the energy of the geometry with one center twisted out of con-
jugation.

The reason why H,Si=SiH-SiH," is exceptional can be traced
to the highly pyramidalized geometries at all three silicon centers
in the fully conjugated geometry. Despite the increase in =
bonding when all three silicons are planarized, planarization of
these three centers increases the calculated CI-SD energy by 4.0
kcal/mol. In contrast, in the UHF geometry with one SiH, group
rotated out of conjugation, only this SiH, group is nonplanar.’!
Planarization of this SiH, group, which is calculated to require
3.4 keal/mol, is energetically more costly than planarization of
any of the individual Si centers in the fully conjugated geometry,
but 0.6 kcal/mol less costly than simultaneously planarizing all
three.

Allyl Radical. With the exception of allyl, for each of the other
radicals in Table II, ~ABDE for forming X-AH," from X-AH,
is the same or slightly larger than the CSE of X-AH,*. Ex-
perimentally, the CSE of allyl has been measured to be 15.7 £
1 keal/mol,* which is in excellent agreement with the calculated
value of 15.3 kcal/mol in Table II. The experimental value for
the CSE of allyl is about 2 kcal/mol greater than the difference
between primary C-H BDEs in alkanes® and that measured in
propene.* The existence of a difference of about this size between
the CSE of allyl and ~ABDE for forming allyl is supported by
our calculations, which find that the CSE of allyl radical exceeds
by 1.4 kcal/mol the reduction of the C-H BDE in X-CH; on
replacing X = H,C- with X = CH,=CH-.

Either the CSE or the ~ABDE can be taken as a measure of
the resonance stabilization of the allyl radical, and it can be shown
that the values should, in fact, differ.>¥ The difference between
them is equal to the energy change for eq 1, when X = CH,—=CH-
is constrained to a geometry in which it cannot conjugate with
the unpaired electron. Specifically, the difference of 1.4 kcal/mol
in Table II between the CSE for CHy=CH-CH," and the ~ABDE
for CH,=CH-CH; means that our calculations find an uncon-
jugated vinyl substituent, X, increases the C-H BDE in X-CH,
by 1.4 kcal/mol, relative to X = H,C-.%*

The reason for this increase could be due to the operation of
one or both of two effects. First, the nominally sp? hybridized
carbon in a vinyl group is more electron withdrawing than the
sp? carbon in a methyl group; and this increase in substituent
electronegativity would be expected to increase the C-H BDE.!
Second, the stronger bonds formed by an sp? hybridized carbon?’

(30) Sun, H.; Hrovat, D. A,; Borden, W. T, J. Am. Chem. Soc. 1987, 109,
5275. Wang, S. Y.; Borden, W. T. J. Am. Chem. Soc. 1989, 111, 7282.
Coolidge, M.; Borden, W. T. J. Am. Chem. Soc. 1990, 112, 1704. Hammons,
J. H,; Coolidge, M.; Borden, W. T. J. Phys. Chem. 1990, 94, 5468. Ham-
mons, J. H.; Hrovat, D. A.; Borden, W. T. J. Phys. Org. Chem. 1990, 3, 635.

(31) A UHF vibrational analysis found only one imaginary frequency at
this C, geometry, corresponding to SiH,* rotation.

(32) Korth, H.-G.; Trill, H.; Sustmann, R, J. Am. Chem. Soc. 1981, 103,
4483.

(33) Parmar, S. S.; Benson, J. Am. Chem. Soc. 1989, 111, 57 and refer-
ences cited therein. Ruscic, B.; Berkowitz, J.; Curtiss, L. A.; Pople, J. A. J.
Chem. Phys. 1989, 91, 114.

(34) Doering, W. von E.; Roth, W. R.; Breuckmann, R.; Figge, L.; Len-
nartz, H.-W.; Fessner, W.-D.; Prinzbach, H. Chem. Ber. 1988, 121, 1.

(35) EPR studies of pentadienyl radical’® find that its CSE, relative toa
localized radical and two, nonconjugated vinyl groups, is about 25 kcal/mol.
This CSE exceeds the C—-H —ABDE of about 19 kcal/mol for the two vinyl
groups in 1,4-pentadiene.** Thus, two nonconjugated vinyl groups appear
to increase the BDE for the secondary C-H of 1,4-pentadiene by about 6
kecal/mol, a value that is probably well in excess of the combined experimental
errors in the CSE of pentadienyl and the ~ABDE for 1,4-pentadiene.

(36) Maclnnes, 1.; Walton, J. C. J. Chem. Soc., Perkin Trans. 2 1985,
1073. Clark, K. B.; Cuishaw, P. N; Griller, D.; Lossing, F. P.; Simoes, J. A.
M.; Walton, J. C. J. Org. Chem. 1991, 56, 5535.
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should hyperconjugate less well with an adjacent radical center
than do the bonds formed by an sp® hybridized carbon and, thus,
provide less stabilization for the radical center.

Evidence for the importance of hyperconjugation is found in
the results for H,Si=CH-CH," in Table II. For X = H,Si=CH-
in X~-CH, comparison of ~ABDE with the CSE shows that, when
the = bond in the vinylic group is prohibited from conjugating
with the radical center, X = H,Si=CH- is computed to decrease
the C-H BDE in X~-CHj, by 1.5 kcal/mol, relative to X = CH;-,
This contrasts with the finding for nonconjugated X = H,C=
CH-, which, as discussed above, is calculated to increase the C-H
BDE in X-CH,; by 1.4 kcal/mol, relative to X = H,C-.

It is conceivable that the difference in electronegativity between
X = H,Si=CH- and X = H,C=CH- accounts for part of the
2.9 kcal/mol difference between their effects at nonconjugated
geometries on the C-H BDE in X~CH;. However, it seems more
likely that the bulk of this difference is due to the greater hy-
perconjugative stabilization of X-CH,"* that is provided by the
C-Si ¢ bond in X = H,Si=CH-, relative to the C—C ¢ bond in
X = H,C=CH-.

Support for hyperconjugation, rather than electronegativity,
as the major factor in the 2.9 kcal/mol difference between non-
conjugating X = H,C=CH- and X = H,Si=CH- groups on the
C-H BDE in X-CH, comes from calculations of the effect on
the C-H BDE in X-CHj; of the substituent group X = H,Si-
CH,-. This saturated group decreases the C-H BDE by 2.8
kcal/mol, relative to X = CH;. Hyperconjugation, rather than
electronegativity, is indicated to be the major source of this re-
duction, since, when the C-Si bond is oriented orthogonal to the
singly occupied orbital on carbon in H;Si~CH,~CH,’, the energy
of the radical increases by 2.2 kcal/mol.*

Hyperconjugation involves the formation of a partial = bond
between a radical center and a non-hydrogen atom bonded to it.
Due to the much greater strength of C~C, compared to C-Si,
bonds, hyperconjugation is considerably more important in sta-
bilizing X-CH,* when the atom in X that is bonded to the CH,*
center is C, rather than Si. The relative unimportance of hy-
perconjugative stabilization of X~CH,*, when the « atom in the
substituent group, X, is Si, explains why replacing X = H,Si-
by twisted X = H,Si=SiH- has less than half the effect on
lowering the C-H BDE in X-CHj, as replacing X = H,C- with
twisted X = H,Si=CH-.

The importance of hyperconjugation, when it leads to formation
of partial C-C = bonds, is what gives twisted X = H,Si=CH-
and X = H,C=CH- groups their unique effects on C-H BDEs.
The ability of twisted X = H,Si=CH- to hyperconjugate more
strongly than any other twisted X group with the radical center
in X~CH," is responsible for the ~ABDE for this group exceeding
its CSE by more than that of any other group. Similarly, we
attribute the fact that the ~ABDE for formation of allyl radical
is actually smaller than its CSE to the poorer ability of twisted
X = H,C=CH-, compared to X = H,C-, to hyperconjugate with
the radical center in X-CH,".

(37) The C-H BDE of ethylene®® exceeds that of ethane®® by about 10
kcal/mol.

(38) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A.
G.; Bierbaum, V. M,; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B. J. Am.
Chem. Soc. 1990, 112, 5750.

(39) This finding of an energetic preference for a conformation in which
the C-Si bond can hyperconjugate with the singly occupied orbital is in
agreement with experiments* and with the results of previous calculations,*!
In contrast, both experiments* and calculations®! find a much smaller con-
formational preference in the 1-propyl radical, and the conformation in which
the C-C bond to the 8-methyl group is orthogonal to the singly occupied
orbital at the terminal carbon is apparently favored.*4!® It is not surprising,
therefore, that we calculate the BDE of the primary C-H bond in propane
to differ insignificantly from that in ethane.

(40) Krusic, P.; Kochi, J. J. Am. Chem. Soc. 1971, 93, 846. Krusic, P.
J.; Meakin, P.; Jesson, J. P. J. Phys. Chem. 1971, 75, 3438.

(41) (a) Bernardi, F.; Bottoni, A.; Fossey, J.; Sorba, J. Tetrahedron 1986,
42,5567. (b) Ibrahim, M. R.; Jorgensen, W. L. J. Am. Chem. Soc. 1989,
111, 819.

(42) Planar equilibrium geometries have also been found computationally
for 2-silaallyl cation and anion: Rajca, A ; Streitwieser, A. Organometallics
1988, 7, 2215.
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Abstract: As a model of olefin polymerization by a homogeneous Ziegler-Natta catalyst, the mechanism of the insertion reaction
of ethylene and propylene into CH,TiCl,* has been studied by the ab initio MO method. The structures of the reactant, the
intermediate, the transition state, and the product have been optimized with the RHF/3-21G (Ti:MIDI4) method. The transition
state is four-centered and is slightly nonplanar to avoid C-H bond eclipsing. In the product strong Cf~C and C-H agostic
interactions take place to donate electrons to Ti vacant d orbitals. The energetics calculated at the unrestricted second-order
Meiller-Plesset perturbation level with double spin projection (DPUMP2) shows that the reaction proceeds via an ethylene
complex with a binding energy of 45 kcal/mol and through the transition state with an activation energy from the ethylene
complex of about 4 kcal/mol. In propylene polymerization, the barrier is higher than in ethylene insertion, and the primary
insertion is easier than the secondary insertion, both consistent with experiments. The energy decomposition analysis indicates
that these chemo- and regioselectivities are controlled by electrostatic and exchange (steric) interactions. The nonplanarity
of the transition state makes one of two stereospecific primary insertion pathways substantially more favorable than the other;
this tendency of a nonplanar transition state may have significance in determining stereospecificity in olefin polymerizations.

1. Introduction

The discovery of Ziegler-Natta polymerization in 1953 is one
of the most important achievements in the field of synthetic
polymer chemistry during the past half-century. For this olefin
polymerization, a heterogeneous as well as homogeneous catalyst
has been adopted. Heterogeneous catalysts are usually transition
metal halides with cocatalysts such as aluminum alkyl compounds
and electron donors; an example of such a combination studied
experimentally very extensively is TiCl, + (C,H;),AICl + aro-
matic ester.!”> Homogeneous catalysts, on the other hand, are
metallocenes,® transition metal dihalide dialkoxides!® (e.g.,
(RO),TiCl,), and metal tetraalkyls,!"12 which are soluble in
hydrocarbon solvent.

The mechanism proposed by Cossee!® has been accepted widely
as the most plausible, though it is very generic and qualitative.
This mechanism is illustrated for Ti in Scheme I. The first step
is olefin coordination to a vacant site of Ti. In the second step
olefin inserts into the Ti~C bond through a four-membered cyclic
transition state. This newly grown alkyl Ti species reinitiates olefin
coordination and thus the propagation step.

Based on this mechanism, many MO theoretical studies have
been carried out for this catalytic system.!+2* In the earliest ab
initio MO study, Novaro, Clementi, and co-workers?® calculated
the energy profile and analyzed briefly the electronic structure
for each step of this mechanism with assumed geometries. Fu-
jimoto and co-workers used a model cationic reaction (eq 1) with

CH;TiX,* + CH,=CHR — CH;TiX,(CH,=CHR)* —
1 2

[transition state] — C;H(RTiX,* (1)
3 4

* Institute for Molecular Science.
tSumitomo Chemical Co., Ltd.

Scheme I

CH R

e T CH
CH, P r 2
] — o M),

X = Cl for ethylene insertion (R = H) and optimized the transition
structure with the ab initio restricted Hartree—Fock (RHF) method
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