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results of statistical mechanics simulations for pure liquid form-
amide, NMA, and DMF and for dilute aqueous solutions of these 
same amides. The thermodynamic and structural results for the 
pure amides were found to be in excellent agreement with ex­
perimental data.5 For the aqueous solutions, few direct experi­
mental structural data are available; however, the computed re­
sults, particularly for the numbers of hydrogen bonds, appear 
reasonable. The computed heats of solution for the amides of ca. 
-20 kcal/mol are also in the correct range. In addition, these 
studies have yielded detailed descriptions of the structure in pure 
liquid amides and of the hydration of amides. At this point, the 

Despite the widespread use of silicon compounds in organic 
synthesis,1,2 the effect of silyl groups on the stability of common 
reactive intermediates is not fully understood. For example, there 
is virtually no quantitative measurement in the gas phase of the 
stabilization energy for a carbenium ion resulting from a silyl 
substituent. Even the qualitative description of the origin of the 
/3-silicon effect (the ability of silyl groups to promote the formation 
or development of carbenium ions at the /3 position)1"3 is currently 
controversial. The inductive effect of electropositive silicon is not 
usually considered to be responsible for the unusual /3 stabilization 
since the silyl group is not effective in stabilizing a carbenium ion 
at the a position where the inductive effect should operate to a 
greater extent.1"4 In fact, early solvolysis work and various 
chemical evidence show that a-silyl groups are less stabilizing than 
a-alkyl groups toward incipient carbenium ion centers.4 Thus, 
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OPLS functions have been extensively tested and have revealed 
no significant flaws. This includes Monte Carlo simulations of 
over 30 pure liquids and dilute solutions. Coupled with their 
simplicity, the functions are highly suitable for use in computer 
simulations of a broad range of chemical and biochemical systems. 
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(i) (CHa)3SiC(CHj)2Br solvolyzes slower than (CH3)3CC(C-
H3)2Br and (ii) the trimethylsilyl group exerts little directing 
influence on the regioselectivity of cycloaddition reactions.5 The 
origin of the /3 effect is more commonly attributed to the stabilizing 
interaction between the C-Si bond orbital and the empty px orbital 

(5) Fleming, I.; Percival, A. /. Chem. Soc, Chem. Commun. 1976, 681; 
1978, 178. 
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Abstract: Ab initio molecular orbital calculations have been carried out on a- and /3-substituted methyl and vinyl cations to 
obtain a quantitative measure of the substituent effect of a silyl group relative to a methyl group and hydrogen. Geometries 
optimized with the 3-21G'*' basis set were used in calculations at the MP3/6-31G* level. The stabilization energies due to 
various substituents were determined by means of isodesmic reactions involving the parent methyl and classical vinyl cations. 
a-Methyl substitution of the methyl cation leads to a stabilization energy of 34.0 kcal/mol compared to 17.8 kcal/mol obtained 
through a-silyl substitution. The stabilization due to a-methyl and a-silyl groups is comparable for the vinyl cation (27.2 
and 24.1 kcal/mol), suggesting that the inductive effect of silicon is more effective in this case. The /3 stabilization due to 
a methyl group consists of 4 kcal/mol due to induction and polarization effects and ca. 9 kcal/mol due to C-C hyperconjugation. 
Silyl groups lead to a significantly larger /3 stabilization (38 kcal/mol). The principal contribution to the 0 effect arises from 
Si-C hyperconjugation (ca. 29 kcal/mol) with only about 9 kcal/mol resulting from induction and polarization. The /3 effect 
on vinyl cations is also similar; a methyl group leads to a stabilization energy of only 8 kcal/mol compared to 28.6 kcal/mol 
for a silyl group. Ions 12 and 17 with a-alkyl and /3-silyl substitution are particularly stabilized vinyl cations. The calculated 
results are in accord with available experimental evidence and place the conventional explanations of the /3-silicon effect on 
a quantitative basis. However, the data are not consistent with a recent interpretation of the solvolysis of silyl-substituted 
cyclohexyl trifluoroacetates. 



^-Silicon Effect on Carbenium Ions J. Am. Chem. Soc, Vol. 107, No. 6, 1985 1497 

Table I. Calculated Total Energies (au)" 

molecule 

CH4 

CH3
+ (1) 

CH3CH3 

D-CH3CH2
+ (2a) 

e-CH3CH2
+ (2b) 

SiH3CH3 

D-SiH3CH2
+ (3a) 

e-SiH3CH2
+ (3b) 

CH2CH2CH3 
D-CH3CH2CH2

+ 

e-CH3CH2CH2
+ 

SiH3CH2CH3 

b-SiH3CH2CH2
+ 

e-SiH3CH2CH2
+ 

C-SiH3CH2CH2
+ 

CH2CH2 

CH2CH+ (6) 
CH3CHCH2 

CH3CCH2
+ (7) 

SiH3CHCH2 

SiH3CCH2
+ (8) 

CH3CHCH+ (9) 

(4a) 
(4b) 

(5a) 
(5b) 
(5c) 

SiH3CHCH+ (10) 
CH3CH2CHCH2 

CH3CH2CCH2
+ -

SiH3CH2CHCH2 

SiH3CH2CCH2
+ 

(H) 

(12) 

3-21G(*7/3-21G<*> 

39.976 88 
39.00913 
78.793 95 
77.872 60 
77.87216 

328.62274 
327.68120 
327.680 86 
117.61330 
116.705 26 
116.69731 
367.437 67 
366.55597 
366.518 54 
366.555 12 

77.60099 
76.655 77 

116.42401 
115.51873 
366.25086 
365.34445 
115.49400 
365.34165 
155.24195 
154.345 60 
405.066 25 
404.18933 

6-31G*//3-21G<*> 

40.19517 
39.23064 
79.228 61 
78.31082 
78.31011 

330.27241 
329.333 57 
329.333 31 
118.263 99 
117.35614 
117.350 86 
369.30263 
368.425 40 
368.388 27 
368.427 32 

78.03170 
77.086 64 

117.07140 
116.166 48 
368.11248 
367.205 83 
116.14078 
367.203 93 
156.10478 
155.20668 
407.143 97 
406.267 16 

MP2/6-31G* 

40.33242 
39.32511 
79.49429 
78.54186 
78.54107 

330.495 55 
329.51479 
329.51392 
118.65963 
117.73042 
117.71256 
369.656 82 
368.75719 
368.707 08 
368.76109 

78.28410 
77.306 55 

117.45441 
116.52085 
368.452 77 
367.51188 
116.490 35 
367.525 92 
156.623 50 
155.693 39 

MP3/6-31G* 

40.348 44 
39.34154 
79.52042 
78.567 64 
78.566 88 

330.523 71 
329.54510 
329.544 29 
118.69535 
117.76236 
117.747 98 
369.694 49 
368.79176 
368.74461 
368.79571 

78.305 12 
77.32741 

117.484 68 
116.55028 
368.484 78 
367.545 41 
116.51992 
367.55257 

"Negatives of total energies are given, b, e, and c refer to bisected, eclipsed, and cyclic structures. All calculations employ 3-21G'*' optimized 
geometries. Vinyl cations have the linear (classical) geometry. 

of the carbenium ion.1 In contrast to inductive stabilization, 
hyperconjugative stabilization must necessarily be direction de­
pendent; parallel alignment of the C-Si bond and the p , orbital 
leads to maximum stabilization, while hyperconjucation is im­
possible when the orbitals are perpendicular. A critical evaluation 
of the orientation dependence of the /3 effect in the solvolysis of 
suitably chosen cyclic compounds has been carried out recently 
with surprising results (Scheme I).6 The rate enhancement of 
over 6 orders of magnitude due to silyl substitution reflects the 
/3 effect, but the orientation dependence is modest. The optimal 
hyperconjugation possible in the trans isomer leads only to a factor 
of 75 over the cis isomer in which the C-Si bond and the de­
veloping empty orbital are expected to be gauche to each other. 
Inductive stabilization is therefore implicated as the major con­
tributor contrary to earlier explanations. 

The discrepancy can be resolved through a knowledge of the 
energies of carefully chosen model systems with appropriate 
conformations and fully developed charged centers in the absence 
of any medium effects. Since gas-phase data are lacking, theory 
can be used to obtain these results. In fact, there have been several 
theoretical investigations of the a and /3 effects of silyl and methyl 
groups on simple carbenium ions.7-9 The a effect has been studied 
especially thoroughly.7 However, in order to resolve the relative 
importance of inductive stabilization and of Si-C and Si-H hy­
perconjugation, it is essential to examine both a- and /3-substituted 
systems at uniformly high levels of theory. Such results are 
reported in this paper, which features ab initio calculations in­
cluding significant electron correlation on substituted methyl and 
vinyl cations. For several ions, two conformations were considered 
in which the hyperconjugating bond of interest, X-H or X-C, was 

(6) Lambert, J. B.; Finzel, R. B. J. Am. Chem. Soc. 1982, 104, 2020. 
(7) (a) Eaborn, C; Feichtmayr, F.; Horn, M.; Murrell, J. N. J. Organomet. 

Chem. 1974, 77, 39. (b) Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A. / . Am. 
Chem. Soc. 1977, 99, 1291. (c) Clark, T.; Schleyer, P. v. R. Tetrahedron Lett. 
1979, 4641. (d) Hopkinson, A. C; Lien, M. H. J. Org. Chem. 1981, 46, 998. 
(e) Pople, J. A.; Apeloig, Y.; Schleyer, P. v. R. Chem. Phys. Lett. 1982, 85, 
489. (0 Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R. 
J. Am. Chem. Soc. 1981, 103, 5649. 

(8) Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A. / . Am. Chem. Soc. 1977, 
99, 5901. 

(9) (a) Apeloig, Y.; Stanger, A. J. Org. Chem. 1982, 47, 1462. (b) Stang, 
P. J.; Ladika, M.; Apeloig, Y.; Stanger, A.; Schiavelli, M. D.; Hughey, M. 
R. / . Am. Chem. Soc. 1982, 104, 6852. 

Table II. Calculated Stabilization Energies (kcal/mol) for 
XCH2

+ + CH4 — XCH3 + CH3
+ 

3-21G<*'// 6-31G*// MP2/ MP3/ 
XCH2

+ 

CH3
+ (1) 

b-CH3CH2
+ (2a) 

e-CH3CH2
+ (2b) 

b-SiH3CH2
+ (3a) 

e-SiH3CH2
+ (3b) 

b-CH3CH2CH2
+ 

e-CH3CH2CH2
+ 

b-SiH3CH2CH2
+ 

e-SiH3CH2CH2
+ 

C-SiH3CH2CH2
+ 

(4a) 
(4b) 
(5a) 
(5b) 
(5c) 

3-21G<*> 

0.0 
29.1 
28.9 
16.5 

.16.2 
37.5 
32.5 
54.0 
30.5 
53.5 

3-21G(*> 

0.0 
29.2 
28.8 
16.1 
16.0 
35.8 
32.5 
54.8 
31.5 
56.0 

6-31G* 

0.0 
34.4 
33.9 
16.7 
16.1 
49.0 
37.8 
67.6 
36.1 
70.0 

6-31G 

0.0 
34.0 
33.5 
17.8 
17.2 
46.4 
37.4 
72.0 
42.4 
74.4 

Table III. Calculated Stabilization Energies (kcal/mol) for 
X+ + CH2CH2 — XH 4- CH2CH+ 

3-21G(*'// 6-31G*// MP2/ MP3/ 
X+ 

CH2CH+ (6) 
CH3CCH2

+ (7) 
SiH3CCH2

+ (8) 
CH3CHCH+ (9) 
SiH3CHCH+ (10) 
CH3CH2CCH2

+ (11) 
SiH3CH2CCH2

+ (12) 

3-21G<*> 

0.0 
25.1 
24.4 

9.5 
22.6 
30.7 
42.9 

3-21G<*> 

0.0 
25.2 
24.1 
9.1 

22.9 
29.5 
42.8 

6-31G* 

0.0 
27.6 
23.0 

8.5 
31.8 
29.8 

6-31G! 

0.0 
27.2 
24.1 

8.1 
28.6 

held parallel and perpendicular to the vacant px orbital on the 
carbenium ion center. The results provide a quantitative estimate 
of the ^-silicon effect and also elucidate its origins. 

Computational Details 
Geometry optimizations were carried out on all molecules and ions by 

using the 3-21G'*' basis set which is a split-valence basis including d-type 
polarization functions on silicon atoms.10 On systems containing only 
carbon and hydrogen, the basis reduces to the familiar 3-21G set." 
Symmetry constraints were employed as indicated in Figure 1 in order 
to probe the conformational dependence of the substituent effect. Ana-

(10) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; DeFrees, D. J.; Pople, J. 
A.; Binkley, J. S. J. Am. Chem. Soc. 1982, 104, 5039. 

(11) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W. J.; Hehre, 
W. J. Ibid. 1982, 104, 2797. 
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Figure 1. Selected geometrical parameters computed for the ions with 
the 3-21G(*' basis set. Distances in angstroms; angles in degrees. 

lytical gradients and multiparameter searches were used to obtain the 
optimum geometries.12 These geometries were utilized in higher level 
calculations by using Moller-Plesset perturbation theory to second and 
third orders to include the effects of electron correlation.13 In these 
computations, the 6-3IG* basis set containing d functions on all non-
hydrogen atoms was employed.14 The correlation calculations did not 
include the contribution of Is core orbitals of heavy atoms. All calcu­
lations were carried out by using the GAUSSIAN SO series of programs.15 

(12) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J. 
Quantum Chem. Symp. 1979, 13, 225. 

(13) Moller, C; Plesset, M. S. Phys. Rev. 1934, 46, 618. Binkley, J. S.; 
Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229. Pople, J. A.; Binkley, J. 
S.; Seeger, R. Ibid. 1976, 10, 1. 

(14) Hariharan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 203. 
Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; 
DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1983, 77, 3054. 

(15) Binkley, J. S.; Whiteside, R. A.; Krishnan, R.; Seeger, R.; DeFrees, 
D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; Pople, J. A. QCPE 1981, 13, 
program 406. 

Results 
Some of the key geometrical parameters optimized for the ions 

are shown in Figure 1. The full geometry specifications for all 
ions and neutral molecules considered in this paper are included 
as supplementary material. The calculated total energies are given 
in Table I. The stabilization energies resulting from substitution 
of the methyl and classical vinyl cations were evaluated by means 
of two isodesmic reactions, eq 1 and 2, and are indicated in Tables 
II and III, respectively. 

CH2X+ + CH4 — CH3
+ + CH3X 

C2H2X T C2H4 C2H3 T C2H3X 

(D 

(2) 

Discussion 
a-Substituent Effect. The various contributions to the /3 effect 

are best analyzed by first considering a-stabilization energies of 
the methyl and silyl groups. These values provide an upper limit 
to the inductive stabilization possible from a substituent and also 
indicate the effectiveness of X-H hyperconjugation. Since 
high-level theoretical results are already available for a-stabili­
zation energies for the methyl cation,7ef the present calculations 
can be calibrated as well. 

As is well-known, methyl substitution results in a large sta­
bilization of carbenium ions. The calculated stabilization energy 
of the classical ethyl cation, 34.0 kcal/mol (Table II) at the MP3 
level is in good agreement with MP4/6-31G** calculations and 
experiment (33.8 and 36.4 kcal/mol, respectively).7ft16 The 
stabilization results from C-H hyperconjugation, which is effective 
in both conformations 2a and 2b, and from general charge dispersal 
due to polarization. It must be borne in mind that the classical 
structures are only convenient models for interpretation since the 
bridged ethyl cation is the single minimum on the C2H5

+ potential 
energy surface at higher theoretical levels." 

The silyl group is found to be much less effective in stabilizing 
the methyl cation at the a position (17.8 kcal/mol, MP3). The 
relative stabilization energies of the methyl and silyl groups were 
incorrectly reproduced in early theoretical work which employed 
small basis sets.7b However, the correct trend is established even 
at the 3-2IG level and changes little on going to larger basis sets 
like 6-3IG*. Inclusion of electron correlation produces a sig­
nificant difference in the relative stabilization energies of the 
methyl and silyl groups in favor of the former. In 3, the inductive 
stabilization due to electropositive silicon is accompanied by the 
inferior hyperconjugating ability of Si-H bonds across a long Si-C 
bond (1.95 A). Clearly, the inductive stabilization due to a silyl 
group on an alkyl cation can be no more than 17.8 kcal/mol. 
However, as pointed out by Pople et al., related results must be 
interpreted with care.7e The silylenium ion isomer, CH3SiH2

+, 
resulting from a 1,2-hydrogen shift is calculated to be 49.1 
kcal/mol more stable than 3.7e Therefore, the overall reaction 
(eq 3) would be endothermic and the silyl group could appear to 
be more stabilizing than a methyl group. However, the present 

CH5Si+ + C2H6 — C2H5
+ + CH6Si (3) 

calculations do have relevance to experimentally more accessible 
substituted ions in which the barriers to 1,2-shifts are higher and 
the carbenium ion is more stable than the silylenium isomer. Thus, 
the relative stabilization energies are in accord with available 
solvolysis data and similar chemical evidence. For example, no 
detectable reaction of (CH3)3SiCH2X (X = Br, Cl) was observed 
in aqueous solvents at 70 0C, PhCMe(SiMe3)Br reacts slower than 
PhCMe2Br, and Me3SiCMe2Br solvolyzes 38 000 times slower 
than Me3CCMe2Br.1'4 

Interestingly, the difference in a-stabilization energies for 
methyl and silyl groups is significantly smaller for the vinyl cation. 
The methyl group is more stabilizing but by only 3 kcal/mol 
(Table III). A similar reduction in the relative stabilization 
energies has been noted by Apeloig and Stanger,9a although the 
present results are likely to be more accurate due to inclusion of 

(16) Baer, T. J. Am. Chem. Soc. 1980, 102, 2482. 
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electron correlation. The smaller difference results from the 
combined effect of reduction in the methyl stabilization energy 
and an increase in the silyl stabilization energy compared to the 
results for the methyl cations. Unlike the methyl cation, the parent 
vinyl cation enjoys some C-H hyperconjugation as reflected in 
the negligible energy difference between the classical and bridged 
vinyl cations.7' Demand for C-H hyperconjugation from the 
a-methyl group may therefore be diminished for the vinyl cations. 
However, since the cationic center is an sp carbon, the high 
electron deficiency makes the vinyl cation more susceptible to 
inductive effects. Electropositive silicon can respond and is more 
effective at stabilizing vinyl cations than alkyl cations. There has 
been a solvolysis study comparing trimethylsilyl and tert-buty\ 
groups in stabilizing vinyl cations.17 The results were interpreted 
as indicating that the former was not as effective as the alkyl group 
in stabilizing the developing vinyl cation. Apeloig and Stanger9a 

have argued that ground-state effects in these systems are sig­
nificant and by modeling them through simple derivatives arrive 
at the opposite conclusion that a-Si(CH3)3 is more activating than 
f erf-butyl. The present calculations do not provide a clear choice 
of interpretation since the polymethyl substituents have not been 
studied and due to the importance of medium effects in solvolyses. 
Experimental gas-phase studies would be of considerable interest. 

/S-Substituent Effect. 1-Propyl cation is not a true minimum 
on the potential energy surface but collapses without a barrier 
to the briged form, viz. corner protonated cyclopropane.7' How­
ever, at the 3-2IG level structures 4a and 4b corresponding to the 
classical propyl cation can be obtained although 4a is partially 
bridged. These can serve as models for similar structures which 
may exist due to medium and ion-pairing effects. The geometries 
can also be used in higher level calculations to obtain the mag­
nitude of the /3-substituent effect of a methyl group. 

There is a modest increase in the stabilization energy (3.9 
kcal/mol) on going from the eclipsed ethyl cation (2b) to the 
n-propyl cation (4b) in the conformation that does not allow C-C 
hyperconjugation. However, conformation 4a is 9 kcal/mol more 
stable than 4b, indicating the superiority of C-C over C-H hy­
perconjugation. This result found earlier supported the fact that 
the Baker-Nathan order of relative hyperconjugative abilities is 
a consequence of solvent effects.18 The calculated stabilization 
energy for 4b is close to the value of 38.3 kcal/mol estimated at 
the MP4 level.7f 

Classical structures corresponding to 3-silapropyl cations could 
again be obtained due to the use of HF/3-21G'*' during the 
geometry optimization. MP3/6-31G* calculations indicate 
conformation 5b to be 8.9 kcal/mol more stabilized than the ethyl 
cation 2b. This is a measure of the inductive and polarization 
stabilization due to the 0-silyl group. The value is small compared 
to the dramatic Si-C hyperconjugative stabilization apparent in 
5a, which has a stabilization energy 38.0 kcal/mol greater than 
for 2a. Since the inductive and polarization contributions are 
present in this conformation also, a value of 29.1 kcal/mol can 
be ascribed to Si-C hyperconjugation. These results support the 
conventional view of the /3-silicon effect but are in direct contrast 
to the recent solvolytic experiments on cyclohexyl derivatives which 
suggest that the major contribution to the 0 effect is a direc­
tion-independent inductive stabilization and not hyperconjugation 
(Scheme I).6 Alternative interpretations of these data suggested 
by the authors need to be further considered. An intriguing 
possibility is that the incipient cyclohexyl cation does not have 
the chair conformation of the starting material but rather adopts 
a twist boat geometry.19 This would lead to a reduced difference 
in the alignment of the Si-C bond and the developing vacant 
orbital for the cis and trans derivatives. Even if the ion adopts 
the chair form, the gauche alignment of the interacting orbitals 

(17) Schiavelli, M. D.; Jung, D. M.; Vaden, A. K.; Stang, P. J.; Fisk, T. 
E.; Morrison, D. S. J. Org. Chem 1981, 46, 92. 

(18) Schubert, W. M.; Sweeney, W. A. J. Org. Chem. 1956, 21, 119. 
Hehre, W. J.; Mclver, R. T., Jr.; Pople, J. A.; Schleyer, P. v. R. J. Am. Chem. 
Soc. 1974, 96, 7162. 

(19) Sorensen, T. S., private communication. Kirchen, R. P.; Sorensen, 
T. S. J. Am. Chem. Soc. 1978, 100, 1487. 
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Figure 2. LUMO's for 5a (top) and 5b (bottom). 

in the cis isomer may lead to some stabilization relative to the 
perpendicular orientation found in 5b. Therefore, the cis-trans 
energy difference should be less than that found for 5b and 5a. 
The attenuation of differences in ion stabilities on going to con­
densed phases20 must also be taken into account as well as the 
diminished substituent effects for secondary vs. primary ions. 

The enhanced hyperconjugation in 5a compared to 5b is 
strikingly apparent in the orbital plots for their LUMO's shown 
in Figure 2.21 The LUMO for 5a is primarily the pT orbital on 
the carbenium carbon with an out-of-phase mixture of the eclipsing 
ircsi bond orbital and an in-phase mixture with the <7CSi*. The 
latter two components cancel on C2 and reinforce at the SiH3 

group to give the orbital the illustrated form. For 5b, the analogous 
components on the CH2 group are the irCH2 and ir*CH2 group 
orbitals which cancel at C2 and reinforce on the hydrogens; the 
orbitals for the CSi bond are now in the nodal plane of the p , 
orbital and cannot interact. The much stronger interaction for 
the bisected ion reflects the strong mixing between the pT orbital 
and the high-energy <xcsi bond orbital. This two-electron inter­
action accounts for the enhanced hyperconjugation in 5a. 

As in the case of the C3H7
+ isomers, the cyclic structure 5c 

(protonated silacyclopropane) is found to be a low-energy form. 
Both the classical structure, 5a, and the cyclic form, 5c, are 
obtained as minima with comparable energies at the 3-21G(*' level. 
However, inclusion of electron correlation makes the cyclic 
structure more stable by 2.4 kcal/mol. It is very likely that this 
is the only true minimum on the potential energy surface at the 
highest theoretical levels. The geometry of 5a has a striking 
resemblance to the partially bridged structure 4a which does not 
survive as a minimum on optimization with the 6-3IG* basis.7f 

Attempts to observe /3-silyl carbenium ions under stable ion 
conditions have not been successful so far.22 However, bridged 
structures have been invoked by Cook et al. who observed re­
versible ionization and migration of the SiMe3 group between the 
two carbon atoms in the solvolysis of Me3SiCH2CD2Br.23 

/3 stabilization of the vinyl cation by methyl and silyl groups 
parallels the results obtained for ions 4 and 5. Thus, the I -propenyl 
cation, 9, has a stabilization energy of 8.1 kcal/mol relative to 
the classical vinyl cation, 6. Much of the stabilization can be 
attributed to polarization of the methyl group. The stabilization 

(20) Cournoyer, M. E.; Jorgensen, W. L. J. Am. Chem. Soc. 1984, 106, 
5104 and references therein. 

(21) The orbital plots were made from STO-3G wave functions at a 
countour level of ±0.1 au by using the PSl/77 program: Jorgensen, W. L. 
QCPE 1980, 12, program 340. 

(22) See for example: Olah, G. A.; Berrier, A. L.; Field, L. D.; Surya 
Prakash, G. K. J. Am. Chem. Soc. 1982, 104, 1349. 

(23) Cook, M. A.; Eaborn, C; Walton, D. R. M. / . Organomet. Chem. 
1970, 24, 301. 



1500 J. Am. Chem. Soc, Vol. 107, No. 6, 1985 Wierschke, Chandrasekhar, and Jorgensen 

energy remains virtually constant at all theoretical levels employed. 
In contrast, /3-silicon substitution results in a stabilization of 28.6 
kcal/mol for 10, with electron correlation contributing as much 
as 6 kcal/mol (Table III). The optimized geometries reflect the 
differences in C-C and Si-C hyperconjugation. The CCC bond 
angle of 124.6° in 9 is typical of vinyl systems, while the CCSi 
angle is only 107.9° in 10. The preference for formation of a vinyl 
cationic center (S to a silicon has been observed by Heathcock and 
co-workers in the cyclization of silyl ether 13 to give ketone 14.24 

H H 

I i I i 

H 

H3Si 

V7 

Johnson et al. have also described an interesting cyclization in 
which the linear vinyl cation intermediate 15 is preferred when 
R is a methyl group, but the bent vinyl cation 16 is involved when 
R is trimethylsilyl.25 Apparently, the /S stabilization afforded 
by the silyl group is sufficient to overcome the increase in energy 
due to bending at the cationic center. 

We have also examined the ^-substituted ions 11 and 12, al­
though only at the MP2/6-31G* and HF/6-31G* levels due to 
the larger size of the ions. These ions enjoy a-alkyl stabilization 
in addition to C-C and Si-C hyperconjugation, respectively. As 

(24) Kozar, L. G.; Clark, R. D.; Heathcock, C. H. / . Org. Chem. 1977, 
42, 1386. 

(25) Johnson, W. S.; Yarnell, T. M.; Myers, R. F.; Morton, D. R.; Boots, 
S. G. J. Org. Chem. 1980, 45, 1255. 

a result, 12 is a particularly stabilized vinyl cation. However, the 
hyperconjugative stabilization in 11 and 12 is less effective than 
in 9 and 10, respectively, since the interaction is across a longer 
C-C bond. The total stabilization of 11 is about 5 kcal/mol less 
than the sum of the stabilization energies of 7 and 9. Similarly, 
the stabilization energy of 12 is also 5 kcal/mol less than the sum 
of the stabilization energies of 7 and 10. On this basis, vinyl cation 
17 is likely to be even more stabilized. The ions involved in the 
cylizations studied by Heathcock and Johnson correspond to 
precisely the same substitution pattern.24'25 

Conclusions 
The principal conclusions from the high-level theoretical cal­

culations carried out in the present work on a- and /3-substituted 
methyl and vinyl cations are the following: (1) a-Alky 1 groups 
are significantly more stabilizing than a-silyl groups for alkyl 
carbenium ions. The inductive stabilization due to a-silicon is 
significant, but C-H hyperconjugation is more effective than Si-H 
hyperconjugation. (2) Vinyl cations are also stabilized to a greater 
extent by a-alkyl groups compared to a-silyl groups, but the 
difference is small. Electropositive silicon is more effective in 
stabilizing the highly electron-deficient center of vinyl cations. 
(3) /3 Stabilization due to alkyl groups is modest for both alkyl 
and vinyl cations. C-C hyperconjugation leads to a greater 
stabilization than C-H hyperconjugation. (4) The /S-stabilization 
due to silyl groups is large in magnitude for both alkyl and vinyl 
cations. The /3 effect is predominantly due to Si-C hyperconju­
gation and is correspondingly conformation dependent. Inductive 
and polarization effects represent a relatively minor contribution 
to the overall (S stabilization. (5) The present results are consistent 
with most of the available solvolysis data and other chemical 
evidence and also parallel the generally accepted description of 
the /3-silicon effect. However, the results disagree with a recent 
study which found inductive contributions rather than hyper­
conjugation to be the principal source of the /3-silicon effect. (6) 
The stabilization energies are virtually unchanged on inclusion 
of d orbitals on carbon atoms. However, electron correlation 
produces a significant increase in the stabilization energies, es­
pecially when the hyperconjugative interaction is strong. 

Finally, it must be emphasized that the calculated stabilization 
energies correspond to the effects of SiH3 and CH3 groups in the 
gas phase. The stabilization energies are generally reduced under 
usual experimental conditions due to the presence of additional 
substituents and the important role of the solvent. 
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