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greater than the lower limit set by the present experiments. A 
similar calculation for Eu+ using D(Eu-0) = 114.5 f 4.0 
kcal/mol, IP(Eu0)  = 6.48 f 0.1 eV, and IP(Eu) = 5.68 f 0.1 
eV, yield an EuO+ bond dissociation energy of 96.1 f 5.2 
kcal/mol, explaining why no EuO+ product was seen due to 
background oxygen in the system. 

Conclusion 
The results presented show that those lanthanide cations which, 

of necessity, must involve the f electrons in bonding, are unable 
to activate the C-H or C-C bonds of saturated hydrocarbons. This 
supports the contention that bonds formed utilizing the f electrons 
are inherently weak. On the other hand, where two non-f valence 
electrons are available for use in bonding, the metal ion is very 
reactive. Gd+, with a ground state derived from the 4f75d'6s1 
configuration, exhibits reactivity similar to that of the group 3 
transition metal cations. Product distributions are fairly similar 
to Sc+, although more multiple dehydrogenation products are seen 
for Gd+. As with Sc+, Gd+ is capable of forming two strong u 
bonds to carbon and hydrogen. An estimate of the sum of the 
two bonds in GdH2+ is 120 f 5 kcal/mol. Gd(CH3)(H)+ is 
produced in the reaction with propane indicating that the sum 
of the bonds is around 125 kcal/mol. Although the reactions 
yielding Gd(C2H6)+ yield an estimate of 11 5 kcal/mol for the sum 
of the bond energies, it is also likely to be over 120 kcal/mol. 

By looking at  the electronic states of the other lanthanide 
cations, one can try to make predictions of reactivity. Ce+ and 
Lu+ are the other two ions with two non-f valence electrons; 
however, Lu' has a closed-shell fi4s2 configuration. An fi4d's1 
configuration which would be necessary for bonding is at over 1.5 
eV. Ce+ has two 5d electrons, like La', and should be quite 
reactive in its ground state. The other lanthanide cations only 
have one non-f valence electron. Except for Tb', which has a state 
at approximately 0.4 eV with a 4fs5d'6s1 configuration, the reactive 
excited states are fairly high in energy and it can be expected that 
these ions will all be unreactive. 
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Abstract: Fourier transform ion cyclotron resonance spectroscopy has been used to examine the deprotonation energetics of 
the methylsilyl cation, CH3SiD2+, to yield silaethylene and methylsilylene proton affinities of 205 f 3 and 21 5 f 4 kcal/mol, 
respectively. These values, combined with the known heat of formation of methylsilyl cation, yield AHf0298(CH2SiH2) = 43 
& 3 kcal/mol and AHf0298(CH3SiH) = 53 & 4 kcal/mol. These results are corroborated by ab initio generalized valence 
bond-configuration interaction calculations which indicate that silaethylene is more stable than methylsilylene by 1 1.6 kcal/mol, 
in excellent agreement with the experimental difference (10 f 3 kcal/mo!). The adiabatic ionization potential of methylsilylene 
is calculated to be 8.22 eV, which is lower than the value of 8.85 eV determined for silaethylene using photoelectron spectroscopy. 

The reactivities, structures, and thermochemistry of Si-C 
double-bonded compounds,' silaethylenes, and divalent silicon 
compounds, silylenes,2 have been the subject of extensive study, 
ever since dimethylsilaethylene was first suggested as a reactive 
intermediate in the pyrolysis of 1,l -dimethylsilacycIob~tane.~ 
Silaethylene (1) and its isomer methylsilylene (2) have been 

isolated in an argon matrix4 and spectroscopically ~haracterized.~.~ 
The interconversion of these two reactive species has been exam- 

(1) For recent reviews, see: (a) Raabe, G.; Michl, J. Chem. Reu. 1985, 
85,419. (b) Bertrand, G.; Trinquier, G.; Mazerolles, P. J .  Orgunomef. Chem. 
Libr. 1981, 12, 1. (c) Gusel'nikov, L. E.; Nametkin, N. S. Chem. Reu. 1979, 
79, 529. (d) Schaefer, H. F., 111 Acc. Chem. Res. 1982, 15, 283. 

(2) Gaspar, P. P. In Reucfiue Infermediutes; Jones, M., Moss, R. A., Eds.; 
Wiley: New York, 1985; Vol. 3, Chapter 9 and earlier volumes. 

(3) (a) Nametkin, N. S.; Vdovin, V. M.; Gusel'nikov, L. E.; Zav'yalov, V. 
I. Izv. Akud. Nuuk SSSR, Ser. Khim. 1966, 584. (b) Flowers, M. C.; 
Gusel'nikov, L. E. J .  Chem. SOC. B 1968, 419. 

(4) Maier, G.; Mihm, G.; Reisenauer, H. P. Chem. Ber. 1984,117,2351. 
(5) (a) Maier, G.; Mihm, G.; Reisenauer, H. P.; Littman, D. Chem. Ber. 

1984, 117, 2369. (b) Rosmus, P.; Bock, H.; Solouki, B.; Maier, G.; Mihm, 
G. Angew. Chem., Int. Ed. Engl. 1981, 20, 598. 

(6) Auner, N.; Grobe, J. Z .  Anorg. Allg. Chem. 1979, 459, 15. 

Table I. Theoretical Predictions of the Relative Stabilities of 
Silaethylene and Methylsilylene 

hE(SiHCH, - 
SiH,CHz) 

year method' (kcal/mol) ref 
1978 CI/STO-3G//HF/STO-4G -6.8 b 

1980 CI/DZ+d//HF/DZ -0.4 d 
1980 MP2/6-3 lG*//HF/4-3 1G 2.1 C 

1 98 1 CI( pseudo- pot) / DZ+d 3.5 e 
1982 CI/DZ+P//HF/DZ+P + 1.7 f 
1982 CEPA/extended (p+d) 0.6 g 

Davidson correction 

//HF/extended (d) 

Davidson correction 

+ zero-point-energy correction 

1984 CI/6-31G*//HF/6-31Gs + -3.4 h 

1987 CC-CI/VDZ+P//MP2/6-31G** 11.6 i 

"Calculational level for total energy/basis sets//calculational level 
for geometry optimization/basis sets; for example, CI/STO-3G// 
HF/STO-4G represents the CI level energy calculation with STO-3G 
basis sets and the HF/STO-4G optimized geometry. For details, see 
references. Reference a.  Reference 8b. Reference 8c. Reference 
8d. (Reference Id. SReference 8e. hReference 8f. 'This work. 

ined to elucidate the isomerization  energetic^.^.' However, no 
experimental determinations of the heats of formation of these 
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I I .  

Scheme I 

i l l  I L  I 

- HB+ r-> CH,SiD2(1) 

l " " , ' " '  

reactive isomers have been reported. There have been numerous 
theoretical studies8 of the relative stabilities of silaethylene and 
methylsilylene, resulting in values of AE = E ( 2 )  - E ( l )  which 
range from -6.8 to 3.5 kcal/mol (note that a positive value of this 
quantity indicates that 1 is more stable than 2). 

Herein, we report the deprotonation energetics of methylsilyl 
cation using Fourier transform mass spectrometry to estimate the 
heats of formation of silaethylene and methylsilylene. Our pre- 
viously reported9 results for silylene using this experimental 
methodology are in excellent agreement with both a theoretical 
recommendationlo and the recent experiments of Berkowitz et al." 
and Boo et al.Iz The current consensus is that the heat of for- 
mation of silylene is 69 f 3 kcal/mol. This revision in the heat 
of formation of silylene from the previously accepted valueI3 of 
58 kcal/mol leads to some changes in the estimated heats of 
formation of methyl-substituted ~ily1enes.l~ 

Previously suggested values13 of heats of formation of silae- 
thylene (39 f 5 kcal/mol) and methysilylene (42 k ~ a l / m o l ) ' ~  yield 
a 3-kcal/mol differences, in agreement with some previous the- 
oretical calculations ( A E  = -6.8 to 3.5 kcal/mol), as indicated 
in Table I. For example, an MP2 calculation by Gordonsb leads 
to AE = 2.1 kcal/mol. Schaefer'sld CI calculation with Davidson's 
correction yields 1.7 kcal/mol and a CI calculation by Malrieusd 
leads to 3.5 kcal/mol. On the other hand, the most recent CI 
(Nagase8') leads to -3.4 kcal/mol and CEPASe leads to 0.6 
kcal/mol. However, the recent re~is ion'~ of the heat of formation 
of methylsilylene (53 kcallmol) leads to AE = 14.6 kcal/mol, 
which is substantially larger than what appear to be the "best" 
theoretical calculations. 

To resolve some of the conflicts apparent in the results discussed 
above and more firmly define the values of the heats of formation 
of silaethylene and methylsilylene, we have studied the kinetics 
and thermochemistry of the proton- and deuteron-transfer reac- 
tions of CH3SiD2+ with various n-donor bases of well-established 
gas-phase basicities.15J6 Using this methodolygy, Hehre and 
co-workers1' have previously studied the onsets of proton and 
deuteron abstraction from (CH3)2SiD+ by various n-donor bases 
and found that the proton transfer has the lower threshold than 
the deuteron transfer. As shown in Scheme I, transfer of the 
carbon-bound proton from CH3SiD2+ to the base yields silae- 

" " 1  

(7) Davidson, I. M. T.; Ijadi-Maghsoodi, S.; Barton, T. J.; Tillman, N. J .  
Chem. SOC., Chem. Commun. 1984, 478. 

(8) (a) Gordon, M. S. Chem. Phys. Lett. 1978, 54, 9. (b) Gordon, M .  S. 
Ibid. 1980, 76, 163. (c) Goddard, J. D.; Yoshioka, Y.; Schaefer, H. F., 111 
J .  Am.  Chem. SOC. 1980, 102, 7644. (d) Trinquier, G.; Malrieu, J.-P. Ibid. 
1981, 103, 6313. (e) Kohler, H. J.;  Lischka, H. Ibid. 1982, 104, 5884. (0 
Nagase, S.; Kudo, T. J .  Chem. Soc., Cbem. Commun. 1984, 141. (g) Nagase, 
S.; Kudo, T.; Ito, K. In Applied Quantum Chemistry; Smith, V .  H . ,  Jr., Ed; 
D. Reidel: Boston, 1986; pp 249-267. 

(9) Shin, S. K.; Beauchamp, J. L. J .  Phys. Chem. 1986, 90, 1507. 
(10) Ho, P.; Coltrin, M. E.; Binkley, J .  S.; Melius, C. F. J .  Phys. Chem. 

(1 1 )  Berkowitz, J.; Greene, J. P.; Cho, H.; RuSciC, B. J .  Chem. Phys. 1987, 

(12) Boo, B. H.;  Armentrout, P. B. J. Am.  Chem. SOC. 1987, 109, 3549. 
(13) Walsh, R. Acc. Chem. Res. 1981, 14, 246. 
(14) Assuming a methyl substituent effect of 16 kcal/mol (ref 13) leads 

to predicted heats of formation of methylsilylene and dimethylsilylene of 53 
and 37 kcal/mol, respectively. These values are based on a revised value of 
69 kcal/mol for compared with a previously accepted value 
of 58 kcal/mol (ref 13). 

(15) (a) Kebarle, P. Annu. Reo. Phys. Chem. 1977, 28, 445. (b) Wolf, J. 
F.; Staley, R. H.; Koppel, I.; Taagepera, M.; McIver, R. T., Jr.; Beauchamp, 
J.  L.; Taft, R. W. J .  Am.  Chem. SOC. 1977, 99, 5417. (c) Taft, R. W. Prog. 
Phys. Org. Chem. 1983, 14, 247. 

(16) Lias, S. G.; Liebman, J .  F.; Levin, R. D. J .  Phys. Chem. ReJ Dura 
1984, 13, 695. 

(17) Pau, C. F.; Pietro, W. J.; Hehre, W. J. J .  Am. Chem. Soc. 1983, 105, 
16. 

1985, 89, 4647. 

86, 1235. 
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Figure 1. (a) Mass spectrum of CH3SiD3 with 15-eV electron energy at  
1.2 X IOd torr and 30-111s delay before ion detection. (b) Mass spectrum 
of CH3SiD,+ shortly after a series of ion ejection pulses. Even though 
the ion ejections are incomplete because of the use of low rf levels to avoid 
excitation of the isolated reactant ion, the conditions suffice for an ex- 
amination of the deprotonation kinetics. 

thylene, and transfer of the silicon bound deuteron produces 
methylsilylene as the neutral products. The proton affinities of 
silaethylene and methylsilylene determined in this fashion yield 
the heats of formation of the two isomers with the use of eq 1. 

AHro2,,(CH,SiD2 or CH,SiD) = PA(CH,SiD, or CH,SiD) 
i- .iHfo298(CH3SiD2+) - .1Hf029s(Ht or D+) ( 1 )  

In addition, we have performed ab initio calculations to reexamine 
the relative stabilities of the two isomers and to estimate the 
rotational barrier in silaethylene. 

Experimental Section 
Experimental techniques associated with ICR spectroscopy,'* and in 

particular Fourier transform mass ~pectrometry, '~  have been previously 
described in detail. Experiments were performed with an Ion Spec-2000 
Fourier transform mass spectrometer equipped with a I-in. cubic trapping 

built by Bio-Med Tech2' situated between the poles of a Varian 
15-in. electromagnet maintained at  1 T.  Chemicals were obtained com- 
mercially in high purity and used as supplied except for multiple 
freeze-pumpthaw cycles to remove noncondensable gases. CH,SiD3 and 
CH3SiH3 were prepared by reducing CH3SiC13 with LiAID4 and LiAI- 
H4.22 Pressures were measured with a Schulz-Phelps ion gauge2, cali- 

~~ 

(18) (a) Beauchamp, J. L. Annu. Rec. Phys. Chem. 1971, 22, 527. (b) 
Lehman, T. A.; Bursey, M. M. Ion Cyclotron Resonance Spectrometry; Wiley: 
New York, 1976. 

(19) (a) Comisarow, M .  B.; Marshall, A. G. Chem. Phys. Lett. 1974, 25, 
282. (b) Ledford, E. B., Jr . ;  Gharderi, S.; White, R. L.; Spencer, R. B.; 
Kulkarni, P. S.; Wilkins, C. L.; Gross, M. L. Anal. Chem. 1980, 52, 463. (c) 
Marshall, A. G. Acc. Chem. Res. 1985, 18, 316 and references contained 
therein. 

(20) Comisarow, M. B. Int. J .  Mass. Spectrom. Ion Phys. 1981, 37, 251.  
(21) Bio-Med Tech, 2001 E. Galbreth, Pasadena, CA 91104. 
(22) Gaspar, P. P.; Levy, C. A.; Adair, G. M. Inorg. Chem. 1970, 9, 1272. 
(23) Schulz, G. J.; Phelps, A. V. Reo.. Sci. Insrrum. 1957, 28, 1051. 
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Table 11. Observed Reactions and Rate Constants for the Reactions CH3SiD2+ + B + Products 

B PA" products prod distrb k,,,," kADO" 

(CHd2S 200.6 CH3SCH2+ + CH3SiD2H 1 .o 11.2 19.3 
NH3 204.0 CH3SiDNH2+ + H D  1 .o 5.4 18.3 
CH,CONH, 206.2 CH3CONH3+ + CH2SiD, 0.75 18.7 18.5 

CH3SiDNH2+ + CH,COD 0.15 
CH3SiDNHCOCH3+ + HD 0.05 
CH3SiD2NH2COCH3+ 0.05 

C6H5NH2 210.5 C6Hs* + CH3SiD2NH2 0.40 26.2 18.1 
C6HSNH3+ + CH2SiD2 0.20 
CH3SiDNHC6H5+ + HD 0.20 
CH3SiD2NH2C6H5+ 0.20 

CH3NH, 214.1 CH3NH3+ + CH2SiD2 0.30 12.0 15.9 
CH2NH2+ + CH3SiD2H 0.30 
CH3SiDNHCH3+ + HD 0.30 
CH3SiDNH2+ + CH3D 0.05 
CH3SiD2NH2CH3+ 0.05 

C6HsCH2NH3+ + CH2SiD2 0.30 

C6HsCH2NH2D+ + SiDCH, 0.05e 

C,HSCH,NH2 216.8 C6HSCH2+ + CH3SiD2NH2 0.55 2.8 17.8 

C,HSCHNH2+ + CH3SiD2H 0.10 

C2H4NH2+ + CH3SiD2H 0.20 
CH3SiDNHC2HS+ + HD 0.20 

C 2 H 5 N H 2  217.0 C2HSNH3+ + CH2SiD2 0.40 16.0 15.6 

C2HSNH2D+ + SiDCH3 0.1 4e 
CH3SiDNH2+ + C2H5D 0.03 
CH3SiD2NH2C2H5+ 0.03 

(CH3)2NH 220.6 (CH3)(CH2)NH+ + CH3SiD2H 0.55 20.5 14.7 
(CH3),NH2+ + CH2SiD2 0.20 
(CH3)2NHD+ + SiDCH3 0.20' 
(CH3)2NSiDCH3+ + H D  0.05 

"All proton affinity values from ref 16. In units of kcal/mol. *Product distribution normalized to unity for reactant ion. ' In  units of cm3 
molecule-' s-'. dIon-polar molecule collision rate constant obtained by using the average-dipole-orientation theory: Su, T.; Bowers, M. T. Int.  J .  
Mass Spectrom. Ion Phys. 1973, 12, 347. 'Corrected for "C natural abundance. 

brated against an MKS Baratron (Model 390 HA-0001) capacitance 
manometer. The principal errors in the rate constants (estimated to be 
120%) arise from uncertainties in pressure m e a s ~ r e m e n t s . ~ ~  Approxi- 
mately 1:l mixtures of methylsilane and base were used with a total 
pressure in the range 1 - 5 X lod torr. Ionization was by electron 
impact at 15 eV. 

Although other reactions are noted below, this study focused on the 
proton- and deuteron-transfer reactions of CH3SiD2+ with the neutral 
bases. Methylsilane ionized by electron impact is a convenient source 
of CH3SiD2+ ions.25,26 The most abundant primary ion is CH3SiD+, 
which is converted to CH,SiD2+ by reaction 2 with a rate constant of 5.3 
x cm3 molecule-I s-I. 

CH,SiD+ + CH3SiD3 - CH3SiD2+ + CH3SiD2 (2) 

Ion ejection pulses were used to remove all ions except CH3SiD2+ from 
the ICR cell shortly after the electron beam pulse.27 We used as low 
rf levels as possible to avoid thermal excitation of the reactant ion. Figure 
1 shows a spectrum of CH3SiD2+ ion just after a series of ejection pulses. 
The temporal variations of reactant and product ion abundances were 
recorded and used to calculate rate constants directly. As an example, 
Figure 2 shows the temporal variations of the reactant CH3SiD2+ ion and 
the product CH3CONH3+ ion in the reaction involving carbon-bound 
proton transfer from methylsilyl cation to acetamide. 

Results and Discussion 
Reactions of Methylsiiyl Cation. Product distributions and rate 

constants for the reaction of CH3SiD2+ with various n-donor bases 
are summarized in Table 11. CH3SiD2+ reacts with CH3SiD3 
to yield CH3SiD2+ by symmetrical deuteride transfer2& with a rate 
constant of 6.4 X cm3 molecule-' s-I and (CH3),SiD+ with 
a rate constant of 1.6 X cm3 molecule-' s-l. The major 
reaction with (CH,),S yields the hydride transfer product 

(24) Blint, R. J.; McMahon, T. B.; Beauchamp, J. L. J .  Am. Chem. Sac. 

( 2 5 )  Potzinger, P.; Lampe, F. W. J .  Phys. Chem. 1970, 74, 587. 
(26) Mayer et al. have reported the rate constants of 9.9 f 2 X 

1974, 96, 1269. 

and 
2.9 i. 0.7 X cm3 molecule'' s-', for the reaction 1 and the symmetric 
hydride transfer reaction of CH3SiH2+ with CH3SiH3, respectively: Mayer, 
T. M.; Lampe, F. W. J .  Phys. Chem. 1974, 78, 2422. 

(27) Cody, R. B.; Burnier, R. C.; Freiser, 9. S. Anal. Chem. 1982, 54, 96. 
(28) Mayer, T. M.; Lampe, F. W. J .  Phys. Chem. 1974, 78, 2429. 
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Figure 2. Temporal variation of methylsilyl cation and protonated ace- 
tamide ion in the proton-transfer reaction from methylsilyl cation to 
acetamide; P(CH3SiD3) = 1.2 X IO4 torr, P(CH3CONH2) = 9.5 X lo-' 
torr, and 15 eV electron energy. 

CH3SCH2+. In the reaction of CH3SiD2+ with NH3, the for- 
mation of CH3SiDNH2+ with loss of HD is predominant, in 
contrast to the facile proton-transfer reaction9 of SiH3+ with 
NH3.,' With CH3CONH2, the dominant reaction is H+ transfer 
from CH3SiD2+ to yield silaethylene as the neutral product ( k  
= 1.4 X 10-I' cm3 molecule-' s-l). There is no evidence that 
hydrogen and deuterium scrambling occurs either in the formation 
of the reactant ion or during the course of the reaction with 
acetamide.3o Proton transfer in addition to more complex pro- 
cesses are observed with C,H5NH2 as the neutral base. In the 
case of CH3NH2, proton-transfer, hydride-transfer, and Si-N 

(29) In the reaction of SiH,+ with NH3 (ref 9), the formation of 
H2S1NH2+ with loss of H2 is a minor reaction channel. This suggests that 
when proton transfer from a silicon center to an n-donor base is exothermic, 
it will be more facile than competing condensation reactions and may possibly 
occur in a direct process. 

(30) If scrambling occurs in the CH3SiD2+ ion, the ratio of BD+ to BH+ 
could be 0.4 instead of 0.0 at the onset of proton-transfer reaction. 
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(31) Ausloos, P.; Lias, S. G .  J .  Am. Chem. SOC. 1978, 100, 4594. 
(32) We use AHr029S(CH3SiD2C) = 204 * 1 kcal/mol determined from 

the kinetics and equilibrium studies of the hydride transfer reaction: c-C,H9+ 
+ CH3SiH3 c-CsHi, + CH,SiH?* (Shin, S. K.; Beauchamp, J. L., man- 
uscript in preparation). This is significantly lower than the previous value of 
21 3 * 3 kcal/mol determined by Potzinger and L a m p  using electron impact 
ionization (ref 25). 

(33) AHH~',,~(H) = 52.1 kcal/mol and IP(H) = 13.598 eV from: Moore, 
C .  E. Nutl. Stand. Ref. Data Ser., Natl. Bur. Stand. 1970. No. 34. We used 
the stationary electron convention (ref 16) 

Table 111. Thermochemical Data Used in Text (kcal/mol) 
molecule AHr'?Qa ref molecule AH,',QR ref 
SiH, 8.2 a SiH2Me, -23 a 
SiH3 47.6 6 SiHMe2 14.3 U 

SiH, 69 i 3 c SiMe, 26 f 2, 37 f 6 d. e 
SiH3Me -7 u SiMe, -55.4 a 
SiH2Me 30.5 a CH3SiH,+ 204 f 1 f 
SiHMe 53 * 4 p SiH,CH, 43 f 3 E 
"Reference 13. We use the average values of 46.4, 47.9, and 48.5 

kcal/mol for AHf0298(SiH3). The value of 46.4 kcal/mol is derived 
from D(H,Si-H) = 90.3 kcal/mol (ref 13). The value of 47.9 kcal/ 
mol is derived from D(H,Si-H) = 91.8 kcal/mol, which is estimated 
from the gas-phase acidity, D(H3Si--H+) = 372.2 kcal/mol (Bartmess, 
J. E. In Sturcture/Reactiuity and Thermochemistry of Ions (NATO 
AS1 Series); Ausloos, P., Lias, S. G., Eds; D. Reidel: Dordrecht, 1987; 
pp 367-380). combined with EA(SiH,) = 33.2 kcal/mol (Reed, K. J.; 
Brauman, J. I. J .  Chem. Phys.  1974, 61, 4380) and .-1Hfozs8(H+) = 
365.7 kcal/mol (ref 33). The value of 48.5 kcal/mol is taken from ref 
12 and yields D(H,Si-H) = 92.4 kcal/mol. 'References 9, 10, 11 ,  and 
12. "Reference 42. 'Derived; see text. /Reference 32. gThis work. 

Table IV. Adiabatic Ionization Potentials for Silylenes 
AHf0298(M) Aff1°298(M+) IP(M) 

molecule (kcal/mol) (kcal/mol) (ev)  
SiH, 69 f 3" 274.1 8.89, 9.02' 
SiHMe 53 f 4" 242.fib 8.22 
SiMe2 37 f 6" 211.3' 7.56 

"See Table 111. bThe photoionization mass spectrometric study of 
Corderman and Beauchamp (Corderman, R. R. Ph.D. Thesis, Califor- 
nia Institute of Technology, Pasadena, CA, 1977). Reference 1 1. 

Scheme I1 

\z CHpSiHp+ 2H 
/I 

CHsSiH, 
> C H S S i H p + H  2 

in ~ilylenes. '~ Assuming a methyl-substituent effect of 16 f 5 
kcal/mol, which is the difference between the heats of formation 
of silylene (69 f 3 kcal/mol) and methylsilylene (53 f 4 
kcal/mol), yields a heat of formation of 37 f 6 kcal/mol for 
dimethylsiylene, which is significantly higher than Walsh's recent 
estimate35 of 26 f 2 kcal/mol. These results are summarized in 
Table 111. 

Using the above heats of formation of silylenes, combined with 
the known heats of formation of their molecular ions in Table IV, 
leads to the adiabatic ionization potentials of 8.89, 8.22, and 7.56 
eV for SiH,, SiHCH,, and Si(CH,),, respectively. The calculated 
adiabatic ionization potential of 8.22 eV for methylsilylene is 0.63 
eV lower than the experimental value of 8.85 eV determined for 
silaethylene using photoelectron spectroscopy by Bock and co- 
w o r k e r ~ . ~ ~  The value for the ionization potential of silaethylene, 
combined with its heat of formation, yields 247 f 4 kcal/mol for 
the heat of formation of silaethylene molecular ion, which is only 
slightly higher than that (242.6 kcal/mol) of methylsilylene 
molecular ion. Interestingly, CH3SiD+ is the most abundant 
primary ion produced by the electron impact ionization of 
CH3SiD3 with 15 eV electron energy, even though the heat of 
formation of CH2SiD2+ is only slightly higher than that of 
CH3SiD+. The absence of the CH2SiD2+ ion may be attributed 
either to a higher activation energy for 1,2-hydrogen loss or to 
a kinetic shift or to both. It is well known t h a t  the analogous 
CzH4+ ion formation from ethane occurs with a n  excess energy 
of 0.22 eV.36 

The strength of the *-bond energy of silaethylene is a n  im- 
portant index of its reactivity. A useful definition of the a-bond 

(34) The methyl substituent effect of 16 kcal/mol is identical with the 
previous estimate (ref 13) based on the heats of formation of SiH4 and %Me4. 

(35) Baggott, J. E.; Blitz, M. A.; Frey, H. M.; Lightfoot, P. D.; Walsh, 
R. Chem. Phys. Left .  1987, 135, 39. 

(36) (a) Chupka, W. A.; Berkowitz, J. J .  Chem. Phys. 1967,47,2921. (b) 
Stockbauer, R. Ibid. 1973, 58, 3800. 
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Table V. Calculated Energy Differences between 'A, SiH,CH, and 'A' SiHCH," 

'A,  SiH2CH2 'A' SiHCH3 AE(SiHCH, - 
total energyb CI l o w e r k z  total energyb CI  lowering' SiH,CH2) 

level (hartrees) (kcal/mol) (hartrees) (kcal/mol) (kcal/mol) 
H F  -328.977 24 0.0 -328.98401 0.0 -4.2 

GVB(2/4)-PP 

GVB-RCI(4) 

RC1(4)*D, 

RCI(4)*D, 

RC1(4)* [D,+D,] 

RCI(~) 'DGVB 

R W 4 )  *S"d 

RC1(4)* [D,+S,,,l 

RCI(4)*[D0+S,,iI 

D C - C I ~  

c c - C I '  

(1/1) 

(4/4) 

(9/10) 

-329.0 12 85 

-329.024 12 

-329.03423 
(813/ 1033) 
-329.038 10 
(853/ 1093) 
-329.048 05 

(1657/2116) 
-329.057 99 

(2233/3268) 
-329.058 49 
(657/ 11 54) 
-329.064 82 

(1425/2129) 
-329.068 79 

( 1405/2 109) 
-329.07491 

(2173/3084) 
-329.08441 

(2749/4236) 

-22.3 

-29.4 

-35.8 

-38.2 

-44.4 

-50.7 

-5 1 .O 

-55.0 

-57.4 

-61.3 

-67.2 

(1/1) 

(4/4) 

(6/6) 

-329.01467 

-329.01467 

-329.03087 
(1421/ 1837) 
-329.02571 

-329.041 50 
(2394/2810) 
-329.048 02 

(3902/5750) 
-329.037 74 
(776/994) 
-329.050 95 

(2075/267 1) 
-329.048 44 

(1647/1865) 
-329.061 44 

(2946/3542) 
-329.067 80 

(4454/6482) 

(979/979) 

-19.2 

-19.2 

-29.4 

-26.2 

-36.1 

-40.2 

-33.7 

-42.0 

-40.4 

-48.6 

-52.6 

-1.1 

5.9 

2.1 

7.8 

4.1 

6.3 

13.0 

8.7 

12.8 

8.5 

10.4 

zero-point-energf 26.8 28.0 1.2 
(kcal/mol) 

See calculational details. 1 hartree = 627.5096 kcal/mol. The number of spatial configurations/spin eigenfunctions associated with each 
calculation is given in parentheses under each total energy. 'The CI  lowering is the relative energy of CI calculation with respect to the H F  level. 
dRCI(4)*[D, + D, + Sval]. 'RCI(4)*[DGVB+SVal]. /Zero-point vibrational energies were calculated analytically at  HF/6-31G** level with 
MP2/6-3 IC** optimized geometries and used without any corrections. 

energy for silaethylene is the change in the bond strength of a 
C-H or Si-H bond, when the vicinal Si-H or C-H bond is 
broken.37 From Scheme IT, we see that D,(C-H) + D,(Si-H) 
= D,,(Si-H) + D,(C-H), so that D,(silaethylene) = DI(C-H) 
- D24C-H) = D,@i-H) - D,(Si-H). D1(C-H) may be taken 
as 99 i 2 kcal/m01,~~ and D2,(C-H) is estimated to be 65 f 3 
kcal/mol using the values of heats of formation in Table 111. These 
values of DI(C-H) and DT(C-H) yield a *-bond energy of 34 
& 4 kcal/mol for silaethylene, compared with the value of 64.3 
kcal/mol for ethylene.39 This *-bond energy is less than the recent 
estimate40a of 41 i 5 kcal/mol for D,(dimethyl~ilaethylene).~~ 

The stabilities of the divalent silylenes are associated with the 
Si lone-pair orbital containing substantial s character in the singlet 
ground state.I3 This divalent state stabilization energy (DSSE) 
may be operationally defined'3*aa as the difference between the 
first and second dissociation energies, which is equal to the exo- 
thermicity of the disproportionation reaction: 

2SiXYH - SiXYH2 + SiXY (3) 

AH = AHf'29s(SiXYH2) + AHfo298(sixY) - 
2A.Hf0298(SiXYH) = -[D(XYHSi-H) - D(XYSi-H)] = 

-DSSE(SiXY) 

The DSSE values for S a z ,  SiHCH3, and Si(CH3), are esti- 
mated to be 18 f 3, 15 i 4, and 15 f 6 kcal/mol, respectively, 
from the heats of formation in Table 111. These are significantly 

(37) Benson, S .  W. Thermochemical Kinetics, 2nd ed.; Wiley: New York, 
1976; p 67. 

(38) D(SiH,CH,-H) is estimated from D(Me,SiCH,-H) = 99.2 kcal/mol 
(ref 13), D(Me,CCH,-H) = 99.7 kcal/mol (ref 13), and D(MeCH,-H) = 
100.6 kcal/mol (see ref 39). 

(39) AHfo29a(C2H6) = -20.2 kcal/mol, AHfo298(C2H4) = 12.5 kcal/mol 
(Wagman, D. D.; Schumm, R. H.; Bailey, S. M.; Churney, K. L.; Nuttall, 
R. L. J .  Phys. Chem. Ref. Data 1982, 1 1 ,  Suppl. 2). and AHf0298(C2H5) = 
28.3 kcal/mol (Doering, W. v. E. Proc. Natl. Acad. Sei. U.S.A. 1981, 78, 
5279) yield D(C2H,-H) = 100.6 kcal/mol and D(C,H,-H) = 36.3 kcal/mol. 
These values give D,(ethylene) = 64.3 kcal/mol. 

(40) (a) Walsh, R. J .  Phys. Chem. 1986, 90, 389. (b) Gusel'nikov, L. E.; 
Nametkin, N. S. J .  Organomet. Chem. 1979, 169, 155. 

1.086 r H H 
k . 4 6 6  I.080/ 113.6: 
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H 'n2 

Figure 4. Optimum geometries a t  the MP2/6-31G** level for (a) sila- 
ethylene, (b) methylsilylene, and (c) 90° twisted silaethylene. 

less than the previous estimates of 26 kcal/mol for SiH240a and 
28 kcal/mol for Si(CH3)2.35 

Theoretical Calculations 
Geometry and Bonding. The calculated optimum geometries 

for CH,SiH2 (lA1), CH3SiH (]A'), and 90' twisted CH2SiH2 
( lA,) are shown in Figure 4. The geometries for the ground-state 
silaethylene and methylsilylene compare well with the previous 
theoretical results. The Si=C bond length of 1.71 1 8, for sila- 
ethylene is in close agreement with a recent experimental value 
of 1.702 8, for (Me),Si=C(SiMe,)(SiMe)(t-Bu),) by Wiberg and 
co-worker~.~' The lone pair on the Si is probably responsible for 
the Si-C bond length of 1.903 A for methylsilylene being 0.036 
8, longer than the prototype Si-C single bond length of 1.867 8, 
for SiH3-CH3.42 

The generalized valence bond (GVB)43 one-electron orbitals 
for the Si-C D and T bonds in silaethylene, and for the Si-C u 

(41) Wiberg, N.; Wagner, G.; Muller, G. Angew. Chem., Znt. Ed. Engl. 

(42) Kilb, R. W.; Pierce, L. J .  Chem. Phys. 1957, 27, 108. 
(43) Bobrowicz, F. W.; Goddard, W. A,, I11 In Modern Theoretical 

Chemistry: Methods of Electronic Structure Theory; Schaefer, H. F., 111, 
Ed.; Plenum Press: New York, 1977; Vol. 3,  Chapter 4. 

1985, 24, 229. 
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P H  5 - t  

't 
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( 1 )  Si-C I BOND 

I 
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Figure 5. GVB orbitals for silaethylene (i and ii) and for methylsilylene 
(iii and iv): (i) Si-C u bond; (ii) Si-C T bond; (iii) Si-C CT bond; (iv) 
Si lone-pair orbitals. Contours reflect regions of constant amplitude 
ranging from -1.0 to 1.0 au, with increments of 0.03 au. 

and Si lone pair in methylsilylene, are shown in Figure 5. The 
nature of the S i 4  bond in silaethylene is similar to that of the 
C=C bond in ethylene.& The Si-C u and T bond pairs of 
silaethylene have overlaps of 0.85 and 0.61, respectively, which 
are close to the C-C u and 7r overlaps of 0.88 and 0.65 in 
ethylene.44 The overlaps are slightly lower in silaethylene than 
in ethylene due to the greater size of the Si 3p orbital relative to 
C 2p orbital [R(Si=C) = 1.71 1 A vs. R(C=C) = 1.34 .&45]. The 
Si-C bond pair of methylsilylene has an overlap of 0.83, which 
is slightly lower than that of silaethylene because of the longer 
bond, and the Si lone pair has an overlap of 0.67 which is typical 
for lone pairs in SiH2 (IA,) (0.67)46 and CH, ( ,Al)  (0.66).46 

Relative Stabilities of Silaetbylene and Metbylsilylene and 
Rotational Barrier in Silaethylene. The energies of silaethylene 
and methylsilylene at various levels of theory are summarized in 
Table V. As electron correlation is included, AE changes from 
-4.2 kcal/mol (HF) to 10.4 kcal/mol (CC-CI). The subtle 
difference between H F  and GVB(2/4)-PP (AE = -1 . I  kcal/mol) 
is the higher correlation error in the H F  Si-C T bond (because 
of the low overlap) with a differential correlation of 3.1 kcal/mol. 
Going from GVB(2/4)-PP to GVB-RCI(4) includes the additional 
spin coupling (more important for 1) and also includes interpair 
correlations in the double bond leading to a differential effect of 
7.0 kcal/mol and AE = 5.9 kcal/mol. Going to full correla- 
tion-consistent CI  (CC-CI) leads to an additional differential of 
4.5 kcal/mol (favoring the state with the largest correlation effect) 
and AE = 10.4 kcal/mol. 

We calculate a zero-point-energy difference of 1.2 kcal/mol, 
in favor of silaethylene, leading to hE = 11.6 kcal/mol. This 
energy difference is significantly greater than the previous values 
but is in excellent agreement with our experimental result of 10 
f 3 kcal/mol. 

The rotational barrier in silaethylene is calculated at  various 
levels from the energy difference between the ground state, 'A, 
CH2SiH2 and the 90' twisted biradical state 'A2 CH2SiH2 
(summarized in Table VI). The highest dissociation-consistent 
CI (DC-CI)?' after correcting for the calculated zero-point-energy 
difference of -2.0 kcal/mol, yields the adiabatic rotational barrier 
of 59.9 kcal/mol, compared with the experimental value of 65 
kcal/mol for ethylene.48 

(44) (a) Carter, E. A,; Goddard, W. A,, I11 J .  Am. Chem. Soc. 1986, 108, 
2180. (b) Carter, E. A.; Goddard, W. A., I l l  J .  Phys. Chem. 1984,88, 1485. 

(45) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, 
R. H.; Ramsay, D. A.; Lovas, F. J.; Lafferty, W. J.; Maki, A. G. J. Phys. 
Chem. ReJ Data 1979, 8, 676. 

(46) The overlaps of lone pairs in SiHl ('A,) and CH2 ('A,) were obtained 
at GVB(1/2) level with VDZ + P basis sets and MP2/6-31G** optimized 
geometries. 

(47) Bair, R. A,; Goddard, W. A,, 111, submitted for publication in J .  Phys. 
Chem. Bair, R. A. Ph.D. Thesis, California Institute of Technology, Pasadena, 
Calif., 1981. 

(48) Douglas, J. E.; Rabinovitch, B. S.; Loony, F. S .  J .  Chem. Phys. 1955, 
23, 315. 

Table VI. Rotational Barrier in Silaethylene (kcal/mol)" 

rotational total energy (h)b 
level 'A,  SiH,CH, 'A2 SiH2CH2 barrier 

HF -328.977 24 -328.91492 39.1 

GVB(2/4)-PP -329.01285 -328.925 15 55.1 

GVB-RCl(4) -329.024 12 -328.927 16 61.0 

RCI(4) *%a, -329.058 49 -328.965 42 58.4 

RCI(4)*[DO+D,] -329.048 05 -328.943 06 65.8 

DC-CI' -329.074 91 -328.976 34 61.9 

(1/1) ( 1 / 1 )  

(4/4) (2/2) 

(9/ 10) (3/4) 

(657/1154) (249/606) 

(1657/2116) (289/520) 

(2173/3084) (503/ 1058) 

zero-point-energyd 26.8 24.8 -2.0 
(kcal/ mol) 

"See calculational details. 1 h = 1 hartree = 627.5096 kcal/mol. 
The number of spatial configurations/spin eigenfunctions associated 
with each calculation is given in parentheses under each total energy. 

Zero-point vibrational energies were calcu- 
lated analytically at HF/6-31G** level with MP2/6-31G** optimized 
geometries and used without any corrections. 

RCI(4)*[D,+D,+SVaI]. 

Summary 

It is experimentally found that silaethylene is more stable than 
methylsilylene by 10 f 3 kcal/mol. The correlation-consistent 
CI  calculation, starting from the GVB(2/4) descriptions of the 
two isomers, yields an energy difference of 11.6 kcal/mol in favor 
of silaethylene. The effects of both electron correlation and 
zero-point-energy differences favor silaethylene. This result and 
our previously reported result for the parent silylene suggest that 
the lone-pair stabilization effects in (methyl-substituted) silylenes 
are significattly smaller than the previous expectations. The 
estimated 7r-bond energy and the calculated rotational barrier in 
silaethylene are 34 f 4 and 59.9 kcal/mol, respectively, compared 
with the experimental values of 64.3 and 65 kcal/mol in ethylene, 
respectively. An experimental exploration of cis-trans isomeri- 
zation in silaethylene is desired in order to determine the rotational 
barrier. 

Calculational Details 

Geometries and Vibrational Frequencies. The equilibrium ge- 
ometries and harmonic vibrational frequencies were calculated 
using the GAUSSIAN 82 program.49 All geometrical parameters 
were optimized at  the MP2/6-3 1G** level (second-order 
Mailer-Plesset perturbation theory50 using the 6-3 lG** basis 
set5'). MP2 theory incorporates the second-order perturbation 
corrections involving up to double excitations from the Hartree- 
Fock reference wave function. The 6-31G** basis set is of the 
split-valence quality and contains polarization functions on the 
hydrogen atoms as well as on the heavy atoms (Si and C). This 
level of theory has been shown to provide accurate equilibrium 
g e o m e t r i e ~ . ~ ~  Harmonic vibrational frequencies were calculated 
analytically at the HF/6-31G** level (Hartree-Fock theorys3 
using the 6-31G** basis set) using the MP2/6-31G** geometries. 
These frequencies provide zero-point-energy corrections for de- 

(49) Binkley, J. s.; Frisch, M. J.; Defrees, D. J. ;  Krishnan, R.; Whiteside, 
R. A.; Seeger, R.; Schlegel, H. B.; Pople, J .  A. GAUSSIAN 82,  Carnegie-Mellon 
University, Pittsburgh, PA. 

(50) (a) Pople, J .  A.; Binkley, J .  S.; Seeger, R. In t .  J .  Quantum Chem., 
Quantum Chem. Symp. 1976, No. 10, 1 .  (b) Pople, J .  A,; Krishnan, R.; 
Schlegel. H. B.; Binkley, J .  S. Int. J .  Quanrum Chem. 1978, 14, 545. 

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

(52) (a) Defrees, D. J.; Levi, B. A.; Pollack, S. K.; Hehre, W. J.; Binkley, 
J .  S.; Pople, J. A. J .  Am.  Chem. Soc. 1979, 101, 4085. (b) Simandiras, E. 
D.; Handy, N .  C.; Amos, R. D. Chem. Phys. Lett. 1987, 133, 324. 

(53) (a) Roothaan, C. C. J .  ReL'. Mod. Phys. 1951, 23, 69. (b) Pople, J. 
A,; Nesbet, R .  K. J .  Chem. Phys. 1954, 22,  571. 
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termining relative stabilities and the rotational barrier in sila- 
ethylene. 

GVB Wave Functions. The energies of the ground state of 
silaethylene and methylsilylene were calculated by using various 
levels of the generalized valence bond (GVB) plus configuration 
interaction (CI) m e t h ~ d . ~ ~ . ~ '  

For the 'A, state of silaethylene, the GVB(2/4) wave function 
corresponds to correlating the Si-C u and Si-C a bonds, each 
with the natural orbitals, leading to four natural orbitals for the 
two correlation pairs. 

For the 'A' state of methylsilylene, the GVB(2/4) wave function 
correlates the Si-C u bond with a second natural orbital and the 
Si nonbonding orbital with an empty Si 3p, orbital. 

For both cases, all other orbitals are doubly occupied and 
calculated self-consistently. To relax the simple valence bond 
(perfect pairing) spin coupling restriction, we allow all configu- 
rations arising from distributing the two electrons of each GVB 
pair between its two natural orbitals. This leads to the GVB- 
RCI(4) wave function which allows all spin couplings. To include 
various higher order correlation effects (beyond GVB), we use 
correlation-consistent CI  (CC-CI), in which we start with GVB 
pairs of each RCI and allow all single and double excitations to 
all GVB, valence, and virtual orbitals [denoted as RCI(4)*DGVB]. 
Since the correlated wave function may want orbitals with slightly 
different shapes, we also allow all single excitations from the 
valence orbitals of the GVB-RCI(4) configurations to all GVB, 
valence, and virtual orbitals. Thus the full CC-CI wave function 
is RCI(4)* [DGVB+SVal]. 

Calculations carried out for the rotational barrier in silaethylene 
are such that the wave function at  the equilibrium geometry of 
the Si=C double-bonded CH2SiH2 ( 'A')  dissociates correctly to 
the 90° twisted Si-C single-bonded CHzSiHz (]A2), retaining 
the same level of electron correlation. In addition, we allow the 
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90' twisted singlet biradical state to relax to its equilibrium 
geometry, thus obtaining the adiabatic rotational barrier. 

The GVB(2/4), GVB-RCI(4), and RCI(4)*SVa1 wave functions 
for CH2SiH2 ( 'Al) dissociate correctly to the GVB( 1/2) (which 
corresponds to correlating the Si< u bond with its natural orbital), 
GVB-RCI(2), and RCI(2)*SVd wave functions for CH2SiH2 ('A2), 
respectively. The RCI(4)* [D,+D,] wave function dissociates to 
RCI(2)* [Do+Sopen] (single excitation from singlet open-shell 
orbitals in the RCI wave function to all virtual orbitals in addition 
to all single and double excitations from u GVB pair of each RCI 
to all GVB, valence, and virtual orbitals) wave functions. The 
full DC-CI [designated as RCI(4)*[D,+D,+SVaI]] wave function 
dissociates to RCI(2)* [D,+S,,,] wave function. 

GVB Basis Sets. All atoms were described with valence dou- 
ble-r (VDZ) basis sets54 which may be described as Si( 1 ls7p/ 
4s3p), C(9s5p/3s2p), and H(4s/2s). In addition, one set of p- 
polarization functions (exponent a = 1 .O) was added to the H basis 
set. Sets of d-polarization functions centered on Si (a  = 0.42) 
and C ( a  = 0.62) (exponents optimized for CH2SiH2 at the H F  
level) were added to the valence double-r basis sets for Si and C. 
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Abstract: The temperature and pressure dependence of the substrate selectivity of the alkylation of mesitylene (M) and p-xylene 
(X) by radiolytically formed CH3C1CH3+ ions have been investigated in CH,CI gas at pressures between 50 and 760 Torr 
in the range 40-140 OC. The Arrhenius plot of the empirical kM/kx ratio measured at 760 Torr is linear over the entire temperature 
range investigated, and its slope corresponds to a difference of 2.2 f 0.2 kcal mol-' between the activation energy for the 
CH3CICH3+ methylation of p-xylene and mesitylene. A pressure-dependence study of the same competition reactions carried 
out at 100 "C points to 300 Torr as the pressure limit, below which the correspondence between the phenomenological 
Arrhenius-plot slope and the actual activation-barrier difference is not any longer warranted. This conclusion is further corroborated 
by a comparison of the present results with those derived for the same reactions from reactant ion monitoring (RIM) "high-pressure" 
mass spectrometry at 0.5-1.2 Torr. The large discrepancy observed is interpreted as evidence that above 300 Torr the activation 
mechanism of the CH3C1CH3+ methylation of arenes, a typical ion-molecule process, is essentially thermal and that, below 
this limit, coexistence of both thermal and electrostatic activation mechanisms as well as incomplete equilibration of the internal 
energy of the reactants make Arrhenius plots hardly a measure of the activation barriers involved in the gas-phase aromatic 
alkylations. 

Ion-molecule reactions are normally investigated in the gas 
phase with different mass spectrometric methods, whose common 
feature is the low operating pressure (15 Torr). Under such 
conditions, the relevant kinetics are dominated by long-range 

ion-dipole attractive forces and found to fit Brauman's double-well 
energy surface model, involving an internal energy barrier E t o  
at  the transition state (curve a in Figure la).' Magnera and 

(1) (a) Olmstead, W. N.; Brauman, J. I. J .  Am. Chem. SOC. 1979, 101, 
3715. (b) Farneth, W. E.; Brauman, J. I. Ibid. 1976, 98, 7891. ( c )  Jasinsk, 
J. M.; Brauman, J. I. Ibid. 1980, 102, 2906. 

'University of Camerino. * Istituto di Chimica Nucleare, CNR, Roma. 
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