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was distilled from NaOH. Methanol was purified by distillation 
from Mg activated with Iz. 

Procedure. A reaction mixture consisting of allene (0.3 g), 
p-toluenesulfonylhydrazine (1.0 g), triethylamine (0.75 mL), an 
internal standard (0.1 g), and methanol (2 mL) was heated under 
reflux in a small flask equipped with a reflux condenser. At 
appropriate time intervals, the reaction mixture (0.05 mL) was 
withdrawn from the top of the condenser by use of a syringe with 
a long needle (20 cm), poured into a sample tube, and quenched 
by the addition of water (2 mL) and n-pentane (0.1 mL). The 
mixture was shaken vigorously, and the upper organic layer was 
subjected to VPC analysis. A gas chromatograph (Shimadzu 
4APT) with a 4-m column of silicone XF-1150 was used. Only 
the expected peaks of the products were found along with those 
of the reactant allene and the internal standard. The peaks were 
assigned by comparing the retention times with those of authentic 
samples. The  concentrations of reactants and products were 
determined by the internal standard method on the basis of the 
peak areas which were evaluated by integration on a Hitachi 
HITAC-10 computer. The internal standards used were cumene, 
anisole, see-butylbenzene, and tetraline for the reactions of la-d, 
respectively. 

Kinetic Analysis, The distribution of various products was 
analyzed according to  the reactions shown in Scheme I. The 
problem is essentially that  of the consecutive, competitive 
first-order reactions as follows: 

Integration of the relevant rate equations readily gives the molar 
fractions of A, B1-B,, and C at  time t (eq 3a-c), where [A], is the 

(Y 1~ [A]/[A], = e-kt ( 3 4  

'y E [C]/[A], = 1 - (Y - C@i (3c) 

initial concentration of A ,  i = 1, 2, ..., n, and k is an overall 
I 

first-order rate constant (eq 4). 

k = x k i  (4) 
1 

For our present purpose, we express pi as the function of the 
extent of reaction x (=1- a) of A. The result is given in eq 5. 

(5) 

p i  attains a maximum when x reaches v i  such that 
vi = 1 - ( k [ / k ) - l / [ W / k )  - 11 

Pi," = (1 - v i ) ( k i / k ) / ( k i ' / k )  

(6) 

The value of pi a t  the maximum is given in eq 7. Equations 6 

(7) 

and 7 greatly assist us in evaluating k i / k  and k [ / k  from the 
experimental curves. The curve fittings were accomplished by 
use of a Yokokawa-Hewlett-Packard Model 20 computer. 

MO Computation. All calculations were performed within 
the framework of the a b  initio restricted Hartree-Fock theory 
by employing a modified version of the GAUSSIAN 70 pa~kage . "~  
The minimal STO-3G set was used with the suggested standard 
parametemZ4 As for the molecular geometries, standard bond 
lengths and angles proposed by Pople e t  al.25 were employed. 
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Geometries and Relative Energies of Some C6H5+ and C5H5Si+ Isomers. 
Pyramidal (Nido) vs. Planar, Cyclic Structures 
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Ab initio molecular orbital calculations with geometry optimization at  the STO-3G level have been carried 
out on pyramidal (1,5) and cyclic (2,3) C & , +  and C5H5Sit structures. Additional single-point calculations at 
the 4-31G (C,H5+), 3-21G, and STO-3G* (C5H5Si+) levels were performed to probe the effects of larger basis sets. 
Pyramidal structure 1, with Cb symmetry, places a carbon or a silicon atom in a position with a formal coordination 
number of five. Among the C&5' isomers, the planar cyclic structures 2-C and 3-C are highly preferred over 
the pyramidal ones I-C and 5, but there is a strong dependence of energies on the basis set employed. In contrast, 
the C5" pyramidal C5H5Si+ structure 1-Si is favored over the planar, cyclic structures 2-Si and 3-Si. Whereas 
the phenyl cation 2-C should have a singlet ground state, the silaphenyl cation 2-Si is indicated to possess a triplet 
ground state. Analysis of the charge distributions illustrates the differences in electronic demands and bonding 
between C+ and Si+ species. 

Recently, Aylett and Colquhoun2 observed the fragment 
ion C5H5Si+ with high relative intensities in the mass 

0022-3263/80/1945-1608$01.00/0 

spectra of SiHz[Fe(~5-CSH5)(CO)z]~ and SiC1,[Fe(s5- 
C5H5)(CO),]2. The analogous ions C5H5Ge+ and C5H5Sn+ 
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C6H5+ and C5H5Si+ homers 

are also known from the mass spectra of polynuclear metal 
carbonyl ~omplexes;~ structure types 1-3 have been pro- 
posed as being most likely for these i ~ n s . ~ P  Structures 2 
and 3 were proposed. for the C5H5Ge+ ion,% but Aylett and 
Colquhoun, recognizing the isoelectronicity of C5H5Sn+ 
with C5H51n and the known q5 (1, M+ = In) structure of 
the latter in the gals phase? suggested that such half- 
sandwich geometries actually may be preferred for M = 
Sn, Ge, and Si. Jutzi et al.'s X-ray structure of nido cluster 
4 provides direct support for this idea.4b Carbon as the 
apical atom would, of course, represent the first member 
of such a valence isoelectronic group 4A-cyclopentadienyl 
cation series. Pyramidal carbocations situating carbon in 
a position with a coordination number greater than 4 have 
received considerable interest since Winstein and Or- 
dronneau considered (but rejected) a possible Cb structure 
for the norbornadienyl cation C7H7+,5 the theoretical 
prediction by Williams and by Stohrer and Hoffmann of 
a stable Clu C5H5+ species,6 and the experimental prepa- 
ration by Hogeveen and Kwant of a C5" C6(CH3)2+ dica- 
tion.? 

If q5-l-Si is the most stable structure for C5H5Si+, sig- 
nificant bonding differences between Si and C would be 
indicated, since results of calculations for C6H5+ do not 
indicate a preference for pyramidal structures. Extensive 
MIND0/3 calculations on C6H5+ isomers predict the 
phenyl cation to be the most stable cyclic structuresa and 
probably the overall lowest energy isomer as well,8b but 
there is ample experimental evidence for the gas-phase 
formation of C6H5+ ions other than the phenyl cation.g 
The ab initio calculations by Castenmiller and Bucksa on 
the singlet states of the nonclassical ion 1-C and the phenyl 
cation 2-C may be compared to those of Dill et al. and 
Vincent and Radom on the singlet and triplet states of the 
phenyl cationt0 and to independent calculations by us on 
1-C. Minimal basis-set results indicate the singlet phenyl 
cation to be about 25 kcal/mol lower in energy than the 
pyramidal cation;& however, as is discussed in detail below, 
this energy separation seems to be very basis set depend- 
ent. In this paper we examine calculationally the C5H5Si+ 
isomers 1-Si, 2-Si, ,and 3-Si and compare them to the 
analogous C&5+ structures (142, 2-C, and 3-C) and an 
alternative pyramidal isomer, 5. 

Methods 
Ab initio moleculm orbital calculations have been carried 

out on the molecules 1-3 (M = Si) and 1 and 3 (M = C) 

(1) (a) Rutgers University (present address). (b) Universitit Erlan- 
gen-Nornberg. 

(2) Aylett, B. J.; Colquhoun, H. M. J. Chem. Res. (S) 1977, 148; J.  
Chem. Res. (M) 1977, 1674. 

(3) (a) Nekrasov, Y. S.; Zagorevskii, D. V.; Sizoi, V. F.; Denisov, F. S. 
J. Oganomet. Chem. 1975,97,253. (b) Lewis, J.; Manning, A. R.; Miller, 
J. R.; Wilson, J. M. J. Chem. SOC. A 1966, 1663. 

(4) (a) Shibata, S.; Bartell, L. S.; Gavin, R. M. J. Chem. Phys. 1964, 
41, 717. (b) Jutzi, P.; Kohl, F.; Kruger, C. Angew. Chem. 1979, 91, 81. 
A similar germanium salt has also been prepared (private communication 
from Professor Jutzi). 
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(5) Winstein, S.; Ordronneau, C. J.  Am. Chem. SOC. 1960, 82, 2084. 
(6) Williams, R. E. Inorg. Chem. 1971, 10, 210. Stohrer, W. D.; 

Hoffmann, R. J. Am. Chem. SOC. 1972, 94, 1661. 
(7) Hogeveen, H.; Kwmt, P. W. J.  Am. Chem. SOC. 1974, 96, 2208. 

Jonkman, H. T.; Nieuwpoort, W. C. Tetrahedron Lett. 1973, 1671. 
(8) (a) Castenmiller, W. A. M.; Buck, H. M. Red. Trao. Chim. Pays- 

Bas 1977, 96, 207. (b) Haselbach, E.; Bally, T., unpublished results as 
quoted in ref loa. 

(9) Cooks, R. G.; Beynon, J. H.; Litton, J. F. Org. Mass Spectrom. 
1975,10,503. Johnstone, 13. A. W.; Mellon, F. A. J. Chem. SOC., Faraday 
Trans. 2,1972,1209. Perry, W. 0.; Beynon, J. H.; Baitinger, W. E.; Amy, 
J. W.; Caprioli, R. M.; Renaud, R. N.; Leitch, L. C.; Meyerson, S. J. Am. 
Chem. SOC. 1970, 92, 7238 and references therein. 

(10) (a) Dill, J. D.; Schleyer, P. v. R.; Binkley, J. S.; Seeger, R.; Pople, 
J. A.; Haselbach, E. J.  Am. Chem. SOC. 1976, 98, 5428. (b) Vincent, M. 
A,; Radom, L. Ibid. 1978, 100, 3306. 
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Figure 1. Atom labeling in structures 1-3 and 5. 

as well as 5 by utilizing modified versions of the GAUSSIAN 
7011a and GAUSSIAN 7611b series of programs. The geometries 
were optimized under overall molecular symmetry con- 
straints (C5" for 1-Si and 1-C; CZU for 2-53, 343, and 3-C; 
C, and a planar carbon ring for 5) by using the minimal 
STO-3G basis set.lZa Singlet states were examined with 
conventional restricted Hartree-Fock theory13* and a ge- 
ometry optimization program based on the Davidon- 
Fletcher-Powell method;14 triplet states were calculated 
with the unrestricted version (UHF) due to Pople and 
N e ~ b e t ' ~ ~  using parabolic interpolation optimization. 
Calculations with the split valence 4-31G basis setlZb were 
performed on the optimized geometries of 1-C, 3-C, and 
5 (4-31G//STO-3G); the recently developed 3-21G basis 
sets15 were employed on 1-Si, 223, and 3-Si. Calculations 
with the STO-3G* basis set,lZc which includes a set of d 
orbitals on Si, were carried out on 1-Si, 243, and 3-Si 
(STO-3G*//STO-3G). The calculations of Dill et al.'OB and 
Vincent and Radomlob on 2-C are quite similar to ours on 
the other C6H5+ isomers and may thus be used for con- 
sistent comparison. The atom labeling is given in Figure 
1, and the optimized geometries are listed in Table I. 
Table I1 gives the total and relative molecular energies; 
Table I11 gives pertinent results' from the Mulliken elec- 
tronic population analysis.16 

Results and Discussion 
Geometries and Charge Distributions. (a) Pyram- 

idal Structures. The general interaction diagram in- 
volving s and p orbitals, which account for the bonding in 
half-sandwich structures such as 1-Si, 1-C, and 5, has been 
well d~cumented?-~J' An sp hybrid on the apical group 

(11) (a) Hehre, W. J.; Lathan, W. A.; Newton, M. D.; Ditchfield, R.; 
Pople, J. A. "Quantum Chemistry Program Exchange"; Indiana Univer- 
sity: Bloomington, IN; Program No. 236. (b) Binkley, J. S.; Whiteside, 
R. A.; Hariharan, P. C.; Seeger, R.; Pople, J. A.; Hehre, W. J.; Newton, 
M. D. Ibid., Program No. 368. 

(12) (a) Hehre, W. J.; Stewart, R. F.; Pople, J. A. J.  Chem. Phys. 1969, 
51, 2657. (b) Hehre, W. J.; Ditchfield, R.; Stewart, R. F.; Pople, J. A. Ibid. 
1970,52,2769. (c) Collins, J. B.; Schleyer, P. v. R.; Binkley, J. S.; Pople, 
J. A. Ibid. 1976, 64, 5142. 

(13) (a) Roothaan, C. C. J. Rev. Mod. Phys. 1951, 23, 69. (b) Pople, 
J. A.; Nesbet, R. K. J. Chem. Phys. 1954,22, 571. 

(14) Poppinger, D. Chem. Phys. Lett. 1975,34, 332. Davidon, W. C. 
Comput. J.  1968,10,406. Fletcher, R.; Powell, M. J. D. Ibid. 1963,6,163. 

(15) (a) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J .  Am. Chem. SOC. 
1980,102,939. (b) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Petro, W. 
J.; Hehre, W. J., to be submitted for publication. 

(16) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833. 
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Table I. STO-3G Molecular Geometries of 1-Si, 2-Si, 3 4 i ,  14, 3-C, and 5 O  

molecule electronic state bond length angle 
q s-cyclopenl:adienyl-Si+ (1-Si) lA1 Si-C, = 2.126 r 1  = 1.4b 

C,-C, = 1.426 
Si-X = 1.745' 
C,-H= 1.084 

Si-C, = 1.690 C,SiC, = 128.2 
C,-C, = 1.400 SiC,C, = 105.0 
C,-C, = 1.397 C,C,C, = 126.9 
C,-H, = 1.079 C,C,C, = 128.1 
C,-H, = 1.089 H,C,Si = 131.8 
C,-H, = 1.082 H,C,C, = 116.0 

Si-C, = 1.809 C,SiC, = 110.6 
C,-C, = 1.394 SiC,C, = 116.4 
C,-C, = 1.438 C,C,C, = 124.9 
C,yH, = 1.083 C,C,C, = 126.8 
C,-H, 1.087 H,C,Si = 123.2 
C,-H, = 1.085 H,C,C, = 118.5 

Si<, = 1.739 C,SiC, = 109.7 
C,-C, = 1.464 SiC,C, = 118.1 
C,-C, = 1.400 C,C,C, = 124.5 
C,-HI = 1.087 C,C,C, = 125.2 
C,-H, = 1.094 H,C,Si = 123.2 
C,-H, = 1.080 H,C,C, = 118.5 

Si-C, = 1.649 C,C,C, = 105.6 
C,-C, = 1.501 C,C,C, = 107.9 
C,-C, = 1.329 C,C,C, = 109.3 
C,-C, = 1.511 H,C,C, = 127.9 
Si-H, = 1.434 H,C,C, = 123.3 
C,-H, = 1.078 
C,-H, = 1.085 

silaphenyl cation (2-Si) 'A, 

'AI silafulvenyl cation (3-Si) 

fulvenyl catilon (3-C) 

5 

q5-cyclopentadienyl-C+ (14) IAl C,-C, = 1.822 r 1  = 8.6b 
C,-C, = 1.430 
C,-X = 1.357' 
C,-H= 1.088 

C,-C, = 1.282 
C,-C, = 1.532 

C,-C, = 1.507 
Cl-H, = 1.098 
C,-H, = 1.079 
C,-H, = 1.086 

C,-X = 1.444' C,C,C, = 96.3 
C,-C, = 1.507 C,C,C, = 115.9 
C,-C, = 1.460 C,C,C, = 106.0 
C,-C, = 1.439 H,C,X= 175.0' 
C,-X= 1.142' H,C,XC, = 180.0' 
C,-H, = 1.083 H,C,C, = 119.4 
C,-H, = 1.086 H,C,C, = 125.8 
C,-H, = 1.090 r ,  = 12.6b 

C,C,C, = 104.4 
C,C,C, = 107.7 

H,C,C, = 130.6 
H,C,C, = 124.1 

C,-C, = 1.326 c,c,c, = 110.1 

,AI 

7 ,  = 12.2b 

Distances in angstroms and angles in degrees. The 7's indicate the  hydrogen tilt angles with respect to the  plane of the  
five-membered ring. Positive values signify that t he  hydrogenn bend toward the  apical group. ' X is a "dummy" a tom in 
the  plane of the  ring. 1:n 1, X is in the  center; in 5, C,-X is orthogonal to the  ring. 

Table 11. Total and Relative Molecular Energies for Structures 1-3 and 5 O  

electronic E(3-21G o r  E(STO-3G*/ / 
molecule state E( STO-3G) re1 E 4-31G/ /STO-3G) re1 E STO-3G) re1 E 

-475.343 9 6  0.0 -478.311 55b 0.0 -475.411 60 0.0 
-475.193 24 94.6 -478.197 30b 71.7 -475.241 54  106.7 
-475.292 0 1  32.6 -478.276 24b 22.2 -475.340 24 44.8 
-475.195 26 93.3 -478.201 83b 68.8 -475.239 4 3  108.0 

3-Si A, -47 5.1 58 57 116.3 -478.164 30b 92.4 -475.194 42 136.3 
-226.948 0 6  40.7 -229.326 61' 67.1 
-226.988 7 8 d  15.1 -229.425 40 '1~  5.1 
-226.983 8ge 18 .2  -229.421 58C'e 7.5 
-227.012 90e 0.0 -229.433 57C>e 0.0 
-226.999 96e 8.1 -229.429 2 5 ' ~ ~  2.7 

3-c A, -226.936 7 6  47.8 -229.375 97' 36.1 
5 'A,  -226.879 9 5  83.4 -229.266 23' 105.0 

1-Si 
2-Si 

'13 
'A, 

1 -c A, 
2-c 'A, 

'B, 
'4 

Total energies in hartrees and relative energies in kilocalories per mole. 3-21G basis. 4-31G basis. Reference l o b .  
e Reference loa.  
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Table 111. STO-3G Mulliken Population Data for Optimized Structures 1-3 and 5 
molecule l-Si( ' .Al)  2-Si( 'A,)  2-Si (3Bl)  2-Si(3A,)  3-Si( 'A1) l - C ( ' A l )  3-C( 'A, )  5 ( ' A , )  

a-Chargea 
Si 0.547 0.947 0.294 0.820 1.021 
Cl 
c, 
c3 

0.698 1.268 0.959 
0.954 1.101 0.961 0.843 0.985 0.870 0.779 0.430 

0.918 0.947 0.718 1.090 1.107 0.817 
c4 1.043 0.932 1.088 0.919 0.870 0.812 

Si  +0.710 + 1.000 ~ 0 . 9 7 9  + 0.733 +0.905 
Total Charge 

+0.120 +0.216 -0.063 

-0.007 
-0,09 41 -0.260 -0.220 -0.198 -0.182 -0.004 +0.042 +0.088 

-0.023 -0.038 +0.061 -0.070 -0.032 
-0.034 -0.097 -0.018 + 0,009 +0.027 -0.090 

+0.150 + 0.1 39 +0.118 +0.123 +0.051 +0.180 +0.247 +0.205 
+0.132 +0.114 +0.138 +0.089 +0.130 +0.172 
c0.114 to.110 +0.115 +0.111 +0.140 ~ 0 . 1 9 3  

Cl 
c, 
c, 
c4 

4 
2 

Population of p orbitals parallel to the C, axis  ( l ) ,  of p orbitals perpendicular to the molecular plane (2, 3 ) ,  or of p 
orbitals parallel to thhe s y m m e t r y  plane (5) .  

has the correct symmetry to interact with the lowest T MO 
of a cyclopentadienyl cation, Cp+ (1-Si, 1-C), or a cyclo- 
pentadienylidene rrng ( 5 ) .  The p orbitals on the apical 
group parallel to the ring plane can interact with the next 
set of T MO's (degenerate in Cp+ and nearly so in cyclo- 
pentadienylidene), and these three stabilized molecular 
orbitals form a pseudo-6-T-electron aromatic system. The 
remaining sp hybrid contains either a lone pair (1-Si, 1-C) 
or forms a bond to hydrogen (5 ) .  The ring-cap bonding 
thus occurs almost exclusively between p orbitals; as a 
matter of fact, all overlap populations involving the apical 
Si(3s) or C(2s) orbital and the ring orbitals in 1-Si and 1-C, 
respectively, are negative. The apical-basal distance is, 
as expected from simple arguments based on atomic size, 
considerably larger in CpSi+ (1.745 A) than in CpC+ (1.357 
A); this results in a Si-C distance of 2.126 4 in 1-Si and 
a C1-C2 distance of 1.822 A in 1-C, distances which are 
15-20% longer than typical single bonds between these 
elements.le The ring dimensions in 1-Si and 1-C are very 
similar (C-C distances of 1.426 8, in 1-Si and 1.430 A in 
1-C) and correspond well to the bond lengths observed or 
calculated in, e.g., C P L ~ , ' ~ ~  CpBeH,*8b C P I ~ , ~ "  and 
(Me)5CpSn+.4b 

The two systems 1-Si and 1-C differ in the calculated 
charge distributions (Table 111). We do not agree that the 
positive charge in 1-C is indicated to be delocalized only 
over the capping atom and the hydrogens.& Even in 
neutral hydrocarbons the STO-3G basis predicts polarized 
carbon-hydrogen bonds from a Mulliken population 
analysis, C6--Hb+, with 6 typically of the order 0.1. A total 
of 0.35 e is donated from the unique carbon C1 into the 
2 p ( ~ )  orbitals of the ring, but this is accompanied by a 
back-donation from the u system of 0.23 e, so that the 
overall net charge ori the apical carbon is only +0.12. The 
electron distribution among the atomic orbitals on C1 is 
1.88 e in the 2s orbital, 0.65 e in each of the 2p orbitals 
lying parallel to the ring plane, and 0.70 e in the 2p orbital 
along the symmetry axis, indicating a high percentage of 
2s character in the lone-pair orbital. The carbon 'atoms 
in the ring skeleton are calculated to be essentially neutral 
although negative vidues (C-O.l) are usual; the hydrogens 
carry a net charge of +0.18, larger than usual. The surplus 

(17) Hoffmann, R.; Lipscomb, W. N. J.  Chem. Phys. 1962, 36, 2179. 
(18) The S i 4  distance in H,SiCH3 is 1.867 A: Kilb, R. W.; Pierce, L. 

J .  Chem. Phys. 1957,27,108. The calculated STO-3G value is 1.866 A.'& 
(19) (a) Alexandratos, S.; Streitwieser, A., Jr.; Schaefer, H. F., 111. J. 

Am. Chem. SOC. 1976, 96, 7859. (b) Jemmis, E. D.; Alexandratos, S.; 
Schleyer, P. v. R.; Streitvheser, A., Jr.; Schaefer, H. F. Ibid. 1978, 100, 
5695. 

positive charge is thus distributed surprisingly uniformly 
among all the atoms in the molecule. In 1-Si, however, 
the major part of the positive charge is on silicon (+0.71), 
clearly illustrating its lower electronegativity (0.7 units less 
than carbon on the Pauling scale). The net charges on the 
carbons have typical negative values. The electron density 
increase on the ring carbons in 1-Si over 1-C is almost 
solely related to the extra charge in the 2p(a) orbitals (0.86 
in 1-C, 0.95 in 1-Si), which brings about increasing T- 
bonding and slightly decreasing C-C distances in 1-Si 
relative to 1-C. A total T donation from Si of 0.77 e takes 
place, with only 0.06 e returning from the u system. Si has 
still almost 2 electrons (1.89 e) in the 3s orbital, but only 
0.49 e in each of the 3p orbitals perpendicular to the 
symmetry axis and 0.55 e in the 3p orbital along the axis; 
again, large s character in the lone-pair orbital is indicated. 

The cap-ring bonding appears to be quite strong. The 
total overlap population between the apical carbon and all 
ring carbons is 0.72;20 that between two neighboring car- 
bons in the ring is 0.89. The total overlap population in 
1-Si between Si and the ring carbons is 0.56. 

The bonding in 5 and alternative pyramidal C6H5+ 
structures is less satisfactory. The distance from the 
carbon atom in the CH" group of 5 to the plane of the ring 
(1.444 A) is a little larger than the corresponding distance 
in 1 4 ,  but the CH+ group is placed asymmetrically with 
respect to the carbon atoms of the ring. The C1-C2 dis- 
tance is 1.841 A (similar to the C1-C2 distance in 1-c) while 
the C1-C3 (Cl-C,) and C144 (C1-C5) distances are equal 
and considerably shorter at 1.660 A. This is in accordance 
with the considerably higher ?r-electron density a t  these 
centers and indicates a tendency toward v4 coordination. 
The bond lengths in the ring are unequal with C4-C5 as 
the shortest bond (1.439 A), followed by the formal double 
bond C3-C4 at 1.460 A and C2-C3 at 1.507 A. The bonding 
from the apical carbon is stronger to C3 (overlap population 
of 0.34) than to C4 (0.24) with almost no bonding at  all to 
C2 (0.06). $ince we have not investigated deviations from 
nonplanarity of the ring carbon skeleton, it is quite possible 
that 5 does not represent a minimum within C, symmetry. 

A common feature to all three pyramidal structures is 
the bending of the ring hydrogens toward the apical group. 
As explained in detail elsewhere,21 the direction and 
magnitudes of the tilt vary in a systematic manner with 

(20) All overlap populations given in ref 8a appear to be a factor of 2 
too low. 

(21) Jemmis, E. D.; Schleyer, P. v. R.; Pople, J. A., to be submitted for 
publication. Jemmis, E. D. Ph.D. Thesis, Princeton University, 1978. 
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3p Si orbital, and with only 1.21 e in the 3s orbital a large 
u deficiency is present. Whereas charge polarization of the 
A cloud in the phenyl cationlo is able to alleviate part of 
the similar electron deficiency, the smaller electronegativity 
of Si defeats this mechanism, and less than 1 A electron 
resides on Si (0.95 e) and more than 1 e on the ortho (1.10 
e) and para (1.04 e) positions in singlet 2-Si. Overall, CZ 
is thus negatively charged, while Si carries a deficiency of 
+1.00. In the 3B1 state the population of the Si 3p orbital 
increases to 0.69 and the 3s population to 1.40; however, 
the *-electron population on Si is strongly diminished, so 
almost no decrease in net charge results. The ?r distribu- 
tion as well as the overall distribution appears more ho- 
mogenous in the 3B1 state than in the singlet state of 2-Si. 
A very uneven distribution in the A system is noticeable 
in the 3A2 state, with a large concentration on Cq. The net 
charges show a less positive Si (+0.73) than in the 'Al and 
3B1 states with alternating charges along the carbon ring. 

In the fulvenyl cation 3-C, the external C1-Cz bond is 
quite short (1.282 A), reflecting the sp hybridization at C1, 
but the ring bonds have nearly normal single and double 
bond lengths. The Si-Cz bond in 3-Si of 1.649 A is even 
shorter than that calculated in the singlet 243, although 
it is not quite as short as the calculated double bond in 
singlet silaethylene (1.637 

The charge distributions provide rationalizations for the 
small ring geometrical differences. The a part of the ex- 
ternal double bond in 3-C is strongly polarized toward C1 
(2p(r) population of 1.27 e), and there is 0.18 e in the 
formally empty, perpendicular 2p orbital on C1. In 3-Si 
the external Si-C bond is not nearly as strongly polarized 
in the s part (3p(a) population of 1.02 e), making more 
rr-electron density available for bonding in the ring near 
C,; hence, the C243 distance is shorter in 3-Si than in 3-C. 
The population of the perpendicular 3p orbital is only 0.11 
e; thus, while C1 and HI carry together about half of the 
excess charge in 3-C, Si and H1 together have 95% of the 
positive charge in 3-Si. 

Energies. As seen in Table 11, 1-C, 3-C, and 5 appear 
to be less stable than the phenyl cation 2-C. Through 
semiempirical corrections of the calculated singlet-triplet 
splitting, the singlet state in 2-C was concluded to be the 
ground state, with the 3B1 state lying some 20 kcal/mol 
higher in energy.loa Compared to singlet 2-C,lob the py- 
ramidal Cb structure 1-C is 25.6 kcal/mol higher in energy 
at  the STO-3G level (Table 11). The vinylic isomer 3-C 
is 32.6 kcal/mol and the other capped isomer 5 is 68.3 
kcal/mol above 2-C at this basis set level. With the split 
valence basis set (4-31G//STO-3G), however, the capped, 
closed structures are severely destabilized relative to  the 
open, planar ones. The separation between the singlet 
states of 1-C and 2-C increases to 62.0 kcal/mol, and 5 is 
now 99.9 kcal/mol higher in energy than 2 4 ,  while the 
separation to 3-C remains about the same, 31.0 kcal/mol. 
A similar minimal-split valence basis set effect has been 
noticed, e.g., in the calculations on C5H5+ isomers by Hehre 
and S ~ h l e y e r ~ ~ "  and by Kohler and L i s ~ h k a ~ ~ ~  and in 
several calculations by us comparing capped and planar 
isomers. The addition of d functions to the basis set should 
favor the capped structures relative to the planar 
but it is unlikely that the ordering would be reversed. 
Estimates of correlation energy also should reduce the 
energy difference between 1-C and 2-C.23b It might be 
noted, though, that 3-C is lower in energy than any al- 
ternative cyclic C6H5+ isomers considered by Castenmiller 
and Buck.8a 

OiO 

n 

(3 (b) 

Figure 2. Schematic representation of the hydrogen bending in 
1-Si (a) and 1-C (b). 

the size of the orbitals on the apical group, the size of the 
ring, and the apex-base distance. Since the size of the ring 
is essentially the samo in 1-Si and 1-C, the hydrogen tilt 
is considerably smaller with the larger Si as the apical atom 
(Figure 2a) than with C (Figure 2b). In Me5CpSn+ and 
C6H&n, the orbitals or1 the isoelectronic Sn+ and In atoms 
apparently are even larger and more diffuse. This results 
in the methyl groups in Me,CpSn+ and the hydrogens in 
CpIn tilting away from the capping atom by about 4': 
The shorter apical carbon-ring carbon distances in 5 result 
in an even greater hydrogen tilt to more than 12' toward 
the CH cap. This orients the C 2p orbitals to allow for 
maximum overlap. The apical hydrogen in 5 bends toward 
the C4-C5 bond by 5.0', orienting the 2p orbitals on the 
CH cap for improved overlap with those of the ring. 

(b) Planar Structures. We have studied three elec- 
tronic states of the silaphenyl cation 243, namely, the 
6-*-electron singlet and two triplets with 5-*-electron 
configurations (3B1, 3A2). These triplets have one electron 
in the silicon lone-pair orbital and one electron in the bl 
or a2 A orbitals, respectively. The LUMO in the singlet 

w 
b? 3 

state is almost exclusively the silicon lone-pair orbital, but 
it is also weakly Si-C antibonding. The optimized sila- 
phenyl cation structures show features similar to the 
corresponding states of the phenyl cation,1° but the relative 
changes between silabenzeneZ2 and the silaphenyl cation, 
although parallel, are generally smaller than those between 
benzene and the phenyl cation.1° In the singlet silaphenyl 
cation the internal angle at Si widens to 128.2' (a change 
of 17.9' from silabenzeneZ2) in order to increase the pop- 
ulation of the formally empty u orbital on Si by hyper- 
conjugation; for similar reasons the angle at Cz (Cd narrows 
by 12.4' from silabenzene to 105.0'. The corresponding 
angles and differences between benzene and the singlet 
phenyl cation are 144.9' (24.9') and 103.6' (16.4'). The 
carbon-silicon distance is shortened considerably from 
1.722 A in silabenzene to 1.609 A in singlet 2-Si. The 
smaller geometrical distortions in 2-Si indicate the elec- 
tronic demands of Si+ to be significantly less than those 
of C+ in 2 4 .  In accordance with the nodal pattern of the 
bl orbital, the Si-C bond length increases considerably in 
the 3B1 state to 1.809 A, accompanied by a decrease of the 
internal angle a t  Si to 110.6'. Since the a2 orbital has a 
node on Si and C4, a smaller lengthening of the Si-C bond 
is predicted in the 3Az sh te  (0.05 A); the C2--C3 bond (1.464 
A) has lengthened significantly by 0.06 A. The angles in 
the 3B1 and 3Az states are rather similar. 

The geometrical dist,ortions in singlet 2-Si result only 
in a population of 0.15 e in the formally vacant in-plane 

~ 

(22) Schlegel, H. B.; Coleman, B.; Jones, M., Jr. J .  Am. Chem. SOC. 
1978, 100,6499. 

(23) (a) Hehre, W. J.; Schleyer, P. v. R. J. Am. Chem. SOC. 1973, 95, 
5837. (b) Kohler, H.-J.; Lischka, H. Ibid. 1979, 101, 3479. 



C6H5+ and C5H5Si+ Isomers 

The situation is quite different with the C5H5Si+ isomers. 
The STO-3G calculations indicate the v5 form 1-Si to be 
the most stable conformer; the 3B1 state of the silaphenyl 
cation 2-Si is 32.6 kcal/mol higher in energy. The singlet 
and the other triplet state (3A2) of the silaphenyl cation 
and 3-Si all lie about 100 kcal/mol higher in energy than 
the q5 state of 1-Si and do not seem to be competitive. As 
with the carbon analogues, use of the split valence basis 
(3-21G/ STO-3G) results in the relative destabilization 

with the inclusion of d orbitals on Si, the relative energies 
further favor the v5 form by about 12-20 kcal mol (STO- 

aration in 2-Si (62.0 kcal/mol) is considerably larger than 
that in 2-C (18.2 kcal/mol a t  the STO-3G level),loa while 
the 1A1-3A2 energy difference in 2-Si is only 1.2 kcal/mol 
(10.1 kcal/mol in 2-C)lb; in both cases the triplets are the 
lower lying states (STO-3G). A large part of the difference 
in energy between the two triplets in 2-Si may be traced 
back to the orbital energy difference of 41.2 kcal/mol 
present between the bl and the a2 orbital in the singlet 
silaphenyl cation. Since accurate multiplet separations are 
difficult to obtain theoretically, it is often convenient to 
attempt an empirical calibration of the separations by 
means of documented data from smaller, related systems. 
The singlet-triplet separation in silylene is calculated to 
be 15.7 kcal/mol at the STO-3G level with the singlet state 
as the ground state.24 A far more extensive calculation 
by Meadows and SchaeferZ5 gave 18.6 kcal/mol (empiri- 
cally corrected to 10.0 kcal/mol) for this energy difference, 
while a photolysis experimentz6 produced a maximum 
value of 0.6 eV (13.8 kcal/mol). The STO-3G basis set may 
thus underestimate the stability of the 3B1 state in SiH2 
relative to the singlet by a few kilocalories per mole. The 
unrestricted Hartriee-Fock method applied here to the 
triplets mixes in states of higher spin multiplicities 
(quintets, heptets, ... ), thus implicitly including some 
correlation energy and artificially lowering the triplets 
relative to the singlet. Unfortunately, the 3B1 state of 2-Si 
is heavily contaminated from such higher spin states (( Sz) 
= 2.63) as opposed l,o the 3A2 state ( (S2)  = 2.16) or the 3B1 
state in SiHz ((S2) = 2.003).24 The value of this added 
correlation energy would seem easily to exceed a few ki- 
localories per mole, making the 1A1-3B1a separation of 62.0 
kcal/mol in 2-Si an upper bound. This implies that the 
calculated 32.6 kcal/mol separation between 1-Si and the 
3B1 state of 2-Si is a lower limit, but we must consider the 
expected basis-set dependence in the relative stability of 
pyramidal vs. planar structures. The relative destabili- 
zation of 1-Sa at  a split valence basis set level is smaller 
than that of 1-C, because of the larger apical-ring distance 
involved. Ahlrichri and Heinzmand‘ argued that the 
“mismatch” of p(n) orbitals on C and Si, present a t  a 
minimal basis set level and responsible for the claimed 
weakness of the Si-(C double bond,28 may be substantially 
relieved with extended basis sets. The gain in energy from 
the use of a more flexible valence basis roughly follows the 
double bond charadRr in the Si-C and C-C bonds, i.e., 3-Si 
= 2-Si(lA1) = 2-Si(“A2) > 2-Si(3B1) > 1-Si. The addition 
of d functions preferentially stabilizes the pyramidal iso- 
mer 1-Si relative to planar 2-Si and 3-Si. The ground state 

of the q i form (between 10 and 25 kcal/mol). However, 

3G*/ /STO-SG vs. STO-3G//STO-3G). The i A1-3B1 sep- 
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of the silaphenyl cation thus appears to be the 3B, state, 
and we expect this state to lie considerably above the 
singlet state of 1-Si. This supports the suggestion of Aylett 
and Colquhoun.2 

The binding energies for the half-sandwich structures 
may be estimated from eq 1 and 2. Using ground-state 

C6H5+ (1-c) - C5H5+ + c (1) 

C5H5Si+ (143) - C5H5+ + Si (2) 

energies calculated with molecular scaling factors for the 
dissociation products,29 we find a binding energy for 1-C 
(eq 1) of 73.3 kcal/mol a t  the STO-3G level but of only 
28.3 kcal/mol a t  4-31G. The inclusion of d functions in 
the basis set would preferentially lower the energy of 1-C 
and increase the energy of eq l.23b The binding energy in 
the silicon pyramid (eq 2) is calculated to be considerably 
larger, 153.7 kcal/mol a t  the STO-3G level and 192.9 
kcal/mol at the STO-3G* level. 

(24) Krogh-Jespersen, M.-B., unpublished data. 
(25) Meadows, J. H.; Schaefer, H. F., 111. J. Am. Chem. SOC. 1976,98, 

(26) Kasdm, A.; Herbst, E.; Lineberger, W. C. J. Chem. Phys. 1975, 

(27) Ahlrichs, R.; Heinzmann, R. J.  Am. Chem. Soc. 1977, 99, 7452. 
(28) Damrauer, R.; Williams, D. R. J. Organomet. Chem. 1974,66,241. 

4383. 

62, 541. 

Curtis, M. D. Ibid. 1973, 60, 63. 

Conclusions 
Two factors seem to be very important in determining 

the most stable isomer: (1) the efficient distribution of 
the excess charge to achieve overall maximum bonding and 
(2) the relative preference for double vs. single bonds. 
Molecules containing a Si-C double bond are chemically 
unstable.nv28*30 Inspection of the different C6H&X+ isomers 
illustrates how strongly Si prefers to be bonded to C by 
single or even partially single bonds; the stabilities of the 
isomers and states follow closely the degree of double bond 
character in the Si-C bonds. Since carbon-carbon double 
bonds are considerably stronger than silicon-carbon double 
bonds (bond energies of 63 and 46 kcal/mol, respectively),n 
the electron deficiency is best associated with the weaker 
bonds in order to maintain efficient bonding elsewhere in 
the molecule. The electropositive Si can accommodate a 
large portion of excess charge with little reorganization of 
the remainder of the molecule. Carbon also prefers to be 
singly bonded, but the 6-*-electron aromaticity in 2-C 
seems to be far better than the multicenter bonding in 1-C. 
The more electronegative element, carbon, does not ac- 
commodate positive charge on one atom (e.g., the capping 
atom in I) satisfactorily, and significant geometrical 
changes are needed to distribute the charge optimally. 
This is observed especially in 5. 

If we classify the valence molecular orbitals with respect 
to the common C, symmetry plane, we find that the singlet 
states of 2-Si and 2-C have eight symmetric and six an- 
tisymmetric orbitals,31 while 1-Si, 343, 1-C, 3-C, and 5 all 
have nine symmetric and five antisymmetric orbitals. 
Interconversions between the set of h0mome1-s~~ 1-C, 342, 
and 5 (or 1-Si and 3-Si) are therefore “allowed, but con- 
version from any of these to 2-C (or 2-Si) is “forbidden”, 
involving a HOMO-LUMO The rearrangement 
of 5 to 3-C would seem to occur without too large a barrier, 
whereas 1-C rearranging to 3-C looks far more improbable 
with the necessary insertion of the apical carbon into the 

(29) Planar Cd-IH6+: E(ST0-3G) = -189.632 83 au, E(4-31GllSTO-3G) 
= -191.64648 au. Hehre, W. J. In “Modern Theoretical Chemistry”; 
Schaefer, H. F., 111, Ed.; Plenum Press: New York, 1977; Vol. 4. C(3P): 
E(ST0-3G) = -37.19839 au, E(4-31G) = -37.63505 au. Si(8P): E(ST0- 
3G) = -285.466 23 au. 

(30) Barton, T.  T.; Wulff, W. D.; Arnold, E. V.; Clardy, J. J. Am. 
Chem. SOC. 1979, 101, 2733. Elsheikh, M.; Pearson, N. R.; Sommer, L. 
H. Ibid. 1979, 101, 2491. 

(31) Our count differs from that of ref 8a, which lists 2-C as having 
seven symmetric and seven antisymmetric valence orbitals. 

(32) Dewar, M. J. S.; Kirschner, S.; Kollmar, H. W. J.  Am. Chem. Soc. 
1974,96, 5240. 
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carbon-hydrogen bond. Although 3-C is indicated to be 
the lowest energy conformer among its set of homomers 
(31 kcal/mol below l..C,4-31G//STO-3G), the apparent 
lack of an easy pathway for rearrangement might lend 
some kinetic stability to 1-C, if it can be formed. A possible 
precursor is the pyramidal Hogeveen dication' CgR6" 
which might dissociate to C6H5+ and R+ to reduce elec- 
trostatic repulsion. This process would be favorable if R+ 
is a stable cation (e.g., tert-butyl). The C6R5+ thus formed 
might be expected to retain the pyramidal structure of this 
dication. 

We have not proven that 1-Si is the most stable C5H5Si+ 
isomer, but this seems likely. It would seem imperative 
to  place as much of thie excess positive charge as possible 
on Si, but in alternative noncyclic structures this must lead 

(33) Pople, J. A. In ''Modern Theoretical Chemistry"; Schaefer, H. F., 
111, Ed.; Plenum Press: New York, 1977; Vol. 4. 

to a structure with unfavorable Si-C multiple bonding. 
Although the energy estimates provided here may be only 
qualitatively correct, the geometries obtained should be 
reasonably reliable% and will be useful as starting points 
for higher level calculations (e.g., those combining split 
valence and d basis sets), when these become feasible. 
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We report here reactions of OH- and 0-- in the gas phase with seven acyl chlorides, three diacyl chlorides, 
and two perfliiorodiacyl chlorides through examination of negative chemical ionization mass spectra. With OH- 
as the reactant, formation of the acetylenic alkoxide ion, RCsCO-, is favored. Reactions with 0-. typically are 
simpler than those with OH- and show C1- as the most intense ion. In neither case are (M - 1)- ions or ions containing 
chlorine seen. The intensity of 0 - a  spectra varies widely with structure. The reactions of perfluorosuccinyl and 
perfluoroglutaryl chloride are quite different from their nonfluorinated analogues, and loss of the elements of 
phosgene is an important process. There is some evidence for occurrence of intramolecular hydrogen transfer 
with 0-. as the reactant ion. 

In recent years there have appeared the first reports of 
OH- negative chemical ionization mass spectra of various 
types of organic compounds, including simple esters, ke- 
tones, and alcohols,' essential oils,2 ~ te ro ids ,~  methadone 
and iB metabolites,' and both cyclic5 and open-chain6 diols. 
In the present study we have examined both the OH- and 
the 0-. spectra of seven simple acyl chlorides, three 
straight-chain diacyl chlorides, and two perfluorodiacyl 
chlorides. Our studies have served to identify interesting 
chemical transformations brought about by anions in the 
gas phase, and these are discussed below. 

When OH- was used as the ionizing reagent, it was 
produced by reactions of 0-- from N20 (eq 1) with either 
hydrogen or methane, following eq 2 or 3. The same 

(1) 

(2) 

(3) 

NzO + e - N2 + 0-. 
0-. + Hz -+ OH- + H 

0-. + C!Hd --+ OH- + CH, 

(1) Smit, A. L. C.; Field, F. H. J. Am. Chem. SOC. 1977, 99, 6471. 
(2) Bruins, A. P. Anal. Chem. 1979,51, 967. 
( 3 )  Roy, T. A.; Field, F. H.; Lin, Y. Y.; Smith, L. L. Anal. Chem. 1979, 

51. 272. 
I -  ~ 

(4) Smit, A. L. C.; Field, F. H. Biomed. M&ss Spectrom. 1978,5, 572. 
(5) Winkler, F. J.; Stahl, I). J .  Am. Chem. SOC. 1978, 100, 6779. 
(6) Lloyd, J. R.; Agosta, W .  C.; Field, F. H., submitted for publication 

in J. Am. Chem. SOC. 
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methods have been used in previous studies in this labo- 
r a t ~ r y . ' - ~ , ~  When the ionizing reagent was 0-., it was 
produced from N20 as shown in eq 1. We have previously 
suggested that the other processes involving NzO in this 
system are those summarized in eq 4-9, where reaction 9 

(4) 

( 5 )  

(6) 

(7) 

(8) 

X - - X + e  (9) 
is any electron-loss process that may take place.6 We have 
discussed our reasons for preferring this scheme to that 
discussed earlier by Caledonia.' Also, we have noted6 that 
we have no way of ascertaining whether spectra determined 
in N20 alone result specifically from reaction of 0 - e  with 
the substrate molecule or alternatively arise through 
transfer of 0-. to the molecule from some other species, 
presumably NOz-, that is formed in reactions 4-9. For 
convenience and simplicity, however, we discuss these 

0-* + NzO - [NzOz-*]* 

[NzOz-*]* - 0 2 - e  + Nz 

[N202-*]* -+ NO- + NO 

[NzOz-.]* + NzO -+ NOz- + NO + N2 

[NzOz-.]* + NzO (or M) - NzOz-. + N20 (or M) 

(7) Caledonia, G .  E. Chem. Reu. 1975, 75, 333. 
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