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Introduction 

A problem of long-standing interest in organic chemistry 
has been the difference in behavior between oxygen and sulfur. 
Based on solution-phase studies it has generally been accepted 
that oxygen is the more effective at stabilizing adjacent car-
bocation centers, while sulfur more effectively stabilizes 
carbanions and radicals or radical-like photoexcited states.3 

The major reasons for this trend, it has been argued, are the 
superior 7r-donating ability of oxygen vs. the x-accepting 
ability of sulfur, the latter attributed to d x - p x overlap.3'4 

These conclusions have recently been questioned on the basis 
of theoretical studies,5,6 which indicate sulfur to be as effective 
as oxygen in stabilizing cations,5 and show that interactions 
involving d functions on sulfur are energetically less important 
than the greater polarizability associated with its larger, more 
diffuse orbitals.6 A recent paper by Caserio and co-workers 
reviews these arguments.7 

A number of gas-phase studies involving sulfur-containing 
positive ions have provided additional information,7-16 but 
results have not led to a consistent interpretation. The frag
mentation of HOCH 2CH 2SH+ - yields a higher abundance of 
H 2 C = S H + (a) than of H 2 C = O H + , 8 supporting the theo
retical conclusion53 that a is better stabilized by x interaction. 
Similarly, recent ion cyclotron resonance studies7 show that 
gas-phase formation from CHsYCH2Cl+- of CHaSCH 2

+ is 
preferred over that of CHsOCH2

+ . Further support is provided 
by the observation that gaseous thioalkoxide (R 2 CH—S + ) 
isomers of C 2HsS+ and CaHyS+ ions rearrange rapidly to the 
more stable protonated thiocarbonyl structures R 2 C = S H + . 9 

On the other hand, appearance potential studies of 
CSH 3

+ " " ' 6 indicate the H 3 C - S + (b) structure to be as1 ' or 
more12 stable than a, in strong contrast to the situation re
garding the oxygen analogues, in which there is little doubt that 
the H 2 C = O H + structure is significantly more stable than 
other isomers.17'18 

Combined experimental and theoretical investigations of 
CSH 3

+ and COH 3
+ are reported in this and the accompanying 

paper,18 respectively. Collisional activation (CA) mass spec-
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trometry19 is used to distinguish between a and b formed under 
various conditions and ab initio molecular orbital theory to 
obtain detailed geometries and energies for these and related 
ions. The results indicate that the most stable form of CSH 3

+ 

is a, ~10 kcal/mol more stable than the triplet b. 

Experimental Section 

CA measurements of m/z 47 were made as described previously9-19 

on a computerized double-focusing mass spectrometer of reversed 
geometry using 7.8-kV accelerating potential and 150 0C ion source 
temperature. Each spectrum (Table I) is the computer-averaged 
composite of at least 16 scans. Additional peaks present but not used 
were m/z 45 and 46, also formed by metastable ion decomposition; 
m/z 44, a large peak (~five times greater than m/z 33) whose abun
dance is independent of the mode of formation; m/e 34, which origi
nates in part from 34SCH+; and m/z 23.5 (CSHj2+, weak, very sharp, 
and of poor reproducibility). Standard deviations, estimated from 
several separate runs on methyl sulfide, are the larger of ±7% relative 
or ±0.5% absolute (greater for low-energy ionization). Mixture 
analysis was based on the m/z 15:14 ratio. CH3SD was prepared from 
CH3SH by exchange with D2O in the inlet system; the m/z 49:48 from 
low electron-energy ionization indicated ~92% isotopic purity. Other 
samples were obtained commercially. 

Molecular orbital calculations were carried out using the GAUSS
IAN 70 series of computer programs.20 The minimal STO-3G basis 
set21 was used for full geometry optimization of each structure, fol
lowed by single calculations with the 4-3IG basis22 at STO-3G 
geometries. In some cases further optimization was carried out with 
the 4-31G basis. Calculations of open-shell species employed the UHF 
procedure of Pople and Nesbet.23 General discussions of the meth
odology are given by Pople;24 for an evaluation of the accuracy of 
STO-3G and 4-3IG calculated properties involving second-row ele
ments (Na-Cl) see Collins et al.25 

Experimental Results and Discussion 

Collisional Activation Spectra. In the CA spectra of m/z Al 
ions from a variety of precursors (Table I) two patterns are 
evident. The spectrum assigned to protonated thioformal-
dehyde, H 2 C = S H + (a), is that found for the thiols RCH2SH 
which should give a by R loss via a cleavage;9 spectra identical 
within experimental error are found for R = H, CH3 , n-C3H7, 
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Table I. Collisional Activation Spectra of CSH3+ Ions 

compd 12 13 
m/z of daughter ion 

14 15 32 33 
ion 
structure" 

CH3SH 
12 eV* 

CH3CH2SH 
16 eV 

CH3CH2CH2CH2SH 
HOCH2CH2SH 

17eV 
CH3SCH3 

12eV 
C2H5SCH3 
/-C3H7SCH3 
A-C3H7SCH3 

2OeV 
CH2CHCH2SCH3 
C2H5SC2H5 
CH3SSCH3 

12eV 
CH3SOCH/ 
CH3SOCH2SCH3 

14eV 
CH3SD ( - H ) ^ 

14eV<* 
CD3SH (-H)d 

\3e\d 

CD3SH (-D)^ 
13 e V 

1.4 
1.8 
1.4 
3.1 
1.9 
2.1 
2.0 
2.1 
2.4 
2.6 
2.3 
2.5 
2.5 
1.8 
2.0 
1.8 
2.0 
1.9 
1.6 
3.1 
1.7 
1.2 
1.4 
2.2 
2.0 
2.0 

3.1 
4.7 
2.7 
4.1 
3.6 
3.4 
3.9 
3.3 
4.0 
4.1 
4.0 
4.1 
5.4 
4.6 
3.8 
3.4 
3.3 
3.8 
2.4 
3.3 
2.0 
1.7 
0.0 
0.0 
0.1 
0.1 

9.0 
9.2 
9.3 

11.5 
10.2 
9.1 

10.7 
8.6 

11.3 
9.2 
9.4 

10.0 
14.3 
9.4 

10.5 
8.5 

10.3 
7.8 
7.9 

13.9 
5.4 
4.8 
3.5 
3.9 
3.0 
3.2 

1.2 
0.6 
1.4 
0.7 
0.9 
0.4 
0.9 
1.4 
1.9 
4.5 
2.6 
0.9 
2.8 
0.8 
6.2 
2.1 
3.2 
5.1 
1.6 
6.6 
9.7 
0.0 
0.0 
4.8 
6.7 

35 
36 
35 
34 
34 
37 
35 
36 
34 
40 
39 
39 
35 
35 
34 
39 
37 
39 
38 
32 
30 
26 
29 
36 
36 
32 

50 
48 
51 
46 
50 
48 
48 
49 
47 
41 
41 
42 
42 
46 
49 
41 
45 
40 
45 
46 
26 
32 
0.0 
0.0 

20 
19 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a (95%), b 
a (80%), b 
a (90%), b 
a 
a (90%), b 
a 
a (65%), b 
a (95%), b 
a (80%), b 
a (70%), b 
a 
a 
a 
a 
a 
a 
a 

16 
m/z of daughter ion 

34T 35/ 36/ 

CH3SD (-H) 
14 eV 

CD3SH ( 
13eV 

CD3SH ( 
13 eV 

H) 

D) 

0.9 
0.8 

13.1 
11.7 
6.6 
6.1 

0.0 
0.0 
0.6 
1.2 

1.0 
1.8 
0.0 
0.0 

27 
23 
52 
44 
26 
29 

5.2 
4.4 
0.0 
0.0 
3.8 
3.6 

6.9 
5.0 
1.6 
1.7 

a a = H2C=SH+ , b = H 3 C - S + . Mixtures analyzed by m/z 15/14 ratio, estimated error ±15%, assuming that CH3SSCH3 gives 50% b 
at 17.5 eV (see text). * Ionizing energy 70 eV unless specified. c Dimethyl sulfoxide; corrected for isotopic contributions from H2CS+ and 
HCS+ to CSH3

+. d Remainder of spectrum at bottom of table. e Contains ~8% CH3SH+. f Possible contributions from S(H1D)2
+ at this 

mass. SH2
+ abundance in CA spectrum OfCSH3

+ from CH3SH is 5.3 units, so these CA spectra are normalized to a total of 105 abundance 
units. 

and HOCH2 at high and low ionizing energies. The spectrum 
of a is also obtained from ethyl sulfide, presumably9 through 
a cleavage and rearrangement loss of ethylene. 

The CSH 3
+ ions from dimethyl disulfide yield a different 

CA spectrum which is consistent with the presence of the thi-
omethoxide ion structure. Cleavage of the CS bond OfCH3-S+ 

ions should produce C H 3
+ (m/z 15) and S + (m/z 32), whose 

abundances are increased in this CA spectrum compared to 
that of a; generation of these fragments from ^ C = S H + re
quires rearrangement. However, changing the ionizing electron 
energy changes this CA spectrum; at 12 eV it resembles closely 
that of ion a, and the spectra at other energies are consistent 
with a mixture of the two ion structures (Figure 1). Because 
the highest proportion of b is observed at 18 e V, none of these 
CA spectra should represent that of pure b; the compositions 
of Table I were calculated arbitrarily assuming the 18-eV 
spectrum to represent equal amounts of a and b.26 Except for 
CH3SCH3 , significant amounts of b are produced at 70 eV 
from other CH3SR compounds;28 the proportion of b appears 
to be higher for those compounds in which the S-R bond is 
weaker. Again, low ionizing energies lead to higher proportions 
of a. 

Indirect CH2=SH + Formation at Low Energies. The fact 
that a is favored over b upon lowering the ionizing energy for 
CH3SR compounds suggests the presence of a low-energy, 
tight-complex reaction leading directly to protonated thio-

H.9 R 

H 

H,C—'S. H2C=SH + R- (1) 

R-

formaldehyde (eq 1). Evidence that the formation of higher 
homologues of a involves such a displacement process has been 
presented previously.9 Because the entropy of this process is 
unfavorable, its dominance at threshold energies indicates that 
ion a must be somewhat more stable than b, assuming that the 
reverse activation energy is small. 

Indirect C H 2 = S H + Formation at High Energies. The de
crease in the relative abundance of b formed from CH3SSCH3 
at ionizing energies > 18 eV, as well as the substantial amounts 
of a present in other 70-eV methyl sulfide spectra, indicates 
that another process leading to a is important at higher ener
gies. Rearrangement of the molecular ion prior to fragmen
tation seems unlikely,9 as its tight complex transition state 
should be poorly competitive at high energies. A more plausible 
scheme is that b ions formed with sufficiently high internal 
energies rearrange to the more stable a ions on the ~10 - 5 - s 
time scale of the CA experiment; the fact that higher homol
ogues of b could not be detected was explained9 on the basis 
of the high tendency for rearrangement analogous to b -»• a. 
The Figure 1 data are consistent with a substantial activation 
energy barrier (possibly 40 kcal)26 for rearrangement b -* a. 
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Table II. Theoretical Energies and Geometries of Sulfur-Containing Species 

compd 

SH + 

SH2 

S H 3
+ 

HCS + 

H 2 C = S H + 

H 3 C - S + 

H 3 C - S + 

H 2 - H C S + 

H3CS-

CH3SH 

sym
metry 

C 0 

C2 . 

c3„ 
C^1, 
Cs 

(planar) 

c3„ 
Cs 

C1V 

Cs 

Cs 
(staggered) 

state 

3 S -
1A, 
1A1 
1 S + 

1A' 

3A, 

1A' 

1A, 

2A' 

1A' 

total energy, 
STO-3G 

-393.488 37 
-394.311 63 
-394.666 72 
-430.860 10 
-432.056 39 

(0.0 kcal/mol)/ 

-432.103 79 
( -29 .7 ) / 

-432.008 47 
(30.1) 

-431.978 05 
(49.2) 

-432.299 96 

-432.896 00 

hartrees 
4-3IG 

-397.281 246 

-398.202 99c 

-398.458 9\d 

-435.080 78 
-436.272 73 

(0.0) 

-436.301 45 
( -18 .0 ) / 

-436.218 06 
(34.3) 

-436.208 36 
(40.4) 

-436.596 83 

-437.179 90 

geometry" 

SH = 1.380 
SH = 1.329, HSH = 92.5 
SH = 1.354, HSH = 96.6 
C S = 1.468, CH = 1.100 
C S = 1.630, SH = 1.351, 

CHi = 1 . 1 1 0 / C H 2 = 1.100, 
CSH = 98.3, SCH1 = 124.2, 
S C H 2 = 119.0 

CS = 1.826, CH = 1.092, 
SCH = 108.1 

C S = 1.790, CH1 = 1.103, 
C H 2 = 1.091,SCH1 = 102.8, 
S C ( H ) 2 3 = 132 .1 ,H 2 CH 3 = 113.2 

CS = 1.469, CH1 = 1.100, 
H 2H 3 = 0.714, H i - ( H ) 2 3 = 2.589 

C S = 1.794, CH1 = 1.087, 
C H , = 1.087, SCH1 = 109.2, 
SC(H)2 3 = 129.9, H 2 CH 3 = 108.0 

C S = 1.797, SH = 1.331, 
CH1 = 1.085, C H 2 = 1.087, 
CSH = 95.1, SCHi = 109.9, 
SC(H)2 3 = 129.3, H 2CH 3 = 108.0 

0 Optimized at STO-3G. Bond lengths in angstroms, angles in degress. Except where noted otherwise, H2 and H3 are symmetry equivalent 
and (H)23 refers to the midpoint of a line from H2-H3. b Optimization at 4-31G gives SH = 1.379, E = -397.281 24 hartrees. c Optimization 
at 4-31G gives SH = 1.354, HSH = 95.5, E = -398.203 95 hartrees (also found in ref 25). d Optimization at 4-31G gives SH = 1.354, HSH 
= 100.2, £ = -398.459 92 hartrees. e H, syn, H2 anti to SH./Ion energy referred to H2C=SH+as zero; for triplet C H 3 - S + a better value 
of +8.4 kcal/mol is derived empirically (see text). 

0.6 L 
[CH3S+] 

[CH3S+] + [CH2=SH] 

0.4 
CH3 -S — CH2 = SH 

J 
15 20 70 

Electron Energy , eV 

Figure 1. The relative abundance of thiomethoxy ions in the CSH3
+ ions 

formed from dimethyl disulfide as a function of ionizing electron en
ergy. 

Thus the lowered [b]/[a] from dimethyl disulfide (Figure 
1) found at both low and high ionizing energies is explicable 
in terms of molecular ion isomerization accompanying de
composition (eq 1) and fragment ion isomerization (b —* a), 
respectively. From methyl sulfide no significant fraction of b 
is formed at any ionizing energy; an additional factor in this 
case may be the low probability of forming molecular ions with 
appropriate internal energies. The photoelectron spectrum of 
CH3SCH3

29 indicates that a very small proportion of molec
ular ions will be formed with internal energies of 0.5-2.5 eV.30 

Photoelectron spectra of larger methyl alkyl sulfides and di
methyl disulfide31 show much smaller gaps between the first 
and second bands. 

CD3SH and CH3SD. The loss of H from CD3SH+- has a 
lower appearance potential (AP) than the loss of D; our find
ings qualitatively confirm the reported12 values of 11.76 and 
12.01 eV, respectively. This observation was previously in
terpreted as indicating a lower heat of formation for CD3—S+ 

than CD2=SH+.12 However, the CA spectra show that only 
a is formed at both high and low ionizing energies; the 
[C(H5D)3

+]/[C(H1D)2
+] values in the CA spectra of both ions 

(and for CSH2D+ from CH3SD) are those expected for a. 
Thus methanethiol also appears to undergo displacement re
arrangement (eq 1) at low energies to give a by loss of the thiol 
hydrogen atom. For CD3SH the observed12 difference in 
AP(-H) vs. AP(-D) could be due to a kinetic isotope effect 
favoring loss of H. At high energies a is the dominant isomer 
formed; in the case of CSD3

+ ions from CD3SH this suggests 
again that most ions formed directly as b have sufficient in
ternal energy to isomerize to a in 10 -5 s. Consistent with this, 
Harrison has recently found that the metastable ion decom
position behavior for both CSD3

+ and CSHD2
+ from CD3SH 

is identical with that expected for a.32 

The CA spectrum of CD2=SH+ indicates that substantial 
H-D scrambling occurs prior to the CA fragmentation. Hy
drogen scrambling in higher energy a ions could involve b, 
H-bridged structures, and/or the carbene-substituted sulfo-
nium ion, :CHSH2

+, all of which are indicated by MINDO/3 
to be energetically accessible below the fragmentation 
threshold for a.33 

Thermochemical Studies. The above data indicate that 
previous appearance potential studies of CSH3

+ ions measured 
a, not b, ions.34 The ionic heats of formation (AHf) for a de
rived16 from these measurements vary from 21013 to 222" 
kcal/mol;11^16 Harrison's extensive studies12 showed minimum 
values ~214 kcal/mol. Obviously, substantial experimental 
errors are associated with most of these values; by analogy to 
studies on CH2=OH+.36 the value of AHdCU2=SH+) is less 
than 213 kcal/mol, possibly by a significant amount. 

Theoretical Results and Discussion 
Results of ab initio calculations on a, b, and related systems 

are given in Table II; it is necessary to calibrate these against 
literature values before interpreting the results. 

SH+. In other theoretical studies41-43 of SH+ an optimized 
bond length of 1.352 A was obtained43 with a near-Hartree-
Fock spd basis. This and the experimental value of 1.350 A44 
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for neutral SH indicate that our values of 1.380 and 1.379 A 
are too large, evidently owing to the exclusion of d functions; 
similar trends are found in other second-row monohydrides.25 

Combining IP(SH) = 10.40 eV45 and AHf(SH) = 35 kcal/ 
mol40 leads to A//f(SH+) = 275 kcal/mol. This compares 
favorably with the theoretical value for the triplet, which lies 
below 1A by 1.16 eV.42 

SH2. The STO-3G geometry of SH2 determined here and 
elsewhere25 is in excellent agreement with experiment (r = 
1.336, HSH = 92.2).46 The 4-31G25 and a near-Hartree-
Fock43 geometry are less accurate; earlier theoretical studies 
have been critically reviewed.47 

SH3
+. In contrast to OH3

+, which is nearly planar,48 SH3
+ 

is strongly bent and has a substantial inversion barrier (30-35 
kcal/mol).43'49"51 Our STO-3G geometry is not identical with 
another {r = 1.345, HSH = 96.0)49 but agrees with the best 
available Hartree-Fock result (r = 1.360, HSH = 98.7).43 

Upon 4-3IG optimization the indicated structure becomes 
slightly less pyramidal, a trend found also for H3O+ and 
NH3.52 

HCS+. The STO-3G geometry of HCS+ is in good agree
ment with a MINDO/3 determination (CH = 1.092, CS = 
1.47O),33 both indicating a triple CS bond. Appearance po
tential (AP) studies16 give widely varying estimates of 
AHf(UCS+) ~ 300 ± 30 kcal/mol. MINDO/3 gives 245 
kcal/mol33 but this may be low; for HCO+, MINDO/3 gives 
185 vs. 195 kcal/mol experimentally.16 At 4-31G, HCS+ + 
H2 is calculated to lie 41 kcal/mol above H2C=SH+ ; from 
A//f(a) < 213 (vide supra), A# f(HCS+) < 254 kcal/mol. 

H2C=SH+. From semiempirical33,53 and ab initio5,54 

studies a is found to be planar with a relatively small CSH 
angle (98.3° at STO-3G, 100.9° at 4-31G,5 109.2° at 
MINDO/333) and a CS bond (1.65 A,5-54 1.61,33 1.63 A at 
STO-3G) order of two. Population analysis indicates a sig
nificant degree of ir bonding between C and S and a rotational 
barrier about the CS bond higher than that estimated for 
H2C=OH+.5 These considerations suggest that the structure 
H 2C=SH+ is preferable to H2C+—SH, in contrast to con
clusions from AP studies.37 

H3C—S+. In b there are formally four nonbonding valence 
electrons on sulfur to be distributed among three orbitals. 
According to Hund's rule the most stable configuration should 
be a triplet, in agreement with the calculated results. Jahn-
Teller distortion in the singlet leads to C5 symmetry; the CS 
bond is shorter than that in the triplet, the CH bond in the 
plane of symmetry is lengthened, and the associated SCH angle 
is smaller, indicating hyperconjugative interaction between 
a CH bond and the coplanar, formally vacant, p orbital on 
sulfur. A MINDO/3 study33 of CSH3

+ ions did not examine 
triplet states or the H3C—S+ structure, but two H-bridged 
geometries were found to be minima on the singlet surface. One 
of these (Cs symmetry) was examined here at STO-3G and 
found to collapse to the 1A' structure of Table II. MINDO/3 
is known to favor bridged ion structures to a greater extent than 
STO-3G.55 Contrary to the CA results, both STO-3G and 
4-31G indicate b to be more stable than a; empirical corrections 
to these values will be discussed below. 

H2 "-HCS+. Based on a suggestion by Schleyer et al. con
cerning the COH3

+ system,56 a complex of C2t; symmetry 
between H2 and HCS+ was examined. H2 and HCS+ are 
found to retain their individual geometries in a weakly bound 
state with a distance of 2.589 A between the HCS+ hydrogen 
and the midpoint of H2. At STO-3G or 4-3IG this complex is 
bound by less than 1 kcal/mol relative to separated species. A 
local potential minimum was also found for the C2t configu
ration H2 -SCH+ , but after partial optimization the indicated 
energy of this complex was higher than that of H 2-HCS+ . 

H3CS*. The thiomethoxy radical is found to be only slightly 
distorted relative to C3t. symmetry, having nearly tetrahedral 

bond angles at carbon like the triplet b ion. The calculated CS 
bond distance in the radical (1.794 A) is closer to that of the 
singlet (1.790 A) than the triplet (1.826 A). Thus it is difficult 
to predict from Franck-Condon factors which state will be 
obtained upon ionization. STO-3G may underestimate these 
values; ab initio studies with larger basis sets find54 CS dis
tances of 1.881 A for the radical and 1.852 A for the ion 
(electronic state not specified). 

From an energetic viewpoint, ionization to the triplet is 
clearly favored, with a calculated (4-3IG, adiabatic) ionization 
potential of 8.04 vs. 10.31 eV for the singlet (although neglect 
of correlation energy may make the singlet value too large by 
~1 eV). Ab initio calculations515 including d functions on sulfur, 
but without complete geometry optimization, indicate H3CS-
to be 49 kcal/mol more stable than its -CH2SH isomer; a 
theoretical reinvestigation of this rather large value would be 
of interest. 

CH3SH. The STO-3G basis underestimates the CS distance 
in methanethiol by 0.021 A compared to the experimental 
1.818 A;57 a previous calculation25 at STO-3G gave 1.804 A 
with a slightly higher total energy. Other theoretical ap
proaches give values over a wide range: 1.742 A by 
MINDO/3,51 1.857 A with a large spd basis,60 1.881 A at 
4-3IG,25 and 1.790 A with a minimal basis augmented with 
d functions.25 Evidently the potential surface for CS stretching 
in H3CSH is quite flat, as also suggested by molecular me
chanics investigations.58 This is a result of the polarizability 
of sulfur,5-7 and reflects the weakness of CS bonding; the bond 
energy of CS in CH3SH is 67 kcal/mol compared to 82 kcal/ 
mol for that of CC in CH3CH3.59 

Relative Energies of CSH3
+ Isomers. Triplet H3CS+ is 

calculated to lie below H 2C=SH+ by 18 kcal/mol at 4-3IG 
(30 at STO-3G). However, it is well known that Hartree-Fock 
theory does not correctly reproduce singlet-triplet differences, 
since the correlation energy for states of higher multiplicity 
is lower than for closed-shell species. Two methods are used 
here to estimate this deficiency. The first assumes that the 
correction is the same as that for CH2, for which recent cal
culations60 find the triplet to be more stable than the singlet 
by 11 kcal/mol; at 4-3IG the difference is calculated61 to be 
37 kcal/mol, in error by 26 kcal/mol. Adding this correction 
to our 4-3IG triplel H3CS+ energy indicates that the energy 
of b lies 8 kcal/mol above that of a, consistent with the CA 
results. This method of estimating singlet-triplet differences 
has been applied to other systems with reasonable results.62 

In the second correction procedure, the relative heats of 
formation for a and b are estimated by comparing each with 
a series of related ions by means of hypothetical reactions 
(Table III) for which the theoretical reaction energy is com
bined with known AHf values for three of the species to esti
mate the value of the fourth. Such comparisons generally result 
in a cancellation of errors and reproduce experimental trends 
fairly well,62-65 especially when isodesmic63 reactions are 
employed. 

Protonated thioformaldehyde (a) may be viewed as a sub
stituted methyl cation. Thus isodesmic cation stabilization 
reactions65 comparing a with the methyl cation (reaction 1) 
and substituted derivatives (reactions 2-4) may be employed. 
The large positive reaction energy for reaction 1 indicates 
sulfur to be strongly stabilizing a to a carbonium ion center, 
more so than a methyl substituent (reaction 2), much less than 
amino (reaction 3), and somewhat less than hydroxy (reaction 
4). (The latter conclusion is in conflict with experimental ob
servations,5"8 indicating that the absolute AHf value is 
high.) 

The hydrogenation reactions 5 and 6 and the exchange re
action 7 are not isodesmic, and thus perhaps less reliable, as 
suggested by the more widely different heats of formation 
derived from them. Averaging the predicted AHf° values from 
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reaction reaction energy" Atff°(CSH3
+)* 

9 
10 
11 
12 

CH2=SH+ + CH4 = CH3SH + CH3
+ 

+ CH3CH3 = CH3SH + CH2CH3
+ 

+ CH3NH2 = CH3SH + CH2NH2
+ 

+ CH3OH = CH3SH + CH2OH+ 

+ H2 = CH 3
+ + SH2 

+ 2H2 = CH4 + SH3
+ 

+ H2O = H2S + CH2OH+ 

C H 3 - S + c + H2 = SH+ d + CH4 

+ CH4 = S H + + CH3CH3 
+ H2S = S H + + CH3SH 
+ CH3

+ = S H + + CH2CH3
+ 

+ HOOH = HOO+ ' + CH3SH 

38.5 
8.6 

-54.8 
-9.3 
15.7 

-45.7 
-1.2 

235 
225 
233 
217 
240 
215 
219 

4.4 
27.7 
27.2 
-2.2 
76.5 

av226± 10 
253 
245 
247 
235 
212 

av 238 ±.16 

" kcal/mol, calculated using 4-31G energies from Table II or W. A. Lathan, L. A. Curtiss, W. J. Hehre, J. B. Lisle, and J. A. Pople, Prog. 
Phys. Org. Chem., 11, 175 (1975), for nonsulfur compounds. * kcal/mol, calculated by combining theoretical reaction energy with experimental 
heats of formation from references such as ref 16, 39, and 40. c 3A] state (reactions 8-12). d 3 2~ state (reactions 8-11). e 3A" state. 

all seven reactions provides the theoretical estimate of 
AHf0(H2C=SH+) = 226 ± 10 kcal/mol. Like 4-31G-derived 
estimates for certain other ionic species,62 this value is clearly 
too high. 

To describe triplet H3CS+, reactions with the known triplet 
ions SH+ and HO2

+ were used to enhance error cancellation. 
Reaction 10 is isodesmic, and reaction 12 is nearly so, the two 
sides differing only by a bond to hydrogen. Reaction 11 indi
cates the stabilizing effect of methyl substitution on SH+ to 
be about the same as on CH3

+, which is larger than its effect 
on the neutral molecules H2 (reaction 8), CH4 (reaction 9), 
and SH2 (reaction 10). Reaction 12 demonstrates the energetic 
unfavorability of HO2

+ relative to CH3S+, a point not readily 
generalized. The average heat of formation for triplet CH3S+ 

from these reactions is 238 ± 16 kcal/mol. 
These estimates are too high, but the predicted a - b dif

ference, 12 kcal/mol, is in the right direction and in fair 
agreement with the value of 8 kcal/mol derived above. How
ever, it is evident that calculations employing larger basis sets 
and correlation estimates are required in order to deal further 
with this problem. 

A comparison to the oxygenated ions is also helpful. Based 
on the observations5^8 that sulfur is slightly more effective than 
oxygen at stabilizing adjacent carbocation centers in gas-phase 
species, reaction 4 of Table III should be endothermic; A//f 
(a) = 205 kcal/mol yields an experimental reaction energy of 
+3 kcal/mol favoring the sulfur ion. Based on the calculated 
difference of A//f(a) and AHf(b), and the maximum value of 
A//f(a)36 and the minimum value of A//f(b)34 cited above, we 
estimate A//f(a) ~ 205 and AHf(b) ~ 215 kcal/mol. 

Although we have not carried out detailed calculations ad
dressing the question of the barrier to b —- a rearrangement, 
some comments can be made. Consider a hypothetical three-
step rearrangement process: (1) spin pairing in b to give singlet 
H3CS+; (2) 1,2-hydrogen shift through a bridged transition 
state to nonplanar H2C+-SH; (3) 90° rotation about the CS 
bond leading to the product, a. According to the empirically 
corrected 4-3IG results, step 1 requires an activation energy 
( £ J of 26 kcal/mol. For step 2, a single STO-3G calculation 
at a reasonable geometry indicates £ a ~ 30 kcal/mol. For step 
3, the calculations of Wolfe5 indicate that rotated H2C+-SH 
lies only 2 kcal/mol higher than singlet H3CS+, so that the 
overall E3 is ~56 kcal/mol. The actual value for a synchronous 
process is likely to be somewhat lower; a value of 1.5-2 eV 
would appear to be consistent with Figure I.26 

RCH2-S
+ Energies. In contrast to the appreciable stability 

found for b, in the homologous C2SHs+ and C3SH7+ systems9 

the thioalkoxy ions R)R2CH—S+ corresponding to b rear

range without detectable activation to the protonated thioke-
tone ions RjR2C=SH corresponding to a. This is not unex
pected, as stabilization of a by methyl substitution adjacent 
to C+ should be greater than stabilization of b, in which the 
interaction between S+ and CH3 is small. An ab initio calcu
lation of the isodesmic comparison 

CH3-S+(3A1) + CH3CH=SH 
— CH3CH2-S+(3A') + CH 2=SH+ 

yields a reaction energy of +12.5 kcal/mol at STO-3G,66 

consistent with the failure to observe CH3CH2—S+.9 
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thiomethoxy ion (H3C—S+) , are stable in the gas phase, with 
the latter higher (~ 10 kcal/mol) in energy. To elucidate fur
ther the relative abilities of oxygen and sulfur for carbocation 
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