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Photoelectron spectrum and reactivity of silylalkyl sulphides.
Stabilization of radical cations by the B-silyl effect
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Abstract

The effect of a B-silyl group on sulphur lone pair ionization energies has been re-investigated by use of ab initio and semi-empirical
MNDO quantum-chemical calculations. The effect of the interaction between ng and eg_c orbitals and that of electron
reorganization have been shown to be unimportant in the case of silyl-methyl-sulphides. To interpret the observed features of the
ionization energies and reactivity, the electron release by the B-silyl group and hyperconjugative interactions have been considered.
Stabilization brought about by B-substitution for the ground state of the radical cation is ca. 10 kcal mol ™! for alkyl (10.11 kcal
mol ') and silyl (9.48 kcal mol~}) substituents at the MP2 6-31G**/ /HF 6-31G** level of theory. The effects of the substituents
are smaller on the neutral ground state of the molecules (6.80 and 0.50 kcal mol~! for methyl and silyl groups, respectively) at the
same level of theory. The observed low ionization energy of the B-silyl-substituted sulphides must be attributed to differences in
the stabilization of the neutral ground states of the silyl- and alkyl-substituted derivatives rather than to the stabilization of the
radical cationic ground state in the case of compounds of the type R;SiCH,SH.

1. Introduction

Maroshina et al. [1] recently investigated the photo-
electron spectra of hexaethyldisilathiane and several
bis(triethylsilylalkyl) sulphides and also the absorption
spectra of the charge transfer complexes formed from
these compounds and tetracyanoethylene. Comparison
of the ionization energies (IEs) of the sulphur lone
pairs (ng) in the (Et,Si(CH,),,),S series (m =0, 1, 2, 3)
revealed that the lowest IE wvalue is that for
(Et,SiCH,),S (m = 1), whereas in the case of the alkyl
derivatives, the ng ionization energy decreases mono-
tonically with increasing length of the alkyl chain as
indicated by the IE values reported previously by Bock
et al. [2). The special effect of a silicon atom in a
B-position (with respect to sulphur) was attributed to
interaction between the ng and og;_ levels. Such an
interaction would, however, increase the IE rather
than lower it, as assumed by Maroshina et al. [1].

The effect of the B-silyl substituent as an extremely
strong electron donor on 7 and n ionization energies
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has also been investigated by Bock et al. (for a review
see ref. 3). The low ionization energies observed for
B-silyl-substituted compounds were attributed to the
stabilization of the cation by delocalization to the
neighbouring carbon atom of the positive charge gener-
ated by electron expulsion. In a report that appeared a
few months before that of Maroshina et al. [1], Bock et
al., considering the low first IE of B-trimethyilsilyl-
sulphides, criticised use of Koopman’s theorem, since
the difference between the measured and MNDO cal-
culated Koopmans’ ionization energies varied through-
out the series of the investigated compounds [4]. In
their interpretation, which was based on general con-
siderations not on quantum-chemical calculations, the
reorganization effect during the ionization was respon-
sible for the observed low IE for the B-silylated com-
pound [4].

The B-silyl effect on sulphur lone pair ionization
energies has also been studied by Block et al. [5] who
examined the photoelectron and Penning ionization
spectra of 2- and 3-substituted thiiranes. The lowering
of the ng 1E relative to that for thiirane was attributed
to stabilization of the radical cation by the pB-silyl
group. The difference in the ionization energies, how-
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ever, corresponds to the electron-transfer isodesmic
reaction (I). Apeloig et al., who investigated the stabi-
lizing effect of the thio group on carbenium ions, have
pointed out that contrasting results can be observed for
different isodesmic reactions owing to differences in
ground state stabilization [6]. (Another possible
isodesmic reaction in the case of the thiiranes investi-
gated by Block et al. [5] would be reaction (II); ground
state stabilization can be given by reaction (III).)
CI{27CH2 + CP{27CH2—SiMe3

+

=CI-{27CH2 + CI—{27CH2—SiMe3 (1)
+

CI{27CH2—SiMe3 + CH,

S+
=CI—{27CH2 + CH,—SiH, (1)
S+
CI{ZS7CH2—SiMe3 + CH,

=CI{ZS7CH2 + CH,—SiH, (III)

Consequently great care should be taken in selecting
the appropriate isodesmic reaction when the stabiliza-
tion of the radical cationic state is under consideration.

Conflicting views about the nature of the p-silyl
substituent effect prompted us to re-investigate the
photoelectron spectrum of alkyl-, silyl- and alkylsilyl
sulphides using ab initio and semi-empirical quantum-
chemical calculations.

The lowering of the 7~ and non-bonding IE values
by B-silyl substituents is well known. Early explana-
tions were based on inductive effects and (d—p)m inter-
action [7]. Hyperconjugation with the ¢ Si—C bonding
(but not with the o* Si—C antibonding) orbital was
considered as an alternative [8].

It has also been established that the ground state
conformation of allylsilanes is determined by a hyper-
conjugative interaction; i.e. the mr-system and the B-silyl
group are in a gauche and not a cis disposition [9].

The B-silyl effect on sulphur and on its radical
cation have not previously been studied by means of ab
initio quantum-chemical calculations;, but this effect
has been thoroughly investigated for carbocations and
carbon radicals [10-20]. In the case of carbocations,
significant stabilization (20-30 kcal mol ") [13-16,19]
was revealed by thermodynamic measurements [13-15),
quantum-chemical calculations [15,16,19] and kinetic
studies of solvolysis [19], but the effect of the B-silyl
group on radicals was judged to be much smaller (ca. 2
kcal mol~!) [19,20] from ab initio calculations. (The
stabilization of carbocations has also been assessed by

use of isodesmic reactions of type (I) [13,15]. and type
am [16])

The observed stabilization of carbocations has been
attributed in recent publications to hyperconjugative
interaction, although the possible importance of induc-
tive effects could not be completely ruled out [11].
Another possible explanation of the observed carboca-
tion stabilization is the formation of a bridged species
[11,16,19,20] (so-called nonvertical stabilization (see [11]
and refs. cited therein) since significant movement of
nuclei is involved in the process). For a recent review
of the B-silyl effect on carbocations see ref. 11.

The aim of the present work was to investigate the
role of inductive and hyperconjugative (considering
both og;_c and og;_c orbitals) effects as well as that of
electronic relaxation and nonvertical stabilization in
order to throw light on the relationship between the
low ionization energy and stabilization of the B-sily-
lated radical-cation ground state.

2. Calculations

Quantum-chemical calculations were carried out by
use of the camEss program [21] for HF (ROHF) geom-
etry optimization and frequency calculations. The basis
set was of the split valence 6-31G™* type [22]. (For
silicon, Gordon’s basis [23] was used.) Second-deriva-
tive calculations at the optimum structures ensured
that a real minimum was located on the potential
energy surface, since no imaginary value appeared
among the calculated harmonic frequencies. MP2 6-
31G**/ /HF 6-31G** (PUMP2 6-31G**//ROHF 6-
31G**) calculations at the derived HF (ROHF) opti-
mum geometries were carried out by use of the GAUSS-
IAN 90 package [24]. In the UHF procedure, the S?
values were less than 0.76 for the doublet states. Spin
contaminations were projected out, resulting in §2
values of less than 0.7501.

Vertical ionization energies were taken as the en-
ergy differences between the ion and the neutral
molecule at the optimum geometry of the neutral
molecule, and adiabatic ionization energies were taken
as the energy differences between the ion and the
neutral molecule (both at their optimum geometries).
Reorganization energies of the radical cations were
obtained at the ROHF 6-31G** level of theory at the
optimum geometry for the neutral species. The energy
of the vertically relaxed cation was obtained by use of
the converged SCF wavefunction. The nonrelaxed en-
ergy was obtained by using the wavefunction of the

‘neutral species (fed in as an initial guess). The corre-

sponding energy was that of the first SCF cycle.
Semi-empirical calculations were carried out by the
MNDO method [25] with geometry optimization. For
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TABLE 1. Measured and calculated ng IE values of R 3Si(CH,),,SX
compounds (in eV)

d

Measured €MNDO
m=0 8.49 2 10.48 ©
m=1 7.95° 10.26 © 10.00
m=2 8.05° 1035°10.36 *
m=3 810" 1031°¢
CH,SR 8712 10.33
H,S 10.48 © 10.65

2 Ref. 2, R=Me. ® Ref. 1, R=Et, X =E1;Si{(CH,),,. ° Ref. 28.
4 X =H, R=H. ¢b type conformer. {a type conformer.

silicon, the “old” parameters [26] were used, since it
has been reported [27] that results obtained in this way
are closer to those from the ab initio approach.

3. Results and discussion

Koopmans’ ionization energies calculated by the
MNDO method for m =0-3 in SiH,(CH,),SH are
listed in Table 1 together with the values observed by
Maroshina et al. for the ethyl-substituted derivatives
[1). In the case of the alkylsilyl compounds, two differ-
ent geometrical arrangements were considered, as
shown in Fig. 1. Whereas for the type b conformer no
ng-0g;_c interaction is possible for symmetry reasons,
in the type a arrangement, the ng orbital might inter-
act with the og;_ and o§_ orbitals. The variations in
both the measured and calculated IE values show the
same trend (similar to that observed by Bock et al. [4]
for the methyl-substituted derivatives) indicating, that
as usual the MNDO method using Koopmans’ theorem
provides a reasonably good basis for the assignment of
the photoelectron spectrum. For the compound having
a silyl group B to the sulphur atom (m = 1), the analy-
sis of the linear coefficients in the HOMO reveals that
there is no Si—-C antibonding contribution in this or-
bital for either the a or b conformer, and so the
assumption made by Maroshina et al. [1] must be
rejected. It should be pointed out, that there is no
difference between ionization energies of the a and b
type conformers in the case of the B-silylated deriva-
tive, for which the type a conformer has a considerably

M 9
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a b
Fig. 1. Two possible arrangements of the Si—C-S moiety.

lower first ionization energy as a result of the hyper-
conjugative interaction between the ng and og;_ (but
not ag;_c) levels. According to the MNDO calcula-
tions, the lowest ionization energy in the whole series
is that of the B-silyl derivative, not only for the type a
conformer but also for the type b conformer and so the
inductive effect of the B-silyl group must be partly
responsible for the observed low ionization energy.
Although a good qualitative description of the ob-
served ionization energies was given by using the
MNDO method and Koopmans’ theorem, we decided
to study the problem at a higher level of theory. The
calculated ionization energies for RSH compounds (R
=H, CH,, SiH,;, CH,CH, and SiH,CH,) are listed
in Table 2. While the calculated 6-31G** Koopmans
ionization energies are in excellent agreement with the
available ionization energies, ASCF ionization energies
are, as usual, lower than the observed values. When
some of the correlation energy was taken into account
by single point MP2 (MP2 6-31G**//HF 6-31G**)
calculations the calculated values were much closer to
the experimental ones (AMP?2 values in Table 2). The
vertical and adiabatic ionization energies are close to
one another for the alkyl derivatives, in accord with the
narrow bands observed in the photoelectron spectra
(28]. The largest deviation is observed in the case of
SiH,SH (0.26 and 0.33 eV at the AMP2 and ASCF
levels , respectively), and this is consistent with the
relative broadness of the corresponding band in the
photoelectron spectrum [29]. The difference betwee
the adiabatic and vertical ionization energies is again
considerable in the case of SiH ;CH,SH (0.24 and 0.16
eV at the AMP2 and ASCF levels, respectively) indi-

TABLE 2. 6-31G™** ionization energies of H;Si(CH,),,SH and related compounds (in eV)

—€HOMO ASCF(ad.) ASCF(vert.) AMP2(ad.) AMP2(vert.) Obs.
H,S 10.44 9.39 9.39 9.96 9.97 10.48 ®
CH;SH 9.68 8.48 8.51 9.09 9.11°¢ 9.44 °
CH;CH,SH 9.62 8.31 8.36 8.95 8.98 9.36 2
SiH,SH 10.22 8.65 8.98 9.35 9.61 9.97 °
SiH CH SH 9.58 8.18 8.34 871 8.95

3 Ref. 28. ® Ref. 29. ¢ At the MP3 6-31G**//HF 6-31G* + ZPE level of theory 9.0 eV was obtained [30).
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TABLE 3. Reorganization energies calculated at the ROHF 6-31G™*
level of theory (in eV)

HSH CH,SH SiH,SH CH,CH,SH SiH,CH,SH
105 117 124 1.26 1.24

cating that the B-silyl stabilization cannot be regarded
as an entirely vertical process for the investigated radi-
cal cations.

Inspection of the ab initio optimized geometries
(Fig. 2) leads to a similar conclusion. Ionization results
in small changes in the R—-S—H angles, S-H and C-S
bond lengths. (According to Yates et al. {31] MP2
6-31G* optimum geometries are close to those derived
by HF 6-31G* in the case of CH,;SH and its radical
cation. Our equilibrium structures are similar to those
obtained previously with similar basis sets for CH,SH
and CH,CH,SH [6,31,32].) In the case of SiH,SH,
however, a significant increase (0.168 A) in the Si-S
bond length is predicted upon ionization of one elec-
tron from the sulphur lone pair. For SiH;CH,SH,
again a considerable change in the equilibrium geome-
try is predicted by the calculoations. The S-C bond
length is decreased by 0.060 Aé, while the Si—C bond
length is increased by 0.088 A. Both effects are in
accord with the increased hyperconjugative interaction
in the ionic state (see below).

The optimum geometry of SiH,CH,SH, both in the
neutral and radical cationic ground states was found to
be of type a, given rise to hyperconjugative interactions
between ng and Si—C levels. (The energy difference
between the type a and b conformers was 1.24 kcal

n=0
o H
94.4 | 1.327
s
/
H
H
| 1.327
98.0 S

o
// 1.817
c

H
| 1.329

97.4° s
/ 2.156
si

H
| 1.327

97.9° s
// 1.825
—_

[
1.624 ~C

H
| 1.327
g97.9° s
// 1.827
si
1.898¢

n=+1

H

95.8 | 1.327(0.0)
s

/
H

H

R | 1.334(0.007)
99.5 S

/ 1.813(-0.004)

[

H
, | 1.335(0.008)

99.7° s

/ 2.324(0.168)

Si

H
. | 1.334(0.007)
99.3° 8§
// 1.836(0.011)
c
1,535~ ¢
(0.006)

H
, | 1.333(0.0086)
100.1° 8
/ 1.767(0.060)
st
1.98~¢
(0.088)

Fig. 2. HF 6-31G*" geometries of the investigated compounds in A
and degrees, n=0 refers to the neutral and n=1 to the radical
cationic ground state.

TABLE 4. Charge distributions for the compounds investigated. The numbering of the carbon atoms starts from the sulphur atom *®

s dc, dc, ¢, g
) Z030/ +025 +0.60/ +0.67
SiH,SH { ~0.28 - - - +0.62
. —0.01/ +0.62 ~0.61/ —0.74 ) +0.65/ +0.70
SiH,CH,SH { ~0.08 ~0.19 - +0.61
SiH,CH,CH,SH —0.12 +0.01 ~0.19 - +0.62
SiH ,CH,CH ,CH,SH —0.11 ~001 0.00 ~0.18 +0.61
~0.02/ +0.67 —0.49/ — 0.60
CH,SH {—0.11 +0.03 - - -
—0.02/ +0.66 —037/ — 049 —033/ -037
CH,CH,SH { —0.11 ~0.02 0.02
—0.13/+0.63
H,S { -0.09 /

2 Bold letters represent ab initio Mulliken charges separated by / for the neutral molecule and ion, respectively. Lowdin analysis gives somewhat
smaller values, but the trends are the same. MNDO charges of the neutral molecules are given in normal letters. MNDO data in Table 2 refer to
b type conformers. Partial charges for the a type conformers, however, do not deviate more than 0.01 from the above values.
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mol ~ ! according to the MNDO calculations.) The Si-S
distance (3.122 and 3.142 A for the neutral and ion,
respectively) stays nearly constant upon ionization, and
so there is no indication of a stable bridged structure in
the radical cationic ground state. (Such structures were
calculated to be minima on the potential energy sur-
face in the case of carbocations.)

To investigate Bock’s suggestion that the reorgani-
zation energy is a possible cause of the large B-silyl
stabilization, ROHF reorganization energies were cal-
culated for the radical cation ground state (Table 3).
From the data, it is clear that this effect is very similar
for all the molecules investigated, and no significant
increase is observed in the case of the g-silylated
derivative.

The assumed large reorganization energy was con-
sidered by Bock et al. to be the result of delocalization
of the positive charge generated by the electron expul-
sion [4]. When the charge distributions in the neutral
and corresponding ionic species are compared, how-
ever, (Table 4) it can be seen that a-carbon atoms
become more negative upon ionization. The changes in
the partial charges for both sulphur and a-carbon are
similar for each compound investigated, and so the
charge delocalization in the case of the pg-silylated
compound is similar to that for the other alkyl-sub-
stituted sulphides.

Charge distributions in the neutral ground state are
in agreement with earlier assessments by Bock et al. [4]
in the case of the pB-silyl-derivative; i.e. the carbon
atom in the a-position with respect to sulphur is more
negative for this compound than for the other deriva-
tives. This polarizing effect of a-silyl groups is well
known [33], and is also reflected in the chemical be-
haviour [34]. The observed variations in the reactivities
of (alkylsilyl) sulphides [35] attributed by Maroshina et
al. [1] to interaction between ng and og; o orbitals in
the case of the B-silylated compound must instead be
attributed to change in the S—C bond polarity (Table
4).

In order to investigate the B-silyl stabilization of the
ground state of the radical cation and neutral molecule,
the following isodesmic reactions were considered,
where E = C, Si; n =0, 1 (neutral and cationic ground
states, respectively).

EH,CH,SH"*+ CH, = EH,CH, + CH,;SH"** (IV)

Stabilization of the cationic ground state (Table 5) is
about 10 kcal mol ! for both methyl and silyl groups in
the B-position at the highest level of theory used in this
study. This value lies between that for stabilization by
the B-silyl group in carbocations (ca. 30 kcal mol™!)
and that in carbon radicals (ca. 2 kcal mol 1) [16]. The
stabilization effect exerted on the neutral ground state

TABLE 5. Energies of the isodesmic reactions investigated in kcal
mol~'; EH;CH,SH"* + CH, = EH,CH, + CH,SH"*

E ne MP2 6-31G** HF 6-31G**
//HF 6-31G** //HF 631*"

C 0 6.80 4.76

C 1 10.11 8.7

Si 0 0.50 —1.24

Si 1 9.48 5.79

2 n =0 refers to the neutral and n=1 to the cationic ground state.

by a B-methyl group is considerably larger than that of
a B-silyl group (Table 5). (In the latter case, no stabi-
lization is observed.) The observed stabilizations are in
accord with hyperconjugative interaction between Si—C
and half-filled ng orbitals. Indications of such hyper-
conjugative interaction in the case of B-methyl substi-
tuted radicals were reported recently by von Schleyer
et al. [36).

Energies of the electron-transfer reaction (V) (E =
C, Si) can be

EH,CH,SH*+ CH,SH = EH,CH,SH + CH,SH*
(V)

obtained as energy differences in the values for n =10
and n =1 in reaction (IV). The energy of this reaction
(8.98 and 3.31 kcal mol ™! for the B-silyl and B-methyl
groups, respectively) provides the ionization energy
difference between EH,CH,SH and CH,;SH, and is
often referred to as the stabilization of the cationic
ground state (¢f. refs. 3-5). The difference between
those energies and those in Table 5 must be attributed
to ground state stabilization of the neutral species by
the B-substituent (reaction (IV); n =0). Thus the ob-
served low ionization energy of the B-silyl substituted
sulphides must be attributed not only to the consider-
able stabilization of the ground state of the radical
cation but to the difference in stabilization of the
neutral species by B-alkyl and B-silyl groups.
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