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CHALCOGENS BY THREE-ELECTRON
SULFUR-SULFUR, SELENIUM-SELENIUM,
AND SULFUR-SELENIUM BONDS.

A THEORETICAL STUDY USING THE
SEMIEMPIRICAL PARIMETRIC METHOD 3
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The chalcogen-chalcogen interactions in a series of three organosulfur and organoselenium
compounds (1,w-bis(methylthio)alkanes (1), 1,@-bis(methylseleno)atkanes (2), and I-(meth-
ylthio),o -(methylseleno)alkanes (3)) at total charges of 0, +1 and +2, were theoretically
investigated by the semiempirical Parimetric Method 3 (PM3). Special attention was paid to
the radical cations of these compounds as they were shown by pulse radiolysis experiments to
be stabilized by inframolecular two-center three-electron (2c-3e) bond between both chalco-
gens. PM3 calculations indicate that the dissociation energies of these 2c-3e S-S, Se-Se, and
S-Se bonds were respectively 31-44, 66-83, and 46-64 kcal mole™!, Follow-up reactions of
the radical cations were examined for high and low ratios [neutral compound] / [radical cat-
ion], corresponding to experimental conditions of pulse-radiolysis, and electrochemical
measurements, respectively.

Keywords: three-electron bonds; organosulfur compounds; organoselenium compounds;
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1. INTRODUCTION

Two-center, three-electron (2c-3e) bonds were first described in 1931 by
Linus Pauling[”. Two of the electrons form a 6 bond while the third is pro-
moted into an antibonding o level (Fig. 1). Hiickel theory with overlap
integrals included predicts that such bonds are significantly stabilized only
when the two initial levels are of (almost) equal energy, and the overlap
between the orbitals is not too large (i.e. the overlap integral S < 1/3). Oth-
erwise, the stabilization provided by the two bonding electrons is canceled
by the third electron occupying the antibonding molecular orbitall?,
Clark's theoretical study predicted the existence of similar odd-electron
bonds for several radical cations and pointed out that the strongest 2c-3e
bond is expected between molecules with the same ionization energym.

0-*

It
+

(o)

FIGURE 1 Formation of a 2¢-3e bond between an oxidized and a neutral sulfur atom

During the past 20 years, 2c-3e sulfur-sulfur bonds have generated con-
siderable interest in chemistry. These bonds are formed by interaction of
the unpaired 3p electron from an oxidized sulfur atom with the electrons of
a free 3p lone pair of another sulfur atom. This complexation of the initial
sulfur radical cation by another sulfur atom can not only occur infermo-
lecularly, but also intramolecularly if both sulfur atoms are separated by a
flexible carbon chain, either open or cyclic (Fig 2).

The existence of such S-S bonds from thioethers has been proven by
ESR experiments in the liquid(*-®! and solid®! phase, by optical and
kinetic pulse radiolysis investigations in the liquid phase[10‘19], and by
mass spectrometry in the gas phase[20‘23]. Several examples of S-S bonds
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FIGURE 2 Stabilization of sulfur radical cations by 2c-3e bond: I: intermolecular bond
(diethylsulfide); II: intramolecular bond (1,3-dithiacyclohexane)

where one of the sulfurs has been substituted by oxygen[24'25], nitro-
gen[25”28], phosphorusm’zg], and halogens (Cl, Br, I)[30‘37] have been
reported.

In the case of organoselenium compounds similar intermolecular 2¢-3e
Se-Se bonds were already unambiguously proved to exist in 1975 by the
ESR spectrum of y-irradiated single crystal of dimethyl selenidet38. Fur-
thermore, electrochemical investigations of organoselenium compounds
bearing two selenium atoms evidenced unusual stabilization of the radical
cation which was ascribed to intramolecular Se-Se bond forma-
tion{!8-3%40] Evidence of 2c-3e bonding was also obtained for organosele-
nium compounds where one of the two selenium atoms was exchanged by
oxygen[39“41], nitrogen[41'43], and sulfurl*l*4. More recently our group
proved the reversible dimerization of the 1,4-bis(methylseleno)benzene
radical cation into a dimeric dication!*). Geometric optimization of this
structure by the PM3 semiempirical method showed that the dication is
formed by two intermolecular 2¢-3e Se-Se bonds (Fig. 3)!

Whereas voltammetric experiments of cyclic aromatic organoselenium
compounds, allowing the formation of 2¢c-3e bonds, indicated the occur-
rence of a relative fast heterogeneous electron transfer during their electro-
chemical oxidation at platinum electrodes40-44], open and cyclic
bis-selenides have been reported to exhibit relatively slow electron trans-
fer kinetics as shown by the high potential difference between the oxida-
tion and reduction peak potentials[ls’”]. Since the heterogeneous electron
transfer rate constant is related to the extent of the geometric alterations in
the transition state between the oxidized and the reduced forms of the
depolarizer[46], it was expected that open and cyclic bis-selenides would
undergo important structural changes upon their oxidation.

This lead us to realize the following theoretical study, in which a series
of series of open chain 1,w-bis(methylthio)alkanes (1), 1,0-bis(methylse-
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FIGURE 3 Structure of the dication with two 2¢-3e Se-Se bonds obtained by the reversible
dimerization oftwo 1,4-bis(methylseleno)benzene radical cations

leno)alkanes (2), and 1-(methylthio),w-(methylseleno)alkanes (3) (Fig. 4)
were investigated by semiempirical PM3 calculations in order to study the
geometric changes occurring during 2c-3e S-S, Se-Se, and S-Se bond for-
mation, as well as possible follow-up reactions of their radical cations.
These compounds have been chosen because their radical cations were
shown by pulse radiolysis experiments to lead to intramolecular 2c-3e
bonds! 181,

All structure optimizations were performed for compounds 1-3 in the
“linear” and “cyclic” (anti) conformation (Fig.5) with total positive
charges from O to +2.

2. METHOD

All calculations have been made by using the HyperChem package from
Hypercube Inc. (release 5.01 for Windows 95) on a personal computer
with IBM P166+ processor and an internal memory of 96 Mb. After
obtaining starting structures by MM+ molecular mechanics, structure opti-
mizations were performed by the semiempirical PM3 method (including
Se parameters)[‘m, using Unrestricted Hartree-Fock field (UHF) and the
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Polak-Ribiere algorithm. Computations were stopped after reaching a
RMS gradient of 0.001 kcal A~1 mole’!. Additional ab initio structure
optimizations were realized at the UHF/6-31G* level*8] (RMS gradient <
0.050 kcal A~! mole‘l) in order to validate the PM3 results.

a)n=1
1: X=Y=8 b) n=2
CH;-X-(CH,),-Y-CH;  2: X=Y=Se ¢)n=3
3:X=S,Y=Se d)n=4
e)n=5
FIGURE 4 Studied compounds
Se Se Se
YN
1 I

FIGURE 5 Radical cation of 2¢ in its linear (I) and cyclic (II) conformation

3. RESULTS AND DISCUSSION

3.1, Preliminary calculations

Compared to the full ab initio treatment needing huge computation power,
semiempirical self-consistent field molecular orbital methods like PM3
can nowadays be used with common personal computers. This decrease of
computation complexity is achieved by approximating coulomb and
exchange energies from empirical parameters rather than computing the
millions of integrals that are generated during a full ab initio treatment of
an organic compound. In order to verify the accuracy of the HyperChem
PM3 computations, additional ab initio calculations were performed at the
UHF/6-31G* level. Since similar computations, previously published by
McKee, proved the existence of intramolecular 2c-3e sulfur-sulfur bonds
in the radical cations of acyclic dithiols HS-(CH,),-SH (with n=1 to
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) the organosulfur compounds 1 were chosen for this comparison
between PM3 and UHF/6-31G* computations. Structure optimizations of
compounds 2 and 3 could not be realized at the UHF/6-31G* level since
elements heavier than Ar are not parameterized in the Hyperchem 6-31G*
basis set.

Results of the structure optimizations of 1, -bis(methylthio)alkanes (1)
radical cations (Table I, Fig. 6) indicate an excellent linear relationship
between total energies computed at the PM3 and the UHF/6-31G* levels.

Although PM3 computations overestimate the 2c-3e bond dissociation
energies (Ecyciic-Elinear) and are less exact than the full ab initio treat-
ments, the obtained results give qualitative informations about 2¢-3e bond
formation between two sulfur atoms. Thus, PM3 computations give indi-
cations of general trends and should allow comparison within a series of
compounds as la-e. Since selenium is also parameterized in the PM3
model, it can be assumed that similar conclusions are also valid for Se-Se
and S-Se 2c-3e bonds.

TABLE I Total energies of linear and cyclic radical cations of 1, -bis(methylthio)alkanes (1)
at the PM3 and UHF/6-31G* level. (a) same value as for the linear conformation (see text)

Total energy (kcal mole™)

CH;3S-(CH,),-SCH3™ (1)

PM3 UHF/6-31G*
n=1 linear -19454.95 -572914.49
cyclic (a) (a)
n= linear -22885.24 -597409.86
cyclic -22916.29 -597414.44
n=3 linear -26333.96 -621906.25
cyclic -26377.65 -621919.06
n=4 linear -29783.24 -646402.31
cyclic -29827.19 -646414.71
n=5 linear -33232.13 -670897.62

cyclic -33275.71 -670904.81
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3.2. Evidence of 2¢-3e bond formation in the radical cations of 1, 2
and 3

3.2.1. 1,0-bis(methylthio)alkanes

Comparison of the linear and cyclic forms of 1 (Table II) at total charges 0,
+1 and +2, showed that both neutral compounds had nearly the same total
energy, indicating negligible interaction between the two sulfur atoms.
Furthermore, the (Mulliken) charges on both sulfurs were identical within
each compound. This is no more the case for the radical cations of the lin-
ear molecules (1b-e), exception being 1a (see below): most of the positive
charge is carried by one sulfur atom, the other stayed uncharged. For the
cyclic compounds 1b-e the positive charge is equally distributed on both
sulfur atoms, indicating the formation of 2c-3e S-S bonds. Distance
between the sulfur atoms is 2.05 t0 2.18 A, which is close to the one com-
puted during this work for the (H,S),™* radical cation (2.05 A), studied
previously by Clark%], Since the sulfur atoms of the 1a radical cation in
its linear geometry are also equally charged, it must be assumed for prox-
imity reasons that both S atoms interact and form a 2¢-3e bond as shown
for the other cyclic radical cations. Comparing the total energy of the lin-
ear and the cyclic radical cations 1b-e allowed to estimate the bond disso-
ciation energy to 31.1 — 44.0 kcal mole™!.

Moreover, the dications of 1la-e in their open and cyclic conformation
showed an equally distributed positive charge on the two sulfur atoms.
Corresponding cyclic structures are 6.1 to 15.6 kcal mole™! Jess stable than
their linear conformers. This may be related to coulombic repulsions
between the sulfur atoms resulting from the relatively high positive charge
(+0.51 to +0.65).

3.2.2. 1,w-bis(methylseleno)alkanes

As shown in Table II, 1,m -bis(methylseleno)alkanes (2) give rise to cyclic
radical cations which are much better stabilized toward their linear struc-
tures, than their sulfur analogs. Corresponding dissociation energies and
lengths of the 2c-3e Se-Se bonds are respectively 65.6 — 83.0 kcal mole™!
and 2.26 — 2.32 A. Several differences exist however compared to their
sulfur analogs: in the case of 2b-e both cyclic neutral and dicationic com-
pounds are respectively stabilized by 25.2 — 36.6 kcal mole™! and 15.5 -
18.5 keal mole™! comparing to the corresponding linear conformers. This
last results confirms experimental work showing intramolecular Se-Se
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0000 | Eurpreaige = (-434809.73£304.78) + (7.010+0.011) Ep\ g
{(n=9, r=0.9999)

-1
E e a1 / kcal mole

34000 32000 30000 28000 -26000 24000 22000 -20000 -18000
Epy3/ keal mole™

FIGURE 6 Linear correlation between the PM3 and the ab initio UHF/6-31G* total energy
of the linear and cyclic radical cations of 1,w-bis(methyithio)alkanes (1)

bonds in the dications of 1,5-diselenacyc]ooctane[39’5” and

5H,7H-dibenzo[b,g][1,5]diselenocin®? (closed cyclic diselenides with
similar structure to 2¢). Furthermore, the positive charge of the linear radi-
cal cations 2a-c is equally distributed on both selenium atoms, whereas for
the radical cations of 2d and 2e (as for the sulfur analogs 1b-d) only one of
both chalcogen atoms is oxidized. All these differences can be rationalized
by considering that the selenium atom is more polarizable than the sulfur
atom, the valence electrons being farther away from the nucleus and there-
fore more exposed to the influence of neighboring groups.

3.2.3. 1-(methylthio),® -(methylseleno)alkanes

PM3 calculations of the mixed sulfur-selenium compounds 3a-e in their
linear and cyclic conformations showed that the sulfur atom carries the
positive charge. This can already be seen for the neutral compounds 3b-e
and their dications, in both geometric configurations, and is very well evi-
denced for the linear radical cations 3b-¢ where the entire positive charge
is localized on the sulfur atom. It should be mentioned that this result is at
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the first glance in opposition to electrochemical studies of mixed sulfur —
selenium compounds showing that the selenium atom is first oxi-
dized!'8*4. This discrepancy can be rationalized by considering that the
electron is-first withdrawn from the selenium atom (due to its higher polar-
izability), and that the positive charge is afterwards delocalized onto the
sulfur atom in order to form the most stable radical cation.

Cyclic radical cations of 3b-e as well as the linear radical cation of 3a
are stabilized by 2c-3e intramolecular bonds between the oxidized sulfur
atom and the neutral selenium atom. The bond length varies between 2.14
and 2.22 A whereas the corresponding dissociation energy lies between
46.2 — 64.2 kcal mole™.

Moreover, the cyclic compounds 3b-e in the neutral and dicationic state
are already stabilized respectively by 10.2 — 18.6 and 2.8 to 7.4 kcal
mole™! compared to their linear conformers.

Comparison of the 2¢c-3e bond dissociation energies for the (cyclic) radi-
cal cations of 1-3 indicated that the bond strength follows the increasing
series: S-S < S-Se < Se-Se. Moreover, the dissociation energy of a S-Se
bond can be approximated within 5% by the average between the corre-
sponding S-S and Se-Se bond dissociation energies (Fig. 7).

This behavior can be rationalized according to Clark’s studyl®! which
indicated that the dissociation energy Dp of an asymmetrical intermo-
lecular complex (formed from molecules A and B) is related to the dissoci-
ation energies of the symmetrical complexes (Ds4 and Dgg), and the
difference of ionization potentials (AIP) of both neutral molecules A and
B:

_ Daa +Dgs
- 2

The pre-exponential factors A, and Agwere obtained by fitting the com-
puted value of D g to equation 1.

Das exp(—AaApAIP) (eq.1)

Direct application of this equation to the determination of the dissocia-
tion energy of the 2c-3e S-Se bonds in the cyclic radical cations of 3a-e is
hindered by two facts. First, A, values were not published for organosele-
nium compounds, and second, the ionization potentials needed for the cal-
culation of AIP are those of the neutral compounds A and B. Since in this
study an intramolecular 2c-3e bond formation is investigated, only one
global ionization potential could be computed for neutral cyclic com-
pounds 3a-e, and it was not possible to determinate the difference AIP.
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FIGURE 7 Linear correlation between the computed dissociation energy of 2c-3e S-Se bonds
and the calculated dissociation energy according to equation 2

This last difficulty was circumvented by assuming that AIP can be
approximated by computing the ionization potentials of model com-
pounds. As shown by PM3 computations for CH;SeCH,CH; and
CH;SCH,CH; which gave respectively -8.98 and -8.87 eV for the HOMO
energy, the ionization potentials are likely very similar, and in conse-
quence AIP should be close to zero. This is not surprising because elec-
tronegativities of the elements sulfur and selenium are nearly equal. Since
furthermore all published A values are between 0.057 and 0.190 (the value
for H,S is 0.132)13, the exponential term finally tends to unity. Thus, in
the case of sulfur (S) and selenium (Se) compounds, equation 1 may be
rewritten as:

Ds_ Dgo—
Ds_s. & _s_ﬁ_ﬂ;L (¢q.2)

This equation is in good agreement with the computed stabilization ener-
gies of intramolecular 2¢-3e S-Se bonds (Fig. 7).
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3.3. Strength of the intramolecular orbital interaction

The strength of the orbital interaction in a 2c-3e bond is, according to the-
oretical calculations!®33), directly related to the o/c* separation (Fig. 1).
This has been experimentally investigated by characterization of the 2c-3e
bond radical cations of 1-3/'8]. The most favorable orbital overlap (char-
acterized by the highest 6/c* separation — and thus the lowest A, in
optical absorption spectra) was found for the compounds with n = 3 (Table
13 pm3 computations of the energies of the Highest Occupied Molec-
ular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital
(LUMO) are also in good agreement with this theory. In the case of the
cyclic radical cations of 1b-e, 2b-e and 3b-e it was generally the com-
pound with three methylene carbons (n = 3) which exhibited the highest
energetical difference AE=IEyomo-Erumol (Table 1V). Since the neutral
cyclic conformers 2b-e and 3b-e are up to 36.6 kcal mole™' more stable
than their linear analogs (Table II), we also investigated the lone pair —
lone pair interaction in the neutral cyclic compounds 1-3. According to a
previous paper“gl, the strongest interaction between the electronic lone
pairs was expected for the compounds with three methylene carbons
(n = 3). Because the energy of the antibonding orbital (containing 2 elec-
trons) is raised, ionization should be easier for the compound with n =3
than for n = 11181 (Fig. 8).

This hypothesis has been partly confirmed by the computing the energy
of the HOMO for the neutral cyclic compounds 1-3. In the case of the
cyclic sulfur derivatives 1, which were only very weekly stabilized by lone
pair — lone pair interaction (1.3 kcal mole™! for 1b), ionization potentials
(TP = - Egomo) show a minimum around n = 3 to 4. Corresponding val-
ues are 9.05, 9.07, 7.68, 7.63,and 7.70 eV forn=1to 5.

Contrary to the thioalkanes 1, the cyclic conformations of the selenium
analogs 2 were highly stabilized towards the linear forms (see above). Cor-
responding ionization energies are respectively 8.49, 7.86, 7.53, 7.65, and
7.40 eV forn =1 to 5. In this case, the computed values agreed well with
the hypothesis of a minimum at n = 3. The further decrease observed for
n =5 might be explained by an additional effect: by increasing the chain
length the added methylene group increase slightly the electron density on
the selenium atom by inductive effect, leading to a gradual diminution of
the ionization energy.
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Similar considerations may also be valid for the sulfur-selenium deriva-
tives, for which the neutral cyclic conformation is moderately stabilized
(10.2 to 18.6 kcal mole™!), and for which the ionization energies are
respectively 9.04, 8.50, 7.78, 7.74, and 7.77 eV for n=1 to 5. Thus,
whereas lone pair — lone pair interactions could not be evidenced for sulfur
compounds (1), this type of interaction is largely present in their selenium
analogs (2) and the mixed sulfur-selenium derivatives (3), leading to a sta-
bilization of the cyclic forms.

free electron

—
e s

FIGURE 8 Jonization energies considering lone pair — lone pair interactions in cyclic neutral
compounds 1-3 aand ¢

As during the electrochemical oxidation of a compound, (at least) one
electron is withdrawn from the HOMO, it is often possible to establish a
correlation between the electrochemical oxidation potentials and the ioni-
zation potentials within a series of compounds. In order to verify this rela-
tionship for organochalcogens 1-3, linear regressions were realized
between the published oxidation peak potentials“s] (Table III) and Egomo
(Table IV) for the neutral linear and cyclic species. Under no circum-
stances, however, a linear relationship was observed. This result argues
against the previously emitted hypothesis that the variation of the oxida-
tion peak potentials within the series of compounds 1-3 can be rational-
ized by lone pair - lone pair interactions{!®) and rather confirms another
hypothesis emitted by the same authors, indicating that the common trend
observed in the electrochemical oxidation potentials may reflect the ther-
modynamic stability of the 2c-3e intramolecular radical cations. Actually,
the electrochemical oxidation peak potential in linear sweep and cyclic
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voltammetry depends also upon possible follow-up reactions of the
formed product. When this product is consumed in a chemical reaction
(for example intermolecular 2¢c-3e bonding with a neutral species, or
dimerization of the radical cations) the corresponding oxidation peak is
shifted towards less positive potentials[53’54]. In the case of compounds 1-
3 this process could rationalize the shift of the oxidation potentials. How-
ever, it should not be forgotten that the heterogeneous electron transfer
reaction is slow, because of the high geometric alterations[46], which
results in shifting the oxidation peak towards more positive potentials as
the scan rate is increased in cyclic voltammetry[53’54].

3.4. Follow-up reactions of the radical cations of 1-3

Intramolecular 2c-3e bond formation is only one type of stabilization
mechanism which organosulfur and -selenium radical cations (1-3) can
undergo. Further reaction pathways include complexation by a neutral spe-
cies, yielding a 2c-3e intermolecular bond, and the dimerization reaction,
leading to a dimeric dication. These reaction pathways were also investi-
gated for compounds 1-3 by PM3 calculations. Results are given in the
next two sections.

3.4.1. Reaction between a radical cation and a neutral species

Preliminary computations of the intermolecular 2c-3e bond formation
between the radical cation of 2¢ and neutral 2c showed that at least four
different structures could be formed. For the linear conformers the most
stable complex was obtained with the chains facing each other as in a mir-
ror, whereas for the cyclic compounds the corresponding structure
involved a 4 center odd-electron interaction.

Total energies and bond dissociation energies of the intermolecular com-
plex into the constituents (the cyclic radical cation + the cyclic neutral spe-
cies) are given in Table V. As shown, all radical cations of 1-3, either
linear or cyclic, undergo coupling with the corresponding neutral mole-
cule. Even cyclic radical cations, already stabilized by 2c-3e bonds, react
readily with neutral molecules to form a complex radical cations. Assum-
ing that the interactions are similar in solution (water), this means that
under pulse radiolysis conditions (concentration ratio [neutral species] /
[radical cation] = 10 to 1000[12]), intramolecular 2¢-3e bond formation
can only be observed at low concentrations, whereas at high concentra-
tions a multi-center odd-electron complex is formed.
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It is also worth to note that in the case of the mixed sulfur-selenium com-
pound 3 two different types of complexes can be built as the interactions
may occur between the same type of chalcogen or not. As shown in Table V,
odd-electron complexes with two S-Se interactions are up to 28 kcal mole™!
more stable than their isomers with S-S and Se-Se interactions. This energet-
ical difference however decreases with increasing methylene chain length
from the mentioned value (3a) to about O kcal mole ™! 3e).

3.4.2. Reaction between two radical cations

Since it has been experimentally shown that the radical cation of
1,4-bis(methylseleno)benzene dimerizes upon electrochemical oxidation
in acetonitrile!*”! (Fig. 3), computations were performed with the organo-
chalcogens 1-3 in order to evidence similar bonding, leading to the forma-
tion of two 2c-3e bonds. As in the previous case (§ 3.4.1.), calculations
were realized for the linear chains opposing each other, and for the cyclic
chains in which all four chalcogens atoms are close to each other.

Results (Table VI) indicate that only the organoselenium compounds (2a-e)
form 4 center dimeric dications, stabilized by about 5.6 to 31 kcal mole™!
towards the cyclic radical cations. In the case of the corresponding sulfur and
sulfur-selenium radical cations the dimerization equilibrium is strongly
directed towards the dissociation of the dimeric dication into the radical cat-
ion which is stabilized by a 2¢-3e bond. Therefore, electrochemical measure-
ments (characterized by a high concentration ratio [neutral species] / [radical
cation] at the electrode surface), must lead under thermodynamic control to
the intramolecular stabilized radical cation of 1a-e and 3a-e, whereas for the
selenium analogs 2a-e the more stable cyclic radical cations readily dimerize
into dimeric dications at high concentrations !

3.4.3. Other complexes formed from three molecules

In order to evidence possible higher complexes of the radical cations of 1-
3, computations were realized for associations of three identical (cyclic)
molecules, with total charges ranging from +1 to +3. Starting structures
were obtained by disposing the three cyclic molecules as a triangle, with
the chalcogen atoms pointing from outside to the comers. Then, after
drawing intramolecular bonds between the chalcogens in each of the three
cycles, each chalcogen was furthermore connected to the nearest chalco-
gen of the closest cycle. In the case of the mixed compounds 3, only sul-
fur-selenium bonds were considered since corresponding 2¢-3e bonds are
more stabilized (see Table s V and VI). The obtained structures were then
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optimized by the MM+ method, and used as starting structures for PM3
calculations after deleting all six chalcogen-chalcogen bonds.

Results of computations (Table VII) show great differences between the
compounds 1-3. For bis(methylthio)alkanes 1, the only stable trimolecular
association was formed by a radical cation and two neutral molecules.
Corresponding complexes with total charges of +2 and +3 where highly
destabilized and underwent generally dissociation into a dimeric radical
cation + a cyclic radical cation, and three cyclic radical cations, respec-
tively. In the case of bis(methylseleno)alkanes 2, and methylthio-methyl-
selenoalkanes 3, all trimolecular associations in their singly and doubly
positively charged states are stabilized towards the isolated cyclic neutral
molecules and radical cations. Only the triply charged complexes were
unstable — with one exception: 2a, for which the (highly polarizable) sele-
nium atoms are so close one to the other that they interact strongly.

4. CONCLUSIONS

Radical cations of 1-3 were shown to undergo intramolecular cyclization
by 2c-3e bond formation between the to involved chalcogen atoms. Disso-
ciation energies of the 2c-3e S-Se bonds was given by the average of the
corresponding values for S-S and Se-Se bonds. In the case of neutral and
dicationic 2 and 3 the cyclic conformations were also stabilized by chalco-
gen-chalcogen interactions. Computation of the energetic difference
between the HOMO and LUMO showed, in agreement with published
results of pulse-radiolysis experiments, that the cyclic conformation of the
radical cation with three methylene groups (n = 3) has the strongest orbital
overlap in the series of 2c-3e bonds. Published electrochemical oxidation
potentials of neutral compounds 1-3 could however not be linearly corre-
lated to the energy of the HOMO, indicating that they might reflect the
influence of follow-up reactions like the intramolecular 2c-3e bonding.
Computations realized for bi- and trimolecular associations between radi-
cal cations and neutral species showed that even radical cations stabilized
by an intramolecular 2¢-3e chalcogen-chalcogen bond can undergo di- and
trimerization! Although results were only computed in the gas phase, sim-
ilar interactions are very likely to occur in solution (since the presence of
solvent molecules increases the dielectric permittivity, leading for example
to a decrease of the coulombic repulsion between two radical cations), and
may be experimentally proven in the future.
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