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Electrophilic Attack on Sulfur-Sulfur Bonds: Coordination of Lithium
Cations to Sulfur-Rich Molecules Studied by Ab Initio MO Methods

Yana Steudel,””) Ming Wah Wong,*"! and Ralf Steudel*!*!

Abstract: Complex formation between
gaseous LiT ions and sulfur-containing
neutral ligands, such as H,S, Me,S, (n

= 1-5; Me = CH,;) and various iso-
mers of hexasulfur (S;), has been stud-
ied by ab initio MO calculations at the
G3X(MP2) level of theory. Generally,
the formation of LiS, heterocycles and
clusters is preferred in these reactions.
The binding energies of the cation in
the 29 complexes investigated range
from —88kJmol™' for [H,SLi]* to
—189kJmol™' for the most stable
isomer of [Me,SsLi]* which contains
three-coordinate Li*. Of the various S
ligands (chair, boat, prism, branched

isomeric complexes containing the
Ss=S ligand have the highest binding
energies (—163+1 kImol ™). However,
the global minimum structure of
[LiSe] ™ is of C;, symmetry with the six-
membered S homocycle in the well-
known chair conformation and three
Li—S bonds with a length of 256 pm
(binding energy: —134 kJmol ™). Rela-
tively unstable isomers of Sy are stabi-
lized by complex formation with Lit.
The interaction between the cation and
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the S¢ ligands is mainly attributed to
ion—dipole attraction with a little
charge transfer, except in cations con-
taining the six sulfur atoms in the form
of separated neutral S,, S;, or S; units,
as in [Li(S;),]" and [Li(S,)(Sy)]*. In
the two most stable isomers of the
[LiSs]* complexes, the number of S—S
bonds is at maximum and the coordina-
tion number of Lit is either 3 or 4. A
topological analysis of all investigated
complexes revealed that the Li—S
bonds of lengths below 280 pm are
characterized by a maximum electron-
density path and closed-shell interac-
tion.

ring, and triplet chain structures), two

Introduction

Sulfur-containing ligands are of fundamental importance in
chemistry, particularly in biological chemistry."! The most fa-
miliar ligands of this type contain only a single sulfur atom
(sulfido and thiolato ligands, S~ and RS™). However, in
recent years, the chemistry of polysulfido ligands S,*” (x =
2-10) has been developed systematically.”! Owing to the
negative charge on the mentioned ligands, the interaction
with metal cations is very strong and covalent bonds are
formed. Less stable complexes are obtained if the ligands as
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a whole are uncharged and if the sulfur atoms bear only a
small charge, as in Me,S or Me,S,, or no charge at all, as in
highly symmetrical sulfur homocycles such as cyclo-Sq.

The highest occupied molecular orbital (HOMO) in com-
pounds containing S—S bonds between two-coordinate
atoms, with torsion angles (7) close to 90°, is the antibonding
a* MO resulting from the overlap of the nonbonding 3p
atomic orbitals, which are approximately orthogonal to the
neigboring o bonds that are fully occupied.’*) Removal of
electron density from such a —S—S- bond should therefore
increase the bond strength and change the torsion angle at
this bond from about 90° towards a more planar structure.
For instance, the radical cation Me,S,* contains a trans-
planar structural unit C-S-S-C (C,, symmetry) with an S—S
bond length of 200.3 pm at the MP2/6-311G(d) level of
theory.!! This internuclear distance is about 5pm shorter
than that calculated for Me,S, (T.yeq = 87.6°) as a result of
the three-electron m bond, which is not present in the neu-
tral molecule. The adiabatic ionization energy of Me,S, (7
= 85°F1) is 8.18 +0.03 e V.

The gas-phase ionization energies of the homocycles Sq
and Sg are approximately 9 eV. However, if one torsion

exp
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angle of a sulfur ring is much smaller or larger than 90°
(e.g., on account of the smaller or larger ring size compared
to Sg), the ionization energy will be smaller owing to the
larger overlap of the mentioned 3p orbitals and the larger
energetic splitting between the resulting &t and t* MOs. For
example, the ionization energy of cyclo-S¢ of 9.00 eV (z =
73.8°81) is slightly smaller than that of cyclo-Sg (9.04 eV;l ¢
= 98.5°*)). In cyclo-S, one torsion angle has the value 0°0'%
resulting in a considerably lower ionization energy of
8.67 V.l The structure of S;* calculated with the B3PW91
method and the 6-31+4 G* basis set has been predicted to be
a chair conformation with D, symmetry (d = 208.1 pm, a
= 108.5°, 7 = 62.4°).

The interaction of metal cations with neutral sulfur mole-
cules S, is very weak and only a few solid coordination com-
pounds are known in which sulfur molecules function as
neutral ligands. Examples are several silver salts with the
cations [AgSg]™ and [Ag(Ss),]*, respectively, and weakly co-
ordinating  anions">"  the  rhenium  complexes
[Re,X,(CO)4(Sg)] (X = Br, 1), and the rhodium com-
pounds [Rh,(O,CCF;),],(Ss),, With n:m = 1:1 and 3:2.
The X-ray structure determinations of these compounds re-
vealed that the Sg ligands exhibit basically the same crown-
shaped ring conformation as the molecules in orthorhombic
cyclo-octasulfur, and Sg functions as either a bidentate, tri-
dentate or tetradentate ligand or as a bridging ligand be-
tween two metal centers. The mean S—S bond lengths in
these complexes are practically identical to the value deter-
mined for orthorhomic Sy (205 pm™). The binding energy of
gaseous [Ag(Sy)]" (C,, symmetry) with respect to the free
components has been calculated by various density function-
al and ab initio MO methods to be between —208 and
—247 kI mol '."¥

A considerable number of complexes of univalent metal
cations with sulfur molecules, [MS,]* with n = 1-21, has
been generated in the gas phase and detected by ion cyclo-
tron resonance (ICR) mass spectrometry. These metals in-
clude Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Cu, and many
rare-earth metals.'®!” The structures and relative energies
of these complexes are only partially known from prelimina-
ry reports on density functional calculations of polysulfur
cations containing calcium, scandium, vanadium, or
copper.l'”! These calculations (of which no details have been
released yet) show that Ca* forms complexes with the S,
ligand in a planar geometry and with the crown-shaped
cyclo-Sg ligand in a bidentate, tridentate, and tetradentate
manner. Complexes of composition [Ca(S;)]*, [Ca(S)]™,
[Ca(S;)(Ss)]*, and [Ca(S;)s]t have been found to be local
energy minima on the potential energy surfaces (PES). The
most stable cationic complexes of Sc, V, and Mn with be-
tween four and eight sulfur atoms contain the sulfur exclu-
sively in the form of S, ligands, whereas in the case of
copper the ion of composition [Cu(S;,)]" is the most stable
as a twelve-membered sulfur ring with the metal cation in
the center.

From the above, it follows that there is no systematic
structural study of the coordination of univalent metal ions
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to neutral sulfur-rich molecules. Therefore, in this work we
have studied the interaction of H,S, Me,S, (n = 2-5) and
the sulfur homocycle S4 and various isomers of S with a gas-
eous metal cation using Lit* as a model ion. In a subsequent
publication, we will report on the cationic lithium adducts of
the homocycles S; and Sg and their various isomers. The co-
ordination of gaseous Li* to H,S,'*2 H,S, 2! Me,S, !
and S;*! has been investigated previously by quantum-
chemical calculations; however, to the best of our knowl-
edge, the larger sulfur-rich complexes, such as [Me,S,Li]*
(n>1) and [LiS,]* (n>3) have neither been calculated nor
observed before. We define here the binding energy as the
energy difference between the complex and the sum of the
energies of the two separated components in the same con-
formation as found in the complex.

Computational Methods

Standard ab initio and density functional calculations were carried out
with the GAUSSIAN 98 and GAUSSIAN 03 series of programs?! at the
G3X(MP2) level of theory.” This theory corresponds effectively to the
QCISD(T)/G3XL//B3LYP/6-311G(2df,p) energy together with zero-point
vibrational and isogyric corrections. The G3X(MP2) theory represents a
modification of the G3(MP2) theory® with three important changes:
1) B3LYP/6-311G(2df,p) geometry, 2) B3LYP/6-311G(2df,p) zero-point
energy, and 3) addition of a g polarization function to the G3 large basis
set for the second-row atoms at the Hartree—Fock level. These features
are particularly important for the proper description of the sulfur-con-
taining compounds examined in this work.”?*?! For instance, the geo-
metries and stabilities of several cluster species are poorly predicted by
the MP2 theory.”! For the prism form of Ss, we have previously shown
that the MP2 theory grossly overestimates its stability owing to the low-
lying unoccupied molecular orbitals.””’ As a consequence, the additivity
approximation at the MP2 level is rather unsatisfactory. We recommend-
ed a direct QCISD(T)/GTMP2 large calculation to obtain the
G3X(MP2) energy in that case.”” Here, we have adopted a similar proce-
dure for the calculation of G3X(MP2) energies of the two lithiated forms
of the Sy prism (6d and 6e).

Harmonic frequencies were calculated at the B3LYP/6-311G(2df,p) level
to characterize stationary points as equilibrium structures, with all wave-
numbers real, or transition states, with one imaginary wavenumber. The
binding energy (AE) of the lithium ion complex was computed as the dif-
ference between the energy of the lithiated species and the total energy
of the two free monomers, namely, the sulfur-containing compound and
lithium ion. The free energy differences (AG) were computed by means
of Equation (1), where AS is the entropy change and AH: = AH, +
(Hr—H,).

AG; = AH—TAS 1)

The thermal correction (H,s—H, = 6.197 kJmol™!) and entropy value
(Sys = 133.017 Jmol'K™") of the lithium cation were taken from the
JANAF compilation.*")

For all investigated molecules, a charge density analysis was performed
by using the natural bond orbital (NBO) approach based on the B3LYP/
6-311G(2df,p) wavefunction.’! NBO atomic charges of small molecules
have recently been demonstrated to agree well with experimental values
obtained from X-ray diffraction data.® The topological analysis was car-
ried out on the basis of Bader’s theory of atoms in molecules (AIM)?*!
based on the B3LYP/6-311G(2df,p) wavefunction. Unless otherwise
stated, all relative energies reported herein are given as AE, and corre-
spond to the G3X(MP2) level, while all reported structural parameters
correspond to the B3LYP/6-311G(2df,p) level. All structures were opti-
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mized initially without any symmetry constraints and were re-optimized
with a higher symmetry after a local energy minimum had been obtained.
The Cartesian coordinates of all calculated cations are given in the Sup-
porting Information.

Results and Discussion

The adducts [H,SLi]* and [Me,SLi]*: The ions [H,SLi]*
and [Me,SLi]" were calculated for comparison with the Li*
adducts of the dimethyl polysulfanes and the sulfur homocy-
cles. Both ions have been calculated previously, but not at
the same level of theory used in the present work. There-
fore, we have re-calculated these ions to obtain data which
can be compared to our other results. According to the liter-
ature, the [H,SLi]* ion is of C, symmetry with an Li—S bond
length of 241 pm and a binding energy of —97.1 kJmol ' at
the CCSD(T)/6-311+G(d,p) level™ and of —103.5 kITmol ™
at the QCISD(T)/6-311 +G** level.” The binding enthalpy
at 298 K was calculated as —94.6kJmol™' by the G2
method, as —91.6 kimol™! by the CBS-Q method, and as
—100.8 kT mol™! at the B3LYP/6-311+ G(d,p) level.”

The geometry optimization of [H,SLi]* resulted in the
bond lengths djis = 2423 pm and dgy = 135.0 pm (H,S:
134.5 pm). The H-S-H bond angle of 93.6° is slightly larger
than in H,S (92.4°) and the H-S-Li angle is 99.7°. In other
words, the coordination sphere at the sulfur atom is approxi-
mately trigonal-pyramidal, and thus, similar to that in the re-
lated cation H;S*.** The atomic charges of [H,SLi]* are as
follows: S —0.40, H 4+0.22, Li +0.96. Evidently, the charge
transfer from H,S to Li* is only 0.04 electrons. A compari-
son of the charge distribution with that of the free H,S mol-
ecule (NBO charges: S —0.32, H +0.16) demonstrates that
the lithium cation strongly polarizes the H,S molecule, thus
increasing its dipole moment considerably. The calculated
[B3LYP/6-311G(2df,p)] dipole moments of H,S and its lithi-
ated form are 1.20 and 7.55 D, respectively (Table 1). The in-
teraction between Li* and the sulfur atom in this adduct
can therefore be described as a superposition of Coulombic
attraction (ion-dipole interaction) and a weak covalent
bond. This view is supported by the sum of the valence
angles at the sulfur atom, which is 293°. It is conceivable
that this value is strongly influenced by the direction of the
rotational axis of the 3p lone pair orbital (HOMO) on the
sulfur atom. Our calculated G3X(MP2) binding energy is
—88.2 kImol™' (Table 1), slightly less than the earlier theo-
retical estimates. The absolute energies of all species calcu-
lated in this work are given in Table 5 of the Supporting In-
formation.

The [Me,SLi] " ion is confirmed to have C; symmetry with
an Li—S bond length of 235.5pm and a C-S-Li angle of
109.4°. The binding energy (—124.5 kImol™) is significantly
larger than that of [H,SLi]*, probably because of the larger
dipole moment (1.68 D) and polarizibility of Me,S com-
pared to H,S (see above). The charge transfer to Lit is only
0.04 units; however, the NBO charge on the sulfur atom
changes from +0.22 in Me,S to +0.08 in the [Me,SLi]* ion.
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Table 1. Calculated binding energies™ and dipole moments®™ of the vari-
ous Lit complexes studied in this work. The [LiS¢]* ions contain the Sq
ligand in the chair (6a), boat (6b,c), prism (6d,e), branched ring (6 f-k)
or triplet-chain form (60).

Species Symmetry CNU Binding Dipole
energy moment
[kImol '] [Debye]
[H,SLi]* C, 1 —88.2 7.55
[Me,SLi]* C, 1 —124.5 7.84
[Me,S,Li]* (1a) C, 1+1 —139.2 5.59
[Me,S,Li]* (1b) C 2 -121.7 5.86
[Me,S;Li]* (2a) C, 2 —147.3 5.95
[Me,S;Lil* (2b) C, 2 —119.3 6.27
[Me,S,Li]* (3a) C, 2 —173.6 5.07
[Me,S.Li]* (3b) C, 14141 —157.9 4.69
[Me,S.Lil* (3¢) C, 1+1 —119.1 8.81
[Me,S,Li]* (3d) C, 2 -112.7 8.47
[Me,SsLi]* (4a) C, 2+1 —188.6 5.48
[Me,SsLi]* (4b) C 2+1 —152.1 6.15
[Me,SsLi]* (4¢) C, 1+1 —123.0 8.65
[Me,SsLi]* (4d) C 2 —120.1 10.92
[LiSe]* (6a) Cs, 3 —-133.9 5.28
[LiSe]* (6b) (% 3 —146.4 4.40
[LiSe]* (6¢) C, 2 —113.2 8.89
[LiSe]* (6d) (% 4 —131.2 5.09
[LiSe]* (6€) (% 2 -112.0 9.94
[LiSs] T (6 1) C 2+1 —164.1 4.46
[LiSe]* (6g) C, 1+2 —162.3 4.48
[LiSe]* (6h) C 1 —137.5 11.57
[LiS¢] T (61) C, 1+2 —144.5 4.48
[LiSe]* (6j) C, 1 —128.7 12.16
[LiSe]* (6k) Dy, 1+1 —115.3 7.21
[LiSs]* (60) e} 2 —124.4 6.34

[a] G3X(MP2) level. [b] B3LYP/6-311G(2df,p) level. [c] Coordination
number of the Li* ion.

Despite the relatively weak interaction, the Li—S bonds in
[H,SLi] " and [Me,SLi]* are shorter than in some monomer-
ic thiolate complexes of the type [(thf);LiSR] (R = super-
mesityl, o-tolyl, 24,6-triphenylphenyl) for which bond
lengths of 241-245 pm have been determined by X-ray crys-
tallography.®™™ The sum of the three valence angles at the
sulfur center of the [Me,SLi]* ion is 321°.

In most of the species discussed below, the lithium cation
is coordinated to several sulfur atoms. In this context we
will consider Li-S distances larger than 280 pm as nonbond-
ing. The use of this criterion is supported by the charge-den-
sity analysis based on the AIM approach. Each Li---S inter-
action is characterized by a bond path and its associated
bond critical point (see below).

The adducts [Me,S,Li]* (1a,b): Dimethyldisulfane (1) is
predicted to react with gaseous Lit to give an adduct of
either C, or C; symmetry in which the metal atom is coordi-
nated to both sulfur atoms (Figure 1). In other words, the
lithium cation induces a cyclization with formation of an
LiS, heterocycle. This behavior is typical for most of the
lithium cation adducts with sulfur-rich molecules studied in
this work.

The C,-symmetric adduct 1a represents the global energy
minimum. The S—S bond length of 209.7 pm is slightly larger

1283


www.chemeurj.org

CHEMISTRY

R. Steudel, M. W. Wong, and Y. Steudel

A EUROPEAN JOURNAL

2a (0.0; &) nw

Figure 1. Structures of the complex cations [Me,S,Li]* (1a,b) and [Me,S;Li]* (2a,b); bond lengths in pm. Rel-
ative energies (kJmol™) and molecular symmetries are given in parentheses.

than that in Me,S, (206.2 pm). The C-S-S-C torsion angle
changed from the 85° observed™ or the 87.5° calculated for
gaseous Me,S, to 113.7° in the [Me,S,Li]* ion 1a. Thus, the
expected increase of the value of the torsion angle (see the
Introduction) is clearly observed; however, as a conse-
quence of a small charge transfer of only 0.05 electrons
(NBO charge of Lit in 1a: +0.95), there is no shortening
of the S—S bond in the lithiated form. The Li—S bonds of
242.0pm and the C—S bonds of 183.2 pm are of normal
length. All Li-+H distances are larger than 350 pm. The
bond angles are: ag ;s = 51.3°, acss = 104.6°, and ocg; =
125.9°.

In the C,-symmetric adduct of the [Me,S,Li]* ion 1b,
there is a relatively close contact (274 pm) of the Li* ion to
one of the hydrogen atoms (H8) and the two interatomic
Li—S distances are 238.1 and 245.8 pm. As a consequence,
the two C—S bonds now have slightly differing lengths
(182.7 and 183.8 pm).*! The Li-S2-C4-HS8 torsion angle is
10.1°. The methyl groups are staggered with respect to the
sulfur atom that is not linked directly to the corresponding
methyl group. The Li--C distances of 310 and 398 pm ex-
clude any bonding interaction between these atoms. Since
the Li* ion is neither located on the approximate C, sym-
metry axis of the ligand nor on the C-S axes (which repre-
sent local dipole moment vectors) the interaction between
Lit and Me,S, can best be understood in terms of the maxi-
mum polarization axis of the ligand. Adduct 1b is
17.4 kJmol ™" less stable than the isomeric form 1a.

The positive charge of the sulfur atoms in free Me,S, (+
0.10) decreases to +0.01 in 1a and to +0.003 for S1 and to
+0.07 for S7 in 1b. Hence, there is only a negligible polari-
zation of the S—S bond in 1b. The negative charge rests
solely on the carbon atoms (—0.83 in 1a; the same value for
C3 of 1b and —0.86 for C4, compared to —0.85 in Me,S,).
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The charge on the hydrogen
atoms is +0.28 +£0.01 in 1a and
in the range from +0.24 to +
0.30 in 1b. Hence, the coordina-
tion of Lit to Me,S, increases
the positive charge on the hy-
drogen atoms and unexpectedly
decreases the positive charge on
the sulfur atoms, whereas the
carbon atoms are almost unaf-
fected. The polarity of the C-S
and C—H bonds is therefore en-
hanced. The calculated binding
energies of the two isomeric
[Me,S,Li]* ions with respect to
the components Li* and Me,S,
(C,) are —1392 (1a) and
—121.7kJmol™ (1b), respec-
tively, and agree well with the
value of —124.5kJmol™' ob-
tained for the [Me,SLi]T ion
(Table 1).

The adducts [Me,S;Li]* (2a,b): The geometrical structure
of Me,S; has been studied by electron diffraction in the
vapor phase at 383 K, and the results were interpreted in
terms of a mixture of mainly trans-Me,S; (2; symmetry C,)
and a little cis-Me,S; (symmetry C,).’”! The C-S-S-S torsion
angle of 2 was determined to be 79(5)°. For the calculation
of the binding energy of the Li* adduct, we used the helical
trans-conformer with the calculated torsional angle 7og5 =
91.3¢.

In the adduct [Me,S;Li]* (2a), the Lit* ion binds to the
two terminal sulfur atoms in such a way as to retain the C,
symmetry of the ligand. The lithium ion is not only located
on the C, axis but approximately also on the rotation axes
of the 3p lone pair orbitals of the terminal sulfur atoms
(Figure 1). The lithium atom is coplanar with the three
sulfur atoms in 2a. The bond lengths dgs = 210.0 pm and
des = 183.8 pm as well as the torsion angle 7esss = 100.8
have normal values; the binding energy is —147.3 kJmol™
(Table 1). The NBO atomic charges reveal that
0.10 electrons are transferred to the metal ion and that the
sulfur atoms of 2a are less charged than those of Me,S; (+
0.02/40.11 for the terminal and +0.03/-0.05 for the central
S atoms of 2a/2). The strongest charge change occurs at the
carbon atoms (from —0.85 in 2 to —0.62 in 2a).

In the isomeric structure 2b of the [Me,S;Li]* ion
(Figure 1), the LiT ion is coordinated only along one S—S
bond, similar to species 1b. It is 28.1 kJmol ™ less stable
than the symmetrical structure 2a, and the binding energy is
only —119.3 kJmol™'. There are two remarkable structural
features: the very long S—S bond of 216.9 pm as a result of
the coordination of the two atoms to the Li™ ion, and the
relatively short distance of 269.1 pm of the Li* ion to one of
the hydrogen atoms of the neighboring methyl group. The
related H-C-S-Li torsion angle is —0.3°. The two C-S-S-S
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torsion angles are quite different in 2b. The unusually small
value of —41.1° was obtained for the S1—S2 bond, whereas a
normal value of —90.2° was calculated for the S2—S3 bond.
In this way, the lithium ion can interact favorably with the
3p lone pairs of both sulfur atoms (S1 and S2). Nevertheless,
the charge transfer to the metal atom is only 0.05 electro-
static units.

Adducts of composition [Me,S,Li]* (3a-d): There is no ex-
perimental structure determination for either H,S, or
Me,S,; however, according to ab initio MO calculations, a
mixture of several conformers with the motifs +++, +—+
and ++ — is to be expected for these molecules (a motif is
defined as the order of signs of the torsion angles at the S—S
bonds along the chain; the
values of these angles will be
80-£10°).5%% The helical Me,S,
conformer (3, C, symmetry)
with the calculated torsion
angles 7qggs = 80.5° and Tgggg =
81.0° was used to calculate the
binding energies.

The most stable isomer of the
adduct [Me,S,Li]* (3a) consists
of an LiS, heterocycle with an
approximately envelope confor-
mation and two methyl groups
which are staggered with re-
spect to the neigboring sulfur
atoms (Figure 2). The lithium
ion is only coordinated to the
two terminal sulfur atoms of
the tetrasulfane chain (S5 and
S8). The helical Me,S, fragment
has approximately C, symmetry
and the cation is positioned on
this C, axis so that the symme-
try axes of the 3p orbitals of
the coordinating sulfur atoms
are pointing towards the Li
atom. Thus, the torsion angles
S-S-8-§  (—74.5°), CI1-S-S-S
(=70.5°), and C9-S-S-S (—70.4°)
are not only very similar, but
all have the same sign. The two
Li-S-S-S  torsion angles are
46.2°. The two Li—S bonds
(243.5 and 243.4 pm) are com-
parable to those of the
[Me,S,Li]* ion (238.1 and
245.8 pm), whereas the other
two Li-S distances (307.8 pm)
are clearly nonbonding. The
NBO atomic charges of free
helical Me,S,; (C: —0.85, Siim:
+0.13, Seener: —0.05) change to
the following values upon coor-

4c (65.6; C])
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dination to Li*™: C —0.84, Siem +0.03, Seener +0.02, Li +
0.90. The Li* ion is located on the axis of the dipole
moment of the ligand, but not on the two C-S axes.

A slightly less stable isomer [Me,S,Li]* (3b) has C, sym-
metry and contains the Lit ion coordinated to three sulfur
atoms with Li—S bond lengths of 243.4, 248.1, and 254.7 pm
(Figure 2). The remaining Li—S distance is 304.6 pm. The
relative energy of this isomer with respect to the global min-
imum is 15.7 kI mol .

The asymmetric isomer 3¢ consists of a helical Me,S,
ligand to which the Lit ion is coordinated in a similar
manner as in 1b and 2b. Only two sulfur atoms participate
in this interaction. Again, there is a relatively short Li---H
distance of 273.8 pm with a related H-C-S-Li torsion angle

3b (15.7; Cy)

4d (68.5; C))

Figure 2. Structures of the complex cations [Me,S,Li]* (3a-d) and [Me,SsLi]* (4a-d); bond lengths in pm.
Relative energies (kJmol ')and symmetries are given in parentheses.
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of —3.3°. Whereas the C5-S1-S2-S3 torsion angle is smaller
than expected (—42.7°), the dihedral angles at the S2—S3
(—85.4°) and S3—S4 (—83.6°) bonds show normal values.
This cation is less stable than 3a by 54.5 kJmol .

An even less stable isomer of the [Me,S,Li]" ion (3d), in
which the lithium ion is coordinated symmetrically to the
two central sulfur atoms and the Li—S distances are
243.7 pm, is 60.9 kJmol™" less stable than 3a (see Figure 2).
This coordination changes the central S—S bond length to
217.3 pm, whereas the two terminal S—S bonds shrink to
204.7 pm (torsion angle of S-S-S-S: —102.3°).

Adducts of composition [Me,S;Li]* (4a-d): The structure of
Me,S;s (4) has not been experimentally determined. The
binding energies were calculated with the conformer having
the (calculated) torsion angles 7gs = +£82.7° and 7gqs =
+92.2° (motif: — 4 —+; C, symmetry) because its conforma-
tion is closest to that of the most stable Li* adduct of Me,S;
(4a). It should, however, be mentioned that the isomer with
the motif —++— (C, symmetry) is lower in energy by
2 kJmol ™%

The cation of composition [Me,SsLi]* can exist as four
isomers that differ considerably in their geometry
(Figure 2). The global energy minimum (4a) has the lithium
ion coordinated to three sulfur atoms (S1, S3, and S4) to
form a six-membered LiS; heterocycle (or bicycle) of boat
(or cradle) conformation. This cation has the highest binding
energy (—188.6 kJmol™') of all complexes studied in this
work. In contrast, the less stable isomer 4b has no symmetry
at all and contains a five-membered LiS, heterocycle with
one additional exocyclic sulfur atom to which one of the
two methyl groups is attached. In this structure, the metal
ion is also coordinated to three sulfur atoms (S5, S7, and
S8). The energy difference between 4a and 4b is
36.6 kImol~'. In both isomers, the 3p rotation axes of the
lone pair orbitals of the coordinating sulfur atoms are point-
ing towards the Li atom.

The C,-symmetric structure of 4a is characterized by Li—S
bonds of length 243.3 (to S3 and S4) and 261.1 pm (to S1)
and torsion angles S-S-S-S of +96.1° and —96.1°. The
lengths of the four S—S bonds are 208.7 pm (terminal bonds)
and 210.4 pm (central bonds). The two torsion angles Li-S3-
S2-S1 and Li-S4-S5-S1 are +22.5°. All these values are
quite normal. The NBO atomic charges are as follows (data
for Me,Ss in parentheses): Li +0.85, S1 —0.06 (+0.13), S2
+0.05 (-0.03), S3 +0.06 (—0.05), C —0.84 (—0.85), H +
0.26-0.29 (0.25-0.26). Evidently, the sulfur atoms coordinat-
ed to LiT gain electron density and, as a consequence, the
polarities of the C=S and S—S bonds decrease upon coordi-
nation.

The geometry of the asymmetric ion 4b is considerably
different from that of the isomeric 4a with one very long S—
S bond of 222.8 pm, probably caused by the related S6-S7-
S8-S9 torsion angle of 176.7° (Figure 2). The other three S—
S bonds have “normal” bond lengths of between 203 and
210 pm, related to the normal values of the dihedral angles
of —83.1° for C1-S5-S6-S7, —84.9° for S5-S6-S7-S8, and
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—86.2° for S7-S8-S9-C10. The Li-S5-S-S7 torsion angle is
25.9°. Owing to the low symmetry, the five possible Li---S
distances are all different, ranging from 245.1 to 380.3 pm,
but only three of these contacts can be considered to be
chemical bonds.

The 4c¢ ion is even less stable, by 65.6 kJmol™ with re-
spect to 4a; it contains a lithium ion coordinated to the
second and third atom of the sulfur chain of the Me,S;
ligand (Figure 2); however, details of its structure will not
be discussed here. In a similar fashion, the 4d isomer con-
tains the Li* ion coordinated to the two terminal sulfur
atoms of a helical Me,Ss ligand (Figure 2). The relative
energy (68.5kJmol™') and the binding energy
(—120.1 kJmol™") of 4d are similar to those of 4¢: the bind-
ing energies with respect to Me,S;s (4) decrease in the order
4a>4b>4c>4d (Table 1).

Adducts of composition [LiS¢]*: The coordination of a
cation to cyclo-hexasulfur may change its structure or its
conformation, as was observed in the protonation of S’
For this reason, the S molecule had to be calculated in the
various symmetries observed in the cationic lithium adducts
reported below; these calculations have been published sep-
arately.*”)

Isomers of cyclo-Ss: Beside the experimentally observed
chair conformation of D,, symmetry (5a),®! the S, ring can
also exist as a boat-shaped molecule of C,, symmetry
(5b).+#1 In addition, a prism-like structure of D, symme-
try (5¢) was recently found to be a novel isomer of fairly
low relative energy on the S¢ potential energy hypersurface
(PES).* Furthermore, Sy can exist as two branched iso-
mers with S&=S connectivity (5d,e).””) The optimized struc-
tures and their bond lengths are shown in Figure 3.

2762
209.0 222.2 - - -
205.3 190.1 E
5a (D3g) 5b(Cy,) 5¢ (D3p)

229.9
203.8 1984 192.6
231.3 196.1
227.0 ’
228.5

209.7
205.6

5d (C) 5(C)

5 (C))

Figure 3. Structures of six isomeric S¢ molecules (5a—f) corresponding to
minima on the potential energy hypersurface (bond lengths in pm).’)

Of the four mentioned S; isomers, the boat (5b) is less
stable than the chair by 52.4 kImol™', the prism (3) by
50.8 kJmol™', and the twisted branched ring structure (5d)
by 89.4 kJmol™' (AE, data). The second branched ring struc-

www.chemeurj.org  Chem. Eur. J. 2005, 11, 12811293


www.chemeurj.org

Coordination of Lithium Cations to Sulfur-Rich Molecules

ture (5e) is less stable than 5a by 104.0 kT mol~".®! For com-
parison, the activation energy for the homolytic ring open-
ing of cyclo-Sy (5a) is considerably higher, 148.8 kJ mol 1!
and the dissociation of cyclo-S4 (5a) into two S; molecules
of C,, symmetry requires 185 kImol'™ (all relative ener-
gies and reaction energies were calculated at the G3X(MP2)
level of theory).

Whereas the bond lengths in the ground state of cyclo-Sg
are all the same (calculated 209 pm; experimental
206.8 pm™), the 5b boat structure has two torsion angles of
0° and, as a consequence, two bonds are much longer
(222.2 pm) than the other four (205.3 pm). The four nonzero
torsion angles are +73.4°. The prism structure is most inter-
esting because it is practically a cluster of three parallel-ori-
ented singlet S, molecules with S—S bond lengths of 190 pm
(three times) and 276 pm (six times). For comparison, the
triplet ground state of S,(*%,) is characterized by a bond of
length of 188.9 pm, and 189.8 pm was determined spectro-
scopically for singlet S,('A,).1*" This prismatic S structure of
5c indicates that cyclo-hexasulfur may react as an S, donor
at elevated temperatures. The activation energy for the
transformation of 5a into Sb has been calculated to be
130.3 kJmol 1! For the isomerizations 5a—5¢ and 5a—
5d, the activation energies are slightly higher; however, Sc¢
and 5d can be obtained from the boat structure 5b in reac-
tions with barriers smaller than 130 kJ mol~".*’)

Isomers of composition [LiS;]*: Fourteen isomeric struc-
tures have been located on the singlet PES of [LiS¢]* and
one on the triplet PES. These ions contain the Sy unit either
in the normal chair-like conformation (6a), in the boat-like
conformation (6b,c), in the prism-shaped conformation
(6d.,e), in the branched ring form (Ss=S, 6f-k), or in the
triplet-chain form (60). These species and their relative en-
ergies are shown in Figures 4-6; their absolute energies are
listed in Table 5 of the Supporting Information.

In addition, two [LiSs]* isomers with two separate S,
units as well as one isomer with an S, and an S, ligand at-
tached to the lithium cation were located on the PES. These
species (61-n) will be discussed below.

The global minimum structure of [LiSs]* (6a) contains a
tridentate Sy ring of chair conformation attached to the
cation. The three Li—S bonds (255.6 pm) are slightly longer
than in [H,SLi]* (242 pm); however, the total binding
energy of —134 kJmol™' (Table 1) with respect to the com-
ponents Lit and S¢ (5a) is much larger than in the case of
H,S (—88 kImol™"). Interestingly, the S—S bonds of 6a are
slightly longer (210.1 pm) than those calculated for S
(209 pm), whereas the torsion angles within the coordinated
homocycle (72.9°) have hardly changed from those calculat-
ed for the free S; molecule 5a (73.2°*)). The bond angles at
Li are 79.1°, and the SSS angles are either 101.7° or 104.7°,
with the larger value at the three-coordinate atoms. The lith-
ium cation induces a small negative charge (—0.05) on the
three atoms it is coordinated to and a small positive charge
(+0.09) on the other three sulfur atoms. Whereas no solid
complexes with the Sy ligand are known, the compounds
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[Ag,Se][AsF,], and [AgSes][Ag,(SbFy);], which contain the
related Se, molecule coordinated to Ag* ions, have recently
been prepared. The coordination geometry between the
chair-like Ses ring and the metal ions is similar to that in 6a
(threefold symmetry axis), but the Se, ligand bridges two
Agt ions to form three Ag—Se bonds each to the metal
atoms, !

The basket-shaped [LiS¢]* complex 6b (Figure 4), derived
from the boat conformation of Sg, is less stable than 6a by

187.9

6¢ (73.3; Cy)

6d (53.5; Cs,)

6e (72.8; Cyy)

Figure 4. Structures of five complex cations of composition [LiS¢]* (6a-
e) derived from the unbranched ring and prism structures of Sq; bond
lengths in pm (for bond angles and torsion angles, see Table 2). Relative
energies (kJ mol™") and symmetries are given in parentheses.

40.0 kJmol™'. The four identical Li—S bonds are 258 pm
long and result in a binding energy of —146 kJmol™" with re-
spect to the S¢ boat (5b); the reaction energy with regard to
the chair-form of S, (5a) and Li* is —94 kJmol™". The S-S
bonds of 6b (206.2 and 224.9 pm) are all slightly longer than
in the related Sy isomer, Sb, but the S-S-S-S torsion angles
have hardly changed on coordination to the lithium ion (0°
and +74.1°). For bond angles and further torsion angles, see
Table 2. Whereas the four equivalent sulfur atoms attached
to Lit are slightly negatively charged (—0.05), the other two
are positively charged (+0.15). Thus, 0.11 electrons have
been transferred from the S¢ ligand to the metal cation.
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Table 2. Calculated bond angles and torsion angles of the [LiS¢]* isomers
6b-d and 6f-o (B3LYP/6-311G(2df)-optimized geometries). For the
numbering of sulfur atoms, see Figures 4-6.

Species Bond angles («) and torsion angles (7)[°]

6b Gy = 102.0, apyy = 1047, ayp = 517, ayss = 78.6,
Qs = 64.2, Ty = 741
6¢ Oy = 1018, cipyy = 1053, atyys = 102.5, ayp = 54.7,
Tis = T34, Tusgt = 73.9, Toasg = 0.0, Togy; = —137.1
6d Gy = 44.8, a5 = 69.5, ayrz = 86.6, cors = 89.5, a5y = 58.5
6f Gy = 94.5, gy = 1014, 0tyys = 95.8, ctysy = 103.6, ayy5 = 96.4,

e = 86.8, aspys = 63.1, Typ3y = 62.3, 7546 = —123.2,
Tozgs = 10.1, Tyge; = —06.6, 745, = 45.1
6g a3 = 100.2, ayy = 101.6, ays = 84.1, ays, = 101.6,
asp = 100.2, aye; = 102.0, Typ34 = 43.0, To345 = —64.7,
Tsis = 0.0, Tyzys = 46.2, Tsye; = 45.9
6h a3 = 102.5, ayy = 934, ays = 96.0, as;s = 98.8, ays = 97.9,
a5, = 102.1, aye = 114.1, aye; = 100.8, 71934 = 55.8,
Tos = —07.3, Taysy = 52.2, Tys16 = —133.8, 73516 = 79.6,

Ty = 121.6

6i azp = 1054, ays = 102.6, azsy = 84.1, azse = 100.1,
assri = 804, T3y = 0, Togss = —155.5, 71545 = 39.3,
TyseLi = 42.9

6j a3, = 101.3, ays = 100.3, assy = 84.8, o356 = 102.5,
asei = 1014, 7514 = 0, Toys6 = —165.8, 7145 = 42.7,
Taseri = 136.3

6k a3 = 102.0, ayy = 92.9, 193y = —7.3, 1136 = 1024,
Tezon = 177.9

61 sy = 1149, a3 = 78.6, dag; = 126.8, Tpp3; = 0,
TyLe = —128.1

6m a3 = 1155, ax; = 102.2, asy = 1794, 1153 = 180,
Ty = 107.3

6n A = 45.0, ay = 67.6, asie = 92.8, a5 = 113.1, 7345 = 0,
TLizas = 0

60 iy = 99.3, asy; = 102.8, a5 = 105.5, 71534 = 21.1,

Taass = 1.6, Triss = 111.1

In the [LiS¢]* isomer 6c¢ (Figure 4), the boat-like sulfur
ring functions as a bidentate ligand to result in shorter Li—S
bonds (245.2 pm), although the binding energy with respect
to 5b and Li™ is only —113 kJmol™!; the reaction energy
starting from 5a and Li* is —23 kJmol™'. The two S, units
of the ligand are essentially planar. The lithium ion occupies
a position where the electron density of the HOMO of the
two neigboring sulfur atoms is
probably at its maximum. For
bond and torsion angles, see

from the Li* ion. The bond angles of 6d are given in
Table 2. The charge transfer to the Li* ion of 0.08 electro-
static units causes a positive charge of 0.14 units on
atoms S1 and S2, whereas all other sulfur atoms are slightly
negative.

As expected, 6d is more stable than 6e by 19.3 kJmol .
The computed binding energy, with respect to Sec, is
—131.2kImol ™" for 6d and —112.0 kJmol ™" for 6e. Evident-
ly, the structure with the maximum number of Li-S interac-
tions is preferred.

The 6e isomer also has C,, symmetry (Figure 4) with two
Li—S bonds of length 248.1 pm. The S¢ unit is very close to a
perfect prism with all S-S-S angles within +£0.8° of either
60° or 90°, and S-S-S-S torsion angles inside the rectangles
of 0°. The S-Li-S angle is 46.5°. The two sulfur atoms attach-
ed to the Li* ion bear a negative charge of —0.25, whereas
the other four atoms are positively charged (40.14). Thus,
the Lit ion induces a dipole moment within the Sy units of
6d and 6e that is directed towards the metal ion.

The addition of a Li* ion to the branched rings Ss=S (5d
and Se in Figure 3) gave six isomeric complexes. They differ
in the position and the coordination number of the metal
ion as well as in the equatorial or axial position of the exo-
cyclic sulfur atom (Figure 5). In the first three cases (6 f-h),
the lithium atom is mainly bonded to the exocyclic atom,
which is always in an axial position and which bears the
highest negative atomic charge in the free ligand (Table 3).
In the most stable endo isomer, 6f, the Li* ion is also at-
tached to one or maybe even two of the ring atoms (Li—S5
258.6, Li—S2 279.5 pm), and it may be these additional
bonds that stabilize this isomer with respect to the exo struc-
ture 6h (Li* coordination number = 1). The same holds for
the structure of intermediate energy, 6g, which is of C, sym-
metry with one S-S-S-S torsion angle of 0°. The charge dis-
tribution in these [Ss—SLi]* isomers is quite different
(Table 3); for further geometrical details, see Table 2.

There are also two [Ss—SLi]* isomers in which the exocy-
clic sulfur atom is in an equatorial position (6ij) (Figure 5).
These isomers have C, symmetry with coordination numbers

Table 3. Atomic charges of Si=S and of 14 adducts of composition [LiS]*, calculated by the NBO method

Table 2. The NBOQO atomic based on the B3LYP/6-311G(2df,p) wavefunction.

charges are summarized in Species Li S1 S2 S3 S4 S5 S6
Table 3. 5d (S=S) - +0.04 +0.05 —0.06 +0.30 —0.07 —-0.25
In the case of the prismatic 6a [LiS¢* (Cs,) +0.88 -0.05 +0.09 -0.05 +0.09 —0.05 +0.09
S, isomer 5c (Figure3), we ©PI[LiS]" (C.) +0.89 +0.15 —0.05 —0.05 —0.05 —0.05 +0.15
. ; 6¢ [LiS]* (C,) +0.95 +0.09 +0.06 —-0.12 +0.06 —-0.12 +0.09

+ 6 s

found two adducts with Li* (6d ¢, 13+ 0 +0.92 +0.14 +0.14 ~0.06 ~0.06 ~0.06 ~0.06
and 6e). Whereas 6d is a tetra- g [Lis,|* (C,,) +0.95 025 025 +0.14 +0.14 +0.14 +0.14
dentate coordinated complex, 6f[Ss-SLi]* (C)) +0.88 -0.00 +0.16 —-0.09 +0.35 +0.07 -0.37
6e has a bidentate structure 6g[Ss-SLi* (C,) +0.89 +0.34 +0.12 —0.06 —0.06 —0.36 +0.12

. . . - i1+ —
(Figure 4). In 6d, the Li* ion S0 [Ss-SLil* (C)) +0.95 +0.10 +0.13 +0.04 +0.29 +0.04 0.55
h iohbori S-S 6i [Ss-SLil* (C,) +0.89 +0.11 +0.11 ~0.06 —0.06 +0.35 -0.33
causes the neighboring 6j [Ss-SLil* (C.) +0.95 +0.07 +0.07 +0.09 +0.09 +027 —0.55
bonds to increase in length. The 6k [Lis=S]* (C)) +0.92 +0.04 —0.04 +0.08 +0.44 —034 ~0.10
shortest bond in this ion  61[Li(7>S:),]" (Ds) +0.73 +0.42 -0.14 —-0.14 +0.42 —-0.14 —-0.14
(187.9 pm) is therefore the 6m [Li(5'-S5),]* (C,) +0.85 —0.33 +0.05 +0.05 +0.36 —0.33 +0.36
6n [Li(S,)(Sy)]* (Cy) +0.79 —0.24 —0.24 +0.31 +0.04 +0.31 +0.04

prism edge on the opposite side
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for the lithium atom of 3 (endo isomer) and 1 (exo isomer),
respectively. The related but completely asymmetrical
isomer of connectivity [LiS=S]* (6k) contains the metal ion
exclusively attached to two ring atoms of the S&=S ligand
(Figure 5). The Li—S1 distance is 268.7 pm; however, our

197.4
B
26 Iy 2274

L@ Li 952
6k (108.1; C))

6j (108.2; Cs)

Figure 5. Structures of six complex cations of composition [LiSs]* (6 f-k) derived from the branched ring struc-
tures S=S; bond lengths in pm (for bond angles and torsion angles, see Table 2). Relative energies (kJmol™")

and symmetries are given in parentheses.

topological analysis (see below) shows that there is no bond-
ing interaction between these two atoms. The S; ring has an
envelope conformation with four atoms almost in one plane
(torsion angle —7.3°). Both the exocyclic sulfur atom and
the lithium atom are in axial positions with regard to the
average plane through the ring atoms, but frans to each
other with a Li-S-S=S torsional angle of 177.9°. As expected,
the three three-coordinate atoms of 6k possess an approxi-
mately pyramidal coordination sphere. Interestingly, the
charge transfer to the metal ion is 0.08 electrons and thus
higher than in the case of 6h (0.05) but smaller than in the
related species 6 f (0.12) and 6g (0.11) (Table 3). The exocy-
clic S—S bond of 6k is about as short as that in the *S, mole-
cule. We denote this species as [LiSs=S]*; it is less stable
than 6a by 108.1 kJmol .

During the search for other isomers of composition
[LiSs] ", we discovered several novel structures of connectiv-
ity [Li(7*-S5).]* (61), [Li(57'-S5),]* (6m) and [Li(3-S,) (77’
S,)]T (6mn) as minima on the PES (Figure 6). However, these

Chem. Eur. J. 2005, 11, 1281 -1293 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

three ions are less stable than any of the previously dis-
cussed isomers, with relative energies of 111-169 kImol ',
respectively, compared to the global minimum 6a. The
highly symmetric ion [Li(5>-S;),]* (61) contains a four-coor-
dinate lithium ion and two planar LiS; units perpendicular
to each other. The Li—S bonds
are considerably longer
(258.7 pm) than in the more
stable adducts of the same com-
position, whereas the S-S
bonds are almost as short
(1943 pm) as in the free S;
molecule (experimental:
193.3 pm*). The structure of
61 is similar to the calculated
structure of the planar ion
[CaS;]*, which has been detect-
ed by mass spectrometry.['”]

The nonplanar cation [Li(7'-
S;),]T is of C, symmetry with
two co-linear Li—S bonds of
2411 pm and S—S bonds of
198.0 and 190.2 pm, respective-
ly. Each Li-S-S-S unit is of
trans-planar geometry, similar
to the related [H-S-S-S]* ion,*!
but the torsion angle between
the two Li-S-S-S units is 148°.
The Lit ion strongly polarizes
the S; ligands resulting in NBO
charges of —0.33 on the ligating
atoms and +0.36 on the central
sulfur atoms, whereas the termi-
nal atoms are only slightly posi-
tively charged (40.05). The re-
maining charge on the lithium
atom is +0.85. The formation
of 6m from 5a and Li% is exo-
thermic by only —18 kJmol™', but the binding energy is
—203 kJmol™" with respect to 2S; and Li™!

The C,,-symmetric ion [Li(3*-S,)(7*-S,)]T (6n) contains a
four-coordinate lithium atom with an approximately tetrahe-
dral coordination sphere. The two structural units, LiS, and
LiS,, are both planar and perpendicular to each other. This
type of coordination is well-known from transition-metal
polysulfido complexes, although planar five-membered rings
are unusual.!*? The binding energy with respect to °S, + S,
is —141 kImol .

Because S can also exist as a triplet chain (5f in
Figure 3),” we have investigated the possibility that this
chain adds a chain-teminating Li* ion. This structure (60) is
in fact a local minimum on the PES. However, the geometry
is cluster-like with a five-membered LiS, ring and an unusu-
al exocyclic S, group (Figure 6). The conformation of the Sy
chain in 60 is quite similar to the structure of the free
ligand S5f with a strong bond length alternation along the
chain. The binding energy of 60 with respect to Li* and 5f
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Li

2512 2472,
192.1 et
-7 Li -

-

6n (168.5; Cy,)

Figure 6. Structures of the complex cations [Li(5'-S;),]* (61), [Li(%>-S;),]* (6m) and [Li(S,)(S,)]*(6n) and of
the triplet cluster [LiSq]* (60); bond lengths in pm (for bond angles and torsion angles, see Table 2). Relative

energies (kJmol ') and symmetries are given in parentheses.

is —124 kJmol~'. The relative energy of this triplet cation of
126.4 kJmol™ with respect to isomer 6a is slightly larger
than the relative energy of 5f with respect to 5a
(116.8 kImol™).”" In other words, the ring opening reaction
energy of S; does not change much after coordination of an
Li* ion. As with the neutral diradical 5f, the spin densities
of 60 are highest on the two terminal S, units (i.e., on S1,
S2, S5 and S6).

General properties of the novel complexes

Geometries: In all the stable complexes (labelled with “a”)
studied in this work, the ligands exhibit practically the same
conformation as in the free molecules. The S—S bonds of the
Me,S, ligands vary in length between 203.2 and 222.8 pm,
whereas the Li—S bond lengths are calculated to be in the
range 238.1-250.3 pm. In all cases, the coordination of a Li*
ion causes the neighboring S—S bonds to increase in length.
This is in accordance with the observation that the increase
in coordination number at the sulfur atoms from 2 to 3 re-
sults in somewhat longer bonds.”! For instance, the S—S
bond in the [Me,S-SMe]* ion is longer than in Me,S, by
8 pm.*

Surprisingly, the Li* ion is not usually located on the
vector of the dipole moment of the particular molecule but
prefers to be in one plane with the 3p lone pairs of the
sulfur atoms it is coordinated to. It seems that the Li* ion is
attracted by the local electron density maxima of the 3p
lone pairs of the sulfur atoms,” in addition to the ion-
dipole attraction (which would favor a planar [H,SLi]* ion).

We did not investigate the coordination of a Li* ion to
the thiosulfoxide isomers of the dimethyl polysulfanes,
which are known to be local minima on the PES.[?

In the case of S, the coordination to a Li* ion results in a
more or less strong bond length alternation, and S—S bond
lengths of between 189.8 and 259.0 pm have been obtained.
The Li—S bond lengths lie in the range 231-280 pm (longer

1290

241.1
502 e &
O—2

6m (146.0; Cy)

60 (126.4; Cy)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0 (T6) distances are considered to be
N/ nonbonding). The lower coordi-
nation number of the Li* ion is

T (@ usually associated with a short-

er Li—S bond.

Atomic charges: In the 29 com-
plexes studied in this work, the
transfer of electron density
from the ligands to the lithium
ion varies between 0.04 and
0.27 electrons  (Table 3). For
comparable cations, the higher
the coordination number, the
larger the charge transfer. The
calculated order of charge
transfer is:  [HSLi]* <
[Me,S,Li]" (1a,b) = [LiS¢]*
(6¢, C,) = [LiS¢]*™ (6e, C,) =
[Ss—SLi]* (6h,j) < [Me,S,Li]*
(2b, 3¢, 4¢, 4d) < [Ss=SLi]* (6i) < [Me,S;Li]* (2a) <
[Me,S,Lil* (3a,b) < [LiS¢]* (6b, C,,) = [Ss—SLi]* (6g,k)

< [Me,SsLil* (4b) = [Ss—SLi]*t (6f) = [LiS,]* (6a) <
[Me,SiLil* (4a) = [Li(y'-S;),]* (6m) < [Li(S,)(S)]* (6m)

< [Li(5*S5),]" (61). Evidently, the global minimum struc-
tures experience the largest charge transfer if one excludes
the high-energy hexasulfur adducts 61-n. The main effect of
the lithium cation on the ligands is to induce a (higher)
dipole moment by polarizing the electron clouds in the
neighboring bonds. The attraction is then mainly caused by
the well-known ion—dipole interaction. Our argument is sup-
ported by a point-charge calculation that readily reproduces
the D,, geometry of [Li(1°-S;),] (61).

Topological analysis: To further characterize the Lit--S in-
teraction in these cationic complexes, we examined the
topological properties of the electron density, based on
Bader’s theory of atoms in molecules (AIM).*! Except for
6k, all Li—S bonds less than 280 pm are characterized by a
maximum electron density path and its associated bond crit-
ical point (bep). In 6k, the Lit ion is mainly coordinated to
S2 and S5. Although S1 is in close contact with the Li* ion
(268.7 pm), our calculation reveals that there is no signifi-
cant bonding interaction between the two atoms.

The calculated electron density (p,), Laplacian (5/%0,) and
ellipticity (¢) values at the bep, based on the B3LYP/6-
31G(2df,p) wavefunction, are summarized in Table 6 in the
Supporting Information. In all cases, the calculated Lapla-
cian of the electron density (/%0,) is positive, indicating the
closed-shell nature of the interaction. The electron density
values, p,, are relatively small, ranging from 0.013-0.028.
However, there is a strong correlation between the p, values
and the Li—S bond lengths. In other words, the p, value may
be used as a measure of the bond strength of the Li*--S in-
teraction. Our finding is consistent with the topological
study of the complexes between ethers and Li* ions.”'! Sig-
nificant ellipticity values (¢) were calculated for most of the
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Li—S bonds examined here. These values reflect the orienta-
tion of the 3p lone pair orbital of sulfur towards the Li* ion.
A large value indicates that the Li* ion and the axis of the
sulfur lone pair orbital are essentially in the same plane.

Thermodynamics: The absolute and relative energies of the
29 cations and their components are given in Table 5 in the
Supporting Information. The binding energies (Table 1)
range from —88kJmol! for the [H,SLi]* ion to
—189 kImol™ for the most stable isomer of the [Me,S;Li] "
ion (4a). Of the various possible S¢ ligands, the two S=S
complexes 6f and 6g have the highest binding energies,
namely —164 and —162 kImol™!, respectively, whereas the
global minimum structure 6a is predicted to have a binding
energy of only —134 kJmol~!. Compared with the high bind-
ing energies of protons to the various S, isomers (735-
836 kJmol ™), the corresponding interaction of the Li*
ion is much weaker.

Since the calculated binding energies between a Lit ion
and Sy are always larger than or close to the homolytic dis-
sociation enthalpy of cyclo-Sg (116.8 kImol~'™), it can be
expected that the structure of any [LiS¢]" complex formed
in a real gas-phase experiment from cyclo-S4 will correspond
to that of the global minimum. The fact that 6a, which con-
tains the cyclo-S; ligand, is much more stable than the 6m-o
complexes, which contain S,, S; and S, ligands, indicates that
any alkali metal cation will react with the homocycle Sq
(and probably also with Sg) to complexes of the type 6a.

The various isomers of the [LiS¢]* ion show that the iso-
mers which contain the highest number of S—S bonds are
most stable. The second factor influencing the stability is the
coordination number (CN) of the lithium cation: a higher
CN is associated with a greater stability. This is in sharp con-
trast to the interaction of protons with related sulfur-rich
molecules in which case covalent bonds with mono-coordi-
nate hydrogen are always formed with a transfer of =~
0.8 electrons to the proton.?*4)

The coordination to the Li* ion stabilizes certain unstable
Se isomers (see Table 5 in the Supporting Information). For
example, the boat form of S; (5b) has a relative energy of
52.4 kImol™' compared to the chair form 5a. The lithiated
boat form (6b) is only 40.0 kJmol ™ less stable than 6a. The
same reduced relative energies have been calculated for the
lithiated branched rings (6 f,g) which are less stable than 6a
by 59.3-85.9 kImol™!, whereas the axially branched ring
Ss=S (5d) has a relative energy of 89.4 kJmol '. Thus, the
coordination of Li* (and other cations) may enhance the re-
activity of S¢ (and other sulfur rings) because of the liberat-
ed binding energy, but also owing to favourable changes in
the potential energy hypersurface.

Lithium cation basicities: The gas-phase lithium cation basic-

ity (LCB) of a base (B) is defined as the negative Gibbs
energy associated with the equilibrium reaction (2).””

Li* +B = [Li-B|* (2)

Chem. Eur. J. 2005, 11, 1281 -1293 www.chemeurj.org
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This definition is comparable to the definition of the gas-
phase (proton) basicity of a molecule. LCB values for more
than 200 small bases have been calculated and determined;
however, there are only a few data of sulfur compounds in
the literature.”! Alkyl thiols and dialkyl sulfides have LCB
values in the range 84-130 kJmol™'; the LCB of a thiol,
RSH, is always lower than that of the related sulfide, R,S.
The only disulfide investigated seems to be (CF;),S, with
LCB = 80kJmol ',"Y and data on more sulfur-rich mole-
cules, as investigated in this work, are missing.

To check the reliability of our calculation method, we
have first examined the well-known lithium cation affinities
of H,O and Me,O at the G3X(MP2) level. Our computed
values of 137 and 157 kJmol™' are in very good agreement
with the experimental estimates™ (137+14 and 167+
10 kJmol™', respectively). This lends strong confidence to
our predicted lithium ion affinities and basicities of the vari-
ous sulfur-rich compounds examined in this paper. The cor-
responding data for the most stable isomers 1a—4a and 6a
are listed in Table 4. They range from 103.6 kImol™' for

Table 4. Reaction enthalpies and Gibbs energies for the addition of Lit
ions to the gaseous ligands Me,S, (n = 2-5) and hexasulfur, S, to gener-
ate the complex cations 1a—4a and 6a [G3X(MP2) level]. The lithium
cation basicities (LCB) of the ligands are defined as the negative Gibbs
energies of Reaction (2).

Species AH o, [kI mol ™ AGgs[kImol™']
[Me,S,Li]* (1a) 1409 —1126
[Me,SLi]* (2a) —149.4 ~11738
[Me,S.Li]* (3a) ~176.0 —1442
[Me,SLi]* (4a) ~189.1 1557
[LiS,]* (6a) ~135.9 ~103.6

[SeLi]* via 112.6 kImol™' for [Me,S,Li]* to 155.7 kJmol ™
for [Me,S;Li]*. In other words, the dimethyl polysulfane
molecules are increasingly stronger ligands as the sulfur con-
tent increases, whereas chair-like S¢ with its zero dipole
moment is a considerably weaker base and ligand.

Harmonic vibrations: To facilitate the experimental discov-
ery of the complexes studied in this work, the vibrational
wavenumbers below 600 cm™' (unscaled) and the corre-
sponding IR intensities of the most stable species 1a, 2a,
3a, 4a, and 6a are given in Table 7 in the Supporting Infor-
mation. In the case of S, the irreducible representation (1)
changes from 2A;, + Ay, + Ay + 2E, + 2E, for Dy,
symmetry to 3A; + A, + 4E for C;, symmetry. The three
additional vibrational degrees of freedom introduced by the
Li atom of 6a result in two vibrations at 291 cm™! (E) and
240 cm ™ (A)).

Conclusion

Neutral molecules containing two-coordinate sulfur atoms,
such as dimethyl sulfanes Me,S, (n = 1-5) and the homocy-
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cle S, form stable complexes with lithium cations with bind-
ing energies ranging from —125 to —189 kJmol™". In cases
where several equivalent or nearly equivalent sulfur atoms
are available the cation prefers to coordinate to more than
one atom forming LiS, heterocycles or clusters with Li—S
bond lengths in the range 231-280 pm. In these cases, the
stability generally increases with the coordination number
of the Li* ion, which reaches a maximum value of 4. Rela-
tively unstable isomers of the usually chair-like S¢ molecule
(boat, prism, branched ring conformation) are stabilized by
coordination to LiT. Branched rings with an exocyclic nega-
tively charged atom (Ss=S) preferentially form complexes of
the type [Ss-S-Li]*; however, in most of these species there
are additional Li—S interactions. The charge transfer from
the ligand to the cation increases with the coordination
number of the latter, but remains as small as 0.05-
0.12 electrons. However, [LiSs]* complexes with the neutral
ligands S,, S; and S; and tetrahedrally coordinated lithium
atoms exhibit a much stronger charge transfer (0.21-0.27 e)
and much higher absolute binding energies. The ligand—
cation interaction is explained in terms of ion—dipole attrac-
tion with the dipole moments generated or increased by the
polarizing force of the cation. Lithium cation basicities for
the global minimum structures have also been calculated
(range 103.6-155.7 kJmol ™).
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