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Structures of Linear Multisulfur Systems. X. Sulfur-Sulfur

Bonding in Compounds with Four and Five Collinear Sulfur

Atoms. A Discussion Based on MO-Calculations
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CNDOJ/2 calculations have been performed on a
series of molecules containing four and five
collinear sulfur atoms. The equilibrium geome-
tries and charge distributions have been calcu-
lated. The theoretical results are compared with
experimental data from X-ray crystallographic
structure determinations. It is found that the
CNDO/2 method is able to predict reasonably
well in which cases partial bonding between
sulfur atoms occurs. It is furthermore shown
that the geometrical arrangements predicted
for the sulfur sequences are closely related to
those predicted for linear polyhalogen com-
pounds.

It is well known that in structures of thi-
athiophthenes (I) and related compounds (e.g.
II) the S—8 bonds are found to be longer
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than corresponding single bonds.! Bonding
schemes in which the central sulfur atom forms
localized o¢-bonds with the terminal sulfur
atoms, utilizing pd or pd? hybrid orbitals, have
been suggested.»® Another of the proposed
bonding schemes involves delocalized ¢-bond-
ing across the three sulfur atoms, 3-centre-4-
electron bonding, in the following shortened
3c—4e bonding.%®* The description may be
used with or without involving d-orbitals on
the sulfur atoms. If d-orbitals are not included,
this o¢-bonding scheme is analogous to that
suggested for trihalide ions by Hach and
Rundle ¢ and by Pimentel.”?
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Compounds including four and five collinear
sulfur atoms, e.g. III and IV, may be described
as extended thiathiophthenes. Several such
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compounds have been synthesized *!! and in-
vestigated by X-ray ecrystallographic meth-
ods.!2~28 In some of the compounds studied all
S — 8 bonds have been found to be longer than
single bonds, while in other compounds bond
lengths comparable to those in five-membered
cyclic dithioles are found.

The 3c-4e concept may be extended and
generalized to give a description of n-centre
bonds, (nc-ve bonds) as pointed out by Car-
penter ** and by Miiller.”® The general system
under consideration by these authors is an
array of n collinear equal atoms equally spaced.
It is concluded that when n>4, n-centre bond-
ing is only to be expected if other forces keep
the atoms in favourable positions.?® In the
higher homologues of thiathiophthenes, and
related compounds, the carbon skeleton will
tend to keep the sulfur atoms in favourable
positions for delocalized n-centre o-bonding.

In the present paper the results of CNDO/2
calculations on some selected model four- and
five-sulfur compounds are given and compared
with experimental results.
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CALCULATIONS

The calculations have been performed with
the CNDO/2 method, using standard param-
eters.?* ¢ A glightly modified CNDO/2 program
was employed.? d-Orbitals have not been in-
cluded, due to the large number of additional
parameters required in the calculations. Recent
ab initio calculations give rather low d-orbital
populations on the sulfur atoms in thiathioph-
thenes.® It is thus probable that the 3d-orbitals
on sulfur in these compounds do not participate
in building hybrid orbitals in the usual sense,
but rather serve as polarizing functions on s-
and p-orbitals so as to improve the occupied
molecular orbitals without significantly chang-
ing their character.®® On this background it
seems reasonable to assume that the essential
features of the bonding in the four- and five-
sulfur compounds may be described by in-
clusion of only s- and p-orbitals.

It has been observed that CNDQO/2 calcula-
tions with standard parameters and without
d-orbitals predict too long S —8 bonds in, e.g.,
dithioles;*»% while calculations with d-orbitals
yield too short S—S8 bonds.*? Thus, when com-
paring experimental bond lengths with those
predicted theoretically, the relative changes
rather than the absolute values are relevant
in the discussion.

In the various model compounds studied by
CNDO/2 the valence electron energy of the
system has been calculated for different S—8
bond lengths. The S—8 distances have been
varied by moving the sulfur atoms along the
sulfur row, keeping other bond lengths and
angles constant. This mode of calculation is
somewhat artificial, as the geometry in general
is affected when the S — 8 distances are changed.
E.g. a C—~8 bond adjacent to a ‘short” §—S8
contact is invariably longer than a C—8 bond
adjacent to a “long” S—8 contact. However,
in calculating the energies for different S—8
configurations, the effect of ignoring the over-
all geometrical changes will to a first approxima-
tion cancel when multi-centre and two-centre
molecules are compared. If the synchronous
changes in geometry should be fully taken into
account, the amount of calculations required
would be prohibitive.

If delocalized n-centre bonding is present in
an n-centre system, all the bond distances along

the array would be expected to be longer than
a corresponding bond in a two-centre system.
Therefore the equilibrium S—§ distances ar-
rived at for the four- and five-sulfur compounds,
are compared with the corresponding distances
calculated for closely related two-centre mod-
els, .e. isolated five-membered cyclic disulfides.

RESULTS AND DISCUSSION
A. Foursulfur compounds

1. Model compound “a’’. The geometry as
determined experimentally for compound V *
was used as a basis for model “a” (Fig. 1).
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The model was constructed exactly planar,
hence the slight deviations in corresponding
C—C and C~—S bond lengths between V and
“a’”., C—H bond lengths were set equal to
1.08 A. The variation in energy for ‘“a’” as a
function of the 83 —S4 distance is plotted in
Fig. 2. In the calculations S2 and S3 were
moved symmetrically along the sulfur row,
so as to leave S1—82 equal to S3—S4. S-S
distances corresponding to minimum energy

51020 0f 048 0

017
@m o2 ey STawH (E=-2699.255)
B¢ M4 1036 1145 1000  ZIp,: 4285

gy
3 (E=-19715)
P W73 79 Ipx: 2152

Fig. 1. Atomic charges and sulfur p, popula-
tion as calculated for models “a’ and “b’ at
equilibrium geometries. Bond distances are
shown in parentheses on “a’”. Bond lengths in
“b” are as in ring C of “a’”. The minimum
valence electron energies are given in units
of eV.
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Fig. 2. The change 4E in CNDO/2 valence
electron energy for models “a’ and ‘b’ as a
function of the 83 —S4 bond length.

were derived by interpolation according to a
second order polynomial fit. In order to com-
pare the outer S—8 bond distances arrived at
in “a’” with that in an isolated 1,2-dithiole
ring of comparable geometry, calculations
were carried out on 1,2-dithiole-3-thione (model
“b”).

In this calculation only one of the sulfur
atoms, S3, was moved in order to mimic the
calculations on ‘“a’. The optimized S—8 dis-
tance in “b” is 2.16 A while the outer distances
in “a” are 2.15 A. Hence, according to the CNDO
results, the interaction between S2 and S3 does
not lengthen the terminal S—S bonds in this
four-sulfur compound relative to those of a
dithiole. This is in agreement with experi-
mental results which show the terminal dis-
tances in V to be of approximately the same
lengths as the S—S bonds found in cyclic 1,2-
dithioles.!* According to the CNDO/2 calcula-
tions, both s- and p-orbitals are involved in
the S—8 ¢-bonding; with p-orbitals giving the
major contribution. Considering p,-orbitals only
as taking part in the S —8 ¢-bonding, there is
a system with four centres and four electrons.
The energetically most favourable arrangement
apparently is two essentially localized 2c-2e
bonds.

2. Model compound “‘c”’. The structure of the
positive four-sulfur ion, VI, has been deter-
mined.?* The outer S—8 bond lengths deter-
mined experimentally do not differ significantly
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Fig. 3. Atomic charges, valence electron energy
and sulfur p, population as calculated for
model compounds ‘¢’ and “d’’ at equilibrium
geometries. Bond distances are given in paren-
theses on ‘‘c”.

from those of isolated 1,2-dithiolium ions.

For the calculations a model four-sulfur cation
with twofold symmetry was constructed, model
“¢” (Fig. 3). As each of the outer rings in this
molecule carries a formal charge of + 0.5,
it is not possible to find an exactly equivalent
two-centre model for comparison. Instead a
1,2-dithiolium cation (‘‘d”’) with geometry like
ring C was used. The calculations give equi-
librium S—8 distances of 2.15 in “d” and
2.14 A for the outer distances in ‘“c’. Both
theoretical and experimental results thus sug-
gest a bonding scheme in the four-sulfur cation
equivalent to that in the neutral four-sulfur
model ‘“a’”.

3. Model compound “e”’. A negatively charged
four-sulfur molecule has not yet been isolated.
In such a compound there would be formally
six p, electrons in the sulfur array; i.e. a 4c-6e
system. For the calculations on this anion an
“unbiased” model ‘“‘e” was constructed, with
§—-C=172 A, C-C=1.39 A, C~-H=1.08 A,
and bond angles at carbon atoms equal to
120°. 82 and 83 were moved as in the previous
calculations. The equilibrium geometry arrived
at is shown in Fig. 4. In this case the central
S—S8 bond is the shorter one. The two-centre
model used for comparison, model “f”, is ar-
rived at by a 180° rotation around each of the
outer C—C bonds in ‘“e”. The optimum S-S
bond length arrived at in the four-centre model
is 0.04 A longer than that in the two-centre
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Fig. 4. Atomic charges, valence electron energy
and sulfur p, population as calculated for
models ‘“e” and “f” at equilibrium geometry.
Bond lengths are shown in parentheses.

model. The calculations thus indicate that the
interactions S1..-S2 and 83..-84 are strong
enough to have a lengthening effect on the cen-
tral S — 8 bond, in agreement with the idea of o-
electron delocalization in electron-rich systems.

4. Model compounds “‘gl”’, “g2’ and “g3”.
A neutral molecule isoelectronic to ‘e’ is ob-
tained by introducing nitrogen into the ring
system in the manner illustrated in formula VII.
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Compounds analogous to VII have been
synthesized,'%1* and the structures of four of
these have been determined by X-ray crystal-
lographic methods.*®?%% The experimental re-
sults show that the central S—S8 bond is sig-
nificantly longer than a single bond.
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Fig. 5. Models “gl”, “g2” and ‘“h’ with cal-
culated atomic charges and sulfur p, popula-
tions. N—H bonds= 1.04 A, other bond dis-
tances are shown in parentheses.

CNDO/2 calculations were performed on a
symmetrical model “g1’’ (Fig. 5). Optimal energy
was found with the three S—§8 distances 2.76,
2.17 and 2.76 A, respectively. The central dis-
tance is 0.04 A longer than the S—§ distance
calculated for a reference cyclic disulfide, <“h”.
Energy curves of the two models are shown
(eV)
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Fig. 6. The change AE in CNDO/2 valence
energy for models g1’ and “h” as a function
of the 82—S83 bond length.
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in Fig. 6. As mentioned above the S—S bond
lengths calculated by CNDO/2 for disulfides
have been found to be approximately 0.1 A
longer than the experimental value. The cal-
culated central S—S bond length in the four-
sulfur model “gl’’ is, however, close to those
observed experimentally in VIII —XI. The in-
crease in S—S bond length by going from an
isolated cyclic disulfide to the central ring of
“g1” is hence underestimated in the calcula-
tions. Similarly, it has been found that CNDO/2
calculations not including d-orbitals on sulfur
underestimate the variations in S—S bond
lengths of open disulfides, R—S—-S—R.2?

The lengthening calculated for S2—S83 of
“gl” is significant, and indicate that the three
S—8 bonds are partial bonds; as in the case
of the four-sulfur anion (model ‘e’’). As noted
above, Miiller has concluded that four-centre
bonding is not very likely to occur.?® Looking
at Muller’s energy calculations, however, it
is seen that a four-centre bond has a signif-
icantly more favourable energy than a four-
centre array with only one localized bond,
while the energy difference between a four-
centre bond and a system with fwo localized
bonds, is minor.

In compounds VIII and XI the sulfur
sequences have two-fold symmetries due to

crystallographic requirements. In IX and X,

which are also symmetrically substituted, the
sulfur arrays are unsymmetrical. This is prob-
ably caused by differences in the crystallo-
graphic environments of atoms S1 and 84. In
IX each of the S4 atoms (there are three mole-
cules per asymmetric unit) has a close con-
tact to the molecular plane of a neighbouring
molecule, while the S1 atoms have no such
short contacts.?® This indicates that the S—S
bonds in these four-sulfur molecules are easily
perturbed by weak intermolecular forces.

An unsymmetrical model “g2” (Fig. 5) was
constructed by shifting S1 and 84 in model
“g1” 0.05 A along the sulfur row. Calculations
were carried out, moving S2 and 83 as described
earlier, A minimum energy, not significantly
different from that of the symmetrical model,
was obtained. The calculations show a small
displacement of the atomic charges in “g2”
compared to “gl”. S1 and S2 carry slightly
larger negative charges than S4 and 83, respec-
tively. Such an electronic displacement might
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be introduced in IX, e.g. due to the relatively
close contact of S4 to the n-electron cloud of a
neighbouring molecule; and hence an asym-
metric sulfur sequence would be favourable.

It is well known that in trihalides, with de-
localized 3c-4e bonding, the X, sequence
is more asymmetric the longer the total
[X —~X —X] sequence.’* By analogy one would
expect that in these 4c-6e systems a shorter
S:-.8..-8..-8 sequence would correspond to a
longer central S—S bond. From the experi-
mental results (VIII—XI) it is seen that the
variations in the four compounds studied are
small and not systematic. The short total
S:--S arrays in IX do, however, correspond to
central S—8 bonds which are significantly
longer than those found in the three other
compounds. CNDO/2 calculations predict a
barely detectable lengthening of the central
S—8 bond when S1--.-84 is shortened (from
2.168 A in “g2” to 2.173 A in “g3” where the
S1..-84 sequence is shortened by 0.30 A).

B. Five-sulfur compounds

5. Model compounds i1’ and 2. The
structures of three compounds, each with five
approximately collinear sulfur atoms, have been
determined by X-ray crystallography (XII,
XIII, X1IV).1%16,21 Molecule XII which is un-
symmetrically substituted, shows a slight asym-
metry in the sulfur sequence. The symmetri-
cally substituted molecule XIII has, within
experimental error, twofold symmetry, while
compound XIV which is also symmetrically
substituted, shows a large deviation from sym-
metry in the sulfur sequence. In each com-
pound all four S —§ distances are significantly
longer than S —8 bonds in cyclic dithioles.

S—Ss S S—s$
XII (ref12) 214 262 255 216 R=ph, R':t-bu
XUI (refi6) 2183 2580 2583 2173  R=R':t-bu
XV (ref2) 2113 2626 23% 2271 R=R':p-MeO-ph

CNDO/2 calculations on a model with two-
fold symmetry (model ¢il’’) have been per-
formed for various S.--S distances (Fig. 7). The
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Fig. 7. Model compounds “il”’ and “i2”’ with
atomic charges and sulfur p, population at
equilibrium geometry. Bond distances are
listed in parentheses.
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Fig. 8. AE plotted for model ““il”’ as a function
of the S1—S2 distance.

energy curve is plotted in Fig. 8. The results
show that all S—S bonds are predicted to be
longer than in dithioles; with the outer S—8
bonds being the shorter ones, in good agree-
ment with the experimental results. The cal-
culated increase in 81~—82 and S4—85 above
the dithiole value, is, however, underestimated,
as in the case of the four-sulfur compounds,
“gl”. In analogy with the notation used for
the four-sulfur molecules, the partial bonding
in the five-sulfur array may be described as
5¢-6e bonding.

An unsymmetrical model ¢i2’ was con-
structed by shifting S4 towards S3 such that
83-84=2.44 A and S4—-85=2.30 A. In sub-
sequent calculations these bond lengths were
kept fixed, while moving S2. The CNDO results
indicate that a lengthening of S4—-S5 will

cause a slight shortening of S1—82. The ex-
perimental results show the same trend, how-
ever, much more pronounced (XIV).

As the two p-methoxyphenyl substituents in
XIV have similar twist angles, the observed
asymmetry in the sulfur array is probably in-
duced by intermolecular forces. By studying
the crystallographic packing it is found that
the environments of the two outer disulfide
rings are rather different. Dithiole ring A is
sandwiched between the corresponding ring,
A’, of another molecule and a phenyl group;
while ring D’s closest contacts are to a tri-
methylene bridge of another molecule.?! It is
possible that electronic repulsion between the
n-electron clouds of ring A and its neighbours
induces a migration of electronic charge from
S1 towards 85. According to the calculations
such an electronic displacement favours the
asymmetric geometry observed where S1—S2
is shorter than S4— S5 (Fig. 7).

C. Models of polyhalides and
polyhalogens

As mentioned in the introduction, the o-
bonding in thiathiophthenes apparently is
similar to that in the trihalides. By analogy
the o-bonding in a linear X, (X =halogen)

Clz B ClmCl (E=-878.021)
P 107 Ip,: 2142
. E
3: ClmClm Cl (E=-1318.153)
Pyt 1573 9823 Ip,: 4069
L = A S—
4 2500 o) ase O Ex-1s0
P, 1899 110 Ip,: 6078
=012 o2
Cly: ClmClmClmCl (E=-1756.195)
P, 1081 1.055 Ip,: 42712
. S
Clg: sz “aza Claoen O E=-2m65%0)
pe 13 83 1501 I, 61

Fig. 9. Interatomic distances (in parentheses),
atomic charges and p, population in Cl,,Cl;,
Clzt, Cl; and Cl;~ at equilibrium geometries.
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molecule might be of the 4c-4e type; while
the bonding in X~ and X~ may constitute
delocalized 4c-6e and B8c-6e systems, respec-
tively. In order to compare bonding patterns
in the linear multisulfur compounds and linear
polyhalogens, a series of CNDO/2 calculations
were carried out on halogen model compounds.
As the computer program available could not
handle atoms with main quantum number
larger than three, chloride compounds were
used. Descriptions of the models and some
results are summarized in Fig. 9. In the “free”
Cl, molecule an interatomic distance of 1.978 A
is predicted by CNDO/2 in good agreement
with the covalent single bond length of 1.98 A.3
Evidently the standard CNDO/2 parameteriza-
tion gives a better fit for Cl,; than for disulfides.
The structure of a Cl,~ ion is not known. Strue-
tures of Br,~ and I;~ ions, however, have been
determined in several compounds (e.g. Refs.
36 — 39). Calculations were carried out for vari-
ous Cl1..-Cl3 distances. For each total length
used, Cl12 was moved to find the lowest energy
of the system. According to these calculations
the optimal geometry of Cly~ is a symmetrical
ion with Cl...Cl distances of 2.13 A. For a
symmetrical Cl# ion the calculations predict
that all three bonds are significantly longer
than a single bond. The enuilibrium geometry is
compatible to that of the sulfur arrays in models
“e” and “g’ suggesting a close similarity in
bonding descriptions of these four-centre ar-
rays.

The geometry of Cl# has not been deter-
mined experimentally. However, the homol-
ogous Br,* ion has been observed in the crystal
structure of W,Br,,.** The ion is linear with a
Br — Br distance of 2.43 A for the central bond,
and 2.98 A for the two outer bonds. Similar
four-centre arrays have been found in the com-
pounds dimethylammonium bromide-bromine
(2:1) and dimethylammonium chloride-iodine
(2:1).* The average Br...Br distance of 2.8 A
is somewhat longer than that found in sym-
metrical Bry~ (2.54 A).%® This is also in quali-
tative agreement with the average Cl.---Cl dis-
tanees of 2.35 and 2.13 A predicted by CNDO/2
for Cl ¢ and Cl;~, respectively. The halogen
chains in the compounds mentioned above,
have been interpreted as charge-transfer ad-
dition complexes formed by two halogen ions
(donors) and one halogen molecule (acceptor).4?
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The 4c-6e delocalized bonding concept de-
scribes the same system in terms of molecular
orbital theory.

In a neutral four-centre model compound,
Cl,, CNDO/2 equilibrium geometry is calcu-
lated for a configuration with two short outer
bonds and a long central distance. The outer-
most Cl—Cl bonds are almost identical to that
predicted for Cl,. This indicates that the o-
bonding in Cl, is equivalent to that in the
four-sulfur array of model “a’.

Calculations on a symmetrical linear Clg~
ion predict that all bonds will be longer than
single bonds; — the outer bonds being the
shorter ones, quite analogous to what has been
found in the symmetrical five-sulfur sequences.
X,~ and YX,~ halides known so far are non-
linear with two three-centre systems at right
angles.®»% However, a linear polyiodide array
has been recognized in a channel inclusion
complex of trimesic acid polyiodide.*®

CONCLUSION

CNDO/2 calculations have been performed on
model compounds of linear multisulfur mole-
cules, V—XIV. These calculations predict that
relative to the S—S bond in an isolated cyclic
disulfide, there will be a lengthening of S—8
bonds in VII - XIV, but not in V and VI. This
is in qualitative agreement with the experi-
mental results.

Considering only p,-orbitals as taking part
in the S—8 o¢-bonding, & maximum of two
localized 8~8 bonds may be formed both in
a four-sulfur and a five-sulfur array. In four-
sulfur compounds with four p,-electrons, (V
and VI), two localized S —8 bonds are formed,
while in four-sulfur compounds with six p,-
electrons, (VII-XI), there exists a delocalized
4c— 6e o-bond. Analogously, in the five-centre
compounds XII-XIV there exists a bc—6e
bond. Thus, the results suggest that o-delocali-
zation occurs in these molecules when the
number of p,-electrons exceeds the number of
atomic centres in the linear row.
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