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The binary sulfur-carbon compound C4Sg (3H,7H-bis[1,2]dithiolo[3,4-b:3",4-¢][1,4]dithiine-3,7-dithione) was
synthesized and characterized in 1993 by Rauchfuss et al. The crystal structure determination (monoclinic,
space group P2;/c) revealed an essentially planar molecular shape (0-C¢Sg). Repeating the synthetic
procedure of Rauchfuss we obtained red crystals of C4Sg in a second crystallographic form (B-C¢Ss,
tetragonal, space group P42,c). Additionally, the formation of a black, insoluble, amorphous sulfur-carbon
polymer with the tentative formula (CsSg),, was observed. The molecules in B-C4Sg are angled along the S-S
axis of the central 1,4-dithiine ring. The dihedral angle between the two planar C;Ss moieties is 133°. The
molecular geometry, IR, Raman and UV spectra of C¢Sg are analyzed theoretically at the B3LYP/cc-pVTZ
level and are compared with experimental data. Assignments of vibrations and electronic transitions are
made. A C, symmetric, bent molecular structure is found for C4Sg, in agreement with the crystal structure of
the p-form, which is only a few kJ mol~!' more stable than the planar structure found in the o-CgSg
polymorph. C4Sg is a rare example of a substituted 1,4-dithiine that is structurally characterized in both the

planar and bent forms.

Introduction

Sulfur and carbon form a series of molecular crystalline and of
polymeric, mainly amorphous, binary compounds. Rauchfuss
and coworkers described in 1993 the synthesis (see Scheme 1)
of a novel carbon sulfide C4¢Sg (1) by dimerization of the
dithiole B-H,C5Ss with elimination of H,S." A crystallographic
study revealed an essentially planar molecular shape for the
tricyclic molecule, which we refer to as the a-form. In the
course of our studies on the poorly characterized amorphous,
polymeric carbon sulfides we focused our interest on this
reaction, since we observed that besides the soluble molecular
form of CgSg, a black, insoluble, amorphous material of
approximately the same composition is formed. When identi-
fying the red soluble material by means of crystallography,
surprisingly a second polymorph of C¢Sg, with a different unit
cell and crystal system and different molecular shape than
already described for 1, was found. We call the second poly-
morph B-C4Sg in the following. Here we describe its crystal
structure, its vibrational and UV/Vis spectra as well as a
theoretical investigation to understand the significant differ-
ences in the molecular shapes present in a- and B-CgSg.

A look in the literature reveals that similar polymorphism
has been reported for some other molecules composed of sulfur
and carbon, t0o.>” Especially interesting in connection with

S
S SH oluene, reflux S-S
2 S | —> S | | S + 2H,S
SH S
S S
1
Scheme 1 The conversion of f-H,C3Ss into C4Sg (1) as described by

Rauchfuss et al.!

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifiqgue 2005

this publication is the work of Mastryukov et al.* who theore-
tically investigated the planarity and non-planarity of thian-
trene-like molecules in molecular mechanics (MM3) and
ab initio (HF/3-21G*) studies. Thianthrenes as well as the title
compound possess the same central 1,4-dithiine ring as a
structural unit and we will show in the following that the
floppiness of this unit can be regarded as the origin of the
unexpected polymorphism.

Experimental
Synthesis and NMR spectrum

B-H,C5Ss was prepared by the method of Steimecke er al.®
C¢Sg was obtained by the procedure described by Rauchfuss
et al. by heating p-H,C5Ss in toluene under a flow of Ar.' After
24 h of reflux the reaction mixture consisted of a red-colored
solution and a dark insoluble material. The mixture was
filtered while hot. On cooling the filtrate C¢Sg formed as a
red precipitation. The raw material was recrystallized twice by
slow diffusion of hexane into a saturated solution of C¢Sg in
THF, leading to red needle-shaped crystals. Mp 255 °C; anal.
calcd for CgSg 22.0 C, 78.0 S; found 22.4 C, 76.4 S.

Initially, we were not able to obtain a '>*C NMR spectrum of
1. Despite the saturated solution having a light-red coloration
the concentration was too low to obtain substantial intensities
in the NMR experiment. This is in agreement with the ob-
servation of Rauchfuss er al.' So we prepared a '>C enriched
sample. The synthesis of B-H->C3Ss was repeated starting from
13CS, in a concentration to achieve a '*C enrichment of 15%.
The sample of C4Sg prepared by this way showed the expected
number of three resonances at 132.7, 165.1 and 202.5 ppm,
which can be attributed to the resonances of the three distinct
carbon nuclei C(1), C(2) and C(3) present in 1 (see Fig. 1).
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Fig. 1 The C4Sg molecule in the crystal structure of B-C¢Sg in a view
along the twofold axis (top) and along the S(3)-S(3") axis (bottom).
Thermal ellipsoids are scaled to enclose a probability density of 50%.
Symmetry operator: / = 1 —x, 2 —y, z. The cartesian coordinate
system at the molecule’s center-of-mass denotes the placement of the
molecule in the quantum chemical calculations.

Crystal structure analysis

A needle-shaped crystal of dimensions 0.03 x 0.03 x 0.88 mm®
was selected for the single crystal diffraction study. Precession
photographs showed the tetragonal lattice. Intensity data were
recorded using an Enraf-Nonius CAD4 diffractometer and
graphite monochromated Cu-Ko radiation. Examination of
the reciprocal lattice revealed the Laue class 4/mmm. Data
averaging in this class led to R;,, = 0.053. The absence of
integral extinctions, the presence of zonal extinctions (hhl: | =
2n), and serial extinctions (400: 1 = 2n; 0k0: k = 2n; 00L: | =
2n) led to the acentric space group P42,c. Crystal data: C¢Ss,
M = 14585, a = b = 11.9524(8), ¢ = 7.6116(4) A, U =
10874 A3, T = 295K, Z = 4, y(Cu-Ko) = 14.8 mm~', 2973
reflections measured in the range 4°< 260 < 110°, 681 unique
that were used in all fits. A structure model was obtained by
direct methods’ and refined by full-matrix least squares based
on F? with anisotropic displacement parameters for all atoms.®
The final wR(F%) was 0.085 (all data) and R(|F]) = 0.035 for
571 reflections with I > 2¢(l). The maximal and minimal
residual electron density was +0.25/—0.42 ¢/10° pm’.
The Flack parameter of 0.04(8) was essentially zero within
the standard deviation, indicating the correct polarity for the
structure model.

IR, Raman and UV spectra

IR spectra were recorded at ambient temperature from a KBr
pellet in the spectral range 4000-500 cm~!' and from a Csl
pellet in the range 600-200 cm™' with a Bruker IFS 113v
spectrometer. Raman spectra were measured from a crystalline
sample in a thin-walled glass capillary at ambient temperature

1 CCDC reference number 255756. See http://www.rsc.org/suppdata/
nj/b4/b402881c/ for crystallographic data in .cif or other electronic
format.
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on a Bruker RFS100 spectrometer. An UV/Vis spectrum of
C¢Sg was recorded on a Grobel diode array spectrometer in
CHCI; solution.

Computational details

The molecular geometry, normal modes, IR and Raman
intensities of 1 were computed quantum chemically from first
principles by using Hartree—Fock (HF) and density functional
methods (DFT) employing the BP86,” BLYP!® and B3LYP'!
functionals. For the assignment of the UV/Vis spectrum
vertical excitation energies and transition dipole moments were
calculated within the TD-DFT formalism.'? All calculations
mentioned so far were done with the Gaussian98 package.'> To
obtain accurate relative energies between different conformers,
MP2 and CCSD calculations were performed at several geo-
metries using the Molpro package.'* The conventional choice
for the coordinate system was made (see Fig. 1 below), where
the C, symmetry axis coincides with the z axis. Effects of the
limited basis set were investigated by employing different
atomic basis sets, namely 3-21 + G*,' cc-pVDZ,'® TZVP(P)"”
and cc-pVTZ.'S For some calculations the cc-pVQZ'" set was
used and the cc sets were augmented with diffuse functions.'®
All method/basis set combinations gave qualitatively the same
results. In the following discussion, we focus on the calcula-
tions with the hybrid B3LYP method in combination with the
cc-pVTZ basis set for all atoms. For a better comparison of
experimental IR, Raman and UV spectra with the theoretical
results, the line spectra obtained from Gaussian98 were folded
with a Lorentzian lineshape function with an empirical broad-
ening using the program LineShaper.'® All 3D rendered visua-
lizations were done with Molekel.? The counterpoise (CP)
correction®'** was employed to obtain molecular interaction
energies corrected for the basis set superposition error (BSSE),
which was calculated with the Turbomole program® at the
RI-MP2 level.?* In the RI-MP2 method a significant acce-
leration of the calculation compared to the usual MP2 method
is achieved by approximating products of atomic orbitals
(AO), w(r)(r) = p,u(r), occurring in two-electron, four-center
integrals by a linear combination of atom-centered auxiliary
basis functions, p,(r) & Zp cup P(r). In the Turbomole
RI-MP2 implementation the energy contribution of the
four-center integrals is obtained by applying this approxima-
tion twice:>

(wlich) = (uv|P)(PIQ) ™ (Qlx2) (1)

PO

If the auxiliary basis {P} was complete and orthonormal the
expansion on the right-hand side of eqn. (1) would be an
insertion of the resolution of identity [RI, I = Xp|P)(P|]
two times and would be exact. In order to reduce the computa-
tional effort, on the one hand the size of the auxiliary basis
{P} has to be significantly smaller than the square of the size
of the AO basis. On the other hand, a sufficiently large
auxiliary basis is necessary to keep numerical inaccuracies
small. We used high-quality auxiliary basis sets that have
been designed specially for the reference AO basis sets
(cc-pVDZ, cc-pVTZ, cc-pVQZ, aug-cc-pVTZ and aug-cc-
pVQZ) and the quantum chemical model (MP2).>* The
auxiliary basis corresponding to the most extended AO
set (aug-cc-pVQZ) is composed of uncontracted 12's, 10 p, 9
d,7f, 4 g and 2 h functions on each sulfur atom and 9 s, 8 p,
7d, 6f, 4 g, and 2 h functions on each carbon atom. The loss
in accuracy turns out to be negligible (<0.5 kJ mol™" in
our calculations) compared to other approximations (limited
AO sets, post-HF model) that are made in the course of the
calculations.
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Results and discussion

Crystal and molecular structure of -C¢Sg in comparison
with the a-form

The tetragonal unit cell of B-C¢Sg contains 4 molecules. An
individual molecule is shown in Fig. 1. A twofold axis runs
through the center of the central C4S, ring, giving the molecule
crystallographic C, symmetry. The two C;Ss moieties are
essentially planar with the largest deviation of an atom from
the best least-squares plane being 0.03 A. The two planar
moieties are folded at the S(3)-S(3") axis with an interplanar
angle of 133°.

Since the molecules in the two polymorphs are of different
shapes the relation between the two forms can be called
conformational polymorphism.?® A unique observation made
in our laboratory is the fact that we could not obtain crystals of
the a-form despite several attempts. In all our crystallization
experiments only the needle-shaped crystals of the B-poly-
morph appeared. The use of different solvent mixtures includ-
ing the one described by Rauchfuss ez al.! was without success.
To verify this observation we took powder X-ray diffracto-
grams of the bulk samples. The first precipitates obtained from
the hot toluene reaction mixture showed only weak and
broadened reflections, indicating poor crystallinity of the
material. Powder samples obtained from slowly grown crystals,
for example from THF-hexane, gave good quality diffracto-
grams that could be indexed on the basis of the tetragonal unit
cell of the B-form. The phenomenon is not uncommon and is
known in the literature as “disappearing polymorphs”.?” It is
believed that the crystal seed, when once formed from a
thermodynamically more favored polymorph, avoids the crys-
tallization of other forms. This idea is underlined by the
observation of the reappearance of polymorphs that had
disappeared for decades.?®

With the exception of the significant bending, the bond
lengths and angles of the molecule of the B-form are in close
agreement to the two independent molecules present in the unit
cell of the o-form (Table 1). The bent molecules of the B-form
are chiral. There are, however, both enantiomorphs present in
the unit cell. The non-centrosymmetry of the space group finds
its expression in a polar stacking arrangement of the molecules
along the crystallographic ¢ axis (Fig. 2 and Fig. 3). In the

Table 1 Experimental and theoretical (B3LYP/cc-pVTZ) geometrical
parameters (bond lengths in A, angles in deg.) of B-C¢Sg (1). Atomic
labels as in Fig. 1. Numbers in parentheses denote the bond parameters
of the planar species, referred to as a-CgSg

Parameter Experiment Theory

C(1)-S(3Y 1.746 (1.749) 1.759 (1.756)
C(1)-C(2) 1.343 (1.364) 1.359 (1.360)
C(2)-S(3) 1.764 (1.764) 1.782 (1.783)
C(1)-S(1) 1.735 (1.719) 1.741 (1.747)
C(2)-C(3) 1.442 (1.426) 1.433 (1.431)
C(3)-S(4) 1.636 (1.647) 1.650 (1.653)
C(3)-S(2) 1.741 (1.733) 1.760 (1.756)
S(2)-S(1) 2.064 (2.059) 2.104 (2.100)

C(2)-s(3)-C(1")
S(3)-C(1)-C(2")
C(H-C(2)-5(3)
C2)-C(1)-8(1)
C(H-S(1)-S(2)
CB)-S@)-S(D)
S(2)-C(3)-C(2)
CB)-C)-C()
C)-CB)-S54
C(H-C(2)-CB)-S#)
S(H-C(D-C(2)-SB3)
C(1)-8(3)-S(3)-C(1)

98.0 (101.9)
126.0 (129.7)
122.8 (128.3)
118.3 (117.5)

93.2 (94.2)

98.0 (97.1)
111.5 (112.8)
119.1 (118.4)
129.8 (125.3)

—179.5 (177.4)
179.7 (178.2)
133.0 (180.00)

100.25 (102.11)
127.79 (130.74)
123.70 (127.16)
117.88 (117.25)
93.27 (93.84)
96.79 (96.40)
112.19 (112.93)
119.61 (119.58)
128.30 (127.14)
—176.82 (180.00)
179.76 (180.00)
141.69 (180.00)
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Fig. 2 Crystal structures of the o~ (left) and the B-forms (right) of
C¢Ss. For both polymorphs two projections are shown, one along the
stacking direction of the molecules (top) and one perpendicular to the
stacking direction (bottom).

stack of B-polymorphic molecules the shortest interatomic
distance between two molecules is 3.54 A (C1-C3). The short-
est intermolecular distance between atoms of neighboring
molecules in parallel running stacks is 3.31 A (S1-S4). The
planar molecules of the o-form are stacked with the shortest
intermolecular atomic distance begin 3.47 A (between carbon
atoms). Again, the shortest intermolecular contacts of 3.24 A
are observed between sulfur atoms of neighboring molecules
across the stacking direction. At first sight, the smaller dis-
tances in the a-form seem to suggest that stronger intermole-
cular interactions are present in a-CsSg. However, evidence will
be given below that the polar stacking of B-C¢Sg increases its
stability over the a-form.

Our quantum chemical calculations on the free molecule
compare well with the experimental results described above. A
bent, C,-symmetric molecular structure is predicted, too. The
moieties are almost planar since the largest atomic displace-
ment from the least squares plane is equal to 0.07 A. The
interplanar angle, which can in good approximation be ex-
pressed by the dihedral angle C(1")-S(3)-S(3")-C(1), is calcu-
lated to be 141.7°. Experimental and theoretical geometrical
parameters are compared in Table 1. The RMS deviation of
bond lengths and bond angles amounts to 0.007 A or 0.4°,
respectively. A larger angular deviation is obtained for the
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Fig. 3 The stacking arrangement of C¢Sg molecules in the structures
of the a- (left) and the B-form (right). The vector n is parallel to the
normal vectors of the planes of individual molecules in the a-form and
to the crystallographic ¢ axis of the B-form.
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Table 2 Total energies E, relative energy AE of planar CgSg with respect to the bent (B) form, ZPE correction to AE and the dihedral angle

calculated using different method/basis set combinations

E(C¢Sg)/Hartree

Method/basis set Planar Bent AE/kJ mol™! AZPE“/kJ mol ™! C(1")-S(3)-S(3H-C(1)/deg.
HF/3-21+ G* —3391.260 091 —3391.261 154 2.8 3.3 128.5
HF/cc-pVTZ —3407.581 944 —3407.583 909 5.2 —0.7 139.2
BP86/TZVP —3414.605 325 —3414.607 835 6.6 -1.0 1353
BP86/TZVPP —3414.671 497 —3414.672 456 2.5 —-0.3 143.0
BLYP/cc-pVTZ —3414.291 274 —3414.292 665 3.7 —-0.4 141.5
B3LYP/TZVPP —3414.423 064 —3414.424 402 3.5 —-0.5 141.7
B3LYP/cc-pVTZ —3414.472 631 —3414.473 915 3.4 —-0.5 141.7
MP2/cc-pVTZ? —3409.594 752 3409.598 057 8.7 — —
CCSD/cc-pVTZ? —3409.635 395 —3409.638 477 8.1 — —

“ Single imaginary frequency of the planar form ignored. ® Single point calculation at BSLYP/TZVPP geometry.

interplanar angle C(1)-S(3)-S(3")-C(1), however. Moreover,
depending on the theoretical method and the used basis set,
variations of this angle over more than 10° were observed
(see Table 2).

The high sensitivity obviously results from a very flat
potential along the internal motion that turns the bent mole-
cule into a planar one. This is reflected by the lowest frequency
mode vyg (“butterfly mode”, see Fig. 6 and Table 2), which has
a frequency of only 30 cm™~'. We also optimized the geometry
of C¢Sg with constrained planar C,;, symmetry. The resulting
structure is not a minimum on the potential energy surface
(PES) but a first-order saddle point (see Fig. 4). At the BALYP/
cc-pVTZ level the energy gap between the bent and the planar
species amounts to 3.4 kJ mol~'. Taking into account the zero
point energy (ZPE) correction the energy gap decreases further
to 2.9 kI mol~'. As mentioned earlier, the gap varies somewhat
depending on the employed theoretical method (RHF, DFT,
MP2, CCSD, see Table 2) but using double- and triple-zeta
basis sets with additional polarization functions it does not
exceed 9 kJ mol™'. In view of this small energy gap, it is
probable that in the free molecule the transition state is
accessible at room temperature. Hence, a transformation into
the other enantiomer should be possible.

Packing effects of the crystal were estimated by HF and RI-
MP2 calculations on Cg¢Sg dimers in all different relative
orientations that can be found for nearest neighbors in the
monoclinic o- as well as in the tetragonal B-C¢Sg crystal
structure. The RI-MP2 calculations show that the major part
of the complexation energy results from dispersion interactions
(at the HF level the interactions are repulsive in most cases),
which reach a maximum for pairs of molecules with stacked
alignment (i.e., pairs of neighboring molecules that are con-
nected by the normal vectors n of the approximate molecular
planes). In stacked, planar molecules one usually assumes that
the major part of the interaction results from specific n-nt
interactions, but this is not the case in a-CsSg. Here, two types
of stacks are present with the n-vectors of the constituent
molecules being roughly in the directions n = ¢ + 0.4-b and
n = a — 0.4-b, respectively. A look along n reveals that the
stacked neighbours are rotated by approximately 65° to each
other. Additionally, the molecules are shifted against each
other, as depicted in Fig. 3, so that no specific n-r interaction

is present. Rather, n-r and n-n interactions of the sulfur atoms
seem to have a dominant effect on the crystal arrangement. In
B-C6Sg the molecules are stacked along the ¢ axis. They form
ABA layers, where each layer contains one of the two en-
antiomers of B-C¢Sg. The parallel orientation of the long
molecular axes allows n-n, n-n as well as m-m interactions
between the layers (see Fig. 3). The calculated complexation
energy of stacked B- and a-C¢Sg dimers at the RI-MP2/aug-cc-
pVQZ level amounts to —128 and —120 kJ mol™ !, re-
spectively.t Detailed results will be reported elsewhere.?’
Hence, despite the smaller intermolecular distance in the
a-form, the bonding forces seem to be stronger between the
molecules having the B-form.

Our results reconfirm the known structural feature of sub-
stituted 1,4-dithiacyclohexadienes (the middle ring of Cg4Sy),
which can, in principle, occur as planar or as bent molecules.
For the parent compound 2 we obtained a bent structure with
C(1H-S(3)-S(3")-C(1) = 137.1° at the B3LYP/cc-pVTZ level
and a barrier to planarity of 10.3 kJ mol~! (Scheme 2), which is
in line with earlier theoretical investigations®° and the fact that
2 has a bent molecular shape in the crystalline state.’'

A slight increase or decrease of the barrier caused by
substituents, intermolecular interactions or changes in the
electronic state is sufficient to change the molecular structure
over a wide range. For example, thianthrene is a folded
molecule in the crystalline state (interplanar angle between
the two phenyl rings = 128°)*2 and in the gas phase (131°).3*
One-electron oxidation yields the radical cation (thianthr-
ene)’ " with an almost planar structure (174°).3* A search in
the Cambridge Crystallographic Database (CSD version 5.25,
Nov 2003 + 2 updates Jan 2004) for substituted 1,4-dithiines
revealed 66 hits with available 3D data of which 38 are bent
and 21 planar.®> For the species we regard as planar the
absolute value of the CSSC dihedral angle lies within 180 +
2°. Seven molecules could not be assigned unequivocally since
they possess a small deviation from planarity in the range of
3-13°. A histogram of the distribution of CSSC dihedral angles
is shown in Fig. 5. Most of the bent species exhibit a dihedral
angle between 122° and 138°.

Vibrational analysis

The experimental IR spectrum of B-C4Sg is shown in Fig. 7.
The Raman spectrum is shown in Fig. 8. Harmonic frequencies
and the corresponding intensities for both spectra were calcu-
lated at the B3LYP/cc-pVTZ level. As usual for the chosen
quantum chemical model, the calculated high frequency modes
systematically deviate from the experimental frequencies in the
direction to higher wave numbers® (up to 70 cm™! in the case

£ S——_—=== A
™~
ZPE Il :
= 2.9 kJ/mol T - —
= A 3.4 kJ/mol T e
_ZPE B2 i 0
V]')

Fig. 4 Schematic potential curve showing the transition between the
two enantiomers of B-CgSg via the planar structure.
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i CP corrected results of E(dimer) — XE(monomers) calculated at the
respective crystal geometries. The BSSE amounts to 11 kJ mol™!
in these calculations.
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Scheme 2 1,4-Dithiacyclohexadiene in its planar and bent structure.

of v,). Therefore, we scaled the frequencies above 1000 cm ™'

by an empirical scaling factor of 0.98, which was found to
minimize the RMS deviation between experimental and simu-
lated IR bands. Since the systematics of the deviation is quite
obvious and as the intensity pattern of the calculated spectrum
is in good agreement with the experimental one, further
refinement of the theoretical data seemed unnecessary.

Table 3 gives the scaled theoretical frequencies. Simulated
spectra are inserted in the corresponding Figs. 7 and 8§, too. All
important bands that appear in the experimental spectra can be
assigned unambiguously. The assignments are noted in Table
3. The modes are labelled after their symmetry and in energe-
tically descending order according to Herzberg’s notation.’’
The characterization of the modes was made by inspection of
the normal coordinate vectors, some of which are shown in
Fig. 6. All 36 normal modes of the molecule are IR and Raman
active, in principal. The observation of modes vy, v,, vig and

v,, (1b), 1482 cm’

v, (2b), 1275 cm’

v, (3b), 1070 cm” v, (4b), 908 cm’
g \Mﬁ%}/
v,, (8b), 481 cm’ Vv, (19a), 30 cm”

Fig. 6 Cartesian displacement vectors (arbitrary length scaling) of
selected normal modes of B-CgSg.
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Fig. 7 Experimental (solid line) and theoretical (dashed line) IR
spectrum of B-CeSs (1). The region between 1500 and 400 cm™! was
measured in a KBr pellet. The upshifted part between 200 and 400
em ™' was measured in a CsI pellet. The calculated line spectrum at the
B3LYP/cc-pVTZ level is shown by vertical lines. Frequencies above
1000 cm™! have been scaled by 0.98. The dashed line shows the
calculated line spectrum convoluted with a Lorentzian lineshape func-
tion (FWHM = 20 cm™)).

Vo in both spectra indicates that the molecule possesses no
center of inversion, which is a further indication for the non-
planarity of B-CgSg. Due to the near-C,, symmetry of the
molecule a pseudo-exclusion principle holds, however, so that
strong bands in the IR have only very weak—if any—counter-
parts in the Raman spectrum and vice versa.

IR spectrum. The most intense bands are of b symmetry,
which correspond to asymmetric molecular distortions (with
respect to the rotation around the C, axis). The intense bands
at 1436, 1266, 1058 cm ™! can be assigned to asymmetric C—=C,
C-C, and C=S stretching (str) modes, respectively. The cor-
responding symmetric modes, which appear in a similar en-
ergetic range, show only a very weak IR activity. The band at
924 cm ™! in the experimental spectrum can be assigned to an
asymmetric C—S str motion. Most modes below 900 cm™! are
ring deformation modes and show less local character. The
delocalization over larger portions of the molecule makes a
simple characterization difficult. We use the characterization
“in plane” for motions that approximately retain the two
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Fig. 8 Experimental (solid line) and theoretical (dashed line) Raman
spectrum of -CgSg (1). The calculated line spectrum at the B3LYP/cc-
PVTZ level is shown by vertical lines. Frequencies above 1000 cm ™!
have been scaled by 0.98. The dashed line shows the calculated line
spectrurln convoluted with a Lorentzian lineshape function (FWHM =
10 cm™ ).
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Table 3 Experimental and theoretical (B3LYP/cc-pVTZ) IR and Raman spectra of 3-C¢Sg (1), indicating frequencies and intensities, the symmetry
and mode label following Herzberg’s nomenclature and a rough characterization of the normal modes

Experiment? Theory

IR Raman IR Raman Assignment

jem ' Int’ F/em™' Int® F/em™'¢  Int./km mol”! [nt,//o\4 amu~' Sym. Label Character

1467.0 vw 14577  vs 1480.8 0.19 488.57 A vy (1a) Sym C—C str

1436.0  vs 1436.0  wvw 1452.5 448.70 17.92 B vy (1b) Asym C—C str

12659  vs — — 1249.2 392.47 5.67 B Va1 (2b) Asym C—C str

11889 wvw 12483 s 1231.9 0.79 299.90 A v, (2a) Sym C-C str

1058.3 s — — 1048.9 188.01 0.55 B Vs, (3b) Asym C=S str + sym C—S—C str [C(1"}-
S(3)-C(2), C(2H-S(3")-C(1) out-of-phase]

— — 1036.9 vw 1027.9 291 24.22 A v; (3a) Sym C=S str + asym C-S—C str [C(1")}—
S(3)-C(2), C(2H)-S(3")-C(1) in phase]

— — 9283 ww 921.0 2.39 17.00 A vy (4a) Sym C-=S str [C(1")-S(1"), C(1)-S(1) in
phase; C(3)-S(2), C(3")-S(2") in phase]

9240 m — — 908.3 50.52 0.38 B Va3 (4b) Asym C=S str [C(1")-S(1"), C(1)-S(1)
out-of-phase; C(3)-S(2), C(3")-S(2"
out-of-phase]

840.2 s — — 831.6 77.42 0.33 B Vg (5b) Asym ring def (“in plane”)

— — 8272 vw 815.3 1.61 5.54 A vs (5a) Sym ring def (“in plane”)

7643 w — — 758.9 40.85 4.68 B Va5 (6b) Asym ring def (“‘in plane”)

— — 7074 w 710.0 0.84 72.06 A Ve (62) Sym ring def + C=S def (“in plane”)

601.0 wvw — — 634.3 5.65 1.78 B Va6 (7b) Asym ring def [“out -of-plane”’; on atoms
C(1h-c@3h)

— — — — 632.5 1.00 0.82 A vy (7a) Sym ring def [“out of plane”’; on atoms
c1'-c@3h

511.0  wvw — — 481.8 2.77 0.57 B Va7 (8b) Asym S-S str [S(2)-S(1"), S(2)-S(1)
out-of-phase]

— — 5069 w 481.8 0.02 28.87 A vs (82) Sym S-S str [S2Y)-S(1Y), S(2)-S(1) in
phase]

— — 462.2 vw 476.8 0.19 4.38 A Vg (9a) Sym ring def [“out of plane”’; on atoms
c(1), C(1), €@3), €3]

468.3 vw — — 466.2 5.66 1.25 B vag (9b) Asym ring def [*“out of plane”;
predominantly on atoms C(1"), C(1), C(3),
c@3h

455.6  vw — 441.6 4.28 0.72 B Vs (10b)  Asym ring def [predominantly S(3), S(3")]

436.8 vw 4304 m 436.3 0.64 32.05 A vip (10a)  Sym ring def (“out of plane”)

4193 ww — — 409.8 0.30 0.11 B vy (11b)  Asym ring def

— — 386.5 wvw 377.9 0.30 15.91 A vy (11a)  Sym ring def (“rotation” of central ring)

3744 wvw — — 373.6 5.54 0.27 B v3; (12b)  Asym ring def [“in plane”, S(2"), S(2)
move towards and away from central ring,
resp.]

— — 358.0 wvw 371.0 0.06 6.13 A vi> (12a)  Sym ring def (“in plane”)

3212 wvw 3182 w 311.0 0.46 8.67 A vz (13a)  Sym ring def (“in plane”, “rotation” of
outer rings)

267.5  vw — — 270.8 0.22 0.38 B vy (13b)  Asym C=S def + ring def (“in plane”)

— — 2439 w 262.6 0.54 4.24 A vig (14a)  Sym ring def (““breathing mode’)

236.1  vw — — 231.3 222 0.41 B vs3 (14b)  Asym ring def + C=S wag [”out-of-

plane”, predominantly C(1"-C(3")]

— — — — 209.5  3E-04 4.69 A vis (15a)  Sym ring def [C(1')-C(3") in phase]

— — 1609 w 151.7 0.03 4.82 A vie (16a)  Sym C=S def + sym ring def (‘“'in plane”)

— — — — 147.5 2.25 0.02 B Va4 (15b)  Asym ring def (“‘out-of-plane”) + C=S
def

— — — — 131.2 0.16 0.04 A vi7 (17a)  Sym ring def (“‘out-of-plane”, twist of
outer rings)

— — — — 120.5 4.06 0.27 B v3s (16b)  Asym ring def (“‘out-of-plane”, twist of
outer rings)

— — — — 79.7 0.45 1.99 B v36 (17b)  Asym C=—S wag (“‘out of plane”)

— — — — 48.2 2.32 1.29 A vig (18a)  Sym ring def (“‘ring torsion”)

— — — — 30.0 0.19 7.50 A Vg (19a)  Sym ring def (“butterfly”)

@ IR spectrum between 1600 and 500 cm™! taken on a KBr pellet, IR spectrum between 500 and 200 cm ™! taken on a CsI pellet; Raman spectrum in
the solid phase. * vw = very weak, w = weak, m = medium, s = strong, vs = very strong. ¢ Frequencies above 1000 cm~' have been scaled by an
empirical scaling factor of 0.98.

planes spanned by the two C3Ss moieties. In contrast, the term movement. The band at 268 cm™! belongs to a combination
“out-of-plane” is used when the distortion destroys the near of ring in-plane and C=S deformations, whereas the band at
planar conformation of the moieties. The weak band at 511 236 cm ™' can be described as an out-of-plane ring deformation
em~! in the experimental spectrum belongs to the S-S str plus C=S wagging mode.
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Fig. 9 UV/Vis absorption of C¢Sg: (solid line) experimental spectrum
in CHCl;; (vertical bars) oscillator strengths from TD-DFT calculation
(B3LYP/cc-pVTZ level) for the free molecule. The location of triplet
states in the low energy region is indicated by arrows. Irradiation
beyond 25000 cm ™! leads to decomposition.

Raman spectrum. The most intense bands at 1458 and 1248
ecm ! correspond to symmetric C—=C str and C—-C str modes,
respectively. The symmetric C=S str and C-S str bands
appear very weakly at 1037 and 928 cm™'. Bands below
900 cm ™' correspond mostly to rather delocalized ring defor-
mations, except for the band at 161 cm™ !, which has predo-
minant C=S def character. We did not observe the lowest
frequency mode v9 (192a) experimentally. It is calculated to lie
at 30 cm™! (“butterfly” motion, see Fig. 6) and corresponds to
a symmetric ring deformation that induces the transition to a
planar CgSg. The planar conformation is a transition state
between two enantiomers, as shown in Fig. 4.

UV/Vis-spectrum. The experimental UV/Vis spectrum is
shown in Fig. 9. Vertical excitation energies and oscillator
strengths were calculated at the TD-B3LYP/cc-pVTZ level.
The results are given in Table 4. The reddish color of the
crystalline sample of 1 can be explained by the first two
transitions to the 1'B and 2'A states, which absorb in the
green (498 nm) and the blue (494 nm), respectively. Both
transitions are dominated by nn* excitations from non-bond-
ing orbitals of a sulfur atom (mainly of the thione group) into
the antibonding ©* orbital of the S—C-C=—C group (see
Fig. 10). These transitions to 1'B and 2'A possess only a small
oscillator strength. In view of several triplet states that are
found in the region around 500 nm, an efficient intersystem
crossing (ISC) from the singlet to the triplet manifold can be
expected. Due to Kasha’s rule® we then expect vibronic
relaxation to the lowest excited triplet state. Phosphorescence
from 1°A in the region around 674 nm amplifies the color
impression of red C¢Ss. In the transitions to 4'B and 4'A the
antibonding c-orbital of the S-S bond is populated. Hence, the
cleavage of the S-S bond seems to be the first step in the
decomposition of f-CeSg, which we observed when irradiating
the compound in the UV.

Summary

The carbon sulfide C¢Sg is dimorphic. The two crystalline
forms contain molecules having a significant difference in their
molecular shape. The molecule in the B-form, which is pre-
sented here for the first time, resembles the free molecule in its
conformation and adopts a bent structure with a tilt angle of
133°, while the molecule in the a-form is planar. This isomer-
ism is generally observed among differently substituted 1,4-
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Fig. 10 Selected molecular orbitals of B-C¢Sg (1) as obtained from the
B3LYP/cc-pVTZ calculation.

dithiines and can be traced back to the fact that in the free
molecule the transformation of the bent structure to the planar
transition structure (a-form) occurs along a very flat potential,
essentially the “butterfly” mode vyq (see Fig. 6). In the crystal
the large amplitude motion is likely hindered by packing
effects. Also, it seems possible that packing effects in the crystal
are sufficient to overcome the small energy difference and to
stabilize the o-form under certain circumstances. Based on our
theoretical results and our experimental observations, a-CgSg is
likely to be metastable. Its formation seems to be critically
dependent on the conditions under which the crystal growth
takes place.

To the best of our knowledge the here-presented case of C¢Sg
is the first example where this kind of isomerism is observed in
a single molecule without changing the substituents or modify-
ing the electronic situation.
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