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Ethenedithione (S=C=C=S):
Does It Obey Hund’s Rule ?**

Ngai Ling Ma and Ming Wah Wong*

One of the fundamental rules governing the electronic
structure of molecules is Hund’s rule of maximum multi-
plicity. In order to minimize Coulombic repulsion, two
electrons in a pair of degenerate orbitals prefer to be
unpaired. Thus, for a molecule like O,, the stability of the
three lowest electronic states is in the order X; >'A, > 27,

For the linear cumulated carbon oxides and carbon sulfides,
XC,X (X=0 and S; n is even), such species have two
electrons in the degenerate 1 HOMO, and hence are expected
to have a triplet ground state. However, for the smallest
member of the cumulated carbon sulfides, ethenedithione
(S=C=C=S), the nature of its ground state remains contro-
versial. G,S, was first predicted by Schaefer et al. to be an
experimentally accessible species in the gas phase that should
have a triplet ground state.l!! The existence of this transient
molecule has been demonstrated by mass spectrometry?-4
and matrix isolation IR® 31 and UVE: > ¢l spectroscopy. Based
on the unusual thermodynamic stability and extreme inter-
molecular activity, Wentrup et al. suggested that C.,S, is a
triplet species.’! On the other hand, Maier et al. observed a
very weak signal in the ESR spectrum of C,S,, which
indicated that it could possess a singlet ground state. In
addition, they performed complete active space (CAS) SCF
and CISD calculations and found that the ground state of C,S,
is 'A,, with a singlet —triplet (S—T) gap estimated to be 3 and
9 kJmol~, respectively. Hence, C,S, was suggested by Maier
et al. to be one of the first examples for the “violation of
Hund’s rule in an equilibrium structure”.P!

Given that the reported S—T gap is rather small using
moderate levels of theory, whether C,S, is exists as a singlet or
triplet remains uncertain. Herein we report ab initio calcu-
lations that are at a significantly higher level of theory than
those reported previously in order to establish definitively the
nature of the ground electronic state for ethenedithione.

First, we examined the energy difference of the three lowest
states of C,S,, namely *2g, 'A,, and '3, using various single-
determinant methods (Table 1). The *Z; and 'A, states were
obtained by using an unrestricted Hartree—Fock (UHF)
starting point. At the HF/6-31G* level, the 'A, and 'Z] states
lie 31 and 98 kImol™, respectively, above the T, state.
Inclusion of electron correlation at the MP2 level significantly
lowers the energy gap by 15 and 61 kJ mol 1, respectively. It is
important to note that the (S?) values of the UHF wave-
functions of the =7 (2.10) and 'A, (1.07) states are signifi-
cantly different from that of the corresponding pure spin
states. In particular, the 'A, state is severely spin contaminated
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Table 1. Calculated energies of the three lowest states of C,S, by using
various single-determinant methods.

Level(b) E (z;)e AECA)  AE(E))
HF/6-31G*l¢l —870.69070 311 98.4
B3-LYP/6-31G*ll —872.52277 15.2 623
MP2/6-31G*l —871.16455 15.9 372
MP3/6-31G* —871.18191 16.8 40.0
MP4/6-31G* —871.21973 10.9 27.9
MP5/6-31G* —871.21033 14.0 373
PMP4/6-31G* —871.22323 20.0 371
RCISD/6-31G*le. 1 —871.11441 384 875
CISD/6-31G*k¢l —871.11956 21.7 60.5
CCSD/6-31G ! —871.18955 16.3 39.8
QCISD/6-31G* —871.19249 16.2 40.1
QCISD(T)/6-31G* —871.21790 12.7 339
QCISD(TQ)/6-31G* —871.21670 12.7 343
QCISD(T)/6-311G* —871.30014 132 35.0
QCISD(T)/6-311 + G(2d) —871.35673 135 358
QCISD(T)/6-311 + G(2df) ~ —871.44071 13.1 353

[a] Based on QCISD/6-31G*-optimized geometries (r(C=C) =1.281, 1.283,
and 1.287 A, respectively, for 2., 'A,, and '2}; r(C=S) =1.580, 1.581, and
1.585 A, respectively, for ’Z,, 'A,, and 'Z]), unless otherwise noted.
[b] Frozen-core approximation for all correlated calculations. [c] Total
energy [Hartree]. [d] Energy [kJmol~'] relative to the °Z; state. [e] Fully
optimized at the level specified. [f] Based on a restricted Hartree — Fock
(RHF) starting point.

by the triplet state. Thus, we would expect the stability of the
'A, state to be overestimated by the UMP methods. This is
readily indicated by the fact that the projected MP4 (PMP4)!"!
relative energy is 9 kJmol~! higher than the UMP4 values
(Table 1).

Maier et al. reported RCISD/6-31G* calculations with an
active space of 9 occupied and 21 virtual orbitals, and they
found that the 'A, state is 9 kI mol~' more stable than the *3;
state. However, since the detail of the calculations was not
reported, we have not been able to repeat their calculations.
Instead, we have carried out full-valence RCISD calculations
but the result is in distinct contrast to that reported
previously.”! The calculated relative stabilities of the 3%
'A,, and '3} states are 0, 38, and 88 kJmol~!, respectively.
Both QCISD®! and CCSDP! methods predict similar relative
energies for the 'A, (16 kJmol™") and 'Z} (40 kJ mol™') states.
Inclusion of triple excitations (QCISD(T)) reduces the
relative energies by 4—6 kJmol~!, while further inclusion of
quadruple excitations (QCISD(TQ)) has virtually no effect
on the relative energies. Table 1 shows that the effect of basis
set on the calculated relative energies is rather small. The
relative energies computed with the 6-31G* basis set lie within

1 kImol ! of the 6-311 4+ G(2df) values. Thus, based on single-
determinant methods, our best estimate of the energy differ-
ence between the 'A, and *Z; states is 13 kJmol™!, in favor of
the triplet state. In summary, all the single-determinant
methods predict the stability of the three lowest states of
C,S, is in the order of *%; >'A,>'Zf, and there is no
evidence for the Hund’s rule being violated.

Next, we examined the relative stability of the three states
of C,S, using the multiconfiguration (MC) SCF approach,
which was expected to provide a proper description of the
degeneracy problem involved. We have carried out a series of
CASSCF!'1 calculations with active space systematically
expanded from the two-electron, two-orbital CAS
(CASSCF(2,2)) to the twelve-electron, ten-orbital CAS
(CASSCEF(12,10)). The active orbitals involved are given in
Table 2. For all the CASSCF calculations, we found that
molecular orbitals lower than and including 70, are always
doubly occupied. The dominant configuration of the three
states is identical to that of the HF reference state with
coefficient >0.7. Other dominant configurations with coef-
ficients > 0.1 arise only from the excitation of the & electrons,
2m,, 2m,, and 3m,. Hence, we would expect an active space
including all r orbitals, for example CASSCF(10, 8), to yield a
reliable result. In fact, further expansion of the active space
beyond CASSCF(10, 8) leads to small changes in the relative
energies (Table 2). For our largest CASSCF calculation,
CASSCF(12,10), the 'A, and '3 states lie 17 and 31 kImol~!,
respectively, above the *Z; ground state. As for the CISD
calculation, we have not been able to reproduce the
CASSCEF(6,6) result of Maier et al.,’l which suggests that
the 'A, state is more stable than the °X; state.

Dynamic electron correlation effects were included by
carrying out third-order multireference perturbation
(CASPT3)"! or multiconfiguration reference configuration
interaction (MRCI)['! single-point energy calculations at the
CASSCF-optimized geometries. As with the single-determi-
nant methods, inclusion of dynamic electron correlation
stabilizes the singlet states. However, the X, state is still
significantly more stable than the !A, state. Our best estimate
of the relative energies of the lAg and 12g states, based on
MRCI-CASSCF(10,8) calculations with a significantly larger
cc-pVQZ basis set, are 24 and 45 kJ mol~!, respectively.

In conclusion, based on the various sophisticated single-
determinant and multiconfiguration methods, we found no
evidence that C,S, violates Hund’s rule. We hope that our
theoretical prediction will stimulate further experimental

Table 2. Calculated energiesl?! of the three lowest states of C,S, by using various multiconfiguration methods, with the 6-31G* basis set.

CAS! Active orbital izl A Iz
CASSCF CASPT3 MRCI CASSCF CASPT3 MRCI CASSCF CASPT3 MRCI

(2,2) 3n2 —870.67221 —871.16825 —871.10762 49.9 30.7 37.9 99.5 50.4 69.5
(2,4) 3n2 3ng —870.67990 —871.17004 —871.11128 40.9 28.1 34.9 79.9 47.7 64.2
(6,4) 27‘[2 32 —870.68239 —871.17430 —871.11295 32.5 28.6 30.1 59.4 53.6 56.4
(10,6) 27 2n‘g‘ 3n2 —870.68574 —871.17578 —871.11421 30.8 25.8 27.5 57.5 45.8 50.6
(6,6) 27‘[2 372 3752 —870.71394 —871.18116 —871.12876 449 30.9 333 83.0 52.7 57.8
(10,8) 27l 21'6;‘ 3n? 3n‘g' —870.75973 —871.19034 —871.14457 19.3 24.7 23.7 36.1 433 41.8
(12,10) 7G§ 27 23‘[3 3n2 33‘5(; 70% —870.78361 —871.18989 —871.15226 16.6 249 23.0 31.2 43.0 40.3

[a] Based on the CASSCF optimized geometry. [b] Number electrons and number of orbitals in the active space. Note that full-valence CAS corresponds to
CAS(20,16). [c] Total energy [Hartree]. [d] Energy [kJ mol~'] relative to the °Z; state.
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studies on this elusive molecule. To assist future character-
ization of the ground-state of C,S,, the predicted geometry,
vibrational spectrum, rotational constants, heat of formation,
ionization energy, and proton affinity are summarized in
Table 3.

Table 3. Calculated properties for the C,S, ground state (°Z; ).

Property Value

HC=C)=1277 A, (C=S)=1.579 A
B.=1.5587

2036 (0), 1198 (244), 561 (0), 364 (0),

175 cm™! (0 kmmol ')

heat of formation 380.1 (AHY,), 383.1 kImol~! (AHgs)
ionization energy!! 8.3 (adiabatic), 8.4 eV (vertical)

proton affinityl® 4 731.8 kImol !

dissociation energy  C,S, —»CS('Z;) + CS('Sf): AE =138.6 kJmol™!
C,8,—CS('S; ) + CSCIT): AE =589.8 kI mol '

geometryl?
rotational constant!?!
IR spectrum!®

[a] QCISD/6-311 + G(2d)-optimized geometry. [b] QCISD/6-31G* values.
Intensity values are given in parentheses. [c] G2//QCI"™ value. [d] The
protonated C,S, ion (SCC(H)S™) has a singlet ground state. Proton affinity
of SCCS (°z,)+H' —=SCC(H)S* ('A’)=812.1 kJmol .
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Thomas Steiner* and Wolfram Saenger*

Dedicated to Professor Bernt Krebs
on the occasion of his 60th birthday

Cyclodextrins (CDs) or cycloamyloses (CA) are macro-
cyclic oligosaccharides produced by enzymatic degradation of
amylose; they can contain up to 100 or more a(1-4)-linked
glucose units.- 2 The well known smallest members with six to
eight glucose residues called a-, -, and y-cyclodextrin are
annular in shape (doughnut-form) reminiscent of a hollow,
truncated cone. Their narrower side are formed by primary
06 hydroxyl groups and the wider side by secondary O2 and
O3 hydroxyl groups. All the glucose residues are found
exclusively in the *C; chair form and are oriented syn about
the glycosidic link so that all O2 and O3 hydroxyl groups are
on the same side and connected by intramolecular O2(n) -
O3(n—1) hydrogen bonds that stabilize the macrocyclic
structures. The anti form with the O2 and O3 hydroxyl groups
of adjacent glucose units on opposite sides has not yet been
observed in any of the crystal structures of the common
CDs.

Surprisingly, the solubility of the cyclodextrins in water
increases manyfold if only O2 and O6 or all three of the
hydroxyl groups of the glucose residues are methylated.
Furthermore, the temperature coefficient of the solubility
becomes negative, that is their solubility in water is lower at
elevated temperatures and crystals can be grown by heating
the solutions.’! To shed light on these peculiar properties
several partially and fully methylated CDs (that have practical
importance as bioorganic host molecules) were crystallized
from hot and cold water and analyzed by X-ray crystallog-
raphy.[+*]

Of particular structural interest are the fully methylated a-,
p-, and y-cyclodextrins hexakis-(2,3,6-tri-O-methyl)-a-, f-,
and y-CD (TRIMEA, TRIMEB, and TRIMEG, respectively)
because intramolecular O2(n)---O3(n —1) hydrogen bonds
cannot form. Crystals that have been grown from hot water
include anhydrous TRIMEA,®) TRIMEB monohydrate,*
and TRIMEG dihydrate.’! In all three cases the CD
molecules adopt conformations characterized by greatly
reduced cavity volumes. The remaining shallow cavities are
only filled by O6 methyl groups of adjacent molecules and not
by water, which occupies interstices in the crystal lattices of
the hydrate forms. It is remarkable that the cavities are closed
by three completely different structural mechanisms, which
are discussed below. Because the molecular structure of
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