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a b s t r a c t

The inversion and rotation mechanisms for the isomerization of Feringa’s bithioxanthenes existing in
two conformations, up/up and up/down, have been calculated at the B3LYP/6-31G(d) and B3LYP/6-
311þþG(d,p) levels. The inversion mechanism that maintains the double bond nature of the central
bond is a classical one but the rotation mechanisms that break the double bond to form a biradical needs
to explore the singlet and triplet states. To do this we have removed the four fused phenyl rings of bi-
thioxanthene and calculated at the CASSCF and CASPT2 levels bis(4H-thiopyran) proving that B3LYP
calculations yield reasonable results for the rotation barriers.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In the field of molecular nanotechnology and supramolecular
chemistry, control of dynamics, i.e., translational and rotational
motions, is one of the most challenging goals toward future
nanoscale machines and molecular electronics. In 1991, Feringa
reported the first optical molecular switches in which chirality is
controlled by light.1 This system also allowed for the first time
unidirectional control of rotary motion in a molecule. The design
and synthesis of the first light-driven unidirectional rotary motor
are arguably the most spectacular achievement from this research
group, which resulted in world-wide media attention.2e5 Major
advances have been published on molecular motors in recent years
including chemically driven translational and unidirectional rotary
motors, light-driven motors bound to surfaces, dramatic speed
qm.csic.es (G. S�anchez-Sanz),
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enhancement of molecular motors, and the discovery of rotation of
microscale objects using nanoscale motors.6e10 Recently, Dutch
scientists have succeeded in a long term goal to reverse the di-
rection of their molecular motor with some simple chemistry.11

The molecular motor used by Feringa group is formed by a rotor,
usually a benzopyran (chromane) or a benzothiopyran (thio-
chromane or thioxanthene), the rotor being connected to the stator
via an alkene bond that acts as an axle. In Scheme 1 are represented
some of the reported structures. Structures 1 and 2 are bithiox-
anthenes, an original class of organic compounds, that are the ob-
ject of the present work.12,13

We have carried out a search in the Cambridge Structural Da-
tabase14 and we have found only two structures, both reported by
Feringa. Bithioxanthene itself (3) is reported (ZZZUGM), but with-
out coordinates.
The geometries of the central bithioxanthene rings (Fig. 1) could
be characterized by the torsion angles f (C8aeC9]C90eC8a0 and
C9aeC9]C90eC9a0) and the S10/S100 distance.
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Scheme 1. Feringa’s molecular rotors.

Fig. 1. The central core of CUKYUC (average f¼3.72� , S/S¼7.12 �A) and LETLAY (av-
erage f¼3.80� , S/S¼7.105 �A).
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Scheme 2. Model compounds.
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2. Results and discussion

To explore the conformational behavior of Feringa’s molecular
rotors we decided to study theoretically the four numbered com-
pounds of Scheme 1. The calculations were carried out at the B3LYP/
6-31G(d) and B3LYP/6-311þþG(d,p) levels (see Computational
details). Note that there are two isomers, one E and one Z, for 2
and 4.
2.1. Study of the model compound 5 [4,40-bis(4H-thiopyran)-
4-ylidene]

In order to ascertain the rotational mechanism of Feringa’s
compounds we decided to previously study the simplified model 5
at a higher level to see if our B3LYP/6-31G(d) and B3LYP/6-
311þþG(d,p) calculations yielded acceptable results (Scheme 2).
This compound is planar in its ground state and therefore it has not
an inversion mechanism. Compound 5 is a particular case of com-
pounds 6 (X¼O, S, Se, Te) whose electrical properties are similar to
TTF.15 The electrochemical properties and electrical conductivity of
bis(4H-thiopyrans) with four phenyl groups at positions 2,20,6,60 7
have been reported by Reynolds et al.,16 and related compounds
with several double bonds between the thiopyran rings have also
been described.17
We carried out CASSCF and in a subsequent step CASPT2 cal-
culations on 5 (see Computational details). The results obtained at
CASPT2 level show that the difference between singlet-90� and
triplet-90� is very small, 4.0 kJ mol�1, while the energy barriers
respect to the ground state are 92.6 and 96.6 kJ mol�1, respectively.
The MS-CASPT2 calculations on the singlet-90� and triplet-90�

reveal that the first singlet excited state is 188.0 kJ mol�1 above the
singlet-90�, whereas the first triplet excited state is 185.2 kJ mol�1

above the triplet-90�. Thus, the excited states do not affect the
energy barrier at low temperatures. Furthermore, the comparison
of the HOMO orbital of the singlet and triplet electronic configu-
rations in the TS has shown that they are almost identical (Fig. 1 of
the Supplementary data).

The rotational barriers calculated at the B3LYP/6-31G(d) and
B3LYP/6-311þþG(d,p) levels are: singlet-open shell, 105.2 and
106.2 kJ mol�1, respectively, and triplet, 106.0 [B3LYP/6-
311þþG(d,p)]. These values compare well (they are about
12 kJ mol�1 higher) than those calculated at the CASPT2 level, thus
giving confidence to the following calculations.
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2.2. Conformational analysis of bithioxanthenes 1e4

These compounds present two conformations, the uu (up/up)
and the ud (up/down) that we have illustrated in Fig. 1 for com-
pound 7. Note the almost identity of the geometries of the ud
conformations (Fig. 2) with the experimental data of Fig. 1.
Fig. 2. The inversion and rotation mechanisms. The uu (left, symmetry Cs) and ud
(right, symmetry C2) conformations of 3 both having f CeC]CeC angles of 0� and
S/S distances of 4.66 �A (uu) and 7.14 �A (ud).
Bithioxanthenes can use two mechanisms for the uu/dd in-
terconversion, similar to what happens for olefins18 and imines
(aldimines, oximes, hydrazones, and azines):19 inversion and ro-
tation (Fig. 2).

It should be noted that the situation is more complex in the case
of compounds lacking anyelement of symmetry,2 and 4 (Scheme1).
Table 1
Geometries (� , �A) and relative energies involved in the isomerization processes of bithio

Compd Conf. f f average

3 uu 0.0 0.0
ud 0.0 0.0
TSinversion 5.8/�5.8 0.0
TSrotation(s) 90.0 90.0
TSrotation(t) 90.0 90.0

1 uu 4.2/10.4 7.3
H ud 1.7/2.4 2.0

TSinversion 2.3/10.3 6.3
TSrotation(s) 87.2/92.8 90.0
TSrotation(t) 87.2/92.8 90.0

2E uu 3.6/9.9 6.8
CH3 ud 1.9/2.1 2.0

TSinversion 1.0/11.7 6.4
2Z uu 3.6/9.9 6.8
CH3 ud 1.9/2.1 2.0

TSinversion 1.0/11.7 6.4
TSrotation(s) 103.5/112.9 108.2
TSrotation(t) 103.5/112.9 108.2

4E uu 4.3/10.2 7.2
F ud 1.8/2.2 2.0

TSinversion 2.6/9.9 6.2
4Z uu 4.3/10.2 7.2
F ud 1.8/2.2 2.0

TSinversion 2.6/9.9 6.2
TSrotation(s) 92.7/87.0 89.9
TSrotation(t) 91.8/103.7 97.8
We have gathered in Table 1 the energies calculated at the
B3LYP/6-31G(d) (all of them) and B3LYP/6-311þþG(d,p) levels
(only minima). It must be taken into account that the E/Z isomerism
of compounds 2 and 4 implies two inversion barriers but only one
rotation barrier (either singlet or triplet).

As expected the transition state geometries (f average) are close
to 0� for inversion process (5.2� on average) and close to 90� for the
rotation processes (94.5� for the singlet and 96.5� for the triplet on
average). The fact that geometries of the transition states TSrota-
tion(singlet) and TSrotation(triplet) are very similar indicates that
both TSs belong to the same electronic configuration. We have
represented in Fig. 3 the ground states of 3 and 1 and in Fig. 4 the
inversion and rotation (singlet) TSs of 3 and 1; those of 3 and 4 are
similar to those of 1.

The uu minima, both calculated at the B3LYP/6-31G(d) and
B3LYP/6-311þþG(d,p) levels, are about 34 kJ mol�1 less stable than
the ud ones in agreement with the X-ray structures reported in
Fig. 1. Concerning the E/Z isomerism of compounds 2 and 4, the Z
isomers are slightly more stable than the E ones but the difference
(0.2e0.3 kJ mol�1) is too small to affect the barriers.

Concerning the transition states calculated at the B3LYP/6-
31G(d) level and defined from the most stable conformation, the
ud, we observe:

(i) TSrotation(triplet) is actually a minimum (compounds 2, 3, and
4) lying only 0.2 kJ mol�1 of the triplet minimum in the case
of 1.

(ii) Both rotation processes, the singlet and the triplet, have very
similar energies so we can discuss them together as rotation
mechanism.

(iii) The rotation process is always preferred to the inversion one
but the differences (or the ratios) are very dependent on the
structure of the bithioxanthene. In the case of the less hindered
compound, 3, the difference is large, 46.8 kJ mol�1 (ratio 1.60).
For the series of benzo-fused derivatives, the values are R7¼H,
1, 8.25 kJ mol�1 (ratio 1.08), R7¼CH3, 2, 10.40 kJ mol�1 (ratio
xanthenes. In bold the energy of the minima

S/S Erel (kJ mol�1) 6-31G(d) Erel (kJ mol�1) 6-311þþG(d,p)

4.66 34.8 32.6
7.14 0.0 0.0
7.90 124.7 d

7.88 77.4 d

7.88 78.3 d

4.58 33.6 32.7
7.06 0.0 0.0
6.42 115.2 d

7.85 106.5 d

7.86 107.4 d

4.54 33.9 33.3
7.07 0.2 0.4
6.42 115.3 d

4.54 33.3 33.2
7.07 0.0 0.0
6.42 115.2 d

7.87 103.5 d

7.87 106.1 d

4.58 33.4 32.4
7.06 0.3 0.4
6.41 113.8 d

4.58 33.0 32.5
7.06 0.0 0.0
6.41 114.2 d

7.86 106.1 d

105.9 d



Fig. 4. A view of the TSs (inversion and rotation-singlet) of 3 and 1 calculated at the
B3LYP/6-31G(d) level.

Fig. 3. A view of the uu and ud minima of 3 and 1 calculated at the B3LYP/6-31G(d)
level.
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1.10), and R7¼F, 4, 8.2 kJ mol�1 (ratio 1.08). For the three benzo-
fused derivatives, TSinversion¼114.9 kJ mol�1 on average and
TSrotation¼105.9 kJ mol�1 on average. Thus, the substituent CH3
or F has almost no effect on the barriers. On the contrary the
benzo-fusion (compare 3 and 1) increases the inversion barrier
by 9.5 and considerably decreases the rotation barrier by
29.1 kJ mol�1. These effects are due to strong deformations in
TSs due to the benzo annelation (Fig. 4).

3. Conclusions

The calculations carried out on the ground states of bis(4H-
thiopyran) and four bithioxanthenes, two of them existing in two E/
Z isomers (that calculations show to be of very similar energies),
have shed light on the thermal molecular motions of these com-
pounds. For bithioxanthenes, the ud minima are more stable than
the uu ones by about 34 kJ mol�1, this being consistent with the
two reported structures of bithioxanthenes. Two ud/uu isomeri-
zation mechanisms have been explored, the inversion and the ro-
tation, this last being in turn splits into singlet and triplet. The
rotation mechanism is always preferred, the singlet and triplet are
almost identical in energy, a result that was not known nor
expected.

4. Computational details

4.1. Model compound 6

Due to the high values in the <S2> on the DFT calculations
a multireference wavefunction-based method was used. Complete
Active Space Self-Consistent Field calculations were carried out in
order to describe the multiconfigurational nature of singlet-90 and
triplet-90. For the treatment of the dynamic correlation, second-
order perturbation theory calculations were carried out using the
previous CASSCF/6-31G(d,p)20 wave function as reference. First,
a study of the active space was performed including HOMO and
LUMO molecular orbitals up to eight active electrons within 14
active molecular orbitals. These calculations will be named CASSCF
(8,14). Once the active space was obtained, the CASPT2/6-
31G(d,p)21,22 calculations were carried out in which all the elec-
trons from the active space were correlated.

In order to verify the energy separation between the singlet-90
and the triplet-90 and their excited states, a State Average-Com-
plete Active Space Self-Consistent Field (SA-CASSCF)20 and in
a subsequent step a Multi State CASPT2 (MS-CASPT2)23,24 with the
same characteristics described above were performed. All the
wavefunction-based calculations have been carried about using
MOLCAS 7.4 program.25

4.2. Feringa’s compounds

All the molecules were optimized at the B3LYP/6-31G(d)
level26,27 where frequencies28 were calculated to verify that all of
them were minima (number of imaginary frequencies¼0) or tran-
sition states (number of imaginary frequencies¼1). These opti-
mized geometries were further optimized at the B3LYP/6-
311þþG(d,p) level.29 These calculations were carried using the fa-
cilities of the Gaussian 09 software.30 The electron density of the
systems has been analyzed with the Atoms in Molecules (AIM)
methodology31,32 and the MORPHY program.33,34
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Optimized geometries of all studied compounds and figure of
the HOMO orbitals of the singlet and triplet configuration of 5.
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