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The reducibility of two sulphones in the benzothiepinone class, dibenzo[b,e]-tiepinone-5,5 dioxide (1) and
dibenzo[b,e]-tiepin-tione-5,5 dioxide (2) and the cleavage reaction of the seven membered ring observed upon
electrochemical reduction was studied by the DFT method. The calculations were performed on the neutral molecules
and the corresponding charged species, the anion radicals and the dianions. The main feature of the reduction
mechanism, the cleavage of the sulphur containing median ring, was accounted for by the shape of sections through the
potential energy surfaces along the two possible reaction coordinates, the CH,-SO, and C,omaic-SO, bonds. The
calculations are in good agreement with the previous experimental data.

INTRODUCTION

Theoretical modelling of electrochemical
reactions has become an important complementary
tool in the last years in monitoring the reaction
mechanism and the intermediates. On the other
hand, the presence of charged species in a series of
biological redox processes'” determines an
increased attention for the good characterisation of
their properties. The possibility to consider the
presence of the solvent in the frame of different
available solvent models at both the semiempirical
and ab initio levels enhances the interest for such
calculations.

The previously studied reduction process of two
dibenz[b,e]-tiepinonsulphones,' Fig.1, revealed an
interesting mechanism based upon the ring opening
reaction of the central seven membered ring, * i.e.
the breaking of the CH,-SO, bond.

The experimental data showed that for
compound 1 the ring cleavage occurs after the first

" Corresponding author: mihh@gw-chimie.math.unibuc.ro

heterogeneous electron transfer, the resulting anion
radical (AR) being very unstable and not detected
by ESR spectroscopy, whereas for compound 2,
the anion radical is stable enough to be
characterised by ESR spectroscopy and to undergo
a second electron transfer reaction, the ring
breaking occurring from the dianion. The main
steps of the mechanisms are given in Scheme 1.
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(1) Y=0O dibenzo[b,e]-tiepinone-5,5 dioxide;
(2) Y=S dibenzo[b,e]-tiepin-tione-5,5 dioxide;

Fig. 1 — Molecular formula of the studied compounds.
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The modelling of both mechanisms by the electronegativities (y, and y,q) were calculated using
solvent-dependent PM3 method in the frame of the the relationships:'*’

AMSOL program as well as by the 6-31G ab initio
method supports the experimental data and allows
for the estimation of the energy barriers for the
ring opening reactions in the range of 4-10 kcal
mol for 1 and 6-17 kcal mol™ for 2, depending on
the used method.’

As recent literature data show that the DFT
method is more appropriate for the theoretical
characterisation of charged species®'', the aim of
this paper is a DFT study of the electrochemical
processes to which the two dibenz[b,e]-tiepinonsul-
phones are submitted. We aim at elucidating the
two mechanisms and to explain on a theoretical
basis the different reactivity of the studied
compounds. The following strategy was used: i)
calculation of the vertical and adiabatic electron
affinity for the neutral and charged species and
correlation with the experimental reducibility; ii)
modelling of the ring-opening reaction in order to
explain the different stability of the corresponding
anion-radicals.

COMPUTATIONAL METHOD

The calculations were performed by the DFT
method employing the Becke3-Lee-Yang-Parr
B3LYP '* exchange correlation functional in
combination with the 6 31G basis set using the
Gaussian 98 program."® For the open- and closed-
shell species the wunrestricted and restricted
calculation methods were used, respectively.

The geometry of all the species in the
system, the neutral molecules, the anion radicals
(Charge = -1; S = 1/2) and the dianions (Charge = -2,
S = 0) were fully optimised and the vertical and
adiabatic electron affinities (E,4 and E,) and

E,= '(EAR - EM)

where Eag and Ey represent the energies of the
anion radical and the neutral molecule at the
optimised geometry of the neutral molecule;

Ea = -(Ear — Ewm)

where Exr and Ey have the same meaning but are
calculated at the optimised geometry of each
species;

Xv: - 1/2 (SHOMO + EV);

Xad = 1/2 (Ecr — Em) —1/2 (Ear — Enm),

where Ecg represents the energy of the cation radical
and the other quantities have the usual meaning.

Sections through the potential energy surfaces
(PES) were built maintaining a constant value for
one of the internal coordinates and allowing for the
full relaxation of all other coordinates; since in our
case, the main problem was the cleavage of the
CH,-SO, bond; this was the coordinate used in the
PES calculations, hereinafter noted Rcpz-s02. The
minimum points for all the species were
characterized by the hess matrix values. The
difference between the energy of highest and the
minimum points on the PES sections was
considered as an estimate of the energy barrier of
the ring opening reactions.

RESULTS AND DISCUSSION

The first step of the reduction process is
represented by the heterogeneous electron transfer
reaction. The relevant parameters describing the
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process are listed in Table 1. The theoretical data
reflect the different reducibility of the two
compounds in agreement with the experimental
values of the cathodic peak potentials, E,.= —0.41 V
for 2 as compared to E,.=-0.90 V for 1.

On the basis of the experimental data® it was
stated that the second step corresponds to a

different reaction for each compound. In the case
of compound 1 the second reaction corresponds to
the ring opening reaction, whereas for compound 2
the stability of the anion radical was large enough
to allow for its identification by ESR spectroscopy
for the possibility of a second heterogeneous
electron transfer at the potential E,. =—0.89 V.

Relevant experimental and theoretical data, the experimental cathodic peak potential (- Epc, V),
the calculated vertical and adiabatic electron affinities (Ey and E,y, €V) and electronegativities (), and y,q €V)

Compound 'Epc EHOMO ELuMO Aad Ev Ead Ev in Ead in
DMSO DMSO

1 0.90 -7.07 -2.72 4.16 4.72 1.25 1.45 - 2.98

2 0.41 -6.25 -3.26 4.03 5.01 1.81 2.04 3.55 3.55

* E, for the anion radical of (1) in DMSO could not be calculated, as the convergence could not be reached.

The different stability of the anion radicals of 1
and 2 is well evidenced by the shape of the
sections through the potential energy surfaces
along the reaction coordinate Rcpo-s0.

The calculations were performed for Rcys-soz in
the range of 1.80 — 4.50 A and the results in vacuo
are presented in Fig. 2. The relative energies were
calculated in respect with the minimum energy
point of the anion radicals.

The plots allow for the following observations.
For the AR 1 a very small value for the activation
energy, about E, = 0,17 kcal mol” was found. The
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ring opening occurs very quickly, thus explaining
the impossibility to experimentally detect the anion
radical. The PES calculated in the presence of the
solvent (inset of Fig. 2) shows that inclusion of the
solvation process enhances the propensity for the
ring cleavage, the steep energy decrease begins at
smaller Repo.son values.

For AR 2, the energy barrier, although not very
high, E, = 4,47 kcal mol”!, shows that the ring
breaking process is not so rapid, being competitive
with the second reduction process.
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Fig. 2 — Dependence of the relative energies of the
anion radicals for compounds 1 (open triangles)
and 2 (filled squares) on the CH,-SO, distance.
(The relative energies were calculated in respect to
the minimum energy point of the anion radicals).
Inset: comparative plots of the relative energies for
the AR 1 vs. the CH,-SO, distance, in vacuo (open
triangles) and in the presence of DMSO (filled
circles). The geometries correspond to the anion
radical of compound 1: the optimised minimum
(left) and at Reya.s0,=4 A (right).
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The same approach applied for the dianion of
compound 2, led to the plot in Fig. 3.

Inspection of the highest occupied molecular
orbital, HOMO, in the dianion of 2 reveals an
antibonding character between the CH, and SO,
groups (Fig. 4); the same feature was also observed

in the semiempirical and ab intio calculations and
was rationalised in terms of the stepwise
dissociative reduction model of Saveant, who
considers that an antibonding character of a
molecular orbital between two bonded atoms
favours the bond cleavage.'®*°
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Fig. 3 — Dependence of the relative energy of the dianion of 2 on the CH,-SO,

distance, Rcppn.soo- E is calculated relative to the minimum energy point found at

4 A. The geometries correspond to the optimised minimum energy point (left) and
for RCH2—502:3 A (rlght)

It can be seen that there is practically no energy
barrier, the energy decreases steeply leading to the
open form.

Fig. 4 — The shape of the HOMO molecular orbital for the
dianion of 2. The antibonding character at the CH, - SO, level
is indicated by a dashed line.

CONCLUSIONS

The DFT calculations support the experimental
results explaining the enhanced reducibility

brought about by the presence of the sulphur atom
and the different stability of the anion radicals. It
was found that the ring opening reaction occurs
starting from the anion radical for compound 1 and
from the dianion for compound 2. The presence of
the solvent favours the ring opening reaction of the
AR of 1. Comparison with the previous HF cal-
culations on the reaction systems yielded a good
correlation.
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