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STRUCTURE OF OXIDIZED DISULFIDE BONDS AS CALCULATED BY
THE CNDO;2 METHOD

T.GILLBRO
The Swedisch Research Counsil’s Laborutory, Studsvik, S-61101 Nyképing, Sweden

(Received March 24, 1977)

CNDO/2 calculations indicate that disulfide cation radicals, e.e. HSSH* and CH3SSCH 3%, have a trans-planar structure
in contrast to the twisted structure of the parent molecule. The main reason for this difference is the removal of an
electron from the sulfur lone-pair orbitals. The bond energy in the disulfide cation radical is much lower than in the
parent molecule, which makes the reaction CH3SSCH;3* — CH3S- + CH3S* allowed, as observed previously in radiolysis

of CH3SSCH 3 single crystals.

Several studies of disulfide structures have been
reported in the literature.! One important conclusion
from these studies is that the neutral molecule is
twisted in the ground state with a dihedral angle (8)
of approximately 90° in most dialkyl disulfides. This
twisted structure is mainly the result of the mutual
repulsive force exerted by the lone-pair electrons on
each sulfur atom. It has also been shown that the
activation energy for rotation around the S—S bond
is high,? i.e. roughly 10 kcal/mol for the cis- and

S kcal/mol for the trans-barrier.> The CNDO method
has previously been used with good results in calcula-
tions of the change in optical spectra and optical
activity with dihedral angle in disulfides."* Extended
Hiickel MO calculations of ionization potentials on
some disulfides have also been performed by Bock and
coworkers® and show good agreement with photo-
electron spectra.

In an ESR investigation on y-irradiated CH; SSCH;
single crystals® we reported that both anion and
cation radicals are formed. The experimental results
also indicated that the cation radical, in contrast to
the neutral molecule, has a planar structure. There
is also a significant difference in the optical spectra
of disulfide cations that possess bulky alkyl groups
if they are studied in the solid as opposed to the liquid
state. In di-t-butyl disulfide A, shifts from ~780
nm’ to 410 nm® on comparing a glass with a liquid
solution. This shift might be produced by a change of
structure.

In Figure 1 the total energy is plotted as a function
of the dihedral angle for HSSH, HSSH™ and HSSH*.
The structural parameters used in these calculations
arerg_g =2.04 A, rg_yy = 1.33 A and £ SSH = 95°.
They differ slightly from the experimental values®
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which are reported to be rg_g =2.055 A, rg_y =
1.327 A and £.SSH = 91.32°. The parameters above
have been chosen for present purposes since the experi-
mental values had previously been used in a CNDQ/2
calculation relating to the neutral HSSH molecule*

and it was of interest to see how a small reduction of
the S—S bond might influence the total energy and

the activation energy for the trans/cis rotation.

The calculations of the HSSH indicated the occur-
rence of an energy minimum at 8 = 85° and two energy
maxima at g = 0 and 180° (Figure 1). The activation
energy for rotation through the cis-barrier is 13.1 kcal/
mol and that for the trans-barrier is 7.3 kcal/mol. These
values are to be compared to 10.4 and 3.2 kcal/mol
derived from measured structural parameters (see
circles in Figure 1). It is noteworthy that the structure
chosen in this work affords a lower total energy for the
HSSH molecule for all dihedral angles than does the
experimentally derived structure. The rotation barriers
also seem to be in better agreement with experimental
observation.?

The disulfide anion radical, HSSH™, has two energy
minima at 8= 0 and 125° (Figure 1) respectively. The
rotation barriers are lower than in the neutral molecule
with a maximum activation energy of 4.7 kcal/mol.
This means that rotation around the S—S bond might
be allowed in the anion radical in contrast to the
neutral molecule. The total bond energy is raised by 18.1
kcal/mol at 8= 90° in going from the neutral molecule
to the anion radical. This is rather small compared to
the calculated total bond energy of 436 kcal/mol in
HSSH. The disulfide anion radical is thus expected to
be stable, as has been found by several workers.%>°!!

The change in the total energy of the HSSH" cation
radical with dihedral angle exhibits an altogether dif-
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FIGURE 1 The total energy in a.u. is plotted as a function of dihedral angle (8) for HSSH, HSSH™ and HSSH™.
The structural parameters used were: rg_g = 2.04 A,rg_p = 1.33 A and SSH = 95°C. The circles are from calcula-
tions on HSSH using: rg_g = 2.055 &,rg_yy = 1.327 A and £SSH = 91.32°.

ferent behaviour. In this instance the most unstable
conformation is found when = 90°, i.e. close to the
most stable conformation of HSSH. On relaxation to
the trans-planar conformation there is an energy
gain of 23.0 kcal/mol. From Figure 1 it is evident that
the cis-planar conformation, also exhibits an energy
minimum. The cis-form is not as stable as the transform,
however, as a result of the repulsive force that is set up
between the hydrogen atoms. The total bond energy is
far lower in HSSH™ (trans) than in HSSH (twisted),
namely 171 vs. 436 kcal/mol (calculated). This result
seems to support the earlier conclusion® that -SCH;
radicals are in fact formed from activated cation radicals
during y-irradiation of CH;SSCH; .8

CNDO/2 calculations were also performed for
CH3SSCH3 with rg_g =2.022 &, rg_ = 1.806 &,
Fon = 1.09 A and £SSC = 104.1°12 for values of
$=0,90, 180° and gave the relative energies —9.0,
0 and —21.4 kcal/mol, respectively. These results

demonstrate that the planar trans-form is the most
stable and the structure of the parent molecule the
least stable, which is in agreement with the results
for HSSH*.1?
It is also of interest to identify the MO to which
the unpaired electron is localized. In the trans-planar
structure of CH3SSCHJ the spin density (o) is mainly
in the 3p, orbital of each sulfur atom with p = 0.52.
There is also a small contribution from the d orbitals
of each sulfur atom (p(d,, +d,,,;) = —0.036). The
remaining spin density is found in the Is orbitals of
the hydrogen atoms (p = 0.007). The latter spin density
leads to a calculated isotropic coupling constant of
ay = 3.7 G. The experimental value from ref. 6 is 9.1 G.
In HSSH* (8 = 180° and rg_g = 2.04 A) the un-
paired electron is confined to the 3p, and 3d,,, sulfur
orbitals with p = 0.53 and —0.03 respectively. This
situation is in sharp contrast to the conformation g =
90°, where the unpaired electron is localized to the
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lone-pair orbital on each sulfur (o = 0.44) and with
p = 0.07 in each of the hydrogen 1s orbitals. It should,
therefore, be fairly easy to distinguish between these
conformations in an ESR experiment performed on
HSSH™.

The highest occupied (HO) MO in HSSH varies

with § between 4a and 3b, using the notations in Ref. 1.

At 3 =90.6° 4g and 3b have about the same energy.
Both orbitals have lone-pair character, however, largely
owing to the out-of-plane 3p atomic orbitals of each
sulfur. When the cation is formed, by removing one
electron from these orbitals, the mutual repulsion
decreases and a rotation is permitted around the S-S
bond to the trans-planar conformation.'® The same

is true for other dialkyl disulfides since the HOMO is
always a lone-pair orbital independent of the dihedral
angle."

Disulfide bonds often play an important rdle in the
formation of complicated biomolecule structure such
as those of enzymes. [t therefore seems reasonable to
expect that an oxidation of the disulfide bonds by
biochemical or radiation chemical agencies can lead
to an appreciable structural change in these molecules.
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