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ABSTRACT: The gas-phase electron attachment of thiaselena and diselena derivatives is
investigated on model organic systems by ab initio calculations (level of theory
MP2/DZP+ +). Electronic contributions favor the one-electron addition on selenium-
containing compounds, with adiabatic electron affinities of 0.03, 0.24, and 0.43 eV,
respectively, for dimethyldisulfide, dimethylselenenylsulfide, and dimethyldiselenide. This
ensures the possibility of an excess electron binding on —Se—S— and —Se—Se— linkages.
The so-formed radical anionic intermediates present a three-electrons two-centers 2c—3e
bond, whose nature is confirmed by Mulliken spin densities and NBO analysis. They are
stable towards dissociation, with a low barrier evaluated between about 25-60 kJ/mol.
Cyclization strongly enhances dichalcogen propensity to fix an excess electron. Adiabatic
electron affinities of a series of 1,2-thiaselena-cycloalkanes and 1,2-diselena-cycloalkanes are
positive and range from 0.24 to 1.30 eV. This can be traced back to the release of ring strain
energy upon one-electron addition: this geometrical effect is nevertheless less marked than
for disulfide analogs. ~ ©2009 Wiley Periodicals, Inc. Int ] Quantum Chem 110: 513-523, 2010
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1. Introduction

S elenium versatile chemistry has raised much
interest in various areas [1, 2]. There is a fun-
damental interest in understanding its difference
with sulfur analogs, in terms of structure and reac-
tivity (spectroscopy, stereoelectronic effects). Even
simple selenium-containing derivatives still need to
be properly characterized [3], for instance for their
environmental aspects [4]. Selenium also plays a
crucial and dual role in biology [5-8]. Although its
toxicity beyond certain quantities has been early
recognized, evidences for its essential role in anti-
oxidant protection have been reported: cancer pro-
tection [9, 10], Keshan disease, etc. Selenium is most
often incorporated in proteins as selenocysteine
(Sec), the 21st proteinogenic amino-acid. Its redox
potential is lower than cysteine and this confers to
selenoproteins an enhanced reactivity by a factor of
10, 100, or even 1,000 [11]. Much research efforts
currently focus on enlighting the underlying mech-
anisms of antioxidant protection, where electron
transfers play a determinant role [12]. A recent
example is MsrB1, which has a much higher effi-
ciency towards methionine sulfoxide reduction
than other classes of methionine sulfoxyde reduc-
tases [13]. Other experimental studies have consid-
ered cysteine to selenocysteine mutation to design
inhibitors with more controlled properties [14].

Both experimental techniques (pulse radiolysis,
synchrotron X-ray,...) and ab initio calculations
have ascertained the importance of transient three-
electrons two-centers intermediates in the biologi-
cal systems [15-18]. They present a hemi-bond, usu-
ally denoted as X."Y, formed by capture of a low-
lying energy electron. Motivations are twofold for
characterizing such species, and special importance
is given to X and Y being chalcogens as it corre-
sponds to the biologically relevent situation.

Their structure has been in-depth explored, no-
ticeably with topological analysis [19]. Yet, less is
known concerning their reactivity, and in particular
the ease by which such intermediates are formed.
Far from being a prototype reaction, the one-elec-
tron addition (see Fig. 1) is involved in many bio-
chemical redox processes involving dichalcogen
bridges [20].

The variation of redox potential for a sulfur-to-
selenium substitution depends among others on: (i)
the propensity to fix an excess electron, (ii) the
barrier for the dissociation of the transient hemi-
bonded intermediate, (iii) their reactivity toward
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FIGURE 1. Electron attachment reaction on (a) a di-
sulfide, (b) a selenosulfide, and (c) a diseleno bonds.
The so-formed radical anions feature a three-electron
two-center bond, with a drastic lengthening of the ini-
tially covalent bond. The resulting hemi-bond is repre-
sented with dashed lines.

hydrogen atom, or proton addition,... The central
question in this article is to gain some insights on
the electron affinity of thiaselena- and diselena-
linkages when compared with dithia analogs (point
(i)). Respective dissociation barriers (point (ii)) of
the corresponding 2c—3e bonds, for which no ex-
perimental data are available, will also be briefly
commented for linear systems.

Electron affinity is intrinsically delicate to deter-
mine either experimentally or by quantum mechan-
ics calculations [21]. Some simple linear aliphatic or
aromatic disulfides have been carefully studied
[22-24] but no analog results on hemi-bonded an-
ions involving selenium are known to the best of
our knowledge. The only experimental result
published so far is due to King and Illies: they
reported mass spectroscopy data that “very
strongly support a two-center three-electron Se. .Se
interaction in [(CH;),Se..Se(CH3),]"” [25].

In this article, ab initio calculations are per-
formed to investigate the one-electron addition on
selenium-containing organic compounds. The
methodological aspects for describing 2c—3e bonds
are briefly recalled in Section 2. It is crucial to
ensure the reliability of our calculations, especially
the basis set dependence, as discussed in Section 2.
The reactivity of dimethydisulfide, dimethylselene-
nylsulfide, and dimethyldiselenide are compared in
Sub- section 3.1, to evaluate the importance of in-
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ELECTRON UPTAKE BY SELENIUM-CONTAINING BONDS

TABLE 1

Adiabatic electron affinities AEA (in eV) for Me—X—Y—Me compounds, at the MP2 level of theory and for sev-
eral basis sets. Values in parenthesis correspond to the dif-ference of electron affinities with respect to
disulfide analog. Although absolute values are strongly basis-set dependent, the respective order of reactivity

is conserved.

Basis set 6-31+G*™ 6-31+G*(S,Se), 6-31G*(C,H) 6-311+G* DZP++
DMDS —0.11 -0.14 0.02 -0.16
DMSeS 0.03 (0.14) 0.03 (0.17) 0.17 (0.15) 0.01 (0.17)
DMDSe 0.21 (0.33) 0.21 (0.35) 0.37 (0.31) 0.15 (0.31)

trinsic electronic contributions. The variation of
electron affinity of these model systems upon dihe-
dral torsion is analyzed in Subsection 3.2. It pro-
vides a first estimate of geometric effects upon di-
chalcogen linkages. They are further investigated in
Subsection 3.3 on small-members cyclic linkages.

2. Methodological Approach

Chemical bonds with an odd number of elec-
trons constitutes a well-documented pitfall case for
Hartree-Fock and DFT methods, as well-estab-
lished in the literature. We have recently summa-
rized in a more detailed way the methodological
reasons for such a failure [26], and we will here
simply refer the interested reader to the original
analysis [27-31]. The second-order Meoller—Plesset
perturbation theory (MP2 [32]) ensures a proper
description of the one-electron addition on dichal-
cogen linkages.

(UYMP2(fc) calculations, as well as NBO analysis,
were performed with the Gaussian 03 series of pro-
grams [33]. $%) values were never greater than 0.77
(the exact value is 0.75), such that no spin contam-
ination will affect our results. Adiabatic electron
affinities (AEA) are defined as the difference be-
tween the total energies of the neutral and radical

TABLE Il

anion states at their respective optimized geome-
tries. Vertical electron affinities (VEA) and vertical
detachment energy (VDE) are defined as the differ-
ence between the total energies of the neutral and
radical anion states, on the neutral and radical an-
ion optimized geometries, respectively.

AEA = E(neutral)—E(anion) (D)

VEA = E(neutral) — E(anion) at the optimized

geometry of the neutral compound (2)

VDE = E(neutral) — E(anion) at the

optimized geomtery of the anion (3)

A specific and key issue is the choice of the basis
set [21]. We performed auxiliary calculations on
three prototype dichalcogens, at the MP2 level of
theory and with four different basis sets, to assess
the stability of energetic quantities. Not unexpect-
edly, AEAs of the neutral moities and dissociation
energy (Egiss,) Of the radical anions (reported in
Tables I and II) are both basis-set dependent. It lies
beyond the scope of this study to explore in depth
this methodological aspect, and we would lack a
comparison with the exact experimental values. By

Dissociation energies E ;.. (in kd/mol) for 2c—3e Me—X..Y—Me radical anions, at the MP2 level of theory
and for several basis sets. Values in parenthesis correspond to the difference with respect to disulfide analog.
Although absolute values are strongly basis-set dependent, the respective order of reactivity is conserved.

Basis set 6-31+G*™ 6-31+G*(S,Se), 6-31G*(C,H) 6-311+G* DZP++
DMDS 28.4 26.6 26.4 28.4

DMSeS 27.9 (-0.5) 22.9 (-3.2) 26.0 (—0.4) 27.7 (—0.7)
DMDSe 38.1 (+9.7) 41.8 (15.2) 36.9 (+10.5) 38.1 (+9.7)
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TABLE Ill

Energetic data for the one-electron addition on three prototype dichalcogen bonds Me—X—Y—Me with
(X,Y=S,Se). Vertical electron affinities (VEA), vertical de-tachment energy (VDE) and adiabatic electron
attachment energies AEA are given in eV (level of theory MP2/DZP+ +). Dissociation energies E .., are given
in kd/mol. Geometri-cal parameters are also reported: the first line refers to the neutral (N) species, the

second one to the radical anion (RA).

Compound Geometrical parameters Energetic parameters
CH;—X—Y—CH,4 d(X—yY) £ (X—Y—C) T(C—X—Y—C) VEA AEA VDE Egisso
SS N 2.05 101.5, 101.5 82.7 -1.32 0.03

RA 2.79 (0.74) 87.4,87.4 84.3 1.61 28.4
SeS N 2.20 98.6, 101.8 83.5 —1.08 0.24

RA 2.87 (0.67) 84.3, 90.3 82.7 1.61 27.7
SeSe N 2.33 99.1, 99.1 84.7 —-1.02 0.43

RA 2.97 (0.64) 87.0, 87.0 80.9 1.63 38.1

contrast, the important point is the remarkable sta-
bility of relative quantities with respect to the basis
set, which is a necessary condition to discuss the
factors influencing this reaction.

We chose here to use the DZP++ basis set,
which has been proposed by Schaefer and cowork-
ers [34]. It consists of the double-{ sp contraction of
Dunning [35, 36] augmented with one set of polar-
ization and diffuse functions (s for hydrogen, s and
p for heavy atoms). The latter are even tempered,
following the suggestion of Lee and Schaefer [34]
(Implicit inclusion of relativistic effects (through the
use of pseudo-potentials) is not expected to be im-
portant for selenium [37]. We thus decided not to
take them into account in our study). Its range of
applicability is remarkably large, with for instance
calculations of electron affinity of nucleobases (see
[38] and references therein). Here, the main reason
for choosing DZP++ is that this basis set has been
calibrated for an accurate description of electron
affinities of selenium-containing molecules (SeF,,
[39], SeO,, [40],...). One can note that our AEA value
for diethyldisulfide (DEDS) at the MP2/DZP++

TABLE IV

level of theory is equal to the exact one (+0.10 eV
[22, 41]).

3. Results and Discussion

3.1. ELECTRON CAPTURE BY PROTOTYPE
DICHALCOGENS Me—X—Y—Me AND
ORBITAL DIAGRAMS

We first examine the energetic difference be-
tween dithia-, thiaselena-, and diselena-linkages
electron capture on prototype systems: dimethyl-
disulfide (DMDS), dimethylthioselenide (DMSeS),
and dimethyldiselenide (DMDSe). The common no-
tation Me—X—Y—Me will be used, with X and Y
denoting either a sulfur or a selenium atom. Geo-
metrical parameters for both neutral and anionic
species are also reported in Table III, but will be
discussed independently in Subsection 3.2. NBO
analysis data and other related data (spin densities)
for 2c—3e systems are reported in Table IV: they
confirm the hemi-bonded nature of the radical an-

NBO analysis for the three prototype dichalcogen bonds Me—X..Y—Me with (X,Y=S,Se). g denotes the atomic

charge (a.u.) and p the spin densities (Mulliken partition).

Compound Atomic charge Spin densities Bond order
CH;—X—Y—CH,4 gX qY pX pY NBO Wiberg
SS -0.49 —0.49 0.53 0.53 0.46 0.48
SeS -0.57 -0.49 0.58 0.47 0.47 0.50
SeSe —0.56 —0.56 0.52 0.52 0.44 0.49
516 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 110, NO. 3
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ions. Dissociation energies E;,,, were computed
and are all positive, which ensures the meta-stabil-
ity of the 2c—3e Me—X.".Y—Me species. The one-
electron addition on disulfides is a highly localized
phenomenon. Highest occupied molecular orbitals
(HOMO) for DMDS, DMSeS, and DMDSe are given
on Figure 2; not unexpectedly, thiaselena and di-
selena linkages present the same feature with cha-
locogen-centered electron density.

It is found that selenium strongly enhances the
electron affinity. Replacing one of the two sulfur
atoms by a selenium leads to an increase of AEA by
about 0.20 eV. A second substitution further favors
the one-electron addition by the same increment.
The reactivity order of adiabatic electron affinities:

AEA(—S—S—) < AEA(—Se—S—)
< AEA(—Se—Se—) (4)

is expected to be rather intrinsic in absence of other
additive contributions (geometrical or electrostatic).
It can be noted that vertical electron affinities follow
this same tendency, both qualitatively and quanti-
tatively (Let us note that VEA are negative, denot-
ing that the geometrical relaxation (lengthening) is
essential for the one-electron addition). Vertical de-
tachment energies are very close for the three sys-
tems. This important difference of reactivity is
purely electronic, arising solely from the chemical
bond. (Let us recall that sulfur and selenium have
very similar atomic electron affinities (respectively,
200 and 195 kJ/mol)).

Molecular orbital diagrams for the three differ-
ent 2c—3e bonds, with only the o(SS) and ¢*(SS)
orbitals (respectively, the HOMO-2 and LUMO),
are represented in Figure 3. They do not provide
informations on AEA, but it is possible to partly
conclude on VEA and, more interestingly, on the

(o) Drithriee. Hnbage [ b T hrinesserlernn. ke () Diisaelenny Limbangge

FIGURE 2. HOMO orbitals for prototypic dichalcogen
linkages, for the optimized geometry at the MP2/
DZP+ + level of theory. Plots are drawn with the VMD
package, for an isodensity of 0.06. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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FIGURE 3. Orbitals diagrams for symmetric (a) and
dissymmetric (b) dichalcogen 2c—3e hemi-bonds. The
overlap S is a decisive factor governing the vertical
electron affinity (VEA) and the dissociation energy E icso
of the radical anion.

dissociation energy of the so-formed hemi-bonded
radical anion. The latter find an elegant rationaliza-
tion within the orbital theory proposed two de-
cades ago by Gill and Radom [42]. The stability of a
2c—3e between two equivalent fragments is char-
acterized by the energy E,,, defined as the differ-
ence between twice the HOMO stabilization and
once the LUMO destabilization. By expressing E,,.;,
within the elementary Hiickel formalism, one can
derive two conditions for the existence and stability
of a X."X hemi-bond. The latter exists if and only if
the overlap S of hybridized axial sp® orbitals is
inferior to 0.33 (positive value of E ;) [42]. Further-
more, a derivation shows that its strength is optimal
for S = 0.17.

The sp*-sp® overlap between two sulfurs is equal
to 0.13 (STO-3G basis, for the 2c—3e equilibrium
intersulfur distance of 2.79 A) [42], and slightly
increases for selenium (d(Se—Se) = 2.97 A) which
has more diffuse valence orbitals. We found a value
of 0.17 with the same basis, equal to the optimal
value. It follows that: (i) VEA increases by 0.30 eV
from DMDS to DMDSe and (ii) dissociation energy
increases by about 10 kJ/mol for DMDSe.

The Se.. Sbond presents a slight dissymetry, that
can be further quantified by our calculations, about

VOL. 110, NO. 3 DOI 10.1002/qua
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Table IV. Atomic charges (—0.49 and —0.57 a.u. on
S and Se, respectively) and spin densities (0.48 and
0.58) indicate a weak polarization, opposite to the
orientation predicted with the respective atomic
electronegativities. We verified that the result is
similar with other basis sets.

One cannot directly conclude on the thioselenide
reactivity because two antagonist contributions
come into play. On the one side, the energy level
difference between 3p and 4p valence orbitals of
sulfur and selenium tends to weaken the 2c—3e
bond [42], but, on the other side, the overlap S
increases due to a more diffuse 4p valence orbital.
Our calculations show that the VEA is increased by
0.24 eV, and that the resulting radical anion is as-
sociated to a slightly lower dissociation energy. The
latter is a crucial quantity for understanding the
outcome of the 2c—3e intermediate. Values of E y;
for the three hemi-bonded anions range from about
25 to 40 kJ/mol, which corresponds to the typical
values for hemi-bonded systems. Selenium has a
twofold orientation for E g, (i) a single substitu-
tion weakens the dichalcogen linkage by a very
small amount (between 0.4 and 3.2 kJ/mol),
whereas (ii) the diselena linkage is stronger and the
dissociation energy increases by about 10 kJ/mol,
consistently with the linear relation between S and
E4isso Proposed by Gill and Radom for symmetric
XX bonds. The following order of reactivity is
found:

EdiSSO( —SenS - ) = Edisso( -S5.5—- )
< Edisso( — Se.”.Se — ) (5)

which differs from the previous inequality on AEA
(One can note that there is no correlation between
the ease of fragmentation and the equilibrium bond
lengths.) Once again, this order can be considered
as rather intrinsic because of the high-local charac-
ter of the one-electron addition. In fact, it might be
related to some biochemical convergent observa-
tions. It is currently thought that “selenium may
facilitate reactions of protein cysteine residues by the
transient formation of more reactive S-Se intermediates”
[9]. Atomic details on the underlying mechanisms
are scarce: it is conjectured that selenocysteine fol-
low a similar reactional path than cysteine, with
formation of transient 2c—3e intermediates. The
electron uptake is one of the rate-determining steps.
At higher concentration, selenium oppositely acts
as a poison; for instance, it inhibits redox-active
enzymes such as thioredoxins [43]. It has been pro-

posed that diselenides are more stable at a certain
stage of the reduction process, which might be re-
lated to a less favorable dissociation of the Se..Se
intermediate.

Molecular orbital diagrams are a powerful
tool to discuss some aspects of the reactivity of
selenium-containing prototype compounds (but
sadly not the absolute adiabatic electron affinities).
In the next subsection, we explore geometrical ef-
fects, which are expected to tune this reaction be-
cause of the drastic lengthening (by ca. 30%) con-
comitant to the one-electron addition. Another
pieces of evidence is the well-known role of alloste-
ric disulfides-linkages of redox-active proteins.
These simple considerations have lead us to re-
cently propose a linear relation between the topo-
logical constraint of a disulfide-linkage and its elec-
tron affinity (for both organic [26] and peptidic [44]
systems). The more constrained the system, the
higher its electron affinity. One of the scopes of this
article is to examine the generalization to selenium-
containing species. Do geometrical constraints also
favor an electron uptake on selenium-contaning
linkages, and, if yes, more than on disulfides?

3.2. EFFECTS OF A DIHEDRAL TORSION:
ENERGETIC AND ORBITAL INTERPRETATION
FOR THE ENHANCEMENT OF REACTIVITY

We focus here on the structural difference of
Me—X—Y—Me compounds between (i) neutral
and anionic derivatives, for a given dichalcogen
linkage and, in more depth, (ii) selenium-contain-
ing molecules and their disulfide analogs. Substitu-
tion by a selenium increases the interatomic X—Y
distance, by 0.15 and 0.28 A for the neutral form
and 0.08 and 0.18 A for the radical anion. The
lengthening upon one-electron uptake is of 0.73,
0.67, and 0.64 A for the dithia, thiaselena, and dis-
elena bonds, respectively. It is significantly weaker
for selenium-containing derivatives, especially re-
ported in relative variations (respectively, 36, 30,
and 27%). One can also comment on the compres-
sion of the bending angle 2 (C—X—Y), by about
10°; this effect can be related to the increase of the
3p or 4p character in the elongated bond, that is, the
decrease of hybridization, because of the different s
and p overlap [45]. The dihedral angle
T(C—X—Y—C) also exhibit important variations.

Beyond equilibrium values for distances and an-
gles, the malleability of dichalcogen linkages is
known to be important. The ease with which a
dichalcogen deforms and adapts to a more rigid
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aliphatic or peptidic skeleton is indeed a key fea-
ture for apprehending not only its structure, but
also its reactivity. Thus, much attention has been
paid to torsion profile of disulfide linkages due to
their importance in atmosphere (isomerization re-
actions) and in biochemistry [46—-48].

Disulfide electron uptake results in a threefold
weakening of energetic barriers, both for the Morse
curve and torsion profile [26]. Morse curves, dis-
played on Figure 4, indicate an immediate general-
ization to thiaselena- and diselena-linkages. This
has a direct translation in terms of reactivity: the
difference of the two curves corresponds (by defi-
nition) to the adiabatic electron affinity for a model
situation where the dihedral angle 7(C—X—Y—C)
is imposed. We monitor AEA along the torsion, for
the three dichalcogen linkages, as displayed on Fig-
ure 5. Electron affinity is enhanced by either com-
pression or opening of 1: corresponding increments
are of 0.34, 0.26, and 0.24 eV for opening of DMDS,
DMSeS, and DMDSe, respectively. For the torsion
to the trans form, electron affinities are less en-
hanced (0.22, 0.19, and 0.20 eV, respectively). Thus,
the closer inspection of numerical data reveals that
DMSeS and DMDSe are intrinsically more mallea-
ble than disulfides. The damping factor that can
be extrapolated from the study of model systems
is 30%. As a consequence, electron affinities of
selenium-containing compounds are expected to be
less sensitive to geometrical constraints than their
disulfide analogs.

Alternatively, one can propose a simple orbital
interpretation for relative adiabatic electron affini-
ties, on the basis of a Walsh diagram. The variation
of HOMO energy 7*(SS) as a function of 7 is repre-
sented on Figure 6, for DMDS. The HOMO is sym-
metrically destabilized by a dihedral compression
(1 — 0) or opening, because of a four-electron re-
pulsion between chalcogen lone pairs (cf. Fig. 2).
One could take into account the repulsion between
S—H orbitals to refine this model, and recover the
dissymmetry of AEA = f(7). Its variation can be
related to the adiabatic electron affinity with the
simplifying assumption that the four-electron re-
pulsion in the radical anionic form varies much less
with 7 because of the drastic lengthening. The con-
clusion is unchanged: planar forms are more prone
to fix an excess electron.

In this section, we have considered the effect of
an isolated torsion on electron affinity. The dihedral
angle 7is a privileged quantity, easily accessible by
NMR [49], and a useful (although not perfect) indi-
cator for predicting allosteric disulfide linkages

3.0

Relative energy (eV)

Distance d(S-S)

(a)Dithia linkage (DMDS)

3.0

Relative energy (eV)

Distance d(Se-S)

(b)Thiaselena linkage (DMSeS)

Relative energy (eV)

Distance d(Se-Se)

(c)Diselena linkage (DMDSe)

FIGURE 4. Morse curves for prototypical dichalcogen
linkages, for neutral (dashed line) and anionic com-
pounds (solid line). Level of theory MP2/DZP++. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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Electron affinity (eV)

Dihedral angle (t)

FIGURE 5. Adiabatic electron affinity (AEA, in eV) for
torsional constrained prototype dichalcogens MeXYMe.
Level of theory MP2/DZP + +. Diamonds denote DMDS,
squares DMSes, and circles DMDSe, respectively. Di-
sulfide linkages are more sensitive to this geometrical
effect: yet, electronic contributions dominate and favor
electron capture by selenium-containing linkages domi-
nate. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

[50]. Other structural parameters (bond lengths and
bending angles) are also modified in cyclic com-
pounds: the latter are studied in the next Subsec-
tion.

3.3. ELECTRON CAPTURE BY SIMPLE
CYCLIC DICHALCOGENS: A LINEAR
RELATION BETWEEN RING STRAIN AND
ADIABATIC ELECTRON AFFINITY

We consider a series of cyclic dichalcogens (1,2-
thiaselena-cycloalkanes and 1,2-diselena-cycloal-
kanes): the —X—Y—linkage is inserted into a more
rigid aliphatic arc —(CH,),,—. Results for 1,2-di-
thia-cycloalkanes were analyzed in a recent paper
(at the MP2/6-31+G** level of theory [26]), but are
given here with the DZP+ + basis set for the sake of
comparison. To analyze the geometric contribu-
tions, we subtract off electronic contributions by
choosing a linear aliphatic compound as a refer-
ence. It formally corresponds to the limit n — . We
have then included three ethyl-substituted analogs
Et—X—Y—Et in our set, which gives: diethyldisul-
fide (DEDS), diethylthioselenide (DESeS), and di-
ethyldiselenide (DEDS). The electron affinity is en-
hanced (by ca. 0.10 eV) in each case for a methyl-
to-ethyl substitution. It has been reported that
diethyldisulfide prototypes provide a better base-
line for studying the modulation of disulfide link-

age electron affinity in a general way [26]. We will
refer mostly to the increment:

A A E A = AEA(cyclic) - AEA(linear reference) ( 6 )

This way, we will be able to compare the ring
strain effects on disulfides, thioselenides, and di-
selenides freely from intrinsic electronic contribu-
tions.

Structures and reactivities of the three dichalco-
gen linkages exhibit a very similar pattern (geomet-
rical evolution, energetic data) with respect to cy-
clization. The perusal of Table V provides a more
quantitative view:

1. Our calculations confirm important variations
of geometric parameters, d(X—Y), <Z
(X—Y—C), and 1(C—X—Y—=C). The insertion
of a dichalcogen, either neutral or anionic,
into a small-size ring almost systematically
results in an elongation of the X—Y distance,
of up to about 0.10 A (neutral n = 2 and anion
n = 6) when compared with the linear refer-
ence. The sole exception is a small shortening
(ca. 0.05 A) for anionic cyclopropane deriva-
tives (n = 1). We have also reported a similar
“pincers” effect on disulfide-linked peptides
[44].

2. Ring closure also tends to compress bending
and dihedral angles. Let us note that £

o
w

HOMO energy (u.a.)

-0.4

0 45 90 135 180

Dihedral angle

FIGURE 6. Variation of the HOMO energy for DMDS
as a function of the dihedral angle . DMSeS and
DMDSe Walsh diagramms exhibit the same pattern. It
can be related in a first approximation to the adiabatic
electron affinities-see text. Level of theory MP2/
DZP+ +. [Color figure can be viewed in the online is-
sue, which is available at www.interscience.wiley.com.]
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TABLE V

Geometrical and energetical characterization of a series of aliphatic dichalcogens - neutral and associated
radical anions. Calculations were performed at the MP2/DZP+ + level of theory. All distances d(X—Y) are
given in A— values in parenthesis correspond to the difference with respect to linear diethyl dichalcogen —,
and angles 2 and 7 in degrees. Adiabatic electron affinities AEA are given in eV. RSE (ring strain energies)
values are given in eV for neutral and radical species—see Fig. 7 for definition.

Geometrical parameters Energetic parameters
X—Y bond —(CH,),, d(X—Y) £L(X—Y—C) 7(C—X—Y—C) AEA RSE
Cyclic SS
n=1 2.10 (+0.05) 54.0 — 1.04 (+0.94) 0.90
2.75 (—0.04) 40.4 — n/a
n=2 2.14 (+0.09) 77.9 30.5 0.98 (+0.88) 1.19
2.85 (+0.06) 65.3 46.8 0.31
n=3 2.07 (+0.02) 90.2 47.6 0.32 (+0.22) 0.38
2.81 (+0.02) 76.3 55.9 0.16
n=4 2.08 (+0.03) 98.6 46.2 0.35 (+0.25) 0.40
2.82 (+0.03) 89.0 39.6 0.15
n=5 2.05 (+0.00) 102.0 85.1 0.09 (—0.01) 0.19
2.79 (+0.00) 93.8 83.4 0.20
n==6 2.05 (+0.00) 103.1 97.6 0.10 (0.00) 0.25
2.81 (+0.02) 94.5 100.8 0.24
DMDS
n—o 2.05 101.5 82.7 0.03 —
2.79 87.4 84.3 —
DEDS
n—o 2.06 101.3 83.6 0.10 —_
2.79 88.6 85.3 —
Cyclic SeS
n=1 2.25 (+0.05) 49.6, 56.7 — 1.17 (+0.79) 0.79
2.81 (—0.06) 39.5, 43.8 — n/a
n=2 2.28 (+0.08) 74.0, 78.7 21.1 1.08 (+0.70) 1.05
2.91 (+0.04) 63.1, 67.8 25.2 0.35
n=3 2.25 (+0.05) 92.1, 92.2 22.9 0.51 (+0.13) 0.31
2.92 (+0.05) 84.0, 83.3 124 0.18
n=4 2.24 (+0.04) 91.9,101.5 40.6 0.54 (+0.16) 0.39
2.89 (+0.02) 79.2, 97.2 39.4 0.23
n=5 2.20 (+0.00) 101.0, 100.7 81.6 0.30 (—0.08) 0.19
2.87 (+0.00) 95.8, 91.3 80.1 0.27
n==6 2.20 (+0.00) 103.9, 102.5 72.6 0.44 (+0.06) 0.43
2.98 (+0.12) 109.6, 101.2 441 0.37
DMSeS
n—o 2.20 98.6, 101.8 83.5 0.24 —_
2.87 84.3, 90.3 82.7 —
DESeS
n—o 2.20 98.5, 102.0 84.6 0.38 —
2.87 86.1, 91.6 106.7 —
Cyclic SeSe
n=1 2.38 (+0.05) 52.3 — 1.30 (+0.78) 0.83
2.94 (—-0.03) 411 — n/a
n=2 2.41 (+0.08) 74.7 20.7 1.20 (+0.68) 0.97
3.00 (+0.03) 64.7 24.4 0.30
n=3 2.40 (+0.07) 91.4 25.9 0.67 (+0.15) 0.32
3.01 (+0.04) 83.1 24.0 0.17
n=4 2.37 (+0.04) 94.8 40.8 0.68 (+0.16) 0.36
3.00 (+0.03) 86.5 38.9 0.20
n=5 2.33 (+0.00) 99.2 80.3 0.47 (—0.05) 0.19
2.97 (+0.00) 92.0 79.6 0.25
n==6 2.33 (+0.00) 102.1 69.3 0.61 (+0.09) 0.44
3.06 (+0.09) 104.5 41.0 0.35
DMDSe
n—o 2.33 99.1 84.7 0.43 —_
2.97 87.0 80.9 —
DEDSe
n—o 2.33 99.2 85.6 0.52 —
2.97 86.5 84.0 —
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(X—Y—=C) tend to be smaller in radical anions
by about 10°, perhaps to accomodate the dras-
tic lengthening of the dichalcogen bond. The
interpretation of this geometrical interplay is
not straightforward: for instance, our calcula-
tions indicate an additional lengthening of
about +0.10 A for 1,2-thiaselena-cyclooctane
and 1,2-diselena-cyclooctane (n = 6) rather
than an angular pincement.

3. Although the structural plasticity of dichalco-
gen linkages leads to a fairly complicated in-
terpretation, the modulation of AEA is more
smooth. Electron affinities are strongly en-
hanced in cyclic compounds, although this
effect rapidly attenuates with the ring size n.
Clearly, the dihedral compression is not solely
responsible-the curves AEA = f(7) are not re-
ported here because of a significant scatter.
For instance, passing from DMDS to its cis
conformer results in an increase of AEA of
0.34 eV, to be compared with 0.94 eV for
DMDS to 1,2-dithia-cyclopropane (n = 1).

4. To include variations of d(X—Y) and Z
(X—Y—=C) that also impact on electron affin-
ity, it is more sounded to refer to ring strain
energies (RSE), that gather all the geometrical
variations. RSEs were computed according to
the group equivalent method [51] (cf. Fig. 7)
and are given in Table V (They could not be
estimated for radical anionic derivatives of
cyclopropane (n = 1) because the HX.".YCH,X
..YH dianion was found to be unstable).

= Neutral structures are most often more con-
strained than their radical anion. A common
exception in our set is for n = 5: in this case,
dichalcogen electron uptake is slightly less
favorable than for the linear reference. Oppo-
sitely, 4-members rings (n = 2) are predicted
to be the more reactive towards electron ad-

HXYCHXYH

%
‘> + HSSH
¥

X

.,

| DICHzl  + (1) CHACH, =  EIXYEl 4+ (n-2)} CHyCH,CHy
Y

o

FIGURE 7. Isodesmic reactions used for the definition
of ring strain energies (RSE), according to the group

equivalent approach proposed by Bachrach. A specific
definition is needed for cyclopropane derivatives (n = 1).

dition. The variation as a function of n is not
monotonous.

= For cyclic systems, numerical values confirm
that the more constrained the neutral dichal-
cogen linkage, the higher its electron affinity.
We can propose a neat linear relation between
AAEA and RSE . ), With the simplifying as-
sumption that variations of RSE,, ., can be
comparatively negliged. A linear dependence
is found, with R* regression coefficients of re-
spectively 0.92, 0.86, and 0.91 (DMDS, DMSeS,
and DMDSe, respectively). Most of the scatter-
ing observed comes from n = 1, probably be-
cause of the different definition of RSE.

= The slopes of AEA = f(RSE, ..«a1) are, respec-
tively, 0.90, 0.84, and 0.86, which reflects a
weaker sensitivity of selenium-containing
linkages. Neutral cyclic compounds are sig-
nificantly less strained than disulfide analogs,
which is probably due to the longer interchal-
cogen distance.

On the basis of this analysis of cyclic dichalco-
gens, a partitioning of electron affinity into two
additive contributions can be proposed: an intrinsic
effect arises from electronic contributions and fa-
vors thioselenide and diselenide, whereas a geo-
metric one tends to counterbalance the order of
AEAs found in Eq. (4). This could provide some
first basis for predicting the preferential site of at-
tachment of an excess electron on a disulfide-knot-
ted motif. (Other important contributions like elec-
trostatic ones [52] are not expected to differenciate
dichalcogen linkages).

4. Concluding Remarks

In this article, we report the first ab initio calcu-
lations on the one-electron addition on thiaselena
and diselena linkages. In agreement with the sole
experimental result available so far on hemi-
bonded radical cations, our calculations confirm
that 2c—3e radical anions are stable towards disso-
ciation and should be observed.

This analysis may shed lights on their role as bio-
logical intermediates, as electron addition is known to
be a key step in most biochemical events [12]. Many
questions concerning selenoproteins antioxydant
properties are not yet elucidated. For instance, Beld et
al. recently wrote: “Surprisingly, the greater thermody-
namic stability of diselenide bonds relative to disulfide
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bonds is not matched by a corresponding decrease in reac-
tivity” [53]. This could be related to the higher disso-
ciation energy of the hemi-bonded Se.Se linkage.
Oppositely, the slightly weaker Se.".S bond appears as
a plausible intermediate, as conjectured in biochem-
istry. We plan to study the one-electron addition on
seleno-containing enzymes, for which experimental
informations are available.
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