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The reactivity of diselenides and ditellurides of general formula (RX), (X = Se, Te; R = H, CH3, Ph) toward
hydrogen peroxide was studied through a computational approach based on accurate Density
Functional Theory (DFT) calculations. The aliphatic and aromatic dichalcogenides have been chosen in
light of their activity in glutathione peroxidase (GPx)-like catalytic cycles and their promising features as
efficient antioxidant compounds. The reaction products, the energetics and the mechanistic details of
these oxidations are discussed. Analogous disulfides are included in our analysis for completeness.
We find that the barrier for oxidation of dichalcogenides decreases from disulfides to diselenides to
ditellurides. On the other hand, variation of the substituents at the chalcogen nucleus has relatively little
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1 Introduction

In 1817, J. J. Berzelius identified by serendipity a new element,
selenium,’ in the process of making sulfuric acid. The first
recognized role of selenium in biology was as a toxin, firstly
studied in livestock diseases,” and only twenty years later it was
discovered that it is an essential element to bacteria,® and
animals.>® Only in the late 1970s, the presence of selenium
was found in the so-called “21st amino acid”,® selenocysteine
(Sec). Sec accounts for most of the selenium in the human
body, being incorporated into 25 proteins.”° Among these,
glutathione peroxidases (GPxs) have attracted continuing inter-
est, after Sec was discovered in their catalytic pocket.">'" These
enzymes are ubiquitous in all kingdoms of life and catalyze the
reduction of H,0, and organic hydroperoxides, using gluta-
thione (GSH) as cofactor. Among other functions, they have the
important role of controlling the oxidative stress inside the cell,
which results from the formation of reactive oxygen species
(ROS) like H,0, and hydroperoxides. If not strictly controlled,
the oxidative stress can lead to cell damage and to a variety of
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degenerative processes, including inflammation, cardiovascular
pathologies, dementia and cancer, and death.

Notably, Sec plays a crucial role in the GPx enzymatic cycle.
In fact, a significant drop of catalytic activity occurs when
the Sec residue is mutated into the more common cysteine
(Cys).">'® The GPx function was experimentally confirmed in
different occasions'*'® as well as assessed in silico.'®™*® It is
consolidated that the first mechanistic step involves the oxida-
tion of Sec by H,O, or ROOH to a selenenic acid form and leads
to the formation of water or alcohol, respectively (see ESL
Scheme S1, oxidative phase). The details of this reaction
occurring in the GPx active site as well and in the active sites
of the S and Te GPx mutants, have been reported very recently
in a combined classic and quantum mechanics study,"® which
establishes that the presence of selenium is neatly energetically
advantageous also in this stage. In fact, the peculiar biological
role of selenium is still under debate, despite, as can be gathered
from our initial historical excursus, more than 200 years have
passed since its discovery.

The study of key-elementary biological reactions involving
chalcogen centers is fundamental and can provide hints for the
design of efficient anti-oxidant GPx like molecular mimics and
of active Se-based catalysts for organic chemistry. Among the
numerous organoselenides, which have been synthesized and
tested as potential anti-oxidant drugs in vivo as well as in vitro
in the last three decades,”*>? diaryldiselenides are considered
of great importance. Since the discovery that diaryldiselenides
can prevent liver necrosis in vitamin E deficient rats,> this
class of compounds became the focus of intensive research to
assess their possible biological and pharmacological use. For
an extensive review on the subject the reader can refer to a

This journal is © the Owner Societies 2018
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Scheme 1 Oxidation of 2-(N,N-(dimethylamino)-methyl)benzenediselenide by H,O, followed by product isomerization to anhydride; the reaction

mechanism with a thiol (RSH), which is energetically favored, is also shown.

1.>%2* These mimics are

review and a recent paper by Rocha et a
particularly promising because two Se nuclei are present and
the chalcogen-chalcogen bond may be weakened and even
broken upon oxidation or reduction, leading to the formation
of two separated catalytic centers. Theoretical mechanistic
studies on their reactivity are fragmentary, as discussed in
two recent reviews.>>° Studies on the reactivity of an analogue
of diphenyl diselenide,”” show evidence that the first step in the
GPx-like mechanism is the reaction with a thiol resulting in the
reduction of one selenium to selenol with the concomitant
cleavage of the selenium-selenium bond and formation of
a selenenyl sulfide (Scheme 1); in this particular case, the
presence of the ortho amino group stabilizes the zwitterionic
form of the selenol. The direct reaction of the same compound
with H,O, (Scheme 1) was also studied in silico,”® but was found to
be disfavored: it resulted in the formation of a selenolseleninate
with a strongly distorted structure, leading the authors to
exclude the feasibility of this pathway. Moreover, there is still
a debate on the product of this direct oxidation by H,O,:
experimental studies on ebselenz > suggest that the reaction

)>*3% is the best known GPx

i Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one
mimic, but its catalytic activity toward different peroxides is orders of magnitude

lower than that of the enzyme.*’

This journal is © the Owner Societies 2018

of its diselenide intermediate, obtained by dimerization,
with H,0, leads to the formation of a selenenic anhydride,”’33
although no evidence is provided. Conversely, computational
studies®*** propose the initial formation of a selenolseleninate.
The formation of the anhydride would then be possible upon
subsequent isomerization.

The reason why selenium has not been substituted by sulfur
along the evolution path is another puzzling aspect related to
the presence of Sec in human proteins. In fact, Sec insertion
mechanism is much more complicated than that of simple
Cys.>®?” Therefore, Sec must provide a clear advantage over the
more common sulfur based amino acid. Traditionally, the lower
pK, of Sec compared to that of Cys (5.2 vs. 8.3),>® and its better
leaving group and electron acceptor ability were regarded as the
main reasons for which selenium was preferred over sulfur.*
However, studies on Drosophila melanogaster have shown that,
in some complex eukaryotes, no significant loss of activity is
found when Sec is substituted by Cys.*® This has contributed to
shift the current opinion on the reason why selenium is still
present in biology toward the view that it is its ability to be
oxidized and then readily reduced in a reversible way that makes
394142 Thys, systematic
studies on organoselenides and their redox properties are impor-
tant for future application of these compounds. These perspectives

selenium more advantageous than sulfur.

Phys. Chem. Chem. Phys., 2018, 20, 20874-20885 | 20875
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go beyond pharmaceutical synthesis and drug design, because
organoselenides are widely used also in organic synthesis. For
example, it is well known that the oxidation of organoselenides
by H,0, to selenoxides leads to easy elimination with formation
of alkenes when P hydrogens are present. Another example
is the catalytic role of organoselenides in organic oxidations,
since upon oxidation by H,O, a perseleninic agent forms, which
is a powerful oxidant. These aspects and the reaction mecha-
nisms have been recently reported by some of us.*®

If selenium has been preferred to sulfur by nature in
selected cases, no biological role has been proved for tellurium
yet. Nevertheless, recent experiment on semisynthetic telluro-
proteins,***° revealed that a high peroxidase activity is achieved
when the Sec residue is substituted with tellurocysteine (Tec). In
the last two decades, researchers have been evaluating a possible
use of organotellurium compounds in pharmacology.>**®
Studies on the topic are still in their infancy and, although in
most instances the activity of organotellurides compounds was
found comparable if not superior to that of their selenium
analogues, their toxicity in vivo has yet to be fully assessed.
Therefore, caution is needed when evaluating them for thera-
peutic use because their potential pro-oxidant effects could
completely outweigh their beneficial activity.>'"*”

All the arguments expressed so far draw a clear picture of the
possible uses of organodiselenides and organoditellurides as
antioxidant in pharmacology and therapy, while the use of
organodiselenides in organic synthesis is abundantly diffuse.
There are still uncertainties though regarding the understanding
of the behavior of these molecules in their catalytic activity
because, to the best of our knowledge, scarce systematic mecha-
nistic studies have been carried out on these compounds. To this
purpose, state-of-the-art computational methodologies provide
a useful approach to analyze their reactivity in the presence of
an oxidizing agent. Quantum mechanical DFT methodologies
have been proven to be reliable and effective in describing the
energetics of organochalcogen compounds,*® resulting in the
method of choice for many studies on these systems.'®"%%%3°
In this work, we aim at providing an exhaustive in silico
description of the oxidation of model diselenides and ditellurides
by H,0,. Moreover, since the understanding of the different
properties of the chalcogens at a more fundamental level could
give precious insight on how to fine tune their reactivity,
a comparison with sulfur analogues will be presented in a
few selected cases.

2 Computational methodology

The reaction of H,0, with nine different diselenides and
ditellurides of general formula RXXR has been investigated
in silico; the structures and the naming scheme of the chosen
compounds can be seen in Scheme 2. For the simplest com-
pounds (i.e. those with R = H, CH; and Ph) the sulfur variants
were also investigated for completeness.

All DFT calculations were carried out with the Amsterdam
Density Functional (ADF) modeling suite.”*>* Relativistic effects

20876 | Phys. Chem. Chem. Phys., 2018, 20, 20874-20885

View Article Online

Paper
R R R R R
N\ / AN
S—sS Se—Se Te—Te
(HS), R=H (HSe), R=H (HTe), R=H
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(PhS), R=Ph (PhSe), R=Ph (PhTe), R=Ph

(CH;PhSe), R=p-CH;Ph
(CH3;0PhSe), R=p-CH;OPh
(CIPhSe), R=p-CIPh
(NH,PhSe), R=p-NH,Ph
(CNPhSe), R=p-CNPh
(NO,PhSe), R=p-NO,Ph

(CH4PhTe), R=p-CHsPh
(CH3OPhTe), R=p-CH;OPh
(CIPhTe); R=p-CIPh
(NH,PhTe), R=p-NH,Ph
(CNPhTe), R=p-CNPh
(NOzPhTe); R=p-NO,Ph
Scheme 2 Structure and naming scheme of the studied diselenides and
ditellurides.

were included in the calculations using the scalar relativistic
zeroth-order regular approximation (ZORA).>> The OLYP**™°
functional was employed in conjunction with the TZ2P basis
set, which is a large and uncontracted set of Slater-type orbitals
(STOs) of triple-{ quality, augmented with two sets of polariza-
tions functions for each atom: 2p and 3d for hydrogen, 3d and
4f in the case of carbon, nitrogen, oxygen and chlorine, 4d and
4f for selenium and 5d and 4f for tellurium. The frozen core
approximation was employed: up to 1s for carbon, nitrogen
and oxygen, up to 2p for chlorine, up to 3p for selenium and
up to 4p for tellurium. We will refer to this level of theory as
ZORA-OLYP/TZ2P.

For a selected number of cases, dispersion corrections were
added to the calculation. In these computations, the BLYP®""*°
functional in combination with the TZ2P basis set was employed.
Dispersion corrections were taken into account with the D3
scheme with inclusion of the Becke Johnson damping (D3(BJ)),
developed by Grimme et al.®* This level of theory is denoted
ZORA-BLYP-D3(BJ)/TZ2P. The performance of DFT methods in
describing nucleophilic susbtitutions involving organochalcogen
compounds has been assessed in earlier benchmark studies
including HF, MP2 and MP4 methods.®*"°® In presence of phenyl
groups, there is also the possibility of n-stacking and other weak
interactions that critically depend on dispersion forces, but more
recent extensive benchmarks show that DFT with Grimme’s
D3-dispersion correction performs very well as compared to
highly correlated ab initio methods such as CCSD(T).*”%®

Stationary points were fully optimized and frequency calcu-
lations were used to verify the results. For all energy minima,
only real frequencies associated with the vibrational normal
modes were found. In the case of the transition states, only one
imaginary frequency resulted from the computation, corres-
ponding to the normal mode associated with the reaction under
investigation.

To obtain a better picture regarding the contributions that
account for the differences in the energy barriers, activation
strain analyses (ASAs) were carried out. The activation strain model,
also known as distortion/interaction model,” is a fragment-based
method in which the height of a reaction barrier is described
in terms of properties of the reactants involved. In our case,
the fragments are the dichalcogenide substrate and H,O,.

This journal is © the Owner Societies 2018
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In this scheme, the total bonding energy (AE) is decomposed

into two contributions (eqn (1)):"%">

AE = AEstrain + AEint (1)

The two terms on the right-hand side of eqn (1) are respec-
tively the energy needed to deform the fragments from their
initial geometry to the one they acquire in the reactant complex
and in the transition state (AE.in) and the actual interaction
energy between the two deformed fragments (AE;,,). This latter
term can be further decomposed, in the framework of Kohn-
Sham molecular orbital theory, into electrostatic attraction (AVe)
between the unperturbed fragments, Pauli repulsion (A Ep,y;, that
is the repulsive interaction between occupied orbitals) and orbital
interaction (AE,;) using a quantitative energy decomposition
analysis (EDA, eqn (2)):"?

AEint = AVelst + AEPauli + AEoi (2)

In the case of the smaller compounds (i.e. (HX),, (CH3X),
and (PhX),), for the oxidation reaction, we performed ASA along
the reaction coordinate ({) from the reactant complex RCox until
TSox to evaluate the different contributions to the activation
barrier. In fact, the eqn (1) and (2) can be written for all points
along a defined reaction coordinate and become:

AE(O = AEstrain(C) + AEint(Q (3)
AEint(C) = AVelst(C) + AEPauIi(C) + AEOI(C) [4)

All the geometries of the non-stationary points, employed in
ASA end EDA calculations, were obtained from an intrinsic
reaction coordinate (IRC) computation, starting from the tran-
sition state following the path along the normal mode associated
with the negative frequency with a steepest descent algorithm.
ASA and EDA values were then calculated from the IRC geome-
tries using the program PyFrag.”*

For the remaining compounds, we restricted the analysis
only to the stationary points (i.e. RCox and TSox).

3 Results and discussion

The oxidation of model dichalcogenides (Scheme 2) was inves-
tigated at the ZORA-OLYP/TZ2P level of theory, according to the
reaction depicted in Scheme 3; subsequently the redox isomeri-
zation to anhydride was also considered.

3.1 Oxidation of diselenides and ditellurides by H,O,

First, we focus our analysis on the oxidation of the smaller
compounds (i.e. (HX),, (CH3X), and (PhX),). In agreement
with recent papers by some of us,*®’® the optimized starting

(¢Y)

View Article Online
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Fig. 1 (PhSe), optimized structure; yy and ¢ dihedral angles are shown.

structures for these compounds were found to be very similar
and show a i dihedral angle (Fig. 1) in the range from 91° for
(HSe),, to 83° in the case of (PhTe),, in line with the bonding
mechanism established previously for dichalcogenides.”®””
Importantly, it has been demonstrated*® that variations of i are
energetically meaningful, while variation of ¢ are negligible.
To this purpose, numerous functionals perform quite similarly
and rather well in reproducing the skewed arrangement of the
groups linked to the chalcogens, the energy associated to
their rotation and OLYP reproduces the correct trend for the
chalcogen-chalcogen homolytic dissociation. Notably, the inclu-
sion of dispersion correction for selected GGA functionals leads to a
stabilization of the conformation with ¥/ equal to zero and stacked
phenyls in diphenyldiselenides and diphenylditellurides, a confor-
mation which in any case never becomes a minimum: skewed
conformations, i.e. with phenyls at approximately 90 degrees, are
the most stable structures, for the description of which the inclu-
sion of dispersion is not crucial.

The first oxidation step proceeds with the formation of a
reactant complex (RCox) which is slightly more stable than the
free reactants (Table 1) through a transition state (TSox) in
which the O-O bond in H,0, is elongated, shifting one of the
oxygen atoms towards one of the S/Se/Te centers, and the
dihedral angle ranges from 161° to 168° conferring the struc-
tures a “trans-like” geometry if the inter chalcogen bond is
considered; the case of (PhSe), is shown in Fig. 2 as example.
The resulting product complexes (PCox) maintain almost iden-
tical i values with a chalcogen-oxygen bond length of 1.49 A in
the case of sulfur, 1.65 A in the case of selenium and 1.82 A in
the case of tellurium, with a variation of no more than 0.01 A
among the different structures, for all the three chalcogens.
In all cases, the product complex is stabilized with respect to
the initial reactant complex. A different pathway was also
investigated in the case of the phenyl substituted compounds,
in which both TSox and PCox maintain a y dihedral smaller
than 90° throughout the oxidation reaction, but the energies of
the new transition states were found to differ from the previous
ones by amounts lower than chemical accuracy (see Table S1,
ESIY); therefore, this alternative pathway was not considered in
our analysis.

?) 3

Scheme 3 Reaction mechanism for the direct oxidation and subsequent possible redox isomerization of diphenyl diselenides and ditellurides; the

definitions of R and X are given in Scheme 2.

This journal is © the Owner Societies 2018
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Table 1 Relative energies (kcal mol™) of stationary points for the
oxidation of RXXR (X = S, Se, Te; R = H, CHs, Ph) by H,O,; level of theory:
ZORA-OLYP/TZ2P

R
X H CH; Ph
RCox —0.5 (—4.9)* -1.7 -1.7
TSox 25.2 (16.5) 23.8 24.1
PCox —48.4 (—49.7) —53.4 —52.9
Se RCox -1.5 (=5.9) -2.7 —2.0
TSox 20.2 (70.3) 17.5 19.1
PCox —36.1 (—40.2) —42.3 —42.4
Te RCox -1.5 (-5.4) -2.3 -1.9
TSox 14.0 (4.0) 12.4 12.4
PCox —38.5 (—43.9) —43.1 —44.7

% Values in parenthesis are computed at ZORA-BLYP-D3(B])/TZ2P level
of theory.

o' e Ey

Fig. 2 Reactant complex (RCox), transition state (TSox) and product complex
(PCox) structures for the oxidation of (PhSe),.

Reactant complexes are only weakly bound, going from
—0.5 keal mol™" in the case of (HS), to —2.7 kcal mol " for
(CH;Se),, and are computed to be within about one kcal mol ™"
among the various dichalcogenides (Table 1). Differences become
larger when we consider transition states and product complexes.
Thus, reaction barriers are the lowest for tellurium compounds
and pronouncedly increase when going from Te to Se and S
compounds. This effectively makes the ditellurides the easiest
to oxidize. Reaction energies show an opposite trend: they are
most exothermic for sulfur compounds and become less so for
selenium and tellurium compounds, the latter two differ only
slightly.

Shifting the focus on the effect of the R substituent, only
slight differences are computed when going from (HX), to
(CH;3X), and finally to (PhX),. (HX), compounds show the least
stabilized reactant complexes, but the highest difference between
two structures is of 1.2 keal mol ™. R substituent effect is found
to be very small also on activation energies which all fall in a
1.5 keal mol " range, stressing once more the fact that the three
substituents R = H, CHj, Ph have not a strong impact on the
reaction energetics. On the other hand, a significant difference
between (HX), and (CH;X), is found in the PCoxs, as the latter are
more stable in energy by approximately 5 keal mol . Looking at
(PhX), energies, they are very similar to those of (CH;X),. Moreover,
this difference goes in favor of the methyl substituted molecule in
the case of disulfides, whereas, in the case of ditellurides, the
phenyl substituted PCox is found to be the most stable.

20878 | Phys. Chem. Chem. Phys., 2018, 20, 20874-20885
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3.2 Activation strain analysis for the oxidation of
RXXR (R = H, CH;, Ph) by H,0,.

The description of the energetics of these reactions is certainly
not enough to assess the different behavior as the chalcogen or
the substituents are modified. Therefore, the activation strain
model combined with a quantitative energy decomposition
analysis was employed to study the oxidations along the reaction
path. Since the main goal of this investigation was to elucidate
the nature of the different energy barriers, ASA end EDA were
applied from RCox to TSox. The oxygen-oxygen distance in H,O,
is a critical geometry parameter: it defines the progress of the
reaction regardless of the chalcogen atom involved, and was
therefore selected as a suitable reaction coordinate, along
which the activation strain and energy decomposition were sub-
sequently calculated. The system was partitioned into two frag-
ments, Le., the dichalcogenide and H,0,. Starting from TSox,
IRC calculations were performed to the RCox and ASA was
carried out at each IRC point. The resulting curves are shown
in the activation strain diagrams in Fig. 3 and 4. Moreover, at
the RCox and TSox points the interaction energy was further
decomposed into the three contributions stemming from
electrostatic interactions (AVe), orbital interactions (AE,;) and
Pauli repulsion (AEp,y;) (Table S2, ESIT).

3.3 Effect of the chalcogen

Firstly, we discuss the chalcogen effect. In the simplest set of
compounds, i.e. (HX),, we have investigated the effect of the
inclusion of dispersion, performing calculations also at ZORA-
BLYP-D3(BJ)/TZ2P level of theory (Table 1), as benchmarked.*®”>
This results in lowering of the energies of RCox by approximately
5 kcal mol™' and lowering of the activation energies by the
same amount of energy. In addition, also the reaction energies
become more negative by approximately 5 kcal mol ', except in
the case of the disulfide where no appreciable variation is
found. This indicates that the inclusion of dispersion makes
the oxidation energetically more favored, but the trend is nicely
maintained with almost constant energy shift. In Fig. 3, the role
of dispersion correction can be inspected also along the reac-
tion coordinate.

Looking at the curves in Fig. 3 (left) and Fig. 4 (left), for the
hydrogen and methyl substituted dichalcogenides, it is clear
that, throughout all the reaction, the strain energy profiles are
almost identical. This is a strong indication that, in this case,
most of this contribution comes from the deformation of the
0O-0 bond. Phenyl substituted structures (Fig. 4 right) display a
more complex behavior since AEg.in profile is clearly different
for the three reactions. In particular, at the early stages of the
reaction strain is very similar among the three chalcogens, but,
as the oxidation proceeds, the three curves increase at different
rates. (PhSe), is the structure that has the highest strain followed
by (PhS), and (PhTe),.

Interestingly, AE;,, curves do not show a monotonous
decrease (i.e. strengthening in stabilization) along the reaction
coordinate, but there is a window inside which they increase,
leading to positive (that is destabilizing) interaction energy values.

This journal is © the Owner Societies 2018
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This destabilizing interaction, found for all the nine cases H,0, molecule. In this way, the H-bond found in RCox, formed by
of Fig. 3 (left) and Fig. 4, is due to an initial rotation of the the chalcogen atom and a proton of H,O, (see Fig. 2), is broken
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and an oxygen atom is found directly pointing towards the
chalcogen. This situation of two electron rich atoms (the
chalcogen and the oxygen) pointing toward each other is, initially,
not favorable, due to high Pauli repulsion and it is the reason why
AE;, is computed to be positive until the two fragments reach a
distance and orientation at which stabilizing orbital overlap
becomes relevant, making AE,; dominant and the overall inter-
action negative (ie. stabilizing) again. Moreover, computed
energies for the frontier orbitals of the different dichalcogenides
showed that the HOMO energy decreases going from the least
electronegative atom (Te) to the most electronegative one (S). This
clearly translates to a more favorable interaction energy in the
cases of the selenium and tellurium compounds, both the hydro-
gen- and methyl-substituted ones, due to the better energy match
with the LUMO of H,0,. In the case of phenyl containing
complexes the situation is again different with an initial stage
analogous to that of H and CHj; substituted structures, followed
by an inversion which results in (PhSe), showing the most
favorable AE;, for most of the reaction.

However, the total AE profiles show the same trend in all
cases, that is tellurium compounds have the lowest oxidation
barriers followed by selenium and then sulfur ones.

3.4 Effect of the substituent

When analyzing the effect of the substituent, it must be
immediately stressed that it is much weaker than that of the
chalcogen. Looking at the data in Table 1, it is clear that
stationary points of methyl and phenyl substituted compounds
display very close energies (which differ by less than 1 keal mol ™),
whereas in hydrogen substituted species slightly larger differences
are found. These latter compounds show less stabilized RCoxs
and TSoxs, effectively making them the most difficult to oxidize.
Methyl and phenyl dichalcogenides have smaller oxidation
barriers, although the largest difference with the HXXH is of
1.5 kecal mol " in the case of (CH;Se),.

To further investigate if an electronic perturbation on the
rings may have a substantial effect on the magnitude of the
activation energies, the oxidation of diphenyldichalcogenides
with para substituents was modeled. Since the focus of this
work is on the different properties of diselenides and ditellurides
as efficient antioxidants, sulfur compounds were not included in
this study of aromatic substituted dichalcogenides.

The optimized structures for diselenides and ditellurides
have a ¢ angle close to 90°, with the phenyl rings lying in almost
parallel planes, giving the compounds an “open” conforma-
tion, if we compare the aromatic rings to saloon doors (Fig. 5,
right).*®”® The only exceptions were found to be (CNPhSe), and
(NO,X), in which this dihedral is close to 0° and gives the
molecule a “closed” conformation (Fig. 5, left). Mechanistically,
they behave exactly like the hydrogen and methyl substituted
dichalcogenides, presenting structures very similar to those
of Fig. 2. Computed energies show that the oxidation barrier
increases going from (NH,PhSe), to (NO,PhSe),. The former
requires an activation energy of 20.3 kcal mol ', whereas
24.1 kecal mol™ " are needed for the latter. In between these
two extreme values, all the other substituted compounds are
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Fig. 5 Examples of the “closed” (left) and “open” (right) structures found
in aryl dichalcogenides.

positioned (Table 2). The series follows the electron donor
character of the moiety attached to the phenyl ring with a
barrier that increases in the order NH, < CH;0 < CH; < Cl <
CN < NO,. The resulting PCoxs are largely stabilized (com-
puted relative energies are around —40 keal mol™"), making the
process energetically favored. Moving to tellurium derivatives, a
similar trend is found in all cases, both for TSox and PCox, but
with energy barriers lower than those of selenium by approxi-
mately 5 keal mol ™. The overall effect of the para group bonded
to the phenyl rings is quite small, resulting in a difference
between the highest and the lowest barrier of 3.8 kcal mol %,
in the case of diselenides, and of 2.1 kcal mol™" in the case of
ditellurides, respectively. The fact that this trend in activation
energy correlates well with the electron donor character of the
para substituents of the ring (the NH, and CN groups, which
have the lowest and highest activation energy, are the strongest
electron donating and strongest electron withdrawing groups,
respectively), is a robust evidence that in this kind of reaction
the chalcogen acts as nucleophile, since an increased electron
density in its proximity facilitates the reaction.

The activation strain analysis was applied to RCoxs and TSoxs
and shows a different behavior for the two chalcogens. For the
diselenides, the increase in the oxidation barrier is mainly due
AEgiain in TSox (Table 3) which increases from 41.3 kcal mol ™' in
the case of (NH,PhSe), to 46.7 kcal mol " in the case of (NO,Se),.
For the same structures, AE;,; increases only by 0.5 kcal mol .

Table 2 Relative energies (kcal mol™) of the stationary points for the
oxidation of substituted diselenides and ditellurides by H,O,; level of
theory: ZORA-OLYP/TZ2P

R
X CH3;Ph  CH3;OPh  ClPh NH,Ph CNPh NO,Ph
Se  RCox -2.9 —2.2 —-1.8 —-2.7 -1.0 —-1.6
TSox 17.8 18.1 19.9 17.6 21.7 22.5
PCox —43.4 —43.1 —419 —43.4 —40.6  —39.7
Te RCox —-2.1 —2.8 -1.7 —2.5 —-1.5 —0.6
TSox 12.8 12.5 13.9 11.9 15.0 15.9
PCox —44.9 —45.5 —44.2 —45.6 —43.5 —42.5
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Table 3 Relative energies and activation strain analysis (in gas phase
in kcal mol™ for the first oxidation of substituted diphenyldiselenides
and diphenylditellurides by H,O,; level of theory: ZORA-OLYP/TZ2P

Se Te
R AEstrain AEint AE AEL AEstrain AEint AE AEL
NH, RCox 0.1 —-2.8 —=2.7 0.1 —2.6 —2.5
TSox 41.3 —23.7 17.6 20.4 32.3 —-20.4 11.9 144
CH;0 RCox 0.1 —2.3 2.2 0.2 —-3.0 —2.8
TSox 41.9 —23.8 18.1 20.3 30.5 —18.0 12.5 15.3
CH;Ph RCox —0.7 —-2.2 =29 0.1 —-2.2 =21
TSox 42.0 —24.2 17.8 20.7 31.4 —18.4 12.8 14.9
Cl RCox 0.1 -1.9 -1.8 0.1 -1.8 —-1.7
TSox 44.0 —24.1 19.9 21.7 36.5 —22.6 139 15.6
CN RCox 0.5 -1.5 —-1.0 0.1 -1.6 —-1.5
TSox 45.9 —24.2 21.7 22.7 40.2 —25.2 15.0 16.5
NO, RCox 0.3 -19 -1.6 0.9 —-1.3 —-0.6
TSox 46.7 —24.2 22.5 24.1 41.7 —25.8 15.9 16.5

(2) TSiso (3)

Fig. 6 Stationary points and transition state structures for the isomeriza-
tion of (PhSe),.

Moreover, the starting reactant complexes show a slight decrease
in stabilization, when going from (NH,PhSe), to (NO,PhSe),, but
this is not sufficient to balance the increased TSox energy,
resulting in overall higher oxidation barriers. On the other hand,
for the ditellurides, AE;, of TSox increases, when going from
(NH,PhTe), to (NO,PhTe),, by 5.4 kcal mol ", but this is accom-
panied by a much larger increase in AFEgyan (9.4 keal mol™"
between the two extreme compounds) and this leads to an overall
higher reaction barrier. The reactant complexes show a loss of
stabilization, in presence of weaker electron donating substituents,
due to a decrease of AE;y;.

Again, molecular orbital inspection shows how HOMO energy
decreases as the substituent at the para position becomes a
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stronger electron withdrawing group. This effect correlates well
with the increase of the oxidation barrier as compounds with a
higher HOMO present a higher reactivity towards H,O,.

Results from activation strain analysis for the series of sub-
stituted aromatic diselenides and ditellurides here considered
confirm what found for the simpler aliphatic compounds, i.e.
that these reactions are not much affected by the changes in
electronic density around the chalcogen but, since the chalcogen
atom acts as nucleophile, substituents which contribute to increase
the electron density around it help to lower the required activation
energy for the oxidation process through a destabilization of the
HOMO of the dichalcogenide.

3.5 Redox isomerization to anhydride

Finally, the possible redox isomerization to a selenenic or
tellurenic anhydride (compound (3) in Scheme 3) of the oxidized
dichalcogenides (compound (2) in Scheme 3) was modeled.
This reaction leads to a structure that is an intermediate in the
formation of highly oxidized anhydrides which are, at least
in the case of selenium, key structures in catalyzing organic
reactions.”® The water molecule formed after the first oxidation
was not included in the subsequent calculations. The transition
states of the intramolecular reactions were successfully
optimized for all substituent-chalcogen combinations and they
all exhibit similar structures. As the O-X-X angle closes, with
the oxygen progressively inserting between the two chalcogen
atoms, another geometrical rearrangement occurs. One of the
two groups linked to the chalcogen atoms rotates by almost 90°
so that the transitions state structure for the isomerization
(TSiso in Fig. 6, depicted for (PhSe),) displays a dihedral angle y
around 90°. This rotation is reversed in the second part of the
reaction that leads to the formation of the selenenic or tellurenic
anhydride (structure (3) in Fig. 6, depicted for (PhSe),), which
again shows a dihedral angle yy remarkably wider than 90° and
an overall structure similar to that of (2). This process has
systematically higher activation energy if compared to the
initial oxidation, with computed barriers higher by more than
20 kcal mol™" (Table 4). For the diselenides, they range from
41.1 keal mol " in the case of (NH,PhSe), to 45.5 kcal mol " in the
case of (HSe), whereas for the ditellurides the range is narrower,
going from 26.9 keal mol ™" for (NO,PhTe), to 29.5 keal mol * of
(HTe),. Overall, ditellurides show lower isomerization activa-
tion energies, in analogy to what found for the first oxidation.
Moreover, these reactions result energetically unfavorable as

Table 4 Relative energies (with respect to 1 + H,O,, in kcal mol™) for the isomerization of the selenoxides and telluroxides 2; level of theory:

ZORA-OLYP/TZ2P

R
X H CH, Ph CH,Ph CH,;0OPh CIPh NH,Ph CNPh NO,Ph
Se 2 —32.6 —-37.8 —38.1 —-39.0 —38.5 —-37.7 —38.6 —36.6 —35.8
TSiso 12.9 6.6 4.1 3.1 3.2 4.1 2.5 4.7 5.3
3 —23.0 —28.5 —28.7 —29.7 —29.5 —28.7 —29.9 —29.0 —29.0
Te 2 —34.0 —37.8 —38.6 —39.6 —39.8 —38.4 —-39.9 —38.4 —37.5
TSiso —4.5 -9.1 —11.2 —11.3 —11.6 —11.2 —11.9 —11.4 —10.6
3 —29.0 —32.8 —33.7 —34.0 —34.7 —33.8 —35.1 —34.4 —34.3
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the anhydrides are all destabilized with respect to the initial
oxides. Last, the trend established for the first oxidation reactions,
which favors more electron donating substituents, is not observed
in the case of the formation of the anhydride. The structures with
the highest isomerization barriers are HXXH and, even among the
aromatic substituted groups, the highest activation energies are
computed not in presence of the most electron withdrawing
substituent (i.e. p-NO,Ph) but for (CH;PhX), compounds, both
for diselenides and ditellurides. This is a strong indication that
this process is not influenced by the electronic environment
around the chalcogen center, but might be more sensitive towards
steric effects, that might be present, for example in the case of the
diphenyldichalcogenides, when moving the substituent closer to
the chalcogen atom in ortho or meta position.

4 Conclusions

The goal of this study was to investigate the mechanistic and
energetic details of the oxidation of model diselenides and
ditellurides by H,O,. Selenium based substrates are employed as
catalysts in organic synthesis. Since a few decades, these com-
pounds are considered promising anti-oxidant GPx mimics. The
interest in ditellurides is more recent with the aim of designing
GPx mimics with enhanced anti-oxidant activity. We have
studied in silico the oxidation of model dichalcogenides RXXR
(X =S, Se, Te; R = H, CH3, Ph) by H,0, employing activation
strain analysis along the reaction path; disulfides were added
for completeness.

Our results show that when going from sulfur to tellurium
the reactivity of these compounds towards H,0, increases. This
is mainly ascribed to the stronger interaction in the presence of
the heavier chalcogens. Selenium and tellurium compounds
show a higher lying HOMO which can more favorably interact
with the LUMO of H,0, resulting in smaller activation energies.
An important result is the very similar AE profile obtained for
dimethyl and diphenyl dichalcogenides: despite the very different
nature of the R groups, the substrates react in perfectly analogous
manner, suggesting that, in drug-design, the toxicity of the meta-
bolites alone can guide the choice of the specific compound. Since
diphenyldiselenides are overall less toxic than dimethyldiselenide,
which has been disregarded as anti-oxidant drug, synthetic efforts
and tests can focus on the former family of compounds without
loss of activity.

Finally, the systematic investigation of a series of differently
para-substituted diphenyldiselenides and ditellurides reveals
that (i) the product of direct oxidation is a selenoxide/telluroxide
and the energetics as well as the mechanistic details are almost
unaffected by the nature of the phenyl substituent and ditellurides
are in general more easily oxidized than diselenides; (ii) selenoxides/
telluroxides can isomerize to the corresponding selenenic/tellurenic
anhydrides. We do however find this isomerization to be
endothermic (i.e., anhydride formation is thermodynamically
unfavorable) and associated with a high activation energy. These
computational findings are in agreement with the elusiveness of
these species in experiments.
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