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Nucelophilic substitution at selenium is examined using the B3LYP and MP2 methods. Various nucleophiles
(HS-, CH3S-, HSe-, and CH3Se-) and substrates (R1SSeR2 and R1SeSeR2 with R1 and R2 ) H or Me) are
used to model substitution at selenium in diselenides and selenosulfides. In all cases, the mechanism is addition-
elimination. A stable hypercoordinate selenium intermediate lies in a well that is 8-14 kcal mol-1 deep.
Nucleophilic attack at selenium is both kinetically and thermodynamically more favorable than at sulfur.

Introduction

Proteins containing selenium play a variety of important roles
in cellular activity.1,2 Glutathione peroxidase reduces peroxides.3

Thioredoxin reductase is used to regenerate thioredoxin and
other antioxidants.4,5 While the functions of selenoprotein P are
not certain, it has been suggested to supply selenium to various
organs6,7 and chelate heavy metals.1 These three selenoproteins
are also capable of protecting against peroxynitrite, formed by
the reaction of NO with superoxide.8 Iodothyronine deiodinase
is involved in thyroid hormone regulation.9 All of these
selenium-containing proteins possess a selenosulfide linkage that
has often been implicated in their activity; the Se-S bond is
cleaved typically through redox chemistry or nucleophilic attack
at either the sulfur or selenium end.10-13

A small number of studies pertaining to the mechanism of
nucleophilic attack on the selenosulfide bond have appeared.
The first, and most detailed, is the study by Kice and Slebocka-
Tilk14 on the reaction RSSeSR+ RSH, with R) n-Bu, i-Pr, or
t-Bu. Their kinetics study was performed in 60% dioxane, with
a RS--RSH buffer, and monitored using stopped-flow spec-
trophotometry. They found a number of important results: (1)
the nucleophile is thiolate not thiol, (2) attack on selenium is
faster than at sulfur, and (3) for attack at selenium where R)
tert-butyl, Ea ) 18.6 kcal mol-1, and∆S‡ ) -0.7 eu, but for
attack at sulfur,Ea ) 8.6 kcal mol-1 and∆S‡ ) -23 eu. The
reaction of phenyllithium with the same bis(alkylthio)selenides
indicated that attack is about 60 times faster at selenium than
at sulfur when the alkyl group istert-butyl, the rates are about
identical wheni-propyl is used, and no attack at selenium was
observed when the alkyl group isn-butyl. They concluded that
attack at sulfur occurs by the SN2 pathway. However, because
of the very small and slightly negative∆S‡, they suggest that
nucleophilic substitution at selenium either occurs via either (a)
an SN2 pathway but with a much less negative entropy of
activation than typically observed, or (b) a single-electron-
transfer mechanism where the slow step is the transfer of the
electron from thiolate to the selenide. Rabenstein and co-
workers15 investigated the reaction ofD-penicillamine with bis-
(D-penicillamine)selenide in aqueous solution, monitoring the
kinetics by NMR line broadening. They found that attack at
selenium is much faster than at sulfur, consistent with Kice’s

result for a bulky group on sulfur. However, they also found
that the reaction at selenium is much faster than the reaction of
t-BuS- with t-BuSSeSBu-t.

While the thiolate-disulfide exchange has been extensively
examined,16 only one study has appeared on the kinetics of the
selenolate-diselenide exchange. Rabenstein et al.,17 again using
NMR line broadening techniques, looked at the kinetics for the
exchange R*SeH+ RSeSeRf R*SeSeR+ RSeH where R is
H3NCH2CH2. The nucleophile was found to be the selenolate,
not the selenol. In comparison to the thiolate-disulfide exchange
with the same R group, the selenium case is about 107 times
faster at physiological pH. They presumed the mechanism is
SN2 on the basis of the analogy to the thiolate-disulfide
exchange. They rationalized the faster selenium reaction based
on selenium being more polarizable than sulfur, making it a
better nucleophile and a better leaving group. Further, the Se-
Se bond is weaker than the S-S bond by nearly 20 kcal mol-1.
There are a few examples of exploiting the cleavage of the Se-
Se bond to create selenolate ions for synthetic purposes.18

We have extensively examined nucleophilic substitution at
sulfur, including the thiolate-disulfide exchange in a variety of
systems (cyclic and acyclic) and phases (gas and aqueous).19-25

We have found a strong preference for the addition-elimination
mechanism in the gas phase, and some evidence of this
mechanism even in solution, though the SN2 mechanism is also
viable in solution. We have also demonstrated that electron-
withdrawing substituents on sulfur will stabilize the hyper-
coordinate intermediate; for the reaction of chloride with SCl2

26

or SOCl2,27 the hypercoordinate intermediate is readily identifi-
able in the gas phase. This concept has recently been extended
to selenium- the gas-phase reaction of chloride and SeCl2

produces stable SeCl3
-.28 DFT computations of this reaction

(and also the reaction of chloride with SeOCl2) indicate a
potential energy surface devoid of all features except the stable,
hypercoordinate intermediate; the reagents combine together
without a barrier. This suggests an addition-elimination mech-
anism for nucleophilic substitution at selenium.

In this study we present computations of model gas-phase
nucleophilic substitution reactions at selenium. Reactions 1-4
are identity reactions for substitution at selenium in diselenides.
The reactivities of selenosulfides are examined in reactions
5-10 where we have examined nucleophilic attack at either
selenium or sulfur. We chose to use thiolate nucleophiles forCorresponding author. E-mail: sbachrach@trinity.edu.
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these reactions since in biological systems the nucleophile is
often glutathione. For all of these reactions at selenium, the
mechanism for nucleophilic substitution is addition-elimination.

Computational Methods

In our earliest study of the thiolate-disulfide exchange
reaction, we noted a strong dependence of the topology of the
potential energy surface (and thereby the reaction mechanism)
on the computational method. Using a Hartree-Fock wave-
function,19,29 a classic gas-phase SN2 mechanism,30 expressed
by a double-well potential energy surface (PES), is found
(Scheme 1a). The two wells correspond to ion-dipole com-
plexes, which are separated by a single transition state displaying
backside attack of the nucleophile. However, when electron
correlation is included (MP2, MP4, CCSD, or DFT), the PES
has three wells, an entrance and exit ion-dipole complex and
an intermediate with a hypercoordinate sulfur (Scheme 1b). We
anticipate that correlated methods will be needed to examine
the nucleophilic substitution reaction at selenium (reactions
1-7), though we did examine reactions 1-4 at the HF/6-31+G*
level. All reactions were calculated at MP2 and B3LYP to
ascertain the effect of their differing treatment of electron
correlation.31,32

Since reactions 1-10 include anionic species, the basis set
must include diffuse functions.33 Polarization functions are
needed to adequately describe the different formal oxidation
states of sulfur. The aug-cc-pVDZ34 basis set could be employed
for reactions 1 and 5-10 at B3LYP and MP2, but proved to be
too large for the other reactions. We have therefore used the
6-31+G* basis set for reactions 1-4, and compare the two basis
sets for reaction 1.

All structures were fully optimized. Transition states were
located by using the standard Berny algorithm starting with an
initial structure that had one imaginary frequency. Analytical
frequencies were obtained for all structures to determine the
nature of each critical point and also to correct the energies for
zero-point vibrational energy (ZPE). The ZPEs were used
without correction. All computations were performed using
GAUSSIAN-9835 or GAUSSIAN-03.36

Results

General Form of the PES.There are two stereochemical
pathways for the substitution reactions: one where the sub-
stituent on the nucleophile and the leaving groups are syn, and
one where the two substituents are anti. We have noted little
energetic or geometric differences between the syn and anti
pathways for substitution at sulfur;19,22nevertheless, we exam-
ined and report both pathways for reactions 1-4. Since again
there is little energetic differences between these stereoisomeric
pathways, we chose to examine just the anti pathways for
reactions 5-10.

All gas-phase reactions involving ions and neutrals will first
form an ion-dipole (or ion-induced dipole) complex. We have
not located these structures and have assumed their existence

in both the entrance and exit channels. The main purpose of
this study is to ascertain the reaction mechanism, with a
secondary interest in the stability of any intermediate, if any.
Since the ion dipole complexes will appear regardless of the
mechanism, their structure and energies are not essential.

Our previous examination of substitution reactions at sulfur
indicated that the HF method provides an inaccurate topology
of the PES (Scheme 1).19,22 The HF method predicts a surface
with a single transition state (TS). This is rectified by inclusion
of electron correlation; all methods that incorporate some
treatment of electron correlation predict a triple-well PES
(Scheme 1b) characterized by an entrance and exit channel ion-
dipole complex connected to a stable intermediate through
entrance and exit transitions states.

We anticipated that the HF method would fail to adequately
describe the PES for nucleophilic substitution at selenium. We
located the critical points for both the syn and anti pathways
for reactions 1-4. For reactions 2-4 for both the syn and anti
paths, we located a single TS only, corresponding to backside
attack of the nucleophile. The PESs for these reactions look
like Scheme 1a and are consistent with our HF results for
substitution at sulfur. Interestingly, the PES for reaction 1 (both
syn and anti) has three wells including a stable intermediate
(Scheme 1b). However, recomputation of the surfaces for
reactions 1-4 at either B3LYP or MP2 results in the triple-
well potential only (Scheme 1b). Therefore, we will discuss only
these correlated results hereafter.

Geometries.The optimized geometries of the transition states
and intermediates for reactions 1-4 are drawn in Figure 1. Since
these are identity reactions, the entrance and exit TSs are
identical. All TSs are labeled asNx-TS, whereN designates
the reaction number andx designates the relative stereochem-
istry: eithera for anti or s for syn.

Reaction 1 involves small enough species that in addition to
B3LYP/6-31+G* and MP2/6-31+G* computations, we could
perform computations using the larger aug-cc-pVDZ basis set.
There is very little difference between the geometries predicted
with the two different basis sets; the covalently bonded Se-Se
distances are slightly longer and the Se-Se-Se angle in the
intermediates are slightly smaller using the larger basis set.
These slight differences justify the use of the smaller 6-31+G*
basis set for reactions 2-4. For reactions 5-10, which involve
smaller molecules, we report the results using the larger aug-
cc-pVDZ basis set.

A few trends are apparent in examining the structures of
reaction 1; these hold for reactions 2-4 as well. First, the
distances and angles in the TSs and intermediates for the syn
and anti pathway are extremely similar, regardless of compu-
tational level employed. For example, the Se-Se distances in

SCHEME 1

R1Se- + R2SeSeR1 f R1SeSeR2 + R1Se- Reaction 1: R1 ) R2 ) H
Reaction 2: R1 ) Me; R2 ) H
Reaction 3: R1 ) H; R2 ) Me
Reaction 4: R1 ) Me; R2 ) Me

R1S- + R2SeSR1 f R1SSeR2 + R1S- Reaction 5: R1 ) H; R2 ) H
Reaction 6: R1 ) Me; R2 ) H
Reaction 7: R1 ) H; R2 ) Me

R1S- + R2SeSR1 f R1SSR1 + R2Se- Reaction 8: R1 ) H; R2 ) H
Reaction 9: R1 ) Me; R2 ) H
Reaction 10: R1 ) H; R2 ) Me
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1s-INT and 1a-INT differ by no more than 0.001 Å for any
method. Second, MP2 predicts a slightly smaller Se-Se bond,
with the difference no larger than 0.04 Å. In almost all of the
intermediates, MP2 predicts a slightly smaller Se-Se-Se angle
than does B3LYP. While we report both B3LYP and MP2
results for all reactions, there is general agreement as to the
geometries of the critical points.

There are some interesting trends in terms of geometric
changes along the reaction pathway. The Se-Se distance in the
reactants of reaction 1-4 are listed in Table 1, with an average
Se-Se distance of 2.33 Å. In the TSs for reactions 1 and 2,
where the selenium under attack bears a hydrogen atom, the
incoming nucleophile is weakly attracted to this hydrogen and
begins to form a bond to selenium. This forming Se-Se bond
distance is about 3.3 Å, while the other Se-Se bond lengthens
by about 0.1 Å. In the TSs for reactions 3 and 4, the incoming
nucleophile is associated only with the hydrogens of the methyl
group and has not yet begun to form the new Se-Se bond.
Consequently, the Se-Se bond has not stretched by very much.
In the intermediates, the two Se-Se distances are either identical
due to symmetry or nearly equidistant, differing by no more
than 0.02 Å. The Se-Se distance ranges from 2.6 to 2.7 Å,
about 0.3 Å longer than in the isolated diselenide.

Reactions 5-7 involve nucleophilic attack at selenium in a
selenosulfide and can therefore be compared to reactions 1-4.
Drawings of the optimized critical points (TSs and intermedi-
ates) for these reactions are shown in Figure 2. We have
examined only the anti pathway since the geometries and
energies (see below) of the syn and anti pathways for reactions
1-4 are so similar. As discussed above, the Se-S distance is
shorter and the S-Se-S angle is smaller at MP2 than B3LYP,
but these differences are very small (less than 0.05 Å and 2.2°).
The forming S-Se distance is about 3.2 Å in5-TS and6-TS,
and the other Se-S bond has lengthened by about 0.1 Å, similar
to 1-TSand2-TS.However, the forming S-Se distance is much
longer in 7-TS since here the nucleophile associates with a
hydrogen on the methyl group. The other S-Se distance is little
changed from reactant. The S-Se distances in the intermediates
5-INT , 6-INT , and7-INT are about 2.6 Å. The S-Se-S angles
are all between 171.7° and 178.6°. These intermediates are
structurally very similar to the intermediates in reactions 1-4.

The structures of the entrance TSs (labeled asTSn),
intermediates and exit TSs (labled asTSx) for reactions 8-10
are drawn in Figure 3. These reactions involve nucleophilic
substitution at sulfur with thiolate as the nucleophile and
selenolate as the leaving group. These critical points are
geometrically quite similar to TS and intermediates we have
described for other substitution reactions at sulfur.19,21,22The
only unusual structure is9-INT . We have typically observed
S-S distances of about 2.5 to 2.9 Å in the intermediates; in
9-INT this distance is very short (2.228 Å at B3LYP and 2.144
Å at MP2) and the S-Se distance is very long, over 3.1 Å.
This intermediate is clearly much more product-like than any
of the other intermediates.

Energies.The relative energies of the TSs and intermediates
for reactions 1-7 (nucleophilic substitution at selenium) are
listed in Table 2. A TS energy that is negative is not a misnomer.
The TS connects the intermediate with the ion-dipole complex,
not reactants. The ion-dipole complexes are always more stable
than separated reactants. The TS does lie above both the ion-
dipole complex and the intermediate, but below reactants. This
is a typical PES for gas-phase substitution reactions.30

While the geometries of reaction 1 are relatively insensitive
to both basis set and computational method, the energies show

Figure 1. Optimized structures of the intermediates and transition states
in reactions 1-4. All distances are in Å and all angles are in degrees.
B3LYP/6-31+G* results are in plain text, B3LYP/aug-cc-pVDZ results
are in parentheses, MP2/6-31+G* results are in italics, and MP2/aug-
cc-pVDZ results are in parentheses and italics. Selenium atoms are
indicated by the darkened circles, hydrogen atoms by the small open
circles, and carbon atoms by the striped circles.
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more dependence. The relative energies of both the TS and
intermediate are lower by about 4 kcal mol-1 using the smaller
6-31+G* basis set than with the aug-cc-pVDZ set. This is true
for both the B3LYP and MP2 methods. Further, the B3LYP
relative energies are about 1.5 kcal mol-1 lower (i.e., more
negative) than the MP2 energies. However, the depth of the
well the intermediate sits in, in other words the energy difference
between the TS and the intermediate, is little affected by the
basis set or method; it ranges from 8.22 to 9.37 kcal mol-1 for
reaction 1. Therefore, any of the four methods provides
essentially identical energies for the critical feature of the
potential energy surfacesthe stability of the intermediate judged
on the depth of its well.

The relative energies of the TSs and intermediates for the
syn and anti paths of reaction 1 are nearly identical, differing
by no more than 0.025 kcal mol-1 at any computational level.
This is true for reactions 2-4 as well, justifying the decision
to examine only the anti pathway for reactions 5-7.

The relative energies for reactions 1 and 2 are very similar,
just as are the relative energies for reactions 3 and 4. The first
pair models attack at selenium carrying a hydrogen atom while
for the second pair the selenium under attack has a methyl group.
The well depth for reactions 1 and 2 are about 8-9 kcal mol-1.
Reactions 5 and 6 also involve attack at selenium having a
hydrogen atom, but the nucleophile and leaving groups are
thiolates instead of selenolates. Nevertheless, the relative
energies of the TSs and intermediates are similar to those of
reactions 1 and 2: the well depths of all four reactions are within

1 kcal mol-1 of each other. On the other hand, the well depth
is about 14 kcal mol-1 for reactions 3 and 4. Reaction 7 also
has the attack at selenium with a methyl group, but its well
depth is about 11 kcal mol-1. For all seven reaction of
nucleophilic substitution at selenium, the well depth of the
intermediate is greater than that for analogous reactions at sulfur,
where the intermediate well is no more that 5 kcal mol-1.22

The energetics for nucleophilic attack by thiolate on the sulfur
in selenosulfides (reactions 7-10) are listed in Table 3. Since
the leaving group is a selenolate, these are not identity reactions.
Reactions 8 and 9 are exothermic, while reaction 10 is
endothermic. These reaction energies roughly reflect the relative
basicities of the anions: CH3S- > HS- > CH3Se- > HSe-

(see Table 4). In other words, reactions 8 and 9 are more
favorable than reaction 10 because HSe- is a better leaving
group (weaker base) than CH3Se-.

As we have observed for many substitution reactions at
sulfur,19-23 the reaction surface for reactions 8-10 include a
stable hypercoordinate intermediate.8-INT resides in a well
with a depth of 4-5 kcal mol-1, very typical for substitution at
sulfur. The well for10-INT is asymmetric, due to the endo-
thermicity of the reaction. The barrier from10-INT toward
product is about 7 kcal mol-1, while the barrier to reactant is
only 2 kcal mol-1. Again, we have observed well depths of
this magnitude many times.9-INT sits in a very asymmetric
well: the barrier toward reactant is about 11 kcal mol-1, but
the barrier forward is about 0.5 kcal mol-1. The large barrier
toward reactant is reminiscent of the deep wells seen in the
reactions such as Cl- + SCl2,26-28 where the transition state in
fact disappears. The low barrier for exiting the intermediate
reflects the very early nature of9-TSx; reaction 9 is the least
endothermic of the three reactions in going from intermediate
to product, consistent with the Hammond Postulate. Also, we
have noted very small barriers for nucleophilic attack at sulfur
bearing a methyl group,19,20,22which is the reverse of reaction
9.

Discussion

Our main interest here is to determine the mechanism of
nucleophilic substitution at selenium. The potential energy

Figure 2. Optimized structures of the intermediates and transition states in reactions 5-7. B3LYP/aug-cc-pVDZ results are in plain text and
MP2/aug-cc-pVDZ results are in italics. Sulfur atoms are indicated by large empty circles. See Figure 1 for all other details.

TABLE 1: Se-Se or Se-S Distance (Å) in the Reactants
and Products

B3LYP/
6-31+G*

B3LYP/
aug-cc-pVDZ

MP2/
6-31+G*

MP2/
aug-cc-pVDZ

HSeSeH 2.349 2.372 2.340 2.355
MeSeSeH 2.341 2.331
MeSeSeMe 2.333 2.322
HSeSH 2.244 2.231
HSeSMe 2.235 2.220
MeSeSH 2.238 2.225
HSSH 2.110 2.092
MeSSMe 2.102 2.084
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surfaces for reaction 1-7 all possess an intermediate with
entrance and exit transition states. This is incompatible with
the SN2 mechanism. Rather, the reaction proceeds via two
separate, distinct chemical steps. First, the nucleophile adds to
selenium, forming a stable intermediate. Then, in the second
step, the leaving group exits. This is the addition-elimination
pathway.

While the presence of the intermediate precludes the SN2
mechanism, if the intermediate sits in a shallow well, one might
question whether the reaction does not actually behave in an
SN2 fashion, passing through the intermediate without any real
lifetime. This shallow well problem does complicate mechanistic
analysis for nucleophilic substitution at sulfur where well depths
are typically less than 5 kcal mol-1, sometimes even less than
1 kcal mol-1. However, the intermediates for all of the reactions
at selenium examined here have entrance and exit barriers of at
least 8 kcal mol-1. These constitute intermediates that should
be observable.

The preference for attack at selenium over sulfur is evident
in the relative energies of the intermediates of reactions 5-7
compared with those of reactions 8-10. The first pair (reactions
5 and 8) compares thiolate attack on selenium or sulfur of
HSSeH, and5-INT lies 5.29 kcal mol-1 below8-INT at B3LYP

(6.36 kcal mol-1 at MP2). Similarly,7-INT lies below10-INT
(by 6.85 or 9.88 kcal mol-1 at B3LYP or MP2, respectively),
here comparing thiolate attack at selenium or sulfur of HSSeCH3.
Last, the methylthiolate attack on CH3SSeH is compared in
reactions 6 and 9;6-INT lies below9-INT by 3.30 or 2.48
kcal mol-1 at B3LYP or MP2, respectively. Selenium can
therefore more easily accommodate a third ligand than can
sulfur, an idea that can be rationalized by the larger size of the
selenium atom, the energetically closer orbitals of selenium, and
its ability to participate in four electron-three-center bonding.37

The larger28 Se-Cl bond energy in SeCl3
- over the S-Cl bond

in SCl3 is consistent with the preference of selenium attack
described here.

There is also a kinetic preference for attack at selenium over
sulfur to form these hypercoordinated intermediates. The relative
energy of transition states for reactions of thiolates with simple
disulfides range from-8 to-13 kcal mol-1,22 the higher energy
for attack at sulfur bearing a methyl group and the lower energy
for attack at sulfur bearing a hydrogen. The same trend is true
for the entrance TSs for reactions 8-10.

However, attack at selenium, whether by thiolate or selenolate
nucleophiles, transpires through TSs that are lower in energy.
The relative energy for the TS when selenolate attacks selenium

Figure 3. Optimized structures of the intermediates and transition states in reactions 8-10. See Figures 1 and 2 for all details.
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bearing a hydrogen (reactions 1 and 2) ranges from-14 to-19
kcal mol-1, depending on the computational method. The TSs
are slightly less stable (-9 to -13 kcal mol-1) for attack at
selenium bearing a methyl group (reactions 3 and 4). A similar
trend holds when the nucleophile is a thiolate: the relative TS

energies for reaction 5 and 6, where selenium carries a hydrogen,
are lower (about-16 kcal mol-1) than when it carries a methyl
group (around-10 kcal mol-1 for reaction 10). Therefore, the
barrier for attack at selenium is lower than for attack at sulfur.

Comparing gas-phase computational data with results from
solution-phase experiments is a dangerous game. Solvent can
play an enormous role, especially for reactions involving charged
species.30,38Nevertheless, our gas-phase computations agree with
the limited experimental results for nucleophilic attack at
selenium. Both our gas-phase computations and solution-phase
experiments suggest a strong kinetic preference for nucleophilic
attack at selenium over sulfur. There is no experimental evidence
for stable hypercoordinate selenium species in the solution-phase
experiments. Hopefully, gas-phase studies will be forthcoming
and can test our prediction of stable hypercoordinate organo-
selenium anions.

Conclusions

Gas-phase nucleophilic substitution at selenium occurs via
an addition-elimination mechanism. We have examined seven
representative substitution reactions involving different nucleo-
philes (HS-, CH3S-, HSe-, and CH3Se-) and different sub-
strates (the selenosulfides HSeSH, HSeSCH3, and CH3SeSH and
diselenides HSeSeH, HSeSeCH3, and CH3SeSeCH3). For all of
these reactions, a stable intermediate is located, along with
entrance and exit transition states. The intermediates sit in wells
of depths of 8 to 14 kcal mol-1, much deeper than the wells for
the intermediates for nucleophilic substitution at sulfur.

The S-Se bond, present in a number of selenoproteins, has
been implicated in the activity of these proteins. The typical
cellular nucleophile is glutathione. We employed thiolates as
the nucleophile to model glutathione and simple selenosulfides
to model this S-Se protein bridge. In all three cases we
examined, attack at selenium is both kinetically and thermo-
dynamically favored over attack at sulfur. Further examination
of the reactivity of selenoproteins and development of inhibitors,
etc., should concentrate on reaction at the selenium center.
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TABLE 2: Relative Energies (kcal mol-1) for Reactions 1-7

method reactants TS INT well depth

Reaction 1syn
B3LYP/6-31+G* 0.0 -18.86 -27.89 9.03
B3LYP/aug-cc-pVDZ 0.0 -15.00 -23.22 8.22
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B3LYP/aug-cc-pVDZ 0.0 -14.94 -23.40 8.46
MP2/6-31+G* 0.0 -17.06 -26.40 9.34
MP2/aug-cc-pVDZ 0.0 -14.93 -23.41 8.48

Reaction 2syn
B3LYP/6-31+G* 0.0 -19.57 -27.72 8.15
MP2/6-31+G* 0.0 -19.12 -27.94 8.82

Reaction 2anti
B3LYP/6-31+G* 0.0 -19.32 -27.55 8.23
MP2/6-31+G* 0.0 -18.60 -27.52 8.92

Reaction 3syn
B3LYP/6-31+G* 0.0 -10.13 -24.23 14.10
MP2/6-31+G* 0.0 -10.88 -23.92 13.04

Reaction 3anti
B3LYP/6-31+G* 0.0 -10.13 -24.17 14.04
MP2/6-31+G* 0.0 -10.77 -23.82 13.05

Reaction 4syn
B3LYP/6-31+G* 0.0 -10.51 -24.48 13.97
MP2/6-31+G* 0.0 -12.71 -26.84 14.13

Reaction 4anti
B3LYP/6-31+G* 0.0 -9.19 -23.75 14.56
MP2/6-31+G* 0.0 -11.45 -25.60 14.15

Reaction 5
B3LYP/aug-cc-pVDZ 0.0 -16.42 -24.89 8.47
MP2/aug-cc-pVDZ 0.0 -15.81 -24.54 8.73

Reaction 6
B3LYP/aug-cc-pVDZ 0.0 -16.19 -23.75 7.56
MP2/aug-cc-pVDZ 0.0 -17.60 -25.96 8.36

Reaction 7
B3LYP/aug-cc-pVDZ 0.0 -9.26 -20.78 11.52
MP2/aug-cc-pVDZ 0.0 -11.44 -22.29 10.85

TABLE 3: Relative Energies (kcal mol-1) for Reactions
8-10

method reactants TSn INT TSx product

Reaction 8
B3LYP/aug-cc-pVDZ 0.0 -14.38 -19.60 -15.43 -3.05
MP2/aug-cc-pVDZ 0.0 -13.31 -18.17 -14.59 -2.23

Reaction 9
B3LYP/aug-cc-pVDZ 0.0 -9.22 -20.45 -19.84 -13.87
MP2/aug-cc-pVDZ 0.0 -11.62 -23.48 -23.27 -14.26

Reaction 10
B3LYP/aug-cc-pVDZ 0.0 -11.75 -13.93 -6.96 7.43
MP2/aug-cc-pVDZ 0.0 -11.47 -13.30 -5.69 9.15

TABLE 4: Deprotonation Free Energy (kcal mol-1) for
Simple Sulfides and Selenides

∆G(expt) ∆G(MP2/aug-cc-pVDZ)

CH3SH 350.6a 346.2
H2S 344.4b 340.4
CH3SeH 339.1
H2Se 335.2c 332.7

a Ref 39.b Ref 40.c Ref 41.
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