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Modeling the Mechanism of the Glutathione Peroxidase
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ABSTRACT: Ebselen (1), the quintessential mimic of the
antioxidant selenoenzyme glutathione peroxidase (GPx), is a
potential chemopreventative for various diseases associated
with oxidative stress. Density-functional theory (DFT) and
solvent-assisted proton exchange (SAPE) are used to model
the complex mechanism for scavenging of reactive oxygen
species by 1. SAPE is a microsolvation method designed to
approximate the role of bulk solvent in chemical processes
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involving proton transfer. Consistent with experimental studies, SAPE studies predict the reaction of 1 with thiol (RSH) to form a
selenenyl sulfide 2 to be preferred under most conditions, with an alternate pathway through a selenoxide 3 possible at high reactive
oxygen species (ROS) concentrations ([ROS] > [RSH]). The reduction of 2 to the selenol 4, known to be rate-determining in the
protein, has a high SAPE activation barrier due to a strong Se- - - O interaction which reduces the electrophilicity of the sulfur center
of the -SeS- bond of 2. Thiols, such as dithiols and peptide-based thiols, are expected to overcome this barrier through structural
features that increase the probability of attack at this sulfur. Thus, in vivo, the GPx-like pathway is the most likely mechanism for 1
under most circumstances, except, perhaps, under extreme oxidative stress where initial oxidation to 3 could compete with
formation of 2. Simple thiols, used in various in vitro studies, are predicted by SAPE modeling to proceed through oxidation of 2 to a
seleninyl sulfide intermediate. Overall, SAPE modeling provides a realistic interpretation of the redox mechanism of 1 and holds
promise for further exploration of complex aqueous-phase reaction mechanisms.

B INTRODUCTION

Small organoselenium mimics of the antioxidant seleno-
enzyme glutathione peroxidase (GPx)' ™ are important for their
potential application to the prevention of diseases related to oxi-
dative stress such as arthritis, cancer, and cardiovascular disease.*®
Specifically, ebselen 1 is a nontoxic scavenger of reactive oxygen
and nitrogen species (ROS/RNS) with anti-inflammatory, anti-
atherosclerotic and anticytotoxic properties'® that has been
proposed as a treatment to reduce the oxidative damage pro-
duced by stroke.'" Ebselen inhibits apoptosis'> by reacting with
peroxides in cells, membranes, lipids, and lipoproteins™ and
scavenges RNS more effectively than other common antioxidants
such as ascorbate, cysteine, and methionine."*”'® Free or protein-
bound nucleophilic thiols reduce 1 to a selenenyl sulfide 2,'° a
possible storage and transport form of the compound.'” This
reaction also inhibits enzymes that produce ROS/RNS associated
with inflammation (ie., protein kinase C, NO synthase, etc.)
by blocking sulfhydryl groups.'®'® The reaction of 1 with the
cysteinate ligands of zinc—sulfur proteins releases zinc to poten-
tially impact genomic stability."® Unlike naturally occurrin%
selenium sources, 1 is not a dietary supplement for selenium’
and is excreted as sugar derivatives.”’

Ebselen and other organoselenium compounds catalyze the
same overall reduction of ROS as GPx,"* which operates by a
simple, three step mechanism (Scheme 1) involving changes in
the oxidation state of the active-site selenocysteine (SeCys)
residue. ROS oxidize the resting state selenol (GPx-SeH) to

v ACS Publications ©2011 American chemical Society

the selenenic acid (GPx-SeOH) which is reduced to the selenol
by 2 equiv of glutathione (GSH) through a selenenyl sulfide
intermediate (GPx-SeSG). These intermediates have been char-
acterized experimentally by ’Se NMR spectroscopy except for
GPx-SeOH which is air-oxidized to the seleninic acid (GPx-
SeOzH).21 In contrast, the covalent Se—N bond of selenenamide
1 requires more complex catalytic pathways for redox cycling
than GPx.** This feature and the close proximity of highly con-
served nitrogen-containing amino acids to SeCys in GPx™'
and the semisynthetic protein selenosubtilisin® led to the
development of a number of synthetic GPx mimics incor-
porating bonding and nonbonding Se- - -N,O interactions
(e.g., cyclic selenenamides,”* diaryl diselenides,” > cyclic
seleninates,>* 3% and selenuranes®>%).

Various groups have proposed mechanisms of ROS-scaveng-
ing by 1 based on experimentally observed intermediates and
products (compiled in Scheme 2)."*>"* When thiols are abun-
dant, 1 is converted to 2, but catalysis through a GPx-like cycle is
slowed by competition between reduction to selenol 4 and thiol
exchange (eq 1).>’ The diselenide 7, formed by the dispropor-
tionation of 2 as a rate-determining step,”” has been proposed as
the resting state for ROS-scavenging through oxidation of 7 to
selenenic and seleninic acids $ and 10.% Earlier work by Fischer
and Dereu suggests that thiol-reduction of 3 regenerates 1
through either a seleninyl sulfide (6) or a selenurane (9)
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Scheme 1. ROS Scavenging Mechanism of GPx
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Scheme 2. Compilation of Proposed Mechanisms for the
Catalytic Activity of 1
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intermediate that could not be detected by NMR spectroscopy.>*
More recently, Sarma and Mugesh proposed that 1 Js oxidized to
an unstable selenoxide 3 which hydrolyzes to 10.** Given these
wide variations in proposed mechanisms and the difficulty of
monitoring the many reactions and multiequilibria processes,'®
theoretical models of the mechanistic steps are invaluable for
understanding the antioxidant mechanism of 1 and other organo-
selenium compounds.

RSeSR’ + R”SH — RSeSR” + R'SH (1)

Although various groups have used density-functional theory
(DFT) to model individual steps of the ebselen mechanism,**~*
a comprehensive analysis of the full mechanism has yet to be
reported. The challenge to quantum-chemical modeling of
ROS-scavenging by 1 is how to represent the proton exchange
processes inherent to the individual mechanistic steps in
Scheme 2 using gas-phase DFT models. In the aqueous phase,
the bulk water acts as a mild acid/base catalyst to assist proton
transfer between heavy atoms. This indirect, through-solvent
transfer is often replaced in gas-phase models by a direct transfer

from one heavy atom to another resulting in highly strained
transition states and unrealistically large activation energies.
These barriers are symptomatic of the direct proton exchange
model and cannot be remedied by solvation corrections that seek
to reproduce the electrostatic and cavity effects of solvation. To
approximate the role bulk water flays in solution-phase proton-
transfer processes, our group*~*° and others (e.g, refs 47—54)
have included clusters of explicit water molecules in the gas-
phase model to provide an indirect pathway for proton exchange.
We refer to this microsolvation technique as solvent assisted
proton exchange (SAPE) to distinguish it from methods of
explicit solvation designed to account only for solvation effects.
Activation barriers for the GPx-like cycle of PhSeH** obtained
from SAPE modeling are comparable to the limited available
experimental data and DFT models of the truncated GPx active
site of Prabhakar et al.>> SAPE modeling of ebselen oxidation
(1—3), a potentially important reaction in the scavenging of
ROS/RNS, also correlates to the experimental rate constant and
previous studles of oxygen atom transfer to organoselenium
compounds.* These DFT-SAPE models are used in the follow-
ing study to explore the mechanism of ROS scavenging by
ebselen (Scheme 2).

B THEORETICAL METHODS

DFT geometry optimizations and frequency calculations were per-
formed using Gaussian 03°° and the mPW1PW91°” exchange correla-
tion (xc) functional. Models of the reduction of MeSeOH by MeSH
using a two-water SAPE network show that SAPE-derived DFT activa-
tion parameters are sensitive to the admixture of Hartree—Fock (HF)
exchange.>® The mPWI1PW91 xc functional provided the best agree-
ment of several tested functionals with the post-HF methods.>® Gen-
erally, DFT methods with 20—25% HF exchange provide activation
barriers similar to post-HF ab initio methods (MP2 and CCSD). Pure
functionals underestimate and hybrid functionals with greater percen-
tages of HF exchange overestimate the activation barriers for selenol/
selenolate oxidation,”® MeSeOH reduction,® and the epoxidation of
alkenes by H,0,.*® For the SAPE models of the reactions in Scheme 2,
the selenium center was represented by the Ermler—Christiansen
relativistic effective core potential (RECP) basis set® with added s-,
p-, and d-type diffuse functions. The Wadt—Hay RECP basis set®
augmented with diffuse functions was used for sulfur. Hydrogen centers
involved in the SAPE network or bonded to a heteroatom were assigned
Dunning’s split-valence triple-G basis set with polarization functions
(TZVP).%* Hydrocarbon fragments were assigned double-{ basis sets
with polarization functions included for carbon.%* All transition states
have one imaginary vibrational mode consistent with motion along the
appropriate reaction coordinate. Reported energies include zero-point
energy, thermal, entropy, and solvation corrections. Note that entropy
corrections are based on the harmonic oscillator approximation and may
be unreliable. Solvation effects were calculated using the polarizable
continuum model (PCM)®* for water (¢ = 78.39). The atomic polar
tensor (APT) method was used to calculate atomic charges from the deriva-
tives of molecular dipole moment with respect to atomic position.*®

B RESULTS AND DISCUSSION

SAPE modeling of ROS-scavenging by 1 (Scheme 2) using
MeOOH and MeSH (R = Me in Scheme 2) as the model oxidant
and reductant is discussed in three sections: (a) initial oxidation/
reduction of 1, (b) the GPx-like cycle, and (c) reactivity under
high oxidant concentration. The homodiselenide 7 has been
proposed as an important intermediate®*>°*” based upon rapid
diselenide formation from either 1 and 4°® or 2 and 4°® under

12076 dx.doi.org/10.1021/ic201603v |Inorg. Chem. 2011, 50, 12075-12084



Inorganic Chemistry

1.38
g _2.90 / 185
174,/

1-3, 1-3,

1-3,

Figure 1. Selected bond distances (A) for steps 1—2 (A) and 1—3* (B). Imaginary vibrational modes for transition states are given in parentheses
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Figure 2. Selected bond distances (A) for the GPx-like cycle for ebselen derivatives (2—4 (A), 4—5 (B), and 5—2 (C)). Imaginary vibrational modes

. R -1
for transition states are given in parentheses (cm™ ).

stoichometric or substoichiometric proportions of reactants, or
the slow'”** disproportion of 2 equiv of 2.> However, diselenides
are unlikely to occur in vivo due to the high concentration of
nucleophiles,69’70 and the selenol 4, not 7, is observed under
conditions of excess GSH or dithiol.®””" Further, selenenyl
sulfide 2 (R = Ph) can be isolated in pure form,”” implying that
its rate of disproportionation to 7 is not sufficient to sustain
catalysis. Further, the rate of diselenide bond formation is second

order in the concentration of organoselenium intermediates and,
therefore, will be significantly slower than steps that are first
order in [Se]. Because catalysis is unlikely through an intermedi-
ate formed through the biomolecular reaction of 2 equiv of cata-
lyst, pathways that include 7 have been excluded from our study.

The SAPE microsolvation models for the mechanistic path-
ways in Scheme 2 were created to facilitate indirect proton exchange
through a hydrogen-bonded network of 2—4 water molecules.

12077 dx.doi.org/10.1021/ic201603v |Inorg. Chem. 2011, 50, 12075-12084



Inorganic Chemistry

1.88 % 1.91
}1.61](
“eng 143
3.71."

(290i)

1.77
1 84‘_‘&

Q_.__?E 178
- 2:30

1.88"

5—1,

180 2
510,

Figure 3. Selected bond distances (A) for steps 510 (A) and 5—1 (B). Imaginary vibrational modes for transition states are given in parentheses
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Figure 4. Selected bond distances (A) for steps 39 (A) and 9—1 (B). Imaginary vibrational modes for transition states are given in parentheses
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The limited size of the SAPE network allows for manual con-
formation searches at the expense of a concerted pathway.
Although proton-exchange reactions are considered to be step-
wise processes in solution, in SAPE models proton transfer is
necessarily concerted with heavy atom bond breaking/forming
because the limited number of solvent molecules cannot ade-
quately delocalize the proton charge to allow for a charge-
separated intermediate. The SAPE-derived concerted transition
state is expected to be an upper bound to the activation barrier of
the rate-determining step of the stepwise mechanism. In the
following discussion, stationary-state reactant, intermediate, transi-
tion state, and product complexes are indicated by R, I, TS, and P
respectively (Figure 1—6). For example, 12y represents the
reactant complex in the reaction step 1—2. Relative energies of
these species are reported in the text as the solvation-corrected
(PCM) Gibbs free energy (AG + AG;y,) relative to the reactant

complex of the mechanistic step. These values and the uncorrected
energetics (AH and AG) are listed in Tables 1—2.

Initial Oxidation/Reduction of Ebselen. In vivo, 1 undergoes
reduction to selenenyl sulfide 2 or oxidation to selenoxide 3
depending upon the relative concentrations of thiol and ROS.
The reaction with thiol is the preferred pathway under most
conditions because 1 reacts ragidly with GSH and other thiols to
form 2°¢7% even at —70 °C** and, when administered intrave-
nously, more than 90% of 1 is bound to the cysteine thiols of
serum albumin.*” Under conditions of oxidative stress, 1 may be
preferentially oxidized to the selenoxide 3 as observed by Fischer
and Dereu for the reaction of 1 with H,0,.>* However, the major
product of the treatment of 1 with a 1:1 mixture of thiol and
peroxynitrite is 2 with only a small amount of 3 observed."
Recent studies by Sarma and Mugesh suggest that 3 is unstable
and undergoes hydrolysis to seleninic acid 10.*®
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Figure 5. Selected bond distances (A) for steps 3—6 (A) and 6—5 (B). Imaginary vibrational modes for transition states are given in parentheses
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Figure 6. Selected bond distances (A) for step 2—6. Imaginary vibrational modes for the transition state is given in parentheses (cm ).

The pathway 1—2 was modeled from a reactant complex
1—2y (Figure 1) in which a three-water SAPE network connects
the MeSH proton to the selenenamide nitrogen of 1. The TS
1—2rg was determined by mapping the S—H bond-breaking
coordinate to the point at which a proton relayed through the
SAPE network from the thiol to the selenenamide nitrogen and
the Se—S distance and Se—N distance have decreased and
increased by 0.36 A and 0.17 A, respectively. The low activation
barrier for this process (8.4 kcal/mol) relative to step 1—3 (17.8
keal/ mol)43 is consistent with the product distribution of 1 in the
presence of thiols and peroxides and the requirement of sub-
stantial excess oxidant for formation of 3. Following the reaction
coordinate to the product produces the selenenyl sulfide 2 with a
weak intramolecular Se- - - N donor—acceptor interaction (2.93 A)
between the amide and the Se—S bond (Figure 1). Intramole-
cular interactions are important to selenium chemistry and have
been examined for their potential role in tuning GPx-like activity.”
Our study of the relative strengths of Se--+N,O interactions
with amides showed that the Se--+O donor—acceptor interac-
tion with the carbonyl oxygen is stronger than the Se-:--N
interaction because of the weak Lewis basicity of the amide nitrogen
group.”® Geometry optimizations of the two isolated conformers
of 2 showed that the one with an Se- - - O interaction (2¢) is
3.6 kcal/mol lower than that with an Se- « - N interaction (2y),
has a stronger interaction as reflected in the Natural Bond
Order (NBO)”* donor—acceptor energies (AE4—, = 14.0 (20);

2.1 (2n) kcal/mol), and a shorter Se- - +N,O distance (2.52 (20)
versus 3.01 A (2y)). An alternate geometry of the product
complex (1—2p, —21.3 kcal/mol) incorporating 2o is 6.9
kcal/mol more stable than 1—2p.

GPx-Like Cycle. For ROS scavenging through a GPx-like cycle
analogous to Scheme 1, 1 acts as a procatalyst activated by thiol
reduction to 2 (Scheme 2) which is further reduced to 4 by a
second equivalent of thiol. Oxidation of the selenol 4 to § is
followed by thiol reduction to regenerate 2. Experimental data
and theoretical calculations suggest that the reduction of the
selenenyl sulfide (2—4) is the rate determining step.>> Bhabak
and Mugesh have proposed that thiol exchange (eq 1) competes
with this step to explain the relatively low GPx-like activity of 1.>
The Se---O intramolecular interaction in 2o (AE4—, = 14.0,
19.0 (DFT(B3LYP)/6-31G*)*” kcal/mol; d(Se—0) = 2.52, 2.47
(DFT(B3LYP)/6-31G*)*” A), enhanced by aromatic stabiliza-
tion,”>”® increases the partial negative charge at the sulfur
center to favor nucleophilic attack at Se.>’ In contrast, 2—4 is
not the rate determining step®® with dithiols such as dihy-
drolipoic acid because steric factors favor attack at sulfur.
Additionally, Bhabak and Mugesh have shown that tert-amide
based diselenides are 10—20 times more effective than
sec-amide-based diselenides (i.e.,, 7) because steric interactions
between the amide —NR, group and the phenyl ring prevent
the strong intramolecular Se- - -O interactions.”” Our SAPE
study of the GPx-like cycle of aryl selenols showed that weak
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Table 1. Energetics of Initial Reduction (1—2) and Oxida-
tion (1—3) of Ebselen, the GPx-Like Cycle (2—4, 4—5,
5—2), and Side Reactions of the Selenenic Acid Intermediate
(5—10,5—1)

1—2 TS P P
AH 72 —13.0 —12.1
AG 136 —13.0 —13.1
AG + AG,y, 8.4 —144 —21.3

1—3*% TS P
AH 16.6 —37.5
AG 19.1 —37.1
AG + AGyoyy 169 —41.0

2—4 I TS P’ P
AH 34 18.1 8.7 6.0
AG 38 26.4 10.6 7.6
AG + AGy, 8.8 317 14.1 11.8

4—5 TS P
AH 188 —65.5
AG 227 —63.9
AG + AGyoyy 12.8 —68.0

5—2 I TS P
AH 4.1 6.9 —177 —22.6
AG 6.4 12.1 —154 —23.1
AG + AGyoyy 7.5 13.1 —14.6 —18.7

5—10 TS P
AH 185 —34.1
AG 21.1 —362
AG + AGyoyy 185 —374

5—1 I TS P
AH 54 16.1 -19
AG 8.3 233 0.0
AG + AG,y, 14.4 285 5.7

Se- - +N,O interactions could be easily displaced to allow 2—4 to
proceed.”®

The SAPE models for reaction 2—4 and other steps in the
GPx cycle (Figure 2 and Table 1) were based upon analogous
models of steps in the GPx-like cycle of benzeneselenol.** In the
reactant complex 2—4g, a three-water network was used to
facilitate proton exchange from the thiol to the selenium center of
2" The S- - - S interaction (d(S—S) = 3.83 A) between MeSH
and 2 in 24y is weak because of the high sulfur charge induced
by the strong Se- - - O interaction. Displacement of the amide
carbonyl from the selenium in intermediate complex 2—4;
requires 8.8 kcal/mol and reduces gs for 2 by 0.30e (APT) to
allow for a stronger S - - S interaction (d(S—S) = 3.46 A). The
structure of 2—4g and its barrier calculated from 2—4; (22.9
kcal/mol) are comparable to the analogous step for PhSeH (21.7
kcal/ mol).44 Calculated from 2—4y, the high activation barrier
(31.7 keal/mol) is consistent with the slow rate of conversion by
sec-amide GPx mimics attributed to thiol exchange (eq 1) by
Mugesh et al.””*” The product complex (2—4p) mapped from
the TS has the carbonyl oxygen hydrogen bonded to the SAPE
network. Rotating about the C—Se bond axis to form an
Se- - + O interaction with the selenol of 4 (2—4p) stabilizes the
structure (—2.3 kcal/mol relative to 2—4) for an overall

Table 2. Energetics for Mechanistic Steps Following Initial
Oxidation (3—9, 9—1, 3—6, 6—5) and the Oxidation of the
Selenenyl Sulfide (2—6)

3—9 TS P’ P
AH 5.6 —23 —5.8
AG 103 13 -13
AG + AGyy, 73 0.6 0.1

9—1 TS P
AH 14 —323
AG 6.3 —353
AG + AGyoyy 6.5 —34.0

3—6 TS P’ P
AH 139 —19.1 —20.1
AG 19.5 —164 —-17.9
AG + AGyy, 9.2 —16.0 —18.8

6—5 TS P
AH 109 —189
AG 182 —17.3
AG + AGyyyy 18.4 —15.4

2—6 TS P
AH 23.9 —31.7
AG 28.7 —31.4
AG + AGyoyy 213 —34.6

endergonic reaction (AG = 11.8 kcal/mol). The contrast
between GSH, dithiols, and simple thiols for this step should
be noted. GSH and dithiols rapidly reduce 2 whereas simple
thiols such as PhSH and benzyl mercaptan do not. Dithiols
convert 24 to a unimolecular process in which the competing
pathway for thiol exchange is sterically and kinetically disfavored.
Sarma and Mugesh showed that 2gy synthesized from an ortho-
substituted aromatic thiol with S---N interactions favors selenol
production of selenol 4 via thiol attack at the sulfur center.”’
Similarly, S- - - O interactions with carbonyls on the GSH backbone
may enhance nucleophilic attack at the sulfur center to lower the
barrier for 2—4. For example, the calculated APT charges of 25y
(—0.16¢) and 2, (—0.21e) are less negative than the model
selenenyl sulfide in our SAPE studies (R = Me, —0.24e) suggesting
that GSH and related thiols favor the 2—4 path, but would be less
effective than Mugesh’s synthetic thiol because of the weaker
S+ -+ O interaction. The lack of similar interactions in simple thiols
prevents effective ROS scavenging through a GPx-like cycle and
alternate pathways for reaction must be considered.

NHCOMe
0, NH,
; I h/

S---N .§---0
?---Se S OI---Se S
PhHNJ\© PhHN)\©
25y 2pep

Under the GPx-like mechanism, available oxidants convert
selenol 4 to the selenenic acid S. In the reactant complex 4—S5g,
hydrogen bonding of the MeOOH proton to the amide
carbonyl anchors the oxidant close to the selenium center
(d (Se—0) = 3.70 A). From this complex, the transition state
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(4—571s) is found at Se—O and O— O distances of 2.07 and 1.96 A,
respectively, with an imaginary frequency (260i cm™ ") corre-
sponding to the appropriate bond breaking/forming coordinates.
The calculated barrier (12 8 kcal/mol) is lower than that for the
PhSeOH (19.1 kcal/mol)** because of the 1ncreased solvation of
the TS in the ebselen intermediate (AG sol = 9.9 kcal/mol)
similar to that calculated for other ortho-substituted selenols.”®
The lower barrier for 4—Syg in comparison to oxidation of 1**
agrees with the relative experimental rate constants for the
H,0,-oxidation of these species (1 (0.29 mM 'min~' and 4
(2.8mM 'min"")).”” The overall reaction is exothermic (—65.4
kecal/mol) forming the product complex 4—5p with selenenic
acid stabilized by a Se- - - O interaction (2.35 A).

Selenenic acids are rapidly reduced to selenenyl sulfides
(5—2) or oxidized to seleninic acids (5—10) as shown by Goto
et al for a sterically hindered stable selenenic acid.”® Thiol
reduction of ebselen selenenic acid (5—2) completes the GPx-
like cycle and was modeled as an Sy2-type backside attack of the
thiol on Se to eliminate H,O. Reduction of internally stabilized
selenenic acids such as § with its Se- -+ O interaction trans to
the —OH leaving group must first dlsplace the donor group for
the reaction to proceed via a backside attack.”® Intermediate
complex 5—2; (Figure 2), in which the Se- - O interaction of
5—2gisreplaced by an Se- - -S interaction with MeSH and the
amide carbonyl rearranged to hydrogen bond to the SeOH
proton, is 7.5 kcal/mol higher than 5—2g. From 5—2;, the
S—H bond-breaking coordinate was followed to relay the thiol
proton through the SAPE network to the leaving —OH group
and form $—2p (—14.6 kcal/mol). Formation of an Se---O
interaction to § in 5—2p' stabilizes the product by an additional
4.1 kcal/mol. The barrier calculated from 5—2; (5.6 kcal/mol) is
comparable to the value calculated for the conversion of
PhSeOH to PhSeSMe (6.6 kcal/mol)** with an overall higher
barrier from the reaction complex (13.1 kcal/mol) because of
stabilization of the selenenic acid group by the Se---O inter-
action. This moderate barrier is consistent with the rapid reaction
of 5 in the presence of thiols.*® The overoxidation of § (510,
Figure 3 and Table 1) was modeled as an oxygen-atom transfer
from MeOOH facilitated by a two-water network. From 5—10g,
the attacking oxygen approaches selenium perpendicular to the
Se—OH plane with the resulting activation barrier for 510y
(18.5 keal/mol) and reaction energy to 5—10p (—37.4 kcal/mol)
comparable to the SAPE-derived energetlcs of the oxidation of 1
and other organoselenium species.*> Comparing the energetics
of the competing reactions that selenenic acid may undergo, the
oxidation of § would be favored under conditions of oxidative
stress ([ROS] >> [thiol]), otherwise 5—2 with its lower barrier
(13.1 keal/mol) is preferred.

NHBoc

2 H. N Ph
M
M0, CO2 : @9
NHBoc ?e

u HO
1 COzMe COMe 50

o
RO @[«N-Ph
Se

@

Fisher and Dereu have suggested that condensation of sele-
nenic acids to selenenamides (i.e, 5—1) is favorable for 1 and

GPx in the absence of reducing thiols.”” Cyclic selenenamides
and seleninic acids are the major products of the H,O,-oxidation
of 7 and related sec-amide-based dlselemdes because of the
availability of an adjacent —NHR group.” Ebselen seleninic ac1d
10 may also be converted to 1 through partial reduction to 5.**
Similarly, Mugesh et al. have shown that 1 is a product of selen-
oxide elimination from the Se-arylselenocysteine 11 (eq 2).**
Dehydration of the selenenic acid (5—1) is expected to occur
through intermediate Sy in which the amide nitrogen forms a
donor—acceptor interaction with the Se—OH bond. This con-
former is less stable than 55 (AG = 8.4 kcal/mol) where the
carbonyl oxygen forms a stronger Se- O interaction (NBO:
AE4 ., = 23.2 kcal/mol versus 3.5 kcal/mol). An intermediate
reactant complex 5—1; was constructed by adding a square four-
water SAPE network to Sy to provide a path for proton transfer
from the amide proton to the selenenic acid hydroxyl group
(Figure 3). Rearrangement of this intermediate to the reactant
complex based upon S (5—1y) requires more energy than the
displacement of the Se- - - O interaction in step 2—4 (14.4 kcal/mol
versus 8.8 kcal/mol) because of the stronger Lewis basicity of the
selenenic acid. The TS 5—1rg, located by mapping the N—H
bond-breaking coordinate from $—1j, leads to Se—N bond
formation and loss of water (5—1p AG = 5.7 kcal/mol). This
proton transfer from the more basic amide to the hydroxyl group
is a high barrier process (28.5 kcal/mol relative to 5—1g)
relative to selenenic acid reduction (5—2) consistent with
cyclization under thiol-free conditions.”* Note that the transition
state for the SAPE model is substantially lower than that
determined by direct proton transfer.*®

CH RS.. OH
Se _~ Se
| NH,
/©,SG S_Z
R HO  OH
12 13

Pathways under Highly Oxidizing Conditions. The activity
of 1 as a ROS scavenger in spite of the high barrier obtained for
step 24 of the GPx-like cycle may suggest that the molecule’s
antioxidant properties may be more effective under conditions of
oxidative stress (e.g., rate;—.3 > rate;—.,). Fischer and Dereu
showed that 1 is regenerated from 3 by 2 equiv of thiol.**
Mechanistic pathways were proposed through either seleninyl
sulfide 6 or the hypervalent selenurane 9, but neither of these
intermediates could be detected experimentally.”* Related thio-
selenurane intermediates 12 and 13 have been proposed as
intermediates in the ROS scavenging of selenides.””* 12 was
confirmed by Cowan et al. by mass spectrometry, but could not
be detected by NMR.” The DFT(mPWI1PW91) ’Se NMR
chemical shifts, determined using the gauge invariant atomic
orbital (GIAO) method®! in the gas-phase with the Se RECP
basis set replaced by an all-electron representation (TZVP; i.e.,
BSIIa),**® of intermediates 6 (1123 ppm) and 9 (839 ppm) are
well-separated such that these species may be detectable if their
lifetimes are greater than the NMR time scale. Thiols can easily
attack the Se(IV) center of 3 to either reduce the selenoxide to 6
or form 9 without ring-opening. Pathways through 9 may be
preferred because of the stability of the five-membered ring.'® The
intermediates react with a second equivalent of thiol to form the
selenenicacid § or regenerate 1 directly. Our previous SAPE study
explored the reduction of methyl- and benzeneseleninic acid*
the selenenic acid 17 by two possible pathways: through selenmyl
sulfide 15 or by thiol addition to thioselenurane 16 (Scheme 3).
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Scheme 3. Mechanism Used for DFT-SAPE Modeling of the
Thiol Reduction of Seleninic Acids

J R'SH d
e o8
R™ TOH -H,0 R™ TSR
14 15
R'SH -H20 R'SH
H20 -R'SSR'
M R'SH
R/SF(—SR' ~Se_ OH
OH -H20 17
16 -R'SSR'

This study suggested that the first step of the reduction
produces 16 which interconverts to 15 prior to subsequent
reduction to 17. The models for these steps have been adapted
for the thiol-reduction of ebselen selenoxide 3 through inter-
mediates 6 or 9.

/Ph Ph
RS—Se—N
HO" - o) RS" o)

9 9

Thioselenurane formation (3—9) was modeled using a two-
water SAPE network added to the donor—acceptor complex of 3
and MeSH to direct the thiol proton to the oxo group (Figure 4
and Table 2). This process for the expansion of the selenium
coordination sphere through Se—S bond formation (Ads. ¢ =
—0.52 A) with conversion of the Se=0O bond to Se—OH
((Ads._o = +0.33 A) is comparable to the related reaction of
the seleninic acid (14—16) (AG* + AGyyy = 7.3 versus 7.8%°
keal/mol). The thioselenurane in product complex 3—9p
formed by following the reaction coordinate is in an unstable
conformation 9’ with the -SMe group trans to the amide.
Pseudorotation to 9, the conformation with a trans arrangement
of the most electronegative groups (amide and hydroxyl) of the
three-center-four-electron bond,* should be rapid.** The rear-
ranged product complex 3—9p was 3.6 kcal/mol more stable
than 3—9p and is predicted to be in equilibrium with the
reactants (0.1 kcal/mol). Further reaction of 9 with thiol would
regenerate 1 through the elimination of disulfide and water. A
three-water network in 9—1y bridges the thiol proton to the
leaving —OH group such that the attacking thiol formsan S- - -S
interaction collinear with the Se—S bond (d (S---S) = 2.93 A
(Figure 4)). Nucleophilic attack at the sulfur is expected to be
favorable because of the distribution of groups around the
positive Se(IV) center (gs.(APT) = 1.52e). The inductive effect
enhances the electrophilicity of the sulfur center relative to the
selenenyl sulfide 2 (qs(APT) = —0.169¢ (9) vs —0.243¢ (2)) and
is reflected in the stronger S---S interaction in reactant com-
plex 9— 1 relative to 2—4g (d (S*++S) =2.93 vs 3.83 A). The
more favorable interaction also results in an early transition state
9—1rs (6.5 keal/mol) at Se—S and S—S bond lengths of 2.71 A
and 2.32 A, respectively (compare 2—41g: d(Se—S) = 2.46 A
and d(S—S) = 2.66 A), consistent with the exothermicity of
9—1p (—34.0 kcal/mol).

Thiol reduction of 3 was modeled as an Sy2-type substitution
of thiolate for the amide leaving group, breaking the Se—N bond

Scheme 4. Proposed Mechanistic Pathways for Ebselen
Redox Scavenging under Normal and Highly Oxidizing
Conditions

RSH
H,0
“GPx-like” cycle
®
RSH 0
1 2B, 4 B .5
; )
:
! [©l RSH
: -RSSR
: -H,0
[ RSH

___________ -3
[ROS]>>[RSH]

(®) RsH = GSH, Cys, dithiol

RSH = simple thiol

to form 6 (Figure S and Table 2). In 3—6g, the thiol proton is
connected to the —NPh group by three water molecules, similar
to the conversion of 14 to 15.* The activation barrier for 3—6
(9.2 kcal/mol) is comparable to 3—9, but lower than 14—15
(20.5 kecal/mol)** because of a large solvation correction to
3—61s (AGy, = —10.3 kcal/mol). The rearranged product
complex 3—~6p with an Se- - - O interaction is slightly lower than
the product complex 3—6p' found by following the reaction
coordinate from the transition state (Table 2). The SAPE model
for the subsequent step 6—5 (Figure 5) based on the model* of
15—17 provides an activation barrier (18.4 kcal/mol) roughly
three times higher than that for 9—1. In 6—35, the Se-:--O
interaction and the aromatic substituent on Se account for the
higher activation barrier relative to 1517 (15.8 kcal/ mol).*
Similar to the equilibrium between 15 and 16," 9 may inter-
convert with 6 through ring-opening via proton transfer from the
—OH to the nitrogen of 9; however, non-SAPE calculations on
the isolated species 6 and 9 suggest that the equilibrium favors
the seleninyl sulfide (AGg—o = 4.7 kcal/mol). Additionally, thiol
reduction with ring-opening (3—6) is exothermic by ~—20
kcal/mol compared to the equilibrium predicted for 3—9
(Table 2) such that, despite the lower barrier for 9—1, the
reaction mechanism is most likely to proceed through the
seleninyl sulfide 6. Therefore, the reduction of 3 to 1 observed
by Fischer et al. may be explained as the reduction of 3 to the
selenenic acid § followed by dehydration to 1 (1—3—6—5—1).
A similar mechanism of activity could be proposed if 3 is
hydrolyzed to 10, as suggested by Sarma and Mugesh,*® with
thiol reduction of the seleninic acid to 6 (1—>3—10—6—5—1).
Alternatively, some reaction conditions or stabilizing interactions
with the thiol may favor shifting of the equilibrium toward 9 as
found for the selenurane of SeMet oxide® to allow for reaction
through the path 1—>3—9—1. Also note that given the high
concentration of oxidant required to access 3 in the presence of
thiols, pathways including more highly oxidized species may
contribute to redox activity.

The species available to pathways under oxidative stress may
also be accessible through oxidation of 2 as a potential alternate
mechanism for ROS-scavenging. Step 2—6 was modeled using a
two-water SAPE network (Figure 6 and Table 2) similar to those
used for the two-electron oxidation of various organoselenium
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compounds including MeSeSMe.* The activation barrier (21.3
kcal/mol) for 2—6 is consistent with the experimental second
order rate constants ([O] = H,0,) and SAPE barriers for
oxidation of ebselen and its selenol (2—6 (<0.01 mM " min~');
1—3 (029 mM ' min~ '), 45 (28 mM ' min~')”” and
significantly lower than 2—4 (31.7 kcal/mol). Oxidation of 2
is also energetically favorable (—34.6 vs 11.8 kcal/mol) over
reduction to 4, suggesting that ROS scavenging via the path
1—2—6—5—2 may be possible for thiols such as PhSH which
do not convert 2 to the selenol 4, albeit at much slower scaveng-
ing turnover rates than thiols such as GSH which facilitate step
2—4 (Scheme 4).

Il CONCLUSIONS

DFT-SAPE modeling of the proposed mechanistic pathways
for ROS-scavenging of 1 confirms that thiol-reduction to the
selenenyl sulfide 2 is favored over oxidation to the selenoxide 3
under all but extremely oxidizing conditions ([ROS] > [thiol]).
The selenenyl sulfide 2 is potentially a terminal product if a
sufficient concentration of either ROS or thiol is not available
to sustain catalysis. The high barrier for selenol regeneration
(2—4) makes catalysis dependent upon the nature of the thiol
reductant (Scheme 4). Dithiols and peptide-based thiols have
been shown experimentally to reduce 2 to 4 thereby facilitating
ROS scavenging through a GPx-like cycle (1—2—4—5—2).
GSH and other amino acid-based thiols accelerate this reaction
by increasing the electrophilicity of the sulfur center of 2 through
intramolecular interactions, possibly an S- - - O interaction with
the carbonyl of Cys or the peptide backbone; dithiols convert
2—4 to a unimolecular process. Simple thiols, such as thiolphenol,
cannot activate the selenenyl sulfide sulfur center and, because
2—4 is prohibited by its high activation barrier, further reaction is
proposed to follow an alternate path through the oxidation of
2 (e.g, 12—6—5—2). This mechanism may explain the lack
of saturation kinetics for GPx-like activity of sec-amide-based
diselenides measured as a function of [thiol] because the SAPE
activation barriers indicate 2—6 as the rate-determining step for
this path. Because 2—6 is dependent upon the oxidant, satura-
tion kinetics might be observed when [O] is varied. Under highly
oxidizing conditions ([ROS] > [thiol]), oxidation of 1 to 3
may contribute to ROS scavenging through a short-lived
seleninyl sulfide 6 or, possibly, thioselenurane intermediate
9. If the free thiol pool is depleted, 1 and its oxidized inter-
mediates may attack protein thiols/thiolates, such as those of
Zn/S transcription factors, to disrupt biochemical signal
transduction. SAPE microsolvation models, which have con-
tributed to the unraveling of the complex mechanism of 1 and
other problems in solution-phase chemistry, will be expanded
to these and other problems related to sulfur and selenium
interactions with biochemical signaling processes in future
studies.
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