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Density Functional Theory Study of the Reaction Mechanism and Energetics of the
Reduction of Hydrogen Peroxide by Ebselen, Ebselen Diselenide, and Ebselen Selenol

Jason K. Pearson and Russell J. Boyd*
Department of Chemistry, Dalhousie Warsity, Halifax, N@a Scotia, Canada B3H 4J3

Receied: February 22, 2007

Density functional theory calculations at the B3LYP/6-3HG(3df,3pd)//B3LYP/6-31G(d,p) level have been
performed to elucidate the mechanism and reaction energetics for the reduction of hydrogen peroxide by
ebselen, ebselen diselenide, ebselen selenol, and their sulfur analogues. The effects of solvation have been
included with the CPCM model, and in the case of the selenol anion reaction, diffuse functions were used on
heavy atoms for the geometry optimizations and thermochemical calculations. The topology of the electron
density in each system was investigated using the quantum theory of atoms in molecules, and a detailed
interpretation of the electronic charge and population data as well as the atomic energies is presented. Reaction
free energy barriers for the oxidation of ebselen, ebselen diselenide, and ebselen selenol are 36.8, 38.4, and
32.5 kcal/mol, respectively, in good qualitative agreement with experiment. It is demonstrated that the oxidized
selenium atom is significantly destabilized in all cases and that the exothermicity of the reactions is attributed
to the peroxide oxygen atoms via reduction. The lower barrier to oxidation exhibited by the selenol is largely
due to entropic effects in the reactant complex.

Introduction SCHEME 1: Catalytic Cycle of GPx

Glutathione peroxidases (GPx) are a class of antioxidant GSSG \ E-Se-H ,ROOH

enzymes containing selenium that protect against oxidative stress {

in the human body by catalyzing the reduction of harmful GSH " ROH
peroxides, particularly HOOH (Scheme1Jhe active site of

GPx, and indeed all selenium-containing enzymes (seleno- E-Se-SG -——— E-Se-OH
enzymes), contains what is commonly known as the 21st natural
amino acid, selenocysteine (Sec). Sec is the selenol analogue
of the thiol amino acid cysteine (Cys). Since oxidative stress
has been implicated in a wide variety of degenerative human mimics in the literature have a wide range of structtiés
conditions including various disease states and even the proces#cluding selenamide's; 18 diselenided?19-26 allyl selenided?

of aging? much research has been devoted to understandingaryl selenides’ and seleninate estetsAlthough there are key

the roles of GPX.Ebselen 1) (2-phenyl-1,2-benzisoselenazol- differences, most of these compounds can be related to one of
3(2H)-one) is a cyclic selenamide that has been extensively the three derivatives of ebselen in the redox map in Scheme 2.
studied as an antioxidant and GPx mirfi@vhile many GPx Consequently, each reductive pathway becomes an important
mimics have been proposed, ebselen has attracted notablgiece of the puzzle in understanding selenium bioactivity, not
interest because of its anti-inflammatory, antiatherosclerotic, andjust that of the selenol.

cytoprotective properties in both in vitro and in vivo models. To date, there have been relatively few theoretical studies of

Although ebselen lacks a selenol moiety{$8 and therefore organoselenium compounds and selenoenzymes. Molecular
also lacks structural similarity to the active site Sec residue in mechanics methods have been used to model the full catalytic
any selenoenzyme, the selenamide bond is readily cleaved bycycle of GPx2% and the redox chemistry of small molecule GPx
thiol (Scheme 2) to afford a selenosulfide, which can then be mimics has been investigated with ab initio and DFT methods
converted to the selenol derivative of ebseléd) by an using effective core potentials on selenitiwlso, the reaction
additional thiol. In fact, a diselenid&) can also be formed via  between methyl thiolate and methyl selenolate with hydrogen
the combination of the original ebselen molecule and the selenolperoxide has been studied using MgH&lesset perturbation
derivative® Scheme 2 illustrates the available pathways for theory3! More recently, ebselen and ebselen selenol have been
interconversion of ebselerd)(to its diselenide ) and selenol investigated by Mugesh to uncover the effects of intramolecular
(8) derivatives and for the reduction of peroxides by each. interactions on GPx activit§?

It is generally believed that the selenol form of ebselen (or  In a previous pap€et we reported reaction energetics (as well
the selenolate anion to be more precise) is the active form in as structural and mechanistic information) for the reduction of
terms of the reduction of hydrogen peroxile?® however, it hydrogen peroxide by a series of small organoselenium com-
is not without some degree of deb&t€.Indeed it would seem  pounds representing ebselen, ebselen diselenide, and ebselen
that the existence of a selenol functionality would be required selenol. In that study a number of interesting conclusions were
for a GPx-like mechanism (i.e8,— 4 — 5). Nevertheless, GPx  drawn: (i) The diselenide model was predicted to have the
lowest activation energy (29.6 kcal/mol) by a significant margin
*E-mail: russell.boyd@dal.ca. over the selenol (49.4 kcal/mol) and the model ebselen
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SCHEME 2: Summary of Proposed Catalytic Schemes Involving Reduction of Peroxides by Ebselen (1), Ebselen
Diselenide (6), and Ebselen Selenol (8)
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compound (60.2 kcal/mol). (i) Upon oxidation of a diselenide, functional proposed by Lee, Yang, and Parr (LYP) using the
a selenoxide (SeO) product should be formed rather than the 6-31G(d,p) Pople basis set as suggested recently for the reliable
experimentally suggested selenenic anhydride-(3eSe) (see prediction of organoselenium geometries and energ#tics.
Scheme 231 (iii) The ebselen model was predicted to reduce Transition states were located using Schlegel’s synchronous
hydrogen peroxide via a two-step hydrogen transfer mechanism,transit-guided quasi-Newton (STQN) meth®tt and were
contrary to what experimental kinetics would indicate. linked to reactant and product complex structures by the use of
While it is now clear that the simple models of the ebselen intrinsic reaction coordinate calculatiof?s*3 Frequency calcula-
system were insufficient to carry any significant predictive tions were performed on all optimized structures using the
weight for the full molecules, the results still provide meaningful B3LYP/6-31G(d,p) method to confirm whether a structure is a
information regarding selenium antioxidant chemistry and minimum or first-order saddle point, etc. A scaling factor of
should show some interesting parallels with the full molecules. 0.96144 was used to obtain accurate thermochemical data.
The present study aims to gain greater insight by modeling the Accurate energies were obtained for all structures via single-
reduction of hydrogen peroxide by the full ebselen, ebselen point calculations using the 6-3%3-(3df,3pd) Pople basis set
diselenide, and ebselen selenol molecules. Additionally, this will with the B3LYP method. It has been shown previously that bond
afford us the opportunity to learn more about how the peroxide dissociation energies (about the selenium atom) converge for
O—0 bond is cleaved in oxidative processes involving HOOH. similar systems without the use of effective core potentials using
Peroxide oxygen transfer has been the focus of much researcha 6-311G(2df,p) basis s&t;however, the larger 6-3#+G-
and debaté? (3df,3pd) basis was chosen based on the fact that it requires
In accord with our previous papéta parallel study involving  only a relatively modest increase in computational resources.
the sulfur analogues of the ebselen compounds is included.Solvent effects for an aqueous environment (i.e., a dielectric
Because it is well-known that sulfur compounds are weaker constant of 78.39) were incorporated implicitly with single-point
reducing agents than their selenium-containing counterparts, theycalculations using the conductor-like polarizable continuum
should have higher reaction barriers. model (CPCM) at the B3LYP/6-31+G(3df,3pd) level. Also,
for the case of the selenol anion reaction, diffuse functions were
included on heavy atoms for the geometry optimizations and

H,O

&@@5

Computational Methods

All calculations were carried out with the AIM2069,
AIMPAC,36 or the Gaussian @3software packages. Geometry

frequency calculations as well as in the transition state searches.
The topology of the electron density was examined with the

optimizations were performed with Becke’s three-parameter AIM2000% and AIMPAC® software packages using the gas-

exchange function&fl (B3) in conjunction with the correlation

phase optimized wavefunctions.
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Figure 1. (a) Free energy profile of the ebselen reaction with hydrogen perokide 2). Results are also presented for the sulfur analogue. (b)
Molecular graphs of the reactant complex, transition state, and product complex showing positions of all nuclei, bond critical points (redl dots), an
ring critical points (yellow dots).

Results and Discussion atoms and is thus used as a measure of bond stréhtjth.
] ] ] Furthermore, QTAIM results have been shown to be relatively
Figures 1-3 show the relative free energy profile along the  jnsensitive to the choice of basis set and computational method.
reaction coordinate (obtained at the B3LYP/6-3HG- Generally,pscp values of>0.20 au are expected for covalent
(3df,3pd) level including the CPCM solvation model at the o polar covalent interactions while closed-shell interactions
B3LYP/6-31G(d,p) gas-phase geometfyforresponding to  (such as H-bonding and ionic bonding) typically showgap
oxidation of the three selenium compounds by hydrogen of <0.10 au. Tables43 include geometrical data from the gas-
peroxide (shown in blue). The free energy profile for the sulfur phase optimizations of all species at the B3LYP/6-31G(d,p) level
analogue of each molecule is shown in red. The barriers in eachyg el aspscp values obtained using the B3LYP/6-31G(d,p)
case are calculated as the difference in free energy between thgyayefunctior?s
transition state complex (TS) and the infinitely separated reactant  p QTAIM analysis also provides a decomposition of the
molecules. overall energetics of each reaction into atomic contributions.
Figures 1-3 also show the associated molecular graphs This is accomplished by partitioning the electron density of a
generated using the quantum theory of atoms in moleculesmolecule into regions or basins defined by the zero-flux
(QTAIM).4647 These graphs illustrate the positions of maxima condition
in electron density (nuclei) and the paths of maximum electron
density that join bonded nuclei (bond paths). Also included in Vo(r)-n(r)=0 for allr on the surface 1)
the molecular graphs are the positions of the bond critical points
(BCPs), ring critical points (RCPs), and cage critical points whereVp(r) is the gradient of the electron density am@) is
(CCPs). The electron density at the BGRBdp) has been proven  a unit vector normal to the surface. The basins correspond to
to be a useful tool in characterizing the bonding between two the atoms in a molecule, and integration of the total electronic
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Figure 2. (a) Free energy profile of the ebselen diselenide reaction with hydrogen peréxider. Results are also presented for the sulfur
analogue. (b) Molecular graphs of the reactant complex, transition state, and product complex showing positions of all nuclei, bond critical points
(red dots), ring critical points (yellow dots), and cage critical points (green dots). Atoms not directly involved in the reaction have been faded for
clarity.

energy density over such regions in spaée) (yield the and is hereto applied to the reduction of hydrogen peroxide by
electronic energies of the particular atom of interest. ebselen, ebselen diselenide, and ebselen selenol. The atomic
energy data is presented graphically in Figure$4
fQEe(r) dr = E(Q) 2 Ebselen Oxidation (1— 2). In our previous worké the model

ebselen compound was predicted to undergo a two-step hydro-
Similarly, integration of the electron density over an atomic gen transfer mechanism upon oxidation. The experimental

basin will yield the population of the basilN(€2)). kinetics suggested otherwise and the actual ebselen system lacks
the required protons for such a mechanism, so the full molecule
N(Q) = pr(r) dr 3) oxidation was expected to proceed via a single-step process.

This was indeed found to be the case as illustrated in Figure 1.
The atomic chargeq] is the difference between the nuclear In the reactant complex, the peroxide oxygep € - 0.61e)
charge and the electronic population. A QTAIM analysis coordinates to the selenium aton{= 0.58e) of the ebselen
provides insight into the atomic details of any chemical process molecule. The peroxide ©0 bond is practically cleaved in the
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Figure 3. (a) Free energy profile of the ebselen selenol anion reaction with hydrogen perBxidd); Results are also presented for the sulfur
analogue. (b) Molecular graphs of the reactant complex, transition state, and product complex showing positions of all nuclei, bond critical points
(red dots), and ring critical points (yellow dots).

TABLE 1: Interatomic Distances (r) and Bond Critical TABLE 2: Interatomic Distances (r) and Bond Critical

Point Electron Densities pgcp) Of Relevant Interactions for Point Electron Densities pgcp) Of Relevant Interactions for

the Reactant Complex (RC), Transition State (TS), and the Reactant Complex (RC), Transition State (TS), and

Product Complex (PC) of the Ebselen Oxidation Reaction Product Complex (PC) of the Ebselen Diselenide Oxidation
RC TS PC Reaction

r(d) pecr(@au) r(A) pecr(au) r(A) pecr(au) RC TS PC

Se—C, 1.896 0.162 1.898 0166 1.945 0.157 rA)  pace@y) rA) pace@y) rA) pace(@u)
Se—N; 1.901 0141 1965 0.126 1.930 0138 Se—-Se 2.347 0.102 2357 0.102 2430 0.092
Se—0O, 2.912 0016 1955 0.113 1.659 0210 Se—-O, 3.165 0.011 2126 0089 1668 0.206

0,—0s 1.457 0.276 1.994 0.073 Se—0s 2.901 0.016

O,—He 0.972 0.363 0.992 0.326 1.968 0.027 H:—-0O, 2.349 0.013 2169 0.020 2315 0.016

Os—Hs 0.975 0.351 0,—0s 1.454 0.278

Os—H; 0.971 0.366 0.971 0.361 0.966 0.363 O,—Hes 0971  0.366 1.010 0.304 2.070 0.022

Os—Hg  2.476 0.009 0,—Cy 2909 0.011 2.952  0.010

O5—Co 3.256 0.007 Os—H; 0983 0.351 0975 0.356 0968 0.361
Os—He 1481 0.095 0973 0.354

transition state (TS) as suggested by the dramatic decrease inH7—Os  1.860  0.030  2.117  0.017
pscp between the two atoms (see Table 1) however there is still H7—Cuo

a bond path connecting the two atoms. The reaction is facilitated

by the peroxide “folding” in on itself to result in what can be The free energy barrier of the ebselen oxidation reaction is
interpreted as a simultaneous peroxide-@ cleavage and  predicted to be 36.8 kcal/mol. Previous experimental work by
selenoxide bond formation. It is worth noting though, that in Morgenstern et dl.suggests that the activation energy for this
the TS there is no bond path between H6 and O5 suggestingreaction should be about 184 0.2 kcal/mol. In contrast, the
that cleavage of the peroxide<® bond occurs prior to the  barrier for the oxidation of the sulfur analogue of ebselen is
proton shift. much greater (42.1 kcal/mol) owing to the experimentally

2.412 0.012
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Figure 4. Atomic energy changes for the reaction of ebselen with

hydrogen peroxide. The difference in atomic energy between the TS  -300.00 -

and RC,AE{S RO is presented as white bars while the difference in Figure 6. Atomic energy changes for the reaction of ebselen selenol

atomic energy between the PC and BEFS™), is shown in black with hydrogen peroxide. The difference in atomic energy between the
e ' : — . . . .

A positive value indicates a destabilization while a negative value TS and RCAESS ), is presented as white bars while the difference

indicates a stabilizing effect. The atoms are labeled according to Figurein atomic energy between the PC and T[SE&PC’TS), is shown in

1b. black. A positive value indicates a destabilization while a negative value
indicates a stabilizing effect. The atoms are labeled according to Figure
300.00 1 3p.
225.00 A
3 Figure 4 illustrates the atomic electronic energy differences
E 150007 between the reactant complex (RC) and P& R, and
S 500 also between the TS and product complex (PEBF< ™), A
5 positive value indicates a destabilization and a negative value
5 000+ indicates that the atom has been stabilized. It is clear that the
& 75.00 selenium atom and each of the peroxide oxygen atoms dominate
,fz: ' the energy profile, as expected. The selenium atom is signifi-
= -150.00 - cantly destabilized along each step of the reaction coordinate,
x w which is accompanied by a loss of electronic charge amounting
-225.00 + ° to 0.36 e in the TS and an additional 0.58 e in the PC. This
300,00 charge is almost entirely transferred to the peroxide oxygen

Figure 5. Atomic energy changes for the reaction of ebselen diselenide atoms in each case. O5 is greatly stabilized by proceeding to

with hydrogen peroxide. The difference in atomic energy between the the. PC and thys the exothe'r'mic nature of the reaction. is
TS and RCAEUS "9 s presented as white bars while the difference attributed to the increased stability of the water molecule relative

in atomic energy between the PC and TEEFS™), is shown in to the original peroxide with a small contribution from the

black. A positive value indicates a destabilization while a negative value Selenoxide oxygen (O4).
indicates a stabilizing effect. The atoms are labeled according to Figure Ebselen Diselenide Oxidation (6— 7). One of the most

2b. important findings in our model stué§was that the oxidation
of a model ebselen diselenide compound yields a selenoxide as
TABLE 3: Interatomic Distances (r) and Bond Critical opposed to the suggested selenenic anhydride. Such reactivity
Point Electron Densities fpscp) Of Relevant Interactions for is not uncommon in organoselenium chemigypowever all
the Reactant Complex (RC), Transition State (TS), and previous reports of ebselen diselenide oxidation have indicated
Product Complex (PC) of the Ebselen Selenol Oxidation that a selenenic anhydride is the expected product. This was an
Reaction . . . o
important motivator for pursuing the full molecule oxidation
RC TS pC theoretically. While experimental investigation has led to the
r(A) pscr(au) r(A) pecp(au) r(A) psce(au) proposed selenenic anhydride product, the product of the
Se-C, 1916 0149 1893 0158 1.937 0150 disellenide oxidation is invariably a short-lived rea(_:tive inter-
Se—Ns 3.191  0.013 mediate that has not been observed. Kice and Chiou were the
Se—Hs; 2128 0.041 first to postulate the existence of the selenoxide but proposed
Sa—0 2817 0022 1777  0.164 it would exist only briefly before undergoing a fast isomerization

Se—H; 2.289  0.029 2.473 0.017 i i i
NeH, 1041 0316 1041 0315 1073 0.288 to the selenenic anhydride Our calculations show, however,

O.—H, 1000 0331 0970 0360 00964 0.366 that the selenenic anhydride is actually higher in energy By

0s—0¢ 1.456 0.276 2.211  0.043 kcal/mol and therefore may not be formed at all, at least not by
Os—Hsg 1.000 0.322 a fast isomerization of. As with the model diselenide, the
Os—Hs 1701 0.045 1535 0.073 predicted oxidation product of the full ebselen diselenide

Os—Hs 0.971 0.367 0.968 0.356 1.703 0.046

molecule is a selenoxide) as illustrated in Figure 2. Figure
Os—Hy 3.667 0.001 2.272 0.015 2.457 0.011

2a shows that the predicted barrier to this reaction is ap-
proximately 38.4 kcal/mol as compared to the experimental
confirmed decreased kinetic lability of the sulfur atom and thus value of 18.1+ 0.1 kcal/mol® Although the reaction barrier is
shows good qualitative agreement with the experimental litera- overestimated by the computations, it is comparable to the
ture. Unfortunately, no experimental rate constants are known calculated ebselen oxidation barrier and thus is in qualitative
that correspond specifically to the sulfur analogues of these agreement with experiment. Considering that the oxidation of
compounds of interest. the ebselen diselenide theoretical model proceeds via a mech-
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anism much like that of ebselen (see Figure 2b and Table 2) TABLE 4: Summary of Gaseous Enthalpies, Entropies, and
this is not surprising, and so interpretation of both theory and E;epeefggfg\}gﬁ gfs?ﬁgvgrtg‘é?};?@:;':gfog\ecfi\slgfiosnﬂiﬁ'g‘él'l;]tig;]'s
experiment in FhIS complementary way supports the idea that and the Overall Reaction Free Energy in Solution

the selenoxide is the preferred product. A key difference between

ebselen and ebselen diselenide reactions is observed in terms__reaction AHS  TAS#®  AGE®  AGS  AG™
of the peroxide GO bond cleavage in the TS. The peroxide 1—2 228 —-10.8 28.1 36.8 —36.3
O—0 bond is completely cleaved in the diselenide TS anda 1—2 295  -111 372 421 461
bond path exists between O5 and H6, contrary to the ebselen is analogue) 308 -109 318 384 383
case. This shoyvs that proton transf_er has begun inthe TS. Itis g_. 7 377 —133 422 463 —434
also worth noting that the selenoxide bond is weaker for the (s analogue)
diselenide TS than for the ebselen case. 8—4 25.1 -9.6 27.0 325 —357
The slightly higher barrier predicted for the diselenide can 84 299  -99 320 383 362

be explained by a comparison of the energy change of the (S analogue)

peroxide oxygen atom (O4) in both systems (Figures 4 and 5). 2 All values in kcal/mol.
The main difference in these two diagrams is that in the ebselen
case, O4 is stabilized to a greater extent in the TS than the
diselenide. This is most likely due to the more complex bonding

network in the diselenide case as illustrated by the molecular

0 o]
graph in Figure 2b, resulting in the electron density of the / / h
oxygen being shared by a greater number of atomic species, NH‘@; N@
The peroxide oxygen in the diselenide case gains 0.17 e of SeH H
Se
8 9

SCHEME 3: Interconversion between the Neutral
Selenol (8) and Its Zwitterion (9)

electronic charge in the TS as compared to the ebselen system,
where the peroxide oxygen atom gains 0.25 e of electronic

charge, yielding a greater increase in stability. . i
. . . _the peroxide oxygen (O5) and the shifting proton (H8). In

Once again, the sulfur analogue produces a reaction barrlercon'[rast however, selenoxide bond formation is only weakly
greater than that of the original diselenide (46.3 kcal/mol), present in the TS, as indicated by thep data in Table 3. In
furthe_r supporting the qualitative agreement between theory andfact, the selenolate possesses the weakest TS selenox.ide bond
experiment. o ) of all three compounds. The lower barrier associated with the

Ebselen Selenol Oxidation (8~ 4). While there have been  sejengl is largely due to entropic effects. Considering only the
arguments to support the diselenide as being the dominant fOmegLYP/6_3ll_|_+G(3df’3pd) CPCM electronic energy (i.e.,
of ebselen in its glutathione peroxidase activity, more recent peglecting the thermal correction to the Gibbs free energy), the
evidence strongly suggests that the sele@pl(¢r selenolate selenolate RC lies in a well about 2.3 kcal/mol deep and the
anion to be more precise) is the most active redox form of parrier to oxidation is almost exactly the same as that of ebselen;
ebselen in the redox map shown in Schem&*2In our model however, the ebselen RC does not lie in a potential well. The
study? the selenolate anion was not predicted to be the most gecrease in entropy upon forming a RC between the selenolate
active in reducing hydrogen peroxide but it was predicted t0 anq peroxide leads to a destabilization of the RC in terms of
be more active than the neutral selenol and so it served as thghe Gibbs free energy relative to the infinitely separated
focus for the full molecule investigation. The results for the reactants, and thus the barrier is lowered by exactly the depth
full molecule study are presented in Figure 3 and Table 3. Figure of the RC well, or roughly 2.3 kcal/mol. Also, despite the fact
selenolate anion (in blue) and its sulfur analogue (in red). The higher energy TS in all cases, the increase (relative to the
predicted barriers are 32.5 and 38.4 kcal/mol for the selenium Separate reactants) is greater for both the ebselen and ebselen
and sulfur analogues, respectively. On the basis of the ebselenyiselenide TS structures than the selenolate. The barriers for
and ebselen diselenide free energy barriers in comparison withg|| reactions studied as well as other thermochemical data are
experimental activation energies (16t50.1 kcal/mol for the summarized in Table 4.
ebselen selenol molecul&)he calculated barrier for the selenol The calculated energetics of the selenolate oxidation by
case seems reasonable and thus the barriers of all systemfydrogen peroxide are in good qualitative agreement with
qualitatively show good experimental agreement despite being experiment. However, it was also prudent to probe the likelihood
overestimated. A stability analysis of the transition state of the zwitterion @) as a contributor to the reactivity of
wavefunctions for the selenolate and thiolate SpeCieS in both Selenium_containing Speciesl Therefore’ the conversion of the
the gas and solution phase shows internal instabilities with neytral selenol to the zwitterion (Scheme 3) was investigated.
eigenvalues of the stability matrix ranging from0.073 to Calculations on this system show that it is unlikely to be the
—0.079. This is not uncommon for transition states COI’reSpond- most active reducing agent as it lies on an unstable potentia|
ing to oxidation processes and has been reported previ-energy surface. Table 5 lists the relative free energies for the
ously3®31.51 Re-optimization of the wavefunctions produced conversion of the neutral selend)to the zwitterion 9). The
energies 14 and 8 kcal/mol lower in the gas phase for the product @) is nearly equal in energy to the transition state and
selenolate and thiolate systems, respectively; and 19 kcal/molthys is expected to be extremely short-lived if produced at all.
lower in the solution phase for both. Although the product is predicted to be higher in energy than

Comparison of the figures indicates that all three molecules the transition state for the B3LYP/6-3%3#G(3df,3pd) results,
are predicted to reduce hydrogen peroxide by a similar proton this is likely a result of the slight error introduced by calculating
shift mechanism in which the peroxide “folds” in on itself energies using a solvent model at a high-level basis set with
donating a proton to the adjacent oxygen atom. Similar to the the geometry of a lower level (i.e., B3LYP/6-85G(d,p)). Sarma
ebselen case, in the selenolate TS the peroxig®®ond is and Mugesh have also experimentally determined that the
not completely cleaved and no bond path yet exists betweenebselen selenol zwitterion is an unstable isomeB.&% This



Reduction of HO, by Ebselen and Its Derivatives J. Phys. Chem. A, Vol. 111, No. 16, 2003159

TABLE 5: Relative Free Energies (in kcal/mol) of the substrates and in general there is good qualitative agreement
Neutral Selenol (8), the Selenol Zwitterion (9), and the with experiment.

Transition State That Connects Them Calculated at the

B3LYP/6-31+G(d,p) Level and at the B3LYP/
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