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Trapping of the OH Radical by a-Tocopherol: A Theoretical Study
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The antioxidant activity ofx-tocopherol against the damaging hydroxyl radical was analyzed theoretically
by hybrid density functional theory, following the direct dynamics method, where the thermal rate constants
were calculated using variational transition-state theory with multidimensional tunneling. We found that the
OH radical is only slightly or not at all selective, attacking by different mechanisms at several positions of
the a-tocopherol molecule, giving competitive reactions. The most favorable pathways are the hydrogen
abstraction reaction from the phenolic hydrogen and the electrophilic addition onto the aromatic ring. We
propose a final rate constant, the sum of the competitive hydrogen abstraction and addition reagtions,

x 18 M~ st at 298 K, where the hydrogen abstraction reaction represents only 20% of the total OH radical
reaction. This result indicates that, molecule by molecule, in an apolar environoztppherol is less
effective than coenzyme Q (which presents a rate constant of A@° M~1 s1 at 298 K) as a scavenger

of OH radicals. It was also found that both mechanisms are not direct but pass through intermediates in the
entry channel, with little or no influence on the dynamics of the reactions. The hydrogen abstraction reaction
also presents another intermediate in the exit channel, which may have a significant role in preventing the
pro-oxidant effects ofi-tocopherol, although less important than with free radicals other than OH.

1. Introduction interest, our laboratory has performed a broad study of the

: : : _activity of a-TOH and CoQ with the very damaging OH and
In recent years, the frontier between chemistry and biochem OOH free radicals. Thus, in previous work, we studied for the

istry has become even more diffuse. Theoretical chemists are_

interested in larger molecular systems, such as enzyme or solvengLS(; E[If:gecgr;ergdeiggﬁ(?lhségrae?i(cj:;lllniuncj g)‘; rgﬁfﬁgﬁf aﬂtllg;:\t,\(/\?:gnCOQ
effects, with biological implications. From a theoretical point y P

of view, the study of large molecular systems using ab initio COQ and the OOH radicaland _betweerm—TOH and_thg OOH .
calculations with correlated wave functions is today stil radicaf (latter two only theoretically). For both antioxidants, it
was found that the reactivity of the hydroperoxy radical is

prohibitive, and the search for economic and adequate altema_dominated by the hydrogen abstraction mechanism from the
tives represents a challenge for theoretical chemists. Dens'typhenolic hydrogen with rate constants at 298 K of 5.3°

functional theory (DFT) allows the calculation of the structures 1 e T
and properties of very large molecules with reasonable com- and 1.5x 10° M S for ubiquinol (reduced fo_rm of CoQ) .
and a-TOH, respectively. These rates agree with the experi-

putational effort. mental evidence in LDL, which lends confidence to the model

The role of natural antioxidants has lately received much . .
. . A and the method used in the theoretical study. In the case of the
ntion h n avoid or at | ignificantly r . T . iy
attention because they can avoid or at least significantly eOIUCeOH free radical, the reactivity is dominated by the addition

the peroxidation of lipids by free radicals, which is related to a mechanism on ubiquinone (oxidized form of CoQ), with
variety of disorders and diseases-Tocopherol ¢-TOH), the echanism on ubiquinone (o ed form o OQJ vith a
: o .. theoretical rate constant at 298 K of 2:4 100 M1 s!
most active form of vitamin E, and coenzyme Q (CoQ) partition h tal value 6.% 10%9), that i tically diffusi
in the lipid bilayer and are the most important lipid-soluble free gﬁz;gjn al value b. » that 1s, practically diffusion-
radical trapping antioxidants. Experimentally, it has been found ) . L
that the rglzti\?e antioxidant act![\)/ities ocf—TgH versus CoQ To complete the study of the activity of the two antioxidants,
in the present work, we study the reactivity @ftocopherol

are the following: CoQ@> a-TOH in low-density lipoproteins . . L e
(LDLs), CoQ < a-TOH in homogeneous solution, and CeQ with the hy_droxyl radical. The aim is threefold: first, to propose
. P . a mechanism to account for the attack of the hydroxyl radical
o-TOH in aqueous lipid dispersion. TOH: d. to obtain th tical kinetics inf Hon-
However,a-TOH can also act as a pro-oxidant moleéide ggoﬁh'r d iosgg%n aireott?e aa::.o ?c;)a:ﬁtlgit' 'Itneolftshlg torgqa(;g;{t
a consequence of the relatively long life of thetocopheryl naturall rédical sc%vengens TIO)If: and Cogl )I/n sectiovr\ll 2pwe
ical @-TOe) f fter the h i i : . : L M
radical (-TO.) formed after the hydrogen abstraction reaction describe the theoretical method, computational details, and
model used in the work; results and discussion are given in

o-TOH + Re = o-TO» + RH section 3; and conclusions are presented in section 4.

takes place. Thus, thie-TOe radical can react with lipids
present in the nearest environment, thereby increasing the lipid
peroxidation. Fortunately, the rate of the hydrogen abstraction  2.1. Modeling.As in previous work with these antioxidarits,
reaction from lipids is very slow. given the large size of the molecular system and the great
Therefore, the study of the antioxidant activity is an exciting number of calculations to be performed in the reaction path
challenge for theoretical calculations, and given the experimental constructions, the real biological reaction was modeled in the

2. Methods and Computational Details
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GHs Geometries, energies, and first and second energy derivatives
of all stationary points were calculated using hybrid density
functional theory (DFT) as implemented in the Gaussialt 98
suite of programs. Exchange and correlation were treated by
the BHandHLYP method, which is based on Becke’s half-and-
half method® and the gradient-corrected correlation functional
o-tocopherol of Lee, Yang, and Paf# using the 6-31G basis s&tWe will
denote this level by its usual abbreviation: BHandHLYP/
6-31G (hereafter called Level 0).

Vibrational frequencies were calculated using Level O in order
to check that these geometries correspond either to true minima
on the potential energy surface, with all the vibrational frequen-

HiC o cies being real, or to true saddle points, with a single imaginary
CH, frequency.
5,7, 8-trimethyl-croman-6-ol _ As was not_ed in the Intrqdu_ction, th_e_third aim of this work
Figure 1. Numbering scheme far-tocopherol and its model system IS the Comparlson of the antioxidant activity of CoQ ardOH,
employed in the present calculation. whlch obwou_sly must be performed at the same level. Thus, as
the first studies of this series with C6&®were performed at
following way. First, we replaced the trimethyltridecyl and the BHandHLYP/6-31G level, we use it also in the present work.
methyl chains attached to carbon 2 in thiéocopherol molecule To check the accuracy of our calculations, we performed
by hydrogen atoms (see Figure 1). These chains have aselected single-point calculations using both BHandHLYP and
prominent role in anchoring the-tocopherol molecule to the  MPW1K functionals and larger basis sets, hamely, 6-311G-
membrane and restricting its mobility. However, it is very (2d,p)166-31HG(d,p)1®and 6-31%+G(2d,2p)Lé These single-
unlikely that they have any major influence on the reactivity of point calculations will be denoted by the usual double-slash
the system, since the reactive part of tocopherols is the cromanolnotation: MPW1K/6-311G(2d,p)//Level 0 (hereafter called
ring, which has been kept unchanged in our model system. Level 1), BHandHLYP/6-31+G(d,p)//Level O (hereafter called
Moreover, these chains are protected by the lipidic environment |_evel 2), and BHandHLYP/6-31+G(2d,2p)//Level O (here-
against attack from cytosolic radicals, only part of the cromanol after called Level 3).
ring projects out from the membranes, and this is the only point 2.3, Dynamics Calculations.Using Level 0, the “intrinsic
where reactions with polar molecules solvated by cytosolic water reaction coordinate” (IRC), or minimum energy path (MEP),
can take place. We therefore modeleddhcopherol molecule  is constructed starting from the saddle-point geometry and going
by the 5,7,8-trimethyl-cromen-6-ol molecule (Figure 1). This downhill to both the asymptotic reactant and product channels
same model and a similar model reducing the size of the realin mass-weighted Cartesian coordindfessing Euler’s integra-
system had already been used with success in our previousor method with a step size of 0.05 b. The Hessian matrix is
studies ofa-TOH® and CoQ}>respectively, and it is consistent  evaluated at every point along the reaction path, always avoiding
with the conclusions of Foti et dlthat the hydrogen abstraction  the undesirable reorientations of molecular geometries. Along
reaction from CoQ is independent of the size of the chain each MEP, the reaction coordinagjs defined as the signed
attached to the aromatic ring. distance from the saddle point, with> 0 referring to the

Second, while the theoretical study was performed in the gas product side. We calculate the reaction path between-1.5
phase, given the nonpolar character of the natural environmentp ands = +1.0 b for the abstraction reaction and betwsen
(lipid bilayer), one can reasonably assume that the conclusions—5.0 b ands = +5.0 b for the addition reaction.
will be roughly the same in the two environments. This same  Along each MEP, a generalized normal-mode analysis is
approximation had already been used with success in ourperformed projecting out frequencies at each point along the
previous experimental/theoretical study of CoQ with the OH path using redundant internal coordinat&®vith this informa-

radical? tion, the respective ground-state vibrationally adiabatic potential
2.2. Electronic Structure Calculations.To handle these big  curve is calculated

size systems, an economic alternative involves density functional

theory (DFT) methods. However, it is well-known that these V.3(9) = Vyep(9) + €509

methods generally underestimate the barrier height by several

kilocalories per mole. For instance, Truhlar ef&herformed whereVyep(9) is the classical energy along each MEP with its
an exhaustive study on a set of 22 reactions, finding that in zero energy at the reactants=£ —) andei,&(s) is the zero-
general the DFT and hybrid DFT methods underestimate the point energy at from the generalized normal-mode vibrations
barrier height by about 3.4 kcal mdl Note that, for this same  orthogonal to the reaction coordinate. The redundant coordinates
set of 22 reactions, the MP2 (second-order llgto-Plesset chosen were all the possible bond lengths and angles. The
perturbation theory) ab initio level has a mean error of 5.8 kcal advantage of redundant coordinates over rectilinear ones is that
mol~%, and the more expensive QCISD (quadratic configuration in some cases the lowest bending frequencies have unphysical
interaction with single and double excitations) ab initio level imaginary values over a wide range of the reaction coordinate
has a mean error of 3.5 kcal mé} indicating the necessity to  using rectilinear coordinates, whereas these frequencies are real
use highly correlated wave functions and large basis sets. Withover the whole reaction path using redundant coordinates.
respect to the hybrid DFT methods, it has been found that the With this previous information (energies, vibrational frequen-
BHandHLYP method gives more accurate barrier heights than cies, geometries, and gradients along the MEP), the kinetics
other hybrid DFT methods, such as B3LYP and B3P86and study of the selected reaction mechanisma-tdcopherol with
similar to the MPW1K DFT method of Truhlar et & and the the hydroxyl radical was carried out using the direct dynamics
development of new hybrid DFT methods is an area in approack and a mapping interpolation procedé?ép minimize
continuous growtP the errors caused by the limited information we calculated. Rate

CH,

H/O
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constants were estimated using canonical variational transition- c

Hs
state theory (CVT§! which locates the dividing surface between
reactants and products at a po#fVT(T) along the reaction  +° +OHo WO
path that minimizes the generalized TST rate constkfts
(o)
Hs

CH,

+H,O  (Rabsl)

=
S
Q
(e} :

(T,s) for a given temperaturd. Thermodynamically, this is e
equivalent to locating the transition state at the maxin@%™° ¢
[T,s*CVT(T)] of the free energy of activation profil&G(T,s).2 .

Thus, the thermal rate constant will be given by A .
kBT ! +OH —»
KVT(T) = oK exp[~AG(T,s* <V N/kgT] 0 Hy
Ha

Ci

CHs

CHs

o

+H0  (Rabs2)

% o
o;

CHy

with kg being Boltzmann’s constartt,Planck’s constanty the

symmetry factor (the number of equivalent reaction paths, which . o
were assumed to be 1 for the most favorable pathways, Rabs2— +OH- W
and Radd2), andK°® the reciprocal of the standard-state

Q
X
S

]

+H,0  (Rabs3)

CH,
concentration, taken as 1 moleculefcm e © i
In the present work, we correctly included tHe,/, excited Chs Chs
CH,
O
CH,

functions were calculated classically. Quantum effects on »—"°
motions transversal to the reaction path were included using
guantum-mechanical vibrational partition functions in the "¢
harmonic oscillator approach, while quantum effects on the

motion along the reaction path were included using a semiclas- .

sical multidimensional method for tunneling, namely, the small- e
curvature tunneling method (SC#)Kinetics calculations were O W
performed using the Polyr&feand Gaussratécomputer codes. +-OH —
[}
Hs

state of OH (with an excitation energy of 140 cthin the
"0
+-OH — +H0  (Rabs4)
HaC (9

reactant electronic partition function, and the rotational partition
CHe

CHs

(Radd1)

To improve the description of the reaction paths, we HC
calculated single-point energies at Levels3lat the most ¢
relevant stationary points (reactants, products, wells, and saddle

points). This information was conveniently interpolated using e 9 s

the VTST-ISPE (variational transition-state theory with inter- _o ”/

polated single-point energiéé)approach in order to perform +:OH— " (Radd2)
¢}

HyC

g /I

CHs

dual-level kinetics calculatior®s. These dual-level kinetics HeC
calculations will be denoted using the recommended triple-slash &
notation X//Y/l/Z, where the term to the right of the triple slash,

CH,

Z, denotes the lower level (Level 0), while the term to its left, CHs H
X/Y, denotes the higher level (Levels-3). - o,
+OH - (Radd3)
3. Results and Discussion HC Ha °
CHs

CHy

CHs

3.1. Possible Pathways of AttackTo study all the possible
Hs

[
side reactions that can take place betweencopherol and the Ho
hydroxyl radical, we took two mechanisms into account: the | u
hydrogen abstraction reaction and the reaction of addition to " +.0H— . (Raddd)
[}
CHj,

the aromatic ring. With respect to the hydrogen abstraction HaC' o
mechanism, we considered that the hydroxyl radical can abstract
either the phenolic hydrogen (attached to the oxygen on carbon
6) or any of the methylic hydrogens (from the methyl groups
attached to carbon atoms 5, 7, and 8). With respect to the
addition reaction, we also take into account four addition centers,
namely, carbons 5, 6, 7, and 8. Therefore, we took eight possiblereactions (Rabsl, Rabs3, and Rabs4) is due to the bond
reactions into account, four hydrogen abstraction reactions anddissociation energies (BDEs) of the-&l bonds being usually
four addition reactions, as shown in Figure 2. Tables listing higher than those of phenolic-&H bonds. For instance, the
the geometries, energies, and vibrational frequencies of all C—H bond dissociation energy in toluene is 88.5 kcalAhol
stationary points are provided as Supporting Information. but the O-H bond dissociation energy for-TOH is 77.3 kcal/

The relative energies with respect to the reactants (reactionmol.2” This most exothermic reaction presents the lowest barrier
energy and barrier height) are listed in Table 1 at the BHand- height, and therefore, it will be the favorable abstraction reaction.
HLYP/6-31G level for the eight reactions. All reactions, both All four addition reactions are exothermic with very low
abstraction and addition, are very exothermic with low barrier barriers. This is the typical behavior for the electrophilic OH
heights, indicating that the attack of the OH radicaloefOH addition on the aromatic ring. The difference in barrier height
is not very selective. Clearly, in the abstraction reaction, the between Radd4 and the other reactions (Raddl, Radd2, and
difference in exothermicity between Rabs2 and the other Radd3) is due to the existence of a hydrogen bond between the

HaC

O o

Figure 2. Reaction mechanisms taken into account foratftecopherol
+ «OH reaction.
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TABLE 1: Relative Reaction Energies (kcal/mol) for the
Eight Reactions and Selected Saddle Points at Level 0

approach AEg AEF
Hydrogen Abstraction
Rabs1 —14.3 +3.9
Rabs2 —29.6 -2.3
Rabs3 —13.5 +0.1
Rabs4 —14.0 +4.6
Addition
Radd1 —10.9 -23
Radd2 —16.2 -3.8
Radd3 —16.5 -1.9
Radd4 —-15.3 +2.6

OH attacking and the phenolic OH for the Radd1, Radd2, and
Radd3 reactions, which is not possible for the Radd4 reaction.
The Radd2 reaction presents the lowest barrier, and therefore

a priori, it will be the favorable addition reaction, although

doubtless in view of the exothermicity and the low barrier of
the other addition reactions, these will also contribute to the
final rate constant.

One of the major aims of this paper is to propose a mechanism

to account for the attack of the OH enTOH, that is, hydrogen

abstraction or electrophilic addition. Therefore, due to the large
size of the molecular system and the great number of calcula-

Navarrete et al.

and the C-O bond is starting to take on some double-bond
character.

3.2.1. Relatie EnergiesFigure 3 also plots the energy and
enthalpy changes (0 and 298 K) of reaction and activation
(estimated at the saddle point) for the Rabs2 reaction at Level
0. We shall begin by analyzing the reaction enthalpy. The
experimental value of the reaction enthalpy at 298 K-#0.6
+ 1.0 kcal/mol, as predicted by the difference in bond
dissociation energies of the- bond ina-tocopherol (77.3
+1.0 kcal/mol§” and water (117.9 kcal/moff. Thus, Level 0
predicts a reaction less exothermic than the experimental value.
It is well-known that a major source of errors in standard
theoretical calculations of molecular energies arises from
truncation of the one-electron basis set. Hence, to study the
influence of the level of calculation on the energy description
of this reaction, we performed single-point calculations of the
reaction energies, wells, and barrier height using different levels
(Table 2). Levels %3 clearly improved the energy description
of this reaction, with values of 35.8,—36.2, and—36.7 kcal/
mol, respectively, close to the experimental result taking the
error bar into account. In summary, Level 3 predicts the most
exothermic reaction, and based on its best agreement with the
only experimental magnitude available, the enthalpy of reaction
at 298 K, it will be the level of calculation used in the remainder

tions along the respective reaction paths, in the rest of the paper©f the paper.

we shall focus on the two most favorable pathways: the
hydrogen abstraction reaction from the phenoliel) Rabs2,

for the first case, and the addition reaction on atom 6, Radd?2,

With respect to the barrier height, direct comparison with
experiment or theoretical works is unfortunately not possible
because no such information is available. We found that for

for the second case. These results indicate that the OH radicathe BHandHLYP functional when the level of calculation
is not very selective, and the abstraction and addition reactionsincreases, the barrier height is higher, passing from a negative

are competitive (we shall return to this point later).
3.2. Hydrogen Abstraction Reaction, Rabs2In this case,
the attack of the hydroxyl radical on the phenolie-B bond

value (2.3 kcal/mol) at Level O to a positive valug-Q.8 kcal/
mol) at Level 3. The MPWI1K functional, however, does not
improve the Level O description.

of thea-TOH proceeds via a weakly reactant hydrogen bonded e shall analyze now the intermediate complexes. We have
complex (denoted HBR), a saddle point (SP), a product to note that the reactant complex is weakly bound, and its
hydrogen bonded complex (denoted HBP), and the productsstapility decreases as we increase the calculation level. This can
(a-tocopheryl radical and water) be taken as an indication of the artificial stability afforded by
the larger basis set superposition error of Level 0. Moreover,
when we include the thermal effects, its enthalpy stability is
reduced to 0.8, 1.4, and 1.1 kcal/mol at Levets3]1respectively,

with respect to the reactants. Therefore, we can expect this well
to have little influence on the mechanism of the reaction.
However, the product complex, HBP, is significantly more stable
than the products. When the thermal effects are included, this
complex is even stabilized by 5.5, 5.1, and 3.6 kcal/mol at Levels
e1—3, respectively, with respect to the products. It might therefore
have some effect on the mechanism of the reaction. These results
agree with those obtained for the reactions of the OOH radical

o-TOH + OH— HBR — SP— HBP — a-TOe + H,O

The optimized geometries at Level 0 are shown in Figure 3. It
is interesting to observe the changes of some geometrical
features as the reaction proceeds. The first stationary point from
the reactants is a hydrogen bonded complex (HBR) close to
the reactants, with a bond distance ¢(GH,) of 1.976 A at this
level. The other bond lengths and bond angles are close to thos
of the separated reactants.

Subsequently, a shortening of the- OH; interatomic
distance led us to a second stationary point, which was identified ~* 20 6 .
as having one imaginary frequency (1405 i@pthat is, it is with _COQG' and a-_TOH, where_ the hydrogen abstraction
a true saddle point. The length of the bond that is broken reaction is the dominant mechanism.
increases by only 6%, while the length of the bond that is formed ~ This high stability of the product well may suggest that in
increases by 47% with respect to the reactanfrfOH) and the exit channel the ¥ remains bonded to the-tocopheryl
product (HO) molecules, respectively. Therefore, the reaction radical for a certain time. This is a positive effect for the cell,
proceeds via an “early” transition state. This is the expected avoiding or at least reducing its further attack on lipids in the
behavior that would follow from Hammond's postuldfe, = membrane where it is anchored. In summary, in the study of
because the reaction is exothermic (see Figure 3). two damaging free radicals, OH (present work) and OOH (ref

Finally, another hydrogen bonded intermediate, denoted HBP, 6), we have found that this effect decreases the pro-oxidant
appears before the products and shows that the hydrogen ofction of the newly formed--tocopheryl radical. In the case of
the HO product is bonded to the oxygen of thetocopheryl CoQ, to the best of our knowledge, this pro-oxidant effect has
radical, with a distance of 1.836 A. Along the reaction path, not been reported in the literature, neither experimentally nor
from reactants and products, the bond between carbon 6 andheoretically. The existence of a very stabilized product well,
the phenolic oxygen is shortened. This is because the radical—13.4 kcal/mol, for the CoQt OOH hydrogen abstraction
being formed is starting to take on part of the aromatic structure reaction would explain this behavior.
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Figure 3. Reaction and barrier height energy (first entry) and enthalfyk (second entry) and 298 K (third entry) and geometric (bond lengths
in angstroms) reaction profile of the Ot a-tocopherol hydrogen abstraction reaction, Rabs2, computed at the BHandHLYP/6-31G level of

theory.

TABLE 2: Energy (AE) and Enthalpy (AH) at 298 K of Reaction (R), Activation &), and Wells for Rabs2 and Radd2

Reactions Using Different Levels of Calculation (kcal/mol)

AER? AHRr AEF2 AH* AEnsr®? AHugr AEnpp® AHugp
Rabs2 Abstraction Reaction
Level ¢! —29.6 —-29.3 -2.3 -3.2 —5.6 —4.4 -10.1 7.7
Level 1¢ —36.1 —35.8 —-2.3 -3.2 —-2.0 -0.8 -7.9 —-55
Level Z —36.5 —36.2 +0.5 -0.4 —2.6 -1.4 -75 -5.1
Level 3 —37.0 —36.7 +0.8 -0.1 —-2.3 -11 —6.0 —3.6
expth -40.64+ 1.0
Radd2 Addition Reaction

Level O —16.2 —-13.4 —3.8 —2.4 —6.1 —4.3
Level 1 —25.9 —-23.1 —5.5 —4.1 —5.6 —-3.8
Level 2 —20.9 —18.1 -3.1 =17 —4.3 —2.5
Level 3 —20.6 -17.8 —2.4 -1.0 —-3.7 -1.9

aWith respect to the reactantsHydrogen bonded complex (HBR) for the Rabs2 reaciton and van der Waals complex (vdW) for the Radd2
reaction (see text}.With respect to the productéLevel 0: BHandHLYP/6-31G¢ Level 1: MPW1K/6-311G(2d,p), single-point calculatidievel
2: BHandHLYP/6-31%G(d,p), single-point calculatio.Level 3: BHandHLYP/6-31%++G(2d,2p), single-point calculatioA From differences

of BDEs (O—H) (see text).

3.3. Addition Reaction, Radd2.The attack of the electro-

radical approaches parallel to the aromatic ring, with a bond

philic OH on the aromatic ring proceeds via a van der Waals distance G-Cs of 2.658 A. This approach and the relative
complex (vdW), a saddle point (SP), and the adduct product stability (see later) is favored for the existence of an addi-
tional hydrogen bond between the oxygen of the OH radical

o-TOH + OH — vdW — SP— a-TOH—OH

and the phenolic hydrogen, with a bond distance of 2.129 A

Figure 4 plots the optimized geometries at Level 0. The first (note that then the van der Waals denomination is only
stationary point is a van der Waals complex, where the OH descriptive).
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Figure 4. Reaction and barrier height energy (first entry) and enthalyk (second entry) and 298 K (third entry) and geometric (bond lengths
in angstroms) reaction profile of the OH a-tocopherol addition reaction, Radd2, computed at the BHandHLYP/6-31G level of theory.

- TABLE 3: Rate Constants and Transmission Coefficients
Subsequently, a closer approach of the OH radical led us t045r the Rabs2 and Radd? Reactions (MLs-1) at the Level

a true saddle point. The bond being formed is significantly 3/ evel 0 Dual-Level
stretched, being somewhat longer than a singteOCbond

(1.435 A in methanol, for instance). Rabs2 Radd?
3.3.1. Relatie EnergiesThe energy and enthalpy changes TK) cvT ScT cvriscT CvTiscT
(0 and 298 K) of reaction and activation (estimated at the saddle 250 2.8(7) 1.76 4.9(7) 2.7(8)
point) for the Radd2 reaction at Level 0 are also plotted in Figure 275 3.3(7) 1.62 5.3(7) 2.3(8)
4. Unfortunately, comparison of these magnitudes with experi- ggg g;gg igi ggg; gg%
mental or theoretical work is not possible because there have 355 4.3(7) 1.43 6.1(7) 2.0(8)
been no measurements in either case. To analyze the influence 350 4.9(7) 1.36 6.6(7) 1.9(8)
of the level of calculation, the energy and enthalpy changes at 400 6.1(7) 1.27 7.7(7) 1.7(8)

298 K using different levels are also listed in Table 2. Asin  a}, the addition reaction, CVT/SCE CVT because the transmission
the case of the hydrogen abstraction mechanism, the reactionceefficient is unity over the whole temperature rartj2.8(7) stands
is more exothermic the higher the level of calculation. for 2.8 x 10".

With respect to the saddle point, leaving aside Level 1
(MPWI1K functional), as the level of calculation increases, the
barrier height is higher, although unlike the hydrogen abstraction . .
reaction, all levels give negative values. The van der Waals we fgllowed the reaction paths independently for_th_e two
complex in the entry channel is weakly bound, and like the rgactlons, Rabs2 and Raddg, at. Level 0, apd used this informa-
hydrogen abstraction reaction, its stability decreases as the levefion to perform a dual-level kinetics calculation, Level 3///Level
of calculation increases and the thermal effects are considered0, to obtain the CVT rate constants and SCT transmission
Thus, at the highest, Level 3 at 298 K, its enthalpy stability is coefficients. The resulting CVT/SCT dual-level rate constants
reduced to 1.9 kcal/mol and hence has little influence on the are listed in Table 3 for the temperature range-2400 K. (Note
mechanism of the reaction. that this range is very broad for a biological system, but it

3.4. Kinetics. After calculating the respective saddle points,
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permits a clearer interpretation of the temperature dependencelABLE 4: Mechanism and Rate Constants for Several
of the rate constants.) Several features merit discussion. Biological Compounds with OH, at 298 K, in M™! s™*

First, the transmission coefficient, which mostly takes into  compound mechanism rate constant reference
account quantum effects on the motion along the reaction path,™ 1o addition 2.2(8) this work
slightly increases the abstraction reaction rate by a factor of  thymine addition 1.7(9) 34,35
1.52 at 298 K but does not influence the addition reaction. uracyl addition 2.6(9) 34
This behavior was to be expected, since the abstraction reaction NAP*;'E , adéjcijt'itqn 22-07((1103) 33537 -

i i melatonin aadaition . s
presents a low barrier{0.8 kcal/mol at Level 3) and involves CoO addition 6.2(10) 4

the motion of a light particle (a hydrogen atom) that can tunnel
through the reaction barrier, while the addition reaction is a
barrierless reaction and involves the movement of heavy atoms
Indeed, at 298 K, only 36% of the abstraction reaction is due
to tunneling.

a Nicotinamide adenine dinucleotide.

‘TABLE 5: Antioxidant Activity of o-TOH and CoQ with
Two Damaging Free Radicals, OH and OOH

Second, the rate constants for the addition reaction are greater 2ntioxidant _ radical mechanism  rate constant _ reference
than those for the abstraction reaction, by factors of between 5 CoQ OH addition 6.2(10) 4
and 2 over the whole temperature range. For instance, at 298 _ 83"' ggzti:%‘:]“on >52-3;((5g) th5is work
Y -1 o1 o- =Z.
K, the rate constants are 2:2 10 versus 5.6x 10’ M1 s, OOH abstraction 1.5(5) 6

respectively; that is, at room temperature, the abstraction
represents about 20% of the overall OH radical reaction, which . . .
is the expected behavior of OH electrophilic reactiétid/hile | Finally, Table 5 presents the different behaviors of the two

the calculated rate constants for the abstraction reaction showipOSOIUble natural antioxidants;- TOH and CoQ, against the
" ... OH and OOH radicals, as analyzed by our group in recent years.
a positive temperature dependence, and consequently a positiv

Fir inst th wo radical h ronger scavengin
activation energy, the corresponding values for the addition st, against these two radicals, CoQ has a stronger scavenging

; i or . activity than a-TOH, which agrees with the experimental
reaction show a negative variation, and consequently a negativ:

e . . . . .
o e . evidence in LDL, that is, an apolar environment congruent with

activation energy. The activation energy can be obtained from P g

the rate constants through the usual definition

the theoretical model analyzed here. Second, the OH free radical
gives addition reactions, while the OOH free radical gives
abstraction reactions. Thus, OH behaves more as an electrophilic
compound than as a free radical, while OOH behaves as a typical
free radical.

d(InK)
Raam

with R being the gas constant, which is equivalent to determining 4.C
the slope of the Arrhenius plot. At 298 K, our best estimates
are+0.5 and—0.8 kcal/mol for the Rabs2 abstraction and Radd2 ~ The theoretical study of antioxidant activity is an interesting
addition reactions, respectively. These results agree qualitativelyfield of research. As a continuation of our previous studies on
with those obtained for the Co@ OH reactior® where the CoQ ando-TOH, we here studied the kinetics and dynamics
electrophilic OH addition on the oxidized form (ubiquinone) is of the reaction ofa-tocopherol with the damaging hydroxyl
also the dominant mechanism, although in this case, theradical as a prototype of antioxidant process.
theoretical rate constant at 298 K is larger, 2 101°M~—1s71, The OH radical can attaci-tocopherol by different path-
and the activation energy is lower4.0 kcal/mol. ways: hydrogen abstraction reactions from the phenotdiO
Third, as we noted above, in the reactioroeTOH with the and methyl groups (four reactions) and electrophilic OH addition
hydroxyl radical, the two mechanisms are competitive, and on several positions on the aromatic ring (four reactions). We
therefore, the total rate constant will be found that the most favorable mechanisms are the hydrogen
abstraction reaction from the phenolic hydrogen, with a low
K(T) = KapdT) + KaedT)

barrier height 4-0.8 kcal/mol), and the electrophilic OH addition
that is, at 298 K, we obtain a total rate constant of 2. 108

on carbon 6, which is a barrierless reaction. All eight reactions
are strongly exothermic, indicating that the OH radical is only
M~1s™1. Moreover, taking into account that all eight reactions slightly or not at all selective, giving competitive reactions.
are very exothermic (Table 1), we can assume that the attack We found that the reactivity of the OH radical is dominated
of the OH radical on the other positions, Rabs1, Rabs3, and by the addition mechanism, with a rate constant of 2.20°
Rabs4, on one hand, and Raddl, Radd3, and Radd4, on theMi~1s™! at 298 K, as against the rate constant for the hydrogen
other, will also contribute to the final rate constant, although abstraction reaction of 5.6 10’ M~ s™1 at 298 K. Hence, we
obviously to a lesser degree. Therefore, to make comparisonproposed a final rate constant®2.7 x 18 M~1stat 298 K,
possible with future experimental measurements, the earlierof which the hydrogen abstraction reaction represents about
value represents only the lower limit of the rate constant for 20%. Although this result fore-TOH is smaller than that

E(T) =

onclusions

this reaction. We thus propose a final valuek@98 K) > 2.7
x 108 Mt s71, with an activation energy of-0.5 kcal/mol.
3.5. Comparison with Analogous Biological Systemdhis

observed for CoQ, 6.2 10'°M~1s 1 at 298 K, by 2 orders of
magnitude, the high values of both rate constants indicate that
the two natural radical trapping antioxidants provide antioxidant

addition mechanism is supported by the experimental evidenceprotection to the cell.

in analogous reactions and is a common pathway for other

The two most favorable abstraction and addition reactions

biological systems. Table 4 lists some such systems togetherproceed through intermediates in the reactant channel with little
with the title reaction at room temperature. All systems present or no influence on the dynamics of the reactions. However, the
strong scavenging activity with respect to the OH radical, with abstraction reaction also presents another highly stabilized
very high rate constants that are practically diffusion-controlled. complex in the product channel, which could hinder the further
Theo-TOH and CoQ cases represent the lower and upper limits reactions of thet-tocopheryl radical that can cause the observed
of the selected group. pro-oxidant effects ofi-tocopherol. This effect, however, will
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be less important than in the case of the OOH radical due to "

the competitive addition mechanism.
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