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Abstract: The reactivity of the hydroperoxyl radical with coenzyme Q, as a prototypical chemical reaction
involved in biological antioxidant actions, was studied theoretically. Two pathways were analyzed: the
hydrogen abstraction reaction from the phenolic hydrogen on the reduced form (ubiquinol), and OOH addition
on the oxidized form (ubiquinone). Optimized geometries, harmonic vibrational frequencies, and energies
of the stationary points (reactants, intermediate complexes, transition states, and products) for each pathway
were calculated at the BHandHLYP/6-31G level of theory. The reaction paths for the two mechanisms
were traced independently, and the respective thermal rate constants were calculated using variational
transition-state theory with multidimensional small-curvature tunneling. We found that the reactivity of the
OOH radical is dominated by the hydrogen abstraction mechanism on ubiquinol, with a rate constant of
5.32 × 105 M-1 s-1, at 298 K. This result strongly contrasts with that, also obtained by our group, for the
more reactive OH radical, which attacks ubiquinone by an addition mechanism, with a diffusion-controlled
rate of 6.25 × 1010 M-1 s-1, at 298 K.

1. Introduction

The peroxidation of lipids (LH) is a free radical chain
reaction, which yields peroxyl radicals (LOO•)1,2

It is generally accepted that most free radical trapping antioxi-
dants (AH) capture these radicals by a hydrogen abstraction
reaction2

where the resultant antioxidant radical A• is expected to be
unreactive, to form the corresponding dimer, or to react with
another free radical to yield nonradical products.

Chain-breaking reactions are known to be efficient protection
against free radical reaction damage. Natural radical-trapping
antioxidants such as coenzyme Q (CoQ) andR-tocopherol (R-
TOH, vitamin E), which partition in the lipid bilayer, can avoid
or at least significantly reduce free radical reaction damage in
a lipid environment.3-6 As a result, they afford efficient
antioxidant protection to biological membranes4,7,8and to human
low-density lipoproteins (LDL).9-13 In living cells, coenzyme

Q functions also as an obligatory chemical intermediate electron
carrier in the electron transport chains of mitochondria14,15and
plasma membranes,16 and it has been shown that NADH and
ascorbic acid play major roles as electron donors for the
reduction of oxidized coenzyme Q in mammalian cells.16,17

Considerable experimental work has been devoted to the study
of the activity of free radical chain-breaking antioxidants on
biological systems.18-27 These studies concluded that the relative
antioxidant activities of CoQ versusR-TOH are CoQ> R-TOH
in LDL; CoQ < R-TOH in homogeneous solution; and CoQ≈
R-TOH in aqueous lipid dispersions,19 and that the oxidized
form of CoQ, that is, ubiquinone, has little or no antioxidant
activity.28-30
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In a previous paper,31 we studied theoretically and experi-
mentally for the first time the mechanism and kinetics of the
reaction between the hydroxyl radical and CoQ, in both the
reduced (ubiquinol) and the oxidized (ubiquinone) forms. We
found that the OH radical, one of the most damaging free
radicals that can arise in living organisms,32 attacks CoQ via
two mechanisms: hydrogen abstraction from the phenolic
hydrogen on the reduced form (ubiquinol), and electrophilic
addition on the oxidized form (ubiquinone). We found that the
reactivity is dominated by the OH addition mechanism on
ubiquinone, by a factor of 100:1, and that it is a very fast
reaction, practically diffusion-controlled, 6.25× 1010 M-1 s-1,
with an inverse dependence of the thermal rate constants on
temperature and, therefore, a negative activation energy, both
theoretically and experimentally.

In the present work, we continue by studying the reactivity
of CoQ, which is present in all membranes of mammalian
cells,33 with free radicals, in this case, the hydroperoxyl radical
(HOO•). As compared with the hydroxyl radical (HO•), the
hydroperoxyl radical is a relatively nonreactive free radical. It
is necessary to note that this significant bioreaction has been
neither theoretically nor experimentally described, and its
mechanism and kinetics, to the best of our knowledge, have
not been analyzed. Will this free radical follow the hydrogen
abstraction mechanism on the reduced form (ubiquinol), as do
the peroxyl radicals, or the addition mechanism on the oxidized
form (ubiquinone), as does the hydroxyl radical?

The aim of this paper is two-fold: first, to propose a
mechanism to account for the attack of the hydroperoxyl radical
on CoQ, that is, to analyze theoretically the possible pathways,
considering separately the oxidized and reduced forms of CoQ;
and second, to obtain theoretical kinetics information. In section
2, we describe the theoretical methods and computational details
used in this work. Results and discussion are given in section
3, and, finally, conclusions are presented in section 4.

2. Methods and Computational Details

2.1. Electronic Structure Calculations.Geometries, energies, and
first and second energy derivatives of all stationary points were
calculated by hybrid density functional theory (DFT) using the Gaussian
9834 system of programs. Exchange and correlation were treated by
the BHandHLYP method, which is based on Becke’s half-and-half
method35 and the gradient-corrected correlation functional of Lee, Yang,
and Parr,36 using the 6-31G basis set. The abbreviation used for this

level is BHandHLYP/6-31G. This hybrid DFT method gives more
accurate barrier heights than other hybrid DFT methods, such as B3LYP
and B3P86.37-40 It has been pointed out in the literature41 that these
methods present little spin contamination in the treatment of free
radicals, with calculated〈S2〉 values very close to the expectation values,
that is, 0.75. Note, however, that spin contamination in DFT calculations
is not well defined theoretically and should be handled with caution,42

although it can be expected that the problems associated with spin
contamination for energy calculations are less severe in DFT than in
ab initio theory.

2.2. Modeling. Ubiquinone (UQ, oxidized form) and ubiquinol
(UQH2, reduced form) are two tautomeric forms of CoQ, related by a
two-electron process (Scheme 1),14 where the number of isoprenoid
units can vary from 6 in some yeasts to 10 in humans.43 Although
strictly speaking the denomination coenzyme Q is reserved for the
oxidized ubiquinone form, to make the discussion clearer, we will use
the denominations ubiquinone (UQ) and ubiquinol (UQH2) for the
oxidized and reduced forms, respectively, retaining the name coenzyme
Q as a general description of the redox system.

Because of the large size of our molecular system and the great
number of calculations (energies, gradients, and Hessians) along the
reaction paths, the real biological reaction was modeled in the following
way. First, Foti et al.20 found that the hydrogen abstraction reaction
from ubiquinol by phenoxyl radicals is independent of the number of
isoprenoid units in the “tail”; that is, practically the same rate constants
were found from 0 (ubiquinol-0) to 10 (ubiquinol-10) isoprenoid units.
We therefore changed the isoprenoid units in natural CoQ10 (see Scheme
1) to a methyl group (R) -CH3). Second, while the theoretical study
was performed in the gas phase, given the nonpolar character of the
natural environment (lipid bilayer), one can reasonably assume that
the conclusions will be roughly the same in both environments. Note
that, taking as reference the upper oxygen, the carbon atom positions
will be labeled ipso, ortho, meta, and para for a clearer discussion in
the following sections.

2.3. Dynamics Calculations.The kinetics study of the reaction of
CoQ with OOH was carried out using the direct dynamics approach.44

This describes a chemical reaction by using electronic structure
calculations of the energy and energy derivatives (gradients and
Hessians) without the intermediary of an analytical potential energy
surface or force field. Electronic structure calculations are required only
in the region of configuration space lying along the reaction path and
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the reaction valley formed by the motion orthogonal to it. This method
of constructing the potential energy surface has already been used by
our group to study smaller systems, in hydrogen abstraction45-52and
addition reactions,53 and also in our previous work on the CoQ and
OH reaction,31 with excellent results.

For both pathways independently- hydrogen abstraction on the
reduced form (ubiquinol) and addition on the oxidized form (ubiquino-
ne) - we constructed the respective “intrinsic reaction coordinate”
(IRC) or “minimum energy path” (MEP) at the BHandHLYP/6-31G
level, with a step size of 0.02 bohr amu1/2, starting from the respective
saddle point geometry and going downhill to both the asymptotic
reactant and the product channels in mass-weighted Cartesian coordi-
nates. Along these MEPs, the reaction coordinate,s, is defined as the
signed distance from the saddle point, withs> 0 referring to the product
side. In the rest of the work, the units ofs are bohr, and the reduced
mass to scale the coordinates is set to 1 amu. This has no effect on the
calculated observables, but it does affect the magnitude ofs in plots
used for interpretative purposes. In this process, one must be careful
that electronic structure algorithms do not reorient the molecule. The
harmonic vibrational frequencies and reaction-path curvature compo-
nents were computed at every second point along the reaction path.
Along these MEPs, a generalized normal-mode analysis was performed,
projecting out frequencies at each point along the path.54 With this
information, we calculated the respective ground-state vibrationally
adiabatic potential curves

whereVMEP(s) is the classical energy along the MEP with its zero energy
at the reactants (s ) -∞) andεint

G(s) is the zero-point energy ats from
the generalized normal-mode vibrations orthogonal to the reaction
coordinate.

Finally, for both pathways (hydrogen abstraction and addition)
independently, this information (energies, vibrational frequencies,
geometries, and gradients) was used to estimate rate constants by using
variational transition state theory (VTST). We calculated thermal rates
using the canonical variational theory55,56 (CVT) approach, which
locates the dividing surface between reactants and products at a point
s/,CVT(T) along the reaction path that minimizes the generalized TST
rate constants,kGT(T,s) for a given temperatureT. Thermodynamically,
this is equivalent to locating the transition state at the maximum∆GGT,o-
[T, s/,CVT(T)] of the free energy of activation profile∆G(T,s).55,56Thus,
the thermal rate constant will be given by

with kB being Boltzmann’s constant,h Planck’s constant,σ the
symmetry factor, andKo the reciprocal of the standard-state concentra-
tion taken as 1 molecule cm-3.

All dynamics calculations were carried out with the general
polyatomic rate constant code POLYRATE,57 and tunneling is included
by using the centrifugal-dominant small-curvature tunneling (SCT)
approach.58

3. Results and Discussion

3.1. Possible Pathways of Attack.In the biological mem-
brane, both forms of CoQ (ubiquinol, UQH2, and ubiquinone,
UQ) are present. To make the discussion clearer, we will
distinguish between the attack by the hydroperoxyl radical on
the two forms.

3.1.1. Hydrogen Abstraction Reaction on the Reduced
Form. In this case, the attack of the hydroperoxyl radical on
the phenolic O-H of the ubiquinol, UQH2, proceeds via a
weakly reactant hydrogen bonded complex (which is denoted
HBR), a saddle point (SP), and the products (a “phenoxyl” type
radical and water):

3.1.1.1. Geometries.The optimized geometries of reactants,
reactant complex, saddle point, and products, using the hybrid
DFT BHandHLYP/6-31G level, are shown in Figure 1. There
are several geometrical features which will be analyzed fol-
lowing the reaction coordinate, that is, from reactants to
products. First, at the four stationary points, all six atoms directly
joined to the benzene ring (i.e., two carbons and four oxygens)
are in the plane of the ring, favoring electron delocalization.
Second, the phenolic hydrogens are hydrogen bonded to the
respective oxygens of the neighboring methoxy groups, which
favors the stability of the stationary point. The exception is the
saddle point, where the hydrogen involved in the breaking-
forming bonds is located perpendicular to the benzene plane,
losing this possibility. Third, the two methyl substituents of the
methoxy groups (ortho- and meta-) are out of the benzene plane
in the reactant, one above and the other below. Fourth, another
interesting feature is the variation of the C-O distances, because
they are related to electron delocalization along the reaction
path (Figure 1). Here, for comparison purposes, we take as
reference the C-O distances in methanol (single bond charac-
ter: 1.435 Å) and acetone (double bond character: 1.229 Å)
calculated at this same level. The C-O bonds in the ortho-
methoxy groups change from 1.391 to 1.371 Å when the reaction
evolves from reactants to products. These values are closer to
a single bond, although some double bond character is present;
that is, they also participate in the electron delocalization. The
C-O bond in the phenolic group in position “para” also presents
small changes along the reaction path, from 1.379 to 1.359 Å,
and shows a greater double bond character. The largest changes
are for the C-O bond in the phenolic group directly involved
in the hydrogen abstraction, which changes from 1.379 Å in
the reactant to 1.296 Å in the ubiquinoxyl radical, showing
considerable double bond character. This last behavior agrees
with the tendency found for the C-O bond in phenol and the
phenoxyl radical from experiment59,60 or theoretical calcula-
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tions,61-65 and with the theoretical results for ubiquinol-0,25

where the C-O bond in position para is 1.367 Å and the C-O
bond directly involved in the reaction is 1.258 Å, at the B3LYP/
6-31G(d,p) level.

The first stationary point from the reactants is a hydrogen
bonded complex (HBR) close to the reactants, with a bond
distance (O‚‚‚H1) of 2.262 Å at this level. The other bond lengths
and bond angles are close to those of the separated reactants,
and the hydrogen bond formed (O‚‚‚H1-O) is far from linearity,
112.9°.

Subsequently, a shortening of the O‚‚‚H1 interatomic distance
led us to a second stationary point, which was identified with
one negative eigenvalue of the Hessian matrix and, therefore,
one imaginary frequency (2188i cm-1); that is, it is a saddle
point. At this saddle point, the most sensitive parameters are
related to the breaking-forming bonds, O(phenolic)-H1 and
H1-O(hydroperoxyl). The length of the bond that is broken
increases by only 11%, while the length of the bond that is
formed increases by 35% with respect to the reactant (UQH2)
and product (H2O2) molecules, respectively. Therefore, the
reaction of UQH2 with the hydroperoxyl radical proceeds via

an “early” transition state. This is the expected behavior that
would follow from Hammond’s postulate,66 because the reaction
is exothermic (see Figure 1).

3.1.1.2. Relative Energies.Finally, the energy (∆E) and
enthalpy (∆H, 0 K and 298 K) changes (reaction and activation)
are also plotted in Figure 1. Note that∆H(0 K) is ∆E corrected
by the zero-point energy, and∆H(298 K) also includes thermal
corrections.

We begin by analyzing the heat of reaction. Unfortunately,
comparison with experimental or theoretical work is not
possible, because the enthalpy of reaction has not been directly
measured either experimentally or theoretically. However, an
estimate of this value is possible by considering that the enthalpy
of reaction,∆Ho°, is the difference between the bond dissocia-
tion energies [BDE(O-H)] of the bonds broken and formed:

Taking BDE(H2O2) ) 88.2 ( 1 kcal mol-1 and BDE(UQH2)
) 78.5( 1.5 kcal mol-1 from the literature,67,25a value of∆Ho°
) -9.7 ( 2.5 kcal mol-1 is proposed for the studied reaction
(Figure 1). Our result, as in the previous work CoQ+ OH,31

qualitatively describes the exothermic character of this reaction.
It is well known that a major source of errors of standard
theoretical calculations of molecular energies arises from the
truncation of the one-electron basis set. Thus, to estimate the
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Figure 1. Reaction and barrier height energy and enthalpy at 0 K (second entry) and 298 K (third entry) (kcal mol-1) and geometric (bond lengths in
angstroms) reaction profile of the OOH+ ubiquinol hydrogen abstraction reaction computed at the BHandHLYP/6-31G level of theory.

∆Ho° ) BDE(UQH2) - BDE(H2O2) (3)
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limitations, that is, the basis set effect, we performed single-
point calculations of the reaction energy and barrier height using
larger basis sets, 6-31G(d,p), 6-311+G(d,p), and 6-311G-
(2d,2p). For the enthalpy of reaction (298 K), we obtained values
of -0.73,-1.75, and-0.29 kcal mol-1, respectively. Therefore,
for this particular reaction, larger basis sets make the agreement
with experiment poorer, indicating that the 6-31G basis set
represents a good balance between reactants and products, which
makes it adequate to study this reaction. Clearly, it is a question
of a fortunate cancelation of errors. It is necessary to note that
this behavior of the basis sets strongly contrasts with the results
obtained for the similar reaction, CoQ+ OH, previously studied
by our group,31 where larger basis sets give better agreement
with experiment. To help understand this behavior of the basis
sets, we analyze the only experimental magnitude available for
comparison, the bond dissociation energy, BDE(O-H). The
homolytic BDEs(O-H) involved in both reactions, CoQ+ OH
and CoQ+ OOH, are:

and the corresponding BDEs(O-H) for the different basis sets
are listed in Table 1. First, the different BDEs are independently
analyzed. The quantum description of the UQH2/UQH pair
shows good agreement with the experimental value, even with
the smaller basis set, 6-31G. The H2O/OH and H2O2/HO2 pairs
show poor agreement with the experimental data, with differ-
ences of 18-9 and 10-8 kcal mol-1, respectively. However,
the behavior of these two pairs is not similar. Thus, the
improvement of the H2O/OH pair with basis set is more
pronunced than for the H2O2/HO2 pair. Second, the enthalpy
of reaction,∆ (obtained as the difference between the BDEs),
is analyzed. While the UQH2 + OH reaction agrees better with
experiment the larger the basis set is, for the UQH2 + OOH
reaction the larger basis sets make this agreement poorer. This
behavior agrees with the results obtained for the H2O/OH and
H2O2/HO2 pairs. In sum, the poor quantum description of the
H2O2/HO2 pair with this DFT method explains the basis set
effect found for this reaction. Moreover, this analysis justifies
the use of the 6-31G basis set in this work.

To estimate the influence of the functional used, we also
performed energy calculations of the enthalpy of reaction (298
K) using a different functional, B3LYP. For the 6-31G, 6-31G-
(d,p), 6-311+G(d,p), and 6-311G(2d,2p) basis sets, we obtained
values of -6.30, -4.51, -5.66, and -3.68 kcal mol-1,
respectively. With this functional, better agreement with experi-

ment is obtained, but the basis set effect is similar to that found
with the BHandHLYP functional; that is, larger basis sets do
not yield better agreement with experiment.

The reactive hydrogen bonded complex (HBR) appears at
an energy close to and slightly lower than that of the reactants,
-2.9 kcal mol-1. When the ZPE (0 K) is included, the stability
of the complex slightly diminishes,-2.4 kcal mol-1.

Finally, this reaction presents a barrier height (∆Eq) of 11.1
kcal mol-1, and when the ZPE+TC is included the∆Hq(298
K) is 8.9 kcal mol-1. With larger basis sets, 6-31G(d,p),
6-311+G(d,p), and 6-311G(2d,2p), we obtained values of 14.9,
15.8, and 15.9 kcal mol-1, respectively (12.8, 13.6, and 13.7
kcal mol-1 for the enthalpy (298 K) change), that is, higher
than those obtained with the 6-31G basis set. Unfortunately, a
direct comparison with experiment is not possible, and given
the behavior of these larger basis sets to describe the enthalpy
of reaction with errors of 8-9 kcal mol-1, larger basis sets do
not guarantee a better description of the barrier height for this
particular reaction. Also, it is well known that the BHandHLYP
level overestimates the barrier heights in hydrogen abstraction
reactions,40 and it has been found empirically that the BHandH-
LYP method performs better in calculating barrier heights than
other functionals (B3LYP, B3PW91, B3P86, or BLYP) which
tend to underestimate them37-40 due to the creation of an
apparent “extra bond” at the transition state.72 Therefore, based
on the previous experience in the literature, the barrier height
with the BHandHLYP method has to be diminished. To obtain
a more quantitative estimate of the limitations of the BHandH-
LYP/6-31G level, we analyzed the “model” hydrogen abstrac-
tion reaction CH4 + OH f CH3 + H2O, which has been
extensively studied at very high ab initio levels. Note that the
more similar CH4 + OOH reaction has not been studied with
such high ab initio levels, and therefore comparison would be
less interesting. Clearly, this “model” reaction and the title
reaction present very different situations, but the observations
made with the “model” reaction are assumed to be transferrable
to the title reaction as a lower limit. Table 2 lists the most recent
results,40,68-71 together with DFT values for comparison. For
the CH4 + OH hydrogen abstraction reaction, when highly
correlated wave functions and large basis sets are used (in some
cases in combination with extrapolated approaches), the barrier
height ranges from 5.0 to 5.8 kcal mol-1, with an average value
of 5.4 kcal mol-1, which is taken as reference. The B3LYP
method underestimates this value, in accordance with the general

(68) Malik, D. K.; Petersson, G. A.; Montgomery, J. A.J. Chem. Phys.1998,
108, 5704.

(69) Korchowiek, J.; Kawakara, S. I.; Matsumura, K.; Uchimaru, T.; Surgie,
M. J. Phys. Chem. A1999, 103, 3548.

(70) Aliagas, I.; Gronert, S. J.J. Phys. Chem. A1998, 102, 2609.
(71) Masgrau, L.; Gonza´lez-Lafont, A.; Lluch, J. M.J. Chem. Phys.2001, 114,

2154.
(72) Tozer, D. J.; Handy, N. C.J. Phys. Chem. A1998, 102, 3162.

Table 1. Bond Dissociation Energy [BDE(O-H)] for Several Basis
Sets at the BHandHLYP Level (kcal mol-1)

basis set UQH2/UQH H2O2/HO2 ∆a H2O/OH ∆b

6-31G 74.9 77.9 -3.0 99.5 -24.6
6-31G(d,p) 78.7 79.7 -1.0 107.8 -29.1
6-311+G(d,p) 79.1 80.9 -1.8 109.5 -30.4
6-311G(2d,2p) 79.7 80.0 -0.3 108.9 -29.2
exp. 78.5( 1.5c 88.2( 1.0d -9.7( 2.5 117.9( 0.1d -39.4( 1.5

a Enthalpy of reaction at 298 K.∆ ) BDE(UQH2) - BDE(H2O2).
b Enthalpy of reaction at 298 K.∆ ) BDE(UQH2) - BDE(H2O).
c Reference 25.d Reference 67.

UQH2 f UQH + H

H2O f HO + H

H2O2 f HO2 + H

Table 2. Barrier Height (kcal mol-1) for the CH4 + OH f CH3 +
H2O “Model” Reaction at Several Levels

level ∆Eq ref

BHandHLYP/6-31G 13.4 this work
BHandHLYP/6-31+G(d,p) 10.2 40
B3LYP/6-31+G(d,p) 2.3 40
CBS/QCI/APNO 5.1 68
G2M 5.3 69
CCSD(T)/aug-cc-pVTZ 5.8 70
CCSD(T)-SAC/cc-pVTZ 5.0 71
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behavior of the DFT methods, but the BHandHLYP method
overestimates it. Fortuitously, at the BHandHLYP/6-31G level
both barrier heights, “model” and title reactions, are similar in
value. Therefore, to match the very high ab initio average value,
the BHandHLYP/6-31G barrier has to be scaled by a factor of
0.4030, which represents a lower limit.

3.1.2. Addition to Ubiquinone. In the addition pathway,
when the OOH attacks ubiquinone, three approaches are
possible: ipso, ortho on-OCH3 (ortho-1), and ortho on-CH3

(ortho-2). Note that, from the symmetry of the modeled system,
the other positions (meta and para) are equivalent to those
analyzed. The relative energies at the BHandHLYP/6-31G level
with respect to the reactants are, respectively,+12.9,-6.6, and
-10.3 kcal mol-1. Clearly, the ipso approach is unfavorable,
and the ortho-2 approach is the most favorable. Therefore, in
the rest of the paper, we shall focus on the most favorable
approach, although the exothermal nature of the ortho-1
approach means that this will also contribute to the final rate
constant. Considering therefore the ortho-2 approach, the attack
of the OOH on ubiquinone (UQ) proceeds via a van der Waals
complex (vdW), a saddle point (SP), and the adduct product:

3.1.2.1. Geometries.The optimized geometries of all station-
ary points (reactants, reactant complex, saddle point, and adduct)
and the energy and enthalpy (0 K) changes at the BHandHLYP/
6-31G level are shown in Figure 2. Several geometrical features
need emphasizing. First, while in ubiquinone all six atoms
directly joined to the benzene ring (i.e., two carbons and four

oxygens) are in the plane of the ring, the addition of the OOH
free radical to form the ortho-2 adduct breaks this planarity on
the reactive center. Second, when the OOH attacks ubiquinone,
the spin density is located in different oxygen atoms, changing
their C-O distances. Thus, on the oxygen it is located in
position “para”, which changes the C-O distance only slightly,
retaining the double bond character. Third, another interesting
feature is the value of the new C-O bond formed with the OOH
attack, which is weaker than a single bond.

The first stationary point from the reactants is a van der Waals
complex. The OOH radical approaches parallel to the molecular
plane, with bond distances O-C(ipso), O-C(ortho-1), and
O-C(ortho-2) of 3.181, 3.344, and 3.818 Å, respectively. The
other geometrical parameters are close to those of the separated
reactants. It is well known that DFT is not able to describe
intermolecular interactions with any reasonable accuracy,73-76

and the problem is related to the description of the weak
dispersion interaction.77 However, for the most attractive
geometries of the (H2O)2 hydrogen bond and the CO-H2O van
der Waals complex, that is, relatively strong intermolecular
interactions, some functionals (B3LYP and B3P86) perform
reasonably well.74 We assume a similar behavior for our van
der Waals complex, which presents a relatively strong inter-
action,-6.0 kcal mol-1 at 298 K. More theoretical studies are

(73) Del Bene, J. E.; Person, W. B.; Szczepanik, K.J. Phys. Chem.1995, 99,
10705.

(74) Milet, A.; Korona, T.; Moszynski, R.; Kochanski, E.J. Chem. Phys.1999,
111, 7727.

(75) Lein, M.; Dobson, J. F.; Gross, E. K. U.J. Comput. Chem.1999, 20, 12.
(76) Chalasinski, G.; Szczesniak, M. M.Chem. ReV. 2000, 100, 4227.
(77) Zaremba, E.; Khon, W.Phys. ReV. 1976, B13, 2278;1977, B15, 1769.

Figure 2. Reaction energy and enthalpy at 0 K (second entry) and 298 K (third entry) (kcal mol-1) and geometric (bond lengths in angstroms) reaction
profile of the OOH+ ubiquinone addition reaction computed at the BHandHLYP/6-31G level of theory.

UQ + OOH f vdW f SPf UQ-OOH
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clearly necessary to assess the performance of the DFT in
describing van der Waals interactions.

Subsequently, a greater approach of the OOH radical led us
to a second stationary point, which is characterized as a saddle
point (imaginary frequency 280i cm-1). The OOH radical is
now oriented perpendicular to the molecular plane, with an
O-C(ortho-2) distance of 2.081 Å.

3.1.2.2. Relative Energies.The energy (∆E) and enthalpy
(∆H,0 K) changes (reaction and activation) are also plotted in
Figure 2. Unfortunately, comparison of these magnitudes with
experimental or theoretical work is not possible because there
have not been any measurements in either case.

With respect to the barrier height, we will follow a procedure
similar to that for the hydrogen abstraction reaction analyzed
previously. Thus, to test the accuracy of the BHandHLYP/6-
31G level used in this work, we analyzed the “model” addition
reaction CH2dCH2 + OOH f (CH2dCH2)-OOH, which has
been studied at high ab initio levels. Table 3 lists these results78

together with other DFT values for comparison. For the addition
reaction to ethylene, the high ab initio CBS-q//MP2(full)/6-31G
level yields a barrier of 14.6 kcal mol-1, which is taken as
reference. In this case, both DFT methods, BHandHLYP and
B3LYP, underestimate this value, in accordance with the general
behavior of the DFT methods. To match this reference barrier,
the BHandHLYP/6-31G value has therefore to be scaled by a
factor of 1.3905.

In sum, we have applied the CH4 + OH and CH2dCH2 +
OOH reactions as test cases of hydrogen abstraction and addition
reactions, respectively, to assess the performance of the DFT
method used in this work, BHandHLYP/6-31G. The observa-
tions made with these “model” reactions are believed to be
transferrable also to the larger systems studied in this work:
ubiquinol + OOH and ubiquinone+ OOH.

3.2. Reaction-Path Analysis.Having analyzed the stationary
points for the hydrogen abstraction and addition reactions, we
next constructed the respective reaction paths independently.
The analysis of these reaction paths is carried out on the
information (energy, gradient, and Hessian) at the BHandHLYP/
6-31G level over thes range-0.5 to +0.5 bohr.

Whereas for the hydrogen abstraction reaction, ubiquinol+
OOH, the location of the maximum of∆Va

G practically
coincides with the saddle point (s) 0), for the addition reaction,
ubiquinone+ OOH, the location of the maximum of∆Va

G

appears shifted with respect to the saddle point,s ) +0.355
bohr, in the product channel. Therefore, the variational effects
are practically negligible for the first reaction and large for the
second (a variational effect is the difference between the
variational CVT and conventional TST rate constants). Note
that ∆Va

G is defined as the difference betweenVa
G at s and its

value for the reactants.

This different behavior of the variational effects can be
explained by analyzing the variation of ZPE withs. In the first
reaction, as is typical of hydrogen abstraction reactions, the
O-H1 (phenolic) stretching, corresponding to the generalized
normal mode breaking during the reaction (reactive mode), drops
sharply near the saddle point, which causes a considerable fall
in the ZPE in the saddle point region (∆ZPE ) -2.5 kcal
mol-1). As a result, the ZPE shows noticeable changes withs,
and, therefore, variational effects could be expected for this
reaction. However, the barrier height is large (11.1 kcal mol-1),
and thus the energy factor, which locates the generalized
transition state at the saddle point (s ) 0), dominates over the
entropy factor (∆ZPE). For the addition reaction, however,
∆ZPE is practically constant ass varies, increasing from
reactants to the adduct, with a value of only∆ZPE ) +0.6
kcal mol-1 at the saddle point. Thus, in the product zone, the
ZPE rises, which shifts the maximum of the∆Va

G curve in this
direction.

Finally, from an energy point of view, we saw in sections
3.1.1.2 and 3.1.2.2 the poor energy description obtained with
the BHandHLYP/6-31G level, which means that we have to
optimize our low level reaction path. In previous papers,79-81

we analyzed different approximations and found that the best
choice was to scale the original curve (BHandHLYP/6-31G)
regularly by a factor

where∆E is the variation of energy at each level with respect
to the reactants, and the “reference level” is the best estimate
for the respective “model” reaction: CH4 + OH in the first
reaction, and CH2dCH2 + OOH in the second. Thus, at the
saddle point,s ) 0, the barrier height is that of the respective
“reference level”. These factors are 0.4030 and 1.3905 for the
hydrogen abstraction and addition reactions, respectively.

3.3. Rate Constants.In the canonical version of VTST, CVT,
the dividing surface is varied along the reaction path to minimize
the rate constants, obtaining the generalized transition state
(GTS) at the values*. Thermodynamically, the minimum rate
constant criterion is equivalent to maximizing the generalized
standard state free energy of activation,∆GGT,o(T,s), eq 2.
Therefore, the effects of the potential energy, entropy, and
temperature on the location of this GTS must be considered.

Table 4 lists the calculated conventional TST and variational
CVT rate constants for the hydrogen abstraction and addition

(78) Chen, Ch.-J.; Bozzelli, J.J. Phys. Chem. A2000, 104, 4997.

(79) Espinosa-Garcı´a, J.; Corchado, J. C.J. Chem. Phys.1994, 101, 8700.
(80) Espinosa-Garcı´a, J.; Corchado, J. C.J. Chem. Phys.1994, 101, 1333.
(81) Espinosa-Garcı´a, J.J. Phys. Chem.2000, 104, 7537.

Table 3. Barrier Height (kcal mol-1) for the CH2dCH2 + OOH f
(CH2dCH2)-OOH “Model” Reaction at Several Levels

level ∆Eq ref

BHandHLYP/6-31G 10.5 this work
B3LYP/6-31G(d) 9.2 78
MP2/6-31G(d) 18.8 78
CBS-q//MP2/6-31G(d) 14.6 78

Table 4. Rate Constants for the CoQ + OOH Reactiona

ubiquinol + OOH ubiquinone + OOH

T (K) TST CVT SCT CVT/SCT TST CVT SCT CVT/SCT

200 7.11(4) 3.14(4) 4.87 1.53(5) 8.42(-9) 3.73(-9) 1.65 6.15(-9)
250 2.52(5) 1.10(5) 2.75 3.02(5) 6.50(-6) 3.22(-6) 1.35 4.35(-6)
300 6.38(5) 2.78(5) 2.01 5.58(5) 5.92(-4) 3.14(-4) 1.22 3.83(-4)
350 1.32(6) 5.73(5) 1.67 9.57(5) 1.58(-2) 8.79(-3) 1.15 1.01(-2)
400 2.38(6) 1.04(6) 1.48 1.54(6) 1.96(-1) 1.13(-1) 1.11 1.25(-1)
450 3.95(6) 1.72(6) 1.36 2.34(6) 1.45(0) 8.61(-1) 1.09 9.38(-1)
500 6.14(6) 2.66(6) 1.28 3.40(6) 7.47(0) 4.50(0) 1.07 4.81(0)

a 7.11(4) stands for 7.11× 104, in M-1 s-1. Values were obtained with
the scaled reaction paths.

F ) ∆E(reference level,s)0)/
∆E(BHandHLYP/6-31G,s)0) (4)
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reactions, together with the tunneling effects, on the scaled
reaction paths, over the temperature range 200-500 K. (Note
that while this range is very wide for a biological system, it
permits a clearer interpretation of the temperature dependence
of the rate constants.) The hydrogen abstraction reaction on
ubiquinol (reduced form of CoQ) is notably faster than the OOH
addition on ubiquinone (oxidized form of CoQ), and the
hydrogen abstraction mechanism therefore seems to be the most
favorable pathway. Thus, the total rate constants of the OOH
+ CoQ reaction practically coincide with the hydrogen abstrac-
tion values.

The activation energy can be obtained from the total rate
constants through the usual definition

which is equivalent to determining the slope of the Arrhenius
plot, that is, lnk versus 1/T. At 298 K, our best estimate is 2.1
kcal mol-1.

Finally, with the rate constant obtained in the present work
with the OOH radical, in the previous31 with the OH radical,
and from the literature18,20,27with other free radicals, we propose
the following ranking of the reactivity of CoQ with different
free radicals:

indicating that the more located the unpaired electron is on the
radical center (oxygen atom in these cases), the more reactive
it is.

4. Concluding Remarks

There has been considerable experimental effort directed at
understanding the role of antioxidants in biological processes
and cell survival, in contrast with the paucity of theoretical
studies. In the present paper, by employing a direct dynamics
method, we were able, for the first time, to study the kinetics
and dynamics of this antioxidant process using as a prototype
reaction that of coenzyme Q with the hydroperoxyl radical in
the gas phase.

The OOH radical can attack coenzyme Q by different
pathways, and we found that the most favorable mechanisms
are the hydrogen abstraction reaction from the phenolic hydro-
gen on the reduced form (ubiquinol) and OOH addition on the
oxidized form (ubiquinone). The equilibrium structures of all

stationary points and the reaction valleys for both mechanisms
were analyzed using hybrid density functional theory at the
BHandHLYP/6-31G level.

The rate constants for each mechanism were calculated
independently using the variational transition-state theory with
multidimensional tunneling. We found that the hydrogen
abstraction reaction on ubiquinol is responsible for the overall
rate constant. These final rate constants present a positive
temperature dependence, leading to a positive activation energy.

This behavior of the relatively nonreactive OOH radical
strongly contrasts with the behavior observed for the highly
reactive OH radical.31 Thus, while the reactivity of the OOH
radical is dominated by the hydrogen abstraction mechanism
on ubiquinol (reduced form of CoQ) with a rate constant of
5.32× 105 M-1 s-1 at 298 K, the reactivity of the OH radical
is dominated by the addition mechanism on ubiquinone (oxi-
dized form of CoQ) with a very fast rate constant, practically
diffusion-controlled, of 6.25× 1010 M-1 s-1 at 298 K. The
results obtained with these two studies allow us to understand
the antioxidant properties of coenzyme Q, especially important
in the case of the very dangerous hydroxyl radicals. This
suggests the idea of include CoQ in supplementation therapy.

Finally, it has recently been shown82-84 that some mutants
(clk-1) do not synthesize CoQ, but instead accumulate an
intermediate form of CoQ, demethoxyubiquinone (DMQ). The
only difference with CoQ is the lack of a methoxy group on
carbon six, preventing the interaction with the upper oxygen in
ubiquinol. DMQ is capable of carrying out the function of CoQ
in the respiratory chain, presents antioxidant properties, and may
contribute to the extension of life span.
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Ea ) -Rd(ln k)/d(1/T) (5)

OH > alkoxyl27 > phenoxyl20> peroxyl18 ≈ OOH
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