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Several pathways for the attack of the hydroxyl radical on coenzyme Q, as a prototypical chemical reaction
involved in biological antioxidant actions, were theoretically analyzed by hybrid density functional theory
computations, at the BHandHLYP/6-31G level. We found that the most favorable pathways are the hydrogen
abstraction reaction from the phenolic hydrogen on the reduced form (ubiquinol), and the electrophilic OH
addition on the oxidized form (ubiquinone). The reaction paths for the two mechanisms were traced
independently. Following the direct dynamics method, the respective thermal rate constants were calculated
using variational transition-state theory with multidimensional small-curvature tunneling. The experimental
rate constants for the reaction of ubiquinol and ubiquinone with hydroxyl radicals produced via the Fenton’s
reaction in phosphate-buffered water solution at pH 7 were also measured. We found, first, that the reactivity
in gas-phase (theoretical approach) is dominated by the OH addition mechanism on ubiquinone, and second,
that a good agreement exists between the ratio of the rate constants determined from theoretical and experimental
approaches for the reaction of oxidized and reduced forms of coenzyme Q with hydroxyl radicals. It is a very
fast reaction, practically diffusion-controlled, with an inverse dependence of the thermal rate constants on
temperature and therefore, a negative activation energy, both theoretically and experimentally. The influence
of the tunneling factor was negligible. The analysis of the enthalpy and entropy contributions to the Gibbs
free energy profile allowed us to understand the negative value of the activation energy.

1. Introduction
Free radicals are ubiquitous compounds in nature. They play

an important role in atmospheric and combustion chemistry,1,2

radiative and nonradiative processes,3-5 and in the chemistry
of life.6,7 They have also been implicated in inflammation,
ischaemia, and a wide variety of degenerative diseases8,9 and
in processes underlying biological aging.10,11

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
(vitamin E), which partitions in the lipid bilayer, can avoid or
at least significantly reduce free radical reaction damage in a
lipid environment12-15 (Scheme 1). As a result they afford
efficient antioxidant protection to biological membranes13,16,17

and to human low-density lipoproteins (LDL).18-22

Note that the isoprenoid units can vary from 6 in some yeasts
to 10 in humans,23 and that ubiquinol (UQH2) is the reduced
form of ubiquinone (UQ), mitoquinone, or coenzyme Q, by a
two-electron process24 (Scheme 2).

Although strictly speaking the coenzyme Q denomination 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. In living cells coenzyme Q
functions as an obligatory chemical intermediate electron carrier
in the electron transport chains of mitochondria24,25and plasma
membranes,26 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.26-28 In mammalian
cells, most of the dehydroascorbic acid produced upon the
oxidation of ascorbic acid is reduced by redox coupling to
glutathione.29 Because the intracellular concentration of reduced
gluthatione is a good indicator of the intracellular redox state,30

it follows that within the living cells the chemical equilibrium
between oxidized and reduced coenzyme Q is altered under
oxidative stress conditions (such as those produced in ischaemia
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or inflammation) that lead to depletion of intracellular reduced
gluthatione.30,31 Under these conditions a large increase of
oxygen radical species, hydroxyl radicals among them, is
observed within the cells.9

The peroxidation of lipids (LH) is a free radical chain reaction
that yields peroxyl radicals (LOO.)32,33

It is generally accepted that most free radical trapping antioxi-
dants (AH) capture these radicals by a hydrogen abstraction
reaction33

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.

Considerable experimental work has been devoted to the study
of the activity of free radical chain-breaking antioxidants on
biological systems.34-43 These studies concluded that the relative
antioxidant activities of QH2 vs R-TOH are QH2 > R-TOH in
LDL; QH2 < R-TOH in homogeneous solution; and QH2 ≈
R-TOH in aqueous lipid dispersions,35 and that the oxidized
form of QH2, i.e., ubiquinone, has little or no antioxidant
activity.44-46 The reaction between the CoQ and the hydroxyl
radical has not been experimentally studied: will this free radical
follow the same mechanism of hydrogen abstraction reaction
as the peroxyl radicals? Will the oxidized form (ubiquinone)
show little or no activity in the presence of the reactive and,
therefore poorly selective, hydroxyl radical?

The extensive experimental literature on the reactivity of
antioxidants contrasts with the scarce theoretical studies done
on this subject despite its relevance, probably due to the
difficulties in describing the electronic structure of these
relatively large systems for this aim. Focusing on the coenzyme
Q system, these studies have been limited to the stationary point
geometries using molecular orbital methods. Thus, Heer et al.41

applied hybrid density functional theory (DFT) at the B3LYP/
6-31G(d,p) level to calculate the phenolic-hydrogen bond
dissociation enthalpy of ubiquinol-0, 78.5( 1.5 kcal mol-1,
comparable withR-tocopherol BDE(O-H) of 77.3 kcal mol-1.47

Later, Ingold et al.43 using the same hybrid DFT level, carried
out transition state calculations for hydrogen abstraction reac-
tions by methoxyl radicals from intramolecularly hydrogen-
bonded and non-hydrogen-bonded 2-methoxyphenol (a very
simple model of ubiquinol-0). They concluded that the hydrogen
atom abstraction is surprisingly easy from intramolecularly
hydrogen bonded methoxyphenols. Finally, Tu¨rker48 performed
a theoretical study on coenzyme Q10 (ubiquinone and ubiquinol)
using the semiempirical orbital molecular method Austin model
1 (AM1).49

In this paper, we focus on the reaction of the hydroxyl radical
(•OH), one of the most damaging free radicals that can arise in
living organisms,7 with coenzyme Q, which is present in all
membranes of mammalian cells.50 It is necessary to note that
this relevant bioreaction has been neither theoretically nor
experimentally reported to date, and its mechanism and kinetics,
to the best of our knowledge, have not been analyzed. This
reaction is expected to be very fast, because previous experi-
mental studies51 have shown that the second-order rate constant
for the reaction of benzohydroquinone with•OH is greater than
109 M-1 s-1.

The major aims of this paper are: first, to propose a
mechanism to account for the attack of the hydroxyl free radical

on CoQ, i.e., to analyze theoretically the possible reaction
pathways, considering separately the oxidized and reduced forms
of CoQ; second, to obtain theoretical kinetic information for
the more favorable pathways; and third, to contrast theoretical
kinetic predictions (which simulate a diluted gas-phase) with
the experimentally determined rate contants in water solution
at pH 7. In section II we describe the theoretical methods and
computational details, and the experimental methods used in
this work. Results and discussion are given in section III and,
finally, conclusions are presented in section IV.

2. Methods

2.1. Theory, Methods, and Computational Details.Geom-
etries, energies, and first and second energy derivatives of all
stationary points were calculated by hybrid density functional
theory (DFT) using the Gaussian 9852 system of programs.
Exchange and correlation were treated by the BHandHLYP
method, which is based on Becke’s half-and-half method53 and
the gradient-corrected correlation functional of Lee, Yang, and
Parr,54 using the 6-31G basis set. In short, the level used is
named BHandHLYP/6-31G. It has been found that this hybrid
DFT method gives more accurate barrier heights than other
hybrid DFT methods, such as B3LYP and B3P86.55-58 It has
been pointed in the literature59 that these methods present small
spin contamination, with〈S2〉 values calculated very close to
the expectation values, i.e., 0.75. Note, however, that spin
contamination in DFT calculations is not well defined theoreti-
cally and should be handled with caution,60 although it can be
expected that the problems for energy calculations associated
with spin contamination are less severe in DFT than in ab initio
theory.

Due to 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.
First, Foti et al.36 found that the hydrogen abstraction reaction
from ubiquinol by phenoxyl radicals was independent of the
number of isoprenoid units in the “tail”, i.e., practically the same
rate constants were found from 0 (ubiquinol-0) to 10 (ubiquinol-
10) isoprenoid units. Based on these conclusions, the isoprenoid
units in natural CoQ10 (see Scheme 1) were changed to a methyl
group in this work. 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 environ-
ments. 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.

The kinetics study for the reaction of CoQ with OH was
carried out using the direct dynamics approach.61,62 This
approach describes a chemical reaction by using electronic
structure calculations of the energy and energy derivatives
(gradients and Hessians) without the intermediary of an analyti-
cal potential energy surface or force field. In this approach,
electronic structure calculations are required only in the region
of configuration space lying along the reaction path and the
reaction valley formed by the motion orthogonal to it. This
method to construct the potential energy surface has already
been used by our group to study smaller systems, in hydrogen
abstraction63-70 and addition reactions,71 with excellent results.

Depending on whether the OH attack involved a barrier or
not, two approaches were employed to calculate the initial
information about the potential energy surface, which is needed
to perform the kinetic study. (i) In the case that the reaction
proceeds via a saddle point, i.e., a barrier height is involved,

LH 98
O2

LOO•

LOO• + AH f LOOH + A•
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we constructed the “intrinsic reaction coordinate” (IRC) or
“minimum energy path” (MEP) at this level, with a gradient
step size of 0.05 bohr amu1/2, starting from the saddle point
geometry and going downhill to both the asymptotic reactant
and product channels in mass-weighted Cartesian coordinates.
Along this MEP 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 reaction
path was calculated from-0.5 bohr on the reactants side to
+0.5 bohr on the product side. At each two points along the
reaction path, the harmonic vibrational frequencies and reaction-
path curvature components were computed. Along this MEP a
generalized normal-mode analysis was performed, projecting
out frequencies at each point along the path.72 With this
information we calculated the ground-state vibrationally adia-
batic potential curve

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

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

(ii) In the case that the reaction proceeds without saddle point,
i.e., a barrierless reaction, we used the “distinguished coordinate
path” (DCP approach),73 where the most significant varying
geometrical parameter,RC-O, is fixed at different values and
the other degrees of freedom are allowed to relax. In this case,
the C-O distance ranges from 3.0 to 1.5 Å, i.e., practically
from reactants to adducts. This DCP approach presents two main
problems: molecular reorientation and incorrect projected
normal-mode motions orthogonal to the path. To ensure that
the orientation of the molecular system is consistent along the
path, we used the algorithm proposed by Chen.74 With respect
to the second problem, while at each DCP point a generalized
normal-mode analysis was performed, since the true MEP was
not calculated, it must be borne in mind that projecting out the
frequencies using the local gradient obtained from the DCP
optimization may lead to incorrect results.73 To obtain reliable
eigenvectors and generalized frequencies along the DCP path
we used the RODS algorithm proposed by Villa` and Truhlar.73

Finally, for both approaches independently (MEP and DCP),
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 theory75,76(CVT) approach,
which locates the dividing surface between reactants and
products at a points*,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,°[T, s*,CVT-
(T)] of the free energy of activation profile∆G(T,s).75,76Thus,
the thermal rate constant will be given by

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

All dynamics calculations were carried out with the general
polyatomic rate constant code POLYRATE,77 where the2Π1/2

excited state of OH in the reactant partition function (140 cm-1)
is correctly included. The rotational partition functions were
calculated classically. The vibrations are treated as harmonic
and separable, and the vibrational treatment was done using
rectilinear coordinates (linear combination of Cartesian coor-
dinates). These coordinates gave unphysical imaginary values
of some lowest frequencies on the reactant and product channels,
and to avoid this problem these modes were treated using the
hindered-internal-rotator-approximation as implemented in
POLYRATE. Moreover, for both paths (MEP and DCP) the
mapped interpolation algorithm, implemented in the POLYRATE
program, was used to interpolate the electronic structure
information along the respective paths. Finally, the tunneling
method is considered by using the centrifugal-dominant small-
curvature tunneling (SCT) approach.78

2.2. Experimental Determination of the Rate Constant.
The water soluble chemical analogue 2,3-dimethoxy-5-methyl-
p-benzoquinone (coenzyme Q0), was supplied by SIGMA Chem.
Co. (Missouri). The reduced form UQ0H2 was prepared by
chemical reduction with addition of 0.5 M NaBH4 (dissolved
in 0.1 M NaOH) to 20 mM coenzyme Q0 dissolved in water
(40 µL of 0.5 M NaBH4 per mL of 20 mM coenzyme Q0), and
excess NaBH4 was removed by treatment with HCl.79 Reduced
UQ0H2 solutions were purged with nitrogen for 5 min in a sealed
flask and the reduction of UQ0 was assessed from the 240-
340 nm spectrum of the solution, using an extinction coefficient
at 268 nm of 13.8× 103 M-1 cm-1 for UQ0H2.80 Hydroxyl
radicals were generated “in situ” in the reaction mixture using
the Fenton reaction, as indicated by Cohen.81 Briefly, hydroxyl
radicals were produced upon addition of hydrogen peroxide
(0.2-0.5 mM) to a sodium phosphate buffered solution (pH
7.0) containing 100-150 µM diethylenetriaminepenta-acetic
acid (DTPA) and 50-100µM ferrous sulfate. In some experi-
ments freshly prepared ascorbic acid (0.25-1 mM) was added
to allow for a more sustained production of hydroxyl radicals
upon ferric ions recycling to ferrous ions.81

The reaction of the hydroxyl radical with UQ0H2 was
determined from the fast initial decay of the absorbance at 275
nm (once corrected for the absorbance change due to the slower
oxidation of ferrous ions), which monitors the oxidation of
UQ0H2, using an extinction coefficient of 12.25× 103 M-1 s-1.82

The reaction of the hydroxyl radical with oxidized UQ0 was
determined from the kinetics of the decay of absorbance at 440
nm upon addition of ascorbic acid, slightly above the reported
absorption maximum of the oxidized UQ0 in the 400-450 nm
spectral range,83 to avoid a significant contribution of ferric salt
absorption. Absorbance measurements were made with a UV-
visible Shimadzu 1240 spectrophotometer, equipped with ther-
mostated cell holders. Origin software was used to analyze the
kinetic data by nonlinear least-squares fit to the first-order
exponential decay equation for a first-order kinetic process:

whereA0, At, andA∞ are the absorbance readings at times 0,t
and after completion of the kinetic process (t ) ∞), andk is the
rate constant for the first-order kinetic process.

The rate constant for the reaction of UQ0 and UQ0H2 with
hydroxyl radicals was determined from competition studies at
298 K using benzoate andtert-butanol as chemical competitors
for hydroxyl radicals as indicated by Bors et al.,84 using the
following equation:

At - A∞ ) (A0 - A∞) e-k.t (3)

Va
G(s) ) VMEP(s) + εint

G(s) (1)

KCVT(T) ) σ(kBT/h) K° exp[-∆G(T, s*,CVT)/kBT] (2)
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whereV0 andV are the rates of the reaction in the absence and
in the presence of a given concentration of the competitor, [C],
respectively;∆A0 and ∆A are the absorbance changes in the
absence and in the presence of a concentration [C] of the
competitor; andkc andkQ0 are the rate constants for the reaction
of hydroxyl radicals with the competitor and the appropriate
redox form of coenzyme Q0, respectively. The values of the
rate constants for the reaction between benzoate andtert-butanol
with hydroxyl radicals at 298 K were taken as 6.0× 109 and
0.52× 109 M-1 s-1, respectively.84

All the reagents used in this study (ascorbic acid, DTPA,
ferrous sulfate, NaBH4, and hydrogen peroxide) were of at least
analytical grade and were supplied by either SIGMA (Missouri)
or Merck (Darmstadt, Germany).

3. Results and Discussion

3.1. Experimental Rate Constants in Water Solution at
pH 7. The rate constant at 298 K for the hydroxyl radical
reaction with UQ0 was determined from the dependence upon
benzoate andtert-butanol concentrations of the kinetics of
reaction after addition of hydrogen peroxide and ascorbate,
monitored at 440 nm as indicated in the Methods section. It is
to be noted that the absorbance at 440 nm remained constant
for, at least, 5 min after the addition of ferrous sulfate and
hydrogen peroxide in the absence of ascorbic acid. Thus,
interference from absorbance changes due to putative ferric ion
(produced during Fenton’s reaction)-UQ0 complex formation
can be excluded under these experimental conditions. Benzoate
and tert-butyl alcohol behave as competitors for the UQ0

reaction with hydroxyl radicals, as also shown by the results in
Figure 1A. The analysis of the decay of the absorbance at 440
nm indicated that this is a first-order exponential decay, and
from the fit of these traces by nonlinear regression we have
obtained the apparent rate constant of UQ0 disappearance as a
function of benzoate andtert-butanol concentrations (Figures
1B and 1C). Using the equation for competitive chemical
reactions given in Bors et al.,84 the results yielded rate constants
of (6-7) × 1010 and (5-7) × 1010 M-1 s-1 for the reaction
between hydroxyl radicals and UQ0 when the chemical competi-
tor is benzoate andtert-butanol, respectively. The best nonlinear
fit of the data of Figures 1B and 1C gave values of the rate
constant of (6.5( 0.2) × 1010 and (6.05( 0.25)× 1010 M-1

s-1 with benzoate andtert-butanol, respectively.
The rate constant for the hydroxyl radical reaction with

UQ0H2 was determined from the dependence upon benzoate and
tert-butanol concentrations of the extent of ubiquinol oxidation
after hydroxyl radical production, measured from the fast initial
decay of absorbance at 275 nm as indicated in the Methods
section (which, in the absence of a competitive hydroxyl radical
scavenger, amounted to 15-20% of the absorbance at 275 nm).
Because the production of ferric ions through the Fenton’s
reaction resulted in an increase of the absorbance at 275 nm
(following a slower kinetics, in the min time scale), the reaction
was started by addition of hydrogen peroxide only few seconds
after the addition of ferrous sulfate to minimize the interference
between the two kinetic processes. The change of absorbance
at 275 nm due to the slower kinetics of ferric ion formation at
the time of reading the initial fast decay after addition of
hydrogen peroxide (usually 15-20 s) was obtained from
nonlinear regression fit of control kinetics carried out in the
absence of UQ0H2 (results not shown), and was found to account
for 5-10% of the fast initial decay measured in the absence of

the competitive hydroxyl radical scavengers benzoate andtert-
butanol. The results are shown in Figure 2, from which we

V0/V ) ∆A0/∆A ) 1 + (kc/kQ0) × ([C]/[coenzyme Q0]) (4)

Figure 1. Experimental measurements of the reaction between
hydroxyl radicals and the oxidized form of coenzyme Q0 (UQ0) from
measurements of the kinetics of absorbance decay at 440 nm. (Panel
A) Selected traces of the time course of the decay of absorbance at
440 nm at 25°C after addition at time zero of 0.5 mM ascorbic acid
to a quartz cuvette containing 100µM UQ0 in 50 mM sodium
phosphate, 150µM DTPA, and the concentrations of sodium benzoate
or tert-butanol indicated below (pH 7), plus 50µM FeSO4 and 0.2
mM H2O2 added 1-2 min before the addition of ascorbic acid. Solid
line: in the absence of chemical competitor; dotted line: in the presence
of 1 mM sodium benzoate; dashed line: in the presence of 10 mM
tert-butanol. (Panels B and C) Plot of the apparent rate constant obtained
from the nonlinear least-squares fit of absorbance decay traces to the
equation of a first-order kinetic process, eq 3, versus the concentration
of benzoate (Panel B) andtert-butanol (Panel C). Each data point is
the average ofn g 3 independent measurements, and the error bars
indicate the range of variation obtained for each experimental condition.
The lines in Panels B and C are the best nonlinear least-squares fit of
the experimental data to eq 4, which yielded the following values for
the rate constant between hydroxyl radicals and UQ0: (6.5 ( 0.2) ×
1010 M-1 s-1 (ø2 ) 0.00002) (Panel B) and (6.05( 0.25)× 1010 M-1

s-1 (ø2 ) 0.00008) (Panel C).
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calculated a rate constant for the hydroxyl radical reaction with
UQ0H2 of (1-2) × 109 and (0.7-1.6) × 109 M-1 s-1 with
benzoate andtert-butanol as chemical competitors, respectively.
Similar results were obtained from the fit of the kinetics when
hydroxyl radicals were generated by addition of ascorbic acid
as indicated in the Methods section (results not shown), except
that in this case the efficiency of the UQ0H2 oxidation was
highly improved. The best least squares linear fit of the data of
Figure 2 (Panels A and B) give values of the rate constant of
(1.48 ( 0.04) × 109 and (1.18( 0.03) × 109 M-1 s-1 with
benzoate andtert-butanol, respectively, i.e., 1 order of magnitude
lower than with the oxidized form.

3.2. Possible Pathways of Attack.In the biological mem-
brane, both forms of coenzyme Q (ubiquinol, UQH2, and
ubiquinone, UQ) are present. When the hydroxyl radical attacks
coenzyme Q, several pathways are possible, and to make the
discussion clearer, we will distinguish between the two forms.

(i) In the first case, the hydroxyl radical attacking ubiquinol,
UQH2, two general pathways are possible (Scheme 3): the

abstraction of the hydrogen atom from the phenolic O-H to
form a “phenoxyl type” radical and water

and the addition of the OH radical to the aromatic ring to form
an adduct, in a manner similar to the reaction between
atmospheric aromatic compounds and OH,85

In the addition pathway, when the OH attacks ubiquinol, three
approaches are possible: ipso, ortho on-OCH3 (ortho-1) and
ortho on-CH3 (ortho-2). The relative energies with respect to
the reactants (level zero) are listed in Table 1 at the BHandH-
LYP/6-31G level. All addition reactions are endothermic, with
the more favorable approach in the order: ipso> ortho-1 >
ortho-2. This endothermic behavior can be explained by the loss
of bencenic ring’s aromaticity with the addition.

In the hydrogen abstraction pathway, two possibilities are
available, corresponding to the two orbital approaches of the
OH radical to the ubiquinol molecule (Scheme 3). The first
corresponds to the doubly occupiedσ lone pair of the O
(hydroxyl) pointing directly toward the hydrogen atom of the
phenolic OH in ubiquinol. This mechanism is termed PCET
(proton-coupled electron transfer)86 in which the proton and
electron are transferred between different sets of orbitals. In
this reaction, the proton transfers between oxygenσ lone pairs
and the electron transfers in the same direction from the doubly
occupied 2p-π AO on oxygen in ubiquinol to the singly occupied
2p-π AO on the oxygen of the OH radical. Mayer et al.86b noted
that a necessary (but not sufficient) condition for this PCET
mechanism is the existence of a hydrogen bond complex prior
to the transition state. We performed an exhaustive investigation
of this complex over wide zones of the potential energy surface.
We found a very stable hydrogen bond complex, 9.9 kcal mol-1

with respect to the reactants, (Scheme 4), but the orientation
does not lie on the pathway to products, i.e., it is a nonproductive
encounter. This complex can be explained using Mulliken
population analysis (Scheme 4). Clearly, the O(ubiquinol)/
H(hydroxyl) electrostatic interaction is stronger than the opposite
possibility. All attempts to obtain a hydrogen bond complex
for the PCET mechanism were unsuccessful at this theore-
tical level, and we ruled out this mechanism for the studied
reaction.

The second orbital approach of the OH radical to ubiquinol
corresponds to the singly occupied 2p-π AO on the oxygen in
OH pointing toward the H atom of the phenolic OH in ubiquinol,
following the familiar hydrogen atom transfer (HAT) mechanism
of organic free radical chemistry. This pathway is strongly
exothermic,-24.34 kcal mol-1 (Table 1) and it is the more
favorable mechanism for the reduced ubiquinol form.

Figure 2. Experimental measurements of the reaction between
hydroxyl radicals and the reduced form of coenzyme Q0 (UQ0H2) from
measurements of the absorbance change at 275 nm (∆A). The
absorbance change was measured at 275 nm at 25°C after addition of
50 µM FeSO4 and 0.2 mM H2O2 to a quartz cuvette containing 50µM
UQ0H2 in 50 mM sodium phosphate, 150µM DTPA, and the
concentrations of sodium benzoate ortert-butyl alcohol indicated below
(pH 7). Panels A and B. Plot of the ratio of absorbance change (∆A0/
∆A) versus the concentration of benzoate (Panel A) andtert-butyl
alcohol (Panel B).∆A0 ranged from 0.07 to 0.1, indicating that 10-
15% of UQ0H2 was oxidized by hydroxyl radicals. Each data point is
the average ofn g 3 independent measurements, and the error bars
indicate the range of variation obtained for each experimental condition.
The lines in Panels A and B are the best linear least-squares fit of the
experimental data to eq 4, which yielded the following values for the
rate constant between hydroxyl radicals and UQ0H2: (1.48( 0.04)×
109 M-1 s-1 (R ) 0.9983) (Panel A) and (1.18( 0.03)× 109 M-1 s-1

(R ) 0.9998) (Panel B).

TABLE 1: Relative Reaction Energies (∆VR, kcal mol-1) for
the CoQ + OH Reaction at the BHandHLYP/6-31G Level

approach ∆VR

Ubiquinol Form
HAT -24.3
PCET -
ipso +2.6
ortho-1 +3.5
ortho-2 +6.4

Ubiquinone Form
ipso -10.9
ortho-1 -23.6
ortho-2 -12.5

UQH2 + OH• f UQH• + H2O (5)

UQH2 + OH• f UQH2(OH)• (6)
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(ii) In the second case, the hydroxyl radical attacks ubiqui-
none, UQ, by an addition mechanism (Scheme 5). In this
addition pathway, three approaches are possible: ipso, ortho
on-OCH3 (ortho-1) and ortho on-CH3 (ortho-2). The relative
energies with respect to the reactants (level zero) are also listed
in Table 1 at the BHandHLYP/6-31G level. All addition
reactions are exothermic, with the more favorable approach in
the order: ortho-1> ortho-2> Ipso

At this point, we must remember that one of the major aims
of this paper is to propose a mechanism to account for the attack

of the OH on CoQ, i.e., hydrogen abstraction or electrophilic
addition. Therefore, due to the big size of the molecular system
and the great number of calculations along the respective
reaction paths, in the rest of the paper we shall focus on the
two most favorable pathways: the hydrogen abstraction reaction
for the first case, i.e, the reaction of OH with the reduced form,
ubiquinol; and the addition reaction in ortho-1 position in the
second case, i.e., the reaction of OH with the oxidized form,
ubiquinone. Doubtless, in view of the exothermicity of the other
addition reactions on the oxidized form, these also will
contribute to the final rate constant, and the ratio of the relative
reaction energies (Table 1) could permit us, a priori, to establish
the branching ratios.

3.3. Hydrogen Abstraction Reaction on the Reduced
Form. The optimized geometries of reactant (UQH2), product
(UQH1), and saddle point (Scheme 3), using the hybrid DFT
BHandHLYP/6-31G level are shown in Figure 3. There are
several geometrical features which will be analyzed following
the reaction coordinate, i.e., from reactants to products. First,
at the three 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

SCHEME 3: Schematic Representation of the Possible Pathways for the Attack of the OH Radical on Ubiquinola

a HAT: hydrogen abstraction transfer; PCET: proton-coupled electron transfer; ADDITION: addition reaction on the aromatic ring

SCHEME 4: Geometry Optimized and Mulliken
Population Analysis for Ubiquinol, Hydroxyl Radical,
and Hydrogen Bonded Complex at the BHandHLYP/6-
31G Level
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phenolic hydrogens are hydrogen bonded to the respective
oxygens of the neighboring methoxy groups. Third, the two
methyl substituents of the methoxy groups (ortho- and meta-)
are out of the benzene plane in 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 delocal-
ization along the reaction path (Figure 3). Here, for comparison
purposes, we take as reference the C-O distances in methanol
(single bond character: 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, i.e., 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 more important 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 char-
acter. This last behavior agrees with the tendency found for the
C-O bond in phenol and phenoxyl radical from experiment87,88

or theoretical calculations,89-93 and with the theoretical results
for ubiquinol-0,41 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.

At the saddle point, the most sensitive parameters are related
to the breaking-forming bonds, O(phenolic)-H′ and H′-O(hy-
droxyl). The length of the bond that is broken increases by only
8%, while the length of the bond that is formed increases by
43%, with respect to the reactant (UQH2) and product (H2O)
molecules, respectively. Therefore, the reaction of UQH2 with
the hydroxyl radical proceeds via an “early” transition state.
This is the expected behavior that would follow from Ham-
mond’s postulate,94 since the reaction is very exothermic (see
Table 1). This saddle point was identified with one negative
eigenvalue of the Hessian matrix and, therefore, one imaginary
frequency (1924 i cm-1).

Some authors95-99 have postulated the existence of a complex
reaction mechanism in which the oxygen-centered free radical
forms a hydrogen bond complex with the HO-containing
substrate. In our case, the possible complexes are HO‚‚‚HOUQ,
on the reactant channel, and HOH‚‚‚OUQ, on the product
channel. For this reaction, several hydrogen bonded complexes
were searched, in both reactant and product valleys in two
independent ways. On one hand, we followed the conventional
method of approaching the two subsystems from infinity, and,
on the other hand, we followed the IRC starting from the saddle
point and going downhill to both reactant and product channels.
All attempts to locate these complexes were unsuccessful at
this theoretical level. We found only a hydrogen bond complex
where the hydrogen of the attacking hydroxyl radical is
hydrogen bonded to the phenolic oxygen, i.e., OH‚‚‚OHUQ,
(Scheme 4). Clearly, this orientation will give a nonproductive
encounter because it is not on the reaction path to the products.

Finally, the energy and enthalpy (0 K) changes (reaction and
activation) are also plotted in Figure 3. Note that the enthalpic
nomenclature,∆Ho°, is equivalent to that used in eq 1,∆Va

G.
Unfortunately, comparison with experimental or theoretical work
is not possible, because the enthalpy of reaction has been directly

SCHEME 5: Schematic Representation of the Orientations (ipso, ortho-1 and ortho-2) for the OH Addition to
Ubiquinone

Figure 3. Reaction and barrier height energy and enthalpy at 0 K
(second entry) (kcal mol-1) and geometric (bond lengths in angstroms)
reaction profile of the OH+ ubiquinol hydrogen abstraction reaction
computed at the BHandHLYP/6-31G level of theory.
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measured neither experimentally nor 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 the BDE(H2O) ) 117.90 kcal mol-1 and BDE(UQH2)
) 78.5( 1.5 kcal mol-1 from literature,41,100a value of∆Ho°
) -38.00 kcal mol-1 is proposed for the studied reaction
(Figure 3). Thus, our results qualitatively describe the exother-
mic 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 limitations, we performed calculations
of the reaction energy and barrier height using larger basis sets,
namely, 6-31G(d,p) and 6-311+G(d,p). For the enthalpy of
reaction (0 K) we obtained values of-28.32 and-30.00 kcal
mol-1, respectively. Clearly, larger the basis is, the better the
agreement with experiment. Note, however, that even with a
basis set large enough for this molecular system, the difference
is of 8 kcal mol-1. With respect to the barrier height, the values
are 1.86 and 3.17 kcal mol-1, respectively (1.04 and 2.35 kcal
mol-1 for the enthalpy (0K) change), i.e., higher than those
obtained with the 6-31G basis set. On the other hand, to estimate
the influence of the functional used, we also performed also
energetic calculations (reaction and activation) using a different
functional: B3LYP/6-31G. We obtained an enthalpy of reaction
(0 K) of -32.00 kcal mol-1, in better agreement with experi-
ment. However, all attemps to locate the saddle point at this
level were unsuccessful, and therefore, we discarded this level
in our study.

In summary, a better agreement with experiment could only
be possible when more complete correlation energy methods
and larger basis sets were used, which is beyond of the scope
of this work given the large size of the molecular system.

3.4. Addition to Ubiquinone. The optimized geometries of
all stationary points (reactants and adducts) and the energy and
enthalpy (0 K) changes at the BHandHLYP/6-31G level are
shown in Figure 4. Several geometrical features need emphasiz-
ing. 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 OH free radical to form
the adducts (ipso, ortho-1, and ortho-2) breaks this planarity
on the reactive center. Second, when the OH attacks ubiquinone,
the spin density is located in different oxygen atoms, changing
their C-O distances. Thus, for the ipso approach, the spin
density is located on the oxygen in ipso, which changes its C-O
distance from 1.244 Å in ubiquinone to 1.452 Å in the adduct,
i.e., practically a single bond. For the ortho-1 and ortho-2
approaches, the spin density is located on the oxygen 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 OH attack.
While in the ipso approach it is practically a single bond, in
the ortho-1 and ortho-2 approaches it is weaker than a single
bond.

For the most favorable approach, OH on the ortho-1 position,
the new C-O bond formed with the OH attack is chosen as a
distinguished coordinate to define the DCP path. The C-O
distance ranges from 3.0 to 1.5 Å. This reaction proceeds directly
from reactants to the adduct, without an intermediate saddle
point. This behavior is typical of radical addition reactions,
which are very fast, practically barrierless, and present inverse
temperature dependence of the rate constants, i.e., negative

activation energy. The other two approaches (ortho-2 and ipso)
would be expected to evolve in a similar way, although they
were not calculated in this work.

3.5. Theoretical Rate Constant Calculations.As indicated
in the Methods section, the reaction path and reaction valley
information was obtained in different ways for the different
approaches. Thus, for the hydrogen abstraction reaction on
ubiquinol, the MEP was constructed starting from the saddle
point; while for the addition reaction in ortho-1 position on
ubiquinone, the DCP was constructed choosing the new C-O
bond formed as distinguished coordinate. Since in our model
reaction the isoprenoid “tail” was replaced by a methyl group,
the two phenolic abstractable hydrogens in ubiquinol and the
two carbons in ortho-1 positions in ubiquinone are respectively
equivalent, and the respective total rate constants were calculated
by considering the rate constant for one abstraction reaction
and one addition reaction, respectively, and multiplying by 2.

As we noted above, the reaction of CoQ with the hydroxyl
radical can proceed via two pathways: hydrogen abstraction
on ubiquinol and addition reaction on ubiquinone. They are
therefore two competitive reactions. Therefore, the total rate
constant will be

For the hydrogen abstraction reaction on ubiquinol, Table 2
lists the canonical variational rate constants (CVT) for the
temperature range 200-500 K, together the experimental values
at 298 K for comparison. (Note that this range is very wide for
a biological system, but it permits us a clearer interpretation of
the temperature dependence of the rate constants). The bottle-
neck properties of the reaction, based on the CVT approach,
show that the location of the generalized transition state (GTS)
is always at the saddle point over all temperature range. Thus,

Figure 4. Reaction energy and enthalpy at 0 K (second entry) (kcal
mol-1) and geometric (bond lengths in angstroms) reaction profiles of
the three orientations (ipso, ortho-1, and ortho-2) for the OH+
ubiquinone addition reaction computed at the BHandHLYP/6-31G level
of theory.

k(T) ) kabs(T) + kadd(T) (8)

∆Ho° ) BDE(UQH2) - BDE(H2O) (7)
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the variational effects on the thermal rate constants are
negligible, i.e., the free energy maximum occurs at the saddle
point, indicating that the classical potential energy contribution
predominates over the entropy contribution. Note that the
variational effect is defined as the ratio between the variational
CVT and conventional TST rate constants. For the tunneling
contribution, as information is only available on the reaction
path, the centrifugal-dominant small-curvature (SCT)78 method
was used. As the adiabatic barrier for this hydrogen abstraction
reaction presents a negative value (see Figure 3), the tunneling
correction has a value unity at all temperatures. At 298 K, the
theoretical rate constant is slightly lower than the experimental
values (also determined in this work).

For the addition reaction in the ortho-1 position on ubiquino-
ne, the CVT rate constants are also listed in Table 2. As noted
previously, calculations using the optimized geometries from
the DCP approach provide a reaction path as a function of the
new C-O bond formed, which presents neither a classical nor
an adiabatic potential energy barrier. At 298 K the theoretical
rate constant is of the same order of magnitude as the
experimental values.

The agreement between theory and experiment for the two
pathways, abstraction and addition, lends confidence to the
theoretical level and model used. Moreover, as theoretically as
experimentally, the OH addition to ubiquinone is 10-100 times
faster than the hydrogen abstraction reaction on ubiquinol, and
therefore the addition mechanism seems the most favorable
mechanism in a molecule-per-molecule ratio.

The total rate constants can be obtained by taking into account
both mechanisms (abstraction and addition, eq 8), but due to
the differences between the two values (about 2 orders of
magnitude) the total rate constants practically coincide with the
addition mechanism values. The differences with the experi-
mental data can be explained by the limitations of this study
model: the other addition approaches (ipso and ortho-2) on
ubiquinone should also be taken into account, the gas-phase
environment used, the modeling of the real system, etc.

The calculated rate constants show a negative temperature
dependence and, consequently, a negative activation energy,
which is the expected behavior for a free radical addition
reaction. Activation energies can be obtained from rate constants
through the usual definition

which is equivalent to determining the slope of the plot of lnk
versus 1/T. At 298 K, a value of-4.0 kcal mol-1 is found.

The experimental rate constant of the reaction between
hydroxyl radicals and UQ0 was measured at pH 7 at 25 and 55

°C from the kinetics of decay of the absorbance at 440 nm as
indicated in the Methods section and in the legend to Figure
1A. The experimental values obtained for the apparent rate
constant of UQ0 oxidation at 25 and 55°C were found to be
0.58( 0.06 and 0.19( 0.02 min-1, respectively, which leads
to an experimental value for the activation energy of-7.4 (
1.3 kcal/mol, in good agreement with the theoretical prediction
of a negative activation energy for this reaction. These theoreti-
cal and experimental results seem also to point toward the
addition mechanism proposed in this work.

To understand the behavior of this negative activation energy,
we analyzed the Gibbs free energy variation withT, which can
be decomposed into enthalpy and entropy contributions:

where

and

These equations are equivalent to those employed previously,101

and the standard state for all equations is the ideal gas state at
1 atm. In practice, the derivatives in eq 11 were calculated by
a two-point central difference algorithm. Thus, at 298 K,∆HGT,0

is -5.2 kcal mol-1, while -T∆SGT,0 is +37.3 kcal mol-1.
At this point it is useful to consider the following relationship

between the activation energy and the enthalpy change corre-
sponding to the variational transition state:

which holds for bimolecular chemical reactions in the gas phase
(provided that no tunneling effect exists) and is also derived
by using the van’t Hoff equation.101,102At a given temperature,
the value ofEa depends on the balance between the term∆HGT,0-
(T) and 2RTaccording to eq 13. The value obtained at 298 K,
∆HGT,0(298 K) ) -5.2 kcal mol-1, becomes large enough in
absolute value to overcome the positive 2RT term (1.2 kcal
mol-1), producing a negative activation energy. Therefore, with
this explanation of the activation energy we ruled out the need
for a pre-reactive complex in the entry channel to explain the
negative tendency of this magnitude.

3.6. Comparison with Analogous Systems.Interestingly, this
addition mechanism is supported by the experimental evidence
in analogous reactions. First, this reaction shows the behavior
of general unsaturated compounds with the OH radical. It is
well known that at low temperatures (T < 500 K) these reactions
are dominated by the electrophilic addition of OH to the
unsaturated compound to form an adduct, while at higher
temperatures (T > 750 K) the abstraction of a hydrogen atom
becomes the preferred mechanism.2 Unfortunately, the experi-
mental information including both mechanisms for the same
unsaturated compound is very scarce. Some values in the gas-
phase are listed in Table 3, together with our theoretical
calculations for the CoQ+ OH reaction. Note that the addition/
abstraction ratio of several unsaturated compounds with OH
(including the title reaction) show a range of 101-103. In
general, it is admitted that at room temperature the H atom
abstraction represents<10% of the overall OH radical reac-
tion104 and that the addition reaction is very fast, with most

TABLE 2: Theoretical and Experimental Rate Constants
(k, M-1 s-1) as a Function of Temperature

theoreticala experimental

T (K) abstraction addition UQ0H2 UQ0

200 3.71(8)b 6.62(11)
250 3.06(8) 8.07(10)
298 2.84(8) 2.14(10) 1.3( 0.2(9) 6.25( 0.25(10)
300 2.83(8) 2.04(10)
350 2.80(8) 8.01(9)
400 2.86(8) 4.06(9)
450 3.00(8) 2.47(9)
500 3.18(8) 1.70(9)

a Canonical variational CVT rate constants at the BHandHLYP/6-
31G level.b 3.71(8) stands for 3.71× 10+8, in M-1 s-1.

Ea ) -R
d(ln k)

d(1/T)
(9)

∆GGT,0 ) ∆HGT,0 - T∆SGT,0 (10)

∆HGT,0 ) RT2d ln kCVT

dT
- 2RT (11)

-T∆SGT,0 ) ∆GGT,0 - ∆HGT,0 (12)

Ea ) ∆HGT,0 + 2RT (13)
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rate constants within 1 order of magnitude of the diffusion-
controlled limit.2

Second, the addition mechanism is a common pathway for
other biological systems. Table 4 lists some systems together
with the title reaction at room temperature. All systems present
a strong scavenging activity with respect to the OH radical, with
very high rate constants, that are practically diffusion-controlled.

4. Concluding Remarks

The results obtained in this study allow us to conclude that
coenzyme Q is one of the most reactive molecules against
hydroxyl radicals present in mammalian cells, because to the
best of our knowledge the experimental bimolecular reaction
constant at 298 K in aqueous solution at pH 7.0 between
oxidized UQ0 and hydroxyl radicals, 6.25× 1010 M-1 s-1

[acceptable experimental interval (4-7) × 1010 M-1 s-1] is one
of the highest reported so far for the reaction between hydroxyl
radicals and relevant biochemical molecules in mammalian cells
(see Table 4). Moreover, assuming a value for the diffusion
coefficient of hydroxyl radicals in water close to twice that of
oxygen, considering the molecular shape and size of the oxidized
form of coenzyme Q0 the value we obtained experimentally for
the rate constant of the reaction between hydroxyl radicals and
UQ0 is close to the collisional diffusion rate constant that can
be calculated for this reaction using the Smoluchowski equation.
In addition, it is also remarkable that the relative chemical
reactivity of UQ0 and UQ0H2 against hydroxyl radicals measured
experimentally and predicted on theoretical grounds is within
the acceptable experimental range, as shown by the ratio
between the rate constants for the reaction of hydroxyl radicals
with UQ0 and UQ0H2 (R) obtained from experimental data (Rexp

) 25-100) and that from theoretical calculations (Rtheo ) 72).
Whether this conclusion may apply to other reactions of
hydroxyl radicals (or other highly reactive radicals) with rate
constants close to the collisional diffusion rate deserves to be
established. Regarding coenzyme Q, considering the very
different chemical environments to obtain both sets of data
(diluted gas phase for theoretical calculations and liquid water
phase for experimental measurements), this result suggests that

the reactivity of coenzyme Q with hydroxyl radicals should not
be highly dependent on the partition of coenzyme Q into the
lipid phase within the cells.

There has been considerable experimental effort directed at
understanding the role of antioxidants in biological processes
and cell survival, which contrasts 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 a prototype of
coenzyme Q with the hydroxyl radical in the gas-phase.

The OH radical can attack coenzyme Q by different pathways,
and we found that the most favorable mechanisms are the
hydrogen abstraction reaction from the phenolic hydrogen on
the reduced form (ubiquinol), and the electrophilic OH addition
on the oxidized form (ubiquinone). Both mechanisms are
strongly exothermic (≈20 kcal mol-1), the first with a low
barrier height (≈0.5 kcal mol-1), while the second is a barrierless
reaction. 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 independently
calculated by using the variational transition-state theory with
multidimensional tunneling. We found that the•OH addition
mechanism on ubiquinone is responsible for the overall rate
constant and the value agrees with the experimental data, also
obtained in this work. These final rate constants present a
negative temperature dependence, leading to a negative activa-
tion energy. This negative value for this barrierless reaction is
due to the negative value of the enthalpy associated with the
generalized transition state, where the tunneling effect is
negligible.

Theoretical calculations indicate that the reaction of ubiquinol
and ubiquinone with hydroxyl radicals leads to intermediate
states of coenzyme Q that should have different reduction
potentials. Because in living cells coenzyme Q functions as an
obligatory intermediate electron carrier in mitochondria24 or
plasma membrane26 redox chains, impairment of its recycling
to the reduced state will result in at least partial loss of its
biological activity. In this regard, it is to be noted that the
intermediate state of coenzyme Q attained after the reaction of
ubiquinone with hydroxyl radicals would not be expected to be
reduced by ascorbic acid, which is one of the major electron
donors for “in vivo” reduction of the oxidized form of coenzyme
Q.26,29 Thus, hydroxyl radicals are expected to be more
damaging to biological functions performed by coenzyme Q
when these radicals are produced in cells where the equilibrium
between reduced and oxidized coenzyme Q is significantly
displaced toward the oxidized form. A shift of the equilibrium
between reduced and oxidized coenzyme Q toward the oxidized
form is likely to be produced “in vivo” as a result of the large
cellular oxidative stress associated to inflammation and to the
ischaemia-reperfusion syndrome linked with cardiovascular
dysfunction.8,9
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(71) Villá, J.; Gonza´lez-Lafont, A.; Lluch, J. M.; Corchado, J. C.;

Espinosa-Garcı´a, J.J. Chem. Phys.1997, 107, 7266.
(72) Miller, W. H.; Handy, N. C.; Adams, J. E.J. Chem. Phys.1980,

72, 99. (b) Morokuma, K.; Kato, S. InPotential Energy Surfaces
and Dynamics Calculations; Truhlar, D. G., Ed.; Plenum Publishing: New
York, 1981; p 243. (c) Kraka, E.; Dunning, T. H. InAdVances in
Molecular Electronic Structure Theory; JAI: New York, 1990; Vol. I, p
129.
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