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Abstract

Quinone metabolites perform a variety of key functions in plants, including pathogen protection, oxidative phosphorylation, and
redox signaling. Many of these structurally diverse compounds have been shown to exhibit potent antimicrobial, anticancer, and
anti-inflammatory properties, although the exact mechanisms of action are far from understood. Redox cycling has been proposed as
a possible mechanism of action for many quinone species. Experimental determination of the essential thermodynamic data (i.e. electro-
chemical and pKa values) required to predict the propensity towards redox cycling is often difficult or impossible to obtain due to exper-
imental limitations. We demonstrate a practical computational approach to obtain reasonable estimates of these parameters.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Quinone metabolites serve vital roles in electron trans-
port, pathogen defense, and as protein cofactors in nearly
all forms of life (Thomas, 1971). The primary metabolites
ubiquinone and plastoquinone function in the Mitchellian
redox loops of mitochondrial and chloroplast electron
transport chains (Cramer and Knaff, 1991; Trumpower,
1990; Cramer et al., 2005), coupling the chemical energy
of reducing substrates (i.e. NADH+ and succinate in mito-
chondria, or water oxidation in the case of photosynthesis)
to the establishment of a proton motive force across the
membrane to drive ATP synthesis. Some of these metabo-
lites, e.g. ubiquinone, also act as potent antioxidants (Nohl
et al., 2001).
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Secondary quinone metabolites are also widespread
throughout the plant, fungi, bacteria and animal king-
doms, encompassing a dizzying array of structurally
diverse compounds which play defensive roles (allelo-
pathic, antimicrobial etc.) for many organisms (Thomas,
1971). Well-characterized examples of this class in plants
include the 1,4-naphthoquinone derivates such as jugalone,
lawsone, and plumbagin (Thomas, 1971; Inbaraj and Chig-
nell, 2004). Although the biological activity of these com-
pounds have yet to be fully understood, at least some of
their effects can be attributed to redox cycling, which redi-
rects reducing equivalents in the cell towards detrimental
superoxide production (Inbaraj et al., 1999a,b; Gutierrez,
2000; Inbaraj and Chignell, 2004; Rodriguez et al., 2004;
Ding et al., 2005). Redox cycling can directly combat infec-
tion through the known toxicity of reactive oxygen species
(Kramer et al., 2004; Rodriguez et al., 2004), or can act in
signaling cascades to elicit other protective cellular mea-
sures, such as apoptosis (Liu, 1999; Petrosillo et al., 2001).
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Scheme 1. Illustration of superoxide production from Q�� and QH�, and
thermodynamic cycles for the relevant equilibria involved in calculating
KS.
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Evaluating the propensity of quinone natural products
to redox cycle is a critical component in elucidating mech-
anisms of biological activity. To date, this task has proven
difficult due to a lack of information on specific quinone
equilibria. The potential of quinone compounds to partic-
ipate in redox cycling is mainly dependent on the stability
of the semiquinone radical (SQ) relative to the quinone
(Q) and quinol (QH2) forms (i.e. how easy it is to form
SQ through either the one electron reduction of Q or the
one electron oxidation of QH2). In principle, SQ stability
can be estimated using the standard electrode potentials
for the Q/QH2 and Q/Q�� redox couples and the pKa of
the SQ species (pKa SQ).

Few complete studies have been performed on the equi-
libria of quinone natural products, excluding the obvious
extensive work on ubiquinone and plastoquinone (Prince
et al., 1983; Gunner et al., 1986; Wraight, 2004; Cape
et al., 2005). Several studies have defined the Q/QH2 and
Q/Q�� couples for betanins from Opuntia ficus indica in
aqueous solution (Butera et al., 2002) and various flavinol
glycosides and arylalkonic acids in non-aqueous solution
(Silva et al., 2001; Corsino et al., 2003). The relationship
between structure and redox potential for organic com-
pounds, however, is not straightforward; therefore these
values can rarely be generalized to other redox active
organic species. In certain cases irreversible electrode kinet-
ics completely prevents a reliable determination of the stan-
dard reduction potential (Silva et al., 2001; Butera et al.,
2002). Additionally, standard electrochemical techniques
cannot probe the pKa of SQ species, thus preventing a full
description of SQ reactivity.

In this work we demonstrate the practical use of quan-
tum chemical calculations to predict the equilibria of qui-
none natural products. We show that the direct
correlation of reaction free energies derived from gas phase
Hartree–Fock (HF) and density functional theory (DFT)
calculations with the corresponding experimental solution
equilibrium constants provides an adequate description of
SQ equilibria, thus providing order of magnitude estimates
of SQ stability. These methods are potentially applicable to
a wide range of organic redox active molecules, and can
serve as a practical and powerful tool to predict redox
cycling mechanisms for natural products.

The overall kinetic consequences of the quinone thermo-
dynamic parameters investigated in this work will be trea-
ted in detail in a future manuscript. Our interest here is in
making relative comparisons of reactivity within a series of
compounds under controlled conditions.
2. Theory

A general redox cycling scheme is depicted in Scheme 1,
which shows the formation of SQ from Q or QH2 species,
followed by the reduction of O2 by both protonated and
anionic states of SQ to form O��2 (Gutierrez, 2000; Rogin-
sky and Barsukova, 2000; Rodriguez et al., 2004). In the
following, we will sometimes purposely use the ambiguous
term SQ to describe both protonation states, QH� and Q��,
of SQ species. Both these species are highly reactive,
although the anion is the most likely species to be observed
at physiological pH. All these species can reach equilibrium
with one another spontaneously, as shown by the double
arrows connecting Q, SQ, and QH2. In addition, certain
enzyme systems can couple these redox transitions to other
cellular processes, pulling the [SQ] out of equilibrium with
Q and QH2. These cases are more complex, but can be trea-
ted through an extension of the model discussed below.

Here we consider the two essential equilibrium parame-
ters that determine the rate of superoxide production by a
quinone species (Afanas’ev, 1989): (1) the redox potential
of the Q/SQ couple, which dictates the second order rate
constant for superoxide production, and (2) the equilib-
rium constant for formation of SQ from Q and QH2, also
known as the SQ stability constant, KS, which will dictate
the total concentration of SQ at equilibrium. Typically,
KS is used to describe the propensity for formation of total
SQ (i.e. both protonation states) by comproportionation of
Q and QH2 (Eq. 1).

KS ¼
½SQ�2

½QH2�½Q�
ð1Þ

Since the overall comproportionation reaction of Q and
QH2 involves the sum of two separate redox processes
(i.e. the reduction of Q to Q�� or QH�, and the oxidation
of QH2 to Q�� or QH�), a simple expression for KS can
be derived by solving the relevant thermodynamic cycles.
Eq. (2) and Scheme 1 show KS for formation of the QH�

species, termed KS(QH�), given in terms of the potentials
for the Q/Q��, Q/QH2 couples, and pKa SQ.

KSðQH�Þ

¼ exp
�2F ½EðQ=QH2Þ �EðQ=Q��Þ� 0:059ðpH� pKaSQÞ�

RT
ð2Þ
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It is critical, however, to consider the effective stability con-
stants for both protonation forms of SQ. Deprotonation of
the neutral semiquinone (Eq. (3)) occurs at physiological
pH, which generally has the effect of increasing the appar-
ent stability constant due to the relatively low aqueous pKa

values (<6) of most known SQ species, thus resulting in Eq.
(4) for KS(Q��)

QH2 þQ ) *
KSðQH�Þ

2QH� ) *
KaSQ

2Q�� þ 2Hþ ð3Þ
KSðQ��Þ ¼ KSðQH�ÞðKaSQÞ2 ¼ KSðQH�Þ102ðpH�pKaSQÞ ð4Þ

In general, superoxide production can occur through
either the QH� or the Q�� species. Thus, the total SQ con-
centration ([QH�] + [Q��]) needs to be taken into account,
as shown in Eq. (5) (for simplicity in the final result we
neglect the middle cross term 2[Q��][H+][QH�]/[Q][QH2]
in the expansion of [SQ]2)

KSðQ�� þQH�Þ ¼ ½SQ�2

½QH2�½Q�

¼ ½Q
���2½Hþ�2

½Q�½QH2�
þ 2
½Q���½Hþ�½QH��
½Q�½QH2�

þ ½QH��2

½Q�½QH2�
� KSðQH�Þð102ðpH�pKaSQÞ þ 1Þ ð5Þ

A major experimental difficulty in evaluating this expres-
sion is in estimating the very low concentrations of reactive
SQ species (Roginsky et al., 1999). An alternative approach
would be to determine KS from the redox potentials and
pKa values of the individual electron and protonation steps
(Hong et al., 1999; Wraight, 2004; Cape et al., 2005).
Unfortunately, this approach is also difficult since the
QH� species rapidly disproportionates in aqueous solution
at physiological pH.

Quantum chemical calculations (Wheeler, 1994; Namaz-
ian, 2003; Namazian et al., 2003; Namazian and Almo-
darresieh, 2004; Namazian and Norouzi, 2004; Fu et al.,
2005), in principle, can provide these values by calculating
the total free energy of the relevant redox and acid/base
half-cell reactions in the gas phase

Q ðgÞ þH2 ðgÞ�QH2 ðgÞ ð6Þ
Q ðgÞ�Q�� ðgÞ ð7Þ
Q�� ðgÞ þHþ ðgÞ�QH� ðgÞ ð8Þ

where Eq. (6), E(Q/QH2)g, is the two-electron hydrogena-
tion of Q, Eq. (7), E(Q/Q��)g, is the electron affinity of
Q, and Eq. (8), E(Q��/QH�)g is the proton affinity of Q��.
Additional details of these calculations, including tables
of the total free energy for all species, are provided in Sup-
porting Information.

Ab initio estimates of reaction free energies such as these
neglect solvation energy and other intermolecular interac-
tions. These secondary interactions can be accounted for
through continuum electrostatic treatments, yielding a
completely ab initio potential (Namazian, 2003; Namazian
et al., 2003; Namazian and Almodarresieh, 2004; Namaz-
ian and Norouzi, 2004; Fu et al., 2005). For practical appli-
cations, we suggest the simpler approach of directly
correlating gas phase reaction free energies with experimen-
tal redox potentials at pH 7.0 to generate a calibration
curve. Referencing the data with such a calibration curve
is equivalent to comparing a half-cell reaction with a full
electrochemical cell (in our case to the standard hydrogen
electrode). While this approach is simplistic in nature com-
pared to completely ab initio approaches, we show here
that such approximations can yield remarkably accurate
predictions for unknown compounds.
3. Results and discussion

3.1. Calculation of thermodynamic parameters

We have compiled the available aqueous electrochemical
data on the one- and two-electron Q/Q�� and Q/QH2 cou-
ples (pH 7.0) and pKa SQ values for 18 selected quinone
species (Fig. 1 and Supporting Information Table S2),
including several well known natural products (2,6-dime-
thoxy-1,4-benzoquinone (6), 2-methyl-1,4-benzoquinone
(2), ubiquinone-0 (7), plastoquinone-0 (4), and rhodoquinone
(8)). This series encompasses mostly substituted 1,4-benzo-
quinones (1–11), but also includes some 1,4-naphthoqui-
none (1,4-naphthoquinone (12), 2-hydroxy-1,4-naphtho-
quinone (13), naphthazarin (16)), and anthraquinone
(9,10-anthraquinone (14), 9,10-anthraquinone-2-sulfonate
(15), and 1,4-dihydroxy-9,10-anthraquinone (17)) species
as well. The range of experimental reduction potentials
covered by this series is �0.5 V for both the Q/Q�� and
Q/QH2 couples, thus providing a reasonable range for test-
ing our ability to predict experimental redox potentials.

Fig. 2 shows that DFT calculations using the popular
B3LYP hybrid functional, in comparison with HF calcula-
tions, provides the best linear correlation between
E(Q/QH2)g (Eq. (6)) with the experimental potentials for
the aqueous Q/QH2 couple at pH 7.0. A linear correlation
was obtained using B3LYP, with a slope of 0.875 (±0.097)
and an offset of 0.221 (±0.017) eV (R2 = 0.890) (Fig. 2,
closed squares), compared with a slope of 1.904 (±0.395)
and offset of �0.660 (±0.071) eV (R2 = 0.698) (Fig 2, open
circles), respectively, obtained using HF calculations. Inter-
estingly, the inclusion of solvation effects tends to drasti-
cally improve agreement between theory and experiment
for HF calculations, while having the opposite effect for
B3LYP calculations (Namazian and Almodarresieh,
2004). In this work we find it unnecessary to include such
solvent effects due to the good predictive power of the
gas phase B3LYP calculations. Comparison between
experimental and calculated Q/QH2 potentials from the
linear fit described above yields r.m.s. errors of 0.034 and
0.065 V for B3LYP/6-31G(d,p) and HF/6-31G(d,p) calcu-
lations, respectively. The quality of these predictions are
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Fig. 1. Structures of the quinones studied in this work: 1,4-benzoquinone (1); 2-methyl-1,4-benzoquinone (2); 2,6-dimethyl-1,4-benzoquinone (3); 2,3-
dimethyl-1,4-benzoquinone (4); 2,3,5-trimethyl-1,4-benzoquinone (plastoquinone-0) (5); 2,3,5,6-tetramethyl-1,4-benzoquinone (duroquinone) (6); 2,3-
dimethoxy-5,6-dimethyl-1,4-benzoquinone (ubiquinone-0) (7); 2,6-dimethoxy-1,4-benzoquinone (8); rhodoquinone (9); 2-chloro-1,4-benzoquinone (10);
2,5-dichloro-1,4-benzoquinone (11); 1,4-naphthoquinone (12); 2-hydroxy-1,4-naphthoquinone (13); 9,10-anthraquinone (14); 9,10-anthraquinone-2-
sulfonate (15); naphthazarin (16); 1,4-dihydroxy-9,10-anthraquinone (17); 5,12-naphthacenedione (18).
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comparable with more computationally expensive meth-
ods, with Namazian and coworkers reporting 0.026 V for
a set of eight Q/QH2 (benzoquinone) species (Namazian
and Almodarresieh, 2004), while Wass and coworkers
report 0.006 V r.m.s. error for their limited set of three
(benzoquinone) Q/QH2 species (Wass et al., 2005).

In contrast to the available experimental data on the Q/
QH2 couple, few determinations of the Q/Q�� couple in
aqueous solution have been reported, mainly due to the
uncertainties about whether one is observing the Q/Q��

or Q/QH2 couple. This couple, however, can be obtained
by performing electrochemical experiments in unbuffered
aqueous solution, where at high pH the kinetics of the Q/
Q�� electron transfer out-compete protonation of Q�� at
the electrode surface (Shim and Park, 1997; Cape et al.,
2005). We used cyclic voltammetry under these conditions
to compile an experimental data set for a series of readily
available quinones (see Supporting Information Table S2)
and compared these values to similar calculations as
described above for the Q/Q�� couple in the gas phase.

Fig. 3 shows linear relationships between E(Q/Q��)g

(Eq. (7)) and the experimental aqueous Q/Q�� potentials
for both B3LYP and HF calculations. The B3LYP results
yield a slope of 0.93 and an offset of 1.54 eV (R2 = 0.61)
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(Fig. 3, closed squares). HF calculations yield comparable
results, with a slope of 1.04 and an offset of 2.79 eV
(R2 = 0.79) (Fig. 3, open circles). Two notable deviations
from this relationship were observed for halogenated ben-
zoquinones (2-chloro-1,4-benzoquinone (9) and 2,5-
dichloro-1,4-benzoquinone (10)), whose Q/Q�� potentials
were greatly overestimated (data not shown). Although
the origin of this deviation is presently unknown, we sug-
gest it might be rectified through the use of larger basis sets
or the inclusion of solvation effects. These values were
therefore not included in the present fitting analysis,
although can be reasonably fit using the same method if
treated separately from non-halogenated benzoquinones
(see Information Table S2). The E(Q/Q��) values calculated
here also exhibit excellent agreement with determinations
of E(Q/Q��) performed in acetonitrile (data not shown).
Comparison between calculated and experimental E(Q/
Q��) values yields r.m.s. errors comparable to more expen-
sive techniques; 0.059 and 0.016 V for B3LYP/6-31G(d,p)
and HF/6-31G(d,p), respectively. Namzian and coworkers
report r.m.s. values averaging 0.053 V in three different cal-
culations of the Q/Q�� couple using B3LYP in different sol-
vents (DMSO, acetonitrile) (Namazian, 2003; Namazian
et al., 2003; Namazian and Norouzi, 2004).

Fig. 4 shows a linear correlation between the calculated
logKeq for the gas phase proton affinity, logKeq(Q��/QH�),
and experimental pKa SQ values. Here E(Q��/QH�) from
Eq. (8) is converted into the logarithm of the equilibrium
constant for comparison with pKa values. Literature
reports of experimental pKa SQ values for semiquinone spe-
cies are scant due to the extreme instability of the proton-
ated SQ species, which undergoes disproportionation to Q
and QH2 at near diffusion-limited rates. For the quinone
species examined here, regardless of extended ring struc-
tures, experimental pKa SQ values lie within a small range,
from approximately 2–6, with most benzosemiquinone
pKa SQ values falling in the narrow range of 4–5.
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Correlation of logKeq(Q��/QH�)g and pKa SQ for benzo-
quinones, naphthoquinone and anthraquinone species
using B3LYP yields a slope of 6.6 and a vertical offset of
207.4 (R2 = 0.89) (Fig. 4, closed squares). The use of HF
yields a less robust correlation of Keq(Q��/QH�)g and
pKa SQ (data not shown) with poor agreement between cal-
culated and experimental values and an apparent ring-
structure dependence on calculated values; no fitting was
attempted for this series due to the overall poor quality
of the correlation. The r.m.s. error between experimental
and calculated pKa values was 0.36.

3.2. Prediction of KS values

Fig. 5 compares logKS(Q�� + QH�) values calculated in
this work to the experimentally determined values using
electron paramagnetic resonance reported by Roginsky
and coworkers (Roginsky et al., 1999). Redox potentials
and pKa SQ values provided by the computational approach
applied to Eqs. (2)–(5) provided excellent agreement with
the absolute value of experimental logKS(Q�� + QH�) val-
ues (R2 = 0.95, and an r.m.s. error between experimental
and calculated values of 0.89) over a range of approximately
seven orders of magnitude. The small error reported here is
remarkable considering that the error in each individual
redox potential or pKa value propagates in a multiplicative
manner when estimating KS(Q�� + QH�).
4. Conclusions

We describe a simple and practical method for calculat-
ing thermodynamic parameters necessary to estimate semi-
quinone stability constants and redox potentials for
quinone natural products. Our results indicate that a com-
bination of different computationally inexpensive quantum
chemical methods provide reasonable agreement with
experiment. We recommend using HF/6-31G(d,p) for the
calculation of E(Q/Q��), and using B3LYP/6-31G(d,p) for
calculation of E(Q/QH2) and pKa SQ. The accuracy of these
methods are comparable to approaches employing contin-
uum solvation models and large basis sets, yet can be
applied to a model system at modest computational
expense. Improvements in the level of theory and in avail-
ability of experimental data should allow for improvements
in such predictions. We do suggest, however, that care be
taken in applying this type of empirical approach to a struc-
turally disparate series due to the potential for large errors
as the result of solvation energy neglect or basis set effects.
Overall, the main advantage of the present approach,
though, is that is can be readily applied to high throughput
in silico screening of potential redox cycling agents.
5. Experimental and computational details

5.1. Cyclic voltammetry and determination of redox

potentials

Voltammetric measurements of the Q/Q�� couples for
the series of quinones calculated were performed in aqueous
solution under an Ar atmosphere at 23 �C using a BAS C50-
W potentiostat (Bioanalytical Systems, West Lafayette, IN)
with an Ag/AgCl reference electrode, glassy carbon work-
ing electrode, and Pt wire auxiliary electrode. The working
electrode was washed with dilute H2SO4, repeatedly rinsed
with distilled water, and then polished with alumina prior
to all measurements. Determination of E(Q/Q��) was per-
formed in unbuffered solution (100 mM KCl) as described
in Shim and Park (Shim and Park, 1997) at pH > 5.0. Aque-
ous E(Q/Q��) values were determined at several pH values
above pH 5.0 to insure that the E1/2 and DE values were
independent of pH, and thus reflect a pure electron transfer
process. All experimental potentials given in the text are ref-
erenced to the standard hydrogen electrode. The quinones
investigated by cyclic voltammetry (2,5-dichloro-1,4-benzo-
quinone (10); 2-chloro-1,4-benzoquinone (9); 1,4-benzoqui-
none; 2-methyl-1,4-benzoquinone (2); 2,6-dimethyl-
1,4-benzoquinone (3); 2,3,5-trimethyl-1,4-benzoquinone
(plastoquinone-0) (4), duroquinone (5), 2,3-dimethoxy-5-
methyl-1,4-benzoquinone (ubiquinone-0) (7), 2,6-dime-
thoxy-1,4-benzoquinone (6); 1,4-naphthoquinone (12))
were obtained from Aldrich and used without further puri-
fication. All other relevant redox potentials and pKa values
were taken from the literature sources (see Table S2 of Sup-
porting Information).

5.2. Computational details

Free energy values (i.e. the sum of the total electronic
energy and Gibbs free energy correction) for each species
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used in the calculation of redox potentials and proton
affinity were taken from the output of combined optimi-
zation/frequency calculations in the Gaussian ‘03 suite of
programs (see Supporting Information section S1 and
Tables S4–S7). All calculations were performed at either
the HF/6-31G(d,p) and B3LYP/6-31G(d,p) levels of
theory.
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