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High-level ab initio calculations have been used to determine the oxidation and reduction potentials of a
large number of nitroxides including derivatives of piperidine, pyrrolidine, isoindoline, and azaphenalene,
substituted with COOH, NH2, NH3

+, OCH3, OH, and NO2 groups, with a view to (a) identifying a low-cost
theoretical procedures for the determination of electrode potentials of nitroxides and (b) studying the effect
of substituents on these systems. Accurate oxidation and reduction potentials to within 40 mV (3.9 kJ mol-1)
of experimental values were found using G3(MP2)-RAD//B3-LYP/6-31G(d) gas-phase energies and PCM
solvation calculations at the B3-LYP/6-31G(d) level. For larger systems, an ONIOM method in which G3-
(MP2)-RAD calculations for the core are combined with lower-cost RMP2/6-311+G(3df,2p) calculations for
the full system, was able to approximate G3(MP2)-RAD values (to within 1.6 kJ mol-1) at a fraction of the
computational cost. The overall ring structure has more effect on the electrode potentials than the inclusion
of substituents. Azaphenalene derivatives display the lowest oxidation potentials and least negative reduction
potentials and are thus the most promising target to function as antioxidants in biological systems. Piperidine
and pyrrolidine derivatives have intermediate oxidation potentials but on average pyrrolidine derivatives display
more negative reduction potentials. Isoindoline derivatives show higher oxidation potentials and more negative
reduction potentials. Within a ring, the substituents have a relatively small effect with electron donating
groups such as amino and hydroxy groups stabilizing the oxidized species and electron withdrawing groups
such as carboxy groups stabilizing the reduced species, as expected.

1. Introduction

Cyclic nitroxide radicals, stabilized by bulky substituents, are
persistent in tissues and in the circulatory system, and have been
shown to be effective against radiation-induced damage in
various experimental models. One way in which they are thought
to protect against oxidative damage is derived from their ability
to catalyze the dismutation of superoxide (O2

•-), a toxic oxygen-
derived species, by mimicking the activity of superoxide
dismutase (SOD). The metal center in native SOD undergoes
repeated reductions and oxidations allowing in catalytic fashion
the dismutation of superoxide to oxygen and hydrogen perox-
ide.1 In the case of 2-ethyl-2,5,5-trimethyl-3-oxazolidin-1-yloxyl
(OXANO) the nitroxide and its corresponding hydroxylamine
react with superoxide independently of metal ions (Scheme 1).2

In contrast, piperidine derivatives such as 2,2,6,6,-tetrameth-
ylpiperidin-1-yloxyl (TEMPO,2) undergo alternate oxidation
and reduction reactions, because they are readily oxidized by
protonated superoxide,•OOH, to yield the corresponding
oxoammonium cation, which then oxidizes superoxide to
molecular oxygen (Scheme 2).3

It is clear that the biological activity of nitroxides is linked
to their electron-transfer rates and redox potentials. For six-
membered cyclic nitroxides a direct correlation between oxida-
tion potential and ability to protect from H2O2 induced oxidative
damage has been observed.4 Because this trend is not repeated

for the case of five-membered nitroxides, it is clear that
additional factors contribute to their effectiveness; nonetheless,
an understanding of substituent effects on electrode potentials
is expected to assist in the determination of the roles nitroxides
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SCHEME 1: SOD-Mimicking Behavior of OXANO

SCHEME 2: SOD-Mimicking Behavior of TEMPO
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play in biological systems. To this end, it would useful to be
able to predict the electrode potentials of a large number of
nitroxide antioxidants via computational methods to study
structures and substituents and eventually aid in the design of
an optimal target for synthetic efforts.

Theoretical calculations of electrode potentials have previ-
ously been useful in the design of molecules with desirable redox
properties, particularly for compounds where complex chemical
equilibria are known to hamper experimental measurements.5

Successful calculation of electrode potentials requires accurate
ab initio calculations of the enthalpy in the gas phase as well
as accurate calculation of the differences in the free energy of
solvation for each species.6 In this work a reliable computational
method for the calculation of electrode potentials of nitroxides
will be determined and used in the comparison of many different
five and six-membered cyclic nitroxides.

2. Electrode Potentials

Nitroxide radicals can be reversibly oxidized to the corre-
sponding oxoammonium cation by various chemical and
electrochemical means.

Reduction of a nitroxide is known to produce a hydroxylamine;
however, there has been some debate over the mechanism of
this process. Fish et al.7 suggest a reaction scheme for reduc-
tion in which a one-electron reduction is followed by two
reversible protonation steps (see Scheme 3). Thus for compari-
son with experimental values in solution, the acid dissociation
constants of these protonation steps,K1 and K2, need to be
calculated as well as the formal potential of the electron-transfer
process,E°.

Two different methodological approaches can be used for the
calculation of redox potentials in solution.8 One method is to
use an isodesmic reaction to calculate the Gibbs energy of the
reaction relative to a reference system. Results for this method
have been shown to be somewhat dependent upon the reference
molecule used,9 limiting the predictive power of this method.
A second approach, in which electrons and protons are used
explicitly as the reference system for the reactions, will be used
here and is described as follows. For the nitroxides standard
oxidation potentials are calculated relative to the SHE (standard
hydrogen electrode) by determining the Gibbs free energy of
the following reaction:

The Gibbs energy change of reaction (2) can be written in terms
of these two-half-reactions:

The standard Gibbs energy is then the sum of the Gibbs energies
of reactions 3 and 4.

The Gibbs free energy of reaction 4,∆G°4, is reported to be
-4.36 eV,5 and the value of∆G°3 can be obtained from the
calculated Gibbs energy of each component in the reaction. This
requires the gas-phase energy of each component,∆G°i,gas,
together with its solvation energy,∆G°i,solv.

The oxidation potential can then be obtained using the following
equation,10 wheren is the number of electrons transferred (in
this casen ) 1), andF is the Faraday constant (96485.3383
coulombs/mol):

As noted above, the mechanism for reduction leading to a
hydroxylamine is more complicated than a simple one-electron-
transfer reaction. In a study by Kato et al.11 the relationship
between the formal potential of the electron-transfer process,
E°, and the acid dissociation constants,K1 and K2, was
investigated for a range of pH values and the relationship
between these values and the experimentally determined revers-
ible half-wave potential,E1/2

rev, was found to be

This relationship was also reported subsequently by Israeli et
al.12 In the present work only two relatively simple cases will
be compared directly with experimental data using this equation.
However, for the study of structure reactivity trends, a simpler
approach will be adopted in which a one-electron-transfer similar
to that used for the oxidation potentials will be used to calculate
the reduction potential of each molecule with respect to the SHE.
In this case the Gibbs energy change is measured by the reaction:

with the two-half reactions:

The reduction potential is found using9

SCHEME 3: Suggested Mechanism for the Reduction of
Nitroxides

∆G°2 ) ∆G°3 + ∆G°4 (5)

∆G°3 ) ∑Vi∆G°i (6)

∆G°i ) ∆G°i,gas+ ∆G°i,solv (7)

∆G°2 ) nFE°ox (8)

E1/2
rev ) E° - RT

F
ln(K1K2) + RT

F
ln(K1K2 + K1[H

+] + [H+]2)
(9)
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3. Theoretical Procedures

Standard ab initio molecular orbital13 and density functional14

calculations in this work were carried out using GAUSSIAN
0315 and MOLPRO 2000.6.16 Calculations on radicals were
performed with an unrestricted wave function except in cases
designated with an “R” prefix where a restricted open-shell wave
function was used. It should be noted that all radicals and all
closed-shell species considered in this study were true (local)
minimum energy structures (i.e., having no imaginary frequen-
cies).

To find a suitable low-cost procedure with which to model
the larger systems in this study, the performance of a variety of
levels of theory was assessed for several relatively small
nitroxides for which experimental ionization energies and
electrode potentials have been determined. Geometries of the
neutral radicals as well as the positively and negatively charged
species were optimized using various wavefunctions and basis
sets and the results were benchmarked against the high-level
QCISD/6-31G(d) method. To assess the effect of the level of
theory used for geometry optimization on the resulting ionization
energies and electron affinities, single point energy calculations
were carried out on all the geometries at the QCISD/6-31G(d)
level.

Adiabatic ionization energies and electron affinities for several
nitroxides, using species optimized at the B3-LYP/6-31G(d)
level, were calculated at a wide variety of levels of theory,
ranging from relatively low-cost DFT and MP2 methods to
computationally expensive high-level composite methods from
the G3 family (G3, G3X, G3(MP2), G3X(MP2), and their
“RAD” variants).17,18 These composite methods attempt to
approximate either CCSD(T) or QCISD(T) energies with a large
triple-ú basis set via additivity approximations carried out at
the MP2 and/or MP4 levels of theory. As the accuracy of the
G3 family is dependent upon the method used and also the
system examined, G3 calculations with the “X” and “RAD”
variation as well as the “MP2” approximation were made.

Ionization energies and electron affinities were also calculated
using versions of the ONIOM19 method. We have previously
shown that this method is suitable for radical reactions,20,21and
in the present work examine its suitability for calculating the
electrode potentials of nitroxides. In ONIOM, a chemical
reaction is divided into a core section that includes the reaction
center and principal substituents, and an outer section, which
is the rest of the chemical system. The core system is calculated
at a high level of theory and also at a lower level of theory,
and the full chemical system is calculated only at the lower
level. In forming the core section, deleted substituents are
replaced with link atoms, typically hydrogens, so that the correct
valency is maintained and the core provides a good model of
the chemical reaction under study. The energy of the whole
chemical system is then obtained as the sum of the high-level
energy for the core system, and the substituent effect of the
outer section calculated at the lower level. This approximation
is exact if the low level of theory measures the substituent effect
accurately. In the present work, two lower-cost methods were
tested for this purpose, RMP2/6-311+G(3df,2p) and B3-LYP/
6-311+G(3df,2p), and G3(MP2)-RAD was the high level of
theory used to study the core section. As in the case of other
calculations in this study, geometries were optimized at the B3-
LYP/6-31G(d) level of theory.

The free energy of solvation of the neutral and charged
species is expected to contribute to the calculated of electrode
potentials in aqueous medium. The effect of method and basis
set on the polarized continuum models PCM22 and CPCM23

were assessed, with the molecular structures re-optimized in a
water medium as implemented in the GAUSSIAN 03 package.
The recommended radii were used for these calculations, i.e.,
the united atom topological model applied on radii optimized
for the HF/6-31G(d) and PBE0/6-31G(d) levels of theory were
used for the Hartree-Fock and B3-LYP methods, respectively.24

The free energies of solvation were added to the gas-phase
ionization energies calculated at the G3(MP2)-RAD//B3-LPY/
6-31G(d) level to convert them to oxidation potentials for
comparison with experimental results. The reduction potentials
of various nitrogen oxides have been calculated via similar
methods and have been found to correlate to experimental data
with an average error of 120 mV for both the PCM and CPCM
models.25

Having determined a suitable computational method, the
oxidation and reduction potentials of many differently substitued
nitroxides including derivatives of piperidine, pyrrolidine,
isoindoline, and azaphenalene were calculated. The geometries
of the neutral and charged species were optimized at the B3-
LYP/6-31G(d) level of theory. Frequency calculations were also
carried out at the B3-LYP/6-31G(d) level and scaled via the
appropriate factors.26 Significant effort was taken to ensure that
the optimized structure was the global (rather than merely the
local) minimum energy structure by performing extensive
conformational searches at the same level. Improved gas-phase
energies were obtained via G3(MP2)-RAD calculations on the
B3-LYP optimized structures. An ONIOM approximation that
combined G3(MP2)-RAD calculations for the core and RMP2/
6-311+G(3df,2p) calculations for the full system was used for
larger systems. The solvation energies of each species were
calculated using the polarized continuum model PCM at the
B3-LYP/6-31G(d) level and added to the gas-phase free energies
to give the total Gibbs energies of the species. The oxidation
and reduction potentials were then found using eqs 8 and 14.

4. Results and Discussion

Assessment.To identify an appropriate low-cost method for
obtaining geometries, optimizations were carried out at a variety
of levels of theory from computationally lower-cost HF and
DFT methods to more demanding MP2 and QCISD calculations,
with both small and larger basis sets. In the present work we
are only concerned with whether potential errors in the geometry
of species lead to errors in the calculated electrode potentials.
Therefore, to establish whether differences in the procedure used
to optimize geometry will have any significant effect on the
electrode potentials for the nitroxide systems studied here, single
point energies in the gas phase were calculated at a consistent
level of theory (QCISD/6-31G(d)) for various optimized geom-
etries of the neutral, positively and negatively charged nitroxides
(see Table 1). In line with earlier studies showing that low-cost
methods perform very well in geometry optimizations of
nitroxides,27 it can be seen that all of the low-cost methods yield
reasonably accurate geometries, though there are some minor
differences among the methods used. For the present systems,
the DFT method B3-LYP/6-31G(d) appears to offer the best
compromise between accuracy and computational cost and has
therefore been adopted for the determination of the geometries
of species in this study. The ionization energies and electron
affinities, calculated using B3-LYP/6-31G(d) optimized geom-
etries show a difference of less than 0.004 eV from the
corresponding benchmark values.

∆G°10 ) ∆G°11 + ∆G°12 (13)

∆G°10 ) -nFE°red (14)
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To assess the effect of level of theory on the energetics, the
adiabatic ionization energies of several common nitroxides were
calculated at a variety of levels of theory using the B3-LYP/
6-31G(d) geometries (Table 2). Their corresponding electron
affinities were also calculated and are shown in Table 3.
Experimental ionization energies are available for TEMPO (2)
and di-tert-butyl nitroxide (DBN,1);28 however, the temperature
at which these experiments were carried out is unclear. The
results may therefore deviate from the 0 K values calculated in
the present work by a small thermal correction. Taking this into
consideration, calculations performed at the highest levels of
theory compare reasonably well with experimental data. More
generally, the G3 levels of theory are known to deliver
“chemical accuracy” (within approximately 1 kcal mol-1) in
comparison with the G2/97 test set of experimental data17,18and
are treated as benchmark values for the remainder of this work.
Among the various types of G3 methods tested, all produced
ionization energies and electron affinities within 0.04 eV of each
other. The method G3(MP2)-RAD is selected as an appropriate
high-level method to use for further studies on these systems
because it is the lowest-cost G3 method that includes the “RAD”
variant, especially designed to deal with open-shell species.18

Therefore, in Tables 2 and 3, MADs were calculated using this
method as a benchmark.

Various low-cost DFT and MP2 procedures were also
examined with a view to finding a suitable method to use for
larger systems for which G3(MP2)-RAD calculations would be
impractical. Traditionally, single point energies calculated using
either DFT5,10,29or MP230 procedures have been adopted as low-
cost methods for calculating electrode potentials. However, from
Tables 2 and 3, it is clear that in the present systems all of
these methods produce values that vary considerably from the
benchmark G3 values and would not be suitable as accurate
low-cost methods. Recently, we have had considerable success
using an ONIOM method to approximate G3(MP2)-RAD

energies at a fraction of the computational cost.21 To test the
accuracy of this approach in the present reactions, we therefore
also calculated the ionization energies and electron affinities
using a version of ONIOM in which the core of the reaction
was calculated using either RMP2/6-311+G(3df,2p) or B3-LYP/
6-311+G(3df,2p). The core reaction was obtained by deleting
all substituents beyond theâ-position to the radical center and
replacing them with methyl groups, leaving the core reaction
in all cases as the oxidation or reduction of the smaller radical
•ON(C(CH3)3)2, known as di-tert-butyl nitroxide (DBN,1). From
Tables 2 and 3 it is clear that the ionization energies and electron
affinities obtained using these two versions of the ONIOM
method show excellent agreement with the G3(MP2)-RAD
values, with the best results obtained when the substituent effect
is measured using RMP2/6-311+G(3df,2p). In this latter case
the MADs, relative to full G3(MP2)-RAD calculations, are only
0.017 eV (1.6 kJ mol-1). Of course, treating the entire ring
structure of the system as a complete functional group and
including it intact in the core reaction would achieve an even
better approximation to the full system. Although this adds to
the computational cost, such calculations remain practical for
the nitoxides examined in the present work and thus the parent
(H-substituted) ring structure will be used as the core system
for the larger systems in this study.

The effect of level of theory, basis set and solvation model
used to calculate the free energy of solvation of molecules in
the study was also assessed. The results are shown in Table 4.
As no experimental values of the solvation energies of nitroxides
are available, the calculated free energies of solvation were
added to the gas-phase energies calculated at the G3(MP2)-
RAD//B3-LYP/6-31G(d) level to transform them into oxidation
potentials using eqs 2-8, for direct comparison with experi-
mental values. The results show that the oxidation potentials
vary only a small amount with the different methods of
calculating solvation energy. The MADs of the methods vary

TABLE 1: Effect of Level of Theory Used for Geometry Optimization on the Adiabatic Ionization Energies and Electron
Affinities (0 K, Expressed in eV) of Nitroxidesa

a Found from single point energy calculations at the QCISD/6-31G(d) level for species optimized using various wavefunctions and basis sets.
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13 mV (1.2 kJ mol-1) from each other and are only around 35
mV (3.4 kJ mol-1) from the experimentally determined values.

As level of theory, basis set, and solvation model are shown
to have very little effect on the value of the free energy of
solvation, the method chosen for use in this study appears to
be fairly arbitrary. A PCM solvation model was chosen, as it
has been shown that the maximum deviation of calculated values
from experimental data is less than that found using CPCM for
a range of nitrogen oxides.25 As geometries are reoptimized
during the solvation energy calculation, a B3-LYP level was
chosen, as it has been shown to be more reliable for geometry
optimizations (see Table 1). From Table 4 it is seen that the
MAD is lowered by the use of the SCFVAC keyword in the
GAUSSIAN calculation. This keyword effectively adds a small
solute polarization term to the free energy of solvation by
performing the SCF calculation both with and without the
presence of the solvent field (see footnotes to Table 4).24 Finally,
it is noted that the use of a larger basis set actually increased
the MAD, probably due to the fact that the (semiempirical)
solvation models are parametrized to the 6-31G(d) basis set.
Therefore a suitable method for the calculation of free energy
of solvation for nitroxides is the PCM model at the B3-LYP/
6-31G(d) level using an SCFVAC keyword in the GAUSSIAN
calculation.

In summary, G3(MP2)-RAD//B3-LYP/6-31G(d) is an ap-
propriate level of theory for the calculation of one electron
oxidation and reduction potentials of nitroxides, with the
ONIOM method providing a good approximation to it for large

systems. The electrode potentials are relatively insensitive to
the solvation model, and the PCM model at the B3-LYP/
6-31G(d) level seems the most appropriate method. Using these
methods oxidation potentials can be compared to experimental
results12,31 (Figure 1). The ab initio and experimental results
compare very well, with only one outlying point for the species
4-hydroxy-TEMPO (6). The other species show a mean average
deviation of 23 mV (2.2 kJ mol-1) from the experimental results
with a maximum deviation of 40 mV (3.9 kJ mol-1).

As explained above, the reduction of nitroxides is thought to
be more complex than simply the reverse of the one-electron
oxidation, with a multiple step reaction mechanism7 (shown in
Scheme 3). Half-wave potentials of reduction comparable to
experimental values were therefore calculated according to
eq 9 for both TEMPO (2) and 4-hydroxy-TEMPO (6). The
reduction potential,E°, was found using the previously de-
scribed method to calculate eq 14. The G3(MP2)-RAD//B3-
LYP/6-31G(d) gas-phase energies and PCM (at the B3-LYP/
6-31G(d) level) solvation energies for the nitroxide species in
reactions ii and iii of Scheme 3 were transformed to acid
dissociation constants,K1 andK2, using the method of Liptak
and Shields,32 in which the experimental values of the gas-phase
energy (-6.28 kcal mol-1) and free energy of solvation
(-264.61 kcal mol-1) of H+ are included, to calculate pKa

values. Using the determined values ofE°, K1, andK2, the half-
wave potentials of molecules2 and6 were calculated using eq
9, at room temperature and pH 7 ([H+] ) 10-7), to be-31 and
-11 mV, respectively, versus a saturated calomel reference

TABLE 2: Effect of Level of Theory on the Adiabatic Ionization Energies (0 K, Expressed in eV) of Various Nitroxidesa

a Calculated using species optimized at the B3-LYP/6-31G(d) level with the B3-LYP/6-31G(d) zero point vibrational energy.b Mean absolute
deviation from the benchmark G3(MP2)-RAD value. This level was used as the benchmark rather than experimental values or a higher level of
theory as we have a full set of values for comparison and use this level for further calculations in the study.c Found using core systems of
•ON(C(CH3)3)2 and OdN+(C(CH3)3)2 calculated at G3(MP2)-RAD, with the full system calculated at RMP2/6-311+G(3df,2p).d Found using core
systems of•ON(C(CH3)3)2 and OdN+(C(CH3)3)2 calculated at G3(MP2)-RAD, with the full system calculated at B3-LYP/6-311+G(3df,2p).
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electrode (SCE). Reported experimental values for the same are
-37 and-16 mV,11 showing agreement to within 10 mV (1.0
kJ mol-1). A subsequent study reported the half-wave potentials
of reduction for the same species versus the standard hydrogen
electrode (SHE).12 Using eq 9, our calculated half-wave
potentials versus SHE of molecules2 and6 were found to be
213 and 233 mV, respectively (again at room temperature and
pH 7), which are in good agreement with the corresponding
experimental values (estimated from Figure 6 in ref 12 to be
approximately 200 mV in each case).

Structure-Reactivity Trends. Having identified a reliable
computational method, the oxidation and reduction potentials
were able to be calculated for a large number of nitroxides
including di-tert-butyl nitroxide (DBN,1), many derivatives of
2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO,2), 2,2,5,5-
tetramethylpyrrolidin-1-yloxyl (PROXYL,14), 1,1,3,3-tetra-
methylisoindolin-2-yloxyl (TMIO,23), and 1,1,3,3-tetramethyl-
2,3-dihydro-2-azaphenalene-2-yloxyl (TMAO,36), as well as
one example of an oxazolidine (2,2,5,5-tetramethyl-3-oxazolidin-
1-yloxyl, 22). The results are shown in Table 5 and Figure 2.

From Figure 2 the order of increasing favorability for the
reduction potentials of the parent (H-substituted) species is
PROXYL (14), DBN (1), TMIO (23), TEMPO (2), 2,2,5,5-
tetramethyl-3-oxazolidin-1-yloxyl (22), and TMAO (36). In
general, the five-membered cyclic nitroxides (pyrrolidine and
isoindoline derivatives) have reduction potentials centered
around -1570 mV, and the six-membered cyclic nitoxides
(piperidine and azaphenalene derivatives) have reduction po-
tentials around 200 mV less negative, centered at-1370 mV.

The order for the oxidation potentials of the parent compounds
is not the inverse of the results for the reduction potentials but
instead follows the order of increasing favorability, 2,2,5,5-
tetramethyl-3-oxazolidin-1-yloxyl (22), TMIO (23), PROXYL
(14), TEMPO (2), DBN (1), and TMAO (36). In general, the
lowest oxidation potentials are seen for the azaphenalene
derivatives centered around 510 mV and the highest for the
isoindoline derivatives centered around 1020 mV. Piperidine
and pyrrolidine derivatives show oxidation potentials centered
around 830 mV.

The oxazolidine derivative,22, is easily reduced but not very
easily oxidized, because the electronegative oxygen stabilizes
the negative charge over the ring when the anion is formed but
destabilizes the positive charge when the cation is formed. This
is consistent with the observation that the very similar species
OXANO undergoes reduction to the corresponding hydroxy-
lamine, with the reduced species then being reoxidized back to
the nitroxide radical, in the SOD-mimicking reaction seen in
Scheme 1.2 In contrast, nitroxides such as the piperidine
derivatives in this study are thought to undergo oxidation to
the corresponding oxoammonium cation, with the oxidized
species then undergoing reduction, as seen in Scheme 2.3

The ability of the cyclic nitroxides studied here to be oxidized
or reduced appears to be related to the flexibility of the ring
structure, which determines how easily the anion is pyramidal-
ized and the cation is planarized at the nitrogen center. The
noncyclic DBN (1) can be planarized easily, but steric hindrance
between the methyl groups causes the pyramidal anion to be of
higher energy. Therefore DBN shows a lower oxidation

TABLE 3: Effect of Level of Theory on the Adiabatic Electron Affinities (0 K, Expressed in eV) of Various Nitroxidesa

a Calculated using species optimized at the B3-LYP/6-31G(d) level with the B3-LYP/6-31G(d) zero point vibrational energy.b Mean absolute
deviation from the benchmark G3(MP2)-RAD value. This level was used as the benchmark rather than experimental values or a higher level of
theory as we have a full set of values for comparison and use this level for further calculations in the study.c Found using core systems of
•ON(C(CH3)3)2 and -ON(C(CH3)3)2 calculated at G3(MP2)-RAD, with the full system calculated at RMP2/6-311+G(3df,2p).c Found using core
systems of•ON(C(CH3)3)2 and-ON(C(CH3)3)2 calculated at G3(MP2)-RAD, with the full system calculated at B3-LYP/6-311+G(3df,2p).
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potential, but a more negative reduction potential. All other
things being equal piperidine and pyrrolidine rings are relatively
flexible, with out-of-plane motion that has in the past been
studied using quantum mechanical methods.27 Piperidine deriva-
tives are more easily reduced, indicating that they are more
easily pyramidalized around the nitrogen center in the anion
form, however the similar oxidation potentials of piperidines
and pyrrolidines indicates that they are both relatively easy to

planarize in the cation form. On the other hand, the five-
membered ring in the isoindoline derivatives is held quite rigid
by the presence of an aromatic ring, leading to higher oxidative
potentials and more negative reductive potentials for these
species. This is demonstrated through the observation that the
isotropic EPR spectra of the TMIO family of radicals have line
widths much smaller than those of the TEMPO family of
radicals.33,34 Despite the presence of two fused aromatic rings,
the six-membered ring in azaphenalene is quite flexible around
the nitrogen center, showing similar steric characteristics to
TEMPO-like nitroxides in the vicinity of the nitroxide group.
The EPR spectrum of TMAO (36) confirms this, showing
broader lines than the spectra of the TMIO family.35

Azaphenalene derivatives show even lower oxidation poten-
tials than piperidines due to the fact that the positive charge in
the cation species can be delocalized onto the ring by hyper-
conjugation.

Azaphenalenes are more easily oxidized than other nitroxides
and at the same time relatively easily reduced. They should
therefore undergo relatively fast one-electron redox based
processes such as SOD-mimicking reactions, making them an
interesting target to test for their protecting ability against
oxidative damage.

For all of the different types of ring structures studied, trends
in the oxidation and reduction potentials within a family are in

TABLE 4: Effect of Level of Theory, Basis Set and Solvation Model Used to Calculate the Free Energy of Solvation, on the
Oxidation Potentials (298 K, Expressed in mV) of Various Nitroxidesa

a Calculated using gas-phase species optimized at the G3(MP2)-RAD level with B3-LYP/6-31G(d) optimize geometries.b Calculated using the
united atom topological model with the recommended optimization of radii, i.e., UAHF and UAKS keywords for the Hartree-Fock and B3-LYP
methods, respectively.21 c Mean absolute deviation from the experimental values.d Calculated using the SCFVAC keyword in GAUSSIAN. SCFVAC
allows for the calculation of the Gibb’s free energy of solvation because an additional SCF calculation is performed in the absence of the solvent
field, so as to find〈ψ(0)|H|ψ(0)〉 (whereψ(0) is the wavefunction in the gas phase). When this keyword is not used, the Gibb’s free energy of
solvation is instead estimated as the difference of〈ψ(f)|H|ψ(f)〉 (whereψ(f) is the wavefunction in the presence of the solvent field) and the total
Gibb’s free energy of the solute in solution. The difference between〈ψ(0)|H|ψ(0)〉 and〈ψ(f)|H|ψ(f)〉 is a small solute polarization term, which is
added to the electrostatic component of the total free energy of solvation when the SCFVAC keyword is used and omitted when it is not.24 e As
reported by Goldstein et al.31 and Israeli et al.12

Figure 1. Experimental oxidation potentials versus calculated values
from the present work.12,31 Corresponding structure numbers can be
found in Table 5.
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TABLE 5: Electrode Potentials (Calculated at 298 K) of Nitroxides Compared to the Standard Hydrogen Electrode (SHE) in
an Aqueous Mediuma
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line with the electron donating and accepting abilities of the
ring substituents. The piperidine and pyrrolidine derivatives
show oxidation potentials that increase with substituents in the

order NH2, OH, OCH3, COOH, and NH3+, but the reduction
potentials become less negative with the same substituents. As
expected, the increase in electron density around the ring from

TABLE 5 (Continued)

a Calculated using gas-phase species optimized at the G3(MP2)-RAD level with B3-LYP/6-31G(d) optimized geometries. Solvation energies
were calculated using PCM at the B3-LYP/6-31G(d) level of theory using the SCFVAC keyword in GAUSSIAN.b ONIOM calculations found
using core systems calculated at G3(MP2)-RAD, with the full system calculated at RMP2/6-311+G(3df,2p); using as core systems the parent
(H-substituted) nitroxides, i.e.,2 is the core system for7 and9, 10 and14 are the core systems for19 and20, 23 is the core system for24-35,
and36 is the core system for37-54. c Note that this is the formal one electron reduction reductional potential. For comparison with the experimental
irreversible half-wave potentials, the protonation of the reduced species would need to be taken into account, as per eq 9. As noted above, this has
been doen for TEMPO (2) and 4-hydroxy-TEMPO (6), and the resulting the half-wave potentials (versus SHE at room temperature and pH 7) are
213 and 233 mV, respectively.

Figure 2. Plot of the relationship between oxidation and reduction potentials of nitroxides: di-tert-butyl nitroxide (9); piperidine derivatives (b);
pyrrolidine derivatives (4); oxazolidine derivatives ()); isoindoline derivatives (+); azaphenalene derivatives (×).

Oxidation and Reduction Potentials of Nitroxide Antioxidants J. Phys. Chem. A, Vol. 111, No. 51, 200713603



donating substituents stabilizes the positive charge in the
oxidized species, and substituents with a greater electron
accepting ability stabilize the negative charge in the reduced
ring. However, these effects are observed to be relatively small.
For instance, in the sequence of substituted TEMPO radicals,
nitroxides substituted in the 4-position with neutral substituents
(H, COOH, NH2, OCH3, and OH) show an oxidation potential
that varies by only 90 mV, whereas there are several hundred
millivolts between the parent (H-substituted) species themselves.

Substituent effects in the isoindoline and azaphenalene
derivatives largely follow electronegativity trends with, for
example, NH2 stabilizing the cation and lowering the oxidation
potential and COOH stabilizing the anion and making reduction
more favorable. However, some variation occurs with the
substituent position around the rings, possibly due to the way
in which charge can be delocalized via hyperconjugation. Some
functional groups around the ring may accept large proportions
of negative charge, further complicating these effects. Other
factors such as steric effects may also contribute, for example,
the species 4,7-dicarboxy-TMIO (30) shows hydrogen bonding
in the neutral radical, which is disrupted in the cation and anion
species, leading to the relatively unfavorable oxidation and
reduction potentials observed for this species. Overall, however,
with a few minor exceptions, the electrode potentials of the
nitroxides are not very sensitive to substituents. This may be a
useful feature in the design of new targets for synthetic efforts
as it is expected that substituents can be chosen to affect other
properties of a nitroxide such as its solubility or binding without
significantly compromising its antioxidant ability.

5. Conclusions

The calculation of electrode potentials for nitroxide antioxi-
dants was investigated and the computational method G3(MP2)-
RAD//B3-LYP/6-31G(d) with PCM solvation energies at the
B3-LYP/6-31G(d) level was found to be suitable for these
molecules, giving oxidation and reduction potentials within 40
mV (3.9 kJ mol-1) of experimental values. An ONIOM-based
approach in which the core, modeled as the reaction of the small
radical•ON(C(CH3)3)2, was studied at G3(MP2)-RAD and the
substituent effect of the full system was calculated at RMP2/
6-311+G(3df,2p), was shown to provide an accurate lower-
cost alternative method for larger systems. This method was
able to approximate G3(MP2)-RAD values (to within 1.6 kJ
mol-1) at a fraction of the computational cost.

Calculations on a wide range of cyclic nitroxide species
showed that oxidation and reduction potentials are strongly
affected by the ring size and structure. Azaphenalene derivatives
substituted with an amino group have low oxidation potentials
and are easily reduced. Species such as these may be useful in
the protection of biological systems from oxidative damage
caused by reactive oxygen species, as the mechanism of
protection is thought to include repeated oxidation and reduction
of the nitroxide. Other families are expected to display less
effective protection with piperidine, pyrrolidine, and isoindoline
derivatives displaying higher oxidation potentials. Pyrrolidine
and isoindoline derivatives also show more negative reduction
potentials. Within a family of nitroxides, the variation of ring
substituents have a smaller effect that generally follows the
trends expected on the basis of electronegativity considerations,
though the placement of a substituent around the ring is
sometimes significant. Because the variation of substituents
causes only minor modifications to the potential, it is expected
that substituents can be chosen to affect the solubility or binding
of a molecule without significantly compromising its antioxidant
ability.
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