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Comparative study of electrochemical redox behaviour of five different nitroxyl radicals leads to the
direct correlation between one-electron redox potentials and group electronegativity of the
B-substituent on the ring. B-Substituents with an electron-donating effect caused a negative shift in the
one-electron oxidation and one-electron reduction potentials of the nitroxyl radicals. In a similar
aspect, B-substituents with an electron-withdrawing effect behaved oppositely.

Introduction

Redox behaviour of nitroxyl radicals (NRs) has attracted great
attention because of their use as contrast agents for magnetic
resonance imaging (MRI),'? superoxide dismutase (SOD)
mimics,? spin labels,* and antioxidants.>® Electron paramagnetic
resonance (EPR)-measured rates of NR reduction have been
shown to provide information on tissue redox status™ and
reactive oxygen species (ROS) generation in vivo.*' Oxidation of
hydroxylamines (HAs), reduced species of NRs, to NRs has also
been used for in vivo EPR detection of ROS.** Furthermore,
oxidation of NRs leads to scavenging of ROS™ and is also
responsible for the SOD-mimic activity of cyclic nitroxyls.'
However, the highly oxidizing oxoammonium cation is also
responsible for the pro-oxidative activity and potential adverse
effects of the NRs.”” Redox behaviour of NRs has been studied
chemically'™' as well as electrochemically.®® Besides, the structure
of NRs has been found to be a controlling factor for the redox
behaviour of NRs in vivo*™ as well as in vitro studies.°
Therefore, a possible structure—activity relationship and any other
factors affecting the redox behaviour of NRs become important
considerations. Recently, we have reported the stereochemical
and solvent effects on electrochemical one-electron oxidation of
NRs.*' We report herein the electrochemical redox behaviour
of five nitroxyl radicals (Scheme 1), 3-hydroxymethyl-2,2.5,5-
tetramethylpyrrolidine-N-oxyl (HM-PROXYL; NR 1), 3-car-
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Scheme 1 One-electron oxidation and reduction of cyclic nitroxyl
radicals.

bamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (CM-PROXYL;
NR 2), 3-carboxyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (car-
boxy-PROXYL; NR 3), 3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine-N-oxyl (MC-PROXYL; NR 4), and 3-cyano-2,2,5,5-
tetramethylpyrrolidine-N-oxyl (cyano-PROXYL; NR 5), to
evaluate the possible correlation between their structure and
redox behaviour in two different media.

Results and discussion

The electrochemical one-electron reduction and one-electron
oxidation potentials of the same series of NRs having -blocking
groups different from hydrogen were measured in two different
solvents by cyclic voltammetry and second-harmonic alternating
current voltammetry.*>*” Cyclic voltammograms (CVs) (see ESIt)
were explored to assess the reversible nature of one-clectron
redox processes of NRs. Representative CVs of NRs in methanol
(MeOH, 0.1 mol dm~* Bu,NCIO,) and phosphate buffer (PB,
pH 7.4, 0.1 mol dm~?) at 298 K and with a scan rate of 0.1 V s~
are shown in Fig. 1 and 2 respectively.

The intense reversible peaks [E,, — E,. (AE,) = £70 mV] in the
positive range were assigned to the one-electron oxidation poten-
tial of NRs.*® The CVs also show slightly less intense irreversible
responses (either AE, > 70 mV or absence of corresponding oxida-
tion waves in opposite cycle) in the negative potential range which
are assigned to the one-electron reduction of NRs.*® Although the
reduction process was found to be irreversible in both solvents,
the corresponding anodic wave appeared in PB, which indicates
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Fig. 1 Cyclic voltammogram of NRs (2.0 x 10~ mol dm~*) in MeOH
(0.1 mol dm~ BuyNClO,) at 298 K. Scan rate: 0.1 V s7!.
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Fig. 2 Cyclic voltammogram of NRs (2.0 x 107 mol dm™) in PB
(0.1 mol dm~—, pH 7.4) at 298 K. Scan rate: 0.1 V s7'.

the effect of solvent on the reversibility of the reduction process.
Exact values of one-electron oxidation and reduction potentials
were obtained by exploring the second-harmonic alternating cur-
rent voltammograms (SHACVs) (Figs. 3 and 4). The values of one-
electron oxidation potentials of NRs in both MeOH and PB were

40/
NRS g, NR 1
S oo . 070 &
H a
: ;
5 [
k1 . %
~ - ri"\.
3 i
5
%0 < &
Y &
5 . $
o s : S
. - 5
[} . b
- . :.
. . . o
S L g
¥ '-.v.' £
—40 1 1 I 1 L
1.9 1.0 0.9 0.8 0.7 0.6 0.5

E(vs. Ag/AgCI) 7V

Fig. 3 Second-harmonic alternating current voltammograms showing
one-electron oxidation potentials (vs. Ag/AgCl) of NR 1 (O,0J) and NR
5 (@.H) (2.0 x 10 mol dm™) in MeOH (0.1 mol dm~* Bu,NCIO,) at
298 K. Scan rate: 4 mV s~'; amplitude: 25 mV.
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Fig. 4 Second-harmonic alternating current voltammograms showing
one-electron reduction potentials (vs. Ag/AgCl) of NR 1 (O,[J) and NR
5 (@®,W) (2.0 x 10~ mol dm~*) in MeOH (0.1 mol dm~* Bu,NCIO,) at
298 K. Scan rate: 4 mV s~'; amplitude: 25 mV.

compared with the one-electron oxidation potentials calculated
using peak potentials from the reversible cyclic voltammetric
response of nitroxyl radical-oxoammonium cation redox couples.
The relative one-electron oxidation potentials obtained via two
different approaches showed good consistency (Table 1). One-
electron redox potentials of NRs, obtained by SHACYV, were used
in order to characterize the change in redox behaviour associated
with substitutional change on the pyrrole ring. For all NRs in
this study we assign the first one-electron oxidation potential
and the first one-electron reduction potential for the formation
of the corresponding oxoammonium cations and deprotonated
hydroxylamines, respectively (Scheme 1).

The redox asymmetry and the reorganization energy of the
examined NRs are of similar magnitude except there is a small
change in the electronic environment of the molecule. Therefore,
the redox nature of NRs can be subjected to alteration by substi-
tutional changes in the pyrrole ring of nitroxyl radicals. Oxidation
potentials were observed between the potential range from 0.70
t0 0.92 and 0.61 to 0.80 V vs. Ag/AgCl in MeOH (0.1 mol dm~*
Bu,NCIO,) and PB (pH 7.4, 0.1 mol dm™?), respectively, varied
with the substitutional change at the B-position on the ring
and the solvent used (Table 1). Reduction potentials were found
between the potential range from —0.75 to —0.44 and —0.79 to
—0.50 Vin MeOH and PB, respectively (Table 1), again associated

Table 1 One-electron oxidation (£*,,,) and reduction (£¢,,,) potentials
(vs. Ag/AgCl) of nitroxyl radicals (NR 1-5) in MeOH (0.1 mol dm~*
Bu,NCIO,) and PB (0.1 mol dm~3, pH 7.4) determined by SHACV at
298 K

Ep/V E\pn/V
Nitroxyl radical PB MeOH PB MeOH
NR 1 0.61 (0.60) 0.70 (0.70) -0.79 —0.75
NR 2 0.64 (0.63) 0.76 (0.76) —0.78 —0.69
NR 3 0.68 (0.68) 0.78 (0.78) — —
NR 4 0.69 (0.68) 0.79 (0.79) —0.68 —0.65
NR 5 0.80 (0.79) 0.92 (0.95) —0.50 —0.44

Potential values shown in parentheses denote one-electron oxidation
potentials calculated using peak potentials from cyclic voltammograms.
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with the substitutional change at the B-position on the ring and
the solvent used. It is important to note that the substitutional
change in the pyrrole ring, the presence of either an electron-
withdrawing group (EWG) or an electron-donating group (EDG),
has a dramatic impact on the redox behaviour of NRs, as the
corresponding redox potentials are shifted positively or negatively
by hundreds of millivolts. Therefore, group electronegativities of
B-substituents were calculated to check their possible correlation
with the one-electron redox potential shift observed for NR 1-5.
Electronegativity values for the substituent group were calculated
using the standard Pauling electronegativity values in the formula
shown in eqn (1),

E,=[V.E.+XN,EJN" 1)

where E, is group electronegativity, V. and E, are the valence of the
central atom and its atomic electronegativity value, respectively, N;
and E; are the number of the bond of atomic or group i connecting
to the central atom and the atomic or group electronegativity of
i (atom or group) respectively and N is the sum of the valence of
the central atom and the whole number of atom(s) and group(s)
connecting to the central atom. Interestingly, a linear correlation
(r=10.99) was obtained on plotting the electronegativity values vs.
the one-electron oxidation and reduction potentials of NRs both
in PB and MeOH solvents (Fig. 5 and 6).
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Fig. 5 Plots of Pauling electronegativity (E,) vs. electrochemical one—
electron oxidation (E*;,,) potentials. E*,, (vs. Ag/AgCl) of NR 1-5
(2.0 x 107° mol dm~?) in (a) MeOH (0.1 mol dm~* Bu,NCIO,), (b) PB
(0.1 moldm~=3, pH 7.4) obtained by SHACV at 298 K. Scan rate: 4 mV s~';
amplitude: 25 mV.

NR 1, having the strongest EDG, and NR 5, having the strongest
EWG, have been chosen for further explanation. The oxidation of
NR 1 was more favorable than that of NR 5 as evidenced by the
fact that the NR 1 oxidation waves appeared at 0.70 and 0.61 V in
MeOH and PB, respectively, which are more negative than those
for NR 5, i.e. 0.92 and 0.80 V in MeOH and PB, respectively. The
comparatively negative one-electron oxidation potential of NR 1
is probably due to the better compensation of electron deficiency
by the electron-donating nature of the hydroxymethyl group. NR
5 gives rise to the most positive one-electron oxidation potential,
followed by NR 4, NR 3, NR 2 and NR 1. This trend shows
harmony with the group electronegativity of the substituents
present in the pyrrole ring of NR 1-5.

E°,, (vs. Ag/AGCI) /v

-0. I 1 |

40 35 3.0
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Fig. 6 Plots of Pauling electronegativity (£,) vs. electrochemical one—
electron reduction (E¢,,) potentials. E¢,, (vs. Ag/AgCl) of NR 1-5
(2.0 x 107 mol dm~?) in (a) MeOH (0.1 mol dm~* Bu,NClO,), (b) PB
(0.1 moldm~3, pH 7.4) obtained by SHACV at 298 K. Scan rate: 4 mV s™';
amplitude: 25 mV.

The one-electron reduction potentials also seem to be correlated
with the substituent present on the ring. NR 5, with an EWG, is
more susceptible to reduction than NR 1, with an EDG, which
is evidenced by the fact that the NR 5 reduction wave appeared
at —0.44 and —0.49 in MeOH and PB respectively, which are
relatively positive compared to those for NR 1, i.e. —0.75 and
—0.79 V in MeOH and PB, respectively. There are negative shifts
of one-electron reduction potential by magnitudes of 310 mV in
MeOH and 300 mV in PB when a B-substituent cyano group is
replaced by a hydroxymethyl group. This shift is an indication of
a high degree of electron deficiency at the nitroxyl moiety caused
by the electron-withdrawing nature of the cyano group, the f-
substituent in NR 5. Consequently, there is an enhancement in the
electrophilic nature of the electron deficient NRs at the expense of
a decrease in their radical character. However, there is a decrease in
electrophilic nature of the NRs by the presence of an EDG in the
ring. The increasing order of the one-electron reduction potentials
in the negative direction was obtained as NR5 < NR4 < NR 2 <
NR 1. Here again the harmony with the electronic nature of the
substituent remained the same as observed for the one-electron
oxidation potential.

Another interesting finding is that the one-electron oxidation or
reduction potentials of the examined NRs were always negative in
PB as compared to those in MeOH. Potential shift with varying
of the solvent can be explained by the better solvation of the
localized charge of polar species in the polar solvents. Finally,
from the cyclic voltammetric and second-harmonic alternating
current voltammetric analysis of five different NRs, the following
information can be extracted: (a) the one-electron reduction and
oxidation potentials are sensitive to the nature of the substituent
at the B-position to nitrogen in the ring. Much more positive
reduction and oxidation potentials in the presence of an EWG
are indicative of the notion that the electron-withdrawing effect
is strong enough to make the nitroxyl moiety more electrophilic.
This fact may also be explained in terms of the comparatively more
and less favorable electronic environment of NRs, with respect
to the corresponding oxoammonium cation and deprotonated
hydroxylamine, respectively, to stabilize the electron deficiency
due to the presence of an EWG in the ring; (b) the oxidation
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potential is influenced by the nature of the solvent. Thus, increased
polarity of the solvent results in the negative shift in both
reduction and oxidation potentials. This fact may be explained
in terms of relative stabilization of the oxoammonium cation
and deprotonated hydroxylamine in the polar solvent as we have
reported previously.™!

Experimental

CM-PROXYL (NR 2) and cyano-PROXYL (NR 5) were
purchased from Sigma. Carboxy-PROXYL (NR 3) was pur-
chased from Tokyo Chemical Industry Co. Ltd., Japan. HM-
PROXYL (NR 1) was synthesized from carboxy-PROXYL and
diazomethane.”> MC-PROXYL (NR 4) was synthesized by re-
duction of carboxy-PROXYL with LiAlH, in THE?* Methanol
(MeOH) were purchased from Nacalai Tesque, Inc., Japan and
used as received. Phosphate buffer (PB) (pH 7.4; 0.5 mol dm™)
was prepared in stock by dissolving 78.01 g sodium dihydrogen
phosphate dihydrate (NaH,PO,-2H,0) in 1000 mL of water
and pH was adjusted using 60% phosphoric acid (H;PO,).
Finally the desired concentration (0.1 mol dm~?) was obtained
by dilution of stock solution. Tetrabutylammonium perchlorate
(Bu,NClO,), used as a supporting electrolyte, was purchased from
Tokyo Chemical Industry Co. Ltd., Japan and recrystallized from
ethanol and dried under vacuum at 313 K prior to use. Solution
concentrations for cyclic and second-harmonic alternating current
voltammetric analysis were 2.0 x 10~* mol dm~* for all the nitroxyl
radicals. Millipore Milli-Q water was used in all the experiments.

CVs and SHACVs were recorded with a conventional three
electrode CH model ALS 630A electrochemical analyzer with
glassy carbon disk working electrode, platinum wire counter
electrode and Ag/AgCl reference electrode. Bu,NCIO, was used
as a supporting electrolyte in the case of MeOH. The working
electrode was polished with BAS polishing alumina suspension
and a polishing cloth and rinsed with Millipore Milli-Q water
followed by MeOH prior to each measurement. The electrode was
then washed thoroughly with water, dried and cycled several times
in the range of 1.5 to —1.9 V in order to assure the absence
of a voltammetric signal due to the supporting electrolyte. All
electrochemical measurements were performed at 298 K. In order
to minimize the effect of molecular oxygen on the electrochemical
behaviour of these radicals, the inert atmosphere in the elec-
trochemical cell was maintained throughout the experiment by
bubbling argon into the solution before the experiment and having
a continuous argon flow over the solution during the experiment.

Conclusion

The modulation of the redox behaviour of NRs could be achieved
by molecular engineering as evidenced by the linear relationship
between Pauling electronegativity and redox potentials of the NRs
with varied substitution at the B-position in the ring. The one-
electron oxidation and reduction processes showed an opposite
trend of potential shift with respect to the nature of substituent
in the ring and this trend remains similar in both solvents, PB
and MeOH. In a broad aspect, the better understanding of the
electronic influence of a substituent which is able to alter the redox
potentials, and hence the electrophilicity of the host compound,
would help to design new compounds with controlled chemical as

well as biological activity. This study would also be useful when
the redox behaviour of NRs is explored in vivo as well as in in vitro
studies.
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