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Abstract
Potassium ferricyanide, routinely employed for the oxidation of sterically-hindered hydroxylamines
to nitroxides, is considered to be chemically inert towards the latter. In the present study we report
on an unexpected oxidative fragmentation of the imidazolidine nitroxides containing hydrogen atom
in the 4-position of the heterocycle (HIMD) by potassium ferricyanide resulting in the loss of the
EPR signal. The mechanistic EPR, spectrophotometric, electrochemical and HPLC-MS studies
support the assumption that the HIMD fragmentation is facilitated by the proton abstraction from the
4-position of the oxoammonium cation formed as a result of the initial one-electron HIMD oxidation.
Increase in steric hindrance around the radical fragment by introducing ethyl substituents decreased
the rate of ascorbate-induced HIMD reduction by more than 20 times but did not affect the rate of
ferricyanide-induced HIMD oxidation. This preferential sensitivity of HIMDs to oxidative processes
has been used to detect peroxyl radicals in the presence of high concentration of the reducing agent,
ascorbate. HIMD-based EPR probes capable to discriminate oxidative and reductive processes might
find application in biomedicine and related fields for monitoring the oxidative stress and reactive
radical species in biological systems.
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Introduction
Nitroxides are broadly used in biology and medicine as metabolically responsive contrast-
enhancing agents for magnetic resonance imaging (MRI)[1–4], spin labels and probes for EPR
studies[5–9], superoxide dismutase (SOD)-mimics[10, 11], antioxidants[12–14] and redox-
sensitive dual fluorophore-nitroxide probes [15, 16]. These applications, in part, are based on
the knowledge of the redox chemistry of the nitroxides (for reviews see[6, 10, 17, 18]). In
biologically relevant systems EPR-detectable nitroxide species can be partially converted into
a hydroxylamine - an EPR-silent product of one-electron reduction [17]. The latter form is
routinely identified by its stoichiometric re-oxidation to the EPR-detectable parent nitroxide
using potassium ferricyanide (PF). PF is a mild one-electron oxidizing agent (E0=0.37 V
[19]) and is considered to be chemically inactive towards nitroxide group[6]. This work
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describes our recent observation of unexpected irreversible transformation of the imidazolidine
nitroxides containing hydrogen atom in the 4-position of the heterocycle by PF to diamagnetic
products. On one hand, this finding makes one aware of the special precautions that should be
taken while using ferricyanide for quantification of imidazolidine nitroxides. On the other hand,
and more importantly, this observation provides a rational basis for the design of paramagnetic
probes with enhanced sensitivity to oxidative processes in biological systems.

Materials and Methods
Reagents

Potassium ferricyanide, K3Fe(CN)6, potassium ferrocyanide, K4Fe(CN)6·3H2O, sodium
phosphate dibasic, Na2HPO4, sodium phosphate monobasic, NaH2PO4, were purchased from
Fisher Scientific. Diethylene triamine pentaacetic acid (DTPA) was purchased from Acros
Organics. 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), 3-carboxy-2,2,5,5-tetramethyl-1-
pyrrolidine-1-oxyl (CP), 3-carbamoyl-2,2,5,5-tetramethyl-1-pyrrolidineoxy (CMP) and
2,2,5,5-tetramethyl-3-carbamido-3-pyrroline-1-oxyl (CTPO) were purchased from Sigma-
Aldrich. The imidazolidine nitroxides, 2,2,3,4,5,5-hexamethylperhydroimidazol-1-yloxy
(HIMD1)[20], 3,4-dimethyl-2,2,5,5-tetraethylperhydroimidazol-1-yloxy (HIMD2)[21] and
2,2,3,4,4,5,5-heptamethylperhydroimidazol-1-yloxy (IMD3) [22] were synthesized as
described previously. Imidazoline nitroxide, 2,2,4,5,5-pentamethyl-2,5-dihydro-1H-
imidazol-1-yloxy (IM1) was synthesized as described in reference[20]. 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide potassium salt (cPTIO) was
purchased from Cayman Chemicals. 2,2'-azobis[2-(2-imidazolin-2-yl) propane]
dihydrochloride (AIPH) was purchased from Waco Pure Chemical Industries, Ltd. Chemical
structures of the nitroxides used in this study are shown in Schemes 1 and 2.

All solutions were prepared in 50 mM Na-phosphate buffer (pH=7.4) containing 0.5 mM
DTPA, unless otherwise stated. Water was purified using Milli-Q purification system.
Hydroxylamine solutions (0.1 mM) were obtained by the reduction of corresponding nitroxides
by excess of ascorbic acid. Re-oxidation of the hydroxylamines back to the parent nitroxides
was performed by addition of excess of PF.

EPR measurements
EPR spectra were acquired at room temperature with an EMX X-band EPR spectrometer
(Bruker). Solution samples were placed into 50-μl capillary tubes.

UV-vis studies
UV-vis studies were carried out at room temperature using Beckman-Coulter DU800
spectrophotometer.

Cyclic voltammetry studies
Cyclic voltammetry was performed on a potentiostat and computer-controlled electroanalytical
system VersaSTAT3. The measurements were carried out in a 10 mL cell equipped with a
glassy carbon working electrode (7.07 mm2), a platinum-wire auxiliary electrode, and Ag/AgCl
reference electrode in acetonitrile containing 0.1 M tetrabutylammonium perchlorate and a
nitroxide at concentrations from 1.0 to 1.5 mM.

Mass spectrometry studies
To prevent the reaction mixtures from acidification observed during the reaction of HIMD1
and PF, the HPLC-MS studies were carried out in 50 mM Na-phosphate buffer, pH=7.4. HPLC-
MS measurements were carried out using Ultimate 3000 DIONEX HPLC equipped with Q-
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TOF-2 mass spectrometer. HPLC conditions were: column, Vydac C18, 300 Ǻ 5 μm, 1×250
mm; gradient conditions: a linear gradient of acetonitrile-0.1% formic acid (5 to 90% over 15
min and a flow rate of 25 μL/min) against 0.1% aqueous formic acid. HPLC was followed by
electrospray ionization mass spectrometry (ESI-MS) detection in positive ion mode.

Results
The main product of nitroxide metabolism in biological systems, hydroxylamine, is routinely
identified by its re-oxidation to the EPR-detectable parent nitroxide using PF, which is
considered to be chemically inactive towards nitroxide[6]. Accordingly, our re-examination
showed stoichiometric recovery of representative nitroxides of piperidine, pyrrolidine,
pyrroline, and 3-imidazoline series (Scheme 1), as well as imidazolidine nitroxide IMD3
(Scheme 2), from the corresponding hydroxylamines after re-oxidation with PF. The integral
EPR spectral intensities of these nitroxides were not affected by the presence of excess of PF
(1–10 mM) for at least several hours.

Surprisingly, imidazolidine nitroxides with hydrogen atom at C4 position of the heterocycle,
HIMD1 and HIMD2 (Scheme 2), revealed a complete loss of the EPR signal in the presence
of PF (Fig. 1). Complementary UV-vis studies showed a concomitant decay of PF absorption
as a result of its reduction to potassium ferrocyanide. Comparison of the HIMD1 and PF decays
measured by EPR and UV-vis absorption, respectively, showed the [HIMD1]:[PF]
stoichiometry being equal to 1:1 for the initial parts of the kinetic curves (Fig. 1). Reduction
of K3Fe(CN)6 was found to be reversible as confirmed by the re-oxidation of ferrocyanide
anion back to PF by PbO2 (data not shown). In contrast, the oxidation of the HIMD radicals
resulted in an irreversible loss of the EPR signals. The rates of HIMD1 and HIMD2 oxidation
by PF were found to be linearly dependent on K3Fe(CN)6 concentration allowing for
calculation of the corresponding bimolecular rate constants (Fig. 2).

Previously we reported that increase in steric hindrance around the N−O• group in the HIMD2
radical decreases the rate of its reduction by ascorbate by more than 20 times compared to that
of HIMD1[23]. However, only small difference in the rate constants was observed for the
ferricyanide-induced oxidation of the HIMD1 and HIMD2.

Comparative electrochemical study also suggested a more facile oxidation of HIMD radicals
relative to the nitroxides of piperidine (TEMPO), imidazoline (IM1), and imidazolidine
(IMD3) series. Thus, cyclic voltammogram for acetonitrile solution of TEMPO clearly showed
a one-electron reversible oxidation, whereas that of IM1 and IMD3 showed a quasi-reversible
character (see Fig. 3), which is in an agreement with the previously reported reversible
oxidation of the N−O• group of piperidine and imidazoline nitroxides to oxoammonium cation
[24][25]. On the contrary, cyclic voltammograms of HIMD1 and HIMD2 showed an
irreversible oxidation pattern (Fig. 3D), most likely due to a cleavage of the C5−N1 bond in
the oxoammonium cation promoted by a proton abstraction from the 4-position of the
heterocycle. Note that the redox potential of ferri-ferrocyanide couple in acetonitrile is E0 =
0.37 V[19] and oxidation potentials of HIMDs, E0 ≈ 0.60÷0.67 V (Table 1). Therefore,
thermodynamically oxidation of HIMD1 and HIMD2 by ferricyanide anion is only slightly
unfavorable and can be driven kinetically by the irreversible character of the reaction.

To further investigate the mechanism of the HIMD oxidation the HPLC-MS studies of the
reaction of HIMD1 with PF were performed. HPLC conditions were optimized for separation
of anions of phosphate, ferricyanide and ferrocyanide from organic compounds, HIMD1 and
products of its reaction (Fig. 4A). Typically, ESI-MS spectra of the nitroxides are characterized
by the peaks of the following ions: (i) oxoammoinium cation [M]+; (ii) protonated radical
cation [M+H]+● and (iii) protonated hydroxylamine cation [M+2H]+. The relative abundance
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of these ions strongly depends on the structure of the radical, the solvent, and the ionization
conditions[26]. The HPLC retention time for HIMD1 was found to be about 7.5 min and the
mass spectrum of HIMD1 was characterized by ions with m/z = 172 and 173 (Figs. 3, traces
c), corresponding to [M+H]+● 8 and [M+2H]+ 9 ions, respectively (Scheme 3). The peak of
the oxoammonium cation 4 with m/z=171 was not observed in the mass spectrum, most likely
because of its fast decomposition. One-hour room temperature incubation of HIMD1 with half
equivalent of PF resulted in decrease of intensity of HPLC signal of the former and appearance
of additional HPLC signal with retention time of about 8 min (Figs. 4A and 4B, traces d). This
unresolved HPLC peak is characterized by mass spectrum with m/z = 171 and 169 (Figs. 4B
and 4C, traces d). Note that the peak with m/z = 171 could be assigned both to the
oxoammonium cation 4 and enamine cation 10 (Scheme 3).

A plausible scheme of the HIMD1 fragmentation caused by the reaction with PF is shown in
Scheme 3. The initial step of the reaction is supposed to be a one-electron oxidation of the N
−O• group to oxoammonium cation 4. A reversible character of this step was supported by a
significant decrease of the rate of PF-induced decay of HIMDs in the presence of excess of
potassium ferrocyanide (data not shown). Similar to the decomposition of oxoammonium
cation in a series of piperidine[27–29] and pyrrolidine[30] nitroxides, heterolytic cleavage of
the C5−N1 bond of 4 is facilitated by the proton abstraction from C4, thus lowering the
activation energy for the reaction resulting in the formation of stable enamine 6. Electrospray
ionization of this compound produces an [M+H]+ ion 10 that appears in the mass spectrum at
m/z=171. Room temperature incubation of HIMD1 with 20-fold excess of PF for 10 hours
resulted in complete disappearance of HPLC peak of HIMD1 at 7.5 min and increase in the
intensity of HPLC peak with 8 min retention time. Based on the mass of the ion corresponding
to this peak ([M]+, m/z=169, Figs. 4B and 4C, traces e), the peak was assigned the structure
of the eniminium cation 7. The latter was most likely formed through a mechanism similar to
that proposed earlier for oxidation of tertiary amines by PF[31].

Irreversible degradation of HIMD into EPR silent products caused by an oxidizing reagent
presents a pathway to design redox sensitive EPR probes with preferential sensitivity to
oxidative vs. reductive processes. Indeed, although the steric hindrance around the N−O• group,
such as in HIMD2, significantly decreases HIMDs reactivity towards reducing agents[23], it
may not affect the reactivity of HIMDs towards the oxidizing species, as it was observed for
PF (see Fig. 2 and Table 1). To illustrate this statement, we measured the rates of HIMD1 and
HIMD2 reactions with peroxyl radicals. Thermal decomposition of 2,2'-azobis[2-(2-
imidazolin-2-yl) propane] dihydrochloride (AIPH) in air saturated solutions was used as a
source of peroxyl radicals[32, 33]. In these conditions AIPH decays with the formation of two
alkyl radicals, which, in turn, react with dissolved oxygen with a diffusion-controlled rate
constant[34] of ~109M−1s−1, generating peroxyl radicals, ROO•[32]. The EPR spectra of the
nitroxides of the pyrroline series, CP and CMP, widely used as redox sensitive probes[4, 35–
38], and imidazoline nitroxide IM1, were found to be unchanged upon incubation with AIPH
(data not shown). On contrary, the decay rates for the HIMDs in peroxyl radical-generating
system (Fig. 5, empty squares) were close to the rate of ROO• generation by AIPH, thus
supporting highly efficient, if not complete, scavenging of the ROO• by HIMDs. In spite of
the increase in steric hindrance around the N–O• fragment of HIMD2, HIMD1 showed a
slightly slower decay of the EPR signal in the presence of AIPH (cf. empty squares in Figs.
5A and 5B). Still, the initial rate of HIMD1 reduction by ascorbate was in about 20 times higher
compared to that of HIMD2 (cf. empty circles in Figs. 5A and 5B). As a consequence, in the
presence of both agents the HIMD1 signal decay was hardly distinguishable from that upon
the reduction (cf. open and filled circles in Fig. 5A), while for HIMD2, the contribution of the
oxidation in the signal decay was predominant (cf. squares and filled circles, Fig. 5B). Partial
inhibition of the AIPH-induced HIMD2 decay by ascorbate (cf. squares and filled circles in
Fig. 5B) is in agreement with competitive scavenging of peroxyl radicals by ascorbate (rate
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constant about 2×106 M−1s−1 [39]). The rate constant of the reaction of HIMD2 with ROO•

estimated from inhibition of HIMD2 decay by ascorbate was found to be ≥ 5×108 M−1s−1,
which is among the highest rate constants reported for the scavenging of peroxyl radicals. The
high rate constant of the HIMDs oxidation by ROO• is not surprising taking into account a
much higher oxidation potential of peroxyl radicals (E0 ranging from 0.77 to 1.44 V[40] vs.
E0 =0.37 V[19] for ferricyanide).

Discussion
The main product of nitroxide metabolism in biological systems, hydroxylamine, is routinely
identified by its re-oxidation to the EPR-measured parent nitroxide using PF. This procedure
allows for quantification of hydroxylamines by EPR techniques and is based on the
assumptions that i) the equilibrium of the oxidation reaction is strongly shifted toward the
nitroxide, and ii) the nitroxide is stable in the presence of PF. Here we demonstrate that the
latter statement, while being valid for the most of the nitroxide series, is not applied to the
nitroxides of the imidazolidine series containing hydrogen atom in the 4-position of the
heterocycle (HIMDs). As we discovered, the HIMD nitroxides easily undergo oxidative
fragmentation in the presence of PF. This fragmentation turns the HIMD nitroxides into EPR
silent products. Mechanistic studies support the assumption that the HIMD fragmentation is
facilitated by the proton abstraction from the 4-position of the oxoammonium cation resulted
from initial one-electron oxidation of HIMD by PF (Scheme 3). Increase in steric hindrance
around the N−O• fragment does not affect significantly the rate of the HIMD reaction with the
oxidizing species (see Figs. 2, 5 and Table 1). This observation is in line with our previous
finding that the rates of the oxidation of the hydroxylamines – derivatives of HIMD1 and
HIMD2 – with ascorbyl radical are essentially the same [21]. Thus, the oxidation rates of the
HIMDs and their hydroxylamine derivatives seem do not depend significantly on the steric
hindrance around the N−O• fragment. But, as we know, the rate of the nitroxide reduction can
be decreased by an order of magnitude by increasing the steric hindrance around the N−O•

fragment[23, 41, 42]. This discrepancy seems to stem from the fundamental difference in the
mechanisms of the oxidation and reduction; the oxidation of the nitroxide to the oxoammonium
cation requires only electron transfer, while the reduction requires both electron and proton
transfer to take place[6]. The latter process involves reorganization of the proton donor
(solvent) molecules in the vicinity of the nitroxide group, e.g. hydrogen bond formation[6],
and apparently is more demanding to the steric conditions around the N−O• fragment.

The rates of the nitroxide decay measured by EPR[35, 43, 44] and MRI[3, 36] have been shown
to provide information on tissue redox status in vivo. Typically, the nitroxide decay in
biological systems is attributed to the tissue reducing capacity[4, 35]. Nevertheless, serious
efforts have been undertaken to extract from the rate of the nitroxide decay the information on
oxidative processes, in particular that related to generation of reactive radical species (RRS)
in various pathological conditions[37, 45, 46]. Currently, there is a consensus that in vivo
nitroxide decay reflects the overall tissue redox status, while discrimination between
contributions from reducing and oxidizing species requires independent experiments, e.g. using
exogenous antioxidants or radical scavengers.

The observed facile irreversible oxidation of HIMDs by potassium ferricyanide resulting in
the loss of the EPR signal opens a way to designing EPR probes with enhanced sensitivity to
RRS and related oxidative processes and discriminating between oxidative and reductive
processes in biological systems by means of EPR spectroscopy. The oxidation potential of
HIMDs of about E0 ≈ 0.6 V (Table 1) is significantly lower than that of the most biologically
relevant RRS such as superoxide, hydroxyl, peroxyl or lipid-derived radicals, which makes the
reaction of HIMDs with RRS thermodynamically highly feasible. Molecular design of such a
probe can be accomplished through the protection of the N−O• fragment of the nitroxide
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towards reduction by flanking it with bulky substituents similar to that in HIMD2. A viability
of this approach was demonstrated by monitoring the peroxyl radicals formation in the presence
of a high concentration of ascorbic acid as a reducing agent (Fig. 5). Preferential sensitivity of
the HIMDs with sterically hindered N−O• group towards oxidation is of particular interest for
non-invasive in vivo EPR applications in biological systems where the role of RRS in oxidative
metabolism and redox signaling is widely discussed[3, 35, 47–50]. We speculate that
simultaneous use of two HIMD derivatives, the one containing more sterically protected 14N
−O• group and the other one, containing less sterically protected 15N−O• group, would allow
for extraction of a real-time information on both reducing and oxidizing capacities of the
microenvironment[51]. In order to optimize the structure of the probe and to develop reliable
protocols for monitoring the oxidative processes in biological systems with EPR, further
kinetics studies of the reactions of the HIMDs with different types of RRS are required. These
results will be described in details in a separate publication.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PF potassium ferricyanide

IM imidazoline nitroxide

IMD imidazolidine nitroxide

HIMD imidazolidine nitroxide containing hydrogen atom in the 4-position of the
heterocycle

RRS reactive radical species
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Figure 1.
Kinetics of the decay of HIMD1 nitroxide (●) and PF (○) measured by EPR and UV-vis
(ε420=103 M−1cm−1), respectively. Initial concentrations of the reagents, C0, were equal to
250 μM. The solid line is non-linear least-squares fit of the data using equation, [HMD1]=
C0/(1+kox×C0×t), yielding the bimolecular rate constant of HMD1 oxidation, kox=6 M−1s−1.
Note that deviation of the measured decays from the stoichiometry [HIMD1]/[PF] = 1:1 is
observed only after 20 min of incubation when more than 60% of the reagents are consumed,
and might be due to additional PF consumption by the reaction products.
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Figure 2.
The dependence of the initial decay rate of HIMD1 (●, C0=50 μM) and HIMD2 (○, C0=50
μM) on the PF concentration. Solid lines represent linear fit yielding bimolecular rate constant
(6.3±0.6) M−1s−1 and (5.8±0.6) M−1s−1 for the oxidation of HIMD1 and HIMD2 by PF,
respectively.
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Figure 3.
Cyclic voltammograms of the TEMPO (A), IM1 (B), IMD3 (C), HIMD1 and HIMD2 (D)
obtained in acetonitrile solution of 0.1 M tetrabutylammonium perchlorate using a glassy
carbon and Ag/AgCl electrodes as a working and a reference electrode, respectively. Sweep
rate is 0.1 V/s.
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Figure 4.
A. HPLC traces obtained for (a) 20 mM Na-phosphate buffer, pH 7.4; (b) same as (a) + 0.5
mM PF; (c) same as (a) + 1 mM HIMD1; (d) same as (a) + 1 mM HIMD1 + 0.5 mM PF
incubated for 1 hour at room temperature; (e) same as (a) + 1 mM HIMD1 + 20 mM PF
incubated for 10 hours at room temperature. Numbers on the left indicate the relative scale.
B. HPLC profiles measured for HIMD1 degradation products with corresponding mass-to-
charge ratios (m/z) indicated. Numbers on the left indicate the scale compared to trace (a) in
Fig. 4A. Note that asymmetry and small shift of the HPLC peak with m/z=173 for trace (d)
compared with trace (c) is presumably due to the presence of hydroxylamine of the HIMD1 in
the sample, therefore ionization of both HIMD1 radical and its hydroxylamine may contribute
to the HPLC/MS peak with m/z=173. C. ESI mass spectra measured for HPLC peaks in region
between 7 min and 8.5 min.
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Figure 5.
Kinetics of the EPR signal intensity decay of 50 μM air-saturated aqueous solutions of HIMD1
(A) and HIMD2 (B) in 50 mM phosphate buffer, pH 7.0, at room temperature, in the presence
of reducing agent, ascorbate, 10mM (○); radical initiator AIPH, 80 mM (□); and both, 10 mM
ascorbate and 80 mM AIPH (●). The rates of the HIMD1 and HIMD2 decay in the presence
of AIPH are about of 65 nM/s and 90 nM/s, respectively. The rate of ROO• generation by AIPH
was estimated to be close to 90 nM/s (AIPH decomposition rate constant, kd ≈1.2×10−6 s−1

at 22 °C[53], was approximated from the decomposition rate constants in the temperature range
from 40 to 60 °C provided by Waco Pure Chemical Industries, Ltd.; efficiency of the radical
escape from the initial radical pair, 0.47[33, 54]).
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Scheme 1.
Chemical structures of the piperidine nitroxide, TEMPO; pyrrolidine nitroxides, CPX (CP,
X=OH, and CMP, X=NH2); pyrroline nitroxide, CTPO; imidazoline nitroxide, IM1; and
nitronyl nitroxide, cPTIO.
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Scheme 2.
Chemical structures of the imidazolidine nitroxides HIMD1, HIMD2 and IMD3.
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Scheme 3.
A plausible scheme of HIMD1 oxidation by PF (top line). The possible chemical structures of
positive ions registered by ESI-MS are shown in the bottom line.
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Table 1

Nitroxide oxidation midpoint potentials and bimolecular rate constants (kox) for the reaction with potassium

ferricyanide measured for TEMPO, IM1, HIMD1, HIMD2 and IMD3.

Compound Midpoint potential, V kox, M−1s−1

TEMPO 0.67±0.02 stableb

IM1 0.95±0.02 stableb

HIMD1 0.64a 6.3±0.6

HIMD2 0.60a 5.8±0.6

IMD3 0.67±0.02 stableb

a
Pseudo midpoint estimation from the value of anodic wave peak potential by subtraction of 0.03 V[52].

b
Integral EPR spectral intensities of the nitroxides were not affected by the presence of excess of potassium ferricyanide (10 mM) for at least several

hours.

Free Radic Res. Author manuscript; available in PMC 2014 April 01.


