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Abstract

Tetracarboxylate pyrroline nitroxides undergo very fast reduction with ascorbate/GSH, with 

second order rate constants that are five orders of magnitude greater than those for gem-diethyl 

pyrroline nitroxides. For tetracarboxylate nitroxides, the electrochemical reduction potentials, 

measured by square wave voltammetry, are much less negative (by about 0.8 V), compared to the 

corresponding gem-diethyl nitroxides, while the oxidation potentials become more positive (by 

about 0.7 V). Electrochemical potentials correlate well via simple regressions with field/inductive 

parameters such as Swain/Lupton F-parameters (and/or Charton σI-parameters). Rates of reduction 

with ascorbate/GSH similarly correlate well for four pyrroline nitroxides, except for the slowest 

reducing gem-diethyl nitroxide. These results suggest that the electron withdrawing groups 

adjacent to the nitroxide moiety have a strong accelerating impact on the reduction rates, and thus 

they are not suitable for the design of hydrophilic nitroxides for in vivo applications.
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Introduction

Nitroxides are among the very few stable organic radicals that have a wide range of 

applications in chemistry, biochemistry, biophysics and biomedicine [1-6]. In recent years, a 

significant effort has been made in the development of biocompatible nitroxides for in vivo 
biophysical and biomedical applications [7-13]. Nitroxides that are highly water soluble 

(hydrophilic) and resistant to in vivo reduction are of particular interest for in vivo spin-

labeling study of biomolecules and the development of contrast agents for magnetic 

resonance imaging (MRI).

Most of the typical nitroxides undergo fast in vivo reduction to diamagnetic hydroxylamines 

by antioxidants, such as ascorbate (vitamin C) or enzymatic systems, which hinder their 

applications in biomedicine and biophysics [14-16]. 5-Membered ring nitroxides with gem-

diethyl substituent groups, such as pyrrolidine nitroxide 1 (Figure 1), were found to undergo 
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reduction with ascorbate at rates that are at least one order of magnitude slower than the 

corresponding gem-dimethyl nitroxides such as 2 [9,14]; similar findings were reported for 1 
in cell extracts and in live oocyte cells [11]. Notably, gem-diethyl pyrroline nitroxides, such 

as 3, are reduced by ascorbate at only slightly faster (up to 20%) rates than 1 [10]. Similar 

relationships between the rate of reduction and the structure of the gem-diethyl vs. gem-

dimethyl structure motifs were found in other nitroxides, though their rates of reduction 

were considerably faster than that of 1 [7,12,17,18].

We recently synthesized hydrophilic pyrroline nitroxides 4 and 5. We found that, when 

immobilized in trehalose/sucrose glass, these nitroxides possessed relatively long electron 

spin phase memory times (Tm) and short spin–lattice relaxation times (T1) at room 

temperature [18]. Therefore, spin labels derived from 4 and 5 should provide highly 

promising tools for determination of distances by DEER (or DQC) in doubly labelled 

biomolecules at room temperature [19-21].

Our research team also successfully prepared the i.v. injectable organic radical contrast 

agents (ORCA) for MRI. The agents possess relatively long in vivo lifetimes, high 1H water 

relaxivities (r1 or r2), and provide contrast-enhanced high resolution MRI in mice for over 1 

– 24 hours [5,6,22]. The molecular design of ORCA was based on spirocyclohexyl nitroxide 

radicals 9 and polyethylene glycol (PEG) chains conjugated to a generation 4 

polypropylenimine (PPI) dendrimer scaffold, in which the strategic PEGylation provided 

both immobilization and increased water access to the paramagnetic nitroxides [5]. The 

branched-bottlebrush macromolecular structures have also successfully been implemented in 

the design of ORCA [6,22]. Hydrophilic nitroxides such as 4 and 5 would provide a 

promising avenue to further increase of r1 (and r2) in the ORCA. However, the crucial 

prerequisite for their usefulness as MRI contrast agents for clinical imaging is the slow rate 

of reduction with ascorbate.

Relative rates of reduction of nitroxides have been long considered to correlate with steric 

factors [7-12]. State-of-the-art quantitative structure activity relationships (QSAR) 

approaches that account for steric factors rely on the Sterimol parameters [23], which 

describe the size (in Å) of a substituent using three different measurements: (1) L, the 

maximum length measured along the axis of the bond between the substituent and the parent 

molecule (2) B1, the minimum width measured perpendicular to the bond axis used to 

measure L, and (3) B5, the maximum width measured perpendicular to the same bond axis 

[23]. The Sterimol parameters were very successful in correlating asymmetric induction in 

various enantioselective organic reactions, especially where the one-value per substituent 

classic Taft/Charton steric parameters [24-26] have failed to provide adequate correlation 

[27,28].

The Sterimol parameters for carboxylate (COOMe), either ethyl (Et) and methyl (Me) 

groups are shown in Table 1. The parameters indicate the decreasing trend of the steric 

factors, COOMe > Et > COOH > Me. The comparison between gem-diethyl and gem-

dimethyl nitroxides, in which the Et is clearly larger than Me, would suggest correlation 

between the steric factors and the rate of reduction [9,12]. Following this trend, the gem-
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dicarboxylate nitroxide 4, in which the COOMe is sterically larger group than either Et or 

Me, should be reduced at the slowest rate.

The effect of electron withdrawing/donating substituent groups on the rate of reduction of 

nitroxides has been reported [12,16,18]. For gem-substituted imidazoline and imidazolidine 

nitroxides, the ethyl groups, compared to the methyl groups, in the 5-membered ring 

structures leads to a decrease in the rate of reduction with ascorbate. In the other study, it 

was shown that the 6-membered piperidine nitroxides (mostly spirocyclic), which possess 

inherently faster rates of reduction than the corresponding 5-membered ring nitroxides, 

electron withdrawing groups further accelerate the rate of reduction with ascorbate [18].

EPR spectroscopy is the common technique employed in the kinetic studies of nitroxide 

reductions by ascorbate/GSH, which provide useful information about their suitability for in 
vivo applications. Meanwhile, electrochemical studies of nitroxides provide an additional 

insight into the structure-activity relationships that can be correlated with the EPR kinetic 

studies.

Here we report a study on the reduction kinetics of nitroxides 4 – 8 by ascorbate/GSH by 

EPR and their electrochemistry. Nitroxides 4 – 7 are examined by cyclic and square wave 

voltammetries and are found to provide a wide ranges of reduction (0.84 V) and oxidation 

(0.67 V) potentials. We find good correlations of reduction rates and electrochemical 

potentials with field/inductive parameters Swain/Lupton F-parameters (and/or Charton σI- 

parameters)[29]; that is, steric effects play negligible role in the reduction rates of nitroxides 

4 – 6, and 8.

Materials and methods

Nitroxides 4 – 7 were prepared according to published methods [10,18,30,31]. Nitroxide 8 
was prepared from nitroxide 5 via hydrolysis of the ester groups to carboxylate groups as 

described in the “EPR spectroscopy” section.

EPR spectroscopy

CW EPR spectra were obtained using X-band Bruker EMX instrument at 295 K. 

Temperature was controlled with a nitrogen flow system. Parameters for spectra in Figure 2 

were as follows: microwave power, 2.046 mW (20 dB); modulation amplitude 0.02 mT; 

conversion time 40.96 ms; time constant 10.24 ms; resolution in X, 2k points. Spectral 

simulations were carried out using Symphonia software.

The results of kinetic measurements are summarized in Table 2. The ascorbate solution was 

made with ascorbic acid, diethylenetriaminepentaacetic acid (DTPA, 0.1 mM), sodium 

hydroxide, and sodium phosphates (<30 ppm transition metals) at pH 7.4, measured with 

pH/ion analyzer. Phosphate buffer was made with sodium phosphates and DTPA (0.1 mM) 

at pH 7.4 and used to make nitroxide solutions. Standard linear regression fit to -

ln[nitroxide] vs t was employed, to obtain pseudo-first order rate constants, k′ × 104 (s−1), 

in Table 2.
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For fast reducing nitroxides 4 and 5, typical experiments were carried out on 0.005 mM 

nitroxides with 0.05 mM (10-fold molar excess) ascorbate and 0.065 mM GSH in pH 7.4 20 

mM phosphate buffer. Prior to a typical experiment, solutions of nitroxide and 

ascorbate/GSH were combined in equal portions, vortexed for 6 seconds, and then the 

resultant mixture was drawn into a 2-mm OD EPR-tube. The peak height (PH, Table 2) and 

the integrated peak height (IPH, Table 2) of the low-field line of the triplet were measured as 

a function of time. Microwave power was kept under 20 mW and temperature was controlled 

at 295 K with nitrogen flow system.

For slow reducing nitroxides 6 and 7, typical experiments were carried out on 0.7 – 1.0 mM 

nitroxides with 14 – 70 mM (20-100-fold molar excess) ascorbate and 17.5 – 25 mM GSH 

in pH 7.4 40 mM phosphate buffer, using similar procedures as outlined in the preceding 

paragraph. Maximum solubility of gem-diethyl nitroxide 7 in 40 mM PBS was only about 1 

mM.

Typical procedure for intermediate reducing nitroxide 8 was as follows. Solution of lithium 

hydroxide (15.5 mg, 0.368 mmol, 25 equiv) in water (0.5 mL) was added to nitroxide 5 
(5.07 mg, 0.0147 mmol) suspended in water (0.5 mL). After a brief sonication and stirring 

for 1 – 2 h at room temperature, a yellow and homogeneous reaction mixture was diluted 

with a 25 mM phosphate buffer (pH 7.4) to obtain 0.108 mM solution of 8 (pH 7.6) as 

measured by EPR spin counting (Figure 2). Prior to a kinetic experiment, solution of 8 and 

solution of ascorbic acid (1.08 mM)/GSH (1.08 mM) in 25 mM phosphate buffer (pH 7.4) 

were combined in equal portions, vortexed for 6 seconds, and then the resultant mixture (pH 

~7.3) was drawn into a quartz capillary (0.9-mm ID, 1.1-mm OD). The data were obtained 

as described in the preceding paragraphs.

The kinetic studies in oxygen-free environment were carried out on 0.005 mM nitroxide 5 
with 0.05 mM (10-fold molar excess) ascorbate and 0.065 mM GSH (13-fold molar excess) 

in pH 7.4 25 mM degassed phosphate buffer. The solution of nitroxide 5 was filtered and 

bubbled with nitrogen gas for at least 15 min; spin concentration of the solution was 

measured by EPR spectroscopy. Similarly, the phosphate buffer and the ascorbate/GSH 

solution mixture (0.1 mM/0.13 mM) were bubbled with nitrogen gas for at least 15 min. 

After that, all solutions and glassware were transferred to a nitrogen glove bag, and then the 

nitroxide solution was diluted with the phosphate buffer to 0.01 mM. The solutions of 

nitroxide (0.01 mM) and ascorbate/GSH (0.1 mM/0.13 mM) were combined in equal 

portions, vortexed for 6 seconds, and then the resultant mixture was drawn into a quartz 

capillary (0.9-mm ID, 1.1-mm OD), which was sealed by CRITOSEAL and placed into a 4-

mm EPR tube. The tube was capped and sealed with parafilm before removal from the glove 

bag for the EPR measurements.

Electrochemical studies

The voltammetry experiments were carried out in a glove bag under argon gas atmosphere 

[32]. (The supply gas was a commercial ultra-high purity argon, certified to contain <1 ppm 

of O2 and <1 ppm of H2O.) The custom-made electrochemical cell, all solid reagents, 

syringes, needles, etc. were extensively evacuated in Schlenk vessels (typical pressure ≤ 1 

mTorr, temperature 20–70 °C), before placing into the glove bag. Acetonitrile (MeCN) was 
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obtained doubly distilled from calcium hydride under high purity argon gas, and stored in 

the absence of light in a Schlenk vessel on a vacuum line; just prior to the use, the solvent 

was vacuum transferred as needed. A commercial potentiostat/galvanostat was used. Three 

electrodes were employed: quasi-reference (Ag-wire), counter (Pt-foil), and working (100-

μm Pt-disk). The concentration of an electroactive solute was about 1 mM and concentration 

of the tetrabutylammonium hexafluorophosphate supporting electrolyte ([n-Bu4N]+[PF6]−) 

was about 0.1 M. The solution volume was about 2.4 mL. A set of background data was 

obtained from series of cyclic (and/or square wave) voltammograms, with potential 

increments of 2 – 3 mV. Then, a solution of nitroxide in supporting electrolyte was added 

and a series of cyclic (and/or square wave) voltammograms) was recorded. After that, a 

small amount (0.1 – 0.15 mL) of solution of ferrocene (0.7 – 1.0 mg of Cp2Fe, loaded to a 

Schlenk vessel in a glovebox under an argon atmosphere in the supporting electrolyte (ca. 

0.4 mL), was added to the cell, to provide reference potentials (+0.40 V vs. SCE for 

Cp2Fe/Cp2Fe+ in MeCN) [33]. Cyclic voltammograms with the scanning rates in the 50–500 

mV/s or 50–2000 mV/s range and square wave voltammograms (frequency 2 – 20 Hz, pulse 

height 25 mV) were obtained.

Results and discussion

Tetracarboxylic acid nitroxide 8 was prepared by lithium hydroxide-catalyzed hydrolysis of 

ester groups in nitroxide 5. As expected for a nitroxide with more electron donating 

substituents, EPR spectrum for 8 in 25 mM phosphate buffer showed significantly smaller g-

value and larger A(14N) (as well as A(1H)) values, compared to those for nitroxide 5 (Figure 

2).

In the EPR kinetic studies, rates of reduction for pyrroline nitroxides 4 – 8 are determined 

under pseudo-first-order conditions using a 10-20 fold excess of ascorbate in pH 7.4 PBS 

buffer at 295 K. For comparison, the rates of reduction of for nitroxides 1 – 3 are measured 

under similar conditions [9-11,14]. Second-order rate constants, k, are obtained by 

monitoring the decay of the low-field EPR peak height of nitroxides at 295 K (Figure 3, top 

panels and Tables 2 and 3). Also, decays of EPR single integrated peak height are examined 

and found to produce similar values of k for most nitroxides (Table 2).

In the electrochemical studies of 4 – 7, the reduction (Eo
red) and oxidation (Eo

oxid) potentials 

span the wide ranges from −2.19 to −1.35 V and from +0.85 to +1.51, respectively (Table 3). 

The reduction and oxidation potentials obtained from cyclic voltammetry (CV) and square 

wave voltammetry (SWV) are similar. In Table 3, potentials from SWV are listed only [21], 

since they typically possess smaller standard deviations. Reduction waves in CV and 

broadened peaks in SWV correspond to nonreversible electrode processes for all studied 

nitroxides [22]. Oxidation waves in CV and sharp peaks in SWV correspond to reversible 

electrode processes for 6 and 7 but they are nonreversible for 4 and 5 (Figure 3).

It was as unexpected that 4 and 5 undergo very fast reduction with ascorbate/GSH, with 

second order rate constants that are five orders of magnitude greater than those for gem-

diethyl pyrroline nitroxides (Tables 2 and 3). This result suggests that, beside the steric 

factors, there are other significant contributions in the reduction kinetics of nitroxides.
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To have a better understanding of these results, we consider the field/inductive parameters, 

such as Swain/Lupton F-parameters and/or Charton σI-parameters [29]. We note that 

Kirilyuk, Bagryanskaya, and their colleagues used multiple regression to correlate rates of 

reduction and reduction potentials of methyl/ethyl substituted imidazoline and imidazolidine 

nitroxides with both σI-parameters and modified Taft steric constant Es [12]. It was noted 

that the reduction potentials correlated much more strongly with σI than Es [12]. As shown 

in Table 3, Figure 4, and Equations 1 – 3, the field/inductive parameters provide good 

correlations for the rates of reduction of – 6 and 8, and electrochemical potentials of 4 – 7; 

that is, for these series of nitroxides in this studies, there is no need to invoke correlation 

with steric parameters – simple regressions do suffice. Notably, inclusion of the slowest 

reducing nitroxide 7 in the correlation for the rate of reduction lowers adjusted R2 from 0.94 

to 0.69 and increases significance F from 0.022 to 0.050. There are many precedencies in the 

literature for correlations between electrochemical potentials and Hammett σp (and σm) or 

field/inductive parameters σI (Taft-ortho parameters) [36-39].

y = 2.18 ( ± 0.33) × F – 0.40 ( ± 0.28);

N = 4, adjusted R2 = 0.936, Significance F = 0.0217 (1)

y = 0.471 ( ± 0.026) × F + 0.840 ( ± 0.023);

N = 4, adjusted R2 = 0.991, Significance F = 0.0031 (2)

y = 0.562 ( ± 0.059) × F + 2.124 ( ± 0.051);

N = 4, adjusted R2 = 0.968, Significance F = 0.0107 (3)

In conclusion, we anticipate that polar substituents with field/inductive parameters very 

close to zero or less than zero will provide hydrophilic nitroxides that are reduced at 

relatively slow rates. Because a CH2CH2OCH3 group has the Charton σI = 0.00 [29], groups 

such as CH2CH2O-PEG, where PEG = polyethylene glycol, should provide suitable gem-

substituents for hydrophilic nitroxides that are resistant to reduction. In addition, these 

substituents will be sterically larger than Et groups.
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Figure 1. 
Pyrrolidine nitroxide 1, 2, and 9, and pyrroline nitroxides 3 – 8.
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Figure 2. 
Top plot: EPR (v = 9.4373 GHz) spectrum of 0.1 mM tetraester nitroxide 5 in 25 mM 

phosphate buffer (pH = 7.4). Simulation: g = 2.0058, A(14N) = 38.70 MHz (n = 1), A(1H) = 

1.30 MHz (n = 4), A(1H) = 1.05 MHz (n = 2), A(1H) = 1.087 MHz (n = 2), LW (Lorentzian) 

= 0.020 mT. Bottom plot: EPR (v = 9.4393 GHz) spectrum of 0.1 mM tetracarboxylic acid 

nitroxide 8 in 25 mM phosphate buffer (pH = 7.6). Simulation: g = 2.00563, A(14N) = 42.08 

MHz (n = 1), A(1H) = 2.26 MHz (n = 2), A(1H) = 1.65 MHz (n = 2), A(1H) = 1.26 MHz (n 

= 2), LW (Lorentzian) = 0.028 mT.
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Figure 3. 
Left upper panel: reduction profiles for 0.005 mM nitroxides 4 and 5 with 0.05 mM 

ascorbate and 0.13 mM GSH in 25 mM PBS pH 7.4 at 295 K; right upper panel: reduction 

profiles for 0.7 mM nitroxides 6 and 7 with 14 mM ascorbate and 17.5 mM GSH in 40 mM 

PBS pH 7.4 at 295 K; middle panels: CV and SWV plots for 4 and 5; bottom panels: CV 

and SWV plots for 6 and 7. CV had scan rates of 100 mV/s and scan increments of 3 mV; 

SWV had frequencies of 5 Hz and scan increments of either 2 (oxidation) or 3 (reduction) 

mV. CV potential scans start at about −0.5 V, then run toward the positive (oxidation) 

potentials, then go to the negative potentials (reduction), and finally return to the starting 

point.
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Figure 4. 
Correlations of the rates of reduction (upper panel and eq. 1) for nitroxides 4 – 6 and 8 and 

electrochemical potentials (lower panels, oxidation, eq. 2; reduction, eg. 3) for nitroxides 4 – 

7 with the field/inductive parameters (F and/or σI).
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Table 1

Selected Sterimol parameters (Å) for substituents in nitroxides 4 – 8 [28].a

Substituent B1 B5 L

Me 1.70 2.19 3.07

COOH 1.70 2.76 4.14

Et 1.71 3.33 4.33

COOMe 1.80 3.52 5.00

a
Values of B1, B5, and L are based on 3-substiuted benzene derivatives
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Table 3

Summary of parameters of kinetics nitroxide reduction with ascorbate, electrochemical potentials, and field/

inductive descriptors.

Nitroxide ka

(M−1s−1)
Eo

red
a,b

(V)
Eo

oxid
a,b

(V)

F or σI

4 246 ± 23 −1.35 ± 0.07c 1.51 ± 0.03 0.34 × 4

5 123 ± 7 −1.55 ± 0.06 1.31 ± 0.04 (0.34+0.19) × 2

6 0.231 ± 0.009 −2.03 ± 0.07 0.885 ± 0.005 0.01 × 4

7 0.00112 ± 0.00032 −2.19 ± 0.04 0.851 ± 0.005 0.00 × 4

8 2.05 ± 0.65 - - (0.19–0.10) × 2

a
mean ± stddev

b
potentials vs saturated calomel electrode (SCE), obtained from square wave voltammetry (SWV).

c
Another intense peak at Eored = −1.68 ± 0.04 V was observed (Figure 3).
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