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Ester-containing nitrones, including 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide 5, have been
reported to be robust spin traps for superoxide (O2

•-). Using a chiral column, we have been able to
isolate the two enantiomers of nitrone 5. With enantiomerically pure nitrone 5a and 5b we explored
whether one of these isomers was solely responsible for the EPR spectrum of aminoxyl 6. Data
obtained demonstrate that the spin trapping of O2

•- by nitrone 5a and nitrone 5b affords the
identical EPR spectra and lifetimes in homogeneous aqueous solution and exhibits the same ratio
of cis and trans isomers. Quantum chemical modeling in vacuo also finds no difference, aside from
the expected optical activity, arising from the difference in stereochemistry.

Introduction

Since the development of spin trapping in the late
1960s,1 this technique has been the primary method to
characterize free radicals generated in biological systems.
For instance, spin trapping was instrumental in the
discovery that nitric oxide synthase (NOS; EC 1.14.13.39),
independent of the isozyme, generates superoxide (O2

•-)
along with nitric oxide (•NO).2

The nitrone 5,5-dimethyl-1-pyrroline N-oxide 1 (Scheme
1) has been the primary spin trap for O2

•-, owing this
standing to the unique EPR spectrum of 2-hydroperoxy-
5,5-dimethyl-1-pyrrolindinyloxyl 2,3 despite the slow
reaction rate of 1 with O2

•- and the short lifetime of 2.
Over the past several decades, structurally diverse ni- trones have been synthesized and their reactions with

O2
•- have been defined.4 Of those nitrones, 5-(diethoxy-
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one of the most promising compounds (Scheme 1).5
Alternative probes for O2

•-, however, include a family of
ester-containing nitrones, first synthesized in 19596 and
currently reported to be robust spin traps for this free
radical.7 The corresponding aminoxyls exhibit EPR spec-
tra similar to those ascribed to aminoxyl 2. Soon there-
after, on the basis of experimental data and quantum
mechanical and EPR spectral modeling, we suggested
that the recorded EPR spectrum of aminoxyl 2 is a
composite of two conformers, with a distribution of 54%
and 46%.8 Similarly, the EPR spectrum of aminoxyl 6,
for instance, derived from the reaction of 5-tert-butoxy-
carbonyl-5-methyl-1-pyrroline N-oxide 5 with O2

•-, is nearly identical to that of aminoxyl 2,7e,8 and as in the
case of aminoxyl 2, the EPR spectrum of 6 appears to be
composed of two conformers, with a distribution of 59%
and 41%.7e Given that nitrone 5 is a racemic mixture
(Scheme 2), we decided to explore whether one of the
enantiomers was solely responsible for the EPR spectrum
of aminoxyls 6a and 6b, which are each a mixture of two
diasteromers trans and cis with respect to the ester at
position 5.

Results and Discussion

Initially we sought an HPLC method that would
separate nitrones 5a and 5b. After a series of pilot
experiments, we settled on a ChiralPak AD H column,
eluting with hexanes/ethanol/methanol/diethylamine (95:
2.5:2.4:0.1). A representative trace is shown in Figure 1.

With enantiomerically pure 5a and 5b in hand, we
turned our attention to the assignment of the absolute
stereochemistry by analogy to known compounds. We
included N-carboxyl-substituted prolines as models, be-
cause optical rotation is essentially due to anisotropic
polarization of the molecule, which is related to the dipole
moment. We believe that the overall dipole of the
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FIGURE 1. Representative HPLC scan of the separation of the racemate of 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide
into the two isomers. The first peak is 5a, the S(-) enantiomer, and the second peak is 5b, the R(+) enantiomer (Scheme 2). See
Experimental Section for more details.
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N-formyl and N-BOC prolines is more similar to that of
5a and 5b than proline, per se. We have included the
rotations of L-proline and L-proline tert-butyl ester to
show that the nature of the ester does not alter the
direction of rotation, and the rotation of N-formyl L-
proline tert-butyl ester is included to show that the shift
in the dipole also does not alter the direction of rotation.
There is literature precedent for the R-alkyl nature of
the molecule to invert the rotation from levorotatory to
dextrorotatory;9a,9b therefore we have used only R-methyl
compounds for comparison where data were available.
The standard rotation for R-methyl-L-proline is -71,9c and
that for N-BOC R-methyl-L-proline is -41.4.9a The stan-
dard rotation for L-proline is -84, that for the tert-butyl
ester of L-proline is -41.5, and that for the N-formyl tert-
butyl ester of L-proline is -109.8.9d Natural L-proline is
in the S configuration, and all related examples conserve
the negative sign of rotation. The first peak eluted had
negative rotation; therefore, on the basis of data pre-
sented above, we propose that 5a is the S(-) enantiomer
and 5b is the R(+) enantiomer.

Given that we have isolated and purified the two
isomers of nitrone 5, three questions immediately come
to mind. First, will nitrone 5a and nitrone 5b spin trap
O2

•-? Second, if each isomer reacts with O2
•-, is there a

difference in the rate constant for this reaction? Third,
even though both enantiomers of nitrone 5 react with
O2

•-, are the stabilities of aminoxyl 6a and aminoxyl 6b
disparate?

In the next series of experiments, we incubated either
enantiomer nitrone 5a, nitrone 5b, or the racemate of
nitrone 5 with the O2

•- generating system, consisting of
hypoxanthine/xanthine oxidase. The initial rate of O2

•-

production was 1 µM/min. The EPR spectrum of aminoxyl
6 is composed of two sets of diastereomers with AN )
13.22 G, AH

â ) 11.77 G for one set of diastereomers and
AN ) 13.21 G, AH

â ) 9.47 G for the other (Figure 2A).
Under identical conditions, enantiomer nitrone 5a and
nitrone 5b gave the same EPR spectrum as the racemate
did, even equivalent ratios of diastereomers at 59% and
41%, respectively (Figure 2C and B).

The next series of experiments were devoted to deter-
mining the rate constant for the reaction of O2

•- with each
isomer and the racemate. The competitive kinetic model
previously described9 using SOD as the competitive
inhibitor was employed for these studies.7f We found that
the apparent rate constant for each isomer was the same,
k ≈ 70 M-1 s-1, with no difference from that reported for
the racemate nitrone 5.7f Similarly, the half-life for
aminoxyls 6a and 6b, was determined to be ∼20 min.,
equivalent to that measured for aminoxyl 6, derived from
the racemate nitrone 5.7e

Optimization of the trans aminoxyl with the hydro-
peroxyl and ester groups on opposite faces of the pyrroline
ring using density functional theory (DFT) converged to
the same two local energy minima for either 6a or 6b
with the structures shown in Figure 3. Both structures
feature an internal hydrogen bond between the oxygen

of the aminoxyl and the hydroperoxyl group. The ami-
noxyl and its neighboring carbons are planar in both
structures, whereas the other two carbons in the ring are
twisted out of plane. The structure in Figure 3A is lower
in energy by 0.327 kcal/mol from the DFT calculations.
The two trans bulky groups, the hydroperoxyl and the
ester, are both in axial positions on the pyrroline ring.
The less stable conformation, Figure 3B, has the ring in
the opposite twist and the bulky groups are neither axial
nor equatorial. Interestingly, the internal hydrogen bond
seems to be stronger, with shorter O-H distances, 2.031
versus 2.060 Å, and O-O distances, 2.805 versus 2.842
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FIGURE 2. EPR spectra, derived from the reaction of nitrone
5 with O2

•- using hypoxanthine/xanthine oxidase reaction
system. The reaction mixture contained nitrone 5 (50 mM),
hypoxanthine (400 µM), and sufficient xanthine oxidase to
generate about 1.2 µM/min in potassium phosphate buffer (50
mM, pH7.0, containing 1 mM DTPA). EPR spectra were
recorded at room temperature after the reaction was initiated
by the addition of xanthine oxidase. Receiver gain was 2.5 ×
104, scan speed was 12.5 G/min. (A) Racemate of nitrone 5;
(B) nitrone 5b; (C) nitrone 5a.

FIGURE 3. Two lowest-energy conformations of the trans
aminoxyl 6 with the hydrogen bond indicated by the dashed
line between the proton on the hydroperoxy group and the
aminoxyl oxygen. (A) The most stable conformation found; (B)
the next most stable conformation, 1.37 kJ/mol higher in
energy.
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Å, compared to the more stable conformation in Figure
3A. The two structures in Figure 3A and B are similar
to ring pucker 1 and 2 structures, respectively, found in
aminoxyl 2,8 although the relative stabilities are re-
versed.

The energy barrier for interconversion of these two
conformations was estimated by stepping the dihedral
angle around the C-C bond in the ring opposite the
aminoxyl group from the less stable (33.94°) toward the
more stable (-32.11°). A constrained geometry optimiza-
tion starting from the structure in the previous step was
made, and the energies are plotted in Figure 4. Between
35° and 5°, substituents on the two carbons adjacent to
the aminoxyl group could not be classified as either
equatorial or axial, but in the step to 0°, the ring
“snapped” into a conformation with the bulky substitu-
ents clearly in axial positions and the energy dropped
over 0.5 kcal/mole. The calculations clearly follow two
different energy minima on either side of Figure 4, with
the lowest energy barrier for interconversion approxi-
mately 1.4 kcal/mol.

Three stable conformations were found for the cis
isomer of 6, Figure 5. The lowest energy structure has
an internal hydrogen bond between the hydroperoxyl
group and the carbonyl oxygen of the ester, Figure 5A.
Both groups are forced into an axial position. Another
stable conformation has the hydroperoxyl group hydrogen
bonded to the aminoxyl oxygen, Figure 5B, and is ∼0.15
kcal/mol higher in energy. The third conformation has
the same hydrogen bonding as in Figure 5B, but the ester
group is rotated about its bond to the pyrroline ring and
lies ∼0.28 kcal/mol above the structure in Figure 5A.
These three minima are similar to those found for the
hydroxyl radical adduct of 5.10

We therefore examined the energies of cis 6 as the ester
group was rotated. Starting from the lowest energy
structure, corresponding to a dihedral angle for the ester
group of 168.8°, the energy increased roughly quadrati-
cally as the ester group was rotated (Figure 6, solid

symbols). The length of the hydrogen bond increased from
1.987 to 2.364 Å as the energy increased by 3.40 kcal/
mol.

Starting from the conformation in Figure 5B with an
ester dihedral angle of ∼320°, the energy varied less than
0.2 kcal/mol over a wide range with two very shallow
minima. The energy increased appreciably, Figure 6,
open symbols, as the carbonyl group approached an
orientation where it could form a hydrogen bond. When
the ester dihedral angle was the same as for the lowest
energy state, the conformation with the internal hydro-
gen bond to the aminoxyl group was 1.6 kcal/mol higher
in energy. These are two distinct sets of local minima on
the potential energy surface.

(10) Villamena, F. A.; Hadad, C. M.; Zweier, J. L. J. Am. Chem. Soc.
2004, 126, 1816-1829.

FIGURE 4. DFT energies calculated from constrained geom-
etry optimization as a function of the dihedral angle of the
C-C bond opposite the aminoxyl group in the ring of trans 6.
Optimizations were done in order starting from the right-hand
side of the figure. The abrupt change at an angle of 0°
corresponds to a jump from one energy minimum to another.

FIGURE 5. Two lowest-energy conformations of the cis
aminoxyl 6. (A) The lowest energy conformation with the
hydrogen bond indicated by the dashed line between the
hydrogen atom on the hydroperoxy group and the carbonyl
oxygen of the ester; (B) the next most stable conformation,
0.62 kJ/mol higher in energy with the hydrogen bond indicated
by the dashed line between the hydrogen atom on the hydro-
peroxy group and the aminoxyl oxygen.

FIGURE 6. DFT energies (9, 0) and H-O bond distances to
the aminoxyl (b, O) or carbonyl (1, 3) oxygen calculated from
constrained geometry optimization as a function of the ester
dihedral angle of cis 6. Optimizations were done in order
starting from the two lowest energy minimum to trace out the
shape of the potential energy minima. The solid symbols for
energy and distances belong to structures starting from that
in Figure 5A, whereas the open symbols start from the
structure in Figure 5B.
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Figure 6 shows the local minima crossing at ∼1.4 kcal/
mol in vacuo at an ester dihedral angle of 130°. This
represents a lower limit on the energy barrier for inter-
conversion, because there is an additional barrier sepa-
rating these local minima. An examination of the hydro-
gen bond distances in the upper panel of that figure
indicates that these are two distinct structures at this
ester dihedral angle. There are substantial differences
in the distance between the hydrogen atom on the
hydroperoxyl and the aminoxyl oxygen, 2.004 or 4.219
Å, and for the hydrogen atom to carbonyl oxygen dis-
tance, 2.909 or 2.073 Å. One hydrogen bond is broken
and another is formed. This process and the barriers for
interconversion of the structures in Figure 5 will be
significantly altered in a hydrogen bonding solvent.

Conclusions

Our results find that nitrones 5a and 5b react with
O2

•- under our assay conditions with identical rates to
give 6a and 6b. The products have identical EPR spectra
and lifetimes in solution with the same ratio of cis and
trans isomers. Quantum chemical modeling in vacuo also
finds no difference, aside from the expected optical
activity, arising from the difference in stereochemistry.
Thus, spin trapping measurements with 5a, 5b, or the
racemate 5 are expected to give indistinguishable results
in the absence of specific interactions with proteins or
other chiral biomolecules.

Experimental Section

General. Diethylenetriaminepentaacetic acid (DTPA), hy-
poxanthine, xanthine oxidase (EC 1.1.3.22), superoxide dis-
mutase (SOD), and Chelex 100 ion exchange resin were
purchased from commercial sources. 5-tert-Butoxycarbonyl-5-
methyl-1-pyrroline N-oxide 5 was synthesized as described in
the literature.7d,e All other chemicals were of reagent grade
unless indicated otherwise.

The analytical chromatography was performed on a 4.6 mm
× 25 cm 5 µ ChiralPak AD H column eluting with hexanes/
ethanol/methanol/diethylamine (95:2.5:2.4:0.1) at 1.0 mL/min
at 25°C. Preparative chromatography was performed using the
same solvent and temperature on a 50 mm × 500 cm 20 µ
ChiralPak AD H column eluting at 10.0 mL/min. Detection
was by UV at 250 nm using a diode array detector.

The polarimetry experiments were conducted at a temper-
ature of 22 °C with a cell path of 10 cm. The instrument was
calibrated immediately before the rotation measurements were
made, and the calibration was confirmed immediately at the
conclusion of the experiments.

Generation of Superoxide. Superoxide was generated for
spin trapping experiments using hypoxanthine/xanthine oxi-
dase at pH 7.4. Typically, O2

•- production was generated by
mixing hypoxanthine (400 µM), and sufficient xanthine oxidase
in sodium phosphate buffer (50 mM, Chelexed, at pH 7.0
containing 1 mM DTPA) to reach a rate of O2

•- generation of
∼1 µM/min. Control experiments contained SOD (30 U/mL).

Spin Trapping Superoxide. EPR spectra of aminoxyls 6a
and 6b, derived from the reaction of O2

•- with nitrones 5a and
5b, were recorded on an EPR spectrometer. Nitrones (50 mM)
were added to each of the O2

•- generating systems. Reaction
mixtures were transferred to a flat quartz cell, fitted into the
cavity of the EPR spectrometer, and spectra were recorded at
room temperature. Instrumentation settings were microwave
power, 20 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.5 G; response time, 0.5 s; and sweep, 12.5 G/min.

Modeling. The energies of different conformations and
isomers of 6 in vacuo were calculated using density functional
theory (DFT) methods implemented in the NWChem software
suite.11 The spin unrestricted B3LYP parametrization was
used throughout with the 6-31+G* basis set for all atoms.
Geometry optimizations were performed for both aminoxyls
from several starting conformations in order to identify the
most stable local conformations. Constrained geometry opti-
mizations were performed as the dihedral angle of the bond
between the two methylene carbons or the bond connecting
the ester group to the ring was varied. At no time was there
any difference in either energy or structure between the two
mirror image compounds 6a and 6b. Frequency calculations
for all the optimized structures show they are true local
minima with positive frequencies. Away from those minima,
there were negative frequencies as expected. The zero point
corrections to the energies alter the relative stability of the
minima; however, the minima remain within kT of each other
at room temperature.
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