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A series of 3-aryl-2H-benzo[1,4]oxazin-4-oxides was prepared, and their ability to trap free radicals was
investigated by EPR spectroscopy. In organic solvents, these compounds were able to efficiently scavenge
all carbon- and oxygen-centered radicals tested, giving very persistent aminoxyls, except with superoxide
anion whose spin adducts were unstable. The main feature of these nitrones as spin traps lies in the
possibility to recognize the initial radical trapped. In fact, besides ag-factor and aminoxyl nitrogen EPR
coupling constant dependence on the species trapped, the EPR spectra also show different patterns due
to hyperfine splittings characteristic of the radical scavenged. This last important feature was investigated
by means of density functional theory calculations.

Introduction

Electron paramagnetic resonance (EPR) spin trapping rep-
resents one of the most specific and reliable techniques for
detecting and identifying transient free radicals, such as those
produced in chemical and biological processes whose lifetime
is too short in the EPR spectroscopic time scale. This technique,
widely used since its introduction about 40 years ago,1 is based
upon the fast reaction between a suitable diamagnetic molecule
(a spin trap) and short-lived free radicals with formation of
relatively long-lived radicals (spin adducts), whose EPR signals
are persistent enough to be recorded and analyzed: hyperfine
coupling constants (hfccs) andg-factors are characteristic of
the type of initial radical trapped.

Nitrones (N-oxides) are very efficient spin traps2 being able
to undergo fast radical additions with all kinds of radicals,
C-centered and O-centered ones, to yield aminoxyls (nitroxides)
as spin adducts, the most persistent organic free radicals in liquid
solutions. Among all the commercially available nitrones,N-tert-
butylbenzylideneamineN-oxide (PBN) and 5,5-dimethyl-3,4-

dihydro-2H-pyrroleN-oxide (DMPO) are the most popular, but
their use is not without limitations. For example, PBN and its
analogues give spin adducts with similar EPR spectra generally
consisting of a triplet of doublets with a relatively small variation
in the doublet splitting depending on the radical trapped, and
this may be a source of misinterpretations in spin trapping
experiments.3 On the other hand, the use of DMPO is limited
by its sensitivity to nucleophilic attack by water and the
relatively low stability of its superoxide spin adduct which
decomposes rapidly.4 A continuous effort has been devoted to
the synthesis of PBN and DMPO analogues5 and of other
nitrones6 to be used in spin trapping experiments without the
drawbacks associated with the above-mentioned common ni-
trones. To this end, we synthesized a series of 3-aryl-2H-benzo-
[1,4]oxazin-4-oxide derivatives and evaluated their spin trapping
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ability by EPR spectroscopy. Two structural features of these
compounds which could both have a stabilizing effect on the
corresponding spin adducts prompted us to test these nitrones
as potential spin traps: the absence ofR-hydrogens to the nitrone
function and the presence of an oxygen atom on the benzox-
azinic ring. In fact, it is known that aminoxyls bearing
R-hydrogens are unstable and may disproportionate to the
corresponding nitrone and a hydroxylamine,7 and it has been
observed that electron-withdrawing substituents close to the
N-O function5e,8could stabilize spin adducts, in particular, those
deriving from superoxide trapping. Density functional theory
(DFT) calculations were also performed, exploiting the recent
developments in the area9 which led to computational methods
able to describe the properties of free radicals, including their
EPR features, with an excellent level of confidence.10

Results and Discussion

The studied derivatives are listed in Scheme 1 together with
the corresponding spin adducts. All nitrones tested have been
known since 1979,11 but their ability to trap free radicals had
never been checked.

As a representative view of the geometry of these compounds,
the ball and stick molecular geometry of1 computed at the
B3LYP/6-31G(d) level, together with the corresponding highest

occupied molecular orbital (HOMO) plot, is reported in Figure
1; the arbitrary atom labeling used in Figure 1 is maintained
throughout the whole text.

These calculations gave N(13)-C(14) and N(13)-O(15) bond
distances of 1.332( 0.002 and 1.280( 0.002 Å, respectively,
for all nitrones, in good agreement with the literature reports.12

It was found that the N(13)-C(14) double bond is almost
coplanar with the aromatic ring of the benzoxazine moiety (out-
of-plane angle of about 12°) and that an excellent coplanarity
with the above-mentioned ring exists also for O(10). A dihedral
angle of 179° is formed between O(10), C(1), C(3), and C(5)
which allows delocalization of the nonbonding electrons, as
shown by the HOMO plot (Figure 1b). On the other hand, C(12)
lies out of that plane at about 28°, and protons H(16) and H(17),
magnetically equivalent in the corresponding1H NMR spectra,
become diastereotopic after radical addition. The aromatic ring
present at C(14) is only slightly twisted (about 18°) with respect
to the virtual benzoxazine plane, except for derivative3. In this
latter nitrone, the presence of the-OCH3 substituent at the 2′
position of the phenyl ring produces a significant increase in
the corresponding N(13)-C(14)-C(18)-C(20) dihedral angle,
resulting in an enhanced steric hindrance which could justify
the selective reactivity found for this nitrone toward some of
the tested radicals, such as superoxide and 2-cyano-2-propyl.
The bond distances and dihedral angles computed for all nitrones
that were selected for comparison purposes are reported in
Table 1.

Spin trapping ability of nitrones1-5 was tested by generating
the radicals directly in the EPR tube containing a benzene
degassed solution of the nitrone under study. In particular, a
Fenton reaction system (FeSO4/H2O2) was used for producing
OH• radicals (in this case, the solvent was 5% H2O in [1,4]-
dioxane instead of benzene), whereas KO2 in the presence of a
crown ether was used as a source of superoxide radical anion
(OO•-). tert-Butylperoxyls as well as methyl, phenyl, and benzyl
radicals were generated by in situ lead dioxide oxidation oftert-
butylhydroperoxide, methyl, phenyl, and benzyl magnesium
bromide reagents, respectively, while 2-cyano-2-propyl radicals
were obtained from the thermal decomposition of 2,2′-azobi-
sisobutyronitrile (AIBN). Nitrones1-5 are all able to trap both
carbon- and oxygen-centered radicals, giving persistent ami-
noxyls as spin adducts whose EPR spectra (Figure 2) remain
unchanged for hours in argon-deaerated solutions. The kinetic
decay of these spin adducts has not been studied yet, and at
present, a comparison between the stability of these adducts
and those obtained with the conventional traps (DMPO, PBN,
and their analogues) still has to be done. However, particularly
evident is the stability (rather than the persistency) of the spin
adducts obtained in this work from trapping C-centered radicals.
In fact, in most of the cases, it is possible to isolate and
characterize the corresponding aminoxyls.13 As for trapping
O-centered radicals, it is noteworthy that spin adducts obtained
from OH• andt-BuOO• are persistent aminoxyls, whereas OO•-

is rapidly trapped by all the nitrones, but the spin adducts are
unstable and rapidly decompose, making the acquisition of the
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SCHEME 1. Formation of Spin Adducts 1-5(a-g) from
Nitrones 1-5
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corresponding EPR spectra particularly difficult as in the case
of adduct3b whose spectrum was not recorded.

A subset of nitroxides “experimental” hfccs obtained by
means of spectral simulation are collected in Table 2. The
complete listing of all hfccs together with the correlation
coefficient between experimental and simulated spectra and the
mean absolute deviation14 (MAD) can be found in Table S1 in
Supporting Information. A good agreement between the calcu-
lated coupling constants and the experimental ones was found,
but when superoxide trapping was possible, only the replacement
of OO•- with HOO• in the corresponding DFT calculations gave
hfccs values in satisfactory agreement with the experimental
results. This implies that protonation could in some way occur
in the reaction medium as suggested for the corresponding
DMPO analogue.15 The relatively low correlation coefficient
between experimental and simulated spectra reported in Table
S1 for aminoxyls1-5c could be likely due to the superimposi-
tion of different signals. It is known, in fact, thatt-BuOO•

radicals can undergo self-reaction, forming the corresponding
tetraoxide which then decomposes giving molecular oxygen and
t-BuO• radicals.16 These last can, in turn, undergoâ-scission,
yielding methyl radicals and acetone:17 all radicals eventually
formed in the reaction medium could be trapped by nitrones
1-5, and their EPR signal could contribute, with different
extent, to the final spectrum observed. Moreover, where adducts
1-5aare concerned, similar EPR signals, although less resolved,
have been obtained with the Fenton reaction system, replacing
dioxane with pyridine as solvent, confirming that, in these cases,
an intervention of C-centered radicals arising from hydrogen
abstraction by HO• on dioxane could be likely excluded. Finally,
the assignment of the HO proton coupling in1-5a has been
carried out by means of the isotopic exchange technique; as a

typical example, in Figure S1 in Supporting Information, the
experimental EPR spectra sequence for adduct1a, together with
their corresponding simulations, have been reported.

In all cases, complex EPR signals are obtained because of
the coupling of the unpaired electron with the benzoxazine ring
hydrogen atoms. However, each spectrum is specific for the
particular trapped radical being characterized by well-defined
hfccs andg-factors which vary according to the nature of the
radical species. This represents one of the main favorable
features of this class of nitrones which allows the unequivocal
identification of a particular spin adduct and hence of the parent
free radical, despite the absence of the additional hyperfine
splitting due to the hydrogen atom at theR-carbon2e-g which
normally aids in the characterization of the trapped species.
Moreover, from the analysis of the hfccs collected in Table 2,
it is possible to highlight some trends in their values which well
correlate with the nature of the trapped radical. For example, if
H(17) hfccs for all spin adducts are considered, it is found that
they always reach the highest value in aminoxyls1-5cderived
from t-BuOO• trapping, likely due to a possible through space
interaction between H(17) and O(30) of the peroxyl group (as
shown in Supporting Information Figure S2). On the other hand,
H(16) hfccs are always smaller than H(17), likely for geo-
metrical reasons, reaching maximum values in superoxide
adducts. Other information on the nature of the particular radical
trapped may be deduced from the full analysis of the corre-
sponding EPR spectrum. An example is represented by EPR
spectra of Ph-CH2

• adducts1-5f, all characterized by the
splittings due to the diastereotopic benzylic protons, as already
found in indolinonic aminoxyls.18 To confirm these findings,
DFT calculations were performed using the multistep procedure
previously described,19 and strong similarities with indolinonic
aminoxyls were found. In Figure 3, the single occupied
molecular orbital (SOMO) and the total spin density (R-â)
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values ignoring the sign: Foresman, J. B.; Frisch, A.Exploring Chemistry
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FIGURE 1. “Ball and stick” optimized geometry computed at the B3LYP/6-31G(d) level (a) and HOMO plot (b) computed at the B3LYP/6-
31+G(d,p) level of nitrone1 showing the arbitrary atom labeling.

TABLE 1. Selected Bond Distances (angstroms), Dihedral Angles (degrees), and Dipole Moment (µ/Debye) for Nitrones 1-5 Computed at the
B3LYP/6-31+G(d,p)// B3LYP/6-31G(d) Level; Partition Coefficients (KP) Refer to 1-Octanol/Phosphate Buffer at pH 7.4

N(13)-C(14) N(13)-O(15) C(1)-C(3)-C(5)-O(10) C(3)-C(5)-O(10)-C(12) C(6)-C(9)-N(13)-C(14) N(13)-C(14)-C(18)-C(20) µ KP

1 1.33 1.28 179.22 27.58 11.36 18.45 2.569 12.25
2 1.33 1.28 179.20 27.66 11.35 17.27 3.544 8.32
3 1.33 1.28 179.47 28.87 12.40 34.41 3.985 8.44
4 1.33 1.28 179.29 27.56 11.32 18.96 2.555 10.81
5 1.33 1.28 179.19 27.52 11.10 17.16 4.057 1.08
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distribution plot of1d computed at the B3LYP/EPR-III level20

are reported as an example.

These pictures clearly show that the SOMO is extended over
the whole benzoxazine system and that negative spin densities
were found for H(4) and H(11), justifying the sign of the
corresponding hfccs values, in agreement with what was
previously observed in the indolinonic analogues.

As for N hyperfine coupling, it is worth recalling that spin
density in aminoxyls is mainly located on the N-O• group21

with typical values for alkyl aminoxyls of about 14-15 G, but
if conjugation with an aromatic system is possible, the corre-
sponding hfccs are somewhat smaller because spin delocalization
occurs.22 This is the case of N(13) hyperfine couplings
determined for the aromatic aminoxyls obtained in the present
work ranging from 9.72 (3g) to 11.31 G (5b) as well as for
other aromatic aminoxyls described in the literature.18,19,22

Moreover, N(13) hfccs may also be affected by the nature of
the radical added to theR-carbon C(14) since this latter species
may contribute both to the delocalization of the unpaired electron
and to the geometry of the whole system. In particular, geometric
factors such as bond distances and out of plane angles10 could
influence the value of nitrogen hyperfine coupling. Data reported
in Table 2 indicate a variation in N(13) hfccs depending on the
particular radical trapped, with the highest values for HOO•

adducts and the lowest ones for 2-cyano-2-propyl radical (spin
adducts1-5g). In this latter case, relatively large hfccs values
(0.8-0.9 G) were found for the nitrogen atom of the cyano
group which takes part in the delocalization of the unpaired
electron. From the above discussion, it is clear that analysis of
aminoxyl N-coupling could be a useful approach for the
identification of the species trapped by these nitrones.

It is known that in organic free radicals the isotropicg-factor
deviates from the corresponding value of the free electron

(20) Barone, V. InRecent AdVances in Density Functional Methods;
Chong, D. P., Ed.; World Scientific Publ. Co.: Singapore, 1966; Part 1.

FIGURE 2. Experimental (black) and simulated (red) liquid solution
EPR spectra of aminoxyls1-5(a-g) (magnetic field strength in Gauss);
spectrometer settings are reported in the Experimental Section.

TABLE 2. Selected Hyperfine Coupling Constants (hfccs in Gauss)
and g-Factors of Spin Adducts 1-5(a-g) in Benzene Solutions in
Accordance with the Arbitrary Atom Labeling of Figure 1

hfcc
spin

adduct H-16 H-17 N-13 Rb g

1aa 0.34 0.74 10.71 -0.66 2.00560
1b 0.39 0.81 11.19 - 2.00548
1c 0.30 1.42 10.59 0.09 (3H) 2.00576
1d 0.32 0.71 10.64 0.50 (3H) 2.00558
1e 0.38 0.73 10.67 - 2.00566
1f 0.27 0.75 10.84 0.48; 0.39 2.00558
1g 0.30 0.62 9.73 0.92 (1N) 2.00579
2aa 0.23 0.86 10.95 -0.61 2.00562
2b 0.31 0.67 10.93 - 2.00545
2c 0.28 1.46 10.59 0.09 (3H) 2.00574
2d 0.16 0.57 10.67 0.46 (3H) 2.00566
2e 0.35 0.73 10.70 - 2.00570
2f 0.27 0.79 10.86 0.46; 0.39 2.00558
2g 0.21 0.73 9.73 0.86 (1N) 2.00577
3aa 0.43 0.83 10.71 -0.60 2.00563
3d 0.15 0.68 10.70 0.42 (3H) 2.00565
3g 0.22 0.68 9.72 0.86 (1N) 2.00571
4aa 0.34 0.74 10.63 -0.72 2.00562
4b 0.51 0.81 11.25 - 2.00558
4c 0.30 1.44 10.62 0.09 (3H) 2.00554
4f 0.30 0.78 10.83 0.48; 0.41 2.00561
4g 0.22 0.73 9.77 0.84 (1N) 2.00579
5aa 0.34 0.71 10.58 -0.70 2.00565
5b 0.51 0.81 11.31 - 2.00548
5c 0.28 1.47 10.62 0.09 (3H) 2.00549
5d 0.25 0.83 10.72 0.50 (3H) 2.00565
5f 0.27 0.76 10.89 0.49; 0.39 2.00558
5g 0.19 0.74 9.79 0.85 (1N) 2.00578

a Solvent 5% H2O in [1,4]dioxane.b When not specified, value(s) refer
to proton(s) of the R group.
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(2.0023) due to spin-orbit coupling effects arising from the
contribution of each individual atom. As a consequence, the
contribution of a specific group results from all its atoms and
will be larger the more the odd electron is delocalized onto that
group, producing the corresponding deviation ofg from the free
electron value. These substituent shifts ofg in π-type radicals
(including aminoxyls) are quite characteristic of the radical
structure.23 Analysis of the data collected in Table 2
reveals g changes with the trapped radical, the maximum
values being usually found for1-5g, where the-CN group
participates in the delocalization of the unpaired electron,
while the minimum for1-5b spin adducts. This last finding
represents another important feature of the studied nitrones
because theg-value estimation of a spin adduct could possibly
be used for the identification of the trapped radical together
with N(13) hfccs and with the specific pattern of the EPR
spectrum. A plot of N(13) hfccs versusg-factor values for1a-g
confirms the relationship experimentally found between ami-
noxyl nitrogen coupling andg-value for each radical trapped
(Figure 4).

Taking into account the increasing number of spin trapping
applications in biological milieu,24 the use of these nitrones is
subjected to their solubility in aqueous and/or lipid systems, as
quantified by 1-octanol/water partition coefficient. In fact, if
the transient free radicals are produced in an aqueous environ-
ment, more hydrophilic nitrones could work better than hydro-
phobic ones. On the other hand, lipophilic nitrones are required

when the spin trapping technique is used in the detection of
free radicals derived from lipid peroxidation.25 These goals can
be achieved through the design of spin traps whose differential
solubility could allow the detection of free radicals in different
tissue compartments and, eventually, in biomembranes. Hence
the availability of a range of spin traps with different lipophi-
licity/hydrophilicity is welcome.

DFT calculations suggest that the introduction of groups such
as-Cl or -OCH3 in different positions of the phenyl at C(14)
of compound 1 can result in a sensitive increase in the
corresponding nitrone dipole moment (µ, Table 1). These
expectations were confirmed by the 1-octanol/phosphate buffer
(pH 7.4) partition coefficient (KP) determined for all studied
nitrones (see Table 1). The obtained values range from 12.5 of
derivative 1, the most lipophilic of the series whoseKP is
comparable to that of PBN,26 to 1.08 of nitrone5, the most
hydrophilic one, with aKP comparable to those of BMPO27 and
DPPMPO,25 although still far from the 0.09 value reported for
DMPO.28

At present, our work is directed to the synthesis of more
hydrophilic spin traps, possibly able to give more persistent
adducts with superoxide anion and, at the same time, to the
synthesis of nitrones yielding adducts with simpler EPR spectra,
but still characteristic of the trapped radical.
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FIGURE 3. Single occupied molecular orbital (SOMO) (a) andR-â spin density distributions (b) of1d computed at the unrestricted B3LYP/
EPR-III level. Positive spin densities are shown in red (a) and blue (b), while negative ones are always in green.

FIGURE 4. N(13) hfccs versusg-factor plot for adducts1a-g.
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Conclusions

A series of 3-aryl-2H-benzo[1,4]oxazin-4-oxides was prepared
and tested as spin traps by EPR spectroscopy. All nitrones tested
were able to efficiently scavenge all carbon- and oxygen-
centered radicals used in this study. Their 1-octanol/phosphate
buffer at pH 7.4 partition coefficient ranges from 12.25 to 1.08,
thus allowing a wide range of possible applications in biological
systems. The resulting spin adducts, except those deriving from
superoxide trapping, are represented by very persistent ami-
noxyls, whose EPR signals did not vary in time in argon-
deaerated benzene solutions. The dependence of bothg-factor
and aminoxyl nitrogen hfccs on the species trapped, together
with the characteristic EPR splittings due to the radical trapped,
could facilitate the identification of the radical itself, thus making
the use of such scavengers more interesting. This important
behavior is finally supported by suitable DFT calculations
performed for all spin adducts.

Experimental Section

All chemicals were of the highest grade of purity commercially
available and used without further purification. IR spectra were
recorded in Nujol on a spectrophotometer equipped with a Spectra
Tech. “Collector” for DRIFT measurements.1H NMR and 13C
NMR spectra were recorded at room temperature in CDCl3 at
199.975 and 50.289 MHz, respectively. Mass spectra were recorded
in EI+ mode. Isotropic X-band EPR spectra were recorded on a
spectrometer system equipped with a microwave frequency counter
and an NMR Gauss meter for field calibration; forg-factor
determination, the whole system was standardized with a sample
of perylene radical cation in concentrated sulfuric acid (g )
2.00258); general EPR spectrometer settings: microwave power 2
mW, modulation amplitude 0.2 G, time constant 0.64 ms, receiver
gain 4.48× 104, sweep time 1342.177 s, conversion time 1310.720
ms; EPR spectrometer settings for transient adducts1-5b: micro-
wave power 5 mW, modulation amplitude 0.2 G, time constant
0.080 ms, receiver gain 4.48× 104, sweep time 335.544 s,
conversion time 327.680 ms. EPR spectra simulations were carried
out by means of the Winsim program, freely available from
NIEHS.29

Partition coefficientsKP were determined at room temperature
by means of UV spectrophotometry from the difference in absor-
bance at a fixedλ of freshly prepared solutions (0.15 mM) of
nitrones in 1-octanol, before and after mixing with equal volumes
of 5 mM pH 7.4 phosphate buffer, followed by 1 h vigorously
stirring and separation by centrifugation (5000r for 2 min).

DFT calculations were performed by means of the Gaussian 03
package30 on an IBM SP5 supercomputer. All calculations on
paramagnetic species were carried out with the unrestricted formal-
ism, giving<S2> ) 0.7501( 0.0001 for spin contamination (after
annihilation), and performed following the multistep procedure
previously described;19 in addition, in frequency calculations,
imaginary (negative) values were never found, confirming that the
computed geometries were always referred to a minimum.

Synthesis of Benzoxazine Nitrones.Nitrones1-5 were prepared
according to the literature reports:11 in a typical run, the 2-nitro-
phenoxy acetophenone resulting from the alkaline condensation
between 2-nitrophenol and the appropriateR-bromoacetophenone
underwent reductive cyclization (Zn/NH4Cl), affording the corre-
sponding 3-aryl-2H-benzo[1,4]oxazin-4-oxide in low to moderate
yield.

Spin Trapping Studies. Spin trapping experiments were per-
formed by generating the radical to be trapped directly in the sample
tube in the presence of the nitrone under investigation in argon-
deaerated benzene (0.1 mM) solutions. A different solvent, namely,
[1,4]dioxane, was used in the trapping of HO• radicals.

The Fenton system was used to generate HO• radicals: aqueous
FeSO4 (10 µM) was added to a [1,4]dioxane degassed solution of
the nitrone (0.1 mM) in the presence of 20µM hydrogen peroxide.
EPR spectra were recorded 40 s after the addition of FeSO4.

A 10 µM benzene solution of potassium superoxide KO2 was
used as source of superoxide anion prepared by adding the minimum
amount of 18-crown-6 necessary to ensure complete solubility of
KO2 in benzene.

tert-Butylperoxyl radicals were generated by adding traces of
solid lead dioxide (PbO2) to a degassed benzene solution containing
0.1 mM nitrone and 10µM tert-butylhydroperoxide nonane solution.
Methyl, phenyl, and benzyl radicals were produced by in situ PbO2

oxidation of the corresponding Grignard reagent from commercial
ethereal solutions as previously described.31 2-Cyano-2-propyl
radicals were generated by thermal decomposition of 2,2′-azobi-
sisobutyronitrile (AIBN), added as a solid to the starting nitrone
solution.
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