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Abstract: The hydroxyl radical (•OH) is an important mediator of biological oxidative stress, and this has
stimulated interest in its detection. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and its alkoxycarbonyl and
alkoxyphosphoryl analogues have been employed as spin traps for electron paramagnetic resonance (EPR)
spectroscopic radical detection. Energies of optimized geometries of nitrones and their corresponding •OH
adducts were calculated using density functional theory (DFT) at the B3LYP/6-31+G**//B3LYP/6-31G*
level. Calculations predict that the trans adduct formation is favored in alkoxycarbonyl nitrones, while cis
adducts with intramolecular H-bonding is favored for alkoxyphosphoryl nitrones. Addition of •OH to a
phosphoryl-substituted nitrone is more exoergic than the carbonylated nitrones. Charge and spin densities
on the nitrone spin traps were correlated with their rates of addition with •OH, and results show that the
charge density on the nitronyl C, the site of •OH addition, is more positive in phosphorylated nitrones
compared to DMPO and the alkoxycarbonyl nitrones. The dihedral angle between the â-H and nitroxyl O
bonds is smaller in phosphorylated nitrones, and that aspect appears to account for the longer half-lives
of the spin adducts compared to those in DMPO and alkoxycarbonyl nitrones. Structures of nitrones with
trifluoromethyl-, trifluoromethylcarbonyl-, methylsulfonyl-, trifluoromethylsulfonyl-, amido-, spiropentyl-, and
spiroester substituents were optimized and their energies compared. Amido and spiroester nitrones were
predicted to be the most suitable nitrones for spin trapping of •OH due to the similarity of their thermodynamic
and electronic properties to those of alkoxyphosphoryl nitrones. Moreover, dimethoxyphosphoryl substitution
at C-5 was found to be the most efficient substitution site for spin trapping of •OH, and their spin adducts
are predicted to be the most stable of all of the isomeric forms.

I. Introduction

Nitrones and the related nitroxides have emerged in recent
years as versatile functional groups with a wide variety of
applications. Nitrones, for example, are widely employed in 1,3-
dipolar cycloaddition reactions1 for natural product syntheses
and in spin trapping of radicals for in vivo and in vitro
applications.2 Nitroxides have been used in enantioselective
oxidation processes,3 as biophysical probes and contrast agents
in magnetic resonance spectroscopy,4 in living radical poly-
merizations,5 as spin labels,6 and as molecular magnetic
materials.7

Free radicals are thought to be involved in lipid peroxidation
processes, DNA cleavage, and enzyme inactivation.8-10 These

oxidative damages can lead to various diseases, including
ischemic and postischemic reperfusion cell damage.11 Oxygen
free radicals (OFR) and reactive oxygen species (ROS) are key
mediators of heart damage in acute myocardial infarction and
are of particular importance in ischemia-reperfusion injury. The
role of reactive oxygen species (ROS) such as hydroxyl (•OH)
or superoxide (O2•-) radicals in physiological and pathological
processes has been extensively studied.10

In biological tissues,•OH or O2
•- radicals are formed by a

variety of specific molecular and cellular mechanisms.12 These
pathways are activated under different disease conditions. Fenton
chemistry, ionizing radiation, lithotripsy, and ultrasonication are
also some of the pathways in which•OH radicals can be
generated.10 Failure to eliminate these active species sometimes
leads to cellular injury. To understand biological mechanisms
involving free radicals requires efficient radical trapping and
their accurate characterization. The specific detection of radicals
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generated from biological processes relies mostly on electron
paramagnetic resonance (EPR) spin trapping methods (Scheme
1) utilizing the nitrone spin traps 5,5-dimethyl-1-pryrroline
N-oxide (DMPO) and 5-diethoxyphosphoryl-5-methyl-1-pyrro-
line N-oxide (DEPMPO).13-17

The spin-trapping technique has also found application in the
study of kinetics and mechanisms of certain organic reactions,18-21

sonolysis,22 lipid peroxidation,23-25 smoke toxicity,26 Fenton-
type reactions,27,28 and in ViVo and in vitro enzymatic
reactions.13-15,29 It has been more than four decades now since
DMPO was first synthesized,30 and its ability to trap radicals
has been observed by EPR spectroscopy by Janzen31 and
Iwamura.32 Although a variety of both DMPO- and phenyl-
tert-butyl nitrone (PBN)-type nitrones have surfaced since these
earlier reports, the application of these spin traps to investigate
radical formation in biological systems still faces several
limitations. Among these limitations are the following: (1) the
inefficiency of certain nitrones to trap particular types of radicals,
(2) an inability to discern from the EPR spectral profile of the
spin adducts as to which radical is being trapped, for example

O2
•- vs •OH, or •CH3 vs •CH2CH3, (3) the short persistence of

the spin adducts, for example the superoxide radical adduct of
DMPO rapidly decomposes to the•OH adduct,33 and (4) the
lack of chemical availability, the difficulty of purification and
the cytotoxicity of some of the nitrone spin traps.

The need to correlate the reactivity of spin traps and the
stability of their spin adducts with electronic properties, as well
as to determine thermodynamic and kinetic parameters from
theoretical calculations, would be valuable in the development
of future spin traps with improved properties. We previously
demonstrated qualitatively that theoretical data derived from
semiempirical and Hartree-Fock (HF) methods can be cor-
related with experimental kinetic data.34,35 Earlier theoretical
studies were focused on the energetics of spin trapping by
nitrosomethane36 and simple alkyl nitrones37 using HF and
second-order Møller-Plesset (MP2) levels of theory. The most
recent study38 on PBN-type nitrones demonstrated that the
addition of methyl radical to the nitrone is more favored both
thermodynamically and kinetically than proton abstraction from
nitrones. However, the effect of substituents on the geometry
and the electronic and thermodynamic properties of DMPO-
type nitrones as well as their corresponding spin adducts has
not received much attention.

Recently, ethoxycarbonyl-5-methyl-1-pyrrolineN-oxide
(EMPO),39,40tert-butoxycarbonyl-5-methyl-1-pyrrolineN-oxide
(BocMPO),34,41(DEPMPO),16,17and 5-diispropyloxyphosphoryl-
5-methyl-1-pyrrolineN-oxide (DIPPMPO) have been reported
to trap •OH and O2

•-. Their experimental kinetic parameters
have also been described,34,35 making all of them appropriate
models for this theoretical investigation.

We now report a comprehensive theoretical analysis of
DMPO-type nitrones, their corresponding•OH adducts, and their
spin-trapping reaction with•OH using density functional theory
(DFT) with the aim of introducing a new approach in the
development of more efficient spin traps with longer spin adduct
half-life.

II. Computational Methods

Density functional theory42,43was applied in this study to determine
the optimized geometry, vibrational frequencies, and single-point energy
of all stationary points.44-47 All calculations were performed using
Gaussian 9848 at the Ohio Supercomputer Center or using Gaussian
98W (for Windows).48 Single-point energies were obtained at the
B3LYP/6-31+G** level based on the optimized B3LYP/6-31G*
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geometries. Stationary points for both the nitrone spin traps and•OH
adducts have no imaginary vibrational frequencies as derived from a
vibrational frequency analysis (B3LYP/6-31G*). A scaling factor of
0.9806 was used49 for the zero-point vibrational energy (ZPE) correc-
tions. Attempts to locate transition states were unsuccessful despite all
attempts, and this was due to the strongly exothermic formation of
products in the reactions (see below). Spin contamination for all of the
stationary points for the•OH adduct radical structures was negligible,
i.e., 0.75< 〈S2〉 < 0.76. All spin and charge densities were obtained
from natural population analysis (NPA) at the B3LYP/6-31G* level.50

Experimental details of the kinetics of•OH trapping and adduct decay
are provided elsewhere.35

III. Naming System

Acronyms of the nitrone spin traps used in this study and
their corresponding hydroxyl adducts are shown in Scheme 2.
The approximate conformations of the nitrones with alkoxy-
carbonyl (EMPO and BocMPO) and alkoxyphosphoryl (DEP-
MPO and DIPPMPO) groups are shown in Figure 1. Three
possible conformations were used for both the alkoxycarbonyl
and alkoxyphosphoryl nitrones.

Two configurations, i.e.,cisandtrans isomers, were assigned
for the •OH adducts indicating the position of the alkoxycar-

bonyl and alkoxyphosphoryl substituents relative to the hydroxyl
group (Figure 2). Each of the configurations of the•OH adduct
has three conformations corresponding to their respective
nitrone. In some adducts, calculations were performed on the
cis-3 isomers in the presence and absence of intramolecular
H-bonding.

IV. Examination of Optimized Geometries

Selected bond distances of the nitrone spin traps and their
•OH adducts are shown in Table 1 based on the optimized
geometries at the B3LYP/6-31G* level of theory. The bond
distances for the CdN in nitrone spin traps, the C-N in spin
adducts, and the N-O in both nitrones and nitroxides are in
good agreement with reported values.51-53 Optimized bond
distances for selected atoms in alkoxyphosphoryl, alkoxycar-
bonyl, amido, sulfonyl, and carboxyl groups are in good
agreement with the experimental results.

Intramolecular H-bonding between the OH group and
the carbonyl or the phosphoryl oxygens is predicted in some
of the spin adducts with acis configuration (Figure 3). The
O- - -H-O distances were calculated to be in the range of
1.874-2.078 Å with the shortest bond distance for the
DIPPMPO-OH cis-3 isomer (Table 2). Initial structures with
the CdO facing the H-O gave optimized structures in which
the O- - -H-O distances were in the range of 2.04-2.06 Å.

Table 3 shows the dihedral∠CH3-C-CdO for EMPO,
BocMPO, TFCOMPO, AMPO, and SpiroCOMPO;∠CH3-C-
PdO for DEPMPO, DIPPMPO;∠CH3-C-C-C for CPPO and
TFMPO; and∠CH3-C-S-C for MSMPO and TFSMPO, and
all of their corresponding spin adducts based on the B3LYP/
6-31G* optimized structures. Dihedral angles are in the range
of 190-215° (Table 3) as found forcis isomers exhibiting
intramolecular H-bonding. Attempts to optimize a structure for
BocMPO-3 only resulted in a conformation similar to that of
BocMPO-2 with negligible change in total energy of 0.02
kcal/mol.
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Figure 1. Conformers of various spin traps.

Scheme 2

Table 1. Comparison of Selected X-ray Crystallographic Bond
Lengths with Calculated Bond Lengths (B3LYP/6-31G*)

bonds
calculated bond

distances rangea (Å)
experimental

bond distances (Å)

nitronyl CdN 1.30-1.31 1.291(2);53 1.307(2)51

nitronyl N-O 1.25-1.27 1.2987(16);53 1.294(1)51

nitroxyl C-N 1.47-1.49 1.5052

nitroxyl N-O 1.27-1.28 1.2752

PdO 1.47-1.49 1.4636(12);53 1.458(2)69

P-OR 1.59-1.62 1.580(1);53 1.575(2)69

P-C 1.80-1.88 1.8276(16);53 1.813(3)69

CdO 1.20-1.22 1.233(5)70

C(O)-OR 1.33-1.35 1.358(5)70

C(O)-C 1.53-1.56 1.506(5)70

MeSdO(or CF3SdO) 1.46-1.47 1.435(2)71(1.418(1))72

S-CH3 1.81-1.82 1.755(3)71

S-CF3 1.89-1.92 1.850(1)72

SO2-C 1.89-1.93 1.833(2)73

C-CF3 1.53-1.55 1.530(3)74

a For certain functional groups other than the nitronyl and nitroxyl groups,
values are based on both nitrones and spin adducts.
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V. Alkoxycarbonyl vs Alkoxyphosphoryl Substituents

V. A. Nitrones. Relative energies shown in Table 4 indicate
that energy differences among conformers of alkoxycarbonyl
nitrones, EMPO and BocMPO, are not as significant compared
to those of alkoxyphosphoryl nitrones DEPMPO and DIPPMPO.
For example, both EMPO and BocMPO gave relative energy
differences of only 0.2 and 0.6 kcal/mol, respectively, with
preference for conformer-2 in EMPO and conformer-1 in
BocMPO consistent with the X-ray structure54 as shown in
Figure 4. However, relative energies among conformations in
alkoxyphosphoryl nitrones are quite significant, namely∼2.0
kcal/mol. In both DEPMPO and DIPPMPO nitrones, conform-
er-3 is the most preferred conformation consistent with

X-ray structures reported by Tordo55 for DIPPMPO and Liu53

for 5-diethoxyphosphoryl-5-phenylethyl-1-pyrrolineN-oxide
(DEPPEPO), a close analogue of DEPMPO.

This most favored staggered conformation minimizes over-
crowding of the alkyl substituents of the phosphoryl moiety with
the nitrone ring. Calculated dipole moments (Table 4) are highest
in conformer-1 for all of the substituted nitrones (∼4.5 D)
comparable to that of the simple nitrones HMPO and DMPO
with dipole moments of 4.03 and 3.72 D, respectively, while
dipole moments of the most energetically favorable conformer-3
of DEPMPO and DIPPMPO are less polar with values of 3.36
and 3.24 D, respectively.

V. B. Nitroxides. Table 5 shows the relative energies of
different configurational as well as conformational isomers of
EMPO, BocMPO, DEPMPO, and DIPPMPO adducts with OH
radical. Energy differences among the different isomeric forms
of EMPO-OH and BocMPO-OH are smaller as compared to
those of DEPMPO-OH and DIPPMPO-OH. The most favored
configuration istrans for both •OH adducts of EMPO and
BocMPO, but the total energy differences between thetrans
conformers have a range of only ca. 0.2 kcal/mol for both
EMPO-OH and BocMPO-OH. Interestingly, the isomercis-3

(54) BocMPO: C10H17NO3, m., P2(1)/n, a ) 12.1985(2) Å,b ) 6.2722(1) Å,
c ) 14.5012(3) Å,) 107.039(1)°, V ) 1060.81(3) Å3; final R1 ) 0.037. (55) Chalier, F.; Tordo, P.J. Chem. Soc., Perkin Trans. 22002, 2110-2117.

Figure 2. Conformational and configurational isomers of various hydroxyl spin adducts.

Table 2. Intramolecular Hydrogen Bond; O-H- - -OdC (or
O-H- - -OdP) distances

spin adduct bond distances (Å)

EMPO-OH cis 3 2.057
BocMPO-OH cis-3 2.038
DIPPMPO-OH cis 3 1.874
DEPMPO-OH cis 3 1.922
AMPO-OH cis 1.970
AMPO-OH cisa 2.045
AMPO-OH transa 2.094
CPCOMPO-OH cis 2.016
TFCOMPO-OH cis 2.169
TFCOMPO-OH cisb 2.256
TFMPO-OH cisb 2.425
DMMPO-5-OHcis 1.952
DMMPO-3-OHcis 2.078

a N-H- - -O-N. b C-F- - -H-O.
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is the most preferred isomer for the•OH adducts with DEPMPO
and DIPPMPO and with significant energy stabilization of 3.3
and 4.1 kcal/mol, respectively, relative to theircis-1 isomers.
The total energy for DEPMPO-OH cis-3 conformation with
intramolecular H-bonding is ca. 3.0 kcal/mol more than itscis-3
conformer without H-bonding. As mentioned earlier, these
hydrogen bonds are relatively stronger in alkoxyphosphoryl
substituted spin adducts compared to those in the alkoxycarbonyl
•OH adducts (Table 2). The relative energies at the B3LYP/
6-31+G**//B3LYP/6-31G** level for DEPMPO-OH cis-3
adducts in the presence and absence of intramolecular H-bonding
were also calculated and compared with values at the fully
optimized B3LYP/6-31+G**. Results show no significant
difference in the relative bottom-of the-well energies as well
as enthalpies of formation (see Supporting Information Table
5). Calculation at the CCSD(T)/6-31G*//B3LYP/6-31G* level
of theory was not successful due to the size of the DEPMPO
and its adduct. However, energies of formation at the CCSD(T)/
6-31G*//B3LYP/6-31G* level of theory have been predicted
for the DMPO-OH adduct and gave anE0,rxn ) -50.66
kcal/mol compared toE0,rxn ) -50.70 kcal/mol at the B3LYP/

6-31+G**//B3LYP/6-31G* level, thereby further validating the
theoretical method employed in this study (Supporting Informa-
tion Table 6). The effect of solvation on the gaseous-phase calcu-
lations was also investigated using the polarized continuum
model (PCM).56-60 Energies of solvation range from-0.77 to
1.50 kcal/mol with greater than 2 kcal/mol preference for the
formation of H-bonded DEPMPO-OH and DIPPMPO-OH
adducts in aqueous environment (Supporting Information Table
7). Thus, solvation will only slightly perturb the relative energies
as compared to the large exothermicities involved in the gas
phase.

Despite the relatively weak intramolecular hydrogen bonding
present in alkoxycarbonyl•OH adducts, their isomeric forms
are not that thermodynamically favored. In general, the dipole
moments are highest in conformations with intramolecular
H-bonding (Table 5). Dipole moments for HMPO-OH (2.23

(56) Tomasi, J.; Persico, M.Chem. ReV. 1994, 94, 2027.
(57) Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J.Chem. Phys. Lett.1996,

255, 327.
(58) Barone, V.; Cossi, M.; Tomasi, J.J. Chem. Phys.1997, 107., 3210.
(59) Barone, V.; Cossi, M.; Tomasi, J.J. Comput. Chem.1998, 19, 404.
(60) Cossi, M.; Barone, V.J. Chem. Phys.1998, 109, 6246.

Figure 3. Hydroxyl radical adducts exhibiting intramolecular H-bonding in optimized structures at the B3LYP/6-31G* level of theory. Broken lines indicate
sites of intramolecular H-bonding and their distances are shown in Table 2.
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D) and DMPO-OH (2.5 D) adducts (Table 5) are small
compared to those of their respective nitrone forms (Table 4).
The same trend is observed for the dipole moments of the most
energetically favorable isomers of EMPO-OH (2.80 D) and
BocMPO-OH (3.00 D) adducts compared to those of their
respective stable nitrone conformations. However, the trend is
reversed for DEPMPO-OH and DIPPMPO-OH adducts in
which the dipole moments of the preferred conformations are
more polar than those of their respective preferred nitrone
conformations. This may indicate a more favorable formation
of the•OH adduct for phosphorylated nitrones in aqueous media
compared to DMPO and carboxylated nitrones.

VI. Reaction of OH Radical with Nitrones

Shown in Table 6 are thermodynamic data for the addition
of •OH to a variety of nitrones. In general, all of these reactions
are highly exoergic. Previously reported37 ∆Erxn for the reaction

of H2CdNHO with •OH was -58.27 kcal/mol at the MP2/
6-31G(d) level of theory and is similar to that obtained at the
B3LYP/6-31+G**//B3LYP/6-31G* level. The thermodynamic
data are even more favorable as compared to•OH addition to
monocyclic aromatic hydrocarbons at the same level of theory
∆Erxn (298K) ) 12-30 kcal/mol.61 In general, reactions of
alkoxycarbonyl nitrones with•OH are relatively less exoergic
than•OH addition to alkoxyphosphoryl nitrones. Carboxylated
nitrones have preference for formation of•OH adducts with the
trans-1 configuration, while phosphorylated nitrones favor
formation of thecis-3 isomer with intramolecular H-bonding.
For reactions involving preferred conformational as well as
configurational isomers for nitrones and their spin adducts, i.e.,
EMPO-2 to EMPO-OH trans-1; BocMPO-1 to BocMPO-OH
trans-1; DEPMPO-3 to DEPMPO-OH cis-3 (with H-bond);
DIPPMPO-3 to DIPPMPO-OH cis-3 (with H-bond), the overall
reaction free energy was predicted to be most favorable in
DIPPMPO followed by EMPO> BocMPO > DEPMPO >
DMPO (in order of more positive values of∆Grxn). Moreover,
values of∆Grxn follow a similar order for nitrones with less
preferred conformations except for DEPMPO-1 or -2, which
yielded more negative free energies than the alkoxycarbonyl
nitrones.

B3LYP calculations suggest that transition-state structures do
not exist for HMPO or DMPO as well as for the less exothermic
reaction path for EMPO and DEPMPO. Potential energy
surfaces are very similar for all of the representative nitrones.

Figure 5 shows the asymptotic profile of the addition channel
(i.e., a barrierless process) for the addition of•OH to DMPO
as well as for EMPO-2 and DEPMPO-1 to give EMPO-OH
cis-2 and DEPMPO-OH trans-1, respectively. Changes in
geometry on the nitronyl C and N are evident, i.e. from planar

(61) Barckholtz, C.; Barckholtz, T. A.; Hadad, C. M.J. Phys. Chem. A2001,
105, 140-152.

Table 3. Dihedral Angles of ∠CH3-C-C)O(or P)O) in Alkoxycarbonyl and Alkoxyphosphoryl Nitrones and Nitroxide

nitrone Θ cis-adduct Θ trans-adduct Θ

EMPO-1 10.2 EMPO-OH 1 20.3 EMPO-OH 1 25.8
EMPO-2 168.3 EMPO-OH 2 129.4 EMPO-OH 2 133.5
EMPO-3 170.5 EMPO-OH 3 209.3c EMPO-OH 3 209.0
BocMPO-1 12.1 BocMPO-OH 1 9.6 BocMPO-OH 1 17.7
BocMPO-2 160.3 BocMPO-OH 2 120.4 BocMPO-OH 2 133.7
BocMPO-3 160.2 BocMPO-OH 3 208.3c BocMPO-OH 3 213.5
DEPMPO-1 327.9 DEPMPO-OH 1 323.4 DEPMPO-OH 1 324.2
DEPMPO-2 72.1 DEPMPO-OH 2 34.6 DEPMPO-OH 2 40.9
DEPMPO-3 188.0 DEPMPO-OH 3 179.4, 189.6c DEPMPO-OH 3 183.8
DIPPMPO-1 330.8 DIPPMPO-OH 1 320.1 DIPPMPO-OH 1 321.6
DIPPMPO-2 82.2 DIPPMPO-OH 2 34.6 DIPPMPO-OH 2 47.6
DIPPMPO-3 187.1 DIPPMPO-OH 3 189.6c DIPPMPO-OH 3 186.0
TFCOMPO 8.9 TFCOMPO-OH 220.2, 214.9c, 3.1d TFCOMPO-OH 217.3
MSMPO 69.9a MSMPO-OH 57.5a MSMPO-OH 62.3a

TFSMPO 55.5a TFSMPO-OH 49.8a TFSMPO-OH 53.4a

AMPO 99.4 AMPO-OH 97.5e, 192.3c AMPO-OH 98.8e

CPPO 35.6b CPCOMPO-OH 195.6c CPPO-OH 38.6b

CPCOMPO 169.3 CPCOMPO-OH 193.8

a Based on ∠CH3-C-S-C. b ∠CH2-C-CH2-CH2. c With intramolecular H-bonding O-H- - -OdC (or O-H- - -OdP). d C-F- - - -H-O.
e N-H- - -O-N.

Table 4. Relative Total Energy (in kcal/mol) and Dipole Moment
(in Debye) of the Theoretically Optimized Nitrone Structures at the
B3LYP/6-31+G**//B3LYP/6-31G* Level

nitrone rel Ea rel H (298 K) dipoleb

HMPO n/a n/a 4.03
DMPO n/a n/a 3.72
EMPO-1 0.0 0.0 4.56
EMPO-2 -0.2 -0.2 2.92
EMPO-3 0.2 0.3 2.83
BocMPO-1 0.0 0.0 4.34
BocMPO-2 0.5 0.6 2.39
DEPMPO-1 0.0 0.0 4.75
DEPMPO-2 1.9 1.8 1.16
DEPMPO-3 -2.2 -2.1 3.36
DIPPMPO-1 0.0 0.0 4.50
DIPPMPO-2 2.5 2.5 2.20
DIPPMPO-3 -1.8 -1.7 3.24

a Values are in kcal/mol relative to their respective conformer 1.b At
B3LYP/6-31G(d) level.
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to trigonal pyramidal for N, and planar to tetrahedral for C as
the C-O distance is decreased. This barrierless process is
consistent with that reported for•OH addition to H2CdNHO.37

Our initial results on the kinetics of spin trapping of•OH35

and O2
•- 34 indicate that the rate of reaction is dependent on

the charge of the nitronyl C based on semiempirical calculations.
Current results based on DFT calculations parallel that of the
semiempirical results we previously reported.35 Table 7 shows
the charge densities on the nitronyl C, the site of•OH addition.
In general, charge densities on the nitronyl C of the most

preferred conformations are most positive in DEPMPO-3 and
DIPPMPO-3, 0.009 and 0.007, respectively, compared to
BocMPO-1 (-0.006), EMPO-2 (-0.001), and DMPO (-0.022).
Higher rate constants for the trapping of•OH by alkoxycarbonyl
and alkoxyphosphoryl nitrones compared to DMPO could be
accounted for the significantly high negative charge density on
the nitronyl C of DMPO compared to the substituted nitrones,
i.e., thekapp (M-1 s-1) for trapping of•OH35 are found to be:
1.93( 0.05× 109 for DMPO, 4.99( 0.36× 109 for EMPO,
4.48 ( 0.32 × 109 for BocMPO, 4.83( 0.34 × 109 for
DEPMPO, and 4.59( 0.22× 109 DIPPMPO. Figure 7 shows
the correlation of∆Grxn values with nitronyl C charge densities.

VII. Stability of Spin Adducts

Unimolecular decomposition of•OH adducts with aâ-H
could proceed viaâ-cleavage of the HC-N bond as shown in
Scheme 3. A similar decomposition pathway was proposed for
the 2-TFDMPO-OH adduct

in which its higher stability compared to that of the DMPO-
OH adduct was suggested to be due to a stronger C-N bond
resulting from the electron-withdrawing inductive and field
effects of the CF3 substituent.62 This mechanism for unimo-
lecular decomposition is further supported by the shorter half-
life of DMPO-OH adduct in basic media.63 The C-N bond
strength can therefore be influenced by charge on the nitroxyl
N which in turn can be affected by the inductive effect from

(62) Janzen, E. G.; Zhang, Y.-K.; Arimura, M.J. Org. Chem.1995, 60, 5434-
5440.

(63) Marriott, P. R.; Perkins, M. J.; Griller, D.Can. J. Chem.1980, 58, 803-
807.

Figure 4. ORTEP view of X-ray structure of BocMPO (right). Displacement ellipsoids are drawn at 50% probability. Hydrogen atoms are represented as
circles of arbitrary radius. Calculated structure at the B3LYP/6-31G* level is shown on the left.

Table 5. Relative Total Energy (ETot in kcal/mol) and Dipole
Moment (in debye) of the Theoretically Optimized Spin Adduct
Structures at the B3LYP/6-31+G**//B3LYP/6-31G* Level

spin adduct rel Ea rel H (298 K) dipoleb

OH radical n/a n/a 1.73
HMPO-OH n/a n/a 2.23
DMPO-OH n/a n/a 2.50
EMPO-OH cis-1 0.0 0.0 2.39
EMPO-OH cis-2 0.0 0.1 1.67
EMPO-OH cis-3c -0.1 0.2 5.60
EMPO-OH trans-1 -0.9 -0.7 2.80
EMPO-OH trans-2 -0.6 -0.4 1.33
EMPO-OH trans-3 -0.5 -0.3 3.44
BocMPO-OH cis-1 0.0 0.0 2.44
BocMPO-OH cis-2 -0.2 -0.2 1.10
BocMPO-OH cis-3c -0.4 -0.2 5.67
BocMPO-OH trans-1 -1.1 -0.9 3.00
BocMPO-OH trans-2 -0.9 -0.8 1.52
BocMPO-OH trans-3 -0.7 -0.6 3.66
DEPMPO-OH cis-1 0.0 0.0 3.55
DEPMPO-OH cis-2 -0.1 -0.1 1.16
DEPMPO-OH cis-3 -0.2 -0.3 2.89
DEPMPO-OH cis-3c -3.6 -3.3 4.30
DEPMPO-OH trans-1 -0.2 0.0 3.59
DEPMPO-OH trans-2 -1.0 -0.9 1.88
DEPMPO-OH trans-3 -1.6 -1.6 2.24
DIPPMPO-OH cis-1 0.0 0.0 3.37
DIPPMPO-OH cis-2 -0.2 -0.2 0.72
DIPPMPO-OH cis-3c -4.3 -4.1 4.10
DIPPMPO-OH trans-1 -0.4 -0.9 3.59
DIPPMPO-OH trans-2 -1.6 -1.5 1.74
DIPPMPO-OH trans-3 -2.3 -2.4 2.87

a Values are in kcal/mol relative to their respective isomercis-1. b At
B3LYP/6-31G(d) level.c With H-bonding.
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the substituent at the C-5 position. It is assumed that a relatively
negative charge density on the N can stabilize the C-N. As
shown in Table 8, substituents have little effect on the charge
density of C-2,â-H, and O, while charges on C-5 and N are
quite varied, depending on the nature of the substituents.
Therefore, it is hypothesized that one of the factors that could

influence unimolecular decomposition of nitroxides bearingâ-H
are the charge densities around the nitroxyl moiety. A qualitative

Table 6. Thermodynamic Parameters for the Reaction of Nitrones
with OH Radicala

spin
adducts E0,rxn ∆Hrxn ∆Grxn

spin
adducts E0,rxn ∆Hrxn ∆Grxn

HMPO DIPPMPO-1
HMPO-OH -60.96 -52.56 -42.58 cis-1 -50.68 -51.95 -41.22
DMPO cis-2 -51.00 -52.15 -41.90
DMPO-OH -50.70 -51.76 -42.07 cis-3b -54.75 -56.08 -45.80
EMPO-1 trans-1 -51.51 -52.64 -42.47
cis-1 -51.57 -52.53 -43.61 trans-2 -52.18 -53.42 -42.83
cis-2 -51.46 -52.48 -42.91 trans-3 -53.24 -54.31 -44.42
cis-3b -51.12 -52.35 -41.87 DIPPMPO-2
trans-1 -52.25 -53.25 -44.04 cis-1 -53.09 -54.48 -42.30
trans-2 -51.91 -52.95 -43.45 cis-2 -53.41 -54.68 -42.98
trans-3 -51.85 -52.85 -43.72 cis-3b -57.15 -58.60 -46.88
EMPO-2 trans-1 -53.91 -55.17 -43.55
cis-1 -51.32 -52.34 -42.90 trans-2 -54.58 -55.95 -43.91
cis-2 -51.21 -52.29 -42.20 trans-3 -55.65 -56.83 -45.50
cis-3b -50.87 -52.16 -41.16 DIPPMPO-3
trans-1 -52.00 -53.05 -43.34 cis-1 -49.02 -50.25 -39.83
trans-2 -51.66 -52.76 -42.74 cis-2 -49.34 -50.45 -40.50
trans-3 -51.60 52.66-43.02 cis-3b -53.09 -54.37 -44.40
EMPO-3 trans-1 -49.84 -50.94 -41.07
cis-1 -51.83 -52.78 -43.51 trans-2 -50.51 -51.72 -41.44
cis-2 -51.72 -52.73 -42.81 trans-3 -51.58 -52.61 -43.02
cis-3b -51.38 -52.61 -41.78
trans-1 -52.51 -53.50 -43.95 TFMPO
trans-2 -52.17 -53.20 -43.35 cis -51.76 -52.79 -43.22
trans-3 -52.11 -53.11 -43.63 cisb -49.48 -50.57 -40.76
BocMPO-1 trans -51.89 -52.93 -43.40
cis-1 -50.41 -51.51 -41.51 TFCOMPO
cis-2 -50.61 -51.70 -41.88 cis -50.28 -51.78 -41.54
cis-3b -50.35 -51.67 -40.83 cisc -50.36 -51.46 -40.50
trans-1 -51.37 -52.45 -42.82 cisb -47.73 -48.93 -38.32
trans-2 -51.15 -52.28 -42.29 trans -37.64 -53.12 -43.01
trans-3 -51.02 -52.08 -42.45 MSMPO
BocMPO-2 cis -67.77 -54.39 -44.53
cis-1 -51.02 -52.09 -41.96 trans -69.75 -56.45 -46.78
cis-2 -51.22 -52.27 -42.33 TFSMPO
cis-3b -50.95 -52.25 -41.27 cis -46.07 -55.52 -45.58
trans-1 -51.98 -53.03 -43.26 trans -48.02 -56.97 -47.11
trans-2 -51.76 -52.86 -42.74 AMPO
trans-3 -51.63 -52.66 -42.89 cis -52.20 -50.94 -41.12
DEPMPO-1 cisc -47.96 -46.02 -35.73
cis-1 -51.73 -52.89 -42.60 transd -26.56 -50.94 -41.41
cis-2 -51.90 -52.96 -43.56 CPCOMPO
cis-3 -52.15 -53.17 -43.96 cisc -159.83-51.94 -41.19
cis-3b -54.81 -56.16 -45.53 trans -160.57-52.86 -43.01
trans-1 -51.73 -52.88 -42.83 CPPO
trans-2 -52.77 -53.81 -44.63 CPPO-OH -186.00-52.13 -42.27
trans-3 -53.44 -54.48 -45.41
DEPMPO-2 DMMPO-2
cis-1 -53.38 -54.73 -42.58 cisA -43.40 -44.37 -34.39
cis-2 -53.55 -54.80 -43.54 cisB -46.70 -47.68 -38.15
cis-3 -53.79 -55.02 -43.94 DMMPO-3
cis-3b -56.45 -58.00 -45.51 cis -48.07 -49.32 -38.64
trans-1 -53.37 -54.73 -42.81 trans -49.59 -50.60 -41.18
trans-2 -54.41 -55.66 -44.61 DMMPO-4
trans-3 -55.08 -56.32 -45.39 cis -48.63 -49.57 -39.58
DEPMPO-3 trans -51.86 -52.95 -42.51
cis-1 -49.47 -50.75 -39.56 DMMPO-5
cis-2 -49.64 -50.82 -40.52 cis -52.21 -53.36 -43.26
cis-3 -49.88 -51.04 -40.93 trans -51.59 -52.57 -42.49
cis-3b -52.54 -54.02 -42.50
trans-1 -49.46 -50.75 -39.80
trans-2 -50.50 -51.68 -41.59
trans-3 -51.17 -52.34 -42.38

a B3LYP/6-31+G**//B3LYP/6-31G* reaction (rxn) energies are reported
relative to reactants, in kcal/mol.E0,rxn energies include scaled ZPE.∆Hrxn
and∆Grxn are given at 298.15 K.

Table 7. Charge Densities on C-2 of the Theoretically Optimized
Nitrones Structures at the B3LYP/6-31+G**//B3LYP/6-31G* Level

nitrone charge density nitrone charge density

HMPO 0.104 DIPPMPO-3 0.007
DMPO -0.022 TFMPO -0.003
EMPO-1 -0.005 TFCOMPO 0.000
EMPO-2 -0.001 MSMPO 0.009
EMPO-3 -0.000 TFSMPO 0.011
BocMPO-1 -0.006 AMPO 0.025
BocMPO-2 -0.003 CPPO -0.017
DEPMPO-1 -0.005 CPCOMPO 0.007
DEPMPO-2 -0.011 DMMPO-5 -0.001
DEPMPO-3 0.009 DMMPO-4 -0.030
DIPPMPO-1 -0.006 DMMPO-3 -0.051
DIPPMPO-2 -0.020 DMMPO-2 -0.232

Figure 5. Asymptotic reaction profile for the addition of•OH with nitrones
DMPO, EMPO, and DEPMPO. Each data point corresponds to a fully
optimized geometry and energy with the C-O distance constrained at the
indicated value.
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comparison of the calculated charge densities on the nitroxyl
N, C-5, and the C-2 of the most stable spin adducts (i.e.,trans-1
isomers of EMPO-OH and BocMPO-OH, and the H-bonded
cis-3 isomers of DEPMPO-OH and DIPPMPO-OH) including

DMPO-OH showed no significant difference among the
charges on C-2 except for the less negative charge on the
nitroxyl N and more positive charge on the C-5 in alkoxycar-
bonyl nitroxides compared to alkoxyphosphoryl•OH adducts.

Figure 6. Hydroxyl radical adducts exhibiting intramolecular H-bonding in optimized structures of hypothetical spin traps at the B3LYP/6-31G* level of
theory. Broken lines indicate sites of intramolecular H-bonding and their distances are shown in Table 2.

Figure 7. Plot of charge densities of nitronyl C of the most favored conformation of various substituted nitrones versus reaction free energies (∆Grxn) for
the formation of their respective most stable•OH adduct isomer. Inset: For DEMMPO analogues.
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The electronic characteristics of these adducts are consistent
with their reported stability35 since the N-C bond-breaking
process should be more facile when the nitroxyl N is less
negative. Also, the charge density on N for alkoxycarbonyl
nitroxides with H-bonding is relatively more negative compared
to the charge densities for those adducts without H-bonding.
Interestingly, the charge on C-5 for DMPO-OH is most positive
(0.082) compared to the rest of the substituted adducts but with
N charge of (-0.022) which is higher than those of alkoxycar-
bonyl nitroxides (∼-0.01) but lower than those of the phos-
phorylated adducts (∼-0.03). This may explain why DMPO-
OH adduct has a shorter half-life relative to the substituted•OH
adducts, since a positively charged C-5 could facilitate a
favorable HC-N bond-breaking process as was depicted in
Scheme 3. The charge on N for adducts exhibiting intramo-
lecular H-bonding is relatively more negative compared to that
for other adducts without such H-bonding. Figure 8 shows an
approximate correlation of the charge densities of nitronyl N
with various half-lives of the•OH adducts.

Bimolecular decomposition of•OH adducts has been re-
ported64 to produce diamagnetic species as secondary decom-
position products of the hydroxylamine and nitrone (Scheme
4). The ease ofâ-H abstraction from the•OH adduct was
postulated to be dependent on the conformation of theâ-H
relative to the singly occupied orbital on the nitroxyl nitrogen.65

Further support of H-abstraction as the major cause of decom-
position is the short half-lives of•OH adducts in basic media.66

A low activation energy for this reaction occurs when the singly
occupied orbital is in the same plane as the H atom to be
abstracted. This corresponds to a dihedral∠O-N-C-H close
to 90°. It is predicted that the low dihedral∠O-N-C-H of
the preferred isomers DEPMPO-OH cis-3 (59.5°) and DIPP-
MPO-OH cis 3 (46°) (Table 8) with strong H-bonding will
have longer half-lives compared to the alkoxycarbonyl nitrones,
EMPO and BocMPO as well as DMPO. Our recent experimental
results35 indicate that DEPMPO and DIPPMPO have signifi-
cantly longer pseudo-first-order half-lives of about 130-158
min as compared to 55 min for DMPO and BocMPO (with the
exception of EMPO witht1/2 of about 127 min). Figure 8 shows
an approximate correlation of the∠O-N-C-H ‘s with various
half-lives of the•OH adducts. Moreover, the unpaired electron
is almost equally distributed between the N-O bond with an
average of 52% localization on O for all preferred isomers.

VIII. Other Functional Groups as Substituents

Electronic and thermodynamic properties of novel nitrones
containing electron-withdrawing substituents (Scheme 5), such

as-CF3, -COCF3, -SO2Me, -SO2CF3, and-CONH2, were
compared and are shown in Table 9. Alkyl and spirocarbonyl
nitrones were also used as models. Although only one confor-
mational isomer for each of the nitrones was considered, we
explored two possible isomers for each of the spin adducts, i.e.,
cis andtrans configurations. We also compared the electronic
properties and energetics of thecis isomers with and without
intramolecular H-bonding, since alkoxyphosphoryl nitrones
demonstrated that this aspect is crucial, at least for thermody-
namic favorability of•OH addition to nitrones. Intramolecular
H-bonding (Table 2) between N-H and N-O was predicted
in AMPO-OH transwith a N-H---O-N bond distance of 2.09
Å (Figure 6). However, intramolecular H-bonding was not
observed in some spin adducts bearing a sulfonyl (MSMPO-
OH cis and TFSMPO-OH cis) group. Contrary to the observa-
tion made in alkoxyphosphoryl nitrone•OH adducts, confor-
mations of all of the•OH adducts exhibiting H-bonding are
not energetically preferred (Table 9). In most cases, thetrans
•OH adduct is the preferred configuration. Trifluoromethyl
nitrone (TFMPO) and amido nitrone (AMPO) showed no
significant energy preference for either thecisandtransisomers
for their •OH adduct, with relative energies of only 0.1 and 0.0
kcal/mol, respectively. In the case of AMPO-OH, the isomeric
form either cis or trans with N-H‚‚‚‚O-N intramolecular
H-bonding are more preferred thancis isomers having intramo-
lecular H-bonding between the carbonyl O and the hydroxyl
H.

In all cases, reaction free energies (Table 6) also indicate that
formation of thetrans isomers are more thermodynamically
favored than thecis isomers and even more favorable than the
cis isomer with an intramolecular H-bond. These energy
differences show that formation of thetrans isomer is favored
by ca. 1-2 kcal/mol relative to thecis isomer. For TFMPO
and AMPO this free-energy difference, however, is only ca.
0.2-0.3 kcal/mol. Reaction free energies range from-41.41
to -47.11 kcal/mol and are highest for the formation of spin
adducts from MSMPO and TFSMPO with∆Grxn of -46.78
and-47.11 kcal/mol, respectively.

Since none of the molecules mentioned in this section have
been synthesized or reported to trap•OH (except for CPPO),67

we therefore could not do any correlations with experimental
kinetic data. We can, however, make predictions as to the
possible spin-trapping characteristics of these hypothetical
molecules based on the structure-reactivity correlation made
previously for DMPO, alkoxycarbonyl, and alkoxyphosphoryl
nitrones. Charge densities on nitronyl C of sulfonylated-nitrones
(MSMPO and TFSMPO), AMPO, and spirocarbonyl nitrone
CPCOMPO are significantly more positive than other substituted
nitrones (Table 7). These charge densities are comparable in
magnitude to those of DEPMPO (0.009) and DIPPMPO (0.007),
with values ranging from 0.007 to 0.025, with amido nitrone
AMPO having the greatest positive charge. Surprisingly, the

(64) Khramtsov, V.; Berliner, L. J.; Clanton, T. L.Magn. Reson. Med.1999,
42, 228-234.

(65) Breuer, E.; Aurich, H. G.; Nielsen, A.Nitrones, Nitronates and Nitroxides;
John Wiley and Sons: New York, 1989.

(66) Rosen, G. M.; Britigan, B. E.; Halpern, H. J.; Pou, S.Free Radicals:
Biology and Detection by Spin Trapping; Oxford Univeristy Press: New
York, 1999. (67) Turner, M. J.; Rosen, G. M.J. Med. Chem.1986, 29, 2439-2444.

Scheme 3
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spirocarbonyl nitrone CPCOMPO also gave a positive charge
density of 0.007 on the nitronyl C, contrary to the observed
charge densities found in the other carbonylated nitrones EMPO

(-0.001 to-0.005) and BocMPO (-0.003 to-0.006) and the
alkylspiro nitrone analogue CPPO (-0.017). These results
indicate that a combination of bond constraints and presence

Table 8. Dihedral Angles and Charge Densities of the Theoretically Optimized •OH Adduct Structures at the B3LYP/6-31+G**//B3LYP/
6-31G* Level

a CdO- - -O-H or PdO- - -O-H. b C-F- - -H-O. c N-H- - -O-N. d Conformer-3. e Conformer-1.
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of a carbonyl group could significantly affect the charge density
on the nitronyl C.

The dihedral∠O-N-C-H is smallest in AMPO-OH trans
(47.9°), which is essentially the same as that of DIPPMPO-
OH cis-3 (46.0°), which is the most preferred spin adduct isomer
and the most long-lived•OH adduct (Table 8). The spiro
nitrones CPPO-OH (52.4°) and CPCOMPO-OH (60.5°), and
TFCOMPO (61.8°) are othertrans •OH adducts that exhibit
small∠O-N-C-H. Charge density values (Table 8) for almost
all of the spin adducts are somewhat similar to those of the
alkoxycarbonylated spin adducts with the exception of the
sulfonylated adducts, MSMPO-OH and TFSMPO-OH, and

CPCOMPO-OH which has negatively charged C-5 similar to
those of the alkoxyphosphorylated adducts.

Although these calculations show that•OH addition to
sulfonylated nitrones is the most thermodynamically favored
compared to that in other substitutents, they may not be suitable
for spin trapping since sulfonyl groups are known to react with
•OH to form C-centered radicals.68 It is predicted that AMPO
and CPCPMPO may be good in spin trapping charged radicals
such as O2•- and can form stable•OH adducts comparable to
those of alkoxyphosphorylated nitrones. Although CPPO has
less positive nitronyl C, it may be able to form stable•OH
adducts based on its small dihedral∠O-N-C-H of 52.4°.

IX. Effect of Alkoxyphosphoryl Position

Alkoxyphosphosphoryl nitrones are one of the most studied
spin traps due to their ability to form persistent O2

•- and•OH

(68) Carton, P. M.; Gilbert, B. C.; Laue, H. A. H.; Norman, R. O. C.; Sealy, R.
C. J. Chem. Soc., Perkin Trans. 21975, 11, 1245-1249.

(69) Roubaud, V.; Siri, D.; Tordo, P.; Hdii, F.; Reboul, J.-P.Acta Crystallogr.,
Sect. C1998, 825-827.

(70) Lide, D. R., Ed.Handbook of Chemistry and Physics, 50th ed.; CRC
Press: Cleveland, 1969.

(71) Chaloner, P. A.; Harrison, R. M.; Hotchcock, P. B.; Pedersen, R. T.Acta
Crystallogr.1992, C48, 717-720.

(72) Bats, J. W.; Weyrauch, J. P.; Hashmi, S. K.Acta Crystallogr.2002, E58,
o590-o591.

(73) Hossain, M. B.; Van der Helm, D.Acta Crystallogr.1983, C39, 1297-
1300.

(74) Dickman, M. H.Acta Crystallogr.2001, E57, o636-0637.

Figure 8. Plots of∠O-N-C-H (•) and nitroxyl N (∆) of the most favored•OH adducts of DMPO, EMPO, BocMPO, DEPMPO, DIPPMPO versus their
respective experimental half-lives.

Scheme 4

Scheme 5
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adducts compared to that of DMPO.34,35 It is therefore worth
examining the effect of the substituent position on the electronic
and thermodynamic properties of these nitrones. By exploring
the energetics of the four different positional isomers of
dimethoxyphosphosphoryl nitrones (Scheme 6), it might be
possible to predict the most efficient site of substitution for
trapping •OH and the spin adduct stability based on their
optimally calculated electronic and thermodynamic parameters.
This work will only focus on the isomeric forms that are known
to be favored in DEPMPO and DIPPMPO reactions with•OH,
i.e., similar to that of thecis-3 conformer. Optimizations were
performed starting with initial structures in which the PdO
moiety is pointing toward the ring system.

Interestingly, DMMPO-2 is the most favored nitrone isomer,
while DMMPO-OH cis-5 is the most favored isomer for the
•OH adduct (Table 10). For C-3 and C-4 substituted nitrones,
trans isomers are energetically more favored, while thecis
configuration is more preferred at the C-5 position (Table 10).
Formation of spin adducts from C-4- and C-5-substituted
nitrones are more exothermic than from those for C-2- and C-3-
substituted nitrones, and the formation of the DMMPO-OH
cis-5 adduct is calculated to be the most exothermic. The
DMMPO-OH cis-5 isomer exhibits strong intramolecular

H-bonding of about 1.95 Å (Table 2), similar to those observed
for DIPPMPO-OH cis-3 and DEPMPO-OH cis-3 isomers.
This intramolecular H-bonding could be a major contributing
factor in the stability of the molecule and its energetically
favorable formation over itstrans isomer. The DMMPO-OH
cis-3 isomer with a much weaker H-bond of 2.08 Å is
energetically less preferred than itstrans counterpart. The
coupled cluster method (CCSD) was performed on the DM-
MPO-OH cis-3 adducts with and without intramolecular
H-bonding to demonstrate the validity of the B3LYP calcula-
tions. Results show a relative energy difference of less than
0.1 kcal/mol using CCSD/6-31+G**//B3LYP/6-31G* compared
to that using the B3LYP/6-31+G**//B3LYP/6-31G* level (see
Supporting Information Table 8).

The order of increasing positive charge on the nitronyl C is
as follows: DMMPO-2 (-0.232) < DMMPO-3 (-0.051) <
DMMPO-4 (-0.030)< DMMPO-5 (-0.001) (Table 7). This
order predicts that substitution at the C-5 position makes the
nitronyl C more reactive toward nucleophilic radicals, compared
to the C-2 isomer (see inset of Figure 7). Close examination of
the charge densities for the nitronyl N and O as well as for P
upon going from position C-5 to C-2 reveals that the charge on
N becomes more positive by 0.03, O is more negative in
DMMPO-5 (by 0.05), and there is no significant perturbation
on the charge for P. The large negative charge on the nitronyl
C in DMMPO-2 is indicative of major resonance contribution
from structure B (Scheme 7). This result predicts that phosphoryl
substitution on C-2 may not be suitable for spin trapping of
nucleophilic radicals such as O-centered ROS.

The∠O-N-C-H is lowest in DMMPO-OH cis-5 (60.2°)
and DMMPO-OH trans-5 (44.6°) (Table 8). Although reaction
enthalpies and free energies for the formation of both isomers
do not differ significantly, we could expect that decay property

Table 9. Relative Total Energy (Etot in kcal/mol) and Dipole
Moment (in debye) of the Theoretically Optimized Structures at the
B3LYP/6-31+G**//B3LYP/6-31G* Level

rel Ea rel H (298 K) dipolee

Nitrone
TFMPO n/a n/a 4.12
TFCOMPO n/a n/a 5.20
MSMPO n/a n/a 6.94
TFSMPO n/a n/a 5.69
AMPO n/a n/a 1.91
CPPO n/a n/a 3.66
CPCOMPO n/a n/a 5.19

OH Adduct
TFMPOcis 0.0 0.0 3.36
TFMPOcisb 2.2 2.2 3.95
TFMPO trans -0.1 -0.1 2.76
TFCOMPOcis 0.0 0.0 3.94
TFCOMPOcisc 0.1 0.3 4.37
TFCOMPOcisb 2.8 2.9 4.06
TFCOMPOtrans -1.5 -1.3 2.53
MSMPOcis 0.0 0.0 6.21
MSMPO trans -2.1 -2.1 5.07
TFSMPOcis 0.0 0.0 5.32
TFSMPOtrans -1.6 -1.5 4.00
AMPO cisd 0.0 0.0 1.83
AMPO cisc 4.7 4.9 5.88
AMPO transd -0.1 0.0 1.56
CPPO-OH n/a n/a 2.21
CPCOMPOcisc 0.0 0.0 5.91
CPCOMPOtrans -0.7 -0.9 3.78

a Values are in kcal/mol relative to their respective isomercis isomers
without H-bonding. H-bonding correspond tob C-F- - -H-O. c CdO- - -
O-H. d N-H- - -O-N. e At B3LYP/6-31G(d) level.

Scheme 6

Table 10. Relative Total Energy (in kcal/mol) and Dipole Moment
(in debye) of the Theoretically Optimized Structures at the B3LYP/
6-31+G**//B3LYP/6-31G* Level

compounds rel Ea rel H (298 K) dipoled

Nitrones
DMMPO-5 0.0 0.0 4.89
DMMPO-4 -3.4 -3.4 5.43
DMMPO-3 -4.0 -3.9 4.10
DMMPO-2 -5.1 -4.7 3.78

OH Adduct
DMMPO-5-OHcis 0.0 0.0 5.38
DMMPO-5-OHtrans 0.9 0.8 3.73
DMMPO-4 OHcis 0.6 0.4 5.08
DMMPO-4 OHtrans -3.0 -3.0 3.35
DMMPO-3 OHcis 0.0 0.1 5.36
DMMPO-3 OHtrans -1.1 -1.1 3.69
DMMPO-2 OHcisb 4.9 4.3 2.98
DMMPO-2 OHcisc 1.4 1.0 4.22

a Values are in kcal/mol relative to DMMPO-5 for the nitrones and
DMMPO-OH cis for the•OH adducts.b Conformer-3. c Conformer-1. d At
B3LYP/6-31G(d) level.

Scheme 7
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of the spin adducts will differ. On the basis of the dipole
moments shown in Table 10, the following order of increasing
polarity is predicted: DMMPO-2 (3.78 D)< DMMPO-3 (4.10
(D) < DMMPO-5 (4.89 D)< DMMPO-4 (5.43 D). In general,
the cis configuration for the•OH adducts are more polar than
their trans isomers.

X. Conclusions

Calculations of the minimum energy geometries of the
commonly used nitrones as well as hypothetical ones, and their
respective•OH spin adducts have been performed using density
functional theory. The charge densities on nitronyl C and O
were also calculated and used as a basis for the kinetic addition
of hydroxyl radical and spin adduct decay. A barrierless energy
path has been calculated for DMPO, EMPO, and DEPMPO-
OH adduct formations, consistent with the large exoergicity of
these addition reactions. Alkoxycarbonyl nitrones have a prefer-
ence for formation oftrans •OH adducts, while alkoxyphos-
phoryl nitrones favor thecis isomers with intramolecular
H-bonding. Charge densities on nitronyl C, the site of•OH
addition, are most positive for the most stable conformations
of alkoxyphosphorylated nitrones compared to those of alkoxy-
carbonyl nitrones and DMPO, consistent with observed kinetic
data for trapping•OH and O2

•- radicals. Dihedral angles of the
â-H relative to the singly occupied orbital of the nitroxide
showed to be smallest in thecis adducts having intramolecular
H-bonding in the alkoxyphosphorylated•OH adducts. This is
also consistent with the relatively longer half-lives of alkoxy-
phosphorylated•OH adducts compared to alkoxycarbonyl•OH
adducts and DMPO-OH.

Addition of •OH to sulfonylated nitrones is predicted to be
the most thermodynamically favored reaction compared to other
substituted nitrones; however, experimental evidence shows that
sulfonyl groups are susceptible to•OH attack. Amido nitrone

AMPO and spirocarbonyl nitrones CPCOMPO are predicted
to exhibit high reactivity toward nucleophilic radicals and
relatively persistent spin adducts, due to the high positive charge
on the nitroxyl C and low dihedral∠O-N-C-H, respectively.
Moreover, although CPPO has a less positive nitronyl C, it may
be able to form a stable•OH adduct as well.

Alkoxyphosphoryl group-P(O)(MeO)2 substitution on C-2
is the most stable isomer, although its reactivity toward•OH is
not thermodynamically preferred. Reaction enthalpies and free
energy are highest for the formation ofcis •OH adducts with
-P(O)(MeO)2 substitution on C-5. In addition, from a kinetic
point of view, substitution at C-5 could provide an efficient
spin trap for O-centered radicals with a long half-life for the
spin adduct comparable to that of DIPPMPO-OH adducts.

This study demonstrates how theoretical analysis can be used
as a tool to understand spin-trapping behavior of certain classes
of nitrones and should be useful in designing better and more
efficient spin traps for future applications. Experimental veri-
fication of these predictions will be reported in due course.
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