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The nitrone, 5,5-dimethylpyrrolineN-oxide (DMPO), is a commonly used spin trap for the detection of
superoxide radical anion (O2•-) using electron paramagnetic resonance spectroscopy. This work investigates
the reactivity of DMPO to O2•- in mildly acidic pH (5.0-7.0). Mild acidity is characteristic of acidosis and
has been observed in hypoxic systems, e.g., ischemic organs and cancer cells. Although the established pKa

for O2
•- is 4.8, the pKa for DMPO is unknown. The pKa of the conjugate acid of DMPO was determined to

be 6.0 using potentiometric, spectrophotometric,1H and13C NMR, and computational methods.1H and13C
NMR were employed to investigate the site of protonation. An alternative mechanism for the spin trapping
of O2

•- in mildly acidic pH was proposed, which involves protonation of the oxygen to form theN-hydroxy
imino cation and subsequent addition of O2

•-. The exoergicity of O2•- addition to protonated DMPO was
rationalized using density functional theory (DFT) at the PCM/B3LYP/6-31+G**//B3LYP/6-31G* level of
theory.

I. Introduction

Reactive oxygen species (ROS) in low concentrations play a
vital role in the regulation of physiological processes and are
central in the initiation of pathological events in unregulated
concentrations.1,2 Studies show3-5 that the ischemic period (a
condition by which the tissues or organs are deprived of blood
flow) and during immediate reperfusion exhibit an enhanced
oxygen radical production and are accompanied by acidosis6

in which the extracellular or intracellular pH usually ranges from
6.00 to 7.35.7 Moreover, tumor cell microenvironment is
characterized by hypoxia and acidosis, which have negative
implications for their effective treatment.8-10

Nitrones, such as 5,5-dimethylpyrrolineN-oxide (DMPO) and
R-phenyl-tert-butylnitrone (PBN), have exhibited pharmacologi-
cal activity such as in the treatment of neurodegenerative disease,

acute stroke, and cardioprotection from ischemia-reperfusion
injury.11-20 Free radicals such as those derived from the
superoxide radical anion (O2•-) has been shown to be generated
from isolated perfused heart during post-ischemia.5 Although
the spin trapping of free radicals by DMPO may explain their
cardioprotective property against reperfusion injury, studies in

this regard are conflicting. For example, using Langendorff rat
heart reperfusion preparations, Bradamente et al.21 showed that
DMPO in millimolar concentrations did not show cardiopro-
tection from ischemia-reperfusion injury, and Pietri et al.22,23

and Tosaki et al.24-26 have shown otherwise. The mechanism
of the cardioprotective property of DMPO was believed to be
due to its direct radical scavenging property because studies on
structurally related compounds such as HMIO26 or PyH,23 which
are non spin trapping, did not exhibit improvement in cardiac
function. However, the presence of phosphonate group in a spin
trap such as DEPMPO, as well as non spin traps, DEPMPH
and MeP(O)(OEt)2, has been demonstrated to play a critical role
in cardioprotection.23 Therefore, there are issues in terms of
which functional group (or structural feature) is responsible for
cardioprotection. Other mechanisms of the cardioprotection of
DMPO have been linked to its direct effect on Ca2+ chan-
nels;27,28 or increase in nitric oxide bioavailability,29,30 hence,
the mechanism of the pharmacological activity of DMPO is
more complex than simple radical scavenging.

The mechanism of nitrone antioxidant activity is intriguing
because at neutral pH, the reactivity of O2

•- to DMPO is slow,
with a second-order rate constant of only 2.0 M-1 s-1; however,
at acidic pH, the reactivity is∼27 or∼103 M-1 s-1 at pH 6.231

and 5.0,32 respectively. The high reactivity of O2•- to DMPO
in acidic pH was proposed to be due to the protonation of O2

•-

to form hydroperoxyl radical (HO2•), because the pKa for O2
•-

and HO2
• is 4.833 and 4.434 and the fact that HO2• is a stronger

oxidizer than O2
•- (E°′ ) 1.06 and 0.94 V, respectively).35 The

higher reactivity of HO2
• to DMPO compared to O2•- was

theoretically rationalized and the predicted rate constants in
aqueous phase for the O2

•- 36 or HO2
• 37 addition to DMPO was

found to be 5.9× 10-5 and 285 M-1 s-1, respectively, at the
PCM/B3LYP/6-31+G**//B3LYP/6-31G* level of theory. At the
same level of theory, the calculated thermodynamic data in
aqueous phase also show a more facile addition of HO2

• 37 to
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DMPO compared to O2•- 36 with ∆Grxn of -4.6 and 11.9 kcal/
mol, respectively.

Because acidosis plays a critical role in the initiation of brain38

or heart39-41 damage during ischemia and because production
of O2

•- is ubiquitous during these pathophysiological events,
spin trapping of O2•- by nitrones in mildly acidic medium is,
therefore, relevant. The reported spin trapping rate for O2

•- at
pH 6 is an order of a magnitude higher than at pH 7, but
complete protonation of O2•- at pH 6 may not occur due to its
pKa of 4.8. It is, therefore, important to investigate the basicity
of a model nitrone, DMPO, to shed insight into the rate of O2

•-

addition to DMPO at pH above the pKa of O2
•-.

II. Experimental Methods

A. Ionization Constant Determination. (a) Potentiometric
Titration. DMPO (99.9%) was purchased from Dojindo without
further purification. A 10 mL DMPO stock solution (0.04 mM)
was prepared using double distilled deionized water containing
1 µM NaCl to stabilize the pH reading. The pH of the starting
solution of 2 mL DMPO (0.04 mM) was slightly basic (7.4)
and was titrated with 1.01 mM HCl (standardized using
Na2CO3) at 5µL increments. The resulting pH’s were monitored
using a pH microelectrode calibrated at pH 4.00, 7.00, and 10.00.
No activity calculations were necessary because the titration
was preformed at very low ionic strength. Experiments were
preformed in triplicate measurements.

(b) Spectrophotometric Titration.A 20 mL solution of
DMPO (100 µM) in double distilled deionized water was
prepared and titrated with 2µL increment of 1.01 mM HCl.
Two milliliters of the solution was taken at every pH change
of ∼0.25 then UV absorbance was measured. Experiments were
preformed in duplicate measurements.

B. NMR Measurements.Two mL solution of DMPO (15
mM) was prepared in D2O at pH’s 5.10, 6.00, 6.85, and 7.00
using D2SO4 (no acid was used for pH 7.0) and1H NMR spectra
were acquired. However, for13C NMR, solutions at pH’s 4.90,
6.00, 6.50, and 7.10 (without acid) were prepared using higher
DMPO concentration of 50 mM.

C. General Computational Methods.(a) General Details.
Density functional theory42,43 was applied in this study to
determine the optimized geometry, vibrational frequencies, and
single-point energy of all stationary points.44-47 The effect of
aqueous solvation was also investigated using the polarizable
continuum model (PCM).48-52 All calculations were performed
using Gaussian 0353 at the Ohio Supercomputer Center. Single-
point energies were obtained at the B3LYP/6-31+G** level
based on the optimized B3LYP/6-31G* geometries, and the
B3LYP/6-31+G**//B3LYP/6-31G* wave functions were used
for Natural Population Analyses (NPA).54 These calculations
used six Cartesian d functions. Geometry optimization with
diffuse functions at the B3LYP/6-311+G* level of theory was
performed to account for the negative charge character of the
species being investigated using five d (pure) functions for these
calculations. Stationary points for nitrones and its respective
adducts as well as protonated forms have zero imaginary
vibrational frequency as derived from a vibrational frequency
analysis (B3LYP/6-31G*). A scaling factor of 0.9806 was used
for the zero-point vibrational energy (ZPE) corrections for the
B3LYP/6-31G* and the B3LYP/6-311+G* levels.55 Spin
contamination for all of the stationary point of the radical
structures was negligible, i.e.,〈S2〉 ) 0.75.

(b) Calculation of pKa. Ionization constants for various
protonated nitrones were predicted according to the method
previously described.56 Geometry optimization of the protonated

and unprotonated nitrones was carried out at the B3LYP/6-
311+G* level of theory. Calculated free energies of solvation
were based on the bottom-of-the-well energies at the PCM/
B3LYP/6-311+G* using the scrf)oldpcm command.

III. Results and Discussion

A. Determination of pKa for DMPO.
(a) Potentiometric Titration.Figure 1 shows the potentio-

metric titration curve of 0.04 mM DMPO with 1 mM HCl. The
ionization constant of the conjugate acid of DMPO was
calculated according to the method described by Albert and
Serjeant57 (see Tables S1-S3 of Supporting Information) using
eq 1 and gave a pKa of 5.99( 0.02 (n ) 30) at 25°C, where

[DMPO-H+] and [DMPO] correspond to the concentrations
of the protonated and unprotonated DMPO, respectively. The
pKa of ∼6.0 indicates the mildly acidic property of DMPO and
resembles that of some carboxylic acids58 andaci-form of the
nitronic acid,159 (Scheme 1). The observed pKa for DMPO is
lower compared to that observed for PBN of 8.2659 due to
mesomeric effects of the conjugated phenyl moiety (Scheme
2), therefore, stabilizing the conjugate acid form. Also, the
electron donating inductive effect of thetert-butyl group of PBN

Figure 1. Potentiometric titration of 0.04 mM DMPO with 1 mM HCl
in water at 25°C.

SCHEME 1: pKa’s for Various N-Oxides

pKa ) pH + log
[DMPO-H+]

[DMPO]
(1)

2448 J. Phys. Chem. A, Vol. 112, No. 11, 2008 Burgett et al.



on the oxygen atom can explain the higher basicity of PBN
compared to DMPO.

(b) Spectrophotometric Titration.The UV-vis spectral
absorbances of DMPO as a function of pH was investigated
and are shown in Figure 2. The nature of the absorbance at 227
nm has been assigned60,61 to the π-π* transition of the
azomethine system in conjugation with the negatively charged
oxygen atom, i.e., HCdNfO. The 227 nm absorbance increases
with decreasing pH over the pH range of 4.5-7.5 suggesting a
higher molar absorptivity for the protonated nitrone similar to
that observed for some carbonyl compounds in acidic pH.62 The
enhanced absorbance at 227 nm can be due to the increased
contribution of the resonance forms B and C (Scheme 3)
compared to D and E (Scheme 4).

The pKa for DMPO was determined using

whereAI, AM, andA are the optical absorbances of DMPO-
H+, DMPO, and the observed absorbance from pH 5.1 to 6.9,
respectively. Based on eq 2, the calculated pKa is 6.00( 0.02
(n ) 14) at 100 µM (see Tables S4-S5 of Supporting
Information) and 25°C and is within the experimental error
observed for the potentiometrically determined pKa value of 5.99
( 0.02, which further validates this pKa.

B. NMR Studies. 1H NMR spectroscopy was employed to
explore the nature of protonation of DMPO. For a weak acid
such as DMPO, the NMR chemical shift of the protons close

to the protonation site should be pH sensitive because the local
electron density around this nucleus should change as the
protonation state of the nitronyl moiety changes. Figure 3 shows
the 1H NMR chemical shifts of DMPO in the range 1.0-7.25
ppm. No change in the chemical shifts was observed in the range
of 1.0-5.0 ppm, which was assigned to the methylene and
methyl protons, indicating the absence of electron delocalization
on these nuclei. However, the methine proton at 7.12 ppm
exhibited a downfield shift as the pH is lowered, which is
characterized by deshielding of the methine proton. Scheme 3
shows that the positive charge is distributed between the nitrogen
(form B) atom and theR-carbon (form C) to form theN-hydroxy
imino cation or hydroxylamine bearing anR-carbocation,
respectively. The electron density on the methine proton nucleus
is relatively lower at acidic pH due to larger contribution of
the protonated resonance form C (see Scheme 3), which has no
nitronyl group. This1H NMR study indicates that the site of
protonation is the oxygen atom, and therefore, the ion is of
N-hydroxyl amine (or imine) cation in nature. A similar shift
in 1H NMR signal has been observed for the methine protons
in aldehydes upon protonation of the carbonyl oxygen.63

13C NMR spectra were also obtained between the pH range
5-7 and are shown in Figure 4. Results show a similar trend
in chemical shift behavior for the nitronyl and quarternary
carbon atoms as observed for the nitronyl hydrogen in the1H
NMR study. The downfield change in chemical shift of the
nitronyl carbon (143.5 ppm) at lower pH is more evident
compared to the quarternary carbon atom (74.8 ppm), further
supporting the electron delocalization within the HCdNfO
moiety.

The pKa was also determined on the basis of the observed
shifts in the1H and 13C NMR signals upon protonation. The
calculated pKa is 6.14( 0.20 using the proton peak at 7.1 ppm
and the carbon peaks at 143.5 and 74.8 ppm yielded pKa values
of 6.12( 0.04 and 6.09( 0.07, respectively. These results are
in good agreement with the pKa values obtained using poten-
tiometric and spectrophotometric titrations.

C. Computational Studies. (a) Protonated DMPO.The
resonance structures for the unprotonated DMPO exhibit charge
delocalization through the resonance forms A, D, and E (Scheme
4). From these resonance forms, two atoms assumed a negative
charge, i.e., the oxygen (A) andR-carbon (D), and therefore
are possible sites for protonation. Schemes 3 and 5 show the
protonation of DMPO to yield theN-hydroxy imino cation (B)
and oxoammonium (F), respectively, and Figure 5 shows the
calculated relative free energies of the protonated forms B and
F at the PCM/B3LYP/6-31+G**//B3LYP/6-31G* level. The
protonated B-form intrans conformation is the most thermo-
dynamically preferred compared to the B-cis and F forms by
3.3 and 27.2 kcal/mol, respectively. Compound F gave a C-N
bond distance of 1.50 Å, which is longer than the C-N bond
distance of 1.28 Å observed in compounds B-cis and B-trans,
or 1.31 Å in DMPO. This prediction further supports the
observed increase in UV absorption during protonation indicat-
ing larger contribution of the resonance form B.

Natural population analysis at the PCM/B3LYP/6-31+G**
level for various nitrones (see Chart 1) gave higher charge
density on theR-carbon for the protonated form with charges

Figure 2. UV-vis absorption of 100µM DMPO aqueous solution at
pH 5.1-6.9 at 25°C.

SCHEME 2: Mesomeric Forms of PBN

SCHEME 3: Resonance Forms of DMPO-H+

SCHEME 4: Resonance Forms of DMPO

pKa ) pH + log
AI - A

A - AM
(2)

SCHEME 5: Protonation of DMPO at the r-Carbon
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that range from 0.19 to 0.27 e compared to the unprotonated
nitrones with charges ranging only from 0.02 to 0.1 e (see Table
1), but there is no significant difference in the charges on the
oxygen and nitrogen between the two forms. The increase in
the positive charge density on theR-carbon upon protonation

can also explain the downfield shift experimentally observed
for the methine proton of DMPO at lower pH due to deshielding
effect.

(b) Kinetics and Thermodynamics of Superoxide Radical
Anion Addition to Protonated DMPO and Other Nitrones.The

Figure 3. 1H NMR spectrum of methyl and methylene hydrogens (left) and nitronyl hydrogen (right) of DMPO at pH 7.0, 6.85, 6.0, and 5.1 in
D2SO4-D2O.

Figure 4. 13C NMR spectrum of the nitronyl carbon (left) and quarternary carbon (right) of DMPO (50 mM) at pH 7.1, 6.5, 6.0, and 4.9 in
D2SO4-D2O. Peaks are relative to the methyl peak set at 24.6 ppm. Only negligible change in chemical shifts on methylene carbons at 25.4 and
33.6 ppm was observed as a function of pH.
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10-fold increase in the charge density of theR-carbon for all
the nitrones shown in Table 1 can have a significant effect on
the energetics of their addition to O2

•-. We have previously
shown36 the role of electrostatic effects on the O2

•- addition to
nitrones in which the charge density on theR-carbon plays a
critical role for the facile addition reaction. Kinetics and
thermodynamic data indicate that nitrones with high positive
charge on theR-carbon gave more negative free energy and

higher second-order rate constants for the O2
•- addition to

nitrones.36 Experimental evidence shows an increase in the rate
constant from 2.0 M-1 s-1 at pH 7.2 to 27.5 M-1 s-1 at pH 6.2,
a 14-fold increase in rate constant.31 The nitrones, EMPO and
DEPO also gave the same behavior with rate constants of 10.9
and 31 M-1 s-1 at pH 7.2 and 101 and 185 M-1 s-1 at pH 6.2,
respectively.31 It has been proposed that this increase in rate
constants is due to the presence of higher equilibrium concentra-
tion of HO2

•, which is more oxidizing than its unprotonated
form O2

•- (Schemes 6 and 7). The relative reactivity of O2
•-

and HO2
• to DMPO was computationally rationalized at the

PCM/B3LYP/6-31+G**//B3LYP/6-31G* level.36,37 The O2
•-

addition to DMPO was predicted to be 11.9 kcal/mol36 endoergic
(Scheme 6), and HO2• addition was exoergic by-4.6 kcal/mol
(Scheme 7).37 The same trend in O2•- and HO2

• reactivity was
predicted at the PCM/mPW1K/6-31+G** levels of theory.36,37

Figure 5. NBO charges of N, C, and O atoms for DMPO (top) and protonated DMPO (bottom) at the PCM/B3LYP/6-31+G**//B3LYP/6-31G*
level showing the relative free energies in kcal/mol.

CHART 1: Substituted Cyclic Nitrones TABLE 1: NBO Charges of Oxygen, Nitrogen and
r-Carbon for Nitrones and Their Respective Protonated
Forms at the PCM/B3LYP/6-31+G**//B3LYP/6-31G* Level
of Theory at 298 K in Aqueous Phase

Superoxide Radical Anion Adduct of DMPO J. Phys. Chem. A, Vol. 112, No. 11, 20082451



On the basis of the determined pKa of ∼6.0 for DMPO from
this work and the established pKa for O2

•- of 4.833 and 4.4,34 it
is possible that the equilibrium concentration of DMPO-H+

will be higher compared to HO2• between pH 5.0 and 7.0.
Therefore, we further theoretically investigated using DFT
approach the effect of protonation of DMPO on its reactivity
to O2

•-. The two conformational isomers of the O2
•- adduct of

DMPO-H+ are shown in Figure 6. The conformation A (Figure
6, top) in which the-OH moiety is oriented away from the
-OO- group is more thermodynamically preferred by-4.7 kcal/
mol than conformation B (Figure 6, bottom) in which the-OH
and-OO- group are oriented toward each other.

The electronic property of the DMPO-H+-O2
- was exam-

ined at the PCM/B3LYP/6-31+G** level and shows that most
of the spin density was distributed between the two oxygen
atoms of the peroxide moiety, with 32% and 68% spin density
distribution at the internal and terminal oxygens, respectively
(Table 2). No spin density was observed on the nitrogen and
oxygen, indicating that these compounds are not nitroxides in
nature, unlike that observed for the O2

•- adduct of DMPO, i.e.,
DMPO-O2

-, in which the spin density distribution on the
nitrogen and oxygen are higher with 46% on nitrogen, 50% on
nitronyl oxygen, 3.0% on internal peroxyl oxygen, and 0% on
terminal peroxyl oxygen (see Table 2 for the other O2

•-

adducts).64 The same trend in charge and spin density distribu-
tion were observed for various nitrone-H+-O2

- adducts with
spin densities that range from 31-34% and 66-68% for the
internal and terminal oxygens, respectively (Table 2).

An alternative mechanism was, therefore, proposed for O2
•-

addition to DMPO at pKa less than 6.0, as shown in Table 3.
Data show that the protonation of DMPO (Table 3, reaction A)
is exoergic with∆Grxn,aq,298K) -26.4 kcal/mol and subsequent
addition of O2

•- to DMPO-H+ to form DMPO-H+-O2
- is

exoergic by 4.6 kcal/mol (Table 3, reaction B). Proton transfer
from the nitronyl oxygen to the peroxyl oxygen to form
DMPO-O2H is also exoergic with∆Grxn,aq,298Kof -13.7 kcal/
mol. The overall free energy for the formation of DMPO-O2H
via DMPO-H+ is ∆Gtotal ) -44.7 kcal/mol, which is more
favorable than the formation of DMPO-O2H via direct addition
of O2

•- to DMPO (Scheme 6) with total endoergic free energy
of 22.8 kcal/mol but is slightly less favorable than the direct
addition of HO2

• to DMPO (Scheme 7) with∆Gtotal ) -45.1
kcal. These thermodynamic data suggest that the addition
reaction of O2

•- to DMPO-H+ can compete with the addition
of HO2

• to DMPO in mildly acidic pH.
For all the nitrones considered in Table 3, the average∆Gtotal

for the formation of nitrone-O2H via the direct addition of HO2•

to nitrone is only 0.45( 0.06 kcal/mol more exoergic than the
nitrone-O2H formation from the addition of O2•- to nitrone-
H+. Although there is no significant difference in the charge
densities on the nitronyl carbon for various protonated nitrones
(Table 2), the free energies of O2

•- addition to nitrone-H+ vary
significantly with ∆Grxn,aq,298Kthat range from-4.4 to-17.6
kcal/mol (see Table 3, reaction B) with O2

•- addition to DMPO
and DiMAMPO to be the most endoergic and CPCOMPO and
MSMPO to be most exoergic. In comparison to HO2

• addition
to unprotonated nitrones, the∆Grxn,aq,298Konly range from-0.9
to -7.3.37 None of the nitrone-H+-O2

- adducts exhibits
intramolecular H-bonding interaction because the preferred
conformation is similar to that observed for the DMPO-H+-
O2

- (Figure 6, top) in which the-OO- moiety is oriented in
the opposite direction from the-NOH group. Rationale for the
varying favorability of O2

•- addition to various nitrone-H+’s
is unclear at the moment but is neither electrostatic nor driven
by the formation of intramolecular H-bonding interaction as
demonstrated for the addition of O2

•- and/or HO2
• to unproto-

nated nitrones.36,37

(c) Predicted Ionization Constants.Table 4 shows the
approximated ionization constants for the conjugate acids of
various nitrones using the same computational method employed
for the determination of the pKa of hydroperoxyl,56 hydroxyl,65

the carbon dioxide anion,65 and the carbonate anion66 radical

SCHEME 6: Free Energies of Reaction (in kcal/mol) for
the Superoxide Radical Anion Addition to DMPO in
Neutral pH at the PCM/B3LYP/6-31+G**//B3LYP/6-
31G* at 298 K

SCHEME 7: Free Energies of Reaction (in kcal/mol) for
the Superoxide Radical Anion Addition to DMPO in
Acidic Medium at the PCM/B3LYP/6-31+G**//B3LYP/6-
31G* at 298 K

Figure 6. Optimized conformational isomers of the superoxide radical
anion adduct of DMPO-H+ showing reaction free energies, (charge
density, spin density) and pertinent bond lengths at the PCM/B3LYP/
6-31+G**//B3LYP/6-31G* level.
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adducts of DMPO. The predicted pKa for the B-transand B-cis
isomers of DMPO-H+ are 4.8 and 6.2, respectively, and are
in reasonable agreement with that obtained experimentally of
∼6.0. However, the acidity of all other nitrones gave a wide
range of pKa values from 3.3 to 10.5 with MAMPO and TFMPO
being the most acidic and DiMAMPO the most basic. Although

most of the substituents are electron-withdrawing, there is a
significant variation in the acidity of these nitrones, due perhaps
to the high sensitivity of the acid form to the field effect of the
substituents. Factors such as hydrogen bonding and medium
effect should be taken into account, however, in determining a
more accurate pKa value. A more thorough study on the relative

TABLE 2: NBO Spin and Charge (in Parentheses) Densities of Nitronyl Oxygen (ON), Nitrogen (N), Internal Peroxyl Oxygen
(OI), and Terminal Oxygen (OT) for Various Superoxide Adducts of Nitrones and of Their Respective Protonated Forms at the
PCM/B3LYP/6-31+G**//B3LYP/6-31G* Level of Theory at 298 K in Aqueous Phase

a Resulted in the nucleophilc substitution of sulfonyl group.

TABLE 3: Reaction Free Energies of Superoxide Radical
Anion (O2

•-) Addition to Protonated Nitronesa To Form the
Hydroperoxyl Adducts at the PCM/B3LYP/6-31+G**//
B3LYP/6-31G* Level at 298 K in Aqueous Phase

a See Chart 1 for the corresponding structures.

TABLE 4: Calculated pKa Values and Their Respective
Deprotonation Energies and Solvation Energies

nitronea
∆G(gas),b

kcal/mol
∆∆G(solv),c

kcal/mol
calcdd

pKa

AMPO 218.1 52.3 8.6
CPCOMPO 211.8 53.7 6.0
CPPO 218.4 48.5 6.7
DEPMPO 223.4 40.7 5.2
DEPO 226.6 39.1 6.0
DiMAMPO 232.7 41.3 10.5
DiMAPO 220.9 47.6 7.6
DMPO-B-cis 217.3 48.7 6.2
DMPO-B-trans 215.6 47.7 4.8
EMAPO 221.7 42.0 5.0
EMPO 216.4 45.4 4.0
MAMPO 212.3 48.3 3.3
MSMPO 220.9 48.8 8.2
TAMPO 218.3 48.8 6.8
TFMPO 207.5 53.1 3.3

a Based on the most preferred nitrone-H+ conformations.b Bottom-
of-the-well energy plus scaled ZPE at the B3LYP/6-311+G* level.
c Bottom-of-the-well energy using B3LYP/6-311+G* level and PCM/
B3LYP/6-311+G*level. d FromthelinearregressionpKa)0.538(∆Gaq,AH)
- 136.9 (r2 ) 0.95 andσ ) 0.8 pKa units).56
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acidity of the various nitrones presented here is now being
investigated in our laboratory.

IV. Conclusion

The pKa for DMPO was determined to be 6.0 using spec-
trophotometric, potentiometric, NMR, and computational meth-
ods.1H and13C NMR studies show a deshielding effect on the
methine hydrogen and nitronyl carbon, respectively, upon
acidification, suggesting increased positivity of the nitronyl
carbon. DFT studies revealed that the preference for H+ addition
to DMPO is at the oxygen atom to form theN-hydroxy imino
cation. The NBO charge on the nitronyl carbon of DMPO-H+

increases almost 10-fold compared to DMPO, and the O2
•-

addition to DMPO-H+ is exoergic by 4.6 kcal/mol. Thermo-
dynamic data suggest that the addition reaction of O2

•- to
DMPO-H+ can compete with the addition of HO2

• to DMPO
in mildly acidic pH. This alternative mechanism for O2

•-

addition to nitrones can explain their high reactivity at pH below
the pKa of O2

•- and is therefore important in rationalizing the
potential antioxidant property of nitrones as O2

•- scavengers
in mildly acidic pH. This finding could also provide additional
mechanism for the DMPO-O2H formation for more improved
rate laws and more accurate rate constant determination of O2

•-

trapping by nitrones.
The issue of nitrone cellular permeability, however, will

determine whether this radical scavenging property in mildly
acidic pH is relevant intracellularly. Although DMPO has been
shown to compartmentalize inside the cytosol using isolated rat
atria67 or lyposomes,67 the high buffering power of the cytosol
may not favor this mechanism. Nevertheless, the location of
O2

•- production, i.e., whether extracellular versus intracellular,
may have varying pathophysiological effects because extra-
cellularly generated O2•- may affect adjacent cells and inactivate
NO in the vasculature, and on the other hand, intracellularly
generated O2•- may cause dysfunction of the cells that produce
it. In both conditions, the favorable O2•- scavenging by nitrones
in mildly acidic condition may have pharmacological signifi-
cance and warrants further investigation.
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