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Previous studies have shown that the enzyme-mediated generation of carbonate radical anigm{&0

play an important role in the initiation of oxidative damage in cells. This study explored the thermodynamics
of COz*~ addition to 5,5-dimethyl-1-pyrrolindl-oxide (DMPO) using density functional theory at the B3LYP/
6-31+G**//B3LYP/6-31G* and B3LYP/6-31%G* levels with the polarizable continuum model to simulate
the effect of the bulk dielectric effect of water on the calculated energetics. Theoretical data reveal that the
addition of CQ*~ to DMPO yields an O-centered radical adduct (DMPQCQ;) as governed by the spin
(density) population on the GO. Electron paramagnetic resonance spin trapping with the commonly used
spin trap, DMPO, has been employed in the detection ofCQJV photolysis of HO, and DMPO in

the presence of sodium carbonate {8@;) or sodium bicarbonate (NaHGDgave two species (i.e.,
DMPO—0OCG;, and DMPG-O0H) in which the former has hyperfine splitting constant valueayof 14.32

G, a-u = 10.68 G, andx, 4 = 1.37 G and with a shorter half-life compared to DMPOH. The origin of

the DMPO-OH formed was experimentally confirmed using isotopically enrichgd®4 that indicates direct
addition of HO to DMPO. Theoretical studies on other possible pathways for the formation of DMRD

from DMPO—-OCG;, in aqueous solution and in the absence of free bi@h as in the case of enzymatically
generated C@, show that the preferred pathway is via nucleophilc substitution of the carbonate moiety by
H,O or HO™. Nitrite formation has been observed as the end product of Q€apping by DMPO and is
partly dependent on the basicity of solution. The thermodynamic behavior ¢f @Cthe aqueous phase is
predicted to be similar to that of the hydroperoxy! (#)Qadical.

Introduction (DMPO) 1824 which has been widely employed as a spin trap
in the detection of transient radicals in chemical or biological

The production of reactive oxygen species (ROS) in biological ystems. The characteristic EPR spectrum arising from the

systems has been associated with the pathogenesis of variou . . . )
disease$* Since inorganic anions are ubiquitous in most _ormgt_mn_of the spin adduct IS used for the unambiguous
biological and environmental systems, the interaction of these identification OT specific frge radicals. ) .
species with ROS, such as hydroxyl radical (j@ay lead to So far, the direct detection of GO using DMPO as a spin
the production of highly oxidizing radical species that can be rap has be‘;{‘ aCh'eV‘fS from simple systemg-yadiation of
detrimental to cell viability. The carbonic acidicarbonateion ~ HCOs /COs* bufferi® but there have been attempts to
equilibrium plays an important role in maintaining pH in blood  Indirectly detect C@" using DMPO by detection of secondary
plasma®7 It has been shown that carbonate radical anion Products invitrd™i1227 It s therefore important to determine
(COs~) formation causes oxidative damage to copper or zinc the spin-trapping characteristics of @O0to accurately interpret
superoxide dismutase (SODAL)or it can stimulate SOD1 the resulting EPR spectra during their formation in complex
peroxidase activity in the presence of cystéime HyO,.10 chemical and biological systems. This study will characterize
Moreover, C@~ has been found to be produced from HCO  the spin-trapping process by DMPO agldzg,ﬁz(gl_‘;]enerated from
during the turnovéf of xanthine oxidase or as a bactericidal YV Photolysis of NaCO; (or NaHCQ),*"*%in the presence
species during-irradiation?2 of H,O,. Various modes of radical addition and the stabilities

Electron paramagnetic resonance (EPR) spin trappitihas of spin adducts formed will be theoretically and experimentally
been an indispensable tool in the detection of oxygen radical @85S€ssed.

species using the nitrone 5,5-dimethyl-1-pyrroliheoxide
Experimental Methods
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24Z'ggﬁ’§-e of Medicine geometry, vibrational frequencies, and single-point energy of
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(PCM)36-40 Al calculations were performed using Gaussian 05,073 ®
03* at the Ohio Supercomputer Center. Single-point energies (068,-0.11
were obtained at the B3LYP/6-31G** level based on the 04070 &
optimized B3LYP/6-31G* geometries, and the B3LYP/6-
31+G**//B3LYP/6-31G* wave functions were used for natural 026,008
population analyses (NPAY. These calculations used six
Cartesian d functions. Geometry optimization with diffuse
functions at the B3LYP/6-31G* level of theory was per-

124A ~ (-0.74,000)  (-0.68,0.02)

1.28
044, 05088

formed to account for the negative charge character of the 03.1 (92‘) 66(12)
species being investigated using five d (pure) functions for these DMPO-CO; DMPO-OCO»-A
calculations. Stationary points for DMPO and its respective

COgz*~ adducts have zero imaginary vibrational frequency as 124 A

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/6-31H-G* levels* Spin contamination for all of the

stationary points of the radical structures was negligible (i.e., (025,001)
0.75 < [¥< 0.77) except for the DMPOCO; value of 1.76.

The weighting of the 3 DMPOOCQO, isomers was determined A1a S
via a Boltzmann average as shown in eq 1. (044050 ) ‘
~ -6.6 (-5.0) 2.7 (-2.1)
gje( GikeT) DMPO- OCO,-B DMPO- OCO,-C
Ni B g "Gk 1) Figure 1. Bond distances and charge and spin density population (in
Z' 9 parentheses) of various products arising from the addition of CO

addition to DMPO at the B3LYP/6-31G**//B3LYP/6-31G* level.
In eq 1,G; is the free energy at 298 K of structurat the Also shown are aqueous-phase free energies of reaciGpodx,aqin
B3LYP/6-314-G**//B3LYP/6-31G* level, relative to the struc- kcal/mol) at the PCM/B3LYP/6-3HG* and PCM/B3LYP/6-3%+G**//
ture with the lowest free energy set as zajds the structural ~ B3LYP/6-31G* (in parentheses) levels of theory.
degeneracykg is Boltzmann’s constant, antlis temperature
(298 K). For the free energy calculations, the vibrational tag E 1: Aqueous Phase Reaction Enthalpies&H sex a0

frequencies were unscaled. ) and Free Energies AGzgsk.aq) for Various Modes of CO3*~
EPR Measurements.EPR measurements were carried out Addition to DMPO at the PCM/B3LYP/6-311+G* Level in

on an X-band spectrometer with high sensitivity (HS) resonator kcal/mol

at room temperature. General instrument settings are as follows entry AHagk aq AGasgk aq
unless otherwise noted. EPR parameters: microwave power, -
X . ) ) COsz~ 4+ DMPO

20 mW; modulation amplitude, 1 G; receiver gain, 2:00.0% DMPO—CO;, 180.6 93.1
sweep time, 42 s; and time constant, 10 ms. Simulation of DMPO—-OCGO-A —-18.4 —6.6
spectra was performed using the program developed by Rock- DMPO—-0OCO;-B —18.4 —6.6
enbauer, et at* The concentration of the spin adduct is based DMPO-0CO-C —-15.7 2.7
on 10 uM 2,2,5,5-tetramethyl-4-piperidin-1-oxyl (TEMPO) Scheme 2
standard and was determined by computer simulation of the Al 18.2 8.0
spectra that offered an amplitude data proportional to the B 6.7 7.5

, . ca -14.9 -16.7
concentration. The absolute concentrations are based on the same Da ‘56 65
experimental conditions and the spectrometer settings (i.e., E 37.3 37.3
modulation field, amplification, microwave power, scan nhumber) F -4.7 5.5

used for the standard.

Spin Trapping Studies DMPO (99.9%), NaCOs (99.9%),
NaHCG; (99.9%), 30% HO, in water, and an isotopic mixture
of 80% H1"0,—20% H1%0, in water were obtained com- cluster and was allowed to incubate with the appropriate
mercially. All solutions were prepared using deoxygenated, reagents. The nitrite concentration was determined spectropho-
double-distilled water. In a typical experiment, a final volume tometrically at 550 nm and with a molar absorptivity of (8.75
of 50 uL was used for EPR measurement and the solution was+ 1.2) x 10° L mol™t cm 14 An average of 1.5uM
loaded into a 5@L quartz micropipette. Carbonate radical anion background N@ concentration was observed from solutions
was generated from irradiati&with a low-pressure mercury  containing only CG@~ at various pH levels, and this value was
vapor lamp at a 254 nm wavelength of 100 mM aqueous used to correct all of the NO readings. Concentrations were

aBased on the most preferred structure DMRQCO,—B.

solutions NaCOsz or NaHCQ in the presence of the 250 interpolated from a NaN@standard curve. This was repeated

mM DMPO and 10uM (or 58 mM) H,0,. EPR spectra were  for solutions without C@~ by using water to titra 1 N KOH

acquired over the course of 45 min. to pH values of 11, 10, 9, 8, and 7. An average of i\Ng
Griess Assay.A solution of 200 mM NaCQO; in H,O (pH background N@  concentration also was observed from solu-

~ 11) was titrated wh 1 N hydrochloric acid to pH values of  tions containing only KOH at various pH values and was used
10, 9, 8, and 7. A typical 106L solution consisting of 25 mM to correct all of the subsequent readings.

DMPO, 10 mM HO,, and NaCQ; at various pH values was Gas Chromatograph—Mass Spectrometry (GC-MS)
irradiated by UV light for 15 min in quartz capillary tubes. Analysis. Through the use of the same solutions used for Griess
Through the use of a Griess assay kit (Promega),a Fliquot assay, a 5QiL aliquot of the aqueous mixture was extracted
of the irradiated solution was transferred in a 96-well cell culture with 20 uL of CHCI3 A 2 uL sample was injected into a 15 m



386 J. Phys. Chem. A, Vol. 111, No. 2, 2007
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®

DMPO-0OCO,H-cis
-1.5(-1.0)

DMPO-OCO,H-trans
0.0 (0.0)

Figure 2. Bond distances and charge and spin density population (in
parentheses) of protonated DMPOCGQO; at the B3LYP/6-3%G**//
B3LYP/6-31G* level. Also shown are the relative gas and aqueous (in
parentheses) phase free energi@&hsk in kcal/mol) at the PCM/
B3LYP/6-31+G**//B3LYP/6-31G* level.

SCHEME 1: Acid—Base Equilibrium for the
DMPO—-0CO; and DMPO—OH Adducts

H caled. pK,=7.1 H
.. + H0 - o .. + H;0*

(@)

N pH= 112 T
0% 2(!)2 o% fok

OH o
H>©< caled. pK, =16.6 H>O<
.. -— + H;0*
HO T + H0 pH= 112 o 'N' 3
IQ: 2c|):

x 0.25 mm ID x 0.25um 5% phenyt95% dimethylpoly-
siloxane column with an initial temperature of 40. A linear
gradient of temperature increase of Zmin from 40 to 250

°C was used. Electron impact ionization (El) analyses were
conducted at 20€C for the ion source temperature, an electron
energy of 70 eV, and a scan speed of 1.6584 scans/s.

Results and Discussion

Electronic and Structural Analysis. Our predicted structure
at the B3LYP/6-3%G** level for the carbonate radical anion
(COs) gave a trigonal planar geometry witl symmetry. NPA
atomic charges for C§ yielded a—0.64 e charge on each of
the 3 O atoms and &0.93 e positive charge on the C atom.
The calculated €0 bond lengths in C&~ gave a bond distance
of 1.28 A, consistent with the experimentatO bond distance
in Napg(COs)(H20)* of 1.277 (4) A. Unlike in C@~ in which
the spin population is mostly distributed on the C ater6§%),
there is no spin population on the C-atom in £0(~ —0.06
e). Instead, the spin density is localized on the O atoms with
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Figure 3. (a) X-band EPR spectrum of the carbonate radical anion
(COs) addition to DMPO by UV photolysis of 58 mM #fO, and

50 mM DMPO in the presence of 100 mM p&O; showing the
formation of a DMPG-OCQO, and DMPGO-OH adducts. Trace lines
are simulations of the spectrum. (b) Plots of DMPOCG,; decay Q)

and DMPG-OH formation ®). See Experimental Methods for the EPR
parameters used.

each atom having a spin population-e85%. We recently have
completed a spin-trapping study of @Owith DMPO, and we
noted in that work that a DMPOCO, adduct was formetf.
Because of the differences in spin population as well as charge
density distribution between GO and CQ*, it is interesting

to investigate the mechanism of DMP@O; adduct formation
compared to that of DMPOCO, and to determine if the mode

of radical addition to DMPO (i.e., whether-Oor C-centered
adduct) is governed by the charge density or spin population
on the reacting radical.

Figure 1 shows the various optimized adduct geometries
resulting from the addition of C§ to DMPO. Two major types
of products were predicted for the addition of £0to DMPO,
a C— and an O-centered radical adduct. From Table 1, it can
be seen that the latter is more preferredA$98x aqg= —6.6
kcal/mol as compared to the C-centered radical adduct with
AGaggk,aqg = 93.1 kcal/mol. It should be noted that the spin
contamination on DMPOCQ; is quite extensive with®of
1.76 (Table S3, Supporting Informatiotf) The spin (density)
population on the carbonate-O atoms of DMPCO; range
from 0.63 to 0.73 e with no spin population on either the
nitroxyl-N and -O atoms. This suggests that the unpaired
electron is localized mainly on the carbonate moiety, although
the N—O and C-N bond distances are consistent with that found
in nitroxides?® The endoergicity of formation of DMPOCO;
could be due to several factors: (1) absence of spin density on
the carbonate-C atom of the @O radical; (2) less favorable
formation of a tetrahedral adduct than a bent adduct due to steric
factors; (3) formation of the €0 bond is more favored as
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TABLE 2: Calculated Isotropic Hyperfine Coupling
Constants (hfcc values) in Gas and Aqueous Phases at the
B3LYP/6-31+G** Level of N, f-H, and y-H of Various
DMPO Spin Adducts Using the B3LYP/6-31G* Optimized
Geometry

3 4
2.5

HP,

—

X

z.

«O.

isotropic hyperfine splitting constants (G)

adduct Nitronyl-N  -H y-Hd
theoretical
DMPO—OH? 11.69 5.92 0.88 (trans)
DMPO—OH:-(H,0)>¢ 12.89 9.38  1.29 (cis)
0.96 (trans)
DMPO—0,H&P 11.69 6.57 1.05 (trans)
DMPO—0;H+(H,0),2¢ 11.76 13.62 0.84 (cis)
DMPO—-COQOs? 11.07 10.3 1.66 (trans)
DMPO—-0OCO-A2 12.11 426  1.43 (trans)
1.46 (cis)
DMPO-0OCO,-B# 11.89 3.95 1.14 (trans)
1.37 (cis)
DMPO-0OCQ,-C? 11.64 11.68 1.26 (cis)
DMPO—-0OCO2P 11.95 423 1.21 (trans)
1.40 (cis)
DMPO—-OCQ,H? 8.48 5.86 1.17 (trans)
1.73 (cis)
experimental
COs~ + DMPC? 15.00 14.81
14.32 10.68 1.37
DMPO—OH 15.00 14.75
DMPO-"0OH¢ 14.98 14.72 "0 =4.65
13C(2)=5.3
BC(2)=7.0G
DMPO—0O,Hf 14.3 11.7 1.25

@ Predicted gas-phase hfcc values at the B3LYP/G1* level.

bBoltzmann weighted<Predicted aqueous phase hfcc with 2 explicit

water molecules at the PCM/B3LYP/6-8G** level. The Aa, (defined
asaaq — agag for the effect of solvation on hfcc for DMPEOOH are
Aay = 1.20 G andAaz- = 3.46 G, although for DMPOO,H the
values arAay = —0.11 G andAag—n = 7.02 G 9Predicted isotropic
hyperfine coupling constants forH values at the C-3 position; cis/
trans indicate position of-H relative to the—CO;, —OH or —O,H
moieties.*Two species were observed withmg2.00679 and 2.00671
corresponding to DMPOOCGQO, and DMPC-OH adducts, respectively.
The Aay correction (defined aSexpt —acaicd,ga} for DMPO—OH are
Aay = 3.31 G andAaz-+ = 8.83 G, although for DMPOO.H the
values areAay = 2.43 G andAag- = 5.1 G. TheAa, correction
(defined aSexpt —acaicd,ag for DMPO—OH areAay = 2.11 G andAag -+
=5.38 G, although for DMPOO;H the values aréay = 2.54 G and
Aagy = —1.97 G.9With DMPO—H adduct contamination (23%).

compared to the €C bond because of differences in the O
and C-C bond dissociation energiés.

Three optimized conformational isomers were predicted for

the O-centered adducts: DMP@CO,-A, DMPO—-0CO,-B,
and DMPG-0OCO,-C (Figure 1). Two of the conformational
isomers, DMPG-OCO,-A and DMPO-0OCGO,-B, have the

—CO, group oriented away from the ring system, while

DMPO—-OCO,-C has the—CO, group oriented toward the
ring system. The formation of DMPEOCO,-A and
DMPO—0OCGO,-B adducts are the most exoergic willS,gsk aq
= —6.6 kcal/mol, while the formation of DMPOOCGO,-C is
the least exoergic WithhGzggk ag= —2.7 kcal/mol perhaps due
to a steric effect between the CHz and —CO, groups in
DMPO—-0OCG,-C. A Ciing—O—Cco2 bond angle of 114%was
predicted for DMPG-OCO,-B, while 116.3 and 120 was
predicted for DMPG-OCO,-A and DMPO-0OCO,-C, respec-

tively. No significant spin population was obtained on the
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Figure 4. Formation of DMPG-OH adduct by UV photolysis of 50
mM DMPO and 58 mM HO, alone (,¥) and in the presence of 100
mM NaHCG; (@, O) or 100 mM NaCO; (M, O) in distilled water.
See Experimental Methods for the EPR parameters used.
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Figure 5. X-band EPR spectrum resulting from the UV photolysis of
(a) 10uM (80/20%) H70,/ H,'%0, and 50 mM DMPO in the presence

of 100 mM NaCO0;; (b) in the presence of 100 mM NaHGJc) same

as in (a) and (b) but in the absence of anions; (d) simulated spectrum
of (c). See Experimental Methods for the EPR parameters used.

carbonate-O’s for all of the O-centered adducts, while spin
populations of 0.46 and 0.50 e for the nitroxyl-N and -O,
respectively, were predicted and generally are consistent with
spin populations in nitroxides. The—-N and N-O bond
distances for the O-centered adducts also were consistent with
reported experimental bond distances for nitroxitfeShese
results suggest that the atomic charge on the radical reactant
does not play a significant role on the mode of radical addition
to DMPO.

To establish the major form of the DMPE@DCO, adduct in
solution, the cis and trans structures of DMPOCQO,H were
optimized (Figure 2). Unlike the DMPOCO,H adduct}’ the
cis isomer of DMPO-OCO,H is preferred in both gas and
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SCHEME 2: Mechanisms for the DMPO—OH Formation from DMPO —OCO,
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aqueous phases by about 1.0 kcal/mol. It is worth noting that Boltzmann-weighted gas-phase hfcc values of the three O-cen-
the Ceo2v—Oring bond distances in DMPOOCO,H (which tered adducts shown in Figure 1 gaate= 11.95 G,a3-n =
range from 1.34 to 1.36 A) is significantly shorter compared to 4.23 G, anda,—y = 1.21-1.40 G, which are close to the
the Geoz—Oring bond distances (1.491.53 A) in the unproto- predicted gas-phase hfcc values of DMPOH of ay = 11.69
nated adduct, DMPOOCO,. However, the QozH—Ciing bond G, ag-n = 5.92 G, anda,-y = 0.88 G (based on only one
distance is longer in DMPOOCQO;H compared to that in the  preferred conformer), or the Boltzmann weighted average hfcc
unprotonated form (i.e., 1.46 A versus 1.39 /3\). The long values for DMPG-OzH of ay = 11.69 G,a3- = 6.57 G, and
Cco2—0ring bond distances in the unprotonated DMPOCO, a,—1 = 1.08 G (see Table 2). Although the predicted hfcc values
adducts may have an important role in the decomposition of for DMPO—OCO;, are within the error limits (i.e., theoretical
the adduct in basic media as will be discussed in the next section.versus experimental hfcc) predicted for DMPOH or

On the basis of the optimized DMPEG@)COH structures, DMPO—O,H from our previously reported studya qualitative
the Ky of DMPO—OCG,H was calculated, and theKg was trend between theoretical and experimental hfcc values can be
approximated to be 7.1 and is close to the rep&H&pK, of seen. For example, the predicted Boltzmann weighgegd for
HOCOH of 6.4 (see Table S2 and Figure S1, Supporting DMPO—-OCQO, of 4.23 G is lower than that predicted for
Information). Therefore, at pH 11, it is expected that the anionic DMPO—0,H of 6.57 G and follows the same qualitative trend
form of DMPO—OCG,H will be the major form in solution with the experimental hfcc values of 10.68 and 11.7 G for the
(Scheme 1). species of interest and DMP&D,H, respectively. The same

EPR Spin Trapping. Figure 3a shows the spectrum arising qualitative trend can also be seen for the predicted and
from the UV photolysis of 58 mM kKD, in the presence of 100  experimenta&,— in which DMPO-OCG; exhibits large, -
mM NaCO; and 50 mM DMPO. The major spectrum is than that of DMPG-O,H. On the basis of these predicted gas-
characteristic of a DMP©OH adduct withg = 2.00671ay = phase and experimental hfcc values for DMPQH and
15.00 G, andy-4 = 14.81 G, while a minor species with= DMPO—O-H, it is reasonable to assume that the observed minor
2.00679 also was observed wigh = 14.32 G,a3-4 = 10.68 peak atg = 2.00679 arising from UV photolysis of 0, in
G, anda,—4 = 1.37 G but is relatively short lived as shown by the presence of N&€O; and DMPO is probably due to the
the decay plot in Figure 3b. Thgfactor and theay for the formation of the DMPG-OCQ; adduct.
observed minor peak @ = 2.00679 are characteristic of an Figure 4 shows the evolution of the DMP@H EPR
O-centered radical adduct. However, with tigey = 10.68 G spectrum in the absence and presence ofog or NaHCQ
being 1 G smaller than what is expected for DMPO_H (i.e., and also shows that the formation of DMPOH is significantly
ag-n = 11.70 G), the signal can be assigned to a new species,diminished in the presence of M20O; or NaHCQ even at high
perhaps that of DMPOOCO,. We attempted to interpret the  H,O, concentration (58 mM). The formation of the
experimental hyperfine coupling constant (hfcc) values initially DMPO—OH adduct as a minor product in an attempt to trap
assigned to DMPOOCQO; with a theoretical approach by COsz~ with DMPO raises interesting questions as to whether
calculating the hfcc values at the B3LYP level of theory. The DMPO—OH is formed in a competitive manner between
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Figure 6. Griess assay of nitrite formation as a function of pH from
the UV photolysis of 25 mM DMPO, 10 mM #D,, and 100 mM
NaCQ; (titrated with HCI). In a control experiment, nitrite formation
was not observed in the absence of UV light under the same
experimental conditions.
B-H

19.8
DMPO and C@~ along with the initially formed HO®or if
the observed DMPOOH signal is due to a secondary product Figure 7. Aqueous phase free energies of reactidGfogaq in
formed from the decomposition of the initially formed kcal/mol) of various products arising from the proton abstraction from
DMPO—OCGQ; adduct. The significant loss in EPR signal in Various sites of the DMPOOH adduct at the PCM/B3LYP/6-33#1G*
the presence of NEO; or NaHCQ also raises interesting level. Note the increase in the-@ bond length upon deprotonation

. . . o of the hydroxyl-H, which can lead to ring opening.
qguestions as to the possible mechanism ofC@ddition to
DMPO, the stability of the DMPSOCQO; adduct, and its final . .
fate in agueous solution. Answers to these questions are Criticalg'\e;lptge_r(r)ngdyn%rglcst .Of DMPtegH formation from the
for the accurate interpretation of EPR spectra arising from the  adduct is presented.

spin trapping of C@~ by DMPO. Three possible mechanisms were considered for the formation
To confirm if the observed “DMPOOH-like” EPR spectrum ~ of DMPO—OH as shown in Scheme 2: (162~ Oring bond
originates from the direct trapping of H®y DMPO to form cleavage to yield an alkoxide with subsequent proton abstraction

the DMPO-OH adduct and not from DMPOOCO,, an 80% from water (reaction A and B); (2) nucleophilic substitution of
enriched sample of O-17 labeleg#D, was used and showed the carbonate group by HQreaction C) or by water (reaction
the formation of DMPOYOH with ay = 14.98 Gas— = 14.72  D); (3) oxidation of DMPO by C@™ to form a DMPO radical
G, andao_17 = 4.65 G using either N&€O; or NaHCQ (Figure cation intermediate (reaction E) followed by nucleophilic
5a,b, respectively). These experiments, therefore, confirm theaddition of HO (reaction F). Table 1 shows that the most
|dent|ty Of the major_formed adduct as DMPOH as derived thermodynamlca”y faV0rab|e pathWay fOI’ the fOfmation Of the
from the direct spin trapping of the initially generated’er DMPO—OH adduct is via nucleophilic substitution of the
with DMPO. This is supported by a previous stetipat showed ~ carbonate moiety by HOor H,O according to reactions C and
that trapped FO" is derived exclusively from k70, with no D (Scheme 2), withAGzggk aq 0f —16.7 and— 6.5 kcal/mol,
isotopic scrambling between,HO, and water solvent. Because respectively. Compared to other pathways, which are highly
of significant signal overlap between the DMPOCQ, adduct ~ endoergic, (i.e., for reaction A\Gggsk,aq= 8.0 kcal/mol and
and that of the DMPGZOH adduct and exacerbated by the for reaction EAGzggk,aq= 37.3 kcal/mol (Table 1)), reactions
low intensity of the formed DMPOOCO, adduct, it was C and D are most likely to occur in solution. However, although
not possible to observe the formation of the DMPOCO; the overallAGaggk aqfor the formation of DMPG-OH via the
adduct using k70,. Competitive kinetic studies also confirmed DMPO—OCQ; adduct is—23.3 kcal/mol (i.e.,—6.6 kcal/mol
the direct HO addition to DMPO in the presence of d&O; (DMPO + CGs) and —16.7 kcal/mol (reaction C)), the
or NaHCQ and is further discussed in the Supporting Infor- formation of DMPO-OH adduct from direct HOaddition to
mation. DMPO is more exoergic Witit\Gyn aqg= —38.3 kcal/mol. On
Theoretical Routes for DMPO—OH Formation from the basis of these calculated thermodynamic values, it appears
DMPO—0CO,. There have been experimental studies on the that for DMPO-OH to be formed from DMPGOCQO,, the
enzyme-mediatéd!! generation of C@-, but there was no  concentration of exogenous F&hould be negligible and that
direct evidence for the spin trapping of @O by DMPO as the CQ~ production occurs other than by direct oxidation of
detected by EPR, although several mechanisms have beerCOs* /HCOs;~ by HO.
proposed for the formation of the DMP&DH adduct from Furthermore, Sauers and co-workérhave studied the
the enzymatic generation of GO in the absence of free HO equilibrium reaction of a series of aliphatic alcohols of varying
The nucleophilic substitution of the carbonate moiety in pK,with HCOs;~ (eq 2). The experiment#lqwas found to be
DMPO—-OCQ; by H,O was proposed by Zhang et #l.while approximately 0.13 indicating that the position of the equilibrium
nucleophilic addition of KO to a radical cation DMPO  points to the breakdown of alkyl monocarbonates to the
intermediate was proposed by Bonini etallo give insight corresponding alcohol.
into other possible pathways for the formation of DMPOH
other than direct addition of HOto DMPO and to explain _ Keq~0.13
the short half-life of DMPG-OCQ; in aqueous solution, ROH+ HCO,

ROCO” +H,0 (2
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It can therefore be inferred that in the absence of exogenousadducts are available as Supporting Information, as is the
HOr, the formation of the DMP©OH adduct from the addition ~ complete citation for ref 44. This information is available free
of COz*~ to DMPO is a result of nucleophilic substitution of of charge via the Internet at http://pubs.acs.org.

HO~ or H,O to the DMPG-OCGO;, adduct.
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