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Rate Constants of Hydroperoxyl Radical Addition to Cyclic Nitrones: A DFT Study
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Nitrones are potential synthetic antioxidants against the reduction of radical-mediated oxidative damage in
cells and as analytical reagents for the identification of,Hfdd other such transient species. In this work,

the PCM/B3LYP/6-3%G(d,p)//B3LYP/6-31G(d) and PCM/mPW1K/6-3%5(d,p) density functional theory

(DFT) methods were employed to predict the reactivity of H@ith various functionalized nitrones as spin
traps. The calculated second-order rate constants and free energies of reaction at both levels of theory were
in the range of 18-1C®* M~* s* and 1 to—12 kcal mof?, respectively, and the rate constants for some
nitrones are on the same order of magnitude as those observed experimentally. The trepdraatiity

to nitrones could not be explained solely on the basis of the relationship of the theoretical positive charge
densities on the nitronyl-C, with their respective ionization potentials, electron affinities, rate constants, or
free energies of reaction. However, various modes of intramolecular H-bonding interaction were observed at
the transition state (TS) structures of H@ddition to nitrones. The presence of intramolecular H-bonding
interactions in the transition states were predicted and may play a significant role toward a facile addition of
HOy to nitrones. In general, HOaddition to ethoxycarbonyl- and spirolactam-substituted nitrones, as well

as those nitrones without electron-withdrawing substituents, such as 5,5-dimethyl-pyk-aliieée (DMPO)

and 5-spirocyclopentyl-pyrrolin&l-oxide (CPPO), are most preferred compared to the methylcarbamoyl-
substituted nitrones. This study suggests that the use of specific spin traps for efficient trapping® of HO
could pave the way toward improved radical detection and antioxidant protection.

I. Introduction nied by ischemia-induced acidoS8i§hese two processes by

Superoxide radical anion () has attracted considerable Wh'(.:h ;" can be generated under_ acu_:hc co_ndlt_|ons may have
%etrlmental consequences, resulting in oxidative damage to

attention over the last three decades because it has been showCellular systems as HOis a stronger oxidizer than ' (E”
that O~ and Q*~-derived reactive oxygen species (ROS) such ~ 106 az 4094V res ectivel?)g
as HO, HOy, ROy, RO, COs~, and CQ~ as well as =V, Tesp :

nonradicals such asJ8,, HOCI, and ROOH in unregulated Spin trapping® with cyclic nitrones in combination with
concentrations are critical mediators of pathogenesis for various€/€ctron paramagnetic resonance (EPR) spectroscopy has been
diseased.The formation of hydroperoxyl radical (H€) from the method of choice for detection of ROS, particularly ferO

O~ is relevant in both chemical and biological systems. For in_ biological systems. However, it is npt _cl_e_ar if the resulting
example, in simple chemical systems, #iBas been shown to nitrone—O,H adduct observed by EPR is initially formed from

be produced from - by a proton-transfer reaction from phenol ~ SPIn trapping of @~ or HO,.1%-12 Therefore, a comparison of
or one-electron reduction of On the presence of HCI the second-order rate constants for the direct addition of HO

Furthermore, the presence of a small equilibrium concentration @7d @~ to cyclic nitrones in solution can provide valuable
of HO» in neutral pH (s for HO, is 4.8 or 4.4) can information on the nature of the radical species formed and,

contribute to @~ instability via a dismutation reaction with a  N€nce, be usefulin elucidating mechanisms which may involve
reaction rate ok = 9.7 x 107/ M1 15 radical generation in cellular systems.

The generation of H@ is relevant in the initiation of lipid Nitrones have also been employed as intermediates in the
peroxidation in cellular systenfdn vivo rat heart studies show  Synthesis of natural produétaand therapeutic agent$:16 For
that the ischemic period (a condition by which the tissues or €xample, the linear-nitrone, disodiuntefit-butylimino)-methyl]-
organs are deprived of blood flow) and immediate reperfusion benzene-1,3-disulfonaté-oxide (NXY-059) is in clinical trials
have enhanced oxygen radical productidand are accompa- in the U.S. as a potential therapeutic for neurodegenerative
diseasé’ Moreover, the cyclic nitrones, 5,5-dimethyl-pyrroline
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CHART 1. DMPO-Type Nitrones Used to Theoretically TABLE 1: Hydroperoxide Nitrone Adduct OOCN Dihedral
Investigate Spin Trapping of Hydroperoxyl Radical Angles for the B3LYP/6-31G(d) and mPW1K/6-3%G(d,p)
(in Parentheses) Structures
23 4 R? o H
5
XNt r2 | ¢\o
| fa”
O_
R! R? Acronym
-CH; -CHj; DMPO HO adduct ¢ (deg)
-CH; -CF3 TFMPO AMPO—cis 64.7 (66.2)
-CH, -C(O)NH, AMPO DEPMPO-trans 76.7 (77.9)
-CH,4 -C(O)NHCH; MAMPO CPCOMPOC-cis 56.4 (286.6)
-CH, -C(O)N(CH;), DIMAMPO TAMPO—cis 278.2 (270.3)
-CH, -CO,Et EMPO EMPO-trans 76.4 (77.3)
TFMPO-trans 77.3(78.9)
-CH, -P(O)OEt), DEPMPO CPPO 75.7 (76.7)
-CO,Et -CO,Et DEPO DMPO 75.9 (76.9)
-CO,Et -C(O)NHCH; EMAPO DEPO 62.6 (62.3)
-C(O)NHCH; -C(O)NHCH; DiMAPO MAMPO—cis 64.4 (66.1)
DIMAMPO —cis 77.6 (79.4)
@ DIMAPO 78.4 (78.4)
EMAPO—cis® 64.2 (65.7)
3 4 3 4 EMAPO—trans® 62.2 (40.3)
2 5 2 5 MSMPO-trans 78.1(79.4
Nt X Xt ( )
T N aWhere the—OOH groups are cis or trans to the amide group.
X O;“ o~ 47 = 10001000) in the route card. The mPW1K method has
cromym CPPO been shown by Truhlar and co-workers to be very effective for
18} CPCOMPO determining transition state (TS) structures and barrier heights
N-H TAMPO for H-atom transfer reactiorf8.Single-point energies on the

optimized B3LYP/6-31G(d) geometries were obtained at the
of spin trapping of H@, as compared to £, with DMPO B3LYP/6-31+G(d,p) level. The effect of solvation was inves-
may partly account for the antioxidant properties of nitrones. tigated via single-point energy calculations at the B3LYP/6-
However, other mechanisms for the protective property of 31+G(d,p) level using the polarizable continuum model (PCM)

nitrones against oxidants have also been prop&stdBoyd to represent watéf. Stationary points, as minima for both the
and Boyd! reported the energetics of spin trapping of #By nitrone spin traps and their respective F@dducts, were
a prototype nitrone, fC=NHO, with AEyp, = —141 kJ/mol determined to have zero imaginary vibrational frequencies as

(—33.7 kcal/mol) at the MP2/6-31G(d,p)//HF/6-31G(d) level. derived from a harmonic vibrational frequency analysis at the
Moreover, we previously reported theoretical free energies for level at which the stationary points were optimized. Scaling
Oz~ and HQ' addition to nitrones that have averay€mn,aq 298« factors of 0.9808 and 0.951% were used for zero-point
=10.0+ 3.0 and—7.0 + 1.6 kcal/mol, respectivels? vibrational energy (ZPE) corrections for the B3LYP and
Correctly interpreting the nature of radical species formed mPW1K geometries, respectively. Free energies were obtained
in solution is important to accurately elucidate the mechanism(s) from the calculated thermal and entropic corrections at 298 K
for radical production in chemic&land biological system&2* using the unscaled vibrational frequencies. For the minima, spin
In a separate studi?,we predicted, and experimentally deter- contamination values for the radical adducts are negligible, i.e.,
mined, the bimolecular rate constants fop"Oaddition to 0.75< [¥[I< 0.80 (see Tables S&B7, Supporting Information).
various nitrone spin traps. However, this work will focus on Spin densities (populations) and charge densities were obtained
the prediction of second-order rate constants fopH@dition from a natural population analysis (NPA) of the electronic
to various cyclic nitrones. So far, most of our theoretical work wavefunctions at the PCM/B3LYP/6-315(d,p)//B3LYP/6-
has focused on the prediction of thermodynamic parameters for31G(d) and PCM/mPW1K/6-38G(d,p) levels®
the spin-trapping of H@.?? Although thermodynamic data Initial nitrone and spin-adduct structures for transition state
provide insight into the favorability for formation of certain  (TS) searches were chosen based on the most stable conformer/
products, they provide no direct information in order to predict configuration resulting from the PCM aqueous phase energies.
the relative rates by which spin trapping occurs. In this study, Transition states (TS) were confirmed to have one imaginary
the second-order rate constarkg (n solution for HQ* addition vibrational frequency and, furthermore, shown to be connected
to a variety of important nitrones were theoretically predicted to the desired reactant and product by displacement along the
and found to agree well with available experimental values. normal coordinate (typically 10%) for the imaginary vibrational
frequency in the positive and negative directions followed by

II. Computational Methods careful minimization using opt calcfc. Hence, all H@ adduct
General Procedure.Gaussian 03 (revision B.05) was used structures reported here are the result of minimizing the energy
for all calculation® Hybrid density functional theo?y was of the displaced TS structures.

employed to obtain optimized geometries and vibrational  To predict rate constants, we examined the potential energy
frequencies for all stationary points at the B3LYP/6-31G(d) and surfaces and located maxima, and we have been successful in
mPW1K/6-31-G(d,p) levels®® The mPW1K calculations were  locating a variety of TS's for such reactions in the recent
initiated by requesting iop(5/45 10000428,5/46= 05720572,5/ past?2:2534 The [¥[values for the TS have typically shown
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-3.4
(2R*, 5R%)
Figure 1. Relative free energies in aqueous solutiGhsfk aqin kcal/mol) of various optimized EMAPO H®adducts showing strong intramolecular

interactions at the PCM/B3LYP/6-31G(d,p)//B3LYP/6-31G(d) level. Note that the preferred isomer i$*,&R*)-EMAPO-OH in which the
hydroperoxyl moiety idransto the amide group.

0.0 kcal/mol

(2R*, 5SR*)

minimal spin contamination, i.e., 0.84 [¥[1< 0.82. Conven-
tional transition state theory (TST) was utilized to estimate the
rates for spin-adduct formation at 2983KThe conventional
TST rate equation in the thermodynamic formulation as a
function of temperature is as follows:

T
K(Mrsr=T(T) k% exp(-AGy/ksT) &)
In eq 1,T is the absolute temperatuteis Planck’s constant,

kg is Boltzmann constant, aniG, is the free energy barrier
height relative to reactants at infinite separation. The temper-
ature-dependent factdr(T) represents quantum mechanical
tunneling and is accounted for by the Wigner approximatfon:

rm=1+ (2—14)[1.44212

in which v; is the imaginary vibrational frequency representing
the TS barrier’s curvature.

)

Ill. Results and Discussion

A. Nitrones and Hydroperoxyl Adducts. Selected bond
distances for the B3LYP/6-31G(d) optimized geometries of the
nitrone spin traps and their corresponding #@dducts are

J. Phys. Chem. A, Vol. 111, No. 39, 2009997

) -4.0 kcal/mol
(25*%,5R*)

kcal/mol

an H---O bond distance ranging from 2.04 to 3.09 A. A#HO-
O=C H-bonding interaction was predicted for DEPO, CP-
COMPO, and TAMPO with H---O distances between 1.84 and
1.99 A, while an GH---NR; interaction was predicted for
AMPO, MAMPO, and EMAPO with H---N distances of 2.30
to 2.42 A. (See Figure S1 of the Supporting Information for
the mPW1K/6-3%G(d,p) structural parameters.)

Figure 1 shows the most favored diastereom&5R) for
the EMAPO-0O,H adduct in which the amido group is trans to
the HO, moiety. The preferred @5R) isomer for EMAPO-

O;H exhibits two intramolecular H-bond interactions, (i.e.,
N—O---H—N and OOH---G-N), which are trans to each other
and are more stable than thdx(8R) isomer by—0.6 kcal/mol.

B. Transition State Structures.The TS structures for HO
addition to the nitrones were calculated, and each stationary
point gave a single imaginary vibrational frequency correspond-
ing to motion along the £-O,H bond axis (Table 2). The TSs
for HO,® addition have imaginary vibrational frequencies ranging
from 323 to 517 cm™! at the B3LYP/6-31G(d) level and 3il2
to 411 cm! at the mPW1K/6-31G(d,p) level (Table 2).

The transition states have a narrow range of--O.H
distances, ranging from 2.00 to 2.12 A and 2.10 to 2.15 A at
the B3LYP/6-31G(d) and mPW1K/6-31G(d,p) levels, respec-
tively. These calculated &&-O;H distances are intermediate

shown in Table S1 of the Supporting Information. All of the Detween the distances calculated for the complexed form and
relevant bond distances for the nitrone and nitroxyl moieties as the final adduct as a product (Table 2). The TS structures for
well as the various electron-withdrawing substituents are in good HO2" addition have average sums of the bond angles around

agreement with reported experimental X-ray crystallographic the G carbon of 356.6+ 1.0°, intermediate to those predicted
for the nitrones (360.6- 0.1°) and their respective HOadduct

products (328.1 1.2°). In light of Hammond'’s postulate, the
sums of the bond angles suggest that the TS fop*t@dition

is early on the reaction coordinate; i.e., the TS structures are
closer to the reactants.

Table 3 shows the spin density distribution for the various
TS structures for H® addition at the B3LYP/6-3tG(d,p)//
B3LYP/6-31G(d), and they are all very similar. The average
spin densities (populations) on the nitronyl-N, nitronyl-O,
hydroperoxylg-O, and hydroperoxyj~-O atoms are 0.18
0.03, 0.30+ 0.03, 0.52+ 0.03, and 0.1Z 0.02 e, respectively.
The same trend has been observed at the mPW1K/
6-31+G(d,p) level (Table S8, Supporting Information). The
calculated spin densities for the H@itoms are 0.73 e for the
distal O and 0.27 e on the proximal O relative to H, indicating
that some electron transfer occurs from the,HO the nitrone
in the TS. We note that this behavior is contrary to the reaction
of hydroxyl radical with electron-rich aromatic rings for which

bond lengths for related compounts.

We previously® established, by a computational approach,
that in aqueous solution, the amide functionality of AMPO,
MAMPO, and DIMAPO (Chart 1) are predominantly in the
amide form (or lactam form for TAMPO) rather than in the
respective imidic acid (or lactim) form. Spin-adduct structures
have O-O bond distances from 1.41 to 1.42 A in all of the
HO," adducts. The fng—O>H bond distances are in the 1:37
1.43 A range, similar to that observed experimentally for cyclic
hydroperoxides £1.46 A)38 The conformations for various
HO,* adducts with nitrones obtained at the B3LYP/6-31G(d)
level correlate well with those at the mPW1K/643&(d,p) level
of theory (Table 1), with the exception of CPCOMPO,H in
which the predicted ©0—C—N dihedral angle is smaller
(56.4) at the B3LYP/6-31G(d) level as compared to mPW1K/
6-31+G(d,p) (286.8). An OH---O—N H-bonding interaction
was observed for the HOadducts of DIMAMPO, DIMAPO,
DEPMPO, DMPO, TFMPO, MSMPO, CPPO, and EMPO, with
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TABLE 2: Relative Enthalpies, AH9g¢, and Free Energies AG,ggk (kcal/mol), in Aqueous Solution and Other Structural
Parameters for the Transition State Structures for HO,* Addition at the PCM/mPW1K/6-31+G(d,p)//mPW1K/6-31+G(d,p) and
PCM/B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) (in Parentheses) Levels of Theory

structure AHogsk ad AGoosk ad C--—~OHA d imaginary frequency
AMPO
AMPO + *O,H?2 0.0 (0.0) 0.0 (0.0) 00 a
AMPO---0,HP 2.6 (2.8) 12.3 (13.0) 3.29 (3.24) 0.75 (0.75) 0
[AMPO—*O,H]* 5.3(5.1) 17.5 (17.5) 2.10 (2.10) 0.81 (0.80) BE364)
AMPO—"0O,H¢ —18.0 (-14.6) —5.5(-1.6) 1.42 (1.40) 0.75 (0.75) 0
DEPMPO
DEPMPO+ *OzH 0.0 (0.0) 0.0 (0.0) 00 a
DEPMPO--:O,H (—3.2) (6.7) 3.20 (3.55) 0.75 (0.75) 0
[DEPMPO—"0O,H]* 4.5 (5.1) 16.6 (17.3) 2.12 (2.10) 0.81 (0.79) BBALAG)
DEPMPGO—0.H —21.0 17.5) —8.6 (—4.8) 1.41 (1.41) 0.75 (0.75) 0
DMPO
DMPO + *O.H 0.0 (0.0) 0.0 (0.0) 00 a
DMPO--+O,H —4.5(—3.6) 4.8 (6.0) 3.68 (3.01) 0.75 (0.75) 0
[DMPO—"0OH]* 4.3 (4.7) 15.8 (16.5) 2.12 (2.10) 0.81 (0.79) BBOLS)
DMPO—O:H —20.1 (-16.7) —8.2(—4.6) 1.41 (1.42) 0.76 (0.75) 0
EMPO
EMPO+ *O.H 0.0 (0.0) 0.0 (0.0) 00 a
EMPO---O;H —4.4 (—3.8) 4.4 (5.6) 3.56 (3.48) 0.75 (0.75) 0
[EMPO—"OH]* 4.1 (4.5) 15.1 (15.9) 2.13(2.10) 0.81 (0.80) BEALI)
EMPO—OH —20.7 17.5) —9.5(-6.2) 1.41 (1.42) 0.76 (0.75) 0
CPCOMPO
CPCOMPOH *OH 0.0 (0.0) 0.0 (0.0) 00 a
CPCOMPO--+O,H 1.0(1.2) 9.8 (10.5) 3.60 (3.67) 0.75 (0.75) 0
[CPCOMPG-0O,H]* 4.8 (4.8) 17.0 (17.3) 2.11 (2.10) 0.83 (0.80) B&23)
CPCOMPGO-"OH —21.7 17.7) —8.7(—4.7) 1.41 (1.42) 0.75 (0.75) 0
TAMPO
TAMPO + *OH 0.0 (0.0) 0.0 (0.0) 00 a
TAMPO---0O.H —-151.1) 7.5(8.6) 4.50 (4.60) 0.75 (0.75) 0
[TAMPO—"O.H]* 2.6 (2.4) 15.0 (15.0) 2.10 (2.12) 0.83(0.81) BE36S)
TAMPO—O,H —21.6 -18.2) —8.5(—4.9) 1.41 (1.42) 0.75 (0.75) 0
MSMPO
MSMPO+ *OH 0.0 (0.0) 0.0 (0.0) 00 a
MSMPO--+O.H —-3.5(2.7) 6.5(7.2) 3.64 (3.51) 0.75 (0.75) 0
[MSMPO—"O.H]* 4.8 (5.0) 16.7 (16.9) 2.14 (2.10) 0.81 (0.80) BBA39)
MSMPO—"0OH —22.6 (—19.4) —10.2 7.3) 1.41(1.41) 0.75 (0.75) 0
TFMPO
TFMPO+ *OH 0.0 (0.0) 0.0 (0.0) 00 a
TFMPO--+OH —3.6 (—2.7) 5.9(7.2) 3.60 (3.49) 0.75 (0.75) 0
[TFMPO—"O,HJ* 4.6 (5.3) 16.1 (17.2) 2.13(2.11) 0.81 (0.80) BBOLA)
TFMPO—0O.H —21.3(17.8) —9.4 (-5.8) 1.41 (1.41) 0.75 (0.75) 0

a At infinite separation® Nitrone—HO, complex.¢ Transition stated Products® Values are relative energies based on single-point energy
calculations with the polarizable continuum model (PCM) at the mPW1KAB&H,p) level using water as a solvent. Values in parentheses are at

the PCM/B3LYP/6-3%+G(d,p)//B3LYP/6-31G(d) level. Thermal and entropic corrections from the gas-phase calculations were applied with the

single-point energy for the PCM level in order to get an estimateigysx and AG,eg in water.! The [FJfor all the nitrones is 0.00 while that of
HO; is 0.75 at both levels of theory usedPoint group for all structures i€; and imaginary vibrational frequencies are in the units oftm

electron density from the aromatic unit is transferred to the
hydroxyl moiety3° The final HQ* adduct structures show almost
complete spin-population transfer to the nitroxyl moiety with
spin densities of 0.43 and 0.52 e on the nitroxyl N and O,
respectively.

The OOH---G=C, OOH---NR,, and OOH---O-N H-bond

because the generation 0$*Oin acidic conditions can favor
direct radical addition of H® instead of @~ to DMPO. The
free energies for & protonation by hydronium ion in an
aqueous medium is highly exoergi&Gn-1,a¢= —41.1 and
—40.5 kcal/mol at the PCM/mPW1K/6-315(d,p) and PCM/
B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) levels, respectively (see

distances in the transition states are very similar to H-bond Table 4).
distances observed in their respective product structures with Reactions for H@ addition to nitrones are exoergic, with

deviations of 0.40.3 A (Figure S1, Supporting Information).
These predicted interactions play a significant role in stabilizing

AGxn—2,aq(Table 4) values that range frofb.1 to—11.5 kcal/
mol, while O~ additions to nitrones are endoergic, WiliG,q

the TS structures and, hence, in the facile formation of the = 0.7—8.3 kcal/mol at the PCM/mPW1K/6-33G(d,p) level>
adducts as products. All predicted TS H-bonding interactions These free energies of reaction are consistent with the experi-

are present for both B3LYP/6-31G(d) and mPW1K/
6-31+G(d,p) optimized structures.

C. Calculated Bimolecular Rate ConstantsIn our previous
studies'>*°we showed that the direct addition of k@ DMPO
is one of the two possible mechanisms for the formation of
DMPO—-0O;H in aqueous solution with £~ addition followed

mental reduction potentials & = 1.06 and 0.94 V for HQ
and Q' respectively’! The free energies of reaction for HO
reactions with nitrones follow the order of increasing (more
positive) AGn (in kcal/mol): MSMPO (10.2) > DEPO
(—10.1) > EMPO (=9.5) > TFMPO (—9.4) > DIMAMPO
(—8.9) > CPCOMPO {-8.7) > DEPMPO (-8.6) > TAMPO

by proton transfer being the other. This reaction is relevant = CPPO (8.5)> DMPO (—8.2) > EMAPO trans addition to
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TABLE 3: NPA Charges and Spin Densities (Populations)
of Transition States for the Formation of Various
Hydroperoxyl Adducts at the B3LYP/6-31+G(d,p)//B3LYP/
6-31G(d) Level in Units of Electrons

NPA Charges and Spin Densities (0—[3)

L X
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At the PCM/mPW1K/6-33%G(d,p)//mPW1K/6-3+G(d,p)
level, the calculated rate constarkg,—», for HO,® addition to
nitrones are the greatest for DEP&y(» = 3.0 x 103 M~
s 1) followed by TAMPO kxn—2 = 1.9 x 10° Mt s7%), trans
addition to the amide moiety of EMAPOkfn—» = 1.4 x 10°
M~1s1), EMPO (kyn2 = 1.5 x 108 M1 s71), CPPO Kxn-2

YOON O—ZDH =1.1x 106 M1 s71), and DMPO kxn—2 = 1.0 x 103 M1
O- s ). The TFMPO, DEPMPO, and MSMPO nitrones have
N Onronn -0 /-0 intermediate rate constants with valueg-» = 276.0, 125.8,
AVPO 002 0.7 —0.50 028 —0.26.0.53 —041 018 and 105.9 Mt s, respectively. _The nitrones t_hat h.ave the
DEPMPO d.oz', 019 _0:51: 027 _0:26: 053 _0:42: 016 §ma||est rate constants fqr I-j'@ddltmn.are the amide-nitrones,
DMPO 0.04,0.18 —0.50, 0.28 —0.27, 0.53 —0.43, 0.15 Le., AMPO, MAMPO, DIMAMPO, DIMAPO, and EMAPO
EMPO 0.04,0.18 —0.49, 0.29 —0.27, 0.53 —0.43, 0.16 (where the H@ addition is cis to the amide group), as well as
CPCOMPO 0.04,0.16—0.47,0.29 —0.28, 0.54 —0.40, 0.19 CPCOMPO where the rate constants are in the range6IL®
TAMPO 0.04,0.18 —0.47,0.31 —0.25, 0.53 —0.43, 0.17 M~1 sl (see Table 4). The same qualitative trend is predicted
¥§M§g 8-8%, 8-13 —8-3;. 8-33 —8-%- 8'2421 —8-2‘% 8-1? at the PCM/B3LYP/6-3+G(d,p)//B3LYP/6-31G(d) level, with
DEPO 0.03,0.15 —0.44, 0.33 —0.28 051 —0.41,0.19 € €xception of DEPMPO. . o
CPPO 0.04,0.19-0.51 0.27 —0.26, 0.53 —0.43. 0.16 The electronic and thermodynamic parameters including the
MSMPO 0.01,0.18 —0.47, 0.31 —0.27, 0.52 —0.42, 0.16 C, charge densities, rate constants, free energies, electron
MAMPO 0.01,0.22 —0.46,0.37 —0.29, 0.44 —0.44,0.13 affinities, and ionization potentials calculated at the PCM/
DIMAMPO 0.03,0.19 —0.51,0.26 —0.25,0.55 —0.43,0.16 MPW1K/6-3H-G(d,p)//mPW1K/6-3%+G(d,p) level correlate
DIMAPO 0.03,0.26 —0.47,0.36 —0.28,0.43 —-0.44,0.11 well with those calculated at the PCM/B3LYP/6-BG(d,p)//
EMAPO-cis 0.03,0.16 ~0.49,0.28 —0.26,0.53 ~0.40,0.19 B3LYP/6-31G(d) level of theory as shown in the Figure S2 of
EMAPO—trans 0.02, 0.17 —0.49, 0.28 —0.26, 0.53 —0.40, 0.20

amide group £8.0) > DIMAPO (—5.6) > AMPO (—5.5) >
MAMPO = EMAPO cis addition to amide group (5.1) and the
N-monoalkylamide substituted nitrones MAMPO, DIMAPO,
and EMAPO (Table 4). In contrast to the predicted thermody-
namics for the @~ additions to amide-substituted nitrones

the Supporting Information. However, the preference for,HO
addition to certain nitrones does not follow the same trend
observed for @~ addition that we reported recerhin which

we demonstrated a dependencée@f-, andAGxn—2 on the G
charge density of the nitrone. The PCM/mPW1K/6+&(d,p)//
MPW1K/6-31G(d,p) kxn—2 and AGn—2 values for HGQ’

which is the most favorable, the HGadditions toN-monoalky- addition to nitrones give a poor correlation with nitrone C
lamide substituted nitrones were not the most thermodynami- charge densities (see Figure S3a,b, Supporting Information).
cally favored?® Poor correlation also resulted from the PCM/B3LY P/6+&3-

TABLE 4: Aqueous Phase Charge Densities of the Nitronyl-C (@), Electron Affinities, lonization Potentials (eV) of the
Nitrones, Rate Constants k, M~1, s71), and Free Energies of Reactioh (AG, kcal/mol) for the Formation of Hydroperoxyl
Adducts at the PCM/mPW1K/6-31+G(d,p) and PCM/B3LYP/6-31+G(d,p)//B3LYP/6-31G(d) Levels of Theory

Energetics of Hydroperoxyl Radical Addition to Nitrones

R‘)O
7 O,H
RS ’i‘ Ri 2
0, + Hy0*——> HOj (+ Hy0) ——» N H
A rxn-1 k Rz |
O-

rxn-2

AGrn2

PCM/mPW1K/6-3%-G(d,p)/mPW1K/6-3%G(d,p) PCM/B3LYP/6-33G(d,p)//B3LYP/6-31G(d)

entry GCharge (e) EAT(eV) IPPf(eV) kw2 AGmn2 CCharge(e) EAf(eV) IPPT(EeV) kw2 AGun-2
AMPO 0.054 —1.90(0.10) 6.27(8.22) 26,6 —55  0.060 —-1.91(0.68) 6.33(8.01) 250 —1.6
DEPMPO 0.038 —174(0.32) 6.22(7.78) 1258-8.6 0.043 —-1.63(0.61) 6.26(7.59) 71.7 —4.8
CPCOMPO 004  —192(0.15) 6.33(8.27) 619 —8.7  0.045 —-2.32(0.04) 6.37(8.06) 39.2 —4.7
TAMPO 0.034 —1.69(0.39) 6.18(7.98) 1936.5-8.5  0.038 -1.64(1.11) 6.21(7.75) 1835.0-4.9
EMPO 0.035 —1.73(0.37) 6.22(8.02) 1528.4-95  0.040 —-1.77(0.86) 6.25(7.81) 411.9 6.2
TFMPO 0.038 —1.88(0.29) 6.33(8.36) 276.0-9.4  0.043 -1.91(0.96) 6.39(8.13) 48.3 —-5.8
CPPO 0.015 —1.55(0.73) 6.04(7.94) 1140.6-85  0.024 —~1.63(1.29) 6.04(7.72) 294.2-4.8
DMPO 0.013  —1.54(0.73) 6.06(7.98) 1002.3-8.2  0.019 —1.56 (1.38) 6.09(7.79) 285.5-4.6
DEPO 0.039 —1.85(0.25) 6.33(7.96) 2982.3-10.1 0.043 —2.87 (0.81) 6.36(7.71) 2073.0-6.2
MSMPO 0.047 —3.14(-1.47) 6.34(8.08) 1059 —10.2 0.053 —3.44 (-0.86) 6.37(7.88) 735 -7.3
MAMPO 0.056 —-1.92(0.12) 5.74(7.65) 46 —5.1  0.060 —-1.93(0.68) 5.95(7.58) 17.7 —0.7
DIMAMPO 0026 —067(0.73) 6.08(7.64) 1.3 -89 0.030 -153(0.72) 6.08(7.35) 0.6 —4.7
DIMAPO 0.092  —2.20(-0.38) 6.037(8.15) 58 —5.6 0.098 —2.21(0.11) 6.36(7.87) 32.6 —29
EMAPO (cis} 0.069 —2.08 (—0.08) 5.89(7.47) 3.0 -51 0.073 —2.10(0.46) 6.08(7.38) 15 -0.9
EMAPO (trans) 0.069 n/a n/a 1359.0-8.0 0.073 n/a n/a 876.2 —4.5
HOO nia —4.02 (-0.80y 8.33(11.98) n/a  nla nia —4.22(0.29) 8.47(11.88) nla  nla

3 AGiyn-1 = —41.1 kcal/mol at the PCM/mPW1K/6-315(d,p)//mPW1K/6-3%G(d,p) or—40.5 kcal/mol at the PCM/B3LYP/6-31G(d,p)//
B3LYP/6-31G(d). Energetics are derived from the hydroperoxyl radical adduct structures resulting from the 10% displacement of their respective
TS structure? Adduct has the hydroperoxyl moiety cis to the amide gréupdduct has the hydroperoxyl moiety trans to the amide group (or cis
to the ester group} Calculated as EA= AHjggk (radical anion)— AHaggx (neutral) € Calculated as IR= AHpggk (radical cation)— AHagk (neutral).
fvalues in parentheses are in gas phésgalculated EA and IP for HPare defined as EA= AHaggx (HO2™) — AHagsk (HO2") and IP= AHaggx
(HO2") — AHagsk (HOZ"). The absolute EA for H® in the gas phase is 0.80 eV at the mPW1K/6+&l(d,p) level (EAxp: = 1.089+ 0.006 eV)#
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(d,p)//B3LYP/6-31G(d) values (see Figure S4a,b, Supporting interactions. The calculated rate constants are on the same order
Information). The poor correlation between the €harge of magnitude as those observed experimentally for spin trapping
densities and the favorability of HOaddition to nitrones  in acidic aqueous solutions (i.ex10?—10° M1 s71). The
suggests that electrostatic effects play a minor role in these HO transition state structures for HOaddition to the various
reactions. nitrones are relatively early on the potential energy surface, as
In general, the magnitude &fx,—2, which is in the order of evidenced by the minor distortion of the bond angles around
1-10® M~1s71 agrees well with the bimolecular rate constants the nitronyl-C in the transition states. However, theoretically
observed experimentally in acidic solutions for the spin trapping derived kinetic and thermodynamic parameters provide poor
of O,*~ by nitrones2942 However, a plausible explanation for ~ correlations with the calculated charge densities on the nitro-
the difference in nucleophilicity between H@nd Q*~ is that, nyl-C (G, the site of radical addition), contrary to that observed
although both arer-type radicals, their spin and charge density for the reactivity of @~ to nitrones?® an indication that the
distributions are not very similar. For example, the spin density HOz* addition to nitrones is not nucleophilic in nature. Strong
distribution and charge density on the attacking atom are 73% H-bonding interactions between the hydroperoxyl-H and the
and —0.15 e for HQ* and 50% and—0.50 e for @, carbonyl-O in the TS for some reactions play a significant role
respectively. On the basis of the lower negative charge densityin facilitating HO,” addition to nitrones. This observation
and higher electron density distribution on the terminal O in suggests a need for strong H-bond acceptors in the design of
HO,* compared to @, the nature of HQ radical addition to nitrone-based antioxidants and spin traps for efficient;HO
C=N of the nitrones can be predicted to be mostly electrophilic scavenging in biological systems.
in nature rather than nucleophilic. Also, the presence of a low-
lying first electronic excited-state in HOcan play a major role Acknowledgment. This work is supported by NIH grant
in determining the rate of its addition to nitrones, as observed HL081248. J.L.Z. acknowledges support from the NIH grants
in HOy® reactions with some olefirfs. HL38324, HL63744, and HL65608. C.M.H. acknowledges
To further evaluate if a charge-transfer mechanism was support from the NSF-funded Environmental Molecular Science

playing a role in determining the rate of HOaddition to Institute (CHE-0089147). The Ohio Supercomputer Center
nitrones, the electron affinities (EA) and ionization potentials (OSC) is acknowledged for generous computational support of

(IP) for the nitrones were calculated at the PCM/mPW1K/6-
31+G(d,p)//mPW1K/6-3%G(d,p) and PCM/B3LYP/6-3tG-
(d,p)//B3LYP/6-31G(d) levels (Table 4). However, results show
that there is no correlation between the calculak€sly, » or
kxn—2 With the theoretical EA and IP values of these nitrones
(see Figures S5S8, Supporting Information). The same lack

this research.

Supporting Information Available: Energies, enthalpies,
and free energies for all spin traps and their corresponding spin
adducts are available. This material is available free of charge
at http://pubs.acs.org.
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